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ABSTRACT 

COMPLEX FLUIDS: SYNTHESIS, ASSEMBLY, AND FLOW BEHAVIOR 

 

Lina Mercedes Sanchez Botero, Ph. D. 

Cornell University 2018 

 
This dissertation is focused on studies of synthesis, assembly and flow behavior 

of complex liquids (colloids). The flow behavior of a mixture of magnetite Fe3O4 

nanoparticles (NPs) and polyethylene oxide was studied. The mixture flow behavior 

was studied under the application of static and oscillating magnetic fields. An increase 

in the viscosity of the samples under static applied field was observed and, furthermore, 

the decrease in the viscosity, known as a “negative viscosity effect”, was also revealed 

when specific oscillating magnetic fields were applied. 

Grazing incidence wide angle x-ray scattering (GIWAXS) was used to study the 

induced assembly of cellulose nanocrystals (CNC) as they experience shear forces 

during film-casting process. The GIWAXS experiments were performed in situ and in 

real time, and, as the films of CNC were cast, GIWAXS patterns were recorded at 

regular time intervals. The influence of solution concentration, shear-cast velocity and 

drying temperature on the ordering of cellulose nanocrystals (CNC) was presented. By 

using a simple analytical model to relate the GIWAXS data to the chain orientational 

distribution, we fit our data to obtain the average CNC orientational order parameter 

(S). 

In a different experiment, the flow-induced orientation of CNC suspensions, 

pure and loaded with Fe3O4 nanoparticles, were studied using a custom-built flow cell. 



 

Transmission wide-angle X-ray scattering (WAXS) was used to quantify the degree and 

direction of CNC orientation of the suspensions, under Poiseuille flow. For the binary 

mixtures of CNC/Fe3O4 NPs, different CNC orientation patterns were observed: 

isotropic, along the direction of flow, and biaxial orientation. A simple analytical model 

to relate the WAXS data with CNC orientational order was employed. 

The synthesis of alpha manganese dioxide (α-MnO2) nanorods was performed 

using natural extracts from Vitis vinifera grape stems and Malus domestica ‘Cortland’ 

apple peels. A two-step method to produce highly crystalline α-MnO2 nanorods was 

used: (1) reduction of KMnO4 in the presence of natural extracts to initiate the 

nucleation process; and (2) a thermal treatment to enable further solid-state growth of 

the nuclei. The catalytic activity of the nanorods in the degradation of aqueous solutions 

of indigo carmine dye was also evaluated. 
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CHAPTER 1. INTRODUCTION 

 

This dissertation is focused on synthesis, assembly and flow behavior studies of 

complex liquids (colloids). Colloids with anisotropic geometries (Chapter 4, 5 and 6), 

their mixtures with spherical colloids (Chapter 3 and 5), colloids with functionalities 

such as a magnetic core (Chapters 3 and 5) and synthesis of nanoparticles (Chapter 5 

and 6) are studied. Chapter 2 provides a brief introduction to the subject matter of this 

thesis. Colloids and nanoparticles are important throughout this thesis, their relevance 

and some recent developments in this research area are introduced. The methods of self-

assembly and induce assembly to control colloids, are discussed. The fundamentals of 

magnetic nanoparticles and magnetic fluids are introduced, including the main concepts 

to understand their magnetic behavior, which are of primary importance herein. 

Subsequently, a brief introduction to Cellulose nanocrystals, more specifically, 

cellulose hierarchical structure, its ability to form liquid crystal suspensions, and a brief 

outline of its self-assembly and induced-assembly structures is presented. 

Chapter 3 presents the rheological properties of Polyethylene oxide (PEO) 

embedded with magnetite (Fe3O4) nanoparticles studied using a capillary rheometer. 

Magnetic properties and morphology of the ferrofluid (Fe3O4) nanoparticles were 

studied by magnetometry, Transmission Electron Microscopy (TEM) and X-ray 

diffraction. The shear viscosities of the polymeric ferrofluid were studied under the 

application of static and oscillating magnetic fields to evaluate the influence of the 

carrier polymer solution on a magnetoviscous effect. An increase in the viscosity of the 

samples under static applied field was observed and, furthermore, the decrease in the 
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viscosity, known as a “negative viscosity effect”, was also revealed when oscillating 

magnetic fields were applied. The negative viscosity effect was found to be frequency 

and shear rate dependent. A discussion on the different mechanisms of the influence of 

shear rate and frequency is presented based on current theoretical models. 

Chapter 4 reports on the ordering of the cellulose nanocrystals (CNC) as they 

experience shear forces during film-casting process.  To achieve these measurements, 

in-situ and in real-time, synchroton-based Grazing Incidence Wide-Angle X-ray 

Scattering (GIWAX) was used. In particular, the influence of solution concentration, 

shear-cast velocity and drying temperature on the ordering of cellulose nanocrystals 

(CNC) using GIWAXS was investigated. The films were prepared from aqueous 

suspensions of cellulose nanocrystals at two concentration values (7wt% and 9wt%). As 

the films were cast, the X-ray beam was focused on a fixed position and GIWAXS 

patterns were recorded at regular time intervals. Structural characterization of the dry 

films was carried out via polarized optical microscopy (POM) and scanning electron 

microscopy (SEM). In addition, a rheological study of the CNC suspensions was 

performed. The results show that the morphology of the CNC films was significantly 

influenced by shear velocity, concentration of the precursor suspension, and evaporation 

temperature. In contrast, it was observed that the orientation parameter of the films was 

not significantly affected. The scattering intensity of the peak (200) was analyzed as a 

function of time, following a sigmoidal profile, hence indicating short and long range 

interactions within the anisotropic domains as they reached their final orientation state. 

A model capable of describing the resulting film morphologies is also proposed. The 

results and analysis presented in this manuscript provide new insights into the controlled 
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alignment of cellulose nanocrystals under shear. This controlled alignment has 

significant implications in the development of advanced coatings and films currently 

used in a myriad of applications such as catalysis, optics, electronics and biomedicine. 

Chapter 5 presents the study of flow-induced orientation of cellulose 

nanocrystals (CNC) suspensions, pure and loaded with magnetite (Fe3O4) nanoparticles, 

using a custom-built flow cell that was placed in the D1 beam line of the Cornell High 

Energy Synchrotron Source. 2D wide-angle X-ray scattering (2D-WAXS) was used to 

quantify the degree and direction of orientation of the CNC suspensions under Poiseuille 

flow. We observed that the pure CNC suspensions and those with 1wt% Fe3O4 exhibited 

very strong orientation along the flow direction. The CNC suspensions doped with 

higher concentrations of Fe3O4 NP, 3wt%, showed different director-orientation 

patterns: isotropic, along the direction of flow, and biaxial.  For these suspensions, the 

alignment along the flow direction occurs only at the highest values of apparent shear 

rates (60s-1 and 100s-1) in the absence of magnetic field. Conversely, under the action 

of the magnetic field, the induced alignment along the flow occurs at low apparent shear 

rates, as low as 10s-1. We anticipate that these responsive effects to flow and magnetic 

fields may offer new approaches to tailor composite materials such as biodegradable 

and renewable magnetic fibers with magnetic anisotropic responses. They may also 

enable design of selective fibrous membranes that open or shut selectively in response 

to magnetic fields. 

Chapter 6 reports on the synthesis of alpha manganese dioxide (α-MnO2) 

nanorods using natural extracts from Vitis vinifera grape stems and Malus domestica 

‘Cortland’ apple peels. A two-step method to produce highly crystalline α-MnO2 
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nanorods was used: (1) reduction of KMnO4 in the presence of natural extracts to initiate 

the nucleation process; and (2) a thermal treatment to enable further solid-state growth 

of the nuclei. TEM and Field Emission Scanning Electron Microscopy (FESEM) images 

provided direct evidence of the morphology of the nanorods and these images were used 

to propose nucleation and growth mechanisms. It was found that the α-MnO2 nanorods 

synthesized using natural extracts exhibit structural and magnetic properties similar to 

those of nanoparticles synthesized via traditional chemical routes. Furthermore, Fourier 

Transform Infrared (FTIR) shows that the particle growth of the α-MnO2 nanorods 

appears to be controlled by the presence of natural capping agents during the thermal 

treatment. The catalytic activity of the nanorods in the degradation of aqueous solutions 

of indigo carmine dye was also evaluated, highlighting the potential use of these 

materials to clean dye-polluted water. 
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CHAPTER 2. BACKGROUND 

 

2.1 Colloids and Nanoparticles 

 
Colloids are stable suspensions of particles with sizes in the range between 1 nm 

and 1 µm1. One intrinsic property of colloids is that they exhibit Brownian motion - the 

erratic random movement of colloidal particles in a fluid (or gas) due to the random 

thermal collisions of the suspending medium molecules with the colloidal particles 

which leads to diffusive motion. The Brownian motion is named after the nineteenth-

century botanist Robert Brown, who reported the phenomenon in 18272. 

Averaged over a long time, the number of collisions on each side of a particle 

will be nearly equal, but at shorter time scales the number of collisions per unit of time 

will fluctuate. As a result, the particle experiences random kicks, causing its kinetic 

energy to undergo fluctuations on the order of the thermal energy kBT, where kB is 

Boltzmann’s constant and T is the temperature. For heavy objects, the thermal energy 

is too low for Brownian motion to have a noticeable effect on the object’s motion; 

colloids, on the other hand, are small enough to experience significant effects from 

Brownian motion but relatively large to be observable with microscope.  

Colloids and nanoparticles are found in many everyday substances3 – well-

known examples include aerosols, smoke, milk, paint and blood. Colloids are also used 

in biomedical applications such as controlled drug delivery systems4, in the chemical 

industry as catalysts5–7, can be found in inks8, LCD screens3 and are employed by the 

food industry to chemically stabilize and control the various properties of foods9. The 
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variety of materials, size and morphology of particles lead to the constant expansion of 

the applications of colloids.  

The following classification of nanomaterials presented by Klabunde is used in 

the present dissertation1:  

Colloid: A stable liquid phase containing particles in the 1-1000 nm range. A colloidal 

particle is one such 1-1000 nm sized particle. 

Nanoparticle:   A solid particle in the 1-1000 nm range that could be noncrystalline, an 

aggregate of crystallites, or a single crystallite. 

Nanocrystal: A solid particle that is a single crystal in the nanometer size range.  

Nanostructured or nanoscale material:  Any solid material that has a nanometer 

dimension; three dimensions - particles; two dimensions - thin films; one dimension - 

thin wire. 

 

2.1.2 Anisotropic Nanoparticles 

 

Anisotropic nanoparticles are important building blocks in materials engineering 

due to their unusual properties that enable numerous new applications. The number of 

nanoparticles shapes that can be fabricated today is enormous10,11, but in this thesis we 

will focus on spheres and rods. One of the consequences of the particles’ anisotropy 

(and/or their interactions) is that they can, under certain conditions, spontaneously form 

ordered structures that are not attainable with isotropic particles12. The process by which 

ordered structures appear without external influence on the system is called self-

assembly13–15. We note that Brownian motion is essential for self-assembly since 
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without it the system would not be able to effectively explore its phase space and find 

its optimal configuration.  

At the nanoscale, the solid particles generally tend to behave differently from 

the bulk material due to the so-called “size effect”.  This difference in properties (e.g., 

thermal, electromagnetic, optical and mechanical) can be further widened by alterations 

in the particles’ morphology. 

 

2.1.3 Nanoparticles self and induced assembly 

 

Self-assembly of nanoparticles is the spontaneous organization of the 

nanoparticles into ordered structures. However, for successful utilization of the 

nanoparticle self-assembly in technological applications a high level of control is 

required. The self-assembly of colloids can be enhanced or controlled by either 

changing the energy or entropy landscapes, using templates or applying external fields 

that help to overcome kinetic barriers preventing the system from attaining the lowest 

free energy state. Such controlled assembly process is usually called directed or induced 

assembly. Several techniques have been employed to assist the assembly of 

nanoparticles including flow fields, template-patterning, solvent evaporation molecular 

cross-linking, or applying magnetic or electric fields13,16–18. 

The morphology of the nanoparticles plays a significant role in the assembly 

process, and different phases can be formed just by changing the shape of the 

nanoparticle. For example, unlike spherical particles, nanorods or ellipsoids are 
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anisotropic and due to their additional rotational degrees of freedom can form new 

structures such as liquid crystalline phases.  

Liquid crystalline phases - also called mesophases - exhibit a state of order 

intermediate between a solid crystal and an isotropic liquid. Depending on the liquid 

crystal physicochemical properties, mesophases can be controlled by temperature 

(thermotropic liquid crystals), concentration (lyotropic liquid crystals) or both 

(amphotropic liquid crystal)19. 

 

2.2 Magnetic Nanoparticles 

 

Magnetic nanoparticles research is one of the hottest topics in nanoscience and 

nanotechnology with thousands of papers being published each year. The characteristics 

of nanosized magnetic substances are deviated from the bulk ones.  

In general, magnetic materials tend to minimize energy by breaking down their 

magnetic order into domains, which are regions that are magnetized in different 

orientations as shown in Figure 2.1. The division between domains are called domain 

walls. However, if a magnetic sample is small enough (as in case of nanoparticles), 

formation of the domain walls is not energetically favorable, and the magnetic order 

inside will not break down into domains but will remain a magnetic monodomain20. 

Consequently, all atoms in the nanoparticle will add their magnetic moments to form a 

supermoment, which represents the nanoparticle’s whole magnetization. The estimated 

critical diameter sizes necessary for magnetic particles to become a single-domain is 

listed in Table 2.121 
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Figure 2.1 Size dependence magnetic order. Large crystallites divide into magnetic 
domains, separated by domain walls. Small enough nanocrystallites have single-
domain and flip their direction of magnetization constantly. 

 

Table 2.1 Estimated values of single-domain sizes for spherical nanoparticles without 
shape anisotropy. Adapted from Leslie-Pelecky et al.21  

Material Dcrit (nm) Material Dcrit (nm) 

Co 70 Fe3O4 128 
Fe 14 g-Fe2O3 166 
Ni 55   

 

2.2.1 Magnetization measurements 

Magnetization M vs. applied magnetic field H (magnetization curve) is a 

traditional measurement for characterization of magnetic materials. It has been shown 

that magnetic nanoparticles exhibit a type of magnetic order called 

superparamagnetism. Figure 2.2a. show the typical curve of a superparamagnetic 

Multidomain Monodomain
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system. The application of a magnetic field induces a magnetization which aligns the 

nanoparticles parallel to the field, with degree of alignment (and hence the induced 

magnetization) depending on the strength of the applied magnetic field. The reduction 

in particle size allows for thermal vibrations to randomly fluctuate the nanoparticle’s 

supermoment. Thus, thermal fluctuation can prevent the existence of a stable 

magnetization, and the coercivity Hc of the system tends to zero. Since the particles’ 

supermoments are randomly oriented, they cancel one another, producing zero magnetic 

moment of the bulk sample. If a magnetic field is applied, the supermoments will align 

producing a net moment22.  

Magnetization curve can be used to determine the mean size of 

superparamagnetic particles. It is necessary to point out that this method can only be 

used for weakly interacting systems where the inter-particle interactions are not 

considered. 

Temperature dependence of magnetization is commonly used to further analyze 

assembly and interactions of nanoparticle systems. This dependence is characterized by 

the existence of a blocking temperature, TB, which leads to two distinct regimes. For 

T<TB, the energy barriers can trap the particles magnetization in two or more metastable 

orientations, while for T>TB, the thermal energy, kBT, overcomes the energy barriers 

resulting in the well-known superparamagnetic regime. 

The magnetization vs applied magnetic field curves of superparamagnetic 

systems can display small hysteresis at temperatures below the blocking temperature (T 

< TB). Consequently, the Zero Field Cool (ZFC) and Field Cool (FC) curves are 

important to estimate the blocking temperature (TB) and to verify interaction between 
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particles. An example of FC and ZFC curves is shown in Figure 2.2b. In the ZFC case, 

the sample is cooled down (usually to a few Kelvin) in absence of external magnetic 

field, then a small magnetic field is applied (usually 100 Oe), followed by measuring 

the magnetization as the temperature increases.  

At low temperatures, the susceptibility in the ZFC case is small and 

nanoparticles moments are immobilized in random orientations. The application of the 

small magnetic field sets a preferred orientation for the magnetic moments; however, 

the measured magnetization will be almost zero as the nanoparticles’ moments are 

frozen in fixed positions. Raising the temperature will add thermal energy to the sample, 

and magnetic moments will have more freedom to move and to align to the external 

magnetic field. As a result, the measured magnetization will increase as more and more 

moments become mobile in the process known as unblocking. This process continues 

until majority of the moments becomes unblocked. The temperature at which this 

happens is called the blocking temperature, TB. Further addition of the thermal energy 

introduces disorder because the magnetic moments gain energy to flip easily between 

axes. The disordering of more and more magnetic moments takes place when the 

temperature increases above TB, leading to the decrease in measured magnetization. 

In contrast, in the FC case, a similar procedure is used but the sample is cooled 

down under a small magnetic field (usually 100 Oe), followed by measuring the 

magnetization as the temperature increases. As a result, the shape of FC curve is 

different from ZFC curve below TB. In this case, the sample reaches equilibrium 

magnetization before it is frozen, thus the susceptibility is expected to be approximately 
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proportional to 1/T for negligible interacting samples. If the interaction is large, 

susceptibility will experience saturation at low temperatures.   

Magnetization measurements can be performed using vibrating sample 

magnetometers (VSM), which uses the oscillation movement of the magnetic sample to 

induce an electromotive force on the detecting coils. Typically, these systems are able 

to resolve magnetization changes of less than 10-6 emu. 

 

 

Figure 2.2 Examples of magnetic characterization of superparamagnetic 
nanoparticles system. (a) Magnetization curve at 300K, (b) ZFC/FC curves 

 

2.2.2 Synthesis of Magnetic Nanoparticles 

 
There are several routes for magnetic nanoparticles synthesis. The primary 

techniques are mechanical milling, thermal decomposition and co-precipitation. For co-

precipitation of iron oxide (Fe3O4) nanoparticles, the overall chemical reaction is: 

 𝐹𝑒#$ + 𝐹𝑒&$ + 8𝑂𝐻 → 𝐹𝑒&𝑂+ + 4𝐻#𝑂  (2.1) 
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where Fe3O4 is magnetite with a divalent/trivalent iron ion ratio of Fe(III) /Fe(II). This 

method is the most often employed one because of its simplicity and productivity. 

However, the difficulty in preparing Fe3O4 magnetic nanoparticles by chemical co-

precipitation is the tendency of particles to agglomerate that takes place due to their 

significant specific surface area and high surface energy. Following precipitation, the 

small particles can be modified with a surfactant layer and re-suspended to form a 

magnetic fluid (Figure 2.3a). 

 A better and more controlled morphology of the particles can be obtained 

through the thermal decomposition of organic precursors. For magnetite, iron precursors 

are typically used. A common method is the decomposition of iron oleate in a high-

boiling point organic solvent (1-octadecene), with a surfactant (oleic acid). This method 

is preferred for biomedical applications, due to the narrow distribution of particles’ sizes 

(Figure 2.3b). Unfortunately, thermal decomposition is often limited to lab-scale 

reactions, as the thermal control during the reaction is difficult to scale up.  

 

Figure 2.3 Transmission Electron micrographs of Magnetite synthesized by the author 
of this thesis using (a) Co-precipitation and (b) Thermal decomposition methods  

100 nm 50 nm

a b
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2.3 Magnetic Fluids, Ferrofluids 

 

A colloidal suspension of magnetic nanoparticles in a carrier fluid is called 

magnetic fluid or ferrofluid. Both the material and dispersant determine the 

physicochemical and electromagnetic properties of the ferrofluid. Particles are small 

enough that thermal fluctuations (Brownian motion) keep them evenly dispersed in the 

carrier liquid. However, particles tend to flocculate due to van der Waals forces. To 

prevent this, the nanoparticles surfaces are coated with a surfactant/polymer dispersant 

layer (approximately 2nm thickness) as seen in Figure 2.4.  

 

Figure 2.4 Schematic representation of  a magnetic nanoparticle, functionalized with 
a surfactant layer of approximately length of 2nm 

 

2.3.1 Ferrofluid Magnetization and Magnetic Relaxation  

 
A ferrofluid is a system of non-interacting spherical particles, and the 

dependence of the magnetization of the fluid M on the strength of a magnetic field H 

can be described by the Langevin equation for paramagnetic systems: 

Magnetic Particle

Surfactant 
layer b ¾ 2-3 nm

mo
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 𝑀 = 𝑀/ 𝑐𝑜𝑡ℎ𝛼 −
1
𝛼 ; 							𝛼 =

𝜇:𝑚𝐻
𝑘=𝑇

  (2.2) 

 

where Ms= fM is the saturation magnetization, f is the volume fraction of magnetic 

component, M is the spontaneous magnetization, m=MdVp  is the  moment of the 

magnetic dipoles, Vp is the particle volume and Md is the domain magnetization of the 

bulk magnetic particle.. The Langevin parameter (a) characterizes the ratio between the 

energy of the magnetic moment m of the particle in the magnetic field H and its thermal 

energy kBT. A typical the magnetization curve of a paramagnetic ferrofluid is shown in 

Figure 2.2a. 

When a DC magnetic field H is applied to a ferrofluid, each magnetic 

nanoparticle with magnetic moment m experiences a torque  µ0mxH, which tends to 

align their magnetic moment m with the applied magnetic field H. There are two 

important time constants that determine rate of this process. The first one, called 

Brownian relaxation time, characterizes the rate of nanoparticles physical rotation 

toward the equilibrium alignment and might be determined according to the following 

equation: 

 𝜏= =
3𝜂𝑉C
𝑘=𝑇

  (2.3) 

 

Here, h is the carrier liquid viscosity and Vh is the hydrodynamic volume of the particle 

which is determined by the hydrodynamic radius and can be calculated as: 

 𝑉C =
4
3𝜋 𝑅 + 𝛿 &  (2.4) 
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In the equation d represents the thickness of the surfactant layer, and R is the magnetic 

particle radius of the particles 

The second constant is known as Néel relaxation time, and is the characteristic 

time for the magnetic moment m to align along the particle’s easy axis upon application 

of the magnetic field without particle rotation. In this case, contrary to Brownian 

relaxation the particle itself does not change its spatial orientation. The Neel time 

constant tN is defined as: 

 𝜏G =
1
𝑓:
𝑒𝑥𝑝

𝐾𝑉
𝑘=𝑇

  (2.5) 

where K is the anisotropy constant of the particle material, and V is the volume of the 

particle. If in a system of nanoparticles both Néel and Brownian mechanisms are 

presented simultaneously, the resultant relaxation time might be found as a combination 

of the both tB and tN: 

 
1
𝜏LMM

=
1
𝜏=
+
1
𝜏G

  (2.6) 

 

The dependence of a dominant relaxation mechanism on a characteristic particle 

size mentioned before can be clearly seen from the Equations 2.3-2.6. Since tN is an 

exponential function of the particle volume, for large particles Néel relaxation rate 

becomes negligibly small, and, therefore, can be omitted from the consideration; in this 

case, teff is predominantly driven by tB. However, when the particle size gets smaller, 

the value of transition energy barrier KV decreases and tN might become significantly 

smaller than tB thus, turning to be a dominant factor in magnetization relaxation. In 
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other words, the fastest of the two relaxation mechanisms is predominant in the overall 

magnetization relaxation of the ferrofluid (Figure 2.5).  

 

2.3.2 Magnetoviscous and Negative Viscosity Effects in ferrofluids 

 

Under an external magnetic field colloidal suspensions show interesting 

rheological and magnetic properties which are useful in the design of numerous devices 

and processes such as magnetic fluid seals23, heat transfer enhancement24, dampers25,26, 

separation processes27, micro/nanoelectrochemical systems28, biomedical 

applications29, among others.  

 

 

Figure 2.5 (a) The Brownian, Néel and Effective relaxation time as function of 
particle diameters calculated for water based ferrofluid of magnetite nanoparticles 
with anisotropy constant of 23000 J/m3, temperature T = 298K, viscosity of the 
carrier liquid is taken as 1.25mPa-s, surfactant thickness d= 2nm and the frequency 
f0=109 Hz. (b) schematic representation of the Brownian and Néel mechanisms. 
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Some of the applications utilize the fact that the viscosity of the magnetic fluid 

increases when exposed to a stationary magnetic field. The study of the 

magnetoviscosity effect begins with McTague’s30 experiment observing an increase in 

viscosity in a suspension of cobalt nanoparticles with a polymer coating dispersed in a 

Newtonian liquid. In 1972, Shliomis31 expanded on the theory by taking into account 

the Brownian motion, and providing equations for the change in viscosity under a 

magnetic field in both planar Couette and Poiseuille flow geometries. In 1995, Bacri et. 

al.32, revealed a ‘negative viscosity’ effect, where the overall viscosity of the ferrofluid 

decreases. This result was obtained by applying an alternating, linearly polarized 

magnetic field. Consequently, the magnetization of the fluid depends on the magnetic 

field applied and the flow field.  

Magnetoviscous effect is caused by the hindrance of the magnetic nanoparticles’ 

free rotation by an external magnetic field. When the ferrofluid is being subjected to 

shear flow, the particles rotate with their axis of rotation parallel to the orientation of 

vorticity. Upon application of a static magnetic field, a magnetic torque tries to align 

their magnetic moments along H, counteracting the viscous torque exerted by the carrier 

liquid. If the vorticity of the shear flow and the magnetic field are not collinear, an 

overall increase of the fluid’s viscosity is observed. Conversely if vorticity and magnetic 

field are collinear, no increase of the fluid’s viscosity will occur.  

The experimental and theoretical investigations have shown that the formation 

of structures of magnetic particles under an applied magnetic field have a strong 

influence on the magnetoviscous behavior of the ferrofluid33. Shear thinning behaviors 

have been measured in ferrofluid suspensions. The shear thinning effect is explained by 
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chain formation model of the magnetic nanoparticles, behaving similarly to polymer 

chains that align (and in the case of the nanoparticle chains, break) along the shear flow 

direction34,35.  

In case of the negative viscosity effect, the reduction of the viscosity depends on 

the combinations of frequency and amplitude of magnetic field, concentration and 

material of the suspended particles, and viscosity of the carrier fluid32. The application 

of a fast enough alternating magnetic field may help vorticity and favors particle 

rotation. As a result, the magnetic energy is partially transformed into kinetic energy of 

the fluid which is manifested in the reduction of the total viscosity.  

 

2.4 Cellulose Nanocrystals 

 
 Cellulose is a ubiquitous material in nature and the most abundant natural 

polymer on earth. Cellulose is a renewable and biodegradable material with a unique 

hierarchical structure 36 (Figure 2.6). At each structural level cellulose has a different 

physical structure. At the molecular level, cellulose consists of three hydroxyl groups 

per unit giving it a high degree of functionality37,38. At the microscale level, the fibrils 

are a composite of crystalline domains bonded by an amorphous phase. These structural 

hierarchical features have been associated with various physicochemical properties37. 

Particularly, the nanocrystalline phase has attracted a lot of attention in the last decade 

due to its intrinsic mechanical properties, high surface reactivity as well as its 

applications as a reinforcement material in many products. This nanocrystalline phase 

is known as cellulose nanocrystals and can be tailored for many applications such as 
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biomaterials39, new drug-delivery technologies40, transparent flexible displays for 

electronic devices41, and new types of sensors42. 

Nanocrystalline cellulose can be extracted from various cellulosic sources38. The 

source of the cellulose determines the dimension of the resultant nanocrystals as can be 

seen in Table 143. Typically, cellulose nanocrystals have high surface area due to their 

rod-like shape structure and a highly reactive surface with modifiable functionalities. 

However, the surface chemistry of cellulose nanodomains is primary governed by the 

extraction procedure used to prepare them 37. Cellulose nanocrystals have been extracted 

using various methods of cellulose disintegration44. The most common method for the 

extraction of nanocrystalline cellulose is acid hydrolysis45. Under this method, the 

amorphous part of the cellulose fibers is dissolved and the crystalline domains are kept. 

The goal of the extraction methods is to yield crystalline domains than can further be 

utilized in technological applications. 

 

 

Figure 2.6 Hierarchical structure of cellulose 46 
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Table 2.2 Examples of CNCs isolated from different sources by sulfuric acid 
hydrolysis.43 

Cellulose Origin Length (nm) Width (nm) 
Bacteria 100-1000 10-50 
Cotton 70-300 5-10 
Wood 100-300 3-5 

Tunicate 500-1000 10-30 
Valonia >1000 10-20 

 

Figure 2.7 shows the surface chemistries provided by the most common 

extraction methods. The extraction method with sulphuric acid is the most widely used. 

Sulphuric acid has the ability to produce more stable suspensions and lead to the 

functionalization of the surface of cellulose nanocrystals47. The stability of the 

suspension results from the formation of sulphate ester groups on the surface of 

cellulose nanocrystal during the acid treatment. The formation of these groups leads to 

the insertion of negative charges at the surface and hence to an increased dispersion of 

the crystals in a suspension.  
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Figure 2.7 Distinctive surface chemistries provided by the most common extraction 
methods of cellulose nanoparticles: sulfuric acid hydrolysis provides sulfate ester 
groups (route 1), hydrochloric acid hydrolysis provides hydroxyl groups (route 2), 
acetic acid hydrolysis provides acetyl groups (route 3), TEMPO mediated 
hypochlorite treatment (route 4) and carboxymethylation (route 5) provide carboxylic 
acid groups. (Dufresne, 2012)37 

 

2.4.1 Cellulose structure 

At molecular level, cellulose consists of Alpha-D-glucopyranose units, also 

known as alpha-D-Glucose units that are linked together by β-1,4-glycosidic bonds 

which results in an alternate turning of the cellulose chain axis by 180º. Cellulose 

consists of three reactive hydroxyl groups per unit: a primary group at C6 and two 

secondary groups at C2 and C3, giving it a high degree of functionality37,38 (Figure 2.8). 

Cellobiose with a length of 1.3 nm can be considered the repeating unit of cellulose.  
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Figure 2.8 Representation of a cellulose molecule 

 

Cellulose exhibits intramolecular and intermolecular hydrogen bonding 

systems, which have been proved to contribute directly to certain physical properties of 

cellulose, including the limited solubility in most solvents, the reactivity of the hydroxyl 

groups, and give rise to various three-dimensional arrangements.  

Cellulose has several allomorphs, among then the most important ones are 

cellulose I and II. Natural cellulose is cellulose I, plant cellulose mainly consists of 

cellulose Iβ, whereas cellulose produced by bacteria and algae crystallizes in the Iα 

phase. Cellulose in regenerated cellulose fibers is cellulose II.  

In this thesis, the focus is on Cellulose Iβ, which has a monoclinic symmetry 

with space group P21 containing one chain in the unit cell48, as schematically displayed 

in Figure 2.9. The strong interaction between cellulose chains is due to the 

intermolecular hydrogen bonding. These hydrogen bonds are responsible for the 

stacking of cellulose macromolecules along the (002) plane in the crystal lattice of 

cellulose I, mainly between the oxygen atom in C3 and the OH at C648,49.  
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Figure 2.9 Snapshots of the cellulose Iβ crystal showing the two types of hydrogen 
bond networks; those of Iβ(A) are shown in (a) and (c) and those of Iβ(B) in (b) and 
(c). The hydrogen bonds whose donor groups are the hydroxyl groups attached to ring 
carbon C2 are colored in red (A, F, D, I), the hydrogen bonds whose donor groups are 
the hydroxyl groups attached to ring carbon C3 are colored in blue (B, G, E, J), and 
the hydrogen bonds whose donor groups are the hydroxyl groups attached on carbon 
atom C6 are colored in green (C, H).49 

 

2.4.2 Cellulose liquid crystals suspensions 

 
An important characteristic of cellulose nanocrystal suspensions is their ability 

to organize themselves into "domain" structures50 when they reached a critical 

concentration. The suspension experiences a phase transformation from an isotropic 

phase to an anisotropic state called liquid crystal. The size of these domains depends on 
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concentration, the size of the crystals and dispersion agent51,52. The chiral nematic 

phase, also called cholesteric phase, is characterized by long-range orientational order19.  

To further control or induce anisotropy of this self-assembled structure formed in the 

liquid crystalline phase, a certain level of stress must be exceeded. Revol et al.53 

demonstrated that under shear the orientation of the liquid crystals is enhanced. A high 

degree of orientation is exhibited due to the alignment under shear flow of suspension 

containing rod-like shape of cellulose nanocrystals. An adequate rheological 

characterization of the suspension is required to study the phase changes in the liquid 

crystal as a function of shear rate. Once the material starts to flow, smaller domains with 

distinct orientation are generated. Shafiei-Sabet et al.54 performed a microscopic 

examination of suspensions of crystalline cellulose at different concentrations and 

different shear rates. These results suggest a change in the liquid crystals microstructure 

as the shear rate is increased (Figure 2.10).  

The rheological behavior of a suspension is closely linked to its microstructure. 

A key aspect of the microstructure is the orientation of the nanocrystals. Many methods 

to enhance order in liquid crystal suspensions have been studied. In general, for liquid 

crystals the orientation of the molecules in a shear direction is a key factor in the 

viscosity of the suspension54.  
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Figure 2.10 Polarized optical micrographs of NCC suspension (5 wt %, unsonicated) 
during steady shear tests, at shear rates of (a) 0.01 s−1, (b) 0.05 s−1,(c) 0.1 s−1, (d) 0.5 
s−1, (e) 1 s−1, and (f) 10 s−1. (Shafiei-Sabet et al. 2012)54 

 

Although many studies have emphasized shear-induced orientation, other 

approaches used the unusual response to magnetic fields of diamagnetic suspensions 

like liquid crystals55,56. Cellulose nanocrystals possess a negative diamagnetic 

anisotropy, which means that under strong magnetic fields crystals orient their long axis 

perpendicular to the field direction57. Early in the 1990's, Sugiyama et al58 showed the 

alignment of cellulose microfibrils by a strong magnetic field of 7 T. The same effect 

was reported for cellulose nanocrystals59 in high intensity magnetic fields.  

Orts et al.53 studied shear-induced orientation as well as magnetic field-induced 

orientation of the liquid crystalline phase of a suspension of crystalline cellulose. He 

showed that ordering of nanocrystalline cellulose suspensions can be reached using high 

intensity magnetic fields. Revol et al.51 showed that the cholesteric axis of a suspension 

aligned parallel to the magnetic field direction. Analogously, Kim et al.57, used a 

magnetic field of 7 T to increase the orientation of a sample of regenerated microfibrillar 
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cellulose. They found an increase in the crystallinity index and in the microfibrils’ 

alignment as a function of magnetic field time exposure.  

However, very little attention has been given to ordering liquid crystal phase 

under "moderate" magnetic fields. In the decade of 1970's de Gennes et al.60 proposed 

that liquid crystals can be oriented using magnetic nanoparticles in the suspension. 

Recently, Vallooran et al.61 used magnetic nanoparticles in a lipid liquid crystal 

suspension of water/Dinmodan. They found that magnetic nanoparticles aggregate in 

chains, and under moderate magnetic fields the orientation of liquid crystals was 

enhanced (Figure 2.11). Similarly, Bossis et al.62 determined that in magnetic field with 

intensity of 29 kA/m, the magnetic particles form mesostructures when sheared. The 

mechanism of chain formation was explained and this prediction is in agreement with 

both simulations and direct observations of the particles35,63. 

Galland et al.64. reported the synthesis of ferrite nanoparticles on the surface of 

the cellulose microfibrils, giving a novel material with magnetic properties. The 

suspension behaves as a gel at ca. 2 wt%, retaining its shape in the wet state due to 

physical fibril entanglements. Subsequently, the cellulose magnetic fibrils suspension 

was used to create thin films. The films were found to successfully exhibit magnetic 

response. The magnetization curves reveal hysteresis loops for membranes with 

different ratios of hybrid nanofibrils decorated with “hard” CoFe2O4 and “soft” 

MnFe2O4 nanoparticles. The membranes were used to create a novel thin loudspeaker 

prototype. However, Galland et al.64 didn't study the orientation of the nanocrystals due 

to the presence of magnetic nanoparticles. 
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Figure 2.11 Optical microscopy images show the alignment of nanoparticles upon 
magnetic field exposure. Illustration of the mutual alignment efficiency of magnetic 
nanoparticles doped hexagonal phase in a magnetic field. Optical microscopy images 
observed between cross polarizers (top row) and between parallel polarizers (low 
row) a,c) in the absence of magnetic field and b,d) with a 1.1 T field applied as 
indicated. (Vallooran et al. 2011) 61 

 

2.5 2D- X-ray Diffraction and Order parameter 

 
Cellulose nanocrystals alignment can be estimated via Hermans order parameter (S) 

from 2D X-ray diffraction measurements52.  The specific alignment of molecules in one 

preferred direction in liquid crystals makes their physical properties such as refractive 

index, viscosity, diamagnetic susceptibility, directionally dependent. 

When a liquid crystal sample is oriented using external fields, local directors align along 

a preferred direction. This preferred direction is known as the director and is denoted by 
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unit vector n. The degree of orientation or alignment within a liquid crystal sample is 

typically denoted by the order parameter, S, as defined by Equation 2.7, where θ is the 

angle between long axis of molecule and the preferred direction, n. For the isotropic 

case, S is equal to zero, i.e. represents no preferential orientation. While for a perfectly 

aligned sample, S equal to 1. 

 𝑆 =
3𝑐𝑜𝑠#𝜃 − 1

2   (2.7) 

 

Figure 2.12 shows the dried solution cast without shear(a), and shear cast (b) 

CNC films52. The shear samples give a uniformly aligned sample with the director n 

oriented along the shear direction. Figures 2.12c,d show the 2D X-ray diffraction 

measurement of the above prepared CNC films. The unsheared CNC film exhibited a 

uniform diffraction pattern, and represents no preferential orientation with an order 

parameter value S ≈ 0.03. In contrast, the shear oriented consists of two diffuse arcs, 

which indicates the CNC alignment within the film, with the CNC long axis orientated 

parallel to the shear direction. High shear rates during film casting were directly 

correlated to the highest orientated CNC films. The achieved order parameter value was 

S ≈ 0.78.52 
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Figure 2.12 (a) Iridescent self-organized CNC film and (b) 
transparent shear-oriented CNC film. 2D XRD patterns for (c) self-
organized CNC film showing uniform intensity “rings” typical of an 
isotropic response and (d) shear-oriented CNC film, showing 
anisotropy in the ring intensity.(Diaz et al., 2013)52 
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CHAPTER 3. MAGNETOVISCOUS AND NEGATIVE VISCOSITY EFFECTS 

IN POLYMERIC FERROFLUIDS 

 

3.1 Introduction 

 
 Ferrofluids (FF) or Magnetic nanofluids (MNFs) are suspensions of single-

domain magnetic nanoparticles undergoing Brownian motion. Under an external 

magnetic field these colloidal suspensions show interesting rheological and magnetic 

properties which are useful in the design of numerous devices and processes such as 

magnetic fluid seals23, heat transfer enhancement24, dampers25,26, separation 

processes27, micro/nanoelectrochemical systems28, biomedical applications29, among 

others.  

A lot of studies of the effect of a magnetic field on the rheology properties of 

suspensions of magnetic nanoparticles in Newtonian fluids had been reported in the 

literature30,32,65–68. The study of the magnetoviscosity effect begins with McTague’s30 

experiment observing an increase in viscosity in a suspension of cobalt nanoparticles 

with a polymer coating dispersed in a Newtonian liquid. In 1972, Shliomis31 expanded 

on the theory by taking into account the Brownian motion, and providing equations for 

the change in viscosity under a magnetic field in both planar Couette and Poiseuille flow 

geometries. In 1995, Bacri et. al.32 , revealed a new magnetoviscosity termed a ‘negative 

viscosity’ effect, where the overall viscosity of the ferrofluid has decreased. This result 

was obtained by applying an alternating, linearly polarized magnetic field. An equation 

for the change in viscosity is derived, resulting in the similar form of that earlier 
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obtained for a constant field, but in terms of the angular velocities of the fluid and the 

particles in order to reflect the dependence of the effect on the opposing rotations. All 

these studies, however, relied on a Newtonian liquid as the carrier fluid for the 

nanoparticles. The value of the viscosity depends on the frequency, concentration and 

material of the suspended particles as well as the viscosity of the carrier fluid. The 

experimental and theoretical investigations have shown that the formation of structures 

of magnetic particles under an applied magnetic field have a strong influence on the 

magnetoviscous behavior of the ferrofluid. Shear thinning behaviors have been 

measured in ferrofluid supensions. The shear thinning effect is explained by chain 

formation model of the magnetic nanoparticles, behaving similarly to polymer chains 

that align (and in the case of the nanoparticle chains, break) along the shear flow 

direction.  

In this paper, we study the flow behavior of composite suspension of Magnetite 

(Fe3O4) nanoparticles embedded in polyethylene oxide (PEO) solutions. PEO is a linear-

chain polymer, which, under shear stress exhibits a shear thinning behavior. The 

addition of the ferrofluid into the polymer suspension can significantly modify the 

structure and properties of the material. These modifications arise due to interactions 

between the particles and the polymer, as well as changes in the particle–particle 

interactions due to the presence of the polymer. 

 

3.2 Materials and Methods 

A water-based magnetic fluid from Ferrotec Corporation- (MSG W11) with 

Magnetite (Fe3O4) nanoparticles was used in the experiment. Before mixing, the 
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magnetic fluid was filtered using a 0.45µm nylon syringe filter. Polyethylene Oxide 

(PEO) was purchased from Sigma Aldrich with an average molecular weight of Mv 

2,000,000 (CAS No. 25322-68-3) and a linear formula (-CH2CH2O-)n. A stock solution 

of 2 wt% PEO solution was prepared dissolving 0.4g of PEO in 20g of DI water, the 

mixture was mechanically stirred for 24 hours at 500rpm. The polymer-ferrofluid 

suspension was prepared by mixing 2 ml of ferrofluid into the 2wt% PEO polymer 

solution for 12h at 300rpm using an overhead stirrer (Caframo, Model BDC250). The 

final concentrations of the PEO and the magnetite nps are 1.8wt% and 0.32wt%, 

respectively. 

 The Magnetization curve were acquired for a diluted solution of MSG W11 

ferrofluid at 300K using a physical property measurement system (PPMS, Quantum 

Design). The liquid sample were studied using a sealed sample holder for liquid or air-

sensitive samples (Part No. 4084-245). Phase identification and core particle 

characterization were performed by X-ray diffraction (XRD) and transmission electron 

microscopy (TEM) on dried samples. The XRD patterns of magnetite nanoparticles 

(Fe3O4) were acquired using a Scintag X-ray Diffractometer with Cu-K radiation (40 

KV, 40 mA) with a step-size of 0.02 in the range of 25–70º. TEM images were obtained 

with a FEI T12 Spirit transmission electron microscope (TEM) at 200 KV.  

 

3.2.1 Experimental Setup  

A viscometer/rheometer-on-a-chip instrument (VROC™ from Rheosense, Inc) 

was used for viscosity measurements; with a flow channel width of 3.2mm and flow 

channel depth 100 µm as shown in Figure 3.1a. For a precise temperature control, the 
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chip and syringe are equipped with thermal jackets, where cooling water is supplied by 

a circulating thermal bath. The solutions were delivered to the VROC™ viscometer 

through a capillary tube with internal diameter of 0.2 mm using a programmable syringe 

pump (KDS-410 KDScientific). The shear rate was controlled through of the pump 

using a Hamilton gastight syringe of 250 µl. The polymeric suspensions studied here, 

are non-Newtonian liquids, thus, the relation between the shear stress and the shear rate 

is different. It is common in experimental rheometry to describe the rheology in terms 

of an apparent viscosity measured at a particular stress or strain rate. For a Newtonian 

fluid, η≡µ. However, for a non-Newtonian fluid, apparent viscosity is a function of 

strain rate, hence for the rectangular slit flow used in this experimental setup, the true 

shear rate of the test sample is calculated by applying the rigorous Weissenberg-

Rabinowitsch correction: 

 𝛾 =
𝛾STT
3 2 +

𝑑 ln 𝛾STT
𝑑 ln 𝜏  (3.1) 

where, t is the wall shear stress and 𝛾STT  is the apparent shear rate.  

For the static magnetic field measurements, a cylindrical shape Neodymium 

magnet axially magnetized (1/2" od x 1/4" id x 1" Length, B=3725G, R84X0 K&J 

Magnetics) was used to perform the experiments. The oscillating magnetic fields were 

generated using a series of homemade coils. The coils were fed with a sinusoidal signal 

at different frequencies using a function signal generator (Agilent 33210A). The 

function generator signal was connected to a power amplifier- (Crown XLS-1000) using 

a RCA to BNC cable. Two digital multimeters (Hewlett Packard-E2378A and BK 

Precision-2880B) were used to control the amplified current and voltage drop signals, 
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leading to control the magnetic field amplitude (Figure 3.1a,b). The AC magnetic flux 

was measured at the external surface of the coils using a Gaussmeter with a planar 

transverse probe (FW Bell 5180). Two different amplitudes of alternating magnetic field 

(70 Oe rms and 100 Oe rms) were used for AC measurements and at different 

frequencies. The magnetic field was oriented in the direction parallel to the flow for 

both static and oscillating magnetic fields. 

 

 

Figure 3.1 The experimental setup: (a) Schematic representation and (b) Picture of 
layout. The viscosity was measured using a (1) Viscometer/Rheometer on a Chip 
VROC (VROC5 from Rheosense); (2) Capillary tubing,; (3) gas tight syringe with 
thermal jacket and syringe pump, (4) Power source, (5) power amplifier, (6,7) 
multimeters, and (8) Gaussmeter. 

 

3.3 Results and Discussion 

 

The magnetization (M) of the diluted sample of ferrofluid as a function of 

applied magnetic field (H) is shown in Figure 3.2a. The fitting of the magnetization 
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curve and the determination of discrete particle size distribution were performed 

according to the previously proposed method based on Tikhonov regularization 

technique69. In Figure 3.2b the particle size distribution displays the diameter d of each 

particle class represented in terms of its magnetic weight and was obtained from the best 

fit of M vs H data at room temperature of diluted ferrofluid sample. The mean particle 

diameter obtained from the magnetic properties is about 9.2 ± 5 nm. In addition, Figure 

3.2c shows the transmission electron microscopy (TEM) image of the magnetite 

nanoparticles. These particles are spheroid-like form and are quite aggregated. The size 

distribution shown in the inset of Figure 3.2c was estimated from TEM data using 

ImageJ, and the mean particle diameter is about 8.4 ± 3.2 nm. For PEO, we estimated 

an end to end distance of 86 nm and a radius of gyration of 35 nm70. X-ray diffraction 

(XRD) pattern for dried Fe3O4 nanoparticles in Figure 3.2d can be easily indexed to the 

Fe3O4 phase (JCPDS, card no.: 00-019-0629). Additionally, no other impurity phases 

were detected in the pattern. 
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Figure 3.2 (a) Magnetization vs Field for ferrofluid with Fe3O4 nanoparticles recorded 
at 300 K and its Langevin fit use for the analysis of the Particle size distribution (b) 
Particle size distribution of the Fe3O4 nanoparticles using the regularization method 
of Tikhonov according to Weser and Stierstadt69. (c) Transmission Electron 
micrograph of ferrofluid’s magnetite Fe3O4 nanoparticles and (d) X-ray Diffraction 
pattern of magnetite Fe3O4 nanoparticles. 
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Figure 3.3 Viscosity measurements for a Polymeric ferrofluid (PEO-FF) suspension 
measured with a 60mm parallel plate geometry in a rotational rheometer (AR2000 
from TA Instruments) and a capillary Viscometer/Rheometer-On-a-Chip VROC 
(VROC 5 from Rheosense).  

 

For comparison purposes, the viscosity of the polymeric ferrofluid (PEO/FF) 

suspension was measured in absence of magnetic field, using a rotating AR2000 

rheometer (TA instruments) parallel plate geometry with a plate diameter of 60 mm. 

The temperature of the rheometer was controlled using a circulating bath connected to 

the bottom plate and the measurements were carried at 20 C. For control and data 

acquisition the Rheology Advantage software was used. The upper plate was rotated at 

different shear rates (1 s-1 - 15 s-1) in order to determine the changes in viscosity in the 

PEO/FF solution with a gap between shearing surfaces of 5 mm. The results obtained 

were compared with the data collected with the VROC capillary rheometer after 
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performing the Weissenberg-Rabinowich correction, as shown in Figure 3.3. 

Quantitative agreement between the measurements of the two instruments is observed. 

In addition, the solution studied is a non-Newtonian fluid, a shear thinning behavior was 

observed, meaning that the viscosity decreased as the shear rate increased.  

 

Figure 3. 4 Viscosity measurements as a function of shear rate for polymeric ferrofluid 
(PEO/FF) suspension flowing under a static magnetic field using an axial magnetized 
permanent magnet (R84X0 K&J Magnetics). 

 

For a static magnetic field, and increase in the viscosity was observed for all 

measured shear rates as seen in Figure 3.4. The difference in the viscosity is higher at 

low shear rates and decreases at higher shear rates. The result is the (positive) 

magnetoviscous effect, here, the external static magnetic field hinders the free rotation 

of the magnetic nanoparticles and thus increases the viscosity. This effect was first 

observed experimentally by McTague30 and theoretically studied by Shliomis31. It has 
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been shown that this behavior can be correlated with the formation of chains within the 

fluid71. As a shear flow is applied and the shear rate increases, the difference in viscosity 

between the two curves is reduced, a verification of the effect of a demagnetizing field, 

explained by Shliomis72 and shown experimentally by Pop et al.73 and Soto-Aquino et 

al.74. As a result, the rheological behavior at low stress levels is solid-like and at higher 

stresses the particles chains will experience a disruption in the flow, decreasing the 

difference in the viscosity values. The dashed lines in Figure 3.4 correspond to the best 

fit of the experimental data to the Power-law model (equation 3.2).  

 𝜂 = 𝐾γn-1 (3.2) 

 

where 𝜂 is the viscosity, γ is the shear rate, K is the flow consistency index, and n is the 

flow behavior index. The flow behavior index (n), is dimensionless and reflects the 

closeness to Newtonian flow. When the magnitude of n < 1 the fluid is shear-thinning 

and when n > 1 the fluid is shear-thickening in nature. Table 3.1 summarizes the values 

of n, K, and R2 (statistical correlation coefficient). The value of the power law index (n) 

decreases with the application of the static magnetic field, whereas the consistency 

index (K) increases. These values are in agreement with the theory of chain formation 

for the magnetic nanoparticles71. The overall viscosity increases, reflected in the 

increase of the consistency index, however, as the shear rate increases the breakage of 

those nanoparticles’ chains is reflected by a pronounced shear thinning effect, as 

reflected by the power law index.  
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Table 3.1 Rheological characteristics of PEO/FF suspension under static magnetic field  

Sample Power law 
index n 

Consistency index K 
(×103) R2 

PEO-FF, no Field 0.69 ± 0.01 2.46 ± 0.05 0.9986 

PEO-FF Under Static 
Magnetic Field 0.66 ± 0.012 2.85 ± 0.08 0.9977 

  

 

Figure 3.5 Viscosity measurements as a function of shear rate for the polymeric 
ferrofluid flowing under an oscillating magnetic field (70Grms) with a frequency of (a) 
60Hz (b) 150Hz  (c) 500Hz, and  (d)1000Hz. The dotted lines correspond to the best 
fit of the experimental data to a Power Law model.  
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Figure 3.5 shows the measurements of the viscosity with and without an 

oscillating magnetic field on the polymeric ferrofluid. The field magnitude of 70 Gauss 

rms at 4 different frequencies (60, 150,500 and 1000 Hz) was controlled by measuring 

the magnetic field flux at the end of the coil with a gaussmeter. The results shown in 

Figure 3.5a-c indicate not statistically significant differences for the measurements 

obtained at frequencies lower than 500 Hz. However, when the frequency of the 

oscillating magnetic field was increased to 1000Hz, a statistically significant decrease 

in viscosity was noted at values of shear rate lower than 8 s-1, as seen in Figure 3.5d. It 

is known that a ferrofluid can exhibit a reduction of the viscosity for different 

combination of frequencies32 and field magnitudes75 76, this unique behavior is known 

as ‘negative’ viscosity effect. The dotted lines correspond to the best fit of the 

experimental data to a Power Law model. Table 3.2 summarizes the values of n, K, and 

R2 (statistical correlation coefficient). The values of the power law index (n) have 

negligible variations for frequencies below 500Hz, in contrast, the consistency index 

(K) is slightly lower when compared to the sample’s value without the application of 

oscillating magnetic field. However, for the sample measured at the highest frequency 

of 1000Hz, the power law index (n) increases, meaning the shear thinning effect is 

decreased while the consistency index K, which is related with the viscosity, has a 

significant decrease.  
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Figure 3.6 Viscosity measurements as a function of shear rate for the polymeric 
ferrofluid flowing under an oscillating magnetic field (100Grms) with a frequency of 
(a) 500Hz, and (b) 1000Hz. The dotted lines correspond to the best fit of the 
experimental data to a Power Law model 

Similarly, in Figure 3.6a,b when a stronger oscillating magnetic field of 100 

Gauss rms is applied, the reduction effect in the viscosity is observed in both field 

frequencies measured (500Hz and 1000Hz). The values of the power law index (n) and 

the consistency index (K) can be seen in Table 3.2, a progressive increment of the power 

law index (n), while the consistency index K, which is related with the viscosity, 

progressively decreases as the frequency and intensity of the oscillating magnetic field 

increase.  

These observations of the magnetic field frequencies and amplitudes are in 

agreement with experiments performed by Zeuner et al.7 where a strong enough 

magnetic field strength led to a decrease in viscosity. Zeuner´s experiments use very 

high frequencies (up to 22000 Hz) and a water-based ferrofluid. Their ferrofluid’s 

relaxation time is much shorter and so a much higher angular frequency is necessary to 
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fulfill the condition for negative viscosity: ωτB > 1, derived by Shliomis77. For a non-

Newtonian fluid, the viscosity is orders of magnitude higher, meaning the frequency 

necessary to satisfy the inequality fall into the range in our experiments.  

 

Table 3.2 Rheological characteristics of PEO/FF suspension under oscillating magnetic 
fields 

Sample Power law index 
n 

Consistency index 
K (×103) R2 

PEO-FF, no field 0.69 ± 0.01 2.46 ± 0.05 0.9986 

PEO-FF, 70 Gauss rms and 60Hz 0.689 ± 0.02 2.34 ± 0.09 0.9969 

PEO-FF, 70 Gauss rms and 
150Hz 0.699 ± 0.03 2.26 ± 0.12 0.9941 

PEO-FF, 70 Gauss rms and 
500Hz 0.688 ± 0.03 2.31 ± 0.15 0.9911 

PEO-FF, 70 Gauss rms and 
1000Hz 0.759 ± 0.02 1.96 ± 0.07 0.9962 

PEO-FF, 100 Gauss rms and 
500Hz 0.787± 0.03 1.90 ± 0.13 0.9804 

PEO-FF, 100 Gauss rms and 
1000Hz 0.799 ± 0.05 1.85±0.16 0.9655 

 

These results agree with results of Morimoto et al.78 where an increasing shear 

rate led to a smaller range of frequencies and a lower overall decrease in viscosity from 

the negative viscosity effect. That is to say, for an increasing shear rate, the range of 

field frequencies where the negative viscosity effect is observed is narrower, and the 

percentage decrease in viscosity becomes smaller. The crossover point represents the 

point where magnetoviscosity has changed from negative to positive. For shear rates 

below this crossover point, the magnetic field led to an overall reduction in viscosity 

greater than the shear-thinning behavior of the polymer under shear flow, but past this 
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point, the particles appear to be attempting to increase the viscosity of the solution as 

now the shear-thinning without the magnetic field provides a lower viscosity. An 

equation derived by Bacri et al.6 provides a suitable relationship between the 

magnetoviscosity and the vorticity of the fluid: 

 

 ∆η =
3
2 𝜂∅

𝛺 − 𝜔T
Ω  (3.3) 

 

where 𝛺 is the vorticity of the fluid and 𝜔T is the angular velocity of the nanoparticle. 

At high shear rates, the vorticity of the flow is expected to have higher values than the 

angular velocity of the particle, which would indicate an increase in the 

magnetoviscosity (since the equation was derived for a Newtonian liquid, there are no 

shear-thinning effects taken into account in the above equation). Based on our results 

and previous studies, we hypothesize that when strong enough magnetic fields are 

applied at high frequencies in relatively low shear flow fields, the magnetic dipoles of 

particles rotate continuously following the magnetic field fluctuations. Thus, a transfer 

of energy from the magnetic field into rotational motion of the particles turn them 

nanosize motors and actively reduce the friction between neighboring fluid layers75. 

This effect can generate a disentanglement of the polymeric chains, reducing the 

viscosity in this range. As the shear flow field increases, the magnetic torque and the 

viscous torque counteract, the higher disentanglement of the polymer coils due to shear 

force can affect the magnetic nanoparticles rotations and keep them out of alignment 

with the magnetic field, thus, the suspensions encounter more resistance to flow due to 



 

46 

lagging in the rotation of the particle, as a result the polymer chain and nanoparticles 

motions can be hindered.  

This ‘‘negative viscosity effect’’ can be understood as a transfer of energy from the 

magnetic field into rotational motion of the particles. They act like nanosize motors and 

actively reduce the friction between neighboring fluid layers 

 

3.4 Conclusions 

The behavior of a polymeric ferrofluid was studied under both static and 

oscillating magnetic fields. The effect of a simple shear flow was also coupled with the 

magnetic fields to see how the two affected the polymeric ferrofluid properties together. 

Results for a static magnetic field show that the effective viscosity is increased while 

under an oscillating magnetic field, a ‘negative’ viscosity effect is observed beyond a 

certain frequency. Under a shear flow, the effect of the static magnetic field was 

reduced, demonstrating the ‘demagnetizing field’ effect previously established for 

Newtonian liquids-based ferrofluids both experimentally and theoretically. A shear-

thinning effect is also observed, a physical property of the polymer unaffected by the 

static field. The case with the oscillating magnetic field is also in agreement with 

previous experiments as the negative viscosity effect appears in certain conditions of 

amplitude and frequency of the field. A shear rate dependence on the changes in the 

viscosity was also observed. The negative viscosity effect appears at relatively small 

shear rates for high enough frequency when compared with a Brownian relaxation time 

of our system. Müller79 showed both by theoretical arguments and a proposed 

experiment that a strong enough viscous torque (i.e. a torque that satisfies the inequality 
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ΩτB>1) leads to the shear flow inducing its own particle rotation. Thus, for the polymer 

ferrofluid, the shear flow is known to not only have an effect on the polymer structure, 

but on the rotation of the nanoparticles. 

 The variation of the viscosity with the shear rate might be attributed to internal 

dynamics of polymer chains and the magnetic particles. Therefore, a new approach is 

needed to address the quantitatively and qualitatively the underlying reasons for the 

observed phenomena. 
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CHAPTER 4. IN-SITU AND REAL TIME STUDIES, VIA SYNCHROTRON X-

RAY SCATTERING, OF THE ORIENTATIONAL ORDER OF CELLULOSE 

NANOCRYSTALS DURING SOLUTION SHEARING 

 

4.1 Introduction 

 

Coating plays a major role in the manufacturing of advanced products with 

enhanced macroscopic surface properties. Novel coatings are usually made from liquid 

colloidal suspensions, and the judicious control on the assembly of these particles into 

microstructures is the most important factor for tailoring the final characteristics of the 

surfaces being coated 80,81. Many processes have been developed to facilitate the 

controlled deposition of these particles, including shear-, dip-, and drop-casting, as well 

as spin coating techniques15,82,83.  Films formed with these processes find applications 

in optics 41, electronics84,85, catalysis86,87, as well as biomedicine40,88 and sensing42. The 

drying process of cast films is affected by multiple parameters such as choice of solvent, 

particle concentration, and drying temperature. Therefore, it is essential to understand 

the mechanisms by which these factors affect the behavior and properties of the 

resulting films 15,82,89. 

Cellulose nanocrystals (CNCs) are extensively used in the fabrication of 

advanced films and nanocomposite materials. CNCs are spindle-shaped particles with 

highly-ordered crystalline structures90, and formed by the breakup of cellulose 

microfibrils. When aqueous suspensions of CNCs reach a critical concentration, the 

nanocrystals self-assemble forming a stable chiral nematic liquid crystalline phase50. 
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However, if external forces are applied (e.g., by shearing), the CNCs can be aligned to 

form a nematic phase52,91. Thus, tuning of the orientation of the CNCs enables control 

over the liquid crystalline phase they may form, which is important as the orientation 

state of CNCs can be preserved in the dry state52,92,93.  Some of the tendencies of CNCs 

for aggregation and self-assembly provide unique opportunities to create 

microstructures with uniquely tuned optical, mechanical and thermal properties. In fact, 

various approaches have been used to align CNC in suspension and to fix their 

orientation in dried films. Some of those methods include the application of external 

fields56,57,59,94,95,  the use of solution casting85,91, and the modification of the CNC’s 

surface chemistry96.  

Since monitoring the alignment of CNC in real time and in-situ is a challenging 

endeavor, we decided to use a relatively new technique, Synchroton-based grazing 

incidence wide angle X-ray scattering (GIWAXS). Based on the GIWAX 

measurements, we propose a model to describe the obtained film morphologies. To the 

best of our knowledge, no similar experiments have been reported on monitoring heat- 

and shear- induced structural changes of CNC films. The reported data is of relevance 

to the fundamental understanding of mesocrystal formation mechanisms as well as the 

microstructuring of CNC films, and it can be extended to explain other surface driven 

phenomena in which the orientation of the nanomaterials is key to the performance 

properties of the resulting film. 
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4.2 Materials and Methods 

4.2.1 Materials 

Cellulose nanocrystals (CNC) with 0.81 wt % CNC surface-grafted sulfate content, 

extracted via sulfuric acid hydrolysis of eucalyptus dry-lap cellulose fibers, were 

manufactured by the USDA Forest Service-Forest Products Laboratory, Madison, WI 

(FPL) 97 and purchased from the University of Maine.  Aqueous CNC suspensions with 

concentrations of 7 wt% and 9 wt% were prepared using Milli-Q water (conductivity 

<18.2 MΩ·cm at 25 °C) and the pH of these suspensions was in the range of 6–7.  

4.2.2 Film preparation 

Thin CNC films were prepared on glass substrates using a method similar to that 

reported by Smilgies et al. 98.  Glass substrates with approximate dimensions of 5mm x 

25mm x 1.2 mm were cut using a diamond scribe. Once cut, the glass slides were washed 

with 1 wt% aquetâ liquid detergent solution, cleaned with isopropanol, and left in an 

ultrasonic bath for 30 min to remove organic contaminants from their surfaces. The 

glass substrates were dried using an air duster and optical paper. CNC suspensions were 

preheated at 40 °C and then shear cast over the glass substrates. The shearing apparatus 

was equipped with a 25mm wide aluminum blade at a gap of 100 µm and with an 

inclination of 45° with respect to the glass substrate. Casting was performed at 4 

different shear speeds (0.3mm/s, 1mm/s, 3 mm/s and 10mm/s) and 3 different 

temperatures (60ºC, 80ºC and 100ºC). The temperature was controlled by a Peltier 

element and a circulating bath. Solidification of the films was monitored using 

synchrotron GIWAXS (Figure 4.1). 
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Figure 4.1 Schematic view of the GIWAXS in-situ solution shearing setup installed at 
the CHESS D1 station. The CNCs suspensions were shear-cast along the x direction, 
perpendicular to the X-ray beam.  

 
4.2.3 Grazing Incidence Wide Angle X-ray scattering (GIWAXS)  

GIWAXS measurements were performed on the D1 beamline of the Cornell High 

Energy Synchrotron Source (CHESS) using monochromatic radiation of wavelength l 

= 1.155 Å with a bandwidth Dl/l of 1.5%. A Pilatus 200k pixel array detector with a 

pixel size of 172µm x 172 µm was placed at a distance of 191mm from the sample. 

Time resolved data were collected during the shear-casting of the CNC suspensions with 

a collecting rate of 0.3 s/image at a shear speed 0.3mm/s; 0.2s/image at a shear speed of 

1 mm/s and 0.1s/image at a shear speeds of 3 mm/s and 10 mm/s. The starting time, 

t=0s, was defined as the moment the blade crossed the x-ray beam. For each run, 300 

spectra frames were recorded. 

The conversion of the 2D GIWAXS maps to q-space, construction of 1D profiles at 

reflection (200) in radial and azimuthal directions, and the peak fitting were carried out 

using Matlab (MathWorks, Natick, MA, USA). In-plane CNC’s alignment was 
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characterized by the Herman’s orientational parameter (S), calculated using Equations 

4.1 and 4.2:  

 𝑐𝑜𝑠#𝜙 =
𝐼 𝜙 𝑐𝑜𝑠#𝜙𝑠𝑖𝑛𝜙𝑑𝜙b

:

𝐼 𝜙 𝑠𝑖𝑛𝜙𝑑𝜙b
:

 (4.1) 

 𝑆 =
3 𝑐𝑜𝑠#𝜙 − 1

2  (4.2) 

where f is the azimuthal angle and I(f) is the angle-dependent scattering intensity. S=0 

corresponds to isotropic orientation distribution, S=1 corresponds to the full alignment 

of the system with respect to the director, and 0 < S <1 indicates intermediate levels of 

anisotropic organization.  

Electron microscopy. Transmission electron micrographs (TEM) were recorded using a 

FEI Tecnai T12 system operating at 120kV. Scanning electron micrographs (SEM) were 

recorded using a LEO-1550-FESEM instrument.  Drops of the CNC’s suspension were 

placed on Lacey Film-Coated Grids. A 2% uranyl acetate solution was dropped on the 

grid for negative staining and the excess solution was removed using filter paper and air 

drying. 

Polarized optical microscopy. Optical micrographs were recorded using a BX51 

Olympus polarized optical microscope. Digital images were acquired between cross-

polarizers at 5x magnification with a Lumenera's INFINITY2 microscopy camera. 

Rheology measurements. The rheological behavior of the CNC suspensions was 

investigated with TA Instruments Discovery hybrid rheometer (DHR-3), using a cone 
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and plate geometry, (diameter: 40 mm, angle: 2°). The instrument’s solvent trap was 

used to minimize water evaporation. Temperature was controlled via the TRIOS 

software interface (TA instruments). The steady shear viscosity was measured at shear 

rates from 100 to 1000 s−1 at a constant temperature of 25 ºC. Oscillatory shear tests 

were performed in the frequency range of 0.1 – 100Hz and carried out at 25 ºC unless 

otherwise specified. All measurements were repeated three times.  

 

4.3 Results and Discussion 

4.3.1 SEM and TEM 

SEM images acquired from shear-cast (Figure 4.2a) and self-assembled (Figure 4.2b) 

7wt% CNC suspensions illustrate the role of shear in the configuration of the crystalline 

domains. It can be noted that in the self-assembled suspension the nanorods are 

randomly oriented hence demonstrating the formation of a chiral nematic phase. In 

contrast, in the shear-cast sample, the CNC rods are predominantly oriented in the 

direction of shear (nematic structure). To further demonstrate the films’ structural 

alignment, Fourier transform (FFT) analysis of the images was performed using Image 

J99 (Figure 4.2a,b, insets). The Fourier transformation of the SEM image of the shear-

cast film shows an uneven extension along the main k-space axes, with 𝑘cdSe ≫ 𝑘edSe 

suggesting the presence of strong alignment of the nanorods parallel to the x-axis (shear 

direction). Conversely, such anisotropy is not observed in case of the self-assembled 

sample. The SEM images in Figure 4.2a and Figure 4.2b were analyzed using a Fourier 

transform method adapted from Bayan et al.30, rendering orientation indexes of 0.5 and 
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0.22 respectively. For further analysis, the information from the Fourier transform map 

was compacted into a line plot of the spatial frequency averaged intensity as a function 

of theta as shown in Figure 4.2(d,e).  

 
 
Figure 4.2 SEM images of (a) shear cast CNC film (b) drop cast film and (c) TEM of 
drop cast CNCs. The insets in figures (a) and (b) shows their respective Fourier 
transform images. The information in the 2D FFT image can be represented into a line 
plot of the spatial frequency averaged intensity as a function of angle. (d) for the SEM 
image in 4.2(a) when the fibers are highly aligned, the plot exhibits a well-defined peak. 
(e) for the SEM image in 4.2(b) the plot is broader for CNC particles arranged randomly 
over the range of angles. (f) Histograms of CNC particles length and diameter. The 
mean and standard deviation of each data set are plotted above the histograms. 

 

All image processing was carried out using Matlab. Figure 4.2(c) shows a TEM 

image of CNC stained with a 2% uranyl acetate solution. The length and diameter of 

the CNCs were determined by image analysis of the SEM micrographs, rendering a 

length of 126.52 ± 23 and a diameter of 16 ± 3.5 nanometers. The corresponding 

histograms are shown in Figure 4.2(f). 
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4.3.2 Rheology  

During the preparation of the films, a shear force is applied on the suspension as it 

spreads over the substrate. The magnitude of this shear force can influence the overall 

crystal arrangement in the resulting film, and its effect is strongly dependent on the 

rheological behavior of the CNC suspensions100,101, which in turn, is influenced by both 

the aspect ratio and the concentration of the CNC in the suspension53. Figure 4.3a shows 

the viscosity (η) of the 7 wt% and 9 wt% CNC suspensions as a function of shear rate 

at room temperature. It can be observed that when the shear rate (γ) increases, the 

viscosity (η) of the 7 wt% CNC suspension passes through three shear thinning regions. 

which are associated with structural changes in liquid crystal polymers due to phase 

transformations102. In cellulose, such behavior has been linked to alignment of the chiral 

nematic liquid crystal phase54,103. The 9 wt% CNC suspension exhibits shear thinning 

behavior in the whole range of studied shear rates. This behavior at higher concentration 

of CNC is attributed to gel formation, and this gelation hinders the arrangement of the 

chiral nematic phase104. 

The frequency dependence of the storage modulus G’ and loss modulus G” of 

the CNC suspensions at both concentrations is shown in Figure 4.3b. The behavior of 

both samples resembles that of a gel-like system, where G’ remains almost constant and 

is higher than G” for the entire frequency range. The complex viscosity of the CNC 

suspension increases with increasing concentration for all tested frequencies due to 

particle-particle interactions influencing the gradual formation of a strong network 
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structure54,101. Similar to previous studies54,101, the complex viscosity η* was found to 

decrease linearly as a function of frequency. 

To test the linearity of the viscoelastic behavior of the CNC suspensions,  we 

used the Cox–Merz rule, which states that the dynamic complex viscosity |η*(ω)| and 

steady-state viscosity η(γ) overlap at equal absolute values of rotational frequency and 

shear rate105. Figure 4.3c compares steady shear rheological properties and the small-

amplitude dynamic rheological properties of the CNC samples. Both the 7wt% and the 

9wt% CNC suspensions deviated from the Cox–Merz rule as the magnitude of the 

complex viscosity |η*(ω)| is higher than the magnitude of the steady-state viscosity η(γ) 

over the range of shear rates and frequencies. This deviation implies the existence of 

structure formation and reflects the gel-like nature of the samples, which is in agreement 

with findings reported by others54,101 for similar suspensions. 
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Figure 4.3 Rheological study of CNC suspensions (a) Viscosity versus shear rate for 7 
wt% and 9 wt% CNC suspensions at 25 °C, (b) Storage and loss moduli, and complex 
viscosity as functions of frequency for 7 wt% and 9 wt% CNC suspensions at 25 °C, (c) 
Inapplicability of the Cox-Merz rule to CNC suspensions. The lack of overlap between 
complex and steady-state viscosity curves indicates presence of structural formation. (d) 
Effect of temperature on the complex viscosity of CNC suspensions at a constant 
angular frequency of 1 rad/s. 

 
Figure 4.3d shows the behavior of complex viscosity as a function of 

temperature for the 7wt% and the 9wt% CNC suspensions.  It can be observed that 

temperature has little effect on the viscosity between 10-35ºC for 7wt% CNC and 10-

45ºC for 9wt% CNC, suggesting that mesogen rearrangements are not sensitive to 

temperature variations in these ranges. Further increase of temperature up to 50 ºC, led 

to an increase in viscosity, an effect that can be attributed to alterations in local mobility 
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and microstructural changes above the aforementioned temperatures 54,100,101,106. Shafiei-

Sabet et al.54 also reported an increase in the complex viscosity at about 27 °C and 42 

°C for 5 and 10 wt% CNC suspensions. They suggested that temperature dependency 

of viscosity can be explained by an abrupt increment in the number of isotropic regions 

at a critical temperature 

4.3.3 Grazing-Incidence Wide Angle X-ray Scattering (GIWAXS)  

We investigated the shear casting of CNC suspensions in situ using time-

resolved GIWAXS. This unique analytical technique allowed us to acquire quantitative 

characteristics of the film and its structural evolution during the casting and drying 

processes. The preferred assembly phase of CNCs liquid crystal suspensions is a chiral 

nematic phase as shown in Figure 4.2b. However, upon shearing, the nanocrystals in the 

film are arranged side by side as shown in Figure 4.2a, which can be understood in terms 

of maximizing the Van der Waals interactions between the crystals16. Figure 4.4 shows 

a typical GIWAXS pattern of a CNC film and its corresponding radial integration, 

indicating a well-ordered two-dimensional (2D) lattice with q(1-10) ~ 0.82, q(110) ~ 1.05 

and q(200) ~ 1.58  Å-1, with respective d-spacing values of d(1-10)=0.71 nm, d(110)=0.59 nm, 

and d(200)=0.39 nm. These reflections are in agreement with those of monoclinic Ib 

cellulose48,107,108. Nishiyama et al.48 reported a lattice dimension d(200)=0.3867 nm for 

Tunicate cellulose; similar observations were reported by Thomas et al.107 for downy 

birch, Japanese Cherry wood and sunflowers cellulose, with d(200) spacings of 0.394, 

0.396 and 0.398 nm respectively.  
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The azimuthal analysis of the (200) reflection provided further insight into the 

preferred orientation of the CNC. Figure 4.4d shows the azimuthal spreads of the (200) 

reflection for the 7wt% CNC sample processed at 60ºC and a speed of 0.3mm/s. The 

dried film had a Herman’s order parameter S= 0.68, suggesting that CNCs prefer to 

orient parallel to the shear direction. The azimuthally averaged intensity profile show 

that the peak width is broad at the beginning of casting and becomes narrower during 

drying, indicating that the c-axes of the cellulose nanocrystals become oriented with a 

strong preferential alignment parallel to the plane of the substrate. Lorentzian fitting of 

the azimuthal profiles provides an estimation of the preferred direction, fp. The 

preferred direction (peak position) of the aligned films is similar for all samples (fp = 

90 ± 5°), with the uncertainty of the estimation dominated by the imperfections of the 

manual alignment of the substrates on the stage. The Herman’s order parameter values 

for the dry films were in the range of 0.64 - 0.71 for 7 wt% samples, and between 0.64 

and 0.72 for the 9wt% samples. These orientation parameters are in quantitative 

agreement with reports by other authors52,109.These values also suggest that 

concentration, casting speed and temperature have a small or negligible impact on the 

ultimate degree of orientation of the films (See information, Table 1).  
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Figure 4.4 (a) 2D GIWAXS image recorded for the CNC 7wt% suspension during the 
film formation at 60 ºC and 0.3mm/s casting speed. 1D scattering profiles as a function 
of time: (b) Radial intensity profiles along the main peak direction (cyan sector), (c) 
Azimuthal intensity profiles across the main peak (red dashed line). The best-fit 
Lorentzian curves used to calculate the orientation parameters are shown in solid (d) 
Ball and stick model of an idealized wood CNC cross-section. Green, blue and red balls 
correspond to C, O, and H atoms, respectively. The d spacing of three major lattice 
planes, (200), (110), and (1-10), is labeled. 

 

To investigate the structural evolution of CNC under different processing 

conditions, the intensities of the GIWAX reflections (200) and (110) were tracked (see 

Figure 4.5a). Figure 4.5(b) shows the normalized scattered intensity as a function of 

time for the 7wt% suspension with a casting speed of 0.3 mm/s at 100 ºC. The sigmoidal 
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shape of the curve suggests a cooperative orientation process inherent to CNCs due to 

their anisotropy. The model reported by De France et al. 110 was employed to analyze 

the experimental data. For that purpose, the profiles of scattered intensity versus time 

were fitted to a scaled logistic function as shown in Equation 4.3: 

 𝐼 𝑡 = 𝐼g + 𝐼M + 𝐼g
1

1 + 𝑒𝑥𝑝 − 𝑡 − 𝜏h 𝜏#
 (4.3) 

 

Here t1 can be interpreted as the orientation onset time and t2 is the characteristic time 

of the cooperative ordering in a drying film110. The overall time for film formation is 

denoted as t = t1+t2. In our case, the ordering kinetics for liquid crystal suspensions of 

CNC is accelerated due to the applied shear force, and we found that the processing time 

strongly depends on the shear casting speed and temperature.  

Figure 4.5(c) shows the film formation time (t) as a function of casting speed. 

At 60 ºC, t increases as the casting speed increases for both the 7 wt% and the 9wt% 

CNC suspensions. For the 7 wt% suspension shear cast at 60 ºC, the film formation 

occurs on a time scale of τ = 6.45 s for the lowest casting speed of 0.3 mm/s. However, 

for the highest casting speed of 10 mm/s, τ increases to 8.58 s. We should emphasize 

the rapid alignment of these films represents an improvement when compared to the 

results reported by Diaz et al., where a 10.1 wt% CNC suspension underwent a similar 

shear casting followed by slow evaporation at room temperature for about 3 days. 
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Figure 4.5 (a) GIWAXS image with regions of interest used in intensity averaging 
marked with red dashed boxes (b) Time evolution of the scattering intensity for peak 
(200) for a representative CNC suspension. The best-fit sigmoidal curve used to 
calculate the time scale is shown as solid. (c) Film formation time (t) as a function of 
shear casting speed for peak (200). (d) Film formation time (t) as a function of shear 
casting speed for peak (110). 

 
At 80 ºC and 100 ºC, the same suspensions exhibit different behaviors. The 

increase in temperature leads to shorter processing time due to faster solvent 

evaporation. Furthermore, the film formation time appears to be less sensitive to the 

coating speed: for the 7 wt% suspension at 100 ºC, τ = 4.17 s and 4.18s for speeds of 

0.3 mm/s and 10mm/s, respectively. This reduction in the time scale of the film 

preparation process has implications on the final structure of the film. A principal reason 
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for these results may be related to the fast, non-equilibrium evaporation-driven 

assembly of the nanocrystals as the meniscus moves during shear casting at higher 

temperatures. 

 

 
 
Figure 4.6 Polarized optical micrographs of films prepared from 7 wt% and 9 wt% CNC 
suspensions under cross polarizers (first column), cross-polarized light with a gamma 
compensation plate at 45º (second column) and polarized filter at 45 º and gamma 
compensation plate at 45º (third colum). (a-c) Films prepared with 7 wt% suspension at 
60ºC; (d-f) films prepared with 7 wt% suspension at 100ºC; (g-i) films prepared with 
9wt% suspension at 60ºC and (j-l) films prepared with 9 wt% suspension at 100 ºC. All 
samples were sheared at a rate of 1 mm/s (scale bar: 200µm) 
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4.3.4 Polarized optical microscopy 

 
To understand the effect of temperature in the film structure, we used polarized 

optical microscopy POM. POM micrographs shown in Figure 4.6 indicate the 

differences in morphology between the films prepared at 60 ºC and 100 ºC with a casting 

speed of 1 mm/s. Homogeneous morphology is evident for films produced with 7 wt% 

and 9 wt% CNC at 60ºC for all casting speeds, manifested by optical extinction under 

cross polarizers due to high orientation of the CNC in the shear direction (x-axis). The 

complete extinction point appears when the particles are oriented parallel to the 

polarizer (Figure 4.6(a,g)). This observation is confirmed by including the gamma 

compensation plate (Figure 4.6(b,h)) and by changing the angle of the polarizer to 45 º 

(Figure 4.6(c,i)), while keeping the same orientation of the sample. These configurations 

alter the polarization state of the light wave and allow for a clearer discrimination of the 

CNCs orientations in the film, which otherwise may appear very similar under cross 

polarized light. Conversely, in optical micrographs for the films produced with 7wt% 

and 9wt% CNC at 80 ºC and 100 ºC, dark and bright regions can be seen under cross 

polarizers, suggesting the presence of discontinuities in the director distribution. Figure 

4.6(d,j) presents the POM micrographs for films produced with 7 wt% and 9 wt% CNC, 

at 100 ºC ,at a casting speed of 1 mm/s. The domains enclosed by white and dark areas 

in Figure 4.6(d,j) varied in color when the gamma plate was added (Figure 4.6(b,k)) and 

when the polarizer was rotated at 45º (Figure 4.6(f,l)). These differences in film 

structure and orientation can be explained by the existence of different domains or 

ensembles of the CNCs during film formation.  The presence of these different domains 
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is an indication that the CNCs were indeed oriented at arbitrary angles, with respect to 

the shear direction. 

 
 
Figure 4.7 Proposed model to describe the orientation of CNCs during film casting. (a-
d) Film formation as a result of solvent evaporation at 60ºC and (e-h) Film formation as 
a result of solvent evaporation at higher temperatures (80ºC and 100ºC) and different 
casting speeds. Shear direction is indicated by the red arrows. 

 
4.3.5 Proposed Models 

 
Liquid crystals suspensions are known to have spontaneous molecular 

orientations. In the case of cellulose, upon reaching a critical concentration, cellulose 

suspensions self-assemble into an equilibrium chiral nematic phase. However, the 

application of a force or heat produces motions and streams which cease as the new 

equilibrium is progressively reached. In our case, after the suspension is sheared, a 

change of phase from chiral nematic to nematic phase occurs. The controlled assembly 

of the CNCs during the film-casting process strongly depends on the casting speed and 

the evaporation temperature111–115. Thus, the observed linear trend of the film formation 
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time (t) as a function of casting speed (Figure 4.5) can be attributed to variations in 

shape and curvature of the liquid meniscus, which in turn modulate the evaporation rates 

of the film. For films cast at 60 ºC, the shear casting and drying processes can be 

modeled as depicted in Figure 4.7(a-d). At low casting speeds, evaporation rate is fast 

and film formation occurs in the vicinity of the contact line near the meniscus surface 

where the solid, liquid and gas phases coexist (Figure 4.7a). On the contrary, at high 

casting speeds the evaporation rates slows down as the liquid film is initially entrained 

on the substrate and the nanocrystals are trapped at the solvent−air interface prior to 

evaporation 116 (Figure 4.7d). Finally, at intermediate shear casting speeds, the particle 

settling mechanism gradually transitions from convective assembly to thin-film 

entrainment117 (Figure 4.7(b,c)). Through temperature variation during film preparation, 

different dynamics can be achieved. The films prepared at 60ºC show the interplay 

between evaporation induced self-assembly and shear-induced assembly. Under these 

conditions, the temporary presence of an undried liquid layer means that the time to 

attain equilibrium arrangement of the particles, before they are trapped in the solidified 

film, increases. Therefore, the shear force can be seen as the dominant factor in the 

particles’ alignment along the casting direction, while the evaporation locks them in 

place as depicted in Figure 4.7(a-d). The intrinsic shear-thinning behavior of the 

suspensions and the small wet-gap have a joint effect that results in the riented 

homogeneous films.  

At higher temperatures (80 and 100ºC), the orientation parameter does not vary 

significantly (See information, Table 1), but different dynamic occurs during the film 
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formation: for all castings speeds the evaporation takes the dominant role. Solvent 

evaporation occurs near the contact line as depicted in Figure 4.7(e-h); as the meniscus 

moves, the particles are deposited at a high speed and jammed into an irregular film. 

Although a high evaporation rate results in shorter times for drying, it can also induce 

secondary flows due to stronger concentration gradients 115,118. Additionally, the 

viscosity rapidly increases, hence reducing the time for film levelling and leading to 

inhomogeneous solvent evaporation and film disturbances and irregularities43,118,119. 

Consequently, the evaporation counteracts the film alignment mechanisms described 

above. An obvious way to prevent formation of these defects is reducing vapor release 

by decreasing the casting temperature.  

Moreover, it should be noted that the shear force applied for the alignment of 

the CNCs strongly depends on the wet-gap film thickness118. We observed that the 

orientation parameter S varied between 0.6 and 0.69 with a wet film gap of 100µm in 

the low range of shear rates (3-100s-1). The interplay of shear forces, temperature and 

the shear-thinning properties of the suspensions can be viewed as the main reasons for 

this relatively high degree of alignment. Chowdhury et al.109 observed high ordering in 

CNC films for shear rates between 60 and 700s-1, and attributed that behavior to the high 

concentration of CNC (11.6wt%) and the small wet-film gap (0.4mm). In their case, the 

orientation parameter increased from S=0.5 at 100s-1 to S=0.6 at 150s-1, reaching a 

plateau at higher shear rates. Our estimations of the orientation parameters are  

comparable to those obtained by Diaz et al.52 with a 10.1 wt% CNC suspension that 

underwent slow evaporation at room temperature at very high shear rates. Diaz et al. 

cast 3 mL aliquots, 6 times, and reported orientation parameters of 0.68 and 0.78 for 
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shear rates of 400 and 700 s-1 respectively.  In contrast, our films were cast by one-shot 

blading and formed in a relatively short time (~several seconds). We observed similar 

degrees of orientation even for the concentration of 7 wt% CNC and with apparent shear 

rates as low as 3s-1 (See information, Table 4.1). 

 

Table 4. 1 Herman’s order parameter and thickness of dry films produced at different 
casting speeds and temperatures. 

Sample Temperature 
(ºC) 

Casting 
Speed 
(mm/s) 

Apparent 
Shear 

rate (s-1) 

Herman’s 
Order 

Parameter 
(S) 

Thickness 
(µm) 

CNC 7wt% 

60 

0.3 3 0.68 0.86 ± 0.29 
1 10 0.66 0.63 ± 0.27 
3 30 0.67 0.60 ± 0.2 
10 100 0.66 0.80 ± 0.19 

80 

0.3 3 0.68 1.04 ± 0.22 
1 10 0.67 1.03 ± 0.11 
3 30 0.69 0.56 ± 0.1 
10 100 0.71 0.99 ± 0.28 

100 

0.3 3 0.64 1.64 ± 0.48 
1 10 0.65 0.62 ± 0.36 
3 30 0.69 0.4 ± 0.09 
10 100 0.68 1.59 ± 0.97 

CNC 9wt% 

60 

0.3 3 0.65 1.04 ± 0.22 
1 10 0.71 1.62 ± 0.7 
3 30 0.71 2.49 ± 0.31 
10 100 0.72 2.05 ± 0.53 

80 

0.3 3 0.69 0.78 ± 0.25 
1 10 0.69 0.57 ± 0.5 
3 30 0.65 0.49 ± 0.35 
10 100 0.67 1.51 ± 0.69 

100 

0.3 3 0.65 1.96 ± 0.80 
1 10 0.68 1.98 ± 0.33 
3 30 0.64 0.84 ± 0.22 
10 100 0.68 1.57 ± 0.65 
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Another factor influencing the homogeneity of the shear cast films is the initial 

CNC concentration. High content of nanoparticles in a solution increases its viscosity, 

which, together with surface tension, affects the flow field during film casting. Multiple 

studies had shown that high viscosity suspensions tend to yield better film 

coverage114,120,121. This is likely because high viscosity suspensions hinder secondary 

flows and dewetting, letting the film dry before these defects appear. For cellulose, the 

high content of solids also allows the shear cast films to restrict the rotational diffusion 

of the nanocrystals43,110,122, and further boosts their cooperative alignment along the shear 

direction110. Hoeger et al.91 produced homogeneous films with CNC suspensions at a 

concentration as low as 2.5 wt%. However, their films were shear cast onto modified 

substrates inducing an electrostatic interaction. Other authors52,109,122 have used higher 

concentrations (> 10 wt%) of CNC suspensions to shear-cast films onto untreated 

glass122 and polystyrene52,109 substrates. Our results show that even without changing the 

adhesive properties of the substrate, which could limit substrate choice and processing 

conditions, films in the range of 0.60 ± 0.2 to 2.05 ± 0.53 µm can be obtained (See 

information, Table 4.1).  

4.4 Conclusions 

We explored the influence of temperature and shear casting speed on the CNC 

orientation in shear cast films, utilizing a combination of POM, SEM, rheology and 

GIWAXS.  The data indicates that the morphology of the final films can be efficiently 

controlled by restricting evaporation rates. Further, we did not observe significant 

differences in order parameters between our samples and thin films typically produced 
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by slow evaporation of highly concentrated CNC suspensions. Our films exhibited 

significant anisotropy, absence of cracks and delamination, and shorter times were 

required for their preparation. A model for the film casting process was proposed to 

explain the observed morphologies and the characteristic time scales of the process.  

Based on our data, we hypothesize that for the low casting temperatures the blade speed 

is the primary factor determining the final film’s structure as well as the timing of the 

film preparation, but as the temperature increases, the evaporation effects assume the 

dominant role, and the preparation time become independent of the casting speed. We 

believe that our findings underpin the great practical value of the detailed understanding 

of interplay between different factors (temperature, casting speed, suspension type, etc) 

during the shear casting of CNC films.
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CHAPTER 5. PROBING THE FLOW-INDUCED ORIENTATION OF 

CELLULOSE NANOCRYSTALS AND MAGNETIC NANOPARTICLES VIA 

WIDE-ANGLE X-RAY SCATTERING 

 

5.1 Introduction 

Cellulose nanocrystals (CNC), are extensively used in the fabrication of high 

performance materials such as films52,123, fibers124, biomaterials125, optical devices, 

electronic devices and sensors8,42,126. Magnetic nanoparticles (NPs) have been used in 

medicine, catalysis, and biological studies4,127,128. Magnetic NPs have been found to 

enhance the thermal conductivity of heat exchange fluids24, and their presence can 

enhance the magnetic response of diamagnetic polymers61,129. 

Recently, suspensions of nanoparticles and liquid crystals (LC), such as those 

formed by CNC, have gained attention in the scientific literature due to their structural 

and optical properties, ability to self-assemble, and the possibility to control their  

structure through the application of external fields61,130–133.  Composite suspensions of 

CNC and magnetite nanoparticles can exhibit properties not encountered in either one 

of the isolated components. For example, magnetic nanoparticles can be used to 

introduce changes in the magnetization of CNC suspensions, or, alternatively, the shape 

anisotropy of CNC can be used to manipulate the assembly of magnetite NPs61,132,134–

137. However, practical realization of these possibilities would require a deeper 

understanding of the processing-structure-property relationships of the CNC-magnetite 

NP system. In this manuscript we report on the effect of flow rate, concentration, 
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magnetic field and nanoparticle loading on the orientational structuring of suspensions 

of CNC and magnetite (Fe3O4) NPs.  

 

5.2 Materials and Methods 

5.2.1 Materials  

A slurry of cellulose nanocrystals (CNC) with a solids concentration of 11.8% and 0.81 

wt% of CNC surface-grafted sulfate, were purchased from the University of Maine and 

manufactured by the USDA Forest Service-Forest Products Laboratory, Madison, WI 

(FPL)97. Iron (III) chloride hexahydrate (FeCl3·6H2O), Iron(II) chloride tetrahydrate 

(FeCl2·4H2O) and Citric Acid were purchased from Sigma-Aldrich. ACS grade 

ammonium hydroxide (NH4OH) was obtained from Macron Fine Chemicals (Center 

Valley, PA). 

 

5.2.2 Synthesis of magnetite nanoparticles 

Fe3O4 nanoparticles were prepared via a co-precipitation method; 2.75 g of FeCl3·6H2O 

and 1.01 g of FeCl2·4H2O were dissolved in 100 mL of Milli-Q water and placed in a 

500 mL three-necked flask. The mixture was stirred at 100 rpm and heated to 80 º C. 

After heating, 3 mL of an ammonium hydroxide NH4OH solution (25% w/w) were 

added dropwise and left to react for 20 min. Additional 75 mL of a NH4OH solution 

(25% w/w) were added dropwise, and the total reaction time was approximately 100 

min. The resulting black precipitate was decanted magnetically using a permanent 

magnet and was washed several times. The as-synthesized nanoparticles were 

immediately mixed with a citric acid aqueous solution (0.02 g/mL), and were under 
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continuous stirring at 60 °C for 90 min to obtain citric acid coated magnetite NPs. The 

resulting coated nanoparticles were washed several times and dried in oven at 70 °C.  

 

5.2.3 Preparation of suspensions 

The magnetite- CNC suspensions were prepared in two steps: first, magnetite 

nanoparticles coated with citric acid were suspended (3 and 1 wt %) in water, and mixed 

with cellulose slurry solutions to obtain the desired CNC concentrations of 7 and 9 wt 

% . The pH of the CNC/NP suspensions was maintained in the range of 4-5. As a control 

system, magnetite-free CNC suspensions with concentrations of 7 wt% and 9 wt% were 

also used. All suspensions were prepared using Milli-Q water with a conductivity <18.2 

MΩ·cm.  

 

5.2.4 Custom-made Flow Cell  

Figure 5.1(a) shows a schematic diagram of the device used in the experiments. The 

flow cell device was custom-built using an aluminum body with dimensions of 8.5 cm 

x 5 cm x 5 cm in length, width and height. At the side ends, the aluminum body was 

carefully machined so that it tapered to the diameter of strong neodymium ring magnets 

(K&J magnetics-RX828).  
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Figure 5. 1 (a) Schematic diagram of small volume flow cell device composed of 
polyimide capillary, magnets and aluminum body (b) Schematic diagram of 
experimental set-up and (c) real picture of the system setup for in situ GIWAXS 
experiment at beamline D1 at CHESS. Scattering patterns were recorded at each 
apparent shear rate in the center of the polyimide capillary. 

 

The suspensions were studied using a polyimide capillary tubing (Microlumen 390-111-

5) with an internal diameter of 1 mm. A stainless steel dispensing needle with a Luer 

Lock connection was attached to one side to the polyimide tubing (See Figure 5.2). The 

suspensions were driven into the capillary tube using a syringe pump (KDScientific 

410), programmed to the calculated flow rates. We selected a Poiseuille flow system for 

which the flow rates (Q) are calculated using the apparent shear rate as shown in 

Equation 1  
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 𝑄 =
𝛾STT𝜋𝑟&

4  (5.1) 

The studied flow rates ranged between 5.7 and 343  µl/min. These rates correspond to 

Newtonian shear rates at the wall between 1 s−1 and 100 s−1. The actual shear rate differs 

for non-Newtonian fluids, so the corresponding flow rates (Q) and the apparent shear 

rates are reported in Table 1. 

The Reynolds number is defined as the ratio of inertia forces to viscous forces (Equation 

2): 

 𝑅𝑒 =
𝜌𝑣𝐷
𝜇  (5.2) 

where r is the fluid density, v is the average fluid velocity, D is the diameter of the 

channel, and µ is the fluid’s viscosity. In our case, we assume that the suspension’s 

viscosity changes as a function of shear rate following the Ostwald-de Waele Power-

law behavior as described in Equation 3:  

 𝜂no = 𝐾γn-1 (5.3) 

A generalized Reynolds number138 can be calculated for non-Newtonian fluids 

following the Ostwald-de Waele power-law behavior using equation 4: 

 𝑅𝑒rLsno =
𝜌𝐷s𝑣#ts

𝐾((3𝑛 + 1) (4𝑛))s 8sth
 (5.4) 

Calculated values for this generalized Reynolds number are reported in Table 1. 

Another important part of the system’s design was the calculation of the entrance length. 

The entrance length determines the point after which the velocity profile becomes fully 

developed. This value can be calculated using  equation 5139: 
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 𝐿L
𝐷 ≈

0.6
1 + 0.035𝑅𝑒 + 0.056𝑅𝑒 (5.5) 

 

 
 
Figure 5. 2 Experimental setup and flow cell for in-situ flow-induced assembly of 
suspensions installed at the Cornell High Energy Synchrotron Source (CHESS) D1 
station. The polyimide capillary used in the setup is shown at the bottom 

 

5.2.5 Wide Angle X-ray Scattering (WAXS)  

The custom-built flow cell was installed into the beam line D1 of the Cornell High 

Energy Synchrotron Source (CHESS) for in-situ experiments. The experimental set-up 

is shown in Figures 5.1b and 1c. The measurements were performed in transmission 

geometry across the capillary (Figure 5.1a) using a monochromatic radiation of 

wavelengths of l = 1.155 Å and l = 1.166 Å for the samples measured under static 

magnetic field and in the absence of it, respectively (bandwidth Dl/l of 1.5%). The 

scattering patterns were collected by Hybrid Pixel Array Detector (HPAD) with a pixel 

size of 172µm x 172µm (Pilatus 200K). The distance between sample and detector was 
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set to 189.12 mm for the experiments under static magnetic field and 165.36 mm for the 

experiments without magnetic field. 

The background flow data was obtained by filling the capillary tube with pure water. 

After recording the WAXS pattern of the water-filled tube, the water was removed and 

the capillary was dried with air.  

Before the experimental runs, each solution was pre-sheared at the lowest flow rate 

(5.7uL/min) for 20 min without the application of magnetic field. After pre-shearing, 

the solution was pumped into the capillary tube at the flow rates corresponding to 

apparent shear rates of 1,5,10,30 and 60 s-1. This protocol was used to assure that all 

runs started with similar conditions. 

The azimuthal intensity profiles were extracted from the 2D-WAXS maps along f  for 

the reflection (200) of Cellulose Ib. This reflection peak is the most intense and does 

not overlap with the specularly reflected beam or the detector’s horizontal black line. 

We used the Herman’s orientational parameter (S) which is calculated using Equations 

6 and 7, where f is the azimuthal angle and I(f) is the angle-dependent scattering 

intensity: 

 𝑐𝑜𝑠#𝜙 =
𝐼(𝜙)𝑐𝑜𝑠#𝜙𝑠𝑖𝑛𝜙𝑑𝜙b

:

𝐼(𝜙)𝑠𝑖𝑛𝜙𝑑𝜙b
:

 (5.6) 

 

 𝑆 =
3 𝑐𝑜𝑠#𝜙 − 1

2  (5.7) 

A value of S=0 corresponds to an isotropic orientation distribution, S=1 represents full 

alignment of all entities with respect to the director, and 0 < S <1 represents intermediate 
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levels of anisotropic organization. Similarly, S= -1/2 indicates perfect antialignment, in 

which all entities lay within a plane orthogonal to the director. The 2D-WAXS spectra 

data were analyzed using Matlab. 

 

5.2.6 Transmission Electron microscopy (TEM).  

Transmission electron micrographs were obtained using a FEI Tecnai T12 system 

operating at 120kV. Specimens of CNC suspensions and magnetic nanoparticles were 

dropped on Lacey Film-Coated Grids supported by a carbon film. For negative staining 

of the CNC, a 2% uranyl acetate solution was dropped on the grid, and the excess 

solution was removed using filter paper followed by air drying. 

 

5.2.7 X-Ray Difraction (XRD)  

Dry samples of magnetite nanoparticles (Fe3O4) were characterized using a Scintag X-

ray Diffractometer with Cu-K radiation (40 KV, 40 mA). The XRD patterns were 

recorded at room temperature with a step-size of 0.02 in the range of 10º–80º. 

 

5.2.8 Magnetic Measurements  

A physical properties measurement system (PPMS), equipped with a vibrating sample 

magnetometer (VSM), manufactured by Quantum Design, was used to collect zero-

field-cooled (ZFC) and field-cooled (FC) magnetization curves from 5 K to 300 K in an 

applied field of 100 Oe. Isothermal magnetizations and hysteresis loops were collected 

at temperatures of 300 K and 5 K for applied fields ranging from 20 kOe to -20 kOe. 



 

79 

The dried samples were tightly packed in a VSM Powder Sample Holder (P125E). 5.2.9 

Rheology measurements  

The rheological behavior of the suspensions was investigated with TA instruments 

Discovery hybrid rheometer (DHR-3), using a cone and plate set-up (40 mm and 2º cone 

angle). Each solution was tested at shear rates from 100 to 1000 s−1 at a constant 

temperature of 25 ºC. All measurements were carried out in triplicate and using a solvent 

trap to avoid evaporation.  

 

5.2.10 Thermogravimetric analysis (TGA)  

TGA thermograms were recorded using a TA Instruments TGA 2950. The samples were 

heated from 30 ºC to 900 ºC at a rate of 10 ºC/ min under a nitrogen atmosphere (40 

mL/min) to minimize the mass increase of the specimen due to iron oxidation.  

 

5.3 Results and Discussion 

 
5.3.1 Magnetic nanoparticles 

The morphology of the synthesized Fe3O4 nanoparticles was investigated using 

transmission electron microscopy (TEM). Figure 5.3a corresponds to a TEM image of 

coated magnetite (Fe3O4) nanoparticles showing the presence of polydisperse spherical-

shaped nanoparticles with an average diameter of 13.88±3 nm (See size distribution in 

Figure 5.4). The TEM image in Figure 5.3b corresponds to magnetite nanoparticles with 

CNC. The estimated length and width of the CNC were 127± 22 nm and 16 ± 3.5 nm, 

which correspond to aspect ratios being between 6.5 and 8.84 (See Figure 5.4). 



 

80 

 

 

Figure 5. 3 Characterization of Magnetite (Fe3O4) NP and CNC (a) Transmission 
Electron micrograph of magnetite Fe3O4 nanoparticles. (b) Transmission Electron 
micrographs of a mixture of Cellulose nanocrystals and magnetite Fe3O4 nanoparticles. 
Stained with uranyl acetate. (c) X-ray Diffraction pattern of magnetite Fe3O4 
nanoparticles. (d) Thermogravimetric analysis of the magnetite Fe3O4 nanoparticles (e) 
Magnetization vs Field for Fe3O4 nanoparticles recorded at 5 and 300 K (f) Zero field 
cooled and field-cooled magnetization of Fe3O4 particles in an applied field of 100 Oe 

 

Figure 5.3c shows the X-ray diffraction (XRD) patterns of the synthesized Fe3O4 

nanoparticles coated with citric acid. All diffraction peaks can be indexed to the Fe3O4 

phase (JCPDS, card no.: 00-019-0629). No other phases were detected in the pattern, 

reflecting the high purity of these Fe3O4 nanoparticles. 

The attachment of citric acid to the surface of the magnetite nanoparticles was 

confirmed by TGA. The thermogram in Figure 5.3d indicates a two-step weight loss. 

The first stage occurs in the temperature range of 90-100°C due to water evaporation, 

and the second stage lays is in the 200−400 °C temperature range in which the 

decomposition of citric acid takes place140.  For these experiments, we used nitrogen 
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atmosphere to minimize iron oxidation hence allowing for a thermal decomposition of 

the citric acid. 

 

Figure 5. 4 Histograms of the dimensions of the CNC used in the reported 
experiments. The mean and standard deviation for each data set are plotted above the 

histograms. 

 

The magnetization hysteresis loops of the Fe3O4 nanoparticles were obtained at 

temperatures of 5K and 300 K, and at a maximum applied field of 20 kOe as shown in 

Figure 5.3e. The saturation magnetization values (MS) for the Fe3O4nanoparticles were 

75.0 emu/g at 5K and 62.0 emu/g at 300K. These values are in good agreement with 

reports from literature for similar systems141,142. For example, Linh et al.141 reported Ms 

values in the range 52-76 emu/g for Fe3O4 NPs with diameters of 14, 16, and 20 nm. 

Tahar et al.142 reported Ms values of 69.51 emu/g at 300K and 77.24 emu/g at 5K for 
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Fe3O4 NPs with a diameter of about 14 nm. The lower value of MS for the NPs, when 

compared with the bulk measurements, could be a consequence of different 

contributions like surface disorder, spin canting and the large surface-to-volume ratio 

of small nanoparticles143,144. The superparamagnetic behavior of the synthesized Fe3O4 

nanoparticles was confirmed by the almost negligible coercive field (Hc) at 300K and 

the noticeable increase in the coercive field value (Hc) of the Fe3O4 nanoparticles at 5K, 

which was approximately 221.3 Oe. This is a typical behavior expected for 

superparamagnetic systems141,142,145. 

Figure 3f shows the zero-field-cooling (ZFC) and the field-cooling (FC) measurements. 

The observed blocking temperature (TB) was determined at 329 K, suggesting a 

blocking process for large particles. This blocking temperature can be associated with 

the formation of compact clusters and an increase of interactions between 

nanoparticles141,142. In this case, the nanoparticles are in close contact, and only the citric 

acid coating separates them. This blocking temperature  is in  agreement with values 

reported in the literature for similar systems141,142,145. 

 

5.3.2 Rheological properties 

The rheological properties of the suspensions were characterized using a rheometer with 

a cone and plate geometry at 25 ºC. We found that the viscosity of the suspensions 

depended strongly on the volume fraction of CNC and that of the magnetic 

nanoparticles. Figure 5.5a shows the viscosity as a function of shear rate for a 7wt% 

CNC suspension and for a 7wt% CNC suspension loaded with Fe3O4 nanoparticles at 

concentrations of 1wt% and 3wt%. The viscosity for the 7wt% CNC suspension passes 
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through the three regions which are associated with the polydomain texture of lyotropic 

liquid crystals103. In contrast, the 7wt% CNC doped with Fe3O4 suspensions exhibit an 

increase in the magnitude of the viscosity values and clear shear thinning behavior. 

 

 

Figure 5. 5 Viscosity vs shear rate for pure CNC and composite CNC-Fe3O4 
suspensions. (a) 7wt% CNC and (b) 9wt% CNC 

 

Figure 5.5b shows a plot of viscosity as a function of shear rate for the 9wt% CNC and 

a mixture of 9wt% CNC with Fe3O4 nanoparticles at concentrations 1wt% and 3wt%. 

All the suspensions display a shear-shinning behavior on the range of shear rates 

studied. For the 9wt% CNC sample, this behavior can be  attributed to gel formation at 

high concentrations of CNC, which hinders the formation of a chiral nematic phase146. 

However, the samples of 9wt% CNC mixed with Fe3O4 NPs exhibit similar viscosity 

values for both loadings of 1% and 3% in the shear rate range of 100-300 s−1. These 

observations demonstrate that the concentration of NP plays major role in suspension 

dynamics. The NPs present in the more concentrated solutions tend to aggregate and 

cluster, increasing the number of interactions between particles hence leading to an 
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overall increase in viscosity.  For rod-shape nanoparticles, such as those of the CNC, 

their arbitrary orientation results in a higher flow barrier and thus, an increase in the 

viscosity at low shear values 147,148.  

 

Table 5. 1 Consistency Index, Flow Behavior index, and Calculations for Generalized 
Reynolds number and Entrance length at different flow rates for each suspension studied 
herein. 

Suspension 

Consistency 
Index 

K (Pa-sn) 

Flow behavior 
index  

n 

Apparent 
shear 
rate 

(𝛾STT) 

Flow rate 
(Q) 

(µL/min) 

Generalized 
Reynolds 
number 
(RegenPL) 

Entrance 
Length 

(Le) 
(mm) 

7wt% 
CNC 

0.725 ± 
0.024 0.504 ± 0.011 

1 5.72 0.0025 0.6001 
5 28.58 0.0274 0.6010 

10 57.16 0.0773 0.6027 
30 171.47 0.3997 0.6141 
60 342.93 1.1272 0.6403 

7wt% 
CNC + 
1wt% 
Fe3O4 

17.725 ± 
0.124 

0.1313 ± 
0.002 

1 5.72 0.0001 0.6000 
5 28.58 0.0020 0.6001 

10 57.16 0.0073 0.6003 
30 171.47 0.0572 0.6020 
60 342.93 0.2087 0.6073 

7wt% 
CNC + 
3wt% 
Fe3O4 

18.504 ± 
0.276 

0.0622 ± 
0.005 

1 5.72 0.0001 0.6000 
5 28.58 0.0022 0.6001 

10 57.16 0.0085 0.6003 
30 171.47 0.0714 0.6025 
60 342.93 0.2737 0.6096 

9wt% 
CNC 

9.9344 ± 
0.38 

0.2444 ± 
0.0131 

1 5.7155 0.0002 0.0600 
5 28.5777 0.0030 0.0600 

10 57.1553 0.0100 0.0600 
30 171.4660 0.0686 0.0602 
60 342.9320 0.2317 0.0608 

9wt% 
CNC + 
1wt% 
Fe3O4 

24.928 ± 
0.2233 

0.1068 ± 
0.003 

1 5.7155 0.0001     0.6000     
5 28.5777 0.0015     0.6001     

10 57.1553 0.0056     0.6002     
30 171.4660 0.0445     0.6016     
60 342.9320 0.1653 0.6058 

9wt% 
CNC + 
3wt% 
Fe3O4 

33.650 ± 
0.732 

0.0247 ± 
0.008 

1 5.7155 0.0001     0.6000     
5 28.5777 0.0013     0.6000    

10 57.1553 0.0053    0.6002     
30 171.4660 0.0464     0.6016     
60 342.9320 0.1823 0.6064 
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5.3.3 Synchrotron Transmission WAXS Measurements 

We investigated the flow induced orientation of the suspensions using a specially 

designed flow cell. The suspensions were subjected to a flow field and, in some cases, 

to both a flow field and a magnetic field parallel to the flow direction. 2D wide-angle 

X-ray scattering (2D-WAXS) was used to quantify the degree and direction of CNC 

orientation at the center of the capillary.  For all specimens, 2D-WAXS data show at 

least two distinct scattering rings (Figure 5.6a). To probe the shear flow-induced 

arrangement of the CNC, the Herman’s order parameter was calculated from the 

azimuthal variation of the scattering peak located at q(200) ≈1.58 Å−1 which corresponds 

to the (200) reflection of cellulose Ib123. 2D-WAXS diffractograms obtained for the 

7wt% and 9wt% CNC suspensions exhibit an anisotropic scattering pattern. A plot of 

the intensity along the (200) ring as a function of azimuthal angle ϕ (Figure 5.6b) shows 

that for both CNC concentrations the intensity’s maximum is centered at approximately 

ϕ ≈ 90°, suggesting that the predominant orientation of the CNC is along the flow 

direction.	
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Figure 5. 6 (a) GIWAXS 2D map for the 7wt% CNC at an apparent shear rate of 60s-1, 
(b) Azimuthal intensity profile of (200) (across black dashed line in a) and the best-fit 
Lorentzian curve used to calculate the order parameters. (c) Order parameters as a 
function of apparent shear rates, with and without magnetic field of 7wt% CNC (d) 
schematic illustration of 7wt% CNC suspension alignment along the flow at B=0T and 
(e) B=0.45T (f) Order parameters as a function of apparent shear rates, with and without 
magnetic field of 9wt% CNC (g) schematic model of the chiral nematic phase 
orientation of CNC under the application of a magnetic field, i.e. representation of the 
CNC diamagnetic response (h) schematic illustration of 9wt% CNC suspension 
alignment along the flow at B=0T and (i) B=0.45T. The insets correspond to the 
azimuthal intensity profiles across the main peak (200). 
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Figure 5.6c shows the behavior of the order parameter for a 7wt% CNC suspension with 

and without magnetic field as a function of shear rate. It is clear that the CNC 

suspensions exhibit alignment along the flow (Fig 4 d-e) with a comparable degree of 

ordering regardless of the presence or absence of the magnetic field –the 7wt% CNC 

suspension reaches a 36% alignment at a shear rate 60 s-1. This degree of flow induced 

alignment is in agreement with those previously reported for CNC suspensions both 

experimentally54,149 and theoretically150. We also found that in the absence of an external 

magnetic field, suspensions with higher concentrations of CNC, which are systems with 

stronger interparticle interactions, align more readily under shear when compared to the 

behavior of less concentrated suspensions.  This is evident from the data presented in 

Figure 5.6f where the alignment for the 9wt% CNC suspension reaches 48% alignment 

at a shear rate of 60 s-1 and even at a low shear rate of 1s-1 some alignment can be 

observed 53,110. In the absence of magnetic field, the order parameter for the 9wt% CNC 

suspension increases as a function of shear rate as illustrated in Figure 5.6h. However, 

when the same suspension flows under a magnetic field, the order parameter decreases 

as illustrated in Figure 5.6i.  This behavior can be attributed to the competition between 

magnetic and viscous forces. It is well known that due to the negative diamagnetic 

anisotropy of the CNC, they tend to orient their long axis perpendicular to the direction 

of the magnetic field as illustrated in Figure 5.6g. Our scattering measurements confirm 

that under Poiseuille flow, the CNC align along the flow direction, as many systems of 

similar morphology do 151–154. 
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Figure 5. 7 Order parameters as a function of apparent shear rates, with and without 
magnetic field of (a) 7wt% CNC +1wt% Fe3O4 and (b) 9 wt% CNC +1wt% Fe3O4. The 
insets correspond to the azimuthal intensity profiles across the main peak (200). 
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and 10 s-1, but it grows again at shear rates higher than 30 s-1 eventually reaching the 

same degree of orientation obtained during the flow experiments for the same 

suspension but without magnetic field (Figure 5.7b). This unique behavior indicates that 

the addition of only 1 wt% of Fe3O4 NPs has a significant impact on the orientation of 

the 9%wt CNC suspension, but when the same amount of NPs was added to the 7wt% 

CNC suspension the effect was almost negligible.  

 

 

Figure 5. 8 Schematic diagram showing the relationship between CNC orientation and 
the resulting 2D-WAXS patterns: (a) CNC oriented mostly parallel to the flow direction; 
(b) CNC oriented mostly perpendicular to the flow direction; (c) biaxial orientation of 
CNC. The lower panel shows the corresponding azimuthal profiles at q = 1.58 Å−1 or to 
the (200) peak of CNC. The corresponding fit is plotted as a solid line on top of the data 
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Figure 5. 9 Normalized azimuthal intensity curves (200) reflections as a function of 
apparent shear rate for (a) CNC 7 wt%, + 3wt% Fe3O4, B=0T, (b) CNC 7 wt%, + 3wt% 
Fe3O4, B=0.45T, (d) CNC 9 wt%, + 3wt% Fe3O4, B=0T, (e) CNC 9 wt%, + 3wt% 
Fe3O4, B = 0.45T. A schematic illustration of the orientation of CNC suspensions 
doped with a 3wt% Magnetite: (e) isotropic orientation (f) biaxial orientation (g) aligned 
along the flow without magnetic field (0 T) and (d) aligned along the flow under 
magnetic field (0.45T). The black arrows represent the direction of the flow. The 
orientation of the CNC-Fe3O4 system is exaggerated to illustrate the orientation effects 
in each case. 
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5.3.5 CNC suspensions loaded with 3wt% of magnetic nanoparticles  

The shear response of the CNC suspensions become substantially more complex as we 

increase the concentration of magnetic nanoparticles in the suspensions. Figure 5.8 

shows 2D-WAXS patterns of CNC suspensions loaded with 3wt% Fe3O4 nanoparticles. 

Two notable changes in the WAXS patterns can be observed: first, the intensity of the 

(2 0 0) reflection peak shifts to higher angles suggesting that a perpendicular orientation 

of the crystals is being induced; and secondly, the appearance of two intensity 

maximums-one at the meridian and one at the equator suggesting the formation of a 

biaxially-oriented system. 

To quantitatively analyze these changes, the relative azimuthal intensity distribution of 

the (2 0 0) reflections as a function of the apparent shear rate was plotted (Figure 5.9). 

Figure 5.9a shows the azimuthal intensity distributions for the 7wt% CNC + 3wt% 

Fe3O4 NPs suspension in the absence of magnetic field. In this case, the scattering 

intensity for the apparent shear rates between 1 – 30s-1 was mostly isotropic, with a 

broad scattering intensity maximum centered on the equator ( f ≈ 180º). At shear rates 

of 60s-1, the system starts to align along the shear flow direction, which is indicated by 

the formation of the narrow intensity maximum on the meridian (f ≈ 90°).   

Figure 5.9b shows the azimuthal intensity distribution for the same 7wt% CNC + 3wt% 

Fe3O4 NPs suspension under a static magnetic field.  For lower apparent shear rates (1s-

1 and 5s-1) the scattering intensity has one broad peak centered on the equator (f ≈ 180º), 

but above 10s-1 a significant amount of scattered intensity on the meridian (f ≈ 90°) is 

observed. The width of the meridian peak progressively narrows with the increase of 
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the shear rate suggesting that the CNC are being oriented along the flow direction. The 

order parameters corresponding to these measurements are reported in Table 5.2. 

 

Table 5. 2 Herman’s  order  parameter for CNC suspensions doped with 3wt\% magnetite 
during flow-induced assembly at different apparent shear rates. 

Sample Magnetic 
Field 

Apparent 
shear rate 

Order parameter at 90º Order 
parameter at 

180º 

Area 
ratio 

7 wt% CNC 

+ 3wt% 

Fe3O4 

0 1 - -0.068 ± 

0.003 

- 
5 - -0.060 ± 

0.005 

- 
10 - -0.047 ± 

0.009 

- 
30 - -0.040 ± 

0.022 

- 
60 0.189 ± 0.038 - - 

0.45 T 1 - -0.055 ± 

0.012 

- 
5 - -0.013 ± 

0.003 

- 
10 0.230 ± 0.013 - - 
30 0.254 ± 0.013 - - 
60 0.312 ± 0.031 - - 

9 wt% CNC 

+ 3wt% 

Fe3O4 

0 1 0.154 ± 0.027 -0.179 ± 

0.006 

0.298 
5 0.133 ± 0.052 -0.135 ± 

0.016 

0.917 
10 0.093 ± 0.005 -0.177 ± 

0.007 

0.80477 
30 0.217 ± 0.034 -0.137 ± 

0.008 

0.63087 
60 0.204 ±  0.022 -0.124 ± 

0.011 

0.47113 
100 0.372 ± 0.012 - - 

0.45 T 1  -0.068 ± 

0.004 

 
5 0.275 ± 0.025 -0.349 ± 

0.002 

0.16933 
10 0.315 ± 0.012 - - 
30 0.270 ± 0.021 - - 
60 0.317 ± 0.009 - - 

 

Finally, for the suspensions with higher concentration of CNC (9wt% CNC) loaded with 

3wt% Fe3O4 NPs, a bimodal intensity distribution in the WAXS pattern can be observed 

as shown in Figures 5.9c and 5.9d. To characterize this complex response, we performed 

a double Lorentz fitting of the curve and a peak area deconvolution analysis in a similar 

manner to the method initially developed by Fujiyama et al155. and improved later on 
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by Schrauwen et al.156. We used the area ratio [A*] between the meridian and equatorial 

peaks as an indicative of orientation of the CNC:  

𝐴∗ =
𝐴∗

𝐶 + 𝐴∗ 

Where C is the area of the peak around the azimuthal angle of 90º and A* is the area of 

the peak around 180º. Interestingly, the location of the angle of maximum intensity 

exhibits minor variations, which are indicative of the expected tilting of the CNC. 

When the 9wt% CNC suspension loaded with 3wt% Fe3O4 NPs flows at lower shear 

rates (1s-1) , under the influence of a magnetic field, a mostly isotropic scattering pattern 

with a small orientation tendency to the equator (f ≈ 180 °) is observed, as shown in 

Figure 5.9d.  At a shear rate of 5s-1, however, the sample exhibits a biaxial orientation 

but a further increase in the shear rate leads to narrowing of the intensity peak around 

the meridian (90º) achieving a maximum order parameter of S = 0.32. This degree of 

orientation is lower than the one achieved for the pure 9%wt CNC suspension, 

indicating that the presence of NP distorts the alignment. This distortion is in agreement 

with previous observations for mixtures of liquid crystals and NPs157–160. As illustrated 

in Figure 5.9e and 5.9f and quantified in Table 5.2, in the absence of a magnetic field, 

the suspensions can exhibit either a unimodal (Figure 5.9e) or a biaxial orientation 

pattern (Figure 5.9f). However, when the suspension flows at higher rates, the CNC do 

align along the flow direction as illustrated in Figure 5.9g and Figure 5.9h.  It can be 

inferred that when small amounts of NPs are added to the CNC suspensions, the local 

arrangement of CNC is slightly distorted, but a further increase in the amount of NPs 

amount aggravates this distortion.  
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We can also infer that when the CNC suspensions are loaded with magnetic 

nanoparticles and are under the influence of both magnetic and flow fields, there are 

three interacting orientational mechanisms. 1. The flow field tends to align the CNC’s 

longer axis in a direction parallel to the flow, 2. the magnetic moment of the magnetic 

nanoparticles will align along the external field (dipole mechanism) and 3. The CNC 

director tends to align perpendicular to the applied magnetic field due to the negative 

diamagnetic anisotropy of the nanocrystals. Although the distortion induced by 

moderate magnetic fields on CNC is usually very weak, it has been reported that at high 

concentrations of CNC and within a constrained geometry, the CNC do orient 

perpendicular to the magnetic field110. This orientational mechanism can explain the 

behavior of the 9wt% CNC suspension. Another effect of the presence of the magnetic 

field is the induced dipolar interaction of the magnetic nanoparticles. When the dipolar 

interaction energy between the nanoparticles exceeds their thermal energy, the particles 

will form linear chain-like aggregates aligned along the direction of the magnetic field. 

In our experiments, we noted that the dipolar interaction and the chain-formation effect 

is indeed strong. Namely, in the presence of an external magnetic field the flow rate 

required to induce alignment along the flow direction is lower than the one required for 

the experiments without the influence of magnetic field.  Our experimental results also 

show that the nanoparticles can affect the orientational order of a macroscopic medium, 

in this case, the CNC suspension.  
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5.4 Conclusions 

In this work, the structure-orientation of CNC suspensions doped with magnetite 

(Fe3O4) nanoparticles was studied experimentally using synchrotron transmission wide 

angle X-ray scattering. The experimental data indicate that the assembly of CNC can be 

efficiently manipulated by the shear rate, magnetic field and nanoparticle doping. Our 

results also show that pure CNC (7wt% and 9wt%) suspensions adopt a nematic phase 

induced by the flow field and exhibit relatively high values of the Herman’s order 

parameter. The particle system resulting from the CNC-Fe3O4 NPs mixing is sensitive 

to the concentrations of the components. For example, suspensions with lower 

concentrations of Fe3O4 NPs (1wt%) more readily display flow-induced CNC 

orientation and appear to be less sensitive to the presence of a magnetic field. As a result, 

the flow induces anisotropic orientation along its direction at low shear rates. An 

increase in Fe3O4 NPs (3wt%) results in more intricate particle dynamics which leads 

to the formation of isotropic or biaxial structures. However, isotropic or biaxial 

alignments are broken down at higher shear rates. We hypothesize the existence of 3 

interacting orientation mechanisms: 1. The flow field tends to align the CNC’s longer 

axis parallel to the flow, 2. the magnetic moments of the magnetic nanoparticles align 

along the external field (dipole mechanism) and 3. the director tends to align 

perpendicular to the applied magnetic field due to the negative diamagnetic anisotropy 

of the CNC. The latter mechanism is strongly dependent on the CNC concentration in 

the suspension, and was observed only for experiments with the higher concentration of 

CNC (9wt%) in pure suspensions. At low concentrations of Fe3O4 NPs (1wt%) only the 

first orientation mechanism is dominant, while at high Fe3O4 NPs (3wt%) concentration 
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the effects of the first and second mechanisms were manifested.  These responsive 

effects to flow and magnetic fields may offer new approaches to manufacture composite 

materials with unique magnetic anisotropic responses. 
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CHAPTER 6. ORIENTED GROWTH OF  a-MnO2 NANORODS USING 

NATURAL EXTRACTS FROM GRAPE STEMS AND APPLE PEELS 

 
6.1 Introduction 

 
During the past decade, the synthesis of anisotropic metal oxide nanoparticles has 

attracted considerable attention because of their unique size- and shape-dependent 

properties 161–163. Self-assembly processes driven by diverse interactions can generate a 

myriad of nanostructures by using nanocrystals as building blocks. Shape control of 

these structures can be achieved by tuning some of the synthesis parameters such as 

temperature, type of ligands, and interaction of the ligands with the precursors and/or 

the nanoparticles 164–166. This means that the thermodynamics and kinetics of nucleation 

and growth can also be controlled 167,168. Among the variety of possible shapes, 

nanorods are some of the most studied anisotropic materials as the combination of 

chemically induced growth and shape anisotropy can offer an additional level of control 

during self-assembly processes driven by structural and chemical selectivity 169,170. 

Although many approaches have been followed for the synthesis of nanomaterials, the 

need to minimize toxic reagents, and to develop green synthesis processes that yield 

nanomaterials with similar properties to those synthesized using traditional methods 

remain a valid one 171. Methods for the synthesis of nanoparticles using plant and fruit 

extracts are well-established in the scientific literature and several nanoparticles have 

been synthesized using natural extracts including gold 172,173, platinum 174, iron oxide 

175–177, copper 178,179, palladium 180,181, zinc oxide 182, and silver 183–187. Few studies have 

explored the synthesis of manganese oxide nanoparticles using a green synthesis route 
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188–190. To our knowledge, there are no studies exploring the use of natural extracts for 

the oriented growth of highly crystalline alpha manganese dioxide (α-MnO2) nanorods, 

which is the main topic of this paper. 

The synthesis of manganese oxide nanoparticles continues to be an area of active 

research as these particles can be used in catalysis 191, batteries 192, and supercapacitor 

applications 193,194. MnO2 nanoparticles have been synthesized by a variety of 

techniques and in several shapes such as nanorods 192,193, nanowires 195, whiskers 196, 

and dandelion-like three dimensional structures 197. Among the catalytic applications 

for manganese oxides are the degradation of dyes 198–201, water-oxidizing processes 202, 

and the photocatalytic oxidation of organic pollutants in waste water 203. The most 

commonly used reducing agents include nitric acid (HNO3) 192, sodium hydroxide 

(NaOH) 193, hydrochloric acid (HCl) [40], and ammonium fluoride (NH4F) 195. 

Alternative synthesis methods for manganese oxide particles include hydrothermal 

processes 204,205, molten salt routes 206, and microemulsion methods 207.  

We hereby report a simple approach using natural extracts from apple peels and grape 

stems, to fabricate α-MnO2 nanorods. We found that the morphological and structural 

properties of the nanorods produced using these natural extracts are similar to the 

properties of the nanorods synthesized using traditional methods 192,193,208,209. We also 

propose a mechanism to explain the formation of α-MnO2 nanorods. Furthermore, we 

tested the catalytic activity of the synthesized α-MnO2 nanorods on the degradation of 

aqueous solutions of indigo carmine dye. Finally, we found that these nanorods are very 

stable and suitable for repeated use. The synthesis method reported here may be easily 

extended to a wide variety of other metal oxide nanomaterials. 
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6.2 Materials and Methods 

 

6.2.1 Materials  

Vitis vinifera grape stems and Malus domestica apple peels (Cortland type), 

were obtained from a local market in Ithaca, NY, USA Potassium permanganate 

(KMnO4), was purchased from Sigma-Aldrich (St. Louis, MO, USA) and used as 

received. Milli-Q water with a conductivity <18.2 MΩ·cm at 25 °C (Milli-Q Millipore 

filter system, Millipore Co., Bedford, MA, USA) was used. 

 

6.2.2 Infusion Preparation 

Vitis vinifera grape stems and Malus domestica apple peels (Cortland type), 

were thoroughly rinsed with MilliQ water and dried in an oven at 70 °C. The dried 

biomass was ground into powder and stored at room temperature. Ten grams of dry 

biomass powder was mixed in 100 mL of MilliQ water (solid weight content of 0.1 g 

powder per mL) and refluxed for 1 h at 70 °C. The suspension was filtered using a cotton 

fabric to remove the solid particles. The suspension was centrifuged at 10,000 rpm for 

10 min and filtered through a 0.2 µm filter (Millipore, Bedford, MA, USA). The pH 

value of the infusions ranged between 3.7 and 4.0.  

 

6.2.3 Nanoparticle Synthesis 

Ten mL of a 0.1 M aqueous solution of KMnO4 was added dropwise to 40 mL 

of the filtered infusions at 25 °C under continuous stirring. After 2 h, a black precipitate 

was observed, indicating the initial formation of manganese oxide nanoparticles. The 
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precipitate was washed several times with DI water and centrifuged at 10,000 rpm for 

15 min. The resulting powders were dried in an air oven at 80 °C for 24 h, calcinated 

using a 30 °C/min ramp up to the target temperature (600 °C, 800 °C), and kept at this 

temperature for 4 h. 

 

6.2.4 Dye Degradation Experiments 

The catalytic activity of the synthesized α-MnO2 nanorods was assessed by dye 

degradation of aqueous solutions of indigo carmine (IC). Indigo carmine (5,5-

indigodisulfonic acid sodium salt) is one of the oldest synthetic dyes known and is still 

one of the most used dyes in the textile industry 210. The primary color-producing 

structure of indigoid dyes is a cross-conjugated system or H-chromophore, consisting 

of a single –C=C– double bond substituted by two NH donor groups and two CO 

acceptor groups 211. The dye stock solution was prepared by dissolving 0.020 g of Indigo 

Carmine in 1000 mL of MilliQ water. Ten mL of the dye stock solution were placed in 

20 mL vials, and the pH was adjusted to 2.5 using acetic acid. α-MnO2 powders were 

added at different weight/volume percent concentrations (0.2%, 0.1%, 0.05%, 0.025%) 

to the pH adjusted vials. The vials were vortexed for 30 sec and centrifuged at 10,000 

rpm for 15 min. The recovered supernatant was analyzed, immediately after 

centrifugation, using a Perkin–Elmer Lambda 35 UV-Vis spectrophotometer. The 

absorption peak was set at 610 nm. The control sample consisted of 20 ppm of indigo 

carmine dye, at pH 2.5, without manganese oxide. The percentage of degradation was 

calculated using the ratio between the characteristic UV-Vis absorption band of indigo 

carmine in solution at λ = 610 nm before and after contact with the α-MnO2 powder.  
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6.2.5 Characterization 

The morphology of the α-MnO2 powders was investigated using a field emission 

scanning electron microscope (FESEM) (LEO 1550) (Carl Zeiss, Oberkoehen, 

Germany) with an accelerating voltage of 5 kV. TEM images were collected on a FEI 

Tecnai T12 Spirit TEM (FEI, Hillsboro, OR) with an acceleration voltage of 120 keV. 

Samples for FESEM and TEM imaging were drop casted onto carbon coated copper 

grids and left to dry at ambient conditions. The samples were further characterized using 

a Scintag X-ray Diffractometer (Scintag Inc., Cupertino, CA, USA) with Cu−Kα 

radiation (40 KV, 40 mA). The XRD patterns were recorded at room temperature with 

a step-size of 0.02° in the range of 10–80°. Fourier Transform Infrared (FTIR) spectra 

of the samples were acquired using a Bruker Hyperion FTIR Spectrometer (Bruker 

Optics, Billerica, MA, USA) in potassium bromide (KBr) pellet transmission (KPT) 

mode. The KBr powders and the α-MnO2 powders were dried overnight in a vacuum 

oven prior to pellet preparation. The ratio of the sample powders to KBr was 1 mg of 

sample to 300 mg of KBr. X-ray photoelectron spectroscopy (XPS) measurements were 

performed in a Surface Science Instruments (SSI) model SSX0100 (Surface Science 

Instruments, Mountain View, CA, USA) with monochromatic aluminum K-α X-rays 

(1486.6 eV). The analysis of peak binding energy (BE) and deconvolution was 

performed using the CASAXPS software (Casa Software Ltd, Teignmouth, UK), in 

which a Shirley background subtraction was used, as well as 50:50 Gaussian:Lorentzian 

line widths. All XPS measurements were corrected for charging using the C 1 s peak 

position at 284.8 eV. A Physical Properties Measurement System (PPMS), equipped 

with a vibrating sample magnetometer (VSM), by Quantum Design (San Diego, CA, 
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USA), was used to collect zero-field-cooled (ZFC) and field-cooled (FC) magnetization 

curves from 5 K to 300 K in an applied field of 100 Oe. In addition, isothermal 

magnetizations and hysteresis loops were collected at 300 K and 5 K for the applied 

fields ranging from −7 kOe to 7 kOe. UV spectrophotometry spectra were collected on 

a Perkin Elmer Lambda 35 spectrometer. The phytochemicals in the extracts were 

identified by Gas chromatography–mass spectrometry (GC–MS). The GC–MS analysis 

was performed on an Agilent 6890 N gas chromatograph (Agilent Technologies, Santa 

Clara, CA, USA) equipped with an Agilent 7683 automatic liquid sampler coupled to 

an Agilent 5973 N mass selective detector. The extracts for phytochemical analysis were 

prepared using 25 mg/mL of biomass powder with High performance liquid 

chromatography (HPLC) grade alcohol. This mixture was stirred during 8 h, and the 

extracts were centrifuged and filtered through a 25-mm syringe filter. The mobile phase 

(Helium) was injected at a flow rate of 1.2 mL min−1, at a pressure of 10 psi, and with 

an injector temperature of 270 °C. The other parameters were adjusted as follows: the 

temperature of the column was initiated at 50 °C and held for 5 min, then increased to 

210 °C at a rate of 15 °C min−1. Finally, the temperature was increased to 305 °C at a 

rate of 20 °C min−1 and held for 40 min. The samples were injected in the splitless mode 

and each injection was 5.0 µL. The MS detector was operated in full scan mode (35–

600 amu). The retention times of each sample were compared to those reported in the 

National Institute of Standards and technology (NIST) mass spectral database.  

 

6.3 Results and Discussion 
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Figure 6. 1 X-ray diffraction (XRD) patterns of the as-synthesized sample and alpha 
manganese dioxide (α-MnO) nanoparticles under different calcination temperatures 
(600 °C, 800 °C). (a–c) corresponds to experiments using the Malus domestica 
Cortland Apple Peels extract and (d–f) to experiments using the Vitis vinifera Grape 
stems extract. 

 

6.3.1 Materials Synthesis and Characterization 

Figure 6.1 shows the X-ray diffraction (XRD) patterns of samples V6 and V8, 

corresponding to the nanorods synthesized using the Vitis vinifera extracts, as well as 

samples A6 and A8, corresponding to the specimens synthesized with the Malus 

domestica extracts. According to the XRD patterns, the crystallinity of the synthesized 

products improves with further calcination at 600 °C and 800 °C, and this behavior is 

consistent with prior observations for the synthesis of α-MnO2 nanocrystals 212–214. For 

the as-synthesized powders made with the Malus domestica extract (Figure 6.1a), few 

diffraction peaks can be observed. In contrast, the as-synthesized powders made with 

Vitis vinifera (Figure 6.1d) exhibit peaks that can be easily indexed to the potassium 

manganese oxide KMnO2 phase (Joint Committee on Powder Diffraction Standards-
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JCPDS, card no.: 044-1025) and MnO2 phase (JCPDS, card no.: 053-0633), as shown 

in Figure 6.2a.  

 

Figure 6. 2 XRD of the (a) as-synthesized products using Malus Domestica Cortland 
apple peels extract and Vitis Vinifera stems extract; (b) HRTEM of the as-synthesized 
products using Vitis Vinifera stems extract. 

 
After thermal treatment, the crystalline structure of both samples progressively 

evolves towards α-MnO2 (JCPDS, card no.: 44-0141). XRD patterns in Figure 6.1b,c 

synthesized using the Malus domestica extract, exhibit a high intensity peak at 37.5°, 

which can be indexed as the (211) plane followed in intensity by the peaks for the planes 

(310) and (110). In contrast, for samples synthesized with the Vitis vinifera extract, 

Figure 6.1e,f, shows that the most dominant peak occurs at a plane (110) and a 2θ value 

of 12.5° followed by planes (211) and (310). It is important to note that regardless of 

the natural extract used for the synthesis, the calcinated samples at 800 °C exhibit an 

increase in the peak intensity and a decrease in peak broadening when compared to the 

same samples calcinated at 600 °C. Careful comparison of the relative intensities of the 

dominant diffraction peaks shows that the intensity of the peaks (110) and (220), are 
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higher. Noting that (220) is only a short range of (110), thus, the relative intensity of the 

(110) peak for sample V-8 (43.2%) and for sample A-8 (100.0%) is much stronger than 

that shown in the standard JCPDS card (37.0%). Likewise, the relative intensity of the 

(220) peak for sample V-8 (35.7%) and for sample A-8 (11.62%) are 7.14 and 2.3 times 

the value stated in the standard JCPDS card. However, the relative intensities of the 

other diffraction peaks are comparable or smaller to those intensities reported in the 

standard JCPDS card. Thus, these results suggest a preferential growth of α-MnO2 in 

both cases 215. It is worth noting that the calculated ratio between the intensities of the 

(211) and (310) diffraction peaks for samples V8 and A8 were slightly lower than that 

reported in the JCPDS standard (1.1 and 1.04 versus 1.2, respectively). Figure 6.3 shows 

the square tunnel structure of α-MnO2 with space group I 4/m, with the dominant planes 

highlighted by the grey shaded areas. The α-MnO2 structures were plotted using 

Visualization for electronic and structural analysis (VESTA) software 216.  

 

Table 6.1 Crystallite size and the lattice parameters of the α-MnO2 nanorods produced 
with the Malus domestica apple peel extract (A6 and A8) and with the Vitis vinifera 
stems extract (V6 and V8). 

Sample 
Name 

Extract Used in 
the Synthesis 

Calcination 
Temperature (°C) 

Crystallite 
Size (Å ) a (Å) b (Å) 

A6 Malus domestica 600 D211: 314 9.892 2.873 

A8 Malus domestica 800 D211: 352 9.814 2.861 

V6 Vitis vinifera 600 D110: 243 9.922 2.854 

V8 Vitis vinifera 800 D110: 356 9.874 2.861 
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The crystallite size and the lattice parameters, calculated using the XRD 

patterns, are summarized in Table 6.1. The basic building block for most of the Mn 

oxide structures is the MnO6 octahedron, and in the α-MnO2 structure, these octahedra 

are assembled by sharing edges that form a tunnel structure (as shown in the inset of 

Figure 6.1) 217–219. 

 

Figure 6. 3 (a) Square tunnel structure of α-MnO2 with the space group I4/m. The crystal 
planes of interest are highlighted by the grey shaded area (b) (100), (200) (c) (110), 
(220) (d) (211) (e) (310) 

 

Figure 6.4a–f shows scanning electron microscope (SEM) and TEM images of 

samples synthesized with the Malus domestica extract. These images show the presence 
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of short and long rods that are dense and agglomerated with diameters ranging from 

28nm to 70 nm and lengths between 85nm and 180 nm. Conversely, in Figure 6.4g–l, 

when the Vitis vinifera extract was used, larger nanorods were obtained and with a larger 

aspect ratio. The nanorods synthesized with Vitis vinifera do exhibit a wider particle 

size distribution between 150 nm and 800 nm in length and from 40nm to 80 nm in 

diameter. 

 

Figure 6. 4 Field emission scanning electron microscopy (FESEM) and Transmission 
electron microscopy TEM images of manganese oxide (α-MnO2) nanorods at different 
magnifications. (a–c) Malus domestica apple peel extract, calcinated at 600 °C; (d–f) 
Malus domestica apple peel extract, calcinated at 800 °C; (g–i) Vitis vinifera stems 
extract, calcination at 600 °C; (j–l) Vitis vinifera stems extract, calcinated at 800 °C. 

A600

A800

V800

V800

0.3 0.3 μm m 0.1 0.1 μm m 100 nm 100 nm 

0.6 0.6 μm m 0.2 0.2 μm m 200 nm 200 nm 

0.6 0.6 μm m 0.2 0.2 μm m 250 nm 250 nm 

1 1 μm m 0.2 0.2 μm m 500 nm 500 nm 

(a)(a) (b)(b) (c)(c)

(d)(d) (e)(e) (f)(f)

(g)(g) (h)(h) (i)(i)

(j)(j) (k)(k) (l)(l)
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Figure 6. 5 Fourier Transform Infrared (FTIR) spectrum of Manganese Oxide in the 
range from 500 cm−1 to 3800 cm−1, KBr pellet sampling (a–c) Vitis vinifera stems 

extract; (d–f) Malus domestica apple peels extract. 

 

Figure 6.5a–c shows the FTIR spectra corresponding to the samples prepared 

with the Malus domestica extract, while the spectra displayed in Figure 6.5d–f 

correspond to the samples prepared using the Vitis vinifera stems extract. The as-

synthesized samples exhibited broad peaks around 3600−3000 cm−1, which could be 

assigned to the –OH stretching and H–O–H bending vibrations of bound water 

molecules adsorbed onto the crystalline domains 220. The peak near 1600–1625 cm−1 

reveals the involvement of C=O stretching vibration of acid derivatives 176. In addition, 

peaks at 2900–2875 cm−1 and 1375–1310 cm−1 can be related to C–H in-plane bending 

and aliphatic C–O stretching modes 220. These peaks are indicative of the presence of 

organic molecules that originated from the phytochemical components of the natural 

extracts, i.e., esters and alcohols. The spectra also exhibit peaks at 1060, 875, 850, 630, 

and 560 cm−1, which can be related to M=O stretching vibration, Mn–O–H bending, 

MnO4- tetrahedral, Mn−O vibrations in octahedral environments, and Mn−O−Mn 
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bonds, which are characteristic bands for manganese oxide 189,190,220. Upon calcination 

to 800 °C, changes in the FTIR spectrum can be observed in Figures 6.5c,f. For example, 

the absorption bands assigned to the vibrations of the O–H and O–H–O groups of the 

absorbed water (3600–3000, 2000–1300 cm−1) disappear. In addition, the disappearance 

of the absorption bands at 1375–1355 cm−1 and at 850–875 cm−1 could be ascribed to 

the complete decomposition of the adsorbed phytochemicals after calcination which is 

confirmed by the thermal analysis presented in Figure 6.6. As the calcination 

temperature increases, the intensity of the bands at the frequencies below 750 cm−1 

increases—these bands are ascribed to the metal-oxygen Mn–O–Mn and Mn–O bending 

vibrations of the [MnO6] octahedral in α-MnO2. These results are consistent with the 

XRD analysis reported above and are in quantitative agreement with the results reported 

in the literature for other MnO2 nanoparticles 192,196,221.  

 

Figure 6. 6 TGA of the as-synthesized NPs using, (a) Malus domestica apple peels 
extract and (b) Vitis vinifera grape stems extract 

 

The thermal analysis (TG-DTG) of the as-synthesized products are shown in 

Figure 6.6. The thermogram curve and its derivative show two main stages of weight 
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loss. The first stage occurs at about 100 °C and can be attributed to water loss 

(endothermic peak in the derivative curve). The second stage occurs between 300 °C 

and 375 °C and can be related to the burning of residual adsorbed phytochemicals that 

act as capping agents and the formation of highly crystalline α-MnO2. Above 600 °C, 

the weight loss is almost negligible.  

 

Table 6.2 Mn(2p3/2) and Mn(2p1/2) spectral fitting and peak binding energy (eV) maxima  

Sample Extract Temp 
(°C) 

Mn(2p3/2) 
(eV) 

Mn(2p3/2) 
(eV), pk 2 

Mn(2p1/2) 
(eV) 

As-synthesized Malus domestica -- 641.19 643.99 653.26 
A6 Malus domestica 600 641.75 644.55 653.33 
A8 Malus domestica 800 640.99 -- 652.22 

As-synthesized Vitis vinifera -- 642.7 647.1 654.33 
V6 Vitis vinifera 600 641.92 -- 653.28 
V8 Vitis vinifera 800 641.97 -- 653.43 

 

 

Figure 6. 7 X-ray photoelectron spectroscopy (XPS) Spectra of the Manganese Oxide 
samples. (a–c) samples synthesized with the Vitis vinifera stems extract (d–f) samples 

synthesized with the Malus domestica apple peels extract (BE values are corrected 
using the carbon peak at 284.6 eV as a reference). 
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Figure 6. 8 O 1s XPS spectra of the a-MnO2 nanorods using, (a) Malus domestica 
apple peels extract and (b) Vitis vinifera grape stems extract 

 

X-ray photoelectron spectra of the six samples are shown in Figure 6.7 and 

Figure 6.8. For all the samples, the binding energy of the C1s level at 284.6 eV was used 

as an internal reference to calibrate every spectrum to minimize charging effects. The 

binding energies (BE) of Mn(2p3/2) and Mn(2p1/2) are summarized in Table 6.2, and 

these values are in good accordance with those of the tetravalent manganese system 

MnO2 222–225. However, three samples, the as-synthesized sample with the Malus 

domestica extract, the as-synthesized sample with the Vitis vinifera extract, and the 

sample synthesized with the Malus domestica extract and calcinated at 600 °C (A6), all 

display a small but distinct shoulder at about 3 eV from the main peak. These features 

are also present in the calculated Mn+4 spectrum by Gupta and Sen 226 and Nesbitt and 

Barnejee 223. This can be due to the non-stoichiometry nature of MnO2 hence, the 

occurrence of mixed valence compounds is also likely to be involved in the overall 

reaction 226,227. As can be seen in Table 2, the presence of Mn+4 in the Mn(2p) spectrum 

is appreciable in supporting the findings from the XRD experiments. The spectrum O 
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1s in Figure 6.8 reveals three types of the O atom in the as-synthesized samples. The 

first is assigned as a lattice oxygen Mn–O–Mn (529−530 eV) and dominates in the O1s-

line, and the second can be describe as hydrated Mn–O–H manganese oxides (531–532 

eV). The third corresponds to the oxygen of the absorbed water H–O–H (533 eV). After 

calcination, the peak assigned to the presence of lattice oxygen forming the strong Mn–

O–Mn bonds in the crystalline network, progressively shifts to 529.9 eV. The intensity 

of the hydrated Mn–O–H peak decreases as the calcination temperature increases. All 

of the peak values and their evolution due to calcination are in quantitative agreement 

with the reported data for α-MnO2 217,223,225. 

The magnetic properties of the α-MnO2 nanorods were measured using a 

vibrating sample magnetometer (VSM). Figure 6.9a,b shows the M–H curves for the α-

MnO2 samples at 300 K and 5 K. The M–H curves at 300 K shows no sign of saturation 

even when the applied fields have a magnitude of 7 kOe. This strong linear response 

reveals a superparamagnetic state for the α-MnO2 nanorods at this temperature. 

However, the M–H curves at 5 K show a hysteresis loop and no sign of saturation 

magnetization. At this temperature, all samples exhibit exchange bias behavior that can 

be calculated using two fields: the exchange bias field, HEB, and the coercive field, HC. 

HC = abs(HC1 − HC2)/2 and HEB = (HC1 + HC2)/2, where HC1 and HC2 are the left and right 

coercive fields, respectively. Samples A6 and A8 exhibit the same coercive field and 

exchange bias field, 307.15 and −1.35 Oe, respectively, indicating that there is no 

influence of the calcination temperature on the magnetic properties of these specimens. 

In contrast, for samples V6 and V8 the coercive field and exchange bias field vary, 

127.85 Oe and −15.55 Oe for V6 and 210.25 Oe and −44.05 Oe for V8, respectively. 
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This variation highlights the fact that the calcination temperature, in the Vitis vinifera 

specimens, has an influence on the magnetic properties of the nanorods. 

 

Figure 6.9 Magnetization as a function of the applied field at 5 K and 300 K for samples 
(a) A6, A8; (b) V6, V8; and Zero-field-cooling (ZFC)/Field Cooling (FC) 
magnetization curves of the α-MnO2 nanorods under an applied field of 100 Oe for 
samples; (c) A6, A8; (d) V6, V8. 

 
This behavior may be explained on the basis of their different preferential 

crystalline orientations. The exchange bias effect appears stronger in the samples 

synthesized with the Malus domestica apple peels extract than in the samples obtained 

with the Vitis vinifera grape stem extract 228. For all samples, the magnetization of the 

specimens decreases with increasing calcination temperature. Figure 6.9c,d shows the 

temperature-dependent magnetization curves measured under the zero-field-cooling 
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(ZFC) and field-cooling (FC) modes from 5 K to 300 K under 100 Oe. The observed 

Neel temperatures (TN) of the samples are lower than the ones reported for MnO2 bulk 

crystals (92 K), which is expected for the difference in the crystallite sizes 229. In Figure 

6.9d, a smaller peak is observed in the ZFC curve at ca 10 K. This peak can be ascribed 

to the magnetic blocking of a fraction of smaller rods in the specimen 230,231. Such 

magnetic behavior, including superparamagnetic responses, exchange bias field 

response, and the presence of multimodal blocking temperatures, hint at several 

interesting prospects for future studies and applications of these nanorods in magnetic 

nanodevices 232,233. 

 

6.3.2 Proposed Growth Mechanism 

The nature of the natural extracts used in the experiments appear to have a significant 

morphological effect on the growth of the nanorods. Since all experimental conditions 

were the same, we believe that the variation of the phytochemical content in the solvent 

media influences the size of the α-MnO2 nanorods, their crystallite sizes, and their 

preferential crystal growth direction. A possible explanation for these results is that the 

phytochemicals act as reducing and stabilizer agents that control the diffusion of growth 

during the nucleation process 172,183. We believe that the initial nucleation of the MnO2 

nanorods follows the Ostwald ripening process and after nucleation, the nuclei 

experience a temperature-induced oriented attachment (OA) growth. In this particle-

mediated crystal growth mechanism, the individual nanocrystals are integrated and 

fused into highly anisotropic structures with preferential crystallographic orientations 

167,169. Figure 6.10 shows the proposed evolution and phase transformation mechanism.  
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Figure 6.10 Schematic representation of the proposed nucleation and growth mechanism 
of α-MnO2 nanorods using natural extracts from Malus domestica and Vitis vinifera. 

 
We speculate that the natural stabilizing agents capping the nuclei particles may 

modulate the oriented attachment (OA) growth during the calcination processes 167,170. 

The assembly appears to be driven by the presence of the phytochemicals acting as 

ligands and selectively binding to specific crystal faces, hence enabling the growth of 

the manganese oxide nanorods. The proposed mechanism appears to be supported by 

the XRD, Thermal gravimetric Analysis (TGA), and FTIR results. However, the exact 

role of these natural capping agents during the calcination process cannot be fully 

determined in this study. Figure 6.2b shows the HRTEM of the as-synthesized sample 

with Vitis vinifera, demonstrating that the nanorods indeed grow from the small 

nanoparticles. This behavior is similar to that reported by Polleux et al. 18 in which 

anisotropic TiO2 nanocrystals were synthesized by ligand-directed assembly of the 

nanoparticles. Similarly, Tang et al. 234 reported that the removal of excess stabilizer 

was the key step in the preparation of CdTe nanowires from nanoparticles. Previous 

studies also show morphological differences in the manganese oxide nanoparticles 

obtained using different solvents. For example, Yan et al. 188 synthesized Mn3O4 

nanoparticles using Banana peel extract and obtained agglomerated particles with 

diameters from 20 nm to 50 nm. In contrast, Sharma et al. 190 reported the synthesis of 
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Mn3O4 nanoparticles using the leaf extract of Azdirachta indica and obtained uniform 

spherical particles with diameters between 20 nm and 30 nm.  

The analysis of the chemical constituents of Malus domestica and Vitis vinifera 

extracts was performed via Gas chromatography mass spectrometry (GC-MS). Figure 

6.11a,b shows the mass spectra of dominant compounds in each extract and the 

identified compounds are shown in Table 6.3 and Table 6.4. For simplicity, we have 

categorized the main compounds in Table 6.5 into seven groups: chelating agents, 

alcohols, ketones, esters, carbohydrates, aldehydes, and others. The presence of 

chelating agents with COOH groups play a critical role in capping the nanoparticles and 

may control the growth during the calcination process 18,235. Aldehydes and ketones 

have been reported to act as reducing agents in nanoparticle formation processes 236–238. 

Additionally, these groups can provide colloidal stability by forming a thin layer on the 

surface of the nanoparticles 184,239. Curiously, polyphenols were not detected; this may 

be due the nature of the solvent used in the extraction method for the GC-MS 

characterization. The phytochemical constituents in plants are affected by the extraction 

solvents shown by Abdel-Aal et al., who performed the extraction of Spirogyra longata 

algea with petroleum ether, methylene chloride, chloroform, acetone, and methanol, and 

found that the extraction solvent influenced the nature of the extracted molecules, 

especially that of alkaloid phenolics and sterols 240.  
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Figure 6. 11 HPLC-MS chromatograms showing the phytochemical content in (a) 
Malus Domestica Cortland apple peels extract and (b) Vitis Vinifera stems extract 

 
Table 6. 3 GC-MS of the Malus Domestica Cortland Apple peel extract in Alcohol 

Peak RT Area Pct Library/ID  Ref CAS Qual 

1 3.55923 6.78413 Isopropyl Alcohol 110736 000067-63-0 9 

2 3.63613 4.38217 Acetic acid 109429 000064-19-7 90 

3 3.72587 1.38917 2-Propanone, 1-hydroxy- 109188 000116-09-6 9 

4 3.78355 0.570756 1-Propyne, 1-(methylthio)- 34894 022174-51-2 32 

5 3.8989 2.26406 2-Pentanone 109359 000107-87-9 23 

6 3.95017 1.73344 Propanoic acid, 2-methyl-, methyl ester 109136 000547-63-7 9 

7 4.02067 2.06944 Formamide, N-methoxy- 12266 034005-41-9 47 

8 4.19372 4.22977 2-Furanmethanol 108907 000098-00-0 96 

9 4.34753 1.88359 2-Cyclopentene-1,4-dione 118251 000930-60-9 59 

10 4.55262 3.59173 1,3-Cyclopentanedione 118435 003859-41-4 53 

11 4.77052 4.16791 Ethanol, 2,2-diethoxy- 12272 000621-63-6 42 

12 5.05892 3.33382 2-Pentanethiol 5934 002084-19-7 43 

13 5.24477 4.49015 n-Propyl acetate 109775 000109-60-4 28 

14 5.37295 1.37233 Butanoic acid, 3-hydroxy- 4897 000300-85-6 45 

15 5.50113 2.60272 Butanoic acid, 3-hydroxy- 4897 000300-85-6 45 

16 5.65495 1.48268 6,7-Dioxabicyclo(3,2,2)nonane 423 1000143-23-2 25 

17 5.80875 0.385482 Propanal, 2,3-dihydroxy-, (S)- 5955 000497-09-6 53 

18 6.23815 1.97095 Propanal, 2,3-dihydroxy-, (S)- 5955 000497-09-6 38 

19 6.4817 4.5801 4H-Pyran-4-one, 2,3-dihydro-3,5-dihydroxy-6-methyl- 4836 028564-83-2 53 

20 6.74447 0.219217 d-Glycero-d-galacto-heptose 6586 1000130-14-4 37 

21 7.00722 1.61295 Octanal 109415 000124-13-0 38 

22 7.2764 11.8662 2-Furancarboxaldehyde, 5-(hydroxymethyl)- 118397 000067-47-0 90 

23 8.0711 0.752303 Silane, trichlorodocosyl- 4341 007325-84-0 38 
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24 8.48127 0.552728 Imidazole, 2-fluoro-5-hydroxy-1-ribofuranosyl- 4454 1000129-58-2 45 

25 8.85298 0.246185 d-Mannitol, 1,4-anhydro- 110105 007726-97-8 47 

26 8.92348 0.214207 d-Mannitol, 1,4-anhydro- 110105 007726-97-8 43 

27 9.83997 1.69995 Methyl 2,6-anhydro-.alpha.-d-altroside 17186 1000130-02-0 38 

28 11.3717 2.32388 Ethanol, 2-(2-aminoethoxy)- 771 000929-06-6 50 

29 11.9357 7.0934 Oxirane, 2,3-dimethyl- 109412 003266-23-7 43 

30 12.4676 0.308145 n-Hexadecanoic acid 109984 000057-10-3 96 

31 13.0252 0.502538 Sorbitol 114905 000050-70-4 72 

32 13.4482 0.667802 9,12-Octadecadienoic acid (Z,Z)- 113793 000060-33-3 95 

33 13.5571 0.70974 Octadecanoic acid 109986 000057-11-4 98 

34 14.4352 0.510624 9,17-Octadecadienal, (Z)- 21389 056554-35-9 94 

35 14.7172 0.316285 9,12-Octadecadienal 2320 026537-70-2 86 

36 15.012 0.0583331 Tritetracontane 17076 007098-21-7 43 

37 15.1273 0.147779 Hexadecanoic acid, 2,3-dihydroxypropyl ester 5500 000542-44-9 86 

38 15.2619 0.694506 2-Methyl-Z,Z-3,13-octadecadienol 12982 1000130-90-5 94 

39 15.3516 0.230629 Decanoic acid, hexyl ester 4129 010448-26-7 47 

40 15.5695 0.0534772 Oxirane, tetradecyl- 108584 007320-37-8 72 

41 15.8707 0.644844 9,17-Octadecadienal, (Z)- 21389 056554-35-9 97 

42 15.9669 0.699975 11-Undecanolide 14557 1000132-46-4 76 

43 16.0822 0.151466 Oleic Acid 108586 000112-80-1 64 

44 16.172 0.12148 Decanoic acid, hexyl ester 4129 010448-26-7 53 

45 16.2296 0.144815 Oxirane, [(hexadecyloxy)methyl]- 16342 015965-99-8 58 

46 16.4347 0.243017 Squalene 114263 007683-64-9 80 

47 16.7296 2.2583 Hexatriacontane 112334 000630-06-8 91 

48 16.9603 0.761368 9,17-Octadecadienal, (Z)- 21389 056554-35-9 93 

49 17.2999 0.152244 2-Octadecyl-propane-1,3-diol 5166 005337-61-1 58 

50 17.5307 0.224429 Oxirane, tetradecyl- 1807 007320-37-8 87 

51 18.0241 7.09394 3-Eicosene, (E)- 16986 074685-33-9 58 

52 18.1459 0.0520822 1-Dotriacontanol 16786 006624-79-9 20 

53 18.4087 0.11347 D,.alpha.-Tocopherol 106155 1000128-08-6 96 

54 18.6907 0.264057 2,6,10-Dodecatrien-1-ol, 3,7,11-trimethyl-, acetate, (E,E)- 114194 004128-17-0 76 

55 19.0047 0.275587 Octadecanal 4350 000638-66-4 91 

56 19.4854 0.129441 Acetic acid, 6-hydroxymethyl-cyclodecyl ester 6823 1000190-93-2 27 

57 19.5623 0.151766 17-Pentatriacontene 5525 006971-40-0 76 

58 19.6969 1.17486 Cyclohexane, 1,2-dimethyl-3-pentyl-4-propyl- 42165 062376-17-4 47 

59 20.2993 0.545766 .gamma.-Sitosterol 109486 000083-47-6 99 

60 20.4339 0.731765 2,6,10-Dodecatrien-1-ol, 3,7,11-trimethyl-, acetate, (E,E)- 114194 004128-17-0 87 
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Table 6. 4 GC-MS of the Vitis Vinifera (grape) stems extract in Alcohol 

Pea
k 

RT Area 
Pct 

Library/ID Ref CAS Qu
al 

1 3.565
45 

65.088
7 

Isopropyl Alcohol 1107
36 

000067-
63-0 

9 

2 3.725
67 

3.3399 2-Propanol, 1-amino- 710 000078-
96-6 

9 

3 3.949
98 

1.9694
9 

Monoethanolamine 1081
58 

000141-
43-5 

9 

4 4.020
48 

2.5791
1 

Formamide, N-methoxy- 1226
6 

034005-
41-9 

59 

5 4.180
7 

1.7793
1 

1,3-Butanediol 1094
34 

000107-
88-0 

28 

6 4.385
78 

2.4541
1 

Oxirane, ethyl- 3255 000106-
88-7 

12 

7 4.539
6 

0.5794
08 

4,5-Dihydro-2-methylimidazole-4-one 3438 1000128-
69-3 

52 

8 4.783
13 

0.9514
69 

Pentanoic acid 1134
25 

000109-
52-4 

72 

9 12.62
12 

0.6345
92 

Hexadecanoic acid, ethyl ester 3586
1 

000628-
97-7 

93 

10 13.29
42 

0.8597
99 

Phytol 1145
45 

000150-
86-7 

90 

11 13.53
13 

1.4894
1 

2-Chloroethyl linoleate 2141
0 

025525-
76-2 

93 

12 13.66
59 

0.5404
13 

Nonadecanoic acid, ethyl ester 3565
2 

018281-
04-4 

86 

13 15.01
17 

0.3668
63 

Octadecane, 1-chloro- 1095
94 

003386-
33-2 

87 

14 15.13
35 

1.0370
9 

15-Hydroxypentadecanoic acid 1456
0 

004617-
33-8 

53 

15 15.87
7 

1.9291
6 

9,12-Octadecadienoic acid (Z,Z)-, 2-hydroxy-1-
(hydroxymethyl)ethyl ester 

2141
7 

003443-
82-1 

74 

16 15.96
67 

3.2087
6 

Cyclohexanone, 4-(1,1-dimethylethyl)- 1126
82 

000098-
53-3 

38 

17 16.42
81 

0.4886
07 

Squalene 1142
63 

007683-
64-9 

86 

18 16.74
22 

1.2081
5 

1-Docosene 1114
38 

001599-
67-3 

93 

19 17.92
78 

0.7211
5 

1-Dotriacontanol 1678
6 

006624-
79-9 

90 

20 18.37
64 

0.7230
47 

D,.alpha.-Tocopherol 1061
55 

1000128-
08-6 

96 

21 20.28
63 

4.2313
6 

.gamma.-Sitosterol 1094
86 

000083-
47-6 

99 

22 20.81
18 

0.9183
06 

2(1H)Naphthalenone, 3,5,6,7,8,8a-hexahydro-4,8a-dimethyl-
6-(1-methylethenyl)- 

8711
0 

086941-
63-1 

62 

23 21.14
51 

0.8142
87 

2,6,10-Dodecatrien-1-ol, 3,7,11-trimethyl-, (Z,E)- 1141
32 

003790-
71-4 

47 

24 21.31
17 

2.0874
7 

1H-Cycloprop[e]azulene, decahydro-1,1,7-trimethyl-4-
methylene-, (1a.a 

3099 072747-
25-2 

35 
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Table 6. 5 Main Phytochemical compounds for Malus domestica (Apple peel) and Vitis 
Vinifera (grape stems) extracts in Alcohol 

Malus domestica (Apple peel) Vitis Vinifera (grape stems) 
Chelating agents Chelating agents 
Acetic acid 
Propanoic acid 
Butanoic acid 
Octadecanoic acid 
Oleic Acid 

Pentanoic acid 
15-Hydroxypentadecanoic acid 

Alcohol Alcohol 

Isopropyl alcohol 
2-Furanmethanol 
1-Dotriacontanol 

Isopropyl alcohol 
1-amino-2-Propanol  
Ethanolamine 
1,3- butanediol  
Phytol 
Dotriacontanol 
3,7,11-trimethyl-2,6,10-dodecatrienol 

Ketones Ketones 
Hydroxyacetone 
2-Pentanone 
1,3-Cyclopentanedione 
Oxacyclododecan-2-one 

Cyclohexanone 

Ester Ester 
n-Propyl acetate 
hexyl decanoate 
(E,E)-Farnesyl acetate 

Ethyl palmitate 
2-chloroethyl ester 
N-Nonadecanoic acid ethyl ester 

Carbohydrates / sugars Carbohydrates / sugars 
1,4-anhydro-d-Mannitol 
Sorbitol  

Aldehydes Aldehydes 
2,3-dihydroxy Propanal 
Octanal 
Aldoheptose (d-Glycero-d-galacto-heptose) 
9,12-Octadecadienal 
Octadecanal 

 

Others Others 

Vitamin E 
Vitamin E 
N-Methylformamide 
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Figure 6.12 Ultraviolet-visible (UV−Vis) spectra of indigo carmine solutions after 
exposure to α-MnO2 nanorods at various concentrations. (a,b) samples synthesized with 
the Malus domestica apple peels extract (c,d) samples synthesized with the Vitis vinifera 
grape stems extract. The right hand side shows digital photographs of the color change 
of the specimens. 

 
6.3.3 Assesing the Catalytic Activity of the Nanoparticles in Dye Degradation 

Figure 6.12 shows the degradation behavior of a 20 ppm solution of indigo 

carmine (IC) dye in the presence of the α-MnO2 nanorods. The degradation of the dye 

solution was monitored by ultraviolet-visible (UV-vis) spectrophotometry, using its 

characteristic absorption at 610 nm. For the degradation studies, we used the optimized 
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conditions reported elsewhere 198: briefly, the pH of the 20 ppm indigo carmine solution 

was adjusted to 2.5, by the addition of CH3COOH, and after pH adjustment, the α-MnO2 

nanorods were added at different concentrations (0.2%, 0.1%, 0.05%, 0.025% w/v). The 

samples were vortexed for 30 sec and centrifuged for 15 min at 10,000 rpm. The 

percentage of degradation was calculated using the following formula: %Degradation = 

(A0 – Af) × 100/A0, where, A0 is the initial absorbance and Af is the final absorbance at 

610 nm. The UV-Vis curves in Figure 6.12 indicate that even at the lowest concentration 

α-MnO2-0.025% (w/v), there is at least 80% degradation. This demonstrates that the 

catalytic efficiency of these α-MnO2 nanorods is comparable to that of MnO2 

nanoparticles synthesized using conventional procedures 192,193,196,201,207,241,242. The 

reusability of the α-MnO2 nanorods was also investigated by collecting and using the 

same powder sample for up to four cycles. As shown in Figure 6.13, the catalytic activity 

is not significantly altered by up to four cycles of degrading the IC dye. 

 

 
Figure 6. 13 Dye degradation as a function of mass percent concentration of (a)  a-
MnO2 products of Apple 600, Apple 800, Vitis 600 and Vitis 800 and (b) Reusability 
cycles comparison of samples Apple 600, Apple 800, Vitis 600 and Vitis 800 with 
0.2% concentration. All samples had pH adjusted to 2.5 
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6.4 Conclusions 

 

We report a facile strategy to synthesize functional α-MnO2 nanorods using natural 

extracts of apple peels and grape stems, follow by a sequential calcination process that 

induces an oriented attachment growth. We found evidence that the phytochemicals in 

the extracts act as both reducing and protecting agents, and during the calcination 

process enable the transformation of the stable nuclei into chemically ordered nanorods 

with preferential orientations. This facile synthetic strategy may provide a way to 

explore the formation of MnO2 nanostructures with different crystal phases and 

morphologies. The reported synthesis method, based on the separation of nucleation and 

the subsequent growth processes, may serve as a strategy for the further investigation 

of crystal growth in anisotropic nanoparticles. The results also show that the nanorods, 

synthesized with natural extracts exhibit interesting catalytic properties including the 

efficient degradation of dyes. These high-crystalline α-MnO2 nanorods represent a new 

platform for further studies of nanoscale phenomena as well as for applications such as 

water purification. 
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CHAPTER 7. CONCLUSIONS AND RECOMMENDATIONS 

 

This work reports on the synthesis of nanoparticles, their assembly and flow behavior. 

Magnetite nanoparticles (spherical) and Manganese oxide (nanorods) have been 

prepared successfully using traditional and new synthesis methods. Among the 

nanoparticles, Cellulose nanocrystals (CNC) were also used in the experiments due to 

their fully crystalline spindle-like morphology, mechanical, renewable and 

biocompatible properties.  

The preparation, assembly and flow behavior of different colloidal suspensions 

using the above mentioned nanoparticles was carried out. Some advanced 

characterization methods such as synchrotron GIWAXS and Transmission WAXS have 

been adapted and used to investigate these nanostructures, specifically their assembly 

mechanism during the film cast formation and flow-induced alignment. Highlights of 

this research are listed below: 

 

7.1 Magnetoviscous and Negative Viscosity Effects in Polymeric Ferrofluids 

The flow behavior of magnetic nanoparticles suspended in a shear thinning polymer was 

studied in the presence of static and oscillating magnetic fields. Results for a static 

magnetic field show that the effective viscosity is increased in the whole range of shear 

rates measured. However, under an oscillating magnetic field, a ‘negative’ viscosity 

effect is observed under low shear rates and in certain ranges of amplitude and frequency 

of the magnetic field  
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 The variation of the viscosity with the shear rate might be attributed to internal 

dynamics of polymer chains and the magnetic particles. Major step forward from this 

work will be the exploration of a wider range of experimental parameters including 

magnetic particle loading, intensity and frequency of magnetic fields. In its current state, 

this project results in two major findings: 1) the increase of the viscosity, and 2) the 

reduce of the viscosity or negative viscosity effect of a composite suspension of 

magnetic nanoparticles suspended in non-Newtonian media, in this case a relatively 

high molecular weight polyethylene oxide. Continuation of the work should also include 

theoretical development of the observed phenomena. In addition, the presented results 

can further be explored by the application of reduced viscosities in the processing of 

polymers, specifically in the production of fibers by electrospinning. On the other hand, 

the direct encapsulation of magnetic nanoparticles in the polymer fibers may find wider 

applications including tissue engineering, drug delivery, wound dressing and filtration 

industry.  

 

7.2 In-Situ and Real Time Studies, Via Synchrotron X-Ray Scattering, Of The 

Orientational Order of Cellulose Nanocrystals During Solution Shearing  

We explored the influence of temperature and shear casting speed on the preparation of 

oriented CNC films, utilizing a combination of POM, SEM, rheology and GIWAXS.  

The data indicates that the morphology of the final films can be efficiently controlled 

by restricting evaporation rates. Based on our data, we hypothesize that for the low 

casting temperatures the blade speed is the primary factor determining the final film’s 

structure as well as the timing of the film preparation, but as the temperature increases, 
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the evaporation effects assume the dominant role, and the preparation time become 

independent of the casting speed.  

A future direction of this work can be an investigation of the anisotropic 

properties of CNC suspensions in the preparation of new transparent nanocomposite 

films. Anisotropic CNC films are optical transparent, with smooth surface, and superior 

mechanical properties due to higher packing density of CNC. Although cellulose-based 

transparent films have been used as substrate materials for transparent electronics and 

photoelectric devices such as sensors, antennae and solar cells, there has been relatively 

little effort directed toward understanding the fundamentals of film casting processes 

themselves and their scale up for industrial applications. Particulate coatings and self-

standing films microstructure depends on the particle size of the species, the types of 

solvent, the reactivity of these species (for example, condensation or aggregation rates), 

the timescale of the deposition process (related to evaporation rate and film thickness). 

Therefore, study of the deposition of CNC composite colloidal suspensions with regard 

to timescales, drying theory, and development of microstructure would allow to design 

coating protocols for specific applications 

 

7.3 Probing the Flow-Induced Orientation of Cellulose Nanocrystals and 

Magnetic Nanoparticles Via Wide-Angle X-Ray Scattering 

In this work, the structure-orientation of CNC suspensions doped with magnetite 

(Fe3O4) nanoparticles was studied experimentally using synchrotron transmission wide 

angle X-ray scattering. The experimental data indicate that the assembly of CNC can be 

efficiently manipulated by the shear rate, magnetic field and nanoparticle doping. Our 
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results also show that pure CNC (7wt% and 9wt%) suspensions adopt a nematic phase 

induced by the flow field and exhibit relatively high values of the Herman’s order 

parameter. The particle system resulting from the CNC-Fe3O4 NPs mixing is sensitive 

to the concentrations of the components. We hypothesize the existence of 3 interacting 

orientation mechanisms: 1. The flow field tends to align the CNC’s longer axis parallel 

to the flow, 2. the magnetic moments of the magnetic nanoparticles align along the 

external field (dipole mechanism) and 3. the director tends to align perpendicular to the 

applied magnetic field due to the negative diamagnetic anisotropy of the CNC. The latter 

mechanism is strongly dependent on the CNC concentration in the suspension, and was 

observed only for experiments with the higher concentration of CNC (9wt%) in pure 

suspensions. At low concentrations of Fe3O4 NPs (1wt%) only the first orientation 

mechanism is dominant, while at high Fe3O4 NPs (3wt%) concentration the effects of 

the first and second mechanisms were manifested.   

A future direction of this work can be the development of composite materials 

with unique magnetic anisotropic responses. We anticipate that these responsive effects 

to flow and magnetic fields may offer new approaches to tailor composite materials such 

as biodegradable and renewable magnetic fibers with magnetic anisotropic responses. 

They may also enable design of selective fibrous membranes that open or shut 

selectively in response to magnetic fields. Further detailed investigations in the 

correlation between chain order and nanoparticles order in the composite materials are 

highly recommended, including loading of magnetic particles, magnetic responses (e.g. 

magnetostriction, anisotropy response). 
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7.4 Oriented Growth of  a-Mno2 Nanorods Using Natural Extracts from Grape 

Stems and Apple Peels 

We report a facile strategy to synthesize functional α-MnO2 nanorods using natural 

extracts of apple peels and grape stems, follow by a sequential calcination process that 

induces an oriented attachment growth. We found evidence that the phytochemicals in 

the extracts act as both reducing and protecting agents, and during the calcination 

process enable the transformation of the stable nuclei into chemically ordered nanorods 

with preferential orientations. The α-MnO2 nanorods exhibit interesting catalytic 

properties and were used in the efficient dye degradation in water. 

Continuation of the work should include studies using the reported two-step 

synthesis method (of nucleation and the subsequent growth processes) using 

commercially available isolated components of the natural extracts that were identified 

and classified in this preliminary study. Further research is required to establish how 

these components can affect the chemical reactions, crystallinity, morphology and yield 

of the a-MnO2 nanorods. The use of these commercially available components will not 

only promote the use of greener synthesis methods but can also increase the control in 

the reactants and products. Another feature that can be explore is the self- and induced-

assembly of a-MnO2 nanorods into coatings or films that can be use in the production 

of electrodes for batteries and supercapacitors. Correlation studies on the assembly of 

the nanorods and their enhancement or reduction of physicochemical properties such as 

semiconductive, magnetic, catalytic and electrochemical are recommended. 



 

129 

BIBLIOGRAPHY 

 
(1)  Nanoscale Materials in Chemistry; Klabunde, K. J., Ed.; John Wiley & Sons, 

Inc., 2002. 

(2)  Brown, B. Y. R. A Brief Account of Microscopical.Observations. Philos. Mag. 

A 1828, 4 (21), 160–173. 

(3)  Stark, W. J.; Stoessel, P. R.; Wohlleben, W.; Hafner, A. Industrial Applications 

of Nanoparticles. Chem. Soc. Rev. 2015, 44 (16), 5793–5805. 

(4)  Voltairas, P. a; Fotiadis, D. I.; Michalis, L. K. Hydrodynamics of Magnetic 

Drug Targeting. J. Biomech. 2002, 35 (6), 813–821. 

(5)  Wang, F.; Wen, Z.; Shen, C.; Wu, X.; Liu, J. Synthesis of α-MnO₂ Nanowires 

Modified by Co3O4 Nanoparticles as a High-Performance Catalyst for 

Rechargeable Li-O₂ Batteries. Phys. Chem. Chem. Phys. 2016, 18 (2), 926–931. 

(6)  Schladt, T. D.; Graf, T.; Tremel, W. Synthesis and Characterization of 

Monodisperse Manganese Oxide Nanoparticles-Evaluation of the Nucleation 

and Growth Mechanism. Chem. Mater. 2009, 21 (14), 3183–3190. 

(7)  Huang, Y.; Lin, Y.; Li, W. Controllable Syntheses of α- and d-MnO₂ as 

Cathode Catalysts for Zinc-Air Battery. Electrochim. Acta 2013, 99, 161–165. 

(8)  Barras, R.; Cunha, I.; Gaspar, D.; Fortunato, E.; Martins, R.; Pereira, L. 

Printable Cellulose-Based Electroconductive Composites for Sensing Elements 

in Paper Electronics. Flex. Print. Electron. 2017, 2 (1). 

(9)  Leser, M. E.; Murray, B. S. Food Colloids – A Rapidly Evolving Area of 

Science: In Honour of Eric Dickinson. Curr. Opin. Colloid Interface Sci. 2017, 



 

130 

28, A1–A2. 

(10)  Liu, F.; Zhu, J.-H.; Hou, Y.-L.; Gao, S. Chemical Synthesis of Magnetic 

Nanocrystals: Recent Progress. Chinese Phys. B 2013, 22 (10), 107503. 

(11)  Dreaden, E. C.; Alkilany, A. M.; Huang, X.; Murphy, C. J.; El-Sayed, M. A. 

The Golden Age: Gold Nanoparticles for Biomedicine. Chem. Soc. Rev. 2012, 

41 (7), 2740–2779. 

(12)  Glotzer, S. C.; Solomon, M. J. Anisotropy of Building Blocks and Their 

Assembly into Complex Structures. Nat. Mater. 2007, 6 (8), 557–562. 

(13)  Zamora-Mendoza, M. T.; López-Miranda, J. L.; Rosas, G. A Green Approach 

for Self-Assembly of Ag-Au Nanoparticles into 3-D Arrays. Mater. Lett. 2017, 

186 (October 2016), 311–313. 

(14)  Nie, Z.; Petukhova, A.; Kumacheva, E. Properties and Emerging Applications 

of Self-Assembled Structures Made from Inorganic Nanoparticles. Nat. 

Nanotechnol. 2010, 5 (1), 15–25. 

(15)  Plawsky, J. L.; Fedorov, A. G.; Garimella, S. V.; Ma, H. B.; Maroo, S. C.; 

Chen, L.; Nam, Y. Nano-and Microstructures for Thin-Film Evaporation-A 

Review. Nanoscale Microscale Thermophys. Eng. 2014, 18 (3), 251–269. 

(16)  Min, Y.; Akbulut, M.; Kristiansen, K.; Golan, Y.; Israelachvili, J. The Role of 

Interparticle and External Forces in Nanoparticle Assembly. Nat. Mater. 2008, 

7, 527–538. 

(17)  Fleck, N. A.; McMeeking, R. M.; Kraus, T. Convective Assembly of a Particle 

Monolayer. Langmuir 2015, 31 (51), 13655–13663. 

(18)  Polleux, J.; Pinna, N.; Antonietti, M.; Niederberger, M. Ligand-Directed 



 

131 

Assembly of Preformed Titania Nanocrystals into Highly Anisotropic 

Nanostructures. Adv. Mater. 2004, 16 (5), 2002–2005. 

(19)  Demus, D.; Goodby, J.; Gray, G. W.; Spiess, H.-W.; Vill, V. Physical 

Properties of Liquid Crystals; Wiley-VCH Verlag GmbH: Weinheim, 

Germany, 2007. 

(20)  Cullity, B. D. .; Graham, C. D. Introduction to Magnetic Materials, Second 

Edition; Wiley, 2008. 

(21)  Leslie-Pelecky, D. L.; Rieke, R. D. Magnetic Properties of Nanostructured 

Materials. Chem. Mater. 1996, 8 (8), 1770–1783. 

(22)  Blundell, S. Magnetism in Condense Matter; Oxford University Press Inc., New 

York, 2001. 

(23)  Pinho, M.; Génevaux, J. M.; Dauchez, N.; Brouard, B.; Collas, P.; Mézière, H. 

Damping Induced by Ferrofluid Seals in Ironless Loudspeaker. J. Magn. Magn. 

Mater. 2014, 356, 125–130. 

(24)  Gan Jia Gui, N.; Stanley, C.; Nguyen, N. T.; Rosengarten, G. Ferrofluids for 

Heat Transfer Enhancement under an External Magnetic Field. Int. J. Heat 

Mass Transf. 2018, 123, 110–121. 

(25)  Zipser, L.; Richter, L.; Lange, U. Magnetorheologic Fluids for Actuators. 

Sensors And Actuators 2001, 92 (December 2000), 318–325. 

(26)  Zhou, G. Y.; Sun, L. Z. Smart Colloidal Dampers with On-Demand 

Controllable Damping Capability. Smart Mater. Struct. 2008, 17 (5). 

(27)  Schmidt, A. M. Thermoresponsive Magnetic Colloids. Colloid Polym. Sci. 

2007, 285 (9), 953–966. 



 

132 

(28)  Zahn, M. Magnetic Fluid and Nanoparticle Applications to Nanotechnology. J. 

Nanoparticle Res. 2001, 3 (1), 73–78. 

(29)  Ramteke, C.; Sarangi, B. K.; Chakrabarti, T.; Mudliar, S.; Pandey, R. A. 

Synthesis and Broad Spectrum Antibacterial Activity of Magnetite Ferrofluid. 

2010, 587–591. 

(30)  McTague, J. P. Magnetoviscosity of Magnetic Colloids. J. Chem. Phys. 1969, 

51 (1), 133. 

(31)  Shliomis, M. I. Effective Viscosity of Magnetic Suspensions. Sov. Phys. JETP 

1972, 34 (6), 1291–1294. 

(32)  Bacri, J.; Perzynski, R.; Shliomis, M.; Burde, G. “Negative-Viscosity” Effect in 

a Magnetic Fluid. Phys. Rev. Lett. 1995, 75 (11), 2128–2131. 

(33)  Odenbach, S. Magnetoviscous Effects in Ferrofluids; Springer-Verlag Berlin 

Heidelberg New York, 2002. 

(34)  Larson, R. G. The Structure and Rheology of Complex Fluids.; New York: 

Oxford University Press., 1999. 

(35)  Borin, D.; Zubarev, A.; Chirikov, D.; Müller, R.; Odenbach, S. Ferrofluid with 

Clustered Iron Nanoparticles: Slow Relaxation of Rheological Properties under 

Joint Action of Shear Flow and Magnetic Field. J. Magn. Magn. Mater. 2011, 

323 (10), 1273–1277. 

(36)  U.S. Department of Energy. Genomics: GTL Roadmap; 2005. 

(37)  Dufresne, A. Chemical Modification of Nanocellulose. In Nanocellulose: From 

Nature to High Performance Tailored Materials; Berlin : De Gruyter, 2012. 

(38)  Dufresne, A. Cellulose and Potential Reinforcement. In Nanocellulose: From 



 

133 

Nature to High Performance Tailored Materials; Berlin : De Gruyter, 2012. 

(39)  Fortunati, E.; Armentano, I.; Zhou, Q.; Iannoni,  a.; Saino, E.; Visai, L.; 

Berglund, L. a.; Kenny, J. M. Multifunctional Bionanocomposite Films of 

Poly(Lactic Acid), Cellulose Nanocrystals and Silver Nanoparticles. 

Carbohydr. Polym. 2012, 87 (2), 1596–1605. 

(40)  Almeida, I. F.; Pereira, T.; Silva, N. H. C. S.; Gomes, F. P.; Silvestre,  a J. D.; 

Freire, C. S. R.; Sousa Lobo, J. M.; Costa, P. C. Bacterial Cellulose Membranes 

as Drug Delivery Systems: An in Vivo Skin Compatibility Study. Eur. J. 

Pharm. Biopharm. 2013, 86 (3), 332–336. 

(41)  Okahisa, Y.; Yoshida, A.; Miyaguchi, S.; Yano, H. Optically Transparent 

Wood–Cellulose Nanocomposite as a Base Substrate for Flexible Organic 

Light-Emitting Diode Displays. Compos. Sci. Technol. 2009, 69 (11–12), 1958–

1961. 

(42)  Kim, J.-H.; Mun, S.; Ko, H.-U.; Yun, G.-Y.; Kim, J. Disposable Chemical 

Sensors and Biosensors Made on Cellulose Paper. Nanotechnology 2014, 25 

(9), 092001. 

(43)  Lagerwall, J. P. F.; Schütz, C.; Salajkova, M.; Noh, J.; Hyun Park, J.; Scalia, 

G.; Bergström, L. Cellulose Nanocrystal-Based Materials: From Liquid Crystal 

Self-Assembly and Glass Formation to Multifunctional Thin Films. NPG Asia 

Mater. 2014, 6 (1). 

(44)  Qing, Y.; Sabo, R.; Zhu, J. Y.; Cai, Z.; Wu, Y. Comparative Study of Cellulose 

Nanofibrils Disintegrated from Different Approaches. In In Procceedings of 

Advancements in Fiber-Polymer Composites: Wood Fiber, Natural Fibers, and 



 

134 

Nanocellulose; 2013. 

(45)  Habibi, Y.; Lucia, L. a; Rojas, O. J. Cellulose Nanocrystals: Chemistry, Self-

Assembly, and Applications. Chem. Rev. 2010, 110 (6), 3479–3500. 

(46)  Kim, J. H.; Shim, B. S.; Kim, H. S.; Lee, Y. J.; Min, S. K.; Jang, D.; Abas, Z.; 

Kim, J. Review of Nanocellulose for Sustainable Future Materials. Int. J. 

Precis. Eng. Manuf. - Green Technol. 2015, 2 (2), 197–213. 

(47)  Siqueira, G.; Bras, J.; Dufresne, A. Cellulosic Bionanocomposites: A Review of 

Preparation, Properties and Applications. Polymers (Basel). 2010, 2 (4), 728–

765. 

(48)  Nishiyama, Y.; Langan, P.; Chanzy, H. Crystal Structure and Hydrogen 

Bonding System in Cellulose Iβ from Synchrotron X-Ray and Neutron Fiber 

Diffraction. J. Am. Chem. Soc. 2002, 124 (31), 9474–9082. 

(49)  Hayakawa, D.; Nishiyama, Y.; Mazeau, K.; Ueda, K. Evaluation of Hydrogen 

Bond Networks in Cellulose Iβ and II Crystals Using Density Functional 

Theory and Car–Parrinello Molecular Dynamics. Carbohydr. Res. 2017, 449, 

103–113. 

(50)  Marchessault, R. H.; Morehead, F. F.; Walter, N. M. Liquid Crystal Systems 

from Fibrillar Polysaccharides. Nature 1959, 184. 

(51)  Revol, J.-F.; Godbout, L.; Dong, X.-M.; Gray, D. G.; Chanzy, H.; Maret, G. 

Chiral Nematic Suspension of Cellulose Crystallines; Phase Separation and 

Magnetic Field Orientation. Liq. Cryst. 1994, 16 (1), 127–134. 

(52)  Diaz, J. a; Wu, X.; Martini, A.; Youngblood, J. P.; Moon, R. J. Thermal 

Expansion of Self-Organized and Shear-Oriented Cellulose Nanocrystal Films. 



 

135 

Biomacromolecules 2013, 14 (8), 2900–2908. 

(53)  Orts, W. J.; Godbout, L.; Marchessault, R. H.; Revol, J. F. Enhanced Ordering 

of Liquid Crystalline Suspensions of Cellulose Microfibrils : A Small Angle 

Neutron Scattering Study. Macromolecules 1998, 31, 5717–5725. 

(54)  Shafiei-Sabet, S.; Hamad, W. Y.; Hatzikiriakos, S. G. Rheology of 

Nanocrystalline Cellulose Aqueous Suspensions. Langmuir 2012, 28 (49), 

17124–17133. 

(55)  Li, D.; Liu, Z.; Al-Haik, M.; Tehrani, M.; Murray, F.; Tannenbaum, R.; 

Garmestani, H. Magnetic Alignment of Cellulose Nanowhiskers in an All-

Cellulose Composite. Polym. Bull. 2010, 65, 635–642. 

(56)  Kimura, F.; Kimura, T.; Tamura, M.; Hirai, A.; Ikuno, M.; Horii, F. Magnetic 

Alignment of the Chiral Nematic Phase of a Cellulose Microfibril Suspension. 

Langmuir 2005, 21 (5), 2034–2037. 

(57)  Kim, J.; Chen, Y.; Kang, K.-S.; Park, Y.-B.; Schwartz, M. Magnetic Field 

Effect for Cellulose Nanofiber Alignment. J. Appl. Phys. 2008, 104 (9), 

096104. 

(58)  Sugiyamaj, J.; Chanzy, H.; Maret, G. Orientation of Cellulose Microcrystals by 

Strong Magnetic Fields. Macromolecules 1992, 4232–4234. 

(59)  Cranston, E. D.; Gray, D. G. Formation of Cellulose-Based Electrostatic Layer-

by-Layer Films in a Magnetic Field. Sci. Technol. Adv. Mater. 2006, 7 (4), 319–

321. 

(60)  Brochard, F.; de Gennes, P. G. Theory of Magnetic Suspensions in Liquid 

Crystals. J. Phys. 1970, 31 (7), 691–708. 



 

136 

(61)  Vallooran, J. J.; Bolisetty, S.; Mezzenga, R. Macroscopic Alignment of 

Lyotropic Liquid Crystals Using Magnetic Nanoparticles. Adv. Mater. 2011, 23, 

3932–3937. 

(62)  Bossis, G.; Volkova, O.; Lacis, S.; Meunier, A. Ferrofluids Magnetically 

Controllable Fluids and Their Applications. In Magnetorheology : Fluids, 

Structures and Rheology; 2002; pp 202–230. 

(63)  Morozov, K. I.; Shliomis, M. I. Magnetic Fluid as an Assembly of Flexible 

Chains. In Ferrofluids. Lecture Notes in Physics; Springer, Berlin, Heidelberg, 

2002; pp 162–184. 

(64)  Galland, S.; Andersson, R. L.; Salajková, M.; Ström, V.; Olsson, R. T.; 

Berglund, L. a. Cellulose Nanofibers Decorated with Magnetic Nanoparticles – 

Synthesis, Structure and Use in Magnetized High Toughness Membranes for a 

Prototype Loudspeaker. J. Mater. Chem. C 2013, 1 (47), 7963. 

(65)  Shliomis, M. I.; Morozov, K. I. Negative Viscosity of Ferrofluid under 

Alternating Magnetic Field. Phys. Fluids 1994, 6 (8), 2855. 

(66)  Zeuner, A.; Richter, R.; Rehberg, I. Weak Periodic Excitation of a Magnetic 

Fluid Capillary Flow. J. Magn. Magn. Mater. 1999, 201, 321–323. 

(67)  Gazeau, F.; Baravian, C.; Bacri, J.-C.; Perzynski, R.; Shliomis, M. Energy 

Conversion in Ferrofluids: Magnetic Nanoparticles as Motors or Generators. 

Phys. Rev. E 1997, 56 (1), 614–618. 

(68)  Hong, R. Y.; Ren, Z. Q.; Han, Y. P.; Li, H. Z.; Zheng, Y.; Ding, J. Rheological 

Properties of Water-Based Ferrofluids. Chem. Eng. Sci. 2007, 62 (21), 5912–

5924. 



 

137 

(69)  Weser, T.; Stierstadt, K. Discrete Particle Size Distribution in Ferrofluids. 

Zeitschrift für Phys. B-Condensed Matter 1985, 59, 253–256. 

(70)  Rubinstein, M.; Colby, R. H. Polymer Physics; Oxford: Oxford University 

Press, 2003. 

(71)  Pop, L. M.; Odenbach, S. Investigation of the Microscopic Reason for the 

Magnetoviscous Effect in Ferrofluids Studied by Small Angle Neutron 

Scattering. J. Phys. Condens. Matter 2006, 18 (38), S2785–S2802. 

(72)  Shliomis, M. Ferrohydrodynamics: Testing a Third Magnetization Equation. 

Phys. Rev. E 2001, 64 (6), 060501. 

(73)  Pop, L. M.; Odenbach, S. Capillary Viscosimetry on Ferrofluids. J. Phys. 

Condens. Matter 2008, 20 (20), 204139. 

(74)  Soto-Aquino, D.; Rinaldi, C. Magnetoviscosity in Dilute Ferrofluids from 

Rotational Brownian Dynamics Simulations. Phys. Rev. E 2010, 82 (4), 

046310. 

(75)  Zeuner, A.; Richter, R.; Rehberg, I. Experiments on Negative and Positive 

Magnetoviscosity in an Alternating Magnetic Field. Phys. Rev. E 1998, 58 (5), 

6287–6293. 

(76)  Schumacher, K.; Sellien, I.; Knoke, G.; Cader, T.; Finlayson, B. Experiment 

and Simulation of Laminar and Turbulent Ferrofluid Pipe Flow in an 

Oscillating Magnetic Field. Phys. Rev. E 2003, 67 (2), 026308. 

(77)  Shliomis, M. I.; Morozov, K. I. Negative Viscosity of Ferrofluid under 

Alternating Magnetic Field. Phys. Fluids 1994, 6 (8), 2855–2861. 

(78)  Morimoto, H.; Maekawa, T.; Matsumoto, Y. Nonequilibrium Brownian 



 

138 

Dynamics Analysis of Negative Viscosity Induced in a Magnetic Fluid 

Subjected to Both Ac Magnetic and Shear Flow Fields. Phys. Rev. E 2002, 65 

(6), 061508. 

(79)  Müller, H. Onset of Particle Rotation in a Ferrofluid Shear Flow. Phys. Rev. 

Lett. 1999, 82 (19), 3907–3910. 

(80)  Ohring, M. Materials Science of Thin Films, 2nd Editio.; Academic Press, 

2001. 

(81)  Althues, H.; Henle, J.; Kaskel, S. Functional Inorganic Nanofillers for 

Transparent Polymers. Chem. Soc. Rev. 2007, 36 (9), 1454–1465. 

(82)  Routh, A. F. Drying of Thin Colloidal Films. Reports Prog. Phys. 2013, 76 (4), 

046603. 

(83)  Klein, L. C. Thin Film Processes II: Sol-Gel Coatings. In Thin Film Processes; 

1991; pp 501–522. 

(84)  Huang, G.-W.; Xiao, H.-M.; Fu, S.-Y. Paper-Based Silver-Nanowire Electronic 

Circuits with Outstanding Electrical Conductivity and Extreme Bending 

Stability. Nanoscale 2014, 6 (15), 8495–8502. 

(85)  Song, Y.; Jiang, Y.; Shi, L.-Y.; Cao, S.; Feng, X.; Miao, M.; Fang, J. Solution-

Processed Assembly of Ultrathin Transparent Conductive Cellulose Nanopaper 

Embedding AgNWs. Nanoscale 2015, 7, 13694–13701. 

(86)  Liu, J.; Plog, A.; Groszewicz, P.; Zhao, L.; Xu, Y.; Breitzke, H.; Stark, A.; 

Hoffmann, R.; Gutmann, T.; Zhang, K.; et al. Design of a Heterogeneous 

Catalyst Based on Cellulose Nanocrystals for Cyclopropanation: Synthesis and 

Solid-State NMR Characterization. Chem. - A Eur. J. 2015, 21 (35), 12414–



 

139 

12420. 

(87)  Wu, X.; Shi, Z.; Fu, S.; Chen, J.; Berry, R. M.; Tam, K. C. Strategy for 

Synthesizing Porous Cellulose Nanocrystal Supported Metal Nanocatalysts. 

ACS Sustain. Chem. Eng. 2016, 4 (11), 5929–5935. 

(88)  Plackett, D. Biopolymers - New Materials for Sustainable Films and Coatings; 

Plackett, D., Ed.; John Wiley & Sons, Ltd, 2011. 

(89)  Cheng, S.; Grest, G. S. Dispersing Nanoparticles in a Polymer Film via Solvent 

Evaporation. ACS Macro Lett. 2016, 5 (6), 694–698. 

(90)  Moon, R. J.; Martini, A.; Nairn, J.; Simonsen, J.; Youngblood, J. Cellulose 

Nanomaterials Review: Structure, Properties and Nanocomposites.; 2011; Vol. 

40. 

(91)  Hoeger, I.; Rojas, O. J.; Efimenko, K.; Velev, O. D.; Kelley, S. S. Ultrathin 

Film Coatings of Aligned Cellulose Nanocrystals from a Convective-Shear 

Assembly System and Their Surface Mechanical Properties. Soft Matter 2011, 7 

(5), 1957. 

(92)  Mu, X.; Gray, D. G. Formation of Chiral Nematic Films from Cellulose 

Nanocrystal Suspensions Is a Two-Stage Process. Langmuir 2014, 30 (31), 

9256–9260. 

(93)  Dumanli, A. G.; Van Der Kooij, H. M.; Kamita, G.; Reisner, E.; Baumberg, J. 

J.; Steiner, U.; Vignolini, S. Digital Color in Cellulose Nanocrystal Films. ACS 

Appl. Mater. Interfaces 2014, 6 (15), 12302–12306. 

(94)  Csoka, L.; Hoeger, I. C.; Peralta, P.; Peszlen, I.; Rojas, O. J. Dielectrophoresis 

of Cellulose Nanocrystals and Alignment in Ultrathin Films by Electric Field-



 

140 

Assisted Shear Assembly. J. Colloid Interface Sci. 2011, 363 (1), 206–212. 

(95)  Habibi, Y.; Heim, T.; Douillard, R. AC Electric Field-Assisted Assembly and 

Alignment of Cellulose Nanocrystals. J. Polym. Sci. Part B Polym. Phys. 2008, 

46, 1430–1436. 

(96)  Cranston, E. D.; Gray, D. G. Polyelectrolyte Multilayer Films Containing 

Cellulose : A Review. In Model Cellulosic Surfaces; 2010; pp 95–114. 

(97)  Reiner, R. S.; Rudie, A. W. Process Scale-Up of Cellulose Nanocrystal 

Production to 25 Kg per Batch at the Forest Products Laboratory. Prod. Appl. 

Cellul. Nanomater. 2013, 21–24. 

(98)  Smilgies, D. M.; Li, R.; Giri, G.; Chou, K. W.; Diao, Y.; Bao, Z.; Amassian, A. 

Look Fast: Crystallization of Conjugated Molecules during Solution Shearing 

Probed in-Situ and in Real Time by X-Ray Scattering. Phys. Status Solidi - 

Rapid Res. Lett. 2013, 7 (3), 177–179. 

(99)  Schneider, C. A.; Rasband, W. S.; Eliceiri, K. W. NIH Image to ImageJ: 25 

Years of Image Analysis. Nat. Methods 2012, 9 (7), 671–675. 

(100)  Pan, J.; Hamad, W.; Straus, S. K. Parameters Affecting the Chiral Nematic 

Phase of Nanocrystalline Cellulose Films. Macromolecules 2010, 43 (8), 3851–

3858. 

(101)  Ureña-Benavides, E. E.; Ao, G.; Davis, V. A.; Kitchens, C. L. Rheology and 

Phase Behavior of Lyotropic Cellulose Nanocrystal Suspensions. 

Macromolecules 2011, 44 (22), 8990–8998. 

(102)  Raja Ashok, R. P.; Thomas, M. S.; Varughese, S. Multi-Region to Single 

Region Shear Thinning Transitions in Drying PEDOT:PSS Dispersions: 



 

141 

Contributions from Charge Density Fluctuations. Soft Matter 2015, 11 (43), 

8441–8451. 

(103)  Onogi, S.; Asada, T. Rheology and Rheo-Optics of Polymer Liquid Crystals; 

Astarita, G., Marrucci, G., Nicolais, L., Ed.; Plenum Press: New York, 1980. 

(104)  Beck-Candanedo, S.; Roman, M.; Gray, D. G. Effect of Reaction Conditions on 

the Properties and Behavior of Wood Cellulose Nanocrystals Suspensions. 

Biomacromolecules 2005, 6 (2), 1048–1054. 

(105)  Cox, W. P.; Merz, E. H. Correlation of Dynamic and Steady Flow Viscosities. 

J. Polym. Sci. 1958, 28 (118), 619–622. 

(106)  Sato, J.; Breedveld, V. Evaporation Blocker for Cone-Plate Rheometry of 

Volatile Samples. Appl. Rheol. 2005, 15 (6), 390–397. 

(107)  Thomas, L. H.; Forsyth, V. T.; Martel, A.; Grillo, I.; Altaner, C. M.; Jarvis, M. 

C. Structure and Spacing of Cellulose Microfibrils in Woody Cell Walls of 

Dicots. Cellulose 2014, 21 (6), 3887–3895. 

(108)  Fernandes, A. N.; Thomas, L. H.; Altaner, C. M.; Callow, P.; Forsyth, V. T.; 

Apperley, D. C.; Kennedy, C. J.; Jarvis, M. C. Nanostructure of Cellulose 

Microfibrils in Spruce Wood. Proc. Natl. Acad. Sci. 2011, 108 (47). 

(109)  Chowdhury, R. A.; Peng, S. X.; Youngblood, J. Improved Order Parameter 

(Alignment) Determination in Cellulose Nanocrystal (CNC) Films by a Simple 

Optical Birefringence Method. Cellulose 2017, 24 (5), 1957–1970. 

(110)  De France, K. J.; Yager, K. G.; Hoare, T.; Cranston, E. D. Cooperative 

Ordering and Kinetics of Cellulose Nanocrystal Alignment in a Magnetic Field. 

Langmuir 2016, 32 (30), 7564–7571. 



 

142 

(111)  Le Berre, M.; Chen, Y.; Baigl, D. From Convective Assembly to Landau - 

Levich Deposition of Multilayered Phospholipid Films of Controlled 

Thickness. Langmuir 2009, 25 (5), 2554–2557. 

(112)  Faustini, M.; Louis, B.; Albouy, P. A.; Kuemmel, M.; Grosso, D. Preparation of 

Sol - Gel Films by Dip-Coating in Extreme Conditions. J. Phys. Chem. C 2010, 

114 (17), 7637–7645. 

(113)  Grosso, D. How to Exploit the Full Potential of the Dip-Coating Process to 

Better Control Film Formation. J. Mater. Chem. 2011, 21 (43), 17033. 

(114)  Brewer, D. D.; Shibuta, T.; Francis, L.; Kumar, S.; Tsapatsis, M. Coating 

Process Regimes in Particulate Film Production by Forced-Convection-Assisted 

Drag-Out. Langmuir 2011, 27 (18), 11660–11670. 

(115)  Zhou, J.; Man, X.; Jiang, Y.; Doi, M. Structure Formation in Soft Matter 

Solutions Induced by Solvent Evaporation. 2017, 1703769, 1–6. 

(116)  Reznik, S. N.; Salalha, W.; Sorek, Y.; Avramov, D.; Zussman, E. Entrainment 

of a Film on a Surface from the Meniscus of a Liquid Wedge during Coating. 

Phys. Fluids 2009, 21 (10). 

(117)  Style, R. W.; Peppin, S. S. L. Crust Formation in Drying Colloidal Suspensions. 

Proceeding R. Soc. A Math. Phys. Eng. Sci. 2011, 467 (2125), 174–193. 

(118)  Liquid Film Coating: Scientific Principles and Their Technological 

Implications; Kistler, S. F., Schweizer, P. M., Eds.; Springer Netherlands, 1997. 

(119)  Howard, M. P.; Nikoubashman, A.; Panagiotopoulos, A. Z. Stratification 

Dynamics in Drying Colloidal Mixtures. Langmuir 2017, 33 (15), 3685–3693. 

(120)  Burlakov, V. M.; Eperon, G. E.; Snaith, H. J.; Chapman, S. J.; Goriely, A. 



 

143 

Controlling Coverage of Solution Cast Materials with Unfavourable Surface 

Interactions. Appl. Phys. Lett. 2014, 104 (9). 

(121)  Roy, S.; Bandyopadhyay, D.; Karim, A.; Mukherjee, R. Interplay of Substrate 

Surface Energy and Nanoparticle Concentration in Suppressing Polymer Thin 

Film Dewetting. Macromolecules 2015, 48 (2), 373–382. 

(122)  Reising, A. B.; Moon, R. J.; Youngblood, J. P. Effect of Particle Alignment on 

Mechanical Properties of Neat Cellulose Nanocrystals Films. J. Sci. Technol. 

For. Prod. Process. 2012, 2 (6), 3–5. 

(123)  Sanchez-Botero, L.; Dimov, A. V.; Li, R.; Smilgies, D. M.; Hinestroza, J. P. In 

Situ and Real-Time Studies, via Synchrotron X-Ray Scattering, of the 

Orientational Order of Cellulose Nanocrystals during Solution Shearing. 

Langmuir 2018, 34 (18), 5263–5272. 

(124)  Håkansson, K. M. O.; Fall, A. B.; Lundell, F.; Yu, S.; Krywka, C.; Roth, S. V.; 

Santoro, G.; Kvick, M.; Prahl Wittberg, L.; Wågberg, L.; et al. Hydrodynamic 

Alignment and Assembly of Nanofibrils Resulting in Strong Cellulose 

Filaments. Nat. Commun. 2014, 5. 

(125)  Wondraczek, H.; Heinze, T. Cellulosic Biomaterials. In Polysaccharides; 2014; 

pp 1–34. 

(126)  Golmohammadi, H.; Morales-Narváez, E.; Naghdi, T.; Merkoçi, A. 

Nanocellulose in Sensing and Biosensing. Chem. Mater. 2017, 29 (13), 5426–

5446. 

(127)  Bellizzi, G.; Bucci, O. M. Magnetic Nanoparticle Hyperthermia. In Emerging 

Electromagnetic Technologies for Brain Diseases Diagnostics, Monitoring and 



 

144 

Therapy; Crocco, L., Karanasiou, I., James, M. L., Conceição, R. C., Eds.; 

Springer International Publishing: Cham, 2018; pp 129–191. 

(128)  Cantillon-Murphy, P.; Wald, L. L.; Adalsteinsson, E.; Zahn, M. Simulating 

Magnetic Nanoparticle Behavior in Low-Field MRI under Transverse Rotating 

Fields and Imposed Fluid Flow. J. Magn. Magn. Mater. 2010, 322 (17), 2607–

2617. 

(129)  Sklute, E. C.; Eguchi, M.; Henderson, C. N.; Angelone, M. S.; Yennawar, H. 

P.; Mallouk, T. E. Orientation of Diamagnetic Layered Transition Metal Oxide 

Particles in 1-Tesla Magnetic Fields. J. Am. Chem. Soc. 2011, 133 (6), 1824–

1831. 

(130)  Brochard, F.; de Gennes, P. G. Theory of Magnetic Suspensions in Liquid 

Crystals. J. Phys. 1970, 31, 691–708. 

(131)  Mertelj, A.; Lisjak, D. Ferromagnetic Nematic Liquid Crystals. Liq. Cryst. Rev. 

2017, 5 (1), 1–33. 

(132)  Gdovinová, V.; Tomašovičová, N.; Éber, N.; Tóth-Katona, T.; Závišová, V.; 

Timko, M.; Kopčanský, P. Influence of the Anisometry of Magnetic Particles 

on the Isotropic–Nematic Phase Transition. Liq. Cryst. 2014, 41 (12), 1773–

1777. 

(133)  Prodanov, M. F.; Kolosov, M. A.; Krivoshey, A. I.; Fedoryako, A. P.; 

Yarmolenko, S. N.; Semynozhenko, V. P.; Goodby, J. W.; Vashchenko, V. V. 

Dispersion of Magnetic Nanoparticles in a Polymorphic Liquid Crystal. Liq. 

Cryst. 2012, 39 (12), 1512–1526. 

(134)  Yoshitake, H.; Sugimura, K.; Teramoto, Y.; Nishio, Y. Magnetic Property of 



 

145 

Oriented Films of Cellulose Nanocrystal/Carrageenan Composites Containing 

Iron Oxide Nanoparticles: Effect of Anisotropic Aggregation of the 

Nanoparticles. Polymer (Guildf). 2016, 99, 147–156. 

(135)  Tomašovicová, N.; Kovác, J.; Gdovinová, V.; Éber, N.; Tóth-Katona, T.; 

Jadzyn, J.; Kopcanskỳ, P. Alternating Current Magnetic Susceptibility of a 

Ferronematic. Beilstein J. Nanotechnol. 2017, 8 (1), 2515–2520. 

(136)  Wang, M.; He, L.; Zorba, S.; Yin, Y. Magnetically Actuated Liquid Crystals. 

Nano Lett. 2014, 14 (7), 3966–3971. 

(137)  Sakai, R.; Teramoto, Y.; Nishio, Y. Producing a Magnetically Anisotropic Soft 

Material: Synthesis of Iron Oxide Nanoparticles in a Carrageenan/PVA Matrix 

and Stretching of the Hybrid Gelatinous Bulk. Polym. J. 2018, 50 (3), 251–260. 

(138)  Madlener, K.; Frey, B.; Ciezki, H. K. Generalized Reynolds Number for Non-

Newtonian Fluids. Prog. Propuls. Phys. 2009, 1, 237–250. 

(139)  Janna, W. S. Introduction to Fluid Mechanics, Fourth Edition; CRC Press, 

Taylor & Francis group, 2010. 

(140)  Sahoo, Y.; Goodarzi, A.; Swihart, M. T.; Ohulchanskyy, T. Y.; Kaur, N.; 

Furlani, E. P.; Prasad, P. N. Aqueous Ferrofluid of Magnetite Nanoparticles: 

Fluorescence Labeling and Magnetophoretic Control. J. Phys. Chem. B 2005, 

109 (9), 3879–3885. 

(141)  Linh, P. H.; Manh, D. H.; Phong, P. T.; Hong, L. V.; N.X., P. Magnetic 

Properties of Fe3O4 Nanoparticles Synthesized by Coprecipitation Method. J. 

Supercond. Nov. Magn. 2014, 27, 2111–2115. 

(142)  Tahar, L. Ben; Oueslati, M. H.; Abualreish, M. J. A. Synthesis of Magnetite 



 

146 

Derivatives Nanoparticles and Their Application for the Removal of Chromium 

(VI) from Aqueous Solutions. J. Colloid Interface Sci. 2018, 512, 115–126. 

(143)  Krycka, K. L.; Borchers, J. A.; Booth, R. A.; Ijiri, Y.; Hasz, K.; Rhyne, J. J.; 

Majetich, S. A. Origin of Surface Canting within Fe3O4 Nanoparticles. Phys. 

Rev. Lett. 2014, 113 (14), 147203. 

(144)  Complex Magnetic Nanostructures; Sharma, S. K., Ed.; Springer International 

Publishing: Cham, 2017. 

(145)  Xu, Y. Y.; Zhou, M.; Geng, H. J.; Hao, J. J.; Ou, Q. Q.; Qi, S. Da; Chen, H. L.; 

Chen, X. G. A Simplified Method for Synthesis of Fe3O4@PAA Nanoparticles 

and Its Application for the Removal of Basic Dyes. Appl. Surf. Sci. 2012, 258 

(8), 3897–3902. 

(146)  Gray, D. Recent Advances in Chiral Nematic Structure and Iridescent Color of 

Cellulose Nanocrystal Films. Nanomaterials 2016, 6 (11), 213. 

(147)  Wierenga, A. M.; Philipse, A. P. Low-Shear Viscosity of Isotropic Dispersions 

of (Brownian) Rods and Fibres; a Review of Theory and Experiments. Colloids 

Surfaces A Physicochem. Eng. Asp. 1998, 137 (1–3), 355–372. 

(148)  Cassagnau, P. Linear Viscoelasticity and Dynamics of Suspensions and Molten 

Polymers Filled with Nanoparticles of Different Aspect Ratios. Polymer 

(Guildf). 2013, 54 (18), 4762–4775. 

(149)  Brouzet, C.; Mittal, N.; Söderberg, L. D.; Lundell, F. Size-Dependent 

Orientational Dynamics of Brownian Nanorods. ACS Macro Lett. 2018, 7, 

1022–1027. 

(150)  Noroozi, N.; Grecov, D.; Shafiei-Sabet, S. Estimation of Viscosity Coefficients 



 

147 

and Rheological Functions of Nanocrystalline Cellulose Aqueous Suspensions. 

Liq. Cryst. 2014, 41 (1), 56–66. 

(151)  Cha, Y. J.; Kim, D. S.; Yoon, D. K. Highly Aligned Plasmonic Gold Nanorods 

in a DNA Matrix. Adv. Funct. Mater. 2017, 27 (45), 1–8. 

(152)  Xie, D.; Lista, M.; Qiao, G. G.; Dunstan, D. E. Shear Induced Alignment of 

Low Aspect Ratio Gold Nanorods in Newtonian Fluids. J. Phys. Chem. Lett. 

2015, 6 (19), 3815–3820. 

(153)  Thorkelsson, K.; Bai, P.; Xu, T. Self-Assembly and Applications of Anisotropic 

Nanomaterials: A Review. Nano Today 2015, 10 (1), 48–66. 

(154)  Kuncicky, D. M.; Naik, R. R.; Velev, O. D. Rapid Deposition and Long-Range 

Alignment of Nanocoatings and Arrays of Electrically Conductive Wires from 

Tobacco Mosaic Virus. Small 2006, 2 (12), 1462–1466. 

(155)  Fujiyama, M.; Wakino, T.; Kawasaki, Y. Structure of Skin Layer in Injection-

Molded Polypropylene. J. Appl. Polym. Sci. 1988, 35 (1), 29–49. 

(156)  Schrauwen, B. A. G.; Breemen, L. C. A. v.; Spoelstra, A. B.; Govaert, L. E.; 

Peters, G. W. M.; Meijer, H. E. H. Structure, Deformation, and Failure of Flow-

Oriented Semicrystalline Polymers. Macromolecules 2004, 37 (23), 8618–8633. 

(157)  Wood, T. A.; Lintuvuori, J. S.; Schofield, A. B.; Marenduzzo, D.; Poon, W. C. 

K. A Self-Quenched Defect Glass in a Colloid-Nematic Liquid Crystal 

Composite. Science (80-. ). 2011, 334 (6052), 79–83. 

(158)  Whitmer, J. K.; Joshi, A. A.; Roberts, T. F.; de Pablo, J. J. Liquid-Crystal 

Mediated Nanoparticle Interactions and Gel Formation. J. Chem. Phys. 2013, 

138 (19), 194903. 



 

148 

(159)  Foffano, G.; Lintuvuori, J. S.; Tiribocchi, A.; Marenduzzo, D. The Dynamics of 

Colloidal Intrusions in Liquid Crystals: A Simulation Perspective. Liq. Cryst. 

Rev. 2014, 2 (1), 1–27. 

(160)  Araki, T.; Tanaka, H. Colloidal Aggregation in a Nematic Liquid Crystal: 

Topological Arrest of Particles by a Single-Stroke Disclination Line. Phys. Rev. 

Lett. 2006, 97 (12), 1–4. 

(161)  Niu, W.; Xu, G. Crystallographic Control of Noble Metal Nanocrystals. Nano 

Today 2011, 6 (3), 265–285. 

(162)  Einarsrud, M.-A.; Grande, T. 1D Oxide Nanostructures from Chemical 

Solutions. Chem. Soc. Rev. 2014, 43, 2187–2199. 

(163)  Guo, T.; Yao, M.-S.; Lin, Y.-H.; Nan, C.-W. A Comprehensive Review on 

Synthesis Methods for Transition-Metal Oxide Nanostructures. CrystEngComm 

2015, 17, 3551–3585. 

(164)  Xia, Y.; Xiong, Y.; Lim, B.; Skrabalak, S. E. Shape-Controlled Synthesis of 

Metal Nanocrystals: Simple Chemistry Meets Complex Physics? Angew. 

Chemie - Int. Ed. 2009, 48 (1), 60–103. 

(165)  Zhang, Z.; Lu, M.; Xu, H.; Chin, W.-S. Shape-Controlled Synthesis of Zinc 

Oxide: A Simple Method for the Preparation of Metal Oxide Nanocrystals in 

Non-Aqueous Medium. Chemistry 2007, 13 (2), 632–638. 

(166)  Kojtari, A.; Ji, H.-F. Metal Organic Framework Micro/Nanopillars of 

Cu(BTC)·3H2O and Zn(ADC)·DMSO. Nanomaterials 2015, 5 (2), 565–576. 

(167)  Xue, X.; Penn, R. L.; Leite, E. R.; Huang, F.; Lin, Z. Crystal Growth by 

Oriented Attachment: Kinetic Models and Control Factors. CrystEngComm 



 

149 

2014, 16 (8), 1419–1429. 

(168)  Welch, D. A.; Woehl, T. J.; Park, C.; Faller, R.; Evans, J. E.; Browning, N. D. 

Understanding the Role of Solvation Forces on the Preferential Attachment of 

Nanoparticles in Liquid. ACS Nano 2016, 10 (1), 181–187. 

(169)  Sau, T. K.; Rogach, A. L. Nonspherical Noble Metal Nanoparticles: Colloid-

Chemical Synthesis and Morphology Control. Adv. Mater. 2010, 22 (16), 1781–

1804. 

(170)  Tao, A. R.; Habas, S.; Yang, P. Shape Control of Colloidal Metal Nanocrystals. 

Small 2008, 4 (3), 310–325. 

(171)  Anastas, P. T.; Warner, J. C. Green Chemistry: Theory and Practice; Oxford 

University Press: New York, 1998. 

(172)  Virkutyte, J.; Varma, R. S. Environmentally Friendly Preparation of Metal 

Nanoparticles. RSC Green Chem. 2013, No. 19, 7–33. 

(173)  Bhau, B. S.; Ghosh, S.; Puri, S.; Borah, B.; Sarmah, D. K.; Khan, R. Green 

Synthesis of Gold Nanoparticles from the Leaf Extract of Nepenthes Khasiana 

and Antimicrobial Assay. Adv. Mater. Lett. 2015, 6 (1), 55–58. 

(174)  Vinod, V. T. P.; Saravanan, P.; Sreedhar, B.; Devi, D. K.; Sashidhar, R. B. A 

Facile Synthesis and Characterization of Ag, Au and Pt Nanoparticles Using a 

Natural Hydrocolloid Gum Kondagogu (Cochlospermum Gossypium). Colloids 

Surfaces B Biointerfaces 2011, 83 (2), 291–298. 

(175)  Mandal, M.; Kundu, S.; Ghosh, S. K.; Panigrahi, S.; Sau, T. K.; Yusuf, S. M.; 

Pal, T. Magnetite Nanoparticles with Tunable Gold or Silver Shell. J. Colloid 

Interface Sci. 2005, 286 (1), 187–194. 



 

150 

(176)  Venkateswarlu, S.; Natesh Kumar, B.; Prathima, B.; Anitha, K.; Jyothi, N. V. 

V. A Novel Green Synthesis of Fe3O4-Ag Core Shell Recyclable Nanoparticles 

Using Vitis Vinifera Stem Extract and Its Enhanced Antibacterial Performance. 

Phys. B Condens. Matter 2015, 457, 30–35. 

(177)  Saif, S.; Tahir, A.; Chen, Y. Green Synthesis of Iron Nanoparticles and Their 

Environmental Applications and Implications. Nanomaterials 2016, 1–29. 

(178)  Keihan, A. H.; Veisi, H.; Veasi, H. Green Synthesis and Characterization of 

Spherical Copper Nanoparticles as Organometallic Antibacterial Agent. Appl. 

Organomet. Chem. 2016, No. August, 1–7. 

(179)  Saif, S.; Tahir, A.; Asim, T.; Chen, Y. Plant Mediated Green Synthesis of CuO 

Nanoparticles: Comparison of Toxicity of Engineered and Plant Mediated CuO 

Nanoparticles towards Daphnia Magna. Nanomaterials 2016, 6 (11), 205. 

(180)  Veisi, H.; Rostami, A.; Shirinbayan, M. Greener Approach for Synthesis of 

Monodispersed Palladium Nanoparticles Using Aqueous Extract of Green Tea 

and Their Catalytic Activity for the Suzuki-Miyaura Coupling Reaction and the 

Reduction of Nitroarenes. Appl. Organomet. Chem. 2016, No. August, 1–9. 

(181)  Rajakumar, G.; Rahuman, A. A.; Chung, I. M.; Kirthi, A. V.; Marimuthu, S.; 

Anbarasan, K. Antiplasmodial Activity of Eco-Friendly Synthesized Palladium 

Nanoparticles Using Eclipta Prostrata Extract against Plasmodium Berghei in 

Swiss Albino Mice. Parasitol. Res. 2015, 114 (4), 1397–1406. 

(182)  Chung, I.; Rahuman, A. A.; Marimuthu, S.; Kirthi, A. V.; Anbarasan, K.; 

Rajakumar, G. An Investigation of the Cytotoxicity and Caspase-Mediated 

Apoptotic Effect of Green Synthesized Zinc Oxide Nanoparticles Using Eclipta 



 

151 

Prostrata on Human Liver Carcinoma Cells. Nanomaterials 2015, 1317–1330. 

(183)  Raveendran, P.; Fu, J.; Wallen, S. L. Completely “Green” Synthesis and 

Stabilization of Metal Nanoparticles. J. Am. Chem. Soc. 2003, 125 (46), 13940–

13941. 

(184)  Ahmed, S.; Ahmad, M.; Swami, B. L.; Ikram, S. A Review on Plants Extract 

Mediated Synthesis of Silver Nanoparticles for Antimicrobial Applications : A 

Green Expertise. J. Adv. Res. 2016, 7 (1), 17–28. 

(185)  Gopinath, V.; MubarakAli, D.; Priyadarshini, S.; Priyadharsshini, N. M.; 

Thajuddin, N.; Velusamy, P. Biosynthesis of Silver Nanoparticles from 

Tribulus Terrestris and Its Antimicrobial Activity: A Novel Biological 

Approach. Colloids Surfaces B Biointerfaces 2012, 96, 69–74. 

(186)  Venkatesan, J.; Kim, S.-K.; Shim, M. Antimicrobial, Antioxidant, and 

Anticancer Activities of Biosynthesized Silver Nanoparticles Using Marine 

Algae Ecklonia Cava. Nanomaterials 2016, 6 (12), 235. 

(187)  Xia, Q.; Ma, Y.; Wang, J. Biosynthesis of Silver Nanoparticles Using Taxus 

Yunnanensis Callus and Their Antibacterial Activity and Cytotoxicity in 

Human Cancer Cells. Nanomaterials 2016, 6 (9), 160. 

(188)  Yan, D.; Zhang, H.; Chen, L.; Zhu, G.; Wang, Z.; Xu, H.; Yu, A. 

Supercapacitive Properties of Mn3O4 Nanoparticles Bio-Synthesized from 

Banana Peel Extract. RSC Adv. 2014, 1 (45), 23649–23652. 

(189)  Sinha, A.; Singh, V. N.; Mehta, B. R.; Khare, S. K. Synthesis and 

Characterization of Monodispersed Orthorhombic Manganese Oxide 

Nanoparticles Produced by Bacillus Sp. Cells Simultaneous to Its 



 

152 

Bioremediation. J. Hazard. Mater. 2011, 192 (2), 620–627. 

(190)  Sharma, J. K.; Srivastava, P.; Ameen, S.; Akhtar, M. S.; Singh, G. Azadirachta 

Indica Plant-Assisted Green Synthesis of Mn3O4 Nanoparticles : Excellent 

Thermal Catalytic Performance and Chemical Sensing Behavior. J. Colloid 

Interface Sci. 2016, 472 (15), 220–228. 

(191)  Stoerzinger, K. A.; Risch, M.; Han, B.; Shao-Horn, Y. Recent Insights into 

Manganese Oxides in Catalyzing Oxygen Reduction Kinetics. ACS Catal. 2015, 

5 (10), 6021–6031. 

(192)  Tang, N.; Tian, X.; Yang, C.; Pi, Z.; Han, Q. Facile Synthesis of α-MnO₂ 

Nanorods for High-Performance Alkaline Batteries. J. Phys. Chem. Solids 

2010, 71 (3), 258–262. 

(193)  Qu, Q.; Zhang, P.; Wang, B.; Chen, Y.; Tian, S.; Wu, Y.; Holze, R. 

Electrochemical Performance of MnO₂ Nanorods in Neutral Aqueous 

Electrolytes as a Cathode for Asymmetric Supercapacitors. J. Phys. Chem. C 

2009, 113 (31), 14020–14027. 

(194)  Tompsett, D. A.; Parker, S. C.; Islam, M. S. Surface Properties of α-MnO₂: 

Relevance to Catalytic and Supercapacitor Behaviour. J. Mater. Chem. A 2014, 

2 (37), 15509. 

(195)  Li, W.; Cui, X.; Zeng, R.; Du, G.; Sun, Z.; Zheng, R.; Ringer, S. P.; Dou, S. X. 

Performance Modulation of α-MnO₂ Nanowires by Crystal Facet Engineering. 

Sci. Rep. 2015, 5, 8987. 

(196)  Jaganyi, D.; Altaf, M.; Wekesa, I. Synthesis and Characterization of Whisker-

Shaped MnO₂ Nanostructure at Room Temperature. Appl Nanosci 2013, 3, 



 

153 

329–333. 

(197)  Tang, B.; Wang, G.; Zhuo, L.; Ge, J. Novel Dandelion-like Beta-Manganese 

Dioxide Microstructures and Their Magnetic Properties. Nanotechnology 2006, 

17 (4), 947–951. 

(198)  Chacón-Patiño, M. L.; Blanco-Tirado, C.; Hinestroza, J. P.; Combariza, M. Y. 

Biocomposite of Nanostructured MnO₂ and Fique Fibers for Efficient Dye 

Degradation. Green Chem. 2013, 15, 2920. 

(199)  Clarke, C. E.; Kielar, F.; Talbot, H. M.; Johnson, K. L. Oxidative 

Decolorization of Acid Azo Dyes by a Mn Oxide Containing Waste. Environ. 

Sci. Technol. 2010, 44 (3), 1116–1122. 

(200)  Duan, L.; Sun, B.; Wei, M.; Luo, S.; Pan, F.; Xu, A.; Li, X. Catalytic 

Degradation of Acid Orange 7 by Manganese Oxide Octahedral Molecular 

Sieves with Peroxymonosulfate under Visible Light Irradiation. J. Hazard. 

Mater. 2015, 285, 356–365. 

(201)  Dang, T.; Cheney, M. A.; Qian, S.; Joo, S. W.; Min, B. A Novel Rapid One-

Step Synthesis of Manganese Oxide Nanoparticles at Room Temperature Using 

Poly ( Dimethylsiloxane ). Ind. Eng. Chem. Res. 2013, 52, 2750–2753. 

(202)  Najafpour, M. M.; Renger, G.; Hołyńska, M.; Moghaddam, A. N.; Aro, E. M.; 

Carpentier, R.; Nishihara, H.; Eaton-Rye, J. J.; Shen, J. R.; Allakhverdiev, S. I. 

Manganese Compounds as Water-Oxidizing Catalysts: From the Natural Water-

Oxidizing Complex to Nanosized Manganese Oxide Structures. Chem. Rev. 

2016, 116 (5), 2886–2936. 

(203)  Fei, J.; Cui, Y.; Yan, X.; Qi, W.; Yang, Y.; Wang, K.; He, Q.; Li, J. Controlled 



 

154 

Preparation of MnO₂ Hierarchical Hollow Nanostructures and Their 

Application in Water Treatment. Adv. Mater. 2008, 20 (3), 452–456. 

(204)  Xiao, W.; Wang, D.; Lou, X. W. Shape-Controlled Synthesis of MnO₂ 

Nanostructures with Enhanced Electrocatalytic Activity for Oxygen Reduction. 

J. Phys. Chem. C 2010, 114 (3), 1694–1700. 

(205)  Wang, X.; Li, Y. Selected-Control Hydrothermal Synthesis of α- and β-MnO₂ 

Single Crystal Nanowires. J. Am. Chem. Soc. 2002, 124 (12), 2880–2881. 

(206)  He, X.; Wang, J.; Kloepsch, R.; Krueger, S.; Jia, H.; Liu, H.; Vortmann, B.; Li, 

J. Enhanced Electrochemical Performance in Lithium Ion Batteries of a Hollow 

Spherical Lithium-Rich Cathode Material Synthesized by a Molten Salt 

Method. Nano Res. 2014, 7 (1), 110–118. 

(207)  Wang, N.; Cao, X.; Lin, G.; Shihe, Y. λ-MnO₂ Nanodisks and Their Magnetic 

Properties. Nanotechnology 2007, 18 (47), 475605. 

(208)  Kim, H. J.; Lee, J. B.; Kim, Y.-M.; Jung, M.-H.; Jagličić, Z.; Umek, P.; 

Dolinšek, J. Synthesis, Structure and Magnetic Properties of β-MnO₂ Nanorods. 

Nanoscale Res. Lett. 2007, 2 (2), 81–86. 

(209)  Tseng, L.-T.; Lu, Y.; Fan, H. M.; Wang, Y.; Luo, X.; Liu, T.; Munroe, P.; Li, 

S.; Yi, J. Magnetic Properties in α-MnO₂ Doped with Alkaline Elements. Sci. 

Rep. 2015, 5, 1–8. 

(210)  Keijzer Matthijs de; van Bommel, M. R. . H. K. R. K. R.; Oberhumer, E. Indigo 

Carmine: Understanding a Problematic Blue Dye. Contrib. to Vienna Congr. 

10-14 Sept. 2012 Decor. Conserv. Appl. arts 2012, 3630 (June), 87–95. 

(211)  Dähne, S.; Leupold, D. Coupling Principles in Organic Dyes. Angew. Chemie 



 

155 

Int. 1966, 5 (1926), 984–993. 

(212)  Shafi, P. M.; Bose, A. C. Structural Evolution of Tetragonal MnO₂ and Its 

Electrochemical Behavior. AIP Conf. Proc. 2016, 1731, 2–5. 

(213)  Wu, Y.; Lu, Y.; Song, C.; Ma, Z.; Xing, S.; Gao, Y. A Novel Redox-

Precipitation Method for the Preparation of α-MnO₂ with a High Surface Mn4+ 

Concentration and Its Activity toward Complete Catalytic Oxidation of o-

Xylene. Catal. Today 2013, 201 (1), 32–39. 

(214)  Wu, Y.; Li, S.; Cao, Y.; Xing, S.; Ma, Z.; Gao, Y. Facile Synthesis of 

Mesoporous α-MnO2 Nanorod with Three-Dimensional Frameworks and Its 

Enhanced Catalytic Activity for VOCs Removal. Mater. Lett. 2013, 97, 1–3. 

(215)  Wang, H.; Lu, Z.; Qian, D.; Li, Y.; Zhang, W. Single-Crystal α-MnO2 

Nanorods: Synthesis and Electrochemical Properties. Nanotechnology 2007, 18 

(11), 115616. 

(216)  Momma, K.; Izumi, F. VESTA 3 for Three-Dimensional Visualization of 

Crystal, Volumetric and Morphology Data. J. Appl. Crystallogr. 2011, 44 (6), 

1272–1276. 

(217)  Sun, M.; Lan, B.; Lin, T.; Cheng, G.; Ye, F.; Yu, L.; Cheng, X.; Zheng, X. 

Controlled Synthesis of Nanostructured Manganese Oxide: Crystalline 

Evolution and Catalytic Activities. CrystEngComm 2013, 15 (35), 7010. 

(218)  Post, J. E. Manganese Oxide Minerals: Crystal Structures and Economic and 

Environmental Significance. Proc. Natl. Acad. Sci. 1999, 96 (7), 3447–3454. 

(219)  Cheng, S.; Yang, L.; Chen, D.; Ji, X.; Jiang, Z. jie; Ding, D.; Liu, M. Phase 

Evolution of an Alpha MnO₂-Based Electrode for Pseudo-Capacitors Probed by 



 

156 

in Operando Raman Spectroscopy. Nano Energy 2014, 9, 161–167. 

(220)  Stuart, B. H. Infrared Spectroscopy: Fundamentals and Applications; 2004. 

(221)  Chertihin, G. V.; Andrews, L. Reactions of Laser-Ablated Manganese Atoms 

with Dioxygen. Infrared Spectra of MnO, OMnO, Mn(O)₂, (MnO)₂, and Higher 

Oxide Complexes in Solid Argon. J. Phys. Chem. A 1997, 101 (45), 8547–

8553. 

(222)  Di Castro, V.; Polzonetti, G. XPS Study of MnO Oxidation. J. Electron 

Spectros. Relat. Phenomena 1989, 48 (1), 117–123. 

(223)  Nesbitt, H. W.; Banerjee, D. Interpretation of XPS Mn(2p) Spectra of Mn 

Oxyhydroxides and Constraints on the Mechanism of MnO₂ Precipitation. Am. 

Mineral. 1998, 83 (3–4), 305–315. 

(224)  Biesinger, M. C.; Payne, B. P.; Grosvenor, A. P.; Lau, L. W. M.; Gerson, A. R.; 

Smart, R. S. C. Resolving Surface Chemical States in XPS Analysis of First 

Row Transition Metals, Oxides and Hydroxides: Cr, Mn, Fe, Co and Ni. Appl. 

Surf. Sci. 2011, 257 (7), 2717–2730. 

(225)  Naumkin, A. V.; Kraut-Vass, A.; Gaarenstroom, S. W.; Powell, C. J. NIST X-

ray Photoelectron Spectroscopy Database 

http://srdata.nist.gov/xps/Default.aspx. 

(226)  Gupta, R. P.; Sen, S. K. Calculation of Multiplet Structure of Core p -Vacancy 

Levels. Phys. Rev. B 1974, 10 (1), 71–79. 

(227)  Foord, J. S.; Jackman, R. B.; Allen, G. C. An X-Ray Photoelectron 

Spectroscopic Investigation of the Oxidation of Manganese. Philos. Mag. A 

1984, 49 (February 2015), 657–663. 



 

157 

(228)  Giri, S.; Patra, M.; Majumdar, S. Exchange Bias Effect in Alloys and 

Compounds. J. Phys. Condens. Matter 2011, 23, 073201. 

(229)  Yoshimori, A. A New Type of Antiferromagnetic Structure in the Rutile Type 

Crystal. Journal of the Physical Society of Japan. 1959, pp 807–821. 

(230)  Zheng, X. G.; Xu, C. N.; Nishikubo, K.; Nishiyama, K.; Higemoto, W.; Moon, 

W. J.; Tanaka, E.; Otabe, E. S. Finite-Size Effect on Néel Temperature in 

Antiferromagnetic Nanoparticles. Phys. Rev. B - Condens. Matter Mater. Phys. 

2005, 72 (1), 1–8. 

(231)  Zhang, T.; Zhou, T. F.; Qian, T.; Li, X. G. Particle Size Effects on Interplay 

between Charge Ordering and Magnetic Properties in Nanosized 

La0.25Ca0.75MnO3. Phys. Rev. B 2007, 76 (17), 174415. 

(232)  Umek, P.; Zorko, A.; Arčon, D. Magnetic Properties of Transition-Metal 

Oxides: From Bulk to Nano; 2013; Vol. 2–4. 

(233)  Luo, J.; Zhu, H. T.; Zhang, F.; Liang, J. K.; Rao, G. H.; Li, J. B.; Du, Z. M. 

Spin-Glasslike Behavior of K+ Containing α-MnO₂ Nanotubes. J. Appl. Phys. 

2016, 093925 (2009), 2–7. 

(234)  Tang, Z.; Kotov, N. A.; Giersig, M. Spontaneous Organization of Single CdTe 

Nanoparticles into Luminescent Nanowires. Science (80-. ). 2002, 297 (5579), 

237–241. 

(235)  Aromal, S. A.; Philip, D. Green Synthesis of Gold Nanoparticles Using 

Trigonella Foenum-Graecum and Its Size-Dependent Catalytic Activity. 

Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 2012, 97, 1–5. 

(236)  Kharissova, O. V.; Rasika-Dias, H. V.; Kharisov, B. I.; Olvera-Perez, B.; 



 

158 

Jimenez-Perez, V. M. The Greener Synthesis of Nanoparticles. Trends 

Biotechnol. 2013, 31 (4), 240–248. 

(237)  Kuppusamy, P.; Yusoff, M. M.; Maniam, G. P. Biosynthesis of Metallic 

Nanoparticles Using Plant Derivatives and Their New Avenues in 

Pharmacological Applications – An Updated Report. Saudi Pharm. J. 2016, 24 

(4), 473–484. 

(238)  Makarov, V. V; Love, A. J.; Sinitsyna, O. V; Makarova, S. S.; Yaminsky, I. V. 

“ Green ” Nanotechnologies : Synthesis of Metal Nanoparticles Using Plants. 

ActaNaturae 2014, 6 (20), 35–44. 

(239)  Kumar, K.; Amutha, R.; Arumugam, P.; Berchmans, S. Synthesis of Gold 

Nanoparticles: An Ecofriendly Approach Using Hansenula Anomala. ACS 

Appl. Mater. Interfaces 2011, 3 (5), 1418–1425. 

(240)  Abdel-aal, E. I.; Haroon, A. M.; Mofeed, J. Successive Solvent Extraction and 

GC – MS Analysis for the Evaluation of the Phytochemical Constituents of the 

Filamentous Green Alga Spirogyra Longata. Egypt. J. Aquat. Res. 2015, 41 (3), 

233–246. 

(241)  Boppana, V. B. R.; Jiao, F. Nanostructured MnO₂: An Efficient and Robust 

Water Oxidation Catalyst. Chem. Commun. (Camb). 2011, 47 (31), 8973–8975. 

(242)  Yuan, A.; Wang, X.; Wang, Y.; Hu, J. Textural and Capacitive Characteristics 

of MnO₂ Nanocrystals Derived from a Novel Solid-Reaction Route. 

Electrochim. Acta 2009, 54 (3), 1021–1026. 

 


