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ABSTRACT 

__________________________________________________________________________ 

 

The extraction of nanocellulose (NC) from i) bacterial cellulose (grown using "Symbiotic 

'Colony' of Bacteria and Yeast" or SCOBY), ii) Whatman filter paper, and iii) hardwood 

pulp was successfully investigated in this study.  Acid hydrolysis was applied to these 

three materials and nano-fibrous whiskers were formed.  When the nano-fibres were 

subjected to dialysis, the nano-fibres exhibited a crystalline structure known as 

nanocrystalline cellulose (NCC).  Harmless disposal of the residual hydrolysis acid by-

product is still an obstacle that hinders large-scale production of NCC and NCC-based 

nanocomposites.  In this work, the hydrolysis products of NC without further separation 

was studied to produce nanofibrous cellulose (NFC).  The NFC structural integrity was 

compared to conventional NCC.  The structural composition was verified using Fourier -

transform infrared spectroscopy (FT-IR) and Raman spectroscopy. The nanofibers were 

examined with Scanning Electron Microscopy coupled with Energy Dispersive X-ray 

spectroscopy (SEM-EDS) and Transmission Electron Microscopy (TEM).  

The dimensions of the nanocellulose were within the nanometre range that has acceptable 

aspect ratios for ideal stress transfer of the fibre-matrix interaction.  For the various 

nanocellulose  samples, i.e. from Bacterial cellulose, Whatman Filter paper and hardwood 

pulp, it was found that the concentration of the dialysis-free nano-fibrous cellulose has a 

higher concentration and longer dimensions than that of dialysed nanocrystalline cellulose.  

The nanocellulose was then utilized as a stabilizer for the synthesis of polypyrrole using a 

pyrrole monomer and ferric chloride hexahydrate initiator that produced a well dispersed 

network of polypyrrole@nanocellulose (PPy@NC) hybrid nanocomposite.  Various 

concentrations were produced to find the optimum ratio of polypyrrole to nanocellulose to 

give excellent stability and dispersity.  The ratio of 1:1 polypyrrole to nanocellulose 

exhibited good suspension of the nanohybrid, forming a well dispersed network.  The 

nanohybrid formation was confirmed using TEM, SEM, FT-IR, Raman spectroscopy and 

Ultraviolet-visible spectroscopy (UV-Vis).  Interestingly, the PPy@NC nanohybrid could 

be easily isolated from the polymerization products due to the decreased surface charge.  

The PPy@NC nanohybrid was subsequently suspended in polyvinyl alcohol (PVA), which 

facilitated the construction of a continuous PPy@NC conductive network in the polymer 



matrix for both NCC and NFC.  The development of a novel resistivity apparatus and tests 

were conducted for the first time on all samples using an expedient method and the results 

were similar with that of the commonly used but restrictive four-point probe method.  The 

PPy@NFC/PVA nanocomposite showed significant improvement in electrical 

conductivity and mechanical properties when compared with neat PPy/PVA composites 

and exhibited slightly improved performance when compared to the dialysed 

nanocellulose composite, PPy@NCC/PVA, at the same ratio.  This was due to the dialysis-

free synthesis process allowing the residual hydrolysis acid to act as a doping agent for 

the synthesized PPy, endowing PPy@NFC nanohybrid with improved electrical 

conductivity.  Dialysis is a time-consuming step during acid hydrolysis, and this study 

investigated the both the effect of products formed and their electrical properties with and 

without the dialysis step. It was found that the nanohybrid synthesized from bacterial 

nanocellulose in a dialysis-free step, showed a resistivity of 2.341 Ω/m that has an 

improved resistivity result compared to the nanohybrid prepared from bacterial cellulose 

that was dialysed which was 2.928 Ω/m; a lower resistance value allows for greater 

conductance.  The nanohybrid made from nanocellulose sourced from Whatman filter 

paper, that was not subjected to dialysis gave a better resistivity of 2.287 Ω/m as compared 

to the nanohybrid from the nanocellulose subjected to dialysis, which was 4.954 Ω/m.  The 

dialysis-free hardwood pulp nanohybrid produced a nanohybrid with a resistance of 6.515 

Ω/m and the dialysed gave a resistance of 8.402 Ω/m which had the greatest opposition of 

the flow of current through the material.  When the samples were viewed under a 

microscope before and after being subjected to an applied voltage, the samples retained 

their integrity and could be re-used several times. This work conclusively demonstrated 

that by capitalizing on the physiognomies of nanocellulose not subjected to dialysis, its 

unique traits can be further exploited for useful applications.  By avoiding the costly and 

laborious dialysis step, one could easily utilize the residual acid as a doping agent that 

contributed to the desired conductance required.  The straightforward and sustainability of 

this dialysis-free and in-situ doping synthesis of the PPy@NFC nanohybrid should 

facilitate in a significant way the scalable fabrication and application of nanocellulose 

based conductive nanocomposites with high performance. 

 

 



 

ABBREVIATIONS 
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AGU                 Anhydroglucopyranose units 

BC    Bacteria Cellulose 

BNCC    Bacterial Nanocrystalline Cellulose 

ddH2O    Double distilled water 

FT-IR     Fourier-transform infrared spectroscopy 

HS    Hestrin-Schramm 

NC    Nanocellulose 

NCC    Nano-Crystalline Cellulose 

NFC     Nano-Fibrous Cellulose 

PPy@NC   Polypyrrole-Nanocellulose 

PPy@NCC   Polypyrrole- Nanocrystalline Cellulose 

PPy@NFC   Polypyrrole- Nano-Fibrous Cellulose 

PVA    Polyvinyl alcohol 

SCOBY    Symbiotic Culture of Bacteria and Yeast 

SEM-EDS  Scanning Electron Microscopy coupled with Energy 

     Dispersive X-ray Spectroscopy  

TEM    Transmission Electron Microscopy 

UV-Vis   Ultraviolet- Visible Spectroscopy  
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CHAPTER 1 
 

1. INTRODUCTION  

The cellulose (Latin: rich in small cells) polymer is a linear homo-polysaccharide consisting of 

D-anhydroglucopyranose units (AGU) linked together by β-1,4-glycosidic bonds.[1]  Every other 

AGU is rotated by 180° with respect to its neighbour and the two AGUs next to each other form 

a cellobios unit. The smallest repeating unit in the polymer is shown in Figure 1.1 where the 

reducing end group can be either a free hemiacetal or an aldehyde.  

 

 

Figure 1.1. The molecular structure of a cellulose polymer where the cellobios is the 

smallest repeating unit in the polymer.[1]  

 

Cellulose is readily available, renewable, and does not compete with the food supply.  Cellulose 

is not soluble in most solvents and is very resistant to chemical and biological transformations.[2]  

Due to the hierarchical structure of cellulose, nanoparticles can be extracted from this naturally 

occurring polymer.[3]
  When hydrolysed, cellulose yields a nano-structured cellulose, or so-

called nanocellulose (NC), also variously termed nanocrystals, -whiskers, -rods, -fibrils, or 

nanofibers,  loosely defined as when the cellulose fibre or crystal that has at least one dimension 

under 100 nanometres (nm).[4, 5]   Scheme 1.1 is a representation of part of a cellulose fibre where 

the crystalline and non-crystalline regions are shown.  
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Due to the high natural abundance, high strength and stiffness, low weight and biodegradability, 

nano-scale cellulose fibre materials; micro-fibrillated cellulose, and bacterial cellulose serve as 

promising candidates for producing bio-nanocomposites.[8]  When subjected to acid hydrolysis, 

cellulose microfibrils undergo transverse cleavage along the amorphous regions and upon 

sonication a rod-like material, referred to as cellulose whiskers form.[9] The almost perfect 

crystalline arrangement of cellulose whiskers, the nanocellulose has a high modulus and 

therefore significant potential as a reinforcing material.[8]   

 

Today, various renewable biomass resources are no longer waste material but have 

commercial value when used as nanomaterial. Work conducted on fruit shells were found to have 

nanocellulose content that could be used as nanomaterials.[10]  Bamboo cellulose was also 

previously used as a source of nanocellulose with individual bamboo nanorods having a 30% 

yield.[11]  The preparation of cellulose nanocrystals from wastepaper was also reported as an 

environmental friendly approach of source material, which can be a high availability and low-

cost precursor for cellulose nanomaterial processing.  Alkali and bleaching treatments were used 

for the extraction of cellulose particles followed by controlled-conditions of acid hydrolysis for 

the isolation of NC.[12] 
 Discarded cigarette filter shows great cellulose content where the main 

chemical constituent in the cigarette filter is plasticized cellulose acetate from which 

nanocellulose  can be isolated.[13] NC is currently a highly sought after biopolymeric 

nanomaterial which can be isolated from plant, animal and bacterial sources.[14]
 There is great 

economic benefits in using nanocellulose for various applications due to the distinctive 

properties it possess such as biocompatibility, biodegradation, high strength, specific surface 

area, high crystallinity index, low toxicity and density.[15-19]
 

 

Wood is one of the most commonly used sources of nanocellulose.  The crystalline 

section of the semi-crystalline cellulose chains found in the plant cell walls have high potential 

as reinforcing agents for polymers.[20]
  The mechanical extraction of nanofibers from wood dates 

back to the 1980s when micro-fibrillated cellulose from wood pulp was produced using cyclic 

mechanical treatment in a high-pressure homogenizer.[21-23]  The homogenization process 

resulted in fragmentation of the wood pulp and a material in which the fibres were opened into 

their sub-structural microfibrils.[24]  The resulting gels consisted of strongly entangled and 

disordered networks of cellulose nanofiber.[25]  A potential source of cellulose is hardwood pulp 

due to its high cellulose content.[26]  Cellulose fibres are present in all plant cell walls as 
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hemicelluloses, lignin, and extractives.[27]  There are two types of wood species viz. hard- and 

softwoods, with difference in their anatomical features.[28]  The main difference being that the 

failure strain for cellulose films made from soft woods increase during the processing whilst 

remaining constantly low for hardwood cellulose films,  making hardwood pulp more 

desirable.[29]  The use of hardwood as a source for nanocellulose shows positive benefits to the 

economy and to the environment since the reusing and recycling of material conserves the 

available natural resources, saves energy, reduces greenhouse gas emissions, and free up landfill 

space.  One other commonly known use of such networks is laboratory Whatman filter paper 

which is easily available.  Filter paper shows richness in cellulose content that is easily extracted.  

It has been previously proven that cellulose nanoparticles from filter paper could be used as 

fillers to improve mechanical and barrier properties of biocomposites.[30] Paper based 

nanocellulose was strategically re-engineered for its cellulose fibres to be applied as advanced 

energy storage systems and electronic devices.[31] This research describes the extraction of NC 

from both filter paper and hardwood pulp due to the high yielding cellulosic source.  

 

In addition to plant sources, cellulose fibers are secreted extracellularly by certain 

bacteria belonging to the genera Acetobacter, Agrobacterium, Alcaligenes, Pseudomonas, 

Rhizobium, or Sarcina.[32,33] The most efficient producer of bacterial cellulose (BC) is 

Acetobacter xylinum (Gluconacetobacter xylinus), a gram-negative strain of acetic-acid-

producing bacteria.[34]   BC is secreted as a ribbon-shaped fibril, less than 100 nm wide, which is 

composed of much finer 2–4 nm nanofibrils.[34,35] In contrast to the existing methods for 

obtaining nanocellulose through mechanical or chemo-mechanical processes, BC is produced by 

bacteria through cellulose biosynthesis and the building up of bundles of microfibrils.[36] These 

microfibril bundles have excellent intrinsic properties due to its high crystallinity which can 

reach up to 84–89%,[37] with a reported elastic modulus of 78 GPa.[38]  Compared to plant based 

cellulose, BC also possesses higher water holding capacity, higher degree of polymerization (up 

to 8,000), and a finer web-like network.[39-41]  In addition, BC is produced as a highly hydrated 

and relatively pure cellulose membrane and therefore no chemical treatments are needed to 

remove lignin and hemicelluloses, as is the case for plant cellulose.[42]  This is a more 

environmentally friendly process as well as being more cost effective.  Bacterial cellulose has 

various benefits due to the highly pure nanoparticle material.  Bacterial cellulose has shown great 

benefits in drug delivery and wound dressing in the healthcare sector where the cellulose is used 

as a membrane system to administer antibiotics and antiseptic drugs.[43-45] Also, bacterial 

nanocellulose paper was  used as a supercapacitor which demonstrated high flexibility, desirable 
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electrochemical properties, as well as improved mechanical integrity by exploitation of bacterial 

cellulose unique properties.[46]  For this study, the use of Kombucha tea and its culture to produce 

natural pure cellulose has been utilized.[47] Kombucha is a fermented 

lightly  effervescent sweetened black or green tea  drink.  It is commonly intended as functional 

beverages for its proposed health benefits.  Kombucha is produced by fermenting tea using a 

"symbiotic 'colony' of bacteria and yeast" (SCOBY).[48]  Contributing microbial populations in 

SCOBY cultures may vary, but the yeast component generally includes Saccharomyces and 

other species, and the bacterial component Gluconacetobacter xylinus to oxidize yeast-produced 

alcohols to acetic and other acids.[49]   Using the SCOBY produced from kombucha tea one may 

simply convert a simple sugar solution to pure cellulose whereby, when dried possessing a 

‘leather-like’ textile known as a microbial cellulose leather.  

Nanocellulose is an interesting building block for functional materials with mechanical 

robustness, large surface area and biodegradability.[50] NC is a valuable renewable nanomaterial 

and offers great promise in varying applications, including valuable chemicals, as polymer 

reinforcement, as enzyme immobilization, catalyst support, and  more.[51-54]  Through the 

modification of NC, a wide range of differing functionalities with outstanding properties, and 

improved properties can exist.  This makes NC a versatile and exciting material to work with.   

Due to its  nanoscale dimensions and fundamental physicochemical properties, NC is a 

renewable biomaterial that can be used as a supporting component in various high-performance 

nanocomposites.[55]   New nanocomposite materials with desirable properties can be obtained by 

incorporating NC into natural and even synthetic polymeric matrices.   Simple chemical 

modification on NC surface improves its ability to disperse in different solvents and expand the 

utilisation in nano-applications, such as drug delivery, protein immobilisation, and as an 

inorganic reaction template.[56]  

The enriched surface active groups, aspect ratio and specific surface area, water 

dispersibility, strong, lightweight, and most importantly the environmental sustainability are the 

most desirable properties of NC.[57]  Acid hydrolysis for bulk production of cellulose to NC was 

developed in the 1950s, and this method was the most viable process for producing NC due to 

the convenience and controlled  treatment.[58]  The nanoparticles are stabilised in aqueous 

suspension by negative charges on the surface produced from the acid hydrolysis process.[9]  

During the controlled acid hydrolysis process, the amorphous region of cellulose is susceptible 

to hydrolysis.[59]  It is hydrolysed into soluble sugars with small molecular weight, leaving the 

crystalline regions intact, which is the NCC.  The nanomaterials are isolated from the waste 
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hydrolysate via centrifugation and dialysis to remove the soluble sugars and residual acids. 

However, one drawback of this method is that the dialysis process is both time and water 

consuming, making this process less environmentally friendly, and raising production costs.[60]  

Furthermore, a safe procedure for the disposal of the residual hydrolysis acid is yet to be found 

making large scale production of NCC and its nanocomposites derivatives restricted.  Therefore, 

the need for a dialysis-free method of producing NCC should be investigated as an alternative 

production method.   Hence the development for an economic and ecological friendly attempt to 

synthesise NC via a dialysis-free method is sought. A sustainable and eco-friendly source for 

obtaining cellulose has always been a challenge.  In this research a new method of producing the 

nano-scaled fibres from cellulose without the dialysis step was achieved and a comparison to the 

conventional nanocellulose synthesis was performed.   An application was needed whereby the 

excess sulphuric acid moieties on the surface of the cellulose do not negatively affect the 

characteristics of the material, but rather enhances its properties.   

The nanocellulose samples were characterized mainly by FT-IR analysis, SEM-EDS and 

TEM. The negatively charged nanocellulose rods present challenges for characterisation of 

particle size distribution and surface area.[61]  TEM imaging was used in conjunction with ImageJ 

software where the average length and width distribution was measured from 250 random 

nanoparticles images taken. The average dimensions, and aspect ratio can thus be calculated as 

shown in Equation (1).  

 

Aspect ratio = 
L

    (1) 

 

An area of interest for nanocellulose is in composite materials applications where the 

high aspect ratio and flexible fibrils are suitable for use as reinforcement in a polymer matrix. 

For example, in the production of Polypyrrole-Nanocellulose (PPy@NC) composite synthesized 

from NCC and NFC was prepared for electrical conductivity and was compared.  This involves 

pyrrole as a monomer which allows for electrical conductance upon polymerization. Pyrrole is 

five-membered heterocyclic aromatic organic compound with the formula C4H4NH as seen in 

Figure 1.3. It is a colourless, volatile liquid that darkens readily upon exposure to air. 
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1.1. Problem identification 

The problem identified in this nanocellulose study was i) finding a source of cellulose 

that is fully renewable and eco-friendly, ii) removing the time- and water consuming dialysis 

step; dialysis made the process less environmentally friendly and raised costs.  The need for 

research in exploiting the characteristics of dialysis-free NC is highlighted.   Furthermore, a safe 

procedure for the disposal of the residual hydrolysis acid is yet to be found making large scale 

production of NCC and its nanocomposites derivatives restricted.  Therefore, the need for a 

dialysis-free method of producing NC becomes necessary. 

 

1.2. Purpose of the study 

 

Cellulose is an inexhaustible raw material derived from nature with a biomass of 1.5 tera 

tons per year.[57]  NC comes from natural cellulose fibers by controlled acid hydrolysis.  This 

has attracted much attention due to its versatile and unique properties such as enriched active 

groups, high aspect ratios and specific surface area, good water dispersibility, outstanding 

mechanical properties such as strength whilst being light weight.  For these reasons one of 

the main attractions in this study is its sustainable and environmentally friendly protocols.  

This makes NC widely used in numerous applications such as polymer reinforcement, 

enzyme immobilization, catalytic support, drug delivery and much more.[57]  Therefore, the 

need for such novel design is in demand, and this project will utilize nanocellulose in 

combination with polymers to obtain novel composites with unique electrical properties. 

 

1.3. Aims of the study 

 

1. The aims of this study are to: Investigate the possibilities of an environmentally 

sustainable, low-cost and scalable approach to synthesize nanocellulose from a variety of 

sources. 

2. To form polymer@nanocellulose nanohybrids from renewable resources. 

3.  To compare a dialysis method to a dialysis-free method in the production of       

nanocellulose composites. 

4. To use the composite for application in in situ doping and measure conductive properties.  
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1.4. The objectives of this project are as follows:  

 

1. The main objective of this project was to form nanocellulose from two methods 

described in literature, i.e. dialysis method and a dialysis free method.   

2. Nanocellulose was isolated from renewable resources such as bacterial cellulose, filter 

paper and hardwood pulp making this design sustainable and eco-friendly.   

3.  Avoided the time-consuming dialysis step (4-6 days) formed an important part of the 

study. The comparative alternate route taken for this formation avoids the dialysis step, 

whereby the nanocrystalline cellulose was obtained via a dialysis-free method.   

4. Further reactions was performed for surface modification whereby an in situ doping 

of polypyrrole using nanocellulose as a stabilizer was synthesized for a more 

connective network with improved dispersal of the polymer which thus enhances the 

electrical conductivity outcome. 

 5. Also, for the investigation of electrical properties of the composite using PVA as a 

medium to form a constructive, rigid network.   

 

 

1.5.  Important research questions to be addressed include: 

 

• What are the various renewable resources and methods that can be employed to obtain 

cellulose that meets required standards? 

• Can a dialysis-free synthesis method be successfully developed for NC? 

• Can the NC be modified to give measurable and improved electrical properties? 

 

1.6. Overview 

 

This dissertation has been separated into separate chapters 2-5 each containing an 

Introduction, Experimental procedure, Results and discussion and References with regards 

to the appropriate topics covered.  

 

Chapter 2 describes the three sources of cellulose studied: Bacterial grown cellulose, 

Whatman filter paper and hardwood pulp. These three sources are then sub divided into two 
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methods used in literature, dialysis and a dialysis-free method. All characterizations and 

comparisons are described for each source of cellulose. 

 

Chapter 3 describes the production of the polypyrrole and nanocellulose hybrid with all 

characterizations. 

 

And Chapter 4 describes the distribution of the nanohybrid in PVA as a continuous network 

with all electrical testing.  

 

With Chapter 5 as an overall conclusion and summation. 
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CHAPTER 2 
 

2.1. Background  

  

2.1.2. Bacterial grown cellulose  

 

Present day research endeavours aim to utilize processes that reduce both environmental impact 

and production cost.  Bacterial cellulose (BC), also called microbial cellulose, or biocellulose,[1] 

show positive outcomes in these areas.  BC has remarkable mechanical properties even though 

it contains up 99% water.[2]   Kombucha tea is used for the growth of the "symbiotic 'colony' of 

bacteria and yeast" (SCOBY)[3] which produces pure cellulose in a Hestrin- Schramm (HS) 

medium.[4]  In SCOBY, the yeast component generally includes Saccharomyces, and the 

bacterial component consists of Gluconacetobacter xylinus, which is used to oxidize yeast-

produced alcohols to acetic and other acids.[5]   Acetic acid bacterium such as G. xylinum can 

assimilate several sugars.  BC is an extracellular polysaccharide secreted by  the rod-shaped, 

aerobic gram-negative bacterium Gluconacetobacter xylinus.[6]  Figure 2.1 is a TEM image 

captured of the bacteria microorganism colony that facilitates the growth of the cellulose used in 

this study, which has a distinct nanofibrillar structure.   

 

  

Figure 2.1. TEM image of the bacteria cells, Gluconacetobacter xylinus, from SCOBY 

responsible for the growth of cellulose.    
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The growth of NC from BC is a ‘bottom-up’ approach whereby the BC is being built up from 

the molecular level, rather than ‘top-down’ approach, i.e. broken down from another material.   

The BC has a dense surface on the air-exposed side, and a gelatinous layer on the aqueous-

interaction side.[7]  Isolated BC is pure and does not contain lignin and hemicellulose like 

cellulose derived from plant matter.[8]   This is a positive characteristic since it makes BC a highly 

pure source of cellulose and reduces cost and time for purification yielding higher concentrations 

of nanocellulose compared to plant base cellulose.  BC is also different from the plant equivalent 

due to a higher crystallinity index (above 60 %) and a different degree of polymerization (DP), 

usually between 2000 and 6000.[6]   Due to its unique properties, BC is being employed as 

biological material in many applications, such as the food industry,[9] as wound-dressing 

materials,[10] artificial skin,[11] vascular grafts,[12] scaffolds for tissue engineering,[13] artificial 

blood vessels,[14] and dental implants and is ever-growing in application.[6]   In BC the cellulase 

is a multicomponent enzyme which hydrolyze cellulose into smaller fragments, 

oligosaccharides, cellobiose or glucose, depending on a variety of parameters.[15]  This process 

starts with a random cleavage of the amorphous regions of the long cellulose microfibrils and 

give rise to several fractions of hydrolysis products.[16]  The crystalline regions of cellulose are 

more resistant to hydrolysis due to the presence of strong hydrogen bonding when compared to 

the less compacted amorphous regions.[17]  Bacterial cellulose and nanocellulose derivatives 

show remarkable mechanical properties, purity and straightforwardness in production, which 

has gained much interest over the years. 

 

2.1.3. Whatman filter paper  

 

Highly crystalline cellulose are  found in renewable resources which are easily available, such 

as laboratory Whatman filter paper.[18]  Studies have shown that cellulose nanoparticles from 

Whatman filter paper could be used as fillers to improve mechanical and barrier properties of 

biocomposites.[19]  In previous studies, paper based nanocellulose was strategically re-engineered 

for its cellulose fibers to be applied to advanced energy storage systems and optoelectronic 

devices.[20] Nanocellulose is emerging as a sustainable biomaterial with exceptional 

physicochemical properties[21]
 by overcoming many obstacles that are commonly faced, such as 

time-consuming preparation procedures with very low yield, a highly hydrophilic surface, 

unavailability, poor dispersion due to the tendency to agglomerate, low thermal stability and 

most importantly higher cost through expensive sources.[22]  The use of Whatman filter paper as 
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a primary source of NC helps develop strategies that support the mechanical properties at the 

cost of eco-compatibility.[22] 

 

2.1.4. Hardwood pulp 

 

The major component of wood from a deciduous (hardwood) tree consists of libriform fibers[23] 

which  can achieve good stiffness and bulking ability.   Cellulose fibers are present in all plant 

cell walls as hemicelluloses, lignin, and extractives.[24]  Cellulose nanofibers can be isolated from 

wood pulps.  Previously, nanocellulose was produced from hardwood pulp by combining 

refining and high-pressure homogenization techniques.[25]  There are two types of wood species 

viz. hard- and softwoods, with differences in their anatomical features.[26]  This difference is that 

the failure strain for cellulose films made from soft woods increased during the processing whilst 

it  remained constantly low for hardwood cellulose films,  making hardwood pulp more 

desirable.[27]  Hardwood fibers have a more rigid structure as compared to softwoods because of 

their higher Runkel ratios.[27, 28]  In this study, hardwood pulp was  used as a  source of 

nanocellulose. Hardwoods are more complex and heterogeneous in structure compared to 

softwoods and have specialized vessel elements.[27]  The present study utilizes this hardwood 

pulp as a primary source of cellulose and study the impact of mechanical fibrillation on the 

morphology the cellulose fibers to produce nanocellulose. 
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2.2. Experimental Procedure for Preparation of Nanocellulose 

 

2.2.1. PREPARATION OF NANOCELLULOSE FROM BACTERIAL CELLULOSE 

 

2.2.1.1. PREPARATION OF SCOBY  

 

In a 600 mL sterilised beaker, 400 mL of Kombucha tea (bought from a health shop) was added 

(manufactured date: 14/03/2017).  The beaker was covered with an air/water permeable cloth 

and left to develop for 10 days, Figure 2.2. 

 

Figure 2.2. Image of the growth of SCOBY in a sample of Kombucha tea. 

 

2.2.1.2. PREPARATION OF BACTERIAL CELLULOSE (BC) USING SCOBY  

 

To a sterilised dish, 1 L of boiling H2O was added followed by two Five Roses Green tea teabags.  

The solution was left to brew for 15 minutes and the teabags were then removed.  White sugar 

(200 g) was added and stirred until dissolved.  The temperature was monitored within the range 

20-30° C.  Apple cider vinegar (200 mL) was added followed by the SCOBY culture.  The tray 

was covered with an air/water permeable cloth and left to develop for 14 days, see Figure 2.3, 

until most water content evaporated.  The cellulose layer formed uniformly over the surface.  The 

cellulose was washed with deionised water and bleach. 
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Figure 2.3. SCOBY in the required medium for BC growth.  

 

2.2.1.3. PREPARATION OF BACTERIAL NANOCELLULOSE  

 

The bacterial cellulose was easier to be broken down through hydrolysis when wet rather than 

when dry.  Therefore, the wet sample’s water mass was needed to give approximately 10 g of 

dry sample. 

 

A mass of 1.013 g of wet bacterial cellulose was placed in a petri dish to dry overnight.  Upon 

re-weighing, the mass of dry sample was 0.512 g indicating approximately 49.46% water in a 

gram of wet sample according to Equation (3): 

 

Percentage of water content  = 
𝑎   𝑤  𝑎 − 𝑎   𝑦 𝑎𝑎   𝑤  𝑎  x 100% (3) 

 

A sample with wet mass of 20.01 g was cut into the size of approximately 10 mm ×10 mm ×10 

mm, (9.90 g dry bacterial cellulose) and was washed under running water to remove any acetic 

acid that was previously added for preservation.  To remove the bacterial cell debris, the BC was 

boiled in a 1 wt. % NaOH (1 g NaOH in 100 mL water) aqueous solution for 2 h and then washed 

with water, this procedure was repeated twice.  BC was then neutralized with 0.2% acetic acid.  

Purified BC was homogenized using a pestle and mortar and then mixed with sulfuric acid to a 
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final sulfuric acid concentration of 60 wt. % (89.82 mL sulfuric acid in 110.18 mL water) using 

an acid-to-cellulose ratio of 20 mL/g; it was then stirred at 40 °C for 1 h and left to sit overnight.  

Thereafter the hydrolysis was stopped using 400 mL ddH2O, two layers formed where the 

cellulose layer separated into the upper portion whilst an acidic yellow discoloured layer settled 

to the bottom.  The upper layer was decanted and centrifuged at 4000 rpm for 5 mins and washed 

3 times.  The sample was sonicated for 30 min at room temperature and the suspension was then 

dialyzed to remove residual acid and hydrolysate of cellulose in the suspension whereby a 

dialysis sock was cut to size and the sample was filled in the tube.  The result was monitored by 

checking the neutrality of the dialysate.  After a five-day pH testing and water changing period, 

the water was measured to have a pH 6.38 and the dialysis was stopped.  The average 

concentration of the NCC was measured where 2 mL of each sample was syringed onto a petri 

dishes and left to dry overnight. 

 

2.2.1.4. PREPARATION OF NANOCELLULOSE FROM BACTERIAL CELLULOSE: 

DIALYSIS- FREE METHOD 

 

Following the same procedure, a wet mass of 20.12 g (9.95% dry bacterial cellulose) was 

similarly subjected to hydrolyzation but instead of dialysing the sample. The hydrolysis product 

was centrifuged five times at 4000 rpm for 5 min.  The average mass of the NFC was measured 

where 2 mL of each sample was syringed onto a petri dishes and left to dry overnight. 

 

2.2.2. PREPARATION OF NANOCELLULOSE FROM WHATMAN FILTER PAPER 

 

2.2.2.1. PREPARATION OF NANOCELLULOSE FROM WHATMAN FILTER 

PAPER- DIALYSIS METHOD 

 

NCC were prepared by controlled acid hydrolysis of Whatman filter paper. A mass of 10.29 g 

Whatman filter paper (Qualitative circles 150 mm Cat No. 1001-150, Capital Lab Supplies cc) 

was shredded in a blender until it had the consistency of wool. The filter paper was mixed with 

sulfuric acid solution 64 wt.% (2 x 49 mL of H2SO4 was made to mark of 200 mL double distilled 

water). The mixture was stirred vigorously with a stirring bar on a magnetic heating mantle over 

an oil bath and heated to 45˚C for 45 min.  The suspension was diluted in 800 mL ddH2O in a 1 

L flask to stop the hydrolysis.  The sample was centrifuged and washed with ddH2O followed by 



23 

 

sonication for 30 min at room temperature.  The suspension was then dialyzed to remove residual 

acid and hydrolysate of the cellulose in the suspension whereby a dialysis sock was cut to size 

and filled with the sample.   The system was monitored by checking the neutrality of the 

dialysate.  After a five-day period of pH testing and water changing, the water was measured to 

have a pH 6.45 and the dialysis was stopped.  The average mass of the NCC was measured where 

2 mL of each sample was syringed onto petri dishes and left to dry overnight.  

 

2.2.2.2. PREPARATION OF NANOCELLULOSE FROM WHATMAN FILTER PAPER- 

DIALYSIS-FREE METHOD 

 

For the dialysis-free method, the exact procedure was followed, a mass of 10.37 g was similarly 

subjected to hydrolyzation, but instead of dialyzing the sample, the hydrolysis product was 

centrifuged five times at 4000 rpm for 5 min.   The average mass of the NFC was measured 

where 2 mL of each sample was syringed onto a petri dishes and left to dry overnight. 

 

 

2.2.3. PREPARATION OF NANOCELLULOSE FROM HARDWOOD PULP 

 

2.2.3.1. PREPARATION OF NANOCELLULOSE FROM HARDWOOD PULP- 

DIALYSIS METHOD 

 

NCC were prepared by controlled acid hydrolysis of hardwood pulp. A mass of 10.11 g was 

shredded in a blender until it formed a consistency of wool.  The filter paper was mixed with 

sulfuric acid solution 64 wt.% where 2 x 49 mL of H2SO4 was made to mark of 200 mL double 

distilled water.  The mixture was stirred vigorously with a stirring bar on a magnetic heating 

mantle over an oil bath and heated to 45 ˚C for 45 min.  The suspension was diluted in 800 mL 

ddH2O in a 1 L flask to stop the hydrolysis immediately after hydrolysis.  The sample was then 

centrifuged and washed four times with ddH2O.  The sample was then sonicated for 30 min. The 

suspension was then dialyzed to remove residual acid and hydrolysate of cellulose in the 

suspension whereby a dialysis sock was cut to size and the sample was filled in the tube.  The 

result was monitored by checking the neutrality of the dialysate.  After a five-day pH testing and 

water changing period, the water was measured to have a pH 4.60 and the dialysis was stopped.  
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The average mass of the NCC was measured where 2 mL of each sample was syringed onto two 

petri dishes and left to dry overnight.  

 

 

2.2.3.2. PREPARATION OF NANOCELLULOSE FROM WHATMAN FILTER PAPER- 

DIALYSIS- FREE METHOD 

 

For the dialysis-free method, following the exact procedure, a wet mass of 10.178 g was similarly 

subjected to hydrolyzation but instead of dialysing the sample, the hydrolysis product was 

centrifuged at 4000 rpm for 5 min, five times over.  The average mass of the NFC was measured 

where 2 mL of each sample was syringed onto a petri dishes and left to dry overnight. 

 

2.2.4. CHARACTERISATION  

Fourier transform infrared spectroscopy (FT-IR)  

Analyses were carried out at room temperature using a Perkin Elmer Spectrum 100 FTIR 

spectrometer and was recorded in the range 380-4000 cm-1 at a resolution of 4 cm−1 fitted with a 

Universal Attenuated Total Reflectance (ATR) sampling accessory (Perkin Elmer, USA).  The 

data was processed using Spectrum® software.  A small amount of the sample was placed onto 

the ATR crystal and a pressure of 120 psi was applied to ensure contact between the crystal and 

the catalyst material.   

 

Morphological structure analysis    

The morphology of all nanocellulose and bacterial cellulose as well as the bacteria of SCOBY 

was established with the aid of electron microscopic studies.  For the TEM study, a JEOL-JEM 

1010 (Japan) operating at 100 kV was used.  TEM images of the sample were acquired using 5 

µL of a 0.01 w/w% suspension of the sample deposited on a copper (Cu) TEM-grid.  The 

deposited crystals on the TEM-grid were negatively stained after drying with 5 µL of 2 wt. % 

uranyl acetate for 5 minutes in the dark.  The excess uranyl acetate solution was wicked off with 

the tip of filter paper and the stained crystals on the TEM-grid were dried.  The dimensions of 

250 randomly selected samples representing NC from the TEM micrographs were measured 

using ImageJ 1.42 software and the obtained data were processed on Origin® 9 software where 

the particle length, width and aspect ratio with respective standard deviation where generated.  
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2.3.1. Average concentration of dialyzed and dialysis-free nanocellulose from bacterial 

grown cellulose, Whatman filter paper and hardwood pulp.  

 

Upon drying a sample of 2 mL (x 2) NCC and 2 mL (x 2) NFC for each source, an average 

concentration was calculated as follows.  

 

Average concentration of NCC from bacterial cellulose that was subjected to dialysis: 

Mass of petri dish + NCC (1) /g :  47.6014 

Mass of petri dish (1) /g:         47.5510 

Mass of NCC (1) /g :            0.0504 

 

Mass of petri dish + NCC (2) /g :  48.3840 

Mass of petri dish (2) /g:         48.3195 

Mass of NCC (2) /g :            0.0645 

 

Average mass of NCC:  
0.0 0 +0.02  = 0.0575 g in 2 mL 

= 0.0288 g. mL-1 

= 28.80 mg. mL-1 

 

In the same way, the average concentration was calculated for the remaining samples 

summarized in Table 2.1.  

 

Table 2.1. The average concentration for all nanocellulose samples.  

Sample Concentration mg.mL-1 

Bacterial NCC 28.80 

Bacterial NFC 29.30 

Whatman paper NCC 28.50  

Whatman paper NFC 28.60 

Hardwood pulp NCC 24.50 

Hardwood pulp NFC 26.30 
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It was evident that the concentration of NFC for bacterial nanocellulose, 29.30 mg. mL-1 was 

higher than that of the concentration of NCC at 28.80 mg. mL-1.  The concentration of NFC for 

Whatman filter paper was calculated to be 28.60 mg.mL-1, and was higher than that of the 

concentration of NCC at 28.50 mg.mL-1.  For hardwood pulp, the concentration of NFC, 26.30 

mg. mL-1, was higher than that of the concentration of NCC which 24.50 mg.mL-1. These results 

are within similar ranges for the same standard of nanocellulose. It was noted that upon drying, 

the NFC (dialysis-free) did not form a crystalline film-like NCC (which was dialyzed).  For all 

three sources, the NFC was a sticky substance that required to be scraped off the petri dish to be 

retrieved.  The NCC, however, formed a transparent, flexible uniform layer that lifted off the 

petri dish easily.  This is consistent with the characteristics of NC that is subjected to dialysis as 

compared to dialysis-free NC which still contains significant amount of sulfuric acid.   

 

2.3.2. SEM-EDS imaging of dialyzed and dialysis-free nanocellulose from bacterial grown 

cellulose, Whatman filter paper and hardwood pulp.  

 

A neat film of nanocrystalline cellulose from dialyzed bacterial cellulose, Whatman filter paper 

and hardwood pulp was observed where a well distributed layer was found, Figures 2.7. The film 

was readily removed from the petri dish, was strong enough to be analysed, but also flexible, and 

could bend.   This was a positive characteristic for the sample since good mechanical strength 

was desired for polymer amalgamation.  Under SEM imaging of the films, Figure 2.8., individual 

nano-whiskers were not well distinguished since the nanocellulose was tightly packed in a 

uniform crystalline layer.  According to the SEM-EDS analysis, there was only carbon and 

oxygen present. The nanofibrous cellulose grown from bacterial cellulose, Whatman filter paper 

and hardwood pulp, not subjected to dialysis, dried as a mucilage with no crystalline structure 

and demonstrated the lack of uniformity. The nano-fibres were visible in the structure and 

according to the SEM-EDS, there was trace amounts of sulfur present due to sulfonate groups 

present on the surface of the nanocellulose.  
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All peaks for nanocellulose were consistent with reported values in the region assigned (ν/cm-1) 

as: 3320 (O-H), 2900 (C-H asym), 1646 (H-O-H bend), 1437 CH2 symm), 1371 (C-H asym 

bend), 1018 (C-O-C) and 898 (C-H deform) modes of the β-glycosidic linkage (4C1) between 

the anhydroglucose rings.[29]  These results were  consistent with the cellulose structure which 

suggests that the method of growing pure cellulose as well as the production and isolation of 

nanocellulose from bacterial cellulose and extraction of nanocellulose from Whatman filter 

paper and hardwood pulp, was successful. 

 

2.3.4. Raman spectra for dialyzed and dialysis-free nanocellulose from bacterial grown 

cellulose, Whatman filter paper and hardwood pulp. 

 

Raman spectroscopy was performed for both nanocrystalline cellulose and nanofibrous cellulose 

to determine if there were any differences in Raman shift, but it turned out there was no 

significant difference.   In Figures 2.11. (a) to (f) a sharp 2D band was found around 1100 cm-1 

and 2900 cm-1 which is characteristic for cellulose.[30]  
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2.3.5. TEM imaging with calculated aspect ratio for dialyzed and dialysis-free 

nanocellulose from bacterial grown cellulose, Whatman filter paper, and hardwood pulp 

TEM imaging was used to investigate the microstructures of the produced nanocellulose.  In 

Figures 2.12; 2.15; and 2.18 all nanocellulose samples showed distinct needle-like nanowhiskers, 

which were expected.  From 250 randomly selected nanocellulose structures from each sample 

source, the average length and width distribution, as well as aspect ratio was calculated as shown 

in Table 2.2. 

Table 2.2. Summary of average length, width and aspect ratio distribution with standard 

deviation for each sample. 

Source of nanocellulose Average length/nm Average width/nm Aspect ratio 

Bacterial NCC 109.79 ± 64.35 9.00 ± 3.47 8.96 ± 4.66 

Bacterial NFC 130.00 ± 30.99 15.00 ± 3.05 9.03 ± 3.38 

Whatman filter paper NCC 130.00 ± 33.54 15.00 ± 3.07 6.91 ± 4.15 

Whatman filter paper NFC 138.41 ± 45.06 15.83 ± 6.4 7.50 ± 0.34. 

Hardwood pulp NCC 70.00 ± 32.04 17.50 ± 4.37 5.85 ± 3.03 

Hardwood pulp NFC 81.65 ± 32.21 9.00 ± 3.13 6.50 ± 4.42 

 

The length and width distribution of nanocellulose from Whatman filter paper and bacterial 

cellulose proves to be larger than that of hardwood pulp. The high standard deviation of the 

dimensions showed that the nanoparticles were polydispersed, as shown by the distributions of 

the dimension.  The high standard deviation of the dimensions showed that the nanoparticles 

were polydispersed as revealed by the distributions of the dimensions. The minimum aspect ratio 

required for ideal stress transfer within the interaction between fibres and matrix is 10. The 

isolated NC from bacterial cellulose dialysis-free and dialysed have aspect ratio closest to 10. 

The NC from bacterial cellulose show greater potential to provide strong reinforcement and 

mechanical stability irrespective of the percentage added when included in polymer composites. 

Whatman filter paper aspect ratio for both NCC and NFC fall far below the minimum and 

hardwood pulp is almost half the requirement for ideal reinforcement.  
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Figure 2.12. TEM images of negatively stained (a) Bacterial nanocrystalline cellulose 

(dialyzed) and (b) Bacterial nano-fibrous cellulose via. dialysis-free. 

Figure 2.13. Histogram representing the distribution of average length (a), width (b), and 

aspect ratio (c) of NCC from bacterial cellulose (dialysed).  
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Figure 2.14. Histogram representing the distribution of length (a), width (b), and aspect 

ratio (c) of NFC from bacterial cellulose via. dialysis-free.  

  ’ 

   

Figure 2.15. TEM image of negatively stained Whatman filter paper via dialysis-free 

method. 
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Figure 2.16. Histogram representing the distribution of length (a), width (b), and aspect 

ratio (c) of NCC of dialyzed WFP. 

 

Figure 2.17. Histogram representing the distribution of length (a), width (b), and aspect 

ratio (c) of NFC of dialysis-free WFP.  

 



39 

 

    

   

Figure 2.18. HR-TEM image of negatively stained hardwood pulp nanocrystals produced 

via dialysis-free method. 

 

Figure 2.19. Histogram representing the distribution of length (a) width (b) and aspect 

ratio (c) of NCC of dialyzed hardwood pulp. 
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Figure 2.20. Histogram representing the distribution of length (a) width (b) and aspect 

ratio (c) of NFC of un-dialyzed hardwood pulp. 

From these results, it was evident that bacterial cellulose was successfully grown by SCOBY, 

and subsequently converted to nanocellulose by acid hydrolysis. By following the same 

hydrolysis synthetic methodology, Whatman filter paper and hardwood pulp was also converted 

into nanocellulose. The nanocrystalline cellulose was effectively converted into a 

nanocrystalline cellulose film through the dialysis method and nanofibrous cellulose via the 

dialysis-free method.  However, both these types of nanocellulose showed no difference in 

morphologic characteristics since both methods produced the nano-whisker type cellulose.  The 

only chemical difference was the presence of residual sulfur and soluble sugars on the surface of 

the nanofibrous cellulose which affected the physical characteristics upon drying. The 

nanocellulose from bacterial cellulose was like nanocellulose from Whatman filter paper and 

hardwood pulp with minor differences in concentration and length and width distribution. 
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CHAPTER 3 
 

3.1.  Background to Polypyrrole@Nanocellulose Polymer Samples 

Polypyrrole (PPy) has high conductivity, fast electrochemical switching, high specific 

capacitance values and is environmentally stable.[1, 2]  The complex nanostructures of PPy 

influence the properties and the overall functionality.[3]  The variety of preparation routes 

influences the change in electrical and optical properties with size and shape of nanostructures.[4] 

PPy is a  conjugated conducting polymer and easily polymerizes with ferric trichloride.[5]  PPy 

has a wide range of applications in sensors,[6] electrochromic devices,[7] and batteries.[8, 9]  The  

conducting property of PPy is due to the electrons moving along the polymer chains and across 

the interchain, owing to the conjugated backbones.[10, 11]   

Unfortunately, neat polypyrrole have poor mechanical strength, processability, 

dispersibility and low surface area.[12, 13]  Recently, extensive research has been devoted to 

studying the properties of PPy and several methods have been developed to improve the stability.  

For example, an enhancement in stability can be accomplished by forming a nanohybrid using 

nanocellulose.[14]  This enhances the stability of PPy in mechanical structure and conductivity. 

The incorporation of nanocellulose into polypyrrole allows for deposition on the surface of 

nanocellulose forming a continuous structure and overcoming the shortcomings of neat 

polypyrrole.[15]  Nanocellulose is a good template for the polymerization of pyrrole monomer 

forming a more connected network.[16]  Nanocellulose acts as a biotemplate and directs the 

growth of the nanohybrid with high aspect ratio and excellent dispersity.[17] 

The electrical resistance of the prepared hybrid was tested, where resistance is a measure 

of the resisting power to the flow of an electric current.  Ohm’s law states that current flowing 

through a resistor is directly proportional to the voltage across the resistor at a constant 

temperature.   Ohm’s law relates to current and voltage- (the potential difference of a cell, 

electrical supply or electric component measured in volts, V).  The current flowing through a 

conductor- (which allows an electrical current to pass through easily due to low resistance), is 

directly proportional to the voltage across the conductor, therefore the current increases as the 

voltage increases.  Since the electrical resistivity of the sample is the measure of how strongly a 

material opposes the flow of electric current, a low resistivity indicates how readily the sample 

allows the flow of electric current.  Some materials resist the flow of electrical current, while 
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others are better at conducting it.  The resistivity enables comparisons of the way in which 

different materials allow or resist the flow of current.  Specific units are used for resistivity to 

enable resistivity measurements to be meaningful, and there are formulas for calculating and 

relating it to the resistance (in Ohm) for a given size of material.  A material that readily conducts 

electrical current is a conductor and has a lower resistivity, and a material that does not conduct 

electricity easily is an insulator which has a higher resistivity.  

An ohmic conductor is a component that obeys Ohm's law.  A graph of voltage on the 

vertical axis against current on the horizontal axis (a voltage-current graph) gives a straight line 

with a positive gradient, the steeper the gradient, the higher the resistance will be.  In this study 

the voltage was independent, and the current was the effect of the voltage, using the established 

convention, a current vs voltage graph would have current on vertical axis and voltage on the 

horizontal axis.  In such a case the resistances would be the reciprocal of slope, where the 

relationship between the current and voltage is linear, and a steeper slope indicates a lower 

resistance. 

 Polypyrrole presents ohmic conductor-like properties,[18] where the electronic 

conductivity of PPy switches between the conducting and the insulating states through doping 

and undoping cycles.[19, 20]  The nature of this study demanded various ratios of polypyrrole to 

nanocellulose to be synthesized in order to determine the ideal ratio for optimal mechanical 

properties, being well dispersed and robust enough to hold its structural integrity after being 

tested for conductivity.  Due to the different kinds of nanocellulose studied, only one type of 

ratio was varied for determining the optimum ration to be used, namely bacterial nanofibrous 

cellulose (dialysis-free).  This optimum ratio was used to test the remaining samples.  The 

resistivity will be studied for the polypyrrole@nanocellulose nanohybrid to determine if the 

nanocellulose endows electrical conductivity or hinders the flow of charge.  Also, the 

nanocellulose in this study are made from various sources of cellulose i.e. bacterial grown 

cellulose, Whatman filter paper and hardwood pulp, therefore the quality of the nanocellulose 

was compared.  In parallel, a dialysis method and a dialysis-free method was carried out for the 

nanocellulose and therefore the two methods can be compared to determine a less time-

consuming and economical method that produces improved results.  The various ratios 

synthesized were tested for resistivity and the optimal ratio was used to prepare the variating 

samples.  
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3.2. Experimental Procedure for Varying Ratios of Polymer Samples 

3.2.1. Preparation of varying ratio of PPy@NC 

Materials: Pyrrole 97%, CAS-NO: 109-97-7, China, Merck KGaA. ferric chloride hexahydrate, 

FeCl3.6H2O 98%, batch no.: 350710, SMM Chemicals (PTY) LTD. Polyvinyl alcohol (PVA), 

VWR Chemicals Prolabo, CAS-NO: 9002-89-5.  All chemicals used as received. 

Various ratios of pyrrole to nanocellulose was synthesized using only bacterial grown 

nanofibrous cellulose, dialysis-free, to determine the optimum ratio that will be used for the 

remaining samples to give excellent dispersibility. The quantity ratio is as follows in Table 3.1. 

Table 3.1. Quantity of materials used for varying ratio of polypyrrole to nanocellulose. 

Ratio 

PPy:NC 

Volume of 

Pyrrole/ 

mL 

Mass of 

Pyrrole/ g 

Volume of 

Nanocellulose/ 

mL 

Mass of 

Nanocellulose/ 

g 

Mass of 

FeCl3.6H2O/ 

g 

0:1 0.00 0.00 34.13 1.00 0.00 

1:2 1.03 1.00 68.26 2.00 2.00 

1:1 1.03 1.00 34.13 1.00 2.00 

2:1 2.06 2.00 34.13 1.00 4.00 

1:0 1.03 1.00 0.00 0.00 2.00 

 

The volume of polypyrrole was stirred in ice-water for one hour with the respective volume of 

bacterial nanofibrous cellulose, 29.30 mg.mL,  according to the ratio required, Table 3.1. 

Thereafter, the respective amount of FeCl3·6H2O was added into the mixture to initiate the 

polymerization.  The polymerization proceeded in ice-water for 2 h.  The obtained product was 

filtered and washed several times with distilled water to remove the remaining reagents. 
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3.2.2. Incorporation of varying ratios of PPy:NC in PVA 

For the preparation of PPy@NC/PVA nanocomposites, 2 g for each varying ratio suspension 

(prepared in 3.2.1) was dispersed in 20 mL of ddH2O and sonicated for 10 mins to disperse the 

aggregation. Digital images were taken to show varying dispersions.  Simultaneously, 2.00 g of 

PVA was dissolved 20 mL of ddH2O and heated to 200° C and stirred until dissolved.  Thereafter, 

the 20 mL sonicated PPy@NC nanohybrid suspension and 20 mL of PVA solution were mixed 

together to form a homogeneous mixture and sonicated for one hour.  

 

3.3. Results and Discussion for Ratios of Polymer Samples 

 

To better understand the in situ doping of the PPy@NC nanohybrid, the experimental process is 

schematically illustrated in a flow diagram in Scheme 3.1.  

 

Scheme 3.1. Schematic illustration for the in situ doping synthesis of conductive PPy@NC 

nanohybrid  

 

Cellulose fibres were hydrolysed by H2SO4, yielding a hydrolysis product consisting of 

nanocellulose, soluble sugars, and residual acid, Scheme 3.1.  The hydrolysate was treated by 

dialysis to yield nanocrystalline cellulose and another portion was treated by the dialysis-free 

method to yield nanofibrous cellulose which still contained some soluble sugars and residual 

acids.  The hydrolysis product was used as the starting materials for the preparation of PPy@NC 
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nanohybrid.  The dialysis-free nanofibrous cellulose had no significant effect on polymerization 

of pyrrole.  The polymerization of pyrrole was initiated with ferric trichloride hexahydrate added 

into the hydrolysis product, and the generated PPy was deposited on the nanocellulose, yielding 

a soft, black precipitate of PPy@NC hybrid.  Meanwhile, the dialysis-free nanofibrous cellulose 

for the synthesized PPy@NFC nanohybrid was in situ doped by the residual hydrolysis acid.  

The PPy@NC nanohybrid was easily separated from the polymerization product by filtration and 

washing.  The separated PPy@NC nanohybrid was dried overnight, obtaining a PPy@NC 

powder which possessed low electrical resistance due to its precipitate form.  For the dialysis-

free process of producing nanofibrous cellulose, the process presented to be facile, inexpensive, 

and eco-friendly to synthesize PPy@NC hybrid compared to the dialysed PPy@NCC.  By 

avoiding the time-consuming and water-consuming dialysis process of nanocellulose and 

utilizing the residual hydrolysis acid as doping agent, it dramatically reduced the production cost 

of PPy@NC and widely extend its applications producing equivalent results. 

The mass obtained for polypyrrole@nanocellulose hybrid for the various ratios are recorded in 

Table 3.2.  

Table 3.2. Mass of sample obtained for various ratios of PPy:NC 

Sample PPy:NC Mass obtained/ g 

0:1 - 

1:2 0.754 

1:1 0.812 

2:1 0.898 

1:0 0.664 

 

 The ratios of polypyrrole to nanocellulose had to be varied to find the optimum ratio 

being well dispersed. When the optimum ratio of PPy:NC are mixed in PVA and dried, the 

mechanical properties was ideal, being strong enough to retain its integrity and flexible when 

bent without shattering.  The amount of polypyrrole should be minimal in the nanohybrid. Due 

to the various types of nanocellulose studied, only one type of nanocellulose ratio was varied for 

determining the optimum ration to be used, i.e. bacterial nanofibrous cellulose (dialysis-free) and 
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For ratio 1:0, no nanocellulose was used.  As seen, the polypyrrole sank to the bottom of the vial 

immediately.  When drying in PVA, there was no homogeneity.  The polypyrrole clumped 

together.  It had a rough texture, with no connected network. There were spaces between the 

polypyrrole and PVA.  It had no mechanical support structure and it was clear it needed 

nanocellulose for stability.  Therefore, ratio 1:1 showed ideal mechanical and physical properties 

where the polypyrrole was well dispersed by the nanocellulose.  It was expected that the greater 

distribution would allow for improved conductivity measurement.  Since the ratio 1:1 showed 

the most promising outcome, it was the chosen ratio used for further investigation. 

3.4. Experimental Procedure for All of Polymer Samples at Optimum Ratio  

3.4.1. In situ doping preparation of PPy@NC nanohybrid from NC of Bacterial grown 

cellulose, Whatman filter paper, and hardwood pulp dialysed and dialysis-free, as well as 

neat PPy 

For all samples, pyrrole to nanocellulose was synthesized using the optimum ratio 1:1 according 

to Table 3.2. 

Table 3.3 Quantity of materials used for all samples polypyrrole: nanocellulose at ratio 1:1. 

Sample Volume of 

pyrrole/ mL 

Mass of 

pyrrole/ g 

Concentration 

of 

Nanocellulose/ 

mg.mL-1 

Volume of 

NC/ mL 

 

Mass of NC/ 

g 

Mass of 

FeCl3·6H2O/ 

g 

HWP- 

NCC 

1.03 1.00 24.50 40.82 1.00 2.00 

HWP- 

NFC 

1.03 1.00 26.30 38.02 1.00 2.00 

WFP- 

NCC 

1.03 1.00 28.50 35.09 1.00 2.00 

WFP- 

NFC 

1.03 1.00 28.60 34.97 1.00 2.00 

BC- 

NCC 

1.03 1.00 28.80 34.72 1.00 2.00 

BC- 

NFC 

1.03 1.00 29.30 34.13 1.00 2.00 
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A mass of 1.00 g. (1.03 mL), of pyrrole was dispersed in a volume of dialyzed sample according 

to individual concentrations as shown in Table 2 for NCC from BC, WFP and HWP.  Similarly, 

for the dialysis-free method, 1.00 g, (1.03 mL), pyrrole was added to the respective volumes of 

remaining hydrolysis product from BC, WFP and HWP (containing NC, soluble sugars, residual 

acid).  The volume of NC and pyrrole was measured accurately using a micropipette and the 

mixture was stirred evenly in ice−water for 1 h.  Thereafter, 4.00 g of FeCl3·6H2O was added 

into the mixture to initiate the polymerization.  The polymerization proceeded in ice-water for 2 

h.  The obtained product was filtered and washed five times with distilled water to remove the 

remaining reagents.   

 

3.4.2. Preparation of PPy@NC/PVA nanocomposites from NC of Bacterial grown cellulose, 

Whatman filter paper and hardwood pulp dialysed and dialysis-free 

 

In the preparation of PPy@NC/PVA nanocomposites, the obtained PPy@NC nanohybrid was 

filtered and washed with ddH2O.  2 g of each PPy@NC nanohybrid suspension was dispersed in 

20 mL of ddH2O and sonicated for 10 min to disperse the aggregation.  Simultaneously, 2.00 g 

of PVA was dissolved 20 mL of ddH2O and heated to 200° C stirred until dissolved.  Then the 

20 mL sonicated PPy@NC nanohybrid suspension and 20 mL of PVA solution were mixed 

together to form a homogeneous mixture and sonicated for one hour.  A portion of sample was 

stored in a sealed vial for conductance testing and the remaining was used for characterisation 

tests.  

 

3.5. CHARACTERISATION 

Transmission electron microscopy (TEM)  

TEM was performed using a transmission electron microscope. JEOL-JEM 1010 (Japan) 

operating at 100 kV was used.  Diluted PPy@NC nanohybrid aqueous suspensions were 

sonicated for 30 min to disperse the aggregation.  A copper grid was dipped in the well dispersed 

nanohybrid suspensions until drying and images where taken. 

 

Scanning Electron Microscopy coupled with Energy Dispersive X-ray (SEM) 

For the SEM study, a Zeiss Ultra Plus field emission gun scanning electron microscope 

(FEGSEM) equipped with energy dispersive X-ray (EDS) detector (Germany) was used.  The 

samples were deposited separately on conductive carbon tapes stuck to aluminium stubs. Each 

sample was coated with gold with the aid of sputter coater to minimize charging. 
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 Fourier transform infrared spectroscopy (FT-IR) 

Analyses were carried out at room temperature using a Perkin Elmer Spectrum 100 FTIR 

spectrometer fitted with a Universal Attenuated Total Reflectance (ATR) sampling accessory. 

The data was processed using Spectrum® software.  A small amount of the dry sample was 

placed onto the ATR crystal and a pressure of 120 psi was applied to ensure contact between the 

crystal and the catalyst material.   

 

Raman spectroscopy 

Raman spectra were measured using a Delta Nu Advantage 532 instrument fitted with a 532 nm 

laser source (green) and operated by NuSpec® software.  Laser intensity, polarization and the 

integration time of the scans were varied until each sample gave clear and reproducible spectra. 

All analyses were carried out at room temperature with the powdered PPy and PPy@NC sample 

loaded in quartz tubes. 

 

UV−vis 

For UV−vis measurement the Neat PPy and PPy@NC nanohybrid suspensions were sonicated 

for 30 min to disperse the aggregation.  The well dispersed nanohybrid suspension was placed 

in a quartz cuvette with an optical path of 1 cm.  

 

3.6. Results and Discussion for All Polymer Samples at Optimum Ratio 

The mass obtained for all polypyrrole@nanocellulose hybrid are recorded in Table 3.4.  

Table 3.4. Mass of PPy@NC at ratio 1:1 sample obtained  

 

 

 

 

 

 

 

Sample  Mass of PPy@NC obtained/ g 

BC-NCC 0.800 

BC-NFC 0.812 

WFP-NCC 0.773 

WFP-NFC 0.791 

HWP-NCC                        0.764 

HWP-NFC 0.782 
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3.6.1. TEM images of nanohybrid samples 

TEM was used to investigate the microstructures of neat polypyrrole and the various PPy@NC 

nanohybrids.  The polymerization of the pyrrole monomer without nanocellulose was found to 

be nodular in structure, Figure 3.2.   

  

          Figure 3.2. TEM image of neat polypyrrole. 

 

Distinct nodular structures are visible for pure polypyrrole, Figure 3.2.  There was no connective 

network existing between the particles to allow a conductive system to exist.  In comparison to 

the nanohybrid in Figure 3.3 to Figure 3.8, there was a well-defined network in nanosheath 

formation.  The dispersal of the nanocellulose within the nanohybrid are visible.  The polypyrrole 

was deposited on the surface of nanocellulose forming a continuous nanosheath structure.  The 

hydrogen bonds between imine groups of PPy and hydroxyl groups of nanocellulose served as 

an interaction to assist with the growing of the continuous nanosheath of PPy on NC and 

prevented the formation of large scale PPy aggregation.[21]  Large scale aggregation of PPy was 

not observed which demonstrated that nanocellulose acted as a suitable template for the 

polymerization of pyrrole monomer as there was a more connected network and dispersion.  

Moreover, the PPy@NCC nanohybrid prepared via conventional routes through dialysis 

exhibited a similar morphology as that of the PPy@NFC nanohybrid that was not subjected to 

dialysis as compared from Figure 3.3 to Figure 3.8.   
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Figure 3.3. TEM images for PPy@NCC from BC- dialysis method. 

 

  
Figure 3.4. TEM images for PPy@NFC from BC- dialysis-free method. 

 

  
Figure 3.5. TEM images for PPy@NCC from Whatman filter paper- dialysis method. 
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Figure 3.6. TEM images for PPy@NFC from Whatman filter paper– dialysis-free 

method. 

 

  
Figure 3.7. TEM images for PPy@NCC from hardwood pulp- dialysis method. 

 

  

Figure 3.8. TEM images for PPy@NFC from hardwood pulp- dialysis-free method. 
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3.6.2. SEM-EDS of nanohybrid samples  

 

SEM images where taken for neat polypyrrole at 1.00K magnification and 5. 00K magnification 

(Figure 3.9.), where the micrographs reveal that the surface morphology of polypyrrole has 

cauliflower structures with the florets. Such porous-like nanoparticles morphological alteration 

exhibits the influence of oxidant on the rate of chemical polymerization, which significantly 

affects the growth and nucleation rate.  According to the SEM-EDS elemental analysis, for neat 

polypyrrole, a high percentage of carbon 59.76 wt.%, nitrogen 14.81 wt.% and oxygen of 11.21 

wt.% was found, which are distinctive elements for pyrrole.  The elements of iron 2.54 wt.% and 

chlorine 11.68 wt% are present in the sample due to the ferric trichloride used as a catalyst to 

initiate polymerisation.  The presence and ratio of the iron to the polypyrrole sample is at 

minimum trace levels and bare no impact on the conductivity of the sample.  The sharp chlorine 

peak compared to other elemental peaks are due to the higher energy absorbance of chlorine as 

compared to the other elements present.  With further washing of the sample, it was possible to 

remove the last traces of ferric trichloride. 

 

  

 

  
Figure 3.9. SEM-EDS image of neat polypyrrole. 
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The SEM images for the polypyrrole in various nanocellulose samples was taken, Figure 

3.10 to 3.15 The sample was  a powdery material  with dispersed uniformity.  According  to 

the SEM-EDS elemental analysis,  Figure 3.10. of PPy@NCC for dialysed bacterial 

cellulose, Figure 3.11 of PPy@NFC for dialysis-free bacterial cellulose, Figure 3.12 of 

PPy@NCC of dialysed Whatman filter paper, Figure 3.13 of PPy@NFC for dialysis-free 

Whatman filter paper, Figure 3.14 of PPy@NCC for dialysed hardwood pulp, and Figure 

3.15 of PPy@NFC for dialysis-free hardwood pulp, a strong presence of carbon, nitrogen 

and oxygen was found. These high weight percentages are attributed to the structural 

component of polypyrrole as well as the nanocellulose chemical structure which contribute 

surplus amounts of carbon, oxygen and nitrogen.  In the preparation of the polypyrrole 

nanohybrids, additional washing was introduced to remove as much of the ferric trichloride 

as possible, the wt % of the ferric trichloride decreased substantially as compared to neat 

polypyrrole.  

 

 

Figure 3.10. SEM image of (a) PPy@NCC from dialysed bacterial cellulose with (b) SEM-

EDS elemental analysis of a specific cross section. 
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Figure 3.11. SEM image of (a) PPy@NFC from dialysis-free bacterial cellulose with (b) 

SEM-EDS elemental analysis of a specific cross section. 

 

 

Figure 3.12. SEM image of (a) PPy@NCC from dialysed Whatman filter paper with (b) 

SEM-EDS elemental analysis of a specific cross section. 
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Figure 3.13. SEM image of (a) PPy@NFC from dialysis-free Whatman filter paper with 

(b) SEM-EDS elemental analysis of a specific cross section. 

 

 

Figure 3.14. SEM image of (a) PPy@NCC from dialysed hardwood pulp with (b) SEM-

EDS elemental analysis of a specific cross section. 
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Figure 3.15. SEM image of (a) PPy@NFC from dialysis-free hardwood pulp with (b) SEM-

EDS elemental analysis of a specific cross section. 

To evaluate the feasibility of this PPy@NCC nanohybrid in construction of conductive polymer 

nanocomposites, PPy@NC/PVA, PPy@NC nanohybrid was mixed in Polyvinyl alcohol.  The 

PPy@NC nanohybrid is found in the interstitial space between the PVA and formed a continuous 

network, which benefited from the good suspension property and high aspect ratio of the 

PPy@NC nanohybrid.  The morphology of PPy@NC/PVA nanocomposite was characterized by 

TEM observation.  The continuous network structure enhances the electrical conductivity as well 

as mechanical properties of the nanocomposites.  To achieve higher conductivity at the same 

PPy content, it is expected that all the PPy participate in the fabrication of a continuously 

conductive network in the PVA matrix.  Unfortunately, for neat PPy severe agglomeration was 

observed due to its poor suspension stability which made it difficult to connect with each other 

and form conductive networks, as seen in Figure 3.16   However, a continuous network structure 

of PPy@NC nanohybrid could be formed by incorporation of nanocellulose due to the 

remarkably enhanced stability in PVA.  As a result, compared with PPy/PVA significant 

distribution within PVA is observed for all PPy@NC/PVA samples. 
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 Figure 3.16. SEM image of polypyrrole in PVA. 

 

The SEM images for PPy@NC/PVA, Figure 3.17 to Figure 3.22, show a more uniform surface 

structure than that of neat PPy/PVA.  The nanohybrid possessed a smooth surface texture with 

an improved connected network.  Bacterial cellulose was used as the source of the NC that was 

incorporated in the nanohybrid possessed the most homogeneity when incorporated in PVA 

where there were minimum irregularity and distortions.  The samples from Whatman filter paper 

and hardwood pulp also had good uniformity. When comparing the samples containing the 

dialyzed nanocellulose (PPy@NCC/PVA) to the samples containing the dialysis-free 

nanocellulose (PPy@NCC/PVA) there is no visible difference.  The size, morphology, and 

dispersion state of conductive fillers have significant effects on the mechanical properties of 

conductive composites. The mechanical properties of PPy@NFC/PVA nanocomposites were 

comparable to that of PPy@NCC/PVA nanocomposites.   

 

    

Figure 3.17. SEM image of PPy@NCC in PVA from BC- via dialysis method. 
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Figure 3.18. SEM image of PPy@NFC in PVA from BC- via dialysis-free method. 

 

   
Figure 3.19. SEM image of PPy@NCC in PVA from Whatman filter paper- via 

dialysis method. 

 

   
Figure 3.20. SEM image of PPy@NFC in PVA from Whatman filter paper- via 

dialysis-free method. 
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Figure 3.21. SEM image of PPy@NCC in PVA from Hardwood pulp- via dialysis 

method. 

 

    
Figure 3.22. SEM image of PPy@NFC in PVA from Hardwood pulp- via dialysis-free 

method. 

 

 

This superior straightforward, green, cost effective, and scalable approach to PP@NFC/PVA 

nanocomposites with nearly identical performance compared with PPy@NCC/PVA 

nanocomposites makes it more suitable and applicable for the large-scale application of 

nanocellulose based conductive nanocomposites. 

 

3.6.3. FT-IR of nanohybrid samples  

 

FT-IR analysis was carried out to analyse the chemical structure of neat Polypyrrole and 

PPy@NC nanohybrids.  The characteristic bands of neat PPy can also be observed clearly in 

Figure 3.23.  The bands around 3222 and 1527 cm−1 are responsible for the N-H stretching 

vibration and C-C ring stretching of the quinonoid structure in PPy.  The band at 1441 cm−1 is 

attributed to C-N stretching vibration in the pyrrole ring.  Additionally, bands at 1247, 1155.18, 
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and 1032 are ascribed to C-H on-plane vibration, and the band at 894 cm−1 is for C-H out-of-

plane vibration.  The FT-IR for all PPy@NC nanohybrid, from Figure 3.24 to Figure 3.28, exhibit 

a similar spectrum as that of neat PPy, however, all major peaks for PPy@NC have shifted 

wavenumbers with additional peaks attributed to nanocellulose, suggesting the existence of the 

interaction between PPy and nanocellulose.  The FT-IR spectrum of PPy@NC nanohybrids 

appeared like a superposition of the FT-IR curves of neat polypyrrole and nanocellulose.  

However, the intensity of the O-H stretching band of NC and N-H stretching band of PPy 

decreased dramatically.  On the other hand, peaks for NC and PPy in PPy@NC nanohybrids 

shifted to lower wavenumbers compared to the neat NC and PPy.  These results all suggested 

that NC formed strong interfacial interactions with the polypyrrole layer.  This is ascribed to the 

hydrogen bonding interaction between -OH of nanocellulose and -NH of polypyrrole. 

 

Figure 3.23. FT-IR spectra for neat polypyrrole. 

 

 

Figure 3.24. FT-IR spectra for PPy@NCC nanohybrid from Bacterial cellulose (dialyzed). 
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Figure 3.25. FT-IR spectra for PPy@NFC from Bacterial cellulose (dialysis-free). 

 

 

Figure 3.26. FT-IR spectra for PPy@NCC nanohybrid from Whatman filter paper 

(dialyzed). 

 

 

Figure 3.27. FT-IR spectra for PPy@NFC nanohybrid from Whatman filter paper 

(dialysis-free). 
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Figure 3.28. FT-IR spectra for PPy@NCC nanohybrid from hardwood pulp (dialyzed). 

3.6.4. Raman spectroscopy  of nanohybrid samples 

From the Raman spectra for neat polypyrrole in Figure 3.29., the peak  found at 932 cm-1 was 

attributed to the ring deformation associated with the di-cation (di-polaron)[22, 23] and the peak at 

981 cm-1 assigned to  the radical cation (polaron).[22, 23]  The peak at 1042 cm-1 appeared due to 

the C-H in plane deformation. The band at 1402 cm-1 is due to the C-N stretch mode of 

polypyrrole.[22, 24]  The Raman spectra for all PPy@NCC and for all PPy@NFC composites from 

various cellulose sources are shown in Figure 3.30. to Figure 3.32. They show characteristic 

bands around 1100 cm-1 and 2900 cm-1 that are common to cellulose.[25]  Also observed are the 

characteristic bands ascribed to polypyrrole, where bands for the peak was found around 930 cm-

1 which was attributed to the ring deformation associated with the di-cation (di-polaron)[22, 23] 

and a peak around 980 cm-1 for the radical cation (polaron).[22, 23]  The peak at 1040 cm-1 appeared 

due to the C-H in-plane deformation and the band at 1400 cm-1 was assigned  to the C-N stretch 

mode of polypyrrole.[22, 24] 

 

Figure 3.29. Raman spectra of neat polypyrrole. 
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3.6.5. UV-Vis analysis 

UV-Vis analysis was carried out for PPy with dialyzed nanocellulose and PPy with dialysis-free 

nanocellulose from bacterial grown cellulose, Whatman filter paper and hardwood pulp.  The 

absorption peak in UV−Vis spectra of neat PPy suspension was much weaker than all PPy@NC 

nanohybrids. See Figure 3.33. and Figure 3.34.  This was because of PPy being poorly dispersed 

in water and precipitating out in aggregated form.   The results confirmed that the dispersibility 

of PPy could be significantly improved by the incorporation of renewable and biodegradable 

nanocellulose.  In addition, when comparing the nanohybrids using the dialyzed nanocellulose 

data to the dialysis-free nanocellulose, the PPy@NC nanohybrid showed two absorption bands 

around 350 and 730 nm in the UV−Vis spectrum.  The first band at 350 nm was due to the π−π* 

interband transition and the second broad band around 730 nm was assigned to the polaron and 

bipolaron band transition of PPy.[26]  This indicated the successful synthesis of PPy on 

nanocellulose. Thus, a PPy@NCC nanohybrid with a high aspect ratio was successfully 

synthesized by incorporation of nanocellulose using a dialysis-free and in situ doping route.  

Compared with neat PPy, this PPy@NC nanohybrid exhibited a good and adjustable suspension 

property, which makes it more suitable and effective to fabricate PPy based conductive 

nanocomposites. 

 
 

Figure 3.33. UV-Vis spectra of Polypyrrole, NCC (dialyzed) and nanohybrid from BC, 

WFP and HWP. 
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Figure 3.34. UV-Vis spectra of Polypyrrole, NFC (dialysis-free) and nanohybrid from BC, 

WFP and HWP.  

 

From the results it was evident that the successful polypyrrole and nanocellulose nanohybrid was 

synthesized.  The polypyrrole was efficaciously deposited on nanocellulose as a continuous 

structure, forming a PPy@NC nanohybrid.  For the dispersibility tests it was evident that the 

ratio of 1:1 polypyrrole to nanocellulose is the optimum ratio for good distribution within 

solution which in turn yields a more uniform film.   Between the dialysed and dialysis-free 

nanocellulose, there was no structural or mechanical differences found.   The synthesis of 

polypyrrole@nanocellulose proved to be a new strategy to realize the facile and environmentally 

friendly production of a of the nanohybrid, which opened new opportunities for the large-scale 

fabrication and application of nanocellulose based nanocomposites with low cost and high 

performance. 
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CHAPTER 4 
 

In this study, an alternative method to the common four-point probe method, was used to measure 

resistivity. The current was measured using an amp meter at an applied voltage.  The results were 

used to determine the average resistivity. When compared to the results from a four-point probe 

for the same sample, the results coincide, recognizing this method as a reliable alternative, but 

with the advantage that bulk resistivity is measured, as opposed to surface electrical behaviour 

only.   

4.1. Experimental Procedure for Electrical Testing for Conductivity of the 

Polymer Samples 

4.1.1. Resistivity test 

For resistance testing of the polymer sample, a copper clad plate was etched with a ferric chloride 

solution to create a break in circuit where the sample was filled.  The plate was cut into strips, 

Figure 4.1. 

 

Figure 4.1. Sample of an etched copper clad board used to set sample for resistivity test. 

For the resistivity test of the varying ratios of PPy:NC for bacterial nanofibrous cellulose, the 

corresponding plates where labelled and weighed accurately.  Thereafter, an accurate volume of 

0.25 mL liquid sample prepared in Section 3.2.2 for the varying ratios in PVA were then filled 

onto the etched space with an overlap onto the copper board to ensure contact in the circuit.  This 

was left until dry.  The sample plates were re-weighed.  A digital picture was taken of each 

sample plate and the surface area of the etched section of the plate was measured precisely using 

Image-J software.  For measuring the dimension on Image-J, a set scale is required.  Since a 

digital picture is used, a ruler was utilized as the scale taken in the digital picture concurrently.  

The scale was measured at 10 mm as seen in an example in Figure 4.1.  This was done 
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individually for every sample taken to ensure precision per sample board, and the dimensions 

were recorded.  

The set up for measuring current and voltage values was set according to the image in Figure 

4.2, a laboratory DC power supply Matrix model MPS-3003L-3 was used as the power source.  

This was directly attached to a 217.6 Ω resistor, which was connected to the sample, and a volt 

meter to measure the voltage applied in volts, and to an amp meter to measure the passing current 

in microamperes.  By the division of the voltage by amperes, the average resistance is calculated.  

By plotting current vs. voltage, the reciprocal of the gradient is the average resistivity. 

 

 

   Figure 4.2. Sample set-up for resistivity test. 

The same samples used in this method was then tested using a four-point probe to confirm results 

and approve this system methodology. This procedure of setting a film on the Cu plate and 

measurements was thereafter prepared in the exact method for all PPy@NC nanohybrid samples 

with the variating nanocellulose prepared as in Chapter 3- 3.4.2. 
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4.1.2. Morphological structure analysis    

TEM analysis was performed using a transmission electron microscope. All liquid samples of 

PPy@NC/PVA, NCC/PVA and neat PVA aqueous suspensions were sonicated for 30 min to 

disperse the aggregation.  A copper grid was dipped in the well-dispersed nanohybrid 

suspensions until drying and images were taken. 

 

For the SEM study, a Zeiss Ultra Plus field emission gun scanning electron microscope 

(FEGSEM) equipped with energy dispersive X-ray (EDS) detector (Germany) was used.  The 

samples were deposited separately on conductive carbon tapes stuck to aluminium stubs.  Each 

sample was coated with gold with the aid of sputter coater to minimize charging.  

The morphology of all nanohybrid samples were tested prior to subjection to the conductivity 

tests, as well as after the testing to note any morphological change.  This was accomplished using 

the Zeiss LEO 1450 SEM study, samples for SEM images were taken directly from the Cu plate.   

4.2. Results and Discussion 

The electrical conductivity test for the varying ratios were first carried out.  Figure 4.4 to Figure 

4.8 shows the empty copper clad board and the board with the samples of varying ratios of 

bacterial nanofibrous cellulose set in.  For comparison purposes, neat PVA was also analysed, 

Figure 4.3., which dried as a sheen plastic film that adhered to the board uniformly. 

 

  

Figure 4.3. Copper plate with neat PVA (ratio PPy:NC (a). 0:0). 

Figure 4.4 shows ratio 0:1 containing nanofibrous cellulose in PVA shows a cloudy film that 

took longer to dry than other samples.  This sample contains no polypyrrole, and therefore was 

opaque in colour.   

 

a. 
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Figure 4.4. Copper plate with ratio PPy:NC (b) 0:1 using bacterial nanofibrous cellulose 

(dialysis-free). 

Figure 4.4. showing ratio 1:2 contains more nanocellulose than polypyrrole.  The film also took 

a significant amount of time to dry due to excess nanofibrous cellulose present. 

 

   

Figure 4.5. The empty copper plate and the copper plate with ratio PPy:NC (c) 1:2 using 

bacterial nanofibrous cellulose (dialysis-free). 

The suspension of ratio 1:1, Figure 4.6., shows a neat undisturbed film with no distortions in set.  

The film remained smooth and interjoined after drying. 

 

  

Figure 4.6. The empty copper plate and the copper plate with ratio PPy:NC (d) 1:1 using 

bacterial nanofibrous cellulose (dialysis-free). 

 

b. 

c. 

d. 
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Ratio 2:1, Figure 4.7., dried in a semi-uniform film on the Cu board, however, slight distortions 

were  found in the set. 

 

  

Figure 4.7. The empty copper plate and the copper plate with ratio PPy:NC (e) 2:1 using 

bacterial nanofibrous cellulose (dialysis-free). 

Ratio 1:0 showed an irregular distribution of polypyrrole in PVA with crevices upon drying.  The 

film has protuberances and did not show a neat network within PVA, Figure 4.8. 

 

  

Figure 4.8. The empty copper plate and the copper plate with ratio PPy:NC (f) 1:0, Neat 

PPy. 

TEM images were taken for all ratios i.e. ratio 0:0, 1:0 2:1, 1:1, 2:1 and 0:1 to examine the 

distribution within the PVA.  To achieve higher conductivity at PPy content, it was expected that 

all the PPy can participate in the fabrication of a continuously conductive network in PVA 

matrix.  For ratio 0:0, neat PVA, there were no particles present in the mixture.  A transparent 

layer of PVA is seen in Figure 4.9.   

e. 

f. 
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Figure 4.9. TEM image of polyvinyl alcohol (PVA). 

Ratio 0:1, nanofibrous cellulose in PVA, Figure 4.10, clearly displays presence of nanofibers in 

a well-connected network.  The nanofibers joined to each other to form a well-distributed deposit 

within the film.  

  

Figure 4.10. TEM image of nanofibrous cellulose from bacterial cellulose (dialysis-free) in 

PVA. 

Ratio 1:2 showed an even distribution of nanofibers and polypyrrole. However, due to the excess 

ratio of nanocellulose compared to polypyrrole present, the dispersal of nanofibers formed a thin 

assembly of sample within the PVA, Figure 4.11.  
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Figure 4.11. TEM image of ratio 1:2 polypyrrole to nanocellulose in PVA. 

Figure 4.12 of ratio 1:1 containing polypyrrole showed an even distribution and uniform network 

of evenly distributed polypyrrole and nanocellulose.  The nanohybrid remained adjacent to each 

other in the PVA suspension.  The sample showed promising dissemination to ensure that a well-

defined connected system existed within the sample.  A continuous network structure of 

PPy@NC nanohybrid was formed by the incorporation of the nanocellulose due to its remarkably 

enhanced stability in PVA.  

 

Figure 4.12. TEM image of ratio 1:1 polypyrrole to nanocellulose in PVA. 

A similar network structure was found for ratio 2:1, Figure 4.13, where twice the amount of 

polypyrrole than nanocellulose was used.  Under TEM imaging, the additional polypyrrole was 

found on the surface of the network, seen as the darker areas. 
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Figure 4.13. TEM image of ratio 2:1 polypyrrole to nanocellulose in PVA.  

Finally, for ratio 1:0, of polypyrrole in PVA severe agglomeration was observed, see Figure 4.14.  

This was due to the poor suspension stability.  There was minimal connectivity and thus no 

conductive network.  

 

  

Figure 4.14. TEM image of polypyrrole in PVA. 
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To determine the density of each hybrid in PVA, the volume of water present had to first be 

determined.   By weighing the wet sample on the copper board and then subtracting the weight 

of the sample, the mass of water could be calculated.  With the known density of water at room 

temperature being 0.9982 g.mL-1, the volume of water can be calculated from the equation:  

Density (ρ) /g.mL- = 
a // L                        (4) 

The total volume of sample used on the board was 0.25 mL, therefore the total volume used 

subtract the volume of water calculated in Equation 4, the volume of nanohybrid in PVA was 

obtained.  The dry nanohybrid in PVA weight divided by the volume of nanohybrid yields the 

density of each sample, Table 4.1.  The thickness of the film could then be calculated, using 

Equations 5 to 7: 

Volume = (length x breadth) x thickness  (5) 

Volume = (surface area) x thickness  (6) 

 = thickness/mm ؞
/a  a a/    (7) 

The volume of dried nanohybrid in PVA sample divided by the surface area of the sample on the 

copper clad board (that was measured with Image-J software) yielded the thickness of the film 

made by the nanohybrid and PVA.  
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Table 4.1. Quantities of mass, volume, density and thickness of varying ratios. 

Sample label a b c d e f 

0:0 0:1 1:2 1:1 2:1 1:0 

Mass of empty Cu plate/ g 2.656 3.878 3.902 3.900 3.698 3.721 

Mass of wet sample + Cu plate/g 
2.910 3.998 4.093 4.010 3.897 4.002 

Mass of wet sample/g 0.254 0.120 0.191 0.110 0.199 0.281 

Mass of dry PPy@NC in PVA + 

Cu plate/g  

2.704 3.947 3.950 3.944 3.866 3.947 

Mass of dry PPy@NC in PVA /g 0.048 0.069 0.048 0.044 0.168 0.226 

Mass of water/g 0.206 0.051 0.143 0.066 0.031 0.055 

Volume of water/ml 0.206 0.051 0.143 0.066 0.031 0.055 

Volume of PPy@NC in PVA /ml 0.044 0.199 0.107 0.184 0.219 0.195 

Density of PPy@NC in PVA 

/g.ml- 1.1002 

0.3469 0.4497 0.2393 0.7673 1.1596 

Volume of PPy@NC in PVA / 

mm3 43,629 

198.908 106.742 183.881 218.944 194.901 

Surface area of PPy@NC in 

PVA / mm2 208.601 

333.917 275.882 311.765 301.302 325.888 

Thickness of PPy@NC in PVA 

/mm 0.2091 

0.5957 0.3869 0.5898 0.7267 0.5981 
 

 

According to Table 4.1, the density of ratio 0:0, neat PVA was calculated to be 1.1002 g.mL-1 

This value lies close to the true density of 1.19 g.mL-1 known for PVA. The density of ratio 1:0 

was the highest since there was only polypyrrole and PVA present in the system for the same 

volume.  As the amount of polypyrrole increased in the ratio, the sample became denser, as 

expected.   

The resistivity test was carried out for the ratio samples.  The results for the voltage and current 

measured are shown in the Appendix Table 1 to Table 12 where the voltage was increased by 
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Table 4.2 shows the average resistance calculated with the standard deviation and variance for 

each sample’s twenty individual measurements (found in Appendix Table 1 to 6).  

To determine the volume resistivity where the standard equation is given by: 

ρ = a  a a 
 x resistance  (8) 

The surface area measured using Image-J software was used to determine the thickness needed 

in Equation (7) therefore, it cannot be used.  Thus, the surface area on the side highlighted in red 

in Scheme 4.1. is required to be calculated. 

 

Scheme 4.1. Schematic diagram showing the illustrated 3-dimensional sections of the film. 

 Using this thickness, calculated in Equation (7), multiplied by the film width bc, the surface area 

of the side was thus measured.  Therefore, the Equation: 

    ρ = a  a a 
 x resistance           (9) 

can be re-written as: 

ρ =  X   x resistance            (10) 

ρ = a  a a   
 x resistance            (11) 

 

where the length (cd) labelled in Scheme 4.1 now represents the thickness of the sample if the 

red surface was rotated 90° anti-clockwise. 
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Table 4.2. The resistivity calculations for ratios 0:0, 0:1, 1:2, 1:1, 2:1 and 1:0. 

 

The results from Table 4.2 show that the average resistance for ratio 0:0 and 0:1 does not possess 

conducting properties and have undefined values for the resistance.  Ratio 1:1 has the lowest 

resistance.  By taking the resistance from the reciprocal of the gradient from the current vs. 

voltage graphs, the resistivity per mm can also be compared to the calculated resistivity per mm.   

SEM images were taken for the sample before and after resistivity tests to determine if the 

applied voltage had any impact on the integrity of the sample.  The results showed how reliable 

the sample was after use. If it retains structural integrity, then the sample can be re-used many 

times.   From Figure 4.21 to Figure 4.26 it was seen there was no visible differences between 

before and after testing for 30 minutes and 20.5 V voltage applied.  The sample remained 

unchanged, dependable and stable for numerous uses.  

Sample 

 

 

a 

 

b 

 

c 

 

d 

 

e 

 

f 

 

 

0:0 

 

0:1 

 

1:2 

 

1:1 

 

2:1 

 

1:0 

Average calculated 

Resistance/Ώ - - 383063.08 2126.09 73484.19 361048.68 

 

Standard deviation  - - 79543,99 589,48 13568,58 76702,08 

 

Variance  - - 6327246046,50 347483,57 184106407,74 5883208323,10 

Thickness/mm 

 

0.21 0.60 0.39 0.73 0.59 0.60 

Width of sample 

(bc)/ mm 14,57 19,48 18,51 21,88 19,28 20,87 

Surface Area of the 

side/mm2 3,05 11,61 7,16 15,90 11,37 12,48 

Length of sample 

(cd)/ mm 10.61 10.85 12.42 11.39 11.21 11.32 

Resistivity 

calculated (Ω / mm) - - 220867.70 16401.93 74787.85 398197.90 

Resistivity 

calculated (Ω / m) - - 220.87 16.40 74.79 398.20 

Resistance from line 

of best fit (
𝟏𝒈𝒓𝒂 𝒊 𝒏𝒕  undefined undefined 300960.06 1658.34 59384.54 333211.16 

Resistivity from line 

of best fit (Ω / mm) - - 173528.49 2314.67 60250.65 367496.09 

Resistivity from line 

of best fit (Ω / m) - - 173.53 2.31 60.25 367.50 
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From the results, ratio 1:1 as the minimum ratio produced optimal conductivity with excellent 

stability and uniformity. Therefore, the exact procedure was carried out for all 

polypyrrole@nanocellulose samples from the variety of sources i.e. Hardwood pulp NCC, 

hardwood pulp NFC, Whatman filter paper NCC, Whatman filter paper NFC, Bacterial NCC 

and bacterial NFC at ratio 1:1.  

The sample was set on the etched area of the copper clad board, shown in Figure 4.27 to Figure 

4.32. All samples showed a neat undisturbed film with no distortions. 

 

  

Figure 4.27. The empty copper plate and the copper plate with ratio 1:1 PPy@NCC in PVA 

for dialysed hardwood pulp. 

 

  

Figure 4.28. The empty copper plate and the copper plate with ratio 1:1 PPy@NFC in PVA 

for dialysis-free hardwood pulp. 

 

  

Figure 4.29. The empty copper plate and the copper plate with ratio 1:1 PPy@NCC in PVA 

for dialysed Whatman filter paper. 

1. 

2. 

3. 
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Figure 4.30. The empty copper plate and the copper plate with ratio 1:1 PPy@NFC in PVA 

for dialysis-free Whatman filter paper. 

 

  

Figure 4.31. The empty copper plate and the copper plate with ratio 1:1 PPy@NCC in PVA 

for dialysed bacterial cellulose. 

 

  

Figure 4.32. The empty copper plate and the copper plate with ratio 1:1 PPy@NFC in PVA 

for dialysis-free bacterial cellulose. 

TEM images were recorded for all samples.  The images for all samples showed polypyrrole as 

a dark coloured uniform network of evenly distributed polypyrrole and nanocellulose, Figure 

4.33.  For all samples, the nanohybrid remained adjacent to each other in the PVA suspension.  

The sample showed a promising distribution with a well-defined connected system within the 

sample which improved the conductivity through contact and interaction between each 

nanoparticle.  A continuous network structure of PPy@NC nanohybrid was formed by 

incorporation of the nanocellulose due to its remarkably enhanced stability in PVA.  

4. 

5.

6.
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Table 4.3. Calculations of mass volume and density of all samples. 

Sample label 1 2 3 4 5 6 

  

PPy  

NCC  

HWP 

PPy  

NFC  

HWP 

PPy  

NCC  

WFP 

PPy  

NFC  

WFP 

PPy 

NCC 

BC 

PPy 

NFC 

BC 

Mass of empty Cu plate/ g 

 

 3,147 3,149 3,368 3,287 3,103 3,185 

Mass of wet sample + Cu 

plate/g 

 3,237 3,240 3,454 3,377 3,182 3,262 

Mass of wet sample/g 

 0,090 0,091 0,086 0,090 0,079 0,077 

Mass of dry PPy@NC in PVA 

+ Cu plate /g 

 3,190 3,193 3,409 3,333 3,140 3,221 

Mass of dry PPy@NC in PVA 

/g 

 0,043 0,044 0,041 0,046 0,037 0,036 

Mass of water/g 

 0,047 0,047 0,045 0,044 0,042 0,041 

Volume of water/ml 

 0,047 0,047 0,045 0,044 0,042 0,041 

Volume of PPy@NC in PVA 

/ml 

 0,203 0,203 0,205 0,206 0,208 0,209 

Density of PPy@NC in PVA 

/g.ml- 

 0,212 0,217 0,200 0,223 0,178 0,172 

Volume of PPy@NC in PVA / 

mm3 

 203 203 205 206 208 209 

Surface area on top/ mm2 

 334,490 325,124 342,000 366,714 347,314 364,660 

Thickness of dry PPy@NC in 

PVA film/mm 

 0,607 0,624 0,599 0,562 0,599 

 

0,573 

 

The graph of current vs. voltage for all samples is shown in Figure 4.34. From these results, 

PPy@NFC from bacterial cellulose showed the greatest conductivity followed by PPy@NFC 

from Whatman filter paper. The conductance from the hybrid synthesized from dialysis-free 

nanocellulose was larger than samples subjected to dialysis. 
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Table 4.4. The resistivity calculations for all variations of samples. 

Sample 

 1 2 3 4 5 6 

 
PPy@NCC/PVA-

HWP 

PPy@NFC/PVA-

HWP 

PPy@NCC/PVA-

WFP 

PPy@NFC/PVA-

WFP 

PPy@NCC/PVA-

BC 

PPy@NFC/PVA-

BC 

Average 

calculated 

Resistance/Ώ 10831,51 7439,14 5725,67 3122,42 3091,47 2339,94 

Standard 

deviation  1224.87 543.75 372.54 79.315 266.52 360.22 

 

Variance  1500304.05 295659.93 138787.38 6290.93 71035.38 129758.25 

Thickness/mm 

 

0,57 0,60 0,62 0,56 0,61 0,60 

Width of 

sample (ad)/ 

mm 19.73 20.92 20.11 20.82 21.62 21.17 

Surface Area 

of the 

side/mm2 11,31 12,53 12,55 11,70 13,12 12,69 

Length of 

sample (cd)/ 

mm 17.66 15.80 15.96 16.18 16.18 16.48 

Resistivity 

calculated (Ω / 

mm) 9515.15 7225.48 6112.42 2257.78 3470.81 2495.48 

Resistivity 

calculated (Ω / 

m) 9.52 7.23 6.11 2.26 3.47 2.50 

Resistance 

from line of 

best fit 

(
𝟏𝒈𝒓𝒂 𝒊 𝒏𝒕  13119.92 8211.33 6296.79 3162.16 3609.81 3040.59 

Resistivity 

from line of 

best fit (Ω / 

mm) 8402.42 6514.94 4953.76 2286.52 2928.07 2341.21 

Resistivity 

from line of 

best fit (Ω / m) 8.40 6.52 4.95 2.29 2.93 2.34 

 

Table 4.4 shows the average resistance calculated with the standard deviation and variance for 

each sample’s twenty individual measurements found in the thesis Appendix from Table 7 to 

Table 12.  The results show that the average resistance for PPy@NFC in PVA made from 

dialysis-free bacterial nanocellulose has the lowest average resistance closely followed by 

PPy@NCC in PVA made from dialysed bacterial nanocellulose.  This was followed by 

PPy@NFC in PVA made from dialysis-free Whatman filter paper and PPy@NCC in PVA made 

from dialysed Whatman filter paper nanocellulose.  PPy@NFC in PVA made from dialysis-free 

hardwood pulp and PPy@NCC in PVA made from dialysed hardwood pulp nanocellulose 
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showed the lowest conductance.  The calculated volume resistivity per mm calculated by using 

the average calculated by the multiplication of the resistance by the surface area over the length 

illustrated in Scheme 4.1 and Equation 8 yielded the volume resistivity, and in the same order as 

expected: samples 6 and 5 had the largest conductance followed by sample 4 and 3 and then 

followed by sample 2 and 1.  By taking the resistance from the reciprocal of the gradient from 

the current vs. voltage graphs, the resistivity per mm can also be compared to the calculated 

resistivity per mm.  These values lie in proximity to those calculated from the average resistance. 

Sample 1 average volume resistivity per mm was calculated at 9515.15 Ω/mm with the 

corresponding volume resistivity from the line of best fit of 8402.42 Ω /mm.  Sample 2 had an 

average volume resistivity per mm that was calculated 7225.48 Ω/mm with the corresponding 

volume resistivity from the line of best fit of 6514.94 Ω/mm.  The average volume resistivity per 

mm for sample 3 was calculated at 6112.42 Ω/mm with the corresponding volume resistivity 

from the line of best fit of 4953.76 Ω/mm.  Sample 4 average volume resistivity per mm was 

calculated at 2257.78 Ω/mm with the corresponding volume resistivity from the line of best fit 

of 2286.52Ω/mm.  Sample 5 average volume resistivity per mm was calculated at 3470.81 Ω/mm 

with the corresponding volume resistivity from the line of best fit of 2928.07 Ω/mm.  Finally, 

the calculated average volume resistivity per mm for sample 6 was measured to be 2495.48 

Ω/mm and the corresponding volume resistivity from the line of best fit was calculated to be 

2341.21 Ω/mm.  The closeness of the results showed accuracy and precision in measurement 

between each sample’s calculated volume resistivity from the average resistances to its 

individual volume resistivity from the line of best fit.  It was found that dialysis-free sourced 

nanocellulose possessed a higher conductivity than dialysed nanocellulose per source. 

The morphology of PPy@NC/PVA nanocomposite was characterized by SEM observation 

before resistivity tests were carried out on the samples, and after the samples were subjected to 

a voltage to determine the integrity of the sample.  As shown in Figure 4.37 to Figure 4.42, the 

PPy@NC nanohybrid was well dispersed in the PVA forming a continuous network.  The results 

showed that the samples were consistently reliable after being used, and the sample can be re-

used many times.   There were no visible differences found from before and after testing over 30 

minutes at 20.5 V voltage applied.  The sample remained the consistent, dependable and stable 

for numerous uses.  The results showed there was good dispersion of nanoparticles and high 

aspect ratio of the PPy@NC nanohybrid.  The continuous network structure enhances the 

electrical conductivity as well as mechanical properties of the PPy@NC/PVA nanocomposites.  
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Figure 4.35. SEM image of PPy@NCC of dialysed hardwood pulp in PVA with ratio 1:1 

(a) before applied voltage and (b) after applied voltage for resistivity testings. 

 

Figure 4.36. SEM image of PPy@NFC of dialysis-free hardwood pulp in PVA with ratio 

1:1 (a) before applied voltage and (b) after applied voltage for resistivity testings. 

 

Figure 4.37. SEM image of PPy@NCC of dialysed Whatman filter paper in PVA with ratio 

1:1 (a) before applied voltage and (b) after applied voltage for resistivity testings. 
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Figure 4.38. SEM image of PPy@NFC of dialysis-free Whatman filter paper in PVA with 

ratio 1:1 (a) before applied voltage and (b) after applied voltage for resistivity testings. 

 

Figure 4.39. SEM image PPy@NCC of dialysed bacterial cellulose in PVA with ratio 1:1 

(a) before applied voltage and (b) after applied voltage for resistivity testings. 

 

Figure 4.40. SEM image of PPy@NFC of dialysis-free bacterial cellulose in PVA with ratio 

1:1 (a) before applied voltage and (b) after applied voltage for resistivity testings. 
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The results obtained by using a simple amp meter and volt meter gave outstanding results. When 

repeat experiments were performed and compared using a four-point probe measurement, the 

results matched.   This method proved to provide an excellent alternate route when a four-point 

probe is not available.  It is evident that for all samples that the dialysis-free nanocellulose used 

to synthesize each polypyrrole hybrid yielded larger conductivities than the dialysed hybrid.  

This is presumably due to the PPy on nanocellulose being doped again by the residual H2SO4 

which promotes electrical conductivity. PPy@NFC/PVA from bacterial nanocellulose had the 

highest conductance due to the purity of bacterial cellulose ensuring a direct flow of current 

which indicates the effectiveness of nanohybrid in fabrication of conductive composites from the 

source it is produced from.  This work proves that by capitalizing on the physiognomies of 

nanocellulose not subjected to dialysis, its unique traits can be exploited as an advantage for 

useful applications.  By avoiding the costly and laborious dialysis step, one could easily utilize 

the residual acid as a doping agent that contribute to the desired conductance required.  This 

enhancement benefitted from the good dispersion property and high aspect ratio of the 

nanohybrid to produce a more cost effective, environmentally friendly process to obtain a 

conductive polymer. 
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CHAPTER 5 - CONCLUSIONS 

The extraction of nanocellulose from i) bacterial cellulose (grown using "Symbiotic 'Colony' of 

Bacteria and Yeast" or SCOBY), ii) Whatman filter paper, and iii) hardwood pulp was 

successfully investigated in this study.  All sources proved to be successful in producing 

nanocellulose through acid hydrolysis where one dimension was under 100 nm.   The 

nanocellulose prepared by the conventional dialysis route to produce nanocrystalline cellulose, 

NCC, was compared to a dialysis-free method to produce nanofibrous cellulose, NFC.  Both 

synthetic methodologies gave nano-whisker cellulose and no difference in morphology was 

found.  The concentration of nanocellulose for bacterial cellulose was higher than Whatman filter 

paper and hardwood pulp due to its high purity cellulose content.  The nanocellulose from 

bacterial cellulose has acceptable aspect ratio for ideal stress transfer within the interaction 

between fibres and matrix.   

The nanocellulose was used as a stabilizer for polypyrrole, PPy, to produce an electrical 

conducting polymer.  The hydrolysis products of NFC were used without further separation as 

the starting materials for preparation of the PPy@NFC nanohybrid.  The PPy@NFC was in situ 

doped by the residual hydrolysis acid, enhancing the PPy@NFC nanohybrid’s improved 

electrical conductivity when compared to PPy@NCC.  It was found that PPy deposits on NC as 

a continuous network structure, forming a nanohybrid with the desired electric conductivity and 

adjustable dispersibility.  In addition, the prepared PPy@NC/PVA nanocomposites, as well as 

neat PPy/PVA nanocomposites were prepared for comparison.  The PVA served as an excellent 

medium to facilitate the nanohybrid in a well dispersed form.  The results showed that the 

minimum ratio for improved structure stability and optimum conductivity was 1:1 polypyrrole: 

nanocellulose.  A simple method was used to measure the current and voltage and thus the 

resistance was calculated.  These results were confirmed with a traditional four-point probe and 

the method was validated. PPy@NC/PVA nanocomposites exhibited significant improvement in 

both electrical conductivity and mechanical properties when compared with neat PPy/PVA 

composites, and the PPy@NFC/PVA exhibited enhanced performance compared to 

PPy@NCC/PVA nanocomposites.  Therefore, a facile, reproducible, sustainable, cost-effective, 

and scalable approach to prepare a nanocellulose via a dialysis-free and in situ doping strategy 

was achieved.  This work provides a new strategy for an environmentally friendly production of 

PPy@NC nanohybrid, which open new opportunities for the large-scale fabrication and 

application of nanocellulose based conductive nanocomposites at low cost and high 

performance. 
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APPENDIX 

 

 Table 1. Voltage, Current and Resistance measurements for Ratio 0:0. 

Sample A ratio 0:0 

Voltage/V Current/A Resistance/Ώ 

2,5 0 - 

3 0 - 

3,5 0 - 

4,5 0 - 

5,5 0 - 

6,5 0 - 

7,5 0 - 

8,5 0 - 

9,5 0 - 

10,5 0 - 

11,5 0 - 

12,5 0 - 

13,5 0 - 

14,5 0 - 

15,5 0 - 

16,5 0 - 

17,5 0 - 

18,5 0 - 

19,5 0 - 

20,5 0 - 

 Average resistance/Ώ 0 

 

  



100 

 

               Table 2. Voltage, Current and Resistance measurements for Ratio 0:1. 

 

  

Sample B ratio 0:1 

Voltage/V Current/A Resistance/Ώ 

2,5 0 - 

3 0 - 

3,5 0 - 

4,5 0 - 

5,5 0 - 

6,5 0 - 

7,5 0 - 

8,5 0 - 

9,5 0 - 

10,5 0 - 

11,5 0 - 

12,5 0 - 

13,5 0 - 

14,5 0 - 

15,5 0 - 

16,5 0 - 

17,5 0 - 

18,5 0 - 

19,5 0 - 

20,5 0 - 

 Average resistance/Ώ 0 
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            Table 3. Voltage, Current and Resistance measurements for Ratio 1:2. 

 

 

 

 

 

 

Sample C ratio 1:2 

Voltage V Current/A Resistance/Ώ 

2,5 0,000004 625000,00 

3 0,000006 500000,00 

3,5 0,000007 500000,00 

4,5 0,00001 450000,00 

5,5 0,000013 423076,92 

6,5 0,000017 382352,94 

7,5 0,00002 375000,00 

8,5 0,000023 369565,22 

9,5 0,000026 365384,62 

10,5 0,00003 350000,00 

11,5 0,000033 348484,85 

12,5 0,000037 337837,84 

13,5 0,00004 337500,00 

14,5 0,000043 337209,30 

15,5 0,000047 329787,23 

16,5 0,00005 330000,00 

17,5 0,000053 330188,68 

18,5 0,000057 324561,40 

19,5 0,00006 325000,00 

20,5 0,000064 320312,50 

 Average resistance/Ώ 383063,0751 
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               Table 4. Voltage, Current and Resistance measurements for Ratio 1:1. 

Sample D ratio 1:1 

Voltage/V Current/A Resistance/Ώ 

2,5 0,000031 80645,16 

3 0,0000325 92307,69 

3,5 0,000036 97222,22 

4,5 0,0000465 96774,19 

5,5 0,0000575 95652,17 

6,5 0,0000765 84967,32 

7,5 0,000095 78947,37 

8,5 0,000108 78703,70 

9,5 0,000132 71969,70 

10,5 0,000166 63253,01 

11,5 0,000192 59895,83 

12,5 0,000217 57603,69 

13,5 0,00022 61363,64 

14,5 0,00024 60416,67 

15,5 0,000242 64049,59 

16,5 0,000261 63218,39 

17,5 0,0002745 63752,28 

18,5 0,00028 66071,43 

19,5 0,000297 65656,57 

20,5 0,000305 67213,11 

 Average resistance/Ώ 73484,19 
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                     Table 5. Voltage, Current and Resistance measurements for Ratio 2:1. 

 

  

Sample E ratio 2:1 

Voltage/V Current/A Resistance/Ώ 

2,5 0,000564 4432,62 

3 0,00116 2586,21 

3,5 0,001445 2422,15 

4,5 0,001935 2325,58 

5,5 0,002495 2204,41 

6,5 0,003035 2141,68 

7,5 0,003615 2074,69 

8,5 0,0042 2023,81 

9,5 0,004765 1993,70 

10,5 0,0054 1944,44 

11,5 0,0059 1949,15 

12,5 0,00665 1879,70 

13,5 0,00715 1888,11 

14,5 0,00765 1895,42 

15,5 0,0084 1845,24 

16,5 0,00905 1823,20 

17,5 0,00975 1794,87 

18,5 0,01035 1787,44 

19,5 0,01105 1764,71 

20,5 0,01175 1744,68 

 Average resistance/Ώ 2126,09 
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               Table 6. Voltage, Current and Resistance measurements for Ratio 1:0. 

Sample F ratio 1:0 

Voltage/V Current/A Resistance/Ώ 

2,5 0,000005 500000,00 

3 0,000006 500000,00 

3,5 0,000007 500000,00 

4,5 0,00001 450000,00 

5,5 0,000013 423076,92 

6,5 0,000016 406250,00 

7,5 0,000025 300000,00 

8,5 0,00003 283333,33 

9,5 0,000033 287878,79 

10,5 0,000038 276315,79 

11,5 0,00004 287500,00 

12,5 0,000043 290697,67 

13,5 0,000046 293478,26 

14,5 0,000045 322222,22 

15,5 0,000046 336956,52 

16,5 0,000049 336734,69 

17,5 0,00005 350000,00 

18,5 0,000052 355769,23 

19,5 0,000054 361111,11 

20,5 0,000057 359649,12 

 Average resistance/Ώ 361048,68 
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Table 7. Measured current/A for Sample 1, at applied voltage/V with calculated 

resistance. 

Sample 1 

Voltage/V Current/A Resistance/Ώ 

2,5 0,0003 8333,33 

3 0,0003 10000,00 

3,5 0,0004 8750,00 

4,5 0,0005 9000,00 

5,5 0,0006 9166,67 

6,5 0,0006 10833,33 

7,5 0,0007 10714,29 

8,5 0,0008 10625,00 

9,5 0,0009 10555,56 

10,5 0,001 10500,00 

11,5 0,001 11500,00 

12,5 0,0011 11363,64 

13,5 0,0012 11250,00 

14,5 0,0012 12083,33 

15,5 0,0013 11923,08 

16,5 0,0014 11785,71 

17,5 0,0015 11666,67 

18,5 0,0015 12333,33 

19,5 0,0016 12187,50 

20,5 0,0017 12058,82 

 Average resistance/Ώ 
10831,51 
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Table 8. Measured current/A for Sample 2, at applied voltage/V with 

calculated resistance. 

Sample 2 

Voltage/V Current/A Resistance/Ώ 

2,5 0,0004 6250,00 

3 0,0005 6000,00 

3,5 0,0005 7000,00 

4,5 0,0006 7500,00 

5,5 0,0008 6875,00 

6,5 0,0009 7222,22 

7,5 0,001 7500,00 

8,5 0,0011 7727,27 

9,5 0,0013 7307,69 

10,5 0,0014 7500,00 

11,5 0,0015 7666,67 

12,5 0,0016 7812,50 

13,5 0,0018 7500,00 

14,5 0,0019 7631,58 

15,5 0,002 7750,00 

16,5 0,0021 7857,14 

17,5 0,0022 7954,55 

18,5 0,0023 8043,48 

19,5 0,0025 7800,00 

20,5 0,0026 7884,62 

 Average resistance/Ώ 7439,14 
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Table 9. Measured current/A for Sample 3, at applied voltage/V with 

calculated resistance. 

 

 

 

 

 

  

Sample 3 

Voltage/V Current/A Resistance/Ώ 

2,5 16 156250,00 

3 18 166666,67 

3,5 20 175000,00 

4,5 24 187500,00 

5,5 25 220000,00 

6,5 29 224137,93 

7,5 33 227272,73 

8,5 36 236111,11 

9,5 40 237500,00 

10,5 43 244186,05 

11,5 47 244680,85 

12,5 50 250000,00 

13,5 53 254716,98 

14,5 57 254385,96 

15,5 60 258333,33 

16,5 63 261904,76 

17,5 67 261194,03 

18,5 68 272058,82 

19,5 71 274647,89 

20,5 75 273333,33 

 Average resistance/Ώ 233994,02 
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Table 10. Measured current/A for Sample 4, at applied voltage/V with calculated 

resistance. 

 

  

Sample 4 

Voltage/V Current/A Resistance/Ώ 

2,5 0,0008 3125,00 

3 0,001 3000,00 

3,5 0,0012 2916,67 

4,5 0,0015 3000,00 

5,5 0,0018 3055,56 

6,5 0,0021 3095,24 

7,5 0,0024 3125,00 

8,5 0,0027 3148,15 

9,5 0,003 3166,67 

10,5 0,0033 3181,82 

11,5 0,0036 3194,44 

12,5 0,0039 3205,13 

13,5 0,0042 3214,29 

14,5 0,0045 3222,22 

15,5 0,0049 3163,27 

16,5 0,0052 3173,08 

17,5 0,0056 3125,00 

18,5 0,0059 3135,59 

19,5 0,0063 3095,24 

20,5 0,0066 3106,06 

 Average resistance/Ώ 3122,42 
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Table 11. Measured current/A for Sample 5, at applied voltage/V with 

calculated resistance. 

Sample 5 

Voltage/V Current/A Resistance/Ώ 

2,5 0,0005 5000,00 

3 0,0006 5000,00 

3,5 0,0007 5000,00 

4,5 0,0008 5625,00 

5,5 0,001 5500,00 

6,5 0,0012 5416,67 

7,5 0,0013 5769,23 

8,5 0,0015 5666,67 

9,5 0,0017 5588,24 

10,5 0,0018 5833,33 

11,5 0,0019 6052,63 

12,5 0,0021 5952,38 

13,5 0,0023 5869,57 

14,5 0,0024 6041,67 

15,5 0,0026 5961,54 

16,5 0,0027 6111,11 

17,5 0,0029 6034,48 

18,5 0,0031 5967,74 

19,5 0,0032 6093,75 

20,5 0,0034 6029,41 

 Average resistance/Ώ 5725,67 
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Table 12. Measured current/A for Sample 6, at applied voltage/V with 

calculated resistance. 

Sample 6 

Voltage/V Current/A Resistance/Ώ 

2,5 0,001 2500,00 

3 0,0011 2727,27 

3,5 0,0013 2692,31 

4,5 0,0016 2812,50 

5,5 0,0019 2894,74 

6,5 0,0022 2954,55 

7,5 0,0025 3000,00 

8,5 0,0028 3035,71 

9,5 0,0031 3064,52 

10,5 0,0034 3088,24 

11,5 0,0036 3194,44 

12,5 0,0039 3205,13 

13,5 0,0042 3214,29 

14,5 0,0045 3222,22 

15,5 0,0047 3297,87 

16,5 0,005 3300,00 

17,5 0,0052 3365,38 

18,5 0,0055 3363,64 

19,5 0,0058 3362,07 

20,5 0,0058 3534,48 

 Average resistance/Ώ 3091,47 

 

 

 

 

 

 




