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Abstract 

In this study, bulk conductivity of commercial base paper impregnated with different ionic 

liquids blends and additives, through bench coating was investigated. Bulk conductivity of 

base paper, ion conductive paper and surface sized ion conductive papers with and without 

the influence of calendering were evaluated at different concentrations of ionic liquids using 

at resistivity cell and four point probe technique. It was shown that bulk conductivity of base 

paper was increased by increasing the amount of ionic liquids. Nano fibril cellulose also 

showed positive influence on the bulk conductivity of coated papers.  By increasing the line 

load in the calendering machine, a positive influence on the bulk conductivity was observed. 

The tensile index of all the coated papers was lower than that of the base paper. 

Keywords: ionic liquids, ion conductive paper, nano fibrillated cellulose, conducting 

polymer, calendering, 1-butyl-3-methylimidazolium tetrafluoroborate, 1-butyl-3-

methylimidazolium hexafluorophosphate 
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Executive Summary  

Cellulose is one of the major biopolymer on Earth and it has been used since ancient times 

for packaging, clothing, and writing material. Cellulosic materials have been used as 

substrate for transistors or dielectric for capacitors. Paper made from cellulose can be used as 

a smart material, as it can be made ion conductive, which  can prove useful in many 

applications such as electronic sensors for intelligent packaging, interactive wallpapers, paper 

batteries and many other applications, making use of the porous and flexible properties of 

paper.  

 Ionic liquids (IL) refer to the liquids composed on ions. Ionic liquids are formed from 

organic cations and organic and inorganic anions and they have melting point lower than 100 

°C. Room Temperature Ionic Liquids (RTILs) are liquid below or at room temperature and 

these are called room temperature ionic liquids. Conducting polymers exhibit electronic 

functional properties and having alternating single and double carbon-carbon bond along the 

polymeric chain consist of π -conjugated network. Nanofibrillated cellulose (NFC) is very 

versatile material and it is not only a new form of cellulose but also low cost material and it 

has a large surface area. NFC can be applied in various industries such as paints, paper, 

foods, cosmetics and nonwoven textiles because of their strength, flexibility and aspect ratio. 

Carboxyl methyl cellulose (CMC) is extensively used because of its thickening and 

structuring properties for production of paints, detergents, lacquers, adhesives and 

toothpastes.  

The purpose of this study was to investigate the effect on the bulk conductivity of ionic paper 

produced when additive is added into ionic liquid solution before coating. Blends of CMC 

and water were prepared with varying CMC concentration and subjected for rheological 

measurements. Suitable blend of CMC and water was then mixed with 15, 25, 35, 45% 

[bmim]BF4 (1-butyl-3-methylimidazolium tetrafluoroborate) and 15, 25, 35, 45, 60% 

[bmim]PF6 (1-butyl-3-methylimidazolium hexafluorophosphate) ionic liquid and coating of 

base papers was performed. The resistivity cell and four point probe technique was used to 

measure the bulk conductivity of coated papers at 23°C and 50% RH. Effect of calendering 

on bulk conductivity of coated papers was also determined.  Thickness and tensile strength 

index of the base papers, calendered and uncalendered coated papers were also determined. 

Conductivity of the [bmim]BF4 and [bmim]PF6 ion conductive paper increased with 

increasing weight and voltage in resistivity cell. This was due to the reason that by increasing 
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load results an increase in compression of the ionic paper, reduction in the surface roughness 

and increased contact between fibers in the ionic paper. Similarly by increasing voltage the 

conductivity of the ionic paper increased. As the concentration of [bmim]BF4 and [bmim]PF6 

ionic liquids increased up to certain level, the bulk conductivity was no longer dependent on 

the voltage and resistivity cell was not able to measure the conductivity, hence four point 

probe technique was used. The results which were determined using four point probe 

technique shows that increasing the amount of [bmim]BF4 and [bmim]PF6 in blends gives 

higher conductivity of the coated papers and conductivity lies close to semiconductor. Due to 

the difference in viscosity, concentration and molecular weight of [bmim]BF4 and [bmim]PF6 

different conductivities were determined. Slight increase in conductivities was observed 

when [bmim]BF4 and [bmim]PF6 ion conductive papers were coated with NFC. NFC created 

a continuous layer on the ionic paper sheets, reduces the surface roughness and produces a 

less porous material; hence conductivity of the surface sized ion conductive paper was higher 

as compared to non-surface sized ion conductive paper. An increase in conductivity was 

observed for [bmim]BF4 and [bmim]PF6 ion conductive and surface sized ion conductive 

paper when calendered at 200 kN/m. The reason was by increasing the pressure in the rolling 

nip, reduction in the paper thickness and increase in density, and thus smooth and compressed 

fibers enhanced electron transfer where as a decrease in MD and CD tensile index was 

observed. When base paper was coated with [bmim]BF4 and [bmim]PF6 ionic liquids and 

then coated with NFC there was a small increase in tensile index. 
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List of Abbreviations 

RTILs Room temperature ionic liquids 

CMC Carboxymethyl cellulose 

NFC Nano fibrillated cellulose 

HOMO Highest occupied molecular 

orbital 

LUMO Lowest unoccupied molecular 

orbital 

PEDOT:PSS Poly(3,4-

ethylenedioxythiophene)/poly(4-

styrene sulfonate) 

[bmim] PF6 1-butyl-3-methylimidazolium 

hexafluorophosphate 

[bmim] BF4 1-butyl-3-methylimidazolium 

tetrafluoroborate 

MD Machine direction 

CD Cross machine direction 
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1 Objective 

The aim of this study was to achieve preserved bulk conductivity and minimize the material 

cost, i.e. reduced amount of ionic liquid in the blend, to gain insight into some possible routes 

for the production of ion conductive paper. This study also investigated the effect of surface 

sizing and calendering on the bulk conductivity and tensile strength of the treated paper 

samples.  

2 Introduction 

2.1 Paper 

Cellulose is one of the major biopolymer on Earth and it has been used since ancient times 

until today for packaging, clothing, writing material. Cellulose naturally consists of β-D-

glucopyraonosyl with a (1-4)-β-D linkage and it has linear chain with many inter and intra 

hydrogen bonds 
(1)

. Cellulose is the main constituent of cellulosic fibers in wood. Wood 

fibers are extracted from wood in the so called pulping process that can be either mechanical 

or chemical (or combinations thereof). The so-prepared fibers are then used to form paper in 

the paper making process. The paper making process is essentially a forming, dewatering and 

drying process, in which the fibers then form a coherent porous material, with an anisotropic 

distribution of properties due the varying distribution of fibers (in all directions of the 

material). Paper comes in many different grades and grammages (weight per area), ranging 

from very low grammage tissue paper (around 20 g/m
2
), to newsprint and graphic papers (40 

to 100 g/m
2
), and up to more high grammage (more than 100 g/m

2
) packaging material such 

as linerboard, paperboard etc.  Paper made from cellulose has been extensively used in 

industrial and scientific fields with many advantages such as good physical and mechanical 

properties, low cost, environmental friendly and as a renewable material. 

Cellulosic materials have been used as substrate for transistors or dielectric for capacitors
 (2)

. 

But when exposed to moisture, diffuse sunlight and temperature variations, undergo rapid 

change and because of no conductance of cellulosic materials their use in electronic field is 

limited.  

Generally materials can be classified according to their conductivities such as metals, 

semiconductors and insulators. Conductivity is the ability of a material to conduct ionic 

charge or electric current. Figure 1 shows the conductivities range of different materials 
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Figure 1.Conductivity range of different materials. Redrawn from ref 
(3)

 

Researchers’ have reported that paper made from cellulose can be used as a smart material 

for development of porous and flexible ionic conductive product that facilitates ionic 

movement, useful in many applications such as electronic sensors for intelligent packaging, 

interactive wallpapers, paper batteries and many other applications 
(1)

. These applications 

include light-weight, robust and low power consuming matrix displays manufactured on thin 

flexible carrier 
(4)

. 

2.2 Ionic Liquids 

The term ionic liquids (IL) refer to the liquids composed on ions. Ethyl ammonium nitrate 

was first ionic liquid synthesized by Walden in 1914 and ionic liquids have negligible vapor 

pressure and density greater then water 
(5)

. Ionic liquids are formed from organic cations and 

organic or inorganic anions 
(6)

 and they have melting point lower than 100 °C. This identifies 

the difference between inorganic salts which require high melting temperature and molten 

salts that has been known for a long time. These days more attention is directed towards ionic 

liquids rather than inorganic ionic liquids because of their interesting properties such as high 

stability, suitable polarity, easy recyclability and high ionic conductivity 
(1)

. 
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Table 1.Basis characteristics of organic ionic liquids 
(7)

 

1) Low melting point 

 

 

2) Non-Volatility 

 

 

3) Composed by Ions 

 

 

4) Organic ions 

 Treated as liquid at ambient 

temperature 

 Wide usable temperature range 

 

 Thermal stability 

 Nonflammability 

 

 High ion density 

 High ion conductivity 

 

 Various kinds of salts 

 Designable 

 Unlimited combination 

 

2.2.1 Room Temperature Ionic Liquids 

Room temperature ionic liquids (RTILs) are liquid below or at room temperature and these 

are called room temperature ionic liquids. Ionic liquids are nonflammable and nonvolatile but 

decompose at high temperature and their nonvolatile nature suggests that ILs can potentially 

be green solvents 
(6)

. 

Ionic liquids consist of organic cations such as 1-butylpyridinium ion and 1-butyl-3-

methylimidazolium ion and wide range of anions like PF6
−
, NO3

−
 or AlCl4

−
 and BF4

-
 
(7)

. 

2.2.2 Physical and Chemical Properties of Room Temperature Ionic Liquids 

Physical and chemical properties depend upon the cations, anions and length of alkyl group 

on the cation 
(8)

. Applications of RTILs in domestic and industries are increasing rapidly 

because of their unique properties. Densities of RTILs depend upon the length of alkyl chain, 

size of the ring in cation and interaction between cation and anion. Solubility in water of 

Imidazolium-based ionic liquid is dependent on the nature of the counter anions, and on the 

substitute of the imidazole. For example [bmim]BF4 is highly soluble in water as compared to 

[bmim] PF6 and reason for this that relatively strong hydrogen bond formation takes place 

between [bmim]BF4 and water 
(9)

. 

The viscosity of ionic liquids is determined by hydrogen bond structure and vander Waal 

forces. Increasing the alkyl chain length from butyl to octyl results in increased viscosity and 

hydrophobicity of ionic liquid, whereas surface tension and density value decreases for a 

series of 1-alkyl-3-methylimidazolium cations 
(9)

. 
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 ([bmim]PF6) is viscous ionic liquid as compared to ([bmim]BF4). Shape, molar mass and 

size of anion contribute to viscosity with lighter, smaller and more symmetrical anions that 

result in more viscous RTILs. Also, the nature of the anion to allow vander Waal attractions 

or to form hydrogen bonds has major effect of the viscosity of ionic liquids. Figure 2 shows 

the schematic representation of 1-butyl-3-methylimidazolium with different anions. 

 

Figure 2.Shows the schematic representation of 1-butyl-3-methylimidazolium with different 

anions. Redrawn from ref 
(9)

 

The fluorinated anions such as [PF6
-
], [BF4

-
] forms viscous ionic liquids because of increased 

vander Waal forces or due to the formation of hydrogen bonds. 

Table 2.Physical and chemical properties of RTILs 
(10) 

 T(
o
C) Viscosity 

(mPas) 

Conductivity 

(Sm
-1

) 

Density 

(gcm
-3

) 

Molecular 

Weight 

(gmol
-1

) 

Molar 

Concentration 

(mol L
-1

) 

[BF4] 25 154 0.35 1.26 226.01 5.575 

[NTF2] 25 52 0.40 1.43 419.37 3.41 

[PF6] 25 308 0.146-0.1 1.35 284.18 4.75 

[OTF] 25 90 0.29 1.29 288.29 4.48 
 

2.2.3 Conductivity 

The conductivities of RTILs are in the low range of 0.1 to high range of 20 mScm
-1

 and for 

imidazolium family; conductivities are in the order of 10 mS cm
-1

. The viscosity has major 

impact on the conductivities of RTILs because conductivity and viscosity are inversely 

proportional
 (10)

. Not only viscosity, there are many other factors which effect the 

conductivity behavior of ionic liquids such as ion size, RTILs density, anionic charge 

delocalization. Increasing length of the alkyl chain results in a lower conductivity and a 

higher viscosity. Similarly, increasing the size of anion lowered the viscosity. 
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2.2.4 Importance and Potential of Ionic Liquids 

Ionic liquids are composed of ions; they are nonflammable, nonvolatile and have high ionic 

conductivities ranging from 1 mS/cm to 10 mS/cm. The ionic conductive liquids are practical 

material to use in electrochemistry and in other fields as well. Many energy storage devices 

can ignite or accidentally explode, so for motor vehicles there is plenty of incentive to seek 

safe material. Therefore ionic liquids are being developed for energy storage devices because 

they are multipurpose material and they have considerable applications 
(7)

. 

The interests in ionic liquids are toward the development of new organic solvents. With the 

development of new organic solvents there is more potential for development of 

electrochemical applications 
(7)

.  

2.3 Conducting Polymers 

The conduction capacity of polymers was discovered in 1970s by doping polyacetylene with 

iodine 
(11)

. Conducting polymers exhibit electronic functional properties and having 

alternating single and double carbon-carbon bond along the polymeric chain consist of π -

conjugated network.  

Conducting polymers have a delocalized band like structure. The energy difference between 

the highest occupied and lowest unoccupied molecular orbital defines the band gap
 (12)

, see 

figure 3.  

 

Figure 3.Band gap structure in conducting polymer. Redrawn from ref 
(12)

 

Conjugated polymers are not conductive because the band gap is normally large; number of 

charge carries and their mobility are fairly small. The effective method to produce conducting 

polymer is doping method and it enables electron to flow due to formation of conduction 

band. Electrons which are loosely bonded in the conjugated system move along the polymer 

chains when doping occurs 
(13)

.   
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Poly(3,4-ethylenedioxythiophene) doped with polystyrene sulfonate is widely used 

conducting polymer. Figure 4 shows the chemical structure of PEDOT:PSS 

 

Figure 4.Shows the chemical structure of PEDOT:PSS. Redrawn from ref 
(12)

 

2.3.1 Applications of Conducting Polymers 

A conducting polymer having high conductivity, light weight and electro chromic properties 

can be used in various applications such as transistors, sensors, super capacitors, lithium ionic 

batteries etc. 
(14) 

They can be used as laser materials, in light emitting electrochemical cells, photo detector 

and photovoltaic cells 
(15)

.
 

Polyacetylene, polythiophene, polyindole along many other conducting polymers’ can be 

used as electrode materials for rechargeable batteries 
(16)

. 

Electrochemical transistors which are PEDOT: PSS-based is useful in sensor signal 

amplification 
(17)

 and in solar cells, PEDOT: PSS has been used as hole injection layer 
(18)

. 

2.4 Nano Fibrillated Cellulose (NFC) 

In 1983 Tubark and Herrick were the first ones to produce nano scale fibers by mechanical 

disintegration of cellulose microfibrils with the application of high pressure accompanied 

with refining homogenization 
(19)

. 
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Figure 5.Different steps involved in the production of NFC. Redrawn from ref 
(19)

 

 

Cellulosic materials primarily composed of high cellulose. Through homogenization process 

they can be degraded and expanded in surface area. Figure 5 shows the preparation of NFC 

and cellulose whiskers. Raw fibers from the mill treated with alkali and then bleaching 

treatments are done with NaClO2. During preparation of NFC, hemicellulose and lignin are 

removed whereas cellulose remains intact
 (19) 

 

Table 3.Different terms used to define cellulose nano particles 
(19)

 

Acronyms Name Source Process 

CNW Cellulosenanowhiskers MCC H2SO4 hydrolysis 

CNXL Cellulosenanocrystals Bacterial cellulose H2SO4 hydrolysis 

CNW-HCl Cellulosenanowhiskers Cotton linters HCl Hydrolysis 

Wh Whiskers Cellulose fibers H2SO4 hydrolysis 

NF Nano fibers Wheat straw HCl + 

Mechanical 

Treatment 

NCC Nano crystalline cellulose MCC H2SO4 hydrolysis 

MFC Microfibrillated cellulose Pulp Gaulin Homogenizer 

NFC Nanofibrillated Cellulose Sulfite pulp Mechanical 

MCC Microcrystalline cellulose Alpha-cellulose 

fibers 

Hydrolysis 

 

The properties of NFC and cellulose whiskers are different from that of conventional 

cellulose because they have straight chain. Structural properties ascribed to NFC are flexible, 

nanoparticles in the range of 10 to 100 nm. Also NFC present a web like structure compared 

with cellulose whiskers. 
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Figure 6.SEM image of softwood pulp after 10 passes through a homogenizer at 55 MPa 

pressures 
(20)

 

2.4.1 Applications of Nano Fibrillated Cellulose (NFC)  

NFC is very versatile material and a lot of research has been made in order to evaluate the 

potential of it. NFC is not only a new form of cellulose but also low cost material and it has a 

large surface area. Beside other application the main target is the packaging application. 

Nanofibrillated cellulose can be applied in various industries such as paints, paper, foods, 

cosmetics and nonwoven textiles because of their strength, flexibility and aspect ratio.  

In food packaging oxygen barrier plays a very important role. Recently the barrier properties 

of NFC and oxygen permeability were studied that was made from the bleached spruce sulfite 

pulp
 (21)

. Due to a high crystalline structure of NFC they possess a high oxygen transmission 

rate even superior to cellophane, whereas their oxygen transmission rate is still lower than 

petro polymers. With the use of NFC in paper it might enhance the barrier and mechanical 

properties of the paper. A long time ago the use of NFC in paper as an oxygen barrier was 

predicted and Syverud and Stenis in 2009 were the first who deposited NFC on the top side 

of the wet base paper using a dynamic sheet former. As a result of this deposition of NFC on 

the paper surface it was observed that with an increase in weight of NFC coating the air 

permeability was reduced significantly 
(21)

. 

In 2010, Hulti, Lotti and Lenes worked with NFC and combining it with shellac. Shellac is a 

natural resin that exhibits oil resistance, hydrophobic character and good moisture barrier 

properties. Combination of shellac with NFC was used in two different types of techniques. 

First method was coating of NFC and shellac as coating color, and in the second as a multi-

layer structure with two coating layers. Both results showed a significant decrease in air 

permeability 
(21).
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2.5 Carboxyl Methyl Cellulose 

Carboxyl Methyl Cellulose (CMC) is form of methyl cellulose, hydroxyl ethyl cellulose, 

sodium salt and methoxy propyl, etc and they valuable properties such as good thickening 

power, lack of toxicity and water solubility. The structure of CMC is shown in figure 7. CMC 

has wide range of applications in oil extraction, medicine and food industries. The raw 

materials for the production ethers are cotton and wood varieties of cellulose. Short flax 

fibers, hard wood part of flax and large capacity waste from flax are alternative source for 

preparation of various ethers.  

 

Figure 7.Structure of carboxyl methyl cellulose. Redrawn from ref 
(22)

  

Carboxyl methyl cellulose is extensively used because of its thickening and structuring agent 

for production of paints, detergents, lacquers, adhesives and toothpastes. CMC can be 

modified by selective modification of existing substituents in CMC macromolecules or by 

introduction of new functional group that changes its physiochemical properties 
(23)

. 

Molecular weight, structural uniformity, nature of initial polymer and fiber morphology etc. 

factors affects the physicochemical properties of new cellulose compound’s 
(24)

 and CMC is 

also used as a viscosity modifier and water retention agent in many industrial applications 
(25)

. 
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3 Materials and Methods: 

3.1 Materials Used 

The materials used in this experimental work as follows 

 1-butyl-3-methylimidazolium tetrafluoroborate ([bmim] BF4) 

 1-butyl-3-methylimidazolium hexafluorophosphate ([bmim] PF6) 

 Nano Fibrillated Cellulose (NFC) 

 Orgacon® screen printing ink transparent EL-P 3040 

 Commercial base papers (PM White, 100 g/m
2
) 

 Carboxyl methyl cellulose (CMC) 

Ionic liquids used were provided by Sigma-Aldrich Chemicals Sweden. The commercial base 

papers (PM White, 100 g/m
2
) were provided by Billerud, AB Sweden. The carboxyl methyl 

cellulose (Finnfix 10, of CP Kelco Oy, Äänekoski, Finland was used). The Orgacon® screen 

printing ink transparent EL-P 3040 was purchased from Agfa-Gevaert (Belgium). Nano 

fibrillated cellulose, 2% (CTP, Grenoble, France
 (26)

. Table 4 depicts the experimental design 

and number of samples per test point. This was the basis for the statistical handling, 

producing average values and error bars (95% confidence level). 

Table 4.Number of samples which were prepared for each measurement 

Composition Number of Samples prepared for each measurements 

 Coating Calendering Tensile strength 

  50kN/m 100kN/m 200kN/m MD CD 

BF4 (5%) + CMC (4%) 5   
PF6 (5%) + CMC (4%) 5  
BF4 (15%) + CMC (4%) 5  
PF6 (25%) + CMC (4%) 5  
PF6 (35%) + CMC (4%) 5  
PF6 (45%) + CMC (4%) 5 5 5 5 5 5 
PF6 (60%) + CMC (4%) 5 5 5 5 5 5 
BF4 (25%) + CMC (4%) 5 5 5 5 5 5 
BF6 (35%) + CMC (4%) 5 5 5 5  
BF4 (45%) + CMC (4%) 5 5 5 5 5 5 
BF4 (45%) + CMC (4%) + NFC 5 5 5 5 5 5 
PF6 (60%) + CMC (4%) + NFC 5 5 5 5 5 5 
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3.2 Preparation of CMC-Water-Ionic Liquid Blends 

Aqueous solutions of CMC were prepared with varying CMC concentration i.e. 2, 3 and 4% 

by weight see table 5. 

Table 5.Preparation of aqueous CMC solution 

Weight Of CMC (g) Weight of Water (g) % of CMC in Water 

2.124 97.876 2 

3.187 96.813 3 

4.25 95.75 4 

 

 [bmim]BF4 and [bmim]PF6 ionic liquids were mixed separately for 30 minutes at room 

temperature with prepared aqueous CMC solution in order to obtained 5% [bmim]BF4 and 

5% [bmim]PF6 in 2,3,4 % CMC-Water solution. 

The rheological behavior of these new blends and pure ionic liquids were measured using a 

MCR 300 Rheometer (Physica Messtechnik GmbH, Germany). Approximately 5 ml of the 

CMC-Water-Ionic liquids blends were poured into the vessel (CC 17) and the measurement 

interval was 30 s. The temperature was maintained at 23
0
C. Viscosity profile of pure ionic 

liquids and blends of CMC-Water-Ionic liquids were obtained individually. Viscosity of 4 % 

CMC-Water with 5 % [bmim]BF4 and 4 % CMC-Water with 5% [bmim]PF6 has a viscosity 

in between the viscosity of pure ionic liquids.   

 

Figure 8.Viscosity profile of pure ionic liquids and CMC-water-ionic liquids blends 
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From figure 8 it appears as the amount of CMC increases it influences the viscous behavior 

of the mixture from Newtonian to shear thinning. At high shear rate, the more shear thinning 

behavior of CMC was observed in the mixture.  After this preliminary investigation, 15, 25, 

35, 45% of [bmim]BF4 and 15, 25, 35, 45, 60 % of [bmim]PF6 ionic liquids were mixed 

separately for 30 minutes at room temperature with 4% CMC-water solution for further 

testing. The concentration of these new blends was as follows  

Table 6.Concentration of [bmim]BF4 in 4% CMC-Water solution 

4% CMC-Water 

solution 

(g) 

Weight Of [bmim] 

BF4 

(g) 

% of [bmim] BF4 

in 4% CMC-Water 

Solution 

95 5 5 

85 15 15 

75 25 25 

65 35 35 

55 45 45 

 

Table 7.Concentration of [bmim]PF6 in 4% CMC-Water solution 

4% CMC-Water 

solution 

(g) 

Weight Of 

[bmim]PF6 

(g) 

% of [bmim]PF6 in 

4% CMC-Water 

Solution 

95 5 5 

85 15 15 

75 25 25 

65 35 35 

55 45 45 

40 60 60 

 

3.3 Ionic Liquid Deposition  

A K202 Control Coater (RK Print LTD, Royston, UK) bench coater was used for coating 

base paper using the above mentioned concentration of CMC-Water-Ionic liquid blends. In 

this experimental work a wire-wound rod having 0.08mm wire diameter was used for 

maximum penetration of ionic liquid blends into the base paper and coating was applied on 

both sides of the base paper.  All coatings were done at room temperature. An STFI Infra-red 

dryer (Innventia, Stockholm, Sweden) was used to dry the coated papers at about 110
o
C for 5 

minutes.     
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3.4 Surface Sizing 

To enhance the surface or paper properties, surface sizing was performed using K202 Control 

(RK Print LTD, Royston, UK) bench coater and a wire-wound rod having 0.08mm wire 

diameter was used for maximum deposition of surface sizing agent such as NFC on the 

surface of ion conductive paper. An STFI Infra-red dryer (Innventia, Stockholm, Sweden) 

was used to dry the surface sized ionic papers at about 110
o
C for 5 minutes. After drying 

samples were carefully stored at 23
0
C and 50% RH for 24 hours.     

3.5 Calendering 

Laboratory calendering machine (OY Gradek, Åbo, Finland) was used to calendar the ion and 

surface sized ion conductive papers. The calendering machine consist of two rollers, one of 

them was hard roller and the other a soft roller having polymeric material. The heating of the 

soft roller was switched on and temperature of calendering machine was maintained at 

45±5
o
C and calendering was done at room temperature. The samples were passed through the 

machine only one time at various line loads; 50 kN/m, 100 kN/m and 200 kN/m 

3.6 Thickness Measurement 

The thicknesses of base paper, calendered and uncalendered surface sized ion conductive 

papers were determined by using STFI thickness tester M201. For every calendered and 

uncalendered surface sized ion conductive paper, 5 samples were subjected for testing, 

average thickness and standard deviation was recorded by computer software. 

3.7 Conductivity Measurements 

Bulk conductivity of base, calendered and uncalendered surface sized ion conductive papers 

was measured using Resistivity cell 16008B (Agilent, Englewood, USA). The resistivity cell 

technique was undertaken according to standard test method for conductance of insulating 

Materials or DC Resistance (ASTM D257). Resistivity cell was used along with 4339B High 

Resistance Meter (Agilent, Englewood, USA). The base, calendered and uncalendered coated 

papers were sandwiched between two electrodes and a weight of 3, 5, 7, 10 kg was applied in 

order to minimize the contact resistance between the paper and measuring electrodes. A 

voltage ranging from 5 to 50 V was applied and current was recorded after 60 s. Resistivity 

cell indicated the resistivity of the material provided the thickness of the coated and base 

paper samples.  
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The four-probe technique was used to measure the conductivity of semi conductive 

calendered and uncalendered coated sheets and reduces effect of contact resistance according 

to (ASTM D4496-04) standard and it was calibrated using a gold plated copper strip having a 

resistance of 1Mῼ. Figure 9 shows the schematic picture of four-probe equipment  

 

Figure 9.Shows schematic picture of four-probe technique. Redrawn from 
(12)

 

Samples sheets were cut into 10 cm x 15 cm and placed inside the chamber. The two 

potential electrodes and two current electrodes were connected to separate multimeters 

(Keithley 2000, Florida, USA). A 50, 100, 300, 500 V was applied to the samples. After 30 s 

the current and voltage were recorded. Following equation was used to calculate the direct 

current bulk conductivity. 

  
 

 
 
 

 
  

t is the thickness of the paper samples (cm), c is the ratio of distance between potential 

electrode and width of paper. V is the voltage across potential electrodes (V), and I is the 

current that passes through the samples (A). Conductivity measurement either with resistivity 

cell or four probe techniques was performed at 23°C and 50% RH. 5 samples were tested for 

each formulation. 

3.8 Tensile Strength Tester 

Tensile strength tester (Zwick Roell Z005) ISO 1924-3 was used to determine the tensile 

strength of base paper, calendared and uncalendered ionic papers. Samples were cut into 
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dimensions of 15x1.5 cm and for every calendared and uncalendered ionic paper 5 samples 

were subjected to testing. 

3.9 Screen Printing 

Screen printing of surface sized ion conductive paper was done in order to demonstrate the 

electrical behavior or electrochemical performance. Two strips 10 x 15 cm of conjugated 

polymer, acting as both as indicators of conductivity by color change and contacts for a 

voltage source driving the circuit. Screen printing was done using A4 80 mesh screen print 

(Screentec AB, Sweden). The solution used as the printing ink was Orgacon® EL-3040 and 

printed on 45% [bmim]BF4 and 60% [bmim]PF6 surface sized ion conductive paper. After 

that printed papers were dried in oven at 110°C for 5 minutes.  

4 Results and Discussion 

After the deposition of ionic liquids blends on base paper, both base paper and ionic paper 

were characterized using resistivity cell and four probe techniques. Conductivity 

measurement either resistivity cell or four probe techniques was performed at 23°C and 50% 

RH. Coating with ionic liquids blends affects the electrical and tensile strength properties. 

4.1 Effect of load on the conductivities of ionic paper using the resistivity 

cell  

Figure 10 shows the bulk conductivity of base paper and ion conductive paper coated with 

[bmim]BF4 ionic liquid blends at various loads. Results have shown that the conductivity of 

the ionic paper increased with increasing load and similarly, the conductivity of 15% 

[bmim]BF4 was higher as compared to 5% [bmim]BF4 . This was due to the reason that by 

increasing load results an increase in compression of the ionic paper, reduction in the surface 

roughness and increased contact between fibers in the ionic paper. 
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Figure 10.Bulk conductivity of Base paper and [bmim]BF4 ion conductive papers as a 

function of measurement load at 5 volts. Error bars shows the 95% confidence level. 

 

Figure 11 shows the bulk conductivity of base paper and ion conductive paper coated with 

different [bmim]PF6 ionic liquid blends at various loads. Results have shown that the 

conductivity of the ionic paper increased with increasing load and similarly, the conductivity 

of 35% [bmim]PF6 was higher as compared to 25, 15 and 5% [bmim]PF6 at constant voltage.  

The reason is same as discussed earlier that by increasing in load results an increase in 

compression of the ionic paper, reduction in the surface roughness and increased contact 

between fibers in the ionic paper. 

 

Figure 11.Bulk conductivity of Base paper and [bmim]PF6 ion conductive paper as a 

function of measurement load at 5 volts. Error bars shows the 95% confidence level. 
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4.2 Effect of voltage on the conductivities of ionic paper using the 

resistivity cell 

Figure 12 shows the bulk conductivity of base paper and ion conductive paper coated with 

[bmim]BF4 ionic liquid blends at various voltages. Results have shown that the conductivity 

of the ion conductive paper increased with increasing voltage, which is to be expected as the 

driving force for the current increases. Moreover the conductivity of 15% [bmim]BF4 was 

higher as compared to 5% [bmim]BF4 at every voltage. This was due to the reason that bulk 

conductivity of ion conductive paper was highly dependent on the amount of ionic liquids 

and with more ionic liquid being deposited on the base paper, the availability of ionic charge 

also increases, that facilitates the electric charge to pass through the ionic paper.  

 

Figure 12.Bulk conductivity of Base Paper and [bmim]BF4 ion conductive papers as a 

function of voltage at 5kg load. Error bars shows the 95% confidence level. 

Figure 13 shows the bulk conductivity of ionic paper coated with [bmim]PF6 ionic liquid 

blends at various voltages. Results have shown that the conductivity of the ion conductive 

paper increased with increasing voltage. Moreover the conductivity of 35% PF6 was higher as 

compared to 25, 15 and 5% PF6 at every voltage. This was due to higher amount of ionic 

liquid being deposited on the base paper, the availability of ionic charge also increases, and 

that facilitates the charge transport.  
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Figure 13.Bulk conductivity of Base Paper and [bmim]PF6 ion conductive papers as a 

function of voltage at 5kg load. Error bars shows the 95% confidence level. 

Resistivity cell was able to measure the bulk conductivity of paper samples coated with 5% to 

15% [bmim]BF4 ionic liquids and 5% to 35% [bmim]PF6 ionic liquid. As the concentration 

of [bmim]BF4 and [bmim]PF6 ionic liquids increased, the bulk conductivity was no longer 

dependent on the voltage and resistivity cell was not able to measure the conductivity. 

4.3 Effect of voltages on the conductivities of ionic papers using the 4-

Point Probe technique 

Figure 14 shows the conductivities of [bmim]BF4 blends as a function of voltage at three 

different concentrations. For conductivity measurement 4 probe technique was used. Results 

have shown that the conductivity of 25% [bmim]BF4 was lower as compared to the other two 

concentrations of [bmim]BF4 blends. This particular behavior could be seen at all values of 

voltages. As and when the concentration of [bmim]BF4 blend was increased on base paper 

the conductivity of 35% [bmim]BF4 was higher as compared to 25% [bmim]BF4. At 45% 

[bmim]BF4 there was an appreciable amount of increase in the conductivity of the ion 

conductive paper and the conductivity lies close to semiconductors 
(3)

. Probably this was 

some kind of saturation point and higher concentration will not produce higher conductivity 

but it has not been investigated. 
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Figure 14.Bulk Conductivities of [bmim]BF4 ion conductive papers using 4-Point Probe. 

Error bars shows the 95% confidence level. 

Figure 15 shows the conductivities of [bmim]PF6 blends as a function of voltage at three 

different concentrations. Results have shown that the conductivity of 45% [bmim]PF6 was 

lower as compared to 60% [bmim]PF6 blend. This behavior could be seen at all values of 

voltages. When the concentration of [bmim]PF6 blend was increased from 45% to 60%, there 

was an increase in conductivity of the ion conductive papers as measured using four-probe 

technique and the conductivity lies close to semiconductors 
(3)

. Hence at 60% [bmim]PF6 

maximum conductivity was achieved in this study. Probably this was some kind of saturation 

point and higher concentration will not produce higher conductivity but it has not been 

investigated. 

 

Figure 15.Bulk Conductivities of [bmim]PF6 ion conductive papers using 4-Point Probe. 

Error bars shows the 95% confidence level. 
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The difference in conductivities at different concentrations of [bmim]BF4 and [bmim]PF6 

were due to difference in viscosity, density, molar concentration, solubility and molecular 

weight
 (10)

. Viscosity has major impact on the conductivities of ionic liquids. Viscosity and 

conductivities are inversely proportional. [bmim]PF6 has higher viscosity as compared to 

[bmim]BF4 ionic liquid because of difference in anion size although they have same alky 

chain. Also presence of water decreases the viscosity, shrink electrochemical window and 

increases the electrical conductivity. Thus [bmim]BF4 blends gave higher conductivity at low 

concentration as compared to [bmim]PF6 Blends.  

The increase in conductivity in case of [bmim]BF4 and [bmim]PF6 follows the hopping 

model of carrier ions and this model indicates that inorganic anions BF4- and PF6- are 

responsible for the ionic conduction in paper. 

4.4 Effect of surface sizing on bulk conductivities of ionic papers 

Figure 16 shows the effect the surface sizing on the bulk conductivity of 45% [bmim]BF4 ion 

conductive papers.  Surface sizing was done only on 45% [bmim]BF4 because the 

conductivities of 45% [bmim]BF4 ion conductive paper was lies in semi-conductor range. 

Results have shown that conductivity of ion conductive paper was significantly increased 

from 1.60x10
-1

 S/cm to 2.26x10
-1

 S/cm when NFC coating was applied. Since paper is 

composed of cellulosic fibers and they have uneven surface that creates roughness. 

Roughness influences the mechanical, electrical properties. Surface sizing with NFC created 

a continuous layer on the ion conductive paper sheets, reduces the surface roughness and 

produce a less porous material with high surface area, hence conductivity of the surface sized 

ion conductive paper was higher as compared to non-surface sized [bmim]BF4 ion conductive 

papers.  
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Figure 16.Shows the effect of NFC on bulk conductivity of [bmim]BF4 ion conductive paper. 

Error bars shows the 95% confidence level. 

 

Figure 17 shows the effect the surface sizing on the bulk conductivity of 60% [bmim]PF6 

ionic papers.  Results have shown that conductivity of 60% [bmim]PF6 ion conductive paper 

was slightly increased from 1.47x10
-1

 to 1.49x10
-1 

at 50 volts when NFC coating was applied. 

Surface sizing with NFC reduces the surface roughness and produce a less porous material, 

hence conductivity of the surface sized ion conductive paper was higher as compared to non-

surface sized [bmim]PF6 ion conductive papers at all values of voltages.  

 

Figure 17.Shows the effect of NFC on bulk conductivity of [bmim]PF6 ion conductive papers. 

Error bars shows the 95% confidence level. 

0.00E+00

5.00E-02

1.00E-01

1.50E-01

2.00E-01

2.50E-01

3.00E-01

50 100 300 500

C
o

n
d

u
ct

iv
it

y,
 σ
(S

/c
m

) 

Voltage (V) 

45% BF4

45% BF4 + NFC

0.00E+00

5.00E-02

1.00E-01

1.50E-01

2.00E-01

2.50E-01

50 100 300 500

C
o

n
d

u
ct

iv
it

y,
 σ
(S

/c
m

) 

Voltage (V) 

60% PF6

60% PF6 + NFC



22 
 

 

4.5 Effect of calendering on conductivities of ion and surface sized ionic 

papers 

Figure 18 shows the effect of calendering on the bulk conductivities of [bmim]BF4 and 

[bmim]BF4 + NFC ion conductive papers. The effect of calendering includes high gloss, 

smoothness, and increase in density and to adjust the surface roughness by rearrangement of 

coated paper structure. Calendering was done at three different line loads such as 50 kN/m, 

100 kN/m, 200 kN/m.  Results have shown that conductivity of surface sized ion conductive 

papers at 200 kN/m was higher as compared to 50 kN/m or 100 kN/m.  The reason was by 

increasing the pressure in the rolling nip, reduction in the paper thickness and increase in 

density was higher, and thus smooth and compressed fibers improved charge transfer.  

 

 

Figure 18.Effect of Calendering on Bulk Conductivities of [bmim]BF4 & [bmim]BF4 + NFC 

papers. Error bars shows the 95% confidence level. 

 

Figure 19 shows the effect of calendering on bulk conductivities of [bmim]PF6 and 

[bmim]PF6 + NFC ion conductive paper samples. Results have shown that by increasing line 

load from 50 kN/m, 100 kN/m, 200 kN/m, bulk conductivities was higher for ion and surface 

sized ion conductive paper samples. The reason was same as discussed earlier that increasing 

the nip pressure increases the density of the paper and reduces the paper thickness. 

0.00E+00

1.00E-01

2.00E-01

3.00E-01

4.00E-01

5.00E-01

6.00E-01

50000 100000 200000

C
o

n
d

u
ct

iv
it

y,
 σ
(S

/c
m

) 

Line Load (N/m) 

25% BF4

35% BF4

45% BF4

45% BF4(NFC)



23 
 

 

Figure 19.Effect of Calendering on Bulk Conductivities of [bmim]PF6 & [bmim]PF6 + NFC 

papers. Error bars shows the 95% confidence level. 

 

Figure 20 shows conductivity as a function of density of ion and surface sized ion conductive 

papers calendared at different line load. The increase in density results an increase in 

conductivity of the ion and surface sized ion conductive papers. 45% [bmim]BF4+(NFC) 

coated papers shows higher conductivity as compared to conductivity at 25%, 35% and 45% 

[bmim]BF4. The reason was by increasing the amount of ionic liquid or solid content in 

mixture and coating with surface sizing agent results an increase in the density, increases the 

internal contact and thus improves the charge transport 
(12)

.  

 

Figure 20. Conductivity as a function of density of [bmim]BF4 + NFC coated papers. Error 

bars shows the 95% confidence level. 
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Figure 21 shows conductivity as a function of density of ion and surface sized ion conductive 

papers calendared at different line load. The increase in density results an increase in 

conductivity of the ion and surface sized ion conductive papers. 60% [bmim]PF6+(NFC) 

coated papers shows higher conductivity as compared to conductivity at 45%, 60% 

[bmim]PF6. The reason was by increasing the amount of ionic liquid in blend and coating 

with surface sizing agent results an increases in internal contact of fibers and thus improves 

the charge transport, which resembles the behavior [bmim]BF4+(NFC) (figure 20) with a 

slightly higher conductance of the [bmim]BF4+(NFC) 
(12)

. The [bmim]BF4 appears to have an 

inherent higher conductance although the true nature of the observation is not fully 

understood.   

 

Figure 21. Conductivity as a function of density of [bmim]PF6 + NFC coated papers. Error 

bars shows the 95% confidence level. 
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Figure 22 shows the MD tensile strength of Base, [bmim]PF6 and [bmim]BF4 ion conductive 
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was a decrease in tensile strength. The reason was disruption of inter fiber bonding in the 

base papers. When ionic papers were coated with NFC there was a small increased in tensile 

strength because presence of NFC in paper structure might influence the fiber strength and 

enhances the mechanical properties of papers 
(20)

. When surface sized ion conductive papers 

were calendared at three different line load, there was slightly increase in tensile strength 
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because calendering reduces the paper thickness and affect the paper structure (i.e. reducing 

porosity). 

 

Figure 22.MD Tensile Strength of Base, [bmim]BF4 & [bmim]PF6 ionic papers. Error bars 

shows the 95% confidence level. 

Figure 23 shows the CD tensile strength of Base, [bmim]BF4 and [bmim]PF6 ionic papers. 

When base paper was coated with and ionic liquids and NFC, there was a decrease in tensile 

strength because of what is most probably rewetting and disruption of inter fiber bonding in 

the base papers.  

 

Figure 23.CD Tensile Strength of Base, [bmim]BF4 & [bmim]PF6 ionic papers. Error bars 

shows the 95% confidence level. 
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5 Demonstration 

Surface sized ionic papers were screen printed with PEDOT: PSS electrochromic ink in order 

to evaluate the electronic behavior of ionic paper. PEDOT: PSS is light blue in its oxidized 

state and dark blue in its reduced state.  When voltage was applied, the printed area of the 

ionic paper turned dark blue indicates the change in oxidation state of the PEDOT:PSS (as it 

goes from oxidized to reduced). This is facilitated by the (ion) conductivity of the paper, 

mediating the charge transport from one contact to other. 

 

Figure 24. Shows schematic demonstration of surface sized ion conductive paper 

The changed in color from light to dark was reversible when applied voltage was turned off. 

Figure 25 shows the electrochromic demonstration of surface sized ion conductive paper 

using PEDOT: PSS. 

 

Figure 25. electrochromic demonstration of surface sized ion conductive paper using 

PEDOT: PSS 
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6 Conclusion 

From this experimental work it can be concluded that preserved bulk conductivity of 

commercial base paper was achieved at relative amount of ionic liquids blend during coating, 

i.e. 45% [bmim]BF4 and 60% [bmim]PF6 in 4% CMC-Water solution respectively. Increased 

in conductivity was observed with [bmim]BF4 and [bmim]PF6 ionic liquid blends in 4% 

CMC-Water solution, but higher bulk conductivity were achieved by using [bmim]BF4 ionic 

liquid blends because it has less viscosity and higher conductivity as compared to [bmim]PF6 

ionic liquid. Bulk conductivities of ion conductive papers were influenced by surface sizing 

with NFC and calendering at different line loads.  

Surface sizing with NFC created a continuous layer on the ionic paper sheets, reduces the 

surface roughness whereas calendering at different line load caused reduction in the paper 

thickness, increase in density thus smooth and compressed fibers enhanced electron transfer. 

7 Suggestions for future work 

It could be of interest to analyze the effect of varying humidity and temperature followed by 

different additives on the bulk conductivity of surface sized ion conductive paper. 
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9 Appendix 

Various blends of CMC and water were prepared with varying CMC concentration i.e. 2, 3 

and 4% by weight was as follows. 

Solid content of CMC 

i) 94.81% 

ii) 93.28% 

iii) 94.30% 

Average = 94.13% 

Amount of CMC (g) used in order to prepare 2% CMC-water blend: 2/0.9413 = 2.124g 

Amount of water= 97.876g 

Amount of CMC (g) used in order to prepare 3% CMC-water blend: 3/0.9413 = 3.187g 

Amount of water= 96.813g 

Amount of CMC (g) used in order to prepare 4% CMC-Water blend: 4/0.9413 = 4.25g 

Amount of Water= 95.75g 

9.1 Mean thickness measurement data 

The following table shows the thickness measurement data for ion conductive, surface sized 

ion conductive calendered and uncalendered papers. 

Mean thickness (micro meter) 

Composition Uncalendered Calendered 

  50kN/m 100kN/m 200kN/m 

BF4 (5%) + CMC (4%) 108.08 ± 0.75 103.96 

± 1.7 

101.6  

± 1.36 

94.9 

 ± 1.0 

BF4 (15%) + CMC (4%) 110.92 ± 0.53 105.34 

± 2.6 

98.86  

± 0.67 

95.46 

 ± 1.44 

BF4 (25%) + CMC (4%) 113 ± 0.74 106.58 

± 1.70 

101.26  

± 1.01 

99.78 

± 0.35 

BF4 (35%) + CMC (4%) 119.82 ± 2.0 109.1  105.9 99.24 
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± 1.50 ± 0.70 ± 0.64 

BF4 (45%) + CMC (4%) 122.78 ± 2.1 114.42 

± 1.70 

111.6 

 ± 1.43 

108.8  

± 1.14 

BF4 (45%) + CMC (4%) + NFC 131.02 ± 2.3 120.64 

± 1.29 

118.44 

± 0.88 

115.52 

± 1.79 

   

PF6 (5%) + CMC (4%) 109.06 ± 0.7 103.48 

± 1.23 

99.68 

 ± 1.44 

94.98  

± 0.85 

PF6 (15%) + CMC (4%) 108.09 ± 0.6 103.28 

± 0.45 

98.72 

 ± 2.64 

93.8  

± 0.95 

PF6 (25%) + CMC (4%) 108.04 ± 0.53 103.56 

± 0.72 

98.26  

± 0.68 

93.6  

± 0.83 

PF6 (35%) + CMC (4%) 107.38 ± 1.0 101.06 

± 1.6 

96.26  

± 1.0 

94.9 

 ± 1.28 

PF6 (45%) + CMC (4%) 109.1 ± 1.60 104.24 

± 1.20 

101.18 

± 0.88 

97.42 

± 0.85 

PF6 (60%) + CMC (4%)  109.82 ± 1.97 104.08 

± 1.39 

100.22 

± 0.63 

95.16 

± 1.21 

PF6 (60%) + CMC (4%) + NFC 111.24 ± 1.44 102.36 

± 1.38 

97.26 

± 0.69 

95.42 

± 0.22 

 

9.2 Bulk conductivity measurement using the resistivity cell 

V= volume resistivity measured using the resistivity cell 

Bulk conductivity ( ) = 1/V 

9.3 Bulk conductivity measurement using the four point probe technique 

Following equation was used to calculate the direct current bulk conductivity. 

  
 

 
 
 

 
  

t is the thickness of the paper samples (cm), c is the ratio of distance between potential 

electrode and width of paper. V is the voltage across potential electrodes (V), and I is the 

current that passes through the samples (A). 
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9.4 Calendering nip pressure 

Calendering nip pressure was calculated using the formula given below.  

P = 
    

 
 

Where  

L= line load in N/m 

Sw= Substrate width in meters 

A= Total efficient area of two cylinders
 
= 0.005655m

2
 


