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Abstract   

Cellulose nanocrystals (CNC) is a renewable material derived from trees which has the 

potential to be used in a wide variety of materials in the future. It has high crystallinity and at 

least one dimension in the nanometer range. One main issue with the production of the 

cellulose nanocrystals on large scale is to obtain an energy-efficient dewatering. However, 

recent studies have shown that electroosmotic dewatering is a possible dewatering alternative. 

This operation is strongly dependent of the electrical conductivity of the suspension of the 

cellulose nanocrystals, which was the main focus of this investigation.     

The production of the cellulose nanocrystals was done through acid hydrolysis followed by 

dialysis to remove excess acid. The suspensions of cellulose nanocrystals were removed at 

different points in the dialysis giving different conductivity levels of the cellulose 

suspensions. Then the suspensions containing cellulose nanocrystals were dispersed through 

sonication.  

The electroosmotic dewatering of the cellulose nanocrystals was carried out in a filter cell 

with two platinum electrodes which an electric field was applied over. The electric field was 

applied with either constant current or constant voltage. The electroosmotic dewatering 

behavior were analyzed at the different conductivity levels from the dialysis to see the 

influence of the electrical conductivity on the electroosmotic dewatering behavior. The 

dewatering experiments showed more favorable characteristics in the regard of a lower energy 

demand and a higher dewatering rate for suspensions with lower electrical conductivity. 

Additionally, if the electrical conductivity of the suspensions was too high it was not possible 

to perform dewatering this way without damaging the cellulose nanocrystals through 

pyrolysis reactions.  Experiments performed with constant applied voltage showed a more 

stable dewatering behavior.  

The influence of pH adjustment on the electroosmotic dewatering of the suspensions of 

cellulose nanocrystals were also investigated. The suspensions were dewatered at their 

original conditions or adjusted to pH 5 before the dewatering. The pH adjusted suspensions 

gave a small decrease in energy demand compared to the dewatering experiments without pH 

adjustment. However, the energy demand for all experiments where no pyrolysis occurred, 

regardless if dewatering were performed at constant applied current, constant applied voltage 

or with any pH adjustment, were able to effectively lower the energy demand compared to 

drying.    
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1 Introduction   
1.1  Background  
During the last century the consumption of fossil based products have increased drastically. 

Since these products are not sustainable to use in a long term perspective new renewable 

options are being considered to utilize in the production of materials and fuels (Ragauskas et 

al., 2006).    

Cellulose nanocrystals is a material of growing interest as a potential source of bio-based 

materials. The advantages with using cellulose nanocrystals is that they are both renewable 

and biodegradable and have a number of favorable characteristics such as good optical 

properties, high surface area and excellent mechanical strength (Peng et al., 2011). These 

properties makes it useful for production of films, foams and nanocomposites (Abitbol et al., 

2016).  

One way to produce cellulose nanocrystals is through acid hydrolysis of cellulose fibers 

followed by dialysis to remove the excess acid and then dispersion of the cellulose 

nanocrystals. Thereafter post-treatment consisting of purification and fractioning may be used 

to increase the quality of the cellulose nanocrystals (Dufresne, 2012). Cellulose nanocrystals 

may also be modified to fit the product better, for example by making the surface 

hydrophobic for packaging materials (Abitbol et al., 2016). Before use of the cellulose 

nanocrystals the suspensions have to be dewatered from the dilute conditions after the acid 

hydrolysis and dialysis. This process is often very energy demanding as mechanical 

dewatering is hindered by the large surface area of cellulose nanocrystals. The use of more 

energy intensive dewatering operations such as thermal drying could therefore have a 

substantial influence on the process economy.    

To obtain an energy-efficient dewatering is important both from an economical point of view 

as well as for the environmental impact of the production. One promising way is electro-

assisted filtration which has been shown to increase the dewatering rate compared to pressure 

filtration for materials with high surface area such as gelatinous sludge and vegetable sludge 

(Mahmoud et al., 2010). The technology has also shown potential for cellulose nanocrystals 

(Wetterling et al., 2018). The energy demand of electroosmotic dewatering is decreased with 

a decreasing electric conductivity of the system (Wetterling et al., 2017a). Therefore, the 

economic and environmental aspect are dependent on how far the suspensions of cellulose 

nanocrystals are dialyzed in the production since the dialysis lowers the ionic strength of the 

system and thereby the electrical conductivity.     
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1.2  Aim  

This project investigates how the electrical conductivity of suspensions of cellulose 

nanocrystals influence the electroosmotic dewatering behavior. The aim of the investigation is 

to determine at which conductivities electroosmotic dewatering may be used to decrease the 

energy demand compared to conventional drying methods.  

The aim of the project is to increase the knowledge about how the electric conductivity 

influences the electroosmotic dewatering behavior of cellulose nanocrystals in terms of 

specific energy demand and dewatering rate. This knowledge will be important in the 

implementation on the technology of large scale industrial production and important in the 

design of cleaning of cellulose nanocrystals before use of electroosmotic dewatering.  

1.3  Delimitations   

- Cellulose nanocrystals will be produced on site through acid hydrolysis. However, 

optimization of the hydrolysis reaction and recovery of excess acid will not be 

considered in this study.  

- Electroosmotic dewatering of cellulose nanocrystals will be studied, not cellulose 

nanofibrils. 

- An existing equipment for electroosmotic dewatering will be used and equipment 

design and optimization is not considered in this study.      
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2 Theory 

This chapter aims to provide necessary background information for the study. Section 2.1 

focuses on cellulose and nanocelluloses and section 2.2 focuses on dewatering through 

filtration and electro-assisted filtration.    

2.1  Cellulose  

Cellulose is one of the most common polymers in nature and trees normally have a cellulose 

content of 40- 50% (Henriksson et al., 2009). It is built up by glucose units which are linked 

together by 1-4 glucosidic linkage of β-D-glucose, the structure is described in Figure 1. The 

polymers can be built up by as many as 20 000 units of glucose, how many units varies with 

the source of the cellulose (Henriksson and Lennholm, 2009).  

 

Figure 1. Molecular structure of cellulose. 

2.1.1 Nanocelluloses  

When a cellulose entity have at least one dimension in nanometer range it can be referred to 

as a nanocellulose. Cellulose nanocrystals and cellulose nanofibrils are two different 

categories of nanocelluloses. They are in some extent similar to each other as they have 

similar qualities such as high tensile strength and high specific surface area. But they have 

some noticeable differences. Cellulose nanocrystals have a high crystallinity while in 

cellulose nanofibrils amorphous parts of the cellulose remains (Börjesson and Westman, 

2015).     

2.1.2 Cellulose nanocrystals 

The production of cellulose nanocrystals often starts with alkali treatment as pretreatment of 

microcrystalline cellulose. This is to remove contaminations such as hemicelluloses and 

pectins and to obtain a cellulosic material with high purity. After the pretreatment the main 

process is carried out which consist of acid hydrolysis. The acid hydrolysis results in single 

crystallites are released through breaking of glycosidic bonds in the amorphous parts through 
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addition of either sulfuric acid or hydrochloric acid (Dufresne, 2012). After the acid 

hydrolysis the cellulose nanocrystals have a rod-like shape (Abitbol et al., 2016) and normally 

have a width of 2-30 nm and a length of several hundred nanometers (Börjesson and 

Westman, 2015). The suspensions containing cellulose nanocrystals are post-treated to 

remove excess acid after the acid hydrolysis. This can be done either by dialysis or by diluting 

the suspensions in water and centrifuge it and then remove the water phase (Dufresne, 2012).    

Cellulose nanocrystals are of interest for production of materials because of favorable 

properties such as high tensile strength, large surface area and optical properties (Peng et al., 

2011). The crystals are also relatively easy to modify thanks to their large surface area and 

their functional groups. The functional groups consist of hydroxyl units, ester units and ether 

units and some common ways to modify the cellulose are through oxidation, etherification 

and esterification. For example cellulose nanocrystals can be made either hydrophilic or 

hydrophobic depending on what suits the product. One example is the use of hydrophobic 

surfaces as packaging materials. Cellulose nanocrystals can also be used as a filler material in 

thermoplastics or packaging material. The high tensile strength then provides bearing ability 

for the product (Abitbol et al., 2016).      

2.1.3 Cellulose nanofibrils 
Cellulose nanofibrils is often produced through mechanical treatment. This process breaks the 

bonds between the cellulose polymers but keeps the polymers themselves intact. This give the 

cellulose nanofibrils the same diameter as the cellulose nanocrystals, 2-30 nm, but the fibrils 

maintain their widely ranging length from approximately 100 nm to several micrometers. The 

long length of the fibers compared to their thickness makes the cellulose nanofibrils useful for 

composite materials, as they have the ability to greatly reinforce a polymer matrix (Börjesson 

and Westman, 2015).  

2.2  Filtration  

2.2.1 Dead end filtration 
Filtration is a mechanical dewatering operation where the liquid in a suspension can pass 

through a filter medium but solid particles are retained. This leads to a buildup of a filter cake. 

The liquid thus have to move through both the filter medium and the filter cake. The 

permeability (K) of the filter cake can be determined with the help of Darcy’s law and is 

shown below in equation 1: (Darcy, 1856) 

𝐾 =  
𝑄µ𝑋

𝐴ΔP
       (1) 
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where A is the filter area, ΔP the pressure drop of the fluid over the filter cake, Q the flowrate 

of the fluid, µ the viscosity and X the thickness of the filter cake. The permeability is in turn 

used to calculate the specific filter cake resistance, equation 2: 

𝛼 =
1

𝐾𝜌𝑠𝜙
      (2) 

where α is the specific filter cake resistance, 𝜌s the density of the solid material and 𝜙 the 

packing density of solid material (solidosity) in the filter cake.  

The filtration behavior for incompressible filter cakes can be described by the filtration 

equation showed in equation 3: 

𝑑𝑡

𝑑𝑉
=

µ(𝛼𝑐𝑉+𝐴𝑅𝑚)

ΔPA2
      (3) 

Where c is the amount of solids per unit of filtrate, Rm the flow resistance of the filter medium 

and V the filtrate volume (Ruth, 1935).  

Decreased filtration rate caused by the filter cake can partly be counteracted through 

increasing the applied pressure over the filter cake or vacuum pressure below the filter 

medium. When looking at equation 3 it can be seen that this can improve the filtrate flow rate. 

However, most materials are compressible since the particles deform, rearrange and break as a 

result off applied pressure (Shirato et al., 1969), which means that the solidosity of the filter 

cake increases with increased pressure. The increased solidosity affects the permeability of 

the filter in a way that can often be described by the Kozeny-Carman equation, equation 4: 

𝐾 =
(1−𝜙)3

𝑘𝑆𝑝
2𝜙2       (4) 

where k is the Kozeny-Carman constant and Sp is the specific surface area of the material 

(Kozeny, 1927, Carman, 1937). Increased solidosity leads to decreased permeability, and if 

increased pressure increases the solidosity, the effect on the flow rate by increasing the 

applied pressure may be limited. The permeability is low due to the large specific surface area 

of the cellulose nanocrystals leading to further limitations on dewatering rate through 

increasing the applied pressure. In this case assisted filtration can be a good option.  

2.2.2 Electro-assisted filtration 

Filtration of materials that form compressible filter cakes (such as cellulose nanocrystals) can 

be improved by the use of assisted filtration. A number of different techniques for assisted 

filtration exist. A few examples are thermal mechanical dewatering where increased 
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temperature is used to lower the viscosity of the fluid, magnetic mechanical dewatering where 

magnetic forces are used to separate minerals, acoustic mechanical dewatering where 

ultrasonic vibrations are used to separate a solid/liquid system and electro-assisted filtration 

where the particles charge are used to increase the solid/liquid separation by applying an 

electric field (Mahmoud et al., 2010).   

Since the particles in cellulose nanocrystals and micro fibrillated cellulose are negatively 

charged electro-assisted filtration have shown potential for increasing the dewatering rate 

during filtration (Wetterling, 2017). The electric field gives electrophoresis of charged 

particles inside the electric field, as described in Figure 2, which can reduce the buildup of a 

filter cake. The electric field also causes an extra driving force for separation through 

electroosmosis. However, the electric field have a couple of side effects; ohmic heating 

causing the temperature to rise in the filter cell and electrolysis reactions occur at the 

electrodes (Mahmoud et al., 2010). These concepts are further discussed in the following 

sections.   

 

Figure 2. Basic principle of electro-assisted filtration. 

2.2.2.1 Electrophoresis  

Charged particles in an electric field are affected by a force in the direction of the oppositely 

charged electrode. This causes a movement of the charged particles towards the oppositely 

charged electrode and the movement continues until the particle is stopped by either a filter, 

filter cake or until the fluids resistance becomes too high. The filter medium is placed over the 

systems cathode and therefore negatively charged particles are repelled from the medium. The 

velocity of the particles can be described by the Helmholtz-Smoluchowski equation for 

electrophoretic velocity (ve) given in equation 5. Equation 5 is valid if the particles radius is 

larger than the electrical double layer (Debye length). 
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𝑣𝑒 =  
𝐷ℰ0ζ

µ
E           (5) 

µ is the viscosity of the fluid, ℰ0 the vacuum permeability and D the dielectric constant of the 

liquid phase, ζ the zeta potential (potential of the electrical double layer) and E the strength of 

the electric field.  

The Debye length is formed around charged particles in a suspension as the particles surface 

charges attracts oppositely charged ions in the suspension. It is a measure of the electrical 

double layers length around a particle and its length can be calculated with equation 6:  

𝜅−1 = √
ℰ𝑟𝑠ℰ0𝑘𝑏𝑇

2𝑁𝐴𝑒2𝐼𝑖𝑠
     (6) 

where kb is the Boltzmann constant, NA the Avogadro constant, e the elementary charge, T the 

temperature and Iis the ionic strength of the system. 

For particles where the radius is of the same order of magnitude as the Debye length (which 

the particles often are if the particles radius is within nanoscale) the effect of the electrical 

double layer on the particle have a wider range than the particles radius. Then the Debye-

Hückel equation, which is shown in equation 7, can be used to describe the velocity of the 

particles (Hiemenz and Rajagopalan, 1997).  

𝑣𝑒 =  
2ℰ𝑟𝑠ℰ0ζ

3µ
E           (7) 

2.2.2.2 Electroosmosis  

Electroosmosis is an effect of acceleration of ionic components in the electrical double layer 

surrounding charged particles. This acceleration gives an acceleration of the bulk fluid 

between particles as a result of viscous forces. The resulting movement of the liquid bulk 

gives an electroosmotic separation of solid from liquid. The Helmholtz-Smoluchowski 

equation can be used to describe the electroosmotic flow rate and is given by equation 8:  

𝑄𝑒𝑜 = −
𝐷ζℰ0

µ
𝐸𝐴𝑐     (8) 

where Qeo is the electroosmotic flow rate and Ac the cross-sectional area of the capillary 

(Lyklema, 1995).  

For suspensions of nanoparticles with a low ionic strength, it can be assumed that the solid 

particles are in the same order as the Debye length. The systems electrical conductivity may 
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therefore be strongly affected by the solid particles surface conduction. This effect can be 

accounted for by modifying equation 8, this results in equation 9:   

𝑄𝑒𝑜 = −
𝐷ζℰ0

µ
𝐴𝑐𝐸(1 − 𝐺(𝜅𝑎))    (9) 

where a is the radius of the capillary and k the Debye length. G(κa) is in turn given by 

equation 10:    

𝐺(𝜅𝑎) =  
2𝐼1(𝜅𝑎)

𝜅𝑎𝐼0(𝜅𝑎)
     (10) 

in equation 10 I0 and I1 are given by the modified Bessel functions. However equation 9 

should only be used for small values on κa since if the value is large the surface conductivity 

can be neglected due to the radius being larger than the Debye length and equation 8 can be 

used (Delgado et al., 2007). 

2.2.2.3 Electrolysis reactions   

Electrolysis reactions take place at the electrodes and are affected by the ions in the 

suspensions. The reactions are different depending on which electrode they occur at and 

equation 11 and 12 describe the reactions at the anode while equation 13 and 14 describe the 

cathode.  

2𝐻2𝑂 → 𝑂2,(𝑔) + 4𝐻+ + 4𝑒−   𝐸0 = 1.23𝑉  (11) 

𝑀 → 𝑀𝑛+ + 𝑛𝑒−     (12) 

2𝐻2𝑂 + 2𝑒− → 2𝑂𝐻− + 𝐻2  𝐸0 =  −0.83𝑉 (13) 

𝑀𝑛+ + 𝑛𝑒− → 𝑀     (14) 

M is the material the electrodes are composed of and E0 is the standard electrode potential for 

the reactions at 298 K. As can be seen in the equations the electrode material effect the 

reactions. This may lead to corrosion of the anode. The material for the anodes are therefore 

chosen as materials more resistant to corrosion for example titanium meshes coated with 

metal oxides (Mahmoud et al., 2010). The reactions also cause acidic conditions at the anode 

and alkaline conditions at the cathode. A pH profile is therefore established between the 

electrodes. How much the conditions change at the electrodes varies with the amount of 

electrolysis products (np) that are produced when the electric field is active which is given by 

equation 15: 
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𝑛𝑝 =
𝜆𝐼𝑡

𝑛𝐹
      (15) 

F is the Faraday constant, n amount of electrons, λ the stoichiometric coefficient of the 

electrolysis reactions, I the current and t is time (Larue and Vorobiev, 2004).      

The current is dependent on the strength of the electric field. Which in turn is proportional 

towards the electrical conductivity (𝑘) of ions in the suspension as the resistance decreases 

when the conductivity increases according to equation 16: 

𝑘 =
𝑙

𝐴∗𝑅
      (16) 

where l is the length between the electrodes and A the cross sectional area (Atkins and Jones, 

2010). Since H
+
 ions have high electrical conductivity (Adamson, 1979) the resistance in the 

suspension will decrease gradually as long as the electric field is active since the electrolysis 

reactions produce H
+
 ions which then increases the suspensions conductivity. 

2.2.2.4 Ohmic heating 

Ohmic heating arise when a current is set through a system and leads to an increase in 

temperature. The temperature rises due to the electrical resistance and equation 17 can be used 

to describe the ohmic heating (Q):  

𝑄 =  𝐼2𝑅       (17) 

where R is the resistance and I the applied current (Curvers et al., 2007).  

The temperature increase decreases the viscosity of the fluid. However, if the temperature 

becomes too high it might damage the particles (Loginov et al., 2013). The current becomes 

higher for a system with higher conductivity if the voltage is kept constant as the resistance 

decreases according to equation 16. This might result in very high ohmic heating since the 

heating is proportional to the square of the current.  
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3 Experimental 
 

This section describes how the experiments in the project were carried out. Section 3.1 

describes how the cellulose nanocrystals were made, section 3.2 describes how the crystals 

were characterized and section 3.3 describes how the electroosmotic dewatering experiments 

were performed.  

3.1  Production of cellulose nanocrystals  

3.1.1 Acid hydrolysis  
The cellulose nanocrystals were produced through acid hydrolysis using a procedure 

described in previous publications (Hasani et al., 2008, Sahlin et al., 2018). Four liters of 64 

weight % sulfuric acid was preheated to 45 
o
C and 500 g of microcrystalline cellulose 

(PH101, Avicel) was added. The hydrolysis was performed for 2 hours at constant 

temperature in a well-mixed vessel. The reaction was quenched by addition of twelve liter of 

deionized water at room temperature.      

3.1.2 Dialysis  
After the hydrolysis excess acid was removed through dialysis. Dialysis was performed by 

adding approximately 250 ml suspension to dialysis tubing membrane (D9402, Sigma). The 

membrane tubes were completely covered with deionized water and the deionized water was 

changed frequently. During the dialysis the membranes swelled to a volume of approximately 

400 ml. The dialysis was stopped at different times to get different electrical conductivity 

levels for the suspensions, see Table 1.  

Table 1. pH and conductivity for suspension of cellulose nanocrystals after different degrees of dialysis.  

Suspension number Conductivity [mS/cm] pH 

Susp 1 30.9 0.95 

Susp 2 22.1 1.26 

Susp 3 12.4 1.59 

Susp 4 8.50 1.63 

Susp 5 4.40 1.98 

Susp 6 2.50 2.23 

Susp 7 1.20 2.40 

Susp 8 0.67 2.58 

Susp 9 0.34 2.80 

 

After the dialysis the suspensions were either pH adjusted to pH 5 or not changed from their 

original conditions. This was done so that the suspensions could be tested at the same pH 
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values and at their original conditions. The pH adjustment was done with 1M NaOH and after 

the adjustment the conductivity was measured.  

3.1.3 Sonication 
After the dialysis the cellulose particles were dispersed through ultrasonic treatment. The 

suspensions were sonicated to reach a dispersed state with a Sonics Vibracell 500 W equipped 

with a standard probe with tip diameter of 13 mm operating at 40% of maximum amplitude 

for 6 minutes. The treatment was repeated 7-9 times to reach a colloidal dispersion. The 

suspensions below pH 2 were excluded from the experiments at their original conditions since 

the sonication equipment was limited to use above pH 2 which meant that the dispersed state 

could not be achieved. However, the suspension with pH 1.63 were adjusted to pH 2 to be 

tested with the suspensions at the original conditions. After the sonication the pH, 

conductivity and solid content of the suspensions were measured. 

3.2  Characterization 
Cellulose nanocrystals produced according to the procedure described in section 3.1 have 

been characterized in previous publications (Börjesson et al., 2018). In this study a number of 

characterizations were carried out including Atomic force microscopy (AFM), IR-

spectroscopy, conductivity titration, ζ potential and solid content. 

The AFM analysis was carried out to give the dimensions of the nanocrystals. The analysis 

was performed with a Digital Instrument nanoscope III equipped with a type G scanner 

(Digital Instruments INC, Santa Barbara, Ca). The cellulose nanocrystals were diluted to a 

concentration of 10 ppm solid content before the analysis in order to see the single cellulose 

nanocrystals.  

The IR-spectroscopy was carried out to confirm that cellulose nanocrystals had been 

produced. The analysis was carried out in a Perkin Elmer Frontier FTIR Spectrometer 

(Waltham, MA) equipped with attenuated total reflectance device and the crystals were 

analyzed between 4000 and 400 cm
-1

 and a resolution of 4 cm
-1 

was used. The cellulose 

nanocrystals were completely dried before running. 

Conductivity titration was performed to measure the sulfur content of the cellulose 

nanocrystals. Samples were diluted to 1.2 weight % and were then ion exchanged with Dowex 

Marathon MR-3. The samples were then further diluted to 0.036 weight % by mixing it with 1 

mM NaCl. 200 µl of 2 mM NaOH was then added with one minute intervals until the 

conductivity had increased enough to plot a linear trend line.     
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The ζ potential was measured in a Zetasizer Nano ZS (Malvern Instruments, Malvern, UK). 

The cellulose nanocrystals were diluted to 0.05 weight % and ion exchanged with Dowex 

Marathon MR-3.  

The solid content of the suspensions of cellulose nanocrystals was measured before and after 

the electroosmotic dewatering. The measurement was carried out through drying where all 

liquids were evaporated and the sample was weighted before and after the drying. 

3.3  Electroosmotic dewatering  
Electroosmotic dewatering experiments were performed in a filter cell with two platina 

electrodes. The distance between the electrodes is 2.5 cm and the dimensions of the filter cell 

is given in Figure 3. The cathode had a mesh of 1 cm separation and the anode tight mesh 

(Unimesh 300). The diameter is decreased from 6 cm to 5 cm for the section between the 

electrodes because of a support track for the electrodes. The filter medium used for the 

experiments had a pore size of 0.1 µm (Supor®-100 Membrane Filter, Pall Corporation) and 

was placed above the cathode electrode. The experiments were performed at either a constant 

applied current of 0.3 A or constant applied voltage of 5 V/cm. The filtrate weight is 

measured on a scale below the filter cell, the temperature is measured at two places between 

the electrodes and the cell is open to the atmosphere.      

  

Figure 3. Drawing of filter cell used during the dewatering experiments. 
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4 Results and Discussion  

In this chapter the experimental results are presented and discussed. Section 4.1 focuses on 

the characterization of cellulose nanocrystals and the suspensions containing the cellulose 

nanocrystals and section 4.2 focuses on the electroosmotic dewatering of the cellulose 

nanocrystals.  

4.1  Characterization  

4.1.1 Cellulose nanocrystals  
A picture of the cellulose nanocrystals from AFM analysis is shown in Figure 4. The cellulose 

nanocrystals are rod-shaped with a diameter ranging from 4 nm to 6 nm and a length ranging 

from 150 nm to 600 nm. The results were similar to previous publications producing cellulose 

nanocrystals with the same procedure (Börjesson et al., 2018, Moberg et al., 2017).  

 

Figure 4. AFM picture of the cellulose nanocrystals used in this study. 

Results from IR- spectroscopy of the produced cellulose nanocrystals are shown in Figure 5.  

The results are in agreement with previous publications confirming that cellulose nanocrystals 

have been produced and no other side reactions have taken place (Sahlin et al., 2018).  
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Figure 5. Absorbance in IR spectrum from 4000 cm-1 to 400 cm-1 for cellulose nanocrystals after dialysis. 

The results from conductivity titration showed that the cellulose nanocrystals had a sulfur 

content of 1.05 weight %. The results from the analysis of the zeta potential showed that the 

cellulose nanocrystals had a zeta potential of −75 ± 7 mV. The cellulose nanocrystals were 

analyzed at different conductivity levels and no significant difference could be seen between 

them leading to that the dialysis does not affect the charge of the cellulose nanocrystals 

significantly with the procedure used in this study.    

4.1.2 Suspension conditions 
After the dialysis the cellulose nanocrystals were dispersed through ultrasonic treatment and 

the conductivity and pH of the suspension was measured, see Table 2. The pH of suspension 4 

was adjusted to pH 2 before the ultrasonic treatment due to the limitations of the treatment 

probe. The sonication was found to result in an increasing conductivity, an effect that was 

more pronounced for systems with a low electrical conductivity. This behavior indicates that 

the surface conduction has a larger impact on the conductivity for suspensions with lower 

conductivities as mentioned in section 2.2.2.2.    
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Table 2. pH, conductivity and solid content for suspensions 4-9. Note that suspension 4 was adjusted to pH=2.   

Suspension pH Conductivity 

[mS/cm] 

pH 

Sonicated 

Conductivity 

Sonicated 

[mS/cm] 

Solid content  

[Weight %] 

Susp 4 2.00 5.40 2.00 5.50 1.57 

Susp 5 1.98 4.40 1.98 4.60 1.45 

Susp 6 2.23 2.50 2.22 2.60 1.55 

Susp 7 2.40 1.20 2.40 1.50 1.34 

Susp 8 2.58 0.67 2.50 1.10 1.39 

Susp 9 2.80 0.34 2.60 0.87 2.01 

 

Experiments were also performed for suspensions were the pH was adjusted to pH 5 before 

the ultrasonic treatment. The suspension conditions after pH adjustment and sonication are 

shown in Table 3. The pH adjustment lowered the conductivity significantly compared with 

Table 1 since H
+ 

ions were removed, even if the ionic strength increased through the addition 

of the NaOH. The sonication showed the same trend as for the systems without pH adjustment 

as the electrical conductivity increased during sonication and the increase was larger for 

suspensions with lower conductivities. Suspensions 4-9 were successfully dispersed during 

the ultrasonic treatment. However, suspensions 1-3 did not become fully dispersed as the 

ionic strength was too high to successfully produce dispersed cellulose nanocrystals. For this 

reason suspensions 1-3 will not be analyzed in the electroosmotic dewatering section.  

The solid content were even between the suspensions with somewhat decreasing trend for 

longer dialysis times due to swelling of the membrane tubes filled with suspension. The 

difference between the obtained suspensions could also be attributed to variations of the initial 

volume of suspension in the membrane tubes.  
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Table 3. pH, conductivity and solid content  for suspensions after pH adjustment and sonication.  

Suspension pH 

adjusted 

Conductivity 

pH adjusted 

[mS/cm] 

pH 

sonicated 

Conductivity 

sonicated 

[mS/cm] 

Solid 

content  

[Weight %] 

Susp 1 5.23 8.80 5.08 9.00 2.03 

Susp 2 5.00 6.60 5.20 6.60 1.84 

Susp 3 5.10 3.80 5.26 3.90 1.99 

Susp 4 5.10 2.60 5.10 2.60 1.57 

Susp 5 5.00 1.30 5.14 1.30 1.45 

Susp 6 5.00 0.76 4.96 0.77 1.55 

Susp 7 5.10 0.30 5.11 0.35 1.34 

Susp 8 5.10 0.16 5.00 0.22 1.39 

Susp 9 5.10 0.07 5.00 0.15 2.01 
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4.2  Electroosmotic dewatering  

4.2.1 Influence of the electric field  

4.2.1.1 Dewatering rate 
Figure 6 shows how the solid content between the electrodes increases over time as water is 

removed. Constant applied current increases the solid content between the electrodes rapidly 

in the early parts of the dewatering experiments and later the dewatering rate decreases 

towards the end of the experiment. The constant applied voltage gave a dewatering rate that 

were more stable throughout the entire experiment.    

 

Figure 6. Cake dryness over time for electroosmotic dewatering of a suspension of cellulose nanocrystals at pH 5 and 0.15 

mS/cm for either constant applied voltage or current. 

To explain this behavior the applied voltage and dewatering rates during the experiments are 

studied. The applied voltage is shown in Figure 7 and it can be seen that the voltage for the 

experiment with a constant applied current is initially high but quickly decreases and towards 

the end the voltage is equal between both experiments. The decreasing voltage in the 

experiment with constant applied current comes as a result of decreased resistance due to a 

combination of electrolysis reactions and an increasing solid content between the electrodes. 

The increased amount of H
+
 ions from the electrolysis reactions also reduces the pH and 

thereby hinders the electroosmotic dewatering as the negative charges on cellulose 

nanocrystals are neutralized by H
+
 ions.  
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Figure 7. Applied voltage during the electroosmotic dewatering of a suspension at pH 5 and 0.15 mS/cm for constant applied 

voltage and current. 

The electroosmotic dewatering rate is shown in Figure 8 for experiments performed at either a 

constant applied current or voltage. The dewatering increases quickly in the beginning of the 

experiments, this is likely an effect of a small startup time in the equipment before obtained 

filtrate is registered on the scale below the filtration equipment. When comparing the constant 

applied current to the constant applied voltage a much more stable dewatering rate is obtained 

for the constant applied voltage and the dewatering rate decreases faster during the 

experiments for the constant applied current. This effect indicates that voltage have a more 

dominant effect on the dewatering rate than the current. This belief gains strength since when 

the voltage reaches the same level for the experiments so does the dewatering rate and higher 

voltage gives a higher dewatering rate. This effect is in agreement with the Helmholtz-

Smoluchowski equation, see equation 8.     
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Figure 8. Dewatering rate for suspensions of cellulose nanocrystals at pH 5 and 0.15 mS/cm constant applied voltage and 

current. 

4.2.1.2 Energy demand 
The specific energy demand for the electroosmotic dewatering is shown in Figure 9. The 

experiments at constant applied current had higher energy demand during the early stages of 

the dewatering operation. This is a result of the lower voltage in the constant applied voltage 

experiment leading to lower current which resulted in less ohmic heating and thereby a lower 

temperature increase during constant applied voltage experiment as can be seen in Figure 10. 

It can be seen that the difference in energy demand grows smaller towards the end of the 

experiment. This a result of the voltage and resistance becoming equal between the 

experiments leading to equal current as well. The equal current makes the ohmic heating 

equal between the experiments and thereby the same energy losses occur. This is in agreement 

with previous publications (Wetterling et al., 2017b) as increased voltage leads to more ohmic 

heating through a higher current.      
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Figure 9. Energy demand for a suspension of cellulose nanocrystals at pH 5 and 0.15 mS/cm. 

 

Figure 10. Temperature for a suspension of cellulose nanocrystals at pH 5 and 0.15 mS/cm. 

4.2.2 Influence of suspension pH 

4.2.2.1 Dewatering rate 
The pH in a suspension influences the electrical conductivity of the system and may affect the 

charge of the particle surface. The suspension pH may therefore have a large influence on the 

electroosmotic dewatering behavior. Suspensions at the same level of dialysis was therefore 

compared with and without pH adjustment.  
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Figure 11 shows a comparison of the electrical resistance between a suspension at the highest 

degree of dialysis with and without adjustment of the pH. It can be seen that the suspension 

with pH 5 was affected more in the early parts of the experiment than the suspension with pH 

2.6. This is a result of the electrolysis reactions changing the suspension conditions as the 

conductivity is increased and the pH is lowered. Since the suspension with pH 2.6 had higher 

conductivity and lower pH the effect became lower as can be seen in Figure 11 since the 

electrical resistance decreased to a higher extent for the suspension at pH 5.  

 

Figure 11. Resistance during electroosmotic dewatering with an applied voltage of 5 V/cm for suspensions either with or 

without adjustment of the suspension pH. 

Figure 12 shows the corresponding dewatering rate for the experiments given in Figure 11. 

The startup time was shorter for the suspension without pH adjustment, however, suspensions 

at pH 5 received a somewhat higher maximum dewatering rate. Experiments performed at pH 

5 were found to have somewhat higher dewatering rate throughout the later parts of the 

experiment. This behavior indicates that lower pH of the suspension leads to negative charges 

on the cellulose nanocrystals have been neutralized.  
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Figure 12. Dewatering rate during electroosmotic dewatering with an applied voltage of 5 V/cm for suspensions either with 

or without adjustment of the suspension pH. 

4.2.2.2 Specific energy demand  
In Figure 13 the energy demand for the experiments can be seen. It shows that both have the 

same magnitude of energy demand although the suspension at pH 5 have a somewhat lower 

energy demand than the suspension at pH 2.6. The suspensions at pH 5 had lower energy 

demand since its conductivity was lower. Lower conductivity leads to lower current and 

thereby less ohmic heating.  

 

Figure 13. Energy demand during electroosmotic dewatering with an applied voltage of 5 V/cm for suspensions either with 

or without adjustment of the suspension pH. 



24 

 

4.2.3 Influence of suspension conductivity  

4.2.3.1 Constant applied current  

4.2.3.1.1 Dewatering rate 
Figure 14 shows the applied voltage for experiments with constant applied current. When 

analyzing how the different conductivity levels affects the electroosmotic dewatering 

behavior it can be seen that the initial voltage becomes higher for lower conductivities. This 

makes the dialysis of great importance for the initial part of the constant applied current 

experiments since increased voltage increases the dewatering rate.   

The voltage decrease during the dewatering experiments as a result of electrolysis reactions 

which reduces the resistance and towards the end of the experiments it have the same value 

for all suspensions except for the suspension with an initial conductivity of 1.3 mS/cm. The 

reason why the suspension with 1.3 mS/cm shows a different result in Figure 14 is that 

pyrolysis reactions occurred between the electrodes and formed a black layer on the cellulose 

nanocrystals at the anode. The pyrolysis reactions both damaged the cellulose nanocrystals 

and increased the resistance significantly (Wetterling et al., 2018). 

 

Figure 14. Voltage during dewatering experiments with a constant applied current of 0.3A for suspensions of cellulose 

nanocrystals at pH 5 and various electrical conductivities. 

Figure 15 shows that the dewatering rate drops significantly in the beginning of the constant 

applied current experiments and then stabilizes on the same value for all suspensions were no 

pyrolysis reactions occurred. This comes as a result of the electrolysis reactions lowering the 
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pH and increasing the electrical conductivity to the approximately same level for all 

suspensions. This behavior is the same as shown in Figure 14. 

 

Figure 15. Dewatering rate during dewatering experiments with constant applied current 0.3A and pH 5 for various 

electrical conductivities. 

4.2.3.1.2 Energy demand  
The energy demand for all experiments with constant applied current of 0.3 A where no 

pyrolysis occurred are shown in Figure 16. The energy demand begin at higher levels and 

then decreases due to the low registered flow rate in the beginning of the experiment. The 

energy demand increases in the end of the experiments due to an increasing conductivity 

leading increased ohmic heating. The energy demand of the suspension with 1.3 mS/cm were 

excluded since the pyrolysis reactions increased the energy demand tenfold compared to the 

other suspensions.   
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Figure 16. Energy demand during dewatering experiment with constant applied current for suspensions at pH 5. 

 

4.2.3.2 Constant applied voltage  

4.2.3.2.1 Dewatering rate 
The dewatering rate for suspensions at different conductivity levels without pH adjustment at 

constant applied voltage are given in Figure 17. For the suspensions with 5.5 mS/cm and 4.6 

mS/cm pyrolysis reactions occurred in the filter cake at the anode which resulted in a drastic 

decrease in dewatering rate. For the suspensions where successful dewatering was carried out 

the most dialyzed suspension with an initial conductivity of 0.87 mS/cm showed the highest 

dewatering rate throughout the experiment as the dewatering rate for the other suspensions 

decreased faster. The suspensions with conductivities between 1.1 mS/cm and 2.6 mS/cm 

showed almost identical dewatering rates making the dialysis of very little importance 

between these stages in terms of dewatering rate. 
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Figure 17. Dewatering rate during experiments with constant applied voltage of 5 V/cm for suspensions of cellulose 

nanocrystals with various electrical conductivities and pH values. 

Figure 18 shows the dewatering rate for suspensions at pH 5 with constant applied voltage. It 

can be seen that the suspensions with 0.77 mS/cm or lower showed better dewatering 

behavior than the ones with higher conductivities. The reason for why the suspension with 2.6 

mS/cm had lower dewatering rate than the lower conductivities was because that pyrolysis 

reactions took place. For the suspension with 1.3 mS/cm almost no dewatering happened at 

all. This was because that the electrical resistance increased significantly and stopped the 

dewatering completely.   

Suspensions that were removed from the dialysis with electrical conductivities of 8.5 mS/cm 

and 4.4 mS/cm could not be dewatered with electroosmosis at an electric field of 5 V/cm, 

neither with nor without pH adjustment. This behavior indicates that pH adjustment cannot 

reduce the amount of dialysis since the dewatering could not be done either way. It also 

indicates that the suspensions have to be dialyzed until the conductivity becomes lower than 

4.4 mS/cm for the electric field strengths used in this study.    
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Figure 18. Dewatering rate during experiments with constant applied voltage of 5 V/cm for suspensions of cellulose 

nanocrystals at pH 5 with various electrical conductivities. 

4.2.3.2.2 Specific energy demand  
When looking at the energy demand for the different conductivity levels at different pH, see 

Figure 19, the dewatering experiments without pyrolysis were all in the same order of 

magnitude. The most dialyzed suspension had the lowest energy demand even if the 

difference was small, while the other suspensions were almost identical to each other. The 

energy demand for the suspensions where pyrolysis reactions occurred were excluded from 

the graph since the energy demand increased with an order of magnitude, see Figure 20. 
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Figure 19. Energy demand during dewatering experiment with constant applied voltage of 5 V/cm for all successful 

suspensions at different pH. 

 

Figure 20. Energy demand during dewatering experiment with constant applied voltage of 5 V/cm for all suspensions at 

different pH. 

The specific energy demand for suspensions with pH adjusted to 5 is given in Figure 21. 

Same trends could be seen for the suspensions with pH adjustment as for those without pH 

adjustment. Therefore the suspensions with initial conductivity of 2.6 mS/cm and 1.3 mS/cm 

were excluded from the graph since their energy demand increased with the same order of 

magnitude as for the suspensions without pH adjustment. The suspensions with lower 

electrical conductivities were all in the same magnitude of energy demand. With the 
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exception of the upstart of the experiment with 0.77 mS/cm which had significantly higher 

energy demand as a result of the low registered flow rate in the beginning of the experiment. 

However, the more dialyzed a suspension were, the lower the energy demand became. 

 

Figure 21. Energy demand during dewatering experiment with constant applied voltage of 5 V/cm for all successful 

suspensions at pH 5. 

When looking at the energy demand of using electroosmotic dewatering it was evident that 

the energy demand varies from below 0.01 kWh/kg water removed to approximately 0.08 

kWh/kg water depending on the solid content, how far the suspension was dialyzed and which 

pH the suspension had for the suspension with a constant applied voltage of 5 V/cm. For 

constant applied current of 0.3 A the energy demand was as high as 0.16 kWh/kg. Comparing 

this to the heat of vaporization for water, 0.63 kWh/kg (2260kJ/kg), shows that electroosmotic 

dewatering is potentially much more energy efficient for the electrical field strengths used in 

this study. As long as the dialysis is performed so that no pyrolysis reactions occur during the 

electroosmotic dewatering the operation of electroosmotic dewatering can be made energy 

efficient compared to drying. However, pyrolysis reactions can possibly be avoided by 

lowering the strength of the electric field to below 5 V/cm which could reduce the amount of 

time the dialysis have to be performed on the suspensions or the electric field could be set to 

above 5 V/cm if the suspensions are dialyzed far enough.  
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5 Conclusions   
- Electroosmotic dewatering of cellulose nanocrystals was performed at a fraction of the 

energy demand of thermal drying from an initial solid content between 1.5- 2.0 weight 

% up to 10- 14 weight %.  

- A lower conductivity of the suspension improves the energy efficiency of the 

electroosmotic dewatering operation. The lower the conductivity becomes, the less 

effect by further dialysis is achieved since the conductivity increased during the 

experiments.  

- The suspensions of cellulose nanocrystals have to be dialyzed until the conductivity is 

at 8.5 mS/cm or lower otherwise the particles will not be fully dispersed during the 

sonication. For the electric field strengths used in this study the cellulose nanocrystals 

have to be dialyzed below 4.4 mS/cm or pyrolysis reactions occurred at the anode.   

- The energy demand of the electroosmotic dewatering can be improved by pH 

adjustment of the suspension of cellulose nanocrystals. However, this affect is 

counteracted by electrolysis reactions at the anode lowering the pH in the throughout 

the dewatering operation. 

 

 

 

  



32 

 

6 Future work  
Even though the experiments using electroosmotic dewatering were successful there is still 

work left to be done before industrial implementation. To see how the dewatering behaves at 

a larger scale is of outmost importance. How does the larger scale affect the energy demand 

and how much water can be removed per hour? Or will there be an area in the filter cell that is 

not used? Is there an increasing risk for pyrolysis reactions closer to the source of the electric 

field? These are just a few questions that would need answering before a large scale 

production can be made.  

However there are even more things that could be tested that are of great importance, for 

example how dry can the filter cake become before it becomes impossible or impractically to 

dewatering it more this way without irreversibly affecting the particle properties? Or will the 

energy demand become too high before the dewatering rate goes down?  

It could also be interesting to study different designs of filtration equipment, for example if 

there is possible to make a design where the electrolysis reactions are counteracted or the 

products from the electrolysis reactions are removed. This could improve the dewatering 

behavior as the pH adjusted suspensions both appeared with higher dewatering rate and less 

energy demand during the experiments.   

Another thing that could be tested and analyzed is how the dewatering is affected by usage of 

another filter. In this study a filter of high quality is used to retain the solid particles. 

However, since the particles are repelled by the cathode a filter of lesser quality might could 

be used to lower the operation cost and the repelling effect of the electrophoresis might be 

enough to retain the particles completely which would mean that the filter only have to let the 

water move and not to retain the particles. 
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