
Abstract 

 

PARK, SUNKYU.  Drying Behavior of Cellulose Fibers Characterized by Thermal Analysis.  (Under the 

direction of Richard A. Venditti and Hasan Jameel) 

 

The objective of this research is to understand the drying behavior of cellulose fibers characterized by TGA and 

DSC.  A parameter termed ‘hard-to-remove (HR) water content’ was defined as the ratio of water mass to fiber 

mass at the transition between the constant and falling rate zones from isothermal TGA experiments.  At 

specific experimental conditions, the HR water content showed a linear relationship with water retention value 

(WRV).  This relationship was explained by the combined results of TGA and DSC.  The drying order of 

different classes of water existed in cellulose fibers was quantitatively verified and found that free water was 

evaporated first followed by trapped water, freezing bound water and then non-freezing bound water, with some 

overlap.  The HR water mass was a combination of trapped water, freezing bound water, and non-freezing 

bound water.  The existence of trapped water could be described as water that is not bound to the fibers, but is 

difficult to evaporate.  For the pilot papermachine samples, all the water in wet web entering the dryer section 

was found to be entirely HR water with no free water detected.  Based on the results, a qualitative drying model 

of cellulose fibers was proposed with regard to decreasing moisture ratio.  Changes in pore size distribution 

during the drying were determined using DSC based on the Gibbs-Thomson equation.  It was observed that 

larger pores collapse first followed by the sequential collapse of smaller pores, indicating that pore wall collapse 

resistance is the primary factor.  The average measured pore size for bleached kraft softwood was calculated 

about 80 nm and reduced with drying.  A constant pore size of about 20 nm was observed at moisture ratios 

below 0.3 g/g, which corresponds to one-to-two layers of non-freezing bound water.  The heat of vaporization 

of water associated with cellulose fibers was determined using a modulated DSC and showed a steep increase at 

moisture ratios below 0.3 g/g, indicating that a higher energy is required to evaporate non-freezing bound water.  
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Chapter 1 

 

Overview 
 

 

Importance of Drying Behavior of Cellulose Fibers 

 

The interactions between cellulose and water are important in a number of industries including the 

wood, paper, textiles, food, agriculture, and pharmaceutical industries for examples.  Drying, absorption, 

washing, mixing, storage are all critical operations that are impacted by these interactions.  In drying processes, 

water is generally removed by heat energy.  The energy needed to remove moisture from various industrial 

products is an important issue not only for achieving the desired material properties, but also for optimizing the 

drier design and operation.  Much is known about the energy required to evaporate pure water, however, less is 

known about the energy required to evaporate water from substrates with strong water affinity. 

 

Papermaking is essentially a dewatering process.  Most of the water in a wet fiber web should be 

removed during the papermaking process by gravitational and vacuum forces in the wire section, mechanical 

forces in the press section, and thermal energy in the dryer section.  On the basis of 1.0 kg of solids, a quantity 

of 195 kg of water must be removed in the wire section, 2.8 kg of water in the press section, and 1.2 kg of water 

in the dryer section.  Although the dryer section is responsible for a small fraction of the total dewatering, it is 

the major energy consumer in the paper mill.  This is because the porous and hygroscopic pulp fibers contain 

‘hard-to-remove’ water that is considered to be located in the fiber cell wall and trapped in the fiber network 

geometry.  Therefore it is important to understand the interaction between fibers and water and the resulting 

impact on the fiber drying behavior.  These interactions are linked to fiber flexibility and fibrillation, which 

depend on the drying history and contribute to the final properties of the paper product including mechanical 

strength, smoothness, and dimensional stability.   

 

Water molecules can interact with cellulose fibers in at least three different ways.  First, water 

molecules may be bound to the hydrophilic surfaces of cellulose fibers by hydrogen bonds.  Second, water 

could be trapped in the porous cell wall and the small pores created by the network geometry of cellulose fibers.  

Third, water molecules can hydrate swollen fiber cell walls, assumed to be a mixture of (a) partially water 

soluble polymer [Pouchly et al. 1979] and (b) an insoluble polymer phase.  This model has also been put forth 

by Pelton [1993].  Thus, the energy required to dry the cellulose fiber based paper matrix is needed to both 

evaporate the water molecule and to overcome the interactions between the cellulose fibers and water.   

 

Upon the drying process of cellulose fibers, the properties of fibers are significantly altered.  This is 

the well-known phenomenon of hornification, which describes an irreversible physical contraction of the fiber 
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cell wall [Zhang et al. 2004].  The most acceptable explanation for the hornification mechanism is the 

aggregation of the cellulose chains [Wistara and Young 1999; Weise 1998].  Polysaccharide chains are packed 

closely upon heating and water removal [Welf et al. 2005] and then they are not fully reopened when 

subsequently exposed to water.  This process is dynamic and occurs during drying, altering the potential 

interactions mentioned above, resulting in the drying process being even more complex.  

 

Characterization Methods of Interaction between Cellulose Fibers and Water 

 

There are several methods to characterize the interaction between cellulose fibers and water.  In the 

paper industry, two of the most common methods are the water retention value (WRV, SCAN C102XE) and the 

Freeness (Tappi test method: T227 om-94).  The WRV is defined as the ratio of water to dry fiber after 

centrifugation of a fiber pad under standard conditions and is used as a measure of fiber swelling [Scallan and 

Carles 1972].  The freeness of pulp slurry is a measurement of the drainage rate of pulp slurry under controlled 

conditions.  These measurements are conventionally used as an indicator of drainability on the papermachine, 

and as a process-monitoring tool for refining.   

 

Solute exclusion test is another method to characterize fiber-water interactions, used more for scientific 

research than industrial quality or process control.  It has been used since its inception in the 1960s to measure 

the amount of water in the fiber cell wall, termed the fiber saturation point (FSP) [Stone and Scallan 1968].  

This is accomplished by using a probe polymer, e.g. dextran, of appropriate size, which does not interact with 

the fibers and is too large to penetrate into the cell wall.  Water is classified as accessible and inaccessible water 

based on the accessibility of the probe polymer into fiber pores. 

 

Differential scanning calorimetry (DSC) can also be used to determine the water content in cellulose 

fibers.  Water associated with cellulose fibers is subcategorized as non-freezing bound water and freezing bound 

water [Ping et al. 2001; Liu and Yao, 2001; Nakamura et al. 1981].  Non-freezing bound water is defined as 

water that does not have first order transitions such as melting and freezing.  It is expected that the first 1~3 

layers of water adjacent to a surface do not freeze, because the motion of water structures is severely limited by 

the association with the surfaces [Berlin et al. 1970].  The hindrance of the water motion is considered not only 

due to the hydrogen bonds between the surface and the water, but also due to the presences of nano-cavities in 

fibers [Liu and de Yao 2001].  Freezing bound water is water that has its melting temperature depressed.  This 

phenomenon, called freezing point depression, has been explained in several ways.  First, this could be due to 

the effect of macromolecules and membranes [Wolfe et al. 2002].  The hydration interaction between the 

hydrophilic surfaces and water molecules increases the stability of water molecules and non-freezing bound 

water can be observed at the surfaces.  The strength of hydration interaction decreases with the distance from 

the surface, and water molecules associated with the surface may be frozen at depressed temperatures.  Second, 

the freezing point depression could be explained by considering the consequences of fibers being porous 
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materials.  Based on the Gibbs-Thomson equation, see Chapter 6 later, water held in a smaller pore has a larger 

melting temperature depression.  The third explanation is that partially soluble fiber and water can be viewed as 

a hydrated gel system [Pouchly et al. 1979].  In this situation, the freezing point depression is caused by a 

lowered activity and increased entropy of water in the fiber-water gel system.   

 

Heat of Vaporization 

 

The heat of vaporization is a critical component in the drying process, typically one of the most 

important variables that influence the economics of the paper drying process. The dehydration energy can be 

quantitatively evaluated during the drying of cellulose fibers.  A frequently applied method to quantify the 

magnitude of desorption energy between water and surface is the calculation of isosteric heat of sorption (Qst) 

[Aktaş and Gürese 2005; Soysal and Öztekin 2001; Gabas et al. 1999], which is the heat evolved when a unit 

mass of water is absorbed by an infinite mass of the material at a given moisture ratio.  This value can be 

obtained from water sorption isotherms but is limited by experimental difficulties [Ferrasse and Lecomte 2004].  

A second method of quantification is by means of calorimetric techniques [Rückold et al. 2003; Hatakeyama et 

al. 2000; Sánchez et al. 1997; Zang and Sapieha 1991; Fielden et al. 1988] in which the heat of vaporization is 

determined by the integration of the endotherm.  The use of calorimetric methods can provide advantages due to 

the greater ease and speed in performing the experiments, as well as a greater accuracy at a low moisture ratio 

[Mulet et al. 1999], which is exploited in this research.   

 

Pore Size Distribution of Cellulose Fibers 

 

 The interactions between water cellulose fibers are also dependent on the pore properties of the 

cellulose fibers such as pore dimension, geometry, topology, connectivity, and pore size distribution.  The 

drying process impacts the properties of these pores and is thus integral in determining water cellulose fiber 

interactions.  There are many techniques used to determine the pore size distribution of cellulose fibers 

including mercury intrusion [Chu and Kimura 1996; Rigby et al. 2002], gas permeability [Carey et al. 1973], 

scanning electron microscopy [Chinga et al. 2002], atomic force microscopy [Mohammad et al. 2005], and light 

scattering [Springer et al. 2000].   

 

However, there are limitations to these techniques.  These methods require dried samples for the 

measurements, for which the pore properties are altered upon drying due to hornification effects.  Also, some of 

these techniques are conducted in a destructive manner.  For the mercury intrusion method, the pressures 

required to fill pores are excessively high and the accuracy of the method reduces with the increased pressure.   

 

To test pore size distribution using never-dried samples, a solute exclusion technique [Stone and 

Scallan 1968] can be considered, which is undertaken in the swollen state.  By using a series of different size 
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molecular probes, the distribution of accessible pores could be calculated [Stone et al. 1969].  But pores with 

very small entrances and isolated pores are not detected, leading to incorrect pore volumes.  The same principle 

is applied to inverse size-exclusion chromatography to measure the distribution of pores in the fibers [Berthold 

and Salmen 1997; Keim et al. 2002].  Since the fibers are evaluated for the fully swollen state, these two 

methods are not appropriate for studying the dynamic drying behavior of the fibers.    

 

A differential scanning calorimetry (DSC) method can be used to investigate the pore size distribution 

of cellulose fibers at different moisture ratios.  The melting temperature depression has a reciprocal relationship 

with the pore diameter and thus the pore size distribution can be evaluated.  This is the principle of 

thermoporometry based on the phenomenon called freezing point depression [Burghoff and Pusch 1979; Brun et 

al. 1977].  This method has been successfully applied to cellulose fibers with an isothermal step melting 

procedure [Maloney et al. 1998; Maloney and Paulapuro 1999].  This technique has great promise in furthering 

the understanding of the drying process of cellulose fibers and is one of the main topics of this research.  

 

Research Objectives 

 

The objective of this research is to develop a better understanding of the interactions between cellulose 

fibers and water during the drying of cellulose fibers. In this pursuit, various analytical techniques and methods 

including thermogravimetric analysis and differential scanning calorimetry were utilized and advanced.  

Important sub-objectives in this research are outlined as follows: 

 

• To better establish the quantity of water associated with fibers with different interactions and how the 

different classes of water behave during drying. 

 

• To develop new methods to characterize the interactions between cellulose fibers and water. 

 

• To identify the heat of vaporization of water associated with cellulose fibers and to determine if the heat of 

vaporization depends on the different classes of water present. 

 

• To define the dynamic process of pore closure during the drying of cellulose fibers. 

 

Hard to Remove (HR) Water Content 

 

To characterize the interaction between cellulose fiber and water, a new method was applied to classify 

water using high-resolution thermogravimetric analyzer (TGA).  A parameter termed ‘hard-to-remove (HR) 

water content’ (see Chapter 2, 3, 4, and 5) was defined as the ratio of water mass to fiber mass at the transition 

between the constant rate zone and the falling rate zone of evaporative change in mass from isothermal TGA 
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experiments.  TGA weight loss curves for a cellulose fiber-water system showed three different drying regimes, 

a warm-up zone, a constant drying rate zone, and a falling drying rate zone.   

 

The experiments were conducted at different experimental conditions such as initial moisture ratio and 

solid mass to find optimal conditions for the experiments.  The HR water content was found to be affected by 

the solid mass and initial water mass (see Chapter 4).  Simple linear regression analysis of the HR water mass as 

a function of solid mass revealed two constants.  The y-intercept, a constant, was associated with 

instrumentation and was considered to be independent of the fiber type used in the experiment.  The slope, b 

constant, was the portion of the HR water mass associated with the fiber.  

 

It should be noted that even pure water in the TGA sample pan exhibits a constant rate zone and a 

falling rate zone, consequently indicating a HR water mass (see Chapter 4).  It is considered that when pure 

water is dried in the TGA, the drying rate is directly related to the exposed water surface area.  The exposed 

area stays constant until the continuous water film is broken.  When continuous coverage no longer exists, it is 

observed that water gathers near the corner of the pan due to the high surface tension of water and the three-

dimensional nature of the pan, resulting in a decrease in the exposed surface area of the water.  Thus, the HR 

water mass for zero solids is a measure of point at which a continuous film no longer covers the bottom surface 

of the pan.  If, however, fibers are present in the pan, fibers prevent water from gathering in the corner of the 

pan due to the diffusion of water through the fiber network. 

 

The measured HR water content also depended on the isothermal drying temperature (see Chapter 3 

and 4) and the isothermal temperature of 90°C was utilized for the rest of study.  To describe the standardized 

procedure, preferably the solid mass above 8.7 mg and the water mass above 75 mg should be used (see Chapter 

4).  This thermogravimetric analysis could be used as a convenient and insightful characterization technique for 

a fiber-water system and allows for the direct comparison of fibers at small amount of sample size, about 10 mg 

of dried mass.     

 

Relationship between HR water content and Water Retention Value 

 

The HR water content was found to be correlated with important characteristic of cellulose fibers, 

water retention value (WRV).  The HR water content and WRV showed the similar trend with the changes in 

fibers created by beating, drying, and fractionation.  Beating of cellulose fibers increases both the HR water 

content and WRV, whereas drying (recycling) and fractionation decrease both the HR water content and WRV 

(see Chapter 3 and 4).  The HR water content was also used to evaluate fiber hornification (see Chapter 5).  

Unbleached kraft softwood pulps were created at different kappa number and it was found that both the HR 

water content and WRV slightly decrease with the increased kappa number.  It was also found that juvenile 

wood has higher values of the HR water content and WRV than mature wood (see Appendix 3).  This implies 

5



that the HR water content could be used as a substitute for WRV.   

 

It is of interest to investigate why the HR water content determined by thermal energy has such a close 

relationship with the WRV determined by mechanical force (centrifugal force).  To explain this relationship, the 

drying process of cellulose fibers was modeled using two mass transfer rates (see Chapter 4 and 6).  The first 

mass transfer rate (k1) is the evaporation rate of water from the exposed sample surface to the TG chamber and 

the fraction of water evaporated with the mass transfer rate of k1 can be designated as f1.  A step decrease in the 

drying rate would then result at the transitions from the constant rate zone to the falling rate zone.  The second 

mass transfer rate (k2) is introduced as the transfer rate of water from the interior of the fiber or from the small 

spaces created by fiber-fiber network to the exposed sample surface and the fraction of water is designated as f2.  

The WRV is a measurement of the fiber at a certain level of saturation at which the surfaces remain wet and the 

majority of water exists inside the fibers’ pore structure for cellulose fibers (close to f2).  Thus, this saturated 

state corresponds directly in both qualitative and quantitative manners to the drying transition between the 

constant rate zone and the falling rate zone (see Chapter 6).   

 

Drying Order of Water Associated with Cellulose Fibers 

 

The order in which water associated with cellulose fibers is removed,was verified experimentally by 

the combined results of TGA and DSC (see Chapter 4 and 6).  It was found quantitatively that free water is 

evaporated first followed by trapped water, freezing bound water and then non-freezing bound water, with some 

overlap.  This was found for bleached, unbleached, and mechanical pulp.  It was also found that the HR water 

mass is the combination of trapped water, freezing bound water, and non-freezing bound water.  The existence 

of this category of water, i.e. trapped water (HR water but not bound water), could be described as water that is 

not bound to the fibers but is difficult to transport to the exposed surface.   

 

Experiments were further extended to the samples obtained from a pilot papermachine (see Chapter 6) 

and it was found that all the water in a wet web entering the dryer section was HR water as measured by the 

TGA method described above.  Thus no free water was present in wet web and no constant rate zone was found.   

 

Heat of Vaporization 

 

The energy required (heat of vaporization) to evaporate water associated with cellulose fibers was 

determined using the modulated mode of differential scanning calorimetry (DSC) (see Chapter 7).  For cellulose 

fibers, a steep increase in the heat of vaporization was observed with the decreased moisture ratio (0.0 ~ 0.3 g/g).  

It was considered that the moisture ratio when the heat of vaporization increased was related to the non-freezing 

bound water content in cellulose fibers.  An empirical regression model fitted well to the experimental results of 

the heat of vaporization with high R2 values.  For water associated with cellulose fibers, it was found that the 
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value of heat of vaporization from the curve fitting is higher than that of pure water (2.26 kJ/g at 100°C).  This 

might be explained that water in cellulose fibers requires additional energy to evaporate such as the (a) energy 

to break mono and/or multilayer sorption of water molecules and (b) the energy to overcome capillary forces in 

the porous geometry of cellulose fibers.   

 

For polypropylene and glass fibers, the steep increase in the heat of vaporization at low moisture ratio 

was not observed and the heats of vaporization was constant with respect to moisture ratio and approximately 

equal to the heat of vaporization of pure water.  This is attributed to the absence of strong interactions between 

these fibers and water.  This is in agreement with these fibers having a zero content of non-freezing bound water.  

Thus, it is proposed that the measurement of non-freezing bound water could be used as an indicator of heat of 

vaporization, and vice versa, at low moisture ratios. 

 

Pore Size Distribution of Cellulose Fibers 

 

Differential scanning calorimetry (DSC) was used to investigate the bound water content and the pore 

size distribution of cellulose fibers with various moisture ratios (see Chapter 8).  It was found that the bound 

water content was constant for moisture ratios greater than 0.8 g/g and decreased with drying for moisture ratios 

less than 0.8 g/g for the fully bleached softwood kraft pulp.  It was also observed that the non-freezing bound 

water content was constant for moisture ratios greater than 0.3 g/g and decreased with decreasing moisture ratio.  

This demonstrates that freezing bound water is removed first during the drying of cellulose fibers followed by 

non-freezing bound water.  Based on a simple model used in this study, non-freezing bound water corresponds 

to one-to-two layers of water tightly bound to the surface. 

 

Changes in the pore size distribution during the drying of cellulose fibers were determined with an 

isothermal step DSC melting procedure.  It was found that the fiber wall begins to collapse starting with larger 

pores followed by the sequential collapse of smaller pores.  Analysis of the pore size distribution curve confirms 

that below 0.3 g/g moisture ratio only non-freezing bound water exists (with no freezing bound water 

remaining).  From these findings, it is suggested that the pore wall resistance to collapse is the primary reason 

for pore closure and that the pressure difference generated from different pore sizes is a secondary factor.   

 

The average measured pore size was calculated to be about 80 nm for moisture ratios greater than 0.8 

g/g and this is reduced upon further drying of the fibers.  At a moisture ratio below 0.3 g/g, a constant pore size 

of about 20 nm was observed.  This point in drying roughly corresponds to a moisture ratio at which there is 

only non-freezing bound water present in the fibers.   
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Chapter 2 

 

Characterization of Bound Water in Fibers using Thermogravimetric Analysis 
 

This chapter was presented at Progress in Paper Physics Seminar 2004, June 2004, Norway. 

 

Introduction 

     The interaction between water and fiber has a significant impact on the papermaking process (ex. 

drainage rate, press solids, and drying energy input) and final product of properties.  The association of water 

with the fiber is linked to the fiber flexibility and fibrillation, which contributes to the final strength of the paper 

sheet.  Common methods to characterize the interaction of the fiber and water in a particular fiber source are 

Freeness [1] and water retention value (WRV) [2].  These methods have been shown to be related to the fiber 

surface conditions, swelling, and dewatering behavior.  These methods require about 3 grams and 0.5 grams of 

oven dried pulp respectively.  While by paper making standards this is a relatively small amount of fiber, these 

sample sizes are too large for the limited amount of pulp produced from genetically modified trees grown in 

greenhouses.  These trees hold the potential to revolutionize pulp and paper production.   However, 

techniques must be developed to screen these trees at early stages of development from extremely small pulp 

sample (~3-5 grams total). 

     Thermogravimetric analysis (TGA) has been used for characterizing drying behavior [3].  Three 

different stages of drying are observed (i.e. warm-up, constant rate, and falling rate zone).  In this study, the 

moisture content of the pulp at which the falling rate zone begins is measured.  The water associated with the 

fiber at this point is termed “hard-to-remove (HR) water”.  The HR water is different from the bound water as 

determined by differential scanning calorimetry (DSC).  The value of the HR water shows a strong correlation 

with Freeness and WRV and requires only a 10 mg sample size.  Evaluation of the HR water is straightforward 

and relatively easy to perform.   

 

Materials and Methods 

     Bleached softwood kraft pulp (Albacell, International Paper) was refined to four freeness levels using a 

Valley Beater (Tappi Method T200 sp-96).  All samples were washed using a 48-mesh screen of a Bauer 

McNett Classifier to minimize the effect of fines.  Unbeaten and beaten (30 minutes) pulps were selected to 

investigate the effect of recycling (drying/wetting cycles) on the HR water content.  Each recycling step 

included hand-sheet making, wet pressing, oven drying and disintegration.   

     A Q500 TGA (TA Instruments) was used to record the weight loss during drying.  For the TG analysis, 

a wet sample having about 10% solid content was prepared and placed in the furnace of the TGA.  The 

temperature was kept at 30℃ isothermally to dry the samples until the derivative of the weight loss curve 

equals 0.0010 %/min (point ⑥ in Fig. 1).  The nitrogen gas flows used were 40 ml/min for balance gas and 

60 ml/min for sample gas.  Hard-to-remove water content was defined as the weight of water when the value 
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of the second derivative of the weight loss curve first reaches -0.0005 %/min2 divided by the weight of dried 

fibers (the first derivative of the weight loss curve equals 0.0010 %/min).  Thus, the HR water content 

becomes a divided by b, cf. Fig. 1.  The average drying rate of hard-to-remove water was defined by the area 

above second derivative curve between the points at which the value of the curve was -0.00050 %/min2. 

 

 
Fig. 1. Drying curves.  Hard-to-remove water content is defined by a / b.  Average drying rate of hard-to-

remove water is calculated by the integration of the second derivative curve. 

 

Results and Discussion 

     Both hard-to-remove water content and WRV increased and Freeness decreased with beating time, cf. Fig. 

2.  Since fines were removed by 48-mesh screen, this difference could be explained by the fibrillation and 

delamination of the internal structure of the fibers [4].  The hard-to-remove (HR) water content showed a close 

relationship with WRV, which indicates that this value could be used as a substitute for WRV.  The impact of 

recycling on the hard-to-remove water content of unbeaten and beaten fibers is shown in Fig. 3.  As expected, 

the hard-to-remove water content significantly decreased upon recycling.  This is the well known phenomena 

of hornification [5].  The difference between the HR water contents of unbeaten and beaten fibers was smaller 

with increasing numbers of recycles.    The mean drying rate of the HR water was found to be independent of 

the amount of HR water (i.e. beating time), that is to say the HR water content and the mean drying rate of the 

HR water in the TGA instrument are not linked. 

     Differential scanning calorimetry (DSC) has been used to characterize the freezing bound water and non-

freezing bound water [6].  Since bound water is considered to be located close to the fiber surface and tightly 

bound to it, one might expect that free water is removed from the fibers first and followed by freezing bound 

water and non-freezing bound water.  This is experimentally demonstrated as shown in Table I.  At point ② 
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of Fig. 1 and Table I, most of the free water has been removed and the freezing bound water begins to be 

removed.  At point ④, most of the freezing bound water has been removed and the non-freezing bound water 

begins to be removed. 

     DSC experiments indicate the presence of three types of water: free, freezing bound, and non-freezing 

bound water. TG analysis combined with DSC experiment showed that hard-to-remove water includes some of 

the free water as well as bound water (freezing and non-freezing).  The existence of this fourth category of 

water, hard-to-remove water but not bound water, might be described as water that can move freely but is 

concentrated in small pores and capillaries, and thus, is difficult to remove from the fiber. 

 

 

 
Fig. 2. Effect of beating time on hard-to-remove water, WRV and freeness.  Error bars represent 90% 

confidence interval.  Standard deviations used for t-test were the average values between unbeaten fiber 

(fractionated) and beaten fiber (not fractionated).  Hard-to-remove water was measured five times and WRV 

and Freeness were measured seven times. 

 

 
Fig. 3. Effect of recycling cycle on hard-to-remove water content. 
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Table I. Classification of water in fibers using TGA and DSC. 

by DSC Free water 
Bound water: 

Freezing 

Bound water: 

Non-freezing 

by TGA 
Easy-to-remove 

water 
Hard-to-remove water 

Total water 

1  

(initial) 
8.293 0.546 0.211 0.301 9.351 

2 0.000 0.288 0.191 0.297 0.775 

3 0.000 0.070 0.116 0.289 0.474 

4 0.000 0.000 0.001 0.183 0.184 

5 0.000 0.000 0.000 0.054 0.054 

6 0.000 0.000 0.000 0.000 0.000 

* Sample points are identified in Fig. 1.  All units are g water/OD g fiber. 

 

Conclusions 

     Thermogravimetric (TG) analysis was used to characterize the property of the fiber-water system.  A 

parameter termed hard-to-remove (HR) water was defined using the TGA weight loss curve.  The HR water 

content in a pulp sample was found to have a direct correlation with WRV and an indirect correlation with 

freeness. The hard-to-remove water content increased with beating time and decreased with repeated recycling.  

Thus, the HR water content is a useful fiber characterization tool and it allows for the direct comparison of 

various fibers.  Furthermore, if only small amounts of fibers are provided, this test could be performed as a 

replacement of WRV or Freeness.  In addition, combining TGA and DSC results, hard-to-remove water is 

found to include some free water as well as bound water (freezing and non-freezing).  This creates a fourth 

category of water, HR water but not bound water.  

 

References 

1 Freeness of pulp: Canadian standard method, Tappi Standard T 227 om-94. 

2 Water retention value, Tappi Standard um-256. 

3 Ngui, M.O., Mallapragada, S.K., Mechanistic investigation of drying regimes during solvent removal from 

poly(vinyl alcohol) films, J. Applied Polymer Science, 72:1913 (1999).   

4 McIntosh, D.C., The effect of refining on the structure of the fiber wall, Tappi J., 55(10): 482 (1967). 

5 Weise, U., Hornification- Mechanisms and terminology, Paperi Ja Puu, 80(2): 110 (1998). 

6 Weise, U., Maloney, T. and Paulapuro, H., Quantification of water in different states of interaction with 

wood pulp fibers, Cellulose, 3: 189 (1996).  

 

14



 

Chapter 3 

 

Hard to Remove Water in Cellulose Fibers Characterized by High Resolution 

Thermogravimetric Analysis - Methods Development 
 

This chapter was published in Cellulose, 13 (1): 23-30 (2006). 

 

Abstract 

A new method is applied to classify water, termed ‘hard-to-remove (HR) water’, in a cellulosic fiber and 

water system from an isothermal thermogravimetric analysis.  The hard-to-remove (HR) water content is 

defined as the moisture ratio (g of water / g of dry sample) of the fiber-water system at the transition between 

the constant rate zone and the falling rate zone of evaporative change in mass.  Specific experimental 

conditions have been defined for an appropriate measurement of the HR water content.  The HR water content 

was correlated with measurable characteristics of cellulosic fibers including water retention value and freeness.  

The new TGA protocol can be performed on extremely small samples as a convenient and insightful 

characterization technique for cellulosic fibers. 

 

Introduction 

The interaction between cellulosic fiber and water has a significant impact on the papermaking process in 

terms of drainage rate, press solids, and drying energy.  This interaction is linked to the fiber flexibility and 

fibrillation, which contributes to the final strength of the paper products.  In the paper industry, two of the 

common methods to characterize fiber-water interactions are water retention value (WRV) (SCAN test methods 

2000) and freeness (Tappi test method 2002).  The WRV is defined as the ratio of water to dry fiber after 

centrifugation of a fiber pad under standard conditions and is used as a measure of fiber swelling (Scallan and 

Carles 1972).  Fiber swelling is accompanied by an increase in fiber flexibility and fibrillation, which are of 

importance in developing fiber-fiber bonds in paper.  The freeness of a fiber pad is a measure of the drainage 

rate under controlled conditions.  This measurement is used as an indicator of a drainablility on the 

papermachine, and as a process-monitoring tool for refining.   

Water retention value and freeness require about 0.5 grams and 3 grams of dry fiber mass, respectively.  

By papermaking standards, this is a relatively small amount of fiber, but these sample sizes are too large for the 

limited amount of fibers produced from genetically modified trees grown in greenhouses.  These modified 

trees hold the potential to revolutionize pulp and paper production.  Thus, techniques need to be developed to 

analyze saplings at early stages of development using extremely small samples.  Furthermore, standard 

techniques that can be easily automated would be useful for reducing variability between tests and improving 

quality control.   

Differential scanning calorimetry (DSC) has been used to characterize a fiber-water system.  Three 

types of water associated with cellulosic fibers have been identified: unbound water, freezing bound water, and 
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non-freezing bound water (Nakamura et al. 1981; Weise et al. 1996).  Bound water is considered to be located 

close to the fiber surface and tightly bound to it (Maloney et al. 1998; Ping et al. 2001) and is subcategorized as 

being capable of freezing or not.  A nuclear magnetic resonance (NMR) method has also been used for 

characterization of water in fibers (Tapgaard and Söderman 2002).  The non-freezing bound water was 

characterized by experimental free-induction-decay based on the molecular dynamics of the water molecules.  

These techniques provide detailed information about the fiber-water interaction.  However, interpretation of 

the raw data may require significant training, and the equipment can be prohibitively expensive.   

In this study, an alternative method to characterize the water associated with cellulosic fibers is described 

using high-resolution thermogravimetric analyzer (TGA).  This technique provides tightly controlled drying 

conditions.  Three different stages are observed during the drying of fibers, i.e. warm-up, constant rate, and 

falling rate zones at the drying rate curve (Polat and Mujumdar 1995).  From the results of isothermal drying 

experiments, a new classification of water was proposed, termed ‘hard-to-remove (HR) water’, consisting of the 

water associated with the fibers at the transition of the constant rate zone and the falling rate zone.  In this 

study, the HR water content is defined and examined under different experimental conditions such as isothermal 

temperatures, initial masses and initial moisture ratios.  The HR water content is then compared with 

conventional method, WRV.   

 

Materials and Methods 

 

Sample Preparations 

Softwood bleached kraft market pulp (Albacell, International Paper) was used for all experiments.  

Twenty-four samples were produced from different treatments using a Valley Beater (Valley Iron Works, 

Appleton, WI, Tappi Method T200 sp-96), Bauer McNett Classifier (CE Bauer, Canada) and/or a laboratory 

drying/wetting procedure.  A Flowchart of the different sample preparations is shown in Fig.1.  The Bauer 

McNett Classifier with 48-mesh screen was used to isolate long fibers to minimize the effect of fine materials, 

which is generated during beating.  Laboratory drying/wetting was performed to model the effect of recycling 

of fibers with the following steps: hand-sheet making, wet pressing (345 kPa for 5min and then 2min after 

changing blotter papers), oven drying (free drying at 105°C, over night) and disintegration (Disintegrator, 

Lorentzen & Wettre, Sweden). 

 

Measurement techniques 

The water retention value is performed following SCAN test method (3000g, 15min and 1700g/m2) 

(SCAN test methods 2000) and is defined as the ratio of water to dry fiber mass after centrifugation (Centra 

CL3R with 958 swing-horizontal rotor, International Equipment Company).  Freeness of a fiber pad is a 

measure of the drainage rate at atmospheric pressure and is performed following Tappi test method (Tappi test 

method 2002). 

A Q500 Thermogravimetric analyzer (TGA, TA Instruments) was used to record the weight loss during 
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drying.  A schematic diagram of the TGA is shown in Fig. 2.  The furnace is electronically heated to a target 

temperature.  The thermocouple was positioned 5 mm above the rim of the pan.  The thermocouple was used 

for reporting the temperature and for the furnace temperature control.  No evaporative cooling affected the 

thermocouple reading because the thermocouple was never in contact with the sample pan.  Dry nitrogen gas 

was used to sweep out the volatiles from the sample.  Gas flow rate was 40 ml/min for balance gas and 60 

ml/min for sample gas.  The gas was not pre-heated before entering the furnace.  Platinum sample pans (Part 

#952018.906, TA Instruments) were used and have dimensions of 2 mm height and 10 mm diameter.  For the 

high-resolution TG analysis, wet samples having different initial moisture ratios and initial solid masses were 

prepared and placed in the TGA furnace.  Experiments were run isothermally at 30°C, 50°C, 70°C, 90°C, and 

110°C to dry the samples until the weight change was negligible.   

 

Raw Material (Albacell)

Beatinga) Beatingb)

Fracc) Dry/wetd) Frac Frac Dry/wet

① ④ ③① ③ ④④④

Raw Material (Albacell)

Beatinga) Beatingb)

Fracc) Dry/wetd) Frac Frac Dry/wet

① ④ ③① ③ ④④④  
Fig. 1.  Flow chart for the sample preparation.  The numbers of samples produced with each procedure are 

indicated in the figure.  a) 2.0 kg load used for beating at four different times.  b) 4.5 kg load used for beating 

at four different times.  c) 48-mesh screen used for fractionation.  d) Drying/wetting cycle performed on 

fibers for 1, 2 and 3 cycles. 
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Fig. 2.  Schematic diagram of thermogravimetric analyzer (TGA).  (1): furnace with heating element, (2): 

platinum sample pan, (3): wire connected to a balance, (4): thermocouple, (5): sample gas-in, (6): balance gas-in, 

and (7): gas-out. 
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Results and Discussion 

 

Different drying regimes 

Drying kinetics revealed three different drying regimes, which are a warm-up zone, a constant rate zone 

and a falling rate zone, as shown by the first derivative curve in Fig. 3.  When a sample is initially placed in 

the TG furnace, the drying rate increases as the sample warms up, indicating a warm-up zone.  The 

evaporation rate then remained relatively constant up to point (a) indicated on Fig. 3.  The existence of the 

constant rate zone over a wide range of time can be understood if the exposed surface is kept ‘sufficiently wet’ 

by the movement of moisture from the interior (Belhamri 2003; Schlünder 2004).  Schlünder showed 

mathematically that the condition for a sufficiently wet surface is fulfilled if the pore diameter of the porous 

material is small compared to the thickness of the viscous sub-layer formed by the gas flow past the surface and 

the pores are evenly distributed (Schlünder 1988).   
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Fig. 3.  Drying response at isothermal temperature 90°C.  The hard-to-remove (HR) water content is the 

moisture ratio at which the falling rate zone begins and is calculated as y/x.  (1): warm-up zone.  (2): constant 

rate zone.  (3): falling rate zone. 

 

During the constant rate period, the drying rate should be controlled by experimental conditions such as 

exposed surface area (pan diameter), relative humidity in TG furnace (relative humidity of gas), gas flow rate, 

and isothermal temperature.  Since the same sample pan and gas flow rate of dry nitrogen gas were used in all 

experiments, the exposed surface area, relative humidity, and gas flow rate were considered as constants.  Fig. 

4 shows the drying rate of the constant rate zone at the isothermal temperature of 90°C as a function of the 

initial total mass.  The drying rate was found to increase as the initial total mass of sample increased.  The 

dependency of the drying rate in the constant rate zone on the initial total mass may be related to the differences 

in gas flow pattern over the sample pan, which could be changed due to the different levels of materials (surface 

to volume ratio) in the sample pan.  The pan can hold a total of 157 mg of water, so that the experiment with 

150 mg of water had a liquid level near the top of the pan whereas the liquid level with 50 mg was at about 1/3 
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of the pan height.  To eliminate any of these effects, all samples tested subsequently were used about 100 mg 

of initial total mass. 

Using the same sample having different moisture ratio and initial total mass (legend ◊), the drying rate of 

the constant rate zone is well matched with the drying rate of water alone.  Furthermore, the drying rate of the 

constant rate zone for all twenty-four different samples (legend +) overlapped each other.  This indicates that 

the fiber processing does not affect the drying rate within the constant rate zone.  All twenty-four samples 

were prepared from the different combinations of beating/ fractionation/ drying-wetting cycle.  However, this 

is in contrast to the findings of Maloney et al. (1998), who reported that the unbeaten fibers did not maintain a 

constant rate zone.  These authors explained that rigid unbeaten fibers provided a high surface macro-

roughness and a poor ability of the structure to transport water.  It is speculated that the unbeaten fibers in their 

work may have been prepared at low moisture ratio compared to other samples, thus the constant rate zone was 

not observed.  The effect of initial moisture ratio on the drying rate zone will be discussed in more detail later.  
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Fig. 4.  Effect of initial total mass on the drying rate, mg/min, of the constant rate zone.  Legend (+): 24 

different samples having the same moisture ratio (MR) (~9 g/g) and initial total mass (~100 mg).  Legend (◊): 

20 samples that are different in moisture ratio and initial total mass, but are all from the same fiber sample 

preparation (30 min beating with 4.5 kg load and unfractionated).   

 

After point (a) in Fig. 3, a decrease in the drying rate was observed.  This is the beginning of the falling 

rate zone.  The moisture ratio at the onset of this decrease is considered to be related to the fiber characteristics.  

Even though some studies found a second falling rate zone (Maloney et al. 1998; Law et al. 2003), none was 

observed in this study. 

 

Definition of hard-to-remove water 

The decrease in the drying rate in the falling rate zone can be attributed to a change in the mechanism of 

drying.  It is proposed that the internal diffusion of water was no longer fast enough to keep the surface moist 

and this causes the rate of drying to fall.  It is likely that the drying is then governed by the internal diffusion, 

which is dependent on fiber properties such as fiber type, pore volume and geometry, fiber wall thickness, and 
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moisture ratio.  Therefore, the determination of the starting point of the falling rate zone has the potential to be 

used to characterize fibers.   

A parameter, the hard-to-remove (HR) water content, introduced in this study, is defined as the moisture 

ratio (g of water / g of dry sample) of the fibers at the transition between the constant rate zone and the falling 

rate zone.  The HR water content is the weight of water at point (a) divided by the weight of the dried fiber 

(point (b)), i.e. y divided by x in Fig. 3.  The term critical moisture content describes the same quantity as the 

HR water content (Schlünder 2004), but a systematic approach to determine the starting point of the falling rate 

zone has not previously been found.   

The transition between the constant rate zone and falling rate zone is smooth with respect to time and the 

points (a) and (b) must be defined by a systematic method.  Point (b) was defined as the time at which the 

derivative of the weight loss curve equals 0.001 %/min and the moisture ratio is less than 1% at this point.  

Point (a) was determined for each isothermal temperature by doubling the average value of the second 

derivative in the constant rate zone and identifying the time at which the second derivative reaches this value.  

This methodology allowed for the identification of the boundary between the constant rate zone and the falling 

rate zone with one definition that could be used across different isothermal drying temperatures.   

 

Effect of experiment conditions on the HR water content 

It is of interest to determine the sensitivity of the HR water content to experimental conditions such as 

initial moisture ratio, solid mass, and isothermal temperature.  Using the same type of fibers, the initial 

moisture ratio and solid mass placed into the TG furnace were varied and analyzed at the isothermal 

temperature of 90°C.  As shown in Fig. 5, the HR water content was influenced by both the initial moisture 

ratio and solid mass.  The data showed that the measured HR water content decreased with the increased solid 

mass at the same initial moisture ratio in the range of 3.1 mg to about 8.7 mg of solid mass.  For dry fiber 

masses of greater than 8.7 mg, however, the HR water content was not sensitive to the solid mass in Fig. 5.  In 

addition, the HR water content decreased with increased initial moisture ratio at the same solid mass. 
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Fig. 5.  Effect of initial solid mass (3.1 to 16.7 mg) and initial moisture ratio on the HR water content.   
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It is also worth noting that the HR water content abruptly collapses to zero at a low moisture ratio for the 

different solid masses.  By plotting the HR water content versus initial water mass in Fig. 6, it can be observed 

that there must be a minimum amount of water mass for this measurement to detect the HR water content.  

Below this minimum amount, the constant rate zone was not apparent and thus the HR water content could not 

be evaluated.  It is therefore suggested to use a single solid mass, preferably above 8.7 mg, and single water 

mass, preferably above 75 mg.  For the remainder of the experiments in this study, approximately a 10 mg 

solid mass with 90 mg of water is used. 

 

0.0

1.0

2.0

3.0

4.0

0 50 100 150 200
Initial water mass, mg

H
R 

w
at

er
 c

on
te

nt
, g

/g

~3.1 mg ~5.7 mg
~8.7 mg ~10.8 mg
~13.6 mg ~16.7 mg

 
Fig. 6.  Effect of initial solid mass (3.1 to 16.7 mg) and initial water mass on the HR water content.   

 

Correlation between HR water content and WRV 

With the specific experimental conditions of ~9 g/g moisture ratio, ~10 mg solid mass and 90°C 

isothermal temperature, the method described can be used successfully to characterize the fibers which have 

been processed differently.  The HR water content is plotted together with both the WRV and Freeness versus 

beating time for fractionated fibers, as shown in Fig. 7.   
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Fig. 7.  Effect of beating time on the HR water content, WRV and freeness.  4.5 kg load was used for beating 

and fibers were fractionated.   
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As beating proceeds, the fibers are known to change their structure, i.e. internal and external fibrillation, 

fiber shortening, and formation of fines.  These structural changes of fibers result in changes of fiber properties 

such as the fiber flexibility, swelling, and water holding capacity.  Fig. 8 (a) and (b) shows microscopic images 

of unbeaten and beaten fibers.  It is clearly shown that external fibrils are developed during beating and cover 

the surface of fiber.  In Fig. 7, both the HR water content and WRV increased and the Freeness decreased with 

beating time.  Since the samples in Fig. 7 were fines-free fibers, the results could be explained by the 

fibrillation and delamination of the internal structure of the fibers (McIntosh 1967) and the development of 

specific surface area (Ölander et al. 1994) with beating time.  A t-test was performed to provide 90% 

confidence intervals for the three different methods.  The 90% CIs were +/- 2.8 ml, +/- 0.031 g/g, and +/- 

0.079 g/g for Freeness, WRV, and the HR water content, respectively.  The CIs were based on data from 

unbeaten fiber (fractionated) and beaten fiber (not fractionated).  The HR water content was measured five 

times and WRV and Freeness were measured seven times.  

 

 
Fig. 8.  Microscopic images of fibers.  (a) Unbeaten fiber.  (b) Beaten fiber for 30 min using 4.5 kg load.  

External fibrils are developed during beating and cover the surface of beaten fiber (b). 
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Fig. 9.  Effect of drying/wetting cycle on the HR water content and the WRV.   
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The impact of drying/wetting cycles on the HR water content of unbeaten and beaten fibers is shown in 

Fig. 9.  As expected, the HR water content significantly decreased with successive drying/wetting cycle.  This 

is the well-known phenomenon of hornification, which describes the physical and chemical changes to 

cellulosic fibers during drying/wetting (Page and Tydeman 1963; Diniz et al. 2004).  It is known that drying 

causes an irreversible physical contraction of the fiber cell, and thus a cellulosic fiber swells to a much lower 

extent after it has been dried and re-wetted.  The largest drop in the HR water content and WRV is observed 

after the first cycle of drying/wetting as shown in Fig. 9.  Further, the more decreases in both the HR water 

content and WRV are observed for beaten fibers relative to unbeaten fibers. 

The effect of fine removal (fractionation) on the HR water content is shown in Fig. 10.  Fractionated 

fibers have lower values in both WRV and the HR water content.  This indicates that the HR water content 

measurement is sensitive to the loss of fines that have high specific surface area.  The HR water content 

showed a close relationship with WRV in Figs. 7, 9 and 10. 
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Fig. 10.  Effect of fractionation on the HR water content and the WRV. 
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Fig. 11.  Effect of temperature on the HR water content and WRV for twenty-four different pulps.  The HR 

water content has a linear relationship with WRV at a given isothermal temperature.  
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Finally, five different isothermal temperatures were investigated with all twenty-four softwood bleached 

kraft samples.  The HR water content at a given temperature was found to have a direct correlation with WRV 

as shown in Fig. 11.  A linear-regression analysis was performed for each temperature as shown in Table 1.  

The coefficients of determination (R2) were 0.936, 0.971, 0.955, 0.933 and 0.894, respectively from 30°C to 

110°C, which were high enough to have significance.  In addition, the y-intercepts were near zero for all 

temperatures as expected to be if these two tests were sensitive to the same characteristics.  Thus, it is realized 

that the HR water content could be used as a substitute for WRV, which is an indication of structural changes 

created by mechanical treatment for a given fiber.  For the same fibers, the HR water content increases with 

isothermal temperature.  This may be understood by noting that the drying rate in the constant rate zone is 

higher at a higher temperature than a lower one.  Since hard-to-remove water is expected to be removed slowly, 

point (a) on Fig. 3 occurs earlier for higher temperature drying, resulting in a higher HR water content.  This 

temperature dependence of the HR water content necessitates that a single isothermal drying temperature be 

used for comparison of different samples and reported for this technique.   

 

Table 1.  Linear regression analysis.   

 

Iso-

temp., °C 

Data 

points 
Slope 

y-int, 

g/g 
R2 

30 24 0.63 -0.12 0.936 

50 24 0.65 -0.03 0.971 

70 24 0.71 +0.01 0.955 

90 24 0.80 -0.08 0.933 

110 24 0.86 -0.05 0.894 

 

 

Conclusion 

Isothermal TGA weight loss curves for a cellulosic fiber-water system showed three different drying 

regimes, a warm-up zone, a constant drying rate zone, and a falling drying rate zone.  From this experiment, a 

parameter termed ‘hard-to-remove (HR) water content’ was defined as the ratio of water mass to fiber mass at 

the transition between the constant rate zone and the falling rate zone.  The HR water content was correlated 

with important characteristics of cellulosic fibers, e.g. water retention value.  The measured HR water content 

depended on the isothermal drying temperature.  Thus, this thermogravimetric analysis at a specific 

temperature could be used as a convenient and insightful characterization technique for cellulosic fibers and 

allows for the direct comparison of different fibers.  Furthermore, if only small amounts of sample are 

available, this test could be performed as a substitute for conventional fiber characterization methods such as 

water retention value (WRV) and Freeness. 
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Chapter 4 

 

High Resolution Thermo-Gravimetric Analysis of Pulp Drying 
 

This chapter was presented at 13th Fundamental Research Symposium, September 2005, Oxford, England. 

 

Abstract 

A method is described that classifies water in a cellulosic fiber and water system.  

Thermogravitmetric analysis (TGA) is used to determine hard-to-remove (HR) water from an isothermal drying 

curve.  The HR water content is defined as the moisture ratio (g of water / g of oven dried sample) of the fiber-

water system at the transition between the constant rate zone and falling rate zone of an isothermal drying curve.  

The TGA instrument provides tightly controlled drying conditions that allow one to distinguish small 

differences in drying behavior.  The exact value of the HR water content was found to be influenced by the 

initial moisture ratio, solid mass, and isothermal drying temperature.  Experiments at optimal conditions 

showed that the HR water content is linearly correlated with the water retention value.  This correlation was 

examined in terms of the similar states of the fibers (i.e. minimum saturation point) when the HR water content 

and water retention value are measured.  The dependence of the HR water content on the solid mass of the 

sample revealed two constants, y-intercept and slope.  The y-intercept is considered to be linked with 

instrumentation and the slope is to be associated with the fiber.  Once the HR water content measurements are 

adjusted for these constants, experiments may be conducted at any solid mass down to a few milligrams.  The 

dependence of the HR water content on the isothermal drying temperature was linked to differences in the 

drying rate of the constant rate zone.  It is proposed that the higher drying rate for higher isothermal 

temperatures results in the transport of water internal to the fiber becoming an important factor at higher 

moisture content.  This results in a higher HR water content being observed.  It was also found that the pulp 

yield affected the HR water content.  At the same water retention value, the highest HR water content was 

found for mechanical pulp followed by unbleached chemical pulp, and bleached chemical pulp.  These 

differences may be attributed to differences in chemistry, pore size and volume, and the dynamics of pore 

collapse during drying.  This method can be performed on extremely small samples and provides a convenient 

and insightful characterization technique for cellulosic fibers. 

 

Introduction 

The interaction between cellulosic fiber and water has a significant impact on the papermaking 

process in terms of drainage rate, press solids, and drying energy.  This interaction is linked to the fiber 

flexibility and fibrillation, which contributes to the final strength of the paper products.  In the paper industry, 

two of the common methods used to characterize fiber-water interactions are water retention value (WRV) [1] 

and freeness [2].  The WRV is defined as the ratio of water to dry fiber after centrifugation of a fiber pad under 

standard conditions and is used as a measure of fiber swelling [3].  Fiber swelling is accompanied by an 
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increase in fiber flexibility, which is important in developing fiber-fiber bonds in paper.  The freeness of a pulp 

slurry is a measurement of the drainage rate of a pulp slurry under controlled conditions.  This measurement is 

used as an indicator of drainability on the papermachine, and as a process-monitoring tool for refining. 

A technique that uses small samples to characterize the papermaking fibers may be useful in forest 

biotechnology applications.  Water retention value and freeness require about 0.5 grams and 3 grams of dry 

fiber mass, respectively.  By papermaking standards, this is a relatively small amount of fiber, but these 

sample sizes are too large for the limited amount of fibers produced from genetically modified trees grown in 

greenhouses.  These modified trees hold the potential to revolutionize pulp and paper production.  Thus, 

techniques need to be developed to analyze saplings at early stages of development using extremely small 

samples.  Furthermore, standard techniques that can be easily automated would be useful for reducing 

variability between tests and improving quality control.  One disadvantage of utilizing such a small sample is 

the vulnerability to sampling error.  Thus, proper sampling is critical for accurate and repeatable results. 

Different classes and amounts of water associated with cellulosic fibers have been determined by 

methods such as solute exclusion, differential scanning calorimetry (DSC), and nuclear magnetic resonance 

(NMR).  Each of these tests creates a means for characterizing fiber-water interaction, but precise 

interpretation of the physical meaning of these values is complicated by the fact that the boundary between 

fibers and water is not well defined.  Solute exclusion, DSC, and NMR techniques also use fully saturated 

samples.  However, hygroscopic porous materials like cellulosic fibers can alter their structure upon drying [4].  

Thus, a technique that examines the fibers at various moisture ratios may provide insight into the papermaking 

properties. 

Solute exclusion has been used since its inception in the 1960s to measure the amount of water in the 

cell wall.  Using the solute exclusion technique, the fiber saturation point (FSP) can be determined [5,6].  

This is accomplished by using a probe polymer, e.g. dextran, of appropriate size, which does not interact with 

the fibers and is too large to penetrate into the cell wall.  Water is classified as accessible and inaccessible 

water based on the accessibility of the probe polymer into fiber pores.  By using a series of different size 

probes, the distribution of accessible pores can be calculated [6,7]. 

A DSC method characterizes bound water in fibers, subcategorized as non-freezing and freezing bound 

water [8,9,10].  Non-freezing bound water is defined as water that is not detected during a DSC measurement 

and can be determined by the difference of the total water measured gravimetrically less the waters detected in a 

DSC analysis.  It is reasonable to expect that the first 1~3 layers of water adjacent to a surface do not freeze, 

because the motion of water structures is severely limited by the association with the surfaces [11].  The 

hindrance of the water motion is considered not only due to the hydrogen bonds between the surface and the 

water, but also due to the presences of nano-cavities in fibers [12]. 

Freezing bound water is determined by measuring the amount of water that has its melting temperature 

depressed.  This phenomenon, called freezing point depression, has been explained in several ways.  First, 

this may be due to the effect of macromolecules and membranes [13].  The hydration interaction between the 

hydrophilic surfaces and water molecules increases the stability of water molecules and non-freezing bound 
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water can be observed at the surfaces.  The strength of hydration interaction decreases with the distance from 

the surface, and water molecules associated with the surface may be frozen at depressed temperatures.  Second, 

the freezing point depression might be explained by considering the consequences of fibers being porous 

materials.  If it is assumed that a pore in a cell wall is cylindrical [14], the pressure is increased within the pore 

according to the Kelvin equation shown below: 
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where po is the vapor pressure of a planar liquid surface, p is the vapor pressure of a liquid surface with radius 

of curvature r, σ is the surface tension of the liquid, ρl is the liquid density, T is the temperature and R is 

universal gas constant.  This increase in pressure results in the freezing point being depressed.  The third 

explanation is that partially soluble fiber and water can be viewed as a hydrated gel system [15].  In this 

situation, the freezing point depression is caused by a lowered activity and increased entropy of water in the 

fiber-water gel system. 

A 1H NMR method has been used to determine the amount and properties of non-freezing bound water 

[16,17].  The non-freezing bound water was characterized by experimental free-induction-decay based on the 

molecular dynamics of the water molecules.  The liquid-like signal at the freezing temperature is interpreted to 

originate from non-freezing bound water.  NMR relaxation and self-diffusion analysis revealed the detailed 

properties of non-freezing bound water in fibers. 

Even though DSC and NMR techniques provide extensive information about the fiber-water interaction, 

interpretation of the raw data may require significant training and the equipment can be prohibitively expensive.  

In this study, an alternative method to characterize the water associated with cellulosic fibers is described using 

high-resolution thermogravimetric analyzer (TGA).  Fibers are dried isothermally under tightly controlled 

conditions and three different zones are observed during the drying of fibers, i.e. warm-up, constant rate, and 

falling rate zones [18].  From the results of isothermal drying experiments, a classification of water is proposed, 

termed “hard-to-remove (HR) water”, consisting of the water associated with the fibers at the transition between 

the constant rate zone and the falling rate zone.  In this study, the HR water content is defined and examined 

under different experimental conditions such as isothermal temperatures, initial input masses and initial 

moisture ratios.  The HR water content is further studied with a variety of fiber sources to investigate the 

interaction between fiber and water.  

 

Materials and Methods 

 

Sample Preparations 

Softwood bleached kraft market pulp (Albacell, International Paper) was used to examine the 

relationship between the HR water content and WRV.  The pulp was beaten using a Valley Beater (Valley Iron 
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Works, Appleton, WI, Tappi Method T200 sp-96).  Samples were withdrawn from the beater at nine different 

time intervals.  Samples at each level were then decrilled using a Bauer McNett Classifier (CE Bauer, Canada) 

with 48-mesh screen.  Two decrilled samples, unbeaten and beaten (30 min with 4.5 kg load) samples, were 

subjected to drying/wetting cycles in the laboratory.  Laboratory drying/wetting was performed to model the 

effect of fiber recycling.  The laboratory drying/wetting cycles involved the following steps: hand-sheet 

making, wet pressing (345 kPa for 5 min and then 2 min after changing blotter papers), oven drying 

(unrestrained drying at 105°C, over night) and disintegration in a British disintegrator (Lorentzen & Wettre, 

Sweden).  The drying/wetting procedure was performed for 1, 2, and 3 cycles.  Thus, twenty-four samples 

were produced by different treatment conditions from the original softwood bleached kraft market pulp. 

In addition to the samples above, a variety of other pulps were tested.  Hardwood bleached kraft 

market pulp (Georgia Pacific) was used.  Laboratory prepared unbleached chemical fibers were also used.  

These pulps include hardwood (birch, aspen), softwood (pine, unknown species), and non-wood (wheat by kraft, 

wheat by soda).  TMP (pine) was obtained from a commercial source.  Commercial recycled pulp, produced 

from a mixture of old newspapers and old magazines, was also used.  Of these samples, laboratory softwood 

(pine) and commercial TMP (pine) were never dried pulps.  Glass fiber (C-50-R) was obtained from Lauscha 

Fiber International Corp. (Summerville, SC).  

 

Measurement Techniques 

The water retention value was performed following the SCAN Method (3000 g, 15 min and 1700 g/m2) 

[1] and is defined as the ratio of water to dry fiber mass after centrifugation (Centra CL3R with swing-

horizontal rotor, International Equipment Company).  Freeness of a fiber pad is a measure of the drainage rate 

at atmospheric pressure and was performed according to the Tappi Method [2]. 
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Fig. 1.  Schematic diagram of thermogravimetric analyzer (TGA).  (1): furnace, (2): platinum sample pan, 

(3): wire connected to a balance, (4): thermocouple, (5): sample gas-in, (6): balance gas-in, and (7): gas-out. 
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A high-resolution thermogravimetric analyzer (Q500 TGA, TA Instruments) was used to record the 

weight loss during drying.  A schematic diagram of the TGA instrumentation is shown in Fig. 1.  For the TG 

analysis, wet samples having different initial moisture ratios and solid masses were prepared and placed in the 

TGA furnace.  Experiments were run isothermally at 30°C, 50°C, 70°C, 90°C, and 110°C to dry the samples 

until the weight change was less than 0.001 %/min in the derivative of the weight loss.  The sample moisture 

contents at those points were less than 1% for all isothermal temperatures.  Therefore, the weight at the point 

where the derivative curve of the weight loss is less than 0.001 %/min can be used as the oven dried (OD) 

weight.  Platinum sample pans (Part #952018.906, TA Instruments) were used and have dimensions of 2 mm 

in height and 10 mm in diameter.  Dry nitrogen gas was used at a flow rate of 40 ml/min for balance gas and 

60 ml/min for sample gas. 

Freezing bound water and unbound water were measured using a differential scanning calorimeter 

(Q1000 DSC, TA Instruments) during a 5°C/min heating ramp according to Weise et al [19].  This technique 

is based on the freezing point depression of bound water on cellulosic fibers.  Non-freezing bound water was 

calculated by subtracting the amount of freezing bound water and unbound water detected by DSC from the 

total water as measured by TGA. 

 

Results and Discussions 

 

Different Drying Regimes 

Drying kinetics revealed three different drying regimes, which are a warm-up zone, a constant rate 

zone and a falling rate zone [20].  These three zones are observed by examining the first derivative curve in 

Fig. 2 from an isothermal drying experiments using TGA.  When the sample is initially placed in the TGA 

furnace, the drying rate increases as the sample warms up, indicating a warm-up zone.  The evaporation rate 

then remains relatively constant up to the time where point � corresponds.  The nature of the constant rate 

zone existing over a relatively lengthy duration of time was addressed independently by Belhamri [21] and 

Schlünder [22].  These researchers indicated that if movement of water from the interior of a material is 

sufficient to keep the exposed surface ‘wet’, then a constant rate zone should be observed over a wide duration 

of time.  Schlünder [23] showed mathematically that the condition for a sufficiently wet surface is fulfilled if 

the pores are evenly distributed and the pore diameter is small compared to the thickness of the viscous sub-

layer formed by the gas flow past the surface. 

During the constant rate period, the drying rate should be controlled by experimental conditions such as 

sample surface area (pan diameter), relative humidity in the TGA furnace (relative humidity of gas), gas flow 

rate, and isothermal temperature.  Since the same sample pan and gas flow rate of dry nitrogen were used in all 

experiments, the sample surface area, relative humidity, and gas flow rate were considered as constants.  Fig. 3 

shows the drying rate of the constant rate zone at the isothermal temperature of 90°C as a function of the initial 

total mass.  The drying rate was found to increase as the initial total mass of samples increased.  The 

dependency of the drying rate in the constant rate zone on the initial total mass may be related to the differences 
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in gas flow pattern over the sample pan, which could be changed due to the different levels of sample pan filling. 
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Fig. 2.  Drying response at isothermal temperature 90°C.  The hard-to-remove (HR) water content is the 

moisture ratio at the transition between the constant rate zone and the falling rate zone.  The HR water content 

is calculated as y/x. 
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Fig. 3.  Effect of initial total mass on the drying rate, mg/min·mm2, of the constant rate zone.  Legend (+): 24 

different samples having the same moisture ratio (MR) (~9 g/g) and initial total mass (~100 mg).  Legend (◊): 

20 samples that are different in moisture ratio and initial total mass, but are all from the same fiber sample.   

 

Using the same sample (softwood bleached kraft, 30 min beating with 4.5 kg load) that has different 

moisture ratio and initial total mass (legend ◊), the drying rate of the constant rate zone is well matched with the 

drying rate of water alone.  Furthermore, the drying rate of the constant rate zone for all twenty-four different 

fibers (legend +, softwood bleached kraft) overlapped each other when the same initial total mass is used.  This 
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indicates that fiber processing does not affect the drying rate within the constant rate zone.  All twenty-four 

samples were prepared from the different combinations of beating/decrilling/drying cycle.  However, this 

finding is in contrast to Maloney et al. [24], who reported that the unbeaten fibers did not maintain a constant 

rate zone.  These authors explained that rigid unbeaten fibers provided a high surface macro-roughness and a 

poor ability of the structure to transport water.  It is speculated that the unbeaten fibers in their work may have 

been prepared at lower moisture ratio compared to other samples, thus the constant rate zone was not observed.  

The effect of initial moisture ratio on the constant rate zone will be discussed later.  

After point (a) on Fig. 2, a decrease in the drying rate was observed.  This is the beginning of the 

falling rate zone.  The moisture ratio at the onset of this decrease is considered to be related to the fiber 

characteristics.  Even though some studies found a second falling rate zone [24,25], none was observed in this 

study. 

 

Definition of Hard-to-Remove Water 

The decrease in the drying rate in the falling rate zone can be attributed to a change in the mechanism 

of drying.  In the constant rate zone, the exposed fiber surface remains ‘sufficiently wet’.  In the falling rate 

zone, however, it is proposed that the internal diffusion of water to the exposed fiber surface is no longer 

sufficient to keep the surface wet, and this causes the rate of drying to fall.  It is likely that the drying is then 

governed by the internal diffusion of water, which is dependent on fiber properties such as fiber type, pore 

volume and geometry, fiber wall thickness, and moisture ratio.  Thus, the determination of the starting point of 

the falling rate zone has the potential to be used to characterize fibers. 

A parameter, the hard-to-remove (HR) water content, is defined as the moisture ratio (g of water/g of 

OD sample) of the fibers at the transition between the constant rate zone and the falling rate zone.  The HR 

water content is the weight of water at point (a) divided by the weight of the dried fiber (point (b)), i.e. y divided 

by x in Fig. 2.  The term critical moisture content describes the same quantity as the HR water content [22], but 

for the critical moisture content a systematic approach to determine the starting point of the falling rate zone has 

not previously been described.   

The transition between the constant rate zone and the falling rate zone is smooth with respect to time 

and the points (a) and (b) must be defined by a systematic method.  Point (b)is defined as the time at which the 

derivative of the weight loss curve equals 0.001 %/min.  Point (a) was determined for each isothermal 

temperature by doubling the average value of the second derivative in the constant rate zone and then 

identifying the time at which the second derivative reaches this value.  This methodology allowed for the 

identification of the boundary between the constant rate zone and the falling rate zone with a single definition 

that could be used for all isothermal drying temperatures.   

 

Effect of Experimental Conditions on the HR Water Content: Part I 

It is of interest to determine the sensitivity of the HR water content to experimental conditions such as 

initial moisture ratio and solid mass.  Using the same type of fibers (softwood bleached kraft, 30 min beating), 
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the initial moisture ratio and solid mass placed into the TGA furnace were varied.  The HR water content was 

determined at the isothermal temperature of 90°C.  The HR water content decreases slightly with increased 

initial moisture ratio at the same solid mass as shown in Fig. 4.  This may be attributed to a number of factors 

including differences in the fiber network structure created from the different initial moisture ratios, small 

differences in the drying conditions, and instrument artifact created by changes in the available water to be 

removed.  The HR water content is also influenced by the solid mass.  The measured HR water content 

decreased with the increased solid mass at the same initial moisture ratio in the range of 3.1 mg to about 8.7 mg 

of solid mass.  For dry fiber masses greater than 8.7 mg, however, the HR water content is less sensitive to the 

solid mass.   
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Fig. 4.  Effect of solid mass and initial moisture ratio on the HR water content.  The legend indicates the solid 

mass.  The HR water content is less sensitive to the solid mass at values greater than 8.7 mg. 
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Fig. 5.  Effect of solid mass and initial water mass on the HR water content.  Below 60~70 mg in initial water 

mass, the HR water content is not determined.  The legend indicates the solid mass. 
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It is also worth noting that the HR water content abruptly collapses to zero at a low moisture ratio for 

the different solid masses.  By plotting the HR water content versus water mass in Fig. 5 using the same data 

as Fig. 4, it can be observed that there must be a minimum amount of water mass for this measurement to detect 

the HR water content.  Below this minimum amount, the constant rate zone was not apparent and thus the HR 

water content could not be evaluated.  Therefore, to compare changes in the HR water content, it is best to use 

a single solid mass, preferably above 8.7 mg, and a single water mass, preferably above 75 mg.  For the 

remainder of the experiments in this work, approximately a 10 mg solid mass with 90 mg of water (~9 g/g 

moisture ratio) is used unless otherwise noted.  
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Fig. 6.  Effect of beating time on the HR water content, WRV, and Freeness.  Both WRV and the HR water 

content increase and Freeness decreases with beating time. 

 

Correlation between the HR Water Content and WRV 

With the specific experimental conditions of ~9 g/g moisture ratio, ~10 mg solid mass and 90°C 

isothermal temperature, the method described can be used successfully to characterize fibers which have been 

processed differently.  The HR water content is plotted together with both the WRV and Freeness versus 

beating time for decrilled fibers in Fig. 6.  As beating proceeds, the fibers are known to change their structure, 

i.e. internal and external fibrillation, fiber shortening, and formation of fines.  These structural changes of 

fibers result in changes of fiber properties such as the fiber flexibility, swelling, and water holding capacity.  

Figs. 7 (a) and (b) show microscopic images of unbeaten and beaten fibers.  It is clearly observed that external 

fibrils are developed during beating and cover the surface of fiber.  Both the HR water content and WRV 

increased and the Freeness decreased with beating time.  Since the samples in Fig. 6 were fines-free fibers, the 

results could be explained by the fibrillation and delamination of the internal structure of the fibers [26] and the 

development of specific surface area [27] with beating time.  A t-test was performed to provide 90% 

confidence intervals (CI) for the three different methods.  The 90% CIs were +/- 2.8 ml, +/- 0.031 g/g, and +/- 

0.079 g/g for Freeness, WRV, and the HR water content, respectively.  The CIs were based on data from 

unbeaten fiber (decrilled) and beaten fiber (whole).  The HR water content was measured five times and WRV 
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and Freeness were measured seven times.  

 

 
Fig. 7.  Microscopic images of softwood beached fibers.  (a) Unbeaten fiber (WRV: 1.97 g/g).  (b) Beaten 

fiber (WRV: 3.14 g/g).  External fibrils are developed during beating and cover the surface of the beaten fiber. 
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Fig. 8.  Effect of drying/wetting cycles on the HR water content.  Drying/wetting cycles decrease both the 

WRV and the HR water content.  The largest drop is observed after the first drying/wetting cycle. 

 

The impact of drying/wetting cycles on the HR water content of unbeaten and beaten fibers is shown in 

Fig. 8.  As expected, the HR water content significantly decreased with successive drying/wetting cycle.  This 

is the well-known phenomenon of hornification, which describes the physical and chemical changes to 

cellulosic fibers during drying and re-wetting [4,28,29].  It is known that drying causes an irreversible physical 

contraction of the fiber cell wall, and thus a cellulosic fiber swells to a much lower extent after it has been dried 

and re-wetted.  The largest drop in the HR water content and WRV is observed after the first cycle of 

drying/wetting as shown in Fig. 8.  Further, the beaten fibers have a large decrease in the HR water content 

and WRV when compared to the unbeaten fibers. 
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Fig. 9.  Effect of the removal of fines on the HR water content.  Decrilled fiber has lower values in both the 

HR water content and WRV than whole fiber. 
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Fig. 10.  Effect of temperature on the HR water content and WRV for all twenty-four softwood bleached pulps.  

The HR water content has a linear relationship with WRV at a given isothermal temperature.  

 

The effect of fines removal on the HR water content is shown in Fig. 9.  The decrilled pulp fibers 

have lower values in both WRV and the HR water content.  This indicates that the HR water content 

measurement is sensitive to the loss of fines that have high specific surface area.  The HR water content 

showed close relationship with WRV in Figs. 6, 8 and 9. 

Finally, five different isothermal temperatures were investigated with all twenty-four softwood beached 

kraft samples.  The HR water content at a given temperature was found to have a direct correlation with WRV 

as shown in Fig. 10.  A linear-regression analysis was performed for each temperature as shown in Table 1.  

When the y-intercept is set to zero, the coefficients of determination (R2) ranged from 0.893 to 0.970 over the 

temperatures examined from 30°C to 110°C.  Thus, it is realized that the HR water content could be used as a 
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substitute for WRV, which is an indication of structural changes created by mechanical treatment for a given 

fiber.  For the same fibers, the HR water content increases with isothermal temperature.  This may be 

understood by noting that the drying rate in the constant rate zone is higher at a higher temperature than a lower 

one.  It was proposed earlier in this paper that the onset of the falling rate zone is related to the internal 

transport of water being insufficient to keep the exposed surface sufficiently wet.  If the internal transport of 

water is relatively unaffected by the increased temperature, then the onset point of the falling rate zone should 

occur at a higher moisture ratio as the isothermal temperature increases (i.e. drying rate in the constant rate zone 

increases). 

 

Table 1.  Linear regression analysis using the data in Fig. 10.  If the y-intercept is set to zero, R2 values are 

high enough to have significance. 

Iso-
temp., °C 

Data 
points Slope y-int, 

g/g R2 

30 24 0.58 0.00 0.930 

50 24 0.64 0.00 0.970 

70 24 0.72 0.00 0.955 

90 24 0.77 0.00 0.931 

110 24 0.84 0.00 0.893 

 

 

Mass Transfer Rate for the Drying of Fibers 

It was experimentally shown that WRV was correlated with the HR water content under specific 

experimental conditions having high R2 value in Fig. 10 and Table 1.  It is of interest to investigate why the 

HR water content determined by thermal energy has such a close relationship with WRV determined by 

mechanical force (centrifugal force).  Drying mechanisms of cellulosic fibers may be explained using two 

mass transfer rates, k1 and k2 and three additional assumptions.  First, it is assumed that mass transfer rate (k1) 

of water from the exposed sample surface to the TG chamber is constant at a given isothermal temperature.  

The fraction of water evaporated with mass transfer rate of k1 can be designated as f1.  Second, the mass 

transfer rate (k2) of water from the interior of the fiber to the exposed sample surface is introduced.  The rate k2 

may be a function of moisture ratio and fiber type.  It is assumed to be the limiting rate in the falling rate zone.  

The rate k2 is assumed to be significantly smaller than k1.  The fraction of water that is evaporated in the falling 

rate zone is designated as f2.  For simplicity, k2 can be assumed constant.  A step function in the drying rate 

would then result at the sample transitions from the constant rate zone to the falling rate zone.  This is shown 

as a dashed line in Fig. 11.  The third assumption is that the water fraction f1 is evaporated first and then the 

water fraction f2 is removed second.  This assumption is reasonable based on the experimental evidence 

gathered using a combination of DSC and TGA, which will be discussed in the following section.  Under these 

assumptions, a smooth drying curve could be realized when k2 is expressed as a function of moisture ratio 
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and/or the transition from the constant rate zone to the falling rate zone does not occur at precisely the same 

time throughout the entire fiber mass.   

The WRV is a measurement of the fiber at a point of saturation where the surfaces remain wet and the 

majority of water exists inside the fibers’ pore structure.  This state should correspond directly in a qualitative 

manner to the transition in the drying rate to the falling rate zone based on the description above.  Thus, one 

would expect a strong correlation between the HR water content and WRV. 
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Fig. 11.  Drying response at isothermal temperature 30°C.  The hard-to-remove (HR) water content is 

calculated as y/x.  Six points (+) are identified on the derivative curve of weight.  The dashed lines (---) 

represent a model step-wise function of derivative of weight. 

 

Drying Order for Different Classes of Water in Fibers 

To determine the drying order of the different classes of water existing in a fiber-water system during 

the constant rate zone and the falling rate zone, the TGA isothermal drying experiment (30°C) was interrupted 

at different times indicated by points (1)~(6) in Fig. 11.  The samples were quickly removed from the TGA 

furnace, placed into DSC pans and sealed, and DSC analysis was subsequently conducted.  DSC melting 

curves for some of these samples are plotted in Fig. 12.  The small and sharp peak at the low temperature 

portion of the melting curve indicates that a fraction of the water has a depressed melting temperature.  This 

class of water is known as freezing bound water.  This phenomenon called freezing point depression is 

associated with water interacting with fibers.  The larger peak at higher temperature is unbound water.  The 

small peak temperatures were observed as 0.88°C and 0.22°C for points (2) and (3), respectively, which are 

higher than 0.00°C.  This was caused by thermal delay with the fast heating rate of 5°C/min used in this study.   

It is of interest to observe that the small peak temperature shifts to the low temperature when low moisture ratio 

sample was used.  This could be explained by the Kelvin equation, cf. Eq. 1, and pore collapse during drying.  

Pores are closed during drying in the TGA and the pressure is increased within the pores due to the decreased 

pore diameter.  Thus, this increase in pressure results in the melting temperature being depressed [14].    

38



 

 

-4.0

-3.0

-2.0

-1.0

0.0

1.0

-20 -10 0 10
Temperature, ℃

H
ea

t f
lo

w
, W

/g

⑤ MR= 0.054 g/g

③ MR= 0.474 g/g

② MR= 0.775 g/g

 
Fig. 12.  DSC melting curve for water-fiber at a heating rate of 5°C/min.  Points ((2),(3),(5)) are identified in 

Fig. 1.  Endothermic heat flow is indicated downward. 

 

Table 2.  Classification of water in fibers from the combined results of TGA and DSC.   

by DSC Unbound water Bound water: 
Freezing 

Bound water: 
Non-freezing 

by TGA Easy-to-remove water  
(Constant rate zone) Hard-to-remove water (Falling rate zone) 

Total water 

Description Free water Trapped 
water Freezing BW Non-freezing 

BW  

(1) 8.293 0.546 0.211 0.301 9.351 

(2) 0.000 0.288 0.191 0.297 0.775 

(3) 0.000 0.070 0.116 0.289 0.474 

(4) 0.000 0.000 0.001 0.183 0.184 

(5) 0.000 0.000 0.000 0.054 0.054 

(6) 0.000 0.000 0.000 0.000 0.000 
*  Points (1)~(6) are identified in Fig. 14.  All units are g water/ g dry fiber mass. 

 

The combined results of TGA and DSC showed that the water in a simple fiber-water system could be 

classified into unbound water, freezing bound water, and non-freezing bound water by DSC and easy-to-remove 

water and hard-to-remove water by TGA.  The amounts of each water classification are listed in Table 2 for 

points (1)~(6).  As shown in Table 2, TG analysis combined with DSC results creates a different category of 

water.  HR water mass is the combination of trapped water, freezing bound water and non-freezing bound 

water.  The existence of this category of water, i.e. HR water but not bound water, could be described as water 

that is not bound to the fibers but is difficult to transport to the exposed surface. 

As expected, unbound water is removed from the fibers first followed by freezing bound water and 
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then non-freezing bound water.  At point (3) of Fig. 11, most of unbound water has been removed and freezing 

bound water begins to be removed.  At around point (4), most of freezing bound water has been removed and 

non-freezing bound water begins to be removed.  Finally, no water is left at point (6).  Therefore, it is 

concluded that free water is generally evaporated first followed by trapped water, freezing bound water and then 

non-freezing bound water, with some overlap in the time.   

 

Effect of Experimental Conditions on the HR Water Content: Part II 

Earlier in this study, the dependence of the HR water content on experimental conditions such as initial 

moisture ratio and solid mass was shown in Figs. 4 and 5.  However, it was not anticipated that the solid mass 

should influence the HR water content and this phenomenon is worth exploring further.   
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Fig. 13.  Linear relationship between solid mass and water mass at onset point of the falling rate zone.  Water 

mass at zero solid mass is 10.33 mg with a standard deviation of 0.86 mg.  This is the average value for nine 

duplicate runs using about 100 mg of water without fibers. 

 

The same data from Fig. 4 (softwood bleached kraft, 30 min beating) are plotted as water mass at the 

onset point of the falling rate zone versus solid mass in Fig. 13.  The water mass showed a linear relationship 

as a function of solid mass.  To model this relationship, simple linear regression was applied to the data. 

 

y a bx= +    (2) 

 

Where, y is the HR water mass at the onset point of the falling rate zone expressed in mg, x is the OD solid mass 

in mg, a is the y-axis intercept in mg, and b is the slope of the line expressed as g water/ g OD fiber.  This 

linear regression is further extended to the different pulps including bleached softwood and hardwood, 

unbleached softwood and hardwood, and glass fiber as shown in Table 3.   

It should be noted that even pure water in the TGA sample pan exhibits a constant rate zone and a 
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falling rate zone, consequently indicating a HR water mass.  Water mass at zero solid mass was 10.33 mg as 

shown in Fig. 13, which was greater then the a constant calculated from the linear regression.  It is considered 

that when pure water is dried in the TGA, the drying rate is governed by a mass transfer rate, k1, which is 

directly related to the exposed water surface area.  The exposed area stays constant until the continuous water 

film is broken.  When continuous coverage no longer exists, it is observed that water gathers near the corner of 

the pan due to the high surface tension of water and the three-dimensional nature of the pan, resulting in a 

decrease in the exposed surface area of the water.  Thus, the HR water mass for zero solids is a measure of 

point at which a continuous film no longer covers the bottom surface of the pan.  If, however, fibers are 

present in the pan, fibers prevent water from gathering in the corner of the pan due to the diffusion of water 

through the fiber network.  A ‘hook’ shaped curve is expected below 3 mg of solid mass as shown as the 

dashed line in Fig. 13.   

 

Table 3.  Linear regression analysis of b constants. 

 

Sample description WRV, 
g/g 

HR water 
content, g/g 

b constant, 
g/g 

90% CI for b 
constant, g/g R2 Data 

points 

(1) Bleached SW (IP) 1.97 1.42 1.11 ± 0.089 0.98 13 

(2) Bleached SW (IP) 3.14 2.31 1.75 ± 0.104 0.97 32 

(3) Bleached HW (GP) 1.88 1.48 0.96 ± 0.162 0.95 8 

(4) Bleached HW (GP) 2.16 1.71 1.09 ± 0.155 0.97 7 

(5) Bleached HW (GP) 2.48 2.06 1.25 ± 0.254 0.95 7 

(6) Unbleached SW (pine) 2.61 2.66 2.23 ± 0.290 0.97 9 

(7) Unbleached SW (pine) 2.70 2.87 2.23 ± 0.279 0.96 11 

(8) Unbleached HW (aspen) 1.98 1.88 1.38 ± 0.060 0.99 6 

(9) Unbleached HW (aspen) 2.16 2.15 1.72 ± 0.351 0.95 7 

(10) Glass fiber 1.05 1.03 0.78 · 0.90 9 

*   The a constant is set to 5.64 for all analysis 
 

The a constants for nine pulps calculated ranged from 4.82 to 6.51 mg.  To check the significance 

among the a constants, 90% confidence intervals were determined.  No significant differences were found for 

all a constants (data not shown), which indicates that one single value can be assumed for all samples.  Thus, 

the a constants were averaged to 5.64 mg and this value was used for the linear regression of each sample as 

shown in Table 3.  This single a constant may be interpreted as associated with instrumentation and 

experimental conditions (i.e. isothermal temperature, gas flow rate, and pan dimension), but not the sample 

itself. 

The 90% confidence interval was also examined for the b constant.  It is found that significant 
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differences exist when significant difference in WRV also exist.  The b constant times the solid mass is 

considered as the portion of HR water that is directly associated with the fiber.  Re-plotting the data in Fig. 13 

as the HR water content versus solid mass, one observes that the linear regression closely predicted the 

experimental HR water content as shown in Fig 14.  Unbleached softwood kraft unbeaten fiber (sample (1) in 

Table 3, WRV = 1.97 g/g) is compared to beaten fiber (sample (2) in Table 3, WRV = 3.14 g/g) in Fig. 15.  

The predicted HR water contents are also shown on the figure.  The b constants are 1.75 g/g and 1.11 g/g for 

the beaten and unbeaten fibers, respectively.  A significant difference between the b constants for the beaten 

and unbeaten fibers is observed (58% difference).  It is worth noting that the difference in the WRV for the 

beaten and unbeaten fibers was quite similar to the difference in the b constant (59% and 58%, respectively).  

For comparison, the b constant was analyzed for glass fiber and shows a low value (0.78 g/g) that corresponds 

to a low value of WRV (1.05 g/g) 
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Fig. 14.  Effect of solid mass on the HR water content.  Predicted values using two constants, a and b, fit well 

to the measured values. 
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Fig. 15.  Comparison between beaten and unbeaten fibers.  The constant value b was 1.75 and 1.11 for the 

beaten and unbeaten fibers, respectively. 
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Effect of Different Types of Fibers on the HR Water Content 

The HR water content was measured for various types of fibers.  The data are plotted in Fig. 16.  The 

pulps can be separated into three main groups: mechanical pulp, unbleached chemical pulp, and bleached 

chemical pulp.  Also two never dried pulps (TMP and Softwood Pine) are included in this data.  These three 

groups of pulps appear to show three different correlations with WRV.  The mechanical pulp exhibits the 

highest HR water content at a given WRV followed by the unbleached chemical pulp, and the bleached 

chemical pulp, respectively.  The difference in the correlation between the HR water content and the WRV for 

the different pulps may be linked to differences in fiber chemistry, pore structure, pore size, pore volume and 

changes in the pore structure as the fibers dry.  Considering these results, the HR water content appears to 

characterize additional properties beyond the WRV.  Therefore, the HR water content is not simply a substitute 

for the WRV, but a unique measurement that is sensitive to the same factors effecting WRV in addition to 

factors that do not influence the WRV. 
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Fig. 16.  Effect of various types of fibers on the HR water content.  High yield pulps show higher HR water 

content at the same WRV. 

 

Conclusion 

Isothermal TGA weight loss curves for a cellulosic fiber and water system showed three different 

drying regimes, a warm-up zone, a constant drying rate zone, and a falling drying rate zone.  From the 

isothermal drying experiment, a parameter termed “hard-to-remove (HR) water content” was defined as the 

ratio of water mass to fiber mass at the transition between the constant rate zone and the falling rate zone.  The 

experiments were conducted at a variety of experimental conditions such as initial moisture ratio and solid mass 

to find optimal conditions for the experiments.  The HR water content was found to be affected by the solid 

mass and initial water mass.  Preferably the solid mass should be above 8.7 mg and the water mass should be 

above 75 mg.   

The HR water content was correlated with the WRV at a variety of isothermal temperature.  Results 
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showed that the HR water content had a direct correlation with WRV for all isothermal temperatures 

investigated.  This implies that the HR water content could be used as a substitute for WRV.  An argument 

was presented that described the basis for the relationship between the HR water content and WRV.  One of 

the critical assumptions of this argument was verified by DSC experiments.  These experiments showed the 

primary order of drying is that unbound water is first removed from the sample, followed by freezing bound 

water, and non-freezing bound water.  The HR water mass was found to include a portion of ‘unbound water’ 

as well as freezing and non-freezing bound water.  This indicates that a portion of ‘unbound water’ is in some 

way inhibited, or trapped, from evaporating as readily as the remainder of unbound water.   

Simple linear regression analysis of the HR water mass as a function of solid mass revealed two 

constants.  The y-intercept, a constant, was associated with instrumentation and was considered to be 

independent of the fiber type used in the experiment.  The slope, b constant, was the portion of the HR water 

mass associated with the fiber.  It was shown that this constant changed with WRV.  Thus, it was concluded 

that the b constant could be a indicative of the HR water content in the fiber.   

Three distinct correlations between the HR water content and WRV were found when mechanical, 

unbleached chemical, and bleached chemical pulps were used.  This suggests that the HR water content may 

be used to characterize additional properties beyond the WRV.  Therefore, the HR water content is not simply 

a substitute for the WRV, but a unique measurement that is sensitive to the same factors impacting WRV in 

addition to factors that do not influence the WRV.  Finally, this method can also be performed on extremely 

small samples and it provides a convenient and insightful characterization technique for cellulosic fibers. 
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Chapter 5 

 

A Novel Method to Evaluate Fiber Hornification by High Resolution 

Thermogravimetric Analysis 
 

This chapter was accepted in Appita Journal. 

 

Abstract 

Fiber hornification was evaluated by a parameter termed ‘hard-to-remove (HR) water content’, which 

was defined as the ratio of water mass to fiber mass at the transition between the constant rate zone and the 

falling rate zone from the isothermal TGA experiments.  The results indicated that the HR water content could 

be used as a measurement technique for fiber hornification, showing a close correlation with the WRV over 

repeated drying and wetting cycles.  As expected, fully bleached kraft pulped fibers demonstrated a much larger 

decrease in the HR water content upon experiencing multiple drying and wetting cycles than did mechanical 

pulped fibers.  This thermogravimetric analysis could be used as a convenient and insightful characterization 

technique for a fiber-water system and allows for the direct comparison of fibers at small amount of sample size, 

about 10 mg of dried mass.   

 

Introduction 

It has been recognized that the quality of papermaking fibers depends on the fiber processing history.  

Recycled fibers originally generated from chemical pulping processes show decreased capability to interact 

with water relative to never-dried fibers.  The loss of swelling power due to recycling decreases the tensile, 

burst, and zero-span strength of the products (1,2).  The effect of the changes in swelling properties upon 

recycling are important and, if better understood, could assist in the design of fiber recycling processes and the 

properties of recycled products.   

Once fibers have been dried and re-wetted, their fiber dimensions are changed.  Figure 1 shows a fiber 

width to be reduced by 8% after a drying and wetting cycle for a softwood bleached kraft fiber.  During the 

changes of the external dimensions, the internal structure is also altered.  It is known that drying causes an 

irreversible physical contraction of the fiber cell wall, and thus the hornified cell walls are less swollen and less 

flexible compared to the initial state (3).  This is the well-known phenomenon of hornification, which describes 

the physical and chemical changes to cellulose fibers during drying and wetting.   

The most acceptable explanation for the hornification mechanism is the aggregation of the cellulose 

chains (4).  Polysaccharide chains are packed closely upon heating and water removal (5) and then they are not 

fully reopened when subsequently exposed to water.  The solute exclusion method showed that the inaccessible 

water content was reduced by pore closure after the drying and wetting process (6).  For example, a single 

drying and wetting cycle reduced the inaccessible water content from 1.25 ml/g to 0.7 ml/g for softwood 

bleached sulfate pulp (7).  The specific surface area is expected to be reduced by the aggregation (8).  
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Crystallization might be changed by the aggregation.  Atalla (9) reported that the degree of crystallization 

measured by x-ray diffraction was slightly increased after drying and wetting.  However, it was also reported 

that recycling of pulps did not change the degree of crystallization measured using infrared spectroscopic 

technique (10). 

 

100 mµ(a) 44.1 ㎛

54.7 ㎛

100 mµ100 mµ(a) 44.1 ㎛

54.7 ㎛     

(b)

50.4 ㎛

40.8 ㎛(b)

50.4 ㎛

40.8 ㎛

 
Fig. 1.  Microscopic images of a softwood kraft fiber.  (a) Never-dried fiber.  (b) Once dried and re-wetted fiber.  

Fiber width is reduced by 8 % after the drying/ wetting process. 

 

Hornification is usually measured as a decrease in the water retention value (WRV) after recycling 

(11,12).  Recently, a new method has been developed to measure the swelling capacity of fibers using high-

resolution thermogravimetric analyzer (TGA) (13,14).  This method uses the moisture ratio at the transition 

between the constant rate zone and the falling rate zone during the isothermal drying of fibers to characterize 

fiber-water interactions.  The moisture ratio at this point is defined as the hard-to-remove (HR) water content.  

Pulp fibers as porous and hygroscopic materials have “hard-to-remove” water that is considered to be located 

close to the fiber surface and/or trapped inside the fiber geometry and thus, need more energy to be evaporated.  

Therefore, it is proposed that hornified fibers have less hard-to-remove (HR) water content than never dried 

fibers. 

In this work, the effect of recycling (laboratory drying/ wetting cycle) on the hornification process was 

investigated by measuring both the HR water content and the WRV.  Several pulps including chemical 

(bleached and unbleached) and a mechanical pulp was prepared and evaluated as a function of the number of 

drying/ wetting cycles.   

 

Experimental 

 

Sample preparations 

Four different types of pulps were obtained from different sources to examine the hornification effect.  

These pulps are softwood bleached kraft (pine), hardwood bleached kraft (mixed), softwood unbleached kraft 

(southern pine), and mechanical pulp (TMP, pine).  All samples were never-dried pulps.  Softwood and 

hardwood bleached kraft pulps were refined using a PFI mill at 6000 rev and 4000 rev, respectively.  

Laboratory drying/ wetting was performed to model the effect of fiber recycling.  The laboratory drying/ 

wetting cycles involved the following steps: hand-sheet making with a Tappi Handsheet Mold, wet pressing 

(345 kPa for 5 min and then 2 min after changing blotter papers), oven drying (unrestrained drying at 105°C, 
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over night) and disintegrating in a British disintegrator (Lorentzen & Wettre, Sweden).  The drying/ wetting 

procedure was performed for up to 5 cycles for each pulp. 

 

Measurement techniques 

The water retention value (WRV) was performed following the Scan method (3000g, 15 min, and 1700 

g/m2) (11).  This is defined as the ratio of water to dry fiber mass after centrifugation (Centra CL3R with swing-

horizontal rotor, International Equipment Company).  Scan test method (3000g) is preferable to the Tappi test 

method (900g) because the higher centrifugal force removes more inter-fiber water, making the Scan test 

method less sensitive to the inter-fiber pore geometry (15).  Freeness was also measured following the Tappi 

Test Method (16) to compare with the WRV. 

A thermogravimetric analyzer (Q500 TGA, TA Instruments) was used to measure the hard-to-remove 

(HR) water content.  Samples were placed in the furnace at about 10 g/g moisture ratio and 100 mg total mass.  

Dry nitrogen gas was used at a flow rate of 40 ml/min for balance gas and 60 ml/min for sample gas.  

Experiments were run isothermally at 90°C to dry the samples until the weight change was less than 

0.001 %/min in the derivative of the weight loss.  The mass of the sample at this condition is considered as the 

oven dried (OD) weight.  The HR water content is the moisture ratio (g of water / g of OD sample) of the pulp 

at the onset point, where the falling rate zone begins.  Determination of the onset point is briefly described in 

this study.  More detailed explanation for the definition of HR water content and the effect of sample conditions 

on the HR water content could be found at elsewhere (13,14).     

 

Results and Discussion 

 

Different drying regimes 

TGA experiments showed three different drying regimes, which are a warm-up zone, a constant rate 

zone and a falling rate zone.  These three zones are observed by examining the first derivative curve in Figure 2 

from an isothermal drying experiments using TGA.  When the sample is initially placed in the TGA furnace, the 

drying rate increases as the sample warms up, indicating a warm-up zone.  The evaporation rate then remains 

relatively constant up to the time where point (a) corresponds.  The nature of the constant rate zone existing 

over a relatively lengthy duration of time was addressed independently by Belhamri (17) and Schlünder (18).  

These researchers indicated that if movement of water from the interior of a material is sufficient to keep the 

exposed surface ‘wet’, then a constant rate zone should be observed over a wide duration of time.  Schlünder 

(19) showed mathematically that the condition for a sufficiently wet surface is fulfilled if the pores are evenly 

distributed and the pore diameter is small compared to the thickness of the viscous sub-layer formed by the gas 

flow past the surface. 

The decrease of the drying rate in the falling rate zone can be attributed to a change in the mechanism 

of drying.  In the constant rate zone, the exposed fiber surface remains ‘sufficiently wet’.  When the falling rate 

zone begins, it is proposed that the internal diffusion of water to the exposed fiber surface is no longer sufficient 
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to keep the surface wet, and this causes the rate of drying to fall.  It is likely that the drying is then governed by 

the internal diffusion of water, which is dependent on fiber properties such as fiber type, pore volume and 

geometry, fiber wall thickness, and moisture ratio.  Thus, the determination of the starting point of the falling 

rate zone is expected to be a parameter that characterizes differences in fibers. 

 

Definition of hard-to-remove water 

A parameter, the hard-to-remove (HR) water content, is defined as the moisture ratio (g of water/g of 

OD sample) of the fibers at the transition between the constant rate zone and the falling rate zone.  The HR 

water content is the weight of water at point (a) divided by the weight of the dried fiber (point (b)), i.e. y divided 

by x in Figure 2.  The term critical moisture content describes the same quantity as the HR water content (18), 

but a systematic approach to determine the starting point of the falling rate zone has not previously been 

described for the critical moisture content.   
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Fig. 2.  Drying response at isothermal temperature 90°C.  The hard-to-remove (HR) water content is the 

moisture ratio at the transition between the constant rate zone and the falling rate zone.  The HR water content 

is calculated as y/x. 

 

The transition between the constant rate zone and the falling rate zone is smooth with respect to time 

and the points (a) and (b) must be defined by a systematic method.  Point (b) is defined as the time at which the 

derivative of the weight loss curve equals 0.001 %/min.  Point (a) was determined by doubling the average 

value of the second derivative in the constant rate zone and then identifying the time at which the second 

derivative reaches this value.  

It should be noted that there are many fundamental differences between the TGA isothermal drying in 

this study and the actual drying of paper in the papermachine.  For the papermachine drying, the drying section 

consists of a number of internally steam-heated cylinders and the temperature is much higher than that of the 

TGA drying (90°C).  In addition, a dryer fabric is used to hold the paper tight against the heated surface and 
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increase the contact between the web and the cylinders.  In the TGA drying, the wet pulp (not paper) is loosely 

packed and the unrestrained fibers are heated over which dry nitrogen gas flows.  The drying rates of the 

papermachine and the TGA are also different, about 24 mg/min·cm2 (~ 3.0 lb/h·ft2) (20) and 6.0 mg/min·cm2, 

respectively.  Due to these differences, it is expected that the hard-to-remove water measured in the TGA 

experiments might not be equal to the moisture ratio at the onset of the falling rate zone observed on 

papermachines, but could be correlated.  In fact, the TGA experiments have shown that the HR water content is 

sensitive to the drying parameters such as solid mass, initial moisture ratio, isothermal drying temperature, etc 

(13,14).  Despite these differences, the HR water content measured with a standard procedure has values in 

characterizing the interactions of fiber-water system, which are important to the drying process as well as the 

final properties of the paper.  To be specific, the objective of measuring the HR water content is to evaluate the 

fiber hornification in this report.   
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Fig. 3.  Effect of drying/ wetting cycles on the HR 

water content and the WRV of refined and unrefined 

softwood bleached kraft pulp.  Drying/ wetting cycles 

decrease both the HR water content and the WRV.   

Fig. 4.  Effect of drying/ wetting cycles on the HR 

water content and the WRV of refined and unrefined 

hardwood bleached kraft pulp.  

 

 

Effect of drying/ wetting cycles on the hard-to-remove water 

The impact of drying/ wetting cycles on the HR water content of unrefined and refined softwood 

bleached kraft pulps is shown in Figure 3.  As expected, the WRV and the HR water content decreased with the 

successive drying/ wetting cycle.  It is known that drying causes an irreversible physical contraction of the fiber 

cell wall, and thus a cellulose fiber swells to a much lower extent after it has been dried and re-wetted.  The 

largest drop in the HR water content and the WRV is observed after the first cycle of drying/ wetting as shown 

in Figure 3.  The same trend is observed for unrefined and refined hardwood bleached kraft pulps (Figure 4) and 

softwood unbleached kraft pulps (Figure 5).  Thermomechanical pulps (TMP) as shown in Figure 6 indicated 

less hornification effect than other chemical pulps.  This is because the fibers in which lignin is retained are less 
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porous than chemical pulps.   Howard (2) showed that the fiber saturation points of bleached sulfite pulp and 

TMP were reduced by 37.0% and 6.7%, respectively, after once dried and rewetted.   
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Fig. 5.  Effect of drying/ wetting cycles on the HR 

water content and the WRV of softwood unbleached 

kraft pulp.  

Fig. 6.  Effect of drying/ wetting cycles on the HR 

water content and the WRV of mechanical pulp 

(TMP).   
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Fig. 7.  Percent hornification after each drying/ wetting cycle.  This is expressed by the percent changes in 

WRV.  
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Hornification is often expressed by the percent changes in WRV (4) as shown in Equation (1).  In 

Figure 7, the largest drop in the percent hornification is observed after the first cycle.  After fourth cycle, the 

percent hornification is less than 3% in all pulps.  Refined pulps (both softwood and hardwood bleached kraft) 
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showed the largest changes followed by unrefined pulps (both softwood and hardwood bleached kraft), 

softwood unbleached, and TMP. 

All data are plotted as the WRV versus the HR water content in Figure 8.  The HR water content 

shows a positive correlation with the WRV for each individual type of pulp.  In addition, the pulps can be 

separated into two groups: bleached pulps (softwood and hardwood kraft) and unbleached pulps (softwood kraft 

and TMP).  The HR water content and the WRV are closely related, but there appears to be some fiber 

properties that preclude a one to one relationship between the HR water content and the WRV when comparing 

results across various fiber types.  The difference in the correlation between the HR water content and the WRV 

for the two groups in Figure 8 may be attributed to differences in fiber chemistry, pore size distribution, and 

changes in the pore structure as the fibers dry.  It is expected that these properties will impact the diffusion 

mechanism differently.  The internal diffusion of water to the exposed fiber surface is the dynamic thermal 

process, while the water holding capacity of fibers in the WRV experiments is the steady state mechanical 

process.  For instance, the thickness of a fiber cell wall may have a large effect on the dynamic diffusion of 

water out of the fiber, but might have no effect on the water retention at steady state in a centrifugal force field.  

The fiber properties that cause these differences in the HR water content and the WRV results are currently 

under investigation with a wider range of pulps. 
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Fig. 8.  Effect of various types of pulps on the HR 

water content.  Unbleached pulps (softwood kraft pulp 

and TMP) show higher HR water content at the same 

WRV than bleached pulps (softwood and hardwood 

kraft).  ur: unrefined, r: refined, ub: unbleached. 

Fig. 9.  Effect of various types of pulps on the 

Freeness. 

 

 

The same data are plotted with the Freeness instead of the HR water content in Figure 9.  The Freeness 

decreases with the increased WRV in all pulps.  However, no grouping trend is found for the pulps tested.  It is 

considered that the Freeness is fundamentally different to the WRV.  The Freeness is the measurement for the 

water-drainage capability, while the WRV is for the water-holding capability.  The WRV is the measurement of 
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the fiber at a saturated point where the surfaces remain wet and the majority of water exists inside the pore 

structure.  This state is considered to correspond directly in a qualitative manner to the transition between the 

constant rate zone and the falling rate zone.  This, one would expect a strong correlation between the HR water 

content and the WRV. 

 

Conclusions 

From the different drying regimes of isothermal TGA weight loss curves, a parameter termed ‘hard-to-

remove (HR) water content’ was defined as the ratio of water mass to fiber mass at the transition between the 

constant rate zone and the falling rate zone.  This HR water content is used to evaluate fiber hornification.  The 

results indicated that the HR water content closely correlated with the WRV over repeated drying and wetting 

cycles.  As expected, fully bleached kraft pulped fibers demonstrated a much larger decrease in HR water 

content upon experiencing multiple drying and wetting cycles than did mechanical pulped fibers.  Thus, the HR 

water content could be used as a substitute for the conventional fiber hornification measurement, the WRV.  In 

addition, this thermogravimetric analysis could be used as a convenient and insightful characterization 

technique for a fiber-water system and allows for the direct comparison of fibers at small amount of sample size, 

about 10 mg of dried mass.   
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Chapter 6 

 

Hard to Remove Water in Cellulose Fibers Characterized by High Resolution 

Thermogravimetric Analysis – Fiber Drying Model 
 

This chapter was submitted to Cellulose. 

 

Abstract 

A new parameter, hard-to-remove (HR) water content, was recently defined as the moisture ratio at the 

onset point between the constant and falling rate zones in an isothermal drying process of water from cellulose 

fibers and was further investigated with DSC characterization in this study.  The linear relationship between the 

HR water content and the water retention value (WRV) was explained by the combined results of TGA and 

DSC.  The drying order of different classes of water was quantitatively verified and found that free water was 

evaporated first followed by trapped water, freezing bound water and then non-freezing bound water, with some 

overlap.  This was found for bleached, unbleached, and mechanical pulp.  It was also found that the HR water 

mass is a combination of trapped water, freezing bound water, and non-freezing bound water.  The existence of 

trapped water could be described as water that is not bound to the fibers, but is difficult to evaporate.  For the 

pilot papermachine samples, all the water in the wet web after pressing and entering the dryer section was found 

to be entirely HR water with no free water detected.  Based on the results, a qualitative drying model of 

cellulose fibers is proposed with regard to decreasing moisture ratio.  This model is valid for different types of 

wood-based cellulose fibers. 

 

Introduction 

Papermaking is essentially a dewatering process.  Most of the water in a wet fiber web should be 

removed during the papermaking process by gravitational and vacuum forces in the wire section, mechanical 

forces in the press section, and thermal energy in the dryer section.  The web consistency (% solids) is typically 

20% after the paper machine forming wire, 45% after the press, and 95% after the dryer section.  These 

consistencies correspond to the removal of 195 kg of water (per kg paper) in the wire section, 2.8 kg of water in 

the press section, and 1.2 kg of water in the dryer section.  Although the dryer section is responsible for a small 

fraction of the total dewatering, it is the major energy consumer in the paper mill.  This is because porous and 

hygroscopic pulp fibers have “hard-to-remove” water that is considered to be located in the fiber cell wall and 

trapped in the fiber network geometry.  Thus it is important to understand the interaction between fibers and 

water and the resulting impact on the fiber drying behavior to optimize the capital and operating costs of the 

dryer section.  Further, the drying processes can have significant impacts on the quality of product including 

mechanical strength, smoothness, and dimensional stability. 

In general, water in cellulose fibers is considered to be categorized into three types: unbound water, 

freezing bound water (FBW), and non-freezing bound water (NFBW).  Freezing bound water is water that 
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freezes at temperature lower than the usual freezing point.  This is determined by measuring the amount of 

water that has its melting temperature depressed.  This phenomenon called freezing point depression has been 

extensively reviewed [Landry 2005].  Non-freezing bound water is defined as water that does not freeze at the 

usual freezing point.  The first 1~3 layers of water adjacent to a surface is considered as NFBW, because the 

motion of water structures is severely limited by the association with the surfaces [Berlin et al. 1970].   

Drying energy is used not only to vaporize the water molecule, but also to overcome the interaction 

between cellulose fibers and water.  Water molecules are bound to the hydrophilic surfaces of cellulose fibers 

by hydrogen bonds.  Water trapped in nano-scale pores could be considered as NFBW [Liu and De Yao 2001].  

Another view of the interaction between cellulose fibers and water is that the swollen fiber cell wall can be 

treated as a mixture of (a) partially water soluble polymer and water [Pouchly et al. 1979] and (b) an insoluble 

polymer phase.  This model has also been put forth by Pelton [1993]. 

The heat and mass transfer processes involved in the paper machine dryer section have been modeled.  

The simulation models have been used for designing new machines, improving the control of existing machines, 

and understanding the physical properties of the products.  For example, pioneering work was performed in the 

1950s [Nissan and Kaye 1955] to calculate the temperature and moisture content of the web through the 

multiple dryers.  A mathematical model was proposed to describe the temperature, saturation, and pressure 

change within the web [Ramaswamy and Holm 1999].  Even though there are numerous studies dealing with 

mathematical models [Etemoglu et al. 2005; Nilsson 2004a; Nilsson 2004b], it is difficult to find a physically 

realistic model for the paper drying occurring within the web.  This is basically due to the irregular nature of 

fibers and web geometry created by the fiber network.  In addition, water evaporated within the fibers is 

transported through diffusion, but could also be redistributed within the web by capillary forces.  Due to these 

complexities, in many cases, the web is treated as a homogeneous lumped-system passing through the dryer 

section to simplify the analysis [Etemoglu et al. 2005]. 

For a better understanding of the drying behavior of water in cellulose fibers, a parameter termed hard-

to-remove (HR) water was developed for a cellulose fiber and water system using high resolution isothermal 

thermogravimetric analysis as described in an earlier study [Park et al. 2006a].  The study herein combines the 

concept of hard-to-remove water with that of bound water in order to develop the drying order of water from 

cellulose fibers.  The drying order of water has been presented qualitatively for microcrystalline cellulose [Heng 

et al. 2004], but quantitative information was not found in the literature.  In addition, pilot plant papers sampled 

from different locations on the papermachine were analyzed to compare with TGA drying.  It is expected that a 

proposed non-mathematical model can provide a simple, but insightful description to understand which types of 

water with different characteristics are removed from the fibers during isothermal drying.   
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Materials and Methods 

 

Sample Preparations 

 Three different types of pulps were investigated in this study.  For bleached grades, softwood pine 

kraft unrefined pulp (International Paper) was used.  For unbleached grades, laboratory cooked softwood pine 

was obtained with a kappa number of 99.  Thermo-mechanical pulp (TMP) was obtained from Bear Island 

Paper (Ashland, VA).  Non-porous glass fiber (Lauscha Fiber International, Summerville, SC) was also 

investigated to compare the HR water content and the WRV with cellulose fibers.  The average dimensions of 

the fibers were measured using a Fiber Quality Analyzer (FQA, OpTest Equipment Inc., Hawkesbury, ON, 

Canada), Table 1. 

 

Table 1.  Fiber characteristics. 

Samples 
Length, 

mm 
Width, 

µm 
WRV, 

g/g 
FSP, 
g/g 

HR water, 
g/g 

FBW, 
g/g 

NFBW, 
g/g 

Bleached SW 2.09 25.9 1.97 0.99 1.47 0.324 0.303 

Unbleached SW 2.76 34.1 2.61 1.43 2.66 0.321 0.351 

TMP 1.74 33.6 2.21 1.17 2.59 0.260 0.313 

Glass fiber 2.04 25.1 1.05 0.00 1.03 0.222 0.000 

 

 To compare TGA drying with papermachine drying, four samples were obtained from the pilot 

papermachine at NC State University campus (Raleigh, NC).  Samples were taken from four different locations: 

(1) headbox, (2) after presses, (3) after 1st dryer cylinder, and (4) after the 8th dryer cylinder.  The stock was 

composed of 20% bleached softwood and 80% bleached hardwood.  In addition, filler (18%, CaCO3), retention 

aid (0.05%, Accurac 90 polyacrylamide), and sizing agent (0.20%, AKD Hercon 70) were added to the stock.  

Filler retention was about 50%.  Paper was produced at the speed of 18.3 m/min with a basis weight of 77.8 

g/m2 and a reel width of 30cm.  The dryer cylinders were heated with 225.5 kPa of saturated steam and the web 

sheet temperatures were reported to be 14°C (after presses) to 80°C (after 8th dryer).  

 

Measurement Techniques 

 The water retention value was performed following SCAN test method (SCAN C102XE: 3000 g, 15 

min and 1700 g/m2) and is the ratio of water to dry fiber mass after centrifugation (Centra CL3R with 958 

swing-horizontal rotor, International Equipment Company).  The HR water content was measured using a 

thermogravimetric analyzer (TGA Q500, TA Instruments) run isothermally at 90°C.  The HR water content is 

the moisture ratio of the fibers at the transition between the constant rate zone and the falling rate zone, which is 

the weight of water at onset point (point a in Figure 1) divided by the weight of dried fibers (point b in Figure 1).  

The nitrogen gas flow rate was 40 ml/min for balance gas and 60 ml/min for sample gas.  Wet samples having 
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different initial moisture ratios and solid masses were prepared for the experiments.  Detailed experimental 

conditions can be found elsewhere [Park et al. 2006a].   

 To determine the drying order of the different classes of water, both the TGA and a differential 

scanning calorimeter (DSC Q1000, TA Instruments) were used.  The TGA isothermal drying experiment (90°C) 

was interrupted at six different times.  The samples were rapidly removed from the TGA furnace, placed into 

DSC pans (Part #900793.901 for bottom and Part #900794.901 for lid, TA Instruments) and sealed, and analysis 

was subsequently conducted to characterize the freezing bound water and unbound water [Weise et al. 1996].  

A heating rate of a 1°C/min was used.  This technique is based on the melting temperature depression of 

freezing bound water on cellulose fibers.  Non-freezing bound water was calculated by subtracting the amount 

of freezing bound water and unbound water detected by the DSC from the total water as measured by the TGA. 
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Figure 1.  Drying response at isothermal temperature 90°C.  Six points (+) are identified on the derivative curve 

of weight.  The hard-to-remove (HR) water content is calculated as y/x.   

 

 Fiber saturation point (FSP) was determined by the solute exclusion technique to measure the amount 

of water in the cell wall.  This was accomplished by using a probe polymer, Dextran (Sigma-Aldrich D5376, 

MW of 2,000,000), following the procedure described elsewhere [Laivins and Scallan 1996; Stone et al. 1968].   

 

Results and Discussion 

 

Mass Transfer Rate for the Drying of Fibers 

It was experimentally shown that the WRV was correlated with the HR water content under specific 

experimental conditions with a high R2 value when a softwood bleached kraft market pulp was used [Park et al. 

2006a].  It is of interest to investigate why the HR water content determined by thermal energy has such a close 

relationship with the WRV determined by mechanical force (centrifugal force) and this is discussed here.   

The drying process of cellulose fibers in the TGA chamber may be explained using two mass transfer 

rates (k1 and k2) and an additional assumption.  The first mass transfer rate (k1) is the evaporation rate of water 
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from the exposed sample surface to the TG chamber.  This rate k1 represents the constant drying rate zone as a 

dashed line in Figure 2.  This was shown the same for the different types of fibers, but was sensitive to the 

experimental conditions such as isothermal temperature and initial total mass [Park et al. 2006a].  This makes 

sense as this free water does not directly interact with the fiber surface.  The fraction of water evaporated with 

the mass transfer rate of k1 can be designated as f1.  A step decrease in the drying rate would then result at the 

transitions from the constant rate zone to the falling rate zone.  The second mass transfer rate (k2) is introduced 

as the transfer rate of water from the interior of the fiber or from the small spaces created by fiber-fiber network 

to the exposed sample surface.  The rate k2 is the limiting rate in the falling rate zone.  For simplicity, k2 is 

drawn constant in Figure 2, but the rate k2 is a function of moisture ratio and fiber type.  This rate is smaller 

than k1 for all ranges.  While the mechanism of water removal is not well defined in this zone, this process may 

also be affected by a slow rate of heat transfer through the low moisture content fiber wall at lower moisture 

ratio.  The fraction of water that is evaporated in the falling rate zone is designated as f2.   

 

k1

k2

k1

k2

 
Figure 2.  Two mass transfer rates (k1 and k2) for the constant rate zone and falling rate zone, respectively, 

represented by the dashed lines (---).  Warming-up zone (initial heating to 90°C) was not modeled in this study. 

 

To explain the relationship between the HR water content and the WRV, it is assumed that the water 

fraction f1 is evaporated first and then the water fraction f2 is removed later (the additional assumption).  The 

WRV is a measurement of the fiber at a certain level of saturation at which the surfaces remain wet and the 

majority of water exists inside the fibers’ pore structure for cellulose fibers [Andreasson et al. 2003].  Thus, this 

saturated state should correspond directly in both qualitative and quantitative manners to the drying transition 

between the constant rate zone and the falling rate zone based on the description above, if the assumption is 

appropriate.  This assumption is proved reasonable based on the experimental evidence gathered using a 

combination of the DSC and the TGA, which will be discussed in the following section.   
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Drying Order for Different Classes of Water in Fibers 

To determine the drying order of the different classes of water existing in a fiber-water system during 

the drying of fibers, the TGA isothermal drying experiment was interrupted at different times indicated by 

points ①~⑥ in Figure 1.  Softwood bleached fibers were used for these experiments.  DSC melting curves for 

some of these samples are plotted in Figure 3.  The small and sharp peak at the low temperature portion of the 

melting curve indicates that a fraction of the water has a depressed melting temperature.  This class of water is 

known as freezing bound water.  This phenomenon called freezing point depression is associated with water 

interacting with fibers.  The larger peak at higher temperature is unbound water.  The peak temperatures of 

freezing bound water were observed as 0.75°C and 0.54°C for moisture ratios 1.33 g/g and 0.37 g/g, 

respectively, which are higher than 0.00°C.  This was caused by thermal delay with the heating rate of 1°C/min 

used in this study.  It is of interest to observe that the peak temperatures for freezing bound water shift to lower 

temperatures when low moisture ratio samples were used.  This could be explained by the Gibbs-Thomson 

equation [Furó et al. 1999; Maloney and Paulapuro 1999b] and pore collapse during drying [Park et al. 2006b].  

Pores are closed during the drying of fibers in the TGA and the decrease in average pore size of fibers causes 

the melting temperature to be depressed.    
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Figure 3.  DSC melting curve for fiber-water system at a heating rate of 1°C/min.  Points (③,⑤) are identified 

in Figure 1.  Water alone is also included as a comparison, but not scaled to y-axis.  Endothermic heat flow is 

indicated downward. 

 

The combined results of the TGA and the DSC showed that the water in a simple fiber-water system 

could be classified into unbound water, freezing bound water, and non-freezing bound water by the DSC and 

easy-to-remove water and hard-to-remove water by the TGA.  The amounts of each water classification are 

listed in Table 2 for points ①~⑥.  HR water mass is the combination of trapped water, freezing bound water, 

and non-freezing bound water.  The existence of this additional category of water, i.e. trapped water (HR water 
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but not bound water), could be described as water that is not bound to the fibers but is difficult to transport to 

the exposed surface. 

In general, unbound water is removed from the fibers first followed by freezing bound water and then 

non-freezing bound water as found by DSC.  At point ② of Figure 1, most of unbound water has been removed 

and freezing bound water begins to be removed.  At around point ④, most of freezing bound water has been 

removed and non-freezing bound water begins to be removed.  Finally, no water is left at point ⑥.  Therefore, it 

is concluded that free water is generally evaporated first followed by trapped water, freezing bound water and 

then non-freezing bound water, with some overlap.   

 The same experiments were conducted with unbleached pulp and thermo-mechanical pulp.  The HR 

water content is different for the different fiber types, Table 1.  However, the same trends of water exit were 

found for the different samples as shown in Tables 2, 3, and 4.  Based on the drying order of the different 

classes of water, one would expect a strong correlation between the HR water content and the WRV. 

 

Table 2.  Classification of water in bleached softwood fibers.   

by DSC Unbound water 
Bound 
water: 

Freezing 
Bound water: 
Non-freezing 

by TGA 
Easy-to-remove 

water  
(Constant rate zone) 

Hard-to-remove water (Falling rate zone) 

Total water 

Description Free water 
Trapped 

water 
Freezing BW 

Non-freezing 
BW 

· 

① 8.265 0.795 0.324 0.303 9.687 

② 0.000 0.134 0.311 0.296 0.741 

③ 0.000 0.070 0.099 0.273 0.442 

④ 0.000 0.000 0.009 0.132 0.141 

⑤ 0.000 0.000 0.005 0.051 0.056 

⑥ 0.000 0.000 0.000 0.000 0.000 

*  Points ①~⑥ are identified in Figure 1.  All units are g water/ g dry fiber mass. 

 

For comparison with cellulose fibers, the HR water content (1.03 g/g) and the WRV (1.05 g/g) were 

determined for the non-porous glass fiber, Table 1.  Since glass fibers are non-porous but hydrophilic, it is 

expected that water exists in the inter-fiber matrix rather than within the individual fibers.  This idea was 

verified by a fiber saturation point (FSP) measurement of the glass fiber, which resulted in a value of 0.00 g/g, 

indicative of no water inside the glass fiber.  This finding indicates that a significant amount of the water 

measured in a WRV or HR water content measurement exists in the inter-fiber matrix.  This has been 
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determined previously for WRV [Maloney et al. 1999a].  Further the glass fibers were determined to have 0.222 

of FBW and 0.000 of NFBW, indicating that most HR water is trapped water, i.e. a type of HR water that is 

classified as unbound by a DSC measurement.  Trapped water can exist both inside and outside of the fiber wall.  

For glass fiber, this water is outside of the fiber wall.  The wood based cellulose fibers also have a significant 

portion of the HR water existing external to the fiber walls.  This is demonstrated by the FSP measurements that 

the water in the fiber wall (FSP) is less than the HR water content, Table 1.  

 

Table 3.  Classification of water in unbleached softwood fibers.   

by DSC Unbound water 
Bound 
water: 

Freezing 
Bound water: 
Non-freezing 

by TGA 
Easy-to-remove 

water  
(Constant rate zone) 

Hard-to-remove water (Falling rate zone) 

Total water 

Description Free water Trapped 
water Freezing BW Non-freezing 

BW 
· 

· 6.082 1.987 0.321 0.351 8.741 

· 0.000 0.145 0.316 0.348 0.809 

· 0.000 0.017 0.117 0.309 0.443 

· 0.000 0.000 0.021 0.107 0.128 

· 0.000 0.000 0.010 0.062 0.072 

· 0.000 0.000 0.000 0.000 0.000 

 

Table 4.  Classification of water in thermo-mechanical pulp (TMP).   

by DSC Unbound water 
Bound 
water: 

Freezing 
Bound water: 
Non-freezing 

by TGA 
Easy-to-remove 

water  
(Constant rate zone) 

Hard-to-remove water (Falling rate zone) 

Total water 

Description Free water 
Trapped 

water 
Freezing BW 

Non-freezing 
BW 

· 

· 6.562 2.017 0.260 0.313 9.152 

· 0.000 0.154 0.234 0.317 0.705 

· 0.000 0.030 0.021 0.307 0.358 

· 0.000 0.000 0.018 0.161 0.178 

· 0.000 0.000 0.011 0.080 0.091 

· 0.000 0.000 0.000 0.000 0.000 

63



 

 

In addition, four samples obtained from a pilot papermachine were analyzed, Table 5.  The HR water 

content of the sample from the headbox was 1.783 g/g.  The moisture ratio of the sample (sample (b)) after the 

presses and before the dryer section, 1.287 g/g.  Thus it is determined that all of the water in the paper web 

entering the dryer section is HR water.  From this study, it is expected that some of this water is external to the 

fiber wall and some is internal.  Isothermal drying was conducted in the TGA at 90°C for samples after the 

presses, 1st dryer cylinder, and 8th dryer cylinder and no free water was determined, Table 5 and Figure 4.  For 

the samples taken before the dryer (sample (b)) and after 1st cylinder (sample (c)), only a warm-up zone and a 

falling rate zone were identified in the TGA, Figure 4 (the constant rate zone being absent).  This indicates that 

the dryer section in a papermachine only removes HR water as measured by the TGA technique here, not free 

water.   

 

Table 5.  Classification of water in samples obtained from pilot papermachine.   

by DSC Unbound water 
Bound 
water: 

Freezing 
Bound water: 
Non-freezing 

by TGA 
Easy-to-remove 

water  
(Constant rate zone) 

Hard-to-remove water (Falling rate zone) 

Total water 

Description Free water 
Trapped 

water 
Freezing BW 

Non-freezing 
BW 

· 

Headbox 193.295 1.115 0.420 0.248 195.078 

After presses 0.000 0.657 0.389 0.241 1.287 

After 1st cyl. 0.000 0.336 0.367 0.226 0.929 

After dryer 0.000 0.000 0.000 0.056 0.056 

 

Drying Model 

It is worth noting that the TGA isothermal drying is not identical to actual drying of paper in the paper 

machine.  In the paper mill, the drying section consists of a number of internally steam-heated cylinders over 

which the web passes.  A dryer fabric is used to increase contact between the web and the cylinder and hold the 

paper tight against the heated surface.  In contrast, the TGA furnace is isothermally heated to 90°C and the 

unrestrained fibers are placed in the pan over which the nitrogen gas flows.  Despite this, it is of value to 

provide a simple model to describe the drying occurring in the TGA that is in agreement with data herein.   

Considering the drying order of water and the fiber morphology, a conceptual qualitative drying model 

of fibers in a TGA furnace is proposed with regard to the moisture ratio, Figure 5.  When a fully saturated 

sample (point A in Figure 5) is initially heated, the drying rate increases as the sample temperature increases.  

After reaching the isothermal temperature (90°C in this study), the evaporation rate remains constant at the 

mass transfer rate k1 and free water is evaporated until the exposed surface is not wetted at its maximum value.   
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Figure 4.  TGA isothermal drying (90°C) behavior of samples obtained from the pilot papermachine.  (a) 

Sample from headbox.  Sample was thickened using cheesecloth to about 17% before measurement (original 

solids 0.51%).  (b) Sample taken after the presses and entering the dryer section (solids 43.7%).  (c) Sample 

taken after 1st cylinder (solids 51.9%).  Sample taken after the 8th dryer cylinder (solids 96.7%) is not shown in 

this figure. 
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Figure 5.  Conceptual model of fiber drying.  The fiber cell wall is saturated for pictures A, B, and C. 

 

At point C in Figure 5, there is no more free water left and the drying rate (mass transfer rate k2) 

decreases, indicating the falling rate zone.  Note that there is water on the outside of the fibers in the fiber-fiber 

network, reflective of water indicated by the WRV and HR water that exist for the glass fibers, for example.  

The movement of moisture to the exposed surface can not replenish the water at the surface to support the 

drying rate measured in the constant rate zone.  Wood-based cellulose fibers are considered to be irreversibly 

collapsed as the moisture ratio continues to decrease. More heat energy is required to evaporate the rest of the 

water and the mass transfer rate k2 sharply decreases as shown in Figure 2.  Only bound water is left located in 

the micro-pores of fibers at point D.  These pores are considered to be sizes of up to 144 nm [Maloney and 

Paulapuro 1999b] and 400 nm [Park et al. 2006b] in diameter.  Fibers are contracted further due to the heat 

energy as described in point F for the fully dried fibers.   

65



 

For papermaking with standard press section, the drying that occurs in the dryer section corresponds 

only to points C-F in Figure 5.  

 

Conclusions 

The relationship between the HR water content and the WRV was explained with two mass transfer 

rates and an additional assumption that water external to the fiber wall is removed prior to water internal to fiber 

wall.  The assumption was verified experimentally by the combined results of TGA and DSC.  It was found 

quantitatively that free water is evaporated first followed by trapped water, freezing bound water and then non-

freezing bound water, with some overlap.  This was found for bleached, unbleached, and mechanical pulp.  It 

was also found that the HR water mass is the combination of trapped water, freezing bound water, and non-

freezing bound water.  The existence of this category of water, i.e. trapped water (HR water but not bound 

water), could be described as water that is not bound to the fibers but is difficult to transport to the exposed 

surface.  Thus, it was concluded that the onset point on the TGA experiment represented a certain level of fiber 

saturation and this should be linearly related to the WRV.  Based on the pilot plant samples taken from a 

papermachine, all the water in a typical wet web entering the dryer section is HR water and no free water is 

present.  Considering the drying order of water, a conceptual qualitative drying model of fibers in TGA furnace 

is proposed with regard to the moisture ratio.   
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Chapter 7 

 

Studies on the Heat of Vaporization of Water Associated with Cellulose Fibers 

Characterized by Thermal Analysis 
 

This paper was submitted to Biomacromolecules. 

 

Abstract 

The heat of vaporization (Hvap) of water associated with cellulose fibers versus moisture ratio was 

determined using modulated differential scanning calorimetry.  A steep increase in the Hvap for decreasing 

moisture ratio was observed at low moisture ratios (0.0~0.3 g/g), indicating a higher energy required to 

evaporate water interacting with the cellulose.  The water molecules with elevated Hvap correspond to non-

freezing bound water.  The Hvap for water in a water-cellulose fiber system was higher than the reported Hvap for 

pure water at moisture ratios of 0.3~1.5 g/g.  This may be attributed to (a) energy to break mono and/or 

multilayer sorption and (b) energy to overcome capillary forces.  For polypropylene and glass fibers, Hvap was 

constant versus moisture ratio, in agreement with no non-freezing bound water existing in these systems.  It is 

suggested that non-freezing bound water could be used as an indicator of Hvap, and vice versa, at low moisture 

ratios.   

 

Introduction 

The interactions between cellulose and water are important in a number of industries including the 

wood, paper, textiles, food, agriculture, and pharmaceutical industries for examples.  Drying, absorption, 

washing, mixing, storage are all critical operations that are impacted by these interactions.  In drying processes, 

water is generally removed by heat energy and other methods such as sublimation and crystallization are used 

much less frequently to remove water.  The energy needed to remove moisture from various industrial products 

is an important issue not only for achieving the desired material properties, but also for optimizing the drier 

design and operation.  Much is known about the energy required to evaporate pure water, however, less is 

known about the energy required to evaporate water from substrates with strong water affinity.  

Cellulose has a strong interaction with water due to the hydroxyl groups interacting with water. The 

thermal properties of water are greatly affected by this interaction.  Native cellulose originating from plants 

consists of two distinctly different regions within microfibrils.  One type of region is of highly ordered cellulose 

chains called a crystalline region and the other is of not ordered cellulose chains called an amorphous region 

[O’Sullivan 1997; Atalla and VanderHart 1984].  There are probably no sharp boundaries between the regions, 

but a gradual transition is expected.  In nature, cellulose microfibrils in wood fiber walls are highly crystalline 

with a crystallinity index of 60-70% [Bertran and Dale 1986] and some of the crystalline structure is destroyed 

by dissolving and swelling treatments (pulping and bleaching).   
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Since water mostly penetrates the amorphous areas of cellulose fibers, the concept of water sorption is 

closely related with crystallinity.  It has been shown that crystalline areas of cellulose absorb very small 

amounts of water [Pekarovicova et al. 1997; Jeffries 1964].  It was also reported that dehydration energy 

decreased with the increased crystallinity of cotton linter [Bertran and Dale 1986].  Dehydration energies for 

cotton linter samples treated at 79% relative humidity ranged from 19.4 to 46.9 cal/ g of sample as the 

crystallinity index ranged from 71 to 32%. 

In general, water in cellulose fibers can be categorized into three types: unbound water, freezing bound 

water, and non-freezing bound water [Park et al. 2006a].  Unbound water has properties unaffected by the 

presence of the cellulose.  Freezing bound water is the water fraction that exhibits melting and freezing, but 

shows depressed melting/freezing temperatures.  Non-freezing bound water is the fraction of water that does not 

exhibit a first order phase transition.  This is because the motion of the water structure is severely limited by the 

association with the surfaces [Berlin et al. 1970].  Thus, it is expected that bound water, especially non-freezing 

bound water, requires a greater energy to evaporate.  In the drying process, it has been reported that a greater 

energy is required to remove water molecules at a low moisture ratio for food products relative to at a high 

moisture ratio [Rückold et al. 2003; Mulet et al. 1999].  However, the water was not classified as unbound or 

bound water.   

A frequently applied method to quantify the magnitude of desorption energy between water and a 

surface is the calculation of the isosteric heat of sorption (Qst) [Aktaş and Gürese 2005; Soysal and Öztekin 

2001; Gabas et al. 1999], the heat evolved when a unit mass of water is absorbed by an infinite mass of the 

material at a given moisture ratio.  This value can be obtained from water sorption isotherms recorded at 

different temperatures based on the Clausius-Clapeyron equation, see later Modeling section [Sirota 1987].  

However, it was reported that the use of sorption isotherms were associated with experimental difficulties for 

low and high water activity due to the limitation in the use of saturated salts [Ferrasse and Lecomte 2004].  A 

second method to evaluate the desorption energy is by means of calorimetric techniques [Rückold et al. 2003; 

Hatakeyama et al. 2000; Mulet et al. 1999; Sánchez et al. 1997; Zang and Sapieha 1991; Fielden et al. 1988].  

The use of calorimetric methods may provide advantages due to the greater ease and speed in performing the 

experiments, as well as a greater accuracy at a low moisture ratio [Mulet et al. 1999].  However, these two 

methods have not explicitly revealed the dependence of the heat of vaporization with respect to the classes of 

unbound and bound water, especially non-freezing bound water. 

In the present study, the term ‘heat of vaporization’ is used to describe the energy required for water 

absorbed by cellulose fibers to evaporate.  It was found that different terminologies have been used for the same 

physical phenomena in the literature such as isosteric heat of sorption [Shen and Bülow 2000], energy of 

dehydration [Zang and Sapieha 1991], and heat of vaporization [Rückold et al. 2003].   

The main objective of this study was to experimentally determine the heat of vaporization of water 

associated with cellulose fibers directly using a differential scanning calorimeter to better understand the nature 

of the interaction between cellulose surface and water.  The study herein reveals the dependence of the heat of 
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vaporization with respect to the moisture ratio and classes of unbound and bound water in a cellulose fiber 

system. 

 

Materials and Methods 

 

Sample Preparation 

 Fully bleached softwood kraft pulp after the bleaching stage was obtained from Weyerhaeuser 

(Plymouth, NC).  This was a mixture of loblolly pine and southern pine.  To produce refined fibers, softwood 

kraft pulp was refined using a Valley Beater (Valley Iron Works, Appleton, WI).  Thermo-mechanical pulp was 

obtained from Bear Island Paper (Ashland, VA).  For the comparison with wood cellulose fibers, 

microcrystalline cellulose, polypropylene, and glass fiber were used, sample characteristics in Table 1.  

Microcrystalline cellulose (Avicel® PH 101, Fluka) has a crystallinity of 72% [Kumar and Kothari 1999].  

Non-porous glass fiber (C-glass) was obtained from Lauscha Fiber International (Summerville, SC).  

Polypropylene fibers were also evaluated as a contrasting hydrophobic material.   

 

Table 1.  Sample characteristics. 

 Length, mm Width, µm WRV1), g/g NFBW2), g/g 

SW unrefined pulp 2.56 30.0 2.49 0.252 

SW refined pulp 2.38 29.1 3.04 0.270 

Thermo-mechanical pulp 1.74 33.6 2.21 0.313 

Microcrystalline cellulose ·3) ·3) · 0.039 

Polypropylene ~8.04) ~204) 1.01 0.000 

Glass fiber 2.04 25.1 1.05 0.000 

1) Water retention value determined following SCAN test method, SCAN C102XE. 

2) Non-freezing bound water determined using DSC [Park et al. 2006a]. 

3) Spherical shape having a diameter of ~ 50 µm. 

4) Length and width measured by an optical microscope. 

 

For complete swelling, samples were immersed in pure water (deionized Mill-Q water) for at least 24 

hours.  Wet samples were introduced into the furnace of a thermogravimetric analyzer (TGA Q500, TA 

Instruments, New Castle, DE).  The fibers were isothermally dried at 90°C and the drying was interrupted at 

different times to produce samples with different moisture ratios (0.0 ~ 1.5 g water/g solids).  The samples of 

approximately 5.0 mg were then sealed in DSC aluminum crimp pans (TA Instruments, Part #900786.901 for 

bottom and Part #900779.901 for lid).  A sealed pan was held at room temperature for an hour to equilibrate the 
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temperature and moisture distribution of the sample.  The weight of the sample pan was measured before the 

DSC experiment using the TGA microbalance, which could measure to ±0.0001 mg.   

 

Heat of Vaporization 

The heat of vaporization was determined using differential scanning calorimetry (DSC Q100, TA 

Instruments).  The sample pan was cooled to -15°C and the temperature maintained for 5 min.  The pan was 

heated at 5°C/min to 200°C, except for polypropylene which was heated to 150°C.  During the DSC 

experiments, a modulated mode was used to exclude the effect of heat capacity on total heat detected in the 

DSC.  The amplitude and period of modulation were set to ±0.25°C and 20 sec, respectively.  A sinusoidal 

heating rate of the modulated DSC could provide heat capacity information, which is expressed as reversible 

heat flow.  Thus, the heat of vaporization was calculated by integrating the endotherm of the non-reversible heat 

flow.  Typical modulated DSC curves are shown in Figure 1.  To measure the dried weight of fibers, the pan 

was punctured after the DSC analysis and then dried in the TGA at 110°C until the weight did not change.  It 

was noted that most of the moisture had escaped during the DSC run even though the pan was sealed with a 

press.  

 

 
Figure 1.  Heat flow thermograms (total, non-reversing, and reversing) for unrefined softwood fibers (moisture 

ratio of 1.48 g/g) during heating using modulated DSC.  Integration of the non-reversible heat flow was used as 

the heat of vaporization.  Endothermic heat flow is indicated downward. 

 

Non-Freezing Bound Water 

Non-freezing bound water was determined using a combination of DSC and TGA experiments.  The 

sample pan containing fully saturated fibers was cooled to -30°C and maintained for 5 min to ensure that all of 

the water was frozen.  The temperature was then raised to 10°C at 1°C/min.  The total freezable water (both 

freezing bound water and unbound water) in the sample was calculated by integrating the endotherm and the 
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non-freezing bound water was calculated by subtracting the total freezable water from the moisture ratio in the 

sample determined gravimetrically using a TGA microbalance (110°C until the weight did not change).  

 

 

Modeling 

The sorption isosteric heat, Qst, can be determined from moisture sorption curves and a graphical 

solution of the Clausius-Clapeyron equation, Equation (1) [Sirota 1987]. 

 

[ ]
ln
1/

st
w nd a Q

d T R
= −     (1) 

 

Where Qn
st is the net sorption isosteric heat (kJ/kg), R is the gas constant (kJ/kg·K), T is the absolute 

temperature (K), and aw is the water activity (decimal fraction of equilibrium relative humidity).  The net 

sorption isosteric heat can be calculated from the sorption isotherm curves.  At a specific moisture ratio, the 

water activity is determined and the regression line of ln aw versus 1/T is calculated.  The slope of the straight 

line equals the ratio of –Qn
st / R and the net sorption isosteric heat can be determined.  The application of this 

method requires experiments with at least three different temperatures.  The sorption isosteric heat, Qst, can be 

calculated by adding the latent heat of vaporization for pure water, Lr, to the net sorption isosteric heat, 

Equation (2). 

 
st st

n rQ Q L= +      (2) 

 

Where Qst is the sorption isosteric heat (kJ/kg) and Lr is the latent heat of vaporization of pure water (kJ/kg) for 

the temperature of interest.  The latent heat of vaporization decreases with the increased temperature.   

In this present study, a calorimetric method was used to provide experimental data and the results were 

combined with sorption isotherm theory to determine the heat of vaporization.  

 

0

0

W st
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Q dW
H
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    (3) 

 

Where W is the moisture ratio and Hvap is the heat of vaporization (kJ/kg) obtained by dividing the enthalpy 

measured from a DSC experiment by the amount of moisture determined from TGA.  This quantity was also 

called a cumulated average vaporization enthalpy [Mulet et al. 1999; Sánchez et al. 1997].   

Based on the empirical Riedel equation [Riedel 1977], the net sorption isosteric heat can be replaced 

by an exponential decay term as Equation (4).  

72



 

 
st bW

rQ ce L−= +     (4) 

 

Where, c and b are characteristic constants for desorption.  This indicates that Qst should equal to Lr at high 

moisture ratio.  By substitution of Qst from Equation (4) into Equation (3), Equation (5) is realized.   
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Both W and Hvap are obtained from the DSC and TGA experiments herein.  For the different moisture 

ratios, the three variables (c, b, Lr) were determined using a curve fitting algorithm (SigmaPlot 2001).   

 

Results and Discussion 

 

Heat of Vaporization of Water Associated with Wood Cellulose Fibers 

 The heat of vaporization of pure water was determined first using the procedures outlined.  The 

average value of five measurements was 2.21 kJ/g with a standard deviation of 0.074 kJ/g.  This value is close 

to the reference value for pure water (2.26 kJ/g at 100°C), indicating the validity of this method. 

The heat of vaporization of water associated with unrefined softwood bleached fibers versus the 

moisture ratio was determined, Figure 2 (b).  The heat of vaporization was constant (2.52 kJ/g) for moisture 

ratios between 0.3 and 1.5 g/g.  A small decrease in moisture ratio from 0.3 to 0.0 g/g results in a steep increase 

in the heat of vaporization.  At the very high moisture ratio, the heat of vaporization was measured (data not 

shown in Figure 2 (b)) and it was found that the heats of vaporization were 2.36 and 2.24 kJ/g for the moisture 

ratios of 4.66 and 5.97 g/g, respectively.  Thus, it is considered that the value for the heat of vaporization 

approaches that of pure water (2.26 kJ/g) for the high moisture ratios.   

At the low moisture ratios, dehydration is mainly governed by the interaction between water molecules 

and cellulose surfaces.  Since the first 1~2 layers of water are considered to be tightly bound to the surface, it is 

expected that a greater energy is required to remove these water molecules from the surface.  It was reported 

that the energy of binding between the water molecules and the sorption sites is higher than the energy which 

hold the molecules of pure water in the liquid phase [Masuzawa and Sterling 1968].   

The non-freezing bound water and total bound water are plotted versus the moisture ratio in Figure 2 

(a) [Park et al. 2006a].    The order of water drying was found that free water was evaporated first followed by 

trapped water, freezing bound water, and then non-freezing bound water, with some overlap [Park et al. 2006b]. 

At moisture ratios less than about 0.25 g/g, all the water present with the fibers was identified as non-freezing 

bound water. An increase in the heat of vaporization (Figure 2 (b)) with decreased moisture ratio corresponds to 

the point at which only non freezing bound water exists in the system.  Thus, it is proposed that the moisture 

73



 

ratio at which the heat of vaporization increases is related to the non-freezing bound water content in the 

cellulose fibers.   

Equation (5) was applied to determine the three variables (c, b, and Lr) as shown in Table 2.  The 

calculated (solid line) heat of vaporization based on the equation (5) is plotted in Figure 2 (b) and the model is 

well fitted to the data with a high R2 value of 0.940.  The constant value c was found to be similar to the various 

food products such as chicken, cauliflower, and potato starch, but the value b was about ten times greater, Table 

2 [Soysal and Öztekin 2001; Mulet et al. 1999].  No reference was found for the determination of constants c 

and b for cellulose fibers. 
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Figure 2.  (a) Water content versus moisture ratio for the softwood unrefined fibers.  Data was re-plotted from a 

previous study [Park et al. 2006a].  Squares (□) represent non-freezing bound water.  Plus signs (+) represent 

total bound water (both non-freezing and freezing bound water).  The X-axis has the same scale as Figure 2 (b).  

(b) Heat of vaporization versus moisture ratio for the same fibers.  The solid line (—–) represents a regression 

curve fitted to the experimental data based on Equation (5).  The dotted line (---) represents the heat of 

vaporization for pure water at 100°C (2.26 kJ/g). 

 

It is worth noting that the value Lr (2.526 kJ/g) for the cellulose based fibers from the curve fitting is 

significantly higher than the heat of vaporization of pure water (2.26 kJ/g).  This result implies that the water 
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activity within the cellulose fibers is different than pure water.  Pure water only requires the energy to break the 

hydrogen bonds between water molecules.  On the other hand, water in cellulose fibers needs additional energy 

to evaporate.  There are a few plausible explanations for this phenomenon.   

 

Table 2.  Characteristic constants determined from the modeling equation (5). 

 c, kJ/g b Lr, kJ/g Data points R2 

SW unrefined pulp 6.67 350.0 2.520 10 0.940 

SW refined pulp 10.39 382.0 2.526 14 0.966 

Thermo-mechanical pulp 5.73 339.1 2.434 11 0.939 

Microcrystalline cellulose 2.67 330.8 2.462 12 0.634 

Chicken1) 4.27 17.0 · · · 

Cauliflower1) 8.07 44.5 · · · 

Potato starch1) 3.65 54.4 · · · 

1) Results from Mulet et al. [1999] 
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Figure 3.  Heat of vaporization versus moisture ratio 

for the softwood refined fibers.  The solid line (—–) 

and dotted line (---) represent a regression curve based 

on Equation (5) and the heat of vaporization for pure 

water (2.26 kJ/g at 100°C), respectively. 

Figure 4.  Heat of vaporization versus moisture ratio 

for the thermo-mechanical pulp. The solid line (—–) 

and dotted line (---) represent a regression curve based 

on Equation (5) and the heat of vaporization for pure 

water (2.26 kJ/g at 100°C), respectively. 

 

First, the cellulose molecule contains three hydroxyl groups for each glucose residue and water 

molecules can be tightly adsorbed onto these groups via a hydrogen bond.  Another water molecule could also 
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be adjacent to the water molecule already adsorbed to the cellulose and also have attractive forces with the 

cellulose molecules.  Thus, the additional energy is required to break mono and/or multilayer sorption of water 

molecules.  Second, capillary effects might play a role.  Through the porous geometry of cellulose fibers, 

capillary forces could be generated resulting in the decreased pressure of water within pores.  As the pressure 

decreases, more energy is required to evaporate water molecules.  It is well known that the pores in the fiber cell 

wall collapse upon the heat drying of the fibers [Park et al. 2006a], making the radius of curvature of the pores 

smaller and increasing the capillary forces.  The difference between the values (2.526 and 2.260 kJ/g) might be 

understood by the combination of the above reasons. 

The same experiments were conducted for the softwood refined and thermo-mechanical pulp as shown 

in Figures 3 and 4.  The regressions were also performed on the experimental data and similar constant values 

were found as for the softwood unrefined fibers, Table 2. 

 

Heat of Vaporization of Water Associated with Non-Wood Fibers 

To further investigate the heat of vaporization, water associated with non-wood fibers such as 

microcrystalline cellulose, polypropylene, and glass fibers were examined.  It was found that the trend of the 

curve for microcrystalline cellulose in Figure 5 was similar to those of the cellulose fibers, but the increase in 

the heat of vaporization with decreased moisture ratio at low moisture ratio was less steep compared to the 

cellulose fibers in Figures 2 ~ 4.  The characteristic constant, c, for microcrystalline cellulose was also smaller 

than those of cellulose fibers, indicating that less energy is required to evaporate the water at the low moisture 

ratio (0.0 ~ 0.3 g/g).   
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Figure 5.  Heat of vaporization versus moisture ratio for the microcrystalline cellulose.  The solid line (—–) and 

dotted line (---) represent a regression curve based on Equation (5) and the heat of vaporization for pure water 

(2.26 kJ/g at 100°C), respectively. 
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This is considered to be due to the morphological differences.  Microcrystalline cellulose has a higher 

crystallinity index of 72% [Kumar and Kothari 1999] than wood cellulose fibers and by assuming water can not 

penetrate the crystalline regions there are less accessible sites for water adsorption.  This was confirmed by the 

measurement of non-freezing bound water.  Microcrystalline cellulose has a much smaller value of non-freezing 

bound water (0.039 g/g) than the wood cellulose fibers, Table 1.   

The heats of vaporization for polypropylene and glass fibers are shown in Figures 6 and 7.  An 

increase in the heat of vaporization at the low moisture ratio was not observed for these fibers.  The heat of 

vaporization is constant independent of moisture ratio.  In addition, these constant values are close to the heat of 

vaporization of pure water (2.26 kJ/g).  This is consistent with the facts that there is no strong interaction 

between these fibers and water and that the water can not penetrate the surface of these fibers. Polypropylene 

has a repeat unit of –CH2CH(CH3)- and is thus hydrophobic. Glass fibers consists of mostly SiO2 (65%) and 

Na2O (15%), which is less attractive to the water molecules relative to the hydroxyl groups of cellulose fibers.  

Due to this reason, water adsorption of glass fiber was reported to be 0.0% when the fibers were conditioned at 

65% relative humidity and 20°C [Morton and Hearle 1993].  The fiber saturation point of glass fibers was 

measured to be zero, indicating no water existed in the fiber wall [Park et al. 2006b].  The non-freezing bound 

water contents for both of these fibers are zero, Table 1, reflecting the low level of affinity to water.   
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Figure 6.  Heat of vaporization versus moisture ratio 

for the polypropylene.  The dotted line (---) represents 

the heat of vaporization for pure water (2.26 kJ/g at 

100°C). 

Figure 7.  Heat of vaporization versus moisture ratio 

for the glass fibers.  The dotted line (---) represents the 

heat of vaporization for pure water (2.26 kJ/g at 

100°C). 

 

Based on these observations, it is suggested that the measurement of non-freezing bound water could 

be used as an indicator of Hvap, and vice versa, at low moisture ratios (preferably 0.0 ~ 0.2 g/g).  It has been 

suggested that the heat of vaporization decreased with increases in the crystallinity index [Bertran and Dale 

1986], but it is worth noting that this is not true/pertinent for all materials.  For example, e.g., glass fibers are 

100% amorphous and show no elevated Hvap.   
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Conclusion 

Thermal analysis could provide fundamental information about the interaction between cellulose fibers 

and water.  The heat of vaporization of water associated with cellulose fibers was determined using the 

modulated mode of differential scanning calorimetry (DSC), which could separate heat capacity information as 

reversible heat flow.  The heat of vaporization was calculated by integrating an endotherm of non-reversible 

heat flow.   

For the cellulose fibers, a small decrease of moisture ratio at low moisture ratio resulted in a steep 

increase in the heat of vaporization (kJ/gram water).  It was considered that the moisture ratio when the heat of 

vaporization increased was related to the non-freezing bound water content in cellulose fibers.  An empirical 

regression model fitted well to the experimental results with high R2 values.  For water associated with cellulose 

fibers, it was found that the value heat of vaporization (Lr) from the curve fitting is higher than Lr of pure water 

(2.26 kJ/g at 100°C).  This might be explained that water in cellulose fibers requires additional energy to 

evaporate such as the (a) energy to break mono and/or multilayer sorption of water molecules and (b) the energy 

to overcome capillary forces in the porous geometry of cellulose fibers.   

For polypropylene and glass fibers, the steep increase in the heat of vaporization at low moisture ratio 

was not observed and the heats of vaporization was constant with respect to moisture ratio and approximately 

equal to the Lr of pure water. This is attributed to the absence of strong interactions between these fibers and 

water. This is in agreement with these fibers having a zero content of non-freezing bound water.  Thus, it is 

proposed that the measurement of non-freezing bound water could be used as an indicator of Hvap, and vice 

versa, at low moisture ratios. 
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Chapter 8 

 

Changes in Pore Size Distribution During the Drying of Cellulose Fibers as Measured 

by Differential Scanning Calorimetry 
 

This paper was accepted in Carbohydrate Polymers. 

 

Abstract 

Changes in pore size distribution during the drying of cellulose fibers were determined using 

differential scanning calorimetry (DSC) with an isothermal step melting procedure.  Softwood bleached kraft 

pulp at various moisture ratios were generated from partial drying in a thermogravimetric analyzer (TGA) and 

then analyzed in a DSC.  The pore size distribution was calculated using Gibbs-Thomson equation and specific 

melting point depression of water detected by DSC.  It was observed that larger pores collapse first followed by 

the sequential collapse of smaller pores.  It is suggested that pore wall collapse resistance is the primary factor 

that determines which size pores close.  The average measured pore size in the fiber wall of the never dried 

fiber was calculated to be about 80 nm and reduced with drying of the fibers.  A constant pore size of about 20 

nm was observed at moisture ratios below 0.3 g/g, which corresponds to one-to-two layers of non-freezing 

bound water tightly bound to the surface.   

 

Introduction 

Pore properties such as pore shape, pore volume, and pore size distribution are important features of all 

porous media.  These parameters affect the swelling capability that is directly related to mechanical and optical 

properties of nonwoven materials made from the cellulose fibers.  These are also of interest in studying the 

accessibility of the cell walls to enzymes or other reactants.  Pores in cellulose fibers are already present in 

nature and can be generated during chemical and mechanical treatments.  Pulping and bleaching processes 

liberate lignin and hemicellulose from the fibers and as a result generate pores.  Lignin and hemicellulose 

contents are about 25% and 30% by weight of wood, respectively.  Refining of fibers, which fibrillates the 

surface by compressing and shearing action, can also create pores within the cellulose fibers (Maloney & 

Paulapuro, 1999).    

 Pore analysis is not straightforward and difficult to define by a single number.  For the complete 

analysis, pore dimension, geometry, topology, connectivity, and number of isolated pores should be considered.  

This, however, is not realistic and, in many cases, pores are assumed to be cylindrical in shape.  Based on this, 

pore size distribution has been determined by various methods.   

Measurement techniques include mercury intrusion (Chu & Kimura, 1996; Rigby, Fletcher, & Riley 

2002), gas permeability (Carey, Leekley, Hultman, & Nagel 1973), scanning electron microscopy (Chinga, 

Helle, & Forseth 2002), atomic force microscopy (Mohammad, Hilal, & Seman, 2005), and light scattering 

(Springer, Raether, Caps, & Manara, 2000).  These methods have been successfully applied to certain types of 
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porous materials, but there are limitations to cellulose fibers.  First, these techniques require dried samples for 

the measurements.  However, the pores in the cellulose fibers are significantly altered upon drying.  This is the 

well-known phenomenon of hornification (Weise, 1998; Wistara & Young, 1999; Zhang, Hubbe, Venditti, & 

Heitmann, 2004; Welf, Venditti, Hubbe, & Pawlak, 2005), which describes the physical and chemical changes 

to cellulose fibers during drying and wetting.  It is known that drying causes an irreversible physical contraction 

of the fiber cell wall, and thus a cellulose fiber swells to a much lower extent after it has been dried.  Second, 

some of these techniques are conducted in a destructive manner.  For the mercury intrusion method, the 

pressures required to fill pores are excessively high and the accuracy of the method reduces with the increased 

pressure.  For scanning electron microscopy, pore structure is unnecessarily changed if samples are cut.  Thus, 

for various reasons, these methods may possibly lead to inaccurate determinations of the pore size distribution 

in cellulose fibers. 

A solute exclusion technique (Stone & Scallan, 1968) can be considered, which is undertaken in the 

swollen state.  By using a series of different size molecular probes, which do not interact with the fibers, the 

distribution of accessible pores was calculated (Stone, Treiber, & Abrahamson, 1969).  However, pores with 

very small entrances and isolated pores are not detected, leading to incorrect pore volume.  The same principle 

is applied to inverse size-exclusion chromatography to measure the distribution of pores in the fibers (Berthold 

& Salmen, 1997; Keim, Ladisch, & Ladisch, 2002).  Since the fibers are evaluated under the fully swollen state, 

these methods are not appropriate for studying the drying behavior of the fibers.    

A differential scanning calorimetry (DSC) method can be used to investigate the pore size distribution 

of cellulose fibers at different moisture ratios.  From the DSC experiments, water absorbed in hydrophilic 

materials is categorized into non-freezing bound water, freezing bound water, and unbound water (Ping, Zguyen, 

Chen, Zhou, & Ding, 2001; Liu & Yao, 2001; Nakamura, Hatakeyama, & Hatakeyama, 1981).  Non-freezing 

bound water is the first 1~3 layers of water adjacent to a surface and do not freeze because the motion of water 

structures is severely limited by the association with the surfaces (Berlin, Kliman, & Pallansch, 1970).  Freezing 

bound water has thermodynamically different behavior than unbound water.  The quantity of freezing bound 

water could be determined by the integration of either exotherm (crystallization of water) or endotherm (melting 

of water) (Nakamura, Hatakeyama, & Hatakeyama, 1981; Sakabe, Ito, Miyamoto, & Inagaki, 1987).  However, 

freezing bound water is generally characterized by the integration of the endotherm since the exothermic curve 

may not be detected during cooling in some cases (Hori, Zhang, & Shimizu, 1988; Yamauchi & Murakami, 

1991).   

Water held in the capillaries of porous materials has a depressed melting temperature because of the 

lower pressure at a curved interface in cavities.  The melting temperature depression has a reciprocal 

relationship with the pore diameter and thus the pore size distribution can be evaluated.  This is the principle of 

thermoporometry based on the phenomenon called freezing point depression.  A detailed theoretical basis for 

this method was established (Burghoff & Pusch, 1979; Brun, Lallemad, Quinson, & Eyraud, 1977).  This 

method has been applied to cellulose fibers with an isothermal step melting procedure (Maloney, Paulapuro, & 
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Stenius, 1999; Maloney & Paulapuro, 1999) and found to be in good agreement with other methods such as 

NMR cryoporometry and mercury intrusion (Gane et al. 2004). 

In this study, changes in the pore size distribution of cellulose fibers were determined as a function of 

the moisture ratio using a series of isothermal step melting sequences in a DSC. 

 

Materials and Methods 

 

Samples 

 Softwood fully bleached kraft pulp after the bleaching stage was obtained from Weyerhaeuser 

(Plymouth, NC).  This was a mixture of loblolly pine and southern pine.  The pulp was never dried and used for 

all experiments.  The fiber has a weighted average length of 2.56 mm and an average width of 30.0 µm 

measured by FQA (Fiber Quality Analyzer, OpTest Equipment Inc., Ontario, Canada). 

 

Analytical Instruments for Thermal Analysis 

 A thermogravimetric analyzer (Q500 TGA, TA Instruments) was used to dry the samples partially and 

to measure the weight of the DSC sample.  A differential scanning calorimeter (Q100 DSC, TA Instruments) 

equipped with a cooling unit (RCS, Refrigerated Cooling System) was used to measure the pore size 

distribution and the bound water content of the fibers of different moisture ratios.   

 Fully saturated fibers were introduced into the furnace of the TGA.  The fibers were isothermally dried 

at 90°C and the drying was interrupted at different times to produce samples with different moisture ratios.  

Then, the samples of approximately 5.0 mg were sealed into a DSC aluminum hermetic pan (TA Instruments, 

Part #900793.901 for bottom and Part #900794.901 for lid) for evaluating the pore size distribution and the 

bound water content.  After completing the DSC measurements, the sample pans were re-weighed to check if 

water had escaped during the experiment.  To measure the dried weight of the fibers, the lids were punctured 

and then dried in the TGA at 110°C until the weight did not change. 

 

Temperature Calibration 

 Temperature calibration of the DSC was performed using approximately 5 mg of ultra pure water 

(Milli-Q system, Millipore Corporation).  The water pan was cooled to -30°C and the temperature was 

maintained for 5 min to ensure that all of the water was frozen.  After that, the pan was heated to 10°C at a 

heating rate of 1°C/min.  It is important to use the same heating rate throughout the experiments; otherwise the 

results are influenced by the heating rate.  This is discussed in this paper.  The temperature at which the ice 

starts to melt was calibrated to 0.00°C (onset of the melting peak).  Several runs were conducted and it was 

found that the temperature reproducibility was about ±0.02°C.  
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Measurement of Freezing and Non-freezing Bound Water 

 Freezing bound water was measured by two different DSC program modes:  a continuous melting and 

an isothermal step melting sequence.  In the first method, the sample pan was cooled to -30°C and scanned at 

1°C/min to 15°C.  Overlapping peaks for freezing bound water and unbound water were separated by splitting 

the integrated areas of heat flow at the temperature of inflection between the peaks (Weise, Maloney, & 

Paulapuro, 1996).  In the second method, freezing bound water is the total sum of the pore water from the 

isothermal step melting program.  This isothermal step melting mode is explained in detail in the next section. 

The amount of non-freezing bound water was calculated by subtracting the total freezable water (both 

freezing bound water and unbound water) in the sample (determined from integration) from the moisture ratio 

in the initial sample (determined gravimetrically using TGA microbalance). 

 

Measurement of Pore Size Distribution 

 Pore size distribution was determined by measuring the amount of water that has its melting 

temperature depressed at each isothermal step procedure.  The samples were cooled to -30°C and maintained for 

5 min and the temperature was then raised to -20°C at 1°C/min.  This first segment (-30 ~ -20°C) was used to 

determine the sensible heat of the wet fibers, assuming that there was no melting.  Subsequent heating steps to 

slightly higher temperatures (-15, -10, -6, -4, -2, -1.5, -1.1, -0.8, -0.5, -0.2, -0.1°C) were then performed in 

succession.  In each step, the temperature was raised at 1°C/min to the target temperature and then the sample 

was maintained isothermally until the heat flow returned to the baseline value.  An example of the isothermal 

step melting program and the resulting heat flow is shown in Fig. 1.  The heat absorbed during the heating and 

isothermal time period was calculated by integrating the endotherm.  Thus, a melting enthalpy (Hm) is 

calculated by subtracting a sensible heat (Cp·∆T) from a total heat (Ht) for each segment as shown in Eq. (1) 

 

m t pH H C T= − ⋅∆         (1) 
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Fig. 1.  The melting of water in fibers (moisture ratio of 0.83 g/g) during an isothermal step melting program.   

A negative heat flow indicates an endotherm. 
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The relationship between a pore diameter (D) and the depressed melting temperature (Tm) is described 

by Eq. (2) (Furó & Daicic, 1999), which reduces to the Gibbs-Thomson equation when the contact angle is 

assumed to be 180° (Skapski, Billups, & Rooney, 1957).  The use of Eq. (2) is based on the assumption that the 

cellulose is not soluble in the water and its pore shape is cylindrical.  Based on the equation, each melting 

temperature depression (∆T) represents a specific pore diameter as listed in Table I.   

 

0
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4 cosls
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T T T

D H
γ θ
ρ

−
∆ = − =        (2) 

 

Where T0 is the melting temperature of water (273.15 K), γls is the surface energy at ice-water interface (12.1 

mJ/m2) (Maloney & Paulapuro, 1999; Ishikiriyama, Todoki, & Motomura, 1995), ρ and Hf are the density and 

the specific heat of fusion of freezing bound water, respectively, assumed to be the same as that of unbound 

water (1000 kg/m3, 334 J/g) (Maloney, Paulapuro, & Stenius, 1998; Nakamura, Hatakeyama, & Hatakeyama, 

1981), D is the diameter of the pore, and ∆T is the melting temperature depression (K).  Thus, water held in a 

smaller pore has a larger melting temperature depression.  It is acknowledged that real pores in fibers will be 

irregularly shaped and that Eq. (2) is a method of estimating effective pore diameters in fibers.  Scanning 

electron microscopy has been used to provide details on the actual pore geometry and features (Alince 2002).  

 

Table 1.  Relationship between the melting temperature depression and the pore diameter based on the Gibbs-

Thomson effect, Eq. (2). 

Tm, °C D, nm 
-15 2.6 
-10 4.0 
-6 6.6 
-4 9.9 
-2 19.8 

-1.5 26.4 
-1.1 36.0 
-0.8 49.5 
-0.5 79.2 
-0.2 198 
-0.1 396 

 

 

Results and Discussion 

 

Effect of Heating Rate on Bound Water Content 

 Various heating rates have been used to determine freezing bound water: 1°C/min (Yamauchi & 

Murakami, 1991), 2°C/min (Yamauchi & Tamai, 2003), 5°C/min (Maloney, Paulapuro, & Stenius, 1998; Hori, 

Zhang, & Shimizu, 1988; Sakabe, Ito, Miyamoto, & Inagaki, 1987), and 8°C/min (Nakamura, Hatakeyama, & 
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Hatakeyama, 1981).  The influence of heating rate on the bound water content is shown in Fig. 2.  Fully 

saturated fibers having the moisture ratio of 1.15 g/g were used.  The amount of freezing bound water decreased 

with the increased heating rate: 0.347 g/g at 1°C/min and 0.257 g/g at 5°C/min.  This may be due to the thermal 

delay of the melting transition.  For the fast heating rate, unbound water could start to melt when freezing bound 

water does not completely melt.  If true, it is considered that lower heating rates provide less convoluted data.  

Thus, the heating rate of 1°C/min is used in the rest of this study.   
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Fig. 2.  Effect of the heating rate on the bound water content measured with the continuous melting procedure.  

Freezing bound water (FBW) decreased with the higher heating rate. 
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Fig. 3.  Comparison of the freezing bound water (FBW) content between the continuous melting program and 

isothermal step melting program.  The dotted line indicates a one-to-one relationship between the methods.  

 

Even though the heating rate of 1°C/min is used, the melting temperature of freezing bound water in 

the fibers is depressed only slightly below that of unbound water.  For this reason, the endothermic transitions 

are overlapped when a continuous melting method is used.  This is due to the large average pore size of the 
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fibers compared to other systems that have small pore size such as polyethylene glycol, regenerated cellulose 

films, and silica gels, for which melting transitions are not overlapped (Yamauchi & Tamai, 2003; Hay & Laity, 

2000; Ishikiriyama, Todoki, & Motomura, 1995).   

Thus, overlapping transitions are separated by splitting the integrated areas at the point of inflection 

(Weise, Maloney, & Paulapuro, 1996).  The freezing bound water content measured by this method is compared 

with that measured by isothermal step melting method as shown in Fig. 3.  The two different measurements 

show a strong correlation.  

  

Effect of Moisture Ratio on Bound Water Content 

 Bound water is thought to be held within small pores in the fibers and the amorphous regions of the 

cell walls composed of hemicellulose gel and/or amorphous cellulose.  The content of bound water is not 

influenced by moisture ratios greater than 0.8 g/g, but decreases with drying for moisture ratios less than 0.8 g/g, 

Fig. 4.  However, non-freezing bound water is relatively constant at moisture ratios greater than 0.3 g/g and 

decreases with further drying of the fibers.  Freezing bound water can be observed as the difference between the 

bound water and the non-freezing bound water in Fig. 4.  It is observed that there is only a small portion of 

freezing bound water remaining in the fibers at the moisture ratio of around 0.3 g/g, which corresponds to the 

moisture content (water mass divided by total sample mass) of 0.23 g/g in the fibers.  From this result, the 

drying order of bound water is elucidated: freezing bound water is removed first followed by non-freezing 

bound water.   
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Fig. 4.  Effect of moisture ratio on the bound water (BW) content in the fibers.  Bound water includes freezing 

bound water and non-freezing bound water (NFBW). 

  

Bound Water in Cellulose Fibers 

The bound water content of the fibers examined in this study is 0.63 g/g for moisture ratios greater 

than 0.8 g/g, Fig. 4.  These same fibers were used in a previous study and it was found that a water retention 
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value (moisture ratio of wet fibers after centrifugation) and a hard-to-remove water content (moisture ratio at 

onset point between constant rate isothermal drying zone and falling rate isothermal drying zone) were 1.9 g/g 

and 1.5 g/g, respectively (Park, Venditti, Jameel, & Pawlak, 2005).  Since these values are attempts to represent 

the fiber in a saturated state without excess water present, it can be concluded that a significant amount of the 

water contained in the saturated fibers has the same thermodynamic properties as that of unbound water.  A 

likely interpretation is that unbound water is contained within larger pores such as networks and lumens of the 

fibers.  For example, the size of lumen for this fiber is about 10 µm in diameter. 

For the softwood bleached kraft fibers in this study, non-freezing bound water is determined to be about 

0.28 g/g, Fig. 4.  This result is consistent with the amounts of non-freezing bound water found for starches 

(Mousseri, Steinber, Nelson, & Wei, 1974) and wood fibers (Maloney, Paulapuro, & Stenius, 1998).  This 

amount is thought to be related to the number and  type of the accessible hydration sites (Berthold, Rinaudo, & 

Salmen, 1996).  The number of layers of non-freezing bound water adsorbed on the inner and outer surfaces of 

the cellulose fibers can be estimated based on a simple model as shown in Eq. (3).  The number of layers of 

water molecules is given by  

   

1 1Number of water layer
(1 )

c m

water

W M
M S C

= ⋅ ⋅
−

      (3) 

 

where Wc is the non-freezing bound water content (0.28 g/g).  Mm and Mwater are the molecular weight of 

repeating unit (162) and water (18), respectively.  S is the maximum bonding sites in a monomer (equal to 3) 

and C is the crystallinity of fibers (taken as 44% (Nakamura, Hatakeyama, & Hatakeyama, 1981)).  It is 

estimated from Eq. (3) that one-to-two layers of water are adsorbed on fiber surfaces.  Thus, the one-to-two 

layers of non-freezing bound water are associated with the surfaces to the extent that they are bound tightly to 

the surface and are not freezable (Berlin, Kliman, & Pallansch, 1970).  This result is in good agreement with an 

adsorption model for lingo-cellulosic materials (Berthold, Rinaudo, & Salmen, 1996).  It is appropriate to count 

non-freezing bound water as a part of the pore water because most of the surface area is considered to be 

located in the pores of the fibers.   
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Fig. 5.  Conceptual model of pore closure.  When water is evaporated (a → b → c), surface tension pulls the 

cell wall together and the pore size becomes smaller. 
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Changes in Pore Size Distribution of Fibers 

With the drying of fibers, water is evaporated from the pores and the pores collapse due to the capillary 

forces with the high surface tension of water.  When the water starts to leave the pore, a very low pressure can 

exist in the water left in the pores, pulling the cell wall together as shown in Fig. 5.  This is known as pore 

closure in the cellulose fibers during drying.  It is possible to utilize the DSC isothermal step melting procedure 

to track the pore closure of different pore sizes.  The cumulative bound water content versus pore diameter, 

neglecting the thickness of the non-freezing bound water, is shown in Fig. 6.  The pore size distribution from 

this method was found to be nearly independent of moisture ratios for values greater than 0.8 g/g, data not 

shown here.  From the results of several samples with moisture ratios less than 0.8 g/g, it was found that the 

fiber wall begins to collapse starting with larger pores (e.g. greater than 100 nm in diameter) followed by the 

sequential collapse of smaller pores (e.g. smaller than 10 nm in diameter).  After reaching a certain moisture 

ratio due to the drying of the fibers, the distribution curve becomes flat, indicating that there is no freezable 

water remaining (between MR 0.33 and MR 0.13 in Fig. 6).  The flat distribution further decreases with 

decreased moisture ratio as the non-freezing bound water is reduced. 
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Fig. 6.  The cumulative bound water content versus pore diameter at different moisture ratios. 

 

Which pores collapse depends on two primary factors. First, the size of the pores affects the internal 

pressure of the pore liquid.  Smaller pores will have larger radii of curvature, generating lower pressures within 

the pore liquid and thus larger pore closure forces.  The second factor is the ability of the pore wall to resist 

collapse.  Larger pores should have less resistance in collapse. In fact the collapsing pressure of a tube is related 

to the inverse of the tube diameter (Marks 1941).  From the findings indicating that the large pores collapse first, 

it is suggested that the pore wall resistance is the governing factor and the different internal pressure generated 

in the different pore sizes is of secondary importance. 

It is worth noting a limitation of this method.  The maximum pore diameter of 396 nm in Table 1 is 

calculated from the depression temperature of -0.1°C.  A pore diameter of 3.96 µm could be detected if the 
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equipment was sensitive to depression temperatures of -0.01°C.  However, in the experience of the authors with 

this equipment, the depression temperature of -0.1°C was the practically closest temperature below the freezing 

point, 0.00°C, which could be utilized in this study.  This is important because it appears that, for moisture ratio 

of 0.83 g/g, there is no plateau in the pore diameter distribution for large ranges, indicating that there is a 

significant amount of pores larger than 396 nm present in the fiber. These larger pores are expected to be 

present and originating from both nm scale features (as mostly captured in Fig. 6) and µm scale features such as 

the lumen of fibers, fiber pits, fiber cracks and the inter-fiber pores developed from the geometry of the fiber 

network.  For the samples with moisture ratio of 0.38 g/g and less, there is a plateau in the pore diameter 

distribution for the detected large pores, indicating that the large pores (at least those with nm scale features) 

have already collapsed on drying.     

The average measured pore size was calculated from the data in Fig. 6 and is shown in Fig. 7.  The 

average measured pore size is reduced with the drying of the fibers.  At the moisture ratio below 0.3 g/g, the 

average pore size is not reduced any more, but a constant value of about 20 nm is realized.  This point in drying 

roughly corresponds to a moisture ratio at which there is only non-freezing bound water present in the fibers. 
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Fig. 7.  Effect of moisture ratio on the average measured pore size of the fibers.   

 

The average measured pore size of 80 nm for moisture ratios greater than 0.8 g/g determined herein is 

consistent with SEM micrographs of freeze dried fibers of 100 nm (Duchesne & Daniel, 1999) and a benzene 

desorption isotherm study of 100 nm (Alince 2002), but is considerably larger than that from solute exclusion of 

less than 30 nm (Stone & Scallan, 1968).  This is considered due to the fundamental differences between the 

measuring techniques.  Solute exclusion often underestimates the pore size due to its inability to detect isolated 

pores and pores with small entrances (Alince 2002).   
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Conclusions 

 Differential scanning calorimetry (DSC) was used to investigate the bound water content and the pore 

size distribution of cellulose fibers with various moisture ratios.  It was found that the bound water content was 

constant for moisture ratios greater than 0.8 g/g and decreased with drying for moisture ratios less than 0.8 g/g.  

It was also observed that the non-freezing bound water content was constant for moisture ratios greater than 0.3 

g/g and decreased with decreasing moisture ratio below.  This demonstrates that freezing bound water is 

removed first during the drying of cellulose fibers followed by non-freezing bound water.  Based on a simple 

model used in this study, non-freezing bound water corresponds to one-to-two layers of water tightly bound to 

the surface. 

Changes in the pore size distribution during the drying of cellulose fibers were determined with an 

isothermal step DSC melting procedure.  It was found that the fiber wall begins to collapse starting with larger 

pores followed by the sequential collapse of smaller pores.  Analysis of the pore size distribution curve confirms 

that below 0.3 g/g moisture ratio only non-freezing bound water exists (with no freezing bound water 

remaining).  From these findings, it is suggested that the pore wall resistance to collapse is the primary reason 

for pore closure and that the pressure difference generated from different pore sizes is a secondary factor.   

The average measured pore size was calculated to be about 80 nm for moisture ratios greater than 0.8 

g/g and this is reduced upon further drying of the fibers.  At a moisture ratio below 0.3 g/g, a constant pore size 

of about 20 nm was observed.  This point in drying roughly corresponds to a moisture ratio at which there is 

only non-freezing bound water present in the fibers.   
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Chapter 9 

 

Surface and Pore Structure Modification of Cellulose Fibers  

through Enzyme Treatment 
 

This chapter was submitted to Journal of Biotechnology. 

 

Abstract 

The surface and pore structure of cellulose fibers have a significant impact on the properties and 

performance in applications.  Cellulase enzymatic hydrolysis of cellulose fibers can result in changes to the 

surface and pore structure, thus providing a useful tool for fiber modification.  This research characterizes these 

changes using various test methods such as fiber dimension, water retention value, hard-to-remove water 

content, freezing and non-freezing bound water content, polymer adsorption, and crystallinity index.  For the 

high-dosage treatment (0.10 g/g), fiber length was significantly decreased and it was found that the fibers were 

‘cut’ in the cross direction, not the axial direction.  The swelling capacities as measured by the WRV and HR 

water content increased for the high-dosage treatment.  This might be due to the fines effect.  Three independent 

measurements (non-freezing bound water, polymer adsorption, and crystallinity index) are in good agreement 

that the amorphous regions on cellulose fibers are the readily available substrate relative to crystalline region.  

Based on the experimental results obtained herein, a hypothetical model was proposed to explain surface and 

pore structure modification of cellulose fibers. 

 

Introduction 

The enzymatic modification of cellulose has been an important research topic over the last several 

decades.  In the pulp and paper industry, the various applications that have been investigated include the 

deinking of recycled fibers [Heise et al. 1996], the pretreatment of wood to accelerate the pulping process 

[Jacobs et al. 1999; Jacobs et al. 1998], the drainage improvement of pulps [Erriksson et al. 1998, Pommier et 

al. 1989], the reduction of refining energy [Freiermuth et al. 1994], and the strength and smoothness 

improvement of handsheets [Mansfield and Saddler 1999].  In the textile industry, enzymes have been used to 

achieve the stone-washed look of denim garments [Cavaco-Paulo et al. 1997].  Most of all, enzymes for 

cellulose hydrolysis as the first step in converting plant biomass (lignocellulosic fibers) to fuels and chemicals is 

also of prospective importance for the next generation of energy sources [Lynd et al. 2005]. 

Even though the enzymatic modification of cellulose has large potential benefits in all industries using 

cellulose-based fibers, there exist many difficulties in the implementation such as expensive enzyme cost, 

unknown mechanisms, and the high sensitivity of enzymes to environmental variables.  However, with 

advances in fermentation technology, enzymes are becoming less expensive to produce and rising energy costs 

have prompted an explosive demand for the research of cellulose modification by a multi-enzyme system.  The 
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mechanisms and the effect of cellulase on cellulose fibers have been extensively reviewed [Lynd et al. 2005; 

Hildén and Johansson 2004; Zhang and Lynd 2004; Lenting and Warmoeskerken 2001].  

Cellulase is a general term for a group of enzymes that hydrolyze the β-(1, 4)-linkages in cellulose.  

Cellulase consists of three different enzymes that act synergistically in the hydrolysis of cellulose.  

Endoglucanase (EG) randomly hydrolyzes the β-(1, 4)-linkages within the water-insoluble cellulose chain.  

Exoglucanase or cellobiohydrolase (CBH) hydrolyzes the linkages at either the reducing or non-reducing ends 

of cellulose chains to form cellobiose.  Cellobiase or β-glucosidase converts the water soluble cellobiose into 

two glucose residues.   

Cellulase hydrolyzes cellulose fibers, cutting cellulose molecular chains into short segments and 

cleaving glucose units from the molecular chains.  As a result of enzymatic hydrolysis, the surface and pore 

structure of the cellulose fibers are expected to change.   

An increase in the crystallinity index as measured by X-ray diffraction was reported for the cotton fiber 

[Wang et al. 2006] and the dissolving pulp and cotton linters [Cao and Tan 2005], indicating degradation of the 

amorphous regions.  However, it was also reported that there was no discernible difference in the crystallinity 

index for the hemp fibers [Buschle-Diller et al. 1999] and the unbleached kraft pulp [Mansfield et al. 1997].  It 

was found that specific surface area of the regenerated bead celluloses increased with treatment time as 

measured by nitrogen adsorption [Buschle-Diller et al. 1995].  A gradual increase in surface roughness at the 

nano-scale was detected for cotton fibers based on SEM and AFM observations [Wang et al. 2005; Rousselle et 

al. 2002].  In addition, different effects on surfaces were observed by AFM when different types of enzyme 

were utilized on cotton fibers as a substrate [Lee et al. 2000].  Moisture regain of cotton fibers enhanced after 

enzyme treatment [Rousselle et al. 2002]. 

Mercury porosimetry were applied to investigate the structural changes with enzyme treatment time 

and it was found that porosity of the bead celluloses increased with treatment time [Buschle-Diller et al. 1995] 

and porosity of the hemp fibers increased for the first four hours, but decreased after that [Buschle-Diller et al. 

1999].  It was reported that the concentration of pores smaller than 6 nm in cotton fabric decreased after enzyme 

treatment as measured by size exclusion liquid chromatography, but no significant changes were observed for 

the concentration of pores larger than 6 nm [Li et al. 2001].   

In this study, the surface and pore structure of cellulose fibers were examined through treatment by a 

commercially available cellulase enzyme.  Various test methods were performed to investigate the enzymatic 

effects on cellulose fibers such as fiber dimension, water retention value, hard-to-remove water content, 

freezing and non-freezing bound water content, polymer adsorption, and crystallinity index.  Based on the 

observations herein, a model was proposed to describe the enzymatic modification of cellulose fibers. 
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Materials and Methods 

 

Sample Preparation 

 Fully bleached softwood kraft pulp was obtained directly after the bleaching stage at Weyerhaeuser 

(Plymouth, NC).  This was a mixture of loblolly pine and southern pine.  Never dried pulp was used for all 

experiments.  The average dimensions of the non-treated fibers were 30.0 µm of fiber width (arithmetic 

average), 2.56 mm of fiber length (length weighted average, 0.070 ~ 10.00 mm range), and 3.05% of fines 

content (length weighted, 0.070 ~ 0.200 mm range) as measured by FQA (Fiber Quality Analyzer, OpTest 

Equipment Inc., Ontario, Canada), Table 1. 

Enzyme (cellulase from Trichoderma reesei) was purchased from Sigma-Aldrich (Fluka, 22173), 

having an activity of 6 U/mg.  Two enzyme charges, a high dosage (0.1 g/g dry solids) and a low dosage (0.01 

g/g), were used to determine the effect of dosage.  Enzyme hydrolysis was performed for 0 (untreated), 30, 60, 

120, and 240 minutes in a gyratory water bath at a consistency of 3.0% and temperature of 50 ± 2°C to 

maximize enzyme activity.  Deionized water was used and the pH was around 7, but not controlled.  At the 

selected hydrolysis time, the treated pulps were washed extensively with deionized water to remove the 

enzymes and soluble sugars by filtration (Whatman No. 4).  The samples were stored in a refrigerator at about 

10% consistency.  The percent degradation was calculated by determining the consistencies of samples before 

and after treatment.    

 To investigate the effect of small solutes on freezing point depression, sodium chloride (Fisher 

Scientific, Certified ACS), α-D glucose (Sigma-Aldrich, 15896-8), and dextran (Sigma-Aldrich, D4626) were 

used. 

For the 240 min high-dosage treated sample, the sample was fractionated using a 100 mesh wire.  

Fines and long fraction were collected to measure the HR water and bound water contents. 

 

Table 1.  Characteristics of enzyme treated fibers. 

 Untreated     Low dosage (0.01 g/g)     High dosage (0.10 g/g) 

Hydrolysis time, min 0 60 240 60 240 

Fiber length, mm 2.56 2.49 2.54 1.76 0.32 

Fiber width, µm 30.0 30.1 30.4 31.2 33.4 

Fines content, % 3.02 2.90 3.13 4.83 33.4 

Degradation1), % 0.00 0.92 1.78 25.7 46.3 

Polymer adsorption1), µeq/g 40.6 36.2 40.12 35.8 23.8 

Crystallinity index2), % 52.8 · · 54.8 54.3 

 
1) Samples for 30 min and 120 min treatment were not measured. 

2) Samples for low dosage treatment and 30, 120 min high dosage treatment were not measured. 
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Swelling Capacity Measurements 

 The water retention value [Maloney et al. 1999] is the ratio of water to dry fiber mass after 

centrifugation (Centra CL3R with 958 swing horizontal rotor, International Equipment Company) and was 

measured following SCAN test method (SCAN C102XE: 3000 g, 15 min, and 1700 g/m2).  The HR water 

content [Park et al. 2006a] is a measure of the amount of water that is hard to evaporate from cellulose fibers 

during isothermal TGA experiments (TGA Q500, TA Instruments).  The HR water content is determined by 

measuring the moisture ratio of the fibers at the transition between the constant rate zone and the falling rate 

zone.  An isothermal temperature of 90°C was utilized and the nitrogen gas flows were 40 ml/min (balance gas) 

and 60 ml/min (sample gas).  Detailed experimental procedures can be found in previous experiments by Park et 

al. [2006a]. 

 

Bound Water Measurements: Freezing and Non-freezing Bound Water 

 Freezing bound water (water that has its freezing/ melting temperature depressed due to the presence 

of a substrate), was measured using differential scanning calorimetry (DSC Q100, TA Instruments).  Samples of 

approximately 5.0 mg were sealed in a DSC aluminum hermetic pan (TA Instruments, Part #900793.901 for 

bottom and Part #900794.901 for lid).  The sample pan was cooled to -30°C and maintained for 5 min.  The 

temperature was then raised to -20°C at a heating rate of 1°C/min and the sample was maintained isothermally 

until the heat flow returned to the baseline value.  Subsequent heating steps to slightly higher temperatures (-15, 

-10, -6, -4, -2, -1.5, -1.1, -0.8, -0.5, -0.2, -0.1°C) were then performed in succession.  Each endothermic peak 

represents the melting of water. It is assumed that the water is contained in cylindrical pores and the size of the 

pores can be estimated using the Gibbs-Thomson equation [Maloney et al. 1998; Ishikiriyama et al. 1995].  

Thus, the freezing bound water content was calculated by the summation of the peak areas.  Detailed 

experimental procedures for the DSC operation can be found in previous work by Park et al. [2006b]. 

 To measure the non-freezing bound water (water that does not display a freezing/ melting transition 

due to the association with the substrate), a sample was cooled to -30°C and continuously scanned at 1°C/min to 

15°C.  The amount of non-freezing bound water was calculated by subtracting the total freezable water (both 

freezing bound water and unbound water) in the sample, determined from integration, from the moisture ratio in 

the sample [Weise et al. 1996].  The moisture ratio was determined gravimetrically using a TGA microbalance 

(drying at 110°C) after the DSC run on the same sample with a hole pierced in the top of the sample pan.  

 

Polymer Adsorption and Crystallinity Index 

In order to estimate the accessible surface area of hydrolyzed fibers, polymer adsorption tests were 

performed using poly(diallyldimethylammonium chloride) (poly-DADMAC, Sigma-Aldrich, 522376) having a 

molecular weight of 5,000 ~ 20,000 [Bhardwaj et al. 2004; Gruber et al. 1996].  About 0.5 g (dry solids) of 

sample was slurried in 100 ml of 0.0010 N poly-DADMAC solutions and stirred for 10 minutes using a small 

magnetic stirring bar.  Samples were then filtered through a 100 mesh stainless steel screen.  A filtrate sample 

of 5 ml was titrated with a 0.0030 N poly(vinyl sulfate) potassium salt (PVSK, Sigma-Aldrich, 271969) using a 
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particle charge detector (PCD-03, Mütek) to determine the concentration of residual poly-DADMAC.  The 

amount of poly-DADMAC adsorbed initially to the fiber surfaces, assumed to be proportional to the accessible 

surface, was calculated as the difference of the initial charged amount minus the amount in the filtrate.  

The crystallinity index was determined using x-ray diffraction (XRD, Philips XLF, Omni Instruments 

Inc.) with Cu tube.  Handsheets were formed for the untreated and 60 min treated samples and air-dried, while 

240 min high dosage samples were measured as dry powders.   

 

Results and Discussion 

 

Changes in Fiber Length and Enzyme Degradation 

After the enzymatic treatment of cellulose fibers, the fiber length and fines content were measured, 

Figures 1 and 2 and Table 1.  For the low-dosage (0.01 g/g) treatments, the average fiber length and fines 

content did not change with enzyme treatment, whereas significant changes were observed for the high-dosage 

(0.10 g/g) treatment.  After 240 min of the high-dosage treatment, the average fiber length decreased from 2.56 

to 0.32 mm and the fines content increased to 3.02 to 33.4%.  The average fiber width was not reduced after the 

240 min high-dosage treatment, rather increased as shown in Table 1.   
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Figure 1.  Average fiber length (length weighted) of 

fibers versus enzyme treatment time. 

Figure 2.  Fines content (length weighted) of fibers 

versus enzyme treatment time. 

 

The significant decrease in fiber length, but not decrease in fiber width, indicates that enzymatic 

degradation does not cause cleavage in the axial direction.  It was further demonstrated by the microscopic 

images in Figure 3.  The fiber length of untreated fibers (Figure 3 (a)) significantly decreased (Figure 3 (c)) 

after the 240 min high-dosage treatment due to ‘cuts’ in the cross direction of the fibers, not the axial direction.  

The slight increase of fiber width may be due to the enzymatic degradation that solubilized fine materials, 

making the average diameter larger.   
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When the cellulose fibers were hydrolyzed, the soluble fraction was produced by cleaving the linkages 

of the molecular chains.  Degradation increased with hydrolysis time as summarized in Table 1.  For the high-

dosage treatment, 46.3% of the original mass was solubilized for the 240 min treatment.  It was observed that 

the degradation was not proportional to the enzyme concentration based on the results obtained in this study.  

The high-dosage treatment utilized ten times greater dosage of enzyme and the degradation was much greater 

than ten times (1.78% versus 46.3%). 

 

       
Figure 3.  Microscopic images for the high-dosage (0.1 g/g) enzyme treated fibers for (a) no treatment, (b) 60 

min treatment, (c) 240 min treatment.  Scale bar shows 250 µm in (a). 
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Figure 4.  Water retention value of fibers versus 

enzyme treatment time. 

Figure 5.  HR water content of fibers versus enzyme 

treatment time. 

 

Swelling Capacity 

The water retention value (WRV) was measured to evaluate the effect of enzyme treatment on the 

swelling capacity, Figure 4.  For the low-dosage treatment, the WRV remained constant with hydrolysis time, 

but the WRV increased with treatment time for the high-dosage treatment.  This may be caused by the increases 

fines content as shown in Figure 2.  The effects of fines content was presented [Laivins and Scallan 1996] that 

the levels of fines swelling were found to be approximately double that of the fiber fractions.  Increases in the 

WRV after enzyme hydrolysis were reported for bead cellulose [Buschle-Diller et al. 1995], but Eremeeva et al. 
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[2001] reported no changes in the WRV for bleached hardwood pulp.  However, the fines content and fiber 

length were not measured in both studies.  An alternative explanation is that the fiber has been modified by the 

enzyme such that the fiber swells more and this contributes to the increased WRV for the high-dosage treatment, 

but no evidence was found. 

The HR water content displayed similar trends as the WRV with treatments, Figure 5.  The HR water 

content was previously shown to have a one-to-one relationship with the WRV for a given fiber type [Park et al. 

2006a].  In addition, the HR water content of the fines for 240 min high-dosage treatment (3.36 g/g) was greater 

than both the long fraction (2.41 g/g) and whole fibers (2.67 g/g). 

Based on these results, it was considered that the changes in swelling capacity as measured by the 

WRV and HR water content were insignificant when the effect of the increased fines content was excluded. 

 

Bound Water Content 

Both freezing and non-freezing bound water contents were examined using DSC.  The DSC 

experiment requires a pure water system to estimate pore sizes.  If there are solutes present such as salts, 

glucose, or dextran, the freezing bound water may be overestimated [Wolfe et al. 2002].  The freezing point 

depression due to small molecular weight solutes is demonstrated in Figure 6.  No fibers were present in these 

experiments.  The water content having a depressed freezing point increased with the molar concentration 

regardless of the solute type.  To eliminate this phenomenon, fiber samples were washed extensively after the 

enzyme treatment. 
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Figure 6.  Freezing bound water content versus molar concentration for solutes: NaCl (+), glucose (▲), and 

dextran (×).  Pure water (♦) was plotted at 10-5 M instead of 0.0 M.  Unit (g/g) represents the ratio of freezing 

bound water and total water. 

 

The cumulative bound water content versus pore diameter for low- and high-dosage treatment is shown 

in Figures 7 and 8.  The amount of water plotted at 2 nm indicates the amount of non-freezing bound water.  It 

was observed that the concentration of large pores decreased more than that of small pores.  This becomes clear 
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when freezing bound water is plotted with hydrolysis time, Figure 9.  Freezing bound water content decreased 

with hydrolysis time for both low- and high-dosages.  Freezing bound water can be interpreted as the amount of 

pore water in cellulose fibers based on the Gibbs-Thomson equation [Park et al. 2006b].  However, it should be 

noted that the DSC equipment used in this experiment could measure only up to 400 nm in a diameter, which 

corresponds to a depression temperature of -0.1°C.  Based on the finding that enzyme could attack the cellulose 

surface to enlarge the pore size and roughen the surface [Wang et al. 2005], it is speculated that the pore size 

becomes larger than 400 nm, which is out of the detection range of the DSC experiment.   
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Figure 7.  Cumulative bound water content versus 

pore size for the low-dosage treatment. 

Figure 8.  Cumulative bound water content versus 

pore size for the high-dosage treatment. 
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Figure 9.  Freezing bound water of fibers versus 

enzyme treatment time. 

 

Figure 10.  Non-freezing bound water of fibers versus 

enzyme treatment time.  Black square (■) represents 

fines from the 240 min high-dosage treatment. 
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Non-freezing bound water also decreased somewhat with hydrolysis time, Figure 10.  Larger decreases 

in non-freezing bound water were observed for the high-dosage treatment.  Non-freezing bound water is 

considered to be proportional with the accessible surface area [Maloney et al. 1998] and thus the amorphous 

fraction of cellulose fibers [Jeffries 1964].  For the fines generated from the 240 min high-dosage treated sample, 

it was found that the non-freezing water content of fines (0.160 g/g) was lower than the whole fraction of the 

240 min high-dosage treated sample (0.199 g/g), plotted as a black square (■) in Figure 8.  This indicates that 

the fines have a higher crystalline fraction than unfractionated fibers.   

 

Polymer Adsorption and Crystallinity Index 

The results of polymer adsorption and crystallinity index for the low- and high-dosages treatments on 

cellulose fibers are shown in Table 1.  The decrease in polymer adsorption and the increase in the crystallinity 

index are the strong evidence to support that the amorphous portion of the cellulose is more readily hydrolyzed 

than the crystalline region, which has been presented in several other studies [Henriksson et al. 2005; Lenting 

and Warmoeskerken 2001].  Also the increase in crystallinity index is in agreement with other studies using the 

cotton fiber [Wang et al. 2006] and the dissolving pulp and cotton linters [Cao and Tan 2005].  With these 

results in mind, decreases in non-freezing bound water content with enzyme treatment could be understood, 

confirming that the amorphous regions on cellulose fibers are the preferable substrate relative to crystalline 

regions.  

 

Enzymatic Hydrolysis Model 

A hypothetical model was proposed based on the experimental results obtained from this study.  An 

untreated fiber consists of crystalline and amorphous regions with a surface fibril, Figure 11 (a).  In nature 

cellulose fibers are highly crystalline with a crystallinity index of 60-70% [Bertran and Dale 1986] and this 

structure is destroyed by dissolving and swelling treatments such as pulping and bleaching.  When enzyme is 

introduced in wet fibers, enzyme could preferably attack and hydrolyzes amorphous regions.  By enzyme 

activity, new pores are generated in mostly amorphous rich areas as shown in Figure 11 (b).  Enzyme further 

attacks these regions and a surface fibril is eventually cleaved from a main chain, creating a fine in the system 

as shown in Figure 11 (c).  Enzyme could penetrate into the newly created pore and pores could be enlarged.  A 

fiber cutting at the cross direction is also demonstrated in Figure 11 (c).  
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Figure 11.  A hypothetical model of enzymatic hydrolysis on a cellulose fiber.  (a) An untreated fiber, which 

consists of crystalline and amorphous regions.  Arrows ( ) indicate possible attack sites on cellulose surface 

by enzyme.  (b) Amorphous regions are hydrolyzed and new pores are generated.  (c) A surface fibril is cleaved 

as a fine and pores are enlarged.  A fiber is cut in the cross direction. 

 

 

Conclusions 

Effects of enzyme treatment on cellulose fibers were shown in this study for the low- (0.01 g/g) and 

high-dosage (0.10 g/g) treatments.  The average fiber length and fines content did not change for the low-
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dosage treated fibers, whereas significant changes were observed for the high-dosage (0.10 g/g) treatment.  

Fiber length was significantly decreased from 2.56 to 0.32 mm.  It was found that the fibers were ‘cut’ in the 

cross direction, not the axial direction, based on microscopic images and fiber width data.  Fines content also 

significantly increased for the high-dosage treated fibers and this might be the reason for the increased swelling 

capacity measured by the WRV and HR water content.  

Pore size distribution was plotted for low- and high-dosage treatment.  It was found that the 

concentration of large pores decreased more than that of small pores.  However, it might be the instrument 

limitation, which could measure only up to 400 nm in a diameter based on Gibbs-Thomson equation.  Thus, 

there is possibility that the pore size becomes larger than 400 nm, which is out of the detection range of the 

DSC experiment.   

Non-freezing bound water was measured using DSC and showed the decreased trends for both 

treatments with hydrolysis time, indicating that the amorphous regions on cellulose fibers are the preferable 

substrate relative to crystalline region.  The decrease in polymer adsorption and the increase in the crystallinity 

index were also observed.  These three different measurements were in good agreement that the amorphous 

portion of the cellulose is more readily hydrolyzed than the crystalline region.  It was also found that the non-

freezing water content of fines generated from fractionation was lower than the whole fraction.   

Based on the experimental results obtained herein, a hypothetical model was proposed to explain 

surface and pore structure modification of cellulose fibers. 
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Chapter 10 

 

Conclusions 
 

A parameter termed ‘hard-to-remove (HR) water content’ was defined as the ratio of water mass to 

fiber mass at the transition between the constant rate zone and the falling rate zone from isothermal TGA 

experiments.  TGA weight loss curves for a cellulose fiber-water system showed three different drying regimes, 

a warm-up zone, a constant drying rate zone, and a falling drying rate zone.  The HR water content was 

correlated with important characteristics of cellulose fibers, e.g. water retention value (WRV).  The measured 

HR water content depended on the isothermal drying temperature.  This HR water content was also used to 

evaluate fiber hornification.  In addition, this thermogravimetric analysis could be used as a convenient and 

insightful characterization technique for a fiber-water system and allows for the direct comparison of fibers at 

small amount of sample size, about 10 mg of dried mass.     

 

The relationship between the HR water content and the WRV was explained with two mass transfer 

rates and an additional assumption that water external to the fiber wall is removed prior to water internal to fiber 

wall.  The assumption was verified experimentally by the combined results of TGA and DSC.  It was found 

quantitatively that free water is evaporated first followed by trapped water, freezing bound water and then non-

freezing bound water, with some overlap.  This was found for bleached, unbleached, and mechanical pulp.  It 

was also found that the HR water mass is the combination of trapped water, freezing bound water, and non-

freezing bound water.  The existence of this category of water, i.e. trapped water (HR water but not bound 

water), could be described as water that is not bound to the fibers but is difficult to transport to the exposed 

surface.  Thus, it was concluded that the onset point on the TGA experiment represented a certain level of fiber 

saturation and this should be linearly related to the WRV.  Based on the pilot plant samples taken from a 

papermachine, all the water in a typical wet web entering the dryer section is HR water and no free water is 

present.  Considering the drying order of water, a conceptual qualitative drying model of fibers in TGA furnace 

is proposed with regard to the moisture ratio.   

 

The energy required to evaporate water associated with cellulose fibers was determined using the 

modulated mode of differential scanning calorimetry.  For cellulose fibers, a small decrease of moisture ratio at 

low moisture ratio (0.0 ~ 0.3 g/g) resulted in a steep increase in the heat of vaporization.  It was considered that 

the moisture ratio when the heat of vaporization increased was related to the non-freezing bound water content 

in cellulose fibers.  An empirical regression model fitted well to the experimental results with high R2 values.  

For water associated with cellulose fibers, it was found that the value of heat of vaporization from the curve 

fitting is higher than that of pure water (2.26 kJ/g at 100°C).  This might be explained that water in cellulose 

fibers requires additional energy to evaporate such as the (a) energy to break mono and/or multilayer sorption of 

water molecules and (b) the energy to overcome capillary forces in the porous geometry of cellulose fibers.   
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For polypropylene and glass fibers, the steep increase in the heat of vaporization at low moisture ratio 

was not observed and the heats of vaporization was constant with respect to moisture ratio and approximately 

equal to the heat of vaporization of pure water.  This is attributed to the absence of strong interactions between 

these fibers and water.  This is in agreement with these fibers having a zero content of non-freezing bound water.  

Thus, it is proposed that the measurement of non-freezing bound water could be used as an indicator of heat of 

vaporization, and vice versa, at low moisture ratios. 

 

Differential scanning calorimetry (DSC) was used to investigate the bound water content and the pore 

size distribution of cellulose fibers with various moisture ratios.  It was found that the bound water content was 

constant for moisture ratios greater than 0.8 g/g and decreased with drying for moisture ratios less than 0.8 g/g 

for the fully bleached softwood kraft pulp.  It was also observed that the non-freezing bound water content was 

constant for moisture ratios greater than 0.3 g/g and decreased with decreasing moisture ratio below.  This 

demonstrates that freezing bound water is removed first during the drying of cellulose fibers followed by non-

freezing bound water.  Based on a simple model used in this study, non-freezing bound water corresponds to 

one-to-two layers of water tightly bound to the surface. 

Changes in the pore size distribution during the drying of cellulose fibers were determined with an 

isothermal step DSC melting procedure.  It was found that the fiber wall begins to collapse starting with larger 

pores followed by the sequential collapse of smaller pores.  Analysis of the pore size distribution curve confirms 

that below 0.3 g/g moisture ratio only non-freezing bound water exists (with no freezing bound water 

remaining).  From these findings, it is suggested that the pore wall resistance to collapse is the primary reason 

for pore closure and that the pressure difference generated from different pore sizes is a secondary factor.   

The average measured pore size was calculated to be about 80 nm for moisture ratios greater than 0.8 

g/g and this is reduced upon further drying of the fibers.  At a moisture ratio below 0.3 g/g, a constant pore size 

of about 20 nm was observed.  This point in drying roughly corresponds to a moisture ratio at which there is 

only non-freezing bound water present in the fibers.   

 

Effects of enzyme treatment on cellulose fibers were shown in this study for the low- (0.01 g/g) and 

high-dosage (0.10 g/g) treatments.  The average fiber length and fines content did not change for the low-

dosage treated fibers, whereas significant changes were observed for the high-dosage (0.10 g/g) treatment.  

Fiber length was significantly decreased from 2.56 to 0.32 mm.  It was found that the fibers were ‘cut’ in the 

cross direction, not the axial direction, based on microscopic images and fiber width data.  Fines content also 

significantly increased for the high-dosage treated fibers and this might be the reason for the increased swelling 

capacity measured by the WRV and HR water content.  

Non-freezing bound water was measured using DSC and showed the decreased trends for both 

treatments with hydrolysis time, indicating that the amorphous regions on cellulose fibers are the preferable 

substrate relative to crystalline region.  The decrease in polymer adsorption and the increase in the crystallinity 

index were also observed.  These three different measurements were in good agreement that the amorphous 
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portion of the cellulose is more readily hydrolyzed than the crystalline region.  It was also found that the non-

freezing water content of fines generated from fractionation was lower than the whole fraction.  Based on the 

experimental results obtained herein, a hypothetical model was proposed to explain surface and pore structure 

modification of cellulose fibers. 
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Chapter 11 

 

Suggested Future Research 
 

 

Effect of Chemical Environments on Swelling Capacity of Cellulose Fibers 

 

The effect of chemical environments such as pH, electrolyte concentration, and counter-ion can 

influence the swelling capacity of cellulose fibers.  The swelling capacity as measured by the WRV shows a 

maximum value at around pH 6 ~ pH 9 and decreases with decreasing pH (6 to 2) and with increasing pH (9 to 

12) [Grignon and Scallan 1980].  This is due to the degree of the dissociation of the acidic groups in the cell 

wall.  The WRV for the entire range of pH was lowered with the addition of electrolytes [Grignon and Scallan 

1980; Lindström and Carlsson 1982].  If an electrolyte is added, the electrostatic repulsive forces between cell 

wall components are decreased since the charged groups in the cell wall are shielded, and thus the fiber shrinks.  

Microscopic images were taken after the addition of electrolytes and it was shown that the cell wall thickness 

was reduced by about 10% [Lindström and Carlsson 1982].  It was also found that the addition of cationic 

polymers can decrease the WRV by 10 ~ 20%.  This was explained in terms of the penetration of cationic 

polymers into the surface region of the fiber wall where the polymer neutralizes ionized surface groups, and an 

aggregation of fibrils located on the external fiber surface results [Ström and Kunnas 1991]. 

Since the HR water content was closely related to the WRV as shown in this study, it is expected that 

the HR water content is also affected by the chemical environments such as pH, electrolytes, and counter-ion.  

However, the swelling capacities as measured by the HR water content and WRV might not be linearly 

correlated due to the fundamental differences between two methods.  For example, the WRV is decreased with 

the penetration of cationic polymers, whereas the HR water content might be increase due to the penetration of 

polymers that prevents the internal diffusion of water molecules. 

Understanding of the chemical environmental effects on swelling capacity and drying as related to the 

HR water will be beneficial to papermakers who produce paper products at various chemical conditions such as 

pH, salt levels, and polyelectrolyte levels. 

 

Visualization of Water Distribution and Location 

 

Although the drying model was proposed in this study, the distribution and location of water associated 

with cellulose fibers is still unclear.  Visualization of water location would be greatly valuable to enhance the 

understanding of the drying mechanism of cellulose fibers.   

Magnetic resonance imaging (MRI) system might be applied to investigate the distribution and 

location of water associated with cellulose fibers during drying.  MRI system has not been applied to individual 

wood fiber, but it has been applied to several polymeric materials.  The MRI system was used to study the 
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distribution of water in swollen cellophane film and measure its diffusion coefficient [Laity et al. 2000].  Water 

diffusion coefficients were found to be significantly lower near the film surface compared with that in the center 

of the film.  Leisen and Beckham [2001] demonstrated the profiles of water in wet nylon cut-pile carpet during 

a drying process.  The water absorption of hemp/polyester composites was determined by MRI system [Rouison 

et al. 2005] and it was found that the diffusion in the longitudinal direction is more important than that in the 

transverse direction.  The MRI system was also applied to wood samples [MacMillan et al. 2002; Rosenkilde 

and Glover 2001].  For the small specimen of Scots pine heartwood [Rosenkilde et al. 2004], it was found that a 

dry shell in the surface layer was formed shortly after drying had begun.  The dry shell controlled the drying 

rate until the mean moisture content in the bulk decreased to the fiber saturation level. 

Based on the MRI method, the distribution of water within samples could be visualized and the 

diffusion coefficient could be calculated.  It is also of interest to investigate the drying of water molecules at the 

fiber surface (interfaces).  However, there may be some difficulties.  The wet samples in most of the references 

have more than 20~30% moisture content.  It might be a challenge to image the water distribution when the 

moisture content is less than 10%.  Second, the size of a fiber might be too small to use in the MRI system.  If 

true, a model system might need to be constructed for these studies.   

 

Glass Transition Temperature Characterized by Modulated DSC  

 

Differential scanning calorimetry (DSC) has been an important tool to characterize polymeric materials 

for several decades.  With the improvement in instrumentation, it is possible to detect small changes (even at 

nano-phase scale) in polymer structures.  For example, modulated DSC can be used to characterize micro-scale 

molecular structure and motion with temperature changes since modulated mode can distinguish reversible heat 

flow from non-reversible heat flow.   

Modulated DSC has  great potential to be used in cellulose characterization.  One of examples is the 

better determination of the glass transition temperature of wood fibers.  Wood fibers consist of cellulose, 

hemicellulose, and lignin, and each component has different ranges of softening temperature.  Cellulose has the 

highest glass transition temperature; that is close to the decomposition temperature [Beck and Salmen 1982].  

With the modulated mode, it is expected that the glass transition (reversible) could be separated from 

decomposition (irreversible).  It is also of interest to investigate the humidity effects.  Moisture acts as a 

softening agent and the glass transition temperature is expected to decrease with moisture content.   
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Appendix 1 

 

The Effect of Operating Variables on the Mass Balance of Fiber Fractionation  

Using a Hydrocyclone 
 

This chapter was presented at Tappi Fall Conference, October 2003, Chicago. 

 

Abstract 

Often, fiber fractionation produces a higher-valued stream and a lower-valued stream, the disposal of 

which limits the practical use of the fractionation technology. Recently, however, a fractionation process has 

been developed involving screens and hydrocyclones that produce two high-valued streams: one useful in 

softness development for tissue and another useful in the development of strength for paper. The objective of 

this research was to understand the effects of fiber properties and hydrocyclone operating conditions on the 

fractionation of chemical pulps. The total and OD mass balances were determined around a single commercial 

hydrocyclone. In separate experiments, beaten and unbeaten pulp was fractionated using three different pressure 

drops and four different feed pressures. The total flow rate of the reject stream increased with the pressure drop 

and the feed pressure, whereas the total flow rate of accept stream remained constant. A single index using 

pressure drop divided by feed pressure described the total flow splits in the hydrocyclone, regardless of pulp 

type. It was found that the OD mass flow rate of fibers was affected by both the pressure drop and the feed 

pressure. As the feed pressure increased, the percent of fibers rejected increased. The beaten fibers always had a 

higher percent of fibers accepted for the same operating conditions as the unbeaten fibers. Future work will 

involve determining the fractionation efficiency of these pulps based on several fiber and pulp properties versus 

operating conditions. 

 

Introduction 

Recycling has been greatly issued over the last several years in the paper industry. There is an 

increasing pressure to recycle paper products to manage our resources properly. Additionally, paper recycling in 

many cases is economically favored. When using recycled fibers for tissue making, it was shown that it was 

possible to save up to 55% in fiber cost [1]. However, recycled fiber characteristics such as strength and 

flexibility are significantly lower than virgin fiber resulting in poorer quality products. Because many physical 

properties of products are gained through the fiber selection, there is a direct conflict between some physical 

properties and recycled content. Especially in the tissue industry, consumers expect premium quality, i.e. high 

softness and absorbency at a low cost. Therefore, in order to meet the cost and quality requirements of the 

consumers, both recycled and virgin fibers will have a place in the tissue industry. 

Fiber fractionation is a term used for a process that splits a feed stream into two streams with different 

properties. The benefit of fractionation is the capability to select fibers depending on the product specifications. 

The two fractionated fiber streams may be treated differently (i.e. refining, chemical addition) and re-mixed 
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before being sent to papermaking. A number of advantages may be gained by fractionation such as greater 

strength development of the long fiber fraction, enhancement of surface and optical properties with short fiber 

fraction and substantial energy savings due to reducing refining throughput. Kohrs [2] reported that the 

reduction in the investment costs for dispersing and refining in some fractionation systems was about one third. 

Musselmann [3] rated several types of equipment for fiber fractionation such as thickener, side hill 

screen, vibration screen, pressure screen, hydrocyclone and centrifuge. In addition, flotation cells [4-5] and 

disc-filters [6] can be used for fiber fractionation. To select suitable devices for fractionation, the objective of 

the fractionation and the existing mill conditions must first be considered. The parameters to be considered 

when selecting a fiber fractionation system are energy cost, throughput and fiber selectivity. Thickeners, side 

hill screens and centrifuges have a low selectivity. Pressure screens are considered excellent for fractionating 

device based on fiber length. By combining two fractionation devices in series, i.e. pressure screen and 

hydrocyclone, a unique and efficient fractionation of a pulp stream may be obtained due to a combination of 

two different separation mechanisms. Recently, such a fractionation process has been developed that produced 

two high-valued streams [7-8]: one fraction suitable for enhancing the strength of paper and a second fraction 

with enhanced properties for tissue making.  

 

 
Fig. 1. Schematic flow motion in a hydrocyclone [9]. 

 

A hydrocyclone, also known as a centrifugal cleaner, has gained widespread use as classifying 

equipment due to its low energy and space requirements. During the operation of a hydrocyclone, Fig 1, the 

pulp suspension is injected tangentially through a feed pipe located near the top of the device. Under the 

influence of the centrifugal and drag forces generated by the swirling suspension, a movement of the fibers 

relative to the water is produced. This relative motion between the fibers and the suspending fluid depends 

largely on the basic fiber properties. Therefore, due to the different characteristics of the feed fibers, some of the 

fibers move towards the inside of the hydrocyclone at a relatively faster rate than other fibers. There are two 

exit streams: a lower exit stream called the reject stream (underflow) and an upper exit stream called the accept 
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stream (overflow) in the case of a forward cleaner.  

Even though the mechanism of the fiber separation is not well understood, there are general areas of 

agreement about the separation of fibers in a hydrocyclone. First, the hydrocyclone tends to reject heavy and 

thick walled fibers [10-12] and accept high specific-surface-area fibers [13-14]. Second, the fibers are subjected 

to two main forces in the radial direction, (1) a net centrifugal force, Fc and (2) a drag force, Fd, that determine 

their motion [9-15]. The rapid rotation of the suspension creates a net centrifugal force, which applies to the 

mass difference between fiber and water, causing the fibers to move outward to the wall if the density of fiber is 

greater than that of water. A drag force due to pressure and shear force on the fiber surface acts in an opposite 

direction to the net centrifugal force.  
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 Although a significant amount of research [10-14] has been done in the area of fractionation with 

hydrocyclones, much of the previous work has focused on the effect of fiber properties on fractionation 

efficiency. While a difference in fiber properties is a prerequisite for fractionation to occur, the actual separation 

efficiency can be significantly affected by the fractionation conditions. Therefore, fiber separation in a 

hydrocyclone should be a combination of several factors including the fiber properties as well as the 

hydrocyclone operating conditions, i.e. the pressure drop (the feed pressure minus the accept pressure), the feed 

pressure and the consistency. More studies need to be conducted to ascertain the effects of the hydrocyclone 

operating parameters on the fiber separation. The objective of this research was to better understand the effects 

of hydrocyclone operating conditions on the fiber fractionation. Two sets of hydrocyclone operating conditions 

were evaluated in this study using unbeaten and beaten softwood chemical pulps.  

 

Materials and Methods 

 

Pulp Preparation 

Bleached softwood kraft pulp (Albacell, International Paper) was used for the two sets of experiments. 

The first set of experiments was performed using unbeaten pulp, which was only disintegrated. The second set 
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of experiments used pulp beaten to 400 ml CSF in a laboratory Valley beater. A Fiber Quality Analyzer (FQA 

LDA96, OpTest Equipment Inc.) was used to determine the fiber characteristics. As shown in Table 1, the 

beaten pulp had a shorter average fiber length, a lower average fiber mass and a lower freeness value. The pulp 

suspensions were diluted to 0.10% to minimize the consistency effect [10] during fractionation in the 

hydrocyclone.  

 

Table 1.  Fiber properties for unbeaten and beaten pulp  

 Unbeaten pulp Beaten pulp 

Fine content by weight, % a) 3.65 5.36 

Average fiber length, mm b) 1.729 1.456 

Average fiber mass, µg c) 0.253 0.197 

Average fiber coarseness, mg/m c) 0.220 0.218 

Freeness, ml 730 400 

 

a) The fine content was calculated from fiber coarseness data assuming that fines and fibers have the same 

coarseness value. A fine was defined as having a length of less than 0.200 mm.  

b) The average fiber length is the arithmetic average length of all fibers with length greater than 0.200 mm. 

c) The average fiber mass and coarseness are arithmetic averages of all fibers or fines with length greater than 

0.070 mm, the minimum length reported by the FQA. 

 

Hydrocyclone 

The hydrocyclone, which was used for previous work [8], was a Beloit Posiflow single body, 

equipped with a smooth shaped conical reject tip. The opening size of the reject tip was 6.35 mm. The 

hydrocyclone was mounted above a 750 liter stainless tank so that the accept and reject streams were directed 

back into the tank. A Goulds Model 3196 centrifugal stock pump was used to feed the pulp suspension. The 

flow was controlled by the adjustment of manual valves on the feed and accept lines. The reject line was open 

to atmosphere. For both the beaten and unbeaten pulps, three different pressure drops (∆10, ∆20 and ∆30 psi) 

and four different feed pressures (40, 50, 60 and 70 psi) were investigated. Samples from the accept and reject 

streams were collected at each set of operating conditions and analyzed.  

 

Results and Discussion 

 

Total flow rate 

The total flow rates for the unbeaten pulp at a feed consistency of 0.10% to the hydrocyclone are 

shown in Figs. 2 (a) and (b). The total flow rates of the feed streams, determined as the sum of the measured 

accept and reject flow rates, were observed to be a function of the pressure drop and the feed pressure. Total 

flow rates of the reject streams depended on both the pressure drop and the feed pressure. However, total flow 
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rates of the accept streams were constant regardless of the feed pressure at a constant pressure drop, but were 

sensitive to the pressure drop. 

The reason for the constant accept flow versus the feed pressure was that the feed and accept 

pressures are interacting. When the feed valve was opened to raise the feed pressure, the accept pressure would 

increase but not to the same extent as the feed pressure. In order to develop iso-pressure drop data, the accept 

valve had to be closed somewhat to re-establish the target pressure drop. The combined effects of opening the 

feed valve and closing the accept valve summed to keep the accept flow mainly independent of the feed 

pressure, as shown in Figs. 2 (a) and (b). Similar results were observed for beaten pulp at 0.10% consistency, 

data not shown, indicating that the differences in fiber properties at this low consistency do not impact the 

friction losses in the system or total flow rates. 
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Fig. 2. Total flow rates of unbeaten pulp versus feed pressure for (a) 10-psi pressure drop and (b) different 

pressure drops.  
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Fig. 3. Percent total flow rates versus pressure index at different pressure drops for (a) unbeaten pulp and (b) 

beaten pulp. 
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The percent total flow rates versus a pressure index, the pressure drop divided by the feed pressure, 

are shown in Figs. 3 (a) and (b). The pressure index [8] predicts the total flow rate split in one parameter. 

Theoretically, the reject curves should originate at a value of 100% for a zero pressure drop, and terminate at 

some natural minimum value in which the accept valve is completely open and the flow split is determined by 

the resistance to flow in the accept and reject paths. This pressure index represented all data in one curve 

regardless of the pulp type tested. This is reasonable at such low consistency of feed, 0.10%. In practice, one 

can use different combinations of a pressure drop and a feed pressure to get the same total flow split. Thus, a 

specific throughput can be achieved with different combinations of pressure drop and feed pressure. This may 

be important if fractionation is enhanced by a certain value of either pressure drop or feed pressure. 

 

OD mass flow rate 

The reject ratio is frequently used to describe the ratio of OD fiber flow in the reject stream to the OD 

fiber flow in the feed stream. The percent OD mass flow rate of the reject stream is equal to the reject ratio. The 

OD mass flow rate was calculated from the total flow rate and consistency data.  
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Fig. 4. Percent OD mass flow rate versus feed pressure at different pressure drops for (a) unbeaten pulp and (b) 

beaten pulp. 

 

The OD mass flow rates of the accept streams (Figs. 4 (a) and (b)) increased with increased pressure 

drop.  This is due to the total flow rate of the accept stream increasing with pressure drop but the consistency 

(Figs. 5 (a) and (b)) remaining approximately constant. At a constant pressure drop, increased feed pressure 

resulted in increased OD mass flow rate in the reject stream. This was due to an increase in total flow rate in the 

reject stream. The increase in total flow rate in the reject stream was affected by both the feed pressure as well 

as the secondary effect of the closure of the accept valve in order to maintain the pre-determined constant 

pressure drop, as mentioned before. 

In the case of beaten pulp, the OD mass flow rate of the reject was significantly lower than the OD 
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mass flow rate of the reject in the unbeaten pulp, in good agreement with Jones et al. [10]. It is expected that the 

fibrillated beaten fibers have a higher specific surface area than unbeaten fibers. Further, beating causes some 

breakage of surface fibrils off the fibers, resulting in a net mass loss of the individual fibers as well as the 

formation of low-mass fines, Table 1. The drag force is expected to increase and the centrifugal force is to 

decrease on individual fibers having higher specific surface area and lower mass. Both fibrillation and breakage 

of fibers are anticipated to cause the OD mass flow rate of the reject for the beaten fibers to be less than for the 

unbeaten fibers at the same processing conditions. 
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Fig. 5. Consistency versus feed pressure at different pressure drops for (a) unbeaten pulp and (b) beaten pulp. 
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Fig. 6. Consistency versus pressure index at different pressure drops for (a) unbeaten pulp and (b) beaten pulp. 

 

Examining only the accept streams, it is noted that total flow rate is dependent on the pressure drop, 

not the feed pressure, Fig. 2. However, for the OD mass flow, both the pressure drop and the feed pressure are 

important. 
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Consistency 

 The consistencies of the accept streams were essentially constant at 0.075% and 0.080% for unbeaten 

and beaten pulp with respect to the pressure drop and the feed pressure (Figs. 5 (a) and (b)). The consistencies 

of the reject streams were affected by both the pressure drop and the feed pressure. For both types of pulp, the 

consistencies of the reject streams were higher at the high-pressure drop and the low feed pressure. Therefore, 

the consistencies of the reject streams increased with pressure index (Figs. 6 (a) and (b)). Pressure index can be 

a useful estimator for the consistency. The consistencies of the reject streams for the beaten pulp was less than 

with the unbeaten pulp, due to the same reasons that were described affecting the OD reject mass flow rate. 

 

Reject thickening 

To take into consideration the reject thickening relative to the total flow rate, the thickening efficiency 

(TE) [16] was calculated from eq. (3). 

 

(3)r r

f f

M QTE
M Q

= −  

 

where, Mr/Mf is the OD mass flow rate ratio of reject to feed and Qr/Qf is the total flow rate ratio of reject to 

feed.  When TE is zero, the OD mass flow rate ratio of reject to feed will be equal to the total flow rate ratio of 

reject to feed, indicating no thickening.  As TE approaches one, the thickening approaches a perfect thickening.    

For the unbeaten pulp, thickening efficiencies were higher than for beaten pulp and showed increased 

thickening with increased pressure drop (Figs. 7 (a) and (b)). This is expected with respect to the greater 

consistency of reject streams for the unbeaten pulp. The pressure drop did not significantly affect the thickening 

efficiency for beaten pulp. 
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Fig. 7. Thickening efficiency versus feed pressure at different pressure drops for (a) unbeaten pulp and (b) 

beaten pulp. 
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In the case of unbeaten pulp, Fig. 8 (a), the thickening efficiency was linearly related to the feed flow 

rate with high coefficient of correlation as suggested by Ricker et al. [16]. They concluded that thickening 

efficiency, which was called separation efficiency in their paper, was a linear function of the feed flow rate and 

that the y-intercept would be essentially zero for low concentration, when they used bleached kraft pulp, TMP 

and newsprint. However, there is no linear relationship found for beaten pulp, Fig. 8 (b).  
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Fig. 8. Thickening efficiency versus feed flow rate at different pressure drops for (a) unbeaten pulp (b) beaten 

pulp. 

 

The next step in this study will involve determining the fractionation efficiency of these pulps based 

on several fiber and pulp properties versus operating conditions. 

 

Conclusions 

 

 The total flow rate of the accept streams was dependent upon the pressure drop and constant with respect 

to the feed pressure.  

 The pressure index, which was the pressure drop divided by the feed pressure, predicts the total flow rate 

split in one parameter. One can use different combinations of pressure variables (pressure drop and feed 

pressure) to get the same total flow rate.  

 At the high-pressure drop, more fibers and water were discharged through the accept stream resulting in 

high values of the total flow rate and OD mass flow rate of the accept stream. However, the consistency 

was high in the reject stream due to the relative movement of fibers and water at the high-pressure drop. 

 Beating of the fibers significantly increased the OD mass flow rate of fibers in the accept stream relative to 

the unbeaten fibers. 

 Thickening efficiency for the unbeaten pulp was higher than that for the beaten pulp and showed increased 

thickening with increased pressure drop. 
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Appendix 2 

 

The Effect of Fiber Properties on Fiber Fractionation Using a Hydrocyclone 
 

This chapter was published in Journal of Pulp and Paper Science, 31 (3): 132-137 (2005). 

 

Abstract 

To understand the influence of fiber properties on the fractionation of chemical pulp in a 

hydrocyclone, a simple fiber model was proposed with a slip velocity equation.  In the model, a novel method to 

estimate drag coefficient was demonstrated.  This analysis predicts that fibers with higher slip velocities tend to 

be rejected.  The slip velocity of a fiber increases with the tangential velocity of the fluid, increased volume/area 

ratio, and increased density and decreases with drag coefficient.  The results indicate that drag coefficient is the 

dominant variable.  To verify this experimentally, a mixture of unbeaten and beaten pulps was passed through a 

hydrocyclone.  The reject stream was found to have an enriched concentration of unbeaten fibers.  The 

hydrocyclone provided a significant separation of fibers based on drainage time, which is considered to be 

related to drag coefficient.  Thus the prediction from the fundamental analysis is consistent with the 

experimental data. 

 

Introduction  

Fiber fractionation is a term used for a process that splits a feed stream into two streams with different 

properties.  Fractionation often produces a higher-valued stream and a lower-valued stream, the disposal of 

which limits the practical use of fractionation technology.  Recently, however, a fractionation process has been 

developed involving a combination of screens and hydrocyclones that produces two high-valued streams [1,2]: 

one useful in softness development for tissue and another useful in the development of paper strength. 

The hydrocyclone, also known as a centrifugal cleaner, has gained widespread use as cleaning 

equipment due to its advantages in separation performance.  During the operation of a hydrocyclone, the pulp 

suspension is injected tangentially through a feed pipe located near the top of the device, which produces a 

swirling motion of the suspension.  Due to centrifugal and drag forces, a movement of the fibers relative to 

water is produced, which depends largely on the fiber properties.  In the case of a traditional forward cleaner, 

the different characteristics of the feed fibers cause some of the fibers to move towards the outside of the 

hydrocyclone at a faster rate than other fibers and to be rejected.  

Jones et al. [3] studied the separation of springwood and summerwood fibers and reported that 65-70% 

of the springwood fibers were found in the accept stream and the same percent of the summerwood fibers in the 

reject stream.  They stated that the separation of the fibers was expected to correlate with differences in 

sedimentation rate, but no evidence was shown.  Fibers with the lowest sedimentation rate are expected to 

discharge through the accept stream.  Jones et al. considered the sedimentation rate to be affected by fiber 

density and shape, and by the density and viscosity of the suspending fluid.  Paavilainen [4] and Kure et al. [5] 
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also investigated the separation of springwood and summerwood fibers.  They performed a microscopic 

investigation of cell wall thickness and fiber widths.  They reported that the hydrocyclone concentrates thick-

walled summerwood fibers in the reject stream and thin-walled springwood fibers in the accept stream.  These 

results were in agreement with other experiments using synthetic fibers that had the same fiber length but 

different coarseness [6].  Li et al. [7] determined fiber cross-sectional dimensions and calculated the apparent 

density of fibers, which is the total mass of a fiber divided by its volume.  They concluded that apparent density 

was the major factor controlling hydrocyclone separation.  

Specific surface area is also considered as an important parameter for fractionation with a 

hydrocyclone.  Wood et al. [8,9] discussed the hydrocyclone separation of pulps into fractions having different 

values of specific surface area.  This phenomenon was explained by considering a force balance on a fiber.  

They found that the drag force is a function of specific surface area.  Karnis [10] summarized the available 

experimental data at that time and concluded that mechanical pulp fibers are separated based on the specific 

surface area, whereas chemical pulp fibers are separated by fiber coarseness.  His conclusion was based on the 

observations that mechanical pulp fibers have a broad specific surface area distribution compared to chemical 

pulp fibers and, on a relative basis, a narrow coarseness and wall thickness distribution.  

Although a significant amount of research has been done, the mechanism of fiber separation is not well 

understood.  The objective of this research was to determine the influence of fiber properties on the 

fractionation of chemical pulps.  Unbeaten and beaten softwood kraft pulps were used for this study.  

Fundamental variables that affect fiber fractionation were identified from a force balance on a single particle 

and were compared to experimental fractionation results.  

 

Fundamentals 

 

Slip Velocity Derived from a Force Balance 

A fiber in a hydrocyclone is subjected to two main forces in the radial direction: a centrifugal force, Fc 

(Eq. (1)) and a drag force, Fd (Eq. (2)) [11,12].   

The rapid rotation of the suspension creates a centrifugal force, causing the particle to move outward 

towards the wall if the density of the particle is greater than that of the fluid.  A drag force arising from pressure 

and shear forces on the fiber surface acts in the opposite direction to the centrifugal force.  Under the 

assumption that the time for the particle to reach its terminal velocity is negligible, these two forces will be 

balanced and an expression for the slip velocity, Us (the relative velocity of suspended particle with respect to 

the fluid) can be obtained as shown in Eq. (3).  It is of interest to note that both VP and Ap depend on fiber length 

to the first power, making the ratio, Vp/Ap, independent of fiber length.  Fiber-fiber and fiber-wall interactions 

may also play a role in the separation of fibers, but these forces were not considered here. 
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Variables that Affect the Slip Velocity 

As seen in Eq. (3), four main variables were identified in the slip velocity equation: the acceleration 

field (ut
2/r) in the hydrocyclone, the particle shape (Vp/Ap), the particle-fluid density difference (ρp-ρl) and the 

drag coefficient (Cd) of the particle.  If a fiber has a high Us due to a combination of high ut
2/r, high Vp/Ap, high 

ρp-ρl and/or low Cd, it will be more likely to be rejected because of its high radial velocity towards the wall 

relative to the water.  In contrast, a fiber having a low Us will be more likely to be accepted.  This fundamental 

observation is in agreement with previous work that a hydrocyclone tends to reject heavy, thick-walled and low 

specific-surface-area fibers [3-10].  

The drag coefficient was calculated based on Eq. (4) proposed by Haider [13], which is a function of 

particle Reynolds number and sphericity.   
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The sphericity of a particle is the ratio of the surface area of a sphere, having the same volume as the 

particle, and the surface area of the particle.  Sphericities were estimated to be 0.143 and 0.089 for unbeaten and 

beaten fibers respectively using the fiber length, width, and lumen dimensions.  The difference between the 

sphericities is based on data showing that beaten fibers have 1.67 times greater specific surface area than 
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unbeaten fibers [14].  The three Eqs. (3-5) with three variables, Us, Cd and Rep were solved iteratively at three 

acceleration fields for both unbeaten and beaten fibers and the results appear in Table 1.  Three acceleration 

fields were picked based on the experimental data for tangential velocity from [18].  

The estimated values for the slip velocity of the unbeaten and beaten fibers with an acceleration field 

of 780 m/s2 were 8.04 and 5.94 mm/s respectively.  The unbeaten fibers have 2.10 mm/s (35.4%) higher slip 

velocity than the beaten fibers, which indicates that unbeaten fibers are more likely to be rejected than beaten 

fibers.  Note that the largest property difference between beaten and unbeaten fibers is the drag coefficient 

(39.1%).  This suggests that the drag coefficient is the dominant fiber property variable for the separation of 

fibers in a blend of unbeaten and beaten softwood kraft fibers.   

 

Table 1.  Estimated slip velocity for unbeaten and beaten fibers 

Fiber 
Acceleration, 

m/s2 

Volume/Area ratio, 

Vp/Ap, µm a) 

Density difference, 

ρp-ρl, g/cm3 b) 

Drag coefficient, 

Cd 

Slip velocity, Us, 

mm/s 

Unbeaten 440 19.6 0.184 127.1 5.00 

Beaten 440 19.1 0.169 219.6 3.60 

Diff., % - 2.56% c) 8.90% c) -42.1% c) 1.40d)(38.89%) 

Unbeaten 780 19.6 0.184 87.2 8.04 

Beaten 780 19.1 0.169 143.2 5.94 

Diff., % - 2.56% 8.90% -39.1% 2.10 (35.4%) 

Unbeaten 1220 19.6 0.184 67.1 11.47 

Beaten 1220 19.1 0.169 103.8 8.72 

Diff., % - 2.56% 8.90% -35.4% 2.75 (31.46%) 

 

a) Fibers were modeled as hollow cylinders.  Fiber length and width were measured as 1.91 mm and 45 µm 

for unbeaten fibers and 1.72 mm and 40 µm for beaten fibers.  Fiber lumen diameter was estimated as 30 

µm for unbeaten fibers and 25 µm for beaten fibers [15,16].  

b) The cell wall density was obtained experimentally by buoyant and pycnometric methods.  

c) Difference, % = 100 × ( value of unbeaten – value of beaten ) / value of beaten. 

d) Difference, mm/s = value of unbeaten – value of beaten 

 

Experimental 

Fully bleached softwood kraft pulp was used in this study. In order to distinguish unbeaten and beaten 

fibers, unbeaten pulp was dyed using Levacell Blue obtained from Bayer (Rock Hill, SC).  A 5% concentration 

of dye stuff on OD fiber was added to the unbeaten pulp followed by 30 minutes of stirring.  The reflectance of 

handsheets containing different but known contents of unbeaten (dyed) fiber was measured in order to create a 

calibration curve, Fig. 1.  A power regression model was well fitted to the measured values.  A 50:50 mixture of 

unbeaten pulp and beaten pulp (400 ml CSF in a laboratory Valley beater) was diluted to 0.10% to minimize the 
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consistency effect [3] during fractionation in the hydrocyclone.  It is worth noting that typical operating 

consistency in industry is in the range of 0.7 ~ 1.0%. 
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Fig. 1.  Unbeaten fiber content (dyed fibers) versus reflectance measured at 600 nm.  Measured values closed fit 

the power regression model.  

 

Table 2.  Total and OD mass flow rates for each set of operating conditions. 

Pressure, psi Total flow rate, kg/min OD mass flow rate, g/min 

Drop Feed Accept Reject 

Total flow in 

rejects, % Accept Reject 

OD mass flow 

in rejects, % 

10 40 87.1 26.0 23.0 69.8 42.5 37.9 

10 50 88.3 30.6 25.8 69.8 47.0 40.3 

10 60 86.0 35.9 29.4 66.2 51.4 43.7 

10 70 87.1 40.0 31.5 66.4 57.7 46.5 

20 40 145.3 14.0 8.8 121.7 37.0 23.3 

20 50 145.9 18.9 11.5 115.8 48.2 29.4 

20 60 143.6 23.8 14.2 105.9 56.2 34.6 

20 70 143.5 27.4 16.0 105.0 59.2 36.1 

30 40 189.5 4.7 2.4 153.0 36.5 19.3 

30 50 190.1 9.6 4.8 145.9 44.3 23.3 

30 60 187.9 14.2 7.0 141.6 50.4 26.2 

30 70 187.1 18.9 9.2 134.6 61.8 31.5 

 

The hydrocyclone used in this study was a Beloit Posiflow single body unit, equipped with a smooth-

type conical reject tip [1].  The cone angle is 4.9°, the length of body is 795 mm, the diameter of top section is 
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64 mm, the diameter of inlet is 31 mm, the diameter of vortex finder is 34 mm, and the diameter of the reject tip 

is 6.35 mm [2].  The flow was controlled by adjustment of manual valves on the feed and accept lines.  The 

reject line was open to atmosphere.  Three different pressure drops (pressure difference between feed and accept, 

∆10, ∆20, and ∆30 psi) and four different feed pressures (40, 50, 60 and 70 psi) were investigated.  Samples 

from the accept and reject streams were collected for each set of operating conditions and analyzed.  The total 

and OD mass flow rates for each stream are shown in Table 2.  A Fiber Quality Analyzer (FQA) LDA96 

(OpTest Equipment Inc., Ontario, Canada) was used to measure the fiber length (arithmetic average of fibers 

greater than 0.20 mm) and coarseness (mass per unit length for fibers greater than 0.070 mm).  The drainage 

time was measured in a Tappi handsheet mold following Tappi Standard T221 cm-99 with the exception that the 

basis weight was 200 g/m2
 rather than 60 g/m2. 
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Fig. 2.  Unbeaten fiber content versus feed pressure for three pressure drops.  Handsheets were made using the 

reject stream.  The feed stream had 50% unbeaten fibers. 

 

Experimental Results and Discussion 

 

Unbeaten Fiber Content in Reject Stream 

The unbeaten fiber content was evaluated by measuring the reflectance of the handsheet from the 

reject stream and using the calibration curve of reflectance versus unbeaten fiber content, Fig. 1.  The reject 

stream has the higher percentage of unbeaten fibers, Fig. 2, in agreement with the higher Us of unbeaten fibers 

calculated by the fundamental analysis, as shown in Table 1.  The percentage of unbeaten fibers increased with 

pressure drop.  This effect of pressure drop may be explained by noting that increased pressure drop caused a 

greater feed flow rate [17].  This results in a higher acceleration field and higher slip velocity for both unbeaten 

and beaten fibers.  The difference in velocity increases with increasing acceleration, Table 1.  At the same time, 

increases in feed-accept pressure drop at constant feed pressure are produced by opening the accept valve.  This 

opening of the accept valve increases the total flow accept rate and the percentage of fibers accepted.  Therefore, 

fewer fibers are rejected at a higher pressure drop.  The combination of unbeaten fibers traveling to the wall 
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faster and fewer fibers being rejected produce a higher selectivity of unbeaten fibers in the reject stream.  The 

enrichment of unbeaten fibers in the rejects with increased pressure drop is in agreement with the theoretical 

prediction that increased acceleration in the hydrocyclone increases the difference in the slip velocity between 

unbeaten and beaten fibers.  
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Fig. 3.  Average fiber length (a) and coarseness (b) versus pressure variables for the mixture of unbeaten and beaten 

pulps.  The feed pulp had an average fiber length of 1.82 mm (dashed line) and coarseness of 0.264 mg/m 

(dashed line). 

 

Fiber Length and Coarseness 

The average fiber length of the reject stream was greater than that of the accept stream, Fig. 3 (a).  

This finding is in agreement with some others investigating thermomechanical pulp (TMP) [5].  However, this 

finding is not in agreement with Ho et al. [6], who reported that the fiber length of the accept stream was longer 

than that of the reject stream for TMP.  In that work, it was observed that the rejects had more short fibers for a 

reject tip opening of 3.18 mm compared to the case for a reject tip opening of 4.76 mm.  This suggests that the 

opening size affects the fiber fractionation with respect to fiber length, and that a smaller reject opening will 

encourage longer fibers to be accepted.  In the study herein, with a reject tip opening of 6.35 mm, an average 

fiber length of less than 2 mm, and relatively flexible chemical fibers, fiber length was not a primary effect.  

Fractionation is predicted to be independent of fiber length from the fundamental analysis in this 

paper.  This is reflected in the simulation results that show fiber length has no influence on the separation of 

fibers [12].  The small difference in fiber length between the accept and reject streams observed herein, Fig. 3 

(a) and Table 2, may be caused by a correlation between fiber length and other fiber characteristics, e.g. 

coarseness, that affect fractionation.  

The fibers of the reject stream had higher coarseness values than those of the accept stream in all 

cases, Fig. 3 (b), in agreement with other studies [4,5].  If the fiber coarseness is considered to be related to the 

fiber density, by assuming the cross sectional area of the fibers and the water content of cell wall were constant, 

fibers having higher coarseness will tend to be rejected due to the higher slip velocity, as indicated by the 
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fundamental analysis. 

 

Drainage Time 

The drag coefficient of a fiber is an important property in fractionation and has been included as a key 

parameter in the slip velocity equation (3).  Since there is no direct measurement of the drag coefficient of fibers, 

the drainage time of a pulp was assumed to reflect differences in the drag coefficient.  Both the drag coefficient 

and drainage time are characteristics that depend on the resistance of water flow around a fiber.  The drainage 

time is also expected to be sensitive to the fiber flexibility and packing structure formed during the 

measurement.  Stiffer fibers produce a less compressible pad that drains faster.  The drainage time was 

measured according to Tappi Standard T221 cm-99 with the exception that the basis weight was 200 g/m2 rather 

than 60 g/m2.  This change was made because, as shown in Fig. 4 (a), the use of a higher basis weight 

significantly increased the span of measurements and thus the sensitivity.  
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Fig. 4.  (a) Drainage time versus basis weight for different freeness levels.  (b) Drainage time versus pressure 

variables for the mixture of unbeaten and beaten pulps.  Drainage time was measured at a basis weight of 200 

g/m2.  The feed pulp has an average drainage time of 13.5 sec (dashed line).  Drainage time of unbeaten, 

beaten pulps and water (without fibers) were 5.5, 38.9 and 3.6 sec, respectively.  

 

The results show that the accept fibers have a significantly higher drainage time than the reject fibers 

in all cases, Fig. 4 (b).  This is reasonable when considering that the reject stream always had a greater 

percentage of unbeaten fibers, Fig. 2.  Increases in drainage time are assumed to correlate with increases in the 

drag coefficient of a single fiber, because both depend on the resistance of water flow around a fiber.  In this 

sense, the experimental finding that the fractionation process separates fibers based on the drainage time is 

consistent with the model prediction that the drag coefficient is the dominant factor for the fractionation of 

fibers. 
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Fractionation Index (FI) 

The fractionation index (FI) [10] is defined as,  

1

2
1 (6)XFI

X
= −  

where, X1 and X2 are the average values of property X in stream 1 and 2.  The stream with lower value of X is 

defined as X1 and that with higher value of X is defined as X2.  The fractionation index equals zero for no 

separation and approaches one when X1/X2 approaches zero.  A large FI indicates a large difference in the 

measured average values between the accept and reject streams. 
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Fig. 5.  Fractionation indices of mixture of unbeaten and beaten pulp versus pressure index for (a) fiber length, 

(b) fiber coarseness and (c) drainage time. 

 

There are, however, some limitations to the FI as a fractionation parameter.  First, the maximum 

potential FI for a certain fiber property depends on the initial distribution of the fiber property in question.  

Fibers having a narrow distribution of a property in the feed stream (i.e. a small standard deviation) can have a 

maximum potential FI less than one, even with perfect separation.  For instance, assume that a certain pulp 

sample has 10 fibers, which consists of five fibers of 2 mm length and five fibers of 4 mm length.  If a 

separation occurs in which all 2 mm fibers are accepted and all others are rejected, then the resulting average 

fiber lengths of these two streams would be 2 and 4 mm.  An FI of only 0.50 (=1-2/4) is realizable even with a 

perfect separation!  Fiber properties with broad distributions (i.e. large standard deviation), in contrast, may 

have higher maximum potential FI, closer to one.  For example, if five fibers are 10 mm long and five fibers are 

2 mm long, then the FI of 0.80 (=1-2/10) may be realized. Thus, it is advisable to be careful in the interpretation 

of small differences in FI.  

Second, the FI is also a function of the mass split in the accept and reject streams.  For the same 

example of a pulp sample with five fibers of 2 mm length and five fibers of 4 mm length, if perfect separation 

occurs and only the shortest 50% of the fibers are accepted, then the FI would be 0.50 (=1-2/4).  However, if the 

process is changed (for instance by closing the accept valve) so that the shortest 10% of the fibers are accepted, 
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then the FI would be 0.36 (=1-2/3.11).  Thus, the FI depends not only on the measured property and the 

distribution of that fiber property in the feed, but also on the total mass split produced by the experimental 

condition. 

In this study, the FI was used to determine whether the hydrocyclone could produce streams of 

different properties with the chosen operating parameters. Table 3 and Fig. 5 show that the FI based on drainage 

time is generally the largest followed by fiber coarseness and fiber length.  Due to the extremely low FI of fiber 

length compared with maximum potential FI of about 0.74, the fiber length was not found to be a key parameter 

for separation.  The maximum potential FI was determined using the measured feed distribution from FQA and 

then choosing a fiber length in which all longer fibers were rejected and all shorter fibers were accepted, that 

also satisfied the required OD fiber mass split.  The maximum potential values of FI for fiber coarseness and 

drainage time were not available due to the lack of feed distribution data.  Fiber selectivity based on FI of the 

drainage time was extremely high and showed a significant trend with pressure drop, Fig. 5 (c).  

 

Table 3. Ranges of measured values and fractionation index of fiber properties 

Properties Stream Value FI Max. potential  FI a) 

Accept 1.72 ~ 1.83 mm 
Fiber length 

Reject 1.82 ~ 2.01 mm 
0.00~0.13 0.74 

Accept 0.248 ~ 0.265 mg/m 
Fiber coarseness 

Reject 0.269 ~ 0.290 mg/m 
0.07~0.11 N/A b) 

Accept 12.33 ~ 19.04 sec 
Drainage time 

Reject 5.25 ~ 7.76 sec 
0.45~0.71 N/A b) 

 

a) Maximum potential FI was calculated considering feed distribution and mass reject ratio.  

b) Maximum potential FI of fiber coarseness and drainage time were not available due to the lack of feed 

distribution data. 

 

Figure 5 (c) shows that the same FI can result from different combinations of pressure drop and feed 

pressure.  This degree of freedom in operating conditions could be exploited to develop a set of operating 

conditions to optimize fractionation performance as well as energy consumption and/or production rate.  

 

Conclusions 

The slip velocity is a key concept to understand the fractionation of fibers in the hydrocyclone.  Four 

important variables were identified in the slip velocity equation: the acceleration field in the hydrocyclone, the 

particle shape (volume/area ratio), the particle-fluid density difference and the drag coefficient of the particle.  

This equation predicts that certain fibers having increased slip velocity due to the combination of high 

tangential fluid velocity, high volume/area ratio, high density and/or low drag coefficient tend to be rejected.  

For simple fiber models of beaten and unbeaten fibers, the drag coefficient was predicted to be the dominant 
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variable for fractionation.  

In the fractionation of unbeaten and beaten chemical pulps, the rejects stream was found to have an 

enriched concentration of unbeaten fibers in all cases.  This is explained by the higher slip velocity of unbeaten 

fibers relative to beaten fibers.  A hydrocyclone provided a significant separation of fibers based on the drainage 

time, which is considered to be related to the drag coefficient.  The fractionation index of drainage time is 

significantly greater than that of fiber length and coarseness.  This index as an evaluation tool depends not only 

on the measured property but also on the distribution of the fiber property and the mass split.  The predictions of 

the simple fiber model combined with the fundamental analysis are generally consistent with the experimental 

data obtained. 
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Appendix 3 

 

Hard to Remove Water in Cellulose Fibers Characterized by High Resolution 

Thermogravimetric Analysis – Effect of Fiber Types 
 

 

Materials and Methods 

 

Softwood pine logs were obtained and they were separated into juvenile and mature wood based on 

annual rings.  Juvenile wood were sampled from rings 5-8 and mature wood were from rings 19-27.  Samples 

were cooked in the laboratory to produce unbleached kraft pulps at different kappa numbers.  Five cooking 

conditions with different H-factors were used.  Sample characteristics were shown in Table 1 including cooking 

condition (H-factor), kappa number, yield, fiber length, and fiber width.  Three mature woods (2000H, 800H, 

and liner board) and three juvenile woods (2000H, 800H, and liner board) were selected and refined using a PFI 

mill at different revolutions.  

The water retention value was performed following SCAN test method (SCAN C102XE: 3000 g, 15 

min and 1700 g/m2) and is the ratio of water to dry fiber mass after centrifugation (Centra CL3R with 958 

swing-horizontal rotor, International Equipment Company).  The HR water content was measured using a 

thermogravimetric analyzer (TGA Q500, TA Instruments) run isothermally at 90°C.  The HR water content is 

the moisture ratio of the fibers at the transition between the constant rate zone and the falling rate zone.  

Detailed experimental conditions can be found elsewhere [Park et al. 2006].   

 

Table 1.  Pulp characteristics.  

 H-factor Kappa no. Yield, % Fiber length, mm Fiber width, µm 

 2000 29.8 43.6 3.517 35.6 
 1600 34.3 45.4 3.355 35.0 

Mature wood 1200 46.6 45.9 3.545 36.1 
 800 72.4 49.7 3.351 35.7 
 Liner board 101.9 54.5 3.388 35.9 
 2000 30.1 42.0 2.519 35.9 
 1600 36.4 43.5 2.551 36.7 

Juvenile wood 1200 48.9 45.6 2.471 36.4 
 800 83.2 47.5 2.449 37.0 
 Liner board 104.1 53.1 2.444 36.4 
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Results and Discussion 

 

The swelling capacity as measured by the WRV and HR water content was shown in Table 2 for all 

samples.  Both the WRV and HR water content increased with the refining levels, Figures 1 and 2.  Juvenile 

wood has higher values of the WRV and HR water content than mature wood and this might be due to the 

morphological difference between the fibers.  Juvenile wood has thinner wall and bigger lumen, while mature 

has thicker wall and smaller lumen.   
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Figure 1.  The WRV versus refining levels for 

unbleached kraft softwood cooked at the H-factor of 

2000.  Kappa numbers were 29.8 for mature wood and 

30.1 for juvenile wood. 

Figure 2.  The HR water content versus refining 

levels for unbleached kraft softwood cooked at the H-

factor of 2000.  Kappa numbers were 29.8 for mature 

wood and 30.1 for juvenile wood. 
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Figure 3.  The WRV versus kappa number for 

unbleached kraft softwood.  Pulps were not refined. 

Figure 4.  The HR water content versus kappa number 

for unbleached kraft softwood. Pulps were not refined. 
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The WRV and HR water content were also affected by kappa number as shown in Figures 3 and 4.  

With the increased kappa number, the WRV and HR water content were slightly decreased.  It is considered that 

the removal of lignin and hemicellulose creates porous structure in fibers and thus more water could be retained 

during the tests at lower kappa number [Andreasson et al. 2003].  However the difference was less than 10% 

and the HR water content of mature wood did not decrease with the increased kappa number. 

 

Table 2.  The WRV and HR water content of pulps. 

 H-factor Refining 
revolution 

Freeness, 
ml 

Fiber length, 
mm 

Fiber width, 
µm WRV, g/g HR water 

content, g/g 

Mature 2000 0 712 3.517 35.6 2.52 2.53 
  4000 664 3.034 33.3 2.81 2.66 
  6000 562 2.867 33.3 2.86 2.81 
  8000 493 2.956 32.8 2.89 2.89 
  12000 421 2.778 31.7 3.01 3.60 

Juvenile 2000 0 698 2.519 35.9 2.69 2.92 
  6000 519 2.134 31.0 2.98 2.91 
  9000 341 2.197 30.3 3.11 3.31 
  12000 233 2.040 29.7 3.25 3.59 

Mature 1600 0 - 3.355 35.0 2.52 2.56 
Juvenile 1600 0 - 2.551 36.7 2.67 2.99 
Mature 1200 0 - 3.545 36.1 2.52 2.59 
Juvenile 1200 0 - 2.471 36.7 2.67 2.99 
Mature 800 0 729 3.351 35.7 2.46 2.59 

  6000 696 2.798 34.3 2.78 2.68 
  9000 572 2.857 33.8 2.88 2.77 
  12000 426 2.627 33.1 2.92 2.86 
  14000 428 2.521 32.9 2.95 2.77 

Juvenile 800 0 737 2.449 37.0 2.60 2.87 
  6000 675 2.109 32.3 2.90 2.79 
  9000 - 2.166 31.8 2.98 2.98 
  12000 662 2.100 30.9 3.13 3.40 

Mature Liner board 0 758 3.388 35.9 2.44 2.58 
  6000 758 2.923 35.4 2.82 2.64 
  9000 698 3.048 35.1 2.92 2.60 
  12000 667 2.692 34.4 2.92 2.73 
  14000 588 2.647 33.6 3.04 2.76 

Juvenile Liner board 0 772 2.444 36.4 2.52 2.80 
  9000 742 2.123 32.0 3.03 2.66 
  12000 653 2.024 32.4 3.15 2.79 
  14000 623 1.991 31.7 3.13 2.96 
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