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A novel technology for processing pulp slurries with high inorganic filler content and at

high consistencies (solids content) is extrusion. The paper industry waste comprises of

fibers mixed with inorganic filler content. Using extruders similar to food extruders and

consistencies ranging from 30-45%, profiles can be extruded from this waste and dried

into usethl products having tensile modulus of 3-6 G-Pa. These strength properties

compare well with those of medium density fiberboard (MDF) and high density

hardboard. A critical factor in the successful extrusion of pulp slurries is the use of

dispersants. In the absence of dispersants, the pulp fibers flocculate, separate from the

water and subsequently surge out of the extruder. The final product possesses low

integrity and typically cracks upon drying. Carboxy-methyl cellulose (CMC) has been

used as a dispersing or deflocculating agent in the paper industry. It has been shown that

CMC has the ability to disperse the pulp fibers and promote inter-fiber bonding. In our

research we were able to determine the effect of CMC molecular weight on the extrusion

behavior of pulp.
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Two different experimental techniques (macro and micro-rheological) were adopted to

corroborate our results and to augment our understanding of this multi-phase system. It

was then shown that there exists a definite correlation between the macro and micro-

rheological behavior of pulp. In the micro rheological experiments, the typical crossover

shear stress at which the viscous modulus (G") exceeds the storage modulus (G') was

then shown to related inversely with the CMC molecular weight.

Adsorption isotherms were generated to understand the mechanism of torque reduction

for each CMC molecular weight. It was shown that reductions in fiber contact friction

results from adsorption of CMC on the pulp fibers. We also investigated the effect of

ionic strength on the rheological behavior of pulp slurries. However, no significant

relationship was obtained. Extrusion of pulp with high inorganic content appears to offer

a viable method of minimizing the solid waste generated by the paper industries.



Dispersion of Pulp Slurries using

Carboxy-methyl Cellulose (CMC)

by

Manish Gini

A Thesis Submitted

to

Oregon State University

In Partial Fulfillment of the requirement

for the degree of

Master of Science

Presented July 24, 1998

Commencement June 1999



Master of Science thesis of Manish Gin i presented on July 24,1998

Approved:

-

Co-major ofesso representing Forest Products

Y.-

Co-major Professor, representing Chemical Engineering

I _ m

Chair of Department of Forest Products

Chair of Department of Chemical Engineering
k

i

Dean of Grad ua School

I understand that my thesis will become a part of permanent collection of Oregon State
University libraries. My signature below authorizes release of my thesis to any reader
upon request. /Th

Manish Gini

- - /

Signature redacted for privacy.

Signature redacted for privacy.

Signature redacted for privacy.

Signature redacted for privacy.

Signature redacted for privacy.

Signature redacted for privacy.



ACKNOWLEDGEMENT

I wish to acknowledge the support of my major advisor, Dr. John Simonsen and the head

of the department, faculty and staff of Forest Products.

I also wish to acknowledge my co-major Professor at the Department of Chemical

Engineering for his steadfast support and for allowing me to use his equipment for my

research. I also wish to thank the remaining members of my committee Dr. Laver, Dr.

Jovanovic and Dr. Breen.

I wish to finally thank the graduate student in the Department of Forest Products and

Chemical Engineering for providing me with a healthy, competitive environment to

enrich the quality of my life. Thank you all.



CONTRIBUTION OF AUTHORS

Dr. John Simonsen was involved in the design, analysis, and writing of the manuscript.

Dr. Simonsen and Dr. Rochefort also assisted in the data collection for the study. The

experiments were also performed in the laboratory of Dr. Biermann. Dr. Simonsen and

Dr. Rochefort assisted in the interpretation of data.



TABLE OF CONTENTS

CHAPTER 1: INTRODUCTION 1

Extrusion of pulp 1

CMC as a dispersing agent 2

CHAPTER 2: LITERATURE REVIEW 6

Rheological behavior of pulp 6

Rheological behavior of CMC 7

Rheological behavior of pulp with CMC 7

Adsorption of CMC on pulp fibers 8

Colloidal forces 10

CHAPTER 3: DISPERSION OF PULP SLURRIES USING CARBOXYMETHYL
CELLULOSE (CMC) 12

Abstract 12

Application 12

Keywords 12

Executive summary 13

Introduction 14

Experimental 15

Materials 15

Macro-rheological studies 15

Micro-rheological studies 16

Adsorption experiments 17

Ionic strength experiments 17



TABLE OF CONTENTS (CONTINUED)

Results and Discussions 17

Macro-rheological experiments: Dependence of torque drop
on molecular weight of CMC 17

Micro-rheological experiments: Dependence of network
strength on molecular weight 20
Adsorption 27
Behavior of CMC under different ionic strength conditions 32

Conclusions 32

Literature cited 33

CHAPTER 4: GENERAL SUMMARY 35

BIBLIOGRAPHY 37

APPENDIX 40



List of Figure

Figure Page

Dependence of effective torque drop during mixing of pulp 18

on the CMC molecular weight and concentration.

Molecular weight parameters "a" and "b" for the torque drop experiments. 19

Dependence of pulp network strength, represented by storage 22
modulus (G'), on CMC molecular weight when subjected to a
stress sweep at 16 mg CMC/g pulp fiber(OD fiber basis).

Dependence of pulp network strength, represented by storage 23

modulus (G'), on concentration of 90,000 molecular weight CMC.

Elastic (G') and viscous (G") modulus of the pulp fiber mat at 15% 24
Consistency (15g pulp fiber/ 100 ml solution) for
different CMC molecular weights.

Shear stress behaviour of pulp as a function of molecular weight 25

At 16 mg CMC/ g od pulp fiber.

Relationship between CMC molecular weight and crossover 26

shear stress.

Relationship between torque drop in the mixing (macro-rheological) 27
experiments and the crossover shear stress in the
micro-rheological experiments.

Adsorption of different molecular weight CMC on pulp fibers. 28

Maximum CMC adsorption, as a function of its molecular weight. 29

Torque drop, during mixing, as a function of CMC adsorption 31

for different molecular weights.



List of Tables

Table Page

Dependence of parameters "a" and "b" on molecular weight of 20
carboxymethyl cellulose.

comparison of crossover shear stress and critical shear stress for 25
micro-rheological experiments performed on the Bohlin constant
stress (Model CS-50) rheometer.



List of Appendix Figures

Figure Page

Comparison of torque, or energy consumption, of pulp 41
slurries in a Brabender mixer with and without CMC.

Viscosity caliberation curves for different molecular weight CMC. 42

Dependence of pulp network strength, represented by storage 43
modulus (G'), on concentration of 800,000 molecular weight CMC.



DISPERSION OF PULP SLURRIES USING CARBOXYMETHYL

CELLULOSE

CHAPTER 1

INTRODUCTION

Extrusion of pulp

The pulp and paper industry produces waste which is comprised of fibers mixed with

inorganic fillers. Paper mills in the US produce about 4.1 million tons of sludge per year,

of which 69% is landfilled and 29% is incinerated, [1]. Attaining reasonable process

efficiencies is not the only problem, frequent equipment cleaning and huge downtime are

other major impediments faced by recycling mills. Moving beyond the critical mark of

40% recycling will need different process and approaches such that there is little or no

compromise on either the process efficiency or the product quality. Investigators have

previously attempted to utilize these fiber fragments for low grade bricks, boards. Little

effort was made to either recover the cellulose from the sludge, as reported by Young,

R.A., et al [2], or to exploit the network forming ability of cellulose fibers. One possible

way of utilizing the cellulosic content of the sludge is to react the sludge with solvent

leaving behind the unwanted sludge derivatives. This procedure, shown by Young, R.A.,

et al [2], is feasible for the production of valuable cellulose derivatives from sludge. The

derivatives include cellulose nitrate, cellulose acetate, carboxymethyl cellulose and a few

other valuable derivatives. They also worked on the graft polymerization of woody

biomass fiber through organosolv pulping, referred to as "graft pulping". One and two

stage pulping to recover usefull biomass has been discussed as a potential method for

recycling sludge.
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One recent technology, which can process pulp slurries with high inorganic filler content,

at high consistencies, is extrusion. Using extruders similar to food extruders and

consistencies ranging from 30-45%, profiles can be extruded out of this waste and dried

into useful products. To date extruded products with strengths of 15 to 30 MPa and

tensile moduli of 3-6 GPa have been produced from recycled paper through this process.

Zauscher, S., et al, [3] show that these strength properties compare well with those of

medium density fiberboard (MDF) and high density hardboard.

Carboxymethyl cellulose (CMC) has the ability to disperse the pulp fibers and promote

inter-fiber bonding. In this project, we have made an effort to determine the effect of

CMC molecular weight on the extrusion behavior of pulp through two different

approaches. It is hypothesized that adsorption of CMC on the pulp fibers is the reason

behind modified pulp rheology. We conducted adsorption experiments using the couette

geometry of the Bohlin constant stress rheometer. Once adsorbed on the fiber surface, the

polymer (CMC) forms a lubricating layer and helps in reducing the frictional forces at the

fiber contact points. This improves rheological properties by improving pulp flow and

makes high consistency pulp processing easier. Effect of ionic strength on the extrusion

behavior of pulp was also analyzed and it was shown that ionic strength has little

influence on the rheological properties of CMC modified pulp suspensions. From the

results obtained so far, extrusion of pulp with high inorganic content offers a viable

method of minimizing the solid waste generated by the paper industries.

CMC as the dispersing agent

Sodium Carboxy-methyl Cellulose, is probably the most important and diversified

thickening agent for industrial applications. The structure of CMC is like that of a

cellulose chain except that it has one or more of its hydroxyl groups substituted by a

monochloroacetate group. The number of hydroxyl groups substituted dictates the degree

of substitution of the entire molecule. According to Kloow,G., [4] , CMC accounts for

more than 70% of the total worldwide sales of cellulose ethers. The most useful property

of CMC is its ability to impart viscosity to its aqueous solutions. Suspension stability and
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rheology are the most important traits required for a majority of the industrial

applications and CMC is a polymer, which serves the purpose well. The use of

dispersants has also been justified in the paper industry. CMC has also found use in other

industries. Cellulose ethers have been used in ceramic tile adhesives and also as a

modifier in strength properties in Portland cement. Work done by Vaughan, F., [5] and

Eden, N.B., [6] elucidates the ability of cellulose ethers as a rheological aid while

producing cement and as an adhesive when the final product is cured and dried. The

effect of polymeric additives on the bond strength between cellulose fibers has also been

determined. Chtourou, H., [7] have explored the effect of surface treated synthetic

polyethylene (PE) on the strength of the paper composite. They, however, explained the

improved strength on the basis of Chemical (acid-base) interactions and assumed no

effect due to structural characteristics (molecular weight distribution and orientation) or

the charge density of the PE. Hence, polymers have been used before in the paper

industry to enhance the strength properties paper. The main purpose of using polymers

was to modify the surface characteristics of the pulp fibers. In our work we emphasize on

the adsorption of CMC on the pulp fibers which consequently modifies the surface of

pulp fibers. Beghello, [8] have shown that CMC, when added to pulp slurries as a wet

end additive improves the strength properties of the sheet. Not only is the internal bond

strength improved, the retention of the optical brightening agents (OBA) is also

improved. An improved retention of the OBA is caused by the improved network

formation of pulp fibers. CMC, a better suspending agent, is able to disperse pulp fibers

and assists in a more uniform network formation. Improved internal bond strength is

explained by the stronger bonding between fibers and greater number of bonding sites per

unit length of the fiber i.e. greater bridging between fibers. They concluded that CMC has

the ability to disperse the pulp fibers and promote interfiber bonding via its hydroxyl

groups and carboxymethyl groups. Zausher, [3] further confirmed this. A critical factor

is the successful extrusion of pulp slurries is the use of dispersants, Gasland,S.,[9], [10]

and [11]. In the absence of dispersants, the pulp fibers flocculate, separate from the water

and subsequently surge out of the extruder. The final product then possesses low integrity

and typically cracks upon drying. We believe that dispersants such as carboxymethyl
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cellulose improve the rheological properties during processing and also the final strength

properties of pulp fibers during the process of extrusion, as shown by Zaucher, [3].

In our work pulp extrusion experiments were simulated in the Brabender bowlmixer with

different molecular weights of CMC and the drop in the torque during processing due to

the presence of CMC was observed. Although this experiment would be categorized as a

macro-rheological experiment, it did provide us with some insight on the micro-level

behavior of CMC. Fig 1, in appendix, shows typical torque data for pulp extrusion with

and without CMC. It is evident form the torque consumption that addition of minute

amounts of CMC economized the process. The ability of pulp fibers to form networks

due to elastic fiber bending forces at fiber contact points has been discussed before.

Nissan, A.H., [12] and Page, D.H., [13], [14] have provided insight into the fiber bonding

through different perspectives. Zausher, [15], further confirm the H-bond force to explain

the elastic strength of the paper network. Nissan, A.H., [16] also suggests that the pulp

type, the effect of refining and the relative orientation of the fibers plays an important

role in determining the strength of the inter-fiber bond. As a summation, researchers have

proved the usefulness of CMC as a dispersing agent, which improves the rheological

(flow) properties of the pulp, which in turn facilitates its processing. This was shown by

Zauscher [3], who also conducted extrusion experiments with other polymers. None have,

however, explored the effect of the characteristics of CMC on the rheological behaviour

of pulp. It is understood that adsorption of CMC causes the torque drop, but the

mechanism behind adsorption has not been sufficiently described. Moreover different

molecular weight CMC adsorb differently on cellulose fibers depending on their

structural configuration and their interaction with pulp fiber surface charges. According

to Prausnitz, J.M., [17], molecular interactions are determined by structural as well as

chemical forces. The relative orientation of the molecule is the main attribute of the

structural forces and acid-base. But there is another class of forces called the van der

Waal forces that play an important role too. Although this system consisting of pulp and

CMC is difficult to characterize in term of intermolecular forces, we believe that the

dispersion is the main outcome of the interplay between different forces such as

electrostatic forces, van der waals forces, steric hindrances. We hypothesize that, at short
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ranges the van der waal forces of attraction between the pulp fiber and the CMC

molecule dominate on the repulsive forces between them, eventually leading to CMC

adsorption. Therefore, adsorption of the polymer largely depends on the dispersive

forces. These forces further relate to the molecular weight (polymer chain length and the

molecular weight distribution) of the polymer and the degree of substitution (charge

density of the chain or the number of charged sites per unit length of chain). Although

pulp processing, during extrusion, is under dynamic conditions, the final absorption

would be determined by the equilibrium between the sorbed and the soluble phase. The

equilibrium is based on the thermodynamic considerations that tend towards the

minimization of the free energy of the system. Our aim was to determine the effect of

CMC structural parameters on the processeability of the pulp. Furthermore we were

interested in determining the critical shearing force at which the adsorbed polymer

actually starts showing its effect by reducing the interfiber friction and producing

irreversible network structure changes.



CHAPTER 2

LITERATURE REVIEW

Rheological behavior of pulp

Swerin, A., et al, [18] have studied the rheological behavior of bleached softwood pulp

suspensions in detail. They studied the viscoelastic behavior of pulp fiber suspensions

because in paper manufacture the pulp fibers are subjected to high shear stress in the fiber

line and the analysis of non-linearity could be important to understand the rheology of

pulp fiber suspensions. The viscoelastic behavior was studied as a function of pulp

consistency (3-8%), straining frequency and straining amplitude using a Bohlin VOR

rheometer. They reported that the viscoelasticity of fiber suspensions is highly non-linear

at high straining amplitudes in a oscillatory experiment. A critical strain marked the onset

of non-linear behavior. Straining above this critical strain resulted in irreversible changes

in the fiber network structure. They suggested that the critical strain was almost

independent of the pulp fiber consistency and the straining frequency. It was also

observed that the addition of polymeric flocculants did not induce any changes in the

rheological behavior of the pulp suspension. In our extrusion and micro-rheological

experiments an effort was made to understand the rheological modification of the pulp

fiber suspension due to the addition of different molecular weights of CMC. We believe

that adsorption of higher molecular weight polymers does modify the rheology of pulp

suspension. A more detailed insight into the rheological behavior of fiber suspensions

had been provided by Ganani, [19], and by Metzner, [20] who studied the behavior of

glass fibers in newtonian and non-newtonian polymer solutions. At lower pulp fiber

consistencies, where the fibers do not interact and there would be no association between

them. This could than be assumed to be a dispersion of flexible rods in polymer solution.

Ganani, [19], studied the behavior of rigid rodlike fibers in particular, but the correlation

of their results with our experimental results needs further work. The effect of high

molecular weight anionic polymers on the formation of paper sheets has been reported by

6



Lee, P.F.W., [21]. They studied the dispersion efficiency of high molecular weight

anionic poly-acrylamide (A-PAM) in terms of formation indices.

The rheology of pulp suspensions under extrusion conditions has only recently been

studied by Zaucher [3], who showed that addition of polymers such as carboxymethyl

cellulose (CMC), polyethylene oxide (PEO), in minute quantities to pulp suspensions at

30% consistency (g pulp/100 ml), reduces the torque during the extrusion process.

Rheological behavior of carboxymethyl cellulose

The hydrophilic properties of CMC make it suitable for application in a broad range of

food products. Kloow, [4] studied the viscosity characterization of high viscosity grade

sodium carboxymethyl cellulose. The molecular weights of CMC ranged from 50,000 to

250,000. It was shown that a 1% CMC solution in water exhibited a gel structure. It was

also shown that CMC viscosity degrades in the presence of acid or alkaline conditions.

The expansion of flexible linear polyelectrolytes such as CMC depends on the ionic

environment around them, [22]. Theories propounded in this field suggest that a

polyelectrolyte ion should be more expanded than the uncharged polymer molecule from

which it is derived, and all the experimental data confirm this prediction. Viscosity data

from Pals and Hermans, [22] shows the influence of ionic strength on the viscosity of the

CMC solution. Rice and Harris, [22] calculated the radius of gyration (RG) of the CMC

molecule under different ionic strength conditions. Increasing ionic strength reduces the

radius of gyration of the CMC molecule, consequently, decreasing the solution viscosity.

In our work we were interested in studying the influence of the ionic strength on the

rheological behavior of the pulp fiber suspension. In general, the use of CMC as a

dispersing agent and as a rheology modifier has been widely reported in coating systems

by Lepoutre, [23 and 24], Rigdahl M., [25], and Davis R.M., [26].

Rheological behavior of pulp with CMC

Zauscher, [3] extruded of pulp with different types of polymer and found that CMC is an

effective torque reducing agent. This is similar to the work done by Eden, [6] who

7
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showed that cellulose ethers are rheological modifiers and aid in the manufacture of

Portland cement. They reported that the polymer modified cement behaves like a plastic

solid and possesses a yield stress below which the plastic solid does not move. They

discussed the lubricating effect of adding cellulose ethers. Zauscher, [3], showed that

pulp modified with CMC also behaves like a plastic solid possessing a yield stress below

that of the original pulp sample with no CMC. The rheological behaviour of pulp, during

extrusion, varied with the type of polymer used. Swerin, [18], suggested that the storage

modulus (G') of the fiber network was not influenced by the consistency and the type of

polymer added. In a more recent work, [27], they reported an increase in G' of the pulp

network due to addition on higher molecular weight cationic polyacrylaminde (C-PAM).

Swerin, in his earlier work, had suggested that only the pulp consistency (g o.d. pulp/

100m1 water) had an influence on the yield stress. Our results contradict the earlier work

of Swerin, but his later work with pulp and C-PAM can be understood in terms of pulp

flocculation.We believe that the type of polymer determines its interactions with the pulp

fibers which, further has an influence on the rheological properties of pulp suspensions.

In our research pulp extrusion experiments were conducted with different molecular

weight CMC and further confirmed our results with micro-rheological experiments

conducted on the Bohlin rheometer. Wasser, R.B., and De Roos, [29] reported that for an

additive to be an effective dispersing agent, it should be a linear, water-soluble

polyelectrolyte of ultrahigh molecular weight. Investigators suggest that the polymers

concentrate near the fibers and prevent inter-fiber close approach. Anions were found to

be the most effective dispersing agents. High molecular weight CMC fulfills the

requirements of an effective dispersing agent.

Adsorption of CMC on the pulp fibers

Adsorption of weak polyelectrolytes has been extensively studied and modeled.

Wagberg, [30], have provided an overview of polymer adsorption on pulp fibers. It was

shown that for cationic polyelectrolytes electrostatic attraction was the driving force for

adsorption on the pulp fibers. In the case of CMC, an anionic polymer, electrostatic

forces would only provide repulsion with the polymer. This should then prevent

adsorption of CMC onto the pulp fibers. Adsorption, however takes place which suggest
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the presence of non-electrostatic forces dominating the electrostatic repulsive forces,

thereby, leading to adsorption. Wagberg, [30], also show that, initially, adsorption

proceeds rapidly and upon further polyelectrolyte addition, the adsorbed amount

decreases due to reduced interaction between the added polymer and the fiber surface.

Furthermore, the conformation of adsorbed polymer was also discussed. Oldberg, [31],

discussed adsorption of polymers on cellulose fibers by dividing it into three phases.

Attachment of the polymer on the cellulose fiber during short periods of time followed by

reconformation on the fiber surface and finally penetration into the fiber. It was further

indicated that the equilibrium conformation of the polymer on the fiber surface is far

more flat than the random coil configuration in solution. For fundamental studies of

polymer adsorption, Stuart, C., [32] suggested that the substrate should be well

characterized. The roughness, porosity, curvature and crystallinity of the surface must be

known. Cellulose fibers are by no means an ideal substrate. Stone, [33], analyzed the

structure of cellulose fiber in detail and discussed the water-swollen cell wall structure in

terms in accessibility of macromolecules. They employed different techniques to model

the pore size distribution. In our research we discuss the adsorption of different molecular

weights of CMC on cellulose fiber and the dependence of equilibrium saturation

absorption of each molecular weight on the cell wall structure. Domszy, [34], et al, who

worked with chitosan, did a similar work on adsorption of polymer on cellulose fibers.

They show that the effect of molecular weight of the adsorbate is a function of the

porosity of the adsorbent, as high molecular weight fractions might be excluded from

adsorption in the pores of the adsorbent. According to their results the lower molecular

weights adsorb more than the higher ones. We expect similar behavior in our system too

since the cellulose pore structure accessibility will vary for each CMC. Ishimaru, [35]

studied the adsorption of eleven different polymers on different types of pulp and

discussed the results in the light of chemical interactions between the polymer and the

different components of pulp. They show that the amount of adsorption is dependent on

the chemical interactions and H-bonding both between the adsorbing molecules as well as

between the polymer and the substrate. Evers, [36], presented a theoretical model for the

adsorption of weak electrolytes from aqueous solutions. The formulation of a

polyelectrolyte theory was considered difficult because of the adsorbing molecule might
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assume different conformations, which would influences the long-range electrostatic

interactions. Furthermore, the concentration profile adjoining the adsorbed surface is the

result of complicated interplay of entropic and energetic factors resulting from

conformation, crowding effects, adsorption energy, electrostatic interactions and solvent

quality. Bohmer, [37], discusses the adsorption of weak polyelectrolytes between two

surfaces. They suggested that at smaller separations strong repulsion dominate due to

steric hindrances. In principle, higher molecular weights due to their bigger structure lead

to greater steric hindrances. This repulsive force prevents close fiber approach and,

perhaps, has an influence on the micro-rheology of the pulp suspension. Broadbent, F.D.,

et al, [38] investigated the adsorption of vegetable extracts onto the pulp fibers and

reported that these extracts form a lubricating layer so that the fibers could readily slide

relative to each other. It is this adsorbed layer which modifies the fiber interface and

improves rheology.

Colloidal forces

Evers, [36], and Bohmer, [37], have presented, in detail, the theory of weak

polyelctrolyte adsorption on surfaces by incorporating electrostatic forces and steric

interactions in lattice-based models such as the self-consistent-field model (SCF) and the

Roe's model. A multi layer stern model was developed which explained the adsorption of

polyelectrolytes as a function of concentration and pH. The influence of salt

concentration on the thickness of the adsorbed layer was also discussed. Our work was

more experimental in nature and application of the theories mentioned above would need

further work, van de Steeg, [39] and [40], have also discussed adsorption of polymers on

cellulose with emphasis on the electrostatic attractive forces. They showed that

increasing the pH increases the dissociation of carboxylate groups on the cellulose fibers.

The increased dissociation increased the charge on cellulose fiber therefore leading to

greater adsorption of the cationic polyelectrolyte. Clearly, electrostatic forces were the

dominant forces behind adsorption. The nature of forces in the pulp CMC system we

deal with are unlike the ones reported by them because CMC is anionic in nature.

Zaucher, [3] has shown that the pH does not have an influence on the macro-rheological

properties of pulp suspensions. If, within a regime of validity, we assume that adsorption
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is the sole cause of rheology modification, then the results obtained by Zaucher [3]

suggest that adsorption of CMC does not vary with pH. This would imply that inspite of

more bonding sites on pulp fibers CMC adsorption does not increase, therfore, suggesting

the dominamce of some other force. It is believed that Van der Waals forces, which are

not charge dependent, play a significant role. Also, hydrogen plays a role in adsorption.

CMC has been used in the paper industry before as a retention aid and a dispersing agent.

CMC holds water due to hydrogen bonding and also provides a uniform distribution of

the pulp fibers. The classical DLVO theory which incorporates the electrostatic and the

van der Waals forces does not, perhaps, describe the the pulp-CMC system completely.

We have to consider the steric hindrances present due to the close approach of fiber

surfaces.

4



CHAPTER 3

DISPERSION OF PULP SLURRIES USING CARBOXYMETHYLCELLULOSE

Manish Gin, John Simonsen, W.E. (Skip)Rochefort

ABSTRACT

The sludges produced by the pulp and paper industry have traditionally been viewed as

disposal problems because of a lack of technology with which to process them into useful

commodities. Recently extrusion has been shown to be a novel and promising,

technology for processing pulp slurries with high inorganic filler content and at high

consistencies. A critical factor in the successful extrusion of pulp is the use of

dispersants. This study investigated the relationship between dispersion of pulp slurries

and the molecular weight of a carboxymethyl cellulose (CMC) dispersant. Both macro-

and micro-rheological behaviour of pulp showed a predictable dependence upon CMC

molecular weight. Furthermore, the macro- and micro-experiments were correlated. The

dispersion of the pulp appeared to be the result of adsorbed CMC, with the solution

having little effect. Changing ionic strength had little effect on the dispersive effect of

the CMC.

APPLICATION

Utilizing waste from the paper industry to make useful materials through the process of

high consistency pulp extrusion.

KEYWORDS

extrusion, carboxymethyl cellulose, CMC, rheology, adsorption, ionic strength, pulp,

sludge.
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EXECUTIVE SUMMARY

The pulp and paper industry produces about 4 million tons per year of waste sludges

containing wood fibers and inorganic fillers. Using extruders similar to food extruders

and consistencies of about 30%, panels and profiles have been extruded out of waste-

containing slurries and dried into useful products. To date extruded products with

strengths and stiffnesses comparable to medium density fiberboard (MDF) and high

density hardboard have been achieved. A prerequisite for the successful extrusion of

pulp has been the presence of dispersants. In the absence of dispersants, the pulp fibers

flocculated, separated from the water and subsequently surged out of the extruder. The

final product possessed low integrity and typically cracked upon drying. The addition of

CMC resulted in dispersion of the fiber and a consolidated final mat. This project

investigated the effect of CMC molecular weight on the extrusion behavior of pulp. The

viscosity of the pulp slurry was measured using the torque reduction due to CMC

addition in a simulated extruder environment (macro-rheological measurement), and the

viscoelastic properties (dynamci moduli and critical shear stress) in a Bohlin rheometer

(micro-rheological measurement). There was a substantial viscosity reduction measured

upon addition of CMC which was proportional to both CMC molecular weight and

concentration. The molecular weight dependence was modelled with an empirical

equation. The flow behaviour of the pulp slurry was predictable from eithermacro or

micro-rheological measurements.

The pulp slurry exhibited a measurable network structure and evidenced by a yield stress

and dynamic moduli which decreased with increasing shear stress. Both of these effects

diminished with increasing CMC molecular weight and concentration. In particular, the

disappearance of the yield stress and the measured changes in the dynamic moduli

indicated that the mechanism of breakdown of the network structure was polymer

adsorption on the fibers, and not the presence of CMC in solution. This was corroborated

with independent determination of polymer adsorption through measurement of the



viscosity of the supernatant liquid in centrifuged samples of pulp slurry. Solution ionic

strength was found to have little influence on the rheology of the pulp slurry.

These experiments support the hypothesis that extrusion of high consistency pulp slurries

offers a viable and promising method of utilizing the solid waste generated by the pulp

and paper industry.

INTRODUCTION

Paper mills produce 4.1 million tons of sludge per year, of which 69% is landfilled and

29% is incinerated [1]. These sludge may contain up to 30% pulp fibers [2]. One

technology which can process pulp slurries with high inorganic filler content, is

extrusion. Using extruders similar to food extruders and consistencies (solid contents) of

about 30%, profiles can be extruded and dried into useful products [3]. To date extruded

products with strengths of 15 to 30 M Pa and moduli of 3-6 GPa have been produced

from recycled paper utilizing this process. Zauscher, [3] show that these strength

properties compare well with those of medium density fiberboard (MDF) and high

density hardboard.

A critical factor in the successful extrusion of pulp slurries is the use of dispersants [4, 5,

6]. In the absence of dispersants, the pulp fibers flocculate, separate from the water and

subsequently surge out of the extruder. The final product then possesses low integrity

and typically cracks upon drying. Dispersants such as CMC improve the uniformity and

flowability of the pulp fiber slurry during the extrusion process. They also improve the

strength properties of the final extrudate, which compares well with those of medium

density fiberboard (MDF) and high density hardboard [3]. Zauscher and coworkers

reported that the best dispersant for this system found to date is CMC [3].

While the use of dispersants has been shown to be critical for successful pulp extrusion,

the mechanism of the dispersive action is not well understood. This project sought to
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shed light on this mechanism by examining the effect of the molecular weight of the

CMC dispersant on the rheology of the pulp slurry under simulated extrusion conditions.

In order to eliminate the large number of variables involved in using actual sludges, the

study was performed on a bleached kraft fiber in purified water.

EXPERIMENTAL

Materials

Pulp: Ultranier J, a bleached softwood pulp provided by ITT Rayonier, Jessup, Georgia.

CMC: Four different CMC products were used in our study. All them had the same

degree of substitution of 0.9. Degree of substitution can be defined as the number of

carboxymethyl groups divided by the number of cellulose molecules in the chain. A

degree of substitution of 0.9 indicates that there are 9 CMC groups in a cellulose chain of

10 molecules. The maximum degree of carboxymethyl substitution is 3,which is

insoluble in water. The higher the degree of substitution, the stiffer the chain backbone is

due to repulsion between substituted groups on adjacent molecules. Commercial grades

of CMC have degree of substitution ranging from 0.68-1.05. They differed only in

molecular weight with weight average molecular weights (Mw) of 90,000, 250,000,

700,000, and 800,000. All but the 800,000 molecular weight were purchased from

Aldrich Chemical Co. The 800,000 CMC was contributed by Hercules Inc., Wilmington,

DE.

Macro-rheological studies

Extrusion conditions were simulated in a Brabender Plasticorder J with cam blades and

bowl mixer attached and operated at ambient temperature and 30 rpm. The cam blades

rotate at a differential angular speed of 3:2 which enhances the mixing process. The

torque rheometer of the Brabender was connected to a computer data acquisition system

which recorded the torque in the bowl mixer in real time. The pulp slurry was prepared

by stirring the pulp in deionized water at a consistency of 30% which would mean 30g of

oven dry (od) pulp in 100m1 of DIW. Atypical experiment required about 5-8 minutes
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to reach an apparent steady state torque, at which time the reduction in torque was

compared to a control batch containing no dispersant. The CMC was added to the pulp

sample, in dry powder form, after one minute into mixing. In multiple runs steady state

torque values showed a coefficient of variability of <5%. The difference in the steady

torque between the control and the CMC containing slurries was termed the torque drop

(Td).

Micro-rheological studies

A Bohlin constant stress rheometer ( Model CS-50 ) with a parallel plate geometry (40

mm diameter plates) operating in the dynamic oscillatory stress mode was used to

measure the dynamic shear moduli of pulp mats. This measurement allows for the

determination of both the elastic (G') and viscous (G") moduli and is sensitive to the

polymer-fiber interactions. For this reason this experiment is termed "micro-

rheological.", whereas the bowl mixing experiments, which are more sensitive to the bulk

response of the system, are termed "macro-rheological". The strength of the pulp mat was

determined by performing a stress sweep experiment in the PP-40 geometry and to

measure the apparent yield stress of the system. The PP-40 geometry was modified to

ensure no sample slippage by gluing sand paper to the top and bottom surfaces.

Pulp samples were prepared by first making a solution of CMC in DIW and then adding

the oven dry (od) pulp directly to the CMC solution. A typical sample would be to make

a 1.6% CMC (g CMC/ god pulp) in 1000 ml DIW and add 6 g of od pulp to this

solution. This 0.6% pulp consistency was dilute enough to allow for adequate exposure of

fibers to the CMC molecules in the solution. Pulp slurries were allowed to stand

overnight at room temperature (25-28 °C) to allow the system to reach equillibrium. Pulp

mats of uniform thickness and at 15% consistency were then made by pouring the slurry

through a sieve plate. This dewatered pulp was then used in the modified PP-40 geometry

of the Bohlin rheometer.
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Adsorption experiments

The amount of CMC adsorbed on the pulp fibers was inferred by measurement of the

supernatant liquid obtained from centrifugation of the pulp slurry. Calibration curves of

viscosity vs. concentration (figure 2 in appendix) were made for each CMC sample.

These viscosities were measured using the couette geometry (C-25) of the Bohlin

rheometer. A pulp slurry was prepared as described above, with a known weight of fiber

mixed and equilibrated for 24 hrs in a solution with a given molecular weight CMC. The

pulp slurry was centrifuged to obtain the supernatant liquid on which viscosity

measurements made. The concentration of CMC in solution was determined from the

viscosity vs. concentration calibration curves.

Ionic strength experiments
The ionic strength of the pulp slurry was adjusted by adding appropriate quantities of

solid NaC1 to the Brabender bowl mixer after addition of the pulp, water, and CMC.

RESULTS AND DISCUSSIONS

Macro-rheological experiments: Dependence of torque drop on the molecular
weight of CMC

The torque measured in the Brabender mixing bowl experiments was significantly

reduced for all molecular weights of CMC tested (Fig. 1). The magnitude of the torque

drop appeared to be a function of both CMC concentration and molecular weight. The

torque drop increased rapidly with increasing CMC concentration, then leveled off.

CMC concentrations > 3% (30mg CMC/g od pulp) showed only a slight increase in

torque drop with increasing concentration. Thus the effect of the CMC appeared to

saturate at high concentrations. It was hypothesized that this was due to saturation of

adsorption sites on the pulp, which led to further experimentation (see below).
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Fig 1: Dependence of effective torque drop during extrusion of pulp, on the CMC
molecular weight and concentration.

The dependence of torque drop on molecular weight was modeled with an empirical

equation:

Td= a(1-e-bc) (1)

where Td is the torque drop, c is the CMC concentration in mg CMC/g OD pulp, a is the

maximum torque drop possible for a particular CMC, and b is the efficacy factor.

Both "a" and "b" gave linear correlations with respect to molecular weight (Fig 2, Table

1). The maximum torque drop is a measure of the maximum viscosity reduction induced

by a given CMC. The efficacy factor, b, relates to how quickly the reduction takes place

at less than full surface coverage of the adsorbed molecule. "a" and "b" may be related to
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the molecular size of the CMC molecule in proportion to the roughness of the fiber

surface. If the adsorbed molecule approaches the size of the surface features, we might

expect less than full surface coverage to provide significant friction reduction. If,

however, the molecular size is less than the surface roughness, the adsorbed molecule

might provide little or no barrier between two approaching pulp fibers, and thus less

effective torque reduction. Unfortunately, we were not able to measure the surface

roughness of the fibers in this study. Thus, the physical significance of this correlation

requires further experimentation. However, equation (1) does allow the prediction of

torque drop, and therefore extrusion behavior, of a measured system for a given CMC

molecular weight. This should be useful as the technology moves towards

commercialization.

600 -s-o

cra 400-

200000200000 400000 600000 800000

Molecular weight, [amu]

Fig 2: Molecular weight parameters "a" and "b" for the torque drop experiments.
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Table 1

Dependence of parameter "a" and parameter "b" on molecular weight of
carboxymethylcellulose (CMC).

Micro-rheological experiments: Dependence of network strength on molecular
weight

In the dynamic oscillatory shear experiments (Fig. 3), the higher molecular weight CMC

samples exhibited lower elastic modulus (G') and non-linear behaviour occurring at lower

shear stress values. Both these measurements are indications of a "weaker" network

structure with increasing CMC molecular weight. Similarly, the effect of increasing CMC

concentration, at a given Mw, was to decrease the elastic modulus (G') of the pulp mat

while decreasing the shear stress at which non-linear behaviour was observed. This is

illustrated for the 90,000 molecular weight CMC in Figure. 4. Figure 3 in appendix

illustrates the absence of network structure for the 800,000 molecular weight CMC. Both

of these behaviours are again indicative of a "weaker" network with increased CMC

concentration, consistent with more "slippage" of the fiber-fiber contact points.

Therefore, weaker network structure (more fiber slippage) is observed for higher

molecular weight CMC and higher CMC concentrations. This is a strong indication that

adsorption of polymers on fibers is the primary mechanism occurring in this system. If

the solution properties dominated, rather than the surface effects, one would expect
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Molecular weight (amu) parameter "a" parameter "b"

90,000 300 0.49
250,000 492 0.55
700,000 864 1.47
800,000 916 1.55



higher molecular weights and higher polymer concentrations to lead to stronger network

structure. As with the macro-rheological experiments, the effect of CMC concentration

diminished as the concentration increased, with additions > 20 mg CMC/ g od pulp fiber

showing little additional effect. Once again, similar behaviour in both macro and micro-

rheological studies suggests that the viscoelastic behavior of the network is determined

primarily by adsortion on the fiber and fiber-fiber interactions, and not the solution

viscosity of the system.

The elastic (G') and viscous (G") modulus are plotted as a function of stress in Figure 5.

The crossover point, the stress at which G'= G", is a characteristic shear stress for a given

system. This stress represents the point at which fiber-fiber slippage begins to dominate

the viscoelastic behaviour, leading to an irreversible breakdown in the network structure.

The crossover points for the different Mw CMC are shown in Table 2.

In the steady shear stress experiments, where the stress is slowly incremented and the

resulting strain is measured, a yield stress can be defined as a point where a very small

increment in the stress leads to a large jump in the strain. These data are plotted in Figure

6 and it can be seen that a measurable yield stress exists only for the pulp mats containing

90,000 Mw and 250,000 Mw CMC. The higher molecular weight samples (700,000 and

800,000 Mw CMC) exhibit no yielding behaviour. This yield stress is an indication of

network structure breakdown-a larger yield stress indicating a stronger network structure,

while an immeasurable yield stress indicates very little network structure. For example,

typical polymer solutions even of very high molecular weight do not exhibit a yielding

behaviour in these type of experiments while materials that have a tendency to aggregate

generally show weak yield stresses. Therefore, the absence of a yield stress for the higher

Mw CMC materials indicates less network structure and increased fiber slippage at

relatively low forces, both of which infer more polymer adsorption on the fibers.

The crossover point shear stress, from the dynamic oscillatory measurements given in

Figure 5, was found to correlate inversely with both molecular weight (Fig. 7A), and the
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Fig 3: Dependence of pulp network strength, represented by storage modulus (G), on
CMC molecular weight when subjected to a stress sweep at 16 mg CMC/g pulp (OD

fiber basis).
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torque drop from the macro-rheological experiments (Fig. 7B). Since the crossover point

should be primarily determined by fiber-fiber interactions, these correlations further

support the argument that the effect of the CMC arises from its interaction with the fiber,

and not from its presence in the solution. It was therefore hypothesized that the effects

observed should depend upon the adsorbed CMC, as opposed to the total CMC in the

system.



stress [Pa]

Fig 4: Dependence of pulp network strength, represented by storage modulus (G),
on concentration of 90,000 molecular weight CMC. (X% CMC=10X mg CMC/g
od pulp)
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Fig 5: Elastic (G') and viscous (G") modulus of the pulp mat at 15 % consistency (15 g
pulp fiber/ 100 ml solution) for different CMC molecular weights.
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Fig 6: Shear stress behavior of pulp as a function of molecular weight at 16 mg
CMC/g od pulp.

Table 2

Comparison of crossover shear stress and critical shear stress for micro-
rheological measurements performed on the Bohlin constant stress (Model CS-50

rheometer.
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Adsorption

CMC appeared to adsorb strongly to the pulp fiber (Fig. 8). Saturation is achieved at

different concentrations for different molecular weights. This type of adsorption is

typical of polymers on different types of pulp substrates has been reported before by

Ishimaru,[7].

Negatively charged polymers are usually repelled by the negative charge on fibers. But,

there are exceptions where non-ionic interactions due to close approach, i.e., hydrogen
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bonding and dispersive forces, are sufficiently strong to overcome the electrostatic

repulsion [7, 9, 10, 12]. This appears to be the case in this study, also. Therefore, the

adsorption and the resulting rheological effects, would not be expected to be strongly

influenced by pH, which was indeed observed by Zauscher [3]

90

El- 90000 MW

-0-250000 MW

-Ai-700000 MW

800000 MW

50 100 150 200 250 300

Amount of CMC added [mg CMC/g pulp]

Fig 8: Adsorption of different molecular weight CMC on pulp fibers

The available surface area for adsorption of polymers on pulp fiber surfaces is a function

of the size of the polymer [8]. Smaller molecules, typically <400 A may penetrate into

the pores of the fiber, and thus access a larger surface area. An approximately 90,000

number average molecular weight CMC has a radius of gyration of approximately 500 A
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at low ionic strengths [14]. Also, the molecular weights reported for the CMC's used in

this study are weight average molecular weights. The polydispersity is not known, so

there may be a considerable portion of the 90,000 molecular weight CMC that has a

molecular size capable of penetrating the pores on the fiber
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Fig 9: Maximum adsorption of different CMC.

surface. Fig. 9 shows the maximum adsorption of different molecular weight CMC's on

pulp fibers. Except for the 90,000 CMC, the adsorption is linear with respect to Mw,

which is the theoretical correlation between size and molecular weight for a rigid rod
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polymer [13]. This suggests that the three higher molecular weight CMC's have access

to similar surface areas on the pulp fiber, and that the adsorption forms a monolayer of

CMC on the pulp surface. However, the maximum adsorption of the 90,000 Mw CMC

far exceeds the adsorption of the other CMC's, suggesting that the 90,000 Mw has access

to the internal pores of the pulp fiber. Furthermore, CMC molecules are not spherical,

but are more rod-like in morphology. The Kuhn statistical segment length is on the order

of 300 A, and the diameter of the rod-like molecule would be on the order of a few tens

of angstroms, as opposed to many hundred for the length [13]. Thus the smaller the

molecular weight, the more rod-like the molecule. The 90,000 molecular weight CMC

should be the stiffest and most rod-like of the samples tested. Thus it is possible that it

could penetrate lengthwise into the pores before adsorbing.

Torque drop varied linearly with CMC adsorption for the most part (Fig 10). This

supports a model of the system whereby adsorbed CMC at a fiber contact point has a

lower fiber-fiber contact strength than unaltered fiber-fiber contact points. Then, if we

assume that the number of contact points is the same in both the adsorbed and

unadsorbed cases, the network strength should be the weighted average of the number of

fiber contact points with adsorbed CMC and the number without.
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Fig 10: Torque drop, during mixing, as a function of CMC adsorption for
different molecular weight.

In the ideal case, where all fibers are equivalent and contact occurs randomly, this should

be linearly proportional to the surface area covered by the CMC, at least for the three

higher molecular weights, for which the available surface area is the same. Thus, torque

drop, which is a measure of the viscosity of the pulp slurry, is in a function of the fiber

network strength. It should drop linearly with the proportion of the surface area covered

by the CMC, which is in turn a linear function of the amount of CMC adsorbed. This

model appeared to be valid for less than full surface coverages of CMC. As the

adsorption reached saturation, the model begins to fail and the relationship of torque drop

to adsorbed CMC saturates. The non-linearity can probably be explained by a variety of

causes, including solution viscosity, and the effects of crowding as the adsorption

approaches monolayer saturation.
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For the two lower molecular weights the torque drop saturates well below the adsorption

maxima of the polymers. Since the only difference between the CMC's was their size,

there may be some connection between the size of the adsorbed polymer and the resulting

fiber contact point strength. This is a complicated system, and there may not be a

dominant factor in the mechanism of dispersion. However, the roughness of the fiber

surface in comparison to the size of the polymer is likely to be an important parameter. A

clearer explanation of the mechanism would require further work.

Behavior of CMC under different ionic strength conditions

Theory suggests that a polyelectrolyte should be more expanded than the uncharged

polymer molecule from which it is derived, and experimental data confirm this prediction

[13]. Increasing ionic strength reduces the radius of gyration of the CMC molecule in

solution and consequently decreases the solution viscosity [13]. However, no reduction

in dispersive ability, as measured by the torque drop experiments, was observed in this

system as a function of ionic strength. This supports our hypothesis that the dispersive

effect is the result of adsorbed polymer, not polymer in solution. Evidently, the change in

ionic strength did not have a discernible effect on the amount of polymer adsorbed, or its

conformation on the surface. This is also consistent with the earlier observation that

adsorption is dominated by dispersive, as opposed to ionic, forces.

CONCLUSIONS

The macro- and micro-rheological measurements showed that the dispersion of pulp

slurries was dependent upon both the concentration and molecular weight of added CMC.

Dispersion improved with increasing concentration up to about 3% (30 mg CMC/g od

pulp), and with increasing molecular weight. The molecular weight dependence is

predictable using empirical equations for both the macro- and micro-rheological

measurements. There was a linear correlation between the macro- and micro-rheological

experiments.



Adsorption experiments showed that higher molecular weight CMC's have a greater

affinity for pulp fibers and are more effective torque reducing agents. Although, ionic

strength influenced the viscosity of CMC solutions, it did not influence torque drop

substantially. Therefore, we conclude that the improved rheological properties were

primarily due to the surface phenomenon of adsorption. The bulk polymer liquid phase

had little influence on the rheological properties under the conditions of this study.

Manish Gin i is a now a graduate student at the University of Maine; John Simonsen is an

associate professor in the department of Forest Products and Skip Rochefort is an

associate professor in the department of Chemical Engineering at Oregon State

University.
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CHAPTER 4

GENERAL SUMMARY

Extrusion of pulp using carboxymethyl cellulose as a cellulose ether appears to be a

viable process for recycling sludge generated from paper industry. The macro- and

micro-rheological experiments performed on the bowlmixer and Bohlin rheometer

rspectively, showed that the dispersion of pulp slurries was dependent upon both the

concentration and molecular weight of added CMC. With dispersion improving with

increasing concentration up to about 30 mg CMC/g od pulp, and with increasing

molecular weight. The molecular weight dependence was modeled using empirical

equations for both the macro- and micro-rheological measurements. There was a linear

correlation between crossover shear stress and the reciprocal of CMC molecular weight

and reciprocal of torque drop.

Higher molecular weight CMC's have a greater affinity for pulp fibers and are more

effective torque reducing agents. This was shown in the adsorption experiments and by

analyzing the slope of the isotherms. The adsorbed CMC formed a lubricating layer on

the cellulose fiber consequently allowing them to slide relative to each other preventing

close fiber approach or adhesion. The higher the molecular structure of the CMC, the

more effective it is as a lubricating agent. By lubricating the fiber surface, CMC reduces

inter-fiber friction.

Although, ionic strength influenced the viscosity of CMC dramatically, it did not

influence torque drop substantially. Therefore, we conclude that the improved

rheological properties were primarily due to the surface phenomenon of adsorption.

Torque drop during the extrusion experiments increased linearly with adsorption initially,

but the slight deviation in the behaviour for the higher molecular weights might be due to

conformational changes. The deviation from linear behaviour for the lower molecular
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weights is probably due to the porous structure of cellulose fiber.

The lower molecular weights have a greater accessible area due to this fiber structure.

The bulk polymer liquid phase had little on the rheological properties.

The presence of high charge density cations (eg. Alum) is harmful for the system. Due to

the presence of these ions the system collapses and the torque, during extrusion, goes up.

This is due to the formation of polymer gel structure with the cation (trivalent aluminum)

providing the strong electrostatic attractive forces for the anionic CMC.

This further proves that electrostatic forces are stronger than the dispersive forces

facilitated the adsorption of CMC on the cellulose fibers. Addition of minute amount of

alum forms polymer gels and induces fiber flocculation, therefore, harming the possible

advantages of the process of extrusion.
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Fig. 1: Comparison of torque, or energy consumption, of pulp slurries in a Brabender
mixer with and without CMC.
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Fig. 2 Viscosity caliberation curves for different molecular weight CMC.
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Fig. 3 Dependence of pulp network strength, represented by storage modulus (G'), on
concentration of 800,000 molecular weight CMC.




