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Automated size exclusion chromatography with a differential refractometer

detector was employed to study the molecular weight distribution patterns in various types

of wood pulp cellulose. The results obtained were correlated with the conventional

methods of measuring these properties.

The dissolution of pulp celluloses in N,N-dimethylacetamide-lithium chloride

solvent was optimized. This procedure solubilized the cellulose components directly

without prior extraction or derivatization, processes that could lead to degradation of high

molecular weight components. Stable cellulose solutions were obtained. The optimum

dissolution conditions in the solvent system was highly dependent on the molecular

weight, crystallinity and lignin content of each pulp cellulose sample.

The molecular weights and molecular weight distributions of the pulp cellulose

solutions were analyzed by size exclusion chromatography. A series of polystyrene

standards were dissolved in the solvent and used as reference materials. The

chromatographic data revealed whether depolymerization has taken place uniformly or

non-uniformly during the pulp processing operations.
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The dilute solution intrinsic viscosity of the celluloses in N, N-dimethylacetamide-

lithium chloride solvent system was measured by capillary viscometry. Likewise,

viscosity in cupriethylenediamine solution was analyzed. The measured viscosity values

correlate well with the molecular weight data determined by size exclusion

chromatography.

The effect of acid hydrolysis on the molecular weight distribution pattern of

cellulose was likewise studied. Results showed that each acid treatment provided different

development of the molecular weight distribution curve, possibly due to the selectivity of

hydrolytic attack on the cellulose components.

The experimental data showed that dissolution in N,N-dimethylacetamide-lithium

chloride solvent system and solution analysis by size exclusion chromatography can be a

powerful tool in detecting differences among pulp cellulosic samples of widely different

molecular weight and molecular weight distribution.
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MOLECULAR WEIGHT DISTRIBUTION ANALYSIS OF WOOD PULP
CELLULOSE BY SIZE EXCLUSION CHROMATOGRAPHY

INTRODUCTION

Cellulose is widespread in nature, occurring in both primitive and highly evolved

plants (Young, 1986). Wherever it occurs in nature, it is laid down in the cell wall in the

form of microfibrils. Irrespective of its provenance however, cellulose is always

chemically the same, even if the nature and arrangement of the microfibrils might vary.

The highest percentage of cellulose occurs in seed hairs such as cotton.

Commercially, the two most important cellulose fibers are cotton and wood pulp and their

microfibrillar structures are similar as shown in Figure 1 (McGovern et al., 1982; Young,

1986). Both fibers have a primary wall with a random orientation of the microfibrils and a

secondary wall having three distinct layers such as: Si thin outer layer, often referred to as

the winding layer in cotton fibers; a dominant S2 layer with microfibrils nearly parallel to

the fiber axis and dictates the properties of both fibers; and an inner small S3 layer. The

near coincidence in the orientation of the chain direction of the tightly packed cellulose

macromolecules, the microfibrils in the major S2 layer of the cell wall, and the fiber

direction demonstrate the structural continuity developed in nature (Marchessault and

Sundararajan, 1982). Nevertheless, there are some distinct differences in the more

detailed structure of wood and cotton fibers. The crystallinity of the two cellulosic

materials varies considerably (Mark, 1967). Although different methods of detecting

crystallinity give different values, the relative pattern is consistent, with cotton having a
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higher crystallinity than wood. In addition to these marked differences in crystallinity,

there are major differences in composition. Though cotton is 95% cellulose, wood

contains only about 42%, with the remainder of the material composed mostly of

hemicellulose and lignin (Young, 1986). Likewise, the length of the cellulose molecule is

known to vary in both fibers.

Regardless of the similarities and differences that exist in cellulosic materials, due

to its profusion, variety and properties, the potential for technological applications is

tremendous. Before these possibilities may be realized however, it is necessary to

understand the structure/property relationship for this material. At the heart of this

requirement is the need to determine the molecular weights and molecular weight

distributions for celluloses. These measurable parameters are fundamental to

understanding various chemical and physical phenomena of these materials. The

importance of these materials has motivated the development of advanced analytical

measurement methods necessary for the rapid analysis of such parameters. Size exclusion

chromatography is undoubtedly the most powerful analytical tool currently used for

collecting such informations.

Many studies on the molecular weight characterization of celluloses have been

conducted. They ranged from tedious fractionation methods to gel permeation

chromatographic investigations of cellulose derivatives. However, the molecular weights

and hence molecular weight distributions typically obtained thus far have only been

relative quantities since the materials analyzed were basically derivatives. Derivatization

processes to facilitate cellulose dissolution in organic solvents tend to expose the cellulose



chains to degradation (Timpa,1991). A further complication is that the substitution may

not be complete or uniform (Lindsley and Frank, 1953). These are some of the reasons

for the slow development of the gel permeation chromatographic methods. Apparently,

there appears to be a need to find specific solvents, dissolution methods, and

chromatographic techniques to employ in the characterization of the above mentioned

parameters.

In the production of chemical pulp, the wood carbohydrates are subjected to

vigorous chemical depolymerization, which by no means may proceed uniformly or

otherwise non-uniformly. Thus, the amount of low molecular weight compounds in the

products as well as the carbohydrates dissolved in the effluent cannot be controlled.

Moreover, in some cases, excessive depolymerization may give rise to processing

problems and products of inferior quality. Minimizing these =desirable effects cannot be

achieved by simply monitoring viscosity. A precise knowledge of the changes in the

molecular weight and molecular weight distribution of the pulp is apparent. Pulp

celluloses however, have been technically difficult to characterize with respect to

molecular weight, molecular weight distribution, polydispersity and association with other

materials like hemicellulose and lignin Attempts to identify these properties always leads

to difficulties, especially in finding suitable solvents that can rapidly dissolve the pulp

cellulose without derivatization.

In the above context then, the primary aim of this study was to investigate means

of obtaining meaningful molecular weights and molecular weight distributions of pulp

celluloses by size exclusion chromatography utilizing appropriate dissolution techniques in
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nondegradative cellulose solvents. The overall changes throughout the entire pulp

cellulose molecular weight distribution was assessed as a fimction of various pulping,

bleaching and other chemical processes. Particular attention was given to the

reproducibility of the technique. In the last respect, the data obtained was correlated with

the conventional viscosity techniques commonly employed to characterize molecular

weights. Specifically, the objectives of the study were three-fold:

To determine if the N,N-dimethylacetamide-lithium chloride solvent system would

directly dissolve the pulp celluloses to allow size exclusion chromatographic

analysis;

To monitor the differences in the molecular compositional profiles of various types

of pulp celluloses and;

To analyze the pulp cellulose solution viscosities and correlate them with the

chromatographic data obtained.



LITERATURE REVIEW

Chemical Structure of Cellulose

It is generally accepted that cellulose is a linear condensation polymer consisting of

D-anhydroglucopyranose units joined together by P-1,4-glycosidic bonds. The pyranose

rings are in the 4C1 conformation, which means that the -CH2OH and -OH groups, as well

as the glycosidic bonds, are all equatorial with respect to the mean planes of the rings as

illustrated in Figure 2a (Nevell and Zeronian, 1985). An older Haworth projection

formula, shown in Figure 2b is still frequently used, although it obscures some important

stereochemical features of the molecule (Haworth, 1929; Nevell and Zeronian, 1985).

When the cellulose molecule is fully extended it takes the form of a flat ribbon with

hydroxyl groups protruding laterally and capable of forming hydrogen bonds (Neva and

Zeronian, 1985).

One of the most important characteristic properties of cellulose is the fact that it

possesses both crystalline and amorphous regions. The nature and association of the

amorphous cellulose with the crystalline structure have been a matter of considerable

conjecture and debate for over 50 years (Young, 1986). A number of models have been

postulated for this crystalline-amorphous structure although according to Young (1986),

the various models can be summarized into two basic conceptual forms (Figure 3a) a

single-phase, metastable crystalline structure confined by the microfibril boundary and,

(Figure 3b) a two-phase fringe-micellar structure encompassing crystalline and

noncrystalline features similar to that defined by Marchessa-ult and Sundararajan (1982).

The physical properties of cellulose fibers can be described on the basis of both models.

6
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These physical properties are important especially in understanding dissolution and

derivatization processes of the material.

Another essential feature of the cellulose molecule, to which most of the chemical

properties may be related, is the presence of primary and secondary hydroxyl groups in

each monomer unit and the glycosidic bonds. These bonds are not easily broken, which is

why the cellulose is stable under a wide range of conditions. The hydroxyl groups are in

positions 2, 3 and 6. Those in position 2 and 3 are secondary hydroxyl groups, whereas

the one in position 6 is a primary hydroxyl group (Nevell and Zeronian, 1985).

These primary and secondary hydroxyl groups in the cellulose molecule react in

the same way as in simple substances of similar constitution. Thus, they may be esterified

or converted to ethers. However, their reactions are rather more complicated than with

simple substances because they nearly always take place under heterogeneous conditions

(Nicholson and Merritt, 1985; Wadsworth and Daponte, 1985).

Since the crystalline regions of cellulose are less accessible to reagents than the

amorphous regions, non-uniform substitution dining esterification and etherification

reactions is likely to occur. Minimizing the accessibility constraint has been the focal point

of researches along this field.

Solvents for Cellulose

Research and development activities devoted to new cellulose solvents have been

especially prolific over the last ten years (Johnson, 1985). Turbak (1983) classified

methods for dissolving cellulose into four main systems namely, those in which (a)

cellulose acts as a base, (b) cellulose acts as an acid, (c) cellulose forms a complex (such
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as with a metal ion), and (d) cellulose forms a chemical derivative. A thorough review

covering all the known solvents is well beyond the scope of this study, however, examples

of relevant solvent systems will be presented focusing on their chemistry and mechanism

of dissolution.

A recently discovered solvent system is a mixture of N,N-dimethylacetamide

(DMAC) and lithium chloride (LiC1) ( McCormick and Lichatowich, 1979; McCormick et

al., 1980; McCormick, 1981; Turbak et al.., 1981). Evidence suggests that this solvent

system effects dissolution by complex formation (McCormick, 1981). Mixtures of DMAC

and LiC1 produced homogenous solutions of cellulose under moderate conditions with

little or no degradation (McCormick and Shen, 1982). This solvent was used to dissolve

proteins, synthetic polyamides (Panar and Beste, 1977) and chitin (Austin, 1977) prior to

its application to cellulose. Laboratory dissolution procedures in this solvent system

result in solutions containing 15 to 17 % cellulose (Como et al., 1983; McCormick et al.,

1985).

Efforts to understand the mechanism of dissolution have led to the conclusion that

no derivative formation is involved. This is supported by various nuclear magnetic

resonance (NMR) studies (El-Kafi-awy, 1982; Maciel et al., 1982; Gagnaire and Vincedon,

1982; McCormick et al., 1985). A NMR spectra of cellulose solution in DMAC/LiC1 is

shown in Figure 4. The absence of additional signals in the 13C NMR spectra from

cellulose solutions has led to the conclusion that this is a true solvent-one in which the

polymer is not derivatized (El-Kafrawy, 1982; McCormick et al., 1985; Dawsey and

McCormick, 1990).



Figure 4. Proton decoupled '3C NMR spectra of a 3% (w/v)
solution of cellulose in 5% LiCl/DMAC
(from McCormick et al., 1985).

HOC H2

Cli"1 [-CH 3

.C17** ) N-CCH3]
CH3

Figure 5. Mechanism of cellulose dissolution in the
LiCl/DMAC solvent system
(from McCormick et al., 1985)
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Dissolution mechanism has been suggested to proceed via a complexation of Li+

with the carbonyl oxygen atoms of up to four DMAC molecules to produce a

macrocation, leaving the chloride anion, (Cl ) free to hydrogen-bond with the N-H

protons of the polyamide. A number of different DMAC/LiC1 cellulose complex schemes

have been proposed. Common to all schemes are the complexation of Li + with the

carbonyl of DMAC and hydrogen bonding of cr with the cellulose hydroxyl groups

(Dawsey, 1990).

The existence of available evidence has led to various descriptions of the

interactions. In Figure 5, McCormick's (1985) proposed version, the hydroxyl protons of

the anhydroglucose units are associated with the chloride anion by hydrogen bonding.

The chloride ion (Cl )in turn, is associated with a Li+ (DMAC) macrocation. The

resulting charge-charge repulsions or bulking effect (Gruenwald and Price, 1964) would

tend to allow further solvent penetration into the polymer structure.

The LiCl/DMAC/cellulose complex however, as seen by El-Kafrawy (1982)

(Figure 6) depicts the Li associated with both the DMAC carbonyl oxygen and the

cellulose hydroxyl oxygen, leaving the chloride anion (Cl ) free.

As observed by Turbak (1984), a possible mechanism of interaction of cellulose

with the LiC1 and DMAC is best described in Figure 7, where the Li is complexed

between the carbonyl and nitrogen electrons of DMAC, thus releasing the Cl to act as a

base towards cellulose hydroxyl group hydrogens. On the other hand, Gagnaire and

Vincedon (1982) most unexpectedly pictures a sandwich structure for the complex

(Figure 8).



Viguve 6. Ilauittiou state for cellulose

(icor:v.0-1(04520,1y, 1910.).

043

C1'13C

CA3

ViVle 1 . Solvated. cotovloc,
o4)

f cellulose,
au4D1vlike

(forarculbalE,
198

solutiou.

13

0 --------
----CeNkose



,
H2 N'

H3C CH3
N

1

C...-0' E CH3:

_

i H
- /Cell-0

Figure 8. "Sandwich" structure for cellulose/LiCl/DMAC
(from Gagnaire and Vincedon, 1982)

,Cux
"NH2

Figure 9. Chemical structure of the cellulose-Cuen complex
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As pointed out by Dawsey (1989), despite the uncertainties in describing the

precise complex structure, one fact remains the only alkali metal salt that clearly leads to

cellulose dissolution is LiCL Other lithium salts (McCormick and Shen, 1982; McCormick

et al., 1985; McCormick and Callais, 1986) including bromide, iodide, nitrate and sulfate

and chloride salts of sodium, potassium, barium, calcium and zinc have been ineffective.

Interestingly, DMAC (McCormick et al., 1980; McCormick, 1981) and N-methy1-2-

pyrrolidinone (NMP) (Turbak et al., 1981) are the only primary solvents that act with LiC1

to dissolve cellulose.

Looking further into the mode of action of the solvent system, it was found out

that each of the hydroxyl groups in a cellulose molecule complex with only one LiC1

molecule (Terbojevich et al., 1988; Dawsey, 1990). Dawsey (1990) postulated the

interaction of the cr ion with the hydroxyl protons to result in competitive hydrogen

bond formation and disruption of the intermolecular hydrogen bond structure. He viewed

the accumulated associations of cr along the cellulose chain to produce an anionically

charged polymer with the macrocation [Li-DMAC], as the counterion. In a similar

observation, McCormick and Shen (1982) noted strong complexation of the lithium cation

with DMAC. This solvated cation exerts a profound influence on disruption of

intermolecular hydrogen bonds of the cellulose molecules. The net effect of these actions

on the molecule is charge-charge repulsion. Continuous influx of the solvent results in

further disruption of the cellulose binding forces until the polymer is totally solvated.

Another best known solvent for cellulose is cupriethylenediamine (Cuen). The

recommended solvent composition (TAPPI, 1994) is 0.5M in copper (11) with a
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copper:ethylenediamine molar ratio of 1:2. This solution is highly alkaline since it is

prepared directly from copper (11) hydroxide. Viscosities are generally measured in

solutions containing 0.5% cellulose and can be conveniently related to the sample's

average degree of polymerization (DP) (Johnson, 1985).

The Cuen system belongs to that class of metal/amine solvent where cellulose

forms a coordinated complex with a metal ion. The glycol group of a 1,4 anhydroglucose

unit of a cellulose molecule chelates to occupy two of the coordination sites of the copper

(II) ion displacing a mole of ethylenediamine (Reeves, 1951; Johnson, 1985). Figure 9

illustrates the corresponding Cuen complex with the cellulose glycol group. Much of the

evidence for complex formation between cellulose glycol and copper (II) in these solvents

has come from optical rotation studies. In particular, Reeves (1951) examined a series of

partly methylated celluloses which had different glycol contents. A direct correspondence

was seen between bound copper, as measured by optical rotation and the number of glycol

groups.

Johnson (1985) envisioned the mechanism of dissolution to be dependent, in part,

on the highly alkaline nature of the system. Both hydroxide and ethylenediamine are good

swelling agents for cellulose (Jayme, 1971). By disrupting intermolecular hydrogen

bonding, swelling facilitates molecular chain separation allowing thorough penetration of

the solvent to occur and thereby enhances complex formation with cellulose glycol groups.

The complex formed is sufficiently stable to prevent reaggregation of chains and

precipitation.
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Cellulose Solution Studies in DMAC/LiC1

DMAC/LiC1 has been well established as a good solvent system for cellulose. A

perusal of literature revealed various studies dealing with the dilute solution properties of

the polymer including average molecular dimensions, second viral coefficients and intrinsic

viscosity measurements. In conjunction with the objectives of this study, the focus will be

mainly on the relation of intrinsic viscosity to polymer molecular architecture.

When a polymer dissolves in a liquid, the interaction of the two components

stimulates an increase in polymer dimension of that in the unsolvated state. Because of the

vast difference in size between the solvent and the solute, the frictional properties of the

solvent in the mixture are drastically altered, and an increase in viscosity occurs which

should reflect the size and shape of the dissolved solute, even in dilute solutions (Cowie,

1973). Thus, an empirical relation exists between the relative magnitude of the increase in

viscosity and the molar mass of the polymer.

Intrinsic viscosity [i] is a property therefore, directly related to properties such as

molecular weight and shape. In essence, its dimensions are that of reciprocal

concentration, usually expressed as 1/(g/100 ml). In dilute solutions, Ti sp /c are linearly

dependent upon concentration (c) and can be extrapolated to infinite dilution to determine

(Sime, 1990).

Ell = urn isP
c-÷0 c

It is found empirically that the [i] of a solution depends on the molecular weight

(MW) of the solute through the Mark-Houwink-Sakurada equation (Kamide, 1991).

[T1] = Km Ma
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where "Kr"and "a" are constant parameters determining the combination of polymer,

solvent and temperature. The "a" value normally falls between 0.5 and 2 and is the

parameter related to the shape of the molecule. When the solute is nearly spherical, "a" is

about 0.5 but when the solute molecule is long, extended, or rod shaped, its value may

reach 1.7 to 1.8. Both "Km"and "a" must be determined from viscosity measurements

with solutions of macromolecules of known molecular weight, determined by absolute

methods, such as light scattering.

McCormick et al., (1985) investigated the dilute solution properties of cellulose

samples in mixtures of LiCl/DMAC. The intrinsic viscosity was measured by capillary

viscometry. The following Mark-Houwink-Sakurada (MHS) equation was established for

cellulose in 9% LiCYDMAC at 30°C: [ri] = (1.278x104)M1.19 (cm34,.) This estimation

revealed that the LiCl/DMAC solvent greatly enhances the stiffness of the cellulose

backbone. The high "a" value is consistent with the proposed mechanism of dissolution.

It was postulated that the cellulose chain should expand due to the repulsive interactions

of the chloride anions associated with the cellulose backbone.

Terbojevich et el., (1985), reported analyzing intrinsic viscosity [1] of diluted and

moderately concentrated solutions of cellulose samples dissolved in DMAC/LiC1 solvent

system, containing 5% or 7.8% LiCl. The [i] values increased with degree of

polymerization (DP) for several of the samples. But in one particular case wherein two

samples having the same DP were analyzed, the [i] is smaller when the concentration of

the stock solution is larger. They concluded that in addition to DP, there are other factors

that control dissolution, possibly aggregation. It would appear therefore that [Ti] in
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DMAC/LiC1 would be a very misleading tool for assessing the occurrence of aggregation

in solutions. Bianchi et el., (1985), based on a further work, demonstrated that the

solubility of cellulose in DMAC/LiC1 is conditioned by both aggregation and DP.

Molecular Weight Determination of Cellulose

Polymerization reactions, both synthetic and natural, lead to polymers with

heterogeneous molecular weights, i.e., polymer chains with different numbers of units.

Molecular weight distributions may be relatively broad or relatively narrow, or may be

mono-, bi-, tri-, or polymodal (Seymour and Carraher, 1988). Thus, polymers consist of

molecules with different molecular weights and are said to be polydisperse.

Molecular weight (MW) and molecular weight distribution (MWD) of polymers

are important parameters which influences physical properties. It is therefore

understandable why the search for a convenient and rapid mode of characterizing the

parameters for pulp celluloses has persisted as a matter of scientific investigation for many

years. Two methods that have been commonly employed were fractionation and more

recently, gel permeation chromatography (GPC) (presently recognized as size exclusion

chromatography or SEC). The evolution of each method as applied to pulp cellulose

characterization will be reviewed.

Fractionation

Fractional precipitation or fractionation is a method of characterizing molecular

weight distribution of a polymer. It is achieved by an incremental decrease in the system's

solvent power accomplished by the addition of a precipitant, the elimination of solvent by
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evaporation or the lowering of the system temperature (Cantow, 1967). By this method,

the highest molecular weight fraction is obtained first, with each succeeding fractions

yielding progressively lower molecular weights (Cantow, 1967).

Fractionation methods have been utilized in a lot of exploratory work to

demonstrate the inhomogeneity of chain lengths and to study the nature of MWD curves

that result from these procedures (Cantow, 1967). However, these procedures are time

consuming, tedious and subject to serious experimental errors in the various steps

involved (Segal, 1968; Marx-Figini, 1982). They are impractical for routine analysis. The

complications encountered in these procedures have generated interest in gel permeation

chromatography as a means of determining MW and MWD. Gel permeation

chromatography has the distinct advantage of being a dynamic, continuous method in

which it is possible to obtain chromatogram within a couple of hours (WATERS, 1989).

Size Exclusion Chromatography

Size exclusion chromatography (SEC) or formerly GPC, is a means of separating

sample molecules by differences in effective molecular size in solution. Separation is

accomplished by injecting the polymer solution into a continuously flowing stream of

solvent which passes through porous, tiny, rigid gel particles closely packed together in a

column. The pore size of the gel particles may vary from small to very large. As the

solution flows through the column, the molecules permeate the pores. The largest

molecules, since they cannot permeate the pores, elute first. As the molecules decrease in

size, there is considerable increase in the number ofpores that can be permeated. Thus,

the smaller the molecule, the later it elutes (WATERS, 1989).
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The molecular weight (size) of a sample can be determined by injecting samples of

known molecular weights (narrow standards) and obtaining their retention time. The

molecular weight of an eluting sample decreases logarithmically with increasing elution

volume. This elution volume can be translated into a retention volume (via the flow rate)

or into retention time. The injection of standards, most commonly polystyrene, with

known molecular weights allows for correlation of their retention times to specific MWs.

This correlation becomes the basis of calibration and allows the computation ofthe MW

of an unknown sample by comparing it to a series of standards (WATERS, 1989).

SEC has become the most widely used technique for determining the MW profiles

of cellulose. Traditionally however, the application of routine GPC to cellulose required

its conversion into a soluble derivative. In recent years, cellulose trinitrate has been

chosen for the purpose (Meyerhoff and Jovanovics, 1967; Segal et al., 1970; Alexander

and Muller, 1971; Chang, 1972; Chang et al., 1973) since it has been found to be suited

for GPC, and the preparation and properties of the derivative have been thoroughly

studied (Valtasaari and Saarela, 1975). This trinitrate derivative has also been used in

methods for determination of MWD by fractional precipitation (Swenson, 1963).

While this derivative is soluble in a wide range of organic solvents commonly used

in GPC, its use has several disadvantages (Valtasaaii and Saarela, 1975). First, the

nitration procedure can cause significant chain scission ifproper precautions are not taken,

thereby causing the MWD of the nitrate to differ from that of the underivatized cellulose.

In addition, the stability of the nitrate is limited and there can also be considerable

variability in the degree of substitution (Cael et al., 1981).
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More recently, cellulose tricarbanilate (CTC) was found to be a relatively stable

derivative of cellulose. Like nitrate, this derivative was used to determine molecular mass

distribution of cellulose (Ashmavvy et aL, 1974; Danhelka and KOssler, 1976; Schroeder

and Haigh, 1979; Mossier et al., 1981). The main advantage of the carbon ilate over the

nitrate is that the carbanilation proceeds to full trisubstitution in one reaction step, without

degradation of the cellulose chain (Valtasaari and Saarela, 1975). Figure 10 depicts a

monomer unit of cellulose tricarbanilate.

In an effort to improve the preparation of CTC for MWD determination, Evans et

al., (1991) examined the effect of amine additives on the carbanilation reaction of cellulose

with phenylisocyanate. They noted that some amines,1,4-diazobicyclo (2.2.2) octane

(DABCO) and 4-N,N-dimethylaminopyridine (DMAP) accelerated the reactions, while

others, N-methylimidazole and triethylamine retarded the dissolution. In a related study,

the same investigators carried out carbanilation reactions of cellulose in the presence of

pyridine derivatives. The MWD of the resulting CTCs were measured by SEC. Their

findings indicate that when pyridine or its derivatives were included in the reactions, the

CTCs had reduced DP values compared to those of CTCs prepared without the additives.

The use of the above mentioned procedures for cellulose dissolution and GPC

characterization therefore is rather confusing. The dilemma is twofold. First, applying

nitration and derivatization to facilitate dissolution in organic solvents may expose the

cellulose chains to degradation (Timpa, 1991). The second predicament is that when

derivatives are used instead of cellulose, a further complication is introduced in that the
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Figure 10. Monomer unit of cellulose tricarbanilate (CTC)
(from Valtasaari and Saarela, 1975).
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substitution may not be complete or uniform which influences the solubility of the product

(Timpa, 1991).

SEC Studies of Pulp Cellulose

Since its introduction, this GPC/SEC physicochemical method of polymer

characterization has progressed at an extraordinary rate. Extensive efforts have been

made in calibration, data correction and data computerization, but the most important and

basic improvements undeniably have been acquired by efforts toward sample dissolution

techniques and efficient high-speed analysis.

During the last decade, cellulose trinitrate was used as the suitable derivative.

Segal (1968) applied GPC analysis to trinitrate solutions of cotton and wood pulp

dissolved in tetrahydrofuran (THF). He cited the ease of determining MVVD clues based

on GPC distribution curves obtained. Apparently, the curves clearly revealed the extent of

differences that existed among the samples. However, he noticed some discrepancies in

the actual degree of polymerization (DP) values and admitted they were of startling

magnitude. He concluded that the trinitrate solutions were the source of discrepancies

due to their hydrodynamic behavior in solution. Brown (1966) indicated that when

cellulose samples are converted to trinitrate, below DP 300, the chain becomes stiff and

highly extended; as the DP increases, the chain tends to assume the character of a random

coil. The degree to which the DP values deviate from the correct ones were not

explained.

Huang and Jenkins (1969) later studied the MWD of wood cellulose using the

same derivative but this time they proposed an iterative method to generate a meaningful
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calibration curve. Molecular weight data presented were in good agreement with

molecular weight values obtained independently by viscometry and osmometry.

In 1985, Rantanen et aL, investigated the viability of GPC for testing dissolving

pulp and viscose fiber, this time using the cellulose tricarbanilate (CTC) derivative

dissolved in THF. The GPC distribution curves were found to be relevant in optimizing

process conditions, improving product quality and reducing environmental pollution in

dissolving pulp and viscose production. By using the results from these earlier papers,

Lamiol et al., (1987) further continued to apply the approach to study acid and enzymatic

hydrolyses of cellulose using SEC. They used an on-line size exclusion chromatography-

low angle laser light scattering (SEC-LALLS) to characterize acid and enzymatically

hydrolyzed CTC solutions. Under the experimental conditions used, both hydrolyses

showed similar kinetic behavior characterized by a classical two-stage process. A fast

degradation was followed by a much slower depolymerization, and gave limiting DPs of

the same magnitude. However, each hydrolysis displayed a substantially different

evolution of the MWD curves, probably due to difference in size and selectivity of the

hydrolytic agents. Using the same derivative and SEC method, Miller et al., (1991)

studied the MWD of xylanase-treated kraft pulps. The MWD curves obtained for the

enzyme-treated CTC pulps showed an increase in the low MW portion of the distribution.

This effect was consistently observed in all samples studied. They explained the increase

in two ways. As a result of the enzyme action, either more sites are available for

derivatization and therefore more material is detected in this low MW region, or material

previously left in the reaction residue is now soluble with or without derivatization.
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More recently, Hasegawa et al., (1993), investigated the size exclusion

chromatography of cellulose samples dissolved in 5% (w/w) LiCl-DMAC. Their fmdings

indicated that cellulose samples with higher DP values (based on intrinsic viscosity

measurements in 0.5 M CED, according to the equation [1] = 0.581 x DP"°) had SEC

patterns with higher molecular mass. Thus, they concluded that the elution patterns of

cellulose in this system are governed by their molecular mass, and therefore this system is

applicable to SEC of cellulose without any derivatiimg steps. Furthermore, the

distribution of molecular mass of cotton was relatively narrow in comparison to that of

regenerated ramie, and the low-molecular mass celluloses had sharp distribution patterns.

Their results were very consistent with those obtained by SEC analysis of cellulose

tricarbanilate.

Timpa and Ramey, Jr., (1989) utilized this DMAC/LiC1 system as a tool for

evaluating cotton fiber. Based on research information's (Turbak, 1983; McCormick et

al., 1985; Ekmanis, 1987) that cellulose solutions in DMAC/LiC1 are true solutions rather

than a complex, cellulose solutions remain stable for long periods of time, and cellulose

solutions display no degradation in chain length (luting the dissolution process, they

studied cotton cellulose by dissolving it in DMAC/LiC1 and characterizing by SEC. They

demonstrated the ease of the method and concluded that SEC indeed is a powerful tool

for evaluating differences at the polymeric level of cellulose composition.

Calculations of the average MW were based on polystyrene standards because

suitable cellulose standards of known MWs and sufficiently narrow MWD are not

available commercially. Thus, with this type of calibration, sample and standard analyses
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must be carried out under identical experimental conditions to obtain meaningful

calibration and the MW calculated values can be easily considered either "apparent" or

"relative". Due to this situation, further studies were initiated by Timpa (1991) and Timpa

and Triplett (1993) to determine molecular weights of cotton this time utilizing universal

calibration in conjunction with SEC. Incorporation ofa viscometer detector in addition to

a concentration detector (or refractive index, RI) provided SEC capability for determining

intrinsic viscosity (Haney, 1985) and a "universal calibration" (Grubisic et al., 1967).

Employing a universal calibration in SEC means that a valid MWD for the polymer

composition is obtained even if the structural and chemical identification is not known

(Grubisic et al., 1967; Provder, 1987).



EXPERIMENTAL

Pulp Sample Preparation

The pulp samples used in this study were obtained from the following pulp and

paper mills. Simpson Tacoma Kraft Co., Tacoma, WA; Boise Cascade Corp., St. Helens,

OR; Scott Paper Co., Everett, WA; ITT Rayonier, Port Angeles, WA; Canadian

Cellulose Co., Ltd., Vancouver, B.C.; Canadian Forest Products Ltd., Vancouver, B.C.;

and Weyerhaeuser Paper Co., Cosmopolis, WA. The rest of the samples were courtesy of

the Pulp and Paper and Wood Chemistry laboratories at the Department of Forest

Products, Oregon State University, Corvallis, OR.

Upon receipt, the pulp samples were numbered, coded and analyzed for moisture

content according to TAPPI T412 om-94 (TAPPI Test Methods, 1994). The samples

were allowed to attain equilibrium at constant temperature (23 ± 1.0°C) and relative

humidity (50.0 ± 2.0%) for 24 to 48 hours. The samples were ground in a Wiley mill to

pass a 20-mesh screen and ground samples were collected and stored in tightly covered

bottles.

Pull) Cellulose Dissolution

Solvent Preparation

N,N-dimethylacetamide (DMAC) high purity HPLC grade solvent was obtained

from Burdick and Jackson (Cat. No. 071-4) (Baxter, Muskegon, MI). The so/vent was

dried for 5 days over molecular sieves (Type 4A, Baker). Finally, the solvent was

degassed and filtered using a Phenomenex all-glass vacuum filtration apparatus having
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0.45 pm pore size membrane filter (FH Type).

Sample Dissolution and Filtration

Pulp sample solutions in DMAC/LiC1 were prepared by the method described by

Timpa (1991) for cotton fibers. The method was slightly modified to achieve complete

dissolution of the samples.

Ground samples (40-80 mg) were suspended in 5 ml DMAC in 10 ml Reacti-Vials

(Pierce, Rockford, IL). The vials were placed in a Reacti-Therm (Pierce) heating/stirring

module. The temperature was raised to 150°C for 0.5 to 2.00 hours. After cooling to

100°C, LiC1 (6%-16% w/v) (Baker, dried at 105°C for 24 hours) was added. The vials

were capped and the temperature was lowered to 50°C. The temperature of the mixture

was maintained at 50°C for 12 to 48 hours accompanied by constant stirring. The

mixtures were stirred for another 6 to 24 hours at room temperature (23°C) until complete

dissolution was attained. The visually clear solutions were quantitatively transferred to a

50 ml volumetric flask and diluted with DMAC.

The solutions were filtered using a Millipore 0.45 pm Millex-HV filter unit. Partial

or complete plugging of the pores during the filtration process was carefully observed. If

any plugging of the fdter pores was indicated, the sample was discarded (Yau et al., 1979).

Size Exclusion Chromatography (SEC)

The mobile-phase solvent for SEC analysis of the cellulose solutions was

DMAC/0.5% LiC1 (Timpa, 1991). This solution was prepared by adding dried LiC1 (5
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gm) to 1L of degassed, filtered DMAC at 100°C, followed by filtration through a Teflon

filter (Type FH, 0.5gm, Millipore).

The SEC system consisted of a sample injector (WATERS U6K Injector)

connected to an HPLC pump (WATERS Model 510) by an inline solvent filter

(Phenomenex), a temperature control module (WATERS), and a refractive index detector

(WATERS Model 410). Four Ultrastyragel® (Millipore, Milford, MA) columns with pore

diameters of 103 A, 104 A, 105 A and 106 A were mounted in series in the column heater

and maintained at 80°C. The columns were preceded by a lOptm Phenomenex guard

column.

Sample injection volume was 4004, on the basis of 1004 per column. The

mobile phase (DMAC/0.5% LiC1) was pumped at the rate of 1.0 ml/min Analysis run

time was 62 minutes and RI detector was set at sensitivity 32 and scale factor 20.

The software package Maxima 820 GPC Chromatography Option (WATERS,

Millipore, Ventura, CA) was used for data acquisition, processing and multitasking. The

computer system consisted of a NEC APC IV PowerMate2 Computer (NECIS,

Boxborough, MA) equipped with a 40 MB hard disk, 1.2 MB high capacity diskette drive,

640K of RAM, an Intel OD 80286-10 processor, color monitor, a multimode dot matrix

printer (NEC Pinwriter P6), and a chromatographic interface (WATERS System Interface

Module, SIM) which converts analog signal to digital (AD) information. A schematic

diagram of the SEC configuration is shown in Figure 11.
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The system was calibrated with narrow distribution standards. Polystyrene

standards with nominal molecular weights of 1.11 x 106, 7.07 x 105, 3.54 x 105, 1.89 x

105, 9.89 x 104, 3.72 x 104, 1.71 x 104, 9.83 x 103, 5.87 x 103, 2.50 x 103, 1.05 x

103, and 5.0 x 102 were purchased from TOSOH Corporation (Tokyo, Japan).

Concentrations ranging from 0.3 mg/ml (polystyrene in DMAC/0.5% LiC1) to 1.5 mg/ml

for both high and low Mw standards were prepared. These were used to construct the

calibration curve required to determine apparent molecular weights and molecular weight

distributions of the cellulose samples.

The Maxima 820 GPC/NEC APC W Computer System provided chromatographic

plots from the RI detector which were used for molecular weight determination. In order

to calculate molecular weight averages, the polymer peak was cut into slices as illustrated

in Figure 12. The average molecular weight of each slice was determined using its

retention time and the calibration curve. The area and the average molecular weight of

each slice was used to calculate the molecular weight averages Mn, Mw, and Mz

(WATERS,1989). The equations are:

iiIn = 1 (Area)
I (Area;)/(M;)

-
Mw = 1 RArea)(MW

1 (Area;)

Mz = IR Area) (M)2 I
E[(Area) (M;)]

where: Area; = area of the ith slice
M; = molecular weight of the ith slice
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The automated data handling of the SEC system likewise provided both

cumulative and differential molecular weight distribution (MWD) plots. These cumulative

MWD plots were obtained by dividing the partially integrated areas by the total area

(100%) under the SEC curve (Yau et aL, 1979).

SEC data were obtained from two dissolutions per pulp cellulose sample with two

SEC runs per dissolution.

Intrinsic Viscosity Measurements

The ground pulp samples were dissolved in DMAC/0.5% LiC1 using the method

previously described (Timpa, 1991).

Intrinsic viscosity experiments were carried out using a Cannon Ubbelohde

capillary viscometer immersed in a water bath held at 30°C. The temperature of the bath

was controlled to within + 0.1°C. DMAC/0.5% LiC1 solution flow times of greater than

100 seconds were obtained and thus eliminated the need for kinetic energy corrections.

The flow times of the sample solutions were measured until five consecutive readings that

varied by less than 0.1% were obtained. Five solution concentrations of approximately

0.06%, 0.09%, 0.12%, 0.18% and 0.24% (% w/v) were used in the experiments.

Intrinsic viscosity values were obtained by extrapolating rired or iiinh to c = 0

according to the equation:

= Jim (ri sp/c) = Jim On ired/c)
c-÷0 c*0

where: irel is the ratio of the viscosity of the sample solution to that of the solvent; the

value (iirel) less 1 is called the specific viscosity (lisp) and the reduced viscosity (Tired) is
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obtained by dividing lisp by the concentration of the solution (c) (Seymour and Carraher,

Jr., 1988).

Cunriethylenediamine (CED) Viscosity Determination

The CED viscosity of the cellulose samples was determined according to TAPPI

T230 om-89 (Capillary Viscometer Method) (TAPPI Test Methods, 1994). This method

described a procedure for determining the viscosity of 0.5% cellulose solutions in 0.5M

cupriethylenediamine solvent using a capillary viscometer.

The pulp samples were reduced to the air-dried state. They were allowed to attain

moisture equilibrium in a constant temperature-humidity atmosphere according to TAPPI

T402 om-93. Moisture contents of the samples were analyzed according to TAPPI T412

om-94. The moisture contents were used to calculate the exact specimen weight of

conditioned pulp sample to give 0.2500 ± 0.0005 gm of oven-dry pulp.

The dissolution technique involved mechanical shaking of the sample-solvent

(CED 1.00M, High-Purity Chemical, Inc., Portland, OR) mixture in a closed bottle

containing glass beads.

The viscosities of the solutions were measured using a Cannon-Fenske Routine

Viscometer thermostated at 25.0 ± 0.1°C. A viscometer size with an efflux time of over

100 seconds was chosen in order to avoid correction for the kinetic energy effect.

The viscosity, V, of the pulp solution was calculated using the formula:

V = Ctd

where V = viscosity of the CED solution at 25.0°C, in mPa.s (cP)
C = viscometer constant
t = average efflux time
d = density of the pulp solution, g/cm3 (=1.052)
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Cellulose Degradation by Acidic Hydrolysis

To determine the effect of acid hydrolysis on the molecular weights (MW) and

molecular weight distributions (MWD) of pulp cellulose, an experiment was carried out

using the method described by Lauriol et al. (1987).

A high molecular weight softwood kraft pulp was hydrolyzed by acid using the

following conditions:

amount of 1N HC1 = 150 ml for 4 gm of standard cellulose
reaction temperature = 50°C
reaction times 30, 60 and 120 minutes

Following acid hydrolysis, the cellulose was recovered by filtration, thoroughly

washed with distilled water and dried at room temperature for 48 hours. The hydrolyzed

samples were allowed to attain equilibrium for 24 to 48 hours ( 23 ± 1.0°C T and 50.0 ±

2.0% RH) and were stored in a desiccator for dissolution analysis.

The samples were dissolved in DMAC/0.5% LiC1 using the method previously

described (Timpa,1991) and MW and MWD were obtained by SEC according to

procedures and data treatments previously established.

Statistical Analysis

Statistical analysis viz. standard deviation, linear regression and correlation

experiments were conducted using the Statgraphics (1993) computer software program.



RESULTS AND DISCUSSION

Pulp Cellulose Samples

The codes and characteristics of the pulp celluloses used in the study are presented

in Table 1. A variety of softwood kraft, softwood sulfite, and hardwood kraft pulps

bleached using the specified sequences, as well as rayon, straw fiber, and unbleached kraft

pulp were analyzed. Cotton linters and commercial acid-washed cellulose samples (Baker,

Phillipsburg, NJ) were also used as reference materials.

The samples were equilibrated at constant temperature and relative humidity prior

to grinding to stabilize the moisture contents. This step was necessary as the amount of

water is critical in cellulose dissolution. Apparently, a minimal amount of water is needed

to reactivate and reopen the internal areas of cellulose pores that have been closed or

deactivated by drying during the initial pulping and bleaching operations (Turbak, 1984).

The samples were ground in the Wiley mill to minimize surface area variations and

facilitate complete and consistent dissolution.

Pulp Cellulose Dissolution

Cellulose dissolution in DMAC/LiC1 solvent has been extensively studied (Mc

Cormick, 1981; El-Kafrawy, 1982; Turbak, 1984; McCormick et al., 1985). However,

although the techniques for the dissolution described in these literatures seem adequate,

closer examination of the methods prompted the need for a better, simpler procedure.

Timpa (1991) reported a "one pot" procedure aimed at optimizing the process of cotton

fiber dissolution. The procedure seemed convenient especially for handling large numbers
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Table 1. Codes and Characteristics of Pulp Celhiloses

PCELL1

PCELL2

PCELL3

PCELL4

PCELL5

PCELL6

PCELL7

PCELL8

PCELL9

PCELL10

PCELL11

ACELL1

C CELLI

RCELL1

SCELL1

'Multistage bleaching sequences:
C = chlorination
E = alkaline extraction
H = hypochlorite bleaching
D = chlorine dioxide bleaching
P = peroxide bleaching
0 = oxygen bleaching

Softwood, Bleached (C-E-111), Kraft Pulp

Hardwood, Semi-Bleached Kraft Pulp

Prehydrolyzed Softwood Kraft Pulp

Softwood, Bleached (D-0-E-D-P1) Sulfite/ Magnesium Base Pulp

Hardwood, Unbleached Kraft Pulp

Hardwood, Bleached (C/D-Ep-D1) Kraft Pulp

Softwood, Bleached (Dc-E0-P-D1) Kraft Pulp

Softwood Kraft Pulp (having 91% a-cellulose)

Softwood Sulfite Pulp (having 91% a-cellulose)

Softwood, Bleached (0-CD-E0-P-D-E-D1) Kraft Pulp

Hardwood Blend Kraft Pulp (having 89% a-cellulose)

Commercial Cellulose (Acid-Washed)

Cotton Linters

Rayon Fiber

Non-Wood Fiber (Straw)

CD = chlorination, with addition of chlorine
dioxide

Ep = extraction, with addition of peroxide
E0 = extraction, with addition of oxygen
Dc = chlorine dioxide, with addition of

chlorine

38
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of samples for analysis. Direct application of Timpa's (1991) procedure in the laboratory

revealed the need for slight modification and refinement of the process. This was quite

understandable due to the fact that her method was centered on analyzing cotton fiber. In

our case, we had to deal with wood pulp samples. Different types of cellulose sources

have different molecular weights, crystallinity and lignin content (McCormick, 1981;

Turbak et al., 1981). As pointed out by Timpa (1991), the critical points in the dissolution

procedure were sample concentration, LiC1 concentration, activation time (at 150°C),

dissolution time (at 50°C), and stirring time (at 23°C, room temperature). For our

purposes, the critical points outlined were studied. An effort was made to evaluate the

variables which most affect the dissolution process. Such information should help to

determine the most favorable conditions for dissolution. The strategy that we took to

optimize the dissolution process for each individual sample is shown below:

The pulp samples were dissolved individually using various combinations of the

different operating conditions outlined. The operating variables included sample

concentration, LiC1 concentration, activation time, dissolution time, and stirring time.

From these series of experiments, it was found that only a few combinations of these

variables produced soluble products and a series of relevant observations were likewise

noted. With regards to sample concentration, results did not vary much. Apparently,

anywhere from 0.8%-1.6% w/v (40 to 80 mg) sample can be dissolved in the solvent

Sample concentration (mg): 40, 50, 60, and 80
LiC1 concentration (gm): 0.3, 0.4, 0.6, and 0.8
Activation time (hours): 0.50, 1.00, 1.50, and 2.00
Dissolution time (hours): 12, 24, 36, and 48
Stirring time (hours): 6, 12, 18, and 24
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system. These sample concentrations were evaluated against amounts of LiC1 varying

from 6%-16% w/v (0.30 to 0.80 gm). However, it was observed that at LiC1

concentrations of 6% w/v, insoluble particles appear to be suspended in the solvent even

at the lowest cellulose concentration of 0.8% w/v. At LiC1 concentrations of 8% w/v,

complete dissolution of cellulose occurred. At higher concentrations of 12% and 16%

w/v, the solution becomes saturated with the salt, preventing dissolution. This

observation can be explained by the mechanism proposed by McCormick (1985) (Figure

5). A hydrogen bond exists between the hydroxyl protons of cellulose and the chloride

anion (CY ). This anion in turn is associated with the Li+ (DMAC) macrocation complex.

It is therefore manifested that a critical number of complexed sites are required for

dissolution. If the sites are fully complexed, dissolution occurs and addition of more salt

will lead to saturation.

The observations mentioned above led to the assumption that there is a narrow

range of cellulose/LiC1 ratio that can be employed to get acceptable dissolution,

sidestepping for the moment the other issues of activation, dissolution and stirring. To

obtain the best results, the concentrations of the pulp cellulose and the amounts of LiC1

added were kept constant throughout the subsequent dissolution analysis. This way,

emphasis will be focused on the more important elements for dissolution.

Continuing further the series of experiments using the other three parameters, only

those solutions which were judged successful, based on complete solubility of the samples

were selected. Table 2 lists the optimum dissolution parameters obtained for each

cellulose sample. These sets of conditions were the ones used for the dissolution and

chromatographic analyses. Out of the fifteen samples, eight, specified as PCELL1,



Table 2. Optimum Conditions for Pulp Cellulose Dissolution

/Sample weight: 60 mg; Dried LiC1 added: 0.40 gm
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Cellulose samples/ Activation Time
(hours)

Dissolution Time
(hours)

Stirring Time
(hours)

PCELL1 2 48 18-20

PCELL2 2 48 18-20

PCELL3 2 36 18-20

PCELL4 2 36 18-20

PCELL5 2 48 18-20

PCELL6 2 36 18-20

PCELL7 2 48 18-20

PCELL8 2 48 18-20

PCELL9 2 48 18-20

PCELL10 1.5 36 18-20

PCELL11 2 48 18-20

ACELL1 1 36 10-12

CCELL1 1.5 48 18-20

RCELL1 1 36 10-12

SCELL1 2 48 18-20
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PCELL2, PCELL5, PCELL7, PCELL8, PCELL9, PCELL11, and SCELL1, exhibited the

longest activation (2 hours) and dissolution (48 hours) times. Three other samples,

PCELL3, PCELL4 and PCELL6 were completely activated after 2 hours yet required a

shorter dissolution of 36 hours. Two samples, PCELL10 and CCELL1 were activated at

shorter times of 1.5 hours, however, it took 36 and 48 hours respectively to dissolve them.

Interestingly, all the above mentioned samples required basically the same stirring time.

The shortest activation, dissolution, and stirring times were observed in only two samples,

ACELL1 and RCELL1. Sample weights of 60 mg and 0.40 gm dried LiC1 were used in

the dissolutions. After the dissolutions, clear solutions were obtained.

From these results, the efficacy of the variables used were markedly evident. The

reaction of cellulose with DMAC/LiC1 solvent is governed by activation, dissolution and

stirring. However, only the rate of dissolution appears to change with different types of

cellulose source due to molecular weight, crystallinity and lignin content. At this stage,

details for the relation of dissolution conditions to molecular weights will be explained

later after the intrinsic viscosity, cupriethylenediamine and size exclusion chromatographic

analyses were done. With regards to crystallinity, the longer dissolution time of cotton

linters, coded CCELL1 confirmed the findings of Ekmanis (1987) that cotton required a

slower rate of dissolution than wood pulp, probably due to the higher molecular weight

and greater crystallinity of the cotton cellulose. Shifting to another sample coded

PCELL5, despite its lignin content, this unbleached pulp dissolved completely after the

reactions and thus could be well analyzed. The fact that the unbleached pulp had slower

rate of dissolution, notwithstanding its less crystalline nature compared to cotton linters,
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posed conflicting information. Perhaps, this can be explained by going back to the

chemical reactions that occurred in pulping. According to Glasser (1980), lignin and

carbohydrate components exists in ultimate association in wood. Because of this close

association, it is not surprising that bonds exists between the two components. Even

though lignin components are degraded in kraft pulping of wood, condensation reactions

almost occur simultaneously and some of the condensed lignin material are redeposited on

the separated fibers thus requiring the need for longer dissolution time. Sundquist and

Rantanen (1983) had similar findings. They observed that =bleached pulp is difficult to

derivatize (carbanilate) due to the appreciable amounts of lignin still present in the sample.

They attributed the difficulty to the presence of crosslinks in the lignin-carbohydrate

complexes in the unbleached pulp (Figure 13). To verify their assumptions, they

conducted crosslinking experiments on 3 sets of tricarbanilated (CTC) unbleached pulps

and found that even very small amounts of lignin may appreciably affect CTC preparation,

irrespective of the molecular weight of the chemical pulp, as long as some lignin material

is bound covalently to the long carbohydrate chains of the pulp.

The optimum conditions for dissolution of the other pulp celluloses listed in Table

2 will be explained in conjunction with the results obtained after SEC, intrinsic viscosity

and cupriethylenediamine analyses.

SEC Analysis of the Pulp Cellulose Solutions

The results of the SEC analysis of the pulp cellulose solutions was divided into

three subsets. The first involved the assessment of the SEC column calibration. The

second focused on the operating parameters used as well as the repeatability of the
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experiment. And finally, an analysis of the molecular weight (MW) averages and

molecular weight distribution (MWD) curves of each sample was scrutinized.

The relationship of the results obtained in SEC analysis with the intrinsic viscosity

and cupriethylenediamine values will be examined in detail in later parts of the discussions.

SEC Column Calibration

The SEC columns were calibrated using narrow dispersity standards. TSK

standard polystyrenes (TOSOH Corporation, Tokyo, Japan) with known molecular

weights were evaluated in the SEC system.

Figure 14 shows the log MW versus retention time (V,) calibration curve for the

TSK standard polystyrene samples, where V, is related to the retention volume

representing the peak maximum. The curve determined for this SEC system as a plot of

log MW versus V, was cubic and third order. A calibration report indicating the

correlation coefficient and standard error of estimate is shown in Table 3.

The elution times of these polystyrene standards which had monodispersed

symmetrical peaks were used to calculate the apparent molecular weights of the cellulose

samples. Within the molecular weight range encompassing the polystyrene molecular

weight standards, the pulp cellulose sample distribution lies well within the exclusion and

permeation limits of the column set.

SEC System

The SEC system used in the analysis of the cellulose solutions delivered the mobile

phase solvent, DMAC/0.5% LiC1, at an extremely constant and reproducible flowrate of
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Table 3. 410 Differential Refractometer Calibration Report for the Polystyrene Standards

41.0 IDd_ - Ref - C a 1 L 1 r t ic, ra. R_ e

Printed: 28-FEB-1995 16:28:58

METHOD NAME : MWD METHOD
Calibration Type : Narrow Standards

Curve Type : Cubic
Equation of Curve : log MW = + 2.90E+01 - 1.84E+00*R + 5.08E-02*R2 - 5.12E-04*R3

Correlation Coef : r2 = 0.99976734
Std Err of Estimate: 0.01991754

Calculated Valid
Molecular Wt

27.92 1110000 1126788 Yes
28.98 707000 697182 Yes
30.65 354000 348290 Yes
32.18 189000 192397 Yes
33.94 98900 98802 Yes
36.48 37200 36122 Yes
38.17 17100 17079 Yes
39.16 9830 10519 Yes
40.22 5870 5973 Yes
41.77 2500 2350 Yes
43.02 1050 996 Yes
43.85 500 530 Yes
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1.0 ml/min so the elution times were accurately converted into elution volumes for use of

the calibration relation between molecular weight and elution volume. It was operated at

an elevated temperature of 80°C to decrease the viscosity of the solvent and facilitate

steric exclusion equilibrium (increase column efficiency). The RI (differential

refractometer) detector provided a maximum sensitivity to clearly define the

chromatogram baseline. The Ultrastyragel® four column set provided a wider molecular

weight separation range resulting in good molecular weight accuracy. The salt, LiC1, was

incorporated in the mobile phase to impede precipitation of the samples in the column.

Sample to sample reproducibility of the SEC analysis was examined. Repetitive

analysis of each sample indicated that the technique is good with standard deviations for

the means of four sets of injections (two dissolutions/sample and two SEC runs/

dissolution) ranging from 65.158 to 4157.1 for weight average molecular weight ( Mw),

91.588 to 3768.5 for number average molecular weight ( Mn), and 13.937 to 27655.8 for

z-average molecular weight ( Mz) (Table 4).

SEC Molecular Weight (MW) and Molecular Weight Distribution (MWD)

After the chromatographic separation, the concentration by weight of the pulp

cellulose in the eluting solvent was monitored continuously with a RI detector. The

resulting SEC raw data chromatograms therefore, are weight concentration of the solute

as a function of retention time. The differential and cumulative MWD curves were

calculated from these experimental chromatograms The differential weight fraction

distribution curve plotted on a log MW scale is identical to the raw data SEC elution



Table 4. Molecular Weights and Standard Deviations of the Pulp Cellulose Solutions in
Four Sets of SEC Injections

'Standard deviations for weight average MW
2Standard deviations for z-average MW
3Standard deviations for number average MW
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PCELL1 645745 (190.12) 1495538 (1641.34) 167782(766.84)

PCELL2 640995 (416.02) 1424815 (5780.11) 161767 (931.28)

PCELL3 419923 (183.58) 853816 (74.978) 125156 (1020.1)

PCELL4 465946 (65.158) 922958 (576.17) 166202 (611.27)

PCELL5 546423 (236.71) 1099437 (1657.79) 137926 (103.905)

PCELL6 433517 (461.34) 839743 (405.95) 119078 (2309.3)

PCELL7 524920 (2384.0) 1091947 (14453.4) 145227 (332.22)

PCELL8 551109 (174.31) 990805 (83.695) 132240 (623.16)

PCELL9 559243 (4157.1) 1424933 (26852.3) 106995 (406.76)

PCELL10 379532 (426.99) 755208 (206.20) 113776 (940.06)

PCELL11 529449 (4138.1) 1580853 (27655.8) 101232 (91.588)

ACELL1 211987 (148.85) 524264 (1035.3) 58152 (260.4)

CCELL1 360535 (1608.4) 642547 (326.76) 196879 (3768.5)

RCELL1 219128 (102.43) 382604 (13.937) 115799 (396.39)

SCELL1 424443 (448.65) 852929 (3088.1) 118368 (285.48)

Cellulose Samples Mw (S.D.)1 Mz (S.D)2 "Mii(S.D)3
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curve plotted against the retention volume. The cumulative weight fraction distribution,

on the other hand, was obtained by dividing the partially integrated areas by the total area

under the curve (Yau et al., 1979). Each MWD curve therefore provides a graphical

representation of weight fraction versus the logarithm of MW. In our case, the high MW

region is to the left of the distribution and the low MW region is to the right of the

distribution.

Each of the averages, Mw, -Mn, and -Mz, is mil' uenced by the different MW

regions as depicted in the MWD plots. A change in the high MW region affects the -MAN/

and -Mz values but this has little effect on -Mn. Conversely, variations in the low MW

portions of the distribution especially the presence of long, low, MW tail greatly affects

the Mn but has very little effect on -Mw and -Mz. The breadth of the distribution is the

polydispersity (PD) and is defined as i4w/ Mn. A monodisperse sample is defined as

one in which all the molecules are identical. In such case, PD is 1.0. Some other

polymers have PD in excess of 20 (WATERS, 1989).

The apparent average molecular weights and polydispersity values obtained from

SEC analysis of the cellulose solutions are summarized in Table 5. The highest MW

values were observed in samples PCELL1 and PCELL2. Interestingly, both were semi-

bleached pulp samples despite the fact that they came from different wood origin. In

semi-bleached pulps, the application of chemicals was limited in order to minimize

cellulose degradation yet still attaining a target brightness. Thus, due to the substantial

amount of materials intentionally retained in the samples, the MW values are high.

PCELL1 is a softwood kraft pulp while PCELL2 is a hardwood kraft pulp. While there



Table 5. Apparent Average Molecular Weights and Polydispersity Values of the Pulp
Celluloses from SEC Analysis.'

'Average of four replicates (two dissolutions/sample with two SEC runs/dissolution)
2Weight average Molecular Weight
3Number average Molecular Weight
4Z-average Molecular Weight
5Polydispersity ratio ( Mw/ Mn)
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PCELL1 645745 167782 1495538 3.773

PCELL2 640995 161767 1424815 4.912

PCELL3 419923 125163 853816 3.031

PCELL4 465946 166202 922958 2.777

PCELL5 546423 137926 1099437 6.266

PCELL6 433517 119078 839743 3.391

PCELL7 524920 145227 1091947 3.308

PCELL8 551109 132240 990805 4.140

PCELL9 559243 106995 1424933 5.378

PCELL10 379532 113776 755208 3.340

PCELL11 529449 101232 1580853 4.232

ACELL1 211987 58152 524264 3.635

CCELL1 360535 196879 642547 1.678

RCELL1 219128 115799 382604 1.784

SCELL1 424443 118368 852929 8.853

Cellulose Samples MW2 43 pD5
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was information available on the bleaching sequence used for PCELL1 (C-E-H sequence),

no information was obtained for PCELL2. SEC elution profiles for both pulps are

illustrated in Figures 15 and 16 respectively. Curve inspection of PCELL1 revealed the

presence of small tail in the low MW region. For PCELL2, a shoulder in the low MW

region was evident. The differential MWD plots for both samples as illustrated in Figures

17 and 18 resemble the SEC elution profiles. The cumulative MWD plots for PCELL2

however, is somewhat shifted to the low MW region then PCELL1. By examining Table

5, the higher PD value of PCELL2 in reference to PCELL1 suggest a broader MWD and

explain why there was a shift in the cumulative MVVD plot.

A prehydrolyzed softwood kraft pulp, PCELL3, gave somewhat low MW

averages (Table 5). As shown in the SEC elution profile (Figure 19), as well as the

differential and cumulative MVVD plots (Figure 20), an apparently wide but symmetrical

distribution is observed despite the seemingly high PD value ( 3.031) obtained. Since

prehydrolysis is a pulping step used to partially depolymerize the hemicelluloses with little

effect on cellulose (Biermann, 1993), it may be assumed that the low MW averages were

the result of elimination of some low MW components in the pulp sample. However,

despite the process, considerable amounts of low MW components can still be detected in

the low MW region of the differential MWD plot, and the high PD value may be attributed

to their presence.

PCELL4 is a softwood sulfite, magnesium base pulp bleached using the D-0-E-D-

P sequence. As shown in Table 5, the MW averages are relatively low. The low PD

value of 2.777 is exemplified by the narrow symmetrical distribution observed in both the
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SEC elution profiles and differential and cumulative MWD plots as illustrated in Figures

21 and 22. It appears that the combined effect of chlorine dioxide, D and oxygen, 0 in the

bleaching process resulted to drastic cellulose depolymerization. Such an observation is

certainly a plausible explanation for the low MW value. However, because of the

observed unvaried MWD, it may be theorized further that depolymerization took place

uniformly leading to substantial losses in both high and low MW portions as the bleaching

process progressed.

An unbleached, hardwood kraft pulp coded PCELL5, analyzed for purposes of

comparison gave intermediate MW averages and PD values as pointed out in Table 5. As

mentioned earlier in the dissolution process, this pulp dissolved in DMAC/LiC1 despite the

fact that it contained lignin. The SEC elation profiles as well as the differential and

cumulative MWD plots indicated in Figures 23 and 24 disclosed the presence of double

peaks in the curves. Normally, in SEC chromatograms, the occurrence of low molecular

weight components or aggregates in solutions appears as a tail or shoulder at longer

retention times, in addition to the high molecular weight peak eluted at an earlier retention

time. This leads to the appearance of a bimodal distribution. In this case, the presence of

aggregates in solution could be ignored, therefore, the major elution peak in Figure 23

corresponded to higher MW components, whereas the smaller elution peak conform to

lower MW materials. Clearly, the small peak can adequately rationalize the presence of

hemicelhiloses and possibly lignin fragments in the sample. It is the high MW components

that posed complications. The fact that the distribution of molecules is high, as shown by

both the M'WD plots and PD (6.266) value confirmed hypothetical explanations on the
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manner by which kraft process proceeds in pulping. As explained by Smook (1988),

during a typical kraft cook, approximately 80% of lignin, 50% of hemicelhilose and 10%

of cellulose are dissolved. Given the right conditions however, occasionally, the lignin

fragments are able to take part in condensation reactions, either with themselves or

undissolved lignin and possibly with carbohydrates. Therefore, it would be difficult to

assert the high MW components as purely cellulose, since these components may be due in

part to condensed lignin.

PCELL6 and PCELL7 are samples of bleached kraft pulps from hardwood and

softwood, respectively. While PCELL6 was bleached using the sequence C/D-EP-D, the

sequence Dc-E0-P-D was used for PCELL7. By inspecting the SEC elution profiles

(Figures 25 and 26) and differential and cumulative MWD plots (Figures 27 and 28), slight

skewness and asymmetry appearing in the low MW region of the distribution can be

perceived. The existence of these small peaks is the reason for the high PD value in both

pulp types (Table 5). Nevertheless, the MW averages were markedly different since

higher MW values were observed in the softwood kraft pulps.

SEC elution profiles and differential and cumulative MWD plots for two softwood

pulp cellulose, one kraft (PCELL8) and one sulfite (PCELL9) having basically the same a-

cellulose contents of 91% are disclosed in Figures 29, 30, 31 and 32. Distortions in the

MVVD plots for both samples were distinct in the low MW region of the distribution

indicating the presence of hemicellulose, and further established by the high PD values of

4.140 and 5.378 for PCELL8 and PCELL9 With regards to MW averages, by closely

inspecting Table 5, slightly higher -Mw and -1./lz values were obtained for PCELL9
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signifying more high MW materials while higher Mn4 value was observed for PCELL8

attesting more low MW components.

The differential MVVD plot of a softwood kraft pulp coded PCELL10 bleached

using the 0-CD-E0-P-D-E-D sequence is shown in Figure 33. The downshifts in the

MWD especially in the low MW region is similarly visible in the SEC elution profile as

revealed in Figure 34. Because of the wide variation in the MWD, the PD value is high

(Table 5), nonetheless, MW averages were low. Obviously, extensive cleavage brought

about by the chemicals occurred within the cellulose molecules in the successive bleaching

sequences.

A hardwood blend kraft pulp, PCELL11, having high strength, excellent opacity,

and 89% a-cellulose content gave somewhat high MW averages as well as PD values.

The differential and cumulative M'WD plots as illustrated in Figure 35 implied that the

increase in PD was discernible due to the presence of high MW components in the higher

region of the distribution. The emergence of a shoulder in earlier retention time as seen

from the SEC elution profile displayed in Figure 36 confirmed the presence of high MW

materials. As stated by Yau et al., (1979), sometimes useful information can easily be

deduced from a strip-chart raw data SEC chromatogram. In this case, in the SEC elution

profile, the "lump" or shoulder in the high MW region is more conspicuous than in the

MWD plots.

Figure 37 reveals the SEC elution profile of a commercial acid-washed cellulose

sample, ACELL1. The differential and cumulative MWD plots are illustrated in Figure 38.

A shoulder in the low MW region was detected and possibly, this is the reason why the
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PD value of the sample was quite high, 3.635. The MW averages as shown in Table 5

were low, in fact, the lowest obtained among the samples analyzed. This is conceivably

due to the dramatic effect of acid in the sample. At this point, it is important to confirm

the results obtained by our method to demonstrate the validity of this conventional

calibration as applied to the cellulose sample analyzed. The MW averages acquired for

ACELL1 was in agreement with what Timpa (1991) obtained for the same sample. In

Timpa's (1991) study, she used a universal calibration method to arrive at the average

molecular weight values. The value she obtained for 114w was 211000 which was very

close to our value of 211987. There was however, no mention of the Mn and -Mz

values. Thus, despite the fact that a different calibration method was used, the 14w value

was sufficiently close. The resemblance of results obtained using divergent calibration

methods therefore justifies the use of the conventional calibration techniques in our SEC

analysis. Although our findings appear to lean towards the postulate that molecular

weights can reasonably be obtained using the conventional calibration method, we cannot

say that they are absolutely conclusive. Regardless of these findings, there are other

factors to consider like the shape and branching of the molecules in question. Another

consideration may be the behavior of the molecules in solution or chain stiffness. Thus,

these factors provided the incitement for further experiments.

The SEC elution profile and differential and cumulative MWD plots of cotton

linters, CCELL1, are depicted in Figures 39 and 40 respectively. These are short fibers

left on the seeds after the removal of long fibers. A narrow symmetrical distribution of

molecules was observed. This was affirmed by the low PD value of 1.678. Similarly, the
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MW averages were somewhat low despite the fact that the sample is pure cellulose. The

fact that they were basically short fibers and were subjected to normal cleaning,

neutralizing and drying procedures possibly explained why the MW averages were low.

Another sample, rayon fiber, RCELL1 exhibited uniform, symmetrical MVVD as shown in

the MWD plots (Figure 41). The SEC elution profile (Figure 42) also resemble the

uniformity observed in CCELL1. Closer examination of the MWD plots for both

CCELL1 and RCELL1 revealed that the entire curves were both shifted toward the low

MW regions of the distribution. These observations verified the low MW averages

obtained in both samples.

A sample of non-wood fiber, straw, coded SCELL1 was included in the analysis to

further corroborate the applicability of the method. Basically, compared to wood, straw

has less cellulose but higher pentosan content (Hamilton and Leopold, 1987). The MW

averages as shown in Table 5 are intermediate while the PD value is extremely high,

8.853, in fact, the highest obtained among the samples. Inspection of the SEC elution

profile and differential and cumulative MWD plots presented in Figures 43 and 44

disclosed a bimodal distribution. The appearance of two major peaks, one shifted to the

higher MW position and another peak in the low MW region resulted in a two-fold

increase in the polydispersity of the sample indicating the wide range of molecular sizes

present. The major peak in the low MW region may be presumed as pentosans.

Intrinsic Viscosity Measurements

The intrinsic viscosity [1] may be regarded as a measure of the ratio of the

effective hydrodynamic volume of a polymer in a given solvent to its molecular weight.
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Thus, in order to elucidate the salient features of the different cellulose solutions in

DMAC/LiC1, and intrinsic viscosity analysis of each solution was conducted. The [Ti]

values were obtained using a Cannon-Ubbelohde dilution viscometer. The advantage of

this capillary viscometer design is that dilutions of the stock solutions were made in situ,

instead of emptying and refilling repeatedly during the course of the experiment. Thus,

experimental errors stemming from concentrations were minimized.

The results of[] determinations for the pulp cellulose solutions are summarized in

Table 6. The values were obtained by extrapolation of reduced viscosity (Tired) to zero

concentration (c=0). Plots of the reduced viscosity against concentrations for the different

cellulose solutions in DMAC/LiC1 at 30°C are delineated in Figures 45 to 52. The highest

[1] value was observed in PCELL1 and PCELL2, the pulp samples exhibiting the highest

MW averages, while the lowest values were detected in ACELL1 and RCELL1, the ones

having the lowest MW averages.

For evaluation of the intrinsic viscosity-molecular weight relation and in order to

make analysis of the trends easier, the logarithm of [i] for each sample was correlated

against the logarithm of Mw, Mn, and IViz (from SEC). The agreement between -14w

determined by SEC and the corresponding zero shear [1] obtained for the series of

cellulose solutions covering a wide range of molecular weights and having variable

molecular weight distributions is given in Figure 53. As can be seen both from Figure 53

and Table 6, the values of Mw correlate well with the measured [ri ] as demonstrated by

the high R2 value. A somewhat lower correlation was observed with -Mz as indicated in



Table 6. Intrinsic Viscosity [1] and Weight Average Molecular Weights ( -&1w)
of the Pulp Celluloses

'Intrinsic viscosities in DMAC/LiC1 at 30°C
2Weight average molecular weights from SEC analysis
3Calculated molecular weights from the Mark-Houwink-Sakurada relation
[1] = IMa where K. = 1.278 x 10-4 and a = 1.19
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PCELL1 1002 645745 622192

PCELL2 996 640995 619585

PCELL3 625 419923 418121

PCELL4 696 465946 457689

PCELL5 856 546423 544611

PCELL6 642 433517 427657

PCELL7 822 524920 526375

PCELL8 859 551109 546215

PCELL9 860 559243 548351

PCELL10 558 379532 380118

PCELL11 829 529449 530139

ACELL1 245 211987 190338

CCELL1 530 360535 364024

RCELL1 272 219128 207816

SCELL1 633 424443 422614

Cellulose Samples [11]' IVIw2 TV1w3

(cm3/g)
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Figure 54. Nonetheless, no discernible dependence of [1] on Mn was observed (Figure

55).

Exploring further the relation between [1] and MW, it was necessary to study the

Mark-Houwink-Sakurada equation. This equation usually specifies the interdependence

of [ii] on MW for a given polymer/solvent system at a specified temperature (Cowie,

1973). The form of the equation: [1] = 1(.,Ma showed that the intrinsic viscosity, [1], of a

polymer solution is related to the average molecular weight, M, of the polymer, in which

the proportionality constant "K," is characteristic of the polymer and solvent and the

exponent "a" is a function of the shape of the polymer in solution. McCormick et al.,

(1985) established the following Mark-Houwink-Sakurada relationship for various

cellulose samples in 9% LiCl/DMAC at 30°C: [i] = (1.278 x 104)M"9 (m34). The

experimental average Mw derived from SEC analysis was compared with the average

Mw that will be obtained if the empirical Mark-Houwink-Sakurada equation is followed.

As can be seen from Table 6, the values of -14w derived from SEC was systemically larger

than those determined from the equation for samples PCELL1, PCELL2, PCELL3,

PCELL4, PCELL5, PCELL6, PCELL8, PCELL9, ACELL1, RCELL1, and SCELL1.

For the other samples, PCELL7, PCELL10, PCELL11, and CCELL1, values were more

or less analogous. Although this calculation was expected to introduce some uncertainty

in the derived SEC molecular weight averages, the magnitude of the differences in

molecular weights arising from the techniques may be presupposed as a consequence of

inherent errors in "K," and "a" values for cellulose in DMAC/LiC1, inasmuch as their



94

correctness is contingent upon the ability to generate an ideal log [1] versus log Mw

relationship

Cupriethylenediamine (CED) Viscosity

In order to relate the intrinsic viscosity [1] values and SEC molecular weights of

the pulp cellulose samples to the routine testing procedures done in pulp and paper mills,

the CED viscosities of the cellulose samples were analyzed in accordance with TAPPI

(1994) standard procedures.

The solution viscosities of the samples were determined as 0.5% cellulose

solutions in cupriethylenediamine by the capillary viscometer method (TAPPI T230 om-

89, 1994). This method is widely used in the pulp and paper industry for assessing the

molecular weight of cellulose and differs from intrinsic viscosity methods by being a

single-point viscosity measurement, evaluated at a cellulose concentration of 0.5% by

weight (Cael et al., 1981). The viscosity of cellulose in CED is generally expressed in

units of cP or mPas and is denoted as 10.5.

Pulp cellulose viscosity in CED is regarded as a measure of the average chain

length degree of polymerization (or DP) of cellulose. Higher viscosity indicates a higher

average cellulose DP that, in turn, usually indicates stronger pulp and paper (Biermann,

1993).

Table 7 presents the CED viscosity data for the different cellulose samples. These

values were plotted in Figure 56 against DPw in order to make analysis of the trends

easier. The DPw values were calculated by dividing the SEC average molecular weight

( Mw) by 162, the molecular weight of an anhydroglucose unit (Morohoshi, 1991).



Table 7. Cupriethylenediamine (CED) Viscosity and Degree of Polymerization
(DPw) Data for the Pulp Celhiloses

Cellulose Samples 1

lio.5

(CED, cp)
DPvv2

( -Mw/162)

PCELL1

PCELL2

PCELL3

PCELL4

PCELL5

PCELL6

PCELL7

PCELL8

PCELL9

PCELL10

PCELL11

ACELL1

CCELL1

RCELL1

SCELL1

'Average of two replicates
2DPw = -Mw/162 where 162 is the weight ofan anhydroghicose unit
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30.20 3986

29.90 3957

14.60 2592

16.30 2876

24.20 3373

15.60 2676

20.90 3240

23.80 3402

24.50 3452

13.30 2343

21.80 3268

5.60 1308

12.80 2226

6.30 1352

14.90 2620
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Therefore, the DPw values are essentially weight average degree of polymerization. There

was a definite trend observed. The DPw values increased monotonically with 10.5 except

for the unbleached pulp sample PCELL5. This was expected in view of the fact that CED

viscosity supposedly should be an indication of DP. Regression analysis of the data

revealed a high R2 value as shown in Figure 56.

At this point, the result for the unbleached pulp is not clear. One can only

speculate that since the difference between a bleached and unbleached pulp is the amount

of lignin materials present, this may be the source of discrepancy. Perhaps, because of

some lignin-carbohydrate fragments deposited on the surface of the =bleached fibers, the

lo.5 value of this sample may have gone up.

Overall Analysis of the SEC MVVD Plots, Intrinsic Viscosity, and CED Values

To determine the significance of obtaining a complete MVVD plot by SEC, how

inherently they provide useful description of the size distribution of the sample molecules,

and how they relate to the usual viscosity analyses done, an altogether generalization of

the results was explored. MWD curves of compared samples were overlaid together to

ascertain their relation with the other analyses conducted.

Figure 57 presents the normalized, overlaid, SEC MWD curves for samples of

unbleached (PCELL5) and bleached (PCELL6) hardwood kraft pulps. The curve for the

unbleached pulp showed a broad shoulder in the low molecular weight region indicative of

the presence of hemicellulose. It can also be reasonably assumed that depolymerized,

residual lignin has become concentrated in this region. The curve for the bleached pulp

however, showed no "shoulder fraction", suggesting that the hemicelluloses were greatly
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reduced in size and the residual lignins removed. Looking at the high molecular weight

end of the distribution, a slight shift in the curve was noticeable. It can be inferred that

when subjecting pulp to bleaching chemical treatment, not only was there a dramatic

change in the amount of hemicelluloses and residual lignins due to degradation and

dissolution but some long chain retrogression was also evident. The SEC average

molecular weights (Table 8) reduction between unbleached and bleached pulp coincided

with the drop in DPw, CED viscosity and [1] in DMAC/LiCL.

For contrasting softwood kraft pulps, the normalized, overlaid, MWD curves are

illustrated in Figure 58. One is a high MW pulp (PCELL7) while the other is a low MW

(PCELL10) type. The smooth symmetry of the high MW pulp curve is apparent except

for a distinctive small tail appearing in the low molecular weight region. The low MW

pulp curve however is less congruent due to presence of a shoulder in the low molecular

weight region of the distribution. The uniform MVVD curve of the high MW pulp

suggested that the bleaching process has affected molecules of all sizes in the same manner

and afforded uniform reaction throughout the sample. Examination of Table 5 showed a

slight increase in the PD value of the low MW pulp despite low MW averages, implying a

rise in the number of small molecules as a result of molecular degradation. As expected,

as shown in Table 8, the CED and [ri] values were consistent with the SEC values.

Compared to wood fiber, it has been recognized that non-wood fiber has less

cellulose content although the total holocellulose amount is almost the same (Hamilton

and Leopold, 1987). Accordingly, there must be distinct differences in their molecular

profiles. As seen in the normalized, overlaid, MVVD plots for samples of softwood sulfite
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Table 8. Comparison of the SEC Molecular Weights, Degree of Polymerization, Intrinsic
Viscosity in DMAC/LiC1 and CED Viscosity Values of the Pulp Celhiloses

Cellulose -14w1 DPvv [11]2 lo.53
Samples (SEC) (SEC) (SEC) (Mw/162) (cm3/g) (CED, cP)

PCELL1

PCELL2

PCELL3

PCELL4

PCELL5

PCELL6

PCELL7

PCELL8

PCELL9

PCELL10

PCELL11

ACELL1

CCELL1

RCELL1

SCELL1

'Average of four replicates
2At 30°C
3Average of two replicates

645745 167782 1495538 3986 1002 30.20

640995 161767 1424815 3957 996 29.90

419923 125163 853816 2592 625 14.60

465946 166202 922958 2876 696 16.30

546423 137926 1099437 3373 856 24.20

433517 119078 839743 2676 642 15.60

524920 145227 1091947 3240 822 20.90

551109 132240 990805 3402 859 23.80

559243 106995 1424933 3452 860 24.50

379532 113776 755208 2343 558 13.30

529449 101232 1580853 3268 829 21.80

211987 58152 524264 1308 245 5.60

360535 196879 642547 2226 530 12.80

219128 115799 382604 1352 272 6.30

424443 118368 852929 2620 633 14.90
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pulp (PCELL4) and straw pulp (SCELL1) (Figure 59), there is a particular distinction in

the overlaid curves. The bimodal form of molecular weight distribution in straw pulp is

revealed. This suggest the enormous amount of pentosans, notably xylans concentrated in

the low molecular weight region of the distribution. The xylans makes straw pulp good

materials for fine paper. On the other hand, the curve for the wood pulp is unimodal,

indicating a more uniform distribution of molecules. The distribution of molecules in

both samples was supported by the contrasting PD values (Table 5) and the molecular

weights were verified by the CED and [1] values obtained (Table 8).

The molecular proffie of cotton linters (CCELL1) was overlaid with two pulp

samples, a prehydrolyzed softwood kraft pulp (PCELL3) and rayon fiber (RCELL1).

The normalized, overlaid SEC MWD curves for cotton linters and prehydrolyzed kraft

pulp is illustrated in Figure 60 while the curves for cotton and rayon fiber are depicted in

Figure 61. A narrow, symmetrical molecular distribution was observed in both

chromatograms affirming the low PD values shown in Table 5 for cotton linters and rayon

fiber. The prehydrolyzed pulp gave higher PD values despite the uniform distribution.

The immensely different CED and [i] values among cotton linters, rayon fiber and

prehydrolyzed pulp was corroborated by the SEC molecular weight values (Table 8) and

the SEC MWD plots (Figures 60 and 61). As can be seen clearly from the plots, there

was a downward shift of the rayon curve to the low molecular weight region of the

distribution, while an upward shift was noticed for the prehydrolyzed pulp. The different

samples just described have high alpha-cellulose contents which explains the narrow,

symmetrical molecular distributions observed. However, it is interesting to note that,
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irrespective of the treatments done and alpha-cellulose amount, a pulp may still contain a

high molecular weight fraction, as seen from the somewhat high MW averages, CED, and

[rd value demonstrated by the prehydro/yzed pulp (Table 8).

The normalized, overlaid SEC MWD plot for softwood kraft (PCELL8) and

softwood sulfite (PCELL9) pulps having basically the same amounts of alpha-cellulose

contents is shown in Figure 62. Earlier indications and findings (Segal, 1968) that kraft

grade pulps have more uniform and narrower molecular weight distribution than sulfite

pulps are ascertained here. Owing to the cooking method, sulfite-grade pulps contain a

much larger proportion of small molecules than kraft-grade pulps. Technically, in kraft

process, there are higher carbohydrate losses and degradation of hemicelhdose whereas in

sulfite pulping, there is higher retention of hemicellulosic materials.

The normalized SEC MWD plot for the commercial acid-washed cellulose

(ACELL1) was overlaid with the SEC plot for rayon fiber (RCELL1). Although both of

the samples have been subjected to a lot of degradative treatments as exemplified by the

low 1V1NV averages, CED, and [i] values (Table 8), their MWD curves were different. The

curve for the acid-washed cellulose showed a shoulder in the low MW region of the

distribution while rayon fiber exhibited a uniform, narrower distribution (Figure 63). This

is verified by the difference in PD values shown in Table 5. This suggests that in cellulose

degradation, cleavages can occur almost uniformly or fortuitously.

Peak shifts in the molecular weight distribution of cellulose signify the extent of

molecular size present in the sample. This was disclosed in the normalized, overlaid SEC

MWD plots of a high MW pulp, (PCELL1) and a low MW pulp illustrated in Figure 64.
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The two curves are shifted on opposite ends of the distribution signifying the enormous

difference in the MW values. Incidentally, the CED and [n] values for the low MW pulp

was not measured because at low MW values like these, the viscosities of the sample

solution resemble that of the solvent thus hindering proper analysis.

At this point, having all the experimental results, it is necessary to look back into

the optimum parameters used to dissolve these cellulose samples. As stated previously,

the activation and dissolution times were used as indicators of sample crystallinity, lignin

content and molecular weight. Having explained the first two, our focus will be mainly on

molecular weight. Among the pulp cellulose samples, the relationship was obvious. The

activation and dissolution times were analogous to the weight averages ( Mw) obtained

from SEC, as well as to the intrinsic viscosity [i] and CED experimental values. There

was a clear direct tendency that the activation and dissolution times escalate with

increasing sample molecular weights. The conventional methods of measuring viscosities

([1] and CED) likewise relates the same observation. It was unclear however, whether

any relation existed between the dissolution times and number average molecular weights

( Mn).

Cellulose Degradation by Acidic Hydrolysis

The application of the cellulose dissolution technique (in DMAC/LiC1) and SEC

approach to the acid hydrolysis of cellulose was included in this study. Cellulose

degradation by both acidic and enzymatic hydrolyses has been well documented (Rinaudo

et al., 1969; Rinaudo and Merle, 1970; Sinner et al., 1979; Fan et al., 1980; Chang et al.,

1981; Chang and Tsao, 1981; Lauriol et aL, 1987). Most recent studies include the works
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of Miller et al, 1991 and Kleman-Leyer et al, 1992. Oftentimes, these studies were

conducted utilizing tricarbanilated derivatives (CTCs), which, as previously mentioned

alter the integrity of the cellulose molecule. Consequently, by investigating the effects of

acid treatment on the cellulose molecule without prior extraction or derivatization, a clear

insight into the real nature of cellulose degradation process could be gained.

Patterns of normalized SEC MWD plots obtained for the high Mw softwood kraft

pulp hydrolyzed with hydrochloric acid at 50°C using varying reaction times of 30, 60 and

120 minutes are given in Figure 65. From left to right, the SEC chromatograms

correspond respectively to the original sample (AHO) and to the treatment times of 30

(AH30), 60 (AH60), and 120 (AH120) minutes. The MW averages and PD values of the

control and hydrolyzed samples are given in Table 9. The initial MWD curve was narrow

except for the noticeable tail in the low MW end of the distribution. This tail led to the

high PD value obtained shown in Table 9 despite the narrow MWD. The curve however,

broadened, after 30 minutes treatment and shoulders both in the high and low MW end of

the distribution appeared. A gradual increase in the PD (polydispersity, an indication of

the range of molecular sizes) was observed (Table 9) and can be explained by the increase

in the proportion of lower-molecular-size-components as seen from the lower MW

averages. With 60 minutes time, the peak shifted to lower MW regions and this was

clearly revealed in the MW values. After 120 minutes, the peaks became centered at

progressively lower MW region and an increase in the PD value was substantiated by the

appearance of a tail in this region of the distribution.
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Figure 65. SEC elution patttems of acid-hydrolyzed pulp
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Table 9. SEC Molecular Weight Data of Pulp Cellulose Degraded by Acidic
Hydrolysis

Treatment kw -Mz Mn PD

'Control (untreated)
230 minutes acid treatment
360 minutes acid treatment
4120 minutes acid treatment

113

AH01 823736 1788035 206929 3.667

AH302 720797 1570581 195572 5.446

AH603 592396 1344450 140658 4.238

AH1204 496407 1142790 104927 4.316



114

The results indicated that the rate of acid hydrolysis was initially rapid but later on

gradually slowed down to a limiting value. Apparently, at the early stage of treatment (30

minutes), the depolymerizing agent was able to penetrate into the more accessible

amorphous regions of the cellulose molecule where the cleavage ofa few glycosidic bonds

led to the swift initial decrease in the chain length evident in the broadened curve in Figure

65. The increase in polydispersity according to Lauriol et aL, 1987, suggested a random

breakdown and, therefore a random distribution of the amorphous zones along the

cellulosic chains. As the hydrolysis progressed, the subsequent attacks were however

concentrated mainly on the less accessible crystalline regions. Ostensibly, these crystallites

were gradually broken down into an entire range of molecular fragments centered on

lower MW regions. This indicated that the attack on the crystallites was selective in that

only a small fraction of the constituent molecules is degraded at a time as shown by the

MW averages and MWD plots. Surely, if all the molecules were attacked concurrently,

there would be a observable alteration of the MWD profile.



SUMMARY AND CONCLUSIONS

The main objective of this study was to conduct fundamental studies on the:

(1)solubility of pulp celluloses in N,N-dimethylacetamide-lithium chloride solvent, (2)

molecular weights and molecular weight distributions of the pulp cellulose solutions by

size exclusion chromatography (SEC), and (3) correlation of size exclusion

chromatographic data with the results obtained using the conventional methods of

measuring these properties. The research design was intended to provide valuable insight

into the behavior of the pulp celluloses in solution and the chromatographic technique for

detecting molecular weight profiles. Dissolution methods were optimized to yield

controlled soluble products. The size exclusion chromatographic data provided

conclusions concerning the molecular weight distributions of the pulp cellulose solutions.

Finally, the correlations gave indications of the relationships that existed among the

parameters analyzed.

The optimum dissolution conditions for the pulp celhiloses in the solvent system

was carefully carried out utilizing a variety of conditions. Results indicated that the

cellulose samples were easily dissolved using cellulose concentrations from 0.8%4.6%

w/v, and LiC1 concentration of 8% w/v. The activation, dissolution and stirring times

however, were highly dependent on the molecular weight, crystallinity and lignin content

of the cellulose sample. The longest activation, dissolution and stirring times were

observed in celluloses which were more crystalline, have the highest molecular weights,

and a significant amount of lignin material present. The shortest were observed in

celluloses which were less crystalline and apparently degraded as revealed by the lower
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molecular weight. Thus, it was clearly shown that the DMAC/LiC1 solvent system is a

highly specific, nondegrading solvent capable of dissolving pulp celluloses.

The SEC experiments divulged various informations regarding the characteristics

of the cellulose samples. It permitted the identification of even small fractions of both

high and low molecular weight materials present, thus giving a clear picture of the

uniformity and non-uniformity of depolymerization occurring during pulping and bleaching

processes. The molecular weight averages and polydispersity values were supported by

the symmetry of the SEC MWD curves obtained.

The SEC elution curves revealed somewhat wide molecular weight distributions

for the softwood and hardwood kraft pulps due to the presence of proportions of both

small and large molecules as a result of non-uniform depolymerization. Uniform

depolymerization however, was observed in rayon and prehydrolyzed pulp samples, as

shown by their narrow distribution, in the case of cotton, there was likewise a narrow

MWD. The distributions in straw pulp and unbleached pulp were basically different due to

the presence of enormous amounts of hemicelhilosic materials.

The correlations revealed the following:

The dependence of solution intrinsic viscosity on SEC average molecular weight

( -Mw and Mz) as shown by the high correlation;

Low correlation of solution intrinsic viscosity with SEC number average molecular

weight ( Mn);

The linear relationship between Cuen (10.5) viscosity and SEC weight average

molecular weight expressed as degree of polymerization (DPw).
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Due to the preponderance of views regarding cellulose acidic degradation by chain

scission, an additional experiment on hydrolysis was conducted. The results indicated the

evidence of chain scissions in the cellulose samples as acid hydrolysis progressed.

Based on the findings summarized above, it may be concluded that the pulp

celhiloses may be easily dissolved in DMAC/LiC1 solvent system and analyzed by SEC. A

major consequence of this study is that the molecular weights and polydispersities can

easily be obtained. This will provide basis for understanding the numerous physico-

chemical processes which are widely known to affect cellulose during pulping and

bleaching. Related concerns would also be relevant in dissolving pulp production where

the control of depolymerization at a certain process stage is a vital consideration.
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