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SUMMARY

Assessment of the properties of lignocellulosic materials prior to and after 
pretreatment and enzymatic modification is important in determining the 
commercial potential and feasibility of the processes. The effect of 
treatments on the degree of polymerization (D.P.) of cellulose and 
carbohydrate composition are particularly important in the evaluation of 
treatments of commercial pulps with enzymes. Improved understanding of the 
effect of pretreatment conditions and subsequent treatments on D.P. of 
cellulose in the substrates will aid in development of a more efficient 
enzymatic hydrolysis process. The determination of the D.P. of cellulose in 
pretreated forestry residues will also aid in the identification of 
alternative polymeric products.

A method was developed for determining the molecular weight distribution of 
lignocellulosic materials. The method of choice was derivatization of the 
substrate to the carbanilate followed by size exclusion chromatography. A 
number of possible variables in the method were investigated and a microscale 
procedure developed. This procedure was used to provide molecular weight 
distribution data for both softwood and hardwood pulps subjected to xylanase 
treatments. The method was also used to study the effects on the cellulose in 
aspenwood and sprucewood of differing steam pretreatment conditions, and post 
treatments (hydrogen peroxide). These studies highlighted the limitations of 
the method when analyzing lignocellulosic materials with significantly higher 
lignin contents than the pulps for which it was originally intended. More 
importantly, the studies indicated that depending on the treatment conditions 
used, celluloses of substantially different average D.P. and polydispersity 
can be produced.

Analysis of carbohydrate in lignocellulosic materials continues to be critical 
to any study involving residue utilization by bioconversion. Development of 
methods for HPLC analyses of carbohydrates were monitored with emphasis on the 
use of electrochemical detection methods. The state-of-development of these 
detectors is discussed.
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1.0 OBJECTIVES

To develop methods for the characterization of lignocellulosic materials. 
Analytical methodology will be established to determine the effects of 
pretreatment and enzymatic modification on the chemical and physical structure 
of these materials. This will include the following goals:

1. To develop methods for determining the degree of polymerization 
(D.P.) of cellulose after enzymatic or physico-chemical treatments 
of lignocellulosic materials.

2. To continue to refine the best available methods for carbohydrate 
analysis of treated woods. This will include an assessment of 
electrochemical detection versus refractive index detection in 
sugar analysis by HPLC.

3. To participate in IEA sponsored network on biomass to liquid fuels 
and establish the reliability of presently used analytical 
techniques.

4. To monitor developments and review methods which detect the 
effects of cellulose structure on enzymatic or physico-chemical 
treatments and vice versa.

2.0 INTRODUCTION
Assessment of the properties of lignocellulosic materials prior to and after 
pretreatment and enzymatic modification is important in determining the 
commercial potential and feasibility of the processes. This year the major 
emphasis was placed on the development of a method for determining the degree 
of polymerization (D.P.) of cellulose and its distribution after enzymatic or 
physico-chemical treatments of lignocellulosics.

The effect of D.P. of cellulose and carbohydrate composition are particularly 
important in the evaluation of treatments of commercial pulps with enzymes. 
Improved understanding of the effect of steam pretreatment conditions and 
subsequent chemical treatments on D.P. of cellulose in the substrates will aid 
in development of a more efficient enzymatic hydrolysis process. The 
determination of D.P. of cellulose in pretreated forestry residues will also 
aid in the identification of alternative polymeric products.

The method of choice for D.P. analysis was derivatization of the cellulose to 
the tricarbanilate followed by size exclusion chromatography. A number of 
possible variables in the method were investigated and a microscale procedure 
developed. The method was used to study the effects of differing steam 
pretreatment conditions and post treatments (hydrogen peroxide) on the 
cellulose in steam pretreated aspenwood and sprucewood. This procedure was 
also used to provide molecular weight distribution data for both softwood and 
hardwood pulps subjected to xylanase treatments.

These studies highlighted the limitations of the method when analyzing 
lignocellulosic materials with significantly higher lignin contents than the 
pulps for which it was originally intended. Results of these studies are 
presented in Sections 3.0 and 4.0 in manuscripts for publication.
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Additionally, the studies indicated that, depending on the treatment 
conditions used, celluloses of substantially different average D.P. and 
polydispersity can be produced.

Developments in carbohydrate analysis and other analytical techniques for 
potential use in biotechnology were monitored. Emphasis was placed on 
carbohydrate analysis because this is of particular importance to the 
assessment of bioconversion processes. The state-of-development of 
electrochemical detection for HPLC was reviewed (Section 5.0). The monitoring 
activities, as well as development of molecular weight distribution 
techniques, were assisted this year by participation in the IEA sponsored 
workshop on "Bioconversion of Lignocellulosics" hosted by Forintek, in Ottawa.
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3.0 DETERMINATION OF MOLECULAR WEIGHT DISTRIBUTIONS

FOR CELLULOSES FROM STEAM AND ENZYME TREATED LIGNOCELLULOSICS

Paper for inclusion in the Proceedings of the Fifth International Symposium on 

Wood & Pulping Chemistry, TAPPI, Raleigh, NC, USA, May 22-25, 1989, and

submitted to TAPPI J.
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DETERMINATION OF MOLECULAR WEIGHT DISTRIBUTIONS FOR CELLULOSES FROM STEAM AND

ENZYME TREATED LIGNOCELLULOSICS

DAVID MILLER, ROGER SUTCLIFFE, AND JOHN N. SADDLER

BIOTECHNOLOGY & CHEMISTRY DEPARTMENT 

FORINTEK CANADA CORP.

800 MONTREAL ROAD 

OTTAWA, ONTARIO, CANADA

ABSTRACT

The molecular weight distributions of the cellulosic component of substrates 

produced by various steam pretreatments of Populus tremuloldes and Picea 

marlana were examined using size exclusion chromatography of the carbanilate 

derivatives. The applicability of this technique for these substrates is 

discussed.

INTRODUCTION

Steam pretreatment of wood residues is a relatively low-cost method of 

producing cellulosic substrates that are suitable for enzymatic hydrolysis to
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fermentable sugars. Determination of the molecular weight distributions (MWD) 

of these substrates is desirable in the study of the effects of pretreatment 

and to gain insight into the mechanism of enzyme action. Determination of MWD 

of pretreated substrates may also aid in the identification of alternative 

uses for these materials as polymers. For steam pretreated substrates a 

method is required that will give meaningful results in the presence of 

varying amounts of lignin and hemicellulose. A method capable of handling 

this type of substrate should also be applicable to the study of the effects 

on chemical pulps of xylanase treatments designed to remove hemicelluloses 

selectively.

Size exclusion chromatography of the tricarbanilate derivative of cellulose 

has gained acceptance as a preferred method for determination of MWD of 

cellulose samples (1-8). Applicability of this method was studied for steam 

pretreated aspenwood (Populus tremuloides) and sprucewood (Picea mariana) with 

varying lignin and hemicellulose content.

EXPERIMENTAL

The aspenwood and sprucewood substrates were prepared as previously described 

by Brownell (9).

The carbanilation procedure was similar to that used by Schroeder and Haigh 

(4), but was done on a microscale. The cellulosic substrates (10 mg) were 

derivatized in 5 mL reacti-vials on a reacti-therm block heater. Aliquots 

(0.2 mL) were taken at 24 hours. After 48 hours the reaction mixtures were
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filtered through a Whatman 934 AH glass fiber filter, aliquots were taken, and 

the quantities of insoluble residue determined. All aliquots were evaporated 

to dryness and the resulting residues were then dissolved in tetrahydrofuran 

(THF) to give 0.02 - 0.03% (w/v) solutions.

Size exclusion chromatography (SEC) was performed on a series of four 

Ultrastyragel columns, 10̂ , 105, linear, and 106, with THF as the eluting 

solvent. Universal calibration was used with narrow polystyrene standards and 

the Mark-Houwink coefficients published by Wood et al (10).

RESULTS AND DISCUSSION

Reaction Conditions

Substrates were derivatized with and without stirring of the reaction mixture. 

Significantly lower (10-15%) DP data were obtained for stirred reactions. In 

both methods some substrates were not completely derivatized after 24 hours, 

as indicated by lower DP values than obtained after 48 hours. At 48 hours 

there was no evidence of degradation of the derivatives. Results reported 

here are for 48 hour reactions with only occasional swirling of the reaction 

mixture.
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Steam Pretreated Substrates

During the steam treatment of aspenwood, hemicellulose and lignin are 

partially hydrolysed. Water-washing removes mono and oligosaccharides as well 

as low molecular weight phenols and leaves the water-insoluble residue (WI). 

Extraction of this residue with dilute alkali removes alkali-soluble lignin 

and hemicellulose and yields the water and alkali-insoluble residue (WIA).

This residue can then be treated with hydrogen peroxide to remove additional 

lignin leaving a cellulose-enriched substrate (WIA-H202) .

Sprucewood requires more drastic steaming conditions or the use of acidic 

catalysts to produce satisfactory substrates for enzymatic hydrolysis.

Addition of S02 to the wood substrate before steam-treatment results in the 

production of sulfuric acid which catalyzes the hydrolysis of wood 

polysaccharides (11,12). The more reactive softwood lignin in black spruce is 

condensed under these conditions of acidic pH and high temperature. The 

condensed lignin is difficult to solubilize and even peroxide bleaching is 

ineffective in removing it from the substrate. During the carbanilation 

reaction, the condensed lignin remains largely as an insoluble reaction 

residue and is removed from the reaction mixture by filtration.

Effect of steaming time on MWD. The cellulosic substrates produced from 

aspenwood by steam treatments of between 20 and 180 s duration at 240°C and 

subsequent water and alkali extractions and peroxide bleaching were examined. 

The compositional analysis of the substrates and MWD data are given in Table 

1. The MWD curves are shown in Figure 1. With increasing steaming times, the 

weight-average degree of polymerisation (DPW) and the polydispersity decrease 

sharply and appear to be leveling out near DPy 200 and polydispersity 2.6.
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These results are very similar to those previously reported for the cellulosic 

fractions obtained by water and dioxane-water extraction of steam exploded 

wood samples of Populus tremula (13). In the derivatization of the substrates 

from short steaming times (20, 40s) some gelling of the reaction mixture was 

observed on filtration. This gel contributed to the high amount of insoluble 

residue for these samples. This gel is attributable to carbanilate 

derivatives of high molecular weight cellulose (14). The exclusion of this 

material from the subsequent analysis leads to underestimation of the DP 

values. The DP data for the longer-steamed substrates are similar to those 

for Avicell PH101 a commercially available microcrystalline cellulose. The 

data obtained for Avicell PH101 were: DPU, 238; DPN, 68; DPU/DPN, 3.5. The 

data given for the substrates from the longer steaming times (120, 180 s) with 

low lignin contents (2.3, 1.2% respectively) may be slightly reduced because 

of the effect of the peroxide treatment on the cellulose component, as 

described below.

Cellulosic substrates produced by steam pretreatment of sprucewood at 210°C 

with S02 (2.5%) as catalyst for durations of between 100 and 200 s were 

examined after water extraction (WI) and water and alkali extractions (WIA). 

The substrates all contained less than 1% xylan. The lignin contents of the 

substrates and the MWD data are given in Table 2, and MWD curves in Figures 2 

(WI) and 3 (WIA). The MWD of substrates from S02 catalyzed steam-treated 

sprucewood show the same trend of decreasing DP and polydispersity with 

increasing steaming time as those from aspenwood, but the polydispersities are 

greater. With increasing steaming time there are greater amounts of alkali- 

solubles in the water-insoluble residue. The presence of this material leads 

to an incorrect assessment of the cellulose DP of these samples and
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artificially high values for polydispersity. However, alkali extraction does 

not remove all the material that interferes with the analysis.

Effect of lignin content on MWD. The alkali-solubles mainly responsible for 

the effect discussed above for substrates from sprucewood are lignin fragments 

produced during the steam treatment. A similar effect was observed for 

aspenwood. In Figure 4 are shown the MWD curves obtained for aspenwood-WI and 

aspenwood-WIA-H202 from steam-treatment at 240°C for 80 s. These samples have 

virtually identical xylan contents, 1.7 and 1.6% respectively, but very 

different lignin contents, 30.7 and 4.9% respectively. The portions of the 

curves above MW 50,000 are essentially identical, but the parts below this 

value are very different. The calculated values for DP and polydispersity are 

therefore very different. The WI sample has DPW 380 and polydispersity 26.5, 

and the WI-H202 has DPW 500 and polydispersity 4.1. Removal of lignin from 

the substrate prior to derivatization is therefore desirable if the MWD of 

cellulose in the substrate is to be determined.

In the case of the steamed sprucewood most of the high molecular weight lignin 

was removed from the carbanilation reaction as an insoluble residue. However, 

inspection of Figure 3 indicates that even when alkali washed, or, peroxide 

treated (see below) some lignin persists in the carbanilated samples.

To overcome this problem precipitation of the cellulose tricarbanilate (CTC) 

from the reaction mixture was considered. In most literature reports, sample 

preparation involves precipitation of the CTC in methanol in order to purify 

it. Wood et al (10) reported that precipitation in methanol results in loss 

of low molecular weight tricarbanilate and recommended that the reaction 

solvent be evaporated and the resulting residue dissolved in the SEC solvent.
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Evans et al (15) investigated aqueous methanol mixtures of different 

proportions and recommended methanol containing 30% water as a good solvent 

for quantitative precipitation of CTC without precipitation of reaction by

products. When this method of sample preparation was applied to steam-treated 

sprucewood-WI, which contained appreciable amounts of lignin (44.8%), the 

resulting distribution reflects only partial removal of the lowest molecular 

weight lignin fragments (Figure 5). A chemical means of removing lignin from 

the substrate prior to derivatization would appear a more efficient method of 

obtaining CTC free of lignin.

Effect of peroxide bleaching. When sprucewood-WIA from steam treatment at 

210°C for 150 s with SC>2 (2.5%) was subjected to peroxide bleaching, the 

lignin content was reduced from 37.3 to 25.9%. The MWD curve for the 

peroxide-treated substrate, when compared with that for the untreated 

substrate (Figure 6), indicates a slight reduction in contaminating lignin in 

the CTC derivative, which is reflected in a small increase in DPU although 

the cellulose component appears unaffected with DPpEA< remaining essentially 

constant, (WIA, 199; WIA-H202, 196). When aspenwood-WIA from steam treatment 

at 240°C for 120 s was subjected to peroxide bleaching the lignin content was 

reduced from 3.9 to 2.3%. The MWD curves (Figure 7) indicate that the 

cellulose was partially degraded in this treatment with a decrease in DPy from 

342 to 303 and a slight lowering of DPp£AK from 295 to 275. This effect is 

similar to that reported for hypochlorite bleaching where the presence of 

large amounts of lignin, which is more reactive towards oxidation, protects 

cellulose against degradation (15).

In determining the DP of celluloses, peroxide bleaching is desirable only when 

the lignin content is high. Washing with dilute alkali is effective in
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removing low molecular weight lignin fragments without affecting cellulose in 

samples where the lignin content is low.

CONCLUSIONS

Size exclusion chromatography of carbanilated lignocellulosic substrates is 

useful in studying the effects of steam pretreatment, but care has to be 

exercised in interpretation of the results with respect to the history of the 

substrates. Removal of lignin from the substrate prior to derivatization is 

desirable for determination of the MWD of the cellulosic component. 

Precipitation of the carbanilate derivative is not completely effective in 

removing contaminating lignin. Alkali washing of the substrate before 

derivatization reduces the amount of low molecular weight lignin present, and 

peroxide bleaching is desirable only when the lignin content is high. Limited 

solubility of very high molecular weight CTC poses a limitation to this 
method.
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Table 1: Analysis of aspenwood-WIA-HpOp substrates prepared from aspenwood steam-treated at 240°C, 
and molecular weight distribution data for the carbanilated derivatives.

Steaming
Time
(s)

Substrate Comoosition Molecular Ueiqht Distribution

Lignina,b Xylan8 DPw DP, dp w/dpn dppeak

20 13.2 11.3 1214 105 11.6 2007

40 10.9 6.8 1024 123 8.4 947

80 4.9 1.6 500 123 4.1 405

120 2.3 1.4 315 102 3.1 275

180 1.2 0.6 202 77 2.6 200

a x wt of w i a-h2o2 

b Klason + acid soluble
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Table 2: Analysis of sprucewood-WI and WIA substrates prepared from spruce
steam-treated at 210°C with S02 (2.5%), and molecular weight 
distribution data for the carbanilated derivatives.

Steaming
Time
(s)

Lignin Content8 
(% wt of substrate)

Molecular Weiaht Distribution

DPw DP, DPW/DPN dppeak

Water Insolubles (WI)
100 41.1 181 13.7 13.2 202

150 44.8 146 11.7 12.5 174

200 47.1 129 10.8 12.0 165

Water and Alkali Insolubles (WIA)
100 35.1 248 38 6.6 230

150 37.3 198 34 5.8 199

200 40.1 175 32 5.4 179

Klason + acid soluble
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120s

Figure 1: MWD curves for WIA-H-Og substrates from
aspenwood steam-treated at 240°C for 
varying times.
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Figure 2: MWD curves for sprucewood-WI from steamtreatment at 210°C with SC>2 (2.5%) for 
varying times.

Figure 3: MWD curves for sprucewood-WIA from steam
treatment at 21CTC with SOz (2.5%) for 
varying times
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MOLECULAR WEIGHT

Figure 4: MWD curves for aspenwood-WI and WIA-H202
from steam treatment at 240°C, 80s.
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Figure 5: MWD curves obtained for WI, solvent- 
precipitated-WI, and WIA from steam- 
treated sprucewood (210°C, 150s.2.5% S02).
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Figure 6: Effect of peroxide bleaching on the MWD
curves for substrates from steam-treated 
sprucewood (210°C, 150s, 2.5% S02).

MOLECULAR WEIGHT

Figure 7: Effect of peroxide bleaching on the MWD
curves for substrates from steam-treated 
aspenwood (240°C, 120s).
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4.0 DETERMINATION OF THE MOLECULAR WEIGHT DISTRIBUTIONS OF 
POLYSACCHARIDES IN XYLANASE-TREATED PULPS

(Manuscript for submission to J. Appl. Polym. Sci.).
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Determination of the Molecular Weight Distributions of 

Polysaccharides in Xylanase-Treated Pulps

David Miller, David Senior and Roger Sutcliffe

Biotechnology & Chemistry Dept. 

Forintek Canada Corp.

800 Montreal Rd.

Ottawa, Canada 

K1G 3Z5

Synopsis

The molecular weight distributions (MWD) of the polysaccharides in unbleached 

kraft pulps of Pinus radiata and Populus tremuloides were determined by size 

exclusion chromatography (SEC) of the carbanilated derivatives. The 

applicability of this method for the study of the effects of xylanase 

treatments on these substrates is discussed.
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INTRODUCTION

Biobleaching is being studied on several types of wood pulp with xylanases
1-8from a variety of sources. A prerequisite for this operation is that the 

xylanase preparation be free of contamination by cellulases, or the cellulases 

be inactivated by inhibitors. The effects of these treatments are normally 

judged by carbohydrate analysis of substrate and sugars released, measurement 

of pulp viscosity, kappa number, and handsheet strength properties. A method 

of determining the effects of purified enzymes on pulps on a small scale and 

the integrity of the cellulose component would be beneficial. Size exclusion 

chromatography (SEC) of the tricarbanilate derivative of cellulose (CTC) has 

been used to characterize various types of pulps. Applicability of this

method was examined for the study of the effects of xylanase treatments on the 

molecular weight distributions (MWD) of the polysaccharide components of 

hardwood and softwood kraft pulps.

EXPERIMENTAL

Unbleached radiata pine kraft pulp was a gift from Dr. Tom Clarke (FRI, NZ), 

and the unbleached aspen kraft pulp was obtained from Weyerhaeuser (Prince 

Albert, Saskatchewan). A sample (150 g O.D.) of each pulp was treated at 4% 

(w/v) consistency in 50 mM sodium acetate buffer, pH 4.8, with bulk xylanase14 

at a loading of 500IU/g O.D. pulp. Xylanase activity was 2270 IU/mL. 

Carboxymethylcellulase activity was 0.307 IU/mL. The pulps were treated for 

24 h at 40°C, filtered and washed with distilled water (5 L).
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The carbanilation procedure was similar to that used by Schroeder and Haigh,9 

but was done on a microscale. The cellulosic substrates (10 mg) were 

derivatized in 5 mL reacti-vials on a reacti-therm block heater. Aliquots 

(0.2 mL) were removed after different reaction times, evaporated to dryness, 

and the resulting residues were then dissolved in tetrahydrofuran (THF) to 

give 0.02 - 0.03% (w/v) solutions.

Size exclusion chromatography was performed on a series of four Ultrastyragel 

columns, 104, 105, linear, 106, with THF as the eluting solvent. Universal 

calibration was used with narrow polystyrene standards and the Mark-Houwink
1 5coefficients published by Wood et al.

RESULTS AND DISCUSSION 

Reproducibility of method

Sample-to-sample reproducibility of the analysis by SEC was examined using 

softwood pulp samples (Table 1). Reproducibility of the technique is good 

with standard deviations for the means for sets of six results (3 replicates, 

duplicate injections) for both number-average (DPN) and weight-average (DPy) 

degree of polymerization varying between 2.6 and 1.6% of the means.

Determination of MWD for xylanase-treated hardwood pulps

The effect of xylanase treatment on the residual xylan in two samples of 

aspen kraft pulp can readily be observed (Figure 1, Table 2). The peak in the 

chromatogram assigned to hemicellulose is shifted towards lower molecular
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weight and the proportion of the distribution below molecular weight 70,000 is 

reduced. The observed changes are consistent with hydrolysis and partial 

solubilization of xylan.

Figure 2 shows the effect of reaction time of the derivatization on the MWD. 

With longer reaction time, the area of the low molecular weight portion 

decreases and the whole distribution shifts towards higher molecular weights. 

Prolonged reaction time, however, can cause degradation of the carbanilate 

derivative resulting in a decrease in the values of molecular weight data. 

Ideally, MWD data should be determined at reaction times corresponding to 

completion of derivatization and before degradation of the sample occurs. 

Inspection of Figure 2, shows that distributions obtained after reaction for 

43 and 49 h are very similar in the case of the untreated pulp, but quite 

different for the enzyme-treated substrate. This is reflected in the 

calculated values for DP^ and DPW (Table 2). These results indicate that the 

degree of completion of the carbanilate reaction at a given reaction time may 

differ between substrates. In the low molecular weight region they may 

reflect a difference in reactivity of the contributing component polymers or a 

difference in the stability of the carbanilate derivatives. Comparison of MWD 

curves of carbanilated samples at any given reaction time without knowledge of 

the degree of completion of the derivatization may lead to erroneous 

interpretations.

Determination of MWD for xylanase-treated softwood pulps

The MWD curves obtained for enzyme-treated radiata pine kraft pulp show an 

increase in the low molecular weight portion of the distribution (Figure 3A).
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This is reflected in a decrease in DPN and an increase in the proportion of 

the distribution below molecular weight 100,000 (Table 1). This effect was 

consistently observed in all softwood samples studied. This observed increase 

in the low molecular weight portion after enzyme treatment of the softwood 

pulp may be explainable 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 region, or, material previously left in the reaction residue 

is now soluble with or without derivatization.

The problem of variation in the MWD with reaction time observed for aspen 

substrates was observed again with softwood pulps. The distribution for the 

enzyme-treated substrate changed significantly in the low molecular weight 

region between reaction times of 40 and 48 h, but no corresponding change was 

observed in the control samples (Figure 4). This may reflect degradation of 

the low molecular weight portion.

Precipitation is frequently used as a method of purifying the CTC in MWD 

determination of the cellulose. This method of preparation of the derivative 

was examined for the softwood pulp, using water - methanol (30:70) as the 

precipitation solvent.16 Figure 3B shows the effect of precipitation on the 

MWD curve. As previously observed in analysis of chemical pulps15 low 

molecular weight material is lost. In the case of the xylanase treatment the 

effect on the substrate is no longer readily apparent.

Validity of method

Determination of MWD by SEC relies on the ability to relate retention time to 

molecular weight, and detector response to the concentration of eluting

26



polymer. The validity of universal calibration using polystyrene standards 

for the determination of the molecular weight of CTC has been demonstrated.17 

Hardwood xylan is reported to have the same relationship between intrinsic 

viscosity and molecular weight as cellulose. However, the accuracy of 

calibration for CTC when applied to the determination of the molecular weight 

of xylan dicarbanilate is unknown. The values determined by this calibration 

are therefore CTC equivalents, and not true values for the DP of the xylan 

component. Additionally, the number of chromophores per unit mass of 

carbanilated xylan is 6% less than for CTC, and therefore detector response is 

similarly reduced. With these inaccuracies in calibration and detector 

response for the xylan component, the values obtained from SEC for the MWD 

data for pulps containing xylan will not accurately reflect their absolute 

molecular weight. Values for DPN will be especially affected by these 

inaccuracies.

Reproducibility of the technique will allow the effects of enzyme-action, i.e 

xylan removal and the integrity of the cellulose component, to be indicated 

with reasonable accuracy; with the proviso that complications resulting from 

the presence of other hemicelluloses, lignin, or degraded cellulose of low 

molecular weight can be taken in to account.

CONCLUSIONS

Determination of MWD data for pulps by SEC analysis of the carbanilate 

derivative gives reproducible results. The relative effect of xylanase 

treatments can be obtained with this method. These results can be interpreted 

in the case of hardwood pulps in which xylan is the major hemicellulose and 

there are less interferences from other components. Care must be exercised in
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the interpretation of results due to changes in the measured MWD with reaction 

time and to interferences especially in softwood pulps. Precipitation of the 

carbanilate derivative is undesirable if the low molecular weight portion of 

the distribution is of interest.
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Table 1 Molecular Weight Distribution Data for Carbanilated Radiata Pine
Kraft Pulp

Sample3 DPU dpn Polydispersity % < MW 100,000

Ave. ± on.1 Ave. ± on., Ave. ± on.1

Control 1750 ± 44 268 ± 7 6.5 16.4 ± 0.4

Enzyme 1733 ± 28 230 ± 5 7.5 18.7 ± 0.4
treated

3 After derivatization for 48 h.
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Table 2 Molecular Weight Distribution Data for Carbanilated Aspen Kraft
Pulp

Sample Reaction
Time
(h)

DPW dpn Polydispersity % < MW 70,000

Pulo A
Control 25 808 164 4.9 20

43 1063 217 4.9 15
49 1059 205 5.2 17

Enzyme 25 868 158 5.5 18
treated 43 1066 187 5.7 16

49 1164 201 5.8 14

Pulp B
Control 49 1440 216 6.7 16

Enzyme
treated

49 1585 198 8.0 15
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Figure 1. Effect of xylanase treatment on the MWD of aspen kraft pulp 
(sample A, 49 hour reaction time).
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Figure 2. MWD of aspen kraft pulps after derivatization for 25, 43, and 48 
hours: A. untreated control B. xylanase treated.
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Figure 3. MWD of untreated and xylanase-treated radiata pine kraft pulps: 
A. unprecipitated carbanilate derivative B. precipitated 
carbanilate derivative.
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Figure 4. MWD of radiata pine kraft pulp after derivatization for 40 and 48 
hours: A. untreated control B. xylanase-treated.
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5.0 REVIEW

Status of the analysis of carbohydrates by electrochemical detection combined
with liquid chromatography.

David Miller and Roger Sutcliffe
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5.1 INTRODUCTION

With the improvements in hardware and methodology for liquid chromatography 
(LC) and the commercial availability of packed ion-exchange columns, a number 
of methods have been developed and widely adopted for the analysis of wood 
sugars from biomass conversion processes.

The two most common methods of detection for carbohydrates separated by LC are 
low wavelength ultraviolet (UV) (190 to 210 nm) and refractive index 
monitoring. Neither of these methods are sensitive, and both are prone to 
interference from other components in the sample. Because carbohydrates are 
electro-active in alkaline solutions, the possibility of using electrochemical 
detectors exists and should combine well with anionic separations that use 
hydroxide eluents.

In recent years electrochemical detectors for LC have been the subject of a 
large number of published applications. There are now many commercially 
available detectors, with improved flow-cell designs, lower noise and drift, 
and a choice of operating modes.

The objective of this review is to determine the status of this detection 
technique with respect to carbohydrates so that a decision can be made whether 
or not to invest in this technique for use in the analysis of substrates from 
bioconversion processes. To gauge the state-of-development a computer search 
of Chemical Abstracts was made for the period January 1987 to December 1988 
with respect to electrochemical detection of carbohydrates. This review 
discusses the results of this search.

5.2 REVIEWS

Critical reviews of electrochemical detectors were published by Jandik et al. 
(1988), and Weber and Long (1988). Reviews concerning application to 
carbohydrates were published by Adam (1987), Olechno et aj.. (1987), Barth et 
al. (1988), and in japanese by Kinoshita and Kato (1988).

5.3 METHODS DEVELOPMENT

Early attempts at electrochemical methods of detection of carbohydrates were 
made using both amperometric and coulometric methods, but met with limited 
success. Carbohydrates tend to bind at the electrode surface, creating an 
insulating layer and thus reducing the sensitivity and linearity of response 
as well as increasing baseline drift and noise. As indicated below, a wide 
variety of methods have been and are being developed to overcome these early 
difficulties, among them pulsed amperometry seems to offer the most 
advantages.

5.3.1 Pulsed Amperometric Detection (PAD)

Pulsed amperometric detection (PAD) has received the most attention with 
respect to development of electrochemical analysis for carbohydrates. 
Advantages of this detection method are: electrodes (gold) show little
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deterioration even after long service (>1 year); works best at extremes of 
pH; nonreducing carbohydrates (e.g., alditols and glycosides) can be detected 
with the same apparent sensitivity as reducing sugars; extremely high 
sensitivity; compatible with ionic strength gradients at constant pH.

Weiss (1986) reported the use of triple pulse amperometry at noble metal 
electrodes (gold, platinum) for the detection of carbohydrates, alcohols, 
aldehydes, and formic acid. Carbohydrates were separated as anions by ion- 
exchange chromatography. The detection method of oxidation at a gold 
electrode had detection limits of between 30 ppb for sugar alcohols and 100 
ppb for higher oligosaccharides. The separation and detection technique has 
been applied to carbohydrates, including the monosaccharides commonly found in 
wood and wood pulp hydrolyzates, and to a sample of hydrolyzed wood pulp 
(Edwards et al., 1987). In this preliminary report, detection limits were 
found to be of the order of 1 mg/kg (1 ppm) for common monosaccharides in a 50 
pL injection volume.

Neuburger and Johnson (1987) compared the use of PAD of carbohydrates at gold 
and platinum electrodes for flow injection (FI) and LC systems. These workers 
demonstrated a two-step potential waveform for detection in FI and LC. 
Detection limits were approximately 1 nmol in a 50 yuL sample (i.e. ca. 4 ppm 
of glucose and 7 ppm of sucrose) (Neuburger and Johnson, 1987).

The use of high-performance anion-exchange chromatography with PAD has been 
applied to the separation of positional isomers of oligosaccharides and 
glycopeptides (Hardy and Townsend, 1988) and monosaccharide analysis of 
glycoconjugates (Hardy et al., 1988).

As the degree of polymerization (DP) of oligosaccharides increases, the 
amperometric response decreases with the result of relatively poor sensitivity 
and high detection limits for DP>3 compared to glucose. A method has been 
described combining an immobilized enzyme reactor with PAD for the 
determination of oligosaccharides having a D P » 2 . This method was 
demonstrated in the determination of soluble starch and total carbohydrate in 
beer samples (Larew et al., 1988) and the quantitation of chromatographically 
separated maltooligomers (Larew and Johnson, 1988).

To extend the use of PAD to the detection of hydroxy-bearing compounds 
separated by chromatographic modes other than anion exchange in alkaline 
media, Haginka and Nomura (1988) investigated changing the pH of the eluent to 
alkaline values, after chromatographic separation but before detection, using 
a membrane reactor.

PAD and conductivity detection for carbohydrates were compared (Welch et a_l. , 
1988). Under the same conditions the detection limit (S/N=3) for glucose by 
conductivity was ca. 1x10 5M (90 ng per 50 uL injection, or 1.8 ppm) and by 
PAD ca. 5x10 M (4.5 mg per 50 /jL injection, or 0.09 ppm). These detectors 
in series gave a combined linear dynamic range of ca. four decades for 
glucose. Hence, a dual detector system was recommended for carbohydrate 
separations in which a wide range of concentrations is expected.

5.3.2 Pulsed Coulometric Detection (PCDÏ

Pulsed coulometric detection (PCD) was recently described (Neuburger and 
Johnson, 1987). The significant difference between PAD and PCD lies in the 
instrument protocol related to measurement of the faradaic signal. In PAD,
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electrode current is averaged over a time period of 16.7 ms whereas in PCD the 
amperometric response is electronically integrated over an integral number of 
sequential 16.7 ms periods. PCD inherently has a larger signal-to-noise 
ratio. The method has been examined for detection of carbohydrates (Neuburger 
and Johnson, 1987, 1988). The absolute detection limits for glucose and 
sucrose were claimed to be ca. 50 pmol (0.18 ppm) and 125 pmol (0.81 ppm), 
respectively, in 50 pL samples.

5.3.3 Other electrode materials and chemically modified electrodes

Mono-, di-, and oligosaccharides after separation by ion-exchange 
chromatography have been detected with detection limits approaching 20 ppb (1 
ng in 50 pL) for monosaccharides and 100 ppb (5ng in 50 pL) for 
oligosaccharide using nickel(III) oxide electrodes (Reim and Van Effen, 1986). 
Using a copper electrode maltose, lactose, glucose, sorbose, xylose, fructose, 
and arabinose were detectable in the low nanomole range and at an order of 
magnitude lower concentrations than by refractive index detection (Alexander 
et al., 1985; Cowie et al., 1986).

Chemically modified electrodes (CME) have been proposed as an alternative 
approach to using metallic electrodes (for example, platinum, gold, and 
nickel) to diminish the overpotential for oxidation of carbohydrates (Santos 
and Baldwin, 1987, 1988). The CME are composed of carbon paste containing 
cobalt phthalocyanine (CoPC). When used for carbohydrate detection after LC, 
the CoPC-CME yielded detection limits in the 10-50 pmol range (for example, 
0.36 ppm for glucose).

5.3.4 Other electrochemical detection methods.

Post-column derivatization of carbohydrates to electrochemically oxidizable 
compounds was proposed (Honda et al.. 1986). The method is based on reaction 
of carbohydrates with ethylenediamine in weakly alkaline medium at elevated 
temperatures, and provides an effective means for sensitive monitoring of 
carbohydrates in HPLC in various modes. The lower limit of detection for 
aldoses was ca. 1 pmol (9 ppb for glucose), and good linearity was observed in 
the range 5-10 nmol.

Post-column reaction with copper bis(phenanthroline) reagent followed by 
electrochemical detection of the reduced reagent was demonstrated for 
detection of nanogram quantities of reducing and nonreducing sugars in body 
fluids, foods, and beverages (Koski, 1987). The system can be used with 
either ion-exchange or amino-bonded phase analytical columns.

A sensitive method was demonstrated for the detection of maltosaccharides up 
to maltoheptaose produced by the transferase action of yeast debranching 
enzyme on maltosaccharides (Tabata and Ide, 1988). The method was based on an 
electrochemical detector using bis(1,10-phenanthroline)-copper(II) in a post 
column reactor after HPLC on an amino-bonded column.

Samples from fermentation of penicillin were analyzed for lactose and glucose 
by an electochemically based technique (Marko-Varga, 1987). The effluent from 
the chromatographic column was mixed with nicotinamide adenine dinucleotide 
enzyme (NAD ) buffer and passed through a packed-bed reactor containing 
immobilized glucose dehydrogenase. Oxidation of the carbohydrates emerging 
from the column produced an equivalent amount of reduced coenzyme (NADH), 
which was detected electrochemically using an electrode modified with 7-
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dimethylamino-1,2-benzophenoxazine. Detection limit was 2 ng for a 20 /jL 
injection of glucose (0.1 ppm) and the response was linear up to 6300 ng.

5.4 CONCLUSIONS

A wide array of techniques have been demonstrated for the electrochemical 
detection of carbohydrates. The majority of published reports are still of a 
developmental nature with rare exceptions reporting the application of an 
established technique.

Electrochemical detection methods offer very high levels of sensitivity, but, 
the difficulties associated with the methods are not always readily apparent 
from literature reports.

5.5 RECOMMENDATION

The development of electrochemical detection protocols for carbohydrates 
should continue to be monitored. No experimental investigation of this method 
of detection for LC applications related to analysis of bioconversion 
substrates should be undertaken until the methods are established in the 
literature and the commercially available equipment is further proven for 
carbohydrate analysis.
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