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SUMMARY

A method for determining the pore size distribution within 
cellulosic materials using the solute exclusion technique was 
established. By varying the types of molecular probes used and 
the means of measuring their concentration in solution, the best 
method for determining pore volume distributions was determined. 
The technique was used to characterize a commercial cellulose 
preparation -- solka floe, which is used in studies on the 
enzymatic hydrolysis of cellulose. By characterizing the pore 
volume available to cellulase enzymes in pretreated wood, the 
opportunity to optimize pretreatment conditions for enzymatic 
hydrolysis exists. It is evident, however, from the scatter in 
the data and large discrepancies in the literature that there are 
still problems with the technique for cellulosic substrates such 
as solka floe and pretreated wood. The technique works well on 
standard pulps from the pulp and paper industry but is not as 
straightforward with other substrates.

Colorimetric and HPLC techniques were further developed and 
compared for the analysis of carbohydrate in 1ignoce1lulosic 
materials. A new HPLC column was investigated for the analysis 
of carbohydrate in steam pretreated wood samples. A comparison 
with a previously used column was performed. The anthrone method 
for hexosan determination was compared with the HPLC techniques. 
Experiments were performed to establish losses of glucan during 
the acid hydrolysis which is required for analysis of 
carbohydrate in wood and steam pretreated wood samples. Results 
from the two HPLC column systems for analysis of carbohydrate in 
steam pretreated aspenwood agree well. The new column speeds up 
sample preparation but may not be suitable for softwoods which 
contain large amounts of mannose. A hydrolysis loss factor to 
correct for glucose losses during acid hydrolysis has been 
established which makes results from carbohydrate analysis more 
reliable. Although colorimetric and HPLC methods give slightly 
different values for carbohydrate in steam pretreated wood 
samples, the two show similar trends with steaming time and both 
are useful for the characterization of the substrate for 
enzymatic hydrolysis.
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1.0 OBJECTIVES

1. To develop a method based on the solute exclusion technique 
for determining the pore size distribution within cellulosic 
materials.

2. To establish whether or not there is a difference in observed 
pore size distribution within cellulosics depending on whether a 
precision polarimeter or a differential refractometer is used.

3. To compare pore size distributions determined with dextrans 
and polyethylene glycols as molecular probes using the solute 
exclusion technique.

4» To characterize a commercial cellulose preparation--solka 
floc--for pore size distributions using the solute exclusion 
technique.

5* To assess the possibility of using the solute exclusion 
techinique on steam pretreated wood samples for the purpose of 
correlating the rate and extent of enzymatic hydrolysis with the 
pores contained in the substrate.

6. To investigate losses of glucan during acid hydrolysis in 
order to accurately quantify potential glucose in pretreated wood 
samples by HPLC.

7. To analyze a series of pretreated wood samples for glucan 
using HPLC and compare results obtained for hexosan by the 
colorimetric anthrone method.

8. To assess the suitability of using the Biorad HPX 87H column 
for carbohydrate analysis of steam pretreated aspenwood samples 
by comparing results obtained with the Biorad HPX 87P column.

2.0 INTRODUCTION

A major focus of the biotechnology and wood chemistry group at 
Forintek has been the bioconversion of underutilized wood 
residues to higher value products. An important step in the 
bioconversion process is the enzymatic hydrolysis of polymeric 
carbohydrate to monomeric sugars. A basic understanding of the 
mechanisms of enzymatic hydrolysis will lead to optimization of 
this crucial step and a provide a greater likelihood for the 
economic viability of the overall process. Understanding the 
mechanism of enzymatic hydrolysis requires a detailed knowledge 
of the cellulosic substrate.
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2.1 THE SOLUTE EXCLUSION TECHNIQUE

One of the physical characteristics of cellulosic material which 
has been implicated as having a role in the enzymatic 
digestibility of wood as a substrate is the pore size 
distribution within the cell wall (Stone _ejt _a_l, 1 969). One
technique which has been used to determine pore size 
distributions within pulp fibres is the solute exclusion method 
(Stone and Scallan, 1968). If one assumes a certain geometry of 
the microfibrils within the cell wall, then it is possible to 
calculate the surface area which is accessible to a molecule of a 
given size. The surface area accessible to a molecule of the 
size of a cellulase molecule should be an important parameter in 
the rate and extent of enzymatic hydrolysis since the enzyme must 
come into contact with the substrate for a reaction to proceed.

An advantage of the solute exclusion technique over some of the 
other traditional methods for surface area determination is that 
the sample remains wet during the procedure. Many methods 
require drying the sample (gas adsorption, mercury porosimetry), 
a procedure which may irreversibly alter the structure of the 
fibre. Since the enzymatic hydrolysis operates in an aqueous 
environment, it is desirable to obtain information on the 
structure of the wet substrate.

The solute exclusion technique is dependent on the availability 
of molecular probes to measure pores within the cellulosic 
substrate. A water-swollen sample is exposed to solutions of 
known concentrations of different molecular weight polymeric 
standards. Oligomers and monomers are used as the smallest 
molecular probes. Figure 1 depicts qualitatively the basis of 
the technique. In case A, small molecular probes are mixed with 
the substrate and as a result, all of the pores are accessible to 
the solute molecules. In this case, all of the water within the 
pores of the substrate contribute to the dilution of the original 
concentration of the solution. In case B, a solution of larger 
molecular weight probes is used, consequently not all the water 
within all the pores is accessible. In this case, the dilution 
of the original solution is less than case A. In case C, the 
solute molecules are so large that none can penetrate the water 
within the pores of the substrate. Here the inaccessible water 
equals the total water of swelling. The total water of swelling 
is often called the "fibre saturation point" (FSP).

The inaccessible water may be calculated simply by measuring the 
concentration of the solution before and after contact with the 
wet substrate. A plot of the molecular diameter of the solute 
probe versus the calculated inaccessible water normally gives an 
"S"-shaped curve for wood pulps shown in figure 2. From the 
points on this curve it is possible to calculate the total 
surface area accessible to a molecule of a given size.

Recently, Grethlein (Grethlein, 1985) has reported a linear 
correlation between the initial rate of enzymatic hydrolysis for

2



Figure 1

ADDITION 
OF SOLUTION

• m u ib k  w ater inoccestible w ater

CASE A CASE •  CASE C

Principle of pore volume measurement by the solute 
exclusion technique (from Stone and Scallan, 1968).
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Inaccessible
Water

Figure 2. Inaccessible water versus molecular probe diameter for 
a typical wood pulp (from Stone and Scallan, 1968).
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steam treated hardwoods and softwoods and the pore volume of the 
substrates accessible to a probe with the diameter of a typical 
cellulase enzyme complex (51 angstroms). Figure 3 indicates that 
both softwoods and hardwoods follow the same relationship with 
respect to available pore volume and initial rate of enzymatic 
hydrolysis. Another study reported that steam explosion 
pretreatment of poplar dramatically increased the pore volume 
accessible to a 51 angstrom probe (Grous, Converse and Grethlein, 
1986). Other workers have studied accessible pore volume in 
relation to enzymatic hydrolysis of lignocellulosic residues (Lin 
et al, 1 985; Weimer and Weston, 1985). In addition, Van Dyke 
(Van Dyke, 1972) used the solute exclusion technique to 
characterize commercial cellulosic substrates as part of a 
kinetic study of the enzymatic hydrolysis of cellulose. The 
results from these studies created an interest to study the pore 
size distributions within Forintek's steam pretreated wood substrates.

2.2 CARBOHYDRATE QUANTIFICATION

The assessment of a process for the utilization of wood residues 
by bioconversion depends ultimately on the ability to produce 
reliable analytical data which characterize the starting material 
as well as the products. If a reasonable economic assessment of 
the scheme is to be possible, analytical methods must be precise 
and accurate. One area of concern to the biotechnology 
department for the last few years has been the quantification of 
the cellulosic portion of the substrate for enzymatic hydrolysis. 
The theoretical yield of glucose in a given substrate may be 
caluculated from this value.

In a previous report (irick, 1986), several different methods of 
carbohydrate analysis including high performance liquid 
chromatography (HPLC), gas chromatography and colorimetric 
methods were compared for the analysis of carbohydrate in wood 
samples. In the present report, only the HPLC and colorimetric 
assay based on the anthrone reagent have been pursued as they 
seem most likely to be used on a routine basis.

In the present report, a new HPLC column (Bio-rad HPX 87H)is used 
which allows direct injection of acidic wood hydrolysates. The 
column used in the last report (Bio-rad HPX 87P) required 
neutralization before analysis. The new column simplifies sample 
preparation before HPLC analysis.

Another aspect of cellulose quantification of substrates involves 
the determination of losses of glucose during the acid hydrolysis 
step of the analysis. An attempt has been made to determine the 
losses based on a microcrystalline cellulose preparation. The 
hydrolysis loss factors developed from these experiments are 
compared with lossess associated with solutions of monomer 
sugars.

Finally, a series of steam pretreated aspenwood samples has been
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Figure 3. Correlation between initial rate of enzymatic hydrolysis 
of hardwoods and softwoods with pore volume available to 
a 5l£ probe:* mixed hardwood, o poplar, x white pine;
A steam-extracted pine, (from Grethlein, 1985)
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analyzed for potential glucose by both HPLC and the colorimetric 
method based on the anthrone reagent.
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4.0 MATERIALS AND METHODS

4.1 PORE VOLUME DETERMINATIONS

4.1.1 S tandard Dilution Curves

Standard solutions of dextrans and polyethylene glycol (PEG) were 
used as molecular probes in determination of pore volume 
distributions. Table 1 lists the dextrans and PEG used in this 
study along with the supplier and approximate weight average 
molecular weight. In addition to the PEG and dextrans, glucose 
and raffinose (Sigma) were used as probes in the solute exclusion 
technique .

Two percent wt/vol solutions of the dextran, PEG and sugar 
standards were prepared by dissolving 20g of each in a one-liter 
volumetric flask. The dextran solutions are very susceptible to 
microbiological growth and therefore precaution was taken in 
their preparation. Dextran (20g) was added to 800 iL of 
deionized water and brought to a boil. The heating also aids the 
dissolution of the higher molecular weight dextrans. When the 
solution was clear and cooled, it was passed through a sintered 
glass crucible into a one-liter volumetric flask.

Since the technique depends on measuring small concentration 
changes in the standard stock solutions, a series of dilutions 
was made for each standard and the resulting solutions were 
measured for concentration by optical rotation and refractive

7



Table 1

Suppliers and approximate molecular weights of probes 
used for solute exclusion technique

Product (no.)
Approximate 

Molecular Weight Supplier

dextran (31388) 6,000 Fluka
dextran (T10) 10,000 Pharmacia
dextran (T40) 40,000 Pharmacia
dextran (T70) 70,000 Pharmacia
dextran (T500) 500,000 Pharmacia
dextran (T2000) 2,000,000 Pharmacia
PEG (P-3015) 200 Sigma
PEG (P-3265) 400 Sigma
PEG (P-3390) 600 Sigma
PEG (P-3515) 1000 Sigma
PEG (P-3640) 3,350 Sigma
PEG (P-2139) 8,000 Sigma
PEG (81300) 20,000 Fluka
PEG (81318) 35,000 Fluka
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index. The optical rotation measurements were made with a 
precision polarimeter (Autopol III, Rudolph Research, Fairfield, 
New Jersey). This automatic instrument reads to a resolution of 
0.001 degrees of rotation. Readings were taken at 546 nm (Hg) at 
room temperature. The cell volume was six mL and the path length 
was 10 cm.

The refractive index measurements were performed with a Varian 
RI-3 refractive index detector which is normally used as part of 
an HPLC system. The system was run with a zero dead volume 
fitting in place of a column and deionized water was pumped with 
a Varian 5000 LC pump. The sugar, dextran and PEG solutions 
produced peaks which were integrated by the Vista 401 data 
system, and from peak areas concentrations could be determined. 
The range of the detector was set at 2 and the attenuation of the 
plotter was 256.

The linearity of response of the two types of detection was 
determined by making dilutions of the stock solutions. These 
dilutions were made by adding 1 to 6 g of water to 20 g of stock 
solution.

4.1.2. Sample Preparation

Solka floe BW-300 (Lee Chemicals, Toronto) was swollen in 10 
times its own weight of distilled water. Repeated application 
and release of vacuum was performed and the material was allowed 
to soak at least overnight to ensure that the pores within the 
material were completely filled with water. The sample was then 
suction filtered and washed several times to remove impurities 
which might have interfered with concentration measurements. 
Finally, the sample was drained so the resulting material had a 
moisture content of approximately 80$.

The Q90 pulp was a gift from A.M. Scallan of the Pulp and Paper 
Research Institute of Canada. The dry sheet of pulp was cut into 
strips of approximately 1 cm in width and then mixed in a waring 
blender with a large excess of water. The water was then 
filtered off until the pulp had a moisture content of 
approximately 80$.

4.1.3 Solute Exclusion

Approximately 1.5g oven dry equivalent of the wet material was 
added to a tared screw cap 50 mL polypropylene vial. The vial 
was reweighed and then 20 mL of the stock sugar, dextran or PEG 
solution was added and the weight recorded again. 20 mL of water 
was added to one sample as a blank. The samples along with the 
added solutions were shaken vigorously for thirty seconds at 
half-hour intervals, and then were usually allowed to stand 
overnight.

In order to obtain sufficient solution from the sample for 
concentration measurement, the sample was filtered under vacuum 
through a tared sintered glass crucible into a dry test tube. If
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a cloudy solution resulted, the filtrate was centrifuged at 1500 
rpm for 15 minutes. The solution was then divided so that some 
was used for refractive index and the rest for optical rotation 
measurements.

The remaining sample was washed free of solute with 500 mL of 
deionized water, and the dry weight of material was determined.

4.1.4* Calculation o f Inaccessible Water

We will define 6 as the water which is inaccessible to a probe of 
given molecular weight in units of grams water/gram dry material. 
If p is the number of grams of dry material and q is the number 
of grams of water which is associated with the material, then the 
material will contribute q - 6p grams of water to the dilution of 
the dextran solution. Thus if c± is the initial concentration of 
the solution and w its weight, the final concentration cp will 
be :

w
C f  = -------------------- X Ci

w + ( q - 6 p)

This equation may be solved for 6 ( the inaccessible water)

w + q w ci
6 = -------- - —

P P cf

Thus the inaccessible water may be calculated from weights w,q 
and p and the concentrations of the solutions before and after 
solute exclusion (c± and cf) as determined by polarimetry or 
differential refractoietry.

The Lotus 1-2-5 spreadsheet was used to perform calculations for 
inaccessible water. Weights of vials, crucibles and solutions 
were entered, as well as the values for ci and cp. Values for 
Cp and Cf were taken directly as readings from the polarimeter or 
refractive index detector once the linearity of response had been 
established. This was possible since the calculation of 6 
depends only on the ratio of ci to cf and not the actual 
concentrations.

4.2 CARBOHYDRATE QUANTIFICATION

4.2.1 Klason and Acid-soluble Lignin

Klason lignin was determined according to the TAPPI standard 
method (T 222 os-74). The Klason lignin content of wood is that 
portion of the wood which remains insoluble after a primary acid 
hydrolysis in 72$ sulfuric acid followed by a secondary 
hydrolysis in 5$ sulfuric acid. The filtrate may then be 
analyzed for carbohydrate content.

TAPPI useful method 250 describes a method for the determination
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of any lignin solubilized during the Klason determination. In 
our lab, the absorbance of the Klason lignin filtrate is measured 
at 212.5 nm. The absorbance is compared with that of a "pure" 
lignin (e.g. ball milled lignin). A calibration curve with 
various concentrations of lignin is prepared and the absorbance 
of the sample is compared with the standard curve after 
appropriate dilutions.

4.2.2 Pentosan Determination

Pentosan analyses were performed by the TAPPI standard method 
T 223 os-71 .

4.2.3 Hexosan Determination

Hexosans were analyzed using the filtrate from the secondary 
hydrolysis of the Klason lignin determination. For a one-gram 
sample of wood or treated wood, the filtrate was collected and 
adjusted to a volume of one liter in a volumetric flask. One mL 
of the diluted filtrate was pipetted into a test tube containing 
3 mL of water and one mL of 7 2% sulfuric acid. Standard glucose 
solutions, containing 0.06 to 0.6 mg/mL were treated similarly.
A blank was prepared for each run consisting of 4 mL of water and 
one mL of 72% sulfuric acid.

The anthrone solution containing 0.04 g of anthrone in 200 mL of 
concentrated sulfuric acid was prepared daily and used only four 
hours following preparation. A 10 mL aliquot of this anthrone 
solution was added to each of the standard and sample solutions 
at one-minute intervals. The test tubes were then loosely 
covered and immersed in a vigorously boiling water bath for 
exactly 4 minutes. The tubes were then immersed in cold water at 
20°C. The absorbance of the solutions was read against the blank 
at 625 nm using a Beckmann DB-GT spectrophotometer.

The values for hexosan were, in some cases, corrected for 
interference due to pentose absorption. In the case of most of 
the water-washed steam pretreated samples, no correction was 
necessary. The 4 minute reaction time minimizes influence of the 
pentosan while maximizing absorption due to the hexosan. In the 
case of samples with greater amounts of pentosan, a correction 
was made based on a contribution curve developed from standard 
mixtures of glucose and xylose.

4.2.4 High Performance Liquid Chromatography

Two columns were used for the analysis of carbohydrate in th 
Klason lignin filtrates. The Biorad Aminex HPX-87P and HPX-87H 
columns are packed with a styrene-divinylbenzene copolymer. The 
87P is packed with a crosslinked resin in the lead form, while 
the 87H column has a crosslinked cation resin in the hydrogen 
form. The mobile phase for the 87P column was deionized water 
(Milli-Q system, Waters Scientific) which was degassed before 
use. The mobile phase for the 87H column was 0.01 N sulfuric 
acid. Flow rates were either 0.6 or 0.8 mL/min. The column

11



temperature was 85 °C for the 87P column and 70 °C for the 87H 
column. The 87P column was used with two guard columns: Biorad
cation-H and Anion-OH microguard cartridges. The 87H was used 
with only the cation-H guard column.

The rest of the HPLC system consisted of a Varian 5000 LC pump, a 
rheodyne injector (both 20 and 100 microliter loops were used), a 
column oven and a Varian RI-3 refractive index detector. The 
refractive index detector range was set at 20 and the attenuation 
of the printer plotter was set at one. A Varian Vista 401 data 
control station was used for data acquisition and calculations.

Total glucan in the wood samples is estimated by combining the 
yields of cellobiose and glucose obtained from areas on the 
chromatogram of the acid hyrolysate. The cellobiose and glucose 
are then converted into glucan equivalents, divided by the oven 
dry weight of material and multiplied by a hydrolysis loss 
factor. The conversion factor from glucose to glucan is

1 8 0 .1 6 - 1 8 . 0 2  = 0 .9 0 .
180.16

180.16 and 18.02 are the molecular weights of glucose and water 
respectively. The conversion from cellobiose to glucose is

2(180.16)
2(180.16) - 18.02

and the resulting glucose may then be converted to glucan by 
multiplying by the above factor of 0.90. The overall resulting 
relation is

wt. glucan = wt cellobiose x 0.9473794»

Following a similar calculation, xylose may be converted to xylan 
by multiplying by a factor of 0.88.

In the case of the 87P column, neutralization with saturated 
barium hydroxide to pH 5»5 was required. Centrifugation at 1500 
rpm for 15 minutes settled the precipitate and the supernatant 
was injected onto the column. Since the neutralization diluted 
the sample, and the concentration of the solution must be known, 
an internal standard (erythritol) was added before
neutralization. Quantitation was based on the relative response 
of the sugars to erythritol. In the case of the 87H column, 
however, the acidic hydrolysate was injected directly onto the 
column and no internal standard was used.

4.2.5 Hyd rolysis Loss Factors

Sigmacell (Sigma Chemical Company), which is a microcrystalline 
cellulose preparation, was used in the study of hydrolysis loss 
factors. Aspenwood chips which had been extracted for 24 hours 
with a 1:2 mixture of ethanol:benzene followed by an 8-hour

12



extraction with 95$ ethanol were also used.

4.2.6 Steam Pretreatment

Steam pretreatment of aspenwood (p. tremuloides) was performed 
using the Forintek gun as described by Brownell _ejt _a_l (1 984 and 
1986). The peroxide treatments on the steam pretreated wood were 
done according to the method of Gould ( 19S5)• Some of the steam 
treatments used sulfur dioxide as catalyst (Mackie _e_t _a_l, 1 985).
The alkali extraction of steam treated aspenwood has been 
described by Levitin ( 1 9 8 5)•

Abbreviations used with respect to steam pretreatments are:

SHA (25 min, 190 °C) Steam heated Aspenwood, steaming time 25
minutes, temperature 190 °C.

SHA-WI 

SHA-WIA

Steam heated aspenwood, water washed

Steam heated aspenwood, water washed, alkali 
extracted

SHA-WIA-H202 Steam heated aspenwood, water washed, alkali 
extracted, treated with hydrogen peroxide

S02-SHA Steam heated aspenwood, with addition of 
sulfur dioxide

5.0 RESULTS AND DISCUSSION

5.1 PORE VOLUME MEASUREMENTS

5.1.1 Standard Dilution Curves

Calculations for inaccessible water (see Materials and Methods) 
by the solute exclusion technique depend on the ability to 
measure slight differences in concentration of stock solutions of 
the dextrans or PEG. It is evident from the equation for 
inaccessible water that the ratio of c^/c  ̂determines the 
observed differences in pore volume. The values for w, q and p 
are generally the same for each sample. If it can be shown that 
the relation between dilution of a stock solution of dextran (or 
PEG) is linear with respect to a detector response (polarimeter 
or refractive index), then the readings from the detector may be 
used directly for the calculated value of c^/cp.

For each of the polymers shown in Table 1, a series of dilutions 
was performed on stock solutions with concentrations of 2$ w/v. 
The dilutions were made by adding one to six grams of water to 
20 g of the stock solution to simulate the weight of water from 
the cellulosic substrate which would dilute the stock solution in 
the case of an actual determination. Table 2 shows the factor by
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Table 2

Calculation of dilution factors for calibration of 
refractometer and polarimeter

Grams Water Added Dilution Factor

1

2

3

4

5

6

20
21

20

22

20

I T

20
24

20
25

20
26

0.9524

0.9091

0.8696

0.8333

0.8000

0.7692
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which the initial stock solution is diluted by each addition of 
water. This dilution factor may be plotted versus the optical 
rotation or refractive index of the solutions in the case of 
dextrans and sugars. The PEG are not optically active so only 
the refractive index may be used to establish a linear 
relationship with concentration.

Figure 4 shows a typical curve for a dextran solution (T40), for 
both optical rotation and refractive index. The precision 
polarimeter typically gave correlation coefficients (r) of better 
than 0.999 while the refractive index was generally around 0.998.

5.1 .2. Calculation of Inaccessible Water for Solka Floe

Having established the linearity of all the various molecular 
probe solutions with polarimetry and refractive index, pore 
volume measurements for each of the probes were made using a 
commercial cellulose preparation. Solka floe was chosen as it 
had been used in the literature for pore volume measurements and 
it has been used extensively within the department for other 
experiments involving enzymatic hydrolysis. The first 
experiments were designed to determine whether or not there was a 
different calculated pore volume depending on whether the 
polarimeter or the refractive index detector was used.

The molecular probes used throughout the study have been listed 
in Table 1. An important parameter for each of the probes is its 
approximate diameter in solution. Table 3 lists the values for 
molecuar diameter which were obtained from the literature. The 
value for PEG 35,000 was estimated from interpolation by plotting 
the other PEG molecular weights versus molecular diameter.

5.1 •2.1 . Polarimetry vs. d ifferential refractometery

In order to make the comparison between polarimetry and 
refractometry, dextrans were used as moecular probes, since PEG 
are not optically active. The trimer raffinose was used as the 
smallest probe in these experiments (12 angstroms). The rest of 
the dextrans ranged from 38 (T6) to 560 angstroms (T2000). The 
intention was to observe an S - shaped curve (as depicted in 
figure 2) for the pore volume distribution of solka floe. From 
this curve, the fibre saturation point may be estimated, as well 
as the total pore volume accessible to a probe of a given 
diameter.

The results in table 4 show data for inaccessible water obtained 
by polarimetry and refractive index measurements using dextrans. 
In general, the values obtained by refractive index appear to be 
lower than those obtained by polarimetry. The most obvious 
exception is the case of T500 which gave a very high value of 
1.11 mL/g for 6 by refractive index. In both cases, the 
inaccessible water calculated for the largest probe (T2000) was 
lower than almost all of the smaller probes. These data make it 
quite difficult to accurately determine the fibre saturation 
point of the solka floe. As a result, it is not possible to draw
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Table 3

Estimated molecular diameter 
used for pore size

of probes in 
determination

solution

Probe Molecular Diameter (£) Reference

glucose 8 Stone and Scallan (1968)
raffinose 12 Stone and Scallan (1968)
PEG 200 13 Lin et al
PEG 400 18 Lin et al
PEG 600 21 Lin et al
PEG 1000 27 Lin et al
dextran 6000 38 Weimer and Weston
PEG 3350 50 Lin e_t _ai
dextran TlQ 51 Van Dyke
PEG 8000 84 Lin et al
dextran T40 90 Van Dyke
dextran T70 118 Van Dyke
PEG 20,000 130 Van Dyke
PEG 35,000 170 from interpolation
dextran T500 270 Stone and Scallan (1968)
dextran T2000 560 Stone and Scallan (1968)
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Table 4

Inaccessible water for dextran probes in solka 
floe determined by polarimetry and refractometry

Molecular Inaccessible Water (mL/g)
Probe Diameter R Polarimeter Refractometer

glucose 8’ 0.07 n.d. ̂

raffinose 12 0,47 0.28

dextran 6000 38 0.83 0.48

dextran T10 51 0.83 0.15

dextran T40 90 0.82 0.67

dextran T70 118 0.79 0.58

dextran T500 270 0.87 l.ll2

dextran T2000 560 0.662 0.192

■̂ not determined
2
not plotted in figure 5

18



a definite conclusion as to whether or not polarimetry and 
refractive index detection give similar results for accessible 
pore volume.

The data for inaccessible water versus probe diameter determined 
by refractive index and polarimetry are plotted in figure 5* The 
polarimeter produces the best curve, and a fibre saturation point 
of 0.87 mL/g is estimated from this data. The value of 0.66 mL/g 
for T2000 is assumed to be erroneous since it is lower than all 
of the other smaller dextrans, and the point is not plotted in 
figure 5* The curve obtained by refractometry is much less 
defined. The most drastic deviations occur with the T500 and 
T2000. The T500 appears to be show a very high 6 while the T2000 6 
is very low. These two points have not been plotted in figure 5 
either. Disregarding these two points, the fibre saturation 
point is taken to be the water inaccessible to T40 or 0.67 mL/g. 
The refractive index data also shows a very low 6 for T10. This 
is unfortunate since this is the probe which is similar in size 
to a cellulase enzyme. Thus it is difficult to estimate the pore 
volume accessible to a typical enzyme complex.

An interesting point from the polarimeter data is that the fibre 
saturation point appears to have been reached at the probe 
diameter of 38 angstroms (within experimental error). This means 
that a molecule less than the diameter of a cellulase enzyme has 
been totally excluded from the pores within the solka floe. If 
one makes the assumption that the enzyme must enter the pores of 
the cell wall to adsorb and begin hydrolysis, then theoretically 
there would be no enzymatic hydrolysis of solka floe. This is 
clearly not the case since solka floe can be enzymatically 
hydrolyzed. One must assume that even though values for <$ 
decrease for T40 and T70, the fibre saturation point has not been 
reached at this point. T500 does indeed show a greater 6 , but no 
greater than the scatter of the triplicate determinations. 
Furthermore, the value for T2000 (560 angstroms) is even lower 
than that for the 38 angstrom dextran.

Van Dyke has indicated that rapid withrawl of filtrate from the 
solute/cellulosic substrate mixture may lead to a chromatographic 
effect of stranding larger molecules within the substrate leading 
to a smaller observed Cp, hence a larger cp / cp and a smaller 
calculated 6. This is one possible explanation of the low 
values for the T2000. On the other hand, he also reports that 
extensive suction causes random, non-reproducible results. Thus 
the matter of separating the solution from the solid is 
apparently a potential source of error, and it is not obvious 
what the best technique for filtration is. The determination 
using T2000 was repeated numerous times keeping these factors in 
mind, but the results were always lower than expected.

5.1.2.2. Dextrans versus PEG

A comparison of inaccessible water for various probe sizes using 
dextrans and PEG was difficult since the only means of detection 
possible was refractometry as PEG are not optically active. This
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is unfortunate as was discussed in the previous section, the 
results from the polarimeter were better than those obtained by- 
ref ractometry in the case of the dextrans. Nevertheless, 6 was 
determined for a series of PEG and the results are shown in table 
5« The points are plotted in figure 6.

Aside from the apparently high values for PEG 600 and the low 
value for PEG 20,000, the curve is reasonably smooth.
Disregarding the value of 1.1 mL/g for PEG 600, the fibre 
saturation point for solka floe by refractometry using PEG as 
solute is 0.66 mL/g, which is the inaccessible water for PEG 
35*000. This is approximately the same fibre saturation point as 
determined with the dextrans, assuming the T500 and T2000 values 
are erroneous.

5.1.2.3 Fibre saturation points

Table 6 gives the values found for the fibre saturation point of 
solka floe BW-300 by the various probes and detection methods for 
this report. As has been discussed, the results did not always 
show the expected trend -- increasing inaccessible water with 
increasing probe diameter. Nevertheless, the best estimate of 
fibre saturation point (which should correspond to the 
inaccessible water at the largest probe size) has been listed in 
the table. In addition, values obtained by other groups studying 
pore size distributions by the solute exclusion technique for 
solka floe are given in table 6 for comparison.

Van Dyke also did a comparison with dextrans and PEG, using only 
refractometry. He reports a lower value for the fibre saturation 
point using the dextrans than with the PEG. He attributes this 
to a higher proportion of low molecular weight material in the 
dextrans which enter smaller pores within the cellulose and 
dilute the solution leading to a lower calculated inaccessible 
water. Our results show very little difference between the fibre 
saturation point determined by dextrans and PEG by refractometry. 
Indeed, the value obtained with dextrans using polarimetry is 
higher than that with PEG by refractomemtry. In the other two 
cases, Lin _e_t _a_l obtained a much higher fibre saturation point 
using PEG and refractometry (1.6 mL/g), while Veimer and Weston 
report a lower fibre saturation point (0.53 mL/g) using dextrans 
and polarimetry.

Thus, there seem to be substantial discrepencies in the 
literature as well as within a given lab regarding the 
determination of fibre saturation points by the solute exclusion 
technique. The fibre saturation point is crucial since the 
determination of pore volume accessible to a molecule of, for 
example, 50 angstroms is dependent on the value of the fibre 
saturation point. As was shown in figure 2, the accessible water 
(or pore volume) is equal to the fibre saturation point minus the 
inaccessible water. The desired end of pore volume measurements 
with regard to enzymatic hydrolysis is the determination of the 
pore volume accessible to a cellulase enzyme (which is taken to 
be approximately 50 angstroms). This accessible volume has been
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Table 5

Comparison of inaccessible water for dextrans 
and PEG in solka floe

Probe Molecular Diameter R Inaccessible Water (mL/g)

raffinose 12 0.28
PEG 200 13 0.42
PEG 400 18 0.62
PEG 600 21 1.13
PEG 1000 27 0,54
dextran 6000 38 0.48
PEG 3000 50 0.54
dextran T10 51 0.15
PEG 8000 84 0.56
dextran T40 90 0.67
dextran T70 118 0.58
PEG 20,000 130 0.431
PEG 35,000 170 0.66
dextran T500 270 i-uj
dextran T2000 560 0.19

1
not plotted in figure 6
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Table 6

Fibre saturation points and water inaccessible to a 50& probe in solka floc

Probe Detection
Forintek 

FSP1 S50$T
Van Dyke 

FSP Ô5oS
Lin et al 

FSP 650$
Weimer
FSP

& Weston
S5oX

dextrans polarimetry 0.87 0.83 - - - 0.53 0.50

dextrans refractometry 0.67 0.15 0.46 0.43 - - -

PEG refractometry 0.66 0.54 0.66 0.58 1.6 1.2 - -

"'"fibre saturation points (mL/g) 

2inaccessible water for 50& probe (mL/g)



reported by Grethlein to be proportional to the initial rate of 
cellulase hydrolysis. No estimate of the accessible volume may 
be made without a well established fibre saturation point.

Not only is the fibre saturation point of solka floe not well 
established, but there is also uncertainty as to the value for 
water inaccessible to a 50 angstrom molecule (dextran T10 or PEG 
3350). Table 6 also shows the discrepancies found with our 
results and those in the literature for water inaccessible to a 
50 angstrom probe. From these results, it would be very 
difficult indeed to calculate with confidence the total pore 
volume available to a solute molecule the size of a cellulase 
enzyme. As a result, it would also be difficult to correlate 
available pore volume with enzymatic hydrolysis.

5.1.3 Q90 pulp

As a result of the difficulties encountered with pore volume 
measurements on solka floe, contact was established with one of 
the originators of the solute exclusion technique. Dr. A.M. 
Scallan of the Pulp and Paper Research Institute of Canada (Pt. 
Claire, Quebec) provided a sample of a well characterized pulp 
known as Q90, which has a well established fibre saturation 
point.

From the experience with the previously described experiments 
using the polarimeter and refractive index detector for both 
dextrans and PEG, as well as discussions with Dr. Scallan, it was 
decided that the use of the polarimeter with dextrans is best for 
the solute exclusion technique. The fibre saturation point, 
according to Scallan was 0.80 mL/g. Triplicate determinations of 
the fibre saturation point on the pulp in our lab resulted in 
0.81 mL/g with a standard deviation of 0.02. It was therefore 
concluded that the technique was not the problem, but more likely 
the nature of the substrate (solka floe) which was being 
measured.

The solka floe contains fine material which remains even after 
thorough washings with water. The Q90 pulp, on the other hand, 
does not. Even though a blank (which consists of water instead 
of the dextran or PEG solution) is used with each run, the fines 
may be one source of error, since they may cause non-reproducible 
polarimeter readings. On several occasions, centrifuging of the 
filtrates from the samples was done, but the values for 
inaccessible water did not change significantly.

Pretreated aspenwood samples would probably be even worse than 
the solka floe in terms of interferences, since much of the 
lignin remains after steaming and water washing. Time did not 
allow the analysis of actual pretreated wood samples, since it 
was deemed that the technique had not reached the point where 
satisfactory values could be acheived. It is hoped that future 
work will be performed on steam treated samples which will be 
enzymatically hydrolyzed.
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5*2 CARBOHYDRATE ANALYSIS

The ability to quantify the sugars potentially available from 
wood substrates is of vital importance to the biotechnology 
department. Results were presented in the last final report for 
this project, which compared sugar analysis of acid-hydrolyzed 
whole wood samples using HPLC with the Biorad HPX 87P column 
and the anthrone colorimetric assay (irick, 1986). There was 
some question as to the validity of the values used for 
hydrolysis loss factors associated with the acid hydrolysis 
required of lignocellulosic material prior to analysis. 
Experiments have been performed which validate the hydrolysis 
loss factors used for carbohydrate analysis by HPLC. In 
addition, a different HPLC column (Biorad HPX 87H) for sugar 
analysis has been used which allows direct injection of the 
acidic hydrolysates without the neutralization with barium 
hydroxide. This reduces analysis time and avoids dilution of the 
sample to be analyzed by HPLC. Steam pretreated wood samples 
have been analyzed using both HPLC columns and the anthrone 
method.

5.2.1 Standard Sugar Calibration Curves

In order to rule out errors due to a non-linear response of the 
refractive index detector for sugar analysis, stock solutions of 
sugar mixtures were diluted and the refractive index response was 
plotted versus concentration. In addition, erythritol was 
similarly tested, since this compound is the internal standard 
when the HPX-87P column is used. The concentration of individual 
sugars did not exceed 1.0 mg/ml in the Klason lignin filtrates. 
Indeed when the filtrates are neutralized, the concentration of 
the most prevalent sugar--glucose —  is only 0.4 to 0.8 mg/mL in 
most of our samples. Hence, standard curves were made ranging 
from 0.8 to 0.1 mg/mL. Figure 7 indicates the linearity of 
response of the refractive index detector to glucose in this 
concentration range. Figure 8 shows a similar curve for xylose 
up to 0.2 mg/mL. Figure 9 gives the data for erythritol up to 
0.2 mg/mL. This data shows that the sugar solutions give a 
linear response over the range within the Klason lignin 
filtrates.

It is interesting to plot the relative response factors of 
glucose (as well as the other sugars) with respect to erythritol 
as a function of concentration. Figure 10 shows that there is a 
significant difference between response factors if there are very 
low erythritol and glucose concentrations compared with the case 
of very high concentrations. For example, the relative response 
factor (RRF) of glucose with respect to erythritol is 1.25 when 
the glucose concentration is 0.10 mg/mL and erythritol is 0.02 
mg/mL. On the other hand, the RRF is 0.985 when the glucose 
concentration is 0.8 mg/mL and erythritol is 0.20 mg/mL.
However, samples may be analyzed in a manner such that the errors 
due to this phenomenon are not significant. In other words, by 
adding a proper amount of internal standard to the sample, the 
response factors are similar to those of standard solutions.
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Figure 8 . Linear response for xylose analysis by HPLC with refractive 
index detection.
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Figure 9. Linear response for erythritol analysis by HPLC with refractive 
index detection.
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5*2.2 Hydrolysis Loss Factors

It is well established that some carbohydrate which is present in 
lignocellulosic material decomposes during acid hydrolysis.
These losses are important if a meaningful value is to be 
calculated for potential sugar in starting material for enzymatic 
hydrolysis. Some laboratories use pure sugar standards to 
determine losses which occur during the acid hydrolyses with 
sulfuric acid during the Klason lignin procedure. Others propose 
that the pure sugars behave differently than the polymeric 
material within a wood sample. They argue that the components of 
the wood itself may influence the hydrolysis of the 
polysaccharides with the wood.

In an attempt to establish the effect of varying amounts of wood 
on the acid hydrolysis of a "pure" cellulose, an experiment was 
designed using mixtures of aspenwood and Sigmacell (a commercial 
cellulose preparation). Samples of Sigmacell and extractives- 
free aspenwood were analyzed for Klason lignin and the 
carbohydrate content of the filtrate was analyzed by HPLC. In 
addition, mixtures of varying proportions of aspenwood and 
Sigmacell were given the same treatment.

Table 7 shows the chemical analysis of the Sigmacell, aspenwood 
and mixtures. Values for Klason and acid soluble lignin 
(combined to give total apparent lignin) as well as glucan and 
xylan as determined by HPLC are given. The glucan reported is 
calculated from combined cellobiose and glucose peaks from HPLC.
The xylan has been estimated from the xylose peak. The Sigmacell 
was found to be reasonably pure glucan, with only 1.8$ of the 
oven dried material either unaccounted for, xylan or lignin.
Thus, Sigmacell was deemed an appropriate model cellulose material.

A hydrolysis loss factor for glucan may be caluculated from the 
data for Sigmacell presented in Table 7. Of 0.9586 g of 
Sigmacell, 0.36$ is lignin and 1.32$ is xylan. Thus, 0.161 g of 
the Sigmacell is not glucan. In other words, 0.9425 g of glucan 
is the theoretical yield before acid hydrolysis. The combined 
glucan (cellobiose and glucose) from HPLC is 0.8921 g. Thus the 
hydrolysis loss factor is,

0.9425/0.8921 = 1.0565

as determined by using Sigmacell. A repeat determination yielded 
a result of 1.0531 for the hydrolysis loss factor. This is a 
spread of 0.3$. The average of 1 .0548 was used in subsequent 
calculations for glucan in the Sigmacell/aspenwood mixtures.

Table 8 gives the composition of each of the mixtures of 
Sigmacell and aspenwood in terms of a percentage of the weight of 
the whole sample. From these percentages and the values for 
lignin from table 7 in aspenwood and Sigmacell, it is possible to 
calculate the theoretical lignin yield and compare this with the 
actual lignin determination on the mixture. In all four cases,
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Table 7

Chemical analysis of aspenwood/Sigmacell mixtures for hydrolysis
loss factor study * 2 3

Sample
Mixture

grams (oven dry) 

Àspenwood Sigmacell

Klason
lignin

Acid
Soluble
Lignin

Total
Apparent
Lignin

Glucan"*-
2

Xylan Total

1 ) 0.9821 - 18.823 2.97 21.79 48.08 19.59 89.46

2) - 0.9586 0.26 0 .10 0.36 98.17 1.32 99.85

3) 0.7541 0.1904 14.94 2.51 17.45 55.97 15.72 89.14

4) 0.5670 0.3823 11.18 1.94 13.12 65.65 13.71 92.48

5) 0.3784 0.5756 7.26 1.47 8.73 75.25 10.58 93.91

6) 0.1902 0.7655 3.73 0.86 4.59 85.41 7.78 97.78

^hydrolysis loss factor of 1.0548 has been applied
2hydrolysis loss factor of 1.0509 has been applied
3
All values indicate percentage of oven-dried material



Table 8

Comparison of calculated and observejl lignin in 
aspenwood/Sigmacell mixtures

Sample
Mixture

%
wood

%
sigmacell

lignin from 
wood 
calc'd

lignin from 
sigmacell 
calc1d

total 
calc 'd
lignin

actual
lignin difference

3 79.84 20.16 17.40 0.07 17.47 17.45 0.02

4 59.73 40.27 13.02 0.14 13.16 13.12 0.04

5 39.66 60.34 8.64 0 .22 8.86 8.73 0.13

6 19.90 80.10 4.34 0.29 4.63 4.59 0.04

1All values indicate percentage of oven-dried material
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Table 9

Comparison of calculated and observed glucan in 
aspenwood/Sigmacell mixtures ■*"

Sample
Mixture

%
wood

%
Sigmacell

glucan 
wood 
calc'd

glucan from 
Sigmacell 
calc'd

total 
calc‘d

glucan

actual
glucan difference

3 79.84 20.16 38.39 19.79 58.18 55.97 3.80

4 59.73 40.27 28.72 39.53 68.25 65.65 3.81

5 39.66 60.34 19.07 59.24 78.31 75.25 3.91

6 19.90 80.10 9.57 78.59 88.16 85.41 3.12

1All values indicate percentage of oven-dried material
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the agreement is very good. Table 9 gives data for glucan 
values of the mixtures and the theoretical glucan caluculated 
from the original aspenwood and Sigmacell. Here there is a 
difference between the observed glucan of the mixture and the 
calculated value. The important point is that this difference 
is constant, therefore there appears to be no dependence of the 
hydrolyis loss factor with varying proportions of cellulose to 
wood. Thus, the hydrolysis loss factor calculated from the 
Sigmacell is accepted and used in subsequent caluculations.

A hydrolysis loss factor for glucose was also calculated using 
solka floe and the result was 1.0625* The solka floe contains a 
much higher xylan content than the Sigmacell and hence is not as 
pure in cellulose content as Sigmacell. Nevertheless, the value 
for glucan hydrolysis loss factor was less than a percent 
different than that calculated from Sigmacell.

Another method of calculating a hydrolysis loss factor for glucan 
is making a solution of pure glucose and exposing it to the primary 
and secondary acid treatments of the Klason lignin determination. 
Two determinations of this value were performed, one using the 
87P column and one using the 87H column. Xylose was also added 
to the solution, since it is desirable to have a hydrolysis loss 
factor for the xylan component of the wood as well as glucan.
Table 10 shows the hydrolysis loss factors determined by using 
the pure sugar solutions. There is a spread in the glucose 
determinations of about 2%. The xylose spread is about 3$* The 
average of the glucose values is lower than the factor obtained 
by the Sigmacell. This suggests that the pure sugar survives the 
hydrolysis better than the cellulosic preparation. Also, the 
glucose survives hydrolysis better than the xylose. This result 
agrees with Moore and Johnson, who report a hydrolysis loss 
factor of 1.053 for glucose and 1.115 for xylose. It is worth 
noting that the 1.053 reported by Moore and Johnson is very close 
to the value obtained using Sigmacell of 1.0548. Thus, a 5$ loss 
of glucan during the Klason lignin procedure seems to be a 
reasonable figure. The pure xylose gives a lower hydrolysis loss 
factor than reported by Moore and Johnson. Perhaps a pure xylan 
preparation would give a greater hydrolysis loss factor than 
xylose, as was the case with cellulose and glucose.

5*2.3 Carbohydrate Content of Pretreated Wood Samples

A major objective of the carbohydrate methods development work is 
establishing the ability to accurately quantify the cellulosic 
portion of wood. This value is important in the assessment of 
the bioconversion process since it is the basis of the 
theoretical yield of glucose contained in a pretreated wood 
substrate. Having established a hydrolysis loss factor for 
glucan HPLC can now be used to estimate the potential glucose in 
a substrate.

Two different HPLC columns have been used to measure glucose and 
xylose in pretreated wood. The 87P column was used extensively 
in the work described in last year's final report (irick, 1986).

35



Table 10

Comparison of hydrolysis loss factors determined 
using monomer sugars and cellulose preparations

pure sugars cellulose preparations
glucose xylose sigmacell solka floe

87P column 1.0485 1.0865 - -

87H column 1.0273 1.0509 1.0548 1.0625

Moore & 
Johnson 1.053 1.115
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The procedure for this column requires neutralization of the 
acidic Klason lignin filtrate. This a time-consuming step which 
also dilutes the sugar solutions and makes quantification more 
difficult. The 87H column, on the other hand permits the direct 
injection of the acidic filtrate, which reduces sample 
preparation time. The drawback of the 87H column is that it does 
not resolve galactose and mannose from xylose, although it does 
resolve arabinose from the other wood sugars. Galactose and 
mannose are not present in large enough quantities in the steam 
pretreated aspenwood substrates to interfere with the analysis.

Solka floe has been used as a model cellulose compound for 
studies of enzymatic hydrolysis. Table 11 shows a comparison of 
the results obtained for glucan and xylan by HPLC using the two 
different columns. The glucan values show remarkable agreement. 
The higher value for xylan by the 87H column may be due to 
coelution of other sugars with xylose (mannose or galactose, for 
example).

Table 12 shows results of the chemical analysis of three steam 
pretreated substrates as well as the solka floe used in the pore 
size determinations. The carbohydrate was analyzed following the 
Klason lignin acid hydrolysis by both HPLC using the 87P column 
and the anthrone method. In addition, pentosan analysis was 
performed by the TAPPI standard method for pentosan analysis.
The agreement between the anthrone and HPLC methods is quite good 
except for the SHA-WIA sample. However, if one considers the 
combined glucan and xylan with the combined hexosan and pentosan 
values, the agreement is better. The value by HPLC for glucan 
is lower than hexosan by anthrone, while the pentosan value is 
lower than the xylan found by HPLC. Figure 11 shows a standard 
sugar mixture on the 87P column as well as a representative 
chromatogram from a steam heated aspenwood sample. The only 
sugar peaks which are large enough to be integrated are due to 
cellobiose, glucose and xylose.

Table 13 shows data for the chemical analysis of aspenwood chips 
both unextracted and extracted (alcohol: benzene). The
carbohydrate was analyzed both by the anthrone method and by HPLC 
with the 87H organic acid column. As with the data from the 87P 
column, the hexosan values are higher than the glucan values.
This may be explained in part by the fact that aspenwood contains 
about 2% mannose and 4$ uronic acid, which contribute to the 
anthrone hexosan. Together their contribution in the anthrone 
assay accounts for the J>% difference between the HPLC glucan and 
anthrone hexosan.

The next series of steam pretreated aspenwood samples were 
analyzed for carbohydrate by the anthrone and HPLC using the 87H 
column. None of these samples contained enough xylose to permit 
a useful comparison between colorimetric and HPLC techniques. 
Consequently, only the hexosan and glucan values are reported.

Figure 12 shows a sample chromatogram of a standard sugar mixture 
and a typical acid hydrolysate from a steam pretreated wood
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Table 11

Comparison of two HPLC columns for the analysis 
of carbohydrate in solka floe ̂

Column Klason
lignin

acid
soluble
lignin

total
apparent
lignin

glucan xylan total

87P 0.85 0.62 1.47 89.13 8.29 98.89

87H 0.27 0.15 0.42 89.12 9.81 99.35

^All values indicate percentage of oven-dried material
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Table 12

Chemical analysis of steam pretreated aspenwood--comparison of HPLC (HPX 87P column) 
with colorimetric carbohydrate analysis

Sample Klason
lignin

acid
sol

lignin

total
apparent
lignin

glucan3
1

hexosan

hexosan
minus
glucan xylan3

2
pentosan

xylan
minus
pentosan

total total by 
by HPLC colorimetric 
method methods

SHA
25 min/ 
190°C

29.124 1.50 30.62 49.84 50.99 1.15 14.06 13.46 0.60 94.52 95.07

SHA-WIA
25 min/ 
190°C

15.26 0.79 16.05 70.24 78.02 7.78 9.40 4.68 4.72 95.69 98.75

SHA-WIA
25 min/
190°C
H202 0.2575%

12.58 0.92 13.50 75.19 79.07 3.88 5.64 4.73 0.91 94.33 97.30

solka floe
L— ■ . ---

0.85 0.62 1.47 89.13 89.06 0.07 8.29 7.88 0.41 98.89 98.41

as determined by the anthrone method 

2as determined by TAPPI standard method

^as determined by HPLC

4all figures indicate percentage of oven-dried material



RI a)

RI

Figure 11. Chromatograms from HPX 87P column for a) standard sugar
mixture and b) acid hydrolysate from steam heated aspenwood. 
Peaks: 1 = cellobiose, 2 - glucose, 3 - xylose, 4 = galactose 
5 * arabinose, 6 = mannose, 7 - erythritol
Mobile phase: deionized (Milli-Q), degassed water; Flow rate
0.6 mL/min; Column temperature: 85°C
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Chemical analysis of aspenwood--comparison of HPLC (HPX 87H column) 
with colorimetric carbohydrate analysis

Table 13

Klason acid total 1 hexosan 3 2 Pentosan total by total by
lianin sol apparent glucan* 2 3 hexosan minus xylan pentosan minus HPLC colorimetric

lignin lignin glucan xylan methods methods

extractives-
free
aspenwood

19.764 3.31 23.07 43.21 47.25 4.04 19.54 19.94 0.40 85.82 90.26

unextracted
aspenwood 21.34 2.52 23.86 44.15 47.66 3.51 16.82 18.96 2.14 84.83 90.48

3as determined by the anthrone method

2as determined by TAPPI standard method

3as determined by HPLC

4A11 figures indicate percentage of oven-dried material



1

to

RI
A a) 1, 3

RI
b)

3

SHA-WIA/H2C>2 

25 min/190 °C

Figure 12. Chromatograms from HPX 87H column for a) standard sugar mixture and b) acid hydrolysate 
from steam heated aspenwood. Peaks: 1 = HjSQif, 2 - callobiose, 3 - glucose, 4 - xylose
Mobile phase: 0.01N H2SO4 , Flow rate 0.6 mL/min; column temperature 70°C



sample. The four major peaks are due to sulfuric acid, 
cellobiose, glucose and xylose. Unlike analysis with the 87P 
column, no internal standard addition is necessary since the 
filtrate from the Klason lignin determination is injected 
directly. This minimizes errors due to peak integration since 
only one peak must be integrated instead of two with the internal 
standard method.

Table 14 gives the chemical analysis of aspenwood pretreated with 
steam for various lengths of time and the same samples treated 
with hydrogen peroxide. The difference between calculated glucan 
and hexosan range between 0.55 to 4-92 as a percent of the oven 
dry starting material. Figure 13 shows that the glucan and 
hexosan values follow similar trends with respect to steaming 
time, with the glucan values always somewhat lower than the 
hexosan values. Both enthrone and HPLC show maximum glucan yield 
at 80 sec for the SHA-VI. In the case of the peroxide treated 
samples, the hexosan and glucan values are closer together at 
longer steaming times. An explanation for this may be that the 
alkaline peroxide treatment removed more of the hemice1luiose, 
leaving an enriched glucan. Therefore, there was less mannose 
and uronic acid included with the hexosan values obtained by the 
anthrone method.

Table 15 gives data for the same samples after alkali extraction. 
Figure 14 depicts the results graphically. Once again the 
general trend is that the hexosan values are higher than the 
glucan but with increasing steaming time the values move towards 
each other. The one major exception is the 120 second peroxide 
treated sample, which shows a significantly higher glucan than 
hexosan value. Also, the steaming time trend breaks down with 
the peroxide alkali extracted 180 second sample. The glucan is 
much lower than the hexosan value. Nevertheless, in general 
there is a good correlation between the results produced by the 
anthrone method for hexosan and the HPLC method for glucan. Both 
methods suggest an increase in glucan (hexosan) content with 
increasing steaming time.

Table 16 and figure 15 illustrate a comparison between hexosan 
and glucan analysis on a series of steam preteated wood samples 
which have had S02 added as catalyst. Once again, the glucan is 
consistently lower than the hexosan, but a similar trend with 
steaming time is observed, namely, a decrease in glucan 
(hexosan) content with increasing steaming temperatures.

6.0 CONCLUSIONS AND RECOMMENDATIONS

The solute exclusion technique for the determination of pore 
volume distributions within cellulosic subtrates has been 
evaluated for solka floe, a commercial cellulose preparation. 
Two techniques were compared for the measurement of solute
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Table 14

Chemical analysis of steam heated aspenwood--comparison of HPLC (HPX 87H column)
with colorimetric carbohydrate analysis

Sample Klason
lignin

acid
soluble
lignin

total
apparent
lignin

4
hexosan

5
glucan

hexosan
minus
glucan

total by 
colorimetric 
methods

total by 
HPLC 

method

SHA-WI1 202
3

23.01 2.28 25.29 60.75 56.91 3.84 86.04 82.20
40 25.57 2 .0 1 27.58 62.32 59.58 2.74 89.90 87.16
80 28.94 1.80 30.74 63.42 61.95 1.47 94.16 92.69
120 30.73 1.91 32.64 62.86 58.09 4.77 95.50 90.73
180 33.55 2.42 35.97 60.44 55.52 4.92 96.41 91.49

SHA-WI 20 13.77 1.94 15.71 73.56 69.20 4.36 89.27 84.91
H O  40 1 0 .0 1 1.47 11.48 80.29 76.38 3.91 91.77 87.86

80 3.39 0.77 4.16 90.70 88.44 2.26 94.86 92.60
120 2.97 0.48 3.45 92.55 90.48 2.07 96.00 93.93
180 2.08 0.29 2.37 94.89 94.34 0.55 97.26 96.71

1 A11 samples treated at 240°C 
2
Steaming time in seconds

3
All values percentage of oven-dried material
4
As determined by anthrone method 

^As determined by TAPPI standard method



Figure 13. Comparison of colorimetric values for hexosan and glucan values 
from HPLC in steam heated aspenwood.
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Table 15

Chemical analysis of steam heated, alkali extracted aspenwood--
comparison of HPLC (HPX 87H column) with colorimetric carbohydrate analysis

Sample Klason
lignin

acid
sol
lignin

total
apparent
lignin

hexosan4 glucan3

hexosan
minus
glucan

total by 
colorimetric 

methods

total by 
HPLC 

method

SHA-WIA1 202 15.543 1.70 17.24 72.86 66.75 6 . 1 1 90.10 83.99
40 12.64 1.26 13.90 79.85 76.32 3.53 93.75 90.22
80 8.38 0.63 9.01 86.60 84.73 1.87 95.61 93.74

120 3.46 0.38 3.84 92.49 90.76 1.73 96.33 94.60
180 2 . 1 1 0.25 2.36 91.83 92.07 0.24 94.19 94.43

SHA-WIA 20 1 1 . 1 0 2.07 13.17 75.66 70.75 4.91 88.83 83.92

H2°2 40 9.32 1.58 10.90 81.91 77.78 4.13 92.81 88 .68
80 4.06 0.77 4.83 84.65 82.93 1.72 89.48 87.76
120 1.83 0.53 2.36 84.83 88.43 3.60 87.19 90.79
180 1.14 0.26 1.40 88.83 82.54 6.29 90.23 83.94

"'"All samples treated at 240°C

^Steaming time in seconds
3All values percentage of oven-dried material
4
As determined by anthrone method 

~̂ As determined by HPLC
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G296

Figure 14. Comparison of colorimetric values for hexosan and glucan values 
from HPLC in steam heated, alkali extracted aspenwood.
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Table 16

Chemical analysis of SO^ catalyzed, steam heated aspen-~comparison of
HPLC (HPX 87H column) with colorimetric carbohydrate analysis

SHA-WI 210°C 

S°2

Klason
lignin

acid
soluble
lignin

total
apparent
lignin

hexosan^
3

glucan
hexosan
minus
glucan

total by 
colorimetric 
methods

total by 
HPLC 

method

40 sec
1

27.99 1.42 29.41 66.08 61.72 4.36 95.49 91.13

80 sec 29.93 1.60 31.53 66.54 61.04 5.50 98.07 92.57

120 sec 29.99 1.87 31.86 64.70 59.96 4.74 96.56 91.83

160 sec 30.13 1.90 32.03 63.65 59.16 4.49 95.68 91.19

200 sec 31.06 1.98 33.04 62.38 58.43 3.95 95.42 91.47

"''All values percentage of oven-dried material 
2
As determined by anthrone method 

3
As determined by TAPPI standard method
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Figure 15. Comparison of colorimetric values for hexosan and glucan values 
from HPLC in SÔ  catalyzed, steam heated aspenwood.
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concentration -- polarimetry and refractome try. The polarimeter 
provided more precise results during calibration with standard 
dilution curves. The linearity of response was better with the 
polarimeter than the refractive index detector. Due to scatter 
in the data, and unexpected results for the inaccessible water of 
large molecules, it is difficult to say conclusively whether or 
not results obtained by polarimetry differ significantly from 
refractometry. The polarimetry appeared to show a higher value 
for the fibre saturation point of solka floe. Since the 
polyethylene glycols (PEG) may only be measured by refractometry, 
a comparison between PEG and dextrans was carried out by 
refractometry. There appeared to be no difference with the fibre 
saturation point measured using PEG or dextrans. However, the 
scatter of the data was large and some points of the pore size 
curve were assumed to be erroneous. Overall the best method for 
determining pore size distributions within cellulosic substrates 
was found to be using dextrans by polarimetry.

It is evident from the large discrepancies in the literature for 
the value of the fibre saturation point of solka floe that there 
are still problems with the solute exclusion technique on 
cellulosic substrates. It may be that steam pretreated aspenwood 
is even more difficult to characterize than solka floe. It has 
been shown that the fibre saturation point of a pulp provided by 
A.M. Scallan of PAPRICAN may be determined accurately by the 
solute exclusion technique. The problem must be from the nature 
of the substrate analyzed. It is recommended that an attempt be 
made to have PAPRICAN analyze some of Forintek's steam pretreated 
aspenwood to see if they can acheive meaningful results with our 
material.

Two HPLC columns have been evaluated for the analysis of 
carbohydrate in pretreated wood samples. The Biorad HPX 87P 
column has the advantage of being able to resolve all of the 
common wood sugars. However, neutralization of the acidic Klason 
lignin filtrate is required which dilutes the sugar solution and 
increases analysis time. The Biorad HPX 87H column does not 
resolve all of the wood sugars, but is suitable for hardwoods 
which have glucose and xylose as the major sugars. Also, the 
acidic Klason lignin filtrates may be directly injected onto the 
the 87H column, which reduces the sample preparation time and 
provides a more concentrated solution for analysis. Results 
comparing the two columns for analysis of glucan and xylan in 
steam pretreated aspenwood agree very well. It is therefore 
recommended that the 87H column be used for hardwoods since the 
analysis is simpler and less time consuming.

Experiments have determined losses due to decompostion of glucan 
during acid hydrolysis in a microcrystalline cellulose 
preparation. Hydrolysis loss factors calculated from Sigmacell 
differ from those obtained from pure glucose. Varying the 
cellulose content in mixtures of wood and Sigmacell does not 
effect the hydrolysis loss factor. Thus, the hydrolysis loss 
factor obtained from pure Sigmacell is used for the calculation 
of glucan in lignocellulosic substrates.
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A series of steam pretreated aspenwood samples have been analyzed 
for carbohydrate by HPLC and the anthrone colorimetric assay for 
the determination of total glucan. The anthrone method generally 
gives higher results for hexosan than the HPLC does for glucan.
In some cases, the values obtained by HPLC for glucan and 
anthrone for hexosan are almost identical, most often when more 
severe steaming conditions have been used, and when the product 
is relatively free from mannan and uronic acid, which contribute 
to the hexosan value. Although the two methods usually give 
slightly different values, they two show similar trends with 
steaming times. Thus, both methods are useful for the 
characterization of the substrate for enzymatic hydrolysis.
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