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SUMMARY OF WORK OF FIRST TWO YEARS OF PRESENT CONTRACT

1) Pyrolysis
Pyrolysis was shown to occur during the steam explosion 

process, and to be an undesirable side reaction. Treatment with 
dry (superheated) steam destroys pentosan but was shown not to 
increase accessibility (Objective 1).

Hydrolysis was shown to be the desirable process occurring 
during the steam-explosion process. Hydrolysis was shown to be 
favored over pyrolysis (and the formation of undesirable 
degradation products from hemicellulose), by higher temperatures 

(shorter times) and by lower pH (Objective 2). A detailed 

comparison of treatments at 190°C and at 240°C was made, without 
added acid. The results showed quantitatively the chemical 

differences produced, but also showed that the enzymatic 

hydrolysis of the cellulose was the same in both cases.

3) Effect of Added Acid During Stearn Treatment
A comparison was made of catalysis with dilute sulfuric acid 

and with sulfur dioxide, with the no-acid steam treatments. The 

results showed, with both sulfuric acid and sulfur dioxide, that 
the development of cellulose accessibility was faster (permitting 
a lower steam temperature to be used) and that less xylan or 

xylose was destroyed. With both of the added acidic catalysts 

most of the xylan was hydrolyzed almost entirely to monomeric 

xylose, whereas without added acid most remained as soluble 

oligomers (Objective 2d). Sulfuric acid caused more condensation 

of the lignin, whereas sulfur dioxide gave more alkali-soluble

2) Hydrolysis (no added acid) During Steam Treatment

1 Forintek
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lignin (Objective 2a). Both combustion analysis and energy 
dispersive x-ray analysis in the S02 case, indicated a small 
amount of sulfur to be incorporated in the water-insoluble 
lignin, presumably as a result of sulfonation. If 0.2% sulfur in 
the lignin is not a disadvantage for its intended use, then the 

use of SO 2 was concluded to be preferable to the use of sulfuric 
acid, on the basis of its easier use. Although these experiments 
were done with aspenwood, they also have a bearing on Objective 7 
(i.e. for sprucewood), although relatively few experiments were 
actually done with sprucewood.

The effect of time, temperature and S02 loading on the 
solubilization of both xylan and of cellulose were followed 
quantitatively. The rate and extent of enzymatic hydrolysis of 
the cellulose were measured by different analytical methods and 
the results compared. Excessively high apparent enzymatic- 
hydrolysis yields were obtained by the glucostat method in both 
this and in other experiments. Glucose yields, measured by HPLC, 
increased with time of steaming, up to approximately theoretical. 
Enzymatic hydrolysis was faster than with aspenwood steam-treated 

without SC>2 catalysis. Although, with SC>2' some cellulose was 
solubilized to glucose during steam treatment to maximum 
cellulose accessibility, little or no glucose was destroyed. 

Xylose survived better than in the absence of S02, but on 

prolonged treatment some was lost here also. High enzymatic 
hydrolysis yields of glucose were also obtainable without SO2» 
but, at the longer steaming times required, more xylose or xylan 

was destroyed.

Forintek 
Canada - 
Corp.



Fermentation inhibitors were isolated from the water-
solubles fractions of steamed aspenwood, both when no acid was 

used, and when dilute sulfuric was added. A number of these were 

identified. Many were present in both cases (with or without 
acid). They have not, as yet been sought in the S02 case.

Secondary Treatments
1) Hydrogen Peroxide

The improvement in the yield of glucose, resulting from a 
secondary peroxide treatment of steam-heated aspenwood (after 
removal of the hemicellulose and lignin streams) was examined. A 
series of different steaming times and a number of different 
enzyme preparations were used.

When long steaming times and high loadings of a "good" 

enzyme preparation were used, high yields of glucose (approaching 

theoretical) were obtainable even without added catalyst and 

without secondary peroxide treatment. When the steaming time was 

reduced to the extent that the glucose yield fell off 
substantially, then substantial improvements were obtainable with 
a secondary peroxide treatment. When, on the other hand, the 
steaming was adequate, but the enzyme loading was reduced to the 
point where the glucose yield fell off, then a secondary peroxide 

treatment caused an even greater improvement. Enzymatic 
hydrolysis was also faster, the glucose yield rising, for 

example, to 95% after only 24 h (and levelling off at very close 

to 100% by 48h, where it remained at least until 96h) for an 

enzyme loading which, without peroxide, gave only 62% after 24h

V
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and 86% after 96h

2) Wet Milling
Although ball milling of wood enhances subsequent enzymatic 

hydrolysis, milling is too expensive. After steam treatment the 

embrittled wood mills much more rapidly. The possibility of 
using wet milling, as a secondary treatment after steam 
explosion, was examined.

The glucose yield, on enzymatic hydrolysis, was found to 
increase significantly with time of milling. No attempt has been 

made, however, to compare the results with comparable direct 
milling of unsteamed wood, or to increase the efficiency of the 

milling.

Explosion vs No Explosion
It was established that the mechanical effect of the 

explosion part of the steam explosion process does not cause any 

measurable improvement in the glucose yield on subsequent 

enzymatic hydrolysis. The effect of the steam explosion process 

is virtually entirely chemical in nature.

Moisture Content J_MC_)_ o£ Wood
The effect of MC on steam c o n s u m p t i o n  and on rate and 

mechanism of heating (steam condensation inside chip, compared 
with condensation on outer surface and conduction of heat into the 

chip) was described in an earlier contract report. Both freshly 

cut (green) aspenwood chips and air-dried aspenwood chips were 

capable of giving similar glucose yields on enzymatic hydrolysis 

(Objective 3). Preliminary attempts to reduce consumption of

V 4 Forintek
Canada



high pressure steam, by air-drying of green chips after 
impregnation with dilute sulfuric acid, were unsuccessful because 

of excessive furfural formation (Objective 4).

Pore Size
Considerable time was spent in attempting to use an 

inadequately precise polarimeter to measure the small changes in 
concentration of dextran solutions required for measurement of 
pore-size distribution of steam-heated wood samples (Objective 
12). A better polarimeter was eventually obtained which gave 
results in agreement with authentic values as specified for a 

standard pulp obtained from PPRIC. A comparison of results 
obtained with this polarimeter, and with the refractive index 
detector of the HPLC, showed less scatter with the polarimeter. 

When applied to solka floe, a consistant discrepancy was noticed, 
with the polarimeter indicating a significantly larger amount of 
inaccessible water than did the RI detector, with each member of 

the series of dextran probes.

Physical Changes
Physical changes resulting from steam treatments at 190° and 

at 240° for various steaming times, and discernible by electron 
microscopy, were examined. The melting and flowing of lignin- 

rich components occurred at both temperatures, although at 190°C 
flowing occurred only after longer steaming times, when 
sufficient hydrolysis had occurred. Samples of the spherical 

particles (diameter approximately 5 pm) were isolated and shown 

to be lignin (Objective 11).

V. 5 Forintek j
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r OBJECTIVES

1 )

2 )

3)

4)

5)

6 )

7 )

To confirm, if necessary, the tentative conclusion that the 
significant pyrolysis occurring during steam explosion process 
does not contribute significantly to the enzyme 
digestibility of wood and is therefore an undesirable side 

reaction.
To determine conditions which minimize pyrolysis (if 

pyrolysis is found in (1) to be an undesirable side reaction), 
and which maximize the desirable process of hydrolysis, by 

acid impregnation of the chips, and to examine the effect 
on: (a) byproduct lignin, (b) separation of components, (c)

inhibitor formation and (d) the state of the hemicellulose.
To confirm, if possible, that small-size air-dry chips can be 
used instead, of green wood, to reduce substantially high- 
pressure steam requirements, and to determine the extent of any 

resulting changes in inhibitor formation, completeness of 
separation of components, and enzymatic hydrolyzability 

To examine as in (3) the possibility of using air-dry chips 

after acid impregnation
To compare the savings of high pressume steam resulting from 

the use of air-dry chips, with the added cost of predrying 

the chips
To examine the effect, if any, on the quality of by-product 

lignin, resulting from a pre-heating of the charge of wood 

chips before the loading of these chips into the gun to reduce 

further the consumption of high-pressure steam
To attempt to adapt the steam-explosion process to softwoods 

such as spruce, through the use of dilute sulfuric acid or othe r

V
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f catalysts, and, if successful in obtaining adequate enzymatic ^ 
hydrolysis, to examine the molecular weight, solubility and 
degree of condensation of the lignin

8) To determine the feasibility of withdrawing steam from the 
gun (for re-use in a second gun), before explosion from a 
much lower pressure and to determine the quality of the 

resulting exploded wood

9) To combine the best approaches or conditions found under each 

of the above objectives and to determine whether or not many 
of them can be used simultaneously without adverse effect, and 
to modify the two-litre steam gun at Forintek in order to test 
experimentally the re-using of high-pressure steam withdrawn 

from the gun under these conditions

10 ) To determine what necessary physical changes are caused in 

the structure of wood (e.g. in the S 1, S2 or S3 layers) by 

steam explosion, in order that enzymes can gain access

1 1 ) To correlate structural changes observed by EM during steam- 
explosion treatments of increasing severity, with the 
development of increased accessibility to enzyme systems

12 ) To correlate, if possible, increasing accessibility with the 

development of pores sufficiently wide to accommodate 
molecules of enzyme, as measured by solute exclusion, and 

with modification of the pore surface by extraction or mild 
oxidation, and to confirm reports that the crystallinity of 
the cellulose is not significantly changed from that of the

original wood.

7 Forintek j
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CONCLUSIONS FROM FIRST Y E A R 1 S WORK (INTERIM REPORT J A N . 1986 )

1) Treatment of aspenwood wafers with dry (superheated) steam at 

atmospheric pressure does not render the cellulose 

accessible to cellulase enzymes.
2) Greater destruction of pentosan (with the formation of 

greater amounts of pseudolignin and volatiles) occurs during 

steam treatment at 190°C than at 240°C, for treatments 
giving equal removal of pentosan by steam treatment and water 

extraction.
3) Pentosan can be conserved, and recovered as water soluble 

pentose and pentose oligomers at both temperatures, by 

addition of acidic catalysts.

4) In the absence of added acidic catalysts, the greatest 

survival of pentosan should occur for steam treatment at the 
highest possible temperature, consistent with a uniform 

heating of the wood.
5) Loss of cellulose during steam treatment at 190°c is very 

slight and is not a problem.
6) Yields of glucose on enzymatic hydrolysis, and of ethanol on 

combined hydrolysis and fermentation, are at least as good for 

aspenwood steam-treated at 190°C, without explosion, as

for aspenwood steam-treated at 240°C, when the 
comparisons are made after equal pentosan removal.

7) If steaming time at 190°C is reduced to less than that 

required for optimum pentosan removal, in order to minimize 
pentosan destruction, the glucose yield on enzymatic hydrolysis 

may be lower than that at 240°C for similar pentosan

V
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destruction

V

8) The yields of glucose obtained after steam treatment can be 
substantially increased by either a treatment with a small 
amount of hydrogen peroxide, which removes less than 2% of 

the r e m aining lignin, or by a brief wet m i lling of the 

friable steamed product.
9) Acid impregnation before steam treatment greatly increases 

pentosan solubilization relative to pentosan destruction, and 
gives greater recoveries of water-soluble pentosan. Yields of 
extractable lignin (by organic solvent or by aqueous alkali), 
however, are lower, and the recovered lignin is more 
condensed. With sulfur dioxide as the acidic catalyst, more 
lignin is extractable, apparently as a result of 
sulfonation. Acid impregnation improves yields on subsequent 

enzymatic hydrolysis.
10) Fermentation inhibitors are formed, with or without acid 

impregnation.
11) The water-solubles can easily be extracted in high 

concentration and yield, from aspenwood chips steam-treated at 

190°C without explosion, by percolation at room temperature.
12) With sprucewood longer steaming times are required to develop 

cellulose accessibility. Less of the lignin becomes 
extractable. Acid impregnation resulted in even less lignin 

becoming extractable.
13) The physical changes necessary for development of cellulose

accessibility which occur during steam treatment and 

explosion at 240°C, also occur without explosion, and occur 

as well at much lower temperatures (e.g. 190°C), although
9 Forintek
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more slowly.

BRIEF REVIEW OF FIRST YEAR'S W ORK (INTERIM REPORT JAN. 1986)

Dry Steam
During the steam explosion process, much of the pentosan is 

hydrolyzed but some of it is converted to other degradation 
products (i.e. some of it is "destroyed"). The possibility of 

using dry (superheated steam) at atmospheric pressure was 
examined because of the potential saving in equipment costs. The 
use of dry steam, however, was found to cause no significant 
improvement in subsequent enzymatic hydrolysis, even when the 

steam treatment was sufficiently drastic to result in substantial 

destruction of the pentosan. In the steam explosion process, 

hydrolysis of the pentosan to water-soluble monomers or oligomers 

is desirable, whereas pentosan destruction is undesirable. 

Destruction is favored by dry steam.

Saturated Steam 190°C vs 240°C
Hydrolysis, during treatment with saturated steam, was found 

to be favored (over destruction process) by the use of high steam 

temperatures and correspondingly short treatment times. A 
detailed comparison was made of saturated steam treatments at 

190°c and 240°C. The chemical differences are shown in Table I 

and in Fig. 1, 2 and 3.

These results show that, at the higher temperature of 240°C, 

more soluble pentosan survived the steam treatment than at 190 c • 

when the comparison is made at equal extents of pentosan removal

10
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Table 1. Comparison of Recovery and Composition of Steam-heated Wood , 
before and after Water-Washing, for Treatments at 190°C 
without Explosion, and at 240°C with Explosion

Time
Steamed Wood 
before washing _______ Steamed Wood after Washing___

of
treatment

(min)

Recovery 
(% of 
original 
wood)

Pentosan 
content 
(% of 
original 
wood)

Recovery 
(% of 
original 
wood)

Composition (% of original wc od)
Pentosan Hexosan Lignin2

190°C, no explosion
12 96.2 16.3 77.4 5.6 47.5 21.5
25 92.7 13.0 73.6 2.7 46.5 21.9
50 83.9 4.6 73.3 1.3 45.6 24.7

100 83.3 0.9 77.0 0.7 44.5 27.8
240°C, with explosion

0.33 95.5 16.3 76.9 5.8 47.4 19.9
0.67 94.8 15.0 75.7 3.6 49.0 21.8
1.33 93.3 12.2 75.2 1.9 48.7 23.2
2.00 89.9 9.9 71.8 1.4 48.9 23.3
3.00 84.2 6.6 69.6 0.7 45.0 24.2
4.00 78.5 3.5 65.9 0.7 42.9 23.5

1
Composition of original aspenwood: pentosan, 18.4; hexosan, 49.3 ; lignin,

24.4 (analysis on extractives-containii
2 wood)
Lignin is 'apparent lignin" and includes "pseudolignin" which is
produced during degradation of pentosan

V 11
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_L0
_L_
80 (s. 240°C )

_I_
160

STEAMING TIME

2 40

« 4 3

Figure 1. Effect of steam temperature (190 or 240°C) on the
pentosan content of steam-treated aspenwood, before and 
after water washing
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2 40

C243

Figure 2. Effect of steam temperature (190 or 240°C) on the weight 
of steam-treated aspenwood recovered from the steam 
treatment, before and after water washing

80
(s, 240°C )

STEAMING TIME

160
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i______________ i______________ i______________ i_________________i
0 40  80  120 160

(s. 240°C)

STEAMING TIME

Figure 3. Effect of steam temperature (190 or 240°C) on the
apparent lignin content of steam-treated aspenwood, 
before and after water washing
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from the water-washed steamed wood (Fig. 1). Also, less

formation of volatile decomposition products (e.g. furfural and

water) and of non-volatile decomposition products occurred at

240°c (Fig. 2), leaving a cleaner product after water washing.
Lower apparent lignin contents, both before and after water

washing, were also found after the treatment at 240°C, as a
result of less incorporation of pentosan decomposition products

with the Kla son lignin (Fig. 3).

Little difference in cellulose survival was observed at the 

two temperatures (Table I). In the absence of added acidic 
catalysts, even at 190°c the few percent decrease in hexosan 

content of the water-washed product resulted largely from a 
solubilization of cellulose and other hexosan, rather than from 
a destruction of these materials. Also, little or no difference 

was observed in the enzymatic hydrolysis of the cellulose of the 

water-washed product after steam treatment at 190 or 240°C, with 
or without explosion. Enzymatic hydrolysis and combined 
hydrolysis and fermentation were compared, using an E58 prepara

tion of low activity (Table 2). A second comparison was also 
made using a more active E58 preparation at a higher loading 
(Table 3). In both cases, no significant difference in hydro

lysis yield, which could be ascribed to the difference in steam 

temperature, was found.

These results show, therefore, that steam treatment at the 

lower temperature (190°C) could be used to develop the required 
cellulose accessibility, but at the expense of greater pentosan 
destruction. Any attempt to improve the enzymatic hydrolysis

Forintek ,
Canada----- '
Corp.
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Table 2. Comparison of Enzymatic Hydrolysis and of Combined Hydrolysis 
and Fermentation (CHF) of Water-Washed Steam-Heated Wood, for 
Treatments at 190°C without Explosion, and at 240°C with 
Explosion

.Time
of

treatment

(min)

Enzymatic 2Hydrolysis CHF
Reducing
sugars
(mg/mL)

Glucose
(mg/mL)

Ethanol
(mg/mL)

190°C, no explosion

12 11.8 8.4 5.0

25 13.4 10.7 6.4

50 12.9 10.9 6.9

100 14.3 12.2 7.4

240°C, with explosion

0.33 11.1 6.3 3.9

0.67 12.5 8.9 5.1

2.00 11.5 9.1 5.8

3.00 12.7 9.6 6.4

4.00 11.9 9.0 6.0

Solka floe, no treatment

0 32.6 25.0 13.0

1
Enzyme preparation of relatively low activity

2
Substrate concentration selected to be equivalent to 50 mg/mL 
of hexosan (hexosan was almost entirely cellulose)

V
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Table 3. Comparison of Enzymatic Hydrolysis to Higher Conversion
Levels^, with a More-Active Enzyme Preparation, of Water- 
Washed Steam-Heated Wood, for Temperatures at 190°C without 
Explosion, and at 240°C with Explosion

Treatment

Initial Cone. 
Total

substrate hexosan 
(mq/mL)______(mq/mL)

Hydrolysis
time

Reducing
sugars

Glucose
cone. % of

theoretical
(hours)____ (mq/mL) (mq/mL)

190°C,
25 min, 
no explosion

20

50

240°C 
80s,
with explosion

20

50

13.2

32.9

13.7

34.2

6 6.4 6.3 43

24 9.0 9.6 66

48 10.0 10.8 74

6 11.4 13.0 36

24 21.8 23.6 65

48 23.3 23.6 65

6 8.0 7.9 52

24 10.4 10.4 69

48 10.6 11.3 74

6 13.8 14.6 38

24 24.5 24.8 65

48 28.0 26.8 70

ctive enzyme
preparation; more dilute substrate

17 Forintek 
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yield by increasing the steaming time beyond 25 minutes at 190°C 
would result in a much greater loss of pentosan (Fig. 1).

Secondary Treatment - Hydrogen Peroxide
Enzymatic hydrolysis can be improved by use of an acidic 

catalyst during steam treatment, or by the use of an oxidative 
treatment after steam treatment. Forintek previously showed (1) 
that steam-exploded aspenwood, after water and alkali washing to 

remove the solubilized hemicellulose and lignin, gave 
substantially higher glucose yields if treated with only 2% of 
its weight of acidified sodium chlorite. This beneficial effect, 
which occurred even though the lignin content was only slightly 

reduced, has recently been confirmed by Dekker (2) in 

Australia. Gould (3) has shown that hydrogen peroxide oxidation 

of monocotyledonous plants greatly enhances digestibility by 
ruminant animals. The digestibility of wood is also improved, 
but to a lesser extent. The possible use of hydrogen peroxide on 

steam treated wood, after extraction of much of the lignin by 
dilute alkali to reduce oxidant demand, was therefore examined. 
The chemical compositions are shown in Table 4, and the results 
of enzymatic hydrolysis in Table 5. These data indicate 

substantial increases in glucose yield as a result of the 
hydrogen peroxide treatment, either by Gould's method (pulp # 1)»

or when only one-tenth as much peroxide was used (pulp # 2).

Secondary Treatment - Wet Milling
Mechanical treatments, such as ball milling, 

known to enhance subsequent enzymatic hydrolysis.

18
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Wood, however,
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Taile 4. Effect of Steam-Heating, Water-Washing, Alkali-Washing
and Peroxide Treatments on Chemical Composition of Aspenwood

Equivalent 
dry weight(g)

__________Composition_____________
Analyses(%1 Oriqinal wood basis
“51------L P* L2

Aspenwood 100.0

steam treatment 
190°C 25 min

Vsteam-heated 94.3
aspenwood

water wash
ywater-washed 74.0

steamed wood

alkali wash
Ualkali insoluble

steamed wood 59.0

18.4 24.4 18.4 24.4

3.6 30.6 2.6 22.6

3.8 16.1 2.2 9.5

full
peroxide
treatment
ViPulp #1

1/10 peroxide 
treatment

<4Pulp #2

1
P - pentosan

2 L — total apparent lignin (i.e. true Klason lignin, acid-soluble
lignin and pseudolignin)

54.7 3.8 10.0 2.1 5.5

57.3 3.9 13.5 2.2 7.7

V. 19 Forintek
Canada



Table 5. Effect of Hydrogen-Peroxide Treatment of Water-and-Alkali- 
Washed Steam-Heated Aspenwood (190 C, 25 min, no explosion) 
on Subsequent Enzymatic Hydrolysis

Substrate Concentration

(mq/mL)

Total
6h

Reducing
(mg/mL)
24h

Sugars

48h

Glucose 
(mg/mL) 

6h 24h 48h

Water-washed
steam-heated

wood 20 6.4 .9.0 10.0 6.3 9.6 10.8
50 11.4 21.0 23.3 13.0 23.6 23.6

Alkali-and- 
water-washed 
steamed wood 20

50
8.2
15.7

12.2
28.2

13.1
30.7

8.5
17.1

12.1
30.0

13.9
30.0

Alkali-and- 
water-washed, and
peroxide treated 
(Pulp tl)1 20

50
12.1
21.1

13.5
33.8

16.6
36.1

12.0
22.0

15.1
39.0

19.4
41.6

(Pulp # 2 )1 20
50

9.4
17.5

12.7
30.2

15.3
33.3

9.5
17.9

14.5
34.9

18.6
38.1

1
Pulp #1 and #2 described in Table 4

V
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is a tough material, and excessive energy requirements make such 

treatments uneconomical • After steam treatment, however, wood 

becomes much more friable and easy to grind. The use of wet ball 
milling was therefore examined, as a follow-up to steam explosion. 
The results presented in Tables 6 and 7 show a continuing 
increase in glucose yield with increasing time of milling. The 
glucose yield with E58 increased from 75% of theoretical for no 

milling, up to 91% after six hours of milling. No attempt was 

made to optimize the milling conditions which were known to be 
inefficient because of an over—loading of the mill.

Acid Catalysts
In an earlier study, Forintek showed that impregnation of 

aspenwood with dilute sulfuric acid of concentration 0.2% 
resulted in more complete removal and recovery of pentosan as 

xylose and xylose oligomers and gave higher yields of glucose on 

enzymatic hydrolysis. The use of sulfur dioxide was also 
examined and was shown to also help in the separation and 

recovery of the pentosan. Equal removal and recovery of 
solubilized pentosan was obtained when sulfuric acid or sulfur 
dioxide were used as catalysts. Sulfuric acid, however, caused 
more condensation of the lignin, whereas sulfur dioxide gave more 

alkali-soluble lignin which appeared, on combustion analysis, to 
contain a small amount of chemically bound sulfur, presumably as 

a result of sulfonation. Both sulfuric acid and sulfur dioxide 

gave similar improvements in enzymatic hydrolysis. Sulfur 

dioxide, however, was much easier to use than sulfuric acid 
(easier, faster impregnation, and easier removal).



r

Table 6. Effect of Steam-Heating (240°C, 80s, With Explosion), Water- 
Washing, and Wet-Milling on Chemical Composition of Aspenwood

Equivalent 
dry,2ash- 
free weight

(g)_________

Aspenwood 100

steam treatment 
240°C, 80s 
with explosion

Y
steam-exploded

wood

water wash ^
water-washed, 
steam-exploded

wood 71.6

wet mill, 
and filter

Filter cake

Time of 
milling
(h)

1.5 71.8

3.0 71.4

6.0 71.2

_____________Composition_______________
sample basis(%) original wood basis(%) 
p3 ~

18.4 24.4 18.4 24.4

2.2 29.4 1.5 21.1

2.0 28.8 1.4 20.6

2.1 28.5 1.5 20.4

o•CM 30.0 1.4 21.4

V .

1
Composition on an oven-dry ash-free basis and, in the case of 
the lignin analysis, corrected for ash in the lignin

2
ash, abraded from ball-mill jars during wet milling

3
P - pentosan

4 L -  total apparent lignin (i.e. 
lignin and pseudolignin)

true Klason lignin, acid-soluble
Forintek
Canada
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Table 7. Effect of Wet Milling of Water-Washed Steam-Heated
Aspenwood (240°C, 80s, With Explosion) on Subsequent 
Enzymatic Hydrolysis

Substrate Concentration Total Reducing Sugars Glucose
(mg/mL) (mg/mL)

6h 24h 48h 6h 24h 48h

Water-washed
steam-exploded

wood 20
50

8.0
13.8

10.4
24.5

10.6
28.0

7.9
14.6

10.4
24.8

11.3
26.8

Steam-exploded 
wood, washed 
and ball-milled 

(1.5h) 20
50

8.4
17.0

10.7
26.3

11.2
29.7

8.3
18.4

11.3
29.0

11.9
28.7

(3.Oh) 20
50

8.8
18.3

11.5
26.4

11.8
30.2

9.5
19.4

11.7
29.0

13.0
29.6

(6.Oh) 20
50

10.5
18.8

12.1
28.9

12.8
30.1

10.6
20.7

12.9
31.3

13.8
30.1

V 23 Forintek
Canada



Fermentation Inhibitors
Fermentation inhibitors were isolated, and a number of them 

were identified, from both the sulfuric-acid-catalysed steam- 

exploded aspenwood and from steam-exploded aspenwood where no 
acid catalyst had been used. Most of the same inhibitors were 

present in both cases.

Water Extraction
More than 90% of the water-soluble fraction of steam-treated 

wood (80 s at 240°C) is very soluble in water, m a k i n g  some form 
of counter-current extraction possible. It was easy to obtain 

most of this material from the steamed exploded chips, in an 
approximately 9% solution by extraction at room temperature in a 

1.5-meter-long column, without evaporation. The viscosity of 

this 9% solution was low, indicating that substantially higher 
concentrations could have been obtained by using a deeper bed of 
the steam-treated chips. A small part (much less than 10%) of 

the water-soluble fraction, however, was less soluble and slowly 
bled from the chips on prolonged washing, as material of much 

lower and of declining pentosan content.

Steam Conservation
In the absence of added acidic catalyst it was demonstrated 

that air-dry aspenwood could be used in the steam treatment at 

the same temperature as that used for freshly-cut green 

aspenwood, and virtually identical glucose yields on enzymatic 
hydrolysis could be obtained. This use of air-dry aspenwood cut 
the required high-pressure steam consumption in half, and gave a

V
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drier steamed product. offsetting these advantages, however, 
would be the additional costs of obtaining the initial air-dry

material.

In contrast, however, in a preliminary experiment on the 

air-drying and use of sulfuric-acid-impregnated aspenwood, 
steaming conditions which were satisfactory for the green acid 
impregnated aspenwood resulted in excessive formation of 
furfural. Possibly, however, a further lowering of the steam 

temperature might have given satisfactory results.

Softwood Utilization
The steam-explosion treatment was applied to sprucewood both 

with and without impregnation with dilute sulfuric acid. In the 

absence of added acid, the yield of spruce lignin extractable by 
dilute alkali, or by acetone, increased with steaming time at 

240°c to a m a x i m u m  of only 52% of the total lignin after 120 
seconds and then decreased. A similar trend was observed at both 
220 and 240°C with acid-impregnated sprucewood, but the maximum 
yields were much lower, as a result of more acid-catalyzed 

condensation.

Physical Changes
A scanning electron microscopic examination was made of 

aspenwood chips after subjection to steam treatment at different 

temperatures for varying times without explosion. Tne melting, 

flowing and coalescence of the lignin into spherical droplets of 

up to about 5 pm in diameter was observed. These changes 

occurred rapidly, within one minute in 240°C steam, but more

V
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slowly in 190°C steam where the hydrolysis rate was lower.
Samples of the spherical lignin particles were isolated by 
fractional sedimentation, and were shown to be lignin by infra 
red spectroscopy. These results showed that the spherical 
particles were not formed as a result of explosion as was 

previously implied (4,5). Also they showed that high 
temperatures of approximately 250°C were not required, as had 

previously been claimed (4).

Progress Ma de Since Interim Report of January 1986 

Materials and Methods
Most of the materials and methods have been described in the 

Jan. 1986 Interim Report. In the few cases where methods have 
been changed, the changes are indicated in the Discussion of 

Results.

Cooperation with Visiting Scientist
Some of the results reported here were obtained in 

cooperation with Dr. Wolfgang Schwald of Austria, who has been 

on sabbatical leave at Forintek since September 1986.

Discussion of Results 

Analytical
During a 3-month period after Jan. 1986 the Forintek steam 

gun was out of operation as a result of a damaged ball valve 
which could neither be replaced nor repaired because of a 

supplier's strike. Part of this period was used, with the 
permission of the scientific authority, to improve the analytical 
methods used under this contract. Difficulty in obtaining

V
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r reliable results from carbohydrate analyses of wood was not
restricted to Forintek. In a comparison of the results obtained 
by nine different laboratories involved in the IEA/FE Project 
CPD-2, in the analysis of identical wood samples, substantial 
differences are apparent. These results, which are included in 
the Symposium Proceedings of the meeting held in Graz, Austria, 

June 23-27, 1986, show, for example, for Populus trem uloides
wood, glucan values ranging from 44.0 to 49.4% (s.d. 1.89), xylan 

values ranging from 14.8 to 19.8% (s.d. 1.76) and mannan values

ranging from 0.0 to 1.94% (s.d. 0.72). An even worse scatter is 

shown for identical samples of Pinus radiata wood, for which 
glucan values ranged from 42.1 to 52.8 % (s.d. 3.3), xylan from 

4.6 to 8.5% and mannan from 9.8 to 15.2%.

HPLC
In order to determine the theoretical yield of glucose on 

enzymatic hydrolysis of a substrate, it is obvious that the 
content of glucan (i.e. cellulose plus any other glucan)in the 
substrate, must be known. At Forintek it has been found most 

convenient to perform this analysis on the filtrate from the 
Klason lignin determination. HPLC should be the preferred method 

of analysis, since derivatization is not required and multiple 
peaks are avoided. In our earlier work a Bio-Rad HPX 87P column 
(referred to as the "P column" in this report), was used. This 

column, although it can resolve all of the common wood sugars, 

requires the removal of the sulfuric acid, usually by 
precipitation as barium sulfate, which results in an undesirable
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Figure 4• Chromatograms from HPX 87P column for a) standard sugar
mixture and b) acid hydrolysate from steam heated aspenwood. 
Peaks: 1 * cellobiose, 2 s 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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further dilution of the sugar solution. Also the use of an 
internal standard such as erythritol is necessary. Typical HPLC 
chromatograms obtained with this column are shown in Fig. 4 for a 
standard sugar mixture, and for a typical aspenwood hydrolysate.

In more recent work at Forintek a different column has been 

found to be much more convenient and has been used whenever 
possible. This is the Bio-Had HPX 87H column (referred to as the 

"H column" in this report). Its great advantage is that it 
permits the direct injection of the acidic Klason filtrates 
without prior removal of the sulfuric acid. Its disadvantage is 
that it does not resolve galactose and mannose from xylose. 
Galactose and mannose, however, are present in only small amounts 

in hydrolysates of aspenwood and other hardwoods, and, after 
water washing of steam-treated hardwoods, the amounts become 

vanishingly small in the Klason filtrates.

In the case of untreated softwoods, however, large amounts of 

mannose are present in the Klason filtrates, making use of the H 

column less desirable. The glucose and cellobiose, however, are 

resolved from other sugars, permitting a determination of the 

original amount of cellulose or other glucan. Furthermore, after 

steam treatments resulting in solubilization of much of the 
softwood hemice 1lulose, the ability to resolve the relatively 

small amounts of residual galactose, mannose and xylose from the 

water-washed residue becomes less important.

Typical HPLC chromatograms obtained with the H column are 
shown in Fig. 5 for a standard sugar mixture, and for a typical
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Figure 5. Chromatograms from HPX 87H column for a) standard sugar mixture and b) acid hydrolysate 
from steam heated aspenwood. Peaks: 1 * , 2 - callobiose, 3 * glucose, 4 * xylose
Mobile phase: 0.01N H2SO4, Flow rate 0.6 mL/min; column temperature 70°C

j.



^  acid hydrolysate of a steam-heated and water-and-alkali-washed 
aspenwood.

In the case of the P column, where an internal standard was 

required, the relative response factors for both glucose and 

xylose were found to vary with the amount of glucose injected. 
Furthermore, in both cases, this function also varied with the 
amount of the internal standard (erythritol) used, as is shown in 

Fig. 6 and 7. With sugar concentrations as low as those found in 
neutralized Klason filtrates, therefore, it is necessary that 
weights of sugar injected lie somewhere on the horizontal flat 
part of the curve, and that the weight of internal standard 
present be of the order of 18-20 ;ig where the curves lie close 

together. Hydrolysis-loss factors are necessary for both the 

HPLC methods, to correct for the part of the sugars destroyed 

during the acid hydrolysis.

Anthrone
A number of papers have been published on anthrone 

colorimetric methods for determining glucose, dextrin and 
cellulose. These methods all depend on reacting the carbohydrate 

material with concentrated sulfuric acid, to produce 
hydroxymethyl furfural, which then reacts with anthrone to 
produce a colored compound with an absorption peak at 625nm.

Early work with this method at Forintek has been described in an 
earlier report (6 ). In various stages of development it has been 
used at Forintek for several years and, as presently employed, 

for analysis of the Klason filtrates, is capable of a high degree 

of reproducibility. Important facts to be remembered are:
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1) Manno s e ,ga1actose and other hexoses also give the same

colored compound.
2) Xylose and other pentoses, by forming furfural, give a 

less stable colored compound which, in the absence of 

hexoses, fades much more rapidly.
3) In the presence of hexoses, xylose contributes 

significantly more to the overall absorption at 625 nm. 
than it does in the absence of hexoses, i.e. the measured 
absorbance, obtained with a mixture of glucose and xylose, 

is greater than the sum of the absorbances obtained from 

the same amounts of these two sugars measured separately.
4) When the Forintek procedure is followed, the contribution 

from xylose is very low and can be completely neglected 
in the case of water-washed steam-treated aspenwood.
Even in the case of untreated aspenwood (where the 
concentration of xylose in the Klason filtrate is much 

greater and is almost one-third as great as that of 
glucose), if the solution is diluted to give a total 
absorbance of approximately 0.5, then the absorbance due 

to the xylose is only 0.01. Failure to correct for the 
xylose in this case would therefore introduce an error

of only 2% in the glucose determination.

5) For higher ratios of xylose to glucose, corrections can 

be made for the contribution due to the xylose, by using 
calibration curves and a rough determination of the 

xylose.
6 ) No hydrolysis-loss factors are required.
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Calibration curves are shown in Fig. 8 for glucose alone, 

and in Fig. 9 for the xylose contribution to the total absorbance 

of mixtures of xylose and glucose. For the present purpose, 
"xylose contribution" is defined here as the amount by which the 

absorbance obtained with a xylose-glucose mixture exceeds that 

obtained with a pure glucose solution of the same glucose 
concentration. Fig. 9 indicates that the xylose contribution 
increases linearly with glucose concentration, at each of the 
constant xylose concentrations shown. Also it indicates that the 
xylose contribution increases approximately linearly with xylose 
concentration at any constant glucose concentration. Clearly, 
the least interference by xylose is obtained by operating at the 

highest dilution possible.

Reproducibility was achieved by carefully controlling the 

anthrone reaction. This was done by slightly diluting the 

concentrated sulfuric acid with a predetermined amount of water 
before preparing the anthrone solution, in order to dissipate 
some of the heat of dilution, so that when subsequently mixed 

(rapidly and reproducibly) with half its volume of the sugar 
solutions (diluted Klason filtrates) the temperature rose in each 

case to exactly 100°C. (Failure to dilute the concentrated 
sulfuric acid caused a temperature rise to significantly above

100°C. The reaction mixtures were then held at 100°c in a 
vigorously boiling water bath for exactly 4 minutes (which 
produced the highest absorbance), and were then cooled rapidly in 

a cold water bath.
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r Glucuronolactone (which should be formed from the uronic

acid group of hardwood xylan, 
anthrone reaction) produced an

under the conditions of the 
absorbance with anthrone which

was only 23% as great as that from an equal weight of xylose. 
Interestingly, in the TAPPI Standard pentosan determination, 
glucuronolactone gives 22% as much furfural as does xylan.

Mannose was found to produce an absorbance with anthrone 

only 56% as great as that from an equal weight of glucose, 

p r e s u m a b l y  as a result of a different rate of conversion to 
hydroxymethyl furfural. Mannose, in mannose-xylose mixtures, 

also increased the contribution of xylose to the absorbance of 

the mixtures, as did glucose in the glucose-xylose mixtures 

described above.

" \
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Glucostat, YSI and DNS

In the analysis of enzymatic hydrolysates, three methods 

have been used extensively, i.e. the Glucostat, YSI and DNS 
methods, Both the Glucostat and YSI (Yellow Springs Instrument 

Co.) methods, are based on the enzymatic formation of hydrogen 
peroxide from glucose, whereas the DNS (dinitrosalicylic acid) 
method is based on the reducing power of sugars. In the case of 
the Glucostat method, the amount of hydrogen peroxide formed is 
determined by the formation of a colored compound by reaction 
with o-dianisidine in the presence of a second enzyme (a 
peroxidase). In the YSI method the oxidase enzyme is immobilized 

within a membrane, and the hydrogen peroxide formed is measured 
in the YSI Model 27 by electrochemical oxidation at a platinum 

electrode. The Glucostat and YSI methods, because of the 
specificity of the oxidase enzyme involved, should measure only 
glucose. The DNS method should include all reducing sugars and 

possibly other reducing material that might be present. An 
opportunity was taken to compare the results obtained with these 
three methods, as well as with those from the HPLC method, in the 

enzymatic hydrolysates obtained from the SOj-catalyzed steam 

treatments described below.

SOp-Catalyzed Steam Treatm ent
in earlier work in 1984 (7 ), a p r e l i m i n a r y  study was made

using s02~im P re9nate<  ̂ green (never-dried) aspenwood. This 
earlier work was done at Forintek in cooperation with Keith 
Mackie of the New Zealand FRI, who was on sabbatical at Forintek.
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Using 1.6% SC>2, (based on O.D. wood), and a steaming time of 120
seconds, a series of treatments was made using steam temperatures 

of 201, 210, 220, and 227°C, the main purpose being to establish
conditions for solubilization of approximately 90% of the 
pentosan. On the basis of this series, a steam temperature of 

210°C was selected.

in the present work in 1986, the same temperature of 210°C 

and impregnation with 1.6% S02 were used* Differences from the
earlier work were: a faster loading of the S02-impregnated wood

into the gun (as a result of replacement of the Parr-bomb lid, 
used in the earlier work, with a ball valve), and the use of the 
thin-walled canister in many of the experiments.

The first series of treatments, described below as Series 1, 

was done to observe any possible difference resulting from 
different ratios of weight of wood charge to gun volume, as a 

consequence of using the canister. The 2-litre gun barrel 

normally holds a full charge of 200g equivalent dry weight of 
wood chips, whereas the full canister normally holds only 67g.
Table 8 shows that after a 120 s tre a t m e n t  in steam at 210°C, 

only very slight differences in the extent of solubilization of 

S02— impregnated aspenwood were obtained from a full—gun charge, a 
full-canister charge and a half—canister charge.

The effect of varying the time of steaming of full-canister 

charges is shown in Tables 9 and 10, for a second series of 

treatments of SC^-impregnated wood (Series 2). Although S02 
catalyzed the desirable process of hydrolysis, recovery of the
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TABLE 8. Comparison of recovery and water-solubility 
of aspenwood impregnated with 1.6% SO2 and 

(Series 1) heated for 120 s in 210°C steam in fully 
charged gun or in filled or half-filled 
canister.

SO2
(% on O.D. 

wood)

Wood charge 
dry eq.wt.

(g)

With or 
without

With or 
without

Recovery from gun 
(% of input wood)

canister explosion Water
solubles

Water
insolu
bles

Total

1 1.60 200 no canister exploded 31.3 65.7 96.9

2 1.64 67 with canister not exploded 32.9 65.2 98.1

3(a) 1.60 33.5 with canister not exploded
33.1 64.4 97.5

3(b) 1.64 33.5 with canister not exploded
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r 210 C staamTabtg 9.— Effect of time of steaming of aoponwood— impregnated with SO^, in
in canister2, on recovery from gun and on solubilization of xylan and glucan3

(Series 2)

tv)

s°?
(% on O.D. 
wood)

Steaming
time
(s)

Recovery 
of SHA 
(% of 
original 
wood)

Moisture 
content 
(%, wet 
basis)

1. 1.61 40 94.4 69.3

2. 1.63 80 92.6 69.5

3. 1.67 120 89.7 72.1

4. 1.61 160 89.6 70.9

5. 1.61 200 89.2 74.2

Xylose, glucose and acetic acid in water solubles 
calculated as xylan, glucan and acetyl**
and expressed as % of input wood__________________

XYLOSE_____________ GLUCOSE________ ACETIC ACID
P. column H. column P.column H.column H. column

9.7 _5 2.3 3.7 1.5

12.4 6 3.6 2.8 2.3

13.1 13.8 4.9 4.2 2.8

11.5 11.3 5.6 4.8 3.0

11.4 11.8 6.8 6.9 4.1

1) small green never-dried chips
2) canister filled with chips, equivalent dry weight 671
3) glucan, including cellulose
4) acetyl group (CH3CO)
5) No meaningful value can be given for xylose from the H column for sample 1, because of interference with 

another peak. Failure to notice this shoulder on the xylose peak would lead to erroneously high value of 
15.9.

6) As in footnote 5, the xylose peak displayed an obvious shoulder. Improper inclusion of this shoulder would 
lead to an incorrect high value of 14.4.
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Table 10, Recovery and analysis of water insolubles (WI) from Series 1 and Series 2

i j j

l

Steaming Yield 
time W.I. 
(s) input

of
(% of 
wood)

Analysis of water-insolubles
Lignin (% of W I.) Carbohydrate (% of W.I .)

Apparent Klason 
lignin

Acid-soluble
lignin

Total
apparent
lignin

Hexosan 
(Anthrone)

Glucan
(HPLC)

Series 1
1 120 65,6 28.4 1.5 29.9 65.8 59.6
2 120 65.2 29.1 1.9 31.0 65.3 60.5
3 120 64.4 29.7 1.9 31.6 64.7 58.6

Series 2

1 40 64.5 28.0 1.4 29.4 66.1 61.7
2 80 62.5 29.9 1.6 31.5 66.5 61.0
3 120 61.4 30.0 1.9 31.9 64.7 60.0
4 160 59.9 30.1 1.9 32.0 63.7 59.2
5 200 59.6 31.1 2.0 33.0 62.4 58.4

01d S02 1treatment 120 65.2 29.4 1.6 31.0 64.8 59.7
with Mackie

Old peroxide
treatment “ 10.7 0.9 11.6 81.6 78.3

Original 3
input wood 0 “ 21.3 2.5 23.9 47.7 44.2

1) 1984 sample, 120 s, 210°C, 1.6% SO^,(comparable with Series 1 sample 1) stored frozen.
2) Steam heated aspenwood (25 min. 190°C) water and alkali washed, peroxide treated (prepared

as Pulp # 1 of Table 4) , stored frozen apprimately 1 year.

3) Analysis of whole unextracted aspenwood, before steam treatment.

y



steamed product (SHA) decreased with increasing steaming time and 

a fter 120 s at 2 1 0°C was approximately equal to that after the

same time at 240°C without S02 (Table 1). After 120 s, however, 
weight was lost more slowly than in the uncatalyzed case, 
reflecting less destruction of xylose. The amounts of both 
monomeric xylose and glucose, found in the water-soluble fraction 
by the two HPLC columns, (Table 9) are in excellent agreement. 

Monomeric xylose passed through a maximum at 120 s, whereas 
glucose continued to increase at least to 20 0 s, at which time it 
represented approximately 15% of the cellulose or other glucan of 
the original wood. The amount of acetic acid increased with 

steaming time, until at 200 s, it was equivalent to 4.1% acetyl 
in the original input wood, i.e. to essentially all of the 

original wood acetyl.

HPLC chromatograms of water solubles are presented in Fig. 

10, 11, 12 and 13 after an 80 s, 240°C treatment without added

so2, and after S02-catalyzed treatments for 40, 120 and 200 s at
210° C , respectively. These chromatograms show, in the no-S02 
case, a relatively large amount of hemicellulose oligomers which, 

in the S02 cases, are much reduced even after only 40 s, and are 
replaced by much more monomeric xylose. A pronounced increase in 

glucose with increasing time, in the S02 case is also obvious, as 
is the increase in acetic acid.

Table 10 shows the analyses and yields of the water-washed 
products of Series 1 and 2, and also includes analyses (done at 

the same time) of an old S02-treated sample, stored in a deep

V
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-STAT : INJECT

t i t l e :
c ha nn e l n o : 2 SAMPLE: 80^24© METHOD: LC
PEAK PEAK RESULT TIME AREA SEPNO NAME CM I N 5 COUNTS CODE

1 0.0000 6.090 92028 BV
2 0.0000 7.826 29690 vv
3 GLUCOSE 0.427B 9.005 5450 vv4 XYLOSE 1.6170 9.668 23155 vv5 0.0000 10.169 11313 vv
6 0.0000 10.745 6317 vv7 0.0000 11.353 3050 vv
e 0.0000 12.146 3382 vv9 0.0000 12.531 5400 vv
10 0.0000 13.739 4601 vv
11 ACETIC 1.1565 15.030 6975 VB12 0.0000 16.983 383 BB13 0.0000 29.712 615 BB

TOTALS: 3.4013 192559

DIVISOR: 1.00000 MULTIPLIER: 1.00000

Fig. 10 HPLC chromatogram of water-soluble fraction of 80s/240°C 
steamed aspenwood-no S02
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r "STAT ; INJECT

9 . 0 2 0

TITLE : 11 :10

CHANNEL NO: 2 s a m p l e : 40 ̂ 210^602 METHOti: LCi

PEAK PEAK RESULT TIME AREA SEP
NO NAME CMIN3 COUNTS CODE

1 0.0000 5.615 1 131 BV
2 e.oooe 6.196 7919 VV
3 0.0000 6.674 9692 VV
4 CELLOB1 OSE 0.9fc97 7.266 1277B VV
s 0.0000 6.131 9591 VV
6 0.0000 6.276 6355 VV
7 GLUCOSE 0.6994 9.020 6909 VV
e XYLOSE 3.1726 9.664 40433 VV
9 e.eooo 1 1.093 2061 VV
10 0.0000 12.106 1 166 VB
11 0.0000 13.566 399 BB
12 ACETIC 

TOTALS:
0.3500 
5.1919

15.057 2111
102545

BB

divisor: l.ooooe MULTIPLIER: 1.00000

Fig. 11 HPLC chromatogram of water-soluble fraction of 40s/210°C 
steamed aspenwood with 1.6 percent SO^
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"STAT : INJECT

T I T L E :

CHANNEL NO: 2
PEAK PEAK 
NO NAME 1 23 CELLOBI OSE A5

67 GLUCOSE 
6 XYLOSE 9 ie 11 
12IS ACETIC 

TOTALS:

SAMPLE: 120^210/502
RESULT TIME{MIN)
e.eeee s.ei6
e.eeee 6 .2 2 e
6.6B99 7.251
e.eeee 7.633
e.eeee 6.156
e.eeee 6.396
e .6627 9.ei7
2.46B1 9.677
e.eeee ic.i?6
e.eeee 1 2 .6 B6e.eeee 1 2 . 6 3 9
e.eeee 1 3 . 4 9 3
e .666B 15.64B
3.9675

12:25 17 DEC 66
METHOD: LCARBH

AREA SEP
COUNTS CODE
1376 BV
1994 VB
1165 BV
616 vv

1 ieB vv
1261 vv

16226 vv
31453 vv
5364 VB
626 BV
166 VV
913 vv

3666 VB
6eei6

d i v i s o r : i.eeeee m u l t i p l i e r : i.eeeee

Fig. 12 HPLC chromatogram of water-soluble fraction of 120s/210 C 
steamed aspenwood with 1.6 percent SO^
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TI TLE: 13:44 23 SEC 66

CHANNEL NO: 2 SAMPLE: 2O0/21O-'SO2 METHOS: LCARBH

PEAK
NO 12

3
45
6 
7 6 9
16

PEAK
NAME

GLUCOSE
XYLOSE

ACETIC

RESULT TIME CM 1 N )
0.0000 5.627
0.0000 6.160
0.0000 7.677
0.0000 6.424
1.2462 9.063
2.3369 9.725
0.0000 10.247
0.0000 12.164
0.0000 13.562
1.0117 15.116

AREA SEP
COUNTS CODE
1 170 BV
1427 VB
210 BB
209 BB

15901 BV
29606 VV
5259 VV
1004 VV
760 VV

6102 VB

TOTALS: 4.5966 61666

DIVISOR: 1.00000 MULTIPLIER: 1.00000

Fig. 13 HPLC chromatogram of water-soluble fraction of 200s/210°C 
steamed aspenwood with 1.6 percent SO2
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freeze, from the 1984 study with Mackie. An old peroxide-treated 

pulp (Pulp #1, Table 4) stored, frozen, for 1 year, was also re

analyzed and included.

Comparison of the glucan analyses (as calculated from the 

glucose and cellobiose values obtained by HPLC), with the hexosan 

analyses (obtained by the anthrone method), show that the hexosan 
values were higher by an average of 4.8 percentage points. Both 
show the same trend downward, with increasing treatment time in 

Series 2. This downward trend is the result of cellulose 
solubilization. Little, if any, glucose destruction occurred.

If, in fact, the hexosan values are converted to an original-wood 

basis by multiplication by the listed yield values, and if to the 
results thus calculated are added the glucan equivalents of the 

glucose found in the corresponding water-soluble fractions 
reported in Table 9 (P column), an almost constant total value is 
obtained. The totals all lie between 45.2 and 43.8% with little 

trend downward, showing that,although significant solubilization 

of cellulose occurred, virtually no destruction of the resulting 

glucose followed. The slightly higher hexosan content of the 

original wood (47.7%) included mannose and galactose ( virtually 

absent from the steamed-and-washed products), which should 
account for between 2 and 4% of this 47.7% making the agreement

very good.

The differences, however, between the hexosan and glucan 

values for all of the samples listed, except in the case of the 
original wood, must be considered as discrepancies between the 
two analytical methods. In calculating the theoretical yields of
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glucose to be expected on enzymatic hydrolysis, therefore, 

different values are obtained depending on whether the anthrone

or HPLC values for the substrate are used. Additional 
theoretical yields can also be calculated, based on the 
composition of the original input wood and on the yield of the 
water-washed steamed product. These additional theoretical 
yields can also be corrected for the glucose found in the water 

solubles and therefore not available for enzymatic hydrolysis.

The calculated theoretical yields are listed in Table 11. A good 
agreement can be seen between the theoretical yields based on the 
anthrone hexosan analyses of SHA-WI, and the theoretical yields 
based on the HPLC glucan analysis of the input wood, corrected 
for glucose already removed in the water-washings.

The actual concentrations of glucose, cellobiose and total 

reducing sugars obtained on enzymatic hydrolysis at a 2% 

consistency, are listed in Table 12, as determined by YSI, 
Glucostat, HPLC and DNS. The differences between the three 
glucose values (YSI, Glucostat and HPLC) obtained for each sample 
represent discrepancies between the three analytical methods, and 
not differences in the enzymatic hydrolysis. The three aliquots 

were taken from the same hydrolysis mixture in each case. Also, 

all enzymatic hydrolyses reported in Table 12 were done with the 

same freeze-dried enzyme preparation.

It can be seen 
time, the Glucostat 

did the HPLC. This

that, in general, after longer hydrolysis 

method gave significantly higher values than 

discrepancy has been repeatedly observed in

50
Forintek
Canada



r 'N
Table 11. Comparison of calculated possible theoretical yields of glucose in enzymatic hydrolysates 

of water-washed steam-treated aspenwood (SHA-WI) of Series 1 and Series 2, as 
calculated from the composition of the water-washed steamed samples, and from the 
composition of the original input wood

Steaming
time

Based on composition 
determined by:

of SHA-WI Based on composition of 
determined by HPLC

input wood

(s) Anthrone hexosan 
(mg/mL)

HPLC glucan 
(mg/mL)

disregarding^loss of 
glucan in WS 

(mg/mL)

reduced by amouç 
of glucan in WS 

(mg/mL)
Series 1 

1 120 14.6 13.2 14.9
2 120 14.5 13.5 15.1 -
3 120 14.4 13.0 15.2 -

Series 2
1 40 14.7 13.7 15.2 14.4
2 80 14.8 13.6 15.7 14.4
3 120 14.4 13.3 16.0 14.2
4 160 14.1 13.1 16.4 14.3
5 200 13.9 13.0 16.5 13.9

Old S0„ „
treatment 120 14.4 13.3 14.9

Old peroxide
treatment 18.1 17.4

1) glucose present in water solubles (Table 9)

2) 3) Materials identified in Footnotes 1 and 2 of Table 10

4) Example calculation: Enzymatic hydrolysis - 2% slurry of SHA-WI i.e. 20 mg/mL 
Hexosan(anthrone) content, from Table 10 - 65.8%
Theoretical glucose cone. 20 x 65.8 180

100 X 162 14.6 mg/mL

J
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Table 12. Analysis of enzymatic hydrolysates1 of water-washed 
steam-treated wood

Hydrolysis
time
(h)

Steaming Glucose (mg/mL) by: Cellobiose
time YSI Glucostat HPLC by
(s) HPLC

_____(mg/mL)

^Total 
reducing 
sugars by 
DNS (mg/mL)

8 Series 1
1 120 6.09 6.29 6.32 1.14 7.66
2 120 6.32 6.83 6.56 1.34 7.91
3 120 6.09 6.38 6.64 1.50 7.64

Series 2
1 40 6.84 6.84 7.36 2.11 8.53
2 80 7.36 7.77 7.75 2.43 9.68
3 120 7.52 7.69 7.76 2.26 9.49
4 160 7.84 7.89 8.02 2.08 9.79
5 200 8.12 8.05 8.51 2.45 9.95

Old S02 120 3.90 3.86 4.23 0.55 4.85

Old
Peroxide - 3.81 3.96 4.31 0.57 4.92

24 Series 1
1 120 10.48 9.91 10.53 1.12 11.21
2 120 11.28 11.10 11.57 1.41 12.92
3 120 11.12 10.52 11.17 0.80 12.00

Series 2
1 40 10.99 10.44 11.25 0.66 12.21
2 80 12.52 11.76 12.68 1.74 13.14
3 120 12.64 12.02 12.79 0.73 13.59
4 160 13.59 12.69 12.93 0.73 14.39
5 200 13.24 12.77 12.89 1.09 14.41

Old S02 120 6.72 6.73 7.08 0.41 7.52

Old
Peroxide - 6.79 7.02 7.09 0.37 8.09
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Table 12

A

Analysis of enzymatic hydrolysates1 
steam-treated wood Cont'd

of water-washed

Hydrolysis
time
(h)

Steaming
time
(s)

Glucose (mg/mL) by: Cellobiose
YSI Glucostat HPLC by

HPLC
_____ (mg/mL)

“Total 
reducing 
sugars by 
DNS (mg/mL)

48 Series 1
1 120 12.59
2 120 13.71
3 120 13.59

Series 2
1 40 13.07
2 80 14.08
3 120 14.02
4 160 14.45
5 200 15.12

Old S02 120 8.55

Old
Peroxide

'
9.04

72 Series 1
1 120 13.68
2 120 14.65
3 120 14.64

Series 2
1 40 13.97
2 80 14.62
3 120 15.03
4 160 15.21
5 200 15.22

Old S02 120 9.70

Old
Peroxide - 10.56

12.72 12.28 0.39 13.35
13.93 13.36 0.27 14.68
13.47 13.16 0.56 14.53

13.60 12.90 0.57 14.16
14.43 14.00 0.28 15.02
14.60 13.71 0.37 14.98
14.93 14.51 0.45 15.22
14.88 14.36 0.37 15.78

9.19 8.50 0.32 9.39

9.37 8.94 0.28 10.67

14.40 13.25 0.33 15.06
14.53 13.77 0.27 15.22
14.91 14.59 0.31 15.66

14.98 14.29 0.30 15.58
15.67 15.05 0.28 16.37
15.85 14.70 0.15 15.53
15.86 14.72 0.19 16.02
16.23 15.06 0.29 16.30

10.68 9.80 0.24 10.52

11.05 11.08 0.30 12.04

96 Series 1 
1 
2 
3

120 14.27 14.48
120 15.17 15.23
120 14.90 14.82

13.63 0.22 14.66 
13.96 0.22 15.27 
13.81 0.15 15.07
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Table 12. Analysis of enzymatic hydrolysates1 of water-washed 
steam-treated wood Cont'd

Hydrolysis
time
(h)

Steaming
time
(s)

Glucose (mg/mL) 
YSI Glucostat

by:
HPLC

Cellobiose
by
HPLC
(mg/mL)

“Total 
reducing 
sugars by 
DNS (mg/mL)

Series 2
1 40 14.76 15.51 14.31 0.27 15.00
2 80 15.28 15.38 14.89 0.31 15.47
3 120 15.09 15.45 15.04 0.18 15.73
4 160 15.74 15.97 13.26 0.16 15.76
5 200 15.97 15.91 14.59 0.17 16.17

Old S02 120 10.82 11.12 9.70 0.25 11.37

Old
Peroxide - 11.60 11.56 11.31 0.36 13.15

1) Enzymatic hydrolysis: total volume 200 mL
drv equivalent weight of substrate 4.00 g (i.e. 2% slurry)
30 FPU enzyme (E58) per gram of substrate
aliquots, of 3.0 mL each, removed at 8, 24, 48, 72 and 96h for 
analysis
values listed are adjusted to correct for aliquots already 
removed, as described in appendix.
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r other experiments not reported here. Despite experiments done 
specifically to determine the cause, the reason is still not 
known. There is no apparent problem in applying HPLC, with the P 
column, to enzymatic hydrolysates. No neutralization is required 

and no hydrolysis loss factor is needed.

The data of Table 12 are expressed in Table 13 as percent of 

theoretical, using the anthrone hexosan values of Table 11 as 
theoretical. It can be seen that in several cases, especially 
after longer hydrolysis times, yields above 100% are indicated. 

Although these excessively high values are particularly evident 

in the Glucostat data, they are also shown in lesser degree by 

the HPLC.

The reason for the erroneously high hydrolysis yields in the HPL 

case is not known. Sampling of woody materials, when the moisture 

content is well above the fiber saturation point, is always a 
potential source of error. It is, however, unlikely that the 
high yields resulted from unrepresentative sampling of the wet 

substrates (M.C. approximately 80%, wet basis), or from partial 
drying during storage between M.C. determination and hydrolysis, 

because the yield trend in Series 2 is reasonably smooth. They 

could have resulted from erroneously low theoretical values 
(Table 11), calculated from possibly erroneously low hexosan or 

glucan analyses of the substrates (Table 10). The HPLC-obtained 

glucan value of 44.2%, listed for the original aspenwood, does 
appear low when compared with the mean value of 47.6% obtained in 

the CPD-2 project with Forintek-supplied P.trem uloides wood. The 

high yield values, however, were based on the anthrone-derived
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Table 13. Comparison of yields of glucose plus glucose equivalent of
cellobiose,1 obtained on enzymatic hydrolysis of water-was e 
steam-treated wood (SHA-WI), as measured by YSI, Glucostat, and 
HPLC analysis of enzymatic hydrolysates, and expressed as 2
percent of theoretical glucose as calculated from analysis

Hydrolysis
time
(h)
8

24

Steaming Yield of glucose + glucose equivalent of 
time cellobiose (% of theoretical) 2______
(s) YSI Glucostat HPLC

Series 1
1 120 49.8 51.2 51.4
2 120 53.3 56.8 54.9
3 120 53.4 55.4 57.2

Series 2
1 40 61.7 61.7 65.2
2 80 67.1 69.8 69.7
3 120 68.8 70.0 70.5
4 160 70.9 71.3 72.2
5 200 77.2 76.7 80.0

Old S02 120 31.1 30.8 33.4

Old
Peroxide - 24.3 25.1 27.1

Series 1
1 120 79.7 75.8 80.0
2 120 88.0 86.7 90.0
3 120 83.3 79.1 83.6

Series 2
1 40 79.6 75.8 81.3
2 80 97.1 91.9 98.1
3 120 93.3 88.9 94.3
4 160 101.5 95.2 96.8
5 200 103.8 100.4 101.3

Old S02 120 49.7 49.8 52.2

Old
Peroxide - 39.6 40.9 41.2
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Table 13. Comparison of yields of glucose plus glucose equivalent o 
cellobiose,1 obtained on enzymatic hydrolysis of water-wa 
steam-treated wood (SHA-WI), as measured by YSI, Glucostat, and 
HPLC analysis of enzymatic hydrolysates, and expressed as 2
percent of theoretical glucose as calculated from analysi
Cont'd

Hydrolysis Steaming Yield of glucose + glucose equivalent of
time time cellobiose (% of theoretical)2_______

48

) - (s) YSI Glucostat HPLC

Series 1
1 120 88.9 89.7 86.7
2 120 96.5 98.0 94.1
3 120 98.7 97.9 95.7

Series 2
1 40 93.1 .96.7 91.9
2 80 97.2 99.6 96.7
3 120 100.2 104.3 98.1
4 160 105.5 108.9 105.9
5 200 111.9 110.2 106.4

Old S02 120 61.8 66.2 61.4

Old
peroxide — 51.5 53.3 50.9

72 Series 1
1 120 95.9 100.8 92.9
2 120 102,9 102.1 96.9
3 120 104.2 106.1 103.8

Series 2
1 40 97.3 104.2 99.5
2 80 100.9 108.0 103.8
3 120 105.6 111.3 103.3
4 160 109.0 113.5 105.5
5 200 112.0 119.3 110.8

Old S02 120 69.2 76.0 69.9

Old
Peroxide — 60.0 62.7 62.8

96 Series 1
1 120 99.1 100.6 94.7
2 120 106.2 106.6 97.8
3 120 104.8 104.3 97.2
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Table 13. Comparison of yields of glucose plus glucose equivalent of
cellobiose,1 obtained on enzymatic hydrolysis of water-washe 
steam-treated wood (SHA-WI), as measured by YSI, Glucostat, an 
HPLC analysis of enzymatic hydrolysates, and expressed as 
percent of theoretical glucose as calculated from analysis of SHA-WI 
Cont1d

Hydrolysis
time
(h)

Steaming
time
(s)

Yield of glucose + glucose equivalent of 
cellobiose (% of theoretical)1 2

YSI Glucostat HPLC

96 Series 2
1 40 102.5 107,6 99.4
2 80 105.5 106.2 102.9
3 120 106.3 108.8 105.9
4 160 112.5 114.1 94.9
5 200 116.5 116.1 106.5

Old S02 120 77.0 79.1 69.2

Old
peroxide - 66.1 65.8 64.5

1) Glucose equivalent of cellobiose = weight of cellobiose x 1.0526

The factor 1.0526 is 2 x mol, wt. of glucose
Mol. wt. of cellobiose

Yields listed are the total yields of glucose which would have been 
obtained if the cellobiose (found by HPLC) had been obtained as 
glucose.

2) Values used for theoretical, are the values listed in Column 3 
of Table 11, obtained from the analysis of the water-washed 
steam-heated wood (SHA-WI) by the anthrone method.
e.g. for sample 1 of Set 1 (Table 11) the theoretical glucose

cone, listed is 14.6 mg/mL. After 8h the adjusted observed 
glucose cone. (Table 12) was 6.09 mg/mL as obtained by YSI 
and the cellobiose cone, was 1.14 mg/mL by HPLC
Yield = [6.09 + (1.0526 x 1.14)1100 = 49.8% as listed in Table 13.

14.6
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r hexosan analyses which were significantly higher.

A possibly very significant difference in yield on enzymatic 

hydrolysis is shown in Table 13, between the 120-s products in 
the present work, and the 120-s product from the earlier work 
with Mackie. All samples were enzymatically hydrolyzed at the 
same time, with the same freeze-dried batch of E58 enzyme. The 
old water-washed sample, however, which had been stored in the 

deep freeze since 1984, gave yields only one-half to two—thirds 

as great as did the fresh never-frozen products, even though, as 
shown in Table 10, the chemical compositions were very similar.

It is not clear whether this great difference in hydrolysis 
yield was caused by the storage in the deep freeze, or by the 

loss of some of the S02 in the early work during the longer time 
required to close the Parr bomb lid. In any case, no more than 

half of the S02 was lost even after the explosive decompression 

of the charge (7). P r e s u m a b l y  much of what was lost escaped with 
the steam only during the explosion, i.e. after the treatment had 

been completed. In the present work, all of the fresh S02 

samples of Series 2 (from 40 s to 200 s) gave hydrolysis yields 
much higher than did the old 120 s S02 sample, suggesting that, 
even if a significant amount of S02 had been lost, a good yield 

would have been obtained.

A similar large decrease in enzymatic hydrolyzability also 

occurred, apparently as a result of storing a peroxide-treated 

sample in the deep freeze for approximately one year. This old 

sample (Table 13) had been treated with hydrogen peroxide by the
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f  same chemist at the same time, and by the same method as had Pulp N 
# 1 of Table 4. Table 5, and subsequent work described below,
show that much higher yields of glucose had been obtained from 
Pulp #1 a year ago, i m m e d i a t e l y  after it had been freshly 

prepared.

It is probable that the reduced yields, obtained on 

enzymatic hydrolysis of both the S02- and peroxide-treated 
samples, resulted from the storage. Air-drying of moist steamed 
wood has been shown to reduce the hydrolysis yield. It has also

been observed that improper storage, even in tightly closed 
containers in the freezer compartments of refrigerators, can 
cause migration of virtually all of the moisture out of the 

steamed wood. The moisture moves towards the colder side of the 

container, leaving the wood as an apparently air-dry powder 
completely separated from a pile of ice crystals. In both the 

S02 and peroxide cases, however, there was no evidence of this 

type of "freezer drying".

Comparison of Uncatalyzed and SO^-çatalyzed Treatments
The data of Tables 14 and 15, which were obtained without

the use of S02 , are included here for comparison with the above 
S o 2 data (Tables 12 and 13). The E58 enzyme used was from the 
same batch in both cases and was used at the same loading

(30FPU/g substrate). Table 15 shows that, even without the S02' 
very good glucose yields were obtained after 48 hours of 

enzymatic hydrolysis, for aspenwood samples treated in 240 C 
steam for times of 80 s or longer. Comparison with Table 13
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TABLE 14: Analysis of water-insoluble fractions (WI) 
of aspenwood treated in steam at 240 C 
without SO^

Steaming
time
(s)

Apparent
Klason
lignin
(%)

Acid-
soluble
lignin
(%)

Total
apparent
lignin
(%)

Hexosan
(anthrone)

(%)

20 23.0 2.3 25.3 60.8

40 25.6 2.0 27.6 62.3

80 28.9 1.8 30.7 63.4

120 30.7 1.9 32.6 62.9

180 33.6 2.4 36.0 60.4

Original
wood

19.8 3.3 23.1 47.2
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TABLE 15. Yields of glucose obtained on enzymatic 
hydrolysis of water-washed steam-treated 
wood (SHA-WI) (no SO ) (240°C) as measured
by HPLC and expressed as percent of 
theoretical glucose as calculated from
anthrone analysis of SHA--WI

Steaming Yield^of glucose (% of theoretical)
time (s) 8 h 24h 4 8h 72h

20 30.5 45.7 55.4 56.3

40 33.2 50.4 59.4 62.1

80 48.2 75.2 85.1 85.9

120 51.3 81.9 93.1 91.5

180 55.9 92.0 102.2 98.5

1) total substrate consistency: 20 mg/mL as in Table 13; 
enzyme: freeze-dried E58 from same batch as used in 

SO experiments of Table 13; 
enzyme loading : 30 FPU per gram of total substrate

2) yields are of glucose only, and do not include the
glucose equivalent of the cellobiose. (The glucose/ 
cellobiose relative amounts are shown in Table 12).
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indicates that, with SC>2, and a similar treatment time, but in 

steam at the lower temperature of 210°C, comparable good yields 

were obtained in about half the time (i.e. 24 hours).

In addition to faster development of cellulose 

accessibility, the use of SO2 results in less destruction of 
pentosan for the same degree of accessibility. Furthermore, in

the SC>2 case, a much greater fraction of the solubilized xylan is 
present as monomeric xylose rather than as oligomers, as has been

described above.

Incorporation of Sulfur in SO?-çatalyzed Product
A potential disadvantage in the use of S02 is the possible 

incorporation of sulfur in the product, possibly as sulfonic acid 
groups in the lignin. Wayman has reported no substitution.
Mackie and Brownell (7) have reported residual sulfur in steam- 

exploded S02- imP re9nated aspenwood, even after prolonged washing 
which reduced the sulfur content from 0.42% in the unwashed 

steam-exploded product, to 0.08% in the washed product as 

determined by combustion analysis.

In a continuation of the earlier work, the same water-washed 
sample, which had been stored in a deep freeze, was further 
washed exhaustively with water and was examined by energy 
dispersive X-ray analysis. In this technique the spectra were 
acquired from pelletized samples (250 mg under 20 tons for 3 min) 
with a Kevex Model 7500 operating in the point mode. From the

average size (P/B ratio) of the peak for sulfur (at 2.31 kev) ,

measured at several points, a measure of the sulfur content was
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r obtained. By comparison 
value obtained with the 
steam-exploded wood of 

combustion analysis), a 
the exhaustively washed 
had, therefore, apparen 

in the sulfur content.

of this value with the corresponding 
same technique when applied to unwashed 

known sulfur content (obtained by 
rough estimate of 0.07% was obtained for 
sample. The exhaustive water washing 

tly caused little or no further reduction

Extraction with acetone-water removed much of the lignin and 

reduced the sulfur content in the insoluble cellulose-rich 

residue to approximately 0.04%, as estimated by this same 

technique. Partial evaporation of the acetone-water resulted in 
the precipitation of a less soluble lignin-rich fraction of 

sulfur content 0.07%. Further evaporation to dryness gave a 

more-soluble lignin-rich fraction of enriched sulfur content 
0.17%, suggesting that much of the sulfur in the water-washed 
steam-exploded wood was associated with the lignin. Although 
approximately three times as much sulfur was present in the 
original water-soluble fraction, as was present in the water- 
insolubles, no attempt was made to fractionate the solubles and 

locate the sulfur.

Secondary Treatment ^ Hydrogen Peroxide
In the Jan. 1986 Interim Report, summarized above, a 

significant improvement in yield of glucose on enzymatic 

hydrolysis, as a result of treatment with hydrogen peroxide, was 
indicated. The enzyme preparation used was not very active and 
the yields were still well below theoretical. Two additional 
enzyme preparations were therefore used on the same substrates,
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shortly after the Interim Report was written. The results, 
presented in Table 16, show good yields of glucose with both

enzymes (76.6% with E58, and 88.1% with NOVO) even before 

peroxide treatment. Both peroxide treatments resulted in further 
significant increases to essentially quantitative yields, with 

both enzymes.

In order to determine the effect of time of steam treatment, 
on the subsequent improvement in enzymatic hydrolysis produced by 

a peroxide secondary treatment, a relatively large experiment was 
performed. Aspenwood chips, treated in the canister for 20, 40,

80, 120 and 180s in steam at 240°C, were water-washed. Samples
of the water-washed products were then also washed with 0.4% 
sodium hydroxide at room temperature. Samples of both the water- 

washed, and of the water—and— alkali—washed products were treated 

with hydrogen peroxide essentially as described by Gould, and as 
in preparing Pulp #1 of Table 5. Each of the four samples, from 
each of the five steaming times, was analyzed for hexosan and

lignin and was enzymatically hydrolyzed, using the same 
procedures and the same batch of freeze-dried E58 enzyme as used 
in the sulfur-dioxide experiment. Direct comparison of the 

peroxide and sulfur dioxide results is therefore possible. The 
enzymatic hydrolysates were analyzed by HPLC after 8 , 24, 48 and 
72h. The resulting extensive lists of data are not presented 

here; instead, the results are summarized below.

In the case of control samples of steam-heated and water- 

washed aspenwood (SHA-WI), the lignin content rose with steaming
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Table 16. Effect of alkali washing and peroxide treatment of water-washed steam-treated 
aspenwood^-, on enzymatic hydrolysis

cn
cr>

1)
2)

3)
4)

Cone, of Glucose yield (% of 3theoretical )
Substrate total substrate2 

(mg/mL) 6h
E58
24h 48h

NOVO4
24h 48h

190°C, 25 min

water-washed 20 43.8 66.2 74.3 68.4 89.1
50 36.0 65.2 65.2 39.5 60.0

alkali-washed 20 46.6 66.9 76.6 68.9 88.1
50 37.7 66.0 66.2 36.8 55.3

peroxide pulp 20 61.3 77.2 98.9 74.0 102.1
#1 50 45.0 79.7 85.0 45.6 72.1

peroxide pulp 20 51.0 77.8 99.6 73.3 96.3
#2 50 38.3 74.6 81.6 40.0 57.1

240°C, 80s 
(with explosion)
water-washed 20 52.9 69.6 75.4 71.5 85.6

50 39.0 66.3 71.6 38.2 61.8

total substrate (cellulose, hemicellulose and lignin)
theoretical yield based on cellulose and other glucan in original input wood 
mixture of Novocelluclast and Novozyme, 19 FPU per gram substrate in 50 mg/mL case; 
47.5 FPU/g in 20 mg/mL case



r
time, from 25.3% after 20s, to 36.0% after 200s, as a result of 
both solubilization of pentosan (Fig. 1) and formation of 
pseudolignin. The corresponding hexosan content rose from 60.8% 
to 63.4% after 80s, and then decreased to 60.4% after 200s. In 
the case of the 80s SHA-WI, the lignin content of 30.7% was in 
reasonable agreement with the value of 29.4% reported in Table 6 

for similarly treated (80s/240°c) material, and with the value of 

30.6% found for the SHA-WI (25 min/190°C) used in the earlier 
peroxide experiment.

The enzymatic hydrolysis of the 80s SHA-WI in the recent 
large experiment also gave, fortuitously, a roughly similar yield 
of glucose (86% of theoretical, after 72h), compared with the 89% 
obtained after 48h in the earlier experiment (Table 16) with the 

different NOVO enzyme. Also, as in the earlier experiment, 

alkali extraction had virtually no effect on the hydrolysis yield 

after 72h. However, the broader picture, provided by the large 
experiment, revealed several trends. Alkali extraction, for 
example, had virtually no effect on either the rate of hydrolysis 

or on the eventual glucose yield (after 72h), in the 20-s case, 

even though the lignin content had been reduced by the extraction 

from 25.3 to 17.2%. Alkali extraction of all of the other 

samples with longer steaming times (40, 80, 120 and 180s),
however, appears to have caused a slower enzymatic hydrolysis at 

first. This difference was slight for the 40 s sample (lignin 
content 13.9%), amounting to only 2 or 3% for hydrolysis times up 

to 48h. However, for the longer steaming times of 80, 120 and

180 s (lignin contents: 9.0, 3.5 and 2.4% respt.), the

67

m

ForintekV



r difference amounted to about 10%. The adverse effect of alkali 
extraction appears to have been overcome by 72h. By that time,

hydrolysis yields for the 40, 80, 120 and 180 s samples were at

least as high as those without alkali extraction. The hydrolysis 

yields, obtained without alkali extraction in this experiment, 

have already been listed in Table 15.

The effect of peroxide treatment of the alkali-washed 

materials was to reduce further the lignin contents (by 4% for 
the 20 s, ranging down to 1.2% for the 180 s). Enzymatic 
hydrolysis yields were greatly improved by about 20% for the 
short steaming time of 20s, and by almost as much for the 40 s

sample. The improvements were much less pronounced for the 

longer treatment times where the yields were already high. For 
the 80 s material, the yield increased by 6%, from 85 to 92%; and 

for the 120 s by a similar amount, from 94% to essentially 
quantitative. In addition, the rates of hydrolysis were 
increased by peroxide treatment, the adverse effect of the alkali 

extraction on the rates being more than overcome.

The beneficial effect of peroxide treatment of the alkali- 

washed product from the 80s/240°C material, was smaller than that 

obtained in the earlier experiment (Table 16) with the 

corresponding 25 min/190°C product. The reason for the 
difference is not clear. It may be that the two water—washed 
products were chemically quite different, even through they had 

virtually the same total apparent-lignin contents (30.7% for the 

80s/240°, and 30.6% for the 25 min/190°C. For example, less of
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the apparent lignin was extractable from the product of the 
lower-temperature treatment. After alkali extraction, the 

residual lignin content of the 25 min/190° product was 16.1%, 
compared with 9.0% for the 80s/240°C (Table 4). A substantial 
difference in apparent lignin content still remained after 
peroxide treatment (10.0% vs 4.8%). This former value of 10% was 
similar to that of the 40 s/240°C material after peroxide 
treatment, where a big improvement was found as described above. 

Fig. 1 also indicates that the pentosan content of the water- 

washed 25 min/190°C material was closer to that of the 40s/240 C 

than to that of the 80s/240°C.

Peroxide treatment of the water-washed steam-heated wood 

samples, without first removing the alkali-soluble lignin, 
resulted in a reduction of the lignin contents to almost the same 
levels as obtained with both alkali and peroxide. Glucose yields 

on enzymatic hydrolysis were also almost as good. Peroxide 
consumption, however, was higher, in the presence of the 

unextracted lignin.

A second large peroxide experiment was performed to 

determine the effects of peroxide concentration and of time of 
peroxide treatment. However, the control substrate SHA-WI 
(80s/240°C) gave an inexplicably high (above 90%) glucose yield 

on enzymatic hydrolysis. Insufficient leeway (between 90% and 
100%), within which to measure peroxide-induced improvement, made 

the experiment inconclusive.
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r A third peroxide experiment was subsequently performed, in 
which the enzyme level was reduced in order to reduce the

hydrolysis yields of the control water-washed steamed material 

(not treated with peroxide) (80s/240°C, 25 min/190°C, and 50
min/190°C), and provide much more leeway in which a peroxide- 
induced improvement could be seen. Although the results of this 

experiment have not yet been fully assessed, they show that the 
peroxide treatments substantially raised the hydrolysis yields of 
glucose, with both E58 and with mixed Novozyme and Celluclast. 
This large improvement was shown by all three of the above steam- 
treated water-washed Materials, as a result of the peroxide 
treatment, confirming the conclusion of the Jan 1986 Interim 

Report. Peroxide treatment could therefore be used to reduce the 

enzyme requirement.

Secondary Treatment — Wet Milling
In the Jan. 1986 Interim Report, summarized above, a 

significant improvement in yield of glucose on enzymatic 
hydrolysis, was shown to result from wet ball-milling of SHA-WI 

(80s/240°C). The two additional enzyme preparations, used in 
obtaining the peroxide hydrolysis data of Table 16, were also 
applied to obtain the milling hydrolysis data of Table 17. Table 

17 confirms the milling conclusions of the Jan. 1986 Interim 

Report.

Pore Size Measurements
A number of unsuccessful and time-consuming attempts were 

made, to obtain consistent pore-size data from steam-heated or 

steam-exploded wood, using a Rudolph polarimeter. Model 63. A
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Table 17. Effect of ball milling (BM) of water-washed steam-exploded aspenwood, 
on enzymatic hydrolysis

Cone. of Glucose yield (% of theoretical)3
Substrate total substrate^ E58 NOVO4

(mg/mL) 6h 24h 48h 24h 48h

240°C, 80s
(with explosion)

water-washed 20 52.9 69.6 75.4 71.5 85.6
50 39.0 66.3 71.6 38.2 61.8

water-washed and 20 55.7 75.6 79.5 79.1 93.8
BM 1.5h 50 49.4 77.7 76.8 42.9 67.0
water-washed and 20 63.2 78.0 86.8 80.0 96.7
BM 3h 50 51.9 77.4 79.0 45.6 72.0
water-washed and 20 70.1 85.4 91.5 83.7 101.0
BM 6h 50 55.1 83.1 80.1 49.7 75.5

1) sample preparation and analysis described in Table 6 
2,3 and 4) as in Table 16

m
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better, and more precise, polarimeter was eventually obtained 

(Rudolph Autopol III, automatic polarimeter), and a comparison 
was made of this new polarimeter and the refractive index (RI) 

detector of the HPLC system as measuring devices for determining 

small differences in concentration. More scatter was obtained 

with the RI detector.

"\

Using the new polarimeter, and 

size distribution of a standard pulp 

determined. The results were in agr 
Scallan for this standard material.

Scallan's technique, th 

obtained from PPRIC wa 

eement with those obtai

e pore 

s

ned by

Using solka floe, a comparison was made of the values 
obtained with the polarimeter and the RI detector, in determining 

the amount of water inaccessible to a series of dextran probes. 

With each probe size, and the same dextran solutions, the 
polarimeter indicated a significantly larger amount of 
inaccessible water than did the RI detector. Although a smooth 

curve was obtained with the polarimeter, the greater scatter 
obtained with the RI detector prevented any meaningful comparison 

being made, of the derived pore size distributions. The values 

obtained with the polarimeter fall within the large range of 

published values for solka floe.

An attempt was made to compare the results obtained with the 
two different sets of molecular probes (i.e. the dextrans and 

polyethylene glycols). For this purpose, only the RI detector 
could be used because of the optical inactivity of the
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polyethylene glycols. The scatter of the RI data, however, 
obscured any possible difference in the two resulting 
inaccessible-water curves.

No attempt has been made, as yet, with the new polarimeter, 
to measure the pore size distribution of steamed wood.

73V



CONCLUSIONS FROM SECOND YEAR'S WORK

Analysis
1) A substantial scatter in the analytical results for glucan, 

xylan and mannan was present in an international study by 
nine different laboratories on identical wood samples 

(IEA/FE Project CPD-2).
2) Two HPLC columns, HPX 87P and HPX 87H (Bio-Rad), have been 

found useful in this work. The 87P column resolves all the 
common wood sugars and can be used directly on enzymatic 

hydrolysates, but, with acid hydrolysates, deacidification 
and the use of an internal standard and an hydrolysis loss 
factor are required. The 87H column can be used directly on 
acid hydrolysates (e.g. Klason lignin filtrates) without 

deacidification. It permits determination of cellulose (or 

other glucan) but does not resolve mannose from xylose. It 
is not suitable therefore for determination of xylan and 

mannan in softwoods. It does permit the determination of 
acetic acid, furfural and hydroxymethylfurfural.

3) With 87P column, the amounts of glucose, xylose and internal 

standard injected must be within limits or substantial 

errors will result from varying response factors.

4) A reliable anthrone method, (based on an understanding of

the interaction of products from glucose and xylose) has been 

developed for determining glucose in the presence of xylose. 

It can be used directly on Klason filtrates but cannot 
distinguish between mannose and glucose. It is therefore 
less useful for softwoods, except where most of the mannose
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has been solubilized and removed No hydrolysis loss factor

5 )

is required with acid hydrolysates.
Discrepancies exist between results of HPLC and Glucostat 
analyses of enzymatic hydrolysates. The Glucostat values 
under some conditions are believed to be erroneously high. 
HPLC is also preferred, because cellobiose is sometimes 

present in large amounts and can also be measured.

SO?
6 ) Impregnation of green aspenwood with 1.6% of SO2 (based on 

oven-dry wood) results in much faster hydrolysis of the 
xylan during steam treatment, permitting a drop of about 

300C in the steam temperature.

7 ) Most of the xylan is reduced to monomeric xylose, in 

contrast to the prevalance of oligomers in the absence of 
added acid, and less xylose is destroyed.

8 ) High yields of glucose can be obtained on enzymatic 
hydrolysis. High yields can also be obtained without SC>2 , 

but only at the expense of a greater loss of xylose.

9) Glucose yield, as a percent of that theoretically possible 

from the cellulose or other glucan remaining in the water- 
washed steam-treated aspenwood, increases with treatment 

time, until at least 15% of the original wood cellulose has

10 )

been solubilized during the SOj-catalyzed steam treatment. 

Most of the sulfur remaining in S02~cata^yze<  ̂ steam-exploded 
aspenwood, is removed with the water solubles. Exhaustive 
water-washing reduced the sulfur content of the water- 
insoluble fraction to 0.07%. Acetone extraction, which then
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\
removed much of the lignin, dropped it further to 0,04% of 
the cellulose-rich acetone insolubles. The more-soluble 

half of the lignin-rich acetone solubles was enriched to 
0.17% in sulfur, suggesting substitution in the lignin.

h 2°2 (Secondary Treatment)
11) The conclusion of the Jan. 1986 Interim Report, that a 

secondary treatment of the cellulose-rich stream with 
hydrogen peroxide can greatly increase the glucose yield on 
subsequent enzymatic hydrolysis, has been confirmed 

(analyses by HPLC).
12) Enzymatic hydrolysis yield increases with time of steam 

treatment, with secondary peroxide treatment, and with 

increased enzyme loading. The greatest improvements 
resulting from peroxide treatment can be seen where 
substantial leeway for improvement remains i.e. after 

shorter steam treatments or, more importantly, at lower and 

more economical enzyme loadings.
13 ) Use of a peroxide secondary treatment can reduce enzyme 

requirements and speed-up the hydrolysis, with a small 

peroxide consumption.

Ba11 Milling (Secondary Treatment)
14) The conclusion of the Jan. 1986 Interim Report, that

enzymatic hydrolysis of steam-exploded aspenwood can be 

significantly improved by milling of this friable material, 
has been confirmed with two additional enzyme preparations.
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Pore Size

15) The polarimeter (Rudolph Autopol III automatic polarimeter) 
is superior to the HPLC refractive index (RI) detector in 
measuring small differences in concentration of dextrans.

16) The polarimeter indicated a significantly greater amount of 
inaccessible water in Solka floe, than did the RI detector.

17) The polarimeter gave the specified fibre saturation point 

for a standard pulp obtained from PPRIC.

Substrate Storage
18) Water-washed steam treated aspenwood substrates have shown 

losses of one-third to one-half of their glucose yields on 
enzymatic hydrolysis, as a result of long storage, frozen, 

in a deep freeze.

Substrate Sterilization
19) Identical water-washed steam-treated substrates, sterilized 

in an autoclave, gave approximately 10% lower yields of 
glucose on enzymatic hydrolysis than did the same substrates 

protected by merthiolate.
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r APPENDIX

Corrections Used in Table 1_2 to Adjust Concentrations of Glucose 
and Cellobiose

Aliquots of 3 mL, each, were removed after intervals of 8,
24, 48, 72, and 96 hours, from the clear supernatant liquid of

the enzymatic hydrolysate (original volume 200 mL). The removal 
of these aliquots, for analysis, reduced the volume of the 
remaining hydrolysis mixture, and also removed some of the 
glucose and cellobiose already formed. In order to adjust the 
observed concentrations, to what they should have been if no 
aliquots had been removed, the equations, listed below, were 

used. These equations assume that no enzyme components were 
removed in the aliquots withdrawn. This assumption is not 
entirely correct, specifically in the case of g-glucosidase. In 

most cases, however, the corrections were small.

■ \

C8cor - c8
C24 cor = C 24 ” -̂c 2 4 COu>l>

+

c 48cor = C 4 8 ’ 2v C48 
V

+
<
\
< n CO + o to

C 7 2 cor = C 7 2 ” 3 vC*7 2V
+ v(C8 + C 24 + C4 8 )

V

C96 cor = C 9 6 ~ 1^96V
+ v(Cg + C 2 4 + C48 +

V

where: Cg, c24 , C48, C 72 and Cg8 are the observed concentrations
after 8 , 24, 48, 72, and 96 hours respt.

Cgcori etc., are the corrected concentrations 
v is volume of aliquot removed (3 mL in present case) 
V is original volume of hydrolysis mixture (200 mL)
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