©Copyright 1989 by The Humana Press Inc.
All rights of any nature whatsoever reserved.
0273-2289/89/2021—0009$03.80

Comparison of the Pretreatment
of Sweetgum and White Oak by the
Steam Explosion and RASH Processes

TOR P. SCHULTZ,* JAGDISH R. RUGHAN,],
AND GARY D. MCGINNIS

Mississippi Forest Products Utilization Laboratory, Mississippi
State University, PO Drawer FP, Mississippi State, MS 39762

ABSTRACT

Steam explosion and rapid steam hydrolysis/continuous extraction
(RASH) processes were compared using sweetgum and white oak as
the feedstocks. Both pretreatments employ steam and are relatively
rapid, but there are several differences between the two processes.
Both pretreatments dramatically increased the enzymatic hydrolysis
rate but not the acid hydrolysis rate of the cellulose. Both water insolu-
ble xylose or alkali insoluble lignin contents could be used to predict
the relative enzymatic hydrolysis rate. Steam explosion depolymerized
and degraded the hemicelluloses, whereas RASH minimized further
degradation of the hemicelluloses. The lignin was depolymerized by
both pretreatments, with steam explosion forming a moderately con-
densed lignin. No significant differences were observed between white
oak and sweetgum samples treated by either process, suggesting that
the selection of particular hardwood is not a critical factor for a poten-
tial biomass plant in the southeastern US.

Index Entries: Steam explosion; rapid steam hydrolysis; bio-
mass pretreatment; white oak; sweetgum.

INTRODUCTION

In the last 15 years the need to find alternative sources of energy and
chemicals has led to extensive research efforts to develop economical pro-
cesses for converting agricultural, forestry, and municipal wastes into
fuels and chemicals. Proposed enzymatic processes for making ethanol

*Author to whom all correspondence and reprint requests should be addressed.
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from lignocellulosic materials usually involve three major steps: a pre-
treatment step to partially break down the biomass; a hydrolysis step to
convert the polysaccharides into monosaccharides; and a fermentation
step to convert the monosaccharides into ethyl alcohol. Acid hydrolysis
processes often do not include a pretreatment step, although a pretreat-
ment that reduces the cellulose crystallinity would be beneficial. The pri-
mary purpose of the pretreatment is to disrupt and break down the lignin
and holocellulose polymers and thus increase the accessibility of the cellu-
lose to enzymatic hydrolysis. In other words, the pretreatment should
increase the rate and the extent at which the cellulose is hydrolyzed to glu-
cose. In addition, the pretreatment should utilize inexpensive chemicals
and capital equipment and solubilize and fractionate the lignin and hemi-
celluloses so that these components can also be commercially utilized.

Another important characteristic of a pretreatment is that it must be
effective with an inexpensive, but available, biomass material. Many pre-
treatments are very dependent on the type of feedstock used. A review of
past research will show that a large amount of biomass research has been
conducted on aspen. Millett et al. (1) and Lipinsky (2) have both noted
that aspen is a uniquely easy wood to pretreat and that aspen only grows
in limited northern regions of the US. Thus, promising results obtained
using aspen do not necessarily indicate that the pretreatment will be suc-
cessful with other woods. In addition, hardwoods are generally more
susceptible to pretreatment than softwoods. In the southeastern US the
feedstock of choice would probably be mixed hardwood chips obtained
by total-tree chipping of small diameter, low quality hardwoods (the so-
called trash species). The two major hardwood species growing on south-
ern pine sites are sweetgum (Liquidambar styraciflua L.; 13.2% of total
hardwood volume) and white oak (Quercus alba L.; 12.3%) (3). These two
hardwoods have different physical properties. Sweetgum is a medium
density, diffuse-porous wood, whereas white oak is a high density, ring-
porous wood. In addition, white oak has about twice the extractives as
sweetgum (4) and is reported to be about five times as acidic as sweetgum
(4,5). Finally, the cells of white oak heartwood are filled with tyloses,
which impede the flow of water.

Steam Explosion

The steam explosion process was originally developed by Mason in
1925 and has been extensively used in the manufacture of hardboard. In
1978 the Iotech Corporation, Ltd., of Canada started using this process
for the production of ruminant feed. In view of the early results that
showed the high digestibility of steam-exploded wood, Iotech decided to
explore the use of this process as a method for pretreating aspen and
other feedstocks (6,7).

Since Iotech first reported their initial results, other investigators have
also studied the steam explosion process as a biomass pretreatment for
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hardwoods and for agricultural wastes. These investigators have found
that the following chemical changes occur during steam explosion (6-20)

1. The lignin is broken down into products with a molecular
weight range of from 150 to 7000. These products, which re-
tained the basic lignin structure, were reported to be highly re-
active and have been examined as a partial phenol replacement
in adhesives. Since the lignin is extensively depolymerized by
cleavage of the ether bonds, it is partially soluble in alkaline
solutions or certain organic solvents.

2. The hemicelluloses are partially broken down and are pre-
dominantly soluble in hot water. In addition, some degrada-
tion products are formed that apparently condense with lignin,
thereby increasing the apparent lignin content.

3. Steam explosion causes a large increase in the accessibility of
the cellulose to enzymatic hydrolysis, but not to acid hydroly-
sis. In addition, the degree of polymerization (DP) of cellulose
is greatly reduced. Early reports suggested that the explosion
was necessary to increase enzymatic hydrolysis rates (6,7, 10,
11,13), but more recent studies have shown that explosion is
not necessary (20-23).

4. Aspen and some other feedstocks gave high yields, but rela-
tively low yields were reported when oak was used as a feed-
stock (7).

Rapid Steam Hydrolysis/Continuous Extraction

The Rapid Steam Hydrolysis/Continuous Extraction procedure, called
RASH, is similar to the steam-explosion process. Unlike the steam-explo-
sion process, however, soluble or gaseous products are continuously
removed from the reaction zone and cooled, thus minimizing further
degradation. Also, the RASH treatment does not have the physical explo-
sion step. The RASH treatment was developed in order to compare the
effect of a chemical treatment (steaming) alone vs a dual chemical and
physical treatment (steaming and explosion) (17,24). The RASH process
has been studied utilizing mixed hardwoods and red oak (17,24,25). This
work has shown that

1. The hemicelluloses are hydrolytically depolymerized and ex-
tracted from the biomass with minimal degradation;

2. The lignin is also hydrolyzed, and up to 95% can be extracted
by aqueous alkali or organic solvents;

3. The remaining solid residue is considerably enriched in cellu-
lose;

4. The enzymatic hydrolysis rate of the cellulose increases drama-
tically, and thus the explosion portion of the steam explosion
pretreatment is not necessary; and
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5. Little or no increase in the rate of acid hydrolysis is observed.
Similar results have also been reported when hardwoods were
steamed (26,27).

Although both processes have unique differences, either pretreat-
ment can be easily modified. For éxample, a steam explosion gun can be
modified to remove condensate (6) and the steam can be gradually re-
leased without the explosion (21,22). These modifications essentially will
give the RASH process.

The objective of this study was to compare two biomass pretreatment
processes (steam explosion and RASH) and two potential biomass feed-
stock sources from the southeastern US region (sweetgum and white oak).

METHODS

Green sweetgum and white oak bolts were debarked, cut into quar-
ters on a bolter saw, and chipped to standard size pulp chips. The green
chips were stored in a cold room until used.

The Masonite steam explosion reactor has been previously described
(15-17). The pulp-sized chips were exploded using a one minute heatup
time and a reaction time of 1 min. The thermocouple broke during the
runs and subsequent temperatures were estimated by measuring the re-
action pressure and correlating the reaction pressure to the reaction tem-
perature of previous runs in which mixed hardwood chips were exploded.
The exploded fiber was air-dried, ground, and stored in a refrigerator
prior to analysis or hydrolysis experiments. The cyclone used to separate
the wood fiber from the steam was not designed for high pressure runs.
Thus, a significant portion of the wood fibers was lost out of the top of
the cyclone, with the result that the material balances could not be deter-
mined.

Prior to the RASH pretreatment, the chips were air-dried then ground
using a 6-mm mesh. Thus, the chip size for RASH runs were smaller than
those used for the explosion process. All fines less than 2 mm size were
removed from the 6-mm chips. A 600 mL Parr reactor was used as the re-
actor vessel. The reactor setup and operation have been described earlier
(17,24). The reactor typically reached the desired temperature in about 30
s, and required about 40 s to cool down. The reaction time was 1 min.

The analysis procedures used are described below. All analyses were
done in duplicate with the average reported, except where noted.

1. The procedure for analyzing the solids and condensate for
Klason lignin, soluble lignin, and carbohydrate content have
been reported earlier (15,24). The yield of galactose was not
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determined. White oak is reported to contain 1.1% galactan
and sweetgum less than 1% (4).

2. The solid samples were extracted with hot water or refluxing
2% aqueous alkali, as described earlier (15,17).

3. The RASH-pretreated sweetgum samples were also extracted
with acetone at room temperature, with the extracted fiber
then filtered and washed with an excess of distilled water. The
extracted samples were then air-dried and analyzed.

4. The nitrobenzene oxidation procedure was performed at 160°C
for 3h (28). A temperature of 160°C instead of 175°C was used
by mistake. The results are based on the weight of aldehydes
formed per weight of available lignin in the fiber. The lower
temperature will result in a reduced yield of about 30%.

5. The enzymatic hydrolysis procedure is the same as described
earlier (16,17,24). The RASH-pretreated solids were hydrolyzed
directly, while the steam-exploded samples were extracted
with hot water prior to enzymatic hydrolysis. The water ex-
traction was performed in order to make the samples as com-
parable as possible. Since the pretreated solids had different
amounts of cellulose, the percent glucose formed was based
on the total available glucose.

6. The acid hydrolysis procedure was similar to the procedure
described earlier, except a hydrolysis temperature of 85°C was
used instead of 105°C (16,17). The steam-exploded fiber was
extracted with hot water prior to acid hydrolysis. The percent
glucose formed was based on the total available glucose.

RESULTS

Table 1 gives the chemical analysis of sweetgum chips that were steam
exploded for 1 min, and Table 2 shows the analysis of exploded white oak
chips. Analysis of water- and base-extracted samples was based on the pretreated,
nonextracted fiber, in order to clearly show the extent to which each wood com-
ponent was extracted.

Table 3 gives the RASH conditions and solids recovered, and the
analysis of the RASH solids is shown in Table 4. The RASH condensate
analysis is reported in Table 5. The results on the extracted RASH solid samples
are also based on the nonextracted fiber.

The total aldehyde yield from the nitrobenzene oxidation is given in
Fig. 1 for both RASH and steam exploded samples. The relative enzy-
matic hydrolysis rates are shown in Fig. 2, and the acid hydrolysis rates
in Fig. 3.
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Fig. 1. Aldehyde yield following a nitrobenzene oxidation, based on the
lignin content.
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Fig. 2. Relative enzymatic hydrolysis of the treated samples based on
the total available glucose. The steam-exploded samples were water extracted.
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Fig. 3. Relative rate of acid hydrolysis based on the total available glu-
cose. The steam-exploded samples were water extracted prior to hydrolysis.

DISCUSSION

At the highest steam explosion temperature of 235°C, over 50% of the
hemicelluloses were degraded for both sweetgum and white oak (Tables 1
and 2). The remaining hemicelluloses were generally soluble in hot water.
As expected, the lignin content increased as the reaction temperature
increased. The increase in the lignin content may be partially due to the
formation of so-called pseudolignin. A portion of the apparent lignin was
extracted by hot water, suggesting that carbohydrate derivatives may
indeed comprise some of the lignin. Extraction with refluxing 2% NaOH
removed a large fraction of the lignin from the exploded fiber; 90% of the
lignin was extracted from white oak and sweetgum fiber exploded at
235°C. Interestingly, only about 75% of the lignin was extracted from
mixed hardwood chips exploded at 233°C (17). This may be partially
owing to the presence of bark in the mixed hardwood chips, and the
absence of bark in the sweetgum and white oak chips. A high proportion
of polyphenolic compounds is present in bark, and this material may con-
dense with lignin at the higher reaction temperatures to form a lignin
with a higher molecular weight and consequently lower solubility. In ad-
dition to extracting lignin, the hot alkali extraction also removed a portion
of the available glucose. Approximately one-third of the available glucose
was extracted from both white oak and sweetgum fiber exploded at 235°C.
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This solubilization of glucose has also been observed for exploded mixed
hardwoods and agricultural materials (15-17) and is presumed to be low-
molecular-weight cellulose (8,17,26). The alkaline extraction procedure
may also have caused the peeling reaction to occur, which would further
decrease the cellulose DP.

Table 3 shows the solids recovered for white oak and sweetgum pre-
treated using the RASH process. The yield of recovered solids decreased
as the reaction temperature increased, with approximately a 50% recovery
at 280°C for both sweetgum and white oak. A slightly lower solids yield
was observed for white oak than for sweetgum.

Table 4 gives the analysis of solids from RASH-treated sweetgum and
white oak. The reported values for samples extracted with base and ace-
tone are based on the starting nonextracted material so that it can easily
be seen which constituents and how much were extracted.

From the data in Table 4 it can be seen that the hemicelluloses were
extracted during the RASH run at reaction temperatures of 220°C and
above. Hot alkali extracted some lignin, with the amount of lignin re-
moved dependent on the pretreatment temperature. For samples pre-
treated at 240°C or above, a significant amount of available glucose was
also solubilized by the base extraction. The cellulose of white oak samples
was slightly more soluble in hot alkali than the sweetgum samples. The
sweetgum solids were also extracted with acetone, with the lignin not
very soluble when samples were pretreated at 240°C or less (Table 4). The
nonextracted, RASH-treated sweetgum solids had the highest glucose
content, reaching a maximum of approximately 65%. RASH-treated white
oak solids had only a slightly lower glucose content, except for the 280°C
solids. Water-extracted, steam-exploded samples had a slightly lower glu-
cose content than the RASH samples.

Table 3 also gives the mL of condensate and the acidity (pH) for the
RASH runs. At the lower reaction temperatures, the white oak conden-
sate was more acidic than the sweetgum condensate. It has been reported
that oak is approximately five times more acidic than sweetgum (4,5).
The analysis of the condensate is shown in Table 5. The yield was based
on the oven-dry weight prior to the RASH pretreatment. A high propor-
tion of the hemicellulose sugars was detected in the condensate of the 220
and 240°C runs. At the higher reaction temperatures of 260 and 280°C,
the xylose content decreased. This suggests that hydrolyzed sugars were
degraded at the higher temperatures in the reactor before they were ex-
tracted.

The effect of the pretreatment on the lignin in the treated solids was
determined by nitrobenzene oxidation (Fig. 1). The yield of aldehydes
was based on the weight of available lignin in the treated solids. Starting
at about 220°C, it appears that the lignin became increasingly condensed
as the reaction temperature increased. At any temperature, the lignin of
steam-exploded white oak was condensed to a greater extent than the ex-
ploded sweetgum or RASH samples. Based on these results, it appears
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that steam-exploded lignin is not highly reactive, as was reported earlier
(7). The low reactivity is in agreement with the poor to moderate results
obtained when steam-exploded lignin was used as a 30% phenol replace-
ment in formulating a plywood adhesive (29).

Figure 2 shows the rate of enzymatic hydrolysis of the pretreated
samples. The steam-exploded samples were extracted with hot water
prior to enzymatic hydrolysis so that the steam-exploded and RASH sam-
ples would be similar (both containing only the water insoluble fraction).
The percent glucose formed was based on the total available glucose. The
average enzymatic hydrolysis rate of untreated sweetgum and white oak
is shown as a solid horizontal line on the bottom of Fig. 2, and the hydroly-
sis rate of filter paper is shown as a dashed horizontal line near the top.
The relative hydrolysis rate of filter paper is shown in order to give an in-
dication of the maximum activity expected with the particular experimen-
tal procedure used. As the reaction temperature increased, solids from
both the steam-explosion and RASH processes showed increased rates of
enzymatic hydrolysis. At the highest steam-explosion temperature of
235°C, both sweetgum and white oak samples had a relative enzymatic
hydrolysis rate approximately equal to filter paper. At any reaction tem-
perature, the RASH-treated solids did not have as rapid a hydrolysis rate
as did steam-exploded samples. After a 260°C RASH treatment, the hy-
drolysis rate of the pretreated solids approached the hydrolysis rate of
filter paper.

Results from the acid hydrolysis experiments are shown in Fig. 3. Pre-
vious researchers have noted that the steam-explosion process or steaming
alone did not increase the acid hydrolysis rate or decrease the cellulose
crystallinity, except for steam-exploded rice hulls (8,11,13,15-18,24,26).
RASH-treated samples also had no increase in acid hydrolysis except for
a very slight increase for the white oak samples treated at 260 and 280°C.
Prior studies suggest that the alkali solubility of the cellulose may be owing
to a low cellulose DP (8,11,17,26). The steam treatment has been shown
to dramatically lower the DP, but no evidence for a decrease in the cellu-
lose crystallinity has ever been reported (11,13,18). A prior report has
suggested that the amorphous regions of the cellulose may be degraded
in the same manner as are the hemicelluloses by a steam pretreatment
(17). This degradation of the amorphous regions would result in cellulose
with a low DP but a slightly enhanced crystallinity. The slightly enhanced
crystallinity would reduce the acid accessibility and result in a slightly
lower rate of acid hydrolysis. Disruption of the lignin and hemicellulose
network would result in the dramatically increased enzymatic hydrolysis
rate observed (20). Thus, a pretreatment that will increase the rate of en-
zymatic hydrolysis should not be assumed to also be beneficial for acid
hydrolysis.

The efficiency of any hydrolysis process, either acidic or enzymatic, is
dependent on the cellulose content of the solid feedstock material prior to
hydrolysis. The glucose content of alkali-extracted pretreated solids ap-
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Fig. 4. Glucose content of base-extracted solids.

proaches 100% (Fig. 4), since both pretreatments depolymerize the lignin
and hemicellulose components sufficiently for these polymers to be alkali
soluble. However, it is important to remember that base-extraction will
also solubilize significant amounts of cellulose (Tables 1, 2, 4, and 5) for
samples pretreated at the higher reaction temperature. Thus, the overall
glucose yield based on material prior to pretreatment may be quite low.

The use of alkali insoluble lignin and residual xylan has been used as
a predictor for the relative enzymatic hydrolysis rate (30-32). A plot of the
enzymatic hydrolysis rate (as percent glucose formed) versus either the
alkali insoluble lignin (Fig. 5) or the water insoluble xylan (Fig. 6) gave
reasonable correlations (R2 of 0.895 and 0.909, respectively). Surprisingly,
the same regression equation appears to fit all samples regardiess of the
feedstock source (white oak or sweetgum) or pretreatment (RASH or
steam explosion). In addition, the y-intercept for both Figs. 5 and 6 was
approximately the value for the relative enzymatic hydrolysis of filter
paper, which can be assumed to have essentially no lignin or xylan. A
slightly better fit was obtained using insoluble xylan (Fig.-6). However,
the alkali insoluble lignin values correctly predicted the downturn in the
enzymatic hydrolysis rates at the highest RASH temperature of 280°C
(Fig. 2). The authors wish to emphasize that although the insoluble lignin
and xylan content can be used to predict the relative enzymatic hydrolysis
rate, this is not proof that these factors were the direct cause of the increase
in enzymatic hydrolysis rates. Figure 5 is evidence, however, that the
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Fig. 5. Plot of the residual lignin remaining after a hot alkali extraction
vs the relative enzymatic hydrolysis rate for the water-extracted steam exploded
samples or the RASH-treated samples.
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Fig. 6. Plot of the residual xylan (measured as xylose content) remaining
after a hot water extraction vs the relative enzymatic hydrolysis rate.
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lignin network needs only to be disrupted, not removed, for the enzymatic
hydrolysis rate to be dramatically increased.

It is of interest to note that there are no significant species differences
in the steam-exploded samples. This was a bit surprising since, as discussed
earlier, sweetgum and white oak have significantly different physical,
chemical, and structural features. No species differences were also ob-
served with the RASH process, except at the highest reaction temperature
of 280°C. The differences were: slightly higher relative rate of acid hy-
drolysis for oak (15.9 vs 10.9%); and a lower glucose content for oak after
alkali extraction (69.7 vs 96.4%, based on alkali-extracted solids). These
differences might be caused by the higher acidity of oak (4,5), which could
result in more acid-catalyzed degradation.

A comparison of the two processes showed a few differences that have
been previously reported (17). These are believed to be caused by slight
process differences. Specifically, RASH continuously removes acidic and
other water-soluble products that are trapped in the steam explosion gun.
The lower relative acidity probably means that RASH products undergo
slightly less hydrolytic depolymerization/degradation reactions than steam-
explosion products. Thus, the RASH pretreatment results in slightly less
degradation of the holocellulose components and slightly lower enzymatic
hydrolysis rates than the steam explosion pretreatment.

The “’best’’ pretreatment temperature is selected not on the best yield
or reactivity of any one component, but on finding a compromise temper-
ature that will optimize the factors and products of particular interest to
the company that is building the biomass plant, including yields and re-
activity of all the lignocellulose components. For example, selecting a
reaction temperature that gives the highest enzymatic hydrolysis rate will
result in low yields of hemicelluloses, some degradation of the cellulose,
and an unreactive lignin.

CONCLUSIONS

No significant species differences between sweetgum and white oak
samples were observed, except for 280°C treated RASH samples. As ex-
pected, both steam-explosion and RASH greatly increased the enzymatic
hydrolysis rate but not the acid hydrolysis rate of the cellulose. Either
water insoluble xylan or alkali insoluble lignin can be used to predict the
relative enzymatic hydrolysis rate of pretreated samples. The hemicellu-
loses and cellulose were depolymerized, with the extent of further de-
gradation dependent on the reaction temperature and process.

The lignin from both processes was also depolymerized. Contrary to
previous studies, the steam-exploded lignin was not highly reactive and
the lignin’s suitability for direct use (no further chemical modification) as a
phenolic adhesive component is questionable, especially for low-temper-
ature cured wood composites such as plywood. However, if the pretreat-
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ment temperatures were chosen such that equivalent enzymatic hydrolysis
rates were obtained, then the exploded oak lignin would have similar reac-
tivity as the two RASH lignins, while the exploded sweetgum lignin would
be the most reactive. The reactivity of the RASH lignin was dependent on
the reaction temperature.

ACKNOWLEDGMENTS

The Masonite Corporation, Central Hardboard Division, Laurel, MS,
freely provided equipment, supplies, and personnel for this project. Finan-
cial support for this project was provided by the US Department of Agri-
culture and the Mississippi Forest Products Utilization Laboratory. The
authors thank L. Wasson, M. Lewis, and C. Templeton for their assistance.

REFERENCES

1. Millett, M. A., Baker, A. J., and Satter, L. D. (1976), Biotechnol. Bioeng.
Symp. 6, 125.

2. Lipinsky, E. S. (1979), Hydrolysis of Cellulose: Mechanisms of Enzymatic and
Acid Hydrolysis, Brown, R. D., Jr. and Jurasek, L., eds., American Chem.
Soc., Washington, DC.

3. McMillin, C. W. and Manwiller, F. G. (1980), US Dept. of Agric., Forest Ser-
vice. General Tech. Report SO-29.

4. Koch, P. (1985), Agric. Handbook No. 605.

5. Stamm, A.]. (1961), For. Prod. ]. 11, 310.

6. DeLong, E. A. (1981), Cand. Pat. 1,096,374.

7. Foody, P. (1980), Final Report to US Dept. of Energy, DE-AC02-79ETZ3050.

8. Bungay, H.R., Garcia, M. A., and Foody, B. E. (1983), Biotech. Bioeng. Symp.
13, 121.

9. Hemmingson, J. A. and Dekker, R. F. H. (1987), J. Wood Chem. Tech. 7, 229.

10. Jurasek, L. (1978), Dev. Ind. Microbiol. 20, 177.

11. Marchessault, R. H., Coulombe, S., Hanai, T., and Morikawa, H. (1980),
Cand. Pulp Paper 6, TR52.

12. Marchessault, R. H., Coulombe, S., Morikawa, H., and Robert, D. (1982),
Cand. ]. Chem. 60, 2372.

13. Marchessault, R. H., Malhotra, S. L., Jones, A. Y., and Perovic, A. (1983),
Wood and Agricultural Residues, Soltes, J., ed., Academic, NY.

14. Saddler, J. N., Mes-Hartree, M., Yu, E. K. C., and Brownell, H. H. (1983),
Biotechnol. Bioeng. Symp. 13, 225.

15. Schultz, T. P., Biermann, C. J., and McGinnis, G. D. (1983), Ind. Eng. Chem.
Prod. Res. Dev. 22, 344.

16. Schultz, T. P., Templeton, M. C., Biermann, C. J., and McGinnis, G. D.
(1984), ]. Agric. Food Chem. 32, 1166.

17. Schultz, T. P., McGinnis, G. D., and Biermann, C. J. (1988), Elsevier, NY,
in press.

18. Tanahashi, M., Takada, S., Aoki, T., Goto, T., Higuchi, T., and Hanai, S.
(1983), Wood Res. 69, 36.

Applied Biochemistry and Biotechnology Vol. 20/21, 1989



Comparative Pretreatments 27

19.
20.

21.

22.

23.
24.

25.
26.

27.
28.

29.
30.

31.

32,

Tekely, P. and Vignon, M. R. (1987), J. Wood Chem. Tech. 7, 215.

Wong, K. Y., Deverell, K. F., Mackie, K. L., Clark, T. A., and Donaldson,
L. A. (1988), Biotechnol. Bioeng. 3, 447.

Brownell, H. H., Mes-Hartree, M., and Saddler, J. N. (1984), Proceeding of
the First Bioenergy Specialists Meeting on Biotechnology, S. Hasnain, J.
Lampley, M., Moo-To, eds.

Brownell, H. H., Yu, E. K. C,, and Saddler, J. N. (1986), Biotechnol. Bioeng.
28, 792.

Brownell, H. H. and Saddler, ]. N. (1987), Biotechnol. Bioeng. 29, 228.
Biermann, C. J., Schultz, T. P., and McGinnis, G. D. (1984), ]. Wood Chem.
Tech. 4, 111.

Haw, ]J. F., Maciel, G. E., and Biermann, C. ]. (1984), Holzforschung 38, 327.
Puls, J., Poutanen, K., Korner, H.-V., and Viikari, L. (1985), Appl. Microbiol.
Biotechnol. 22, 416.

Sudo, K., Shimizu, K., and Sakurai, K. (1985), Holzforschung 39, 281.
Gardner, D. J., Schultz, T. P., and McGinnis, G. D. (1985), ]. Wood Chem.
Tech. 5, 85.

Gardner, D. J. and Sellers, T., Jr. (1986), For. Prod. |. 36(5), 61.

Schwald, W., Brevil, C., Brownell, H. H., Chan, M., and Saddler, J. N.
(1988), Appl. Bioch. and Biotechnol. this issue.

Chum, H. L., Johnson, D. K., Black, S., Baker, J., Grohmann, K., Sarkanen,
K. V., Wallace, K., and Schroeder, H. A. (1988), Biotechnol. Bioeng. 31, 643.
Grohmann, K., Torget, R., and Himmel, M. (1985), Biotechnol. Bioeng. Symp.
15, 59.

Applied Biochemistry and Biotechnology Vol. 20/21, 1989



