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Summary

Aspenwood which had been treated by either steam explosion 
or biological delignification was assayed for its enzyme 
digestibility. The cellulase enzymes used were derived from the 
growth of Trichoderma harzianum E58 on cellulose. Two other 
cellulolytic fungi ,T. reesei QM9414 and T^ reese i C30 ,were 
screened for this purpose but were found to be less hydrolytic 
than T . harzianum.

Enzyme digestibility of the two substrates was measured by 
performing an enzymatic hydrolysis at both high and low cellulose 
concentrations. At a 5% dry weight concentration 34% of the 
cellulose portion of the biologically delignified aspenwood was 
converted to glucose whereas 44% of the cellulose portion of the 
steam exploded aspenwood was converted to glucose. The lower 
percent conversion of the biologically treated material could be 
due to the presence of recalcitrant cellulose or to lignin 
degradation products which interfered with the enzymatic 
hydrolysis. When the yield, based on the starting dry weight was 
calculated the difference in sugar production between the two 
pretreatment methods reflected the sugar losses which occurred 
during the pretreatment process. The aspenwood which had been 
biologically treated had a final glucose yield of 24% whereas the 
steam treated wood had a final glucose yield of 18%.

The pretreated aspenwood was also used as a substrate for 
the production of cellulase enzymes. For this purpose the 
the steam treated material was found to be a better substrate 
than the biologically treated aspenwood. The biologically 
delignified aspenwood contained substantial amounts of pentose
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sugars which were not able to induce the production of cellulase 
enzymes.

The aspenwood was converted to ethanol or butanediol by a 
combined enzymatic hydrolysis and fermentation process. The 
percent conversion of the biologically delignified apenwood to 
ethanol was 41% whereas the steamed material had a percent 
conversion of 60%. When the yield based on the original aspenwood 
was calculated the difference in ethanol production between the 
two pretreatment methods was minimal . The same trend was seen 
when the sugars where fermented to butanediol.

The high final yields of both glucose and ethanol from the 
biologically treated aspenwood indicated that this pretreatment 
method may have considerable potential in an enzymatic hydrolysis 
process. In order to fully assess this method future research 
should focus on optimizing the white rot fermentation and on 
investigating whether any soluble lignin products from the white 
rot fermentation are interfering with the hydrolysis of the 
residual cellulose.
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Introduction

The pretreatment of wood is a prerequisite to its eventual 
conversion by enzymatic means to fermentable sugars. The 
enzymatic hydrolysis of a lignocellulosic residue following 
various pretreatment methods is governed by numerous factors such 
as the nature of the cellulase enzyme preparation, the rate of 
digestion and the extent that the cellulose can be degraded. 
ln order to separate the effects of the cellulase enzymes from 
the digestibility of the pretreated substrate various assays 
were performed.

The enzymatic hydrolysis of lignocellulosics to glucose is 
governed by both the physical characteristics of the 
lignocellulose and by the enzyme profile of the cellulase 
complex. Some of the structural features that affect the 
enzymatic hydrolysis of lignocellulose are: degree of water 
swelling, crystallinity of the cellulose component, bonding 
between lignin, hemicellulose and cellulose, molecular 
arrangement of the cellulose and capillary structure of the 
cellulose fibers.

The enzymatic hydrolysis of cellulose to glucose involves 
the following steps :

^• transfer of the enzyme molecules from the bulk aqueous phase to 
the surface of the cellulose particles

2. formation of the enzyme-substrate (E-S) complex
3. transfer of water to the active site of the E-S complex
4. surface reaction between water and cellulose, promoted by
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the E-S complex
5» transfer of the soluble products to the aqueous phase
6. conversion of cellobiose to glucose in the aqueous phase 

(from Lee and Fan, 1983)
The initial rate of hydrolysis of cellulose is determined by 

the extent of enzyme adsorption onto cellulose and by the 
effectiveness of the adsorbed enzyme to promote hydrolysis. The 
adsorption of the enzyme to the cellulose is a chemisorption 
reaction (Lee and Fan,1983) and the tightness of the binding 
between the enzyme and the cellulose is directly correlated to 
the enzymes ability to degrade crystalline cellulose (Klyosov, 
1983 and Ryu et al, 1984) . The cellobiohydrolase and 
endoglucanase components of the cellulase complex appear to have 
different adsorption sites and to be competively adsorbed. The 
adsorbed cellobiohydrolase and endoglucanase undergo an enzyme to 
enzyme interaction which appears to be neccesary for a successful 
attack on the crystalline cellulose (Wood,1982).

Once the cellulose is solubilized to cellobiose then the 0- 

glucosidase quickly converts this disaccharide to the 
monosaccharide glucose. The accumulation of glucose causes end 
product inhibition of the B-glucosidase and consequently impedes 
further hydrolysis. Without 6 -glucosidase in the cellulase 
mixture , cellobiose accumulates . This sugar is a stronger end 
product inhibitor of the cellobiohydrolase and endoglucanase than 
glucose and for this reason, enzyme preparations high in 0- 
glucosidase are generally superior to preparations low in this 
enzyme.

The initial high rate of cellulose hydrolysis quickly slows
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because of the accumulation of the end-product and also because of 
thermal inactivation of the enzymes and the formation of an 
unreactive form of cellulose. Lee and Fan (1983) have shown that 
the initial rate of hydrolysis decreases substantially after 
spent cellulose is exposed to fresh enzyme. Although the 
crystallinity of the fraction increased with time the increase 
was only minor compared to the decline in the initial rate of 
hydrolysis. Other factors such as the crystal structure of the 
cellulose, the magnitude of accessible surface area and the 
degree of polymerisation may also play a role in the formation of 
unreactive cellulose.

The assays which are performed in the assessment of a 
pretreatment method must separate the effect of the cellulase 
enzymes from the physical structure and accessibilty of the 
cellulose component. Thus the assessment cannot merely be based 
on the performance of the substrate in an actual hydrolysis but 
must also take into account the rate and extent of hydrolysis 
under ideal conditions. Thus such factors as thermal 
inactivation, end-product inhibition and incomplete cellulose 
hydrolysis must be kept to a mimimum. These factors are 
controlled by studying the rate and extent of hydrolysis at 
two cellulose concentrations. Thus at the low concentration the 
accumulation of sugars and the end product inhibition is kept to 
a minimum whereas at the higher cellulose concentrations the 
detection of potential inhibitors to hydrolysis or fermentation 
is facilitated.

The use of a combined enzymatic hydrolysis and fermentation 
procedure (CHF) is also another test to measure not only the
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fermentability of the sugars produced but also the extent of 
hydrolysis. The released glucose is converted to ethanol which is 
not as inhibitory as glucose towards the cellulase complex 
(Hogan e_t â l , 1984). Thus hydrolysis proceeds to a greater extent 
in the CHF procedure than with a straight hydrolysis (Saddler et 
_aJL, 1982) . The fermentability of the produced sugars is an 
important consideration since the clean up procedure needed to 
remove fermentation inhibitors could render an otherwise 
economical process into an uneconomical process.

Finally ,in any assessment of a pretreatment method the yield 
of sugar or solvents based on the original dry weight of the 
substrate is a major factor which must be reported. Since losses 
of sugars by the pretreatment method can vary from method to 
method the overall yield of sugars based on original material is 
important when comparing pretreatment methods and for the 
preparation of an economic assessment of the process.

In this report we compare the pretreatment methods of steam 
explosion and the biological delignification of aspenwood . The 
steaming method of pretreatment is based on chemical changes that 
occur when wood is steamed at elevated temperatures and pressures 
(Saddler and Brownell, 1982). The method consists of submitting 
aspenwood chips to high pressures and temperatures and then 
rapidly releasing this pressure . The pretreatment causes 
weakening of the bonds between the lignin and carbohydrate 
components and the hemicellulose component of the wood is 
rendered soluble in water. Steamed material must be water 
extracted before it is suitable for enzymatic hydrolysis as the
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process produces inhibitory material which interfers with the 
functioning of the cellulase complex and subsequent fermentation 
of the released sugars (Mes-Hartree and Saddler, 1983a).

Biological delignification is performed by the culturing of 
white rot fungi on the wood chips (Crawford and Crawford, 1980). 
These fungi attack lignin and weaken the cellulose fibers. The 
area of biological delignification has been under considerable 
study as a means of biological pulping. The major advantage of 
this process is its simplicity as the process does not require 
any expensive equipment, very little energy and is non-polluting. 
The major drawback of the process is the length of time required, 
the need to sterilize the aspenwood before the process and the 
fact that a large amount of the hemicellulose and some of the 
cellulose is utilized by the fungi during pretreatment. Despite 
these pitfills the idea of biological pulping is so tempting that 
considerable research is being conducted world wide to overcome 
these problems.

Since this process, like steam explosion, weakens the lignin 
carbohydrate bonds, biological pulping may have applications 
as a method of pretreatment for the production of fermentable 
sugars. This application of biological pulping forms the basis of 
the present report.
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Materials and Methods
Microorganisms

The fungus Trichoderma harzianum E58 was taken from the Forintek 
Culture Collection. Saccharomyces cerevis iae C495 (NRCC 202001 ) 
was grown under standard condition. Klebs iella pneumoniae (ATCC 
8724) was obtained from the National Research Council of Canada.

Celluiase preparation
A spore inoculum was used to initiate growth in shake flasks 

containing Vogel's medium and 2% glucose. After 2 days at 28 C a 
mycelium suspension was used to initiate growth in shake flasks 
containing 1% cellulosic material. These flasks were incubated 
for 3-4 days at 28 C. The cultures were then filtered through a 
Whatman GF/F glass microfibre filter. The culture filtrate was 
assayed for enzymatic activity and used directly for enzymatic 
hydrolysis experiments and for the CHF experiment where the 
fermentative microorganism was S_̂  cer evis iae. The other CHF 
experiments used a cellulase preparation that had been 
concentrated by membrane filtration with an exclusion limit of 
10,000 Daltons (Pellicon Cassette System, Millipore Ltd., 
Missisauga, Ontario, Canada). The Pellicon retentâtes were 
adjusted to pH 6.5, sterilized by passage through a 0.22-0.45 urn 
Millipore membrane and then added to pre-sterilized substrate 
vials.
Assays

Soluble protein was determined after TCA precipitation by 
the method of Lowry et al (1951) using bovine serum albumin as 
the standard. Total reducing sugars were estimated using the
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nitrosalicylic acid assay (Miller, 1959). Glucose was 
determined by the glucostat enzyme assay (Raabo and Terkildsen, 
I960). Ethanol and butanediol were determined by gas liquid 
chromatography using a Chromosorb 101 column with flame 
ionization. Helium which was saturated with formic acid was 
used as the carrier gas (Ackman, 1972).

Enzymatic activity was determined by the method of Mandels 
et al (1976). One millilitre of a properly diluted culture 
filtrate was added to one millilitre of 0.05 M citrate buffer at 
pH 4.8. For the filter paper assay the substrate was a 1 cm x 6 
cm strip of Whatman No. 1 filter paper, while for the 
endoglueanase assay the substrate was 10 mg of carboxymethyl 
cellulose (CMC medium viscosity, Sigma no. C-48888) and for the 
B-glucosidase assay the substrate was 10 mg of salicin. All three 
assays were performed at 50 C. The filter paper assay was 
incubated for 1 hour while the endoglucanase and 0-glucosidase 
assays were incubated for 30 minutes. For all three assays the 
reaction was terminated by adding 3 mLs dinitrosalicylic acid 
reagent to each tube and boiling the tubes for 15 minutes. The 
tubes were cooled to room temperature and the absorbance read at 
575 nm. One unit of enzyme activity was defined as 1 ymol of 
glucose equivalents released per minute.
Combined hydrolysis and fermentation procedure 
Fermentation to ethanol

One gram of cellulosic substrate was added to a 60 mL serum 
vial with 5 mLs of water. The vials were gassed with nitrogen, 
capped and autoclaved at 15 psi for 20 minutes. Fifteen
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millilitres of a predetermined cellulase preparation was added 
aseptically to initiate the experiment. The vials were incubated 
at 45 C on an orbital shaker (100 rpm). One millilitre of a 
three day old cerevisiae culture and 0,5 mLs of a 20% yeast 
extract solution were aseptically added after 24 hours. The 
vials were then incubated at 37 C.

Hydrolysis experiments were performed in a similar manner 
without the addition of a fermentative microorganism or yeast 
extract.
Fermentation to butanedio1

Substrates were weighed and mixed with fermentation media 
(Yu and Saddler, 1982) in Wheaton serum bottles to achieve an 
initial substrate concentration of 5% (w/v). All samples were 
adjusted to pH 6.5 and autoclaved at 121 C for 15 minutes.
Glacial acetic acid (adjusted to pH 6.5 with KOH) was added to 
bring the initial acetate concentration to 0.5% (w/v). Hydrolysis 
was initiated by the addition of cellulase filtrate (Pellicon 
retentate). Inoculation of the medium with K. pneumoniae cells 
was carried out simultaneously with the addition of the enzymes. 
The entire CHF process was carried out at 30 C and pH 6.5, under 
finite air conditions, with shaking at 150 rpm (Yu et al, 1984). 
Steam reactor

A reactor with a 2 litre capacity was mounted vertically and 
fitted with a Parr bomb lid carrying a pressure gauge, a bleed 
valve and thermocouple probes. The lower end of the barrel was 
connected to a Kamyr ball valve fitted with a double acting 
cylinder actuator and a solenoid valve. Saturated steam at 
temperatures up to 250 C was introduced, either immediately below



the lid for 180 seconds. When the ball valve was opened the 
charge of steam and aspenwood was violently released through a 
curved pipe and into a cyclone, the bottom of which was closed 
with a second ball valve. The steamed material was water 
extracted at a 5% consistency for 4 hours at room temperature. 
This material was labelled SEA-WI.

Some of the aspenwood was impregnated with 0.2% sulfuric 
acid prior to steaming. After standing in the acid solution for 
64 hours at 50 C, the chips were blotted between towels before 
being further processed. The chips were then steamed at 220 C 
for 40 seconds prior to water extraction. This material was 
labelled AI-SEA-WI.
Biological delignification

The biologically delignified aspenwood was supplied by Dr. 
I. Reid. The wood was treated with Merulius tremellosus.
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Results

The enzymatic hydrolysis of a pretreated substrate is not 
only dependant on the pretreatment condition but is also 
dependant on the cellulase preparation. The most highly 
cellulolytic fungi strains are among the Trichoderma ,two notable 
examples being the mutants T. reesei QM9414 and T. reesei Rut 
C30. These fungi produce highly active extracellular enzymes 
which are capable of degrading native cellulose. At Forintek we 
have isolated a new fungus Tj_ harzianum E58 which has a similar 
cellulase activity to those of the two mutants. Although the 6- 
glucosidase of our wild type strain is considerably higher 
( f i gu r e 1(a)). This enhanced (3— glucosidase activity increased 
the hydrolytic activity of the culture filtrate (figure 1(b)). 
This figure shows the production of reducing sugars and glucose 
from a 24 hour hydrolysis of 5% Solka Floe with the culture 
filtrates derived from the growth of either T. reesei QM9414, T.
reesei C30 and T^ harzianum E58 on 1% Solka Floe. The reducing 
sugar levels produced by C30 and E58 were similar, however, the 
glucose produced by the filtrate derived from E58 was greater. 
The increased g-glucos idase levels found in the filtrate of E58 
apparently contributed to the increased glucose values. The 
benefit of the higher $ -glucosidase activity to the overall 
hydrolysis can be greatly enhanced by combining hydrolysis with 
fermentation in a combined enzymatic hydrolysis and fermentation 
procedure. In this assay the final product is ethanol and the 
overall yields of ethanol from 5% feolka Floe using the CHF 
process with culture filtrates from the three different fungi is
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shown in Figure 2. From this experiment we could see that the 
filtrate derived from T . ha r z i a num E58 had a greater hydrolytic 
activity than the filtrates produced by either T. reesei QM 9414 
or reesei C30 .

The fungus T̂ _ harzianum E58 produced extracellular 
cellulases only in the presence of a cellulolytic substrate. The 
normal concentration of cellulose that was used in shake flasks 
was 1% Solka Floe. In shake flasks this concentration was the 
upper limit because of problems of mass transfer, aeration and 
agitation. Most pretreated substrates do not contain 100% 
cellulose and thus a 1% dry weight concentration will actually 
translate into lower cellulose concentrations. We have checked 
the effect that lowering the cellulose concentration to 0.5% had 
on the final cellulase activity and this is reported in Figure 3. 
In this figure we compared the daily cellulase activity of the 
culture filtrate for both 0.5% and 1% Solka Floe. The results 
indicated that there was little difference in the activities of 
the filtrates, with the lower cellulose concentration producing 
slightly lower enzyme activities. Both cultures peaked after 4 
days incubation, which was the standard incubation period 
normally employed for enzyme production.

The chemical composition of biologically delignified 
aspenwood was compared to steam exploded aspenwood and to the 
commercial cellulose Solka Floe. The percent hexosan and pentosan 
of these cellulosic residues is given in Table 1. The steamed 
aspenwood included aspenwood which had been steam exploded for 
180 seconds and water extracted (SEA-WI) and aspenwood which had
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been impregnated with 0•2% sulfuric acid prior to steaming at 220 
C for 40 seconds. This material was also water extracted (AI-SEA- 
WI). The SEA-WI fraction was used as a substrate for the growth 

T . harzianum E58 whereas the AI-SEA-WI fraction was used as a 
substrate for the hydrolysis test. These conditions were found to 
be optimum (Enfor report c-181, 1984). The major difference in
the chemical composition between the biologically delignified 
aspenwood and the steamed aspenwood was the pentosan content. The 
pentosans during the steaming process are rendered water soluble 
and are removed by the water extraction procedure.

The enzymatic hydrolysis of cellulose is affected by many 
factors. The physical structure of the cellulose is of primary 
importance and the interaction of the enzyme with the substrate 
is also' important. In hydrolysis the accumulation of the end- 
products ,both glucose and cellobiose, cause the inhibition of the 
endo and exo glucosidases. The rate of hydrolysis also decreases 
with increased incubation time because of the thermal 
inactivation of the enzymes. All of these competing factors 
make it difficult to assess optimum pretreatment conditions since many 
variables are occurring at once during the enzymatic hydrolysis of 
cellulose. Various assays were used in order to minimize the effect 
of some of the above mentioned variables.

One of these tests involved the hydrolysis of the pretreated 
substrate at different cellulose concentrations. To try to 
minimize the effect of end product inhibition, cellulose 
substrate concentrations of less than 2% were used to ensure that 
only low concentrations of sugars would be released. The higher 
cellulose concentrations more closely resemble the situation
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encountered in a realistic process. In this case the higher 
concentrations would reveal any inhibitors which may be present in 
the treated substrates. This is an important consideration since 
the production of inhibitors could completely change the economics 
of a given process.

Two cellulosic substrates, Solka Floe and biologically 
delignified aspenwood (BDA), were enzymatically hydrolysed at 
various substrate concentrations for periods ranging from 2 to 96 
hours. The percent conversion of cellulose to glucose is reported 
in Figure 4. The data is presented in this way because the 
release of reducing sugars or glucose is meaningless since the 
concentration of the original cellulose plays an important role 
in this hydrolysis. The conversion of cellulose to glucose also 
standardized the cellulose concentration between the Solka Floe 
and the BDA. The values reported were low. As the 
glucose accumulates more cellobiose and higher oligomers are 
present thus the hydrolysis of the cellulose will be higher than 
the values given here. At the higher cellulose concentrations 
both the rate and extent of hydrolysis were affected. The reason 
for this was partially due to end-product accumulation, lower 
enzyme : substrate ratios and physical considerations such as mass 
transfer and agitation. The BDA sample was considerably harder to 
hydrolyse. This was due not only to the recalcitrant nature of 
this cellulose but also to the presence of pentosans and lignin.

A comparison of three cellulolytic residues at a 5% 
substrate concentration was performed. The results in Figure 5 
revealed that Solka Floe had the greatest percent conversion,
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followed by the steam treated aspenwood and finally the 
biologically treated aspenwood. The cellulose in the biologically 
treated aspenwood did not appear to be readily accessible to the 
enzymes. Although a portion of the cellulose was hydrolysed some 
of the cellulose was not converted to glucose. The reducing sugar 
values were higher than the glucose values which could indicate 
that the cellulose was hydrolysed but not to the monomeric sugar, 
or that the pentosan fraction was hydrolysed to xylose. The 
reducing sugar to glucose ratios for the Solka Floe and BDA 
samples were 1.18 and 1.52 respectively. The higher reducing 
sugar to glucose ratio for the biologically treated wood 
indicated the probable presence of pentosan sugars.

We tested for the presence of inhibitory material which may 
affect the fermentation step and these results indicated that 
inhibitory material was not present (Table 2). This could be a major 
advantage of this pretreatment method as compared to steam 
pretreatment as steaming produces inhibitory material which 
must be removed by water extraction.

The conversion of the hexosan sugar to ethanol was 
accomplished through a technique known as combined enzymatic 
hydrolysis and fermentation ( CHF ) (Table 3). This procedure limits end 
product inhibition of the cellulas es, by the accumulation of 
glucose, by converting it to ethanol which is less inhibitory to 
the enzymes. The residual reducing sugars in this experiment were 
probably oligosaccharides since the yeast can consume both xylose 
and glucose during growth. The reducing sugar to ethanol ratios 
give us an insight into the accumulation of oligosaccharides 
which were not being hydrolysed to glucose. With the control
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substrate the reducing sugar to ethanol ratio was 0.29 while with 
the biologically treated aspenwood this ratio was 1.11. This 
higher ratio could mean that the conversion of oligomers to 
monomers is being blocked in these samples. This could be due to 
the production of inhibitory material which affects the enzymatic 
hydrolysis but not the fermentation process.

The biologically pretreated material was also used as a 
growth substrate for T . harzianum. The extracellular enzyme 
production was monitored during growth on 1% Solka Floe, BDA and 
AI-SEA-WI (Table 4). The results indicated that the biologically 
treated aspenwood was not as good a substrate for the production of 
cellulolytic enzymes as steam treated aspenwood . The combined 
cellulase assays involving the measurement of 8-glucosidase 
endoglucanase and filter paper activities does not always give 
true indication of the hydrolytic potential of a preparation 
(Mes-Hartree and Saddler, 1983( b ) ). The activity of the 
filtrates was also tested using both a hydrolysis and a CHF 
experiment. The results described in Table 5 and 6 confirmed the 
previous observation that less cellulases were produced when the 
fungi were grown on the biologically treated aspenwood.

The reasons for this low enzyme production was further 
investigated and found to be related to the chemical composition 
of the substrate. The biologically treated material contained 
xylan which did not induce the production of cellulase enzymes 
(Figure 6) however it may cause catabolite repression. Thus the 
presence of xylan which could be utilized for growth of the 
fungus but not for enzyme production , lowered the overall level

19



of cellulase produced.
One very important parameter which must be considered in any 

assessment of a pretreatment process is the yields obtained from 
the original material. For the biologically treated aspenwood the 
loss of material following pretreatment was 10% and the majority 
of this material was lignin (Dr. I. Reid, personnel 
communication). The yield of glucose based on the original 
material was calculated and reported in Figure 7. The high yield 
of the biologically treated material following pretreatment 
appeared to compensate for the lower conversion rate such that 
the final ethanol yields of the two pretreated substrates were 
comparable. The high yields shed a favorable light on this method 
and it would appear that further research into optimizing this 
pretreatment method should be considered.

The yield from the biologically treated apenwood was 
comparable to the yield obtained from the biologically treated 
wheat straw (approximatly 20 % in both cases) (Hattaka ,1983).
The biologically delignified wheat straw was water washed and 
autoclaved prior to enzymatic hydrolysis. When these steps were 
omitted the sugar yields were lower. This was attributed to the 
presence of water soluble degradation products which are known to 
occur in the delignification of aspenwood (Reid et_ al̂ , 1982) and 
which may repress the action of the enzymes. The biologically 
delignified aspenwood was not water washed and better results 
could be obtained with the addition of this step. Our results 
indicated that some repression of the action of the cellulase 
enzymes may be occurring in this system.

The biologically treated aspenwood was also used as a
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substrate in a CHF experiment where the final product was
butanediol. In this case the fermentative microorganism was K. 
pneumoniae. The advantage of using this organism is that it can 
ferment a wide range of sugars to solvents. Thus a 
lignocellulosic substrate which contains substantial levels of 
both pentosan and hexosan is ideally suited for this process. The 
results are presented in Table 7 and indicated that the 
biologically treated material resulted in higher yields than the 
steamed material.

The last CHF experiment consisted of using the fermentative 
microorganism C_̂  acetobutylicum to see if this substrate would be 
suitable for butanol production. Unfortunately the results 
indicated that this material was not amenable to the ABE 
fermentation.
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Conclusion
The pretreatment method of biological delignification 

compared favourably to the steam explosion method. After steam 
explosion the material must be water extracted to remove the 
inhibitory material which is produced during the process. This 
water extraction generally removes the pentosans which have been 
rendered soluble during the steaming process ( Saddler et al,
1982). The water washing step was shown to be unnecesarry for
the fermentation of the released sugars from the biologically
treated aspenwood ,however there was some evidence of inhibition
of the biologically-treated aspenwood towards the action of the cellulase
enzymes and this should be further investigated by comparing the
extent of hydrolysis between washed and unwashed samples.

Although the cellulose which remained in the steam treated 
sample was more accessible to the cellulase enzymes and was 
easily converted to the monomeric sugar the loss of potential 
glucose in the pretreament process offset this increased 
conversion. Thus the differences in the final yield of cellulose 
to ethanol (10 % for both substratesJbetween the two pretreatment 
process was minimal.

The cellulose in the biologically treated aspenwood was not 
as easily hydrolysed as the steam exploded cellulose. The problem 
with the biological material appeared to be formation of 
recalcitrant cellulose. This may arise because of incomplete 
pretreatment of the material and future research should focus on 
optimising the pretreatment conditions.

The major advantage of this method is its simplicity and ease
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of execution. The biological method requires a minimal amount 
of energy and may be particularly suited to developing countries 
where the level of energy, water and technology are generally low. 
The yield of sugar attainable from the original aspenwood by 
pretreating in this fashion was found to be superior to the yield 
of sugar if steam treatment was used. This result would indicate 
that this method of pretreatment may be superior to other 
pretreatment methods and more research should be peformed in 
order to optimize the sugar yields.
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Table 1 Chemical composition of various cellulosic residues

Substrate % Composition
Pentosan Hexosan

Solka Floe 0.2 98.4
BDA 18.8 57.8
SEA-WI 1.1 57.5
AI-SEA-WI 0.7 67.4

BDA - biologically delignified aspenwood
SEA-WI - steam exploded, water extracted aspenwood
AI-SEA-WI - acid impregnated aspenwood which was steam exploded
and water extracted.



Table 2 . Fermentation of 5% glucose by cerevisiae in the presence
of 5% BDA

Substrate pH
Day 1 Day 2 Day 3

Glucose 4.4 20.1 24.2 23.5
Glucose 
+ BDA

3.8 22.7 23.4 22.5

BDA - biologically delignified wood.



Table 3 . Production of ethanol from various cellulosic substrates 
(using a CHF procedure).

Substrate Incubation Residual Sugars mg/ml Ethanol
5% Time (days) pH Reducing Sugar Glucose mg/ml

Solka Floe 2 4.5 3.3 tr 13.4
4 4.6 2.6 tr 14.3

BDA 2 4.5 4.18 0.2 5.3
4 4.7 3.4 0.6 6.1

AI-SEA-WI 2 4.3 0.7 tr 12.0
4 4.4 0.6 tr 14.1

Incubation time refers to the time after addition of S. cerevisiae
which was done after a 24 hour hydrolysis period.

The cellulases for the CHF procedure were derived from the growth of 
T. harzianum E58 on 1% Solka Floe.

BDA - biologically delignified aspenwood
AI-SEA-WI - Acid impregnated aspenwood which was steam exploded and water 
extracted.



Table 4 Production of cellulase enzymes by T. harzianum E53
grown on 1% cellulosic substrates

Substrate Incubation 
Time (days)

Extracellular 
Protein (mg/ml)

Enzyme
Endoglucanase

activity (IU/ml) 
glucosidase Filter Paper

Solka Floe 3 1.82 9.8 0.54 0.76
4 1.16 6.3 0.37 0.67

BDA 3 1.07 6.6 0.40 0.60
4 0.83 6.4 0.29 0.46

SEA-WI 4 1.75 19.6 0.64 0.81

BDA - biologically delignified aspenwood 

SEA-WI steam exploded water extracted aspenwood



Table 5 Hydrolytic activity of cellulases produced by T. harzianum
E58 grown on 1% cellulosic substrates.

Growth
Substrate

1%

Hydrolysis
Substrate

5%

pH Reducing
Sugars
mg/ml

Glucose

mg/ml

Solka Floe Solka Floe 5.1 26.4 17.9
Solka Floe BDA 5.2 24.6 14.4

BDA Solka Floe 4.3 17.3 11.7
BDA BDA 5.1 16.5 8.5

SEA-WI Solka Floe 4.8 25.1 19.3
SEA-WI AI-SEA-WI 4.5 15.6 12.9

Hydrolysis was performed for 24 hours at 45°C with the cellulase 
preparations described in Table 4

BDA - biologicallly delignified aspenwood 
SEA-WI steam exploded, water extracted aspenwood
AI-SEA-WI acid impregnated aspenwood which was steam exploded and 
water extracted.



Table 6 Production of ethanol using the CKF procedure with cellulase 
preparations derived from the growth of T\_ harzianum E58 
on various cellulosic substrates.

Substrate 
for enzyme 
production 

1%

Substrate
for

hydrolysis
5%

Ethanol

mg/ml

Percent conversion 
cellulose to ethanol

Solka Floe Solka Floe 12.5 53.1
BDA 10.4 41.2
AI-SEA-WI 14.1 60.0

BDA Solka Floe 5.1 44.2
BDA 4.0 32.3

SEA-WI Solka Floe 14.7 62.5
AI-SEA-WI 14.0 59.5

BDA - biologically delignified aspenwood
SEA-WI- steam exploded, water extracted aspenwood
AI-SEA-WI - acid impregnated aspenwood which was steam exploded
and water extracted.



Table 7 Production of butanediol and ethanol from steam exploded
and biologically delignified aspenwood using the CHF approach.

Substrate
5%

Solvent
Butanediol

g/L
Diol + EtOH

Yield
(gr/gr original 
Butanediol

material) 
Diol + EtOH

BDA 7.1 8.3 0.129 0.151
Al-SEA-WI 6.0 6.7 0.099 0.122
Xylan 15.4 20.7 n/a n/a
Solka Floe 19.6 23.4 n/a n/a

n/a - Not Applicable
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Figure 1. Cellulase activity of the culture filtrates derived from
either T. harzianum E58, T. reesei C30 or T. reesei QM9414 
grown on Solka floe

A) B~glucosidase and filter paper activity of the three 
filtrates

B) Production of reducing sugars and glucose following a 
24 hour hydrolysis of 5% solka floe with the three 
culture filtrates
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Figure 2. Yield of ethanol from 5% Solka Floe following a CHF 
procedure using the culture filtrates derived from 
either T. harzianum E58, T_. reesei C30 or T. reesei QM 9414.
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Figure 3. Effect of the concentration of Solka Floe on the
production of cellulase enzymes by T. harzianum E58

A- Filter paper activity of the culture filtrate produced 
by T. harzianum E58 grown on either 0.5 or 1% Solka Floe

B- $-glucosidase activity of the culture filtrate produced 
by T. harzianum E58 grown on either 0.5 or 1.0% Solka 
Floe
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Figure 4. The percent conversion of cellulose to glucose following 
enzymatic hydrolysis of various concentrations of Solka 
Floe or BDA

A - Solka Floe

B - BDA (biologically delignified aspenwood)
Hydrolysis was performed with the cellulase system 
derived from T. harzianum E58
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Figure 5. The percent conversion of cellulose to glucose following 
enzymatic hydrolysis of either 5% Solka Floe, 5% BDA or 
5% AI-SEA-WI

Hydrolysis was performed with the cellulase system 
derived from T. harzianum E58
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Figure 6. Production of cellulase enzymes by T. harzianum E58 grown 
on either 1% xylan or Solka Floe

A - Filter paper activity

B - B-glucosidase activity
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Figure 7. Yield of glucose based on original aspenwood treated 
either by steam explosion (AI-SEA-WI) or biologically 
treated (BDA) and then enzymatically hydrolyzed by the 
cellulase system of T. harzianum E58.


