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To determine the feasibility of commercial production of liquid 
fuels from lignocellulosic residues using; an integrated com.fcined 
hydrolysis and fermentation approach.

t- To develop a technically feasible process for the 
conversion of ligr.ocellulosic residues to ethanol, butanediol 
or butanol
2- To carry out an economic evaluation of the integrated 
process and to identify the most costly components of the 
process.

RESULTS ALT CONCLUSIONS:

The steam treated aspen wood was found to be a suitable substrate 
for production of cellulase enzymes and for hydrolysis of the 
sugar polymers to monomeric sugars. The presence of inhibitory 
material in the hemicellulose was found to limit the usefulness 
of this product stream.

The overall process was shown to be technically possible but the 
preliminary economic analysis indicated that the process was not 
economically feasible. The following research areas would have a 
major impact on the economics of the process: increase in enzyme
yield, complete hydrolysis of the cellulose and fermentability of 
the pentose stream.

C r \ t " v  T7 "’■T rr q  •

The research will continue to focus on those areas which will 
have a major impact on the economics of the process. These areas 
include enzyme production from steamed aspen wood and the complete 
hydrolysis of the steamed aspenwood. The fermentability of the 
produced sugars is also an important research area.
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The report focuses on the develop; en t of a process for the 
conversion of aspen «ood to either ethanol, butar. ol or butanedial. 
The conversion process was based on the steam pretreat rn en t of 
asper. v o c d folio* eel by enzymatic hydrolysis of the cellulose and 
hem icellulose and subsequent fermentation of the liberated su ça ra
te liquid fuels. Five technical areas of the process are reported 
here: production of cellulase enzymes, removal of inhibitory 
material formed during the steaming process, recycle cf cellulase 
enzymes, hydrolysis and fermentation of the pretreated aspenwood 
and scale up cf this process. The Canadian market analysis fer 
ethanol, butanol and butanediol was also performed.

The yield of cellulase enzymes which could be achieveo from steam 
treated aspen wood by the fungus Trie h Oder a harzianu ;r. was f ou n d 
to decrease with increasing substrate concentration. This 
decrease in yield has a marked effect on feedstock cost as low- 
yields resulted in mere of the incoming feedstock having tc be 
diverted to time enzyme production step rather than to the enzyme 
hydrolysis step.

The inhibitory material formed during the steaming process 
could not be separated from the carbohydrate material. The 
inhibitory material severely affected the fermentation of the 
her. icellulose sugars to butanediol. The presence of ?.'%■ water 
soluble material totally inhibited the conversion of xylose to 
butanediol. This inhibition could be alleviated by three methods: 
addition of yeast extract to the media, use of recycled cells and 
removal of inhibitors with IP. 4 5 ion-exchange resins. These 
methods could not however remove the inhibitory effect of 5. 
water solubles.

The combined hydrolysis and 
asper. w ood was found to be a 
commercial substrates such 
cf the inhibitory material, 
substrate concentrations of

fermentation of the whole steamed 
te clinically feasible alternative when 
as Polka Floe were used. The presence 
however, severely limited the 
steamed aspen wood which could be

u seu .

The enzymatic hydrolysis of the water extracted steamed aspenwood 
w a s found to be unaffected by the presence of lignin in the 
pretreated aspen-wood. Lignin also had little effect on the 
recycle of the cellulase enzymes. Less than 20% of the original 
enzyme a c t i v t y was available for recycle following the hydrolysis 
of the steamed aspenwood. This low recovery of enzyme activity 
was attributed to the adsorption of the majority of the cellulase 
activity onto the lignocellulosic substrate.

The market analysis of the three products revealed that both 
ethanol and butanol were dependent on the automotive fuel sector for 
any increase in demand. At present both chemicals were 
in a supply/demand imbalance with an overcapacity for production.
The butanediol produced frou the fermentation process was. not 
marketable and this chemical will have to be further processed to 
either butadiene or methyl ethyl ketone.
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EXEC U El VE £ UE !• A F, Y

The process for the conversion of aspenwood to either ethanol, 
butanol or butanediol was studied from both an economic and 
technical standpoint. The individual process steps have been 
studied for the past six years and this resear; was partially 
funded by the Infor programme. The present project was initiated 
in order to integrate the various process steps into one process 
and tc assess the economic feasibility of this integrated 
process.

Five technical aspects of the process were researched during this 
year and these areas were: production of cellulase enzymes, 
recycle of enzymes, scale up of the combined hydrolysis and 
fermientation process, removal of inhibitory material for red 
during the steaming process and enzymatic hydrolysis of the 
steamed material. All of the technical research was performed 
using a standard steamed material (a temperature of 240 C and a 
steaming duration of SO seconds). Although this material was not 
the optimum material for any individual process step, it was 
thought to be the best compromise for the integrated process.

This material was water extracted and the water insoluble 
fraction was used as the substrate for the production of 
ethanol while the water soluble material was used for the 
production of butanediol. The whole steamed aspen wood 
(unextracted) was used for the production of butanediol. The 
hydrolysis of the carbohydrate polymers, cellulose and 
hemicellulose was accomplished with the extracellular enzymes 
produced from the growth of TriehOderma harzianum E56 on the 
water extracted steamed material. The cellulase and xylanase 
enzymes were concentrated and separated using an ultrafiltration 
technique .

A major technical problem of the process was the presence of 
inhibitory material which was formed during the steaming process. 
This water soluble material was found to severely inhibit the 
growth and solvent production of the microorganism Klebsiella 
p n e u m o n i a e. The water washing step not only removed the 
inhibitory material but also removed the majority of the 
hemicellulose sugars and the water soluble stream contained this 
valuable carbohydrate material. The inhibitory material could not 
be separated from the carbohydrate material.

The microorganism pneumoniae could not be adapted to the 
presence of the inhibitory material and this substance remains a 
significant obstacle in our ability to ferment the hemicellulose 
sugars.

The whole steamed aspenwood could be hydrolysed and fermented 
directly to butanediol without prior water extraction. The 
inhibitory material was also a problem in this case but the 
concentration of inhibitors was less than in the water soluble 
fraction. The presence of glucose, from the cellulose, was a

vi



beneficial factor in the ability of Kj_ pneumoniae to withstand 
the effect of the inhibitory material. This process may be 
preferred if the desired end product is 2,3-hutanediol.

The water insoluble fraction of the steamed aspenwood vas used as 
the growth substrate for the production of cellulase enzymes. A 
high yield of 400 IU/g substrate was achieved with a low 
substrate concentration but this yield could not be achieved at 
substrate concentrations of 1 or 2%. High substrate 
concentrations are needed to reduce capital charges whereas high 
yields are needed to offset the feedstock costs.

The water insoluble fraction of the steamed aspenwood was also 
used in the combined hydrolysis and fermentation process to 
produce ethanol. About 74.̂  of the available cellulose could be 
hyarolysed and fermented to ethanol in a 2 day period. The 
research in this area focused on the recovery of the cellulase 
enzymes in the culture filtrate so that these enzymes could be 
recycled to a new hydrolysis batch. The results indicated that 
less than 20 'i of the original enzyme activity could be recovered 
after the hydrolysis process. The major factor which] vas 
responsible for this poor recovery of enzyme activity was the 
residual cellulose vThich remained after hydrolysis. Research 
should focus on increasing the hydrolysis of cellulose so that 
enzyme recycle will be more feasible.

The best point of removal of lignin from the process could not be 
determined from technical considerations. The presence of lignin 
was found not to influence the production of enzymes or the 
hydrolysis of the water insoluble residue. Lignin was also 
found to have little effect on the recycle and recovery of the 
cellulase enzymes. The decision as to when the lignin should be 
removed will have to be based on research being conducted on the 
potential application of the lignin, or on economic factors.

The market assessment of ethanol, butanol and butanediol revealec 
that the only potential for increased ethanol or butanol 
consumption will be in the automotive fuel sector. This use will 
depend on implementation by the petroleum refiners of government- 
imposed use of alcohol octane-enhancers in gasoline to offset the 
elimination of lead additives in the early 1990's. The butanediol 
produced by the fermentation route was found to be unsuitable as 
an intermediate feedstock and must be further processed to either 
butadiene or methyl ethyl ketone.
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The ffia j o r goal of the project is the development of a technically 
feasible process for the conversion of lignocellulosic residues 
to ethanol, tutanediol or butanol. The process under study- 
in corporates the steam pretreatment of the 1i£nocellulose with 
the enzymatic hydrolysis of the carbohydrate polymer. The various 
process steps have been defined in the laboratory and research 
must now focus on the integration and scale up of the process 
steps. The economic evaluation of this process is an important 
consideration in the design of a pilot plant and the costs of the 
various process options will also be studied under this contract.

The process under consideration has numerous steps and each step 
has several competing options. For the purpose of this contract, 
each process option was chosen on technical merit alone.

The process options which were believed to be viable at the 
outset of the contract are summarized in Figure 1 . The basic
process can be broken down into three major components: steam 
pretreatment followed by enzymatic hydrolysis of the carbohydrate 
polymers and subsequent fermentation of the sugars.

The incoming aspen wood can either be acid impregrated, air dried 
or remain wet prior to pretreatment with steam. The high pressure 
steaming produces furfural which can be recovered from the steam. 
A portion of the steamed .material must then be streamed towards 
enzyme production which requires the use of water extracted 
steamed material. The remaining steamed material can either be 
used directly- for the production of a mixed sugar stream 
containing both xylose and glucose or it can also be water 
extracted and the hemicelulose and cellulose treated separately.

Both process options require the production of cellulase 
enzymes and the fungus TricLodema harzianum E5S is used for this 
purpose. This fungus produces a mixture of enzymes with equal 
filter paper and 3-glucosidase activities. The enzyme mixture 
also contains high levels of xylanase enzymes. Approximately ten 
percent of the incoming feedstock is diverted to the production 
of enzymes. After growth of the fungus the extracellular enzymes 
are filtered by ultrafiltration which concentrates the cellulase 
enzymes but allows the majority of the xylanase enzymes to pass 
into the filtrate. In this way the xylanase and cellulase enzymes 
can be streamed towards either hemicellulose or cellulose 
hydrolysis.

A literature survey of the economic assessments of processes for 
the conversion of lignocellulosics to fuels revealed that studies 
on several processes similar to the process under consideration 
had been performed. The best available economic assessment of the 
steam explosion and ethanol process were performed by Isaacs 
(1984) and was based on data provided by Iotech Corporation. The 
basic assumptions for his economic model were quantitative
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Figure 1. Process options being considered in the linear program
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recovery of cellulose from the steam reactor, an 30;" conversion 
of cellulose to glucose and a 95/ conversion of glucose to 
ethanol. Steam explosion performed by lotech was done with an 
acid pre-soak and under their proprietary conditions. The soluble 
hemicellulose stream was treated as a waste stream and the lignin 
was given a by-product- credit for its fuel value.

Based on the above mentioned assumptions a net production cost 
for ethanol of $0.3^ /liter (USS 1964) and a selling price of 
$0.49/ liter ( U £ $ ) (15/ R CI ) was calculated.

The greatest costs associated with the process were (in order 
of importance) : raw materials, capital related costs and power
costs. Of less importance were labor and steam.

The process economics was sensitive to changes in the percent 
conversion of cellulose as this affected the feedstock cost. The 
capital costs were high due to the requirements of the enzyme 
production and the steam explosion steps. The enzyme production 
step contributes significantly to the final cost not only because 
of the high capital costs of this step but also because of the 
high power consumption by this process. Most of the power 
consumption needed for enzyme production was needed for agitation 
of the production fermentors. Since enzyme production was a major 
cost of the process a lot of attention has been paid to the need 
for enzyme recycle. Sixty percent recycle of the enzymes would 
decrease the net production cost by 13*4 cents/ liter.

The areas for future research identified by the report were as 
follows: steam explosion, water extraction of inhibitors and
hemicellulose, by-product lignin utilization, enzyme production 
and the hydrolysis and fermentation step.

The biomass to ethanol process has not yet proved to be an 
economically viable process even though several pilot plant 
facilities have been established. The biological processes 
involved in the degradation of cellulose are extremely complex. 
The enzyme system is a complex of integrated enzymes which act in 
a synergistic fashion, the raw material is variable and tenacious 
and the fermentative microorganisms are subject to various 
inhibitors. These factors cannot be ignored in the design of a 
process.

The work performed this year has focused on five technical 
aspects of the overall process. The five research areas were: 
production of enzymes, inhibitor removal, recycle of enzymes, 
hydrolysis and fermentation of pretreated aspen wood and scale up 
of the C H F process. The Canadian market analysis for ethanol, 
butanol and butanediol have been performed.

3



To determine the feasibility of commercial production of liquid 
fuels from lignocellulosic residues using an integrated combined 
enzymatic hydrolysis and fermentation approach.

2.1. To develop a technically feasible process for the conversic 
of aspenwoca to ethanol, butanediol or butanol.

The component steps to be studied are:

a) Steam pretreatment of aspenwood
b) Large scale production of cellulase enzymes
c) Selective removal of inhibitors which are produced during the 
pretreatment step
a) Enzymatic hydrolysis and fermentation of pretreated as per. wood 
to ethanol, butanediol and butanol.
e) hecycling and reuse of the enzymes and the unhydrolysed 
residue

2. 01JECTIVES

2.2. To carry out ar, economic evaluation of the proposed process 

The component steps to be studied are:

a) Cost and energy requirements for transportation and 
pretreatment of the aspenwood
b) Cost of enzyme production
c) Cost for the production of sugar and ethanol, butanediol and 
butanol and comparison to market price for these commodities
d) Cost comparison of using various lignocellulosic residues as 
the starting material anc the effect on production costs.

4



T A L PL A’

The base case pretreat ej en t conditions were as follows: chipped
aspen wood were steamed at 240 C for SC seconds. The steamed 
chips were washed in water at a 5T* (weight,/volume) substrate 
concentration. The water solution which contained 51 - 6 T* of the 
hemicellulose component of the steamed wood was concentrated to 
dryness by rotary evaporation. This material was utilized in the 
conversion of hemicellulose and was termed SEA-VC (steamed 
_aspenwood- water jsolulles).

The insoluble residue was pressed to 75-' moisture content and 
used for either the enzyme production or cellulose cor.version 
step. This material was termed SEA-Y.'I (_st_ea:;.ed aspen v ood-v a te r 
insoluble). In some cases the residue was further processed by a 
dilute 0.4 alkali treatment which solubilized 72.'* of the lignin 
in the SEA-l'I fraction. The insoluble residue from this treatment 
contained 90- cellulose and was also used for enzyme production 
and cellulose hydrolysis. This material was termed 8 E A - AI 
(£ teamed as pen wood- water and _alkali insoluble.

Enzyme production:

Enzyme production was accomplis h e d with the f u r.gus T r i c h o d e r r, a 
I. a r z i a n u m E 5 5. A lyop hili zed pellet of hsrziar.ur, spores was 
suspended in media and inoculated into seed flasks which 
contained glucose as the carbon source. After three days growth 
the n; ycelis were added to the fermer, tor which contained SEA-V.' I as 
the carbon source. The fermentation was performed at 2L- C for 3 
to 4 days and the culture filtrate contained approximately 16 
IU/nr. 1 of endoglucanase activity, 0.7 lU/ml filter paper activity, 
0.7 IU/m 1 8-glucosidase activity and 215 IU/ml xylanase 
activity. The dilute filtrate was concentrated about 65 times 
using the pellicon ultrafiltration system. The resulting 
concentrate contained 1500  IU/rol of endoglucanase activity, 55  
IU / K 1 of filter- paper activity, 50 IT / m 1 of B-glucosidase 
activity and 3000 IU/ml of xylanase activity. The dilute filtrate 
which remained after the ultrafiltration step also contained 
dilute xylanase activity.

Hemicellulose hydrolysis:

99: of the pentose was present as oligomers and only 1m as free
xylose. This fraction was hydrolyzed to xylose sugars using 
either a mild acid hydrolysis or an enzymatic hydrolysis. The 
resulting sugars were used as the carbon source for the growth 
and solvent (butanediol and ethanol) production of the bacteria 
Klebsiella pneumoniae. The enzymatic hydrolysis was also 
performed i r. combination with fermentation in what are termed Z K Y 
experiments (_cor.bined enzymatic hydrolysis and fermentation )

5



Cellulose hydrolysis:

The cellulose fraction was enzyr. a t i c a 11 y hydrolyzed using the 
enzyre mixture produced from T. h&rzianun. The cellulose 
residue was also fermented to ethanol using a CKF approach.

F S 2

The relationships between the various parameters, of steam 
temperature and duration and accessibility of the
cellulose to cellulase enzymes were investigated. The base case 
steaming conditions chosen for the process were 240 C fcr a 
duration of 00 seconds. This steaming condition required high 
pressure steaming a p p a r a t u s whereas with lower temperatures 
conventional pu lying equipment used in the production of thermal 
mechanical pulp may be suitable. A comparison of the cellulose 
accessibility between 190 and 240 degrees C was performed. The 
results indicated that at a residence time of 25 minutes (at 190} 
and 80 seconds at (240) the cellulosic fraction could be 
enzymatically hydrolyzed to 741" theoretical glucose in 48 
hours.

The percent hydrolysis could be increased to 1008 of theoretical 
glucose if the steam pretreat ment was followed by s mild oxidation 
using hydrogen peroxide. Alternatively the steaming could be 
followed by a wet milling step which increased the hydrolysis 
from 748 to 90,8 of theoretical glucose. A flow sheet showing the 
various pretreatment options can be found in Figure 2.

The drawbacks of the lower tern perature were greater destruction of 
the pentosan with the formation of greater amounts of 
pseudolignin and volatiles at 190 C than at 240 C for treatment 
times with equal solubilization of pentosan.
T- \- i jA K G E SCALE TICL

The cost of the enzymes in the process has been reported to be as 
low as 13.L (Pecker and Emert, 1982) or as high as 60r,, (l'ilke et 
al. 1976) of the overall cost of the ethanol produced. The 
enzymes in the process under study are produced extracellularly 
during the growth of harziar.um on cellulosic material. The 
cellulase enzyme system is an inducible system in this organism 
and enzyme production is repressed in the presence of soluble 
sugars suci. as glucose or xylose (feddler et al, 1985). The 
organism could produce extracellular enzymes when lactose was 
used as the carbon source but both the quality and the quantity

6
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Figure 2. Flowsheet of various pretreatment options studied



of the cellulese enzymes were lev;. These results are summarized 
in Table 1 .

Previous research funded under the Enfor program had determined 
the optimum pretreatment conditions required for enzyme 
production in flasks. Steam treated water extracted aspen wood was 
shown to be an excellent substrate for the production of enzymes 
and the use of this substrate resulted in enzyme levels which 
were similar to the levels obtained when a commercial cellulose 
such as folka Floe was used. Enzyme production was also 
performed in a 30 liter fermenter but both productivity and 
enzyme yield were lower than the productivity or yield obtained 
in Erlenrc eyer flasks.

The production of enzymes from the growth of the organisms in 
flasks on a commercial cellulose revealed a steady decline in the 
yield of the fermentation with increasing concentrations of 
cellulose ( infer report, 195b). This drop in yield was at that 
time attributed to the limiting factors of aeration and agitation 
which were not adequately controlled in flasks. This drop in 
yield was also found when production of enzymes was performed in 
the fermenter where aeration and agitation were controlled.

When steam treated aspen wood was used as the substrate this drop 
in yield was even more pronounced. At a substrate concentration 
of 0.41 (cellulose concentration of C .21-) the yield of filter 
paper activity was à 0 01U/ gr substrate whereas at a substrate 
concentration of 1'' the yield of filter paper activity dropped to 
less than 100 IU/gr substrate.

There may be several competing factors which caused these low 
yields. One factor may be the presence of lignin in the steam 
treated wood which might adsorb or inactivate the produced 
enzymes. This theory was tested by using SEA -17 AI (which contains 
8 '* lignin) as the carbon source for enzyme production but 
low yields similar to those found with the SLA-V.'I fraction were 
obtained. This result appeared to indicate that lignin was only a 
minor factor in the low yields achieved from the use of steamed 
wood as the carbon source for enzyme production.

The most probable causes for these low yields are deficiencies in 
the growth media of the organism and in the aeration of the 
media. The media currently used contains sodium citrate as a 
buffer even though this substance has been shown to inhibit the 
functioning of the cellulase enzymes (Enfor report,1984). When 
the buffer was not included in the media the drastic drop in pH 
resulted in the production of negligible amounts of extracellular 
cellulase enzymes. The removal of this media component can only 
be accomplished in a pH controlled fermenter and this approach 
will he investigated.

The growth media may also be limiting in either salts, vitamins 
or trace metals and this aspect has not yet been thoroughly 
investigated. The control of the pH in the fermentation of T. 
re e se i is most often accomplished with the addition of ammonium

onl
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Table 1. Production of extracellular cellulase enzymes from the 
growth of T. harzianum on either Solka Floe or Lactose

Substrate Solka Floe Lactose

Enzyme activity IU/gr
Endoglucanase 1600 360
B-glucosidase 51 22
Filter Paper 103 27

Hydrolytic activity"'" g/g 
substrate

Reducing Sugar 0.301 0.223
Glucose 0.195 0.167

"'‘Hydrolytic activity was determined at a comparable filter paper activity 
for 24 hours on 5% Solka Floe

I 9



hydroxide to the fermenter. The use of this hase r.ot only- 
controls pi; but also adds nitrogen to the fermenter. The media 
which is generally used for the fungus _T̂_ reesei contains 
considerable quantities of complex nitrogen. The use of corn 
steep liquor has received considerable attention and research 
performed by the Iotech Corporation has shown that corn steep 
liquor enhances the production of cellulase enzymes in the fungus 
T. ree sei (pikor et al. 19? b) • Little research on the effect of 
complex nitrogen has been done with the fungus harzianum. 
Manipulation of the media formulation and of the physical 
fermentation parameters so as to increase the yield and 
productivity of enzyme production will be the major area of 
research in the future.

Ultrafiltration of enzymes

The concentration and separation of the cellulase and xylanase 
enzymes was accomplished with the ultrafiltration of the culture 
filtrate using a Pellicon filtration system with a molecular cut 
off of 10,000 Daltons. This filtration system allowed 131 of the 
extracellular proteins to pass into the filtrate and 50 to FCl of 
the xylanase activity »as associated with this protein. Only 59 
of the total filter paper activity was found in the filtrate.
These results were obtained when conn: ercial cellulose was used as 
the carbon source for enzyme production. Similar results were 
obtained when the SEA-'bl fraction was used as the carbon source 
but in this instance 60% of the xylan ase activity was retained by 
the 10,000 molecular weight cut-off filter. The reason for this 
change in distribution was not clear but may reflect a change in 
enzyme production caused by the lignocellulosic substrate.

The separation of the cellulase and xylanase components of the 
extracellular enzyme system was ideal for our process scheme 
(Figure 1) where the steamed material is water washed to remove 
the hemicellulose polymers from, the insoluble cellulose. The 
water soluble material still required a hydrolysis step for the 
production of monomeric sugars. The enzymes which were contained 
in the filtrate were used for this purpose. The xylanase enzymes 
which were passed into the filtrate were found to be low in 
xylobiase activity. This acitivity was found in the retentate.
The use of the filtrate resulted in lower hydrolysis due to a 
build up of xylobiose. This end product inhibition was alleviated 
by combining the hydrolysis of xylan wTith the fermentative 
bacteria pneumoniae which utilizes xylobiose for
solvent production. As the xylanase enzymes contained in the 
filtrate were very dilute the filtrate was concentrated by rotary- 
evaporation, however, this resulted in a concentrated enzyme 
solution which inhibited the conversion of glucose and xylose to 
butanediol. The inhibition was linked to the growth medium of the 
fungus T^ harzianum and was probably contained in the Vogel's 
salts.

) SELECTIVE SSKCVAL CF IKKIBITOKS
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1 he problem associated w i th the formation of inhibitors during 
the steam inf process is one of the i,<ajor technical problems 
facing the conversion of the henicellulose stream to butanol or 
butanediol. The steaming process has been shown to 
produce water soluble inhibitors which affect the cellulase 
enzymes (specifically the 3-glucosidase) (lies -Hartree and 
Saddler, 1985» es-Ha rtree et al 1989, Sinitsyn et al, 1982) and 
the fermentative microorganism (Yu et al. 1982). The inhibitory 
substances were water soluble and formed part of the 
hemicellulose rich water soluble fraction. The inhibitors in this 
fraction were found to be highly toxic to pneumoniae and 
decreased the butanediol yield.

Cue approach to the inhibitor problem was to attempt to improve 
the fermentation of the water soluble fraction of the steamed 
material by removing the inhibitors from the carbohydrate 
fraction. The origin of the inhibitory material was not known but 
t li e m o s t likely candidates were shown t c be either lignin or the 
carbohydrate degradation products . Luring steam pretreat ment 
gone of the lignin was rendered soluble and was removed by the 
water extraction procedure. The steam, ing process also caused 
degradation of the hemicellulose sugars and this material has 
also been implicated in the formation of inhibitory material. 
Previous results (Forintek Canada CFG report 2bA, 1985) have 
indicated that lignin and carbohydrate degradation products were 
both responsible for the inhibition of fermentation, however the 
specific identity of the inhibitory substances was not 
determined. The present study focused on the screening of a 
variety of procedures for the removal of the inhibitors from: the 
carbohydrate polymers.

The treatments that were attempted in the removal of the 
inhibitors were designed to investigate the differences between 
the inhibitors and the carbohydrates on the basis of charge, 
hydrophobicity, solubility and volatility . Pestruction of the 
inhibitors was also investigated. The various treatments were: 
dialysis, ultrafiltration, solvent extraction, overliming by 
calcium hydroxide, ion exchange, column chromatography, activated 
charcoal treatment and hydrogen peroxide treatment. The assay 
used to determine the success of the treatment was the growth and 
butanediol production by pneumoniae on pure xylose in the 
presence of 5 % (weight/volu me) G P A - V.' S. As the water soluble 
material contained sugars which were 99.» in the polymeric form 
the carbohydrate material from the water soluble fraction could 
not be used by the organism, instead the organism utilized the 
pure xylose supplied as a carbon source. The presence of the G P V ’ - 
b’S fraction at a 59" concentration was found to inhibit both 
butanediol production and growth.

The charcoal treatment decolorized the water soluble fraction of 
the steamed aspenwood presumably by absorbing resinous polymeric 
material from the solution. Although the charcoal decolorized the 
water soluble material it did not remove the inhibitory material.
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Solvent extraction had previously been shown by Clark and a c k i e 
(19S4) to rer. ove lignin degradation products from the water 
soluble fraction. Assuming lignin degradation products were the 
major contributors to the toxicity, this extraction procedure sfccul 
have removed the inhibitory substances. The results indicated, 
however, that neither chloroform or ethyl acetate solvent 
extraction were effective in alleviating the toxicity of the 
water soluble material to the bacteria K. pneumoniae.

Clark and hackie (1?E4) also used LH-20, a hydrophobic resin to 
separate low molecu' 3r weight phenolics from the acid hydrolysis 
of wood. Their work suggested that the contribution of lignin 
degradation products to the toxicity of the hydrolysate to yeasts 
was very high. Vhen this technique was used with the water 
soluble fraction of steamed aspen wood the carbohydrates and the 
inhibitor material behaved alike and coeluted from the resin 
together. Thus the fraction that contained the most carbohydrate 
material was also the most toxic.

Dialysis was shown to be an effective way of removing the 
inhibitor, .however the inhibitors were of the same size as the 
carbohydates so separation of the inhibitor and the carbohydrate 
was not achieved. Ultrafiltration of the water solubles produced 
the same result as dialysis.

The acid hydrolysis of wood to wood sugars also results in the 
formation of inhibitory material and in this process the 
inhibitors are removed by overliming. Strickland and Beck ( 19S4) 
adapted overliming for the successful removal of the toxicity of 
acid catalysed steam treated wood. This technique was 
successfully applied to the water soluble fraction to remove the 
inhibitors which affected the ethanol producing bacteria 
Z y m 0 m 0 n a s m ob i1i s (CFS report 25A, 19 S 5) • This technique, 
however, was not successful when used as a clean up of the water 
solubles for the butanediol producing bacteria pneumoniae.

The separation of the inhibitor and the carbohydrates was also 
attempted using ion exchange resins. One anion exchange resin 
(IR 45) and two mixed ion enchange resins ( " E1 , AG305) were 
used. The exchangers were used either in a column or by batch 
addition. The batch addition method was not successful whereas 
all of the resins tested could remove inhibitory material when 
the water solubles were passed through a column filled with the 
resin. There were some problems encountered with maintaining a 
uniform flow rate through the column but this should be easily 
overcome in a scale up of these columns. The mixed bed resins 
appeared to absorb the carbohydrate material along with the 
inhibitors and this loss of carbohydrate material interfered 
with the application of this method in a process.

As the use of ion exchange resin was the only fractionation 
method which had any success further research should concentrate 
on refining this procedure. The use of weaker resins with 
different polymeric formulations may achieve separation of the 
inhibitors without the loss of significant carbohydrate material.
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In sun.Lary, the various attempts at removing the toxicity of the 
water soluble fraction towards Kj_ pneumoniae were only partially 
successful. The results, however did provide some clues as to the 
physical properties of the toxic material. The inhibitors were 
determined by dialysis and by ultrafiltration to have a molecular 
weight of less than 1000. The inhibitors closely resembled the 
hemicellulose material as they behaved like carbohydrate material 
in hydrophobic columns and ion exchange resins. The procedures 
which were designed to remove inhibitory material which resulted 
from the lignin component of the wood were all unsuccessful 
indicating that this fraction was probably not the major 
component responsible for the toxic effect. The carbohydrate was 
the most likely candidate for the origin of the inhibitory 
material. The coelution of the inhibitors and carbohydrates 
through a LH-20 column also support this theory.

The ion exchange resins were found to be the most successful 
treatment for removal of toxicity. This method in combination 
with an alkaline treatment almost completely removed the toxicity 
of the material. The major drawback of the ion exchange resins 
was the adsorption of the hemicellulose sugars onto the resir. 
resulting in the less of considerable material. The use of weaker 
ion exchange resins may minimize this drawback and further work 
should investigate this possibility.

Another approach taken to overcoming the inhibition problem was 
the adaptation of the organism to the inhibitory material. The 
attempts at acclimatizing pneumoniae to the inhibitor were 
unsuccessful. The organism could , however, be acclimatized to 
higher sugar concentrations and these adapted organisms were 
better able to withstand increased osmotic pressures. The 
adapted organisms were also better able to withstand the 
inhibitory substances in the water soluble fraction. An increase 
ir. the inoculum size was partially successful at overcoming the 
inhibition and resting cells were found to be more résiliant to the 
inhibitor. The bacteria were found to be more tolerant of the 
inhibitor material when the conditions which favored growth as 
opposed to solvent production were used, thus the addition of 
complex nitrogen in the form of yeast extract was found to be 
partially effective at minimizing the effect of the inhibitors.
The addition of glucose to the water solubles also reduced the 
effect of the inhibitors on butanediol production by of K.

These approaches were successful at restoring normal butanediol 
production from a 2% concentration of SEV.’-Y’G but not from a 5 ? 
concentration of the SEW-Y.’S fraction.

D) EXZYKATI 
TO ETHAROL,

C HYDROLYSIS AAD FERPEATATIOR 
BUT Ah'EDI CL ADD BUT A a CL

CF FRET ATED ASPED a COL

The hemicellulose fraction of the steamed aspenwood was obtained 
by a simple water extraction process. The carbohydrates 
solubilized in the water wash was still 99^ in the polymeric
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foria and required hydrolysis before it could be fermented to 
butanediol. This could be performed with either dilute acid or 
the enzyme system produced by T. harzianum E 5 8. Both hydrolysis 
methods produced 1 00'" conversion of the hemicellulose to xylose 
sugars. The TEA-\v S fraction contained 12.1 pentosan material .

As discussed in the previous section the steaming process 
produces water soluble inhibitors which severely affect the 
fermentation of the hemicellulose sugars to butarediol. The water 
soluble fraction could not be converted to butanediol using a CHE 
approach even at the lowest substrate concentration of 2%. At the 
2a substrate concentration the resulting butanediol concentration 
was 0.5 g /1 whereas at 5 r- substrate concentration the butanedid 
concentration was 0.2 g/l. In contrast the butanediol concentration 
achieved from. 5 a pure xylose was 3.8 g /1.

A variety of approaches to alleviating the inhibitory effects of 
the water soluble material were investigated. In these 
experiments the water solubles were added in increasing amounts 
tc a fermentation medium which contained either glucose or xylose 
as the carbon source. The inhibition on sugar uptake and 
butanediol production by the 2 and 5" SET i-WS concentration 
could be removed using three approaches. These were: addition of
yeast extract in the media, use of resting or recycled cells and 
removal of inhibitory material with IE 45 resins. The use of 
cells acclimatized to high substrate concentrations was only 
partially successful and there still remained 20,’- inhibition at 
the 2' / SEV.'-W S concentration and total inhibitor, at 5î SEV-WS 
concentration .

The enzymatic hydrolysis of the hemicellulose and cellulose 
fractions of the steamed aspen wood was carried out using the 
extracellular enzymes produced by the fungus Tv_ harzianum E 5 & •
This fungus produced cellulase enzymes, xylanase enzymes ar.d the 
B-glucosidase component of the cellulase system. The fermentative 
organism used in conjunction with these enzymes was Klebsiella 
pneu m oniae. This organism produces butanediol from both hexosc 
ar.d pentose sugars and appeared ideally suited to the conversion of 
steam treated aspen wood prior to water extraction as the organism 
is capable of using both the cellobiose and xylobiose. The 
organism converts these sugars to theoretical yields of 
butanediol .

Sixty six percent of the theoretical butanediol yield was 
produced from a 2% concentration of steamed material (SEA) which 
was treated with cellulolytic enzymes and K. pneumoniae. When the 
substrate concentration was increased to C7’"" SEA (using fed batch 
addition) the percent of theoretical conversion of sugars to 
butanediol fell to 5 2E. The final solvent (butanediol and 
ethanol) yield from 6% SEA was 11 g/L. The reduction in the yield 
was not related to the CHF system as pure cellulose or xylan at 
substrate concentrations of 5% could be successfully converted to 
3:' butanediol. The lower yields from the SEA material was 
attributed to the inhibitory material which was contained in the
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OOEA fraction which had not been removed by a water extraction 
step.

The use of the SEA fraction has a potential advantage in that the 
hexose sugars have previously been shown to enable the K. 
pn eun o m i a e to better withstand the presence of the inhibitors in 
the steamed material. The results indicated, however, that the 
SEA fraction still contained significant levels of inhibitors and 
this was the major factor which limited the usefulness of this 
approach.

CELLULOSE HYFF.OLYSIS

The enzymatic hydrolysis of the SEA-VI fraction was
performed in combination with a fermentation step which converted 
the glucose released by hydrolysis to ethanol. The fermentative 
organism used for this purpose was the yeast, Saccharomyces 
cerevisiae. This process was performed in a fermenter where 
agitation and pE were controlled. Previous results had indicated 
that the water washing of the steam treated aspen wood was a 
prerequisite for the successful hydrolysis and fermentation of 
the substrate. The steaming process produced inhibitory 
material which affected the production of glucose and the 
fermentation of this sugar to ethanol ( Hes-Hartree and Saddler,
1 963 » I'.es-Hartree et al, 1 965* Sinitsyn et al, 1 962). The water 
insoluble fraction contained primarily cellulose and lignin as 
the lieiiicellulose material was found in the SEA-WS fraction.

The S E A - V I fraction was used as the substrate in a CHF process 
with an incubation time of 2 days, an enzyme loading of 15 IU/g 
substrate and a incubation temperature of 37 C. Under these 
conditions 737 of the cellulose was solubilized. The lignin 
composition of the residue remaining after hydrolysis was 547 and 
the yeast biomass (from the fermentation step) composition was 
197" of the residue. This residue would be considered as a waste 
material in a process. Various options are available to dispose 
of this material such as dewatering and burning, as a feed 
supplement or as a substrate for exotic mushroom production. The 
residue also contained the cellulose which had not been 
hydrolysed and the possibility of using this residue as a growth 
substrate for the production of cellulase enzymes was 
investigated. The residue from the hydrolysis of Solka Floe could 
be used for this purpose and high enzyme titers were achieved.
Low enzyme yields were achieved, however, when the residue from the 
hydrolysis and fermentation of the SEA-WI fraction was used as 
the carbon source for T^ harzianum.

The point of removal of the lignin from the process is one factor 
that must be decided in our proposed process. The lignin can be 
removed immediately following the water washing step by a simple 
alkali extraction process or it can be removed following the CHF 
process. The value of the lignin from either extraction process 
may be a determining factor in this decision as wrill be the 
effect of the lignin on either the enzymatic hydrolysis of the

15



process or on other technical considerations. One reason for the 
poor performance of the spent steam treated aspen wood as a growth 
substrate for the production of enzymatic hydrolysis may be the 
high lignin content of this residue. Thus the above series of 
experiments was repeated with the SEA-VAI fraction.

The enzymatic hydrolysis of the steam treated aspen wood which had 
been alkali extracted to remove the majority of the lignin, was 
assessed by performing a CKF in the fermer*tor under conditions 
identical with those used with the steamed material which 
contained high levels of lignin. The alkali extracted material 
contained higher initial levels of cellulose ( ?0‘") and lower 
initial lignin levels (S.2,1 ) than did the water extracted materia 
discussed earlier. The overall hydrolysis of the cellulose 
portion was 677 and this was 4:” lower than the same material 
which c o r. t a i r. e a lignin.

The residue remaining after the hydrolysis of the delignified 
steamed aspen wood contained only 24.-* lignin which was less than 
half of the lignin content remaining after the hydrolysis of the 
ZEA-V.I fraction. The residue from the hydrolysis and 
fermentation of the S E A -1\ AI fraction was used as the carbon 
source for the production of enzymes by the fungus T. 
h a r z i a n um but production c f enzymes was no better with this 
residue (" from S E A - V.’ AI ) than from the residue which remained after 
the CKF of the SEA-V; I fraction. The experiments on residue 
utilization were performed with material ’which had been dried. 
This step was necessary in order to perform the controls which 
were needed for this preliminary investigation. This drying step 
may have caused irreversible damage to the substrate. Future work 
will attempt to increase the enzyme production from this 
substrate by manipulating the production protocol.

The results presented above did not provide a clear indication as 
to the best point of removal of the lignin component. The researc 
on the utilization of lignin has not advanced enough for a 
decision on this basis either. The final decision n.ay well rest 
with the costs involved in lignin removal at the different stages 
assuming there are no technical constraints or adverse effects on 
downstream processing.

E) RECYCLING AHD REUSE OF THE 3UZYEES

The recycle of enzymes following the hydrolysis process is 
suggested to be a necessity for the economic inability of the 
process. Various economic reports (Isaacs 1984, îiystrotn et al, 
1984) estimate a necessary level of recycle of 60£ used enzymes 
combined with 40;̂  fresh enzymes. These assumptions were based on 
scant data and the realistic assessment of the level of enzyme 
recycle that is technically attainable was investigated. Our 
results indicated that when the commercial cellulose, Solka Eloc, 
was used for hydrolysis the recycle of 607 of the enzyme activity 
was feasible, assuming a high conversion of cellulose to glucose.
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The factors involved ir. the recycle of the enzymes included both 
the thermal stability of the enzymes under the process conditions 
and the stability of the enzymes in the presence of the end 
product, ethanol. Ethanol has previously been reported in the 
literature to affect the cellulase enzymes from Tj_ harzianum by 
decreasing the stability of the enzymes under the hydrolysis 
conditions (llogan et a 1.1 364). The effect of the CH? process 
conditions on the stability of the enzymes was tested and the 
process conditions were found to cause a loss of 10-20% of the 
hydrolytic activity of the enzyme preparation. Thus even under 
idealized recycle conditions where 100C recycle of the proteins 
was possible one could still not achieve 1 0 0 recycle of activity 
as between 10 and 2 0^ of the activity was lost due to 
dénaturation of the enzymes. The use of more thermally stable 
enzymes may be a desirable alternative worth investigating.

The major factor involved in enzyme recycle was found to be the 
adsorption of the cellulase enzymes by the cellulose. The degree 
of adsorption of the cellulase was found to depend on the 
concentration of the cellulose as higher concentrations of 
cellulose adsorbed more of the enzymes. The 6- g 1 u c o s i d a s e 
component of the enzyme preparation was not adsorbed by the 
cellulose. Turing the enzymatic hydrolysis of cellulose the rate 
of hydrolysis decreases after the initial hydrolysis period and 
this decrease in rate is attributed in part to the formation of 
recalcitrant cellulose which is very difficult to hydrolyze.

The adsorptive capacity of this recalcitrant cellulose will have 
an effect on the recycle of the enzymes as only enzymes in the 
culture filtrate will be recycled, then cellulose was hydrolyzed 
for various lengths of time and then used as a substrate for an 
adsorption test the hydrolysed material adsorbed slightly less 
cellulase enzymes than the original material. Thus the formation of 
recalcitrant cellulose was not a major obstacle to the recycle of 
enzymes.

The activity of the enzymes available for recycle after 
hydrolysis of 5!̂  Solka Floe was found to be 6 0 T of the original 
filter paper activity. The major factor impeding the recycle of 
the enzymes was found to be the unhydrolysed portion of the 
cellulose. Under the hydrolysis conditions tested J>0% of the 
original cellulose remained in the hydrolysis mixture and this 
material adsorbed about 40T of the enzymes.

When the 6 E A -V I fraction was used as the substrate for 
hydrolysis, only 20^ of the original enzyme activity could be 
found in the filtrate after 48 hours of incubation. This low 
level of enzyme activity in the filtrate could not be accounted 
for by the adsorption of the enzymes onto the unhydrolysed 
cellulose as the percent of cellulose remaining in the mixture 
was similar to the cellulose content of the residual material 
after the CHF of Solka Floe. The other component present in the 
SEA-VI fraction and in the residue after hydrolysis is lignin. 
Lignin may adsorb cellulase enzymes and this theory was tested by 
assaying the adsorption of the cellulase enzyme preparation onto
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various types of lignins and also performing a hydrolysis of 
cellulose in the presence of these lignins. The results indicated 
that pure lignin did not adsorb cellulase nor did it interfere 
with the hydrolysis of cellulose. The adsorption of the cellulase 
enzymes onto the S E W - V’ I fraction was greater than onto S o 1 k a 
Floe. The SE’.-’-VI fraction also appeared to adsorb the 6 -  

glucosidase component fof mpy adsorb onto commercial 
cellulose . These results appeared to indicated that although 
lignin itself did not adsorb cellulase, the ligr. in carbohydrate 
complex in the SEV.'-WI fraction did adsorb cellulase enzymes.

From the above results the removal of lignin was thought to be 
desirable for the successful recycle of enzymes ana this 
possibility was investigated by repeating the above experiments 
with the S E V.r-VAI fraction. The alkali extraction procedure 
removed the majority of the lignin and the resulting substrate 
contained 90,1 cellulose and b,1 lignin. After a 4B hour hydrolysis 
less than 2 C y of the enzyme activity could be found in the 
filtrate. Thus the removal of the majority of the lignin did not 
have any impact or; the recycle of the enzymes.

The major factor which appeared to affect the recycle of t’e 
enzymes was the u n h yd r o1yz e d cellulose portion, whether alone or 
in combination with lignin. Future research will concentrate on 
increasing the percent hydrolysis of cellulose which may enhance
the s va il ability of the enzymes for recycle.

*7̂ • £ ECO DOMIC EVALUA TIOi: OF TEE PROPOSED PROCESS

A) COST OF PE ETREAT MEUT n r ̂A A SPED WOOL

The costs and energy' analyses associated with the pretreat merit 
options described in section 4.1 A were performed. The process 
flow sheet for the pretreatment options considered in this 
costing is given in Figure 2. The cost of the pretreatment option 
with the feedstock costs included are summarized in Table 2. This 
data indicated that acid impregnation of chips prior to steaming 
was a viable pretrear, ent option and that low peroxide treatment 
could increase the accessibility of the cellulose to the enzymes 
without a large increase in cost.

E) MARKETS FOE EKD PRODUCTS

An integral part of the feasibility study' was the assessment of 
the markets for ethanol, butanol and butanediol. This market 
study' should help to focus the research into the most profitable 
process products.

The Canadian ethanol market is influenced to a certain degree by 
the ethanol market in the United States. In the USA there is 
currently a balance between supply and demand and future 
growth is projected at a steady 6.5^ per year. The current price 
for fuel grade ethanol is between 3 C.54- 0.62 ( C D15 c) per liter. 
The United States has imposed an import duty on ethanol of SO.14
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Table 2. Comparative cost of various steaa and post treatment conditions

Comparative Cellulose
Steaa condition Post treatment cost» accessibility»»

(Z)

Base case: high temp (240 C), 80 sec - 100 0.146
Full peroxide 450 0.190
1/10 peroxide 217 0.183
1.5 hrs ball milling 158 0.157
3.0 hrs ball milling 192 0.161
6.0 hrs ball milling 267 0.163

Lorn temperature (190 C), 12 min - 150 0.080
Full peroxide 800 0.104
1/10 peroxide 367 0.100
1.5 hrs bail milling 258 0.086
3.0 hrs ball milling 325 0.088
6.0 hrs ball milling 458 0.089

Acid impregnation»»!, 240 C, 20 sec - 125 0.144
Full peroxide 475 0.188
1/10 peroxide 242 0.180
1.5 hrs ball milling 183 0.155
3.0 hrs ball milling 217 0.159
6.0 hrs ball milling 292 0.161

Acid impregnate, 220 C, 40 sec - 100 0.170
Full peroxide 392 0.222
1/10 peroxide 191 0.213
1.5 hrs ball milling 150 0.182
3.0 hrs ball milling 175 0.187
6.0 hrs ball milling 242 0.190

I Comparative costs mere calculated as unit cost per kg of glucose under 
test conditions and normalized using 240 C at 80 second as a base case.

tt Cellulose accessibility defined as the amount of glucose per gram of 
original mood produced in 24 hours under standard hydrolysis conditions.

lit Kith 0.2Z sulfuric acid.
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/liter. In the USA, ethanol is blended with .gasoline to produce 
gasohol which h.3s a 5.2/ market share of the 5SC billion 
liter/.annua gas market.

In Canada there exists a den and/supply imbalance and 3? million 
liters of industrial ethanol are exported to the USA annually.
The demand for ethanol in Canada is 44 million liters/annum 
whereas the production capacity is 129 million liters/annum.
Eased solely on these figures it would make little economic sense 
to increase the Canadian capacity to produce industrial ethanol. 
There are, however, two areas where an expansion of ethanol's 
market volume can be expected; the automotive fuel sector and the 
chemical industry. Von Bremen and Scholmtzi (1986) have 
recognized several areas in the automotive fuel sector where ethane 
be used in larger quantities. These areas are:

1) as a fuel w’ ithout additional crude oil components 
(altered motor technology is needed);
2) as a fuel component which substitues for only part of the 
crude oil-based gasoline;
3) for synthesizing octane enhancing fuel components which 
could substitute for other octane boosters in gasoline 
production ;
4 ) as a co-solvent in methanol containing- gasoline;
5) as a diesel oil substitute (as plain ethanol or admixed to 
diesel oil);
6) for transformation to ethanol derivatives to be used as 
diesel oil substitutes.

The expansion of the ethanol market into the chemical industry 
via formation of ethylene is difficult to assess because of the 
complexity of this industry and the competition from both 
methanol and gas oil. Ethanol’s full potential will be realized 
with further technological breakthroughs on both the production 
of ethanol and its efficient use.

The butanol market situation is similar to the ethanol situation 
in that a large potential market exists for butanol but will 
depend on the automotive fuel sector where butanol can be used as 
a co-solvent in methanol containing gasoline. At present there is 
an overcapacity of industrial grade butanol in both Canada and 
the USA and butanol production from biomass will only be feasible 
if automotive fuels shift to methanol blends.

The market for butanediol derived from fermentation of biomass has 
received little attention due to the fact that the butanediol 
produced from fermentation is 2,3 butanediol and the traditional 
intermediate feedstock in the petrochemical industry is 1,4- 
butanediol. There are, however, markets for derivatives of 2,3- 
butanediol. Two organic intermediates which can be derived from 
2,3-butanediol and which are traded in large quantities are 
methyl ethyl ketone, and 1,3-butadiene.

Prices for methyl ethyl ketone have fluctuated from £1.08 to 
$1.32 /kg for the past four years. The Canadian demand in 1985 was

can
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10.7 kt but demand has been flat since 1 Ç 8 C. The major end use cf 
this chemical is in specialty coatings, vinyl fabrics, and 
adhesives.

The price for 1,3-butadiene is 1 .1 3 / k g . Folysar is the sole 
Canadian manufacturer producing 16C Kt/ year. Butadiene is 
produced at Folysar as a by product of ethylene manufacture.
Folysar is a net importer of butadiene and can export 7CKt/year 
of butadiene. Higher production levels of butadiene are at the 
moment tied to the ethylene market as ethylene is the primary 
product of the process.

The most likely end use of 2,3-butanediol would appear tc be 
butadiene as the market is large and there exists a distinct 
possibility for expansion and for export. Since current 
manufacture is as a coproduct of ethylene production , market 
supply and price will depend on ethylene capacity. The process 
for the conversion of of 2,3-butar.ediol to butadiene should be 
further investigated in order to determine the economic 
feasibility of this extra step.

All cf the chemicals produced from this biomass process are linked to the 
petrochemical industry, thus the price and market fluctuations for 
fermentation derived chemicals will depend on the price and 
availability of oil. There are political and environmental 
considerations in the production of liquid fuels from Canadian 
resources and these considerations rnay favor the expansion of 
ethanol and butanol in the automotive fuel sector, economics 
notwithstanding.
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There are two major technical difficulties that must he overcome 
for the process of conversion of biomass to liquid fuel to Le 
successful. The first problem involves the inhibitory materials 
produced during the steaming process. These materials can he 
removed by water extraction but this washing step, also 
removes the water soluble hemicellulose fraction which 
constitutes more than a third of the fermentable carbohydrates. 
The economic assessment performed by Fini and I. y SEPTA (Isaacs, 
1ÇS4, h'ystrom et al, 1 9 fi 4 ) all indicate the necessity cf 
utilising by-product credits to enhance the economics of the 
process for the production of ethanol. The utilization of both 
the hemicellulose and lignin streams were shown to be economic 
drivers of the cellulose to ethanol process. The presence of 
inhibitory material severely lirits the potential of the 
hemicellulose stream.

Cur research indicated that the inhibitory material was probably 
derived from the carbohydrate fraction. In our attempts at 
inhibitor removal all of the procedures designed to remove lignin 
based material did net remove the inhibitors while the procedure 
which removed the carbohydrate material also removed the 
inhibitors. The inability to remove the toxic material from this 
stream limits the potential of for conversion of the 
hemicellulose to butanediol.

The ether major technical problem with the process lies in the 
efficiency of the enzymes. The ceilulase enzymes have a low 
specific activity. The hydrolysis process requires considerable 
amounts of enzymes and the production of these high levels of 
enzymes is a costly step in the process.

The yield of enzymes was found to drop with increasing substrate 
concentration and this problem must be addressed before trie 
process will be technically successful.

Theoretically t ke enzyme require m en t and the process costs of 
the process can be lowered by the recycle of enzymes. Economic 
predictions (Isaacs, 1 984 , h'ystrom et al, 1934) have indicated 
that there will be a require Tient for enzyme recycle. The results 
presented here indicated that technically, enzyme recycle was not 
feasible under the present process conditions and that only low 
enzyme activities were available for recycle when realistic 
substrates where used. The reason for the low level of enzyme 
recycle was twofold. The 80% conversion of cellulose to glucose 
left a high concentration of cellulose in the residue and this 
material adsorbed considerable amounts of the enzyme thus taking 
the enzyme out of solution. The lignin/ carbohydrate complex of 
the pretreated aspen wood also adsorb ed considerable amounts of 
enzyme. Although purified lignin did not adsorb ceilulase enzymes 
and did not affect hydrolysis, the steamed residue adsorbed more 
enzymes than could be accounted for on the basis of the cellulose 
concentration .
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The basic problem then is still with the poor efficiency of the 
cellulase enzymes. If 1001.' conversion could be achieved then the 
enzyme recycle may be a technically feasible process step. This 
increased conversion of cellulose to glucose might be achieved in 
two ways; either by enhancing the pretreatment process so that 
the cellulose in the material is more easily degraded or by 
concentrating research on the fundamental principles underlying 
the hydrolysis of cellulose in the hopes of increasing the 
specific activity of the enzymes. Both approaches will be 
investigated in future work.

The market research of the liquid fuels under consideration 
(ethanol, butanol and butaneciol) did not pinpoint the most 
desirable chemical to produce. The market for both ethanol and 
butanol are tied to the automotive fuel sector and these may be 
potentially large markets. The butanediol produced by our process 
might be converted to butadiene but this would require processing 
prior to sale. The butadiene market is large but it again is 
closely linked to the oil situation and is dependent on the 
economics and politics of the oil industry.

The various process steps involved in the overall conversion of 
aspen wood to ethanol, butanol or butanediol have been assessed 
using aspen wood as the feedstock. The base case pretreatment 
conditions chosen at the onset of the project were: a 
pretreat ment with steam at 240 C for 80 seconds followed 
by water extraction at a substrate concentration.

Some material was not water extracted and was assessed as a 
starting material for the production of butanediol by a CHE 
method using the cellulase and xylanase enzymes produced by the 
fungus TH_ ha r z i anu n . This approach coulc produce 11 g/L of 
butanediol from a 6'* SEA solution. The low conversion was 
attributed to the inhibitory material produced during steaming 
which interfered with the butanediol production by the bacteria 
K. pneumoniae.

The water soluble material was found to contain inhibitory 
material which completely inhibited solvent production by the 
bacteria pneumoniae at a 2% concentration. This inhibition 
could be relieved by various methods such as addition of yeast 
extract, acclimatization of the bacteria to high osmotic 
pressures or use of recycled cells. These approaches could not , 
however, alleviate the inhibition caused by the presence of 5," 
water solubles. No physical method of removing the inhibitory 
material from the carbohydrate polymers could be found.

The SEA-VI fraction from the base case pretreatment was used for 
enzyme production. At a substrate concentration of C.4% a yield 
of 400 IU of filter paper sctivit y/g ram S E A - V.’ I could be 
achieved in 3 days. This high yield could not be achieved with 
higher substrate concentrations. The removal of lignin did not 
alleviate this problem. The low yields were attributed to low 
oxygen transfer in the fermentor and possibly also to deficiencies
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in the rned i a .

The recycle of enzymes was investigated in order to determine 
what level of recycle was technically feasible. The thermal 
stability of the enzyme was such that 1 OO.n recycle of the enzyme 
was not possible as the enzyme preparation lost activity even 
under the relatively mild hydrolysis conditions of 37 C for 2 
days. The potential enzyme activity remaining in the culture 
filtrate after the CHF of 5 % P E A - V I was found to be 2 0 5* of the 
original enzyme activity. The use of the SEA-VAI fraction did not 
change the level of enzymes which were found in the culture 
filtrate following the CHF of this material. The major factor 
responsible for the low level of enzyme recycle k s s thou g lit to be 
the unhydrolysed cellulose which still adsorbed the majority of 
the cellulase enzymes making them unavailable for enzyme recycle.

The S S W -WI fraction was 7 3 ̂ hydrolysed in 2 days at a substrate 
concentration of 5 £ and an enzyme loading of 15 IU of filter 
paper activity/ gram substrate. This percent hydrolysis could be 
increased to 1 00,'j by manipulation of the pr e t re a t m en t conditions. 
In this case the stear.ed material vas alkali extracted and then 
treated with a mild peroxide oxidation. The pretreat ment 
condition was found to have a major impact on the ability of the 
cell lase enzyme system to hydrolyse lignocellulosic material to 
glucose.

6.1 That research focus on an economically viable method
for removal of inhibitors produced during steaming which 
does not interfer with the use of the hemicellulose stream.

6.2 That research focus on determining pretreatment conditions 
which will minimize the production of inhibitors.

6.3 That research focus on increasing the yield and the 
productivity of the enzyme production from steam treated 
aspenwood in fermentors.

6.4 That research focus on increasing the extent of cellulose 
hydrolysis in the combined hydrolysis and fermentation 
process.

6.5 That research focus on increasing the final ethanol levels 
achieved from the CHF process.

6.6 That the economic research focus on costing the process 
under study.
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A «impie method for xylanase preparation used for the 
hydrolysis and fermentation of hemicellulose to butanediol
YU, E.K.C., L. Deschatelets, L.U.L. Tan, and J.N. Saddler 

Biotechnology and Chemistry Department, Forintek Canada Corp., 
800 Montreal Road, Ottawa, Ontario, Canada K1G 3Z5

When culture filtrates of Trichodcrma harzianum E5B were concentrated 
by passage through an ultrafiltration membrane with a molecular weight 
exclusion limit of 10,000 Daltons, 80% of the original xylanase activity 
was recovered in the ultrafiltrates. Culture filtrates and ultrafiltrates 
which were concentrated by rotary evaporation contained inhibitors 
which restricted the fermentation of the hemicellulose-derived sugars to 
2,3-butanediol. A simple solvent-exchange treatment of the ultrafiltrates 
could effectively concentrate the xylanases as well as remove the 
fermentation inhibitors.
INTRODUCTION

Bemicelluloses constitute 20-35% by weight of wood and agricultural 
residues and can serve as an abundant and inexpensive source of fermentable 
carbohydrates (Flickinger, 1980). The efficient utilization of the 
hemicellulose fraction would greatly enhance the economics of many of 
the bioconversion processes which currently only emphasized the conversion

the cellulose component to fuels and chemicals. Me have recently 
used a combined enzymatic hydrolysis and fermentation (CHF) approach 
to directly convert hemicellulose to butanediol (Yu et al, 1984a;
1984b). Enzymatic hydrolysis was found to be the rate-limiting step 
in the CHF process, suggesting that an increase in enzyme concentration 
would enhance the efficiency of the overall process. We therefore studied 
various ways of concentrating the active xylanase enzymes present in the 
culture filtrates of Trichoderma harzianum E58. The work described in 
this paper shows that a simple solvent-exchange treatment could be used 
to concentrate the xylanases present in the ultrafiltrates and, at the 
same time, remove inhibitors present in the enzyme preparations which 
r**tricted the fermentation of the her.icellulose-derived sugars to 
butanediol.
MATERIALS AND METHODS

Klebsiella pneumoniae ATCC 8724 was grown in a chemically defined 
medium (Up 2) under finite air conditions (Yu and Saddler, 1982a; 1982b). 
Xylanase enzyme preparations were obtained from the culture filtrates of 
Trichoderma harzianum E58 grown on 1% (w/v) solka floe in Vogel's «tedium 
(Saddler, 1982). Culture filtrates were concentrated by rotary 
•vAporetioe or by ultrafiltration through Fellicon membrane with a molecular 
weight exclusion limit of 10,000 Daltons (Fellicon Cassette System,
Millipore Ltd., Mississauga, Ontario, Canada). Assays for cellulolytic
end xylanolytic enzyme activities were described previously (Yu et al̂ , 1964b).

®ltr*filtrates (Fellicon filtrates) were concentrated by solvent 
exchange treatment. The Fellicon filtrate containing 0.7 g total protein 
was diluted with three volumes of 10 mM aaraoniun acetate buffer (pH S.0) 
end applied onto a 5 cm by 21 cm CM-Sepharose column (Pharmacia Pine 
C*'e®icals) equilibrated with the dilution buffer. The column was washed 
with 4 litres of the starting buffer. Elution was effected with 2.S litres 
of 50 mM sodium phosphate buffer (pH 8.0). The xylanase activity peak 
was pooled and used for the CHF process.
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K f^"^ellulo*e (*,Penwc>od xylan) used in the present study was prepared
i » " ^ » n s r s ,^ ' ls î r tiv ,' ,r“  **“*■« «“ •* «  &.

Hemicellulose conversion to butanediol was carried out using the 
combined enzymatic hydrolysis and fermentation approach (Yu at al, l»B4a) 
Culture supernatant fluids were analyzed for volatile fermentation products 
by gas chromatography (yu and Saddler. 1932b). Reducing sugars were 
with dimtrosalicylic reagent (Miller, 1959). Xylose and xylobiose were ** 
assayed by high performance liquid chromatography (Wentr st al, 1982).
RESULTS

Culture filtrates of Trichoderaa harzianum E5B exhibited high cellules* 
and xylan.se enzyme activities (Table 1). Rotary evaporation of the eu 
filtrates resulted in the effective concentration of S i  of t h T c S e S o S E !  
enzymes. Ultrafiltration of the culture filtrates by p i . ^ g ^ ^ T  9
enzÜesni r ^ aÎ I n -gnifiC*ntly concer‘tr*‘*d the cellulas.s and xylobi.se enzymes in the Pellicon retentâtes, however 80% of the original xylanase
x na^«esScoûîdfb T d ^  Pe}U c °n filtrate* The.s low molecuîïr weight xyla..ases could be concentrated either by rotary evaporation or by solvent-
by i ^ S * t S Î . ^ S t o J ! tlV* hC~ 5’r‘'°"S <***»*

“V eXt investi9»te<3 the mode of hydrolysis of aspenwood xylan, using 
c^Uure' PreP»rations (Table 2). Although the concentrated
... 1 p f flltrates were “11 adjusted to the same level of xylanase activity 

a e l“ n retentâtes appeared to be the most efficient at hydrolyzing 
ylan to reducing sugars with a large proportion of the sugars detected as 

xylose. The Pellicon filtrates appears to be less hydrolytic Sianificantlv
«or. xylobiose „,s detected in the hydrolyse, r..uïtl°, *

rati°s- This “ S*»* xylobiose content «es pr.sum.bly because the majority of the xylobiese activity was located in the retentate 
resulting in an ultrafiltrate which was deficient in this enzyme retent“ e

et al^lBB-Sr2̂  ̂ U"°n i M .e,r‘ Utili2£ *** xylo*e xylobiose (Yu fèdfevif! ' rel*tive ratio of xylose to xylobiose obtained after 
Wa* n°! expected to significantly affect the final butanediol yields obtained when a CHF process was used. When the four different 

culture filtrates were used as the enzyme source in a CHF process, using 
preyiousiy established conditions (Yu et al, 1984a), lower butanediol 
yiel s were obtained with both the rotary evaporated Pellicon filtrate 
•nd the rotary evaporated culture filtrates (Fig. 1). This seemed to

th8t ther* Were fun9al *etabolites or fungal medium ingredients 
♦ k t"eJ once’;trated enzyme preparations which inhibited fermentation of 
the liberated sugars. The effect of the fungal (Vogel's) medium ingredients 
n butanediol fermentation was therefore examined (Table 3). By system

atically supplementing the butanediol ferrentation médita» with various 
components of the Vogel's medium, it was shown that the inhibitory effect 
observed was due to the salts present in the Vogel's medium. Ho single

in ti* Vo9e1'* *edi-ja wa* *=>und to be solely responsible for the observed inhibition, suggesting that the inhibition was a result 
f the synergistic action of the various salts. We have tried to modify

°f thC Voger* B*iiur *° that the resulting culture 
toilltr “°re *ultAble for and ferm.nt.ticw> studies.
Thrill: il ♦ ^ ^ “ tions lnvesti-at^  tc date resulted in a significant de_rease m  the xylanase enzyme production by the fungus.

We next turned our attention tc practical methods which could 
effectively concentrate the xylanase enzyr.es while at the — —
£n ? ™ ! ; h^ ? r,,* nta!i0n inhibitors- «  achieved by treating the11icon filtrates by a simple souvent-exchange procedure. The final
outanediol levels achieved in the THF sf xylan using the solvent-exchanged
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rig. 1 Butanediol production by Klebsiella pneumoniae grown 
in a CHF process on 10% (w/v) xylan using various 
T. harzianum £58 culture filtrate fractions

TIME (days)
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^*9* ^ Process schemes for the fractionation and subsequent 
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xylanase preparation were comparable to those obtained by a 
corresponding CHF process using the Pellicon retentâtes as the 
enzyme source (Tig. 1 ). under the established optimal conditions 
n n 1/T°1Vent yield* of “P to 20.5 g/L (butanediol, 14.3 g/L, ecetoin
froagwleütn M 1> /‘Î* ?C*tiC *Ci<3' °'3) could ** directly 'shown^1^ ^ 0'' w{y,.withln thr«* d«y* of the CHF process (data not 
andWQ^ài Th*,over*11 bioconversion yields were 0.30 « of butanediol
results elea i*0**1 *°lv*nts Produ=ed per g of sugar utilised. The 

1 d*“on8tr*t«d the Potential of using this method for
eff^Ttiv"9». Î* fyl*na*e *nry®** in the Pellicon filtrates to achieve effective hydrolysis and fermentation of hemicellulose to butanediol.
DISCUSSION

coop^enfï1i#Uî:iliratî?n,t>f thC liçnin' cellulose, and hemicellulose p r o £ «  tl llulosic substrate, might enable a bioconversion
recuire economically with petrochemical processes. This would
^  e fractionation of the biomass residues into their rciMFtiv*

co^n.nt, prior to th. cor.v.r.ior, of ..oh ra.pon.nt to u.rful pradœt.
s . :  s , ‘ S “ : r ; : u  <ri’ - 21 ~

o f t S « M r l J S - I Ï « , T P° " T ’ by * 'Ub" ’"'"t *lk*1“ * «xtr.ct.ontoth 11ÎFÏ ? re.idues, l.tving . c.lloloM-rieh I(i U „ .  sine.
their ‘' 1 82 ' Yu Si.Sk» 1984a), they have to be hydrolyzed to
the oror-aH k *u9»rs prior to fermentation. Recently we have simplified 
« o r o a c h S i ?  ^?lnV  conbined hydrolysis and fermentation (CHF)
îydroîysis ?; »;id h. T 1"il!,th* rat«  “ d of enzymaticoïesent in'/ desirable to have the cellulase and xylanase enzymes
is I ^Lole - ^ nC^ trat f0n" {yuSl£i' 1984»* 1984b). Ultrafiltration*3 
l e s t e r ^ e n ^ t h  T Ve Way °f eor-s«nt«ting the cellulase, and to a 
advantage« f L  Xylanase enzymes. This method has the additional
operations?^ 9 *aS V 8Caled-u-= for use in future co-nercisl

Culture filtrates concentrated by ultrafiltration provide an exceller,-
s s S c T s  £ , “i r r nc hya" ;y*i‘ • -  ««™„t.tioo of l scellulose and hemicellulose rich fractions. However, as the ultrafiltrate
was notSc o i s S  XyIanases 11 would Probably be advantageous if this
hvdro?v«ir«f /  WaSte *trea:n tjt rather «  the »°“roe of enzymes for ydrolysis of the hemicellulose fraction. The simple method of solvent-
the xvllnîr*101̂  ln thiS ‘tU<Jy re,ulted in th« effective concentration of 
e ^ L S r :  . ^ !  !* Wel1 as the °f *h. fermentation inhibitorsI. ! efficient hydrolysis and fermentation of the hemicellulose
exchanôe*Ôrn°e^Utan*^i°1" Moreov«r' the CM-Sepharoae used in the solvent- 
e.sily9beP.caled^DCfo1<Slbe r*adily generated for repaated use and could 
furih^r .t,!!? P 1 ltT9er *Cal* °P*rations. Me intend to carry out 
u d . ^ e  V  heBicelluloa«  «  high substrate concentrations•newL 1 1 fh ppr°ach to «x""--e the possibility of using lowerenzyme levels without loss of overall bioconversion efficience».
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***!• 1‘ The «nryme profile of Trichoderma harsianun» E58 culture 
filtrates after concentration by various methods

Culture
filtrate
fraction*
CF
CF cone.
FR
FF
FF conc. 
FF (SE)

__________ _______ Enzyme Activities (lU/inL)______
Endoglucanase B-glucosidase Filter Faper Xvlanase Xylobiase

14.0 0.678.0 5.5659.3 31.30.3 <0.14.8 <0.1< 0.1 <0.1

0.7 277.1 <0.15.9 2442.9 1.531.0 3117.9 24.8<0.1 149.9 <0.10.3 1611.9 <0.1<0.1 1253.9 <0.1
a
CF, crude culture filtrate
CF conc. CF concentrated (10x, v/v) by rotary evaporation 
FR, Fellicon retentate (concentrated 65x, v/v)
FF, Fellicon filtrate

PF concentrated (lOx, v/v) by rotary evaporation FF (SE), PF treated by solvent-exchange

Table 2. Analysis of sugars released from aspenwood xylan after 
hydrolysis by various enzyme preparations*

Xylan
Conc. Culture

filtrate
fraction"

Reducing
Sugars
(q/L)

Xylose
(g/L)

50 g/L CF cone 29.6 12.2FR 38.0 16.6FF conc 25.2 7.6FF (SE) 25.4 9.8
100 g/L CF conc 64.0 40.6FR 79.6 49.8FF conc 54.0 25.4FF (SE) 53.6 39.4

Xylobiose (X2) X+X2 X/X2 
(9/L) (g/L) Ratio

4.4 16.6 2.8
3.4 22.0 5.59.0 16.6 0.86.2 16.0 1.6
8.0 48.6 5.12.4 52.2 7.814.2 39.6 1.811.2 50.6 3.5

^«Irolysis was carried out in fermentation médius and incubated 
Î L , W  PH 6.5 for 2 days to serve as control for the corresponding

levels were all adjusted to 5 IU of xylanase activityper mg of substrate 
b
See Table 1 for explanations on enzyme preparations



Table 3. The effect of Vogel's medium ingredients on butanediol 
production by K. pneumoniae*

Median and 
Modification % inhibition of . 

Butanediol production

Kp2 (control) 0.0Vogel's medium 96.2
*P2 ♦ culture filtrate 78.0*t>2 + Vogel's medium 82.2
Kp2 ♦ Vogel's salts 79.6
*P 2 ♦ Vogel's vitamins 8.3Kp2 ♦ Vogel's trace elements 5.7
Kp2 ♦ Vogel's bactepeptone 1.3
KP ♦ Vogel’s Tween 80 3.3
Kp2 4 Vogel's CaCl2 12.9KP2 ♦ Vogel's KH2K> 9.6Kp2 4 Vogel's MgSO. 0.0Kp2 4 Vogel's citrate 0.0Kp2 4 Vogel's NH.NO.4 J 23.3

Cultures were grown for 3 days or. D-xylose (5%, w/v) under finite 
air conditions at 30°c. pH 6.5, and with shaking (150 rpm). Medium 
ingredients added were adjusted to final concentrations equivalent 
to the Vogel's medium composition.
b% inhibition was calculated as the inverse of the amount of butanediol 
produced in comparison with the control.
c . .Composition of Vogel's medium: salts (sodium citrate.2B.0, 2.5
g/L; KH2P04. 5.0 g/L; NH4N03, 2.0 g/L; MgS04.7H20, 0.2 g7L;
CaCl2.2H20, 0.1 g/L); vitamins (biotin, 0.5 ug/L t 
myoinositol, 2.0 mg/L; calcium panthothenate, 0.2 mg/L; 
pyrodoxine-HCl, 0.2 mg/L; thymine-HCl, 0.2 mg/L); trace 
elements (citric acid.HjO, 5.0 mg/L; ZnS04.7H20, 5.0 mg/L;
Fe (NH.)2 (S04)2.5H20, 1.0 mg/L; CuS04.5H20, 0.25 mg/L;
HnSO4,2H20, 0.05 mg/L; H3B03, 0.05 mg/L; Na2Mo204.2B20, 0.05 mg/L); 
Bactopeptone, 1.0 g/L; Tween 80, 2.0 »L; carbon source, 10 g/L.
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RECYCLE CF ENZYMES AND SUBSTRATE FOLLOWING THE ENZYMATIC
HYDROLYSIS OF STEAM PRETREATED ASPENWDOD
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Forintek Canada Gorp.

800 Montreal Road 
Ottawa, Ontario 

Canada

ABSTRACT
The cctrmercial production of chemicals and fuels from ligno- 

oellulosic residues by enzymatic means still requires considerable 
research on both the technical and economic aspects. Forintek Canada 
is actively researching the overall process of the conversion of forest 
residues to chemicals or fuels.

Two technical problems that have been identified as requiring 
further research are the recycle of the enzymes used in hydrolysis and 
the reuse of the recalcitrant cellulose retaining after incorplete 
hydrolysis. Eïizyme recycle is required to lower the cost of the 
enzymes while the reuse of the spent cellulose will lower the feedstock 
price.

The conversion process studied was a combined enzymatic hydrolysis 
and fermentation (CHF) procedure which utilized the cellulolytic 
enzymes derived from the fungus Trichoderma harzianumE53 and the yeast 
Saccharcmyces cerevisiae. The rate and extent of hydrolysis and 
ethanol production was monitored as was the activity and hydrolytic 
potential of the enzymes remaining in the filtrate after the hydrolysis 
period. Since 100% hydrolysis of the cellulose portion is seldom 
accanplished in an enzymatic hydrolysis process the residual cellulose 
vas used as a substrate for the growth of T. harzianun E58 and 
production of cellulolytic enzymes.

When a oamnercial cellulose was used as the substrate for a 
routine 2 day CHF prooess, 60% of the original filter paper activity 
could be detected in the filtrate after this time. When steam treated, 
vater extracted aspenwood was used as the substrate only 13% of the 
original filter paper activity was recovered after a similar procedure. 
The combination of 60% spent enzymes with 40% fresh enzymes resulted 
in the production of 30% less reducing sugars than the original 
enzyme mixture.

The residue remaining after the CHF prooess was used as a 
substrate for the production of cellulolytic enzymes. The production 
of enzymes from the residue of the Solka Floe hydrolysis was greater 
than the production of enzymes from the original Solka Floe.



RECYCLE CF ENZYMES AND SUBSTRATE FOLLOWING TOE ENZYMATIC
HYDROLYSIS OF STEAM PRETREATED ASPENWOOD

INTRODUCTION
An integrated process for the production of higher value products 

from waste lignocellulosics has been under study at Forintek for the 
last six years. Both the technical and economic issues which pertain 
to this topic are being studied by a joint research effort of the 
economics, biotechnology and chemistry departments. The technical 
research is new far enough advanced to enable us to input the various 
process options we are considering into a linear program.

Linear programming is a technique used to determine the optimal 
solution to a problem where there are a number of carpeting and 
usually interrelated choices. The technique requires that each of 
the restrictions on the problem being modeled be fomulated as a 
linear equation. The model consists of a nunber of linear equations 
with more unknowns than equations and thus there are many possible 
solutions. In order to determine the optimal solution, a criteria 
such as maximum profit or minimum cost is chosen and equations are 
set up, giving the amount each variable contributes to this criteria. 
The linear program then determines which solution will maximize or 
minimize this criteria.

The linear program was written to determine the best process and 
set of process conditions for converting steam exploded Aspenwood 
into butanol, butanediol or ethanol. The linear program  is designed 
to maximize profit based on the sales value of the chemicals produced, 
the cost of the raw materials and the processing costs incurred. The 
model is restricted by the raw material availability, the utility and 
chemical requirements at each process step and the market requirements 
for each chemical produced.

The process under consideration is shown in Figure 1. The process 
can be broken down into three major components; steam pretreatment 
followed by enzymatic hydrolysis of the carbohydrate polymers and 
subsequent fermentation of the sugars. TVjo process options exist in 
the model and these are the direct conversion of the steamed material 
to butanediol or butanol or the separation of the wood oenponents 
for different processing of the cellulose and herd cellulose polymers. 
The processing of the lignin aerpenent of the wood was not included 
in the present model but will be added when the technical research is 
more advanced.

Each process option considered requires the production of oellu- 
lase enzymes and the fungus Trichoderma harzianum E58 is used for this 
purpose. This fungus produces enzymes with equaT amounts of filter 
paper and B-gluoosidase activities. Approximately ten percent of the 
incoming feedstock is diverted to the production of enzymes. After 
growth of the fungus the extracellular enzymes are filtered by ultra- 
filtration which not only concentrates the enzymes but also 
effectively separates the cellulase enzymes from the xylanase enzymes. 
This separation of enzymes is ideal for our process scheme, in that 
different enzymes are needed for the CHF2 and CHF3 steps.



Tte ultimate goal of this approach is to narrow the research 
effort to the most economical and feasible process op tiens. Since 
blanass conversion can potentially produce a wide array of products 
we have restricted the range of products which will be further 
researched to those that look the most economically favourable. A 
Joey factor in this decision is the market assessment of the products. 
The area that has received the most technical emphasis in our research 
program has been liquid fuels such as ethanol, butanol and 2 , 3- 
butanediol.

The Canadian markets for ethanol and butanol (Table 1) will 
raiain static and an oversupply exists. This market projection does 
not take into account the demand for ethanol or butanol in gasohol 
since this market will depend on government policies concerning leaded 
fœl. If the demand for gasohol follows the same pattern as in the 
USA the potential market in Canada for these products could be as 
high as 1.4 million tonnes a year. The butanediol market vas not as 
easy to determine, as the butanediol produced by the fermentation 
technology is 2,3-butanediol and there is presently no established 
naurket for this product as an intermediate organic feedstock. Several 
derivatives of this diol are traded in volume on chemical markets 
and the two derivatives which have received the most attention are 
methyl ethyl ketone and butadiene .

One of the major costs of the enzymatic route of hydrolysis is 
tte high cost of the enzymes. Wilke et al (1) has reported a cost as 
high as 60% of the total cost of the process and such a high cost 
conpcnent obviously makes this part of the process a prime target for 
research. One avenue which has been sugç^sted as a means of lowering 
the cost of the enzyme oenponent of the process is the recovery and 
recycle of the enzynes. Isaacs (2) has indicated that recycle of 60% 
of the oellulase enzymes could have a major impact on the cost of the 
enzynes. Little research has been done on the technical problems and 
feasibility of these levels of enzyme recycle in a process which

pretreated wood as its primary feedstock. This vas the major 
objective of the present report.

mat e r i a l s a n d  me t h o d s

Microorganisms
The fungus Trichoderma harzianum E58 was taken frcm the Forintek 

Culture Collection. Saccharcmyoes oerevisiae C495 (NRCC 202001) vas 
grow* under standard conditions.

0 7  tni»ne 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 the 
nyoelial suspension was used to initiate growth in shake flasks or in 
a 30 litre fermenter containing 1% oellulosic material. The incuba
tion period was 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 far enzymatic activity and used directly 
for enzymatic hydrolysis experiments. Some hydrolysis experiments



were performed with culture filtrates which had been concentrated by 
the Pellioon filtration systan using a membrane with a molecular cut 
off of 10,000 daltens,and freeze dried.
Assays

Soluble protein vas determined after TCA precipitation by the 
method of Lorry et al (3) using bovine serum albumin as the standard. 
Ibtal reducing sugars were estimated using the dinitrosalicylic acid 
assay (4). Glucose was determined by the gluoostat enzyme assay (5). 
Ethanol was determined by gas liquid chromatography using a Chrcm osorb 
101 colum with flame ionization. Helium which was saturated with 
formic acid was used as the carrier gas (6).

Hexosan was determined by an adaptation of the an throne methods 
of Koehler (7) in which the time was extended to 15 minutes to permit 
the more labile pentosan color to fade. A correction for the residual 
pentosan color was made.

Bizymatic activity was determined by the method of Mande Is et al 
(8). One millilitre of a properly diluted culture filtrate was-âddëd 
to one millilitre of 0.05 M citrate buffer, pH 4.8. For the filter 
paper assay the substrate was a 1 cm x 6 am strip of Whatman No. 1 
filter paper, while for the endoglucanase assay the substrate 
10 mg of carbaxymethyl cellulose (CMC medium viscosity, Signa no. 
C-4888) and for the 6-gluoosidase assay the substrate was 10 mg of 
salicin. All three assays were performed at 50°C. The filter paper 
assay vas incubated for 1 hour while the endoglucanase and 8-glooosi- 
dase assays vere incubated for 30 minutes. For all three assays the 
reaction vas terminated by adding 3 mLs dinitrosalicylic 
reac^nt to each tube and boiling the tubes for 5 minutes. The tubes 
ware cooled to room tenperature and the absorbance read at 575 nm.
Che unit of enzyme activity was defined as 1 umol of gluoose equiva
lents released per minute.

Combined Hydrolysis and Fermentation (CHF) Procedure

A five percent substrate concentration (based on dry weight) was 
added to a 60 mL serum vial or to a 2 litre fermentor. The nplini»»* 
enzyme preparation was added at a concentration of 15 IU of filter 
papsr activity per gram of substrate. A  three day old suspension of
S . oerevisiae vas added at a 5% inoculum level. The fermentor and 
vials were incubated at 37°C for 48 hours. The vials were agitated 
at 200 KPM. The fermentor was first set at an agitation rate of 900 
PPM and after two hours the agitation rate was lowered to 200 PPM.

Hyrolysis experiments were performed in a similar manner without 
the addition of a fermentative microorganism_ ,

Adsorption of Cellulase Bizymes

The adsorption of the enzymes onto various substrates was tesfed 
by incubating the crude enzyme mixture with the substrate at a pH of 
4.8 and a tenperature of 28°C for 10 minutes. After incubation the 
culture filtrate vas assayed for endoglucanase, B-gluoosidase, filter



paper activities, and protein content. Wiese values were ccnpared to 
the activities of the crude enzyme mixture after incubation without 
the substrate.

RESULTS
Ihe recycle of cellulase enzymes following a combined hydrolysis 

and fermentation procedure is dependent on several factors such as 
the thermal stability of the enzymes, the effect of ethanol an the 
enzymes and the adsorption of the enzymes onto the cellulose. The 
amount of recovery of the original enzyme which is considered to be 
necessary for an economically viable process is 60% (2). In order to 
test the technical feasibility of this level of recovery, the activity 
of the cellulase enzymes remaining in the culture filtrate following 
the combined hydrolysis and fermentation process was studied.

The cellulase enzymes derived from the growth of the fungus T. 
harzianum E58 on cellulose were used for the hydrolysis of a 5% 
cellulose solution. The yeast £. oerevisiae was also added to the 
hydrolysis system so that the produced glucose would be quickly 
converted to ethanol and thus optimize the hydrolysis process. The 
glucose produced by the hydrolysis of cellulose is a known inhibitor 
of the cellulase enzyme system of T. harzianum E58 and its conversion 
to ethanol enhances the overall hydrolysis (9). The ethanol produced 
during the CHF process is ail so inhibitory to the enzymes, however the 
major effect of the ethanol is not directly on the enzyme activity 
but rather on the stability of the enzymes under the hydrolysis 
conditions (10). This fact has direct inplica tiens for the recovery 
and recycle of the enzymes since the presence of ethanol will be 
detrimental to this procedure.

The combined hydrolysis and fermentation was performed in both 
small flasks and fermenters (Table 2 ). Both systems produced similar 
levels of hydrolysis based on the production of ethanol and reducing 
sugars. The fermenter residue contained not only cellulose tut also 
yeast cells from the fermentative aspect of the process. Based on the 
nitrogen content of the residue approximately 19% of the fermenter 
residue was yeast biomass.

The enzymes present in the culture filtrate were assayed in both 
the CHF systems and in flasks containing enzymes and no cellulose 
substrate. These flasks allowed the monitoring of the stability of 
the enzyme system under the CHF conditions. The results presented in

3 indicated that the endoglucanase component of the enzyme system 
was the least stable. Sixty percent of the filter paper activity vas 
recovered from the CHF system but only 50% of its original hydrolytic 
activity was present. (Table 4) Even the enzymes in the control which 
had only been exposed to the CHF conditions and no substrate produced 
20% less glucose when they were subsequently used to hydrolyze 
cellulose. This result clearly indicated that even under ideal 
conditions 100% recycle is unrealistic with this enzyme. A  more 
thermal stable enzyme system would obviously be more useful.



Although the assayed enzyme activities differed for the flasks and 
the fermenter the hydrolytic activity of the two enzyme preparations 
were identical. This again raises the question of the reliability of 
the assays for enzyme activities and points to the need for continual 
monitoring of the hydrolytic activity of the enzymes as the only means 
of realistically assessing the potential of a given enzyme preparation.

The results indicated that the cellulose which retained following 
hydrolysis still exerted a strong adsorptive effect on the oellulase 
enzymes. The 8-gluoosidase ocnpcnent of the enzyme preparation was 
not adsorbed whereas the endoglucanase was strongly adsorbed by the 
unhydrolysed cellulose. The activity of the g-gluoosidase in the 
culture filtrate after adsorption was always found to be higher than 
the activity measured in the original filtrate. This apparent increase 
in activity may have resulted from the removal of the endo and exo 
glucanase corponents of the enzyme system which may retard the access 
of the 6-glucosidase to the cellobiose substrate. If we assure that 
approximately 70% of the cellulose was solubilized then the remaining 
30%, or 1.5% cellulose solution would adsorb the enzymes. Thus the 
total percent hydrolysis was a major contributing factor to the 
recovery and recycle of enzymes.

Cnee the base case with a ccmercial cellulose preparation was 
established, the feasibility of enzyme recycle was investigated using 
pretreated lignocellulosic material. The pretreatment procedure 
currently used as a base case involves the steam treatment of aspen- 
wood at 240°C for 80 seconds and subsequent removal of soluble 
pentosans and inhibitors with a simple water extraction procedure.
This material, which is termed Steam Exploded Aspenwood-Water 
Insoluble (SEA-WI) was used at a 5% dry weight concentration in a 
CHF process. The chemical oenposition of the lignocellulosic 
material before and after hydrolysis is given in Table 5. The 
reduction in dry weight was estimated to be about 59% of the original, 
however due to the presence of the yeast biomass the percent loss of 
the cellulose ocnpcnent was actually 73%. After the hydrolysis there 
still remained a 1% cellulose suspension in the fermenter.

The assayed enzyme activity of the culture filtrate before and 
after the CHF process is given in Table 6. The filter paper 
activity of the cellulase enzymes recovered from the process was less 
than 20% of the original filter paper activity. This low enzyme 
recovery could not be accounted for by the unhydrolyzed cellulose 
portion. Other oexipenents of the steamed material must therefore 
be affecting the release of the enzyme following hydrolysis.

The hydrolytic activity of the recovered enzymes was monitored and 
reported in Table 7. This table also illustrates the hydrolytic 
activity of the recovered enzymes when they were combined with various 
proportions of fresh enzymes. These results indicated that with the 
present process conditions the recycle of enzymes does not appear 
beneficial.



Although the hydrolysis of the oaimercial cellulose was the same 
as that obtained with the lignocellulosic residue the recovery of the 
enzymes was very different. Hie najor difference between these 
substrates was the amount of lignin present in the (SEA.-WI) substrate. 
Lignin constituted 31% of the original substrate and as much as 51% of 
the final post-hydrolysis residue. Several researchers have reported 
(11,12) that lignin strongly adsorbs the cellulase enzymes. This 
possibility was further investigated.

Hie adsorption of the cellulase enzymes onto different lignin 
fractions were monitored under conditions similar to those found 
in a CHF process. The results presented in Table 8 indicated that the 
lignin did not adsorb the cellulase enzymes. However, when the 
adsorption of cellulase enzymes to various pretreated lignocellulosic 
residues was ccnpared (Table 8) the results indicated that seme sort 
of adsorption was occurring with the lignin/cellulose oorplex.
Although lignin itself did not appear to adsorb cellulase enzymes, 
the presence of residual lignin in the lignocellulosic residue 
appeared to severely affect the recovery of the cellulase enzymes.

In our process design the removal of lignin before or after the 
CHF process is still one of the decisions that must be finalized. 
Although the presence of lignin did not appeau: to affect the cellulose 
hydrolysis (13), it did influence the recycle of cellulase enzymes. We 
next monitored the recovery of cellulase enzymes after a CHF process 
on delignified aspenwood. The substrate that was chosen for this 
purpose was steamed aspenwood which had been water and alkali 
extracted which is termed Steam Exploded Aspenwood-Water and Alkali 
Insolubles (SEA-WAI). The alkali extraction removed 75% of the lignin 
as can be seen from the data on Table 9. The lignin composition of 
the material after hydrolysis was 17% which was equivalent to less 
than half of the total residue remaining after the CHF of the SEA-WI 
substrate.

The recovery of the cellulase enzymes after the CHF of the water 
and alkai -i extracted aspenwood (SEA-WAI) is reported in Table 10 and 
the results were found to be as poor as with the substrate with a 
higher lignin content.

The results indicated that far successful recycle of enzymes to 
occur the percent hydrolysis of cellulose must be at a high enough 
level so that little cellulose renains in the residua] mixture to 
adsorb the cellulase enzymes. The high conversion of cellulose to 
sugars will require more research into the mode of action of the 
cellulase enzymes and into the pretreatment process so that more 
cellulose is accessible to the cellulase enzymes.

Although the recycle of enzymes is an economically attractive 
process our results have shown that with the present technology 
this concept is not worthwhile. Another area of recycle which «nil 
also have an impact on the economic feasibility of the prooess is 
the recycle of the unhydrolyzed lignocellulosic residue. Since the 
complete hydrolysis of the cellulose appears to be unrealistic with 
our present technology we have investigated the possibility of using 
the unhydrolyzed portion of the cellulose as the growth substrate for 
the production of cellulase systons.



It was hoped the recalcitrant nature of the cellulose remaining 
after cellulose hydrolysis might cause the production of a more active 
enzyme since the physical characteristics of the cellulose substrate 
is believed to influence the enzyme profile produced (14). The 
recalcitrant cellulose was produced by performing a CHF process an 
Solka Floe and using the residual cellulose/yeast mixture as the 
substrate for the growth of the fungus T. harzianum E58. The results 
are presented in Table 11. The media for the Solka Floe controls 
contained either peptone or yeast extract as the production of 
enzymes may have been influenced by the yeast biomass contained in the 
cellulose residue from the CHF process. Previous results (12) have 
indicated that the presence of yeast extract is inhibitory to the 
action of the enzymes. The addition of yeast extract to the Solka 
Floe control did not appreciably affect the production of the 
oellulase enzymes. When spent cellulose was used as the growth 
substrate higher levels of the oellulase enzymes could be found in 
the culture filtrate.

The hydrolytic activity of the produced culture filtrates 
described in the previous table were assayed (Table 12). The culture 
filtrate originating frem the growth of the fungus, an the spent 
cellulose vas marginally better than the culture filtrate derived 
from the control cellulose. These results are very encouraging 
as they offer another avenue for the reduction of the costs involved 
in the enzyme production step.

DISCUSSION

The recovery of cellulolytic enzymes derived from the fungus 
T. harzianum E58 from the hydrolysis mixtures containing ligno- 
oellulosic material was less than 20%. This lo* value has also 
been reported by Puls (15) who used steamed birchwood as the substrate 
and cellula.se enzymes derived from T. reeaei. The ranoval of the 
lignin oerpanent prior to the hydrolysis step did not inprove the 
poor recovery of the enzymes. Although lignin vas shown not to 
adsorb the cellulolytic enzymes the presence of this material in the 
starting substrate did influence adsorption. The lack of enzyme 
adsorption onto lignin is contradictory to results obtained by 
KLyosov (personal oonmunication). The difference in the results 
could be explained by a difference in scale of the experimental 
procedure. The adsorption procedure reported here was designed to 
test the effect of lignin in a system similar to the CHF process.
The ratio of lignin to enzymes was 15 IU of filter paper activity 
per gram of lignin. At this level adsorption could not be detected. 
The research protocol used by other workers used enzyme levels 20 
times lower than ours which may explain the difference in the results.

The combination of the lignin and cellulose was found to hove a 
strong adsorptive effect on the oellulase enzymes. In fact this 
combination adsorbed the 8-glucosidase ccrponent of the œllulase 
system whereas commercial cellulose alone did not adsorb this 
fraction. This result indicates that the phenomenon we observed was 
not solely due to adsorption and that inhibition of the enzyme activity 
nay have played a role.



Flan this data it was apparent that the benefit of recycling 
cellulolytic enzymes will primarily depend on the achievement of high 
levels of hydrolysis. The complete hydrolysis of cellulose win 
require more research into the mode of action of the cellulase complex 
and the pretreatment of the lignooellulosic residue.

An alternative form of recycle which may offer some reductions in 
the overall cost of the production of the cellulase enzymes is the 
reuse of the recalcitrant cellulose remaining after the hydrolysis 
process. This approach was found to be feasible with the oaimercial 
cellulose Solka Floe. Future research will now focus on applying 
this concept to the lignooellulosic residues remaining in the fermenter.
Acknowledgement

A large part of the research presented was funded by the Department 
of Energy Mines and Resources Canada.

REFERENCES CITED

1. Wilke C.R., Yan R.D. and von Stockai; U. "Preliminary cost analysis 
for enzymatic hydrolysis of newprint" Biotechnol. Bioeng. Syitp.
6, 155-175 (1976) ----------  -----  ““

2. Isaacs S.H. "Ethanol production by enzymatic hydrolysis, parametric 
analysis of a base case process". SERI/TR-231-2093 Golden Colorado, 
Solar Ehergy Research Institute (1984).

3. Lowry, O.H., Rosebrough N.J., Farr A.L., and Randall R.J. "Protein
measurement with the Folin phenol reagent". 'J. Biol. Chem. 193, 
265-275 (1951) -------------  ---

4. Miller, G.L. "Use of dinitrosalicylic reagent for the 
determination of reducing sugars". Anal. Chem. 31, 426-428 (1959)

5. Raabo E. and Terkildsen T.C. "Cn the determination of blood
glucose". Scand. Clin. Tab. Invest. 12, 402-406 (1960)

6. Adanan R.G. "Porous polymer bead packings and formic acid vapour 
in the GLC of volatile fatty acids". J. Chromatogr. Sci. 10,
560-565 (1972) —

7. Koehler L.H. "Differentiation of carbohydrates by anthrone
reaction rate and color intensity". Biotechnol. Bioeng. Symp. 6, 
21-33 (1976) ----------------- ---

8. Maadels M,, Andreotti T. and Roche C. "Measurement of
saccharifying cellulose". Biotechnol. Bioeng. Symp. 6» 21-33
(1976) ----------------- ----

9. Mes-Hartree M., Hogan C.M. and Saddler J.N. "The enzymatic 
hydrolysis and fermentation of agricultural residues to ethanol". 
Biotechnol. Bioeng. Synp. 14, 397-405 (1984)



10. Hogan C.M., Mes-Hartree M. and Saddler J.N. "Effect of ethanol an 
the cellulase and xylanase systems of Trichodernra harzianum E58". 
Proceedings of the Third European Congress on Biotechnology. 
Munich, West Germany pp 11^395 a-d (1984)

11. M.V. and Eriksson K.E. "Reutilization of enzymes from 
saccharification of lignocellulosic materials". Bizyme Microb. 
Technol. 338-340 (1984)

12. Klyosov A. personal oamnunicatians
13. Bifor report for project C-181. Forintek Canada Corp. authors. 

"Conversion of cellulose to ethanol vising a two-stage process".
DSS contract OSS83-00027 (1984)

14. Puls J., Poutanen K., Komer H-U and Viikari L. "Biotechnical 
utilization of wood carbohydrates after the steaming pretreatment" 
Appl. Microbiol. Biotechnol. 22, 416-423 (1985)



Table 1. Canadian market information for ethanol, butanol and 1,3 
butadiene

Chemical Bulk Domestic Domestic
Price Supply (Kt). 

1984 1988e-1
Demand
1984

(Kt)
1988e

Ethanol $.57/litre 64 65 36 41
n-butanol $ .8 5 A g 8.2 9 5.2 5.5
1,3 butadiene $.40/lb 165 172.5 155 172.5

supply and demand



Table 2. The combined hydrolysis and fermentation (CHF) of a 5% 
concentration of ccrmercial cellulose using the enzyme 
system derived from the growth of T. harzianun E58

Hydrolysis
Conditions

% hydrolysis of cellulose 
to reducing sugars to glucose

Hydrolysis alone1 52.8 45.5
CHF-Flasks 67.3 58.4
CHF-Fermentor 67.5 59.5

The cellulase enzymes were used at 15 IU of filter paper activity 
per gram cellulose

1The hydrolysis only system means hydrolysis was performed at 45°C 
for 48 hours and no fermentative organism was added to the system. 
The flasks and fermenters were both combined hydrolysis and 
fermentation systems which were performed at 37 °C.



Table 3. The percent of the original enzyme activities which was 
measured in the culture filtrate after the CHF of 5% 
commercial cellulose

Hydrolysis
conditions

% activity remaining in filtrate
endoglucanase 8-gluoosidase filter paper

Bizyme alone1 72.4 96.2 97.0
CHF-Flasks 58.5 116 65.8
CHF-Fermentor 49.0 101 61.3

1To assay for the stability of the enzymes, they vere treated under 
identical corditions as the CHF vials in the absence of substrate

Table 4. The hydrolytic activity of the culture filtrates derived 
from the CHF of 5% cellulose

Hydrolysis1 Bizyme Residual
% of original hydrolysisconditions Loading CHF Products

IU/gr Red. Ethanol 
Sugars
mg/mL mgAnL

Red. Sugars Glucose

Initial 15 100 100
Ehzyme alone 11.4 - - 86.3 81.6
CHF-Flasks 7.8 3.7 9.2 51.6 49.2
CHF-Fermentors 6.9 3.0 9.4 50.9 46.4

I
The culture filtrates from the three systems were added to a 5% 
cellulose slurry. For this assay one gram of Solka Floe vas mixed 
with 5 mLs of buffer and 15 mis of culture filtrate. Since the 
culture filtrate taken fran the CHF systans contained both residual 
reducing sugars and ethanol these products were added to the test 
hydrolysis.

13



Table 5. Chemical ocrpositian of steam treated væter extracted 
aspenwood (SEA-WI) before and after the CHF process

Substrate Hexosan Lignin Dry Weight
% % g* ---------------------

original SEA-WI 66.9 31.2 80

after CHF 36.9 52.7 47.4

Ite dry weight of the residue included the dry weight of the yeast 
bianass. Based on the nitrogen content of the residue this amounted 
to 19% of the residue weight. The percent hexosan and lignin were

on the total dry weight of the residue. The percent cellulose 
hydrolysis was 72.9.

Table 6. Recovery of cellulase enzymes in the culture filtrate
following a CHF process of steam treated water extracted 
aspenwood (SEA-WI)

Enzyme activity IU/mL Protein
endoglucanase 6—glucosidase filter

paper
mg/mL

original activity 15.1 .76 0.75 0.86

recovered activity 1.9 0.39 0.12 0.17

)i

l
I

!

!
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Table 7. The hydrolytic activity of various proportions of recovered 
and fresh enzymes

% original/
recovered
activity

Ehzyme
endo
gluca
nase

profile IU/gr 
6-gluco- filter 
sidase paper

Hydrolysis 
Red. Sugars 

mg/foL

Products
Glucose
jvq/mL

0/100 30 6.0 2.0 5.7 3.1
20/80 94.8 7.9 4.6 16.0 11.3
40/60 212 13.0 9.6 21.0 15.6
60/40 299.2 15.6 13.0 25.2 19.3
80/20 385.6 18.0 16.5 27.9 22.1
100/0 472.0 20.6 20.0 30.8 25.4

The original culture filtrate had an enzyme activity of 23.6 IU 
endoglucanase, 1.03 IU of B-gluoosidase and 1.00 IU of filter 
paper activity. The hydrolysis was performed at 5% cellulose 
concentration for 48 hours at 45°C.

^Qizyme profile given as IU/gr substrate



Table 8. The adsorption of cellulolytic enzymes to various lignin 
samples and to pretreated lignocellulosic substrates

Substrate _____% enzyme remaining in filtrate_______ % protein
5%_________endoglucanase B-gluoosidase filter paper in filtrate

Solka Floe 30.5 117.0 32.0 34.8
SEA-WI 11.8 67.7 13.8 26.7
Lignin A 
Lignin B

103.6 100.0 97.1 97.6
96.3 103.4 90.0 85.9

Lignin C 100.9 103.4 100.0 96.4
SEA-WI (enz) 66.7 85.0 56.4 67.9

SEA-WI: Steam treated aspenwood which vas heated at 240°C for 180 
seconds and then water extracted

Lignin A: derived from steamed aspenwood which was treated for 220
seconds at 240°C. The lignin vas solubilized with methanol, 
then filtered and reprecipitated with water. Approximately 
50% of the original lignin was recovered by this procedure

Lignin B: derived from aspenwood which was ball-milled for 2 weeks 
and then partitioned. This material was dissolved in 90% 
acetic acid to remove carbohydrate contaminants.

Lignin C: derived from steam treated aspenwood which was treated at 
240°C for 80 seconds. The lignin was extracted with 0.4% 
sodium hydroxide.

(enz) : The same SEA-WI sample as described above which was 
enzymatically hydrolyzed by a CHF process. The 
original cellulose content was 57% and after the CHF 
the cellulose content was between 3-10%.

SEA-WI



Table 9. The chemical composition of steam treated water and alkali 
extracted aspenwood (SEA-WAI) before and after enzymatic 
hydrolysisl

Substrate Hexosan Lignin Dry Weight
% % gr

original (SEA-WAI) 90.0 8.2 80
after hydrolysis 61.6 17.2 38.3

Title dry weight of the residue including the dry weight of the yeast 
bicmass. Based cn the nitrogen content of the residue this arrounted 
to 19% of the residue weight. The percent hexosan and lignin were 
based on the total dry weight of the residue. The percent 
cellulose hydrolysis was 67.2

Ehzymatic hydrolysis vas acccmplished by a Œ F  process which is 
described in Materials and Methods.

Table 10. Recovery of oellulase enzymes in the culture filtrate
following a CHF process of steam treated water and alkal i 
insoluble aspenwood (SEA-WAI)

Culture
Filtrate

Before
CHF

After
CHF

Bizyme activity IU/mL
Ehdoglucanase 14.6 1.6
6-gluoosidase 0.83 0.16
Filter paper 0.75 0.09
Protein mg/feL 0.96 0.10
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Sibstrate Nitrogen Enzyme activity of filtrate IU^nL Protein
(1%) Suppl. Ehdoglucanase 6-glunosi- Filter vq/mL

___________ (0»1%) dase______pap^r___________
SoUca floe BP 20.6 0.92 1.26 1.28YE 19.0 0.78 1.14 1.22
Spent SF3 HP* 34.3 1.26 1.99 1.9528.4 0.98 1.47 1.59

^P: Bacto peptone 
YE: yeast extract

'-:Fron the nitrogen determination of the cellulose there was 0.23% 
yeast biomass present

Spent SF was the residual cellulose remaining after a CHF of 5% 
Solfca Floe. The percent hydrolysis was 76%. The cellulose was 

following the CHF process and the nitrogen content was 
measured.

Table 12. Hydrolytic activity of the culture filtrates described in 
Table 10

Culture filtrate percent hydrolysis of SoUca floe to 
_________________  Reducing sugars____________Glucose
Solka Floe (HP) 55.4 40.8SoUca Floe (YE) 53.8 39.6Spent SF (HP) 56.9 43.4Spent SF {-) 53.7 40.6

Hydrolysis vas performed on 5% SoUca Floe with 15 mis of culture 
filtrate per gram of cellulose. The incubation timp was 48 hours.
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Figure 1. Process options which are being considered in the lirvaa-r 
program


