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PREFACE
This report presents the significant results of the work 

performed in the first two years of the project entitled 

"Combined hydrolysis and fermentation of lignocellulosic 

residues", generously financed by Energy Mines and Resources 

Canada.

The project goal was to develop an integrated process for the 

conversion of aspenwood to liquid fuels such as ethanol, butanol 

or butanediol. The process was based on the enzymatic hydrolysis 

of the wood cellulose and the subsequent fermentation of the sugar 

to liquid fuels. The project will provide the necessary technical 

data to design a process and allow a cost analysis of the 

process. This study will advance the knowledge base in the 

bioconversion field and provide much needed data for the eventual 

commercialization of the process.

The work described in this report was performed during the fiscal 

years 85/86 and 86/87. The report is divided into two volumes.

The first volume is intended for an audience interested in the 

commercialization of this work and describes the process 

integration and cost analysis study. The second volume contains 

the technical data generated by the research and would be of 

interest to researchers working in the bioenergy field.
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ABSTRACT

The report focuses on the development of a process for the 

conversion of aspenwood to ethanol, butanol or butanediol. The 

conversion process was based on steam pretreatment of aspenwood 

followed by enzymatic hydrolysis of the cellulose and 

hemicellulose polymers and subsequent fermentation of the 

liberated sugars to liquid fuels.

The technical data needed for the process design was developed 

based on the steaming conditions of 240°C for 80 seconds. The 

process design and cost analysis was performed using a Lotus 123 

spreadsheet so that the impact of process modifications could 

easily be calculated. A cost comparison of alternative 

pretreatments revealed that the use of acid impregnation prior to 

steaming decreased the cost. This pretreatment modification 

should be further investigated.

After steaming the aspenwood chips were water extracted to remove 

soluble hemicellulose material. The hemicellulose was hydrolyzed 

to monomeric sugars but these could not readily be fermented 

because of the presence of fermentation inhibitors in the water- 

soluble material. These inhibitors could not easily be removed 

and posed a major problem in the design of this process.

The insoluble residue was used for enzyme production and 

hydrolysis to glucose followed by fermentation to glucose.

High percentage of hydrolysis (78-85%) were achieved with this 

material. The need to divert some of the incoming feedstock to 

enzyme production reduced the glucose yield attainable from this

iv
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residue. Recycle of the unhydrolyzed cellulose portion as a

feedstock for enzyme production was identified as a way of 

increasing the glucose yield. This process modification could 

enhance the glucose yield by 20%.

Enzyme production yield had a major impact on the glucose yield. 

The protocol for enhancing enzyme production has been developed 

elsewhere and needs to be applied to the organism chosen for this 

process. This work is ongoing. Enzyme recycle was shown to be a 

beneficial modification of the process but some technical 

problems were encountered in implementing this modification. The 

solution to this technical problem is one of the objectives of 

next years work.
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EXECUTIVE SUMMARY

Canada's underutilized forest resource is a renewable resource

that can be used for the production of energy in the form of

liquid transportation fuels. The feasibility of commercial production

of liquid fuels from lignocellulosic residues was investigated,

using aspenwood, a major underutilized hardwood species. The

process was based on the enzymatic hydrolysis of the sugar

polymers in wood and the biological conversion of these sugars to

three liquid fuels; ethanol, butanol or butanediol. The

biological conversion of aspenwood to fuels is a new technology

and still requires research and development to make this a viable

industrial process.

The major goal of this project was the development of a 

technically feasible process that would economically produce 

liquid fuels from aspenwood. Our research, funded under the 

Enfor programme had established some of the technical parameters 

used in this project. The data from this research was used 

to establish base case conditions for the process and to design 

the process. The process has five steps: steam pretreatment of

aspenwood chips, water and alkali extraction of the steamed 

aspenwood chips, cellulase and hemice 1lui ase enzyme production, 

hydrolysis of wood cellulose and hemice 11ulose to glucose and 

xylose sugars and finally, fermentation of these sugars to 

ethanol, butanol or butanediol. The bioconversion process is 

complex because it must integrate the five steps into one 

process. This project concerned itself mainly with technical
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aspects associated with the biological process steps (enzyme

production, hydrolysis and fermentation). The other process steps

were incorporated into the process design but the technical

research was performed under separate projects.

At the outset of the project, base case conditions and yield data 

were determined and these were used for process design and 

cost analysis. Process design, cost analysis and market 

evaluation of ethanol, butanol and butanediol formed the basis of 

the economic portion of the project. Process design and cost 

analysis was performed with the help of a Lotus 123 spreadsheet 

so that impact of future process modifications could easily be 

calculated.

Once base case conditions and yield data for enzyme production, 

enzymatic hydrolysis and fermentation stages had been determined, 

research was directed towards optimization of these three stages. 

Research direction for this work was guided by knowledge gained 

from the process design and cost analysis. The final objective 

of the project is to use the optimized process conditions for an 

integrated run through the process and thus obtain new yield 

data. This data will be fed into the process design spreadsheet 

and a new cost analysis generated.

The research in establishing a commercial process was performed at 

two levels, technical and economic. The majority of the economic 

data (process design and cost analysis) was funded by Forintek 

Canada while the technical research was funded by Energy Mines 

and Resources Canada.

x
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Steam pretreatment of aspenwood chips is the first step of the

process and affects all downstream processes. The severity of the

pretreament process influences the rate and extent of hydrolysis

of cellulose to glucose as well as the destruction of pentosan

material. The base case condition had to satisfy two criteria:

minimum pentosan destruction and maximum cellulose accessibility.

The chosen steaming condition was 240°c for 80 seconds. During

the course of the project the pretreatment step was studied by

other researchers. Pretreatment options studied in this related

project were subjected to a comparative cost analysis to ensure

that the steaming condition chosen for this project was ideal.

The cost comparative study indicated that acid impregnation prior

to steaming reduced process costs and this modification should be

further assessed.

Steamed aspenwood chips were water extracted to remove the 

soluble hemice 11ulose component of the aspenwood. This 

hemicellulose stream could be hydrolyzed to xylose but could not 

be fermented at greater than 2% xylose loadings. Water-soluble 

inhibitors were shown to be the cause of poor fermentability of 

the xylose derived from hemicellulose. These inhibitors had a 

major impact on the cost of the process.

The complete hydrolysis of cellulose to glucose was a major 

problem in this technology. Pretreatment of aspenwood chips prior 

to enzymatic hydrolysis can render them more amenable to the 

action of the enzymes. Two post-steaming treatments developed in 

a related project were subjected to the comparative cost

xi
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analysis. Hydrogen peroxide and ball milling enhanced the extent 

of hydrolysis of the cellulose to glucose. Both post-steaming 

treatments increased the cost substantially. A major contibutor 

to the cost of the hydrogen peroxide treatment was the residence 

time and the concentration of the catalyst. Preliminary results 

have indicated that the cost of both of these parameters can be 

reduced and a recosting of the hydrogen peroxide post-steaming 

treatment is in order before this modification is abandoned.

Insoluble material remaining after water and alkali extraction 

contained the majority of the wood cellulose and was used for 

enzyme production and for hydrolysis to glucose. Because the wood 

residue was the feestock for both processes, the yields obtained 

in the enzyme production stage impact on the glucose yields 

which could be obtained from the water— and alka1i—insoluble 

material. The process flow sheet identified enzyme production 

yields as an important parameter affecting final glucose yield 

which in turn affected final ethanol yields. Production of 

enzymes using an alternative feedstock such as lactose from 

cheese whey was investigated but this was found to result in 

lower enzyme yields and was not a feasible approach.

Enzyme production yields were too low for an economically 

feasible process and optimization of this stage was a top 

priority. This work is in progress. The protocol used for 

enhancing enzyme production has been developed for another 

fungus, Trichoderma reesei. The same protocol can be applied to 

the fungus used in this study, Trichoderma harzianum. The

xii
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conditions for the fungus and using fed-batch addition of 

feedstock to attain high enzyme titers. Preliminary data 

indicated that this approach would be successful with the fungus 

used for this study.

Enzymatic hydrolysis of cellulose to glucose is the crux of the 

process and the rate-limiting step. The major limitation to the 

complete hydrolysis of cellulose at a fast rate was the structure 

of the cellulose. As hydrolysis proceeds, the cellulose structure 

changed and it became more recalcitrant to the action of the 

enzymes. For an economically feasible process the solids 

loading must be high with the residence time and enzyme loading 

low. The optimum enzyme loading based on glucose yield was 50 

FPU/g substrate and high substrate loading would have to be 

achieved with fed-batch addition of the feedstock to the 

hydrolysis reactor.

Enzyme-related costs are high and the recycle of enzymes was 

beneficial to both process costs and glucose yields. Our initital 

study of enzyme recycle indicated that under the process 

conditions used, enzyme recycle was not technically feasible.

The process flow analysis indicated that the recycle of the spent 

cellulose from the hydrolysis reactor to the enzyme production 

stage had a significant impact on the glucose yield attainable 

from the incoming feedstock. Preliminary results indicated that 

using unhydrolyzed cellulose as the feedstock for enzyme 

production was an attractive option. The presence of the lignin

xj.ii
V m Forintek



rin the hydrolysis residue may, however cause considerable 

problems in implementing this process modification.

The technical data generated during the project was used to 

establish the process flowsheet and cost analysis. Cost analysis 

performed by other groups have had to rely on incomplete data 

furnished by several independent groups. The lack of integration 

of the total process meant that these process designs and cost 

analyses were based on several assumptions concerning the 

technical portion of the process. The procès design and cost 

analysis performed in this project are based on actual data 

obtained from integration of the five steps.

The commercial implementation of this process is still several 

years away. The complexity of the process under investigation 

requires that this process be thouroughly tested at a small scale 

before any consideration is given to scale up. The technical 

and engineering data do not at this point warrant 

commercialization but should be tested at a small scale.

Based on the preliminary process flow analysis, the following 

research and milestones should be addressed.

1- Using the research protocol already developed, increase 

enzyme production yields to 260 IU/ g substrate. This yield must 

be achieved from a substrate concentration greater than 4%.

2- Establish conditions required for recycle of spent cellulose 

from hydrolysis stage to enzyme production stage. This process 

modification could increase the glucose yield by 20%.

xiv
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3- Identify means of fermenting hemicellulose hydrolyzates, 

either by selective removal of inhibitors from pentose sugars or 

by adapting fermentative microorganisms for increased tolerance 

to inhibitory compounds

4- Establish conditions to achieve 80% hydrolysis of cellulose to 

glucose at a 16% substrate concentration. This will probably 

require a fed -batch mode of feedstock addition

5- Reexamine recovery of enzymes after hydrolysis. The base case 

enzyme recovery was 20% and this should be increased to 60%.

6- Employ fermentative microorganisms with 6-glucosidase activity 

as the fermentative organism for the combined hydrolysis and 

fermentation of cellulose. This modification would reduce the 

requirement for fungal enzymes and reduce enzyme-related costs.
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CHAPTER 1

HYDROLYSIS OF STEAMED ASPENWOOD (SEA-HI)
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The water insoluble fraction of steamed wood contains cellulose, 

lignin and minor amounts of hem ice 11ulose. Hydrolysis of 

the cellulose portion in the water insoluble material was 

accomplished with cellulase enzymes. The pretreatment condition 

used to obtain the water insoluble material has a pronounced 

effect on the ability of the cellulase enzymes to effect complete 

hydrolysis. The base case pretreatment condition for the process 

was set steam at 24 0°c for 80 seconds. This material was 

then water extracted (SEA-WI) or water and alkali extracted (SEA- 

WAI) and used as a substrate for enzymatic hydrolysis to glucose.

Concepts in cellulose pretreatment for enzymatic hydrolysis are 

still being developed. Cellulose is a heterogeneous porous 

material, whose rate of hydrolysis is governed by the number of 

glycosidic bond sites that are accessible to the rather large 

cellulase complex. An effective pretreatment increases the number 

of available sites for the cellulase action and promotes the 

complete hydrolysis of the substrate. The effectiveness of a 

pretreatment method should not be judged by the initial rate of 

hydrolysis, because the cellulose hydrolyzed in the early stages 

of the reaction may differ substantially from the majority of the 

cellulose.

The proposed mechanism of cellulose hydrolysis is by the 

synergistic action of a multiple enzyme complex comprised of 

endoglucanase, exoglucanase and 8-glucosidase (Reese, 1976). In 
essence, cellulose hydrolysis consists of an enzyme complex
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which is poorly understood, acting on a heterogenous solid 

substrate, that is also poorly understood. This combination has 

made it difficult to elucidate the mechanism of cellulose 

hydrolysis.

The initial rate of cellulose hydrolysis is rapid but declines 

drastically after approximately eight hours. Maintenance of 

the initial rapid rate throughout hydrolysis would have a major 

impact on the economics of the process by reducing retention 

time in cellulose hydrolysis reactors. A decrease in hydrolysis 

rate must be related either to the enzyme or tothesubstrate. 

Enzyme-related factors involve such things as thermal stability, 

adsorption of enzyme onto cellulose and end- product inhibition. 

Substrate-related factors involve accessibility of the substrate, 

crystallinity, available surface area and changes in structure 

which occur during hydrolysis. The relative importance of these 

factors on decrease in hydrolysis were investigated with the aim 

of understanding the underlying mechanisms.

Hydrolysis of cellulose can be coupled with fermentation in a 

process known as CHF (combined hydrolysis and fermentation) 

(Takagi et aj.*/ 1977, Saddler et aj.*, 1982). The main advantage

of the CHF process is the continual removal of glucose, an end- 

product inhibitor of the cellulase complex. Since Saccharom yces 

cerevisiae is unable to ferment pentose sugars, the steamed 

aspenwood was water-extracted and the soluble portion streamed 

for alternate use. The bacterium Klebsiella pneum oniae can 

utilize both hemicellulose sugars and cellulose sugars, and would

V
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be an ideal organism for conversion of unextracted steamed wood 

to butanediol. This process option was investigated because it 

would simplify the process. The major problem anticipated with 

this process modification is the presence of inhibitory material 

present in steamed wood.

In steam pretreatment, water-soluble inhibitors are formed that 

severely restrict the ability of fermentative organisms to 

utilize the available sugars (Saddler ^t a_l., 1983). The steamed 

material is generally water extracted, a step, that removes 

inhibitors and the soluble hem ice 11ulose stream. This inhibitory 

material is present in unextracted steamed material but at a 

reduced level.

The temperature at which a CHF is performed is a compromise 

between the optimum temperature for hydrolysis and the highest 

temperature tolerated for fermentation. Hydrolysis is generally 

performed at 45°C whereas the fermentation optimum is 30°C. The 

possibility of raising the fermentation temperature was 

investigated.

One of the major costs of enzymatic hydrolysis of cellulose is 

the high cost of the cellulase enzymes. One avenue which has been 

suggested as a means of lowering enzyme component costs is 

recovery and recyle of cellulases. Isaacs (1984) has 

indicated that recycle of 60% of the cellulase complex would have 

a major impact on process economics. Little research has been 

performed on technical problems or the feasibility of these 

levels of recycle in a process which uses pretreated wood as its
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METHODS

Microorganisms

The fungus, Trichoderma harzianum E58 was originally isolated 

from a lumber yard in Ontario.

The following strains were used in the various fermentation 

studies: Klebsiella pneum oniae ATCC 8724, Saccharom yces 

cerevisiae C495 (NRCC 202001) and Clostridium acetobutylicum ATCC 

824. The media used for the various organisms are described in 

Appendix 1.

Inocula preparation 

Unwashed :

Inocula were grown in appropriate growth media containing 1% 

(w/v) glucose or xylose for 24 to 48 hours at 28 or 37°C and 

used directly to inoculate fermentation media at 5% (v/v) . 

Washed :

Inocula were grown as above then washed once in an equal 

volume of 0.05 M sodium acetate buffer, pH 6.5 (for 

bacteria) or pH 5.0 (for yeasts). After washing, the cells 

were resuspended in the fermentation medium such that the 

final inoculum was 5% (v/v).

Normal :

Inocula from stock culture slant (or Reinforced Clostridial 

Medium Medium (BBL) culture for C^ acetobutylicum) grown in 

appropriate growth medium containing 1% sugar for 24 to 48 h 
at 37°C .

6
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Acclimatized :

Inocula acclimatized to higher sugar levels were prepared by 

24 hour serial transfers from 1-5-10-15 % glucose or xylose. 

The cultures acclimatized to 15% (w/v) sugar were then

frozen and stored at -20°C until needed. In some cases the 

thawed cultures were used directly as inocula, however in 

most cases the thawed cultures were resuspended in fresh 

media containing 15% (w/v) sugar and incubated for 24 h at 

37°C.

Incubation of the inocula was carried out in a gyrotory 

shaker/incubator at 150 rpm, except for acetobutylicum which 

was not agitated.

Cellulase Production

Spores maintained on potato dextrose agar slants at 4°C were 

used to inoculate shake flasks (300 mL, 100 mL working volume) 

containing Vogel's medium (M ontenecourt and Eveleigh, 1977) and 

glucose as the carbon source. Each flask was inoculated with a 

spore suspension to give a final concentration of 1 x 106 

spores/mL of the medium. The flasks were incubated for two days 

at 2 8° c with shaking (110 rpm) then the culture was centrifuged 

at 10,000 rpm for 40 minutes. Each pellet was resuspended in 100 

mL of distilled water, and used as the inoculum. Enzyme 

production was carried out in shake flasks ( 5 0 0 mL, 150 mL 

working volume), or in a 30-L New Brunswick microferm fermentor, 

containing Vogel's medium and 1% Solka Floe BW300 as the carbon 

source. The mycelial suspension was added to give a final 

concentration of 0.3 - 0.6 mg biomass (dry weight)/mL medium.

V
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The fermentation vessels were incubated at 28°c, 110 rpm and

harvested after peak activity had been reached. The culture 

filtrate was collected by filtration through Whatman glass 

microfiber filters.

The fermentor-grown culture filtrates were concentrated by 

ultrafiltration using the Millipore Pellicon Cassette system 

fitted with a polysulfone membrane with a molecular weight 

exclusion limit of 10,000 daltons. The retentate was freeze- 

dried to produce a free-flowing powder which was stored 

at 4°C until use. No loss in cellulase activity was noted after 

one year storage under these conditions.

For the fermentation studies involving pneumoniae, the enzyme 

retentate was adjusted to pH 6.5 prior to use.

In some cases a commercial enzyme preparation consisting of 

Celluclast cellulase and Novozyme g-glucosidase (Novo Industri 

A/S, Denmark) was used.

Purified Exoglucanase and g-glucosidase

The purified exoglucanases and 8-glucosidase used in this study 

were kindly donated by Dr. L.U.L. Tan. The cellulase activities 

were fractionated by the method of Tan et al., (1986, 1987).

V.
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Substrates

Avicel pH 101 (FMC Corp., PA, USA) is a microcrystalline 

cellulose derived from fibrous plants. It is a particulate, 

free-flowing powder.

CF 1 1 Cellulose Powder (Whatman medium length fiber)

S°1 Floe AS1040 (Brown and Co., NH, USA) was made from purified 

cotton linters.

Solha Floe BW3 0 0 (Brown and Co., NH, USA) is manufactured from 

ball-milled sulfite wood pulp; average fiber length of 22 m. It 

was used as the standard cellulose substrate for cellulase 

production, hydrolysis, adsorption and fermentation studies.

Solka Floe BW 3 0 0 (General Filtration, Division of Lee Chemicals 

Ltd., Toronto, Ont., Canada) is manufactured from ball-milled 

sulfite wood pulp; average fiber length of 22 m.

Eolka Fĵ o c _£ W 4__0̂ (Brown and Co., NH, USA) was made from hammer- 

milled wood pulp and was a fibrous grade of cellulose.

Xylan from oat spelts was obtained from the Sigma Chemical Co., 

St. Louis Mo.

Steamed aspenw ood samples

SEA- Aspenwood chips were steamed at 240°c for 80 seconds

using a high pressure gun.

SEA-WI - Above fraction which was extracted at room temperature 

for two hours at a 5% slurry concentration.

9
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SEA-WAI- Above fractions were further extracted for 1 hour with

0.4% NaOH, washed throughly with water, mildly acidified 

with dilute B^SO^ and again washed until the

samples were neutral.

Assays

Soluble protein was determined after precipitation with 7% TCA by 

the method of Lowry e_t ^1. (1951), using bovine serum albumin

(Sigma Chemicals) as a standard. Total reducing sugars were

(Miller, 1959). Glucose was estimated colorimetrically by the 

glucostat enzyme assay (Raabo and Terkildsen, 1950). Pentose was 

determined by the p-bromoanaline method (Deschatelets and Yu,

1986 ) .

All solvents were determined by gas-liquid chromatography using a 

6 ft x 1/8 in. Chromosorb 101 column with flame ionization 

detector. The detector was kept at 250°C and the column oven at 

l8(Pc, with the injector port at 2 0 0°C. Helium which was 

saturated with formic acid (Ackman, 1972) was used as the carrier 

gas at a flow rate of 30 mL/min.

Hexosans were assayed by a modified anthrone method (Koelher,

952 ) in which the contribution of the pentosan to the color was 

minimized and corrected. Lignin was determined by the Klason 

method TAPPI standard T222-OS-75.

measured colorimetrically using the acid reagent

10
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Enzyme assays

the dilution range where approximately 0.3-0.6 mg/mL of reducing 

sugars were detected at the end of the assay thus the absorbance 

at 575 nm was measured in the range of 0.4 - 0.8.

Endoglucanase activity [1,4-B-D-glucan-4-glucanohydrolase, EC 

3.2.1.4] was determined by incubating 1 mL enzyme solution with 

10 mg carboxymethy1 cellulose (Sigma ; medium viscosity, D.P. 

1100, D.S. 0.7) in 1 mL 0.05 M citrate buffer, pH 4.8, at 5 0° C 

for 30 minutes. The reaction was terminated by addition of 3 mL 

dinitrosa1icy1ic acid reagent. The tubes were placed in a 

boiling water bath for 15 min then cooled to room temperature and 

the absorbance read at 575 nm.

The different cellulase activities were measured using the method

of Handels e_t _̂1. (1976). Enzyme unit values were calculated in

Filter paper degrading activity determines the "complete 

cellulase" (endocellulase and exocellulase) system. Filter paper 

activity was measured by the method of Mandels et a1. (1976 ).

One mL of enzyme suspension was added to 1 mL 0.05 M citrate 

buffer, pH 4.8, containing a 1 cm x 6 cm strip (50 mg) Whatman 

No. 1 filter paper. After incubation for 1 h at 5 0°C the 

reaction was terminated by the addition of 3 mL dinitrosa 1icy1ic 

acid reagent.

6-glucosidase activity [EC 3.2.1.21] was determined by incubating 

1 mL of enzyme suspension with 10 mg salicin (Sigma) in 1 mL 0.05 

M citrate buffer, pH 4.8, at 50 C for 30 min. The procedure

e Forintek
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followed was the same as for the endoglucanase assay

One unit of endoglucanase, filter paper and 8-glucosidase 

activity was defined as 1 Umol glucose equivalents released per 

min .

Effect of pH on Enzyme Activity

Three parts culture filtrate was combined with one part of 0.2 M 

citric acid sodium citrate buffer, pH range 3.0-6.2, or 

one part of 0.2 M citric acid Na2HP04 (Mcllvaine) buffer, 

pH range 2.6-7.6. The enzyme assays were performed 

using the same buffer.

Saccharification Studies

The majority of the saccharification studies were carried out 

using Solka Floe BW300 as the standard substrate.

The substrate and buffer were added to the reaction flasks and 

autoclaved 15 minutes at 121°C prior to addition of the enzymes. 

The enzyme solutions were fi 11er-steri 1 ized through a 0.45 /im 

nylon membrane (Nalgene) to prevent microbial contamination, then 

aseptically added to the reaction flasks. Hydrolysis was 

carried out at 45°C, with an agitation speed of 140 

rpm. The systems were maintained at pH 4.8 using 0.05 M sodium 

acetate buffer.

% Conversion = reducing sugars (mg/ml) x 0.9 x 100

initial substrate concentration (mg/ml)

12
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Combined Hydrolysis and Ferm entation (CHF) Procedure

To ethanol
The conditions for the saccharification studies were modified 

slightly in the CHF to satisfy the fermentative requirements of 

the yeast. Serum vials containing 5% (1.0 g) Solka Floe BW300 and 

0.5% (0.1 g) yeast extract (Difco) in 5.0 mL of 0.05 M sodium 

acetate buffer, pH 4.8 , were flushed with N2, sealed with butyl

stoppers and aluminum caps, and autoclaved at 12l°C for 15 

minutes. The cellulases were dissolved in 0.05 M sodium acetate 

buffer, filter sterilized, and aseptically injected into the 

vials. A 5% (1.0 mL) inoculum of a 2 day old S_̂  cerevisiae 

culture containing approximately 106 cells/mL was added 

immediately after. The vials were incubated at 37°c/140 rpm for 

four days, with samples removed at the designated times. The 

contents of the flask were assayed for reducing sugars, glucose 

and ethanol production. The percent conversion based on the 

ethanol yield was calculated as follows:

% Conversion = Et OH (mg/ml) x 18 0 x _1_________
45.07 2 Biomass factor*

Cone, of initial substrate x 180
162

x 100

♦Biomass factor accounts for fraction of produced glucose which 

is used to fulfill energy requirements of the organism. It is 

based on ethanol production in a glucose-only control.

13 ForintekK Fonn
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To butanediol

Substrates were weighed and mixed with fermentation medium in 

Wheaton serum bottles. All samples were adjusted to pH 6.5 and 

autoclaved at 121 C for 15 minutes. Glacial acetic acid adjusted 

to pH 6.5 with KOH was added to bring the initial acetate 

concentration to 0.5%. Hydrolysis was initiated by the addition 

of cellulase concentrate and immediately inoculated with 

pneum oniae. The fermentations were incubated under finite air 

conditions with shaking at 150 rpm.

In some cases the CHF was performed in a 1.5 L fermentor with a 

1.0 L working volume.

Adsorption Studies

Routine M ethodology

The cellulosic substrates were suspended in 0.05 M sodium acetate 

buffer at pH 4.8 and left to stand overnight at 28°C to ensure 

complete water saturation of the substrate. The cellulase enzyme 

solution, at a temperature of 28°C, was added to the vials. 

Adsorption experiments were routinely carried out at 28°C, 150

rpm for 10 minutes, after which time the system was vacuum 

filtered for 15 seconds to remove the cellulose residue. Whatman 

934 AH glass microfiber filters were used instead of cellulose 

filters as they allowed complete recovery of the cellulases. 

Longer filtration time of up to one minute did not alter the 
amount, or activity of enzyme recovered from the system (Data not

Forintek
Canada
Corp.V
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shown). Controls for these experiments consisted of enzyme 

incubated without cellulose for 10 minutes under the same 

temperature, pH, and agitation conditions.

Enzyme adsorption could not be measured directly and was 

determined by difference. The supernatant was assayed to 

determine protein concentration and enzyme activity. Adsorbed 

protein and enzyme were calculated by substracting the recovered 

protein and enzyme in solution from the control.

Adsorption Studies : Ef feet of pH

Sodium hydroxide adjustment and the Clark-Lubbs buffer system 

were used to study the adsorption of the cellulases under various 

pH's. For the pH range of 4.0 - 6.0 the culture filtrate was 

adjusted to the desired pH and added to the substrate vials. The 

Clark and Lubbs (KH2PO4 - NaOH) system was used for studies 

ranging from 5.8 - 7.6. After filtration of the system to 

separate the adsorbed fraction from the unadsorbed enzymes, the 

filtrates were immediately adjusted back to pH 4.8.

Adsorption Studies: Effect o f temperature

The methodology outlined above was used with substrate vials and 

enzyme preparations preincubated at either 4, 28, 37, or 45°c

before mixing.

Determ ination of Crystallinity

The water-swollen cellulose was solvent exchanged in order to 

preserve its swollen state as closely as possible. Air drying

m Fonrrtek
Canada -
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results in collapse of the cellulose fibers, changing its 

structural characteristics. The expanded capillary structure is 

maintained if the water is replaced by a polar organic solvent, 

e.g.t methanol, which in turn, is replaced by a nonpolar organic 

solvent, e.g. benzene. When the nonpolar organic solvent is 

removed by drying, the water-swol1en nature of the cellulose 

remains largely intact (Fan e t a 1, 1980 ).

Accordingly, the water-swollen cellulose was recovered by vacuum 

filtration and immediately mixed with methanol to obtain a 5%

(w/v) slurry. The mixture was stored at 4°C for 24 hours, then 

the substrate was filtered. This methanol wash was repeated 

twice, then methanol was replaced with benzene using three 

consecutive soakings (24h) with fresh benzene. Samples were air 

dried for 48 hours prior to analysis to remove traces of the 

benzene.

Crystallinity Indexes

Crystallinity indexes were determined on a Norelco 

diffractometer, under the supervision of R. Hartree, Geology 

Dept. University of Ottawa, following the methodology of Segal t̂_ 

al. (1959).

The crystallinity was measured using the powder method of x-ray 

diffraction, and scanning for a range of 20 from 10° to 29°.

From the diffractograms the crystallinity indices (CrI) were 

determined by the following equation:

CrI = t(I002 - Iam )/ Io o 2 ] X 100

mForintek
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where Iq o 2 is the intensity of the 002 peak (at about 20 = 22°)/ 

and Iam the intensity at 20 = 18°. The Iq o 2 Peak corresponds

to the crystalline fraction and the Iam intensity to the 

amorphous fraction.

Manufacture of Amorphous Cellulose 

Acid-sw ollen Cellulose

In a 7L beaker, 30 g of Whatman cellulose powder was slowly 

added with mixing to 400 mL of cold, 85% phosphoric acid. The 

mixture was worked with a lab-made, stainless steel potato 

masher to a smooth consistency. The acid-swollen cellulose gel 

was maintained at 4°C for 2 hours in an ice-water bath, and 

stirred intermittently. Cold distilled water was added to the 

sample, with mixing, to disperse the gel. The system was vacuum 

filtered through a sintered glass filter of coarse porosity. The 

sample was tranferred to a 1500 mL beaker with lL of cold, 

distilled water and blended to form a suspension using a motor- 

driven, stainless steel stirring blade. This process was 

repeated until the washings were neutral. After the last wash 

the sample was vacuum filtered, lyophilized, and frozen until 

use.

Ba11-milling

A 40.0 g quantity of Solka Floe BW300 (Brown and Co.) was milled 

dry in a 5 liter laboratory porcelain jar following the modified 

procedure of Brownell (1968). Each jar was charged with 4.5 kg 

of small burundum grinding cylinders (1.25 cm. in diam., 1.25 cm. 

in length, 207 to the kg). The jars were rotated at 60 rpm for a
17



two week period

Spent Cellulose

Solka Floe BW300 was enzymatically hydrolyzed by harzianum E58 

cellulases over a four day period, with flasks removed at 0, 2,

4, 8, 12, 24, 48 and 96 hours. The flask contents were vacuum

filtered and the residual substrate collected. The adsorbed 

proteins were removed by a one-hour extraction with 0.1N NaOH.

The substrate was then sequentially extracted with methanol and 

benzene (See Methods: Determination of Crystallinity). After

drying, the substrate was stored in a dessicator until required.

V.
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RESULTS

1.0 Enzyme handling

1.1 Hydration of enzymes

The cellulase enzyme prepared in the large fermentor were 

routinely lyophilized for ease of storage and handling 

hydrated prior to use. Stability of enzyme solutions is known to 

he affected by pH and ionic strength of the solution (Hogan et 

al, 1984) therefore the effect hydration medium and length of 

hydration were determined (Table 1). The stability of the enzyme 

solutions were similar for both hydration media but the 

hydrolytic activity of the water hydrated enzymes was greater 

than the hydrolytic activity of the citrate hydrated enzymes.

This result confirmed our earlier observation that citrate buffer 

was detrimental to the hydrolytic activity of the cellulase 

enzymes (Forintek Canada Corp., 1984). The hydration was 

routinely performed at room temperature in water for one hour.

1.2 Effect of yeast on enzyme activity

Cellulase enzymes are highly glycosylated enzymes with a high 

carbohydrate content. A report in the literature (Alurralde and 

Ellenrieder, 1984) suggested that the removal of the carbohydrate 

moiety would substantially increase the hydrolytic activity of 

the enzyme. This paper suggested that the incubation of the 

cellulase proteins with a yeast results in increased activity 

presumably due to the removal of non covalently bound
19
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Table 1. Enzyme stability following rehydration in water in sodium acetate buffer

MO

Rehydration Incubation Enzyme Activity IU/mL Hydrolytic^Media Time (hrs) Endoglucanase 6-glucosidase Filter Paper Xylanase activity 
g glucose/L

Water 1 25.9 0.91 1.31 279
6 22.9 0.91 1.11 279
24 24.4 0.94 1.53 320
48 25.9 0.95 1.38 256 18.6

Buffer 1 25.5 0.91 1.15 279
6 22.9 0.91 1.07 273
24 27.4 1.02 1.62 261
48 25.1 1.39 1.20 278 14.2

The freeze dried powder was rehydrated on a dry weight basis of 2 mg/mL. The buffer 
system used was 0.05M sodium acetate. Rehydration was performed at room temperature with 
gentle agitation.

^Hydrolytic activity was determined on 5% Solka Floe at 45°C for 24 hours.
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carbohydrate. This experiment was performed using the cellulase 

proteins from T. harzianum and the yeast cerevisiae (Table 2).

The yeast did not appear to have any effect on the hydrolytic 

activity of the enzyme preparation. The data confirmed earlier 

observations with regard to inhibitory effects of both glucose and yeastj

extract on hydrolytic activity.

1.3 Assays of cellulolytic activity

industrial application of cellulase enzymes for cellulose 

hydrolysis will require a rapid, consistent assay to determine 

the minimum amount of enzyme that will bring about a required 

level of hydrolysis. The complexity of the cellulase system 

makes it difficult to assay its activity. Short-term assays 

rely on the ability of the cellulase preparation to solubilize 

model substrates. For overall enzyme activity, the model 

substrate is filter paper and the assay measures the amount of 

sugar released in an hour. Endoglucanase activity is 

measured by the release of sugar from carboxymethyl cellulose.

There is no simple assay for exoglucanase activity.

The filter paper assay is the most common assay used to 

quantitate the action of the entire cellulase complex. This assay 

is used by a multitude of laboratories. The filter paper assay 

should provide an estimation of the hydrolytic activity of an 

enzyme preparation. Crude filtrates were assayed for their 

hydrolytic efficiency on SEA-WAI. There was no correlation 
between the reducing sugars produced in 24 hours and the filter 

paper activity added per gram of substrate (Figure 1) There was
Forintek 
Canada 
Corp.
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Table 2. Effect of preincubation of cellulase with yeast S. cerevisiae "N

Preincubation Condition  ̂ Residual Enzyme Activity IU/mL Hydrolysis g/L
Glucose
5%±

Yeast Extract 
0.5% ±

Yeast 
1% +

Endoglucanase B-glucosidase Filter Paper Reducing
Sugars

Glucose

+ + + 22.7 1.16 1.01 22.4 18.0
- + + 23.4 1.15 1.03 27.3 22.6
- - + 22.0 1.14 1.02 29.8 26.2
- - - 21.6 1.16 0.93 29.7 25.6

Inoculated with yeast
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n.nx paper iu/a

Figure 1. Production of reducing sugars at various enzyme loadings 
(based on filter paper activity). Hydrolysis was 
performed at a 5% SEA-WAI at 45°C for 24 hours using 
enzymes derived from T\ harzianum E58
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also no correlation between the glucose produced and the enzyme 

loading (Figure 2). These results indicated that the filter paper 

assay was a poor assay for the determination of the minimum 

amount of enzyme needed for a required amount of hydrolysis.

The apparent filter paper activity of an enzyme preparation is 

dependent on the dilution at which the assay is performed 

(Canevascini and Gattlen, 1981; Lee, 1982). To avoid this 

dilution, identical hydrolysis were performed using 5% filter 

paper and comparing initial and long term hydrolysis with 5%

SEA-WAI. Reducing sugar and glucose produced in 24 hours from 

SEA-WAI showed poor correlation with sugars produced from filter 

paper in one hour (Figures 3 and 4). A good correlation was seen 

for glucose production in one hour versus 24 hour for the filter 

paper itself (Figure 5). This indicated that a short term assay 

could be used to predict long term hydrolysis but the assay 

substrate must be identical to the hydrolysis substrate for the 

assay to be meaningful.

SEA-WAI was tested as the substrate for both short-term assay and 

long-term hydrolysis and a correlation between reducing sugars 

and glucose produced was apparent (Figure 6 and 7). To determine 

if the correlation between short- and long-term hydrolysis 

production would extend beyond cellulase preparation derived 

from T^ harzianum E58, a commercial cellulase was examined. Novo 

celluclast, a cellulase preparation derived from T\ reesgi 

correlated well with results achieved with T̂ _ har zianum 

cellulases (Figures 8 and 9).
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Figure 2. Production of glucose at various enzyme loadings (based on 
filter paper activity). Hydrolysis was performed on 5% 
SEA-WAI at 45°C for 24 hours using enzymes derived from 
T. harzianum E58.
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Figure 3. Glucose production using cellulases derived frcm T. harzianum E58 
hydrolysis of 5% SEA-WAI as compared to glucose production from 
1 hour hydrolysis of 5% filter paper
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Figure 4. Reducing sugars production using cellulases derived 
from T. harzianum E58 from 24 hour hydrolysis of 5% 
SEA-WAI as compared to reducing sugar production from 
a 1 hour hydrolysis of 5% filter paper.
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Figure 5. Glucose produced from hydrolysis of 5% filter paper 
in 1 h vs 24 h. The cellulase preparation was 
derived from T. harzianum E58.
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Figure 6. Reducing sugars produced from hydrolysis of 5% SEA-WAI 
in 1 versus 24 hours. The cellulase preparation were 
derived from T. harzianum E58.
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Figure 7. Glucose produced from hydrolysis of 5% SEA-WAI in 1 
versus 24 hours. The cellulase preparations were 
derived from T. harzianum E58
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Figure 9. Glucose produced from hydrolysis of 5% SEA-WAI in 1 versus 
24 hours
□  - cellulase derived from T. harzianum E58 
®  - NOVO cellulase preparation
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Although short-term hydrolysis correlated well with long term 

hydrolysis when identical substrates were used, the results from 

this type of assay would be meaningless outside of each 

individual laboratory. For this reason filter paper activity 

was determined for comparative purposes, and hydrolysis assay 

was used to determine hydrolytic activity of an enzyme 

preparation against crystalline cellulose.

2.0 Hydrolysis parameters

In order for the enzymatic process to be optimized, the process 

parameters for the enzyme system must be defined. As the 

hydrolytic activity of the enzyme is dependent on the interaction 

of the enzyme components, the pH optima for the system acting on 

crystalline cellulose was determined. The pH of cellulase 

preparations were adjusted between pH 4.0 - 6.2, and incubated

with Solka Floe BW300 for 8 hours (Figure 10). Based on the 

maximum reducing sugars and glucose yields obtained, the optimum 

pH for hydrolysis was determined to be 4.8.

When enzymes are applied to long-term reactions, such as 

hydrolysis of crystalline cellulose, thermal inactivation becomes 

an important consideration. All the components of the cellulase 

complex have to retain their activity over fairly long periods, 

or else they become limiting factors in hydrolysis. The 

conditions employed for hydrolysis are not conducive to 

stability, i.e., high substrate and product concentrations, high 
temperature, long incubation, shear, mineral ions, proteases, the 

presence of foreign materials and cellulase adsorbents, including
33
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Figure 10. Effect of pH on the hydrolysis of 5% Solka
Floe BW300 to reducing sugars (•) and glucose (•) 
after 8 hours incubation at 45°C.
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cellulose and lignoce1lulose (Reese and Ryu 1980, Mandels and 

Reese 1965). The degree of cellulase deactivation by these 

assorted factors varies with the different cellulase 

components. The optimal temperature for enzyme activity must 

therefore be balanced against greater inactivation at higher 

temperatures.

To determine the optimal temperature for long-term hydrolysis the 

cellulases were incubated with cellulose at various temperatures, 

and sampled periodically to compare the extent of hydrolysis 

(Figure 11). Although higher temperatures resulted in initially 

higher sugar yields, as the incubation time increased the 

differences in hydrolysis for the different temperature 

decreased. For a 4 day incubation, 45 C appeared to be the best 

temperature based on its fast initial rate combined with its 

maintenance of high yields throughout the process.

Once the optimum temperature for hydrolysis was determined an 

investigation of enzyme stability under these conditions was 

performed. The effect of incubation on the enzyme system was 

examined first (Figure 12). The system was buffered, and agitated 

to duplicate the hydrolysis conditions but was incubated in the 

absence of substrate. The endoglucanase component appeared to be 

the most t h e r m a 1 - 1 a b i 1 e , losing 20% of its activity over a 4 day 

period. The preparation lost only 10-15% of the filter paper 

activity and B-glucosidase activities and 5% of the purified 

exoglucanase activity after 4 days.

The ability of the pre-incubated cellulases to hydrolyze
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Figure 11. Hydrolysis of 2% Solka Floe BW300 by 
Trichoderma harzianum E58 cellulases 
at 28 (— ), 37 (—  ) , 45 (• • ) or 50 
(— )°c  to reducing sugars and glucose.
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Figure 12. Thermal stability of the endoglucanase (❖), B-glucosidase 
(A), and filter paper (o) activities of Trichoderma 
harzianum E58 cellulases and purified exoglucanase (A ) 
activity after incubation at 45°C, 140 rpm.
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—cellulose was tested, in order to measure the effect of 

temperature on its hydrolytic efficiency. Samples of the enzyme 

removed at various times during incubation were used to hydrolyze 

crystalline cellulose (Figure 13). The residual enzyme, after 4 

days at 45°c, lost only 20% of its ability to degrade Solka Floe 

BW300 to glucose. Enzyme stability was not a major limitation in 

long term hydrolysis, but was a minor contributing factor to the 

decline in the hydrolysis.

3.0 Hydrolysis profile

Cellulose hydrolysis by cellulases is characterized by an initial 

rapid rate, which levels off quite drastically after about 8 

hours. The initial rate and the extent of hydrolysis is strongly 

dependent on the susceptibility of the substrate as well as 

composition and concentration of the cellulase system. The 

hydrolysis profile of T. harzianum E58 on Solka Floe BW300 was 

examined to establish the pattern of degradation. Two 

enzyme loadings were investigated and the effects on both the 

initial rate of hydrolysis and the extent of hydrolysis were 

compared.

The initial hydrolysis rates were rapid, but these rates declined 

as the hydrolysis proceeded (Figure 14). The initial rate of 

hydrolysis was higher with higher enzyme loading, as was the 

final glucose concentrations. After 8 hours of incubation there 

was a 48% increase in the rate of hydrolysis in the high enzyme 
loading as compared to the low enzyme loading. After 96 hours 

the high enzyme loading had a 16% increase over the low enzyme

V.
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Figure 13. Effect of thermal inactivation on the 
hydrolytic efficiency of cellulases 
pre-incubated for different lengths of 
time, to degrade 2% Solka Floe BW300 
to reducing sugars (•) and glucose (•) 
after 24 hours.
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Figure 14. Hydrolysis profile of 1% Solka Floe
BW300 incubated at 45°C with Trichoderma 
harzianum E58 cellulases at enzyme 
loadings of 50 (— ) or 10 ( —  ) F P U / g .
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loading.

Complete hydrolysis of the substrate was a prolonged process. 

Although hydrolysis decreased after 8 hours there was a steady 

increase throughout the 4 days of incubation for both enzyme 

loadings. The decline in hydrolytic rate, after 8 hours can be 

related either to the changes which are occurring either to the 

enzymes or to the substrate.

4.0 Limitations due to enzymes

The rate of hydrolysis may be limited by factors which are 

related to the enzyme preparation such as thermal inactivation, 

adsorption of the enzyme onto the solid substrate and end product 

inhibition. In the previous section, thermal inactivation was 

shown to be a factor limiting hydrolysis in that the enzyme lost 

20% of its hydrolytic activity over a 4 day period. This drop 

however was minor in comparison to the drop that occurred in the 

initial hydrolysis rate after 8 hours. Thus thermal stability 

appeared to play only a minor role in the hydrolysis profile.

4 . 1 Adsorption, substrate saturation

Contact between the enzyme and the insoluble substrate is 

essential for hydrolysis. The first step in a cellulose 

hydrolytic reaction is adsorption of the enzyme onto the surface 

of the substrate (Lee and Fan, 1982). Once adsorbed, the enzyme 

can hydrolyze the substrate. The substrate has only a given 

number of sites available for the enzyme to bind to, and

hydrolysis is initially limited by the amount of enzyme able to
41
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adsorb to the surface, or penetrate into the substrate. Since 

adsorption is the initial step in a hydrolysis it was important 

to determine if adsorption influenced the drop in the initial 

rate of hydrolysis.

The optimal conditions of pH and temperature for hydrolysis lie 

within the range for optimal adsorption of the cellulases 

(Forintek Canada Corp., 1985). Hydrolysis, however, can interfere 

with the assessment of cellulase adsorption. The adsorption 

studies were performed at 28°C to minimize any structural changes 

causfid by hydrolysis*

A critical problem in relating adsorption to hydrolysis is the 

difference in the nature of the processes. In adsorption one 

captures the substrate at a given moment in time and examines it; 

while in hydrolysis one is looking at a continual process.

In order to understand the role of initial adsorption of 

enzymes it was important to determine if enzymes originally 

adsorbed to unhydrolyzed substrate are mainly responsible for 

overall hydrolytic reaction.

The capacity of the model substrate Solka Floe to adsorb 

harzianum E58 cellulases was determined and compared to hydrolytic 

activity at a range of enzyme loadings (Figure 15). The amount 

of endoglucanase, filter paper activity and protein adsorption 

increased with added enzyme levels of up to 17 - 25 filter paper 

units (FPU), above which the amount of endoglucanase and filter 
paper adsorbed levelled off. In parallel to this, the hydrolysis of 

the substrate to reducing sugars and glucose increased up to 17

Forintek
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Figure 15. Relation between a) the amount of enzyme 

adsorbed onto Solka Floe BW300 and b) its 
hydrolysis to reducing sugars (o) and 
glucose (■)
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FPU above which the efficiency of conversion started to drop. 

These results suggested that the amount of enzyme initially 

adsorbed to the substrate influenced hydrolysis of that 

substrate. Additional enzyme did not increase the yield, and it 

appeared as though the adsorption process was controlling the 

overall rate of hydrolysis.

The role of cellulases initially adsorbed to the substrate in 

effecting hydrolysis was examined. T»_ h a r z i an um E58 cellulases 

were incubated at 4P c for one hour with Solka Floe BW300 to allow 

maximum adsorption. The system was vacuum filtered, the residue 

extensively washed to remove unadsorbed proteins, then 

lyophilized. Part of the residue was resuspended in buffer, the 

other portion supplemented with 8—glucosidase at levels 

corresponding to the original mixture. A control containing the 

original enzyme activity and substrate was also prepared. The 

various systems were incubated at 45°C, and assayed for reducing 

sugars and glucose over a 4 day period (Figure 16). The 

reducing sugars and glucose yields produced by the adsorbed 

cellulases alone were 50 and 25% respectively of the original 

preparation. As no grglucosidase was present in this hydrolysis 

mixture low sugar yields were probably due to end product 

inhibition.

V

Reducing sugars and glucose released by adsorbed cellulases 

supplemented with 6-glucosidase were roughly 90% of that produced 

by the control. This experiment established that the enzyme 

initially adsorbed to the substrate are primarily responsible for
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Figure 16. Hydrolysis of Solka Floe BW300 by adsorbed 
cellulases after removal of the unadsorbed 
protein remaining in solution: control (— ); 
supernatant removed and replaced with buffer
(-- ); supernatant removed, replaced with
buffer and supplemented with purified 
B-glucosidase (-— )
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hydrolysis. Thus initial adsorption of enzymes to substrate

played a large role in hydrolysis and saturation of the substrate 

with enzymes appeared to correlate with optimum enzyme 

loading for hydrolysis.

Purified exoglucanase derived from T̂_ harzianum was used as a 

binding probe to determine the substrate saturation level. A 

homogenous macromolecule was selected for these studies so that the 

Langmuir Adsorption Isotherm Equation could be used to predict 

the maximum amount of protein able to adsorb to the substrate 

and the affinity of the enzyme towards the substrate.

Various concentrations of purified exoglucanases were added to 

Sol ka Floe BW300, and the amount of adsorbed protein determined 

(Figure 17). Adsorption increased with added protein up to 15 mg 

protein/gram substrate, after which little additional protein 

was adsorbed. The substrate was saturated with enzyme at this 

point, any excess enzyme added either remained in solution or was 

only loosely associated with the substrate, and was removed by 

filtration. The adsorption behaviour obeyed the Langmuir 

Adsorption Isotherm. According to the Langmuir Adsorption 

equation, the inverse of the free enzyme plotted against the 

inverse of the adsorbed enzyme will give a measure of the maximum 

amount of enzyme able to adsorb to the substrate and the 

affinity of the enzyme towards the substrate. The maximum amount 

of exoglucanase able to adsorb was 14.4 mg / gram substrate.

This corresponded to an enzyme loading of 35 mg protein (culture 

filtrate), or 20 - 25 FPU/g Solka Floe BW300.
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Figure 17. Adsorption of varying loadings of purified exoglucanase derived 
from Trichoderma harzianum E58 onto Solka Floe BW300.
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As the majority of protein bound to the substrate was 

e x o g 1 u c a n a s e , it was of interest to see if it was possible to 

relate the amount of purified exoglucanase adsorbed to the amount 

of protein adsorbed from the culture filtrate. Various 

concentrations of culture filtrate were added to the Solka Floe 

BW300, and the amounts of adsorbed and unadsorbed proteins 

determined (Figure 18). The values plotted using the Langmuir 

Isotherm Equation determined the maximum amount of protein able 

to adsorb was 16.3 mg/g. This value is comparable to that 

obtained with the purified enzyme — suggesting that determination 

of the maximum amount of enzymes able to adsorb to the substrate 

could be accomplished using culture filtrate.

A portion of the added protein did not bind to the substrate, 

and may have other functions (i.e. hydrolysis of the soluble 

intermediate products). To determine the minimum amount of 

enzyme needed for efficient hydrolysis, the saturation 

level of the adsorbed protein must be correlated with the total 

amount of protein added. Saturation of Solka Floe BW 300 by T^ 

harzianum E58 cellulases occurred at 16.3 mg protein, which 

corresponded to an enzyme loading of 23 FPU/g.

The effect of enzyme-loading on hydrolysis of Solka Floe 

BW300 was examined (Figure 19). The amount of hydrolysis increased 

with the enzyme-loading, such that at sufficiently high enzyme 

levels hydrolysis was virtually complete. For Solka Floe BW300 

the optimal enzyme loading was determined to be 25 - 30 filter 

paper units per gram.
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Figure 18: Adsorption of varying loadings of Trichoderma harziamgn E58 cellulases
onto Solka Floe BW300.
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Figure 19. Effect of enzyme loading on the hydrolysis of 2% Solka Floe BW300 
to reducing sugars (•) and glucose (•) after 4 days incubation.
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4 . 2  Adsorption of inactive enzymes- site blockage

During a long-term incubation, inactivation of the cellulases 

occurred, the extent of which was dependent on the incubation 

conditions. If these "inactivated" enzymes are irreversibly bound 

to the substrate, they may block binding or catalytic sites from 

active cellulases. This would result in a decrease, or total 

prevention of catalysis on different sites on the substrate. Site 

blockage would be more of a problem at low enzyme loadings, 

because the slower rates of hydrolysis demand longer incubation 

times, and increase the amount of inactivation.

Solka Floe was incubated with various levels of enzyme: those

encompassing the saturation point, as well as sufficient levels 

to ensure complete enzymatic hydrolysis (Figure 20). The 

substrate was incubated for two days, after which time a portion 

of the enzymes should have been inactivated and should presumably 

be in place to block further attack by active enzymes. Complete 

hydrolysis of the substrate can be achieved at enzyme loadings of 

100 FPU per gram and fresh enzyme was added to bring the final 

concentration of the systems up this concentration (Figure 21).

After 5 days incubation all enzyme systems had resulted in 

approximately 98% hydrolysis, regardless of their original 

enzyme loadings. If enzyme blockage did occur low enzyme 

loadings were expected to have lower conversion levels, than if 

all the enzymes had been added directly. These results 
demonstrated that site blockage by inactivated enzyme was not 

limiting the extent of hydrolysis. Inactivated enzymes
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Figure 20. Long-term hydrolysis of 2% Solka Floe BW300 incubated with a range 
of enzyme loadings.
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Figure 21. Measurement of the role of site blockage in hydrolysis. A 2%
concentration of Solka Floe BW300 was incubated for 2 days with 
a range of enzyme loadings, then supplemented with enzyme to 
produce a final enzyme loading of 100 FPU.
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either did not bind to the substrate, or if bound they were 

displaced by active enzyme.

4.3 End product inhibition

End-product inhibition is a serious limitation in the process, 

adequate 8-glucosidase levels are essential to good hydrolysis. 

There are a number of ways to circumvent the problem.

Supplemental 8-glucosidase derived from other sources have been 

shown to alleviate end-product inhibition and increase the 

overall efficiency of the process (Bissett and Sternberg 1978, 

Sternberg et al. 1977). Most commercial cellulase enzyme 

preparations require the addition of 8-glucosidase for effective 

glucose production.

The effect of additional g-glucosidase on the hydrolytic activity 

of the T^ harzianum cellulase preparation was investigated (Table 

3). The addition of 8-glucosidase obtained from Novo increased 

the glucose production by between 11 to 14%. The Novo enzyme by 

itself produced 3% of the glucose produced by the cellulase 

preparation. Novo cellobiase contains small amounts of endo- and 

exoglucanase which enhanced hydrolysis, masking the effect of the 

8-glucosidases and a purer 8-glucosidase preparation was obtained.

Purified 8-glucosidase was obtained from the culture filtrate of 

T. harzianum E58 (Tan e_t £l^ , 1986) as a source of supplemental

8-glucosidase.

Supplemental 8-glucosidase at levels of 0 - 10 IU/gram was added 

to an enzyme-substrate system containing a cellulase preparation

54
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Table 3. Effect of addition of 8-glucosidase (NOVOZYME) on 
enzymatic hydrolysis of cellulose

Addition 
T. harzianum 

IU/g1

Addition of 
Novozyme 

IU/g

Incubation
Time
hours

Reducing
Sugars
g/L

Glucose

g/L

15 6 17.9 11.8
15 - 24 26.3 22.3
15 - 48 30.6 25.4
15 5 6 19.3 13.5
15 5 24 28.9 24.5
15 5 48 34.0 28.4
15 10 6 20.2 16.5
15 10 24 29.5 24.2
15 10 48 34.6 29.4
15 20 6 21.4 17.4
15 20 24 30.7 24.9
15 20 48 35.6 29.0

- 20 6 1.4 0.4
- 20 24 3.2 1.2

20 48 2.0 0.8

^Culture filtrate also contained 12 IU/g 8-glucosidase 
Hydrolysis performed on 5% Solka Floe.

55
V_ Forintek

Canada
Corp.



of 25 FPU and 17 IU B-glucosidase/gram. The systems were 

incubated over a 4 day period, and assayed at various time for 

glucose and reducing sugar yields. The long-term hydrolysis of 

cellulose to either reducing sugars or glucose was not enhanced 

by the supplemental 8 —glucosidase (Figure 22). After 24 hour 

incubation there was a slight enhancement in hydrolysis at 

supplemental concentrations up to 4 6—glucosidase units per gram. 

However, after 48 hours the beneficial effects of supplemental 6- 

glucosidase disappeared. Using enzyme loadings of 25 FPU per 

gram, and provided the filter paper to 6-glucosidase ratio was 

1.5:1.0, there was sufficient 6-glucosidase present to cope with 

end-product inhibition. Evidently, the 6-glucosidase of T^ 

harzianum E58 was present in sufficiently high quantities to 

handle end-product inhibition or alternately the endoglucanase 

produced by this fungi may be fairly insensitive to end-product 

inhibition.

6-glucosidase converts cellobiose to glucose and removes the 

more potent inhibitor of the exo and endocellulases. Glucose 

however is present in increasingly greater amounts as hydrolysis 

proceeds and is an inhibitor of the cellulases, albeit at a much 

reduced level (Sternberg e_t al., 1977, Bissett and Sternberg 1978 

Hsu, Gong and Tsao 1980). One method of examining hydrolysis, 

without the problem of either glucose or cellobiose inhibition is 

to use a combined hydrolysis and fermentation. In this approach 

the glucose is continually removed from the reaction mixture by 

fermentation to ethanol, greatly stimulating the hydrolysis of 

the cellulose (Takagi a_l., 1977; Saddler £t £.!•* 1 982 ).
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Figure 22. Effect of supplemental B-glucosidase 
purified from Trichoderma harzianum 
E58 on the long-term hydrolysis of 2% 
Solka Floe BW300 to a) reducing sugars 
and b) glucose after incubation for 
24, 48 and 96 hours
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Enzyme loadings ranging from 0-30 FPU/gram cellulose were 
examined. In one system the yeast, Saccharom yces cerevisiae, was 

added concurrently with the cellulases, and the fermentation 

vials incubated at 37°C. A hydrolysis—only system was run in 

parallel at 3 7° c to observe the extent to which glucose 
inhibition limits the reaction (Figure 23).

In the hydro1ysis-on1y systems, the amount of sugar released 

increased with the filter paper loading for the entire range 

studied. The amount of sugars released was greater in the CHF 

systems, especially at the lower enzyme loadings. As the enzyme 

loading increased above 20 FPU the differences in the sugar yield 

between the CHF and hydrolysis-only systems narrowed. Twenty FPU 

had been estimated as the minimal value to fulfill the 

endoglucanase and exoglucanase requirements for efficient 

hydrolysis. The B-glucosidase limitation appeared to be in the 

region of 20-30 FPU, and the role of the higher enzyme loadings 

is mainly to provide supplemental 6-glucosidase.

Since end-product inhibition is virtually eliminated, the unhindered

action of the endoglucanase and exoglucanase on the substrate can

be assessed.

In the CHF systems the amount of hydrolysis reached a plateau at 

15 FPU/gram substrate at both day 2 and day 4. Thus end-product 

inhibition was not a major limitation of hydrolysis. The drop in 

the initial rate of hydrolysis could not be attributed to enzyme 

related factors such as adsorption, thermal stability or end- 

product inhibition, therefore the structural limitations and

58



Figure 23, Comoarison of a combined hydrolysis and fermentation process (•) and
hydrolytic process <•) on the degradation of 5% Solka Tloc
day 2 {---) and day 4 (------ ) using a range of enzyme loadings.
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changes which occurred during hydrolysis were investigated.
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5.0 Structural Features Limiting Hydrolysis

Once the enzyme requirements are fulfilled it is the substrate 

that imposes a limit on hydrolysis. Structural features 

determining the susceptibility of the substrate to hydrolysis 

include crystallinity and surface area accessible to the 

enzyme (Cowling, 1975, Klesov and Sinitsyn, 1981, Fan e_t a 1., 

1980 ) .

Water has a profound effect on the structure of cellulose. The 

specific surface area of cellulose increases dramatically upon 

wetting (Browning, 1963). In addition, water is known to cause 

an increase in the crystallinity of cellulose due to

dried cellulose are different from those of water swollen (or 

solvent-dried ) cellulose. As hydrolysis takes place in an 

aqueous environment, the changes it causes to the substrate 

should be duplicated prior to any structural analysis.

Accordingly, for these experiments the cellulose sample was water- 

swollen and solvent extracted (to maintain its structural 

integrity) prior to determination of its crystallinity index, 

surface area, or other structural features.

5.1 Crystal1inity

The initial crystallinity of the substrate has been shown to be 

inversely related to its rate of hydrolysis. Strong correlation 

between initial crystallinity and hydrolysis has been reported 

using both substrate treated in various ways to lower its

on. The structural features of air- or vacuum
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crystallinity, and substrates derived from different sources.

The correlation is highly dependent on using water-swollen, 

solvent dried cellulose as compared to not wetted, solvent dried 

samples for determination of the crystallinity index (Fan et al., 

1980 ) .

The relation between initial crystallinity of the substrate and 

its hydrolysis using T\ har z i a n urn E58 cellulases was examined. 

Crystalline substrate were available commercially, but it was 

necessary to prepare the amorphous cellulose. Amorphous 

cellulose was produced using a number of techniques; ball

milling, solvent-swe 11ing, or phosphoric-acid swolling cellulose.

Solka Floe BW300 was ball-milled in several jars for up to two 

weeks. Based on the literature (Fan et _̂1., 1980 ) it was

predicted that a 1 week milling was necessary to completely break 

down the crystalline structure, rendering the substrate 

amorphous. Four milling jars were charged with the substrate, 

and milled for 1, 2 4 or 7 days. Contrary to our predictions, the

substrates were found to be completely amorphous as determined by 

crystallinity index, after only one day milling.

Hydrolysis was studied over a four day period, to observe the 

influence of time had on the relationship (Figure 24). As expected, 

the more amorphous substrates were more readily hydrolyzed. 

Surprisingly, a bimodal pattern of hydrolysis was observed; the 

more crystalline substrate demonstrated a dramatic increase in 

hydrolyzability with a small decrease in crystallinity, while the 

hydrolyzability of the more amorphous substrates (CrI 65- 80) was
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Figure 24. Relationship between the initial crystallinity of a substrate and 
its susceptibility to enzymatic hydrolysis after 8 (•), 24 (») and 
96 (A) hours incubation.
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increased to a lesser extent with a decrease in crystallinity

■\

The transition occured at CrI 80, and remained constant 

throughout the 4 days of hydrolysis.

These results implied that the relationship between initial 

crystallinity and hydrolysis may be a reflection of some other 

factor. When a substrate is pretreated, a number of factors are 

being changed simultaneously, ie crystallinity, particle size, 

surface area, degree of polymerization. One, or several, of 

these structural features may be limiting accessibility in the 

more crystalline materials, so that a small change in 

crystallinity may result in a dramatic increase in accessibility.

Caulfield and Moore (1974) reported a similar phenomenon. They 

found ball-milling increases the susceptibility of both the 

amorphous and crystalline components of cellulose. The enzyme 

digestibility of the crystalline component was enhanced to a 

greater extent by milling than the amorphous portion. This led 

them to propose that the increase in digestibility is a result of 

decreased particle size and increased surface area, rather than 

a result of reduced crystallinity. They suggested coupling 

crystallinity measurements with surface measurements in order to 

study more effectively the influence of each structural feature.

5.2 Surface area

Cowling (1975), Stone and co-workers (1969), and Greithlein 

(1985) state the most important structural feature governing 

enzymatic hydrolysis is the surface area available to the

V
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enzyme. Many effective pretreatments increase surface area 

either by reduction in particle size (milling), by alkali

swelling, or by dissolving and re-precipitating, to produce a 

more susceptible substrate (Fan ^t a 1., 1981, Klesov and Sinitsyn

1981) .

There are a number of methods used to measure accessible surface 

area and one must consider the technique used when interpreting 

these results. Adsorption of nitrogen has been used by several 

groups (e.g. Fan et al., 1980, 1981) but nitrogen molecules can

enter into pores which are inaccessible to the enzyme, so surface 

area available to the enzyme can not be determined using this 

technique. Solute exclusion has been used to quantitate pore 

volume available to the enzyme. Stone e t a1., ( 1969) and

Greithlein (1985) found a linear relation between the initial 

reaction rate and surface area accessible to a molecule with a 

diameter of 4.0 nm. Direct physical contact between the enzyme 

and the substrate is a prerequisite to hydrolysis. The amount of 

cellulase adsorbed is proportional to the accessibility of the 

substrate to the enzyme (Lee ^t a_l., 1982 ); and adsorption of

cellulase, or a protein possessing those dimensions, provides the 

most direct measure of surface area available. Berezin and 

Klesov (1981), using this procedure found the rate of hydrolysis 

is proportional to the measured surface area.

Conflicting reports on the assessment of the importance of 

surface area in governing the susceptibility of the substrate to 

attack are likely due to the different methods used for measuring 

surface area. Direct adsorption of the enzyme to the substrate

"------------------------------------------------------------ ------------------------------------------------------------------
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appeared to be both an accurate and quick way to measure the 

surface accessible to the enzyme. This method was used to 

examine the relationship between cellulase adsorbed and the rate 

of hydrolysis for a number of pure cellulose substrates (Figure 

25). Avicel and Solka Floe BW300 adsorbed the greatest amount of 

enzyme, Solka Floe AS1040 and Solka Floe SW40 had intermediate 

levels of adsorbed enzymes, while CF11 had low levels of 

adsorption. The pattern of enzyme adsorption onto substrates 

was identical for endoglucanase and filter paper activity, as 

well as for protein. From these results it was predicted that Avicel 

and Solka Floe BW300 would have the fastest rates of hydrolysis 

and CFll the lowest.

The hydrolyzability of the substrates was tested using a high 

and a low enzyme loading. At low enzyme loading equivalent 

amounts of enzyme were adsorbed to the different substrates, so 

comparable hydrolysis was expected. At high enzyme loading, the 

benefits of higher adsorbed enzyme should come into play, so 

Avicel and Solka Floe BW300 should be more readily hydrolyzed.

We found Solka Floe BW300 released the highest levels of sugars 

for both enzyme loadings, with more sugars produced at the higher 

enzyme loading (Figure 25). The order of susceptibility of the 

substrates was the same at both enzyme loadings. Surprisingly,

Avicel released moderate levels of sugars, despite the fact that 

it had adsorbed the greatest amount of enzyme.

From these results two facts emerged. The amount of enzyme 

adsorbed onto a substrate was related to hydrolysis of that

V
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Table 25. Adsorption of varying concentrations of a) endoglucanase 

activity, b) filter paper activity and c) protein onto a 
5% concentration of different cellulosic substrates. 
Substrates: Avicel (♦), CF11 (o), Solka Floe AS1040 (•) , 
Solka Floe BW300 (•) and Solka Floe SW40 (A)
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Table 26. Hydrolysis of a 5% concentration of different cellulosic substrates 
to reducing sugars and glucose at enzyme loadings of a) and c) 5 
and b) and d) 30 FPU
Substrates: Avicel (♦), CF11 (o), Solka Floe AS1040 (■),
Solka Floe BW300 (•) and Solka Floe SW40 (*)
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r ■\substrate ; with more adsorbed enzymes producing higher sugar 

yields. The effectiveness of the adsorbed enzyme to promote 

hydrolysis depends on the substrate. Lee and Fan (1983) describe 

effectiveness of the adsorbed enzyme as the ratio between the 

initial hydrolysis rate and the extent of initial soluble protein 

adsorption. Effectiveness can be related to the structural 

features of the substrate and the affinity of the enzyme towards 

the substrate.

5.3 Structura 1 changes occurring during long-term hydrolysis.

Decrease in hydrolysis rate may be attributed to several factors, 

including transformation of the structure into a more 

recalcitrant form, a decrease in the extent of adsorbed enzyme 

and depletion of the substrate.

There are numerous papers debating the relative importance of the 

contribution of structural features to the increased recalcitrancy 

of the substrate. Changes in crystallinity (Caulfield and 

Moore 1974), specific surface area (Fan, Lee, and Beardmore,

1980), and degree of polymerization due to cellulase action have 

been reported, but the results do not provide a clear picture of 

the overall hydrolytic mechanism.

A potential problem in measuring structural changes in the 

substrate is the protein remaining adsorbed onto the recovered 

substrate. The cellulases remained tightly bound to the 

cellulose, and are not removed by extensive washing. The 

proteins may interfere with the determination of structural 

characteristics. While most researchers investigating structural
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changes of the "spent" cellulose maintain the structural 

integrity of the water-swollen substrate by solvent extraction, 

the problem of adsorbed protein was not addressed. To eliminate 

possible protein interference, a method of desorbing the protein 

from the residual substrate, without altering its structural 

integrity had to be devised.

Otter et al. (1984) reported that a mild alkali washing removes 

the bound cellulases from cellulose. A preliminary experiment 

was done to determine the optimal concentration for enzyme 

removal (Table 4). It was determined that these conditions were 

30 minutes, using 0.1% NaOH which removed 90% of the protein. A 

120 minute incubation produced slightly lower recovery values, 

presumably due to alkali hydrolysis of the protein (data not 

shown).

After enzyme removal the substrate was sequentially extracted by 

methanol and benzene in order to maintain its structural 

integrity. Since the adsorbed enzyme has to be removed prior to 

hydrolysis a comparison of the ability of the alkali-solvent 

extraction and a solvent extraction in realizing deproteinization 

was made (Table 5). Solvent extraction alone removed only 10% of 

the adsorbed protein, while a one-hour incubation with 0.1 NaOH 

effectively removed 95% of the adsorbed proteins. These 

conditions will be employed in further studies requiring protein 

desorption of the spent cellulose.

There are conflicting reports on the change in crystallinity 

during hydrolysis. Norkrans (1950), Lee et al., (1983) and Ohmine
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Table 4. Removal of protein adsorbed onto Solka 
30 minutes incubation in alkali

Floe BW300 after

NaOH
«

Protein recovered 
in filtrate,
% original

Protein removed 
by alkali,
% original

Total protein 
recovered,

% original

0 47 3 50

0.02 46 1 5 61

0.05 47 30 77

0.10 48 42 90

0.20 47 45 92



r -n

Table 5. Comparison of alkali and solvent extraction for 
desorption of proteins from 5% Solka Floe

Treatment of 
substrate after 
vacuum 
f iltration

Protein 
recovered 
in filtrate 
% original

Protein 
removed after 
extraction 
% original

Protein remained 
adsorbed to 
to substrate 

% original

Tota L
prote L 

recove 
% origi

n
e d 
ia 1

Air-dry 17 - 83 100

Solvent
Extraction

16 10 72 98

0.1% NaOH 
Extraction

17 70 4 9 1

Extraction with 
(1) 0.1% NaOH 
{2) Solvent

15 7 1 M )  _ (2 ) 5 9 1
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et al», (1983) found as hydrolysis proceeds the crystallinity

increases, causing the substrate to become increasingly resistant

/-------------------------------------------------------------------------- ■\

to enzymatic attack. These results suggest the amorphous portion 

of the cellulose is preferentially attacked, with the rapid 

removal of the amorphous portion resulting in a marked increase 

in the crystallinity during hydrolysis. Other researchers report 

only a slight (Fan ^t a 1», 1980 ) or no change in crystallinity of

the substrate throughout hydrolysis.

In light of the conflicting data, the crystallinity index of 

Solka Floe BW300 at various times during hydrolysis was examined 

(Figure 27). Crystallinity changed slightly during 48 hours of 

hydrolysis, increasing from 81.3 to 83.6.

Although increased crystallinity of the substrate does not appear 

to be a major factor limiting hydrolysis, it may be a reflection 

of other structural changes. A slight dip in the crystallinity 

was noted in the initial 8 hours of hydrolysis, suggesting the 

substrate was more amorphous. This supported the concept of 

amorphogenesis (Reese, 1976) , whereby the substrate is made more 

accessible to the enzyme in the initial stage of enzymatic 

hydrolysis.

The amount of enzyme adsorbed to a given substrate has been shown 

to be related to the efficiency with which it degrades the 

substrate, the increased recalcitrance may be due to a drop in 

the amount of adsorbed enzyme. The amount of enzyme adsorbed was 

also a measure of the surface area available to the enzyme. 

Accessibility of the substrate, Solka Floe BW300, was followed
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Figure 27. Change in the crystallinity index of 5% Solka Floe BW300 
during its enzymatic hydrolysis.
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/------------------------------------------------------------------------
during the course of the hydrolysis (Figure 28). Desorption of

''N

the adsorbed proteins, followed by solvent-drying the recovered 

cellulose ensured that the characteristics of the water-swollen 

cellulose were retained.

There was an initial rapid increase in the amount of enzyme 

adsorbed, signifying a drastic change in the structural features 

of the cellulose. The amount of enzyme adsorbed almost doubled 

in the initial 2 hrs of hydrolysis, and remained constant up to 

12 hrs, after which the amount of enzyme adsorbed declined 

gradually. Even after 48 hours of hydrolysis the amount of 

enzyme adsorbed was greater than the initial value, even though 

50% of the substrate had been hydrolyzed.

The initial rapid increase in the amount of enzyme adsorbed was 

not surprising. During the early stage of hydrolysis the 

endoglucanase attacks the substrate, generating a large number of 

reducing ends for the exoglucanase to adsorb to and cleave. This 

occurrence was examined further by studying the adsorption of 

purified exoglucanase onto the spent cellulose. Exoglucanase 

adsorption onto pre-hydrolyzed Solka Floe paralleled the pattern 

observed using the enzyme mixture (Figure 29). The substrate was 

drastically altered in the first hour of enzymatic attack, with 

its accessibility to the enzyme doubling. Apparently, the 

substrate had been altered to expose more binding sites for the 

exoglucanase. The peak in enzyme adsorption during initial 

hydrolysis was mirrored by the dip in the crystallinity.

The accessibility of the substrate to the cellulase declines only
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Figure 28. Adsorption of Trichoderma harzianum E58 cellulases onto 5% Solka Floe BW300 
pre-hydrolyzed for different lengths of time.
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Figure 29. Adsorption of purified exoglucanase, derived from Trichoderma 
harzianum E58, onto 5% Solka Floe BW300 pre-hydrolyzed for 
different lengths of time.
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slightly throughout hydrolysis, but the effectiveness of the 

adsorbed enzyme drops. The structure of the cellulose is 

transformed into a more resistant, or less accessible form during 

hydrolysis. The extent to which changes in the structural features 

limit hydrolysis can be determined using spent cellulose. The 

ability of fresh enzyme to hydrolyze a 5% concentration of spent 

cellulose, which was recovered after different hydrolysis times, 

is shown in Figure 30. This experiment essentially measured 

limitations imposed by the substrate without interference from 

enzyme related factors e.g. end-product inhibition, thermal 

inactivation and substrate depletion.

The results indicated the susceptibility of cellulose to 

hydrolysis decreased with prolonged incubation, producing an 

increasingly recalcitrant residue. A 70% loss in susceptibility 

was noted, due only to changes in the substrate.

6. Hydrolysis of steamed aspenwood

6.1 Solka floe as a mode 1 substrate

Fundamental research on adsorption and structural factor 

limiting hydrolysis was performed using Solka Floe as the model 

substrate. Solka Floe is a pulped softwood which has been dried 

and extensively pretreated in ways which may have altered its 

original cellulose structure. Digestibility of Solka Floe as 

compared to steamed aspenwood was performed at a substrate 

concentration of 2% (Table 6). A low substrate concentration 

was chosen so that complete hydrolysis could be achieved.
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V

The relationship between hydrolysis of Solka Floe (-- )
BW300 and the accessibility of the spent cellulose to 
further enzymatic hydrolysis (---) .
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Table 6. Comparison of hydrolysis between Solka floe and steamed 
aspenwood

Incubation Time Enzyme Glucose released
Days Loading g/L

____________________ IU/gr_______ Solka Floe______ SEV?

1 30 10.1 9.7
50 11.3 12.3
100 12.3 14.9

2 30 11.9 13.0
50 13.6 15.1
100 15.3 16.9

3 30 12.9 15.4
50 14.5 16.1
100 17.4 16.9

4 30 14.4 16.1
50 15.5 16.8
100 17.2 17.4

The substrate concentration was 2%
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Hydrolysis of the steamed aspenwood produced greater amounts of 

glucose than hydrolysis of Solka Floe. Percent hydrolysis (Figure 

31) emphasized this difference. It would appear that Solka Floe

steamed material.

6.2 Effect of autoclaving

Various physical treatments such as freezing and autoclaving may 

have an effect on the digestibility of the substrate. The effect 

of autoclaving was investigated by performing hydrolysis on 

autoclaved and non autoclaved steamed aspenwood (Table 7). The 

sterility of the hydrolysis was assured by the addition of 

merthiolate to both hydrolysis. Merthiolate is known to inhibit 

the hydrolytic activity of the enzyme preparation by 16%

(Forintek Canada Corp.,1985) so it was added to both hydrolysis 

for comparitive purposes. The data revealed that autoclaving the 

substrate decreased the digestibility by 8%. In an industrial 

process the incoming steamed wood would not need to be further 

sterilized since sterility after steaming would be maintained, 

thus results obtained on this small scale are probably less than 

what may be achievable in large scale.

6.3 Enzyme loading and substrate concentration

The effect of enzyme loading, substrate concentration and 

incubation time on the hydrolysis of steamed aspenwood was 

investigated (Table 8). There was a steady increase in glucose at 

enzyme loadings between 10 and 50 filter paper units/gram

83

contained a greater amount of cellulose than the
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Figure 31. Percent hydrolysis of cellulose to glucose from 2% 
Solka Floc or 2% SEA-WI

0  Solka Floc - 2 dav incubation
©  Solka Floc - 4 day incubation
fj§ SEA-WAI - 2 day incubation
©  SEA-WAI - 4 day incubation
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Table 7. Effect of autoclaving of steamed wood on enzymatic 
hydrolysis

Treatment 
Autoclave /-

Incubation 
Time (hrs)

Glucose
g/L

6 7.1
- 24 14.9
- 48 18.4
+ 6 6.6
+ 24 13.8
+ 48 16.9

Substrate was SEA-WAI at 5% and an enzyme loading of 30 FPU/g
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Table 8. Enzymatic hydrolysis of steamed aspenwood at various 
enzyme loadings

Substrate Enzyme __________ Glucose produced g/L
Concentration

%
Loading
IU/g

Day 1 Day 2 Day 3 Day 4 Day 5

2 10 4.5 6.1 7.5 8.6 9.3
20 7.2 10.4 12.5 13.6 14.4
30 9.7 13.0 15.4 16.1 15.9
50 12.3 15.1 16.1 16.8 16.9
100 14.9 16.9 16.9 17.4 17.3

4 10 9.2 12.2 14.9 17.0 15.8
20 14.6 18.5 23.5 26.2 24.4
30 18.1 23.0 29.2 31.5 29.1
50 24.0 29.7 34.3 32.7 32.5

100 30.5 33.2 35.5 35.1 32.9

6 10 12.4 18.3 20.9 23.0 25.3
20 18.7 26.2 31.2 33.3 36.8
30 23.9 33.0 38.8 42.0 45.0
50 30.1 42.1 44.9 47.7 50.0
100 40.6 50.5 47.7 48.5 51.0

8 10 15.0 22.0 25.5 32.1 33.3
20 24.2 32.2 36.7 41.5 46.6
30 30.2 39.3 44.3 50.6 53.4
50 39.7 49.2 54.7 61.8 62.6

100 52.7 60.6 61.1 65.0 64.4
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substrate. At 100 filter paper units the increase was only

marginal (Figure 32-34). The steamed aspenwood substrate 

contained approximately 90% cellulose and the theoretical 

glucose levels were 19.8, 39.6, 59.4 and 79.2 g/L for 2, 4, 6 and 

8% substrate concentration. The percent of glucose released as a 

function of the theoretical glucose is given in Table 9. The 

percent of theoretical decreased with increasing substrate 

concentration. Factors which may be involved in this decrease 

include: end-product inhibition or poor mass transfer at high 

substrate loading.

6.4 Fed batch hydrolysis

In a process design a high concentration of cellulose in the 

hydrolysis step will be required to save on capital equipment, 

costs. These high substrate levels could be achieved by a fed-batch 

approach to hydrolysis which would minimize the mass transfer 

problems associated with high substrate concentrations.

Various methods of fed-batch addition of substrate and enzymes 

were investigated. The experimental layout of the fed batch 

experiments and the glucose concentrations produced are given in 

Table 10. All four approaches to hydrolysis employed a final 

substrate concentration of 10% and a final enzyme loading of 30 

FPU/g substrate. Due to the volume changes produced by using a 

fed- batch addition it was difficult to compare the overall 

hydrolysis of the four approaches. The data in Table 11 provides 

the total glucose released in each flask. Little difference

V
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GLUCOSE PRODUCTION DAY 1

Figure 32. Glucose production after 1 day incubation of various 
concentrations of SEA-W.M and various enzyme loadings
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GLUCOSE PRODUCTION DAY 2

Figure 33. Glucose production after 2 days incubation of various 
concentrations of SEA-WAI and various enzyme loadings

V.
89 Forirrtek

Canada
Corp.



GLUCOSE PRODUCTION DAY 4

Figure 34. Glucose production after 4 days incubation of various 
concentrations of SEA-WAI and various enzyme loadings
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Table 9. Percent of theoretical glucose from enzymatic hydrolysis of 
steamed aspenwood

Substrate
Concentration

%

Enzyme 
Loading 
(IU/g)

% of 
Day 2

theoretical glucose 
Day 4

2 10 30.8 43.4
20 52.5 68.7
30 65.7 81.3
50 76.3 84.8
100 85.4 87.9

4 10 30.8 42.9
20 46.7 66.2
30 58.1 79.5
50 75.0 82.6
100 83.8 88.6

6 10 30.8 38.7
20 44.1 56.1
30 55.6 70.8
50 70.9 80.3
100 85.0 81.6

8 10 27.8 40.5
20 40.7 52.4
30 49.6 63.9
50 62.1 78.0
100 76.5 82.1
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Table 10. Comparison of various fed-batch protocols for enzymatic hydrolysis

Hydrolysis Type Substrate Enzyme Incubation Enzyme Volume GlucoseAddition of Addition of Added Added Time Loading
Substrate Enzymes % IU (hrs) IU/g mL g/L
Batch Batch 10 600 6 30 200 10.1

24 30 195 20.1
30 30 190 22.7
48 30 185 21.1
54 30 180 28.9
116 30 175 37.2

Fed batch Batch 2 600 6 300 200 5.4
2 24 150 205 12.2
2 30 75 210 11.9
2 48 37.5 215 14.4
2 54 30.0 220 20.7

116 30.0 225 27.8
Batch Fed batch 10 120 6 6 200 4.2

120 24 12 215 7.5
120 30 18 230 8.5
120 48 24 245 9.7
120 54 30 360 16.6

116 30 360 25.9
Fed batch Fed batch 2 120 6 5 200 2.0

2 120 24 12 225 6.0
2 120 30 18 250 6.8
2 120 48 24 275 8.5
2 120 54 30 300 14.4

116 30 300 22.7

l



Table 11. Comparison of various fed-batch protocols from enzymatic 
hydrolysis

Addition of 
Substrate

Addition of 
Enzyme

Total
Glucose Released 

9
Batch Batch 6.5

Fed batch Batch 6.3
Fed batch Fed batch 6.8

Batch Fed batch 6.7

see Table 10 for enzyme and substrate addition protocols
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between the four approaches was noted although the double fed- 

batch approach released slightly more glucose than the other 

approaches.

6*5 Hydrolysis and ba11-mi 11inq

Our previous results had indicated that hydrolysis was limited by 

structural changes which occurred during the hydrolysis process* 

Thus the effect of combining a physical treatment of the 

cellulose with enzymatic hydrolysis was investigated. In this 

experiment milling jars containing 10 lbs burundum pellets were 

with 5% Solka floe and enzyme then incubated for six 

hours. The material was ball milled for 1.5 hrs and incubated for 

another 16.5 hrs before it was again ball milled for 1.5 hrs.

After this ball milling the material was incubated for 22.5 hrs.

The total hydrolysis time was 48 hours with a total of 3 hours 

ball milling. The reducing sugar and glucose released during this 

period are reported in Table 12. A factor in this experiment was 

the stability of the enzymes during the milling incubation. At 

the same time as the hydrolysis and milling was performed a 

control with only enzymes was milled and incubated. The data 

(Table 13) indicated that the milling conditions adversely affected 

the stability of the enzymes.
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Table 12. Effect of combined ball milling and enzymatic hydrolysis 
on glucose production from 5% Solka Floe

Incubation
Time
(hrs)

Milling
Time
(hrs)

Sugar production g/L
CONTROL CONDITION (no millinq 

Sugar production q/L
Reducing
Sugars

Glucose Reducing
Sugars

Glucose

0 3.6 2.7
6 13.4 10.9 17.3 13.3
7.5 1.5 17.2 14.4
24 27.0 23.4 31.2 23.6
25.5 1.5 28.8 24.4
48 33.6 29.9 32.7 28.7

The controls were run in flasks under identical substrate and enzyme
loading but at controlled temperature of 45 C and agitation of 100 RPM

V. 95

B

Forintek



Table 13. Effect of ball-milling on enzyme activity of the cellulases derived from T. harzianum E58

Incubation Milling Enzyme Activities IU/mL Hydrolytic Activity
Time Time Endoglucanase B-glucosidase Filter Xylanase g/L
(hrs) (hrs) Paper Red. Sugars Glucose
0 0 20.8 0.70
6 0 19.4 0.76
7.5 1.5 15.6 0.67
24 1.5 15.6 0.68
25.5 3.0 13.2 ND
48 3.0 10.4 0.41

0.93 295 19.8 18.5
0.94 220 17.4 16.5
0.73 192 14.4 13.9
0.64 185 12.7 12.3
0.36 108 10.8 9.9
0.21 59 5.8 5.4

Incubation and milling were performed at 45°C 

ND - not determined

H
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7. Combined hydrolysis and fermentation of steamed aspenwood

7.1 Butanediol production by Klebsiella pneumoniae

The bacterium, Klebsie11a pneum oniae has the ability to ferment a 

wide range of sugars, including the hexoses and pentoses found in 

wood, and produce relatively high levels of 2,3-butanediol 

together with lower levels of ethanol. Because of the potential 

of producing these compounds for use as chemical intermediates or 

gasoline octane enhancers, the butanediol fermentation was 

studied as a possible use of the wood sugars produced following 

steam pretreatment and enzymatic hydrolysis of aspenwood.

Before actual steamed wood substrates could be screened for 

fermentability, the butanediol fermentation parameters were 

studied using glucose as a substrate so that the base case 

fermentation conditions and butanediol yields could be 

established. Four different media - Kp, Kp.MES, Kp.YE, and 

Kp.MES.YE- were tested with and without 0.5% acetic acid 

supplementation under different aeration (finite air or aerobic) 

and at 37 or 45°C. Strict anaerobiosis was not tested because 

higher levels of ethanol are produced at the expense of 

butanediol (Jansen and Tsao, 1983). The results from this 

initial screening of fermentation conditions is shown in Table

The fermentation products reported in Table 14 include ethanol 

and the combined total of butanediol and acetoin (acetomethyl 
carbinol or AHC). Acetoin was the immediate precursor of

14.
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Table 14. Fermentation of 50 g/L Glucose by Klebsiella

pneumoniae Under Different Environmental Conditions (1)

Media Acetic Aeration Temp. Maximum Solvent F.E. % TBY
Acid ( 2 ) ( °C) Production (g/L) (4 ) ( 5 )
(g/L) EtOH (Budiol+AMC)(3)

Kp 5 F 37 4.8 11.8 0.30 4 1
0 F 37 1.7 6.2 0.16 25
5 A 37 0.7 13.8 0.26 48
0 A 37 0 20.0 0.40 80

5 F 45 0 4.0 0.07 14
0 F 45 1 . 5 3.7 0.10 1 5
5 A 45 0 0.7 0.01 2
0 A 45 0 1.7 0.03 7

Kp.MES 5 F 37 5.7 13.7 0.35 48
0 F 37 1 . 3 5. 1 0.13 20
5 A 37 0 0.8 0.01 3
0 A 37 0 24.8 0.50 99

5 F 45 0 1 . 3 0.02 5
0 F 45 0 1 . 0 0.02 4
5 A 45 0 0.4 0.01 1
0 A 45 0 0.2 0 1

Kp. YE 5 F 37 2.0 7.5 0.17 26
0 F 37 2.0 7.5 0.19 30
5 A 37 0 2 . 1 0.04 7
0 A 37 1 . 0 19.8 0.42 79

5 F 45 3.3 11.1 0.26 39
0 F 45 1 . 7 6.7 0.17 27
5 A 45 4.4 9.7 0.26 34
0 A 45 3.0 8.3 0.23 33

Kp .MES.YE 5 F 37 6.9 2 1.3 0.51 74
0 F 37 2.6 10.4 0.26 42
5 A 37 3.2 23.7 0.49 83
0 A 37 2 . 1 24.0 0.52 96

5 F 45 0 1.4 0.03 5
0 F 45 0.3 2.0 0.05 8
5 A 45 0 1.3 0.02 5
0 A 45 0 . 1 7.2 0.15 29

(1) Conditions: All media pH 6.5, Inoculum - washed, acclimatized
(2) Aeration: F - Finite air in sealed 60 ml vials, A - Aerobic

in 50 ml flasks with foam stoppers, 150 rpm
(3) Solvents - EtOH (ethanol), Budiol (butanediol), AMC (acetoin)
(4) Fermentation Efficiency - g Total solvent/g sugar supplied

(see Appendicies III and IV)
(5) Theoretical Butanediol Yield (see Appendicies I and IV)
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rbutanediol requiring a single reduction step and was included in 

the calculation of final butanediol yield. Fermentation 

efficiency is a measure of the weight of products produced (i.e. 

ethanol, butanediol, acetoin) per weight of fermentable sugars in 

the substrate supplied to the fermentation (see Appendix V).

This value was not corrected for the amount of substrate 

remaining after fermentation which would only serve to inflate 

the actual efficiency of an incomplete fermentation. The 

calculation of fermentation efficiency and percent of theoretical 

butanediol yield are explained in Appendix V.

The highest fermentation efficiency (0.52) was obtained using 

Kp.MES.YE medium, without acetic acid, with aeration, at 37°c. 

These conditions also produced 95% of the theoretical butanediol 

yield. Similar results were obtained with Kp.MES medium under 

similar conditions, however these results were questionable 

because of the poor performance of Kp.MES compared to Kp.MES.YE 

under the different fermentation conditions at 37°C (Table 14). 

Kp.MES plus 0.5% acetic acid was used in the initial CHF 

experiments run at 30° C (run prior to this media screening 

experiment). In later experiments Kp.MES.YE medium without acetic 

acid was used. In most cases finite air (i.e. sealed vial 

headspace) was used as it was found that a higher proportion of 

butanediol to acetoin was obtained.

In all cases fermentation at 45°c resulted in poor butanediol 

yields despite the use of washed, acclimatized K^ pneumoniae 

cells as inocula. While inoculum volume was 5%, the bacterial 

cell density was not determined and may have been too low to
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afford sufficient fermentation activity at this temperature. The 

effect of inoculum cell density (i.e. viable cells/ml or cell dry 

weight/L of fermentation medium) on fermentation is an area on 

which our current research is focused.

The combined hydrolysis and fermentation (CHF) of the unextracted 

steamed aspenwood (SEA) was carried out using two different 

cellulase enzyme preparations from Tricoderma harzianum E58, 

grown on either 1% SEA-WI or Solka Floe BW300. In addition, two 

different inoculum preparations, normal and acclimatized, were 

tested in the CHF at 30°C. The results from this preliminary 

experiment are shown in Table 15. It should be kept in mind that 

the yields reported are far from optimized because of the 

simplicity of the fermentation vessels used (i.e. 60 ml vials). 

Higher yields can be expected in larger fermenters with proper 

agitation, aeration and pH control.

At the 20 g/L SEA concentration the E58 enzyme preparation from 

the SEA-WI gave marginally better results than the Solka Floe 

preparation. Neither enzyme preparation allowed 50 g/L SEA to be 

fermented to any great extent after 7 days at 30°c. These 

results probably reflected the slower enzymatic hydrolysis 

rate of the E58 cellulase complex resulting from incubation at 

30°C. The celulase complex from E58 is most active at 45 to 

50°C.

A more significant difference was observed between the two 

inoculum preparations with the unwashed, acclimatized cells 

giving 25% higher butanediol yields (51-55 versus 38-41 % of
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Table 15. Combined Hydrolysis and Fermentation of SEA by

Klebsiella pneumoniae Using Different Inoculum and
Trichoderma harzianum E58 Enzyme Preparations (1)

Substrate
(g/L)

Enzyme 
Pr ep.
( 2 )

Inoc. 
(3 )

Max. Solvent 
Production (g/L) 
EtOH (Budiol+AMC)

Fermentation 
Ef f iciency 

(4 )

%TB Y 
(5 )

20 SF N 0.3 2.9 0.21 38 . 1

20 SF A 1 . 0 3.9 0.32 5 1.2

20 WI N 0.4 3 . 1 0.23 40.7

20 WI A 0.9 4.2 0.33 55. 1

50 SF N <0.1 0.5 0.01 2.6

50 SF A 0 . 1 0.8 0.02 4.2

50 WI N <0.1 a. 7 0.02 3.7

50 WI A 0 . 1 1 . 3 0 . 04 6.8

(1) CHF Conditions: Finite air in 60 ml vials , Kp.MES Medium t
3 0° C.

(2) Enzyme Preparations: SF - E58 grown on 1% Solka Floe (270
FPU, 5100 CMCase, 32500 xylanase IU/g substrate); WI - E58 
grown on 1% SEA-WI (250 FPU, 5100 CMCase, 17600 xylanase IU/g 
substrate).

(3) Inocula: N - normal, unwashed; A - acclimatized to 15%
glucose (see Materials and Methods)

(4) see Table 14, footnote 4
(5) Theoretical Butanediol Yield (see Appendicies I and IV).
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theoretical) and 30% higher fermentation efficiencies than the 

normal inoculum (see Materials and Methods). The initial 

inoculum cell densities were not determined so that the specific 

butanediol productivités per dry weight of each cell preparation 

not determined.

From this experiment it was obvious there were advantages to 

using pneum oniae cells previously acclimatized to growth on 

15% glucose or xylose as inoculum and using enzyme preparations 

from T^ harzianum E58 grown on SEA-WI. These conditions were 

adopted for use in subsequent CHF experiments.

A CHF experiment using fed-batch addition of SEA substrate (added 

in 20 g/L amounts every 2 days) was 'run in a 1.5 L fermenter at 

30°C (Table 16). After 2 days 51% of the theoretical butanediol 

yield was obtained from the initial 20 g/L SEA, however as more 

substrate was added the fermentation efficiency and yield dropped 

dramatically to 35% two days after the third SEA addition. After 

extended incubation (13 days) the final butanediol yield was 38% 

of theoretical from 60 g/L SEA. The increase in theoretical 

yield from 35 to 38% and increase in fermentation efficiency from 

0.19 to 0.24 (mostly due to ethanol production) over the final 5 

day period indicates that slow SEA hydrolysis at 30° C may be 

limiting the availability of fermentable sugars. In addition, 

the presence of toxic compounds in the SEA may be accumulating at 

the higher substrate levels to concentrations which were 

inhibitory to the butanediol fermentation or viability of the 

bacteria .
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Table 16. Combined Hydrolysis and Fed-Batch Fermentation of SEA
by Klebsiella pneum oniae using Trichoderma harzianum

E58 Enzymes at 30° C. (1)

Fed-Batch
Substrate
(g/L)

Day Solvent
EtOH

Production (g/L) 
(Budiol + AMC)

Fermentation 
Efficiency 

(2 )

%TBY 
( 3 )

20 2 0 .7 3.9 0 .30 51.2

40 4 0 .7 4 .2 0.16 27.6

60 8 0 .5 8 .0 0.19 35.0

60 13 2.5 8.7 0.24 38 . 1

(1) CHF Conditions: Finite air in 1.5 L fermenter, 200 rpm
agitation, Kp.MES medium, 30° C, inoculum 
acclimatized to 15% xylose, enzyme loading 
250 FPU, 5000 CMCase, 5000 xylanase IU/g 
substrate.

(2) See Table 14, footnote 4
(3) Theoretical Butanediol Yield (see Appendicies I and IV)
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To improve the E58 enzyme activity during CHF experiments the

temperature was raised to 37 and 45°C. These tests were performed

using two model substrates, Solka Floe and Xylan, which are

devoid of any inhibitors which may be present in SEA (Table 17).

The 5% substrate concentrations were less successfully fermented

than the 2% concentrations. The results indicated that CHF at

45°c was feasible, although 37°c was closer to the optimum for

the fermentation as has been reported in the literature (Jansen

and Tsao, 1983).

The CHF of Solka Floe was compared to SEA and SEA-WI at 45°c 

using the same E58 enzyme loading and conditions used in the 

previous experiment (Table 18). The results for CHF of Solka Floe 

reported in Table 17 were not reproduced in this experiment.

Only 21 and 18% of theoretical butanediol yield were obtained 

compared to 84 and 95% obtained previously from 20 and 50 g/L 

Solka Floe respectively. This poorer performance could be due to 

a less viable or less active inoculum or enzyme preparation being 

used in this CHF experiment. Even though the inocula were 

prepared in the same way, the actual intial cell densities were 

not determined and could have been higher in the first 

experiment. Different E58 enzyme preparations were used, but 

were assayed and adjusted to the same activity (30 FPU and 5 0 0 0 

xylanase IU/g substrate) prior to use.

While the Solka Floe results were lower than expected, the 

results from the SEA at 20 g/L and SEA-WI at both 20 and 50 g/L 
were encouraging if the assumption is made that CHF conditions

V
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Table 17. Combined Hydrolysis and Fermentation of Solka Floe and 

Xylan by K l ebsiella £neumoniae at 37 and 45° C Using 
Trichoderma harzianum E58 Enzymes (1)

Substrate 
( g/L)

Temp. 
°C

Max .
EtOH

Solvent Produced (g/L) 
(Budiol + AMC)

Fermentation 
Efficiency 

(2 )

%TBY 
(3 )

Solka Floe

20 37 2 . 1 9. 1 0.43 84.1

50 37 4.9 25.7 0.57 95.0

100 37 6.6 32.7 0.36 60.4

20 45 0.4 11.9 0.57 1 1 0

50 45 0.9 12.9 0.26 47.7

100 45 0.2 9.6 0 . 09 17.7

Xylan

20 37 0.8 7.5 0.42 75.5

50 37 2.7 17.8 0.41 7 1.6

100 37 0.8 10.7 0.12 2 1.5

20 45 0 . 1 6. 1 0.31 6 1.4

50 45 0.3 10.7 0.22 43.1

100 45 0 . 1 7.4 0 . 08 14.9

(1) CHF Conditions: Finite air in 60 ml vials, 200 rpm, Kp.MES.YE
medium, inoculum acclimatized to 15% xylose 
and washed, enzyme loading 30 FPU, 5000 
xylanase IU/g substrate.

(2) See Table 14, footnote 4
(3) Theoretical Butanediol Yield (see Appendicies I and IV)
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Table 18. Combined Hydrolysis and Fermentation of SEA, SEA-WI,

and Solka Floe by Klebsiella pneum oniae at 45° C Using
Trichoderma harzianum E58 Enzymes (1)

Substrate
(g/D

Maximum
EtOH

Solvent Production (g/L) 
(Budiol + AMC)

Fermentation 
Efficiency 

(2 )

% TB Y 
( 3 )

SEA

20 0 . 1 2.0 0.14 26.3

50 <0.1 0.5 0.01 2.6

SEA-WI

20 0.8 2.0 0.19 27.3

50 1 . 2 3 • 8 0.14 20.7

Solka Floe

20 1 . 0 2.3 0.15 21.3

50 1.7 4.9 0.12 18.1

(1) CHF Conditions: Same as described in Table 17.
(2) See Table 14, footnote 4
(3) Theoretical Butanediol yield (see Appendicies I and IV)
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were less than ideal. Butanediol yields were higher for both SEAr

and SEA —WI at 20 g/L than for Solka Floe. Similarly SEA-WI gave 

slightly higher butanediol yield than Solka Floe at 50 g/L, 

although its significance remains to be determined. There 

appeared to be no improvement in CHF of 50 g/L SEA at 45°C over 
that reported at 30°c (see Table 15), however direct comparison 

of these two experiments cannot be made because of the poor CHF 

results of Solka Floe as discussed above. The 10 fold decrease 

in theoretical butanediol yield from 50 g/L compared to 20 g/L 

SEA, not observed between 50 and 20 g/L SEA-WI indicated the 

presence of inhibitory compounds in the water-soluble fraction of 

SEA which were toxic at the 50 g/L SEA concentration.

The CHF of Solka Floe, SEA and SEA-WI at 45°C was repeated using 

50 and 100 g/L substrate concentrations and an acclimatized, 

washed inoculum which was grown at 37°C for 24h instead of 48h 

as done previously (Table 19). The E58 enzyme loading was 30 FPU 

and 3800 xylanase IU/g substrate. All other CHF conditions 

remained the same as previously described.

Again the CHF results for Solka Floe did not achieve the high 

yields found earlier (Table 17), but were slightly better than 

the previous experiment with 50 g/L Solka Floe giving 28% of the 

theoretical butanediol yield compared to only 18% (Table 18). At 

50 g/L both SEA and SEA-WI gave significantly improved yields (82 

and 27% greater, respectively) over those reported in Table 18.

Residual glucose analysis of the samples taken at the time 

of maximum butanediol production showed that significant
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Table 19. Combined Hydrolysis and Fermentation of SEA, SEA-WI
and Solka Floe by Klebsiella pneum oniae at 45° c Using
Trichoderma harzianum E58 Enzymes ( 1 )

Substrate
(g/L)

Max. Solvent Production 
EtOH (Budiol + AMC) 
(g/L) (g/L)

Residual
Glucose
(g/L)

Hexosan 
Hy dro1 . 
(%) (2)

F.E.
( 3 )

% TB Y 
(4 )

CHF
SEA

50 0.5 2.8 8.0 - 0.09 14.7

100 0.9 4.8 9.4 - 0.07 12.6

SEA-WI

50 0.5 5.2 6.4 - 0.16 28.4

100 0.3 3.9 19.8 - 0 . 06 10.6

Solka Floe

50 1 . 1 7.5 2.4 - 0.16 27.7

100 2.2 12.0 4 . 1 - 0.13 22.2

Hydrolysis Control
SEA

100 - - 30.0 49.2 - -

SEA-WI

100 - - 20.7 29.4 - -

Solka Floe

50 - - 24.8 50.2 - -

100 33.4 33.8 - -

(1) CHF Conditions: Same as described in Table 17.
(2) Hexosan Hydrolysis (see Appendix IV)
(3) Fermentation Efficiency (see Table 14, footnote 4)
(4) Theoretical Butanediol Yield (see Appendicies I and IV)
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glucose was still present (2 to 20 g/L) indicating that

fermentative activity was insufficient. Both butanediol and 

ethanol concentrations produced were below the level required for 

product inhibition. The incomplete fermentation could be caused 

by a low cell density with cell growth restricted by the limited 

air conditions present during fermentation, loss of cell 

viability at 45° C, osmotic stress (low water activity) imparted 

by the higher substrate levels, or a combination of all three 

conditions. All of these possibilities remain to be studied 

in future optimization experiments.

Enzymatic hydrolysis controls were run in parallel to the CHF 

process and analyzed for glucose. The hexosan in Solka Floe at 

100 g/L was 34% hydrolyzed giving 33.4 g/L glucose. This amount 

of glucose should give a theoretical butanediol yield of 16.7 

g/L. Only 12.0 g/L was found (72% of theoretical) indicating 

that sufficient glucose was released by hydrolysis, and that 

fermentation conditions were not optimized for maximum butanediol 

production. Similarly at the 100 g/L SEA and SEA-WI substrate 

concentrations the hydrolysis controls indicated that only 32 and 

38% of the theoretical butanediol had been produced by CHF based 

on the available glucose provided by enzymatic hydrolysis. These 

values represented only about 50% of the butanediol yield 

obtained from Solka Floe. Again, this analysis indicated that 

6ome inhibitory compounds were present in the SEA and SEA-WI 

which were possibly hemicellulose- or lignin-derived as these 

components are substantially reduced in the Solka Floe BW300 

substrate (see Appendix IV).
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The CHF results reported to date have shown that both SEA and 

SEA-WI can be fermented to butanediol by K. pneumon iae in a 

combined hydrolysis and fermentation using the T̂ _ harzianum E58 

cellulase complex. The fermentation conditions used to date are 

far from optimum as indicated by the low yields of theoretical 

butanediol produced, even though sufficient monosaccharides 

appear to be available through enzymatic hydrolysis at 45°C.

Because of the uncertainty of potential markets for butanediol no 

future work on the optimization of this fermentation is planned. 

Current effort in SEA and SEA-WI CHF is being directed towards 

optimization of the ethanol fermentation by the yeasts, 

Saccharomyces cerevis iae and P i c h i a stipitis and determining the 

feasibility of employing the acetone-butanol-ethanol (ABE) 

fermentation by the anaerobic bacterium, Clostridium 

acetobutylicum.

7.2 Ethanol production by Saccharomyces cerevisiae

The yeast, Saccharomyces c e r ev i siae, is well known for its use in 

potable ethanol production from sugar substrates in the beer, 

wine and distilled spirits industries. Unfortunately, this yeast 

does not ferment D-xylose so has little potential for 

hemice11ulose fermentation and consequently would not be expected 

to utilize SEA substrate very efficiently. Its ability to 

ferment SEA-WI which contains only 2.5% pentosan (see Appendix 

IV) was compared to Solka Floe in CHF experiments described 

below. Initial experiments on glucose fermentation were carried 

out to establish the base case fermentation conditions to be used
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in the CHF experiments.

The earlier CHF experiments with pneum oniae for butanediol 

production from SEA-WI and Solka Floe suggested that higher than 

normal (25-30°c) fermentation temperatures of 37 and 45°C be 
studied in order to improve the rate of enzymatic hydrolysis by 

T. harzianum E58 cellulase. In addition, different inoculum 

preparations were tested (Table 20). Ethanol yields were higher 

at 37°c and the concentrated inoculum gave theoretical maximum 
ethanol yields (yields greater than 100% are within expected 

analytical error). The normal inoculum fermented poorly at 45°c 

which may be a result of rapid cell death at this temperature.

The higher cell density inoculum performed better indicating that 

either the washing step or the higher cell density afforded 

protection from the thermal stress at 45°c. This experiment 

demonstrated that a washed, concentrated inoculum allowed up to 

50 g/L glucose to be fermented at 45°c, to 95% of theoretical 

ethanol yield. The actual cell density to be used and its 

viability after fermentation at this temperature are being 

determined.

A CHF experiment, using the conditions established above was 

performed using Solka Floe, SEA-WI and a glucose control as 

substrates. The results (Table 21) were encouraging as 71 and 

69% of the theoretical ethanol yield was obtained from the SEA-WI 

and Solka Floe respectively at 50 g/L compared to 100% from the 

glucose. At the lower concentration of 20 g/L, the SEA-WI was 
more extensively utilized than the Solka Floe (85 versus 66%
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Table 20. Fermentation of Glucose to Ethanol by Saccharomyces 

cerevisiae at 37 and 45° C Using Different Inoculum 
Preparations (1 )

Glucose 
( g/L)

Temp. 
°C

Inoculum 
Prep. 
(2 )

Maximum Ethanol 
Production (g/L)

Fermentation 
Efficiency 

(3 )

% TEY 
(4 )

50 37 N 22.7 0.45 89.0

100 37 N 4 1.0 0.41 80.4

150 37 N 5 1.6 0.34 67.4

200 37 N 58.2 0.29 57 . 1

50 37 C 27.5 0.55 108

100 37 C 52.4 0.52 103

150 37 C 69.5 0.46 90.9

200 37 C 69 . 1 0.35 67.8

50 45 N 2 . 2 0.04 8.6

100 45 N 2.7 0.03 5.3

150 45 N 2.5 0.02 3.3

200 45 N 3.5 0.02 3.4

50 45 C 24.5 0.49 96 . 1

100 45 C 32.5 0.33 63.7

150 45 C 47.6 0.32 62.2

200 45 c 44 . 1 0.22 43.2

(1) Conditions: Finite air in 60 ml vials, 150 rpm, SCM media
(2) Inoculum Preparation: N - normal, unwashed, 48h at 28° C

C - 2 X concentrated normal culture
washed and resuspended in SCM

(3) see Table 14, footnote 4
(4) Theoretical Ethanol Yield (see Appendicies II and IV)
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Table 21
( ‘'N

. Combined Hydrolysis and Fermentation of SEA-WI and
Solka Floe by Saccharom yces cerevisiae at 45° C Using 

Trichoderma harzianum E58 Enzymes (1)

Substrate
(g/L)

Maximum Ethanol 
Production (g/L)

Fermentation 
Efficiency 

(2 )

% TEY 
( 3 )

SEA-WI

20 6 . 1 0.43 84.9

50 12.8 0.36 7 1.3

Solka Floe

20 6.7 0 . 34 66.4

50 17.4 0.35 69.0

Glucose

50 26.8 0.53 104

(1) CHF Conditions: Anaerobic in 60 ml vials, 200 rpm, SCM media
(2) see Table 14, footnote 4
(3) Theoretical Ethanol Yield (see Appendicies II and IV)
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Appendix IV). For this reason the theoretical ethanol yields are 

more meaningful when comparing the CHF of these two substrates.

In the following CHF experiments hydrolysis controls were run 

and glucose analysis was done at the same time as the maximum 

ethanol production was obtained in the CHF samples (usually after 

3-4 days) so that the ethanol production limiting factor could be 

determined. Two identical experiments were run using two 

different cellulolytic enzyme preparations adjusted to the same 

activity (30 FPU/g substrate). The first CHF experiment used 

culture filtrate from T. harzianum E58 (Table 22).

theoretical ethanol yield). The actual ethanol produced was lower

from SEA-WI for an equivalent weight of Solka Floe because SEA-WI

has a lower fermentable hexosan content (63.4 versus 89.0%,

The enzymatic hydrolysis controls indicated that in all but one 

case the CHF approach enhanced substrate utilization. Because 

S. cerevisiae can only ferment the products of hexosan 

hydrolysis (i.e. glucose) the percent hexosan hydrolysis could be 

calculated in the CHF experiment from the ethanol yield plus 

residual glucose (see Appendix V). Comparing the hexosan 

hydrolysis in the CHF to the controls showed that enzymatic 

hydrolysis was enhanced under CHF conditions for Solka Floe at 50 

g/L (45 versus 41%) and SEA-WI (58 versus 51 at 50 g/L and 42 

versus 39% at 100 g/L). Only Solka Floe at 100 g/L showed less 

hexosan hydrolysis in the CHF than the control (47 versus 51%). 

While these results indicated a trend to higher hydrolysis 

efficiencies under CHF conditions the significance of these 

differences remains to be determined. It would be expected that
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Table 22. Combined Hydrolysis and Fermentation of SEA-WI and

Solka Floe by Saccharom yces cerevisi ae gt 45° C Using 
Trichoderma harzianum E58 Enzymes (1)

Substrate
(g/L)

Maximum Ethanol 
Production (g/L)

Residual 
Glucose 
( g/L)

Hexosan 
Hydrol. 
(%) (2 )

Fermentation 
Eff iciency 

(3 )

% TEY 
(4 )

CHF

SEA-WI

50 7.6 5.6 58.2 0.22 42.4

100 6.8 16.0 4 1.7 0.10 18.9

Solka Floe

50 10.6 1.4 44.9 0.21 42 . 1

100 14.6 17.1 47.0 0.15 29.0

Glucose

50 19.9 0 . 1 - 0.40 78.0

Hydrolysis Control

SEA-WI

50 - 18.1 5 1.4 - -

100 - 27.6 39.2 - -

Solka Floe

50 - 20.1 40.7 - -

100 - 50.0 50.6

(1) CHF Conditions: Finite air in 60 ml vials, 200 rpm, SCM
medium, washed inoculum, enzyme loading 30 
FPU/g substrate.

(2) Hexosan Hydrolysis (see Appendix IV)
(3) see Table 14, footnote 4
(4) Theoretical Ethanol Yield (see Appendicies II and IV)
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at higher substrate concentrations the removal of glucose by 

fermentation would eliminate the build up of glucose to levels 

which would cause product inhibition of the E58 cellulase 

complex and thereby enhance hexosan hydrolysis in the CHF over 

the control hydrolysis conditions.

The fact that the glucose fermentation control consumed 100% of 

the 50 g/L substrate yet produced only 78% of the theoretical 

ethanol yield indicated that fermentation conditions were not 

optimized for ethanol production. There may have been 

significant glycerol production to account for the remaining 

fermentation products, however this was not determined. The high 

residual glucose levels present in the 100 g/L Solka Floe and 

SEA-WI CHF vials also indicated that the fermentation conditions 

were less than ideal. Saccharom yces cerevisiae can tolerate more 

than 70 g/L ethanol so product inhibition was not a factor in the 

failure of these fermentations to go to completion.

The following CHF experiment utilized a commercial cellulase 

preparation consisting of Celluclast and Novozyme from 

Trichoderma reesei (Novo Industri A/S, Denmark). Enzyme activity 

was adjusted to 30 FPU/g substrate to compare its hexosan 

hydrolyzing ability to the E58 preparation used in the previous 

experiment (Table 22). All other experimental conditions 

remained the same, although a different batch of yeast inoculum 

was used (Table 23).

The commercial cellulases resulted in significantly higher hexosan 

hydrolysis of Solka Floe (78 and 71%) than SEA-WI (63 and 56%)
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Table 23. Combined Hydrolysis and Fermentation of SEA-MI and

Solka Floe by Saccharom yces cerevisiae at 45° C Using 
Commercial Cellulases (1)

Substrate
(9/L)

Maximum Ethanol 
Production (g/L)

Residual 
Glucose 
( g/L)

Hexosan 
Hydrol. 
(%) (2 )

Fermentation 
Efficiency 

(3 )

% TEY 
(4 )

CHF

SEA-WI

50 5.8 10.8 63.0 0.16 32 . 3

100 6.5 26.8 56.2 0 . 09 18.

Solka Floe

50 12.3 14.6 78.4 0.25 48.8

100 19.4 32.6 7 1.5 0.20 38 • 5

Hydrolysis Control

SEA-WI

50 - 24.4 69.3 - -

100 - 42.8 60.8 - -

Solka Floe

50 - 37.8 76.5 - -

100 - 56.8 57.5 - -

(1) CHF Conditions - Same as Table 22, footnote 1. Commercial
enzymes were 40:60 mix of Celluclast and 
Novozyme to give 30 FPU/g substrate.

(2) Hexosan Hydrolysis (see Appendix IV)
(3) see Table 14, footnote 4
(4) Theoretical Ethanol Yield (see Appendicies II and IV)
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under CHF conditions at both substrate concentrations of 50 and 

100 g/L. Ethanol yields were consequently higher from the Solka 

Floe Bubstrate and CHF results were improved over those reported 

previously using the E58 cellulase complex (Table 22). The 

higher residual glucose concentrations observed with both 

substrates in CHF compared to the previous experiment and the 

lower ethanol yields from SEA—W1 indicated that the yeast 

inoculum may not have been at as high a cell density or been as 

active at 4 5° c.

From the enzymatic hydrolysis controls it appeared that the 

commercial cellulases did not show enhanced hexosan hydrolysis 

under CHF conditions, except for Solka Floe at 100 g/L which 

improved from 57 to 71% hydrolysis. These findings were opposite 

to those reported above using the E58 cellulase complex (Table 

22). It may be that the hexosan hydrolysis under CHF conditions 

estimated from the ethanol yield and residual glucose was 

underestimated in all cases because the glucose fermentation to 

glycerol was not included in the calculation. Future CHF 

experiments will include glycerol and ethanol as the fermentation 

products and conditions will be selected to minimize glycerol 

production.

The CHF experiments with S_«_ cerevisiae have shown that ethanol 

production from SEA-WI is feasible using the T. harzianum E58 

cellulase complex for enzymatic hydrolysis. While the best 

ethanol yield obtained was 85% of theoretical from 20 g/L SEA-WI 

(Table 21) the lower yields at higher substrate levels indicate

V
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that improved CHF conditions must be identified to allow

efficient fermentation of the higher, more economical substrate 

concentrations. As mentioned earlier, the method of inoculum 

preparation is currently receiving increased attention in order 

that cell density and cell viability are optimized for ethanol 

fermentation and reproducibility between CHF experiments. In 

addition, higher enzyme loadings will be used (i.e. 50 FPU/g

substrate) to improve enzymatic hydrolysis rate as this is often 

the rate-limiting step in ethanol production.
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Table 24.The combined hydrolysis and fermentation of 5%
commercial cellulose using the enzyme system derived 
from the growth of T_»_ harzianum E58.

Hydrolysis
condition

% Hydrolysis of 
to reducing sugars

cellulose
to glucose

Hydrolysis alone 52.8 45.5

CHF-Flasks 67.3 58.4

CHF-Fermentor 67.5 59.5

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

1- The hydrolysis only system means hydrolysis was performed at 
4 50 C for 48 hours, with no fermentative organisms added to the 
system. The flasks and fermentors were both combined hydrolysis 
and fermentation systems which were performed at 37°C.
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Table 25.The percent of the original enzyme activités which was 
measured in the culture filtrate after the CHF of 5% 
commercial cellulose and of the control without added 
cellulose

--------------------------------------------------------------------- >1

Hydrolysis % Activity remaining in filtrate
conditions Endoglucanase 8-glucosidase Filter paper

' 15 IU/g

Enzyme alone 72.4 
CHF-Flasks 58.5 
CHF-Fermentor 49.0

To assay for the stability of the enzymes, they were treated 
under identical conditions as the CHF vials in the absence of 
substrate

96.2 97.0 
116 65.8 
101 61.3
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Table 26.The hydrolytic activity of the culture filtrates derived 
from the CHF of 5% cellulose and control without added 
cellulose

Hydrolysis Enzyme 
Conditions loading 

FPU/gr

Residual Hydrolytic activity
CHF products % of initial activity

R. Sugars EtOH R. Sugars Glucose 
mg/mL mg/mL

Initial 
Enzyme alone 
CHF-Flasks 
CHF-Fermentors

1 5
1 1 . 4
7.8 3.7
6.9 3.0

100
86.3

9.2 51.6
9.4 50.9

1 0 0  
8 1 . 6  

49.2 
46.4

The culture filtrates from the three systems were added to a 5% 
cellulose slurry. For this assay one gram of Solka Floe was mixed 
with 5 mis of buffer and 15 mis of culture filtrate incubated at 
45 C for 24 hours. Since the culture filtrate taken from the CHF 
systems contained both residual reducing sugars and ethanol these 
products were added to the test hydrolysis. The hydrolytic 
activity test was based on the conversion of Solka Floe to 
glucose and thus the intermediate products of the CHF had no 
bearing on the calculatioos•
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preparation.

The results indicated that the cellulose which remained following 

hydrolysis still exerted a strong adsorptive effect on the 

cellulate enzymes. The g-glucosidase component of the enzyme 

preparation was not adsorbed whereas the endoglucanase and 

exoglucanase components were strongly adsorbed by the 

unhydrolysed cellulose. The activity of the 6-glucosidase 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 components of the enzyme system 

which may block the access of the g-glucosidase to the cellobiose 

substrate. If we assume 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.

Once the base case with a commercial 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 aspenwood at 240°c for 80 seconds and subsequent 

removal of soluble pentosans and inhibitors with a simple water 

extraction procedure. This material, (SEA-WI) was used at a 5% 

dry weight concentration in a CHF process. The chemical 
composition of the lignocellulosic material before and after
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hydrolysis is given in Table 27. 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 

component was actually 73%. After the hydrolysis there still 

remained a 1% cellulose suspension in the fermentor.

The assayed enzyme activity of the culture filtrate before and 

after the CHF process is given in Table 28. 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 unhydrolysed 

cellulose portion. Other components 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 29. 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 commercial cellulose was the same 

as that obtained with the lignocellulosic residue the recovery of 

the enzymes was very different. The major 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 (Deshpande and Eriksson, 1984; Klyosov,
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Table 27.Chemical composition of steam treated water extracted 
aspenwood (SEA-WI) before and after the CHF process

Substrate Hexosan Lignin Dry weight
% % 9

Original SEA-WI 66.9 3 1.2 80

After CHF 36.9 52.7 47.4

The dry weight of the residue included the dry weight of the 
yeast biomass. Based on the nitrogen content of the residue this 
amounted to 19% of the residue weight. The percent hexosan and 
lignin were based oft the total dry weight of the residue. The 
percent cellulose hydrolysis was 72.9.
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Table 28. Recovery of cellulase enzymes in the culture filtrate 
following a CHF process of 5% steam treated water
insoluble aspenwood.

Enzyme activity IU/mL Protein
Endoglucanase glucosidase Filter

paper
ng/mL

Original activity 15.1 0.76 0.75 0.86

Recovered activity 1.9 0.39 0.12 0.17
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Table 29.The hydrolytic activity of various proportions of 
recovered and fresh enzymes

% Original/
recovered
filtrate

Enzyme
Endo
gluca
nase

profile 
b-gluco- 
si da s e

IU/gr1
Filter
paper

Hydrolysis 
R. Sugars 

mg/mL

Products
Glucose
mg/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 2 12 13.0 9.6 2 1.0 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 2 5.4

The original culture filtrate had an enzyme actiuvity of 23.6
endoglucanase , 1.03 IU of 6-glucosidase and 1.00 IU of filter
paper activity. The hydrolysis 
concentration for 48 hours at

was performed at 5% 
4 5 ° C .

cellulose

Enzyme profile given as IU/g substrate

127V_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ E Forintek

8 ^



personal communications) that lignin strongly adsorbs the

cellulase enzymes. This possibility was further investigated.

The 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 30 indicated 

that the lignin did not adsorb the cellulase enzymes. However, 

when the adsorption of cellulase enzymes to various pretreated 

lignocellulosic residues was compared (Table 30) the results 

indicated that some sort of adsorption was occurring with the 

lignin/cellulose complex. 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 appear to affect the 

cellulose hydrolysis (Forintek Canada Corp, 1984), the presence 

of lignin 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 that had been water and alkali 

extracted (SEA-WIA). The alkali extraction removed 75% of the 

lignin as can be seen from the data on Table 31. The lignin 

composition of the material after hydrolysis was 17% that was 

equivalent to less than half of the total residue remaining after 
the CHF of the SEA-WI substrate.

V
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Table 30. The adsorption of cellulolytic enzymes to various lignin 
samples and to pretreated lignocellulosic substrates.

Substrate
5%

% Enzyme remaining in filtrate 
Endoglucanase -glucosidase Filter

Paper

% protein 
in filtrate

Solka FLoc 30.5 117.0 32.5 34.8
SEA-WI 11.8 67.7 13.8 26.7
Lignin A 103.6 100.0 97 . 1 97.6
Lignin B 96.3 103.4 90.0 85.9
Lignin C 100.9 103.4 100.0 96.4
Xylan 105.7 113.3 108.6 120.8
SEA=WI(enz) 66.7 85.0 56.4 67.9

SEA-WI: Steam treated aspenwood which was heated at 240 C for 
180 secondes aod then water extracted.

lignin Arderived from steamed aspenwood which was treated at 
220 seconds at 240 C. The lignin was solubilized with methanol, 
then filtered and reprecipitated with water. Approximatley 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.

SEA-WI(enz) : The same SEA-WI sample as described above which was
enzymatically hydrolysed by a CHF process. The original cellulose 
content was 57% and after the CHF the cellulose content was 
between 3-10%.
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Table 31.The chemical composition of steam treated water and
alkali extracted (SEA-WIA) aspenwood before and after 
enzymatic hydrolysis.

Substrate Hexosan Lignin 
% %

Dry weight 
9

. Original (SEA-AI) 90.0 8.2
After hydrolysis 61.6 17.2

80
38.3

The dry weight of the residue included the dry weight of the 
yeast biomass. Based on the nitrogen content of the residue this 
amounted 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.

Enzymatic hydrolysis was accomplished by a CHF process which is 
described in Materials and Methods

130



The recovery of the cellulase enzymes after the CHF of the water

and alkali extracted aspenwood (SEA-WIA) is reported in Table 32 

and the results were found to be as poor as with the substrate 

with a higher lignin content.

The results indicated that for successful recycle of enzymes to 

occur the percent hydrolysis of cellulose must be at a high 

enough level so that little cellulose remains in the residual 

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.
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Table 32.Recovery of cellulase enzymes in the culture filtrate
following a CHF process of steam treated water and alkali 
insoluble aspenwood.

Enzyme Activity 
ZU/mL

Before
CHF

After
CHF

Endoglucanase 14.6 1.6
fc-glucosidase 0.83 0.16
Filter paper 0.75 0.09

Protein mg/mL 0.96 o.io

V .
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DISCUSSION

The ability to predict the hydrolytic potential of an enzyme 

preparation in a long term hydrolysis of real substrate is vital 

to an industrial process. Ideally the prediction test should be 

fa6t and realible. The standard 6hort term assay utilizes a one 

. hour hydrolysis of filter paper as a test to predict the outcome 

of a long term hydrolysis of steamed wood. Our results have 

indicated that the filter paper test cannot be used to predict 

hydrolysis of real substrates. The problem with the filter paper 

test was identified as a lack of correlation between the test 

substrate, filter paper and the hydrolysis substrate, steamed 

wood. An hour test was shown to be a good measure for the 

prediction of a 24 hour hydrolysis if the same substrate was used 

for the short and long term hydrolysis.

A great number of variables were introduced in the testing of a 

one hour verus 24 hour assay including: growth substrates for 

enzyme production, operators performing assays, shaking speed of 

hydrolysis, volume of hydrolysis, type of enzyme preparation, 

organism used for enzyme production, various batches of steamed 

wood. Even with these variables short term hydrolysis was 

indicative of long term hydrolysis and could be used to predict 

the outcome of a long term hydrolysis.

This assay does not allow inter-laboratory comparison of enzyme 

activity. It was not intended to replace standard assays but to 

compare batch to batch hydrolytic efficiency of a fungal 

cellulase complex within a laboratory by eliminating additional
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variables imposed by the assays. While more laborious and time

consuming than the filter paper assay, this assay allowed us to 

predict the outcome of a long term hydrolysis.

The typical hydrolysis profile of cellulose showed a rapid 

initial hydrolysis rate which declined as hydrolysis proceeded.

The limitations of the rate enzymatic hydrolysis may be related 

either to the enzyme or to the substrate. Our results indicated 

that enzyme related factors only imposed minor limitations on 

hydrolysis. Enzyme factors studied were; thermal stability of 

the enzyme, adsorption of the enzyme onto the substrate, site 

blockage by inactivated enzymes and end- product inhibition of 

the enzyme complex. Although all of these factors affected 

hydrolysis, none could account for the drastic decline in 

hydrolysis which occurred after the first eight hours of 

incubation.

Our investigations into the changes in the substrates occurring 

during hydrolysis indicated that these physical factors were 

primarily responsible for the typical hydrolysis profile. The 

structural related parameters such as crystallinity, surface 

area, and susceptibility of the substrate during hydrolysis 

changed during long term hydrolysis.

Lee e_t £ l . ,  ( 1983 )  found  t h e  CrI o f  S o l k a  F l o e  SW40 i n c r e a s e d
from 78 t o  80 a f t e r  48 hrs  i n c u b a t i o n .  S i m i l a r i l y ,  Lee and Fan 
( 1983 )  found t h e  CrI o f  S o lk a  F l o e  SW40 i n c r e a s e d  from 77 . 8  t o  
83.7  d ur i ng  72 h o f  h y d r o l y s i s ,  w i t h  50 % o f  t h e  s u b s t r a t e  
h y d r o l y z e d .  Lee e^ aJU, ( 19 83 )  s u g g e s t s  t h e s e  r e s u l t s  s u p p o r t
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a hydrolysis model where the amorphous portion of the cellulose 

is attacked preferentially; with rapid removal of the amorphous 

portion causing a marked increase in the crystallinity during 

hydrolysis. Lee and Fan (1983), on the other hand find it 

difficult to reconcile the slight increase in CrI with the 

drastic decrease in substrate hydrolyzabi1ity. Our results 

confirmed the slight increase in crystallinity which occurred 

following long-term hydrolysis and cast doubt on the model 

proposed by Lee et a_l, ( 1983). In our experiments there was a 

drop in crystallinity in the early stages of hydrolysis 

suggesting that amorphogenesis was occurring, supporting the 

model proposed by Reese (1976).

Our results are in agreement with Lee and Fan ( 198 3 ) who observed 

that the intrinsic extent of soluble protein remains relatively 

unchanged during hydrolysis. This indicated that the adsorption 

sites per unit weight of cellulose did not significantly change 

during hydrolysis, and the amount of enzyme adsorbed onto the 

surface was not a limiting factor. There was, however, an 

increase in adsorption sites in the early stages of hydrolysis 

which paralleled the decrease in crystallinity.

Changes are  o c c u r r i n g  t o  t h e  s u b s t r a t e  wh ic h  can n ot  be r e l a t e d  t o  
e i t h e r  i n c r e a s e d  c r y s t a l l i n i t y ,  or  l a c k  o f  s u r f a c e  ar ea  
a c c e s s i b l e  t o  t h e  enzyme .  The s u r f a c e  a r e a  o f  t h e  s u b s t r a t e  and 
t h e  c r y s t a l l i n i t y  d i d  n o t  appe ar  t o  be maj or  l i m i t i n g  f a c t o r s  i n  
h y d r o l y s i s ,  as  has  been p r e v i o u s l y  c l a i m e d .  The CrI i n c r e a s e d  
o n l y  s l i g h t l y  t h r o u g h o u t  h y d r o l y s i s ,  w h i l e  t h e  s u r f a c e  a r e a
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'accessibletothe enzymewas dramaticallyincreased.This 

implied that both the amorphous and crystalline regions are 

simultaneously hydrolyzed during all stages of hydrolysis. Many 

factors are simultaneously changing during hydrolysis, all 

contributing to increased recalcitrance of the substrate. It is 

difficult, if not impossible, to state conclusively that only one 

factor is limiting hydrolysis.

As discussed earlier, neither an increase in crystallinity, nor a 

lack of accessible surface area could be held accountable for the 

reduction in the hydrolysis rate. Fan and Lee (1983) suggest the 

cellulose surface area is composed of an active fraction and a 

less active fraction; the former being easily digested and the 

latter being the fraction resistant to hydrolysis. Paralikar and 

Betrabet (1986) have reported that the cellulase enzyme 

preferentially attacks the 002 and 101 crystal planes. This 

means the crystallite width decreases while the crystallite 

length remains constant during hydrolysis. A decrease in the 

number of these crystal planes might be responsible for the drop 

in hydrolysis rate, and agrees with the slight increase in 

crystallinity and large increase in surface area observed. It is 

also possible, that other structural features, such as the 

degree of polymerization, are also involved in the 

transformation of cellulose into a more resistant form. Lee and 

Fan (1983) claim the transformation of cellulose into the less 

digestible form cannot be understood by simply examining the 

individual effects of several major structural features. It is 

influenced synergistically by changes in several structural
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f features

The research on the limitations to hydrolysis was performed using 

the model substrate Solka Floe. This substrate was used as it 

contained only minor amounts of lignin or hemicellulose. Solka 

Floe is derived from pulped softwood that has been dried and 

as such its structural integrity would be different from 

aspenwood which has been steamed and never dried. Our comparison 

of the two substrates revealed that the cellulose component of 

steamed wood could be completely hydrolyzed wheres the Solka Floe 

contained a highly recalcitrant portion of cellulose.

The major limitation on hydrolysis appeared to be the structural 

changes that occurred during hydrolysis and it was thought 

a physical treatment of the cellulose during hydrolysis would 

have a beneficial effect. Our results indicated that the 

physical pretreatment of ball milling caused excessive degradation 

of the enzymes and thus this approach was not pursued.

The enzyme loading experiments indicated that high conversion rates 

could be achieved at enzyme loadings of 50 filter paper units/ 

gram substrate. The conversion rates decreased with increased 

substrate concentration and this was attributed to end product 

inhibition or poor mass transfer. In an attempt to overcome some 

of the mass transfer problems that arose from the high 

substrate concentrations the fed-batch addition of substrate to 

the hydrolysis reaction was investigated. Several fed batch 

protocols were investigated and the greatest hydrolysis was 

achieved with the fed batch addition of both the substrate and
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zTTFTë enzyme. ïnere was however, little gain Tn using 5 red batch \

approach at the 10% substrate concentration. The fed batch 

technique may , however, have merit at higher substrate 

concentrations. This experiment was performed in shake flasks and 

should be repeated in a fermenter before any conclusive 

statements can be made about fed batch addition of substrate for 

hydrolysis.

The problem of end product inhibition at high substrate levels 

can be alleviated with the use of a combined hydrolysis and 

fermentation technique. This technique effectively removes the 

soluble monomers produced during hydrolysis and enhances the 

overall hydrolysis (Takagi e_t a_l., 1977, Saddler e_t a_l., 1982 ).

The steamed aspenwood is water extracted so as to separate the 

hemicellulose from the cellulose as most yeasts cannot ferment 

hemicellulose to ethanol. Kj_ pneum oniae can ferment both hexose 

and pentoses to butanediol and the feasibility of using whole 

steamed wood as the substrate for butanediol production was 

investigated. The results indicated that the inhibitors produced 

during steaming limited the usefulness of this approach.

The temperature used for the CHF technique is generally lower 

than the optimum temperature of hydrolysis and the limiting 

factor is the temperature tolerated by the fermentative organism. 

Increasing the fermentation temperature to 45°C for either S. 

cerevisiae or pneum oniae generally resulted in lower 

fermentation yields.

The recovery of cellulolytic enzymes derived from the fungus T^
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^harzianum E58 from the hydrolysis mixtures containing 

lignocellulosic material was less than 20%. This low value has

also been reported by Puls (1985) who used steamed birchwood as 

the substrate and cellulase enzymes derived from T^ reesei. The 

removal of the lignin component prior to the hydrolysis step did 

not improve the poor recovery of the enzymes. Although lignin 

did not to adsorb the cellulolytic enzymes, the presence of this 

material in the starting substrate influenced adsorption. The 

lack of enzyme adsorption onto lignin is contradictory to results 

obtained by Klyosov (personal communication). 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 have a 

strong adsorptive effect on the cellulase enzymes. In fact this 

combination adsorbed the 8-glucosidase component of the cellulase 

system whereas commercial cellulose alone did not. This result 

indicated that the phenomenon we observed was not solely due to 

adsorption and that inhibition of the enzyme activity may have 

played a role.

From this data it was apparent that the benefit of recycling 

cellulolytic enzymes will primarily depend on the achievement of
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high levels of hydrolysis. The complete hydrolysis of cellulose

will require more research into the mode of action of the 

cellulase complex and the pretreatment of the lignocellulosic 

residue.
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CONCLUSION

From the research performed to date the following conclusions on

the hydrolysis and fermentation of water insoluble material can

be made.

1) A one hour assay can be used to assess the hydrolytic 

potential of an enzyme preparation provided the same 

substrate is used for the assay as for the hydrolysis.

2) Enzyme-related factors such as thermal stability of the 

cellulases, adsorption of the enzymes onto the substrate, 

site blockage by deactivated enzymes and end product 

inhibition imposed minor limitations on the rate and extent 

of hydrolysis. The major limitation to hydrolysis was

the structural changes which occurred to the cellulose during 

hydrolysis.

3) Coupling hydrolysis with a physical treatment such as wet 

milling resulted in loss of enzyme activity that was 

related to shear forces or high temperature generated 

during the milling period.

4) High conversion of cellulose to glucose (78 - 85%) could be 

achieved at enzyme loadings of 50 filter paper units per 

gram substrate. The conversion rate decreased with 

increasing substrate concentrations.

5) At a 10% substrate concentration there was little gain in 

hydrolysis using a fed-batch approach. Of the fed batch 

protocols tested, the greatest hydrolysis was achieved with 

the fed-batch addition of both substrates and enzymes.
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(6) Steamed aspenwood could be hydrolyzed to sugars but these 

could not be fermented to butanediol at greater than 2% 

substrate concentrations. The presence of water-soluble 

inhibitors limited the usefulness of converting the 

unextracted steamed aspenwood to butanediol.

7) The CHF technique could not be performed at 4 ? C  with either 

the yeast S_̂  cerevis iae or the bacterium K_̂  pneumoniae.

8) After the CHF of Solka Floe 60% of the original cellulase 

complex was present in the hydrolysis filtrate and was 

available for enzyme recycle. When steamed aspenwood (SEA-WI 

and SEA-WAI) was used only 20% of the cellulase complex was 

found in the hydrolysis filtrate.
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INTRODUCTION
The production of cellulase enzymes is a crucial component of the 

bioconversion process. Enzyme costs can account for as much 

as 60% of the process cost (Wilke et al,, 1976 ). The enzyme

production step involves the large scale cultivation of the 

fungus Trichoderma har z i anum .

Large scale cultivation of filamentous fungi requires the 

establishment of cultivation conditions. These parameters 

include inoculum reproducibility, inoculum size and viability, 

media components, fermentation control and conditions. The fungus 

T. reesei has been studied for about .25 years and optimum 

cultivation conditions for large scale enzyme production have been 

established. The fungus used in this report and process, T. 

har zianum , has been studied for 6 years at the shake-flask level. 

The large scale cultivation conditions needed to produce higher 

enzyme yields and productivity have not yet been determined.

In the production of cellulase enzymes, the regulation of gene 

expression is also involved. The cellulase gene complex is under 

regulatory control, with both repression and active induction 

playing a role (Stutzenberger, 1985). Expression of the

cellulase gene complex is repressed by soluble sugars such as 

glucose and appears to follow the classical catabolite repression 

model. The cellulase gene complex also appears to require an 

inducer to initiate expression of the gene product. It is 

believed the inducer is some soluble product of the 

hydrolysis of cellulose (Mandels e_t a 1., 1962). Thus the genes
145
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are expressed at a low constitutive level at all times and when 

cellulose is hydrolyzed the soluble product induces further 

expression of the gene complex. This theory implies a high 

energetic cost to the organism because the manufacture of enzyme 

even at a low level will require an expenditure of energy.

In mammalian systems, active induction of the gene by a solid 

substrate can be mediated through membrane contact. This could 

be a possible mechanism for the induction of cellulase by 

cellulose. Our previous research indicated that the physical 

nature of cellulose influenced the profile of the cellulase 

complex. Other researchers have shown that the nature of the 

carbon source plays a strong role in cellulase production (Wood,

1982 and Macris et aj.,, 1985) and in the ability of the produced

enzymes to degrade crystalline cellulose. This finding is hard to 

reconcile with the soluble inducer theory but could be explained 

by contact induction mediated through the cell membrane. In 

either case there is evidence to suggest that active induction is 

required for the expression of the complete cellulase complex and 

that cellulose itself plays a role in induction.

Large scale production of cellulase enzymes have been designed 

to use lactose as the carbon source for growth and induction 

(Isaacs, 1984, Nystrom et al, 1984 and Warzywoda et al_, 1983 ).

Although lactose is soluble and much easier to handle than solid 

substrates, it produces lower yields of cellulase enzymes than 

solid substrates. The theories on expression of the cellulase 
gene complex indicate that lactose may not be the ideal substrate
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an effort to provide a more readily available substrate, a 

comparison between lactose and steamed aspenwood as a carbon 

source for enzyme production was made.

/--------------------------------------------------------------------------------- \
for active induction. In consideration of this limitation and in
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MATERIALS AND METHODS

Growth of organism

The fungus Trichoderma harzianum E58 was taken from the Forintek 

Culture Collection. The culture was routinely maintained on PDA 

(potato dextrose agar) slants. These slants were flooded with 4 

mL of Vogel's medium (Montenecourt and Eveleigh, 1977) and the 

spores were gently suspended in this medium. This spore suspension 

was used to initiate growth of the fungus in Vogel's media 

containing 2% glucose. The mycelia from this culture was used at 

a 5% inoculum concentration to initiate growth in Vogel's media 

containing 1% cellulosic substrate. These cultures were 

incubated for 4 to 5 days at 28 C. The culture was then filtered 

through a Whatman GF/F glass microfibre filter and the filtrate 

assayed for cellulase activity.

Lyophilization

Cultures were prepared on plates for lyophilization. After 

sporulation the plates, were flooded with 10 mL of double 

strength skim milk and the spores were suspended with of a blunt 

glass rod. Ten drops (0.2 mL) of the suspension were placed in 

each ampule and the ampules were frozen in an alcohol bath 

(-80°C) for 30 minutes. The ampules were lyophilized, sealed 

under vacuum and stored at 4°c.

Homogenization procedure

The inoculum was placed in to a sterilized Waring blender and
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mycelial balls and spread out the fungal network. These mycelia 

were then used inoculate cellulase production flasks.

Antifoams

T. harzianum E58 was inoculated into media containing 1% SEA-WI 

and incubated at 28 C, 110 RPM. After 1 day incubation, 10 mL of 

the following antifoaming agents were added: Antifoam A Emulsion 

(10 and 100 ppm), Antifoam B Emulsion (15 and 150 ppm), Antifoam 

C Emulsion (10 and 150 ppm) and BDH Antifoam B (500 and 2000 

ppm). The flasks were incubated for another 5 days, filtered 

through a Whatman glass filter and the supernatant fluid was 

assayed for enzyme activity.

The antifoams were obtained from SIGMA and BDH and the product

literature was as follows:

Antifoam A Concentrate (SIGMA)

An extremely effective foam suppressor for use in aqueous 
and non-aqueous systems. 100% active silicone polymer; no 
emulsifiers present. 1-50 ppm are adequate for most 
applications

Antifoam A Emulsion (SIGMA)

A 30% aqueous emulsion of Antifoam A concentrate. More 
easily dispersed in aqueous systems than Antifoam A 
concentrate. Contains anionic emulsifiers. 1-50 ppm 
recommended concentration 
Cost: $24.10 US/ 500 mL

Antifoam B Emulsion (SIGMA)

A 10% aqueous emulsion of Antifoam A concentrate. Contains 
anionic emulsifiers which are different from those present 
in Antifoam A Emulsion. 15-150 ppm recommended concentration 
Cost: $15.20 US/ 500 mL
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Antifoam C Emulsion (SIGMA)

A 30% aqueous emulsion of Antifoam A concentrate. Contains 
non-inonic emulsifiers. 2-50 ppm recommended concentration 
Cost: $27.50 US/ 500 mL

Antifoam B (BOH )

Requested information not sent 
Cost: $43.00 CDN / liter.

Production on hydrolysis residues

A 5% concentration of either Solka floe, SEA-WI or SEA-WAI were 

subjected to combined hydrolysis and fermentation as described in 

Materials and Methods (Chapter 1). The residue remaining from 

this hydrolysis was collected and dried. The dried cake was 

ground with a mortar and pestle and used as the carbon source for 

the production of enzymes.

Fermentor studies

The fermentor used in the studies was a New Brunswick 30 L 

Microferm fermentor CM F 128S. The fermentor was operated at a 

temperature of 26Pc, an aeration rate of 15 1pm and an agitation 

of 200 rpm. The fermentations were performed with 20 liters and 

an inoculum loading of 5% (v/v). After incubation, the thick

mycelial culture was harvested from the fermentation broth using 

a glass microfiber filter Whatman (GF/A). The cake remaining on 

the filter was dried and weighed. The crude filtrate was then 

concentrated 50 to 60 fold using the Pellicon Ultrafiltration 

System equipped with a 10000 dalton molecular weight cut off 

membrane. The concentrated retentate was freeze dried overnight on 

a Lyolab CII. The freeze dried fraction was stored at -20°C.
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For the fermentation runs that employed pH adjustments, 1 N HCL 

and 1 or 2N ammonium hydroxide solutions were used.

Assays

Soluble protein was determined after TCA precipitation by the 

method of Lowry e t a 1., (1951) using bovine serum albumin as the 

standard. Total reducing sugars were estimated using the 

dinitrosalicylic acid assay (Miller, 1959). Glucose was 

determined by the glucostat enzyme assay (Raabo and Terkildsen, 

1960). Enzymatic activities were determined by the method of 

Mandels e_t a 1., ( 1976 ). One millilitre of a properly diluted 

culture filtrate was added to 1 mL of 0.05 M citrate 

buffer at pH 4.8. For the filter paper assay the substrate was a 

1 cm x 6 cm strip of Whatman No. 1 filter paper. The substrates 

for the endoglucanase and 0-glucosidase assays consisted of 10 mg 

of carboxymethy1 cellulose (CMC medium viscosity, Sigma no. C-48888) 

and 10 mg of salicin, respectively. All three assays were 

performed at 50°C. The filter paper assay was incubated for 1 

hour while the endoglucanase and B-glucosidase assays were 

incubated for 30 minutes. For all three assays the reactions 

were terminated by adding 3 ml dinitrosalicylic acid reagent to 

each tube. The tubes were boiled for 5 min, cooled in running 

water and the absorbance read at 575 nm. One unit of enzyme 

activity was defined as 1 y mol of glucose or glucose equivalents 

released per minute.
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Substrate preparation

Steamed wood substrates were prepared as described in the 

Materials and Methods of Chapter 1.

Hydrolysis Assay :

Hydrolytic activity was measured as described in Chapter 1.
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R E S U L T S

The production of enzymes involves a number of steps that needed 

to be standardized at the outset of the project. Our previous 

research into the production of enzymes indicated that there was 

a high variability in the enzyme profile between batches. Several 

factors identified as contributing to this high variability were; 

age of inoculum source, spore versus mycelia inocula, presence of 

residual sugars in inoculum and mycelia loading (Tan and Breuil, 

1986). In order to standardize the inoculum source as much as 

possible, 300 lyophils of T\ harzianum E58 mycelial cultures were 

prepared and used as the seed inocula throughout the project. 

Research performed by Forintek has demonstrated that 

lyophilization is a good preservation method for this fungus and 

has minimal effect on the ability of the fungus to produce 

cellulases (Mes-Hartree, 1986).

The optimum mycelial loading was previously been determined to 

be between 0.3 to 0.6 mg/mL (Forintek, 1985). In order to achieve 

this level in 20 liters of media a thick mycelial inoculum was 

needed. The preparation of the inoculum was optimized to obtain 

high mycelial dry weight. The effect of the concentration of 

glucose and the amount of spores used on the final mycelial dry 

weight was determined (Table 1). There was little difference in 

the final mycelial dry weight between a full ampule or half an 

ampule at the low substrate concentrations of 0.5 to 1.5 % 

glucose. At 2% substrate concentration, the flasks inoculated 

with half an ampule lagged behind the flasks inoculated with a
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Table 1. Mycelial dry weight and glucose utilization from lyophilized 
T. harzianum E58 cultures grown on glucose

Inoculum
size

/litre

Glucose
g/L

Mycelial Dry Weight g/L Sugar Utilization (%)
Day 2 Day 3 Day 4 Day 7 Day 2 Day 3 Day 4 Day 7

1 ampule 5 3.5 4.2 3.8 . 100
10 4.5 5.8 6.2 - 68 100
15 4.4 6.3 6.3 - 51 100
20 4.4 6.9 8.1 11.3 27 36 58 100

i ampule 5 3.3 4.0 4.1 — 100
10 4.2 5.3 6.3 - 68 100
15 4.1 6.5 7.1 - 51 100
20 0.4 0.6 3.2 10.8 27 36 58 100
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whole ampule. Based on data presented in Table 1, the standard 

inoculum preparation was adopted as follows; one ampule of T_»_ 

harzianum spores was used to inoculate one liter of a medium 

that contained 1% glucose and subsequently incubated for three 

days at 28°C. The liter of thick mycelia was then added to the 

20 liters of media in the 30 L fermentor. This protocol generally 

gave a mycelial loading of 0.25 to 0.32 mg/mL.

The presence of residual sugars in the inoculum is known to 

inhibit the formation of cellulase enzymes, probably because of 

repression of the cellulase genes (Tan and Breuil, 1986). Some 

glucose is stored in the mycelium and it was not known if this 

stored carbohydrate had an effect on the production of cellulase 

enzymes. In order to totally exhaust the supply of glucose in the 

media and in the cells, the cells were starved for three days. 

Enzyme production by this mycelium was compared to enzyme 

production by unstarved mycelium (Table 2). There was little 

difference in the enzyme production or the hydrolytic activity of 

the produced enzymes between the starved or the control inoculum.

During growth of T. harzianum on soluble sugars, balling of the 

mycelia occurs limiting the transfer of nutrients, oxygen and 

inducer to the growing fungus. The effect of homogenization of the 

mycelial inoculum on cellulase production was studied (Table 3). 

Homogenization of the inoculum resulted in a 15% increase in 

cellulase production over the unhomogenized control. The cellulase 

preparation derived from the homogenized inoculum was less 

hydrolytically active than the cellulases derived from the 

control inoculum.
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Table 2. Comparison of enzyme production between starved and control mycelia of 

T. harzianum E58

Inoculum
starved^
+/-

Substrate
(1%)

Protein

g/L

Enzyme Activity 
Endo 8-glucosi- 
glucanase dase

IU/mL
Filter
Paper

Xylanase
2Hydrolytic Activity 

Glucose g/L/24h

- Sigma Cell 0.73 14.4 0.72 1.19 288 23.8Solka Floe 0.80 13.6 0.73 1.11 523 21.2
+ Sigma Cell 0.71 16.1 0.94 1.00 226 22.1

Solka Floe 0.70 14.8 0.68 1.02 391 21.2

Inoculum grown in 3.0 L flasks for 3 days - non starved conditions all glucose exhausted
6 days - starved for 3 days

Hydrolysis performed on 5% Solka Floe at enzyme loading of 75% v/v



r

Table 3. Effect of homogenization of inoculum on enzyme production by 
T. harzianum E58 grown on 1% Solka floe

Homogenization Enzyme activities IU/mL Hydrolytic Activity1
+/- Endo- B-glucosi- 

glucanase dase
Filter
Paper

Xylanase Glucose mg/FPU/96 hrs

15.0 0.55 0.86 100 0.31
+ 17.9 0.64 0.97 96 0.25

Mycelia was treated with 3, 1 second bursts in Waring blender

Hydrolytic activity is expressed as the glucose produced per filter 
paper unit added in 96 hours from 2% Solka floe
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r ~\Media modification

The medium used at the outset of the project was Vogel's medium, 

described in Table 4. This medium is semi-defined and contains 

citrate buffer. This type of medium is ideal for bench scale 

experiments but is inappropriate for large scale production 

because of the expense of organic nitrogen and buffer.

The nitrogen source specified in the original medium was bacto or 

proteose peptone. The nitrogen source used in the large scale 

production of cellulase with the fungus T^ re e s e i is corn steep 

liquor (Hendy e t a 1., 1982 ). Corn steep liquor was obtained from

Casco (Canadian Starch Co., Ontario) and used as a nitrogen 

source for enzyme production. Casco refers to this product as 

heavy steep water and this terminology was used in this 

report. The composition of the heavy steep water is given in 

Table 5. The comparison of enzyme production on various levels of 

heavy steep water and bactopeptone is given in Table 6. The 

hydrolytic activity of the produced enzymes is given in Table 7. 

Little difference was found between the two nitrogen sources.

The original medium formulation called for proteose peptone. The 

above experiments were repeated to compare proteose peptone , 

bacto peptone and a high and low level of heavy steep water. The 

profile of the culture filtrates produced is given in Table 8 and 

the hydrolytic activity of the filtrates in Table 9. These results 

confirmed the earlier observation that heavy steep water could 

replace the peptone component of the medium.
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Table 4. Composition of Vogel's media

Composition

Sodium citrate, dihydrate 
Potassium phosphate, monobasic 
Ammonium nitrate
Magnesium sulphate, heptahydrate 
Calcium chloride, dihydrate 
Vitamin Mix-Biotin

myo-Inositol 
Calcium - Pantonate

Pyridoxine HC1 
Thiamine hydrochloride 

Trace Metal - Citric Acid-dihydrate 
Zinc Sulphate heptahydrate 
Ammonium ferrous sulphate-hexahydrate 
Cupric sulphate pentahydrate 
Manganese sulphate monohydrate 
Boric Acid
Sodium molybdate, dihydrate 

Protease or Bacto Peptone 
Tween 803 ^
Antifoam B 
Substrate

g/L

2.5
5.0
2 . 0  
0 . 2  
0.1

5 x 10-6 
2 x 10"3 
2 x 10"4 
2 x 10~4 
2 x 10-4 
5 x 10"3 
5 x 10" 3 
1 x 10-3 
2.5 x 10“4 
9 x 10"5 
5 x 10-5 
5 x 10“5

1 (1% of carbon source) 
0.2 mLs 
4 mLs 

10

Included for fermentor studies
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Table 5. Analysis of heavy steep water received from Casco

Substance %
Composition

Solids 45
Protein 40
Lactic Acid 18.5
Reducing Sugars 3.6
pH 4.5
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Table 6. Comparison between heavy steepwater and bactopeptone as the
organic nitrogen source for enzyme production by T. harzianum

Nitrogen
Source

Incubation 
Time(Days)

Protein Enzyme activity IU/mL
Endo-
glucanase

$-glucosi-
dase

Filter
Paper

Xylanase

BactoPeptone 2 0.6 11.9 0,55 0.55 225
3 0.9 18.3 0.73 1.19 302
4 0.9 26.6 0.88 1.43 416

HS 1 g/L 2 0.7 14.4 0.61 0.80 200
3 1.0 27.0 0.84 1.22 329
4 0.9 28.9 0.94 1.31 414

HS 2 g/L 2 0.8 16.2 0.67 0.92 238
3 1.2 29.9 0.97 1.47 480
4 1.0 30.6 1.26 1.68 477

HS 4 g/L 2 0.7 15.7 0.65 0.92 295
3 1.2 29.1 0.95 1.52 498
4 1.2 29.3 1.15 1.59 516

The inoculum loading was 0.28 mg/mL 

HS - Heavy Steepwater

V
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Table 7. Hydrolytic activity of cellulase enzymes derived from growth
of T. harzianum on various nitrogen sources

Nitrogen
Source

Concentration
g/L

Reducing Sugars 
g/L

Glucose 
g/L /24h

Bactopeptone 1 28.8 20.0
Heavy Steepwater 1 29.2 20.6
Heavy Steepwater 2 29.8 21.7
Heavy Steepwater 4 29.5 21.0

Hydrolysis was performed on 5% Solka Floe using 75% (v/v) culture 
filtrate described in Table 5.
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Table 8. Comparison of 3 organic nitrogen sources for enzyme production by T. harzianum

Nitrogen
Source

Concentration
g/L

Incubation 
Time(days)

Enzyme Activity IU/mL
Endoglucanase B-glucosidase Filter

Paper
Xylanase

Bacto Peptone 1 2 20.1 0.45 0.70 218
3 22.9 0.80 1.21 234
4 26.6 0.94 1.21 243

Proteose Peptone 1 2 18.4 0.61 0.69 201
3 26.6 0.91 1.14 281
4 29.2 1.03 1.34 231

Heavy Steep Water 1 2 16.4 0.54 0.56 175
3 24.1 0.75 0.86 231
4 22.9 0.85 1.17 266

Heavy Steep Water 5 2 16.3 0.58 0.61 180
3 24.8 0.81 0.96 237
4 26.3 0.95 1.41 296
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Table 9. Hydrolytic activity of cellulase enzymes derived from
growth of T. harzianum on various organic nitrogen sources

Nitrogen
Source

Concentration
g/L

pH Glucose 
1 hour

production g/L* 
24 hour

Bacto peptone 1 6.0 0.9 8.4
4.8 1.5 12.4

Proteose Peptone 1 6.2 0.9 8.9
4.8 1.7 12.0

Heavy Steep Water 1 6.1 0.5 7.1
4.8 1.2 11.0

Heavy Steep Water 5 6.4 0.6 7.0
4.8 1.2 11.6

'Hydrolysis was performed on 5% Solka floe using 75% (v/v) of the 
culture filtrate described in Table 8
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f Another component of Vogels' medium Ts Tween 8 0, a surf actant

that enhances the secretion of the enzymes (Reese and 

Maguire, 1969). The amount of Tween 80 used in the original media 

was 0.2%. Recent reports (Tangu et £l., 1980) have indicated

that this concentration of Tween inhibits enzyme production. This 

finding prompted us to re-examine the effect of Tween. A 

comparison between Tween 20 and Tween 80 at the recommended 

concentration of 0.02% was performed (Table 10). The use of 

Tween 80 enhanced the endoglucanase and filter paper activity by 

20% and 12% respectively. The hydrolytic activity of the produced 

enzymes did not reflect this increase, and little difference was 

noted among the three culture filtrates (Table 11).

The next component to be removed from the original media was the 

citrate buffer. In a large scale operation, the pH is maintained 

by constant addition of acid or base as buffers are expensive.

The medium which was designed by the Lawrence Berkeley 

Laboratories (LBL) (Table 12) has received a lot of attention for 

large scale production. This medium does not contain buffer 

and pH is controlled by addition of acid or base. As pH 

adjustment is impossible in flasks, the pH was maintained with 

solid calcium carbonate. The effect of various levels of 

calcium carbonate on enzyme production with the LBL medium was 

tested (Table 13). Low levels of enzymes were produced without 

the addition of calcium carbonate and the most appropriate 

concentration of this mineral was found to be 2 g/L. The results 

also indicated that the LBL medium was an appropriate medium for 

T. harzianum.
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Table 10. Effect of Tween (0.02%) on enzyme production by 
T. harzianum

Tween
(0.02%)

Incubation
Time
(days)

Enzyme activity IU/mL
Endoglucanase y-glucosidase Filter

Paper
Xylanase

NONE 2 18.9 0.66 0.88 223
3 25.9 0.83 1.10 290
4 26.3 0.93 1.34 344

Tween 20 2 20.9 0.67 0.82 185
3 20.7 0.68 1.10 302
4 27.0 1.02 1.24 379

Tween 80 2 23.3 0.84 1.06 199
3 31.8 0.85 1.09 3 20
4 31.1 0.97 1.45 344

The flasks were inoculated with 5.8 mg/mL mycelia
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Table 11. Hydrolytic activity of the culture filtrates produced 
with or without Tween in the enzyme production medium

Presence of Tween Glucose produced g/L
in Production medium 1 hour 24 hour

NONE 2.8 15.5
Tween 20 2.7 15.7
Tween 80 2.8 15.4

Hydrolysis was performed on 5% SEA-WAI (240, 80 sec) using 75% (v/v) 
culture filtrates described in Table 10. The culture filtrates 
were adjusted to pH 4.8 prior to hydrolysis
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Table 12. Composition of LBL media

Component g/L

Ammonium sulphate 1.4
Potassium phosphate 2.0
Magnesium sulphate-rheptahydrate 0.3
Calcium chloride-dihydrate 0.5
Corn Steep Liquor 11.6
Tween 80 0.29 mLs
Ferrous sulphate-heptahydrate 5 x 10-3
Manganese sulphate-hydrate 1.6 x 10-3Zinc sulphate-heptahydrate 1.4 x 10-3Cobalt chloride-septahydrate 2.0 x 10
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Table 13. Enzyme production by Trichoderma harzianum E58 grown on 
LBL medium containing various levels of CaCO^

CaCO Incubation pH Enzyme Activity IU/mL
9/L Time Endo- 8-glucosi- Filter Xylanase

(days) glucanase dase Paper

0 2 3.0 3.1 0.02 0.18 7
3 3.0 4.2 0.02 0.28 14
4 3.3 3.7 - 0.37 19

1 2 5.0 11.3 0.45 0.43 49
3 5.7 18.1 0.64 0.87 ND
4 5.9 42.9 0.51 0.83 326

2 2 5.2 11.5 0.44 0.43 59
3 5.8 18.3 0.86 0.89 ND
4 6.0 40.0 0.60 0.86 355

5 2 5.3 11.6 0.60 0.62 72
3 5.9 24.3 0.60 0.90 261
4 6.1 38.4 0.67 0.91 308

10 2 5.4 11.9 0.42 0.46 75
3 6.0 24.0 0.61 1.11 350
4 6.1 23.2 0.86 1.11 355

The mycelial loading was 0.33 mg/mL and the carbon source was 1% Solka 
Floe

ND not determined
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Table 14. Cellulase production from growth of T. harzianum E58 on 
various soluble sugars

Substrate Exo Dry1 Enzyme Activities (IU/mL)
(1%) Protein

g/L
Weight
g/L

pH Endo-
glucanase

6-glucosi-
dase

Filter
Paper

Solka Floe 0.5 5.2 5.9 13.6 0.35 0.60
Glucose 0.1 5.0 5.7 ND ND ND
Maltose 0.2 4.6 5.5 ND ND 0.01
Starch 0.1 5.3 6.1 0.1 ND 0.01
Sucrose ND 2.9 6.9 ND ND ND
Cellobiose 0.1 4.5 4.4 0.1 ND 0.02
Lactose 0.3 5.8 6.3 7.0 0.29 0.34

Dry weight of cultures after 4 days incubation at 28°C 

ND - not detected
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Figure 1. Growth and enzyme production by T. harzianum grown 
on 1% lactose
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Table 15. Enzyme production by T. harzianum grown on lactose 
supplemented with various sugars

Lactose 1%
+ Added Sugar 

0.1%

Final
PH

Enzyme Yield IU/g lactose
Endo-
glucanase

6-glucosi-
dase

Filter
Paper

Xylanase

. 6.8 345 23 23 1070
Glucose 6.8 387 25 30 1160
Gentibiose 6.8 186 18 22 1170
Fucose 6.7 62 4 8 700
Galactose 6.7 176 15 20 1360
Trehalose 6.7 380 25 29 1250
Sorbose 6.6 408 28 34 1330
Melibiose 6.7 172 16 19 1250
Sorbitol 6.7 439 30 32 1420
Mannitol 6.7 432 29 36 1360
Cellobiose 6.7 200 18 24 1080
Mannose 6.7 345 23 29 1080

Mycelial inoculum 0.31 mg/mL 
Incubation time 7 days
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Induction studies

The production of cellulase enzymes is under regulatory control. 

The genes coding for the cellulase proteins are under both 

repression and inducer control. The classical repressors of 

cellulase are the soluble sugars. The induction mechanism for 

cellulase is still not known, although it is known that cellulose 

induces the most effective enzyme preparations (Wood, 1982,

Maoris jet a_l.# 1985 ).

Various soluble sugars were tested for their ability to induce 

cellulase production (Table 14). The only sugar that induced 

cellulase production was lactose. The profile of enzyme 

production with time is given in Figure 1. Although lactose 

induced enzyme production, the preparation was less hydrolytically 

active than enzymes which had been produced from cellulose. The 

lactose induced cellulase preparation released 48 mg glucose/FPU 

whereas the cellulose induced cellulase preparation released 55 

mg glucose/FPU under identical hydrolysis conditions. The yield 

of enzymes produced from lactose was 22 FPU/g lactose whereas 

cellulose induced about 100 FPU/g cellulose.

Mandels e^ â _., ( 1962 ) have postulated that the induction of the

cellulase genes is caused by a soluble product of the cellulose 

hydrolysis. The soluble sugars sorbitol, sophorose and sorbose 

have been implicated as inducers of the complete cellulase system 

in reesei. The role of various sugars in stimulating enzyme 

production in lactose grown cultures of harzianum was 

investigated (Table 15). Sorbitol and mannitol enhanced the

V
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.̂ production By zsvp'var m e  lactose con'troi, however," th~e yield 

was still too low to consider using soluble sugar mixtures for 

enzyme production on a larger scale.

"\

Warzywoda e^ â l., ( 1983) have investigated the use of a lactose

based medium supplemented with cellulosic inducers as a means of 

enhancing cellulase production without impairing the fluidity of 

the medium. They found 6% lactose supplemented with 0.5% wood 

or cotton pulp doubled the cellobiase and endoglucanase yields.

A combination of lactose and crystalline substrates would appear 

to be ideal for large scale production. The lactose would support 

good mycelial growth, whereas the crystalline cellulose would be a 

good inducer of the complete cellulase system. Various 

combinations of lactose and steamed wood were tested as the 

carbon source for enzyme production (Table 16). None of the 

lactose-cellulose media were promising for enzyme production 

especially in light of the much higher enzyme yields obtained 

from the cellulosic substrate alone. The hydrolytic activity of 

the culture filtrates was also tested (Table 17) and the wood 

based enzymes were found to be the most efficient. Thus for the 

fungus T\_ harzianum E58 lactose based media were not worth 

pursuing.

The literature indicates the most crystalline cellulose are 

the better substrates for induction. One of the most recalcitrant 

forms of cellulose, is the cellulose that remains after 

hydrolysis. In an enzymatic hydrolysis, 100% conversion is rarely 

achieved, particularly at enzyme loadings that are economically
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Table 16. Enzyme production by T. harzianum grown on lactose supplemented with cellulose

Growth Substrates Enzyme Activity IU/mL
Lactose

%
Cellulose Concentration

%
Endoglucanase 6-glucosi

dase
- Filter 

Paper
Xylanase

1 _ 3.2 0.22 0.26 8
1 CF 11 0.1 3.5 0.23 0.27 13
1 SEA-WI 0.1 2.8 0.19 0.19 21
1 SEA-WAI 0.1 3.7 0.24 0.26 20
1 SAWDUST 0.1 2.5 0.17 0.17 10

0.5 CF 11 0.5 7.4 0.34 0.44 31in•o SEA-WI 0.5 7.6 0.34 0.59 91
0.5 SEA-WAI 0.5 8.3 0.34 0.49 74
0.5 SAWDUST 0.5 3.2 0.16 0.19 23
- SEA-WI 1.0 16.8 0.60 1.21 137

SEA-WAI 1.0 16.5 0.63 0.87 134
SAWDUST 1.0 3.0 0.10 0.23 62
SEA-WAI+ 0. 5 15.7 0.54 0.77 138
SEA-WI 0.5

Mycelial inoculum 0.41 mg/mL 
Incubation Time 5 days



Table 17. Hydrolytic activity of culture filtrates derived from growth on various 
lactose-cellulose media

Growth Substrate__________  Glucose produced g/L
Lactose

%
Cellulose Concentration

%
Incubation Time 
1 2  3

(days)
4 5

1 2.7 3.6 4.4 4.7 5.2
0.5 SEA-WI 0.5 4.6 6.3 8.0 8.6 9.6
0.5 SEA-WAI 0.5 4.6 6.2 - 8.0 8.4
- SEA-WI 1.0 7.5 10.5 12.0 13.0 14.1

SEA-WAI 1.0 7.4 9.3 11.1 11.8 12.8
SEA-WAI + 0.5 7.1 9.2 11.0 11.8 12.6
SEA-WI 0.5

Hydrolysis was performed on 5% SEA-WAI using 75% (v/v) of the culture filtrates
described in Table 16.



^feasible. The base case percent hy droly sis f or the process costed \

by NYSERDA (Nystrom, 1984) is 80%. This level of hydrolysis 

implies that 20% of the original cellulose will be treated as a 

waste material. This material may be suitable as a carbon source 

for enzyme production. In a combined hydrolysis and fermentation 

approach, the waste stream would also contain organic nitrogen 

carbon and various growth factos from the yeast cells. The 

nutrients in this waste stream could be used in the enzyme 

production step, which requires large amounts of both carbon and 

nitrogen.

The fermentation residue from a CHF of a 5% Solka Floe was 

used as the carbon source for enzyme production. The results 

presented in Table 18 indicated that this material was 

appropriate for enzyme production. The hydrolytic activity of the 

produced enzymes (Table 19) revealed that the cellulose induced 

preparation achieved greater hydrolysis of crystalline cellulose 

than did the cellulase preparation induced by the original Solka 

Floe. This indicated that the recalcitrant nature of the cellulose 

induced a more hydrolytically active preparation. These tests 

confirmed the feasibility of using both the carbon and nitrogen 

in the hydrolysis waste stream for enzyme production.

The fermentation residue from a CHF of steamed aspenwood (water 

extracted) was also tested as a carbon source for enzyme 

production (Table 20 and 21). Only low levels of enzymes were 

produced from this substrate. The residual material has a lignin 

content of 51% and this was thought to adversely affect the 

growth of the fungus.
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Table 18. Production of cellulase enzymes from the growth of T. 
harzianum E58 on spent cellulose

Substrate
1%

Nitrogen 
Suppl. 
0.1%

Enzyme activity of filtrate IU/mL 
Endo- B-glucosi- Filter 
glucanase dase Paper

Protein
mg/mL

Solka floe BP 20.6 0.92 1.26 1.28
YE 19.0 0.78 1.14 1.22

Spent SF BP 34.3 1.26 1.99 1.95
28.4 0.98 1.47 1.59

Spent SF was the residual cellulose remaining after a CHF of 5% 
Solka Floe. The percentage of hydrolysis was 76. The cellulose 
dried following the CHF process and the nitrogen content was 
measured.

BP: Bacto peptone
YE: yeast extract

From the nitrogen determination of the cellulose there was
0.23% yeast extract present
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Table 19. Hydrolytic activity of the culture filtrates described 
in Table 18

Culture filtrate % hydrolysis 
R. sugars

to
Glucose

Solka Floe (BP) 55.4 40.8
Solka Floe (YE) 53.8 39.6
Spent SF (BP) 56.9 43.4
Spent SF (-) 53.7 40.6

Hydrolysis was performed on 5% Solka Floe with 15 mbs of culture 
filtrate per gram of cellulose. The incubation time was 48 hours.

Abbreviations described in Table 18.

ForintekCanadaCorp.
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Table 20. Enzyme production by T. harzianum grown on fermentation residues of steam
aspenwood

Substrate Concentration
%

Incubation
Time
(days)

pH
Endo-
glucanase

Enzyme activities IU/mL 
8-glucosi- Filter 

dase Paper
Xylanase

Solka Floe 1 2 6.0 3.1 0.13 0.16 232
3 5.6 7.9 0.23 0.43 448
4 5.8 8.9 0.24 0.59 551

Res SEA-WI 1 2 6.8 2.5 0.12 0.13 81
3 6.8 2.9 0.13 0.15 76
4 6.9 3.0 0.13 0.16 80

Res SEA-WI 2 2 6.8 3.6 0.22 0.24 141
3 6.8 4.5 0.29 0,27 135
4 6.9 4.1 0.27 0.24 116

The fermentation residues were obtained from a CHF of 5% SEA-WI as described in 
Materials and Methods.



Table 21. Hydrolytic activity of the culture filtrates produced 
by T. harzianum E58 grown on fermentation residues of 
steamed aspenwood

Substrate used for 
enzyme production

Glucose g/L/24h

SF 1% 12.9
Res SEA-WI 1% 4.9
Res SEA-WI 2% 7.8

Hydrolysis was performed on 5% Solka Floe using 75% (v/v) 
of the culture filtrates described in Table 20.
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The experiment was repeated using the residue from a CHF of 

steamed aspenwood which had been water and alkali extracted 

(Table 22 and 23). This material contained 17% lignin but was 

also unsuitable as a carbon source. In both these experiments, 

the fermentation residues were dried prior to their use as 

substrates for enzyme production. This step may have caused 

irreversible alterations to the cellulose and lignin. These 

experiments will be repeated with wet material.

Fermentor studies

One of the major problems associated with the large scale 

cultivation of filamentous fungi is the thick mycelial growth 

that impedes effective aeration and agitation. This problem is 

compounded by the presence of the insoluble substrate (cellulose) 

which impedes aeration and agitation. Thus insoluble nature of 

the substrate contributes to the aeration and agitation problem, 

the effect that partial solubilization of the solid carbon source 

on enzyme production was investigated. Steamed aspenwood was 

hydrolyzed with various low levels of enzymes to 6-16% hydrolysis 

of the substrate. T̂ _ harzianum was added to the flasks and the 

enzyme profiles derived from the various growth substrates are 

given in Table 24. The hydrolytic activities of the enzyme 

preparations are given in Table 25. Prehydrolysis of the growth 

substrate did not increase enzyme yield. The soluble sugars 

produced during the hydrolysis may have had a repressive effect 

on the cellulase genes.
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Table 22. Enzyme production by T. harzianum grown on fermentation
residues of steamed aspenwood

Substrate
1%

Incubation
Time
(days)

Enzyme activities IU/mL
Endo-
glucanase

8-glucosi-
dase

Filter
Paper

Xylanase

Solka Floe 3 13.6 0.44 0.94 340
4 14.3 0.50 0.71 331

Res-SEA-WI 3 7.1 0.32 0.31 112
4 6.8 0.34 0.28 81

Res-SEA-WAI 3 3.3 0.29 0.17 68
4 2.9 0.33 0.15 68

The fermentation residues were obtained from a CHF of 5% SEA-WI 
or SEA-WAI as described in Materials and Methods
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Table 23. Hydrolytic activity of culture filtrates produced by
T. harzianum grown on fermentation residues of steamed
aspenwood

Culture filtrate 
derived from

Glucose g/L/24h

Solka floe 19.9
Res-SEA-WI 10.6
Res-SEA-WAI 6.0

Hydrolysis was performed on 5% Solka Floe using 75% (v/v) 
of the culture filtrates described in Table 22.

I
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Table 24. Effect of hydrolysis of substrate, prior to its use as a carbon source, on
enzyme production by T. harzianum E58

Substrate hydrolysis Incubation pH Enzyme activities IU/mL
FPU1 Glucose Appearance Time Endo- B-glucosi- Filter
g/g g/g Digested +/- (Days) glucanase dase Paper

0 0.1 - 2.5 6.7 6.9 0.63 0.34
3.5 7.1 12.6 0.69 0.52
4.5 7.1 15.5 0.73 0.69
5.5 7.1 12.6 0.81 0.48

2 0.8 V - 2.5 6.8 6.9 0.60 0.33
3.5 7.0 12.5 0.63 0.47
4.5 7.0 12.3 0.64 0.49
5.5 7.1 12.2 0.75 0.46

5 1.7 + 2.5 6.8 6.4 0.55 0.33
3.5 7.0 11.1 0.59 0.46
4.5 7.0 12.7 0.64 0.50
5.5 7.0 12.4 0.76 0.67

10 2.7 ++ 2.5 6.1 0.9 0.18 0.07
3.5 6.8 3.0 0.24 0.20
4.5 6.8 6.5 0.44 0.30
5.5 ND 8.2 0.54 0.54
7.5 7.0 8.4 0.56 0.60

Initial substrate concentration was 2%
International Units of filter paper activity added (gram substrate) 

ND - not determined
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Table 25. Jfclydrolytic activity of culture filtrate produced by T. harzianum grown on 
hydrolyzed substrates

Substrate Enzymes added IU/g Hydrolytic Activity Glucose g/L
for Enzyme( Endo- B-glucosi- Filter Solka Floe SEA--WAIProduction glucanase dase Paper 1 hour 24 hours 1 hour 24 hours

0 315 20.3 12.0 1.3 9.6 0.7 6.02 306 18.8 11.6 1.2 9.5 0.7 5.8
5 310 19.1 16.8 1.2 9.6 0.7 6.1
10 211 14.1 15.0 1.0 8.6 0.7 5.3

Hydrolysis performed at 2% substrate concentration using 75% (v/v) culture filtrates described
in Table 24.

Amount of FPU/g substrte added prior to inoculation
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scale production of enzymes. The base case values were derived 

from the growth of T̂ _ harzianum on 1% Solka Floe. Fourteen 

fermentation runs were performed under identical conditions. Six 

of the runs developed bacterial contamination. The average 

enzyme profile of these runs are reported in (Table 26).

The production of cellulase enzymes from the steamed aspenwood in 

the 30 liter fermentor was also determined. Four runs were 

performed using the water and alkali extracted steamed aspenwood 

as the substrate. Two of the runs were contaminated, one of the 

contaminations was so extensive that no enzyme activity could be 

detected in the culture filtrate probably because of bacterial 

proteolytic enzymes. The average enzyme profile achieved using 

the steamed aspenwood as the substrate is reported in Table 26.

The enzyme concentration in the culture filtrate was generally 

less than 1 FPU/mL and this low level would be uneconomical at a 

larger scale. The most direct way of increasing the enzyme levels 

would be to increase the initial substrate concentration. The 

effect of substrate concentration on enzyme production in the 30 

liter fermentor was tested (Table 29). For this study the water 

extracted steamed aspenwood was used as the substrate because 

results reported previously had indicated that higher enzyme 

yields could be obtained from this material as opposed to the 

wate4 and alkali extracted material (Table 16). The results 

indicated that increasing the substrate concentration had no 

effect or a slight negative effect on the enzyme levels produced. 

When the enzyme yields from the original substrate were

Forintek
CanadaCorp.
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Table 26. Average enryme profile from fennentor runs using T. harrianum E58 as the cellulase producer

Mycella
loading

Contamination

v -

Substrate Averaqe Enryme Activity IU/mL* Standard Deviation
Endo- 
glucanase

B-glucosi-
dase

Filter
Paper

Xylanase Endo- 
glucanase

B-glucosi
dase

Filter
Paper

Xylanase

0.26 Solka Floe 21.3 0.73 0.98 377 7.5 0.14 0.30 133

0.28 Solka Floe 13.4 0.58 0.73 206 5.3 0.19 0.39 70

0.24 _ SEA-WAI 13.0 0.65 0,66 166 2.7 0.11 0.15 51

0.15 + SEA-WAI 3.1 0.19 0.20 36 4.7 0. 20 0.24 34

The average and standard deviation of 9 uncontaminated runs using Solka floe, 7 contaminated runs using Solka floe, 7 uncontaminated 
runs using SEA-WAI and 3 contaminated runs using SEA-WAI.
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Table 27. Effect of substrate concentration on enzyme production in the 30L New Brunswick fermentor

Substrate
Concentration

%

Mycelia
Loading
mg/mL

Enzyme Activities IU/mL Enzyme Yields IU/g substrate
Endo-
glucanase

B-glucosi-
dase

Filter
Paper

Xylanase Endo-
glucanase

B-glucos
dase

i- Filter 
Paper

Xylanase

0.4 0.31 14.2 0.58 0.82 196 3550 145 205 49,000
1.0 0.22 15.2 0.63 0.73 140 1520 63 73 14,000
2.0 0.25 14.4 0.80 0.67 153 720 40 34 3,825

CD
VO
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calculated (Table 27), it was shown that increased substrate 

concentrations were detrimental to enzyme production.

A means of achieving high enzyme levels is to increase substrate 

concentration by the fed batch addition of the substrate to the 

fermenter (Hendy et al., 1982). This approach was attempted in 

the 30 liter feremntor using Solka Floe as the growth substrate. 

The enzyme profile produced and the yields achieved are reported 

in Table 28.

Anti foam

In the large scale production of enzymes it is often necessary to 

use antifoam to reduce foaming. Antifoams by their action may 

interfere with oxygen transfer in the medium, slowing down both 

growth and enzyme production. Although antifoams are best tested 

at the fermentor level, a preliminary test in flasks was 

performed to determine if any of the antifoams had a marked 

inhibitory effect on either enzyme production or hydrolysis 

(Table 29). None of the antifoams tested had any deleterious 

effect on either cellulase production or hydrolysis. It remains 

for the antifoams to be tested in the fermentor.

pH studies

The use of buffers to control pH at a large scale would be 

uneconomical and in large fermentors, pH is generally controlled 

by the addition of either acid or base. The optimum pH for enzyme 

production by the organism T^ har zianum E58 has never been 
determined. The pH values investigated were 4, 5 and 6 (Table

V
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Table 28. Effjjpt of fed batch addition of Solka floe on enzyme production by T. harzianum E58

Substrate Incuba- Enzyme activities (IU/mL)_______ _____ Enzyme Yield (IU/g substrate)
Concentration

%
tion
time
(days)

Endo-
glucanase

0-glucosi-
dase

Filter
Paper

Xylanase Endo-
glucanase

6-glucosi-
dase

Filter
Paper

Xylanase

1.0 2 23.7 0.73 0.98 387 2370 73 98 38700
1.5 3 29.3 1.26 1.51 540 1953 84 101 36000
1.5 4 26.3 0.82 1.26 ND 1753 55 84 ND

Inoculum concentration 0.25 mg/mL
The fed batch addition of substrate and nutrients was performed as described in Materials and Methods 
ND - not determined



Table 29. Eféect of various antifoams on enzyme production

Antifoam Concentration
ppm

Enzyme Activity IU/mL Hydrolytic Activity1
Endo-
glucanase

B-glucosi-
dase

Filter
Paper

Xylanase Glucose mg/FPU/96 hrs

NONE 17.9 0.64 0.97 96 0.25
A (Sigma) 10 18.6 0.71 1.06 110 0.23

100 19.2 0.76 1.02 111 0.24
B(Sigma) 15 18.0 0.68 0.98 103 0.25

150 18.5 0.71 0.96 104 0.26
C(Sigma) 10 16.6 0.66 1.00 99 0.24

100 16.8 0.66 1.07 105 0.24
B (BDH) 500 17.6 0.74 1.01 115 0.26

2,000 16.8 0.70 1.07 107 0.23

Hydrolytic activity is expressed as the glucose produced per filter paper unit added in 96 hours 
from 2% Solka floe
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Table 30. Effect of pH on enzyme production by T. harzianum E58 grown 
on 1% SEA-WAI

PH Mycelial
loading
mg/mL

Contamina
tion

+/-

Incubation
Time
(days)

Enzyme Activities IU/mL
Endo-
glucanase

8-glucosi-
dase

Filter
Paper

Xylanase

4.0 0.22 3 4.4 0.10 0.33 12
4 5.4 0.14 0.37 14
5 4.0 0.12 0.42 13

5.0 0.20 + 3 4.9 0.22 0.28 ND
4 4.5 0.13 0.27 111

6.0 0.22 _ 3 6.7 0.42 0.48 211
4 10.4 0.52 0.54 341
5 8.1 0.51 0.49 206

ND - not determined

l
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30). The results were inconclusive as the pH 5 run was 

contaminated. This pH series is being repeated.

"\

Aeration

The 30 L fermentor has different air delivery systems such as 

ring sparger, sintered disk or draft tube. The effect of the 

three delivery systems on the production of enzymes was tested 

(Table 31). The highest enzyme yields were obtained with a 

combination of draft tube, impeller and ring sparger.

Residual material

The enzyme production stage of the process produced a large waste 

stream that was composed of mycelium and unutilized substrate, 

mostly lignin. The weight of this waste stream is given Table 32.

Ultrafiltration

Once the culture filtrate containing the enzymes has been

obtained, the filtrate was concentrated using an ultrafiltration

technique. The yields of enzymes following this concentration

step are given in Table 33. The results suggested that some cellulase

activity was lost by this technique but this data must be

interpreted carefully. Our observations (data not shown) revealed

that immediately following ultrafiltration there was an apparent

loss of enzyme activity but that the enzyme activity increased
(

after a day of storage at 4°c. This phenomenon may be related to 

conformational changes that occurred in the enzymes during the 

process of ultrafiltration. Another factor in determining enzyme

V
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Table 31.•'Effect of various air delivery systems on enzyme production in the 30L New 
Brunswick fermentor

Air Delivery 
Type

Mycelial
Loading
mg/mL

Enzyme Activities IU/mL Hydrolytic activity
Endo-
glucanase

6-glucosi-
dase

Filter
Paper

Xylanase Glucose released g/L 
24 48 72 96

Ring Sparger 0.30 11.0 0.59 0.55 189 9.2 10.9 12.2 13.2
Sintered Disk 0.33 12.9 0.59 0.68 142 7.4 9.3 10.7 10.9

Draft tube +
Ring Sparger 0.19 15.0 0.77 0.89 242 7.6 9.8 11.3 13.0

Hydrolysis was performed on 5% SEA-WAI using 75% (v/v) culture filtrate
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Table 32. Residual material after enzyme production in 30L 
fermentor

Substrate
Concentration

%

Total
weight
9

Residual
weight

9

% of
original
weight

0.4 72 64 89

1.0 200 140 70

1.51 300 175 58

2.0 400 330 83

1Fed-batch addition of substrate

\
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Table 33. Ultrafiltration of culture filtrate produced by T. harzianum E58

Substrate Concentration
%

Percent activity in retentate
Endo-
glucanase

8-glucosi-
dase

Filter
Paper

Xylanase

Solka Floe 1 81 87 75 22
SEA-WI 0.4 81 89 76 24

1.0 78 107 94 44o•CN 82 117 100 47
SEA-WAI 1.0 70 99 71 24

V .
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which increased following ultrafiltration, thus casting in doubt the 

apparent decrease in individual enzyme activity.

a ctivity is— the— hydrolytic »cti.«4.ty— oi— tb a - m r y nt— preparation

f
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DISCUSSION

The procedure used for the inoculum preparation resulted in 

suboptimal mycelial loading into the fermentor and this may have 

been one reason for the low enzyme yields. In the future the 

inoculum will be increased to 7.5% so that a mycelial loading of 

0.4 mg/mL can be achieved.

Homogenization of the inoculum source was found to increase the 

enzyme production by 15% and warrants further investigation of 

the cost effectiveness and technical feasibility on a larger 

scale .

The source of the organic nitrogen did not appear to affect the 

enzyme production. In fact, high levels of organic nitrogen 

appeared to be detrimental to enzyme production. This was thought 

to be related to the faster growth rate of the fungus under high 

nitrogen conditions that has been shown to be detrimental to 

enzyme production (Hulme and Stranks, 1971). Because cellulase 

enzymes are inducible enzymes that are linked to the organism's 

reaction to stress the use of a rich medium could be detrimental 

to this induction. Little work has been performed on the effect 

of increasing the inorganic nitrogen source (ammonium nitrate). 

One report (Tan and Breuil, 1985) has indicated that increasing 

the inorganic nitrogen source was beneficial to enzyme production 

and that the greatest benefit was derived when no organic 

nitrogen was added. Future experiments will examine the 
difference in enzyme production using either organic or inorganic 

nitrogen.
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The optimum carbon to nitrogen ratio for growth of bacteria is 

generally thought to be 7:1. The Vogels medium has this ratio from 

the onset of incubation but the LBL media is deficient in 

nitrogen. As the pH of the LBL media must be adjusted during 

growth, extra nitrogen is supplied by the addition of the base 

ammonium hydroxide. This system is self-regulating because as 

carbon levels are increased, more metabolic acids are produced 

and more base (nitrogen) is added to neutralize the medium. This 

type of fermentor control is ideal for a fed batch approach to 

enzyme production because as extra carbon is added extra nitrogen 

will aslo be added. Our first trial with a fed batch approach to 

enzyme production indicated this approach may potentially 

overcome the low enzyme yields obtained at high substrate 

concentrations.

Enzyme production presented a considerable waste stream.

This waste was composed of unutilized substrate (lignin) and 

fungal mycelium. For steamed wood the average dry weight of this 

waste was between 70 to 90% of the total weight of the substrate.

The magnitude of this waste stream may be a major problem in the 

overall process design.

The induction of cellulase enzymes is thought to be regulated by 

both Active induction and repression ( Stutzenberger, 1985). The

repression of the cellulase genes is brought about by soluble 

sugars and may be linked to the growth rate (Hulme and Stranks,

1971). Active induction, on the other hand, involves
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Handels a_l. (1962) has postulated that this induction occurs

by some soluble hydrolysis product that enters the cell. This 

theory has gained wide acceptance because some slowly metabolized 

sugars, such as sophorose and sorbitol, have been shown to induce 

cellulase activity in reesei. Lactose has been used for enzyme 

production, and high productivities have been achieved with this 

carbon source (Warzywoda e_t a_l., 1983 ).

Our results with T\_ harzianum have indicated that this approach 

may have limitations not previously appreciated. This fungus can 

produce low levels of cellulase from lactose. These enzymes, 

however, have lower hydrolytic efficiency than enzymes induced by 

solid cellulose. Work by Wood (1982) and Macris £t al., (1985) 

has indicated that the nature of the inducing substrate 

influences the ability of the produced enzymes to degrade 

crystalline cellulose. Shoemaker (1981) has shown that a specific 

carbon source will induce the formation of a cellulase complex 

with a specific enzyme profile and presumably with a specific 

hydrolytic activity. These results indicate that active 

induction occurs and that regulation is not only controlled by 

repression with soluble sugars. The work of Binder and Ghose 

(1978) indicates that the physical contact between mycelium and

Our results supported the theory that the best inducer of 

cellulase is cellulose itself and that the use of soluble 

substrates was not effective for producing high levels of enzyme
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from T_̂  har zianum .

The production of cellulase enzymes was studied in a 30 L 

fermentor. The average enzyme yield was less than that obtained 

in the shake flasks. The literature indicates that this 

fermentation is sensitive to oxygen levels (Skachova e^ a_l., 1982 )

and the reduced oxygen transfer of the fermentor was probably 

responsible for the reduced enzyme yield. The oxygen delivery 

system was investigated and it appeared that altering the 

delivery system could partially overcome the low enzyme yields.

Fermentation of a solid substrate, such as steamed wood, causes 

problems in agitation and mass transfer. The possibility of 

reducing the particle size of the starting substrate was 

investigated. In this experiment, the substrate was partially 

hydrolyzed prior to its use as the carbon source for growth.

Although the partial hydrolysis reduces the particle size and the 

bulk density of the starting substrate, the hydrolysis also 

releases soluble sugars which could repress the expression 

of the cellulase gene complex. The results indicated that reducing 

the bulk density of the steamed wood by hydrolysis did not enhance 

the final enzyme levels probably because of the inhibition 

by the released soluble sugars.

The low enzyme yields which were achieved at 1 to 2 % substrate
\concentrations posed a major problem in this fermentation. The 

enzyme yield was high at low substrate concentration (0.4%) but 

fell as the substrate concentration was raised. The fungus T. 

reesei also suffers from this phenomenon, but the problem can be
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overcome by control of the fermentation parameters. In the T. 

reesei fermentation, the pH is controlled throughout the

fermentation and the substrate is added in a fed batch manner at 

low substrate concentrations for each fed batch addition. In this 

manner, high enzyme titers and high enzyme yields have been 

attained (Hendy ê t £.!•» 1982).

In order to follow this protocol the first step was to determine 

the pH optimum for harzianum. This study is in progress and 

once the pH optimum has been determined, work will start on the 

fed batch addition of substrates.

I
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COUCLOSION

From the research performed to date, the following conclusions

on enzyme production can be made.

1 ) Homogenization of the inoculum source increased enzyme 

production by 15%

2) The source of the organic nitrogen did not affect enzyme 

production; thus corn steep liquor could replace peptone

3) The waste stream generated by enzyme production was composed 

of lignin, residual cellulose and mycelia. The weight of 

this waste stream was between 70 to 90% of the weight of the 

solids loaded into the enzyme production vessels.

4) Preliminary trial with fed batch addition of substrate 

demonstrated the feasibility of this approach for increasing 

enzyme yield and productivity. The enzyme yield at 1% and 2% 

substrate concentration was 73 and 34 IU of filter paper 

activity per gram substrate in a batch mode, whereas with

the fed batch approach the yield at 1.5% substrate 

concentration was 101 IU of filter paper activity per gram 

substrate.

5) Lactose was able to induce the formation of cellulase 

enzymes but at a reduced yield (22 IU of filter paper 

activity per gram substrate as compared to 80 IU filter 

paper activity per gram substrate). The cellulase enzymes 

produced from the growth on lactose were found to be less 

hydrolytically efficient againt crystalline cellulose than 

cellulase enzymes produced from cellulose. The addition of 

steamed wood to lactose was shown to have an additive effect
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on enzyme yield and hydrolytic efficient.

6) Enzyme production in the 30L fermenter was dependent on

fermentation conditions, particularly pH. The optimum pH 

for enzyme production has not yet been determined.

" A
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IMTRODDCTIOH

The successful fermentation of the hem ice1lulose sugars into 

value-added marketable products is necessary to ensure the 

economic viability of any bioconversion process using wood as a 

substrate. Because the hemicellulosic sugars comprise 20 to 30% 

of the dry weight of wood and consist of hexoses and pentoses as 

well as sugar acids, it is imperative that any microorganism(s) 

used in hemicellulose fermentation have the ability to ferment a 

wide range of carbohydrates to a product or products having 

higher market value than the hemicellulosic sugars themselves.

The production of liquid fuels and chemicals from wood is 

receiving considerable attention because of the large potential 

market for ethanol and butanol, used as cosolvents with methanol 

for octane enhancers in gasoline. This market should develop as 

the phase-out of tetraethyl lead in gasoline, scheduled for the 

early 1990s, comes into effect. In addition, 2,3-butanediol 

produced by fermentation could be used as a chemical intermediate 

in the production of butadiene-based rubber manufacture and other 

chemical processes.

This study was undertaken to determine which of the potential 

hemicellulose bioconversion products, ethanol, butanol or 2,3- 

butanediol could be produced from the hemicellulose hydrolyzate 

(SEA-WS) produced by the steam pretreatment processes being 

developed by Forintek Canada Corp. Once the product showing the 

greatest potential for production from the SEA-WS substrate has 
been identified, the fermentation parameters must be optimized
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in order to obtain reliable production data (yields and rates)
"\

for use in the economic feasibility section of this study.

The hemicellulose fermentation results to date are described 

for each of the products being considered.

METHODS

The methods used in this study are the same as outlined in 

Chapter 1.

RESULTS AKD DISCUSSION

3.1 Butanediol Production by Klebsiella pneumoniae Ferm entation

The bacterium, Klebsiella pneum oniae has the ability to ferment a 

wide range of sugars, including the hexoses and pentoses found in 

wood, and produce relatively high levels of 2,3-butanediol 

together with lower levels of ethanol. Because of the potential 

of producing these compounds for use as chemical intermediates or 

gasoline octane enhancers, the butanediol fermentation was 

studied as a possible use of the wood sugars produced following 

steam pretreatment and enzymatic hydrolysis of aspenwood 

hemicellulose which contains mostly D-xylose.

Previous studies on the fermentation of D-xylose by K̂ _ pneumoniae 

showed that the use of Kp.MES.YE medium, supplemented with 0.5% 

acetic acid, enabled near theoretical yields of 2,3-butanediol to
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be produced (Yu and Saddler, 1982). These conditions were used 

to study the effects of increasing fermentation temperature from 

37 to 45 C, which is desirable for increased enzymatic hydrolysis 

rate. In addition, the use of different inoculum preparations on 

the fermentation of 5 to 20% D-xylose were also studied to 

determine the base case fermentation conditions (Table 1).

The fermentation products reported in Table 1 include ethanol and 

the combined total of butanediol and acetoin (acetomethyl 

carbinol or AMC). Acetoin is the immediate precursor of 

butanediol, requiring a single reduction step to form butanediol, 

and was included in the calculation of final butanediol yield. 

Fermentation efficiency is a measure of the weight of products 

produced (i.e. ethanol, butanediol, acetoin) per weight of 

fermentable sugars in the substrate supplied to the fermentation 

(see Appendix IV). This value was not corrected for the amount 

of substrate remaining after fermentation; this would only serve 

to inflate the actual efficiency of a fermentation that did not 

go to completion. The calculation of fermentation efficiency and 

percent of theoretical butanediol yield are explained in Appendix 

V. The effect of acetic acid on the theoretical butanediol yield 

is explained in Appendix II.

The results in Table 1 showed that at 37° c there was little 
difference in butanediol yield or fermentation efficiency when 

the washed or unwashed inoculum was used. However, at 45° C the 

washed inoculum performed significantly better than the unwashed 

cells. Overall, the highest butanediol yield obtained from 50
211
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“N/------------------------------------------------------------------------Table 1. Fermentation of D-Xylose by Klebsiella pneum oniae at
37 and 45° C Using Different Inoculum preparations (1)

Substrate
(g/L)

Temp. 
(°C)

Inoc . Maximum Solvent 
Prep. Production (g/L)
(2) EtOH (Budiol + AMC)

Fermentation 
Efficiency 

(3 )

%TB Y 
(4 )

50 37 N 4.4 15.7 0.37 54.9

100 37 N 5.0 20.9 0.25 39.0

150 37 N 7.5 33.3 0.26 42.2

200 37 N 4.4 23.6 0.14 22.6

50 37 W 4.2 17.1 0.39 59.8

100 37 W 5.5 23.6 0.28 44 . 1

150 37 w 5.3 25.8 0.20 32.6

200 37 w 4.4 24.2 0.14 23.1

50 45 N 0 4.6 0 . 08 16.1

100 45 N 0 4.3 0.04 8.0

150 45 N 0 . 1 4.9 0.03 6.2

200 45 N 0 1.4 0.01 1.3

50 45 W 2.2 13.6 0.29 47.6

100 45 W 2 .  1 15.8 0.17 29.5

150 45 w 1 .2 1 1 . 2 0.08 14.2

200 45 w 0.3 7.0 0.04 6.7

(1) Conditions: Finite air in 60 ml vials, Kp.MES.YE medium plus
5 g/L acetic acid, 200 rpm

(2) Inoculum Preparation: N - unwashed, acclimatized to 15%
 ̂ xylose, 48h at 37° C

W - same as N, but washed in acetate 
buffer (pH 6.0) prior to use

(3) Expressed as g products/g substrate supplied, (i.e. g/L total 
solvents/!g/L xylose + 5 g/L acetic acid) (see Appendix II)

(4) Theoretical Butanediol Yield (see Appendices II and V)

212
V B Rxintek



r >v

g/L xylose was 59.8% of theoretical at 37° C and 47.6% of 

theoretical at 45° C. These results indicated that xylose 

fermentation to butanediol was possible at the higher temperature 

if a washed inoculum was used. Optimization of the inoculum cell 

density to minimize the reduction in fermentation efficiency may 

make fermentation at 45° C more advantageous when the increased 

rate of enzymatic hydrolysis of the xylan at this temperature is 

considered.
t

To eliminate the end-product inhibition of xylanase activity by 

xylose, a combined hydrolysis and fermentation (CHF) approach was 

used to ferment xylose as it is released so that inhibitory 

concentrations would not occur. The CHF of SEA-WS was compared to 

xylan (from oat spelts) in a preliminary experiment to determine 

efficiency of the CHF process at 45° C using the xylanases 

present in Trichoderma harzianum E58 culture filtrates. The 

results shown in Table 2 reveal that SEA-WS at 2 0 g/L gave a 

butanediol yield similar to that obtained from 20g/L xylan, but 

at 50 g/L the SEA-WS was inhibitory to the fermentation. The 

xylose control only gave 21.1% of the theoretical butanediol 

yield compared to 47.6% reported earlier (Table 1). This was a 

result of the preliminary experiment being run without 0.5% 

acetij: acid in the fermentation medium. Consequently, all of the 

fermentation results in Table 2 were less than could be expected 

under the optimized fermentation conditions.

A CHF experiment was run using a thermostable xylanase
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Table 2. Combined Hydrolysis and Fermentation of Xylan and 
SEA-WS by Klebsiella pneum oniae at 45° C Using 

Trichoderma harzianum E58 Enzymes (1)

Substrate
(g/L)

Max imum 

EtOH

Solvent Production (g/L) 

(Budiol + AMC)

Fermentation 
Efficiency 

(2 )

%TBY 
(3 )

Xylan

20 0.4 1.6 0.10 16.1

50 1.5 4.5 0.12 18. 1

SEA-WS

20 0 0.9 0.08 15.2

50 0 0.3 0.01 2.0

Xylose

50 2. 1 5 . 3 0.15 2 1.2

(1) CHF Conditions: Finite air in 60 ml vials, 200 rpm, Kp.MES.YE
medium, inoculum acclimatized to 15% xylose 
and washed, enzyme loading 30 FPU, 5000 
xylanase IU/g substrate.

(2) See Table 1, footnote 3
(3) Theoretical Butanediol Yield (see Appendices II and V)



/------------------------------------------------------------------
preparation from Therm oascus aurantiacus C436 to determine

whether enzymatic hydrolysis at 45° C was limiting the 

fermentation (Table 3). The enzymatic hydrolysis controls 

revealed that SEA-WS was hydrolyzed to a greater extent than 

xylan (53 versus 27% pentosan hydrolyzed respectively at both 20 

and 50 g/L substrate). The xylose control indicated that the 

inoculum was active at 45° C giving 54% of the theoretical 

butanediol yield. SEA-WS at 20 g/L gave a higher theoretical 

butanediol yield than xylan, however at 50 g/L the SEA-WS again 

proved inhibitory to the fermentation when compared to xylan (1.6 

versus 19% of theoretical butanediol yield respectively). The 

residual pentose analysis indicated that fermentation conditions 

were less than ideal because of the high unfermented pentose 

levels remaining.

Because of the inhibitory nature of the SEA-WS fraction a 

significant effort was undertaken to remove or neutralize the 

unknown inhibitory components prior to fermentation. These 

studies are described in Chapter 4.

3.2 Butanol Production by Clos t ri dium acetobuylicum Ferm entation 

The anaerobic bacterium, C1ostridium acetobutylicum has the

and pentoses found in wood, and produce a mixture of n-butanol, 

acetone and ethanol in approximately a 10:4:1 ratio. This 
fermentation has a long history of industrial application and has 

been recently reviewed because of its applicability to wood

to ferment a wide range of sugars, including the hexoses
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Table 3. Combined Hydrolysis and Fermentation of Xylan and 
SEA-WS by Klebsiella pneum oniae at 4 5 °  c Using 

Thermoa scus aurantiacus C 4 3 6  Enzymes (1 )

----------------------------------------------------------------------------------- — ----------------------------------------------------------------------------------------------------------------------------------------------------------------------

Substrate
(g/L)

Maximum Solvent 
Production (g/L) 

EtOH (Budiol + AMC)

Residual 
Pentose 
( g/L)

Pentosan 
Hydrolysis 
(%) (2 )

F. E.
( 3 )

%TBY 
(4 )

CHF

Xylan

20 0.4 1.4 2.9 - 0.09 10.2

50 1.2 5.4 9.8 - 0.13 19.0

SEA-WS

20 0 . 1 1.5 5.8 - 0.13 15.6

50 0. 1 0.3 16.9 - 0.01 1.6

Xylose

50 3.2 15.5 1 . 0 - 0.34 54.2

Hydrolysis Control

Xylan

20 - - 5.3 26.8 - -

50 - - 13.2 26.7 - -

SEA-WS

20 - - 6.3 53 . 1 - -

50 - - 15.7 53.0 - -

(1) CHF Conditions: Finite air in 60 ml vials, Kp.MES.YE medium +
5 g/L acetic acid, 200 rpm; inoculum - 
washed, acclimatized to 15% xylose

(2) Pentosan Hydrolysis (see Appendices IV and V)
(3) Fermentation Efficiency (see Table 1, footnote 3)
( 4 )  Theoretical Butanediol Yield (see Appendices II and V)
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bioconversion processes (Jones and Woods, 1986).

Through the use of different fermentation conditions and 

bacterial strains, it is possible to minimize the production of 

acetone and ethanol to obtain the maximum yield of butanol from 

sugar substrates. Because of the potential for using these 

compounds as chemical intermediates or gasoline octane enhancers, 

the butanol fermentation was considered as a possible use for the 

wood sugars produced following steam pretreatment and enzymatic 

hydrolysis of aspenwood hemicellulose.

For the ethanol and butanediol fermentations, it was possible to 

determine the theoretical product yields based on the 

stoichiometric conversions of glucose or xylose via pyruvate to 

the final products (see Appendices II and III). Such theoretical 

yields are useful for assessing the efficiency of the 

fermentation; however, because of the branched biochemical 

pathways involved and because of the variation in the ratios of 

the individual solvents, of acids/solvents, of hydrogen/reduced 

end products, and of biomass/end products, it is not possible to 

establish an absolute value for the maximum theoretical yield 

(Jones and Woods, 1986). If the fermentation could be controlled 

to produce only butanol and CO2 ' then the theoretical butanol 

yield^ would be 0.41 g butanol/g glucose. In the present study, 

the fermentation efficiency is expressed as the total solvents 

produced (g ethanol, acetone and butanol) per g fermentable sugar 

supplied to the fermentation.
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Previous studies at Forintek with acetobutylicum 

grown in CAB medium, concentrated on the fermentation of pure 

sugars present in hemicellulosic substrates to butanol (Mes- 

Hartree and Saddler, 1982). This medium worked well for butanol 

production from glucose, cellobiose and mannose, but gave poor 

yields from xylose, arabinose and galactose. Two independent 

studies found that incorporating acetate, either in the acid or 

sodium salt form, improved butanol production from xylose (Yu and 

Saddler, 1983; Monot et al., 1982 ).

The following study was undertaken to establish the base case 

conditions to be used in future combined hydrolysis and 

fermentation of SEA-WS. Both CAB and Monot medium were used in 

the fermentation of 30 g/L glucose or xylose or a mixture of the 

two containing 5 g/L glucose and 25 g/L xylose to simulate SEA-WS 

in the absence of inhibitory compounds. Heat shocking of spores 

used to prepare the inoculum was examined to determine if this 

enhanced butanol production. This procedure had been previously 

reported by Gapes e_t a_l. (1983). The results are shown in 

Table 4 •

The fermentation efficiency of glucose was the same (0.26 g/g)

for CAB and Monot medium when no inoculum heat shock was used.
\

Heat shocking had little effect on solvent yield in Monot medium; 

however, in CAB the glucose was converted into acetic and butyric 

acids (data not shown), because the fermentation had not entered 

the solventogenic phase after 6 days incubation. Both media
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Fermentation of Glucose and Xylose to Butanol by 
Clostridium acetobutylicum Using CAB or Monot Medium (1)

Table 4 .

Substrate
(g/L)

M e dium Inoc . 
Prep. 
(2 )

Substrate 
Used (%)

Xyl Glu

Maximum Solvent 
Production (g/L)

EtOH Acetone Butanol

F.E.
( 3 )

Glucose

30 CAB N - 99.6 0.53 1.94 5.43 0.26

30 CAB H - 99.6 0.15 0.08 0.89 0.04

30 Monot N - 99.6 0.41 2.53 4.93 0.26

30 Monot H - 99.3 0.51 2.11 4.60 0.24

Xylose

30 CAB N 75.2 - 0.13 0.07 0.78 0.03

30 CAB H 62.7 - 0.14 0.13 0.77 0.03

30 Monot N 99.7 - 0.62 1.97 4.65 0.24

30 Monot H 97.0 - 0.61 1.86 4.91 0.25

Xy1 + G lu

25 5 CAB N 38.0 96.6 0.14 0.17 1.03 0.04

25 5 CAB H 46.6 96.4 0.11 0.04 0.44 0.02

25 5 Monot N 98.2 94.2 0.43 1.56 4.22 0.21

25 5 Monot H 94.2 95.0 0.02 0.84 5.00 0.20

(1) Fermentation conditions: Anaerobic in 60 ml vials, 6 days
at 37° c, 5% (v/v) inoculum grown 
on CAB or Monot medium containing 
1% glucose

(2) Inoculum preparation: N - not heat shocked
j H - heat shocked 5 min at 80° C

(3) Fermentation Efficiency: g total solvents/g sugar supplied
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allowed total substrate utilization.

The fermentation efficiency of xylose in Monot medium was similar 

to that obtained from glucose with total substrate utilization. 

CAB medium gave much poorer solvent yields and substrate 

utilization. Again, inoculum heat shocking did not show any 

significant effect in Monot medium.

The fermentation efficiency of the 5:1 xylose:glucose mixture was 

slightly less (0.21 g/g) in Monot medium than for either glucose 

or xylose alone. Substrate utilization was 98% for xylose and 

94% for glucose in Monot medium. CAB medium gave poor solvent 

yields and xylose utilization. Inoculum heat shocking did not 

improve fermentation efficiency, but did appear to increase the 

yield of butanol relative to ethanol and acetone. The 

significance of this higher butanol yield remains to be 

determined.

This study identified Monot medium to be useful in providing high 

butanol yields from xylose/glucose mixtures and possibly SEA-WS. 

The complex composition of Monot medium, however, would make it 

impractical to use in a large scale process. In order to 

simplify the fermentation medium, a widely-used industrial medium 

component, corn steep liquor (CSL), was tested in combination 

with ammonium salts of acetate or phosphate as a fermentation 

medium for butanol production. The results from this experiment 
are shown in Table 5.
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Table 5. Fermentation of Glucose and Xylose by Clostridium 

acetobutylicum Using Corn Steep Liquor or Monot
Medium (1)

Substrate
(g/L)

Medium 
(2 )

Substrate 
Used (%)

Maximum Solvent 
Production (g/L)

F.E.
(3 )

Xyl Glu EtOH Acetone Butanol

Glucose

50 Monot - 99.7 1.61 4.96 9.03 0.31

Xylose

50 Monot 98.9 - 2.20 4.79 9.78 0.34

xyl + Glu

40 1 0 CSL + 2 AA 95.6 95.3 1 . 09 3.51 10.19 0.30

40 1 0 CSL + 4 AA 96.5 96.7 0.63 2.24 6.69 0.19

40 1 0 CSL + 2DAP 95.0 96.2 0.85 2.69 8.61 0.24

40 1 0 CSL + 4 DAP 72.2 96.6 0.60 1.79 5.99 0.17

(1) Fermentation Conditions: Anaerobic in 60 ml vials, 7 days at
37° C, inoculum grown in Monot medium containing 1% 
glucose, not heat shocked, 5% (v/v) of 3,7 g/L inoculum used

(2) CSL - 30 g/L corn steep liquor (Sigma)
AA - 2 or 4 g/L ammonium acetate
DAP - 2 or 4 g/L diammonium phosphate 
All media adjusted to pH 6.4

(3) Fermentation Efficiency: g total solvents/g 6ugar supplied

l
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Glucose and xylose at 50 g/L in Honot medium were fermented as 

controls with efficiencies of 0.31 and 0.34 g/g respectively. 

These fermentation efficiencies were higher than those reported 

in Table 4 for 30 g/L substrate. Although no heat shocking of 

the inoculum was used in this experiment, these higher yields are 

most likely due to the higher cell density used in the inoculum.

Corn steep liquor (30 g/L) combined with 2 g/L ammonium acetate 

gave the highest solvent yield with a fermentation efficiency of 

0.30 from 50 g/L of a 4:1 xylose : glucose mixture. This result 

compared favorably with 50 g/L glucose in Monot medium. 

Consequently, this combination of CSL and ammonium acetate is 

being used as the fermentation medium in follow-up studies on 

SEA-WS fermentation by C^ acetobutylicum that are currently 

underway.

3.3 Ethanol Production by Xylose-Fermenting Yeasts

Since this study began, several reports have appeared in the 

literature describing yeasts of the genera Pichia and Candi da 

with the capability of producing near theoretical yields of 

ethanol from xylose (0.4 to 0.5 g/g) at reasonable fermentation 

rates l (duPreez and Prior, 1985; Jeffries, 1985; Wayman e^ a1., 

1986). These yeasts have been shown to be superior to Pachysolen 

tannophilus which was previously the only yeast being studied for 

its xylose fermentation potential (duPreez e_t a_l., 1986). In

addition, the yeast Pichia stipitis R has been adapted through
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repeated recycling in SOj-treated wood hydrolyzates to enable it 

to produce near theoretical yields of ethanol while showing 

resistance to any inhibitors present in the hydrolyzate (Wayman 

et al., 1987). All of these findings have lead to renewed 

interest in ethanol production from hemice 1lulose hydrolyzates as 

opposed to butanediol or butanol.

Ethanol production from SEA-WS is currently being studied using 

the yeast Pichia stipitis CBS 5776 and its adapted strain R 

obtained from Dr. Wayman. It is hoped that these yeasts, when 

used in high cell density fermentations, will be resistant to the 

inhibitors in SEA-WS and will produce high yields of ethanol from 

SEA-WS. In addition, these yeasts are also being compared to 

Saccharomyces cerevisiae in the fermentation of SEA-WI to check 

the possibility that a single yeast strain can be used to produce 

ethanol from the total SEA substrate.

CONCLUSIONS

From the fermentation studies completed to date, the following 

conclusions are drawn regarding the bioconversion of SEA-WS

to liquid fuels and/or chemicals:
\

1. Without treatment of the water-solub1es to remove the 

compounds inhibitory to 2,3-butanedio1 production by K. 
pneumoniae, the use of SEA-WS as a fermentation substrate at 

concentrations greater than 2% (w/v) is impossible.



r a

2. The standard steam pretreatment conditions of 80 seconds at 

240° C generates a significant level of fermentation inhibitors 

in the water-soluble, hemicellulose-rich fraction of aspenwood.

3. The use of a simple fermentation medium consisting of 30 g/L 

corn steep liquor (CSL) and 2 g/L ammonium acetate allowed 

relatively high butanol yields to be obtained when xylose was 

fermented by Clostridium acetobutylicum.
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CHAPTER 4

STUDIES ON THE REMOVAL OP INHIBITORS PROM STEAMED ASPENHOOD
HATER-SOLUBLES ( SEA-HS)
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IHTRODPCTIOH

Previous studies in this laboratory have shown that 

fermentations using steam pretreated wood hydrolyzates as a 

substrate were not very successful (Mes-Hartree et al., 1983; Yu 

et al., 1982). A major problem was the deleterious effect 

of components in the pretreated wood on the growth and metabolism 

of the fermentative microorganisms. Further work established 

that the effect of inhibitors on cellulose bioconversion could be 

reduced by water-extracting the pretreated wood material (Saddler 

et al., 1983). This step separated toxic components from the 

lignocellulosic fraction into a water-soluble stream (SEA WS).

The presence of the inhibitors within the hemicellulose fraction 

has caused severe limitations to the utilization of the SEA-WS at 

high concentrations (Yu et al., 1984). To improve fermentation 

of SEA-WS fraction, further efforts were undertaken to remove the 

toxic components from the carbohydrate.

Leonard and Hajny (1945) listed the major potential sources of 

these inhibitors have been reported to be carbohydrate or lignin 

degradation products, extractives from the wood or metal 

contamination from corroding equipment (Leonard and Hajny, 1945) 

Sin^styn et al. (1982) and Azhar et al. (1981) examined the 

water-solubles from steam exploded wood and suggested that 

furfural or other furan derivatives were major inhibitors.

Others have focussed on lignin degradation products to identify 

inhibitory effects of wood substrates on microorganisms (Lee and
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«cCaskey, 1983; Clark and Mackie, 1984; Nishikawa et al.., 1987 ).

An investigation by Forintek Canada Corp. into the inhibitory 

nature of wood degradation products and extractives indicated 

that lignin and carbohydrate degradation products played 

interactive roles in fermentation inhibition, but the specific 

identity of key inhibitory substances has not yet been achieved 

(Nishikawa, 1985).

As a continuation of this work on inhibitors, this study has 

focussed on the screening of a variety of procedures for 

inhibitor removal from the water-soluble, hemicellulose-rich 

fraction of steam pretreated wood. Without specifically 

identifying inhibitors, general methods for removing components 

from wood hydrolyzates have been developed by different workers 

(Hajny, 1981; Mackie et al., 1982; Strickland and Beck, 1984). 

They include such procedures as overliming, ion-exchange and gel 

permeation chromatography. In this study, several of these 

methods were screened on a bench scale to identify the method(s) 

that would allow Klebsiella pneum oniae to ferment steamed 

aspenwood at high substrate concentrations.

\
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METHODS

4.1 Pretreated W ood M aterial:

Aspenwood chips were treated for 80 seconds at 240° c in a steam 
reactor using conditions described elsewhere (Saddler et 

>1» i 1982). Steam-exploded aspenwood (SEA) was then water- 

extracted in a 5% (w/v) slurry for 4 h. The resultant water- 

soluble fraction (SEA-WS) was concentrated and freeze-dried (Yu 

6. t a^., 1984). The dried SEA-WS was used in a 5% (w/v) concen

tration during treatments of the water—solubles to remove 

inhibitors of fermentation. These treated SEA-WS fractions were 

then used to supplement cultures with a pure xylose substrate 

for fermentation by Klebsiella pneumoniae. The SEA-WS fractions 

were added at a 5% (w/v) SEA-WS concentration to the xylose 

medium.

4.2 Culture Conditions;

All inhibition studies were carried out in Kp.MES.YE medium plus 

0.5% acetic acid at pH 6.5. The fermentation medium was prepared 

and autoclaved separately from the SEA-WS supplement, the xylose 

substrate and the acetic acid supplement. These were prepared 

individually in concentrated solutions (pH 6.5) then sterilized 

by membrane filtration or autoclaving before addition to the 

mediup. The final 10 mL volume of Kp medium contained 2% xylose, 

5% treated SEA-WS and 0.5% acetic acid. In the case of the 

hydrogen peroxide treatments of SEA-WS, 0.5% acetic acid was not 

necessarily added, but the concentration was adjusted to account 
for the formation of the acid during treatment of the water-

229

m

Forintek



solubles. In some of these treatment conditions, acetic acid was

not added and sterile water was substituted.

For finite air culture conditions, the medium was prepared in 60 

mL Wheaton vials (10 mL final culture volume) and sealed with 

butyl stoppers/aluminum caps.

For inoculation of the experimental vials, thawed slants of 

K . pneum oniae were grown in 1% glucose and Kp medium at 

pH 6.5. The vials were incubated at 37° c for 24 h with shaking 

at 250 rpm. The culture was then used to inoculate the vials 

with a 2% (v/v) inoculum. All fermentation vials were incubated 

under finite air conditions at 30° C with shaking at 250 rpm for 

48 h.

4.3 Treatm ents to Rem ove Inhibitors f rom 5% SEA-WS:

4.3.1 Dialysis

Dialysis of 5% SEA-WS was carried out in Spectrapor 6, wet 

cellulose dialysis tubing (Spectrum Industries). The tubing had 

specifications of: vol/cm, 4.6 mL; molecular weight cut off,

1,000; and cylinder diameter, 24.2 cm. A 45 cm length of tubing 

was cut and washed with distilled water to remove sodium benzoate 

(used as a preservative in wet tubing). The tubing was tied and 

filled with 50 mL of 5% SEA-WS, pH 3.6. The dialysis bag was 

suspended in a 4L beaker of distilled water that was being slowly 

stirred. Two changes of water (3L) were made after 4 h and 8 h 

whereupon the material was dialysed for a remaining 18 h. The 
total dialysate was combined and reduced in volume to 25 mL (10% 

SEA-WS) by rotoevaporation. The retentate was treated in a
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similar fashion.

4.3.2 Activated Charcoal Treatm ent

For this treatment, 50 mL of 5% SEA-WS, pH 3.6 was slowly raised 

to a boil on a stirring hotplate. Upon reaching a roiling boil, 

either a 5% (w/w) or a 0.5% (w/w) amount of water-washed 

activated charcoal was added to the solution and allowed to boil 

for a 60 second period. The solutions were then hot-filtered and 

readjusted to a 10% SEA-WS concentration by rotoevaporation.

4.3.3 Solvent Extraction

A 50 mL volume of 5% SEA-WS was acidified with sulphuric acid to 

a pH of 2.0 and transferred to a 250 mL separatory funnel. The 

aqueous solution was extracted three times with 80 mL of water- 

saturated ethyl acetate. The respective water-soluble and 

insoluble layers were collected. The water-soluble fraction was 

rotoevaporated to drive off the ethyl acetate and to 

reconcentrate the solution to 10% SEA-WS. The ethyl acetate 

layer was also rotoevaporated to dryness then redissolved in 

water proportional to a 10% SEA-WS solution. The same treatment 

was done using chloroform instead of ethyl acetate.

4.3.4 Over lim ing by Calcium Hy droxi de

Using 1% and 5% SEA-WS as starting solutions, calcium hydroxide 

w a 8 a|dded to the stirring material until the pH of the WS 

fraction was raised to 10.0 and maintained at that value. The 

solutions were then filtered. Both were reconcentrated to 10% 

SEA-WS, pH 6.5 with additional filtration after rotoevaporation 

and pH adjustment.



4.3.5 Ion-Exchange

Three ion-exchange resins were tested:

(i) IR-45, a weak ion-exchange resin from Rohmn and Haas Co.,

(ii) MB-1, a combination of strong anion and cation resins from 

Rohmn and Haas Co. and (iii) AG-501-X8, a mixed ion-exchange 

resin similar to MB-1 but produced by Bio-Rad.

Using glass columns (2.5 cm diameter x 25 cm height), a 30 mL bed 

volume of each resin (2.5 cm x 7.5 cm) was prepared and washed 

with distilled water. A volume of 50 mL of 5% SEA-WS was applied 

to the column. The column flow rates varied slightly between 

resins, but were optimal at 1-1.5 mL per minute. After loading 

the SEA-WS sample the column was washed with 150 mL of water.

The total eluant was combined and reduced in volume to a final 

concentration of 10% SEA-WS by rotoevaporation.

In the batch treatment, the solutions were stirred for up to 

an hour with a 1:1 dry weight ratio of washed resin to WS 

fraction. Afterwards, the resin was filtered and washed off with 

water. The solutions were then reconstituted to 10% SEA-WS.

4.3.6 LH-2 0 Column Chrom atography

LH-20 hydrophobic resin was obtained from Pharmacia (Uppsala,

Sweden). Two different bed volumes of LH-20 were used to
\

separate SEA-WS. In each case the gel was swollen overnight in 

distilled, deionized water. The fines were removed and the gel 

degassed. The LH-20 was then poured as a thick slurry into a 
glass column (2.0 cm diamteter x 40 cm height). The column had a
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gel bed volume of approximately 60 mL (19.0 cm bed height; 20g

dry gel). A larger gel column with double the bed volume was 

also used.

Twenty-five mL of 10% SEA-WS was loaded onto the smaller gel 

column. The column was then eluted with water at a flow rate of 2 

to 2.5 mL per minute. After voiding the first 25 mL, four 

fractions (F1 to F4 ) of 50 mL, followed by a 100 mL (F5) and a 

200 mL (F6 ) fraction, were collected. The column was finally 

eluted with 95% ethanol and a total volume of 2 0 0 mL was 

collected. All fractions were concentrated to 25 mL by 

rotoevaporation. The ethanol was removed from the ethanol 

fraction and the solution reconsitituted to 25 mL with water.

Twenty-five mL of 10% SEA-WS was loaded onto the larger gel 

column. The sample was eluted with water at a similar flow rate 

to the first column. After a 100 mL void volume, three 100 mL 

fractions (F1 to F3) were collected. A larger 350 mL final water 

fraction (F4) was then collected followed by a final 2 0 0 mL 95% 

ethanol wash. As with the first column, the resultant fractions 

were concentrated to 25 mL for use in fermentation studies.

4.3.7 Hydrogen Peroxi de Treatm ent

Twenty-five mL of 10% SEA-WS was adjusted to pH 11 with NaOH and 

the volume made up to 30 mL. A solution of 35% (w/v) hydrogen
I

peroxide (Anachemica Ltd, Montreal) was added to a final 

concentration of 1% or 2% (w/v). The pH of the solution was 

readjusted to 11 and the final volume made up to 50 mL with 

water. The solution was loosely stoppered, placed in a small
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water bath (35 or 50° C) and moderately stirred for either 6 or

-\

24 hours. After incubation, the solutions were filtered and 

stored at -4° C until they were concentrated to 10% SEA-WS, pH

6.5 and filter sterilized.

The final experimental series with hydrogen peroxide was done on 

a larger scale using 160 mL of 5% SEA-WS in the treatments.

Parameters varied included temperature, pH and concentration of 

the hydrogen peroxide. Controls in this series were: SEA-WS

without any treatment, SEA-WS at pH 11 without peroxide treatment 

(C1), SEA-WS at pH 3.4 with peroxide treatment (C2) and SEA-WS at 

pH 3.4 without peroxide treatment (C3). After the reaction time, 

each solution was filtered and pH adjusted to pH 6.5. Each 

treatment was divided into two fractions. One fraction was 

passed through a 50 mL bed volume of mixed ion-exchange resin (a 

combination of IRA-45 and IRC-50 by Amberlite, Rohm and Haas Co.) 

and washed with 200 mL of water. This ion-exchange treated 

fraction (IE) was then concentrated to 40 mL (10% SEA-WS) and the 

pH readjusted to 6.5 where necessary. The other fraction was 

concentrated to 40 mL (10% SEA-WS) of solution, pH 6.5 and was 

known as the original treated fraction (F).

4.4 Analyt i ca1:

Bacterial cell growth was estimated by reading optical absorbance 

at 66(J nm. Fermentation products were determined by gas 

chromatography (Yu and Saddler, 1982). Pentose was assayed by 

the p-bromoaniline method using D-xylose as the standard 
(Deschatelets and Yu, 1986).
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RESULTS AMD DISCUSSION

In each experimental series of treatments, controls were run to 

compare fermentation of both treated and untreated SEA-WS 

fractions to D-xylose by Klebsie11 a pneum oniae. Typical 

fermentation results from five separate experiments are 

summarized in Table 1.

In the presence of 50 g/L SEA-WS, there was insignificant cell 

growth and less than 10% of the control solvent production from 

the 20 g/L xylose substrate. Treatments were compared on the 

basis of these parameters for improvement of fermentation and not 

on the efficiency of sugar conversion. The latter factor was not 

considered because the water-solubles were added as a supplement 

and not as the sole substrate. Data for the free pentose in the 

treated fractions was used to observe changes in the distribution 

of the carbohydrate and the inhibitors and to indicate how the 

treatment affected the hemicellulose present in the SEA-WS (i.e. 

losses, breakdown to smaller polymers). Upon determination of a 

successful treatment, further investigations will examine its 

effects upon the carbohydrates. The results of the series of 

inhibitor removal treatments are shown in Table 2.

Dialyjsis was done using a 10 0 0 molecular weight cut-off membrane. 

Results indicated that the inhibitors were of similar size to the 

hemicellulose portion of the water-soluble fraction and 

consequently separation of these components was not achieved.

m
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Table 1. Cell Growth and Solvent Production by Klebsiella 

pneum oniae from 20 g/L Xylose in the Presence of 
5 0 g/L Untreated SEA-WS (1)

RESULT Control (H20 ) SEA-WS

Post Fermentation pH 5.97 ±0.24 6 . 15 * 0. 16

Cell Growth (00550) 4.72 ±0.47 0.45 ±0.24

Final Solvent Production:

Acetic acid (g/L) 2.03 + 0.36 3.43 ±0.87

Ethanol (g/L) 2.14 ±0.35 0. 03 ± 0.0 1

Butanediol + AMC (g/L) 5.92 ±0.89 0.62 ±0.33

Initial Free Pentose (g/L) (2 ) 0 5.04 ±0.67

Final Xylose Utilization (%) 97.6 ±1.9 0

(1) All values are averages from 5 experiments run in duplicate.
Fermentation Conditions: Finite air in 60 ml vials, Kp.MES.YE

plus 0.5% acetic acid, pH 6.5, 150 
rpm, 2% (v/v) inoculum, 30° C.

(2) Values for pentoses other than the 20 g/L xylose initially 
added.

I
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Table 2. Cell Growth and Solvent Production by Klebsiella 

pneumoniae from 20 g/L Xylose in the Presence of 
50 g/L Treated SEA-WS ( 1 )

Treatment Growth
(% of 
Control )

Total 
Solvent 

Prod.(g/L)

Solvent 
Prod.
( % of 

Control)

Pentose
in

SEA-WS(g/L)

Xylose 
Dse d 
(% )

Dialysis :
retentate 108 6.86 93 0.11 98
dialysate 1 0 0.88 1 2 5.93 0

Activated Charcoal:
1 % (w/w) 3 0.89 1 1 5.21 10
5 % (w/w) 4 0.62 8 5.63 15

Solvent Extraction:
Ethyl acetate 3 0.88 1 0 4.73 6
Chloroform 1 0.85 9 4.13 1

Overliming:
1 % SEA-WS nd ( 2 ) 0.87 9 4 .88 8
5 % SEA-WS nd 1.12 1 2 5.40 12

LH-2 0 Gel Perm. : 
Short column
F 1 (water)(3 ) 6 0.68 9 3.04 5
F 2 6 0 . 39 5 2.37 9
F 3 6 0.62 8 0.22 4
F 4 " 8 0.51 7 0 . 07 17
F 5 5 0.46 6 0.01 1 1
F6 " 6 0.47 6 0.00 7
F7 (ethanol) 82 5.02 68 0.07 87

Long column
F 1 (water) 3 0.27 3 2.73 0
F 2 3 0.24 3 4.05 2 1
F 3 100 7.36 89 0.58 99
F 4 " 82 6.06 73 0.11 98
F5 (ethanol) 62 4.42 53 0.15 80

(1) Fermentation conditions as described in Table 1. All 
values are average of duplicate experiments. Control 
contained equal volume of water inplace of SEA-WS. Total 
solvent production includes ethanol, acetoin and 2,3- 
butanediol. See Methods section for further details.

(2) Treatment caused precipitate to form which interferred with 
optical density measurements at 660 nm.

(3) Eluant used to obtain fraction.
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Activated charcoal was used to decolourize the SEA-WS by 

absorbing resinous polymeric material from the solution. No 

improvement in fermentation was obtained after treatment with 

different ratios of charcoal to SEA-WS. This method was also 

made difficult by the problems encountered removing carbon fines 

from the SEA-WS.

Solvent-extraction using ethyl acetate had previously been used 

by Clark and Mackie (1984) to separate lignin degradation 

products from the hemice 1lulose. If lignin components were a 

large contributing factor to inhibition, the solvent—extracted 

SEA-WS was expected to show improvement in the fermentation 

tests. However, in both cases, solvent-extraction by ethyl 

acetate or chloroform was ineffective in removing the inhibitory 

compounds from SEA-WS.

Acid hydrolysis of 1ignoce11ulosics has been a traditional method 

for the conversion of wood to a wood sugar solution. Part of the 

process involves a neutralization step, commonly using calcium 

hydroxide (lime). This step is also useful in improving 

fermentability of wood acid hydrolysates (Hajny, 1981).

Strickland and Beck (1984) adapted overliming to successfully 

treat acid-catalyzed steam pretreated wood and detoxify the 

material for fermentation. Nishikawa (1986), using their 

reported technique, found that overliming removed materials from 

SEA-WS that inhibited the bacterium, Zymomonas m obilis was used 

as the fermentative microorganism. Although successful for Z_̂

238
V .



mob i 1 i s , overliming was not effective for K_̂  pneum on i ae. Poor

growth and solvent production may have been caused by a 

precipitate that formed after the overlimed SEA-WS was added to 

Kp medium. The pH of fermentation (6.8 ) appeared to be a factor, 

since the fermentation pH for Z_̂_ m obil i s was more acidic (i.e. pH 

4.8). This suggested that a different solubility equilibrium of 

some inhibitory compounds at the higher pH may have limited the 

effectiveness of the overliming treatment for SEA-WS when used at 

near neutral pH. It may also be that m obil is was not as 

sensitive as pneum oniae to whatever inhibitors were left in

the SEA-WS after overliming.

Clark and Mackie (1984) reported using LH-20, a hydrophobic 

resin, to examine low molecular weight phenolics from wood acid 

hydrolyzates. Their work suggested that lignin degradation 

products significantly inhibited wood sugar fermentation by 

yeast. For our study, SEA-WS was fractionated on a LH-20 column 

with the carbohydrate components eluting first. The use of this 

method was dependent upon the separation of distinct bands of 

inhibitors and sugars moving through the gel; however, in each 

case, the fractions containing the most sugars were also the most 

inhibitory to fermentation. The inhibitors behaved like the 

carbohydrates and were not separated from them by the LH-20

Three ion-exchange resins were tested, either in a column or by 

batch contact with stirring, in an attempt to separate the 

inhibitors from the carbohydrates. The results shown in Table 3
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Table 3. Growth and Solvent Production by Klebsiella
pneumoniae from 20 g/L Xylose in the Presence of 
50 g/L SEA-WS Treated by Ion-Exchange (1)

Treatment Growth Total Solvent Pentose Xylose
( % of Solvent Prod. in Used
Control) Prod.(g/L) ( % of 

Control)
SEA-WS(g/L) (% )

Ion-exchange by 
Stirring :

IR-45 5 1.00 1 3 6.24 12

MB- 1 6 0.98 12 6.45 0

AG-50 1-XD 3 1.08 1 1 3.17 3

Column :

IR-45 (trial 1 ) 108 9.65 12 1 4.63 94

(trial 2 ) 37 1.87 23 5.29 66

MB-1 (trial 1 ) 85 7.57 95 2.20 88

(trial 2 ) 94 9.07 1 1 0 2.74 87

AG-501-XD (1) 2 0.86 9 0.73 9

(trial 2 ) 99 8.60 104 0.61 91

(1) Fermentation conditions as described in Table 1. All
values are average of duplicate experiments. Control 
contained equal volume of water inplace of SEA-WS. Total 
solvent production includes ethanol, acetoin and 2,3- 
butanediol. See Methods section for further details.

I
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revealed that stirring did not remove inhibitors, although 

procedural changes such as increased amounts of resin or longer 

contact time would probably improve these results. The trials 

using column separation showed that all three resins were 

successful at removing inhibitory materials from the water 

solubles. The variation between repeat runs using the IR-45 and 

AG-501-D was attributable to variations in the eluant flow rate. 

In modifying the procedure for scale-up of the column system, the 

flow rate could be adjusted and kept constant, thereby reducing 

variability between treatments. From the analysis of free 

pentose in the treated SEA-WS fractions, it was noted that both 

of the mixed-bed resins (MB-1 and AG-501-D), also absorbed sugar 

from the water-soluble solutions. This loss of fermentable 

sugars would reduce the economical benefits of ion-exchanging the 

SEA-WS. Since ion-exchange was the most successful inhibitor 

removal technique so far identified, there remains a further 

possibility of looking at weaker resin material with different 

polymeric bases to explore the possibility that another resin 

type may achieve inhibitor separation without simultaneous loss 

of significant carbohydrate components.

Recently, improvement in the enzymatic hydrolysis of cellulose

has been reported following pretreatment of lignocellulosic
\

materials with hydrogen peroxide (Abbott and Peterson, 1985; 

Gould, 1985; Wei and Cheng, 1985). This treatment was attempted 

on SEA-WS to determine if such an oxidation treatment would 

affect fermentation inhibitors. The experimental conditions used
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for different H202 treatments are summarized in Table 4.

The first trial of the H202 treatment, reported in Table 5, 

suggested that the procedure improved fermentation in the 

presence of SEA-WS. A second trial however, was less successful. 

Investigation of the various parameters of pH, temperature and 

concentration of ^2^2 ^id not indicate which reaction conditions 

worked to eliminate the inhibitors.

To check the possibility that the controlled conditions of

treatment were in themselves producing other inhibitors, control

treatments and ion-exchange of materials were done with SEA-WS

fractions. Unlike the first experiment, none of the conditions

of H2<D2 treatment improved growth or solvent production unless

the water-solubles were further treated by ion-exchange. The

resins used were a weak anion and cation mixture of IRA-45 and

IRC-50. The use of ion-exchange made any beneficial effects of

H2o 2 less certain because ion-exchange was itself a good

treatment of the original SEA-WS. The control, (Cl) using

alkaline pH without H202, and treatment condition A (see Table 4)

were the only treatments to improve fermentability in the test

fermentations, but only after ion-exchange. These results

suggested that the peroxide treatment was not having an affect on

water-soluble inhibitors but that the alkaline pH conditions were
\

sufficient to alter inhibitory action of the material. The other 

treatments appeared to affect SEA-WS such that even ion-exchange 

could not improve fermentation results compared to the control.

It would appear that the first successful case of using H202
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Table 4. Experimental Design for Hydrogen 

of SEA-WS (1)
Peroxide Treatment

Treatment Reaction H2°2 pH Temperature
Time (h) Cone.(%w/w) ( °C )

Trials 1,2 6 1 1 1 30-35
24 1 1 1 30-35

Trial 3
Condition :

A 6 1 1 1 35

B 6 2 1 1 35

C 6 1 12 35

D 6 1 1 1 50

E 3 + 3(2 ) 1 1 1 35

F 6 2 12 50

Controls :
C1 6 0 1 1 35

C 2 6 1 3.4 35

C 3 6 0 3.4 35

(1) See Methods section for further details.
(2) Same as condition A, but readjusted after first 3h with 

additional H2o2/NaOH to pH 11.
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Table 5. Growth and Solvent Production by Klebsiella

pneumoniae from 20 g/L Xylose in the Presence of 
50 g/L SEA-WS Treated by Hydrogen Peroxide (1)

Treatment Growth Total Solvent Pentose Xylose
( % of Solvent Prod. in Used

Control) Prod.(g/L) (% of SEA-WS(g/L) (%)
Control )

Trial 1 (6h) 64 8.74 1 1 0 3.78 40
( 24h ) 68 10.58 133 5.14 34

Trial 2 (6h ) 7 0.95 12 4.18 1 1
( 24h ) 6 0.68 9 4.34 3

Trial 3
Condition :

A 1 0 0.36 5 5.39 0
B 5 0.84 1 1 4.30 0
C 2 0.16 2 5. 12 1 0
D 1 1 0.45 6 1.34 0
E 4 0.31 4 5.30 0
F 6 0.15 2 4.25 0

C1 18 1.79 24 5.21 0
C 2 6 1.40 19 4.50 0
C3 12 1.20 16 5.55 0

After Ion-exchange
Condition :

A 100 11.06 149 3.64 97
B 5 0.4 1 6 1.27 0
C 5 0.16 2 3.64 0
D 27 0.59 8 1.17 0
E 9 0.08 1 0.17 0
F 5 0.33 4 0.19 0

C1 67 10.67 144 4.78 87
C 2 5 0.27 4 4.61 0
C 3 30 3.03 4 1 4.00 9

(1) Fermentation conditions as described in Table 1. All
values are average of duplicate experiments. Control
contained equal volume of water inplace of SEA-WS. Total
solvent production includes ethanol, acetoin and 2,3-
butanediol • See Methods section for further details.

(2) Treatments described in Table 4 and Methods section.
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treatment was irreproducible and consequently this treatment is 

not appropriate for SEA-WS.

From our attempts to separate the fermentation inhibitors from 

the fermentable sugars in SEA-WS, some characteristics of the 

inhibitors were partly elucidated. The inhibitors were 

determined by dialysis to be of a molecular weight smaller than 

1,000. They were similar to the hemicellulose components in 

behavior on a hydrophobic column and through ion-exchange resins. 

The solvent extraction, LH-20 gel and peroxide treatment were 

aimed at separation of lignin-derived inhibitors that other 

workers have identified as significant toxic components in wood 

hydrolysates. With SEA-WS however, the lignin-derived inhibitors 

were not the major toxic material. Together these results 

suggest that carbohydrate-derived inhibitors were more likely 

restricting the use of SEA-WS at higher sugar concentrations. 

These materials were not successfully separated from the sugars 

and there continues to be a requirement to further investigate 

inhibitor removal methods. Separation of inhibitors by size 

using a range of molecular sieves might further selectively 

remove water-soluble inhibitors from the hemicellulose sugars. A 

short treatment with alkali was shown to be helpful in the 

hydrolgen peroxide experiments and this type of treatment may also 

help in inhibitor removal.
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CONCLUSIONS

From the results of our efforts to selectively remove the 

fermentation inhibitors from SEA-WS the following conclusions are 

drawn :

1. Ion-exchange was shown to be a beneficial treatment, but at 

the expense of sugar adsorption onto the resin as well. The degree 

of sugar losses needs to be investigated and weaker ion-exchange 

resins should be tested to more clearly separate inhibitor and sugar 

adsorption.

2. The ion-exchange treatment may be more useful if combined 

with another treatment such as overliming for the effective 

removal of inhibitors from SEA-WS. This possibility was 

demonstrated with the hydrogen peroxide treatments. A short 

treatment with alkali plus ion-exchange was more effective than 

either treatment alone.

I
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Media formulation 

For Klebsiella pneumoniae ;

APPENDIX 1

Kp Medium: g/L

K2 HPO4 8.7

k h 2p o 4 1.5
(n h4 )2S04 3.0
EDTA 0.4

MgS04.7H2° 0.24

N a Cl 0.10

CaCl2.2H20 0.28

^ ® S04 # 7H20 0.20

Zn S04.7 H 2 0 0.15

MnS04.H20 0.04

Kp.MKS Medium:
Kp medium above plus 10.0 g/L 2-[N-morpholino]ethanesulphonic 
acid (MES) buffer.

Kp.MKS.YE Medium:
Kp.MES medium above plus 5.0 g/L yeast extract (YE).

\
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SCM Medium: g/L

Yeast Extract 1. 5
n h 4ci 2.5

Na2HP04 .7H2° 5.5

k h 2p o 4 3 . 0
MgS04.7H2° 0.5

CaCl2 .h 20 0.013
Citric Acid 5.0
Sodium Acetate 2.5

YP Medium: g/L

Yeast Extract 10

Peptone 20
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For Clostridium acetobutylicum : 

CAB Nediua: g/L

k h 2p o 4 0.75

k 2h p o 4 0.75

(n h 4 )2s o 4 2.0

MgS04 .7H2° 2.0

FeS04 .7H20 0 . 1

Mn S04 0. 1

Na Cl 1 . 0
Yeast Extract 5.0

Resazurin (1.0 % solution) 1.0 :

Honot’s Medium (Monot et al. 1982): g/L

k h 2p o 4 0.5
K2HP04 .3H20 0.5

MgS04 .7H20 0.2
MnS04 .1H20 0.01

FeS04 .7H20 0.01
Na Cl 0.01

Ammonium acetate 2.2

p-aminoben zo ic acid (PABA) 0.001

biotin 0.00001

m
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APPENDIX IIr
CALCULATION OF THE THEORETICAL YIELD OF 2,3-BUTANEDIOL FROM D-GLUCOSE OR D-XYLOSE WITH OR WITHOUT ACETIC ACID SUPPLEMENT VIA FERMENTATION BY K l e b s i e l l a  pneum oniae

GLUCOSE PLUS ACETIC ACID SUBSTRATES :

1M g lu c o s e  > 2M pyruvate > 1M butanediol + 2CO^ (1)

1M a c e t a t e  + 1M pyruvate > 1M butanediol + 1M CO2 (2)

Example :
For 50 g/L glucose plus 5 g/L acetic acid as substrate,

Molar ratio is 3.48:1 glucose : acetate.

Pyruvate yield from glucose is 3.48M X 2 = 6.96M pyruvate. 

Pyruvate required for condensation with acetate is 1M. 

Remaining pyruvate from glucose is 5.96M.

Butanediol from acetate is 1M.

Butanediol from glucose is 5.96/2 or 2.98M.

Total theoretical butanediol yield is 3.98M.

Theoretical Yield of butanediol

= (3.98 X 90.12)/[(3.48 X 180.16) + 60.05]

= 0.52 g/ g substrate (glucose + acetic acid).

Similarly, the following theoretical yields of butanediol from 

different glucose : acetic acid molar ratios in the substrate have 

been calculated:

Substrate Molar Ratio Theoretical
glucose acetic acid ( G : A ) Butanediol
(g/L) (g/L) Yield (g/g)

20 5 1.39:1 0.55
40 1 5 2.78:1 0.53
50 5 3.48: 1 0.52
100 5 6.94:1 0.51
150 5 10.41:1 0.51
200 5 13.88: 1 0.51

1 - g butanediol/(g glucose + g acetic acid)
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D-GLUCOSE SUBSTRATE ;

From equation 1 above, the theoretical yield of butanediol is

1M butanediol/1M glucose 

= 90.12/180. 16

■= 0.50 g/g glucose substrate.

D-XYLOSE SUBSTRATE ;

6M D-xylose > 10M pyruvate > 5M butanediol + 10 CC>2 (3)

From equation 3 above, the theoretical yield of butanediol is

5M butanediol/6M D-xylose 

= (5 X 90. 12 )/( 6 X 150.13)

= 0.50 g/g xylose substrate.

D-XYLOSE PLUS ACETIC ACID SUBSTRATE: ■

Because D-xylose gives the same theoretical yield (0.50 g/g) as 
glucose the relationship shown above for glucose plus acetic acid 
substrates will hold for D-xylose plus acetic acid substrates. 
Only the molar ratios will be different due to the lower 
molecular weight of xylose.

SEA-WS PLUS ACETIC ACID SUBSTRATES:

From Appendix IV, SEA-WS contains 52.2% pentosan or 0.59 xylose 
equivalents/g and negligible hexosan or glucose. Therefore the 
following Theoretical Butanediol Yields can be calculated:

SEA-WS
(g/L)

Substrate
acetic acid 

(g/L)

Xylose Equivalents 
(g/L)

Theoretical 
Butanediol 
Yield (g/g)

20 5 11.86 0.57
50 5 29.65 0.54
100 | 5 59.30 0.52

. ..continued
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XYLAN PLUS ACETIC ACID SUBSTRATES :

From Appendix IV, Xylan contains 87.1% pentosan and 0.4% hexosan 
or 0.99 xylose equivalents/g and 0.004 glucose equivalents/g 
xylan. Therefore the following Theoretical Butanediol Yields can 
be calculated:

Xylan
(g/L)

Substrate
acetic acid 

(g/L)

Xylose Equiv. 
( g/L )

Glucose Equiv. 
(g/L)

Theoretical 
Butanediol 
Yield (g/g)

20 5 19.79 0.09 0.55
50 5 49.47 0.22 0.52
100 5 98.95 0.44 0.51
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APPENDIX III

CALCULATIOH OP THEORETICAL TIELD OF STHAHOL PROM D-GLUCOSE VIA FERMENTATION BY S a cch a ro m y ces c e r e v i s i a e

1M glucose > 2M ethanol + 2M CC>2 ( 1 )

From equation 1 above, the theoretical yield of ethanol is

2M ethanol/1M glucose

= (2 X 46.07 )/18 0 . 16

= 0.51 g/g glucose substrate.

I

V
255

Forintek
Canada
Corp.



r APPENDIX IV

CALCULATION OF THEORETICAL POTENTIAL FERMENTABLE SOGAR CONTENT IN SUBSTRATES USED IN FERMENTATION STUDIES

In the following table:

Hexosan (wt %) X 1.111 = Total wt % glucose equivalents.

Pentosan (wt %) X 1.136 = Total wt % D-xylose equivalents. 

Calculations do not include uronic acids, which may be 

fermentable by some microorganisms, due to lack of quantitative 

analysis of the substrates used.

The values reported below were used in all theoretical yield, 

percent enzymatic hydrolysis and fermentation efficiency 

calculations.

SUBSTRATE
lignin

COMPOSITION (dry 
pentosan

wt % ) 
hexosan

TOTAL FERMENTABLE 
SUGARS (wt %)

SEA 27 . 1 13.4 54.9 76.2

SEA-WI 30.9 2.5 63.4 73.3

SEA-WS 11.5 52.2 - 59.3

SEA-WAI 9.0 - 86.6 96.2

Solka Floe 
BW300

1.5 8.2 89.0 108.2

Xylan 1 
(oat spelt)

• 87 . 1 0.4 99.4

1 - TLC analysis by Sigma Chemical Co. (supplier)

\
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r APPENDIX V

CALCULATION OP PERCENT THEORETICAL YIELD, FERMENTATION 
EFFICIENCY, AND PERCENT ENZYMATIC HYDROLYSIS

Percent of Theoretical Product Yield:

% Theoretical Yield = 100 * A /(B * C * D * E ), where

A is the fermentation product yield (g/L),

B is the theoretical yield factor for the product 
and substrate used (e.g. 0.50 g/g substrate),

C is the substrate concentration supplied (g/L),

D is the fraction of fermentable sugar in the 
substrate ( pentosan, hexosan, or total from 
Appendix IV) and

E is the oligosaccharide to monosaccharide conversion 
factor used if only pentosan (C = 1.136) or hexosan 
(C = 1.111) fraction is fermented. Where both
fractions are fermented ( i.e. total fermentable 
sugars) C = 1.

Fermentation Efficiency :

This is a measure of the product yield from the fermentation 
expressed as a fraction of the fermentable substrate supplied and 
is calculated as follows:

>V

Fermentation Efficiency = A /(C * D * E), where 

A,C,D and E are as described above.

Percent Hexosan Hydrolysis :

This is a measure of the extent that a cellulosic substrate has 
been enzymatically hydrolyzed to glucose under combined 
hydrolysis and fermentation conditions or by the hydrolysis 
control where no microorganisms are present and is calculated as 
follows :

% Hexosan Hydrolysis = 100(A/B + G)/(C * D * E), where

A ,B , C,D and E are as described above and G is the residual 
flucose (g/L) remaining after the fermentation or the 
glucose obtained in the hydrolysis control (where A * 0).

Percent Pentosan Hydrolysis :

Similar to hexosan hydrolysis above except G is residual pentose 
(i.e. xylose or arabinose) remaining after fermentation or in the 
enzymatic hydrolysis control.
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