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INTRODUCTION

As a renewable raw material éource forvchemicalé and energy, biomass has
much promise. Grains and sugar, for exampie, can readily be converted to
ethanol for use as a chemical intermediate or motor fuel. But longer range
world needs will impdse a limitation on the use of such crops for purposes
other than food.

The cellulosic portion 6f bioméss, however, repressents an immense source
of sugars which awaits only the development of the techﬁology ﬁecessary fér its
economical utilization. Typically about 40% of the éontent of plant tissue is
comprised of cellulose, a pdlymer of hexose sugars, and about 20% consists of

hemicellulose, largely a polymef of pentose sugars. The monomer sugars can be

‘produced by hydfolysis of the cellulosic fractions emPloYing as catalysts

either acids or enzymes. In light of an annual world production of biomass on

the order of 1011

metric tons, the tremendous potential for a sugar based chemical
and energy industry is apparent.

Enzymatic hydrolysis of cellulose is attractive because of its specificity
and absence of the competitive degradation which normally accompanies acid

hydrolysis. There has been a growing emphasis in research on enzymgtic hydrolysis

in recent years, stemming importantly from the pioneering work of Reese and

- Mandels at the U.S. Army Natick Laboratories. Over the last decade research in

this field has been stimulated in the U.S. by major support from the National"
Science Foundation, the Department of Energy and its predecessor organizationms,

and most recently by the Solar Energy Research Institute. Research and

development is actively underway in many other countries as well.

A large amount of research has. been published on the theory of enzymatic

hydrolysis and the various microbial, and other, sources of the enzymes. The
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present report endeavors to supplement this infbrmation by emphasizing insofar
as possible the status of the technblogy and of potential industriél processes
vfor production of sugars from cellulose. A substantial résearch effort on
cellulose conversion has been underway in the authoré! laboratories at the
_ University of Célifbrnia at ﬁerkeley over the past ten years. This report is
based in part upon this background of experience, and experimental data from
“relatively recent sﬁudiesvare presented in certain'seétions to make the information as
timely and useful as possible.
Because of current interest in production of ethanol a section is.inqluded

which summarizes various methods for high productivity fermentation systems.



%
La

1. THEORY OF ENZYMATIC HYDROLYSIS

A. Sources of Cellulases

Microorganisms which can grow on cellulose include true bacteria,
actinomycetes and higher fungi. Those which can utilize native cellulose rather
than.only soluble derivatives are termed truly cellulolytic. -

Fungi which have been gtudied for their cellulolytic ability'inclﬁde

Irpex lacteus (1), Pyricularia oryzae (2), Penicillum funiculosum, Fusarium

solani,v(S)”Chaetomium thermophile, Myrothecium verrucaria, Phanerochaete

chrysosporium (Sporotrichum pulverulentum) (4-6), Trichoderma koningii (7,8),

and T. reesei (T. viride). Much of the recent work published on cellulose

degradatibn has been based on studies of the high-acfivity enzymes produced by
the last three organisms.

From the wild type of T. reeSei, isolated by the U.S. Army Natick Research
and.Developmeﬁt.Command and designated QM-6a mutants have been developed. Of°
‘particular interest are the strains QM-9414 (ATCC 26921) and strains prdducéd at
Rutgers: Rut-NG14.and Rut-C-30 (32)... The last strain is both hyperproducing and
catabolite repre#sion resistant and has high kylanase activity. The geneology of"
these strains is shown in Figure I-1.Additional strains are being investigated
for B-glucosidase resistant to end product inhibition.

B. Cellulolytic Enzymes

The first postulate concerning the nature of the mechanism of enzymatic

hydrolysis was advanced by Reese, et al. (9). This was based on the fact that
~ some organisms could hydrolyze native cellulose, while others degraded only
soluble derivatives. A two—step'pfocess-was envisioned. A component termed

'C, was thought to initiate hydrolysis by a preliminary activation or dis-

1

aggregation of the cellulose chains. SubseQuently, C*, the second component,

was responsible for the depolymerization to soluble cello-oligosaccharides.
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Supposedly, truly cellulolytic organisms possessed the C1 enzyme, which
other cellulose degrading organisms lacked.

Later work has shown, in contrasf; that‘C1 is a B-1,4-glucan cellobio-
hydrolase (10,11), and thus acts on. the chains formed by_Ck action, contrary to
previous conjecture. Fractionation resulting in purification of these enzymes
have been performed by numerous investigators (12-17). Purified components
retain both Cluand Cx activities,Aalthough relative values of each activity
differ.

Enzymes deSigﬁated C1 and Cx show a large synergistic effect,,the exact .
nature of which has not been ascertained. After purification, activity towards
native cellulose is decreased. Subsequent combination of the purified enzymesb
in their original proportions results in the récovery of the original high
activity. |

C. Composition of the Cellulase System

The cellulase system has been shown to exhibit three distinct types of
cellulolytiC'activify which bear the descfiptive names: B-1,4-glucan glucano-
hydrolase (EC 3.2.1.4) an endo-enzyme; and B-i,4fg1ucan cellobiohydrolase
(EC 3.2.1.91), an éko-enzyme; and B-glucosidase (EC3.2.1.21). Thése more exact
names for the endo- and -ekoglucanases should replace the trival names C1 and Cx'

The first enzymé'is a randomly-acting endoglucanase, i.e. it acts on the

interior of the polymer to generate new chain ends. This activity is assayed

by reactivity towards soluble cellulose as shown by increases in reducing

sugaré or by decreases in viscosity.

The second enzyme acts on the nonreducing ends of the polymer chain to
release cellobiose. This activity is determined by incubation with crystalline
cellulose. When highly purified, it shows only slight activity due to the

synergism of the enzyme system.



B-glucosidases hydrblyze cellobiose, and less'actiQely.shortychain cell-
oligosaccharides, and are necessary for removal of product:which would otherwise
inhibit the progress of the'hydrolysis. ‘Recent investigation has suggesied that
B-glucosidase activity as determined by reaction with p-nitrophenyl-B-glucoside
must be distinguished from activity towards cellobiose. The mode of action of
the séparate activities of the combined sYstem is shown in'Figures,I-z and -3,

respectively.

D. Fractionation of Cellulases

Cellulases have beenvfractionated'into their consfituent.components by a.
variety of biochemical_pfocedurés including ultrafiltration, gel filtration,
ion-exchange chromatpgrafhy, adsorption chromatography and iso-electric facusing
Endoglucanases and expglucanaées have been found to be glucoproteins. Isozymes
have been reported for each component. |

The cellulase of’!} koningii has been fractionated by Wood and McCrae (12,18)
into eight components includiﬁg»a single exoglucanase, five endoglucanases_and

two B-glucosidases. P. chrysosporium cellulase has been fractionated by Eriksson

and co-workers-(406), resulting in the isolation of an gxoglucanase, fivé endo
‘glucanases, two B-glucosidases and a cellobioseboxidase. |

The separation schemes of Berghem and Pettersson (19-21) and of Shoemaker,
Gum and Brown (22-24) for the fractionation of cellulase of T. reesei are shown
in.Figures I-4 and -5, respectively. Froﬁ industrial preparations of cellulases,
Berghem and Pettersson have reported isolation of twerndoglucanases and a |

single exoglucanase and B-glﬁcosidase, while Shoemaker, et al. have reported

four endoglucanases, one exoglucanase and one B -glucosidase. The latter report——
a separation suitable for a large-scale purification procedure.
Physical properties of cellulase constituents prepared by various

investigators are shown in Table I-1.
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Cellulase Preparation
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Figure I-4,
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Cellulase Preparation
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Table I-1

Properties of cellulase components of Trichoderma reesei

Component . - Molecular Weight - Isoelectric Points ‘Reference
~ Exoglucanases 49,000 | (9)
- (EC 3.2.1.91) 61,000 S _ - (8)
46,000 ©3.79 (16)
48,000 (20)
Endoglucanases 76,000 ‘ (9)
(EC 3.2.1.4) 30,000; 43,000 v . iy .
' 12,500; 50,000 4.60, 3.39 (18)
37,200; 52,000; j (21)
49,500 o ' (21)
B-Glucosidase 47,000 5.74 (17)

(EC 3.2.1.21) 76,000; 76,000 ' (13)
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E. Models of Enzymatic Hydrolysis

- A model for the enzymatic-hydrolysis of cellulosic materials must take
into account the effects of.the physical structure of the substrate, the nature
of the cellulase complex, and the inhibitory effects of both substrates and
products, including material present in the substrate other than cellulose, i.e.
hemicellulose and lignin. |

The major structural features that determine susceptibility to enzymatic
degradation are crystallinity (25,25), and éccessibility, which is defined by the
'_ surfacé area accessible to enzymatic attack. Thus pretreatment has a profound
effect on hydrolysis.

The kinetic behavior of enzymatic degradation is complicated by the
insoluble nature of the substrate, so that adsorption of enzyme and diffusibn

of intermediate products may be of importance. Using cane bagasse and cellulases

of T. reesei mixed with xylanase'df Aspergillis wentii, Ghose and Bisaria (27)
have shown that endoglucanase adsorbs on cellulose preferentially to exoglucanase,
with B-glucosidase. not adsorbing to a significant éxtent.

Huang (28),assuming the fast adsorption of tWoieﬁzyme components (Cl'and;Cx)
with subsequent product inhibition by'beth cellobiose and glucose, devised a
kinetic model which'ﬁas able to predict the rate of hydrolysis of amofphous
cellulose (Solka Floc) up to about 70% conversiom.

Okazaki and Moo-Young (29) developed a model of cellulose degradation to
explain the synetgistié effecf of cellulases, depeﬁdency of hydrolysis rate on
the degree of polymerizatioﬁ,of the substrate, and the effects of the substrate
inhibition. The model included the effect of the three types of enzymes known
to be actually present.

Howell and Stuck (30) presented a model negiecting substrate multiplicity

and differences between effective cellulose concentration and average bulk
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concentration, and including the inhibitory effect of cellobiose. - They showed
that noncompetitive inhibition by cellobiose dominates the reaction kinetics.
This model was then extended to. higher conversions by postulating inactivation

of the adsorbed enzyme-sﬁbstrate complex (31).

Because of the. complex nature of the multiple reactions, further investigation
is necessary in developing a general model to describe the cellulose-cellulase

system.



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

- 14 -

" ‘Refereénces
Kanda, T., et al., J. Biochem. 84, 1217;1226.(1978).
Hirayama, T., J. Biochem. 84, 27-37 (1978).
Suga, K., et al., Biotechnol. Bioeng. 17, 189-201 (1975).
Eriksson, K-E., Biotechnol. Bioeng. 20, 317-332 (1978).

Deshpande, V., et al., Eur. J. Biochem. 90, 191-198 (1978).

: Wood,_T.M. and S.I. McCrae, Biochem. J., 171, 61-72 (1978).

Avers, A.R., et al., Eur. J. Biochem,’gg, 171-181 (1978).

Wood, T.M. and S. I. McCrae, Proc. Bioconversion Symp., IIT Delhi,
111-141 (1977).

Reese, E,T;, et al., J. Bacteriol. 59, 485 (1950).‘

Selby, I. and C.C. Maitland, Biochem. J. 104, 716-724 (1967).

Li, L.H., et al, Arch. Biochem. Biophys 111, 439-447 (1965).

Wood, T.M., Pigcm’iNﬁIFS: Ferment.'TechﬁoIfwToday,”711-725.(1972);
Nisizawa, et al, " " " mo 719-725 (1972).
Okada, G., J. Biochem. 72, 33-42 (1975). . |

Gong, C.S., et al, Biotechnol. Bioeng. 12) 959-981 (1977).

Gong, C.S., et al. Biotechnol, Bioeng..gl, 167-171 (1979)
Fagerstam, L., et al., Proc. Bioconversion Symp., IIT Delhi,
165-178 (1977).

Wood, T.M., Biotechnol. ﬁioeng; Symp. No. 5, 111 (1975).

Bergham,L.E.R. and L. Géran Pettersson, Eur. J. Biochem. 37, 21-30 (1973).

20. Berghem, L.E.R., and L.G8ran Pettersson, Eur. J. Biochem., 46,

21.

22.

23,

295-305 (1974).

Berghem, L.E.R., et al. Eur. J. Biochem, 61, 621-630 (1976).

Gum, E.K. and R.D. Brown, Biochim. Biophys. Acta, 446, 371-386 (1976).
Shoemaker, S.P. and R.D. Brown, J. Biochim. Biophys, Acta, 523

133-146 (1978).



24.

- 25.

26.
27.
28.

29,
30.

31.
32.

- 15 -

Shoeméker, S.P. andR.D,fBrown,»Jn.Biochim.Biophys. Acta, 523, 147-161
(1978). |

Sasaki, T., et al. Biotechnol. Bioeng. 21, 1031-1042 (1979).

Fan, L.T., et al., Biotechnol. Bioeng., 22, 177-199 (1980).

Ghose, T.K. and V.S. Bisaria, Biotechnol. Bioeng. 21, 131-146 (1979).
Huang, A.A., Biotechnol. Bioeng. 17, 1421—1433,(1975).

Okazaki,.M. and M; Moo-Young, Bidteéhndl. Bioeng., 20, 637-663 (1978).
Howell, i.A. and J.D. S£uck, Biotechnol. Bioeﬁg., 17, 873-893 (1975).
Howell, J.A. and M. Margat, Biotechnol. Bioeﬁg), 20, 842-863 (1978).
B.S. Montencoﬁrt.and D.E. Eveleigh, Proceedings of Second Annual
Symposium on Fuels from Biomass, Vol. II, p. 613 (June 20, 1978)

Rensselaer Polytechnic Inst., Troy, N.Y.



- 16 -

II. PRODUCTION OF CELLULASE AND XYLANASE -

A. Cellulase Produttion

1.  Introduction

The overall conversion of biomass to ethanoi'through the enzymatic con-
version (1,2,3) of the cellulose to glucose and the'subsequent fermentation
of‘the glucose syrups to ethanol has been hampered by two economic bottlénecks;
the high'éost associated with delignification and with_enzyme production (4,5,).
A doubling of cellulasekpro&uction is pdssible-by increasingAthe cellulose
concentrafion (6,7) in the medium from 2.5 to 5.0%, increasing the nitrogen
concentration, and controiling pH during growth (8). Culture filtrates from
,2.5% cellulose cultures can reduce the hydrolysis time on a<practicai sacchar-
fication to one-half that required by culture filtrates from i.O% cellulose
cultures.

2. Materials and Methods

a) Inoculum

Viable cultures of Trichoderma reesei Rut C-30 and QM-9414 were maintained

on PDA slants. The inoculum build up shown in Table II-1 resulted in fastér

rate of enzyme production and decrease in foam formed dufiugvthe fermentation.

'b) Production of Medium

A variety of media was employed, all based on the recipe reported by
Mandels (6), and the modifications are listed in Table II- 2.

c) Fermentor System

Batch fermentationswere carried out in a 14-liter fermentor (New Brunswick
Magnaferm Model MA 114) with an operating volume of 10 liters and all the system
facilities for control of pH, temperature, agitation, dissolved oxygen and foam.

The dissolved oxygen was automatically controlled at a level greater than 20%
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Table II-1

Inoculum Build-up of T. reesei for a 5 or 14 liter fermentor

PDA SLANT CULTURE

Incubated 200 ml mineral salts medium [containing 1% glucose,
Tween-80 (0.01%) and antifoam (0.1%) in 500 ml Erlenmeyer flasks
for 72 hours on an orbital shaker at 28°C, which was previously
1noculated with above. slant culture.

Incubated 200 ml mineral salts medium [containing 1% Solka Floc,
Tween-80 (0.01%) and antifoam (0.1%)] in 500 ml Erlenmyer flasks -
for 96 hours on an orbital shaker at 28°C, which was previously
inoculated with above medium.

fermentor
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Table II-2

Composition of Media.

_ Cellulose Concentration (g/L)
Component (g/L)
10 ‘ 25 50

(NH,) ,SO,, . 1.4 | 3.9 11.5
KH,PO, o 2.0 | 2.0 3.6
Mgso, | S 0.15 - 0.15 0.3
CaCl," 2H,0 ' : 0.4 0.4 0.79
NH,CONH, | ; 0.3 0.3 0.57
Peptone | 1.0 1.6 2.9
Tween-80 | 0.2 0.2 0.2
| Trace elements (mg/L)

FeSO ,* 7H,0 . 5.0 5.0 5.0
MnSO,, -H,0 1.6 1.6 1.6
| Zns0,-7H,0 ' 1.4 1.4 1 14
CoCl, o 2.0 ,2-0 2.0

*rea was deleted from the media for Rut-C-30 strain unless otherwise
mentioned. :
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of the saturation value forthenmdium, by varying the agitation rates in response

to changes in the dissdlved oxygen. In most cases 'one-sided éontrol" was used.
For continuous fermentation (Fig. II-1), the set up can be divided into three

parts, i.d. feed system 1), fermentors itself 2) and storage tank'3). The medium

was sterilized every seven days in a vessel F having total volume of 40 liters

- and working volume of 30 liters. From vessel F, the liquid was pumped from time

to time into vessel E , where medium‘could be kept into the stirred cohditioh°

Thus Fo would act as feed reservoir for fermentor F1 #nd Fz, respectively.

Pumps Pl, P3 and Ps are the high speed pumps which recirculates the suspension

at a flow rate necessary to maintain é homogenous - suspension of the cellulose

in the line. The pumps P2’ P4, and P6 are the low speed pumps which draw feed

into fermentor Fi, suspension. of mycelium and cellulose in broth into fermentor

Fz an& again homogenous suspension of mycelium andvcellulose in broth into the

reservoir R at points Yl’ Y, and Ys,vrespectively.

2 _
The flow rate of pumps was regulated by preadjusting the time period of

the timers Tl’ Tz; 'I'3 and T4,

d) Extracel lul ar Component (Assay)

The filter paper assay, as described by‘Mandels, EE_él' (9), was measured
by the release of reducing sugar produced in 60 minutes from a mixture of 1 ml
diluted enzyme, 1 ml acetate buffer and 50 mg Whatman No. 1 filter papef
incubated at 50°C. | |

Carboxymethyl cellulése (CMC) was determined by the increase in reducing
sugar in 30 minutes from a mixture of 0.1 ml diluted eﬁzyme and 1 ml of a
solution of 2.0% CMC (in acetate buffer) incubated at 50°C.

Cl-activity was measured by the'reiease of reducing sugar produced'ig 24
hours from a mixture of 1 ml diluted enzyme, 1 ml acetate buffer and 50 mg

Red Cross absorbent cotton, incubated at 50°C.
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Schematic Diagram of Two Stage Single Stream Production of Cellulase

X 8L 803-4873

Figure II-1
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_ B-glucosidase_activity was measured by the release of glucose in 15 minuteé
és determined by the glucoée oxidase-peroxidase assay, from a mixture of 0.1 ml
Ailuted enzyme and llml of 1.25% cellobisoe solution (in acetate buffer),
incubated at 50°C. | |

Extracellulaf protein was estimatedvby the Lowerywmethod (10) (without

precipitation) using bovine serum albumin as the standard.

e) Cellular Components (Assay)
About 40 ml aiiquot of the culture was filtered by suction through a tared
5 uM Nucleopore filter, washed with diétilled water and dried at least overnight
at 70°C, fhenlweighed to measure the dry weight, which included mycelium and
vresidual cellulose.

3. Evaluation.of Trichoderma viride QM-9414

a) Batch Cellulase Production

Within 15 hours from the time of inoculation the pH of the media beganvto
decrease. The dissolved oxygeh reached at lowest, 20% saturétion af’20 hours
and pH reached the control>point of 4.0 at 18 and 21 hours for 2;4 and 4.8 yt%
cellulose cultures, respectivély.' For the initial 48 hours of fermentation
temperature was kept at 30°C and while for rest of the fermentation time period -
it was 28°C. Similarly for the initia1v24 hours of fermentation, pH was not
allowed to fall below 4, then it was lowered to 2.9 and kept for 24 hours and
finally after 48 hours of fermentation it was raised to 3.3 and was allowed
to increase voluntarily, The objective of pH-temperature profiling for the
initial 48 hours was to increase cell dry weight in conjunction with increase
in enzyme activity.‘ Cell dry weight could be increased by conducting fermentation
and 30°C<and pH 5.0 for the initial two days. But at pH 5.0, the rate of
carbohydrate consumption is more than the cellulase demands, which can result

in the repression of the enzyme system and hence lower enzyme yields. If
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fermentation after 2 days was conducted at 30°C instead of 28°C, it would
result in the decrease of filter paper ,activity by about 30%.

In ali the experiﬁents dry weight rose ihitially as peptone was consumed
and then decreased as the cellulose concentration reached a critical level.
Baéicaliy, thebbatCh process can be divided into two phasés (Fig. II-2. In phase-I
most of the cellulose is consumed with corresponding increase in ééll dry weighf°
The cellulase activity is half bf that of the total. During fhe rapid decrease |
in pH or the consumption of NH;, saccharifying,and endécellulase are induced.
The rate of acid production is directly related to the rate of cafbohydrate con-
sumption. 1In phasé-II, there is an increase in filtei paper activity at the
expense of decrease in cell weight and substrate exhaustion. Aﬁtolysis and
sporulation are the main features of this phase.

b) Continuous Cellulase Production.

It was observed in previous work (11,12,13,14) that increasing the cell
density or substrate concentration did not proportionally increase enzyme
productivity. Extensive studies were Carried.out in order to 6ptimize
individually the 1lst and 2nd stage of the two-stage continuous system for
cellulase activity by manipulating pH, temperature, Tween-80 level, substrate
concentration and dilution rates. The results are shown in Table II-3. The
experiments were run continuously for about 3 1/2 months.

Runs #1 and #2 show that‘decreasing Tween 80 level by half increases the
filter paper activity by 60% in the first stage of the two-stage fermentation.
There is a considerable drop in the filter paper activity in the first stage
at'pH:S.O than at other pH levels which severely effects the productivity in
the second stage. - Although, the filter paper activity of run #1 in the first

stage is about 70% less than in run #3, the productivity is higher in
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I | 1 |

—— Phaose [—s«— Phase — 100

(o)
4 O
Relative Enzyme Activity, Cell Dry Wt. and Substrate Conc.

Days

Growth and Enzyme Production of Trichoderm'a
Viride on Cellulose

XBL 803-4874

Figure II-2.
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the second stage. If run #1 was operated with 0.1% Tween 80 level, it could
lead to higher productivity. Similarly if the second stage of run #2 was
operated at pH S,Vit could also lead to higher productivity. Hence for all
practical purposes the first stage can be operated betweén a pH range.of 3.75-
4.25 and the second stage at pH 5.0. In terms of inlet substrate concentration,
1.75% gives as good a fiitei paper activity as 2.5%. .If the first stages of
run #2 and run #9 are compared, it is Qeen that there is é decrease.in filter
paper activity and enzyme prdductivity ffom 4.2 and 0.084 to 2.54'and 0.053,
respectively. 1f enzyme activity and production in the second stage are taken
into consideration, fhen it would be profitablé to use SW-40 rather than By 200
as the substrate.Table II-4 gives the optimum operating conditions of the two-

stage continuous cellulase production system using T. viride QM-9414.

4. Enhanced‘Production of Cellulase, and B;giucosidése‘by RutggrSiC-SO

a) Introduction

The production of cellulaseSIAnd hemicellulases was studied with Trichoderma
reesei Rut-C-30. This organism produced, together with high cellulase activities,
considerable amount of xylanase and B-glucosidasé.

Three cellulosé concentrations (1,2.5 and 5.0%j were tested to~detefmihe
.the maxiﬁum levels of cellulase activity obtainébie in submerged cultufe.
Tempefature -pH ﬁrofiliﬁg to increase viable éeilvmass to makimum levels and
thereby enhancing fermentor productivity at the higher substrate levels is
discussed.

Effect of temperature, pH, Tween-80 concentration and substrate concentration
on the rates of myceliai growth and extra cellulase eﬁzyme production is also
discussed.

b) Batch Fermentation

Trichoderma reesei (Rut-C-30) grown on cellulose is an eicellent source of

cellulase suitable for further process development studies.
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‘ Table II-4

: thigugLOPgrgting Conditions

' Control Varidbles ' lst Stage 'an'StagE

pH 3.75-4.25. 5.0
Temperature (°C) ‘ - 28° ' 28 -
Dilution Rate (hrl) 1 0.02 0.027

Inlet-Substrate (%) Conc.... . 1.75.. . .. .. .. .
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¢) Effect of Tween 80 Concentration

Three concentrations,(o.bl, 0.02 and 0.1%) were studiéd for there effect
on filter paper activity.

There was a slight difference in filter paper activity with 0.0l or 0.2%
Tween 80 leve1; but once the concentration of Tween 80 was increased to 0.1%,
 there was a substantial decrease (40%) in filter paper activity. Similar effect
was observed on other extracellular enzyme_components. The mgchanism of
enhancement by Tween is nof understood but may be related to: a) increased
permeability of the cell.membrane, allowing for more rapid secretion of the
enzymes which in furn leads to greater enzyﬁe synthesis of'b) allowing the
excess glucose to flow out of the.céll into medium (thus relieving internal
inhibition) because of the alteration of the fransport phenomenon across the
cell membrane. Tween 80 addition (0.1%) during saccharification increased the
hydroiyéis rate as well as glucose accumulaﬁion by about 30%.

‘This increase may be due to stéady-staté concentration of cellobise kept
in the hydrolyzate at a very low level. |

Table II-5 gives a summary of tﬁé effects of control variableé on state
variables. It was observed by Wilke and Yang (8) that 31°C and a pH of 4.5
for the initial 48 hours and then 28°C and maintaining pH ébove 3.3 for the
remainder of the fermentation time period was optimum for cellulase production.

In runs #1 and #2; pH and temperature were kept at 4 and 31°C, respectiVely
for the initial 48 hours of fermentation. After 48 hours the pH was lowered
to 3.3 and was controiled not to go below 3.3 while temperature was kept at
28°C and 25°C, respectively for 2 to 8 days. There appears not to be any
appreciable difference in extracellular enzyme activities or soluble protein.

In runs #3 and #4, the pH was-controlled not to go below 4 and 5;0,

respectively. Temperature was controlled as in run #2. There is definitely
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an increase in filter paper acfivity probably because of the increase in
B-glucosidase as Gy actiﬁities.

In runs #5 through 8, pH was controlle& not to go below 5.0, and the
initial femperature of 31°C was controlled for different intervals of time
(36, 18, 9 and 0 hr.), while for the rest.of the fermentation it was kept at
25°C. There is a definite increese in filter paper activity from 2.1 to 3.2 IU
with a substantial .increasein'Cx from 44 to 84 IUaml_l) activity.

In runs #9 and 10, the pH was controlled not to go below 5.0. The temper-
ature was kept at 28°C for 0 through 8 days for run #9, while for run #10 it was
kept for 0 through 2-deys.and then lowered to 25°C for the rest of the fermen-
tation time period. There is not a substantial increase in filter paper
activity, although the B-glucosidase and-Ci activities are higher;

In runs #11 and #12, the pH was not allowed to go below 4 and temperature
was kept at 25°C. Moreover, in run #12, the effect of urea was studied.
Addition of urea resulted in the decrease in filter paper and B-glucosidase
activities.

In‘runs #13 and #14, the pH was controlled at 4 and 6.0 while the temperature
was-kept at 25°C. The filter paper activity et pH 4 (2.76 IUfml-l) is higher
than at pH 6.0 (2.5 IU.ml-l), but definitely less than when fermentation is
conducted at pH > 5.0 (run #8).

From the above observations it can be concluded that a temperature of
25°C and:pH controlled not to go below 5.0 are optimum for enhanced cellulase
production. |

In runs #15 and #16, higher levels of cellulose (2.5 and 5.0%), respectively,
were used. There is a substantial increase in cellulase activities as well as

in soluble protein.
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5. Comparison gf Cellulases Derived from QM49414'and‘Rutgers C—30

‘Table II-6 shows the comparison of:Rut-C-SO;with Q4-9414. If we compare runs
#2 and #3, the filter paper activity in #3 is slightly higher, but
B-glucosidase activity is highér by about 9 times in run #2. This higher
level of’B-glucosidase wouid permit more rapid conversion of cellobise to .
glucose.  This would thén decrease the cellobisoe inhibition of the C1 ;hzyme
and hence increasé-the'ratejof depolymerization.of crystalline cellulose.

If we compare runs #i and #3 (Table II-5), there is an increase in filter
paper activity, B-glucosidase, and ‘soluble prqteiﬁ by about 3.7, 25.7 and 1.6
times, respectively.

All of_these epxeriments demonstrate the superiority of Rut-C-30 over

Trichoderma viride QM-9414.

6. Continuous Cellulase Production Rutgers C-30)

Studies were carried out in order to optimizé individually the 1lst and
2nd stage of the two-stage continuous system for cellulase activity manipu-
lating pH, temperature, Tween 80 level, substrate concentration and dilution
rates. Part of the results are shown in Table II-7.

Run #1 and #2 show that deéreasing Tween 80 level by half has no effect
on filter paper activity. Increasing substrate ;oncentration in the feed from
1% to 2.5% increases the filter paper activity from 1.03 and 1.6 to 2.48 and
3.6, respectively, in. the first and secdnd stage of the twb-stage continuous

1

system. Increasing dilution rate from 0.02 hr = to 0.04 hr-1 in the second

stage results in the increase of productivity from 0.072 to 0.137.

B. Xylanase Production

1. Introduction

The utilization of biomass to provide a soruce of liquid fuels, such as

ethanol, requires the conversion of all available sugars to ethanol. As most
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agricultural waste and woods contain 15-30% hemicellulose in the form of

| pentose polyﬁers, it is clear that their depolymerization and subsequent ferﬁeﬁ-
tation'iﬁ necessary to develop‘economiCAI use of biomass. This depolymerization
may be affected by mild‘acid'hydrolysis or enzymétic hydrolysis. Acid hydrolysis-
may result-in the formation of pentoge degradation products, and involves latef
neutralization of the acid solution.  For these reasohs.an enzymatic hydrolysis
is preferable. The predominant pentose, xylose, so formed finds application ihA
foods or confectibnary,‘as an auxillary agent in the treatmenf of diabetes, and
may be converted to alcohol, 1,4 butanediol or acetic acids.

Various molds, such as Aspergillus foetidus (15), Asp. oryzae (16),

Fusarium oxysporum (17), Trichoderma viride (18), and Chaetomium trilaterale (19)

have been reported as sources of xylanases. Some of these xylanases are reported
to.hydrolyze xylan to xylose, while other hydrolyze only xylobiose or xylo-
oligosaccharides.

2. Materials and Methods

a) Microorganisms and Stock Culture

Streptomyces XYIOphaggg_nov. sp. selected as a *ylanase producing bacterium

was used. This strain was kindly supplied by ProfessorvH. Iizuka at the Science
University of Tokyo, Tokyo. Stock cultures were maintained on an agar-solidified
. mineral salts medium (Table II-Sjvbut containing larchwood xylan at 0.5%.
b) Medium
The xylanase production medium (Tablé I11-8) was the medium of Iizuka and
Kawaminami (20). The medium was autoclaved at 250°F for 30 minutes to 1 hour,

depending upon the liquid volume.-
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Table II-8 o

Xylanase Production Medium (20)

Constituents Concentration (g/L)
xylan 10
KZHPO4 1
MgSO4o7H20 0.05
KC1 0.1
FeSO4 0.01
Bacto-peptone 0.3-0.18
Tap water to 1 liter
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The inoculum was prepared by seeding 200 ml of fermentation medium with
organism in 500 ml shaking flasks. This culture was incubated for 5 days at
30°C on an orbital shaker at 210 rpm and then added as inoculum (7.5% by volume)
to the production vessel.

c¢) Fermentor

A standard l4-liter (New Brunswick) fermentor assembly provided with pH,
temperature, agitation, dissolved oxygen and antifoam monitoring and control
accessories was used for batch and continuous fermentation.

d) Xylan

The larchwood xylan used as substrate for the assay of xylanase activity -
was purchased from Sigma Chemicais. Prior to use, the xylan was subjected to
the following treatment. A 1%-suspension of xylan in de-ionized water was
steamed for 10 minutes at 127°C. After cooling the suspension to room temperature,

 insoluble matter was removed by centrifugation or by filtration. To precipitate

the xylan, 125 ml of ethyl alcohol were added to 100 ml of flltrate. . The pre-
cipitate was collected by centrlfugatlon, followed by evaporation of residual

' é}cohol in a water bath, and lyophlllzed under vacuum to obtain the purified xylan,

The purified xylan was stored at 1.0% xylan in a mlxture of 0.17 M KH2P04
and 0.388 M NaOH. Prior to use, the 1.0% xylan solution was mixed with an equal
volume of 0.35 M HC1 so that the mixture of equal Volumes produced a solutlon
containing 0. 5 Xylan in 0.086 M phosphate buffer at pH 6.25.

e) 'XXJanase'Activity (Assay)

For Streptomyces xylophagus 0.1 ml of enzyme: 'solution (fermentation broth)

was mixed with 0.5 ml (0.5%) Xylan and incubated at 55°C for exactly 15 minutes.
The reaction was stopped with the addition of 1.5 ml of DNS reagent and equivalent
reducing sugar concentration was converted to total mg produced by 1 ml of the

enzyme and recorded as the xylanase activity.
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For Chaetomium trilaleral No. 2264 (Same as for Streptomyces xylophagus

except incuation was at 50°C.)
Soluble protein was determined without precipitation using folin

copper reagent described by Lowery (10).

3. Continuous Fermentation

The 14-liter fermentor with an operating volume of 10 liters was equipped

with medium storage and product tanks. A volume of inoculum equal to 7.5% of the

wofkiﬁé'Volume“of“fhé“fermentor'was4added~and—then~ai&owed~to~growmas_batch : _
culture for 4 days to permit initial cell growth and enzyme production. After

4 days the feed of the fresh mediuﬁ‘into the fefmentor was started employing
finger pumps (Sigma Motors), attached to the calibrated timer. A similar pﬁmping
arrangement was provided at the exit end of the fermentor to allow the homogenoos
suspension of cells in oroth to flow out without any clogging. The temperature

of culti?ation was maintained at 30°C and fhe PH was automatically controlled

at 7.4 by the addition of 2N NaOH or 2§_H2804.

matically controlled at a level greater than 40% of the saturation value for the

The dissolved oxygen was auto-

medium, by varying the agitation rates in response to changes in the dissolved
oxygen. In most cases "one-sided control' was used.

a) Xylanase Production by Streptomyces xylophagus

In shake flasks,'Streptomyces'Xylophagus nov. sp._grOWS'in pellet form. The

size of pellets varies from flask to flask, from very fine, with the largest about
1 mm in diameter. As pellets grow, the color of the broth changes from milky white
to brown. The organism growing in wheat bran medium is thus difficult to observe
directly.

The results of batch growth studies are shown in Table II-9. The enzyme pro-

duction rate in shake flask and 14-liter fermentor showed a marked difference

‘because of pH control in the fermentor. Similarly,. there was a difference in
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final enzYme actiVity in using washed-wheat bran compared with'washed-dryed
wheat bran. In the 14-liter fermentor whe:e the pH was controlled, wheat bran
shows a considerable improvement in enzyme activity as compared to shake flask
studies. A continuoﬁs culture dilution rate of 0.027rhr-1 gives an enzyme
activity of 2,25.mg.mf1 while lower or higher dilution rates seem to effécf the
enzyme activity, soluble protein and cell dry weight. It thus appears that a
dilution rate of approximately 0.027 hel is optimal. -

b) Xylanase Production by Chaetomium trilaterale No. 2264.

In shake flask, Chaetomium trilaterale grows in pellet form. The size of

pellets varies from flask to flask, some being very fine and the largest is about
5 mm in diameter. As the pellets grow, the color of the broth changes from milky
white to pink.

The results of batch growth studies are shown in Table II-10. The enzyme
production rate in shake flask and 5-liter fermentor showed a marked difference

because of pH control in the fermentor.
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III. HYDROLYSIS OF AGRICULTURAL RESIDUES

of the many sources of biomass, the agricultural residues comprise a
substantial resource. In the United States the straw residﬁes_of wheat,
barley; corn, and sorghum avefage about 340 million‘metric.tons yearly (1).
It_is_obvious that with these amounts available containing an average of at
least 50% carbohydréte and from 10 to 20% lignin, conversion of residues to
sugars and other chemicals should be considered. |

A. The Typical Conversion of Enzymatic Hydrolysis on Natural State
Residues :

A comprehensive study of various cellulose sources ranging from wood
to agricultural residues performed by Andren et al. at the U.S. Army Natick
Laboratories (2) shqwed'that with relatively weak solutions of cellulase
enzyme. these materialé could be hydrolyzed to sugars. For example, on
rice waste (hulls and straw), the carbohydrate conversion was about 28%, and
about 68% for materiél which had been ball milled to -200 mesh. Their results
with corn residue, from the canning of sweet corn, consisting of stalks, cobs,
~ leaves, and husks resulted in an exceptionally high conversion of about 53%.
The usual carbohydrate coﬁversibns_appear to be in the range of 25 to 40%.

In a study performed at this laboratory (3) several agriéultural
rgsidues generated in California were systematically analyzed and enzymatically
hydrolized to sugars. Additionally, a series of pretreatments were studied to
see if the sugar production by enzymatic hydrolysis might be improved. Ulti-
mately these studies were based as a basis of generating the parameters and
. process design for the Berkeley Process (4). The agricultural residues were
the straws of barley, rice, sorghum, wheat, and corn stover. In addition rice
hulls and cotton gin trash were included since the amounts of each are

appreciable in California and they present environmental disposalvproblems.
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Briefly, the experimental details of these bench scale studies involved
5 w/w% suspension of the appropriate substrate in cellulase enzyme solution
made up to usually a total mixture of 250 grams. The pH optimum sppearsvto be
between 4.7 to 5.3 and since it is somewhat broad, the cheaper acetate buffer
instead of citrate buffer was used. All oflthe hdydrolyses were run at a pH
of 5.0 (0.05 M acetate). The mixtures were stirred at about 180 RPM, which
preventedIZ mm M Wiley milled particles from settling and gave good miking, in
a constant temperéture bath at 45°C for 40 hours.b'Higher temperatures to 52°C
~are possible with appﬁrent shorter hydrolysis time but af the expense of
enzyme activity due to denaturation of fhe protein and consequent decrease in‘
enzyme recovery. Lower temperatures only lengthen hydrolyéis reaction times
without a significant increase in enzyme recovery. More on this subject is |
mentioned in section III-D.

Since geﬁerally 95% of the ultimate carbohydrate conversion observed
with host of these residues were obtained in 40 hours, the hydrolysis on all
of the residues weré reported consistent to that time.

The cellulose enzyme used in this study was derived from T. viride
QM-9414 grown on N.F. solka floc SW-40 (80% sulfite treated and 20% Kraft Spruce,
Brown § Company, Berlin, N.H.) and had a filter paper activity of 3.8, equivalent
to 0.19 I.U. of glucose and 0.68 I.U. of cellobiose éroduced per ml. of enzyme.
27 liters of this batch of enzyme solution were stored frozen in 4 liter batches.
Current use'batches were'stored at 3°C and preserved with 50 parts per million
merthiolate ;o.reduce bacteria growth which otherwise consumed the sugar as it .-
was produced. This problém disappeared when the substrates were steam or
chemically pfetreatéd.

. The products and reactants wefe usually separated by filtration or

centrifugation. The liquid products were analyzed by gas chfomatography and

and the solids analyzed for carbohydrates and lignin composition for material
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Table III-1

Yield of Sugars from Enzyme HYdrolyéis (5w% Suspension) of Original Material
‘Basis: 100 1b. of Original Material Wiley Milled

MATERIAL GLUC.* POLY ~ XYL. ARAB. G&P = PENTOSE TOTAL SUGAR

GLUC. CONV. - CONV.  CONVERSION
%) H - ®
Barley 7.0 0.8 3.05 0.81 18.8 17.9 17.7
Corn Stover 11.2 0.5 3.01 0.62 30.1 25.7 26.4
Cotton Gin Trash 5.3 0.5 0.03 0.01 29.2 -~ 0.6 20.1
Rice Hulls 5.3 0.3 0.33 0.08 15.8 2.5 10.9
Rice Straw 17.5 0.01 2.55 0.84 42.7 17.6 33.4
Sorghum Straw 10.5 0.5 1.08 0.51 30.5 7.8 21.9
8.9 0.0 2.45 0.56 24 .4 15.7 19.4

Wheat Straw

=t

*Abbreviations for the sugars,polyglucose is mainly cellobiose.
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balance.

The results of typical batch 40 hrbhydrolysis with 5 wt% suspension
the indicated agriculturai residues, reported in (3), are shown in Table
III-1. The only physiéal treatment, preceding the hydrolysis, was 2 mm Wiley
milling. As can be seen, the total sugar production is not favorable.

B. Effect of Physical Treatments on Substrate for\ Enhanced Carbohydrate
Conversion. :

The two major physical treatments which give significant conversion
enhancement are ball and roll milling.  Such milling reduces the crystallinity
of the cellulose, increases the surface area and bulk density, decreases the
lignin sheath and thus makes thé carbohydrate more accessible to the enzyme
(2). Ball milling alone, or before and after_éhemical pretreatments, apparently
seéms to be the predominant factor for enhanced carbohydrate conversion
observed in this laboratory and elsewhere (7,8). Newsprint ball milled to
-200 mesh (<75uM particles) resulted in at least 84% carbohydrate conversion
vs. untreated newsprint at about 25% conversion. Samplés‘of wheat straw that
were delignified by the common analytical method with chlorine dioxide/acetic
acid and then followed by enzymatic hydrolysis in 5 wt% suspension resulted -
in carbohydrate conversion increase from 25% to 38%. Ball milling this
delignified substrate to’<105 UM particles increased the enzymatic conversion
to 67% (8).

It would appear that any process whereby the crystallinity.of the
carbohydrate is reduced is the predominant factor for high carbohydrate to
sugar conversions. . This may be accomplished by physical pulverization which
produces lower degrees of polymerization of both the lignin sheath and the
carbohydrate. | |

C. Chemical Pretreatment

It has been shown (9) there are two modes of swelling for cellulose,

intercrystalline and intracrystalline. Intercrystalline swelling in cellulose
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with water is obtainedvby éntry of water molecules between crystalline units
with an increase in volume equivalent to the volume of water adsorbed. Uﬁbn '
drying, the substrate reverts in time to its original dimensions and structure.
Obviously, permanent disorder of the cellulose structure and hence the
crystallinity is not acéomplished by boiling with water;

Intracrystalline swelling involves penetration of the crystalline
regions with concomitant disorder of the crystalline structure.'}This is
" usually accomplished with hot or coél alkali solutions or with cool concentrated
phosphoric acid. Unlimited swelling by solution is complete disorder which
presumably is permanent while in solution. The term "amorphous cellulose' is
used to describe precipitated cellulose in.a highly disordered state. These
mixed structures (so-called B, Yy, or cellulose -I1I, III, IV in x-ray deffraction
terminology)vrevert in time to the stable o or microcrystalline cellulose-I (9).

1. Alkali and Ammonia Swelling

Alkali such as sodium hydroxide and ammonia are examples . of limited .
swelling agents thaf cause definite alterations in the native cellulose
structure. The extent of the lignin sheaths also affects the extent and
'kinetics of the swelling since ether bonds of the lignin moeties must also be
disrupted or broken.

The use of alkali pretreatments on agricultural residues are numerous.
Historically, the prevalence of alkali treatment arose from their use toward
upgrading the nutritive value of forage and forest residues for ruminants.
This was accomplished at far lower concentrations of alkali than was needed

for mercerization of cotton which appears to be the percursor or basis of most

alkali pretreatments. It was also assumed that in vitro rumen digestion of
treated straws were an indication of increased hydrolytic activity of the
carbohydrate with enzymes. This was demonstrated with wheat straw treated

with alkali (10).
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Toyama and Ogawa (11,12,13) boiled_bagass and rice straw in 1% sodium
hydroxide éolutioné for 3 hours and then enzymatically sacchafified these
treated substrates with cellulose enzyme derived from T. viride. 17% sugar
solutions were reported for hydrolysis of 25 w% suspensions of alkali treated
-rice straw. If rice straw éontains,an average of 56% carboﬁydrate (63% sugar
equivalent) and about 20% lignin, then this represents about a 91% carbohydrate
conversion assuming the alkali completely solubilized the lignin. There is
evidence that the alkaii &oes not solubilize iigniﬁ to this extent (3). Janus
(14) reported that chemical pretreatment with alkéli on rice hulls hardly in-
creased protein yield.onvhydrolysis wereas ball milling increased cellulose
decomposition by 50% of the original assay of 42% by weight.

In studies perfbrmed iﬁ this.laboratory, agricultural resi&ues were
also subjected to an alkali pretreatment (3). The basis of this pretreatment
was that reported by Toyaﬁa and Ogawa (12), whereby the residues were boiled -
with 1 w% sodium hydroxide for 3 hours in 6 to 8 W% suspensions. The results
~on the enzymatic hydrolysis ére shown in Table III-2. Clearly the increased
sugai conversion to 61% observed for rice straw is not sufficient to overcome
the cost of alkali consumption shown in Table III-3. This study demonstrates
the high consumption of alkali that occurs with this type of pretreatment. It
should be noted that this should not be unexpected when the primary reason for
alkali treatment is swelling 6r insertion of hydroxide between fhe crystal
lattices of cellulose. It also follows that additional alkali would be consumed
‘in depolymerization to solubilize the lignin. The consumption of alkali shown
in Table III-3 is the minimum ekpected as the agficultural residues were

previouSly acid extracted, neutralized, washed and then dried.
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Table I§I-2

Yield of Sugars from Enzyme Hydrolysis
(5 w% Suspension) of Acid and Base Treated Solid
pen »
Basis: 100 1b. of Original Material

_ CONVERSTON OF AVAILABLE
| POLY | CARBOHYDRATE (§)
MATERIAL GLUCOSE | GLUCOSE | XYL.* | ARAB* | G § PG [PENTOSE | SUGAR
‘| Barley 16.0 | 2.4 |o0.21 |o0.06 | 47.7 | 2.2 | 36.7
Corn Stover 13.8 | 8.1 |0.93 |0.07 | 66.4 | 357 |e64.0
Cotton Gin Trash| 6.9 | 1.8 [0.32 [0.05 | 44.8 6.1 | 35.6
Rice Hulls 7.5 | 1.2 |o.01 |[0.01 | 27.2 | 0.3 [21.7
Rice Straw 15.6 | 8.3 [0.55 |0.16 | 66.9 | 15.8 | 60.8
Sorghum Straw 13.9 | 9.7 |1.8 .|o0.23 | 80.8 | 22.8 | 67.3
Wheat Straw 14.6 | 3.5 [207 [0.10 | 57.5 | 36.5 |53.4

(a) Acid treated solid extracted for 3 hours at 100°C with 1w (0.25M)
sodium hydroxide.

(*) Including small amounts of polymeric pentose.
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Table III-3

Alkali Treatment on Previously Acid Extracted Materials.

LBS. NAOH USED/LB. - ALKALI
MATERIAL : GLUCOSE PRODUCED USED (%)
Barley Straw : 0.341 , 55.2
Corn Stover . 0.388 63.4
Cotton Gin Trash 0.696 50.2
Rice Hulls ' 0.484 _ 43.9
Rice Straw 0.253 40.0
Sorghum Straw 0.347 59.9
Wheat Straw _ 0.320 57.6
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Alkali;with okygen process employs an oxygen atmosphere over the
alkali solutions. Though much feéearch is being done for pﬁlping on the
industrial levél because of the eXpectation of tightening of pollution-
standards, studies on this proceSé have not been,appliéd'to agricultural
residues. o : | -

vAmmonia pretreatment is another long standing approach to up grading.
the nutritional value of forage residges.(IS). As with sodium hydroxide,

‘the pertinent action of the ammonia is the hydrolysis of the ether cross links
of lignin, thereby providing more ready access td tﬁe carbohydrate for . the
enzyme. In general, the enhancement of carbohydrate conversion by ammonia
treatment is less than that observed with sodium hydroxide (16).

Corn stover that was pretreated with ammonia in this laboratory (17)
indicated an approximately equal carbohydrate conversion by subsequent enzy-
matic hydrolysis compared to the acid pretreated material. The corn stover
carbohydrate conversion was 61% versus a 26% for ‘the untreated material.

However, while the ammonia treatment was effective, it does hot appear attractive
because of the pressure requirements and recovery problems.

2. Dilute Acid Pentosan Extractions

The dilute acid pretreatment primarily for pentosan extraction is a
common hydrolysis technique used many years in the pulping industry. The acid
concentration and solid to liquid ratios are manifest. It appears that con-
centrations of 0.1 to 1% acid and solid loadings of 6 to 30 parts are the most
common. ' : ‘ -~

The landmark work of Saeman (18), Harris (19) and Root (20) on the
kinetics of high temperature écid hydrolysis of biomass residues, especially
wood, have established the basic parameters for the conversion to sugars.

The work by Dunning and Lathrop (21) served as a basis of the acid pretreatment
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studies performed ét this laboratory (3). The milled agricultural residues
were boiled in 6 to 8 wt% suspensions in 0.09 molar sulfuric acid for generally
five and one half.hours. The results of these. extractions are shown in Table
I1I-4. The pentose concentrations and conversioné clearly show that, except
for cotton gin trash, the extractions are favorable. The treated solids were

then subjected to enzymatic hydrolysis for 40 hours, at 45°C, with cellulasé

enzyme derived from Trichoderma viride QM-9414. These results are shown in
& _

/

Table III-5, and the overall combined carbohydrate conversions are shown in

. Table III-6. It would appear that corn stover and rice straw are the most

amenable and cotton gin trash the least favorable for consideration as sub-

strates for enzymatic production of sugars. It was also found in this study

that the acid liquor could be recycled on an additional two batches of sub-

strate before extraction became unfavorable.

Another dilute acid pretreatment that appears effective is the short.
contact time, high temperature prbcesé developed at Dartmouth College (22).
The substrate in a form of a slurry was heated-rapidly,'mixed with dilute acid
at the inlet of the reactor, held for a short time of about 12 seconds and
then rapidly quenched. Since this pretreatment was for such a short time,

- degradation of the carbohydrate was claimed to be minimal. Various acid con-
centrations of .1 to 1% by weight were used on substates such as delignified
wood, newsprint, and corn stover. Studies with reactor temperatures of 180 to
220°C were also made on the above substrates. It was claimed that upon
enzymatic hydrolysis of the pretreated material that nearly quantitative con-
versions of glucose wére oﬁtained; Enzymatic hydrolysis, of their pretreated
corn stover, done at this laboratory confirmed the'§7% glucan to glucose

conversion.
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Table I1I1I-4

Basis: 100 1b. of Original Material

PENTOSE

MATERIAL GLUC. * 2233. XYL. ARAB. OTHER CONV. (%)
Barley Straw 1.2 2.0 5.9 2.4 38.5
Corn Stover 2.9 1.0 12.2 2.4 3.3 Sol Lig 82.9
Cotton Trash ~  0.09 0.35 0.32 0.05 - 6.3
Rice Hulls 2.7 1.3 8.1 1.6 2.8 " " 56.7
Rice Straw 1.7 2.1 11.2 2.5 2.2 " " 70.1
Sorghum Straw  0.31 2.3 8.4 1.5 3.0 " " 50.5
Wheat Straw 2.5 1.2 10.9 2.0 -- 67.6

(a)

Extracted 5 1/2 hours (3 1/2 hours for corn stover) at 100°C with
0.92 w% (0.09M) sulfuric acid.

Abbreviations for the sugars. Poly Glucose is mainly.cellobiose.
The small amounts of poly pentoses are included with xylose and

arabinose.
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Table III-5

Yield of Sugarsvfrom Enzyme Hydrolysis (5 w% Suspension) of Acid Treated Soiid

Basis: 100 1b. Original Material
Conversion of
- Available
_ POLYMERIC . Carbohydrate (%)
MATERIAL " GLUCOSE . GLUCOSE XYLOSE* . .ARABINOSE* = G§&PG. PENT . SUGAR
Barley 13.0 0.5 0.32 0.06 34.6 2.9 26.7
Corn Stover 15.7 1.1 0.81 .0.11 46.2 27.0 44 .5
Cotton Gin Trash 5.7 0.8 0.59 0.06 33.3 10.2 27.6
Rice Hulls 4.0 0.8 0.04 0.03 14.9 0.0 12.3
Rice Straw 18.6 - 2.6 . 0.95 0.10 57.0 18.8 52.0
Sorghum Straw 14.7 0.3 0.82 0.13 44.8 9.0, 36.3
Wheat Straw 12.5 1.2 2.36 0.10 41.8 38.4 41.2

* including small amounts of polymeric pentose
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‘Table ITI1-6

~Total Yield Summary of.Liquor.and'Enzyme'Hydrolysis~6f Acid Treated Material

,,,,,,,

Basis:

100 1bs. Original Material

MATERIAL

POLY

G&PG

PENTOSE

TOTAL
SUGAR

' GLUCOSE GLUCOSE PENTOSES CONVERSION CONVERSION CONVERSION

%)

%)

Barley Straw
Corn Stover
Cotton Gin Trash
Rice Hulls

Rice Straw

: Sorghﬁm Straw
Wheat Straw

14.2
17.6
5.8
6.7
20.3
15.0
15.0

2.5
2.1
1.2
2.1
4.7
2.6
2.4

8.7
15.5
1.0
9.7
14.8

- 10.9

15.4

40.4
50.8
35.3,
24.7
61.6
49.1
47.9

40.4
86.3
14.7
57.3
76.6
53.3
78.3

38.6
60.6
27.5
33.0
63.7
49.5
53.5
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3. Nitric Oxide with Alkali

Although the resulfs of acid pretreatﬁent scheme are promising it’dées
not accomplish an objective of delignification which is desirable in the
enzyme production stage of the Bérkeley Process. A processing scheme which
meets. this criterion is the nitrogen oxide process work in this laboratory by
Borrevick, Wilke and Brinkf}23). In this processﬂghe wheat straw was first
reacted with,nitfic'diide (a convenient way to reduce an air pollutant) and
air at atmospheric pressure. The gas treated material is then extracted in
water, and as in the dilute acid process the extraction liquor is fich in
xylose . However, it also contains a sizable fraction of the lignin. An
additional amount of lignin can be extracted,iﬁto a dilute alkali solution
representing an addiﬁioﬁal delignification. It Qas also found that a sequential
mode of gas addition gave better results than simultaneous additiom. When
nitric oxide was first added to the reaction vessel ahd then a few minutes allowed
to péss before the addition of oxygen (air). the reaction on the substrate
vappeared to occur mére unifofmly with conSequent‘increased yield of.carbohydrate
conversion. The optimum condition of the gas phase reaction appeared to be
S parts of nitric oxide per 100 parts of solid material, a 24 hour reaction
time at 20°C and about 20% mqisture content in fhe solid. In this way the

overall conversion was about 60% for wheat straw. Sensitive analysis indicated

~ that 42% of the pretreatment cost, excluding hydrolysis, was attributed to

nitric oxide production. - This presumably would be somewhat lower if the plant
were situated near another plant that was releasing oxides of nitrogen that
otherwise would be a pollutant.

4. Explosive Steam Decompression

Several years ago the Masonite Co. developed on a commercial scale, a

process whereby wood chips were quickly heated with about 600 psi steam for
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aboutilo minutes and just as quickly the pressure was released to atﬁoépheric
pressure by dumping the whole load into a large bin (24). In this manner the
wood chips were essentially exploded into long wool-like fibers. The fibers
were washed free of the pentose sugars and other water soluble constituents,
and then they were fabricated into press board. The waéh liquid was concen-
trated and soldvas an animal feed supplement under the trade name 'Masonex.' .
The latter product contained 65% solids, of thch‘lO%.were simple sugars and
55% carbohydrates. The carbohydrate on hydrolysis was equivalent to 35% simple
sugar with a distribution of 0.14 glucose, 0.27 mannose, 0.08 galactose, 0.05
arabinose, and 0.46 xylose.

Another process, similar to the above, receiving considerable
attention is the Iotech pfocess (25). Their research has shown that enzymatic
saccharification yields of at least 60% can be achieved from tdugh ligno-
cellulosic substrates, such as populus wood, with about 550 psi steam explosion
treatment. The nature of the substrate dictates the ﬁeverity of the steam
treatment. The losses of the pentosans or conversion of tﬁe pentoses to
furfural appears to be directly proportional to thg cook time and/or the
temperature. It was also claimed thatthejprocess produces reactive lignin
that could be used as a thermoplastic binder.

5. Wet Oxidation Process

Recent research on a wet oxidation process has shown promising results
(26,27). Wet oxidation in a batch pfocess involves the treatment of aqueous
slurry of biomass with air or oxygen at elevatedvtemperatures and pressure
through a two-stage §ystem. In the first hydrolysis stép the solid undergoes
mild hydrolysis at pH ~ 2, about 160°C, and 225 psi for the desired length of
time.‘ This is about 60 minutes for white fir. Samples are taken to monitor

the course of the reaction for optimal sugar production versus time.
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The reaction mixture is separated and the solid phase is then subjected tq
further oxidation at 180°C, or higher, in the second stage'for'optimal pro-
duction of acids. The portion of thé acid solution is then recycled to the
next first stage containing a new bafch of biomass.

In continuous opeiation, the solid used in the two hydrolysis stageévflows
countercurrent to the acid solution being generated from the wet oxidatidn of
1igﬁeous residue in stage three. In the first hydfolysis step the biomass
undergoes mild hydrolysis as mentioned previously for the batch operation. The
solids frém the first stage are'cbntacted with acid solution stream, geherated

in stage 3 and air is blown through the mixture at 170°C. In the second hy-

drolysis stage this solid mixture is heated to 200°C and reacted for about 35 :
minutes. The liquor from this stage is the product of the process containing
the hemicellulose sugars, glucose, and organic acids, primarily acetic, formed
mainly.during the third stage.

By this processing scheme glucose yields of 45% have been claimed with
a sugar concentration of about 4.6 w%. Thqugh this process was developed for
wood, it appears that little difficulty woﬁld be encountered in adapting it for
use with agricultural residues that generally require less stringent conditions
for carbohydrate conversion.

6. Ozone Pretreatment

An interesting pretreatment with ozone on biomass has been’suggeéfed
(28). The main result claimed which might make the ozone treatﬁent attractive
is that the long chain structures of lignin and hemicellulose are cracked by
ozonation. If this is true;'then if follows that the cellulose chains are
diéfﬁpfed‘with at_least lowér.degrees of polymerization. .Anpthér feature is

that it sterilizes the substrate analogous to acid pretreatments.
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Much has been written about the efficacy of delignificatioh, some of
which appears factuai and some of which appears to be in error. The error
apparently afises when in a delignification the cellulose crystallinity and/or
its degree of polymerization is aléo altered or affected. In such cases enhanced
hydrolysis may be a;tributed to delignification when in fact it is due to
alteration of crystallinity. |

1. Chlorine Dioxide/Acetic Acid

As a means of comparison of various pretreatment effects; it is best to _ _
establish a standard for deligﬁification. The procedures described by Moore and .
Johnson (30) employing sodium chlorité are acetic acid (29) are recommended.

Warm acidified sodium chlorite liberates chlorine dioxide which in turns attacks
lignin in biomass to form soluble products. The biomass carbohydrate is attacked
only slightly under controlled conditioﬁs and can then be removed. This process
is the basis of‘an analytical method for the determination of hollocellulose by |
delignification and has been used successfully on wood and annual plants for ﬁ
number of years. Since the carbohydrate recovery is nearly quantitative it
follows that if any changes occur, in addition to delignification, then it would
be in'crystallihity and not in the degree of polymerization. Decreases in the
degree of polymerization or extensive changes in cellulose crystallinity to form
the high disordered, the so-called. 'amorphous," form tends to increase the
solubility of the cellulose.

The above method was used in a series of experiments in this laboratory
originally to show the effect of delignification and the enhanced enzymatic
hydrolysis of ground wood (31). The results clearly show the increase in
saccharification as the original wood lignin content of 28.7% was decreased to

8.2%. About two years later the same ground wood sample was again enzymatically
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hydrolyed aﬁd achieved only two-thirds as originally observed. The sample was
reanalyzed and showed no apparent change in lignin or hollocellulose content,

énd the enzyme solutién used was comparable.to what was used previously. Since
no othér reasonable explanafion was probable, it was concluded that the cellulose
slowly recrystallized to the more ordered form, the so-called "d":or cellulose I,
which has been shown to be resistant even to acid hydrolysis. in a comparative
study (32). |

2. High Temperature Alcohol

The idea of using ethanol as a delignification solvent seems especially
attractive because of its availability in the process in the fuels from biomass.
Invthe work of Klinert (33) where 50 v% alcohol was used on wood at 180°C for
about an hour, the ligﬂin content was'significantly reduced. This method was
used (8) on samplés of wheat Qtraw at pH 6, and temperatures of 185 and 230°C,
respectively. -Upon subsequént enzymatic hydrolysis of the two samples, the
overall yields of glucose plus Cellobiose were 39.6 and 37.1%, respéctively.

The resultant lignin contents of the treated straws were 12.8 and 3.7% at 185°C
and 230°C, respectively, compared to the original lignin content of 14.5%.
Again, delignification in itself appears not to be sufficient to improve the
enzymatic hydrolysis significantly. The dissolved lignin is easily recovered
as a friable pdwder, so-calied "amorphous' lignin, if the alcohol is removed
by vacuum distillation at no greater temperature than 40°C. At tempefatures
of 45°C and higher the lignin converts to the thermoplastic, and épparently"
highly ordered, form. In the thermoplastic forﬁ, it appears to be an excellent
binder and adhesive. The powderéd form slowly converts to the thermoplastic
form over a period of a year even when kept anhydrous aﬁd in vacuum.

3. Cadoxen

- Cadoxen is a solution containing 5 to 7% cadium oxide in 38% aqueous
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ethylene_diamine; This solutibn haS been used to dissolve cellulose and from
the determination of the resultant viscosity relate it'to'the degree of poly-
merization of the original cellulose. This concept was utilized (34) to
dissolve Avigel and precipitate it by adding methanol and/df water followed
by filtration. When enzymatically hydrolyzed the precipitated.Avicel gave a
90% yield of glucose. The same process when applied to corﬁ stover gave an
80% yield 6f.glucose after only 3 hours of enzymatic hydrolysis. This study,

although of dubious economic: feasibility owing to the high cost of recovery

- and replacement of cadium and -ethylenediamine, clearly shows that it _is the

crystalline structure of cellulose which controls the rate and eXtent of
enzymatic hydrolysis.

E. Enzyme Recovery

As mentioned preViously, an important consideration is to establish
the optimum concentration of substrate for maxiﬁum carbohydrate conversion,
minimum hydrolysis time and maximum enzyme recovery. The enzyme is strongly
adsorbed on unhydrolyzed cellulose so that much of it is lost in the hydrolysis
process. Using cellulase derived from T. viride QM-9494, and 5 w% substrate
concentration (40 to 48 hour hydrolysis times with 20 to 30% carbohydrate
conversion) about 50% of the original enzyme is released to the hydrolyzate and
hence is potentially-recpverable from solution. Enzyme release decreases even
further as the substrate concentration is increased, a factor apparently nbt
often considered in publisﬁed work on enzymatic hydrolysis.

Work in this laboratory on untreated wheat straw and corn stover has
shown with 5 to 6 w% substrate concentration, (40 hour hydroiysis)result in enzyme
recoveries of about 50%. Following acid pretreatment of the above materials,
the enzyme recovery on 40 hour hydrolysis approached 65%. Methods of enzyme

desorption such as with phosphate ion gradient on cellulose and or with urea
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subétitutionv(6) may permit greater enzyme recovery in the future.

More complete hydrolysis would also reduce enzyme losses since the

.enzyme is absorbed less strongly on noncarbohydrate material. Enzyme from

the new mutant strain Rut-C-30 (Ref. 32, Section I) Because of its much

greater strength (Filter Paper Activity 14 I.U;vper_ml}”shows"great'promise for

more. .complete hydrolysis when this: enzyme was used on corn stover and rice
straw (é). The carbohydrate conversion was 1.5 times greater than that obtained-
on the same material with cellulasé from T. viride QM-9414.

Considerable more work must be done to determine the pérameters affecting
hydrolysis kinetics, conVersion and enzyme recovery and their interreiafionships

in order to establish economically optimum conditions for large scale processing.
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IV. ENZYMATIC HYDROLYSIS PROCESSES

A. Separate Hydrolysis and Fermentation

1. Stirred Tank Reactor Hydrdlysis Processes
(Natick, Berkeley, I.I.T.) -

a) Process Description

The U.S. Army Natick Research and Develepment Command (Natick), the
Unifersify of Califbfni; (Department of Chemical Engineering and Lawrence
Berkeley Laborato:y)'and the. Indian Institute of Technology (1IT) have
developed procésses for bioconversion of cellulose to ethanol based on a
stirred tank hydrolysis followed by a separaﬁe ethanol fermentation reactof.

The basic steps for these processes are illustrated in Figures IV-1, IV-2, IV-3.

i) Pretreatment

Pretreatment of thevcellulose is ﬁecessary to enhance the kinetics of
hydrolysis by reducing the crystallinity and degree of polymerization of the
cellulose and thereby making it more accessible to attack by enzyme. The
Natick pretreatment consist of two roll compression milling énd is.assumed to
render 75% of the urban waste feed cellulose hydrolyzable to glucose on sub-
sequent hydrolysis (1). The Berkeley pretreétment consist;of shredding and
hammermilling followed by dilute sulfuric acid treatment for cofn stover and
wheat strﬁw. There is no_acid treatment for newsprint. The acid treatment
also extracts xylose which can be utilized for further ethanol production or
can be considered a by-product (2); The IIf érocess utilizes ball milling
such that highly concentrated (more than 30% cellulose) can presumably be
handled in hydrolysis (3).

ii) Hydrolysis

Thé Natick hydfolysis of the cellulose fraction of urban waste is

carried out semibatch over 24 hours on an initial substrate sqlids charge of

20%, which is increased to an effective 30% by additional charges in the
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first few hoﬁrs when the viscosity drops. Forty-five percent conversion of
the hydrolyzable cellulose, which is 75% of the original cellulose feed,
produces a 10% syrup of fermentable sugars (1). |

' The Berkeley hydrolyéis is continuous for a solids feed of 5 wt% in
agitated cylindriéal édncrete digestors at 45°C for over 40 hours. Forty
percent of the potential glucose in the corn stover is assumed converted to
glucose to produce a 2.6% sugar solution. Thié'sugar concentration can be
adjusted by varying the recycle of the sugar enzyme pro&uct stream (2).

-IIT demonstréted-a combined system for cellulose hydrolysis in a
stirred tank reactor with glucose removal by a separate membrane cell. Using
a semibatch operation over a ten day period,71% of the Solka Floc feed was
converted to glucoée. About 17% of this glucose remained in the system with-
oﬁt removal. The average mass flux through the membrane was dependent mainly
on the solids concentration rather than the initial sugar concentration or the
total amount of sugar removed. For a mixture of 14.06% sugar and 17.33% cel-
lulose the average mass flux ranged from2.9 to 8.4‘ga1/ft2/day for molecular
sieve membranes with molecular weight cut-offs of 10,000 and 30,000,
respectively (4).

iii) Enzyme Production

The cellulase production processes for Natick, Berkeley, and IIT are

all based on the aerobic fermentation of Trichoderma reesei. Natick has

achieved an enzyme productivity of 125 IU/liter/hour in batch fermentation
with recently developed hypercellulase producing mutant strains of this
organism. One of these mutanfs is the Rutgers C-30 strain, which is cata-
bolite repression resistant, i.e., its cellulése production is not repressed
by glucose (5). Bofh'the Berkeley and IIT procésses are based on the

QM-9414 strain. The Berkeley enzyme productivity is 19.2 IU/L-hr. for a
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continuous two-stage, growth.and enzyme induction process. The cells frbm
the seéond stage are recycled back to the first stage. Natick also recycles
its mycelia to replace proteose peptone as a nitrogen source.

Berkeley and Nétick currently use delignified cellulose as the carbon
source for enzyme production. However, preliminary Natick studies indicate
this pure cellulose substrate may possibly be replaced by urban waste in
future processes. |

iv) Enzyme Recovery

The Bérkeley process recovers its enzyme by contacting countercurrently
washed pretreated solids with enzyme sugar solution from the hydrolysis vessel
in a two-stage mixer settler system. The overall enzyme recovéry for this
process is assumed to be 58% with most of the losses on the unreacted solids.
Preliminary studies show that urea is effective in desorbing enzyme from
cellulose and should lead to higher enzyme recovery. IIT also recovers
enzyme from‘hydrolysis with a membrane cell which separates product sugar from
enzyme and unreacted cellulose by a molecular sieve membrane. No recovery
data for the enzyme was reported. As with the Berkeley process the degree of
enzyme recovery will depend on the distribution coefficient of the enzyme
between the liquid and sélid sﬁbstrate and also on the degree of enzyme de-
activation. Natick does not consider enzyme recovery economical. One reaéon
is that most of the enzyme may be trapped on the.unreacted solids. Also the
enzyme cost for the Natick process is relatively less expensive than for the
Berkeley and IIT pfocesses.

v) Sugar Concentration

In the IIT process, one part cellobiose is separated from four parts
glucose by fractional crystallization after the sugars are separated by

molecular sieve membranes. In the Berkeley process, the hydrolyzate sugars
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are concentrated from 2.6 to 11% with a multi-effect evaporator. The Natick
hydrolysis provides 10% sugar. solutions which do not require further concen-
tration. The sugars from all the processes are then fermented to ethanol.

b) Process Evaluations

Natick originated the process concept of converting cellulose to -

glucose via enzymatic hydrolysis and has since played a major role in its

development. Presently, Natick is operating a 125 1b/day pre-pilot plant

with a 280 liter working volume enzyme production vessel and a 250 liter
stirred tank hydrolysis reactor.b The Berkeley and IIT processes have been
demonstrated, thus far, only on a bench scale.

The major advantage of the Natick process relative to the others as
described above is higher enzyme productivity. This is derived from the use
of recently developed hypercellulase froducing strains of T. reesei, e.g.,
the Rutgers C-30 mutant. These properties allow up to 30% solids to be con-
verted to 10% sugar, which also eliminates the need for further concentration
in the Natick process. However because of the high solids residue there is a

problem of separating the sugar solution from the solids. If a wash is used,

the sugar concentration would be diluted and require reconcentration.

The Berkeley process offers the advantages of continuous enzyme pro-
duction, hydrolysis and enzyme recovery. With 58% enzyme recovery assumed,
the Berkeley Process requires 21.9 I.U. of enzyme per gram of glucose produced.
The Natick process with no enzyme recovery requires 29.9 I.U./gram glucoée.
The enzyme to glucose ratios indicate the continuous Berkeley process with .
enzyme recyéle makes more efficient use of.enzyme than the semibatch Natick
process with no enzyme recovery. However, the difference between the sub-
strates, corn stover and urban waste, and between the enzymes must also be

considered in compéring the usage of enzyme in the two processes. The cost of
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the original enzyme and the cost of enzyme. recovery are alsovimportant in
asSessing the advantages of enzyme recovery. |

The Berkeley process utilizes mﬁchyless expensive concrete digestors
for hydrolysis reactors, but sterile operation of these digestors has been
questioned (6). The abseﬁce.df storage facilities for agriculturél residues
has also been questioned. Most importantly, the Berkeley process uses a low
- cellulose feed concéntratidn to produce a low sugar concentration,vwhich needsﬁ
to be concentrated. |

The IIT-process is based on the same cellulose prodﬁcing organism
(QM-9414 strain of T. reesei) used in the development process for Berkeley and
should have similar enzymé productivities. The IIT process also recovers
enzyme. Even with énZyme recovery, the enzyme cost for sugar production for
either Berkeley or IIT process should be higher than for the Natick process.
Although the economics of the IIT process has not been reported, the membrane
cost is expected to be high. - Overall, the IIT process is considerably less
developed than either the Natick brvBerkeley process. It is still basically
conceptual with little reported data on its.performance.

2. Fluidized and Packed Bed Hydrolysis Processes

a) Fluidized Bed Hydrolysis

In addition to the use of conventional stirred tank reactors for hydrolysis,
a cellulase-bead fluidizéd bed reactor is being developed to hydrolyze cellulose
to glucose by the Tokyo Institute of Technology (7). . The ekperimental apparatus
for this process is shown in Figure IV-4.

The cellulase 1is immoBilized by entrapment in a collagen fibril matrix
supported on glass beads. No leakage of cellulase frﬁm the matrix was observed,
- and the stability of the entrapped enzyme with a half time of 21 days was
greater than that of the native enzyme with a half time of only 30 hours. For
a 0.33% cellulose (Avicel SP) suspension, thevimmobilized cellulase relative

to native cellulase showed initially lower conversion but after 120 hours
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showed higher conversion, eventually giving Quantative conversion. There-
fore, the immobilized enzyme is advantageous for long reaction times.v The
pressure drop through the bed is low and not dependent on the flow velocity.
The optimum flow velocity was 1 cm/sec.

A stable immobilized enzyme for cellulose hydrolysis has high potential
for a practical continuous process in which the enzyme can be reused with
minimal enzyme make-up. With a fluidized bed it is particularly easy to
continuously replaée porfions of the bed. However, for thevenzyﬁe used by'

:the Tokyo Institute of Technology, the feed cellulose concentration is too
low and the reaction timé too long to be economically feésible. Developmental
work is continuing on scale-up of the reactor and use of waste cellulose.

b) Tapered Fluidized Bed Bioreactor

The Oak Ridge National Laboratory has develoﬁed a modified fluidized
bed called the tapered fluidized bed bioreactor (8). Although this type of
reactor has not been used for cellulose hydrolysis, it is suggested as a
beSSible vehicle for fluidizing immobilized cellulase enzyme by Georgia Inst.
of Technology (9). | |

The tapered bed is illustrated in Figure IV-5. The tapered bed is shaped
like aulinvertedﬁtruncated cone with increasing diameter from the bottom entry
point to the top exit point. This tapered configuration allows the feed at
the bottom to be distributed equitably throughout the cross section without
the back miking which would occur with feed into a conétant cross sectional
area column. The decreased linear velocity at the top of the tapered bed also
alio&s a higher flow rate range at the bottom without loss of materials from
the top. Although this reactor has promise, its operating characteristics

need to be understood better and its economic feasibility needs to be assessed.
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c. Fixed Packed Bed Hydrolysis

A fixed packed bed reactor design was also used by the Tokyo Inst.
of Technélbgy for cellulosevhydrolysié (7).. In this case the immobilized
cellulase waé still entrapped in the collagen fiber matrix but in a packed
instead of a fluidized bed. Théy concluded that this packed bed con-
figﬁration was not suitable for insolﬁble substrates. Major problems with
the packed bed are plugging of the bed with a resulting high pressure drop -
in the bed, achieving uniform flow distripution, and replacing inactivated
bed portions withoﬁt removing the total bed (9).

Dynatech R/D Company, Cambridge Massachusetts also reported using a
fixed packed bed fermentor for converting biomass, such as marine’algae into
organic acids (10). 1In this design, biomass is the stationary phase and
nutrients énd organisms afe fed through the bed as the moving phase. This
configuration alléws a high solids loading, but M.I.T. found high pressure
drops with this type of reactor and turned to fluidized beds (11); At
present, it does not appear that either the immobiiized enzyme packed bed
or the packedicellulose bed are likely.prqcesseS'for cellulose hydrolysis.

3. Solid Culture Processes

Toyama, at Miyazaki University, has utilized various aspects of solid
culture fermentation for enzymatic hydrolysis of cellulose separate from
ethanol fermentation (12).- These are production of cellulase by solid
culture, hydrolysis with a solid culture of T. reesei, hydrolysis with a
solid culture ektract, and auto saccharification of solid cultures inoculated
with T. reesei

a)  Cellulase Production on Solid Cultures

In Japan industrial cellulase production is by growing T. reesei on

solid cultures (Koji Method). The usual substrate is wheat bran, although
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rice straw and newspaper also produce high filter paper degrading activity
enzyme. Delignified rice straw and délignified newspaper pr@duced sig-
nificantly less active filter paper degrading enzymes. Usé'of lactose in
cellulase production was shown to inhibit the activity of,the enzyme
produced. The automatic Koji-makiﬁg apparatus-can be a stationary type, a
rotary tray type, or a rotary drum type.

Using commercially prepared T. reesei cellulase on 25% delignified
rice .straw or bagasse‘substrate for 96 hours pioduces approkimately 15 and
22% sugar syrups with 1 and 3% cellulase, respectively. Delignification was‘
achieved by boiling with 1% sodium hydroxide solution for three hours. Al-
though the sugar yields are high and the hydrolysis is fast, use of this
commercially prepared enzyme is not considered ecomonically practical.

b) Hydrolysis with Solid Cultures

An,alternativéipprocess would utilize T. reesei solid cultures grown
on cellulosic waste for hydrolysis of cellulosic waste. For»eXample, a rice
straw solid culture was prepared by miiing rice straw and wheat germ in a 4:1
~ratio. Two gr#ms of this straw wheat germ Koji is then miked with three
grams of delignified<rice.straw (or bagasse) and suspended in 20 ml of acetate
buffer of pH 5.0. The delignified rice straw and delignified bagasse produced
8.3% and 9.1% sugars, respectivély, after 48 hdﬁrs incubation. The dis-
advantage of a sblid éulture process is.that considerable volume is
occupied By non-convertible solids, whiéh later also have fo be separated.

c) ‘Hydroiysis with Solid Culture Extracts

A more practical alternative process is for the solid culture, which
was grown at 25-30°C for four days, to be extracted with water to produce
‘enzyme solution with strong xylanase and cellulase activities. The enzyme'

solution then can hydrolyze the delignified cellulose. From five grams of
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delignified rice straw_or bagasse tfeated,with 20 ml of solid .culture ex-
tract, 11.5% or 13.9% sugars are.produced, respectively, after 48 hours.
The residue after extraction contain conidia and mycelia of the fungus and
has value as an antifungal agent. The solid culture extract process is
shown in Figure IV-6 (12).

The high rate of hydrolysis and yields for hydrolysis of delignified
rice straw and bagasse with rice straw solid culture extract recommends it
- as a high potential process. However, éonsiderable developmental work is
required for application of this laboratory scale process to industrial pro-
duction. As with the Natick pfogess_and any other process in which there is
a high sugar concentration with incompleté solids converéion, separation of

the sugars from the residue is a problem.

d) Autosaccharification Process

The autosaccharification process consists of inoculating solid cultures
of cellulosic waste with T. reesei and allowing the cellulase produced to
hydrolyze the cellulosic waste to sugar. The major problem with this process
is that using easily hydrolyzed substrates, such as delignified rice straw or
delignified bagasse for cellulase prodﬁction produce weak cellulase activity.
Conversely, using difficult to hydrolyze substrétes, such as wheat bran, rice
straw, or bagasse produces high activity cellulasg, but which is still unable
to efficiently hydrolyze these substrates.

B. Simultaneous Hydrolysis and Fermentation

Hydrolysis of cellulose simultaneously combined with ethanol fermentation
of the hydrolyzate sugéfs results in faster hydrolysis, higher sugar
yields, and subsequently higher ethanol yields compared to separate hydrolysis
and fermentation. The reason is that the end products of cellulose hydrolysis,

mainly glucose and cellobiose, are usually inhibitory to the cellulase enzyme
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system. Depending on the yeast, either glucqse 6: giucose and cellobiose
are utilized in the fermentation. If cellobiose is utilized, its inhibition
of cellobiohydrolase activity (Cl) is reduced. In either case glucose is
removed by fermentation so that its inhibitioﬁ of B-glucosidase, which
splifs cellobiose to glucose, is reduced, Thus, fermentation of glucose

alone facilitates cellobiose removal.

The hydrolysis agent can be cellulase enzyme fed from an enzyme pro;
ducing_reactor or prodpéed by an organism in the combined hydrolysis-
fermentation reactor. The latter might either hydrolyze cellulose to
glucose and ferment the glucose to ethanol by itself, or be combined in
a mixed culture with another organism, which will also ferment éeliobiose,
xylobiose, and xylose to ethanol and other by-products.

1. Enzyme Hydrolysis and Fermentation (Gulf/Arkansas Process)

a) Process Description

A ?rocess for simultaneous hydrolysis of cellulose with separate enzyme
production and fermentation to ethanol was developed by the Gulf 0il Chemicals
Company and later transferred to the University of Arkansas (13, 14). The
basic éteps of this process are shown in Figure IV-7. This procéss has been
developed in a pilot'plant utilizing one ton per day of cellulose at Gulf's
Jayhawk plant in Pittsburg, Kansas. A 50 ton/day demonstration plant is
presently being designed. A commercial 2000 ton/day plant which will produce
about 50 million gallons of ethanol per year, is being planned for operation
in 1983.

The feedstock is exbected to consist of about 2/3 municipal sélid waste
(air classified fraction) and 1/3 pulp mill waste. This combined feedstock
is assumed to contain 57% convertable cellulose. About 15% of the

municipal solid waste is mechanically pretreated with a low-energy attritor,
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sterilized.aﬁd then sent to the-subsfrate to the enzyme reactors. The
remaining municipal solid waste is mechanically pretreated, mixgd with the
pulp mill waste, pasteurized, and then becomes the substrate for the
51mu1taneous saccharification and fermentatlon (SSF). |

Using a mutant strain of Trichoderma reesei, cellulase is continuously

produced in a submerged culture utilizing»two trains of three reactors in
series in each train. The total residence time for each train is 48 hours.
The enzyme activity produced results in 90% utilization of the cellulose
fraction of the solids fed to the enzyme production fermentors. Solid culture

broths and whole Koji of T. reesei were also used as cellulase sources (15).

The pasteurized feed to the SSF is precooled in a heat exchanger
before entering four trains of three fermentors each. With this system one
train can be shut down for sterilization while maintaining the other trains
in continuous operation. Over a 24 hour residence time at 40°C, the 8%
cellulose feed is continuously hydrolyzed to glucose, which is simultaneously '
fermented to a 3.6% ethanol beer slurry. The enzyme is added as the whole
culture broth without filtration or concentration._The‘enzyme is also recycled
although the method of separation is not given. The yeast is added either as

a cake or recycled as a cream. Saccharomyces cerevisiae (American Type

Culture Collection No. 4132) and Candida_brassicae'(Institute for Fermentation,
Osaka, Japan No. 1664) gave the highest ethanol yields and are the preferred
strains of yeast (16).

The beer slurry is neutralized before distillation to allow most of the
recovery equipment to be constructed of carbon steel. The ethanol is then
concentrated to about 25% using a steam slurry stripper designed by Raphel

Katzen Associates. Further concentration can then take place by normal
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rectification to the desired product concentration. Stillage from distil- -
lation is evaporated to a 50% solid animal feed by-product. The unconverted
cellulose and lignin from SSF is the basic fuel source fér the process.

b) Process Evaluation _

A comparison of conversion for simultaneous saccharification and
fermentation (SSF) and for saccharification only islshown in Figure IV-8. By
removing glucose and cellobiose inhibition of cellulose hydrolysis, SSF
increases the cellulose conversion yield approximately 25 to 40% for 24 and
48 hours, respectively, :elative to saccharification only. It is ﬁot clear
why only about 60% éonversion is achieved for the case shown for SSF in 48
hours in Figure 8 instead of the 90% conversion assuméd for design. At 10%
to 20% v/v enzyme inoculation is ciaimgd to produce 90% conversion. The
' specific ethanol yield per unit enzyme, however, decréases with increasing

enzyme concentration (16).

Ethanol inhibition of éellulase activity was considered slightly less
than by glucose based on the same'weight-percent (15). Since the ethanol
~ produced is at most about 50% weight of the starting glucose, the ethanol
inhibition should only be about half of the glucose inhibition of cellulase.
However, the decrease in cellobiose, which is a much stronger inhibitor of cel-
lulase than glucose, reduces the product inhibition in SSF relative to
saccharification alone. Addition of up to 5% ethanol to a simple
saccharification did not affecf redﬁcing sugar production implying this level
of ethanol can be tolerated in an SSF (16). |

The SSF design reduces the equipment cost by.combining the hydrolysis
and fermenfation vessels into one unit. SSF also eliminates the need forv
separation of glucose from the hydroiysis residue. In addition, the need for

strict asepsis with SSF is reduced by the ethanol and anaerobic environment
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created by tﬁe growing yeast and by the decrease in transfe& operatibns.
However, a difficulty.with the SSF System isrthat its qptimum temperature

of 40°Cvis a compromise between the 45° to 50°C optimum for cellulase system
and the 30° to 35°C optimum for most yeasts. Nevertheless, the sugar con-
centration in the SSF is very low and indicates h&drolysis and not
fermentation is the‘rate'limiting 5tep.

Raphael Katzen Aésociates has done a technical and economic evaluatidn
of the Gulf/Arkaﬁsas procesé and concluded that technical feasibility was
demonstrated by Gulf. However, a critical assumption, thch has raised
serious doubts about the Gulf/Arkansas process is the 90% conversion of éellulose,
which is assumed to be 57% of the feedstock ¢oncentration (6).

2. Mixed Culture Hydrolyzing and Fermenting Organisms Processes
(MIT, GE/CRD processes) |

a) Process Description

The system for simulténeous hydrolysis and fermentation can be
simplified further relative to the Gulf/Arkansas Process by using a mixed
culture capable of both hydrolyzing cellulose to sugars and fermenting the
sugars to ethanol énd side products. This process eliminates the need for a
separate enzyme production vessel since the celiulolytic enzyme is produced
and used in the same vessel. Fig. IV-9 shows the mode of fraction of a mixed
culture sysfem using thermophilic, anaerobic bacteria. Clostridium

thermocellum can hydrolyze cellulose to glucose and cellobiose can hydrolyze

- hemicellulose to xylose and xylobiose, and can ferment glucose and cellobiose

to ethanol, acetic acid and lactic acid. Clostridium thermosaccharolyticum

does not have cellulolytic powers, but it can ferment glucose, cellobiose,
xylose and xylobiose to ethanol, acetic acid and lactic acid. Therefore for

a feed stock with the hemicellulose removed, for example, by acid pretreatment_‘
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or if hemicellulose conversion is not important, a single organism, C.

thermocellum, can convert a cellulose feed directly to ethanol (17).

However, the two independently developed processes which use C.

thermocellum also use C. thermOSaécharolytiCum in a mixed culture. The

two conceptﬁally similar processes are being developed by M.I.T. and General
Electric Corporate Research and Development (GE/CRD). Thef differ mainly in
the cellulose feed stock, pretreatment, possibly fermentor reactor cOnfigé
uration, orgénism strains, and recovery. |

The process flow sheets for the M.I.T. and GE/CRD processes are
shown in Figures: IV-10 and IV—ll; respéctively. The M;f;T. process design and cost
estimatesgiven here were developed by Battelle, Columbus, supposedly based on
experimental data from M.I.T. (18). However, there is considerable discrepancy
between the iaboratory results reported by M.I.T. and the design bases used by
- Battelle as shown in Table IV-1. The preliminary process design and cost
"estimate forvthé GE/CRD process were developed by GE/CRD. (19).

'The substratesfor the M.I.T. work have thus-fai Been Solka Floc and
corn stover with their process design based on corn stover; the GE/CRD process
is based on poplar wood as the substrate. The corn stover is pretreated by
milling for size reduction and is assumed to have a fermentable polysaccharide
context of 70% on a dry wt basis. The poplar wood in the form of moist wood
chips is contacted with gaseous sulfur dioxide (1% by weight of wood) under
steam préssure of about 300 psi fof 10 to 15 minutes.

The mixed culture fermentation with C. thermocellum and C thermo-

saccharolyticum is carried out at 60°C at pH 7 under strictly anaerobic con-

ditions. The cellulase system of C. thermocellum is as effective in hydro-

lyzing hemicellulose to xylose as it is in hydrolyzing cellulose, but it can

not utilize the xylose. C. thermosaccharolyticum is added to catabolize
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Table IV-1

M.I. T. Yields for Mixed Cultures of C. thermocellum and gg'thermosaccharélyticum

‘-MfI.T. Laboratory Results "Battelle’Dégign:Basis

Substrate Solka Floc Corn Stover-: - Corn Stover
(Unpretreated)

Feed Method Fed-batch Fed-batch Continuous -1
. (dilution rate = 0.03 hr )
Substrate Concentration (g/1) 70 . 100 | 245
Etﬂanol (g/1) 29 9.6 45
Acetic Acid (g/1) 6.8 6.4 22
Lactic Acid (g/1) , 3.2 . 0.0 30 /
Reducing Sugars (g/1) 0.0 0.0 |
Cells (g/1) , _ 7.7
Residue (g/1) ‘ : . | 98 |
Utilization of Substrate (%) - 93 37 |
Ethanol Productivity - . 1.37 _ .

(g EtOH/L/hr)
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xylose and is environmentally and biologically compatible with C. thermocellum

in a stable mixed'culturé. At both M.I.T. and GE/CRD both organisms have
undergone a program of mutation, selection, and adaptation to.increase their
ethanol tolerance and to alter their product distribution to produce more
ethanol and less acetic and lactic acids.

The product.yields and distribution achieved at M.I.T. for Solké Floc
and unpretreated corn stover with current organism strains for fed-batch
cultures and the assumptions for the continuous culture design case are given
in Table IV-1 Cll,14). The 45% conversion of Selka Floc to ethanol is encourag-
ing, but the ethanol to acetic acid ratio is much less favorable with corn
stover. M.I.T. is hypothesing that the poor product ratio for corn stover is
due to a water soluble component of corn stover. Corn stover extracted with
1% NaOH resulted in a substrate conversion rate very similar.to that of Solka
Floc and a 3.7 to 1 ratio of ethanol to écetic acid.

In addition to the use of feed batch cultﬁreS‘M.I.T; has tried packed
bed and expanded or fluidized bed bioreactors to achievevhigh'solids loading.
(11). The packed bed of substrate was constrained at the upper bed surface
and resulted in an excessive preséure drop after timé. ‘On’the other hand,
mixed culture fermentations with an ekpanded bed with approximately 60-80 g/L
biomass concentration was similar in fermentation behavior to the fed-batch
cellulpse fermentors. |

In the Battelle design of the M.I.T. process, the solid residue from
the fermentation is separated from fhe ethanql béer in rotary_filters, :The
residue then is utilized as>fue1 for steam production after ethnaol is washed
off with warm water. Ethanol is also recovered from the carbon dioiide gas
after cooling in a water absorber. The ethanol is recovered further in a

distillation system consisting of a stripper/reétifier, a dehydration tower,
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a hydrocarbon stripper, a fusel o0il washer, and several heat ekchangers.' This
distillation system is baéed on’a.Katzen desigﬁ which conserveé energy (ZO),
The stillage from distiliation is sent to anaerobic digestion for fuel'gés

- production. The solids from the digestor become fuel for the steam plant,
which is included in the design of off-sites fACilities.

In the GE/CRD process the same mixed culture of C. thermocellum and C.

thermosaccharolyticum but with different strains were used compared to the

M.I.T. process. In the GE/CRD process cost estimate the following assumptions.
are made. The recovered fibers from pretreaﬁment éreugo% of the charge. Fifty
percent of the recovered fibers are fermentable sugars of which 90% is
fermented. Forty‘percentxof the fermented sugars becomes ethanol. The ethanql
concentration in the stirred tank fermentor is as#umed to be 2.5%. _Hoﬁever,
the basis for the ethanol yield assumption in the GE/CRD process ié-not clear
since none of the reported laboratory data showed ethanol concentrations near
this high.

The GE/CRD process for ethanol recovery utilizes a flash ferm process
(see section under '"Rapid Ethanol Fermentation') in which fermentor broth is
continuously pumped to a vacuum flash pbt from which 20% ethanol is sent to a
distillation system to produce 95% ethanol. From the flash pot the cell mass
and undigested fibers are separated in a rotary filte:. The cells are recycled
to the fermentor to maintain high cell density, and_the fibers are sent as fuel
to the pretreatment steam boiler.

b) Process Evaluation

Both the M.I.T. and GE/CRD processes appear technically feasible. The
concept of combining three separate operations, enzyme production, hydrolysis,
and ethanol fermentation, into one feactor is certainly appealing from a pro-

cessing standpoint. The probability of contamination should be reduced with’
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the fewer nuﬁber of transfer operations, especially with thermophillic
anaerobic organisms. Oxygen transfer problems with aerobic cellulase pro-
duction is also eliminated, The high fermentation temperature of 60°C has
advantages in decreasing the vacuum requirement for ethanol distillation from
the flash pot in fhevGE/CRD-pr6cess. The continuous withdraWal‘of ethanol
from the fermentor via the flash pot'reduces the ethanol inhibition problem.

Therefqre,vethanol tolerance should not be as important a consideration in

‘'selection or genetic improvemeht of organisms for the GE/CRD process.

Problems with the M.I.T. and GE/CRD processes include maintaining low
enough oxygen tension for obligate anaerobic bacteria, attaining high solids

feed concentration, producing less by-products and obtaining higher ethanol

- yields. Much of the improvements in these areas have been accomplished and

future improvements can still be expected from mutation, selection, and
adaptation. Alternatively, other organisms can be considered. For example,
the University of Wisconsin and M.I.T. have preliminary indications that

Chlostridium thermohydrosulfuricum can produce high yields of ethanol from

both pentoses and hexoses. A second mixed culture of this organism, with C.

thermocellum is being studies by M.I.T.

As with thé'Berkeley Process, no provision waé made in the M.I.T
Process for lérge scale storage of corn stover. Thereamay-be problems of
degradation unless there is protection from the weather. Also no means were
provided for sterilization of the corn stover. The Berkeley process acid
prefreatment simultaneously accomplishes sterilization.- 

C. Separate and Combined Hydrolysis and Fermentation Processes (Penn/GE
Process)

The University of Pennsylvania, the General Electric Co., Re-entry
and Environmental Systems Div. (RESD); and Hahnemann Medical School are jointly
developing an integrated process, the Penn/GE process, for the total con-

version of cellulosic biomass to liquid fuels and valuable by-products.
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As.shown in Figure IV-12, this process consists of 1) a separate hydrolysis
for producing 20% sugar solution followed by fermentation to ethanol with
conventional technology, 2) - a simultaneous hydrolysis and extractive fer-
mentation to produce butanol and ‘acetone, '3) a simultaneous hydrolysis and
vacuum fermentation to produce ethanol. The three sub-processes within the
overall process are similér to processes deséribed in previoué sections and .
have similar advantages. Therefore, only major differences in advantages will
be pointed out. |

Refuse derived fuel (RDF) from municipal solid waste processing is
the cellulosic feedstock immediately being considered. Wbod chips from
fast growing poplar trees are considered the long term feedstock. Pre-
treatment for all three sub-processes consists of lignin extraction with a hot
aqueous organic solvent mixture. Butanol has been tried and ethanol will be
tried next as the organic solvent. The delignified cellulose solids from
pretreatment are sent to the enzyme hydrolysis vessel. The aqueous phase
contains partially degraded hemicellulose from which relatively pure linear
xylans can be recovered by precipitation following acidification. The xylan

can then be hydrolyzed by xylanase derived from Thermomonospora to

produce xylose, a valuable by-product. The remaining hemicellulose degradation

~ products in the aqueous stream are fermented by Clostridium acetobutylicum in

simultaneous hydrolysis and extractive fermentation to yield butanol and some
acetone. The organic phase assuming butanol as the solvent contains the lignin,
which can be rgcovered as a polymer grade. The remaining lignin aﬁd butanol
forms a pumpable slurry with high heating value.

Enzyme hydrolysis of pretreated cellulose solids is supposed to pro-

duce greater than 20% glucose syrups. The enzyme system for the hydrolysis is
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is derived from'ThermomOnOSPOra.which_producesfmaximum activity enzyme in
1e$s thaﬁ 24 hours when cultured on céllﬁlose. The enzyme system consis; of
extracellular B-glucanases, which hydrdlyze cellulqse to cellobiose, and
cell associated B-glucosidase, which hydrolyzes cellobiose to glucose.
Cellobiose is véry inhibitory.tO'the B-glucanases. Glucose inhibits |
B-glucosidase relatively less.

The reactor configuration currently being tested for the enzyme
hydrolysis process is .shown in Figure IV-13. It consists of a stirred tank
reactor for cellulose.hydrolysis followed by an immobilized B-glucosidase
fixed bed reactor, from which most of the §olution is recycled to the stirred
tank for high conversion yields. Use of an immobilized'B-glucosidase reactor
has also been studied by the University of Comnecticut (21), Natick (22), and
Berkeley (23).

A second path for cellulose to ethanol conversion employs simultaneous -
hydrolysis and vécuum fermentation. The high temperature stability of the

Thermomonospora B-glucanases allows them to hydrolyze cellulose to cellobiose

in conjunction with hydrolysis and fermentation of cellulose to ethanol by an

anaerobic thermophiiic bacterium,-E;'thermocelium. The maximum ethanol yield

achieved, thusfar, with C. thermocellum, strain 651, is 1.0 g/L with about

90% sugar utilization, but with no xylose utilization. A noncellulolytic
strain of Clostridium was able to grow on xylan at 60°C in the presence of

xylanase from Thermomonospora. The vacuum used in this process is not

applied to the fermentor directly, but rather on a side arm such that the‘CO2

and H, can be removed at atmospheric pressure and not add to the compressor

2

load. The H2 concentration in the CO2 and H2 mix is high enough to provide

process heat when burned.

A third path for the cellulose and unutilized degraded hemicellulose
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from delignification is conversion to butanol and acetone in a combined
hydrolysis and extractive fermentation. The process utilizes enzyme from

Thermomonospora for cellulose and hemicellulose hydrolysis in combination

with Clostridium acetobutylicum for:fermentation of glucose and xylose to

butanol and acetone. The butanol at 1.5 to 2.0% is inhibitory to the
organism and so is removed by continuous eitractibn.'.The extractant absorbs
the butanol either'&irectly‘or through‘a membrane and the mixture is then
separated by flash distillatioh; ‘After cooling, the extractant returns to
‘the fermentor and the butanol goes back into the delignification process.
Dibutyl-phtalate appears to be a suitable extractant for this process.

2. Process Evaluation

The Penn/GE.procesS offers total biomass utilization and great flex-
ibility in producing a widé distribution of pfdducts, namely, high concen-. -
tration sugars ethanol, butanol, acetone,vlignin-butanol fuel, and animal
feed. The process also makes use of high potential innovations in integrating
hydrolysis,.fermentation, and recovery steps. However, the current emphasis
appears to be on development of processes which will most immediately increase
ethanol productivity in the United States in the near future. In particular,
the solvent pretreatment and high»glucose concentration processes are being
emphasized and appear to be the most developed sections of tﬁe total process.

For improving eniyme hydrolysis of cellulose to high concentration glucose

it is important to increase the activity of the Thermomonospora cellulase,

which is significantly lower than that from Trichdderma reesei (24), and to
increase the stability of B-glucosidase.

An interesting_innovatioﬁ to the enzyme hydrolysis process being
considered is use of a three reactor system consisting of 1) celluiase

hydrolysis of cellulose to cellobiose in a stirred tank reactor, '2) combined
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cellobiose hydrolysis to glucese and glucose'fermentafion to ethanol by
immobilized B—glﬁcosidase and immobilized yeast on the same column, and 3)
an ethanol extraction system.

The overall process is still essentially conceptual.IVVery little
data has been reported for operatien of the sub-processes as conceptualized.
Most of the processes have not been in operation or are in the beginning
stages of operation at the bench scale. Nevertheless, it was reported at the
Third Annual Biomass Energy Systems Conference that the integrated process
is expected to ﬁe demonstrated on the bench scale within one year (25).

D. Comparison of Processes and Conclusions

Based on the information presently available, it appears tﬁat Natick
and Gﬁlf/Arkansas have the most fully developed processes, which are the most
likely to be commercialized in the near future. The major advantages of the
Gelf/Arkansas process are the increased hydrolysis yield and the elimination
of a separate fermentation vessel from ufilizing simultaneous hydrelysis and
fermentation. The major advantage of the Netick Process is its high enzyme
productivity. If its enzyme can be made resistant to end produet inhibition
from glucose and cellobiose during hydrolysis, the Gulf/Arkansas advantages
are greatly reduced. The best process would combine the Gulf/Arkansas pro-
cessing steps with the hypercellulase producing organisms of the Natick process.
Additional modifications of the process could come from substituting the pre-
treatment methods of other processes as discussed in the pretreatment section.
Fuithermore, modifications may be necessary to deal with waste cellulose feeds:
contaminated with toxic chemicals and possible inhibitory factors to fermen-
tation formed during ehzyme production.v In addition to the enzymatic processes

~described in this report, there are proprietary processes commercially available

at present.
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Some of these processes are available froﬁ.the companies listed undef fhe
section on "Rapid Ethanol Fermentétion."

The M.I.T., GE/CRD and PENN/GE procesées offer important innovations
which require more development time but have high potential for the future.
The M.I.T. and GE/CRD processes simplifies conversion of pretreated cellulose
to ethanol to a single reactor. Improvements are still needed in ethanol
yield and selectivity. The PENN/GE process integrates a ﬁumber of options for -
total biomass uitlization and offers flexibility in the distribution of
products, but requires a great deal of development work with both organisms

and processing.
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V. HIGH PRODUCTIVITY ETHANOL FERMENTATION -

INTRODUCTION

A. Conventional Process Limitations

The total world industriai ethanol production is approximately 800 million
galloné per yeér . Thrée quarters of the productioﬁ is by batch fermentation-
and, with only rare exception, the same batch techniques employed at the turn
of the centﬁry are still used (2).

Batch fermentatiﬁﬁ is a slow précesg.. Tﬂe ferméntati§ﬁ vessel is fifst
cleaned and prepared. Typically, a 10-15 w/v% solution of pasteurized sugar
supplemented with'yeast.nutrients is added to the veésel and the vessel is in-
oculated wiﬁh a.:apidly growing culture of yeast from a seed tank. . The course
of a fermentation using a high productivity yeast strain is plotted in Figure
V-1 (3). The iﬁbculation yeast continue to multiply in the ferméntor simul-
taneously producing alcohol. The rate of alochol production is initially quite
low, but as the number ofvyeast cells incfeases, the overall rate of fermentation
increases; A maximum in ethangl productivity is reached after 10 hours. Ethanol
production then continues at a decreasing rate until at 14 hours, 94% of thev.
 sugar is utilized, and a final ethanol content of 4.6 g ethanol/L is achieved.
The fermentor beer is then emptied into a holding tank to be fed to the con-
tinuous distillationvsystem. The fermentor is cleaned and prepared for another

fermentation cycle.

The overall produ;tivity for the batch fermentation process is typically
only'1.8 to 2.5 grams of ethanol produced per liter of fermentor volume per
hours, (4,5) and eighteen 100,000 gallon batch fe:mentor are required for a
25 million gallon.per year alcohol fuel plant. Designs for such a plant are
available in fhe'literature (4,6,7,8). Thé capital cost of the fermentation

section is estimated at approximately 17 million dollars (7,9). Finance and
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- 106 -

- depreciation cost in suppoft of such a plant contribute 5¢/L to the cost of
‘alcohol (7). The'continﬁal start up/shut down nature of the batch process
makes it diffiéult to automate and high labor costs also result.

The need for new processes is apparent. Fortunately, great progress has
been made with as much new fermentation research conducted over the past

fifteen years at in the previous fifty (4).

B. The Theory of Fermentaion with Yeast

An understanding of the basic fermentation reactions and their regulation
‘is helpful in the evaluation of alternative fermentation processes.

1. Yeast Metabolic Pathways

A'schematic representation of the anaerobic and aerobic yeaét metabolic
pathways is presented in Figure V52 (10) .Under aﬁaefobic conditions, glucose
is fermented to ethanol and carbon &ioxide by glycolysis. The overall reaction
to liberate energy for biosynthesis, (Equation 1) produces 2 moles of ethanoi
and carbon dioxide for every mole of glucose consumed.
Theoretical: :
+ Energy (Stored as ATP) (1)

c O, » 2C,HOH + 2CO

6112% 2Ms 2
On a weight basis,Aevery'gram of glucose can theoretically yield 0.51  grams
of ethanol. In practice though, actual ethanol yield are about 90% of the
theoretical--a portion of the.glucose-carbon source Being used for synthesis
of new cell mass (Equation 2).
Observed:
1g (C(H;00) = .460 g (C,HOH) + .46Q g (CO, + 0.10 g (new cells)
' ' (2)
Under aerobic conditions, glucose is converted completely to carbon dioxide

and new cell mass, with no ethanol being formed.
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2. Effect of Glucose Concent;ationv

Glucose is the primary reactant in the yeast metabolism and at very iow
glucose concenfrations (less than 10 mg/L) the rate of glucose consumption
increases roughly linearly with glucose concentration (11). A high concen-
and oxidative pathways (12). At:intermediafelglucose concentration (3 to
100 g/L) catabolite repression of‘the oxidative pathways takes place, per-
mitting production of ethanol even in the presehce of large_ambﬁnts of'oxygen
(13,14,15). | |

Under anaerobic growth conditions, caused either by catabolite répression
or by oxygen reétriction, and at low to moderéte glucose levels, the ratevof

ethanol production is given roughly by a Monod type relationship.
V=1V —— (3

where;
V  is the ethanol production rate in (g ethanol/g cells - hr).
S 1is glucose substrate concentration (g/L). The constant factor.
K_ has a very low value on the order of 0.025 g/L, so that under
anaerobic conditions the réte of ethanol productivity per cell
is esséntially_at its maximum value for any sugar concentrations
above 0.2 g/L,vand less than 150 g/L (where inhibition becomes

important),

3. ' Effect of Oxygen
It is importanf to avoid aerobic metabolism which utilizes glucose feed
but produces no ethanol. At high glucose Concentrations, éatabolite repression
assures fermentative metabolism. At low sugar concentrations, the oxygen

concentration must be restricted. Oxygen ordinarily should not be totally
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eliminated, however, as oxygen is a'neéessary building block for the bio-
synthesis of polyunsaturated fats and lipids required in mitochondria and -
piasma membranes (16,17,18,19). Trace.amounts of oxygen (0.05-0.10 ﬁm Hg
oxygen tension)in the fefmentor beer are adequate (3,13,20,21,22) and do not
promote aerobic metabolism. As oxygén is continually consumed by the yeast
during growth,it'is normally necessary to sparge the fermentor with air to
maintain even these trace oXygeh levels.. |

4., Effect of Ethanol

Ethanol, the product of fermentation, is itself a yeast toxin. The
tolerance of various yeasts to ethanol depends considerably on the strain
chosen, but ethanol préduction and cell growth arg generally broﬁght to a
complete halt at ethanol levels greater than 120 g/L (3,23,245. For most
yeast, the effect of ethanol inhibition is negligible at low alcohol concen-
‘trations (less than 30 g/L:) but.increases rapidly at higher concentrations
(Fig. V—S, 3A)(24,25,2§,27). |

5. Total Versus Specific Productivity

Thus far, we have discussed specific productivity,the rate of ethanol
production per yeast.cell,' Specific productivity is a function of glucose
concentratioﬁ,'oxygen concentration and ethanol concentiation (as well as.bf‘
many process independent variables such as temperature and pH). An industrial
fermentation must maximize total productivity, which is the product of
specific productivity and yeast cell concentration; |

Typical cell concentrations at the end of a batch fermentation are of the
order of only 5 to 10 g/L. Continuous fermentation ekperiments have been
conducted at levels up to 120 g/L and the ekpected increases in total ethanol
prqductivity have been observed (28,29j. At higher cell densities, approaching

the maximum packing density of 155 g/L (30), transport limitations (31) and
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possible cellular inhibition are anticipated (32,33),

C. Conditions for High Rate Fermentation

"With the basic yeast fermentation reaction and its regulation by ethanol,
oxygen, and glucose concentrations 6utlined, we can now propose those conditions
which_wouldblead to a high rate fermentation.

- The specific productivity'must be high. Therefore, the oxygen level should
be regulated to‘prevent aerqbicvgrowth, but to adequately meet yeast oxygen’
maintenance requireménts. The ethﬁnol level in the fezmentdr'should‘be
maintained low, so aévnot to inhibit‘further production. Glucose concentrations
should be maintained at not less than 0.2 g/L so as not to inflict a feed
limitation. Finally, the concentration of yéast cells (the catalyst for the
ethanol production reaction) should be maintained as high as possible_ﬁithOut
causing transport associated limitations. |

HIGH RATE FERMENTATION PROCESSES

A. Criteria for Evaluation of Potential Industrial Processes

Very few of the high rate fermentation processes under development have
been advanced to the point of pilot plant testing.» Detailed economic evaluations
of the potential processes are therefore not available and ano;her means of ‘
comparison is réquired. Some simple criteria for evaluating the potential
of new processes for industrial application are presented.in Table V-1

Fully continuous processes offer many advantages (34, 35, 36).

1) Fermentation can be conducted at a singie optimum condition :(not varying

with time), 2) Greater throughput of product and consistency of product

quality are possible, 3) Manpower is reduced as cleéning and refilling
operations are eliminated, 4) Total production is increased ad downtime between
cycles is eliminated, 5) A steady demand is placed on electricity, steam and
other services, thus eliminating high peak load levels, 6) Automation is

simplified based on real time sampling of the final product, 7) - Intermediate
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Table V-1

Somé.Criteriai for Comparing Fermentation Processes

Low Operation Cost:

1. Continuous process
2. Simple operation
3. Low Energy Inpﬁt

4. Near Complete Sugar Utilization ~

Low Capitél Cost:
5. High Productivity (small fermentor volume)

6. Mechanically simple
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product storage. is not required for buffering to interface with continuous

- feed pasteurization and product concentration units, 8) Thebprocess is more
easily controlléd and adjusted to meet varying réquirements. For these many
reasons, continupus fermentation processes aré to be favored for industrial
application.

Simple processes (with few stéps) reduce maintenance requirements.
Control is made simpler and these processes should be favored.

Energy and glucose feéd cdsts contribute substantially to the cost’ of
the finallproduct. Précesses which utilize little energy (for pumps,
refrigeration, etc,) and which utilize the glucoée feed as coﬁpletely as
"'possiblé (minimizing waste) are cleariy advantageous.

The special advantages of high rate fermentation processes come in
reduced capital and maintenance costs. High-rate pro;és;es allow the use of
much smaller fermentation equipment. Whén the process is also mechanically
simple, major capital cost savings are assured.

B. Alternative Processes

1 The Simple Continuous Stirred Tank Fermentor

The continuous stirred tank fermentor (C.S.T.R.) is a simple point of
departure from standard batch process.

A C.S.T.R. fermentor is depicted schematically in'Eigure V-4.. Pasteurized
feed is pumped continuously into an agitated vessel in which yeast are
actively fermenting. The sugar is largely consumed and ethanol‘and new cell
mass are produced. Fermentor beer containing ethanol, yeast cells, and
residual sugar flows continuously from an overflow‘port in the side of the
fermentor. Air is sparged through the fermentor base to maintain the optimum
o#ygen tension. The composition of the beer in the fermentor is everywhere

uniform and is the same as the composition of the overflow stream (37).
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Specific ethanol prodﬁctivity in the simple CSTR fermentbr is ordinarily
limited by ethanol inhibition (28). To avoid very high}ethanol distillation
costs, the ethanol overflow product concentration and hence the concentration
.in the fermentor must be maintained at a relatively high level. Cysewski has
found an optimum of 5 w/v% to give minimum fermentation plus distillation
cost for one Yeast strain (6).‘.v
| The total productivity of a CSTR fermentor system is also limited by.‘
‘the low cell deﬁsities;achieved in the fermentor. New_cellé are continuously
bofn in the fermentor, but cells are also continuously washed out. A §teady :
state is achieved when the growth and washout rates are identical. A cell
density of only 10-12 g/L is typical (28). The overall productivity for a
simple CSTR fermentor using a'high productivity yeast is approximately
6 g ethanol/L-hr, three times the average batch productivity (6).

Considered in terms of our‘evaluation'Criteriahthé simple CSTR process
offers many advantages over conventional batch technology. The process is
continuous, involves few steps, has no unusual enérgy requirements and can
achieve virtually complete sugar utilization. Reduced operating costs are
expected. The equipment is mechanically very simple and total required
fermentor volumes are only 1/3 those required for batch operation. Capital
costs should, therefore be reduced. These predictions are supported by a
detailed economic analysis by Cysewski which shows a 53% reduction in operating
costs and a 50% reduction in capital costs for the.CSTR process as compared
to conventional batch fermentation (6).

2. Series CSTR Fermentors

Advantages have been demonstrated for CSTR. fermentors arranged in series
both at laboratory (25,34,35) and plant scale (2,39). Consider first two

CSTR fermentors in series. Sugar solution is fed to the first and



- 117 -

fermentation takes place. The residence time is adjusted éo that the sugar
is ohly partly’utilized in the firét fermeﬁtor. The ethanol éoncentration
in the fermentérvis thﬁs less than for complete utilization. The overflow
from the first,fefmentor is fed to the second, where fermentation,is
completedlproducing the final high ethanol concentrati@n'beer product. Because
the first fermentor is operated at reduced ethanol cdncehtration, ethanol
inhibition is reduced and the productivity of the first fermentor is quite
'high. The second, lower productivity fermentor, now must convert less sugar .
than if it was operated alone. The result is an overall increaée in produc-
tivity compared to a single vessel.  Ghose and Tyagi (25) have shown the
productivity of a two-stage CSTR system to be 2.3 times that of a single
CSTR. .

Systems with several vessels in series can also be consideredL

The concept of multiple series CSTRs has been applied in the muitistage
perforatéd plate column fermentor (Fig. V-S}(90,91,92,93,94). The fermentor
consists of a column divided into stages By perforated plates. A single shaft
drives impellers at all stages. Each stage acts as an individual fermentation
vessel. Feed added at the'column head is partly fermented in the first stage
and theAtrickles down and is succeésively fermented through the lower stages.

Like the simple CSTR system, simple two-stage series CSTR systems appear
advantageous based on the selection criteria. It is not clear though, whether
the added complications of a multiple vessel systemvwill jusfify the increase
in productivity and the overall reduction in fermentor volume.

The mechanical complekity of the perforated plate columnbfermentor is
a majdrvfactor against its industrial application._

3. Continuous Cell Recycle Redctors

The use of continuous cell recycle reactors has been thoroughly in- .

vestigated (6,9,24,40) and has been applied at large scale (41). A cell
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recycle system is shown in Figure V-6.The system is identical to the simple
CSTR fermentor; eicept that a centrifuge is used to separate yeast from the
pfoduct overflow and return this yeast to the fermentor vessel. With con-
tinued cell growth, and cell escape prevented, the cell concentration in
the fermentor becomes extremely high and total productivity is greatly in-
creased. A small bleed of cellé is required to maintain a viable cultﬁre
(11,42), but cell densities as high as 83 g/L can be maintained (3,29j.
Higher concentration §ugar feeds can be fermented, and fermentor broduc-
tivities of 30 to 40 g/L-hr are possible (25,28,29,43).

This continuous prpcess is also quite attractive. Some added’cqm;
plekity results from the need for a mechanical centrifuge which increases
capital cost and requi:es considerable maintenance. Electrical energy costs
are increased, and added supervision is required to monitor the centrifuge.
These disadvantégés have been shown to be more than offset by the great
increase in productiﬁity and reduction in equipﬁent size (9). |

Several attemfts have been made to develop simplified'cell-retycle
systems which do not require mechanical centrifuges. Simple cell settling
systems have been propésed wherein the cells are thermally shocked (to

temporarily halt CO “evolution) and allow to gravity settle from the fer-

2
mentor overflow. Very large settling vessels are required, however (44,
15). |

Whirlpool separators haﬁe been investigated (Fig. V-7)(4). Yeast cells .
are deposited in a central cone when the fermentor overflow is pumped
tangentially into a verticle cylindrical vessel. Energy requirement for
the Whirlpool separator are low (46).

A very simple partial recycle fermentor has been developed and tested

at pilot scale (Fig. V-8)(47).The overflow is taken from a verticle pipe
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risinguthrough the fermentor base. This pipe is jacketéd by a baffled
sleeve. The region between pipe and sleeve escapes agitation and yeast
tend to separate from the beer rising to the overflow nozzle. The sep-
“aration is far from complete, but some concentr#tion of cells in the
fermentor is achieved, and with essentially no added equipment.

4, Tower Fermentors

Tower fermentors of many designs have been tested. The APV tower

" system (Fig.V-9)has been operated successfully at laige scale (48). The
fermentor consists of a verticle cylindriéal_tower with a conical bottom.
The tower is topped by a large diameter settling zone fitted with baffles.
The overall aspect ratio is from 7:1 to 10:1 with tower diameters from 0.9
to 2 meters (49,50,51,52). Sugar solution is pumped into the base of the
tower, which contains a plug‘of’flocculent yeast (48). Fermentation pro-
ceeds progressively as fhe beer rises, but yeast fendsto settle back and be
retained. The limitation on beer ﬁhroughput is set by the requirement that
yeasf be effectively retained by settling against the upward flow. High
cell densities of 50 to 80 g/L are achieved (48) without the requirement of
an auxiliary mechanical separator. Productivities 32 to 80vtimesvthose for
simple batch fermentors have been achieved with the APV tower fermentor
system (2)*. Some difficulty is associated with providing the desired ox-
ygen concentration in the fermentor as direct sparging at the base prdmotes

turbulence and inhibits yeast settling.

*Caution must be used in comparing productivities for various fermentation
schemes. Different yeasts and sugar feed solutions have been used in

" testing the various systems. Productivities 80 times higher than for simple
batch fermentation have been achieved in the tower fermentor comparing slow
growing brewer's yeasts in both cases. The productivity of 83g ethanol/
liter-hour achieved by Cysewski with vacuum fermentation is only 80 times
the batch productivity achieved with the same high productivity yeast--

yet, this is the highest absolute fermentation rate reported.
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A major drawback of the APV system is the long time required for
initial start-up. Two to three weeks are required to build up the desired
high density and achieve stable operation (2). This is compensated by the
very long,12 months.and greater, on times betﬁeen shutdowns.

Based on the simple process selection criteria = the tower fermentor
again appears to be an imPrOvement ovér the processes discussed earlier.

The system is very simple. While added power is required for pumping the
beer up through the tower, this is offset by the savings from the elimination
of a fermentor agitator. The high productivity achieved in the‘APV system
results in very small fermentors. Capital and operating costs are predicted
to be far lower than for conventional batch processes.

The slant tube fermentor has been proposed as a modification to the
tower fermentor with a higher beer flow rate capacity (53).  Three cm
diameter tube?14 meters iong is mounted at a 45 degree angle to horizontal.
Sugar solution is pumped through the tube from thé base. Férmentation takes
place progressively up the tube. Retention of yeast in the slant tube at
high flow rates is éossible as the yeast settling depth is very shallow--
yeast need only settle to the tube iower wall. Once settled, yeast roll
is evolved it rises to the tube upper wall

2
where it bubbles rapidly up and out of the fermentor. A three phase flow

rapidly down the tube. As CO

results with CO, flow separated and therefore no longer interfering with

2
yeast settling. 1In a laboratory study a fermentor productivity of 25 g/
L-hr was achieved. This rate is 39 times greatef than that for a simple
batch fermentation with the same grape juice feed (53).

A bank of‘many slant fermentor tubes operated in parailel would be

required to achieve industrial scale production. Laboratory tests have

shown that a single pump feeding several parallel tubes from a single



- 126 -

manifold couid not maintain equal flow rates in them all (53), and a
spéciél flow distributor system will be required foran industrial fermentor.

While the slant tube ferﬁentor may -allow somewhat increased productivity
- over the simple APV tower désign; the added compleXity of a multiple tube
system will probébly offset this advantage.

Another approach to alldwing increased throughput in tower fermentors
has been to pack thehfermentor with standard distillation column type
packing (54). The packing material provides zones of quiescence where yeast
cells can collect and very high cell densities can be maintained even at
vhigh flow rates. Contihual cell grbwth can cause selective plugging of the
fermentor and fluid by-passing so that the éolumn must be frequently sparged
with a rapid nitrogen flow to shake free and redistribute the cells (54).
This disrupts stable continuous operation and may mitigate the advantages
of slightly increased productivity.

5. Dialysis Fermentors

Dialysis fermentation was first developed as a batch technique, using
a simple dialysis flask fermentor (55,56). This process is readily adapted
to continuous culture (Fig. V-10) (30) .

In thé Simple,cdntinuous dialysis system shown, a culture of actively:
fermenting yeast is maintained in a cdnfined zone of the fermentor. Sub-
étrate_enters the fefmentation zone by diffusing through a dialysis membrane
from the medium zone. Fermentation then takes place and product ethanol
diffuses back through-the membrane into the medium zone where it is recovered
in an overflow. Yeast cannot escape the fermentation zone so that eitremely
high cell densities can be achieved.

For this system, fermentation rate is limited by the rate at which

substrate can diffuse across the limited membrane surface area, not by the
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inherent metabolic limitations discussed earlier. This practicél dif-
fusional limitation pre#ents very rapid fermentation in a simpie system
like that shown and thus makés it impractical for industrial application to
ethanol production. |

The limitation 6f slow substrate diffusion rate can be overcome if
pressure dialysis is used (Fig.V-11).  Here, a pressure differential is
‘applied across the dialysis membrane forcing a bulk flow of medium through
the well-stirred culture zone. This system ié also impracticai because
free proteins (the prdducts of cell iyéis) rapidiy piie up on the membrane
building up a thick cake which blocks the membrane pores and prevents
further flow (57).

The problem of membrane fouling has been overcome in the rotorfermentor (40)
(Fig. V-12)(58).The rotorfermentor is a continuous pressure dialysis reactor.
The simple fixed membrane is replaced by a rapidly rotating membrane cylinder.
Feed and air are pumped into the annular fermentation zone where yeast grow
and are retained. This zone is maintained under pressure (2-20 psig)(59),
so that filtrate continuously flows out through the membrane. Because the
‘membrane is rotating, a strong centripetal force is developed at the membrane
surface and largé molecules impinging on the surface are thrown back into |
the annular zone. 'Oniyia very thin steady state cake thickness is developed..
High filtratién-rates; 3.4 L/hr for a 1020 cm2 membrane surface, and 2 psig
pressure drop can be maintained. Using a laboratory scale rotorfermentor
cell densities of 30.9 g/L and ethanol productivities of 36.5 g/L-hr have
been achieved (59).

The rotorfermentor appears attractive in terms of its high productivity.
It fails, however, Qhen rated on mechanical and operating simplicity. The

rotating membrane unit is mechanically complicated and seals for this unit
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will be made especially cOmplek as they must not leak ageinst the.fermentpr
pressure; More important though will be the requirement to periodically
replace the membrane. The long term mechanical stability of molecular
filtration membranes under high shear has not been studied, but the de-
velopers of the rotorfermentor agree that periodic replacement will be
necessary (60). Membrane replacement will interrupt continuous operation
and will fequire considerable skilled'labof’fimey ‘Because of these—compli-
cations the rotorfermentor probablvaiilfnot become a competitive industrial
process despite its high productivity.

Another approach to achieving high rate dialysis fermentation involves
the use of hollow fiber reactors (Fig. V-13)(61).Hollow fiber reactors |
provide ektremely large membrane surface areas so that rapid substrate dif-
fusion and high fermentation rates are possible. The hollow fiber reactor
is arranged like a shell in tube heat exchanger.. The tubes are fine hollow
fibers (0.020 inch I.D.) of membrane material (62). A bundle of 1000 of
these fiber tubes can be packed into a single three cm diameter shell (63).
The shell side is then inoculated with growing cells. Medium is fed into
the fiber tubes at one end of the reactor and glucose substrate diffuses
out and is fermented, Ethanol product diffuses back into the tubes and is
carried out.at the far end of the reactor.

Hollow fiber reactors have been used at leboratory scale to produce
several high value biological products (61,64,65). Work ufilizing hollow
fiber reactors for ethanol production is just beginning at Berkeley (66)v
and Stanford (67).

Thevhollow fiber ractor has potential to achieve yeast cell densities
approaching the makimum cell packing density (155 g/L) (68) and corresponding

high ethanol productivities should be possible. Hollow fiber reactors are
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_ o _
quite complex and very costly (63). Membrane plugging may also be a

problem. If these problems are not overcome, the hollow fiber reactor
probably will not be important as an industrial ethanol fermentation
reactor.

| The plug“fermentor tFig. V-14) is a particularly interesting version of
the dialysis ferméntbr (69). A dense plug of yeast is maintained between.
two supporf plates. Medium is pumped through the plug under high pressure
(0.2 to 10 atmospheres) and rapid fermentation takes place (70). |

Easily fouléd membrane filters are not used. Instead a layer of
Kieselguhr filter aid‘ovér‘a porous frit support plate retains the yeast
plug (71). Kieselguhr is also mixed intothe'yeast_: plug to prevent dense
packing of the yeast which would halt the flow. |

Using this system,'productivities 72 times greater than for simple -
batch fermentation with the same yeast and substrate have been achieved
(69).

Oiygen'concentration varies consideraﬁly across the plug. Yeast near
the feed receive air saturated medium, but yeast near the product end
receive oxygenvdepleted medium. Cell viability decreases with time
because of this and other limitations and after 27 days operation, cell
viability is only 52%. Productivity ekperiences é similar decline to 50%
of the maximun lével.. Régular shutdown and_rejuvehation of the yeast under
ordinary growth conditions will probably be required for sustained industrial
operation.

The high productivity of the plug fermentor makes it quite attractive.
The requirement of high pressure equiphent will partly offset the capital
cost savings resulting from reduced vessel volume. High power pumps will

be required to force medium thrqugh the plug and the required shutdowns
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for yeast regeneration will interrupt continuous operation. Further study
is required to determine if these disadvantages are offset by the very high
productivities possible.

6. Bound Cell Fermentors

Yeast cells can be immobilized by entrapment in a gel matrix or by
covalent binding to surfaces(72). |

Gel entrapment has been studied by many researchers. (73,74). In one
study, yeast cells were suspended. in 1% sodium alginate solution. This mix

was then slowly extruded into .05 M CaCl, to produce fine fibers in which

2
the yeast were trapped. These fibers were then packed into a column reactor:
10% glucose solution was forced through the bed and fermentation proceeded
~giving a 90% yield in ten hours residence time (73).

This fermentor system is especially simple as no agitation or yeast
recovery'equipment is required. It is found, however, that yeast viability
deélinés1for alginate gel entrapped cells with a cell half life at only ten
days (73). Frequent gel fiber replacemént would therefore be required to.
maintain high productivity.

Recent work using polyacrylamide gels suggest that the yeast viability
problem can be overcome (75). If high productivities can be maintained in an
industrial gel-entrapment fermentor, this could be a very attractive in-
dustrial process.

Another cell retention technique involves binding cells-to'solid
surfaces. A thick gel can impose mass transfer limitations which slow the
fermentation rate (76). These limitations are reduced if very thin gel
léyers on surfaces are used and are virtually eliminated if the cells are
directly chemcially bound to surfaces.

In one immobilization technique, ordinary distillation column packing
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is coated with avsuspension of yeést cells in a polyeléctrolyte. The
polyelectrolyte is then crosslinked into a thin film gel with glutaral-
dehyde (77). A laboratory column fermentor packed with this material
achieved an ethanol productivity of 35 g/L-hr.

- Yeést cells have been bound to cotton gauze using cyanuric chloride
to form a covalent bond between the ekposed cottonvhydrokyl groups and cell
wail proteases»or poiysaécharides (76). Ligand boﬁding to metal hydroxides
‘has also been used (78). Both of these tecﬁniques did result in cell
retention and in both cases viability was maintained for long periods after
immobilization. Further study is necessary to determine maximum pro-
ductivities obtainable with chemically bound cells before any evaluating of

the potential of this technique can be made.

7. Extractive Fermentation

The fermentation techniques describe:thus far have achieved high pro-
ductivities by maintaining high cell densities. Now to be considered are
techniques which can also achieve high specific ethanol productivities by
maintaining loﬁ ethanol concentrations in the fermentor and thus eliminating
end product inhibition. |

In the extractive fermentation process (Fig. V-15) ethanol is. continuously
removed from the fermentor beer by solveﬁt.eitraction (79). A side stream -
of beer is tapped from the fermentor, the cells are removed and recycled,
and the clear béer is contacted with a liquid ektractant; ’The extractant,
which is immiscible in the beer, absorbs most of the ethanol. The purified
beer can now be returned to the fermentor and the ethanol saturated ex--.
tractant can be processed through a distillation train for ethanol recovery
and solvent recycle.

To be successful, an extractant must have these properties (80)
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1. non-toxic to yeast

2. high distribution coefficient for ethanol

3.'selectivé for ethanol over water and secondary fermentation

‘products.
4. should not form emulsions with fermentation broth.
intractive fermentation has the potential to offer very high fermen-

tation rates by eliminating ethanoi inhibition. If in addition to the
required properties the extractant is of low»volatility,.distillation will
be simplified and considerable énergy savings could result over conventional
systems.

In terms of the process evaluation criteria, extractive fermentation
with little’increase in complexity yielding a simple very high productivity
low energy fermentation system. Unfortunétely, ﬁo extractant having all the
required properties has thus far been found (81).

8. 'Product Recovery Membrane Fermentation

Continuous ethanol recovery from the fermentor broth can also be
achieved using-sélective mehbrane-separatioh techniques.

Membrane extractive fermentation (Fig. V-16)(81) is similar to simple
extractive fermentation except that the ektractant is separated from the
fermentor broth by a diffusion membrane. Ethanol being more soluble in the
extractant,'diffuses across the membrane and is‘carried away.».Membrane
material which w{ll allow ethanol removal while retaining sugar substrate
in the fermentor éan,be used; and this helps assure complete substrate
utilization (82)!

Requirements for the ektractant are far less severe for use in membrane
eXtractive fermentation than in direct ektractive.fermentation. Only a

‘very small amount of extractant--that which leaks through the membrane--
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contacts the broth, and the requirements of noﬁtoxicity can thus be reduced.
The requirements of immiscibility and non-emulsion forming properties can
also be reduced. The eXtractant polypropylene glycol p-1200 has been
identified as suitable,‘having a distribution coefficient of 0.60 and being
only slightly toxic to yeast (83).

Like simple e#tractive fermentation, membrane extractive fermentation
appears promising. The prbCess is simple, involves little added equipment |
and may again allow an energy reduction in distillation. Fouling of the
membrane is a possible drawback as this would require frequent costly shut-
downs for'membrane replacement. Studies to determine maximum fermentation
rates achievable with membrane ektractive fermentation are now underway (80).

Selective product recovefy membrane fermentation is another new tech-
nique under development. The apparatus used is like that used for membrane
eXtractive fermentation, except that no extractant is used, - The mehbrane
itself performs the separation, facilitating ethanol diffusion through the
membrane while retarding water and other beer components. Selective ultra-
filtration membranes capable of maintaining the fermentor ethanol concen-
tration at less than 60 g/L while yielding a product concentration of 120 g/L
have already beeﬁ developed and membranes capable of maintaining beer
concentrations at below 20 g/L should be available soon (84). Flux rates
across these membranes are still quite low and large membrane surfaces are
required (85). Membrane‘fouling may again be a problem. If these dif-
ficulties can be overcome so that continuous operation could be assured
without frequent membrane replacement, so that membrane cost would not be
prohibitive, then thisiprocess would be attractive for industrial use.

9. 'Vacuum Fermentation

The Vacu-ferm process (Fig. V-17) developed concurrently by Cysewski and
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Wilke (28) and Ramalingﬁam and Finn (86) provides an alternative for
.fermentation with continuous ethanol removal. A concentrated sugaf

solution is fed confinuously to the reactor; Fermentation is conducted
under vacuum and an ethanol water solution is boiled away, maintaining the
liquid level constanf. .Since ethanol is more volatile than water, then

this flashingfoyeration acts.as a.sing1e~$tage distillation. iWith'a fer-
mentor temperatufé of 35°C and pressure of 51 mmHg, the ethanol -concentration
in the fermentor iS'maintained.atVSSvg/L while»the ethanol concentratioh in.
" the vapor prbduct is increased to more than 200 g/L, thus simplifying later
distillétion steps (7). Yeast cells build_up in the fermentor and cell
dénsities of 120 g/L can be maintained. With ethanol inhibition removed a
total productivity of 80 g/L-hr can be achieved. (3).

vThere has been some concern over the added energy.requirements to drive
vacuum compressors for the vacu-ferm process (43). It has been shown, how-
~ever that energy requirements for the vacu-ferm process are increased only
five percent over fhese for conventional processes when suitable techniques
fof energy recovery are employed (87).

The absolute productivity achieved in. the vacuum fermentor is higher
than has yet been achieved in any other device and this advantage far out-
weighs the small increase in energy requirements for vacuum éompressor
operation. Otﬁer difficulties are associated with vacu-ferm operation,
however. To meet the yeast okygen maintenance under vacuum, pure oxygen
must be sparged through the fermentor, and this contributes an added cost
of 2¢ per gallon to the cost of alcohol produced (7). The compressors re-
quired must operate at unusually low pressures and are extremely large. They

will be costly and difficult to control (88). Vacuum operation will

increase the likelihood of fermentor contamination and shutdown. It is notclear



- 143 -

whether the outstanding productivity of the vacuum‘fermentof can conpensate
~ for these potential operating difficulties. Pilot plant operation has been
proposed'(89); however, and should,resolve.this question. |
fhe flash-ferm process modifies the simple vacﬁ-fefm process to over-
come some of_its operating difficulties (Fig. V-18)(7),.:Fermentatioﬁ is
carried out in an atﬁoépheric presshre fermentor so that the yeast oxygen
maintenance requirement éan be cheaﬁly met with‘sparged air. Carbon dioxide
produced in the fermentation process can be direétly vented from the fer-
mentor and thus needs not be compreséed with the vapor product as in vacu-
férm. To remove ethanol, beer is rapidly cycled through a small aukiliary
flash vessel where it‘boils; Ethanol is recovered as the flash vessel over-
head vapor product and ethanoi‘depleted beer is returned to the fermentbr
_ for further fermentation. . The problem of contamination is greatly reduced
as only the smallvfiash vessei is under vacuum. Energy requirements fbr
this process are also slightly lower than for vacu-ferm.

The flash—ferm plant is somewhat more complicated than the vacu-ferm
plant, the former requiring and added vessel and the associated liquid
cycling pumps, but this is probably more than compensated,by the advantages
cited. Like the direct vacu-ferm process, it is nof clear whether the high
productivities possible with vacuum operation offset the operation and
contfol difficulties;

C." Conclusion

Twenty different advanced high rate fermentation processes have been
described and assessed as to their potential for application in industrial
alcohol production. The cOmpafison made are summarized in Table V-2. Clearly

many alternatives superior to the conventional batch technology of the 1930's
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Table V- 2

Alternative High Rate Fermentation Processes

by substrate ditffusion

through membrane. _
Membrane fouling may re-
quire frequent shutdowns.

Fermentation
Process Productivity Comments References
Batch Fermentation Very Low Very high capital and 4,5,6;7,8.9
(1.8 to 2.5 g/L-hr.) operating cost.
Simple CSTR Low : ' Mechanically simple 6,28,37
Fermentor (v 6 g/L-hr) equipment, simple
, continuous operation.
Series CSTR 2-3 times rate Simple continuous 2,25,34,35,39
Fermentors for simple CSTR operation.
Perforated Plate Not reported Mechanically complex 90,91,92,93,94
Column Fermentor ' fermentation device:
CSTR with Centrifuge High Added energy requirements 3,6,9,24,25
Cell Recycle (30-40 g/L-hr.) and added operator " 40
‘ attention required for
centrifuge.
CSTR with High® - Settlers appear to be too 4,46,47
Alternative Recycle large for industrial _
Scheme application. Whirlpool
separators may be
attractive.
- Tower Fermentors High Mechanically simple 2,48,49,50,51,52
‘ fermentor with simple
continuous operation, but
start up period is very
long.
Slant Tube . High ‘Mechanicaliy complex 53
Fermentors C
Packed Bed High Plugging and by-passing 54
Tower Fermentor are major problems.
Dialysis Fermentor Not reported Fermentation rate limited 30,55;56
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Table'V;Z Continued

Comments

Process Fermentation References
- Productivity
Pressure Dialysis Not reported Membrane fouling will be 57

Fermentor

Rotor Fermentor

Hollow Fiber
Fermentor

Plug Fermentor

Gel Entrapment

Chemically Bound
yeast cells

Direct Extractive

Fermentation

Membrane Extractive

~ Fermentation

but potentially
high

High
36 g/L-hr)

Not reported
but potentially

high

High (72 times
greater than for
similar batch
fermentation)

90% yield from
10% glucose

solution in te
hours '

. Not reported

Potentially
very high

Not reported,
but potentially
very high

a major problem.

Membrane fouling problem overcome

but the fermentor device
is mechanically quite
complex. Membrane dis-
truction by mechanical
shear may be a problem.

Expensive fermentation
units. Mass transfer
limitation may limit pro-
ductivity.

Frequent shutdowns for
yeast rejuvenation in
an aerobic environment
will be required. High
power feed pumps are re-
quired.

| Very simple fermentor

system with no agitation
or recycle equipment re-
quired. Half life of
entrapped cells must be
increased to make this
process attractive.

The cell viabilities do
remain high after covalent
bonding. If productivties
also remain high, this

- could yield a very simple,

high productivity fermen-
tation system.

No suitable extractant
has been found. '

Membrane: fouling may be
a problem. Process is
otherwise simple.

24,58,59,60

61,62,63,64,
65,66,67,68

69,70,71

73,74,75

72,76,77,
78 -

79,80,81

80,83
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Table V-2 Continued

Process . Fermentation Comments : References
Productivity e ’ L ‘
Selective Not reported but Membranes with suffficiently 84,85
Membrane potentially very high throughput rates have
Fermentation high. not yet been developed.
Vacuum Very high Mechanically complicated 3,7,28,43
Fermentation (80 g/L-hr.) - equipment requiring 86,87,88, 89
E constant monitoring. Small
added energy requirements
for vapor compression.
Contamination of the
vacuum fermentor may be a
problem. Pure oxygen must be
sparged to the fermentor.
Flash ' Very high Mechanically very compli- 7
Fermentation ' cated. Energy requirements '

only slightly increased over

conventional processes. -
Contamination problem greatly
reduced as compared to direct
vacuum fermentation and pure

oxygen. is not required.
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exist. Among these, simple continuous, series continuous,»cell recyclevand
APV toher fermentors have been operéted at large scalelwith considerable
savings over batch processes. These should then be the processes of choice
fbr any new ethanol plénts.' |

Among processes wiﬁhicontinuous ethénol removal to eliminate end product |
 inhibition, only veacuum and flash fermentation ﬁave been. advanced sufficiently
~ to.allow pilot plant testing; The potential advantages of these processes
in super high productivities certainly warrants this next stage in their
evaluation.

The other high rate processes, dialysis fermentation, bound cell
-fermentations andAextractive and selective membrane fermentations require much

more evaluation before their merits can be fully assessed.
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VI. ETHANOL ECONOMICS

A. Cost Summaries for Major Processes

Only Natick, Berkeley, Gulf/Arkansas, M.I.T. and GE/CRD of all the processes
considered have defined processes sufficiently‘well to publish cost analyseé‘ The
cost analyses genérated independently by each of these groups are summarized‘iﬁ ,

~Table VI-1. It must be strgssed that the bases of these analyses are not entirely
consistent, and more detéils on the asSumptions for-thege estimates would be |
required to allow a direct comparison. | -

| Furthermore, none of the processes have been demonstrated on a large enough
scale to justify all the assumptions made in the cost estimates for commercial |
production of ethanol from éellulqse. Because both Natick and Gulf/Arkansas have
operated their processes at least on a ﬁilot plant scale, they should have more

_‘réliable bases for their assumptions. However, it is not clear whether these
processes have actually been run at the conditions and length of time called for
in the design of their commercial production procesées. Other questions with -
regard to their cost estimates are the availability of cellulose feedstocks at

the assumed prices and the appérently high quantity of yeast solids being claimed
as feed credits (i).

The Berkeley process design is based on bench scale data. The cost estimate
for this process is discussed in detail in the following section. The basis for
the GE/CRD cost estimate and the Battelle cost estimate of the M.I.T. process"
appear to assume optimistic ethanol yields, which have yet to be demonstrated
even on a bench scale. The Penn/GE process is not sufficiently defined for a -
realistic cost estimate, but one was made by analogy with similar sections of the

Gulf/Arkansas process (8,9).
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Table VI-1

Prccess Cost.Analysis

Process Natick : Berkeley Gulf/Arkansas M.I.T. GE/CRD
Date Oct. 1979 1977 1981 and 1983 June 1979 June 1979
Ethanol Capacity 10 25 - 27 30

(106 U.S. gal/yr.)

25

—

Substrate

urban waste

corn stover

urban and pulp
mill waste

corn stover

- {poplar wood

n——

Substrate Cost

30

15.75

$/ton substrate | 6.06 30.00
$/gal EtOH 0.132 1.31 0.208 0.579
Total Capital 65.1 36.4 75.9. (1981) 34.3 37.3
($10%
Manufhcturing Cost: v
without credits 1.22 3.11 1.65 (1983) 1.05 1.049
($/gal) , _ (with profit)
with credits 0.94 2.73 0.746 (1983) ,
($/gal) '
Reference (2) (3) (4,5) k6) (7)
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B. Berkeley Process Economics

Although there is not:sufficient data for detailed comparison of all the
various»processes, a more in depth economic analysis of a single ekample process
is still desirable to pfésent typical procéss and economic assumptions and cost
distributions. Because this information is available in most detail for the

Berkeley process, this is the pfdcess which will be further analyzed.

The.matérial balance flowsheet for the integrated Berkeley process (3) i; 
shown in Figure VI-1. The process is designed-for'production.of 10 million gallons
of 95 wt% ethanol per year from corn stover; The basic process steps were des-
scribed in the discussion of enzymatic hydrolysis process (Section IV,A,1). The
basic design case process specifications and assum?tions for acid pretreatment;
enzymatic hydrolysis,‘Ceilﬁlose production, and efhanol fermentation are presented
in Table VI-2. The economic bases are given in Table VI-3.

The distributions of fixed capital cost and operating cost for glucose
production are given in Table VI-4. Enzyme make-up represents the largest contri-

"bution to fixed capital (35%) and manufacturing cost (47%), It should be noted
that the corn stover cost is not included. Assuming $30/ton for corn stover cost
approximately doubles the final glucose cost.

Using*the glucose cost in Table VI-4, the processing cost and fixed capital
cost distributions for ethanol production are given in Table VI-5. The pre-
dominent portion (76%) of the finished ethanol cost is due to the glucose cost.
Every 1.0¢/1b of glucose cost_contributeg 13.59¢/gal to the ethanol cost. The .
distillation cost is relatively low because a major portion of the enefgy for the
distillation is derived from burning the residual solids from hydrolysis. Possible
by-product credits for yeast cake assuming a market value of 19¢/1bv(as cattle
feed supplement) or 45¢/1b (as a human protein food supplement) may reduce final

ethanol cost from 24.7 to 60¢/gallon. The mycellium from cellulase production,
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Table VI-2

Berkeley .Process Basis and Assumptions for Base Design Case

ACID PRETREATMENT:

Feed (2mm Corn Stover) ST 1376 T/D

Carbohydrate Content - 58% o '
Acid Pretreatment 0.09 M H,S0,, 7.5% Susp. 100°C, 5.5 Hr.
Acid Extracts (70% xylose) . 181 T/D, Sugar/Ac1d 2.4

Solids , 885 T/D

ENZYMATIC HYDROLYSIS:

* Conditions | 3.5 FPA (0.61 IU/ml), 5% susp., 45°C, 40 Hr.
Cellulose Conversion X 40% to Glucose ' :
Hydrolyzate (90% glucose) 240 T/D, Glucose/Enzyme = 21

Sugar Solution Concentration 2.6%

'ENZYME PRODUCTION AND RECOVERY:
(Two stage continuous enzyme production process with cell recycle):

Inlet Cellulose Concentration 6.5 g/L

Specific Growth Rate 0.06 hr

Cell Recycle Ratio 0.8

Avg. Cell Concentration 7 g/L

Dilution Rate 0.027/hr

Enzyme Concentration 3.9 FPA (0.7 U/ml)
Enzyme Productivity 0.46 U/ml-day
Cell Yield (Mycelium/Cellulose 0.26

Enzyme Yield (Proteln/Cellulose "0.24

Enzyme Recovery : 58%

ETHANOL FERMENTATION(Continuous Process with Cell Recycle):

Sugar Concentration  11.2% 90% Fermentable
Dilution Rate 0.7/hr
Cell Y1e1d Factor Y x/s 0.10

Ethanol Y1e1d Factor Y 0.46

p/s

Cell concentration in Fermentor 50 .g. dry wt/L



- 160 -
Table VI-3

ECONOMIC BASIS

CAPITAL RELATED COST FACTORS:

(ANNUAL COST=FACTOR X FIXED CAPITAL)

" Item Cost Factor
Depreciation 0.10
Interest o , . 0.06
Maintenance 0.06
Insurance 0.01
Plant Supplies 0.01
Taxes 0

TOTAL 0.24

LABOR RELATED COST FACTORS:

(COST = FACTOR X LABOR COST)

ITEM Cost Factor
Direct Labor Cost ‘ 1.00
Supervision 0.15
Payroll Overhead 0.15
Laboratory _ ' 0.15
Plant Overhead - 0.50

Total 4 1.95

BASE UTILITY RATE

UNIT UNIT COST  UNIT HR.

Power  KW-HR J¢** 9875
Steam - 1000 1b 32.5¢* 206
Water 1000 gal 12.8¢ 196

*Self generated from residual solids
**Bought from public wtility
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Table VI-5

Ethanol Production Costs

Processing Cost ¢/Gal Percent Fixed Capital Cost %
_ Distribution 95% EtOH =~ =~ 'of Total $ 106 .. - Total
SUGAR CONCENTRATION 5.2 2.9 0.8 10.5
FERMENTATIOﬁ- 7.6 4.2 - 2.5 32.9
~ DISTILLATION o 3.0 1.7 | 0.5 6.6
MEDIUM CHEMICALS  21.4 12.0 < -
~ GLUCOSE | 135.9 75.7 - -
METHANE GENERATION 6.3 | 3.5 3.8 500
179.4 ©100.0 7.0 100.0

Possible by-product credits: _
Yeast cake 24.7¢/(60¢, if used as protein food supplement)
mycellium 13.3¢
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assumed to have a market valﬁe of'19¢/1b.(as'éatt1e feed) may reduce ethanol
cost by another 13.3¢/gallon. | |

If the corn stover cost is increased from zero to $30/ton, the ethanol cost.
increases 131.4¢/ga1.assuming fhat conversion efficiency‘is unchanged. The ethanol
-cost is also very sensitive to enzyme recovery. Decreasiﬁg the enzyme recovery
from 58% to 40% raises the ethanol cost from 179 to 205¢/galloﬁ.

A realistic final cost estimate assuming a $30/t0n corn stbver cost and
»éllowiﬁg.reasonable by-broduct credits is then-$2l73/gallon,

C. Conclusion

As noted above many uncertainties exist with respect to the technical and
economic assumptions made among thé variousihydroiysis and ethanol fermentation
schemes. . Continuing‘research in this area is actiyely under way in numerous

laboratories throughout the world. Potential breakthroughs'could be made at':
any time which might lead to major cost reductioﬁs.

A recent develdpment which appéars particularly significant is the Iotech
explosive decompression pretreatmentlprocess (see Section 3, ref. #25) which
promises to increase greatly thetsusceptibilitydof biomass to enzymatic conversion
ianq lignin solubilization. Another very promising_development is the Rutgers

C-30 mutant strain of Trichoderma reesei (See Section I, ref. #32) which produces

an enzyme system of much stronger activity toward hydrolysis of both pentosans
and hexosans than prévious Trichoderma,straihg. Further design and cost studies
should be made which incofporéte these advances.

The overall economics of ethanol production might aiso be improved signifi-
cantly through effective utilization of,the pentose sugar fraction and lignin.
Organisms are known which will convert xylose to ethanol and other products (10,
11,12), but the development work. necessary for their practical utilization has

not yet been accomplished.
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As a general conclusion, pofential improvements appear to be evolving at
a rate which should ultimately lead to economically feasible processes based on

enzymatic hydrolysis for production of sugars and ethanol.

v
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