
DEVELOPMENT OF G THERM ALLY ASSISTED 
PROCESS FOR PRODUCTION OF LIQUID 

FUELS AND CHEMICALS FROM WHEAT STRAW 



DISCLAIMER 
 

This report was prepared as an account of work sponsored by an 
agency of the United States Government.  Neither the United States 
Government nor any agency Thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately 
owned rights.  Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any 
agency thereof.  The views and opinions of authors expressed herein 
do not necessarily state or reflect those of the United States 
Government or any agency thereof. 



DISCLAIMER 
 
Portions of this document may be illegible in 
electronic image products.  Images are produced 
from the best available original document. 
 



Printed in the United States of America 

Available from 
National Technical Information Service 

U.S. Department of Commerce 
5285 Port Royal Road 
Springfeld, VA22161 

NTlS Price Codes: Printed Copy A04 
Microfiche A01 

, 

DISCLAIMER 

This book was prepared as an account of work sponsored by an agency of the Unaed 
States Government. Neither the United States Government nor any agency thereof, 
nor any of their employees, makes any warranty, express or implied, or assumes any 
legal liability or responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product or process disclosed, or represents that its use would 
not infringe privately owned rights. References herein to any specific commercial 
product, process, or service by trade name, trademark, manufacturer, or otherwise, 
does not necessarily constitute or imply its endorsement, recommendation, or favoring 
by the United States Government or any agency thereof. The views and opinions of 
authors expressed her@ do not necessarily state or reflect those of the United States 
Government or any agency thereof. 

' 



DOE/ID/12051 

DEVELOPMENT OF GEOTHERMALLY ASSISTED 
PROCESS FOR PRODUCTION OF LIQUID 

FUELS AND CHEMICALS FROM WHEAT STRAW 

Topical Report 

By: 
V. G. Murph.y 
J. C. Linden 
A. R. Moreira 
T. 6. Lent 

June 1981 

mrranty. CIP-S 01 impild. or W- rn (soai i i a b w  O( rarponmlw tor me .ccurw. 
mmpletmea. w useful- of any mformtm. .pp~mus. pmducf. a pmcsn dirload. w 
n ~ n a n t r  mat its use muU mt infrmw pnuaeiv md nPht(i Reh- hers," to my psclfiC 
mmmRlCial ~mduct. P-. DI mice by ude  me. trsdewrt. -&urn u omsrwir, b 

Prepared by 
Department of Agricultural and Chemical Engineering 

Fort Collins, CO 80523 
For 

EG&G Idaho, Inc. 

U.S. Department of Energy 

Under Contract No. DE-AS07-791D12051- 

Colorado State University 1 
. 

& o Falls, ID 83401 

C Idaho Operatidns Office 

and the - 



TABLE OF CONTENTS 

4 

LIST OF TABLES 

LIST OF FIGURES 

INTRODUCTION 

- 
MATERIALS AND METHODS 

Reagents 

Procedures 

Analytical Methods 
s 

RESULTS AND DISCUSSION 

Autohydrolysis Studies 

Enzymatic Hydrolysis Studies 

Fermentation Study 

Effects of Direct Use of Geothermal Water 

SLJMMARY 

RECOMMENDATIONS FOR FUTURE WORK 

Page 

1 

4 

4 

30 

36 

45 

49 

52 



a 
e 

*: LIST OF TABLES 4 t ,  

Table Page 

1. Yields of some sugars and sugar degradation products during 
autohydrolysis of wheat straw at 120%. 19 a 

2. Yields of some sugars and sugar degradation products during 
autohydrolysis of wheat straw at 12OoC in the presence of 
aluminum sulfate. 19 

' .  

*- 

3. Yields of some sugars and sugar degradation products during 
autohydrolysis of wheat straw at 155OC. 20. \ 

4. Yields of some sugars and sugar degradation products during 
autohydrolysfs of wheat straw at 155OC in the presence of . 

aluminmi sulfate. 20 

autohydrolysis of wheat straw at 18OoC. 

u 

5 .  Yields of some sugars and sugar degradation products during 
21 

6. Yields of some sugars and sugar degradation products during 
autohydrolysis of wheat straw at 18OoC in the presence of 
aluminum sulfate. 21 

7. 

8. 

Effect of autohydrolysis on composition of wheat straw. 

Initial compositions of reaction mixtures used in study of 
kinetics of enzymatic hydrolysis of autohydrolyzed wheat 
straw. 

Yield of reducing sugqr at various times during enzyme 
hydrolysis of autohydrolyzed wheat straw. 

9. 

10. Concentration of reducing sugar at various times during 
enzyme hydrolysis of autohydrolyzed wheat straw. 

Fiber analysis data for wheat straw samples at different 
processing stages. 

Medium composition for baker's yeast fermentation. 

Effect of geothermal water on the fermentation of dextrose 
with baker's yeast. 

11. 

c- 

12. 

13. 

25 

33 ' 

34 

35 

39 

40 

48 



LIST OF FIGURES 

-? Page 

chematic of proposed proc 
to enhance conversi 2 

straw as a function of au 
and various water/fiber 9 

during,a standardized 3 hr 

of autohydrolysis 
various water/f ibe 10 

ter soluble lig 
a function of 

18O0C and various water/fiber 11 

5 ,  Quantity of reducing sugar extracted from autohydrolyzed wheat 
straw as a function of autohydrolysis time for runs in which 
the autohydrolysis, charge contained phenol. 

Production of reducing sugar during a 
enzymatic hyd olysis of autohydrolyzed wheat straw as a 
function of autohydro 
presence of phenol. 14 

13 

6. 

wheat straw 16 

18 

26 

28 

2 

31 



Page Figure 

13. Reducing sugar concentration vs time for large-scale enzymatic 
hydrolysis of autohydrolyzed wheat straw. 

Kinetics of baker's yeast fermentation of sugars obtained from 
large-scale enzymatic hydrolysis of autohydrolyzed wheat straw. 

Effect of direct use of geot 
reducing sugar during the autohydrolysis of wheat straw at 18OoC, 44 

Effect of direct use of geothermalwater in autohydrolysis of 
wheat straw at 18OoC on the subsequent yield of reducing sugar 

38 

14. 
42 

.15. 1 water on the yield of 

16. 

during a standardized 3 hr enzymatic hydrolysis. 45 

17. Effect of direct use of geothermal water in extraction and 
washing procedures on the subsequent yield of reducing sugar. 

hydrolyzed wheat straw. 
during a standardized 3 hr enz hydrolysis of auto- 47 

'c 



INTRODUCTION 

.7 in developing processes for producing 

most logical long term approach in 

substrate for fermentation from the 

idues rather than from grains or 

w 





3 

emicals without wasting 

ans for "exporting" geothermal energy from the well site. 

il fuel; and on the other hand, it provides 

9) 

The primary goal of the work discussed in this report was to investigate 

the effects of variation utohydrolysis conditions on the production of 

hydrolysis of cellulose me, tempera- 

d aluminum s 



applicability of autohydrolysis technology to the production of fermentable 

rE sugars from corn stover. 

MATERIALS AND METHODS 

Reagents 

Wheat Straw. Locally obtained wheat straw was reduced in size so as to 

pass the 0.5 inch screen of a Fitz Model D Comminuter (Fitzpatrick Manufacturing 

Co., Elmhurst, Illinois). 

carred out on this material without further size reduction. 

All procedures, including enzymatic hydrolysis, were 

Enzyme. Novo Laboratories, Inc., Wilton, Connecticut, generously supplied 

an experimental cellulase preparation (SP 122) from the submerged fermentation 

of the fungus T~choderma  reesei. 'This preparation contained 2.5 international 
I 

I , C__ units (substrate: CMC-4M6F 

Geothermal Water. The geothermal water used in this study was supplied 

This water was collected from well by EG&G Idaho, Inc., Idaho Falls, Idaho. 

RRGP5 at the Raft River site on 8-21-79. 

the Raft River site that was performed in 1976 indicated 

A representative analysis of water from 



fermentable sugars 

these studies. 

at one end and a c 

of wheat straw 
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fritted disc (Corning No. 36060; Fisher Scientific Go., St. Louis, Missouri). 

The solids were then suspended in 30 m l  of distilled water at ambient temperature 

(k0-2SoC) for 10 min. 

aspirated from the solids, and the latter subjected to two on-filte 

15 ml portions of distilled water at ambient temperature. 

were then dried at 40 C for 48 hr or more in preparation for enzymatic hydrolysis 

or fiber analysis. 

for subsequent determination of extracted sugar and lignin. 

cedure was carried out using pure water at ambient temperature because earlier 

work (9) had shown that, in the case of wheat straw, this simple technique 

resulted in sugar yields equivalent to those obtained when 

formed with aqueous ethanol at 120-160 C. 

4 

At the end of this extraction period, liquid was again - 
The residual solids 

0 

In addition, a portion of the combined filtrates was frozen 

The extraction pro- 

0 

Enzymatic Hydrolysis of Extracted Sugars. In some cases, extracted sugars 

were hydrolyzed to monosaccharide form prior to being analyzed. 

cedure, equal volumes of extract and enzyme solution were mixed and then incu- 

bated in a water bath for 4 hr at 50 C. 

SP 122 cellulase and 1.5 gm 250 L cellobiase per 100 ml citrate buffer (O.lM, 

pH 4.8). 

this enzyme preparation was shown to have significant hemicellulolytic activity 

For 

0 The enzyme solution contained 3.0 gm 

Although primarily intended for use in cellulolytic applications, 

as well. 

Enzymatic Hydrolysis of Residual Solids. Approximately 100 mg of predried 

solids was weighed into a 15 ml plastic scintillation vial and wetted with 1.0 

m l  of citrate buffer (0.1l4, pH 4.8). 

enzyme, solution (3.0 gm SP 122 cellulase and 1.5 gm 250 L cellobiase per 100 m l  

When wetting was complete, 2.0 ml of 

0 
citrate,buffer) was added, and the mixture incubated in a rotary shaker at 50 C. 

After 3 hr of incubation, 

at 16,000 x g for 4 min. 

5 m l  of the mixture was drqwn off and centrifuged 

e supernatant liquid was then frozen for subsequent 

0 
citrate,buffer) was added, and the mixture incubated in a rotary shaker at 50 C. 

After 3 hr of incubation, 1.5 ml of the mixture was drqwn off and centrifuged 

at 16,000 x g for 4 min. The supernatant liquid was then frozen for subsequent 

c) 





Fiber Ana’lysis. Predried samples of wheat straw solids were ground to 
I 40 mesh in a Wiley mill and then redried at 65OC overnight. Portions of this 

material were then analyzed for hemicellulose, cellulose and lignin according 

to methods described by van Soest and Wine (12) and Goering and van Soest (13). 

Hemicellulose was determined from the difference between neutral detergent 

fiber (NDF) and acid detergent fiber (ADF); lignin was determined by pennanga- 

nate oxidation of ADF; and cellulose was determined from the weight 

ashing lignin-free ADF. 

RESULTS AND DISCUSSION 

iber Ratio. Figures 2-4 show the results obtained from 
0 a series of autohydrolysis experiments conducted at 180 C and a water/fiber weight 

ratio (W/F) ranging from 1/1 to 10/1. 

cases the maximum amount of extractable reducing sugar was obtained at autohy- 

drolysis times of 20-35 min. 

From Figure 2 it is clear tha 

The lower recoveries at longer times were probably 

due to conversion of sugars to furfural and related compounds. 

sugar production (as judged by the rising portions of the curves) appeared to be 

The rate of 

significantly lower at W/F = 1/1. We suspect that this result was due to incom- 

plete wetting of the wheat straw during autohydrolysis, since visual inspection 

of this autohydrolyzed material did not reveal the uniform darkening observed at 

higher W/F ratios. 

Figure 3 shows the yields of reducing sugar obtained from the enzymatic 

hydrolysis of samples of the autohydrolyzed materials. For all 

curves tended to plateau at autohydrolysis times around 35 min, 6 

the point at which the net production of reducing sugar from autohydrolysis of 

hemicellulose reached a maximum. 

lower yields were again realized with material autohydrolyzed at W/F = 1/1. 

It should also be noted that signif 

We 

8 
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* Figure 3. Production of reducing sugar during a standardized 3 hr enzymatic 
hydrolysis o f  autohydrolyzed wheat straw as 8 function of auto- 
hydrolysis time for materials treated a t  180 C and various 
water/fiber (W/F) weight ratios. Yield is  based on the dry 
weight o f  the autohydrolyzed straw. 
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interpret these results to mean that the removal of hemicellulose via autohydro- 

lysis was a major factor in exposing cellulose fibers to enzymatic attack. 

As shown in Figure 4, the amount of soluble lignin extracted from the 
I 

autohydrolyzed wheat straw also tended to reach a plateau with increasing auto- 

hydrolysis time. 

the sets of curves shown in Figures 3 and 4, there does not seem to be any simple 

quantitative relation between the amount of lignin extracted and the conversion 

achieved in the enzymatic hydrolysis. 

However, despite the qualitative similarity in the shapes of 

This is most evident at longer autohydro- 

lysis times. Note, for example, that in this region the curves for W/F = 1/1 

and W/F = 2/1 are nearly coincident in Figure 4 but quite widely separated in 

Figure 3. 

Effects of Added Phenol. Figures 5 and 6 present some of the results 

obtained from experiments in which minor amounts of phenol were added to the 

autohydrolysis charge. Compared to the control run (no phenol add 

addition of 0.2 parts phenol per 100 parts wheat straw appeared to increase both 

the maximum in the extracted sugar curve (Figure 5 )  and the plateau in the 

enzymatic conversion curve (Figure 6 ) .  Essentially equivalent results (not 

shown in Figures 5 and 6 )  were obtained in a run with 2.0 parts phenol per 100 

parts wheat straw. 

values in Figure 5 may not be justified due to the relatively wide gaps between 

sampling times. 

It should be noted, however, that the comparison of the peak 

As noted before, the motivation for these experiments was a report ( 8 )  that 
. .  

aromatic compounds such as phenol tended to suppress the repolymerization of 

lignin fragments. We reasoned that, if this were the case, then the addition 

of phenol to the autohydrolysis charge should result in greater extraction of 

soluble lignin and, consequently, higher levels of enzymatic hydrolysis. The 

data shown in Figure 6 are consistent with this hypothesis. However, we were 

I 

4 
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Figure.6. Production of reducing sugar du r ing  a standardized 3 h r  enzymatic 
hydrolysis o f  autohydrolyzed wheat straw as a function of auto- 

Autohydrolysis was conducted a t  18OoC and a water/fiber (W/F) 
weight r a t i o  o f  5/1. Phenol addition is based on the original 
dry weight o f  the straw. Sugar yield is based on the dry weight 
of the autohydrolyzed straw. 

hydrolysis time f o r  materials treated i n  the presence of phenol. s 



lwas found to interfere 

with the Pearl- 
& 

. All results presented 
thus far were o rolysis was carried out 

thermal sources in the 

United States are capable of delivering water at 18OoC (14), we decided to 

investigate the possibility of employing for the autohydro- 

inum sulfate to the autohydrolysis cha 

drolysis times 
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hydrolyzed t o  monosaccharides prior t o  assay. 
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(10-20 min) in the cata 

e Also important 

red for a high sugar yield. 

lysis of hydrolyzed and unhydrolyzed ex 

egree of polymerization) was 

ysis of hydro- 

ta that autohy- 







20 

Table 3. Yields of some sugars and sugar degradation products during auto- 
hydrolysis of wheat straw at 155OC. asb 

Autohydrolysis Time (min) 
Compound 0 10 20 35 60 90 120 

Glucose 22 28 28 25 21 20 18 
Fructose +Mannose 28 25 -25 19 14 9 7 
5-Hydroxymethylfurfural (HMF) 0 0 0 0 1.0 3.2 2.6 
Arabinose 0 1.4 6.3 7.4 9.6 11 12 
Xylose 0 0.3 0.7 0.7 1.2 3.6 6.8 
2-Furfuraldeyde (FA) 0 0 0 0 4.7 5.9 5.7 

a Compounds were determined by means of high performance liquid chromatography 
and expressed as mg per gm based on the original dry weight of straw. 

bAutohydrolysis was conducted at a water/fiber weight ratio of 5/1. 

Table 4. Yields of some sugars and sugar degradation products during autohy- 
drolysis of wheat straw at 155OC in the presence of aluminum sulfate.asb 

Autohydrolysis Time (min) 
Compound 0 10 20 35 60 90 120 

Glucose 25 29 28 21 19 18 19 
Fructose + finnose 48 37 30 20 13 9 11 
5-Hydroxymethylfurfural (HMF) 0 0 0 3.4 4.3 13 18 
Arabinose 8.9 13 
Xylose 1.3 14 21 20 20 20 25 
2-Furf uraldehyde (FA) 0.6 1.7 3.5 4.3 6.9 11 13 

14 12 8.5 6.6 5.7 

a 
Compounds were determined by means of high performance liquic chromatography 
and expressed as mg per gm based on the original dry weight of straw. 

bAutohydrolysis was conducted at a water/fiber weight ratio of 5/1. Concentra- 
tion of aluminum sulfate was 2.3% (w/w) based on-the original dry weight of 
s traw. 
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In-the uncatalyzed run at 12OoC (see Table l), the only monosaccharides 

present in detectable amounts were glucose and fructose, with their yields 

being relatively insens ive .to reacti time. In the catalyzed run (see Table 21, 

these sugars were again predominant, but some arabinose and traces of xylose 

were also found at reaction times of 35 min or more. In addition, the yield of 

glucose, instead of remaining constant, seemed to increase with time. 

was little evidence of sugar degradation at 120 C, regardless of whether catalyst 

was present or not. 

At 155 C (see Tables 3 and 4), the effects of sugar degradation reactions 

There 
0 

0 

were more apparent. In 0th the catalyzed and uncatalyzed cases, the hexose 

sugar yields reached peak values early in the run and then declined, with 

uctose peaking earlier and then declining more rapidly than glucose. It is 

be noted, however, that the first appearance of HMF, the supposed product of 

hexose degradation, occurred some time a 

first observed and that the final yield of HMF was insufficient to account for 

the decreases in glucose and fructose from their peak values. 

tion and degradation of pentoses were more evident at 155 C than at 12OoC; 

er the decreases in hexose yields were 

Bo 
0 In ' 

the uncatalyzed run, the yields of arabinose and xylose both increased steadily, 

but the former began to level off after 60 min, which was about the time that 

FA first appeared. 

increased; however, arabinose peaked at a reaction time of 20 min and then 

declined to levels lower than those observed in the uncatalyzed run. 

In the catalyzed run, the yield of xylose was greatly 

Consistent 

with the loss of arabinose was the increased yield of FA in the catalyzed run. 

In the runs at 18OoC (see Tables 5 and 6 ) ,  the hexose yields 

peaked during the heat-up stage and then declined throughout the two-hour sampling 

period. As at 155 C, 'fructose degradation appeared to be more rapid. 

feature of these results is that in the catalyzed run the yield of HMF peaked 

0 A curious 
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Table 7 shows the variation in.the composition of residual wheat straw 
5 solids as a function of autohydrolysis conditions. The data indicate that the 

loss of hemicellulose increased with increasing temperature and, at any * 
given temperature, with the addition of aluminum sulfate. 

sistent with the hypothesis that the sugars present after autohydrolysis at 

120 C were primarily derived from fructosans (which would assay as "cell solubles" 

in the fiber analysis); whereas, the sugars obtained at higher temperatures 

contained an increasing fraction derived from arabinoxylans (which would assay 

as "hemicellulose" in the fiber analysis). Such an interpretation can also be 

shown to be consistent with the cellulose percentages given in Table 7. If 

negligible decomposition of cellulose occurs, then the cellulose percentage 

should increase in a manner related to the decrease in the hemicellulose per- 

centage. This was indeed the case for the materials treated at 120 and 155 C. 

For the samples autohydrolyzed at 180 C, however, the cellulose percentage peaked 

at about the time the hemicellulose percentage fell to zero and thereafter 

decreased. 

treatment times, as well as the concomitant artifactual (negative) percentages 

for hemicellulose, were caused by condensation of sugar decomposition products 

with lignin. 

percentage at the longer treatment times and by the unexpectedly low recoveries 

of HMF and FA in the extracts (see Tables 5 and 6 and related discussion). 

The pattern is con- 

0 

0 

0 

We believe that this decrease in the cellulose percentage at longer 

This view is supported by the apparent sharp increase in lignin 

The amount of lignin extracted from autohydrolyzed wheat straw is shown 

as a function of autohydrolysis conditions in Figure 9. 

rate of production of eoluble lignin increased 

addition, the initial rate of production at a 

It is clear that the 

th increasing temperature. In 

iven temperature appeared to 
tl 

be greater when aluminum sulfate was present. These same general observations .* 

were made in discussing the extraction of reducing sugar; however, a comparison 
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Table 7. Effect o f  Autohydrolysis on Composition of Wheat Straw. 
Hemicellulose Content (wt %) c 

56.1 53.6 50.6 -- 
18OoC, 2.3% Catalyst 52.7 



12.0 

6.C 

4.t 

t 

o 155% 

A 120°C 

II 18OoC, 2.3% aluminum sulfate 
- . .  

AUTOHYDROLYSIS TIME (min) 

was 5/1. Aluminum sul fate  addition and l ignin  y i e ld  are based on 
the original dry weight o f  the straw. 
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of the data in Figu 

to maximum yiel 

maximum amount of 1 

per gm dry fiber. 

ft appeared that the 

was 8-10 mg apparent guaiacol 
z 

This level was reached after 0-10 min of autohydrolysis in 

pparent anomaly is that calibration of 

Ids from samples 

ed in a maximum 
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o 18OoC 8 18OoC, 2.3% aluminum sulfate 

0 1 5 5 O C  0 1 5 5 O C ,  2.3% aluminum sulfate 

A 12OoC A 12ooc, 2.3% aluminum sulfate i - 
f 

8 

Q 

the. water/fiber weight ratio during autohydrolysis was 5/1. 
sulfate addition i s  based on the original dry weight of the straw. 
Sugar yield i s  based on the dry weight of the autohydrolyzed straw. 

Aluminum 
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yield of reducing sugar from au rolysis of hemicellulose. Consequently, 

7 s that a pretreatment cess utilizing geothermal water at 155'C 

rsion of wheat straw to fermentable 

if the pretreatment is prolonged to 60 min and aluminum sulfate is ad 

the water. Of cours e in geothermal applicability is obtained 

at increased process 

consumption of catalyst. 

Enzyme Hydrolysis Studies 

c 

f 

e time required and the 

The substrate concentratio d* enzyme/substrate ratio used in our standard 

3 hr enzymatic hy 

rge amounts of 

glucose and its concentration e product solut 

f 

'L 
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Following this, the straw was subjected to two washings with 500 m l  aliquots 

Under the conditions of boiling distilled water and then allowed to air dry. 
P 

described above, the catalystlstraw ratio during autohydrolysis was 2.3% (w/w). 

The water/straw weight ratio was initially 2.5/ 

steam during the run raised this ratio to the 5/1 value used 

procedure. 

f 

he 

For enzyme hydrolysis, a stock solution was made up by combining 15 gm 

cellulase (Novo SP 122) with 7.5 gm cellobiase (Novo 250 L) 

100 ml with 0.1 

then diluted with additional buffer to achieve the enzyme levels shown in Table 8. 

For each combination of solids co 

replicate samples were prepared and incubated 

citrate buffer at pH 4.8. Portions of this solution 

50° c* Two samples from each 

group were then withdrawn at 3, 6, 12.5, 24, 33.5 and 48 hr and analyzed for 

total reducing sugar with 3,5-dinitrosalicylic acid reagent and for glucose 

with glucose oxidase reagent. 
I 

As shown in Tables 9 and 10, the quantity of reducing sugar that was pro- 

duced generally increased steadily, but at an ever decreasing rate, with time. 

In a few cases, however, it appeared that the amount actually decreased during 

the last time period. 

result of transglycosylation reactions. The latter explanation would be most 

likely to be correct in the case of Group 5 where the concentrations of sugar 

and enzyme were quite high; however, a similar decrease was not observed in 

Group 6 where these concentrations were even higher. 

This may have been artifactual (analytical error) or the 

. 

Initially, the yield of reducing sugar (see Table 9 )  increased monotoni- 

I ~ cally with increasing enzyme/subst eater than 6 hr, 

however, the yields from t 

80 IU/gm fell below that for the 40 IU/gm mixture. The most likely explanation 



s 
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* 

fable  9. Yield of reducing sugar a t  various times dur ing  enzyme hydrolysis of 
autohydrolyzed wheat straw. a h  

i 

. I s  

3 197 258 

4 242 335 

5 244 343 ,411, 472 506 446 

6 245 322 375 449 

Autohydrolysis conducted a t  180°C fo r  20 min w i t h  water/ straw weight ratio 
of 5/1 and ca ta lys t  concentration o f  2.3 gm aluminum sulfate/100 gm straw. 

a 

bReducing sugar assayed w i t h  3,5-dinitrosal icy1 i c  acid reagent and 
expressed as mg apparent glucose per gm (dry basis)  autohydrolyzed straw. 

See Table' 8 fo r  i n i t i a l  sol ids  concentration and e 0. 
C 
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for this pattern is that the accumulation of glucose in the 60 IU/gm and 

80 IU/gm mixtures was high enough to cause product inhibition of enzyme activity. 7 

Indeed, Table 10 shows that in these cases the reducing sugar concentration 
1 

exceeded 50 mg/ml after reaction times of 6 hr. 

The hydrolysis conditions represented by Group 4, initial solids concen- 

tration = 8% (w/w) and enzyme/substrate ratio = 40 IU/gm, appeared to strike 

the best compromise between conversion of cellulose to glucose and glucose 

concentration in the product solution. The yield of 570 mg reducing sugar per 

gm autohjjdrolyzed straw, approximately 90% of which asayed as glucose, was the ~ 

I 

highest observed in this series of experiments. The final glucose concentration, 

about 45 mg/ml, although lower than the concentrations achieved with Group 5 

and Group 6 ,  was obtained with the use of less enzyme. 

has it that profitable operation will limit enzyme usage to 10 IU/gm. 

reaction mixture must contain 40 IU/gm, this criterion can be met if 75% of the 

enzyme can be separated from the product solution and recycled. On the other 

hand, if the reaction mixture must contain 80 IU/gm, then a less likely to be 

realized recycle ratio of 87.5% is required. 

Conventional wisdom (17) 

If the 

- 
Fermentation Study 

This work was designed to determine the ultimate yield of ethanol obtain- 

able from wheat straw using the process shown in Figure 1. For this investiga- 

tion, a total of 550 gm (dry weight) of raw straw was autohydrolyzed in several 

runs conducted in the manner described in the previous section. 

autohydrolysis, the straw was washed twice with boiling distilled water using 

(each time) a water/straw weight ratio of 5/1 based on the original dry weight 

of the straw. 

in a 7-liter vessel 

Edison, N. J.) equipped with a mechanical agitator. 

Following 

, 

P 
The washed material was then subjected to enzymatic hydrolysis 

(Micro Ferm Model MF-114; New Brunswick Scientific Co., 

i 
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200 grn (dry weight) of treated 

iters of enzyme solution * 
4.42 liters of 0.lg citrate buffer. This mixture i 
e/substrate ratio of 43 IU/gm treated straw. 

0 to proceed for 44 hr at 50 C and pH 4.6 with contin- 

iodically samples were withdrawn and analyzed 

ith 3,5-dinitrosalicylic acid reagent. As 



c4 *. J 
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Q 
After being filtered to remove undigested fiber particles, the liquor from 

f the enzyme hydrolysis operation was utilized in an ethanol fermentation with 

Conventional baker's yeast. 

vessel as used for the enzyme hydrolysis. 

Fermentation was carried out in the same 7-liter 
'E 

To initiate fermentation, 3.6 liters 

of filtered liquor was fortgfied yith trace nutrients (to give a medium with 

the composition shown in Tab$e 13) and then inoculated with 400 ml of pre-adapted 
1 

yeast Culture. Conditions were maintained as follows: 

temperature = 3OoC 

agitation rate = 300 rpm 
pH - 4.8 , t t 

aeration rate = 0.1 liter/literimin 

As shown in Figure 14, the ethanol concentration peaked at 5.8 gm/liter about 

12 hr after inoculation. The subsequent decrease in ethanol concentration was 

caused by dilution of the fermentor contents through the addition of acid and 

base for pH control. 

0.46 gm/gm, which is 90% of the theoretical value of 0.51 gm/gm. 

than theoretical yield was attributed to sugar consumption for buildup of cell 

mass and to the use of non-optimized fermentation conditions. 

sugar present in the final fermentation broth was probably non-fermentable 

carbohydrate carried through the process. 

The ratio of ethanol produced to sugar consumed was 

This lower 

The residual 

This would include lactose from the 

enzyme preparation and pentoses from the enzymatic hydrolysis of residual 

hcmiccllulosc. 

In summary, this large scale experiment was quite successful. It confirmed 

all results obtained during earlier bench-scale eherimentation. 

of cellulose conversion was achieved during enzymatic hydrolysis, and the 

sugars thus produced were almost completely utilized during a subsequent yeast 

fermentation. 

good, considering that no attempt was made t o  optimize fermentation conditions. 

A high level 

Even the ethanol yield from the latter can be considered quite 
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Figure 14. Kinetics of baker's yeast fermentation of sugars obtained 
from large-scale enzymatic hydrolysis of autohydrolyzed 
wheat straw. 
and reducing sugar by reaction with 3,5-dinitrosalicylic 
acid reagent. 
glucose equivalents. 

Ethanol was determined by gas chromatography, 

Reducing sugar values are expressed as 

F 

P 



Based on these results, one could conservatively estimate a yield of 45 gal 

of ethanol per ton of wheat straw containing 40% (wh) cellulose- 

Effects of Direct Use of Geothermal Water 

In this series of experiments, 

4 

k 
invesrigated the effects of direct use 

of geothermal water in each of the 

Such direct usage is hi 

the need to purify proc 

nating the need to heat exchange process water against the geothermal source). 

For a description of the source and composition of 

in this study, see appropriate 

Autohydrolysis. Figu 

water was used in place of dis 

with a weight ratio of 5/1. 

the addition of phenol 

! 

At this stage in our work, we were als'o considering 

ge in the ratio 0.2 parts 

phenol per .lo0 parts wheat 

the comparable run with 

value with increasing 
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9 results indicate that geothermal water can be used derectly in the autohydro- 

lysis operation without compromising the yield of fermentable sugars. 
t 

Postautohydrolysis Extraction. Figure 17 presents evidence that the use 

of geothermal water in the postautohydrolysis extraction procedure has no 

effect on subsequent enzymatic hydrolysis. In this study, extraction of auto- 

hydrolyzed wheat straw with geothermal water, followed by two on-filter washes 

with either distilled water or geothermalwater, resulted in the same yield 

of soluble reducing sugar (330 mg per gm dry fiber) in the standard 3 hr 

' 

enzymatic hydrolysis as did extraction and washing with distilled water. 

Enzymatic Hydrolysis. Potential inhibition of enzymatic hydrolysis by 

geothermal water was tested through the standard filter paper assay for cellu- 

lolytic enzyme activity (18). In this assay 50 mg of filter paper (Whatman 

No. 1; Fisher Scientific Co., St. Louis, Missouri) is mixed with 3.0 ml of 

enzyme solution and then incubated at 50 C for 30 min. At the end of this 

period, the solution is analyzed for soluble reducing sugar by reaction with 

3,5-dinitrosalicylic acid. 

of the level of enzyme activity. 

0 

The amount of reducing sugar produced is indicative 

For the purpose at hand, the enzyme solution was composed of 2.0 ml of 

the stock enzyme solution used in our standard 3 hr hydrolysis procedure (see 

MATERIALS AND METHODS) and 1.0 m l  of O.1M citrate buffer at pH 4 . 8 .  

runs the additional buffer was constituted with distilled water, and in test 

runs yielded 3.10 -0.10 mg reducing sugar per ml solution as compared to 2.96 

20.13 mg/ml for the control runs. 

of the assay mixture with geothermal water had no effect on enzyme activity. 

In control - 

+ 

Thus, replacement of l/3 of the liquid content 

1. Fermentation. Geothermal water also caused no inhibition of yeast fermen- 

tation as shown by the data in Table 13. Four solutions containing 5% (w/v) t 

-dextrose were fermented. Two were prepared with distilled water and two with 

s 
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Figure 17. Effect of direct  use of geo 
washing procedures on the s 
dur ing  a standardized 3 hr 
drolyted wheat straw. The material used i n  these tests was 
autohydrolyzed a t  180°C for  45 min. The waterlstraw weight 
r a t i o  was 1/1 a t  the s t a r t  of the eatment, b u t . i t  rose to  

run as a result of steam condensation. All 
re a t  ambient tempe ure for  10 min u s i n g  a 

b i g h t  r a t io  of 10/1. xtraction was followed 
by two on-f i l t e r  washes, a lso a t  ient temperature, using 
a water/straw weight r a t i o  of 5/1 Weight ra t ios  for  extrac- 

i t ion and washing are  based on the tual dry weight of the 
autohydrolyzed straw. , 

a1 water i n  extraction and 
uent yield of reducing sugar 
t i c  hydrolysis o f  autohy- 

. 
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Table 13. Effect of geothermal water (GTH 0) on the fermentation of 
dextrose with baker's yeast? 2 

, b 
Solution Composition Apparent Degree of Fermentation 

350 ml GTH20 + 17.5 gm dextrose + 1.2 gm yeast extract 

350 ml GTH20 + 17.5 gm dextrose 

350 ml distilled H20 + 17.5 gm dextrose 
+ 1.2 gm yeast extract 

350 ml distilled H20 + 17.5 gm dextrose 

101% 

98% 

108% 

102% 

a In a l l  cases, inoculum was 35 gm of baker's yeast cake. 

G -G 
bComputed as 100 (- f ,  where Gi and Gf are the initial and final 

- Gf 
values for the specific gravity of the solution determined by means 
of an hydrometer. 

. 

t 



49 

gciothermal'water. 

to insure that results would not be biased by an incomplete supply of yeast 

nutrients. 

placed in a rotary incubator (operating at 150 rpm and ambient temperature) 

for 4'hours. 

Yeast extract was also added to one solution in each group 

4 
t 

Each solution was inoculated with 35 gm of baker's yeast cake and 3 

Specific gravities were measured with an hydrometer at the begin- 

I 
i 

ning and end of this period to determine the apparent degree of fermentation. 

In all- E our cases, complete conversion of the' dextrose was 
0 

hydrolysis should be greater 

ids. Conse- 

i' emicellulosic 

1" 

3: 

4 

r 
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reducing sugar was about 50% in a standardized 3 hr enzymatic hydrolysis. This 

projects to a conversion of 80-90% at longer (24-48 hr) hydrolysis times. 4 
1 

tE 3) The addition of Lewis acid catalysts (such as aluminum sulfate) to the 

autohydrolysis charge appeared to promote hydrolysis of hemicellulosic poly- 

saccharides, but not the degradation of the resulting sugars. 

reducing sugar comparable t o  thattcited above (270 mg/gm) were obtained after 

20 min at 155OC. 

however, it appeared that a treatment time of 60 min or more was required. 

important implication here is that geothermal wells producing water at 150-+60 C 

can be successfully interfaced with the process by adding aluminum sulfate to 

Thus, yields of 

To obtain maximum enzymatic conversion of the residual solids, 

The 
0 

the wheat straw feed and prolonging the treatment time to 60 min. 

4) The sugars formed during autohydrolysis seemed to derive from two 

sources, fructosans which are nonstructural polymers of fructose and glucose 

and structural hemicelluloses composed mainly of arabinose and xylose. 

fructosans were readily saccharified even at 120 C; whereas, the hemicelluloses 

The 
0 

0 evidenced no significant depolymerization below 155 C. It appeared that even 
0 at 180 C, much of the solubilized hemicellulose remained in oligomeric form. 

Since the fructosans, which may comprise 10-14% of the dry weight of the straw, 

are so readily hydrolyzed, it may be beneficial to employ a two-stage pretreat- 

ment. 

separated after the initial (low temperature) stage, thereby eliminating thermal 

degradation in the second (high temperature) stage designed f 

the hemicelluloses. 

The sugars resulting from hydrolysis of fructosans could then be 

5 )  Due, we think to the low level of lignin in the wheat straw used in 
6 

es in the postautohydrolysis extraction. Simple aq w 

this study, it was not necessary to employ aqueous ethanol solutions or 

at ambient temperature was sufficient to remove the solubiliz 
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and no further improvement in the enzymatic conversion of residual solids was 

observed when aqueous ethanol and/or high temperature were employed in the 4 
F 

extraction step. This represents a significant economic improvement over the z 
process shown in Figure 1, since it eliminates the need to recover large amounts 

of 

ohydrolyzed straw to glucose 

was significantly a 

substrate ratio. the one with an initial substrate 

both the substrate concentration- and the enzyme/ 

glucose concentrat . In this instance, about 90-95% 
of the residual cellulose w 

of 4.5% (w/w). Given present thinking on the 

ined from enzymatic 

eat straw cont 

at the Raft 

compromis ing th 

4 
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However, even if the latter concern is borne out, the ability to use geothermal 

water directly in the autohydrolysis and extraction steps is the major advan- ) 

tage, since it is in these operations that the greatest use of energy occurs. 

RECOMMENDATION RK 

During the course of this work, several questions deservin 

investigation became apparent: 

1) Very good yields of fermentable sugars were obtained from both the 

f 

autohydrolysis itself and the subsequent enzymatic hydrolysis of residual solids. 

Since this may have been due in part to the low level of lignin in the straw 

that was used, it would be valuable to know if the process conditions determined 

to be optimal in the current work are also applicable to straw 

other varieties of wheat and from other cereal grains. 

I 2) The ease with which fructosans can be extracted and hydrolyzed has not 
, 

previously been appreciated. 

fermentable by yeast and can represent up to 10-14% (w/w) of the straw, it 

seems worthwhile to investigate a two-step pretreatment in which these sugars 

are recovered after the first (low temperature) step. 

Since these sugars (glucose and fructose) are 

3) The sugars derived from autohydrolysis (with or without the glucose 

and fructose from decomposition of fructosans) must be fermented to realize an 

economic advantage from their isolation. Since there is virtually no information 

available on the fermentation of these mixed sugars, this is an area in need of 

much additional study. 

4) It was noted above that the use- of enzyme in the process must probably 

be limited to about 10 I U / p  straw for profitable 

enzyme/substrate ratios appear necessary to obtain h 

ed product solutions, the n for developmen 

i 

& 

systems is apparent. 
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