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| VVVEINTR(‘)'DUCTION

Recently there has been'much%interest in developing processes for producing
liquid fuels from renewable resources. The most logical long term approach in
terms of economics derives the carbohydrate substrate for fermentation from the
hydrolysis of cellulosic: crop -and forest residues rather than from grains or
other high grade food materials (l 2) Since the presence of 1ignin is the
main barrier to the hydrolysis of cellulose from lignocellulosic materials,
delignification processes developed by the.w00d pulping industry have‘been con~-
sidered as posSible-prehydrolysis:treatments. ﬂThe‘delignification process under

study in our laboratory is envisioned as a synthe31s of two recently ‘developed

'pulping processes. In the first step, called autohydrolysis, hot water is used

directly to solubilize hemicellulose and to depolymerize lignin (3) Then, inrff'
a: second step known as organosolv pulping (4), the autohydrolyzed material is

extracted w1th aqueous alcohol.

As shown in Figure l, this process can separate the original lignocellu—

vlosic material into three streams——hemicellulose in water, lignin in aqueous
valcohol and a cellulose pulp. Without further mechanical milling, delignified

cellulose can be enzymatically hydrolyzed at 45-50 c to greater than 80%

theoretical yield of glucose using fungal cellulases (5 6) The resulting~

glucose syrup can then be fermented by yeast to produce ethanol or by selected -

v bacteria to produce acetone and butanol or acetic and propionic acids (7)

~ One objection to Such a: process, however, is the large energy input that ]

is required : In order to extend our supplies of liquid fuels and chemicals, it

is important that the use of fossil fuels in any lignocellulosic convers1on pro—

\,cess be minimized. The direct use of geothermal hot water in carrying out the
1autohydrolysis and extraction operations, therefore, seems especially attractive.

»0n the one hand it facilitates the conversion of non-food biomass to fuels and
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chemicals without - wasting fossil fuel; ‘and on the- other hand, it provides a
means for ' exporting geothermal energy from the well site.

:The primary goal of the work discussed in:this‘report‘was to investigate
the‘effects of.variations in:autohydrolysis conditions on the production of'
fermentable sugars from wheat straw. In assessing the relative merits of various

sets of conditions, we considered both ‘the direct production of sugar from the

autohydrolysis of hemicellulose and the Subsequent yield from the enzymatic

hydrolysis of cellulose. The principal parameters studied were time, tempera—

: ture, and water/fiber weight ratio' however, we also investigated the: effects

of adding minor amounts of phenol and aluminum sulfate to’ the autohydrolysis
charge. Phenol was selected for study because it was reported (8) to be
effective in suppressing repolymerization of reactive lignin fragments. Aluminum
sulfate, on the other hand, was chosen as a representative of the Lewis acids‘
which we hoped would catalyze the delignification reactions. | .
Once’ optimal (or near optimal) autohydrolysis conditions werebdetermined

we made a brief study of the effects of two major parameters, substrate concen-

«tration and enzyme/substrate ratio, on the sugar yield from enzymatic hydrolysis

of optimally pretreated straw. In related experiments we characterized the

efficiency with which these sugars could be fermented to ethanol.- In most'cases

'experiments ‘were carried out using distilled water° however, in one important

series the effects of direct use of geothermal water were determined for each
of the maJor steps in the process shown in Figure 1.‘17“

An appendix to the body of the report describes the results of a preliminary

‘peconomic evaluation of a plant designed to produce 25x106 gallons of ethanol per

year from wheat straw using the best process conditions determined in the above

work Also appended are the results from a preliminary investigation of the



applicability of autohydrolysis technology to the production of fermentable

sugars  from corn stover,

o MATERIALS AND METHODS
Reagenté | '
Wheat Straw, Localiybobtainéd wﬁeat strawlwés reduced in size‘sb as fo
_pass the 0.5 inch scfeén of a Fitz Mo&el b Comminuterk(Fitzpatriék Mandfactﬁring.
Co., Elmhurst, illinoié). All pfbcedurés, iﬂcluding enéymatic hydfolysis; weré |
carred out on this material withoﬁt furthér size re&uétion;

Enzxge; Novo Laboratories, Inc., Wilton, éonneétiéut, genéroﬁsly suppliéd
an expefimental cellulase preparafion (SP 122) f:om the submerged fermentation
of #he fungus Triého&énwa reesei. This p*epafaticn con;ainéd 2.5 iﬁternatibnal
Cx units (substrate: CMC-4M6F; FMC‘Corp., Wilmington, Délawafé) per_gm and B

approximately 0.25 international C. umnits (subsfrate: Powder CC-31; Whatman,

1

Inc., Clifton, New Jersey) per gm. Also provided waé a éellobiase ﬁrébaration

(250 L) with a fecommended usage 1evel of 50% (w/w) of the cellulase dose.

Geothermal Water. The geothermal water used in this study was supplied
by EG&G Idaho, Inc., Idaho Falls, Idaho. This water was collected from well
RRGP5 at the Raft River site on 8-21-79. A representative analysis of water from

. the Raft River site that was performed in 1976 indicated

2

conductivity 2857 us

pH 7.5 |
F | 6.2 ug/ml

c1” 590 ug/ml

so7 40 pg/ml

alkalinity 40 ' ug/mi

s_io | 136 ug/ml
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. Procedures
:‘The‘following procedures were routinelyfperformed in thepinvestigation of
the effects of variations\in autohydrolysis‘conditions on«theiproduction of
fermentable sugars. ?Additional'procedures and/or modifications of standard ones
’required in‘other'phases ofvthebwork are described alonngith the results from'
these_studies; = | o | N

~Autohydrolysisi Autohydrolysis was conducted in 35 ml capacity ‘bombs con-

structed from 4 x 3/4 inch black iron pipe nipples fitted with a black iron cap
at one end and a carbon steel Swagelok (Crawford Fitting Co., Solon, Ohio) cap-
fitting at the other’ end - Four bombs were also equipped with sealed thermocouplesQ
In a typical run, fourteen 'bombs were’ identically loaded with 3 0 gm (dry basis)
of ‘wheat straw and ‘a predetermined quantity of- water. “In certain cases, a’
predetermined amount of phenol or aluminum sulfate was dissolved in the water,
iThe bombs were: ‘then sealed and all placed at once in a: silicone oil bath:at a
- sufficiently high temperature to heat the contents of the bombs to the desired
‘temperature in about 5—10 min., When the desired temperature was reached timing
© was’ begun and two bombs were removed and placed in a cold water bath. Additional
pairs of bombs were then likewise removed and cooled over a IZO/min period.

Postautohydrq;ysis Extraction. Following autohydrolysis, free liquid was

aspirated from the residual solids using a Buchner funnel equipped with a coarse *



fritted disc (Corning No. 36060 Fisher Scientific Co., St. Louis, Missouri).

The solids were then suspended in 30 ml of distilled water at ambient temperature
(10—25 C) for 10 min. At the end. of this extraction period, liquid was again
aspirated from the solids, and the 1atter subjected to two on-filter washes with
15 ml portions of distilled water at ambient,temperature. The residual solids |
were then dried at 40°C for 48 hr or more in preparation for enzymatic hydrolysis
or fiber analysis. In addition, a portion of the combined filtrates was frozen
for subsequent-determination of extracted sugar and‘lignin. The extraction:pro—
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 whenvextraction was per—
formed with . aqueous ethanol at 120-160°c.

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

were hydrolysed to monosaccharide form prior to being analyzed. Forjthis pro-
cedure,. equal volumes of extract and enzyme solution were mixed and then incu-.
bated in;a_watervbath for 4 hr at 50°C. The enzyme solution contained 3.0 gm
.SP 122 cellulase and 1.5 gm ZSd,L cellobiase per 100 ml citrate buffer (0.1 E,
pH 4.8). Although primarily intended for use in'cellulolytic'applications,
this enzyme preparation was shown to have significant hemicellulolytic activity
:asywell. | |

LEnzymatic Hydrolysis of Residual Solids. Approximately 100 mg of predried

solids ‘was weighed into a 15 ml plastic scintillation vial and wetted with 1.0 o
ml of citrate buffer (0.1 M, pH 4. 8) .When wetting was complete, 2.0 ml of
enzyme solution (3.0 gm SP 122 cellulase and 1.5 gm 250 L cellobiase per 100 ‘ml
‘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 drawn off and centrifuged

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



analysis ofjreducing,sugar.igIn-order to‘determine'the -amount - of .endogenous
sugar that was simply extracted from the ‘wheat straw solids, each sample was

paired with a. control incubated with 3. O ml: of citrate buffer containing no: -

-enzymes..

\Analytical Methodsi‘¢ N

Reducing,Sugar'Analysis. Total reducing sugar: was assayed by ‘reaction

'with 3, S-dinitrosalicylic acid (DNSA) using the method described by Miller (10).

The procedure was calibrated with standard solutions of glucose, hence, the

‘reducing sugar was determined as mg apparent glucose.

HPLC Analysis of Sugars and Sugar Degradation Products.. A high performance

«liquid chromatograph (Model ALC-201' Waters Associates, Milford Massachusetts)

'equipped with a differential refractometer detector was used to analyze for

selected monosaccharides and their degradation products. The species of interest

were D—glucose, D—galactose, D-mannose, D-fructose, D-xylose, L—arabinose,

S-hydroxymethylfurfural (HMF) and 2—furfura1dehyde (FA) The latter compounds,

-HMF and FA were thought to be the principal degradation products of the hexoses

' ‘and pentoses, respectively. Separation was accomplished on an ion exchange '

column (Model HPX-SS Biorad Laboratories, Richmond California)
operated at 85 c with distilled water as the mobile phase. During an analysis,'

the flow rate was initially set at 0 6 ml/min and then increased to l 6 ml/min

‘4at 17 min in order to hasten ’81Ution of the strongly retained degradation
products. With this procedure, an entire analysis took about 28 min, with good

' .resolution obtained for all compounds except mannose and fructose which coeluted

Soluble Lignin Analysis.w Lignin depolymerization products were assayed by

fthe Pearl—Benson nitrosylation method (ll). Guaiacol (Z-methoxyphenol) was used‘
" as a standard' therefore, the soluble lignin was determined as mg apparent “

’guaiacol. E

oA



Fiber AnalySis. ‘Predried samples-of wheat straw solids were ground to

40 mesh in a Wiley mill and then redried at 65°¢C overnight.’~Portions'6f this
Materialvwere then analyzed fOrvhemicellulose,'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 ac1d detergent fiber (ADF), lignin was determlned by permanga—
nate oxidation of ADF; and cellulose was determined from the weight’ 1oss upon

ashing lignin-free ADF.

RESULTS AND DISCUSSION

Autohydrolysis Studies

Effects of Water/Fiber Ratio. Figures 2-4 show the results obtained from 4

a series_of autohydrolysis experiments conducted at 180°¢ and a water/fiber weight
ratio'(W/Fj ranging from l/l to ld/l. From‘Figure 2 it is clear tbat in all
cases the maximum amount of extractable reducing sugar was obtained at. autohy-
drolysis times of 20-35 min. The lower recoveries at longer times were probably
due to conversion of sugars to furfural and related compounds, _Thebrate of
sugar production (as judged by the rising portions of the curves) appeared to be
significantly lower’at W/F = 1/1. We suspect that this result was due to incom-“
plete wetting of tbe wheat straw during autohydrolysis, sincervisual inspection
of this autohydrolysed material did not reveal the uniform darkening observed at‘
| higher W/F ratios. | | . |
Figure 3 shows the ylelds of reducing sugar obtained from the enzymatic
hydrolysis of samples of the autohydrolyzed materials. For all W/F,ratios the
curves tended to plateau at autohydrolysis times around 35 min;\whichiwaS'abOut
the point.at'which the net‘production of reducing sugar from autohydrolysis:of
hemicellulose reached.a maximum; It should also be noted tbat'signiﬁicantlx_i:

lower yields were again realized with material autOhydroleed at W/F = 1/1. We
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interpret‘these fesults to mean‘that the removal of hemicelluloée via autohydro-
.lysis was a major factor in exposing cellulose fiberé to enzymaticrattack.

" 'As shown in Figure.ég'the amount of soiuble lignin_extracted from the
autohydrolyzed wheat stréw aléo_tepded to reach a plateau With inéreasing auto-
hydrolysis:time. However, despite the qﬁalitatiﬁe similarity in the shapes of
the seté of cﬁ;veé shown in Figures 3 and 4, there does not seem to be_any simple
quantitatiﬁe relation between the amount of lignin extracted‘and the conversion
achieved in the eniymatic hydrolyéis. This is most evident at ionger autohydro—
lysisvtimés. Npte, for example,lthat in this region‘the cur§es for W/F = i/l

and W/F = 2/1 are neariy coincident in Figure 4 but quite widely'sepafated in

Figure 3.

Effects of Added Phénol.‘ Figures 5 and 6 present some of-thg results_
obtaiﬁéd from eXpefiﬁents in whiéh minor amounts of phenol were added to the
éutohydrolysis'charge. Compared'to thg control run (no phenol addeé); the
addition bf 0.2 parts phenol per 100 parts wheat straw appeared to increase both
the ma#imum in the éxtracfed sugar curve (Figure 5) and the plateaq in the
enzymatic conversion curve (Figure 6). Essentially equivalent results»(not
shown in Figures 5 and 6) were obtained in a run with 2.9 parts phenplvper 100
parts wheat straw. It should be noted, however, that the comparison of the beak
values in Figure 5 may not be justified due to the relatively wide gaps betweeﬁ
éampling times, |

As noted.before, the motivation for these experiments was a report (8) that
aromatic compounds suqh as phénol tended toAsuppfess,the‘rgpqumerizétioh of |
lignin fragments. We reaséned thét,>if this were the case, theﬁ‘ﬁhé'addition
of phenol to the autohydrélysis Chargershduld result in greater,extréction'pf
séluble'lignin and, consequently, ﬁigﬁerrlevels'of enzymatic hyd:olyéis;' The

déta_shown in.Figufe 6 are consistent with this,hypothesis. Hdﬁever,’we Wefe o
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rnot,able to directly verify that the presence of:phenol during‘autohydrolysis

enhanced the extraction of soluble lignin because phenol was found to interfere
with the Pearl—Benson assay (ll) for soluble lignin.

-Effects of Temperature and Added Aluminum Sulfate. All results presented

rthus far ‘were obtained from experiments in which autohydrolysis was carried out

at 180 C. Since only about 10—124 of the identified geothermal sources in the

' United-States.are capable of delivering water at 180 c (18, we decided to

investigate the possibility of employing a lower temperature for the autohydro-

- lysis operation. In this series of experiments we also studied the effects of
; adding aluminum sulfate to the autohydrolysis charge., The reasoning here was
" that the addition of a Lewis acid catalyst might compensate for the lower reac- d

“tion temperature.» All experiments were conducted with W/F = 5/1 during autohy—

drolysiSy

Figure 7 shows the quantity of reducing sugar extracted from: the autohydro-

) 1yzed wheat straw as a function of autohydrolysis time in each run. In—this-«

case, sugars were hydrolyzed to. monomeric form prior to analysis by incubating

;jthe extracts with a hydrolytic enzyme solution for 4 hre at 50 C. From these

‘data it can be seen that both the rate of saccharification (presumably of hemi-

cellulose) and the rate of sugar degradation increased markedly with increasing

fitemperature. The competing effects of: production and degradation of sugars can

most easily be seen 1n the curves for ‘the two runs- at 180 C which exhibit sharp .

maxima. It is also important to note that at any given temperature the rate of

. ;sugar production was higher when aluminum sulfate was present. Moreover, if

g*the curves for the two runs at. 155 C are compared it is apparent that aluminum
v sulfate catalyzed only the saccharification reactions and not the sugar degra—
/dation reactions.f As a result, comparable high yields of reducing sugar (250—

‘ 260 mg per gm dry fiber) were obtained at relatively short autohydrolysis times
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Effects of temperature and Lewis acid catalysis on the production
of reducing sugar during the autohydralysis of wheat straw." In
all cases the water/fiber weight ratio during autohydrolysis was
5/1. Aluminum sulfate addition and sugar yield are ‘based on the - -
original dry weight of the straw. Sugars were enzymatically

- hydrolyzed to mpnosaccharides prior to assay.
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(10-20 min) in the catalyzed'run at 155°¢C and theiuncatalyzedfrun.at 180°c.
Also important;fromvanoengineering»viewpoint is that‘in{the'former case the
- sugar yield'reached a“plateau rather than a sharp péak‘ thereby simplifying
the process control strategy required for a high sugar yield. "

As noted above, the reducing sugar yields depicted in Figure 7 were derived
from analyses of enzyme hydrolyzed extracts. Figures 8a and 8b compare the
results obtained from analysis of. hydrolyzed and unhydrolyzed extracts for the
uncatalyzed runs at 180° C and 155° c, respectively. ‘In the latter case, the
ratio of the two values (which yields an apparent degree of polymerization) was

fairly constant at 1 7—1 9., At 180 C however, the ratio- declined from 1 8 at

3,

, 0 min to 1. 2 at 30 min and then remained approximately constant.- In general,
the addition of aluminum sulfate resulted in lower values for the apparent

‘degree of pdbmerization, which again indicates the apparent catalysis of hydro—
lytic reactions;by this Lewis acid.k It,is clear from theseodata that autohy—
drolysis doesinot proceed by an unzipping mechanism; but:rather‘by a,more‘or

" less random cleavage of polysaccharide chains. It'is also apparent'that simply

analyzing the raw extract for reducing sugar groups can, in some cases, signifi-

E cantly underestimate the actual quantity of sugar produced. -
| To gain additional information on the composition of the sugars produced
: vduring autohydrolysis,;samples of the raw extracts were analyzedjby means of
: high performance liquid chromatography (HPLC).V The principal results derived
from these analyses are presented in Table 1 through Table 6. These tables
: 1ist a combined total for mannose and fructose because these sugars coelute in
';g:the procedure employed.’ However, since wheat is known (15) to store carbohydrates
in the form of fructosans (polymers of fructose containing a terminal glucose

unit), we believe that fructose comprised the bulk of this total. In the d18~

cussion that,follows, therefore,wthis\total;isvassigned.to ;ructose*along.' LT
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Table 1. - Yields of some sugars and sugaf:degfégation products during auto-
- hydrolysis of wheat straw at‘IZOOC.a’V' . ’ -

: , R ' Autohydrolysis Time (min) ‘
Compound - | 0 10 20 35 60 90 120 -

-~ Glucose - - B {4 8- 19 29 22 20 19
Fructose + Mannose 31 31 ’ 35 - 31
- 5-Hydroxymethylfurfural (HMF) 0 = - ' '
. Arabinose ' 0
Xylose . o S0
© 2-Furfuraldehyde (FA) 0

ococoo
‘ W
coocoh
w

. ocoob
N

S coooo

oooo
cooo

 ®Compounds were determined by means of high performance 11§ﬁid?¢hroﬁacography>,

and expressed as mg per gm based on the original dry weight of straw.

bAutohydrolysisVWasféonductédraﬁ‘a ﬁater/fiﬁer'weight ratio of 5/1.

.Table 2. Yieids of some sugars éhd‘sugar'degfadati§ﬁ1proQucts during aﬁtohy- ,
' drolysis of wheat straw at 120°C in the presence of aluminum sulfate,2sb

Aﬁtbh&drolysis Time (min)
Compound S0 10 - 20 - 35 60 90 120

33 34 36
55 54 49

Glucose R A | 25 27 29
S0 e 0 0
0
0

Fructose + Manmose . =~ 42 53 5]
S-Hydroxymethylfurfural'(HMFI .0 B
~Arabinose . o rRen o 0
Xylose - = . - T S ¢
2-Furfuraldehyde (FA) * R I

11
04:‘ 006 0.

cooo
‘cooo

2 Compounds werejieterhiné& by means’ of high performance liqﬁid‘ch?omatégiabhy

- and expressed ‘as mg-per. gn based on the original aryiwéight‘qf'straw.
. bAﬁfohydrblysis‘Waé,cbhductediétééﬁwhtef/fiﬁér"ﬁeight’tétiq of 5/1. Concentra-
- ﬂtion\bfvaluminum”sulfate'Was'2.3%:(w/W)*based’dn’the'originél“dry‘Weight‘of,
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Table 3. Yields of some sugars and sugar degradation products during auto-
hydrolysis of wheat straw at 155°C., @b

\Aﬁtohydrolysis-Time (miﬁ)

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) O o 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
0 0 0 4.7 5.9 - 5.7

2—Furfura1deyde (FA) R

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

bA.utohydrolysis 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 155 C in the presence of aluminum sulfate.®

Autohydrolysis Time (min)

Compound _ 0 10 20 35 60 90 120
Glucose : 25 29 28 21 19 18 19
Fructose + Mannose 48 37 30 20 13 -9 11
5~-Hydroxymethylfurfural (HMF) O -0 0 3.4 4.3 13 18
Arabinose 8.9 13 14 12 8.5 6.6 5.7
Xylose 1.3 14 21 20 20 20 .25
2-Furfuraldehyde (FA) 0.6

1.7 3.5 4.3 6.9 11 13

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

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
straw. .

a,b
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Table 5. Yields of some sugars and sugar degradation products during auto-
hydrolysis of wheat straw at. 180°C a,b : : .

‘ Autohydroly51s Time (min)

Compound . ' 010 20 35 60 90 120
" Glucose . . S G190 13e00 01000130 12 10 9
Fructose + Mannose ' 16 - 5.3 5.8 2,5 1,0 1.1 0
S-Hydroxymethylfurfural (IMF) 0. 2.3 12 - .33 . .34 - 31 - 32
‘Arabinose ‘ , 7.2 10 7.5 3.2 0.2 0 0
Xylose - oo 3410 5.6-0 16 27 17-: -~ 8.7 . 4.1
2—Furfura1dehyde (FA) 0.8 6.9

10 . 11 11 11 14

Compounds were determined,by means of high performance 1iquid chromatography
and expressed as mg per gm based on the original dry weight of straw. '

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

. Table 6. Yields of ‘some sugars and sugar degradation products during autohy- b
drolysis of wheat straw at 180 C in the presence of aluminum sulfate a

[Autohydrolysis Time (min)

~Compound ... . .0 -10 20, .35- .60. 90 120
Glucose 027 020 200 120 5.4 3.0 1.0
Fructose + Mannose ..~ .. 28 16 “,;llj: 2420 1.6 0 0
S—Hydroxymethylfurfural (HMF) 0. 9 - 8.6 21 17 12 1111

© Arabinose - - . o 1700 9.4 05,6 2.1 1,300 .0

Xylose .~ . o027 0003300025 0 8.2 0 2.4 0 1.5 0.6
2-Furfuraldehyde (FA) 2.6 9713 . 140 13 14 14

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

-ijutohydrolysis ‘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 straw.;.r;,p
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' Ingthe'unCatalyzedtrun at 120°Cv(see'Table 1), theionly monosaccharides
l present in detectable amounts were»glucose and,fructoSe, with their'yields
being relatively inSensitivefto‘reaction‘time. In the catalyaed run (see Table.Z),
'thesersugarslwere again predominant, but seme arabinose and traces of xylose .
were also found at reaction times of 35 nin or more.b ln addition, the yield of
glucose,’instead of remaining constant, seemed to increase with time. ‘There--
gwas 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
were more apparent.' In both the catalyzed and uncatalyzed cases, the hexose

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

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

'to be noted, however,‘that the first appearance of HMF, the supposed product of
ihexose degradation,boccurred sone tine afterithe decreases in hexose yields were'
first observed and that the final yield of HMF - was insufficient to account for
- the decreases in glucose and fructose from their peak values. Both the produc—
tion and degradation of pentoses'were‘more evident at;lSSOC than at-lZO c. 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. In the catalyzed rum, the yield of xylose was greatly |
increased; however, arabinose peaked at a reaction time of 20 min and then
declined to leuels lower thanithose observed in the uncatalyzed run. Consistent
‘with the loss of arabinose was the increased yield of FA in the catalyzed run.

In the runs at 180 C (see Tables 5 and 6), the hexose yields apparently

neaked 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.V A curious

feature of these results is that in the catalyzed run the yield of HMF peaked
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at a'reactionvtime of 20 min and thenAdeclined?deSpite”the‘fact that glucose
“and -fructose continued to degrade. APentose'yields peaked earlyfin‘the runs

and then declined. . For both arabinose :and xylose the ‘peak was higher and

occurred earlier dn ‘the catalyzed run. In neither run was the observed yield
of FA sufficient to: account for the decreases in ‘the pentoses from their peak
values. This is especially-noticeable,in the catalyzed run, where'the yield of

FA remained constant after 20 min while the quantity of xylose declined from

125 mg/gm to :less than 1.0 mg/gm.

In general,*the HPLC analyses suggest'the'folloming conclusions: f
. There;are:at.least.two‘polymeric-sources of the'sugar‘produced
B during autohydrolysis, fructosans which give rise to glucose and
:fructose and—arabinoxylans which give rise to arabinose and xylose.
' . Fructosans are. converted to monomeric- sugars even at 120 c, “but
,-higher‘temperatures are,required for,hydrolysis of.arabinoxylans.
~;1Fructose linkages,appear‘moreususceptible tO'hydrolysis‘than |
glucose 1inkages, 1ikewise, arabinose linkages seem’ more suscep—
- tible than. aylose linkages._f = - el
“o At all. temperatures, hydrolysis reactions appear to be promoted
E by’ the presence of aluminum sulfate.‘{' |
.f‘_{51gnificant degradation of both hexose and pentose monomers occurs
4':,;:at 155 c and higher. - 77 y A g ‘ |
'x*,nProducts other than HMF and FA must result from the degradation
of sugars, or these species must be subject to further reaction.y

Another point worth mentioning is that in the runs’ at 155 C and 180 C the

combined yields of the monomeric sugars assayed by HPLC were considerably less

:than the total reducing sugar values obtained frOm the DNSA analyses. This‘

suggests that much of reducing sugar resulting from hydrolysis of hemicellulose

remains in oligomeric form,



24

Table 7 shows the variation in:the composition of residual wheat straw .
solids as a-fﬁnction of autohydrolysis:conditions.- The data indicate that the
loss of'hemicellulose iﬁcréased’with_inéreasing teﬁperature'and; at any |
givénﬂtemperature, with the addition of aluminum sulfate. The pattern is con~
SiStentAwith the hypothesis that the sugars preseﬁt after autohydrbiysis'at
120°C were primarily. derived from fructosans (which would aésay‘as Vcéll»sdlubles"
in the fibér analysis); whereas, the sugars dbtaihed at higher tempéfaturés
contéined an increasing fraction derived from arébinoxylans (whiéh would: assay
#s‘"hemicellﬁlose" in the fiber analysis). Suéh an\interpretaﬁion can also be
shoﬁn tovbe‘consiStent‘with the cellulose perceﬁtages given\in Table 7. 1I1f
negligible‘decomppsition of cellulose occurs, then the cellulose ﬁercentage
should inérease in a manner related to the decrease in the hemicelluiose pér—
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 ﬁeaked
at about the time the hemicellulose percentage fell to zero and ‘thereafter
decreased. We believe that this decrease in the cellulose percentageratvlonger
~treétment times, as well as the concomitant artifactual (negative) percentages
for hemicellulose, were caused by condensation of sugar decomposition products
with 1ignin; This view is supported by the apparént sharp increase in 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,amount of lignin extracted from autohydrolyzed wheat straw is shown
as a'fuhctiqn of autohydrolysis gonditions,in Figure;Q.- It is clear that the
rate of proauction of,soiubleklignin increased wiﬁh increésing'temperature._'ink’
addition, the initial rate bfléroduction‘ét*any given temperature appeared to
ﬁe greater when aluminum sulfate was present, Tﬁese'same genefal bbéervations

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

AutohydrblysiS»

_Conditions

- - Autohydrolysis Time (min)
0 10 20 35 60

120

120°C, No Catalyst

~120%, 2.3% Catalyst

- 155°C; No Catalyst .
155°C, 2.3% Catalyst -

180°C, No Catalyst

28.5 .- - -- 27.5

2.2 -< o s

27.9  27.9 227 " 17.8  13.4
© 24307166 16,9 5.6 2.9
230 1.6 <24 -6.5  -7.0
44 19 -- . 53 .57

25.2
21.7

180°C, 2.3% Catalyst

Cellulose Content (wt %)

Autohydrolysis ‘

~_Conditions

T Autohysrolysis Time~(min) A
0 - 10 20 S

35 60 _

120

120°C, No Catalyst

120%, 2.3% Catalyst

155°C, No Catalyst

155%C, 2.3% Catalyst

180°%C, No Catalyst

405 - Il 42,0
0.6 -- . e-a- 40,1

2.5 40.8 442 45.0  47.3
1.6 423 4.2 523 5.3

42.5  58.2 561 53.6  50.6
52,7 56.7 - --  50.8  48.1

4.2
. 41,6

- 180%, 2.3% Catalyst

Lignin Cbntént (wiz%)m

Autohydrolysis
. Conditions

0. 10

~ Autohydro]ySis Time (min)
20 35- - 60

120°C, No Catalyst
120°C, 2.3% Catalyst
155°C, No Catalyst
- 155%, 2.3% Catalyst -

180°C, No Catalyst.

‘;r180°c,32;3%‘Cata1y5%tt

,1];9i' ;5v 1 R e ‘Tlff_13;0577
B BT TR [0 E
1.5 1.7 j3.2.4:‘_]j;9 . ]3;2 =
1.4 137 10,9 130 147
100 182 124 175 20
29 e A s

| fIn;all_ﬁuhs:Wéter/fiber_wéightfratjd was 5/1. Catalyst was aiuminum,Sulfate.
'Amountfochatalystjwas}baSed’On Origina]+dry§weigh§}of;straw. 1;;1’} AR
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'Figuké 9. Effects of temﬁératu?e?éndtLéWis acid catalysis on the pfoduction

of water soluble lignin during the autohydrolysis of wheat straw.
In all cases the water/fiber weight ratio during autohydrolysis

“was 5/1. Aluminum sulfate addition and lignin yield are based on.

the original dry weight of the straw.
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fof the data in Figures 7:and‘9‘for-the fﬁné'at’issbc indicates that the approach
 to maximum yieldfwasimuch more‘rapidfin the?latter casé.i“lt;appeared that the
maximum amount  of lignin'that~could beaextracted waS'8-l0 mg apparent guaiacol
,per gm dry fiber. This level was reached after 0—10 min of autohydrolysis in
the runs at 180 C ‘but only after 60—90 min in the catalyzed run at 155 C, and
_not even after 120 min in the other runs, Given that untreated wheat straw is
expected to contain 5-15/ (w/w) 1ignin (16), a maximum depolymerization of 8-10
mg per gn seems low, especially in view of the high reactivity of treated
material towards cellulase enzymes (see below). One explanation'for this
apparent anomaly is that calibration of the Pearl-Benson assay with guaiacol
“results in underestimation of the amount of dissolved lignin. Alternatively, 5
it may be that only part of the depolymerized 11gnin is water soluble.
Figure 10 shows the yield of reducing sugar obtained from enzymatic
‘ hydrolysis of autohydrolyzed wheat straw as a function of the . autohydrolysis
conditions. In general the' pattern presented by this family of curves parallels
that observed in Figure 9, underscoring the importance of lignin removal in
enhancing the availability of cellulose to enzymatic attack ' The greatest yield4
was obtained. from material pretreated at 180 C in the presence of aluminum
'i'sulfate. However, it is important to note that the maximum yields from samples
rtreated at 180 C without catalyst and at 155 [ with catalyst were nearly
'equivalent. As shown in Figure 11, the fractional conversions of cellulose in
these two cases were SOA and 45% respectively. Prior experience (9) suggests
that in both cases conversion would exceed 80/ if the enzymatic hydrolysis time
kwere prolonged to 24—48 hr.;. L : | : e
In the catalyzed run at 155 Cu avpretreatment time. of about 60 min was

'krequired to obtain the maximum yield from enzymatic hydroly31s. Recalling the

i:data in Figure 7 we see that the 60 min pretreatment also resulted in a maximum
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'Figuré_lo. Effects of temperature and Lew1s ac1d cata]ys1s dur1ng autohydrolysis

on the subsequent yield of reducing sugar in a standardized 3 hr

- ‘enzymatic hydrolysis of autohydrolyzed wheat straw. In all cases,
the. water/fiber we1ght ratio during autohydrolysis was 5/1. Aluminum
sulfate addition is based on the original dry weight of the straw.
Sugar yield is based on the dry weight of the autohydrolyzed straw.
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yield of reducing sugar from autohydrolysis of hemicellulose. Cohseduently,
it appears that a pretreatment process utilizing geothermal water at 155 C

¢an result in nearly optimal conversion of wheat straw to fermentable sugars

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

the water. Of course, this increase in geothermal applicability is obtained

at increased processing cost due to the longer residence time required and the ‘

' consumption of catalyst.

Enzyme Hydrolysis Studies

The substrate concentration and enzyme/substrate ratio used in our standard
3 hr enzymatic hydrolysis of autohydrolyzed straw were chosen to give a large

degree of hydrolysis in a. relatively short period of time, This Was convenient

in determining the effects of various autohydrolysis parameters on the hydro-"

1yzability of the treated straw. However, these conditions would not be
economically viable in a commercial process because they result in a dilute
glucose syrup and require the use of large amounts of (expensive) enzymer Con¥
sequently, we conducted a series of experiments designed to determine the effects
of substrate concentration and enzyme/substrate ratio on- both the yield of |

glucose and its concentration in- the product solution. o

For this study, 100 gm of raw wheat straw was mixed with 250 ml of distilled

‘water containing 2. 3 gm of aluminum sulfate and then loaded into a 3 8~liter

‘ autoclave (Autoclave Engineers, Inc., Erie, Pennsylvania). A schematic drawing )

': of the treatment apparatus is shown in Figure 12.v After bolting the reactor

1id in place, 1ive steam (generated at 260 C and 3. leO6 Pa) was passed through

the straw.‘ This raised the temperature of the straw to the desired 180 c in

"‘about 30 sec. This temperature was then maintained within -2 G for 20 min by

o

’»manually manipulating valves in the inlet and vent 1ines. At the end of this

period the reactor was completely vented and the treated straw rapidly removed.
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Figure 11, Fractional'conversion
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of cellulose during standard 3 hr enzymatic
hydrolysis of autohydrolyzed wheat straw as a function of auto-

120

hydrolysis conditions. A1l autohydrolysis operations were carried

out at a water/fiber weight ratio of 5/1. Fractional conversion

was. computed as 0.9(S/C) where S is the yield of reducing sugar as

~given in Figure 10 and C is the cellulose percentage at the start
of enzymatic hydrolysis as given ip Table 7. The factor 0.9

-~ accounts for the water molecule added during’hydrolysis.
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Following this, the straw was subjected to‘two washings withh'SQO ml aliquots
of hoilingrdistilled water and then allowed to air dry. Under the conditions
described above, the catalyst/straw ratio during autohydrolysis was 2.3% (wiw).
The water/straw weight ratio was initially 2.5/1; however, condensation of
steam during the run.raised this ratio to the 5/1 valueiused in the small-scale
procedure, | | | |

For enzyme hydrolysis, a stock solution was made'up’bytcomhining 15 gm
cellulase (Novo SP 122) with 7.5 gm cellobiase (Novo 250 L) ‘and diluting to
100 ml with O 1 M citrate buffer at pH 4.8. Portions of this solution were
then diluted with additional buffer to achieve the enzyme levels shown in Table 8.
For each combination of solids concentration and enzyme/substrate ratio, twelve
replicate samples were nrepared and incubated at 50 C. Two samples from each
group were then'withdrawn at 3, 6, 12.5, 24, 33.5 and 48 hr and'analyzed ior
total reducing»sugar with 3;5;dinitrosalicylic acid reagent and‘for glhcose-
with glucoSe okidase reagent. -

As;shown”in‘Tables 9 and 10, the quantity of reducingusugar that was pro-
duced generallyiincreased 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. This may have been artifactual (analytical_error) or}the
result of transglycosylation reactions., The latter explanationhwould he nost‘
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;

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

cally with increasing enzyme/substrate ratio.v At times greater than 6 hr, |

however, the yields from the reaction mixtures with ratios of 60 IU/gm and

- 80 1U/gm fell below that for the 40 IU/gmymixture. ~The most likely explanation
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- Table 8. Initial compositions of reaction mixtures used in study of
“"““~“':"’”“kinetiSS”bf;gﬁzymafic;hydro]ysis of autohydrolyzed wheat
straw,™ 7 o e o

) , , Gfdﬁp NA_:?“vamyrriﬁ, Substréﬁexcdncehtration rEnzyme/Substrateb
’ A S ERR ‘ Ratio -
wt %) .. (IU/gm)

S 55 o 3 200 o 10,0
i 3238 167
a0 a0

| 8.00 "*f 0.0
;}. ;].‘\12.00_ L .Lwagv. -~ 60.0

VendEw sl

oy B W N

? Autohydrolysis conducted at 180°C for 20 min with water/straw weight
ratio of 5/1 Mnd‘cqta]y§;‘qgncenpra;iopﬁpf,2,§'qm;algminum,su]fate/

100 gm straw, =

, b Enzyme;aCtingyfip!lnternatiohéiiunitsglxlu);determined by filter paper -

assay ‘of MahdelsfandﬁStefnbéfg?(d;;Ferm;”Technol;;:54:267-286, 1976).
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Table 9. Yweld of reducing sugar at various t1mes during enzyme hydrolysis of
autohydrolyzed wheat straw. @b

" Hydrolysis Time (hr)

erop® 3.0 6.0  12.5 2.0 33.5 48.0
1 114 7167 280 325 358 388
2 186 243 ézé 420 473 497
3 197 288 38 451 472 446

4 202 335 425 517 558 574
5 2 343 411 '_472 | 506 446
6 s 22 375 449 450 4

aAutohydrblysis conducted at 180°C for 20 min with'water/straw=weight ratio
of 5/1 and catalyst concentration of 2.3 gm aluminum sulfate/100 gm straw.

‘bReduc1ng sugar assayed w1th 3, 5-d1n1trosa11cylic ac1d reagent and .

expressed as mg apparent g]ucose per gm (dry basis) autohydrolyzed straw.

cSee'TablefB for initial solids cpncehtratidh'andgeﬁiyme/sdbstréte”fatio;‘f
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- Table 10. Concentratlon of reduc1ng sugar at various t1mes dur1ng enzyme
hydrolysis of autohydro]yzed wheat. straw.;

~ Hydrolysis Time (hr)

Group® 3.0 60 125 200 3.5 48.0
1. 232 341 510 663 7.0 7.2
2 641 838 1Ll 145 163 171
3 821 10,8 16.0 119.0 197 18.6
a4 20,0 20.1  37.0 - 45.0 48.5  49.9
5 © 333 469 56.0 644 69.0  60.8
6 46.7} 61.3 71.4, 85.5   85;7 -7 84.0

Autohydro]y51s conducted at 180° C for 20 min w1th water/straw we1ght
ratio of 5/1 and cata]yst concentrat1on of 2 3 gm aluminum sulfate/100 gm-

straw

bReducmg sugar assayed with 3, 5 d1n1trosa11cy11c ac1d (DNSA) reagent and
expressed as mg apparent g]ucose per ml. , .

cSeejTab1e'8 fbr ihjtialﬂsb]idsfcohcentration and enzyme/substrate‘ratio;."
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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.
Indeed, Table 10 shows that in these cases the reducing sugar concentration '
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 hest compromise between conwersion of cellulose to glucose and glucose |
concentration in the product solution; The_yield of 570 mg reducing sugar per
gm autohydrolyzed straw,.apprOXimately 907 of'which asajed‘as glucose, was the
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. Conventional wisdom (17)
has it that profitable operation will limit enzyme usage to 10 IU/gm. If,the_
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 mixturevmust’contain 80 IU/gn, then a less likely to be

realized recycle ratio of 87.5% is required.

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 autohydrdlyaed_in several
runs conducted in the manner described in the previous section. Following
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. The washed material was then subjected to enzymatic hydrolysis
in a 7-1iter vessel (Micro Ferm Model MF—114 New Brunswick Scientific Co.;

Edison, N. J.) equipped with a mechanical agitator.
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For the enzymatic hydrolysis procedure, 200 gm (dry weight) of treated
straw was: combined with l 58 liters of enzyme solution (5. 44 IU/ml), 90 ml of
0xytetracycline solution and 4;42 1iters of 0.1:§ citratelbuffer. +This mixture
corresponds tovan;initial enzyme/substrate ratio of 43 IU/gm treated straw.

The hydrolysis’nasiallOWedéto proceed for 44 hr at 50°C and pH‘4.6 with contin-
uous agitation of 300 rpm.. Periodically samples were withdrawn and analyzed

for’ reducing sugar by reaction with 3, S-dinitrosalicylic acid reagent. As

Ashown in Figure 13 although the hydrolysis was carried out for 44 hr, very

little additional sugar was produced after 20 hr. Hence, the maximum conversion

of cellulose resulted in a liquor with a reducing sugar concentration of 16.8

| . mg/ml. - This value, as well as:all data shown in Figure 13, have been corrected

'(downward) to account for the reducing sugar present in the form of lactose in

the enzyme preparation.

In order to determine the percent cellulose conversion achieved during
enzyme hydrolysis, fiber assays were performed on the raw wheat straw and on
samples taken after autohydrolysis and enzyme digestion. Results of these

analyses are shown in Table ll. Based on the cellulose percentage in the auto-

hydrolyzed straw and the production of reducing sugar during enzyme hydrolysis,

it can be calculated that the conversion efficiency was approximately 784.

e Comparison of the cellulose percentages in the samples taken before and after

enzyme hydrolysis would indicate a somewhat higher level of conversion., How-

ever, the results obtained for the enzyme—hydrolyzed sample are questionable,

since this material was extremely difficult to handle in the fiber analysis

v.procedures., It may be noted in passing that the level of hemicellulose in the

autohydrolyzed sample was very low, indicating nearly complete conversion of

this fraction 1in the pretreatment step.
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,'Figure,13. Reducing sugar concentration vs time for 1arge-5ca1e enzymatic hydrolysis of autohydro]yzed‘wheat

‘straw. Autohydrolysis was carried out at 180°C for 20 min with a water/straw weight ratio of 5/1

and 2.3% (based on dry weight of straw) aluminum sulfate added. Initial substrate concentration
and enzyme/substrate ratio were 33 gm/1liter and 43 IU/gm. Reducing sugar was determined by reac-
tion with 3,5-dinitrosalicylic acid reagent. Values are given:as glucose equivalents and are

~ corrected for lactose present in enzyme preparation..
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processing stages.

‘Table 11, Fiber analysis data for wheat straw samples at. different

" Cellulose

‘Lignin

‘Ash

- Sample ' rHemieellulose';‘

e (%) %) (%) (%)
Untreated® . 23.8 35;8‘v' .6.0 - 0.61
Autohydrolyzed® . . 2.8 58.6 10.7 3.9
Autohydrolyzed andd ' ’ : T o

12.1 10.5 5.2

Enzyme Digested 2,7

yaPefcentageszbesed on dry weight,

bAverage of 2fsemples;'

'nCAverage of 3 samples.

':dl sample only taken after 44 ‘hr -of enzyme hydrolysis.»
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After being filtered to remove undigested fiber particles, the liquor from'
the enz&me hydrolysis operation was utilized in an ethanol fermentation with
conventional baker's yeast. fermentation was carried out in the same 7-liter '
vessel as used for the enzyme hydrolysis. To initiate fermentatlon, 3;6 liters
of filtered liquor was fortified with trace nutrients (to give a medium with

the composition shown in Table 12) and then inoculated with 400 ml of pre—adapted

yeast culture. Conditions were maintained as fqllows:

; B temperature = 30°%¢ _ | : .
_pH=4.8 ' Lol ! Bl
agitation rate = 300 rpm

aeration rate = 0.1 1iter/1iter/min
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. The ratio of ethanol produced to sugar consumed was

0.46 gm/gm,‘whichvis 90% of the theoretical value of 0,51 gm/gm. This lower
than theoretical yield was attributed to sugar consumption for buildup of cell
mass and to the use of non-optimized fermentation conditions. The residual.
sugar present in the final fermentation broth was probably non-fermentable
carbthdrate carried through the process. This would include lactoee from the
enzyme preparation and pentoses from the enzymatic hydrolysis of residual
hemicellulose,

| In summary, this large scale experiment was quite successfult It confirmed
all results obtained during earlier bench-scale enperimentation."A high level
of cellulose conversion was achieved during enzymatic hydrolysis, and the
sugars thus produced were almost completely utilized during a subsequent ‘yeast

fermentation. Even the ethanol yield from the latter can be considered quite :

good considering that no attempt was made to optimize fermentation conditions,



o2

. Table 12. Medium composition for baker's yeast fermentationZ

Cdmponent ‘ 3 Concentration
: ' (gm/liter)
Reducing sugarb ' ) 18.1
NaZHPOA" 7H20 o ‘ : 3 3.9
- KHZPO4 L | -  '0.5
o ngSO4 1‘ . 0.5
- Cacl, L SRR Q,28
Citric acid 4.3
: / o : :
Na~citrate ' A ' 4 1.25
ML g B0
Yeast extract = . o - 8.0

‘5 aP:épared by a@ding'nﬁtrieﬁts-tp,filtéred enzymatic'hydrolyzate.“
bDeperminéd'By reaction with 3;5-dinitrosalicylic acid-reagent .

and expressed as,glucQSe equivalent without applying any correc—
‘tions for presénCe.ofslactbse or;othe:,non-glucose"sugars.

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

of ethanol per ton of wheat straw containing 407 (w/w) cellulose.

~Effects of Direct Use of Geothermal Water

In this series of experiments, we investigated the effects of direct use

:'_of geothermal water in each of the major processing steps shown in Figure 1.

Such direct usage is highly desirable, since it lowers costs (by eliminating

. the need to purify process water) and increases thermal efficiency (by elimi-

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

.For a description of the source and composition of the geothermal water used

in this study, see appropriate section of MATERIALS AND METHODS.

Autohydrolysis. Figures 15 and 16 depict results obtained when geothermal

water was used in place of distilled water in constituting water/straw mlxtures

with a weight ratio of 5/1. At this stage in our work, we were -also considering

the addition of phenol to ‘the autohydrolysis charge to promote delignification (8).

Since interactions between contaminants in the geothermal water and phenol were

thought possible, theilatter”was added to each charge in-the ratio 0.2 parts

phenol per 100 parts wheat straw. As shown in Figure 15, the use of geothermal

' water resulted in the same peak value for extracted sugar as was obtained in

the comparable run with distilled water. However, the,decline from the peak

value with increasing autohydrolysis'time was’less‘precipitous than that

~observed in the latter run, Flgure 16 shows that enzymatic hydrolysis of the
.i’materials autohydrolyzed with geothermal water resulted in somewhat lower
'(though probably not significantly lower) yields of reducing sugar than were
.obtalned when distilled water was used in’ the autohydrolysis., Qualitatively,

“however, the shapes of the curves depicting enzymatic conversion vs autohydro—

lysis treatment time for these ‘two runs were identical. Onpbalance,”these
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Figure 15. Effect of direct use of geothermal water on‘the yield'of reducing

sugar during the autohydrolysis of wheat straw at 180°C. The
water/straw weight ratio during autohydrolysis was 5/1. Sugar -
yield and phenol addition are based on the original dry weight of
the straw. . .
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| ‘Figure 16. Effect.cﬁ‘ direct use of geothermal water in autohydrolysis of
oo - wheat straw at 180°C on the subsequent yield of reducing sugar -

- “during a standardized 3 hr enzymatic hydrolysis. The water/

- straw weight ratio during autohydrolysis was 5/1. Phenol

addition is based on the original dry weight of the straw.
Sugar yield is based on dry weight of autohydro]yzed straw.,
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\gésults indicate that geothermal water can be used directly in the autohydro-

lysis operation without compromising the yield of fermentable sugars.

Postadtohydrolysié Extraction. Figure 17 presents evidence that the qse‘
of geothermai water in the postaﬁtohydrolysis ek&raction procedure has no
. effect on subsequent enzymatic hydrolysis. In thislstudy, gxtraction of autof'
pydrolyzed wheat straw with'geothermal water, followed by twdvon-filter washes
;ith either distilled water or géothermal water, resulted in the same yield_
of soluble reduciné sugar. (330 mg per gm dry fiber) in»the standafdr3 hr
.enzymatic hydrolysis as did extraction and wasﬁing>with distilled water.

Enzymatic Hydrolysis. 7Potentia1 inhibition of enzymatic hydrqusis by

geothermél water was tested through the standard filter paper asSayrfor 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 tﬁen incubated at SOOC for 30 min. At the end of this

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

3,5-dinitrosalicylic acid. The amount of reducing sugaf produced is indicative
of the level of enzyme activity. .

For the purpose at hand, the enzyme solution was'composed of 2,0 ml of
tﬁe stock enzyme solution used in our standard 3 hr hydrolysis procedure (see
MATERIALS AND METHODS) and l.d ml of 0.1 M citrate buffer at pH 4.8, 1In controi
runs the additional buffer was constituted with dis;illed water, and in test
runs yielded 3.10 tO.lO mg reducipg sugar per ml solution as compafed to 2.96
t0.13 mg/ml for the control runs. Thus, replacement of 1)3 of the liquid content
of the assay mixture with geothermal water had no effect on enzyme activity.

| Fermentatioﬁ.‘ Geothermal water also caused no inhigitionyéf yeast férﬁen—

tation as shown by the data in Table 13. Four solutiqné*contaihing 5% (w/v)

- dextrose were fermented. Two wefe prepared Vith.disfilled watervand two with ‘
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Effect of direct use of géothermal water in extraction and

washing procedures on the subsequent yield of reducing sugar.

- during a standardized 3 hr enzymatic hydrolysis of autohy-

drolyzed wheat straw., The material used in these tests was -
autohydrolyzed at 180°C for 45 min. The water/straw weight

‘ratio was 1/1 at the start of the treatment, but-it rose to

4/1 during the run as a result of steam condensation. All
extractions were at ambient temperature for 10 min using a
water/straw weight ratio of 10/1. Extraction was followed .

by two on-filter washes, also at ambient temperature, using

a water/straw weight ratio of 5/1. Weight ratios for extrac-
tion and washing are based on the actual dry weight. of the
autohydrolyzed straw. -
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Table 13; Effect of geothermal water (GTH,O) on the fermentation of
dextrose with baker's yeast?

"

. o b
Solution Composition Apparent Degree of Fermentation

350 ml GTH, 0+ 17.5 gm dextrose

+ 1.2 gm yeast extract 101%
350 ml GTH,0 + 17.5 gm dextrose _ 98%
350 ml distilled Hy0 + 17.5 gm dextrose

+ 1.2 gm yeast extract 108%
350 ml distilled H,0 + 17.5 gu dextrose 1027

81n all cases, inoculum was 35 gm of baker's yeast cake.

b G G
Computed as 100 (

) where Gi and Gf are: the initial and final
f

values for the specific gravity of the solution determined by means
of an hydrometer.
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geothermal'water. Yeast extract was also added to one solution in each group
to insure that results wouldinot be biased by an incomplete‘supply of yeast
nutrients. ‘Edch solutionrwas:inoculated,with,35 gm of baker's yeast cake and
placed in a .rotary incubator (Operating at 150 rpm and: ambient temperature)
forv4'hours., Specific gravities were measured with an hydrometer at the begin-
ning and end of this periOd to determine the apparent degree of fermentation.

In all_ four cases, complete conversion of the dextrose was indicated.

v SUMMARi .
A detailed study has been made of the application of the geothermally
assisted process shown in Figure 1 to the production of ethanol from wheat V
straw, - The major findings in this work are given below. | |

l) The water/straw weight ratio during autohydrolysis should be greater

' than 2/1 in order to insure complete wetting of the: straw. This appears to

be a requirement for obtaining a maximum degree of hemicellulose depolymeri-

zation.. During most of this study, a ratio of 5/1 was used with good results.

‘Higher ratios ‘may be used but they do not appear to result in any improvement

'in the yield of fermentable sugars from either the autohydrolysis operation

itself or the subsequent enzymatic hydrolysis of the residual solids. Conse~ ‘

quently, the use of higher ratios is not attractive, since it leads to

increased pumping costs and lowers the concentration in which the hemicellulosic

sugars are recovered.

2) In uncatalyzed autohydrolysis runs, the maximum yield of reducing

-sugar from the autohydrolysis itself was about 270 mg apparent glucose per gm

straw after 10—20 min at 180 C. At 1onger times, this yield decreased sharply

due to degradation of the sugars to 5—hydroxymethylfurfura1, 2-furfura1dehyde

‘and other (unidentified) products. For solids recovered from the autohydro-

lysis after treatment times of 20 min or more, the conversion of cellulose to

-
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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 hrj hydrolysis times.

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; Thus;'yields of
reducing sugar comparable to that cited above . (270 mg/gm) were obtained after
20 min at 155 C. To obtain maximum enzymatic conversion of the residual solids,
however, it appeared that a treatment time of 60 min or more was required., The
important implication here is that geothermal wells producing‘water at 150—}6909"'
can be successfully interfaced with the process by adding aluminum sulfate to
the wheat straw feed and prolonging the treatment time to 60 min. o

4) The sugars formed during autohydrolysis seemed to derive from two
sources, fructosans which are nonstructural polymers of fructose and glucese
and structural hemicelluloses compesed mainly of arabinose and xyloser " The
fructosans were readily saccharified even at 120°C- whereas;'the hemiceliuloseS'
evidenced no significant depolymerization below 155 Cc. It appeared that even/
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. Ihe sngars resulting from hydrclysis of fructosans could then‘be
separated after the initial (low temperature)‘stage,'thereby'eliminating‘thermal
degradation in the second (high temperature) stage designed'fdr hydrolysis ofh
the hemiceliuloses. | | | | |

S)tDue, we think;“to the low ievel of lignin’in the wheat straw used'in |
vthis study, it was not necessary to_ennloyvaqueous ethanbl-soluticns orrhigh‘
temperatures in the nostautohydrolysis extraction. Simplelaqueous,extractinn7

at ambient temperature was sufficient to remove the‘solubiiiaed carhohydrates,
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and no further improvement in the-enzymatic conversion‘ofvresidual solids was
‘observed when aqueOus_ethanolland/or high temperature were’employed in the
extraction step. This represents a. significant economic improvement over the
process shown in Figure,l, since it eliminates’the need to recover large amounts
of solvent through distillation. IR :

6) As expected, the enzymatic conversion of autohydrolyzed straw to glucose

: was significantly affected by both the substrate concentration and the enzyme/

substrate ratio. Of the combinations tested the one with an initial substrate

concentration of 8% (w/w) and an enzyme/substrate ratio of 40 IU/gm seemed to

: 3ai

offer the best compromise between conversion of cellulose to glucose and the
glucose concentration in the product solution. In this instance, about 90—95%

of the residual cellulose was converted to reducing sugar in the course of 48 hr.

'At least 90% of the reducing sugar assayed as glucose, giving a glucose concen—

tration in the product solution of 4 5% (w/w) Given present thinking on the

economics of enzyme usage, it appears that a recovery system recycling 75% of

the enzyme may be necessary.

7) In a 7-liter fermentation of the ‘sugar solution obtained from enzymatic

, hydrolysis of autohydrolyzed wheat straw, the conversion of glucose ‘to ethanol

was 904 of the theoretical value.a Since no attempt was made to optimize fer-
mentation conditions,_even higher conversions may be possible. Based on this

result and those discussed under item 6 one can conservatively project an

v"ethanol yield of 45 gal per ton of wheat straw containing 40% (w/w) cellulose.

8) It appeared that geothermal water of the quality produced at the Raft

«River Site (Malta, Idaho) could be used in all major process steps without

compromising the yield of fermentable sugars or their subsequent fermentation
to ethanol. This ‘was actually not expected, and it may be that water of poorer

quality cannot be used in the enzymatic hydrolysis or yeast fermentation steps.
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~ However, even if the latter concern is borne out, the ability to use‘geothermalvf
water directly in the autohydrolysis and extraction steps is the msjor advan-

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

kECOMMENDATIONé ébR‘FufﬁRE:woRk
During the course of this work, several questions deserving of.sdditional
investigation became-epperent' | | | o |

l) Very good yields of fermentable sugars were obtained from both the
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.workkare also applicable to straw derived from |
other varieties of wheat and from othervcereal grains. )

2) The ease with which fructosanswcan be eXtracted and hydrolpzed has not.
previously been appreciated. :Since thesebsugars (glucose and fructose) are |
fermentable by yeast and can represent up to 10-14A (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.

| 3)'The sugars derived from sutohydrolysis (with or without the glucose
and fructose from decomposition of fructosans) must bekfermented to realize an
véconomio advantage from theirnisolation. Since there is wirtually no information
.available on the fermentation>of these mixed sugars, this is an-area in need of
much additional study. o b | ’

4) It was noted above‘that the use - of enzyme inkthe:process‘must probably
be 1imited to about 10 iU/gm strawv for profitable operation.‘ Since muoh higher
enzyme/substrete ratios appear necessar& to obtein high conversions‘and con—
centrated'product solutions, the needifor development'of enzwme recoveryvand:

recycle systems is apparent.
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