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. ABSTRACT

The objective of this'reseérch is to demonstrate on a labo-
atory scale the technical feasibility of the direct microbial
' éonvefsidn of pretreated wood to ethanol. During the first yéarA
of this contract, we investigated the feasibility of biologically

delignifying WOod with C. pruinosum and directly fermenting the

pretreated wood to ethanol with a mixed culture. Bench-top fer-:.

mentations of a thermophilic bacillus growing on glucose and of’
a mixed culture of thermophilic sporocytophaga (US) and a thermo-
philic bacillus growihg on microcrystalline and amorphous cellu-
lose wefe evaluated for growth and ethanol production: In the
mixed cﬁlture fermentation of amorphous and microcrystal}ine

N

cellulose, the specific rate of substrate depletion was calcu-

1 2nd 0.0346 hr—l, respectively.. However,

lated to be 0.087 hr~
defining the growth requirements of C. pruinosum and sporocy-
tophaga (US) proved more difficult than originally anticipated.
In order to achieve the program objectives within the contract
,period, a revised research plan was developed basedupon chemical
bretreatment and the direct ferméntation of pretreafed hardwood
to ethano;.

In place.of'the'biological delignification pretreatmeﬁt

step, we.nave substituted a chemically supplemeﬁted’steam pre-

treatment step to partiaily delignify wood and to enhance its

ix



accessibility to microbial ufilizatioq.‘ Clostridium,thermocellum,
which ferments cellulose dirccetly to ethahoi and 5éetic acid, has
replaced the mixed culture7fermentatioh’étdge for ethanol produc-
tion. Research on the“production of ethanol from xylose by the
thermophilic bacillus ZB-B2 is retained as one means of utilizing-
the hemicellulésg fraction of hardwood.. Work on thei%enetic im-
provement of the ethanol yields of both guypqreswgy sgperessing.
acetic acid productipnji§ also retained.

The rafionale,vﬁﬁpggimenpal‘approacg,van@ ecqngmiqnqqnsidepa-

tions of this revised research plan are also presented.
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" BIOCONVERSION OF PLANT BIOMASS TO ETHANOL

PART 1 - ANNUAL REPORT

I. INTRODUCTION

to ‘the commercial utiIizétion of piant bibmass drew attention
to the need for developing small scale,F&ECQHtrélizéd,“and low
cost processing teéhnoldgy for convertingignocellulosic mate-
rials_intoflfquid'fuels. The existing and bbtédtial biomass
productivity of many farhing (déiry and grain), lumbering, food
processing and animal feeding operations exceeds their annual
energy consumption. On site cbnsumption of liquid fuels is not
only practical but also provides a‘logicai approach to the intrd—
duction of a technology that avoidé many of the institutional
problems assoclated with large scale systems. It provides a
mechanism for minimizing the price and ensuring the supply of
raw materials.

An all-biological proéess for transforming terrestrial plant .
biomass into 1liquid fuels represents a novel and attractive ap-
proach to a bioconversion technoiogy that is responsive to many

of:the recognized barriers to commercial development.




Goals and Objectives

The gbal of this research program is the development of a
bioconversion prqcess for prodgcing ethanol from lignocellulosic
plant biomass. The research is aimed directly at demonstrating
on a laboratory scale, the technical feasibility and practicality
of a two-stage process for ethanol broduCtiop from wood. Fig-
ure 1 schematically presents-theAmajor précess‘elemehfsl

Shredded plant biomass is.fed>at high’solids concentration to

LANT BioLoGiCAL :
1OMASS Di.usumcmoqu
HERMOTOLERANT

HERMOPHILIC | '
&lxen CULTURE —»] RTHANOL ' b FruanoL
oLD

ERMENTATION ECOVERY

]

10 - 20% RecvcLe  FERTILIZER

FIGURE 1. A Process for the All-Biological
Conversion of Plant Biomass to Ethanol

~ & bioreactor (see Figure 2) in which sufficient,lignin solu-

bilization occurs to make the cellulose accessible for subse-

quent saccharification. Approximately 10 to 20% of this mate-

rial ‘1s retained for inoculating incoming biomass, and the re-

- mainder is discharged into a thermophilic mixed culture fermentor.

'Cellulose saccharification is accomplished with a thermophilic

sporocytophaga, while a compatible thermophilic bacillus simul-



taneously converts the soluble sugars resulting_from‘the,
. saccharification to ethanol. Ethanol recovery is achieved
either by conventional batch distillation of the broth or by

continuous removal using the modified vacuferm process shown

in Figure 3.

FIBER WITH 1NOCULUM
'_.Nurrznsnr

AIR o ,
BIOLOGICALLY PRETREATED FIBER

FIGURE 2. Screw Conveyor with Cut Flights.on the
Shaft for Continuous High Solids
Biological Pretreatment

Thé‘e#periménfal work presented in‘Parf I of this report
summarizes the research conducted during the first year's effort.
The discqssion is organized around the principal research task;
biodelignification, bioreactor design, mixed culture micro-
biology, . and bench-top fermentation.

In Part II of this report, a revised research plan is
presented which is baséd on our experimental findings, recent

literature citations, and the accelerated interesﬁs of the
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FIGURE 3. Modified Vacuferm Process for ‘the .
Continuous Removal of Ethanol from the
Thermophilic Ethanol Fermentation )
Department of Energy's Fuels from Biomass program in the early

pilot demonstration 6f pradtical cohversidh tedﬁnology;



if..BIODELIGNIFICATION.?RETREATMENT

The objective of this research is the development of a
bioloéical pretreatment process that will selectively or
preferentially remove or. solubilize sufficiént lignin té'make
the remaining cellulosic material accessiblé~for subsequent

microbial ferméntapioh to ethanol.

‘A. Culture Development _\faq
' , i

Chrysosporium pruinosum (Gilman anQ<Abbott) Carmichael,
A

ATCC 24782, was used in all vxporiments To be reported and was

obtained from the American Type Culture Co]loction, Rockville,
Maryland. This organism has recently bcen identitied as the

imperfect state of the fungus Phanerochaefeichrysosporium by

(1)

Burdsall and Eslyn. This organism was selected from, 21

spebies of thermophilic and thermotolerant fungi examined for
their ability to rapidly degrade a lignocellulosic substrate.(z)
Cultivation conditioné that favor rapid degradatibn of lignin

and cellulose (washed cattle manure feedlot fibers) by

Chrysosporium pruinosum have been described;(s)

B. Nutritional Studies

The minimum nutritional requirements of C. pruinosum (M-10)

for growth were determined using 1% glucose and a supplemented




mineral medium (SM).which is given in Table I. Supplying
mineral nutrients (mainly nitrogen) to a bioreactor operating
on a high solid to liquid ratio (greater than 10%'solids) in
amounts adequate to support growth and délignification poses
a potential problem if the required amount of mineral is
- greater than its solubilit§ in water; and if high salt conéen-
trations inhibit growth. To resolve the issue, we examined
the gfowth characteristics of M-10 on 1% glucose in“the pres-
ence of excess nutrient salts. GrowthAinhibition (dry weight
baéié) occurs above concentrationé of about 2.5 times.the mini-
mum nutritional reduirement level (Table II)..

Further work on the nutritional saltvtolernnceé of
C. pruinosum (M-10) demonstrated thét thé major supplemented
mineral (SM) constituents (KH2P04, NaZHPO4,

responsible for the observed growth inhibition above .the 2.5

anq (NH4)ZSO4) are

excess level (Table II). The concentratibn of the carbon
source (1.0% glucose) was kept‘constﬁnt whiie various ingré-
dients were added in five-fold excess céncentration, with the
remaining SM components constant at ix. ‘Dry weight cellular
mass yields after three days incubation at 38°C in shake flasks
were used as the measure of growth inhibition (Table III).

The inorganic nitrogen source (NH4)28Q4/is shown to have
the most deleterious efféCt at the 5x level, while trace ele-

ments appear to stimulate the growth of M-10.



" TABLE 1

Supplemented Mineral Medium (SM)

Components ‘Concentration

(NH,),S0, o .. .5.0¢g
KH2P04 C ) - : 6.04 g
’Na'zHPO4 : | 0.85 g
Trace Elements Solution ' 10 ml

Agar ‘ - ‘ 15.0 g‘
Deionized Distilled Water 960 ml

Thiamine HC1 _ A '

(filter sterilized) S : 1 mg/ml- G

pH 5.0 |

" 40 ml of 25% (w/v)
- glucose solution

Trace Elements Solution

Comgonents . | Cdncentration
MgSO, - 7H,0 5.0.¢
ZnSO, - 7H,0 0.2 g
FeSO, - 7HéO’ 0.5 g
MnSO, - 4H,0 0.5 g
CaClqy 0.5 ¢
Versenol 5.0 g

Deionized Distilled Water 250.0 ml




TABLE II

Effect of Nutrient Concentration on Growth of

C. gruinosum- ’

Nutrient Concentration - Dry Weight(mg)
1.0x 2001
2.5x : "13.1
5.0x’ ' o 2.7
TABLI TIT

C. pruinosum Nutritional Salt Tolerancc-

10.0x 2.2 -

SM Component(s) -at 5x : Dry Weight(mg)
K§2PO4 + Na2HPO4 8.4
(NH4)2804 + KH2PO4 + NaZHPO4 : 3.§
Trace Elements 24.2
Thiamine-HC1 o '22.3
Control (all 1x) | 15.3




If one assumes a 20 to 30% sawdust fiber feed concentra-
tion in the biodelignification reactér and also that no more
than 25% of the gvailable‘sugar (50% of sawdust) will be con-
sumed for growth and delignification, then the total amoﬁnt'
of sugar’utilized will be on the order of 2.5 g/100 ml of
féed (20 grams fiber x 0.5 cellulose x 0.25 = 2.5 g). The 1x
level of nutrienf concéntration is adequate to support M-10
growth on glucosé. Since the m;nimum required nutrient con-
centration 'is consistent with the maximum expected sugar'utili—
ZQtion, we may anticipate that even a two—fold'excess nutrient
feed concentration may be employed in the bioreactor without
significant effect on the growth of M-10.

The effect of various organic ﬁitrogen sburceé indiv{é—‘
ually and in combination with stimulatory concentrations of
trace elements and thiamine hydrochloride on the growth of
C. pruinosum are shown in Table IV.

. A1l 6rganic nitrogen sources examined except urcea enhanced
the growth of :M-10. Based on these studies, the original
growth medium (Table I) was modified to includé 0.5% Bacto-pep-
tone and thé concentration of trace elements was ihcreaséd

five fold.

C. C. pruinosum Growth on Wood

Conditions previously found to support good growth of

C. pruinosum (M-10) on washed cattle manure fibers were employed .




TABLE IV

Effect of SM Medium Modifications on

Growth of C. pruinosum

Medium Modifications Dry Weight(mg)

Trace Elements-5x 100.8
Thiamine HCl-Sx _ ~ 99.9
Trace Elements-Sx, Thiamine HC1l-5x l101.1
Peptone-0.5% 269.2
Trace FElements-5x, Peptonc-0.5% 542.1
Thiamine HC1-5x%, Peptone-0.5% ‘ 318.8
Trace Elements-5x, Thiamine HCl-5x,

Peptone-0.5% 537.8
Urea-0.3% : - 55.0
Proteose-~peptone-0.1% | 250.7

' Proteose-pegtone-o.s% 273.1
Tryptone-0.1% 232.5
Tryptone-0.5% 284.6

6

Control - all 1x " 100.

10




to ekamine its growth on Ponderosa Pine.sawdust. Dried steri-
lized sawdust (200 mg) was placed on a membrane filter.which
was layered on a 200 ml bed of éupplementéd mineral (SM) agar
medium. The membrane was used to facilitate sample handling.
The center of the sawduétfwas inoculated with a spore suspen-
sion o{ C.. pruinosum. Despite_numerous attempts, we were un-
able to‘observe growth of C. pruinosum on Ponderosa Pine.
Additions of yeasf extract and/or peptone to the medium,
each at a éoncentration of 0.1 and 0.5%, resulted in good
growﬁh of M-10 on the agar surféce but not on the-éawdust.
Similarly, Ponderosa Pine which was ball-milled forv18.hours
in a porcelain jar, also failéd to shpport the growth of M-lb.
To test the possibility that Ponderosa Pine éontained |
C. pruinosum growth inhibitors, a manure.fiber/pine fiber

gradient plate was prepared and inoculated with M-10 (Figure 4).

Petri Dish Containing SM Agar Medium

pine
sawdust fibers(4d)

g; pruinosum growth
after 14 days (/)

growth at point of
inoculation only(/)

FIGURE 4. Fiher Gradient Plate




After the first seven days, C. pruinosum growth was ob-
served on the manure fiber and only on the agar.medium to the
right on the manure fiber. These results were interpreted to
indicate tnat a diffusible,substance in the pine sawdust was
interferring'with the’growth of M-10. Several attempts at sol-
vent-extraction of this substance proved unsuccessful. Ten
grams of pine sawdust fibers were placed in 100 ml acetone and
agitated at room temperature owernight. Tne acetone was de-
canted and replaced with 100 ml of absolute ethanol and agi-
tated for an add1t10na1 nine hours at room temperature The
ethanol was decanted and the res1dua1 fibers were rinsed four
times with water, filtered, washed again with 1 liter,of dis-
tilled water, and driedjat 60°C overnight. Even after this
rigorous washing procedure,’Mflo failed to grow on these sol-
venﬁ-extracted fibers.

Since the inhibitor appeared to diffuse inlagar, we ex-
am1ned d1st111ed water extracts of the p1ne sawdust for growth
1nh1b1t10n P1ne sawdust wash water was, used as a partial.
diluent in preparing SM broth. When inoculated with M-10,
gt pruinosum grew as it tppically does in the broth, which sug-
gests thatAif‘the pine dces contain an inhibitor, it is not
readily soluble in water. |
Several unsuccessful attempts were also made to use a

!
manure fiber 1nfus1on and a water soluble extract to stimulate

12



growth on pine sawdust fibers. " In one case, 3 ml of filtered
aqueous extract,hprepared by agitating 5 g of manure fiber with
.100 ml:of distilled water, was added to 200 ml of fhe SM agar
medium. In the second case, 2 m]l of sterile manure fiber 6x—
'tradt was added.diréctly‘to 200 mg of pine fibers on an SM
agaf plate. To prepare an infusion, 1.8 g of manure fibers iﬁ
1800 mi of distilled water was heated with agitation at 75°C
for 1% hours and at 100°C’for 30 minutes. The suspension was
filteréd and combined with 200 ml of 10x SM fo give 2 liters
of SM agar medium. No growth on pine was obtained hsing either
the aqueous manure fiber extract or the infusion. Neither ;
large inoculuh nor the use of h vegétative cell inoculum
showed any growth on pine sawdust, and inocula grown in the
presedce of cellulose as opposed to dextroseAbéhaVéd similarly.
Various other woods were also examined,'e.g. ash, maple,
and birch. Growth as judgea by the appearance of white fila-
mentous hyphae was obéervéd on méple End bircﬁ, but dnly after
four weeks onrash. Growth on maple is not as rapid\as dn'ménure
fiber but appeared sufficient to permit the studies to go forward.
In theuinterests of iﬁtegrating these studieslﬁith‘dther
work tasks, we;elecfed to discontinue further work on pihe saw-
dust and to concentrate on maple. C. gruinosum'strains adapted
to growth on bine could no doubt be developedlbut not without

impeding other ﬁépects of the proposed research.

13




Previous attempts to reproducibly grow M-10 on high solids,
in moist enVirpnments were successful only on petri dishes which

contained an agar mineral medium overlayed wifh lignocellulosic

fibers supported on a porous membrane for quantitative assays

of cell mass and substrate degradation. Good visible growth of

M-lQ in erlemmeyer flasks containing 200 mg quantities of maple

fiber moistened with 1.0 ml of modified SM medium broth'was ob-

of spores and incubation at 38°C. Incubation was conducted in

a humid atmoéphere, and the fibers were moistened every three
to four days with 0.1 - 0.2 ml of broth. The conditions also
proved satiéfactory for growth of Mf10 on manure fibefs in
flasks in the absence of agar. Based on these results, quanti-
tative flask studies of M-10 growth and delignification were

~initiated on maple fibers.

)
1
served between four and seven days after. inoculation with 0.1 ml | ‘
D. Celluloge Access;bility
'Thé'bbjéctivé'of thié:éfudé is to correlate the amount of
M-10 growfh'and delignification Qith the accessibility of the |
residual cellulose as measured by saccharification @ith a, |
T. Viride énzyﬁe prépérationf. Tﬁe e#perimental deéign (Table V). l
was patterned after éarlier studies of M-10 groWﬁ on manure
fibérs on petri dishes (Figuré 5) 5nd incorﬁorated a temperature
shift while enzymatic lignin and Cellulbse degradation continued

(Figure 6). 
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TABLE V

Experimental Design for Cellulose Accessibility

Delignifiation of Maple by C. pruinosum

not incubated

‘incubated> " ® Tat 55°C, Tar” S8y,

incubated o ‘SS
at 389C, "x" days?® °

1

incubated N incubated s SS
at 389C, "x" days'’ at 55°C, 1 hr ‘

2.

incubated - .‘ 4 incubated SS‘
at 550C 1 h47 3

‘at 380C, nxn day;’ + C

incubated , + incubated y SS
at 389C, "x'" days® at 559C, 3 days‘’. "4

True SS 883

- SSl e 882

<

Access1b111ty of cellulose after temperature
shift. '

Maple Fibers (200 mg)
= C. pruinosum (spores & vegetative cell inocula)

Trichoderma viride enzyme

~Soluble Sugars as determined by Anthrone method
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Using vegetativé cells, as well as spores, 200'mg;of maple.
fibers'COntainingll}O ml of modified SM broth was inoculated
and incubated at 38°C under humid conditions for various times.
'Under these conditions, which were identical to earlier success-
- ful flask studies, C. pruinosum visible growth could not be ob-
served, and soluble sugar production was negligible. Variations
in the environmental and inoculation conditions were examined--
‘'some of which_are sﬁown in Table VI--in an attempt to obtain

growth on'maple fibers but with no success.

TABLE VI

Attempts to Grow C. pruinosum on Maple in Flask

Variable Conditions Growth

Incubator #1 (38°C) -

Spore Inoculum (9 days old),
foam plug ' -

Vegetative Cell Inoculum (3 days old),
foam plug ' -

Spore Inoculum (9 days old),
cotton plug . -

Humidity (~30-100%) . -

Spore Inoculum (9 days old), . ,
foam plug; manure fiber only (control) +
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Visual growth of M-10 on manure fibers in flask under

comparable conditions was observed in a subsequent experiment
(Table VII) but growth was accompanied by only ubout 20% ccllu-

losce and no lignin degradation.

‘TABLE VII

Growth of C. pruinosum on Manure Fibers in Flask

Growth Conditions:

Modified SM Broth (1.0 ml)

200 mg Manure Fibers

Spore Inoculum (9 days old)

25 ml Erlemmeyer Flask (foam plugp)

Stationary Incubation, 38°C, High Relative
Humidity

Addition of 0.1 ml Modified SM Every 48 Hours

Harvested after 8 Days Growth:

Cellulose Remaining - 55 mg

-~

Lignin Remaining -~ 57 mg

The experimental results were reviewed by Dr. Steven L.
Rosenberg (Department of Chemistry, University of California
at Berkeley) who indicated that he, too, was unable to repeat
his original M-10 growth and delignificafion results on manure

fibers (see Figures 5 and 6).
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'In an attempt to resolve some of the problems with ob-
taining feproducible growth conditions for M-10, we evaluated
the.growth of C. pruinosum in flaéks under éimilar conditions
onAfour carbon substrates: glucose, cellobioée, Avicel, and.
Whatman #1 filter paper.» Visual growth and dry wéight”Yields.
declined in the'order‘given, and the results varied in repeat
experiments. 'These experiments suggested that at least part
of the variation was arising from cultural characteristics,
i.e. physiological state, age, or morphology.

When incubatea in flask, C. Eruinoéum was obéerved to grow
in.the form of mycelial balls of various size and numbefs.
'Four-day-old cells were harvested and gently homogenizéd in an
attempt‘to prepare a more uniform inoculum of hyphal fragments.
The cells prepared in this matter were uéed to ihocu]gte flasks
containing 1 and 5% glucose and various combinations of trace
" elements and peptone added to SM (Table VIII).'

. HomOgehization of the cells prior to inoculation apparently
improved the uniformity of the inoculum and the réproducibility

of growth under the condifions studied. Glucose consumption

was independent of the initial glucose concentration and varied

only moderately with trace elements and peptone additions to SM:
The first six experiments indiqate'thatiafter 1% glucose -is con-
sumed, tﬁat further growth and glucose consumption is precluded

under the experimental conditions, In runs seven and éighf, a
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TABLE VIII

Effect of Substrate Concentration and Nutrients on Growth of g.'gruinosum

. Dry Weight - Glucose Remaining (mg/ml) ' Total Glucose
Medium - (mg) 24 hrs 96 hrs Consumed (mg/ml)
SM - 1% glucose 372.6 9.0 0 10
‘ ' . 10
M - 1% gl 399. 9.5 0
§ X Trgcg ﬁigggnts 99.1 .
SM - 1% glucose 463.9 9.5 0.25 9.75
0.5% Peptone -
SM - 1% glucose 372.1 10.5 1.0 9
5 x Trace Elements
0.5% Peptone
SM - 5% glucose 486.7 ' 44.0 39.0 11
SM - 5% glucose 562 .8 47.0 41.0 9.0.
5 x Trace Elements
0.5% Peptone
SM - 5% glucose 1.1368 4.0 41.5 8.5
S X Trace Elements ‘ _
SM - 5% glucose 1.3386 47.0 40.5 9.5

0.5% Peptone




visible slime was associated with thé harvested cell mass.
Becalise the cell mass from these twb runs was dried under con-
ditions identical to tﬁe other runs, the former probably con-
tainéd residual water, which would account for the abnormally
high cell yield; Unfortunately, the cultures were discarded

before the need for reweighing was apparent.

E. Mutation Protocol

Parallel development work on an effective mgtat;on protocol
for C. pruinosum was initiated early in the year in anticipation
of the desirability of isolating M-10 mutants with enhanced
enzyme production or activity and/or which arevunable to utilize
cellulose-derived soluble sugars. The expérimeﬁtal objective is
to select plating conditions which reproducibly yield 50 - 100
colonies pér plate. Oxgall and Rose Bengal, which are known
hyphal inhibitors, were investigated for their ability to re-
strict the spreading plate growth of C. pruinosum.

' Adjusting the inoculum level and the concentration of one
or both of these agents proved difficult. At a given inoculum
size, reproducible plate growth was difficult to achieve with
either inhibitor. In order to obtain c1earing zones and dis-
crete colonies, we investigated several experimental parameters:
agar/céllulose monolayerS'Xg biflayers; microcrystalline,

attrited microcrystalline, and acid-swollen cellulose substrates;.
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Qarious Oxgall and Rose Bengal concentrations; and inoculum’
siée. -Zones of clearance, dué to the presence ol cellulasc,
~on monolayer plates using 5% atfrited micrbcrystalline cellu-
lésé as the carbon source, were clearly discernable with both
’inhibifory agents. At high inhibitor concentrations, (>0.5% |
Oxgall.énd >5.0% Rose Bengal) no M-10 growth was obserVed. At
10wer iﬁhibitor concentrations, variation of the inoculum size
from 107! to 1076 dilutions of a standardized inoculum resulted
in, respectively, the appearance of excessive colony plate
counts or single nondiscrete colony formation with no hyphal
inhibition.

The following procedure was used to standardize the inocu-
lum ot C. gruinosuh. A ?DA plate (Potato'Dthrose Agar) was.
- inoculated in the form of a spread piate with C. éruinosum,
incubated at 38°C for eight to ten days. The spores were har-
vested from thé plate with 10 ml sterile distilled water by
rubbing thevsurface gently With a élass spreading rod. The
10 ml df.spore concehtrateAwas vortexgd in a tube cdntaining
'sterile glass beads (4 mm) to break up any clumps. The spore
: concentrate usually read 1% LT @ 525 nm bn-a B&L Spectronic 20.

l.dilution was always.adjusted to read 45 - 40% LT; this

A 10™
inoculum was considered standardized for experiments.

Concentrations of Oxgall between 0.025% and 0.05% and Rose

;.
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Bengal employed at 2.5 mg% or 5.0 mg% gave the most reproduc-
iblé plating; however, the optimum inoculum concentration was

not determined.

Conclusion

On the basis of these experimental findings, it is apparent

that considerably more basic research on determining suitable

environmental cultivation conditions for C. pruinosum is required

before further developmental studies of biological pretreatment
can be justified. Fundamental studies of C. gruinosum growth,
physiology, and nutritional and environmental ;equirementsifall
outside the objectives of this contract. Further studies of this
organism will be discontinued. An alternative~pretreatment ap-
proach has been developed and will be discussed in Part IIiof

this report.
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" II11. BIOLOGICAL REACTOR

Solid State Bioreactor Design and Construction

The propoSed'dll-biological ethandl-frbm—wobd fermenta—~
tion prodessxréiies heavily upon the-effeétivénéss-of the
:first stage‘biologicai'pretreatment‘unit operation to solubi-
lize sufficient lignin to make the residual cellulose readily
availabie'for:énZymétié‘sdccharification."In_the design and
construction of a high solids or'solid:state bioreactoru the
most crucial dééigﬁ’paréméteré are the nutrient, air, and
moisture distribution systems. Previous studies with
C.  pruinosum demonstrated that the ébility-of this organism to
grow and solubilize iignin is particulariy dependént ubon.the
moisture content of the environment and the nutrient supply"
rate; In view of these considefations and the need to handle
'ﬁ éopcentfated slurry feed, we elected to-employ a scfew con-
veyor with cut flights on the shaft for the continuous bibloé-
icél pretreatment unit operation (Figure 2). 'The conveyor cut
flighté provide slow substrate mixing, while the mist spray
and pressurized air inlet cohtrols distribute and maintain

optimum moisture and oxygen levels. The C. pruinosum nutrient

salt tolerance studies reported earlier indicated that nutrient

concentrations two times higher than required for growth can be
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added to the bioreactor without significant deleterious effect
oh growth. The construction cffort on a .3 foot by 6 inch iD

screw conveyor with cut and folded flights housed in a tubular
trpugh‘was arrested éoon after the difficulfies with achieving

' reproducible growth of M-10 were recognized.
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_IV. :MIXED CULTURE MICROBIOLOGY

The m1xed culture fermentatlon of cellulose to ethanol is
conducted by employing a thermophlllc sporocytophaga (US) for
rapidly saccharify1ng cellulose to soluble sugars whlch are
'readily converted by a compatible thermophilic bacillus co-cul-'
ture into ethanol. Mixed culture compatibility is favored pri-
marily by the dependence of each culture upon growth factors
- supplied by .the other and by the more rauid growth of the
bacillus. Differences in the response of each culture to
iuitial and altered pH, temperuture, oxygen, tension, and agi-
.tation rate is used to control the growtu rate of boph cultures
. and the rates of saccharificatiou and ethanol producfion during

the fermentation.

A. Sporocytophaga (US)

During the previous. studies on the prcduction of microbial

protein from lignocellulosic materials, a very active cellulo-

lytic anaerobe was isolated and identified as the first reported

thermophilic sporocytophaga.(4) The culture grows between 50°¢C
“and 65°C and over the pH range from 7.0 to 8.5. It produces
large terminal qures'which are heat stable at 96°C for 20 to

30 minutes. It will not‘grow on the surface of agar plates,
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bolites along with varylng umounts of ethanol In the absence

but will grow readily in shallow or deep broth culture. During
growth on cellulose, -it produces a bright yellow-orange pigment
but not when grown on glucose or cellobiose.’ The cellulase
activity appears to be primarily cell-wall bound with a pH op-
timum of about 6.0. When grown in the presence of a thermo-

philic bacillus, only miheral salts and celluiose are required

for growth. Under these conditions, the spécific' rate of cel-

lulose utilization, in uncontrolled test tubé fermentations °
was calculated to be about 0.~12-hr—1 which ¢orresponds to'a -

volumetric efficiency of about 2.5 g/1-hr.

B. Thermophilic Bacilli

A number of thermoph111c ba01111 were 1n1t1a11y examlned
for growth compat1b111ty with sporocytophaga US and for ethanol

product1on. All of the cultures exam1ned produced ac1dlc meta-

i

4.

of a direct method of screenlng for ethanol productlon plates
contalnlng an a01d 1nd1cator were employed to select cultures
with minimal a01d‘product10n.. - | |

A number of thermophlllc cultures wh1ch had’prev1ous1y
looked prom1s1ng, were selected for ethanol screenlng on phenol
red plates These cultures were taken from TSA stock slants

and grown in mineral broth w1th 0.1% yeast extract and e1ther_

1

0.5% glucose or 0 5% cellobJose After 1ncubat10n at 55 C _they
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were diluted outvtojlofé, and 0.1 ml of the‘,,lo_4 dilution was

used as aniinoculum forAagar plates containing mineral broth,.
0.1% yeast extract, 0.5% glucose or:celldbiose, and 3‘ug/mi
phenol red. .The plates were placed in a dessicator, flushed .
.with Né, and incpbated at 55°C for several days. ' Individual
colonies were.picked‘off of the agar.plates 6n to. TSA slants
and stored for future use. The best cuitufes from the phenol
red plates were inoculated into ﬁineral broth with 0.1% yeast
extract anq.Q.S%aglucose or cellobiose. After growth.at 55°C,
they were deproteinized and measured for ethanol production.
The cultures producing the highest ethanol concentrations arel

shown in Table IX.

In order to be assured that the cultures are not vitamin
: ; : : : ,
limited, ten of these cultures were selected for growth on min-
eral media containing 0.5% yeast extract and 0.5% glucose or
o _ i . o

celiobiose. Ethanoi‘aésays were run, and the results are given

1 .

in Table X. The observed ethanol concentrations corfespond to

about 35% of the theoretical value.

The dependence of ethanol yields upon yeast extract.con-
centration for two of the cul tures (ZB-B2, XB-G2) that pfo-
duéed'fhe h&st'efhanoi Gés examined and compared (Table_XI)
with the twb~cu1tﬁfes (bK2 and OD£) that previously gave the‘u
higﬁést'ethaﬁol yie1d§ ét low phosphafe concentrations (impof-

tant because of dosfé and gompafibility with sporocytophaga
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TABLE IX

Ethanol Production by Thermophilic Bacilli

Substrate Cellobiose . Glucose
Culture mg/ml ETOH Culture | AAmg/ml ETOH
X6 1 0.38 | oW, 1  0.32
UE 3 ~0.39 | oW, 2 o 0:41‘
oLz 3 | 0.34 B XB 1 y 0.39
XB 1 0.37 - XB 2 . 0.36
'XB 2 0.45 | xe 2 0.39
zB 1 - 0.41 ZB 1 0:43
ZB 2 " 0.45 ZG 3 0.36

7G 4 ; 0.37
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TABLE X

Ethanol Production by Selected

Thermophilic Bacilli

ETOH
. : Produced
Culture Substrate* (mg/ml)
UE G 0.56
B 0.70
XB, G 0.68
B 0.57
: XBG G 0.76
B 0.85
ZBG G .0.30
o ‘B 10.85
ZB, G 0.81 '
B 0.87
ow G 0.63
B 0.78
XBB G 0.81
' B 0.71
XBB G 0.85
) B 0.78
XC G 0.73
B - 0.82
ZB G 0.71
B 0.76
G = Glucose
B = Cellobiose
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TABLE XI

-Ethanol and Acid Production from Cellobiose

by Thermophilic Bacilli

Yeast Cellobiose Ethanol MEQ % of*

Extract - Utilized Produced Acid - - Maximum

Culture _mg/ml mM - mM Produced - Yield
ZB-B2 0.25 0.13 0.19 ° . 0.30 39
. 0.50 0.13 . 0.21 © 0.30 44
1.00 - 0.13 0.22 ° 0.33 . 45
XB-G2. 0.25 0.13 - 0.12 0.33 © 25
- 0.50 0.13" . 0.24 0.33 - .50
1.00 ~0.13 " 0.20 0.36 41
OK 2 - 0.25 0.14 0.12 — 23
oD 1 0.25  0.14 0.10 J— 21

*Maximum yield = 46% of carbohydrate w/w L , - . -

Grown anaeroblcally at 55 C w1thout shaklng

Media: Celloblose 5 0 g, (NH )280 1.0 g, Na HPO 5.3 g, KH2P04, 4.0 £;
NaCl, 1.0 g, MgSO4 7H20 0.2 g; ZnSO4 7H20 0 008 g;. FeSO4 7H20

. 0.2 g; MnSO4 20 0,02 g; CaCl 0.02. g; Versenol 0.2 g per 1000 ml

] : ,adJusted to pH 7.5. )




which grows best at 0.07 molar phosphate). The acidic end-pro-
ducts were not identified bul simply titrated with O.1N NaOH.
Yeast extraot'was supplied as a source‘of growth‘faotors; how-
ever, at the?higher concentrations,ﬂit huet be‘considered as a
source ofﬂoarbon and energy as well. Changing the ratio of
cellobiose to yeast extract would introduce additional compli-
cations since these test tube;experiments were not pH controlled.
In order to relate the yield of ethanol d1rect1y to cellobiose,
experlments were performed to identify the culture w1th the

simplest grthh requirements. : : Wii?l
. o r*o~3

C. Growth Requirements of Thermophilic Bacilli

A conventional Latin square method in which the: growth
factors g}ven;in ?able XII, removed one-at a tlme, was used,to
‘assess the‘growth requirements otJfour cdlturee.v The-results
1nd1cate that OK2 and OD1 either require less. common'growth
factors‘(l.e; polypeptldes or nucleic aclds) or have need for
a more complex assortnent than presented in this experlment
Culturé ZB—B2 on the other hand when grown on mineral med1um
with ce}lob;ose as the sole carbon and energy source, requ1rc.
thiamiﬁe,eriboflavin, biotin, or one or more of the three nu-
cleotide bases. The observed growth.in the,abéence of biotin
and the bases may ;uggest.thatvthesekspeoific requirements are

accessory rather than essential. A similar interpretation can
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~ TABLE XII
Thermophiiic Bacillus Growth Requirements

Growth Factors* Culture Growth**
ZB-B2 XB-G2 Ok, oD,
1 2 3 4 S 6 7 8 9 (brs) (brs) (hrs) ghrs)
A,G,UThi Rf CaP B; NA Biot FA AA 24 48 96 24 48 796 - 24 48 96 24 48 96
) 1 . .

- - - - - - - - - 0o o0 o 0o o0 o° 0 0 O°- o o0 o

+ + + + + + + + + 2+ 3+ 3+ 3+ 3+ 3+ + + + - + o+ +

- + + + o+ + + +  + 0 0 2+ 0 + + 0 + o+ (¢} + +

+ - + +. S+ + + + + o o0 (1] 4} + + o + + 4} + +
w + + -+ + o+ T4 + + 0. o0 0 0 0 0 0 0] o 0 o +
> + + + - + + o+ + +. 2+ 3+ 3+ .2+ 2+ 2+ .+ + -+ + + +

+ + + + - + + + + 2+ 3+ 3+ 2+ 3+ 3+ + + 2+ + + +

+ + + + + - + + + 2+ 3+ 3+ 2+ 3+ 3+ o + + - 0 + +

+ + + + + + - + + 1) o 2+ o o 0 + + 0 + +

+ + + + + + + - + 2+ 3+ 3+ 2+ 3+ 3+ o} + + 0 0 +

+ + + + + + + + - 2+ 3+ 3+ 0 2+ 2+ 0 + + ] 0 +

*1) Adenine Sulfate, Guanine HC1, Uracil, 5.0 ug/ml each; 2) Thiamine BCl, 1.5 ug/ml; 3) Riboflavine,
~ 0.5 ug/ml; 4) Calcium Pantothenate, 1.0 ug/ml; 5) Pyridoxal HCl, 2.0 ug/ml; 6) Nicotinic Acid, 5.0 ug/ml;
7) Biotin, 0.8 ug/ml; 8) Folic Acid, 0.1 vg/ml; 9) Amino Acids (vitamin free), 10.0 ug/ml. All factors

except the bases; Adenine, Guanine and Uracil were sterilized by filtration and added to the heat
sterilized mineral medium. N ' ’ ’ '

 **Growth was estimated as visual turbidity When'comparéd with growth in the test tube with all growth
factors. A " o . :



'be advanced for culture XB-G2 excépt that it appears to have

additional requirements for one or more amino acids.

D. MutatiOn'Protocol

The co—prodﬁétidn of acetic acid by the thermophilin bacil-
1i is iimiting the aftainable éfnanoi yield to about 50% of
that acnieved by commercial yeast homofermentnrs, ‘A mutation
effort was initiated to develop a bacillus strain capable of
yeast-like conversion of glucose to ethgnol. For our initial
experiments, N-methyl, N'-nitio, N—nit%osoguanidine (MNNG) was
used ésrthe mutagenic agent. e _ |
‘ The thermophilic baéillus*NW was gr&ﬁn for 16 hours at
55°C in ninefal broth containing 0.5% yeast extract and 0.5%
cellobiose. Tést~tubes were inoculated with 0.1 ml of a
1/100 dilution dfta 24 hour culture grown on the same medium.
The cells were‘Centrifuged, washed with one volume of M/15
phosphafe buifer, ang resuspended in‘an:equal volume of the
same buffer.';The mutagénic agent MNNG was‘added to test tubes
containing 10 ml of a suSpension of NW cells in concéntrations
of 100, 250,.506{.750, and 1000'ug per test tube. The cultures
were incubated‘at;ssoc for 30 minutes with shaking. After in-
cubation; the‘cnltures were diluted and stfeakedion mineral agar
plates cbnﬁnining 0.5% yeast extract and 0.5% cellobiose.

Figure 7 shows the killing curve obtained with the muta-

genic agpnthNNG: From these results, we‘concluded'that a
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FIGURE 7. Survival Curve of Thermophilié'Bacillus NW
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dose of 65 mg/l for 30 minutes at 55°C is adequate to obtain

a 99% kill.

E. Mutant Screening

The metabolic end-products for glucose fermentatién Ey
the thermophilic bacilli examined to date are primaraly efhanol,
acetic acid, and COZ' Desirable mutants will dispiay enhanced
ethanol and limited acid production. In the absence of a
visual detection scheme for ethanol production on plates, re-
duced acid production is employed to initiafly screen mutants,

MNNG treated cultures are plated on}ﬁéaf plates containing
peptone, yeast extract, glucose, and bromthymol blue indicator;
"The plates are incubated for 24 - 48 héurs. Colonies showing
no or limited color change are compared with untreated controls
and selected for subsequent test tube fermentation and gas |

chromatographic ethanol and acetic acid determinations.

F. Ethanol Tolerance of Thermophilic Bacillus ZB-B2

The growth of ZB-B2 in the presence of varying concentra-
tions of alcohol was studied to determine the point at which
significant growth inhibition occurs.

The results of growth studies on 1% glucose in the presence
of from O to 8.0% ethanol are plotted ih Figure 8 as a function
of the optical déﬁéiﬁy'after'24 éﬁéiibAhours of.gféwfh:“FBatch

culture growth in the presence of ethanol is delayed. However,
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FIGURE 8. Effect of Initial Ethanol Concentration'on
the Growth of Thermophilic Bacillus ZB-B2
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in continuous culture, ethanol cbncentrations up to 4% can

readily bc tolerated.

G. Growth of Thermophilic Bacillus on Xylose

The hemicellulose'content"of many biomass substrates con-
stitutes a significant fraction of the total biomass. If fhis
fraction can be convérted to ethanol, the overal} conversion
yields would be enhanced.

The ability of the thermophilic strain ZB-B2 to grow on
xylose and a mixture of xylose and glucose was examined in test
tube fermentations. Thé results of growth studies on 0.5%
xylose, a mixture of 0.25% xylose'and 0.25% glucose, and 0.5%
glucose alohe‘in>minera1 Medialcontaining 0.5% yeast extract
and 0.2% tryptone are shown in Figures 9, 10, and 11, resrpec-
tively. Optical density (turbidity at 615 nm) determiniations,
sugar‘utilization, and ethanol'aud acetic acid productidn.are
“aiso‘prssented.

There was a long lag before initiation of growth on
xylose (Figure'8). The apparent biphasiC'grswth at 8 to 10
uours, which is not observed‘on.glucose or the mixed sugars, is
probably due to in1tia1 growth on yeast extract and tryptone.
The shortest lag period and the most rapid growth occurred on

the mixed sugars ~In repllcate runs, the ratio of ethanol to

nacetic acid production after 23 hours averaged 0.75 on glucose,

0.5 on xylose, and O. 75 on the mixed sugars
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H. Purification Studies bn Sporocytophaga Strain US

VDefining the growth requirements and product yields of
'.sporocytophagé have proven more difficult than originally
anticipated. It now appears that sporocytophaga requires for
growth some product derivable from the bacillus co-culfure
that is ﬁot found in common yeast extract, peptone, or»caséin
'prepargtions. The growth of sporocytophaga in mixed culture
is alwa&s preceded by the initial development of modest bacil-
lus growth; however, additions of sonicated or heat-killed
bacilli are ineffective in initiating the growth of sporocy-
tophaga. While we have not yet determined what function the
bacillus performs.in initiating the growth of sporocytophaga,

it is véry probable that the former supplies a specific nucleic

acid or peptide.

Some of the myxobacteria as wéli as the cytophaga and the

.recently discovered Bdellovibrio bacteriovorous have been found

" to require living host bacteria.(s) In some cases, heat-killed.
cells will substitute, but in others, only living cells support
good growth. |

The anaerobic roll tube méthod of Hungate(e) and the modi-
fied serum bottle technique of Miller and Wolin(7) have been
used to isolate indiﬁidual aqaerqb{p coionies. In addit}on, the
Gas PakTM anaerobic system(s) fof grbwing cultures 6n plates and

in.test tubes has been used without success.
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The compléx growth requirements of'sporocytophaga strain
US suggest that the effort required §o~purify this culture is
beyond the scope of the éurrent contract and that additional
purification studieé-wbuld unduly retard progress on the pri-

mary objectives. Preliminary ‘experiments -on an alternative”

cellulolytic anaerobe (seé Section 1IV) are sufficiently en- - =

couraging to justify discontinuing further work on sporocy-

tophaga.
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V. BENCH-TOP FERMENTATION

- In this section; we review the results obtained when a
mixed culture of sporocytophaga (US) and,the thermophilic
baciilus (NW) are grown on microcrystalline and amorphous cel;
lulose and compared to the batch and continuoué fermentation

of NW grown on glucose. A kinetic study of Clostridium

thermocellum growing on microcrystalline cellulose is also re-

ported.

A. Materials and Methods

Amorphous cellulose was prepared accdrding to Walseth. (9)

Microcrystalline cellulose (PH 105, 19 u) was dissolved in cold
‘85% H3PO4 and then reprecipitated in cold water. The precip-
itated swollen cellulose was continuously washed with distilledk
water until the wash water pH was neutral. The swollen cellu-’
lose was resuspended in distilled water and stored in the re-
frigerator. The swéllen cellulose was used directly in the fer-
‘mentor runs without drying.

Microcrystalline cellulose. - PH 105 Avicel was purchased

from the FMC Corporation. The average particle size is 19 yu.
Less than 1% of this grade Avicel was retained on a 450 mesh
‘screen,

Cellobiose. B-D (4) cellobiose was obtained'from the Sigma

Chemical Company.




. detectors. Samples were injected onto a Waters Associates'

Soluble sugar. Total soluble sugar was routinely measured

as glucose by the anthrone method (dissolution in 72% H,SO,
and spectrophotometric detgrmination at 610 my after reaction

with anthrone reagent) on a Teqhnicon model AA-1 autoanalyzer

using glucose as a standard. Cellobiose and glucose assays

were performed on a Waters Associateé' model 244,.high pressure

liquid chromatograph system, which consisted of a solvent pro-

grammer and UV absorbance and differential refractometer

u-Bonapak/carbohydrate column (4 mm x 30 cm) eluted with a
COhstant (4 ml/min) solvent (égetonitrile/water: 75/25) flow
rate detected by refractive index. 'Figure 12 shows a typical
high preésure liquid éhrométograph of glﬁcose and'cellobiose
with a rétention time of 6 and 9.8 minutes,.respeétively. An
exceliehtlliﬁear correlation waé“obtained for glucose concen-
trations rahging from 0.5% to 8% (Figure.13)u._A-gqod linear
correlation of the cellobiose concentratibn‘Wés‘aISO observed
between 1% and 6%. Using this solvent,sysfem, the lowest de-
tectable amounts of glucose_and cellobiose ére.15 and 20 ug,

respectively.

Analysis of volatile acids via gas chromatography. A

glass column packed with the po;9u§{Chrombsorb 101 was found

to efficiently separate the acids commonly observed in anaerobic
fermentation broths. Figure 14 shdws the chromatographic

¢

46
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separation obtained with a mixture of acids and ethanol pfe-
pared from authentic sampies.

Symmetrical peaks were observed for acetic, propionic,
iéobutyric, and butyric acids. However, lactic acid showed
substantial tailing.

A good linear correlation was obtained for acetic acid
concentratiohs up to 0.1 mg/ml (Figure 15).

For the analysis of fermentation broth, the clear fermen-
tor broth (1 ml) was acidified with‘0.5 ml of 3N HC1 solution.
The solution was then injected directly into the column with a
syringe. If precipitation occurred after the aqidification,
the precipitate was removed by centrifugation prior to injec-:
tion to G.C. |

Protein. Protein was measured by the Lowry method with

crystalline egg albumin as a standard.

Cellular protein. Cellular protein was prepared by soni-

cating the cell pellet in 0.1 N NaOH solution for three minutes
in an ice-water bath. The clear supernatant from centrifugation
7

was analyzed for cellularnprotein.

T.C.A. precipitable protein. Cell-free filtrate was: pre-

cipitated overnight with 5% trichloroacetic acid (T.C.A). The
precipitate was redissolved in 0.1 N NaOH solution for protein
analysis.

Cellulase activity. The cellulase activity was measured

?
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as mg/ml of élucose equivalents in the solution"by incubating
a mixture of 1 ml of enzyme solution (clear supernatant from
fermentor broth) and 1 ml of 20% microcrystalline cellulose
(Avicel PH 105) in pH 7 5 buffer solution at 55°C for-three
hours. The mixture was quenched by additlon of 8 ml of

| 0.1 N stO The clear supernatant was analyzed for soluble

sugar by the Anthrone method.

Fermentations were conducted in 1-liter flasks at a con-

. stant pH of 7.4 and a temperature of 55°C. The desired amount'
of substrate was suspended in 800‘m1 of basai'medium and steri-
lized in the fermentation flask for 154minutes at 125°C. In
the case of glucose, the substrate was sterilined separately.
'The fermentor was inoculated with a culture which was grown in
the same medium as in the fermentor The pH was malntalned at
7.4 by the continuous additlon of 3N NaOH solutlon by means
of a peristaltic pump, regulated by an automatic pH controller.
Anaerobic conditions were maintained by continuously passing
nitrogen gas above the medium. As the fermentatlon progressed‘
aliquots were withdrawn aseptically and analyzed for cellulose,
' protein, soluble sugar, ethanol, and volatile acids.

A' Unless otherwise indicated, the composition of the growth -
medium per. 1000‘m1 was: .(NH4)ZSO4; 5.0 g; KzHPO4, 10.4 g;
KH2P04, 0.9 g; NaCl, . 1.0 g; yeast extract, 2.0.g; and ‘trace

metals: MgSO, - 7H,0, 0.2 g; FeSO,, 20.0 mg; MnSO, * 4H,0,

4 P2
20.0 mg; CaClz, 20.0 mg; ZnSO4, 8.0 mg; Versenol, 0.2 g.
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In the case of swollen cellulose, the concentration of

cellulose was 6 g/liter of distilled water.

B. Growth oi’ NW on Glucose

The kinetic profile of NW growth, glucose uptake and‘
-ethanol and acetic acid production are shown in Figure 16. The
fermentor was inoculated w1th a 1% suspension of an 18 hour old
culture. The long lag time was probably due to the use of a-
stationaryjphase inoculum. The specific growth rate was calc-
ulated to be 0.59 hr-1 (generation time 70 minutes) based upon
turbidity measurements at 615 my. Ethanol and acetic acid were
the maJor metabolites produced during the fermentation The
production of ethanol and acetic acid paralleled the increase
in cell mass. The rate of ethanol production was slower than
the rate of acetic acid production and reached a maximum value
at the same time as maximum cell density was attained. How-
ever, acetic acid production was found to increase even after

the cessation of culture growth.

C. Mixed Culture Growth on Amorphous Cellulose

The specific substrate depletion rate of .US-NW growing on

amorphous cellulose (Figure 17) was calculated to be 0.087 hr_1

" Soluble sugar accumulation did not occur during the fermentation,

and its relative concentration ‘remained small. As with the NW

glucose fermentation, ethanol and acetic acids were the primary
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‘.'_mlcrocrystalllne cellulose (Flgure 18) was calculated to be

metabolic products. Again, acetic acid production was faster
.than‘ethanol producticn and the former continued after ethanol
production ceased. The yield of ethanol was about 24% of

theoretical.

- D.~ Mixed Culture Growth on Microcrystalline Cellulose |

=The sbecific substrate depletion rate of US-NW growing on
0.0346 hr 1. No soluble sugar accumulation occurred durlng
lferhentation, and as observed in the two previous fermentor runs,
acetic.acid production was faster and persisted longer than
ethanol production. However, 2,3 butanedicl was fcund'tq be
: _an addifionallhetabolite, occurring in yields and rates of‘
‘.produCtion which were comparable to'ethanol. Ethanol appeared
earlier than 2,3 butanediol; however, the observed yield of
ethanol was below that (14- 19%) found during growth on swollen
cellulose. Extracellular cellulase was observed in the broth;

.howeVer,,for meaningful asseSsments, the substrate-bound activ-

ity (which was not measured in the fermentor run) must also. be
taken into account. | '

The ethanol production and cell growth from NW growing on |
glucose fell off even when_substantial glucose was still present. ’
Since glucose starvation isfunIikely urider these conditions, the
most likely inferpretation is either ethanol or acetic acid

W .
'y Tt
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inhibition. Since acetic acid production persisted after
ethanol production stopped, NW may in the vegetative state con-
,‘vert ethanol to acetic acid to obtain maintenance energy
'However growth factor depletion normally supplied by US in
mixed-culture growth cannot be entirely ruled out Mixed-cul-
ture growth on amorphous cellulose displayed s1m11ar ethanol -
yields, however, the substrate depletion rate was lower, and
the ratio of ethanol to acetic acid fell from 0 9 to 0.6 when
compared to the NW glucose fermentation. Unlike the latter
case, glucose levels relative to celllhaSS were low when log
phase cell growth stopped, which suggests that glucose star-
vation arrested growth. "Mixed-culture growth on microcrystal- -
| line cellulose displayed still lower yields of ethanol, and the
ethanol to acetic acid ratio dropped to 0.3. Soluble sugar
concentration remained negligible throughout the fermentation
The appearance of 2,3 butanediol (Figure 19) toward ‘the latter
'stage of fermentation ‘was unexpected° however 4s1nce the fer-
mentation time is con81derab1y longer on microcrystalllne cel-
lulose, either a change in culture physiology leading to a
different mix of products or a contaminant couldaexplain the

" appearance of this product. The change in metabolic pathway
with culture age is the more likely explanation if the 2,3 bu-
- tanediol pathway is more energy conserving.. Ethanol, acetic

acid, and 2,3 butanediol account for about 85% of the cellulose
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utilized assuming the production of 50% COz."’i If lactic acid is
produced as observed -in the test tube experiments, its concen-
“tration in the 1-liter fermentor runs is negligible.

" ‘'The observed ethanol yield and rate bf'brodUCtion’vary
with the carbon substrate as does the molar ratio of ethanol -
and acetic acid. The relatively slow rate df'miérdcryétallfhe
cellulose degradation appears limited by the adéeSsibility'of
this substrate to ‘enzymatic saccharification, which may in turn
lead to an alteration in the culture physiology and to the pro-
duétidn of 2,3 butanediol, at the expense'éf‘ethanol. The' for-
mation of acetic acid from ethanol by resting bacilli cells
‘may also be dccurring.in the latter stage?bf fermentation.
Ethanol yields in relatively uncontrolled tést tube‘fermeﬁta-
tions, are higher than observed in 1-liter pH cbntrdlled fer-
mentations suggésting that other parameters suéh'as”agifafion,
‘dissolved oxygen, and COz tension may also ihflhéhce the yield
of ethanol. e

in‘order to uhderstand and improve the ethanol &ield’
in bench-top fermentation, the continudus fermentation of
thermophilic bacilli growing on soluble ‘sugar was investi-
gated. - o R

E. Continuous Fermentation of Thermophilic Bacillus on

3

Glucose

. ) !

The continuous fermentation was studied in a 1-liter
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) fermentor,at constant pH of 7.5 and temperature of,55°C. The

pH_was held constant by a pH controller and by'autqmatic addi-

tion of 3N NaOH solution. vThe.fermeﬁtor Was filled with 700 ml

of fermentation brothAand autoclaved. The glucose solution'waé

autoclaved separately to avoid carmeliiation. After the addi-

tion of'the‘sterilized<glucose solution to the fermentor,

the fefmentpr was . inoculated with .a 1%, 16 hour-old inoculum
Awhich was previously grown on:the same medium as in the fermen-
~tor. At the end of the batéh'growth, the medium feed pump waé
turned.on. The medium was continuously fed to the fermentor
from a 2Q-liter reservoir. The rate of medium addition wﬁs
calibrated by a buret which was attached to the system as
- shown in Figure 20. A fermentor working volume of 800 ml was
mainpained by a constant leveling probe which activated fhe.
outflow pump when the fermentor VQIume exceeded 800 ml.
After more than three fermentor volumes (i.e. 2.5 liters) of
the broth paséed through the férmentor, 5 ml samples of broth
were coliécted;in timed'intervals and the cell mass was measured.
When the dell mass. remained constant over a period of 5 to 6
fermento? Volqmes, a steady state was assumed. Subséquently,
the flow rate of medium addition was changed énd a new steady
state was established.

- The reéﬁlfs'of continuous fermentafion5dethermophilic

bacillus growing on glucose are shown in Figure 21. - The cell
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mass, acetic acid, ethanol, and remaining glucose are plot;gd
.against the dilution rate. The cell density measu;ed as opti-

cal density at 615 mu was found to increase as the dilution

14¢60.18 hrf}, and a washout of

1

rate increased from 0.075 hr

cell mass occurred at the dilution rate of 0.26 hr~ This

:value is much lower than the calculated .critical dilution rate
based on the growth rate in a batch .fermentation, In the batch

férmentation, the'mggimum specific growth rate, according to
‘the increase in optical density, is calculated to be 0.69 hr_l.
It is expected tgggﬂghe critical d;lution rate.in the continu-
.ous fermentation should fall around this value. At the present

time, we aré unable to explain this discrepancy. . The lower

value of cell mass observed at a dilution rate‘of20.0751hr_1

is most likely due to the lysis of the culture. Matshé and
(10)

AndreWs, reported that higher maintenance energy was needed

for microorganisms growing at higher temperature. The mainte-

nance of energy cogfficients for thermophilic bacterium

(Bacillus sp) at 56°C and '60°C are 0.069 and 0.103 hr™%, re-

1

spectively. The 0.075 hr - dilution rate}usédlin~this study is

too slow to supply adequate carbohydrate for culture growth.

Therefore, it appears that the culture was starving at the -

- 0.075 hr~! dilution rate and underwent lysis which resulted in

N ; . . I
a lower value of cell mass. e

The profile of ethanol and acetic acid production as a
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function of the dilution rate is similar to that of cell mass.
'Thé‘déciease of cell mass resulted in decreased ethanol and '
acetic acid production. A higher concentration of acetic‘acid
OCCu§red'at a dilution rate of 0.074 hrr; and is probably due
to the conversion of efhanol to acetic acid by the culture.
Théfmolar-ratio of ethanol to acetic acid in the fermentor
broth as a function of the dilution rate is shown in Figure 22.
As the dilution rate ‘increases, the ethanol to acetic acid
molaf.ratio'inqreased‘and reaches a maximum v#lue at fhe wash-
out dilution rate. However, at lower dilution rates, the molar
ratio approached unity. These resulté“éuééést that the me-
‘"tabolite distribution depends on the physiology of the culture-
At low dilution rates, the éeIIS‘utiliZe ethanél'as an energy.
~source to supplement the limiting supply of carbon from gluéose.
Theée results agfee with the results obtained in batch fermen-
tation, where the ethanol to acetic acid ratio decreases as
growth approaches the stationary phasé.

F. Kinetics of Clostridium thermocellum Growing on

Microcrystalline'Cellﬁlose

Shortly, after we initiated our studies on the conversion
of plant biomass to ethanol, Professor Zeikus of the University

of Wisconsin, visited our laboratory and reported on his studies

of Clostridium thermocellum. This cellulolytic anaerobe was
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shown to produce, in flask experiments, ethanol and acetic acid

as the major metabolites from growth on'glucose.(ll)

Since

this appear?h to be the first report ofAthermoﬁhilic'cellulof'
lytic organism which fermeﬁts celiulose diréptly to ethanol, we
examinéd its performance under controlléd férmentor conditions.

"The miqroprganiSm used in this study was Clostridium

thermbcellum strain LQ8,'provided by Professor Zeikus. The

composition of the growth medium was essentially the same as

reported-in"the literature(ll) and is shown in Table XIII.

TABLE XIII *\

Composition of Medium for Clostridium thermocellum

Component . ' Per Liter

Yeast Extract . ' 2.0 g
(NH,),S0, | 1.3 g
'KHZPO,. 1.5¢
K,HPO, . 2.25 g
MgCl, - 6H,0 1.0g
CaCl, 2.15 g
1% FeSO, Solution 0.125 ml
2.5% Cysteine Hydrochloride © 10.0 ml
©2.5% Na,S ,énzo'A o . 10.0 ml
Microcrystalline'CellﬁIOSe' ’; " 10.0 g

PH105




The batch fermentation of Clostridium thermocelluh was

studied in a l-liter fermentor at censtaht pH (7.3) and 60°C.
' The'pH.was maintained by aatomatic adgition of 3N NaOH solu-
‘tion through a peristaltic pump controlled by a pH controller.
A condenser was used to coadense ethanol or water vapor that
m1ght escape from the fermentor Anaerobic conditions were
maintained by purging N2 gas contlnuously through the system
The fermentor was filled with about 800 ml of broth .con-
~ taining appropriate amounts of.microcrystallihe cellulose, and
was autoclaved. Cysteine hydrochlorlde and sodlum sulfide
solﬁtions.were sperilized separately.. The fermentor was flrst
stafted by adding the cystelne hydrpchloride and-sodium sul-
fide solatibn, and then a 5% indculuﬁ'wﬁich was prevlously'
v.growh on the same medium as in the fermentor for at least 20
hours. The culture was slowly«stirred‘by a magnetic stirrer.
Samples (20 ml) were.taken from the fermentor aseptically at
tlmed<intervals and analyzed for cellulose; soluble sugar,
ethanol, acetic acid, cellular protein, trichloroacetic acid
precipitable protein, and cellulase activitylin the broth.

- Figure 23 shows the kinetic profile of the growth of

C. thermocellum LQ8'on microcrystalline cellulose at pH 7.2.
In this experiment, only the metabolite (ethanol and acetic
acid) and rema1n1ng cellulose were analyzed durlng the course

of fermentathn. The rate of cellulose degradation was found
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to be a first order after a lag period of about 40 hours. The
slope of first order rate constant was calculated to be

0.043 hr L.

The observedilag time is most likely due to the
lack of adequate initial cellulase activity at the beginning
of the fermentation for hydrolyzing the.celluldse in the fer-
mentor. However, as the fermentation proceeded,lthe éulture

produced more cellulase that increased cellulose'sacéharifica-

tion during the later stage fermentation. The production of
~ethanol and acetic acid seems to be associated with culture
growth. The ethanol and acetic acid production are exponen-
tial in the earl& stage.of fermentation and fgii; off just
prior to the complete~dep1etion'of the cellulose.  The molar
'ratio of ethanol to acetic acid is calculafed t; be 2 to 1,
and the over#ll yield of efhanol is about 36% of the theoret-
ical yield of ethanol from the cellulose. 'The low yield of
ethanol is due to the production of acetic gcid.

Figure 24 shows the kinetic profile of a batch fermenta-
tion in which'steriiized cellulose was replenished in the fer-
mentor after the original cellulose was almost depleted as
Shown'by the'arrow on-top of the figure. The initial cellulose
degradation was féund to be siﬁild} to that obsérved in the
previous experiment. However; replenished cellulose was de-
graded by first brder_kinetics:without a‘lag-timem: The ob---

served difference in lag.time between the initial degradation

70



cellulose as glucose equivalent mg/ml (&) '

FIGURE 24.

Mlcrocrystalllne Cellulose (1%)
at pH 7.5, 60°C

addltlon of

Growth of C. thermocellum LQ8 on

L 500

', -
cellulose - -
) cellular
e 2 protein .
'S ’
- cellulose ‘\V: ethanol
‘ i \
: ! L2
o---"
El- \ PR - ~ 100
S -—*\ »/“"" acetic acid [
E 9o i
5 : 7 \\ /.’——--‘ 3
- V4 .x/—.
Pt V4
_g‘o. 70 ( \
// 7 \ L
; & A
— - 4 \
E / = -
3 / \
0 }‘ \
SN\
cellulose \ -
\
\
-
I ) 10
100 120 140

ethanol (o) and acetic acid (e) u mole/ml




and that associated with the replenished cellulose is due to

the cellulase concentration. in the fermentor as shown in Figure

25. At the end of the initiélicellulose fermentation, there
was a h;gh cellulase. activity .(0.18 mg/ml glucose equivalent)
in the broth. As sdon aé the fresh cellulése was added to the
féfmentor, the cellulose immediately absorbed most of the celf
lulase and was quickly degraded. As a result, the cellulase-.
activity decreased sharply from 0.18 mg/ml glucoée equivalentA
in the broth, and the cellulose was degraded with no lag.

Since there was ample cellulase in the broth, f%e slow rate of
cellulose degradation is controlled by the accessibility of

 the cellulose to the cellulase. The first order rate“cénstant;
of the cellulose degradation was calculated to be 0.056 hr°1.

. The ethanol and acetic acid_production was found to par-

allel the increase of cellular protein as shown in Figure 24.

This suggests that metabolite production oflg. thermocellum

is closely associated:with culture growth.: The molar ratio of
ethanoi to acefic acid'was 2.1 to 1. Since no appreciable
amount of soluble sugar was qpserved(in the broth, the
cellulose was used by the microorganism for growth aﬂd metabo-
lite production. The lack of solubleusugar accumulation is.in
shhrp contraét to the resu1ts reported by Professor Cooney,

et al.(12) The overall yield of ethanol is célculated to be

about 37%‘of théoretic yield. The observed loW‘yield of ethanol
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is éftfibuted to the production of acetic acid. In order to
obtain a higher yield of ethanol, a mutantAwhiCh does not pro-
duce acetic acid is required since the manipulation of fer-
menfation parameters is not iikely to alter the ratio of the

ethanol to acetic acid ratio.
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VI. SUMMARY

Based on the experimentai-fihﬂings of the first ;ear;s
reseafch, the objectives of this research program cannot Se
achieved within the remaining contract period, without modi-
fying the originally proposed experimental tasks. | |

An alternative pretreatment process must be developed
in order to circumvent the experimental difficulties of irratic

growth of C. pruinosum.
The availability and performance of C. thermocellum LQ8

in bench-top fermentation provides an alternative route to

"~ developing a whole cell direct fermentation of ceilulose to
.ethanol. To 6vercome the latter's low ethanol yiéld requires
‘genetic improvement to suppress acetic acid production.

- The efficieﬁf.ﬁtilization of the hemiceLlulose.fraction
of.plant biomass by thermophilic bucellus ZBB2 will require
similar genetic improvements to reach higher ethanol yields.

A revised program plan based on our recent experimental
work and a literature shrvey of suitable alternative pretreat-

ment processes is presented in Part II of this report.
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PART II - REVISED RESEARCH PLAN

VII. INTRODUCTION

Alternat1ve experlmental routes for convertlng wood 1nto

ethanol have been reexamlned in the light of recent experlmen-
B !
tal findings, the unfavorable process economics of enzymatlc

saccharlflcatlon and the increasing 1mperat1ves for a p110t
fermentatlon fa0111ty in the DOE Fuels from Blomass Program

A revised research plan based on a review of the wood

pretreatment 11terature and our recent exper1menta1 results is

presented The pr1nc1pal mod1f1cat1ons are the substltutlon
of a chemlcally supplemented steam pretreatment of wood for

biological dellgnlflcatlon and the use of Clostridium

' thermocellum in place of the mlxed culture for ethanol produc—

tlon. Research on genetlc 1mprovement and the modified vacu-
1 . X .

ferm are retalned

The mod1f1ed research plan rationale‘ and new experimen—

tal tasks are dlscussed after the 11terature ~survey of wood

pretreatment schemes.
X Co. : ,.3'

s
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VIII. WOOD PRETREATMENT LITERATURE REVIEW

Literature reports of wood pretreatment methods are more
extensive than the uses and applications of wood products
The susceptibility of pretreated wood to bioconvers1on, its
production costs, and market value set natural limitations
on the'feasibility of any given pretreatment scheme. The
principal characteristics of wood that have been advanced for,
explaining its.resistance to chemical, enzymatic and micro- '
biological conversion to liquid fuels are: the content and de-
gree oprolymerization (DP) ofllignin, the crystallinity»and DP
of wood cellulose, the extent of lignin-carbohydrate associa-

tion, the porosity, and the particle size.(14-18)

A given pre-
treatment will invariebly effect more'than one of these pro-
perties to an extent which is very dependent on the wood species
and the treatment conditions However, before reviewing the
effects of various wood treatments on its susceptibility to |

. conversion, a brief review of the structure and composition

of wood is given to provide a common basis for interpreting

the action of a given chemical or physical treatment.

A. Composition and Structure of Wood

The chemical composition of some North American wood
species, that dictate the theoretically recoverable carbohy-

drate are given in Table XIV.(19)
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TABLE XIV

. : : : ' . 19
Chemical Composition -of Some North American Specles( )
(Extractive-Free Wood Basis) N
Uronic Non- Gluco- Arabino- glucurono
Lig- Ace- acid anhy- Glu- Galac- Man- Ars- Xy-' Cellu- cellulosic mannan, galac- (arabino)  Cellu- Hemicel- Lig-
. Ash _ nin, tyl, drido, . can, tan, na ban,” lan, lose, glucan? (acetate) tan, xylan lose, lusoses, nin,
Species - 4 % % % % % % % % % % % % (acetate) Z%- % '/.
Trembling aspen ’ : ' ] ’ N
. Populus tremuloides 02 163 34 33 573 .08 23 04 160 " 93 3 4 ! 23 53 3 16
White elm - . . . ‘L
Ulmus americana 03 236 39 36. 3532 09 24 06 115 & 2 4 2 19 49 27 u
Fagus grandifolia . 04 221 39 4.8 47...5 1.2 2.1 0.5 173 42 4 4 2 25 42 36 2
White birch . ) :
Betula papyrifera 02 189 44 4.6 4“7 06 1.5 03 246- 41 2 3 1 M 41 40 19
Yellow birch o - - AR '
Betula lutea 03 213 33 4.2 46.7 09 36 06 20.1 40 3 » 1 28 40 39 21
Red maple . . )
Acer rubrum 02 240 )18 s 466 0.6 38 05 173 41 2 7 1 23 41 3s P2
Sugar maple . N
Acer saccharum -0.3 227 29 44 - 517 — 23 08 148 —_ -— . 1 22 —_ —_ —_—
Hardwoods, average B 43 3 s 1 2s 4 34 2
Balsam fir : . . . . ) V.
Ables balsamea 02 294 1.5 . 347 468 1.0 124 035 48 44 ] - 18 1 8 4 27 29
Eastern white cedar ] B ) _ - (-
Thuje occidentalis 0.2 307 1.1 - 42 452 1.5 - 8.3 13- 75 44 [+] 11 2 12 44 23 3
Eastera hemlock . . - A .
Tsuge caradensis 02 3125 17 33 45.3 1.2 112 06 40 42 ] 17 1 .7 42 26 3
Jack pine )
Pinus banksiawa 0.2 286 1.2 39 45.6 1.4 10.6 14 71 41 [ ] 16 2 12 41 30 2
White spruce .
. Picea glauca 03 27.1 1.3 3.6 465 1.2 116 16 68 “ 0 17 2 10 44 29 27
Tamarack :
Lartx lericing 02 286 1.5 29 46.1 23 13.1 10 43 43 ] 18 3 7 43 23 29
Softwoods, average ' a4 o 16 2 9 P )




The.structure and physical properties of wood are deter-
Amined for the most part by the physicai and chemical relation-
ship of the three principal wood components, cellulose, hemi-
céllulose,and lignin. The more common subdivisions of these

componentslare illustrated in Figure 26 based on a diagram

first given by Norman.(zo);

- s PLANT CELLULOSE —
. HOLOCELLULOSE ' | 1 LIGNIN
S HEMICELLULOSES
YoM CELLULOSANS |  POLYURONIDES
ol TS
mannose units, containing

arabinose carboayl. aretyl,
and mlhuxyl groups

R
Nemm_llus robabl
n part combined 'wil‘

4

Long chain 1:4
anbydroglucoss
. units

Non-<carbohydrate
portion of the celt
wall

%] aylos mnin

S

Border zone between true

cellulose and hemnellulmn
dqradcd

hgnin

BETA- and GAMMACELLULOSE
. (Anatyticelly defined)

Wm
<arnaceuiose b
(Aralytically defined f

—— Cl & BEVAN C!LLULOS!——"
“s(Auh tically defined)

FIGURE 26. Classification of Plant Cellulose(20)

Lignin; an amorphous heterogenous polymer composed of
substituted phenyl propane units. (I) 301ned together through
a variety of linkages is distlnguished prlmarily by the aro-
matic ring substitution (Guaiacyl II or Syringyl III) and

' nature of the propane substituents and bonding.

‘ CH30
c——c-——c HOQC. —C—C HO c—Cc—-¢C
\ a B Y S

CHs30 - CH30
Phenylpropane unit Guaiacyl . . Syringyl

-I II ; ) ITII
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It is important to remember that 1ignin 1sAn generle torm

which describes the variable polymeric arrangements derived

from three principal precursors: trans-coniferyl (1V),

trans-sinapyl (V), and trans-p-coumaryl (VI) alcohols.

. om
lt!i?@héﬁha4 'wg;PO*om&oa_ fb<:>0hoavm
S 3 . v o

VI

The relative proportion and seduence in which these monomers

are incorporated into a lignin core molecule and the degree

of polymerization determined the different physical and chemi-

cal characteristics of lignin which vary with the wood species

and even within wood cells. The ''guaiacyl lignins" are -charac-

teristic of softwoods, and the guaiacyl-syringyl lignins make

up the majority of hardwood and grass lignins."

(21)

Wood hemicellulose consists of cellulosans and polyuronidesﬂf

The cellulosans are composed .of relatively short chains of galac-

tose, mannose, arabinose,

CH,OH
0,
HO M H
OH H
OH
H OH
a-D-Galactopyranose
H
HO N H
OH H
H OH
H OH
§-1~-Arabinopyranose

and xylose.

CH,OH
()
H (A H
H HO
H OH
H H
a-D-Mannopyranose
H
o)
H = H
OH H
HO OH
H  OH
a-D-Xylopyranose
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The‘polyuronides are pdlyheré of sugar and ufonié acid
units ééntaining carboxyl, acetyl, and méthoxy1~sﬁbsfitueht

. . . R R | i M ) } ‘ ' -
groups. ' :

Polyuronides’

' The relative amounts of the major hemicelluloses  in plant

material are given in Table'XV.(zz) I

TABLE XV

Proportions of the Major Hemicelluloses in Plant Material

(Percentage of Dry .Fiber) - -

Uronic
Xylan  Araban Mannan  acids Total
Softwoods 6-12  Small 4-8 2-5 12-25
- . amounts - ' C
Hardwoods e 18-26  Small Very -6 - 21-34
. T : amounts  little
Esparto grass ... 18-20 24 None 24 26-30
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Plant celluloses are linear polymers of D-glucose anhydride

units linked by 8-1,4-D glycosidic bonds. The linear polymer

Conformational Formula (Chair -Form) of Cellulose.

vchains are arranged in ordered elementary fibils, which are
further aggregated into microfibrils and subsequently, into
macrofibrils of varying size. The organization of the adja-
cent polymeric chains of the elementary fibril and the higher
aggregates is such as to form crystalline regions held to-
gether by hydrogen bonds. The length of cellulose chains is
great relative to the length of crystallites, which means that
a given cellulose chain will extend through both highly orien-
ted and disoriented regions as;debicted iﬁ figure 27 affer
Stamm.(23) | | |

The dimensions of the structural elements of cellulose

are brought together in Table XVI.(zz)
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FIGURE 27. Diagrammatic Sketch of Highly Oriented
Crystallite Regions and of Disoriented
Amorphous Regions of Cellulose, Showing
that Cellulose Chains may Extend Through
a Number of Crystallites.(23). ‘

TABLE XVI

Size of the Structural Elements of Celluiose(zz)

Lexgth Widih
A)
Carbon atom 1:54 1-54
Glucose residue . 52 TS5 .
Cellulose molecule (of DP 4000) 20,000 75
Crystallite ... 500 50-100
Microfibril ... .. .. ' 150-250

1 mm=10° microns (mu)= 10" Angstrém units (A)
1 thousandth of an inch =25.4 mu
1 millionth of en inch =254 A

' The two main classes of'woodsf gymnosperms or conifers
(softwoods) ahd.dicotyledons, angiosperms or deciduous woods

(hardwoods) differ from one another in composition and structure.
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" . The general pféperties of these two classes of woods are givén

in Table xviI.(26%)
TABLE XVII
. (26a)
Comparison of Hardwoods and Softwoods
. Softwoods Hardwoods
- Major type of fiber Tracheids Wood fibers and ‘vessels
Length of fibers, mm.  2.5-3.0 for castern species-  Wood fibers:  0.6-2.0; ves-
3.5-5.0 for southern and -~ sels: shorter and very wide
western specics
Lignin, % 25-32 17-26
Cellulosc (Cross and
- v Bevan), % 55-61 $8-64
Pentosan content, % 8-13 18-25
Density of green - :
wood, 1b./cu. Tt. 21-26 22-3§

Morphologically, wood 1is composed of various kinds of
¢ells or fibers thét perform specialized functions such as
food storage, water transport, or impart mechanical- strength.
| The areas of wood fibers may be reduced to two principal
regions: the middle ldmella, or intercellular region and the
céll proper, which is composed of a primary'wall, a secondary

(24)  7he arrangement of

wall, and the lumen or cell cavity.
these various elements are diagramed for a cross sectional area
in Figure 28. The middle lamella is composed principally of
lignin whiie the pfimary and secohdary walls contain mostly
cellulose and hemicellulose together with somevlignin. The

distribution of chemical elements in a wood fiber is impor-

tant. Holocellulose appears to be evenly distributed across
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the cell wall, while cellulose is most concentrated around the

lumen, and the hemicellulose is most concentrated in the outer
(19b)

regions of the cell wall,

FIGURE 28. The Cell Wall. A, the compound cell wall;
B, the compound middle lamella; P, primary
wall; S, secondary wall; M, middle lamella;
L, lumen.(24

?

In soft woodé, the greater part of the wood substance con-
sists of long}tudinal cells‘called1tracheids,which conduct sap
and provide mechanical strength. 1In hardwoods, the cell struc-
ture is more diverse and consists of cells of relatively large
diameter superimposed to form aJcontipuous tube called a pore
or vessél which serve to conduct sap. The comparative fine
Structure of soft and hardwoqd fibers, as deduced from elec-
tron microscope studies,-is schematically presented in Figure
29_(25a) The true middle lamella forms a network which is

amorphous, completely surrounds each cell, and is continious




throughout the wood structure. The compound middle lamella,
which comprises the true middle lamella and the adjacent
primary walls of the contiguous cells, contains about 70%

; S
lignin,‘14% pentosans, and only about 4% cellulose.(26b)

Granular
layer Tertiary
Fibrillar wall
™ layer

Secondary wall

\ Transition layer
\§§ '
\\ N \‘ .;._

/’ m..’""‘ Primary wall

FIGURE 29: Model of Fine Structure (left half) and
Softwood (right half) Fibers.(25a)

The relatively thin primary wall forms a fairly inelas-
tic membrane around the outside of the fiber and greatly in-
fluences the surface properties. The chemical comp081t10n is.
not well known. Crystalline cellulose is present but a hlgh
precentage of noncellulosic matter is also present.

The secondary wall of wood fibers censtitutes the major
portion of the Wall of most cell types. It is a relatively
thiek elastic layer bordered on the outside by the thin pri-
mary wall and on the inside by the lumen. ~The secondary wall

contains cellulose hemicellulose and lignin organized in a‘
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complex matrix of highly oriented fibrils_interpenetrated by
noncellulosic fiber constituents. - The secondard wall is
laminated into layers which differ in-composition.

The effects of various physical and chemical treatments
ﬁpqn wood and cellulose components are well known from studies
performed in the hardboard, pulp and paper, and viscose rayon
industries. The primary objective ‘in these processes is to
separate the fiber compoPents and to reconstitute whole fibers
or to recover the ceiluigse fibers for conversion to products.
The required purity Qf the cellulosic fibers depends upon the
intended product and varies from pure a-cellulose used in réyon
to reconstituted lignin, hemicellulose, and cellulose materials
‘used in hardboard manufacture. Unlike the aforementioned appli-
cations, where fiber structure and physical properties are im-
portant, biomass conversion fequires‘oqu that‘the cellulosic
components be accessible for chémical'ér énzymatic conversion.
to simple sugars. The identification of a physical or chemical
- fiber separation technologyVWhich presénté the fibers in a form
whére-they can be readily converted to éugars (in high yield
and low cost via acid or enzymatic hydrolysis) is the most

formidable technical obstacle to biomass conversion.

B.. Wood Pretreatment Processes

1. Pretreatment to enhanceiacid hydrolysis. - Several
(27,28)

laboratory'studies and pilot wood-acid hydfolysis
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operations(29’3o’31) have demonstrated that the principal limi-
tations of heterogeneous acid hydrolysis of wood is the poor
yield of sugar. This is due to the concurrent- acid catalized,sugar
degradation which occurs under most acidic conditions required
. to rapidly hydrolize cellulose (Figure 30). Since homogeneous
acid hydrolysis of cellulose is known to proceed rapidly under
conditions which result in quantitative recbvery of‘sugar,(32)
the major constraint on heterogeneops_apid,ﬁydroleis of cellu-

lase is ascribed to the latter's crystallinity.(BB)
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FIGURE 30: Effect of Temperature (pressure) and
o Acid Concentration on Maximum Sugar
Yield from Hemicellulose-free
Douglas-fir(33)

The kinetics of acid hydrolysis of wood follows two con-

secutive first-order reactions:
: ; Ky. : Ko sugar degradation
4 . : 3
pellulose _> sugar ———> products
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- The maximum sugar yield depends primarily on the ratio Kl/Kzs
The activation -energy for sugar degradation is highef than that

" for hydrolysis of crystalline cellulose, and the latter reaction is
favored by short time, high temperature, and increased acid
concentrations. Since dilute acid does not penetrate the~crys—
talline regions of cellulose under moderate conditions, thé“high
temperature and pressure conditions must lead either to an al-
teration of the crystalliné regions or to facilitated acid pene-
tration of the crystalline regions. Processing under these ex-
treme conditions is feasible only in short retention time,
plug-flow reactors. Under such conditions, the primary con-
straints are~thé engineering problems associated with material
handiing and corrosion. " |

| A redudtion in the crystallinity of wood cellulose can be

accomplished by the use of'concedtrated cellulose solvents(34)

(35) that can effectively penetrate the

and hydrotrophiq solutions
crystalline regions of cellulose. Such reagents, the most common
of which is sodium hydroxide, act by réversibly swelling the in-
tracrystalline regions of cellulose and complexing with the liber-
ated hydroxyl grgups. Reagent éoncentrations required .to effect
the intracrystalline swélling of ceilulose‘are high enough to mén-
date recovery and reuse. The viscosity of swollen cellulose solu-
tions preéludes induétrial scale;gperafions at_consistencies much
above 10%fl The latter not only limits the quumefric productivity

but seriously limits the sugar concentration which can be achieved

without resorting to a separate sugar concentration
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unit operation. If -the handling probléms at high consistency
céuld.be'resolved, the:need to séparate the 'swelling agent or
solvent from either‘amphorous cellulosé or sugar (if formed
‘during swelling) would still entail a subsequent dilution:or®
neutralization that pose additional penaltieé“for'swelling
agent recovery. Since many cellulose solvents require rela-
tivelyldry wood to effect appreciable decrystallization, the’
cost of substréte drying represents.a major obstacle to large
scale development. In many of the swelling or .dissolution
'pfocesses proposed for cellulose, the energy cost of recovery
becomes comparable to the energy content of the fermentation
products. - The more recent studies with binary 'and tertiary
cellulose solvent systems appear to suffer similar if not

greater disadvantages.(36)

For acid hydrolysis of wood to be
'successful, either a readily redoverable cellulose swelling
égent must be developed or a new decrystallizing agent effec-
tive at low and perhaps expendable concentrations must be ih—
vented.

Comminution of wood via hammer(sa) two roll,(sg) or

vibratory ba11(38)

milling has been shown to decrease wood
cellulose crystallinity without appreciable concurrent sugar
degradation. The principal drawback to commercial consideratiod
of the comminuting approach-lies in the energy cost (milling
time or energy input) required to -decrystallize wood ‘cellulose

into fine powders.(as)
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High energy electron irradiation of wood cellulose has -
been shown to.cause depolymerication, reduction in crystal- -~
linity, and extensive decomposition-at- high dose levels.(Bg)
Random depolymerization in the amphorous and crystalline re-.
gions was observed, but decomposition of glucose occurred
simultaneously with depolymerization. The apparent ratio of
the number of glucose units destroyed to the number of depoly-
merizations was. about 5 to.1.. The maximum yields of sugar
from irradiated wood was, therefore, limited to about 61%.

The ‘inherent problem of uniform irradiation makes this approach
unattractive: |

-Free radical iron-catalytized decomposition of cellulose
fibers proceeds rather slowly even in theApresence of ‘perox-

ide. (40)

~Un£6rtunate1y; no major accumulation of soluble
breakdown products occurs during the decompositiqn reaction
which indicates that soluble sugars, if formed at all, are
degraded . much more rapidly than the 'cellulose polymer. -

We conclude from this review of the wood-acid hydrolysis

literature that cellulose crystéllinity is the principal tech-

“nical barrier to improved sugar yields and cannot be readily

overcome by state-of-the-art treatment methods.

2. Pretreatments to enhance the enzymatic hydrolysis.

Unlike the acid hydrblysisrof cotton cellulose which pro-

ceeds with an initial.rapid rate -(amphorous region) and then




at a slower rate of hydrolysis (Figure 31), the'enzymatic hy-
drolysis of cotton by concentrated T. yiride cellulaee has been
shown to proceed to 97% solubilization by a liuear first order
reaction (Figure 32) with no apparent breaks slmilar‘to those
observed during ac1d hydrolys1s The enzymatic:Eaccharification
of Avicel cellulose which is ‘the acid resistant: res1due rema1n1ng

after boiling cotton cellulose in 6N HCl 1s also readily hydro-

lyzed by active cellulase_preparat1oh§ (41 )_ Theuabillty'to solu-

. bilize crystalline regions of cellulose 1sadue‘to the endo—B-l
4-glucan hydrolase (C ) component of cellulase<that randomly de-
‘polymerizes cellulose. The other maJor enzyme component is a
B-1, 4-glucan cellobiosyl hydrolase (Cl) which cleaves cellulose
at the non-reducing end to.produce cellobiose, which is subse-
quently hydrolized to glucose by B-1, 4-cellobiase. This model
for cellulase‘action is schematicgll& presented in Figure 33
according to Nisizawa, et a1.(42) |

The comparison of acid and enzymatic,hydrolysis given in
Figures 31 and 32 is not equlvalent and repreéents somewhat of
an oversimplification.~'The rate of acid attack on cotton and the
amount of the rapidl& hydrolized fraction varies with the acid

(41)

concentration as does the rate of enzymatic hydrolysis (1ower
curves ih‘Figure 32). Part of the complex1ty stems from the
definition of the crystalllne and amorphous regions of cellulose
which varies depending on the measurement technique (Table XVIII)

and is signlficantly influenced by the accessibility
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--> difficult

TABLE XVIII

Crystallinity and Accessibility Measurements
(25b)

on Cellulose

Per cent

Crystal- - Cryntal-
linity linity Non- Non-
(X-ruy = (DO acoisibility  accesibility
diffenction)  exchange)  (HCLFeCl) IV HQOD)

Wood pulp

(hot alkali refined) 70 54 2
Cotton linters

(chemical gride) 70 -- BRI 1t . 88-8Y
Cotton 60--71 7 ol 86
Mercerized cotton 48 — . &1 . 6S
Regenerated cellulose

(viscose rayon) 38-40 R X e 62- 69
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(zsp). A straight for-

of the cellulose to reagent penetration
ward interpretation is also not possibIé without taking into
account the recrystallization of amorphous cellulose chains

(14) In

which occurs during both acid and enzﬁme hydrolysis.
addition, it 'is very‘likely that the‘transition from crystal-
line to amorphous regions'ih'celldIQSé is not sharp and regions
of intermediate order (mesomorphous) have been.postulated.(44)
The fall-off in rate of- enzymatic saccharification, the
~extent of which varies witﬁ the ratio of substfate to enzyme,

has been ascribed to enzyme inactivation, inhibition,(45) de-

creased accessibility, and changésrin DP during hydrolysis.(14)
- Nevertheless, it has been established that, under suitablé con-
ditions, the synergistic action of an activevcellﬁlose prepara-
tion can efficiently and effectivély hydrolize ''crystalline”
cellulose.’

Since the cellulose crystallinity is not a serious limita-
tion; to enzymatic saccharification of wood cellulose, other
consfraints must account for the limited suseptability of the
latter to enzymaticAhydrolysis. Cowlihg(14)‘has reviewed the

physical and chemical impediments to the hydrolysis of ligno-

cellulosic materials.

Accessibility

i

Several authors(46’47) have discussed the question of cel-

lulose accessibility to various cellulases in relation to the
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: b : : '
morphological properties of different celluloses such as mois-
ture content, porosity, and pore size distribution, before.and
after physical and chemical treatment. Indépendent pbrdsit§

measurements based on solute(48:49)

exclusion techniques, dsing
different molecular weight polyethylene glycols and dextrahé to
médel cellulase have esfablished a strongicofrelafioﬁ between
aécéséibility (internal surface area) and reactivity for 4OKi‘
and smaller sized molecules. Kinetic evidence for the influ-"
ence of porosity oneéné;matic hydf01§§isv6f a variety'of cellu-
. loses with‘differehfuﬁoibéites has reéenfly been presented by
Griffen, et al.(so)ivThe aﬁtﬁors fdund the rate 6f Eoiubiliza—
tion at substrate saturation (Vmax) to be equél for a variét}:
oflcommon cellulase assay substrates and nearly constant Kp
values (Vmax/2) over a broad raﬁge of cellulase activitieé.

These studies are consistéht with the earliér work of Stamm
‘and Millet(51) on the internal surface characteristics of cellu-
losic materials as measured primarily by gas adsorption. The
authors distinguished two groups: one in which the cell wall
is not4éwollen, which have surface areas'ofAﬁbOut 2 x 1030m2
per gram; and swollen cell wall systemé, whichfgive surface
areas of about 3 x loscmztper gram. |

The prevailiﬁg data'bn accessibility indicates that crystal-
linity is not a controlling factor in itself,’because cellulase

'enzymes cén penetrate the pores of moist wood énd hydrolize the

crystalline regions.

96




Accordinglyn’one ie_forced to'seek alternatlve explanations
for the resistance of wood to enzymatic saccharification.
Considerable and rather convincing evidence has.been advanced
by’Mlllet and Baker that implicates lignin as the pr1mary 1m—
ped1ment to enzymatlc hydrolys1s of wood cellulose (15) |

Based on rumen in vitro d1gest1b111ty studles of treated
and untreated woods (Table XIX), the authors obtalned a moderf
ate;correlatlon w1th l1gn1n content (Flgure 34). lHowever the
var1at10n in the dlgest1b111t1es of dlfferent woods subJected
to 31m11ar and d1ss1m11ar pretreatmentsoauggested that the

structure of the wood and the method of pretreatment was equally

important (F1gure~35).

TABLE XIX

Effect of NaOH Treatment of the In Vitro
a (15)

Digestlbllity of Hardwoods
Digestibﬂitz

Species Lignin ' ‘Untreated - Treated
% ¥ . %

t - - — - o —
Quaking aspen 20 33 55
Bigtooth aspen ) 2 . 2% 49
Black ash 20 17 36

* American basswood 20 5 .. - 85
Paper birch 21 8. 38
Yellow birch 21 6 19
American elm . 23 "8 14

! silver maple 18 .20 . . 41
Sugar maple 23 6 28
Red oak 24 3 . a
White oak 23 : 4 20

aFjve grams wood treated 1 hr with 100 ml 1% NaOH, washed
and dried.
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The most interesting results arose from 48-hour cellulase
digestibility studies on SO2 treated wood. Essentially, quan-
titative sugar conversion was observed on the four hardwoods

examined (Table XX).

TABLE XX

Composition and Cellulase Digestion of Various

: is
Woods Before and After SO, Treatment( )
‘Lignin Carbohydrate  Digestibility
1 2 LA
Species Before After Before After Before After
K ‘ Cn) s,

. Quaking. aspen 20 7 70 S A R - 63
Yellow birch 23 9 66 67. 4 65
Sweetgum 20 5 66 64 2 e
Red oak : 26 8 62 60 1 60
Douglas-fir 30 24 65 63 0 46
Ponderosa pine k)| 19 59 58 0 50 -
Alfalfa V) -- 51 S . S

The lignin was retained in the pretreafed hardﬁoods but
was extensively depolymerized during pretfeatmént which
accounts for the lower Klason lignin values. Quaniitativé
menzymdtic conversion of wopd caerhydrate cellulose in the
presence of lignin has also been reported by Pew(sz) for ball
.miiled woods. Significantly enhanced’woodAdigestibilities for

(54) (55)

dilute alkali(ss)-liquid and gaseous ammoﬁia and steam
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and stéam explpded(56) pretreated materials have also been re-
.ported. : The‘principal changeé in wood structﬁre and accessibility
caused by these physical and chgmical pretfeatments may be ipter-
preted in the light of the earlier review of wood properties and
convehtional wood pulping chemistry.

_Milling. The action of milling on wood is analogous to that
broduced during mechanical pulping via‘grinding stones and also
to the mechanism termites employ to makg:wood cellulose‘available
to their symbiotic intestinai miérobial _population. Defiberiéa—
tion and delamlnatiop‘%fiphe wood fibers occur in response to the
localized high shearing forces and hydraulic pressurgs{ and result

in reduced particle size, increased new surface area, and reduced

crystallinity.(57’58) At increased milling times, iignin depolyf

merization occurs as evidencéd by increased solvent extractability.

_waever, as indicated earlier, the miiling processes are grossly
energy inefficient and too costly for use in the production of low

value products.

Dilute alkali. Dilute sodium hydroxide:solution causes sig-
nificant swélling (the maximum honsolvent mqisﬁure content or
fiber saturated point is doubled).of‘hgrdwood fibers and facili-‘
Atates defiberization. Chemically, this is accompanied by deacet-
ylation and an appreciable“ipcrease ih the free carboxyl conteﬁt
which suggests cleavage of polyuronic ester bonds associated. w1th
lthe Xylan chains. (59) Softwoods are relatively unrespons1ve to

this treatment. (15)
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Ammonia. Liquid or gaseous ammonia effeét changes in
wood, similar to those caused by dilute alkali treatment.
Ammonolysis of urnoic ester groub is the principal chemical
reactioh.(so)

Steam. The action of high tempefature'(préssuré)'on'cer-
- tain woods is‘well dbcumented.(61’62’63): The effect of preé—
sure is merely to'facilitate penetration and can be achieved
by boiling waterltreatmeht"dt'longer times. Water soffens ahdv
swells wood fibers at'lbwifémperatures';ﬁd'gnhahces defiberi-
zation. 'As the temperature is raised'ge%$eén 100°C and 15000;
hydrolysis 3f the acetyl groups and hemicellﬁlose occurs with

a declihe'in'pH ahd'degfadation'of’Iignin;éarbohydrate associ-
ation. The greatest weight loss occurs between these tempera-
‘tures, after which weight loss decreases oécur in an ofderly
way, with increasing temperature from'150°C,to'180°C. Thermal
sdftening and glass trahsitioh temperafures of wood components:
have been repofted by Goring(64) and by Salmén and Back.(es?
Beybnd’lSOOC, hydrolysis and degradation occur in this ofder:
hemicelluiose,Aligﬁin; and cellulose.'ICohdensation of lignin
occurs ‘and volatilization becomes extensive. The forgoing
effects are most sensitive to tiﬁe at a given temperafﬁré;

high temperatures are generally only conpatible with short times
if'extensive.degradafion is to be avoided.

Steam and dilute acid. Dilute acid hydrolysis of soft-

wood pulp was investigated over a broad range of pressures by




Séeman, et al.(27)

However, to achieve sugar conversion yields:
beyond 50%-60%, required shorter retention times than conventional
:autoclave equipment permits. Develophental studies on dilute
acid hydrolysis are currently in progreés at Dartmouth.(la)

Steam explosion. The effect of explosioﬁ on steam treated

wood is to cause a fapid defiberizationAtd fine particles. The
technology is used in the commercialvprodﬁction of . particle or . .
hardboard. When used as an animal,ﬁqedxsupplement,_qonditions
‘faVOring the coarser particle sizes are selécted,because fine

. particles are ineffeciently utilized'by cattle. Little work.

(56)’appears

beyond conventional rumen fluid digestibility assays
to have been done on the microbial utilization of steam-exploded
particles or on chemical additions to steamed wood chips
vprior to explosion. Steam explosion is attractive relative to
conventiongl autoclaving because part of the energy input can
be recovered in a single operation in the form.of fine fibers. .
Steam treatment also permits rapid procéssihg of gfeen wdod
‘(50% moistufe) in commercial size equipment without deleterious
dilution and affords a high yield recovery of.the wood:charge.
On the basis of these studies, it is clear that enzymétic-
sacphafification can proceed efficiently even in the presehcé of
lignin. However, disrubtion of the strong lignin—carbohydrate(66)
ahd'some delignificatioq, are apparently réqdired for
(15) 4

high conversion yields. What remains to be determined is
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‘the minimum required lignin-carbohydrate alteration and the

optimum pretreatment reagent- and conditions for producing a

i

substrate suitable for direct microbial conversion to ethanol.
Cmeercial scale sulfur-based wood pulping has posed'con—'
siderable environmental problems for the pulp and paper indus-

try and alternative approaches are seriously being examined.

-

Recent studies of fiber separation and delignification (pulping)

achieved by dilute sodium?ﬁydrozide,(67) oxygen/alkali,(88,69,70)
(73)

(71) (72)

ammonia explosion, ammonia vapor,

(74)

dilute ammonia,
ammonia plus ketones, aqueous ethanol,(75) and aqueous
butanol(76)‘have been deécribed in terms of properties of the
resultipg pulp. Since many ol these pulping agents also enhance
the susceptibility .of wood fibers to enzymatic hydrolysis, there .
appears to be a strong rationale for a detailed investigation of
their sﬁitability as pretreatment agents in combination with
steam.' Unlike. pulping where the objective is to'produce lignin

and hemicelluloée-free cellulose fibers of optimum length, bio-

conversion requires only a high recovery of the original wood

"charge and sufficient lignin dissolution to allow quantitative

microbial conversion to alcohol.

Summary
On the basis of energy input'efficiency, processing time,

and ease of scaling, chemical supplemented wood steaming appearé
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to be the most attractive pretreatment process that can be
developed on a short-term basis. In the next section, a re-

vised research plan is presented based upon this rationale.
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IX. REVISED RESEARCH PLAN

Godlé and Objectives

The goals of the revised research program remain consonant
with our original philosophy of deveioping a bioconversion pro-
cess for converting plant biomass to ethanol. The experimental
difficulties encountered in culturing C. pruinosum (M-10) and
sporocytophéga strain US necessitates the adoption of.an alter-
native approach in order to demonstrate techniéal feasibility -
within the time frame of this contract. In place of the bio-
logical delignification pretfeatment step, we have substituted
a chemically supplemented steam‘pretreatment step so as to par-
tially delignifyAwood and to enhance its accessibility to micro-
bial utilization. Parf of the steam energy input can be recov-
ered in the form of defiberized fine wood particles by rapid
decompression. The adoption of this approach permits the use of
cqarsé green (50% moisture) wood chips as fhe raw material feed,
conserves steam and avoids many material handling problems as-
sociated with lower consistancy wood slurries.

Depending upon the optimum pretreatment conditions selected,
the pretreated wood will either be fermented directly to ethanol

or be separated into a cellulose and lignin, and a hemicellulose

fraction and fermented to ethanol separately by Clostridium

thermocellum and a thermophilic'bacillus, respectively.
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The yield of ethanol from both cultures requires improve-
ment in order to enhance the overall conversion yields from wood.
The genetic improvement approach discussed in Part I will be l

.appliéd to both cultures.

The prinéipal elements of the revised process fof:direct I
fermentation of chemically sﬁppleﬁented sfeam explodgd‘hard- |
wéod‘to ethanol are schemétically presénted in Figuré 36.

The scope of‘the work and the eiperiméntal methodblogyv
‘requifed to accomplish the'aforemenfioned goals are conveni-

ently discussed in terms of the major research objectives.

A. Chemically Supplemented Wood Steaming

The objective of this research is to deVelop a chemical
delignification pretreatment process for increasing the acces-
sibility of hardwood to micraobial utilization. Experimental
work is required to determine the minimum lignin-carbohydrate
disrﬁption and lignin sdlubilization (if required) needed to
permit the quantitative conversion of wood carbohydrﬁté to
ethanol. The optimum pretreatment reagent and conditions
(time and pressure) will be selected éfter an initial screening

of the more promising candidates reagents.
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FIGURE 36

DIRECT ETHANOL PRODUCTION FROM CELLULOSIC FIBER
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To rule out the possibility that just steam'explodinngf
wood chips would provide the required increase in accessibility,
the soluble sugar yields from acid and enzymatic hydrolysis of
steam exploded wood were examined and oompared to milled wood.
Steam samples were provided by Dr. ﬁobert'Bender of the Stake

(56) The results are given in:Table XXI.

Technology, Ltd.
Steam exp1051on of poplar y1e1ds a s1gn1f1cant quantlty

of soluble sugars and a more aocess1ble substrate for hydrolysis.
The soluble sugars are probably xylans and can be readily removed
by water or base. The steam exploded.fiber was found to be
h&drolized in the first hour of incubation by T. viride cellu-
lase faster than the untreated or Wiley milled fibers and at
least as fast as the two-roll milled fibers. Ho;ever no sub—
stantial increase in soluble sugar productlon was observed ‘
thereafter. The removal of soluble sugars did not result in
increased saccharification which eliminates the possibility
that the initial presence of soluble sugars inhibited further
saccharification. These results confirm the need for chemical )
addltlon,:ln order to achieve adequate lignin-carbohydrate ‘
disruption and lignin solub111zat10n

| The construction of a spitable‘experimental apparatus for
evaluating the.optimum conditions for‘enhancing the microbial
utilization of woodlhas been initiated and will be completed
w1th1n two weeks. The prlmary components of the pretreatment

reactor are schematloally presented in Figure 37. The steam
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TABLE XXI

Comparative»ﬁydrolysis of Pretreated Wood

Acid Hydrolysis* Enzyme Hydrolysis
Total mg SS*x* : Total mg SS*x* .
produced/100 mg fiber produced/100 mg fiber
Wood *' 1 hr. 96°C - To  T3-Tg T24-To
Poplar Sawdust 9.0 0.55 . 0.4 0.7
Poplar Steam Exploded  7.0 ' : 7.8 5.0 5.4
Poplar 2 Roll Milled , ~ 18.6 1.0 5.05 9.1
Poplar Wiley Milled | 9.0 3.25 0.65 1.1
Beech Sawdust 9.0 1.35 0.3 0.2
Beech 2 Roll Milled 5 16.8 1.6 4.95 8.7
Poplar Steam Exploded A :
Distilled Water Wash _ 7.8 0.4 - 5.0 -
Poplar Steam Exploded '
1IN NaOH Wash ' . 3.6 0.5 3.8 -

*6N HC1; **soluble shgars, To = zero time; T1 = 1 hour; T24 = 24 hours.
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generator is a high pressure bomb that can withstand»lSOO psi.
The capacity of the bomb is 1 gallon which is 1érge énough to
supply steam to the pretreatment chamber. Both sides of the
steam pretreatment chamber are connected ;d hydraulically
operated ball valves capable of withgtanding 500 ;psi at 250°C.
The ball valves have a resbonse time:in the millisecond range |
to censure unifo?m fibef'disdharge conditions. 'The use of ball
valves allows for rapid front loadiné and‘discharge of wood
chips and fibers respectively. Under these experiméntai con- -
ditions, the minimum resiaence time is limited primarily by the
loading time into the prehéated pretreatment chamber. The
éddition of chemicals before or after steaming is accomplisheq
via a high pressure gas port on the input side of the pretreat-

ment chamber. The pretreatment chamber is a one inch ID stain-

Aless steel threaded pipe that is insulated and heated to preset

temperatures. The discharge port is connected via flexible
tubing to a vortex sample collector.

The accessibility of Chemicallyipretreated fibers to micro-

bial conversion is conveniently evaluated in shake flasks by

incubation with C. thermocellum. Comparative evaluations of
the more promising pretreated fibers using T. viride cellulase
will provide a means of relating these.studies to other research

projects in the DOE Fuels from Biomass Program.
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A

B. Genetic Improvement of Ethanol Yields

‘As indicated earlier, the development oi thermoph1lic
strains with enhanced ethanoliand reduced aoeticlacidfprodnc;'
tion is critical in obtaining.a favorable overalltyleld.of'-
"ethanol from wood. In principal, there appears to be'ho\ ‘,&f'rn‘
fundamental biological reason why a mutation program should not
lead to stra1ns with enhanced ethanol y1e1ds from soluble sugars

The ability to produce ethanol from glucose is w1dely dis-
trlbuted among different m1croorganisms, however,‘the yields
vary considerably from almost two moles of ethanol per mole of
glucose fermented, characteristic of yeast to very much smaller

(77) Of the four known meta-

amounts~formed by many bacteria.
bolic pathways leading to ethanol, three involve pyruvic acid
as;an obligatoryfdntermediate. Pyruvate may be formed(from_
glucose, either by the Embden-Meyerhof or the Entner-Doudoroff
glycolysis pathwaysf Conversion of pyruvate to ethanol occurs
either via reductionmof acetaldehyde or acetyl-coenzyme A.

The microbial metabolism of glucose via pyruvate and acetalde-
hyde leads to essentially quantitative conversion of glucose to
ethanol and carbon dioxide. Yeast 1s best known for utilizing
this pathway; however, bacteria are known which possess a

yeast 11ke pathway and ferment glucose almost gquantitatively to

ethanol. (77) Glbbs and DeMoss(78) have described the anaerobic
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d1$Slm11at10n of glucose or fructose by Zymomonas llndnerl

formerly named Pseudomonas ]1ndner1 or Thermobacterium moblle
. , N { S .

Glucose ——> 1.8 ethanol + 0.2 lactate + 1.8 CO2

P L . : o

This bacter1um is one of the pr1n01pal organ1sms employed in
'}

the commer01al m1xed fermentat1on of Mex1can pulgue (79) A
second spe01es anaerob1a in the genus. Zymomonas has also been
‘described and found to quantltatlvely ferment glucose to ethanol

but has dlfferent nutr1t1onal requlrements (80)
. ] 3 }

Clostr1da cleave pyruvate to acetyl CoA by the follow1ng

"thioclastlc" reactlon (77)

CHjCcOCO0H S€CBrboxylase 5 oy coscoa + H, + co,

3 3

The reduction of aoetylcoenzyme A is thought to proceed via
adetéldehyde to ethanol and to coneume 4H in the process.

NADH2 NADH2

CH3COSCOA ‘ > CHyCHO ————=—> CH,CH,O0H

+ .
CoASH

-For qﬁahtitative conversion of glucose to ethanol, the production
of hydrogen must be suppressed'to prdvide additional reducing
power for ethanol production. |

Zymomonas ventriculi is presehtly'the only organism repor-

ted to possess'both decarboxylase and thioclastic enzymes for

(81)

pyruvate.

Heterolactic organisms such as Leuconostoc mesenteroides
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ferment glucose to lactate and ethanol via xylulose 5-phos-
‘phate which is subsequently cleaved to give acetyl phosphate
and glyceraldehyde 3-phosphate. The‘latter.is cqpverted to
-pyruvate and then reduced to lactaté. Acetyl_pﬁasphate is re-~
duced to ethanol with the reducing power derivea from the con-
version of glucose to xyluloée 5-phosphate. o |

feast ferment glucose to pyruvate viasEhbden-Meyerhof
glycolysis: |

Glusose + 2NAD + 2ADP + 2P, —> 2 Pyruvate + 2NADH, + 24TP
’ : :
and use.two enzymes - pyruvate decarboxylase and ethanol dehydro-

genase, -to conveft pyruvate fo ethanoi.

cH cocoon decarboxylase ¢y cyo Sthanol dehyQrogenase, cy,c,oH

The four pathways for ethanol,producfion are schematically

presented in Figures 38, 39, 40, and 41, after Wilkerson and
(79) _ 4

The Yeasth:j;ﬁéntation of glucose to‘ethanol is a mature

technology.. Th€ only apparent method of improving upon the pro-

Rose.

ductivity Qf this fermentation is to employ a continuous cell
recycle vacﬁfermentation(sz) or to conduct the fermentation at
higher temperatures to increase the rate of fermentation and to
eliminate the cooling réquirements associated with conventional
yeast fermentations.

Thermophilic éthanol produciﬁg yeast'are not knowh and are

not likely to be accessible via mutation. Alternatively, the
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FIGURE 38. The Ethanolic Fermentation of Glucose by
Pseudomonas lindneri Uisng_the
Entner-Doudoroff Pathway.
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FIGURE 39. The Heterolactic.Fermentation of Glucose by
Leuconostoc mesenteroides Using the Pentose
Phosphate Pathway.(79)
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FIGURE 40. The '"mixed acid" Fermentation of Glucose.
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besf prospects for improvihg upon conventionai ethanol fermen-
;tation technology appears to bé in,mutatiﬂg}thermophilic ethandl
producingAstfainé for higher &iélds‘of ethanol;

The objective of this phase of our reséarch is to develop
mutantsbin Wﬁich acetic-and formic acid-produptidn'is blocked
and the available reducing power is used to channel pyruvate to
ethénol.h The_géneraliiéq scheme for accomplishing this objec- N
tive is presented in Figure 42. The mutational protocol dis-
cussed in Part I will béaémployed to develop suitable mutant

strains of C. thermocellum and thermophilic bacillus strain

ZB-B2.

C. Bench-Top Fermentation Studies

The objective of this segment of the research is to demon-
strate the techhical feasibility of an integrated process for
- the direct production of éthanol from chemically pretreated
wood fibers.

Chemically pfe£reated hardwood fibers will be evaluated in
5 liter bénch—top'férmentor éxperimenté. The kinetics of sub-
strate utilization and ethdnoi production Willvbe evaluated
under batch fermentation conditions. Separate fermentations
Will be conducted on the hemicéllulose fraction to determine the
yield and conversion rate to ethanol.

The size of the fermentors and,,fhérefdfe,‘the costs, de-

pends to a large measure on the concentration of substrate that
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A

can be fermented. .The effect of substrate concentration on

the rate of ethanol productidn will,Atherefore, be examined.
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Foteddstiis WS¢ ECONOMIC CONSIDERATIONS'

T

A. Economics of Ethanol Production

The most thoroughly studied process fér producing ethanol
from biomass is the enzymatic conversion of agricultural waste
to soluble sugars and subsequent fermentafion to ethanol by
~yeast. Recent preliminary economic evaluations(83’84) of the
process, developed by Professor Wilke of Bérkeley; provide some
indication of the principal cost elements. The distribution
of costs associated with ethanol production (exclusive of raw
material costs) from wheat straw and newsprint via this process
are given in Table XXII. Saccharification costs dominate because
the fermentor capacity required to produce sufficient T. viride
cellulase enzyme is between 30 - 40 times that needed to ferment
the resulting sugars (Table XXIII). Consequently, the volumetric
préduction efficiency which is often used to evaluate the eco- |
nomics of a fermentation pfocess is significantly lower than con-
. ventional molasses fermentation by yeast and reflected in the
conversion cost estimates (Table XIV and Figure 43). In this
regard, the direct fermentation of biomass to ethanol which

avoids the separate saccharification step is seen to be potentially

capable of higher volumetric efficiency (Figure 36).
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Substrate

newsprint(83) .

wheat straw(84)

TABLE XXII

DISTRIBUTION OF ETHANOL COST FROM CELLULOSIC FIBER

(Except Raw Material Cost)

Pretreatment Saccharification Ethanol Fermentation
6.82 NS A 689

12,0 % 78.0 7 : - 10.0 %



231

newsprint

wheat straw

molasses

~iSubstrate

(85)
(84)
(86)

- TABLE XXIII
ETHANOL PRODUCTION BY FERMENTATION

Réqﬁired Fermentor Size (106 gal.)

Ethanol Output

106 gallon/yr Enzyme Production Ethanol Fermentatiod
8.5 5.25 0.125
25.0 9.54 : 0.336-
25.0 : ——— | 0.300



TABLE XXIV

ETHANOL ProDUCTION BY FERMENTATION(87)

SUBSTRATE NEwSPRINT(85) WHEAT STRAW(®4) MoLAssES(86)

ETHaNoL QuTput

10° GALLON/YEAR 8.5 .25 : Y
'FERMENTOR S1zE 106 GALLON

Enzvme PropucTion - 5.25 9,54 |

ETHANOL FERMENTATION 0.125 0.336 0.30

VoLumeTRIC PRODUCTION
EFFICIENCY G/L-HR. 0.2 - 0.026 10

Conversion CosT . : ‘ ,
" ¢/GALLON | 132.2 395.4 30,5

123 -




FIGURE 43

ETHANOL PRODUCTION COSTS AS FUNCTION OF PRODUCTIVITY'®6)
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B. Preliminary Economic Considerations of Direct Ethanol

Production

It is not yet possible to evaluate the economic viability.
of our reéised<process for direct ethanol production from pre-
treated héfdwood chips. However, baséd upon the similarity of
the proposed process to ethanol fermentation from molasses and
the réported costs,(86) one can estimate with suitable assump-
tions what ethanol might cost.in such a process.

The cost estimate is based, for convenience, on a 25 million
gallon .per year 95% ethanol plant from hardwood chips. ‘The first
stage is a chemically supplemented wood steaming pretreatment
followed by a sccond stage direct fermentation to ethanol. The
principal assumptions for this preliminary cost estimates are:

1. Raw material is received as a coarse hardwood chip,
and no further pretreatment is heeded before chemidal éteaming.

2. The high temperature chemical pretreatmenf involves the
reaction of moist wood chips (water/wood = 3) with gaseoué
802(30 psi at room temperature, weight ratio of wéod/Sdz é 22)
under pressure for 2 hours at a temperature of 120°C. These
conditions approximate those employed by Millet(33) té obtain a
substfate‘which could be quantitatively converted into sugars.
Following‘pretreatmeht, the fibers are neutralized with alkali.
Approximately one’thifd of the 802 is assumed to react with lig-

nin to form sulfonate.
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3. The productivity of the ethanol fermentation is calcu-

lated on the basis of a 21% fiber concentration in the fermen-
tor, 50% of which is fermentable; The yield of ethanollis
assumed to be 50% of the fermentable sugar during a 128 hour
batch fermentation cycle. The productivity of the ethanol fer-
mentation is assumed to be one half of that presented in the

SRI report.(84)

]

The principal costs estimates based on these assumptions

are presented in Table XXV.

TABLE XXV

Cost Estimatesa

Ethanol Raw
Pretreatment Production .- Material

Capital 6 6C
Investment $7.1 x 10 $22.7 x 10
Capital
Related Cost : 3.4 14.72
‘(¢/gallon)
Direct b o ‘ d
Cost 19.1 . 19.8 72
(¢/gallon) R ‘ : -
Manufacturing )
Cost ° : 22.5 - 33.8 72

(¢/ga1;on)

%Excludes general service facility cost, start-up cost, working
capital, and land cost. :

Unit price for‘SQ2 8¢/1b; NaOH 11¢/1b (chemical marketing report);
steam $2.50/M 1b. .

CBased on SRI Report (1978) Figure
dynit cost of wood chip $30/ton.

b
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C.' Areas for Further Process and Cost ImproVements"

In the aforementioned cost estimate, a conventional stain-
less steel autoclave was employed as the pretreatmenf reactor.

In practice, a large diameter screw-fed stainless steel pipe
should prove adequate for commercial operation and provide a
significant cost savings. The SO2 concentration and tfeatment:
time emplo§ed by Millet were not optimum, and there is reason

to expect that by going to high temperatures that the size of

the pretreatment reactor can be reduced significantly. The
assumed yield of ethanol was basgd only on the conversion of

the cellulose fraction of the pretreated wood. The cqhversion

of the hemicellulose fraction (v 20% of réw material) to ethanoi
would enhance the overall cqnversion yleld to products. Finallf;
the employment of a continuous fermentation process with cell re-
cycle should provide a means of reducing the fequired fermentation
capacity and associated costs.

The preliminary cost estimate of ethanol production Via
direct fermentation of pretreated fibers suggests that there is
considerable merit to this approaéh. Additionally, several
areas whére further costs and pfoductivity improvements can be
achieved were identified. Accordingly, we have initiated |
experimental work on this process and will follow the experimental

study plan discussed in the next section.

I
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XI. EXPERIMENTAL STUDY PLAN AND PERFORMANCE SCHEDULE

The objectives of this research is to demonstrate on a
laboratory scale the technical feasibility of an integrated
process for the bioconversion of chemically pretreated hard-

wood chips to ethanol by direct fermentation.

A. Chemically Supplemented Wood ' Steaming

The objective of the pretreatment studies is to-determiné_
the minimum required lignin-carbohydrate disruption and the
optimum pretreatmenp.;eagent and conditions for producing a
substrate suitable for direct microbial conversion to ethanol.

- This study will consist of the following tasks:

_1.. Pressure-time prefreatment conditioné. The digesti-
bility of hardwood chips tréated at different steam preséureé
for variable times Will be examined. Conditions yielding the
highest digestibilities will be employed to_study the effects

of selected chemical additives.

2. Screening of chemical additives. The effects of added

delignification agents; aMmonia, ethanol, sodium hydroxide/air,
and -sulfur dioxide on the microbial utilization of steam-explo-
ded wood chips will be examined. The reagent and conditions

showing the highest increase in hardwood digestibility will be_
employed to prepare sufficient pretreated substrate for subse-

quent bench-top fermentor studies. The digestibility of the
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water -or. alkali extracted hemicellulose fraction will be ‘examined
separately and compared with growth on exploded fibers.

3. Evaluation of pretreated wood. The accessibility of

chemicaliy pretreated,fibers to microbiél ufilization will be

initially evaluated in shake flasks by incubation with C.

thermbcellum. Comparative evaluations of the more promising
pretreated fibers will also be performed by T. viride cellulase
enzymes, as a means of relating these studies to other research

projects in the DOE Fuels from Biomass Program:

B. Genetic Improvement of Ethanol Yieids
The.objective of the mutation studies is>to develop mutant

strains of C. thermocellum and thermophlllc bacillus ZB-B2 in

which the acetlc ac1d and formic ac1d productlon is blocked and
available reducing power used to channel pyruvate to ethanol.

The mutation protocol'and mutant screening procedure discussed

. in Part I will be embloyed to select suitable mutants.

C. . Bench-Top Fermentations -

The objective of this phase of the research is to demon-
strate the technical’ feasiblllty of fermentlng pretreated hard-
wood flbers‘dlrectly to. ethanol

1. C. thermocellum. - Base line studies of the growth of

C. thermocellum strain LQ8 growing on amorphous cellulose and

soluble sugars will be examined while the pretreatment studies




are in progress. ' The growth of gu'therMOcellum on the most

' promising pretreated fibers will then be studied in batch
‘fermentation. The most promising high yieid ethanol mutant

will also be studied in batch fermentation on pretreated fibers.

2. Thermophilic bacillus ZB-B2. The mostAprqmising mu-
tant ZB-B2 strain will be>examined‘for grdwth and ethanol produc-
tion from the hemicellulose fraction of the pretreated fibers.

3. Modified vacuferm.. In the event that mutant.straihs

" with high ethanoi yields show'lbw ethanol tolerance, a modified
vacuum fermentation will be.studied using soluble sugars as a

substrate. ‘ T4

130



TET

D. PERFORMANCE SCHEDULE

Research Activity

Months After Authority to Proceed

2|1 3l4| 5| 6| 71 8] 9] 10 11

12

Chemically Supplemented Wood Steaming

Select Optimum Time, Pressure Conditions

"Screen Chémical Additives

Evaluate Pretreated Wood
e T. viride saccharification

e C. thermocellum digestibility

Genetic Improvement of Ethanol Yields

C. thermocellum

Thermophilic Bacillus .ZB-B2

Bench-Top Fermentation

C. thermocellum

e - amorphous cellulose, soluble sugars, and

pretreated wood

e mutant growth on cellulose and soluble

sugars
Thefmophilic Bacillus .ZB-B2

e mutant growth on soluble sugars

Modified vacuferm of high yield ethanol strain

on soluble sugars

T ——————r— . = - o+ + . s =
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