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This report summarizes briefly the program since September 30, 1977 to 

date, on those portions of the program primarily under Solar Energy Division 

sponsorship. Various reports have been is~ued or are in press which provide a 

full account of phases of the work which have been completed (see list appended). 

A listing is appended of the project personnel and topics persently under study 

in the entire program under the funding by the Department of Energy, Solar 

Energy Division; Department of Energy, Division of Physical Sciences and the 

National Science Foundation/RANN. 

A. ANALYSIS AND EVALUATION OF POTENTIAL RAW MATERIALS 

1. Whole-Tree Biomass 

Chemical analysis of populus (tree biomass) has been started and is nearly 

completed. This whole tree without leaf was obtained through the courtesy of 

the director, D. Dawson of U.S.D.A.--F.S., Institute of Forest Genetics, 

Rhinelander, Wisconsin. The tree is populus tristis #1, a putative hybrid, 

whose parentage is Populus balsamifera x P. tristis and was harvested from 

Indian Head, Saskatchewan, Canada, November 1977. Several samples of this 

milled tree have already been distributed to contractors, and the analysis will 

be forwarded as soon as possible. It is not expected there will be sufficient 

samples available for further distribution. 

The whole trees, without leaves, sweetgum and sycamore, have been received 

through the courtesy of Professor K. Steinbeck and Resource Manager, R.S. Sinclair, 

of the University of Georgia, School of Forest Resources, Athens, Georgia. The 

sycamore is from a 5-year growth cycle, and the sweetgum is from a 3-year growth 

cycle. Both trees were harvested mid-December 1977, from a short rotation 

experimental site in Jackson County, Georgia. Milling is partially completed. 

The evaluations will follow the procedures described in the progress report 

of January 1977 (LBL-6859) previously distributed, extended to include new 



-3-

pretreatments as they are developed here and elsewhere. 

2. Corn Stover Analysis 

There has been some question as to xylan content in California corn stover 

as determined in this laboratory with the present scheme of analysis. Therefore, 

a sample of California corn stover was sent to another contractor laboratory 

(Purdue) for their analysis. A reciprocal sample from that laboratory for 

cross check of results of our respective analytical results has beem requested. 

3. Nitric Oxide--Oxygen Pretreatment 

NO pretreatments have been conducted as follows: 100 gm of wheat straw is 

placed in an evacuated glass vessel of 22 liters total volume. 5 gm NO are drawn 

into the vessel and allowed to react for approximately 5 minutes. 6 gm 02 are 

then added which normally brings the total pressure to approximately one atmosphere. 

Reaction is allowed to proceed at 25°C for 24 hours followed by withdrawal 

of the residual gases by evacuation. The solid is then extracted by aqueous 

solutions of varying pH at 100°C, employing about 10 gm of liquid per gm of solid. 

The extracted straw is enzymatically hydrolyzed at 45°C with a solution of 

Trichoderma viride cellulase of 3.6 filter paper activity. 

(a) NO Reaction plus extraction 

Extractions have been carried out in acidic, neutral and basic aqueous 

solutions. Acidic extraction is superior to neutral or alkaline extraction for 

the following reasons: (1) xylose yields are much higher; (b) effect on glucose 

yield during the subsequent enzymatic hydrolysis exhibits little dependency upon 

the extraction pH; and (c) an acidic solutjon is obtained merely by adding water 

to the treated straw. The best result obtained with the acid extraction gave a 

xylose yield of 69% at a concentration of 11 gm/liter based on the original xylan 

content of the straw. 
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(b) Pretreatment Plus Enzymatic Hydrolysi~ 

The maximum total yields of sugars obtained by the NO pretreatment plus 

subsequent enzymatic hydrolysis were 60.6% of the available glucose, 84% of the 

xylosp and 83.8% of the arabinose. The overall carbohydrate yields was 67.8% 

compared to approximately 16% on untreated material. 

(c) Continuing Work 

During the remainder of the current year pretreatments will be made at 

higher temperatures in hope of reducing the reaction time. Also analyses will 

be made of the residual gas composition. Finally a tentative process design 

and economic evaluation will be made to assess the feasibility of this method 

of pretreatment. 

4. Ammonia Pretreatment 

Preliminary experiments on contacting corn stover with gaseous ammonia at 

liquid pressure and room temperature indicate an equal if not better conversion 

of carbohydrates by subsequent enzymatic hydrolysis compared to the acid pre

treated material. Although the pentosan separation is not obtained by the 

ammonia treatment, it appears that the acid extraction step is eliminated. 

Ammonia pretreatment while effective does not appear as attractive as nitric

oxide because of pressure requirements and ammonia recovery problems. 

s. Chemical Analysis of Algae 

Algae have been considered as a potential biomass for conversion to methane 

by anaerobic digestion. A very preliminary exploration was undertaken to see if 

algae might also be useful as a source of carbohydrates through enzymatic hydrolysis. 

A sample of Spiral ina maxima, a blue green algae was supplied by Professor 

William Oswald of U.C. Berkeley. Determinations were made of the cell mass com

position and potential carbohydrate yield with the following results. 

The composition by weight was: 63% protein, 15% ash, 12% acid insolubles, 
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4% glucan, 3% other carbohydrates. The very low carbohydrate content of the 

material rules out its use for sugar production. An enzymtic hydrolysis of a 

5 w% suspension of the material gave a 0.13% solution of reducing sugar as 

measured colorimetrically by DNS. This gives about a 32% conversion of 

available carbohydrate into free sugar. 

6. Analytical Technique 

Work has been done on simplifying the analysis of carbohydrates by gas 

chromatography. The present method used in this laboratory is by formation 

of the trimethylsilyl derivatives of each sugar. (1) Because each sugar has 

multiple isomeric forms, two or more peaks are produced per sugar. This com

plicates quantification of all the sugars since certain peaks tend to overlap. 

Several alternate derivatives which other investigators have used with success 

were considered. Sugars can easily derivatized to their oximes, merely by 

addition of hydroxylamine hydrochloride to the sugars in pyridine (2). 

Formation of the trimethylsilyl derivatives of the oximes gives single peaks for 

each sugar in most cases. Although separation between a number of sugars was 

good, xylose and arabinose were not resolved, and the hexoses, glucose, mannose, 

and galactose also were incompletely resolved. 

Another method tried was the reduction of the sugars to their alditols 

with sodium borohydride followed by acetylation with acetic anhydride (3). 

Derivatives thus formed were run on columns of low to moderate polarity (i.e., 

SE 30 and OV 17). Single peaks were formed, but separation was poor, as was 

consistency in derivatization. 

A third method being tested at present is preparation of triflouroacetyl, 

TFA, derivatives of sugars using N-methyl bis (triflouroacetamide), MBTFA (4). 

A variation being tried is forming the TFA derivatives of the reduced sugars, 
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(alditols), in an effort to get single peaks. Work continues with the variation 

of derivatization conditions and different gas chromatographic conditions. 

B. UTILIZATION OF HEMICELLULOSE'SUGARS 

In our continuing studies of the conversion of xylose to ethanol by 

Fusarium oxysporum (LBL-6681), it is noted that the incomplete utilization of 

xylose reported by T. R. Batter was not confirmed. Rather, xylose was completely 

fermented with the production of close to theoretical yields of ethanol. It was 

theorized that the previous practice of autoclaving xylose to the mineral growth 

might have led to some destruction of the sugar/or the production of a growth 

inhibitor. 

The heat destruction premise was tested by repeating the growth experiments 

using xylose sterilized autoclaving the entire medium and by filter-sterilizing 

the xylose separately and adding it to the sterile mineral medium. No significant 

differences in growth rates were seen, and the xylose was completely fermented in 

both cases. Autoclaving xylose in the mineral medium caused the medium to darken 

slightly, but no loss of reducing sugar could be detected. 

As noted also by Batter, growth is linear and slow. At approximately two

thirds of the way through the fermentation (90 hours), the growth rate slows 

appreciably. This is probabjy due to changing environmental condtions in the batch 

culture and might be eliminated in a continuous system. 

The main problem with the fermentation at present is the slow rate of conversion 

of ethanol which is related to the growth rate of the organism. Several approaches 

are being used to solve this problem. (1) The growth rate of I. oxysporum using 

glucose as the fermentable substrate is being measured. For many organisms, 
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glucose is more easily metabolized than other carbon sources leading to faster 

growth. If f. oxysporum grows significantly faster on glucose than xylose, 

this may be taken as an indication that the growth rate on xylose is limited by 

the xylose catabolic enzymes, and this rate should be subjected to increase by 

the selection of faster growing mutants. (2) M. Mandels noted that some molds 

assume a yeast-like form (single cells) at high sugar concentrations. Such a 

morphological change in f. oxysporum might lead to a significant increase in 

growth rate. Growth at high xylose concentrations is being examined. (3) Early 

in the fermentation, after inoculation, growth occurs at many point sources and is 

rapid. Growth slows as the ratio of new growing points to total biomass declines. 

Experiments are being designed to test the hypothesis that intermittent shearing 

of the mycelium might create new growth points and increase the fermentation rate. 

(4) A literature search is in progress to identify other microorganisms capable 

of fermenting xylose, xylans, or hemicelluloses to ethanol. 

C. PROGRESS DESIGN AND ECONOMIC STUDIES 

1. Ethanol Fermentation 

Recent experiments were conducted in a modified vacuum system using a vacuum 

flash pot incorporated in the main fermentor to remove ethanol. It was hoped that 

success in removing ethanol from the vacuum flash pot at higher temperatures would 

reduce the ethanol production costs by about l¢/gal. Experimental conditions were 

then set at T= 45°C, P = 85 mmHg and T = 35°C, P = 760 mmHg at the vacuum flash 

pot and the main fermentor, respectively. Preliminary results indicated that due 

to a high temperature shock at the flash pot, cell viability dropped to less than 

30%, resulting in poor ethanol productivity. A control experiments, however, showed 

no decrease in cell viability due to pressure shifts at constants temperature. 
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Further tests will be conducted at temperatures between 35°C and 45°C in 

the flash pot. Also a new ethanol resistant yeast strain sent to us by Dr. 

Maria Castanon from the University of Madrid and possibly other thermophilic 

yeasts will be evaluated in the vacuum system. 

D. PILOT PLANT PROCESS DEVELOPMENT AND DESIGN STUDIES 

1. Continuous Cellulase Production 

Studies so far have revealed several problems. The most serious are: 

a) the prodigious production of foam, b) the near inability to supply the usual 

carbon sources continuously at low flow rates due to settling and or clogging 

of lines and pumps, c) the continuous separation of enzyme from the cells. 

A vacuum method to control foam is under construction as shown in Figure 1. 

This method is attractive in that it does not require addition of antifoaming 

agents, nor does it affect the liquid circulation pattern in the system. The 

foam is drawn from the fermentor under momentary vacuum and is converted into 

liquid in a foam trap. After a short residence time, the liquid is recycled 

to the fermentor. 

, When low suspensions of· cellulose are continuously fed at low flow rates, 

a major difficulty is encountered when working with the chemostat. The "T" 

circulation method shown in Figure 2 is simple in nature and operation and offers 

good performance even after prolonged fermentation periods. The reservoir 

cellulose suspension is recirculated at a high rate. At the "T" joint, shown 

in Figure 2, a portion of the suspension is drawn off into the ferment or at the 

desired slower rate. 

In our previous studies cell separation for recycle was accomplished by 

gravitational settling in a cyc1indrical vessel. Because of a relatively long 

residence time of cells in the settler under unaerated conditions, it is 



-9-

To vacuum 

~ Nozzle (top view) 

Fig. 1. Foam Separator and Controller 
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suspected that cells viability may have been impaired. Several alternate means 

of obtaining cell separation which might avoid the previous difficulties are 

being explored. 

2. Enzyme Recovery 

When insoluble cellulose is contacted with enzyme solution about seventy-five 

percent of the enzyme is strongly adsorbed, and at present, is not recoverable 

by simple means such as washing. 

The adsorption of the cellulase complex is presently poorly understood and 

may involve chemical or physical binding of the enzyme molecules on the surface 

of the cellulosic fiber. Our study has been aimed at disrupting or weakening 

either type of binding in order to displace active enzyme, or to reduce the 

strength of adsorption, by employment of various agents for washing or pre

treatment. Attempts were made to hring partial denaturation of the enzyme 

molecule in order to unfold the peptide chain and release it from cellulosic 

matrix. 

Urea was found to be an effective desorbing agent in this context. Figure 

3 shows the enzyme activities removed by treatment of partially hydrolyzed 

cellulose with urea solutions, in 5% SOlid-liquid suspensions. A single washing 

with 6 molar urea removed 27-36% of the original enzyme activity. Results of 

recombining wash solutions and hydrolyzate suggested that about 70% of the 

original enzyme might be recovered in this manner. 

As an alternative approach, experiments were conducted to see if phosphate 

ion adsorbed on cellulose prior to hydrolysis might provide a weakened 

adsorption linkage for the protein polar groups of the enzyme and permit enzyme 

removal by subsequent washing. Pretreatment of Solka Floc with 0.5 M sodium 

phosphate permitted recovery of 62% of the CI component (cellobiohydrolase) and 
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95% of the C component (S-1-4 glucanase) through washing with water after 
x 

hydrolysis. 

Further studies will be conducted to provide a better theoretical under-

standing and to serve as a basis for design of enzyme recovery processes. 

3. Batch Cellulase Enzyme Production from Trichoderma viride 

Based upon work performed at Natick reported by Sternberg, a slightly 

different approach from the batch production of enzyme was attempted and found 

to be highly successful. In the normal mode of enzyme production, the pH is 

controlled in the range of 5, the carbon to nitrogen ratio is 6.25, and the 

substrate concentration is 1%. An experiment was conducted in which the normal 

conditions were modified in the following way: a) pH was allowed to fall to 

about 3.5 and controlled only to prevent lower values, b) the carbon to nitrogen 

ratio was increased to 8.00, c) the substrate concentration was raised to 2% and 

d) Tween 80 was added at a 0.2% concentration. This formulation resulted in the 

production of an enzyme solution with over double the international units of 

activity as was usually produced in this laboratory. Testing and evaluation of 

this enzyme to further determine its characteristics is now in progress. 

4. Continuous Hydrolysis 

The previous studies on the kinetic modelling of enzymatic hydrolysis of 

cellulose have been thoroughly investigated. None of these existing models fit 

the experimental results obtained from batch and continuous enzymatic hydrolysis 

of 5% newsprint. A Michalis-Menton kinetic model, modified with product inhibition 

and substrate accessibilit~ was proposed and tested in this study. Table 1 shows 

the mathematical description of this model. For the product equivalent (Pe) rate 

equation, Michalis-Menton constants (Vmax)P = 16.67 g/lit.-hr. and ~KM)p/aO 

= 83.33 g/l were determined from the Lineweaver-Burke plot of l/V vs. l/S; the 

constant for the accessibility factor K = 0.34 and the product inhibition constants 

Kil = 35 g/l, Ki2 = 8 g/l were obtained empirically by fitting the batch hydrolysis 
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results with the theoretical equation. The constants of the glucose rate 

equation (Vmax)G = 3.4 gil-hr., (~)G = 1.4 gil, and Ki = 0.25 gil were de-

termined by the same empirical method. The continuous hydrolysis results 

derived from these rate equatio~s show excellent agreement with the theoretical values 

values from the graphic method. The product inhibition results also verify this 

semi-empirical model. Detailed description of this work will be presented in a 

M.S. thesis. 

Table 1 

Kinetic model of enzymatic hydrolysis of cellulose 

dCB dPe 
Cellobiose 

Glucose = 
(V ) G CB max 1 

Accessibility Factor a = a e 
o 

dG 

-KPe 

*Product equivalent = Pe = G + CB 

5. Weber Extraction 

162 324 
= [G] x 180 + [CB] x 34:2 

A Weber extraction was performed which resulted in the contacting of enzyme 

solutions with substrates of various' strengths to simulate counter-current 

operatjon. Data compiled during his experiment is currently being analyzed. 

6. Counter-current Hydrolysis 

Initial attempts to construct equipment to simulate counter-current hydrolysis 

at bench scale were unsuccessful. This was due to the handling difficulties 
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that arose when attempting to separate the liquid and solid systems. Subse-

quent testing, using "hands-on" transport of the materials, has shown that, 

although a four-stage, counter-current hydrolysis can equal the yield from a 

batch hydrolysis, there is no significant improvement in a process using a 

counter-current contacting scheme. 
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CELLULOSE BIOCONVERSION TO SUGARS AND ETHANOL 

BERKELEY PROGRAM --' QECEMBER 1977 

Evaluation of Potential Raw Materials (Agricultural Residues) 

(a) Analysis of composition--carbohydrates, lignin, etc; 

(b) Hemicellulose extraction--di1ute acid pretreatment 

(c) Alkali pretreatment 

(d) Enzymatic hydrolysis of original and pretreated materials 

Cellulase Production 

(a) Multistage fermentation with cell recycle 

(b) r. viride growth model via CO
2 

utilization 

Hydrolysis Kinetics (T. viride cellulase) 

(a) CSTR--short circuiting effects 

(b) Countercurrent hydrolysis. 

(c) Product inhibition 

Enzyme Adsorption-Desorption 

(a) Adsorption of C
1

, C
x 

and S-glucosidase activities on cellulose 

(b) Enzyme Fractionation by adsorption on cellulose 

(c) Enzyme Desorption--effect of additives 

Mixed or Supplementary Enzyme System Development 

(a) S-glucosidase (NSF project) 

(b) C2 complex from r. koningii 

Chemical Delignification Studies 

(a) Glycol treatment 

(b) Ethanol treatment 

(c) Assessment of other potential methods 

Enzymatic and Microbial Delignification 

(a) Study of Phanarochaete chrysosporium (NSF Project) 

Cellulose and Glucose Fermentation to Ethanol 

(a) Vacuum and cell recycle system development 

(b) Media optimization 

(c) Simultaneous enzymatic hydrolysis and fermentation 

Xylose Fermentation to Ethanol 

(a) Fusarium oxysporum (f. sp. lini) 
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