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ABSTRACT 

The use of an extruder-reactor is suggested as a combined 

feeding and reactor system for continuous hydrolysis of cellulosic feed

stocks. The description and advantages of the proposed process for wood 

hydrolysis are given. The development of the extruder-reactor was only 

partially completed when it was determined that additional major equip

ment modifications must be done. 

A critical factor involved in optimizing hydrolysis conditions 

is balancing the yield of sugars against their decomposition at reaction 

conditions. The optimum conditions for maximum sugar yield, under the 

experimental conditions specified in the thesis, were found to be about 

220°C and 40 seconds. This assumes a negligible effect of the heat-up 

period upon net sugar yields. 

It appears that the possible carriers such as glycerol, gear 

oil, and wood oil increased the porosity of the wood flour and, hence, 

its surface area. 
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CHAPTER 1 

INTRODUCTION 

Cellulosic materials can be hydrolyzed to give sugars which, in 

turn, may be either fermented to alcohol or may be used as feedstock for 

yeast production. The yeast may be used as feed for animals and 

possibly food for human consumption. 

Cellulosic wastes such as wood waste, straw, and bagasse are 

abundant in the world. There are few alternative uses at present, 

except as a fuel when available in a specific location. Moreover, it 

presents waste disposal and environmental pollution problems. However, 

cellulosic waste potentially can be used as a cheap and abundant raw 

material for hydrolysis to give useful products. If an economical 

method of converting cellulose into sugars is found, it will not only be 

an alternative way of producing cellulosic sugars, but also will over

come the waste disposal and pollution problems. This fact has attracted 

attention of many researchers for the last several years. However, due 

to the lower cost of sugars from other sources, cellulosic sugars have 

not as yet been produced commercially. 

In this thesis, use of an extruder-reactor is suggested as a 

combined feeding and reactor system for continuous hydrolysis. Some 

useful data on the possible carriers in the extruder-reactor are also 

presented. As discussed later on in detail, the extruder is a 

1 



successful feeding device to a pressure system for solids by utilizing 

viscous liquid phase or carrier for the solids. 

The overall objectives of this study were as follows: 

1. To modify the existing extruder-reactor system for acid 

hydrolysis to give instantaneous high temperature and short 

residence time. 

2. To find possible suitable carriers for carrying biomass (in thi 

case, wood flour) through the extruder-reactor. 

3. To find the optimum temperature and residence time for 

hydrolysis (of wood flour). 

4. To obtain data on the effect of carriers on kinetics of 

hydrolysis. 



CHAPTER 2 

THEORY AND LITERATURE REVIEW 

Any cellulosic material can be hydrolyzed to give sugars. How

ever, most of the researchers have used wood chips and wood flour for 

their research. Since, in this study also, Douglas fir wood flour was 

used to obtain data, it will be appropriate to consider the wood compo

sition first. 

Wood Composition 

The three main components of wood are cellulose, hemicellulose, 

and lignin. Cellulose, which is the main polysaccharide in all woody 

plant materials, is resistant to hydrolysis. This resistance is 

believed to be due to the crystalline nature of cellulose rather than to 

the type of linkage between glucose groups in the cellulose molecule. 

Cellulose yields C-6 sugars. The hemicellulose hydrolyzes much more 

easily than does cellulose and yields mainly C-5 sugars with their 

decomposition products. Lignin is essentially a high polymeric, 

aromatic material. Most of the lignin remains as an insoluble residue 

throughout the hydrolysis reactions. Cellulose, hemicellulose, and 

lignin are physically combined and mixed in wood. 

The composition of Douglas fir, which was used in this study, is 

as follows: 

3 
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Component: cellulose hemicellulose llgnin 

Weight percent: 52 24 23 

The composition of other types of woods would be similar to that of 

Douglas fir. 

Cellulose is a linear polymer consisting of anhydrous glucose 

units connected together at the one- and four-carbon position, forming a 

long polymeric chain. It is highly crystalline, with a spiral geometry. 

It contains, on the average, three H-bonds per glucose unit. The number 

of glucose units may range from 2,000 to 10,000. During the acid 

hydrolysis reaction, the links between two glucose units are broken by 

hydrogen ions from the acid catalyst and glucose is formed by the addi

tion of water molecules. The progression of catalytic reaction of 

callulose hydrolysis is shown in Figure 1 (from Chang, 1976). 

Wood Hydrolysis 
/ ' 

Hydrolysis is the reaction of wood with water, either alone or 

catalyzed by various agents. Wood has a great multiplicity of chemical 

groupings. It has primary, secondary, and tertiary alcohol groupings of 

the cellulose; phenolic, pseudo-acid, and alcohol groups in lignin; the 

hydroxy acids, the lactone, the acetal, ether, and ester groups of the 

hemicellulose; and hydrogen bonding of reactive groups and crystalline 

structure of cellulose. Each type of wood has variations in these 

components. These factors cause wide variations in the degree of reac

tivity of wood with water. Many agents such as molds, enzymes, bacteria, 

cxygen, light, salts, acids, and bases are active in accelerating the 

hydrolysis of groupings in wood. 

I 



HO-CH2 

HO-CH2 (Cellulose) h 

H+ 

H0-CH2 

H0-CH2 

HOH 

HO-CH2 

rOH HO 

t ~ HO-CH2 

(glucose) 
H OH 

(glucose) 

Figure 1. Progriession of catalytic reaction of cellulose hydrolysis. 
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The general products from the wood hydrolysis process are shown 

in Table 1. Out of these, glucose, the product from the cellulose com

ponent, is of most interest because of its high potential yield and 

usefulness. 

Changing the conditions of hydrolysis gives rise to variations 

in the ratio of the various sugars due to the difference in the rate of 

hydrolysis and, if decomposition of some sugars occurs, variations in 

the ratio of the sugars to each other reflect the relative rates of 

decomposition. This gives variation in reducing sugars under similar 

conditions of hydrolysis. 

Table 1. General products from wood hydrolysis process. 

Volatile Insoluble 
Sugars Products Residues 

D-hexoses (6-carbon sugars) acetic acid lignin 
glucose formic acid gums 
mannose furfural resins 
galactose acetone 
rhamnose methanol 

D-pentoses (5-carbon sugars) 
xylose 
arabinose 
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Major Parameters in Acid Hydrolysis 

Temperature and Residence Time 

These are the two most important parameters. The kinetic 

analysis of the hydrolysis reaction shows that the combination of high 

temperatures and short residence times gives high yields of sugars with

out much decomposition products. The kinetic analysis is presented in a 

later section. 

Table 2 shows data from notes of Harris and Kline as presented 

by Harris (1952). The data from Table 2 indicate that low temperatures 

and long residence times did not give high yield of sugars. This is in 

agreement with the kinetic analysis. 

Acid Concentration 

The kinetic analysis also shows that the acid concentration is 

another important variable. 

Hydrolysis with Concentrated Acids. Concentrated acids, such as 

70 to 72 percent sulfuric acid, 42 to 45 percent hydrochloric acid, or 

85 percent phosphoric acid, first overcome the crystalline forces of the 

cellulose fibers and then dissolve or disperse the cellulose. 

Staudinger (1933) found the loss in viscosity to be a measure of 

decrease in molecular weight. Concentrated phosphoric acid reacts more 

slowly than does concentrated sulfuric acid or concentrated hydrochloric 

acid, hence phosphoric acid solutions are more suited for studying the 

properties of cellulose in strong acids. Stamm and Cohen (1938) have 

reported that, in phosphoric acid, initially there is a very rapid 



Table 2. Hydrolysis of Douglas fir sawdust at 95°C with 1, 2, 4, and 8 percent sulfuric acid for 
1, 2, and 4 hours. 

Acid 
Concentration 

(%) 
Time 
(hr) 

Loss in 
Weight 
(%) 

Reducing 
Sugars by 
Hydrolysis3 

(%) 

Reducing 
Sugars after 
Rehydrolysisa 

(%) 

Potential 
Sugars in 
Residue3 

(%) 

Potential Sugars 
+ 

Reducing Sugars 
(%) 

0.0 0.0 0.0 _ 67.5 67.5 
1.0 1.0 9.45 2.36 5.75 61.7 67.45 
1.0 2.0 12.0 4.43 7.40 60.0 67.4 
1.0 4.0 14.75 7.38 10.75 56.7 67.45 

2.0 1.0 11.6 4.59 9.00 58.4 67.4 
2.0 2.0 15.9 8.04 11.30 56.2 67.5 
2.0 4.0 18.6 11.10 13.00 54.3 67.3 

4.0 1.0 14.8 7.88 10.50 56.8 67.30 
4.0 2.0 17.3 11.02 12.55 54.9 67.45 
4.0 4.0 22.2 14.38 15.57 51.9 67.47 

8.0 1.0 19.5 12.24 13.54 53.9 67.44 
8.0 2.0 20.7 14.12 14.76 52.7 67.46 
8.0 4.0 25.7 17.24 18.34 48.9 67.24 

Values are expressed in percent of the weight of the wood. Solutions were rehydrolyzed by 
heating 30 minutes at 120°C. 
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decrease of viscosity and, after about 15 hours, the rate of change of 

viscosity decreases and the solution continues to lose viscosity at a 

constant rate. Ekenstam (1936) made measurements on a low viscosity 

cellulose which had, perhaps, already gone through the initial drop in 

viscosity and found the rate of change of viscosity constant. Hiller 

and Pacsu (1946) consider the initial rapid drop, followed by a slower 

rate, as evidence of different types of bonding forces in cellulose. 

They attribute the rapid hydrolysis to the breaking of acid-sensitive 

bonds such as semiacetal linkages which Pacsu (1947) believes bonds 

small, low viscosity, "primary" cellulose molecules into large, 

molecular, high viscosity aggregates. The slower drop in viscosity is 

attributed to hydrolysis of 1,4 glucosidic linkages. 

Hydrolysis of cellulose with concentrated acids is also compli

cated by the formation of condensation or reversion products to low 

polymers. If glucose were formed, it would be converted into polymers 

that are believed to have linkages differing from the original 1,4 

linkages. These polymers are water-soluble and behave as the oligo

saccharides or intermediate products from cellulose. By heating glucose 

polymers or the oligosaccharides with dilute acid, simple sugars are 

produced. If allowed to stand in the strong acid, or if heated, both 

the oligosaccharides and glucose polymers form humic acid type products. 

Concentrated acids favor higher conversion of cellulose with 

less decomposition of the resulting sugar. Further, diluting the acid 

and heating gives almost quantitative yields. 

Concentrated sulfuric acid has disadvantages as an industrial 

means of hydrolyzing cellulose because the amount of acid required is 



large and because no economical, suitable method has been found for its 

recovery. However, the use of fuming hydrochloric acid has received 

more attention than strong sulfuric or phosphoric acid because the 

recovery of hydrochloric acid is possible. 

in the presence of dilute acids are more complex than those in acids 

that dissolve cellulose. The reaction is heterogeneous and depends on 

mass transfer; that is, the ability of the liquid to enter the crystal

line structure. A further complication is the lack of homogeneity of 

the carbohydrates of wood. The hemicellulose and the native cellulose 

are acted upon at different rates. The molecular weight of native 

cellulose is also altered greatly by conditions that convert only small 

amounts to soluble products. 

or "hydrocellulose fraction" that hydrolyzes according to a first-order 

reaction and that leaves a residue with an approximately constant 

molecular weight. This assumes that cleavage of this "stable cellulose" 

produces water-soluble products or products that are easily converted 

into water-soluble products, which, in turn, are rapidly converted into 

simple sugars. As per Harris and Lang (1947), the hydrolysis of native 

cellulose in dilute acid may be represented as follows: 

Hydrolysis with Dilute Acids. Reactions of cellulose with water 

All cellulosic materials appear to contain a "stable cellulose" 

Native cellulose ^ > 
Insoluble "stable 
cellulose" or 

"hydrocellulose" 

(2)] Soluble 
polysaccharides 

(3) 
•> Simple sugars 



Reaction (1) is rapid and occurs under mild hydrolytic conditions, with 

a loss of fiber properties and a drop in molecular weight. Reaction (2) 

is slow and follows a first-order reaction, and is the limiting reaction 

in cellulose hydrolysis. Reaction (3), which is similar to the 

hydrolysis of the oligosaccharides, is rapid. 

When Douglas fir, containing 67.5 percent potential reducing 

sugar, is subjected to hydrolysis with dilute (0.04-0.016 M) sulfuric 

acid at temperatures from 170 to 190°C, and when the log of the poten

tial sugar content is plotted against time of hydrolysis, lines drawn 

through the points and extrapolated to zero time give a value of 46 per

cent potential sugar in the non-hydrolyzed residue, as shown in Figure 2 

(from Harris, 1952). The cellulosic product that gave this 46 percent 

potential sugar is the "stable cellulose" content of Douglas fir wood. 

The difference (21.5) between this 46 percent and the initial potential 

sugar (67.5 percent) is assumed to stem from the hemicellulose. 

Sherrard and Gauger (1923) found that, with increased acid con

centration, the yield of total reducing sugars decreases, whereas the 

yield of fermentable sugars passes through a maximum (Table 3). 

Types of Acids 

Various kinds of acids such as sulfuric acid, hydrochloric acid, 

acetic acid, phosphoric acid, nitric acid, sulfurous acid, and chloric 

acid have been used by different researchers as a catalyst in acid 

hydrolysis. Chang (1976) has summarized the literature for different 

kinds of acids. The catalytic activity of the acids is reported to be 



200 250 300 
TIME(MIN) 

400 450 500 

Figure 2. Rate of hydrolysis of Douglas-fir stable cellulose at 170°C. 
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Table 3. Effect of increased acid concentration on the hydrolysis 
of wood.a — In percent of original dry wood. 

Sulfuric Acid Total 
per 100 g 5 Dry Reducing Fermentable Cellulose Cellulose 

Wood Sugars Sugars Unchanged Removed 
(g) (%) (%) (%) (%) 

5 21.98 16.29 31.70 26.50 
10 21.54 18.00 20.46 37.74 
15 19.71 16.10 13.71 44.50 
20 16.00 13.67 8.95 49.25 
30 7.28 2.70 2.14 56.06 

Digested 15 minutes at 115 lbs pressure (175°C), using 100 g of 
sawdust and 200 g of water. 

decreasing in the following order: HC1 > > ffeCHOHC^H > 

Ac OH _> HC02H. 

Mass Transfer 

Chang (1976) has tried to fit various kinetic models to the 

literature data. He found that the shrinking-core model with the 

assumption of spherical-shape wood flour gave the best picture of the 

reaction's progress. For the wood flour size of 40-80 mesh, the chemi

cal reaction rate was the controlling step from the initiation of the 

reaction until about half of the wood flour had been converted. Then 

the diffusion rate of the hydrogen ions to the reaction surface became 

important. 



Particle Size 

Saeman (1945) found that the rate of hydrolysis is independent 

of the particle size in the range of 20 to 200 mesh, although a slight 

advantage was found for finer material. The rate becomes somewhat 

slower for sizes greater than 20 mesh. 

Other Variables 

Various other variables such as type of raw material (biomass), 

pretreatment of raw material, liquid-solid ratio, pH, surface area, 

crystallinity, lignin bonding, and hydrogen bonding could play a role in 

the acid hydrolysis. 

Decomposition of Products of Hydrolysis 

In strong acids that dissolve cellulose, there is little sugar 

decomposition in the time required to convert the cellulose into water-

soluble oligosaccharides. When contact with concentrated acid is con

tinued beyond this stage, or if temperature is raised, the acid-sugar 

solutions become first brown, then black, and finally a black gelatinous 

mass. When placed in water and boiled, some of the products do not dis

solve but remain as humic products. 

When dilute acid is used for hydrolysis of cellulose, there is 

no evidence of humus production, but the products of hydrolysis decom

pose at almost the same rate that cellulose is hydrolyzed. Kressman 

(1922) studied decomposition and found that its control permitted the 

increase of fermentable sugar. If sugars are removed as soon as they 

are formed and quenched to stop decomposition, higher yields of sugar 

are obtained. 
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Sugar decomposition is a first-order reaction. It is affected 

by both temperature and acid concentration. Table 4 shows rates of 

decomposition of various sugars and their half-lifes at 180°C and in 0.8 

percent sulfuric acid as obtained by Saeman (1945). Under the same con

ditions, rate of hydrolysis of Douglas fir stable cellulose is 

0.02580 min ̂  with a half-life of 26.8 minutes. 

The general products obtained from sugar decomposition are 

furfural, levulinic acid, hydroxymethyl furfural, formic acid, and humic 

materials. 

Chemical Kinetics of Wood Hydrolysis 

As mentioned earlier, the hemicellulose gives pentoses on 

hydrolysis while the cellulose give hexoses. All the hexoses are fer

mentable to ethanol by known technology, whereas the pentoses are not 

fermentable to ethanol at rates of industrial interest, although there 

are some promising processes in the research stage. Substrates differ 

Table 4. Decomposition of wood sugars in 0.8 
percent sulfuric acid at 180°C. 

First-Order 
Reaction Constant 

— 1 Half-life 
Sugar K (min ) (min) 

D-glucose 0.0242 28.6 
D-galactose 0.0263 26.4 
D-mannose 0.0358 19.4 
D-arabinose 0.0421 16.4 
D-xylose 0.0721 9.6 
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from one another In the relative amounts of these components, so it is 

desirable to have a high cellulose content for high ethanol yield. 

Since the rate of hydrolysis of hemicellulose and amorphous cellulose is 

several orders of magnitude faster than that of crystalline cellulose, 

it is the latter hydrolysis which is the major technical problem. Any 

advance made in this step will be applicable to a variety of cellulosic 

substrates. Luers (1930) has reported that both the hydrolysis of 

cellulose dextrin in dilute acid and the degradation of the resulting 

sugars are unimolecular reactions. 

Saeman (1945) showed that the saccharification of wood in dilute 

acid involves two consecutive first-order reactions, the rates of which 

are of similar magnitude: 

kl k2 
Cellulose »• Reducing sugar *• Sugar decomposition products 

Saeman's kinetic model is shown in Figure 3 (from Grethlein, 

1978). Equation (1) gives the rate of cellulose hydrolysis and equa

tion (2) gives the rate of glucose formation. Equations (3) and (4) 

express the rate constants, k^ and k£, as functions of temperature and 

acid concentration. 

The values of the parameters P^, m> n> and E£ as 

reported by Saeman (1945) for the hydrolysis of Douglas fir with 0.4-1.6 

19 
percent sulfuric acid and between 170 and 190°C are: P^ = 1.73x10 

min \ Pg = 2.39x10^ min \ m = 1.34, n = 1.02, E^ = 42,900 cal/mol, 

and E£ = 32,870 cal/mol. 



(1) 

(2) 

(3) 

(4) 

= cellulose expressed as a fraction of potential 
glucan 

CL = glucose as a fraction of the potential glucan 

= concentration of sulfuric acid in weight percent 

T = absolute temperature 

and 

PjL, P2» m, n, E-^, and E£ are kinetic parameters to be 
evaluated from experimental data 

dCA —^ = -LC, 
dt 1 A 

dC 
B = k, C . - k„(L 

dt 1 A 21 

-E /RT 
k i "  Vy"  e  

-E /RT 

k2 " W" e 

Figure 3. Saeman's kinetic model for hydrolysis. 
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For constant temperature and acid concentration, integration of 

equations (1) and (2) gives glucose yield as a function of reaction 

time, as shown in equation (5) of Figure 4 (from Grethlein, 1978). It 

is assumed that the glucose in the hemicellulose and amorphous cellulose 

is converted so rapidly in comparison to crystalline cellulose that it 

appears as an initial glucose concentration at the beginning of the 

reaction. Thus, is the effective initial cellulose fraction and Cg^ 

is the effective initial glucose fraction at time zero."*" From equation 

(5), we can determine that an optimum glucose fraction given in equation 

(6) occurs at a corresponding optimum reaction time given in equation 

(7) at each temperature. The parameters K and A are defined in equa

tions (8) and (9). K may be referred to as selectivity. The optimum 

glucose fraction increases with K and the corresponding optimum reaction 

time decreases with K. In turn, the selectivity increases with tempera

ture and acid concentration since is greater than E£ and m is greater 

than n. Consequently, to get the maximum glucose yield, one should 

operate the reactor isothermally at the highest practical temperature 

and acid concentration and short residence times. 

Madison Wood-Sugar Process 

Most of the processes used in the past for wood hydrolysis were 

either batch or semi-batch. It will be worthwhile to consider a typical 

1. The fact that hemicellulose is considerably easier to 
hydrolyze to monomeric sugars than is cellulose provides a possibility 
that the hemicellulosic fraction can be selectively hydrolyzed from bio-
mass. Lee et al. (1978) have studied low-level acid hydrolysis as a 
method of selectively recovering hemicellulose sugars from hardwood 
residue. 



Isothermal Yield 
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Optimum Yield 
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K 

1/(K - 1) 
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Optimum Time 

'opt k2(K - 1) 
In (7) 

where 

K - ^ - ! i C  ( » - n )  " ( E 1  -  E 2 ) / R T  
(8) 

A = 1 + K - l' 
K 

(9) 

Figure 4. Isothermal yield, optimum yield, and reaction time. 



20 

process, such as the Madison wood-sugar process, before proceeding to 

the next chapter. 

In the Madison process, wood chips are loaded into a reactor and 

extracted with successive aliquots of fresh, hot, dilute sulfuric acid 

over a 3-hour period. The initial extraction may start at 150°C in 

order to preferentially remove the hemicellulose hydrolyzate. Then, the 

temperature is raised to 180°C during the subsequent hydrolysis. The 

sugar decomposition is minimized by operating the reactor in a semi-

batch mode. The hydrolyzate is removed from the bottom of the bed of 

chips as new aliquot of dilute acid is added at the top of the bed. In 

this way, the residence time of the acid hydrolyzate is of the order of 

15 to 45 minutes. However, the sugars are dilute, being about 3 percent. 

Since fermentation economics require hexose above 10 percent, the 

hydrolyzate has to be concentrated. 



CHAPTER 3 

DESIGN AND DEVELOPMENT OF THE EXTRUDER-REACTOR 

FOR ACID HYDROLYSIS OF WOOD 

In the past few years, attempts have been made to develop a 

system for continuous hydrolysis. The concept of using the single-screw 

extruder as part of a wood hydrolysis system originated with D. H. White 

in 1978. Grethlein (1978) designed and built a special continuous flow 

reactor to obtain isothermal conditions and residence times of less than 

one minute. Rogers (1979) has reported work by researchers at New York 

University who are developing a system using a twin-screw extruder for 

acid hydrolysis on a continuous basis. 

One practical approach to a continuous system was the develop

ment of a two-stage extruder-reactor, intended for coal liquefaction. 

The laboratory extruder-reactor developed at The University of Arizona 

is believed suitable to be used as a reactor for the hydrolysis because 

it has the following advantages: 

1. It can be used as a continuous reactor, operating at near plug 

flow. The key advantage of the first extruder section is that 

it can feed a high concentration of solids into a pressure 

system on a continuous basis. 

2. It can be heated instantaneously to obtain high temperatures. 

It can be operated to give short residence times. 

21 
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3. Concentrated sugar solutions may be obtained directly by using 

high wood content in the feed. This may eliminate the necessity 

of concentrating dilute sugar solutions as obtained in the 

Madison process. 

4. Continuous process gives a higher production rate per unit 

volume of equipment investment compared to semi-batch process. 

5. Continuous process gives a steady-state operation which is ideal 

for automatic process control and maximum heat recovery. 

6. Sugars formed can be quenched immediately, thus avoiding their 

decomposition. 

7. Second-stage hydrolysis can be introduced later on, if found 

economical. 

From the kinetic analysis and from consideration of the Madison 

process, the disadvantages of the past processes for wood hydrolysis may 

be summarized as follows: 

1. They were either batch or semi-batch processes. 

2. They were operated at low temperatures and for long residence 

times. 

3. Because of the long residence times, the sugars formed were 

decomposing, thus resulting in low selectivity. 

4. Sugar solutions obtained were dilute and had to be concentrated 

before they could be used for fermentation. 
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Hence, to improve the economics of the hydrolysis process, a 

continuous process is desirable. An ideal continuous process would be 

one in which an acidified slurry is: 

1. Heated instantaneously to the desired temperature» 

2. Held there for the desired residence time» and 

3. Quenched instantaneously at the optimum glucose yield. 

This would require a plug flow reactor. 

The Extruder-Reactor 

The fundamentals of extrusion theory and other related informa

tion about the extruder and the extruder-reactor have been discussed in 

detail recently by Quevedo (1981). Some of the important characteristics 

of the extruder-reactor are as follows: 

1. It operates at near plug flow (see Figure 5., from Quevedo, 1981). 

2. It can handle liquids, solids, or.slurries. 

3. It can be heated or cooled depending on the process requirements. 

4. It can develop high pressures. 

5. A certain amount of mixing is obtained. 

The laboratory extruder-reactor was first developed by Quevedo 

(1981) for handling and dissolving concentrated coal slurries. He 

reported that the extruder-reactor could be used to obtain experimental 

data in areas such as coal liquefaction reactions, coal slurry handling, 

coal chemistry, and coal dissolution mechanisms. Both the first and 

second sections of the extruder-reactor system used in this work were 

the same as used by Quevedo without any modifications. The schematics 

of the first and the second sections are shown in Figures 6 and 7, 
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respectively. Tables 5 and 6 give the specifications of the two sec

tions. The description of the two sections is covered by Quevedo. 

Table 7 gives the operating conditions of the extruder-reactor (Figures 

6 and 7, and Tables 5-7 from Quevedo, 1981). 

Description of the Proposed Process for Wood Hydrolysis 

The schematic of the proposed extruder-reactor system for wood 

hydrolysis is shown in Figure 8. 

Overall Description 

The developed system consists of two single-screw sections in 

series, each driven by its own motor. The mixture of wood flour and the 

carrier material is fed into the first screw section through the feed 

port. When the feed material is a liquid or a dilute slurry, a small 

feed tank and valves are used. Otherwise, the material is directly fed 

into the feed port. The Plexiglass hopper may or may not be used while 

feeding. 

The mixture of wood flour, inert carrier, and dilute sulfuric 

acid (about 1 weight percent) at the desired reaction temperature passes 

into the second section of the extruder through the connecting piping. 

The outlet stream from the second section goes through a cooling coil 

and then to an output receiver at atmospheric pressure. The first screw 

section acts as a feed section as well as a preheater or precooler sec

tion as per the process requirements. The second screw section acts as 

a reactor, operating analogous to a continuous tubular reactor, but with 

stirring and mixing by the screw. 



Table 5. Specifications for the first section of 
the extruder-reactor. 

Component Name Measurement 

Barrel 
Barrel length 
Inside diameter 

15.00 inches 
1.25 inches 

Screw 
Flight diameter 
Screw length 
Screw pitch 

. Feed zone channel depth 
Metering zone channel depth 

1.25 inches 
15.00 inches 
1.25 inches 
0.20 inches 
0.175 inches 

Die 
Die length 
Orifice diameter 

3.00 inches 
0.375 inches 

Drive 
Motor power 
Speed reducer 
Screw speed 

0.75 h.p.,A.C. 
20.00 
0-350 rpm 



Table 6. Specifications for the second section of the 
extruder-reactor. 

Component Name Measurement 

Barrel 
Barrel material: 
Barrel length 
Outside diameter 
Inside diameter 

steel 
34.25 inches 
4.00 inches 
1.375 inches 

Screw 
Flight diameter 
Screw length 
Screw pitch 
Feed zone channel depth 
Metering zone channel depth 

1.375 inches 
31.00 inches 
1.375 inches 
0.205 inches 
0.035 inches 

Die 
Die length 
Orifice diameter 

3.00 inches 
0.375 inches 

Magnetic drive 
Power 
Torque 
Frequency of rotation 
Shaft diameter 
Maximum pressure 

1.07 horsepower 
27.00 lbf-in 
0-2500 rpm 
0.125 inches 
5000 psi at 650°F 

Motor 
Power 
Torque 
Frequency of rotation 

1 horsepower A.C. 
82 lbf-in 
190-1900 rpm 

Volume 
Internal volume 30.64 in"^ 



Table 7. Range of operating conditions. 

Variable Range 

Slurry concentration 0-70 wt % 

Screw speed 150-1000 rpm 

Temperature 30-425°C 

Pressure 20-2000 psia 

Flow rate 5-30 lb/hr 

Residence time 0.5-9.0 min 
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Details of Piping and Instrumentation 

The outlet from the first screw section is 3/8". It is expanded 

to 1" with an expander. Then, 1" black iron piping is used. A union 

head is installed so that rupture disks could be used as a safety 

measure. Different rupture disks, designed to rupture at different 

pressures, could be used depending on the operating pressure. Water for 

diluting the concentrated sulfuric acid and steam to bring the reaction 

mixture to the reaction temperature can be introduced into this piping. 

The piping is then reduced to 1/4" with a stainless steel reducer. Con

centrated sulfuric acid is now introduced into the system and is mixed 

with the previous streams, namely, wood flour, the carrier, water, and 

steam. The total reaction mixture is introduced into the second section 

through a 1/4" stainless steel piping. Stainless steel fittings and 

piping are used wherever hot dilute sulfuric acid would come in contact 

except the second section itself. The total length of the intercon

necting piping between the two extruder sections is about two feet. It 

is suggested that this length should be reduced to the minimum possible 

by using all stainless steel piping and by other modifications so that 

the reaction mixture has to travel the shortest distance before entering 

the second section. 

Water connection is taken directly from the laboratory water 

system. It is connected to the inlet of a piston pump through a 

strainer and a calibrated rotameter. The piston pump is manufactured by 

Hypro Inc., a division of Lear Siegler, Inc., St. Paul, Minnesota, model 

number 5330. The pump is driven by a motor of 1 horsepower. The outlet 



piping from the pump has a pressure relief valve and a bourdon pressure 

gauge. The relief pressure of the valve can be set up to 1100 psig. 

All the piping is of 1/2" galvanized iron for use in experimental work. 

A stainless steel check valve is installed on this piping just before 

this line joins the interconnecting piping. 

Concentrated sulfuric acid is stored in a 1-gallon container. 

The outlet from this container is connected to the inlet of a diaphragm 

pump through a strainer and a calibrated rotameter. The diaphragm pump 

is manufactured by the Milton Roy Company, Philadelphia, Pennsylvania, 

and the model number is R-131A. It is driven by a motor of 1/4 horse

power. The pump has a built-in pressure relief valve, the relief pres

sure of which can be adjusted. The outlet piping from the pump has a 

bourdon pressure gauge and a stainless steel check valve just before the 

piping joins the interconnecting piping between the two screw sections. 

The rest of the piping is of 1/4" black iron. 

Connection for steam is taken from the laboratory steam system. 

This steam is saturated steam with a pressure of about 125 psig at the 

boiler. A 1/2" black iron check valve is installed just after the point 

of tapping from the laboratory steam system. A 1/4" strainless steel 

check valve is installed just before the steam piping joins the inter

connecting piping between the two sections. In between the two check 

valves is one safety relief valve set to relieve at 150 psig, a bourdon 

pressure gauge, a bleed, and an iron-constantan type J thermocouple. 

The majority of the 18-foot steam line extended from the existing steam 

line is of 1/2" black iron. It is reduced to 1/4" black iron just 
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before connecting it to the interconnecting piping between the two 

sections. 

Since the enthalpy of the available steam (saturated steam at 

about 353°F at the boiler) is not sufficient to raise the reaction 

mixture to the desired temperature, the steam line is covered with 

electrical heating tape to obtain super-heated steam. The steam line, 

the interconnecting piping between the two screw sections, and the 

second screw section are all insulated to minimize the heat loss from 

the system. 

Although pressure is not a parameter in the hydrolysis reaction, 

arrangement is made to measure pressure at three points in the process. 

Pressure transducers can be connected at the outlet of the first section 

and at the beginning and end of the second section. The thermocouple on 

the first screw section measures the barrel temperature. The two iron-

constantan type J thermocouples on the second screw section measure 

temperatures at the beginning and at the end of the second section. 

The outlet stream from the second section goes through a 5/8" 

stainless steel cooling coil with O.D. = 5/8", I.D. = 0.495", and length 

about 45 feet. The outlet from the cooling coil is the desired product. 

For increased safety, Plexiglass plates have been cut and pre

pared such that they can be easily assembled and disassembled around the 

interconnecting piping between the two screw sections. 

The feed rate can be varied by varying the speed of the first 

screw section. Data on the feed rates through the first section at 

different speeds is given in Appendix A. The quantity of the dilute 

sulfuric acid is determined by the feed rate and the liquid-solid ratio 
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desired. The flow rates through the two pumps pumping water and 

sulfuric acid are to be adjusted to give dilute sulfuric acid of desired 

concentration. Condensation of the steam also needs to be considered. 

The residence time of the reaction mixture can be varied by varying the 

speed of the second screw section. A photograph of the equipment is 

shown in Figure 9. 

Experimental Problems Encountered 

Several attempts were made to run the apparatus described in the 

previous section. However, the attempts were not very successful 

because the following problems were encountered and noted during the 

operation of the apparatus. 

Non-Availability of High-Pressure Steam 
and Piping 

During the operation, the minimum pressure developed by the 

extruder was about 800 psig. If the speed of rotation was increased, 

still higher pressures were developed. To push the feed at this high 

pressure through the connecting system, high pressure steam with pres

sure of 800 psig or more would be required. However, the available 

steam was with a pressure of only 125 psig in the departmental steam 

line. 

Most of the piping available was standard piping designed for 

150 psig pressure." The relief valves, rupture disks, etc. were also 

designed to relieve or rupture at 150 psig. It was found that this 

system of low pressure steam, piping, and instrumentation was not 

satisfactory for the operation. 
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Figure 9. Overall set-up for the extruder-reactor system. 



Limiting Torque of Magnetic Drive 

The second screw section is driven by a magnetic drive and it 

operates at a constant torque. This torque was not adequate to push all 

types of slurries through the second screw section. 

Design of the Interconnecting Section 

The interconnecting section should have a large diameter, the 

shortest possible length, and the minimum fittings to keep the pressure 

drop to a minimum and to avoid plugging. This could not be done satis

factorily, partly because a combination of stainless steel and black 

iron fittings were used and partly because of the number of fittings 

that had to be used. 

Temperature Controls 

Temperature in the first screw section must be controlled to 

ensure that the feed material proceeds properly to the second reaction 

section. The temperature in the second section must also be controlled 

to obtain maximum yields. Proper temperature controls for both the 

screw sections could not be used. 

Further experimental runs on the extruder-reactor could not be 

made without major equipment redesign and expense. However, these 

preliminary runs provided the necessary experience to make a second 

reactor design at some future time. 

The carriers which possibly could be used to carry wood flour 

through the extruder were found to be glycerol, gear oil, wood oil, 

asphalt, vacuum bottoms, and corn syrup, among others. It was decided 

to run some experiments in a small tubing reactor to see what effect 



some of the carriers would have on the sugar yield. This information 

could be used in the future process development. Hence, a small tubing 

reactor was prepared and data on the effect of carriers on sugar yield 

were obtained. The apparatus and the experimental procedure are 

described in the next section. 



CHAPTER 4 

TUBING REACTOR EXPERIMENTAL APPARATUS AND PROCEDURE 

The Tubing Reactor Apparatus 

The- apparatus mainly consisted of a tubing reactor, a fluidized 

sand bath, and some accessories. The design and installation were 

accomplished by Ghoddoussi (1983) and are described briefly in the 

following section. 

The Tubing Reactor 

This consisted of a 3/4" tee made of 316 stainless steel. A 

chromel-alumel, type K thermocouple was fixed at one end of the tee to 

measure the reaction temperature. Arrangement was also made to fix a 

bourdon pressure gauge to note the pressure developed. Nuts on the 

other two ends of the tee could be opened to introduce the reactants and 

the carrier into the tubing reactor or to clean it. The thermocouple 

was enclosed in a 3/8" stainless steel tubing so that the whole reactor 

formed a closed system. The joints were tested and found to be leak-

proof. A photograph of the reactor is shown in Figure 10. 

The Fluidized Sand Bath 

A fluidized sand bath, model SBS.4, made by Techne Incorporated, 

New Jersey, was used for heating the reactants contained in the tubing 

reactor. The bath itself is a cylindrical, stainless steel vessel of 
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Figure 10. The tubing reactor. 



welded construction and inside diameter 7-1/8 inches (118 mm). This 

vessel is suspended within, but thermally insulated from, an outer mild 

steel cylindrical container. A porous plate made of either sintered or 

woven mesh stainless steel is mounted across the vessel between compres

sion flanges. The bath is insulated by fiberglass but some circulation 

of air is provided to prevent the outer container from getting too hot. 

The 750-watt Inconel-sheathed electric heating elements are mounted just 

above the porous plate. A control valve can be used to manually regu

late the air pressure and flow. A heat shield separates the inner 

vessel from the chamber below, which contains all the electrical switch 

gear. 

Temperature control may be achieved by a manually operated 

energy regulator fitted as standard. However, in this work, an 

externally connected temperature controller was used. 

A pneumatically operated safety switch is provided to switch off 

the heating current in the event of failure of the air supply. 

Each heater has its own neon light indicator to show when it is 

energized. With increase in temperature, or when objects are placed 

into or taken from the bath, adjustment of the air control valve may be 

necessary, but the bed must be kept vigorously boiling. Maximum temper

ature for this bath is 600°C. 

This model provides a working volume in the shape of a cylinder 

6-1/2 inches (165 mm) in diameter and 5 inches (127 mm) deep. 

The bath was placed on a spring-jack so that the whole bath 

could be raised or lowered easily by raising or lowering the jack. 
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Accessories 

The accessories consisted of a bracket for suspending the tubing 

reactor, a vibrator, and a digital thermometer. 

A bracket made of 1/4" stainless steel rods was placed around 

the fluidized sand bath such that the tubing reactor could be clamped 

onto the bracket and could be suspended in or removed from the bath by 

raising or lowering the bath. A pneumatically operated vibrator was 

also mounted on the bracket. When the vibrator was switched on by 

starting the air supply, it would shake and mix the contents of the 

reactor. 

Connections were made from the type K thermocouple fitted in the 

tubing reactor, so that the temperature could be read on a "Keithley" 

model 870 digital thermometer. 

A photograph of the fluidized sand bath, together with the other 

assembled apparatus, is shown in Figure 11. 

Materials 

The materials used in this work were Douglas fir wood flour, 

glycerol, gear oil, and wood oil. The Douglas fir wood flour, as well 

as the wood oil, was obtained from the Department of Energy's liquefac

tion pilot plant operated by Rust Engineering Company in Albany, Oregon. 

Laboratory reagent grade glycerol packaged by Mallinckrodt Incorporated, 

Paris, Kentucky, was used. The petroleum oil used was 140 W gear oil 

from Sun Oil Company. 

The mixtures of wood flour and glycerol and of wood flour and 

gear oil were prepared and kept soaking for several days before use. 
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Figure 11. The fluidized sand bath and accessories. 
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A mixture of wood flour and wood oil was prepared and kept in an oven at 

50°C for about 40 hours before use. 

The terms "wood flour" and "sawdust" have slightly different 

meanings, as indicated by the following description. Wood flour is 

finely ground to a certain size range. Sawdust comes from saw and is 

fine plus large. One can screen sawdust to obtain some wood flour. The 

terms wood flour and sawdust have been used interchangeably in this 

thesis. 

Experimental Procedure 

1. The bath was filled to about 3 inches from the top with the 

material supplied by the manufacturer. The air supply was 

started and the heaters were switched on. The manufacturer's 

operating instructions were followed to heat the bath up to the 

desired set temperature and to maintain the temperature constant. 

The bath temperature was set between 350 and 500°C depending on 

the desired reaction temperature. 

2. About 0.5 gm of wood flour, or a mixture of wood flour and 

carrier containing about 0.5 gm wood flour was placed in the 

reactor. The material was weighed accurately before placing it 

in the reactor. 

3. Ten milliliters of 1 weight percent sulfuric acid were then 

placed in the tubing reactor and the reactor was sealed by 

tightening the nuts on the two ends of the reactor. 

4. When the bath temperature reached the set point and was constant 

for some time, the reactor was clamped on to the bracket and 



suspended in the air. The thermocouple was connected to the 

digital thermometer and the air supply to the vibrator was 

started. 

5. Then the bath was raised so that the reactor would get suspended 

in the fluidized bed and immediately the stopwatch was started. 

6. Temperatures were noted at various times. 

7. The reactor was removed after lowering the bath and it was 

quenched in ice water after the desired residence time. The 

term "residence time" used in this work excludes the preheating 

time which was between about 1 and 3 minutes. 

8. The contents of the reactor were transferred into a beaker. The 

reactor was rinsed with distilled water several times and the 

washings were also transferred to the beaker, ensuring that no 

sugar was left in the reactor. 

9. The contents of the beaker were filtered through a glass fiber 

filter. 

10. The amount of filtrate was measured accurately. Part of the 

filtrate was used in the sugar analysis. 

Sugar Analysis by Anthrone Method 

The filtrate was analyzed for its sugar content using anthrone 

reagent by the method described by Clegg (1956) . This method gives the 

total sugar content of the sample. 

Procedure 

All water used should be distilled. 
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Preparation of Anthrone Reagent 

Place a 500-ml beaker in an ice bath. Into the beaker disperse 

0.15 gm anthrone in 36 ml of water. Slowly add 114 ml concentrated 

sulfuric acid. (Caution: This mixture becomes very hot! Always add 

the acid to the water, not vice versa.) Be certain the anthrone has 

dissolved. Cool the mixture to room temperature and transfer to a 

graduated cylinder. Add water to obtain exactly 150 ml. 

Anthone solution must be fresh. Prepare and use for each day's 

analyses. 

Analysis of the Samples 

For this method, the concentration of sugar should be about 

12-120 micrograms per ml. Hence, dilute the filtrate collected ten 

times to get the desired sugar concentration. 

Prepare three 10-ml screw cap test tubes (with Teflon-coated 

caps) for each sample to be analyzed. To each test tube, add 0.5 ml of 

the dilute filtrate and 0.5 ml of water. Three reagent blanks, con

taining 1 ml of water, should also be prepared. To each test tube, add 

exactly 5 ml of anthrone reagent. Cap the tube and invert several times 

to mix the contents. When all the tubes are ready, put immediately into 

a boiling water bath for exactly 12 minutes. At the end of the reaction 

time, cool the test tubes in an ice-water bath to stop the reaction. 

When the test tubes have cooled, they can be read at 630 ym on the 

spectrophotometer. The average of the three readings after correction 

with blank is used in calculations. 
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The spectrophotometer used in this work was Bausch and Lomb 

Spectronic 20 spectrophotometer. 

The average value of the reagent blanks is used to adjust the 

test values in the calculations, taking into account the absorbance due 

to the reagents used. 

Standard Line for Glucose 

A standard glucose solution of known concentration was prepared. 

From this, test tubes containing glucose concentrations up to 125 yg/ml 

(e.g., 25 yg/ml, 50 yg/ml, etc.) were prepared. They were analyzed with 

anthrone reagent as described above. From these readings, a standard 

line for glucose was drawn. This is shown in Figure 12. 

The amount of sugar obtained by hydrolysis was calculated by 

using the standard line for glucose. 
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Figure 12. Glucose standard line for sugar analysis. 



CHAPTER 5 

RESULTS AND DISCUSSION OF THE TUBING REACTOR EXPERIMENTS 

As explained in Chapter 3, the purpose of obtaining data was to 

see the effect of the possible carriers of wood flour on the yield of 

sugars. In order to find this, experiments were first done with the 

wood flour and dilute sulfuric acid only, without any carriers. From 

these experiments, the temperature and residence time at which the maxi

mum yield of sugars could be obtained was determined. 

Figure 13 shows the amount of sugar obtained per 100 mg wood 

flour versus the residence time at average temperatures of 185°C, 200°C, 

and 220°C. This figure shows that the amount of sugar obtained increases 

with temperature and is maximum at residence times of less than one 

minute. With this guideline, more points were obtained at residence 

times of up to 100 seconds, as shown in Figure 14. Although this graph 

shows that the highest yields were obtained at 240°C and at 10 seconds, 

the residence time of 10 seconds is too short for practical.operation of 

the equipment. Moreover, the amount of sugar obtained at 240°C seems to 

be decreasing very sharply with a slight increase in residence time. As 

against this, the highest amount of sugar obtained at 220°C was at the 

residence time of 40 seconds, which is more practical to operate the 

equipment. Also, the curve at 220°C is comparatively flatter between 

residence times of 30 and 50 seconds. Hence, 220°C and 40 seconds were 
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Figure 13. Sugar yield as a function of residence time at various tem
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Figure 14. Sugar yield as a function of residence time at various tem
peratures: wood flour only, shorter residence times. 
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chosen to be the best practical set of temperature and residence time to 

obtain maximum sugar yields. 

Figure 15 shows typical temperature histories of three 

hydrolysis experiments. Figure 16 shows the amount of sugar obtained 

versus the temperature at various residence times. 

Experiments were then done with mixtures of wood flour and three 

different possible carriers at 220°C. The amounts of sugar obtained 

were measured at three different residence times: a) the optimum resi

dence time from Figure 14, namely, 40 seconds; b) shorter than 40 

seconds (about 20 seconds); and c) longer than 4Q seconds (about 100 

seconds). 

It was suspected that part of the readings obtained during the 

sugar analysis with the spectrophotometer were due to the carriers them

selves. Hence, experiments were done without sawdust but under otherwise 

similar conditions and readings due to the carriers were obtained. The 

maximum effect on sugar yield due to glycerol was found to be 2.18 per

cent. The sugar yields reported with glycerol as a carrier have been 

corrected for this effect. The corrections for gear oil and wood oil as 

carriers were found to be negligible. 

Figure 17 shows data obtained with: a) 40 weight percent wood 

flour plus 60 weight percent glycerol, and b) 60 weight percent wood 

flour plus 40 weight percent glycerol. Figure 18 shows data obtained 

with: a) 40 weight percent of wood flour plus 60 weight percent gear 

oil, and b) 60 weight percent wood flour plus 40 weight percent gear 

oil. Data obtained with 40 weight percent wood flour and 60 weight per

cent wood oil are shown in Figure 19. Curves are drawn through the data 
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Figure 15. Typical temperature histories of three experiments. 
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flour and glycerol. 
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Figure 18. Sugar yield as a function of residence time at 220°C: wood 
flour and gear oil. 
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points so as to obtain the best fit. The curve obtained with wood flour 

at 220°C (from Figure 14) is also shown in Figures 17, 18, and 19 for 

reference. 

Discussion 

Various compositions of Douglas fir, varying slightly in each 

component, have been reported in the literature. A few of them have 

been summarized in Table 8. 

Saeman, Bubl, and Harris (1945), as well as Saeman, Harris, and 

Kline (1945), have reported Douglas fir to contain 66.6 percent poten

tial reducing sugar. Harris (1952) reported potential reducing sugar 

content of 67.5 percent in Douglas fir from the notes of Harris and 

Kline. Table 8 shows potential sugar content to be varying from 65.1 to 

71.3 percent. The lowest pentosan content reported is 6.02 percent and 

the highest cellulose content reported is 61.47 percent. The calculated 

yield of sugar will vary depending upon the potential sugar assumed to 

be present in the starting material. The analysis of the Douglas fir 

wood flour used in this work was not available. Hence, a value of 67.0 

percent has been assumed to be the potential sugar content since this 

seems to be the median of the various values reported. Also, this value 

is reported by Davis (1980), who used Douglas fir wood flour from the 

Albany, Oregon, Department of Energy facility operated by Rust 

Engineering Company, for his work. The Douglas fir wood flour used in 

this work was obtained from the same source.. For this wood flour, Seth 

et al. (1980) have reported a moisture content of 8 percent. White 

(1980) has indicated that the moisture content for Douglas fir wood 



Table 8. Summary of various compositions of Douglas fir in weight percent reported in the 
literature. 

Browning 
Schorger and Isenberg Wise Harris Saeman Davis Theander 

Description (1917)a (1952)b (1952)d (1952) (1945) (1980) (1982) 

Ash 0.38 0.20 0.29 _„ __ 0.30 
Solubility in:-

Cold water 3.54 - - - - - -

Hot water 6.50 5.60 - - - - -

Ether 1.02 1.20 - - - - -

1% sodium hydroxide 16.11 15.10 - - - - -

Alcohol-benzene - 4.40 - - - - -

Acetic acid 1.04 - - - - - -

Methoxy 4.95 - - - - -

Pentosan 6.02 6.80 - - - - -

Methyl pentosan 4.41 - - - - - -

Cellulose 61.47 - - - - 41.00 38.80 
Lignin - 27.20 28.40 - - 28.00 29.30 
Holocellulose - 67.00 - - - - -

Alpha-cellulose - 50.40 57.20 46.00 44.00 . - -

In cellulose: 
Pentosan 5.34 7.90C - - - - -

Methyl pentosan 1.20 - - - - - -

Hemicellulose - - 14.10 21.50 22.60 26.00 -

Acetyl - - 0.61 - - - -

Glucomannan - - - - - - 17.50 
Glucoroxylan - - - - - - 5.40 
Other polysaccharides • - - - - - - 3.40 
Other — — — — — 5.00 5.60 

SL C For oven-dry (105°C) samples. Based on holocellulose. 

Based on moisture-free wood. Extractive-free, oven-dry basis. 
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flour is about 4 percent. Tables 9 and 10 give a summary of the maximum 

sugar yields obtained in this work on various bases. 

Thus, the maximum yield obtained with wood flour only varied 

between 20.13 and 23.01 percent depending on the bases. The maximum 

yield obtained with 40 weight percent wood flour and 60 weight percent 

gear oil varied between 26.91 and 30.76 percent depending on the bases. 

These compare well with the yields reported by many researchers. 

Table 9. Maximum sugar yields with wood flour 
only. 

Moisture 
Content 
(wt %) 

Maximum Sugar Yield 
for Potential Sugar 

, Percent 
Content of 

Moisture 
Content 
(wt %) 65.1% 67.0% 71.3% 

4 

8 

22.05 

23.01 

21.42 

22.36 

20.13 

21.01 

Table 10. Maximum sugar yields with 40 weight 
percent wood flour and 60 weight 
percent gear oil. 

Moisture 
Content 
(wt %) 

Maximum Sugar Yield 
for Potential Sugar 

, Percent 
Content of 

Moisture 
Content 
(wt %) 65.1% 67.0% 71.3% 

4 

8 

29.47 

30.76 

28.64 

29.88 

26.91 

28.08 
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Saeman, Locke, and Dickerman (1945) hydrolyzed beech wood with 

0.3 percent sulfuric acid at 120 to 140°C for 15 minutes and obtained a 

16 percent yield of sugars. Wise, Murphy, and d'Addieco (1946) 

hydrolyzed aspen wood containing about 26.5 percent hemicellulose which 

lost 21 percent of its weight in 4 hours when heated at 100°C with 2 

percent sulfuric acid. This hydrolyzate contained sugars equivalent to 

half of the hemicellulose. Simonsen (1898) treated sawdust with 4 parts 

of 0.5 percent sulfuric acid at 9 atmospheres (180°C) for 15 minutes and 

obtained a 6 percent yield of sugar based on the dry wood. In the 

"American process" described by Kressman (1922), sawdust was charged 

into a brick-lined rotary digester and it was hydrolyzed with 2 percent 

sulfuric acid at a dilute acid-to-wood ratio of 1.25 to 1 at 175°C for 

15 minutes. The sugar produced under these conditions was 22 to 27 

percent of the dry wood. Mechanical losses and failure to extract all 

the sugar made the actual yield 16 to 22 percent of the weight of wood. 

In various experiments, Sherrard and his associates (Sherrard and 

Blanco, 1919; Sherrard, 1922; Sherrard and Blanco, 1923; Sherrard and 

Gauger, 1923; Sherrard and Davidson, 1927) found that several different 

types of wood gave 16 to 27 percent of sugars. According to Harris 

(1952), Saeman, Harris, Millett, Kirby, and Young found that hydrolysis 

of Douglas fir for 15 minutes at 165°C with 2 percent sulfuric acid con

verts 22.9 percent of the wood into soluble products, of which 19.8 per

cent are reducing sugars. It may be noted that comparable yields were 

obtained in this work in much shorter times by increasing the reaction 

temperature. This conforms well with the theoretical prediction. 
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Shorter time is an important factor in the process development since it 

will result in increased rate of production. 

For the two series reactions of sugar production and sugar 

decomposition,, the maximum sugar yield with wood flour only was obtained 

at about 220°C and 40 seconds under the following experimental condi

tions: about 0.5 gm of wood flour and 10 ml of 1 weight percent 

sulfuric acid reacted in a tubing (batch) reactor; preheating period of 

about 1 to 3 minutes; quenching period of about one-half to one minute. 

For comparison purposes, a few values of theoretical as well as experi

mental maximum sugar yields reported by some researchers have been 

summarized in the following, although they are not under exactly identi

cal conditions. Saeman (1945) had calculated theoretical net sugar 

yields from a hemicellulose-free sample of Douglas fir at certain acid 

concentrations and temperatures, using his own kinetic model. Based on 

Saeman's data for wood, Porteous (1969) predicted a maximum sugar yield 

of 55 percent at 230°C with 0.4 percent acid in 77 seconds. Fagen et 

al. (1971) fitted Saeman's kinetic model to paper hydrolysis and found 

its kinetic parameters. Using this model, they predicted maximum yield 

of 52 percent at 230°C with 1 percent acid in 20 seconds. At 220°C, 

they predicted about 46 percent yield in about 32 seconds (see 

Figure 20). Guha (1978) obtained a maximum sugar yield of about 30 per

cent by hydrolyzing pinus radiata sawdust with 1 percent sulfuric acid 

at 220°C in 100 seconds. The curves obtained by Guha are shown in 

Figure 21. Grethlein (1978) obtained a maximum yield of glucose 

reported as a percent of the potential glucan in the pure cellulosic 

substrate (solka floe) of over 50 percent for 1 percent sulfuric acid at 
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Figure 21. Isothermal conversion of wood to reducing sugars in a batch 
reactor with 1% acid. 



237°C in 0.22 minutes (13.2 seconds). Rogers (1979) has claimed that 

glucose yields up to 50 percent or more of the available cellulose 

values charged can be obtained. He found the optimum reaction condi

tions to be temperatures of around 220-230°C and reaction times of less 

than 30 seconds, with about 1 weight percent of sulfuric acid. The 

curve obtained by Rogers by hydrolysis of hydropulp6d paper with 2.25 

percent acid at 450°F (232°C) is reproduced in Figure 22. From this 

figure, it is seen that he obtained only about 37 percent yield of glu

cose with hydropulped paper with 2.25 percent acid although he claims 

that 50 percent or more yields can be obtained with 1 percent acid with 

untreated cellulose. 

In summary, yields of the order of 20 percent were obtained in 

this research, compared with those of the order of 30 percent in com

parable studies reported in the literature. The reasons for the lower 

yields obtained in this work as compared to the theoretical or experi

mental yields under similar conditions could be several. First, the 

temperatures reported here are average temperatures reported to the 

nearest round-figure temperatures (e.g., 200°C, 220°C, 240°C, etc.). 

The actual temperatures varied within 5°C of the reported. It was 

difficult to control the reaction temperature precisely with the avail

able set of apparatus. With more sophisticated apparatus it may be 

possible to obtain data at precisely 220°C or 230°C. Secondly, Saeman 

(1945) has developed his kinetic model for homogeneous cellulosic 

materials. He has mentioned that no naturally occurring cellulose ful

fills this condition. He has further reported that all native cellu

loses tested showed a marked difference between the rate of hydrolysis 
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Figure 22. Percent glucose yield versus reaction time (sec) for acid 
hydrolysis of paper at 450°F. 



of the portions that were easy to hydrolyze and that of the portions 

that were difficult to hydrolyze. From a kinetic standpoint, the resis

tant portion of the cellulose without exception has proved to be homo

geneous. The predicted yields of about 50 percent are based on pure 

cellulosic'material versus wood flour used in this work, which had hemi-

cellulose, amorphous cellulose, and crystalline cellulose. Grethlein 

(1978) used pure delignified cellulose (solka floe) in his experiments. 

Also, he used a continuous tubular reactor with preheated feed. Hence, 

the effect of preheating period was eliminated in his experiments. 

Also, he could control the residence time to ±0.02 minutes (1.2 seconds) 

Rogers (1979) used hydropulped paper, most of which would be cellulose. 

However, Guha (1978) used sawdust for his experiments just as was used 

in this work. Both Rogers and Guha performed batch hydrolysis and so 

was done in this work. The preheating period in the batch experiments 

could result in the decomposition of the sugars and, hence, in lesser 

sugar yields. The preheating period in this work was about 1 to 3 

minutes. All these factors could have led to the lower yields obtained 

by Rogers, by Guha, and in this work. 

Table 8 shows that the reported hemicellulose contents of 

Douglas fir vary from 14.1 to 26 percent. Tsao (1978) has reported that 

on the average, cellulose is 15 percent amorphous and 85 percent crystal 

line. From these numbers, it may be concluded that the yield of sugars 

obtained in this work (22.36 percent) mostly consists of sugars from 

hemicellulose and possibly some from amorphous cellulose. Probably none 

of the crystalline cellulose was converted to sugar during these experi

ments. However, it was not possible to confirm this with the results 



obtained because the exact composition of sawdust was not available and 

also the method used for sugar analysis gave total sugars, not indi

vidual sugars. With these two types of data, it will be possible to 

have a more definite conclusion. 

Figures 17, 18, and 19 show the amounts of sugar obtained 

versus the residence time when three different possible carriers were 

used. The shape of these curves seems to be different from that 

obtained when wood flour was hydrolyzed without any possible carriers. 

The shape, however, resembles the right half of the curves in Figure 14. 

This suggests that the maximum yield of sugar in Figures 17, 18, and 19 

was obtained before 20 seconds or perhaps during the heat-up period. 

The effect of acid concentration may be considered at this 

point. Increase in acid concentrations, when using dilute acid, leads 

to higher yields for the same residence time and shorter residence times 

for maximum sugar yield. This can be concluded from the work of Saeman 

(1945), Fagen et al. (1971), and Lee et al. (1978). Figure 23 shows 

curves obtained by Saeman. Using Saeman's kinetic model, Fagen et al. 

have developed curves predicting yield of sugars at various times, tem

peratures, and acid concentrations. These are shown in Figure 20. The 

results obtained by Lee et al. by hydrolysis of hemicellulose in hard

wood (southern red oak) by sulfuric acid at 170°C are shown in 

Figure 24. This figure shows significant effect of acid concentration. 

The xylose content reached maximum within 2 hours of reaction time for 

0.1 and 0.2 percent sulfuric acid and gradually decreased due to decom

position. On the other hand, the curve for 0.4 percent sulfuric acid 

showed a steady decrease of xylose which indicates that the maximum 
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Figure 23. Net sugar yields obtained by hydrolysis of Douglas fir at 
170°, 180°, and 190°C. 
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Figure 24. Variation of sugar concentration during hydrolysis of hemi-
cellulose in hardwood by sulfuric acid. — 1:10 solid-liquid 
ratio, 170°C. 
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sugar concentration was obtained during the preheating period, which was 

about 30 minutes in these experiments. In other words, the reaction 

conditions of 0.4 percent sulfuric acid, 170°C, were too stringent to 

recover xylose effectively. 

Therefore, it appears that the possible carriers such as 

glycerol, gear oil, and wood oil increased the porosity of the wood 

flour and, hence, its surface area. Therefore, 1 percent sulfuric acid 

became too stringent and the maximum yields occurred during the pre

heating time. This suggests that, when using the above-mentioned 

carriers, sulfuric acid of less than 1 percent concentration could be 

used to obtain the same yields under otherwise similar conditions. More 

experiments need to be done to confirm this point. However, if this is 

correct, it would cut down the amount of sulfuric acid required in the 

process and improve the process economics. 

Two different compositions of mixtures of wood flour/glycerol 
t 

and wood flour/gear oil were used in this study. Figures 17 and 18 

indicate that the percentage of wood flour in the mixture does not 

change the yields significantly. Grethlein (1978) has made similar 

observations. He established that the kinetics do not depend on the 

concentration of solids in the slurry. He plotted glucose yield as a 

function of temperature for a fixed residence time at 1 percent acid 

for solids concentrations of 5, 9, and 13.5 percent. The deviations of 

the data from the yields profile curve were statistically the same for 

each slurry concentration. Saeman (1945), however, has stated that the 

liquid-solid ratio has a small but definite effect on the speed of 

reaction. 



Figure 25 shows a summary of yields obtained with various 

carriers at 220°C. The curve obtained with wood flour is also shown in 

the figure for reference. From the figure, it can be seen that the 

variation in the sugar yields obtained with three different carriers, 

namely, glycerol, gear oil, and wood oil, is not large. Thus, the 

effect of these three carriers was more or less of similar magnitude. 
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CHAPTER 6 

CALCULATED MATERIAL BALANCES FOR THE PROPOSED PROCESS 

As stated in the previous chapters, the product sugar solution 

obtained by hydrolysis with dilute acid is very dilute. For example, 

sugar solution obtained in the Madison wood sugar process was typically 

about 3 weight percent. It had to be concentrated by evaporation to 

about 10-11 percent before it could be used economically for fermenta

tion. If the sugar is to be stored, it needs to be concentrated to a 

very high concentration to protect it from molds, bacteria, and other 

microorganisms. The evaporation cost may constitute a substantial por

tion of the total product cost. In this chapter, corn syrup is compared 

with the other possible carriers in the proposed extruder-reactor system 

to see if ,the corn syrup might cut down the evaporation costs. One case 

with sugar recycle and other cases with different liquid-solid ratios 

and different acid concentrations are also presented. 

Case A: Material Balance with Glycerol as a Carrier 

Let us first consider glycerol as a carrier and calculate the 

composition of the product stream. From the data reported in Chapter 5, 

for a feed consisting of 40 weight percent wood flour and 60 weight per

cent glycerol, a sugar yield of 15.10 mg per 100 mg of wood flour was 

obtained at the residence time of 20 seconds. For the calculations, it 
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is assumed that at least the same yield will be obtained in the 

extruder-reactor. The amount of water consumed during hydrolysis is 

calculated based on the net sugar yield. 

Assumptions 

1. The wood flour contains 8 weight percent moisture. 

2. Changes in glycerol composition are negligible. 

Basis 

1. 100 lb of feed consisting of 40 lb wood flour and 60 lb 

glycerol. 

2. The quantity of 1 weight percent sulfuric acid is three times 

the weight of wood flour. 

During the hydrolysis, cellulose is converted into sugar 

according to the following reaction: 

(C6H10°5>n + nH2° - n(C6H1206> 

nxl62.140 nxl8.016 nxl80.156 

Then, the mass balance can be written as shown in Figure 26. 

From the figure, it can be noted that the concentration of the product 

sugar solution is only 2.953 weight percent. 

Case C: Material Balance with Corn 
Syrup as a Carrier 

Now, let us write similar mass balance with corn syrup as a 

carrier. 
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Filter 

Feed 

Wood Flour 
Residue 

60 lb Glycerol 

Extruder - Reactor 

401b Wood Flour 
Consisting of: 
36.8 lb Dry Wood Flour 
3.2 lb Water 

1201b 1°/eSulfuric 
Acid Solution Consisting 
Of :  

1.2 lb Water 
118.81b Sulfuric Acid 

5.557 lb Sugar 
60.000 lb Glycerol 

121.444 lb Water 
1.200 lb Sulfuric Acid 

188.201 lb Product Solution Consisting of: 

Concentration of Sugar in the Product Solution = 2.953wt% 

Figure 26. Calculated material balance for glycerol as a carrier con
taining 40 weight percent wood flour. 



The wood flour contains 8 weight percent moisture. 

The amount of sugar obtained by hydrolysis of wood flour would 

be the same as that in Case A, namely, 15.10 mg sugar per 100 mg 

wood flour. 

The decomposition of the sugars produced by hydrolysis has been 

accounted for, because the yield in assumption 2 represents the 

net sugar yield. Sugars in the corn syrup (not produced by 

hydrolysis) decompose as per the reaction: 

dCB = _ v p 
dt 2 B 

where C = concentration of sugar; and k0 = rate constant, min 
B Z 

From Chapter 2, Figure 3, equation (4): 

k2 = P2Chn exP(-E^/RT) 

Per Grethlein (1978), for solka floe, in the temperature range 

of 180-240°C: 

k '= 3.79xl014 (C,)0,69 exp(-32,700/RT) 
Z n 

The value of k^ as given by the above equation is used for cal

culating the amount of sugar decomposed. At 220°C and 1 weight 

percent acid solution, = 1.21 min 

The remaining polysaccharides present in the corn syrup would 

get hydrolyzed to give the monosaccharide dextrose. 
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Basis 

1. 100 lb of feed consisting of 40 lb wood flour and 60 lb corn 

syrup. 

2. The quantity of 1 weight percent sulfuric acid is three times 

that of the weight of wood flour. 

The carbohydrate composition and the properties of some types of 

corn syrups obtained from Barnes (1982) are tabulated in Table 11. One 

typical corn syrup, 62/44, is considered here for calculations. 

The polysaccharides in the corn syrup remaining after decomposi

tion are assumed to be hydrolyzed according to the following reactions 

as explained by Morrison and Boyd (1976): 

1. The dextrose (C,H1o0,) remains as dextrose (fermentable as such) D Ljl D 

and will not be hydrolyzed to- monosaccharides. 

2. Each molecule of maltose (^2^22^11^ hydrolyzed to give 

two molecules of dextrose: 

C12H22°II+ H20 *2C6H1206 

342.296 18.016 360.312 

3. Each molecule of the trisaccharides will be hydrolyzed to give 

three molecules of dextrose as follows: 

C18H32°16 + 2H2° 3C6H12°6 

504.436 36.032 540.468 



Table 11. Properties and carbohydrate composition of some corn syrups. 

Liquid 
Glucose 

Product 36/43 .42/43 42/44 52/43 62/43 62/44 62/44-1 62/44-2 69 DE/43Be 97/71 

Essential Properties 

Dextrose 
equivalent 36 42 42 52 62 62 62 62 69 97.0 

Baume at 100°F 43 43 44 43 43 44 44 44 , 43 — 

Total solids % 79.9 80.3 82.3 80.9 81.6 83.7 83.7 83.7 82.2 71.0 
Moisture % 20.1 19.7 17.7 19.1 18.4 16.3 16.3 16.3 17.8 29.0 
Ash % 0.28 0.28 0.28 0.28 0.28 0.28 0.28 0.28 0.28 — 

pH (1:1) 4.8 4.8 4.8 4.8 4.8 4.8 4.8 5.2 4.8 4.0 
SO2 (ppm) max 40 40 40 40 40 40 8 40 40 

Carbohydrate Composition 
-

Dextrose 14.1 18.5 18.5 27.8 35.5 35.5 35.5 35.5 43.0 94.0 
Maltose 11.7 13.9 13.9 17.2 30.0 30.0 30.0 30.0 32.0 3.0 
Trisaccharides 10.2 11.6 11.6 13.0 13.0 13.0 13.0 13.0 8.0 — 

Higher 
saccharides 64.0 56.0 56.0 42.0 21.5 21.5 21.5 21.5 17.0 3.0 



80 

4. The polysaccharides, on hydrolysis, give different amounts of 

dextrose molecules depending on the number n, according to the 

reaction: 

<C6H10V„+ nH2° -nC6H12°6 

nxl62.140 nxl8.016 nxl80.156 

Considering these reactions, the mass balance can be written as 

shown in Figure 27. From this figure, the concentration of the sugar 

solution obtained can be seen to be 23.822 weight percent. 

For all the cases, the residual wood flour is assumed to be 

filtered and separated and, hence, it is not accounted for in the 

material balance. 

A summary of all the cases for calculated material balance is 

shown in Table 12. Case B is the same as Case A and Case D is the same 

as Case C except that the liquid-solid ratio in cases B and D is 1:1, 

whereas it is 3:1 in cases A and C. As expected, a significant improve

ment is obtained in the concentration of the sugar solution with the 

lower liquid-solid ratio. Cases A and B are based on glycerol as a 

carrier, and cases C and D are based on corn syrup as a carrier. In all 

other respects, Case A is the same as Case C and Base B is the same as 

Case D. As expected, concentration of the sugar solution is signifi

cantly improved when using corn syrup as a carrier rather than glycerol, 

under otherwise similar conditions. The weight percent of wood flour in 

Case E is 60, while it is 40 in Case B. The experimental sugar yield 

for the composition in Case E was 16.45 mg per 100 mg of dry wood flour. 
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Feed 

Filter 
Wood Flour 

Residue 

Extruder-Reactor 

401b Wood Flour 
consisting of: 

36.81b Dry Wood Flour 
3.2 lb Water 

120 1b 1wt"/o Sulfuric 
Acid Solution consisting 

1.2 lb Sulfuric Acid 
118.81b Water 

60 lb Corn Syrup '62/44' 

17.828 lb Dextrose 
15.066 lb Maltose 
6.529 lb Trisaccharides 

10.797 lb Higher 
Saccharides 

171.669 1b Product Solution consisting of: 

5.557 1b Dextrose Equivalent (DE) from Wood Hydrolysis 
35.338 lb DE from Corn Syrup 

12 9.574 lb Water 
1.200 1b Sulfuric Acid 

CONCENTRATION OF SUGAR IN THE PRODUCT SOLUTION 
= 23.822wt% 

Figure 27. Calculated material balance for corn syrup as a carrier con
taining 40 weight percent wood flour. 



Table 12. Summary of various cases for calculated material balance. 

Case Feed 

Sulfuric Acid 
Concentration 

(wt %) 
Liquid-Solid 

Ratio Recycle 

Concentration 
of the Product 
Sugar Solution 

(wt %) 

A 40 wt % wood flour + 
60 wt % glycerol 

B 40 wt % wood flour + 
60 wt % glycerol 

C 40 wt % wood flour + 
60 wt % corn syrup 

D 40 wt % wood flour + 
60 wt % corn syrup 

E 60 wt % wood flour + 
40 wt % glycerol 

F 60 wt % wood flour + 
40 wt % corn syrup 

G 40 wt % wood flour + 
60 wt % glycerol 

H 60 wt % wood flour + 
40 wt % glycerol 

I 60 wt % wood flour + 
40 wt % corn syrup 

3:1 

1:1 

72 

72 

3:1 

1:1 

1:1 

1:1 

1:1 

1:10 

1:10 

no 

no 

no 

no 

no 

no 

yes 

no 

no 

2.953 

5.136 

23.822 

44.612 

8.037 

31.311 

3.915 

15.397 

67.304 



The concentration of sugar solution is higher in Case E than in Case B, 

as expected. Comparison of cases D and F, which differ in only the con

centration of wood flour, shows that although the wood flour concentra

tion is higher in Case F, sugar solution of higher concentration is 

obtained in Case D. This is because the higher sugar yields obtained in 

Case F due to the higher wood flour concentration are not enough to 

compensate for the higher initial sugar concentration in Case D. 

The only difference between cases B and G is that sugar solution 

is recycled after filtering the residual wood flour in Case G, whereas 

there is no recycle stream in Case B. The calculated material balance 

for Case G is shown in Figure 28. It is assumed that the amount of 

stream A is equal to the amount of stream B. Normally, one would expect 

higher sugar concentration of the outgoing stream when a recycle sugar 

stream is used. However, at 220°C and at a residence time of 20 

seconds, about one-third of the recycled sugars is lost due to decompo

sition. Hence, the concentration of the outgoing stream in Case G is 

less than that in Case B. Hence, it may be concluded that sugars should 

not be recycled at conditions under which they will be decomposed. 

Finally, cases H and I are presented based on the use of 72 

weight percent sulfuric acid. The liquid-solid ratio is assumed to be 

1:10. This represents a minimum amount of water, which is possible by 

use of the extruder-reactor, because other inert fluid carriers can be 

used. It is also assumed that the sugar yield obtained, the temperature 

and residence time required, and the rate of sugar decomposition are all 

the same as in Case F. Comparison of cases E and H shows that the lower 

liquid-solid ratio improved the concentration of the product sugar 
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Filter 

Feed 

Wood Flour 
Residue 

60 lb Glycerol 

Extruder-Reactor 

401b Wood Flour 

36.8 lb Dry Wood Flour 
3.2 lb Water 

401b 1wt°/« Sulfuric 
Acid consisting of : 

39.6 lb Water 
0-4 lb Sulfuric Acid 

106.824 lb Product Solution 

60.000 lb Glycerol 
42.244 lb Water 
4.180 lb Sugar 
0.400 I b Sulfuric Acid 

Concentration of Sugar in the Product Solution = 3.915wt% 

Figure 28. Calculated material balance for glycerol as a carrier con
taining 40 weight percent wood flour with recycle. 
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solution by almost a factor of two. Much more significant improvement 

in the sugar concentration is seen on comparison of Case 1 with Case F. 

Thus, the use of concentrated sulfuric acid, lower liquid-solid ratio, 

and no recycle makes Case I the most interesting from the point of view 

of obtaining high sugar concentrations in the product solution. The 

actual sugar yield, the temperature .and residence time required, and the 

rate of sugar decomposition may be different than those assumed and, 

hence, may give different results. Experimental data in this respect 

should be obtained before a definite conclusion is reached. 

Figure 29 shows the calculated and the experimental sugar yields 

from wood flour, using 1 weight percent sulfuric acid at 220°C. For 

calculating the sugar yields, equation (5) in Figure 4 is used. Per 

Grethlein (1978), for solka floe, in the temperature range 180-240°C: 

k- = 1.22xl019 (C, )1,16 exp(-42,500/RT) 
X n 

At 220°C and 1 weight percent sulfuric acid, k^ = 1.7628 min Also, 

k2 = 1.21 min as stated earlier in this chapter. These values of k^ 

and have been used in the calculations. The initial sugar concentra

tion, Cgg, is assumed to be zero and the potential sugar in the wood 

flour is assumed to be 67 weight percent. 

From Figure 29, it can be seen that the nature of the two curves 

is similar in that the sugar yields increase with time, pass through a 

maximum, and then decrease with time. Both the curves indicate that the 

optimum residence time at 220°C is 40 seconds. However, the sugar 

yields at the same residence time differ greatly in the two curves. 
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Figure 29. Calculated and experimental sugar yields at 220°C. 
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This difference could be due to several reasons. First, equation (5) in 

Figure 4 is developed for pure cellulosic materials, whereas the experi

mental data were obtained with wood flour which contains hemicellulose, 

amorphous cellulose, and crystalline cellulose. Secondly, the residence 

time measured in the experiments excludes the preheating period which 

was about 1 to 3 minutes. The preheating period could result in the 

decomposition of the sugars and, hence, in lesser sugar yields. The 

preheating period' is absent in the theoretically calculated curve. 

Finally, the temperatures reported in the experiments were average tem

peratures reported to the nearest round-figure temperature. The actual 

temperatures varied within 5°C of the reported. As against this, the 

theoretical curve was precisely at 220°C. These could be the reasons 

for the difference in the sugar yields predicted theoretically and 

obtained experimentally in this work. 



CHAPTER 7 

SUMMARY AND RECOMMENDATIONS 

Summary 

The existing extruder-reactor system was modified for acid 

hydrolysis to give instantaneous high temperature and short residence 

time. The carriers which possibly could be used to carry wood flour 

through the extruder were found to be glycerol, gear oil, wood oil, 

asphalt, vacuum bottoms, and corn syrup, among others. Experiments in 

the tubing reactor indicated that, under the experimental conditions 

specified in the earlier chapters, about 220°C and 40 seconds was the 

best set of temperature and residence time for maximum sugar yields. 

This assumes a negligible effect of the heat-up time of about 1 to 3 

minutes upon net sugar yields. It appears that the possible carriers 

such as glycerol, gear oil, and wood oil increased the porosity of the 

wood flour and, hence, it surface area. 

The calculated material balance for the proposed process indi

cates that the concentration of sugar solution obtained as product can 

be increased several-fold if a minimum of water is used along with an 

inert carrier fluid. It should be noted that optimum hydrolysis condi

tions involve balancing the conversion of cellulosics to Cy and C^-

sugars versus the degradation of these product sugars under reaction 

conditions. 
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Recommendat ions 

It will be worthwhile to obtain more data as explained in the 

following before proceeding to the next phase of the development of the 

extruder-reactor for the hydrolysis of cellulosic feedstocks. 

In this work, sugars obtained were analyzed as total sugars and, 

hence, no distinction could be made among individual sugars. In the 

future, sugars should be analyzed by a method which will give individual 

sugars formed. One such method is to convert the sugars to their 

alditol acetate derivatives and analyze them by gas chromatograph. 

Various researchers such as Sawardecker, Sloneker, and Jeanes (1965), 

Crowell and Burnett (1967), Borchardt and Piper (1970), and Grimes and 

Greegor (1976) have described this method. 

The analysis for individual sugars will help distinguish between 

fermentable and reducing sugars. Thus, experimental conditions for 

obtaining maximum yield of fermentable or reducing sugars could be 

determined and if they are different, the experimental conditions could 

be controlled to obtain maximum yields of the desired product. Secondly, 

using this method and knowing the precise wood composition, one can 

determine whether the sugars obtained are from the hemicellulose and the 

amorphous cellulose only or even from the crystalline cellulose. Some 

data may also be obtained with pretreated wood flour and with pure 

cellulose and compared with data from other sources. 

The shortcomings of the set-up of the proposed extruder-reactor 

system should be corrected as explained in Chapter 3. High-pressure 

steam with pressure of 800 psig or more should be used to equal that 

generated by the feed. Corresponding high-pressure piping and 
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instrumentation should be used. The torque used for driving the second 

section of the extruder-reactor should be much higher than that avail

able at present. The interconnecting section should have a large 

diameter, the shortest possible length, and the minimum of fittings to 

keep the pressure drop to a minimum and to avoid plugging. Temperature 

controls must be installed to control the temperatures in both the first 

and the second sections of the extruder-reactor. 

The calculated material balance shows that the case based on the 

use of concentrated sulfuric acid, low liquid-solid ratio, and corn 

syrup as a carrier fluid is the most attractive from the point of view 

of obtaining high sugar concentration in the product solution. This 

should be confirmed experimentally. Then, more efforts could be made in 

this direction to complete this process development successfully. 



APPENDIX A 

FEED RATES THROUGH FIRST SCREW SECTION 

Material: 40 weight percent wood flour + 60 weight percent polyethylene 

Temperature = 150°C 

Indicator 
Speed RPM* 

Average 
Feed Rate 
(gm/sec) 

10 60 0.6103 

20 96 0.7075 

30 135 1.0539 

40 178 1.2583 

50 232 1.3670 

60 - 1.7334 

*From Quevedo (1981). 
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APPENDIX B 

TYPICAL CALCULATION FOR EXPERIMENTAL SUGAR YIELDS 

From Figure 12, slope of glucose standard line = 0.00635 

absorbance units/(yg/ml). 

Experiment No. 48 

Weight of wood flour = 0.5014 gm. Total filtrate = 107 ml. 

Filtrate diluted ten times before sugar analysis. Spectrophotometer 

reading = 0.410 absorbance units. 

„ „ 0.410 , , Sugar content = 0>00635 yg/ml 

= 64.57 yg/ml 

-3 
Total sugar formed = 64.57 x 10 x 107 x 10 mg 

= 69.09 mg 

Sugar formed per 100 mg wood flour = x Jq 

= 13.78 mg sugar 

For 4 weight percent moisture content and 65.1 weight percent potential 

reducing sugar content in the wood flour, 
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Potential sugar per 100 mg wood flour 

.*. Percent yield = ,n*op x 100 
OU • Zo 

100 x 0.651 x 0.96 

62.50 mg potential sugar 

= 22.05 % 
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