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ABSTRACT

Sugar production from spruce wood chips, the presence of

fermentation inhibitors (carbohydrate degradation products,

extractives and phenolic compounds), their removal and the

fermentability of ACOS (&cid catalyzed Qrganosolv

Saccharification) hydrolysates were extensively studied.

In percolation type runs 92.75% of the theoretical

sugars were recovered in 30 to 40 mm runs at 180° C with

80:20 acetone:water solutions containing 0.04 N sulfuric acid

as the hydrolysis catalyst. This hydrolysis process was not

optimized. 96% of the wood charge was dissolved. 4.0 % of the

total dissolved sugars were in the form oligomers, mainly

cellobiose and cellotetraose, in crude ACOS hydrolysate.

Furfural was not found but trace amount of

hydroxylmethylfurfural (HF) was detected in the hydrolysate.

Recovery of the solvent precipitated the bulk of the water-

insoluble lignin. The lignin precipitate removed the

dissolved extractives (resin- and fatty acids) almost

completely making the hydrolysate free of extractives.

Although the untreated ACOS hydrolysates contained 1.269

mg/rnL phenolic materials, the sugars were fermentable to

ethanol without hydrolysate pretreatment in 24 h by

Saccharomyces diastaticus, a flocculating yeast, when 25 g

dry-weight cell mass/L was employed. This demonstrated that

with high cell mass the inhibition could be alleviated or

removed. The ACOS hydrolysate can be considered free of
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inhibitors since extractives and furans were absent and those

of lignin origin could be easily overcome.

Secondary hydrolysis for lh at 1200 C at 4% sulfuric

acid catalyst concentration improved the monomeric sugar

yield by as much as 57% mainly by conversion of suspected

isopropylidenes and some oligomers to their monomeric sugars.

Among the various hydrolysate clarification treatments

extraction with diethyl ether, treatment with charcoal, IRN

150 mixed ion exchange resin, XAD-16 adsorption resin were

tried. All these treatments improved the fermentation rate

and ethanol yield from the sugars by the removal of phenolic

materials. In the alcoholic fermentation only glucose and

mannose were utilized. Residual color of the hydrolysate

after treatment seemed to have little effect on the

fermentation rate since in all treated hydrolysates (6% sugar

solids) 88% of the fermentable glucose and mannose was

consumed in 1 to 2 h and maximum ethanol yield (about 0.4228

- 0.4729 g/g sugar consumed) was achieved in 3 to 6 h. The

XAD-l6 plus charcoal polishing treatment removed water-

soluble phenolic materials in the hydrolysate up to 79%.

Combined treatment of the hydrolysate with XAD-l6 resin

and charcoal (polishing) resulted in a water-clear

hydrolysate and produced up to 0.4729 g ethanol/g sugar

consumed at 6% sugar solid fermentation in 3 h and 0.4416 g

ethanol/g sugar consumed at 15% sugar solid in 24 h reaching

6.12 % ethanol concentration in the beer. Arabinose,

galactose and xylose did not ferment to ethanol but some
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xylitol was detected by HPLC (High Performance Liquid

Chromatography).

Combination of proper pretreatment and high cell density

seemed to be the most desirable way of removing inhibition in

fermentation of the ACOS wood hydrolysate.

Based on these results the ACOS process can be projected

to produce 354.98 L of ethanol per ton of unextracted spruce

wood analyzed at 57.46% hexoses (glucose and mannose only)

Additional ethanol can be expected on second fermentation of

xylose to xylitol and conversion of residual sugars left in

the still bottoms.
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1.0 INTRODUCTION

Industrialized societies cannot escape giving serious

attention to the social implication of technology and

particularly the energy it makes available. Available energy

becomes the common denominator of social growth. Energy must

be defined in terms of the forms in which it manifests itself

such as heat, light, sound, radio, radar, electricity,

magnetism, mechanical, kinetic, potential growth and even

matter. It is now accepted that all these forms represent

manifestations of the same thing and conversion of energy

from one form to another is becoming commonplace even though

the limits of knowledge have not yet been reached in this

respect.

Philosophically, man requires at least an elementary

knowledge of physiology and thermodynamics to understand that

energy used up in the process of existence (living) has to be

replaced or supplied from inexhaustible sources. This also

implies that man has to be in constant control of energy

equal to or in excess of that which is being used up.

Permanent deficits of energy lead to decline in living

standards and makes life impossible as we practice it today.

In fact, for the long run this will inevitably dictate that

culture must be modified in the direction of making life

physically less difficult. It might be argued that

deliberately maintaining less energy efficient old practices

means doing things the hard way and mankind will continually
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be faced with making value judgments, based on constraints of

the day, as to what sources of energy to use. This is

particularly true as to the source of preferred liquid fuels

used in the transportation sector today.

The question is not whether we can but when will we

develop the needed technology to replace at least part, if

not all, fossil fuels with energy sources which do not

contribute to the decline in the quality of the earth’s

atmosphere. Further, it no longer can be said that people

interested in world affairs are unaware of the rapid growth

rate in population especially, in developing countries. Due

to dramatic declines in death rates since World War II, and

continued increases in birth rate, the world’s population has

nearly doubled since 1965, surpassing now six billion people.

Such population growth rate puts additional burdens on

energy, food and housing requirements in the decades ahead.

Confidential Canadian government reports talk about

“economical disasters” shaping up particularly, on the

southern hemisphere where in some places (China and India)

environmental degradation is so severe that these countries

are virtually unable to prevent environmental disaster. Time

is running out on them fast. Without vast increases in aid to

Africa there is little hope of sustainable economic

development and environmental improvement there.

Closer to home, acid rain legislation in the USA now

requires the use of maximum available control technology

(MACT) to cut toxic emissions. The law, however, goes only
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half way since the seemingly intractable urban smog problems,

exacerbated by NOx, carbon monoxide and ozone, continue to

pollute the environment. New legislation to tighten vehicle

tail-pipe emission, gasoline volatility requirements, state

inspection and maintenance programmes and regulation of toxic

emissions will mean new challenges to the transportation

industry. Considering the shear magnitude and importance of

the transportation industry in advanced societies, the use of

clean fuels, such as ethanol, methanol and natural gas, will

be unavoidable. The phase-in of one million vehicles a year

running on oxygenated fuels in the USA, is to be in place by

1997. Similar programs are proposed for Canada and

legislation is being proposed now in B.C. for legislating 10%

ethanol content in gasoline.

From time-to-time, industrialized countries take on the

task of developing a domestic capability in an emerging

technological field because it. makes short-, medium-, and

long-term economic sense to do so. The field, where an

opportunity presents itself now, is the production and

marketing of fermentation ethanol. The world has seen such

programs to develop on national scales in the past in Brazil

(1970s) and USA (1980s). Both experiments resulted in massive

entrepreneurial failures particularly, due to inadequate

economic considerations. In Brazil finding major cheaper

domestic oil sources knocked the wind out of a 12 billion

liter per year ethanol industry from sugar cane juice

(Nastari, 1991) . Continuing high feedstock (grain) prices
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caused substantial failures in the US agricultural ethanol

industry during the early 1980’s. Appropriate government

incentives and tax subsidies have that (US) programme back

and running now.

Ethanol can be produced in many ways such as

fermentation of sugars or hydration of ethylene produced from

natural gas. However, the latter resource is limited in the

ground. In other words, natural gas is not renewable.

However, trees or grain are renewable. Thus, for the future

of human beings renewable plants are acceptable substrates

for ethanol production.

Since only monomeric sugars are fermentable, the

polymeric or oligomeric carbohydrates of the lignocellulosic

materials must be converted to the monomeric form of sugars.

This can be done by means of acid hydrolysis. Generally

speaking, the major chemical components in the

lignocellulosics, such as lignin and carbohydrates, are

intricately associated together. Thus, lignin has to be

dissolved and thereby separated from the carbohydrates as

practiced by the pulping industries. Pure cellulose fibres

can be readily subjected to hydrolysis by chemical and

biological (enzymatic) processes to produce fermentable

(reducing) sugars.

Historically, acid (thermochemical) hydrolysis such as

the Sholler, Madison, TVA (Tennessee Vally Authority) or

Hokkaido processes etc. have been developed mostly during

World War I and II just to satisfy the temporary shortage of
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transportation fuels. These methods have been substantially

modified and refined in recent times in order to recover more

sugars from wood. In spite of these efforts sugar recovery

from wood stands now at less than 60% of the theoretical.

However, people embarked on development of new technology to

overcome the oil crisis in the early ‘70s. At the same time,

voices on environmental issues have become stronger fueling

renewed interest in renewable energy sources in the ‘80s.

Thus, enzymatic hydrolysis, an environmentally benign

process, has received much attention since it does not

involve chemicals and produces clean fermentable solutions.

The overall sugar/ethanol yield, however, is only marginally

better than that obtained for the conventional wood

hydrolysis process. It is a very promising technology but

numerous technical problems need to be solved, such as

pretreatment, controlled enzyme production and recovery, low

hydrolysis rate, low sugar content in the hydrolysate and

wider choice of substrates etc. As desirable, it may be that

this technology be eventually developed, but more effort will

have to be expanded in eliminating the problems one-by-one

before the enzymatic hydrolysis technology can be

commercialized.

Paszner and Chang, in 1986, filed a patent claiming

98.5% sugar recovery by the process called “ACOS Hydrolysis”.

In this process acidified aqueous acetone is used as

hydrolyzing agent at elevated temperature (180 - 220° C).

Credit is given not only to the high sugar yield but also to
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tolerance for a wide variation in substrates and substantial

flexibility and control of the hydrolysis process. Reaction

time falls within 4 - 40 mm depending on the substrate and

cooking conditions used. Acetone is not only a very powerful

solvent but may be also a health hazard when present in high

concentration in the atmosphere. However, once the process is

performed in a properly designed reactor, acetone can be

satisfactorily recovered by virtue of its high volatility and

the process can satisfy both the economic and environmental

criteria.

Whatever the hydrolysis type may be, fermentation

inhibitory substances are produced during the polymer

hydrolysis process. In case of wood these may be phenolic

compounds (from the lignin), extractives (lipids) and sugar

degradation products (furfurals and organic acids). The

definition of fermentation inhibitors should be accepted as a

relative term since inhibition depends largely on the

organism and hydrolysate used. However, as we seek higher

efficiency fermentations, the suspected substances must be

removed by way of pretreatment.

The issues whether one pretreatment is efficient or

better than another, are also totally relative since they are

also dependent on the physiological condition of cells, ratio

of cell to toxic substances (cell density), concentration and

type of toxic substances (Azhar et al., 1982) and hydrolysate

used. Thus, proper combinations of pretreatment, choice of
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organism and initial cell density etc. can maximize

productivity and make the whole process more economical.

Charcoal, solvent and ion exchange resin etc. have been

used for the purpose of purification of sugar solutions. It

is likely that low molecular weight compounds which can

affect the metabolism of organisms in respect of sugar uptake

into the cells through their membranes, must be considered as

major inhibitors (Buchert et al., 1990). Thus, it can be

argued that any treatment which is able to remove such

corrounds is efficient. One thing which should not be ignored

here is that the pretreatment method should be technically

feasible and economically acceptable. Food grade sugar

preparation from wood definitely will require such

pretreatments to eliminate the usual contaminants. Charcoal

and clarifying filtration have been long-standing industrial

clean-up methods in the production of potable alcohol.

Sugars, wherever they come from, can be utilized as

substrates to produce valuable products by means of

fermentation such as ethanol, methane, microbial cellulose,

single cell protein, acetic acid for CMA (calcium agnesium

acetate) and citric acid etc. depending on the organism used.

Thus, the choice of the organism is dependent on the demand

of the market. In other words, the versatility of products

which can be obtained from carbohydrates by fermentation is

immense. Ethanol has been used as a beverage but also can be

used as an automobile fuel and domestic heat source.

Microbial cellulose has already become a very attractive
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product since it is an excellent substrate to make fibrous

materials, papers and hygiene products for the food industry.

Single cell protein is considered as a protein source for

human beings in the future even though it is fed to cattle

for now.

Some sugars can be obtained readily from easily

convertable raw materials, such as starch. However, it is

more economical to find sources of carbohydrates from so

called “Waste Raw Materials” such as discarded municipal

solid waste or valueless sawdust since the present cost of

such substrates is almost zero. Thus, it is very desirable to

secure carbohydrate sources from “Wastes” and produce

valuable products such as.ethanol from them using currently

existing technology.

Purpose of Thesis.

The purpose of this study was to investigate the

presence and nature of inhibitors and to determine the

fermentability of the sugars contained in the ACOS wood

(spruce) hydrolysates. Although the ACOS (acid .atalyzed

Organosolv £accharification) process is reported to produce

high sugar yields, its hydrolysate has not been previously

examined with respect to inhibitors and fermentability. Thus

the ACOS hydrolysate needed to be studied as to its

fermentability.

Fermentability of the ACOS hydrolysates is a crucial

aspect of the feasibility of chemical conversion of wood into
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chemicals. Difficulties with inhibition from various

degradation products and acetone itself, could affect the

economics of the ACOS process significantly. Thus, three

groups of inhibitory compounds were targeted initially viz.

a) resin- and fatty acids (extractives) b) carbohydrate

degradation products (furfurals, organic acids and humic

substances) c) lignin degradation products (phenols,

aldehydes and Hibbert ketones).

The microorganism chosen for this study was

Saccharomyces diastaticus #62, a flocculant yeast. This yeast

is known to be relatively robust, having been tried on a

variety of sugar substrates by breweries but at the same time

showing sufficient sensitivity to toxicants. S. diastaticus

is a hexose fermenter with a fairly high ethanol (10%) and

sugar tolerance (15-20%) (Kosaric et al., 1983). One of the

advantages of using flocculating yeast is the possibility of

introducing high amounts of cell mass. High cell density has

been used for many purposes: such as for the reduction of

fermentation time and the increase of production rate and

productivity etc. However, no trials on high cell mass

fermentation of wood hydrolysates, using flocculating yeast,

have been attempted with respect to the removal of inhibition

to date.
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2 .0 LITERATURE REVIEW

2.1 THE ETHANOL FUEL MARKET

There is no doubt that the low oil price (now at $
21/barrel or $ 147/T) stifles ethanol production and use as

an automotive fuel due to the high feedstock costs in

production of fermentable sugars from grain (60 - 70%) and

sugar cane (now up to 80%) of food grade. Currently, the US

ethanol production is set at 3.2 billion liters/year which

consumes some 40% of all of its grain (corn) production and

is equivalent to its annual farm-trade with the former Soviet

Union (Anon, l987a). Although there seems to be ample surplus

grain available in Canada, USA and the EEC countries, the

high grain costs($ 80 - 120/T) and low gasoline price make

grain conversion to ethanol unattractive (uneconomical) to

the farmers without government subsidies and incentives. On

the other hand, petrochemical companies, whose business

interest is to retain and improve their transportation fuel

markets, introduce their own oxygenates (MTBE) and

reformulated their gasoline to satisfy the Clean Air Act

Amendment introduced in 1990 in the USA.

In combination with methanol, blended oxygenates will

soon comprise 10% of the motor fuel use in North America. The

size of the oxygenate market is 50 billion L in the USA

(Anon, 1987b) and 12 billion L in the EEC countries (Anon,

1987c). This amount exceeds the entire Canadian fuel market

needs. Due to the Auto Pact between Canada and USA (whereby
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we each drive cars built by the other), it is unavoidable

that Canada also modify her automotive fuel standards.

Indeed, MTBE plants are now scheduled to come on stream in

Kitimat, Edmonton and Montreal. In the absence of sufficient

biofuels (fuel as ethanol) it is of very little consequence

that these oxygenates (methanol and MTBE) are also of fossil

origin. Only Mohawk Oil in Canada continues to offer gasoline

with ethanol (6%) as the required oxygenate.

The Canadian economy is a prime candidate for developing

a biofuels industry, especially ethanol. Our two largest

industrial sectors, namely agriculture and forestry could be

prime beneficiaries of such a program. Productivity would

increase by diversification. Bioethanol from wood waste would

provide an economic opportunity and represents a solution to

a burning environmental problem. Excess fallow land is not

only a wasted, and nonproductive resource, not contributing

to the farm economy, but in the West soil salinity and mass

wasting threaten farmland losses of enormous proportions. To

put such land back into production requires new incentives

and improved economics of grain production.

In spite of bioethanol failures in the past in the USA,

farmers have shown significant willingness to invest in new

ventures and carry the risks to stay in business. Certainly,

the US is encouraging its bioethanol industry to expand and

doublie its ethanol production from grain to nearly 6.5

billion liters/yr by 1992 (Anon, l987d). The upper limit of

quadrupling the US production to 13 billion liters (reaching
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the maximum ethanol production level had in Brazil in 1985)

may be prevented only by the economic climate (decline of oil

prices) and withdrawal of suitable government incentives!

programs necessary to convince decision makers to invest

further. Such significant growth of the US ethanol industry

will be possible only by heavy federal and/or state

incentives because .of the perceived and proven effectiveness

of ethanol as an octane enhancer for gasoline and as an

effective means of improvement of air quality in some cities

of the US plagued with high levels of carbon monoxide

pollution from automobile exhausts. It is also found that

when the incentives were reliable and consistent, the ethanol

industry (farmers) continued to expand production in spite of

the unstable energy market based on cartel-influenced

(subsidized) oil prices.

Considering all aspects of the US ethanol industry, it

can be found that it relies heavily on federal and state

support to remain viable in face of the energy instability.

Modest incentives exist for the practically non-existent fuel

alcohol industry in Canada. It is the reality of the US

expanded ethanol industry that should also affect Canada’s

decision to move ahead, not just imitate America, but for the

self-same economic and environmental reasons to create a

healthy ethanol industry here. Unfortunately, recommendations

made in a recent report on establishment of a fuel grade

ethanol industry in Canada may have had more than one reason

to discourage such activity in Canada (Anon, l989a). The fact
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remains that the ethanol market is rapidly expanding in the

USA drawing in companies such as Texaco, Chevron, Amoco and

Ashland Oil (among others) and public pressures have created

a move to follow the same in Europe (EEC, particularly France

and Italy (Anon, 1987c)), in spite of the heavy subsidies

required at the present time. The European public recognizes

the incremental environmental contribution ethanol can make,

contrary to the statement made by ADL (Arther D. Little) that

(Anon, 1987d)

“The environmental benefits are small and can be
essentially achieved by the use of other cheaper
oxygenates such as MTBE”

The bottom line may be no longer economics of production

but rather the environmental concerns to reduce the

greenhouse effect and to save the environment. Thus “energy

solutions now become environmental solutions” wherein the

economics may have to take a back seat.

No matter how successful bioethanol production from food

sources (grains and sugarcane) may be ultimately, demographic

considerations will make such conversions impossible due to

priorities to feed the hungry in the South. If Canada wanted

to be competitive in the present ethanol fuel market we have

to develop technologies which not only allow us to harvest

more sugar per hectare but also reduce the amount of

feedstock necessary to produce a certain volume of ethanol.

Therefore, mid- and long-term strategies must focus attention

on cellulosic biomass (wood and agricultural residues)

conversion since stalk hydrolysis along with the starch
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content in grain can more than double the ethanol yield per

hectare when an appropriate saccharification technology is

applied.

The US Environmental Protection Agency (EPA) and

Department of Energy (DOE) directed renewed focus on biomass

options as an important part of any greenhouse gas mitigation

strategy. The basis of this program is the perception that

biomass can be a truly low cost feed stock (11% of the

ethanol production cost from biomass as compared to 60 - 70%

from grain). The bulk of the biomass feed stock is to come

from forest residues, energy plantations and even non-

recyclable municipal cellulosic residues (paper and scrap

wood) (Hayes, 1987).

Inability of the forest industry to fully exploit the

biomass resource at hand has historically plagued the

industry economically and damaged its environmental image.

Vast acreage of leftover slash, a 15 million tonne-a-year

sawdust mountain and 200,000 T/yr paper sludge are symbols of

this failure, but in turn they offer golden opportunities in

the future. In spite of such riches in their control, the

forest industry shows no interest in utilization or

capitalization on this resource. Lignocellulose is not

currently a raw material for commercial ethanol production on

a significant scale anywhere other than in the USSR and PRC.
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2.2 ETHANOL AS AN ALTERNATE LIQUID FUEL

Petroleum supplies the largest share of total energy

used in Canada and has the highest fraction imported. The

import of oil from Middle East countries keeps increasing.

Air pollution is a critically important factor on finding new

alternative fuels. Vehicles running on gasoline produce

harmful emissions such as carbon dioxide, carbon monoxide,

benzene and nitrogen oxides through the tailpipes

accelerating the greenhouse effect which requires oxygenated

fuels such as ethanol. When ethanol is used in a blended or

neat form, reduction of emissions is recognized.

Ethanol is superior to conventional gasoline in many

respects as fuel for spark-ignited engines (Anon, 1984) and

gives higher thermal efficiency and power than combustion of

gasoline in conventional engines when cornbusted in internal

combustion engines designed for ethanol. Ford examined the

cold starting problems which have been solved for E85 and M85

but not for Eioo and Mica. However, flexible fuel vehicles

having the capability to operate on any mix of ethanol,

methanol and gasoline are now available (Anon, 1993). In

Brazil about 3 billion gallons of ethanol is used annually as

a neat fuel (Lynd et al., 1991).
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2.2.1 Ethanol as a Renewable Liquid Fuel

2.2.1.1 Ethanol from grain

Corn is a carbohydrate-containing feed stock. It is

composed of about 72% starch, 10% protein, 5% oil, 6%

hemicellulose, 3% cellulose, 2% sugars, 1.4% ash and less

than 1% lignin (Wyman et al., 1990). If the starch is

converted to ethanol, 9.5 liters of ethanol result plus 6.8

kg of carbon dioxide per bushel (24.5 kg/bushel) of corn.

Thus, corn is more favorable for ethanol production than

sugar. However, the net price of corn as a feed stock for

production of ethanol is near the high end of its value.

Higher prices are currently charged for ethanol from corn to

cover operating and capital recovery charges. Furthermore,

although the protein markets are very large, the high co

product credits for corn oil, corn gluten feed, and corn

gluten meal would likely not be sustained for production of

the quantities of ethanol required to make a major

penetration into the neat fuel markets. Thus the value of the

corn feed stock would drop below historical levels as such

by-product credits dropped, or disappeared. Although, corn

could be a significant source of ethanol in the near term,

these factors, along with the limited availability of

acceptable land, would eventually hinder growth in ethanol

production from corn (Lynd et al., 1991).
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2.2.1.2 Ethanol from lignocellulosics

The average chemical composition of softwood consists of

44% cellulose (glucan), 28% hemicelluloses (glucuronoxylan,

glucornannans, arabinogalactans and galactoglucomannans), 25%

lignin and 4% extractives. These values deviate widely

depending on the wood species or agricultural stalk. The

total carbohydrate (sugar) contained in woody tissues ranges

between 72 to 80% of the dry weight. For comparison the

starch content of grains ranges from 66% in wheat to 72% in

corn. It is then safe to say that weight-for-weight wood will

deliver an equal (and higher) amount of sugar than starch

from grains, the difference being that while starch will

hydrolyze to a single sugar glucose, the woody

(lignocellulose) materials yield a mixture of five sugars

with six carbon sugars representing only 70% of the total

carbohydrates.

Agricultural residues such as straws, stalks, grasses

and above-ground biomass of tubers (as Jerusalem artichoke)

are also lignocellulosic with chemical analyses quite similar

to that found for wood. For example wheat straw contains 79%

carbohydrates (holocellulose (25% pentosans)), 19% lignin

and 2% ash whereas bagasse analyses to 73% holocellulose (18%

pentosans), 17% lignin and 0.4% ash.

Thus the theoretical yield of ethanol from wood of the

above chemical composition would be 510 L/To if all the sugar

were fermented, while the equivalent ethanol yield is 408 L/T
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from corn starch. Such yields are almost impossible to

realize in either case.

It is, therefore, not without foundation that such large

hopes are based on cellulosic biomass conversion to ethanol.

At a current grain price of $ 120/T, the cost of starch

sugar (72% glucan content) is l7/kg. Molasses at $120/T(50%

solids basis) provides fermentable sugars at 24c/kg while raw

sugar (cane or beet sugar) costs 36/kg at the present time.

On the other hand, wood residues may be available at

$5/T in form of sawdust, from $7 to $25/T in the form of

planer shavings, from $45/T (aspen) to $75/T in the form of

pulp chips. At 72% average carbohydrate content thus the

sugar cost ranges from D.97/kg to 1O/kg. Aspen biomass

could be had at $ 25/T0d or at 3/kg. Bagasse in Brazil sells

for $7/T0d or O.89/kg of wood sugars while in the USA it is

$14/Tod or l.8/kg. Without doubt, wood industry residues

would allow ethanol production at a substantially lower

overall feed stock cost (Anon, 1987d; Barrier, 1991) than

possible from grains.

Thus, if lignin can be used for something valuable,

rather than burned for power generation, and other by

products credits can be generated from extractives,

lignocellulosic biomass appears to be a more favorable feed

stock for fuel ethanol production than either raw sugar or

starch.
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2.3 WOOD HYDROLYSIS PROCESSES

For high-yield production of ethanol from wood, it is

absolutely necessary to hydrolyze the wood polysaccharides to

monosaccharides since only simple sugars can be used by

yeasts in glycolic fermentation. The process may be regarded

as a simple hydrolysis process and glucose results from the

hydrolysis of cellulose by the cleavage of glycosidic bonds.

However, cellulose shows extreme resistance to hydrolysis.

2.3.1 Acid Saccharification

It was Simonsen’s paper in 1898 which described first

the single-stage batch hydrolysis of cellulose and wood

residues. After that many other researchers worked on similar

processes. Kressman at the US Forest Products Laboratory

conducted experiments on a pilot plant scale. Maximum sugar

yields were obtained in 20 minutes at 7.5 atmospheres with a

water-to-liquor ratio of 1.25 to 1 and sulfuric acid

concentration of 2%. However, the sugars isolated from

softwood were only about 70% fermentable while those from

hardwoods were 60% fermentable by yeast. Since this process

would be expected to consist of partial hydrolysis, the

limited fermentability is understandable because mostly the

hemicelluloses would be removed under the conditions

described above and little of the true cellulose would be

hydrolyzed. The hardwood hydrolysate would consist chiefly of

xylose. This process was known as the American Process and
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was applied on an industrial scale in a plant at Georgetown,

S.C., in 1913 and then at Fullerton, La., in 1916. Both

plants operated successfully during World War I and for

several years thereafter. They produced 5,000 to 7,000

gallons of ethanol a day from southern yellow pine sawdust

and chips obtained from nearby sawmills (Hanjy, 1981).

Scholler (1935, 1939) developed a dilute-acid

percolation process using a vertical stationary digester in

which the sugar yield was just a little bit higher than that

obtained in the batch type process. The process involves the

hydrolysis of wood in a vertical cylindrical pressure vessel

by a percolation process in which dilute acid is injected

into the top of the vessel. This cycle of addition and

withdrawal of acid solution is repeated until the hydrolysis

is complete in about 14 to 20 cycles. This percolation plant

was built in Germany and had 6 to 8 digesters of 50 cubic

meters capacity each. The digester was loaded with chips,

sawdust, or shavings from the top. The digester held about 10

tonnes of wood, which was packed to a density of 12.5 pounds

per cubic foot by steam shocking. The bottom of the digester

was equipped with a filter cone and lines for removing the

hydrolysate, and a quick-opening valve through which the

residual lignin was discharged. After filling the percolator,

the wood was heated with direct steam to 135° C. A charge of

1.4 % sulfuric acid was injected at a temperature of 5 to 10°

C lower than that of the percolator contents. After adding

the acid, the charge was brought back to temperature. The
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solution was then expressed from the percolator by applying

steam to the top of the charge. This operation was then

repeated for the required number of times while the

temperature gradually increased to a maximum of 185° C. The

corrçlete percolation cycle required about 15 hours. Yields of

95% alcohol in a well-run plant amounted to about 53 gallons

(200.8 L) per ton of wood (Hajny, 1981).

The rights to the Scholler process in the USA were

acquired by the Cliffs Dow Chemical Company of Marquette,

Mi., in 1935. Pilot plant studies were made of a modified

Scholler process but never commercialized. Since the demand

for ethanol was high at that time, the War Production Board

in 1943 requested the Forest Products Laboratory to study the

Scholler process. The pilot plant at Marquette, Michigan was

used for the study which was later transferred to Madison,

Wisconsin. The original plant was of 27-cubic foot, 350-pound

capacity, a vertical digester, made of silicon bronze with a

length of 11 feet and a diameter of 2 feet. A second

hydrolyzer also used was a 60 cubic foot, 600 pound-capacity

digester made of Monel metal, with a length of 13 feet and a

diameter of 2.5 feet. Eventually, the Scholler process was

modified in such a way that the overall reaction time was

reduced and the sugar yield increased.

The Madison process is similar to the Scholler process

in that the dilute acid is percolated through the bed of wood

but in the Madison process the acid solution, after an

initial period of low-temperature hydrolysis, is pumped in

21



continuously at the top of the hydrolyzer and the hydrolysate

is removed at the bottom with no interruptions until the

hydrolysis is complete.

In the Madison process wood waste is loaded into the

percolator in the form of sawdust, chips and shavings. When

filled, the hydrolyzer is temporarily closed and steam is

rapidly injected above the chip bed which packs the wood bed

more tightly. Steam is allowed to pass through the wood bed

to exit at the bottom to remove air and simultaneously heat

the chips. When the temperature reached 145° C, steaming is

discontinued and dilute acid is introduced. The exact amount

of hydrolysis liquor of 2.5% acid is injected to compensate

for the diluting effect of the condensate from the steaming

operation and the moisture content of the wood, resulting in

a concentration of 0.7%. A liquor to wood ratio of 2.5:1 is

maintained by controlling a constant flow rate in 45 mm and

held for another 30 mm and then brought up to 170° C in the

next 15 minutes. Most of the low-temperature hydrolyzable

sugars come out at 145° C and the highly crystalline

cellulose starts breaking down to monomeric glucose at the

elevated temperature. The resulting solution is neutralized

with lime and filtered off in a tank at 30 pounds pressure.

In 1944, a Government-financed plant was constructed by the

Vulcan Copper and Supply Company, in Springfield, Oregon,

based on the Madison process. The capacity of the plant was

220 tones of dry bark-free Douglas-fir wood residues per day,

with a production of 10,700 gallons of alcohol (Hajny, 1981).
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More recently (1974 to 1989), a number of variations of

the Scholler process were tried to improve the fermentable

sugar yields. These efforts met with little success. Except

for the acid hydrolysis processes mentioned above, the

concentrated acid process such as the Bergius process or

Rheinau process (fuming HCL) were developed in 1930s and

1940s in Germany and Switzerland at the capacity of 90 tons

of wood/day in which 41% HC1 was used and recovered by

distillation. After World War II Japanese researchers became

interested in using strong acid processes to produce

crystalline sugar from wood because of their dependence on

imports for most of their sugar and molasses. The

technologies such as the Noguchi-Vhisso (NC) processes

(fluidized bed reactors) and concentrated sulfuric acid

processes (Hokkaido and Nihon-Mokuzai Kagaku process) were

developed but never commercialized (Jones and Sernrau, 1984)

because of the extreme difficulties experienced with acid

recovery.

2.3.2 CASH PROCESS

CASH (.anada, america, sweden ydro1ysis) is also a

modified acid hydrolysis process in which minimization of the

formation of furfural was tried. Furfural is derived from

pentoses (xylose and arabinose). Prehydrolysis using SO2 as a

catalyst removes hemicelluloses and the resulting cellulose

is hydrolyzed again to glucose by HC1 using a plugf low (pipe)
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reactor so that the formation of furfural can be minimized

(Dahigren et al., 1991).

Hemicellulose extraction by a prehydrolysis step is

performed as follows; temperature:l60° C, liquid to solid

ratio:3 to 1, SO2 amount:2.5% of the wood weight (dry basis);

and reaction time:30 mm. It was reported that 85 - 90 % of

theoretical sugars was obtained without recycle in the liquid

phase at 8% concentration.

INTERMEDIATE PRESSURE STEAM

CHEMICALS LOW PRESSURE STEAM

I
1CO2

[1 I PREHYDROLYSIS, HYDROLYSIS I IDRYINGl LIGNINFERMENTATION, NEUTRALIZATI[JI AND DISTILLATION j IBRIQUETTIt* FUEL

STILLAGE
METHAI1E GAS

TREAtfl4ENT PLANT
EBOILER 1

ETHANOL

Fig.l. CASH process (Dahlgren et al., 1991).

For the conversion of cellulose to glucose a typical

plugf low reactor is used. 15 to 20% of residue slurries from
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the prehydrolysis treatment was mixed in the feed tank and

fed through a 1” stainless steel pipe using a positive

displacement feed pump. Four triple-pass heat exchangers in

series were used. The first two were designed to raise the

temperature to 160° C and the last two to 240° C. Maximum

glucose yield was obtained at 225 -240° C on heating for 10

-30 seconds at 1% acidity. They reported that glucose yields

exceeded 50% (Dahigren et al., 1991).

2.3.3 Enzymatic Hydrolysis

It can be said that enzymatic hydrolysis of cellulose

(mostly using a cellulase complex from Trichoderma reesei or

T. viride) is a modern technology compared with acid

hydrolysis. It is also obviously true that it draws people’s

attention in that it is a non-chemical process and does not

produce sugar degradation products. No enzymatic process for

hydrolysis of cellulose has been commercialized yet.

The heterogeneous catalytic reaction is typically

characterized by an insoluble reactant (cellulose) and a

soluble catalyst (enzymes). The rate of this reaction is

influenced by both structural features of the cellulose and

mode of enzyme action. The enzymatic hydrolysis of native

cellulose, unfortunately, proceeds at an extremely low rate,

and therefore, pretreatment of the cellulose prior to

hydrolysis, is essential to enhance the rate of hydrolysis.

The ability of cellulolytic microorganisms, and that of

cell free cellulolytic enzymes, to degrade cellulose, varies
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greatly with the structural features of the lignocellulosic

materials. Factors affecting the susceptibility of

lignocellulosics to enzymatic degradation include (Fan et

al., 1984):

1)

2)

the moisture content of the fiber,

the size and diffusivity of the cellulolytic enzymes
and other reagent molecules involved relative to the
size and surface properties of the grown capillaries,
and the space between microfibrils and the cellulose
molecules in the amorphous region,

3) degree of crystallinity of cellulose,

4) the unit cell dimensions of cellulose,

5) the conformation and steric rigidity of the
anhydroglucose units,

6) the degree of polymerization of the cellulose, and

7) the nature, concentration, and distribution of
subs tituent groups.

In lignocellulosic materials lignin blocks the cellulose

from the access by the enzymes and the crystalline region is

found to hinder the enzymatic activity. Meanwhile lignin does

not greatly affect the hydrolysis catalyzed by an acid but

may impair enzymatic hydrolysis (Tsao et al., 1987). Thus,

lignocellulosics have to be pretreated to remove lignin and

open up the crystalline region for the enzymatic attack.

Methods used for pretreatment of lignocellulosics developed

so far include physically ball-milling, hammer milling, high

pressure steaming, steam-explosion, and microwave irradiation

(Lightsey et al., 1991) and pyrolysis. Various acids, alkalis

as swelling agents and even gases (SO2 and NH4) in conjunction

with steam explosion (Nguyen and Saddler, 1991; Schwald et
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al., 1987)to reduce the loss of sugars have been used for

pretreatment resulting in still considerable solubilization

of cellulose (Parekh et al., 1988; Parekh et al., 1989;

Wayman et al., 1987). Biological treatments using fungi have

also been employed.

Dilute acid pretreatment appears to have some merits in

terms of economic potential. In the dilute acid process,

about 0.5% (w/w) H2S04 is added to the feed stock which is

heated to 140° to 160° C for 5 to 20 mm. By this process,

most of the hemicelluloses are broken down to monomeric

sugars leaving cellulose and lignin which become fairly

accessible to the enzymes (Wyman, 1991). Using this dilute

acid pretreatment method, Wyman et al. (1991) developed a

simultaneous saccharification and fermentation (SSF) process

of lignocellulosics after prehydrolysis with dilute acid in

which process the cellulose as substrate, yeast inoculurn and

enzyme are added in the reactor with some medium and lipids

to improve the ethanol yield and antibiotics to reduce

bacterial contamination. The idea is that right after the

cellulases hydrolyze the cellulose into glucose, yeast

ferments the sugars to ethanol (Spindler, 1989). Difficulties

still remain in the optimization of conditions such as

temperature, pH and solid contents. Thus, it is desirable to

develop or select thermophilic yeasts (Duff and Barclay,

1992)

So far the STAKE II technology seems to receive

attention as an industrial means of pretreatment or
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fractionation of lignocellulosics (Heitz et al.., 1991;

Taylor, 1986). It is recognized as a modified technology of

the so-called Steam- Explosion method (Brownell and Saddler,

1984; Brownell et al., 1986; Marchal et al., 1992; Morjannoff

and Gray, 1987; Ropars, 1992; Saddler et al., 1982). The

wood chips are introduced into the digester via a double-

helix screw feeder and steam is injected under temperature

and pressure conditions. The residence time of raw materials

in the digester is controlled by the rotation speed of a

system of augers which discharge the treated materials

through a valve. Discharge is allowed at 1 to 6 sec.

intervals. The treated wet materials then fall into a

receiving bin and the fibrous material is heated in water at

7Q0 for 30 mm, filtered and then the hemicellulose fraction

is collected. The residue is subjected to delignification

using NaOH/H20 at 1000 C for 30 mm and filtered again to

separate the cellulose from the filtrate containing the

lignin fraction. The solution is neutralized and the lignin

precipitated using H2S04 at 80° C for 10 mm and finally

collected.

The treated fibre (cellulose) is then incubated with

cellulase while shaking at 50° C for about 48 hours. The

solutions are removed, centrifuged and the upper solution is

ready for fermentation or the fibres can be directly used as

pulp after bleaching. The hemicellulose fraction obtained

right after steam treatment may also be subjected to

enzymatic hydrolysis using mostly xylanase. The monomeric
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sugars can be used as a substrate for the production of

fuels such as ethanol by fermentation. STAKE Technology Inc

has recently teamed up with Bio-hol Developments to pursue

the ZYMO process as the enzymatic hydrolysis step for

saccharification of the steam exploded wood.

Wood Residues (Populua Tremuloides)

STAKE II f Treatment severity

Feeder/Digester log Ro=logt ÷[(T-100)/14.75]

8
1120

Treated Fiber

BATCH WASHING
2 x 70° C x 0.5 hr

8
Filtrate Containing

Filtration => HEMICELLULOSE

8
NaOHJH2O Residue

DELIGNIHCATION
100° C, 30 MIN H2S04

8
FILTRATION >Filtrate Containing

8
CELLULOSE

LIGNIN Fitrate

Fig.2. Block diagram of STAKE II Technology (Heitz et al.,
1991)
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logen/ANOCO uses a somewhat simplified steam explosion

and enzymatic hydrolysis process. These processes are now

considered as mature technologies with very little room for

improvement in the fermentable sugar yield which is in the

range of 180 - 280 LIT wood (Anderson, 1988).

Pun (1983) modified the steam explosion method in which

process lignocellulosic materials are subjected to the action

of steam and high-pressure carbon dioxide before being

explosively discharged through a defibrating nozzle of novel

design called the Siropulper pretreatment. The lotech and

Stake Technologies run at 230 - 250° C but the Siropulper

autohydrolysis proceeds at a relatively low temperature

(2 00° C) . The system is further pressurized by the

introduction of a noncondensible gas. At the end of the

autohydrolysis period, the gas pressure is used to discharge

the lignocellulosic material through a unique defibrating

nozzle at velocities approaching the speed of sound (Pun,

1983). Hydrolysis of the resulting fibres by cellulases and

fermentation were tested (Dekker, 1987; Dekker et al., 1987).

Organosolv pretreatment was derived from organosolv

delignification as a novel method of producing chemical pulps

for paper manufacture. The process claimed substantially

reduced capital costs, compared with those of conventional

processes and was invented by Kleinert (Kleinert, 1971,

1974, 1977; Kleinert and Tayenthal, 1932). Organosolv

delignification has received increased interest as a

potential method of pretreating lignocellulosics (the Forest
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Refinery (Merly et al., 1981)) to make the residual cellulose

enzymatically hydrolyzable to sugars (Chum et al.,, 1988). The

minimum plant size was calculated as 2000 T/day (Chum et al.,

1984)

2.3.4 ACOS Hydrolysis

The ACOS (acid catalyzed Qrganosolv £accharification)

technology is very promising in that a high sugar yield

(close to theoretical) (Chang and Paszner, 1976; Chang et

al., 1977; Paszner, 1987; Paszner and Cho, 1988a, 1988b;

Paszner and Cho, 1989; Paszner et al., 1992) can be obtained

from any type of lignocellulosic material even from

newspaper, coated paper and cardboard, in a very short

reaction time.

The process was developed for total dissolution and

recovery of the component sugars and lignin from

lignocellulosic materials (Paszner and Chang, 1986). The ACOS

technology uses an acidified aqueous acetone solution for the

high temperature hydrolysis of woody biomass (e.g.,

acetone:H2080:20, 0.04 N H2S04, 180° C, 30 mm)

2.3.4.1 Proposed mechanism of ACOS hydrolysis

ACOS hydrolysis of cellulosic materials (including

cotton) was reported by Paszner and Chang (CP No. 1 202 115,

1986) . Characteristically, the process showed hydrolysis

rates up to 700 times that obtainable in aqueous acid at the

same temperature and acid concentration and sugar recoveries
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exceeding 95% of the theoretical. It was stated that rapid,

total saccharification in acidified aqueous acetone is

possible for any lignocellulosic material without the need

for pretreatment.

The high hydrolysis rates and near quantitative sugar

recovery were later confirmed by Ward and Grethlein (1988) by

independent work, sponsored by the Solar Energy Research

Institute (SERI). Ward and Grethlein proposed that the

theoretical sugar yield was due to formation of 1,6-

anhydroglucose which would not be transformed to furanose

(furfural) by pyranose-furanose equilibrium and dehydration

at high temperature. The glucose derivative (not isolated)

was found to be readily converted into glucose in a post

hydrolysis treatment by boiling on a water bath for 30 mm.

Fig.3. 1, 6-anhydroglucose

This conclusion lacks reasoning for a number of factors:

1. increasing hydrolysis rates (up to 700 times) with
increase in acetone concentration,

2. lack of furfural formation from xylose which would be
incapable of forming 1, 6-anhydroglucose,

3. expected reaction products of acetone at high
temperature under acidic conditions, and

32



4. dramatic initial drop in cellulose viscosity without
change in the crystallinity index.

Taking these important factors into consideration

Paszner and Cho (l988b) proposed intermediate formation of

hemi-acetals based on well known reaction of acetone with

sugars. Isopropylidene acetals have been prepared by

condensation of sugars with excited acetone in the presence

of an acid catalyst (Kiso and Hasegewa, 1976).

Therefore, most of the work with sugars was concentrated

on monomeric sugars (pentoses and hexoses) whereas

isopropylidenation of polysaccharides, and cellulose in

particular, is scanty.

In the few works on polysaccharides reported in the

literature (Kiso and Hasegewa, 1976), there is no indication

of hydrolysis taking place in acidified acetone at room

temperature. Thus primarily, an explanation of the rapid

hydrolysis rate of cellulose by the ACOS process must involve

an intermediate which first accelerates the rate of monomer

formation (hydrolysis), and second leads to products which

are relatively resistant to dehydration (formation of

furfurals) at high temperature. Furthermore, the mechanism

could also be universally applicable to both xylan

(pentosans) and glucan (hexosan) polymers and lead to the

same intermediate products (mono-and di-isopropylidenes).

While a possible o-isopropyliderie intermediate for cellulose

can be readily drawn, based on the steric orientation of the

hydroxyls on C2 and C6, similar structures are not feasible
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for the xylan. Rapid hydrolysis of xylan in acidic solution

at high temperature must be the compensating factor for lack

of steric alignment of 011 group which could lead to the

formation of hemiacetals in the polymeric form.

Acetone

rooni,rnp
I

I
I

I

S
S

S

SSSSS9S:Sc

[4,6,-o-isopropylidine- 3-D-g1ucopyranose]

H3C-. CH

—H3C

[1 ,2:5,6,di-o-isopropylidine-D-glucofuranose]

Fig.4. Acetonation of glucose (Kiso and Hasegewa, 1976)

According to the proposal of Paszner and Cho (1988) a

hemiacetal intermediate could be readily formed in the

accessible regions (amorphous zones) of cellulose as follows:

H2OH

I
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H

Fig.5. Possible o-isopropylidene intermediates of cellulose
during the ACOS hydrolysis(Paszner and Cho, 1988b)

In the presence of water (>72%) in acidic medium the

isopropylidene intermediates readily hydrolyze to glucose

even at low temperature (45 - 1200 C). Thus most of the sugar

hydrolysates appear in the monomeric underivatized form

(Fig.6) on removal of acetone (recovery of the hydrolysate).

It is thus suggested that the fast hydrolysis of cellulose is

due to isopropylidene intermediates formed on transitory

condensation with acetone (as seen in Fig.5) and that the

derivatives (Fig.6) are largely responsible for

prevention/delaying the acid catalyzed dehydration of the

sugars to furfurals at high temperature. Rapid cooling (as

suggested in US Patent No 4 470 851(1984)) to low terrperature

effectively stabilizes the sugar monomers against dehydration

(Paszner and Chang, 1986). Attempts are now being made to

isolate crystalline diisopropylidene fragments of glucose in

I1+
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cellulose (cotton) residues by the reductive cleavage method

of Rolf et al. (1985)

This mechanism is consistent with all observed results

on cellulose hydrolysis by the ACOS process to date. While

rapid xylan hydrolysis may proceed uninhibited in

aqueous acetone at high temperature (180° C) (as it does also

in acidified water), facile formation of l,2,-3,5

diisopropylidene xylofuranose (mp. 44° C) (Fig.7) is

considered feasible and responsible for the complete absence

of furfural from ACOS hydrolysates.

O—CH2

_CH3

CH3

Fig.7. 1,2,3,5 Di-o--isopropylidene D-xylofuranose.

In conversion of polymeric carbohydrates

(hemicelluloses, cellulose and starch) to monomeric

fermentable sugars, these mechanisms are important means for

quantitative recovery of the sugars and high product yields.

In terms of the delignification mechanism by organic

solvent it is a composite phenomenon involving hydrolytic

fragmentation of high molecular lignin as well as

solubilization of the breakdown products. Apparently, free

radical formation during bulk delignification is observed in
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all thermal wood pulping processes (Sarkanen and Ludwig,

1971). Thus delignification by the ACOS process may be

considered homolytic in nature, whereby small lignin

fragments (Mw = 2300) are formed which are to be freely

soluble in the acetone solvent. Lignin solubilization becomes

also an important feature in saccharification of lignified

materials.

2.3.4.2 Batch, fractional transfer and flow-through
percolation types operation of the ACOS hydrolysis

The ACOS process can be done in batch, semi-continuous

transfer and flow-through percolation type reactors. Since

the residence time of the hydrolyzed sugars is critical to

the best sugar survival, the flow-through percolation type

process is recommended to minimize the sugar degradation rate

and to increase sugar yield.

In laboratory simulation the raw material and cooking

liquor are introduced through the top of the digester. The

size of feed stock can be commercial size chips or sawdust.

The digester contents are heated to a temperature of 100° C

when the pump is started to inject preheated (180° C) cooking

liquor onto the top of the chip bed in the digester.

Simultaneously, the outlet valve on the bottom siphon tube of

the digester is opened and the hydrolyzed liquor passes

through a cold water condenser. The hydrolysate flow rate is

controlled not only at the inlet valve through the metering

pump but also at the outlet at the same time to keep the

reactor back pressure and liquor level constant. The
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resulting hydrolysate liquor can be easily fractionated into

hemicellulose/lignin and cellulose parts by simply changing

receivers at various stages of the hydrolysis process. 95% of

hemicelluloses, lignin and extractives can be obtained from

the beginning stages of the hydrolysis and finally, glucose

from hydrolysis of crystalline cellulose is collected at the

end. To maximize the survival rate of hemicelluloses, if so

desired, different cooking conditions can be used at the

beginning of the process.

2.3.4.3 Remarks on saccharification

Acid hydrolysis, for example, even for the Madison

Process or the TVA CASH process, gives low sugar yield,

whatever the hydrolysis type. The main problems are

insolubility of the lignin in the hydrolysate and

difficulties with preventing the hydrolyzed sugars from

dehydration to furfural and HMF. The sugar yields are below

60% of the theoretical (Dahlgren et al., 1991) as evidenced

by the normally low (180 - 280 LIT) ethanol yields.

The enzymatic hydrolysis of cellulose in lignocellulosic

materials must be preceded by pretreatment without

considering the efficiency or economics of the hydrolysis

process itself. So far, steam explosion, like the STAKE II

Technology (Taylor, 1986) or Tigney-type (Morjarmoff and

Gray, 1987), seem to be the best pretreatments before

enzymatic hydrolysis of cellulose. However, as mentioned

above, such processes require numerous steps to get the

39



cellulose ready for enzymatic hydrolysis. The steps, albeit

simple, involve steam explosion, a batch washing and

filtration step for collection of hemicelluloses,

delignification with dilute NaOH, 2nd filtration for

collection of the purified cellulose, neutralization

/precipitation with H2S04 and 3rd filtration of the lignin. A

serious limitation of these technologies is that they can be

applied to hardwoods and agricultural residues (straw and

bagasse) only but not to softwoods. Mass balance calculations

of the steam explosion/enzyme hydrolysis process indicate

that only 60% of the potential hemicellulose sugars were

recovered as soluble carbohydrates and more than 40% of these

were oligomers. This pretreatment is thus less effective than

SQ2 prehydrolysis which resulted in 89% sugar yield and

nearly all the hemicellulose sugars appearing as monomers

(Parekh et al., 1988). Thereby, large-scale plants (>2000

T/d) are advocated for economic (competitive) conversion of

biomass to ethanol (Kerstter and Lyons, 1991).

Fermentable sugars are prepared for ethanol fermentation

in one step by the ACOS technology and secure better than 90%

of the theoretically available sugars without feedstock

limitation and loss of sugars to furfurals within 5 to 40 mm

depending on the cooking conditions used. The process needs

no pretreatment at all and works well on randomized mixed

feed stocks, as well.
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2.4 FORMATION OF INHIBITORY COMPOUNDS

Past experience with acid hydrolysis and steam explosion

process hydrolysates have shown that most of the non-sugar

degradation products originate from the initial (first)

stages of hemicellulose degradation. Hemicelluloses were also

shown to be the source of acetic acid, furfural, HMF (from

water soluble glucose), organic acids and aldehydes. During

hydrolysis of woody biomass, sugars are further degraded into

furfural/F by an acid catalyzed dehydration mechanism (Ward

and Grethlein, 1988) (Fig. 8). These products are non—

favorable inhibitory compounds to fermentation organisms.

CHO CHO CH2OH CH3g-CH2CH2COON

Furfural HMF Levulinic Acic

Fig.8. Chemical structures of furfural, HMF and levulinic
acid.

Lignin may also break up into monomeric compounds

(phenols and acids) while extractives, such as fatty and

resin acids, are simultaneously dissolved into the

hydrolysate from wood. Extractives, many being anti-fungi

agents, are usually inhibitory to microbial degradation.

Metals are found in the hydrolysate and originate from

equipment corrosion. These compounds are all known to exhibit

various degrees of inhibition and have to be made harmless

or removed prior to fermentation of the sugars.
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2.4.1 Effects of Inhibitors

2.4.1.1 Furfural

Furfural is formed by the dehydration of pentoses in

wood hydrolysates. Increased furfural concentrations

inhibited the ethanol production considerably (Azhar et al.,

1981). By increasing the furfural concentration from 1 to 2

mg/xnL, the percent inhibition was almost four times higher

after 24 and 48 h and more than 13 times after 72 h. Banerjee

and Viswanathan (1974) showed strong inhibitory effects of

furfural not only on fermentation but also on cell growth.

It was suggested that the compounds interfered with the

metabolism of one of the essential substances in the medium,

such as the carbon source, and this affected the growth and

other conversion processes.

(intermediate) — HMF —

HEMICELLULOSE

glucans

mannans — mannose

galactans galactose

xylans — xylose

arabans — arabinose

LIGNIN — No reaction

Fig.9. Decorrosition of wood components during dilute acid
hydrolysis(Ward and Grethlein, 1988).

CELLULOSE

glucans

crystalline

amorphous

Glucose

polymeric

lelinic
and formic
acids

(intermediate)\

4 Tars

furfural
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A possible explanation may be that the initial

inhibition suggests a superficial site of action to these

compounds e.g. interference with uptake of sugars or other

essential elements. Also, the rapid adaptability to these

compounds may be regarded as being due to the induction of a

set of catabolizing enzymes when the cells come into contact

with them. Thus, this inhibition, during the first exposure

to these compounds, may be due to a lag in the induction of

these enzymes (Banerjee et al., 1981a).

Banerjee et al. (1981b) stated that 0.1% of furfural

resulted in 24% inhibition in ethanol production and 14% in

cell growth. They also suggested that the inhibition was

probably the result of the action of furfural on important

glycolytic key enzymes such as alcohol dehydrogenase or

possibly on triosephosphate dehydrogenase and hexokinase. ADH

appeared to be the most sensitive enzyme and is probably

responsible for the observed inhibition of alcohol production

and growth. Thus, the rate of CO2 production (fermentation)

decreased with the addition of furfural. Soboleva and

Golubkov (1973) observed that furfural has an inhibiting

effect on the synthesis of the cytochromes of Candida

tropicalis. The change in the content of cytochromes are

accompanied by a decrease in the respiratory activity of the

yeast. It was observed that furfural in a concentration of

1.8 x 10-8 M oxidizes cytochromes c ÷ cl and a + a3 by 33

and 23% respectively, and cytochrome b completely.
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2 .4.1.2 Hydroxymethylfurfural

The weak acid hydrolysates of wood always contain a

certain amount of HMF formed from glucose, depending on the

concentration of acid and temperature of hydrolysis (Pfeifer

et al., 1984). HMF also has an inhibitory effect on

fermentation although not as serious as that of furfural

(Azhar et al., 1981, 1982). However, its inhibitory effect to

yeast growth seems to be identical to that of furfural.

2.4.1.3 Acetic acid

Acetic acid is formed from acetyls of hemicelluloses and

also as a by-product of glycolysis during fermentation. It is

already known that effects of such organic (fatty) acids have

been related to alterations in membrane function. Acetic acid

inhibits amino acid transport and uncouples oxidative

phosphorylation (Freeze et al., 1973). These activities are

attributed to their proton ionophoretic properties, where

organic acids interfere with the establishment and

maintenance of a functional pH-gradient across the membrane

(Herreo et al., 1985). Up to 2% acetic acid can be isolated

from softwood and up to 4.0% from hardwood hydrolysates based

on the feedstock mass.

Acetate is soluble in the lipids of the cell membrane.

Acetic acid excerts its effect by chemical interference with

the membrane transport of phosphate. Phosphate transport

through the cell membrane is an activated transport process

requiring the expenditure of ATP (Adenosine Triphosphate).
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Acetic acid interference results in an increase in the ATP

requirement for this maintenance function, thus decreasing

cell production, while ethanol production increases to make

available sufficient ATP for cell maintenance.

2.4.1.4 Ethanol

Yeast growth is rapidly inhibited during fermentation as

the concentration of alcohol in the medium increases.

However, the fermentative activity is not entirely inhibited

until a high alcohol concentration (over 10%) is reached.

This inhibitory effect of alcohol is related to its retention

within the cells. Ethanol accumulation within the cell is a

consequence of the resistance to its diffusion through the

cell wall from within to outside the cell (Navarro and

Durand, 1978).

Ingram (1981) reported that the effect of ethanol

appears to result from the weakening of hydrophobic

interactions of the membrane. Jones (1987) confirmed that

ethanol is a sort of chaotropic salt in terms of denaturation

of proteins, elution of membrane proteins, solubilization of

all membrane components and causes cell death.

2.4.1.5 Acetone

In ethanol production by yeasts and bacteria inhibition

by acetone does not arise normally. Neither has acetone been

a subject of any acid hydrolysis system of cellulosics so

far. There are, however, pertinent observations in the
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literature that may give some indication as to the problem

which might be expected with acetone as an inhibitor in

fermentation of sugars.

Maddox (1983) found that

effect on butanol fermentation

of butanol was reduced with no

butanol was found to be more

acetone. Ethanol, at up to 30

production rate and yield of

yield and rate were reduced.

Martin et al. (1983) found that 15 gIL butanol was very

toxic to Clostridiurn acetobutylium cells whereas acetone was

the least toxic substance of the solvents formed in their

fermentation. Other literature (Zeng and Deckner, 1991)

suggested that in multi-solvent fermentations (such as the

butanol/acetone system) synergistic effects of solvents might

also be observed since externally added ethanol was found to

be less inhibitory to fermentation than that produced by the

cells.

van Zyle et al. (1991) observed similar synergistic

effects between ethanol and acetic acid (undissociated at pH

4.5) in glucose fermentation by P. stipitis. Fatty acids in

general were shown previously to enhance toxicity to

Saccharomyces bayanos. No reference was found to suggest the

level of ixihibition which could be expected from less than 10

gIL of acetone on ethanol fermentation.

acetone at 10 g/L had little

but at 20 gIL the final yield

effect in production rate. N-

toxic than either ethanol or

gIL, had little effect on the

n-butanol but at 50 gIL both
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2.4.1.6 Lignin, its derivatives and extractives

The rate, extent and yield at which carbohydrates can be

utilized by many cellulolytic organisms was diminished by the

presence of lignin and other phenolic substances (Avgerinos

and Wang, 1983). Estimates of inhibition of xylose

fermentation to ethanol by model compounds derived from oak

hemicelluloses, lignin and extractives is given below (Table

1)

Table 1. Concentration of some compounds identified in red
oak acid prehydrolysate and their inhibitory effects
on the subsequent ethanol fermentation of xylose
(Clark and Mackie, 1984).

Concentration Amount
in added to
prehydrolsates medium Ethanol

Compound (gIL) (GIL) (gIL)

Control 22.3
Furfural 1.32 1.30 20.2
Acetic acid 12.14 11.92 5.4
Vanillin 0.086 0.091 10.2
Syringaldehyde 0.213 0.220 6.2
Vanillic acid 0.084 0.080 16.7
Syringic acid 0.092 0.082 19.9
Caproic acid 0.022 0.021 19.4
Caprylic acid 0.019 0.021 18.3
Pelagonic acid 0.014 0.015 17.4
Palmitic acid 0.016 0.015 21.9
All compounds 57

It was concluded that furfural was more inhibitory than

acetic acid while syringaldehyde was only slightly less toxic

than vanillin. Syringic acid was less toxic than vanillic

acid and the aromatic acids were less toxic than the

corresponding aldehydes. This indicates that the additional
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methoxyl group reduces the toxicity of lignin-derived

compounds (Clark and Mackie, 1984). In general, the aldehydes

were more toxic than the corresponding acids. However, no

trial has been performed on the elucidation of the inhibitory

mechanisms by these compounds.

Table 2. Chromatographic data and compound identification for
the bulk fractions obtained via Sephadex LH-20
column chromatography of the ethyl acetate extract
(Lee and McCaskey, 1983).

Bulk Total
Fraction Mass Compound

No. (mg)

1 6990 CH CO(CH,)2COOH
2 6970 CH COçg)2COoH

oHC-q >—CH2OH
900 G-CHOF?COCH

‘ G-CH,COCH2OFI
5 550 G-CHOCH3

67 510 G-CH2CHOHCH3
‘ G-COCHOHCH3

G-COCH2OH

8 340 G-CHO
9 140 G-CHO

G-COCOCH3
G-COOH

10 330 G-COCOCH3
11 580 G-COOH

G-CH=CHCHO
Ethanol 1540 Unresolved

TMS derivatives. G Guaiacyl =3 methoxy-4-hydroxy
benzene

Clark and Mackie (1984) stated that a range of low

molecular weight phenolics, related in structure to ‘Hibbert

Ketones’ (ct-ethoxy-propio guaiacone, f3-ethoxy propioguaiacone

vannilloyl methyl-ketone, guaiacyl acetone, and vanillin),

may be identified as the most inhibitory materials. They
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reported contradictory results that lignin degradation

compounds, although present at low levels, compared with the

carbohydrate-degradation compounds, were approximately 10

times more inhibitory.

Lee and McCaskey (1983) confirmed that a mixture of

syringaldehyde and vanillin inhibited growth of Pachysolen

tannophilus corrletely at a concentration of 2.5 g arn3. Some

of the compounds in Table 2 are closely related to the well-

known ‘Hibbert Ketones’.

Chan et al. (1986) reported, following their

investigation of the fermentability of acidified ethanol

pulping hydrolysates (80% ethanol:20% water, 0.04 N H2S04),

that the sugar solutions prepared on aspen pulping contained

inhibitory substances of an unknown nature. Limited efforts

to identify the compounds, responsible for the inhibitory

effect, indicated that they were not lignin degradation

products but rather “sugar related”. The organism used in

these fermentations was Klebsiella pneumoniae. Cho (1981) de

facto isolated Hibbert Ketones and other phenolic lignin

degradation products from acidified aqueous acetone solutions

of ACOS hydrolysates of Douglas-fir sawdust. However, he did

not attempt fermentation of the hydrolysates.

2.4.2 Removal of Inhibitors

Weak acid hydrolysis of wood (Azhar et al., 1981; Azhar

et al., 1982; Clark and Mackie, 1984; Frazer and McCaskey,

1989; Pfeifer et al., 1984) and even steamed hernicellulose
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hydrolysate as well result in the formation of some compounds

which are toxic to microorganisms during fermentation.

The potential source of these toxic substances has been

listed as carbohydrates and lignin decomposition, as well as

extraneous materials present in wood, and metal ions from

high temperature corrosion of the equipment (Azhar et al.,

1982; Leonard and Hajny, 1945; Maddox and Murray, 1983). The

substances identified are: furfural, HMF (hydroxy

methylfurfural), acetic acid, extractives and lignin

degradation products such as acetaldehyde, vanillin and

syririgaldehyde.

Maddox and Murray (1983) suggested treatment processes

for wood hydrolysates to remove these inhibitory substances.

The treatment methods they employed included steam stripping,

decolorization,neutralization/precipitation and ion exchange.

Neither decolorization nor steam-stripping alone were

useful, but a combination of them gave good results. It was

observed that the carbon decolorization process removed

approximately 30% sugars from the hydrolysates. Treatment

with anion and cation exchange resins individually gave

successful fermentations (Frazer and McCaskey, 1989; van Zyl

et al., 1991), and a combination of the two gave the highest

yield. Similar results were obtained by Gong and Tsao (1983)

who employed a basic exchange resin, followed by strong acid

cation exchange resin to remove the inhibitory compounds.

Tran and Chambers (1986a, 1986b) and Maddox (1983)

suggested treatment of hydrolysates with molecular sieve and
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mixed bed ion resins before fermentation. Such treatment

facilitated ethanol production in good yield.

Yeast cultures adapted to hydrolysates by repeated

recycling could also be used to overcome inhibitors and

limitations (Johnson and Harris, 1948).

Table 3.Fermentation of D-xylose, and aspen wood hydrolysates
by adapted Candida shehatae and Pichia stipitis(Yu and

Wayman, 1986).

Substrate Strain % Substrate Ethanol Yield
utilized gIL g ethanol!

g sugar
utilized

xylosea C. Shehatae 79 30 0.37
ATCC 22984

P. stipitis 73 34 0.44
CBS 5776

C. shahatae 95 42 0.42
(R)

P. stipitis 88 40.3 0.44
(R)

aspen wood b
hydrolysate C. shehatae 71 25 0.39

ATCC 22984

P.stiitis 78 29 0.41
CBS 5776

C. shehatae 93 38.5 0.45
(R)

P. stipitis 95 41 0.47
(R)

a initial xylose was 105g/L;results were taken at 96 hrs.
b initial total reducing sugars were 92g/L; results were

taken at 48 hrs.
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Ethanol yield was improved by adaptation of Candida

shehatae and Pichia stipitis (Yu and Wayman, 1986). C.

shehatae was used through acclimatization in removing sugars

from spent sulfite liquor with elevated levels of ethanol.

Fermentability of wood hydrolysates, by recycled yeasts, is

shown in Table 3.

However, this process cannot be commercialized or

scaled up since once it loses its adapted capability it

closes the factory down. Thus, solvent extraction, which

could be combined with other treatments, may be promising.

Fein et al. (1984) reported the use of ether extraction of

the crude hydrolysate, which lead to the conclusion that even

ion-exchange treatment was not as effective as ether

extraction. While ether can remove furfural, acetic acid

and extractives, which are believed to be the major

inhibitors to fermentation, chloroform can extract lignin

degradation substances which are minor inhibitors. However,

the procedures used to remove toxic factors are determined by

the nature of the hydrolysate.

Frazer and McCaskey (1989) tested acid hydrolysates of

hardwoods produced by the Cederguist (Swedish) method for the

presence and removal of inhibitory compounds. The methods

tested were lime precipitation, extraction with organic

solvents (ethyl acetate, chloroform, benzene, hexane and

trichloroethylene), ion exchange, adsorption on resins and

activated charcoal. The hydrolysate was found to contain

furfural, HF, phenolics (isoeugenol, syringaldehyde and
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ferulic acid) all of which were found inhibitory to S.

cerevisiae, Pachysolen tannophilus and Kiebsiella pneuznoniae.

Extraction with solvents in combination with lime

precipitation was most effective in removing furfural whereas

the use of adsorption resins or treatment with charcoal alone

was quite effective in removing the phenolic inhibitors.

There were indications that the effectiveness of these

treatments could be improved by lowering the pH i.e.,

reducing the solubility of phenolics in water. Sugar losses

were noted only on treatment with activated charcoal or on

its combination with liming.

2.4.3 Remarks on Pretreatment

Many research groups claim different results on the

efficiency of hydrolysate pretreatment types. However,it

seems to be very difficult to judge in advance which

pretreatment is more efficient on improving ferrnentability of

a particular hydrolysate because the effectiveness is totally

dependent on the characteristics of hydrolysates and the

fermenting organism used. Thus, for the same reason, it is

also very difficult to determine which compound is more

inhibitory. Further, the effects of the pretreatment on

evaluation of the overall process with respect to economics

has to be considered as the ultimate factor in choosing a

hydrolysate pretreatment process for a particular process.
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2.5 FERMENTATION

Fermentation does not only refer to alcoholic

fermentation but also to any microbial process which produces

products such as lactic acid, single cell protein, penicillin

and other antibiotics as end products. However, fermentation

is generally accepted to refer to an alcohol fermentation.

Numerous methods of fermentation have been developed for

beverage brewing. Batch or fed-batch types are conventional

while vacuum fermentation (Cysewski and Wilke, 1977) and

extractive fermentation (Bandini and Gostoli, 1991; Bruce and

Daugulis, 1992; Daugulis, 1991) are advanced new fermentation

technologies to overcome basic problems such as ethanol

inhibition. Sometimes, immobilized cells are used to increase

the density of cell mass in the bioreactor. However, one

thing common of all modified methods is that conventional

batch fermentations must overcome high energy requirements

due to the low ethanol concentration in the beer.

The vacuum fermentation process removes continuously the

ethanol which is more volatile than water in mixtures up to

the azeotrope, at atmospheric pressure. The highest ethanol

concentration relative to its volatility is at concentrations

of 0 to 25 wt% ethanol (Sundquist et al., 1991). Thus, high

sugar concentration hydrolysates can be used in continuous

fermentation/distillation processes because ethanol can be

evaporated right after it is formed. However, problems still

exist with the accumulation of by-products such as acetic

acid, glycerol and unferrnentable sugars (e.g., xylose) which
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are inhibitory (Cysewski and Wilke, 1977) . High

concentrations of unfermentable sugars can cause osmotic

pressure on cell membranes and must be removed continuously.

To solve the waste accumulation problem, an effluent bleeding

process can be applied. On the whole, the process seems to be

very costly.

One way of increasing fermentability is to immobilize

cells (Black et al., 1984; Chibata et al., 1986; Ekman, 1979;

Gil et al., 1991) and increase the cell mass density. This

leads to greater reaction rates, higher specific product

yields, easier control of the fermentation process and

simpler continuous operation. Such continuous processes are

characterized by simple retention or separation of the

catalysts (Bajpai and Margaritis, 1986). They, however,

suffer from the fact that high carbon dioxide concentration

produces rupture of the gel or other cell trapping agents

used for immobilization of cells.

Extractive fermentation is being investigated by many

groups (Bandini and Gostoli, 1991; Bruce and Daugulis, 1992;

Daugulis, 1991) as it can remove ethanol right after it is

formed by an appropriate solvent. It is a very attractive

process because ethanol is trapped by the organic solvent in

the bioreactor. The solvent is biocompatible and water

immiscible. Credit can be given in that it is more cost and

energy intensive to distill ethanol from water but ethanol is

easily recoverable from high-boiling, recyclable solvents.

These processes also favor high concentration sugar
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hydrolysates in the bioreactor reducing waste water

production (Anon, 1991).

It has been possible to accumulate and retain a very

high cell density of flocculating yeast in an upflow floc

(tower) fermenter and to rapidly and efficiently covert

glucose to ethanol (Prince and Bardford, 1982).

A flocculating yeast can be used for ethanol production

in batch, semi-continuous and continuous fermentation

processes. The advantages of using flocculating yeasts

include (Kosaric et al., 1986, 1988):

1) high cell mass and high productivity,

2) reduction of fermentation time,

3) cell separation without centrifugation,

4) reduction in equipment size due to high productivity
of the system,

5) reduction of contamination by bacteria.

6) simple operation with no sophisticated equipment and

7) favorable energetics and economics.

In recent years, flocculation has been receiving growing

attention both from industry and research. This is due to the

importance of flocculation as a high productivity/low cost

separation process. The yeast flocculation is described as a

cell wall interaction (Sousa et al., 1992). It was suggested

that Ca2 mediated ionic bridges between proteins of adjacent

cells and hydrogen bonds between carbohydrates could be

possible, and stabilization of the bridges occurs by Ca2.

The existence of a bilateral connection between protein and
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mannans in the surface of each cell was proposed and

mediation by Ca2 ions bound to the protein side is assumed.

However, these hypothesis above were rejected later by Taylor

and Orton (1975) who showed that the action of Ca2 was

inhibited by alkaline earth metal ions such as Sr2 and Ba2.

Stewart and Goring (1976) reported that bivalent ions such as

Mg2 and 2+ could replace Ca2 as flocculation inductors, but

that the flocculation intensity was weaker. Moreover, the

monovalent ions K and Na, at low concentrations were

inducers of flocculation, whereas at high concentrations they

became inhibitors.

Although there is a general agreement on the involvement

of cell wall mannans and proteins in flocculation, it is not

clear what kind of functional groups are directly implicated

(Sousa et al., 1992). Most of the researchers point out that

carboxyl groups play an important role in flocculation

(Stewart and Goring, 1976), while others refer to the

importance of phosphate groups (Lyons and Hough, 1970, 1971).

The important role of Ca2 was investigated mostly on

Saccharomyces strains. Different organisms require different

minerals for flocculation.

Kluyverornyces rnarxianus and Saccharomyces cerevisiae

were compared using seven divalent and two trivalent cations

(Sousa et al., 1992). For Kluyveromyces marxianus Ca2, Co2,

Mn2, Sr2 or Mg2 had all similar effects, being able to

promote flocculation. Nevertheless, they were not as

efficient as Fe2 or Sn2, which were the most effective ions
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tested. The trivalent ions, Ce3 and Al3, were both capable

of promoting flocculation, showing Ce3 a slightly lower

effect than Al3.

S. cerevisiae cells had a different behavior in the

presence of these ions. Indeed, Ce3 was unable to promote

flocculation, even after a 10 mm settling period, while

cells sedimented quite well in the presence of Al3 (Sousa et

al., 1992).

2.5.1 Employment of High Cell Density for the Alleviation of
Inhibition

High cell mass has been long used for the purposes such

as promotion of high fermentation rates and continuous

operation by using flocculating organisms (Bajpai and

Margaritis, 1986; Grootjen et al., 1991; Kosaric et al.,

1983, 1986, 1988; Kuriyama et al., 1993; Netto et al. 1985;

Prince and Barford, 1982), immobilization (Parekh et al.,

1989) and simply for continuous fermentation systems (cell

recycling) (Godia et al., 1987).

It seems to be true that Leonard and Hajny in 1945 were

the first researchers who tried high cell mass to overcome

inhibition encountered in wood hydrolysate fermentation. They

used only 5% wet weight of Saccharomyces cerevisiae reaching

a conversion rate of 39% and an alcohol concentration of

1.83%. Deverell (1983) worked on the fermentation of aspen

hydrolysate with Pachysolen tannophilus at 11 g cell mass/L

(dry weight) requiring a fermentation time of 30 h and
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achieving 0.43 g ethanol/g sugar consumed. Deverell (1983)

clearly stated in the paper;

“High cell concentrations are required to achieve
the fermentation rates obtained with synthetic
media which would probably necessitate the use of
yeast recycle for ethanol production on a
commercial scale”

This statements implies that 11 gIL dry weight is still low.

Yu et al. (1986 and 1987) also tested the fermentability of

spent sulfite liquor using Canc1ida shehatae at different cell

concentrations (2 g to 10 g/L) and proved that high inoculum

amounts have a large effect on the rate of ethanolic

fermentation.

However, flocculating yeast also has advantages in terms

of high cell mass employment since it can offer a cheap

alternative for more expensive ways of cell retention, such

as immobilization in gels or the use of microfiltration

membranes (Grootjen et al., 1991).

2.5.2 Remarks on Fermentation

Numerous sophisticated fermentation methods and their

processes were developed in the past. However, the reason for

continued and wide-spread use of older fermentation systems

is that it is very costly to redesign the existing facilities

for the new systems and replace them with more efficient

processes. Further, it may also be energy and cost intensive

to employ sophisticated technology for proper fermentation

management. Fermentation system designs now routinely involve

some sort of sugar solution treatment to eliminate
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inhibition. This requirement may be more stringent with wood

hydrolysates which are prepared under harsh hydrolytic

conditions and give rise to inhibitory by-products. Prior art

literature indicates that for highest fermentation (ethanol)

yield, a hydrolysate treatment will be mandatory. Therefore,

specific testing of the possible inhibitors, in particular

hydrolysates with specific microorganisms, becomes mandatory

for accurate estimation of the potential ethanol yields and

value of the hydrolysate. Economically, the value of the

incremental yields and often reduction of the fermentation

time must be carefully weighed against the cost and technical

complexity of the hydrolysate treatment process selected.
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3.0 MATERIAL AND METHODS

3.1 SAMPLE PREPARATION

A white spruce log (23 years old, 33 cm in diameter and

25 m in height) and was debarked and subjected to chipping at

the British Columbia Institute of Technology into commercial

size pulp chips. The pulp chips were used as hydrolysis

substrate for the study of fermentability of the ACOS

hydrolysate. Basic chemical characterizations such as

determination of extractives, holocellulose, alpha cellulose,

lignin and sugar analyses were performed on this raw material

before commencing the hydrolysis. Procedures for analysis of

wood extractives are taken from Quinde and Paszner (1991 and

1992) as suggested for Slash pine (P. elliottii)

3.2 CHARACTERIZATION OF SUBSTRATE (WOOD)

The commercial size chips were ground into sawdust using

a Wiley Mill (Arthur H. Thomas Co., Philadelphia, U.S.A.) to

pass 40 mesh and be retained on 60 mesh using Canadian

standard sieve series (Tyler Limited, Ontario, Canada). The

sawdust of 40 (425 .tm) to 60 mesh (250 Lm) was dried in the

CTh room (200 C, 50% humidity) for two weeks before use. 2 g

of sample was oven dried for 4 hrs and then the moisture

content was determined at least in triplicate.
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3.2.1 Extractives

5 g of the ground sample (air dried, 40 - 60 mesh

screen), in a tared cellulose extraction thimble (Whatman, 33

mm x 80 mm) was put in the Soxhlet apparatus after filling

the extraction flask with ethanol-benzene (2:1, V/V) (TAPPI

Standard T 204 os-76). The heaters were adjusted to provide a

boiling rate which recycled the solvent at least 6 times per

hour. After extraction for 4 - 5 h the solvent was removed

and the extractives were quantified (TAPPI 204 - os -76) and

qualified by GC (Hewlett Packard 5890A). These experiments

were carried out in triplicate.

3.2.1.1 Gas chromatographic study of extractives

Gas chromatography was carried out with a Hewlett

Packard 5890A gas chromatograph equipped with a flame

ionization detector and a HP 3396A integrator. The resin-

and fatty acids were analyzed on an HP-5 fused-silica cross-

linked bonded phase capillary column (30 m x 0.25 mm, 0.33 pin

thickness). An HP—5 capillary column was chosen due to its

best resolution for the resin-and fatty acids (Quinde, 1990).

The temperature program was set at 5 mm at 40° C, for 25 mm

at 70 C/mm to 215° C and finally for 15 mm increase at 3° C

1mm to 260° C. The temperature of the injector was set at

200° C and that of the detector at 300° C. The injection

volume was 0.2 !.LL in the splitless mode. Helium was used as

the carrier gas at a flow rate of 1.7 mL/min. The solvent

used was dichloromethane.
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3.2.1.1.1 Methylation of resin- and fatty acids

Methylation of both resin-and fatty acids prior to

injection was carried out with fresh diazomethane (CH2N2)

prepared according to de Boer and Backer (1963).

The generator system was clamped in a fume hood behind

an explosion proof shield. The esterification apparatus is a

modification of the one proposed by Levitt (1973) and

consists basically of a diazomethane generator, source of

inert gas and the esterificatiori receptacle (Fig. 10). The

generator is a 360 mm long x 20 mm diameter test tube

equipped with a ground joint which is joined to a glass bulb

having three side arms. One of these side arms is used to

connect the bulb to a nitrogen gas source, another one holds

a small dropping tube with a stopcock and the third side arm

connects to the esterification receptacle. In the test tube

10 mL of each of diethyl ether and 2-ethoxyethanol and the

appropriate amount of N-methyl-N-nitro-p-toluenesulfonamide

are placed. The amount of diazomethane generator used for

individual and mixed samples were 0.6 and 2.5 g,

respectively. The test tube was then connected to the bulb.

Inert gas (i.e. nitrogen) was passed through the system for

approximately 30 seconds, while at the same time 2 mL of 60%

aqueous potassium hydroxide was added to the dropping tube.

The gas flow was then interrupted and the stopcock opened to

allow the KOH to drain into the generator. The test tube was
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heated in a water bath to 70° C. After closing the stopcock,

the gas flow is resumed at a rate of 1 - 2 bubbles per

second. At this point, the ethereal diazomethane generated

was swept out of the generator by the nitrogen gas and was

introduced into the sample by means of a Pasteur pipette

during a fixed time.

The sample was then set aside for 1 to 2 mm to allow

the esterification to be completed. Finally, the esterified

solution was purged with nitrogen gas in order to sweep out

the excess diazomethane. At this point the sample was ready

for GC and GC-MS analysis.

After the esterification was finished, the excess

ethereal diazomethane in the generator was vented into the

fume hood and 10% acetic acid was added dropwise to destroy

any traces of unreacted nitrosoamide and/or diazomethane and

to neutralize the base.

3.2.1.1.2 Time of methylation reaction

The extractives had to be derivatized to increase their

volatility for GC analysis. Methyl ester derivatives of

resin- and fatty acids are the most common derivatives for

gas chromatographic analysis (Fourie and Basson, 1990). Most

of the published techniques for methylation suggest the

dropwise addition of freshly prepared ethereal solution of

diazomethane into the sample until it just attains a faint

yellow color (Levitt, l973, Zinkel and Han, 1986). The amount

of diazomethane delivered to the sample during methylation
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depends on factors such as the flow of the nitrogen gas

(carrier of the diazomethane produced), the length of time of

exposure to the gas stream (bubbling), the temperature of the

water bath of the generator, and the amount of nitrosoamide

added.

Generally, 1.5 to 2 mm are needed for the pale yellow

color to show up in the sample solution to indicate an excess

of diazomethane. According to Zinkel and Han (1986)

methylation of dehydroabietic acid in ether/methanol (9:1)

was fully completed after 1 mm.

Table 4. Extent of methylation of dehydroabietic acid with
diazomethane in various solvents. (Zinkel and Han,
1986)

Reaction time*
Solvents

5mm 3mm 1mm

Benzene 97 % 91 % -

Toluene 95 % 96 % -

Ether 95% 34% 11%
Ether/MeOH (9:1) 100 % 100 % 100 %

* Add 5 to 15 sec for evaporation of diazomethane.

When working with colorless model compounds, it is easy

to monitor the methylation reaction since an excess of

diazomethane is detected by the yellowing of the solution.

However, in the case of colored solutions, such as wood

extracts, the appearance of the yellow color is camouflaged

by the coloring materials in solution. For this reason, it

was necessary to devise an alternative means of sensing the

completion of the methylation reaction. As an alternative,
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methylation of colored solutions was performed at fixed time

(5 mm)

3.2.1.1.3 Solvent selection for methylation

In this experiment, pairnitic-, dehydroabietic- and

abietic acids were methylated in dichloromethane-methanol

(9:1). Known amounts of methyl heptadecanoate were added to

these solutions as internal standard.

3.2.1.1.4 Saponification of esterified fatty acids

Saponification was carried out according to Ekman (1979)

and the products analyzed by GC and GC-MS. Fractions to be

saponified were evaporated to dryness prior to the addition

of a 0.4N KQH solution in 90% ethanol. This mixture was

allowed to stand for 4 h at 70° C to allow saponification of

the esters. At the end of the reaction, the mixture was

diluted with water (1:1 v/v) and acidified with 0.4 N H2S04.

The acid constituents were isolated by successive extractions

with diethyl ether. The combined extracts were evaporated and

redissolved with a dichioromethane-methanol (9:1) mixture

prior to methylation. The resulting resin- and fatty acids

were analyzed by GC as described above.

3.2.1.1.5 Characterization of resin- and fatty acids from
wood

Characterization of resin and fatty acids was performed

on the ethanol-benzene Soxhiet extractives. Crude extracts

were taken after freeze-drying and divided into two portions.
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The first part was rnethylated directly for the analysis of

resin acids and free acids, and the second sample was

saponified and later methylated in order to account for the

total fatty acid content of the wood.

The analytical procedure for the determination of resin

and fatty acids present in wood consisted of three major

steps: 1) removal, concentration and quantification of the

total extractives, 2) saponification and/or methylation of

resin- and fatty acids, and 3) identification and

quantification of individual resin- and fatty acids by GC and

GC-MS.

Calibration curves were prepared by using standard

solutions of resin- and fatty acid methyl esters at three

different concentration levels; all containing the same

amount of methyl heptadecanoate as internal standard.

Response factors for all resin and fatty acids were

calculated by the integrator. Resin acids were purchased from

Helix Biotech Scientific Ltd. and the fatty acids were

secured from Aldrich Chemicals Company, Inc.

3.2.2 Holocellulose

A triplicate 2.0 g sample, pre-extracted with alcohol -

benzene as in section 3.2.1, was conditioned to 10% moisture

content. The sample was placed in tubes of 50 mL capacity

and 7.0 mL of buffer solution (60 mL HAc + l.3g NaOH per

liter) was added to each tube, followed by the addition of 12

mL of 20% chlorite solution. The initial pH was adjusted to
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3.2 - 3.8 using acetic acid. The tubes were placed in a

shaking water bath at 60 rpm at 50° C overnight (16-20 h).

The tubes were put in a refrigerator at 5° C to cool and then

the contents were transferred into tared medium porosity

sintered glass crucibles, washed with 100 rnL of 1% acetic

acid, followed by washing with two portions of 5 mL of

acetone without vacuum. The holocellulose content was then

determined gravimetrically after conditioning to constant

weight in a CTH room.

3.2.3 Lignin Content

Ligriin content of the sample is determined by the Klason

lignin method (TAPPI 222-os-75); 2 rnL of 72% sulfuric acid is

added to 0.2 g (ovendried weight) of sample. The mixture

remained standing for 1 h with frequent stirring with a glass

rod at room temperature and diluted to 1 L (3% acid

concentration) with distilled water. The solution was then

subjected to autoclaved at 120° C for 1 h to effect

secondary hydrolysis. The autoclaved mixture was allowed to

stand overnight to cool and settle and then filtered through

a pretared middle porosity crucible (TAPPI-222-os-75). Acid

soluble lignin (UV lignin) was determined by UV absorbance

(Varian Cary 1 UV-Visible spectrophotometer) reading at 205

run (TAPPI um-250). This experiment was carried out in

triplicate. The acid soluble lignin content was calculated by

using the following equation:
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BxVx 100
Lignin

= 1000 x W

where: B = lignin content (g/100 rnL),

V = total volume of solution,

W = oven-dry weight of wood meal

B can be calculated from

B= AxD
110

where A = UV absorbance at 205 rim
D = dilution factor

110 = absorptivity,

3 .2 .4 Alpha-Cellulose

2 g of holocellulose obtained from 3.2.2 was soaked in

and washed with 25 rnL of 17.5% NaOH , followed by washing

with 25 mL of ice water and then subjected to filtration.

After filtration, the residue was washed with two 25 mL

portions of acetone and then the alpha cellulose content was

determined gravimetrically.

3.2.5 Sugar Composition of Spruce Wood

Acid hydrolysate obtained by Klason method of 3.2.3 was

used for the analysis of sugar composition. The sample was

directly injected into the HPLC column without pretreatment

arid pH adjustment. A DIONEX HPLC (Dionex Corp., Sunnyvale,

CA) equipped with autosampler, gradient pump and pulsed
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arnperometric detector was used (Fig. 13) and the eluent was

degassed by vacuum for 20 mm and degassed again by DIONEX

eluarit degas module using helium before use (Anon, 1989b;

Edwards et al., 1987; Petterson et al., 1982).

The columns used were anion exchange resin columns,

CarboPacTM PAl (4x250 mm), and a guard column (4x50 mm) to

protect the main analytical column from contamination. An NG1

guard column was also placed before the Carbopac PAl guard

column to remove any impurities such as phenolic materials in

the hydrolysates. The CarboPac column contains polymeric

nonporous MicroBead resins (see Fig. 11) which exhibit rapid

mass transport, fast diffusion, high pH stability (pH 0-14),

and excellent mechanical stability (>4,000 psi)
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.
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so; 3h
NR3
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Fig.ll. Pellicular anion exchange resin bead (Anon, 1989b).

The Pulsed Arnperometric Detector (PAD) had a flow

through cell with a gold working electrode, stainless steel
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counter electrode, and a silver/silver chloride reference

electrode. The potential of the working electrode was cycled

through three values to let the electrode surface be cleaned

and current be stabilized before sampling the oxidative

current from the flow-through solution. Working electrode

potentials were set as follows: El = 0.005 V (300 ms), E2 =

0.60 V (120 ms), E3 = —0.80 V (300 ms) with a sampling time

of 200 ms from 100 ms to 300 ms. The E2 and E3 pulses remove

remaining sugars and then reactivate the gold surface,

respectively. The response time was 1.0 second and the output

range was 100 nA. The pulse sequence for carbohydrates is

shown in Fig. 12.

volts

0.8

0.6

0.4

0.2

0

-0.2

-0.4

-0.6

-0.8

Fig. 12. Pulse sequence for carbohydrates (Anon, 1989b).

The main analytical eluent used was degassed, distilled

and deionized water prepared by a Millipore Mill-Q Water

System. The column was regenerated after every injection with

Clean
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Surface

E3
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E3

300 420 720
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250 mM NaOH which was prepared as follows; The distilled

deionized water used was degassed first by helium gas for 15

mm before mixing with the NaOH solution to avoid carbonate

formation.

The flow rate was 1.0 mL/min and 500 mM NaOH was

introduced into the mixing cell from a post-column pump

(Varian 5000 HPLC) at the flow rate of 1.0 mL/min. All

samples before loading onto the column were filtered through

0.4Iim syringe filters (NALGENETh). All tubings used are made

of metal free PEEK. According to the literatures fucose is a

well known internal standard for wood sugar analysis when in

the t)ionex CarboPac PAl analytical column (Anon, 1989b;

Edwards et aL, 1987; Petterson and Schwandt, 1984). However,

its retention time is very close to that of HMF. Thus, after

some time its use was given up since its use badly affected

the analysis. Sucrose was also another good candidate as an

internal standard according to the Dionex Co. but it shows up

quite some time after the last peak (mannose) and in the

fermentation sample there was an unknown peak (slope) after

mannose which coeluted with the sucrose peak. For the

accuracy of analysis basically three injections were made for

each sample and the standard solution was injected after

every five samples to monitor possible variations in the

column or detector conditions (the coefficient of variation

was 0.65%). Calibration curves were prepared by using

standard solutions of arabinose, galactose, glucose, xylose

and marinose at three different concentration levels. The data
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were processed by DIONEX AI-450 software using a DIONEX

advanced computer interface. The computer used is Hewlett

Packard 486 Vectra with Microsoft Window 3.1.

Fig.13. Basic post-column delivery system.

Correction factors were used to account for glucose and

xylose decomposition during quantitative saccharification

procedures. These correction factors are 0.95 for glucose and

0.86 for xylose (Kwarteng, 1983).

3.3 ACOS SACCHARIFICATION

Various modes of hydrolysis were tried in order to

determine which type of hydrolysis process gave the highest

sugar survival rate, contributed the best inhibitory

500 mM
NaOH

Pulse
Damper 150’ x 0.007”

tubing

Beaded
Mixing coil
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substances and was most practical and economically feasible.

Batch, fractional transfer and flow-through percolation type

hydrolyses were tested.

The composition of the cooking liquor was 80:20

acetone:water, 0.04 N H2S04 and a temperature of 1800 C was

chosen from the literature (Paszner and Chang, 1986) and

continuously used throughout all cooks. There were no

intentions to optimize the cooking conditions (correlation of

temperature, ratio of acetone and water and acid

concentration) since these were already described in the US

patents (Paszner and Chang, 1981, 1986). The present study

merely intended to study the formation and identification of

inhibitory compounds in the hydrolysate followed by

fermentation.

3.3.1 Batch Type ACOS Hydrolysis

20 g of air dry chips, from which the abnormally large-

size chips bigger than 2 cm x 2 cm x 1mm were screened out,

were put into the cooking digester (Paar Instruments Co.,

Molline, Ill., USA) of 250 mL capacity with 200 mL of cooking

liquor (Fig. 14). A tight fitting glass liner was used to

reduce the influence of metals formed from the equipment by

the acid used. The digester was equipped with an

iron/constantan thermocouple, pressure gauge, rupture and gas

outlet valves. Cooking liquor to wood chip ratio was 10:1.

Approximately 10% of the capacity of the digester was left to

avoid development of a hydrostatic pressure. When the
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temperature of the oil bath (HAAKE Heating Bath and

Circulator N4-B equipped with control module N4 and HAAKE

Mess-Technik high—temperature oil) has reached 180° C, the

digester was put into the bath and the hydrolysis continued

for 30 mm.

Pressure Gauge

Gas Oulet Valve
Rupture Disk

H
Thermocouple

Glass Liner

Cooking Liquor

Wood Chips ( Oil Bath

Fig.14. Batch Type ACOS Hydrolysis Reactor.

An approximately 14 mm were required to reach the reaction

temperature (180°C) after 30 mm. The digester was taken out

from the bath and cooled by immersion in cold water to

minimize the formation of sugar degradation products. The

cold digester was opened and the cooking liquor drained into

a 300 niL beaker through a 20 mesh sieve to filter off the

large residues. The residue was washed with acetone until no
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further color appeared. The residue was allowed to air-dry in

the fume hood for an hour to evaporate the acetone and put

into an oven at 105° C for 4 h to dry. The hot sample was

transferred to a desiccator for 15 mm to cool and weighed on

an analytical balance for oven-dry weight and mass balance

calculation.

The acetone of the hydrolysate was subjected to flash

evaporation on a rotary evaporator at 50° C. The resulting

hydrolysate was titrated to pH 0.9 (4% H2S04) using

concentrated or 10% sulfuric acid and autoclaved for 1 h at

120° C (Saeman et al., 1945). Sugar analysis was performed on

a Dionex HPLC after the necessary dilution as indicated in

3.2.5. The pH of the hydrolysate was adjusted to pH 5.5 using

saturated or 10% NaOH.

3.3.2 Fractional Batch Transfer ACOS Hydrolysis

For the selective hydrolysis of extractives, lignin and

hemicelluloses, a fractional batch type ACOS hydrolysis was

tried. The cooking conditions were the same as in 3.3.1. A

250 mL reactor and a 2 L solvent reservoir were used. 20 g of

wood chips and 200 mL of cooking liquor were placed into the

glass-lined stainless steel digester which was then sealed.

The 2 L pressure vessel was also glasslined and filled with

the same cooking liquor up to 80% of the capacity of the

vessel (1.6 L). Both digesters were equipped with high

pressure gauges, thermocouples, rupture and gas release

valves. The 2 L vessel was connected to a nitrogen tank to
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pressurize the reservoir and help the liquor transfer through

the stainless steel high-pressure tube. The 2 L vessel was

preheated to the reaction temperature, 1800 C, in the oil

bath. When the temperature reached 180° C the small digester

with the cooking liquor and wood chips was put into another

oil bath and the vessels were connected using Swagelok high-

pressure tubing and a flow control valve. The temperatures

and pressures were monitored (Fig. 15).

pressure gauge
thermocouple

Fig.15. Fractional ACOS Hydrolysis Set-up.

ice cubes

According to the time-temperature profile, the outlet

valve of the small vessel was opened slowly and the first

hydrolysate was rapidly drained into a receiving flask

containing lOOg of crushed ice. The outlet valve was then

closed, the flow control valve of the transfer line opened

and fresh cooking liquor was transferred from the large

thermocouple

preheating
oil bath

Cooking Liquor
+

Wood Chips
in Reactor
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vessel to the reactor under pressure. The 2 L vessel was

repressurized from the nitrogen tank up to 800 psi to push

the liquor into the small reactor. Thus the pressures of the

two vessels were equilibrated to about 400 psi. Up to five

transfers were performed in this manner. The transfer line

was disconnected after the 5th transfer resulting in 6

hydrolysate fractions. The small vessel was taken out and

rapidly cooled in a water bucket.

180°

200 C

Removal of Time
95% of Hemicellulose (mm)
Extractives & Lignin

Fig.16. Time-temperature profile of small vessel liquor
during fractional ACOS Hydrolysis

The vessel was opened and the contents were poured into a 300

mL beaker through a 20 mesh sieve. The residue was washed

with acetone until the washings become clear. The washed

residue was placed into a drying oven at 105° for 4 h,

transferred into a desiccator for 15 mm and weighed on a

balance. The hydrolysate fractions were subjected

individually to flash evaporation on a rotary evaporator to

T Liquid Transfer

e

20 30

Glucose & Lignin

60 70
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remove the acetone at 5Q0 C followed by sugar analysis by

HPLC. A diagram of the fractional ACOS hydrolysis process and

established time-temperature profile are shown in Fig.15 and

16, respectively.

3.3.3 Flow-Through Continuous Percolation Hydrolysis

The flow-through hydrolysis equipment set-up used the

same reactor except that the liquor feed line was connected

to an old HPLC pump which in turn used one of its atmospheric

pressure solvent reservoirs as the liquor source. On the in-

feed side, the liquor was passed through a 1/8” coil (about

100 cm long) immersed in the oil bath to preheat the liquor

before entering the reactor. On the exit side (the siphon

tube reaching to the bottom of the reactor), the liquor was

first passed through a coil immersed in an ice-water bath and

then allowed to drip into the receiver (1000 rnL Erlenmeyer

flask) . The back-pressure was regulated by a conventional

Nupro gas regulating needle valve (Fig. 17).

For these trials the chip thickness was reduced to 1-1.5

mm in order to reduce the mass transfer effects of large size

chips on the rate of hemicellulose removal from the inside of

large chips (Ward and Grethlein, 1988). The reactor was

charged with 20 - 25 g of thin chips (about 15 mm x 10 mm by

1 mm thick> along with 150 rnL of 80:20 acetone:water solution

containing 0.04 N sulfuric acid. The pressure vessel was

closed, connected to the feed and drainage lines and placed

in the oil bath at 180° C. For heat-up 7 mm were allowed for
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the temperature to reach 1000 C before the high-pressure feed

puxrç is turned on. After starting the feed-pump, the pressure

was allowed to rise to 350 psi in the reactor at which point

FLOW DIRECTION

valve

HYDROLYSATE
COLLECTOR

Fig.17. Flow-Through Continuous Percolation Set-up.

the needle valve was cracked open and the back pressure set

to 400 psi. The hydrolysis solvent was pumped at 12 - 15

rnL/min rate and the liquor collected at that rate under

steady flow. This pumping and collection system allowed

collection of any number of fractions, if so desired, by

sirrçly changing the receiving vessel at the right time. About

40 mm was required for total hydrolysis. At the end of the

run all valves were closed and the tubings disconnected. The

250 mL vessel was taken out of the oil bath and cooled down

HIGH
TEMPERATURE

OILBATH

cooling coil

ICE WATER
BATH
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quickly in a water bucket. When the pressure dropped to

atmospheric the digester was opened and the contents were

collected into a beaker through a 20 mesh sieve. The residue

and hydrolysate were treated in the same way as in 3.3.2.

It is also possible to collect hernicellulose

hydrolysates selectively in high yield by using a cooking

liquor of different composition which does not accelerate the

hydrolysis of the crystalline cellulose (e.g., 75:25

acetone:water, 0.005 N H2S04, 180 - 190° C)

This mode of operation also allowed close control of the

average residence time of the hydrolysate in the reactor by

merely increasing or decreasing the pumping/drainage rates.

The minimum average residence time attainable with the HPLC

pump was 13.33 mm. The maximum pumping rate was 15 rnL/min.

At a total hydrolysis (saccharification) time of 45 mm, the

average residence time was found to be acceptable. The liquor

(aqueous) to wood ratio was 135 rnL:25g = 5.4:1. At a total

reducing sugar yield of 95%, the sugar concentration in the

aqueous phase was 14.33%. Higher sugar concentrations can be

obtained by increasing the wood charge in the reactor to

increase the chip-bed height.

3 .4 SECONDARY HYDROLYSIS

When sugars of the wood in the form of polymers are

hydrolyzed, they do not fully convert to their own monomers

(for example, cellulose to glucose or xylan to xylose)

depending on the hydrolysis conditions. Harsh condition gives
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better yield of monomers and also degrade the hydrolyzed

monomers to furans but mild conditions lower the yield of

monomers leaving more oligomers. Thus, secondary hydrolysis

should follow after the main saccharification to complete the

hydrolysis to free reducing sugars. In case of the ACOS

process mainly isopropylidenes have to be hydrolyzed to free

reducing sugars.

According to the Kiason method, the hydrolysate is

obtained by treating the wood meal with 72% H2S04 for 1 h and

the solution diluted to 3% acid concentration using water.

The solution is then subjected to autoclaving at 1200 C for 1

h or ref luxing in boiling water for 6 h. Either procedure

gives satisfactory results (Saeman et al., 1945). Currently

some researchers use 3% acid concentration but sometimes 4%.

Thus, following types of secondary hydrolysis conditions were

compared in terms of behavior of total sugars and individual

sugars with different concentrations of acid were carried out

to confirm and compare secondary hydrolysis methods; 1)

untreated hydrolysate (control) 2) 0.5% H2S04, 2 hr boiling 3)

3% H2S04, 40 mm boiling 4) 3% H2S04, 6 h boiling 5) 3% H2S04, 1

h autoclave 6) 4% H2S04, 1 h autoclave. The best result

(highest sugar concentration) was obtained by 4% H2S04, 1 h

autoclaving at 120° C.
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3.5 PRETREAThENTS OF THE HYIDROLYSATE

3.5.1 Charcoal Treatment

100 mL of hydrolysate obtained in 3.3.3 was set to pH

5.5 and treated with 10 g of charcoal powder for 30 mm with

stirring at room temperature filtering through Whatman filter

paper No 1 using an aspirator. About 20 mL of distilled water

as added to complete the washing of sugars retained in the

charcoal bed. The total volume of the resulting hydrolysate

exceeded 80 mL. On mixing with the yeast, the resulting

solution was approximately 100 rnL (the capacity of glass

fermenter was 120 mL) . Thus, all sugar solutions were

subjected to flash evaporation at 500 C to adjust the volume

to 80 mL. It was found, however, that this treatment

decreases the pH to 3.0 (about 2 units). The pH of the

treated hydrolysate was readjusted to 5.5 using 10% NaOH.

Regeneration of the charcoal column, treated with

hydrolysate to the point of color break-through, where the

color of the treated effluent was virtually the same as the

solution being applied (i.e., saturation of the column), was

only partially successful. The saturated column was washed

first with water followed by 0.5 N ammonia water and followed

by 90:10 acetone water at pH 6.3. Acidification of the

acetone:water solution to pH 3.0 was of no help.
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3.5.2 Arnberlite XAD-16 Treatment (polymeric adsorbent)

XAD-16 is a polymeric adsorbent available in the form of

white insoluble beads, supplied in the fully hydrated form.

It is a non-ionic, hydrophobic, cross-linked polystryene

copolymer, characterized by its unique macrorecticular

porosity, controlled pore size distribution and high surface

area (Anon, 1992). It has excellent physical resistance and

thermal stability and has low swelling between solvent and

aqueous media. The bead size is 0.3 to 1.2 trim in diameter and

its specific gravity is 1.02, bulk density 750 g/L surface

area 750 m2/g minimum and porosity 0.58 to 0.63 rnL, pore/mL of

beed. Its use of pH range is 0-14 and the temperature

limitation is 1800 C. It is known to remove coloring

materials and acidic compounds causing bitter tastes in the

food industry.

The XAD-16 resin was supplied in wet form. The resin had

to be treated before use as follows: A graduate column with a

capacity of 100 cm3 was cleaned with distilled water and air

dried. Some glass wool was placed on the bottom of the column

to prevent the resin from draining. Enough resin to fill the

column to 40 cm3 was transferred into a 200 mL beaker and

sufficient methanol was added to cover the resin bed by 2.5 -

5 cm. The mixture was stirred gently for a minute to ensure

complete mixing. The material was allowed to stand for 15

minutes. The methanol was decanted and replaced with

distilled water. The mixture was stirred and allowed to stand

for 5 - 10 minutes. The resin should be in water to prevent
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it from dehydration and thus reduce channeling in the bed.

The resin was slowly poured into the column. As the column

filled, the excess water was drained through the bottom of

the column using the stopcock. This procedure also removes

the air bubbles. The column was washed with more than 5 -8

times of the bed volume before use. The hydrolysate at pH 5.5

was introduced into the column and the flow rate adjusted to

2.5 mL/min using the stopcock. About 20 rnL of water was added

to ensure complete washing off of the sugars retained in the

resin (Fig. 18). The pH of the treated hydrolysate was a

little bit increased depending on the acidity of the

hydrolysate and the volume of the resin bed. Thus, the

resulting hydrolysate solution was also treated after pH

adjustment before fermentation as described in 3.5.1.

A regeneration method of the resin after application of

the hydrolysate was tested arid optimized. Acetone alone was

tried in the same manner as for the treatment of the

hydrolysate. It was found that the resin swelled in acetone

and floated. This became a problem and it took a long time

for complete settling of the resin. Pure acetone did not

completely regenerate the resin (does not go back to the

original white color). A mixture of 80% of acetone and 20%

water was tried. It gave quite acceptable settling time.

Addition of 5% sulfuric acid solution removed the black color

from the resin. Based on this observation the idea for the

use of ACOS cooking liquor as the regenerating solvent was

derived. ACOS cooking liquor consists of 80:20 acetone:water
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and 0.04 N sulfuric acid. When the resin was treated with the

ACOS cooking liquor the lignin and adsorbed extractives

materials were effectively eluted and the color of the resin

corrletely reverted to the original for reuse. However, fresh

resin was used throughout the work.

Hydrolysate

Resin

Glass Wool

Stopcock

0
O Hydrolysate Receiver

Fig.18. Column operation of Arnberlite Resin XAD-l6.

3.5.3 Solvent Extraction (Liquid/Liquid)

Diethyl ether was selected since it is known to remove

resin- and fatty acids, inhibitory compounds, from the

organosolv black liquor (Quinde, 1990). 100 mL of hydrolysate

at pH 5.5 were put into a 500 mL separatory funnel and 100 mL
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of diethyl ether were added. The funnel was stoppered and

vigorously shaken to mix the contents under the fume hood for

2-3 mm. The stopper was opened between shaking to release

the gas formed. The lower part (hydrolysate) of the phase

separation was collected into a beaker and the upper part

with absorbed materials was kept for further analysis. The

extraction was repeated at least three times in the same way.

Finally, the treated hydrolysate was subjected to flash

evaporation at 55° C to remove the residual diethyl ether and

water to adjust the total volume to 80 mL prior to

fermentation. The pH was unchanged.

3.5.4 IRN-iSO Treatment

Aroberlite IRN-l50 mixed ion exchange resin is a mixture

of strongly acidic cation and strong anion exchange resins

which contain equivalent hydrogen ions for each equivalent of

hydroxide ion. Its parent resins are IRN-77 (hydrogen form)

and IRN-78 (hydroxide form).

Prior to use, the resin was transferred to a 500 mL

beaker, 2-3 volumes of bed amount of distilled or deionized

water were added and mixed thoroughly. The mixture was

allowed to stand for 5 - 10 mm and the water was carefully

decanted and replaced with fresh distilled and deionized

water. After about 10 mm the slurry was poured into a column

in the same way as in 3.5.2. Three to five bed volumes of

distilled, deionized water were passed through the column. A

head of 2 - 3 cm of water above the resin was left to reduce
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the channeling in the bed and prevent dehydration of the

resin.

The hydrolysate at pH 5.5 was passed through the column

at a flow rate of 2.5 mL/min. About 20 mL of distilled,

deionized water was passed through the column to ensure that

all sugars retained in the resin were washed out. The rest of

the process was performed exactly in the same way as in

3.5.2.

For regeneration of the used mixed ion exchange resins,

the resin has to be removed from the column because cation

exchange and anion exchange resins are in the hydrogen and

hydroxide forms, respectively, requiring different chemicals

for regeneration. For the reason that they have different

specific gravities, they can be easily separated by phase

separation when stirred in water. However, regeneration of

mixed resin bed was not tried in this work because of the

technically complex procedure and new resin was continuously

used.

3.5.5 Combination of Pretreatments

Charcoal treatment gave water-clear hydrolysate after

treatment but the charcoal proved extremely difficult to

reuse and recover the chemicals adsorbed on the charcoal.

Thus, the idea to use charcoal as a polishing agent only was

tried. Diethyl ether + charcoal, XAD-16 + charcoal and mixed

ion exchange resin + charcoal were tried. The amount of

charcoal applied was 5 g.
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3.6 FERMENTATION OF THE ACOS HYDROLYSATE

Fermentation of the ACOS hydrolysate was tried with and

without pretreatments at different sugar concentrations. The

purpose of the fermentation was not to develop a highly

technical fermentation method but merely to estimate and

determine the presence and effect of inhibitory compounds in

the hydrolysate. This procedure was assumed to be suitable to

test the fermentability of the ACOS hydrolysate.

3 .6.1 Microorganism

Saccharornyces diastaticus # 62 was kindly supplied by

Labatts Brewing Co., London, Ontario, Canada. S. diastaticus

frequently appears in alcohol broths where its presence is

considered undesirable. It readily produces ethanol as well

as certain higher alcohols, glycol and esters that impart an

off-taste to the alcohol (beer), making it unsuitable as a

beverage (Masschelein, 1973). Thus S. diastaticus is

considered a contaminant in beverage alcohol production

(Kosaric et al., 1986). However, the presence of these by

products mentioned above is not a problem when ethanol is

utilized as a fuel. Consequently, there is no objection for

the use of this organism for fuel alcohol production. In

addition to the good ethanol production capability, this

yeast has a remarkable flocculating ability that can be

utilized in cheap and simple ethanol production systems with

high biomass concentrations (Fig. 19). This yeast is also

known to be tolerant to up to 10% ethanol, making it suitable
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for continuous fermentation (Kosaric et al., 1988) and

rendering the product processing facility at low capital

costs.

The agar slant for temporary storage of the yeast was

made as follows; 0.3 g of yeast extract, 0.3 g of malt

extract, 0.5 g of peptone and 2.0 g of agar in 50 rnL of

distilled water and 1 g of glucose in 50 mL of distilled

water were autoclaved, separately. They are mixed and 5 rnL of

the mixture was transferred to sterilized test tubes with

caps at a 30° angle. The test tube contents stiffened at

45°C. When the agar was stiffened, the tubes were inoculated

aseptically with S. diastaticus and put in an incubator at

30°C for the yeast to grow for about 24 h and then stored in

the refrigerator at 4°C or a freezer at -20°C with 5%

glycerol. The yeast was sub-cultured at approximately every 2

month intervals.

3.6.2 Isolation of the Organism

Several pretrials of S. cliastaticus fermentation of the

crude ACOS hydrolysate at the 5% sugar concentration level

ended up with total failure since no sugar was consumed,

proving that the yeast was not tolerant to the environment of

the hydrolysate without pretreatment. Thus, isolation of the

organism from the hydrolysate was tried as follows.
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S. diastaticus was grown in 50 mL medium at 3% glucose

level in 250 rnL baffled flask for 24 h and harvested by

centrifuge at 4000 rpm for 15 mm. 100 mL of the ACOS

hydrolysate (about 5% sugar level) was autoclaved at 4% acid

concentration for 1 h to complete the hydrolysis and its pH

was adjusted to 5.5 with NaOH pellets and 10% NaOH solution.

The precipitate formed by pH adjustment was filtered off

using Whatman No 1 filter paper and the solution autoclaved

for 15 mm for sterilization. 0.3 g of yeast extracts, 0.3 g

of malt extracts, 0.5 g of peptone, 1.9 g of KH2PQ4, 0.3 g of

(NH4)2HP04 and 0.1 g of MgSO4.7H20were dissolved in 10 rnL H20

and added to the hydrolysate aseptically. It was observed

that addition of nutrients increased the pH by 0.2 units. The

yeast was inoculated into the baffled flask containing the

hydrolysate and shaken at 120 rpm for 72 h. Growth rate was

determined spectrometrically at 620 rim. No growth was

observed at all. The experiment was abandoned on the bench.

After a week (all cells were already fully settled down to

the bottom of the flask and the upper solution was clear) it

was noticed that some organisms at the edge of the bottom

were alive since they were producing gas. Thus, using a

Pasteur pipette the organisms were selected and streaked unto

another agar plate. The pure colony was isolated and streaked

unto an agar plate again. This process was repeated three

times. The selected organism was transferred to new agar

slants and kept in the refrigerator. The isolated organism

was sent to ATCC (American Type Culture Collection) and it
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was identified as Saccharornyces cerevisiae. Saccharomyces

c3iastaticus is now grouped in S. cerevisiae.

3.6.3 Growing the Selected Yeast on the ACOS Agar Plate

A solution containing 1% sugar level of ACOS hydrolysate

was prepared and used as carbon source to make agar slants as

described above. The selected organism was transferred to the

hydrolysate plate and incubated for 48 h. Surprisingly, the

organism grew very well, even though the growth rate appeared

to be somewhat slower than observed on the synthetic agar

plate.

3.6.4 Inoculuni Preparation

Solutions of 3 g of yeast extract, 3 g of malt extracts,

5 g of peptone, 19 g of KH2PO4, 3 g of (NH4)2HP04 and 1 g of

MgSO4.7H20in 900 mL of water and 30 g of glucose in 100 niL of

water as a carbon source were sterilized at 120°C for 15 mm

separately, and mixed together in a 2 L flask and divided

into four 1 L baffled flasks (Nalgene) with cotton plugs on

each. A loopful of the selected organism from the agar slant

was aseptically added to each of the flasks. The cultures

were incubated with shaking at 32°C (120 rpm) for 24 h and

harvested by centrifuge at 4000 rpm at 5° C for 15 mm. The

yeast extract, malt extract and Bacto peptone used were

products of Difco, Detroit, Michigan, USA.
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3 .6.5 Fermentation

120 mL capacity glass fermenter and rubber bung as a

stopper were sterilized in an autoclave. The fermenter has a

water jacket outside of the fermenter chamber and the

conditioning water was pumped through the jacket from a water

bath set at 32° C using a peristaltic pump (EASY_LOADTM

Masterflex, Cole-Parmer Instrument CO., Chicago, ILL., USA)

to maintain a constant temperature in the fermenter (Fig.

20). The sterilized hydrolysate, medium and inoculum were

introduced into the glass fermenter after the pH was set to

5.5. The total volume of the medium plus yeast was adjusted

to 100 mL with sterilized distilled water leaving

approximately 20 cm3 head space. The fermenter was closed with

a rubber bung equipped with 5 mL syringe and CO2 outlet hose.

The CO2 outlet hose was dipped into distilled water contained

in a flask to monitor the release of CO2. The medium was

stirred with a teflon coated stirring bar using a magnetic

stirrer (Fisher, USA) for the maintenance of good contact of

cells with the medium. 2 rnL size samples were taken regularly

at given time intervals and centrifuged at 4000 rpm for 15

mm at 5° C (Baxter Megafuge 1.0 R, Haraeus Instruments).

When the sample was taken, contamination by bacteria was

tested after staining with methylene blue. Once contamination

was observed the experiment was abandoned. The fermentation

was run in triplicate and the median was taken rather than

the mean because of the outlier. The reason why the outlier

occurred includes mainly different cell mass which was out of
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control in the laboratory. Low cell mass might have produced

unexpectedly lower ethanol yield than high cell mass since

low cell mass could not alleviate the inhibition as much as

high cell mass. Even though the initial cell mass was in

control the productivity and production rate should be

different because of different lag phase of every

fermentations caused by the different activity of enzymes in

the cells

Fig.20. Diagram of the Fermentation Apparatus.

Water Flow
Direction
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The upper solution layer was decanted into 5 mL vials

(Wheaton, Miliville, NJ, USA) for the analysis of sugar

content and xylitol content by HPLC. The vial was placed into

the freezer at -10° C to stop any further enzymatic activity

in the sample while the centrifuge tube containing the yeast

cells was put into the refrigerator for the determination of

cell mass. The ethanol was determined by GC on a Hewlett

Packard 5890 (series II) gas chromatograph using Supelcowax

10 at 75° C. Hexane was used as an internal standard. The

injection temperature was 200° C and the detector temperature

was 3000 C. The carrier gas used was helium at a flow rate of

1 mL/min with split mode of 100:1.

3.6.6 Determination of Cell Mass

The samples taken at a given interval contained

hydrolysate and cells. The hydrolysate separated from the

cell mass by centrifuging was decanted into 10 mL vials and

the cells remaining in the centrifuge test tube were filtered

using 0.2 .un filter paper (Millipore) with enough distilled

water until all nutrients were washed out. The cells plus

filter paper were ovendried at 105° C for 4 h and weighed on

an analytical chemical balance. The filter paper with the

cells was ovendried for further 4 h and reweighed again to

avoid any errors.
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3.7 IDENTIFICATION OF INHIBITORY COMPOTJ11DS IN THE ACOS
HYDROLYSATE

Furfural and HMF were determined by HPLC. The operating

conditions for the HPLC analysis of furans were the same as

described in 3.2.5.

For the determination of resin- and fatty acids, 100 rriL

of the hydrolysate were extracted by an equal volume of

diethyl ether three times. The combined solutions were then

freeze-dried, derivatized and analyzed by GC. The conditions

for the GC determination of extractives were the same as

described in 3.2.1.1.

For the identification of phenolic compounds in the

hydrolysate TMS (N,O-bis(trimethylsily)trifluoroacetamide)

derivatization was performed as follows;

100 mL of ACOS hydrolysate before and after

pretreatments was extracted with 100 mL chloroform three

times. The resulting solution was subjected to flash

evaporation at 55° C. The residue was dried in the freezdrier

under vacuum at -40° C for 6 h and silated with 40 mL

pyridine and 200 rnL TMS. The solution was left standing

overnight. The solvent used for analysis was dichloromethane.

The column used was HP 5 (crossed linked 5% Ph-Me Silicone,

25m x 0.2mm x 0.33mm film thickness) . FID (flame ionization

detector) was used as a detector. The temperature was

programmed as follows; 2 mm at 105° C and 3° C/mm to 280° C

with splitless mode. Injection and detector tenperatures were

200 and 300° C, respectively. Helium was used as the carrier
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gas at 1 mL/min. A suitable internal standard could not be

found because of the complex chromatogram. The configuration

of GC-MS analysis was as follows;

The mass spectra were recorded at 70 eV on a Hewlett

Packard 5890 series II GC with a 5971A Mass selective

detector. The temperatures of the source and interface were

2300 C and 3200 C, respectively. The analyses were performed

by Hewlett Packard Canada, Richmond, B.C. Identifications

were made based on Wily and Organic libraries with the help

of Chemical Abstracts.

3.8 QUANTIFICATION OF PHENOLIC COMPOUNDS IN THE HYDROLYSATE

Lignin contains aromatic hydroxyl groups that react with

Folin’s phenol reagent (tungstophosphoric and

molybdophosphoric acids) to form a blue color suitable for

estimation of concentration of lignin (Anon, 1987e). Lignin

content in the hydrolysate before/after pretreatments was

determined by the process described below.

a) Commercial Folin phenol reagent is available but it was

made as follows; 100 g of sodium tungstate, Na2WO4.2H20, and

25 g sodium molybdate, Na2MoO4.2H2O, together with 700 mL

distilled water, were transfered to a 2000 mL flat-bottom

boiling flask. 50 mL 85% H3PO4 and 100 mL conc. HC1 were

added. The flask was connected to a reflux condenser and

boiled gently for 10 h. 150 g LiSO4, 50 mL distilled water,

and a few drops of liquid bromine were added. It was boiled

without condenser for 15 mm to remove excess bromine, cooled

to 25° C, diluted to 1 L, and then filtered. The finished
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reagent, which should have no greenish tint, in a tightly

stoppered bottle was stored to protect against reduction by

air-borne dust and organic materials.

b)Carbonate-tartrate reagent: 200 g Na2CO3 and 12 g sodium

tartrate, Na2C4H4O6.2H20, were dissolved in 750 mL hot

distilled water, cooled to 200 C, and diluted 1 L.

C) Stock solution: 1.00 g of phenol was dissolved in water

and diluted to 1000 mL.

d) Standard solution: 50 rnL stock solution was diluted to

1000 inL with distilled water which was equivalent to 50.0 j.tg

active ingredient.

e) Procedure: 50 mL portions of standards was brought to a

temperature above 20° C. 1 rnL Folin’s phenol reagent and 10

mL carbonate-tartrate reagent were added in rapid succession.

1.2-
,

00061 +O.0261x R=1.00

60

concentration (jig/mL)

Fig.21. Standard curve of phenol solution at 700 rim.
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30 mm was allowed for color development and the readings was

taken at a wavelength of 700 nm on a UV/Visible

spectrophotometer. The sample was treated in the same was as

standard but dilution was required to render the value of

concentration fall in the range. In this experiment dilution

factor was 20. The standard curve is shown in Fig 21.

3.9 ISOLATION AND IDENTIFICATION OF RESIN- AND FATTY ACIDS IN
THE BLACK LIQUOR AND HYDROLYSATE

Quantification of resin- and fatty acids in the aqueous

hydrolysate was not attempted in this study since those

compounds were present only in trace amounts in the ACOS

hydrolysate after precipitation of the lignin. Further, it

was very difficult to selectively remove resin- and fatty

acids from the black liquor (acetone-water mixture)

containing not only the extractives but also the dissolved

lignin without initiating an extensive equilibrium study.

Thus, a solvent was required for the selective removal of the

resin- and fatty acids, leaving the lignin in solution. In

addition to this consideration, it was necessary to look for

a solvent system that would enable the removal of the

extractives without emulsification and precipitation of the

dissolved lignin. Thus the solvent had to be a poor lignin

solvent. The extractives were usually removable by a non

polar solvent while the lignin remained soluble in the mixed

polar phase (acetone-water>. After testing different solvents

(i.e., petroleum ether, chloroform and diethyl ether),
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diethyl ether was chosen as the solvent for the extraction

due to its selective dissolving power for the resin- and

fatty acids (Quinde, 1990)

50 niL of the black liquor was extracted by 30 mL of

diethyl ether three times using a separatory funnel. In each

case it took more than 3 mm for phase separation. The three

fractions, obtained as above, were combined and evaporated in

the fume hood and then freeze dried. The dried samples were

worked up as described in 3.2.1.1.1 and then analyzed by GC

(3.2.1.1.5).

Extraction of hydrolysates from which the bulk lignin

was removed by precipitation, due to solvent removal,

followed the same L/L extraction procedure as indicated

above. From a few such extractions it became evident that

such solvent extraction could be dispensed with as

purification steps because bulk precipitation of the lignin

carried 86 to 95% of the extractives normally expected to

dissolve in the hydrolysis liquor.
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4.0 RESULTS

4.1 CHEMICAL PROPERTIES OF SPRUCE

Results of chemical analysis are shown in Table 5 and 6.

Table 5. Chemical composition of spruce wood.

Property Corrosition, %

Extractives 2.03

Klason Lignin 25.93

Acid Soluble Lignin 0.66

Holocellulose 72.36

Alpha-cellulose 41.60

Table 6. Sugar analysis of spruce holocellulose (lignin-free
basis)

Components Composition, %

Glucose 58.64

Xylose 11.40

Mannose 20.78

Galactose 5.41

Arabinose 3.77

Typical HPLC chromatograms of spruce wood and alpha

cellulose sugars prepared by the Klason lignin method are

shown in Fig.22 and 23, respectively.
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I6

Fig.23. HPLC chromatogram of alpha Cellulose (72 % H2S04
hydrolysate).

GLUCOSE

AIARTHOSE

hANNOSE

I0 IS 25

Fig.22. Typical HPLC chromatogram of extractives-free spruce
hydrolysate.

Io

I4
GLUCOSE

MANNOSE
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It was observed that the alpha-cellulose prepared by

17.5 % NaOH does contain some residual hemicelluloses. The

sugar analysis was applied to solutions prepared by the

Kiason method using 72 % sulfuric acid. The results are given

in Table 7.

Table 7. Sugar composition of spruce wood alpha-cellulose.

4.1.1 Potential Sugar Content

Using the Kiason lignin method potential sugars of

spruce sawdust and chips were determined to test for the size

effect which may affect the hydrolysis rate. 40 to 60 mesh

sawdust and 2 cm x 2 cm x 2 mm size commercial chips were

used for the determination of potential sugar content. The

holocellulose content of sawdust was found to be slightly

higher than that of the chips. However, the alpha cellulose

content appeared the other way around. No explanation can be

offered. The results are shown below.

Table 8. Comparison of Holocellulose and alpha-cellulose of
sawdust and chips (s=standard deviation)

Holocellulose,% Alpha cellulose,%

Sawdust 72.36 (S = 0.34) 42.51 (s = 0.17)

Chips 69.53 (S = 0.37) 44.80 (s = 0.61)
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Thus, the mass balance of hydrolysis by the ACOS process

was based on 69.53 % as total sugars.

4.2 IDENTIFICATION OF EXTRACTIVES OF SPRUCE

A qualitative GC chromatogram of stearate, pirnarate,

sandracopimarate and dehydroabietate is shown in Fig 24. The

resin and fatty acids occur at the higher retention times.

They are quantified as shown in Table 9 and 10.

Table 9. Calibration table for the resin- and fatty acid
analysis.

Concentra Volume Amount
-tion injected injected

(ng/JIL) (jIL) (ng)

Internal Standard 40.40 1.4 56.56

Stearate 40.32 1.4 56.45

Pirnarate 27.88 1.4 39.03

Sandaracopirnarate 28.44 1.4 39.82

Dehydroabietate 34.60 1.4 48.44

Table 10. Resin- and fatty acid composition of spruce wood.

Percentage Percentage
based on based on

extractives,
(%)

O.D. Wood,
(%)

Stearate 0.029 0.001

Pirnarate 0.026 0.001

Sandracopirnarate 0.088 0.002

Dehydroabietate 0.410 0.009
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LLL
Fig.24. GC chromatogram of resin- and fatty acids in spruce

Retention times 24.751
--- internal standard

27.084
--- stearic acid

31.508
--- pimaric acid

32.086
--- sandracopimarate

33.334
--- dehydroabietate
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The numerous peaks at the shorter retention times are

unidentified phenolic compounds, terpenes and rosin fractions

etc. characteristically found with softwood alcohol-benzene

extractives.

4.3 ACOS HYDROLYSIS

4.3.1 Batch Type of ACOS Hydrolysis

The extent of dissolution was 96.5 % (3.5 % residue).

Formation of furfural and Ht4F in this type of cook appears to

be serious (Fig. 25).

.4

Fig.25. HPLC chromatogram of hydrolysate following the batch
type hydrolysis (note : HMF and furfural peaks).

Accordingly, the total sugar yield decreased since the

hydrolyzed sugars are exposed unprotected to high temperature

under acidic condition for 30 mm as explained in 4.3.2.

Total sugar yield determined by HPLC was 73.3 % of total

carbohydrates. The peaks at retention time 2 - 5 mm are

unknown but must be any oxidizable or reducible compounds.

oWco5E

OALACTOSE

ARABINOSE

MANNOSE
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One of the major sugar degradation products such as levulenic

acid was spiked but. it was not detected by the system.

4.3.2 Fractional Type ACOS Hydrolysis

Typical sugar distributions are presented in Table 11.

These results correspond well to those reported earlier

(Paszner et al., 1992).

Table l1.Sugar distribution in fractional hydrolysates(Fl-F6)
(mg / mL)

arabinose galactose glucose xylose mannose

Fl 0.30 0.55 1.24 0.83 1.22

F2 1.22 0.30 0.95

F3 2.42 0.66

F4 2.74 0.19

F5 1.35

F6 0.25

Total 0.30 0.55 9.22 1.13 3.02

sugar

*Total wood=24.50g, total potential sugar=17.02g, total
reducing sugar recovered=14.22g, sugar recovery yield=83.54 %

The distribution of sugars in the various fractions

indicates that removal of sugars from large pulping chips is

mass transfer limited, i.e., rapid (early) removal of

hemicelluloses (particularly xylans and marinans) is believed

to be controlled by the particle size and hence traces of

xylose/mannose are found in up to the fourth fraction (F4).
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The total sugar recovery (mass balance) of these cooks was 82

- 84% of the theoretical amount.

The batch transfer experiments did not provide the

clear-cut hemicellulose separation that was seen with 20 mesh

sawdust earlier (Chang and Paszner, 1986) because of mass

transfer limitation with the chips. Considerable importance

is attached initially to separation of the hemicelluloses

since such separation would influence the versatility and

flexibility of the ACOS process. For selective hydrolysis of

the hemicelluloses, different temperature, time and cooking

liquor (e.g., 50:50 and 75:25 acetone : water, 0.005 N H2S04,

190° C, 30 - 50 mm) regimes have been tried. The effect of

water on sugar survival was confirmed; higher water content

gives lower sugar yield (Paszner and Cho, 1989) . No

optimization was attempted at this stage. It was also assumed

that, if any inhibitors are formed during the hydrolysis

process, the pre-hydrolysate could conceivably contain all

the extractives, xylose/mannose, and a major portion (70 -

75%) of the soluble lignins. Observations to date show the

two lignin fractions, that in the pre-hydrolysate and that

contained with the glucose originating from hydrolysis of the

cellulose, have different characteristics. On precipitating

the lignins in Fl and say F4 by flash evaporation of the

acetone, the remaining aqueous phase is dark to light brown

for the Fl fraction whereas F4 is lighter in color. This

indicates higher concentrations and different chemical
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structures for the low molecular weight phenolic degradation

products in Fl as compared to F4.

The results with the batch liquor transfer experiments,

outside the separation of the hemicelluloses, did not prove

particularly satisfactory. The overall sugar recovery was

lower than expected (only 82 - 86%). Again the dissolution

(saccharification) degree was 96%, not much different from

the earlier cooks.

The lower than expected sugar recoveries are considered

to be due to the adverse effects originating from leaving the

partially hydrolyzed material unprotected five times for 30 -

45 sec at a time, during the transferring of the hydrolysis

solvent at high temperature (total time 2.5 mm).

4.3.3 Flow-Through Percolation Type ACOS Hydrolysis

The percolation type hydrolysis gave better sugar yields

compared with batch or fractional type of hydrolyses, since

soon after the sugars are hydrolyzed in the reactor they are

removed by continuously flowing fresh cooking liquor. This

mode of separation reduces the exposure time of the sugars to

high temperature and acidic condition thus proportionally

reducing conversion of sugars to degradation products.

The reactor was loaded with 24 g of chips or sawdust

(oven dry weight). The flow rate was controlled by the HPLC

pump but its maximum pumping rate was limited to 15 mL/min.

Considering that the actual volume of the cooking liquor

added in the reactor along with chips was 200 mL (total

111



capacity is 250 rnL), at 15 mL/min flow rate the average

retention time of cooking liquor in the reactor was

approximately 13 mm.

Thus, as mentioned above, even in the percolation type

of hydrolysis, due to mass transfer limitations, the size

(thickness) of chips is believed to affect the yield of total

reducing sugars which can be recovered. High flow rates

(higher than 15 rnL/min) could be applied to aleviate this

problem if 100% sugar recovery was required. However, under

these conditions used better than 95 % sugar recovery can be

achieved using coarse sawdust and thin chips (1-2 mm) . When

commercial size chips were used HMF formation increased.

However, surprisingly no furfural was detected.

It was known that 95% of the hemicelluloses are removed

in the first stage (Hi) of the ACOS process (Paszner et al.,

1992). Thus, the total hydrolysate was sampled by changing

flasks at given time intervals as shown below (Fig.26) and

each fraction was subjected to HPLC analysis to monitor the

behavior of the individual hemicellulosic sugars.

It was confirmed that the hemicelluloses are hydrolyzed

at. the early stage. So using sawdust (40 - 60 mesh) selective

fractions of hemicelluloses (Ha = Hi + H2 + 113) and cellulose

(Hb = H4 + H5) were obtained. Their HPLC chromatograms are

given in Fig.32 and 33, respectively.
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Temp.

1800 C

4030’ Time

*The H5 is the hydrolysate liquor left in the reactor.
(Ha = Hi + H2 + H3, Mb = H4 + H5)

Fig.26. Time-temperature profile of percolation type hydrolysis
for optimization of removal of hemicelluloses.
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Fig.27. HPLC chromatogram of No 1 hydrolysate (Hl)
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Fig.28. HPLC chromatograin of the No 2 hydrolysate (H2).
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Fig.29. HPLC chromatogram of No 3 hydrolysate (H3).
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Fig.30. HPLC chromatogram of No 4 hydrolysate (H4).
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F±g.31. HPLC chromatogram of No 5 hydrolysate (H5).
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Fig.32. HPLC chromatogram of hemicellulosic fraction (Ha)
obtained by percolation hydrolysis.
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Fig.33. HPLC chromatogram of cellulosic hydrolysate (Hb)
obtained by percolation hydrolysis.
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Table 12. Sugar analysis of total, single-stage continuous
ACOS hydrolysate obtained by percolation.
(Total wood (40 - 60 mesh) was 23.64g (CD))

Sugars/Furans Potential Recovered Recovery
sugar, sugar, based on

g, g wood, %

Arabinose 0.64 2.75 0.43 66.15

Galactose 0.93 3.93 0.68 73.12

Glucose 10.03 42.43 9.58 95.51

Xylose 1.95 8.25 1.79 91.79

Mannose 3.56 15.01 3.39 95.49

IF - Trace -

Furfural - Absent -

Total 17.11 15.87 92.75

These experiments were quite satisfactory as to the

level of control and sugar yield. The main factors affecting

the sugar yield are liquor flow rate and chip size. The

higher the flow rate, the higher the sugar recovery. The

smaller the chip size (higher surface area of chips vs

sawdust) the higher the sugar recovery. In large chips,

because sugar transport is assumed to occur from the surface

of the chips, at long hydrolysis times the sugars which are

already hydrolyzed (liberated) but retained inside the chips,

may convert to furfural/HMF or levulinic acid. This causes

lower overall sugar yields.
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The hydrolysis residue (about 4%) was found to have 20%

glucose and 80% lignin. In subsequent experimentation the

percolation type ACOS hydrolysis method was used for

production of the hydrolysates. Comparison of results on

three types of ACOS hydrolysis is shown in Table 13.

Table 13. Comparison of effect of three types of ACOS
hydrolysis methods on sugar yield, dissolution
rate, hydrolysis time and cooking liquor required
(based on 20 g).

Hydrolysis Raw Sugar Dissolut Hydroly The amount
material* survival -ion -sis of cooking

rpe (%) Rate Time liquor
(%) (mm) req-uired(rnL)

Batch Type chip 73.30 96.5 25 200
Fractional

chip 83.54 95.7 70 800Transfer Type

Percolation
sawdust 92.75 95.8 40 680‘Irpe

*Chjp size - 2 cmx 2 cmx 1 mm, sawdust size - 40 -60 mesh

4.3.4 Formation of Isopropylidene Sugars in the ACOS
Hydrolysis

The model compounds of five sugars present in the ACOS

spruce hydrolysate were placed into the reactor for 15 mm at

140° C. The cooking liquor consisted of 80:20 acetone:water

and 0.04N H2S04. The hydrolysate was acidified to 4% acid with

H2S04 and autoclaved at 120° C for 1 h. The survival factor in

Section 4.4 was considered to calculate conversion rates.

This result (Table 14) indicates why the sugars are not
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further degraded in the hydrolysis process as explained in

the section 2.3.4.1.

Table 14. Conversion rates of suspected sugar isopropylidenes
formed during simulated hydrolysis and autoclaving
to their monomeric sugars.

Suagr
Sugar concentration Increasd

Sugars concentration following 4% Conversion
Control, mg/rnL Autoclave, lh, rate, %

mg /rnL

Arabinose 0.047 0.074 56.4

Galactose 0.087 0.119 37.3

Glucose 1.071 1.450 35.4

Xylose 0.122 0.158 29.5

Mannose 0.380 0.529 39.3

Total Sugars 1.707 2.330 36.5

4.4 SECONDARY HYDROLYSIS

When wood cellulose or hemicelluloses, in the form of

polymers, are hydrolyzed by any means, they are not

completely degraded into their monomers. No detailed research

data is available on the behavior of total reducing sugars

before and after secondary hydrolysis. The historical work by

Saeman (1945) has been a recipe for secondary hydrolysis.

However, 3% H2SO4 or 4% H2SO4 concentrations have been used by

many researchers for secondary hydrolysis. It was found that

3% H2SQ4 or 4% H2504 concentrations gave different secondary
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hydrolysis rates in this laboratory. Thus, different

combinations of conditions for secondary hydrolysis have been

tried to optimize the process for highest sugar yield. The

results of these trials are shown in Table 15 below. The

behavior of individual sugars are given in Fig.34.

It was found that 1 h autoclave treatment at 4% H2S04

concentration gave the highest sugar recovery. Approximately

a 57.66 % increase in total sugars, based on the control, was

observed on secondary hydrolysis. The secondary hydrolysis of

model compounds was tried under the same condition to assess

the sugar survival factor of each sugar as shown in Table 16.

Table 15. Comparative yields of total sugars under different
conditions of secondary hydrolysis (mg/mL).

control 0.5% 3% 3% 3% 4%
(no H2S04, H2S04 H2S04 H2S04 H2S04

treat- 2h 40 mm 6hr lhr lhr
ment) boiling boiling boiling autocla autocla

-ye -ye

arabinose 0.023 0.025 0.027 0.023 0.023 0.023

galactose 0.023 0.026 0.031 0.041 0.041 0.042

glucose 0.776 0.855 1.006 1.166 1.166 1.196

xylose 0.077 0.085 0.087 0.100 0.099 0.100

mannose 0.159 0.185 0.231 0.294 0.291 0.307

Total 1.058 1.176 1.382 1.624 1.620 1.668
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Except for the arabinose content, the concentration of

all other sugars increased on secondary hydrolysis,

irrespective of the method used. Thus, treatment with 4% H2S04

by autoclave for 1 h has been used as a means of secondary

hydrolysis throughout the subsequent work.

Table 16. Survival factors of model sugars following
secondary hydrolysis (mg/rnL).

Concentration
Survival rateSugar Control

following 4%
H2S04 %

. Autoclave, lh

Arabinose 0.040 0.037 92.50

Galactose 0.056 0.053 94.64

Glucose 0.790 0.745 94.30

Xylose 0.092 0.081 88.04

Mannose 0.260 0.241 92.69

Total sugar 1.238 1.157 93.45

The correction factors derived in this experiment were a

little bit different from those of other reports. Saeman et

al (1945) obtained 96.7 % for glucose and Kwarteng (1983)

determined 95.9 % for glucose and 86.4 % for xylose.
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Fig.34 Behavior of individual sugars in ACOS hydrolysates
under different conditions of secondary hydrolysis.
1) control; 2) 0.5% H2SO412h boiling; 3) 3% H2S04140
mm boiling; 4)3% H2S04,6h boiling; 5) 3%HSQ4 lh
autocalve;6) 4% H2S04, lh autoclave.
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4.5 DETERMINATION AND TREATMENT OF OLIGOMERIC SUGARS

In the previous section (4.4) it was noted that

secondary hydrolysis of the hydrolysate increased the total

sugar yield by 57%. However, it is not clear how much of the

57% increase was from the conversion of suspected

isopropylidenes to reducing sugars or how much of the

increase originated from the oligomers to monomeric sugars in

the hydrolysate. Considering the magnitude of increase in

sugar yield on hydrolysis it was found to be necessary to

study the status of oligomers in the ACOS hydrolysate.

Hemicelluloses are easily hydrolyzed even under mild

hydrolysis conditions whereas, cellulose is substantially

more resistant because of its crystalline structure. ACOS

hydrolysis conditions used in this study (180° C, pH 1.5, 40

mm) seem to be sufficient to hydrolyze hemicelluloses

completely. It can thus be assumed that, if any sugar

oligomers survive, they would originate from the cellulose.

Therefore, quantitative and qualitative analyses of

cellulosic oligomers, using some model compounds (cellobiose,

cello triose, cellotetraose and celloperitaose), were made

using HPLC. A combined ACOS hydrolysate, prepared by

percolation process as described in Material and Methods

(3.3.3.3), also was tested, before and after secondary

hydrolysis for this study.

100 mL of hydrolysate was split into two 50 mL

fractions. One of them was set to 4% sulfuric acid

concentration and autoclaved for 1 h at 120° C. The other one
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was used as a control. Meanwhile a standard solution, made

with model compounds, was prepared for the identification of

authentic retention times for the oligomers.

to —

(.

0—

—
-to

0 ó

I j. j

I0

Fig. 35. HPLC chromatogram of monomeric and oligomeric sugar
model compounds.

The HPLC chromatograms of model compounds, and ACOS

hydrolysate before and after secondary hydrolysis are shown

in Fig.35, 36 and 37, respectively. The conditions of HPLC

analysis were the same as described in the Material and

Method (3.2.5) but a gradient solution was used as follows.

Eluent 1 - H20
Eluent 2 - 250 mM NaOH
Time Flow Rate % 1 % 2
(mm) (mL/min)
0.0 1.0 90 10

10.0 1.0 90 10
30.0 1.0 0 100
60.0 1.0 0 100
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Table 17. Content of cellulose oligomers and their effect on
total sugar yield.

Crude Hydrolysate Secondar’j
Hydrolysate

Total Monomers 18.30 jig 28.84 jig
Total Oligomers
(cellobiose + 1.10 jig 0.34 jig
cellotetroaose)
The Content of
Oligomers detected 4.0 %
in the Hydrolysate
Contribution of
Oligomers to 4.2 %
increase sugar yield
Contribution of
Isopropylidenes to 53.4 %
increase sugar yield

Sucrose and fucose were tried as an internal standard

but they co-elute with mannose and unknown peaks at 3-5 mm

retention time, respectively, no alternative was found.

Therefore, for the identification of unknown peaks by

retention time, the hydrolysate was spiked with model

compounds. It was found that cellobiose and cellotetraose

only were detected in the hydrolysate but at low level. It is

very interesting to note the difference of total sugars

between the control (Fig. 36) and secondary hydrolyzed (Fig.

37) hydrolysates. The actual difference in sugar

concentration is 57.6%, as seen in Table 15. As seen in Table

17, the oligomer content in the crude hydrolysate was

determined to be 4.0% of total sugars recovered, and 4.2% of

the 57.6% sugar yield increase originated from the hydrolysis

of oligomers, as it seems, mainly from cellobiose. The rest

of increase (53.4%) must, therefore, originate from the
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conversion of hydrolysis of other sugar forms, presumably

isopropylidenes. The content of cellotetraose remained

unchanged which demonstrated that the secondary hydrolysis

condition was not severe enough for hydrolysis of high

molecular cellulose fragments to monomeric glucose.

Thus, it is concluded that the 57.6% increase in

reducing sugars is mainly due to the conversion of

isopropylidenes to their monomeric sugars. No attempt was

made to isolate or determine any isopropylidene species from

the ACOS hydrolysate.

Ward and Grethlein (1988) reported that the 50% sugar

increase observed after secondary hydrolysis in their study

was a result of the conversion of 1,6-anhydroglucose to

glucose. However, in their study the crude hydrolysate,

obtained right after evaporation of acetone (removal of bulk

lignin), was subjected to secondary hydrolysis without

optimization of the acid concentration. The pH of the ACOS

hydrolysate is higher (1.5) than that of a 4% sulfuric acid

solution (0.9). It is believed that the inadequate secondary

hydrolysis conditions were responsible for the less than

quantitative (83.4%) total sugar yield.

It was found from data in Table 16, that the difference

in sugar recovery between 3% H2S04-l h autoclaving and 4%

H2S04-1 h autoclaving, is just 4,2%. This may be a coincidence

but it is exactly the same value as the contribution of

oligomers to the total sugar increase (Table 17). Thus, it

was deduced that 3%-H2904 lh autoclaving was severe enough to
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convert all isopropylidenes to their monomeric sugars but was

inadequate to hydrolyze all the residual cellulose oligomers

to glucose. Therefore, an increase of acid power from 3% to

4% only was required to hydrolyze the residual cellobiose to

glucose.

4.6 IDENTIFICATION OF INHIBITORS

4.6.1 Sugar Degradation Products

The three major groups of inhibitors include

extractives, sugar degradation products and phenolic

materials. Furfural and hydroxymethyl furfural are the major

representatives of sugar degradation products. It was

confirmed again that furfural was not detected in the ACOS

hydrolysate but some trace amounts of HMF were detected. It

was also observed that the HMF formed degraded further during

the secondary hydrolysis. Following secondary hydrolysis the

BMF peak on the HPLC chromatogram was not detectable (Fig. 32

and 33). Saeman reported that sugar losses due to the

secondary hydrolysis process, at 4% sulfuric acid level, were

stronger than that caused by the main hydrolysis at 72% H2SO4

(Saeman et al., 1945). Thus, we anticipated that the HMF

content would increase after secondary hydrolysis. It did not

happen. Disappearance of HMF on secondary hydrolysis of the

aqueous hydrolysate might be explained by further degradation

of the HMF to levulinic acid and formic acid and other

organic acids and degradation products. However, no tests

128



were made in this direction as the amounts involved appeared

to be non-significant.

4.6.2 Extractives

The term “extractives” covers a large number of

different compounds which can be extracted from wood by means

of polar and non-polar solvents (Fengel and Wegener, 1984).

The extractives are concentrated in the resin canals and the

parenchyma cells; lower amounts are also found in the middle

lamellae, intercellular spaces and cell walls of tracheids

and libriform fibres.

Among the extractives, the compounds of terpenes,

lignans and stilbens are called resins. Apart from these

substances other organic compounds of the extractives are

fats, waxes, fatty- and resin acids, alcohols, steroids and

higher hydrocarbons.

It is already known to be true that the extractable

substances described above are toxic and present deterrents

for bacteria, fungi and even termites. Thus, in the past much

work has been done on the effect of the extractives on the

fermentability of wood hydrolysates by microorganisms (Fengel

and Wegener, 1984) even though the inhibitory mechanism of

their metabolism is not clear.

In organosolv pulping it was observed that the major

resin- and fatty acids were found in the black liquor, not in

the pulp (Quinde, 1990). The ACOS process is very much

similar to organosolv pulping in that both use solvents;
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organosolv pulping uses methanol/ethanol while the ACOS

process uses acetone. Thus, it was very interesting and

important to know where the extractives go when the ACOS

hydrolysate is separated into lignin and sugar solution by

evaporation of the acetone. The ACOS process is a unique

means for total chemical fragmentation and dissolution of

wood, leaving no solid residues at all if the chips are well

stirred in the reactor during hydrolysis. In other words the

ACOS process liquefies wood by the process of hydrolysis in

which all components of wood such as cellulose,

hemicelluloses, lignin and extractives are hydrolyzed and

their products dissolved together in the black liquor

(hydrolysate).

It was not planned at all to quantify all the

extractives found in the hydrolysate due to the large number

of compounds extractable from wood by neutral solvents. It is

almost impossible to quantify all extractives by GC analysis

without having all model compounds of extractives. Thus, it

was decided to identify only some of the major resin- and

fatty acids of spruce wood using their model compounds just

to figure out where they go during the hydrolysis and

subsequent processing of the hydrolysate. Identification of

the major resin- and fatty acids in spruce wood extractives

(Fig. 38) was available from the literature (Kimland and

Norm, 1972)
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COOH

Palmitic acid (hexadecanoic)

COOH

Oleic acid (octadecaenoic)

COOH

Linoleic acid (octadecadienoic)

HOQC#
CQOH

Adipic acid (hexaned±oic acid)

COCH

Stearic acid (octadecarioic)

Fig.38. Chemical structures of fatty acids found in the ACOS
black liquor.

4.6.2.1 Methylation of the hydrolysate and lignin fraction

The ACOS hydrolysate was subjected to flash evaporation

using a rotary evaporator at 500 C. This treatment separated

the hydrolysate into two parts ; a) lignin precipitate and b)

sugar solution as the acetone was removed from the spent

liquor. Chemical structures of resin- and fatty acids found

in the lignin precipitates are shown in Fig. 39.
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Fig.39. Chemical structures of resin acids
black liquor.

found in the ACOS
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COOCH3

Pimarate

H3C
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Manoyl oxide
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ii

Fig.40.GC chromatograrn of methylated derivatives of lignin
free ACOS hydrolysate(note;no fatty-and resin acids)

U

C.

I..,

N
N

C

C

C:

1’ -

Fig.41. GC chromatogram of methylated extractive derivatives
removed from ACOS lignin by diethyl ether(note; see
fatty-.resin acids, identification of the peaks is in
Table 18)
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As seen in Fig. 40 and 41 the major resin and fatty acids are

found to be removed nearly quantitatively together with the

lignin when the acetone is flash evaporated. This is a very

positive indication for the possibility of uninhibited

fermentability of the ACOS hydrolysate.

Table 18. Retention times and names of peaks in the GC
chromatogram of methylated extractive derivatives
removed from ACOS liquor by diethyl ether (Fig. 41)

Retention time (mm) Compounds

23.650 palmitic acid

24.182 manoyl oxide

26.009 linoleic acid

26.459 oleic acid

27.329 stearate

30. 155 isopimarate

31.508 pimarate

32 .076 sandracopimarate

34 . 219 dehydroabietate

35.828 abietate

36.492 adipic acid

4.6.3 Phenolic materials

Lignin, in the form of polymer in wood, breaks down into

monomers and oligomeric fragments etc. during the ACOS

hydrolysis process. These fragments can be mostly derivatized

by ‘I7S for their identification by GC-MS. Behavior of lignin

degradation products in acid hydrolysis liquor
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Table 19. Retention time, names of the peaks and their
molecular formula.

retention names molecular
time formula

16 .737 5-hydroxymethylfurfural C6H603

18.649 4-Dibenzofuranamine C12H9NO
21. 501 Vanillin(benzaldehyde, 4-hydroxy-3- C8H803

methoxy

22. 139 Anisidine(benzeneamine, 3-methoxy-) C10H1402
Cyclohexanacetic acid(phenol, 2- C10H140223 .933 methoxy-4--propyl)

26. 129 1, 1-dimethyl-1-silacyclobutane C5H12Si

26 . 566 2, 4-biphenyldiainine C12H1204
Benzenacetic acid C 4-hydroxy-3

- C10H120426.902 methoxy-, methyl_ester)
Benzamide (N,N, -diethyl-4-hydroxy-3- C12H17N0329.231
methoxy-)

30 .990 1-0-heptadecycloglycerol C26H58O3Si2

31.764 a-(aminomethyl) vanillyl alcohol C9H13N03
Benzenacetic acid ( 4-hydroxy-3

- C9H120431.945 methoxy-)

33.215 Clivoneic acid C10H1204

34.054 9-carbazoleacetic acid C14H11N02
2-propane, 1-hydroxy-3- (4-hydroxy-3- C10H120434.377
rnethoxyphenyl) -

34.592
cis-jasmone(3-methyl-2-(2-pentenyl)-
2 -cyclopentene-1-

or alkali pulping liquor has been published in the past

(Lapierre et al., 1983; Niemela and Sjostrom, 1986) but

almost no information is available on organosolv pulping, and

particularly, none on the ACOS process. Some of the phenolic

degradation products in the ACOS hydrolysate were determined

qualitatively by GC/MS analysis as described above. Due to

the large nuiriber of compounds involved no detailed analyses

were attempted.
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Since no reference is available on the identification of

phenolic materials in the ACOS hydrolysate, GC/MS

identification mostly relied upon the Wily Library and

Organic Acids Library with the help of Chemical Abstracts.

4.6.3.1 Gas Chromatographic Behavior of Low Molecular Weight
Lignin Compounds

If color of the hydrolysate was associated with

inhibition of sugar fermentation to ethanol by yeasts and

other microorganisms, identification and quantification of

the color forming compounds, mostly phenolic compounds,

seemed to be a reasonable thing to do. The most widely used

method for identification and quantification of phenolic

compounds is GC (gas chromatography) and GC/Mass

spectroscopy. The column chosen allowed grouping of the

retention times of the compounds, which in turn made the

analysis quite useful in studying specifics of certain

hydrolysate treatments as to their ability to selectively

remove contaminants (phenols and extractives) . The retention

times for methylated phenols, neutrals and alcohols fell

between 5 to 22 mm under the conditions selected (Fig. 41).

However, for the detailed study of phenolic compounds, the

temperature programme was changed (see Material and Method)

so that the compounds could spread up to 45 mm mm as shown

in Fig. 42. (Table 19). The identification of the residual

compounds after pretreatments was made by retention times

from the GC chromatogramns (Figs. 43-46).
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A GC chromatogram is presented in Fig. 42 for the total

extract of the untreated, combined Ha + Hb hydrolysate

following precipitation of the lignin. Fig. 43 provides a

chromatogram of the lignin-free aqueous ACOS hydrolysate

following treatment with the mixed bed cation/anion exchange

resin (IRN-l50), whereas Fig. 44 shows residual contaminants

after repeated (3 times 1/3 volume) diethyl ether extraction

of the hydrolysate which demonstrated that diethyl ether

could remove approximately more than 90% of Ht’4F and vanillin.

However, a chromatogram largely devoid of residual

contaminants, following charcoal treatment of the combined

hydrolysate, is presented in Fig. 45, while Fig. 46 shows

little or no chioromoform-soluble residual contaminants

following XAD-16 resin treatment of the hydrolysate.

The efficiencies of these treatments in removing

chloroform-soluble contaminants, particularly those with

charcoal and the XAD-16 treatments, is unmistakable. It must

be emphasized that the GC chromatograms represent residual

contaminants which were chloroform soluble, the method of

extraction before MS derivatization and analysis. Thus this

method does not provide a total picture of all the dissolved

contaminants in the ACOS hydrolysate. Mostly low molecular

weight compounds were detected only by GC chromatography. In

the absence of other criteria, the ultimate test for the

efficiency of various treatments is fermentability of the

hydrolysate. Major deviation in fermentation times, within

limits, then must be ascribed to the effect of residual
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contaminants of the sugars. Considering that the major

components of the contaminants were effectively removed by

the various treatments and treatment combinations, trouble—

free fermentation of the ACOS sugars was expected at least on

the totally decolorized hydrolysate solutions. Obviously, the

contaminant concentrations were significantly diminished by

the hydrolysate treatments.

4.6.3.2 Lignin content in the hydrolysate

Quantification of the monomeric phenolics, found in the

GC chromatogram of the untreated and treated hydrolysates, is

impossible unless all individual model compounds are known

and can be obtained. Thus, the amount of phenolic materials,

generally lignin, was determined by a colorimetric procedure

(Anon, 1987e). However, the amounts may vary depending on the

dilution of the hydrolysate. At 6% sugar solid solution the

crude (untreated) hydrolysate contained 1.269 rng/rnL phenolic

materials as seen in Table 20.

However, all GC chromatograrns of treated and untreated

hydrolysate (Figs. 42 - 46) can not be compared visually with

the results above since mostly monomeric or at most dimeric

lignin compounds are detected by GC. The colorimetric method

employed, however, detected all compounds, not only of

monomeric phenol structures, but also those of high molecular

structures. At 15% sugar solid concentration the XAD-16 +

charcoal treated hydrolysate and diethyl ether + charcoal
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treated hydrolysate contained 0.604 mg/mL and 1.466 mg/mL,

residual phenolic compounds, respectively.

Table 20. Phenolic content in the hydrolysate before and
after various pretreatments.

Removal
Pretreatment Phenolics

percentage,__%

Untreated 1.269 mg/rnL 0

Diethyl ether 1.270 mg/rnL 0

Charcoal 0.563 rng/rnL 55.634

XAD—16 0.297 mg/rnL 76.596

IRN-150 1.218 mg/rnL 4.019

D.ether + Charcoal 0.658 mg/rnL 48.148

IFN-150 + Charcoal 0.842 mg/mL 33.649

XAD-16 + Charcoal 0.254 rng/rnL 79.984

4.7 HYDROLYSATE PRETREAENTS

Superficially, the focus was concentrated on the color

of the hydrolysate since it was expected that most of the

suspected inhibitors and phenolic compounds in the ACOS

hydrolysate, contained chromophoric groups and thus were

directly responsible for the hydrolysate color. Thus, it was

assumed that removal (reduction) of the color meant

purification of the hydrolysate.
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It was the purpose of the study to find out what kind of

compounds could be removed by the different types of

pretreatments (Figs. 42-46). The change in contaminant

concentration (Table 20) was followed by GC-MS analysis.

Thus, GC analyses were performed before and after the

pretreatments. The effect of the particular pretreatment on

the sugar composition and concentration was also followed by

HPLC. All treatments were carried out on the aqueous

hydrolysates from which the acetone and lignin were already

removed.

It was observed that even a completely decolorized

hydrolysate gave a strong peak at 280 nm when subjected to liv

spectroscopy. This implied that water-soluble lignin

degradation products were still present. It was, therefore,

concluded that complimentary investigation of the treated

hydrolysates by liv spectrophotometry was also necessary.

It was also of interest to see whether sugars would be

removed by any of the pretreatments. If sugar losses would

occur, economic evaluation of the potential of the

pretreatment must also be considered. Thus, sugar analysis

was performed by HPLC before and after every pretreatment to

see the behavior of the individual sugars at different pH

levels since it was noticed that pH changes occurred on

pretreatment and sugar content of the hydrolysate may be

altered by the pretreatments at various pH levels.
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4.7.1. Visual Change of the Color by Pretreatments

Some color photographic comparisons for the untreated

hycirolysate as control and the treated hydrolysates are shown

in Figs. 47—51.

Charcoal treatment for 10 mm with stirring gave a

water-clear sugar solution. On the other hand, solvent

extraction with diethyl ether did not produce a clear,

colorless solution. With diethyl ether only some yellowish

color was removed from the hydrolysate leaving a brown color

like that of the original hydrolysate as shown in Fig. 49.

Fig.47. Color of untreated hydrolysate at pH 1.5 and 5.5.
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Fig.48. Color of the hydrolysate after treatment with charcoal.

Fig.49. Color of the hydrolysate extracted with diethyl ether.
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Fig.50. Color of the hydrolysate after treatment on XAD-16.

Fig.51. Color of the hydrolysate after treatment on IRN-150.
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XAD-16 treatment removed most of the dark color leaving

a very light yellowish color. A second XAD-l6 treatment did

not change the color leading to the conclusion that XAD-16 is

incapable of removing some coloring substances from the

hydrolysate. The mixed ion exchange resin, IRN-150, failed to

give a colorless solution leaving an orange colored

hydrolysate. The double treatment with IRN-l50 (for the same

reason as with XAD-16 above) was only partially effective

indicating also that some coloring substances cannot be

removed by IRN-l50 either.

The charcoal treatment as a “polishing agent” in

combination with other treatments was very effective in terms

of color removal. As explained in the methodology, the amount

of charcoal used as a polishing agent is rather small and

considerably less than that required for the same result as

had with charcoal treatment alone as the major clean-up

procedure. That is, even small amounts of charcoal following

a major pretreatment can clearly remove all the color from

the hydrolysate rendering it water-clear as in Fig. 48.

4.7.2 UV Spectroscopic Behavior of the Hydrolysate after
Pretreatments

Ultraviolet absorption is a well-known and widely used

tool for lignin detection and identification, qualitative and

quantitative determination, as well as characterization of

changes in lignin structure and properties (Fengel and

Wegener, 1984; Sarkanen and Ludwig, 1971). The distinctive

absorption by lignin in the ultraviolet range is based on its
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aromatic character, i.e., the sum of phenyipropane units,

containing several chromophoric structural elements.

The typical ligriin spectrum comprises a maximum at about

280 rim followed by a slope to lower wavelengths, with a more

or less pronounced shoulder in the region of 230 nm. A second

typical extinction maximum with a high absorptivity value

appears in the range between 190 and 208 nm. Even though

there are some differences in the UV spectra of different

lignins, the general trend is as mentioned above (Fengel and

Wegener, 1984).

In this experiment the hydrolysate was treated

individually by seven different pretreatments, as described

above, and the resulting solutions were subjected to UV

spectroscopic analysis to see the behavior of peaks at 205

and 280 rim. The peak at 280 nm can be used for the

interpretation of lignin chromatograms but difficulties arise

at 205 rim since the hydrolysate solution contains sugars

which also adsorb strongly at 205 rim (Fengel and Wegener,

1984)

Thus, the peak height at 280 rim was used for the

comparative study of the presence or absence of lignin

fragments in the hydrolysate. One of the most significant

changes in the TJV spectrum of lignin is caused by the loss of

its aromatic character. With increasing lignin degradation

and precipitation from the hydrolysate, the absorption values

decrease, the maximum observed at 280 run flattens out, and

finally the 280 run maximum disappears (Wegener, 1975).
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The UV chromatograms of the hydrolysates treated by

seven pretreatment methods are given in Fig.52 and 53. The

diethyl ether treated hydrolysate still appears to have

retained lignin fragments in amounts close to that contained

by the control solution. Even though the charcoal treatment

gave water-clear solutions, the solution shows a strong peak

at 280 nm demonstrating that lignin fragments with

unconjugated structures were not removed by the charcoal

treatment alone.

4.7.3 Sugar Behavior in Pretreatments

Experiments on the sugar behavior due to the

pretreatments were performed to follow their stability in the

hydrolysate. Some of the information available in the

literature (Maddox and Murray, 1983) is contradictory in

which they reported 30% sugar loss after charcoal treatment

for 2 h. Sugar analysis was performed at pH 1.5 and 5.5. The

results are shown in Table 21.

Under strongly acidic conditions (pH 1.5) some of the

sugars were lost as seen above. Particularly, mixed ion

exchange resin (strong anion + strong cation exchange

resins), IRN-150, removed up to 6% of the sugars. However, no

loss of sugars was observed at pH 5.5. Lowering of adsorption

of hydrophilic compoinds by the above system is expected to

be affected by pH due to changes in the isokinetic (charge)

strength of molecules.
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Table 21. Sugar behavior during pretreatments at different pH
(mg/rnL).

pH Sugars Control Charcoal Diethyl XAD-l6 IRN-150
ether

Arabinose 0.025 0.026 0.023 0.024 0.023

Galactose 0.041 0.040 0.037 0.039 0.036

1.5 Glucose 0.778 0.759 0.736 0.749 0.732

Xylose 0.102 0.102 0.098 0.098 0.095

Mannose 0.257 0.257 0.247 0.256 0.245

Total 1.203 1.184 1.141 1.166 1.131

5.5 Total 1.203 1.202 1.202 1.203 1.202

4.7.4 Sugar Behavior Due to Charcoal Treatment at Different
Time

There was a report by Maddox and Murray (1983)

indicating that charcoal treatment removes up to 30% sugars.

Thus, it was imperative to investigate this especially, since

charcoal treatment, if only as a polishing treatment,

appeared to be a very important means for purification of the

hydrolysates. If the losses were excessive, the charcoal

treatment could not be considered for economical reasons even

though it may be the best treatment for improving the

fermentability of the hydrolysate. Both the sugar behavior

and lignin removal rates were tested at different time

intervals by HPLC and liv spectroscopy, respectively.

For this purpose, approximately 500 mL of hydrolysate

was prepared by the flow-through percolation type hydrolysis

and its pH was adjusted to 5.5 using NaQH pellets. The
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precipitate formed after changing the pH was filtered off by

Whatrnan No 1 paper. 50 rnL of hydrolysate was accurately taken

by volumetric flask and 5 g of charcoal powder was added.

The mixture was stirred using a magnetic stirrer at room

temperature for 10, 30, 60 and 120 mm and the treated

hydrolysate was filtered off using Whatman No 1 filter paper

and washing was completed with fresh distilled (20 mL) water.

The resulting solutions were diluted with distilled water and

made up to 100 mL volume. The final solutions were subjected

to sugar analysis by HPLC and UV spectroscopic analysis in a

comparative study. The results are given in Table 22 and

Fig.54. The chromatograrn of the control is the same as that

in Fig.52.

Table 22. Sugar behavior following charcoal treatment at
different exposure times (mg/rnL).

Sugar type Control 10 mm 30 mm 60 mm 120 mm

Arabinose 0.018 0.017 0.017 0.017 0.018

Galactose 0.029 0.028 0.028 0.029 0.029

Glucose 0.813 0.810 0.813 0.811 0.818

Xylose 0.064 0.061 0.063 0.063 0.065

Mannose 0.177 0.175 0.177 0.177 0.180

Total sugars 1.099 1.091 1.098 1.097 1.110
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Fig.54.Lignin behavior by charcoal treatment at 190 and 280
nm (10, 30, 60 and 120 mm. and control)

4.7.5 Stability of pH Following Different Hydrolysate
Pre treatments

It was observed that the pretreatments described above

altered the pH of the hydrolysate to a certain degree. pH

determinations were carried out before and after

pretreatments. The results are given below.

Table 23. pH changes of the hydrolysate due to different
pretreatments.

Control XAD-16 D.ether IRN-l50 Charcoal

pH 4.86 6.00 5.18 4.80 2.70

It is assumed that where large changes are experienced

the pH increase must have resulted from removal of acidic

C C
C
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compounds whereas a decreasing pH would indicate the removal

of neutrals.

4.7.6 Remarks on Pretreatments

One disadvantage of the charcoal treatment is that a

large quantity of solvent is required to wash (regenerate)

the column to the point where the wash solution remains

colorless. In addition, the adsorption capacity of the

charcoal column drops significantly after the first and

subsequent regenerations. On repeated use (three reuses) the

column capacity dropped to 60% of the original. Thus, no

regenerated charcoal was used in this study for repeat

treatments. New charcoal was used throughout the tests.

Significant color removal efficiencies were experienced

with the XAD-16 adsorbent resin treatment, although water-

clear solution could not be produced. For total color clear-

up a charcoal polishing step appeared highly useful. Though

the initial treatment (investment) costs may be high, it is

significant that a high degree of reuse of the resin is

assured by the fact that regeneration of the resin column can

be readily undertaken with 80:20 or 90:10 acetone:water

solution or cooking liquor without loss in adsorption

capacity of the regenerated resin. The XAD-16 treatment is

quite effective in removal of the resin and fatty acids as

well and will offer the opportunity on selective removal of

lignin and extractives by judicious use of appropriate

solvents in sequence (extractives first lignins second).
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Partial effectiveness in removal of the inhibitors is

noted in L/L extraction with diethyl ether. Double L/L

extraction also with chloroform removes additional lignin

fragments and color, but water clear solutions were not

obtained. Only with the use of charcoal polishing after the

L/L extractions were water-clear hydrolysates produced.

Mixed-bed ion exchange resin treatment of the

hydrolysate was observed to provide limited ability to remove

color or contaminants and, therefore, has not been

investigated to any great length.

4.8 ALCOHOLIC FERMENTATION OF THE ACOS HYDROLYSATE

The ACOS hydrolysate (combined hydrolysates of Ha and

Hb) was prepared by the flow-through percolation hydrolysis

as described in section 3.3.3.

Table 24. Fermentation of model glucose solution (g/100 mL).

a) dry weight g/L
b) based on ethanol yield of

0 h 15 mm 30 mm 60 mm 90 mm

Glucose 6.54 3.14 0.088 0.054 0.008

Ethanol
yield 0 1.253 2.902 3.194 2.913

pH 5.61 5.49 5.35 5.37 5.32

Cell Massa 26.5 27.2 28.1 28.4 28.7
sugar to
ethanol

0 72.26 88.19 96.55 87.44convers ion
(%)b

sugar consumed
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Hydrolysate of 6 - 7 % of sugar concentration was used

as substrate for ethanol fermentation. The organism used was

an adapted Saccharomyces diastaticus, obtained as described

in section 3.6.2. The fermentations of model glucose only and

mixtures of all five sugars found in the hydrolysate, were

tried as a reference. The results are given in Table 24 and

25. Experimental conditions were described in Section 3.6.

Table 25. Fermentation of five sugar model compounds (g/100
mL)

0 h 15 mm 30 mm 60 mm 90 mm

Arabinose 0.176 0.176 0.174 0.177 0.175

Galactose 0.228 0.232 0.230 0.229 0.230

Glucose 4.652 2.352 0.220 0 0

Xylose 0.560 0.564 0.559 0.562 0.482

Mannose 1.040 0.791 0.285 0 0

Total sugar 6.656 4.115 1.468 0.968 0.887

Ethanol
yield 0 1.085 2.450 2.786 2.594

pH 5.59 5.48 5.33 5.31 5.30

Cell Massa 26.3 27.2 27.8 27.9 28.01
Sugar to
ethanol

0 83.54 92.40 95.83 87.97conversion (%)

a) dry weight g/L
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It was found that glucose and mannose were consumed at

the same time. Xylose was slowly utilized after the glucose

and mannose are consumed. The maximum ethanol yield was about

95.83% of the theoretical. The arabinose and galactose were

not fermented. Xylose was consumed only after both glucose

and mannose sources were exhausted.

4.8.1 Fermentation of the ACOS hydrolysate with and without
Pretreatment

The hydrolysate obtained by the ACOS process was

subjected to flash evaporation at 55° C to remove the

volatile organics and followed by secondary hydrolysis. The

pH of the hydrolysate was set at 5.5 using NaOH pellets and

the precipitates formed by changing pH were filtered off. The

hydrolysate was used as fermentation substrate with and

without pretreatments. The resulting hydrolysate and medium

were autoclaved separately for 15 mm for sterilization.

Right after the fermentation started, a sample was taken with

a syringe (See Fig.19) at time 0 h as control. Samples (2 rnL)

were continuously taken at 1, 3, 6, 12, 24, 36, 48 and 72 h.

The results are given below. Maximum ethanol yield was

highlighted in the tables.
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Fig.55. Batch fermentation of untreated ACOS hydrolysate.

Table 26. Behavior of sugars, pH and cell mass in the
fermentation of untreated hydrolysate (g/lOO mL)

Oh lh 3h 6h l2h 24h 36h 48h 72h

Ara 0.155 0.132 0.107 0.093 0.083 0.085 0.084 0.069 0.063

Gal 0.203 0.177 0.141 0.120 0.110 0.109 0.110 0.107 0.089

Glu 4.701 2.123 0.066 0.040 0.039 0.037 0.0 0.0 0.0

Xyl 0.491 0.413 0.336 0.283 0.250 0.253 0.252 0.253 0.185

Man 1.225 0.782 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Total 6.775 3.627 0.651 0.536 0.482 0.484 0.444 0.430 0.337

EtCH 0.0 1.279 2.571 2.581 2.531 2.515 2.431 2.485 2.454

Xylit
0.0 0.0 0.001 0.035 0.062 0.099 0.111 0.111 0.111

-01

pH 5.49 5.40 5.32 5.30 5.26 5.24 5.23 5.23 5.22

(‘ 11*
25.30 26.90 27.32 26.67 26.78 27.02 26.71 27.14 27.12

Mass

*cell mass - g/L
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Fig.64. Batch fermentation of XAD-16 and charcoal pretreated
hydrolysate at 15% sugar concentration.

Table 35. Behavior of sugars, pH and cell mass in the
fermentation of XAD-16 and charcoal pretreated
hydrolysate at 15% sugar concentration (g/100 rnL).

Oh 3h 12h 24h 48h 72h

Ara 0.276 0.264 0.249 0.204 0.204 0.203

Gal 0.468 0.468 0.420 0.348 0.349 0.348

Glu 10.572 4.476 0.0 0.0 0.0 0.0

Xyl 1.104 1.104 0.948 0.816 0.816 0.816

Man 2.808 1.992 0.0 0.0 0.0 0.0

Total 15.228 8.304 1.608 1.368 1.369 1.367

EtCH 0.0 2.861 6.002 6.122 6.096 6.034

Xylitol 0.0 0.0 0.09 0.100 0.100 0.100

pH 5.61 5.46 5.30 5.29 5.29 5.29
Celi* 34.13 36.16 36.91 37.08 36.65 36.21
Mass

*cell mass - gIL (CD)
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Table 36. Maximum ethanol yields of fermentations of the ACOS
hydrolysate at 6% sugar concentration.

Maximum EtCH Sugar Actual Percentage
yield g/g consumption Ethanol of

Pre- sugar consumed at maximun Concen- potential(h) and time EtCHtreatment of maximum yield tration yield (%)
yield (%) (V/V)

Untreated 0.4136 (6 h) 92.09 3.27 74.54

Charcoal 0.4228 (3 h) 88.55 3.24 73.27

XAD—l6 0.4499 (1 h) 89.07 3.16 78.41

IRN—l50 0.4681 (3 h) 91.49 3.50 83.80

Diethyl
ether 0.4528 (3 h) 87.04 3.37 76.77

XAD-16 + 0.4729 (6 h) 87.63 3.92 80.68charcoal

IRN—l50 + 0.4682 (3 h) 87.98 3.38 82.43charcoal

D.ether +

charcoal 0.4676 (3 h) 87.26 3.19 79.83

Table 37. Maximum ethanol yield of fermentations of the ACOS
hydrolysate at 15% sugar concentration

Maximum EtCH Sugar Actual Percentage
yield g/g consumption Ethanol of

Pre- sugar at maximun Concen
consumed (h) EtCH

potential
treatment and time of tration yield

maximum yielc yield (9)
(V/V)

Diethyl 0.4775 (72 h) 66.43 5.93 62.08ether

XAD 16 + 0.4416 (24 h) 91.02 7.76 78.66charcoal
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4.8.2. Investigation of xylose fermentation capability of the
selected Saccharomyces diastaticus 4$62

The organism was inoculated into 3% xylose solution and

cultivated for 48 h at pH 5.5 at 32° C. Its growth rate was

very slow compared with that on glucose. Surprisingly, the

flocculating ability of the organism was totally lost even

though the same amount of nutrients was added as described in

3.6.4. About 15 g of cell mass (CD) was inoculated into the

fermenter containing 6.6% xylose. The fermentation process

conditions were the same as described in the Material and

Methods (section 3.6.5). The total xylose concentration

dropped from 6.6g to 6.3g and 6.2 g in 12 h and 72 h,

respectively and O.lg and O.5g of xylitol were formed,

respectively. Ethanol formation was undetectable. Thus, the

organism’s xylose fermenting ability was extremely low even

though it grew satisfactorily on xylose aerobically.

4.8.3. Remarks on Fermentation of Hydrolysate

The use of the selected flocculating organism was very

successful in that it could ferment the untreated crude

hydrolysate at 6% sugar solids level in 6 h. Mannose and

glucose were consumed very quickly but arabinose, galactose

and xylose were consumed at 40, 54 and 42 % level in 6 h,

respectively (Table 26). Judging from the fact that the

ethanol yield is just 0.4136 g/g sugar consumed, most of the

arabinose, galactose and xylose consumed seemed to convert to

by—products. Remarkably, xylitol began to form right after
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the glucose and mannose were consumed. In most cases, onset

of xylitol formation closely coincided with appearance of

maximum ethanol amounts in the beer. Approximately 58% of the

xylose consumed fermented to xylitol (Table 26).

Mixed ion exchange resin, IRN-150, gave the highest

ethanol yield among the one step pretreatments even though

the hydrolysate remained colored after the treatment. This

implies that the hydrolysate contains inhibitory cationic and

anionic compounds. In this case, the sugar consumption rate

was also very high. Charcoal treatment makes the hydrolysate

water-clear but the ethanol yield was just slightly better

than that of the untreated hydrolysate.

XAD-16 gave 0.4499 g/g sugar consumed in 1 h in which

97.8% of glucose and 100% of rnannose were consumed. Charcoal

treatment after XAD-16, IRN-150 and diethyl ether treatment,

as a polishing step, gave almost similar ethanol yields for

all cases and proves the excellent fermentation efficiency of

secondary charcoal treatment of the pretreated hydrolysate.

Generally the fermentations at 6% sugar level, including

even the crude untreated hydrolysate, were very successful.

The fermentation efficiency is readily measured by the

conversion rates (yield of g ethariol/g sugar) and the

fermentation times to maximum ethanol concentration, as given

in Table 36. Thus, fermentation at 15% sugar level was tried.

Diethyl ether and XAD-16 + charcoal treatments were selected

for the 15% sugar solids fermentation for reasons as follows;
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1) Mixed ion exchange resin, IRN-150, appears to be an

excellent agent for the purification of hydrolysate. However,

for regenration of the mixed anion and cation exchange

resins, they must be removed from the column, separated by

specific gravity and then regenerated individually. The

regenerated resins must then be loaded into the column again

for the next working step. This process can not be readily up

scaled and can be used only for the recovery of highly

valuable products. Thus, it was not chosen for further work.

Sequential cation/anion exchange treatments were found to be

less efficient than the mixed bed and, therefore, is not

recommended.

2) Charcoal is an excellent agent in terms of removal of

color from the hydrolysate, although the ethanol yield after

charcoal treatment was not as good as obtained with the other

treatments. Further, regeneration of the charcoal (or

recovery of the lignin adsorbed) is very complex and does not

work well as described in the methodology. Thus, direct

charcoal treatment alone was not used in further work.

3) XAD-l6 can be regenerated, as explained in the

methodology. 100% of the efficiency can be restored by using

ACOS cooking liquor. nd as the IN chromatograrn shows, XAD—16

could remove even water-soluble lignin eventually, thereby,

increasing the ethanol yield. XAD-16 + charcoal treatment

gave the best ethanol yield, or 0.4729 g/g sugar consumed.
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Thus, it was chosen as the most potential hydrolysate

treatment of the series tried.

4) Diethyl ether extraction was very poor in terms of color

removal and the TJV chromatogram of diethyl ether treated

hydrolysate shows that it still contains residual lignin

degradation compounds. However, the treatment on fermentation

of the treated hydrolysate gave 0.4528 g/g sugar consumed in

3 h, which is very acceptable. This explains that high

molecular weight lignin compounds are not inhibitory but the

low molecular weight lignin degradation products are

potentially inhibitory and affect certain aspects of the

metabolism on the cell membrane (Buchert et al., 1990). By

using diethyl ether liquid/liquid extraction, the extracted

compounds (mostly resin- and fatty acids) can be easily

recovered from the solvent and the diethyl ether can be

reused. Thus, it is recommended as an alternate treatment.

At 15% sugar concentration the ethanol yield from the

diethyl ether-treated hydrolysate was 0.4775 g/g sugar

consumed although the sugar consumption rate reached only 66%

after 72 h (Fig.63, Table 34). This compared to 0.4677 g

ethanol/g sugar at a sugar consumption rate of 87% in 3 h

with a 6% sugar solution. The concentration of arabinose,

galactose and xylose were not changed.

In case of the XAD-16 + charcoal pretreatment of the 15%

sugar solution, 0.4416 g ethanol was produced per g sugar

consumed. Glucose and mannose were totally consumed from the
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hydrolysate in 12 h. The ethanol concentration reached 6.1%

in 24 h indicating that this organism is tolerant to higher

concentration of ethanol as noted in the literature (Kosaric

et al., 1988). It was very interesting that at the 15% sugar

level, arabinose and galactose were not consumed at all and

right after glucose and marinose were consumed the formation

of xylitol started (Table 35).
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5.0 DISCUSSION

5.1 GENERAL DISCUSSIONS

Biomass as a renewable source of combustible carbon

represents a continuous supply of energy. Its use is

environmentally safe particularly when its procurement

(growing) has itself been fueled with a renewable (such as

ethanol) rather than a fossil fuel. In conversion of biomass

to a liquid transportation fuel like ethanol three basic

steps are involved:

1. Hydrolysis of polymeric carbohydrates in wood to
fermentable sugars,

2. Separation of the lignin from the sugars, and

3. Fermentation of the sugars to ethanol.

Since cellulose is almost always associated with lignin

(save cotton and some seed hairs) step 2 becomes a necessary

component of the conversion process. Furthermore, step 2

seems to be required also because of the apparent association

of the lignin with some of the wood carbohydrates, whereby,

unless the lignin is also simultaneously dissolved during the

hydrolysis step (step 1), less than the theoretical amount of

reducing sugars is recovered from wood.

Lignin becomes an obstacle to the saccharification of

wood by the weak acid and enzymatic processes, as discussed

before. This obstacle was overcome by simultaneous hydrolysis

and dissolution of both carbohydrates and lignins by the ACOS
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process whereby quantitative conversion of biomass becomes

possible by basically a modified conventional weak acid

technology. What makes the ACOS process so unique is the fact

that complete hydrolysis of wood can be accomplished in one-

tenth of the time (30 mm y. 240 mm) and one-third to one-

tenth the acidity (0.047 to 0.190% y... 0.5%, respectively)

while still maintaining conditions which allow the lignin to

be hydrolyzed and dissolved without recondensation as would

be expected under highly acidic (pH <2.0) conditions. Thus

dissolution of wood in the ACOS solution is complete and

without any residues, while maintaining high sugar survival.

Optimization of the ACOS process (step 1) was described

earlier in CP 1 201 115 (Paszner and Chang, 1986) and by

Paszner and Cho (l988a, 1988b).

5.1.1 Species Selection

The potential fermentable sugar yield from softwoods is

higher than from the hardwoods because of the higher hexosari

content if the organism can ferment hexoses only. Thus, for

ethanol production softwoods are the species of choice.

However, softwoods are not chosen by many researchers since

they are more difficult to delignify, as a prerequisite of

hemicellulose extraction, than hardwoods. Spruce is also a

major forest industry material in British Colunüia. Among the

factors which affect species selection (other than process

capability which clearly is of no concern with the ACOS

process (Paszner and Chang, 1986) formation of inhibitory
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compounds is very important. Most inhibitory compounds of any

consequence would be more of concern in case of hydrolysis of

hardwoods, whereas inhibition of a more substantial magnitude

could potentially originate from softwood lignin (phenolics)

and extractives (particularly the highly toxic lipids) i.e.,

the higher lignin content of softwood would produce more

phenolic compounds while higher acetyl content of hardwoods

would produce more acetic acid. The hardwood inhibitory

compounds, based on hemicellulose, comprise mainly furfural

from xylose and acetic acid from the hydrolyzed acetyls. To

some degree, however, the same compounds could also be

expected to form from softwoods (spruce in the present

instance) due to the fact that spruce contains 11.4% xylose

of the holocellulose (Table 6) and typically around 1.2%

acetic acid (Fengel and Wegener, 1984). Hardwoods normally do

not contain the more toxic resin and fatty acids. Thus the

selection fell on a softwood, spruce wood.

The wood material was subjected to a thorough chemical

analysis, particularly lignin content, sugar analysis and

extractives analysis as reported in the methods section.

Quantification of these chemical components were of

particular interest for predicting the sugar yield on ACOS

hydrolysis and possible effects of water soluble degradation

products on the fermentability of the sugars. In anticipation

of the inhibitory effects of furfural, phenolics and

extractives, alpha-cellulose, holocellulose and extractives

free chips were prepared, respectively, all of which were to
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be hydrolyzed by the ACOS process. This approach would have

allowed an Driorv elimination of the formation of the

respective inhibitory compounds (furfural /acetic acid,

phenolics and extractives, respectively) making positive

identification of the major inhibitory compound, had such

been present or formed, possible. Thus, kilogram quantities

of holocellulose and alpha cellulose were prepared and stored

in air-dry condition until needed.

The course of experimentation, and the results of the

first series of fermentation trials with the selected

organism on hydrolysate from untreated chips were such that

it never became necessary to investigate the individual

inhibitors formed. Their effect on fermentation of

hydrolysates of pre-extracted and delignified chips became

redundant because the inhibition from the untreated

hydrolysate was tolerable and the hydrolysate pretreatments

worked out for the purpose of removal of inhibitory compounds

prior to the fermentation, appeared to be highly specific and

successful.

The task, therefore, was reduced to the testing of

untreated chips as directly obtained by chipping the 23 cm

diameter spruce bole. However, for the first time ever, ACOS

hydrolysis runs were made on pulping chips, rather than

sawdust. It is important to note in this regard, that

although sugar survival was not as high on the pulping chips

(89-91%) as on the sawdust (93%) under identical conditions,

the time required for total dissolution of a given amount of
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wood in either form (chips or sawdust) remained the same. The

difference in sugar survival between sawdust and chips as

feed stock is believed to be due to the differential rates of

transfer (diffusion of dissolved sugars) from within the

particles. Such mass transfer limitations can be alleviated

by selecting hydrolysis conditions leading to faster

dissolution rates and thus faster rates of removal of the

hydrolysate from the reactor. Unfortunately, the equipment

which was assembled for this study did not allow cooks in

which hydrolysis times under 10 mm would have been possible

and therefore the hydrolysates were mostly produced from thin

(1.0 mm thick) chips or sawdust. It was determined, however,

that random thickness (1 mm to 5 mm) chips can be

successfully hydrolyzed by the ACOS process depending the

flow rate.

5.2 ACOS HYDROLYSIS OF SPRUCE WOOD

The current study put no errhasis on optimization of the

ACOS process and required only confirmation of the

feasibility of fractional recovery of the hydrolysate as

recently described by Paszner et al. (1992). Fractional

(stage wise) hydrolysis became of interest due to the

observation that:

a) up to 95% of the xylose (hardwoods) and mannose
(softwoods) and 75% of the lignin were hydrolyzed
during the initial phase of the hydrolysis process
(Paszner, 1987; Paszner et al., 1992),

b) clear glucose solutions could be obtained from the
second and final stage of the hydrolysis process with
only a slight lignin discoloration, and
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c) most inhibitory compounds of hydrolysis origin would
be concentrated in the first fraction with the second
and final fraction, being largely free of inhibitory
compounds.

Poor fermentability of weak acid prehydrolysate

solutions by yeasts was reported in the literature earlier

(Azhar et al., 1981, 1982; Buchert et al., 1990; Clark and

Mackie, 1984; Hajny, 1981; Kerstter and Lyons, 1991; Lee and

McCaskey, 1983; Tran and Chambers, 1986a, l986b; van Zyl et

al., 1991), the problem being due to the high xylose content

of the hydrolysate and the presence of various inhibitory

compounds such as furfural, acetic acid and water soluble

phenolics and extractives. Lack of experience and information

of similar problems with the ACOS hydrolysates suggested

separation of liquor fractions containing the bulk of the

inhibitory compounds, as a good idea since it was reported

that most of the inhibitors found in the acid prehydrolysates

were also found at the early stage of the ACOS process.

5.2.1 Batch Type Fractional Hydrolysis of Wood

In laboratory-scale hydrolysis of wood, equipment

limitations seriously affect one’s capability of fractional

hydrolysis of wood. In the absence of a suitable high

pressure pump, the “fill and draw” method seems to be the

best approximation of the fractional hydrolysis process by

each “draw” or “fill” representing a particular hydrolysate

fraction. Of course the duration of the time interval between

the fill and draw phases becomes important and much time was
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spent on optimization of the length of each phase. During

these tests it became also evident, that the time interval

between the draws (empty) and fill (full) steps was also

important because the partially hydrolyzed chips remained

essentially unprotected (by the surrounding liquor) in the

reactor at high temperature allowing a significant degree of

degradation of the sugars. As one might expect, the number of

fill and draw cycles also increases the number of empty

vessel stages and the chance for degradation of the sugars.

Through a large number of fractional hydrolysis runs it

was established that collection of six fractions delivered

83.54% of the theoretically possible reducing sugars (after

secondary hydrolysis). Smaller and larger number of steps

gave lower sugar yields. When the sugar analysis data in

Table 6 and Table 11 are compared and the numbers

recalculated in Table 12, sugar losses are mainly due to

xylose (3.25%), arabinose(1.73%) and galactose(1.69%) whereas

the relative glucose proportion increased by 5.94%.

Arabinose and galactose were removed in the first

fraction (Fl) (Table 11) or within 20 mm (heating-up time to

temperature) and 72% of the xylose and 48% of manriari were

hydrolyzed during the same period of time. In total about 66%

of the surviving hemicelluloses were hydrolyzed while the

vessel and its contents were heated up to reaction

temperature (1800 C) . Hemicellulose removal, however, was not

complete until the fifth fraction (F5) in which no other

sugar than glucose was detected. Fraction F3 was free of
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xylose. Considering that full size chips were used for these

fractional cooks, the rate of initial hemicellulose removal

was remarkable. Nevertheless, 83.53% total sugar recovery was

unacceptable for the ACOS process.

In all cooks 96% of the wood charge was dissolved. The

4% residue was ribbon like thin strips of extremely fragile

material apparently insoluble in 72% H2S04. Upon visual

inspection it appeared that fewer pieces of ribbons were

retrieved from the reactor than chips charged and, therefore,

the ribbons were residues of chips trapped below the bottom

of the siphon tube and that inadequate hydrolysis conditions

were responsible for the survival of these residues. The

matter requires further investigation.

5.2.2. Flow-Through Percolation Type ACOS Hydrolysis.

Flow-through percolation is designed as a continuous

extraction of stationary chips in the reactor maintaining

both temperature (180° C) and pressure (380 psi; 27 bar)

through an appropriate pumping and liquor bleeding

arrangement (See Fig. 17). This mode of hydrolysis minimizes

the average retention time of the dissolved sugars at high

terrerature and prevents possible post-hydrolysis dehydration

reactions from happening. It was also found that total

dissolution (96%) was reached in 40 mm. (or earlier) as

compared to the 60-70 mm. determined earlier for the

fractional extraction cooks. Percolation type runs, of
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course, provide unlimited number of fractions which can be

collected by merely changing receivers at the outlets.

It can be determined visually on inspection of Fig. 27

to 31 that hemicellulose sugars were being removed up to 50%

of the total hydrolysis time (4030”) under the conditions

used, i.e., the first three fractions (Figs. 27-29) contained

all five major hemicellulose sugars normally found in spruce

wood. However, mannose seemed to have persisted to the very

end, being evident (retention tirne:24.8 mm) even in the last

fraction (F5). These tests were run at a single liquor flow

of 15 mL/min and thus, the average retention time of the

liquor was 13 mm in the reactor. Due to the limitation of

the HPLC pump, it was not possible to further reduce the

residence time by increasing the liquor flow rate. No

monomeric furfural was detected in the chromatograms. First

signs of HMF were noted in H2, the quantity increasing to a

maximum in H4 and decreasing again in H5. It is unreasonable

to believe that glucose only of cellulose origin participates

in F formation (Fig. 9).

The sugar recovery in percolation type cooks, using

sawdust, was 92.75% on continuous percolation with a

dissolution of 96% of the wood substance charged (Table 12)

and 89% of xylose surviving the hydrolysis process. The

survival of mannose was 13.58% of a possible 15.25%, or 89%.

The glucose survival was 97%. Most of the sugar loss was from

the arabinose and galactose hemicellulose fraction (Table

12).

184



Depending on the desired conposition of by-products from

total hydrolysis of wood, it may not always be desirable or

necessary to separate the hydrolysate fractions precisely.

Based on the sugar analysis runs of Fig. 27 to Fig. 31, a

two-stage run was made (Ha hemicelluloses and Hb cellulose

fraction) to provide a crude cellulose hydrolysate (Hb)

where, except for mannose, only traces of the other sugars

(arabinose, galactose and xylose) appear besides the major

glucose peak. The value of such separation, however, is

questioned considering that fraction Ha contains all five

hemicellulose sugars, including a major glucose peak. Under

none of the hydrolysis types tried so far were we able to

remove xylose or mannose selectively alone. This is not

surprising since the major hemicellulose fraction of spruce

wood is 0-acetyl-galactoglucomannan (20-25%) (Fengel and

Wegener, 1984) . Xylans are minor hemicelluloses in softwoods.

On the other hand, the tenacious resistance of mannan to

separation from the cellulose (glucan) in softwoods is well

known to the dissolving pulping industry where its survival

of relatively harsh conditions (alkali steeping and

bleaching) can cause serious clarity problems with the

viscose solutions. The theoretical ratio of glucose:

mannose:galactose is 1:3:0.2 in O-acetyl-galactoglucomannan

and thus the large glucose peak in Fig. 32 (Ha) is not

unexpected. Thus, it can hardly be expected that mannan and

xylans be hydrolyzed and recovered in Ha selectively without

also solubilizing the associated glucose and galactose, all
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being members of the randomly arranged glucomannan chains

with galactose as the appendage or side-chain (Fengel and

Wegener, 1984). Recognizing this remaining limitation of the

process, fractional collection of the percolation hydrolysate

was discontinued on the basis that separation of xylose from

the rest of the sugars may still be achieved, if so desired,

by applying the same isopropylidene chemistry as used in the

hydrolysis or by selective (double) fermentation. In the

double fermentation all hexoses are converted to ethanol

whereas in a second fermentation the residual hexosans (about

2% of the first fermentation charge) are converted to ethanol

while the xylose is converted to xylitol and recovered as

such.

5.2.3 Isopropilydene formation of sugars in ACOS hydrolysis

Direct analysis of the aqueous sugar solutions after

removal of the acetone and lignin by flash evaporation and

filtration, respectively, indicated relatively low sugar

content in the aqueous phase. The HPLC chromatograms did not

indicate major degradation products but small amount of

oligomeric structures. Although isopropylidenes are unstable

in aqueous acid solutions, their decomposition to acetone arid

the free reducing sugars is slow. Usually, boiling or

autoclaving (secondary hydrolysis) is required. Mixtures of

model compounds were put into the 250 niL pressure reactor at

1400 C for 15 mm to induce formation of isopropylidenes.

Isopropylidenes are expected to be resistant to further
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degradation under conditions of hydrolysis. This experiment

was also conducted to find out how much of the sugars could

be present in the form of isopropylideries and survive the

secondary hydrolysis step. As seen in Table 14 the average

sugar increase was 36.5 %. The high derivatization rate may

be taken as evidence for high sugar survival rate during the

ACOS hydrolysis process. The possible chemical mechanism

involved is described in Section 2.3.4.1.

5.2.4 Secondary Hydrolysis

From a number of secondary hydrolysis runs it was found

that a 57.66% increase in the content of apparent reducing

sugars could be obtained on one hour autoclaving at 4% H2S04

concentration at 1200 C (see Table 15). Interestingly, the

arabinose concentration remained unchanged or slightly

decreased (Fig. 34) while the concentration (recovery) of all

other sugars increased. The concentration of mannose nearly

doubled. Although all sugar hydrolysates were filtered and

appeared clear before autoclaving, some precipitate always

formed after autoclaving. The precipitate was soluble in

acetone and thus was assumed to be lignin. The precipitate

was normally filtered off after adjustment of the solution pH

to 5.5 with NaOH pellets.

Thus autoclaving becomes part of step 2 - separation of

the sugars from the lignin. While the autoclaved acidic

hydrolysates are normally a light amber to honey colored (see

Fig. 47) after pH adjustment to 5.5 the color turns thick
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coffee brown. This color change is attributed to the

presence of conjugated phenols with highly absorbing

chromophoric groups such as the Hibbert Ketones.

5.2.5 Oligomers in the ACOS Hydrolysate

It was found that the ACOS hydrolysate contained 4.0%

cellulose oligomers such as cellobiose and cellotetraose. The

4.0 % oligomers were reduced to 1.0 % by secondary hydrolysis

(4% H2S04, lh autoclaving at 1200 C) which contributed 4.2% to

the total sugar increase. It was very interesting to know

that cellotetraose (Mw=666) was not hydrolyzed during the

secondary hydrolysis but 84% of the cellobiose (Mw=342) was

hydrolyzed to glucose.

5.3 IDENTIFICATION OF INHIBITORS

By-products of wood hydrolysis occur in various amounts

and are often promoted on the basis that they contribute to

or are necessary components of the overall economics of the

conversion process. This is certainly the case with DSG

(Dried Stillers’ Grain) in grain hydrolysis. Furfural in

steam explosion and weak acid hydrolysis, on the other hand,

is an unavoidable by-product which reduces the quantity of

recoverable xylose and becomes an inhibitor in the

fermentation of the liberated sugars (Hajny, 1981).

In solvent pulping and the ACOS hydrolysis process other

by-product inhibitors may also be of interest. it is well

known that solvent puips are low in extractives (Quinde and
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Paszner, 1992) due to the excellent solubility of lipids in

alcohols. In this report high-temperature fractionation of

wood by the ACOS process exacerbates the extractives

inhibition. Nature relies on extractives as protecting agents

for wood against fungi, bacteria and insect attack by

simultaneously also degrading the lignin to low molecular

weight monomeric and oligomeric fragments of phenolic

character. Therefore, in addition to the extractives,

phenolic degradation products also occur in ACOS hydrolysis

which are responsible for the dark brown color of the

hydrolysate. Considering this scenario it was entirely

reasonable to assume that ACOS hydrolysate clean-up

treatments (pretreatments), before fermentation by yeasts,

will be necessary.

5.3.1 Analysis for Furfurals

In the conversion of spruce wood to fermentable sugars

two types of furfurals could have been encountered such as

furfural and hydroxymethyl furfural and two types of organic

acids such as levulinic acid and formic acid according to the

following scheme (Fig. 65).

Only limited resistance of softwood xylans (xyl:4-o-

methyl-Glu-U-acid) is noted in our hydrolysis runs as

evidenced in the HPLC chromatograms of fractional hydrolysis

runs (Fig. 27 -29). However, this resistance did not result

in furfural formation. No trace of monomeric furfural is
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evident in these chromatograrns. Furfural was only seen in

batch type hydrolysis cooks.

CR2 OH OH Condensation Products

H

3H2oU
H2C_ CR2

+

acid
Glucose Hydroxyfflethyl

furfural

o OH
-3H20

[N,j.[\+2H2o
Condensation Products

Xylose Furfural

Fig. 65. Furfural and hydroxymethyl furfural formation from
monosaccharides in acid medium.

Hydroxymethyl furfural on the other hand is a

dehydration product of glucose (Fig. 65). It begins to show

up in H2 but never reaching major proportions. Secondary

hydrolysis (4% H2S04, 1200 C for lh) actually reduces the

amount of HMF very likely to levulinic acid and formic acid

as indicated in Fig. 65. Based on these observations and

measurements, it is unlikely that furfurals would become a

problem especially in continuous ACOS percolation cooks.
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5.3.2 Identification of Extractives

Extractives in wood amount to a few percent (2-6%) of

the dry weight and encompass a large number of organic

solvent-soluble extracellular substances in wood. Extractives

of most woods are part of the defence mechanism of trees

against insects and fungi and therefore, are

microbiologically toxic. Even a small percentage of

extractives (particularly of resin acid type) in pulping

effluents are known to be toxic to fish. Acetone is an

excellent solvent for most wood extractives (Fengel and

Wegener, 1984) . Acetone extracts of spruce contain more than

10 classes of compounds each containing in excess of five to

ten individual chemical species. Gas chromatographic spectra

of methylated spruce extractives may look frighteningly

complex with up to 150 peaks (Zinkel and Han, 1986). The bulk

of the extractives of major significance in spruce wood fall

into classes of terpenes: mono-, sesqui-, di-, and tn

terpenes of mostly mono- and bicyclic structures (Fengel and

Wegener, 1984).

Due to the large number of diterpenes (neutral

hydrocarbons) and diterpenoidic acids (resin acids) in

addition to the fats, fatty acids and alcohols, it is

customary in the pulp industry to focus attention on the

resin- and fatty acids although tall oil and digester

condensates contain volatile monoterpenes (wood oil) and

saponifiables, as well.
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Of the 10 resin acids nearly all were present in

alcohol-benzene (1:2) extractables of the chips, following

methylation and GC analysis. Pimaric, sandaracopimaric and

dehydroabietic acids were positively identified in ACOS

hydrolysate (single-stage percolation cook) following

repeated diethyl ether extraction of the black liquor. Of the

fatty acids only stearic acid was identified for lack of

appropriate model compounds though numerous peaks

corresponding to known relative retention times for palmitic

oleic-, linoleic-, and linolenic acids can also be noted.

GC/Mass spectra were run of the various extractive samples

collected (Fig. 24, 40, 41) for identification purposes

later. While time did not allow detailed analysis of the GC

chromatograms, however, they were of significant help in

following the effectiveness of the various hydrolysate

treatments in a qualitative manner (see Fig. 42 - 46), where

the absence of peaks in certain regions of the chromatogram

indicates removal of extractive compounds by the treatment.

In such an instance, where bulk removal of a known class of

compounds occurs, it is not absolutely necessary to identify

each individual compound present or removed until

specifically necessary.

It is, therefore, quite revealing when the chromatogram

in Fig. 40 is inspected for residual extractive corronents in

the hydrolysate after precipitation of the lignin by flash

evaporation of the acetone, and corrpared with that of Fig. 24

in the 25 to 40 mm retention time region of Fig. 41. This
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region shows the presence of resin- and fatty acids. The

chromatogram in Fig. 40 indicates that lignin precipitation

from the hydrolysate effectively removed the resin and fatty

acids, leaving only traces of the conpounds. The chromatograrn

in Fig. 41 on the other hand shows that when the precipitated

lignin was extracted with diethyl ether and the extract

properly worked up (methylated), the diethyl ether solvent

effectively recovered the absorbed extractives from the

lignin as evident from the numerous peaks now reappearing

(absent in Fig. 40) between 22.3 mm to 40 mm retention

times. It can, therefore, be readily concluded that lignin is

an excellent adsorbent for the water-insoluble resin- and

fatty acids and will remove them effectively when

precipitated from the hydrolysate.

The numerous peaks in the front part of the

chromatograms at retention times between 5 mm to 22 mm are

due to phenolic and other degradation products formed during

the ACOS hydrolysis and solubilization of lignin. Again the

chromatograms were mostly useful in judging the bulk

effectiveness of the hydrolysate treatments, as discussed in

the following sections.

5.3.3 Identification of Phenolics

Phenols originate as solvolitic degradation products of

lignin hydrolysis/fragmentation by the ACOS liquor. The major

components of such phenols were identified by Cho (1981) for

ACOS hydrolysis of Douglas-fir although no detailed analysis
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was performed. Again the individual lignin fragments and

degradation products are of no particular interest in judging

the effectiveness of the ACOS process as long as they

individually do not adversely affect some property of the

hydrolysate. In this case, their effect on the fermentability

of the sugars in the hydrolysate was of particular interest.

However, it was found that the phenols were either totally

removable from the aqueous hydrolysate by some treatment (as

discussed in the next section) or they had only minor or no

effect on the fermentability of the sugars in high cell mass

fermentation using S. diastaticus.

These phenolic compounds were found to color the

hydrolysate only lightly at low pH (<2) while the

hydrolysates were dark colored at pH 5.5 (Fig. 47). Thus the

color of the hydrolysate appeared to be pH dependent. Since

the color of the hydrolysate did not seem to affect the

fermentation of the hydrolysate, no quantification of any

individual component of the phenols was attempted.

Quantification of vanillin, and Hibbert Ketones could have

been easily performed due to the ready availability of the

model compounds involved. Since isolation and identification

of the individual phenols is quite time consuming, no further

effort beyond the GC/Mass spectra runs were made to

eventually identify the phenolic compounds which were

reproducible for the color of the hydrolysate. Indicators for

bulk behavior seemed to be adequate for the present purpose.
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5.3.4 Quantification of Phenolics

Phenolic materials were quantified by a colorimetric

method as described in Section 3.8. As shown in Table 21, the

untreated hydrolysate contained 1.269 rng/mL of phenolic

compounds likely of lignin origin. This concentration seems

to play a very important role in inhibition of fermentation

since the ACOS hydrolysate is proven to be almost free from

furfurals and extractives, the other major suspected

inhibitors.

5.4 REMOVAL OF INHIBITORY COMPOUNDS

Fig. 24 and, particularly Fig. 40 and 41, were quite

revealing of the complexity of color causing compounds in the

ACOS hydrolysates. On inspection of both fractional

hydrolysates and continuous hydrolysis liquor it was evident

that H2 to H4 fractions were lightly colored both before and

after removal of lignin. Hi and H5 were less colored and

cleaner than the intermediate fractions. Initially it was

anticipated that the color at pH 5.5 will be indicative of

the fertnentability and inhibitory effects of the hydrolysate.

The first trial with the selected yeast seemed to bear out

this expectation since the unselected yeast seemed to be

totally inactive when untreated, highly colored sugar

solutions were added as carbon source to fermentation broths.

Based on this initial experience, five different hydrolysate

treatments were worked out to study the efficiencies for

color removal by these treatments.
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The treatment effects were usually measured by

determination (presence) of residual extractives, phenolics

and by exhaustive diethyl ether extraction of the treated

solution, followed by qualitative GC chromatography of the

methylated products. Furthermore, UV spectroscopy was also

introduced since even completely decolorized solutions (ex.

charcoal and some double treated hydrolysates) still retained

colorless, water-soluble degradation products (Fig. 48>. Such

observation could then be easily related to reduced (slower)

fermentability of some of the treated hydrolysates.

Although recognized as an important parameter, the

optimum pH of the hydrolysate was not derived due to the

extensive nature of such an optimization process. Instead,

the approach has been followed that the treatment effect

should be observed at the pH of the hydrolysate at which it

is expected to be fermented, i.e. pH 5.5. Thus all solutions

were adjusted to pH 5.5 following the secondary hydrolysis

and the effects of the treatment were observed at that single

pH. It is thus recognized that some of the treatments may

have been more effective at another pH value, had the

isokinetic point been determined for each of the components

in the hydrolysate.

5.4.1 Liquid/Liquid Extraction with Diethyl Ether

Diethyl ether is known to be an excellent solvent for

neutral, nonpolar compounds and for the resin- and fatty

acids in wood (Avgerinos and Wang, 1983; Ekman, 1979; Quinde,
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1990; Zinkel and Han, 1986) . As indicated in Fig. 48

relatively little (if any) color change was caused by the

diethyl ether extraction of the hydrolysate (compare color to

control at pH 5.5 - Fig. 47). Regardless of the highly

colored nature of the ether extracted hydrolysate, the

chromatogram of Fig. 44 indicates substantial losses in low

molecular phenolic compounds but showed that diethyl ether is

incapable of removing all IF and vanillin but their amounts

were greatly decreased. However, total lignin content by

diethyl ether extraction did not change at all as seen in

Table 21 since only monomeric, or at most, dimeric phenolic

compounds are usually detected by GC and most of the high

molecular lignins remain undetected. From these results (GC

chromatogram and total lignin content after diethyl ether

treatment) it is presumed that most of the lignin in the

hydrolysate must be of a nature which obviously does not

affect the metabolism of the cells (Buchert et al., 1990).

This is partly the reason why the diethyl ether-extracted

hydrolysate fermented well. Three consecutive liquid/liquid

extractions with approximately 30% volume fraction of ether

each did not remove all the water-soluble materials (compare

to Fig. 42, GC chromatogram of the ether-soluble compounds

recovered from the untreated ACOS combined (Ha and Hb)

hydrolysate). A list of some of the lipid components and

their respective retention times is given in Table 18.

Residual TJV absorbing water-soluble compounds, not soluble in

ether, are shown in Fig. 52. These compounds are related to
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lignin (UV maximum for lignin occurs at 280 nm and 190 rim). A

list of possible water-soluble inhibitors from oakwood is

given in Table 1. Except for the syringic, tannins and

related coripounds, many of the substances listed in the table

would also be expected to occur in spruce hydrolysates.

Liquid/liquid extraction with diethyl ether or other

suitable non-water miscible solvent ethyl acetate, chloroform

etc. is relatively expensive. Thus, this treatment would be

justifiable only if a product of substantial value such as

resin acid or phenolic compound could be recovered from the

bulk lignin. No such product has been identified in this

case.

5.4.2 Mixed Bed Cation/Anion Resin(IPN-l50) Treatment of ACOS
Hydrolysate

Mixed bed resins remove ionizable species both cationic

and anionic types and phenolic compounds (How and Moor,

1982). Judging from the GC chromatogram in Fig. 42 most of

the sugar contaminants shown must be phenols and acids.

Removal of the water-soluble phenols, however, was largely

incomplete as indicated by color (Fig. 51) and TJV absorbance

at 280 nm (Fig. 52) and total lignin content as given in

Table 21. The total lignin content is reduced by only 4%. An

additional charcoal treatment, however, removed all color and

traces of all TJV absorbing compounds (Fig. 53).

The combination of mixed bed ion-exchange resin and

charcoal treatment apparently would be quite effective in

reducing the contaminants from ACOS hydrolysates.
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Practically, however, mixed bed resins are cumbersome to

regenerate and require substantial amounts of eluent for

removal of the bound contaminants. The eluents are aqueous

acids and bases and thus recovery of these compounds would

usually be quite costly.

5.4.3. Charcoal Treatment of ACOS Hydrolysate

Excellent decolorization results were obtained with

powdered activated charcoal. The method used was the simple

batch slurry treatment, however, column adsorption using

coarse (10 mesh or 2 mm) granular charcoal would work equally

well. As evident in Fig. 45 removal of the contaminants was

practically complete removing most of the well-known

inhibitory BF and vanillin, leaving trace amounts of 4-

dibenzofuranamine. 55% of the phenolic compounds (from 1.269

to 0.563 mg/rnL) was removed (Table 21). It can be said that

there must remain water soluble, colorless compounds in the

charcoal treated hydrolysate which seemed to inhibit the

fermentation allowing only marginally better ethanol yield

than that produced with the untreated hydrolysate (Table 36).

The charcoal treated hydrolysate was water-clear (Fig. 48)

and the TJV chromatogram indicates the presence of some

residual water-soluble, colorless compounds not removed by

the charcoal treatment. Charcoal treatment further causes the

greatest drop in pH from 4.86 (control) to 2.70 (charcoal

treatment) indicating that mainly neutrals and phenols were

removed but not acidic substances.
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Activated charcoal treatment appears to be a very

effective decolorization treatment for the ACOS hydrolysate

at pH 4 - 5. It was the only treatment which provided

colorless hydrolysate after relatively short treatment.

However, considerable amounts of charcoal material are

required (about 140 kg/T wood processed i.e., 2 T/day of

charcoal would be required in a 150 T/d capacity plant if the

charcoal were used only once for the extraction). Due to the

difficulties with complete regeneration of charcoal columns

their use as primary treatment for the hydrolysate cannot be

recommended.

Equally good and better economics are obtained when

charcoal is used as a polishing compound to remove trace

amounts of phenolics in decolorization of hydrolysates

pretreated by other means to remove the bulk of the coloring

matter (contaminants). Such treatments will be described

below.

5.4.4 Amberlite XAD-16 Treatment of ACOS Hydrolysate

XAD-16 treated hydrolysate resulted in very thorough

removal of the phenolic (lignin) degradation products as well

as extractive compounds (Fig. 46) in which only 4-

benzofuranamine was the residual unremoved compound. In fact

no other treatment was as effective, the efficiency being as

effective as that had with charcoal in terms of color and

removal of phenolic coripounds (Fig. 45 and 48). DV absorbency

measured at 280 nm was lowest among all treatments (Fig. 52)
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indicating that chemical species which previously adsorbed at

280 nm were effectively removed (not the sugars). Overall,

the XAD-16 resin treatment was the most effective in removing

contaminants from the combined ACOS hydrolysate including

those which so strongly absorbed at 280 run and at 190 - 230

run regions in the UV range (Fig. 52).

The XAD-l6 resin was found to be very easy to apply and

fully regenerable on washing with aqueous acetone (80:20

acetone:water, 0.04N H2S04) and/or acetone. Multiple

regeneratioris were performed in our laboratory without any

apparent loss in adsorption capability of the resin. This

resin is very attractive for the purification of ACOS

hydrolysates before fermentation due to the fact that

hydrolysates could be processed at high temperature (up to

180° C) and elevated pressure (up to 80 psi).

5.4.5 Hydrolysate Treatment with Charcoal Polishing

Treatments which were found to leave color (diethyl

ether (Fig. 49), XAD—16 (Fig. 50), IRN-l50 (Fig. 51)) when

supplemented with charcoal were found to produce a water-

clear hydrolysate. Aisence of color was taken as evidence for

lack of ether-soluble phenols and extractives. UV

chromatograms of the resulting hydrolysates further showed

that most of the water-soluble phenolics which absorb at

wavelengths of 190 to 280 n.m were also removed now nearly

completely (Fig. 53 for XkD-16 + Charcoal, diethyl ether +

charcoal and lEN-iSO + charcoal). The total phenolic content,
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as seen in Table 20, drastically dropped by 48 - 79%,

respectively.

Of most treated hydrolysate, due to the minor residual

amounts of contaminants remaining after the primary treatment

(diethyl ether liquid/liquid extraction, XAD-16 adsorption

and IRN-150 mixed ion exchange resin adsorption), a high

degree of purification may be obtained by an additional

polishing treatment with charcoal. The XAD-16 + charcoal

combination is of particular interest due to the prospects of

potential of scale-up and efficiency in both absorption and

desorption of the contaminants on regeneration of the resin

in which valuable by-products could be recovered and also

resin could be continuously in use. Further optimization of

this combination treatment process would be highly desirable.

5.5 ALCOHOLIC FERMENTATION OF THE ACOS HYDROLYSATE

5.5.1 Fermentation of the Untreated ACOS Hydrolysate

The sugar solids concentration of a combined (Ha + Hb)

ACOS hydrolysate was set at 6% and the fermentation

conditions selected as described in Section 3.6.5 and 4.7.

The untreated hydrolysate was quite dark in color (Fig. 47).

Nonetheless, the flocculating ability of the yeast was only

mildly affected (sedimentation time was increased from 60 sec

in an XAD-l6 treated hydrolysate to 2 - 3 mm.). Fermentation

of the sugar started almost immediately as evidenced by the

regular evolution of CO2 bubbles through the bubble hose

showing no lag phase.
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Samples withrawn at various intervals (0, 1, 3, 6, 12,

24, 36, 48, 72 h) showed a steady decrease of the glucose

concentration and an increase of the ethanol concentration

with time. In three hours, 100% of all the mannose was

consumed whereas 100% of the glucose was consumed in 36 h.

Maximum ethanol yield of 0.4136 g/g sugar was reached in 6 h

representing an 81% efficiency of conversion of sugar to

ethanol. Xylitol production commenced as the mannose sugar

consumed was all consumed after 3 h whereby 32% of the xylose

consumed was converted to xylitol in 72 h (Table 26). The

cell mass increased from 25.30 g to 27.12 g/L during the

fermentation.

This indicated that even the untreated ACOS hydrolysate

was satisfactorily fermentable within 6 h and that 90% of the

total sugars (and 99% of the glucose and mannose) were

consumed in 3 h. These results were most encouraging.

5.5.2 Fermentation of Treated Hydrolysates

The fermentability of treated hydrolysates varied

somewhat, although not as widely as might be expected at the

beginning the residual color after the liquor treatment would

have indicated.

The highest fermentation yield of 0.4729 g/g sugar

consumed was obtained with the XAD-16 plus charcoal polished

hydrolysate in 6 h although the sugar consumption was only

87.6%. Slow fermentation may have been caused by the residual

phenolic compounds in a concentration of 0.245 mg/rnL (79%
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removed). A relatively high ethanol yield of 0.4681 g/g sugar

consumed was obtained following the mixed ion exchange resin

treatment in 8 h even though the total phenolic content of

the hydrolysate remained almost the same as that of the

untreated hydrolysate. However, the treatment is not

recommended for continuous purification of the hydrolysate

due to the general difficulties in regenerating the resin.

Mixed ion exchange resin treatment removed mainly ionic

species (acidic) without affecting the color of the

hydrolysate. In contrast, and quite surprisingly, charcoal

treatment of the hydrolysate gave a relatively low conversion

efficiency (0.4228 g/g sugar consumed) in 3 h fermentation

with an 83% ethanol yield. The charcoal treated hydrolysate

was totally colorless and 55% of the phenolics were removed

but could be shown by TJV spectroscopy to contain relatively

high concentrations of water-soluble colorless phenols (Fig.

52 and 53).

Shortest optimum fermentation times (1 h) at 6 % sugar

solid concentration were noted for the XAD-16 treated

hydrolysate wherein the conversion efficiency was 0.4499 g/g

sugar consumed (88% of the theoretical) with total sugar

consumption of 89%. The increase in the fermentation time to

6 h on treatment (polishing) of the XAD-16 pretreated

hydrolysate with charcoal was surprising since the charcoal

treatment removed the residual honey color (Fig. 50)

completely.
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The effectiveness of contaminant removal from the ACOS

hydrolysates by the XAD-16 plus charcoal treatment is quite

surprising and encouraging since the resin is readily

regenerated with ACOS cooking liquor or pure acetone. Thus

lignin solution ready for spray drying would result on

collecting and concentrating the eluent. This provides facile

recovery of the lignin in a marketable form. The potential

also exists that purification of the hydrolysate with XAD-16

can be carried out with the hot liquor (up to 1800 C). For

maximum recovery of the lignin and extractives as by

products, XAD-l6 treatment of the hydrolysate, from which the

lignin has been removed by solvent distillation and

precipitation, can be recommended even on a larger scale.

This resin will treat even concentrated hydrolysates and when

charcoal polishing is also applied, water-clear colorless

hydrolysates ensue. This should facilitate recycling of the

still bottoms for diluting of the sugar solids in ACOS

hydrolysates before fermentation. The feasibility of

selective elution of the extractives followed by removal of

adsorbed lignin fragments from charcoal columns has been

demonstrated in 1981 (Wise and Jahn, 1952). Alternately, the

L/L extraction process described by Quinde and Paszner (1992)

could also be used for the separation of extractives and

lignin from the hydrolysate. Colorless hydrolysates would

also allow subsequent recovery of the unfermented or

fermented xylose.
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Fermentability of the variously treated ACOS

hydrolysates is summarized in Table 36. All conversions were

based on total sugar (pentosan and hexosan). When the ethanol

yield is recalculated for glucose and mannose only,

conversion between 98 and 99% are obtained.

5.5.3 Fermentation of the 15% Sugar Solids ACOS Hydrolysate

Only two hydrolysate treatments were chosen for further

study of the fermentation process. With high sugar solids

hydrolysates (ACOS solutions with as high as 55% sugar solids

can be prepared) a continuous fermentation/distillation

process should be considered. Such processes provide a number

of advantages, not possible with batch fermentation.

High sugar solids on the other hand can be toxic to

yeasts due to the high osmotic pressure on the cell membrane,

hence sugar tolerance of the yeast at 15% sugar solids was of

interest. As indicated in Table 37 the XAD 16-charcoal

treated hydrolysate gave reasonably acceptable conversion

rates (0.4416 g/g sugar consumed) in 24 h. It is most

interesting that the higher sugar solids caused a

considerable slow-down of the fermentation process even

though the sugar consumption remained above 91%. The alcohol

concentration reached 6.12% or 84% of theoretical. The

initial cell mass applied was 34 gIL (OlD) and increased to 37

g/L in 24 h. The somewhat lower alcohol yield is surprising,

considering the cell mass (34 g/L) (Table 35) and the low

total phenolic content of 0.604 mg/mL (in Section 4.6.3.2).
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The possible reason may be increased ethanol inhibition

(7.75%) or sugar solids (osmotic> in the hydrolysate (Table

37). Still higher cell mass broths could increase the

fermentation rates. Glucose and mannose were 100% consumed in

less than 12 h while at 24 h 34% of the xylose consumed was

converted to xylitol (xylose consumption was just 26%). When

the ethanol yield is recalculated for glucose and mannose

conversion alone (13.38 g of sugars converted to 6.122 g

ethanol) the ethanol yield conversion efficiency became 0.458

g/g sugar consumed or 90% of the theoretical. As before,

arabinose and galactose were not fermented by the yeast.

87.5% of these sugars was accounted for in the form of

residual sugar in the broth after 12 h of fermentation and

was composed of arabinose, galactose and xylose.

Commercially, use of high cell mass becomes an important

process option if both water and energy savings would be

desired.

In summary Saccharomyces diastaticus flocculating

brewers yeast was adapted to ACOS hydrolysate fermentation in

practically one step without a major adaptation effort since

generally a series of transfer of organism from hydrolysate

with low concentration of inhibitors to that with high

inhibitors is required. The adapted yeast turns out to be

quite stable, showing no tendency to reversion to the parent

strain, even when grown in synthetic carbon sources several

times. This means that the adapted yeast does not seem to

lose its ability to ferment even untreated ACOS hydrolysate
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to ethanol. The yeast was found to grow well on glucose, and

even xylose under aerobic conditions (albeit the growth rate

is only half on xylose as compared to that on glucose).

Industrially, it is very important that the adapted S.

diastaeicus can ferment treated ACOS hydrolysate in less than

6 h (92% conversion) to ethanol and the untreated hydrolysate

in less than 24 h. Apparently 100% of the glucose and 100% of

the mannose is fermented under the conditions chosen. If

fermentation is continued, xylose is converted to xylitol and

some loss of ethanol is observed.

Accordingly, the glucose and mannose yield from spruce

wood calculate to 638.44 kg (574.6 kg x 1.1111) of glucose

and mannose (57.46% at 92.75% recovery) per tonne of spruce

wood. At a conversion rate of 0.4729 g ethanol/g sugar (XAD

16 + charcoal treated hydrolysate - Table 37) the ethanol

yield now calculates to 354.98 L/T of wood (574.6 x 1.1111 x

0.9275 x 0.4729 x 1.2674 (density of ethanol)). Additional

ethanol could be expected from fermentation of xylose or on

secondary fermentation of the sugars left in the still

bottoms during conversion of xylose to xylitol. Such a double

fermentation process would have to be further researched and

worked out.

5.6 CORRELATION BETWEEN FERNENTABILITY AND PHENOLIC CONTENT

The major inhibitors expected to occur in wood

hydrolysates belong to three categories; carbohydrate

degradation products (furfural and HMF), extractives (mainly
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resin- and fatty acids) and lignin degradation products

(mainly monomers and at most dimers). It was found that

processed ACOS hydrolysates, from which the organic solvent

is removed, are free of furans and contain minor amounts of

residual extractives. As the bulk of the lignin is

precipitated by evaporation of the solvent (acetone) from the

black liquor, the hydrolysate is left with water-soluble

sugars and lignin fractions. The lignin fractions, generally

phenolic compounds, consist of not only low molecular weight

(MW<152) but also higher molecular weight materials (Fengel

and Wegener 1984). Assessment of the effect of these phenolic

materials on the fermentability of the ACOS hydrolysate is

important because of their omnipresence in acid hydrolysates

of wood.

The total phenolic content of ACOS hydrolysates was

quantified by a colorimetric method which detects all lignins

in the hydrolysate regardless of molecular weight (Table 20).

GC/MS analyses were performed to determine the type of low

molecular weight lignin fractions in the hydrolysate. As

stated above, they are the suspected inhibitors which are

supposed to affect cell metabolism (Fig. 42 - 46 and Table

20) (Buchert et al 1990). Some acid-soluble phenolics are

also colorless. Thus, UV chromatographic analysis was

performed to track these compounds (Fig. 52 and 53).

Fairly good correlation could be found between the

phenolic concentrations and fermentability of treated

hydrolysates from these tests. For example, the XAD-16
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treatment afforded not only the lowest phenolic content

(0.297 mg/mL) (Table 20) but left no peak at 280 run of the UV

chromatogram (Fig. 52). Thus, most of the UV absorbing

compounds, found to be inhibitory on fermentation, were

removed (Fig.46). The improvements in fermentability (reduced

fermentation time and increased efficiency from 0.4136 gIg to

0.4499 gIg) seem to relate to reduction/removal of the liv

absorbing substances, both colored and colorless.

However, no strict correlation could be found between

the above results of the variously treated hydrolysates and

fermentability. The fermentability of sugars should have been

proportional to the amount of phenolic materials in the

hydrolysate if the phenolics are the only inhibitors found in

the hydrolysate. For instance, the diethyl ether treated

hydrolysate contained 1.270 mg/mL residual phenolics and the

value was 0.563 mg/mL in the charcoal treated liquor. Thus

logically the charcoal treated hydrolysate was supposed to

ferment better than the diethyl ether treated hydrolysate.

However, the results were the other way around. The charcoal

pretreated hydrolysate gave only 0.4228 g ethanol/g sugar

consumed whereas the diethyl ether treatment gave 0.4528 g

ethanol/g sugar consumed. Mixed ion exchange resin removed

only 4% of the phenolic compounds and the UV chromatogram of

the hydrolysate still showed a very strong peak at 280 run.

The ethanol yield was 0.4681 g/g sugar consumed. These

results suggest qualitative rather than quantitative effects

of impurities remaining after hydrolysate treatments on
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ferrnentability of sugars since the compounds responsible for

the 280 nm seems to be specifically inhibitory to the organim

used in this study.

Had a low amount of inoculurn (3-5 g cell mass/L) been

used, there might have been a stronger correlation between

ferrnentability and the amount of phenolic materials as the

relative concentrations, phenolics/No. of cells, would have

been larger. However, in this study, because of the

employment of high cell density inoculates as a means for

overcoming the inhibition, the correlation between residual

phenolic content and fermentability became very weak indeed.

Thus, it is concluded that the concept of inhibition is

relative, depending on the organism and cell density used,

and the nature of the hydrolysates.

Most researchers working on fermentation of wood

hydrolysates tried to elucidate the role of individual

extraneous compounds, assumed to be present in their

hydrolysates, on the fermentation. Their efforts to find out

which corrpounds were more inhibitory and the quantity of such

conounds required to affect the fermentability, have limited

value. Basically, the magnitude of inhibition by any compound

is specific and largely dependent on the organism used

(Buchert et al 1988). For example, Candida tropicalis is

known to utilize even some phenolic compounds while most

other organisms cannot (Neujahr, 1978) . Therefore, two

considerations will determine the level of inhibition caused

by the impurities in the hydrolysate. Sensitivity of the
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microorganism to the irrurities in the hydrolysate is a major

factor which can be readily regulated by working with high

cell density inoculuxn. Larger number of microbes in the beer

will share the same amount of inhibitors and thus can have

the same effect as lowering the inhibitor amount and even

removing the lag phase. While it may be of scientific

interest, which particular inhibitor in a group of inhibitors

is most toxic to the microorganism used, such information is

derived by tedious analytical work with very little practical

benefit. It must be considered that certain inhibitors arise

as a group of compounds during the wood hydrolysis process

and this group of compounds cannot be readily separated into

the individual components so that compounds of the highest

toxicity could be selectively removed. Hydrolysate

pretreatments remove these classes of compounds mainly as a

group. When more than one coiround is causing the inhibition,

often times double hydrolysate treatments are required to

lower the inhibitory effect since removal rate of the

inhibitory compounds also depends upon the level of

treatment.

The most important observations and experience with

ferrnentability of the ACOS hydrolysate indicate, that double

pretreatments of the hydrolysate (XAD-l6 ÷ charcoal; IRN

l50÷charcoal and diethyl ether ÷ charcoal) gave hydrolysates

of superior, almost identical, fermentability as compared to

the individual treatments with XAD-16, IRN-150 and extraction

with diethyl ether. What is most surprising is that the
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charcoal polishing treatment following some other initial

treatment (XAD-16, IRN-150) accomplished results which could

not be achieved with charcoal pretreatment alone. While

charcoal pretreatment as the major treatment resulted in only

minor improvements in the ethanol yield coirpared to that with

the untreated hydrolysate (0.4136 g/g vs 0.4228 g/g sugar

consumed, Table 30) and reduced sugar consumption at maximum

ethanol yield from 92% to 89%, charcoal polishing effectively

improved the maximum ethanol yield by 5%, 0% and 5%

respectively for the XAD-16, IRN—150 and diethyl ether

pretreatments, and normalized the sugar consumption to 87% at

the maximum ethanol yield. Polishing with charcoal usually

resulted in total color removal from all three types of

pretreated hydrolysates as was the case with charcoal

treatment alone (Fig. 48). It seems that removal of the

residual color was also associated with removal of the

remaining inhibitory compound(s) although the inhibitory

compounds may not have been colored. Certainly, the residual

inhibition in the charcoal-treated hydrolysate was colorless

(Fig. 48) yet it showed a strong TN absorbance at 280 nm

(Fig. 52). Charcoal treatment removed nearly all phenolic

materials with only minor traces showing on the GC

chromatogram of the pretreated hydrolysate (Fig. 43). Thus

the compounds(s) responsible for the TJV absorption (Fig. 52)

must be present in truly trace amounts. Yet, their toxicity

must be greater than that of the bulk of the degradation

products.
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Significantly, all other hydrolysate pretreatments

followed by charcoal polishing effectively reduced the

inhibition to an undetectable minimum, something primary

charcoal treatment alone was unable to do. Buchert et al

(1988) also experienced the same consequence in which they

could not find out the reason why treatment with activated

carbon had negative effects on the fermentability, although

the treatment removed lignin more effectively than the other

treatments. In their study charcoal treatment removed about

81% of the lignin but only 6% xylose was utilized, whereas

ether extraction and mixed bed resin removed only 37 and 23%

of the lignin, respectively but 83 and 84% of xylose was

consumed.

The most important observation in this study is that the

amount of initial inoculum can affect significantly the

overall evalution of the inhibition. Factors which affect

fermentation (such as pH of media, presence of oxygen,

concentration and type of toxic substance, ratio of microbial

cells to toxic substances and the physiological condition of

the cell) must be generally specified for practical

assessment of inhibition in hydrolysates (Azhar et al.,

1982)
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6.0 SUMMARY

ACOS hydrolysis was successfully applied for the

production of fermentable sugars from a softwood (spruce)

Three types of hydrolysis methods were tested; 1) batch type,

2) fractional transfer type, 3) flow-through percolation type

hydrolysis. In all these experiments a hydrolysis liquor

consisting of 80:20 acetone:water containing 0.04 N H2S04 was

used.

In batch type hydrolysis, only 72.3% of the theoretical

amount of sugars were recovered due to the long (30 mm)

high-temperature exposure of the sugars. 96.5% of the

substrate was dissolved leaving only 3.5% residue. The

hydrolysate showed high furfural and hydroxymethylfurfural

content. Most of the sugar loss occurred from hemicelluloses.

In fractional type cooking, the reaction time was longer

than expected due to the additional time required between

collection of the fractions. During the solvent transfer the

temperature in the reactor dropped from 180° C to 167° C and

the vessel contents required 4-5 mm to recover to reaction

temperature. Thus the total reaction time was 70 mm. Under

these conditions the extent of dissolution was 96%. This type

of cooking could not escape from the long exposure time of

the sugars to high temperature inside the chips thus

decreasing the sugar yield. The maximum sugar yield obtained

by this method was 83.6%.
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Better sugar yield, shorter reaction time and reduction

in the formation of sugar degradation products, were achieved

by flow-through percolation hydrolysis in which fresh cooking

liquor was pumped through the reactor using an HPLC pump.

This process can remove the hydrolyzed sugars from the

reactor at a predetermined rate depending on the pumping

rate. The maximum sugar yield obtained by this type of

hydrolysis was 93% of the theoretical. Total dissolution

(96%) was obtained in 30 - 40 mm at 1800 C at a liquor flow

rate of 15 mL/min.

In flow-through percolation hydrolysis it is possible to

collect the hemicellulose fraction selectively during the

early stages of cooking and the glucose originating from the

cellulose fraction collected during the latter stages by

simply changing the receiver. 95% of the hemicelluloses can

thus be collected. Of the remaining unhydrolyzed residue (4%)

20% was shown to be glucose by HPLC sugar analysis and 80%

was lignin. The oligomer content of the recovered total sugar

was determined to be 4.0%, of which cellobiose and

cellotetraose were major components.

It was observed that hydrolysis occurs throughout the

chips, therefore, the sugars liberated inside the chips stay

longer at high temperature than those on the surface of the

chips. Thus, the hydrolysis is mass transfer limited and most

of the sugar loss (dehydration) is from the hemicellulose

sugars inside the chips. For maximum sugar recovery, smaller

or thinner chips and higher liquor flow rate are recommended.
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Crude hydrolysates contain only 49% of the sugars in the

free reducing form. Thus, acid concentration of the

hydrolysate, after flash evaporation of the acetone from the

black liquor, is critical for conversion of the oligomeric or

derivatized (isopropylidene) sugars in the crude hydrolysate

to fermentable (reducing) monomeric sugars. The conversion is

best done by secondary hydrolysis. Thus, numerous regimen of

secondary hydrolysis were tried. Autoclaving at 1200 C at 4%

sulfuric acid concentration for 1 h gave highest increase

(57.6%) in recoverable sugars. Though not specifically

investigated, conversion of isopropylidenes to free sugars

was an important source in increasing the sugar yield

(53.4%). Hydrolysis of oligomers contributed only 4.2% of the

reducing sugars.

Three major categories of inhibitors such as furfurals,

resin- and fatty acids and phenolics were examined by

GC/TJV/GC-Mass spec troscopy.

No monomeric furfural was observed in the HPLC

chromatogram of the percolation type ACOS hydrolysate.

However, trace amounts of F were detected. Surprisingly,

the BMF peak in the hydrolysate became non-detectable after

the secondary hydrolysis treatment.

Resin- and fatty acids were traced using model compounds

(stearic acid, pimaric acid, sandaracopimarate and

dehydroabietate) by gas chromatography. They were practically

absent in the hydrolysate from which the acetone was removed

by distillation. Resin- and fatty acids were found to
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precipitate with the lignin fraction on acetone removal from

the hydrolysate.

Lignin degradation products were identified by GC-Mass

spectroscopy, quantified by a colorimetric method and further

studied by UV spectroscopy. Inhibitory strength of individual

compounds detected was not determined principally because

tests showed that certain classes of compounds (extractives

and phenolics) are removed in bulk by lignin precipitation

and pretreatments of the hydrolysate.

It was demonstrated that after secondary hydrolysis the

hydrolysate did not contain furfural, Ht’IF or resin- and fatty

acids. However, the phenolic compounds (1.269 mg/niL at 6%

sugar level) remained in solution. This became a positive

signal since inhibition by extraneous materials and

degradation products was assumed to be cumulative. After

solvent recovery only the phenolic compounds persisted in the

hydrolysate and required testing for inhibition.

Charcoal, diethyl ether, mixed ion exchange resin

(Antherlite IRN-l50) and a polymeric adsorbent resin

(Amberlite XAD-16) were used as pretreatment of the

hydrolysate to remove the inhibitors before fermentation. The

initial yeast cell inoculuin was set to contain 25 - 26 gIL

(dry weight) at 6% sugar solids. Under these conditions,

unexpectedly, good fermentability of the hydrolysate was

observed with S. diastaticu.s.

The residual phenolic content was 0.563 mg/niL, a 55%

decrease from that found in the crude hydrolysate. However,
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the TJV chromatogram of the crude hydrolysate showed a strong

residual absorption at 280 nm, demonstrating that the

hydrolysate still contained water-soluble lignin degradation

products.

Following mixed ion exchange treatment of the

hydrolysate the same tAT chromatogram was obtained as had

after the charcoal treatment (assumed as a standard

commercial treatment) but left the hydrolysate dark-red in

color. Its GC chromatogram showed that many of the monomeric

phenolic materials were removed (Fig. 43) or reduced in

concentration while dibenzofuranamine and benzamide were

still present.

Diethyl ether treatment did not change the color of the

hydrolysate at all. Its TJV chromatogram was almost the same

as that of the untreated hydrolysate and the total phenolic

content remained unchanged. HMF and most of the lignin

compounds, including vanillin in the crude hydrolysate, were

still detected by GC (Fig. 42).

On treatment of the hydrolysate with XAD-l6 a light

yellowish-colored sugar solution was obtained. Its UV

chromatogram showed no peak at 280 nm indicating that even

water-soluble lignin degradation compounds were removed. By

GC analysis it was also found that most of the peaks of

lignin degradation products (monomers) were removed due to

the resin treatment. XAD-16 treatment removed up to 76 % of

the phenolics confirming the usefulness of this resin

treatment as a means of removal of phenolics.
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Charcoal as a secondary polishing agent was a good

solution to clean up the hydrolysates and make them totally

colorless. The treatment further contributed to the removal

of phenolics. UV chromatograms of such solutions looked like

those of pure sugar solutions. However, 4-dibenzofuranamine

seemed to be most resistant to any of the pretreatments

tried.

Fermentation of the ACOS hydrolysate with or without

pretreatment at different sugar concentrations was attempted

with S. diastaticus, a flocculating yeast. With untreated

hydrolysate the maximum ethanol yield was 0.4136 g/g sugar

consumed in 6 h. Surprisingly, charcoal treatment gave only

0.4228 g ethanol/g sugar consumed. This result was only

slightly better than that obtained with the untreated

hydrolysate even though its color and its GC chromatogram

were very clean. Further, many of the phenolics were removed

(up to 55%) by this treatment. No explanation has been

offered in the literature (Buchert, 1988). It is suspected

that the water-soluble, colorless lignin degradation products

remaining in the hydrolysate are responsible for the poor

fermentability. XAD-l6 treatment yielded quite acceptable

conversion rates at 0.4499 g ethanol/g sugar consumed. IF.N

150, mixed ion exchange resin treatment gave better ethanol

yields at 0.4681 g/g sugar consumed implying that cationic

and anionic substances must play an important role as

inhibitory compounds even though the total phenolic content

was not changed very much.
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Combined treatment of each of XAD 16, diethyl ether and

IRN-150 with charcoal, as a secondary polishing treatment,

gave similar ethanol yields from 0.4676 - 0.4729 g/g sugar

consumed reaching 87% sugar consumption in 3 - 6 h.

For fermentation of the hydrolysate at 15% sugar

concentration two pretreatment methods were selected; diethyl

ether and combination of XAD—16 and charcoal. The initial

cell density was set to 33 g/L (dry weight). In case of the

diethyl ether treated hydrolysate only 66% of the sugars were

consumed at the rate of ethanol production of 0.4775 g/g

sugar consumed in 72 h. The result is not surprising since

the phenolic content in diethyl ether treated hydrolysate

remained high at 1.466 mg/mL. Except for the low sugar

consumption, the ethanol yield was good. It can be assumed

that the critical inhibitory substances are being removed by

diethyl ether leading to the conclusion that color is

unimportant in fermentation. In other words, highly colored

compounds may not affect the enzyme system at the cell

membrane and the metabolism involved in basic glycolysis. The

clean 15% sugar solids hydrolysate solution, after XAD-l6 +

charcoal treatment, yielded 0.4416 g ethanol/g sugar consumed

in 24 h, utilizing up to 91% of the sugars (this compares to

0.4729 g/g sugar utilization in 6 h with the 6% sugar solids

hydrolysate). Its phenolic content was 0.604 mg/mI,.

Whatever the results of the fermentations were, it is

true that no arabinose was fermented to ethanol but slowly

consumed for something else (not investigated) and xylose and
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galactose were not fermented. Right after glucose and mannose

were consumed, formation of xylitol started. Arabitol was not

produced by this organism.

The use of high cell inoculurn proved to help alleviate

or partially overcome the inhibition in conjunction with

various pretreatments of the hydrolysate. It is likely that

the high cell mass improved fermentabilty of the ACOS

hydrolysate significantly. Selection of a flocculating

organism was an excellent choice for introduction of high

cell mass. In spite of the high cell mass (33-34 gIL), some

inhibition by ethanol was also noticed at 7.75% ethanol

concentration on fermentation of the 15% sugar hydrolysate

following treatment by XAD-16 and charcoal.

Among the various hydrolysate treatments adsorption of

the coloring compounds on XAD-l6 resin followed by charcoal

polishing was most effective and resulted in a water-clear

sugar solution in which 98% of the glucose and 100% of the

mannose were consumed and converted to ethanol in lh. In such

fermentations a maximum conversion efficiency of 0.4728 g

ethanol per g sugar consumed was achieved in 6 h.

On fermentation of XAD 16 plus charcoal pretreated 15%

sugar solids-containing hydrolysates, with , maximum ethanol

concentrations of 7.7% (V/V) were achieved in 24 h. Such high

conversion efficiencies have not been achieved previously

with wood hydrolysate.

Based on these results, the ACOS process will produce

383 L of ethanol per ton of unextracted spruce wood analyzed
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at 57.47% hexoses. Additional ethanol can be expected on

total hydrolysis of the 4% residue (20% glucose) and on

secondary fermentation of xylose and the other sugars (up to

2-3% of total) left in the still bottoms.
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7.0 CONCLUSION

1. 92.75% of the theoretical sugars were recovered from

spruce sawdust (40 - 60 mesh) by flow-through percolation

type ACOS hydrolysis. Oligomers found in the hydrolysate

were cellobiose and cellotetraose only and were 4% of

the total sugars recovered. 57.66% of the dissolved

sugars were in the non-reducing form (i.e.,

isopropylidenes) and were regenerated as free reducing

sugars by secondary hydrolysis.

2. Most of the hemicelluloses and the bulk of the lignin were

removed in the first stage of the ACOS hydrolysis

process.

3. Monomeric furfural, a major fermentation inhibitor, was

not detected in the hydrolysate but very small amounts of

HMF were detected by GC analysis.

4. Evaporation of acetone from the ACOS hydrolysate

precipitated 95% of the lignin along with the resin- and

fatty acids. Resin acids found in the hydrolysate, and

removed by lignin precipitation, included isopimarate,

pirnarate, sandracopimarate, dehydroabietate, abietate and

manoyl oxide. Fatty acids found in the hydrolysate

include palmitic acid, oleic acid, linoleic acid, adipic

acid and stearic acid. These compounds are recognized as

potentially inhibitory to fermentation.
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5. Phenolic compounds from lignin fragments found in the

ACOS spruce hydrolysate were identified by GC/MS as HMF,

4-dibenzofuranamine, vanillin, biphenylamine and

benzenacetic acid etc. The untreated hydrolysate

contained 1.269 mg/rnL of phenolic materials.

6. No change of sugar content was noticed after

pretreatments at pH 5.5 but slight losses were seen at pH

1.5. Particularly, charcoal treatment did not change

sugar content at all even after extended treatment times

(10 mm — 120 mm)

7. Charcoal pretreatment of the hydrolysate removed color

completely from the hydrolysate. Residual colorless

compounds caused strong absorption at 280 nm in the TJV

range. XAD-16 resin pretreatment gave orange colored

hydrolysate without the 280 mn absorption. The UV

chromatogram after diethyl ether and IRN-150 mixed ion

exchange resin treatments showed strong absorption at 280

nm. Charcoal polishing made these hydrolysates cololess

and without a 280 rim absorption.

8. pH of the hydrolysates after pretreatment were changed.

Charcoal treatment dropped the pH by about 2 units from

4.86 (control) to 2.70. XAD-16 and diethyl ether

treatments increased the pH to 6.0 and 5.18,

respectively, whereas no change in pH was observed after

IRN-l50 treatment.
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9. 96.55% ethanol of the theoretical (0.4934 g ethanol/g

sugar consumed) was produced from 6% glucose model

compound fermentation within 1 h by S. diastaticus a

flocculating yeast. In fermentation of five model

compounds found in the hydrolysate only glucose and

marinose were consumed within 1 h in which 95.85 % ethanol

of the theoretical (0.4899 g/g sugar consumed) were

obtained.

10. In fermentation of the untreated hydrolysate at 6% sugar

concentration 0.4136 g ethanol/g sugar consumed was

obtained within 6 h when 25 g of cell mass was used. The

charcoal treatment increased the ethanol yield marginally

to 0.4228 g/g sugar consumed whereas XAD-16, IRN-150 and

diethyl ether pretreatments gave 0.4499 g, 0.4681 g and

0.4528 g ethanol/g sugar consumed, respectively. Charcoal

polishing in combination with XAD-l6, IPN-l50 and diethyl

ether gave ethanol yields of 0.4729g, 0.4682 g and 0.4676

g/g sugar consumed, respectively.

11. At 15 % sugar concentration only 66.4% of the sugars

(only glucose and mannose) were fermented giving a

conversion of 0.4775 g ethanol/g sugar consumed.

Meanwhile, in the fermentation of XAD-l6 plus charcoal

treated hydrolysate, 0.4416 g ethanol/g sugar consumed

was obtained with 91.0% of the sugar consumed in 24 h.

12. The colors of the untreated and treated hydrolysate

caused by chromophoric groups of phenolic compounds in
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the hydrolysate, were found to have no correlation with

fermentability.

13. Employment of high cell mass using flocculating yeast was

successful not only in the alleviation of inhibition but

also in improving the fermentabilty of the wood sugars.

14. For practical reasons fermentation of wood hydrolysate

will require a proper combination of fermentation

conditions (choice of organism and cell mass etc.) and

pretreatment method to overcome the inhibition derived

from impurities in the hydrolysate.
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8.0 RECOMMENDATIONS

For practical improvements, the following points should

be investigated:

1) Economic evaluation of the pretreatment methods tried in

this study in terms of efficiency and regeneration,

2) Trials with better known fermentation technologies or

other organisms for higher fermentation yields,

efficiencies and pentose fermentation to ethanol,

3) Utilization and conversion of pentose (xylose) for higher

value by-products, such as xylitol or as a substrate for

growing yeast,

4) Determination of optimal resin treatment conditions should

be found.
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