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ABSTRACT
In nature, many enzyme-catalyzed reactions occur in environments where water
activity, solvent effects, interfacial forces, electrostatic effects and steric influences
provide an environment which is decidedly different from that which is designed in
conventional experimental catalytic reactions. The fact that most process industries make
use of reaction conditions which are extreme from a biological perspective, continues to
limit the use of biotechnology in mainstream processes. This thesis proposes to examine
some of the fundamental physical factors which will impact upon enzyme activity in nonconventional environments. As a model reaction system, simultaneous hydrolysis and
fermentation of cellulose, in combination with non-aqueous biocatalysis, will be used.
A screening protocol instituted to identify suitable extracting solvents showed that
oleyl alcohol and lauryl alcohol exhibited the most favourable characteristics in terms of
partition behaviour, biocompatibility with the fermenting organism and the enzymes,
immiscibility with water and volatility. Efforts to characterize the interfacial and mass
transport effects were partly successful. The presence of inactivated yeast cells did seem
to affect the sugar yield from hydrolysis (20% reduction in sugar produced).

In an

attempt to accelerate interfacial denaturation of cellulose, Versal 850, a high surface area
colloid was used. The addition of Versal did not seem to exert a significant influence on
enzyme activity although it was seen that enzyme adsorbs onto the surface of Versal. The
presence of a second, non-aqueous phase to remove ethanol was analyzed. Fermenting
matrices with oleyl alcohol and lauryl alcohol as extractants produced 38% and 48%
more ethanol than conventional fermentation, respectively.

However, addition of
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extracting solvents did not seem to improve ethanol production in simultaneous
hydrolysis and extractive fermentation reactions. A n attempt to determine the effect of
decreasing aqueous content in reaction matrices containing organic solvent showed that it
was possible to reduce aqueous content to 1 - 4% without affecting conversion. Primary
clarifier sludge, as a cellulosic substrate, has shown to result in 45% and 55% conversion,
based on total weight, in presence of oleyl alcohol and lauryl alcohol, respectively.
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1. INTRODUCTION
1.1. BIOMASS SOURCE
The use of biomass as an energy source has been quite limited.

Developing

countries use biomass mostly for cooking over open fires. To use biomass such as timber
directly as a source of energy is simply unacceptable because its cost would be too high
and other environmental and social impacts would have to be considered.

In

industrialized countries, standing timber and commercially logged forests are sources of
much revenue and represent significant portion of the GDP (gross domestic product).
Nevertheless, low quality wood, unsuitable for traditional forest product markets can be
used.
Besides natural timber, residues (or waste biomass), biomass crops (or
plantations) and marine biomass are other sources of biomass for energy. Biomass crops
specifically grown for ethanol conversion are currently being produced in many countries.
About 3 million gallons of ethanol are used annually in Brazil. The technology uses
sugar cane as the biomass crop and the ethanol is used primarily as a neat fuel by
automobiles produced by Fiat, Ford, General Motors and Volkswagen (Lynd et al., 1991).
Larson (1993) describes ethanol conversion from sugarcane in Brazil, with historical
passages, the technology involved and the economics of the process, in great detail.
The United States annually produces about 1 billion gallons of fuel ethanol from
corn (Ingram et al., 1995). Other starch-rich grains are also used to produce fuel ethanol.
About 7 percent of all gasoline sold in the United States contains fermentation-derived
ethanol (Lynd et al., 1991).

Both the US and Brazil provide tax incentives and/or
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subsidies for the production of fuel ethanol so that it is cost competitive with gasoline.
The production of ethanol from lignocellulosic materials requires a review of the types of
biomass and their availability for conversion. For example, mill sludge has been used as
a liner and capping barrier for landfills, roadside re-vegetation, mulch in the form of an
inert carrier for pesticides, adsorbent, incinerated for energy production and as substrate
for fuel ethanol production (Lo et al., 1995; Usherson, 1992; Webb, 1994; Wiegand,
1994).

The cost of the raw material constitutes a major part of the total ethanol

production cost and the incremental processing costs are typically inversely proportional
to the amount of product made (Olsson and Hahn-Hagerdal, 1996). In this sense, as more
ethanol is being produced in the conversion process, the processing cost is reduced.
In the United States and Europe there is a surplus of cropland which can be used
for plantation of crops for fuel (Larson, 1993). As the subsidies for farms in the United
States are a major drain on government budgets (government subsidy to prevent overproduction of agricultural products), and there were about 3.0 to 5.9 quad (as of 1988) of
idle cropland, the Secretary of Agriculture has recommended the production of non food
products on 150 million acres in the next 25 years (Lynd, 1991), Biomass crops can be in
the form of tree farms or plantation of herbaceous shrubs and grasses. Switchgrass, sweet
sorghum, reed canary grass and alfalfa have economic potential as biomass sources.
However, they are more difficult to convert into ethanol compared to other biomass
crops. Tree farms concentrate mainly on fast growing trees with short rotation intensive
culture. The trees are genetically improved so that they can be intensively cultivated,
closely spaced and harvested repeatedly.

The main tree species are Willow (Salix),
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Poplar (Populus), Eucalyptus spp., Alnus spp., Sucamore spp. and Black cottonwood
(Duff and Murray, 1996). However, like herbaceous crops, grass and trees are more
difficult to convert into ethanol, although they are less costly compared to food crops.
Residues can be divided into two types: primary waste from forestry and
agricultural activities, and secondary waste from domestic, commercial and industrial
activities. Logging slash, sort-yard debris, sawdust, shavings, clarifier sludge and spent
pulping liquors are examples of forest and mill residues. Primary straw, waste rice straw
and corn stover are examples of crop residues. Forestry and crop residues are usually left
to decompose on the field, but mill residues are problematic to dispose of and they are
usually burned to provide some form of energy, or landfilled.

Some communities in

Northern Ontario burn wood wastes in small, high efficiency thermal generating stations
(Murray and Duff, 1996).
Municipal solid wastes, paper packaging materials, textiles, and demolition wood
wastes are examples of secondary waste. These are usually landfilled but, due to the
increasing cost of landfilling, and recycling of paper wastes and metals, they have become
less common in most Canadian and American cities. Paper wastes could be a source of
cellulose for ethanol conversion, however, recycling of paper fibers in newsprint has
become quite competitive.

The short fibers that have been recycled many times and

become too weak for paper making are burned for energy or spread on the fields as soil
conditioner.

Cellulosic fibers account for nearly 50% of the total fiber demand of

industrial countries (Marini and Brauneis, 1996). By the year 2020 the world may require
approximately 70-75 million tons of fiber yearly, of which 30-40 million tons should be
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hydrophilic cellulose fibers (Marini and Brauneis, 1996). Such a demand for fiber would
make it unlikely that the ethanol conversion industry could compete with alternative uses
for natural timber or biomass crops. For this reason, wood wastes represent a much
greater potential for obtaining cellulose fibers for ethanol conversion. Many countries
have financed projects to study the viability of such enterprise.

The Australian

government and the Manildra Group (major producer of fuel ethanol in Australia)
sponsored a £ 2.5 million demonstration plant to produce ethanol from wood waste such
as forest trimmings, sawdust, cereal straw, cotton trash and municipal wastes; all of
which are available in large quantities and at a relative low cost (Anon., 1996c).
In Canada, as of 1995, the value of forest industry sales was 13.9% of Canadian
manufacturing, which corresponded to $539 billion (Anon., 1996a).

These values

accounted for pulp and paper, lumber and panels, fiber board, particleboard, shakes and
shingles, chips and other by-products. On the other hand, the expenditures for pollution
abatement increased since the last decade and attention has been turned to solid wastes
(Table 1).

Table 1. Pollution abatement expenditures by the Canadian pulp and paper industry (in
million of dollar). Canadian Pulp and Paper Association, 1996
Year
1985
1986
1987
1988
1989
1990
1991
1992
1993
1994

Water
63.4
83.1
48.0
146.2
289.6
500.7
553.1
390.1
371.6
497.6

Air
32.9
12.3
28.4
83.1
143.0
273.2
204.1
80.1
257.5
60.6

Solid
-

71.2
74.4
32.4

Total
96.2
95.4
76.5
229.4
432.6
773.9
757.2
541.5
703.4
590.6
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Moreover, each ton of paper production leads to the formation of 0.15 to 0.20 tons
of sludge (Dhingra et al., 1994). Another source calculates that about 60 kg of primary
and 20 kg of secondary sludge are produced per ton of pulp produced (Anon., 1992).
Taking into consideration the high amounts of sludge requiring disposal, mill sludge
could be considered a potential candidate for full ethanol conversion. The advantages of
using mill sludge are as follows (Duff et al., 1994; Moritz and Duff, 1996; Moritz, 1996):
1. Sludge, especially, primary clarifier sludge has a high cellulose content since most
lignin and hemicellulose has been removed in pretreatment stages.
2. Sludge used as substrate is less expensive when compared to biomass crop or natural
timber.
3. Sludge no longer requires the expensive stage of dewatering when it is processed in its
slurry form in hydrolysis.
4. The pulp and paper industry has already the infrastructure and personnel which would
decrease the capital and operating costs for setting up and operating the ethanol
conversion process.

1.2. BIOMASS STRUCTURE
Lignocellulose is a complex polymer consisting of crystalline cellulose encased in
a matrix of hemicellulose and lignin. A l l three polymers (cellulose, hemicellulose and
lignin) are incompatible or partly incompatible, meaning that polymers do not form
homogeneous mixtures (Erins, 1993).
compatibility decreases.

As the molecular weight increases, so the

Although lignin and hemicelluloses are incompatible, and
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consequently these two phases tend to separate from one another, no complete separation
occurs due to segmental compatibility. For example some small segment in one phase is
compatible with another. The fibrillar cellulose functions as a reinforcement while lignin
and hemicelluloses form a matrix. The matrix is formed by the superposition of three
separate networks

formed

by

intermolecular

hydrogen bonds, covalent

lignin-

carbohydrate bonds and the network of lignin. Additional connections are formed by
molecular entanglements and hydrophobic interactions between benzene rings in lignin
and water. Lignin has a globular structure and is oriented parallel to cellulose fibrils;
hemicellulose segments are incorporated in the cellulose fibrils (Erins, 1993).
—Primary hydroxyl

Secondary

hydroxyl..

Cellobiose units

Figure 1. Cellulose structure (Smoock, 1992)
Cellulose itself is a linear polymer made up of glucose units linked by P-1,4
glycosidic bonds (Figure 1).

Each glucose residue is rotated by 180° relative to its

neighbour so that the basic repeating unit is a cellobiose (Beguin and Aubert, 1994).
Hydrogen bonds, from the hydroxyl groups, create fibrils which are rigid and insoluble,
so that harsh treatment (pretreatment) is required to break them down.
Hemicellulose is mainly composed of xylose, arabinose, mannose, glucose,
glucoronic acid and galactose. The structure is not crystalline and consequently it is
easier to hydrolyze. Little is known about the transition layer between cellulose and
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hemicellulose, but there are some indications that this layer has a low glucoronic acid
content, is a stable segment and possibly has low degree of acetylation due to the lack of
side groups, all of which make it compatible with cellulose (Erins, 1993).
The composition of lignin differs in various layers but it can be said that it is a
branched complex polymer originating from the free radical condensation of aromatic
alcohols (Beguin and Aubert, 1994). It does not posses a definite and/or regular structure
due to the lack of genetic control. In general, hemicellulose confers matrix elasticity
while lignin gives rigidity. When considering biomass for ethanol production, the most
obvious consideration is the amount of cellulose and hemicellulose present in the
substrate since these polymers are sources of fermentable sugar. The following table
from Olsson and Hahn-Hagerdal (1996) presents the composition of different
lignocellulosic materials.
Table 2. Composition of different lignocellulosic materials (Olsson and Hahn-Hagerdal,
1996)
Material

Cellulose

Lignin

Hemicellulose

References

(%)

(%)

(%)

36
36

29
-

28
28

Wadmark, 1984
TsaoetaL, 1982

43
44

29
29

26
26

Wadmark, 1984
Rydholm, 1965

40
37
51

21
21
16

39
23 .
29

Rydholm, 1965
Theander, unpubl. data
Wenze et a l , 1992

A g r i c u l t u r a l waste

Wheat straw
Corn cob
Softwood

Spruce
Pine
Hardwood

Birch
Willow
Aspen
MSW

Paper-based
Processed
Newspaper
Note: Composition is in

43
6
13
Ehnetal., 1992
Ackerson et al., 1991
47
12
25
21
Ackerson et al., 1991
61
16
% of total dry material; ash and extractives are not included.
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1.3.

BIOMASSPRETREATMENT
Due to their structure, lignocellulosic materials used in their natural form are not

susceptible to the action of hydrolysis or enzymes. Pretreatment or fractionation is
required to break down the cellulose-hemicellulose-lignin structure so that the cellulose
fraction can be used as a substrate in the production of fuel ethanol.
Various pretreatment

methods have been studied and proven

effective.

Mechanical pretreatments such as ball-milling or hammer-milling have been investigated
and found to increase sugar yield in hydrolysis (Puri, 1984; Vallender, 1994). However,
this process also has high energy consumption and is expensive (Duff and Murray, 1996).
Chipping or grinding is also a mechanical pretreatment which also reduces the size of the
wood or lignocellulose substrate for enzyme attack, but is less expensive.
Simultaneous milling and hydrolysis have also been previously studied. By doing
so, the time for sugar production is greatly reduced and the cost is reduced by having two
processes occurring in one single vessel. Furcht and Silla (1990) found that the amount
of sugar produced using a ball milling reactor (porcelain ball mill rotated at 53 rpm) was
5 to 15% less than the amount produced using an attrition mill reactor (stainless steel ball
and agitators).
Steam explosion uses high temperature and high pressure steam to produce an
auto-hydrolysis reaction. Auto-hydrolysis relies on the organic acids formed from the
acetyl groups naturally present in wood substrates (Duff and Murray, 1996). The autohydrolysis method uses a temperature range of 170°C to 200°C, while steam explosion
uses a temperature range that extends to 250°C and there is a sudden release of pressure

(or explosive decompression). The steam pretreatment removes hemicellulose (Wong et
al., 1988) and some lignin, by breaking them down into smaller fragments (Wright,
1988a). Although it has been found that lignin content (or removal) per se has little
effect on the hydrolysis yield (Sutcliffe and Saddler, 1986), the structure and location of
lignin after pretreatment seem to be more conducive to cellulose hydrolysis (Vallender,
1994; Duff & Murray, 1996).
One of the most important factors in steam explosion is the relationship between
time and temperature. Early researchers have studied the effect of high temperatures and
short reaction time.

Under these conditions, much more control over the reaction is

required, since significant thermal degradation of glucose was observed after 1 minute at
270°C (Wright, 1988a). Another concern is that steam may not have enough time to
penetrate into the substrate; the outside of the substrate may become overcooked while
the presence of water in pores may prevent rapid steam penetration (Duff and Murray,
1996). Recent studies seem to favour lower temperature (190-200°C) and longer reaction
time (10 min.) processes, although these conditions can lead to production of inhibitory
compounds and low yield of xylose (Wright, 1988b; Saddler et al., 1993). The addition
of carbon dioxide, sulfur dioxide or sulfuric acid during steam explosion has been shown
to enhance auto-hydrolysis (Grous et al., 1986; Su et al., 1980; Mackie et al., 1985; Clark
and Mackie, 1987; Bonn et al., 1987).

Moreover, it has been reported that steam

explosion increases the volume of fiber pores accessible to the enzymes (Grous et al.,
1986; Wong et al., 1988) thereby increasing cellulose digestibility. Because of the low
energy consumption and no chemical recycling costs, steam explosion is one of the most
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cost effective pretreatments technologies. It was once thought that steam explosion was
not efficient for softwoods, but has been shown to be suitable when softwood is
impregnated with an acid compound such as sulfur dioxide (Vallender, 1994).
Dilute-acid pre-hydrolysis is basically a steam explosion pretreatment that uses a
small amount of mineral acid as a catalyst. It also makes use of an aqueous environment
and the particle size of the substrate is smaller than that used in steam pretreatment.
Conditions can range from several hours at 100°C to 10 seconds at 200°C with 0.5 to 4%
sulfuric acid (Wright 1988a).
Organosolv pretreatment fractionates lignocellulosic materials with organic or
aqueous organic solvents such as methanol, ethanol, ethylene glycol, triethylene glycol
and tetrahydrofurfuryl alcohol. Sometimes mineral acids (sulfuric, phosphoric or sulfur
dioxide) or bases are used as additives or catalysts.

Wright (1998a) describes quite

clearly how the lignocellulosics are fractionated into dry lignin, an aqueous hemicellulose
stream and a solid cellulose residue. This pretreatment is, however, quite expensive.
Other pretreatment methods have been studied, such as alkaline pretreatment (e.g.,
NaOH) (Holtzapple et al, 1992; Rao et. al, 1983), freeze-explosion (with, for example,
ammonia) (Dale and Moreira, 1982), and a combination of pretreatments (e.g., steam
explosion followed by milling) (Saddler et al., 1982). Depending on the substrate, one
pretreatment may be more effective than the other, however, steam pretreatment (steam
explosion or auto-hydrolysis) seems to be the most popular.
The primary clarifier sludge (PCS) at the low yield sulphite pulping operation of
Tembec Ltd. (Temiscaming, Quebec) has undergone a chemical pretreatment (acidic
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(NH )S03/H2S04 digestion), thus eliminating most of the lignin and hemicellulose
4

(Moritz, 1996). It is quite suitable as a substrate for fuel ethanol production (Duff et al.,
1994; Moritz and Duff, 1996; Moritz, 1996).

1.4. ENZYMATIC

HYDROLYSIS

Enzymatic hydrolysis is the process wherein cellulose and hemicellulose are
converted to soluble sugar using enzymes. Enzymes are proteins which are polymers of
amino acids. Due to the tertiary structure of these proteins, they are highly specific
catalysts.

Cellulase is the name given to a wide range of enzymes that are able to

decompose cellulosic biomass. These enzymes are glycoproteins with molecular weight
of 30,000 - 60,000 (Wright, 1988c), produced by aerobic and anaerobic bacteria and
fungi. The organism most used for the production of cellulases is Trichoderma reesei,
either as a wild type or genetically-altered strain.
The degradation of cellulose requires the synergistic interaction of 3 enzymes with
different specificities: 1, 4 - glucan glucanohydrolase (endo-glucanase), fi-glucosidase
and (3 - 1, 4 - glucan cellobiohydrolase (exo-glucanase). Cellulase activity is typically
described as shown in figure 2 (Beguin and Aubert, 1994). Endo-glucanase attacks the
cellulose structure in a random way producing non-reducing ends. As the non-reducing
end of the cellulose chain is exposed, exo-glucanases further break the cellulose chain
into cellobiose units (glucose dimer) beginning at the non-reducing end. Cellulose is
converted to glucose by P-glucosidase.
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I

Crystalline
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Amorphous
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iTJL Adsorption of cellulases

Cellobiohydrolases

Eridoglucanases

*

cm
p-glucosidases

Figure 2.

0

Cellulase enzymes' attack on cellulose (glucose residues as hexagons and
reducing ends in black). (Beguin and Aubert, 1994)

As this process is a two phase system, both endo- and exo-glucanases adsorb
strongly onto the substrate. Adsorption is stronger at lower temperatures (Wright, 1988c;
Walker and Wilson, 1991). Adsorption of P-glucosidases onto the substrate is weak or
non-existent and cellobiose hydrolysis is a liquid phase reaction. p-Glucosidases prevent
the accumulation of cellobiose, which inhibits exo-glucanases. Cellobiose is converted
into glucose which, in return, inhibits p-glucosidases and glucanases when it is allowed to
accumulate in high concentration. Glucose can also be an inhibitor for all three enzymes,
however its effect is not as pronounced as cellobiose.

Both endo-glucanases and

cellobiohydrolases are inhibited by increased concentration of cellobiose, and P -
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glucosidase is sensitive to glucose accumulation. Ramos et al. (1993) have shown that
when sugars were removed from the reaction system, the efficiency of hydrolysis of the
residual substrate was enhanced.
Knowing that cellobiose can strongly inhibit cellulase enzymes, appropriate
amounts of the three enzymes are required (Stockton et al., 1991; Hogan et al., 1990).
Although studies have indicated that endo- and exo-glucanases behave as individual
proteins, other studies have found that the three enzymes can be found in the form of
complex (Beguin and Aubert, 1994). The greatest degree of synergism occurs when the
total enzyme concentration is below the amount needed to saturate the available binding
sites (Walker and Wilson, 1991).
The rate of, and yield from hydrolysis is affected by many factors including:
enzyme loading, available surface area, temperature, pH, mixing (shear), interfacial
forces, lignin content and, end-product inhibition.

In the following sections a brief

review of these factors will be presented.
The hydrolysis process is affected by enzyme loading (IU enzyme/mass of
substrate) (Figure 3). Be the substrate pure cellulose such as Sigmacell (Sattler et al.,
1989), biomass crops such as pretreated poplar wood (Sattler et al., 1989), mill residues
such as deinking sludge (Duff et al., 1995) or sulphite primary clarifier sludge (Duff et
al., 1994), the trend is the same; hydrolysis improves with increased enzyme loading. In
all cases at higher loadings, the presence of a plateau indicates that enzyme binding is
limited by available surface area.
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Figure 3. Effect of enzyme loading on hydrolysis of 50 g/L deinking sludge. (FPU
Celluclast/g substrate) (Duff et al., 1995)
Temperature plays a major role in the stability of cellulase enzymes and the
reaction rate. The stability of enzymes varies depending on the type and source (or strain)
of enzyme.

At elevated temperatures, enzymes experience thermal denaturation.

Thermal denaturation is the partial or complete unfolding of the specific conformation of
a polypeptide chain or protein.

No covalent bonds are broken but disruption of

hydrophobic interactions, hydrogen bonds or other weak interactions do occur. Thermal
denaturation is almost invariably associated with loss of function, although renaturation
(regaining of native structure and biological activity) may occur given appropriate
conditions (Lehninger et al., 1993).
Thermostability of cellulases have been the object of many studies. For example,
endo-glucanases seem to be more thermally stable than the other two types of enzymes
(Vallender and Eriksson, 1990). It has been found that enzymes can be denatured and/or
inactivated at 45 °C to 55°C. It has also been noted that the presence of substrate can
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improve the stability of cellulase enzymes (Vallender and Eriksson, 1990; Baker et al.,
1991). In Vallender's and Eriksson's (1990) review, a table of half-lives of different
cellulase enzymes from different strains is presented.
Researchers have looked into thermally resistant strains of yeast (Spindler et al.,
1989), and even going further into genetically engineering such strains (Cavaco-Paulo
and Almeida, 1996), while other have modified the enzyme itself to better serve their
purpose (Park and Kajiuchi, 1995).

As hydrolysis rate increases with increasing

temperature, a balance between the ideal temperature for hydrolysis and stability of
enzymes must be found.

Most researchers agree that the balance between the ideal

temperature for hydrolysis and stability of enzyme is between 45 to 50°C.
Many authors have found that the optimum pH for hydrolysis to be approximately
5.0 (Busto et al., 1996; Szczodrak, 1988).
Temperature and pH appear to exert an interactive
denaturation.

Baker and co-workers (1991)

effect

on cellulase

studied the thermal unfolding

of

Trichoderma reesei cellobiohydrolase I (CBH I). They defined a temperature, T , as the
m

temperature at which the maximum differential heat capacity is observed during
denaturation. When comparing the effect of both temperature and pH, it was stated that
"overall denaturation process seen over a cycle of heating to a temperature above T and
m

then cooling to below T

m

is, depending on the pH, either completely or partially

irreversible." For example, C B H I was heated to 75-80°C at various pH values. At pH
4.8, denaturation of C B H I was found to be irreversible. At pH 8.34, there was a small
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percentage of reversibility, while the greatest degree of reversibility was observed at pH
7.5 (Baker etal., 1991).
Hydrolysis is done under gentle mixing as vigorous agitation can cause enzyme
activity loss (Duff and Murray, 1996). Shear forces are one of the factors that can cause a
decrease in hydrolysis. Reese and Mandel (1980), when comparing shaken and unshaken
conditions, found that shaking decreased the activity of enzymes and that the amount of
enzymes also decreased, which consequently decreased the rate of hydrolysis. CavacoPaulo and Almeida (1996) found that hydrolysis reactions run with low (65 rpm) agitation
produced more sugar than those with high levels of agitation.

These authors

hypothesized that, due to competitive adsorption, adsorption of endo-glucanases would be
preferred to that of cellobiohydrolases at high agitation rates.
A time-dependent loss of cellulase activity has been shown to occur when
cellulase enzymes are exposed to shear. High shear rate, or prolonged exposure to low
shear rates causes cellulases to deactivate (Kaya et al., 1995). Among the three cellulase
enzymes, cellobiohydrolase is known to be most susceptible to the shear effect (Tjerneld
etal., 1991).
Inactivation of cellulases due to unfolding at air-liquid interface has also been
reported (Vallender and Eriksson, 1990; Kaya et al., 1995). Experiments in which air has
been substituted by CO2 found that the residual enzyme activity after hydrolysis was
improved (Reese and Mandel, 1980).
Researchers have experimented with modifying the interface (air-liquid and
liquid-solid) through the addition of surfactants. Helle et al. (1993) have shown that
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hydrolysis rate increased with surfactant addition, and that the effect was independent of
the charge of the surfactant, as cationic bacitracin, anionic A O T and neutral Tween 20
each improved yield in hydrolysis. Kaya et al. (1995) found that cationic, anionic and
nonionic surfactants increased the enzyme activity.

Cationic surfactants showed to be

more efficient than anionic surfactants, although both inhibited the enzymes at high
surfactant levels. Kaya and co-workers (1995) suggested that incubating enzymes with
surfactants prior to the hydrolysis process may result in higher efficiency.
The mechanism by which surfactants exert their beneficial effects is not entirely
clear.

Surfactants may make cellulose more accessible to enzymes by changing the

cellulose structure. As well, once adsorbed onto the enzyme, surfactants may prevent the
enzyme from becoming inactive. Moreover, it has been observed that surfactants were
more effective at improving hydrolysis at low enzyme concentrations (Helle et al., 1993).
Therefore with the use of surfactant, it may be possible to reduce enzyme loading or
dosage.

Another study examined the influence of substrate particle size and surfactant

loading on hydrolysis of newsprint (Duff et al., 1995).

The study showed that the

addition of surfactant enhanced hydrolysis, but it was also evident that particle size
exerted an interactive influence, especially in the range of 970 um to 2 mm.
Researchers who have looked at the effect of lignin on cellulase/hydrolysis agree
that lignin seems to influence the ability of cellulase enzymes to desorb (Duff and
Murray, 1996).

It has been found that P-glucosidase has a high affinity for lignin

(Sutcliffe and Saddler, 1986) and that, under recycling conditions, the higher the lignin

content, the lower the recovery of enzyme activity for cellulases in general (Lee et al.,
1995).
Of all the factors described, end-product inhibition (cellobiose and glucose) and
thermal inactivation of cellulase enzymes are the main factors limiting hydrolysis. To
solve the problems posed by the rapid accumulation of sugars during hydrolysis, various
technologies have been applied, among them, the use of high concentration of enzymes,
removal of sugars by ultrafiltration, removal of cellobiose by precipitation (Homma et al,
1993), addition

of exogenous P-glucosidase, and simultaneous hydrolysis and

fermentation (SHF) (Hogan et al., 1990).

1.5.

FERMENTATION
The fermentation process can be represented in the following equation:
yeast jcelb+nutrients .

C H 0
6

1 2
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>

t

2CH CH OH
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2

+

2C0

T
2

+ yeast cells

Theoretically, if biomass product is excluded, fermentation yields 0.51g of ethanol
per gram of glucose.
Fermentation of glucose to ethanol can be done using bacteria such as Zymomonas
(Duff and Murray, 1996) and yeast, such as Saccharomyces (Duff et al., 1994) or a
combination of organisms such as cellobiose fermenting yeast Brettanomyces clausenii
and ethanol tolerant yeast Saccharomyces cerevisae (Wright, 1988a).
During fermentation, sugars are metabolized to pyruvic acid, and pyruvate is
further metabolized to ethanol (Ingram and Doran, 1995).

Other by-products from

alcoholic fermentations can be n-butanol, iso-amyl alcohol (Okolo et al., 1987), glycerol,
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formic, acetic acid (Moritz, 1996) and succinic acid (Eklund and Zacchi, 1995),
depending on the substrate and the fermenting organism. For example, both S. cereviase
and Z. mobilis produce ethanol in the fermentation of steam-pretreated willow but their
by-products differ. Succinic acid, glycerol and acetic acid were by-products formed by S.
cerevisae, but Z mobilis did not produce succinic acid (Eklund and Zacchi, 1995). On
the other hand, due to the presence of contaminants from the process from which the
substrate originated, fermentation can favor the production of other by-products. In work
using sulphite primary clarifier sludge, it was postulated that the sugar produced from
sulphite primary clarifier sludge can react with the sulphite present, forming glycerol
(Moritz, 1996).
The high ethanol selectivity of Saccharomyces strains makes them a favorite
candidate for use in fermentation processes. This yeast strain is facultative anaerobe that
ferments glucose through the Embden-Meyerhoff Parnas pathway (Figure 4).
Picataggio et al. (1994) provided a list of advantages for the use of S. cerevisae. It
exhibits little loss to biomass production during fermentation and has a facilitated sugar
diffusion system which eliminates the need for anaerobically-generated ATP. It ferments
sugar at low pH, and, under anaerobic conditions and at low pH, it is resistant to acetate.
The only disadvantages associated with S. cerevisae are the low thermotolerance and its
substrate limitations, as it lacks a xylose-assimilation pathway and adequate levels of
pentose phosphate pathway enzymes.
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Embden-Meyerhoff Parnas pathway for ethanol conversion. (HK =
hexokinase;
GPI =
glucose-6-phosphate
isomerase; P F K =
phosphofructokinase; A L D = aldose; TPI = triose-phosphate isomerase;
GAP
=
glyceraldehyde-3-phosphate
dehydrogenase;
PGK
=
phosphoglycerate kinase; P G M = phosphoglycerate mutase; ENO =
enolase; P K = pyruvate kinase; PDC = pyruvate decarboxylase; A D H =
alcohol dehydronagase). (Picataggio et al.,1994)

In many studies, the fermentation process was subjected to different conditions in
order to determine optimal operating parameters.

The toxicity of ethanol and other

fermentation by-products have been the widely studied and results have agreed that
alcohols (such as ethanol and butanol), fatty acids (such as acetic, formic and succinic
acids) and their ethyl esters are inhibitory to yeast growth. These fermentation products
also act in a synergistic way so as to cause cell death in suspensions of non-growing
cultures of S. cerevisae (Okolo et al., 1987). However, S. cerevisae is considered an
ethanol tolerant yeast.
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Not only is ethanol toxic to yeast, it is also inhibits Trichoderma reesei cellulase.
Holtzapple et al., (1990) found that glucose, cellobiose, ethanol and butanol were noncompetitive inhibitors. Non-competitive inhibitors are non-substrate analogues that bind
on sites other than the active site and reduce enzyme affinity for the substrate.
Consequently an increase in substrate addition would not overcome the non-competitive
inhibition. Rather, other reagents must be added to block binding of the inhibitor to the
enzyme, or the inhibitor must be removed (Shuler and Kargi, 1992; Lehninger et al.,
1993). Compared to the end-products glucose and cellobiose, ethanol inhibition is not as
pronounced.
Olsson's and Hahn-Hagerdal's review (1996) on fermentation of lignocellulosic
hydrolysates for ethanol production gives a detailed explanation of environmental
parameters such as temperature, pH, substrate concentration, and even nutrient
supplementation. It should be stressed here that contamination of the fermenting broth is
best avoided at pH values below 5 (Olsson and Hahn-Hagerdal, 1996).

1.6. SIMUL TANEOUS HYDROL YSIS & FERMENTA TION (SHF)
One of the reasons for carrying out a SHF is to remove the sugar produced in
hydrolysis, and consequently, reduce inhibition of cellulase enzymes. By adding the
fermentation step, end-product inhibition was found to be more effectively reduced than
by supplementing P-glucosidase (Hogan et al., 1990).

The production of ethanol by

hydrolysis and fermentation has been extensively studied over the last decade (Dhingra et
al., 1993; Kuwahara, 1993). Furthermore, various types of substrates have been tried

using SHF, including: packaging waste (Mullinder, 1993), spent sulphite liquor (Backer
et al., 1986), effluent (Anon., 1996b), wastewater solids (Anon., 1996d), agricultural
waste (Hartley et al., 1993), steam pre-treated willow (Eklund and Zacchi, 1995) and
primary clarifier sludge (Duff et al., 1994).
Moreover, few fermentative yeasts survive well at temperatures in excess of 35°C
(Duff and Murray, 1996). As the optimal temperature for fermentation is around 20 to
30°C and, for hydrolysis the optimum is 45 - 50°C, a compromise in the optimal
temperature between these values must be reached in order to conduct simultaneous
hydrolysis and fermentation (SHF). It has been found that yield decreases with increasing
temperature due to increased en2yme deactivation at higher temperature; however, initial
reaction rate increased with increasing temperature (Eklund et al., 1990).

Typical

simultaneous hydrolysis and fermentation reactions are run at 35 to 37°C.
Although working in the 35 - 37°C temperature range for long residence times
would allow possible proliferation of contaminants, it has been shown that simultaneous
hydrolysis and fermentation can be performed under non-sterile conditions; however, the
substrate and medium must be sterilized before reaction starts (Eklund and Zacchi, 1995).

1.7. PRODUCT RECOVERY
In order to prevent ethanol inhibition of yeast fermentation, the ethanol content in
the fermenting broth should not be above 7 to 10% ethanol (Cysewski and Wilke, 1977;
Walsh et al., 1983). However, recovery of ethanol from such dilute fermentation broths
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becomes quite costly. In the following sections, various methods for ethanol recovery are
reviewed.

1.6.1. DISTILLATION
Traditionally ethanol has been recovered through distillation. Typically, ethanol
purification takes place in two steps; a preliminary distillation step to dehydrate the
ethanol to 95% and then an azeotrophic distillation step to dehydrate it to 99%. For
fermentation broths containing 9% ethanol, distillation costs can represent 40-60% of the
total energy consumption for a fermentation facility, with increasing costs for lower
ethanol concentration (Murray et al., 1990; Duff and Murray, 1996). Such is the cost that
non-conventional means of product recovery have been studied.

The techniques for

ethanol recovery that will be briefly reviewed are as follows: fermentation under vacuum,
product

conversion or

transformation,

supercritical CO2

extraction,

membrane

technology, extraction using adsorbents and extraction using organic solvents.

1.7.2. VACUUM
By operating a fermenter under vacuum, ethanol can be volatilized at a
temperature compatible with yeast. Cysewski and Wilke (1977) showed that ethanol
productivity in a fermentor under 50 mm Hg of vacuum increased as much as twelve-fold
over conventional continuous fermentations.

Because some water was removed with

ethanol, the cell concentration also increased inside the fermentor. However, non-volatile
compounds can also increase to inhibitory levels and must be purged from the broth.
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Since all dissolved gases are stripped away, another disadvantage is the need to supply a
minimum amount of oxygen to maintain cell viability.

1.7.3. OXIDATION
It is also possible to recover ethanol by oxidizing it into a more volatile derivative.
Murray et al. (1990) studied the conversion of ethanol into acetaldehyde, a compound
which is more volatile than ethanol, does not form an azeotrope with water, and has
greater market value. It was demonstrated that 0.5 to 3.0% (w/v) ethanol solutions could
be converted using the alcohol oxidase-containing yeast Pichia pastoris to acetaldehyde
at efficiencies of 73 to 61% respectively.

Since the boiling point of acetaldehyde is

20.8°C, it is readily evaporated. Moreover, the alcohol oxidase enzyme system of P.
pastoris is psychrotolerant and bioconversion could be carried out at a wide temperature
range. Once the acetaldehyde is extracted from the fermenting broth, it can be reduced to
ethanol using nickel or copper oxide catalysts (Hagemayer, 1978).

1.7.4. ADSORBENTS AND C0

2

Ethanol extraction using adsorbents has been explored. Hydrophobic polymeric
absorbents such as polystyrene resins, acrylic ester resins and hydrophobic molecular
sieve (silicalite) have been used to adsorb ethanol during the fermentation of glucose by
S. cerevisae (Lencki et al., 1983). While the resins could reduce ethanol concentrations
in the broth, a number of disadvantages were observed. Included in the list of operational
problems were: yeast inhibition, deposition of yeast cells and nutrients onto the
adsorbents, and difficulty in desorbing ethanol from the adsorbents (Lencki et al., 1983).
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On the other hand, another study using activated carbon has been successful. Walsh et al.
(1983) proposed the stripping of ethanol from a fermentor with CO2 and adsorbing the
ethanol and some water onto activated carbon. Desorption using a carrier gas followed
by the adsorption of the water by cellulose produced a stream that allowed purification of
ethanol to more than 95% (v/v).
Ethanol extraction can be accomplished by pressurizing the fermenting broth and
passing it counter-currently through a supercritical CO2 extraction column (Thibault et
al., 1987). The ethanol-free broth is recycled back to the fermentor while the ethanol
removed from the supercritical fluid undergoes further purification by passing it through
an activated carbon bed. The ethanol is then recovered from the carbon with another CO2
stream. Although ethanol inhibition is reduced and it requires 50% less energy than
distillation processes, supercritical CO2 extraction inhibited fermentation

due to

pressurization of the fermenter with CO2, a fermentation metabolite (Thibault et al.,
1987).

1.7.5. MEMBRANE

TECHNOLOGIES

Membrane technologies have also been extensively studied as a means of
purifying ethanol. Such membrane technologies can be divided into three categories:
pervaporation, membrane distillation and perstraction.

Pervaporation is a process in

which components of a liquid mixture diffuse through a solid membrane due to
differences in diffusivities in the membrane. The separated component is later removed
by gas stream or vacuum (Groot et al., 1984). Mochizuki et al. (1989) studied the effects
of salts on the cellulose membrane in pervaporation. They found that in the presence of

25

C0SO4, ethanol is prevented from permeating through the cellulose membrane even at
high temperature because the activation energy for ethanol permeation is increased by the
presence of C0SO4 while the activation energy for water permeation is the same with or
without the salt. They also found that trace amounts of some specific di- and tri- valent
metal salts significantly increased the selectivity of the membrane.
Other variations of pervaporation have been used in an effort to improve ethanol
recovery. Both ultrafiltration and reverse osmosis membrane were tested. In one study,
living yeast cells were sandwiched between ultrafiltration and reverse osmosis
membranes (de Pinho et al., 1988). Glucose from a pressure feed permeated through the
ultrafiltration membrane and was consumed by the yeast cells. The ethanol produced in
the mid layer permeated through the reverse osmosis membrane.

Reverse osmosis

membranes that prevent glucose permeation but allow ethanol permeation have been
found to exist.

It was also found that at higher glucose concentrations, separation

between glucose and ethanol was enhanced.
Membrane distillation uses a hydrophobic porous membrane that separates two
aqueous solutions held at different temperatures (Udriot et al., 1989). Its principle is
based on mass transfer across the membrane due to the resulting vapour pressure
gradient. The selected components cross the membrane as vapour, which makes this
method a form of distillation process.
Organic solvents with high ethanol distribution

coefficients or partition

coefficients are usually toxic to the yeast. In perstraction, a membrane separates the
aqueous fermentation broth from the extracting organic solvent, and protects the yeast
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from contact with the solvent. The ethanol which permeates through the membrane onto
the organic solvent can be recovered in a flash vaporization unit or through a selective
packed bed column (Matsumura and Markl, 1986).

Frank and Sirkar (1986) review

different techniques for ethanol extraction using aqueous organic solvents and
hydrophobic membranes.

1.7.6. EXTRACTIVE FERMENT A TION
In extractive fermentation, ethanol is removed by solvent extraction, either by insitu contact of organic extractant and fermentation broth or an external extraction
procedure. In either case, ethanol is later recovered from the solvent at high concentration
by means of flash vaporization, and the solvent is recycled back to the fermentor or
extraction unit (Daugulis et al., 1991). In characterizing an extractant,-some criteria have
to be considered. In order to prevent end-product inhibition and to decrease solvent to
water ratio, ethanol should favourably partition into the solvent. For economic reasons,
the solvent should be inexpensive, it should be immiscible with water so that it can be
easily separated, and without having to recover the residual solvent from the aqueous
raffinate. It also should be non-volatile to prevent solvent loss and possess a high boiling
point for easy recovery of ethanol. When considering in-situ extractive fermentation, the
solvent should be biocompatible, i.e., non-toxic to the fermenting organism. Another
criterion that has been looked at is the polarity of the organic phase, for organic solvents
have the ability to distort the essential water layer around biocatalysts (Laane et al.,
1987).
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Daugulis' group at Queen's University carried out extensive work on the
extractive fermentation.

In 1985, they derived a computer model simulating the

extractive fermentation.

Using the model, a glucose feed of 750 g/L, a solvent with

partition coefficient of 0.5 and a solvent dilution rate of 5.0 hr" resulted in a total ethanol
1

production of 82.6 g/L (Kollerup and Daugulis, 1985).

In later work, extractive

fermentation was carried out in a 1.3L continuous stirred tank reactor (CSTR) using oleyl
alcohol as the extractive solvent. With a 535 g/L glucose feed, near complete (96%)
conversion of glucose was obtained and ethanol was removed by the use of a packed bed
water extraction column (Kollerup and Daugulis, 1986; 1987). Further work used a
larger (7.0 L) CSTR, which included a flash vaporization unit to remove ethanol from the
solvent (oleyl alcohol) and, therefore, allow recycling of the solvent. More than 96% of
conversion of a 300 g/L glucose feed was obtained and the flash vaporization unit
operated at 90% efficiency, and produced a 65 to 85% (by weight) ethanol product
(Daugulis et al., 1987). The experimental data from the study was also used to perform
an economic analysis of a process of 20x10 L/yr of azeotropic (95% by weight) ethanol
6

with 330 days/yr and 24 hr/day of operating time. Results indicated that substrate costs
constitute the major economic component (Daugulis and Lowe, 1987).
To demonstrate the use of extractive fermentation at a significant level for
potential commercial/industrial use, a 150 L extractive fermentation pilot plant was
constructed, based on the data from the 7 L process demonstration. Fermentation was
controlled at 30°C, pH 4 and a mechanical agitation rate of 150 rpm, which was later
reduced to 50 rpm. The dilution rates for aqueous feed and solvent were 0.08/hr and
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0.90/hr, respectively.

Results showed a 21% increase in ethanol productivity during

extractive fermentation as compared to conventional fermentation. The amount of CO2
produced during extractive fermentation created a homogeneous mixture in the fermentor,
making it difficult to separate the aqueous and solvent phases. However, the major
problem observed was related to the insufficient solids holding capacity of the centrifuge.
As a result, the centrifuge was unable to completely remove yeast from the solvent
stream.

This lead to fouling of the ethanol recovery system, a reduction in ethanol

concentration in the product and an increase in equipment maintenance (Daugulis et al.,
1994). Nevertheless, the pilot plant provided some insight into the problems that could
occur.

1.8. SIMULTANEOUS HYDROLYSIS & EXTRACTIVE FERMENTATION

(SHEF)

Having hydrolysis and fermentation occurring simultaneously in the same vessel
reduces the potential for end-product inhibition of the hydrolytic enzymes by glucose.
The addition of an extraction step in the vessel would decrease the concentration of
ethanol present, a product otherwise capable of inhibiting cellulase and yeast. There are a
number of advantages associated with such a processing scheme. First, there would be a
kinetic advantage associated with reduced end-product inhibition. Second, the use of a
single vessel should reduce costs. Third, since ethanol can be recovered by a single flash,
energy consumption should decrease.
Since SHEF is a novel technology for cellulose-to-ethanol conversion, there is not
much written about the process. Moritz and Duff (1996) have studied this process using
primary clarifier sludge and solka floe, both in shake flask and fermentor scale studies.
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They reported an increase in ethanol productivity of up to 65% over conventional (nonextractive) fed-batch simultaneous hydrolysis and fermentation systems when using oleyl
alcohol as the organic extractant.
When analyzing the effect of water content in SHEF, it was found that the amount
of water could be greatly reduced without being detrimental to the reaction system. It was
postulated that for the complete hydrolysis of 10 g of crystalline cellulose, 1 g of water is
required after taking into consideration the low bulk density of cellulose, mass transfer
requirements and mixing considerations (Moritz and Duff, 1996).

Since the sugar

produced during hydrolysis was taken up by the yeast for conversion to ethanol, and the
ethanol was extracted by the organic solvent, the amount of water required to dissolve
and dilute the sugar and to prevent inhibition of hydrolysis can be minimized. Moreover,
they found that ethanol production varied inversely with the aqueous to organic phases
ratio (Figure 5). The results also showed that, even using a low enzyme loading of 2
FPU/g, 50% of cellulose could be converted to ethanol after 48 nr.
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Figure 5. Effect of enzyme loading and water content in SHEF of 250 g/L solka flock.
(Conversion calculated after 48 h). (Moritz and Duff, 1996)
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2. RESEARCH OBJECTIVES
The overall objective of the study was to examine the feasibility of carrying out
simultaneous saccharification and fermentation in predominantly non-aqueous reaction
matrices. Included in the overall objective are the following specific sub-objectives:
•

To screen a range of solvents for suitability as reaction matrices.

•

To quantify the influence of yeast addition and solid/liquid interfacial denaturation on
hydrolysis.

•

To evaluate the effect of decreasing aqueous content on ethanol production yield and
kinetics.
This work is important from both basic and applied perspectives.

Enzyme-

catalyzed reactions have and will continue to become increasingly important

in

biotechnology and bioorganic syntheses. A n understanding of the role of interfacial
effects will be crucial to the engineering of an enzyme catalyzed reaction system. From
an applied perspective, improved technologies for the production of clean-burning liquid
fuels from cellulosic wastes provides an opportunity to solve two environmental
problems at once, and shows great potential for use in mandated clean fuel regions.
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3 . EXPERIMENTAL
3.1. MATERIALS

3.1.1. SUBSTRATE
Solka floe, a pure powdered amorphous cellulose (grade 40-NF), was used as the
substrate in all experiments.

It was obtained from Fiber Sales & Development

Corporation (Urbana, OH), a subsidiary of Protein Technologies International. Cellulose
acetate (from Sigma, St. Louis, MO) was also used as standard in some hydrolysis
reactions.

Sulphite primary clarifier sludge, provided by Tembec (Temiscaming,

Quebec), was used in one experiment.

3.1.2. ENZYMES
Commercially available cellulolytic enzymes, sold under the trade names
Celluclast CCN#1.5L and Novozym TN#188 by Novo-Nordisk (Bagsvaerd, Denmark)
were used in all experiments. The cellulases were derived from Trichoderma reesei.
Celluclast 1.5L contained endo-glucanase and cellobiohydrolase activities and was found
to contain 78 Filter Paper Units (FPU)/mL of cellulase activity, while Novozym 188
contained 780 International Units (IU)/mL P-glucosidase activity.

3.1.3. YEAST CULTURE AND GROWTH MEDIUM
Saccharomyces cerevisae yeast used in the experiments was obtained from the
recycle line of the full scale fermentors at Tembec (Temiscaming, Quebec). Yeast
inoculum was produced by inoculating yeast from a slant culture into a growth medium
consisting of 2.5% peptone (bacterial grade, ICN Biomedicals Inc., Aurora, OH), 0.3%
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yeast extract (DifcoLab, Detroit, MI) and 1% glucose (anhydrous dextrose, Fisher, Fair
Lawn, NJ). The yeast inoculum solution was incubated for 24 hr at a temperature of
33°C, in a New Brunswick Model G25 controlled environment incubator shaker (150
rpm). Note that, prior to inoculation, the growth medium was autoclaved for 20 minutes
at 121°C and, then, cooled.

3.1.4. ACETATE

BUFFER

Hydrolysis experiments were carried out in 0.2 M sodium acetate buffer solution.
The solution was made up using glacial acetic acid (Fisher, Nepean, Ontario) and sodium
acetate trihydrate (BDH Inc., Toronto), with the pH adjusted to 4.8. In some experiments,
the buffer solution contained (0.1% or 1.0%) sodium azide, NaN3, (Fisher Scientific, Fair
Lawn, NJ), which acted as a biocide.

Whenever required, the buffer solution was

autoclaved.

3.1.5. ORGANIC

SOLVENTS

The following is the list of organic solvents used:
•

Oleyl Alcohol or 9-octadecen-l-ol (Aldrich Chemicals Co., Inc., Milwaukee, WIS)

•

Lauryl alcohol or 1-dodecanol (Sigma Chemicals Co., St. Louis, MO)

•

Decyl alcohol or decanol (Aldrich Chemicals Co., Inc., Milwaukee, WIS)

•

Oleic Acid or 9,10-octadecenoic acid (Fisher Scientific, Fair Lawn, NJ)

•

1-Octanol (Sigma Chemicals Co., St. Louis, MO)

•

Canola Oil (Sunrise commercial brand name)
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3.1.6. ADDITIVES
The effect of additives on cellulose hydrolysis was examined in several
experiments. These additives were: Versal 850 (Alumina sample from Kaiser Chemicals,
a division of Kaiser Aluminum and Chemicals Co., Baton Rouge, L A ) ; silica gel grade
62, 60-200 mesh, 150 A (Aldrich Chemicals, Milwaukee). Positively charged alumina
colloids, such as Versal 850, were previously shown to have a beneficial impact on
cellulase production (Duff et al., 1985) and alcohol production (Duff, 1990), but in this
study, they were added as a means of increasing surface area. Versal 850 has a surface
area of 270 to 310 m /g and, in water, forms colloidal suspension with individual
2

particles in the range of 30 A to l u m (with more than 95% of particles less than lum).
3.2. SAMPLING PROTOCOL
Representative samples were withdrawn from shake flasks and centrifuged at
13000g for 5 minutes, using a Fisher Micro-centrifuge (Model 235C). The supernatant
was withdrawn, placed in 2 mL vials and frozen. Where organic solvent was present with
the aqueous phase, the same centrifugal procedure was performed to separate phases.

3.3. ANALYSES

3.3.1. TOTAL REDUCING SUGAR ASSAY
Total Reducing Sugar (TRS) was determined using the dinitrosalicylic acid (DNS)
reagent (Miller, 1959).

Glucose was used as a standard.

A n H A C H single beam

spectrophotometer (Model DR/2000) was used to read the absorbance (575 nm) of the
coloured solution. The colour was determined after the samples or glucose standards
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were combined with the DNS solution and left to react for 15 minutes in boiling water.
The reaction rate was accelerated and the colour was fixed during heating.

3.3.2. FILTER PAPER ASSA Y
The filter paper assay was performed according to the method of Esterbauer et al.
(1992), where 0.5 mL of crude enzyme preparations (or samples) were placed in test
tubes containing Whatman No. 1 filter paper (50 mg + 1 mg, about 1 cm x 6 cm strips)
and 1 mL of 0.075 M acetate buffer, pH 4.8. The vials were placed in an incubator for
one hour at 50°C and shaking speed of 150 rpm. Reducing sugars released by hydrolysis
were determined using DNS. The enzyme activity was expressed in terms of the rate of
production of reducing sugar.
The unit of FPU (Filter Paper Unit) is based on the International Unit (IU):
1 IU = 1 umol min" of substrate converted or
1

= 1 umol min" of glucose = 0.18 mg min" (when product is glucose)
1

1

Since the absolute amount of glucose released in the F P U assay at the critical
dilution is 2 mg, and this glucose was produced by 0.5 mL enzyme in 60 min, the critical
enzyme concentration is [2 H- (0.18 x 0.5 x 60)] = 0.37 umol min" mL" (IU/mL).
1

Consequently, F P U =

1

037
Units/mL
enzyme concentration to release 2.0 mg glucose

3.3.3. PROTEIN ASSAY
Protein content was determined using the Bio-Rad Protein Assay Standard I (BioRad Laboratories, Hercules, CA) (Lowry reaction). Lyophilized bovine plasma gamma
globulin (Bio-Rad Laboratories, Hercules, C A ) was used as a standard. Five mL of dye
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solution (Bio-Rad dye solution) was combined with 0.1 mL of sample or standard
solution, and the mixture was thoroughly mixed and left to react for 15 to 30 minutes at
room temperature, after which the absorbance was read in the H A C H spectrophotometer
at a wavelength of 595 nm.

3.3.4. ETHANOL DETERMINATION IN AQUEOUS

PHASE

Ethanol concentration was determined using a Hewlett Packard (Mississauga,
ON) 5880A series gas-chromatograph.
Bellefonte, PA) was used.

A Carbowax 20M column (Supelco Inc.,

The injected volume used was luL.

The column head

pressure was between 5 and 8 psig and the flowrate (measured from the split/splitless
inlet vent) was above 90 mL/min. The split/splitless ratio was about 100/1.
For the determination of ethanol in aqueous phase, the oven was operated
isothermally at 70°C, both the injector and the detector temperatures were 300°C.
External standards ranged from 0.2 - 2.5 g/L ethanol and 2 g/L n-butanol was used as
internal standard for both external standards and samples.

3.3.5. ETHANOL DETERMINA TION IN NON-AQUEOUS

PHASE

For the analysis of ethanol present in the organic solvents used, the same
equipment was used as for the ethanol analysis in the aqueous phase. A l l the samples and
external standards were diluted 1:1 with n-octanol to lower their viscosity and the internal
standard used was 8 g/L n-butanol. The oven temperature was set initially at 70°C for 6
minutes and then increased at a rate of 45°C per minute until it reached 300°C. The
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temperature was held at 300°C for 10 minutes to ensure that the solvents were driven
from the column.
The external standards for each organic solvent varied as follows:
•

Oleyl Alcohol: 3 - 3 5 g/L ethanol

•

Lauryl alcohol: 0.6-7 g/L ethanol

•

Decanol: 1 - 10 g/L ethanol

•

Oleic Acid: 2-11 g/L ethanol

•

Octanol: 0.5-10 g/L ethanol

•

Canola Oil: 0.5-10 g/L ethanol

3.3.6. SOLID/WA TER CONTENT DETERMINA TION
The solid or/and water content of cellulose samples were determined by taking the
difference between samples before, and after 24 hours drying in an oven at 103 - 105°C
(Standard Methods, 1992).

3.4. METHODS
A l l the experiments were carried out in batch, small-scale shake flask experiments
run in duplicate. Aseptic conditions were maintained for fermentation, simultaneous
hydrolysis and fermentation

(SHF) and simultaneous hydrolysis and extractive

fermentation (SHEF). Whenever more than one phase (solid, aqueous or non-aqueous)
was present, samples were centrifuged and phases separated before storage.
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3.4.1. BIOCOMPATIBILITYEXPERIMENTS
3.4.1.1. Simultaneous Hydrolysis and Fermentation (SHF)
Simultaneous saccharification and fermentation were carried out at 33°C in 250
mL Erlenmeyer flasks. Unless otherwise indicated, the flasks contained 100 g/L of solka
floe suspended in growth medium (100 mL total volume). The flasks were autoclaved and
cooled, and 2 mL of vitamin solution (van der Walt and van Kerken, 1961) was added.
The flasks were then asseptically inoculated with 20 mL of yeast inoculum solution. The
reaction was initiated by adding Novozym, followed by Celluclast, at loadings of 100 IU
and 10 F P U per gram dry weight of cellulose, respectively. Shake flasks were placed in
the incubator shaker at 150 rpm and 33°C.

3.4.1.2. Simultaneous Hydrolysis and Extractive Fermentation (SHEF)
Experiments with the use of in situ immiscible organic extracting solvents (100
mL in volume) were carried out in 500 mL Erlenmeyer shake flasks in the same manner
as simultaneous hydrolysis and fermentation experiments. Samples were collected from
both phases and assayed for ethanol.

3.4.1.3. Extractive Fermentation Experiment
In order to determine the effect of each solvent on Saccharomyces cerevisae,
fermentation was performed in shake flasks containing 40 mL of yeast inoculum and 60
mL of growth medium containing 2.5 % glucose, and 100 mL of organic solvent. Tests
were conducted with oleyl alcohol, lauryl alcohol and decanol, and ethanol production
was compared to control flasks without organic solvent.
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Fermentation experiments were run in an incubator shaker at 33°C and 150 rpm;
however, after 2 hours, the shaking speed was increased to 180 rpm for better mixing.
Samples were taken from both aqueous and organic phases over a period of 48 hours and
later analyzed for ethanol.
3.4.2. PARTITION COEFFICIENT

EXPERIMENT

The partition coefficient, also known as distribution coefficient, indicates the
degree to which a solute distributes itself between phases when these are in contact, at a
certain temperature and at equilibrium.

For liquid-liquid extraction, and when the

assumption of dilute solutions is possible, the partition coefficient can be determined
using the Bancroft co-ordinates (Perry and Green, 1984).

In the case of ethanol in

aqueous and organic phases, the partition, K, can be calculated as follows:
X = mass of ethanol in aqueous phase
mass of aqueous phase
Y = mass of ethanol in organic phase
mass of organic phase
K = Y = weight ratio of ethanol to organic phase
X
weight ratio of ethanol to aqueous phase

Experiments were conducted to determine the partition coefficient for ethanol
between water and the various candidate solvents. Partition coefficients were determined
by dispensing 10 mL of solvent into a 20 mL vial, adding ethanol to yield the desired
concentration, and then adding 10 mL of distilled water. The amount of solvent, ethanol
and water was determined by weight using an analytical balance.

Vials were first

vigorously shaken by hand for about 2 minutes, and then placed in a shaker at 33°C and
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150 rpm. In order to ensure that equilibrium was reached between the aqueous and nonaqueous phases, samples of both phases were taken after 24 hours and analyzed for
ethanol content.

3.4.3. PHYSICAL PROPERTIES OF SOL VENTS
The densities and boiling points of the different organic solvents were taken from
the C R C Handbook, 68th edition.
Table 3. Physical properties of solvents (CRC Handbook 68th ed.)
Solvent
Decanol
Octanol
Lauryl alcohol
Oleyl alcohol
Oleic acid
Canola oil *

Density (g/mL)
0.8297
0.8270
0.8309
0.8489
0.8935
0.9164

Boiling Point (°C)
229
194.4
225-9
205-10
228-9
N/A

* Determined using analytical balance and volumetric flask, at 24°C.
Note: Ethanol density = 0.7893 g/mL and ethanol boiling point = 78.4°C

3.4.4. HYDROL YSIS WITH DIFFERENT YEAST CONCENTRA TIONS
A yeast stock solution was prepared by harvesting yeast grown for 24 hours in
growth medium. Yeast was sedimented by centrifugation (3500 rpm, 10 min) and then
washed with 0.2 M acetate buffer containing 0.1% sodium azide (NaNs). The yeast
pellets were then re-suspended in the buffer.
To determine whether yeast cells influenced the rate of hydrolysis, hydrolysis
reactions were conducted with varying initial concentrations of non-viable yeast. For
these tests, each flask contained 50 g/L of solka flock, and an enzyme loading of 5 F P U
of glucanase and 50 IU of P-glucosidase per gram of substrate. Yeast stock solution was

40

added to yield a yeast concentration of 0.1, 1.0, 3.0, 20 g yeast/L. Another duplicate set
up flasks was prepared using 20 g yeast/L which had been autoclaved for 20 min at
121 °C. Acetate buffer (with 1% NaN ) completed the 50 mL working volume. The
3

procedure for this hydrolysis experiment was the same as previously described. Samples
were analyzed for total reducing sugar, ethanol and protein content.

3.4.5. EFFECT OF SURFACE AREA, TEMPERATURE AND AGITATION
ENZYME ACTIVITY AND HYDROLYTIC

ON

EFFICIENCY

In hydrolysis reactions, soluble cellulase enzymes hydrolyze solid cellulose
substrates. In doing so, they must repeatedly cross the interface between phases, and are
thereby potentially exposed to denaturing influences.

A series of experiments was

conducted to determine whether these interfacial forces play an important role in the
characteristic loss of cellulase activity which is observed during hydrolysis. In the first
set of experiments enzyme activity was examined in the absence of substrate, and in the
second set of experiments, substrate and non-hydrolysable substrate (cellulose acetate)
was present.

3.4.5.1. Effects of Additive Concentration, Temperature and Agitation on Enzyme
Activity and Protein Content
A 3 factor, 3 level factorial design was used to examine the effects of surface area,
temperature and agitation on the adsorption and desorption of enzyme onto additives.
Shake flasks were loaded with 3 concentrations of Versal 850 (no Versal, 2.5 g/L and 5
g/L Versal). The enzyme loading for all flasks was 10 FPU/g Cellulast and acetate buffer
was used to complete 100 mL of liquid volume. Flasks were incubated at 6°C, 25°C and
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50°C with no agitation, 150 rpm and 250 rpm. Samples were periodically withdrawn and
analyzed for enzyme activity and protein content.
In analyzing the protein content of the samples taken at various residence times, it
was noted that by 5 hours, the protein content in the samples reached an equilibrium
(results not shown). Therefore, when determining the enzyme activity, analysis was done
on the 5 h samples.

3.4.5.2. Effect of Additives on Hydrolysis Efficiency at Different Temperatures
Similar experiments were performed to determine the effect of additives on
cellulose hydrolysis. Inert additives such as those used for the experiment were high in
surface area and their addition to the system would indicate whether or not there would be
an increase in enzyme denaturation. The enzyme activity was monitored indirectly by the
amount of sugar produced in the hydrolysis. The effect of temperature was also analyzed
in order to see if there is any interaction with the additive. In these experiments, 3 g/L of
different additives (Versal 850, silica gel and yeast) were added to flasks containing 50
g/L of solka floe, and hydrolysis was conducted using 50 IU/g of Novozym and 5 FPU/g
Celluclast. The shaking speed was kept constant at 150 rpm, but the temperature was
varied:

6°C, 15°C, 30°C, 50°C and 70°C.

Samples were periodically collected and

assayed for reducing sugar.

3.4.6. SHEF @ MINIMUM WATER CONTENT
Experiments were undertaken to determine the effect of aqueous:organic phase
ratio on hydrolysis and extractive fermentation, and to determine the minimum water
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content required. The amount of aqueous phase was set at 10 mL, while the amount of
non-aqueous phase or organic solvent varied. By keeping the aqueous phase constant,
other factors such as yeast cell count and available yeast nutrients were also kept constant.
The substrate concentration was 250 g cellulose/L of aqueous volume and the enzyme
loading was 2 FPU/g. The experimental set up was as follows:
Flask #

Solka floe
(g)

Yeast inoc.
(mL)

Yeast sol'n
(mL)

Novozym
(mL)

Celluclast
(mL)

Oleyl Ale.
(mL)

Solv:aqu.
Ratio

1,2
3,4
5,6
7,8
9, 10
11, 12

2.5
2.5
2.5
2.5
2.5
0.25

5.0
5.0
5.0
5.0
5.0
0.9872

4.872
4.872
4.872
4.872
4.872

0.064
0.064
0.064
0.064
0.064
0.0064

0.064
0.064
0.064
0.064
0.064
0.0064

990
490
390
240
156
15.6

900:10
490:10
390:10
240:10
156:10
15.6:1.0

-

Experimental procedures were the same as in other SHEF experiments and the
solvent used was oleyl alcohol. Samples were taken periodically from the oleyl alcohol
phase to be later analyzed for ethanol content.

3.4.7. SHEF OF PCS AND SOLKA FLOC
Simultaneous hydrolysis and extractive fermentation was performed using solka
floe (as control) and sulphite primary clarifier sludge (PCS) as substrates. Each flask
contained 50 g/L of a substrate and an enzyme loading of 10 F P U of glucanase and 100
IU of P-glucosidase per gram of substrate. The extracting organics used were 100 mL of
either oleyl alcohol or lauryl alcohol. The 100 mL aqueous phase consisted of 20 mL of
yeast inoculum and, after accounting for the water present in the PCS and enzyme
solutions, was brought to 100 mL with growth medium. In the same manner as before,

flasks were placed in a shaker for 48 hours, at 33°C and 150 rpm. Samples taken were
analyzed for ethanol content.
4. R E S U L T S & D I S C U S S I O N

4.1.

BIOCOMPATIBILITYEXPERIMENTS
As discussed in section 1.6., solvents used for in-situ extractive fermentation must

(1) exhibit favourable partition coefficients for ethanol and (2) be biocompatible with the
fermenting organism. For application in SHEF systems, the choice of solvent is further
constrained by a requirement for compatibility with cellulase enzymes. A n initial series
of experiments were conducted in order to assess the suitability of a number of candidate
solvents.

4.1.1. PARTITION COEFFICIENT

DETERMINATION

The way ethanol distributes itself between the aqueous and organic phases can be
used as a parameter for the screening of solvents. To determine the partition coefficient,
the equilibrium ethanol concentration in water and lauryl alcohol was plotted (Figure 6).
The slope of the curve is the partition coefficient. For lauryl alcohol at 33°C, K was
found to be 0.404 ± 0.044 (95%) which means that 1/K = 1/0.404 or 2.475 kg of lauryl
alcohol would be required to remove all the ethanol from 1 kg of water. The partition
coefficient for the other solvents was determined in a similar manner and can be found in
table 4.
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Figure 6. Determination of partition coefficient of ethanol in water and lauryl alcohol
using Bancroft co-ordinates.

Table 4. Partition coefficients (K) of ethanol in various solvents-water systems
Solvent
Octanol
Decanol
Lauryl alcohol
Oleyl alcohol
Oleic acid
Canola oil

K
0.636
0.489
0.404
0.339
0.149
0.059

R
0.861
0.828
0.982
0.858
0.943
0.892
2

The relatively large K values for octanol, followed by decanol, indicated that
ethanol would partition more favorably to these organic solvents. Ethanol had little
affinity for oleic acid and Canola oil; and lauryl and oleyl alcohol showed intermediate
values of K. In Moritz's experiment (1996), the partition coefficient of ethanol in water
and oleyl alcohol was found to be 0.275. One of the reasons for different K values (0.275

and 0.339) could have been the due to the different percentage of impurities in the oleyl
alcohol. A difference in methodology could also explain the difference in K values since,
in Moritz's experiment, the vials were heated at 37°C under quiescent conditions for 30
min and then hand shaken for 15 s. This procedure was repeated 5 times over a period of
1 h.

Low K values are expected as Matsumura and Markl (1986) found that using

extractants such as 2-ethyl-butanol, tri-n-butylphosphate and sec-octanol in perstraction,
K values were 0.83, 0.79 and 0.60, respectively.
For equal partitioning in both aqueous and solvent phases, the K value would have
been equal to one. A l l of these values for K are low compared to conventional extraction
solvents used in chemical processes (Perry and Green, 1984); however, it should be taken
into consideration that the molecule of ethanol is similar to, and fully miscible with water.
It is, therefore, difficult to envision a solvent that would favor ethanol extraction from
water.

4.1.2. FERMENTA TION AND EXTRACTIVE FERMENTA TION
To further examine the effect of organic solvent on biocompatibility, extractive
fermentation was performed using oleyl alcohol, lauryl alcohol and decanol.

Oleyl

alcohol and lauryl alcohol were biocompatible; however, despite the fact that decanol had
a better partition coefficient than oleyl alcohol and lauryl alcohol, it exhibited toxicity
toward the yeast (figure 7). Ethanol produced was about 38 % and 48 % higher for oleyl
alcohol and lauryl alcohol, respectively, compared to that produced without an organic
solvent. On the basis of partitioning and biocompatibility, both oleyl alcohol and lauryl

alcohol appeared to be suitable candidates for simultaneous hydrolyses and extractive
fermentation.
20

Time (hr)

Figure 7.

Ethanol production during fermentation and extractive fermentation using
various solvents (1:1 volume ratio of solvent and aqueous phase).

4.1.4. SIMULTANEOUS

HYDROLYSIS AND EXTRACTIVE FERMENT A TION (SHEF)

SHEF experiments were conducted to examine the effect of organic solvent on the
amount of ethanol produced from the hydrolysis and fermentation of solka floe. The
presence of the extractants oleic acid, lauryl alcohol and oleyl alcohol did not negatively
affect the performance of the fermenting organism (Figure 8), as the amount of ethanol
produced in the presence of these organic solvents was similar to the simultaneous
hydrolysis and fermentation without extraction. In SHEF reactions, there appeared to be
little benefit associated with the presence of an extractant phase. Since the ethanol
concentration produced was similar, the reason for the decline in performance is not clear.
On the other hand, the low ethanol productivity found in the SHEF with decanol and
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octanol indicated that these two extractants are toxic to Saccharomyces cerevisae, with
octanol showing the highest toxicity.
Lauryl alcohol has been previously described as a moderately toxic ethanol
extractant (Kollerup and Daugulis, 1987). In the present study, lauryl alcohol did affect
the fermenting organism; however, it seemed that yeast adapted itself to this compound.
Unlike the extractive fermentation experiment, lauryl alcohol induced a lag phase in
SHEF reactions, although the final ethanol levels were similar to those obtained with
oleic acid (Figures 8 - 10). The lag may be due to an impact that the solvent has on
hydrolysis.

However, the explanation may simply lie in the fact that, for extractive

fermentation experiments, the volume of yeast inoculum was double (two times) the
volume used in the SHEF experiment.
Domestic cooking grade Canola oil exhibited some toxicity toward the yeast,
which may be due to the impurities present in the oil, rather than the oil itself. Playne and
Smith (1983) examined the toxicity of 30 organic solvents. Alcohols (C5-C12), ketones
(C5-C8), benzene derivatives, isoamyl acetate and di-isopropyl ether were found to be
toxic to anaerobic bacteria present in liquid-liquid extraction systems.
Oleic acid was totally biocompatible, however, when comparing the amount of
ethanol present in the broth and in the non-aqueous phase, it could be seen that ethanol
tended to be more concentrated in the aqueous phase, confirming that oleic acid was not a
good ethanol extractant (Table 4).
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Figure 8. Ethanol produced during SHEF of 100 g/L solka floe and using various organic
extractants. Sum of ethanol in aqueous and non-aqueous phases (SHF control
without organic extractant).

Figure 9. Ethanol extracted by organic solvent during SHEF of lOOg/L solka floe (nonaqueous phase).
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Figure 10. Ethanol concentration produced in fermenting broth during SHEF of 100 g/L
solka floe (aqueous phase).

4.1.5. OTHER PARAMETERS IN SOLVENT

SCREENING

Although biocompatibility and partition coefficient are important parameters in
solvent screening for suitability as reaction matrices, immiscibility with water, boiling
point and toxicity were also examined. The solvent should be immiscible in order to be
easily separated from the fermentation broth. Immiscibility can be gauged via solvent
density.

A large difference between the boiling point of solvent and that of ethanol

(78.5°C) would allow ethanol to be removed by flashing.

Data pertaining these

parameters for the various solvents are given in Table 3 (Methods). It was observed that
each solvent used had the required physical properties to be considered a good extractant.
In terms of the effect of solvents on humans, from the material safety data sheet
(MSDS) provided by the chemical suppliers, all solvents except oleyl alcohol present
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harmful and/or toxic effects when not properly handled. They are irritants to the eyes,
respiratory system and skin; they emit toxic fumes/gases and are harmful by inhalation,
ingestion or skin adsorption. From the MSDS, there is no indication that oleyl alcohol is
harmful, hazardous or toxic. Since Canola oil came from the domestic use grade, it was
considered innocuous to humans.

4.2. EFFECT OF A SECOND SOLID PHASE (YEAST CELLS) ON HYDROLYSIS
The many advantages of simultaneous hydrolysis and fermentation have been
described in detail by a number of researchers (Eklund and Zacchi, 1995; Duff et al.,
1994; South and Lynd, 1994; Philippids et al., 1993; Saxena et al., 1992). In particular,
by adding yeast to a hydrolysis system, potential inhibitory levels of sugar can be avoided.
However, yeast cells could potentially interfere with hydrolysis of cellulose by cellulase
enzymes, either by physically impeding the access of enzymes to the substrate or through
competitive adsorption of cellulase enzymes.

These potentially negative effects on

hydrolysis have not been previously examined. If yeast is shown to have an effect on
enzyme activity in hydrolysis reactors, then the effect may be more important in
simultaneous hydrolyses and extractive fermentation systems where there is a high local
concentration of yeast.
To determine the effect of the presence of yeast, hydrolyses were conducted in the
presence of different concentrations of yeast. Sodium azide (1%) was added in order to
prevent the consumption of the glucose produced. At low concentration of added yeast
(0.1 - 3 g/L) there was no significant difference in sugar produced (Figure 11). However,
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the highest yeast concentration tested (20 g/L) resulted in a decrease in the final
concentration of reducing sugars produced. In order to determine whether this decrease
in sugar production was due to sugar metabolism by the yeast, ethanol concentrations in
the broth were determined (Figure 12). With the exception of the hydrolysis containing
20 g/L yeast with added azide, ethanol production averaged 0.38 ± 0.15 g/L. Since the
amount of ethanol could account for only 0.5 g/L of reducing sugar, it was considered
negligible.

In the flask containing 20 g/L yeast, it appeared that the sodium azide

concentration was not high enough to prevent fermentation, and differences in sugar
production during hydrolysis between these and control flasks could be accounted for by
alcohol production.

• • -no yeast
-B—0.1c/L
-A— igt
- * — 3gl
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Figure 11. Total reducing sugar profile from hydrolysis at different concentrations of
yeast. * Indicates autoclaved control.
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Figure 12. Ethanol produced from the hydrolysis of solka floe in the presence of different
concentrations of yeast. * Indicates autoclaved control.
Reducing sugar production was lower in the flasks which contained 20 g/L of
autoclaved yeast, a decrease which could not be explained by the negligible alcohol
production. For example, after 24 h of hydrolysis, reducing sugar concentrations in the
yeast-containing and control flasks were 14.9 and 18.6 g/L, respectively.

This 20%

reduction in sugar production may have been due to adsorption of cellulase enzymes onto
yeast or to yeast blocking access to the substrate.
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Figure 13.

Profile of the adsorption of cellulase enzyme and effect of different
concentrations of yeast on enzyme adsorption.

In all reactions, there was a sharp decrease in the amount of free protein over the
first 1 hour of hydrolysis, after which equilibrium was reached (Figure 13). This decrease
was expected and it is in conformity with a study done by Steiner and co-workers (1988),
in which the initial rate of enzyme adsorption was 0.5 g protein/min/L for hydrolysis of
50 g Avicel/L at 2°C and equilibrium was observed after 30 min. It should also be noted
that Steiner et al. found that, at 50°C, absorption occurred faster and a real equilibrium
could never be established. Due to the fast hydrolysis at 50°C, the adsorption equilibrium
with a constant value of mg protein/g cellulose only existed for a short period of time.
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4.3. EFFECT OF SURFACE AREA, TEMPERATURE AND AGITATION ON
ENZYME ACTIVITY AND HYDROL YTIC EFFICIENCY

4.3.1. EFFECTS OF ADDITIVE CONCENTRA TION, TEMPERA TURE AND
AGITATION
By analyzing three different factors at multiple levels in a single experiment, the
interactions between the factors can be distinguished (Box and Draper, 1987).
Experiments were conducted to determine the primary and interactive effect of Versal
concentration, temperature and agitation on cellulase activity and protein concentration.
Despite the fact that none of these variables produced a statistically significant effect
(Appendix A), trends in the data are discussed in the following sections.
The addition of Versal had a negative effect on enzyme activity (Figure 14).
There are two possible explanations for this effect. First, it may be that Versal inactivates
the cellulase enzymes, either through interfacial effects or some other unknown
mechanism. Secondly, it is possible that cellulase enzymes sorb to the Versal, and that
the measured decline in activity is simply due to a decrease in enzyme protein.
In an attempt to distinguish between the two possibilities, protein content was
analyzed in experiments where temperature and Versal concentration varied. As Versal
concentration increased, the protein content decreased (Figure 15).

This observation

supports the contention that, with increasing surface area, more enzyme sorbs onto the
surface of the Versal. If enzyme adsorbed onto the Versal surface, then there was less
protein free in the aqueous phase and, consequently, a decrease in measured enzyme
activity.
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30 '

Figure 14. Effect of Versal concentration and agitation on filter paper activity (agitation
in rpm, Versal concentration in g/L and filter paper activity or filter paper
unit, FPU, in FPU/mL)

Figure 15. Effect of Versal concentration and agitation on protein content (Versal
concentration in g/L, agitation in rpm and protein content in g/L)
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Figure 16. Effect of Versal concentration and agitation on specific activity (Versal
concentration in g/L, agitation in rpm and activity in FPU/g protein)

By examining the effect of Versal addition on cellulase specific activity, it can be
seen that the specific activity of the free enzymes remains constant over the range of
Versal addition examined (Figure 16). Agitation and temperature did not appear to have
any significant effect on enzyme activity, protein content, or specific activity (Appendix
A).
This experiment was conducted in an attempt to demonstrate whether interfacial
denaturation of cellulase enzymes occurs at the solid/liquid interface, and if so, if the rate
of denaturation would be influenced by temperature and/or agitation. By dramatically
increasing the surface area through the addition of Versal particles, it was expected that
the influence of interfacial denaturation would be magnified. This experiment was only
partly successful. Cellulase enzymes did adsorb to the added colloidal material, however,
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no increase in the rate of enzyme denaturation was observed. This may indicate that such
denaturation is not an important factor in hydrolysis systems.

However, in hydrolysis

systems, cellulase enzymes diffuse from the bulk liquid phase to the surface of cellulose
particles, cross the interface and sorb. After a number of catalytic reactions, they desorb,
and the process is repeated. It is unclear whether cellulase enzymes interact with Versal
in such a manner. It is possible that the enzyme simply binds irreversibly to the Versal
particles. If so, the addition of these particles would not have an effect on the rate of
interfacial denaturation.

4.3.2. EFFECT OF DIFFERENT TEMPERA TURES AND ADDITIVES
A two factor factorial design was used to examine the effect of additives and
temperature on the hydrolysis of cellulose.

Table 5. Total reducing sugar produced at different temperatures after 22 h.
Substrate, additive
• Cellulose, no additive
Cellulose, Versal 850
Cellulose, silica
Cellulose, yeast
Cell.Acetate, no additive

6°C
2.97
2.89
2.84
2.23
0.29

15°C
4.96
5.29
5.31
4.57
0.39

30°C
9.94
6.39
7.14
6.61
0.73

50°C
25.80
27.52
24.90
26.65
0.40

70°C
16.27
14.48
13.82
20.54
0.91

Results confirm that with increasing temperature, hydrolysis efficiency increases.
Hydrolysis reaches highest conversion of cellulosic substrate at 50°C (Table 5). Results
also confirm that very little or insignificant hydrolysis occurred at low temperature such
as 6°C or even 15°C.

Statistical analysis using paired sample t-test showed that, except for reactions at
30°C, the effect of additives was not significant and no difference was seen in sugar
production in flasks with various additives. It is possible that at 6, 15, 50 and 70°C, the
effect of temperature might have played a more prominent role than the effect of
additives. The low sugar productivity at 70°C were due to the fact that enzymes
denatured at such high temperature. At 30°C, statistical analysis showed a decrease in
sugar production in flasks containing additives. This could be the result of enzymes
binding to the additive surface and making them less available to attack the cellulose
surface. Flasks with Versal present showed the lowest sugar production, as Versal has a
very high surface area compared to silica and yeast.

4.4. EFFECT OF MINIMUM WATER CONTENT IN SHEF

It has been postulated that, by minimizing the aqueous content of simultaneous
hydrolysis and fermentation systems, there could be a decrease in interfacial denaturation
of enzymes, and improved kinetics from the co-immobilization of substrate, enzyme and
yeast in the aqueous phase (Moritz and Duff, 1996). To be able to see the effect of
minimum water content and to determine the practical lower limit for aqueous:organic
phase ratio, as defined by ethanol productivity, a SHEF experiment was performed under
decreasing water content.
Figure 17 shows the effect of different concentrations of aqueous phase on
conversion of solka floe to ethanol after 8, 24 and 48 h. Conversion is not strongly
influenced by varying aqueous:organic phase volumes. Moritz and Duffs (1996) have
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reported results in which an inverse relationship was observed between organic phase
ratio and ethanol production. No such observation could be observed from figure 17
although experiments were performed in the same manner. Nevertheless, for the 6%
aqueous phase, 37% of the solka floe was converted to ethanol after 48 h, which is
consistent with Moritz and Duffs (1996) results for the same conditions.
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Figure 17. Effect of organic phase ratio on ethanol production from solka floe. (Aqueous
phase solka floe concentration was 250 g/L).
There are a number of possible reasons for the different results. First, frequent
break down of the gas chromatography equipment occurred during analysis.

To

normalize the error due to the analysis, standard curves obtained during the analysis were
averaged and this averaged standard curve was used to determine the concentration of
ethanol in the samples. Second, flasks with higher organic contents had clumps of
substrate which did not mix well. Third, in lower aqueous content experiments, wetting
of the cellulose substrate was not homogeneous. As aqueous constituents were being
added to the dry cellulose substrate, certain portions of the substrate adsorbed more water
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while portions of the substrate remained relatively dry.

The lack of water in these

portions may have made them more difficult to hydrolyze. During the experiment, a glass
rod was used to periodically break up the cellulose clumps and increase the interfacial
contact between the oleyl alcohol and aqueous phases.
From the results obtained in the experiment, it appears possible to reduce the
water content to 1% to 4% without affecting conversion. However, to decrease the
problems associated with clumping, insufficient wetting and mixing, a higher (> 4%)
percentage of aqueous phase should be used as a practical lower limit of aqueous to
organic phase.

4.5. SHEF OF PRIMARY CLARIFIER SLUDGE (PCS)
The primary objective of this experiment was to demonstrate the potential for
SHEF of lignocellulosic waste such as PCS from the pulp and paper industry. The initial
concentration of PCS used was 50 g/L. Previous work has shown that this concentration
of PCS was optimal (Moritz, 1996), and resulted in an initial hydrolysis rate of 2.05
g/L/h. Lower concentrations of PCS resulted in lower initial hydrolysis rate. Moreover,
it was noted that at PCS concentration higher than 50 g/L, the mixture in the flask became
a thick slurry and consequently withdrawal of samples from the aqueous phase became
difficult and mixing was deficient.
It has been mentioned previously that lauryl alcohol is moderately toxic to the
yeast and that oleyl alcohol is completely biocompatible.

When comparing the

performance of both solvents using solka floe as the substrate, the total percentage of
ethanol conversion was 75% with oleyl alcohol while conversion was 44% with lauryl
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alcohol (Table 6). The amount of ethanol produced from solka floe was very high (19.25
g/L ethanol) compared to that from PCS (11.4 g/L ethanol). Nevertheless, the results
from the SHEF of PCS in oleyl alcohol were encouraging with 45% of the PCS converted
after 24 h (conversion calculated using the total weight of PCS). Considering that the
hydrolyzable portion of the PCS used was about 55%, the percentages of conversion for
PCS were 82% and 100% when oleyl alcohol and lauryl alcohol were used, respectively
(conversion calculated by adjusting the total weight of PCS to hydrolyzable portion of
PCS).

Table 6. Ethanol Concentration and % Conversion of solka floe (SF) and primary
clarifier sludge (PCS) after 24 h of hydrolysis.

% Conversion
Ethanol concentration in g/L
Aqueous Phase
Non-aqueous Phase Total in bolth Phases in both Phases
SF
PCS
SF
SF
SF
PCS
Solvent
PCS
PCS
11.41
75
45
Oleyl ale. 16.97
9.66
2.28
1.75
19.25
44
55
11.17
14.1
Lauryl ale. 8.33
11.9
2.84
2.2
Oddly, with lauryl alcohol, SHEF of PCS (55% conversion) performed better than
SHEF of solka floe (44% conversion). It may be possible that PCS had some substance
or substances that protected the yeast against the toxicity of this solvent.

However,

further research is required to confirm this observation.
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5 . CONCLUSION
1. Solvent Screening: On the basis of the criteria examined, oleyl and lauryl alcohol
appeared to be the most suitable.
2. Extractive Fermentation: The addition of solvents improved ethanol yield in batch
fermentation by up to 38% and 48% for oleyl alcohol and lauryl alcohol, respectively.
3. Hydrolysis: High concentrations of yeast cells (20 g/L) decreased the sugar yield
from hydrolysis. Preliminary experiments indicated that interfacial denaturation did
not exert a significant influence on enzyme activity.
4. SHEF: The addition of a solvent phase did not improve ethanol production in SHEF
reactors.
5. Aqueous: Organic Phase Ratios: Aqueous:organic phase ratios lower than 4% did not
improve cellulose conversion.
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6. F U T U R E W O R K
A project dealing only with solid/liquid phases interactions is recommended.
Using the same experiments performed in this project, more additives should be tested
and not only hydrolysis reactions should be conducted, but also the experiments extended
to include simultaneous hydrolysis and fermentation and, simultaneous hydrolysis and
extractive fermentation. This should be done in order to see the effects of the interactions
in different types of reaction matrices. Moreover, analysis should be done on protein
content, enzyme activity and sugar production.
To see if extractants possess some kind of buffering capacity when the substrate
has some toxicity, experiments should be conducted either using solka floe prepared with
different levels of toxicity or using different types of cellulosic substrates. Oleyl alcohol
should be tested along-side.

This recommendation comes from the fact that one

experiment showed that lauryl alcohol gave a better response when using PCS compared
to solka floe.
As only primary clarifier sludge has been used as cellulosic waste in SHEF
experiments, other cellulosic wastes such as spent sulphite liquor, non-recyclable
newsprint and deinking sludge could be tested in order to determine the feasibility of
these substrates in SHEF reactions.
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7. NOMENCLATURE
Acronyms
CSTR
DNS
FPU
IU
MSDS
MSW
PCS
SF
SHF
SHEF
TRS

Continuos stirred tank reactor
Dinitrosalicylic acid
Filter paper unit
International unit
Material safety data sheet
Municipal solid waste
Primary clarifier sludge
Solka floe
Simultaneous hydrolysis and fermentation
Simultaneous hydrolysis and extractive fermentation
Total reducing sugar

Symbols
K
X
Y

Partition coefficient of solute in liquid-liquid extraction systems
Weight ratio of solute (e.g. ethanol) to solute-free raffinate (e.g. broth) in
the raffinate phase
Weight ratio of solute to solute-free extractant (e.g. solvent) in the
extractant phase
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9. APPENDIX A:
Effect of additive concentration, temperature and agitation

Figure 18.

Effect of Versal concentration and temperature on filter paper activity
(Temperature in °C, Versal concentration in g/L and filter paper activity or
filter paper unit, FPU, in FPU/mL)

Figure 19. Effect of agitation and temperature on filter paper activity (Temperature in °C,
agitation in rpm and filter paper activity or filter paper unit, FPU, in FPU/g)
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Figure 23. Effect of agitation and temperature on specific activity (Temperature in
agitation in rpm and activity in FPU/g protein)
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S Y S T A T FILE V A R I A B L E S A V A I L A B L E T O Y O U A R E :
TEMP
RPM
VERSAL
FPU
PROTEIN
(°C)

(rpm)

(g/L)

(FPU/mL)

(g/L)

DEPENDENT VARIABLE FPU
M I N I M U M T O L E R A N C E FOR E N T R Y INTO M O D E L = .010000
F O R W A R D STEPWISE WITH A L P H A - T O - E N T E R = .150 A N D A L P H A - T O - R E M O V E = . 150

STEP#

0 R = .000RSQUARE=

VARIABLE

COEFFICIENT

.000
STD ERROR STD C O E F T O L E R A N C E

F

'P'

IN
1 CONSTANT
OUT

PART. C O R R

2 TEMP
3 RPM
4 VERSAL

-0.164
-0.069
-0.351

STEP#
1 R= .351 RSQUARE=
TERM ENTERED: VERSAL
VARIABLE

COEFFICIENT

_
_

_
_

.1E+01
.1E+01
.1E+01

0.687
0.120
3.507

0.415
0.732
0.073

.123

STD ERROR STD C O E F T O L E R A N C E

F

'P'

IN
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4 VERSAL
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2 TEMP
3 RPM
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-0.351

.1E+01

3.507

0.073

PART. C O R R
-0.175
-0.074

.1E+01
.1E+01

0.755
0.132

0.393
0.720
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T H E S U B S E T M O D E L I N C L U D E S T H E F O L L O W I N G PREDICTORS:
CONSTANT
VERSAL

DEPVAR:
FPU N :
27 M U L T I P L E R: 0.351 S Q U A R E D M U L T I P L E R: 0.123
A D J U S T E D S Q U A R E D M U L T I P L E R: .088 S T A N D A R D ERROR OF E S T I M A T E :
VARIABLE

COEFFICIENT

CONSTANT
VERSAL

1.155
-0.130

STD E R R O R
0.223
0.069

STD C O E F T O L E R A N C E
0.000
-0.351

_
1.000

0.734

T

P(2 TAIL)

5.168
-1.873

0.000
0.073

A N A L Y S I S OF V A R I A N C E
SOURCE

SUM-OF-SQUARES

REGRESSION
RESIDUAL

1.892
13.483

DF MEAN-SQUARE
1
25

1.892
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F-RATIO

P

3.507

0.073

79

SYSTAT VERSION 5.0
COPYRIGHT, 1990-1992
SYSTAT, INC.
SYSTAT FILE VARIABLES AVAILABLE TO YOU ARE:
TEMP
RPM
VERSAL
FPU
PROTEIN
(°C)
(rpm)
(g/L)
(FPU/mL)
(g/L)

DEPENDENT VARIABLE PROTEIN
MINIMUM TOLERANCE FOR ENTRY INTO MODEL = .010000
FORWARD STEPWISE WITH ALPHA-TO-ENTER= .150 AND ALPHA-TO-REMOVE= .150
STEP#

0R= .000RSQUARE=

VARIABLE

COEFFICIENT

.000
STD ERROR STD COEF TOLERANCE

F

'P'

IN
1 CONSTANT
OUT

PART. CORR

2 TEMP
3 RPM
4 VERSAL
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-0.802

_
_

_
_

.1E+01
.1E+01
.1E+01

0.000
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STEP # 1 R= .802 RSQUARE= .643
TERM ENTERED: VERSAL
VARIABLE

COEFFICIENT

STD ERROR STD COEF TOLERANCE

F

'P'

IN

1 CONSTANT
4 VERSAL
OUT
2 TEMP
3 RPM

-0.108

0.016
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.1E+01
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0.000

.1E+01
.1E+01

0.000
0.085

0.997
0.773

PART. CORR
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-0.059
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THE SUBSET MODEL INCLUDES THE FOLLOWING PREDICTORS:
CONSTANT
VERSAL
DEP VAR: PROTEIN
N:
27 MULTIPLE R: 0.802 SQUARED MULTIPLE R: 0.643
ADJUSTED SQUARED MULTIPLE R: .629 STANDARD ERROR OF ESTIMATE:
0.170
VARIABLE

COEFFICIENT

STD ERROR

CONSTANT
VERSAL

0.955
-0.108

0.052
0.016

STD COEF TOLERANCE
0.000
-0.802

_
1.000

T
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-6.715

P(2 TAIL)
0.000
0.000

ANALYSIS OF VARIANCE
SOURCE

SUM-OF-SQUARES DF

REGRESSION
RESIDUAL

1.304
0.723

1
25

MEAN-SQUARE
1.304
0.029

F-RATIO
45.090

P
0.000
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SYSTAT FILE VARIABLES AVAILABLE TO YOU ARE:
TEMP
RPM
VERSAL
ACTIVITY
(°C)
(rpm)
(g/L)
(FPU/g protein)

DEPENDENT VARIABLE SPECIFIC ACTIVITY

MINIMUM TOLERANCE FOR ENTRY INTO MODEL = .010000
FORWARD STEPWISE WITH ALPHA-TO-ENTER= .150 AND ALPHA-TO-REMOVE= . 150
STEP # 0 R= .000 RSQUARE= .000
VARIABLE

COEFFICIENT

STD ERROR STD COEF TOLERANCE

F

'P'

1.958
0.018
0.069

0.174
0.895
0.794
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1 CONSTANT
OUT
2 TEMP
3 RPM
4 VERSAL

PART. CORR
1E+01
.1E+01
.1E+01

-0.270
0.027
-0.053

THE SUBSET MODEL INCLUDES THE FOLLOWING PREDICTORS:
CONSTANT

DEP VAR:ACTIVITY
N:
27 MULTIPLE R: 0.000 SQUARED MULTIPLE R: 0.000
ADJUSTED SQUARED MULTIPLE R: .000 STANDARD ERROR OF ESTIMATE:
1.151
VARIABLE

COEFFICIENT

CONSTANT

1.177

STD ERROR
0.222

STD COEF TOLERANCE
0.000

T
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P(2 TAIL)
0.000
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