
Kalkwarf and Antoine equations.
For all three benzoates, the polynomial with four

parameters, i.e., the Cragoe equation gives a good
correlation as well.
The constants of the Cragoe equation are listed in

Table 4. The constants of the Antoine and Frost-
Kalkwarf equations are not listed, because these
equations have larger errors than the Cragoe equa-
tion. The constants of the Chebyshev polynomial are
not shown because the polynomial with four param-
eters is actually the Cragoe equation, as described
above.

Conversely, the temperatures were calculated from
the pressures by using the Cragoe, Frost-Kalkwarf,
and Antoine equations. The mean temperature differ-
ences of the Cragoe, Frost-Kalkwarf and Antoine
equations with the experimental values were taken as
0.03, 0.ll and 0.18K, respectively, for isopropyl
benzoate; 0.04, 0.05 and 0.22K, respectively, for t-
butyl benzoate; and 0.04, 0.05 and 0.28K, respec-
tively, for 2-chloroethyl benzoate.

Nomenclature

Aa,Ba,Ca = Antoine constants defined by Eq. (7)
Da = AaCa-Ba
Ac,Bc, Cc, Dc= Cragoe constants defined by Eq. (3)
Aj, Bf, Cf, Df= Frost-Kalkwarfconstants defined by Eq. (5)
a0, at = constants of Chebyshev polynomial defined

byEq. (1)

E2(x)
Et(x)
P
T

-x
-2x2-\

-2x^._1(x) - ^I._2(x)
pressure
temperature

[-]
[-]
[-]

[kPa]
[K]

/ - T-273.15 [°C]

= (2r-(rmax+ rmin))/(rmax+ rmin) [-]
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Introduction

Cellulose is an abundant, renewable resource.
However, chemical or biological treatment is required
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to convert this polymeric form of glucose into useful
materials. Takagi et al12) proposed an one-stage
process involving the enzymatic saccharification of
cellulose and simultaneous fermentation of the glu-
cose by yeast in the one vessel (SSF). The courses of
the concentration change of glucose and ethanol in
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SSF have been shown3'5'8'9'11* and models have also
been proposed.5'8'9 11* However, attention has been
focused primarily on the hydrolysis reaction alone.

Weproposed in this study a model accounting for
both hydrolysis and fermentation reactions. Experi-

ments were also carried out to assess the validity
of the model.

1. Experimental

The cellulase, cellulose and yeast utilized were
Meicelase CEPB-5081, filter paper powder (under
300mesh), and Saccharomyces cerevisiae Kyokai 7,
respectively. Three kinds of experiments, hydrolysis
of cellulose, fermentation of glucose, and SSF, were
carried out at 303 K. In the SSF experiments, cellulose
powder and the yeast were added to the enzyme
solution. The cellulase attained its maximumactivity
at pH=5.0, and thus the pH for all the experiments
was kept at 5.0 by use of acetate buffer. The initial
and final pH values were respectively 5.02 and 5.03
for hydrolysis and 5.01 and 5.05 in the case of SSF.
The concentrations of two kinds of sugars, glucose
and reducing sugars, were analyzed in a preliminary
experiment. The concentrations of both sugars were
almost the same, suggesting that the main constituent
of the reducing sugars was glucose. The course of
hydrolysis reaction was followed by measuring the
glucose concentration, and that of glucose fermen-

tation was followed by measuring the concentrations
of glucose, ethanol, and yeast cells. The glucose

oxidase method was employed to determine the con-
centration of glucose. The dicromate method of
Zimmermannand the agar plate method were used to
determine the concentrations of ethanol and yeast
cells, respectively.

2. Kinetic Modeling

The kinetics of cellulose hydrolysis was assumed to
be of the form:7)

E+S^=^E-S >E+G (1)

E+G^=±E-G (2)

where S refers to cellulose. Equation (2) implies that
the enzyme, E, is competitively inhibited by the
glucose, G. The rates of cellulose reduction and

glucose production can be expressed from Eqs. (1)
and (2) as follows:

- d(S)/dt = d(G)/dt

= Vmax(S)/[Km+(KJKig)(G)+(S)] (3)

where the substances in parentheses refer to con-

centrations, and Kig, Kmand Fmax are constants.
In the fermentation of glucose, the rates of glucose
consumption,1} ethanol production and cell growth

may be described by Eqs. (4), (5) and (6), respectively.
VOL. 21 NO. 4 1988

d(G)/dt= - [^/ Yx/G+m](X) (4)

d(P)/dt = YP/G[fi/ YX/G + m](X) (5)

d(X)/dt = ii(X) (6)

For a specific growth rate, ju, Eq. (7) is adopted.10)
J"= /W(G)/[*g+ (G)]/[1 + (P)/^J (7)

where m, FX/g, ^p/g, ^ip and A:Gare constants. (P) and
(X) are the ethanol and the cell concentrations,
respectively.

In the SSF, the glucose which is produced due to
hydrolysis is consumed by the yeast.
- d(S)/dt = d(G)/dt

= Vm^)/[Km + (KJKig)(G) + (S)]

- [/i/ rx/G+/w](X) (8)

Equations (5), (6), (7) and (8) were solved simul-

taneously via numerical integration with the initial
conditions of(G)=(P)=0, (S)=(So), (X)-(Xo) at t=
0. Equations (1) and (2) and Eqs. (4) through (7) have
been treated independently, but they have never be-
fore been solved simultaneously.

3. Results and Discussion
3.1 Hydrolysis

The constants Kmand Fmaxwere determined by

Fig. 1. Foster-Niemann plot of hydrolysis data

Fig. 2. Time courses of glucose and ethanol concentrations
and number of yeast cells in fermentation
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Fig. 3. Time courses of glucose and ethanol concentrations
in SSF, and cellulose conversion in both SSF and hydrolysis.

O, glucose concentration; å¡, ethanol concentration; A,
cellulose conversion in SSF; V, cellulose conversion in
hydrolysis

means of the Lineweaver-Burk plot using the initial
hydrolysis data with various substrate concentrations.
It was found in preliminary experiments that the
cellulose was not completely degradable: approx-
imately 30 percent of the cellulose remained uhde-
graded. Therefore, the initial concentration of cel-
lulose was multiplied by 0.7 in the calculation. The
Foster-Niemann plot8) of hydrolysis data is shown in
Fig. 1, from which Kig was evaluated.
The estimated Km, Vmaxand Kig values were

0.40kmol-glucose/m3, 7.0 x 10~3 kmol-glucose/(m3 -
h) and 7.5x 10"3kmol-glucose/m3, respectively.

These values are in accord with those in the
literature.2'4'6'8'9-12*

3.2 Fermentation
The course of fermentation is shown in Fig. 2.

The symbols stand for experimental data, the solid

lines for calculations. Parameter estimation by using
curve-fitting method resulted in: ra=8.0x l0~16

kmol-glucose/(cell à" h), A^G=4.0 x 10~3 kmol-glucose/
m3,A:t>=0.20kmol-ethanol/m3, FX/g= 1.8 x 1012cells/
mol-glucose, yP/G= 1.7 mol-ethanol/mol-glucose and
//max=0.5 1/h.

3.3 SSF

The courses of the glucose and ethanol concen-
trations and the cellulose conversion are illustrated in
Fig. 3 for the SSF of 160kg/m3 cellulose concen-

tration. The conversion is the ratio of the con-
centration of an effective glucose produced to that of
the initial cellulose. The effective glucose refers to the
sum of residual glucose and ethanol divided by YP/G.
The cellulose conversion in the case of hydrolysis
reaction alone (without the presence of yeast) is
smaller than that of the SSF as shown in Fig. 3. The
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solid lines stand for predictions by the model, the
symbols for experiments. Good agreement can be

observed between predictions and measurements.
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Nomenclature

= concentration of enzyme
= concentration of glucose
= inhibition constant of ethanol
= inhibition constant for cellulose

hydrolysis
= constant concerning growth rate

of yeast
= Michaelis-Menten constant

= constant of glucose consumption

= concentration of ethanol
= concentration of cellulose

=time

= maximumrate of hydrolysis

[kmol/m3]
[kmol/m3]
[kmol/m3]

[kmol/m3]

[kmol/m3]
[kmol/m3]

[kmol/(cell - h)]
[kmol/m3]
[kmol/m3]

M
[kmol/(m3 - h)]

Fp/g = stoichiometric factor of production yield
[mol-ethanol/mol-glucose]

Y\/q - stoichiometric factor of growth yield

(X) = concentration of cells
[cells/mol-glucose]

[cells/m3]

jUmax = maximumspecific growth rate of cells [1/h]
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