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Ethanol Production from Xylose by Pichia stipitis
Using Cell-recycled Bioreactor
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ABSTRACT

To increase the volumetric productivity a continuous cell-recycled system was implemented. Cell concentra-
tions between 9.2 and 15.0 g /1 were obtained in the continuous fermentor study. At a 4% xylose feed and a
specific oxygen supply rate(SOSR) of 1.04 g O,/ hrg DCW the ethanol yield was 0.36 at dilution rate of
0.0349 hr™". The ethanol volumetric productivity was increased to 0.244 g/hr- £ at this same dilution rate.
This represented a 260% increase over that of the batch fermentation.

hollow fiber membranes. Centrifugation may also be
INTRODUCTION used but it is too cumbersome for laboratory scale opera-
tion. Hollow fiber membranes offer the most simple and

Continuous cell-recycled fermentation with Sacchar- efficient cell separation and thus were used in this study.
omyces cerevisiage has been studied by several researchers In this study, a continuous cell-recycled system was
to improve the ethanol volumetric productivity(1-4). Fer- constructed and employed to ferment xylose to ethanol
mentation of xylose by Pachysolen tannophilus has also by Pichia stipitis. Of particular interest was the evaluation
been studied in a continuous cell-recycled fermentor(5-6). of the ethanol volumetric productivity, vield, and specific
Immobilized cells of Pichia stipitis have been used in productivity

batch and packed bed systems for the fermentation of

xylose to ethanol. The reported ethanol volumetric pro- MATERIALS AND METHODS

ductivity was 0.18 g/ hr-£ in a 5% xylose batch system

while the packed bed system obtained 0.56 g/ hr- £ (7). Inoculum

In order to achieve high productivity, it is important Two one-liter fermentors were employed to harvest
that cells used as a biocatalyst be kept at a high concen- cells to be used for cell-recycled fermentation. The con-
tration. High cell concentrations will also enable stable ditions in these vessels were 32°C, pH 4.5, and 200 rpm
operating conditions in the fermentation. agitation.

To operate at high cell conditions in a continuous sys- Pichia stipitis CBS 5776 was grown on 15%(W / V)
tem, cells must be separated from the exit stream to and 0.67% yeast nitrogen base (DIFCO) under high aera-
avoid washing out with the product. Devices used to tion. The cells were centrifuged at 6000 rpm for 20 mi-
separate cells have included cell settlers and hollow fiber nutes. The one liter fermentor used in the continuous
membranes (1, 4, 8). Cell settlers require a flocculating system was inoculated with the cells harvested from the
yeast and often do not separate cells as efficiently as seed fermentors.
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Analytical Methods

The dry cell weight (DCW) was determined gra-
vimetrically as described elsewhere(5). Xylose and xyli-
tol measurements were made by liquid chromatography.
Ethanol concentrations were determined by gas chroma-
tography.

Continuous Fermentor System

A one liter fermentor with a 500ml working volume
was connected to a hollow fiber membrane (Diaflo Mod-
el HIMPO 1-43, 0.1 #m cutoff). The cell filter system
was designed to avoid protein accumulation in the fer-
mentor using membrane with pore size large enough to
pass proteins but small enough to retain cells(0.1 #m
cutoff). It has been reported that the accumulation of
non-volatile toxic substances including certain proteins
inhibits cell growth(9). The feed to the fermentor was 4%
xylose, 0.67% vyeast nitrogen base (DIFCO) and 200
ppm antifoam(Antifoam C, Sigma). The temperature was
controlled at 32C and the pH at 4.5 using a controller
(Horizon Model 5997-20) connected to a peristaltic
pump(Masterflex Model 7520-10) delivering 0.1M
NaOH. Air was sparged through the fermentor at 1.04 g
O,/ hr-g DCW.

Fouling of the membrane occurredin several hours of
operation due to cell deposit on the membrane wall.
This was avoided by periodically backflushing permeate
liquid from the collector through the filter. A computer
control was incorporated into the fermentation system for
automatic backflushing. During normal operation a peris-
taltic pump drew the permeate into a collector connected
to the fermentor(Fig. 1). The backflush and permeate
pumps were connected to an analog/ digital convertor
and a microcomputer. The operation proceeded as fol-
lows : the permeate pump was run for 15 minutes until
the computer turned it off, at which point the backflush
pump was turned on for three minutes. This procedure
was repeated for the duration of fermentation run. In this
way the membrane sustained well over extended period
allowing the fermentor system to run continuously for

several weeks.

RESULTS AND DISCUSSION

Operating condition Rationale
The continuous cell recycle system was operated at a
xylose feed of 4% and 1.04 g O;/hr-g DCW for several
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Fig. 1. Schematic Diagram for Continuous Fer-
mentation with Cell Recycle

reasons :

1. The xylose concentration in hemicellulose hydroly-
zate would not exceed 4%.

2. The ethanol yield was much higher at limited aera-
tion in the 4% batch fermentations. Considering the high
cell concentrations, the actual oxygen uptake by the
cells would be lower than expected. The -oxygen mass
transfer coefficient, K; ,, was not linear with the aeration
rate(5). A ten fold increase in the oxygen supply rate
would not bring about a ten fold increase in the oxygen
available to the cells; therefore, a lower amount of ox-
ygen would be available to the cells than suggested by
the specific oxygen supply rate(SOSR).

3. The mean residence time would be shorter for a 4%
feed. It was much easy to work with dilution rates be-
tween 0.0349 hr'- and 0.015 hr™* than half that magni-
tude.

4. Oxygen was supplied at 1.04 g O,/ hrg DCW to
keep the cells viable. Comparison between batch and
continuous cell-recycled systems was facilitated by oper-

ating at identical specific oxygen supply rates.
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Continuous Fermentation with Cell Recycle

The dilution rate was varied from 0.0349 to 0.0150 hr™
(mean residence time 28.7-66.7 hr). The dry cell
weight remained relatively constant throughout each indi-
vidual run. Cell concentrations stayed between 9.2 and
15 g /1 (Table 1).

Growing cells in a nitrogen present media (0.67%
yeast nitrogen base) were employed instead of non-
growing cells even though non-growing yeasts exhibit
higher ethanol yields. Production of ethanol is severely
depressed under nitrogen deficient conditions : moreover,
essential nutrients and oxygen must be supplied to keep
the cells metabolically active(5).

It was found that the fermentation system did not de-
crease the viability of the cells. The shear stress encoun-
tered by the cells in the permeate and backflush peristal-
tic pumps or the heat transfer from the filter pump did
not have any noticeable effects.

The highest ethanol yield obtained was 0.36 and it
occurred at the dilution rate of 0.0349 hr™*. The ethanol
yield did not show a noticeable relationship with the
dilution rate as it stayed relatively constant throughout
the dilution rate applied in the test(Fig. 2). The ethanol
yields in the continuous fermentation runs were lower
than those obtained in batch fermention by about 25%.
The lower yield in cell-recycled systems may be due to
the greater requirements for cell maintenance. In high
cell density cultures, the benefit of increased productivity
was somewhat offset by reduction of the ethanol yield.

The highest ethanol yield occurred at the point where
the lowest xylitol yield was obtained. There was negligi-
ble xylitol formation at the dilution rate of 0.0349 hr’
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(Fig. 2). Xylitol formation in general decreased with the
dilution rate.

The specific productivities in continuous cell-recycled
runs were much lower than those in batch fermentations.
The specific productivity was only 0.0172 g/ hr-g DCW
at a dilution rate of 0.0349 hr™! as compared to 0.0778 g
/hr-g DCW obtained in the batch fermentation. This
may be explained by the non-linear relation between the
aeration rate and the oxygen mass transfer coefficient,
Ki.5). [t was observed during the 4% batch fermenta-
tions that the specific productivity increased with the
specific oxygen supply rate. By increasing the cell con-
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Fig. 2. Effect of SOSR on Yield and Specific
Productivity

(@, ethanol yield; m, xylitol yield;
m, specific productivity)

Table 1. Continuous Cell-recycled Fermentation with 4% Xylose Feed .

Dillzution Yield Qp Qs Ethanol S.pe.cific DCW
ate . Productivity
) Ethanol Xylitol (g/h-1) (g/h:1) (g/h - DCW) (g/D
0.0349 0.36 0 0.244 0.681 0.0172 14.8
0.0316 0.31 0.010 0.173 0.566 0.0138 12.5
0.0241 0.34 0.049 0.161 0.423 0.0101 15.0
0.0208 0.33 0.055 0.198 0.601 0.0151 9.2
0.0150 0.35 0.037 0.104 0.296 0.0106 9.8
Batch Fermentation

0.45 0.011 0.093 0.253 0.0778 1.2




Vol. 4. No. 2

centration ten-fold, the aeration rate was increased by ten
to operate at a SOSR of 1.04 g O,/ hr-g DCW ; howev-
er, K;, did not increase linearly with aeration. The cells
did not assimilate as much oxygen as in the batch fer-
mentations because of the lower K, in the cell-recycled
system. The oxygen supply rate was not increased
beyond the level of 1.04 g O,/ hr-h DCW to preserve
the ethanol yield which was already at a low level(64%
of theoretical). Any increase in aeration may bring about
an increase in respiration and a further decline in etha-
nol yield.

The volumetric ethanol productivity, Qp, and the
volumetric xylose consumption rate, Q,, showed a similar
trend with regard to the specific productivity(Fig. 3).
The Q, varied from 0104 g/hr' to 0244 g/hr™
which was only 1.11 to 263 times higher than that
obtained in the 4% batch fermentation. This is lower
than expected considering that the cell concentration was
about 10 times that in the batch fermentor. The specific
productivity was approximately 7 times lower in the con-
tinuous fermentation with cell recycle than in the batch
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Fig. 3. Effect of SOSR on Ethanol Volumetric
Productivity and Xylose Consumption
Rate
(®, ethanol volumetric productivity;
B, xylose consumption rate)
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fermentation. Among the probable causes for low produc-
tivity in the continous runs are: a small oxygen uptake
rate because of low K;, and the lack of exposure to
oxygen and nutrients while being circulated through the
fiber system.

2 o

Volumetric productivityS 3AHA17]7] £8led w5
Aol 27 add Al 28lS o] fslgiv) durazo)
Tl 4 9.2g /19 15.0g /18] Heo] M X F5EE £
& 5 ek 4%9 xylose®] feed} 1.04g O,/ hrg
DCW#] specific oxygen supply rate?] A4 34§
o] 0.0349 h™'e = ethanol +&-& 0.360]%t}. Ethanol
volumetric productivityw 7 3450l 4 0.244 g/ hr-
2 Srtslgl o o sl-Hefokzke] 260%0]%ith.

ACKNOWLEDGEMENT

This work was supported by Research Grant from the
Korea Science and Engineering Foundation.

REFERENCES

1. D.N. Bull and M.D. Young(1981), Biotechnol. Bioeng.,
23. 373

2. M. Cheryan and M.A. Mekia(1984),Process Biochem.,
19, 205

3. LS. Chung and Y.Y. Lee(1984), Biotechnol. Bioeng.,
19, 205

4. FK. Ghose and R.D. Tyagi(1979), Biotechnol.
Bioeng., 21, 1387

5. 1.S. Chung(1986), Ph. D. Dissertation, Auburn Uni-
versity

6. M. Bernhard and C. Wandrey(1983), Biotechnol. Lett.,
5, 633

7.YY. Linko, H. Kautola, S. Uotila, and P.
Linko(1986), Biotechnol. Lett., 8, 47

8. Y Nishizawa, Y. Mitani, M. Tama,
Nagai(1983), J. Ferment. Technol., 61, 599

9. CS. Shin, D, Damiano, N.H. Ju, and S.S. Wang,
(1983), Biotechnol. Lent., 5, 831

(Received May 18, 1989)

and S.



