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Abstract

The effect of the oxygen transfer coefficient on the production of xylitol by
bioconversion of xylose present in sugarcane bagasse hemicellulosic hydro-
lysate using the yeast Candida guilliermondii was investigated. Continuous
cultivation was carried out in a 1.25-L fermentor at 30°C, pH 5.5, 300 rpm,
and a dilution rate of 0.03/h, using oxygen transfer coefficients of 10, 20, and
30/h. The results showed that the microbial xylitol production (11 g/L)
increased by 108% with the decrease in the oxygen volumetric transfer
coefficient from 30 to 20/h. The maximum values of xylitol productivity
(0.7 g/[L·h]) and yield (0.58 g/g) were obtained at kLa 20/h.

Index Entries: Hemicellulosic hydrolysate; sugarcane bagasse; xylose;
xylitol; Candida guilliermondii; continuous fermentation.

Introduction

Each day the scientific community is becoming more and more con-
cerned about the environmental problems caused by the accumulation of
agroindustrial wastes in nature. Lignocellulosic residues gradually increase
in quantity, and because they are cheap materials, several studies have
been published on their use for the production of useful chemicals and
feedstocks. Xylitol is a particular type of sugar-alcohol that can be pro-
duced from agricultural residues. Besides having anticariogenic properties,
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xylitol can be consumed by diabetics and employed in dietetic foods (1,2).
Its production by biotechnological reduction of xylose, obtained by means
of acid hydrolysis of sugarcane bagasse, represents an alternative to the
chemical production process. The biotechnological production of xylitol
has been ultimately considered, and great efforts have been made to
develop a low-cost technology. The microbial production of xylitol is more
economical because it requires neither substrate purification nor high tem-
peratures and pressures. Moreover, unlike the chemical process, it reduces
pollution and avoids the concern for waste treatment.

Some studies on continuous fermentation of xylose to xylitol are cited
in the literature (3–5), but none of these studies used sugarcane bagasse
hemicellulosic hydrolysate as the substrate. Among the environmental
factors that exert influence on xylitol production by xylose-fermenting
yeast, the dissolved oxygen concentration is a key parameter, because it
determines whether xylose will be used for growth and/or fermentation
(6,7). Aeration conditions have an important role in xylitol production and
in the activities of xylose reductase and xylitol dehydrogenase enzymes
during xylose fermentation (8–10). Consequently, the level of aeration must
be carefully controlled to induce the formation of metabolic products rather
than cell growth. The oxygen transfer volumetric coefficient (kLa) has influ-
ence on the oxygen transfer rate, since it is related to the agitation and
aeration rates, as well as to the bioreactor design. This parameter can sup-
ply information for the process scale-up (11).

This study deals with the effect of the oxygen transfer coefficient on
the production of xylitol from xylose present in sugarcane bagasse hemicel-
lulosic hydrolysate under controlled conditions in a continuous stirred-
tank fermentor (CSTF).

Materials and Methods

Microorganism

A yeast strain of Candida guilliermondii FTI 20037, obtained from the
Faculty of Chemical Engineering of Lorena, São Paulo, Brazil, was used.
The cells were maintained at 4°C on malt extract agar slants.

Preparation of Sugarcane Bagasse Hemicellulosic Hydrolysate

The hemicellulosic hydrolysate was obtained by acid hydrolysis of
sugarcane bagasse in a 250-L stainless steel reactor. The sugarcane bagasse
was percolated with 100 mg of H2SO4 (98%) per gram of dry wt of bagasse
for 10 min at 120°C. To reach a higher sugar concentration, the hydro-
lysate was concentrated under vacuum in a laboratory scale evaporator at
66 ± 4°C. The concentrated hydrolysate was treated prior to the fermenta-
tion for removing toxic components formed during acid hydrolysis.
The hydrolysate was treated according to the method described by Alves
et al. (12) using CaO and H3PO4 clarified with active charcoal (2.5%) under
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agitation of 200 rpm, at 30°C for 1 h. The precipitate formed in each step
was removed by filtration. The treated hydrolysate was then autoclaved at
100°C for 15 min, and aseptically supplemented with rice bran (20 g/L),
(NH4)2SO4 (3 g/L), and CaCl2 · 2H2O (0.1 g/L). This hydrolysate was used
as a fermentation medium.

Preparation of Inoculum and Fermentation Medium
A stock culture of C. guilliermondii FTI 20037 was transferred to

125-mL Erlenmeyer flasks containing 50 mL of medium (30.0 g/L of xylose;
3.0 g/L of ammonium sulfate; 0.1 g/L of calcium chloride; 20 g/L of rice
bran) and incubated under agitation of 200 rpm at 30°C for 24 h. The cells
were then centrifuged at 2000g for 15 min and resuspended in sterile dis-
tilled water to reach a final concentration of 0.5 g/L. All the experiments
were performed with sugarcane bagasse hemicellulosic hydrolysate
containing 3 g/L of glucose, 51 g/L of xylose, 4.3 g/L of arabinose, and
4.4 g/L of acetic acid.

Reactor Design and Experimental Start-Up
Fermentation runs were performed in a 1.25-L fermentor (BIOFLO III;

New Brunswick Scientific, NJ). The pH, dissolved oxygen, agitation, and
temperature were kept under automatic control. Agitation was performed
by two flat-blade turbine impellers spaced 7.5 cm apart. MasterFlex (IL)
and Watson Marlow 505S (Falmouth, England) peristaltic pumps were used
to feed the substrate into the fermentor and to draw off the product, respec-
tively. The bulk liquid in the Mariote flasks was continuously mixed by a
Fisatom (Brazil) magnetic stirrer to maintain a homogenized feeding sus-
pension. Figure 1 shows a schematic experimental setup.

Fig. 1. CSTR fermentation of sugarcane bagasse hydrolysate.
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A start-up procedure was required in order to establish a significant
growth of the yeast cells in the reactor before starting steady-state opera-
tions. The experiments were carried out at 30°C, pH 5.5, 300 rpm, and a
dilution rate (D) of 0.03/h, using oxygen transfer coefficients of 10, 20, and
30/h. Steady state in continuous culture was considered to be reached
when three consecutive measurements of the cell and substrate concentra-
tions were essentially similar (maximum of 10% deviation).

Analytical Methods

The fermentations were followed by measuring the consumption of
glucose, xylose, and arabinose; production of xylitol; cell growth; and ace-
tic acid concentration. The concentrations of sugars, xylitol, and acetic acid
were determined by high-performance liquid chromatography on a
Shimadzu LC-10AD column (Kyoto, Japan), under the following condi-
tions: 0.01 N H2SO4 as the eluent; 0.6 mL/min flow rate; column Aminex
HPX87H, 45°C; 16 X detector attenuation; 20-µL sample volume.

Cell concentration was determined by a Beckman DU 640B spectro-
photometer (Beckman, Fullerton, CA), correlating optical density with dry
cell weight. The methylene blue test for staining dead cells was performed
to test viability, and the bacterial contamination was verified by micro-
scopic observation of fixed sample colored with fucsina. The oxygen transfer
volumetric coefficient (kLa) was determined under standard fermentation
conditions by the gassing-out method as described by Pirt (13).

Results and Discussion

Microbial xylitol production rates have been studied through differ-
ent bioprocesses. The present study evaluated the effect of the oxygen trans-
fer coefficient on xylitol production from sugarcane bagasse using a
continuous culture of C. guilliermondii. Figures 2–4 present the concentra-
tion profiles of sugars, acetic acid, xylitol, and cells throughout the continu-
ous fermentation processes at pH 5.5; D = 0.03/h; and kLa = 10, 20, and 30/h.
Table 1 presents the results of the xylitol production rates.

In addition to xylose, a major component of hemicellulosic hydroly-
sates, small concentrations of sugars, such as glucose, are present in the
hydrolysate. In agreement with these figures, no glucose was detected in
the fermented medium, because it was consumed by the yeast. This sug-
gests that, during xylose bioconversion to xylitol, the glucose was used as
a cosubstrate preferentially to generate energy for cell maintenance and to
regenerate NADPH, a fundamental cofactor in this bioconversion. Similar
results were reported by Roca et al. (5) in a study on the continuous process
of xylitol production using a mixture of xylose and glucose.

Xylose bioconversion into xylitol occurs as a function of the presence
of xylose reductase enzyme in the xylose-fermenting yeast (Fig. 5). The
dissolved oxygen concentration is a key factor in the flow of carbon for cell
growth or xylitol biosynthesis. The increase in the process aeration rates,
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corresponding to a kLa increase from 10 to 30/h, promoted an increase of
approx 27% in the xylose assimilation rate and, consequently, a high cell
growth (636%).

Fig. 2. Concentration profiles (g/L) of xylose (�), arabinose (�), xylitol (�), acetic
acid (�), and cell growth (�) throughout the continuous fermentation process of
sugarcane bagasse hemicellulosic hydrolysate by C. guilliermondii at pH 5.5, kLa = 10/h,
and D = 0.03/h.

Fig. 3. Concentration profiles (g/L) of xylose (�), arabinose (�), xylitol (�), acetic
acid (�), and cell growth (�) throughout the continuous fermentation process of
sugarcane bagasse hemicellulosic hydrolysate by C. guilliermondii at pH 5.5, kLa = 20/h,
and D = 0.03/h.
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Figure 6 depicts biomass and xylitol production rates. The xylitol pro-
duction rates were not affected by kLa values between 10 and 20/h, but
when these values increased from 20 to 30/h, xylitol production rates
decreased from 0.58 to 0.24 g/g. A similar result of xylitol yield (0.60 g/g)
was obtained by Silva and Afshar (15), when studying continuous fermen-
tation of xylose by C. guilliermondii in a fluidized-bed bioreactor. Biomass
yield increased by 340–600% with the increase in kLa value; that is, the
xylose metabolism is more directed toward cell growth than toward xylitol
production when the oxygen supply increases. A probable explanation for
this fact is that the oxygen supply activates the xylose transport system and

Table 1
Effect of Oxygen Transfer Volumetric Coefficient

on Xylitol Production Rates Obtained by Continuous Fermentation
of Sugarcane Bagasse Hemicellulosic Hydrolysatea

kLa ∆S ∆a ∆aa xOH x Yp/s Yx/s Qp Qe

(h) (%) (%) (%) (g/L) (g/L) (g/g) (g/g) (g/[L·h]) (g/[g·L])

10 71.4   3.22 65.9 22.7   2.2 0.54 0.05 0.68 0.305
20 81.3   0.92 93.2 23.1 10.6 0.58 0.22 0.70 0.080
30 90.9 43.80 93.0 11.1 16.2 0.24 0.35 0.33 0.020

a∆S, xylose consumption; ∆a, arabinose consumption; ∆aa, acetic acid consumption;
xOH, xylitol production; x, cell concentration; Yp/s, xylitol yield; Yx/s, cell yield; Qp, xylitol
volumetric productivity; Qe, cell volumetric productivity.

Fig. 4. Concentration profiles (g/L) of xylose (+), arabinose (�), xylitol (�), acetic
acid (�), and cell growth (�) throughout the continuous fermentation process of
sugarcane bagasse hemicellulosic hydrolysate by C. guilliermondii at pH 5.5, kLa = 30/h,
and D = 0.03/h. xOH, xylitol production; x, cell concentration; 5, xylose consumption;
a, arabinose consumption; aa, acetic acid consumption.
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determines the partitioning of the carbon flux from xylose between cell
growth and product formation. The excess of oxygen causes NADH to be
oxidized to NAD+, and the high NAD+/NADH ratio leads to the oxidation
of xylitol into xylulose. As a result, less xylitol and more cells are accumulated
(16–19). Similar results were reported by Furlan et al. (3) and Winkelhausen
et al. (4) in studies of xylitol production by Candida parapsilosis and Candida
boidinii, respectively, using synthetic medium and limited oxygen condi-
tions. Since for all the aeration conditions tested, the dissolved oxygen
concentration in the medium was relatively low, and the culture was in
limited oxygen conditions, the oxygen consumption by the microorganism
increased when the aeration rate was increased (3,4).

Similarly to xylose, the consumption of arabinose increased with the
increase in the aeration rate, since 93% of this pentose was assimilated with

Fig. 6. Effect of oxygen transfer volumetric coefficient on global yields of
biomass (�) and xylitol (�).

Fig. 5. Scheme for xylose fermentation by yeast (14).



640 Martínez, Silva, and Felipe

Applied Biochemistry and Biotechnology Vol. 84–86, 2000

higher kLa values (20 and 30/h). In the same manner, an increase in the
consumption of acetic acid was observed, possibly because with high oxy-
gen availability this acid may have been converted into acetyl-Co, the main
intermediary of the tricarboxylic acid cycle, used for formation of reduced
coenzymes that are oxidized in the respiratory chain. Acetic acid has been
cited as an inhibitor of yeast metabolism, and its degree of inhibition
depends on its concentration and on the oxygen availability. According to
Parajó et al. (20) and van Zyl et al. (21), no acetic acid is consumed in anaero-
bic conditions.

The maximum volumetric productivity of xylitol attained in the
present study was 0.70 g/L·h. The influence of the broth aeration levels on
the xylitol production was confirmed by the results of specific and volu-
metric productivities of xylitol, which were affected by the high aeration
levels. Figure 7 shows that the increase in kLa from 20 to 30/h had a
pronounced effect on these fermentative parameters, which were 53 and
75% lower, respectively, under the highest aeration rates. Furlan et al. (3)
and Winkelhausen et al. (4) reported similar behavior.

Conclusion

The continuous system can be employed for xylitol production from
sugarcane bagasse hemicellulosic hydrolysate by C. guilliermondii.
Our results prove that low kLa values (10 and 20/h) are essential for maxi-
mal xylitol production rates and that the oxygen supply is an important
parameter in this bioprocess. The xylitol yield and volumetric productivity
remained high, averaging 0.58 g/g (63% of theoretical yield) and 0.69 g/L·h,
as the oxygen transfer volumetric coefficient was increased from 10 to 20/h.

Fig. 7. Effect of oxygen transfer volumetric coefficient on volumetric (�) and spe-
cific (�) xylitol productivities.
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Meanwhile, increasing the kLa value to 30/h caused these fermentative
parameters to decrease by 50% and cell growth and yield to increase by
52 and 59%, respectively. Therefore, owing to the oxygen supply, the flux
of xylose used for xylitol production was directed toward cell growth.

Acknowledgments

We wish to thank Maria Eunice M. Coelho for revising the manuscript.
We also acknowledge the financial support of Fundação de Amparo à
Pesquisa do Estado de São Paulo (FAPESP) and Conselho Nacional de
Desenvolvimento Científico e Tecnológico (CNPq), Brazil.

References

1. Emodi, A. (1978), Food Technol. 1, 28–32.
2. Kauko, K. M. (1979), Adv. Biotechnol. 25, 41–45.
3. Furlan, S. A., Bouilloud, P., Strehaiano, P., and Riba, J. P. (1991), Biotechnol. Eng. 13(3),

203–206.
4. Winkelhausen, E., Pittman, P., Kusmanova, S., and Jeffries, T. (1996), Biotechnol. Lett.

18(7), 753–758.
5. Roca, E., Meinander, N., and Hahn-Hägerdal, B. (1996), Biotechnol. Bioeng. 51, 317–326.
6. Silva, S. S., Roberto, I. C., Felipe, M. G. A., and Mancilha, I. M. (1996), Process Biochem.

31(6), 549–553.
7. Felipe, M. G. A., Vitolo, M., and Mancilha, I. M. (1996), Acta Biotechnol. 16(1), 73–79.
8. Roseiro, J. C., Peito, M. A., Gírio, F. M., and Amaral-Collaço, M. T. (1991), Arch. Microbiol.

156, 484–490.
9. Nolleau, V., Preziosi-Belloy, L., and Delgenes, J. P. (1993), Curr. Microbiol. 27, 191–197.

10. Vandeska, E., Amatey, S., Kuzmanova, S., and Jeffries, T. (1995), World J. Microbiol.
Biotechnol. 11, 213–218.

11. Silva, S. S., Ribeiro, J. D., Felipe, M. G. A., and Vitolo, M. (1997), Appl. Biochem.
Biotechnol. 63–65, 557–564.

12. Alves, L. A., Felipe, M. G. A., Almeida e Silva, J., Silva, S. S., and Prata, A. M. R. (1998),
Appl. Biochem. Biotechnol. 70–72, 89–98.

13. Pirt, S. J. (1975), in Principles of Microbe and Cell Cultivation, Blackwell Scientific,
Oxford.

14. Barbosa, M. F. S., Medeiros, M. B., Mancilha, I. M., Scheneider, H., and Lee, H. (1988),
J. Ind. Microbiol. 3, 241–251.

15. Silva, S. S. and Afshar, A. S. (1994), Bioprocess Eng. 11, 129–134.
16. Lightelm, M. E., Prior, B. A., and du Preez, J. C. (1988), Appl. Microbiol. Biotechnol.

28, 63–68.
17. Skoog, H. and Hahn-Hägerdal, B. (1990), Appl. Environ. 56(11), 3389–3394.
18. Hahn-Hägerdal, B., Jeppsson, H., Skoog, K., and Prior, B. A. (1994), Enzyme Microbiol.

Technol. 16, 933–943.
19. Kim, S.-Y., Kim, J.-H., and Oh, D.-K. (1997), J. Ferment. Bioeng. 83(3), 267–270.
20. Parajó, J. C., Dominguez, H., and Dominguez, J. M. (1997), Enzyme Microbiol. Technol.

21, 18–24.
21. van Zyl, C., Bernard, A. P., and du Preez, J. C. (1991), Enzyme Microbiol. Technol. 13,

82–86.


