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Unstructured models for cell growth, xylose consumption and xylitol production were applied for to 
describe the fermentation kinetics of xylitol production using Candida tropicalis in synthetic medium, 
and in non-detoxified oil palm empty fruit bunch (OPEFB) hydrolysate at 100 mL flask scale. In 
synthetic medium, the experimental maximum specific growth rate (μmax) and the cell mass yield factor 
(YX/S) were closer to the results of the Tessier model than those of the Contois and Monod models. 
Whereas, in non-detoxified OPEFB hydrolyzate, these parameters were closer to the results of the 
Contois model than those of the Tessier and Monod models. According to the models’ results, xylitol 
is mainly produced during the cell growth phase. The Tessier model in synthetic medium and Contois 
model in non-detoxified OPEFB hydrolysate had a coefficient of variation in growth kinetics of 32 and 
33%, respectively. The significance of this study lies in simplifying the fermentation process through 
a an unstructured and non-segregated model using three events at the same time, cell growth, 
substrate consumption and metabolite production.

Se aplicaron modelos no estructurados de crecimiento celular, consumo de xilosa y producción de 
xilitol para describir la cinética de fermentación en la producción de xilitol usando Candida tropicalis 
en medio sintético y en hidrolizado de raquis de la palma de aceite no desintoxicado (OPEFB siglas 
en inglés) en escala de matraz de 100 mL. En medio sintético, la tasa máxima de crecimiento 
específico experimental (μmax) y el factor de rendimiento de masa celular (YX/S) estuvieron más cerca 
de los resultados del modelo Tessier que los de los modelos Contois y Monod. Mientras que, en el 
hidrolizado de OPEFB no desintoxificado, estos parámetros se acercaron más a los resultados del 
modelo Contois que a los de los modelos Tessier y Monod. Según los resultados de los modelos, 
el xilitol se produce principalmente durante la fase de crecimiento celular. El modelo de Tessier en 
medio sintético y el modelo de Contois en hidrolizado de OPEFB no desintoxificado tuvieron un 
coeficiente de variación en la cinética de crecimiento de 32 y 33%, respectivamente. La importancia 
de este estudio radica en simplificar el proceso de fermentación mediante un modelo no estructurado 
y no segregado utilizando tres eventos al mismo tiempo, crecimiento celular, consumo de sustrato y 
producción del metabolito.
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H
emicellulose, the second most abundant 
polysaccharide in nature is used to generate 
value-added products such as xylitol, widely 
used in the food industry, as well as in products 

for oral hygiene, pharmaceuticals and cosmetics 
(Prakasham et al., 2009) . The use of lignocellulosic 
material such as oil palm empty fruit bunch (OPEFB) is 
an alternative for the production of this sugar alcohol. 
Colombia is the largest producer of oil palm in Latin 
America and the fourth largest producer in the world 
(Fedepalma, 2014). The OPEFB constitutes 21% of the 
total weight of harvested fruits and is one of the most 
promising resources of biomass waste, because they 
can be used as a substrate for the production of different 
compounds with chemical and biochemical processes, 
such as xylitol (Manjarres-Pinzon et al., 2017). During 
the hydrolysis, the polymers present in the hemicellulosic 
fraction are broken until obtaining xylose, a sugar that 
is converted to xylitol by fermentation. Xylitol yield and 
substrate consumption must be high and the production 
costs low for the xylitol industrial application (Yewale et 
al., 2017). In the market, xylitol is produced chemically 
based on a catalytic reduction of pure xylose, which is 
generally obtained from lignocellulosic residues, under 
high pressure and temperature using expensive catalyst 
(usually Ni-catalyst) (Rao et al., 2016). Currently, the 
commercial production of xylitol from lignocellulosic 
wastes is not made by biotechnological route; however, 
biotechnological production of xylose to xylitol offers 
a better alternative in terms of energy intensity of the 
production process of xylitol and overall process cost.

Mathematical modeling is an important tool to simulate 
and predict the operating conditions of a process. The 
mathematical model is important to deduce if there is 
inhibition by substrate or by production of a metabolite 
product, and to show the metabolic behavior of a strain; 
therefore, in the case of the biotechnological production 
of xylitol, the mathematical model can indicate the 
phase of growth  where  occurs more metabolite 
production, and what is the behavior at the numerical 
level to be able to predict results at the experimental 
level with different fermentation conditions. However, 
it is necessary to properly understand the biochemical 
principles of a biotechnological process to build a 
suitable model (Aguiar et al., 2002). It is important to 
qualitatively describe the system where the problem is 

evidenced to develop a mathematical model from flask-
scale experimental data showing yeast growth, xylose 
consumption and xylitol production. Furthermore, the 
fundamental laws that govern the system, the aim of the 
model, the specification of input and output variables, 
the accuracy degree, the application scope and the 
factors during the fermentation process that support the 
model must be taken into account.

There is few information on modeling the kinetics of 
xylitol production. Moreover, it has focused on growth 
prediction of C. guilliermondii using non-linear methods 
(Aguiar et al., 2002), as well as on the development of 
a model with C. parapsilosis subjected to limited oxygen 
conditions (Aranda-Barradas et al., 2000) of a growth 
model of C. mogii with the presence of glucose as a co-
substrate to facilitate xylitol production (Tochampa et al., 
2005) and of a C. tropicalis growth model, based on the 
initial concentration of xylose and oxygen  that is related 
to the agitation rate (Mohamad et al., 2016). 

The diversity of raw materials and the complexity of 
fermentation processes mean that there are many 
ways to approach the mathematical description of these 
processes. There are two main types of mathematical 
models of growth kinetics: structured and unstructured. 
Structured models take into account the cell basic 
aspects and its chemical species in question. Conversely, 
unstructured models consider microorganisms and/or 
cells have a simple and fixed composition, and ignores 
changes in the culture medium resulting from the cell 
mass concentration (Esener et al., 1983). Moreover, 
models can also be classified into segregated and non-
segregated type models. The segregated models refer 
to a heterogeneous microorganisms population, where 
different entities with dissimilar ages, shapes, sizes and 
internal compositions are distinguished in the population; 
whereas, the non-segregated models consider the 
cellular behavior is close to that of a single average cell 
that allows fixing the performance of certain variables 
during fermentation (Ghosh et al., 2012; Kucharska et 
al., 2018). 

If complex such as inhibition are excluded, the functions 
that describe the growth rate of microorganisms can be 
classified into two main types, depending on whether 
they involve only the resource concentration in the 
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medium containing the culture, as in the case of the 
Monod model, or substrate and biomass densities as 
in the case of the Contois or Tessier model (Krichen et 
al., 2017). Monod’s equation is applied to the substrates 
degradation at the concentration that partially saturates 
the microbial cells activity. The Contois model assumes 
that the half saturation rate depends on the biomass 
concentration, while the Tessier model is based on an 
exponential function (Sakthipriya et al., 2018).

At present, there are no studies showing models of 
cell growth and xylitol production with OPEFB. Monod, 
Contois and Tessier models in synthetic media have 
been adjusted to the growth of yeasts of the genus 
Candida (Aguiar et al., 2002). The aim of this study 
was to propose an unstructured and non-segregated 
model that adequately describes cell growth, xylose 
consumption and xylitol production in both synthetic 
medium and in non-detoxified OPEFB hydrolysate at 
flask scale using C. tropicalis.

MATERIALS AND METHODSE
Microorganism and culture medium
The Candida tropicalis (ATCC 96745) strain was stored 
at 4 °C in agar of yeast extract, peptone and xylose 
(YPX) with a concentration of 20 g L-1 of each compound. 
The strain was subcultured in the same agar at 30 °C 
for 48 h before carrying out the pre-inoculum. Final 
pH was 5.6 and the fermentation medium was non-
detoxified OPEFB hydrolysate (Manjarres-Pinzon et al., 
2017).

Pre-inoculum and fermentation conditions
The pre-inoculum was performed in 100 mL Erlenmeyer 
flasks with 40 mL of medium and 20 g L-1 of xylose 
substrate. They were incubated at 30 °C and 120 
rpm for 18 h. At the end, the Erlenmeyer flasks were 
inoculated with non-detoxified OPEFB hydrolysate as 
a fermentation medium aiming at studying their kinetics 
and modeling their behavior as well. The fermentations 
were also carried out in 100 mL Erlenmeyer flasks 
with 40 mL of YPX synthetic medium. The inoculum 
concentration was 1.6 g L-1, the ratio of medium 
volume and Erlenmeyer flask volume was 0.4, pH 5.6 
and 120 rpm of agitation rate. For the kinetic study, the 
fermentations with non-detoxified OPEFB hydrolysates 
were performed for 96 h.

Analytical methods
Cellular concentration was determined by optical density 
spectrophotometry at 620 nm (Genesys 20, Thermo 
Scientific, Waltham, MA) and correlated with the dry 
weight method (Manjarres et al., 2018). Xylose and xylitol 
quantification was performed using an HPLC system 
(Shimadzu Prominence, Canby, OR), with IR detector, 
equipped with an Aminex HPX-87H column (Biorad). 
Elution was carried out with aqueous H2SO4 (0.005 M) 
at a flow rate of 0.6 mL min-1. The oven temperature was 
maintained at 65 °C. The injection volume was 20 μL 
(Manjarres-Pinzon et al., 2017). Samples were prepared 
in duplicate and filtered.

Fermentation models  
Cell growth, substrate consumption and xylitol production 
kinetics were studied in flask scale with 100 mL capacity. 
The models studied for cell growth were Monod 
(Equation 1), Contois (Equation 2) and Tessier (Equation 
3); Luedeking-Piret model (Equation 4) was applied 
for xylitol production and the general mass balance 
equation of substrate consumption was used for xylose 
consumption (Equation 5) (Aguiar et al., 2002). 

(1)

(2)

(3)

(4)

(5)

Where, the estimated parameters were μmax, B, α, β, 
YX/S and YP/S, KS and Kt, according to the model used. 
The experimental maximum specific growth rate (μmax) 
was calculated from the slope of the regression line of 
the natural logarithm of the cell numbers (LnX) in the 
increasing phase as a time function (Mohamad et al., 
2016). YX/S is the biomass yield based on substrate 
consumption and it was considered that the entire 
substrate was used for cell growth. KS is the saturation 

t

max

s

-S
K

X/S P/S

dX XS
dt K +S

dX XS
dt BX+S

dX
XS 1 e

dt

dP dx
X

dt dt

dS 1 DX 1 dP
msX

dt Y dt Y dt

max

max

µ

µ

µ

α β

 
 
 

=

=

 
 = −
 
 

= +

= − − −



9586

Rev. Fac. Nac. Agron. Medellín 74(2): 9583-9592. 2021

Manjarres-Pinzon K, Barrios-Ziolo L, Arias-Zabala M, Correa-Londoño G, Rodriguez-Sandoval E

or substrate utilization constant, numerically equal 
to the substrate concentration where μ=μmax/2. In the 
Tessier model, growth inhibition by substrate depletion 
is included, thus, μ is nullified or tends to zero with low 
substrate concentrations. Kt is the substrate growth 
inhibition constant.

The exponential phase, where xylitol is produced, and the 
stationary phase were used for modeling. The substrate 
consumption was oriented to cell growth. In a batch 
system, the change in cell concentration depends solely 
on cell growth. The cell can consume the substrate in 
three ways: cell growth, cell maintenance and metabolite 
production. In the substrate equation (Equation 5), 
ms is the cellular maintenance proportional to the 
biomass present, YX/S

-1 is the substrate fraction used for 
cell growth and YP/S

-1 is the substrate fraction used to 
produce xylitol. In the Luedeking-Piret model (Equation 
4), the first term is oriented to the ability of the cell 
during cell growth to produce the metabolite (growth or 
exponential phase); whereas, the second term indicates 
the metabolite production based on the biomass present 
in the environment (cellular maintenance or stationary 
phase). If the product is obtained mainly during cell 
growth, β must have a low value, and α a high value. 
Primary metabolites are produced in the growth phase, 
where xylitol is one of them; on the contrary, secondary 
metabolites are generally obtained in the stationary 
phase.

Unstructured kinetic model 
Experimental data for kinetic parameters estimation 
were used. The modeling protocol consists of defining 
a mathematical model, making a numerical solution 
scheme, applying numerical solution methods and 
checking the numerical stability of the model. The latter 
implies that the model represents the real values of a 
process, or that the solution be consistent and real. The 
aim of the modeling protocol is to find a routine that 
is stable and consistent when applied in solving the 
differential equations that represent the phenomenology 
under study.

The parameter estimation process was carried out 
using the software Berkeley Madonna 8.0, where 
the parameters of both cell growth models, substrate 
consumption and xylitol production models must be 

introduced. The software Berkeley Madonna 8.0 implies 
a numerical solution scheme, generates alerts and 
makes the modeling protocol as well. After the model 
numerical stability is done, the study can start. Furthermore, 
this software has an internal routine that allows calibrating 
the model and its constants. Model calibration consists 
of selecting all the variables that are coupled and 
adjusting the numerical solution that this software gives 
to the observed data, in order to find the most suitable 
magnitudes of the constants included in the model. The 
software, based on the root mean square error (RMSE) and 
the coefficient of variation (CV), generates a comparison 
between the observed and estimated data, also begins 
to generate random values of all the variables, makes 
iterations and evaluations of RMSE and CV until gets 
the combination of factors that results in the lowest CV.

The estimation procedure involved the variation of 
different parameter values for minimizing the differences 
between the experimental or observed data and those 
predicted by the model. The applied numerical solution 
method was Runge-Kutta of order 4 (RK4), which takes 
the average of 4 slopes and that is the value used to 
perform the iteration. Parameters initial data were chosen 
according to the data reported in the literature for this 
type of fermentation. For instance, the maximum specific 
growth rate of yeast was taken with values in the range of 
0.2-1 h and 0.5-1 h, yields between 0 and 1, parameter B, 
KS and Kt were 1.88, 599 and 305, respectively (Aguiar et 
al., 2002).

RESULTS AND DISCUSSION
Cell growth kinetics  
Biomass concentration with respect to fermentation time 
in YPX synthetic medium and in non-detoxified OPEFB 
hydrolysate is featured in Figure 1. It is important to 
note that fermentation in synthetic medium took 33 h, 
while in non-detoxified OPEFB hydrolysate took 96 h 
given that this medium contained different inhibitors and 
nutrients, which prolonged the yeast adaptation phase. 
Furthermore, no tests were made between 7 to 25 h since 
in initial experiments, Candida tropicalis reached the 
exponential phase in the YPX synthetic medium at that 
time. Thus, the aim was to evaluate the different growth 
phases of this yeast in the medium, and to try to model 
the fermentation results. The Contois model adequately 
predicts the experimental values of cell growth in synthetic 
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medium. However, the behavior of all models predicts cell 
growth in the first 24 h in non-detoxified OPEFB hydrolysate 
and after that time, the values of the models tend to be lower 
than the experimental ones. The considerations that would 
improve the prediction of the model could be: more precise 
methods for the cell growth determination such as colony 
forming unit (CFU) and adjust only two variables for the 
model instead of three variables (biomass, substrate and 
product), as was done in this study. Therefore, the type of 
culture medium was a factor that affected the parameters 
sensitivity of a kinetic growth model. 

In another study, the application of the Contois model in the 
cell growth of C. guilliermondii using a synthetic medium was 
suitable with small deviations (Aguiar et al., 2002). On the 
other hand, the non-detoxified OPEFB hydrolysate, outside of 
xylose, has other sugars such as glucose that can contribute 
to the increase in biomass production. In addition, the non-
detoxified OPEFB hydrolysate was supplemented with 
different salts, such as 4 g L-1 yeast extract, 3 g L-1 (NH4) 2SO4, 
0.5 g L-1 MgSO4 7H2O and 0.1 g L-1 CaCl2 2H2O, which help 
to improve the Candida metabolism (Manjarres-Pinzon et 
al., 2016).

 Xylose consumption kinetics  
Xylose consumption during fermentation in synthetic 
medium and in non-detoxified OPEFB hydrolysate is 
depicted in Figure 2. Xylose concentration gradually 
decreased over time in both media. Xylose was 
consumed by 50% in YPX and 70% in non-detoxified 

OPEFB hydrolysate according to experimental data. 
Xylitol concentration increased mainly during the rapid 
xylose consumption period, which confirmed xylitol 
accumulation due to imbalance factors of the enzymatic 
activities that involved xylose consumption in the cells 
(Mohamad et al., 2016). 

Figure 1. Cell mass concentration during fermentation in synthetic medium YPX (A) and non-detoxified OPEFB hydrolysate (B).

Figure 2. Xylose concentration during fermentation in synthetic medium YPX (A) and non-detoxified OPEFB hydrolysate (B).
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In synthetic media, both Monod and Tessier models 
adequately predicted experimental values in the first 3 
h of fermentation; but after 24 h, the models distanced 
themselves from the experimental values, being the Tessier 
model the closest in terms of the reported values. The values 
estimated by the models behave similarly in non-detoxified 
OPEFB hydrolysate, where it can be emphasized that the 
estimated results were similar between the models and 
completely away from the experimental ones. It is necessary 
to highlight that the modeling of substrate consumption 
was based on Equation 5, which is closely related to 
the growth kinetics variables of each model studied.

Xylitol production kinetics
Xylitol production during fermentation in synthetic medium 
and in non-detoxified OPEFB hydrolysate is shown in 

Figure 3. All the models were similar to each other and 
adequately predicted the xylitol production, especially in 
synthetic medium. However, it should be kept in mind that 
the base equation in all models for the development of this 
kinetic was Luedeking-Piret equation, although they also 
depend on other parameters, which are found both in cell 
growth and in substrate consumption. The Luedeking-Piret 
equation is a function of cell growth and cell maintenance 
to describe product formation (Veeravalli and Mathews, 
2018). The Luedeking-Piret equation was originally 
developed to explain the fermentation kinetics of glucose 
to lactic acid secretion based on instantaneous growth of 
bacterial rate and to the bacterial density. Nonetheless, 
it has been modified to relate the production rate of any 
metabolite with substrate consumption rate and substrate 
concentration (Mahdinia et al., 2019). Xylitol concentration 

Figure 3: Concentration of xylitol during fermentation in synthetic medium YPX (A) and non-detoxified OPEFB hydrolysate (B).

was higher in non-detoxified OPEFB hydrolysate with a 
value around 6 g L-1 compared to the synthetic medium 
that was 1.3 g L-1. Studies have shown that xylitol 
production is affected by many factors such as the type 
of microorganism, the medium composition, such as initial 
xylose concentration, inhibitors, etc., and the environmental 
conditions such as pH, temperature, agitation and aeration 
(Mohamad et al., 2016; Pappu and Gummadi, 2016). 

Model comparison 
A kinetic model is helpful to understand and optimize 
a fermentation process (Zhu et al., 2016). Table 1 
shows the estimated parameters of each model during 
fermentation of C. tropicalis in two culture media. 

Mathematical modeling of cell growth behavior is 
highly investigated to control, predict and design the 
processing, stability and safety of food and bioproducts 
(Guo et al., 2018; Pappu and Gummadi, 2016). The 
equations of Monod and Tessier are normally used to 
describe growth with a low cell population; while the 
Contois model usually works better in cultures with high 
cell density (Aguiar et al., 2002).

Monod kinetics, expressed as substrate degradation 
resulting from microbial uptake and cell concentration, 
has a great effect on degradation rates. Contois kinetics 
considers the fact that a high concentration of cells 
adhered to the surface of the particles could inhibit 
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substrate degradation. Tessier kinetics takes into 
account the maintenance energy for cellular activity, 
which means that the maximum growth rate will be 

reduced when the substrate concentration is lower and 
microorganisms compete for food sources (Wang and 
Witarsa, 2016). 

Table 1. Estimated values of the parameters of cell growth, xylose consumption and xylitol production during Candida tropicalis fermentation 
in different culture media using unstructured models.

     Culture media    Model μmax
a YX/S

c       YP/S
b ae be msd

Synthetic medium YPX

Experimental 0.076 0.65 0.13
Monod 0.5 0.7 0.8 0.05 0.004 2.39e -07
Contois 0.5 0.69 0.8 0.05 0.004 0.03
Tessier 0.08 0.7 0.8 0.08 0.006 0.089

Non-detoxified OPEFB 
hydrolysate

Experimental 0.033 0.727 0.364
Monod 0.58 0.8 0.7 0.01 0.006 0.051
Contois 0.026 0.8 0.7 0.02 0.0065 0.000000117
Tessier 0.1 0.79 0.69 0.001 0.006 0.000000245

It is necessary to highlight that the experimental value of 
μmax in the synthetic medium was  similar to that reported 
by the Tessier model, whereas it was closer to the 
Contois equation in non-detoxified OPEFB hydrolysate 
(Table 1). The experimental value of μmax was higher in 
the synthetic medium than in the non-detoxified OPEFB 
hydrolysate, which indicates that the medium influences 
the cell growth potential. Generally, yeast extract 
provides good growth factors and organic nitrogen for 
microorganisms. In addition, the activities of enzymes 
involved in cell growth are inhibited by changes in the 
culture medium (Zhu et al., 2016).

The μmax of yeast is usually between 0.2 and 0.5 h-1. 
In C. guilliermondii growth using a synthetic medium 
for the production of xylitol, a value of μmax was found 
for the Contois model of 0.25 h-1 (Aguiar et al., 2002).  
Nevertheless, in other works, the value has been 
below than what was previously reported. In xylitol 
production with C. parapsilosis in synthetic medium, μmax 
was between 0.1 to 0.13 h-1 (Aranda-Barradas et al., 
2000); value of 0.12 h-1 was reported with C. tropicalis 
in synthetic medium (Mohamad et al., 2016) and with 
Debaryomyces nepalensis in synthetic medium were 
values from 0.029 to 0.078 h-1 (Pappu and Gummadi, 
2016). The values of this latter study were close to 
the experimental values reported in the present study. 

a Maximum specific growth rate (h-1), b Product yield factor (g xylitol g-1 xylose), c Cell mass yield factor (g cells g-1 xylose), d Maintenance 
coefficient (g xylose g-1 cells h-1), e Constants of the Luedeking – Piret model.

This indicates that μmax experimentally depends on the 
fermentation conditions and the microorganisms used 
as well. 

Experimental values of xylitol yield (YP/S) and cellular 
yield (YX/S) were higher in the non-detoxified OPEFB 
hydrolysate than in the synthetic medium. Data of the 
models were closer to the experimental results of YX/S 
than of YP/S; the latter being similar among the models. 
This is probably due to the fact that the base equation 
used for product modeling was the same for all models as 
mentioned above. YX/S and YP/S values were found between 
0.09 to 0.15 (g g-1) and between 0.13 to 0.41 (g g-1), 
respectively, for xylitol production with C. tropicalis in 
synthetic medium (Mohamad et al., 2016). Regarding 
the xylitol production with D. nepalensis in synthetic 
medium, YX/S and YP/S values were reported between 0.1 
to 0.6 (g g-1) and 0.1 to 0.5 (g g-1), respectively (Pappu 
and Gummadi, 2016). The experimental values of the 
present study were slightly higher for YX/S, whereas the 
YP/S data were in the literature range.

Non-growing or slowly growing microbial cultures can 
recycle much of the metabolic energy derived from initial 
fermentation of a polysaccharide to boost the additional 
production of a secondary metabolite (Singh et al., 
2019). In order to determine if this could be happening in 
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this study, the amount of substrate used for biomass in 
the non-growth phase and the maintenance coefficient 
(ms) for C. tropicalis in synthetic medium and in non-
detoxified OPEFB hydrolysate were determined (Table 
1). The ms indicates the portion of substrate consumed 
for the maintenance of cellular function and is used as 
a correction for the microbial growth kinetics (Wang 
and Witarsa, 2016). In synthetic media, the estimated 
values of the ms showed that in the Tessier model 
more xylose was used for its non-growing components, 
which contributed to xylitol formation; while in the 
non-detoxified OPEFB hydrolysate, the Monod model 
showed greater use of xylose for its non-growing 
components. The estimated values of the ms were low 
compared to the literature (Pappu and Gummadi, 2016; 
Singh et al., 2019), which could assume that xylitol is 
mainly produced during the cell growth phase.

The estimated product formation coefficient (α), which 
represents xylitol production associated with growth, 
was always higher in all models in both media, except for 
the Tessier model in non-detoxified OPEFB hydrolysate. 
This indicates that xylitol formation depends on cell 
growth. The xylitol production in the stationary phase is 
represented by β, which is the coefficient of non-growth 
product. A comparatively low β value suggests that 
xylitol production remains low in non-growing conditions 
(Ghosh et al., 2012). These results agreed with what 
was previously reported for the ms.

Statistical criteria to validate fit of data to models, CV 
and RSME of the models are portrayed in Table 2. CV 
and RSME were lower in synthetic medium than in 
non-detoxified OPEFB hydrolysate, except for CV and 
RSME of Contois model substrate that reported a value 
of 48% and 5.684, respectively. Lower CV and RSME 
values represent the best fit of the model (Pappu and 
Gummadi, 2016). If we focus only on these values, 
the Monod model would be the most representative in 
synthetic medium and the Contois model in the non-
detoxified OPEFB hydrolysate. Nonetheless, taking 
into account the experimental values of μmax and YX/S, 
the models that are closest to reality were Tessier 
in synthetic medium and Contois in non-detoxified 
OPEFB hydrolysate. The latter is essential to clarify, 
since a model is the mathematical representation of a 
phenomenon or process, and apparently, it can have 
a good predictive capacity represented in different 
statistical comparisons and experimental errors; but 
first of all, the model must be in accordance with the 
adequate prediction of what happens in reality. The 
Tessier model in synthetic medium and Contois in non-
detoxified OPEFB hydrolysate had a CV in the growth 
kinetics of 32 and 33%, respectively. This means that 
the kinetic behavior of the experimental values can be 
predicted in the conditions posed in this study by around 
67%. This may be due to the way the cell concentration 
was determined and the different assumptions used to 
apply the models.

Since fermentation is a complex bioprocess, it is difficult 
to obtain a complete profile to reveal what really happens 
during the entire process and predict the cell growth 

kinetics and metabolism under certain conditions. 
Although a huge amount of research on mathematical 
modeling of microbial processes has been carried out, 

Table 2. Estimated parameters and deviations of the models applied in the Candida tropicalis fermentation in different culture media.

Culture 
media Model Ks B Kt

CV (%) RSME

cell mass xylose xylitol cell mass xylose xylitol

Synthetic 
medium 
YPX

Monod 104.13 - - 21 32 12 1.04 4.174 0.062

Contois - 15 - 15 48 15 0.788 5.684 0.078

Tessier - - 14.47 32 24 17 1.51 3.223 0.094

Non-
detoxified 
OPEFB 
hydrolysate

Monod 600 - - 33 38 23 3.318 5.093 0.54

Contois - 1.76 - 33 35 22 3.325 4.769 0.533

Tessier - - 96.24 32 38 22 3.21 5.124 0.525
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the applicability of biological concepts into the models 
remained limited (Tian et al., 2018). It is necessary to 
keep in mind that these types of processes are complex 
and depend on various variables.

CONCLUSION
Unstructured models for cell growth, xylose consumption 
and xylitol production were applied in fermentation by 
C. tropicalis in synthetic medium and in non-detoxified 
OPEFB hydrolysate. According to the experimental 
values and the evaluation of model performances, the 
Tessier model predicted better results in a synthetic 
environment and the Contois model had a better fit 
in non-detoxified OPEFB hydrolysate. However, the 
prediction of these models had an estimate of 67% which 
coincided with the assumed value with the experimental 
growth kinetics. Xylitol was a metabolite associated with 
cell growth. 

ACKNOWLEDGMENTS
The authors would like to thank Minciencias-Colombia 
for providing the Katherine Manjarres-Pinzon grant. This 
study is a product of the doctoral thesis in biotechnology 
“Producción biotecnológica de xilitol a partir de 
hidrolizados de raquis de palma con levaduras del 
género Candida sp.”

REFERENCES
Aguiar WB, Faria LFF, Couto MAPG, Araujo OQF and Pereira N. 

2002. Growth model and prediction of oxygen transfer rate for xylitol 
production from d-xylose by C. guilliermondii. Biochemical Engineering 
Journal 12: 49–59. https://doi.org/10.1016/S1369-703X(02)00040-2 

Aranda-Barradas JS, Delia ML and Riba JP. 2000. Kinetic study 
and modelling of the xylitol production using Candida parapsilosis in 
oxygen-limited culture conditions. Bioprocess Engineering 22: 219–
225. https://doi.org/10.1007/PL00009113   

Esener AA, Roels JA and Kossen NWF. 1983. Theory and 
applications of unstructured growth models: Kinetic and energetic 
aspects. Biotechnology Bioengineering 25: 2803–2841. https://doi.
org/10.1002/bit.260251202 

Fedepalma. 2014. Producción de aceite de palma se incrementó 
7% en 2013. Fed. Nac. Cultiv. Palma Aceite 3. https://web.fedepalma.
org/node/653

Ghosh S, Chakraborty R, Chatterjee G and Raychaudhuri U. 2012. 
Study on fermentation conditions of palm juice vinegar by response 
surface methodology and development of a kinetic model.  Brazilian 
Journal of Chemical Engineering 29: 461–472. https://doi.org/10.1590/
S0104-66322012000300003 

Guo D-S, Ji X-J, Ren L-J, Yin F-W, Sun X-M, Huang H and Zhen 
G. 2018. Development of a multi-stage continuous fermentation 
strategy for docosahexaenoic acid production by Schizochytrium 

sp. Bioresource Technology 269: 32–39. https://doi.org/10.1016/j.
biortech.2018.08.066 

Krichen E, Harmand J, Torrijos M, Godon JJ, Bernet N and 
Rapaport A. 2017. High biomass density promotes density-
dependent microbial growth rate. Biochemical Engineering Journal 
130: 66–75. https://doi.org/10.1016/j.bej.2017.11.017 

Kucharska K, Hołowacz I, Konopacka-Łyskawa D, Rybarczyk 
P and Kamiński M. 2018. Key issues in modeling and optimization 
of lignocellulosic biomass fermentative conversion to gaseous 
biofuels. Renew Energy 129: 384–408. https://doi.org/10.1016/j.
renene.2018.06.018 

Mahdinia E, Mamouri SJ, Puri VM, Demirci A and Berenjian 
A. 2019. Modeling of vitamin K (Menaquinoe-7) fermentation 
by Bacillus subtilis natto in biofilm reactors. Biocatalysis and 
Agricultural Biotechnology 17: 196–202. https://doi.org/10.1016/j.
bcab.2018.11.022 

Manjarres-Pinzon K, Arias-Zabala M, Correa-Londono G and 
Rodriguez-Sandoval E. 2017. Xylose recovery from dilute-acid 
hydrolysis of oil palm (Elaeis guineensis) empty fruit bunches for 
xylitol production. African Journal of Biotechnology 16: 1997–2008. 
https://doi.org/10.5897/AJB2017.16214 

Manjarres J, Bravo A, Arias JP, Ortega I, Vasquez A and Arias 
M. 2018. Biotechnological production of xylitol from oil palm empty 
fruit bunches hydrolysate. Advance Journal of Food Science and 
Technology 16: 134–137. https://doi.org/10.19026/ajfst.16.5945 

Manjarres-Pinzon K, Arias-Zabala M, Molina-Ramírez YA, 
Betancur-Nieto MI and Rodríguez-Sandoval E. 2016. Producción 
de xilitol por Candida guilliermondii a partir de fermentación 
de residuos de palma de aceite. Revista U.D.C.A Actualidad & 
Divulgación Científica 19(2): 403–409. http://www.scielo.org.co/scielo.
php?script=sci_arttext&pid=S0123-42262016000200017&lng=en 

Mohamad NL, Mustapa Kamal SM, Mokhtar MN, Husain 
SA and Abdullah N. 2016. Dynamic mathematical modelling of 
reaction kinetics for xylitol fermentation using Candida tropicalis. 
Biochemical Engineering Journal 111: 10–17. https://doi.org/10.1016/j.
bej.2016.02.017 

Pappu JSM and Gummadi SN. 2016. Modeling and simulation 
of xylitol production in bioreactor by Debaryomyces nepalensis 
NCYC 3413 using unstructured and artificial neural network models. 
Bioresource Technology 220:490–499. https://doi.org/10.1016/j.
biortech.2016.08.097 

Prakasham RS, Rao RS and Hobbs PJ. 2009. Current trends in 
biotechnological production of xylitol and future prospects. Current 
Trends in Biotechnology and Pharmacy 3(1): 8-36. http://abap.co.in/
sites/default/files/2-Paper%208-36.pdf 

Rao VL, Goli JK, Gentela J and Koti S. 2016. 
Bioconversion of lignocellulosic biomass to xylitol: An overview. 
Bioresource Technology 213: 299-310. https://doi.org/10.1016/j.
biortech.2016.04.092 

Sakthipriya N, Doble M and Sangwai JS. 2018. Kinetic and 
thermodynamic behavior of the biodegradation of waxy crude oil 
using Bacillus subtilis. Journal of Petroleum Science and Engineering 
160: 412–421. https://doi.org/10.1016/j.petrol.2017.10.056 

Singh R, Tevatia R, White D, Demirel Y and Blum P. 2019. 
Comparative kinetic modeling of growth and molecular hydrogen 
overproduction by engineered strains of Thermotoga maritima.  
International Journal of Hydrogen Energy  44: 7125–7136. https://

https://doi.org/10.1016/S1369-703X(02)00040-2
https://doi.org/10.1007/PL00009113
https://doi.org/10.1002/bit.260251202
https://doi.org/10.1002/bit.260251202
https://web.fedepalma.org/node/653
https://web.fedepalma.org/node/653
https://doi.org/10.1590/S0104-66322012000300003
https://doi.org/10.1590/S0104-66322012000300003
https://doi.org/10.1016/j.biortech.2018.08.066
https://doi.org/10.1016/j.biortech.2018.08.066
https://doi.org/10.1016/j.bej.2017.11.017
https://doi.org/10.1016/j.renene.2018.06.018
https://doi.org/10.1016/j.renene.2018.06.018
https://doi.org/10.1016/j.bcab.2018.11.022
https://doi.org/10.1016/j.bcab.2018.11.022
https://doi.org/10.5897/AJB2017.16214
https://doi.org/10.19026/ajfst.16.5945
http://www.scielo.org.co/scielo.php?script=sci_arttext&pid=S0123-42262016000200017&lng=en
http://www.scielo.org.co/scielo.php?script=sci_arttext&pid=S0123-42262016000200017&lng=en
https://doi.org/10.1016/j.bej.2016.02.017
https://doi.org/10.1016/j.bej.2016.02.017
https://doi.org/10.1016/j.biortech.2016.08.097
https://doi.org/10.1016/j.biortech.2016.08.097
http://abap.co.in/sites/default/files/2-Paper 8-36.pdf
http://abap.co.in/sites/default/files/2-Paper 8-36.pdf
https://doi.org/10.1016/j.biortech.2016.04.092
https://doi.org/10.1016/j.biortech.2016.04.092
https://doi.org/10.1016/j.petrol.2017.10.056
https://doi.org/10.1016/j.ijhydene.2019.01.124


9592

Rev. Fac. Nac. Agron. Medellín 74(2): 9583-9592. 2021

Manjarres-Pinzon K, Barrios-Ziolo L, Arias-Zabala M, Correa-Londoño G, Rodriguez-Sandoval E

doi.org/10.1016/j.ijhydene.2019.01.124 
Tian X, Shen Y, Zhuang Y, Zhao W, Hang H and Chu J. 2018. 

Kinetic analysis of sodium gluconate production by Aspergillus niger 
with different inlet oxygen concentrations. Bioprocess and Biosystems 
Engineering 41: 1697–1706. https://doi.org/10.1007/s00449-018-1993-1

Tochampa W, Sirisansaneeyakul S, Vanichsriratana W, 
Srinophakun P, Bakker HHC and Chisti Y. 2005. A model of xylitol 
production by the yeast Candida mogii. Bioprocess and Biosystems 
Engineering 28: 175–183. https://doi.org/10.1007/s00449-005-0025-0

Veeravalli SS and Mathews AP. 2018. Continuous fermentation 
of xylose to short chain fatty acids by Lactobacillus buchneri under low 
pH conditions. Chemical Engineering Journal 337: 764–771. https://
doi.org/10.1016/j.cej.2017.12.100 

Wang Y and Witarsa F. 2016. Application of Contois, Tessier, 
and first-order kinetics for modeling and simulation of a composting 
decomposition process. Bioresource Technology 220: 384–393. 
https://doi.org/10.1016/j.biortech.2016.08.099 

Yewale T, Panchwagh S, Sawale S, Jain R and Dhamole 
PB. 2017. Xylitol production from non-detoxified and non-sterile 
lignocellulosic hydrolysate using low-cost industrial media 
components. 3 Biotech 7(1): 68. https://doi.org/10.1007/s13205-017-
0700-2 

Zhu C, Fang B and Wang S. 2016. Effects of culture conditions 
on the kinetic behavior of 1,3-propanediol fermentation by Clostridium 
butyricum with a kinetic model. Bioresource Technology 212: 130–
137. https://doi.org/10.1016/j.biortech.2016.04.028

https://doi.org/10.1016/j.ijhydene.2019.01.124
https://doi.org/10.1007/s00449-018-1993-1
https://doi.org/10.1007/s00449-005-0025-0
https://doi.org/10.1016/j.cej.2017.12.100
https://doi.org/10.1016/j.cej.2017.12.100
https://doi.org/10.1016/j.biortech.2016.08.099
https://doi.org/10.1007/s13205-017-0700-2
https://doi.org/10.1007/s13205-017-0700-2
https://doi.org/10.1016/j.biortech.2016.04.028

