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ABSTRACT

Biotechnologically manageable microbiota that can
produce enzyme complexes of interest is a thriving
research field. After careful collection and laboratory
culture, the microorganisms can develop hydrolysis and
fermentation processes in bioreactors. Kinetic models
for their growth are applied, being the most used those
of Monod, Moser, Blackman and Powell, which combine
mathematical models and experimental work.

The objective of this study was to determine the kinetic
behavior of Bacillus subtilis (Bal3) to size the equip-
ment needed to obtain enough amount of enzimes to
produce 500 hl of ethanol at 70% per day. A medium
composed of 60 g of sugarcane bagasse and 350 ml of
whey in 1L of water with 0.02 g of inoculum was placed
in a 2L Bioflo/CelliGen 115 bioreactor for 130 h at 20°
C and 150 rpm. The pH ranged from 6.8 (start) to 5.8
(end). A biomass-substrate yield of 19.34% and a bio-
mass productivity of 0.048 g/L per hour were obtained.
With the kinetic models of Velhurs-Pearl, Pirt and
Luedeking-Piret, the mass balance was performed and
the equipment volume was calculated. Monod’s model
was considered to adequately represent the growth
behavior of the bacteria.

Keywords: microbial kinetics, cellulases, Bacillus
subtilis, kinetic models, mass balance

RESUMEN

Microbiota biotecnolégicamente manejable produc-
tora de complejos enzimaticos de interés es un area
de investigacion en auge. Tras cuidadosa coleccién y
cultivo en laboratorio, los microorganismos pueden
efectuar hidrdlisis y fermentacién en biorreactores.
Se aplican modelos cinéticos a su crecimiento, sien-
do los mds usados los de Monod, Moser, Blackman y
Powell, que combinan modelos mateméticos y trabajos
experimentales.

El objetivo de este estudio fue determinar el compor-
tamiento cinético de Bacillus subtilis (Bal3) para dimen-
sionar los equipos necesarios para obtener suficiente
cantidad de enzimas para producir 500 hl de bioetanol
al 70% al dfa. Se coloc6é un medio compuesto de 60 g
de bagazo de cafia y 350 ml de suero de leche en 1L de
agua con 0,02 g de indéculo en un biorreactor Bioflo/
CelliGen 115 de 2L durante 130 h a 20° Cy 150 rpm. El
pH varié de 6,8 (inicio) hasta 5,8 (final). El rendimiento
biomasa-sustrato fue 19,34 % y la productividad de
biomasa 0,048 g/L por hora. Con los modelos cinéticos
de Velhurs-Pearl, Pirt y Luedeking-Piret se realizé el
balance de masa y el calculo del tamaiio de los equi-
pos. Se considerd que el modelo de Monod representa
adecuadamente el comportamiento del crecimiento
de la bacteria.

Palabras clave: cinética microbiana, celulasas, Ba-
cillus subtilis, modelos cinéticos, balance de masas
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RESUM:

Microbiota biotecnologicament manejable produc-
tora de complexos enzimatics d’interés és una area
de recerca en auge. Després d'una acurada colleccié
i cultiu en laboratori, els microorganismes poden
efectuar hidrolisi i fermentacié en bioreactors. S’apli-
quen models cinetics al seu creixement, sent els més
utilitzats els de Monod, Moser, Blackman i Powell,
que combinen models matematics i treballs experi-
mentals. Lobjectiu d’aquest estudi va ser determinar
el comportament cinétic de Bacillus subtilis (Bal3) per
dimensionar els equips necessaris per obtenir suficient
quantitat d’enzims per produir 500 hl de bioetanol al
70% per dia. Es va collocar un mitja compost de 60
g de bagas de canya i 350 ml de sérum de llet en 1L
d’aigua amb 0,02 g d’inocul en un bioreactor Bioflo /
CelliGen 115 de 2L durant 130 h a 20° C1i 150 rpm. El
pH va variar de 6,8 (inici) fins a 5,8 (final). El rendiment
biomassa-substrat va ser de 19,34% i la productivitat
de biomassa de 0,048 g / L per hora. Amb els models
cinetics de Velhurs-Pearl, Pirt i Luedeking-Piret es
va realitzar el balan¢ de massa i el calcul de la mida
dels equips. Es va considerar que el model de Monod
representa adequadament el comportament del crei-
xement del bacteri.

Paraules clau: cinética microbiana, cel-lulases, Baci-
llus subtilis, models cinétics, balan¢ de masses

1. INTRODUCTION

Lignocellulosic biomass is a highly attractive and
wide-ranging renewable source of energy and chemi-
cals, available through agro-industrial waste, includ-
ing sugarcane bagasse"?. However, its rigid structure
of cellulose, hemicellulose and lignin, very difficult
to separate, hinders its usefulness for the industry®?.
Multiple studies centered on the enzymatic hydrolysis
of bagasse for the production of bioethanol and by-
products*~® recommend improving the technical and
economic effectiveness of this technology through
reducing the cost of enzymes®.

Numerous microorganisms produce cellobiohydro-
lases, endoglucanases and other enzymes of interest
that degrade lignocellulosic residues®°. Fungi, espe-
cially, are increasingly being used in the industry?,
though bacteria are gaining protagonism in recent
years!®"Bacteria have a higher growth rate, which
warrants the constant search for new strains or species
with greater cellulolytic efficiency®°.

Bacillus subtilis strains have proved to be excellent
cellulase producers'. Often, they are genetically modi-
fied to improve their yield®. Otherwise, methods such
as the preparation of mixtures of commercial enzyme
cocktails with the enzyme extracts produced by mi-
croorganisms' are used.

Obtention of cellulolytic enzymatic cocktails promotes
the study of kinetics and physiology of the microorgan-
ism. In recent stochastic and deterministic studies,
techniques to maximize concentration, productivity
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and other optimization parameters in the fermenta-
tion process, such as mathematical models that allow
describing relationships between biomass and substrate
consumption, have been sought.

A complete enzymatic hydrolysis of cellulose needs
combined action of many enzymes to finally obtain
glucose'®, which can then be fermented into bioethanol
and other products of interest. Bioethanol obtention
has been researched in recent years due to its efficient
production from hexoses and pentoses'®, aiming to
develop cleaner energies'®'®.

Enzymatic hydrolysis of pretreated bagasse, combin-
ing use of commercial enzymes with enzymatic crude
from native Ecuadorian bacteria and fungi, was recently
studied through a Placket Biirman and Box-Hunter"’
design of experiment sequences, where the best per-
formance was obtained with binary mixtures of com-
mercial enzyme and enzymatic crude from the strain
Bacillus subtilis (Bal3)*. However, kinetic behavior of
this process, both for independent bacterial growth and
for its combination with commercial enzymes, needs
to be determined in order to adequately establish the
technology to produce cellulolytic cocktails. This may
allow reducing costs associated to bioethanol produc-
tion from sugarcane bagasse in schemes using sugarcane
industries as a second generation biorefinery.

In addition, almost all large-scale enzyme production
facilities use the proven Submerged Fermentation (SmF)
technology because it facilitates control and ease of
handling of both the microorganism and the enzyme
complex produced*2%. They use kinetic models to
assess the conditions in which fermentation occurs®.

The kinetics of growth in the substrate, be it bagasse
or another raw material, is a basic tool in microbiology,
with many environmental and industrial applications;
it allows to understand more complex scenarios®.
Therefore, the objective of the present research is to
determine the kinetic behavior of the growth of Bacillus
subtilis (Bal3) to generate cellulolytic crudes, intending
to size the equipment necessary to obtain cellulases
for a plant producing 500 hl/day of bioethanol at 70%.

2. MATERIALS AND METHODS

Isolation and molecular identification of the micro-
organism were performed, followed by cultivation in
suitable conditions, monitoring the behavior of oper-
ational parameters along time. Subsequently, through
an analytical procedure developed for this purpose,
the collected information was processed by adjusting
the most probable kinetic models for this process, and
mass balance and calculation of volumes and times
were carried out.

2.1 Microorganism collection
The species Bacillus subtilis (Bal3) was collected from

a bagasse reservoir stacked as fuel in Balsapamba, in
the Ecuadorian Central Andes (SNI, 2015), coordinates



1°45'49.003”S 79°10'41.289”W. Whey was obtained from
an artisan cheese factory near Quito, and it was frozen.
Both samples were received at the research labora-
tory of the Faculty of Chemical Engineering of Central
University of Ecuador. The isolate was seeded in PCA
medium (Plate Count Agar) at + 37 ° C for 24 h.

2.2 Molecular identification

Bacterial identification allows having in Ecuador a
database of industrially important strains, such as
cellulolytic bacteria for bioethanol production. This in
turn will hopefully strengthen the Ecuadorian industry
through reduced dependency on imported strains.

Identification based on the 16S rRNA subunit was
used. The DNA was extracted from approximately 2
x 10° CFU of Bacillus subtilis (Bal3), using a Genomic
DNA Pure Link purification kit (Invitrogen). The final
volume of 50 pl per reaction was amplified in a Mul-
tigene Gradient Thermal cycler (Labnet International,
Inc.). 10 ul of DNA were obtained at a concentration of
5 ng/ul, 1 uM of each primer, 0.20 mM of dNTPs, 1.5
mM of MgCl, and 1.25 U Taq Polymerase (Invitrogen).
Primers used to sequence the 16S rRNA region were
8 Forward AGAGTTTGATCCTGGCTCAG and 1492
Reverse GGTTACCTTGTTACGACT. The amplified
fragments were verified by electrophoresis in agarose
gels at 1% w/v. PCR (Polymerase Chain Reaction) was
purified with Pure Link PCR Purification Kit (Invit-
rogen). The sequences in base pairs (bp) Forward and
Reverse were aligned using the alignment search tool
BLAST from the National Center for Biotechnology
Information, USA.

2.3 Culture and kinetic monitoring

To prepare the culture medium, 60 g of sugarcane
bagasse composed of 44.9 % glucose, 28.24 % xylose,
and 18.93 % lignin were employed as carbon source;
350 ml of whey as nitrogen source, and the volume was
completed to 1L with water?. These substrates have
been employed to study the growth of yeasts and other
microorganisms in the Andes region?®.

An amount of prepared medium was homogenized
and placed in a Bioflo/CelliGen 115 (New Brunswick)
bioreactor of 2 L. It was inoculated with 0.02 g of Bacillus
subtilis (Bal3) in dry weight, according to methodologies
reported to the effect'®?. The bioreactor operated in
batch culture during a total time of 130 hours at 20 °C
and 150 rpm while it was being monitored. The strain
entered the exponential growth phase after 80 to 90
hours of fermentation and reached a maximum value of
5.67 g2h/L?at 120 h and decreasing to 2.66 g*h/L*at 130
h, at which time it was considered that the necessary
data for analysis had been obtained. pH was measured
every 4 hours throughout the entire process, being it
6.8 at the beginning and 5.8 at the end*.

The generated biomass was measured from the cali-
bration curve that related the absorbance as a function
of Colony Forming Units (CFU), using an Agilent Cary
60 UV-Vis spectrophotometer, at an optical density of
540 nm.

The amount of consumed substrate was measured as
lignocellulosic material, by the method of the NREL
(2015)%, USA, and as whey proteins, by the Biuret
method, using fetal bovine serum concentration of 40
mg/l as standard®.

The product, expressed in cellulolytic activity, was
measured from the amount of glucose produced after
breaking down crystalline cellulose (Avicel), carboxy-
methylcellulose (CMC) and filter paper, according to the
methodology used at the Wallon Center for Industrial
Biology (CWBI), University of Liége®, Belgium. This
last degradation promotes FPase activity, which was
measured using the previously proposed method®, for
which the culture medium with the microorganism was
filtered through a 0.45 pm membrane and the amount
of glucose produced was measured on an Agilent 1600
(UV-Vis) spectrophotometer. To analyze the amount of
glucose produced, a calibration curve was performed
following the aforementioned procedure by the CWBI.

2.4 Selection of kinetic models for Bacillus sub-
tilis (Bal3) growth in submerged fermentation.

Considering the amount of generated biomass of
Bacillus subtilis (Bal3) as X, the glucose associated to
metabolism as P and the consumption of an amount
of substrate lignocellulosic as S, previously reported
models for enzyme kinetics and fermentation can be
applied to the kinetic monitoring of this process. Specific
growth velocity (), based on biomass concentration, is
effectively defined for the exponential phase with the
Malthos model®, as shown in equation 1:

1 dX
X dt

b= @

Integrating in it, between a fermentative state (i) and
its initial state (i-I), the expression to calculate specific
speed results in equation 2:

_mX—in X,
e ©)

Ti=tizy
As the primary kinetic model, Monod model** was
considered, defined in equation 3 as:

5
H=Hngs 3)

Where p_is the maximum specific growth velocity in
units of time"and K(is the growth-limiting substrate
concentration, in substrate concentration units, for
which it is reached (u =y, /2).

This model assumes balanced conditions for cell
growth and product formation, which may be inade-
quate to describe enzymatic hydrolysis of lignocellulosic
materials and cellular response to growth-inhibiting
phenomena. Therefore, fermentative kinetic models
were selected, considering free inhibition per substrate
and per product that adapt well to culture conditions
in substrates of the sugar cane industry****. They are
shown in Table 1. The models described below have
been mainly studied in Saccharomyces cerevisiae®
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Table 1. Kinetic models considered for the growth of Bacillus subtilis (Bal3) in free inhibiting, per substrate and per product.

Inhibiting Antor Kinetic model
phenomenon
2
Teissier’t B = fm (l i r) *
Free : 5"
Moser” K= Hm oo ®
Andrews® K= Hm - &g ©
: 5+ 54 ]
Per substrate
_, a0
Webb3® =y —— @
T ”"[5-}5]
Dagley and s !
Z16) X = - 1—KpP 8
Hinshewood*® W=l hs+5( £ ] ®
Per product
Aiba and Shoda®! B= o o €T ®

In the Teissier model, K is the substrate concentration
at which 63% of 1 is reached*. In the Moser model,
n is a correction coefficient of the Monod model that
considers the inhibitory effect of high cell concentra-
tions¥. Kinetic models for inhibition per substrate and
per product have been developed by modifying the
expressions for the inhibition of enzymatic reactions
and consider inhibition constants per substrate (K )
and inhibition per product (K, or K’ )*.

The information generated in the laboratory was
validated through the use of previously reported pre-
dictive kinetic equations*but not limited to, substrate
limitation, oxygen limitation, substrate inhibition,
product inhibition, and cell death. The majority of
these studies have used Saccharomyces cerevisiae
and regular mathematical modelling in the form of
unstructured unsegregated kinetic modelling. In this
paper, the bioethanol fermentation kinetics of pen-
toses or hexoses or their combination are reviewed.
The modes of culture (e.g., batch and continuous. For
biomass, the Velhurs-Pearl equation**used since 1845
to describe the growth of populations, is interpreted
from a functional point of view. More precisely, a
simple problem of optimal growth is first formulated
and then solved with the Euler-Lagrange equation.
The analysis of the solution shows that the optimal
growth is logistic if the functional to be minimized is
defined over an infinite time horizon. The final result
is that the logistic growth represents the best trade-
off between deviation from optimal size and cost of
growing of a population over its entire life. Such a
functional interpretation of the Verhulst-Pearl equa-
tion is certainly much more simple and intuitive than
those given by Volterra in 1939 and by Leitmann in
1972, which were not formulated ove an infinite time
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horizon was used, which assumes substrate saturation
conditions during which the specific growth rate is
not a function of S, where X, is the value for which
dx/dt = 0 for X > 0, as seen in equation 10:

Ky

-I'Y t = I

{ } 1={(Ky—Ko)fe ¥+ m" (10)
For substrate consumption, Pirt expression®* was

used. It considers m as the maintenance coefficient in

which S (t) vs X (t) produces a straight line with slope,

1/Y - as in equation 11:

K=

SO =SiL- W.T In [Xy — — -X] (11)

For the generated product, the Luedeking- Piret (1959)
equation® was used, which considers the relationship
between microbial growth and product formation,
where is product yield based on biomass and k is the

destruction factor, as established in equation 12:

P(t) =Py +Y(z)(X — Xo) + ;m* In[Xy — Xo/Xy — X1 (12)

2.5 Analytical procedure

The parameters of the kinetic models proposed for
the case study were determined under the experimen-
tal conditions achieved using Velhurs-Pearl, Pirt and
Luedeking- Piret models given in equations (5), (6) and
(7). To validate the models, statistical analysis was run,
using the software Statgraphics Centurion XV and
formed by significance hypothesis tests of means and
standard deviation, and by the Kolmogorov-Smirnov
test to determine adjustment correction of probability



distributions of the values produced by equations (5), (6)
and (7) and the experimental data of X, S and P obtained
in the experimental procedure. As an experimental basis
for the kinetic analysis, the expression rate of specific
growth integrated in equation (1) was considered, with
corrections in biomass calculation through equation
(2). For the kinetic models, Monod’s given in equation
(3) was initially considered, adjusting by simulation of
the experimental data in Excel version 2016 . Subse-
quently, the parameters of all the inhibitory models in
Table 1 were determined by simulation (i# silico). The
values of X, S and P for the simulation in the kinetic
modeling were adjusted according to the experimental
values generated with equations (5), (6) and (7). For the
simulation, the Hooke and Jeeves method was applied
in the adjustment of the parameters by optimizing
the results of integrating the sums of the differences
between the values calculated by the models and the
experimental data, in terms of the integral of the error
defined through equation (13), as:

INTE model —exp = IL: (XH.fJn's'L' - X_u experimental )éﬂ:t (13)
2.6 Technological scheme for the obtention of
cellulolytic enzymatic crudes to supply a plant
producing 500 hl/d of bioethanol at 70%.

The technological scheme was based on the meth-
odology recommended by Vilbrandt (1963)* and by
Peter and Timmerhaus (2003)* which comprises the
following stages:

« considerations on the chemical process,
« specifications, and
+ laboratory data.

For this study, it includes the microbial kinetics, a
qualitative flow chart of the process, mass balance and
equipment selection.

3. RESULTS AND DISCUSSION
3.1 Molecular identification

The bacterial strain isolated in Balsapamba corre-
sponds to Bacillus subtilis (Bal3) with 99% similarity
for the 16S region of IDNA. The genetic sequencing
pattern had 1415 bp.

3.2 Experimental and analytical procedure

In Table 2 and in Figure 1, the monitoring results of
the growth parameters of Bacillus subtilis (Bal3) on the
enzymatic hydrolysis of sugarcane bagasse are shown
analytically and graphically with fermentation time.
Results in Table 2 were determined experimentally and
by applying the Velhurs-Pearl, Pirt and Luedeking-Piret
equations *, In addition, results of the statistical pro-
cessing that enables compare the experimental values
with those calculated by using said equations (5), (6)
and (7) are shown in Table 2.
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Figure 1. Profile of experimental concentrations of X, S
and P compared to calculated concentrations according to
Velhurs-Pearl, Pirt and Luedeking-Piret models during
growth of Bacillus Subtilis (Bal3) in enzymatic hydrolysis
of sugarcane bagasse.

In this process, generated biomass is enhanced, enter-
ing exponential growth phase after 80 to 90 hours of
fermentation with a fairly long adaptation period, prob-
ably due to weak inoculation and the typical difficulties
of lignocellulosic material degradation, assessment
reinforced with analysis of substrate consumption and
product generation, which undergo profound variations
after 80 to 90 hours, and a severe increase in associ-
ated thermal effects, with an uptick of around 3° C in
average temperature inside the bioreactor. Moreover,
behavior of substrate consumption, product generation,
experimental biomass-substrate performance (19.34%)
and experimental biomass productivity (0.048 g/(L-h)
are aligned with those obtained with other sugary sub-
strates’such as rafinose, manose and lactulose despite
no clear trend to reach the stationary phase, and sug-
gest that in 130 hours of discontinuous fermentation,
adequate results are achieved for this process. For this
reason, longer fermentation times were not explored.

In addition, analysis of the previous results shows
equations (5), (6) and (7) adequately describe the dy-
namic behavior of this process, reaching the highest
dispersion in substrate consumption. However, for X, S
and P, no statistically significant differences were found
(at a = 0.05) in means, standard deviation and dynamic
distribution of the samples, given in the Kolmogorov-
Smirnov test. On the other hand, for S, and after 100
hours of fermentation, its magnitude calculated by the
Pirt equation drops faster than the experimental values
do. This may be because Pirt’s model considers that, in
substrate-saturated microorganism cultures, specific
growth rate is not a function of said concentration
and is not applicable when substrate concentration
is reduced due to growth*. Regardless, the product-
substrate yield calculated from the values obtained
from Pirt and Luedeking-Piret models (51.7%) adjusts
better to the mentioned difficulties to metabolize lig-
nocellulosic materials than that calculated according
to experimental values (65.9%)%%4° .

The global results of the simulation and adjustment
of the considered kinetic models are shown in Table
3, where simulated parameters with the criterion of
minimum adjustment error and the INT E value shown
correspond to fermentation as a whole. According to
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Table 2. Results of growth parameters of Bacillus subtilis (Bal3) in enzymatic hydrolysis of sugar cane bagasse.

X Velhurs- P P i

T ﬂl ) X:e.'lp (g/I,l Pearl Se.'\;v (gﬂl,l Spirr fg/l'.) = e

(g"l.l {gfl) Piret fg’L}

0 0.020 002 100.000 100 0.000 0

10 0.039 0.031 98 891 99 89 0119 0.113
20 0.038 0.047 99820 9972 0.246 0.289
30 0.086 0.073 96 436 99 47 0.641 0.557
40 0.100 0.111 98 634 99 .08 1.211 0.969
50 0.198 0.171 97 495 98 48 2077 1.598
60 0.301 0.262 94 643 9757 2866 2.559
70 0.339 0.403 91362 96.17 5.148 4.022
80 0.567 0.616 98 732 94.03 5.036 5.856
90 1.102 0.542 88057 9078 7.953 8.837
100 1.360 1.432 89305 8587 13682 12.216
110 2 820 2.169 84.791 7851 19272 15.668
120 4.430 3257 79795 67.623 19352 2037
130 6.193 4.838 68 389 5181 21097 2482

Means significance tests Ho: (laopers=ep: accepted for «=0.05)

P ysgein 5-Pirat V5

HX 13 gurs Poari VS 1 enp, 1S Bt VS (S
HPep
Prane 0.072 =005 0.674 =005 (=- 0.984> 0.05 (=-
(=0.3583) 0.4258) 0.0199)

Standard deviation significance test Ho: (onorers=0sp: accepted for o=0.03)

Significance test of the means Ho: { U wopms=| =p: accepted for a=0.05)

GXTeiurs Peari VS {J'X;:'; GSEr VS {’.Tsﬂp % i Ho W
("_Pexp.
0.339 >0.05 0.1105 > 0.05 0.882 > 0.05
Pratie (F=1.7223) (F=2.503) (F=1.092)

Kolmogorov-Smimov (K-8) test (without significant differences for o=0.05 between
parameters due to equations (3), (4) and (3) vs experimental values of X, S and P)

X reinrs Peari V5 Xn‘;. S pirevs Sex; P]’.ued&'—:ir.gph'at Vi PE:.;;.
DN 0.0714 0.2142 0.0769
K-Saatistic 0.1889 0.5669 0.1961
Praie 10>005 05905 =005 10005

Table 3. Results of simulation and adjustment of kinetic models considered in monitoring of Bacillus subtilis (Bal3) growth
in enzymatic hydrolysis of sugarcane bagasse.

P 2 2
Inki mnf“g Kinetic model Parameters INT Betd ap (g W)
mechanism at 130 hours
s = 0.044 b A
Teissier K=20g/L 21.27
Free Lo= 0.0438 b!
Moser Ks=31gL 6.45
n=1.13
U= 0.044 1!
Andrews Ks=28gL 5.67
Kz=500gL
Per substrate o= 0.0438 b
Webb Ks=39gL 2.66
K=60g/L
U= 0.045 1t
Dagley Ks=11gL 10.02
K';=1510%g/L
Per product L= 0.0438 b
Aiba Ks=2gL 6.23
K'p=155-10" g/L

22 |



said INT E values, the best adjustment is reached with
Monod model, followed by Webb, Andrews, Mosser
and Aiba models. This suggests that inhibitory effects
of free kind, per substrate and per product may be
present. Nevertheless, for Andrews and Aiba models,
although the achieved adjustment is adequate, their
K;and K’ parameters lack physical meaning. On the
other hand, it is necessary to analyze the behavior of
INT E criterion throughout fermentation time to verify
the dynamic adjustment stage by stage.

For this, the results of simulation and adjustment to
experimental values of Monod model are shown in
Figure 2. Similar analysis is shown in Figure 3 for free
inhibition models .
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Figure 2. Simulation and adjustment of Monod model to
Bacillus subtilis (Bal3) growth in enzymatic hydrolysis of
sugarcane bagasse.

The coincidence of simulated and experimental values
is reinforced with the values of INT E XuMONOD-
exp criterion, well below one. This effect is generally
not affected by the INT E XpuMONOD-exp peak at 30
hours, which may be due to difficulties in the adaptation
stage, due to low inoculation levels. This shows that
this model adequately represents this process behavior.
On the other hand, the Ks value suggests that with low
substrate consumption requirements, it is possible to
reach half of the maximum growth rate.
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Figure 3. Simulation and adjustment of free inhibition
growth models for Bacillus subtilis ( Bal 3 ) on enzymatic
hydrolysis of sugarcane bagasse.

Through simulation and adjustment of free inhibi-
tion models, when this mechanism responds to Moser
model, it can also serve to adequately describe this
process. Said model reaches very low INT E XuMoser-

exp valuesin the first 100 h of fermentation that grow
gradually up to 6.45 g?h/L*during development of the
exponential phase, which took place between 90 and
130 h. In addition, as shown in Table 1, when # is close
to the unit, this model includes Monod’s, so, in this
case, saving the slight increases in # and K, the kinetic
mechanism can be considered as the one described
by Monod with balanced growth and consumption.
Also, through inspection and analysis of Figure 3, it
is shown that Teissier model does not adjust with the
same effectiveness to the case study, due to which it
is not applicable.

Figures 4 and 5 show the results of the simulation and
adjustment to experimental values of the inhibition
models per substrate and per product, respectively.
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Figure 4 . Simulation and adjustment of growth inhibition
models per substrate for Bacillus subtilis (Bal3) in
enzymatic hydrolysis of sugarcane bagasse.

Analyzing Figure 4, inhibition per substrate described
in the Webb model can be applied to the case study,
taking into account the behavior of INT E X WEBB-
exp., which grows progressively up to 120 h reaching a
maximum value of 5.67 g?h/L*and decreasing to 2.66
g’h/L*at 130 h. The peak formed for said variable is due
to the fact that the new effects generated by inhibition
per substrate, recorded in parameter K = 60g/L, cause
better adjustment in the fermentation final stage, where
11.4% of initial substrate is consumed (11.4 g/L) in 7.7%
of total fermentation time (10 h).

In the case of Andrews model, no good adjustment
to the experimental data is observed and the value of
parameter K lacks physical sense, due to which this
model is not applicable to the case study. The magnitude
of K, the adjustment achieved by Monod model, the
growth itself of INT E WEBB-exp. after 100 hours and,
mostly, the impossibility of applying a traditional model
with very good results on sugary substrates like that of
Andrews*suggests the inhibition effects per substrate
are evident only from the 100 hour mark until the end
of the growth curve, that is, in the last 30 hours.

Results shown in Figure 5 make possible to state that
the Aiba model adjusts best to the experimental data
than Dagley’s, with INT E Aiba-exp., which behaves al-
most zero and grows progressively after 120 h, reaching
a maximum value of 6.23 g*h/L*at 130 h of fermenta-
tion. However, the K’p parameter of both models lacks
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physical meaning, due to which inhibition per product
is not applicable to the case study. In view of this, the
balanced behavior assumed by Monod’s model adjusts
better to the growth kinetics of Bacillus subtilis (Bal3)
in sugarcane bagasse than those that consider inhibi-
tion per substrate and per product .
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Figure 5. Simulation and adjustment of growth inhibition
models per product for Bacillus subtilis (Bal3) in
enzymatic hydrolysis of sugarcane bagasse .

Regarding the parameters of Monod model, growth
rates have been found in sugary substrates such as saca-
rose with p = 1.88 h* for Bacillus licheniformis®™ and 1.5
h for Bacillus subtilis with culture medium made of
sunflower and corn kernels® . This allows to infer that
the low 1 max value of 0,043 h™ may be due to possible
low availability of nutriens such as vitamins and miner-
als in the substrate. It should be noted that sugarcane
bagasse was used as the only source of nutrients with the
aim to displace generalist species, as suggested by Mello
et al. (2016)*it is possible to obtain a greater diversity
of species in the laboratory setting when microorgan-
isms are grown as mixed cultures. In order to mimic
the environmental conditions, an appropriate growth
medium must be applied. Here, we examined the hy-
pothesis that a greater diversity of microorganisms can
be sustained under nutrient-limited conditions. Using a
16 S rRNA amplicon metagenomic approach, we explored
the structure of a compost-derived MC. During a five-
week time course the MC grown in minimal medium
with sugarcane bagasse (SCB.

3.3. Technological scheme for enzyme produc-
tion: Considerations on the expected enzyme
needs in the chemical process in a plant pro-
ducing 500 hl/d of bioethanol at 70%.

The need to produce 2.8 m?® of enzymatic crudes from
Bacillus subtilis (Bal3) in order to obtain 500 hl/d of
bioethanol at 70% from sugarcane bagasse was calcu-
lated from the following data: a proportion of 1.13 g
of cellulolytic crude diluted in 25 mL of citrate buffer
are used to degrade 1.6 g of bagasse.

Therefore, at industry level, 1,856,000 g of cellulases
diluted in 41,061,946 mL of citrate buffer will be re-
quired to degrade 2,605,000 g of bagasse which cor-
respond to 2320 L, considering that crude density as
calculated in the laboratory was 0.8 g/ml. The amount
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of sugarcane bagasse was calculated by Mesa (2010)%,
who determined that 5.21 kg of sugarcane bagasse
produce 1 L of bioethanol at 70% with this method.
The processes scale-up was based in the laboratory
data described in the microbial kinetics. Afterwards,
the equipment dimensions were calculated based on
the experimental data. In this first application of the
microbial kinetics, series of empirical relationships are
presented, which must be confirmed with subsequent
studies and through the application of more accurate
mathematical models at higher scales. Nevertheless, it
allows us to determine the worthiness of utilizing this
strain to produce greater volumes of enzymatic crudes.
The process must be designed for large-scale produc-
tion to be profitable. This criterion entails reducing
imports and procuring local materials to the greatest
extent possible, starting with the selected strain and
continuing with the culture nutrients. For this reason,
in the kinetic study, only sugarcane bagasse, whey, and
water are used as substrate for bacteria inoculation.

3.3.1. Enzymatic characteristics of the crude pro-
duced from Bacillus subtilis (Bal3)

In sugarcane bagasse as a carbon source, enriched with
whey, a maximum activity of endobetaglucanase of 0.30
Uml 7, of exoglucanase of 0.91 Uml *and of 42 UPF was
shown. These results are lower than those obtained by
Ladeira et al.*%, in which 0.83 Uml™ for avicelase activ-
ity and 0.29 Uml™ for the CMCase activity were found.
However, they hold relevance as they did not require
imported raw material to produce both the microorgan-
ism and the enzymatic cocktail. To obtain these results,
the calibration curve proposed in the methodology to
determine enzymatic activity was that of glucose as a
function of absorbance, presenting an R?= 0.97.

3.4.Laboratory specifications and data-to-scale
in a 2L fermenter

As explained in section 2.3, a homogenized medium
was prepared and placed in a 2L Bioflo/CelliGen 115
(New Brunswick) bioreactor. Taking into account the
integration equation of biomass and time, based on
Monod’s model, equation [14] was applied, wherein X
and X are the cell masses in time t and t. It can be
expressed as:

InX —InXo = p. (t — to) (14)

This equation was used to identify one of the appli-
cations of the microbial kinetics in an industry that
produces 500 hL/d of bioethanol. In this regard, the
initial biomass of Bacillus subtilis (Bal3) that must be
inoculated was calculated as X = 134 kg/d to obtain
the final biomass value of 376 kg/d.

Furthermore, from the calculated information,
through the equations of biomass (X), substrate (S)
and product (P), represented by equations [5], [6] and
[7], it was found that 376 kg of Bacillus subtilis (Bal3)
are required to be produced in order to obtain 2.35 m?
of enzymatic cocktail.



3.5 Mass balance

From the experimental results obtained and from
the information generated in the kinetic studies, it was
found that 7E°g of cellulase crude diluted in water
and whey were isolated in the laboratory to degrade
0.001 kg of sugarcane bagasse. Therefore, to degrade
260,500 kg of sugarcane bagasse, 1,856 kg of crude
of native cellulase enzymes are required, which cor-
responds to 2.35 m? taking into account the crude
density calculated in laboratory, which is 0.8 g/cm?.
Knowing the initial values of the products required to
obtain the amount of enzymatic crude, and based on
the enzymatic kinetics study, the values were calculated,
extrapolating the data from the fermenter, as shown
below in Figure 6, considering the criteria based on
the principles of geometric, mechanic and cinematic,
thermic, and chemical similarity**.

3.6. Equipment selection

The chemical process will require laboratory-scale (a)
and industrial-scale (b) equipment. The first part, (a),
will have 25 0.05-m? Erlenmeyer flasks and 7 0.27-m?
pre-fermenters. The second, (b), constitutes the produc-
tion carried out in the industry, in which a 61.84-m?

fermenter will be installed. This will be located on a
filtering tank where there will be a bagasse conveyor
mesh. The liquid mixture of serum, water, microorgan-
isms and enzyme are collected in a storage tank of 2.35
m?. The explained volumes are mentioned in Figure 6
and correspond to various mass balance studies carried
out by Salvador (2018)*.

3.7. Qualitative flow chart of enzymatic crude
production process of Bacillus subtilis (Bal3)

Figure 7 shows the technological scheme represented
in a block diagram of enzyme production from the mass
balance of processes calculated by Salvador (2018)*.

Equipment volumes were calculated from the amounts
of substrate and bacteria required for a production of
500 hl/d of bioethanol at 70%, obtained through the
aplication of the microbial kinetic equations.

The explained work scheme considered a discontinu-
ous culture model, also known as batch fermentation,
to produce cellulolytic enzymatic crudes from Bacillus
subtilis (Bal3). Batch fermentation is widely applied in
industrial biotechnology due to its simplicity, minimal
control of temperature, humidity and pH, and moni-
toring based only on measuring cell growth. It also
reduces the possibility of contamination®*¢isolate PSK1
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Figure 6. Results of mass balance and calculation of the
volumes and times for enzyme obtention. a) Laboratory, b) Industry
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was selected and identified by 16S rDNA sequencing
as Bacillus aryabhattai. Growth optimization of PSK1
and physicochemical parameters affected bioflocculant
production was carried out by Plackett-Burman de-
sign and resulted in increasing in the activity by 4.5%.
Bioflocculant production by entrapped and adsorbed
immobilized microbial cells was performed using dif-
ferent techniques and revealed enhancement in the
activity in particular with pumice adsorption. HPLC
analysis of sugars and amino acids composition, FTIR
and the effect of different factors on the purified PSK1
biopolymer such as presence of cations, thermal stabil-
ity, pH range and clay concentration was carried out.
Scanning electron microscopy (SEM.

Biore agtor
0.1im /d LABORATORY
£

Prefermentator
25m/d

Monod’s model shows a pu max value of 0,043 h',
which adequately represents the growth behavior of
the strain Bacillus subtilis (Bal3) used for this study
in the described conditions of using only sugarcane
bagasse and whey as nutrients.

In the experimental case, the growth decrease at 130
hours is due to the low level of inoculum applied and
to difficulties of lignocellulosic material degradation.
They influenced the strain entering the exponential
growth phase after 80 to 90 hours of fermentation..

The identification of gene 16S of rDNA allowed to suc-
cesfully identify the local strain Bacillus subtilis (Bal3).

The saturation constant (Ks) value of 3.1 g/L suggests
that, with low substrate consumption requirements, it
is possible to achieve half the maximum growth rate.

The kinetic models and the application of equations
from Velhurs-Pearl, Pirt and Luedeking-Piret contribute
to perform the mass balance, the volume calculation
for the equipment, and the technological scheme to
obtain cellulolytic enzymatic crudes for the production
of 500 hl/d of bioethanol at 70%. Said scheme consists
of laboratory section and industry section.
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4 . CONCLUSIONS

The application of microbial kinetics in this context
allows to foresee application possibilities that working
with the strain Bacillus subtilis (Bal3) may present.

The kinetic values obtained from the validated models
of Monod, Webb, Andrews, Mosser and Aiba support
the feasability of using sugarcane bagasse and whey,
substrates widely available in Ecuador, as a source of
growth for Bacillus subtilis (Bal3) and potentially for
other strains as well, depending on further studies..
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