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ABSTRACT

With increasing energy demands and pressures on the environment, ethanol can be a more
viable alternative to oil, both in an economical and environmental way.

Ethanol can be obtained from the fermentation of lignocellulosic materials. Saccharomyces
cerevisiae has been the main subject of studies regarding this process.

The inhibitory properties of lignocellulosic fermentation media, usually lead to the reduction
of yields and rates of ethanol production. Cell encapsulation may be a solution to these
problems, but it might cause mass transfer problems.

To evaluate the potential benefits of macroencapsulation, concentration profiles for glucose,
xylose, furfural and HMF were simulated in COMSOL Multiphysics 4.1 applying the Finite
Element Method.

With the chosen kinetic parameters, xylose consumption was found to always benefit from
encapsulation of cells in the presence of glucose or inhibitors. For glucose, the consumption
rate was higher in the encapsulated system than with suspended yeast when the combined
inhibition effect of furfural and HMF was higher than 45%.

The models formulated in this project were compared to experimental values. Generally, these
models fitted the data reasonably well, after an adaptation of the g, for glucose
consumption.

A sensitivity analysis showed that the xylose consumption rate is generally much more
sensitive than glucose reaction rate to variations in the studied parameters: maximum specific
reaction rates (qsmqy), Saturation constants (K;), inhibition constants Kg; and diffusivities

(Dsc)-
Glucose consumption was found to be mostly sensitive to q4,,4, and xylose consumption rate
to ngax’ Qxmax» Kx’ Kgi and Dgc-
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NOMENCLATURE

f — Furfural

g — Glucose

h — 5-hydroxymethylfurfural

s — General designation for substrates or inhibitors
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1. INTRODUCTION

Bioethanol is one of the new materials that is appointed as a promising huge support for the
transition between fossil fuels to renewable and sustainable fuels. This change can be an
answer to world big issues such as oil depletion and oil market fluctuations, energy needs,
resource depletion, greenhouse effect, global warming, biodiversity and land destruction.
Because these problems are all correlated to population growth, this change might be a big
step towards a sustainable, economic and environmental life style [1][2].

Conventional oil has already achieved its peak of production, and it is now in decline
(statistically it will end in the 2090 decade — Hubbert Curve) [1]. Bioethanol emerges as a
progressive, economic and sustainable alternative to the fossil fuels, which production and
consumption market are increasing every year [2][3] encouraged also by the biofuel support
policies adopted in recent times by the US (until 2022 it will achieve 60 billion liters of
second-generation biofuels) and the UE (by 2020 the transport sector will represent to us 10%
of renewable energy) [4].

The research on improving bioethanol productivity is important to make it more competitive.
The productivity depends on various factors, one of which is the presence of inhibitors in the
composition of the fermentation medium [5]. Encapsulation of cells for ethanol fermentation
has been the subject of several studies and developments to overcome the inhibition effects of
those compounds [5].

1.1 Purpose

This projects aims to obtain concentration profiles inside the capsules for glucose, xylose and
inhibitors, taking into account the cell growth. The achievement of these profiles can lead to
improvements on the knowledge of the local conditions and cell behavior inside the capsules.
This can be an important tool in the optimization of fermentation processes with immobilized
microorganisms.

The models formulated to obtain the profiles should be realistic and should be able to fit
experimental data for similar situations.

1.2 Objectives
The objectives of this Master Thesis project are listed below:

i. To formulate models that describe microbial kinetics and mass diffusion of
encapsulated yeast;
ii.  To simulate concentration profiles of glucose, xylose and inhibitors within the capsule
with entrapped yeast population using COMSOL Multiphysics 4.1;
iii.  To study the effect of the biomass growth;
iv.  To analyze the model’s capability to recreate published data;
v.  To analyze the sensitivity of the modeling results to the parameter values.



1.3 Limitations

In order to decrease the required computation, the domain chosen was the 2D with
axisymmetry applied. This is consistent with previous studies of Riani Lestari [6].

To reduce the use of parameters and variables, the formulation was defined as simple black
box models. The equations for the biodegradation processes were based on the Monod model.



2. BACKGROUND

2.1 Bioethanol

Ethanol is an alcohol, C,HsOH, obtained through petrochemical processes — synthetic
ethanol — or through fermentative process of carbohydrates compounds — bioethanol. There is
an enormous set of different raw materials that can be used as a carbohydrate source:
lignocellulosic materials (wood, straw, bagasse), starch materials (wheat, rice, corn, maize)
and sugar materials (sugar cane, sugar beets) [5][7]. However, the lignocellulosic materials
are the most promising because of their high sustainable and environmental potential:

e  Largest renewable carbohydrate source;

e Environmental pathways to industrial and agricultural residues;
e Clean up of lands vegetation;

e Decreasing of residues and GHG emissions;

e Globalization of bioethanol market;

e No interference with food industry (feedstocks).

Some studies are being made to spread this demand of carbohydrate sources from the oceans,
essentially, algae (seaweeds) and animal skeleton biomass [5].

The lignocellulosic materials are essentially woody materials from forests and crops residues
which have mostly hemicellulose, cellulose and lignin, in their composition - Table 1. Only
the two first ones can be converted by hydrolysis to sugars — lignocellulosic hydrolysates -and
then used as substrates in the fermentation process [7][8].

Before the hydrolysis of the cellulosic compounds, a pretreatment is performed to remove
some resistant materials to hydrolytic process. It can be a physical, physicochemical, chemical
or biological process. The most commonly applied to lignocellulosic materials are the dilute-
acid, SO, and steam explosion methods [7][9].

In the hydrolysis process, cellulolytic enzymes are used to degrade cellulose to cellobiose and
then to glucose, destroying the chemical bonds between lignin-cellulose and lignin-
hemicellulose, and producing an optimized substrate to the next processes.

The main products of the hydrolysis of the lignocellulosic materials are represented in Figure
1: sugars (top) and inhibitors (bottom).

The hydrolysis process is then followed by the alcoholic fermentation, a process in which the
sugars are consumed by microorganisms, and, simultaneously, CO, and ethanol are formed as
products of the reaction [10].



Table 1. Lignocellulosic sources' composition (% dry weight), adapted from [5]

Biomass or waste Cellulose Hemicellulose Lignin
Trees
Poplar 45-50 17-19 18-26
Eucalyptus 50 13 28
Pine (spruce) 44 23 28
Salix (hardwood) 43 22 26
Grasses
Switchgrass 31-45 20-30 12-18
Bermuda grass 25 36 6
Rye grasses 25-40 35-50 10-30
Paper
Office paper 69-99 0-12 0-15
Newspaper 40-55 25-40 18-30
Paper pulp 60-70 10-20 5-10
Food/agriculture wastes
Corn cobs 45 35 15
Corn stover 38-40 22-28 18-23
Corn fibre 14 17 8
Wheat straw 30-38 21-50 15-23
Rice husk 24 27 13
Bagasse 38 27 20
Nut shells 25-30 25-30 30-40
Leaves 15-30 80-85 0
Cattle manure 1.6-4.7 1.4-3.3 2.7-5.7
Other wastes
Sorted refuse 60 20 20
Primary 8-15 NA 24-29
Wastewater
solids 33 9 17
Municipal solid waste
(MSW) 62 5 11

MSW paper pulp

This reaction can be performed by many species of yeast such as Saccharomyces cerevisiae,
Pichia stipitis, Klyuveromyces marxianus, and species of bacteria such as Zymomonas mobilis
and Escherichia coli. All these microorganisms were studied for bioethanol production,
however, Saccharomyces cerevisiae is the predominantly species used in this industrial
processes. In Figure 2 is represented the glucose pathway of Saccharomyces cerevisiae [11]
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2.2 Xylose co-consumption

Saccharomyces cerevisiae is only able to degrade hexoses (glucose, mannose and galactose),
so the pentoses (xylose, arabinose) consumption represents an issue in this process. There are
several strategies to overcome this problem such as the use of a co-culture of microorganisms
or genetically modified microorganisms (incorporation of genes from other species or changes
in their metabolic pathways) [5].

In this project xylose and glucose will be the substrates used in the fermentation process
carried out by a genetically engineered Saccharomyces cerevisiae strain. Figure 3, shows the
xylose metabolic pathways [12].

2.3 Inhibitors

The cultivation medium for fermentation is usually filled with various substances with
inhibitory character. This represents an opposition to yeast maximum productivity. As the aim
is to achieve maximum production with less fermentation time, it becomes imperative to
minimize the inhibitory effects on the cells, Figure 4.

The inhibitors in the lignocellulosic hydrolysates can be divided in groups. First are the
substances liberated during the processes of prehydrolysis and hydrolysis. In this group are
the acetic acid and extractives such as terpenes, alcohols and some aromatic compounds [8].

In the second group we can find the inhibitors produced as byproducts during prehydrolysis
and hydrolysis as a result of sugars’ degradation. These are furfural, HMF (5-
hydroxymethylfurfural), levulinic acid, formic acid and humic substance [8].

Thirdly are a variety of aromatic and polyaromatic compounds, products that result of lignin
degradation. In the fourth group are the products of the fermentation process such as ethanol,
glycerol, lactic acid and acetic acid [8].
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Figure 3. Xylose metabolic pathways. Adapted from [12].
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2.3.1 Furans

Furans affects the direction of energy used by yeast - reduction of ATP and NAD(P)H
intracellular concentrations - in order to remediate their alterations in the cells [13]. It will
result in the reduction of volumetric ethanol yield and productivity, the inhibitory effect on
the cell growth and the enlargement of the lag phase [10].

2.3.2 Ethanol

The ethanol effect on the cells results in changes in the intracellular metabolism of the cells.
Both cell growth and ethanol productivity are affected. The ethanol inhibitory effects could be
related to its influence on some enzymes such as hexokinase and ADH. Ethanol could also
contribute to alterations in the activity of ATPase which will modify the nutrient uptake and
membrane potential [10].

2.4 Encapsulation

The production of bioethanol from lignocellulosic materials has some unconventional
byproducts that decrease the ethanol vyield: acetic acid, phenolic compounds, furfural and
HMF. Even the accumulation of ethanol acts as an inhibitor for cells growth. The substrate
limitation, osmotic pressure, pH, temperature are other stress factors that decrease the cell
efficiency and viability [10][11].

Several techniques have been tested to improve the cell resistance to inhibition factors;
however, the encapsulation method has the highest balance between productivity, cost and
simplicity. The most used and studied immobilization methods are the encapsulation of yeasts
in @ matrix and the encapsulation in spheres capsules — both as macro-encapsulation [11].

In this project, alginate spheres with liquid core to immobilize and protect the yeasts during
the bioethanol production will be studied. Although the alginate capsule confers protection
against some inhibitors, there are some consequences that could decrease the efficiency of the
process, mostly caused by mass diffusivity through the capsule membrane.



Substrate and ethanol diffusivities, and the decreasing of space available to cells growth, are
some of the issues that are currently analyzed and studied to optimize biomass growth and the
ethanol yield [11].



3. METHOD

In order to be able to describe the concentration profiles of substrates and products, as well as
the cell growth, modeling work was made in COMSOL Multiphysics 4.1, applying FEM
(Finite Element Method).

3.1 Finite Element Method theory

The Finite Element Method is a mathematical approach in which a continuum problem can be
solved by dividing the solution domain into smaller elements. These elements — finite
elements - have the same properties of those who originated them but they are simpler to
define and to reduce the number of unknowns [14].

The division results in elements composed by edges and nodes which are points of
interception and connection between elements.

The solution of differential equations regarding the physical problem can be solved by
approximated functions that satisfy the conditions described by integral equations in the
problem domain. These approximated functions are usually polynomial functions [14].

In FEM there are two ways to solve problems described as partial differential equations. The
so-called "strong form™ is the direct resolution of the equations. The "weak form™ has evolved
from approximated numerical methods that are integral representations of differential
equations governing the physical problem. The “strong form” requires continuity in the
solution of dependent variables so it’s more difficult to work with it. The “weak form™ allows
a unique method to solve different types of problems because the methods to transform
differential equations in an integral form are generics that usually provide more precise
results. Due to its advantages in complex geometries it is the most used form [15].

The general steps of the Finite Element Method [14] are described as follows.

3.1.1 Discretize the Continuum

The first step consists in the division of the body in small elements. The type, size and
number of elements are in the field of the engineer judgment but can be supported with
research.

3.1.2 Select Interpolation Functions

Next step is to choose interpolation functions. It is defined in the element using the nodal
values of the element. The most common functions are linear, quadratic and cubic
polynomials, because they are simple to work with. The degree of the polynomial varies
according to the number and nature of nodes of the elements and the unknowns at each node.

3.1.3 Find the Element Properties

The following step is to set the matrix equations. For this, various methods can be used. In
this project the weak form has relevance, therefore it will be the approach used.



3.1.4 Assemble the Element Properties to Obtain the System Equations
In order to obtain the final and global equation for the system, the next step is to collect and
assemble the equations for the element proprieties.

3.1.5 Impose the Boundary conditions
Previously to solving the system of equations, the equations have to be changed so that it can
regard the boundary conditions.

3.1.6 Solve the system equations

The assemblage results in a group of equation with n unknown nodal values - degrees of
freedom. The kind of equations to be solved depends on the type of problem and if it is time
dependent or not.

3.1.7 Make Additional Computations If Desired

In the end, other parameters dependent of those calculated can be also obtained. It can also be
important to determine at what position deformations and large stresses occur.

3.2 FEM: strong and weak forms for two-dimensional mass flow

It has already been said that the weak form is the base for FEM. In the next lines, the
procedure to pass from the strong form to the weak form is going to be described [16].

Fick’s law applied to one dimension problems gives the quantity of mass circulating through a
unit area per unit of time:

o dc
N=-D— (1)

Now, in problems for two-dimensional, considering that the mass flux will be in more than
one direction, it has to be included the mass flux vector, j.

=l
3 )
This vector with the units of mol/(m?s) has the same direction of the mass flow, and its

length represents the mass per unit time per unit of area perpendicular to the direction of mass
flow. The unit vector n normal to the boundary has to be considered too.

Ny
n=y]

ny

)

Now the objective is to obtain the value of j,, designed by flux, that is the quantity of mass
passing through a unit of area of the boundary per unit of time.

10



Jn=J'm (4)
The Fick’s law can be written:
j=-EVC (5)
With:
[96]
v =| %] ©)
13y

And E being the constitutive matrix, which can be interpreted as the easiness that each
particular solute moves in a particular mean.

. [Dxx ny]
Dy, Dy, ()
Considering E symmetric:
E=ET ®)

3.2.1 Strong form

Considering the existence of an amount J, that refers to the quantity of mass going into the
body per unit of volume and time (J/(m3s)), in stationary problems we have:

L]tdA—JA RdA=£jntdL )

where R is the rate of consumption of substrate and t - equal to t(x,y) - is the thickness of
the body in the z-axis.

From equation (4), it can be written:
jg tj,dL = 7€ tjTndL = 7€ (t)Tn dL = J div(tj) dA (10)
L L L A

f [t] — tR — div(tj)]dA =0 (11)

Considering the arbitrary of region A arbitrary:

div(tj) =t/ — tR (12)

11



If the thickness of the body (t) is constant:

dlU(]) =] —R (13)

and knowing that the divergent of j is:

o O0jx Oy
div(j) = ™ + W (14)
using the Eq. (5) and applying it to Eq. (13), in Region A we get:
div(tEVC) +t] —tR =0 (15)
Considering that the diffusivity is the same in all directions (isotropic materials):
10
E=Dly | (16)
The Eqg. (15) will become:
g (tDaC>+ g (tDaC>+t tR=0
ax\ ~dx) ay\  dy / - (17)
If tD is constant,
azc+azc+1 R _ 0
ox2 ay2 'D D (18)
In order to solve this, boundary conditions should be defined. The most usual are:
jn=Jj"n=honlL, (19)
C=gonl, (20)

Ly, is the boundary part of L, where the mass flux is known, h; and L, is the boundary part of
L where the concentration C is the value g.

Summarizing:

Strong form of two-dimensional mass flow:

div(tEVC) +t] —tR = 0 (1)

jun=jTn=honlL, (22)

12



C=gonl, (23)

3.2.2 Weak form

To obtain the weak form, the balance principle for two-dimensional body, Eq. (15) must be
multiplied by an arbitrary function v equal to v(x,y) - the weight function - and then we
integrate over the A.

J.vdiv(it)dA—f v]tdA+f VRtdA=0 (24)
A A A

Applying the Green-Gauss theorem we get:

f v div(jt) dA = 3€ vtjTndL —j (Vv)Tjt dA (25)
A L A
Then the Eq. (24) becomes:

j (Vv)TjtdA=3g vthndL—j v]tdA+f v Rt dA (26)
A L A A

And using the boundary conditions we obtain:

J (VO)TEVCt dA = — f vht dL — f vjt dL + f
A L

Ly A

h A

C=gonl, (28)

3.3 FE formulation of two-dimensional mass flow

The following equations define the FE formulation for two-dimensional mass flow problems
[16]. The concentration of specie C, can be approximated by:

C = Ma (29)

being M the global shape function matrix and a the matrix containing the concentrations in
each node. As it shows:

M=[M, M, .. My a=|" (30)

where n is the number of nodes of the body.

Considering now a variable B, that:

13



VC = Ba where B =VM (31)

[aMl oM, 6Mn]

B lox ox 7 ox |
~lom, om, oM, | (32)

| oy dy T dy |

Combining Eq. (27) with Eq. (31):

(f (Vv)TEBt dA) a= —f
A L

The last step is to decide the arbitrary function v according to the Galerkin method:

U]tdA—f v RtdA (33)

A

vjpt dL + f

A

vht dL —f

h Lg

v = Mc (34)
The matrix c is arbitrary too, so
Vv=Bc¢ (35)
AS v is symmetric:
v=c'MT (36)

Replacing the three previous equations in Eq. (33), and considering that ¢ doesn’t depend on
the position, we get:

<f BTEBt dA)a =—| MTht dL—f MTj.t dL+f M" Jt dA—f MTRt dA (37)
A Ly Lg A A

To make it simple and understandable, the following matrices are defined as:
K= f BTEBt dA
A

fo=—| MThtdL— | MTj,tdL
Lp Lg

(38)
fi = J MT Jt dA
A

frz—f MTRt dA
A

14



f» 1s called the boundary vector, f; the load vector and f, the reaction vector. Ka can be written
as:

Ka = fy+fitfy (39)

And the force vector can be written as:

f=ftfitf (40)
So:
Ka = f (41)
Now, considering the force vector as:
fi=fithithe i=1..n (42)

As a consequence:

Zn:fi=ifbi+ifzi+ifn’ (43)

i=1

As it can be seen by Eqg. (38):

fbi = - Mlht dL - Mijnt dL (44)

Lp Lg

fo = —35 Myjpt dL (45)
L

If we consider a component of the load vector:

fui =JA M;JtdA (46)

and of the reaction vector:

fri=— jA MRyt dA @7)

Combining the three previous equations we get:

n

Y=g (mfieas [ (Ym)rar- (

i=1 =1

n
Mi) Rt dA (48)
=1

L

15



With Eq. (9) we get:

Zﬁ- =0 (49)

i=1
The balance principle equals zero because the sum of the individual components of the force

vector has the value zero. This conclusion shows that despite of being an approximated
method, the balance principle for the body is satisfied.

3.4 Models for microbial metabolism

This section contains the final equations obtained in the formulation for the models. The
models pretend to illustrate the consumption of substrates (glucose and xylose), degradation
of inhibitors (furfural and HMF) and the influence of the inhibitors on the substrate
consumption, without considering microbial growth.

The equations that correspond to all the formulation steps are presented in APPENDIX A.

The Fick’s law was used to represent the diffusion inside the capsules in all models [17][18].

3.4.1 Model 1: Glucose consumption

The first study case is a simple approach to the glucose consumption in the cell pellet of the
capsule. The metabolism of glucose consumption was simulated according to the Monod
model [19].

The global balance is represented in Eg. (50):

o (246 4G c, dc,
o\rar "arz )T Ve T T K, T dt (50)

Where C; is the glucose concentration, D, is the diffusion coefficient for glucose, K is the
saturation constant for glucose, Vg4 is the maximum glucose consumption rate constant, r
is the radial position and t the time.

3.4.2 Model 2: Glucose and Xylose co-consumption

Model 2 will include also the Xylose consumption. The two substrates will be considered as
competing substrates [20].

The global balances for glucose and xylose are, respectively:

) (z dc, dzcg> Cy dc,
—_——— + —_— - D =
I\r dr = dr? gmax C dt 51
Ky (1+ K—;) +C, (51)
<2 dc, . dZCx> Cy dc,
x\ > | — Vxmax C =
rdr dr K, (1 +K_5i) +c, dt (52)
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Where C, is the xylose concentration, D, is the diffusion coefficient for xylose, K, is the
saturation constant for xylose, K; is the inhibition constant of glucose over xylose, K,; is the
inhibition constant of xylose over glucose, vy;,qy IS the maximum xylose consumption rate
constant.

3.4.3 Model 3: Glucose and inhibitors (furfural and HMF)

The furfural and HMF effects in the glucose consumption were considered as an
uncompetitive inhibition [21]. The inhibitors have precedence over glucose consumption and
are not affected by its concentration. The combined inhibition was set to 60%, and furfural
had a stronger inhibition effect when compared to HMF.

The global balances for glucose, furfural and HMF are next presented by the respective order:

2
D(Eﬁ dcg> Cy / 1 \ 1\ dc,
g

2 | Vgmax - 53
rdr | dr Kg+cg\1+lg_f/ 1+% dt (53)
fi hi
2dCy dsz Cy dCy
D (?W t ) T VpmecE R, T dt (54)
2dCy, N d?Cp Cp dCy
"rdr T odr? Vhmaz Ch+ K, dt (55)

Where C; is the furfural concentration, Cj is the HMF concentration, Dy is the diffusion
coefficient for furfural, Dy, is the diffusion coefficient for HMF, K, is the saturation constant
for furfural, K, is the saturation constant for HMF, K¢; is the inhibition constant of furfural,
Ky; is the inhibition constant of HMF, vy, is the maximum furfural consumption rate
constant and v, 4, 1S the maximum HMF consumption rate constant

3.4.4 Model 4: Glucose and Xylose co-consumption and inhibitors

In this case, all the models are joined together. The equations of the formulation are listed
below. Considerations referring to growth and diffusion are the same as those used in the
other model [18][20][21].

The global balances for the substrates and inhibitors are enumerated by this order: glucose,
xylose, furfural and HMF.

2dc, d’c, C, 1 \ 1 dc,
Po\7ar * arz ) ~ Vomax C C Co |~ ac (56)
T ar T
K, (1+5% S I\1+54
9 ( + le) + Cg 1+ Kfi + Khi
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<2 dac, s dZCx> Cy / 1 1 dc,
. 2 | ~ Vgmax C C Cn |~ (57)
rdrodr Kx(1+—g>+cx\1+—f L

Kgi Kfi Khi
2dCr dsz Cr dcy
Pr (FW o= ) T UrmerT K, T e (58)
b 2dCy dzc, Y Cy, _ acy,
"\rdr  dr? hmax'c LK, dt (59)

3.4.5 Model 5: Glucose activation effect

The Model 5 was created regarding recent evidences that point towards a maximum xylose

uptake for glucose concentration values greater than zero [20]. Equations for the model are
presented in APPENDIX A.5.

The global balance for glucose is:

c, dc

2
D <zﬂ+d C‘g g
g =

-V
r dr dr? > gmax C dt 60
K, (1 + —;‘l) +C, (60)

And for xylose is:

2dc, d*C dc
o (Fa ) (1)

rdr | dr?

With:

(v Luoc& ifo<cC,<C
xmalex_l_Cx K il == ~g ga

gi
R, = C
S — Jif Cg = Cya (62)
L K, (1 + %) +C,

Vemax1 = QxmaxX

(63)

Vxmaxz = 2 X QxmaxX

Where C,q is the glucose concentration value in which the xylose consumption rate achieves
its maximum and o is the value for which the two branches of the equation are equal - at Cy,,.

3.5 Studies

Two studies were carried in this report and they are explained in the following paragraphs.
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3.5.1 Continuous fermentation

The main study in this report is the Continuous fermentation. For models 1 to 5, continuous
fermentations were simulated, keeping C; uycconstant.

3.5.2 Validation

As it is very difficult to obtain data for profile concentrations inside the capsules, in order to
validate the results obtained in the Continuous fermentation study, batch fermentations were
simulated and results compared to published data of glucose concentration in the bulk
solution. To achieve that, model 1 and model 3 without HMF methodology was used.

This study was performed for non-growing cell case and the effect of cell growth inside the
capsule was analyzed too. For the non-growing cell case the models will be called NG, for the
growing system three different scenarios were tested and named G1, G2 and G3.

3.6 Assumptions
In the next points, the general assumptions for the formulation of the models are enumerated:

i.  the cells are only distributed in half of the sphere — cell pellet;
ii.  the degradation of sugars and inhibitors occur only inside the cell pellet;
lii.  there are no external mass transfer resistances;
iv.  the membrane of the capsule does not represent an important mass transfer limitation
(value of the diffusion in the membrane is 90 % of the diffusion of the substances in
the hydrolysate).

3.7 Kinetic and diffusion parameters — bibliographic revision

The search for published data values for kinetic and diffusion parameters is included in this
section of the report. This search was done to support the choice of values used in the
formulation of models in COMSOL.

In Table 2 are represented data values for some diffusion coefficients of glucose, xylose,
furfural and HMF and Table 3 shows the kinetic values.
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Table 2. Diffusion coefficients for the fermentation substrates and inhibitors

D, x10% D, x 10 Dy x 10° Dy x 108

Conditions Ref.
cm?/s cm?/s cm?/s cm?/s

Diffusion experiments performed at
8.9 9.9 i i 30°C, in water [22]

Diffusion experiments performed in

8.1 9.2 inoculated agar gel layer [22]
Fermentation by S.cerevisiae in flocs
6.8 i i i (Ca-alginate 2%) [23]
55 Fermentation by S.cerevisiae in flocs 23]
' (Ca-alginate 2% with yeast 20%w/v)
6.76 7.69 11.2 10.6 Proprieties in hydrolyzate [24]

*Note: Dy,,, diffusion coefficient for glucose; D,., diffusion coefficient for xylose; D, diffusion coefficient for
furfural; Dy, diffusion coefficient for HMF.
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Table 3. Kinetic parameters for glucose, xylose, furfural and HMF consumption by Saccharomyces cerevisiae — bibliography review

Conditions Ref YE/g Tg 9Emax q gmax Qxmax Yx/g YX/x L Ky K, ﬁ 9 fmax 9 hmax
' g/g 9/(Lh) g/(gh) mmol/(gh) mmol/(gh)) g/g g/9 ht mM mM g/L  g/(gh) g/(gh

Anaerobic continuous fermentation by encapsulated 0.40 + a
S.cerevisiae (D=0.2 h%) (on glucose) [25] 0.03 164 0.26 ) ) ) ) . ) ) . ) )
Anaerobic continuous fermentation by encapsulated 045+ b ) ) ) ) ) ) ) ) ) )
S.cerevisiae (D=0.2 h™") (on dilute-acid hydrolysate) [25] 0.01 2.053 0.16
Anaerobic batch fermentation by encapsulated S.cerevisiae [26] 041 163 ) ) ) ) ) ) ) ) ) ) )
(batch 1) (synthetic media with 5 g/L of furfural ’ ’
Nongrowing, anaerobic, compressed S.cerevisiae [27] - - - 8.64°¢ - - - - - - - - -
CSTR with glucose, cyanide and a suspension of starved [28] ) ) ) ) ) ) ) ) 17 ) ) ) )
yeast cells flow '
Anaerobic batch fermentation by encapsulated S.cerevisiae [19] 0.66 ) 197 ) ) 0.49 ) ) 2 16° ) ) )
(20 g/L glucose) ’ ' ' '
Anaerobic batch fermentation by free S.cerevisiae RBW 0.38 £ 0.084 + 022+ 57+ 99 +
218 (100 g/L glucose and 25g/L xylose) [29] 0.01 ) ) 7.3+03 320£20 0.001 ) 0.00 1.0 16 . ) )
Anaerobic continuous fermentation by free S.cerevisiae
(D=0.315 h™) (on synthetic medium with addition of [30] 0.439 - - - - 0.12 - - - - - 0.15 -
furfural 2.0 g/L)
Anaerobic continuous fermentation by free S.cerevisiae 0.198 122+ 062+
(D=0.275 h™) (on synthetic medium with pulse of furfural [30] - - - - - - - + - - 0 52‘ 606_ -
4.0g/L) 0.051 : :
Anaerobic batch fermentation by free S.cerevisiae (on 0.036
synthetic medium with glucose 50g/L and pulse of furfural [31] 0(')4521 - 0(')4fli - - 0605(1)161 - Oboéli - - - - +
2.0g/L and HMF of 2.0g/L) ) ) ' ) 0.011
Anaerobic batch fermentation by free S.cerevisiae (on
synthetic medium with glucose 50g/L and pulse of furfural [31] 0.4 - 0.7 - - 0.067 - 0.05 - - - - -
4.0g/L)
Anaerobic batch fermentation by free S.cerevisiae (on
syntr;e;ic medium with glucose 50g/L and pulse of HMF of [31] 064511 - 0(‘)9851 - - O(')Oggli - 0(')10301 - - - - 0(')13';
4.0g/L ) ) ) ) )
Anaerobic culture of wild-type S. cerevisiae CEN.PK113-
7D and the XylA-expressing strain RWB 202 (20 g/L of [32] - - - 0.73+0.00 - - - - - - - - -
glucose and 10g/L of xylose)
Anaerobic bacth fermentation by free Saccharomyces [33] 047 ) ) ) ) 0115 0.162 ) 314° 2265 ¢ ) ) )

yeasts 1400 (glucose and xylose)

*Note: a, per glucose; b, per glucose, mannose and galactose; c, calculated from the reference. Yz, ethanol yield on glucose; 7, volumetric ethanol production rate; ggmqy, maximum specific productivity of ethanol;
Qgmax, Maximum specific productivity of glucose; qnq,, Maximum specific productivity of xylose; Yy, , biomass yield on glucose; Yy, , biomass yield on xylose; p, specific growth rate; K,;, monod constant for glucose;
K, monod constant for xylose; K, monod constant for furfural; q,,q,, maximum specific furfural conversion rate; gp,q.., maximum specific furfural conversion rate.
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3.8 Fermentation parameters for the models

Table 4 shows the values used for models 1 to 5 in the Continuous fermentation study. The
membrane, cell pellet and liquid core diffusions are, respectively, 90%, 100% and 50% of the

diffusion of the substrate in hydrolysates.

Table 4. Kinetic and diffusion values for the models 1 to 5

Designation Symbol Value Unit
Biomass concentration inside the capsule X 133 g/L
Glucose concentration outside the capsule Cyout 40 g/L
Glucose concentration for glucose activation Cga 0.4 g/L
Maximum specific glucose consumption rate constant Agmax 0.01 mol/(g h)
Saturation constant for glucose 9 1.7 mol/m3
Inhibition constant of glucose Ky 1.7 mol/m?
Diffusion coefficient of glucose in the membrane Dgm 6.08 x 10710 m?/s
Diffusion coefficient of glucose in the cell pellet Dy¢ 3.38x 10710 m?/s
Diffusion coefficient of glucose in the liquid core Dgw 6.76 x 10710 m?/s
Xylose concentration outside the capsule Crout 20 g/L
Maximum specific xylose consumption rate constant Qxmax 0.001 mol/(g h)
Saturation constant for xylose K, 20 mol/m3
Inhibition constant of xylose Ky 20 mol /m?3
Diffusion coefficient of xylose in the membrane Dym 6.92 x 10710 m?/s
Diffusion coefficient of xylose in the cell pellet D,. 3.85 x 10710 m?/s
Diffusion coefficient of xylose in the liquid core D, 7.69 x 10710 m?/s
Furfural concentration outside the capsule Crout 2 g/L
Maximum specific furfural consumption rate constant Afmax 0.006 mol/(g h)
Saturation constant for furfural K¢ 13 mol/m3
Inhibition constant of furfural Ky 20.8 mol/m3
Diffusion coefficient of furfural in the membrane Dfm 1.01 x 10~° m?/s
Diffusion coefficient of furfural in the cell pellet Dy, 5.60 x 10710 m?/s
Diffusion coefficient of furfural in the liquid core Dy, 1.12x 107° m?/s
HMF concentration outside the capsule Chout 2 g/L
Maximum specific HMF consumption rate constant Qhmax 0.001 mol/(g h)
Saturation constant for HMF K, 30 mol/m3
Inhibition constant of HMF Ky, 63.4 mol/m3
Diffusion coefficient of HMF in the membrane Dim 9.54 x 10710 m?/s
Diffusion coefficient of HMF in the cell pellet Dy 5.30 x 10710 m?/s
Diffusion coefficient of HMF in the liquid core Dnw 1.06 x 107° m?/s
Correction parameter for glucose activation effect « 0.77 -
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3.9 COMSOL Multiphysics

The COMSOL Multiphysics is a modeling program with the ability to solve problems related
to different fields.

To solve the problems, COMSOL follows the Finite Element Method and computational
meshing using numerical solvers [34].

The problems are based on partial differential equations and by using its applications it
provides various kinds of analysis such as: stationary and time-dependent analysis, linear and
nonlinear analysis [34].
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3.10 Simulation steps in COMSOL
Figure 5 shows the different steps taken in COMSOL.

Choose problem type

Time dependent mass transfer problem 2D
computation domain

Axisymmetry in the vertical axis

Draw the geometry
Semicircle divided in two

Membrane
W Mesh

See section 3.10

Physics
For glucose, xylose, furfural and HMF:
boundary concentrations

domain diffusion coefficients
Set solver parameters

PARDISO
Relative tolerance = 0.0001

o

Time stepping intermediate

Postprocessing

Figure 5. Steps of the formulation process in COMSOL.
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3.11 COMSOL scheme for Continuous fermentation

The geometry in 3D is a sphere with a 2 mm radius and 0.17 mm of membrane thickness.
The core of the sphere is divided in two: the liquid core and the cell pellet.

Figure 6 shows the 2D representations in Comsol of half of the capsule (Ssymmetry axis, in the
vertical axis, 2mrr) for the Continuous fermentation cases.

The concentrations in the bulk outside the capsule are maintained constant.

25

Figure 6. 2D geometry in COMSOL simulating the Capsule
structure: 1- Membrane; 2- Cell pellet and 3- Liquid core.

3.12 COMSOL scheme for Validation

In Validation, schemes try to simulate batch cultivation. The bulk concentrations of substrates
decrease according to consumption and diffusion rates.

The obtained scheme obtained resulted from was based in the definition of an average volume
surrounding the capsule in which the substrates are perfectly mixed, APPENDIX C.

The diffusion coefficient in the medium volume was set to 1000 X D, with the purpose to
avoid concentration gradients outside the sphere, which simulates the perfect stirred mixture.
3.121 NG

Figure 7 presents the scheme used for the simulation of model 1 and model 3 (without HMF)
with no growth in the validation.
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r=0 \
4 0 1 2 3 4 5
x10°

Figure 7. 2D COMSOL geometry for the batch simulation for
model 1 and 3 (without HMF): 1- Average medium volume;
2- Membrane; 3- Cell pellet and 4- Liquid core.

3122 G1

Study G1 has the same geometry as the NG. Supposedly, the cells were initially concentrated
in half of the sphere volume, Figure 8.

The growth was simulated by changing diffusion conditions inside the cell pellet and with the
increase of X. It was considered that the diffusion coefficient decreases while the cells grow,
according to the Appendix D. The cells will grow according to Appendix E.

Figure 8. 2D Geometry in COMSOL. Case of the growth
inside half sphere. 1- Average medium volume; 2- Membrane;
3- Cell pellet and 4-Liquid core.
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3.12.3 G2

The concept in study G2 is the same of G1, but in this one, the cells are distributed in the
whole interior volume of the sphere, as it can be seen in Figure 9. See also Appendix D and
Appendix E regarding the variation of the diffusion coefficients and biomass concentration.

Figure 9. 2D Geometry for the cell growth simulation for the
entire capsule filled with cells. 1- Average medium volume; 2-
Membrane and 3- Cell pellet.

3.12.4 G3

At first the cells were concentrated in a small volume of the sphere. The cell growth was
defined by a constant increase of the volume occupied by the cells, keeping the concentration
of the cells constant in that volume. The increase of the volume was simulated by the
movement of the cell pellet boundary with the liquid core, Figure 10. A boundary movement
velocity was calculated according to the APPENDIX F.

Figure 10. 2D Geometry in COMSOL - moving boundary. 1-
Average medium volume; 2- Membrane; 3- Liquid core and 4-
Cell pellet.
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3.13 Mesh in COMSOL

Creating a mesh in COMSOL comprises various

presented in the Figure 11.

steps and choices. The main ones are
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Type of mesh elements

| Triangular
Mesh technique
Free triangular
Element size
| Liquid core - extra fine

Membrane - extra fine
Cell pellet - extremely fine

Number of elements
Liquid core - 1495
Membrane - 781
Cell pellet - 4552

Figure 11. Options taken in the process of Mesh creation in COMSOL.



4. ANALYSIS AND DISCUSSION OF RESULTS

In this section are presented the results and their respective discussion. They were enumerated
by models, and in each model were obtained concentration profiles and post-processing plots
and parameters that the authors find to be relevant.

The substrates and inhibitors uptake rates were calculated by computing the Surface
Integration over the cell pellet and by multiplying the results by the respective area.

Profile concentrations were obtained for the time considered as stationary state. The stationary
state was defined by the first “Truth” in the logic test made in Excel for the uptake values.
The logic test verified all the values and gave “Truth” for those whose values have less than
0.1 % difference with the uptake value in the infinite (86400 s).

For each model, an efficiency factor was calculated dividing the uptake rates in stationary
state for that model, and for the same model with maximum diffusion coefficients (D, ) in all
domains.

The color scales were chosen with the aim to clearly illustrate concentration profiles inside
the capsule, and because of that scales are different for all components.
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4.1 Continuous fermentation: Model 1 to 4

4.1.1 Concentration profiles

Figure 12 shows the steady state concentration profile of the fermentation media components
for model 1 to 4. The values for the presented consumption rates are per m? of cell pellet.

Glucose Scale
A 22076
—
©
°
o
> 200
t 2880
—rg  271x107 Xylose Scale
Csmin 96418 X 107°
A 13315
[9\}
— 150
[«B] 132
°
o
>
130
t 3120 3660
-ry  252x107! 1.0x 1072 Furfural Scale HMF Scale
Csmin 0.68 116.96 -
100 -
(90]
% 126 e
o
=
124
t 3420 1560 3000
—ry  219x107t 4.87 x 1072 1.03 x 1072 1s
Comin  5:32x1073 0.26 8.98
122 10
<
)
-8 " 120 11
= y
118
t 3780 4200 1560 3000
-ry  203x107" 5.25 x 1073 4.87 x 1072 1.03 x 1072
Csmin 433 voealax1 12456 — 0.26 S 8.98 IS

Figure 12 Profile concentrations of substrates and inhibitors for models 1 to 4.

Time, t/s; consumption rate, r/(mol/(m3s)) and minimum concentration inside the capsule cgpin/(mol/m3).
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In all the models the stationary state was achieved before the end of the second hour of
fermentation.

Through the observation of Figure 12 it can be concluded that glucose consumption is
inhibited by xylose, furfural and HMF in the encapsulated system. The strongest inhibition is
caused by furfural and HMF, and that can be based on the higher value for the time when the
stationary state was achieved, and in the fact that glucose is not all consumed in the presence
of inhibitors.

The reduction of the consumption rate of glucose from model 1 to model 4 was 25.1 %.

Xylose consumption is also highly inhibited by glucose, furfural and HMF. In model 2, when
the stationary state is achieved, the cells are only able to convert approximately 12.2 % of the
xylose present in the bulk. For model 4 the conversion decreased to approximately 6.5 %.

Furfural has a higher consumption when compared to HMF, approximately 56.7 % of HMF is
not converted.

Furfural and HMF have the same profile concentration for model 3 and model 4. This was
expected because the formulation had already predicted that the inhibitors had precedence
over xylose and glucose consumption.

4.1.2 Dimensionless glucose plots

Dimensionless plots represent a more generalized type of result. This means that they can be
used to understand and obtain information about other systems with similar conditions. It is
also an important tool that helps to describe and understand the system concisely.

Figure 13 symbolizes the cut line 2D obtained in COMSOL. This data set was used to obtain
the values along the radius coordinate in the cell pellet.

Figure 14 shows the correspondent solutions achieved along the cut line length, for glucose
concentration in models 1 to 4. Figure 15 shows the same for all the components in model 4.

Sy |

=T

Figure 13. Cut line 2D in COMSOL.
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Figure 14. Profiles of dimensionless glucose concentration in the dimensionless radial coordinate.

First of all, it can be observed that the concentration of glucose decreases from the bulk to
close to the middle of the cell pellet, where it increases as it goes in the direction of the center
of the sphere. Glucose enters in the membrane and crosses it. Then it starts to diffuse into the
cell pellet and starts to be consumed at the same time.

The low concentration values for model 1, 2, 3 in the dimensionless capsule radial coordinate
of 0.4 reveals that the reactions are limited by the diffusion. In model 4 the reaction is limited
kinetically by the presence of xylose, furfural and HMF.

As it crosses the middle of the cell pellet, the concentration rises because of the diffusion of
glucose from the liquid core of the capsule. The concentration in the center of the sphere is
less than half of the bulk which reveals that the diffusion rate is not high enough to
compensate the consumption reaction.

From the observation of Figure 15, it can be pointed out that furfural has the highest
consumption followed by glucose.
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Figure 15. Dimensionless concentrations of substrates and inhibitors along the dimensionless radial coordinate for
model 4.
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Xylose is almost not consumed, inhibited by glucose, furfural and HMF. Xylose is only
consumed in the capsule zone where glucose, furfural and HMF are in smaller concentrations
(inhibition effect is smaller).

4.1.3 Consumption reaction plots

Figure 16 and Figure 17 are graphic representations of the consumption rates with time. In
Figure 16 it can be seen the consumption reactions in model 4. In Figure 17 it can be
visualized the difference between the consumption rates for xylose in model 2 and 4.

It can be concluded that, relatively to xylose consumption in model 2 and 4, the difference
between the curves are due to the inhibition effect caused by furfural and HMF.

Now, focusing on the xylose uptake rate values for model 4 in Figure 17, it can be perceived
that the uptake grows, and decreases after achieving a maximum value.

The maximum value (6.48 x 10~3mol/(m3s)) corresponds to the time (660 s). This
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Figure 17. Uptake kinetics for glucose, xylose, furfural and HMF in model 4.
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Figure 16. Xylose consumption rate through the time for model 2 and for model 4.
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situation could be interesting to improve xylose consumption.
In Figure 18, glucose and xylose concentration profiles for that time are represented.

Xylose has a higher diffusion coefficient which means that it arrives first (figure 18.a and
Figure 18.b) than glucose (inhibited by furfural and HMF and slowed by the diffusion) at the
center of the sphere.

It can be seen in Figure 18.c and Figure 18.d that there is an area close to the center of the
cell pellet where the reaction of xylose has its maximum. This area corresponds to the zone

a b
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Figure 18. a. Glucose concentration profile (mol/m®); b. Xylose concentration profile (mol/m®; c. Glucose
consumption rate profile (mol/(m® s)); d. Xylose consumption rate profile (mol/(m?® s)), for time = 660 s in model 4.
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where the reaction of glucose is very low because of consumption and diffusion-limited
transport of glucose into the capsule.

4.1.4 Efficiency factor

As was said before, the efficiency factor is the ratio between the consumption rate for each
model and the consumption rate in a so-called maximum diffusion model, in which the
diffusion coefficient in all the domains was 1000 X Dy,,,. This model is intended to represent
a system of free cells.

The mere observation of this factor can tell if the encapsulation of the cells is favorable
(n > 1) or not (n < 1) to the consumption of the substrates and inhibitors.

Table 5 shows the values achieved for this factor. The values obtained suggested that there is
no benefit for glucose consumption to the encapsulated cells when it is not in presence of
furfural and HMF. Yet, when inhibitors are added, the encapsulation becomes beneficial.

For xylose, the encapsulation is always favorable when compared with the maximum
diffusion model. While reducing the concentration of glucose inside the capsules because of
the mass transfer resistance, the cells can now consume xylose.

As the model just considers the consumption reaction with no harmful for cells (cellular
death) for furfural and HMF, it was expected a value lower than one. This means that in the
encapsulated case, higher diffusion limitations occurs when compared to the free cells case,
resulting in lower consumption reactions for the inhibitors.

Table 5. Efficiency factor for glucose, xylose, furfural and HMF in the models

Model Component  ~Tsmaxdif - n
mol/(m3s) mol/(m3s)

1 Glucose 3.66 x 1071 271x1071 0.74
2 Glucose 348 x 1071  252x1071 0.72
Xylose 1.83x 1073 1.00x 1072 5.50

3 Glucose 1.52x 1071 219x 1071 1.44
Furfural 1.33x 1071 487 x1072 0.37

HMF 1.27x107%  1.03 x 1072 0.81

4 Glucose 1.45x 1071  2.03x 1071 1.40
Xylose 7.46x10™* 5.25x 1073 7.04

Furfural 1.33x 1071 487 x1072 0.37

HMF 1.27x107%  1.03 x 1072 0.81

*Note: —75 max.air, reaction rate in the maximum diffusion case; —r, reaction rate at
the normal conditions; n, efficiency factor.
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4.2 Continuous fermentation: Model 5

In APPENDIX A.5, the formulation for model 5 implies that xylose consumption rate achieves
its maximum at C; > 0.

4.2.1 Concentration and reaction profiles

In Figure 19, the concentration and reaction profiles for glucose and xylose in the end of the
study time are presented.
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Figure 19. a. Glucose concentration profile (mol/m®; b. Xylose concentration profile (mol/m®); c. Glucose
consumption rate profile (mol/(m® s)); d. Xylose consumption rate profile (mol/(m? s)), for time = 86400 s in model 5.
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It can be observed that the maximum value for the xylose consumption rate happens, not in
the center of the sphere, where the glucose concentration is close to zero, but in a zone where
there is still some glucose and the value for the reaction is 6.22 X 10~2mol/(m3 s).

4.2.2 Consumption reaction plots

A cut line was designed in COMSOL, Figure 20, in order to obtain the plot for xylose
consumption reaction changing with glucose concentration along the cutline, Figure 21.

The cut line was drawn with the objective to cross only once the region where the xylose
consumption rate has its maximum value, and for that Figure 19.b was used as a guideline.

It can be seen that the reaction achieves its maximum for a value of C; = 0.4 g /L.
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Figure 21. Cut line 2D in COMSOL for
glucose activation effect plot (blue line).
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Figure 20. Xylose consumption rate as a function of glucose concentration along the cut line.
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4.3 Validation

Due to the difficulty to obtain experimental data for concentrations inside the sphere, batch
simulations were performed in order to make possible the comparison between the bulk
concentrations and experimental data. For the comparison, data values from the work of
Talebnia et al [35] were used.

The three ways of describing growth (G1, G2 and G3) were used in order to test the influence
of the cell growth in the fermentations, but also to compare with the no growth case (NG).

G1 assumed that cells grow confined to half of the sphere and that the diffusion coefficients
change with the growth according to APPENDIX D. G2 considered that the cells were
distributed uniformly inside the entire capsule volume. G3 assumed that the cells grow from
one point, attached to the inner wall of the membrane [26] and the diffusion coefficients
change with the growth according to APPENDIX D. None of these descriptions of the growth
is really reasonable, but were chosen because they were possible to implement in COMSOL
and showed how various growth modes would affect the concentration profiles.

4.3.1 Batch cultivation of glucose

Conditions were defined for the batch fermentation to match the conditions of the
fermentations done in [35]. The concentration of glucose was set to 50 g/L, the initial
concentration of biomass was 16.22 g/L in G2, which corresponds to a concentration of
32.44 g/L in the cell pellet of the model G1.

All the other parameters were kept constant except the value for g,,,4, Which was tested for
two values, the value used in the Continuous fermentation studies (0.01 mol/(g h)) and
another one obtained from an approximation to the published data values, ¢,4xa =
0.02 mol/(g h) [35].

The results from the first one are presented as NG, G1, G2 and G3, and the results with the
adapted parameter, q,uq4x.q, @8 NG.a, Gl.a, G2.a, and G3.a.

The results from this simulation and the experimental data from Farid Talebnia [35] are
plotted in the Figure 22.

From its observation, it can be concluded that the curves that fit better the experimental data
are the curves of the G1.a and G3.a (with the changed g,,,,) and from this two curves, it is
very difficult to say which one has the higher fit.

In all models, the change of q,,4, Caused a significant improvement in the approximation to
the experimental data meaning that in the experimental setup, the reaction of consumption is
slower than the models that were created in this project.
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Figure 22. Comparison of glucose batch simulations with experimental values from Talebnia et al [35].

4.3.2 Batch cultivation of glucose and furfural

In order to compare the bulk concentration with the results obtained by Farid Talebnia [35],
the concentration of furfural was changed to 5 g/L and the glucose concentration to 40 g /L.

Because of the lack of information regarding the biomass concentration at the end of the
fermentation time, it was assumed that the growth would be similar to the one in the previous
case. The results for the bulk concentration are presented in Figure 23 and Figure 24.

Visualizing the figures, it can be concluded that both glucose and furfural were consumed
faster in all the models than in the experimental setup. This may have happened because of
the non-consideration of external mass transfer resistances in this work, a fact that would
cause a rapid transport in the starting point of consumption and an absence of a mass transfer
resistance in all the fermentation time.

The model that fits the experimental data best is NG.a, which is the model that didn’t consider
the growth of the cells. This could mean that furfural is highly inhibiting the growth of the
cells. Between model G1, G2 and G3, the one that fits the glucose and furfural consumption
better is G1, but the difference between the concentrations profiles are very low.

In each model, the change of g4 (0.01 mol/(g h) t0 0.006 mol/(g h)) resulted in better
fit to data values.
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Figure 23. Concentration of glucose in batch fermentation with furfural [5 g/L]. In black are the results obtained by
Talebnia et al [35].
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Figure 24. Concentration of Furfural in batch fermentation with glucose [40 g/L]. The line in black are the results
obtained by Talebnia et al [35].
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4.4 Sensitivity analysis

In this part of the report, effects of the variation of the formulation inputs on the results and
the variation of the parameter on the variables were studied. This can be also important when
it refers to understand the weight of the parameters in the formulation.

The variation effects were studied with the aid of the COMSOL’s tool parametric sweep. This
tool offers the possibility to test different values for a parameter.

Control coefficients were also calculated for all the kinetic and diffusion parameters in model
4 fort = 1500 s and for t = 86400 s. The times were chosen to study the variation of these
coefficients before and in the steady state. The control coefficients were calculated based on
the Metabolic Control Analysis theory, APPENDIX G [36][37]. These coefficients were
obtained for glucose and xylose consumption rate.

4.4.1 K variation effects in the consumption rate and the efficiency factor

Figure 25 shows the relation between the efficiency factor for glucose and xylose and the Kj;
(the variation was done for furfural and HMF at the same time) for model 4.

k is the variable used to define the factor which was multiplied by K; and then tested, Table 6.
Note that kequal to 1 corresponds to the inhibition constants used in the Continuous
fermentation studies.

In the graphic representation of the efficiency factor for glucose, we can verify that for
smaller inhibition constants (high inhibition effects) the encapsulation is beneficial for the
glucose consumption. The cells are protected inside the cell pellet, and are also subject of
lower concentration of inhibitors. As the inhibitory effects decrease, it becomes less
advantageous for the cell to be encapsulated and mass transfer limitations become more
important. k equal to 1.7 is the turn-over point.

Xylose plot fits the theory mentioned in the previous paragraph, but for this case,
encapsulation is always advantageous for xylose consumption.

Table 6. k and respective values for the inhibition
constants. k equal to 1 corresponds to the values of K;used
in the initial formulation

K Ky Ky,
mol/m3 mol/m3

0.01 0.028 0.634

0.1 2.08 6.34

1 20.8 63.4

104 317

10 208 634

*Note: k, studied variable; Kg;, inhibition constant
for furfural; K,;, inhibition constant for HMF.
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Figure 25. ) versus k. Parametric sweep results for testing different values of K; for furfural and HMF.

In this situation, even when the inhibition effect of furfural and HMF is lower, the xylose
consumption is beneficiated by the protection caused by glucose mass transfer limitations.

4.4.2 K, and Dy variation effects in the efficiency factor

Figure 26 and Figure 27 show the results for K; and D, variation effects in n. Five values of
k were tested for five values of Dy, Table 7. Note that Dg. = 0.5Dy,, is the value used in the
Continuous fermentation studies, b = 1.

As it can be seen, for lower values of k (high inhibition effects) and for smaller values of
b (lower diffusion in the cell pellet), the variation of the efficiency factor is higher and it
achieves values close to 27, meaning that the encapsulation is extremely beneficial.

In the opposite, for high values of k and high values of b, the benefit of the encapsulation
decreases. This means that the inhibitory effect is not so significant in the reaction of
consumption, and the diffusion becomes more important.

It can be said that xylose consumption rate is more sensitive to these variations than glucose
consumption rate.
Table 7. b and respective values for the diffusion

coefficients in the cell pellet. b equal to 1 corresponds to
the values of D, used in the initial formulation

DSC
b m?2/s
0.7 0.35D,,
1 0.5D,,
1.3 0.65D,,
17 0.85D;,
2 DSW

*Note: b, studied variable; Dy, substrate
diffusion coefficient in the cell pellet.
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Figure 26. Representation of the variation of n for xylose, when K; and D, are changed. The distance for the center
represents the axis for n, the extreme points of the pentagon are the values of k and the legend of the series stands for
the values of b.
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Figure 27. Representation of the variation of n for glucose, when K; and D are changed. The distance for the center
represents the axis for 1, the extreme points of the pentagon are the values of k and the legend of the series stands for
the values of b.
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4.4.3 qxmax variation effects in the efficiency factor

Table 8 presents the values of m, and the respective values of q,max- AS Was previously done,
m is the factor multiplied to the original value of q,qx, in Order to obtain the new value. So,
form =1, q,max 1S the value used in the formulation of model 1 to 4.

Table 9 and Table 10 are the results obtained from the parametric sweep.

Table 8. m and the values for the maximum xylose
consumption rate constant. m equal to 1 corresponds to
the values of qmax Used in the initial formulation

quax

m mol/(g h)
0.8 0.0008
0.9 0.0009
1 0.001
1.1 0.0011
1.2 0.0012

*Note: m, studied variable; gy max, Mmaximum
xylose consumption rate constant.

Table 9. Values of glucose reaction rate and efficiency factor for different values of m

—Tg X 10" —7Tgmaxair X 101

mol/(m3 s) mol/(m3 s) i
0.8 1.7551 1.4436 1.2158
0.9 1.7552 1.4436 1.2159
1 1.7554 1.4436 1.2160
1.1 1.7555 1.4436 1.2161
1.2 1.7557 1.4436 1.2162

*Note: m, studied variable; —7;, glucose reaction rate at normal conditions;
—Tymax.aif, 9lucose reaction rate in the maximum diffusion case; n,
efficiency factor.

Table 10. Reaction rate and efficiency factor for xylose consumption for m values

—T, X10®  —Tymaraip X 10*
mol/(m3 s) mol/(m3 s) 1
0.8 1.5500 5.9553 2.6027
0.9 1.7421 6.6997 2.6002
1 1.9338 7.4440 2.5978
1.1 2.1251 8.1884 2.5953
1.2 2.3161 8.9327 2.5929

*Note: m, studied variable; —r,, xylose reaction rate at normal
conditions; —7ymax.aif, Xylose reaction rate in the maximum diffusion

case; n, efficiency factor.
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It can be seen that an increase of q,.,,,4, results in a decrease of the efficiency factor for xylose
and an increase for glucose.

It can also be observed that an increase of 10 % Of g, ax, TOr example, from qymax =
0.001 mol/(m3 s) t0 qymar = 0.0011mol/(m3 s), causes an increase of the consumption
rate of 0.008 % for glucose and 9.9 % of xylose. In this case, the increase of the efficiency
factor was approximately 0.008 % for glucose while the efficiency factor for xylose
decreased 0.09 %.

Summarizing, Xxylose consumption rate is almost directly dependent on q,max, While the
efficiency factor is almost completely insensitive to changes in this parameter.
4.4.4 Control coefficient for gsmax

Table 11 and Table 12 display the results of control coefficients of qgmax: Gxmax: qfmax and
Qnmax ON glucose and xylose consumption reaction. See also APPENDIX G.

For all gsmqx, When an increment of the values happens, it causes an increase in —7; and —,
meaning that the reaction of consumption increases.

Table 11. Control coefficient of qgmqx OVEr -7,

Parameter =5 . _ 45005 €'Y ,t=86400s
changed smax dsmax
dgmax 0.8789 0.8749
Gemax 0.0009 0.0008
Afmax 0.0715 0.0713
Grmax 0.0148 0.0165

*Note: Ggmax, Maximum glucose consumption rate constant; Gymax.
maximum xylose consumption rate constant; qrpmq,, Maximum furfural
consumption rate constant; qumaer, Maximum HMF consumption rate
constant; —r,, glucose reaction rate; Cq_s :iax’ control coefficient of qgpqx
over —7.

Table 12. Control coefficient of qg,q, OVEr —7

Parameter  c-rx 4 _ 45005 ¢7* t=86400s
changed Asmax dsmax
G gmax 0.8829 0.9806
Gemax 0.9883 0.9905
dfmax 0.2099 0.2247
rmax 0.0667 0.0842

*Note: Ggmax, Maximum glucose consumption rate constant; Gymax.

maximum xylose consumption rate constant; qgq,, Maximum furfural

consumption rate constant; qpmax, mMaximum HMF consumption rate
. ; . T <

constant; —y, xylose reaction rate; C, * ., control coefficient of ggpmayx

OVer —7;.
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It can be seen that glucose consumption is mostly dependent on the maximum glucose
consumption rate constant, while xylose consumption is strongly dependent on the maximum
consumption rate constants of glucose and xylose, and it is also affected by the maximum
furfural consumption rate constant.

4.4.5 Control coefficient for K,

The same procedure was followed to obtain the control coefficients for the Monod constant
for all the substrates and inhibitors, as it is explained in APPENDIX G.

Table 13 and Table 14 contain the results achieved.

For K,;, Ky, Kr and Kj, it can be concluded that an increase of these values, meaning a
decrease of the affinity for the substrate or inhibitor, causes a decrease of —7;.

For —ry, an increase of K, K,, K; and Kj, causes a decrease of this value.

K, values have a higher control over xylose consumption rate than over glucose. Kj is the
parameter that has a greater control over —7, and for —r is K,.

For all C;n:flx, the control coefficient values are higher at t = 86400 s meaning that in the
stationary state, a variation of K causes a higher variation of the consumption reaction when

Table 13. Control coefficient of K over —r

e Cx’t=15005  C.*,t=86400s
Ky -0.0749 -0.0753
Ky -0.0006 -0.0006
Ky -0.0469 20,0468
Kh -0.0109 -0.0119

*Note: K, saturation constant for glucose; K,, saturation constant for

xylose; K, saturation constant for furfural, Kj,, saturation constant for
HMF; —r,, glucose reaction rate; C,;:g, control coefficient of K, over
—1,.

g

Table 14. Control coefficient of K over —r,

PSJZL";JS f M t=1500s %, t=86400s
Kq -0.1971 20,2060
Ky -0.7949 -0.8216
Ky -0.1489 20.1501
Ky -0.0501 -0.0613

*Note: K, saturation constant for glucose; K, saturation constant for
xylose; K¢, saturation constant for furfural, K, saturation constant for
HMF; —r,, xylose reaction rate; C_ST", control coefficient of K, over
—T-
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compared with the values at t = 1500 s.

4.4.1 Control coefficient for Kg;

The effects of variation of the inhibition constant in the glucose and xylose consumption were
analyzed and the results are presented in Table 15 and Table 16.

As it can be seen, for all cases, an increase of Kg;, in other words, a decrease of the inhibitory
effect, causes an increase of glucose and xylose consumption rate.

Xylose consumption rate is more sensitive to the inhibition constants than glucose
consumption rate.

Between furfural and HMF inhibition constants, the one that has a greater control over —r is
Kei.
fi

Table 15. Control coefficient of Kg; over —r,

Pfrfgrr%eetgr Cy, t=15005  C, 7 t=86400s
Ky 0.0005 0.0006
Kxi 0.0650 0.0659
Ky 0.3138 0.3119
Khi 0.1583 0.1592
*Note: Kj;, inhibition constant for glucose; K,;, inhibition constant for

xylose; Kg;, inhibition constant for furfural; K,;, inhibition constant for
HMF; —, glucose reaction rate; C,;:i" , control coefficient of K;; over

_-,:-g_

Table 16. Control coefficient of Kg; over —ry

P?ﬁirr%eetj L Clnt=15005  C5,t=86400s
Ky 0.7578 0.7967
Kxi 0.1629 01788
Ky 0.3123 03311
Khi 0.2802 03103
*Note: K, inhibition constant for glucose; K,;, inhibition constant for

xylose; Kp;, inhibition constant for furfural; Kj;, inhibition constant for
HMF; —r,, Xxylose reaction rate; C'Srl_", control coefficient of K;; over

— T
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4.4.2 Control coefficient for Dy

Table 17 and Table 18 contain the values of CL;:CS. These values are the control coefficients of
the diffusion coefficients in the cell pellet on the glucose and xylose consumption rate.

From the observation of Table 17 it can be emphasized that when the value of Dy, increases,
—1y increases for Dy and decreases for the others.

When the diffusion coefficients of xylose, furfural and HMF increase, there is a greater
presence of these inside the capsule, contributing to the reduction of the reaction rate.

Between the values for t = 1500 s and for t = 86400 s it can be seen that all the effects are
in the same direction and the quantitative difference is generally rather small.

—1, increases when D, has increases too. The increase of the remaining ones causes a
decrease of the xylose consumption. The higher amount of glucose, furfural and HMF will
lead to a higher inhibitory effect over xylose consumption.

Table 17. Control coefficient of D, over —r4

el Cpt,t=15005  C,”,t= 864005
Dgc 0.0920 0.0842
Dyc -0.0058 _0.0005
Dyc -0.0123 .0.0121
Dpc -0.0086 -0.0070

*Note: Dy, diffusion coefficient of glucose in the cell pellet; D,.,
diffusion coefficient of xylose in the cell pellet; Dy, diffusion
coefficient of furfural in the cell pellet; D, diffusion coefficient of
HMF in the cell pellet ; —7;, glucose reaction rate; C;S';g, control
coefficient of D, over —7;.

Table 18. Control coefficient of Dy, over —r,

P?ﬁ:%itj C oy t=15005 €%, t=86400s
Dyc -0.6635 -0.6638
Dyc 0.0784 0.0063
Dyc -0.1041 -0.1093
Dpc -0.0638 -0.0540

*Note: Dy, diffusion coefficient of glucose in the cell pellet; D,
diffusion coefficient of xylose in the cell pellet; Dy, diffusion
coefficient of furfural in the cell pellet; D,., diffusion coefficient of
HMF in the cell pellet ; —r,, Xylose reaction rate; c;ST;, control
coefficient of Dy, over —r,.
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The results from the sensitivity analysis allow concluding that xylose conversion is rate-
limited (i.e. any parameter change that increases the xylose reaction rate will increase the
overall xylose consumption), while glucose consumption is diffusion-limited (meaning that an
increase in the reaction rate will not cause a significant increase in the glucose consumption,
since the diffusion will limit the transport into the capsule, the effect will instead be a lower
concentration within the pellet).
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5. CONCLUSIONS

After the elaboration of this report, it can be said that COMSOL Multiphysics is a good tool
to simulate and study bioprocesses.

Glucose and xylose co-consumption and inhibition effects of furfural and HMF were studied.
Glucose, in presence of xylose and inhibitors, suffers a reduction of 25.1% of the
consumption rate. Only 12.2 % of xylose is consumed in presence of 40 g/L of glucose.
When inhibitors were added, this percentage of consumption decreased to 6.5 %.

Evaluating the efficiency factor, it can be concluded that xylose is the component that most
benefits with the encapsulation.

The turn-over point for glucose, meaning the point where it is no longer favorable for the
glucose consumption to happen in immobilized cells, occurs to a Ky; equal to 35.4 mol/m?
and to a Kj,; equal to 107.8 mol/m3. This results in a combined inhibitory effect of 45.1 % in
glucose consumption. For higher values of inhibition constants, the diffusion limitations have
a higher weight than the kinetic inhibition.

Validation of the models was performed using Farid Talebnia’s published data. In the case of
glucose fermentation in synthetic medium, the model that fitted better was Gl.a and G3.a
(with the changed g,,,4x)- For the batch fermentations of glucose in presence of 5 g/L of
furfural, the model that had a lower difference with the data was the model that didn’t
consider the growth, meaning a high inhibition of cells growth caused by furfural.

With the sensitivity analysis tool it was possible to know that for all K values, cell
encapsulation is always beneficial for xylose. Comparatively, the glucose is only beneficiated
by the encapsulation in presence of high inhibition effects.

For K;; and D, variation effects, xylose consumption rate is extremely sensitive when
compared with the glucose consumption rate. For glucose, the diffusion problems became
more important than inhibition when the inhibition constants have high values.

When the variation effects of g,,,4, Were studied, it could be seen that xylose consumption
rate is linearly dependent on this parameter, however the efficiency factor is almost
insensitive to changes in this variable.

Generally, the sensitivity of the consumption rate of xylose t0 qgmax, Ks, Ksis Dsc 1S higher
than that of glucose consumption.

FOr gsmax., the reaction rate of glucose is mostly controlled by qgmq, and the reaction rate of
xylose is mostly dependent on q g, aNd Gmax-

For K, the reaction rates of glucose and xylose are more sensitive to K, and K, respectively.

The sensitivity study on the inhibition constants show that, glucose consumption rate is more
sensitive to K,; and xylose consumption rate is more influenced by K; variations.

Finally, both glucose and xylose reaction rate are more sensitive to Dy.
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6. FUTURE WORK

Although including the effect of inhibitors and xylose and glucose co-consumption, the
formulation applied is quite simple, but still can be improved. We think that it will be a source
of improvement to:

I.  change the kinetic model to a set of reactions expressing a metabolic network model;
ii. include the diffusion of the products from the interior of the capsule to the bulk;
iii. try to validate the concentration profiles inside the capsule through Molecular
Microscopy.

The changes on the formulation of the models will add parameters and variables to them. This
will have as a result the increase of the computation time needed to solve the problem.
Therefore, this should be done in a computer with capacity to deal with a fine mesh and small
values of time steps and tolerances.
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CONTRIBUTION REPORT

In the table 7, are presented the main tasks of the master thesis and the contribution of each
student in the project.

Table 19. Tasks and the respective participation of the master's students, (-) stands for less participative and (+) for more

Master’s name
Gongalo  Joana

Task

Writing of the Draft planning report + +

Formulation of relations and variables to describe the behavior of

encapsulated yeast ) ¥
Formulation with COMSOL Multiphysics 4.1 + -
Proceed to validation of the model with publish data and N
suggestions for validation in new experiments

Execute parameter sensitivity analysis and tests + +
Writing of the report + +
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APPENDIX A - Formulations

In this appendix, the formulations for model 1 to 3 are presented.

A.1 - Model 1: Glucose consumption
e Consumption

In order to ignore the effect of the growth, a variable v,,,, was created — just uptake capacity.

C

Ry = Vymaxy ——— (64)
9 gmax Cg + Kg
Where:
Ugmax = ngaxX (65)
e Diffusion

dac

g
N, = —-D, e (66)

e Global Balance [18]

(Rateof)_( Rate of )_( Rate of >=( Rate of )

Glucose in Glucose out consumption accumulation (67)
1] r ng
Nglr4ar — Nglr — RgAV = AVW (68)
And,
Ng = —Ng4 (69)
, dCy B dCy
Ng=—(-DgA—%|=DyA—2 (70)
In the limit,
r ng
ng - Rg dV = dVW (71)
ac dc
g g
d <Dg47'[7'2 W) - Rg47rr2 dr = 4mr? er (72)

Differential of a product,
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2

d2c,
Dy | 8nrdCy + 4mr? - Rg47rr2 dr = 4nr? dr

dr
Dividing for D and 4mr? dr,

2dC;, d*C; Ry, 1 d(,

+ — S
r dr dr? D, D4 dt

dc,
r=0->—=0
dr

r=R- Cg = Cgbulk

A.2 - Model 2: Glucose and Xylose co-consumption
e Consumption [20]

Glucose
C
Rg = Vgmax gx
Ky (1+ K_m) +C,
Xylose
C
Ry = Vymax gg
(i)
Where:
Vymax = QxmaxX
e Diffusion

Substituting N for N/’

e Global balance
2dC;  d3C; dcC;
D (=L 4=L)-p==2
rdr dr? dt

dc;
r=0->—=0
dr

r=R-C( = Cipu

j=1{g x}
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dc,
dt

(73)

(74)

(75)

(76)

(77)

(78)
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A.3 - Model 3: Glucose and inhibitors (furfural and HMF)[21]
e Consumption

Glucose
. < Cy ) 1 \ 1
9 = \"omax T ¥ K C C
g g ~f 1+ —h
Furfural
= (v 1)
f =\ Yrmax =~
max Cf + Kf
HMF
R = (vhmas i)
h = |\ Vhmax Ch + Kh
With:
Ufmax = QfmaxX
Vhimax = thaxX
e Diffusion
) dG;
N = DA

e Global balance
o (295 dC; o 96
i\rar Tarz )TN T

j={9.f h}

A.4 - Model 4: Glucose and Xylose co-consumption and inhibitors
e Consumption

Glucose

Xylose
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(80)

(81)

(82)

(83)

(84)

(85)

(86)



=1 Vxmax
C C C (87)
—9 LI\ 1+
\ K, (1 + Kgi) +C, \1 + R + Ky,
Furfural
_ Cr
Rf - 17fmaxm (88)
HMF
R, = Cn
h — (Uhmax m> (89)
e Diffusion
, dG;
Ny = DjA—== (90)

e Global balance and boundary conditions
2dC;  d*G _dg
\rar @) TN T (1)

j={9,xf h}

A.5 - Model 5: Glucose activation effect
e Consumption

Glucose [20]

R, =v, g
g gmax C
g (1 Kxi) g ( )

Xylose

It was assumed by the authors of this report that xylose consumption can be described by a
function defined by intervals.

Cx Cg\ .
vxmaxlm 1+x K_gl ,lf 0< Cg < Cga
R, = C , 93
¥ Uxmax2 f ) lf Cg = Cga ( )
Cg Cga
ke (1+ 5 1 g,

Ky

Where:
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Vemax1 = QxmaxX

(94)
Vxmax2 = 2 X QxmaxX
C4q being the glucose concentration value in which the xylose consumption rate achieves its
maximum and « being the value for which the two branches of the equation are equal at Cyg,.

e Diffusion

: dg;
Nj = DjA—= (95)

e Global balance

2dG; dZCj ac;
D] —_ - R] =
rdr dr? dt

(96)
j=1{g x}
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APPENDIX B - Mass balance calculation

In Table B.1 are presented the values of Molar masses used for mass balance calculations
[38].

In the report, the Biomass composition and the molar mass assumed were CH; 7800 60No,19
and 26.07 g/mol [39], respectively.

Table B.1. Molar masses utilized in the calculation of mass balances

Substance M
g/mol
Glucose 180.156
Xylose 150.13
Furfural 96.0841
HMF 126.11
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APPENDIX C - Determination of the average volume around each
sphere

First, it was assumed that each capsule had accessibility to an average volume corresponding
to a spherical geometry - complex.

In batch fermentation, the average volume that surrounds each capsule was determined
according to conditions for continuous cultivation of hydrolyzate by encapsulated S.
cerevisiae, from Farid Talebnia work [40]. So it will be considered that the fermentation was
performed by 4.02 g of biomass present in 2.5 x 10~* m3 of capsules, being the total volume
of medium 1 x 1073 m?3.

Knowing that the volume of a sphere is:

2 (97)

Vsphere = §7TT

The volume of one capsule, v qpsute . IS approximately 3.35E — 08 m?>.

The number of capsules will be given by the following equation:

Ucapsule (98)

Necapsules =
vtotalcapsules

The value obtained is 7460 capsules.

We are interested to know the average volume available that each capsule has during the
fermentation. The value of 1.34 x 10~7 m3/capsule was obtained applying the next
equation.

VUtotalmedium
Vmedium/capsule = (99)
ncapsules

Now we consider:

(100)

Vcomplex Vcapsule + Vmedium/capsule

Remembering that the complex is a sphere, the radius of this complex can be calculated. The
value achieved was 3.42 mm.
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APPENDIX D - Determination of the relation between diffusion
and the cell growth inside the cell pellet for G2

The formulation of the relation between the diffusion and the increase of concentration of the
biomass inside the sphere, was based on the studies of T. Lebeau et all [22]. They found out
that the next equation “satisfactorily describe the influence of the yeast cell concentration of
glucose in 4% (w/v) alginate gel plates” [22].

B (1 —0.003X) (101)
Dex = De x (1+ 0.0015X)

After studying the relation between the ratio of effective diffusivity in the cell-containing gel
and the effective diffusivity in the cell-free gel and the cell concentration, Figure D.1, it was
assumed that the Eg. (101) could be used to describe the relation between the diffusion
coefficient of glucose and the cell concentration in the cell pellet of the capsule.

This assumption was based on the value of maximum concentration, approximately 333 g/L,
obtained with the Figure D.1. This value is near to the one obtained by S. Cheong et al [41],
309 g/L, and which we believe to be close to the maximum packing. The cell concentration
of 133 g/L corresponded to D, /D, equal to 0.5. In this work, for all models, was used this
concentration value and ratio between the diffusion coefficients.

0,9 -
0,8 -
0,7 -
0,6 -
0,5 -
0,4 -
0,3 -
0,2 -
0,1 -
0 T T T T T T >—
0 50 100 150 200 250 300 350

X/(g/L)

Dex/De

Figure D.1. Graphic representation of the relation expressed by Eq. (101) between ratio of effective diffusivity of
glucose in the cell-containing gel and the effective diffusivity of glucose in the cell-free gel and the cell
concentration in 4% (w/v) alginate gel plates.
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APPENDIX E - Determination of the growth equation

To finish the modeling for G2, the equation for biomass growth was still needed. The
equation was deduced by a simple analysis of two scenarios - the initial and final states of the
fermentation - and the posterior application of Eq. (102).

X=X, +1t (102)

E.1Initial and final characteristics for the glucose fermentation validation [35]

Figure E.1 that pretend to be equivalent in terms of biomass concentration inside the capsule.

In the top, we have the two situations which represent the initial biomass concentration before
the growth in G1 (a) and G2 (b). In the bottom it can be seen the two final states of the
biomass concentration for G1 (c) and G2 (d).

Note that ¢ and d represent the same concentration of biomass considering the concentration
based on the capsule volume. The concentration per cell pellet was obtained by a
concentration factor related to the volume differences. From (a) to (c) and (b) to (d), and
assuming that the variation of biomass is linear, we get:

From the application of Eqg. (102) we get r, equal t03.94 g/(L h) for G1 and 1.97 g/
(L h) for G2. This simulation was done for 6 h.

(a) Inicial state of model 6.1 (b) Inicial state of model 6.2
Xo=3244g/L Xo=1622g/L
of cell pellet volume of capsule inner volume
(c) Final state of model 6.1 (d) Final state of model 6.2
X =56.10g/L Xy =28.05g/L
of cell pellet volume of cell pellet volume

Figure E.1. COMSOL schemes for G1 and G2 for the glucose fermentation validation.
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E.2Initial and final characteristics for the glucose and furfural fermentation validation
[35]

For furfural validation, it was assumed that the growth would correspond to the growth of one
batch [35]. Therefore the initial and final states are equal to the ones presented in Figure E.1.
The simulation took 20 h.

From Eq. (102) we obtained r, equal to 1.18 g/(L h) for G1 and r, equal to 0.59 g/(L h) for
G2.
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APPENDIX F - Determination of movement velocity of the cell
pellet boundary

The idea for the cell growth with the moving boundary was that the boundary would move
parallel to the initial position. Each volume variation would have the form of a spherical
segment) and the initial volume would have the form of spherical cap. Keeping the volume
variation constant, the calculations for the movement velocity of the boundary are then
demonstrated.

The 3D geometry, Figure 1.1, for this situation is presented next.

\K,(_’J—/—/\ }
\ ; b
_—/;

Figure F.1. COMDOL 3D geometry for the idea for cell growth.

The volume of the spherical segment is given by [42].

po T h(3a? -6I- 3b% + h?) (103)

And the relation between r and b is:

radius® = h? + b? (104)

To obtain the boundary velocity, the initial volume of the cell pellet has to be calculated. First
it was assumed that the final volume would be 20 % of the volume of the cell pellet in G2,
meaning 20 % of the inner volume of the capsule.

Knowing the final biomass concentration in G2, the one correspondent to G3 was calculated
by Eq. (105). The value obtained was 140.25 g/L.

Cogr _ Va3 (105)
Cogs  Voz

Using the same equation for the initial time and knowing that the concentration of biomass is
constant in G3, we get 2.96886095715964 x 10~ m3 for the initial volume of cell pellet in
G3.
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For this initial volume, cap volume [43], the initial height of the boundary should
be 1.05093505502527 x 1072 m.

The total volume to fill is 5.13418926315215 X 10~°m3.

F.1 Glucose fermentation

For the glucose fermentation case, the previous volume will be filled in 6 h.

The volume variation over time will be 3.60888050998751 x 10~1° m3/h. This value was
used in Solver (Excel tool) in order to obtain the h value for six hours of movement. The
curve of velocity as a function of time was obtained and a tendency line was added.

Because of geometric issues with Comsol, the simulation could not be done directly with
these values. Comsol 4.1 does not assume that the boundary will move parallel to the z-axis.
Instead the intersection point of the boundary with the membrane gets fixed.

In order to outline this problem we assumed that the initial volume inside the sphere could be
simulated with 2D by a quadratic polygon. The polygon was obtained after several tries to get
the desired initial volume. Posteriorly, velocity was also corrected with some attempts to
achieve the final volume.

The new and corrected velocity equation inm/h is:

v =2.082x107%—6.92x107° (106)

It was also created a Piecewise’s function in order to control the movement of boundary
through the time.

(107)

pwl (x — 0.00183)(x + 0.00183)

~ 0.001832

In Comsol, the final expression of velocity for the boundary is:

(108)

vp = v X pwl(r)

F.2 Glucose and furfural fermentation

The initial position and final were maintained. This time, the boundary had to travel the same
height as in the previous case, but in 20 h.

The result for boundary velocity already corrected in COMSOL, inm/h is:

v =2597x1077t—2.112x 1073 (109)
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APPENDIX G - Control coefficient

The Control coefficients were calculated based in the Metabolic Control Analysis theory [36].
Keeping the kinetic and diffusion values as reference, a variation of + 10 % was calculated.

Through the use of parametric sweep, the values for glucose and xylose consumption rate
were obtained.

It was assumed that the relation between each parameter variation and the reaction rate of
glucose and xylose could be described by Eq. (110) [36][37].

T _ 0In(=ry)
parameter — § |n(parameter) (110)
In order to calculate C;fameter, the values of the parameters and the respective values of

—15and —r, were plotted in the natural logarithmic form. The slope of the resulting function
was obtained.
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