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1. INTRODUCTION

This example is taken from [HEU80] and deals with the production of Poly-B-Hydroxybutyric Acid (PHB), a
biodegradable polymer, by the bacterium Alcaligenes eutrophus. The model developed by Heinzle and Lafferty
[HEI80] describes the batch culture of these microorganisms and it considers that the growth and storage of PHB,
which is used as an energy stock by the bacterium, are functions of the limiting substrates (NH4*), the residual
biomass and the product concentrations. The influence of gas transfer is eliminated by the maintenance of the
dissolved gas concentrations. In the growth stage there is enough substrate to allow the protein synthesis (residual
biomass). When the substrate achieves a sufficient low concentration the protein production stops and the PHB

production increases (storage stage).

2. REACTION MECHANISM

The reaction mechanisms for the PHB synthesis are:

v' Growth stage:
aC0, + 0, + yH, 4+ dSubstrate — eResidual Biomass + PHB + 6H,0 + uH,S0,

For example,

aCOZ + ﬁOZ + ]/HZ + 6(NH4_)2504 — £C4'09H7'1301,89N0,76 + C4H602 + 6H20 + [leSO4 (R1)

v Storage stage:
pCO, + 10, + pH, — PHB + wH,0
For example,

pCO, + 10, + 9Hy, — C4,H;05 + wH,0 (R2)

The stoichiometric coefficients of the reactions are found through a mass balance of each chemical element. The
Excel solver is used for the calculation. This step is necessary because the stoichiometric reactions are not
available on the used bibliography. It is important to notice that PHB is a polymer and its number of monomers is
unknown. In [ISH91], this component is modeled by its monomer. The same hypothesis is adopted for the

simulation. The stoichiometric coefficients used are presented on the table below.

Substrate Residual
H . PHB H H
CO: (07} 2 (NH4),;SO, | biomass 20 2S04
(R1) -42.95238 | -3.678021 | -99.35604 | -3.619048 | 9.5238095 1 73.26080 | 3.619048
(R2) 4 12 -33 - - 1 30 -
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3. COMPONENTS

Components which are taken into account in the simulation are:

Name CAS number("
Carbon dioxide( 124-38-9
Oxygen() 7782-44-7
Nitrogen® 7727-37-9
Hydrogen() 1333-74-0
Water(") 7732-18-5
Sulfuric acid® 7664-93-9
Ammonium sulfate(" 7783-20-2
PHB 55001-01-9
Residual biomass 55001-02-0

Compounds with an asterisk are taken from the standard database of Simulis Thermodynamics, thermodynamics
server used in BatchReactor. The thermophysical parameters stored in this database are the DIPPR recommended
values [ROW2015]. The nitrogen is added because, at the beginning, the head space of the reactor is filled with air
(79% N2, 21% O2). Carbon dioxide, oxygen, nitrogen and hydrogen vapor pressures were changed in order to well

represent their solubility in water, Henry’s law parameters were obtained from [FOG91].

The PHB and residual biomass compounds were created by the function “Add a new compound” of Simulis

Thermodynamics. Their chemical formulas are taken from [ISH91]. The properties specified are:

v' CAS number() : Arbitrary number

v" Chemical formula : From [ISH91]

v" Molecular weight : From [ISH91]

v' Physical state at 25°C : Solid

v Physical state in aqueous solution at 25°C : Not soluble

v Enthalpy of formation for ideal gas at 25°C : 0 J/mol

v" Vapor and liquid mass specific heat: : Same as water

v" Vapor pressure : Parameters chosen to avoid the vaporization
Ln(P%) = =30 (Equation 101)

v" Vaporization enthalpy : 0 J/mol

v Liquid density : Same as water

The above properties, except for the CAS number(", are also applied to the ammonium sulfate.

For all compounds in the liquid phase (sulfuric acid, ammonium sulfate, PHB and residual biomass) the liquid

density is assumed to be equal to the density of water.

(™ CAS Registry Numbers® are the intellectual property of the American Chemical Society; and are used by Fives ProSim SAS with the

express permission of CAS. CAS Registry Numbers® have not been verified by CAS and may be inaccurate
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4. THERMODYNAMIC MODEL

Reactions occurred at ambient temperature (30°C) and atmospheric pressure, so the gas phase was assumed to

follow the Ideal Gas law.

The liquid phase contains insoluble solids (residual biomass, PHB and ammonium sulfate). These solids have been
represented as non-volatile liquids (see § 3). They should be excluded from the liquid phase for the vapor-liquid
equilibrium. If not, they modify the real compositions of the liquid phase and so the vapor-liquid equilibrium
constants of volatile components (water, carbon dioxide, oxygen, nitrogen, hydrogen). Thus, the “Solids excluded

from liquid phase” model has been selected to calculate the liquid fugacity.

Henry’s laws from [FOG91] were used to model the solubilities of the gases (carbon dioxide, oxygen, nitrogen and

hydrogen) into water.

5. REACTION MATHEMATICAL MODEL

[HEI80] developed a mathematical model for the production of PHB by the bacterium Alcaligenes eutrophus. The

evolution of the PHB concentration is modeled as the sum of two contributions:

dP

- =Tp =Tp1tT7p;
dt » ’

These two contributions are described below.

v" Growth associated term:

Tpr = Yp/x XTx1 = :_; XTx1 (R1)
Where

Tx1 = UXX

ot = S 4 (S/Ks )" il

v'  Storage associated term:
Kt kP kx R2

Tpoy = -

P2 K, + S( 1 2X) (R2)

All parameters taken from [HEI80] are presented in the following table.

#m,l (h-1)

ﬂm,z (h-1)

K, (gl

K, (gll)

B yin

K1 (g/1)

k1 (h™)

kz (h™)

0.13

0.08

0.1

1.0

5

0.041

0.045

0.18
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6. REACTION MODEL IMPLEMENTATION USING SIMULIS REACTIONS

User “interpreted” kinetic rate model was used to implement the mathematical models presented by [HEI8O0] for

both reactions. This feature allows the user to write his own code for the kinetic models using VBScript (Microsoft

Visual Basic Scripting Edition), which is an interpreted language: it does not require any compilation before being

executed and only requires for the computer to include an interpreter (e.g. wscript.exe in Windows environment).

A library of VBScripts for bioreaction kinetic models is provided with BatchReactor. For a step-by-step

application example about the use of these scripts, please consult “Getting started with BatchReactor —

use case 2”.
All reactions take place in the liquid phase.

The heat of reaction of each reaction is assumed to be 0.

6.1. Modeling of the first reaction

To get information about the suitable kinetic model to use along with the parameters to provide, access the

“technical help”, available in the “help tab” of the “chemical reactions editor”:

#N Chemical reaction editor - ] X
CHEMICAL REACTION This window helps you to define the context of your chemical reaction
PP TP (0D {054AA08D-D1F8-4C86-0403-062C65F47553)
@ Equilibrium General | Reaction heat | Kinetic
© Kinetic
@ Instantaneous B Activated
Name
TooLs I[New reaction]|
- POF Export (Print) onysical state
MODIFICATIONS Hlguid e
P User D
N
Comments
HELP
@ Technical help...
Ok l | Cancel
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The global reaction rate of the reaction 1 (r;,) can be modelled using the VBScript called “Bioreaction-option2”,

available in the VBScript library:

Standard VBScript Library X
Select the script to load

[ ok | | Cancel

NLS
rG,l = ((X. Z ﬂmax-r(si) + ﬁ) X
i=1

Tx1 UXX

knowing thatrg, = —==
Vx,1 Vx,1
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Two elementary terms are required and their indexes are selected from the table 2 provided in the technical help:

Elementary model #1: Monod

|

S (S/Ksz)"Hin
it i, 2 — | <X
KS,l + S 1 + (S/KS.Z) Hill

|

Elementary model #2: Hill

Ty =puxXX= (.um,l

Here are the parameters to provide:

Model parameters R1
Number of elementary terms 2
¢ t_ 1. 0.105
("Alpha") VX,l 952
B
0
("Beta")

Selection of the “Biomass” compound
CAS number(®): 55001-02-0
(“CAS of X)

Selection of the compound of
reference CAS number(: 55001-01-9
(“CAS of Reference”)

Model index = 1; —23
oael inaex = 1. KS+CS
With:
Parameters of Term #1 Selection of the substrate (“CAS of S”): 7783-20-2

Ks =Ks1=0.1g/L
Mmax,1 = Mm,1 =0.13/3600 = 3.61.10% s

Model index = 2: L
KN+ cY
With:
Parameters of Term #2 Selection of the substrate (“CAS of S”): 7783-20-2
Ks =Ks2=1g/L
N = nuin =5

Mmax,2 = hm,2 = 0.08/3600 = 2.22.10°5 51

(> CAS Registry Numbers® are the intellectual property of the American Chemical Society; and are used by Fives ProSim SAS with the

express permission of CAS. CAS Registry Numbers® have not been verified by CAS and may be inaccurate
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The model parameters are specified as follows:

@ Chemical reaction editor — [m| X

CHEMICAL REACTION This window helps you to define the context of your chemical reaction

19 e 1 o] | P |D: {5B6CAAJA-3D22-4128-97FE-F29AF0AAISCD)
@ Equilibrium General | Reaction heat | Kineticl
© Kinetic Rate model gct'rvatiun energy
@ Instantaneous User “interpreted” ~ _D cal/mol I
MODIEICATIONS - . Interpreted code  [] Show the script errors
™ Undo - ~ EEGEE
N 3 fommmm e USER GUIDE ---------—-- u User parameters...
#N User parameters - O X
PARAMETERS - B List of parameters
Add #  Description Value A
Delete 1 [Number of terms {2
2 |Alpha () |0.105
3 'Beta (s-1) '0
Move down 4 .CAS of X .55001020
Copy 5 ‘CAS of compound of reference '55001019
6 .Term #1: Model index (OPTIONAL) _1
7 |Term #1: CAS of S (OPTIONAL) | 7783202
8 |Term #1: CAS of | (OPTIONAL) |0
9 |Term #1: Max growth rate (s-1) (OPTIONAL) |3.61E-005
Technical help... 10 |Term #1: Ks (g/1) (OPTIONAL) 0.1
11 |Term #1: Ki (g/1) (OPTIONAL) |0
12 |Term #1: N (OPTIONAL) |0
13 |Term #1: Tmin (K) (OPTIONAL) |1
14 |Term #1: Tmax (K) (OPTIONAL) | 1000
15 |Term #2: Model index (OPTIONAL) |2
16 |Term #2: CAS of S (OPTIONAL) | 7783202
17 ’Term #2: CAS of | (OPTIONAL) ~0
18 .Term #2: Max growth rate (s-1) (OPTIONAL) ~2.?_2E-005
19 ‘Term #2: Ks (g/1) (OPTIONAL) |1
20 |Term #2: Ki (g/L) (OPTIONAL) |0
21 |Term#2: N (OPTIONAL) 5
22 [Term #2: Tmin (K (OPTIONAY |1 |
23 'Term #2: Tmax (K) (OPTIONAL) '1000 v
Ok ” Cancel

Copyright © 2025 Fives ProSim, Labege, France — Tous droits réservés www.fives-prosim.com



White biotechnology: Simulation of batch poly-8-hydroxybutyricaAcid (PHB) production with user defined kinetics

Version: February 2025 Page: 10/ 19

6.2. Modeling of the second reaction

The specific rate of reaction corresponding to the formation of PHB (P) in the second reaction can be written as

follows:

K

= P
2T FS

Kl 1
—kP+k,X)=k,——X—k
(k1P + k2 X) K, + S YK+ S

A way to use the library of bioreaction kinetic models is to decompose this reaction into 2 reactions with opposite

directions:

Ryq: 4CO, + 120, + 33H, — 1PHB + 30H,0

with rP,Za = k2 X

K1+S

RZb: 1PHB + 30H20 — 4‘602 + 1202 + 33H2

P

ith 1p oy = —k1
WEER Tpab K1+S

The global reaction rate of both reactions (r;,, and r; ,;) can be modelled using the VBScript called “Bioreaction-

option1”, available in the VBScript library:

Standard VBScript Library X
Select the script to load

Bioreaction-Option1
oreaction-Option

I Ok | I Cancel

NLS
e = (a-.umax nr(si) + .B> X
i=1
, Tp2
knowing thatrg, = —
Vp2
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For the reaction Raa:

One elementary kinetic term is required, corresponding to the model index 6 (Non-competitive inhibition) of the

table 2, which is provided in the technical help:

”‘ITIaX

7p2a =|k2 X

K1

K1+

Here are the parameters to provide:

» Elementarykinetic model #6 (Non-competitive inhibition):ﬁ
+

K

Model parameters

R2a

Number of elementary terms

a

("Alpha")

B
("Beta")

Mmax

(“Max growth rate”)

Mmax = k2 = 0.18/3600 = 5.10-5 s

Selection of the “Biomass” compound

(“CAS of X’)

CAS number®): 55001-02-0

Selection of the compound of reference

(“CAS of Reference”)

CAS number®): 55001-01-9

Parameters of Term #1

1

Model index = 6:
(9%

1+I(1

Selection of the inhibitor (“CAS of I’): 7783-20-2

Ki = K1 = 0.041 g/L

(> CAS Registry Numbers® are the intellectual property of the American Chemical Society; and are used by Fives ProSim SAS with the

express permission of CAS. CAS Registry Numbers® have not been verified by CAS and may be inaccurate
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The model parameters are specified as follows:
PN Chemical reaction editor - m] X

CHEMICAL REACTION

This window helps you to define the context of your chemical reaction

Sl m (o)) E— N |D: {SB6CAASA-3D22-4128-97FE-F29AF0AAS5CD}
@ Equilibrium General | Reaction heat m
© Kinetic Rate model Activation energy )
@ Instantaneous User “interpreted” ~ :D cal/mol M

MODIEICATIONS Interpreted code [] Show the script errors

% Undo i1

"""""""""""""""""""""""""""""""" ol PARAMETERS

2
"N 3" USER GUIDE ---========= a User parameters...
4
#N User parameters - O X
PARAMETERS List of parameters
Add #  Description Value A
Delete 1 lNumber of terms _1
2 |Alpha (5 L
Move up 3 Beta(s-1) 0
Move down - ’Max growth rate (s-1) .SE-OOS
5 CAS of X 55001020
Copy - {
6 ’CAS of compound of reference .55001019
7  [Term #1: Model index (OPTIONAL) |6
8 [Term#1: CASof S (OPTIONAL) |0
9 |Term#1: CASof | (OPTIONAL) |7783202
Technical help... 10 |Term #1: Ks (g/L) (OPTIONAL) |0
11 |Term #1: Ki (g/) (OPTIONAL) |0.041
12 [Term#1:N (OPTIONAL) |0
13 |Term #1: Tmin (K) (OPTIONAL) 1
14 |Term #1: Tmax (K) (OPTIONAL) | 1000
15 ‘Term #2: Model index (OPTIONAL) _0 |
ok || cancel
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- For the reaction Rap:

Two elementary kinetic terms are required, corresponding to the model index 6 (Non-competitive inhibition) and 12

(1storder) of the table 2, which is provided in the technical help:

Elementary kinetic model #12 (1% order): %
X

K1
Tp2b= K1+S

Hrmax » Elementarykinetic model #6 (Non-competltlvelnhlbltlon):H—ﬂ
Ky

Here are the model parameters:

Model parameters Rab
Number of elementary terms 2
a 1
——= 1

(llAlpha") P,Zb

B

0
(llBetall)
Mmax

Mmax = k1 = 0.045/3600 = 1.25.10-5 s~
(“Max growth rate”)

Selection of the “Biomass” compound
CAS number®): 55001-02-0

(“CAS of X’)

Selection of the compound of

reference CAS number®: 55001-01-9

(“CAS of Reference”)

Model index = 6:

Parameters of Term #1 Selection of the inhibitor
(“CAS of P'): 7783-20-2
Ki = K1 = 0.041 g/L

) Cs
Model index = 12: —
Cx

Parameters of Term #2 i
With:

Selection of the substrate (“CAS of S”): 55001-01-9

(> CAS Registry Numbers® are the intellectual property of the American Chemical Society; and are used by Fives ProSim SAS with the
express permission of CAS. CAS Registry Numbers® have not been verified by CAS and may be inaccurate
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The model parameters are specified as follows:
#N Chemical reaction editor - m] X

CHEMICAL REACTION

REACTION —— A

This window helps you to define the context of your chemical reaction

ID: {SBECAA9A-3D22-4128-97FE-F29AFOAAISCD}

@ Equilibrium
© Kinetic

@ Instantaneous

MODIFICATIONS -

General | Reaction heat | Kinetic

Rate model Activation energy

User “interpreted” v :D cal/mol v

Interpreted code [] Show the script errors

£ Undo ; TTTTTTTTTTTTTTTTTTTTTTTTmTToomoo oo (o)l PARAMETERS
5 | 2 P mm—————— USER GUIDE ------—-—--- “ User parameters...
#N User parameters - O X
PARAMETERS - el List of parameters
@ Add # Description Value
% Delete 1 |Number of terms |12
= 2 Alpha (- 1
@ Moveup 3 .BeK:a (sf‘ll) o
@- Move down 4 :Max growth rate (s-1) j1.25E-005
B o 5 |CAsofX 55001020
= 6 | CAS of compound of reference 155001019
I 7 [Term #1: Model index (OPTIONAL) 6
8 Term #1: CAS of S (OPTIONAL) |0
9  |Term#1: CAS of | (OPTIONAL) 7783202
Technical heip... 10 |Term #1: Ks (g/U) (OPTIONAL) 0
1 :Term #1: Ki (g/l) (OPTIONAL) :0.041
12 |Term#1: N (OPTIONAL) 0
13 :Term #1: Tmin (K) (OPTIONAL) :1
14 Term #1: Tmax (K) (OPTIONAL) 1000
15 | Term #2: Model index (OPTIONAL) [12
16 |Term#2: CASof S (OPTIONAL) [ 55001019
17 |Term #2: CAS of | (OPTIONAL) o
18 .Term #2: Ks (g/1) (OPTIONAL) ‘0
19 | Term #2: Ki (/) (OPTIONAL) o
20 Term=2N (OPTIONAL) 0
21 | Term #2: Tmin (K (OPTIONAL) 1
22 |Term #2: Tmax (K) (OPTIONAL) 11000
Ok ” Cancel
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7. SIMULATION

71.

Process description

The reactor used for the PHB production is described in the table below. A condenser is used in order to avoid the

loss of water that evaporates.

Reactor
Type Closed vapor-liquid
Global volume (vapor + liquid) 101
Head space (initial) Air
Condenser
Type Ideal sub-cooled
Temperature 0°C

Reflux fraction

1 (i.e., total reflux)

The initial conditions are presented in the following table:

Initial conditions

Temperature 30°C
Pressure 1 atm
Initial load (kg)

Water 7.97968
Ammonium sulfate 0.01840
PHB 0.00016
Residual biomass 0.00176
Other components 0

Total load 8

A continuous gas stream at ambient condition feeds the reactor in order to carry in the hydrogen, the carbon

dioxide and the oxygen (6:2:1 molar respectively) required for the reactions. The characteristics of this feed are:

Temperature 30°C
Pressure 1 atm
Total flow rate 15 I/min
Mole fractions
Carbon dioxide 0.1
Oxygen 0.22
Hydrogen 0.67
Other components 0

Copyright © 2025 Fives ProSim, Labége, France — Tous droits réservés
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The recipe consists in one isothermal step with the following parameters:

Type Specified reactor temperature
Temperature 30°C
Pressure 1 atm
Step duration 40 h

The scenario is presented on the left part of the following screen shot and the flowsheet on the right part.

Ele Edit Configuistion Simulation Elements Shepes Help

Do A0 @gek|vagrnE|zkas|r e e g0 b 0x@E B

B &= %H@ D" . . QHWE.‘I:I O M ‘DAddaslap = Add an event

(] Add a feed J Name of the tem: ‘

g Scenario  Notes.

d AV

B Fowsrest o

Calculation mode:
O Monophasic (iquid)
© Diphasic

O Menophasic (gas)

Diphasic reactor type
O Open
O chosed
(] With mass transfer model
(] with 3 liquid sidestream
{8 with a condenser
(] with a decanter
(] Vessel bottom geometry i known
Torispherical
(O with & mixing device
& siaight iat.biades turbine
Dissipated heat included
(] with an external heat exchanger
(0] Wi an helical coi
(0 Wih 2 wal heat exchange.
With an incuctor

External jacket

()
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7.2. Results

Next graph presents some simulation results obtained with BatchReactor software. The compounds concentrations

vs. time curves are in good agreement with data provided by [HEI8Q]. It has to be noted that using BatchReactor

software, all batch parameters can be monitored (liquid volume, gas phase compositions...). Moreover, the detailed

modeling of the reactor (heating/cooling system, condenser, vessel geometry...) can be taken into account with

BatchReactor.

Time evolution of the concentration of
substrate (ammonium sulfate), PHB (product) and residual biomass

2,5 \ I \ r 20
;_ —Substrate - Simulation C
\\ + Substrate - [HEI80] - 18
] Residual biomass - Simulation C c
2,0 X ! 16 O
= _ Residual biomass - [HEI80] C ‘é
% —PHB - Simulation _ 14 5
o - X PHB - [HEI80] - 2
B 15 T F 12 8
- i - m
o | - T
o 10 o
5 -
3 ] - s
2 10 8 w
s S
2 6 5
» | C 2
0,5 -4 S
i r =]
| - ®
| F2 @
0,0 —— : : r r r r r r r —t 0
0 5 10 15 20 25 30 35 40
Time (h)
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9. NOMENCLATURE

k, Constant h-1

K, Inhibition constant g/l

k, Constant h-t
K, Inhibition constant g/l
K, Inhibition constant g/l
n,,,  Hil coefficient (-)

P Concentration of PHB gll

P° Vapor pressure of the pure component Pa

X Concentration of residual biomass g/l

"p Rate of synthesis of PHB g/(l.h)
p, Rate of the reaction (R1) g/(l.h)
"p s Rate of the reaction (R2) g/(l.h)
Ty Rate of synthesis of residual biomass g/(l.h)
S Concentration of substrate (ammonium sulfate) g/l

t Time h
Yp,x  Yield coefficient gPHB/Jsubstrate
u Specific rate of synthesis of residual biomass h

M, Term 1 of the specific rate of synthesis of residual biomass h

M, Term 2 of the specific rate of synthesis of residual biomass h
M, Maximum specific growth rate h-1
M, , Maximum specific growth rate h-1
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