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. 7% % #(yield coefficients)
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FHFHEA

S<nP
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PR ) TR

o =g
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9P = nk[S]
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(4)
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& (2) #HF &tk B M a Q) £ AL 45 A

aAsl_ g ——, dS]_ . ol
- ) -k I 581 I k dt
[5:] 1 ty
[2] no < —dS]=-k[ d
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In [Sg] Z—k(}: —I) -~ @:e-\tc:ﬁ,} R [S ] — [Sl] E—Hh-ﬁ}

[S] P [S] -

172

172



aLr]

dP)__ dIs] . d , n=Pl

dt dt _dls] —dlS]
dt

P-P _A[P]

P,=n(S,-S)+P, "SI Sy T ALS]
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TR

A reaction has a rate constant (k) of 0.1 s
I Att, =1s,[S]and [P]is 3 gl' and 0
g.I'! respectively. The stoichiometric yield
coefficient for the formation of P from S
is 2 g.g’!. After 10 s, the [S] and [P] will
be :
~[S], =2.10 g.I'" ;[P], = 4.2 g.I"" ;

~[S], = 1.10 g.I'" ;[P], = 4.2 g.I'" ;
~[S], = 2.10 g.I'" ;[P], = 3.8g.I"" .
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E— N — ) )

— )

(kinetics of batch fermentation)

G =X (1)

= .

= is the concentration of
= biomass in the bioreactor.
= Biomass concentrations
£ are typically expressed in
= g/l of Dry weight.

Litisw
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LdX =t (2)

If at time t,, the biomass concentration 1n the bioreactor 1s represented
by X, and at time t, the biomass concentration is represented by X,
equation (2) becomes:

[+ax=[umt ()
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Since u 1s constant during the exponential

ph)z(lse: t
j}dx Zﬂjdt (4)
X t,

Integrating both sides gives:

In X, —In X, = pu(t, - 1) (5)
ln>)<<_:) = pu(t, —t,) (6)
Finally:

H1(to)

X =Xg (7)
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Monod & BILAH B (1) LU A K 2 55 F— PR
M3 i (growth limiting nutrient )2 [A] 47
A ERARR (WAXHHZ R ED
G T AN TR & 4 FMonod J7 %
(19424F) .
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qs — qs,max
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%94 —ENEVHBMALLEKEN Monod BIEH

& W ERREER fms b Koo' /gm?
K HF M (Escherichia coli) e 0. 85 2. 0~4.0
KGATH# (Escherichia coli) LR 20.0
BER S (Saccharomyces cerevisiae) LT 0.13 25.0
ERat® (Monascus sp.) NE% 0.13 154. 8
ABW (Trichoderma sp.) nEN 0.13 43.2
FhRBLRE (Candida wilis) | 0.44° 0. 03
ERELBES (Candida utilis) Hm 4.5
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ERIIES] i A

Monod /5 #& 5 2K [C 7 F£ 1|

Monod /7 F& & X SEH0 L 5 1) e 45

2T (em

pirical model)

KT RE A MR 4 g S A 1 45
NS FE (mechanistic model )
Monod /7 12 5 K EC 77 R B AL .
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Monod /5 #£Z %1 (Monod model
parameters )1 i -

XUBIHL, 2t

A, SR w | MK

1 1 Ks 1
= + .
H A max M max S
PLL/SX1/ w AR, h—HEk

K 1 e I 1/ 0
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S

Ks 1

- © S

)7 A max A max

LISKIS/ w AE

X

~

, N—HZ

FHEK=1/ w .. HHEIEIE R CK/

|2

max
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PR

o AE R EBTRAM T, B KRR, W

S B Fa&. K-

ZE&E T, K

MR s KA R u |, A
Ko
S (mg/L) b Ch™) S (mg/L) e - Q)
6 0.06 122 0.60
13 0.12 153 0.66
33 0.24 170 0.69
40 0.31 221 0.70
64 0.43 210 0.73
102 0.53
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SETHES/ b

S ol S/ S 1 S/ u

(mg/L) (h™1) (mg/L ) (h™1)
6 0.06 100 122 0.60 203.3
13 0.12 108 153 0.66 [231.8
33 0.24 137.5 170 0.69 |246.4
40 0.31 129 221 0.70 |311.3
64 0.43 148.8 210 0.73 |287.7
102 0.53 192.5
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* 93 B-RHER, THHEET

B K E R MR

B pil} ®"OH & SR
t=lmax[1~exp(—5/Ks)] Teissier 1942
p=imnax(1+K;874)7? Moser - . 1958
_;‘:”m“_KTS—é_SX/_X Contois ' .'1959
ﬂ=ﬂmnx8/(KsX+s) i S 1963
u=K.S» Manago 1972

S=Au+Bu/(tmaxt+#) Dabes & 1973
ﬂZ/K'— (Kg"i'S) ﬂ_ﬂmax'S"—“O | ﬁmgg‘ 1975
Bailey - 1977

u=unaxS/(KetS)—b
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dP dX
— =0 — +
dt dt 23
12k kT ET
a. k>0 k =0, féﬁfl%ﬂfﬁﬂ
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AR ORI Y
%kIZYP/X’ k :Oy
dP/dt=Y, - -dX/dt,

P/X
QP P/X
RS RERH :
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dP/dt=Q, X
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e Fixed volume fed-batch

— Feeding the growth limiting substrate in undiluted
form, for example, as a very concentrated liquid or

qas (ex. oxygen);
— Dialysis;
— Cuyclic fed-batch culture for fixed volume systems
* Variable volume fed-batch

— repeated fed-batch process or cyclic fed-batch culture

— single fed-batch process.
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fermentation

* The mathematical development that is
going to be presented here has the
following assumptions:
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I AV M I EE T I A I NS I B AT E T I IS I AT A Il ERA T E VAT EEEEmY A | e S

Parameter Equation Equation
Specific Growth Rate | ; - (F.Yx/s)/ x 171
Biomass (as a function | x,=x +F.Y .t 11.2
of time)

Product Concentration |P=P +q . x,.t1+q,.F. Y, .1 1.1.3
(non-growth /2
PROAUCY Concentration |P= P, +r .t 1.1.4

(growth associated)

F : the substrate feed rate [mass substrate/ (volume.time)]
Y ., the yield factor [mass biomass/mass substrate]

x/s

P: the product concentration {mass product/volume] and

q,: the specific production rate of product [mass product/(mass

biomass . time)

r,:the product formation rate [mass product/(volume . time)]
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* From equations (1.1.1) , (1.1.2), (1.1.3)and
(1.1.4), it can be observed that

- the specific growth rate decreases with
time, because the biomass (in the
denominator) is increasing with time;

- the biomass increases linearly with time

- The product variation with time will depend
on its being growth or non-growth
associated
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P(ga)
P(nga)
Sn
S(gls)
-

time

+ Time profiles for a fixed-volume fed-batch

culture. 1 = specific growth rate, x = biomass
concentration, S(GLS) = growth limiting
substrate, SN = any other substrate other than
the S(GLS), P(nga) is the non-growth associated
product and P(ga) is the growth associated
profile for product concentration.
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»+ The mathematical development that
is going to be presented here has
the following assumptions:
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|2

- Consider a batch culture in which the
growth of the process organism has
depleted the limiting substrate to a
limiting level. If this limiting substrate is
fed to the fermentor in such a way that
the volume does not change, then

»dx/dt=F.Y,,
+ dx/dt = bn . x (1.1.5)

* then . x=FY , <> u=(FY, ., )/x (
11D
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» Considering that (F .Y, )/x has as a upper limit u
then ds/dt is approximately zero, being "s" the
concentration of substrate inside the fermentor [mass
substrate/volume]. However, because cells are growing
in the fermentor and then biomass is increasing with
time, dx/dt is not zero. Integrating equation (1.1.5)
between the initial time (+=0) and between time t, and
between the biomass concentration at the onset of the
fed-batch culture (x,) and the biomass concentration
after operating the fed-batch system after t time
(x,), equation (1.1.2) is obtained.

* X, =X, +F.Y .1 (1.1.2)

max’
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* In terms of a product P, the product balance is
dP/dt = q,. x (1.1.6)

» If equation (1.1.2) is substituted into equation
(3.6.1.5), then

dP/dt=q,. (X, + F.Y,ys. 1) (1L17)

- ifq,is cons’ran’r (non-growth associated
Droduc’rs) If equation (1.1.6) is integrated
between the initial time (t+ = 0) and time t, and
initial product concentration P. and the
concentration P for time t

P=P +q,.x,.t+q,.F.Y

e 1272 113
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+ If q, is related with u (growth associated
Droc;uc’r) By definition q, is defined as the ratio
of the product pr'oduc’rlon rate over the biomass
concentration in accordance to equation (1.1.8)

G, =1y / X (1.1.8)

* Assume that r, is a constant. Combining equations
(1.1.2), (1.1.6) and (1.1.8), it comes to

dp/dt =r, (1.1.9)

+ If equation (1.1.6) is integrated between the
initial fime (t = 0) and time t, and initial product
concentration P, and the concentration P for time
1.

(1.1 A\ 2%
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2 Kinetics of Variable volume fed-batch fermentation

e In a variable volume fed-batch fermentation, an
additional element should be considered: the feed.
Consequently, the volume of the medium in the
fermenter varies because there is an inflow and no
outflow. Again, it is going to be considered that the
growth of the microorganism is limited by the
concentration of one substrate.

« For the mathematical developments that will be
presented, the assumptions are

— Specific growth rate is uniquely dependent on the
concentration of the limiting substrate

— The concentration of the limiting substrate in the feed is
constant

— The feed is sterile

— The vields are constant during the fermentation time. e
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Component | Mass Balance Equation Equatio

n#

Overall F=dV/dt 2.1.1

Biomass |dx/dt=x.(u.V--K;.V--F)/| 212

Substrate |ds/dt = F . (s, -- s)/V — u. x/| 2.13

Product | dRAdY = G,.-Xx--P.F/V 2.14

F : the substrate feed rate [mass substrate/(volume.time)]
K, :the specific death rate [time]

Y /s the yield factor [mass biomass/mass substrate]

P: the product concentration {mass product/volume] and

q,: the specific production rate of product [mass product/(mass biomass .
time)

~ D .tlho v diaat £ O A [ movmm coena Dlocnadb [ e = By = o B~ =0\ 21
|\n. L1LICT PlUuuLL 1ULLITIAdUIUILITL 1 dlT Ll | e Relw) PLUUULL/ \VUlUlllC . UL llC)J .
—
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» Considering the overall mass balance
{in} = {out} + {accumulation}
F=0+dV/dt<«=>F=dV/dt (2.1.1)
* Where

V is the volume of the fermentor

t is the time

F is the feed rate [volume/time].
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» Considering now the balance to the biomass

{accumulation} = {in} + {produced}-{lost by cell
death}

d(Vx)/dt=F .x,+r,.V-r .V

+ The feed is considered to be sterile, then the {in}
amount equals zero.

V.dx/dt+x.dV/dt=V.dx/dt+x.F=r,.V-ry.
Vv

* Butr,.V=u.X.V and rqy.V=Ky.x.V
dx/dt=x.(u.V-K;.V-F)/V (2.1.2)
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* For a matter of simplicity, the specific death rate is
considered to be much smaller than the specific growth
rate and consequently, it can be neglected.

- Considering now the balance to the limiting substrate
{accumulation} = {in} + {consumed}

d(V.s)/dt=F.s -r,.V

re.V=uX.V/Y,,

d(V.s)/dt=V .ds/dt+s.dV/dt=V.ds/dt+s.F
ds/dt=F .(s,-s)/V-u.x/VY,,  (2.1.3)
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» Considering a mass balance for the product
{accumulation} = {produced}
d(V .P)/dt = r,. V
r,=q,. X
dP/dt=q,.x-P.F/V  (2.14)

P: the product concentration [mass product/volume] and
ry: the product formation rate [mass product/(volume.time)]

q,. the specific product formation [mass product/(volume.

I. \1 35
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o DU Z M N BRI MR G, I Seis 78 Kt

B, (EREFRAM NS SEEG e Rk -
(mg/L | (h™D) (mg/L| (mg/L | (h1) (mg/L
5 0.06 |427 122 0.60 |434
13 0.12 |434 153 0.66 |422

33 024 |417 170 0.69 |430
40 031 |438 221 0.70 390

64 0.43 422 210 0.73 |352
102 0.53 |427 S,=0.968g/L
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Yyss P, Yy/s P,
0.44 0.06 0.026 0.52 0.60 0.260
0.45 0.12 0.052 0.52 0.66 0.278
0.45 0.24 0.10 0.55 0.69 0.297
0.47 0.31 0.136 0.50 0.70 0.277
0.47 0.43 0.181 0.47 0.73 0.257
0.49 0.53 0.226
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