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4.2 Continuous Stirred Tank Bioreactors

4.2.1 The Chemostat: the Ideal CSTR

The use of acontinuous stirred tank reactorto extend the duration of culture of microbes
was developed in the 1950s by Novick and Szilard' and Monod®. The realization that a
CSTR could be used to maintain microbial growth at a steady state value, which could be
varied from any growth rate up to the maximum p__, was an important advance, as it broke
the traditional thinking at the time that stable microbial growth was only possible at the
maximum rate, corresponding to the minimum doubling time found in batch cultures.
Subsequently, the use of a well-mixed continuous microbial reactor to study microbial
physiology led to important advances in understanding the cell cycle, metabolic regulation
and microbial product formation. :

The configuration of a typical well-mixed continuous reactor is shown in Figure 4.2.
Agitation may be provided by an impeller or by the motion imparted to the liquid phase by
rising gas bubbles. In aerobic systems, supply of oxygen to the organism generally occurs
via air sparging. In the ideal case, the liquid phase is completely mixed, i.e., the liquid phase
composition is uniform throughout the vessel. Similarly, temperature is maintained constant
and uniform by circulation of cooling water through coils in the vessel or in a jacket sur-
rounding the vessel. Typically the pH of the culture medium is controlled by the addition
of acid or base.

We may write material balance equations for each of the important variables in the
CSTR. We shall first consider the case where only one substrate (S) limits the growth rate
of the organism, and that the volumetric rate of growth is given by uX . The balance equations
are:

(1) Novick, A. and L. Szilard, Science, 112, 715 (1950).
(2) Monod, J. Ann. Inst. Past., 79, 390 (1950).
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Feed )‘<0
Reservoir So
Fin
0,, CO,
" air out
pH control
X
: S
acid or base Fou
addition OO
sy
) = ) _ \ Product
sterile air in liquid volume V vessel

Figure 4.2. A schematic of a continuous stirred tank bioreactor. Typically the pH and
temperature are controlled, as are the flow rates of nutrients into the vessel. The notation
used to model CSTR systems is indicated; X is the dry cell weight, S is the substrate con-
centration and F is the flow rate of nutrients into the vessel.

dxXv
%— =F X -F,_X+pXV (4.19a)
dsv 1
2L oF S ~F S——nuXVv 4.
G = e FouS 71X (4.19b)
dv . '
dt "Fin-Faur 7 (419C)

When the volumetric feed rates, F,, F,,, into and from the vessel are maintained constant
and equal (F), the equations simplify to (note that dX/dt no longer equals uX, as it does
during batch growth)

dX F, | '
E—"—/(XD—X)ﬁ-]JX (4.20a)
dS F |

—— S v W, 2
" V(S" S) Yon (4.20b)

TheratioF/V is generally referred to as the dilution rate, denoted as D, with units of reciprocal
time. Itis the inverse of the average residence time 1. It equals the number of reactor volumes
that pass through the reactor per unit time. At steady state, the time derivatives are set to
‘zero and the equation for cell concentration has the solution
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DX, =(D -wX (4.21)

When the feed stream is sterile (generally the case), X, is zero and two solutions to the above

equation are possible: ,
X,=0 or L=D (4.22)

In the unusual case that the specific growth rate of the culture (1(S)) is independent of
substrate concentration and is constant, the steady-state concentration of cells that results
when the dilution rate is set equal to [ is indeterminate. Solution of the second mass balance
shows that the steady state substrate concentration is also indeterminate, although both X
and S, must satisfy
$.=9, -LX.,S (4.23)
XI5

Thus arange of values of cell and substrate concentrations is possible. Experimentally, this
can be occasionally seen at very low inlet substrate concentrations. Time-varying cell mass
and substrate concentrations are observed.

Generally however, the specific growth rate is a function of substrate concentration.
When the Monod relationship between L and S is employed, the mass balance equations
are no longer indeterminate and we find

Moad
D=u=KS+S (4.24)
which can be solved for S:
DK; .
S, = L -D provided X _#0 (4.25)
and from the substrate balance equation we see
D(S,-S,) —L;,LX” =0 (4.26)
. 7
and noting D = |1, we obtain
DK
X, = YX,S(SG —m] (4.27)

The second steady state solution occurs when X, = 0. The corresponding value of the

substrate concentration is S = S.. This steady state is referred to as washout, as cells are

no longer present in the reactor. The dilution rate at which washout occurs can be found by

examining equation (4.24). When S equals the feed concentration S_, the corresponding
dilution rate is :

p o HnuSo

K+ S,

(4.28)
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The maximum dilution rate is thus slightly smaller than the maximum specific growth rate.
If the dilution rate is greater than this value, the system moves to the second steady state
solution X = 0. This can be seen from the behavior of S; as D — ..., S,, becomes
indeterminate.

Summary of Steady State Solutions

D<  — D> Hmax
DK, ) DK,
S.\'.\' = Mo =D prOVlded S() > T S.\'.r - S{)
L, . , DKS
Ses is indeterminant if Sy < T
DKS
Xx.r = YX/S So - Hmax — D X‘.“ =0

As we saw in Chapter 3, values of K are usually small, particularly when compared
to the inlet substrate concentration S,. Thus the steady state substrate concentration is quite
small, and, remarkably, is independent of the inlet substrate concentration. The non-trivial
solutions can only apply in the case where the inlet substrate concentration is greater than
S If S, < S, then the specific growth rate y is constant, the equations are indeterminate,
and a variety of steady states could be observed.

The cell concentration is approximately Yy,S, for dilution rates up to values
approaching [.,. The behavior of the steady state solutions X, and S as a function of the
dilution rate is shown in Figure 4.3. The operation of a CSTR under conditions where only
one substrate is growth-limiting gives rise to an almost constant value of the substrate
concentration over a wide range of dilution rates. Other substrates which are consumed at
rates proportional to the specific growth rate of the cells will also have steady state con-
centrations that are independent of D and are constant. For this reason, this type of bioreactor
operation is referred to as chemostat operation (i.e., the chemical environment is staric).

As the dilution rate approaches ,,, the cell concentration decreases very-rapidly.

Operating the chemostat at dilution rates close to |1__ is experimentally difficult due to this
sensitivity. Small variations in inlet substrate concentration, feed flow rate or small variations
in the growth rate of the organism may result in washout of the cells.

The volumetric productivity of cells in the chemostat is given by DX, (typically
expressed as gm cells per liter reactor volume per hr). The dilution rate at which the maximum
productivity occurs can be found from:
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5
4 1+
EERE
50 E ) .
P productivity
< A
] 4
substrate
0 i 1 i i

0.000 .200 (0.400 0.600 0.800
Dilution rate D (hr!)
Figure 4.3. The dependence of the steady state cell and subsirate concentrations on the

dilution rate D. The values of the constants in the Monod model are u_, = 1.0 hr'!, K =
0.5 gm/l, Yys = 0.5 gm cells/gm substrate with S, = 10 gm/l. Also shown is the cell pro-

ductivity, DX, in gm/(liter-hr).

dDX,,
dD

The corresponding cell concentration is
Xr.r.max = YX/S(So + K.S‘ - VKS(So + KS)) (430)

If K5 << S,, then the volumetric productivity becomes Yyl u50-

K;
=0 thus D = - v 4.29
max “’"“(1 K+ SDJ ( )
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	1. Enzymy, kinetika, enzymové reaktory

	2. Transportní jevy v systémech s imobilizovanými enzymy

	3. Růst mikrobiálních buněk, stechiometrie růstu

	4. Růst ve vsádkových systémech
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	6 . Modifikace základních typů bioreaktorů 
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. Smíšené kultury



