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Question 1:  Material Balances and Microbial Stoichiometry



[20 marks]

a. Four product classes exist based on the relationship between product formation and the growth phase.  Provide diagrams to describe the relationship of a product of the primary energy metabolism and a secondary product to the profile of microbial growth with time. Give at least one product example per class.

(6)

b.
What is the respiratory quotient and how is it useful?
(1)
c. What is YX/S? Why is the measured value of YX/S not necessarily constant across the growth phase of a yeast process?

(2)

d. What uses can reaction stoichiometry be put to in the design of a bioprocess?  Provide 3 applications.

(3)

e.
The growth of the yeast Saccharomyces cerevisiae under anaerobic conditions can be described by the following overall reaction: 

C6H12O6 + ( NH3   (   0.59 CH1.74N0.2O0.45 + ( C3H8O3 + 1.54 CO2 + 1.3 C2H5OH + 0.036 H2O 


   Glucose + ammonia (   biomass   +      glycerol  + carbon dioxide  + ethanol  + water

i.
Determine the stoichiometric coefficients ( and (.  
 (3)

ii.
If 50 g glucose is metabolised by the yeast, calculate the mass of NH3 consumed.  

(3)

iii.
Determine the yield coefficients YX/S on a mass basis.
(2)

 Question 2:   Bioprocess Applications

[12 marks]

During this course, you have been exposed to a number of bioprocess applications through laboratory and plant visits.  Use your experience of these to answer the following:

a.
Describe the production bioreactors used in the beer making process at SABMiller and the yeast production process at Anchor Yeast and compare how these differ.  In your discussion, consider the size of the reactors, how heat transfer is achieved, how oxygen is provided, whether the reactor contents are well mixed and, if so, how?

(6)

b.
Both in a class assignment and in the laboratories, you were introduced to a range of bioreactor types, including the stirred tank reactor, airlift reactor, bubble column, packed bed reactor, fluidized bed reactor, slurry reactor and membrane bioreactor.  Select two of these reactor systems and provide a description of them, including in this how mixing and mass transfer is achieved.  Complete these notes by addressing the advantages and disadvantages of these reactor types for use for the growth of the filamentous fungus Penicillium as a mycelial culture.
(6)

Question 3:  Sterilisation Processes

[10 marks]

a. You are to sterilise 500 litres of culture media containing a microbial count of 3 x 107 cells per ml for use in a bioprocess.  A possibility of contamination of 1 in 1000 (N = 0.001) is acceptable.  Ignoring any heating and cooling cycles, how long would the media need to be maintained at 125(C to achieve the required sterilisation?

(6)

b. If the sterilisation process is operated as a batch process, is it reasonable to ignore the heating and cooling cycles?  Discuss the validity of ignoring the heating and cooling cycles in both batch and continuous sterilisation processes, using a diagram to illustrate their impact.  
(3)

c. How would the sterilisation time be affected if the holding temperature were increased to 150(C?  Would this affect the process in any other way?
(1)

Data:

Typical values of sterilisation constants:
	Micro-organism
	“Activation energy” E (kcal/mol)
	Sterilisation constant A (min-1)

	B.stearothermophilus
	67.48
	4.93 x 1037

	B.subtilis
	68.7
	9.50 x 1037

	vegetative cells
	< 20
	1.20 x 1021


Question 4:  Bioreactors and bioreactor operation
[25 marks]

a.
The necessity to: 

· maintain aseptic conditions, 

· prevent foaming, 

· provide pH control

· ensure homogeneity through adequate mixing, and 

· provide sufficient heat transfer 


in an aerobic stirred tank bioreactor has been discussed.  Choose 2 of these 5 topics and write short notes discussing why these are important and how they can be achieved.

(7)

b.
A strain of Azotobacter vinelandii is cultured in a 15 m3 stirred tank at 35(C for alginate production.  The reactor is operated at atmospheric pressure (approx. 1 atm).  Under the operating conditions, kla is 0.17 s-1 and the agitator dissipates heat at a rate of 3600 kJ m-3 h-1.  Oxygen solubility in the broth is approximately 8 x 10-3 kg m-3.  The specific oxygen uptake rate is 12.5 mmol g-1 h-1 and the critical oxygen concentration below which growth rate is compromised is 0.5 x 10-3 kg m-3. 

i.
What does the critical oxygen concentration represent?  Show this with a diagram.
(2)

ii.
Calculate the maximum possible cell concentration?
(6)

iii.
To improve the oxygen transfer rate, the pressure at which the stirred tank reactor is operated is increased from 1 atm to 3 atm.  Compare the OTR achieved with that under atmospheric conditions.  Calculate the maximum cell concentration now supported. 
(4)

iv.
Cooling water at 10(C is supplied at a flow rate of 15 000 kg per hour.  Calculate the outlet temperature of this cooling water if the reactor temperature is maintained constant.
(6)

Question 5:  Product Recovery and Material Balances
[18 marks]

a.
Describe 5 typical categories of unit operations required in the recovery and purification of an intracellular protein product from a bacterial source, downstream of the bioreactor.  Propose two possible unit operat
ions for each category.

(9)

b.
You have taken vacation work at Antibiotics Unlimited and have been asked to use material balances around their process to predict the amount of product and by-product expected from their process.  The operators of the bioreactor tell you that, at the end of the production process, the penicillin concentration is 12 g per litre solution while the biomass concentration is 10 g fungal biomass per litre solution.  All the biomass is removed by centrifugation together with 20% of the liquid (solution).  The extracellular penicillin is precipitated from the remaining 80% of the supernatant.  


[image: image1]

If the precipitation step is 95% efficient, and the working volume of the bioreactor is 500 m3 solution (500 000 litres), calculate the following:
i.
the amount of biomass collected as by-product
(2)

ii.
the concentration of the biomass in the concentrated stream leaving the centrifuge in kg biomass per m3 solution
(2)

iii.
the mass of penicillin recovered as product by precipitation
(3)

iii.
the percentage recovery of penicillin from the bioreactor
(2)

Question 6: Microbial Kinetics

[15 marks]

a. A bacterial culture was cultivated in batch culture on glucose and the following data were obtained:

	Time (hours)
	Biomass concentration (g/l)
	Residual glucose concentration (g/l)

	  0

  3

  6

  9

12

15

20

26

32


	0.8

3.2

5.5

7.9

10.2

12.6

16.6

21.6

25.9


	60.0

54.4

48.7

43.1

37.5

32.0

22.4

10.4

0.2




i. Calculate the maximum specific growth rate.
(4)

ii. Calculate the doubling time tD

(2)

iii. Calculate the cell yield on substrate. 

(1)

iv. What is the maximum cell concentration that one could expect if 75g glucose per litre was used with the same size inoculum?
(2)

b. A continuous bioreactor with working volume V is operated at 35(C.  The concentration of the limiting substrate in the sterile feed is S0. The feed rate is F litres per hour. The concentrations of biomass, limiting substrate and extracellular product in the bioreactor at steady state operation are X, S and P g l-1 respectively.  Provide the biomass and substrate material balance equations to describe this continuous process, assuming that endogeneous respiration is negligible.  State all further assumptions made.

(6)

USEFUL INFORMATION

Elemental mass:
C  12
N  14
O  16



H  1
S  32


Valence of various elements:
C  4
H  1
O  -2



N  -3 (ref state NH3)
P  5
S  6

Growth kinetics:

Malthus equation for exponential growth:
dX/dt = ( X

Monod equation:
(  =  (max S / (Ks + S)

Logistic equation:
dX/dt = k X (1 – X/Xmax)


where
X
=
biomass concentration



t
=
time



(
=
specific growth rate



S
=
residual substrate concentration


Gas liquid oxygen transfer rate:



OTR = kla (Csat – Cl)



where
OTR
=  oxygen transfer rate




kLa
=  volumetric oxygen transfer coefficient




Csat
=  dissolved oxygen conc. at saturation



Cl
=  dissolved oxygen conc. in bulk liquid



kla  =  a (P/V)(  uSG(


kla  (  b (N3 D5)(  uSG(


pO2 = H Csat


y PT  = H Csat
Heat transfer:

Q = m Cp (T
Q = heat transfer rate




Cp = heat capacity

Q = U A (T
U = heat transfer coefficient

(Ho = 500 kJ per mol O2
Cp of water = 75.4 J gmol-1 (C-1 = 4186.8 J kg  (C-1
Thermal cell death:
dN/dt
=  -kN




ln (N/N0)  =  -k t




k  =  A exp(-E/RT)




where
N
=
  the number of viable micro-organisms remaining




N0
=
  the initial number of viable micro-organisms




k
=  thermal death rate constant




A
=  constant




E
=  “activation energy” of sterilisation




T
=   absolute temperature

Universal gas constant:       R = 1.9878 cal K-1 mol-1 

Microbial cell disruption:

High pressure homogeniser:



[image: image2.wmf]


[image: image3.wmf]N

P

k

R

R

R

a

.

.

ln

max

max

-

=

÷

÷

ø

ö

ç

ç

è

æ

-





where

N
=
number of passes through homogeniser





a
=
pressure exponent

High speed bead mill:
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where


Rmax =max soluble protein available for release





R
=
soluble protein released





k
=
disruption rate constant





T
=
treatment time




Bioreactor








Centrifuge





Raw materials





Pen: 12 g/l


Biomass: 10 g/l soln





Penicillin in solution, no biomass





All biomass,


Some penicillin-containing solution
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