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Substrate consumption parameters:
u (h™") = specific growth rate
Y = g cells/g substrate utilized
s = g substrate consumed/I/h
gs = g substrate consumed/g cells/h
Qy = g cells formed/I/h
Product formation rates:
Q, = g citric acid produced/litre/h
Y, = g citric acid produced/g substrate consumed
Y, = g citric acid produced/g cells formed
qp = g citric acid produced/g cells/h.

Abbreviations:

The present investigation deals with a novel technique
for high and consistent yield of citric acid in a fed-batch
bioreactor of 9-L working volume. Five different potent
cultures of Aspergillus niger were evaluated for citrate
production using clarified cane-molasses as basal
substrate. Among the cultures, NG¢“®101 (developed by
UV/chemical mutation in our labs) gave maximum
production of citric acid i.e., 87.98 g/l after 6 days of
mycelial inoculation. The values of kinetic parameters
such as substrate consumption and product formation
rates revealed the hyperproducibility of citric acid by
selected Aspergillus niger NG°“®101 (LSD = 0.456, HS).
The addition of MnSO, to the culture medium
promoted the formation of small rounded fluffy pellets
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(1.55 mm?, dia.), which are desirable for maximal citric
acid productivity. During recycling fed-batch
cultivation, high and consistent yield of citric acid
monohydrate (128.68 g/l) was obtained when the
sampling vs. substrate feeding was maintained at 4-L
(44.50% working volume). The incubation period was
reduced from 6 to only 2 days, making the process
highly economical for citric acid production. MnSO, at
a level of 2.0 x 10° M, added during inoculation time
optimised the commercial exploitation of molasses in
recycling fed-batch cultivation system. The technique
developed in the current studies is a new addition in
fermentation technology due to high yields of product,
recycling of the fermentation medium and fungal
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mycelia, low manpower and energy consumption and
the use of low cost raw substrate without any additional
supplementation.

Citric acid is one of the most commonly used acids in the
food and pharmaceutical industries on account of its high
solubility, palatability and low toxicity. Although it can be
extracted from citrus fruits; submerged fungal fermentation
processes - notably using filamentous fungi Aspergillus
niger, are principally used to produce it. However, in
culturing these fungi, the growth of interlocking hyphae
may result in high viscosity fermentation broths and
consequently mass transfer and operational problems. For
an efficient citric acid production, the growth of Aspergillus
in pellet form is desirable and this can be achieved by
process optimisation (Rohr, 1998; Wayman and Mattey,
2000). A number of carbon sources may be used for citric
acid fermentation. For commercial reasons, the use of
molasses, sucrose or glucose syrups are favoured. The use
of molasses in particular is desirable because of its low cost
availability. Considerable research effort has been
expended in developing the citric acid production protocol
(Alvarez-Vazquez et al. 2000). However, because it is a
low volume, high value product, commercial profitability is
dependent on keeping technical and scientific advances
proprietary. Consequently, industrial developments in the
citric acid production techniques are closely guarded by
confidentiality = agreements. Factors which affect
Aspergillus growth and citric acid yields are many and may
include, substrate and nitrogen concentrations, initial pH,
dissolved oxygen and cation (especially Fe?, Mn" and
Cu'?) levels of the medium (Ali et al. 2001).

Citric acid is produced during trophophase as a metabolic
product of the tricarboxylic acid cycle and the carbon
entering the cycle is generally converted into biomass,
metabolic energy and CO,. Only a few small amounts
would accumulate as citric acid under balanced growth.
The main mechanism of accumulation is the manipulation
of medium constituents and growth conditions (Torres and
Kubicek, 1999). Several efforts were made to integrate the
core of this knowledge in highly structured dynamical
models. However, no recent attempts are reported about to
gain insight through macroscopic and energetic strategies,
despite of some early precedents (Rohr et al. 1987; Kubicek
et al. 1994). The availability of kinetic information under
representative physiological conditions is usually scarce
particularly in the case of palletised fungi such as
Aspergillus. Recently, we have developed protocols for
citric acid production as a future bioprocessing laboratory
process. For this, five different industrial strains of
Aspergillus niger were compared for citric acid production,
biomass formation and substrate utilization on the basis of
kinetic relation in a recycling fed-batch bioreactor set up.
Addition of Mn™ ions in citrate broth of fed-batch culture

not only remarkably enhanced citric acid production but
also reduced the incubation period, thus making the process
highly economical. High and consistent yield of citric acid
and its kinetic status in recycling fed-batch cultivation by
adding MnSQ, to the culture medium devised it as a novel
technique for a commercial citric acid production.

Materials and Methods
Organisms and maintenance

Five different hyper-cultures of Aspergillus niger (national
and international) were used in the present study (Table 1)
and are compared for higher citrate productivity in a
agitated bioreactor equipped with cross baffles. The
cultures were maintained on sterilized potato dextrose agar
medium (BDH, Germany), pH 4.8. The slants of
Aspergillus niger were stored at 5°C in the refrigerator. All
the culture media, unless otherwise stated, were sterilized at
15 Ibs/inch? jreqqure (121°C) for 15 minutes.

Vegetative inoculum

Hundred ml of pre-treated molasses medium (Sugar 15%,
pH 6.0) containing glass beads (1.2 mm’ dia. and 15-20 in
number), in 1-L cotton wool plugged Erlenmeyer flask, was
sterilized. A small amount of conidia from the slant culture
was aseptically transferred with the help of an inoculating
needle into the sterilized molasses medium. The flask was
incubated at 30°C in an incubator shaker (Gallenkamp, UK)
at 200 rpm for 24 hours.

Ultraviolet and chemical mutation

The conidia of Aspergillus niger were UV-irradiated
following the method of Haq et al. 2001. The cell
suspension was treated with N-methyl N-nitro N-nitroso
guanidine (NG) according to the procedure of Roy and Das,
1977.

Clarification of molasses

Cane molasses obtained from Chunian Sugar Mills
(Pakistan) was clarified according to the method of Panda
et al. 1984. After pre-treatment, the sugar content was
maintained at 15% (w/v) and stored at 15°C in an amber
colour bottle.

Fermentation technique

A stainless steel fermentor (New Brunswick, USA) of 15 L
capacity using a working volume of 9 L was employed for
citric acid fermentation. The fermentation medium
consisted of (g/l); clarified cane molasses 300.0 (sugar
15%), K4Fe(CN)¢s 200 ppm at pH 6.0. The vegetative
inoculum was transferred to the production medium at a
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rate of 4% (v/v) based on total working volume of the
fermentation medium. The incubation temperature was kept
at 30 + 1°C throughout the fermentation period of 144
hours. Agitation speed of the stirrer was kept at 200 rpm
and aeration rate was maintained at 1.0 1/l/min. Sterilized
silicone oil (antifoam AE-II) was used to control the
foaming problem during fermentation.

Recycling fed-batch cultivation system

The sampling vs. fed-batch was changed from 1.0-5.0 litres
(11.50-55.50%). The samples were taken, after every 24
hours until citric acid production reached maximum. Same
amount of sterilized molasses medium was regularly added
in the working vessel whenever the samples were
withdrawn. The mycelia were recycled from the sample
withdrawn.

Assay methods

‘Mycelial dry weight’ was determined according to Haq
and Daud, 1995. ‘Sugar’ was estimated
spectrophotometrically using the DNS method (Tasun et al.
1970). A UV/VIS scanning spectrophotometer (Cecil-700
series, UK) was used for measuring colour intensity.
‘Anhydrous citric acid’ was estimated using pyridine-acetic
anhydride method as reported by Marrier and Boulet, 1958.
Residual K4Fe(CN)g was determined using the method of
Marrier and Clark, 1962. For this,transferred an aliquot
(maximum 5 ml) of sample solution, diluted standard
ferrocyanide solution containing 5.80 pg of ferrocyanide
ion or water (blank) into a spectrophotometer cell. Two ml
of 50% citric acid solution and 1.0 ml of ferric chloride
reagent were added. The contents were mixed thoroughly,
set aside for 60 to 90 minutes at room temperature and
measured the optical density at 690 nm. To correct for dark
colour of molasses, transferred a duplicate aliquot sample
solution to another colorimeter tube and continued as
described above, but substituted one ml of water for ferric
chloride solution. Subtracted the optical density of this
sample measured against a normally prepared reagent blank
from that of the test solution.

HPLC analysis

Perkins Elmer HPLC system (Isocratic high performance
chromatography system, USA) with universal C18-column
(acetone/butanol as mobile phase) was employed to
determine the peak for citric acid purity and its stability on
time scale (1.5 min), following the procedures of Rohr et al.
1987.

Kinetic parametric study and statistical tests

The kinetics of the research work was studied (Pirt, 1975)

and the treatment effects were compared after Snedecor and
Cochran, 1980. Significance has been presented as Duncan
multiple ranges in the form of probability (< p >) values.

Results and Discussion

Any non-trial optimisation design could only be
accomplished from a consistent picture of the mycelial
physiology. In this work, we have made progress on the
understanding of the biochemical basis of the citric acid
producing strain of Aspergillus niger using afed-batch
cultivation system. This optimisation would imply the
improvement of both, the citric acid synthesis and excretion
rate. For citric acid fermentation, trace elements such as
copper, managanese, iron, zinc and molybdenum are
needed in ppm for optimum growth (Netik et al. 1997), but
the concentration will depend on the carbon source used
and temperature of incubation. The data in Table 1 show
the screening of the best available stock cultures of
Aspergillus niger for citric acid production in an agitator
bioreactor. The range of citric acid was 54.50-87.98 g/l.
The culture NG%P101 (developed by UV/Chemical
mutation in our labs) gave maximum yield of the product
(87.98 g/1) followed by Zowang-12 (84.20 g/l) and NIAB-
280 (79.40 g/1), respectively. Comparison of Kkinetic
relations (substrate consumption and product formation
parameters) for citric acid fermentation from clarified cane-
molasses following growth of Aspergillus niger cultures is
presented in Table 2. The highest specific growth rate i.e.,
m = 0.593+0.02 h™' was obtained with Aspergillus niger
strain NG9“®101. On the basis of comparison of kinetic
parameters, it was found that all the values of substrate
consumption rates (Yys Qs, Qx and qs) and product
formation coefficients (Q,, qp, Y, and Y,x) for NG®®101
were higher than the other strains. The value of least
significant difference (LSD = 0.456) is highly significant.
The work is comparable with Hess et al. 2000 and more
encouraging than many of the previous workers (Haq and
Daud, 1995; Torres and Kubicek, 1999; Ali et al. 2001).
Delgado and Liao, 1997 described that the increase of
mycelial formation in the medium; caused a reduction in
the yield of citric acid.

In batch-wise fermentation, the production of citric acid
starts after a lag phase of 24 hours and reaches a maximum
at the onset of stationary or death phase (Table 3). The
addition of MnSO; (2.0 x 10°M) in the medium was found
to be economical, especially when the culture of
Aspergillus niger NG°®101 was used as the organism of
choice. This might be related to the high yield of citric acid
and reduction in incubation period (6 to 4 days). Small
rounded pellets having 1.55 mm’ diameter are found
desirable for maximum specific productivity (i.e., 0.928
g/l/h). The rest of cultures did show encouraging results
with Mn"" ions addition in the broth culture. The Mn"™"
resulted in the presence within the cell of proteases, which
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degrade cellular proteins releasing free NH, ions that can
play a vital role in citrate accumulation. This causes a
decrease in intracellular proteins and nucleic acids, thus
more molasses carbon go into TCA cycle to promote citrate
accumulation and retard cellular biomass. However, Kisser
et al. 1980 pointed out that Cu reduces the effect of Fe, as it
is an antagonist of Mn ion uptake.

The data in Table 4 reveals the effect of MnSO,
concentration on the production of citric acid by mutant
strain of Aspergillus niger NG“®101 under recycling fed-
batch culturing. Control gave 88.55 g/l citric acid
monohydrate, 144h after inoculation. Maximum amount of
citric acid was achieved after 48 h of incubation when
sampling vs. fed-batch was maintained at 4.0 L (44.50%)
with the addition of 2.0 x 10° M MnSO,. Thus, adding
same amount of MnSQO, but recycling the medium and
reusing of mycelia through fed-batch culture in agitator
bioreactor reduced the incubation period from 6 to 4 days
with Mn"" ions and then 4 to only 2 days. Final pH of the
fermented broth was recorded to be 1.6. The dry cell mass
and sugar consumption was 12.30 and 95.0 g/,
respectively. Mycelial morphology was in the form of small
round fluffy pellets. High and consistent citric acid yield is
directly related to pellet formation, which allows good
mixing and mass transfer. Conidia trap each other and form
a core around which hyphae develop (Pirt, 1975). Round
uniform fluffy loose pellets (1.55 mm?, diameter) and short
stubby lateral hyphae with swollen tips gave better citric
acid production.

From the data, it is evident that in fed-batch culture citric
acid production is 1.68 fold higher than the control. Hence,
the process is economically feasible for commercial
exploitation due to consistent and high yield of citric acid
monohydrate (Table 4). The low energy consumption, raw
material’s use without supplementing costly mineral
nutrients and less manpower involved in recycling fed-
batch technique, make the process suitable for setting up an
industrial plant (Haq et al. 2001). Legisa and Mattey, 1988
have patented a continuous multistage process for citric
acid production. In this process, culture medium was added
at a rate providing for its complete replacement in 24 h. The
influence coefficient of the medium was kept at 4%.
Therefore, our finding is not in agreement with the study of
these workers. The kinetic relations of recycling fed-batch
culture for enhanced citric acid production by Aspergillus
niger NG9“®101 are given in Table 5. The maximum values
of growth yield coefficients (Y,s and Y,x in g/g),
volumetric rates (Q, and Q, in g/l’/h) and specific rate
constants (qs and gy in g/g/l) were obtained when sampling
vs. fed-batch was maintained at 4.0-L, supplemented with

2.0 x 10° M MnSO, during the time of inoculation. The
value of LSD for Q, (i.e., 0.112) justify that the specific
technique is highly significant for citric acid production.

Concluding Remarks

Owing to the steadily increasing demand of citric acid for
industrial purpose, its manufacture from molasses has
proven to be of great importance to the sugar industry.
Stability of the citric acid market and price range make it
one of the most stable commodities that can be produced
from molasses. The present investigation constitutes an
attempt to design optimisation strategies for citric acid
production rate in A. niger by integrating a framework of
relevant aspects of the 4. niger physiology. In this regard,
the most noticeable finding was the addition of 2.0 * 10°M
MnSO, in a recycling fed-batch bioreactor system and
remarkably higher yield of citric acid. The value of product
yield coefficient (i.e., 1.661+0.02 g/g) of Aspergillus niger
NGY“®101 was highly significant (LSD>0.0340). By
increasing glucose uptake rate, decreasing biosynthesis of
polyols and fluxes diverting mass (®x) in TCA cycle, this
strain can be well exploited for commercial production of
citric acid.

References

ALI, Sikander; HAQ, Ikram-ul and QADEER, M.A. Effect
of mineral nutrient on the production of citric acid by
Aspergillus niger. Online Journal of Biological Sciences,
March 2001, vol. 32, p. 31-35.

ALVAREZ-VAZQUEZ, F.; GONZALEZ-ALCON, C. and
TORRES, N.V. Metabolism of citric acid production by
Aspergillus niger, model definition, steady state analysis
and constrained optimisation of the citric acid production
rate. Biotechnology and Bioengineering, October 2000, vol.
70, no. 1, p. 82-108.

DELGADO, J. and LIAO, J.C. Inverse flux analysis for
reduction of acetate excretion in E. coli. Biotechnology
Progress, July-October 1997, vol. 13, no. 4, p. 361-367.

HAQ, Ikram-ul; KHURSHID, S.; ALI, Sikander;
QADEER, M.A. and RAKOJA, M.I. Mutation of 4. niger
for enhanced citric acid production by blackstrap molasses.
World Journal of Microbiology and Biotechnology,
December 2001, vol. 17, p. 35-37.

HAQ, P.B. and DAUD, D.A. Process of mycelial dry

weight calculation for citric acid. Journal of Biotechnology,
January 1995, vol. 9, p. 31-35.

HESS, S.J.; RUITER, G.J.; DIJIKEMA, C. and VISSER, J.
Measurement of intracellular (compartmental) pH by

113



Ali, S. et al.

PNMR in Aspergillus niger. Journal of Biotechnology,
March 2000, vol. 25, p. 341-348.

KISSER, M.; KUBICEK, C.P. and ROHR, M. Influence of
manganese in morphology and cell wall composition of
Aspergillus niger during citric acid fermentation. Archives
of Microbiology, November 1980, vol. 128, p. 26-33.

KUBICEK, C.P.; WITTEVEEN, C.F.B. and VISSER, J.
Regulation of organic acid production by Aspergilli. In:
POWELL, K. A. ed. The genus Aspergillus. Plenum Press.
New York. December 1994, p. 35-145.

LEGISA, M. and MATTEY, M. Glycerol synthesis by
Aspergillus niger under citric acid accumulating conditions.
Enzyme Microbiology and Technology, March 1988, vol. §,
p. 607-609.

MARRIER, JR. and CLARK, D.S. An improved
colorimetric method for determination ferrocyanide
concentration and its application to molasses. Analyst.
November 1962, vol. 85, p. 574.

MARRIER, J.R. and BOULET, M. Direct determination of
citric acid in milk with an improved, pyridine acetic

anhydride method. Journal of Dairy Sciences, November
1958, vol. 41, p. 1683.

NETIK, A.; TORRES, N.V.; RIOL, J.M. and KUBICEK,
C.P. Uptake and export of citric acid by Aspergillus niger is
reciprocally regulated by managanese ions. Biochimica et
Biophysica Acta, October 1997, vol. 1326, p. 287-294.

PANDA, T.; KUNDU, S. and MAJUMDAR, S.K. Studies
on citric acid production by Aspergillus niger using treated
Indian cane molasses. Journal of Microbiology, November
1984, vol. 52, p. 61-66.

PIRT, S. John. Principles of Microbe and Cell Cultivation.
Blackwells Scientific, London. March 1975. 274 p. ISBN
0470690380.

ROHR, M. A century of citric acid fermentation and
research. Food Technology and Biotechnology, March
1998, vol. 36, p. 163-171.

ROHR, M.; KUBICEK, C.P.; ZEHENTGRUBER, O. and
ORTHOFER, R. Accumulation and partial reconsumption
of polyols during citric acid fermentation by Aspergillus
niger. Applied Microbiology and Biotechnology, November
1987, vol. 27, p. 235-239.

ROY, P. and DAS, A. The mutagenic action of N-methyl
N-nitro N-nitroso guanidine on Aspergillus niger relation to
citric acid production. Science and Culture, March 1977,
vol. 43, p. 461-463.

SNEDECOR, George Waddel and COCHRAN, William G.
Statistical methods, 7" edition, Towa State University,
USA. January 1980, 524 p. ISBN 0813815614.

TASUN, K.; CHOSE, P. and GHEN, K. Sugar
determination of DNS method. Biotechnology and
Bioengineering, March 1970, vol. 12, p. 921.

TORRES, N.V. and KUBICEK, C.P. Glucose transport by
Aspergillus  niger during growth on high glucose
concentrations. Applied Microbiology and Biotechnology,
March 1999, vol. 47, p. 792-797.

WAYMAN, F.M. and MATTEY, M. Simple diffusion is
the primary mechanism for glucose uptake during the
production phase of the Aspergillus niger citric acid
process. Biotechnology and Bioengineering, April 2000,
vol. 67, p. 451-456.

114



The role of Mn™" ions for high and consistent yield of citric acid in recycling fed-batch bioreactorsystem ...

APPENDIX

Tables

Table 1. Screening of stock cultures of Aspergillus niger for citric acid production in agitator bioreactor.

Sugar (g/1) Peak day for
Stock cultures of | Country’s name . o . Dry cell mass . maximum Myecelial
) ) Total acid (g/l) | Citric acid (g/l) . Optimum volume (%)
Aspergillus niger (brand) (g/h) Used | Residual product morphology
formation
NIAB-280 Pakistan 92.72 79.40 17.55 116.5 335 50 6 Small pellets
NG%®101 « 93.26 87.98 14.50 96.0 54.0 60 6 Small pellets
NRRC-1243 U.S.A. 76.55 59.85 24.20 94.5 55.5 60 7 Gummy mass
Korea (ab-1) Korea 58.62 54.50 29.95 142.5 7.5 70 5 Fine pellets
Zowang-12 China 94.66 84.20 16.50 106.5 43.5 45 8 Small pellets

Initial sugar concentration 150 g/, initial pH 6.0, aeration rate 1.01/I/min, incubation temperature 30°C. All the results are

sum mean of three parallel replicates.

Table 2. Comparison of kinetic parameters for the production of citric acid from cane-molasses following growth of
different cultures of Aspergillus niger

Kinetic parameters Selected stock cultures of Aspergillus niger
NIAB-280 NGE®101 NRRC-1243 Korea (ab-1) Zowang-12
Substrate consumption parameters
p(h™ 0.495+0.02 0.593+0.02 0.4349+0.01 0.234+0.02 0.548+0.03
Yus (g cells/g) 0.194+0.03 0.204+0.03 0.108+0.02¢ 0.098+0.04 0.148+0.04
Qs (g/l/h) 0.767+0.02 0.962+0.02 0.515+0.02 0.531+0.03 0.704+0.04
qs (g/g cells/h) 0.063+0.03 0.093+0.03 0.050+0.01 0.051+0.02 0.080+0.03
Qx (g cells/I/h) 0.073+0.03 0.078+0.03 0.061+0.03 0.063+0.03 0.074+0.04
Product formation Parameters

Q, (g/l/h) 0.193+0.03 0.290+0.03 0.149+0.03 0.236+0.03 0.248+0.02
Yo (g/8) 0.340+0.02 0.940+0.02 0.872+0.03 0.442+0.02 0.887+0.03
Yo (g/g cells) 3.600+0.03 6.620+0.03 4.392+0.04 3.752+0.02 7.360+0.04
Q, qp (g/gcells/h) 0.021+0.02 0.081+0.02 0.044+0.02 0.072+0.03 0.043+0.04

LSD 0.234 0.456 0.098 0.102 0.248

Significance level <p > S HS - - S

Each value is an average of three parallel replicates. + Indicates standard deviation among replicates. p indicates probability
significance level. The values differ significantly at p < 0.05. HS denotes that the values are highly significant while S is for
only significant values. LSD is for least significant difference.
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Table 3. Effect of different MnSO, concentration on citric acid fermentation and culture’s comparison for different

variables.

Parametric variables

MnSO, concentration (a x 10°M)

1.0x 10° 2.0x10° 3.0x10° 40x10°
NIAB-280 [NG“®101| Zowang-12 [NIAB-280| NG“®101 [Zowang-12 [NIAB-280| NG®“®101 |Zowang-12 | NIAB-280 | NG““*101 Zovlvgng'
Total acid (g/1) 90.20 95.44 92.64 82.85 125.04 94.60 75.42 105.45 82.30 69.96 90.02 71.50
Citric acid (g/1) 81.12 89.67 82.24 73.22 119.60 83.25 65.44 99.67 73.20 58.98 78.62 68.15
Dry cell mass (g/1) 17.50 14.55 17.50 15.50 13.50 16.50 12.00 14.75 14.00 8.50 12.50 12.65
Sugar used (g/1) 92.65 94.50 108.50 80.55 92.50 118.50 76.52 88.00 124.55 69.65 84.20 128.50
Sp. Productivity 0.875 0.898 0.852 0.567 0.928 0.872 0.459 0.878 0.812 0.426 0.760 0.782
(g/l/h)
Morphology Pellets Pellets Pellets Viscous Pellets Viscous Viscous Pellets Viscous Viscous Pellets Viscous
Pellet diameter (mm?) 1.05 1.75 2.52 - 1.55 - - 1.40 - - 1.25 -
Peak day of product
formation 6 5 6 4 5 6 4 5 6 4 4
Initial sugar concentration 150 g/l, initial pH 6.0, aeration rate 1.01/l/min, Incubation temperature 30°C. All the results are
sum mean of three parallel replicates. MnSO, concentrations were added at the time of mycelial inoculation
Table 4. Effect of MnSO, concentration on the production of citric acid by mutant strain of Aspergillus niger
NGGCBI101 in recycling fed-batch bioreactor system.
Sampling vs. fed-batch Peak day for Sugar (g/1)
MnSO; conc. maximal . Citric acid Dry cell | . Final ferrocyanide | % citric Mycelial
5 Total acid (g/1) Final pH ) . e
Litres % (ax 10°M) product monohydrate (g/1){ mass (g/1) [Used [Residual | ions conc. (ppm) acid morphology
formation
Control - - 6 93.34 88.55 14.55 2.3 94.5 55.5 50.58 89.37 Small pellets
1.0 11.50 1.0x10° 2 48.44 43.52 12.05 3.8 104.0 | 46.0 40.90 41.84 Large pellets
2.0x10° 2 59.52 56.78 15.50 32 98.7 52.3 40.05 57.52 Mixed mycelia
3.0x10° 2 48.98 47.40 18.00 35 98.9 51.1 50.50 49.52 Fine pellets
40x10° 2 34.31 30.28 22.50 3.6 108.5| 41.5 56.44 31.62 Fine pellets
2.0 22.50 1.0x 10° 2 46.55 42.34 11.55 3.8 96.5 43.5 34.52 48.23 Viscous
2.0x10° 2 68.95 65.55 14.06 3.1 102.0 | 48.0 36.50 67.59 Viscous
3.0x 10° 2 60.04 56.78 16.65 33 105.5 | 445 42.55 56.90 Fine pellets
40x10° 2 57.62 55.02 19.90 34 1125 375 49.98 51.21 Fine pellets
3.0 33.50 1.0x10° 2 74.67 70.98 10.00 2.6 98.6 51.4 30.54 71.98 Mixed mycelia
2.0x10° 2 86.46 79.86 12.50 2.4 99.5 50.5 32.00 80.26 Mixed mycelia
3.0x10° 2 80.90 75.54 15.75 2.5 100.0 | 50.0 38.04 75.54 Gelatinous
40x10° 2 78.74 74.24 18.90 2.5 108.5 | 41.5 39.50 68.42 Gummy mass
4.0 44.50 0x10° 2 98.66 92.80 9.50 2.1 94.6 454 22.45 83.45 Mixed mycelia
20x10° 2 134.5 128.68 12.30 1.6 95.0 55.0 22.80 96.62 Fluffy pellets
3.0x10° 2 106.6 98.42 13.50 1.9 103.5 | 46.5 24.55 89.90 Small pellets
40x10° 2 94.32 90.10 14.45 2.0 110.0 | 40.0 25.00 86.55 Small pellets
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5.0

1.0x10°
2.0x10°
3.0x10°
40x10°

W W W W

79.34
95.90
9222
89.56

78.25
91.20
87.52
85.40

8.00 2.4
9.50 2.2
10.50 2.5
12.40 2.6

1205 | 295
115.0| 35.0
104.5| 455
100.5 | 495

20.80
21.34
24.05
24.52

72.42
66.78
76.98
71.05

Mixed mycelia
Fine pellets
Fine pellets
Fine pellets

Initial sugar concentration 150 g/l, initial pH 6.0, aeration rate 1.01/l/min, incubation temperature 30°C, ferrocyanide ion
concentration 200 ppm. Total volume of the fermentation medium was kept constant 7.e., 9-L (60 %) throughout for all the

treatments. *On the basis of sugar used, All the results are sum mean of three parallel replicates.

Table 5. Kinetic relations of recycling fed-batch culture for enhanced citric acid production by Aspergillus niger

NGGCBI101.
Sampling vs. fed-batch Growth yield coefficients (g/g) Volumetric rates (g/l/h) Specific rate constants (g/g/h) Significance
Liters % Yo Yo Qp Qs s Jx Le;ei

Control - 0.964+0.03 5.444+0.01 0.299+0.02 0.922+0.04 0.075+0.03 0.041+0.02 S
1.0 11.50 0.987+0.02 5.745+0.01 0.678+0.02 1.243+0.02 0.098+0.02 0.052+0.02 -
2.0 22.50 0.710+0.04 6.081+0.02 0.601+0.02 0.930+0.02 0.128+0.02 0.085+0.03 -
3.0 33.50 0.878+0.04 7.223+0.02 0.817+0.02 1.009+0.02 0.135+0.02 0.108+0.02 S
4.0 44.50 1.661+0.02 8.607+0.01 0.943+0.02 1.799+0.02 0.238+0.03 0.113+0.02 HS
5.0 55.50 0.303+0.04 5.004+0.02 0.598+0.03 0.902+0.02 0.097+0.05 0.064+0.04 -

LSD 0.0345 0.321 0.112 0.212 0.678 0.542

+ indicates standard deviation among replicates. p indicates probability significance level. HS denotes that the values are
highly significant while S is for only significant values. LSD is for least significant difference. The values differ
significantly at p < 0.020.

117



