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Abstract Decolourization of anaerobically digested
and polyaluminium chloride treated distillery spent-
wash was studied in a fungal stirred tank aerobic
reactor without dilution of wastewater. Aspergillus
niger isolate IITB-V8 was used as the fungal
inoculum. The main objectives of the study were to
optimize the stirrer speed for achieving maximum
decolourization and to determine the kinetic param-
eters. A mathematical model was developed to
describe the batch culture kinetics. Volumetric oxy-
gen transfer coefficient (kpa) was obtained using
dynamic method. The maximum specific growth rate
and growth yield of fungus were determined using
Logistic equation and using Luedeking—Piret equa-
tion. 150 rpm was found to be optimum stirrer speed
for overall decolourization of 87%. At the optimum

S. S. Singh - A. K. Dikshit (>X)

Centre for Environmental Science and Engineering,
Indian Institute of Technology, Bombay, Powai,
Mumbai 400 076, India

e-mail: dikshit@iitb.ac.in

S. S. Singh
e-mail: san_singh911@yahoo.co.in

Present Address:

A. K. Dikshit

Department of Civil and Environmental Engineering,
Nanyang Technological University, Singapore 639798,
Singapore

stirrer speed, volumetric oxygen transfer coefficient
(kpa) was 0.4957 min~' and the maximum specific
growth rate of fungus was 0.224 h™'. The values of
yield coefficient (Y,,) and maintenance coefficient
(mg) were found to be 0.48 g cells (g substrate)_l and
0.015 g substrate (g cells)™' h™'.

Keywords Molasses spentwash - Decolourization -
Aspergillus niger - Stirrer speed - Kinetic model

List of symbols
im  Maximum specific growth rate (h™")
by Cell concentration (g 17])
Xn Maximum attainable biomass concentration
(g dry weight 171
kia  Volumetric oxygen transfer coefficient (min~")
C*  Saturated DO concentration (mg 1
Cy..  Actual DO concentration in broth (mg 1Y
qo, Specific oxygen uptake rate
(mg O, (g cells min)fl)
mg  Maintenance coefficient
(g substrate (g cells V)
Y.s Yield factor for cells on carbon substrate
(g cells (g substrate) 1)

Introduction
About 8-15 1 of spentwash is generated for every litre

of alcohol produced in a typical distillery (Mohana
et al. 2009). The spentwash is characterized by high
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chemical oxygen demand (COD) and biochemical
oxygen demand (BOD), low pH, strong odour and
dark brown colour (Satyawali and Balakrishnan
2007). Colour of spentwash is mainly due to mela-
noidins, which are natural condensation products of
sugar and amino acids produced by non-enzymatic
Maillard amino—carbonyl reaction taking place
between the amino and carbonyl groups present in
organic substances (Chandra et al. 2008). The colour
imparting melanoidins are barely affected by conven-
tional biological treatment such as biomethanation
and the activated sludge process (Migo et al. 1993).
However, fungal species have been reported for
having potential to decolourize molasses spentwash
(Pant and Adholeya 2007a). Miranda et al. (1996)
used Aspergillus niger to achieve 69% colour removal
and 75% COD reduction from molasses spentwash.
Benito et al. (1997) got 82% decolourization and 77%
COD removal in molasses wastewater using Trametes
versicolor. Raghukumar et al. (2004) reported 73%
decolourization of molasses spentwash by Flavodon
flavus, a white-rot basidiomycete fungus isolated from
a marine habitat. An Aspergillus species was selected
out of 21 isolated and procured microorganisms for
maximum decolourization of UASB digested and
aerobically treated distillery wastewater by Shayegan
et al. (2005). They found 75% decolourization with
diluted wastewater which reduced to 40% on using
undiluted wastewater. In another study, colour
removal of 86, 50 and 47% was observed with
Pleurotus florida, Penicillium pinophilum and Alter-
naria gaisen, respectively (Pant and Adholeya
2007b). Kaushik and Thakur (2009) isolated five
different fungi from distillery mill site and the two
isolates having higher capabilities to remove colour
were identified as Emericella nidulans and Neuros-
pora intermedia, respectively. Pant and Adholeya
(2009) got 86% fungal decolourization after treatment
with hydroponic based system. The decolourization
was achieved at lower dilution and without addition of
supplementary carbon sources. In many of the above
mentioned studies, the dilution of molasses spentwash
was necessary for effective decolourization. However,
it is possible to avoid dilution of spentwash if one can
use physicochemical method prior to fungal treat-
ment. In one such study by the authors, spentwash
was pretreated with polyaluminium chloride (PAC)
before applying fungal treatment using Aspergil-
lus niger to effectively decolourize undiluted
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anaerobically digested distillery spentwash (Singh
and Dikshit 2010). In a recent study, a novel fungal
consortium based bioreactor was developed for treat-
ing undiluted distillery effluent efficiently but the
process optimization was not performed (Pant and
Adholeya 2010). Process optimization and determi-
nation of kinetic parameters are important for design
and operation of a bioreactor.

In the present research work, a fungal stirred tank
aerobic reactor (FSTAR) was used in batch mode for
decolourizing anaerobically digested molasses spent-
wash pretreated with PAC. The effect of stirrer speed
on reactor performance was studied in FSTAR and
the stirrer speed was optimized. Next, kinetic
parameters were determined at the optimum stirrer
speed. Finally, the specific growth rate of fungus and
substrate uptake rate were determined using Logistic
equation and Leudeking-Piret kinetic equation,
respectively.

Materials and methods
Wastewater

Anaerobically digested spentwash (DSW) was
obtained from a cane molasses based distillery
situated near Mumbai, India. DSW was pretreated
with PAC (SVS chemical corporation, Pune, India)
using methodology presented in Singh and Dikshit
(2010). The detailed characteristics of wastewater,
before and after PAC treatment are given in Table 1.
The pretreated DSW, having COD of 11,200 mg 1™
(112 g 1™") and colour (absolute absorbance at
475 nm) of 4.6 units, constituted the feed wastewater
to fungal bioreactors.

Microorganism and inoculum

Pellets of Aspergillus niger species IITB-V8 were
used in the experiments. The procedure for harvesting
these pellets is described in Singh and Dikshit (2010).
Initial inoculum concentration of 0.2 g 1~' was used
in the FSTAR studies.

Culture medium

Culture medium fed to FSTAR consisted of PAC
treated DSW supplemented with 5.5 g 17" glucose
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Table 1 Characteristics of

DSW before and after S. no. Parameter DSW After pretreatment
prf:treatment \.v1th. PAC 1 Colour (Absolute absorbance at 475 nm) 11 4.6
(Singh and Dikshit 2010)
2 pH 7.8 4.8
3 Total solids (mg 1_1) 38,100 25,100
6 BOD (mg 17')(5 days, 20°C) 3,800 1,500
7 COD (mg 171) 21,250 11,200
8 Nitrogen, NH;-N (mg 171) 2,800 2,400
9 Phosphate (mg 17" 350 10
and 1.2 g 1! KH,PO,, which were found optimum in a Air from
earlier work (Singh and Dikshit 2010). The pH of pump [ ]
influent was maintained as 5 & 0.01 throughout the
experiments.
(- _|< Stirrer
Bioreactor
: o [ 1
Batch decolourization studies were carried out in Diffuser | ]

fungal stirred tank aerobic reactors, named as
FSTAR. The fungal bioreactors consisted of 2.5 1
glass reactors of 12 cm diameter with two flat-blade
stirrers of 5 cm width with speed ranging from 0 to
300 rpm. 21 of pretreated DSW was taken in the
reactor, to which required nutrients were added and
the pH was adjusted as required. Air pump system
was used to supply air at the rate of 2.5 1 min~" using
two porous distributors placed symmetrically at the
bottom of bioreactor. During the bioreactor runs, pH
was measured using pH meter (Control Dynamics,
India) and dissolved oxygen (DO) was monitored
using DO Meter (model HQ 30d, Hach, USA). Also,
5 mL samples were drawn at required time intervals
and monitored for COD and colour. The schematic of
the experimental setup is shown in Fig. la while
actual setup is shown in Fig. 1b.

Since stirrer speed has been reported to affect the
fungal morphology and hence, the reactor perfor-
mance (Cui et al. 1998), experiments were carried out
at stirrer speeds of 50, 100, 150, 200 and 250 rpm.

Analytical methods

COD was determined based on the Standard Methods
for Examination of Water and Wastewater (APHA
1998).

For colour measurement, 5 ml samples were taken
from shake flasks and centrifuged at 8,000 rpm for

Fig. 1 Schematic and actual experimental setup

10 min. The supernatant after centrifugation was
diluted 10 times for colour reduction measurement.
The absorbance was measured at 475 nm using
Thermo Spectronic visible spectrophotometer. The
decolourization yield was expressed as the percentage
decrease in absorbance at 475 nm related to the initial
absorbance at the same wavelength.

Dry weight of mycelium mass was measured after
centrifuging a known volume of sample at 8,000 rpm
for 10 min and then drying the precipitant at 105°C.

Glucose was determined by the colorimetric
method given by Lever (1972). The assay reagent
was prepared by mixing 5% w/v solution of
p-hydroxybenzoic acid hydrazide in 0.5 M HCI with
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0.5 M NaOH at a ratio of 1:9 by volume (Thiruchel-
vam and Ramsay 2007). Sample (15 pl) was added to
4.5 ml of the reagent and the mixture was heated in a
boiling water bath for 5 min. After cooling, the
absorbance was read at 410 nm with Thermo Spec-
tronic visible spectrophotometer (Model Helios Epsi-
lon). Using a calibration curve, the concentration of
glucose was determined.

Glucose was determined by the colorimetric
method given by Lever (1972). The assay reagent
was prepared by mixing 5% w/v solution of
p-hydroxybenzoic acid hydrazide in 0.5 M HCI with
0.5 M NaOH at a ratio of 1:9 by volume (Thiruchel-
vam and Ramsay 2007). Sample (15 pl) was added to
4.5 ml of the reagent and the mixture was heated in a
boiling water bath for 5 min. After cooling, the
absorbance was read at 410 nm with Thermo Spec-
tronic visible spectrophotometer (Model Helios Epsi-
lon). Using a calibration curve, the concentration of
glucose was determined.

Determination of Kkinetic parameters
Microbial growth rate

Microbial growth rate was determined using logistic
equation. The logistic equation is a substrate inde-
pendent model. It characterizes growth in terms of
carrying capacity (Shuler and Kargi 2002).

The rate of cell growth is defined as

on(i-2)

where x is the cell concentration (g 171) and x,, is the
maximum attainable biomass concentration (g dry
weight 17') and p,, is the maximum specific growth
rate (h™1).

The integrated form of Eq. 1 using x = xgatt =0
gives a sigmoidal variation of x as a function of ¢,
which may represent both the exponential and the
stationary phases in the following equation:

_ X()e“mt
{1 = (x0/xm)(1 — ')}

The value of kinetic coefficient u,, was evaluated
by fitting the Eq. 2 to the experimental data using

X

(2)
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OriginPro data analysis and graphic software version
8 (OriginLab).

kra and oxygen uptake rate

In batch fermentation, the following mass balance
equation for the dissolved oxygen (DO) concentra-
tion, containing oxygen transfer rate (OTR) and
oxygen uptake rate (OUR) terms, can be established:
% = OTR — OUR = kpa(C* — CL) — qo,x (3)
where C¥* is saturated DO concentration (mg 1_1), CL
is the actual DO concentration in broth (mg b,
kra is the volumetric oxygen transfer coefficient
(min™ ), qo, specific oxygen uptake rate (mg O,
(g cells min)_l) and x is the biomass concentration
(g1™.

The measurement of OUR using the dynamic
method has been made as follows: the inlet of airflow
to the reactor was shut off for a short period; then a
decrease of dissolved oxygen concentration was
measured using DO meter. Since there were no gas
bubbles when the air was shut off, k; a was zero. Hence,
OTR was also zero and Eq. 3 can be simplified to

dc
dt

A graph was plotted between DO concentration
and the time. The slope of the descending curve gave
OUR.

To measure k; a, the inlet of airflow to the reactor
was opened and increase in DO was measured with
time. Assuming fast re-oxygenation of the broth
relative to cell growth, the DO level soon reached a
steady state value, Car. When Cy is equal to Cap,
dCy/dt is equal to zero O as there is no change in C,
with time. Therefore, from Eq. 3

qo, = kLa(C* — CAL) (5)

Substituting this result into Eq. 3 and cancelling
the ky aC* term gives:
dc,

T = kLa(CAL — CL) (6)

Assuming ky a as constant with the time, Eq. 6 can
be integrated between limits f; to f, and resulting
equation for kj a is:

= —qo,X (4)
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In (gAL_gL]>
k — AL—LL2 7
L h—1n ( )
In(Cap, — CLi/CaL — Cr2) was  plotted against
(t, — t1). Several values of (Cpi, t;) and Ci,, t;)
were taken and ky a was calculated from the slope of
the above graph. ki a and oxygen uptake rate were

determined for 50, 100, 150, 200 and 250 rpm.

Substrate uptake

A carbon substrate such as glucose is assimilated for
synthesis of cell, cell maintenance and synthesis of
metabolites. The substrate consumption equation
used is similar to Leudeking—Piret kinetic equation
in which the amount of carbon substrate used for the
product formation is assumed to be negligible:

ds 1 dx

E = mex Yx/sdt

(8)

where mg is the maintenance coefficient (g sub-
strate (g cells) ' h™!) and Y, is the yield factor for
cells on carbon substrate (g cells (g substrate)_l).
At stationary phase, dx/d¢ = 0 and x = x,,,. There-
fore, mg can be obtained using the following equation

m = —ds/dr 9)

Xm

Substituting Eq. 2 into Eq. 9 and integrating yields
the following equation:

S . S xoellmt + _xo
T Y = (o /xm) (1 —em)] Y
X
— 2o 11— (w0 /xm) (1 — eFnt)] (10)

m

The values of kinetic coefficients Y,/ and mg were
evaluated by fitting the Eq. 10 to the experimental
data using OriginPro8 (OriginLab) data analysis and
graphic software.

Results and discussion

Decolourization at various stirrer speeds
and optimization

Optimization of stirrer speed was done by performing
the FSTAR studies at stirrer speeds of 50, 100, 150,

200 and 250 rpm. DO and OUR were measured and
kya was determined by dynamic method.

DO and OUR

DO concentration was found out for various stirrer
speeds at different time (Fig. 2). There was reduction
in DO during the initial phase of reaction. Minimum
DO for the 150, 200 and 250 rpm stirrer speed was
observed at 12 h and for the 50 and 100 rpm, it
was observed at 24 h. The initial phase (0-24 h)
was characterized by the simultaneous conversion of
glucose partly into biomass and predominantly into
organic acid. The DO had an increasing trend from 12
to 24 h for 150, 200 and 250 rpm stirrer speed. After
24 h, the DO remained nearly constant. In case of 50
and 100 rpm, there was an increase in DO after 24 h
and it continued up to 48 h. After 48 h, the DO was
nearly constant. Shayegan et al. (2005) studied batch
culture decolourization of anaerobically digested
wastewater by Aspergillus-UB2 and found that DO
reduced to 3 mg 17" after 18 h. The DO increased to
4 mg 17" after 42 h when the decolourization effi-
ciency was maximized.

OUR in the reactor for different stirrer speed was
measured using dynamic method (Fig. 3). Maximum
OUR for 150, 200 and 250 rpm agitation rates was
observed at 12 h and for 50 and 100 rpm, it was
observed at 24 h. OUR was influenced by the
microorganism growth phase. There was an increase
in OUR during lag phase and exponential growth
phase. Afterwards, the values of OUR decreased and
maintained constant values during the stationary
growth phase.

8
4 —
74\ x—
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j=2 ¢
g 5 X—50 rpm ——100 rpm
O. ——150 rpm —A—200 rpm
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o 4 p
3
X
2
0 12 24 36 48 60 72
Time (h)

Fig. 2 Variation of DO with time at different stirrer speeds
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Fig. 3 Variation of OUR with time at different stirrer speeds
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Fig. 4 ki a determination at 150 rpm stirrer speed

Determination of kya

The effects of impeller speed on the kia was
investigated using the impeller speeds in the range
of 50-250 rpm by maintaining constant working
volume of 2 1 and oxygen flow rate of 2.5 1 min~".
The volumetric mass transfer coefficient, k;a, was
calculated by the slope of the graph using Eq. 7. The
typical graph for calculation of ky a at 150 rpm stirrer
speed is represented in Fig. 4. The values of kya for
the stirrer speed 50, 100, 150, 200 and 250 were
0.2317, 0.3048, 0.4957, 0.6273 and 0.8620 min~'
respectively. It was observed that k a increased with
increase in stirrer speed.

Decolourization

Colour removal in the bioreactor was observed at
different stirrer speeds. At 50 and 100 rpm stirrer
speed, maximum decolourization of 54 and 59% was
observed at 72 h (Fig. 5). At 150, 200 and 250 rpm,
maximum colour removal was observed at 60 h. The

@ Springer

80

70
60

50

—O—50 rpm —O— 100 rpm —O— 150 rpm
——200 rpm =X~ 250 rpm

Decolourization (%)
N
o

0 12 24 36 48 60 72 84
Time (h)

Fig. 5 Decolourization at various stirrer speeds

maximum decolourization of 69% was achieved at
150 and 200 rpm, and 64% at 250 rpm stirrer speed.
The reduction in decolourization at higher stirrer
speed (250 rpm) may be due to greater mechanical
forces or hydrodynamic shear stresses causing fungal
morphological changes. From the above results,
150 rpm stirrer speed was selected as the optimum
speed for all subsequent studies. Optimization of
stirrer speed for decolourization of molasses by
Geotrichum candidum in a jar fermenter has been
reported by Kim and Shoda (1999). They varied the
stirrer speed from 150 to 250 rpm at fixed air supply
rate of 2 1 min~' and observed the maximum decol-
orizing activity for molasses at 180 rpm.

Bioreactor study at 150 rpm stirrer speed

Decolourization of wastewater was optimum at
150 rpm, so further studies were done at this stirrer
speed.

Microbial growth and decolourization

The lag phase of Aspergillus niger in decolourization
was short (Fig. 6). The cells entered the exponential
phase instantly and microbial growth rate was very
rapid during initial 24 h. The strain started to
decolorize the effluent, when the cells entered the
exponential phase. Taking x, as 0.2 g17', x, as
3.5 g 17" and fitting the Logistic model, given by
Eq. 2 to the experimental data as represented in
Fig. 7, yielded the value of maximum specific growth
rate as 0.224 h™'. The maximum specific growth
rates for filamentous fungi such as Aspergillus and
Penicillium have been reported in the range of
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decolourized by the active oxygen (O, , H;0,) o
produced by the reactions with the sugar oxidases . =
(Watanabe et al. 1982). Glucose was consumed rapidly
within 12 h of reaction (Fig. 6). The initial glucose
concentration was 5.5 g 17!, which was reduced to -1 — T — T T
0.96in 12 hand 0.09 g 1™ in 72 h. °o oo %40 n
Time (h)

Variation of pH with time

Variation of pH with time in the bioreactor is given in
Fig. 6. There was decrease in pH at initial phase from 5
to 3.15 in 36 h. The decrease in pH was caused by the
fungus utilizing the glucose and it stabilized as soon as
glucose got exhausted. The pH decreased due to the
synthesis of various organic acids, by the fungal
primary metabolism. pH started increasing after 36 h
and it reached to 3.42 at 72 h. This pH increase
indicated fungus utilizing organic acids after the
glucose exhaustion. Shayegan et al. (2005) also studied
batch culture decolourization of anaerobically digested
wastewater by Aspergillus-UB2 and found that pH
reduced to 3 after 18 h and then, it increased after 42 h.

Fig. 7 Comparison of the calculated values and experimental
data of biomass

COD reduction

The initial COD of the sample was 11.2 g 17", After
addition of glucose, COD increased to 16.5 g 17"
The COD reduction during initial 12 h was very high
due to rapid fungal growth. In this period, the COD
available in the form of glucose was used by the
fungus for the growth and synthesis of organic acids.
After consumption of glucose, residual COD and
organic acids were utilized for the fungal growth and
maintenance. The final COD reduction obtained after
72 h was 6.4 g17'. The experimental COD values
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Fig. 8 Comparison of the calculated values and experimental
data of COD reduction

were fitted in Eq. 10 and values of yield coefficient
(Y, and maintenance coefficient (m,) were found
out. The experimental COD values with model curve
are represented in Fig. 8. The values of Y, and m
were found to be 0.48 g cells (g substrate)”' and
0.015 g substrate (g cells)™' h™'.

Conclusion

Stirrer speed had an impact on reactor (FSTAR)
performance and it was optimized for maximum
decolourization. Fungal decolourization is a very
complex process, and it is often very difficult to
obtain a complete picture of the process. However,
the kinetic model gives a good description of biomass
growth and substrate consumption. The kinetic
parameters were calculated from the model by fitting
the experimental data of the process at optimum
stirrer speed. The experimental data fitted well in the
model. Decolourization was found directly related to
the cell growth during the process. This study is
useful in designing the reactor for decolourization
and for further continuous reactor study.
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