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Abgract - Citric acid is commercailly important product used in several industrial processes. Solid-state
fermentation (SSF) has become an dternative method for citric acid production using agro-industrial residues such
as cassava bagasse (CB). Use of CB as subgtrate can avoid the environmental problems caused by its digposd in the
environment. The aim of this work was to verify the effect of different percentages of gelatinized starch in CB on
production of citric acid by SSF in horizontal drum and tray-type bioreactors. Gelatinization was used in order to
make the starch structure more susceptible to consumption by the fungus. The best results (26.9 g/100g of dry CB)
were obtained in horizonta drum bioreactor using 100% gelatinized CB, dthough the tray-type bioreactor offers
advantages and shows promise for large-scale citric acid production in terms of processing codts.
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INTRODUCTION

With an estimated annual production of about
1,000,000 tons, citric acid is one of fermentation
products with the highest level of production
worldwide (Soccol et al., 2003). Considerable
amounts of citric acid are required in severa
industrial processes (Jianlong, 2000). The food
industry consumes about 70% of the total citric acid
production, while other industries consume the
remaining 30% (Yokoya, 1992; Pandey et al.,
2001).

Commerciadly production of citric acid is
generally by submerged fermentation of sucrose or
molasses using the filamentous fungus Aspergillus
niger (Rohr et a., 1983; Vandenberghe et 4.,

*To whom correspondence should be addressed

2000b). During the past twenty years, interest in the
use of solid-state fermentation (SSF) as an
dternative to submerged fermentation has been
increasing. SSF, often referred to as the Koji
process, is the simplest method for citric acid
production. It is characterized by the development of
microorganisms in a low-water-activity environment
on a nonsoluble material acting as both nutrient
source and physical support (Soccol, 1994;
Vandenberghe et a., 2000b). SSF offers numerous
advantages, starting with the use of agro-industrial
residues. This process has lower energy
requirements, produce less wastewater and is
environmental-friendly as it resolves the problem of
solid wastes disposal (Vandenberghe et al., 2000b;
Pandey, 2003).
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There has been an increasng trend towards
efficient utilization of agro-industrial residues and by-
products (Soccol and Vandenberghe, 2003). Many of
them have been studied with SSF techniques for their
potential use as substrates for citric acid production
(Vandenberghe et d., 2000a). A cost reduction in citric
acid production can be achieved by usng less
expensive substrates, such as apple and grape pomace,
carrot waste, carob pod, orange and pineapple waste,
cassava bagasse, coffee husk, kiwifruit ped, musse
processing wagtes, okara (soy residue), rice and wheat
bran (Hang and Woodams, 1984, 1985, 1987;
Aravantinos-Zefiris et a., 1994; Khare et a., 1995;
Pandey et al., 2000; Vandenberghe, 2000; Soccol et d.,
2003). These residues are very well adapted to solid-
dtate cultures due to their cellulosic and starchy nature.

Cassava (Manihot esculenta Crantz) is widely
produced in Brazil, which occupies the second place
in the world ranking of cassava production, with 22.6
million tons (Alves and Silva, 2004). Cassava
bagasse (CB) is a solid residue generated in the
starch extraction process (Vandenberghe et 4.,
2000b; Cereda, 1994). Its disposal in the
environment can causes serious pollution problems
due to its high organic materia content and
biodegradability (Pandey et al., 2000). Utilization of
CB by microbial fermentation has been shown to be
promising because it would provide an alternative
substrate and solve pollution problems (Soccol and
Vandenberghe, 2003).

The aim of the present work was to test the effect
of thermal treatment of CB starch on citric acid
production by SSF. Different percentages of treated
and untrested CB were evaluated. SSF was carried
out in two kinds of semi-pilot bioreactors: horizontal
drum and tray-type bioreactors.

MATERIAL AND METHODS
Microorganism and Inoculum

A strain of Aspergillus niger LPB 21 was grown on
potato  dextrose agar (PDA) dants at
28 °C for seven days. Slants were preserved at 4 °C
for up to two months.

The spores of A. niger were produced in 250 mL
Erlenmeyer flasks containing 40 mL PDA medium.
The medium was inoculated with spores from the
stock culture and incubated at 28 °C for seven days.
The spores were recovered by dtirring using a
solution of Tween 80 0.01%. The suspension
obtained, containing 10° spores/mL, was stored at 4
°C for up to seven days.

Substrate and Thermal Treatment

Cassava bagasse (CB) was supplied by Agro-
industrid Paranaense de Polvilho Ltda. (Paranavai - PR,
Brazil) and used as subdirate. Its starch composition was
about 55%. CB was ground in amill and was sieved to
obtain aparticleszeof 0.8to 2.0 mm.

CB was thermally treated to gelatinize the starch
by adding 110 mL distilled water for 100 g of dry
CB. Samples were heated at 121 °C for 20 minutes
(Vandenberghe, 2000). The effect of starch
gelatinization on citric acid production was observed
by testing different ratios of treated cassava bagasse
(TCB) and untreated cassava bagasse (UTCB) during
fermentation (0:100; 40:60; 60:40; 80:20; 100:0).

Nutrients

CB was supplemented with a nutritive solution
containing (g/L) 2.93 urea, 1.86 KH,PO, and 0.0105
FeSO..7H,O, which was sterilized at 121 °C for 15
min. After cooling, methanol (4% v/v) was added
under sterile conditions.

Solid-state Fer mentation

Solid-state fermentation (SSF) on trays was
carried out with the initial moisture adjusted to 70%
with the nutritive solution. Substrate was inocul ated
with the spore suspension containing 10’ spores/g of
dry CB. The pre-inoculated substrate was distributed
on trays (0.0045 m”) to obtain bed thicknesses of 2, 4
and 6 cm of (0.15, 0.30 and 0.45 kg of dry substrate,
respectively). The trays were placed in a room with
controlled temperature (28 °C) and a humidity of
about 97%. Fermentation was carried out for 120 h.

SSF was also conducted in a horizontal drum
(HD) bioreactor with 2 kg of dry substrate and 60%
of the initial moisture adjusted with the nutritive
solution. In this case, initial moisture of the substrate
was lower than in the TT bioreactor to avoid the
excessive bunching of the substrate particles, which
was observed in the first fermentations carried out in
the HD bioreactor. The inoculated substrate (10’
spores/g of dry CB) was placed inside the drum. As
shown in Figure 1, the drum (0.024 nT) consisted of
a shovel coupled to a motor axis that turned at
controlled speed. Thus, material was turned three to
four times a day. The lower initial moisture (60%)
also makes easier this motion of the substrate and the
distribution of air between the particles, avoiding
channeling. After 20 hours of fermentation, saturated
air was inserted continually into the drum in order to
control  substrate temperature and moisture
(Vandenberghe, 2000). The airflow was maintained
a 5 L/min. Fermentation was carried out at room
temperature for 144 h.
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Figure: Outline of the horizontal drum bioreactor and auxiliary equipment:

Kinetics of Citric Acid Production by SSF in the
Horizontal Drum Bioreactor

Every 24 h, samples were collected for evaluation
of citric acid production as well as changes in pH,
resdual starch and cellular biomass. This kinetic
study was carried out in the HD bioreactor in order
to observe some important aspects of the
fermentation and the final yield of the process. The
globa yield was determined by the ratio of citric
acid produced to starch consumed.

Analytical Methods

Citric acid was extracted by mixing 5 g fermented
samples with 50 mL of digtilled water with a
magnetic stirrer for 10 min. The suspension was
filtered through filter paper. After determination of
pH using a digital pHmeter, the filtrate obtained was
subjected to high performance liquid chromatograph
(HPLC) anaysis using a Shimadzu LC-10AD. A
temperature of 60 °C and 5 mM H,SO, as the mobile
phase at a flow-rate of 0.6 mL/min were used. Citric
acid was detected in the column eluate by differential
refractometer (Shimadzu RID-10A). Residual starch
was determined using the enzymatic method
proposed by the Nationa Starch Chemica
Corporation (1985). The cel biomass was
experimentally determined by the Stutzer method
(Vervack, 1973) and the nitrogen was determined by
the Kjeldahl method (S&o Paulo, 1985). Each
analysis was conducted in triplicate.

Respirometric Analysis

Biomass was estimated by respirometric analysis.
The saturated exhaust air from the HD bioreactor
was passed through a silica gel column and analyzed
by gas chromatography (Shimadzu GC-8A) to
determine O, and CO, profiles at the gas outlet and
relate them to biomass synthesis.

Oxygen uptake rate (OUR) and volumetric flow
of CO, (L/h) were estimated by a mass balance. If
exhaust airflow (Foy) is known and the inlet airflow
is Fin, the following equations were used:

— O'M)C)Zout O’ F

Vozout _8 100 B out (1)
a6CO, 4 O,
VCOzOUt :8 lOSOUt + Tout (2)
Fout = Vo,out T Veo,out T Vin,out ©)
ad00- %0, - %CO, 1 O.
VN out :8 2;[80 20 2 Fout 4)
It is known that
79 ,
Nzin =700 Fn ®)
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Thus, the following equation relates the inlet and
the outlet airflows

VNsin = Vinout

- _ (100~ %050, - %COz0) " Fout

A 5 ™

The mass balance for oxygen is given in order to
evaluate the volumetric flow of uptake O;:

i 16x0, 6 0
Xn={ Yx/oDtis&c—==+ —= (gt
" < PT2@& dt g & dt ag

where

a=my Yy, oDt (20)

From results on the production of OUR and CO,,
some bioprocess parameters can be edimated.
Edtimation of biomass a& a certain time (X,) is
caculated assuming vaues for its yield based on
oxygen consumption (Yx,0) and biomass maintenance
coefficient (my). FERSOL the software was used in the
cdculations (Rodriguez-Leobn et a., 1988).

RESUL TS AND DISCUSSION

Citric acid production in the tray-type (TT)
bioreactor with different percentages of TCB is
shown in Figure 2. The best result was 26.3 g/100g
of dry CB with 80% TCB and a bed thickness of 4
cm. Citric acid values for 100 % raw CB were
negligiblein the TT bioreactors.
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(8)

For estimation of OUR and the mass flow of CO,
(mol/h), it was assumed that the air was an ideal gas,.
Corrections were made for temperature conditions
for the volumetric flow (Vo ypake @d Veo,out )-

Assuming the balance of OUR, the following
equation was obtained (Pandey et al., 2001):

(9)

In Figure 3 citric acid production in the horizontal
drum (HD) bioreactor with different percentages of
TCB is presented. In this case, the best result was
obtained with 100% TCB yielding 26.9 g of citric
acid/100g of dry CB. These results show the
importance of starch gelatinization, which surely
made the starch structure more accessible to fungus
attacks.

The effect of percentage of TCB on citric acid
production was clearly observed in the HD
bioreactor where high degrees of gelatinization were
favorable. On the other hand, in the TT bioreactors,
it was shown that high levels of gelatinization of CB
starch were unnecessary. This fact can be explained
by the excessve compaction of materia due to
starch gelatinization, which limited the passage of air
throughout the medium. In the HD bioreactor there
was not high degree of substrate compaction because
it was turned three or four times a day and its initial
moisture was lower than in the process carried out in
the TT bioreactors.
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Figure 2: Citric acid production in tray-type bioreactors with 0, 40, 60, 80 and
100% treated cassava bagasse (TCB) with bed thicknesses of 2, 4 and 6 cm.
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Figure 3: Citric acid production in the horizontal drum (HD) bioreactor
with 0, 40, 60, 80 and 100% treated cassava bagasse (TCB).

There was no significant difference between the
best results obtained in the HD bioreactor
(26.9 g of citric acid/100g of dry CB) and inthe TT
bioreactors (26.3 g of citric acid/100g of dry CB).
This proved that aeration was not a determining
factor for citric acid production in SSF, as it is in
submerged citric acid fermentation (Grewal and
Kalra, 1995; Soccol et a., 2003). The study of citric
acid production for A. niger cultivated by SSF in
trays also revealed the importance of an atmosphere
rich in CO,. The high partial pressure in CO,
probably delays the release of spores by filamentous
fungus, favoring the synthesis of citric acid.
Limitation of the growth is an important factor in the
production of citric acid. This has been verified in
previous studies in Erlenmeyer flasks, where the

limitation of growth caused by a higher
concentration of CO, provided alarger accumulation
of citric acid (Vandenberghe, 2000).

It was observed that the trays that had thicker
beds became more compact during fermentation than
the thinner beds. This could be explained by the fact
that in more compact substrates layers there was a
greater accumulation of CO, and, consequently, a
higher production of citric acid. The values for 80%
TCB did not follow this trend, but in this case citric
acid produced in beds with thickness of 4 and 6 cm
were not significantly different, as shown in Table 1.
However, citric acid production for 100% TCB at all
bed thickness was lower than that for 80% TCB due
the excessive accumulation of CO, caused by the
high degree of compaction of the substrate.

Table 1: Comparison between citric acid production in the horizontal
drum (HD) and that in the tray-type (TT) bioreactors.

Amount of Citric acid produced in HD bioreactor Citricacid producedszrg;;raf)é?aie?&gg/kg of dry CB)
TCB (%) (9/200 g of dry CB) >em Zom 6om
100 26.9 14.4 18.1 219
80 24.5 18.4 26.3 26.0
60 231 16.8 224 24.0
40 194 9.8 16.1 214
0 2.7 0.7 0.8 0.7

Table 1 also shows that citric acid production was
higher in the HD bioreactor than in TT bioreactor
with a bed thickness of 2 cm for al percentages of
gelatinized CB starch. Citric acid production was
also higher in the HD bioreactor for 0, 40, 60 and
100% TCB than in trays with bed thickness of 4 cm.
For only 0 and 100% TCB, citric acid production in
the HD bioreactor was highest than in the tray with a
bed thickness of 6 cm.

Another important factor to be considered was
fermentation time, which for the trays (120h) was
shorter than for the HD bioreactor (144 h).
Moreover, energy consumption in the trays was also
lower considering the need for intermittent stirring of
the substrate in the HD bioreactor, so the costs of the
process conducted in the TT bioreactors were lower.

It was shown in Table 1 that the highest
production of citric acid was achieved in the HD

Brazilian Journal of Chemical Engineering Vol. 22, No. 04, pp. 547 - 555, October - December, 2005
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bioreactor using 100% TCB (26.9 g/100g of dry
CB). Thus, a kinetics study was conducted under
these conditions in order to observe characteristic
parameters and to determine the global yield of the
process. In Figure 4 citric acid production, residual
starch and pH evolution observed during SSF of CB
using A. niger are presented.

The pH value maintained at the beginning of
fermentation was important for a specific biomass
formation. Normally, citric acid production occurred
after 24 h of fermentation. Figure 4 shows that cells
were only maintained and citric acid was produced
as pH decreased. Thus, the drop in pH observed
during the process (5.82 to 2.66) was due to the
formation and accumulation of citric acid.

The best productivity of citric acid, achieved in
144 h of fermentation, was 26.9 g/100g of dry CB. In

this time, the amount of starch consumed was 38.97
0/100g of dry CB. Thus, the global yield of SSF in
the HD bioreactor with 100 % TCB was 69% starch
consumption. Previous studies conducted in vertical
glass columns with 20 g of dry substrate and
continuous airflow through the substrate yielded
85% (Vandenberghe, 2000). It is natural that yield
during the scaleup process decreased due to
problems such as temperature control, heat
production and oxygen transfer. Thus, the yield of
69% in the HD bioreactor was satisfactory. Although
the amount of starch consumed during the process
was high (Figure 4), the quantities of residual starch
at the end of SSF were still significant. The increase
in protein content through production of biomass
alows the fermented substrate (after extraction of
citric acid) to be used as animal feed.
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Figure 4: Citric acid production, pH evolution and starch consumption
during SSF of cassava bagasse by Aspergillus niger.

Biomass is a fundamental parameter in the
characterization of microbial  growth. Its
measurement is essential for kinetic studies on SSF.
Direct determination of biomass in SSF is very
difficult due to problems of separation of the
microbia biomass from the substrate. However, the
biomass can be estimated from measurements of a
specific component. The most readily measured
biomass component is protein (Raimbault, 1997).
Biomass was analytically determined after 0, 24, 48,
72, 96, 120 and 144 h of fermentation. These data
are presented in Figure 5. The FERSOL software
(Rodriguez-Lebn et al., 1988) allowed determination
of the equation (9) coefficients by a successive
approach. From the values of OUR and CO,
production, obtained experimentaly, the system
determined a biomass yield (Yx,0) of 4.372 g of
biomass per g of O," consumed and a biomass
maintenance coefficient (my) of 0.0162 g of O,
consumed per g of biomass® h'. In Figure 5 the
changes in O, and CO, percentages during

fermentation, such as estimated biomass and
analytically determined biomass in the HD
bioreactor with 100 % TCB are presented. The
production of CO, did not exceed 0.4%. This result
shows that limitation of growth was excessive and
the strategy of delaying aeration by 20 hours was
probably not favorable to this system. This could
also be shown by the production of biomass during
fermentation, which was only 0.87 ¢g/100 g of dry
CB. After 50 h of fermentation CO, production
reached a maximum. At this point, citric acid
production was only about 0.3 g/100 g of dry CB.
These facts showed that the microorganism favors
citric acid production over biomass formation. The
difference between the estimated and the analytically
determined biomass in the HD bioreactor, mainly
after 72 h of fermentation, was an indicator that an
indirect method of biomass determination, through
on-line monitoring of CO, production, can probably
correct the errors in determination of biomass by
analytical methods.
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Figure5: Determined and estimated biomass, CO, production and O, consumption during citric acid
fermentation of cassava bagasse by Aspergillus niger LPB 21 in the horizontal drum bioreactor.

CONCLUSIONS

Citric acid production by A. niger with CB in SSF
was shown to hold promisee CB was
pretreated (starch gelatinization) in order to facilitate
starch consumption and, consequently, synthesis of
citric acid. The high starch consumption observed for
this process contributes to a reduction in
environmental pollution.

In this work two types of semi-pilot scae
bioreactors were tested: tray and horizontal drum. In
citric acid production, the effect of a high degree of
gelatinization was more relevant when using the HD
bioreactor. In the TT bioreactor, a thicker bed
favored higher yields of citric acid. Besides, it
represented the use of larger effective volume of the
bioreactor.

Although citric acid production was high in the
HD bioreactor, the TT bioreactor offers advantages
in terms of costs and energy saving. Besides, there
was no significant difference between the best
production of the acid in the HD (26.9 g/100 g of dry
CB) and the TT bioreactors (26.3 g/100 g of dry
CB).

The yield of 69% in the HD bioreactor was
acceptable when compared with those obtained with
laboratory-scale bioreactors (glass columns), which
were about 85%. This decrease in citric acid
production was probably due to the effect of
fermentation temperature, which was not controlled
in the HD bioreactor.

On-line monitoring of fermentation in the HD
bioreactor allowed determination of the relationship

between CO, and O, evolution, biomass and
production of citric acid by A. niger LPB 21. It was
observed that low respiration rates contributed to the
production of high concentrations of citric acid.
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NOMENCLATURE
%CO,,,; Percentage of CO; at )
bioreactor outlet
%0, Percentage of O, at )
bioreactor outlet
Dt timeinterva considered (h)
Fin bioreactor inlet airflow (L/h)
Fout bioreactor outlet airflow (L/h)
My cdl biomass maintenance (g of O,
coefficient consumed per g
of biomass™ h')
Veo,out CO; volumetric flow at (L/h)
bioreactor outlet
Viin N, volumetric flow at (L/h)
bioreactor inlet
Viout N, volumetric flow at (L/h)
bioreactor outlet
Vo,uptake \Cl)ol Eg:gtkréc flow of the (L/h)
2
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Vo,au O, volumetric flow at (L/h)
bioreactor outlet

Xn cell biomass at a given (9)
time

Xi cell biomass at the end (9)
of Dt

Xo cell biomass at the (9)
beginning of Dt

Yxio0 cell biomassyieldbased (g of biomass
on the consumption of per g of O;*
O, consumed)
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