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Abstract Citric acid (CA) is one of the most important
products of fermentation in the world. A great variety of
agro-industrial residues can be used in solid state fermen-
tation. Aspergillus niger parental strain (CCT 7716) and
two strains obtained by mutagenesis (CCT 7717 and CCT
7718) were evaluated in Erlenmeyer flasks and glass col-
umns using citric pulp (CP) as substrate/support, sugarcane
molasses and methanol. Best results using glass columns
(forced aeration) were found in the fourth day of fermen-
tation: 278.4, 294.9 and 261.1 g CA/kg of dry CP with
CCT 7716, CCT 7718 and CCT 7717, respectively. In
Erlenmeyer flasks (aeration by diffusion) CA reached
410.7, 446.8 and 492.7 g CA/kg of dry CP with CCT 7716,
CCT 7718 and CCT 7717, respectively. The aeration by
diffusion improved CA production by the three strains. A
data acquisition system specially developed for biotech-
nological processes analysis was used to perform the res-
pirometric parameters measurement.
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Introduction

Citric acid (CA) has a wide variety of applications. About
70 % of CA produced is intended for food and beverage
industries, 12 % for the pharmaceutical industry and 18 %
for other industries. CA is a versatile and innocuous ali-
mentary additive. It is accepted worldwide as GRAS (gen-
erally recognized as safe), approved by the Joint FAO/WHO
Expert Committee on Food Additives (Pandey et al. 2001;
Soccol and Vandenberghe 2003). In the food industry it is
used in wide scale as acidulate due its lower toxicity and high
solubility (Kapoor et al. 1982). CA is used in animal feeds to
form soluble, easily digestible chelates of essential metal
nutrients, enhance response to antibiotics, enhance flavor to
increase food uptake, to control gastric pH and improve the
efficiency of the feed. In the slaughter operation, sodium
citrate is used to prevent the coagulation or clotting of fresh
blood (Oasis 2008). Due to the numerous applications and
low price of CA, consumption is expected to grow strongly,
and considering slight price increases until 2009, the market
value for CA will exceed $2 billion (Partos 2005), which
shows the need of searching new alternative technologies
and on the reduction of the costs of CA production (Van-
denberghe 2000).

Different methods of fermentation can lead to different
yields of CA production by the same strain. Recently an
increase in the number of reports using solid-state fer-
mentation processes (SSF) is observed as a good alternative
in relation to submerged fermentation (Soccol et al. 2006).

A great variety of substrates, mainly agro-industrial res-
idues and by-products can be used for CA production by SSF
(Table 1) (Dhillon et al. 2011; Karthikeyan and Sivakumar
2010; Bari et al. 2009; Khosravi-Darani and Zoghi 2008;
Kumar et al. 2003; Vandenberghe et al. 2000). There are
cellulosic supports such as straws, rinds, bagasses, brans and
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Table 1 Raw materials R
Raw material

Citric acid production (g/kg)®  Reference

employed in SSF for CA
production
Banana peel
Oil palm empty fruit bunches
Sugarcane bagasse
Pineapple

a Cassava bagasse
Based on dry matter

Apple pomace ultrafiltration sludge

449.0 Dhillon et al. 2011
170.0 Karthikeyan and Sivakumar 2010
337.9 Bari et al. 2009
137.6 Khosravi-Darani and Zoghi 2008
146.0 Kumar et al. 2003

88.0 Vandenberghe et al. 2000

others that possess high fiber content allowing high water
absorption and, consequently, high moisture content (Ko-
licheski 1995). The use of residues as support/substrate on
SSF is economically and environmentally important.
Besides, it aggregates value to agricultural and agro-indus-
trial residues (Vandenberghe 2000; Soccol et al. 2006; Ko-
licheski 1995; Soccol 1996; Pandey et al. 2000).

Citric pulp (CP) is a solid by-product of the juice
industry obtained in the process of orange juice extraction.
Other residues are also generated such as rinds, seeds and
orange pulp, which means 50 % of total fruit weight. Its
annual exportation is around a million of tons. CP, which is
generally used in ruminant feed, has been shown price
decreases due to the high availability of seeds and grains
that are destined to animal consumption (Abecitrus 2008).
Sucorrico S.A. produces 50.000 tons of CP bran per year
(Rodrigues et al. 2011). Once these citric residues are rich
in carbohydrates and other nutrients, they are viable sub-
strates for CA production by SSF.

The industrial CA production is carried out using
Aspergillus niger, due to its high capacity to accumulate
the acid when compared to others microorganisms (Yokoya
1992; Crolla and Kennedy 2001). The increase in CA
productivity has been achieved using mutation and strains
selection. Strains with certain characteristics, such as
enhanced CA production and increased rate of fermenta-
tion have been previously selected after subjecting the
genetic material to physical or chemical mutagenic agents
(Ikram-ul et al. 2001; Griffiths et al. 2006). The most fre-
quently used method is the mutagenesis by ultraviolet
irradiation (UV) (Table 2) (Lotfy et al. 2007; Ikram-ul
et al. 2004; Conte and Marin 2003; Hamissa et al. 1992).
The random mutations caused by UV can provide a strain
with a higher capacity of CA production when compared to
the control strain CA production.

Table 2 Results of estimated biomasss using ergosterol method

Time of fermen- A. niger A. niger A. niger

tation (h) CCT 7716 CCT 7718 CCT 7717
(g of ergosterol/g of dry substrate)

24 0.1074 0.0573 0.3583

96 0.0573 0.2249 0.5329

144 0.406 0.3896 0.9196
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One of the most important factors of SSF with fila-
mentous fungus, at both the laboratory and industrial scale,
is the estimation of biomass. Current methods, used in
liquid fermentation, cannot be applied in SSF. This is due
to the intense adhesion of filamentous fungal mycelium to
the solid substrate/support and the SSF system’s hetero-
geneity. Therefore, indirect measurements are necessary,
such as O, consumption and CO, production as the result
of the metabolic activity of microorganisms. In addition,
the metabolic activity changes during the different growth
phases, and may be employed for estimation of biomass
biosynthesis and evaluation of maintenance coefficients.
Several researchers used respirometry analyses to evaluate
the gas effluents from the bioreactor (CO, and O,) in order
to control fermentation and to evaluate microbial activities
(Soccol and Vandenberghe 2003; Grewal and Kalra 1995).

The main objective of this study was to obtain a mutant
strain with higher CA production under SSF using an
alternative substrate, compare the results obtained in CA
production studies performed in different bioreactors.
These studies will be employed in the achievement of a
high CA concentration product that could be applied in
feed in substitution of a commercial CA. The feasibility of
using a different acquisition system instead of gas chro-
matographer to analyze the process behavior as well as the
post parameters estimation by specific software are also
demonstrated in this work.

Materials and methods
Substrate preparation

Citric pulp (CP) was gently provided by Cargill Agricola
S.A, Sdo Paulo (Brazil), and it was already dried and pel-
letized. Pellets were previously crushed in a grinder to
obtain a suitable particle size between 0.8 and 2.0 mm.

Microorganisms

Aspergillus niger CCT 7716 strain was isolated from
sugarcane bagasse, in the Bioprocess Engineering and
Biotechnology Laboratory (UFPR). Mutants of A. niger
CCT 7718 and A.niger CCT 7717 were obtained by
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aleatory mutagenesis induced by UV irradiation. These
strains were submitted at tropical culture collection Andre
Tosello, Campinas, Sdo Paulo, Brasil. They were main-
tained in a glass test tube with inclined PDA (Potato
Dextrose Agar) medium, from which the microorganisms
were replicated. Each strain was incubated for growth
during 6 days at 28 °C and kept at 4 °C for 2 months.

UV irradiation conditions

The spore suspension of the strain A. niger CCT 7716 was
diluted 10~ and further transferred to a Petri dish. The UV
radiation was diffused above the suspension for 2 min to
obtain 5 % of spores’ survival. In a dark ambient, the
spores’ suspension, which was treated with UV light, was
diluted to 10> dilution in order to achieve 30 colonies per
plate. 0.1 mL of the dilution was inoculated in PDA
medium and incubated at 28 °C during 48 h. Samples were
placed in closed metal tubes with light protection. After
mutation selected strains were maintained in PDA medium.

Spores suspension

The spores were produced in 250 mL Erlenmeyer flasks
with 50 mL of PDA medium previously sterilized at
121 °C for 15 min. After cooling (45-55 °C), the medium
was inoculated with a spore suspension prepared from agar
slants containing PDA medium, with the addition of 5 mL
of distilled water, 1 drop of Tween 80 and glass pearls
previously sterilized. Each Erlenmeyer containing PDA
medium was inoculated with 0.2 mL of the spore suspen-
sion and incubated during 7 days at 28 °C.

The spores were recovered from the medium surface
using 30 mL of a 0.01 % Tween 80 solution, glass pearls
and 1 stirring bar. The solution was kept under agitation
during 15 min with a magnetic agitator. The suspension
obtained was stored at 4 °C for at least 7 days.

Solid-state fermentation for CA production

Two different systems of aeration were used: aeration by
diffusion in Erlenmeyer flasks and forced aeration in glass
column bioreactors. A kinetics study was conducted in
column bioreactors, where the following parameters were
monitored each 24 h: moisture, a,, (water activity), pH,
sugar consumption, biomass, O, consumed, CO, produc-
tion, and CA production. In Erlenmeyer flasks only CA
production was analyzed, using the optimized conditions
achieved in previous works, in order to emphasize the
comparison between two types of aeration in CA
production.

Fig. 1 Acquisition System: / air pump, 2 air distribution system, 3
humidifiers, 4 fermentation columns immersed in a water bath with
controlled temperature reactor, 5 Structure with the sensors, 6
Controllers Panel, 7 computer with data acquisition and control
software

Fermentation in Erlenmeyer flasks (diffusion aeration)

Parental and mutant strains of A. niger were tested in SSF
with CP as substrate using the following physical chemical
conditions: the addition of a nutritive solution containing
sugarcane molasses (120 g/L of total sugars) and methanol
(4 % wlv) was necessary to adjust the initial moisture to
65 %, at pH 5.5. The fermentation was conducted at 30 °C
during 4 days in 250 mL Erlenmeyer flasks. The inocula-
tion rate was 107 spores per g of substrate.

Fermentation in columns (forced aeration)

SSF was conducted in glass columns bioreactors (4 cm
diameter and 20 cm length) containing 30 g of dry sub-
strate. The initial moisture of CP was adjusted to 65 %
with the nutritive solution and the inoculated substrate was
placed inside the column bioreactors, which were capped at
both ends with cotton filters and connected to humidifiers
(Fig. 1). Then, the columns were immersed in a water bath
with the temperature controlled at 30 °C during 96 h.
Saturated air passed through the columns continuously in
order to maintain the moisture of the medium. The airflow
was adjusted to 60 mL min~'. The microorganism respi-
ratory metabolism was evaluated by determining the O,
consumption and CO, production.

Analytical methods

CA was extracted using solid-liquid extraction in a pro-
portion of 1:10 g of fermented substrate: mL. of deionized
water consisted by maceration and then homogenized for
15 min with a magnetic stirrer at room temperature. Then,
this mixture was vacuum filtered with Whatman N° 1 filter
paper. The filtrated was centrifuged under 4500 rpm for
20 min. pH was determined by using a digital pHmeter.
The supernatant was then diluted (1:4) with ultra pure
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water and filtered through a 0.45 pm membrane and stored
in a microtube. Samples were subjected to high perfor-
mance liquid chromatography (HPLC) analysis using a
Shimadzu LC-10AD at 60 °C, 5 mM H,SO, as mobile
phase at a flow-rate of 0.6 mL/min. CA was detected in the
column eluate by a differential refractometer (Shimadzu
RID-10A). Sugars consumption was also determined using
the Somogyi-Nelson method (Somogyi 1945).

Biomass analysis by ergosterol

Biomass was analyzed using the ergosterol method
(Carvalho et al. 2006). 1 g of the fermented samples and
0.5 g of dry biomass growth in liquid medium were set in
glass flasks to which 2 mL of analytical grade ethanol and
1 mL of 2 M NaOH were added. Flasks were agitated,
closed and incubated at 70 °C for 60 min, with periodic
agitation. After incubation, 2 mL of 1 M hydrochloric acid
were added, and after agitation 1 mL of 1 M KHCO;5 and
4 mL of n-hexane were added. The mixture was agitated,
transferred to a test tube and centrifuged so as to separate
light and heavy phases. The light phase (n-hexane) was
separated, and a new extraction was performed again with
4 mL n-hexane, followed by a last extraction with 2 mL
n-hexane. The extract in the organic phase was evaporated
under vacuum (200 mmHg) at 35 °C, suspended in 500 pL
n-hexane and filtered through a PVDF membrane.

The extracts were analyzed in an HPLC Varian ProStar,
with a C18 column and a PDA (photodiode array) detector
at 282 nm. The mobile phase was pure methanol with a
flow rate of 1 mL/min. The retention time was 16 min for
the standard, consisted of an ergosterol PA solution pre-
pared in the different concentrations from 125 to 1 000
pg/mL. The baseline was determined with 10 mL of pure
hexane.

Data acquisition system

A new on line data acquisition system was developed to
monitor and control fermentation parameters, designed
under LAquis platform (LCDS, Brazil). Inlet and outlet O,
and CO,, respectively, from the column were monitored
using an oxygen sensor (sensor model O,-A2 Alphasense
Ltd. UK) and CO, sensor (sensor model GMT220 Vaisala
Carbocap. Finland) (Sturm et al. 2008a). A transmitter
RHT-DM (Novus) measured air humidity and the outlet
temperature. PID controllers (Novus), connected in a
Modbus protocol net, were used to transfer data from the
sensors. Biomass was estimated by the determination of
different important parameters: O, consumption, CO,
production, the evolution of process temperature, air flow
(sensor model GFM AALBORG, USA) and respirometric
quotient during SSF with the employment of the Software
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Fersol 2 (Sturm et al. 2008b) (Fig. 4) instead of using a gas
chromatography system (Nishio et al. 1979). This software
was developed to allow control, acquisition and recording
of data.

Hence the software Fersol 2 was able to calculate the
consumed O, and produced CO, in order to perform the
respirometry calculations (Rodriguez-Leon et al. 1988).
Each 24 h, samples of the columns were analyzed for
biomass determination using the ergosterol method (Pan-
dey et al. 2001; Carvalho et al. 2006). Kinetic parameters
such as O, uptake rate and volumetric flow of CO, (L/h)
were calculated by mass balance analysis as described by
Rodriguez-Ledon et al. 1988 (Grewal and Kalra 1995).
According to Rodriguez-Fernandez et al. (2012) it is pos-
sible to easily calculate the biomass (X,) by software
solution. To estimate the biomass (Xn), according to a
method described by Pandey et al. (2001), it is necessary to
make adjustments in the biomass curve, using some real
measured values, determined by ergosterol method or
others, and the initial process conditions.

The parameters such as process yield, specific growth
rate at the exponential phase, and maintenance coefficient
were then determined using the software Fersol 2, which
estimated biomass growth curve and its logarithmic phase.

Results and discussion

In a column bioreactor, the substrate moisture changes
during fermentation due to the saturated air passing
through the medium. SSF was carried out in columns with
forced aeration using initial moisture of 65 % (optimized in
Erlenmeyer flasks) with A.niger parental strain (CCT 7716)
and two mutants (CCT 7717 and CCT 7718) with CP as
substrate. The highest CA production by CCT 7716
(278.38 g of CA/kg of dry CP) was achieved in 96 h of
fermentation (Fig. 2). CA production reached CCT 7718
(294.96 g of CA/kg of dry CP) and CCT 7717 (261.15 g of
CA/kg of dry CP). The mutant CCT 7718 was the best CA
producer when compared to the reference strain CCT 7716
after the same time and process conditions.

These results are inferior to those observed in Erlen-
meyer flasks (410.78 g of CA/kg of CP with CCT 7716,
446.89 g of CA/kg of CP with CCT 7718 and 492.79 g of
CA/kg of CP with CCT 7717 in 4th day of fermentation).
This fact could be explained by the importance of having a
CO, rich atmosphere. The restriction of the microorganism
growth is an important factor in organic acid production.
Studies proved that growth limitation stimulated by the
high CO, concentration leads to a high CA accumulation
(Vandenberghe 2000). This fact proves that CA production
in SSF process could be industrially developed using the
Koji technique (perforated tray-type bioreactors).
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Fig. 2 O, consumption and CO, production by A. niger CCT 7716,
CCT 7717 and CCT 7718 in SSF using column bioreactors

For the direct application in animal feed, it is necessary
a production above 300 g of CA/kg of dry matter. The
results obtained in this study must be transferred to a semi-
pilot scale that intends to obtain a good reproducibility of
the production of a product rich in CA that might be used
in animal feeding.

In SSF, the cellular biomass may be estimated indirectly
through metabolic measurement. O, consumption and CO,
production are the result of metabolic activity of micro-
organisms from which they obtain the necessary energy for
growth and maintenance.

All the strains showed the same pattern of O, con-
sumption and CO, production (Fig. 3). The highest respi-
ration rates (O, consumption and CO, production) were
observed in 20 h of fermentation, which may be related to
the higher biomass formation. After 97 h of fermentation,
an abrupt fall of the CO, production is detected in the
medium and the respiration rate remains low until nearly
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Fig. 3 CA production by parental and mutant strains by SSF in
column bioreactor
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Fig. 4 Results of moisture, pH reduction and sugar consumption

obtained for strains by SSF in column bioreactor

106 h of fermentation, when it softly increases until it gets
constant. Those results are in agreement with the fact that
the highest CA production occurs in almost 96 h of
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Fig. 5 Estimated biomass
during CA production by SSF 1
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fermentation, where it may be verified that the lowest
respiration rates are necessary for producing high CA
concentrations.

In a work reported by Castro et al. 2002, an increase in
biomass production was observed with the highest water
activity (ay) (Raimbault 1997). The a,, has remained
roughly constant with values over 0.9, which provides a
suitable environment for microorganisms development.
The passage of saturated air, through the packed medium,
allowed slight change in the fermented moisture during
process. It was followed by a sharp drop in pH from 2nd
day justified by the beginning of the CA accumulation in
the fermentation medium. From the 3rd day the values of
pH stabilized at approximately 3.2 (Fig. 4).

The adaptation phase of strains to the fermentation
medium occurred in the first 24 h, when sugars consump-
tion and CA production began. The initial concentration of
total sugars was 484.7 g/kg of dry CP considering the
composition of the CP (190.3 £ 0.252 g of total sugars/kg
of dry CP). The formation of mycelium was identified after
48 h, when the consumption of non-reducing sugars star-
ted, due to the fact that A. niger has no ability to hydrolyze
sucrose in the early phase of growth. After the mycelium
formation, the extracellular invertase enzyme is formed

@ Springer

Table 3 Kinetic parameters of CA production in SSF generated by
Fersol 2

Strain Yield x/o Specific growth Maintenance coefficient
rate i (h™") m (g O, consumed/g
biomass produced h)
7716 0.00069 0.00871 12.2
7718 0.00082 0.01719 9.4
7717 0.00065 0.0053 12.0

and cleaves the sucrose molecule in acid medium. Then,
the sugars concentration starts to decrease faster (Fig. 4),
stabilizing at 7 % of total sugars for CCT 7716, 2.8 % for
CCT 7718 and 3 % for CCT 7717. These low sugar con-
centrations are limiting for fungus survival, which try to
use other carbon sources as the CA itself for its mainte-
nance. This fact was observed with the decrease in CA
concentration after 120 h of fermentation.

Figure 5 shows the curves for biomass production as
estimated by the software Fersol 2 for the three strains CCT
7716, 7717 and 7718. It is clear that CA production is
partially growth-associated. The estimated data of biomass
(by Fersol 2) were compared to the determined biomass
values from experimental extraction by ergosterol method
(Table 3).
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According to Table 3, although small values were found
to Yy, parameter, which represents the conversion of
oxygen in biomass, Yy, was higher for CCT 7718 mutant
compared to the same parameter for CCT 7716 and CCT
7717. The higher specific growth rate () were also found
to CCT 7718, which presented the lower maintenance
coefficient (m) compared to others two strains.

Because of the small concentration of biomass pro-
duced, practically all the parameters observed in the
Table 3 have are values very small, except the maintenance
coefficient that had its values increased because of its
definition as the biomass rate divided by the amount of
biomass, hence it is proportional inverted. It does not imply
in a real maintenance requirement, but only an indication
parameter.

The sensor application was able to measure all the
interest parameter values. Due to its connection with the
Data Acquisition System, it was possible to analyze the
whole process behavior, recording real time values, and
after perform the calculations and respectively compari-
sons about biomass and CA production dependence.
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