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Abstract: Citric acid production is generally carried out in an aqueous medium in stirred tank reactors
(STR), where the solubility of oxygen is low and the oxygen demand of microbial cultures is high.
Thus, for this bioprocess, providing adequate oxygen mass transfer rate (OTR) from the gas phase
into the aqueous culture medium is the main challenge of bioreactor selection and operation. In
this study, citric acid production by Yarrowia lipolytica W29 from crude glycerol, in batch cultures,
was performed in two non-conventional bioreactors normally associated with high mass transfer
efficiency: a pressurized STR and an airlift bioreactor. Increased OTR was obtained by raising the
total air pressure in the pressurized STR and by increasing the aeration rate in the airlift bioreactor.
An improvement of 40% in maximum citric acid titer was obtained by raising the air pressure from
1 bar to 2 bar, whereas, in the airlift bioreactor, a 30% improvement was attained by increasing the
aeration rate from 1 vvm to 1.5 vvm. Both bioreactor types can be successfully applied for the citric
acid production process using alternative ways of improving OTR than increasing mechanical stirring
power input, thus leading to important operating saving costs.

Keywords: Yarrowia lipolytica; citric acid; crude glycerol; airlift bioreactor; pressurized bioreactor;
oxygen mass transfer rate

1. Introduction

Citric acid, an intermediate in the tricarboxylic acid cycle, is extensively used in the
pharmaceutical, food, detergent, biomedical, textile, and leather industries. The global
market of citric acid will reach approximately EUR 4 billion by 2024 [1]. Originally produced
by Aspergillus niger, essentially from molasses, it can also be obtained by Yarrowia lipolytica
cultures [2,3]. This yeast secretes citric acid from several carbon sources, such as glucose,
glycerol, sunflower oil, rapeseed oil, and ethanol. Besides pure substrates, Y. lipolytica is also
able to metabolize crude glycerol—a low-cost by-product from the biodiesel industry—and
produce several added-value compounds (organic acids, acetic acid, erythritol, mannitol,
1,3-propanediol, and poly(3-hydroxybutyrate)) and accumulating microbial lipids [4–8].
The production of citric acid by Y. lipolytica occurs under specific conditions, nitrogen
limitation being the most important one [9]. Furthermore, pH, medium composition, and
oxygen availability are important parameters that affect citric acid production by this
yeast [6,10–13]. As citric acid production by Y. lipolytica is an aerobic process, oxygen is a
crucial factor for the maximization of microbial growth and product formation [6,12,13].
The oxygen mass transfer from the gas phase to the liquid medium and the amount of
oxygen available to the cells can directly affect the quantity and the type of organic acids
produced [6,13].

The most common type of bioreactor used in citric acid production by Y. lipolytica is a
stirred tank reactor (STR). Some disadvantages have been associated with traditional stirred
tanks: (a) wide variation of shear forces inside the reactor, once the energy required to move
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the fluid is introduced into a single point of the reactor, which results in a higher dissipation
near the stirrer and decreases from it towards the walls [14]; (b) due to a low oxygen mass
transfer coefficient, high stirring rates are required to achieve a sufficient oxygen mass
transfer; (c) the high mechanical power input usually results in overheating; (d) the increase
of mechanical power input generates high shear stress that can damage [15] or change the
cells’ morphology [16]; (e) owing to its complexity, STR bioreactors are more expensive,
require higher maintenance costs, and are less robust than other types of reactors [16].
Considering these negative aspects of traditional STR bioreactors and the limitation of
oxygen mass transfer that can occur at atmospheric pressure, other alternatives must be
considered, such as pressurized and airlift bioreactors [17,18].

Pressurized reactors are of great interest to enhancing the oxygen mass transfer rate
(OTR) from the gas phase to the liquid medium [19]. In these bioreactors, the enhancement
of OTR is achieved by the increase in total air pressure and consequently, in oxygen
partial pressure, leading to the increase in oxygen solubility [18]. High-pressure reactors
are broadly used in the chemical industry, and the high mass transfer capacity and cost
efficiency open new opportunities to adapt them to microbial cultures technology [20].
Published studies have already proven that pressurized bioreactors could be successfully
applied to microorganism cultivation. Several authors have demonstrated the applicability
of increased air pressure (up to 15 bar) for biomass production and metabolite secretion
enhancement, such as extracellular lipase, homologous β-galactosidase, and heterologous
proteins [18,21]. Moreover, it was shown that, when high OTR values are needed, the
increase in air pressure could be a way of improving OTR, with energy cost efficiencies
acceptable for industrial applications [20].

Airlift bioreactors are pneumatically agitated with unique hydrodynamic charac-
teristics and often employed in bioprocesses wherein the gas–liquid mass transfer is an
important parameter. This type of bioreactor presents some advantages compared with
conventional STR: (a) uniform shear distribution; (b) high liquid velocity and intensity
of turbulence, which allows an increase in heat transfer capacity, mass transfer rate, and
good mixing properties at low energy consumption; (c) both the aeration and agitation of
production medium are due to the gas phase; (d) low shear stress [22]. Studies conducted in
airlift bioreactors showed the great potential of this type of bioreactor for the development
of bioprocesses based on Y. lipolytica, namely the biotransformation of methyl ricinoleate
and castor oil into lactones [16,23] and citric acid production with immobilized cells [24,25].
However, no recent works regarding the use of airlift bioreactors for Y. lipolytica cultivation
are found in the literature.

In this work, the production of citric acid in batch cultures by Y. lipolytica W29 from
crude glycerol was studied in two bioreactor types—pressurized STR and airlift bioreactors.
To our best knowledge, this is the first time that citric acid production is evaluated in a pres-
surized bioreactor under increased air pressure or in an airlift bioreactor with suspended
cells. Thus, in this work, the effect of increased air pressure (in a pressurized reactor) and
aeration rate (in an airlift reactor) on citric acid production was evaluated.

2. Materials and Methods
2.1. Microorganism and Culture Conditions

Yarrowia lipolytica W29 (ATCC 20460) was maintained in YPDA medium (yeast extract
10 g·L−1, peptone 20 g·L−1, glucose 20 g·L−1, and agar 20 g·L−1) at 4 ◦C for a maximum
of 2 weeks. Cells of Y. lipolytica were pre-grown in 500 mL Erlenmeyer flasks with 200 mL
of medium (pure glycerol 20 g·L−1, peptone 20 g·L−1, and yeast extract 10 g·L−1) for 18 h,
at 27 ◦C in an orbital incubator at 200 rpm.

2.2. Pressurized Bioreactor

To evaluate the effect of increased air pressure on citric acid production, several
batch cultures were performed in a stainless stirred tank bioreactor (PARR 4563, Parr
Instruments, Moline, IL, USA) with 600 mL of capacity and a working volume of 400 mL.
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The production medium had the following composition (g·L−1): crude glycerol 20; yeast
extract 0.5; MgSO4·H2O 1.5; KH2PO4 24; Na2HPO4 2; salts solution (CaCl2 0.75; FeCl3·6H2O
0.75; ZnSO4·7H2O 0.1; MnSO4·H2O 0.3). Batch cultures started with 0.5 g·L−1 of cells and
were performed at 27 ◦C, 400 rpm, and initial pH of 5. Compressed air was continuously
sparged into the culture at an aeration rate of 1 vvm (under standard temperature and
pressure conditions). The reactor pressure was set by manipulating inlet air pressure and
the regulatory valve in the exit gas line. The bioreactor was equipped with a pressure
transducer (Parr 4842, Parr Instruments, Moline, IL, USA) to monitor the total internal
pressure. The values of total air pressure studied were 1 bar, 2 bar, and 4 bar.

2.3. Airlift Bioreactor

Several experiments were carried out in an airlift bioreactor, varying the aeration rate,
and evaluating its effect on citric acid production. The airlift bioreactor was constructed
in glass with a working volume of 4 L and an inside diameter of 0.7 m. The riser tube
had 0.37 m of height and an inside diameter of 0.032 m. Air was used as the gas stream in
the gas–liquid contactor, and it was fed at the bottom of the bioreactor using a five-hole
sparger. The dissolved oxygen concentration (DO) in the medium was measured with a
polarographic-membrane probe and monitored with a computer interface (CIODAS08JR,
Computer Boards, Huntington Beach, CA, USA) using the LABtech Notebook software
(Datalab Solution, Germantown, MD, USA).

After pre-growth overnight, yeast cells were collected and transferred to the produc-
tion medium composed of (g·L−1): crude glycerol 50; yeast extract 0.5; MgSO4 H2O 1.5;
KH2PO4 6; Na2HPO4 0.5; salts solution (CaCl2 0.75; FeCl3·6H2O 0.75; ZnSO4·7H2O 0.1;
MnSO4·H2O 0.3). The medium was inoculated with 1.5 g·L−1 of cells, and the experiments
were performed at 27 ◦C and a controlled pH of 5.0.

2.4. OTR Calculation

For the pressurized bioreactor, OTR values were estimated by the sulfite oxidation
method [26], which measures the maximum possible value of OTR at the operating con-
ditions used. The static gassing-out technique was used to determine OTR in the airlift
bioreactor [6].

2.5. Analytical Methods

Samples were collected for the determination of biomass concentration (optical den-
sity at 600 nm and converted to dry cell weight (g L−1)), glycerol consumption, and citric
acid production. Glycerol concentration was measured by high-performance liquid chro-
matography (HPLC) using a Metacarb 87H (Varian) column (300 mm × 7.7 mm) and a
RI detector. The column was eluted with H2SO4 0.005 M at a flow rate of 0.5 mL·min−1,
and the temperature was maintained at 60 ◦C. The citric acid quantification by HPLC was
performed using a YMC ODS-Aq (250 × 4.6 mm) reverse-phase column and a UV detector
(214 nm). The eluent was KH2PO4 0.02 M, pH 2.8 at a 0.7 mL·min−1 flow rate, and the
column was maintained at room temperature.

2.6. Statistical Analysis

One-way analysis of variance (ANOVA) was performed, and Tukey’s test was used
to detect significant differences among means (p < 0.05). All analyses were performed in
GraphPad Prism 7 software (Dotmatics, San Diego, CA, USA).

3. Results and Discussion
3.1. Effect of Operating Conditions on OTR

For a specific bioreactor and culture medium, the increase in the aeration rate (airflow
rate), stirring rate, and oxygen solubility in the medium results in an OTR enhancement.
Increasing air pressure from 1 bar to 4 bar led to a 2-fold improvement in OTR (Figure 1).
This result is in accordance with Henry’s law, in which increases in air pressure increase
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the oxygen solubility in the medium and consequently improve OTR [18]. In the airlift
bioreactor, the airflow rate promotes aeration and stirring; thus, OTR increases with the
aeration rate [17]. The increase in the aeration rate from 1 vvm to 2 vvm led to a 2.5-fold
OTR improvement (Figure 1). In the pressurized bioreactor, OTR values were higher than
in the airlift bioreactor at operating conditions used on each bioreactor. This shows that
an air pressure increase may be used to obtain high OTR values. Nevertheless, it must be
stressed that the OTR obtained by the sulfite method may be overestimated, mainly due
to the differences in physicochemical properties between the aqueous sulfite solution and
the cultivation medium used in the static method, which affects bubbles’ coalescence and
consequently the interfacial area for mass transfer [27].
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Figure 1. Variation of oxygen mass transfer rate (OTR) under different operating conditions: pressur-
ized bioreactor (�)—OTR vs. air pressure; airlift bioreactor (•)—OTR vs. aeration rate.

3.2. Effect of Increased Air Pressure on Citric Acid Production

To study the effect of increased air pressure on citric acid production by Y. lipolytica
W29, several experiments were conducted in a pressurized bioreactor under total air
pressure of 1 bar (equivalent to atmospheric pressure), 2 bar, and 4 bar. The increase in
air pressure had no significant effect on cellular growth (Figure 2a); thus, no inhibitory
effects were observed under air pressure of 4 bar compared to 1 bar. Lopes et al. [28] and
Fernandes et al. [26] reported an enhancement in the cellular growth of Y. lipolytica W29
and Aureobasidium pullulans, respectively, and an increase in the carbon source consumption
rate under 4 bar of air pressure. However, those studies were carried out in a rich medium
(without nitrogen limitation) with glucose as a carbon source. The maximum citric acid
concentration was obtained in the experiments conducted at 2 bar of air pressure, and no
significant differences were obtained in the final citric acid concentration attained under
4 bar and atmospheric pressure (Figure 2c). The citric acid profiles are in accordance with
those obtained in an STR operating at atmospheric pressure, in which citric acid synthesis
by Y. lipolytica W29 from crude glycerol was more pronounced after the exponential growth
phase [6].
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Figure 2. Biomass concentration (a), glycerol consumption (b), and citric acid production (c) in batch
cultures of Y. lipolytica W29 at 1 bar (�), 2 bar (�), and 4 bar (N) of total air pressure. The error bars
represent the standard deviation of two independent replicates. * Statistically different (p < 0.05).

The increase in total air pressure from 1 bar to 2 bar led to a 40% improvement in citric
acid concentration, but above this value of air pressure, a decrease in acid production was
observed. The increase in citric acid production with the increase in air pressure up to
2 bar can be due to the enhancement of the activity of several enzymes of the tricarboxylic
acid and glyoxylate cycles, which are involved in citric acid production. The increase in
air pressure led to an increase in oxygen solubility in the culture, which may enhance
some enzymes’ activity, such as citrate synthase, isocitrate lyase, aconitate hydrate, and
NAD-dependent isocitrate dehydrogenase, according to previously reported works per-
formed at atmospheric pressure [29,30]. The slight decrease in citric acid concentration
and maximum productivity obtained at 4 bar of air pressure is probably due to a shift in
yeast metabolism, mainly in the tricarboxylic acid cycle. Aguedo et al. [31] also reported
a change in the metabolic pathway of γ-decalactone production when cells of Y. lipolytica
W29 were growing under 10 bar of total air pressure. Other authors reported that highly
aerated cultures at atmospheric pressure led to a metabolic shift in Y. lipolytica cells toward
the production of citric acid instead of polyols synthesis using crude glycerol as substrate.
In conditions of a high agitation rate, citric acid production by Y. lipolytica DSM 8218 was
favored over mannitol biosynthesis [32]. During flask batch cultures (low dissolved oxygen
concentration) of Y. lipolytica LMBF Y-46, polyols (mannitol, arabitol, and erythritol) were
the major metabolites produced, whereas in the STR experiments (higher oxygen satura-
tion), insignificant quantities of polyols were obtained and citric acid reached 42 g·L−1 [33].
The same behavior was found for Y. lipolytica ACA YC 5029 cultures, in which no citric acid
was produced in the flask experiments and mannitol and erythritol were synthesized in
significant amounts. The scale-up to a bench-top bioreactor led to a metabolic transition
and citric acid was the main compound produced, while no erythritol at all and a low
quantity of mannitol was obtained [34].
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Among the values of air pressure tested in the herein presented work, a slight increase
in the specific growth rate, citric acid yield, and maximum specific citric acid productivity
(qCA) was observed by raising the air pressure from 1 bar to 2 bar but was still statistically
insignificant (Table 1). No significant differences were observed in biomass yield at different
pressures in spite of the slightly higher value observed at 2 bar. However, a positive effect
on biomass yield and specific growth rate of Y. lipolytica W29 cultures under increased
air pressure was described by other authors [28,31]. On the other hand, Lopes et al. [21]
observed no effect on the maximum specific growth rate, biomass yield, and specific
consumption rate with the increased air pressure of up to 5 bar in batch cultures of two
recombinant Pichia pastoris strains. Previous reports proved that the effect of increased
air pressure was dependent not only on yeast strain but also on operational conditions.
The increase in air pressure in Saccharomyces cerevisiae batch cultures led to a decrease in
biomass productivity [35] but had a positive effect in fed-batch cultures [36].

Table 1. Effect of increased air pressure on maximum specific growth rate (µmax), biomass yield
(YX/S), specific consumption rate (qS), citric acid yield (YCA/S), and maximum specific citric acid
productivity (qCA) during bath cultures of Y. lipolytica W29 in a pressurized bioreactor. Data are
presented as the average and standard deviation of two independent experiments.

1 bar 2 bar 4 bar

µmax (h−1) 0.064 ± 0.003 0.077 ± 0.007 0.062 ± 0.004
YX/S (g g−1) 0.33 ± 0.08 0.37 ± 0.05 0.29 ± 0.03

qs (g g−1 h−1) 0.20 ± 0.04 0.21 ± 0.01 0.22 ± 0.01
YAC/S (g g−1) 0.23 ± 0.04 0.32 ± 0.05 0.25 ± 0.05

qCA (g g−1 h−1) 0.009 ± 0.001 0.011 ± 0.001 0.012 ± 0.002

3.3. Effect of Aeration Rate on Citric Acid Production in an Airlift Bioreactor

Airlift bioreactors are used in some microbial processes due to their high oxygen
transfer capacity and less shear stress imposed on the cells. There are few studies regarding
the production of citric acid by Y. lipolytica in airlift bioreactors and only with immobilized
cells [24,25]. Moreover, none of them studied the effect of the aeration rate on bioprocess
yield and productivity. To evaluate the effect of aeration rate on citric acid production by
Y. lipolytica W29 from crude glycerol in an airlift batch bioreactor, several experiments were
performed with three aeration rates (1 vvm, 1.5 vvm, and 2 vvm).

The increase of the aeration rate from 1 vvm to 2 vvm had a positive effect on cellular
growth (Figure 3a) and a 40% improvement in the final biomass concentration was obtained
compared to 1 vvm. Crude glycerol consumption (Figure 3b) was slightly enhanced with
the increase of the aeration rate from 1 vvm to 2 vvm. However, citric acid production was
only improved with the increase of the aeration rate from 1 vvm to 1.5 vvm (Figure 3c).
Above this value, a decrease in citric acid concentration was observed.

A 30% improvement in citric acid concentration was obtained by increasing the aera-
tion rate from 1 vvm to 1.5 vvm (Figure 3c). The increase in the aeration rate from 1.5 vvm
to 2 vvm resulted in a decrease in citric acid concentration. Similar behavior was described
by Yuguo et al. [37] that reported a slight decrease in citric acid production by A. niger in an
external-loop airlift bioreactor, raising the aeration rate from 1.3 vvm to 1.4 vvm. Further-
more, Braga et al. [16] described a decrease in γ-decalactone maximum concentration with
the increase in the aeration rate in batch cultures of Y. lipolytica W29 performed in an airlift
bioreactor. Nevertheless, the citric acid concentration obtained herein was 1.4-fold higher
than that attained by the same yeast strain in a mechanically agitated bioreactor operating
at 2 vvm and 400 rpm [6]. In a fed-batch mode of operation, Y. lipolytica DSM 8218 cells
only synthesized 10 g L−1 of citric acid from crude glycerol after 256 h of cultivation in an
STR operating at 1 vvm and 800 rpm [32]. This is an important advantage for the industrial
production of citric acid since the costs imputed to the aeration and mechanical agitation
will decrease.
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Figure 3. Biomass concentration (a), glycerol consumption (b), citric acid production (c), and dis-
solved oxygen concentration profiles (d) obtained in batch cultures of Y. lipolytica W29 in an airlift
bioreactor at 1 vvm (�, black line), 1.5 vvm (�, grey line), and 2 vvm (N, dashed line). The error bars
represent the standard deviation of two independent replicates. * Statistically different (p < 0.05).

There was no relevant effect of aeration rate on biomass yield and specific consumption
rate, and the values of these parameters were similar for all the conditions tested (Table 2).
Analogous to citric acid concentration, both citric acid yield and maximum specific citric
acid productivity were slightly enhanced with the increase in the aeration rate from 1 vvm
to 1.5 vvm and decreased above this value.

Table 2. Effect of aeration rate on maximum specific growth rate (µmax), biomass yield (YX/S), specific
consumption rate (qS), citric acid yield (YCA/S), and maximum specific citric acid productivity (qCA)
during bath culture of Y. lipolytica W29 in an airlift bioreactor. Data are presented as the average and
standard deviation of two independent experiments.

1 vvm 1.5 vvm 2 vvm

µmax (h−1) 0.059 ± 0.001 0.069 ± 0.005 0.070 ± 0.005
YX/S (g g−1) 0.27 ± 0. 05 0.29 ± 0.04 0.34 ± 0.03

qs (g g−1 h−1) 0.22 ± 0.04 0.25 ± 0.02 0.21 ± 0.03
YAC/S (g g−1) 0.3 ± 0.1 0.4 ± 0.1 0.20 ± 0.02

qCA (g g−1 h−1) 0.009 ± 0.001 0.012 ± 0.004 0.005 ± 0.001

As expected, according to OTR values, different dissolved oxygen profiles were ob-
served in batch cultures of Y. lipolytica in the airlift bioreactor (Figure 3d). A decrease in
oxygen concentration was observed in the first hours of yeast cultivation (corresponding
to the exponential growth phase). This decrease was more pronounced for 1 vvm, which,
in the first hours, led to a complete depletion of oxygen in the medium. At the citric acid
production phase (after the nitrogen source had been completely consumed), the oxygen
demand is lower, resulting in an increase in oxygen concentration in the medium [38]. In
the experiments carried out at 1 vvm of aeration rate, the DO concentration dropped to
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zero in the first hours and stabilized around 10% during the citric acid production. For
the other aeration conditions, the oxygen concentration in the medium never reached zero
and stabilized around 35% and 60% of air saturation for 1.5 vvm and 2 vvm, respectively.
Some authors reported a decrease in the activity of some enzymes involved in the citric
acid production at DO concentration close to 5% of air saturation, which leads to a decrease
in citric acid concentration [29,30]. This observation can explain the lower citric acid pro-
duction obtained at 1 vvm. An optimum DO concentration of around 50% to 60% of air
saturation was reported in the literature for citric acid production processes [38,39]. The
maximum citric acid concentration in the airlift bioreactor was attained in the experiments
performed at 1.5 vvm, in which the DO remained near 35% air saturation during the
citric acid production; above this value (DO around 55%–60% air saturation), a citric acid
concentration decrease was observed. Anastassiadis and Rehm [39] reported that, for DO
concentrations lower or higher than 20% air saturation, the citric acid production decreased
in Candida oleophila ATCC 20177 continuous cultures. The authors suggested a “kind of
Crabtree effect” since a high glycolytic flow rate was attained, simulating an anaerobic
glycolytic pathway under aerobic conditions. In Y. lipolytica cultures growing in crude
glycerol, a differentiation in the metabolic response to the oxygenation conditions has been
observed: DO concentrations between 20% and 50% air saturation favored the synthesis of
polyols, whereas DO concentrations above 40% air saturation enhanced the production of
citric acid [33].

In this work, the maximum specific citric acid productivity of 0.012 g g−1 h−1 was
reached in both bioreactors by oxygenation conditions improvement. A 30% enhancement
in maximum specific citric acid productivity resulted either from the increase in total air
pressure from 1 bar to 4 bar in the pressurized bioreactor or from the aeration rate increase
from 1 vvm to 1.5 vvm in the airlift bioreactor. The amount of citric acid produced herein,
as well as the global citric acid yield, are comparable or even higher than others found in
the literature for Y. lipolytica strains growing in crude glycerol (Table 3). Using alternative
ways of improving OTR, both bioreactor types can be successfully implemented in the
citric acid production process with important operating saving costs. In particular, the use
of pressurized bioreactors will also reduce the need for high aeration rates that present
limitations by causing turbulence and foam problems in bioreactors’ operation.

Table 3. Maximum citric acid production (CAmax, g·L−1) and global conversion yield of citric acid
produced per crude glycerol consumed (YAC/S, g·g−1), obtained in several wild-type Y. lipolytica
strain cultures carried out in lab-scale bioreactors. Comparisons with the current work.

Y. lipolytica Strain Culture Type CAmax (g·L−1) YAC/S (g·g−1) Ref.

W29

Batch—pressurized STR 6 0.32 This study
Batch—airlift 14 0.40

Batch—STR 11 0.31 [6]

A101 Batch—STR 56 0.37 [40]

ACA YC 5029 Batch—STR 39 0.42 [34]

SKY7
Batch—STR 11 0.15 [41]

Fed-Batch—STR 12 0.20 [42]
Fed-Batch—STR 19 0.42 [5]

DSM 8218
Batch—STR 5 0.19 [32]Fed-Batch—STR 5 0.53

4. Conclusions

Citric acid production from crude glycerol by Y. lipolytica W29 batch cultures was
studied in pressurized and airlift bioreactors. No cellular growth inhibition was observed
raising the total air pressure from 1 bar to 4 bar, but the maximum citric acid concentration
was obtained under 2 bar of total air pressure. In the airlift bioreactor, the increase in the
aeration rate up to 2 vvm had a clear positive effect on the final biomass concentration,
but the maximum citric acid concentration was attained at 1.5 vvm. These results show
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that oxygenation is a crucial optimization parameter in different bioreactor types. Nev-
ertheless, in the range of conditions tested in this work, it was possible to reach a similar
maximum specific citric acid productivity in both bioreactors, proving the applicability
of both bioreactor types in the citric acid production process using Y. lipolytica cultures
and crude glycerol (a by-product of the biodiesel industry) as a low-cost substrate. Both
alternatives for OTR improvement will lead to important operating cost savings through
the reduction of power input consumption. Additionally, pressurized bioreactors will allow
the reduction of foam and hydrodynamic stress caused by the use of high aeration rates.
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