
Citation: Singh, S.; Sharma, S.; Sarma,

S.J.; Brar, S.K. Roles of Process

Parameters on the Ricinoleic Acid

Production from Castor Oil by

Aspergillus flavus BU22S. Fermentation

2023, 9, 318. https://doi.org/

10.3390/fermentation9040318

Academic Editor: Mohammad

Taherzadeh

Received: 22 February 2023

Revised: 15 March 2023

Accepted: 21 March 2023

Published: 23 March 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

fermentation

Article

Roles of Process Parameters on the Ricinoleic Acid Production
from Castor Oil by Aspergillus flavus BU22S
Shikha Singh 1, Sumit Sharma 1, Saurabh Jyoti Sarma 1,* and Satinder Kaur Brar 2

1 Department of Biotechnology, Bennett University, Greater Noida 201310, India
2 Lassonde School of Engineering, York University, North York, Toronto, ON M3J1P3, Canada
* Correspondence: saurabh.sarma@bennett.edu.in; Tel.: +91-1207199466

Abstract: Ricinoleic acid is a biobased green chemical industrially produced from castor oil. Microbial
conversion is a cleaner and greener approach to ricinoleic acid production from castor oil. These
processes should be further optimized for a better yield of the product. Aspergillus flavus BU22S was
used to convert castor oil into ricinoleic acid. The strain was isolated and identified by molecular
biological techniques. It was found to be effective in the biotransformation of castor oil. The ricinoleic
acid production and dry cell weight of the fungus were studied as functions of time. In this study,
to increase the yield of ricinoleic acid and decrease the oil loss, which microorganisms utilizes in
biomass production, response surface methodology (RSM) has been used for process optimization.
The central composite design was used to optimize the predictor variables such as oil concentration
(% w/v), glucose concentration (% w/v), and calcium chloride concentration (% w/v) to increase the
overall yield of ricinoleic acid. A quadratic model was found to be the best fit to predict the responses
of the experimental results. The model suggested that the concentrations of oil, glucose, and calcium
chloride should be lower in order to increase the ricinoleic acid yield and minimize the oil loss. The
bench scale studies of optimized conditions from RSM were also conducted. The yield of ricinoleic
acid in batch and fed-batch culture studies was also compared. The yield of the ricinoleic acid in batch
culture was 21.67 g/kg of total oil. The yield of ricinoleic acid in fed-batch culture in the absence of an
external air supply was 46.77 g/kg of total oil. In this case, the oil loss was also reduced to only 12%.

Keywords: Aspergillus flavus; calcium chloride; castor oil; ricinoleic acid; RSM

1. Introduction

Naturally occurring hydroxylated fatty acids are very crucial for the chemical industry
because of their varied applications. Hydroxy fatty acids can undergo several alterations
owing to the presence of the hydroxyl group in the carbon skeleton. One such important
resource for hydroxy fatty acid is castor oil. Oil has wide industrial applications. It has
been used in the polymer and pharmaceutical industries as an excellent lubricant and as a
varnish [1]. It is inedible, has a high oil content, and is widely available, which makes it a
suitable candidate for its use in the chemical industries. 90% of the total fatty acid content in
castor oil is ricinoleic acid (RA). It is because of the presence of this fatty acid in such a huge
amount that castor oil plays a salient role as a biobased green chemical feedstock. Biobased
green chemical feedstocks are derived from agricultural or plant materials that serve as an
alternative to petroleum-based raw materials for different chemicals. Ricinoleic acid can be
transformed into various derivatives by undergoing various chemical modifications [2].
The distinctive characteristics of oil, such as being a desirable candidate for the synthesis of
polyols, and having greater oxidative stability, are all due to the hydroxyl group present at
the twelfth position in the ricinoleic acid molecule. Due to the presence of the hydroxyl
group, the oil possesses some polar properties, which make the oil soluble in alcohols.
Due to the intramolecular hydrogen bonding that happens due to the presence of the
hydroxyl group, the oil is more viscous compared with other vegetable oils. Due to its
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higher viscosity, the oil has a relatively longer shelf life [3,4]. The molecular structure of the
fatty acid prepared using ChemAxon MarvinSketch® has been shown in Figure 1.
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RA has been used in the manufacturing of a wide variety of polymers. Polyurethanes
synthesized from castor oil are used for a variety of purposes. It can be used as a sealant, cast
elastomers, rigid foams, flexible foams, adhesives, and semi-rigid foams [5]. The polymers
synthesized from the RA are highly hydrophobic, have low fracture strain, and are chemi-
cally resistant [6]. Polyurethanes from castor oil are used in the manufacturing of telephone
cables, in drug delivery systems, and as sealants in electrical components [7,8]. Polyesters
resulting from RA have been found useful in biomedical implants [9]. Polyamides synthe-
sized from RA have been used in the synthesis of catheters, tubes, transportation systems,
fuel lines, electronic systems, and the manufacturing of sports products [8]. Coating ma-
terials synthesized from RA have been found to be very effective. And the use of castor
oil as a lubricant has been well-known for a long time. RA has also been used as an emol-
lient, moisturizer, dispersant, and surfactant. RA is also used as an antifungal agent for
dermatological applications, and it is also used for other pharmaceutical purposes [8,10,11].

Castor oil contains RA in the form of triglycerides. Castor oil must be hydrolyzed to
isolate RA. Castor oil can be hydrolyzed in a variety of ways. The hydrolysis of castor oil is
completed by using high temperatures, steam, high pressure (Twitchell process, medium
pressure autoclave splitting, high pressure and temperature splitting, and the Colgate-
Emery process), and by the use of chemicals (saponification) [12,13]. The aforementioned
techniques are ineffective for hydrolyzing oils with hydroxyl groups, conjugated double
bonds, and unconjugated yet thermally degradable oils [14–16]. The hydrolysis of castor
oil by saponification comes with downsides such as inducing polymerization reactions,
by-product generation, energy consumption, and color creation. As the world is moving
towards greener and cleaner technologies, the use of biocatalysts is preferred over any other
chemical methods. The use of biocatalysts ensures the selectivity of the overall reaction, less
by-product formation, and the use of mild conditions [17]. Microorganisms such as Candida
rugosa [18], Aspergillus niger [19], Penicillium sp. [20], Propionibacterium acidipropionici [21],
Pseudomonas aeruginosa [22] have been studied for the hydrolysis of castor oil. Lipases from
Porcine Pancreas [23], and Castor bean [24] have also been studied for hydrolysis.

However, there is still a need for improvement in castor oil biotransformation and
optimization for commercial applications. It is necessary to identify a microorganism
that can produce more RA without wasting any oil. In the previous study, we identified
a microorganism that was producing RA in good amounts. The strain, after molecular
characterization, was identified as Aspergillus flavus BU22S [25]. There are just two instances
of Aspergillus flavus lipase-mediated hydrolysis of castor oil [26,27]. The concentration of the
RA has been calculated based on the titrimetric assays in both the investigations and even
in nearly all of the studies that have been conducted thus far concerning lipase-mediated
hydrolysis [28]. In the previous study, we estimated the concentration of RA using HPLC
analysis for a more precise estimation. Similarly, while determining the concentration and
yield of the RA, oil consumption by the microorganism was also considered. In that study,
glucose was used as an additional carbon source to reduce the consumption of oil and
produce fatty acids [25].

The free fatty acids are known to precipitate in the vicinity of calcium ions. Therefore,
the existence of calcium ions in the media will remove the free fatty acids. The free fatty
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acids accumulate at the droplet surfaces, thereby hindering the lipase’s ability to reach
the triglycerides [29]. In the present study, process optimization studies have been com-
pleted to increase the yield of RA and reduce the oil consumption by the organism. To
increase the yield and lower the oil loss, systematic improvement of process variables, i.e.,
the concentration of oil, concentration of glucose, and concentration of calcium ions, was
completed using response surface methodology (RSM). To explore connections between
independent factors and responses, RSM, a mixture of certain mathematical and statistical
techniques, is used. In order to solve multivariate equations, it makes use of quantitative
data from well-crafted experiments. These equations are graphically represented by re-
sponse surfaces. These surfaces very well explain the impacts of individual, progressive,
and mutual interactions of test factors on the response. Additionally, it chooses the best
factorial combination of factors to get the greatest response [30–35]. Therefore, in this study,
process variables in the conversion of castor oil to RA by Aspergillus flavus BU22S were
optimized using RSM.

2. Materials and Methods
2.1. Molecular Biological Identification of the Isolated Species and Its Growth Conditions

The strain was isolated from the Bennett University campus (Greater Noida, Uttar
Pradesh, India) and was subcultured again and again on Potato Dextrose Agar (PDA)
plates for 72 h at 30 ◦C to obtain a pure strain. The isolate was identified using morpho-
logical traits and molecular biological analysis. The methodology described by Carter
et al. was used for the extraction of genomic DNA [36]. The isolated DNA was kept at
−20 ◦C for future analysis. The internal transcribed spacer (ITS) regions of the isolate
were amplified using primers ITS1-F (5′-TCCGTAGGTGAACCTGCGG-3′) and ITS4-R
(5′-TCCTCCGCTTATTGATATGC-3′). The secondary barcoding was also completed for
the identification of the species by amplifying the coding regions of the cyp51A gene. The
conditions used for the amplification of the cyp51A gene were the same as described by
Nargesi et al. [37] The amplicons were purified and sequenced in both directions. With the
help of the NCBI BLAST, the acquired sequences were compared with GenBank databases.
The newly isolated and molecular biologically characterized strain was further used in this
study [25].

The fungal samples were stored in an ultra-freezer (Cryocube, Eppendorf, Hamburg,
Germany) in triplicate at −80 ◦C. Every six months, the fungal samples from the deep
freezer were revived in Potato Dextrose Agar (PDA) medium. The fungal samples were
also maintained on the PDA slants. On the PDA slants, the fungus was sub-cultured and
allowed to grow for 7 days at 30 ◦C. Such PDA slants were kept in a refrigerator at 4 ◦C
and were replaced every month. Further research was conducted using this pure culture.

2.2. Biotransformation

To check the ricinoleic acid production with time, preliminary studies were performed.
The minimal salt media (MSM) supplemented with 2% castor oil was inoculated with the
spore suspension of Aspergillus flavus BU22S in different Erlenmeyer flasks. The following
MSM components were present in a liter: 3 g KH2PO4, 5.52 g Na2HPO4·7H2O, 1 g NH4Cl,
0.5 g NaCl, 0.03g CaCl2, and 0.12g MgSO4. The spore suspension was made by adding
5 mL of N-saline to the PDA slants of Aspergillus flavus BU22S and scraping the spores
off. The flasks were incubated at 30 ◦C and 180 rpm for one to seven days. After the
incubation, the oil phases from the different flasks were recovered on their respective days
and analyzed as described later in this study. After the recovery of the oil phase, Aspergillus
flavus BU22S biomass on the respective days was filtered through the Whatman Filter Paper.
The weight of the filter paper before filtration was recorded. The filter paper along with
fungal biomass were kept at 50 ◦C for 48 h. After 48 h the weight of the filter paper along
with the biomass was recorded. The dry cell weight was calculated by subtracting the
before and after weights of the filter paper.
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To check the effect of different process variables, i.e., oil concentration, glucose concen-
tration, and concentration of calcium ions, small scale preliminary studies of fermentation
were performed in MSM. The media used during the experiments was sterilized at 121
◦C for 20 min. The biotransformation studies have been carried out for 7 days at 30 ◦C
and 180 rpm. A working volume of 50 mL of MSM was made using a series of castor oil
concentrations and the glucose concentrations between the limits of 2 and 5% (w/v), and
a series of calcium chloride concentrations between the limits of 1 to 3% (w/v). Twenty
treatments were carried out at random, with six axial points, eight fractional factorial points,
and six central points, as depicted in Table 1. The experiments were plotted using the
Design-Expert® tool v.12(Stat-Ease, Minneapolis, MI, USA). The different Erlenmeyer flasks
with different process variable conditions and containing 50 mL of MSM were inoculated
with the spore suspension of Aspergillus flavus BU22S. After 7 days, the oil phase was
recovered, as described later. Each set of studies included a recording of the weight of the
remaining oil after recovery. With the help of the HPLC (Waters, Milford, MA, USA), the
samples (oil) acquired after biotransformation were examined.

Table 1. Degrees of independent (predictor) variables and the range of experiments.

Variables Symbols
Range and Levels

−α −1 0 +1 +α

Concentration of oil (%) x1 0.9773 2 3.5 5 6.02

Glucose concentration (%) x2 0.9773 2 3.5 5 6.02

Concentration of calcium chloride (%) x3 0.3182 1 2 3 3.68

2.3. Optimization of Process Variables by Response Surface Methodology (RSM)

The influence of independent factors was investigated using the response surface ap-
proach involving the concentration of oil (x1), glucose concentration (x2), and concentration
of calcium chloride (x3) on response variables, such as the yield of ricinoleic acid and oil
loss in the biotransformation studies. A fully crossed central composite design (CCD) was
used to plot the experiments. The coded independent variables could be given by the
following regression Equation (1):

xi = (Xi − X∗i )/∆Xi (1)

where xi = encoded level of the ith predictor variable, Xi = uncoded level of ith pre-
dictor variables, X∗i = actual value of the ith predictor variable at the central point, and
∆Xi = value for a step change.

For three factors, the model took the following quadratic polynomial equation (Equa-
tion (2)), which shows the predicted outcomes as a function of the predictor variables:

Y = β0 + β1 x1 + β2 x2 + β3x3 + β11x2
1 + β22x2

2 + β33x2
3 + β12x1x2 + β13x1x3 + β23x2 x3 (2)

where Y = output, β0 = constant/intercept, β j = linear interactions effects for variables,
β jj = quadratic effects, β jk = linear interactive coefficients.

For the determination of the values of these coefficients, Design-Expert® tool v.12
(Stat-Ease » V12 » Designs » Response Surface Designs, n.d.) was used [30,38].

2.4. Bench Scale Fermentation in the Optimized Conditions

The bioreactor (NBS BioFlo 120, Eppendorf, Hamburg, Germany, equipped with an
air compressor, a chilled water recirculating unit, and a controlling unit) with a volume
of 2 L was used for the experimental set-up. The optimized condition from the RSM was
taken and scaled up to a working volume of 1 L. One liter of MSM supplemented with
3.5% of castor oil, 2% of glucose, and 0.3% calcium chloride was prepared and sterilized by
autoclaving. The bioreactor along with the media were sterilized at 121 ◦C for 20 min. The
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prepared media was inoculated with 2 mL of spore suspension (1.6 × 107 spores/mL). The
batch was carried out for 72 h at 30 ◦C, and at an agitation speed of 200 rpm. The Rushton
disc turbine (Eppendorf, Hamburg, Germany) was used as an impeller in the fermentation
studies. The pH of the media at the beginning of the batch was 6.01. The airflow was
maintained at 1.5 L per minute for 48 h, which was further increased to 2 L per minute for
the next 24 h. The reason behind the increased airflow during the final 24 h of the process
was high mycelial growth. So, to increase the oxygen diffusion all through the medium in
the case of dense mycelium growth, the airflow was increased.

The oil phase was extracted after 72 h. The quantification of the product was completed
similarly to that of the shake flask study.

For the same optimized conditions, the fed-batch study was also conducted. The MSM
with 2% glucose, and 0.3% calcium chloride was prepared, and 3.5% of castor oil was fed to
the reactor at regular intervals. The batch was started with 0.5% castor oil, and then 1%
castor oil was fed to the reactor after 24 h. 2% of castor oil was fed to the reactor after 48 h.
The fed batch was carried out for 72 h at 30 ◦C and an agitation speed of 200 rpm. The
pH of the media at the beginning of the batch was 6.01. The airflow was maintained at
1.5 L per minute for 48 h, which was further increased to 2 L per minute for the next 24 h.
The effect of successive feedings of castor oil every 24 h was observed by calculating the
product and oil loss after 72 h of incubation.

A similar fed-batch study was conducted in the absence of an external oxygen supply.
All other conditions were maintained similarly to those of the first fed-batch experiment.
The only difference was that the external air supply was not connected to the reactor. The
fungus was only able to utilize the air present in the headspace of the reactor. The oil phase
was recovered and analyzed after 72 h.

2.5. Sample Analyses
2.5.1. Recovery of the Oil Phase

Following 7 days of biotransformation, the medium was centrifuged for 15 min at a
speed of 10,000 rpm to separate biomass from the aqueous and oil phases. The media, after
centrifugation, were transferred to the separating funnel (BOROSIL, Mumbai, Maharashtra,
India). The hexane was added in a 3:1 ratio. The oil phase and the aqueous phase were
mixed using a vortex mixture (Labnet, Edison, NJ, USA) for 5 min. The funnel was allowed
to rest for 5 min and then the lower aqueous layer was eliminated and the upper organic
(hexane) layer was collected. The hexane was then allowed to evaporate. The extraction of
the oil phase from the batch and fed-batch studies was also performed in a similar manner.
After extraction, samples (oil) were collected, and HPLC was used to examine them.

2.5.2. HPLC Analyses

The Waters 1500 series Model was used for HPLC. The column used for the analysis
was 5 µm SunFire™ C18 4.6 × 50 mm. The mobile phase included 0.1% orthophosphoric
acid and was composed of acetonitrile and water in a ratio of 60:40. The flow rate was
set to 1 mL per min and the column temperature was maintained constant at 30 ◦C. The
sampling rate was 10 samples per second, and the injected volume was 20 µL for all the
injections. Each sample was run for 60 min. As a blank, the mobile phase was injected.
The photodiode array (PDA) detector captured the peaks at a wavelength of 200 nm [39].
The standard ricinoleic acid (purity ≥ 99%) was purchased from Sigma-Aldrich (St. Louis,
MO, USA).

2.5.3. Statistical Analyses

Design-Expert® tool v.12 (Stat-Ease » V12 » Designs » Response Surface Designs, n.d.)
was used to statistically assess experimental data. The best-fitting polynomial model was
chosen by comparing several statistical metrics of several polynomial models. Through
analysis of variance (ANOVA), a significant difference was identified by computing the
F-value for the probabilities of 0.5, 0.1, and 0.01. Response plots were created with the aid
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of Design-Expert® tool v.12(Stat-Ease, Minneapolis, MI, USA) to comprehend the impact of
the process variables on the response.

2.5.4. GenBank Accession Numbers

The full sequence for the cyp51A gene and the ITS regions are accessible in the GenBank
database under the unique sequence identifiers OP750009, OP750010, OP648166, and
OP64817, respectively.

3. Results and Discussion
3.1. Molecular Biological Identification of the Isolated Species

The comparative analysis of the sequences was carried out with the GenBank database
using NCBI BLAST search. The ITS sequences showed a similarity index of 99.67% with
the species Aspergillus oryzae and Aspergillus flavus. Therefore, to obtain a clear distinction
between the species, a secondary biomarker of the cyp51A gene was used. The sequences
from the cyp51A gene showed a similarity index of 99.76% and a 100% query coverage with
the Aspergillus flavus. Thus, the species was identified as Aspergillus flavus BU22S.

3.2. Biotransformation

Figure 2a depicts the pellets of Aspergillus flavus BU22S formed in the biotransforma-
tion media. Figure 2b gives the microscopic view (40×) of Aspergillus flavus BU22S spores.
The qualitative analysis of the oil phase recovered from the seven consecutive days was
completed using HPLC. The concentration of RA was stated as g/kg of residual oil, and
the RA yield was stated as g/kg of total oil added (prior to the biotransformation). The
oil loss was defined as the grams of oil lost per kg of oil added. The calculations of RA
concentration, RA Yield, and oil loss were performed in a similar way throughout the
manuscript. The dry cell weight of the fungus was also recorded each day. The trend of
concentration of ricinoleic acid with time was found to be somewhat increasing from day 1
to day 7. The concentration of RA was similar on days 6 and 7. The concentration of RA
on day 7 was 256 g/kg of residual oil. The ricinoleic acid yield was observed to increase
from 1 to 3 days, as can be seen in Figure 3. The yield was found to be at its maximum
on the third day. After 3 days, the yield was somewhat between 60 g/kg to 80 g/kg of
total oil. The biomass of the fungus first increased and then became constant up to the
7th day. This is why all the biotransformation experiments plotted using Design-Expert®

tool v.12 were carried out for 7 days. When the dry cell weight of the fungus was found to
be increasing, the yield was comparably low. On the days when the dry cellular weight
was found to be low, the yield was comparably high. The yield and dry cell weight were
inversely proportional to each other. While the concentration of the RA was found to be
independent of the dry cell weight of the fungus.

3.3. Response Surface Methodology

The optimal values were determined using CCD, and the results from the experiments
were fed into the Design-Expert® tool v.12, which generated a CCD matrix with axial,
factorial, and central points. Table 2 shows the statistical combination of the independent
variables and both the responses, i.e., ricinoleic acid yield (g/kg), and oil loss (g/kg). The
findings obtained after CCD were evaluated using ANOVA since it is the most effective
method for determining the significance of the fitted model. Tables 3 and 4 provide the
results for fitting the second-order (quadratic polynomial) response surface model using
ANOVA. The model for ricinoleic acid yield (g/kg) is believed to be significant given its
F-value of 17.14. The p-value is also less than 0.0001, which suggests that the regression
model is highly significant. The determination coefficient evaluates the model’s quality
of fit. In this instance, the R2 value is 0.9391 (which is closer to unity). This suggests
that model fitting is accurate, and the effect of the independent variable could be easily
explained through the second-order surface model. To get a high level of significance for
the model, the value of the Adjusted R2 (adjusted determination coefficient = 0.88431) is
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likewise high [40,41]. While the model fit for oil loss (g/kg) was found to be less significant.
The model has a low F-value, which was 1.79. The model has an R2 value of 0.6166 and an
adjusted R2 value of 0.2715.
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Table 2. CCD matrix for predictor (process) variables with output values of ricinoleic acid yield
(g/kg), and oil loss (g/kg).

Run Independent Variables Response/Output

x1 (%) x2 (%) x3 (%) RA Yield (g/kg) Oil Loss (g/kg)

1 3.5 3.5 2 0.29 654.85

2 3.5 3.5 0.32 66.85 421.14

3 3.5 3.5 2 0.88 621.71

4 2 5 3 0.05 661

5 2 5 1 9.35 683

6 3.5 3.5 3.68 0.22 622.28

7 5 2 1 1.9 576

8 3.5 6.02 2 0.36 680.57

9 3.5 3.5 2 1.08 567.42

10 5 2 3 1.02 503.6

11 3.5 0.99 2 1.51 601.71

12 5 5 1 2.06 653.6

13 2 2 3 0.47 689

14 5 5 3 0.39 628.8

15 6.02 3.5 2 0.38 559.32

16 0.97 3.5 2 1.74 640.81

17 3.5 3.5 2 0.58 618.85

18 3.5 3.5 2 0.99 554.54

19 2 2 1 13.13 563

20 3.5 3.5 2 1.75 505.71

Table 3. Analysis of Variance for ricinoleic acid yield (g/kg).

Source Sum of
Squares

Degrees of
Freedom

Mean
Square F-Value p-Value

Model 44.50 9 4.94 17.14 <0.0001

Pure error 1.89 5 0.3780

Cor Total 47.39 19

Standard deviation = 0.5372; Adjusted R2 = 0.8843; R2 = 0.9391.

Table 4. Analysis of Variance for oil loss (g/kg).

Source Sum of
Squares

Degrees of
Freedom

Mean
Square F-Value p-Value

Model 56,493.00 9 6277.00 1.79 0.1894

Pure error 14,867.73 5 2973.55

COR. Total 91,624.89 19

Standard deviation = 59.27; Adjusted R2 = 0.2715; R2 = 0.6166.

The regression equation is the outcome of the implementation of RSM [38]. It repre-
sents an important correlation between the test variables and the outcome. The regression
equation obtained for each response is given in Equations (3) and (4).
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RA Yield = −0.210125− 0.232525 x1 − 0.429973 x2 − 1.49826 x3 − 0.0227039 x2
1 − 0.0573243 x2

2
+0.525661 x2

3 + 0.212459 x1x2 + 0.784333 x1x3 − 0.367931 x2 x3
(3)

Oil loss = 586.144− 27.1695 x1 + 31.2971 x2 + 25.2676 x3 + 11.3259 x2
1 + 25.8488 x2

2 − 16.3768 x2
3

+13.85 x1x2 − 25.15 x1x3 − 12.55 x2 x3
(4)

The p-values (Table 5) are used to determine the importance of each coefficient. The
higher the significance of the coefficients, the lesser the p-value [42,43]. The values in Table 5
indicate that the linear main effect of the concentration of oil (0.1408), and glucose concentra-
tion (0.0143) is more significant than the second-order main effect of the concentration of oil
(0.8757), and glucose concentration (0.06939), respectively, in the case of ricinoleic acid yield.
Both the linear main effect of calcium chloride concentration (<0.0001) and the second-order
main effect of calcium chloride concentration (0.0040) are more significant in the case of
the yield of ricinoleic acid. The calcium ions, when present in the media, eliminate the
free fatty acid and enable the lipase to reach the emulsified lipids, thereby increasing the
yield of ricinoleic acid [29]. The linear main effect of the concentration of calcium chloride
(0.1462), the concentration of oil (0.1211), and glucose concentration (0.0796) are also more
significant than the second-order main effect of calcium chloride concentration (0.3189),
the concentration of oil (0.4848), and the glucose concentration (0.1288), respectively, in
the case of oil loss. In the presence of the carbon source, the microorganism consumes less
oil [25]. This indirectly affects the yield of ricinoleic acid as well. That is why the effect of
glucose concentration is more significant than other test variables in the oil loss. However,
all coefficients, whether the linear main effect, the quadratic effect, or the interaction effect,
were less significant as the p > 0.05. Thus, the equation cannot be used to predict oil loss.

Table 5. Regression coefficients and least square fit for ricinoleic acid yield and oil loss.

Factors RA Yield (g/kg) Oil Loss (g/kg)

Coefficient
Estimate Standard Error p-Value Coefficient

Estimate Standard Error p-Value

Intercept −0.2101 0.2191 - 586.14 24.17 0.1894

x1–Concentration
of Oil (%) −0.2325 0.1454 0.1408 −27.17 16.04 0.1211

x2–Glucose
Concentration −0.4300 0.1454 0.0143 31.30 16.04 0.0796

x3−Concentration
of Calcium
Chloride

−1.50 0.1454 <0.0001 25.27 16.04 0.1462

x1x2 0.2125 0.1899 0.2894 13.85 20.96 0.5236

x2x3 0.7843 0.1899 0.0020 −25.15 20.96 0.2577

x1x3 −0.3679 0.1899 0.0815 −12.55 20.96 0.5626

x2
1 −0.0227 0.1415 0.8757 11.33 15.61 0.4848

x2
2 −0.0573 0.1415 0.6939 25.85 15.61 0.1288

x2
3 0.5257 0.1415 0.0040 −16.38 15.61 0.3189

The contour plots used in graphs to represent regression equations assess the rela-
tionships between independent variables and how they affect the respective responses.
Contour plots might be in the form of saddle points, elliptical mounds, or rising ridges [44].

Response surface and contour plots show a relationship between two independent
variables at a time while holding the other independent variables constant. Contour plots
and response surface graphs were produced from the analysis of the experimental data
from the CCD. Figure 4a depicts the interaction between oil concentration (%) and glucose
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concentration (%) while keeping the calcium chloride concentration (%) constant. The
contour plot represented in Figure 4b gives an estimate that, while keeping the calcium
chloride concentration constant, the ricinoleic acid yield will be higher at lower glucose
(2%) and oil concentrations (2%). Figure 4c gives an idea about the interaction between
oil concentration (%) and calcium chloride concentration (%) while keeping glucose con-
centration (%) constant. The contour plot (Figure 4d) marks a clear optimum response at
lower calcium chloride concentrations (1–1.5%) and lower oil concentrations (2%), where
the yield will be higher. Figure 4e is the response surface plot between glucose and calcium
chloride concentrations while keeping oil concentration constant. After the analysis of
Figure 4f, it can be said that at lower calcium chloride concentrations (1–1.5%) and lower
glucose concentrations (2%), the yield will be higher.
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Figure 5a evaluates the effect of glucose and oil concentrations while keeping the
concentration of calcium chloride constant on the oil loss. It shows that with increasing
glucose concentration, oil loss first decreases up to a certain extent and then increases.
Figure 5b is the contour plot, and it gives the optimum values of glucose (2–2.5%) and
oil concentration (2%). The response surface plot in Figure 5c evaluates the effect of the
concentration of oil and calcium chloride at a constant value of glucose concentration. The
contour plot (Figure 5d) shows that at the optimized concentrations of calcium chloride
(1–1.5%) and oil concentration (2%), the oil loss will be less. While keeping oil concentration
constant, Figure 5e gives a response surface plot between glucose concentration and calcium
chloride concentration. As per the response surface plot, with decreasing calcium chloride
concentration, oil loss decreases; with increasing glucose concentration, oil loss decreases
up to a certain extent (3–3.5%); and then, by further increasing the glucose concentration,
the oil loss increases.
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(%), and calcium chloride (%) on the oil loss (g/kg).

Figure 5f depicts a stronger interaction than the rest of the contour plots in the case of
oil loss. The optimum values for calcium chloride (1–1.5%) and glucose concentration (2%)
can also be observed in the figures.

The interaction is also explained using perturbation plots when one variable deviates
from the preferred reference while keeping the other components fixed at the specified
zero values. As a result, the perturbation plots show how the factorial level varies from the
corrected reference point of every variable.

From Figure 6, it can be deduced that the variables concentration of oil (A), glucose
concentration (B), and the concentration of calcium chloride (C) are the driving factors in
the case of the ricinoleic acid yield. The three variables are shown to have less effect on the
other response, i.e., the loss of the oil.
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Figure 6. Interaction plots of three independent variables for (a) oil loss (g/kg); and (b) ricinoleic
acid yield (g/kg) where A is the concentration of oil (%), B is glucose concentration (%), and C is the
concentration of calcium chloride.

The residuals are shown against the design’s ordering of runs in the residual vs. run
plot. If the plot’s points are scattered randomly, the experiment’s test sequence is not
having any impact. If a pattern or trend emerges, this suggests that the experiment may be
being impacted by a time-related variable and should be rectified by randomization. As
the points are scattered randomly (Figure 7) for the test sequence in both responses, the test
sequence has no effect.
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The effect of the model is displayed and contrasted with the null model in a predicted
versus actual graph. The points should be around the fitting line, with little confidence
bands, for a good fit. From Figure 8, it can be concluded that the model was a good fit for
the ricinoleic acid yield response and not for the oil loss.
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Although many studies were performed to enhance the production of ricinoleic
acid [30,45,46], all the studies reported the overall hydrolysis rate, which is based on
the acid value of the oil. Due to the hydrolysis, fatty acids get released, thereby increasing
the acidity (or acid value) of the oil. The acid value of the oil is determined by titration.
The oil sample is titrated against a standard alkali solution (either sodium hydroxide or
potassium hydroxide). The acid value of oil will be contributed by all the fatty acids present
in the oil. The studies do not report the exact amount of ricinoleic acid produced. The
present study reports the exact amount of ricinoleic acid produced. The oil loss taking
place in the overall process, i.e., during the extraction and due to the consumption by the
organism, has also not been reported in the studies. The oil loss during the process has
been considered for the calculation of ricinoleic acid yield in the present study. Efforts have
also been made to minimize the loss and increase the yield of ricinoleic acid.

3.4. Bench Scale Fermentation in the Optimized Conditions

One batch and two fed-batch studies were conducted in different conditions in the
bioreactor. Agitation rate, aeration rate, pH, Dissolved Oxygen (DO), and temperature
were monitored continuously over time in batch as well as fed-batch cultures. The oil phase
was recovered after 72 h and analyzed using the conditions mentioned earlier in this study.
Temperature and agitation rate were maintained constant throughout the batch culture.
The aeration rate was first set at 1.5 L per minute. After 48 h the aeration rate was changed
to 2 L per minute, which was maintained till the completion of the batch culture. The
pH of the media went down from 6.01 to 5.7 at the end of 24 h (Figure 9a). There was a
sudden drop in the pH from 5.7 to 3.9 between 24 and 48 h. Between 48 and 72 h, there
was a gradual drop in pH from 3.9 to 3.7. There was also a drastic decrease in dissolved
oxygen from 0 to 24 h due to the accumulation of biomass. The DO cannot be increased
even after increasing the aeration rate. The ricinoleic acid yield obtained after 72 h in the
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batch study was 21.6 g/ kg of total oil (Figure 10). The oil loss observed in the batch culture
was 485.7 g/kg.

The conditions in the fed-batch were similar to those of the batch culture. The castor
oil was fed at regular intervals in the fed-batch culture. The drop in pH was observed after
30 h in the case of the fed-batch culture (Figure 9b). The pH gradually decreases from 6 to
4.4 from 30 to 72 h. The decrease in DO was drastic within the first 24 h of the study. The
ricinoleic acid yield obtained in this case was 16.7 g/kg of total oil. The oil loss observed
was 365 g/kg (Figure 10). The oil loss was less compared with that of the batch culture.
The yield was lower in the case of the fed-batch culture in comparison to that of the batch
study. The possible reason could be the drop in the pH. Around 2% of the oil was added
after 48 h, and the pH after 48 h was less than 5. The lower pH resulted in lower enzymatic
activity, thereby resulting in a decreased yield of ricinoleic acid.

Another fed-batch study was conducted in similar conditions as that of the fed-batch
mentioned above. The only difference was that the external air supply was not connected
to the reactor. The fungus can only utilize the air present in the headspace of the reactor.
The pH in this set-up gradually decreased to 5.2 during the 72 h. The DO drastically
decreased during the first 24 h (Figure 9c). The yield of the ricinoleic acid obtained in this
condition was 46.77 g/kg of total oil. The oil loss observed was 127.17 g/kg of oil. The
yield was highest in the absence of an external oxygen supply in comparison to the other
two setups (Figure 10). The oil loss was also the least in this setup. The possible reason for
the higher yield could be the smaller drop in the pH. Due to the oxygen-limiting conditions,
the oil utilization rate of the fungus was lower. Due to this, the oil loss in this setup was
very low. Thus, the fed-batch technique demonstrated during this study provides a way
to increase the product yield and reduce oil loss. The picture of the bioreactor in which
biotransformation was carried out is given in Figure 11.
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Goswami et al. have studied the synthesis of ricinoleic acid from castor oil, but they
have optimized the temperature, pH, and buffer conditions [30]. Bench-scale studies of the
synthesis of ricinoleic acid from castor via A. flavus are scarce. The yield and concentration of
ricinoleic acid have also not been determined in these studies. Optimization of parameters
for minimizing oil loss has also not been reported in the literature studies.
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4. Conclusions

Locally isolated and molecular biologically characterized Aspergillus flavus BU22S
has been used in the present study. The yield of ricinoleic acid and the dry cell weight
of the fungus become constant at the end of the 7 days. A fully cross CCD and Design-
Expert® tool v.12 was utilized for the numerical optimization of response surface modeling
of independent variables such as concentration of oil (% w/v), glucose concentration (%
w/v), and calcium chloride concentration (% w/v). The outcome of this study suggests that
independent variables have a significant effect on the yield of ricinoleic acid, while the
variables were less significant for the oil loss response. A quadratic polynomial equation
was better fitted to speculate on the outcomes/response. With the help of this prediction
model, the optimized values for all the independent variables were also defined. According
to the model, in order to maximize the yield of ricinoleic acid and minimize oil loss, the
concentrations of oil, glucose, and calcium chloride should be lowered. The linear main
effect and the quadratic main effects of the calcium chloride concentration were significant
for higher ricinoleic acid yield (p-value is <0.0001). There was a significant interaction
between the variables-glucose concentration and calcium chloride concentration for the
response to oil loss. The optimized conditions from RSM were upscaled up to a working
volume of 1 L in a 2-L bioreactor. The batch and fed-batch studies were conducted under
optimized conditions. The yield of the ricinoleic acid was higher in the fed-batch culture
in the absence of an external oxygen supply. The yield was 46.77 g/kg of total oil. The
oil loss was also reduced in this setup. The oil loss observed in this case was 127 g/kg
of oil. The batch and fed-batch cultures with an airflow of 1.5 L per min for the first 48 h
followed by 2 L per min for the next 72 h have a comparatively lower yield and more oil
loss. The batch has 36% more oil loss, and the fed-batch with airflow has 24% more oil
loss in comparison to the fed-batch with no external air supply. The pure ricinoleic acid
is of great industrial significance. The reports on calculating the yield and concentration
of ricinoleic acid considering the oil loss from castor oil are hardly any. The efforts for
reducing the oil loss and thereby increasing the yield of the RA have been made in this
study. There still lies the scope for the betterment of the overall process. The yield of
RA still needs to be improved. The molecular mechanism by which calcium affects the
production of ricinoleic acid and other optimization conditions still needs to be determined.
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