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Abstract

Background: Biodiesel is an eco-friendly and renewable energy source and a valuable substitute for petro-diesel.
Sago processing wastewater (SWW), a by-product of the cassava processing industry, has starch content ranging from
4107 gL and serves as an outstanding source for producing microbial lipids by the oleaginous microorganisms. In
the present study, Candida tropicalis ASY2 was employed to optimize single-cell oil (SCO) production using SWW and
subsequent transesterification by response surface methodology. Variables such as starch content, yeast extract,
airflow rate, pH, and temperature significantly influenced lipid production in a preliminary study. The lipid production
was scaled up to 5 L capacity airlift bioreactor and its optimization was done by response surface methodology. The
dried yeast biomass obtained under optimized conditions from 5 L bioreactor was subjected to a direct transesteri-
fication process. Biomass: methanol ratio, catalyst concentration, and time were the variables used to attain higher
FAME yield in the transesterification optimization process.

Results: Under optimized conditions, the highest lipid yield of 2.68 g L™' was obtained with 15.33 g L' of starch
content, 0.5 g L™" of yeast extract, and 5.992 L min™' of airflow rate in a bioreactor. The optimized direct transesterifica-
tion process yielded a higher FAME yield of 86.56% at 1:20 biomass: methanol ratio, 0.4 M catalyst concentration, and
atime of 6.85 h.

Conclusions: Thus, this optimized process rendered the microbial lipids derived from C. tropicalis ASY2 as potentially
alternative oil substitutes for sustainable biodiesel production to meet the rising energy demands.
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Background

The interest in exploring new renewable biofuels as sub-
stitutes to petroleum-derived fuels has increased during
the last several decades. Energy consumption in India
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accounts for 4% of global energy. India is the fifth-largest
energy utilization nation after the USA, China, Russia,
and Japan. As vehicle ownership has risen, the demand
for petrol and diesel is anticipated to increase to 110
MMT (Million Metric Tons) and 31.1 MMT by 2021-
2022, respectively [1].

Biodiesel, a green and clean fuel type, can be
obtained from numerous feedstock like land-based
crops, microbes, and waste grease comprising
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triacylglycerides or free fatty acids [2]. At present, 95%
of the global biodiesel is made from plant oils like soy-
bean, rapeseed, and palm oils [3]. Among these, the oil
from soybean serves as a feedstock for biodiesel pro-
duction on an industrial scale. However, it not only
conflicts with food but also possesses several limita-
tions such as land requirement, oxidative stability, and
lesser oil yields [4]. Compared to oil floras, oleaginous
microorganisms (OMs), such as microalgae, bacteria,
yeast, and filamentous fungi, are considered alterna-
tive feedstock for lipids production from non-vegetable
sources. They can accumulate more than 20% lipids
(dry weight) and are extremely useful in biofuel pro-
duction. They possess abundant benefits such as fast
growth rate and oil productivity, reduced labor require-
ment, and lesser land coverage. Thus, they are feasible
feedstock for oil production [5].

The microbial lipid production process costs more than
the production cost of vegetable and animal oils; mainly,
the carbon sources used in the fermentation account
for a significant portion [6]. To date, the foremost car-
bon source used for lipid production is glucose or other
equally catabolized compounds. Oleaginous yeasts are
well known to convert simple sugars into microbial lipids
[7, 8]. Various feedstock like lignocellulosic biomass
[9, 10], industrial waste [11, 12], and different waste-
water streams [13] have been investigated for yeast oil
production.

Sago processing wastewater (SWW) can serve as an
excellent low-cost substrate for microbial lipid produc-
tion. During starch extraction from tapioca tuber, about
20,000 to 30,000 L of water is required per ton of sago,
eventually producing the same quantity of wastewater.
Moreover, with biodegradable starch, the content varies
between 4 to 7 g L ™! [14]. While the SWW is starchy, it
provides an outstanding nutritive source for microbial
growth and development along with lipid accumulation
under specific conditions.

At present, there is an enduring requisite to develop an
effective, robust, and cost-economic process that utilizes
SWW directly and transforms it into a valuable product
like microbial lipids. The microbial oils are considered
potential substitutes for biodiesel production due to the
similarity in composition of their fatty acids with that of
the vegetable oils. They mainly contain C16 and C18 fatty
acids esterified in the form of triacylglycerols and possess
a higher heating value than petro-diesel. If biodiesel is
produced sustainably, it could replace about 27% of the
diesel fuel in the transportation sector by 2050, and we
can avoid 2.1 gigatonnes of CO, emissions per year [15].
Previously, we isolated oleaginous yeast Candida tropica-
lis ASY2 from SWW for simultaneous decontamination
and biodiesel production [16, 17]. In continuation with
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that, we characterized the yeast biomass for its bioenergy
applications and determined its fuel properties [18].

The objective of the present work was to study the bio-
diesel production process experimentally and focusing on
the optimization of lipid accumulation and direct trans-
esterification process of the dry yeast biomass produced
by the yeast strain of C. tropicalis ASY2 using SWW as a
substrate. The optimization process was carried out using
the Design-Expert software version 11.0. Response sur-
face methodology (RSM) was applied to determine the
optimal operating conditions for maximum lipid accu-
mulation and FAME conversion efficiency. Furthermore,
the interaction between the variables affecting lipid and
biodiesel production was studied.

Results and discussion

Physicochemical characteristics of SWW

The values of physicochemical properties of SWW, such
as pH, electrical conductivity (EC), starch, total solids
(TS), total dissolved solids (TDS), total nitrogen (N),
BOD, COD, cyanide, ammoniacal nitrogen, nitrate-
nitrogen, and phosphate were 4.67, 6.30 dS m~!, 4.82 g
L1[19],457 gL}, 416 gL7}, 054 g L', 504 g L ™!
70.67 g L1, 4.46 mg L7}, 3.10 mg L}, 5.48 mg L™}, and
611.67 mg L1, respectively [17]. The important physico-
chemical properties of raw and treated SWW in ALB are
given in Table 1.

Investigation of influential factors for high lipid
production by C. tropicalis ASY2 in SWW

Effect of carbon sources

Among different carbon sources tested, galactose, starch,
and arabinose yielded a maximum biomass concentra-
tion of 2.65, 2.56, and 2.52 g L7}, respectively. However, a
higher lipid yield was observed in starch (1.22 g L™") fol-
lowed by glucose (1.20 g L) and galactose (1.11 g L)
(Fig. 1a). The highest lipid content of C. tropicalis ASY2
was reported in SWW enriched with glucose (48%) and

Table 1 Physicochemical characteristics of raw and treated
SWW in ALB

SWW Parameters Raw SWW Treated SWW in ALB
pH 467 (40.03) 5(£001)

BOD (g L™ 504 (£0.08) 160 (£1.5)
COD(gL™) 70.67 (40.06) 3340 (£0.84)

NO; (mg L™ 0(4£0.02) 1(40.005)

NH, (mgL™") 548 (£ 0.05) 043 (£001)

PO, (mg L") 67 (£0.01) 21594 (£061)
Cyanide (mg ) 446 (+£0.02) 1.74 (£0.01)

BOD, Biological Oxygen Demand; COD, Chemical Oxygen Demand; NO;, Nitrate;
NH,, Ammonium; PO,, Phosphate
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Fig. 1 Study of different influential parameters on the lipid production of C. tropicalis ASY2. a Effect of different carbon sources, b Effect of starch
concentrations from 10to 80 g L™, ¢ Effect of different nitrogen sources d Effect of different pH. The experiment was conducted in a 250 mL
Erlenmeyer flask (working volume: 50 mL) with a shaking speed of 150 rpm with different carbon and nitrogen sources, starch concentrations (10
t080g L"), and pH levels (5 to 7). Values are mean (& standard error) (n =3) and same alphabets in each column are not significantly different from

starch (47.66%). Among the different sugars evaluated,
amylase secretion was maximum in the starch-contain-
ing SWW (1.56 IU mL™), indicating poly-sugar utiliza-
tion by digestive enzymes. Mostly 80-87% of the sugars
were utilized in most cases. Similar results were obtained
when R. glutinis BCRC 22360 was grown in LCB hydro-
lysate [20], a lipid content of 48.23% using glucose con-
centration of 30 g L™ was reported. Since the raw SWW
already contains 4.82 g L' of starch, further experiments
were continued with starch.

Effect of starch concentrations

Among the different starch concentrations evaluated,
a maximum lipid yield of 1.51 g L7}, lipid content of
51.19%, starch utilization of 89.54%, and amylase activity
of 1.48 TU mL™! was observed in 20 g L™! of starch con-
centration. As the starch concentration increased after
20 to 80 g L7, the lipid yield, biomass yield, and amylase
secretion decreased gradually (Fig. 1b). It can be assumed
that a high starch concentration resulting in a very

gelatinized solution and limiting amylase diffusion can
restrict the accessibility of glycosidic linkages [21, 22].
In our earlier study, the rheological study of SWW with
varied starch concentrations (10 — 80 g L™!) also revealed
that starch concentrations up to 20 g L™ is best suited
for microbial lipid production in airlift bioreactors [23].
Similarly, Ren H-Y, Liu B-F, Kong F, Zhao L and Ren N
[24] reported that co-culture of microalgae Scenedesmus
sp. and anaerobic sludge at 120 h produced a lipid yield of
0.36 g L' and 0.35 g L™! at a starch concentration of 6 g
L' and 10 g L™ in starch wastewater. C. terricola JCM
24523, an oleaginous yeast at 240 h produced a maximum
lipid content of 61.96% (lipid yield: 3.02 g L™!) and 43%
on medium with 5% and 10% soluble starch, respectively
[25]. Kraisintu P, Yongmanitchai W and Limtong S [26]
reported that the yeast strain Rhodosporidium toruloides
DMKU3-TK16 produced a lipid yield of 8.11 g L™ and
7.95 g L™ in a nitrogen-limited media (0.75 g L™ yeast
extract, 0.55 g L™! (NH,),SO,, pH: 6) containing a glucose
concentration of 70 g L™! and 90 g L™}, respectively. Thus,
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the differences in starch assimilation could be linked to
distinct features of the species’ metabolic systems [25].

Effect of nitrogen sources

Among the different organic and inorganic sources
evaluated, the organic nitrogen sources (urea, peptone,
yeast extract, and tryptone) yielded higher biomass, lipid
yield, and lipid content than inorganic nitrogen sources
(Fig. 1c). Yeast extract yielded higher biomass of 3.15 g
L' with a lipid content of 46.03%. Similarly, the amylase
secretion and starch utilization differed in organic and
inorganic nitrogen sources. The results agreed with those
of Evans CT and Ratledge C [27], who observed that R.
toruloides had much higher lipid accumulation when
grown on organic nitrogen than inorganic nitrogen.

Effect of pH

The pH of the fermentation medium is a significant envi-
ronmental factor that affects the growth of cells and
product formation [28]. There was no growth in the
pH range of 3.5 to 5 when buffers of different pH were
utilized to study the lipid yield and lipid content of C.
tropicalis ASY2 in SWW (Fig. 1d). Some difference was
observed in the lipid content under the pH range of 5.5—
7, and higher lipid content was observed in pH 6 (47.66%)
with an amylase secretion of 1.41 IU mL™! and 85.76%
starch utilization. Similarly, a maximum lipid production
of 1.54 g L ™! was obtained at pH 6 when Rhodotorula sp.
IIP-33 was grown in sugarcane bagasse hydrolysate [29].

Effect of mineral nutrients

The addition of a mineral nutrient mixture resulted
in a lipid yield of 1.39 g L' compared to the control
(1.03 g L™!). The maximum starch utilization of 85.84%
and amylase activity of 1.41 IU mL™ were observed in
a medium supplemented with a mineral nutrient mix-
ture compared to SWW without the mineral nutrients
(Table 2).

Effect of temperature

During the growth of C. tropicalis ASY2 in SWW incu-
bated at different temperatures, culture growth was not
observed in the temperature range of 40-50 °C (Table 3).
The maximum lipid yield (1.23 g L) with maximal amyl-
ase secretion (1.37 IU mL™') and a starch consumption of
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Table 3 Effect of temperature on the lipid yield of C. tropicalis
ASY2 in SWW

Temperature, Biomass yield, Lipid yield, g L' Lipid content, %
oc g L—1

25 1.96 £ 0.04¢ 0.8140.02¢ 413340.62°

30 2.5440.04° 1.234£0.02° 48434+£091°

35 2.3640.06° 1.07 £0.02° 4534+1.06°

Values are mean (& standard error) (n = 3), and values followed by the same
letter in each column are not significantly different from each other within the
observation day as determined by DMRT (p < 0.05)

86.54% was reported when C. tropicalis ASY2 was grown
at 30 °C. It has been reported that the maximum lipid
yield of 2.12 g L™" was obtained at a temperature of 38 °C
when Rhodotorula sp. 1IP-33 was grown in sugarcane
bagasse hydrolysate [25].

Effect of airflow rates

The biomass yield, lipid yield, and lipid content on differ-
ent airflow rates viz., 1, 3, 5, 7, and 9 L min~! were evalu-
ated. The highest lipid yield of 2.45 g L™! was observed
at an airflow rate of 5 L min~! but higher lipid content
(44.73%) was observed at 3 L min~! (Fig. 2). After 5
L min~}, the lipid yield decreased gradually with an
increase in the biomass yield. This is due to an increased
flow rate that promotes yeast cell growth without favor-
ing lipogenesis. The reason for an enhanced rate of cell
growth was due to an increase in the rate of aeration.
It may be attributed to higher oxygen supplied by an
improved airflow rate [20]. Similar results were obtained
by Yen H-W and Liu YX [20], who reported a higher lipid
content of 53.4% at an aeration rate of 4.5 L min~! but a
greater lipid yield of 12.8 g L™! at an aeration rate of 6 L
min~! in a 5 L airlift bioreactor with working volume of 3
L. It indicated that the lipid yield was essential than the
lipid content of the yeast strain.

Optimization of lipid production in an airlift
bioreactor using RSM

The preliminary trial results of the culture and nutri-
tional parameters demonstrated that the additional car-
bon source (starch) significantly improved the biomass
and lipid yield. Also, SWW supplemented with yeast
extract or peptone at 0.5% supported the growth of C.

Table 2 Effect of mineral nutrients on the lipid yield of C. tropicalis ASY2 in SWW

Mineral nutrients Biomass yield, g L™ Lipid yield, g L Lipid content, %
With mineral nutrients 2.89+0.02° 1.3940.02° 48.10+0.38°
Without mineral nutrients 2.4240.06° 1.034002° 42564055P

Values are mean (& standard error) (n = 3) and values followed by the same letter in each column are not significantly different from each other within the observation

day as determined by DMRT (p < 0.05)
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Fig. 2 Effect of different airflow rates on the production of biomass
yield, lipid yield, and lipid content of C. tropicalis ASY2 in ALB.The
experiment was conducted in a 5 L airlift bioreactor with a working
volume of 3.5 L at different airflow rates of 1to 9 L min™". Values are
mean (& standard error) (n=3)

tropicalis ASY2. Further, the optimized culture param-
eters were: pH of 6 and temperature of 30 °C. The pre-
liminary trial culture parameters were evaluated by the
response surface methodology (RSM) method, with pH
and temperature as the constant variables. In contrast,
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nutrients such as starch concentration (A), yeast extract
(B), and airflow rate (C) and their combination served
as independent variables. The experimental CCD design
matrices of the variables with varying C:N ratio (8.79, 10,
12.82, 20, 31.21, 40, and 45.45) and their response values
of biomass yield, lipid yield, and lipid content of C. tropi-
calis ASY2 grown in ALB is given in Table 4.

Effect of variables on the biomass yield in an airlift
bioreactor
The central composite design (CCD) was run for three
independent variables (starch, yeast extract, airflow rate)
to maximize the lipid production in ALB. All the experi-
mental trials were conducted according to the designed
run, and each run was operated by the process condi-
tions. The three-dimensional diagram was useful to
examine the influence of each variable on the response.
At each run, the maximum biomass yield (g L), lipid
yield (g L), and lipid content (%) were calculated as the
response values. Two-factor interactions between each
variable, including AB, AC, and BC were also determined
to evaluate the optimum response viz., biomass yield,
lipid yield, and lipid content.

The quadratic model of the biomass yield gave the
predicted and adjusted R-squared (R?) values of 0.96

Table 4 Experimental CCD design matrices of the variables with various C:N ratio and their response values of biomass yield, lipid

yield, and lipid content of C. tropicalis ASY2 grown in ALB

Run A:Starch, g L' B:Yeast extract, C: Airflow rate, Biomass yield, Lipid yield, Lipid content, %
gL L min™ gL’ gL
1 20 0.5 3 356 1.66 46.63
2 15 0.75 5 5.56 242 4353
3 20 0.5 7 6.89 2.71 3933
4 15 0.75 5 5.52 2.23 404
5 15 0.75 5 5.78 2.32 40.14
6 15 0.75 5 546 2.25 41.21
7 6.59 0.75 5 2.21 0.35 15.84
8 10 1 3 3.04 0.79 25.99
9 15 0.75 5 492 2.19 4451
10 10 1 7 6.21 131 21.1
11 10 05 3 294 0.83 28.23
12 20 1 3 4.18 1.56 37.32
13 15 117 5 6.98 2.15 30.8
14 15 0.75 5 534 242 4532
15 20 1 7 825 1.65 20
16 15 0.75 836 8.05 1.62 20.12
17 15 0.75 1.64 2.05 0.61 29.76
18 2341 0.75 5 513 211 41.13
19 10 0.5 7 512 1.45 2832
20 15 033 5 545 284 5211
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and 0.98, respectively. The predicted R? value was in
good agreement with the adjusted R? value since the
difference between the two values was less than 0.2.
Thus, the developed model could reasonably estimate
the response of the system [30]. An analysis of vari-
ance (ANOVA) was conducted in this study to check
the adequacy and significance of the quadratic model
to explain the experimental data (see Additional file 1:
Table S1 for results). The statistical significance of all
model responses (biomass yield, lipid yield, lipid con-
tent, and FAME yield) was considered at a p-value of
less than 0.05.

According to the ANOVA analysis, the F-value deter-
mined the significance of each term at the designed
level of confidence [31]. The F-value of the biomass
yield (94.28) implied that the model was significant at
the 5% level. There was only a 0.01% chance that such
a large F-value could occur due to noise. The p-value
evaluated the significance of each variable and simul-
taneously identified the effect of each factor on the
response [32, 33]. According to the p-values (p <0.05),
the linear model terms (A, B, and C), interactive model
terms (AC, BC), and the quadratic model terms (C?)
were significant at the 95% confidence level. Among the
interactions studied, starch concentration and airflow
rate resulted in a p-value of 0.0188 and were significant
compared to other interactions. In this case, the vari-
ables A, B, and C resulted in significant model terms
than the terms AC and BC.

The Coefficient of Variation (CV) specified the
degree of precision and was expressed as a percentage
(%). The very low values of CV indicated a very high
degree of precision and good reliability of the experi-
mental values [30]. The reduction resulted in a ratio of
33.58 that indicated an adequate signal and a higher
predicted response relative to the associated error. All
the response surface plots were generated by maintain-
ing one variable at its optimum level and varying the
other variables within the experimental range. A three-
dimensional surface expressed the interactions between
the model terms. A check for the interactions was nec-
essary to determine the significance of the model equa-
tion [33]. The interaction between yeast extract and
starch was not significant. The yeast extract and air-
flow rate displayed significant interaction in the yield
of the yeast biomass. The airflow rate and yeast extract
strongly impact on the biomass yield (Fig. 3). With
an increase in the aeration rate, there was a gradual
increase in the biomass yield.

This interaction was consistent with the observations
of Yen and Liu [20], who reported that an increase in the
aeration rate provided more oxygen for the growth of the
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yeast biomass. The final quadratic equation for the bio-
mass yield is given below.

Biomass yield (g L™')
= —1.45446 + 0.694379A
— 8.69509B + 0.424949C
+ 0.079AB 4+ +0.025625AC

+ 0.4325BC — 0.02428A>
+ 4.68648B2 — 0.02975C>

Effect of variables on the lipid yield in an airlift bioreactor
The predicted and adjusted R-squared (R?) values for
the lipid yield of the quadratic model were 0.85 and 0.96,
respectively. The predicted R®> value was in agreement
with the adjusted R? value. For lipid yield response, analy-
sis of variance (ANOVA) was performed to interpret the
effects and significance of the interaction of variables
(see Additional file 1: Table S2 for results). The F-value of
48.75 implied that the model was significant. Among the
interactions, AB and BC resulted in p-values of 0.0399
and 0.0287, respectively. In general, a p-value of less than
0.05 (p<0.05) indicates the significance of the model
term. According to the p-values (p<0.05), the linear
model terms (A4, B, and C), quadratic model terms (A2,
C?), and the interactive model terms (AB, BC) were all
significant at 95% confidence level. Therefore, the model
was adequate.

The lipid yield response resulted in a CV value of
8.28%, indicating that the model exhibited good precision
and experimental reliability. In this case, the adequate
precision for lipid yield resulted in a ratio of 22.46 that
indicated an adequate signal. The response surface plots
for the lipid yield are shown in Fig. 4.

Lipid yield(g L™1) = — 7.15744 + 0.639135A
+ 0.837251B + 1.43653C
— 0.0984B — 1.36E — 16AC

— 0.265BC — 0.01585A°
+ 0.816925B% — 0.10921C?

Effect of variables on the lipid content in an airlift
bioreactor

The predicted and adjusted R-squared (R?) values for the
lipid content of the quadratic model were 0.85 and 0.95,
respectively. The predicted R? value was in reasonable
agreement with the adjusted R? value (see Additional
file 1: Table S3 for results). The F-value of 37.25 implied
that the model was significant. According to the p-values
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Fig. 3 3D surface plots for the response biomass yield of C. tropicalis ASY2 grown in ALB. a Effect of starch vs. yeast extract; b Effect of starch vs.
airflow rate; c Effect of yeast extract vs. airflow rate. The interactive effect is represented with the color ranging from blue to red (blue, green, red);
blue is least significant, green is moderately significant, and red is highly significant

(p<0.05), the linear model terms (4, B, and C), quadratic
model terms (4% C?), and the interactive model terms
(AB, AC) were significant at 95% confidence level. The
interactions between AB and AC resulted in p-values
of 0.0199 and 0.017, respectively. In this case, the vari-
ables A and B resulted in more significant model terms
than AB and AC. The lipid content response exhibited
a CV value of 7.09% that indicated a model with better

experimental reliability. In the present case, the adequate
precision resulted in a ratio of 18.58 that was an adequate
signal. The response surface plots for response lipid con-
tent are shown in Fig. 5.

The interaction between the starch concentration and
yeast extract demonstrated an increase in the lipid con-
tent from 40 to 50% when the starch content increased
from 12 to 20 g L™\, Among the interactions studied,
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Fig. 4 3D surface plots for the response lipid yield of C. tropicalis ASY2 grown in ALB. a Effect of starch vs. yeast extract; b Effect of starch vs. airflow
rate; ¢ Effect of yeast extract vs. airflow rate. The interactive effect is represented with the color ranging from blue to red (blue, green, red); blue is
least significant, green is moderately significant, and red is highly significant

starch concentration played a major role in determining
the lipid content. A maximum of 45.96% lipid content
was observed at a airflow rate of 6 L min~'. Yen H-W,
Chang J-T and Chang J-S [34] observed a lipid content
of 34.3% at an aeration rate of 6 L min™" when R. gluti-
nis was cultured in ALB using rice straw hydrolysate and

crude glycerol as the substrate. An lipid content of 47.9%
was observed in the batch fermentation of ALB when
marine-derived oleaginous yeast R. glutinis TJY15a was
cultured using cassava starch hydrolysate [35]. The fol-
lowing equation expressed an empirical relation between
the independent and dependent variables.



Thangavelu et al. Microb Cell Fact (2021) 20:167

Page 9 of 18

Lipid content (%)

Lipid content (%)

C: Air flow rate (L/min)

B: Yeast extract (/L)
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blue is least significant, green is moderately significant, and red is highly significant
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Lipid content (%)

B: Yeast extract (/1)

Lipid content (%)
= —92.5519 + 9.86005A
+ 35.39785B + 20.44854C
— 1.9184B — 0.24775AC
—3.75BC — 0.1993142

— 6.35606B2 — 1.55905C>

In view of economic viability, peptone and other cul-
tivation amendments were considered in preliminary
trials. For example, at the lab-scale level, the amount of
yeast extract used per batch (3.5 L) of ALB at optimal
conditions was 1.75 g, which costs around 1.68 INR.
All the amendments used in the study were only at sub-
optimal level. Given the economic application of this
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technology for large-scale commercial use, yeast extract
and peptone may be substituted with more cost-effective
agro-waste by-products such as extruded bean [36], rice
bran extracts [37], and dried spent yeast [38].

FAME profile of C. tropicalis ASY2 grown in airlift
bioreactor

In the present investigation, the yeast strain produced
different chain lengths of fatty acids ranging from C4 to
C24 during different incubation days. Besides the chain
length, the composition and concentration of fatty acids
also varied. It produced almost all the primary and other
fatty acids (tridecylic acid, myristic acid, palmitic acid,
stearic acid, oleic acid, linoleic acid, alpha-linoleic acid,
gamma-linoleic acid, eicosenoic acid and nervonic acid),
which are found in vegetable oils [39, 40]. Oleic, stearic,
linoleic, and linolenic acids are important fatty acids for
biodiesel generation. A higher content of oleic acid alone
was found on 5th day (41.33%) compared to 3rd (31.85%)
and 1st (21.56%) day (Fig. 6). In comparison to jatropha
(39.08%) and soybean oils (31.14%), the FAME profile
had the highest concentration of oleic acid (41.33%) [41].
The differences in FAME proportions are noted, which
could be related to nutrient or C:N ratio variation/deple-
tion in the SWW [17] and growth conditions that affect
yeast growth [42].

Direct transesterification of yeast biomass

into biodiesel

In a direct or in situ transesterification, dry biomass
lipids are converted into FAMEs in a single step. The pro-
cedures for lipid extraction and conversion to FAME are
combined to render the entire process less tedious and
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energy-efficient. This kind of reduction of steps guaran-
tees a reduced loss of the materials. In the direct transes-
terification process, the catalyst plays a major role in the
efficient conversion of FAME. Lotero et al. [43] reported
that the selection of the catalyst is dependent on the feed-
stock to be used in the transesterification process.

Lotero et al. [43] also stated that, base-catalyzed pro-
cesses need a feedstock that contains free fatty acid (FFA)
that does not exceed 0.5% of the overall lipid weight;
anhydrous glycerides and alcohol are needed to prevent
saponification. These reactions are generally faster and
typically occur at lower temperatures than acid-catalyzed
processes. However, they cannot be used for high FFA
containing feedstocks [44, 45]. In base-catalyzed transes-
terification reactions, feedstocks with higher FFA content
(>2.5%, w/w) preferred saponification reactions instead
of FAME conversion at higher temperatures, until any
pretreatment was used [46—48]. In the present study, the
moisture content of the yeast biomass was 7.21% and the
free fatty acid content of yeast oil was 2.54%. This value
suggested that acid-catalyzed transesterification was
ideal for carrying out further experiments to prevent
saponification reactions.

Effect of the influential factors for maximum FAME yield
Effect of the catalyst concentration

In this study, six different concentrations of acid (H,SO,)
were evaluated for their catalytic action. Figure 7a shows
the FAME yields for different catalyst concentrations.
The FAME yield increased upon increasing the catalyst
concentration from 0.1 to 0.4 M. The maximum FAME
yield of 77.89% was observed at an acid catalyst concen-
tration of 0.4 M. However, the yield dropped slightly as

= C13:0
OC18:3N3

@ C14:0
OC18:3N6

oC16:0
oC20:1

C20:1 eicosenoic acid, C24:1 nervonic acid

= C18:0
oC24:1

OC18:1N9C
OOthers

oC18:2N6C

Fig. 6 FAME profile composition (%) of C. tropicalis ASY2 cultivated in ALB (a) Day 1 (b) Day 3 (c) Day 5. Note: C13:0 tridecylic acid, C14:0 myristic
acid, C16:0 palmitic acid, C18:0 stearic acid, C18:1N9C oleic acid, C18:2N6C linoleic acid, C18:3N3 alpha-linoleic acid, C18:3N6 gamma-linoleic acid,
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Fig. 7 Study of influential parameters on FAME yield in transesterification process. a Effect of different catalyst concentrations; b Effect of different
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the catalyst quantity increased further. The acid catalyst
further destabilized the cell membrane in the yeast and
allowed the organic solvent to enter inside the intracel-
lular lipid layer. The ideal use of acid as the catalyst is
industrially and technically important because excessive
use of acid is not commercially beneficial. Moreover, sur-
plus acid in the reaction mixture provokes side reactions
that can lead to the polymerization of unsaturated fatty
acids [49].

Effect of the reaction time

To study the FAME yield, the reaction times were var-
ied from 1 to 20 h with 0.4 M catalyst concentration
and biomass: methanol ratio of 1:20 (w/v) at 80 °C. Dur-
ing the initial hours, the FAME yields were very low and
showed a maximum at 10 h. After this time, the yield
declined, likely due to the FAME degradation because of
the reversible nature of the transesterification reaction
(Fig. 7b). A FAME yield of 79.45% was obtained at 10 h of

acid-catalyzed reaction; this yield was 7 h faster than that
reported by Thliveros P, Kiran EU and Webb C [50].

Effect of the biomass: methanol ratio

The effect of methanol loading on transesterification
process is fundamental from an industrial point of view
because recycling the solvent is a costly affair. There-
fore, to achieve maximum conversion of FAME, an
ideal amount of methanol should be used in the process
(Fig. 7c). The FAME vyield increased by increasing the
methanol concentration up to 1:20 (w/v), after that sub-
sequently decreased. Enhancing the concentration of
methanol improved the polarity of the mixture, which
induced the reaction toward product formation. Thus,
increasing the amount of methanol beyond the safe level
dilutes the biomass and leads to decreased efficiency of
conversion. Therefore, a maximum FAME yield of 82.72%
was attained with the biomass: methanol ratio of 1:20
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(w/v) (Fig. 7c). This result was substantiated by Thliv-
eros P, Kiran EU and Webb C [50], who achieved a higher
FAME yield of 77.9% during the biomass: methanol ratio
optimization for R. toruloides.

Influence of the reaction temperature

The FAME yield was found to increase when the temper-
ature rose from 40 to 90 °C. A maximum yield of 83.86%
was obtained at a temperature of 80 °C and biomass:
methanol ratio of 1:20 (w/v) (Fig. 7d). Increasing the tem-
perature of the process reduces the viscosity of the lipids
with faster reaction speeds and slower times but only to
a critical level; above this level, the FAME yield begins
to decrease [50, 51]. Eevera et al. [52] and Leung and
Guo [47] also observed a decrease in the biodiesel yield
when the reaction temperature rose above the optimum
level. An increased reaction temperature accelerates the
triglyceride saponification process and simultaneously
consumes the catalyst. Thus, the reaction temperature
should be retained at the optimal level to achieve the
maximum yield of FAME.

Table 5 Experimental CCD design matrices of their variables and
their response values of FAME yield in direct transesterification
process

Run  A:Methanol, mL  B:Catalyst C:Time,h FAMEyield, %
conc., M
1 30 0.3 7.5 80.58
2 30 0.3 3.30 69.89
3 13.18 03 75 78.96
4 40 0.2 5 66.52
5 30 03 75 77.74
6 20 04 5 86.56
7 40 04 10 72.34
8 40 0.2 10 68.54
9 30 0.3 7.5 79.53
10 30 03 75 81.97
1 20 04 10 83.65
12 40 04 5 69.72
13 46.82 03 7.5 61.58
14 30 047 7.5 84.56
15 30 03 75 81.07
16 20 0.2 10 7612
17 30 0.13 7.5 75.82
18 20 0.2 5 82.71
19 30 0.3 11.70 71.56
20 30 03 75 77.14
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Optimization of the transesterification process

via RSM

In this process optimization, the CCD design in RSM
was adopted to assess the parametric effect of three vari-
ables on the response FAME yield (%). The variables were
methanol (A), catalyst concentration (B), and time (C).
Their response FAME yield is shown in Table 5. The pre-
dicted and adjusted R-squared (R?) values for the FAME
yield of the quadratic model were 0.70 and 0.89, respec-
tively. The predicted R® value was in agreement with the
adjusted R? value since the difference between two values
was less than 0.2.

The ANOVA results for the FAME vyield response
(Additional file 1: Table S4) indicated an F-value of 18.75,
implying that the model was significant. According to
the p-values (p < 0.05), the linear model terms (A and B),
quadratic model terms (A%, C?), and the interactive model
terms (AC) were significant at 95% confidence level; thus,
the model was adequate. The CV value of 2.87% indicated
that the model exhibited good precision and experimen-
tal reliability. The adequate precision ratio of 15.49 indi-
cated an adequate signal. The response surface plots for
the response FAME yield are shown in Fig. 8. The inter-
action between methanol and the catalyst concentration
illustrated an increase in the FAME yield from 80 to 85%
when the catalyst concentration increased from 0.2 to
0.4 g L™L. Simultaneously, the yield decreased from 80
to 75% when the biomass: methanol ratio reached 1:20
(w/v). An excess methanol loading could have diluted
the concentration of the biomass and reduced the con-
version of oil, and consequently, decreased the FAME
yield. These results appeared to be consistent with the
results of Alamu OJ, Waheed MA and Jekayinfa SO [53],
who noted an increase in the yield of biodiesel when the
ratio of methanol to oil increased only up to a threshold
level. The interaction between the catalyst concentrations
and reaction times revealed that the yield increased up
to a certain level of time and then decreased. This could
be due to FAME degradation and an increasing saponi-
fication degree [52, 54]. The interaction between the
methanol concentration (A) and time (C) was significant
(p<0.05). The quadratic second-order polynomial equa-
tion of FAME yield is shown below.

FAME yield, % = 63.35155 + 0.730039A
—16.8143B + 3.55181C
— 0.5475AB + 0.0707AC

+ 2.14BC — 0.02817A2
+ 69.01785B% — 0.42499C?
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Fig. 8 3D surface plots for the response FAME yield of C. tropicalis ASY2 yeast biomass in transesterification process. a Effect of methanol vs. catalyst
concentration; b Effect of methanol vs. time; c Effect of catalyst concentration vs. time. The interactive effect is represented with the color ranging
from blue to red (blue, green, red); blue is least significant, green is moderately significant, and red is highly significant

A: Methanol (ml)

()

FAME Yield (%)

C: Time (h)

B: Catalyst concentration (M)

Energy consumption of conventional and in situ
transesterification process

The conventional transesterification step consists of bio-
mass drying, cell disruption, lipid extraction, and transes-
terification. For biomass drying in a hot air oven (600 W,
12 h), the energy consumption was about 7.2 kWh. The
energy requirement for cell disruption in the sonicator
was 61.2 kWh kg™ of biomass. The lipid extraction was

carried out in a shaker that consumed around 140 kWh
kg™ of biomass. The hot plate magnetic stirrer used for
the transesterification step consumed about 4 kWh kg™
of biomass. Hence, bypassing the lipid extraction step
with a direct transesterification step reduced the energy
consumption by around 64.57% (Table 6).

Further, the energy cost calculated for the conventional
and in situ processes accounted for about 1062 INR and
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Table 6 Comparative analysis of the total energy consumption
and cost involved in both conventional and in situ
transesterification processes

Technique and its unit involved Conventional Insitu
Biomass drying (Hot air oven) 72 72
Cell disruption (Sonicator) 61.2 61.2
Lipid extraction (Orbital shaker) 140 -
Transesterification (Hot plate magnetic stirrer) 4 6.85
Total energy consumption (kW h) 2124 75.25
Energy saved, % 64.57

Cost of electricity per unit (on average) 5 5
Total cost to process 1 kg biomass (INR) 1062 376.25
Cost saved per kg of biomass (INR) 685.75

Production cost per batch of ALB (INR) 29511

Energy consumption per unit operation/process (kWh kg™' biomass)

376.25 INR (calculated at the rate of 5 INR per kWh),
respectively, saving 685.75 INR for processing 1 kg bio-
mass. Thus, the in situ method can be extended to the
pilot or industrial scale as it was more sustainable and
feasible in terms of solvent use, energy efficiency, time
consumption, and reduced capital costs.

Conclusion

The use of oleaginous yeasts for lipid production is of
great interest since lipids can accumulate up to 70 per-
cent of their biomass. The present work resulted in maxi-
mized lipid yield, and consequently, biodiesel was derived
from the oleaginous yeast, Candida tropicalis ASY2.
Under optimized conditions in the bioreactor, the highest
biomass yield of 5.992 g L7}, lipid yield of 2.68 g L%, and
lipid content of 45.96% were obtained by using 15.33 g
L! of starch content and 0.5 g L™! of yeast extract at the
airflow rate of 5.992 L min~'. The direct transesterifica-
tion process yielded a higher FAME yield of 86.56% at the
optimized conditions of 1:20 biomass: methanol ratio, 0.4
M of the catalyst concentration, and 6.85 h of time. In the
in situ method, we could save around 64.57% of energy
and a cost of 685.75 INR for processing 1 kg of yeast bio-
mass. Thus, the biodiesel produced from the SWW using
oleaginous yeast can be a potential source for the devel-
opment of a sustainable environment in the near future.

Methods
Materials
Sago factory wastewater samples were collected from
Sri Selliamman Sago Industries, Alavaipatty, Rasipuram
Taluk, Namakkal District of Tamil Nadu, India. The
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samples were collected under aseptic conditions using a
grab sampler in a clean, sterile plastic container to avoid
the environmental/biological contaminants and stored at
4 °C until further use. The physicochemical properties of
SWW used in the present experiments were character-
ized in our earlier study [17, 19].

Chemicals and reagents

All materials for culture medium (yeast extract, pep-
tone, malt extract, glucose, starch) and other chemicals,
such as methanol, sulfuric acid, chloroform, picric acid,
sodium carbonate, and sodium sulfate, were bought from
HiMedia Laboratories (Mumbai, India). FAME stand-
ards were purchased from Sigma-Aldrich (St Louis, MO,
USA). The 5-L capacity airlift bioreactor was designed
and manufactured at M/S Science World, Coimbatore,
India.

Microorganism and culture conditions

C. tropicalis ASY2, oleaginous yeast (GenBank Acces-
sion number MHO011502), was isolated from SWW by
the biotrap enrichment method [17]. Optimally grown C.
tropicalis ASY?2 (30 °C, pH 6) was used in this experimen-
tal study. The stock culture was maintained on the YEME
medium (composition in g L7!: yeast extract, 3.0; malt
extract, 3.0; glucose 10.0; peptone 5.0; pH 6.0).

Cultivation conditions of yeast strain

The collected raw SWW samples were used as such with-
out employing any pretreatment in the present study
(e.g., filtration and acid) except for pH and starch level
adjustment. The pH of raw SWW was adjusted to 6 from
4.67, and its starch content was made to 10 g L7! from
4.82 g L™ [17, 24]. The SWW samples were autoclaved
prior to use in various assays to avoid growth of con-
taminating microbes. The yeast strain C. tropicalis ASY2
was inoculated at a density of 10° cells mL ™! in a 250 mL
Erlenmeyer flask containing 50 mL of sterile SWW (C:N
ratio of 10:1) was used for cultivation of yeast for five
days at 30 °C in an incubator shaker (150 rpm) with-
out any additional nutrients since raw SWW itself con-
tains nitrogen in the form of ammoniacal (5.48 mg L)
and nitrate-nitrogen (3.10 mg L) [17]. All experiments
were carried out under aseptic conditions and only sterile
SWW was used as a growth medium for inoculation of
pure culture of C. tropicalis ASY2.
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Determination of the biomass yield, lipid yield, and lipid
content

Periodically, the SWW samples, along with the yeast bio-
mass, were withdrawn and analyzed for lipid production.
The dry cell weight of the yeast (g L™) was gravimetri-
cally determined as follows: An aliquot of 50 mL of the
culture sample was centrifuged at 6000 rpm (10 min) and
the biomass pellet was washed twice with sterile distilled
water and dried in a hot air oven at 40 °C until a constant
weight (usually 24 h) was achieved. The lipid yield (g L™)
and lipid content (%) were determined according to the
procedures followed by Folch ], Lees M and Stanley GHS
[55]. The residual starch and residual glucose (amylase
activity) were determined as described earlier [17].

Examination of influential factors for higher lipid
production of C. tropicalis ASY2

Influential parameters, such as different carbon sources
(arabinose, glucose, galactose, fructose, xylose, mannose,
and starch—each at a fixed concentration of 0.5%), starch
concentrations (10 to 80 g LY, nitrogen sources (urea,
peptone, tryptone, yeast extract, ammonium chloride,
and ammonium sulfate—each 0.5% concentration), pH (5
to 7), mineral salts, and temperature were optimized for
improving the lipid yield of strain ASY2 in SWW, culti-
vated for five days.

System descriptions and operational conditions

The airlift bioreactor (ALB) of 5 L capacity consisted of
the riser, downcomer, gas separator, aerator, air rotameter
(for regulating the airflow rate), air sparger, non-return
valve, Teflon stopcock (for controlling the airflow rate),
and other accessories. The volume of wastewater used for
each run is 3.5 L. The aerator outlet was connected to the
input of the air rotameter. The air rotameter output was
connected to the air sparger inlet. To make a closed-loop
circulation, the air from the aerator was supplied to the
air sparger with the help of the air rotameter. The pur-
pose of the Teflon stopcock was to regulate the flow rate
of the working liquid. A non-return valve was mounted
before the air sparger to prevent the backflow of fluid
into the air inlet line at low airflow rates.

The pH, temperature, and DO (dissolved oxygen)
probes were used to measure the pH changes, tempera-
ture, and DO content, respectively. Feed port and gas
output ports were located at the top of the bioreactor to
inoculate the oleaginous yeast culture in the SWW and
gas release, respectively. The sample port was located
at the bottom of the bioreactor for sample collection at
regular time intervals. The material used for bioreactor
fabrication was borosilicate glass. It has very low CTE
(Coefficient of Thermal Expansion), which is greatly

Page 15 of 18

Gas outlet

Feed port

Gas separator

Fig. 9 Schematic diagram of 5 L capacity airlift bioreactor (ALB)

resistant to thermal shock, durable, and resistant to vari-
ous biochemical changes. The schematic diagram of 5 L
capacity airlift bioreactor is given in Fig. 9.

Experimental design

Response Surface Methodology (RSM) is a set of math-
ematical and statistical techniques used to create,
enhance, and optimize processes and also determine the
relative importance of several process parameters even in
the presence of complex reaction conditions. The main
objective of RSM is to optimize the process variables.
CCD (Central Composite Design) and Box-Behnken
designs were the principal response surface methodolo-
gies used in experimental design. RSM was used to opti-
mize the operating conditions in 5 L airlift bioreactors to
attain higher lipid productivity using CCD. The response
was assumed to be affected by three independent vari-
ables: the carbon source (A), nitrogen source (B), and
airflow rate (C). The levels of the independent variables
were fixed based on the preliminary trial. The following
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responses were estimated in the optimal study: biomass
yield (g L™), lipid yield (g L™), and lipid content (%). The
range of the three selected independent variables used
for lipid production is furnished below.

« Carbon source (Starch) =10-20 g L™
« Nitrogen source (Yeast extract) =0.5—-1 g L ™!
« Airflow rate=3-7 L min™!

To obtain higher lipid production in ALB, the pH
adjusted SWW was sterilized with appropriate quan-
tities of starch and yeast extract. Each experimental
run in ALB was carried out for five days (30 °C, pH:
6) continuously with a working volume of 3.5 L under
batch mode. The inoculum of C. tropicalis ASY2 was
inoculated at a density of 10° CFU mL™! through the
feed port in the bioreactor containing sterile SWW.
The closed-loop circulation in ALB enables thorough
mixing of SWW and inoculum, which accelerated the
oxygen supply to the yeast strain ASY2 and promoted
the growth of yeast and subsequent lipid production in
ALB. After five days of experimental run, yeast cell bio-
mass was separated by gravity settling and sonicated.
Its cell count was measured by flow cytometry (BD Bio-
sciences, USA). Then, the wet yeast biomass was dried
in a hot air oven at 40 °C until the constant weight
reached [18, 51]. The same procedure was followed to
reproduce the experimental run.

Moisture content estimation

In the direct transesterification process, the moisture
content in the yeast biomass affects the overall biodiesel
yield [56, 57]. Hence, the moisture content of yeast bio-
mass was determined according to the ASTM E871
method using a hot air oven at a temperature of 105 °C
for 24 h [18].

Direct transesterification of yeast biomass and analyses

of FAME

The traditional method of converting yeast SCO to bio-
diesel includes the following steps in this order: cell
destruction, oil extraction, separation, and transesteri-
fication. To reduce energy consumption and the num-
ber of solvents used in these steps, the above steps were
combined into one usually described as direct transes-
terification [58]. 1 g of dry biomass in different volumes
of methanol (biomass to methanol ratio) was added to
a 250 mL conical flask and kept on a hot plate magnetic
stirrer. H,SO, at different concentrations was dissolved
in methanol and used as the catalyst. The mixture was
heated at 80 °C from 1 to 20 h with vigorous mixing and
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cooled to ambient temperature. 1 mL of distilled water
is added and followed by centrifugation at 1500 rpm for
5 min. The water residue from the obtained FAME was
removed by adding anhydrous Na,SO, [59].

The extracted FAME esters from lower phase were
analyzed by a gas chromatography instrument (Perkin
Elmer Clarus 680 GC, USA) equipped with a flame ioni-
zation detector (FID) and an Elite-5 Capillary Column
(30 m length x 0.25 mm LD.x 0.25 um film thickness).
The injection temperature was 220 °C; the initial col-
umn temperature was 160 °C, and the final temperature
of 190 °C was achieved by increasing the temperature at
the rate of 3 °C per min; the detector temperature was
270 °C. The carrier gas helium was used at a flow rate
of 1.3 mL min~!. The FAME composition of lipids was
determined by comparing the retention times and peak
areas of the samples with the standard FAME mixtures
(Sigma).

Examination of influential factors for higher FAME yield

in direct transesterification process

Influential parameters of transesterification process were
biomass: methanol ratio (1:10 to 1:70), H,SO, concen-
tration (0.1 to 1 M), and reaction time (1 to 20 h) were
optimized for improving the FAME yield of strain ASY2
cultured in the ALB for five days.

Optimization of direct transesterification process

RSM was employed to optimize the operating condi-
tions of direct transesterification process of the yeast bio-
mass to attain a higher biodiesel yield. The response was
expected to be influenced by three independent variables:
biomass: methanol ratio (A4), catalyst concentration (B),
and time (C). The levels of independent variables were
fixed based on the above mentioned preliminary trial. All
the experimental runs were carried out at a temperature
of 80 °C with varying biomass: methanol ratio, catalyst
concentration and time. The range of the selected inde-
pendent variables used for the transesterification process
is furnished below.

« Biomass: methanol ratio=1:20-1:40
« Catalyst concentration=0.2-0.4 M (H,SO,)
« Time=5-10h

Energy consumption in conventional and in situ
transesterification

The energy consumption was calculated at each level of
the transesterification process based on the following
equation [51]:
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Energy consumption by unit operation/process (kW h)
= Power rating of the instrument (kW)
x Time of operation (h)

(1)

%Energy saved

_ Energy consumed in (Conventional method — In situ method)

Energy consumed in conventional method

x 100

2)
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