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Effects of sodium and magnesium supplement on biolipid production simultaneously with wastewater treatment
by Rhodosporidium toruloides were investigated using synthetic wastewater with the composition similar to the
mixture of real distillery and domestic wastewater. When Mg2+ was supplemented as MgCl2 at 200 mg/L, both
lipid production and wastewater treatment were enhanced. The biomass and lipid production increased from
6.48 ± 0.69 and 0.96 ± 0.13 g/L to 7.78 ± 0.58 and 1.35 ± 0.02 g/L, respectively. The removal efficiencies for
chemical oxygen demand (COD) and total phosphorus (TP) also increased from 72.09 ± 3.32 and 19.57 ± 2.51%
to 79.20 ± 1.13 and 23.19 ± 3.07%, respectively. These increases were considered mainly due to the important
role of Mg2+ in lipid synthesis, phosphate transfer, and carbohydrate metabolism. In comparison to Mg2+, the
effect of Na+ depended on the supplement form. When 200 mg/L Na+ were provided as NaCl, maximum lipid
production was 2.66 ± 0.11 g/L while only 1.98 ± 0.63 g/L when Na + provided as Na2SO4. For a better lipid
production, the optimal concentrations of both Mg2+ and Na+ were considered around 200 mg/L. Both sodium
and magnesium supplement did not show any obvious negative impact on biodiesel quality. The estimated values
of important parameters of biodiesel with sodium or magnesium supplement met ASTM D6751 standard.

1. Introduction
Fossil fuels including coal, natural gas and petroleum are still
dominating the related market [1]. From 2019 to 2030, global energy
consumption is expected to increase by 4–9% and with this increase,
traditional fossil fuel energy may exhaust [2,3]. Using fossil fuels also
causes such environmental problems as global warming and acid rain
[4]. For both environmental protection and energy recovery, renewable
energy is expected to be the leading energy source by 2050 according to
International Energy Outlook [3]. In industry, maritime, aviation
transportation, and agriculture, especially for heavy duty vehicles,
diesel is still the mainly applied fuel in both developing and developed
countries [5]. Biodiesel has drawn more attention globally as environ
mentally friendly and renewable replacement of diesel. Biodiesel can be
directly applied in exiting diesel engine system without any modifica
tion [6]. It shares similar physical and chemical characteristics to pe
troleum diesel and the combustion emission from biodiesel is more
environmentally friendly containing less CO, NOx, and SOx [2,7].
The first generation of biodiesel produced from edible oils (food
crops) would compete with farmland and food supply, and in the second

generation the feedstock shifted to non-edible oils (non-food crops)
while it might lead to growing non-edible crops on farming land from
less land available [8]. In comparison, biodiesel produced from micro
bial lipid from oleaginous microorganisms would provide such advan
tages as less land space, shorter incubation time, lower labour cost, and
higher biolipid productivity [8,9]. Oleaginous microorganisms
including microalgae, yeast, fungi, and bacteria can produce (accumu
late) microbial oil (lipid) from utilization of organic carbon sources,
with the composition similar to vegetable oil, feedstock of the first
generation of biodiesel [9].
The commercial application of biodiesel from microbial oil faces
challenges because the production costs are still high [10] and the
feedstocks accounts for 40–80% of the total production costs [9].
Considering the high nutrient content contained in high strength
wastewater which is hard to be efficiently treated by traditional acti
vated sludge process [11], using high intensity wastewater as substrate
for oleaginous microorganisms is one of the promising choices to
decrease production cost and enhance wastewater treatment efficiency
simultaneously. High intensity wastewater including olive mill, sugar
confectionary, cheese whey, and distillery wastewater have been proven
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to be potential substrates for oleaginous microorganisms [12,13].
The oleaginous yeast Rhodosporidium toruloides has been proven to
grow in many kinds of low cost feedstocks while producing biolipid
efficiently [10]. R. toruloides accumulated 29.9% and 34.9% of biolipid
in biomass in secondary brewery wastewater and bioethanol waste
water, respectively [14,15]. Our previous study showed the potential
use of R. toruloides to treat distillery wastewater while simultaneously
generating/accumulating lipids for the biodiesel production purpose
under both sterile and non-sterile conditions and gained 43.6% lipid
content [13]. Moreover, the composition of biolipids from R. toruloides
mainly consisted of fatty acids C16–C18 that are suitable for biodiesel
production [12].
Trace elements like sodium (Na), potassium (K), and magnesium
(Mg) and nutrients (N and P) were observed in distillery wastewater
[16]. Trace elements are essential to the compound exchange and
enzyme activities of microorganisms [17]. Sodium ion (Na+) is
commonly present in industrial wastewater including distillery waste
water and distillery spent wash, with the average range of 61–211 mg/L
[16,18]. It is the major cation in the extracellular fluid that aids meta
bolism and can maintain turgor pressure in microbes. Sodium can also
stimulate adaption of strains to new environment [19]. Most researches
have focused on effects of salt (NaCl) stress because it is one of the
enhancement strategies for lipid production. Increase in lipid yield of
9–20% was reported when 4–16 g/L NaCl was supplemented [20].
Higher intracellular lipid content was reported when 4.0% NaCl was
supplemented to the medium [21] and the increase of lipid content was
observed when the NaCl concentration increased from 0.5 M to 1.0 M
[22]. The increase of C18:0 content and unsaturation degree of biodiesel
was also reported with NaCl supplement [23]. However, effects of so
dium supplement with the associated anions have rarely been studied.
On the other hand, magnesium is related to over 300 enzymes in
varied metabolic pathways, participating in TCA cycle and synthesis of
DNA [24]. It can also enhance activities of acetyl CoA carboxylase
essential to lipid accumulation [25]. The enhancement effect of mag
nesium supplement on cell growth and lipid production of both yeast
and microalgae has also been reported. Magnesium supplement showed
the enhanced effects on lipid content [26] and lipid production [27] of
microalgae. Higher yeast biomass and longer exponential growth were
also reported with 0.5 mM magnesium supplement [28]. However, most
of them supplemented magnesium as magnesium sulphate, and sulphur
is also an essential element for microorganisms and induces lipid accu
mulation at low concentration [29]. It is necessary to investigate the
impact of magnesium in other supplement form to eliminate effect of
sulphate.
In addition, industrial wastewaters such as distillery wastewater
show unstable complex composition. The concentrations of metals
significantly change with seasons [16], and compounds inhibiting mi
crobial growth, including melanoidins [30], furfural [31], and several
types of organic acids (acetic acid, cinnamic acid, lactic acid, phenyl
lactic acid, and succinic acid) [32] have been reported present in dis
tillery wastewater. In current study, therefore, to avoid the impacts from
compositional variation and inhibitors, synthetic wastewater with the
similar composition to distillery wastewater in terms of COD, TN, TP,
and NH3–N concentrations was employed instead. Although the exact
same recipe has not been applied in others, similar synthetic media were
reported applied for the biolipid production. Guerreiro et al. [33] used a
synthetic medium consisted of glucose, yeast extract, (NH4)2SO4,
MgSO4⋅7H2O, and KH2PO4, which was quite similar to the synthetic
wastewater used in current study. Ma et al. [19] also used a synthetic
medium containing glucose, peptone, and yeast extract to simulate the
food waste saccharified liquid to study the effects of trace elements (Mg,
Ca, Na, and K) on biomass and biolipid production of yeast. Considering
the presence of various trace elements in industrial wastewater,
although some studies reported the effects of such trace elements as iron,
zinc, magnesium, and sodium on lipid production by microalgae and
yeast [17,34], very few studies have done on the microbial lipid

production simultaneously with the effective wastewater treatment,
with the supplement of trace elements. In addition, from the complex
composition, high percentage of dissolved organic and inorganic matters
in such industrial wastewater as distillery wastewater would make it
hard to be treated, causing environmental concern [30]. Therefore,
while recovering energy as biolipid from that kind of wastewater, it is
also important to get the wastewater treated. Current study aimed at
exploring the potential stimulatory effect of trace elements supplement
on microbial lipid production using oleaginous yeast, and the
enhancement on mitigation of pollution from wastewater during the
process was also studied.
2. Materials and methods
2.1. Strain and wastewater
Yeast strain R. toruloides AS 2.1389 used was purchased from the
China General Microbiological Culture Collection Center. The strain was
subcultured on YPD agar and stored at 4 ◦ C before use [13]. The syn
thetic wastewater was designed based on real distillery wastewater re
ported to contain soluble chemical oxygen demand (SCOD) 64,500–65,
075 mg/L, total phosphorus (TP) 881-1443 mg/L, total nitrogen (TN)
2000–2460 mg/L, and ammonia nitrogen (NH3–N) 479–954 mg/L, pH
3.3–4.0 [16,35]. The ingredients were dextrose (46 g/L), yeast extract
(19 g/L), (NH4)2SO4 (3.6 g/L), and K2HPO4⋅3H2O (6 g/L), correspond
ing to COD (65,000 mg/L), TN (2450 mg/L), TP (1,150 mg/L), NH3–N
(790 mg/L) and pH 3.7. The prepared synthetic wastewater originally
contained 27.23 mg/L of Na+ and 11.96 mg/L of Mg2+. All the media
including synthetic wastewater were autoclaved at 121 ◦ C for 20 min
before use.
2.2. Experimental setup
The seed culture of oleaginous yeast R. toruloides was prepared in
150-mL flask containing 30 mL fresh YPD medium, transferred from
YPD agar plate, and cultured at 30 ◦ C, 200 rpm for 48 h. Then, the
culture was centrifuged at 4000 rpm for 5 min, and supernatant was
replaced by the sterilized DI (deionized) water with less volume to
achieve high cell density. Synthetic wastewater was mixed with DI water
at 1:1.5 ratio (v/v) to achieve suitable COD level for yeast growth [13,
31], followed by sodium (Na+) or magnesium (Mg2+) supplement. Each
cation was supplemented at 0, 200, 400, and 600 mg/L, and for the
possible effect of anions associated, Na+ was supplemented as NaCl and
Na2SO4 and Mg2+ as MgCl2⋅6H2O and MgSO4⋅7H2O. After 30 mL of
mixed synthetic wastewater were added to flask and autoclaved, seeds
were inoculated to the initial cell density of 2 × 107 cells/mL and
cultured at 30 ◦ C, 200 rpm for 5 days. Samples were collected in every
24 h and centrifuged at 4000 rpm for 10 min. The supernatants were
collected for the analyses of COD, TN, TP, and ammonia nitrogen and
the biomass and lipid production were measured with the cell pellets. All
the experiments were conducted in replicates. The pH of the mixed
synthetic wastewater was 3.94, and all the experiments were conducted
without any pH adjustment since R. toruloides strain used has been re
ported tolerant to a wide range of pH from 3 to 9 [13,14].
2.3. Analytical methods
Standard Methods [36] were used to measure COD, TP, TN, and
ammonia-nitrogen, using Hach reagents and Hach reactor DR/2800
(Hach Company, Loveland, Colorado), and pH was measured using pH
meter (S220 seven compact, Mettler Toledo). The concentrations of
trace elements (Mg2+, Na+) in the synthetic wastewater were measured
by atomic absorption spectrometry (AAS). The biomass was measured in
dry weight of cell pellets, after centrifuged (4000 rpm, 10 min) and
twice washed using distilled water and dried at 60 ◦ C until the weight
remained constant. The total lipids were measured following Bligh and
920
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Dyer [37] with modifications described by Ling et al. [13]. The biolipid
was trans-methylated with 1 mL of 2% (v/v) H2SO4-methanol solution at
70 ◦ C for 1 h. After n-hexane was used to extract FAMEs (fatty acid
methyl esters), the upper layer was washed with DI water before mea
surement. The biodiesel composition was analyzed by GC-MS (Thermo
Scientific, TRACE 1300-ISQ QD system) equipped with TR-FAME col
umn [38]. The biodiesel quality was estimated through software Bio
dieselAnalyzer© Ver. 2.2, using a series of empirical equations to
estimate important parameters through the biodiesel composition and
molecular mass and number of double bonds of each component [39,
40].
For the statistical significance of results, the t-test (paired samples
test) conducted using software SPSS was applied to compare the lipid
production and wastewater treatment results from the trace elements
supplement with control group.

continuing to increase.
The stimulatory effect of magnesium is considered mainly due to its
participation in yeast growth, lipid synthesis, and proliferation as cofactor and active component of enzymes involved. Magnesium could
activate key enzymes involved in glycolysis, such as phosphofructoki
nase, phosphoglycerate kinase, and pyruvate kinase, to consume glucose
[43]. It also binds to the ATP molecules in TCA cycle, regulating yeast
respiration and other reactions including DNA polymerization [44].
Magnesium at a certain level increased the acetyl CoA carboxylase
(ACCase) activity, beneficial to the biolipid synthesis [45,46]. ACCase is
crucial for the biolipid synthesis as the first and rate limiting enzyme
[47]. Magnesium is also cofactor of malic enzyme that catalyses reaction
providing NADPH for yeast metabolism including biolipid synthesis
[26]. Chen et al. [48] reported higher lipid yield with 0.3 g/L
MgSO4⋅7H2O supplement, and 185.29% increase in lipid production was
also reported at 1 g/L MgSO4 for Chlorella vulgari [27]. In current study,
the lipid content decreased when MgSO4 supplement increased with
more SO2−
4 , in line with Wu et al. [29] who reported R. toruloides tend to
synthesize lipid under the sulphate limiting condition.
Effects of magnesium on yeast metabolism further impacted the
wastewater treatment efficiency. Yeast gained higher lipid production
on days 3 and 5 (Fig. 1) and the lipid content increased during the whole
culture period while biomass was kept at the similar level or even
decreased slightly from day 3. The corresponding wastewater treatment
efficiency on days 3 and 5 is shown in Fig. 2. Regardless of the supple
ment form and concentration, COD, TN, and TP removals were higher on
day 5 compared to day 3, while ammonia nitrogen removal was lower on
day 5.
There was only a slight increase in COD removal on day 5 after the
magnesium supplement, regardless of the supplement form. In com
parison, on day 3 the COD removal was already above 70% when
magnesium supplemented at 400 and 600 mg/L as MgSO4, while around
60% when supplemented as MgCl2. Higher COD removal on day 3 with
MgSO4 supplement was considered from higher biomass production.
Considering the relatively low lipid content accelerated biomass pro
duction and COD removal, mostly COD consumed under MgSO4 sup
plement was used for biomass production rather than biolipid
production in early cultivation stage. In comparison, magnesium sup
plement did not show any obvious changes in TN removal, but the
accumulation of ammonia nitrogen was serious on day 5 when magne
sium was supplemented as MgSO4, which also explains the increase of
pH in the last few days (Fig. 1h). The results may imply the presence of
−
SO2−
4 , compared to Cl , might inhibit the ammonia nitrogen consump
tion by R. toruloides. Magnesium supplement at proper concentration
increased TP removal regardless of the supplement form. Overall, the
increases in COD and TP removals were considered due to the important
role of magnesium in phosphate transfer and carbohydrate metabolism
[49,50].
Magnesium supplement in general showed stimulatory effect on lipid
production by R. toruloides, regardless of the supplemented form, while
showed higher lipid content when supplemented as MgCl2, compared to
when supplemented as MgSO4. The highest lipid production of 1.35 ±
0.02 g/L was obtained at 200 mg/L Mg2+ supplemented as MgCl2. Under
this optimal supplement strategy, the enhanced COD and TP removals
together with less ammonia nitrogen accumulation were also observed.

3. Results and discussion
3.1. Effect of magnesium supplement
As one of the important elements for the yeast metabolism and
proliferation, magnesium showed positive impacts on both biomass
production and lipid content (Fig. 1). The maximum biomass production
increased from 7.30 ± 0.95 g/L to 8.53 ± 0.95 g/L and 8.67 ± 0.11 g/L
when magnesium was supplemented as MgCl2 and MgSO4, respectively,
and the yeast reached maximum biomass production earlier after mag
nesium supplement (day 3) compared to control (day 4). When mag
nesium was supplemented as MgCl2, the stimulatory effect of
magnesium on biomass production decreased when the supplemented
concentration increased from 200 mg/L to 600 mg/L, showing 13.47%
drop (Fig. 1a). In comparison, when magnesium was supplemented as
MgSO4, although the biomass production reached high earlier with the
low concentration supplemented, the final biomass production was
similar on day 5 (Fig. 1e). Trofimova et al. [41] also reported maximum
biomass production by Saccharomyces cerevisiae with 150 mg/L mag
nesium supplement, and a higher biomass production during exponen
tial phase caused by the magnesium supplement was observed in current
study. Low concentration of magnesium supplement showed a bigger
stimulation to R. toruloides growth and a higher acceleration in cell
growth during exponential phase was shown when magnesium supplied
as MgSO4 compared to when supplied as MgCl2.
Magnesium significantly improved lipid synthesis when supple
mented at 200 mg/L as MgCl2 (P = 0.003). The lipid content increased
from 14.55 ± 3.32% to 17.38 ± 1.50% on day 5 compared to control.
However, when magnesium supplement was increased from 200 mg/L
to 400 and 600 mg/L, lipid content decreased by 10.00% and 24.95%,
respectively, on day 5. In comparison, when magnesium was supple
mented as MgSO4, the stimulatory effect was limited to 200 mg/L Mg2+
supplement and inhibition was observed at higher Mg2+ supplements.
The lipid content dropped by 28.38% and 38.80% at 400 and 600 mg/L
Mg2+ supplement, respectively. Magnesium (at 200 mg/L Mg2+) sup
plemented as MgCl2 showed a significant impact on lipid production (P
= 0.003) and reached 1.35 ± 0.02 g/L. For the same concentration
supplemented as MgSO4, although there was no obvious increase in lipid
production during first 4 days, due to the stimulation on biomass pro
duction, lipid production on day 5 was still relatively high (1.32 ± 0.21
g/L), similar to when supplemented as MgCl2.
A relatively low initial pH of 3.94 was employed, and the variation of
pH during the cultivation period with different forms of magnesium
supplement is shown in Fig. 1d and h. During the first 2–3 days, the pH
was shown decrease to lower than 3. Yeasts produce organic acids while
consuming carbon sources during growth, which would increase the
acidity of the medium [42]. After that, the pH rose back to about 4 when
magnesium supplemented as MgCl2, while the pH reached higher
around 6 when supplemented as MgSO4. During the period of increasing
pH, the growth tendency of yeast became slower while the lipid content

3.2. Effect of sodium supplement
Different from magnesium, supplement form of sodium showed
significant impacts on growth, lipid synthesis, and wastewater treatment
by R. toruloides. Fig. 3 summarizes the biomass and lipid production with
sodium supplement. When sodium was supplemented as NaCl, inhibi
tion on biomass production was observed. Especially when Na+ sup
plemented at 600 mg/L, biomass decreased significantly (P = 0.04) and
started decreasing on day 2. Less inhibitory effect was observed at 200
mg/L Na+ supplement, while similar biomass production was gained
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Fig. 1. Effects of magnesium supplement on biomass and biolipid production and pH changes.
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Fig. 2. Effects of magnesium supplement on wastewater treatment.

compared to control except on day 4. In comparison, sodium supplement
as Na2SO4 significantly increased biomass production at 200 mg/L (P =
0.03), 400 mg/L (P = 0.02), and 600 mg/L (P = 0.02). Maximum
biomass production was 8.57 ± 0.11 g/L with 200 mg/L Na + supple
ment on day 3. These results were similar to the ones gained from
magnesium supplement. The Na2SO4 supplement also made R. toruloides
reaching maximum biomass production one day earlier, the same as
with magnesium supplement.
The highest lipid content was gained when sodium was supple
mented as NaCl. On day 5, lipid content increased by 196.39% with 200
mg/L Na+ supplement, compared to control without supplement
(Fig. 3b), and increased by 148.10%, compared to when magnesium
supplemented at 200 mg/L Mg2+ as MgCl2 (Fig. 1b). Although stimu
latory effect decreased with NaCl supplement increased, compared to
the highest lipid content at 200 mg/L Mg2+ supplement as MgCl2, lipid
contents were still 99.11% and 72.27% higher at 400 and 600 mg/L Na+
supplement, respectively. In comparison, when sodium supplemented as
Na2SO4, increase in lipid content was relatively low and inhibitory effect
on lipid content was shown at 600 mg/L Na+ supplement (Fig. 3f),
which also happened when magnesium supplemented as MgSO4
(Fig. 1f). The highest lipid content from Na2SO4 supplement was on day
5 at 200 mg/L Na+ supplement, 75.28% higher than control.
Although sodium supplement as NaCl and Na2SO4 showed different
impacts on biomass production and lipid content, they both showed
enhancement in the lipid production (Fig. 3). When sodium was sup
plemented as NaCl, despite inhibitory effect on biomass production,
more lipids were synthesised by R. toruloides in less biomass due to a
significant enhancement in lipid content. Maximum lipid production
(2.66 ± 0.11 g/L) was obtained at 200 mg/L Na + supplement on day 5.
When sodium was supplemented as Na2SO4, in comparison, increase in
lipid production was contributed by a significant increase in biomass

production and slightly higher lipid content. The highest lipid produc
tion (1.98 ± 0.63 g/L) was also reached at 200 mg/L Na+ supplement.
Regardless of supplement form, sodium supplement showed higher
stimulatory effect on lipid production compared to magnesium
supplement.
The variation of pH during the culture period (Fig. 3d and h) showed
a similar pattern as for magnesium supplement. The differences in pH
rising observed during the last few days were also considered caused by
different supplement forms. The higher SO2−
4 supplemented resulted in
the higher pH levels on day 5, and the high pH level was considered
caused by the accumulation of ammonia nitrogen, observed for both
Na2SO4 and Mg2SO4 supplements (Figs. 2d and 4d).
The effect of sodium on biomass and lipid production was dependent
on the supplement form. Supplement of NaCl has been reported with a
positive impact on lipid content and a negative impact on biomass
production by increasing the salinity of medium [51]. Higher lipid
content was reported with 1.0 M NaCl supplement, and inhibition in
growth was observed with NaCl supplement higher than 1.5 M [22].
While responding to the salt stress, yeast tended to produce lipid and
hydrocarbons to resist the osmotic pressure [20]. High salinity also
caused cells to produce excessive reactive oxidative species (ROS) which
would lead to oxidative damage, DNA damage, and protein denaturation
while enhancing lipid production [52,53]. When sodium was supple
mented as Na2SO4, the impact on biomass and lipid production was
considered to be the co-effects of Na+ (cation) and SO2−
(anion).
4
Regardless of supplement form, however, both biomass and lipid pro
duction decreased with increase of sodium supplement. Similar to the
results with MgSO4 supplement, a slight enhancement in lipid content
was shown at 200 mg/L Na+ and inhibition occurred for further increase
in Na+ supplement. High Na+ supplement has been reported causing the
ionic stress because of its ability to replace potassium or magnesium on
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Fig. 3. Effects of sodium supplement on biomass and biolipid production and pH changes.
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Fig. 4. Effects of sodium supplement on wastewater treatment.

some enzymes’ active sites [51].
Wastewater treatment efficiency also depended on the supplement
form. As shown in Fig. 4, when sodium was supplemented as NaCl, COD
removal was higher than control on day 3 with 200 and 400 mg/L Na+
supplement, while the removal decreased slightly on day 5. Considering
the decrease in biomass production, most consumed organics were used
for biolipid production rather than biomass production under the high
salinity condition, in agreement with the result from Xu et al. [20]. In
comparison, when sodium was supplemented as Na2SO4, COD removal
increased significantly with 400 mg/L Na+ supplement (P = 0.04), and
COD was removed faster than control.
Different from no obvious changes in TN removal with magnesium
supplement (Fig. 2), sodium supplemented as NaCl increased TN
removal significantly at 200 (P = 0.03), 400 (P = 0.03), and 600 mg/L
(P = 0.04) of Na+ supplement, with the removal efficiencies increased
by 35.81%, 46.77%, and 31.10%, respectively, on day 5 (Fig. 4b). This
increase in TN removal may be due to the increase in protein production
under the high salinity condition, similar to the result of 37.18% in
crease in protein content observed in other research [52]. When sodium
was supplemented as Na2SO4, however, the TN removal efficiency was
only around 35% on day 5, being nearly half of the control (Fig. 4d). For
the ammonia nitrogen removal, obvious ammonia nitrogen accumula
tion occurred with Na2SO4 supplement on day 5 (Fig. 4d), same as
observed with MgSO4 supplement (Fig. 2d), implying the ammonia ni
trogen accumulation caused by high concentration of SO2−
4 in medium.
Sodium supplement also increased TP removal, especially with Na2SO4
supplement, showing the removal efficiency increased by 44.44% (P =
0.01) at 400 mg/L compared to control (Fig. 4d). Increase in TP removal
was also observed by supplementing sodium as NaCl, with the removal
efficiency increased by 40.56% (P = 0.00) at 600 mg/L supplement

(Fig. 4b).
Together with higher lipid production and better wastewater treat
ment, supplementing sodium as NaCl would achieve higher lipid content
and the value was higher than the maximum lipid content gained with
Mg2+ supplement. Ammonia nitrogen accumulation caused by SO2−
4
supplement could also be lessened, and just like magnesium supplement,
yeast should be harvested on day 5 to achieve all these.
In general, the effect of sodium supplement on lipid production by
R. toruloides highly depended on the supplement form. Sodium supple
mented as Na2SO4 showed less stimulatory effect on lipid production,
while sodium supplemented as NaCl significantly enhanced lipid con
tent and the highest value was 196.39% higher compared to the
maximum lipid content obtained with magnesium (Mg2+) supplement.
Maximum lipid production (2.66 ± 0.11 g/L) was obtained at 200 mg/L
Na+ supplemented as NaCl on day 5, and the higher COD and TN re
movals were observed under this supplement strategy. Compared to
magnesium supplement (as MgCl2) increasing both biomass and biolipid
content, sodium supplement (as NaCl) inhibited biomass production but
significantly increased lipid content.
3.3. Biodiesel composition and quality estimation
Biodiesel produced from biolipid after transmethylation is a mixture
of different kinds of fatty acid methyl esters (FAMEs), and the compo
sition of this mixture is directly related to the quality of biodiesel as a
renewable fuel. Biodiesel composition from biolipid accumulated by
R. toruloides is summarized in Table 1. Biodiesel composition showed
slight differences between varying substrates. The dominant compo
nents of biodiesel were oleic acid methyl ester (C18:1), linoleic acid
methyl ester (C18:2), and palmitic acid methyl ester (16:0),
925
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Table 1
Biodiesel composition from Rhodosporidium toruloides.
No.
1
2

3
4
5
6

7
8

9

Strains

Substrate

C14:0

C16:0

C16:1

C17:0

C18:0

C18:1

C18:2

C18:3

C24:0

SAME

MUAME

PUAME

Reference

Rhodosporidium
toruloides NCYC
921
Rhodosporidium
toruloides 32489

1:2
Miscanthus
hydrolysate
Banana straw
hydrolysate
and ethanol
stillage (ES)
MM with YE

0.86

17.98

0.61

-

5.20

56.66

14.70

1.87

1.09

25.92

57.41

16.57

[55]

-

16.55

1.99

-

9.01

26.07

38.24

5.92

-

26.77

28.06

44.16

[2]

1.00

24.50

1.40

-

5.70

31.90

26.60

5.6

1.40

32.70

33.30

32.20

[10]

AM

1.10

21.10

-

-

2.70

45.50

25.00

0.60

-

24.90

45.50

25.60

[33]

MM with
glycerol

-

18.55

-

-

11.48

59.7

10.25

-

-

30.03

59.70

10.25

[23]

MM with
glycerol and
4% (w/v)
NaCl
AM

-

16.91

-

-

12.98

64.95

5.16

-

-

29.89

64.95

5.16

[23]

0.31

11.80

0.97

0.97

3.77

47.81

21.77

3.81

4.96

22.58

49.01

25.58

This
study

Synthetic
Medium with
200 mg/L Na+
(as NaCl)
Synthetic
Medium with
200 mg/L
Mg2+ (as
MgCl2)

0.34

11.13

0.90

0.94

4.72

49.22

23.55

3.00

3.64

21.88

50.35

26.55

This
study

0.32

10.37

0.75

0.86

4.88

47.25

27.13

3.20

3.01

20.54

48.2

30.33

This
study

Rhodosporidium
toruloides NCYC
921
Rhodosporidium
toruloides CECT
1499
Rhodosporidium
toruloides ATCC
10788
Rhodosporidium
toruloides ATCC
10788
Rhodosporidium
toruloides AS
2.1389
Rhodosporidium
toruloides AS
2.1389
Rhodosporidium
toruloides AS
2.1389

Abbreviations: MM, mineral medium (with trace element mixture); YE, yeast extract; AM, artificial medium, glucose and/or yeast extract as carbon source without
trace element mixture; SAME, saturated fatty acid methyl esters; MUAME, monounsaturated fatty acid methyl esters; PUAME, polyunsaturated fatty acid methyl esters.

corresponding to over 80% of total FAMEs detected. In most cases, the
C18:1 FAME accounted for the highest proportion in biodiesel. C18:1
has also been reported a favoured content in biodiesel, providing suit
able cetane number, cold-flow parameters, and viscosities [54].
Current study showed impact of trace element (sodium and magne
sium) supplement on biodiesel composition. Sodium (as NaCl) supple
ment resulted in a slight increase in C18:1 content, in line with Uprety
et al. [23] who also observed the increase from 59.8% to 64.95%
(Table 1). Both NaCl and MgCl2 supplements led to slight decreases in
saturated fatty acid methyl esters (SAMEs) content and increases in poly

unsaturated fatty acid methyl esters (PUAMEs), and MgCl2 supplement
showed higher impact on unsaturation degree of biodiesel. Uprety et al.
[23] reported increase in mono unsaturated fatty acid methyl esters
(MUAMEs) content and decrease in SAMEs content after NaCl supple
ment. Other than sodium or magnesium supplement, types of substrates
also showed impact on C18:2 content. Synthetic medium containing
glucose and yeast extract as carbon sources showed similar C18:2 con
tent (~25%) [50], while other studies using glycerol or hydrolysate
showed varying C18:2 lipid content (Table 1). Supplement of sodium
and magnesium also showed decrease of lignoceric acid methyl ester

Table 2
Comparison of quality between biodiesel from Rhodosporidium toruloides.
No./
Standard

Degree of
Unsaturation

Iodine
Value
(IV)

Cetane
Number
(CN)

Cold Filter
Plugging Point
(CCFP) ◦ C

Cloud
Point
(CP) ◦ C

EN 14214
ASTM
D6751
1
2
3
4
5
6
7

-

≤120
-

≥51
≥47

a

a

-

90.55
116.38
97.7
96.7
80.2
75.27
100.17

83.42
110.90
93.59
87.84
72.25
67.75
94.01

54.60
48.88
52.51
54.46
57.07
58.14
53.36

8

103.45

96.22

9

108.86

101.30

Oxidation
Stability (OS)
hours

Higher
Heating
Value (HHV)

Kinematic
Viscosity
(mm2/s)

Density (g/
cm3)

Reference

-

≥8
≥3

-

3.5–5.0
1.9–6.0

0.86–0.90
-

[56]
[57]

7.58
2.88
9.29
− 5.61
7.38
9.23
26.23

4.47
3.71
7.90
6.11
4.77
3.90
1.22

9.71
5.26
6.25
7.20
14.10
25.45
7.20

39.49
38.56
38.73
37.88
39.54
39.58
38.47

3.96
3.59
3.69
3.62
4.04
4.10
3.85

0.87
0.86
0.86
0.84
0.87
0.87
0.85

52.36

21.14

0.86

7.03

39.09

3.92

0.87

51.11

16.91

0.46

6.48

39.19

3.89

0.87

[55]
[2]
[10]
[33]
[23]
[23]
This
study
This
study
This
study

7, Biodiesel from synthetic distillery wastewater.
8, Biodiesel from synthetic distillery wastewater with 200 mg/L Na+ (as NaCl).
9, Biodiesel from synthetic distillery wastewater with 200 mg/L Mg2+ (as MgCl2).
a
Location and season dependent.
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(C24:0) content and increase in stearic acid methyl ester (C18:0), further
implying decrease in overall chain length.
The saturation degree and overall chain length of biodiesel are the
main factors impacting biodiesel quality as fuel. Increase in unsaturation
degree causes decrease in viscosity, cetane number (CN), and oxidation
stability (OS) and increase in iodine value (IV) [58], while chain length
affects biodiesel’s performance at low temperature (cloud point, CP and
cold filter plugging point, CFPP) and CN [59]. Therefore, high quality
biodiesel requires suitable unsaturation degree and chain length distri
bution. Table 2 shows the estimated important parameters for biodiesel
obtained from current study compared to European standard EN 14214
and American standard ASTM D6751. Both sodium (as NaCl) and
magnesium (as MgCl2) supplements increased unsaturation degree of
biodiesel and the values are relatively high compared to other studies,
and IV, CN, and viscosity were all within both EN 14214 and ASTM
D6751 standards while OS met ASTM D6751 standard. Only two of
previous studies met the OS requirement of EN 14214 (Table 2 lines 1, 6,
and 7), indicating that extending OS of biodiesel produced from
R. toruloides biolipid would be necessary especially in commercial
application. Different from current study, Uprety et al. [23] showed a
lower unsaturation degree and this might be because a mixture of
minerals was already supplemented in minimal medium used and the
coeffects of minerals led to different results. Biodiesel gained in current
study showed the lowest CP (Table 2) and supplement of NaCl or MgCl2
was considered decreasing CP and CFPP further implying for a better
low temperature performance.
In current study, biolipid from R. toruloides was suitable for biodiesel
production to meet ASTM D6751 standard while OS was slightly lower
than EN 14214 standard. Despite sodium or magnesium supplement
increased the unsaturation degree, the cold weather performance of
biodiesel was increased, especially when magnesium was supplemented
(Table 2).
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