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Abstract To replace petroleum-based fuels, fast-growing

microalgae are currently receiving attention as alternative

sources of fuels. In this study, twelve microalgae strains

from three genera representing oleaginous microalgae,

namely Botryococcus, Scenedesmus and Chlorella, were

screened. The selected strains from each genus were

applied in integrated lipid production and phytoremedia-

tion of secondary effluent from palm oil mill. Among the

strains tested, Chlorella sp. C-MR was the most suit-

able strain to be cultivated in the effluent, due to its high

growth rate and high lipid productivity. The optimal con-

ditions for lipid production were: dilution of effluent at 1:1

(COD 1266 mg/L) and light intensity of 40 lmol/m2 s.

The semi-continuous cultivation of this microalga was

effective for sustained lipid production (0.19–0.24 g/L) and

pollutant removal, i.e., COD removal (58–65 %), nitrogen

removal (71–99 %) and phosphorus removal (42–64 %).

The microalgal lipids contained mainly saturated fatty

acids ([85 %), which are suitable for producing biodiesel

with high cetane number and oxidative stability.

Keywords Biodiesel � Lipid � Botryococcus � Chlorella �
Scenedesmus � Secondary effluent

Introduction

Oleaginous microalgae are renewable oil sources for the

3rd generation biodiesels. This is due to the prospects of

high biomass yield without requiring any arable land, and

the ability to utilize both inorganic carbon (carbon dioxide)

and organic carbon sources (glucose, acetate, etc.) to syn-

thesize lipids [1]. They can then contribute to solving two

major problems: air pollution by carbon dioxide, and future

crises due to a shortage of energy sources. In addition,

many microalgae are able to grow in wastewaters, under

highly saline and alkaline conditions, tolerate fluctuating

temperatures, high carbon dioxide concentrations and

varying light intensities [2]. However, the major barrier to

the commercialization of algae-derived biodiesel is the

high production cost. Therefore, there is a need to develop

low cost microalgae cultivation processes.

In the primary treatment of wastewater, materials that

settle or float are removed. The primary effluent is further

subjected to a secondary treatment that removes the

residual organics and suspended solids. However, the

secondary effluent may still contain high levels of nitrogen

and phosphorus. On the one hand, these compounds need to

be removed in the tertiary treatment, and on the other hand

they are suitable and cost-effective for microalgae culti-

vation. Therefore, the incorporation of oleaginous

microalgae cultivation into wastewater treatment systems

would offer the combined advantages of treating wastew-

ater and simultaneously producing inexpensive microalgal

lipids. Wastewater treatment by microalgae cultures has

several major advantages: it rests on the principles of

natural ecosystems and is therefore not environmentally

hazardous; it causes no secondary pollution, as long as the

biomass produced is reused; and it allows for an efficient

recycling of nutrients [3].
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Among the oleaginous microalgae, Botryococcus is a

well-known microalgal genus that is capable of accumu-

lating lipids at a high 25–38 % level based on dry biomass,

and that effectively removes nutrients even from wastew-

ater [4–6]. Scenedesmus is another microalgal genus that

has been widely used for pollutant removal from wastew-

aters [7, 8], and for lipid production at a level of 31–33 %

based on dry biomass [9]. Some species of Chlorella are

capable of consuming organic forms of carbon in addition

to inorganic pollutants. This can be an advantage when

using wastewater streams containing carbon residues and

inorganic pollutants, such as digested dairy manure [7, 10].

Moreover, some of these species can accumulate lipids up

to contents of 28–43 % [11–15]. There are several research

groups reporting the cultivation of microalgae in palm oil

mill effluent (POME) [16–18] and some of them reviewing

the possibility of coupling microalgae cultivation with lipid

production [19, 20]. However, only few of them cultivated

the microalgae in POME for lipid production. Ogugua

Nwuche et al. [21] studied the use of POME as medium for

cultivation of Chlorella sorokiniana C212 in flask scale

with 100 mL culture volume. In their study, external

nitrogen source (urea at 60 mg/L) was added in the ster-

ilized POME to stimulate the growth of this strain and its

lipid content was only 156 mg/g-cell (15.6 %). Kamyab

et al. [22] compared the growth of Chlorella pyrenoidosa

in sterilized Bold’s Basal Medium (BBM) added with

POME at different concentrations. The medium added with

POME gave a lower biomass compared to that of the

control indicating the inhibition effect of the POME. To

optimize lipid production, the carbon-to-total nitrogen ratio

of the medium was adjusted to be 100:6 which was about

five times of the original one (100:32). Neither nitrogen nor

phosphorus removal by this microalgae was reported.

Apart from these two strains, other oleaginous species

might have potential to be cultivated in POME with higher

ability to remove pollutants and produce lipids.

This study aimed to cultivate potential oleaginous

microalgae in a secondary effluent for lipid production and

pollutant removal. Twelve oleaginous microalgae strains

from three genera, namely Botryococcus, Scenedesmus and

Chlorella, were firstly screened based on their high lipid

productivity. The selected strains from each genus were

cultivated in the secondary effluent from a palm oil mill.

The most suitable strain for cultivation in the secondary

effluent was chosen. The cultivation conditions were then

optimized to maximize the lipid productivity. Semi-con-

tinuous cultivation of the microalgae was performed,

assessing the sustained lipid production and pollutant

removal. The microalgal lipid was extracted and studied

for its fatty acid composition.

Materials and Methods

Materials

Three genera, namely Botryococcus, Scenedesmus and

Chlorella representing highly lipid-accumulating microal-

gae were studied. Water samples with microalgae were

collected with a plankton net (10–12 lm 9 7–9 lm sieve

size) from a water reservoir at Hatyai Campus, Prince of

Songkla University (PSU), on October 10th 2012; at a pond

in the Hatyai central park (HYP), Songkhla Prefecture on

October 10th 2012; at Lake Talenoi (SKL), Songkhla

Prefecture on November 5th 2012; at final effluent pond of

a seafood-processing plant (WWP), Songkhla Prefecture

on November 25th 2012; and at Lake Taleiban (BNL) and

Kaorayamangsa (RYL), Satun Prefecture on December 4th

2012. Marine Chlorella sp. (MR) was obtained from the

National Institute of Coastal Aquaculture, Thailand.

Colonies of microalgae in the water samples were detected

under a microscope, and individual colonies were isolated

with a glass micropipette. Each colony was washed at least

three times with sterile modified Chu 13 medium con-

taining 0.2 g KNO3 as a nitrogen source, 0.04 g K2HPO4

as a phosphorus source, 0.1 g citric acid, 0.01 g Fe citrate,

0.1 g MgSO4�7H2O, 0.036 g NaHCO3, and 1 mL of trace

metal solution per 1 L. The trace metal solution consisted

of 2.85 g H3BO3, 1.8 g MnCl2�4H2O, 0.02 g ZnSO4�7H2O,

0.08 g CuSO4�5H2O, 0.08 g CoCl2�6H2O, and 0.05 g

Na2MoO4�2H2O per 1 L, pH was 6.8 [5]. The isolated

microalgae were identified based on their morphological

structures. The cultures were incubated at 30 ± 2 �C and

air-aerated with a flow rate of 0.01 mL/min, under

40 lmol/m2 s light intensity with 16:8 h light:dark cycle.

The wastewater used in this study was the secondary

effluent from a palm oil mill (Songkhla, Thailand). The

characteristics of the secondary effluent were as follows:

pH 7.78, chemical oxygen demand (COD) 2533 mg/L,

total nitrogen 400 mg/L, phosphorus 70 mg/L and oil and

grease 75 mg/L. The secondary effluent was one-fold

diluted and filtered through a mesh to remove suspended

solids, and pH was adjusted to 6.8 before sterilization in an

autoclave at 121 �C for 15 min.

Algal Cultures

The isolates were grown in 500-mL Erlenmeyer flasks

containing 400 mL of modified Chu 13 medium, with

agitation at 125 rpm at 30 ± 2 �C under 40 lmol/m2 s

light intensity, and 16:8 h light:dark cycle for 7 days. The

initial cell concentration was approximately 106 cells/mL

(0.12–0.14 g/L). The dry biomass and lipid content were
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measured. The specific growth rate (l) was calculated as

follows:

Ln
C

C0

¼ ldt ð1Þ

where C0 is the initial dry biomass concentration (g/L) and

C is the dry biomass concentration (g/L) at any later time

t [23].

The batch and semi-continuous cultivations were per-

formed in 2 L stirred tank photobioreactors with 1.5 L

working volume. The cultures were incubated at

30 ± 2 �C and agitated at 125 rpm under 40 lmol/m2 s

light intensity, with 16:8 h light:dark cycle. As a sufficient

supply of CO2 is necessary to support the microalgae

growth, the pH controller was used to monitor the CO2

consumption by the microalgae and to control the feeding

of CO2. When the culture pH increases due to the CO2

consumption by the microalgae, the controller will switch

on the solenoid valve to feed CO2 (10 % mixed with air) at

a flow rate of 0.5 volume gas per volume medium per min

(vvm) to decrease the pH to the set-point (6.8). This pH–

stat feeding strategy allows the adequate feeding of CO2

without oversupply that causes the rapid drop of the pH.

The biomass concentration and lipid content were esti-

mated daily. During the cultivation, 500 mL of medium

was withdrawn and replaced with the same volume of fresh

medium at 7-day intervals.

Analytical Methods

Biomass was harvested by centrifugation of the culture

sample at 15859g for 15 min. The pellets were then

washed twice with distilled water and dried at 60 �C in a

hot air oven, until a constant weight was obtained.

Extraction of lipids from the biomass was performed

according to the procedure of Folch et al. [24], with slight

modifications. The lipids were extracted with a mixture of

chloroform:methanol (2:1, v/v) for 1 h. The extracted

lipids were centrifuged to obtain a clear supernatant and the

solvent was removed by evaporation under vacuum.

Chlorophyll in the fresh algal cells was extracted with

acetone. The amount of chlorophyll in the extract was

determined by measuring the optical densities at 645 and

663 nm with a spectrophotometer, and using the following

equation [25]:

Chlorophyll mg/Lð Þ ¼ 8:02� OD663 nmþ 20:21
� OD645 nm ð2Þ

The chlorophyll content of the algal cells (mg/g) was

calculated by dividing the chlorophyll concentration

(mg/L) by the dry cell matter concentration (g/L).

The secondary effluent from palm oil mill was charac-

terized in terms of chemical oxygen demand (COD), total

nitrogen, and total phosphorus, according to standard

methods [26]. The method for converting lipids into fatty

acid methyl esters (FAMEs) involved hydrolysis of the

lipids followed by esterification [27]. The fatty acid com-

positions of the FAME were analyzed using a HP6850 Gas

Chromatograph equipped with a cross-linked capillary

FFAP column (length 30 m, 0.32 mm I.D, 0.25 lm film

thickness) and a flame ionization detector. The operating

conditions were as follows: inlet temperature 290 �C; oven
temperature initially 210 �C held for 12 min, then ramped

to 250 �C at 20 �C/min; then held for 8 min; and the

detector temperature was 300 �C. The fatty acid compo-

sitions were identified by comparing their retention times

with known pure standards including C8:0, C9:0, C10:0,

C11:0, C12:0, C13:0, C14:0, C15:0, C16:0, C17:0, C18:0,

C18:1, C18:2, C18:3, C20:0, C20:1, C22:0, C22:1, C24:0,

C24:1 with the detection limit of 1.5 lg/mL. All experi-

ments were done in triplicate. The statistical significance of

the results was evaluated by one way ANOVA (analysis of

variance) and Duncan’s multiple range test (P\ 0.05)

using the software SPSS version 10.

Results and Discussion

Growth and Lipid Productivity of the Isolates

in Modified Chu 13 Medium

Growth and lipid content profiles of the twelve isolates

representing three genera are shown in Fig. 1. Scenedesmus

spp. (Fig. 1b) and Botryococcus spp. (Fig. 1c) grew well in

the modified Chu 13 medium, with the high specific growth

rates of 0.28–0.43 and 0.38–0.41 day-1, respectively. The

Chlorella spp. grew at a slightly lower specific growth rate

of 0.23–0.29 day-1 (Fig. 1a). However, Chlorella spp.

showed the highest lipid content of 28–32 % based on dry

biomass weight, followed by Botryococcus spp. (17–28 %)

and Scenedesmus spp. (15–24 %). The lipid contents of

Chlorella spp. were comparable to those previously

reported for other strains [5, 28, 29]. Other than lipid

content, the lipid productivity is also a key parameter

affecting the commercial viability of the process. The

results of lipid productivity, in terms of grams per liter of

culture medium per day, were then evaluated. Although

Chlorella spp. grew slightly slower than Scenedesmus spp.

and Botryococcus spp., the lipid productivities of these

strains were comparable at 13–17 mg L-1 day-1 com-

pensating differences in the lipid contents. It should be

noted that there were only slight differences in lipid pro-

ductivity between strains in the same genus. As Chlorella

sp. C-MR, Botryococcus sp. B-HYP and Scenedesmus sp.

S-PSU were the fastest growing strains and gave the

highest lipid productivities in the respective genera, they
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were selected for further study of the potential to be cul-

tivated in the secondary effluent from a palm oil mill.

Cultivation of Selected Strains in Secondary Effluent

The feasibility of cultivating most suitable strains from

each genus, i.e., Chlorella sp. C-MR, Botryococcus sp.

B-HYP and Scenedesmus sp. S-PSU in the one-fold diluted

secondary effluent from palm oil mill was studied

(Fig. 2a). Only Chlorella sp. C-MR grew well with the

considerably high specific growth rate of 0.33 h-1. This

suggests it has potential to be cultivated in the secondary

effluent from palm oil mill, which would be a low-cost

culture medium. Similarly, several studies have found that

Chlorella spp. grew well in agro-industrial wastewaters [7],

in wastewater from digested dairy manures [10], and in

piggery wastewater [12]. Chlorella sp. C-MR was chosen

for further studies due to its ability to grow and produce

lipids in the secondary effluent.

Figure 2b shows the cultivation of Chlorella sp. C-MR

using non-diluted, one-fold and two-fold diluted secondary

effluents. The non-diluted effluent inhibited cell growth

and lipid production of Chlorella sp. C-MR. This could be

due to the presence of phenols and some organic acids in

non-diluted effluent that could be toxic to the microalgae at

high concentration [16, 21]. Another possibility would be

due to the reduced light penetration since the undiluted

effluent had dark brown color. When the effluent was one-

fold diluted, Chlorella sp. C-MR grew well and gave the

highest lipid productivity of 28.5 mg/L day. However, the

two-fold diluted effluent gave lower specific growth rate

and lower lipid productivity. This was probably because

the nitrogen concentration was below the optimal level for

cell growth when the effluent was two-fold diluted

(\50 mg/L). It has been reported that the optimal levels of

nitrogen concentration for microalgal growth were in the

range of 50–112 mg/L (urea at concentrations of

0.2–0.25 g/L; nitrate at concentrations of 0.2–0.4 g/L)

[30–32]. Thus, sufficient supply levels of nutrients are

required for rapid cell growth and high lipid production by

the microalgae. As the specific growth rate of Chlorella sp.

C-MR in the one-fold diluted effluent was comparable to

0

10

20

30

40

50

0.0

0.1

0.2

0.3

0.4

0.5

S-HYP S-PSU S-SKL S-WWP

Lipid  productticiy (m
g/L.d), Lpid content  (%

)

Sp
ec

ifi
c 

gr
ow

th
 ra

te
 (1

/d
)

Specific growth rate Lipid productivity
Lipid content

(B) Scenedesmus spp.

b b

c

a

a ab
abab

a b
c

d

0

10

20

30

40

50

0.0

0.1

0.2

0.3

0.4

0.5

C-MR C-PSU C-SKL C-BNL

Lipid  productticiy (m
g/L.d), Lpid content  (%

)

Sp
ec

ifi
c 

gr
ow

th
 ra

te
 (1

/d
)

Specific growth rate Lipid productivity

Lipid content

(A) Chlorella spp.

a

b
ab

b

b bc
b

a a

b

a
a

0

10

20

30

40

50

0.0

0.1

0.2

0.3

0.4

0.5

B-HYP B-RYL B-SKL B-BNL

Lipid  productticiy (m
g/L.d), Lpid content  (%

)

Sp
ec

ifi
c 

gr
ow

th
 ra

te
 (1

/d
)

Specific growth rate Lipid productivity
Lipid content

(C) Botryococcus spp.

a a a

a
b

c ca
b b

c

a

Fig. 1 Growth and lipid

production profiles of twelve

algal isolates representing three

genera. These include

(A) Chlorella spp.,

(B) Scenedesmus spp. and
(C) Botryococcus spp. The
microalgae were cultivated in

modified Chu 13 medium (pH

6.8) at 30 ± 2 �C with agitation

at 125 rpm under 40 lmol/m2 s

light intensity, and 16:8 h

light:dark cycle for 7 days. The

initial cell concentration was

approximately 106 cells/mL.

Different letters on the bars

indicate significant differences

between strains of the same

genus
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that obtained in the modified Chu 13 medium (Fig. 1a), it

could be suggested that the one-fold diluted effluent could

be used as a sole medium for the cultivation of Chlorella

sp. C-MR. It should be noted the treated effluent may be

recycled and used for dilution instead of the use of fresh

water.

Some microalgae have been reported to not only survive

in fresh water, but to also adapt to large variations in

salinity. Microalgae with such halotolerance are suit-

able for cultivation under conditions with high salinity. The

cellular compositions of the microalgae are also affected by

the salinity [33]. It has been reported that salt concentration

at 1–2 % [31, 34] could increase the lipid content of the

microalgae. However, at higher salt concentration the

microalgae growth drastically decreased and hence the

overall lipid productivity was reduced. Therefore, the

effects of salinity on the specific growth rate and the lipid

productivity of Chlorella sp. C-MR were studied by adding

salt at 1 and 2 % concentrations into the one-fold diluted

effluent (Fig. 2c). Although the addition of salt slightly

promoted the lipid accumulation, it retarded the cell growth

and hence reduced the lipid productivity. It has been

reported that the microalgae response to high salinity by

enhancing production of neutral and polar lipid to reduce

membrane fluidity and permeability, which could help

microalgae to cope up osmotic balance under high salinity

[35]. Recently, Pancha et al. [34] have reported the effect

of salinity stress on the Na? content in the microalgae. The

addition of salt significantly increased the Na?/K? and

Na?/Ca2? ratios in the cells, which affect the ion home-

ostasis and normal functioning of the cells. Several studies

have also reported that the lipid content of microalgae

slightly increased with the addition of salt [36–38].

Although some microalgae can grow well despite added

salt (0.15 N), they tend to accumulate a lower content of

lipids than the control [39].

The effects of light intensity on the specific growth rate

and the lipid productivity of Chlorella sp. C-MR, culti-

vated in one-fold diluted effluent, are shown in Fig. 2d.

The growth of Chlorella sp. C-MR increased when the
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Fig. 2 a The impact of using

one-fold diluted effluent on

growth and lipid production of

three selected microalgae,

namely Chlorella sp. C-MR,

Botryococcus sp. B-HYP and

Scenedesmus sp. S-PSU.

b Effect of effluent dilution,

c effect of salt concentration,

and d effect of light intensity on

growth and lipid production of

the selected Chlorella sp.

C-MR. Different letters on the

bars indicate significant

differences between treatments
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light intensity was increased from 40 to 54 lmol/m2 s. A

further increase in light intensity did not encourage the

growth of this strain. Although the growth of Chlorella sp.

C-MR was enhanced at moderate light intensity of

54 lmol/m2 s, its lipid content drastically reduced and

hence the lipid productivity became lower than that at

40 lmol/m2 s.

This is in contrast to prior reports showing high light

intensities as favorable for both lipid and hydrocarbon

contents, rather than for biomass [5, 40]. From these

results, it could be concluded that the optimal levels of

light intensity for cell growth and for lipid accumulation

are different. It should be noted that rapid biomass gain

with high lipid content would increase the efficiency of

lipid extraction and reduce the downstream processing

costs.

Semi-continuous Cultivation of Chlorella sp. C-MR

in the Secondary Effluent

To produce large amounts of microalgal biomass and

lipids, the cultivation of Chlorella sp. C-MR in the sec-

ondary effluent was scaled up to a 2 L stirred tank photo-

bioreactor with a working volume of 1.5 L. The process

was operated in batch mode for 7 days and in semi-con-

tinuous mode thereafter. It should be noted that a sufficient

supply of CO2 is necessary for optimal microalgal growth.

However, if CO2 is supplied in excessive amounts the pH

will drop rapidly, and the unsuitable pH level will cause

low biomass productivity. Hence, the pH of the culture was

controlled around set-point 6.8 by injecting CO2 in

response to signals from a pH sensor. Through this strategy

the CO2 feed was sufficient with steady pH. The microalgal

growth, lipid and chlorophylls contents, and pollutant

removals are shown in Fig. 3. The microalgal biomass and

lipids in the batch culture during first 7 days reached

0.46 ± 0.05 g/L and 0.19 ± 0.04 g/L, respectively. These

were slightly better than with a flask supplemented with air

(Fig. 2d), probably due to the adequate supply of CO2

using the pH–stat control system. The lipid content during

this period was stable at 38–42 %. In addition to the lipids,

the microalgae also produce a variety of pigments, espe-

cially chlorophyll used to capture light energy from the

sun. The concentration of cellular photosynthetic compo-

nents depends on the extent of photoautotrophic metabo-

lism [23]. In this study, the chlorophyll content gradually

decreased from 56 to 18 mg/g dry biomass during first

7 days of cultivation. It has been reported that the presence

of organic carbon may alter the photosynthetic metabolism

and reduce the production of photosynthetic pigments

[6, 41–43]. Similarly, Xu et al. [11] showed that the soluble

lipid compounds from photoautotrophic cells of Chlorella

protothecoides appeared blackish green with chlorophyll as

the major component, whereas the lipid-soluble com-

pounds from the heterotrophic cells (grown on organic

carbon without light) appeared in a state of light yellow

grease. Cheirsilp and Torpee [14] also found that the

chlorophyll contents in mixotrophic cultures (grown on

organic carbon with light) of Chlorella spp., Nan-

nochloropsis sp. and Cheatoceros sp. were lower than

those in photoautotrophic cultures. The COD, nitrogen and

phosphorus removals by Chlorella sp. C-MR during this

period were 64.8, 71.2 and 60.3 %, respectively. The oil

and grease in the effluent based medium before and after

microalgae cultivation were not significantly different

(P[ 0.05). They were 46.7 ± 5.8 and 41.7 ± 3.6 mg/L,

respectively. It has been reported that some species of

Chlorella can consume organic carbon in addition to

inorganic nutrients in their metabolic processes [44]. Most

characteristics of palm oil mill effluent after secondary

treatment meet the discharge standard for wastewater

except nitrogen content. The discharge standard for nitro-

gen content is 200 mg/L. Therefore, palm oil millers favor

the culture of microalgae as a tertiary treatment for further
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removal of nitrogen and reutilizing the effluent to generate

renewable energies [19].

During semi-continuous cultivation, a portion of the

culture is withdrawn at intervals to recover generated

biomass and products, while fresh medium is added to

supply nutrients. Furthermore, time is not wasted in non-

productive activities such as cleaning and re-sterilization.

In the semi-continuous cultivation of Chlorella sp. C-MR,

the first fill-and-withdraw operation was done at day 7 and

repeated four times during the 35 days of cultivation. As

shown in Fig. 3, the microalgae grew vigorously during the

five cycles of cultivation, but the growth became slow

during the 4th and 5th cycles. During the 1st, 2nd and 3rd

cycles, the specific growth rates were 0.267, 0.237 and

0.174 day-1 and the lipid productivities were 33, 41 and

15 mg/L day, respectively. The lipid content was highest at

43 % on day 11 before it decreased to 33.3 % on day 14. It

should be noted that the lipid content decrease observed

after the 2nd cycle likely was due to internal degradation of

stored lipids. The chlorophyll content continuously

decreased to the level of 6–15 mg/g. The pollutant removal

was most effective during the 2nd cycle and still effective

until the 4th cycle.

Table 1 shows the biomass, specific growth rate, lipid

content and lipid productivity of several microalgae culti-

vated in various wastewaters. Although Scenedesmus sp.

LX1 could accumulate lipids up to 31–33 %, it gave very

low biomass of 0.11 g/L and low specific growth rate of

0.2 day-1 in the secondary effluent. This was attributed to

the low phosphorus concentration in the secondary effluent

[9]. Among the three strains that grew well in wastewater,

namely Scenedesmus quadricauda SDEC-13 [8], Nan-

nochloropsis sp. [45] and Chlorella ellipsoidea YJ1 [13], it

was C. ellipsoidea YJ1 that performed the best in term of

high lipid content (43 %) and S. quadricauda SDEC-13

that performed the best in term of high lipid productivity

(68.2 mg/L day). Recently, Wang et al. [15] found that

Chlorella pyrenoidosa could grow well in piggery

Table 1 Comparison of microalgae cultivation in wastewater for lipid production

Microalgae Wastewater Biomass

(Specific growth rate)

Lipid content

(Lipid productivity)

References

Scenedesmus sp. LX1 Secondary effluent

COD 24 mg/L

TN 15.5 mg/L

TP 0.5 mg/L

0.11 g/L

(0.2 day-1)

31–33 %

(8 mg/L day)

Xin et al. [9]

Scenedesmus quadricauda

SDEC-13

Synthetic sewage

COD 240.18 mg/L

NO3
--N 69.58 mg/L

NH4
?-N 27.19 mg/L

TP 2.4 mg/L

1.09 g/L

(0.23 day-1)

27.36 %

(68.2 mg/L day)

Han et al. [8]

Nannochloropsis sp. One-fold diluted municipal wastewater

TC 113.5 mg/L

TN 110.2 mg/L

TP 5.3 mg/L

0.212 g/L

(0.54 day-1)

27.8 %

(n.a.)

Jiang et al. [45]

Chlorella ellipsoidea YJ1 Domestic secondary effluent

COD 24 mg/L

TN 7 mg/L

TP 0.46 mg/L

0.425 g/L

(n.a.)

43 %

(11.4–12.7 mg/L day)

Yang et al. [13]

Chlorella pyrenoidosa Diluted piggery

wastewater

COD 11,000 mg/L

TN 980 mg/L

TP 158 mg/L

0.290 g/L

(*0.55 day-1)

14 %

(6.3 mg/L day)

Wang et al. [15]

Chlorella sp. C-MR One-fold diluted secondary effluent

from palm oil mill

COD 1267 mg/L

TN 200 mg/L

TP 35 mg/L

0.45–0.72 g/L

(0.174–0.267 day-1)

20–43 %

(15–41 mg/L day)

This work

COD chemical oxygen demand, TN total nitrogen, TP total phosphorus, TC total carbon, n.a. not available
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wastewater, when the wastewater is appropriately diluted.

However, C. pyrenoidosa accumulated lipids only up to

14 %. This might be due to the too high total nitrogen of

the wastewater that favored cell growth rather than lipid

accumulation. This current study has shown that it is pos-

sible to cultivate Chlorella sp. C-MR in the secondary

effluent of a palm oil mill and to produce lipids in semi-

continuous mode. The Chlorella sp. C-MR grew well and

accumulated comparable lipid contents to those in the

previous studies.

Another aspect that should be taken into account would

be the use of non-sterile POME for microalgae cultivation

[46]. The non-sterile POME could be inoculated with the

desired microalgae with the aim of initiating growth and

dominating the culture. However, over time other

microorganisms might compete the inoculated specie and

reduce the lipid yields. Some microalgae have been

reported that they can survive and grow well at high

pH[ 9 and be commonly the dominant species in soda

lakes [47] and some of them can grow well in high saline

waters [48]. Therefore, the further cultivation of this

microalga using non-sterile POME should be investigated

for the biodiesel production purposes. In addition, the

contribution of other indigenous microorganisms in

removal of organics and nutrients and lipid production

should also be evaluated.

Fatty Acid Composition of Microalgal Lipids

The lipids extracted from Chlorella sp. C-MR were con-

verted to fatty acid methyl esters (FAMEs) and their

compositions were determined. The major constituents

were three long-chained saturated fatty acids, namely pal-

mitic acid (C16:0) (63 %), stearic acid (C18:0) (17 %) and

linoceric acid (C24:0) (8 %). The total saturated fatty acids

contributed over 85 %, while the unsaturated fatty acids

were oleic acid (C18:1) and linoleic acid (C18:2) at only 5

and 3 %, respectively. These results are consistent with

those of Converti et al. [12], who reported that Chlorella

spp. accumulated a high proportion of saturated fatty acids.

It should be noted that the biodiesel derived from Chlorella

sp. C-MR lipids in this current study were highly saturated

and would therefore provide high cetane number (CN), low

NOx emissions, short ignition delay time, and high oxida-

tive stability to biodiesel [49].

Conclusions

In this study, twelve oleaginous microalgae strains from

three genera, namely Chlorella, Scenedesmus and Botry-

ococcus, grew well and accumulated high lipid contents in

modified Chu 13 medium. However, only Chlorella sp.

C-MR grew and accumulated high lipid content in the

secondary effluent from a palm oil mill. The optimal

conditions for lipid production by Chlorella sp. C-MR

were determined. The semi-continuous cultivation of this

microalga was effective for sustained lipid production and

pollutant removal. The extracted microalgal lipid contained

mainly saturated fatty acids suggesting high potential for

use as biodiesel feedstock.
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