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CHLORELLA BIOMASS PRODUCTION IN
ANNULAR PHOTOBIOREACTOR USING

PALM OIL MILL EFFLUENT (POME): EFFECT OF
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IRRADIANCE, AERATION RATE AND POME
CONCENTRATION
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ABSTRACT
Palm oil mill effluent (POME) was used to culture Chlorella vulgaris UMACC001 in 5-litre, artificially
illuminated airlift annular photobioreactors. Hydrodynamic and mass transfer characteristics were
investigated for spargers perforated with different pore diameters. Maximum volumetric mass transfer
coefficient and gas hold-up were achieved using sparger with 1 mm pores. The sparger was later used in the
three-factor growth studies, i.e. irradiance, aeration rate and POME concentration, designated using five-
level central composite design. Results showed the chlorophyll-a (Chl-a) content and specific growth rate
(1) ranged from 0.26 to 25.40 mg litre™ and 0 to 1.033 per day, respectively. The response surface model
concluded that increasing irradiance while maintaining the aeration rate and POME concentration indicates
the light remained the limiting factor during experimentation. POME concentration and irradiance were
found to significantly affect the Chl-a production, whereas the aeration rate was responsible for the u. The
optimised biomass contained 22.0 wt% of lipid, of which 57.0% of the fatty acids was saturated, 26.9%
monounsaturated and 16.1% polyunsaturated. The predominant components, i.e. palmitic acid (C16:0),
myristic acid (C14:0), stearic acid (C18:0) and eruric acid (C22:1) indicated that the biomass is a suitable

feedstock for biodiesel production.
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INTRODUCTION

Malaysia is one of the world’s leading palm oil
producer, with the mills generating more than 55
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million tonnes of palm oil mill effluent (POME)
every year and contributing the largest organic load
into the waterways (Chin et al., 2013; Loh et al.,2012;
2013). Improper treatment of POME will impact
the receiving water quality, endanger aquatic life
and release greenhouse gases (Subramaniam et al.,
2008). The increase in global demand for edible oils
such as palm oil, will result in increased POME
production, making it necessary to have efficient
treatment systems that will contribute to the
sustainable development of the palm oil industry.
POME is a fairly acidic, thick and brownish non-
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toxic liquid waste with a high concentration of
nitrate (NO,-), orthophosphate (PO,*) and various
essential minerals. Microalgae can help assimilate
these nutrients thus reducing the eutrophication
risk in receiving water bodies. Previous efforts
in the cultivation of microalgae in POME have
been limited to the production of aquaculture
feed (Habib et al., 2003; Vairappan and Ang, 2008),
while their utilisation for biodiesel production has
yet to be explored. While this application is almost
commercially non-existent in Malaysia, it is an
attractive waste-to-product recovery approach to be
introduced in parallel with the zero waste concept
driven by the Malaysian government (Thani et
al.,1999). It may provide an environmental-friendly
and sustainable alternative to overcome the global
energy crisis.

Chlorella is a single celled, spherical non-motile
microscopic green alga (2-10 pum in diameter)
found ubiquitously in both fresh and marine
waters. It has great economic value as a source of
human nutrition and pharmaceutical products
since the 1970s (Richmond, 1986; Spolaore et al.,
2006). Recent studies showed that Chiorella is one
of the potential microalgae to be used as feedstock
for biodiesel production due to its high biomass
and lipid productivities and suitable fatty acid
composition (Praveenkumar et al., 2014; Vello et
al., 2014). Chlorella has been successfully used in
bioremediating wastewaters such as rubber industry
effluent (Phang et al., 2001), textile discharge (Lim
et al., 2010), carpet mill effluent (Chinnasamy et
al., 2010), landfill leachate (Mustafa et al., 2012)
and domestic wastewater (Soydemir et al., 2016).
Culturing Chlorella in wastewaters can reduce the
cost of biomass production (Chinnasamy et al., 2010;
Soydemir et al., 2016).

In microalgal cultivation, the most significant
environmental factor is light, whereas the nutritional
factors are the supply of carbon dioxide (CO,)
and nutrients. Manipulation of culture conditions
and concentration of wastewater (nutrient feed)
are necessary in increasing the cell growth rate.
Microalgae require light energy to reduce the CO,
by oxidising the water in the photosynthesis. The
effect of the light on microalgal growth depends
on its intensity, quality and photoperiod. The
irradiance required for microalgal photosynthesis
ranges from 20-200 ymol m? s™ and is proportional
to cell density, culture depth and volume (Lavens
and Sorgeloos, 1996). The CO, is often supplied as
CO, enriched aeration to avoid carbon limitation;
this can facilitate pH control (Zhang et al., 2002)
and mixing to increase light availability to the
cells. Previous studies demonstrated that biomass
concentration and productivity of Chlorella
increased when aeration rate was increased from
0.1 to 0.4 vvm (volume of air per volume of culture
per minute) at 2%-6% CO, level (Anjos et al., 2013;
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Ryu et al., 2009). POME has high solids content and
a high C:N ratio, making it not amenable to aerobic
digestion by microalgae (Phang and Ong, 1988).
However, Chlorella has been reported to grow in low
organic loading rates of POME after pre-digestion
by aeration (Habib et al., 2003; Vairappan and
Ang, 2008). In the present study, the use of strong
bubbling with air in the annular photobioreactor
allowed aerobic digestion of the POME, making the
nutrients available for the microalgal growth.

The significance of the individual and
interactive effects of relevant factors towards
microalgal growth can be evaluated using response
surface methodology (RSM). RSM is a collection
of statistical and mathematical techniques, which
is extensively used in many industrial processes
involving several variable inputs which operate
simultaneously, to study the effects of changes
and mutual interactions on the process, leading to
the identification of optimum conditions through
designed experiments (Myers and Montgomery,
1995). It has been successfully applied in various
optimisation studies in algal biotechnology,
for instance, culture conditions for the mass
production of microalgae (Kim et al., 2012), The CO,
biomitigation by Chlorella vulgaris (Anjos et al., 2013)
and improvement of hydrodynamic properties in
photobioreactors (Pirouzi et al., 2014). However,
this statistical tool is not well exploited in nutrient
recovery from wastewater by microalgae. RSM
generates useful information that is not offered
by single variable methodology when there are
interactions between factors and experimental
errors, in a least number of runs, thus minimising
the time, effort and material resources spent.

The main objective of this study was to
optimise the biomass production of C. vulgaris in
the photobioreactor based on the best compromise
between POME concentration, irradiance and
aeration rate through a series of experiments
designed by RSM. The interactions between these
variables were further investigated to evaluate
their relationship and significance in affecting the
process. Thelipid contentand fatty acid composition
were assessed for biodiesel application.

MATERIALS AND METHODS
POME Collection and Characterisation

The raw POME originated from the Tennama-
ram Palm Oil Mill (Sime Darby Plantations Sdn
Bhd) located in Bestari Jaya, Selangor, Malaysia.
This was taken from the recovery tank before its
discharge for further treatment. In the palm oil mill,
the POME which still contains oil residues is usually
channelled to a recovery tank where some of the
oil is recovered. The POME was collected using a
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25-litre high density polyethylene container, which
was sealed, brought back to the laboratory, and
stored at 4°C before further analysis. The physical
and chemical properties of POME such as pH,
chemical oxygen demand (COD), total solids (TS),
total suspended solids (TSS), total volatile solids
(TVS), ammoniacal-nitrogen (NH,-N), nitrate-
nitrogen (NO,-N) and orthophosphate (PO,*) were
determined following the standard methods used
for examination of water and wastewater (APHA et
al., 2012).

Photobioreactor Set-up

Three 5-litre annular photobioreactors were
used. Each photobioreactor consisted of dual
transparent acrylic layers (3 mm thickness, 66 cm
height) with an outer layer diameter of 15 cm and an
inner layer diameter of 9 cm. The culture chambers
were illuminated using light banks comprising six
horizontal cool white fluorescent lamps at both
front and back. The distance from the light source
and number of illuminating lamps were adjusted
to get the desired irradiance, measured using the
LI-250 light meter (LI-COR). The sparger, which
is placed along the base of the photobioreactor, is
a looped polyethylene (PE) tube evenly perforated
with 17 standard-sized pores and connected to a
1/8” stainless steel tube. The aeration was supplied
from a mixed gas system comprising a diaphragm
air pump and a purified CO, tank. Hydrodynamic
and mass transfer characteristics were measured for
different spargers and aeration rates using distilled
water at 29+1°C in the photobioreactors prior to
growth studies.

Mass Transfer, Hold-up and Reynolds Number

Three spargers (PE tube, 7.5 mm inner diameter,
10 mm outer diameter) of different pore size (1 mm,
2 mm and 3 mm) were investigated for five different
aeration rates ranging from 0.2 to 1.0 vvm, in terms of
volumetric mass transfer coefficient (k a), gas hold-
up (¢), and Reynolds number (Re). Each sparger had
a total of 17 pores with 2 cm distance between two
pores. The sparger with the best k a was chosen for
growth studies later.

The k a was measured using dynamic gassing-
in technique (Chisti, 1989; Reyna-Velarde et al.,

2010). The distilled water was first deoxygenated
by bubbling with nitrogen until the dissolved
oxygen (DO) concentration dropped to near 0 mg
litre™. The nitrogen flow was then turned off and
the gas bubbles retained were allowed to escape
before the measurement started. The desired
aeration rate was set and the change of DO
concentration with time was recorded until the
water became nearly saturated with oxygen. The
k a was calculated from the slope of linear curve
generated by Equation (1).

In[(C*-C,) / (C*C)]=ka(t-t,) (1)

where C* is the saturated DO concentration, C;
and C represent DO concentration at time, ¢, and ¢
respectively.

The & was evaluated by using the volumetric
expansion method according to the Equation (2)
(Reyna-Velarde et al., 2010).

e=(h.-h )/h, @)

where 1 is the overall height (liquid + gas) and
h, is the height of liquid (without gas).

At low biomass concentration, the culture
behaves like a Newtonian fluid and the Re may be
calculated according to Equation (3) (Converti et al.,
2006).

Re=Duvp/u, 3)

where D is the hydraulic diameter (m), v is the
liquid velocity (m s?), pis the liquid density (kg m™)
and u_ is the liquid viscosity (kg m™ s™).

Microalgae and Culture Conditions

The microalga used was Chlorella vulgaris
Beijerinck UMACCO001 obtained from the Universiti
Malaya Algae Culture Collection (UMACC), Kuala
Lumpur, Malaysia. The alga was previously isolated
from a fish pond at the experimental farm at the
Universiti Malaya. The growth studies involved the
preparation of POME in different concentrations
as set by the RSM design (Table 1) by diluting
with appropriate volumes of distilled water. Each
photobioreactor was inoculated with C. vulgaris
UMACC001 to give an initial chlorophyll-a

TABLE 1. CODED AND ACTUAL LEVEL OF THE THREE INDEPENDENT VARIABLES

Variable Symbol Level

-1.68 -1 0 +1 +1.68
Irradiance (umol m?s™) X, 12.8 40.0 80.0 120.0 147.2
Aeration rate (vvm) X, 0.00 0.1 0.3 0.5 0.63
POME? (%) X 0.65 2.0 4.0 6.0 7.35

3

Note: ® Palm oil mill effluent (POME) concentration.
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(Chl-a) content of 1.06+0.16 mg litre™. The pH was
maintained at 6.8+0.2 by fixing the rate of aeration
with 5% CO, enriched air to provide the desired
pH range. The experiments were carried out in
triplicates for 12 days on 12:12-hr light-dark cycle
with a culture temperature of 29+1°C.

Growth Kinetics

Growth was monitored at two-day intervals
based on Chl-a content using the spectrophotometric
equation from Equation (4) (Strickland and Parsons,
1972). Dry weight was not chosen for growth studies
because of the interference from large amount of
suspended solids in POME.

Chl-a (mg litre!) = A x volume of acetone (ml) /
volume of sample (ml) (4)

where A = 11.6 (OD
(OD

- 1.31(0D - 0.14

665nm) 645nm)

630nm) :

The specific growth rate (u) was calculated
according to Equation (5).
i (day")=(InN,-InN) / (t,-t,) (5)

where N, and N, are Chl-a contents at time, ¢
and t, respectively during the exponential phase.

1

Determination of Total Lipids and Fatty Acid
Compositions

The culture was filtered using 0.45 pm filters
(Whatman GF/C, 47 mm) and total lipids were
extracted in methanol-chloroform solution and
measured by gravimetric method (Bligh and Dyer,
1959). Transesterification of lipids were done in the
mixture of HCl, methanol, toluene and water heated
at100°C using dry bath (MD-02N-220, Major Science,
USA) for 1 hr (Ichihara and Fukubayashi, 2010).
The extracted fatty acid methyl esters (FAME) were
identified using Agilent 7820A Gas Chromatography

in accordance to the method performed by Vello et
al. (2014) with the adding of C7:0 (Sigma®, USA) as
internal standard for quantification.

Response Surface Methodology

The experimental design and statistical analysis
were assessed using Design Expert 7.0 software. A
total of 17 runs including three replicates (control)
of the centre point were carried out based on the
five-level central composite design (CCD) for the
three chosen independent variables, i.e. irradiance,
aeration rate and POME concentration. The levels of
variables are shown in Table 1. Optimal conditions for
maximising the biomass production were predicted
by solving the second-order polynomial equation,
Equation (6) and by analysing the response surface
contour plots.

Y=B,+YBX +YBX?+YB XX

gyt

(6)

where Y represents the predicted response,
B, is the interception coefficient, B, B, and B, are
the regression coefficients for the three variables,
X, (linear term), X? (quadratic term) and XI.X].
(interaction term) respectively. Analysis of variance
(ANOVA) was conducted to identify the statistical
significance of the model, each factor and their
interaction by means of F-test and its associated
probability, p value.

RESULTS AND DISCUSSION

Characteristics of POME and its Suitability as
Substrate for Microalgal Growth

In order to design the RSM experiments, it is
necessary to identify the characteristics of the initial
POME used. Results are shown in Table 2 along with
the data range recorded by the Malaysian Palm Oil
Board (MPOB). POME is a viscous liquid of brownish
colour. The low pH (4.5+0.01) of the POME used for

TABLE 2. CHARACTERISTICS OF PALM OIL MILL EFFLUENT FROM TENNAMARAM PALM
OIL MILL IN SELANGOR, MALAYSIA

Parameter Value® Range®
(present study) (Thani et al., 1999)
pH 4.51+0.01 3.4-5.2
Chemical oxygen demand (COD) 74 900+625 15 000-100 000
Total solids (TS) 60 176+432 11 500-79 000
Total suspended solids (TSS) 15 3504606 5 000-54 000
Total volatile solids (TVS) 49 0044175 9 000-72 000
Ammoniacal-nitrogen (NH,-N) 6419 4-80
Nitrate-nitrogen (NO,-N) 453+15 -
Total nitrogen - 180-1 400
Orthophosphate (PO,*) 504+10 -

Note: ® Units in mg litre” except pH.
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the studies was due to the presence of organic acids
(Wu et al., 2010). It contained high TS (60 176+432
mg litre!) and consequently high COD (74 900+625
mg litre?). These solids are mainly organic sludge
consisting of plant residues originated from the
oil extraction processes. This value is consistent
with the high TVS content (49 004+175 mg litre™),
which depicts the amount of organic matter present.
The NO,-N content (453+15 mg litre?) is relatively
lower compared to COD and PO,*content (504+10
mg litre!). The high COD-to-nitrogen ratio, acidic
nature, and dark colour reduced light availability,
which resulted in poor microalgal growth in POME
(Phang and Ong, 1988). The pH has to be adjusted
to 6.8 to favour the growth and metabolism of C.
vulgaris UMACC001 (Phang and Chu, 1999). To
overcome light limitation, the POME had to be
diluted. Reducing the POME concentration to 4%-
6% still provides sufficient NO,-N and PO,* contents
for cultivating C. vulgaris UMACCO001, as compared
that of Bold’s Basal Medium (Nichols and Bold,
1965). However, the POME characteristics could
have great variation depending on the cropping
season, quality of fruit, mill operation and processing
facility, climate, and dilution (water usage) (Wu et
al., 2010). Therefore, nutrient levels in POME should
be identified prior to cultivation of microalgae to
ensure they are available in suitable quantity when
dilution is made, while maintaining sufficient light
availability at low solids concentration. Waste
grown microalgae have been reported to require
C:N:P ratio of 56:9:1 (Habib et al., 2003).

Hydrodynamic and Mass Transfer Characteristics

The hydrodynamic and mass transfer
characterisation comprised the influence of the
aeration rate on the gas hold-up (¢) and volumetric
mass transfer coefficient (k a). The ¢ is the fraction
of liquid volume displaced by the aeration while
k a indicates the rate of gas diffused into the liquid
phase, whereas the Re determines the degree of
turbulence of the photobioreactor. Figure 1a shows
the relationship between ¢ and aeration rate for
the spargers of three different pore sizes, in the
photobioreactor. Generally, the ¢ was nearly linear
with respect to the aeration rate. It increased with
increasing aeration rate and decreasing pore
size. The & determines the gas residence time and
quantity that subsequently affects the ka. High
e increases the amount of gas contact with liquid
which in turn increases the dissolution of the gas
and k a. Therefore, the behaviour of k a dependent
on aeration rate (Figure 1c) was found concordantly
with the observations for & (Figure 1a). The & and k,a
values were similar to those reported by Sierra et al.
(2008) in a flat plate photobioreactor. In the sparger
with larger pore size, bubble size increases and
reduces the interfacial contact area preventing an
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Figure 1. Influence of the aeration rate in the (a) gas hold-up (¢); (b)
Reynolds number (Re); and (c) volumetric mass transfer coefficient
(k,a) of three spargers with different pore size (®1 mm; O 2 mm;

A 3 mm) in the annular photobioreactor.

increase for k a. Large bubble size also enhances its
ascending speed, causing a decrease on its residence
time in the liquid and hence, giving lower value
of e. An addition of activated carbon particles or
other fine particles such as microalgae cells could
diminish the coalescence leading to small bubble
formation and increase in interfacial area, which
favours the & and k a (Reyna-Velarde et al., 2010).
Figure 1b shows the effect of aeration rate on Re for
different spargers and the slopes were all linearly
proportional. The values of Re rose with the increase
of both aeration rate and pore size. Results showed
all the spargers provided a turbulent flow (Re >
2100) except for aeration rate below 0.2 vvm. This
indicates that at least 0.2 vvm would be required
to assure turbulence in this photobioreactor and
consequently maintain the homogenous mixing
while preventing settlement. This study optimised
the mass transfer at low flow rates (less than 1 vvm)
to minimise the power consumption for the working
system and shear damage on the cell. Sparger A was
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selected for the biomass study since it provided
larger k a than others at the desired turbulence.
High DO concentration close to the air saturation
point resulted from high k a may negatively affect
the cell. However, this effect is negligible because
microalgae can actually tolerate up to four times this
value (Sierra et al., 2008). An aerated culture may
also eliminate the excessive oxygen accumulation
during active photosynthesis. A ka of 0.006 s’
would suffice to keep the DO below 300% (Sierra et
al., 2008), equivalent to 0.66 vvm (Sparger A) in this
study.

Response Surface Model and ANOVA

Table 3 shows the variation of Chl-a content
produced by C. wvulgaris UMACCO001 cultivated
under different designed conditions. The minimum
(0.26£0.03 mg litre!) and maximum values
(25.40£0.29 mg litre) were recorded at run #14 and
run #9 respectively. Multiple regression analysis was
applied to these experimental results to obtain the
coefficient for each variable, thus giving Equation
(7) as follows:

Y = 19.68 + 556X, + 1.04X, + 3.04X, - 0.12X X, +

3.37X,X, + 0.58X,X, - 1.61X 2~ 149X ? - 451X (7)

where Y is the predicted Chl-a content (mg
litre"), X, X, and X are the coded values of the three

independent variables, i.e. irradiance, aeration rate
and POME concentration (Table 1).

The results from analysis of F-test (ANOVA),
which implies the statistical reliability of the
quadratic model, are summarised in Table 4. The
coefficient of determination, R2 (0.9629) was close to
1.0, indicating that more than 96% of the variation
of observed values could be interpreted by the
predicted values. The predicted R? of 0.7217 was
in reasonable agreement with the adjusted R2 of
0.9152. With the p value (0.0003) lower than 0.05 (95%
confidence level) and the non-significant lack-of-fit
(p=0.0575) relative to the pure error, the quadratic
model, ie. Equation (7) was valid to represent
the study. These results showed that the model
described the relationship between independent
variables and the response (Chl-a content) very well.

The model showed a coefficient of 19.68 (coded
value, Table 4) obtained from the predicted values
at centre points as control of the experiments.
Meanwhile, the coefficient of the corresponding
variable indicated its impact level on the Chl-a
content. The larger the coefficient, the more is its
effect, regardless of the (+) or (-) sign which merely
shows the direction of deviation from the centre.
In this experiment, irradiance (X,) was observed to
have the highest coefficient value (5.56), whereas
the interaction between irradiance and aeration
rate (X,X,) had the lowest value. The factors are
arranged in decreasing order of impact as follows:
X>X7> X X>X>X>X>X >X X >X X, The order

TABLE 3. MATRIX OF EXPERIMENTAL CENTRAL COMPOSITE DESIGN (CCD) WITH EXPERIMENTAL
AND PREDICTED RESULTS FOR THE STUDY

Run order Irradiance Aeration rate POME:? Maximum Chl-a® ue
x) X) X, content (mg litre™) (per day)
Experimental Predicted

1 -1 +1 -1 7.19+0.13 7.41 0.408+0.023
2 -1 +1 +1 7.02+£0.25 7.90 0.291+0.019
3 -1 -1 -1 8.72+0.22 6.26 0.31140.035
4 -1 -1 +1 5.15+0.14 4.44 0.246+0.032
5 +1 +1 -1 11.01+0.20 11.56 1.033+0.039
6 +1 +1 +1 23.25+0.95 25.54 0.727+0.021
7 +1 -1 -1 11.9240.51 10.87 0.693+0.018
8 +1 -1 +1 22.92+2.01 22.54 0.667+0.024
9 +1.68 0 0 25.40+0.29 24.48 0.788+0.012
10 -1.68 0 0 4.63+0.04 5.78 0.357+0.024
11 0 +1.68 0 19.62+0.87 17.20 0.903+0.024
12 0 -1.68 0 11.05+0.07 13.71 0.457+0.024
13 0 0 +1.68 13.35+0.14 12.03 0.508+0.049
14 0 0 -1.68 0.26+0.03 1.81 0

15 0 0 0 19.86+0.33 19.68 0.881+0.032
16 0 0 0 20.22+0.60 19.68 0.863+0.040
17 0 0 0 18.99+0.52 19.68 0.857+0.060

Note: @ Palm oil mill effluent (POME) concentration.

b Chlorophyll-a.
¢ Specific growth rate.
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TABLE 4. ANALYSIS OF VARIANCE (ANOVA) AND REGRESSION COEFFICIENT ESTIMATE FOR
THE BIOMASS PRODUCTION MODEL

Source Sum of Degree of Mean Coefficient Standard  Fvalue p value
square freedom square error (Probability > F)
Coded Actual

Model 8 870.44 9 98.60 19.68 -12.030 1.27 20.19 0.0003*

X, 4220.39 1 422.39 5.56 0.140 0.60 86.50 < 0.0001*

X, 14.71 1 14.71 1.04 22.950 0.60 3.01 0.1262

X, 1260.20 1 126.20 3.04 6.730 0.60 25.84 0.0014°

XX, 0.11 1 0.11 —-0.12 0.014 0.78 0.022 0.8871

XX, 90.99 1 90.99 3.37 0.004 0.78 18.63 0.0035°

X, X, 2.69 1 2.69 0.58 1.450 0.78 0.55 0.4820

z 29.12 1 29.12 -1.61 0.001 0.66 5.96 0.0446*

X, 25.17 1 25.17 -1.49 —37.350 0.66 5.15 0.0575

X7 229.29 1 229.29 —4.51 -1.130 0.66 46.96 0.0002°

Residual 34.18 7 4.88 - - - - -

Lack-of-fit 33.38 5 6.68 - - - 16.70 0.0575

Pure error 0.80 2 0.40 - - - - -

Corrected 921.62 16 - - - - - -
total

Note: R? = 0.9629, Adj. R? = 0.9152, Pred. R? = 0.7217, C.V. = 16.29%.
X, = irradiance; X, = aeration rate; X, = palm oil mill effluent concentration.

* Statistical significant, p < 0.05.

for coefficient in actual value was not in accordance
with that of coded value as it involved dissimilar
range and unit.

The results were further confirmed by the p
value of each variable tested. All parameters were
statistically significant in affecting the biomass
production except for aeration rate (X,) and its
interactive terms and quadratic term. One should
note thatit could be due to the interval value between
levels set for each variable during the preliminary
design stage. Its effect on the biomass production is
further discussed in the next section. Decreasing p
value indicates increasing significance and reducing
probability of error occurrence due to noise. The
order of significance for the variables was slightly
different compared to the impact mentioned earlier,
ie. X >X>X>X X >X>X>X >X X >X X,. In this
case, X, X, came after X, but it expressed greater
impact than X, probably because of the combined
effects from both X, and X.

Effect of the Variables on the Biomass Production

Overlapping of the curves in Figure 2 suggested
the biomass can be increased at high-level
irradiance by fixing the POME concentration and
aeration rate at the central region, which was well
described by run #9. Compared to Figures 2a and
2¢, Figure 2b showed that the highest biomass was
obtained at higher POME concentration, extended
level of irradiance under constant aeration rate
at control condition. This finding corresponded
well with a previous study performed by Ng et al.
(2014) showing that C. vulgaris UMACC001 used
in this study is tolerant to high irradiance. This
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strain is capable of photoprotection against high
irradiance by releasing excess light harnessed as
heat through the non-photochemical quenching
(NPQ) mechanism. Insufficient light led to cell
stress and growth limitation, whereas too high
or too low POME concentration resulted in
reduced light availability and nutrient deficiency,
respectively. The dark colour of the POME limited
the light availability in the photobioreactor for
photosynthesis thereby giving low specific growth
rate. This could be observed from Figures 2b and 2c
where the growth started to decline at concentration
of more than 5% POME. It happened similarly in a
study of Chlorella pyrenoidosa cultivated under the
continuous illumination with 150 ymol m? s and
10-time diluted POME (Ponraj and Din, 2013). The
higher concentration of POME in the reported study
resulted in only a four-fold increase in biomass after
14 days; this is significantly lower than the 20-fold
increase obtained in our study. Habib et al. (2003)
reported higher growth of C.vulgaris in 10 % POME
than at 5% POME, whereas the growth of C. vulgaris
UMACCO001 in the present study peaked at 4%-6%
POME, as shown in Figures 2b and 2c. This difference
was probably due to fact that in the previous study,
a 16-day aerobic digestion of the POME was used to
achieve low COD:N ratio and solids content prior to
growing the microalgae. However, with the supply
of strong irradiance and aeration with CO, enriched
air, our present study obtained 25.40 mg litre”
Chl-a which is significantly higher than the 14.71
mg litre! Chl-a reported by Habib et al. (2003). In
another study, Chlorella sorokiniana achieved higher
Chl-a content in the unsterilised raw POME than
that in the autoclave-sterilised one, suggesting that



CHLORELLA BIOMASS PRODUCTION IN ANNULAR PHOTOBIOREACTOR USING PALM OIL MILL EFFLUENT (POME):
EFFECT OF HYDRODYNAMICS AND MASS TRANSFER, IRRADIANCE, AERATION RATE AND POME CONCENTRATION

a
Chlorophyll-a (mg litre™")

26
20.5
15 1

9.5

Irradiance
(umol m2 s)

Aeration
rate (vvm)

b
Chlorophyll-a (mg litre™")

26
19.5 1
13
6.5
0 A
100.00
: 3 80.00
3.00
POME 200 400060'00 Irradiance

concentration (%) (umol m2 s

C
Chlorophyll-a (mg litre™")

21

15.75 1

10.5

5.25

POME
concentration (%)

Aeration rate
(vvm)

Figure 2. The 3D surface plot showing the chlorophyll-a production of
C. vulgaris UMACCO001 as an effect of (a) aeration rate and irradiance;
(b) palm oil mill effluent (POME) concentration and irradiance; (c)
POME concentration and aeration rate. The other variable in each plot
was kept at centre point.
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POME may contain a mixed microbial consortium
which provides a diversity of biocompounds
that may stimulate microalgal growth (Nwuche
et al., 2014). POME has been reported to contain a
growth inhibitor in the form of tannic acid (Neoh
et al., 2013), which is known to be a potential
metal ion chelator, protein precipitating agent and
biological antioxidant (Palanisami et al., 2012). The
polyaromatic compound forms stable complexes
with bivalent iron (Fe) ions, preventing the Fe
assimilation for the synthesis of related proteins
and pigments in microalgal cells (Sukumaran et
al., 2014). However, in the present study, the light
reducing effect may be greater than the effect of
tannic acid as the ratio of tannin to iron Fe should
be constant at every concentration, without any
additional nutrients being supplied.

The interaction between the two significant
factors, that is, POME concentration and irradiance,
on the biomass growth is depicted in Figure 2b.
Increasing irradiance at 2% POME had very little
effect on the Chl-a content produced. However, when
the POME was fixed at high concentration (6%), an
increase in irradiance significantly increased the
biomass growth. The effect of irradiance is therefore
dependent on the POME concentration. This implied
that at low POME concentration, light is available
in abundance but the nutrient content becomes
the growth limiting factor. Conversely, when the
nutrients are sufficient at high POME concentration,
additional irradiance is required to offset the high
solids content in POME and the self-shading effect
of increased biomass. In outdoor cultures, especially
in the tropical regions, abundance of light may be
a limiting factor due to photoinhibition. In this
environment, microalgal culture in POME at the
right concentration, may be a possible strategy to
avoid photoinhibition.

Figure 3 illustrated that the specific growth
rate, u obtained at high aeration rate was relatively
better than at low aeration rate, indicating that the
photosynthetic activity was enhanced. Increasing
aeration rate improved the ka and enhanced
the dissolution of CO, in water (Fan et al., 2007),
resulting in more available dissolved inorganic
carbons (DIC) to be assimilated for the carboxilating
activity in photosynthesis and simultaneously
depressed the oxygenating activity of Rubisco
in photorespiration (Yang and Gao, 2003). This
suggested that C. vulgaris UMACCO001 has high
affinity for CO, and high reaction rate of carbonic
anhydrase, both contributing to the enhanced
photosynthesis. Aeration can also prevent a
gradient in irradiance from the periphery to the
inner region of the photobioreactor. The cells
exposed to high irradiance at the periphery will
move from the zone of excess light to the internal
dark zone for dissipating the excess photons in
order to reduce photooxidative damage (Sforza et
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Figure 3. Comparison of specific growth rate of C. vulgaris UMACCO001 between two experiments at different aeration rate under constant palm oil
mill effluent (POME) concentration and irradiance. For each pair of columns, the darker-shaded column has the higher aeration rate.

al., 2012). Nevertheless, results showed that aeration
rate was not significant in maximising Chl-a content
(p>0.05). Despite giving higher growth rate, run #1
and run #5 with stronger aeration, as compared to
run #3 and run #7, respectively, which gave lower
final Chl-acontent probably due to the deficiency
of nutrients at low POME concentration. Yang and
Gao (2003) also reported that increased DIC could
enhance the growth rate of green microalgae,
even when the N and P contents were at growth-
limiting levels. This is likely to be related to the
compensation of elevated DIC for low N condition
and the associated low energy demand for N
uptake. Furthermore, Kim et al. (2014) discovered
that under a given irradiance, C. vulgaris did not
grow significantly with further increase in DIC
concentration above 144 mg Clitre™. It was suggested
that the DIC concentration is the limiting factor for
initial growth at low biomass density, but the light
availability affects the final biomass concentration at
later growth stage due to the shading effect in high
cell density, similar to the observations obtained in
the present study. Alternatively, high aeration of CO,
induces a drop in pH and the activity of carbonic
extracellular anhydrase (CAext). This would affect
the equilibrium of catalytic conversion between CO,
and HCO, by CAext, thus inhibiting the growth
(Tang et al., 2011; Yang and Gao, 2003). Fan et al.
(2007) suggested that the aggravated gas flow rate
tend to lower the bubble retention time, leading
to the escape of CO, to the outlet before efficient
mixing occurred. Therefore, the supplied gas could
not be efficiently used by the cell and the Chl-a
content peaked at 0.3-0.5 vvm as shown in Figures
2a and 2c. Ak, a of 0.001-0.0017 s for 5 % CO,-air gas
(corresponds to 0.11-0.19 vvm for Sparger A) would

504

be sufficient to overcome CO, limitation in the
photobioreactor (Zhang et al., 2002). It is necessary
to optimise the aeration conditions as low CO,
utilisation efficiency at high aeration rate could be
uneconomical for commercial production (Ryu et al.,
2009; Zhang et al., 2002). In addition, an aeration rate
above 0.5 vvm may reduce the growth of C. vulgaris
due to the shear damage by high aeration (Zheng
et al., 2012). This shear stress could be reduced by
using sodium bicarbonate (NaHCQO,) as a buffer to
keep the DIC concentration high at low aeration
rate without affecting the pH of culture conditions
(Kim et al., 2014). Sodium ion concentration should
be kept below 60 millimolars to prevent growth
inhibition of freshwater microalgae. Apart from that,
CO, could also affect the light saturating point and
the recovery from photoinhibition through a repair
mechanism (Yang and Gao, 2003). These suggested
the response of microalgae to CO, is complicated
and involves interactions with other factors such as
light and nutrient levels as presented in this study.

Optimisation and Verification

The optimum values for each variable can be
obtained by the differentiation of Equation (7) to
find the maximum point or estimated using the
‘point optimisation’ method. By using the latter,
technique in the design software, the predicted
optimal condition was carried out to validate the
statistical model. Table 5 shows a significant increase
in Chl-a production with 27.38+0.09 mg litre?, which
is higher than the best conditions designed earlier
(25.40+0.29 mg litre™). The result was in agreement
with the predicted Chl-a value suggesting that
Equation (7) was valid for biomass production. This
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TABLE 5. OPTIMAL CONDITIONS FOR BIOMASS PRODUCTION

Variables Irradiance Aeration rate POMEa Chl-a® content uc
(umol m?s™) (vvm) (%) (mg litre™) (per day)
Designed by model 147.2 0.3 4.0 25.40+0.29 0.788+0.019
Predicted solution 155.0 0.4 5.0 28.19 -
Experimental results 155.0 0.4 5.0 27.38+0.09 0.835+0.014

Note: 2 Palm oil mill effluent concentration.
® Chlorophyll-a.
< Specific growth rate.

optimised condition is based on high irradiance and
aeration rate, both of which may increase the cost
of biomass production. In an outdoor system, light
is freely available and only the cost of providing
aeration is an issue. This cost can be offset by using
a higher concentration of CO, (Zhang et al., 2002),
which can be sourced from flue gas from power
plants and provided at low aeration rate (0.2 vvm)
(Praveenkumar ef al., 2014) or from biogas units used
for anaerobic digestion of POME (Phang, 1990). The
RSM optimised conditions in this study can serve as
the basis for further study in outdoor cultivation of
microalgae in POME.

Lipid Content and Fatty Acid Profile

As shown in Table 6, the lipid contents of
C. vulgaris UMACCO001 cultivated in POME varied
from 7.4 to 29.5 wt% (percentage by dry weight).
High biomass production associated with higher
range of lipid contents (>20 wt%) was observed
in the combined conditions of high irradiance
and high POME concentration (run #6, 8, 9, and
optimal). The higher lipid content is probably due
to enhanced synthesis of neutral lipids in particular
the triglycerides, which serve as stored energy
contributed by the excessive supply of electrons
which result from the over-reduced photosynthetic
electron transport chain under high light condition
(Heetal.,2015). Thelipid accumulation can be further
induced in a second stage of nitrogen depletion,
after the first stage of biomass production in high
nitrogen condition (He ef al., 2015; Praveenkumar et
al., 2014), to suppress the NADPH consumption in
the amino acid synthesis pathways, leading to the
formation of fatty acids (Mallick et al., 2012) that can
be utilised for biodiesel production.

According to Knothe (2005), fuel properties
such as cetane number, oxidative stability and cold
flow, determine the quality of biodiesel and they are
influenced by its fatty acid distribution. The fatty
acid profiles of the C. vulgaris UMACC001 grown in
POME for this work are summarised in Table 6. The
major constituents comprised 57.0-91.7 wt% (wt%
as methyl esters) saturated fatty acids (SFA), 5.2-
28.0 wt% monounsaturated fatty acids (MUFA) and
3.1-16.1 wt% polyunsaturated fatty acids (PUFA). In
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most of the runs, the predominant SFA was palmitic
acid (C16:0), followed by myristic acid (C14:0) and
stearic acid (C18:0). High proportion of these SFA
(57.0-91.7 wt%) will give a high cetane number for
better ignition and lesser formation of white smoke
(Mallick et al., 2012), making the Chlorella lipids
a good source of biodiesel. Studies showed that
cetane number increases with increasing carbon
chain length and decreasing degree of unsaturation
(Knothe, 2005; Ramos et al., 2009). The fatty acids
profile in this study was similar to that of FAME
extracted from C. vulgaris with 57.2 wt% of SFA, 37.5
wt% of MUFA and 10.3 wt% of PUFA (Nascimento
et al., 2013). However, at low temperature, the
solidification of SFA occurs, resulting in clogging
problems and major operational issues (Knothe,
2005). The low temperature properties become worse
with increasing chain length of SFA (Nascimento et
al., 2013; Ramos et al., 2009). Unsaturated fatty acids,
which have low melting points, can improve this
cold flow performance. In order to retain high cetane
number and oxidative stability without negatively
affect the cold flow, an ideal mix of C16:1, C18:1
and C14:0 in the mass ratio of 5:4:1 is recommended
(Schenk et al., 2008). Ramos et al. (2009) has also
reported an optimum concentration range of MUFA
(>50 wt%) to fulfil the similar requirements. The
lipids obtained from Chlorella cultivated in POME in
the present study, is dominated by SFA (57.0 wt%)
and MUFA (26.9 wt%) which satisfy the biodiesel
quality requirements. On the other hand, the
abundance of unsaturated fatty acids reduces the
cetane number and oxidative stability of biodiesel.
Other than the influences from external factors such
as air, heat and metals, the abundance of double
bonds in the compounds make them prone to
autooxidation during storage, causing the fuel to
eventually deteriorate (Knothe, 2005). Table 6 shows
a significant amount of PUFA is present consisting
mainly of linoleic (C18:2), linolenic (C18:3) and
eicosapentaenoic (C20:5) acids. The amount of
C18:3 obtained in this study was <5 % for most of
the runs, which fulfilled the permissible level for
C18:3 (<12 %) according to the European EN14214
standard for biodiesel (Praveenkumar et al., 2014). A
good quality biodiesel may be achieved by a mixed
culture of selected microalgae, appropriate blending
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of oils from different monocultivated microalgae or
with conventional diesel and the use of polymeric
additives. In general, the lipid quality of C. vulgaris
UMACCO001 cultivated in POME can meet the
biodiesel standards and is comparable to previous
reports on C. ovulgaris (Mallick et al., 2012) and
microalgae cultivated in wastewater (Chinnasamy
et al., 2010; Soydemir et al., 2016). C. ovulgaris
UMACCO001 had been suggested as a potential
strain serving as a biodiesel feedstock based on its
fast growth (u = 0.42 per day) and high SFA content
(68.2 wt%) (Vello et al., 2014).

CONCLUSION

This study attempted to answer the question
whether microalgae produced from POME can be a
viable source for biodiesel. Optimising the growth
rate of the desired algae is key to the potential. The
study investigated the effect of sparger pore size and
aerationrate, two important operating conditions, on
the ¢, k a and Re in 5-litre annular photobioreactors.
The results showed that the sparger with the 1 mm
pore diameter produced the highest value of ka.
This was therefore selected to optimise biomass
production. The findings further concluded that
at least 0.2 vvm of aeration was required to ensure
sufficient turbulence to achieve adequate mixing
and CO, supply. The optimisation study employed
a five-level CCD in RSM whereby the growth of
C. ovulgaris UMACCO001 in the photobioreactors
was evaluated using three factors, i.e. irradiance,
aeration rate and POME concentration. The
biomass production was significantly affected by
POME concentration and irradiance, whereas the
aeration rate affected the u. Chl-a content increased
at elevated irradiance level while maintaining the
aeration rate and POME concentration at the central
region of the design range. Maximal Chl-a content
was achieved at 155 ymol m? s' irradiance, 5%
POME and 0.40 vvm aeration. The findings were
proved useful to investigate outdoor production
using annular photobioreactors in the tropical
region where there is strong sunlight. The biomass
production and fatty acid profiles provided strong
indications of the potential use of POME in culturing
microalgae for biodiesel production in a cost-saving
and environmental-friendly manner.
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