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a b s t r a c t

Activated sludge is a potential feedstock for biodiesel production with co-benefit in waste remedi-
ation and sustainable energy compared to other food-based materials. In this research, the wasted 
activated sludge was examined with in-situ transesterification process. The optimal mass ratio of 
methanol to sludge, H2SO4 catalyst concentration (v/v to methanol) and temperature were investi-
gated as 8:1, 5% and 75°C, respectively. The highest yield was observed at 8 h of retention time being 
5.28%. Three most popular fatty acid methyl esters (FAMEs) were palmitic acid (C 16:0 with 27.76% 
mol/mol FAMEs), oleic acid (C 18:1 with 19.30% mol/mol FAMEs) and palmitoleic acid (C 16:1 with 
16.93% mol/mol FAMEs). The optimal extraction conditions were in congruent with other studies 
with promising FAMEs yield, implying surplus fatty acid content of this local feedstock. The phys-
io-chemical properties of FAMEs needed further improvement to please the standard and commer-
cialization requirement. 
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1. Introduction

The indiscriminate exploitation of fossil fuel has been 
leading to the energy crisis in recent years. Meanwhile, 
the increasing consumption of fossil fuel is condemned 
for amounts of environmental problems. This urges for the 
novel renewable source which can satisfy adverse effects 
on environment and slow down the depletion of fossil fuel. 
Biodiesel, compressed natural gas (CNG), liquefied petro-

leum gas (LPG) and reformulated gasoline have been sug-
gested as replaceable ones. Of these alternatives, biofuel is 
a non-fossil source and researcher has stated its competitive 
quality to diesel fuel and minor requirements for modifica-
tion prior to use [1].

Biodiesel is biodegradable, renewable and safer than 
diesel fuel as it contains less sulfur ingredient. The gener-
ated contaminants (i.e. hydrocarbons, carbon monoxide 
and particulate matters) are significantly less, reported by 
several researches [2]. However, the application of bio-
diesel in diesel engines associated with some problems. 
The engine deposit, injector coking and piston ring sticking 
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might happen due to its high viscosity and low volatility 
[2]. This is tackled by transesterification process to remove 
glycerin from triglycerides and obtain FAMEs. This result in 
the decrease of viscosity as well as the cetane number and 
heating value are unchanged [3].

Biodiesel has been traditionally derived from vegeta-
ble oils or animal fats such as date palm seed [4], rape seed 
and soybean [5]. However, the cultivation of these materi-
als requires an extensive land area. Statistics show that the 
raw materials account for 75% of total biodiesel production 
[3] as well as the concerns for famine risk [6] because these 
resources supplied for industrial purpose. The demand for 
low cost feedstock, consequently, becomes urgently need.

The treatment of domestic wastewater by activated 
sludge processes generates large amounts of wasted acti-
vated sludge (WAS). This kind of biodegradable material 
was legislated in European Union (directive on landfilling 
waste 1999/31/EC) [7] for its stability and health risk issues. 
The reuse of activated sludge, therefore, serves as a sustain-
able alternative fulfilling the demands of pollution control 
and cost efficiency. Composting and nutrient recycling 
methods were an indispensable ones [8]. An innovative 
approach which adopt wasted activated sludge for biodiesel 
production is a promising technique, in term of material 
availability, energy recovery and pollution control [9].

The lipid content of activated sludge is plentiful stem 
from the adsorption of domestic and industrial pollutants 
to the sludge. The contribution of micro-organisms cell 
membranes, metabolites and by products via cell lysis in 
term of phospholipids is also huge. Jardé et al. [10] stated 
the fatty acids of C10 – C18 constituted for a significant 
amount in almost municipal activated sludge. These lip-
ids were potential resources for biodiesel production [11]. 
However, the use of alkaline catalyst in transesterification 
process could form soap which prevent the separation of 
biodiesel from glycerin fraction [3]. Some researchers have 
demonstrated acid catalyst was more adoptable to high 
fatty acid content feedstock such as activated sludge [12,13].

In this research, the municipal activated sludge in Binh 
Hung central wastewater treatment plant (CWTP) in Ho 
Chi Minh city (Vietnam) was used as feedstock for in-situ 
biodiesel production. The extraction parameters (mass 
ratio of methanol to sludge, acid catalyst concentration 
(v/v to methanol) and temperature) were optimized for 
maximum FAMEs yield achievement. The fatty acid profile 
of FAMEs were also analyzed for further comparison with 
other feed stocks. 

2. Materials and methods

2.1. Used materials

The wet concentrated activated sludge samples were 
collected from sludge of thickener of Binh Hung central 
wastewater treatment plant. This wastewater treatment 
plant treated municipal wastewater (141,000 m3/d) using 
conventional activated sludge process. The operating con-
ditions of the aeration tank were F/M ratio of 0.3 g BOD/g 
MLVSS·day and SRT of 9 d. Dewatered sludge produced 
with capacity of 35 ton/d. The characteristics of thickened 
sludge used for this study were 6.55 (pH), 12.48 g/L (total 
solids) and 7.45 g/L (total volatile solids).

The sludge samples were firstly concentrated by set-
tling at 10°C for 24 h. Afterwards, the wet sludge was cen-
trifuged using Universal 320 Hettich Zentrifugen machine 
at 4,000 rpm for 15 min. The dewatered sludge was contin-
ually dehydrated in natural condition for five days (avoid 
sunlight exposure). Subsequently, the dried sludge (DS) 
samples (moisture 10%) were crushed, homogenized and 
stored in the refrigerator at 5°C for experimental processes.

Methanol, sulfuric acid, n-hexane C6H14 and other 
reagents were analytical grade for the in-situ transesterifi-
cation experiments.

2.2. Experimental design

In this study, the effect of mass ratio (methanol to 
sludge), H2SO4 catalyst concentration and reaction tempera-
ture on FAME yield was examined. The value of these fac-
tors was varied and the experimental design was divided 
into three steps. In the first step, the mass ratio of methanol 
to DS was investigated in three ratios of 4:1, 8:1, and 12:1. 
The acid catalyst (H2SO4) concentration was adjusted at 5% 
v/v to methanol, and the reaction temperature was main-
tained at 75°C. In the second step, the optimized mass ratio 
of methanol to sludge from step one was experimented cou-
pling acid catalyst concentration at 3% and 7% v/v to meth-
anol (with temperature remain unchanged 75°C). Similarly, 
the third step was to investigate the optimal temperature 
at 55°C and 85°C, whereas the mass ratio of methanol to DS 
and acid catalyst were fixed with optimal values in the pre-
vious two steps. The FAME extraction yield was examined 
according to retention time of 0.5, 4, 8 and 16 h.

2.3 Analysis

2.3.1. In-situ transesterification

The in-situ transesterification method was obtained 
from Mondala et al. [14]. The transesterification initiated 
with 5 g of sludge sample extracted by combinations of 
mass ratio of methanol to sludge, catalyst concentration 
and temperature as in optimization experiments. From the 
first step of optimization experiment, the amount of meth-
anol and sulfuric acid were calculated based on mass ratio 
(methanol to sludge) and concentration of sulfuric acid to 
methanol, which were 4:1 and 5%, respectively. These vol-
umes were mixed with sludge sample, kept at ambient tem-
perature and well-mixed by magnetic stirring bar. 

Afterwards, a 25 mL volume of hexane was added into 
sample to improve the lipid solubility of the transesterifi-
cation process. The mixture was stirred by magnetic bar, 
connected with condenser at designated temperature in 
optimization experiment (75°C). The reaction time were 
0.5 h, 4 h, 8 h and 16 h for FAME extraction, respectively. 
The loss of methanol and solvent hexane due to evaporation 
was minimized by using a condenser with water at ambient 
temperature (25°C). After reaction, the mixture was cooled, 
added 5 ml of saturated NaCl solution and 50 ml of hex-
ane. Subsequently, it was centrifuged at 400 rpm for 15 min. 
The supernatant hexane phase was withdrawn for further 
extraction while the bottom layer was re-extracted. 

The resulting supernatant solution was washed with 10 
ml of 2% (w/v) potassium bicarbonate (KHCO3) and settled. 
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The upper layer was subsequently dried with anhydrous 
sodium sulfate, filtered and purified by vacuum distillation 
(Buchi R-20 Rotary Evaporator at 320 m bar and 35–26°C). 
The aliquot was analyzed for FAME yield and properties.

The extraction process was continued with others mass 
ratio (methanol to sludge), acid concentration and tempera-
ture as in optimization experiments.

The FAMEs yield (%) was calculated by the ratio 
between fatty acid methyl ester (g) in the product and dried 
solid in the sludge (g) multiplied with 100.

2.3.2. �Analytical methods and determination of FAME 
properties

The FAMEs extraction was identified by gas chromatog-
raphy, modified from Mondala et al. [14]. This gas chromatog-
raphy (GC - Agilent 7890A) equipped with a flame ionization 
detector (FID) and mass spectrometer detector (5975 inert 
MSD). The used column was a DBS Agilent (30 m × 0.25 mm 
× 0.25 µm). The temperature in column was kept at 150°C for 1 
min; increased from 150°C to 250°C at 5°C/ min; maintained at 
250°C for 1 min; ramped from 250°C to 320°C at 20°C/min and 
finally kept at 320°C for 15 min. The detector temperature was 
set at 340°C. The carrier gas was helium He (14 psi) at a flow 
rate of 0.8 mL/min, while the sample injection volume was 1.0 
µL with a split ratio of 100:1. The different FAMEs were identi-
fied based on the data obtained from GC-MS runs, comparing 
retention times with available standard and matching mass 
spectral data to catalog of standards.

The biodiesel sample was analyzed for its fatty acid pro-
file in Petroleum Laboratory-Ho Chi Minh City University 
of Technology.

3. Results and discussion

3.1. Effect of methanol to sludge mass ratios

Lipid and oil can be extracted by various solvents as 
hexane, toluene, ethanol and methanol. The extraction 
with methanol perform a slightly higher yield of fatty acid 
compared to other solvents like toluene and hexane [15]. 

The yield of biodiesel, affected by mass ratio of methanol 
to DS in this experiment, is illustrated in Fig. 1. This, over-
all, increased according to the length of retention time. The 
optimal extraction yield was observed at ratio 8:1 within 
three varieties (i.e. 4:1, 8:1 and 12:1). The retention time 
between 4 to 8 h obtained the significant yield of mass ratio 
8:1, coupling H2SO4 concentration 5% (v/v to methanol) 
and temperature 75°C. The latter exposure time remained 
stable in yield extraction until 16 h. The lack of fatty acid 
after 8 h due to remarkable conversion to methyl esters in 
initial phase responsible for the issue [14]. Some studies 
experienced the similar optimal reaction time at 8 h with the 
involvement of co-solvent methanol and hexane at 55°C, 
methanol to sludge ratio at 10 ml/g [16]. Huynh et al. [17] 
also stated 8 h was an optimal time for FAMEs extraction 
with methanol to sludge ratio at 30 ml/g.

The yield efficiency of mass ratio 4:1 was low due to the 
insufficient amount of methanol; whereas the performance 
of mass ratio 12:1 was initially promising (at 0.5 h); however, 
increased slower compared to mass ratio 8:1 in the subsequent 
phase (after 4 h). The higher methanol concentration of mass 
ratio 12:1 have led to the more dynamic equilibrium at the 
first half hour; but remained steady after 4 h due to the abun-
dant of water in high methanol concentration. Encinar et al. 
[18] and García-Moreno et al. [19] insisted that the redundant 
of methanol was necessary to lead the equilibrium towards 
the generation of FAMEs. The finding also mentioned that the 
overdose of methanol brought difficulty in the separation of 
glycerol and FAMEs; consequently, decreasing FAMEs yield. 
Ma and Hanna [20] suggested the water content should be 
kept below 0.06% (w/w) to optimize the conversion. How-
ever, Mondala et al. [14] investigated that FAMEs extraction 
of primary and secondary sludge were 14.5% and 2.5% with 
methanol to sludge mass ratio at 12:1. The author insisted 
that the high FAMEs yield resulted from the mutual effect of 
other relevant extraction parameters.

With respect to other feed stocks, Ullah et al. [21] stated 
that the highest biodiesel yield was obtained with 15:1 metha-
nol to oil ratio at 160°C in 60 min as converting waste cooking 
oil to biodiesel. di Bitonto et al. [22] in the effort to generate 
FAMEs from municipal wet sewage scum, investigated opti-
mal methanol to sludge ratio was 10:1. The result of this study 

Fig. 1. FAME yield at methanol/sludge mass ratios under 5% (v/v) H2SO4 and 75°C.
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was slightly lower, at 8:1, due to the different characteristic 
of feedstock [23]. The adjustment in methanol to sludge ratio 
was essential to favor the lipid portion of sludge. 

3.2. Effect of sulfuric acid catalyst concentration 

The free fatty acid (FFA) can be transformed into bio-
diesel by acid-catalyzed transesterification. The effect of 
catalyst concentration (H2SO4) on FAMEs extraction was 
apparently similar to methanol to sludge mass ratio shown 
in Fig. 2. The yield efficiency raised with respect to the length 
of retention time. This stabilized at 8 h dealing the same rea-
son with mass ratio variation. The maximum FAMEs yield 
was received at 5% (v/v to CH3OH) of H2SO4. The 7% (v/v 
to CH3OH) of H2SO4 catalyst demonstrated lower extraction 
efficiency. The more acidic environment has better lipid sol-
ubility, bring in higher FAMEs extraction efficiency [24]. 
However, the excess of acid component possible cause the 
degradation of product like 7% (v/v CH3OH) H2SO4 in 
this case. The higher acid catalyst concentration it was, the 
higher possibility of polymerization of unsaturated fatty 
acids/esters happened, causing the depletion of FAME 
yield [12]. This finding agreed with Tran-Nguyen et al. [25] 
that the FAMEs yield increased from 25%, 29%, 30%, then 

decrease to 27%, corresponding to the raise of acid acetic in 
methanol to acid acetic ratio was 4.75:0.25, 4.5:0.5, 4.25:0.75 
and 4.00:1.00, respectively. Mondala et al. [14] concluded 
the 5% (v/v CH3OH) H2SO4 catalyst gave better extraction 
efficiency than 1% (v/v CH3OH) H2SO4, with FAMEs yield 
of minimum 1% and maximum 14%, regardless primary or 
secondary activated sludge.

It was found that alkaline catalysis could provide faster 
reaction; however, it had constrain with high free fatty 
acid feed stock like activated sludge, and required more 
amount of methanol than acid catalyst [3]. Previous study 
has demonstrated the universally applied and investi-
gated of H2SO4 as catalyst in biodiesel production [26]. The 
advantages of acid catalyst were remarkable while it was 
insensitivity to FFAs and water content in oil. Furthermore, 
the transesterification process was simultaneously and 
required less energy consumption [27]. Overall, the result 
of this study was in congruent with other researchers that 
5% of H2SO4 catalyst was sufficient for FAME yield.

3.3. Effect of reaction temperatures

In this study, the optimal temperature was found at 
75°C as shown in Fig. 3. This finding was confirmed by 

Fig. 3. Effect of reaction temperature under 8:1 methanol to sludge mass ratio and 5% (v/v).

Fig. 2. Effect of H2SO4 concentration under 8:1 methanol to sludge mass ratio at 75°C.
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Revellame et al. [12], who conducted a related research 
with variation of temperature (i.e. 45,55,65 and 75°C) and 
concluded the temperature above 60°C can decrease the 
biodiesel yield. The author insisted that the more tem-
perature applied beyond the optimal point, the more 
yield efficiency reduced due to polymerization of unsat-
urated fatty acid. On contrary, Amit [28] found the higher 
temperature increased miscibility of methanol and oil, 
consequently raised reaction rate, and surged the solu-
bility of fatty acid in methanol. Some research conducted 
at high temperature as Tran-Nguyen et al. [25] received 
FAMEs yield 30.11% at 250°C. Huynh et al. [17] got 
FAMEs yield 7.32% at 200°C and 23.47% at 250°C. How-
ever, these authors shortened retention time at 30 min 
and supposed to face with high energy consumption due 
to critical extraction temperature. The optimal tempera-
ture (75°C) in this research was compatible to retention 
time at 8 h. The finding was further congruent with some 
researchers. Mondala et al. [14] investigated optimal 
condition at 75°C, 5% v/v H2SO4, mass ratio methanol 
to sludge 12:1 after t-test data analysis. The reaction tem-
perature ranged from 50°C to 75°C (recommend at meth-
anol boiling point 65°C) with long enough retention time 
7–8 h conducted by authors [12,13,16,29]. 

3.4. Optimization results 

The FAME extraction results from other researches 
are shown in Table 1 with effect of multi-factors in the 
process. The FAMEs yield is not only the result of these 
multi-factors but also depends on the lipid content of cer-
tain sludge sources. According to Olkiewicz et al. [30], 
lipid fraction of primary, blended, stabilized and second-
ary sludge were 25.3%, 21.9%, 10.1% and 9.1%, respec-
tively. The author, however, received limited FAMEs 
yield extraction of 1% of secondary sludge. Similarly, 
Mondala et al. [14] got FAMEs yield of 14.5% and 2.5% 
from primary and secondary activated sludge, respec-
tively. The extraction yield from secondary activated 
sludge in this study (i.e. 5.28%) was noticeable higher 
than others; though the optimal condition was not much 
different. This implies the abundant content of fatty acid 
and oil in secondary sludge of Binh Hung wastewater 
treatment plant (WWTP), which possible to reach 35% of 
sludge [31–33]. Most authors agreed the concentration of 
catalyst H2SO4 was approximately 5% (v/v CH3OH); cou-
pling temperature 55°C to 75°C. The optimal mass ratio 

of solvent to sludge, as methanol in this case, fluctuated 
from 5:1 to 12:1, even reached almost 20:1. The retention 
time was insisted 8 h.

3.5. FAMEs analysis of biodiesel 

Analysis of biodiesel samples in optimal conditions 
indicated the popular occurrence of methyl esters of pal-
mitic acid (C 16:0), palmitoleic acid (C 16:1) and oleic acid 
(C 18:1), which accounted for 27.8%, 16.9% and 9.7% (mol/
mol FAMEs), respectively (Fig. 4). Dufreche et al. [29], con-
ducting a study in Tuscaloosa WWTP (USA), insisted that 
these compounds dominated beyond 35%, 15% and 20% 
(mol/mol FAMEs) of overall FAME products extracted from 
secondary sewage sludge. The finding of Mondala et al. [14], 
likewise, stated the methyl esters of palmitic acid (C 16:0), 
palmitoleic acid (C 16:1) and oleic acid (C 18:1) appeared at 
a significant level of 35%, 25% and 20%, respectively. In this 
study, the FAMEs were slightly lower as the different charac-
teristics of activated sludge in Vietnam’s WWTP.

The other FAMEs were detected at moderate level, 
below 5% each. The FAME in Traiguent WWTP (Chile) 
had a quite similar composition (Table 2), but the percent-
age was considerably less than Binh Hung and Tuscaloosa 
WWTPs. This consistently proved the characteristics of 
sludge strongly affect the FAME ingredient.

Besides triglyceride, fatty acids, phospholipids and 
bacterial lipids; activated sludge contained numerous 
amount of chemical substances (i.e. esters, steroids, 
hydrocarbons, pharmaceutical chemicals), originating 
from human and industrial activities [10]. These cause 
difference in biodiesel quality from activated sludge 
with other feed stocks (i.e. flora and fauna sources). The 
extraction via in-situ transesterification of these com-
pounds made biodiesel quality uncertainty. Specifically, 
the cloud point of biodiesel product in this study was less 
than 5. The kinematic viscosity was 0.484 mm2/s at 40°C 
which was lower than ASTM D445 standard (1.9–6.0). 
Also, the carbon residue (w%) was 0.246 and beyond 
the ASTM D4530 standard (less than 0.05). However,  
the transformation of these contaminants in activated 
sludge is expected to extend the fuel yield [34]. This 
indicated a huge challenge for further research to ensure 
biodiesel quality. Therefore, this study needs further 
investigation in biodiesel characteristics and the influ-
ence of disturbances in activated sludge to biodiesel 
yield and quality.

Table 1 
Comparison of in-situ transesterification with sulfuric acid catalyst

Mass ratio solvent to sludge 
(CH3OH/sludge)

H2SO4 catalyst concentration 
(v/v to CH3OH)

Temperature (°C) Retention time 
(h)

Extraction 
efficiency (%)

References

8:1 5% 75 8 5.28 This study

5:1 – 64.7 – 3.4 [15]

– 1% 50 – 2.76 [29]

12:1 5% 75 8 2.5 [14]

19.8:1* 4% 55 24 4.79 [12]

7.92:1* (xylene as co-solvent) 5% 55 8 9.68 [16]

Note: DS: dried sludge; WS: wet sludge; *Retrieved from VCH3OH/m sludge
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4. Conclusions 

In this study, the biodiesel production from activated 
sludge taken from a sewage central wastewater treatment 
plant in Ho Chi Minh city (Vietnam) was extracted at opti-
mal conditions via transesterification process. Some con-
cluding remarks are withdrawn as follows:

•	 	 The optimal mass ratio of methanol to sludge, 
H2SO4 catalyst concentration (v/v to methanol) 
and temperature were investigated at 8:1, 5% and 
75°C, respectively. This finding mostly agreed with 
other researches. The extraction FAME yield from 
this secondary sludge was 5.28%, which noticeably 
higher than sludge from some other WWTPs.

•	 	 The analysis of methyl esters by gas chroma-
tography unveiled three most popular FAMEs 
were palmitic acid (C 16:0 with 27.76% mol/mol 
FAMEs), oleic acid (C 18:1 with 19.3% mol/mol 
FAMEs) and palmitoleic acid (C 16:1 with 16.93% 
mol/mol FAMEs). 

•	 	 The characteristic of FAMEs highly depended on 
compositions of feedstock, the FAMEs extracted 
from Binh Hung WWTP needed further improve-

ment, in term of physio-chemical characteristics, 
to please the standard and commercialization 
requirement.

The results from this research enlighten a potential of 
activated sludge as a new, cost effective and abundant feed-
stock for biodiesel production with competitive fuel char-
acteristic. A further research regrading production cost and 
economic sustainability is highly recommended.
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