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ABSTRACT

The aim of this study is to investigate the extraction of oil from scum obtained from a municipal
wastewater treatment plant. Various parameters such as solvent volume, temperature, agitation
and moisture content were optimized to maximize the oil extraction efficiency using freeze-dried
scum. The oil extraction efficiency was compared for each parameter using hexane and petroleum
diesel as a solvent. The optimum physical parameters for oil extraction using freeze-dried scum
were 759 solids/L solvent, temperature 60°C, agitation 300rpm for 60 min, and maximum oil
extraction efficiency of 100 and 94.3% w/w was obtained using hexane and petroleum diesel,
respectively. The obtained results using 1g of scum were further validated using 1kg of wet scum
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under optimized conditions, and oil extraction efficiency of 94.1+1.3 and 91.3+4.2% w/w was
obtained using hexane and petroleum diesel, respectively. Furthermore, ex situ transesterification
was performed, and results showed that scum had a higher neutral lipid. In brief, scum is a poten-
tial feedstock for the production of biodiesel, and more work on this must be done in future.

Introduction

Alternative technologies for biodiesel production are being
improvised from the past 5 years of research. Biodiesel is
one substitute for petroleum diesel (Ashnani et al., 2014).
Biodiesel has been directly used for automobiles without
any further engine modification, but in certain countries,
biodiesel is blended with petroleum diesel at various levels
(B2%, B3%, B4%, B5% and B10%) (Abedin-et ‘al., 2016).
Consequently, with an increase in biodiesel utilization;
there has been a decrease in greenhouse gas (GHG) emis-
sions as less fossil fuel diesel has been consumed (Abedin
et al, 2016).

Biodiesel is generally produced, by transesterification of
feedstock oil (plant oil, animal fats, cooking oil and other
sources like microbial lipid) with-alcohols in the presence
of a catalyst (Gao_ et al.,2015). Current biodiesel production
depends upon edible oil, and cannot be produced in quan-
tities that can replace fossil fuels due to food versus fuel
issues (Zhu et al., 2014). Further, this high-cost feedstock
contributes up to 80% of biodiesel production costs (Moser
et al, 2016). Biodiesel production using third-generation
feedstocks (microbial lipids from microalgae, yeast and
fungi) could be considered an effective alternative to
replace edible-oil feedstocks due to the high lipid yield
and abundance of industrial waste to be used as a carbon
source for microbial lipid production. Various microorgan-
isms such as Cryptococcus, Chlorella, Yarrowia and
Trichosporon accumulate oil in the form of triacyl glycerides
(TAG) (Bhatia et al., 2016). However, researchers are as yet
unable to establish an industrially feasible technology for
biodiesel production due to highly energy-intensive down-
stream processing as well as the use of cost-intensive
organic solvents for oil extraction. Therefore, an alternative

and low-cost  feedstock s
diesel production.

With the increase of metropolitan and cosmopolitan cit-
ies across Canada, there has been an accompanying
increase in wastewater treatment plants. There are approxi-
mately 2303 municipal wastewater treatment facilities in
the country, serving 36 million people (CCME 2014). In
Canada, significant quantities of dewatered sludge solids
are disposed of using landfills, incineration, underground
disposal and lagoons. Management of the sludge solids
causes environmental pollution and economic stress on
wastewater treatment plants. Some studies have investi-
gated sludge management by decreasing the contaminants
and solids using a membrane reactor, ultraviolet rays, acti-
vated charcoal, etc. (Sepheri et al, 2018; Johnson et al.,
2001). However, the cost of sludge management is one of
the critical challenges for the wastewater industry.
Therefore, an extensive approach is necessary to decrease
the sludge management cost and GHG emissions
(Demirbas et al., 2017).

In the wastewater treatment plant process, primary
sludge is a result of the capture of suspended solids and
organics in the primary treatment process through gravita-
tional sedimentation, typically by a primary clarifier. The
secondary treatment process uses microorganisms to con-
sume the organic matter in the wastewater. The microor-
ganisms feed on the biodegradable materials present in
the wastewater in the aeration tank and then flow into a
secondary clarifier where the biomass settles out and is
removed as secondary sludge. Scum is a floatable material
skimmed from the surface of primary and secondary settler
tanks, especially from the surface of grit chambers in
wastewater treatment plants. It is mainly composed of fats,

necessary for  bio-
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2 S. YELLAPU ET AL.

Table 1. Comparison of solvent recycle using wet and dry scum with hexane or petroleum diesel as solvent.

Recycle (no. of times) Solvent Solvent recovery % (v/v) Oil extraction efficiency % (w/w)
Scum (dry) 0 Hexane 94.1 98.9
1 87.4 94.2
2 80.3 79.1
Scum (moist) 0 99.3 97.2
1 96.9 95.5.
2 95.1 88.1
Scum (dry) 0 Petroleum diesel 95.2 98.6
1 89.2 95.2
2 833 85.5
Scum (moist) 0 99.1 95.9
1 97.3 93.2
2 96.2 91.1

oil, and grease (FOG) which are rich in free fatty acids
(Marufuzzaman et al, 2014) and have a high lipid content
(Bi et al.,, 2015; Sangaletti-Gerhard et al., 2015). The possibil-
ity of using municipal sludge as a feedstock for biodiesel
production is a critical approach to decrease the sludge
management cost. Moreover, there is a significant availabil-
ity of sludge with high oil content in the developed coun-
tries (Wang et al, 2016). The amount of oil present in
sludge varies and is strongly dependent upon the popula-
tion and urbanization of the city (Wang et al., 2015).

Thus, scum is more beneficial for biodiesel production than
primary or secondary sludge. Wang et al. (2016) used freeze-
dried scum solids for oil extraction using hexane as an organic
solvent, and 91.2% (w/w) of oil was extracted. Further, in situ
transesterification to obtain biodiesel from scum sludge
accounted for 57.5 to 64.1% of unsaturated fatty acid esters.
However, utilization of organic solvents can increase the bio-
diesel production cost. Yellapu et al. (2018) investigated pet-
roleum diesel as a solvent for microbial lipid extraction from
wet biomass, with an oil extraction efficiency of 94.2% w/w.
Petroleum diesel is a non-polar solvent with a high boiling
point and has low cost compared with organic solvent.

Therefore, the primary objective of this study-is to develop
a sustainable approach for using scum as a feedstock for bio-
diesel production without the use of any toxic organic solvent.
In this study, petroleum diesel was introduced for the first
time as a solvent, and results were compared using a'standard
solvent (hexane) to separate oil. The effects of different phys-
ical factors (temperature, agitation, time, solids concentration,
solids moisture content and solvent recycling) on oil extrac-
tion efficiency were studied. The separated oil in the solvent
was directly transesterified to biodiesel.

On the other hand, the challenge of this research is
toward the development. of alternate routes for sludge
management in wastewater treatment plant and to intro-
duce a solvent (petroleum diesel) to extract oil from scum,
which can be further transesterified and directly used as a
biofuel without any further blending.

Methodology

Sampling and characterization of wastewater sludge
and scum

Scum was collected from a municipal wastewater treatment
plant located in Quebec City, Canada. Wet scum was trans-
ferred to freeze-thaw trays and freeze-dried for 4 days to
remove the total moisture. After freeze-drying, samples
were used for oil extraction studies. The freeze-dried scum
solids were characterized to determine the metal

concentrations, oil concentration % (w/w) and free fatty
acids (FFA) % (w/w) (Table 1). The chemicals and organic
solvents used in this study were purchased from standard
companies, and petroleum diesel was obtained from a local
gas station in Quebec City, Canada.

extraction from sludge using hexane or
petroleum diesel

The oil extraction was conducted using a modified method as
described by Jarde et al. (2005). The freeze-dried scum solids
were crushed using a‘mortar-and pestle into a powder and
dissolved in hexane or petroleum diesel to extract oil from dif-
ferent sludge samples or scum powder. One gram of scum
powder was weighed in different screw-capped tubes (3cm
width and 50 mL working volume), and 15mL of hexane or
petroleum diesel was added and well mixed. The solvent and
scum-powder mixtures were incubated for 4h at 70°C with
400rpm agitation in an orbital shaking incubator
(Thermoscientific Inc., Canada). After incubation, the total mix-
ture -was filtered using a standard filter with mesh size
125 mm. In the case of hexane as a co-solvent, the filtrate was
transferred into a pre-weighed tube (W,;) and oven dried at
60 °C until constant weight (W,) was obtained. The oil content
% (w/w) of the different freeze-dried scum was calculated as:

co %:M

x 100% Q)

In Equation (1), CO% represents the % of oil content
obtained by the conventional oil extraction method using
hexane as solvent. W; represents the weight of the pre-
weighed screw-cap tube, W, denotes the weight of oven-
dried oil in the pre-weighed screw cap tube, and 1 denotes
the dry scum powder weight in grams. The extracted oil
was stored for further transesterification study.

However, in the case of petroleum diesel as a co-solvent,
the filtered oil present in petroleum diesel (Opq) was directly
used for transesterification without drying. The oil transes-
terified to fatty acid methyl esters (FAMEs) was analyzed
using FT-IR and obtained FAMEs were used to calculate the
weight of the scum oil separated using petroleum diesel.

The total oil obtained by using petroleum diesel was
calculated according to Equation (2):

Oil extraction efficiency of petroleum diesel (% w/w)
= 0p4g/Oc x 100% )

where O is the weight of oil (g) present in 15mL petrol-
eum diesel, and O, is the dry weight of oil (Oc =0.239)
obtained using 1g of dried scum powder with hexane
as solvent.
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Optimization of oil extraction parameters using
dry scum

The physical parameters for oil extraction were optimized
using freeze-dried scum powder. After that, the optimized
parameters for freeze-dried scum were further validated
using 1kg of scum solids concentration.

Effect of temperature

The dried scum samples of 1g each were weighed in dif-
ferent screw-capped tubes and mixed with 15mL hexane
or petroleum diesel. The tubes were incubated at different
temperatures (30, 40, 50, 60, 70 and 80°C) for 4 h with agi-
tation at 400 rpm. After the reaction, the samples were fil-
tered and analyzed as discussed in section 2.2.

Effect of agitation

The dried scum samples of 1g each were weighed in dif-
ferent screw-capped tubes and were mixed with 15mL
hexane or petroleum diesel. The test tubes were incubated
at the optimized temperature of 60°C in an orbital shaker
incubator (Thermo Scientific Inc.) with different agitation
speeds of 100-400 rpm for 4 h. After the reaction, samples
were filtered and analyzed as discussed in section 2.2.

Effect of extraction time

The dried scum samples of 1 g each were weighed in different
screw-capped tubes and mixed with 15mL hexane or petrol-
eum diesel. The tubes were incubated at 60°C temperature
for a different incubation times of 30-240 min with an opti-
mized agitation speed of 300 rpm. After the reaction, samples
were filtered and analyzed as discussed in section 2.2.

Effect of moisture content

The oil extraction process using freeze-dried scum solids is a
highly cost-intensive process; therefore, to save energy the direct
use of wet scum is recommended- to develop a cost-effective
process for biodiesel production. However, the presence of mois-
ture content in the scum solids can affect oil extraction effi-
ciency. Therefore, to check the effect of different percentages of
scum moisture content on the oil extraction efficiency, scum was
initially freeze-dried. Different moisture contents in scum were
adjusted using tap water. The dried scum samples of 1g each
were weighed in different screw-capped tubes, and moisture
contents of 0, 20, 40 and 60% wt were adjusted with tap water.
In another tube, scum without drying (72.9% moisture content)
was added in equal weight to 1g dry scum. Hexane or petrol-
eum diesel at 15 mL/g dry scum was added, and the total mix-
ture was incubated at 60 °C using an orbital shaking incubator
for 1 h with an agitation speed of 300 rpm. After the reaction, the
total mixture was filtered using a 125-mm mesh size filter, and
total filtrate volume was estimated for solvent recovery %.

Solvent recovery % (v/v)
= Filtrate solvent volume/Initial solvent volume x 100

(3)

The filtrate was analyzed for oil content % wt as dis-
cussed in section 2.2.

BIOFUELS . 3

Effect of sludge solids concentration

The different powdered dried scum samples (0.375, 0.75,
1.125, 1.5, 1.87 and 2.25 g) were weighed in their respective
screw-capped tubes with constant solvent volume (15 mL),
and the final scum solids concentration in the tubes was
25, 50, 75, 100, 125 and 1504 solids/L solvent, respectively.
Hexane or petroleum diesel was added to each tube, and
tubes were incubated at 60°C for 4h with agitation at
300 rpm. After cooling to room temperature, the total reac-
tion mixture was filtered and analyzed as discussed in sec-
tion 2.2.

Recycle capability of hexane and petroleum diesel as
a solvent for oil extraction

The dried scum and wet scum (moisture content 72.3% w/
w) samples of 1g and 3.5g (which is-equal to 1g dry
weight), respectively, were weighed in four different screw-
capped tubes in two sets. and further mixed with 15mL
hexane or petroleum diesel. The. reaction was performed
under optimized conditions;. and tubes were incubated at
60°C for an incubation time of 60 min with an agitation
speed of 300 rpm. After the reaction, the samples were fil-
tered using-a 125-mm mesh size filter, and the volume of
filtrate (oil in petroleum diesel or oil in hexane) was meas-
ured for solvent recovery %. After that, 1g of dried scum
or 3.5¢g of.wet.scum was again added into the different fil-
trates (oil in a_solvent obtained by using dry or wet scum)
and incubated under optimized conditions. The samples
were further filtered, and the volume of filtrate was meas-
ured. The same process was repeated 2 more times
(recycled 3 times in total) to increase the oil concentration,
and- this process is known as solvent recycling. The solvent
recovery % and oil concentration in the solvent were calcu-
lated after each cycle as discussed in sections 2.2 and
2.34.

Validation of oil extraction using 1kg scum

The experiment was conducted using a 15-L plastic bucket
(oil extraction reactor) equipped with an agitator and tem-
perature control jacket with knob. One kilogram of scum
(moisture content 72.3%) was added to the oil extraction
reactor, and solids concentration was adjusted to 75g
scum solids/L solvent (hexane or petroleum diesel), then
closed with a tight lid and the container was sealed. After
that, optimum parameters such as temperature 60°C and
agitation 300rpm were controlled, and the reaction was
terminated after 60 min. After oil extraction, the complete
mixture was filtered using an 800-mm standard filter. The
filtrate was collected in a beaker and allowed to settle for
2h, and clear phase separation was observed in two
phases. The top phase consists of scum oil dissolved in
solvent and the bottom phase consists of water with some
residual solids. The top phase was again recycled (0, 1 and
2 times) to extract oil repeatedly and to determine the sat-
uration level of oil to be dissolved (or extracted) in solvent,
and similar steps were followed to those explained above.
After each cycle, the volume of the solvent (hexane or pet-
roleum diesel) was measured, and transesterification was
conducted to determine the oil-to-FAME conver-
sion efficiency.
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Figure 1. Effect of different factors on oil recovery from scum using hexane
or petroleum diesel as solvents: (a) temperature; (b) agitation; ¢) time; (d)
moisture content; (e) scum solids concentration.

Acid transesterification and biodiesel metal
contaminants

The oil samples obtained using hexane or petroleum diesel
were transesterified using acid as a catalyst. Acid catalyst
was used for transesterification due to high free fatty acid
(> 3% w/w) content in the extracted oil. The FAMEs
obtained from oil separated using hexane as a solvent
were analyzed with GC-FID as discussed in our earlier study
(Yellapu et al., 2017). However, in the case of oil separated
using petroleum diesel as a solvent, the obtained FAMEs
were analyzed with FT-IR as discussed by Yellapu et al.
(2018). The obtained FAMEs were characterized for metal
analysis using ICP-AES axial vista.

Results and discussion

The characterization of scum reveals 29.3% w/w oil content
and 12.5% w/w free fatty acid content in the extracted oil,
and the oil was dark brown in color, with density greater
than 1. The high concentration of oil and free fatty acids in
scum was due to the presence of a mixture of FOG, cellu-
lose fibers, hairs and other light solids (Demirbas et al,
2017). Moreover, the density higher than 1 may be due to
contamination of the oil with organic matter from the
scum solids.

Several researchers have reported the presence of oil
content in scum and this may be due to the urbanization
and industrialization of metropolitan cities (Yapicioglu &
Demir, 2017). Qil can be separated from scum with polar
and non-polar solvents. Organic solvents (hexane) are
expensive and cause concerns related to industrial safety;
therefore, an alternative and low-cost solvent (petroleum
diesel) was introduced to separate oil from scum. The oil
extraction efficiency obtained using hexane as a solvent
was considered to be 100%. The oil extraction efficiency
using petroleum diesel as a solvent for scum was 97.8% w/
w. Similar oil extraction results were obtained by Wang

et al. (2016) using a combination of different solvents such
as methanol, hexane, and acetone, and maximum oil con-
tents of 33% w/w were obtained from scum solids using
hexane as a solvent.

Effects of physical and chemical parameters for
oil extraction

Effect of temperature

The oil extraction efficiency curve, illustrating the effect of
different temperatures on freeze-dried scum with hexane
or petroleum diesel as a solvent, is presented in Figure
1(a). The FOG bonded to scum solids was solubilized based
upon the physical characteristics and nature of the oil. The
solubility of oil embedded in the scum' solids increased
with an increase in temperature from 30 to 80 °C with con-
stant reaction time of 4h and 400 rpm agitation, and the
maximum oil extraction efficiency of 98.63+1.1% (w/w)
was obtained at 60°C. Mu-et al. (2016) reported that scum
oil is solid at room temperature, and that temperatures
higher than 40°C can liquefy oil. However, a temperature
higher than 80 °C can cause solubilization of organic matter
into the solvent (hindering the-oil measurement), and it
may also decrease transesterification efficiency.

Karlovic et al. (1992) investigated the effect of tempera-
ture on the kinetics of oil extraction from corn germ and
reported that “increasing the temperature enhances the
capacity of solvents to dissolve the oil because of the ther-
mal energy that overcomes the cohesive and adhesive
interactions. Furthermore, the collision theory states that
two_molecules will only react if they have enough activa-
tion energy (Diphare & Muzenda, 2013). When the mixture
is heated, the energy levels of the molecules increases and
when the molecules are in their excited state, there will be
more collisions between them. As a result, the rate of reac-
tion or decomposition increases. Moreover, the energy
input from heat provides the required energy to break the
intermolecular forces of attraction between molecules,
resulting in easy solubility in organic solvents.

Effect of agitation

The effect of agitation speed on oil separation using hex-
ane or petroleum diesel is presented in Figure 1(b).
Agitation increases the eddy diffusion and the transfer of
FOG from the scum to the solvent (Diphare & Muzenda,
2013). The oil extraction efficiency increased from 64.16 to
98.98% (w/w) with an increase in agitation speed. The max-
imum oil extraction efficiency of 98.29% was obtained at
300rpm with a constant optimum temperature of 60°C
within 4h reaction time. However, for agitation speeds
higher than 300rpm, there was no significant increase in
the oil recovery. The dependence of oil extraction effi-
ciency on agitation shows that mass transfer plays a vital
role in extraction.

Pilusa et al. (2013) reported that the role of agitation is
to break down the grease molecules to liberate oil mole-
cules as well as to increase its active surface area to inter-
act with the solvent. Pilusa et al. (2013) further explained
that once the bonds holding the scum matrix and oil are
broken with the aid of agitation, oil floats in the mixture.
Kadi and Fellag (2001) studied the effect of stirrer speed
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Figure 2. Validation study using 1kg scum with hexane (H) and petroleum
diesel (PD): (a) solvent recovery percentage; (b) relative oil extraction and oil
loss during solvent recycle.

on oil extraction from olive foot cake using hexane as a
solvent. The oil content of 6.9 to 17.7% (w/w) was
extracted at agitation speeds varying from 600 to
1000 rpm. This demonstrates that agitation is a crucial fac-
tor in the separation of oil from the scum or sludge solids.

Effect of time

Extraction time is an important parameter in the design
and operation of extraction processes. The oil extraction
efficiency increased with an increase in incubation. time
(Figure 1(c)). The maximum oil extraction efficiency of
98.97% (w/w) was achieved within 60 min incubation time
at a constant temperature of 60°C with agitation
of 300 rpm.

The increase in extraction time above -60min did not
show any improvement in oil _extraction. Various research-
ers have studied oil extraction from pulverized sludge sol-
ids at different reaction-times, and-the change in reaction
time could be further dependent on specific factors such
as reaction volume, solvent type, condition of solids (wet/
dry) and physical parameters (lbrahim & Hamza, 2017).
Hence, optimization of extraction time is necessary for
every oil extraction process.

Effect of moisture content

The effect of moisture content on oil extraction efficiency
using hexane or petroleum diesel is presented in Figure
1(d). The oil extraction efficiency was similar to that seen
with an increase in moisture content from 10 to 72.3% w/
w using hexane and petroleum diesel as a solvent. Oil
extraction efficiencies of 989 and 97.2% (w/w) were
attained at 10 and 72.3% moisture content, respectively,
using hexane as solvent. Similarly, oil extraction efficiencies
of 98.6 and 95.9% (w/w) were obtained using petroleum
diesel as a solvent with optimum parameters such as tem-
perature 60°C, agitation 300rpm and time 60 min.
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However, the color of the filtrate (oil dissolved in solvent)
was lighter with an increase in moisture content from 10
to 72.3% w/w. After reaction of solvent with scum solids
containing different moisture contents, the solvent recov-
ery percentage increased from 80 to 96% v/v with an
increase in moisture content. This is explained by the fact
that freeze-dried scum solids react with solvent during oil
extraction, absorbing more solvent. The absorption capacity
of the solvent to the sludge solids decreases with increased
moisture content of the solids. Therefore, solvent recovery
% was higher with an increase in moisture content of the
scum solids.

Effect of scum solids concentration

The oil extraction efficiency using different concentrations
of freeze-dried scum solids with hexane or petroleum die-
sel is presented in Figure 1(e). The maximum oil. recovery
was obtained by using 25-75g scum solids/L solvent. After
that, with an increase in-solids concentration from 100 to
1509 solids/L solvent at optimum. values of temperature
60°C, 60min, and" agitation300rpm, a decrease in oil
recovery from 93.5 to 90.8% w/w was observed using hex-
ane as solvent. A similar scenario was found in the case of
petroleum diesel as a“co-solvent. This may be due to the
impact of solids concentration on the energy transfer
between the surfaces of the particles. With higher solids
concentration, the energy requirement for liquid-liquid
separation would be lower. Hence, at low solids concentra-
tion, the interaction between solvent and oil will be higher
(Zhang et al., 2014). Therefore, the optimum solids concen-
tration of scum to achieve maximum oil extraction effi-
ciency was 75 g solids/L solvent.

Recycle capability of hexane and petroleum diesel

The solvent (hexane or petroleum diesel) can dissolve oil
from sludge or scum solids. Reusing the same solvent (fil-
trate) to dissolve oil from scum or sludge repeatedly is
known as solvent recycling. Table 1 presents the effect of
solvent recycling on oil extraction efficiency as well as solv-
ent recovery % using hexane or petroleum diesel as a solv-
ent with dry and wet scum (72.3% w/w moisture content).
The oil concentration in solvent was increased proportion-
ally using hexane or petroleum diesel, and oil concentra-
tion of 18.18, 33.3 and 59.4g oil/L solvent was observed in
the case of dry scum, whereas with wet scum the oil con-
centration was 19.4, 39.3 and 64.2g oil/L during 0, 1 and 2
recycles, respectively. The oil extraction efficiency % (w/w)
and solvent recovery % (v/v) were almost the same for hex-
ane and petroleum diesel. However, wet and dry scum
drastically affected the solvent recovery % v/v and oil
extraction efficiency % w/w at each recycle time. The solv-
ent recovery and oil extraction efficiency decreased by
12-14% v/v and 13-19% v/v, respectively, with increasing
recycle numbers of 0, 1 and 2 using dry scum and hexane
or petroleum diesel as a solvent. However, in the case of
wet scum, the solvent recovery and oil extraction efficiency
decreased by 3-12%w/w and 4-9%w/w, respectively, with
increasing recycle numbers of 0, 1 and 2 using hexane or
petroleum diesel as a solvent. These results indicate that
the solvent was not absorbed in the wet scum solids as
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Figure 3. Comparison of fatty acid profiles of biodiesel obtained from and
scum oil. FAMEs: Fatty acid methyl esters.

the non-polar nature of the solvent prevents the absorp-
tion along with moisture or water which is polar. Therefore,
the use of wet scum for oil recovery can reduce the solvent
contamination in scum solids.

Validation of oil extraction using 1kg scum solids

The optimized parameters were validated using. 1kgof
scum with moisture content of 73.8%. In this study, the
results were almost the same as those obtained using 1g
of scum with hexane or petroleum diesel as solvents, and
oil extraction efficiencies of 94.1+1.3 and 91.3+4.2% w/w,
respectively, were obtained. The recycling capability of hex-
ane and petroleum diesel was validated; the loss of solvent
increased, and solvent recovery % decreased, with each
recycle of 0 to 2 (Figure 2(a)). After each recycle, the rela-
tive oil concentration-in the solvent increased using hexane
or petroleum diesel (Figure 2(b)). However, the maximum
oil concentration of 63.6 g/L was obtained using petroleum
diesel. The relative oil concentration using hexane (57.5g/
L) was lower as compared to petroleum diesel as a solvent.
In Figure 2(b) the relative oil concentration and solvent
recovery % are interdependent. When the number of
recycles was increased, the hexane recovery percentage
decreased compared to that of petroleum diesel, and in
that way the relative oil concentration in the solvent (g/L)
also decreased in the case of hexane. The decrease in oil
concentration can be explained by the physical properties
of the solvent such as boiling point. The boiling point of
hexane is 60°C while that of petroleum diesel is
160-230°C, and in this experiment the optimum tempera-
ture for oil extraction was 60 °C. Therefore, during the reac-
tion (oil extraction) hexane was in the boiling stage and
may have evaporated, and therefore solvent recovery %

decreased during each cycle, which further affected the 683
relative oil concentration. Therefore, petroleum diesel was 684
found to be a more effective solvent for oil extraction 685
from scum. 686
687

. e .. 688

Ex situ t.‘ransestenflcatlon and biodiesel metal 689
contaminants 690
The oil recovered from scum was directly transesterified 691
without any further drying (with solvent). The oil-to-FAME 692
conversion efficiency of scum using hexane and petroleum 693
diesel as co-solvent was 93.3+1.9 and 95.2+1.1% w/w, 694
respectively. Figure 3 shows that oil extracted from scum 222

oil was converted to C18:1 and C18:2. It explains neutral

lipids are high in scum solids. The FAMEs obtained fron 1697
high neutral lipids are highly combustible for L. 698
engine ignition. 699

700

Table 2 displays the concentrations of metals present in

scum solids (g/kg) and the final biodiesel product (mg/L). 701
The concentrations of metals leached during extraction of 702
oil and conversion to_biodiesel- for. scum were different 703
with hexane versus petroleum diesel as a solvent. The con- 704
centrations of metals present in biodiesel obtained by ex ;82
situ transesterification. using- hexane are as follows: bio- 707
diesel obtained from scum: Ca>P > Fe>Al>S > Mg>K 708
The metals were present in low concentrations in the bio- 709
diesel, converted using oil extracted with petroleum diesel 710
as_solvent as ‘compared to biodiesel transesterified using 711
oil extracted with hexane. The final obtained biodiesel was 712
contaminated with metals, which may cause problems for 713
engine ignition. As per biodiesel ASTM D6751, the meta 2714

concentrations need to be less than or equal to ASTM bio-—-7;5

diesel norms (sulfur: 0.05mg/L; calcium: 5 ppm; magnesium: 716
5 ppm; phosphorus: 0.001% mass; sodium: 5ppm) for bio- 717
diesel produced using scum solids. Therefore, to use bio- 718
diesel obtained from sludge in commercial and automobile 719
sectors, further research on purification is underway to 720
remove contaminants using dry washing methods with ion 721
exchange resins such as Lewatit®, DW-R10 and SEPLITE®. 722
723

: 724
Conclusion 75
The scum from a municipal wastewater treatment plant 726
was used for oil extraction, and the obtained oil was trans- 727
esterified to biodiesel. The physical parameters significantly 728
affected the oil extraction efficiency from scum using hex- 729
ane and petroleum diesel as a solvent. The optimized 730
parameters for maximum oil extraction efficiency were 731
temperature 60°C, agitation 300rpm, time 60min and 732
759/L solids concentration. The oil extraction efficiency 733
obtained using hexane and petroleum diesel was almost 734
the same in all cases. The moisture content in solids 735
affected the solvent recovery percentage, but there was no 736
impact on oil extraction efficiency. However, the solvent 737
recovery decreased with an increase in the number of ;;g
cycles, and solvent loss was greatr in the case of hexane as 740
compared with petroleum diesel. 741
Ex situ transesterification without solvent evaporation 747
(oil drying) gave >90% w/w FAME conversion. The pres- 743
ence of metals affected the quality of biodiesel. However, 744

further research toward the purification of biodiesel to


Author Query
AQ13:<bold>:</bold> Figure 3: There appears to be a word missing after “from” in “obtained from and scum oil”. Please check and supply any missing text.

Author Query
AQ12:<bold>:</bold> Please spell out “ASTM” on first mention.

Author Query
AQ11:<bold>:</bold> The sense of the text “It explains neutral lipids are high in scum solids” is not clear. Please change this to “This explains why neutral lipids are high in scum solids” or “This is explained by the fact that neutral lipids are high in scum solids” according to the intended meaning.

Sravan
Sticky Note
Yes, It could be written as:
This is explained by the fact that neutral lipids are high in scum solids

Sravan
Sticky Note
American Society for Testing and Materials 

Sravan
Sticky Note
Please change the figure title as:
 Fatty acid profile of biodiesel obtained from scum oil.

Lalit Kumar
Comment on Text
This should be table 3.


745
746
747
748
749
750
751
752
753
754
755
756
757
758
759
760
761
762
763
764
765
766
767
768
769
770
771
772
773
774
775
776
777
778
779
780
781
782
783
784
785
786
787
788
789
790
791
792
793
794
795
796
797
798
799
800
801
802
803
804
805
806

5

—> Diphare M, Muzenda E. 2013. The effe

BIOFUELS 7

Table 2. Characterization of metals in scum solids and biodiesel obtained using scum oil.

Scum
Metals Scum solid (g/kg) Biodiesel (mg/L) Hexane® Biodiesel (mg/L) Petroleum diesel®
Al 3.55 0.80 0.54
Ca 16.52 372 2.67
Fe 413 0.93 0.51
K 0.98 0.22 0.18
Mg 1.06 0.24 0.15
Na 0.93 0.21 0.15
P 4,62 1.04 0.66
S 3.27 0.73 0.57

After one time recycling solvent for oil separation from scum.

remove contaminants could be beneficial to establish scum
oil as substantial feedstock for biodiesel production.
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