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Abstract
Biodiesel is a renewable liquid fuel consisting of fatty acid methyl esters (FAMEs)
produced from lipid sources. Biodiesel is considered as an alternative to replace
petroleum-based diesel. Generally, biodiesel is produced by reacting vegetable oils
and animal fats with an alcohol in the presence of a catalyst. 70-80% of the overall
production costs associated with biodiesel is the starting material, and there is a need
to find a low-cost lipid feedstock. Extensive research is being conducted on sludge as
a possible lipid feedstock for biodiesel production. It contains various lipids that have
adsorbed onto the sludge. Sludge is available at no cost and can be a promising
feedstock for biodiesel production. The focus in this study was to investigate the lipid
content in the sludge and to find a method for further refining sludge into biodiesel.
The methods used were applied on lipid fractions from sludge available in the Umeå
region. A two-step approach including extraction of lipids followed by conversion of
lipids to biodiesel by esterification and/or transesterification was performed to
determine which type of sludge that was most appropriate for biodiesel production.
The sludge type that was considered to be the most appropriate for biodiesel
production was later used for direct synthesis. The direct synthesis approach was
applied on both dewatered and dried sludge from the chosen sludge type. Analyzes of
the FAMEs obtained from the experiments conducted indicates a similarity between
the lipid content in these sludges and the current feedstocks used.
This in turn means that the quality of the biodiesel that can be obtained from sludge
is of similar quality as the existing biodiesel. This implies that sludge can be seen as a
good potential source of lipids for biodiesel production.

II

List of abbreviations
FAME

Fatty acid methyl ester

FA

Fatty acid

FFA

Free fatty acid

DM

Dry matter

VS

Volatile solids

GC-FID

Gas chromatography coupled to a flame ionized detector

CP

Cloud point

PP

Pour point

CN

Cetane number

CFPP

Cold filter plugging point
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1. Introduction
1.1 Background to the problem
The reducing fossil fuel reserves and more strict environmental regulations have
created a global interest in renewable energy sources. Biofuels are fuels based on
renewable biomass; among the biofuels, including biogas, bioethanol and biodiesel,
the greatest demand is for biodiesel, which is considered as an alternative to replace
petroleum-based diesel. Biodiesel mainly consists of fatty acid methyl esters (FAMEs)
obtained by reacting vegetable oils and animal fats with an alcohol in the presence of
a catalyst. Biodiesel is renewable, less toxic and has low environmental impact
compared to petroleum-based diesel. The used feedstock for biodiesel production
today is from edible oils derived from soybean, sunflower, rapeseed and corn among
others [1]. The downside for producing biodiesel from vegetable oils is that, the
feedstock required competes with the existing food market. According to Pastore et
al. [2] the production of biodiesel is limited due to high raw material costs, and that
80% of the overall production costs associated with biodiesel is the starting material,
that is, vegetable oils. The large quantities of lipid feedstock needed have led to great
interest in cheap alternative lipid feedstocks.
A treatment plant’s main purpose is to clean wastewater and thereby separate
components not appropriate for release into the environment. A key step is the
separation of solid residuals left from the treatment process that is called sludge.
Sludge was originally considered as an unwanted byproduct despite the awareness of
the nutrient content in sludge; the treatment plants’ idea was to get rid of the sludge
through landfill. According to Svenskt Vatten [3] the Swedish treatment plants
produces annually around 200 000 ton sludge as dry matter (DM). The single largest
sludge producer in Sweden is the cellulose industry that produces around 500 000
ton TS each year [3]. There are also other actors within the food industry such as
dairies that contributes to an increased annual sludge production. Naturvårdsverket
(Swedish environmental protection agency) has the ambition that the wastewater
sludge should be reused and returned to the agriculture to close the cycle; this
resulted in that in year 2005 landfill of organic waste was prohibited [4]. A way to
handle the sludge today is to burn it at a separate facility together with waste or
biomass [3]. Another way to handle the sludge is to find possible areas of use, given
the nutrients found.
Today, there is a need to find a low-cost lipid feedstock that does not compete with
the existing food market. Sludge is gaining attention due to the content of lipids, such
as, triglycerides, diglycerides, monoglycerides, phospholipids and free fatty acids
(FFAs) that have adsorbed onto the sludge [5]. It would be beneficial in many ways to
consider sludge as lipid feedstock to obtain FAMEs. The production cost of biodiesel
will decrease since the raw materials are from a low-cost feedstock. The use of sludge
in this way, may also help treatment plants solve issues associated with the large
quantities of produced sludge.
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1.2 Aim of degree project
The focus of this project is to investigate the lipid content in sludge and to find a
method for further refining sludge into biodiesel. The method is intended to be
applied on lipid fractions from:
-Municipal sewage sludge from UMEVA
-Dairy sludge from Norrmejerier
-Activated sludge from SCA in Obbola
A characterization of the lipid content in the different sludge types is necessary to
determine if a future biodiesel production is economically cost-effective. Also
included in the characterization is a two-step derivatization approach for producing
FAMEs from lipids in the different sludge types. The profile of the FAMEs formed
must be investigated in order to determine the quality of the biodiesel produced. The
properties of the triglyceride and the biodiesel fuel are determined by the amounts of
each fatty acid that are present in the molecules. Chain length and number of double
bonds determine the physical characteristics of both fatty acids and triglycerides
Depending on the composition of FAMEs formed during the characterization part,
the sludge type that is considered to be the most appropriate for biodiesel production
will be chosen for a second production approach based on direct synthesis on sludge.
Direct synthesis should be applied to both dried and dewatered sludge to determine if
it is possible to produce biodiesel on site at the treatment plant without lipid
extraction to reduce costs.
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2. Treatment plants
2.1 Treatment plant; Norrmejerier
The sewage plant at Norrmejerier can be seen as a biogas plant since the aim of the
plant is to make the dairy more self-sustaining in energy. The plant was
commissioned in 2005 and is the first plant in Sweden that takes advantage of the
whey and milk residues.
The raw material in the biogas process consists of whey, milk residues and
wastewater. The amount of each and one of the raw materials in to the process varies
from day to day, as this has to do with the production in the dairy.
Wastewater, whey and milk residues from the dairy process are pumped to a
hydrolysis tank where decomposition of large organic molecules takes place. The
material from the hydrolysis is then pumped further to biogas reactors where
bacteria convert the organic materials to biogas. The residence time in the reactors is
around 20 days. The stream out of the biogas reactors then passes through a balance
tank where a continuous stream of digested sludge is removed and returned to the
biogas reactors to ensure that bacteria is kept in the reactors, and the rest is sent to a
centrifuge where the digested sludge and water are separated. The digested sludge is
pumped further to a flocculation tank while the water phase is sent to the wastewater
tank. In the flocculation tank, aluminum chloride is added for binding the free
phosphorus and a flocculation polymer is added for coagulation. The coagulated
biomass self drains from the flocculation tank to the flotation tank where the digested
sludge floats up to the surface with help of air bubbles. The digested sludge is scraped
of and is passed on to the belt filter press where the dewatering of the digested sludge
occurs. The dewatered digested sludge is send to the digester container. The DMcontent in the final digested sludge is around 10-15 % [6].
The grey circle in Figure 1 shows the sampling site at Norrmejerier where all the
samples were collected, more details regarding the sampling will be described in the
Method section.

Figure 1. Simplified flow diagram of the treatment
plant at Norrmejerier.
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2.2 Treatment plant; UMEVA
UMEVA has in total 18 sewage plants within Umeå municipality; the largest plant is
at Ön (a district in Umeå). The plant at Ön receives annually 13 million m3 of
wastewater coming from both households and various activities in and around Umeå
[7]. The main purpose is to separate sludge from the water before it is released to
Umeälven (which is the approved watercourse by länsstyrelsen/authority) [7].
The wastewater treatment at Ön involves three subsequent steps; mechanic, chemical
and biological treatment. The mechanical treatment involves separation of solids and
grease. Incoming wastewater is passed to a fat and sand trap, where sand and gravel
are let to sediment and fat may float to the surface to reduce wear on equipment at
the treatment plant. The wastewater is then piped to a process called chemical
treatment were flocculation polymers are added. The wastewater from the chemical
treatment is piped to the activated sludge basins where the biological treatment takes
place. The treated water is collected to a common channel for a final sampling and
the water is let to pass through a chlorine contact basin before it is released into
Umeälven and the sludge is mixed with sludge from external plants before being
pumped into the digester. The residence time in the digester is between 15-20 days
[8]. Microorganisms in the digester breaks down organic material in the absence of
oxygen to methane gas and carbon dioxide - biogas. The produced biogas is burned in
boilers and the heat is used to heat up the digester and adjacent facilities. Before the
dewatering of the final digested sludge, more flocculation polymer is added to
maximize dewatering to a DM-content of 32%. The plant at Ön produces annually
around 2485 ton digested sludge as DM [8].
The grey circles in Figure 2 shows the sampling sites at UMEVA where all the
samples were collected, the sampling will be described in more detail in the Method
section.

Figure 2. Simplified flow diagram over the municipal
treatment plant at Umeva.
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2.3 Treatment plant; SCA in Obbola
The treatment plant at SCA in Obbola differs from the other two already described
plants in that the plant at SCA only has biological treatment, a so-called activated
sludge plant.
The activated sludge plant in Obbola is divided into three steps; primary
sedimentation, biological purification and final sedimentation. The incoming stream
to the plant consists of process water. The main purpose of the primary
sedimentation is to let the solid contaminants such as fibers, clay and residual bark to
settle and separate from the wastewater. The outflow from the primary
sedimentation tank is sent to a mixing tank where urea and phosphoric are added as
nutrients. Unlike municipal sludge and digested dairy sludge, the activated sludge in
Obbola is poor in nutrients, which therefore needs to be added to keep the bacteria
alive. The sludge then goes on from the mixing tank to an activated sludge tank that
consists of a large aerated basin where bacteria can digest biological material.
Residence time in the tank is 5-7 days. The content in the activated sludge tank is
then piped to the final sedimentation tank. The final sedimentation tank functions in
such way that bacteria that has digested organic material sinks to the bottom of the
tank while purified water flows over the edge of the basin and out to Umeälven- to
recipient. Ideally bacteria with good sedimentation properties is required otherwise
they will float around in the tank and there is a risk of bacteria sludge flowing out
with outgoing water. The activated sludge is piped to a sludge tank. Here, a fraction
of the activated sludge is returned back to the activated sludge tank. The sludge that
is not returned is called excess sludge. Before the excess sludge is sent to dewatering
and centrifugation, which are the final steps in the plant, a polymer is added for
coagulation. The dewatered excess sludge is later transported to a landfill site at Dåva
where it is mixed with horse manure for later use for other purposes [9].
The grey circle in Figure 3 shows the sampling site at SCA in Obbola where all the
samples were collected, more details regarding the sapling will be described in the
Method section.

Figure 3. Simplified flow diagram over the biological
treatment at SCA in Obbola.
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3. Theory
3.1 Lipids
Biodiesel consists of FAMEs that can be produced from different lipid feedstocks.
FAMEs are formed when lipids undergo transesterification or esterification,
depending on what type of lipids the feedstock consists of. It is necessary to briefly
describe the lipids that are commonly used in biodiesel production.

3.1.1 The definition of a lipid
Lipids belong to a class of compounds that consists of carbon, oxygen, nitrogen and
possess both polar and nonpolar groups [10]. Lipids are often defined by low
solubility in water and high solubility in nonpolar solvents, such as hexane,
chloroform and diethyl ether. Lipids are often classified into two groups; compounds
with polar heads and a long nonpolar tail and fused-ring compounds. The first group
includes triglycerides, fatty acids and phospholipids among others and the second
group includes cholesterol as one of the most important fused-ring compounds [10].
Lipids are often found in nature such as in plants, microbial membranes, the human
nervous system and animals.

3.1.2 Different types of lipids
Lipids include a variety of structural types, such as fatty acids, triglycerides,
terpenoids, terpenes, steroids, phospholipids to mention some. In this section only
lipids that are believed most likely to be found in the lipid feedstock for this project,
namely lipids from the different sludge types, are the ones of interest and the ones
that will be considered here.
Fatty acids,
Fatty acids consist of a long hydrocarbon chain and a terminal carboxyl group. They
occur in large amounts in biological systems. The hydrocarbon chain can either be
saturated or unsaturated. Most natural fatty acids have unbranched chains with even
number of carbon atoms (usually 14 to 24) and they are derived from triglycerides or
phospholipids [11]. As triglycerides, fatty acids with saturated carbon chains are
called fats and have higher melting points than the unbranched ones. When a single
fatty acid is not attached to other molecules it is known as a ”free” fatty acid.

Figure 4. The structure of one of the most common
saturated fatty acid, palmitic acid.
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Triglycerides,
Triglycerides consist of a glycerol backbone esterified with three fatty acids. If all
three fatty acids attached to the glycerol are the same, the molecule is called a simple
triglyceride otherwise they are called mixed triglycerides. Plant and animal fat
consists of both simple and mixed triglycerides [11]. Triglycerides made up of largely
saturated fatty acids are solids at room temperature and often referred to as fats.
Triglycerides made up of unsaturated fatty acids are liquids at room temperature and
generally called oils [12]. Triglyceride fats have higher melting points than the oils
since double bonds reduce van der Waals’ attractions between molecules [12].

Figure 5. Tristearin is a simple triglyceride.

Phospholipids,
Phospholipids represent a broad class of lipids that generally consists of a glycerol
bonded to two fatty acid chains and a phosphate group. This class of lipids are one of
the most important lipids and they are essential components of the cell membranes
[10]. All members of phospholipids have highly hydrophilic polar heads (the
negatively charged phosphate group and glycerol) and long hydrophobic nonpolar
tails (usually two long fatty acid chains). Phospholipids are usually formed when the
alcohol groups of a glycerol is esterified by a phosphoric acid rather than by a
carboxylic acid [10]. Some of the most important phospholipids are phosphatidic
acid, phosphatidyl ethanolamine, phosphatidyl choline and phosphatidyl serine.

Figure 6. Structure of phosphatidic acid.

3.2 Fatty acid methyl ester (FAME)
FAMEs are types of fatty acid methyl esters produced by reaction between lipids and
an alcohol usually catalyzed by an acid or a base. In general, when the alcohol used
for this reaction is not mentioned, it is said that fatty acid alkyl esters are formed
during the reaction. Biodiesel primarily consists of FAMEs.
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3.2.1 Esterification
Esterification is when carboxylic acids such as fatty acids, react with alcohols to form
esters. When the reaction is catalyzed by an acid, the reaction is called Fischer
esterification [12]. The mechanism for acid-catalyzed esterification is a nucleophilic
addition-elimination reaction at the acyl carbon atom. The yield of esters can be
increased by use of excess of either the carboxylic acid or the alcohol or removal of
water from the reaction mixture as it is formed [12]. As it can be seen in Figure X, for
each alkyl ester formed by esterification, one molecule of water is also formed.

Figure 7. The reaction mechanism for esterification of a fatty acid with methanol
as alcohol and an acid as catalyst.

3.2.2 Transesterification
Transesterification is when one ester is converted to another ester. Triglycerides can
undergo transesterification since they are already esters.
Transesterification is a method that chemically converts oils/fats to its corresponding
fatty ester. The conversion is done by exchanging an organic group R1 of an ester with
the organic group R2 of an alcohol in the presence of an acid or a base as catalyst [13].
The mechanism for synthetization of esters by acid-catalyzed transesterification is
similar to that for an acid-catalyzed esterification, but water is not formed.
Triglycerides are converted to diglyceride followed by monoglyceride and at last
glycerol. For each step a molecule of a methyl ester of fatty acid is produced [14].
Triglyceride + ROH  Diglyceride + RCOOR1
Diglyceride + ROH  Monoglyceride + RCOOR2
Monoglyceride + ROH  Glycerol + RCOOR3
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The general synthetization of tryglicerides is as followed:

Figure 8. Transesterification of a triglyceride to fatty acids and
glycerol.

Bases can
catalyze the reaction by removing a proton from the alcohol, thus making it more
reactive, while acids can catalyze the reaction by donating a proton to the carbonyl
group, thus making it more reactive.
Several factors affect the yield of transesterification such as the type of catalyst (acid,
base, enzyme), alcohol/lipid ratio, water and free fatty acid content [14]. When
methanol is the used alcohol in transesterification, the process is called methanolysis
and is the most common process for producing biodiesel from oils/fats [14].

3.2.3 Biodiesel fuel properties
Oils/fats from vegetables and animals have too high viscosity compared with
petroleum-based diesel and cannot be used in existing diesel engines due to ignition
problems or engine starve of fuel at low temperatures [15]. The problems with the
high viscosity can be solved in different ways, one common way is by
transesterification [13]. By chemically converting fats to their corresponding fatty
esters, the viscosity of the fats will reduce to near petroleum-diesel levels [16].
Biodiesel has similar properties to those of petroleum-diesel fuel. It is advantageous
in that it is non-toxic, biodegradable, free from sulphur and carcinogenic compounds,
and gives a smoother engine performance [13]. Another benefit is that biodiesel
burns much cleaner than petroleum diesel because it has higher oxygen content [13].
There are some concerns with the performance of FAMEs as fuel in existing diesel
engines. Viscosity is one of the important properties of biodiesel. Viscosity affects the
fuel injection in engine, especially at low temperatures and an increase in viscosity
affects the fluidity of the fuel. However, there are some other properties that also may
influence the quality of FAMEs as an alternative fuel, such as cetane number (CN),
oxidative stability, could point (CP), pour point (PP), cold filter plugging point
(CFPP) [17]. The biodiesel must satisfy low temperature (CP, PP and CFPP)
operability to avoid wax formation which may lead to engine starve of fuel due to
reduced fuel flow.
The CN is one way to measure diesel fuel quality. It specifies the fuel’s ignition delay
between the start of injection and the first increase in pressure during combustion. A
higher CN indicates shorter ignition delay and usually engines operate well with a CN
from 40 to 55 [18]. Parameters such as air, antioxidants and peroxides may affect the
oxidative stability of the biodiesel during storage, which in the end also affect the fuel
quality [17]. The fuel quality and properties of biodiesel must meet EN-14214
specifications in Europe to be counted and be used as a fuel [19]. When the biodiesel
consists of 100% FAMEs the fuel is designated B100 and when it is blended with
conventional diesel to lower concentrations, the percentage of FAMEs sets the B-level
for instance B20 indicates that the fuel consists of 20% of FAMEs [18].
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3.3 DM, Ash and VS
The total amount of solids in e.g. soils, plants, sludge and food when completely dried
is often called dry matter (DM). DM is the amount solid material left after drying
substrate according to a standard method and is given as a percentage of solids of the
total mass. The content in DM is divided in to two parts, one inorganic part called ash
and one organic part called volatile solids (VS), both given in percentage of DM. To
measure ash% and VS%, the already dry sample is incandesced at 550°C for 2 hours.
The organic materials are burned off during heating and left is the ash. The sample is
again weighed to calculate ash% and VS%.
DM% is calculated according to the formula:
DM % = (weight after drying at 105°C/weight before drying) * 100

Ash% is calculated according to the formula:
Ash (% of DM) = (weight after drying at 550°C/ weight after drying at 105°C) * 100

VS% is calculated according to the formula:
VS (% of DM) = 100 - ash

3.4 Soxhlet extraction
Soxhlet extraction is a technique used to extract organic material from a solid. By
refluxing the solvent the solid is washed repeatedly and extracted material drops
down and are collected in a flask.

3.5 Gas chromatography with Flame Ionization Detector
(GC-FID)
In gas chromatography a volatile sample is injected through a rubber septum into a
heated port. This heated port vaporizes the sample. The volatiles can subsequently be
swept through a column by inert carrier gas, i.e. He, H2 or N2. The partitioning of the
solute between the inert carrier gas and the column gives rise to separation, since
compounds are retained in the column for different periods of times depending on
their different affinity for the stationary phase. It is very important to choose the
right type of column as it may affect the separation of analytes and analysis time. The
separated organic species flows with the gas stream to the detector where their
concentrations are measured. In a flame ionization detector, eluate is burned and
carbon atoms produce CHO+ ions in the flame. The number of CHO+ ions produced is
strictly proportional to number of carbon atoms entering the flame [20].
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4 Methods and materials
The practical part of the project was divided into two parts; a characterization part
and a synthesis part. Both parts involves synthesis but the characterization part also
includes analyzes of the chemical compositions of the sludge types. The sampling of
material however was done in the same manner for both parts.

4.1 Sampling
All samples collected from the treatment plants were collected before addition of
polymers, this to eliminate polymers as a source of error and also before the
dewatering step which is the final step in the sludge treatment.
At Norrmejerier the digested sludges were collected before the flocculation tank as
shown in Figure 1, and the samples collected are referred to as dairy sludge in this
report. The correct name would have been digested sludge diluted in wastewater.
The samples from UMEVA were collected from two different sampling sites that are
shown in Figure 2. The first sampling site was at the mechanical purification step.
The samples collected here are referred to as primary sludge, although a more
correct name would be floating grease and fat fraction. The second sampling site
was at the biological purification unit, and the samples collected are referred to as
secondary sludge. A more correct name would have been digested sludge diluted in
wastewater with TS content of 3.4%.
Samples from SCA in Obbola, were collected from the sludge tank (see Figure 3). The
samples collected are referred to as activated sludge, and the correct name would
have been returned activated sludge diluted in process water.
The samples from the different treatment plants were collected in 1000 ml plastic
bottles. New samples were collected prior to each experiment to prevent degradation
of biological material. The sampling taps were allowed to drain for 10 minutes before
sampling to obtain a sample that was as representative and homogenous as possible.
An exception was the samples from the primary sludge from UMEVA, which were
collected manually as can be seen in one of the pictures below, with the help of a cut
off plastic bottle attached to a stick.

Figure 9. Sampling at UMEVA. To the left, collection of

secondary sludge and to the right collection of primary
sludge.
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4.2 Characterization of the sludge types – Part 1
In order to determine which type of sludge is most suitable for biodiesel production,
a rough characterization was done. The chemical composition of the sludges were
also analyzed to determine the suitability for biodiesel synthesis. To avoid the
problems that may arise by direct derivatization on sludge, it was decided to perform
the derivatization in a two-step manner: extraction of lipids followed by
derivatization on lipid extracts.
Consensus is that the results from this derivatization method is to show which type of
sludge that should be selected for part two of this project, that is the direct synthesis
on sludge for biodiesel production.
No pre-treatment of sludge was done.

4.2.1 DM, Ash and VS
The sludge samples were poured into marked beakers and dried in an oven at 105 °C
for 24 hours according to a standard method [21]. After 24 hours the dried samples
were weighed and the DM-values noted and compared with the values that the
treatment plants listed. For ash and VS, the samples were heated in a furnace at 550
°C for 2 hours and the amount of inorganic material left was weighed.

4.2.2 Lipid extraction with Soxhlet
Soxhlet extraction was used since a qualitative and a reliable method for
identification was required. The apparatus used was a Büchi extraction system B-811.
Four extractions of each type of sludge were run simultaneously to achieve replicates
used for statistical calculations.
10 g of dried sludge was placed in each cellulose tube, and to avoid spread of sample,
glass wool was placed both under and above the samples. The solvent beakers were
weighed before 200 ml of hexane was added to each beaker for extraction. Both the
solvent beakers and the cellulose tubes were
connected to the Soxhlet apparatus. The heating
process was set to 15 cycles of extraction,
approximately for 4 hours. After complete
extraction, the solvent beakers were taken out from
the apparatus and were stored in fume hood
overnight and weighed the next day to find out the
extraction yields. The quantification was expressed
as gram of extractable lipids per gram of dry sludge.
The last steps involved dissolving the lipids in
hexane and to keep them in freezer at -20°C until
derivatization. All solvents used were recovered and
later reused. The cellulose thimbles were also
Figure 10. Soxhlet appartus used at
reused.
the SLU lab.
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4.2.3 Derivatization of lipid extract from Soxhlet
This two-step acid-catalyzed derivatization method was taken from M. Olkiewiczet et
al. [22] but it was slightly modified. 50 mg of lipids (obtained from Soxhlet
extractions) from each individual extract were separately placed in 20 ml vials. 1 ml
of hexane was added to each vial to dissolve the lipids before 2 ml of 1% H2SO4 in
methanol was added. All 16 vials were suspended and heated overnight in a heating
block at 50 °C. The next day, 5 ml of 5% NaCl in water was added to recover the
FAMEs and then the FAMEs were extracted 2 times with 5 ml hexane aliquots. All
hexane phases were collected in new vials. To determine the
yield of FAMEs, the vials were kept uncovered in a fume
hood overnight. After recording the yields, 10 ml of hexane
was added to each vial and the FAMEs produced were kept
in a freezer at -30°C and analyzed the next day. This
derivatization method was performed 7 times on two
different occasions. At the first occasion 4 derivatization
attempts were performed and analyzed. 3 additional
derivatizations were made after two weeks to verify the
reproducibility of the derivatization method. The mean of
the runs are presented in the result section.
Figure 11. Vials placed in the
heating block for derivatization.

4.2.4 GC-FID analysis
The FAMEs in the hexane phases were analyzed by an Agilent 7820A GC with a FIDdetector. The column used was a HP-INNOWax 30 m * 0.25 mm * 0.25 um (Agilent
Part No. 19091N-133). Helium was used as carrier gas. Both the injector and the
detector temperatures were kept constant at 260 °C. The injection volume of sample
was 1.5 µl with a split ratio of 20:1. The oven temperature program started at 150°C
hold for 1 minute, increased by 1°C/minute to 160°C, and thereafter increased by 2.9
°C/minute to 260°C hold for 1 minute.
A 37-component FAME standard mixture (SUPELCO CRM47885) was used to make
a three points (including a blank) calibration curve and also a single point calibration
curve. The three standard samples in the three points calibration curve constructed
had the concentrations; 0, 35.29 and 99.7 ppm (ug/g). This calibration curve was
used to calculate the amounts of FAMEs found in the first four derivatizations made
on lipids extracted with Soxhlet. For the rest of the samples analyzed in this study a
single point calibration curve was constructed. Due to software problems the
previously constructed calibration curve could not be used for further analyzes. The
reason why the new calibration curve consisted of a single point is that there was no
more standard mixture available. The concentration of the standard used in the
single point calibration was 176.69 ppm (ug/g). Results of the GC runs were used to
calculate the amounts of FAMEs found in each derivatization.

4.3 Synthesis on dried sludge – Part 2
All syntheses were carried out on dairy sludge from Norrmejerier.

4.3.1 Pre-treatment of sludge
All collected sludge samples were centrifuged for further dewatering with a Beckman
coulter, Allegra X-12R centrifuge at 3175 xg for 10 min. After the centrifugation the
dewatered sludge was dried in oven over night at 105 °C.
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4.3.2 Derivatization on dried sludge
The method carried out was a modified version of C. Pastore et al.’s method [2]. Also
in this method, an acid-catalyzed transesterification was performed. An 8:1 methanol
to sludge mass ratio was used; about 5 g of dried sludge were mixed with 50 ml of
methanol and 0,125 ml of sulfuric acid (96%) in a 100 ml round bottom flask. The
mixture was stirred with a magnetic stirrer and refluxed in a thermostatic bath at
64°C for 4-7 hours. The first attempts were kept for 4h and the last ones for 7h, this
to determine if the reaction time has any influence on the conversion of reactants to
products. After completed reaction, the mixture was allowed to cool to room
temperature and thereafter extracted three times with 10 ml hexane aliquots. All
hexane phases were collected and washed with 5 ml of saturated NaCl water solution
and 2 ml of 2% sodium bicarbonate. The solvent was evaporated from the final
hexane phase to determine the biodiesel yield. In total, 15 synthesis attempts were
performed but only 8 of these attempts succeeded in giving results.

4.3.3 GC-FID analysis
The same GC-instrument and method described in the previously section (section
4.2.5) was used in this part.

4.4 Synthesis on dewatered sludge – Part 2
All syntheses were carried out on dairy sludge from Norrmejerier. This despite the
fact that the results from the characterization part suggested that the primary sludge
was the most suitable sludge type. The choice of sludge for direct synthesis will be
discussed further in the discussion part.

4.4.1 Pre-treatment of sludge
All collected sludge samples were centrifuged for further dewatering with Beckman
coulter, Allegra X-12R centrifuge at 3175 xg for 10 min. After the centrifugation a
fraction of the dewatered sludge was dried in 105 °C for TS while the rest of the
dewatered sludge was used for in-situ derivatization.

4.4.2 Derivatization on dewatered sludge
The method carried out for derivatization of dewatered sludge was also a modified
version of C. Pastore et al.’s method [2]. The sludge to methanol mass ratio used was
the same as for dry sludge, that is 1:8. 25 g of dewatered dairy sludge from
Norrmejerier (TS: 15%) was mixed together with 250 ml of methanol and 1.5 ml of
96% sulfuric acid. The mixture was stirred and refluxed in a thermostatic bath at
64°C for 7h. After the reaction was completed, the mixture was extracted three times
with aliquots of 25 ml hexane. All hexane phases were collected.

4.4.3 GC-FID analysis
Problems with product separation resulted in that neither any yield could be obtained
and nor any analysis could be performed on FAMEs from the derivatization of
dewatered sludge.
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5. Results
The results obtained from the practical experiments are divided into two separate
sections; a characterization part and a synthesis part since the results are
independent of each other.

5.1 Characterization - Part 1
Below are the results from the chemical compositions of the sludges. After drying the
different sludge types the DM-, ash- and VS-contents were obtained. The Tables 1-4
provides the values.
Table 1. Results of DM, ash, and VS content in dairy sludge.
Dairy sludge

% DM

Ash (% of DM)

VS (% of DM)

1

2,46

18,26

81,74

2

2,67

18,23

81,77

Average

2,57

18,25

81,75

Table 2. Results of DM, ash, and VS content in secondary sludge.
Secondary
sludge

% DM

Ash (% of DM)

VS (% of DM)

1

3,95

22,06

77,94

2

3,92

21,78

78,22

Average

3,93

21,92

78,08

Table 3. Results of DM, ash, and VS content in primary sludge.
Primary
sludge

% DM

Ash (% of DM)

VS ( % of DM)

1

1,65

7,93

92,07

2

1,47

7,31

92,69

Average

1,56

7,62

92,38

Table 4. Results of DM, ash, and VS in activated sludge.
Activated
sludge

% DM

Ash (% of DM)

VS (% of DM)

1

0,7803

18,97

81,01

2

0,7527

19,13

80,87

Average

0,7665

19,06

80,94

The results from lipid extractions with the Soxhlet apparatus are given in the Tables
5-8. Also shown in the tables are the amounts of dried sludges used in each extraction
and also the lipid yields.
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Table 5. Extraction replicates performed with Soxhlet extraction. Also shown are the amounts
of extractable material in dairy sludge.
sludge

Dry sludge (g)

Amount extract (g)

% lipids/DM

1

6,144

0,7964

12,96

2

6,234

0,8076

12,95

3

6,126

0,7783

12,70

4

6,127

0,7938

12,96

Average

0,7940

12,89

Standard deviation

0,01046

Table 6. Extraction replicates performed with Soxhlet extraction. Also shown are the amounts
of extractable material in secondary sludge.
Secondary sludge

Dry sludge (g)

Amount extract (g)

% lipids/DM

1

6,034

0,7469

12,38

2

6,026

0,7584

12,58

3

6,047

0,7299

12,07

4

6,041

0,7322

12,12

Average

0,7419

12,29

Standard deviation

0,01157

Table 7. Extraction replicates performed with Soxhlet extraction. Also shown are the amounts
of extractable material in primary sludge.
Primary sludge

Dry sludge (g)

Amount extract (g)

% lipids/DM

1

3,047

1,130

37,08

2

3,069

1,170

38,13

3

3,077

1,160

37,71

4

3,073

1,154

37,56

1,154

37,62

Average
Standard deviation

0,01480

Table 8. Extraction replicates performed with soxhlet extraction. Also shown are the amounts
of extractable material in activated sludge.
Activated sludge

Dry sludge (g)

Amount lipids (g)

% lipids/DM

1

4,061

0,1874

4,614

2

4,069

0,1818

4,467

3

4,064

0,1795

4,417

4

4,064

0,05321

1,309

0,1505

3,702

Average
Standard deviation

0,05624

To summarize the yield of lipids extracted with Soxhlet, the mean values of the four
replicates performed on the different sludge types are represented in Table 9.
Table 9. Comparison between extracted lipid yield from the different sludge types.
Sludge type

% lipids/TS
(Average value)

Dairy sludge

12,9

Secondary sludge

12,3

Primary sludge

37,6

Return sludge

3,70
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All lipid fractions extracted with Soxhlet were later derivatized. Tables 10-11 show the
mean yields of all derivations from the different sludges. The yield specified refers to
the amount of formed FAMEs (given by the GC-analyzes) divided by the amount of
lipids used for derivatization.
Table 10. Yield of FAMEs from derivatization on lipid extracts. All values in the table are average
values based on the first four derivatization attempts and GC analyzes.
The first four
derivatization
attempts performed
on

Amount of lipids used
for derivatization (mg)

Amount of FAMEs found
in the extracted material
(mg)

Yield
(wt%)

Dairy sludge

53,5

(Obtained from GC)
33,7

63

Secondary sludge

47,3

25,0

53

Primary sludge

50,3

24,9

49

Activated sludge

Table 11. Yield of FAMEs from derivatization on lipid extracts. All values in the table are average values
based on the last three derivatization attempts and GC analyzes.
The last three
derivatization
attempts performed on

Amount of lipids used
for derivatization (mg)

Amount of FAMEs
found in the extracted
material (mg)
(Obtained from GC)
11,7

Yield
(wt%)

Dairy sludge

60

20

Secondary sludge

61

8,0

13

Primary sludge

60

8,9

15

Activated sludge

47

8,2

19

Figure 12 shows the constructed three points calibration curve used in the first
analyzes and Figure 13 shows the chromatogram for the highest calibration point (the
single point calibration curve) made from the 37-component FAMEs standard
mixture. The elution patterns of FAMEs in the standards were compared with a
reference chromatogram of Supelco 37 component FAME mix on an Omega 250
Column, a phase of similar polarity to the HP-INNOwax column used. This made it
possible to identify all the FAMEs in the chromatogram.

Figure 12. The constructed two points calibration curve used for the first analysis.
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Figure 13. Chromatogram of the FAME components in the highest calibration point (the single point
calibration).

The Figures 14-17 shows chromatograms from FAME analysis with GC-FID. The
identified peaks that are believed to be the same in all four chromatograms are
marked with the same colors for clarification.

Figure 14. FAME composition from derivatization on
dairy sludge from Norrmejerier

Figure 16. FAME composition from derivatization on
primary sludge from UMEVA.
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Figure 15. FAME composition from derivatization on
secondary sludge from UMEVA.

Figure 17. FAME composition from derivatization on
activated sludge from SCA in Obbola.

Table 12 provides some basic information about the major components obtained.

Table 12. Major FAMEs in biodiesel obtained from derivatization on the different sludge types.
Retention
time (min)

Number of
carbons and
saturation

Compound Name

Molecular
Formula

Molecular Weight
(g/mole)

10

C14:0

Myristic acid

C14H28O2

228.38

17

C16:0

Palmitic acid

C16H32O2

256.43

23,5

C18:0

Stearic acid

C18H36O2

284.48

24,5

C18:1

Oleic acid

C18H34O2

282.47

Concentrations of the major FAME compounds formed during the seven
derivatization attempts on extracted lipids from the different sludge types are shown
in Figures 18-21.

Concentrations of the major biodiesel
components found in derivatized lipids
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Figure 18. Compositional profiles of FAMEs
from dairy sludge.
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Figure 19. Compositional profiles of FAMEs
from primary sludge

Concentrations of the major biodiesel
components found in derivatized lipids
from secondary sludge

Concentrations of the major biodiesel
components found in derivatized lipids
from activated sludge
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Figure 20. Compositional profiles of FAMEs
from secondary sludge
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Figure 21. Compositional profiles of FAMEs
from activated sludge
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5.2 Synthesis – Part 2
5.2.1 Synthesis on dry sludge
Of the 15 synthesis attempts performed, only 8 succeeded to give any results. The
syntheses attempts that failed has not been presented but will be regarded in the
discussion part.
Table 13 shows the amount of dry dairy sludge used for each derivatization and the
overall biodiesel yields obtained. The biodiesel yields are based on weight of dry
sludge used, and here the yields refer to the amount of extractable material after
completed derivatization. The actual amounts of FAMEs found in the extractables
were later given by the GC-analyzes.
Table 13. Amount of sludge used for each synthesis and the biodiesel yields, both gravimetrically and
through GC-analysis from the derivatizations are listed.
Synthesis

Reaction time

Amount dry sludge

Amount biodiesel

Yield

(h)

(g)

(g)

(wt%)

Amount of
FAMEs
(mg)

1

4

5.05

0,608

~ 12

37,7

2

4

5.04

0,5694

~ 11

34,1

3

4

5.04

0,5387

~ 11

33,4

4

4

5.01

0,481

~ 10

29,3

5

7

5.0

0,4895

~ 10

30,2

6

7

5,04

0,609

~ 12

38,2

7

7

5,02

0,5571

~ 11

34,6

8

7

5,03

0,6026

~ 12

36,1

The Figures 22-29 show the chromatograms for the FAMEs obtained by the
derivatization attempts on dry dairy sludge. Also here, the identified peaks that are
believed to be the same in all the eight chromatograms are marked with the same
colors for clarification. The chromatograms shows that the compositional FAME
profiles are almost the same in all the attempts performed with respect to the methyl
esters formed and their concentrations, apart from syntheses 1 and 6. The
chromatograms for these show higher amount of the last eluted peak.
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Figure 22. Analysis of FAMEs obtained from synthesis # 1

Figure 23. Analysis of FAMEs obtained from synthesis # 2

Figure 24. Aanalysisof FAMEs obtained from synthesis # 3 Figure 25. Analysis of FAMEs obtained from synthesis # 4

Figure 26. Analysis of FAMEs obtained from synthesis # 5

Figure 28. Analysis of FAMEs obtained from synthesis # 7

Figure 27. Analysis of FAMEs obtained from synthesis # 6

Figure 29. Analysis of FAMEs obtained from
synthesis #8
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Figure 30, shows the compositional profiles of FAMEs formed during the 8 synthesis
attempts on dried dairy sludge. Table 14 shows the exact concentrations of the
obtained FAME components. As it can be seen in Table 14, concentrations of the
different FAME compounds formed during the performed syntheses are in the same
regions.

Concentrations of the major biodiesel components
formed during derivatizations
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Figure 30. Compositional profiles of FAMEs obtained from syntheses on dried dairy sludge.

Also shown in the compositional profiles from the syntheses attempts is the variation
in the resulting methyl esters concentrations. Only a small variation can be seen in
the FAME concentrations from the different synthesis attempts, which indicates that
the method has a good reproducibility.

Table 14. Concentrations of the major FAME components formed during syntheses on dried dairy
sludge. S stands for synthesis.

Components
(acid methyl esters)

S1

S2

S3

S4

S5

S6

S7

S8

ppm
(w/w)

ppm
(w/w)

ppm
(w/w)

ppm
(w/w)

ppm
(w/w)

ppm
(w/w)

ppm
(w/w)

ppm
(w/w)

Lauric, C12:0

137,9

141,8

145,4

142

140,8

138

146,5

140,3

Myristic, C14:0

1043,4

930

1178,6

979,6

1103

1039

11837

1100,3

Palmitic, C16:0

4295

3832,5

4778,9

4064

4378

4261,1

4787,9

4369

Stearic, C18:0

1196,9

1270,6

1313

1133

1183

1184

1313,9

1180

Oleic, C18:1

853,7

754,5

732,6

810,9

868

845

821,2

864,9

Erucic C22:1n9

151,1

109,6

120,7

111,4

150

117,3

121

126,6

Cis-4,7,10,13,16,19Docosahexaenoic,

125,97

138,7

154

111,8

117,4

128

136

137,5

C22:6n3
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One analysis was performed on underivatized lipids from dairy sludge to find out if
any FAMEs could be found in the lipids from the start. The lipids extracted from
dairy sludge by Soxhlet were dissolved in hexane and injected into the GC.

Figure 31. Chromatogram for the underivatized lipids.

As it can be seen from the chromatogram, the components are different from the
ones obtained from derivatization on dried sludge. The components are believed to
be the carbon chains C20:3n6 (cis-8, 11,14-Eicosatrienoic), C22:2 (cis-13, 16Docosadienoic), C22:6n3 (cis-4, 7, 10, 13, 16, 19-Docosahexaenoic) and C24:1n9
(Nervonic), the concentrations of each and one of them are listed in Table 15.

Table 15. Concentrations of the components found in the underivatized lipids.
Component

Amount ppm (w/w)

C20:3n6

1256,8

C22:2

1487,6

C22:6n3

674,5

C24:1n9

1273,4

5.2.2 Synthesis on dewatered sludge
The synthesis on dewatered sludge was carried out three times
but due to problems with product separation during extraction,
all the attempts failed to give any results. The idea with the
extraction was to separate the hexane phase with the lipids from
the methanol/glycerol phase, but due to soap formation and
formation of a new powder solid in the mixture after
derivatization, the separation failed each time. The powder solid
formed may be some kind of sulfate salts such as CaSO4 and
NaSO4 but the powder was never analyzed. The problems with
soap formation and the powder solids that arose each time
resulted in that no product yield could be estimated or analyzed.

Figure 32. Soap formation
during one of the attempts
on dewatered sludge.
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6. Discussion
6.1 Sampling
It is possible to discuss if the sampling method used in this study was the most
appropriate method with regards to sample contaminations and the samples being
representative enough. Were the samples collected homogeneous? Should the
samplings been performed in a time proportionally manner rather than randomly to
get a more systematic picture of the sludge content from each treatment plant? In the
case of homogeneity, the samples taken were considered homogenous and
representative since they were taken from sampling taps linked to sludge tanks with
stirring and allowed to flush for 10 minutes before samples were taken.
To avoid contamination of the samples, the sludge should have been collected in glass
bottles rather than in plastic bottles since there is a risk of contamination by
substances usually included in plastics. The bottles used were HDPE-plastic so the
risk of contamination is very little but should not be excluded. The sampling was
performed in a random manner, meaning that samples were taken from the different
plants when needed. Unfortunately, this method of sampling gives no systematic
view of the sludge content. Sampling plans should have been made before the
sampling took place. This to ensure that the values obtained are near the true values
of the processes with respect to the variations that may exist. It is very important to
get a proper insight of the sludge content in order to optimize the use of the sludge.

6.2 Characterization-Part 1
Pre-treatment of sludge
No pre-treatment of the sludges were made in the laboratory in order to ensure the
ability to perform synthesis on fractions taken directly from the basins, before
coagulation polymers had been added or some other treatment that treatment plants
perform.
DM-, Ash- and VS%
DM-values obtained by drying the sludges in the characterization part differ from the
values reported from the treatment plants. Here, the sludges did not undergo any
sample pre-treatment such as centrifugation in the laboratory. The sludge were
directly poured into beakers and dried in an oven according to the standard method.
Treatment plants often perform pre- treatment of the sludge to make it more
manageable. This is often done by thickening and dewatering which are important
sub-steps to reduce the water content, volume and weight of the sludge to make it
less space consuming. The average DM-values obtained from dairy sludge, secondary
sludge, primary sludge and activated sludge are 2.57%, 3.93%, 1.56% and 0.77%
respectively. The values reported from the treatment plants are; a DM of ~15% for the
dairy sludge, a DM of 3.14% for the secondary sludge and no figures for primary
sludge since UMEVA does not perform any analysis on the primary sludge and a DM
value of 20% for the activated sludge. The reason for these large differences between
the values obtained in this study and values reported by the treatment plants are that
the treatment plants measure DM after addition of a flocculation polymer and the
dewatering step.
The VS-values show that all sludge types contain high amounts of organic material.
The highest amount of organic material was found in the primary sludge, which is
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clearly reasonable since primary sludge almost only consists of floating grease and
fat. Activated sludge and dairy sludge both contained around 80% organic material.
The fact that activated sludge consists of bacteria and that the dairy sludge consists of
large volumes of milk and whey residues makes the obtained values to seem feasible.
The proportion of lipids in the organic material found in the dried sludges is
unknown and such analysis was not performed. In retrospect, perhaps analysis of the
exact lipid content should have been performed. The only information VS-content
gives is the amount of organic material, nothing about how much of the organic
material that actually are lipids. It is in fact the amount of lipids that is interesting
and of importance for the biodiesel production.
Extraction with Soxhlet
Due to time restraints and the need to start the practical parts of this project as soon
as possible hexane was chosen and used as solvent for the Soxhlet extractions. No
further investigation was done to find out if hexane was the most appropriate solvent
or if some other solvent should have been used. The solvent of choice is known to be a
strong and a good solvent for greasy solutes, since it is a nonpolar solvent containing
C-H bonds and dissolves most of the nonpolar solutes [23]. However, Dufreche et al.
[24] claim that the largest extraction yields of lipids and conversion to biodiesel is
obtained by a mixture of 60:20:20 v/v% hexane/methanol/acetone compared to
other solvents. This theory was never tested in this study but had time allowed, it
would have been interesting to carry out and compare the extract yields.
The four replicates extracted from each sludge type show almost no variation in the
amount of extracted lipids (extractables). The standard deviations for each extraction
set were low, which indicates that the obtained amounts of extracts are close to their
means. These values demonstrate that the extraction method is reliable and that the
sludge samples were homogenized thoroughly before extraction. It also indicates that
the samples used in each extraction thimble are representative and characteristic of
the collected sludge.
As it can be seen in Table 9, the primary sludge achieved the greatest yields of
extractable material (37.6%) followed by dairy sludge (12,9%), secondary sludge
(12,3%) and activated sludge (3,70). The amount of extracted lipids are consistent
with the content of organic matter in each sludge type, the primary sludge had the
highest content of organic material and highest yield of lipids extracted followed by
the dairy sludge. However, the activated sludge contained more organic material than
the secondary sludge but had the lowest lipid yields. It was expected that the
activated sludge would have much higher lipid yields than obtained.
Derivatization/transesterification of lipid extracts
In the chosen derivatization method, an acid-catalyzed transesterification was carried
out. Even though a base-catalyzed transesterification is much less time consuming
and more widely used for biodiesel production than the acid-catalyzed
transesterification, the base-catalyzed transesterification is very sensitive to FAs and
water in the feedstock [14]. If water and FAs are present in the feedstock when a base
is used as catalyst, the transesterification yield will be inhibited due to soap
formation. Saponification in turn, prevents the product separation, which is a great
disadvantage. And also, when a base is used as catalyst, only transesterification of
triglycerides and phopholipids is possible and no esterification of the FAs will take
place [14]. An acid catalyst on the other hand, can be used to both catalyze
transesterification and esterification this according to N. Siddique et al. [14].
C. Pastore et al. [2] claims that the choice of catalyst for biodiesel production depends
on the quality of the raw material. For raw materials with low FA content
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a base should be used as catalyst, and for raw materials with high FA content an acid
should be used as catalyst [2].
There was no knowledge of what type of lipids or the amount of each lipid found in
the extracted materials in this part of the project, but based on some articles [14, 22,
25, 26] that claims, that these type of sludges have high content of FAs, the choice of
catalyst was made to take advantage of the FAs that may be present and also to avoid
saponification. Jardé et al. [25] studied 48 samples of sludge from different plants
such as domestic sludge, sludge from paper mills and food-processing (dairy) sludge.
They claim that two major families of compounds were found in all sludge types; FAs
and steroids and that FAs constitute the predominant part of the lipids in all sludges,
regardless the origin of the sludge.
The derivatization method used was performed without any difficulties. FAMEs
formed during derivatization were a bit difficult to separate from the
methanol/glycerol as everything was performed in very small volumes. The
derivatization method was done 7 times to discover if the method is reliable and to
discover any deficiencies with the method or the performances.
FAME analysis of biodiesel produced from the different sludge types
The Three points (including blank) calibration curve and the single point calibration
curve used, were not the ideal. The Supelco 37 component FAME standard mixture
purchased only contained 1 ml of standard which made it difficult to prepare a good
calibration curve with concentrations covering the range of the concentrations from
the samples. Ideally, the calibration points (concentrations) should be established so
that the majority of the sample concentrations analyzed should fall towards the
center of the calibration range. The center of the calibration range is the area that the
uncertainty of predicted concentrations of the samples analyzed is as its minimum.
The most concentrated point in the calibration curve was lower in concentration than
the concentrations in the highest peaks in the samples. The samples should have
been diluted before injected to the GC. The correct way would have been to run some
samples and the standard with the set method, and from the chromatograms get a
hint about the FAME concentrations in the samples compared to the concentration in
the standard and adjust the dilution of samples accordingly. But since there was not
enough standard it was decided to make a five points calibration curve and if possible
rely on the extrapolation of the curve even though extrapolating beyond measured
calibration points increases uncertainty. From an analytical perspective, the use of
internal standard should have been the correct way to analyze the samples. Besides
giving the most stable and reliable concentrations, corrections for loss of analyte
during sample preparations would have been accounted for.
The gravimetric yields indicates the amount of extractable material from the
derivatization, and in many articles, this is indicated as the yield of biodiesel.
However, the true amounts of FAMEs in the extractables were obtained by GCanalyzes. From the values listed in Table 10, it is seen that for the four first
derivatization attempts the conversion of lipids to methyl esters are around 50% or
higher for all the sludge types. This means that 1/2 of the gravimetrical yield most
probably consists of other organic materials that also have been extracted, this goes
for all derivatization attempts. Why the conversion of lipids to methyl esters is not
higher may be due to interactive effects between methanol to sludge mass ratio and
the amount and concentration of the acid. These factors need to be optimized to
improve the yield of FAMEs.
When comparing the results from all of the chromatograms obtained (Figures 14-17),
it was obvious that the same major FAME components occurred in all the
derivatization attempts, both in-between samples of the same sludge type and from
the different sludge types. The major FAME components were identified to be the
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C14:0 (Myristic), C16:0 (Palmitic), C18:0 (Stearic) and C18:1 (Oleic) acid methyl
esters. M.N. Siddiquee, S. Rohani [14] claims that biodiesel from wastewater mostly
consists of the C16:0, C18:0 and C18:1 acid methyl esters. This is consistent with the
chromatograms obtained where peaks for these compounds can clearly be seen. S.K
Hoekman et al. [18] claim that, the typically dominating FAMEs in biodiesel
regardless the source of lipids are; palmitic acid (C16:0), stearic acid (C18:0), oleic
acid (C18:1), linoleic acid (C18:2) and linolenic acid (C18:3).
The compositional FAME profiles from each sludge type shows the concentrations of
FAMEs obtained from the replicates performed. The concentrations of the FAMEs
vary between derivatization attempts performed on the same sludge type. From the
compositional FAME profiles a large variation can be seen between the four first
derivatizations and the three additional derivatizations performed later. This
indicates a poor reproducibility of the method. The variation seen is partly due to
lipid extractions, derivatization extractions and also the performed analysis. Most
likely is that the derivatization extractions and the GC-analyzes have the greatest
impact as lipid extractions showed to be a reproducible method. It is obvious that, the
FAMEs are of equal length and the concentrations of them are in the same region in
all the sludge types. In all sludge types, the C16:0 carbon chain had the highest
concentrations and C14:0 carbon chain the lowest.
Quality of the biodiesel
The compositional profiles of FAMEs determine the quality of the produced
biodiesel. The physical and chemical properties of the biodiesel must, as mentioned
earlier, meet EN-14214 specifications in Europe to be regarded and used as a fuel.
When it comes to determining the quality of the biodiesel, there are some important
properties of FAMEs that have influence on the quality (properties mentioned in
section 3.2.3). S.K Hoekman et al. [18] have investigated the influence of these
different properties of FAMEs and how they may affect the biodiesel quality. They
claim that, properties like oxidative stability is one of the most important fuel
properties and that higher unsaturation of the FAMEs leads to poorer stability due to
oxidative degradation [18]. The low temperature properties that include CP, PP and
CFPP are also very important properties that have major impact on the quality. The
presence of long-chain, saturated FAMEs (saturated FAMEs longer than C12) present
in the biodiesel fuel increases CP, PP and CFPP, which results in poor low
temperature properties [18]. Biodiesel generally has higher viscosity than
conventional diesel, and the viscosity of the biodiesel increases with increased FAME
carbon number [27]. But S.K Hoekman et al. claims that the degree of unsaturation
influences the viscosity more strongly than the FAMEs carbon number [18], and that
higher unsaturation leads to lower viscosity and that the location of the double bond
within the FAME has little influence on viscosity. In terms of CN, biodiesel fuels have
excellent CNs due to their content of straight ester-chains. The density of FAMEs also
affects the biodiesel quality, with increased degree of unsaturation, the density of the
biodiesel will also increase [18]. After examining the specific properties that influence
the biodiesel quality, S.K Hoekman et al. [18] deem that, low temperature
performance properties and the oxidative stability are the two properties that have
the most influence upon the overall biodiesel quality.
All sludge types produced biodiesel with saturated FAMEs (C14:0, C16:0 and C18:0)
and when evaluating the quality of the biodiesel produced, it is difficult to make any
assumptions regarding the actual quality. A compositional profile of saturated
FAMEs, such as in this case, is beneficial with respect to the density and the oxidative
stability of the biodiesel but very poor with respect to the viscosity and low
temperature performance. A fuel that gives rise to biodiesel with poor cold flow
properties and high viscosity cannot be regarded as optimum with respect to in-use
performance. According to the authors [18] blending of biodiesel with conventional
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petroleum diesel can improve some properties but also worsen others. They claim
that increasing B-levels of biodiesel can improve the oxidative stability but worsen
the viscosity, density and the low temperature performance. For a good low
temperature performance biodiesel with low viscosity and density, low
concentrations of saturated FAMEs are required and for a good oxidative stability,
high concentrations of saturated FAMEs are required. With respect to the properties
needed to provide biodiesel with high quality, it seems difficult to find feedstocks
with optimum FAME composition. Based on FAMEs formed during the
characterization part it is clear that none of the sludge types produced good quality
biodiesel given that the largest portion of the FAMEs consisted of saturated esters.
Due to influence of FAME composition upon biodiesel properties, research has been
conducted to optimize biodiesel quality with respect to oxidative stability and low
temperature performance [18]. The optimum composition should have low levels of
both saturated- and poly-unsaturated FAMEs to maximize oxidative stability and
issues associated with low temperature performance, and high levels of monounsaturated FAMEs such as palmitoleic acid (C16:1) and oleic acid (C18:1) [28].
Some authors claim that the mono-unsaturated FAMEs are the best-suited acids in
terms of low temperature performance and oxidative stability [18, 28]. It should be
mentioned that the mono-saturated oleic acid (C18:1) was found in all the
derivatization attempts but compared to the other FAMEs found, the oleic acid had
the lowest concentrations.

Figure 33. Diagram over the different FAMEs impact on the biodiesel quality [28].

6.3 Synthesis – Part 2
Although the primary sludge gave the highest yield of extractables and was probably
the best suited for biodiesel production, it was decided to perform the direct
synthesis on dairy sludge. This because very little research has been done on dairy
sludge as a possible lipid feedstock for biodiesel production and this was considered
interesting to investigate.
Derivatization on dry sludge
In total 15 synthesis attempts were performed of which only eight gave rise to results
that could be presented in this report. The original idea was to perform eight
synthesis attempts in total, four syntheses with 4 h reaction time and four syntheses
with 7 h reaction time. The seven attempts that failed did so during the extraction
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and could hence not be analyzed by GC for characterization. It was discovered that in
the first three attempts when the reaction mixture was allowed to cool to room
temperature before extraction with hexane, all according to the method described in
section 4.3.2, upon addition of hexane the reaction mixtures formed an emulsion
with the added hexane.
The emulsion formation prevented the separation of hexane phases from the glycerol
and the methanol. This is the reason why the three first attempts were discarded. In
the attempts where results have been achieved, the reaction mixtures were extracted
directly after reaction completion, that is, when the reaction mixtures were still
warm. There was a clear difference when the reaction mixtures were not allowed to
cool, no emulsions were formed and the hexane phases could be separated without
any hindrance. More attempts regarding the extraction temperature should have
been performed in order to ascertain whether the temperature of the mixture caused
the emulsion problems that arose in these three cases.
Table 13 shows both the gravimetrical biodiesel yields and the biodiesel yield
according to the GC-analysis from the synthesis attempts on dry sludge. The
gravimetrical yields obtained from the eight syntheses attempts varied and so did the
color (color ranging from light yellow to dark brown). There may be various reasons
for this. One is difficulty in product separation. When hexane was added after
reaction completion and the mixture was vigorously shaken it took time to get a good
phase separation. What looked like colloidal particles were floating in the solution,
which made it difficult to separate clean hexane phases when extracting. This was
obvious after evaporation, as small particles of some kind could be seen among the
dark-brown FAMEs produced. In some synthesis such as synthesis no. 2, 4, 5 and 8,
no such particles could be seen, and perhaps that is why they have the lowest
gravimetrical FAME yields. Another reason may be that in addition to lipids of
interest, such as fatty acids, triglycerides, phospholipids, the sludge may also contain
other biological compounds that might be extracted during the derivatization or lipid
extraction and contribute to the overall gravimetric biodiesel yields. According to
M.N. Siddiquee and S. Rohani [14] there may be traces of various chemicals in the
sludge, such as steroids, terpenoids, waxes, hydrocarbons etc. An additional reason
may be that, after each reaction end, it was discovered that there were large pieces of
dried undissolved sludge remaining in the reaction mixtures. There is a possibility
that this could be the reason why the biodiesel yields obtained from the synthesis
vary so much; it was decided to make attempts to homogenize the dried sludge before
synthesis. In the last four experiments the dried sludges were therefore grained so
that if lipids had been trapped in the remaining sludge pieces, they could now be
released and participate in the reaction. Unfortunately all four attempts on grounded
sludge failed. Extractions were hampered further due to a large amount of particles
that did not settle in order to achieve a good phase separation.
When it comes to determining the outcome of the different reaction-time impact on
the final product yields, it is difficult to draw any conclusions from the results
obtained. There are no clear differences in the yields between replicates performed
with the two reaction times. It looks like the differences in yields are largely because
of the contributory factors already mentioned. Based on these results, no conclusions
can be drawn regarding the reaction times impact on the final products.
FAME analysis
GC analyzes show that the same compounds (same major peaks) that were found in
the characterization part were also found in this part. In addition, three other
compounds were discovered and identified as Lauric (C12:0), Erucic (C22:1n9) and
cis-4,7,10,13,16,19-Docosahexaenoic (C22:6n3). A total of seven compounds were
found in all the eight replicates.
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The chromatograms and the compositional FAME profiles show almost no variation
between the replicates, indicating a good reproducibility of the method used.
Howerver, the actual amount of FAMEs found in the eight replicates was extremely
low. Table 13 shows that according to the GC-analyzes, around 1/16 of the
gravimetrical yields were found to be FAMEs. The amounts of FAMEs in these
replicates were much lower than the amount of FAMEs found in the two-step
approach. Why the conversion of lipids to FAMEs was better in the two-step
approach may be that the lipids were extracted and could easily participate in
derivatization reaction. While in the synthesis part, the only lipids participating in
the reaction of forming FAMEs are the lipids on the contact surfaces and not the
lipids trapped in the dried sludge, where the majority of the lipids are actually found.
This can explain the big differences in FAMEs yields between the two approaches.
One analysis was also performed on underivatized lipids from dairy sludge extracted
with Soxhlet to inspect if there could be any methyl esters in the sludge to begin with.
According to the chromatogram for the underivatized sludge, three compounds were
discovered. By comparing the retention times the compounds were identified to be
the C20:3n6, C22:2, C22:6n3 and C24:1n9, all of them found in high concentrations.
When derivatizing the dried dairy sludges no signals for these compounds could be
seen. No explanation can be given for why these can only be found in the
underivatized sludge.
Quality of the biodiesel
Based on the FAMEs formed during the direct synthesis of sludge conclusions can be
drawn that the biodiesel is of the same quality as the biodiesel from the
characterization. Despite the formation of three new FAME compounds, the chemical
properties of them are almost the same as for the FAMEs from the two-step
approach. Of the three FAMEs additionally formed, one is saturated (C12:0), one is
mono-unsaturated (C22:1n9) and one poly-unsaturated (C22:6n3), and these neither
improve nor degrades the quality of the biodiesel. The biodiesel is assumed to be of
the same quality as the biodiesel obtained from the two-step approach.

6.4 Process economy
There are two major cost items that affect the overall biodiesel production cost; the
cost of the raw material and the operating costs [14]. Several authors [1, 2, 5, 14, 22,
26] claim that the overall costs associated with biodiesel production will decrease
significantly when sludge is used as the raw material. As regards the operating costs,
it varies depending on the used derivatization method. The optimum would be to
connect the biodiesel production directly on site at the treatment plants to reduce the
transportation costs. Sludge as raw material is available at no cost but the pretreatments, such as, extraction, drying and dewatering before derivatization process,
are the major energy requiring operations and are estimated to represent 53% of the
total production costs [26]. According to A. Mondala et al. [26] this is still more
profitable than when the current raw materials are used, which constitutes of 80% of
the total production cost.
There are no precise figures today on the total overall costs for biodiesel production
from sludge, but it is clear that much research remains.
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7. Conclusions and future work
This study has shown that the FAMEs obtained by the derivatizations performed are
the typical FAME groups in biodiesel in general. With palmitic acid (C16:0), stearic
acid (C18:0) and the oleic acid (C18:1) as the most common groups. Analyzes of the
FAMEs composition by GC-FID indicate a similarity between the lipid content in
these sludges and the current feedstocks used. This in turn means that the quality of
the biodiesel that can be obtained from sludge is of similar quality as the existing
biodiesel. This implies that sludge can be seen as a good potential source of lipids for
biodiesel production.
There are several challenges for biodiesel production; this refers to both the two-step
approach and the direct synthesis on sludge. The two-step approach showed a better
conversion of lipids to FAMEs (1/2 vs. 1/16 for the direct synthesis) and the
derivatizations were easier to perform. To optimize the biodiesel production in
general, there are some factors that need to be faced; collection of sludge,
derivatization method, product separation, product quality and maintaining the
product quality and the chemical recovery. In the end, the wastes formed during
derivatizations, especially through direct synthesis, must also be considered. The
direct synthesis on sludge gives rise to a new waste consisting of sludge contaminated
with methanol and hexane that need additional treatments before it is discarded. In
order to get a profitable biodiesel production, all these factors need to be optimized.
Given that only direct synthesis on dried and dewatered sludge was performed on
dairy sludge, no conclusions can be made of whether dairy sludge is the most suitable
sludge to perform direct synthesis on. The only conclusions that can be drawn from
comparing the different sludge types suitability for a possible biodiesel production is
by comparing the results from the two-step approach, where all sludge types have
been treated in the same way.
In order to determine which sludge type that is most suitable for direct synthesis,
attempts must be performed on all the sludge types. Figure 34, shows the attempts,
which have already been performed in this study, and the attempts remaining. When
all the experiments in Figure 34 have been carried out, the methods used can be
compared to determine which of the methods that are most effective.

Figure 34. The experimental design used in this study. The figure shows the
attempts already carried out during this study and the attempts remaining.
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