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Abstract: Using biodiesel in diesel engines is beneficial for reducing emissions of carbon monoxide
(CO), hydrocarbons (HC) and particulate matters (PM). Biodiesel is usually produced from vegetable
oils or animal fats. When produced from plant oil or woody plant sources, biodiesel can reduce a
significant amount of carbon dioxide on a life cycle basis. The objective of this study is to produce
biodiesel from a non-conventional woody plant source that is, crude tall oil, which is a dark brown
viscous liquid extracted and processed in wood pulping plants. It contains a high percentage of
fatty acids. From raw crude tall oil, tall oil fatty acids were separated and were successfully used
for the production of biodiesel in this study. Although biodiesel produces lower CO, HC and PM
than petroleum diesel fuel, it produces higher oxides of nitrogen (NOx) emissions in diesel engines.
Water emulsifications of diesel-biodiesel blends are investigated in a direct injection (DI) diesel
engine in this work to understand their potential for NOx reduction. When using 10% water in
the emulsions, NOx was reduced by nearly 15%. In aldehyde emissions, B100 showed 35% lower
aldehydes and B100 with 10% water emulsion produced nearly 90% lower aldehydes than diesel
fuel—a substantial reduction. Therefore, this study accomplished the desired goal of producing
biodiesel from a non-conventional source, which satisfies ASTM biodiesel standard and results in
lower NOx and aldehydes emissions with water emulsifications of diesel-biodiesel blends in a diesel
engine compared to that of diesel fuel.

Keywords: crude tall oil; diesel engine; biodiesel production from crude tall oil; diesel-biodiesel
blends and emulsifications; emissions

Highlights

• Biodiesel was produced from crude tall oil by acid esterification reaction.
• Biodiesel blends emulsified with 5% and 10% water and tested for NOx and aldehydes.
• Maximum NOx reduction of about 15% was achieved with 10% water-emulsion.
• Diesel-biodiesel emulsions’ aldehydes were measured, which is the novelty of this study.
• Maximum aldehyde reduction of 90% was achieved with 10% water with biodiesel.

1. Introduction

Internal combustion (IC) engines are one of the major sources of carbon dioxide (CO2),
which is the main greenhouse gas (GHG) that causes global warming. Use of biodiesel in
diesel engines can significantly reduce GHG (78%) on a life cycle basis [1]. An investigation
on the impacts of biodiesel on exhaust emissions was conducted by the United States
Environmental Protection Agency (US EPA) [2]. The study concluded that pure biodiesel
can reduce 70% of hydrocarbons (HC) emissions and 50% of particulate matters (PMs)
and carbon monoxide (CO) emissions compared to conventional diesel fuel. Many other
investigations revealed that the use of biodiesel can result in a substantial reduction in
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PM, HC and CO emissions [3–6]. However, an increase in NOx emission was observed by
most researchers when biodiesel was used [7–9]. In a recent study [10], it was reported
that a minor modification to engine parameters, such as compression ratio, injection
timing and injection pressure with a binary mixture of 70% amla seed oil biodiesel and
30% eucalyptus oil, can increase brake thermal efficiency and decrease brake-specific fuel
consumption more effectively than petroleum diesel. The binary fuel blends also produced
lower tailpipe emissions.

Enthusiasm is developing for using diesel-water emulsions to reduce NOx in diesel
engines. Water considerably impacts emissions such as oxides of nitrogen (both NO and
NO2), CO and smoke. Previous studies [11,12] concluded that NOx can be reduced by
more than 30% by using water-washing and water-scrubbing systems, whereas NOx is
absorbed through water. These were after-treatments of exhaust gases at the tail pipe.
The main components of NOx are NO and NO2. NO is slightly soluble in water, whereas
NO2 is highly soluble in water [13], which is why NOx emissions from exhaust gases were
reduced following water-washing and water-scrubbing.

Water-emulsified fuels are also expected to reduce in-cylinder temperature. Therefore,
NOx reduction can be achieved either by absorption or as a result of lower combustion
temperature. A normal water substitution to diesel emulsions ranges between 5% and
15% [14,15]. There is great enthusiasm for water-in-diesel emulsions due to the way that
water, as micro-sized beads, results in favourable outcomes on fuel burning. This was
initially discovered as a tentative theory [16] and confirmed by hypothesis [17] approxi-
mately 50 years ago. The utilization of diesel emulsions appeared to be extremely impactful,
namely diminished NOx, lower PM and improved burning efficiency. It has been proven
that the addition of 15% water in diesel can decrease NOx emissions by up to 35% under
normal conditions [18]. Although this considerable decrease has also been cited by other
researchers [16,19], the addition of water resulted in increased CO and HC emissions.
In addition, high-water content is hardly economical since it requires large quantities
of emulsifier. Furthermore, emulsions of high-water content cause stability problems.
For these reasons, this study investigated water emulsions with up to 10% water content.

The above studies [16–19], as well as many others, focused on water in diesel emul-
sions and their emissions. The following studies presented water emulsification of binary
fuels, B5 [14], B20 [15] and B40 [20]. In Reference [14], 5% palm oil methyl ester and
95% diesel were used with water content from 9–15% and surfactant dosages of 5–15%.
Senthil et al. [15] conducted an experimental investigation of diesel engine emissions using
B20 with various percentages of water content. In Reference [20], 40% canola oil biodiesel
and 60% diesel (B40) were used to investigate the emissions of a light-duty diesel engine at
different engine load conditions and speeds. Three levels of water content (5%, 10% and
15%) were investigated. To have a better understanding about pure biodiesel’s emulsifi-
cation, this study used different diesel-biodiesel blends of up to B100 with 5–10% water
content, along with two types of emulsifiers.

Direct-injection (DI) diesel engines emit higher exhaust odor than gasoline engines.
Partially-burned combustion products, mainly aldehydes, are primarily responsible for
the exhaust odor in DI diesel engines [21–25]. The effect of normal heptane (N-heptane)
on formaldehyde (HCHO) and exhaust odor emissions was investigated in a DI diesel
engine [26]. There was a strong correlation between HCHO and exhaust odor and a
moderate odor increase was noticed with 100% N-heptane than with diesel. At different
engine running conditions, the increase in HCHO with 100% N-heptane was approximately
10–25% higher than that of diesel fuel.

Aldehydes are soluble in water, as discovered in ref. [27]—the lower the number
of aldehydes, the lower the exhaust odor. Odor reduction of two points (which is very
significant) and an 80–90% aldehyde reduction by water-washing of the exhaust gas were
reported [28]. It was expected that using water-emulsified diesel-biodiesel fuels would
result in similar level of aldehyde reduction. Therefore, investigating aldehydes in exhaust
gases with water emulsification of diesel-biodiesel blends is attempted in this study, which
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is a new area of research. To the best of the authors’ knowledge, no publication exists
that focuses on the correlation between exhaust odor and aldehydes for biodiesel fuel.
Furthermore, there is no information about aldehyde and ketone emissions from emulsified
diesel-biodiesel blends. In Reference [29], a DI diesel engine was tested with diesel, 100%
biodiesel (B100) and blends of 80% diesel and 20% biodiesel (B20). B100 showed a 0.5-point
reduction in exhaust odor over diesel, which is quite substantial. However, there was
no measurement of aldehydes in that study. The following are two recent publications
where aldehydes were determined from biodiesel [30,31]. In Reference [30], pollutants of
carbonyl compounds of a diesel engine fueled with diesel, B50 and B100 were investigated,
whereby mainly aldehyde and ketone compounds with 1–3 carbon atoms, such as HCHO,
acetaldehyde (CH3CHO), acrolein and propionaldehyde were detected. The HCHO content
was higher than 80% of the total carbonyl pollutants for B100. Within the entire engine
load, the concentration of total carbonyl pollutants for diesel was higher than B50 and B100.
In Reference [31], diesel and B20 were tested in a diesel engine for aldehyde comparison, in
which HCHO and CH3CHO were the dominating aldehydes. B20 showed approximately
15% lower aldehydes than that of diesel. Therefore, the determination of aldehydes and
ketones from emulsified diesel-biodiesel blends will fill the current research gap.

Biodiesel is a fuel produced mainly from edible vegetable oils. USA uses soybean
oil as feedstock for over half of their total biodiesel production, whereas other countries
use canola oil, palm oil and other edible oils. Because this creates a food-fuel conflict,
a non-food source for biodiesel production is very important. This study investigates
crude tall oil (CTO), which is a non-food source to produce biodiesel. Production of
biodiesel from CTO and the fact that its emulsifications are used to fuel a diesel engine, is
the novelty of this research. In a few studies, raw CTO without pre-treatment was used
for biodiesel production [32,33]. Raw CTO may have impurities such as sodium salts,
dissolved lignin, unreacted soap or acid, residual pulping chemicals and so forth, which
hinder the distillation process. This study, however, explores pre-treatment of raw CTO in
the production of biodiesel. Therefore, use of non-food source CTO and its pre-treatment
to produce biodiesel, as well as measurements of aldehydes and ketones from the exhaust
gases of the emulsified diesel-biodiesel blends, are an entirely new dimension of research.
Furthermore, water-emulsified biodiesel can play a major role in exhaust odor and irritation
reduction from diesel engines.

2. Materials and Methods
2.1. Materials

CTO sample was provided by Resolute Forest Products pulp and paper mill in Canada.
Urea, ethanol, hexane, sodium chloride, sodium hydrogen carbonate, methanol, acetone
and 2,4 dinitrophenyl hydrazine (DNPH) were purchased from Sigma-Aldrich (Canada).
Sulphuric acid was purchased from Fisher Scientific (Canada). Atlox 4914, Tween 80 and
Span 80 were obtained from a chemical supply store at Lakehead University.

2.2. Extraction of Tall Oil Fatty Acids (TOFA) from CTO

TOFA was separated from raw CTO using a technique developed by Islam et al. [34].
Initially, in order to remove impurities (unwanted particles and chemicals), raw CTO
was pretreated with a salt solution (NaCl 1%). The TOFA was then separated through a
distillation process at temperatures of between 130 ◦C and 265 ◦C, with a vacuum pressure
of 10 mm Hg. The yield of TOFA fraction was 48% (w/w), with a recovery rate 89.9% in
CTO. The composition of TOFA, which was analyzed by GC, included 42.6% linoleic acid,
14.8% stearic acid, 12.3% palmitic acid 4.7% linolenic acid and 4.5% oleic acid. The TOFA
was then used for biodiesel production.

2.3. Production of Biodiesel from TOFA

The biodiesel was produced by esterification reaction of TOFA with methanol and
sulphuric acid (H2SO4) was used as a catalyst, as follows:
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(1)

Because all TOFA in this study contained free fatty acid, the acid catalyst H2SO4 was
suitable for the formation of an ester bond.

Esterification reaction was carried out in a round 3-neck glass bottle reactor, which was
equipped with a stirrer, a thermometer and a water circulation reflux condenser. 100 g of
TOFA was mixed with 20 g of methanol in a 200 ml glass reactor, whereby 7 g of sulphuric
acid was used as a catalyst. The reaction mixture was heated to 72 ◦C and was gently
agitated at 200 rpm for approximately two hours. The reaction mixture (crude biodiesel)
was then poured into the excess amount of distilled water and thoroughly washed in a
separating funnel to remove the excess methanol and catalyst. The distilled water was
changed several times until the pH reached 7 (neutral). Finally, the distillation process was
performed again up to 270 ◦C in order to obtain refined methyl ester (biodiesel) from the
TOFA. The refined biodiesel fraction was collected at temperatures of between 130 ◦C and
270 ◦C to prevent the possibility of contaminating the water or methanol. The amount of
refined biodiesel was 85% of TOFA. Figure 1 is a flowchart of biodiesel production from
raw CTO and their blends with diesel fuel, along with their water emulsions.

Figure 1. Flowchart of biodiesel production from raw crude tall oil (CTO) and their blends with emulsifications.
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2.4. Biodiesel Blends with Emulsification

Collected pure biodiesel is denoted as B100. The blending percentage of biodiesel
with diesel was set to 0%, 20% and 50% and referred to as B0, B20 and B50, respectively.
All biodiesel blends were stored at 20 ◦C in different conical flasks and sealed with alu-
minum foil for further testing. Biodiesel and diesel were mixed in different proportions (B0,
B20, B50, B100) and water was added in quantities of 5% and 10% to produce the particular
emulsified fuels. Since water is polar and the biodiesel blend is non-polar, a particular
emulsifier (mixture of Tween 80 and Span 80) was used to stabilize the emulsified fuels.
External force was then utilized for proper mixing, which was created by stirring each
sample of the solution at 4000 rpm for 15 min. The HLB value for the Tween 80 and Span
80 was approximately 8.25. The hydrophile-lipophile balance (HLB) value was maintained
by the molar ratio (1.7:1) of Tween 80 and Span 80, which is very important. Finally, 10 g of
Span 80 was mixed with 17.7 g of Tween 80 to obtain an average HLB value of 8.25.

2.5. Emulsion Stability Test

At the point when separation could no longer be detected, the emulsion was consid-
ered to have stabilized [35]. Our research investigated the stability at room temperature
(20 ◦C), was measured in days. Three of the best emulsifiers available on the market were
used to test the emulsion stability (Atlox 4914, Span 80 and Tween 80). Emulsified biodiesel
20 (EB20) with 5% and 10% water was used for the stability test at room temperature
(refer to Figure 2). Atlox 4914 showed layer separation (Figure 2a) for EB20 emulsion with
10% water in 30 days, whereas the mixture of Span 80 and Tween 80 with HLB of 8.25
showed no layer separation in 30 days (Figure 2b). The delay in layer separation from
the Span 80 and Tween 80 mixture indicates better stability than that of Atlox 4914. In
fact, EB20 emulsion with 10% water had layer separation after 45 days. The Span 80 and
Tween 80 mixture with average HLB of 8.25 showed better emulsion stability than that of
Atlox 4914 and therefore, the Span 80 and Tween 80 mixture was used in this study as the
stabilizer for emulsion preparation.

Figure 2. Stability test of emulsified B20 with 10% water with Atlox 4914 and mixture of Span 80
and Tween 80. (a) EB20W10% (Atlox 4914, layer separation); (b) EB20W10% (Span and Tween 80, no
layer separation).



Processes 2021, 9, 126 6 of 20

2.6. Engine Specifications and Setup

An air-cooled, 2-cylinder, 4-stroke, light-duty diesel engine with a direct fuel injection
system was used in this experiment. The engine specifications are listed in Table 1 and
Figure 3 contains a schematic diagram of the diesel engine. The engine was attached to
the engine test bed and the exhaust system was connected outside through the roof for
ventilation. A hydraulic dynamometer was connected to the engine to apply engine loads.
The data acquisition system was connected to a computer system where the data was
stored. Engine emission (NOx) was tested under three different engine speeds 1000 rpm
(minimum engine speed), 2100 rpm (speed for the maximum torque) and 3000 rpm (speed
for the maximum power) and at full load condition. A Nova analyzer was used to measure
NO and NO2. The range of NO and NO2 is 0–2000 ppm and 0–800 ppm, respectively.
The resolution for both components was 1 ppm, with ± 2% accuracyThe gas analyzer
measured the emissions in ppm unit, which was converted to g/kWh according to the
formulas in the reference [36]. The absolute mass concentration of NOx was calculated as a
sum of measured NO and NO2 mass concentrations. In every test case for NO, NO2 and
NOx, data were taken for three repetitions and results were displayed graphically with ±
standard error of average value. The engine ran between 10 and 15 min to stabilize the
parameters (brake power, torque and rpm) and the data was collected once it stabilized.
A USB port was connected to a computer programmed with the data acquisition system.
The year-round temperature in the engine lab was 20 ◦C.

Table 1. Engine Specifications.

Engine Parameter Specifications

Engine make and model HATZ 2G40
Engine type 4-stroke, air-cooled

Number of cylinders 2
Bore/stroke 92 mm/75 mm

Displacement 997 cc
Compression ratio 20.5:1

Mean piston speed at 3000 rpm 7.5 m/s
Continuous rated power 13.2 kW @ 3000 rpm

Maximum power 15.6 kW @ 3600 rpm
Maximum torque 50.1 N.m @ 2100 rpm

2.7. High Pressure Liquid Chromotagraphy (HPLC) for Aldehyde Analysis

Aldehyde and ketone compounds in exhaust gases were identified and measured
by HPLC with ultraviolet (UV) detection in References [37,38]. This study used the bag
sampling method similar to the one in Reference [39]. Transient checking is acceptable
using the bag sampling method because sampling can be completed in approximately
5 s. Furthermore, the bag sampling method is simpler and less costly. The DNPH was
used as the derivatizing reagent to form the corresponding di-nitro phenyl hydrazones
and two aldehydes were separated (HCHO and CH3CHO). The other higher aldehyde
concentrations in exhaust gas were very minor and could not be separated. In this study,
0.12 g of DNPH was added to 1 L of HPLC-grade acetonitrile [40], followed by 3.92 g
of sulphuric acid to render it an absorbing acidic solution. The acidic DNPH solution
provided a clear peak in HPLC. The reaction between an aldehyde and acidified DNPH
solution is outlined below:

Aldehyde + DNPH = Aldehyde-DNPH derivative + water.
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Figure 3. Schematic diagram of the engine test.

After collecting 10 L of exhaust gas, 20 mL of DNPH solution was poured into the gas
sampling bag. The bag was then well shaken to force the solution to properly interact the
exhaust gas. 10 µL of the sample solution was injected into the HPLC using an automatic
micro-syringe. Two pumps were used to control the gradient program: mixtures of 50:50
HPLC-grade acetonitrile and water and 100% acetonitrile. The sample was sent to the
checking column and a UV detector was used to detect the signal from the aldehyde-DNPH
derivatives. The output from the detector was sent to a PC-controlled data acquisition
system for identification and measurement of the peaks. Figure 4 is a schematic diagram of
HPLC [39] and the HPLC conditions are presented in Table 2.

Figure 4. Schematic diagram of HPLC.
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Table 2. Specifications of HPLC for Aldehyde and Ketone Test.

Analysis Method HPLC-UV

Main column Zorbax Eclipse XDB-C18
Guard column Inertsil ODS 1 cm

Column temperature 50 ◦C
Mobile phase 50%:50% = water:acetonitrile

Flow rate of sample 0.8 mL/min
Total time 20 min

Wavelength 365 nm

Aldehyde/ketone-DNPH working standard-13 was used for calibration. Working
standard-13 contains 13 aldehydes and ketones from formaldehyde to hexanaldehyde in
known concentrations. Working standard-13 was first investigated by HPLC in various
concentrations. Figure 5 illustrates a typical liquid chromatogram of working standard-13.
The different peaks of aldehydes and ketones are indicated by numbers ranging from 1 to
13. The y-axis of the chromatogram is a measure of the intensity of absorbance represented
in milli-Absorbance Units (mAU). Table 3 shows peak identification with different peaks
with their retention times. To evaluate the equation for calculating aldehydes, standard-13
was run in different concentrations and the standard curves were drawn. Figure 6 shows
calibration curves between area counts of the detector and aldehyde concentration of
standard samples. Here, two calibration curves are plotted, one for formaldehyde and the
other for acetaldehyde, because all the fuels’ exhaust gases contain only formaldehyde
and acetaldehyde. There is a linear correlation between the area counts (detector response)
and the concentrations of formaldehyde and acetaldehyde. The abscissa indicates the
concentration of aldehydes in micrograms (µg) per milliliter (mL) of DNPH-acetonitrile
solution. The two equations obtained from the liner regression are as follows:

y = 412.19x + 24.822, for formaldehyde (2)

and
y = 329.71x + 18.287, for acetaldehyde (3)

Table 3. Aldehyde and Ketone Peak Identification.

Peak No. Identification Retention Time (min)

1 Formaldehyde 4.070
2 Acetaldehyde 5.064
3 Acetone 6.334
4 Acrolein 6.512
5 Propionaldehyde 7.106
6 Crotanaldehyde 8.504
7 2-Butanone 9.254
8 Methacrolein 9.682
9 n-Butyraldehyde 9.933
10 Benzaldehyde 11.092
11 Valeraldehyde 14.438
12 m-Tolualdehyde 16.010
13 Hexanaldehyde 21.501
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Figure 5. Experimental liquid chromatogram of standard-13.

Figure 6. Calibration between area and two aldehyde concentrations of standard samples.

3. Results
3.1. Fuel Properties

Biodiesel properties are determined and shown in Table 4. All properties are satisfac-
tory within the ASTM limit [36]. The produced biodiesel showed lower cloud point (−5 ◦C)
than the standard type produced from canola oil (−3 ◦C) [36]. This would extend CTO-
biodiesel use over standard biodiesel in the winter. The heating value of CTO biodiesel
was about 5% higher than regular biodiesel. Table 5 shows the density, heating value and
viscosity of the emulsified fuels. It was noticed that heating value decreased 4.86% and 9%,
with 5% and 10% of water emulsions, respectively and that density and viscosity gradual
increased when adding more water in the emulsion.
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Table 4. Biodiesel Properties.

Name of Properties Testing Method Biodiesel

Cetane index ASTM D4737 50.84
Glycerol content ASTM D7637 0

Cloud point ASTM D2500 −5 ◦C
Copper corrosion ASTM D130 1

Acid number Acid base titration 0.46 mg KOH/g
Kinematic viscosity ASTM D445 5.7 cSt

Calorific value Bomb calorimeter 41.3 MJ
Water and sediment ASTM D1796 <0.005%

Flash point ASTM D93 87 ◦C
Sulphur content ASTM D5453 1200 ppm
Carbon residue ASTM D189 0.01%

Sulfated ash ASTM D874 0.01%

Table 5. Properties of Emulsified Fuels.

Name of Fuel Density
(kg/m3)

Heating Value
(MJ/kg)

Viscosity
(cSt @ 40 ◦C)

B0 W0% 840 43.2 1.74
B0 W5% 857 41.1 2.46

B0 W10% 876 39.3 2.67
B20 W0% 847 42.82 2.24
B20 W5% 875 40.75 2.87
B20 W10% 881 38.95 2.96
B50 W0% 856 42.25 3.02
B50 W5% 878 40.2 3.62
B50 W10% 884 38.4 3.78
B100 W0% 867 41.3 5.70
B100 W5% 883 39.3 5.81

B100 W10% 887 37.6 6.0

3.2. Emissions
3.2.1. NO, NO2 and NOx Emissions

Figure 7 presents NO, NO2 and NOx emissions of different emulsified fuels at different
engine speeds at full load condition. There was a noticeable increasing trend of NO and
NO2, as well as of NOx in biodiesel than in diesel. The maximum NO was obtained at
5 g/kWh for B100. B50 or B100 produced similar amounts of NO2 (≈0.9 g/kWh). Both
maximum NO or NO2 occurred at 3000 rpm when the in-cylinder temperature was at its
highest. As outlined in Figure 7, the average NOx emission for B100 was higher than for
B0 by approximately 37%. The results revealed that the higher the percentage of biodiesel
in diesel and biodiesel blends, the higher the NOx emissions. The main reason for this
phenomenon was the excess amount of oxygen that was present in biodiesel, as well as
the higher in-cylinder temperature. B100 contained approximately 12% oxygen and its
exhaust temperature was about 10 ◦C higher than that of B0 [41]. For B0 with 0% water,
NOx emissions at 1000 rpm, 2100 rpm and 3000 rpm were 2.72 g/kWh, 3.95 g/kWh and
4.29 g/kWh, respectively, indicating that NOx emissions increased when the engine speed
increased. The exhaust gas temperatures (230.2 ◦C, 280.8 ◦C and 340.1 ◦C) were measured
at those three engine speeds, respectively [41]. Higher exhaust gas temperatures might
be an indication of increased in-cylinder/flame temperature and hence, increased NOx
formation. According to the results, NOx emissions decreased when the percentage of
water concentration increased from 0% to 10% in the same base fuel and at the same engine
operating conditions. Average NOx reduction with 5% water was approximately 3–5%,
whereas with 10%, the reduction was 8–14% than without emulsified fuel. NO reduction
for B100 with 10% water at 3000 rpm was approximately 10% than B100 with no water,
whereas, NO2 reduction for the same fuel and the same water content was about 22%,
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which is more than double. A similar trend in higher NO2 reduction than NO was also
noticed in other diesel-biodiesel blends. Water particles contained in the fuel reduced the
flame temperature, thus also reducing NOx formation. The average reduction in exhaust
gas temperature was 15–20 ◦C with 5% water and 27–33 ◦C with 10% water. Furthermore,
higher solubility of NO2 than NO in water is thought to be another reason for higher
reduction of NO2 than NO.

Figure 7. NO, NO2 and NOx emission of different fuel blends at different engine speeds. (a) NO emission; (b) NO2 emission;
(c) NOx emission.
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3.2.2. Aldehydes Analysis of Exhaust Gas

In this study, aldehydes analysis for all fuels was performed at maximum torque
speed (2100 rpm) and at maximum power speed (3000 rpm) at full load condition. The total
aldehyde emission trend is similar at both engine speeds. Hence, the results of one engine
speed (2100 rpm) are presented in Figures 8–11, whereby peak 1 defines formaldehyde,
whereas peak 2 represents acetaldehyde, which were obtained from HPLC analysis of
exhaust gases for different fuels without and with water-emulsification. The other higher
aldehydes and ketones are insignificant or absent.

Processes 2021, 9, x FOR PEER REVIEW 14 of 23 
 

 

 

 

 
 

(a) B0, no emulsification (0% water) 

 
 

 

(b) B0, emulsification (5% water) 

 
 

 

(c) B0, emulsification (10% water) 
Figure 8. Liquid chromatogram of B0, (a) no emulsion, (b) 5% water, (c) 10% water. 

Table 6. Area under the Peaks and Their Corresponding Concentrations for Different Fuels. 

Name of Fuel 
Area under 

Formaldehyde 
Peak 

Formaldehyde 
Concentration 

(μg/mL) 

Area under 
Acetaldehyde 

Peak 

Acetaldehyde 
Concentration 

(μg/mL) 

Formaldehyde + 
Acetaldehyde in 

Exhaust Gas 

D
et

ec
to

r r
es

po
ns

e 

Retention time (min) 

Retention time (min) 

D
et

ec
to

r r
es

po
ns

e 

Retention time (min) 

D
et

ec
to

r r
es

po
ns

e 

Figure 8. Liquid chromatogram of B0, (a) no emulsion, (b) 5% water, (c) 10% water.



Processes 2021, 9, 126 13 of 20Processes 2021, 9, x FOR PEER REVIEW 15 of 22 
 

 

 

 
 

(a) B20, no emulsification (0% water) 

 

 
 

(b) B20, emulsification (5% water) 

 

 
 

(c) B20, emulsification (10% water) 
Figure 9. Liquid chromatogram of B20, (a) no emulsion, (b) 5% water, (c) 10% water. 

D
et

ec
to

r r
es

po
ns

e 

Retention time (min) 

Retention time (min) 

D
et

ec
to

r r
es

po
ns

e 

Retention time (min) 

D
et

ec
to

r r
es

po
ns

e 

Figure 9. Liquid chromatogram of B20, (a) no emulsion, (b) 5% water, (c) 10% water.



Processes 2021, 9, 126 14 of 20

Figure 10. Liquid chromatogram of B50, (a) no emulsion, (b) 5% water, (c) 10% water.
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Figure 11. Liquid chromatogram of B100, (a) no emulsion, (b) 5% water, (c) 10% water.

Figure 8 shows liquid chromatogram of B0: Figure 8a is without emulsion, Figure 8b
with 5% water and Figure 8c with 10% water. Peak 1 is formaldehyde at the retention time
of 4.070 min and peak 2 is acetaldehyde at 5.064 min. From the detector response (Y-axis),
B0 with no emulsification has a formaldehyde peak, which is approximately 250 mAU.
However, B0 with 5% water has a formaldehyde peak of only about 80 mAU; the formalde-
hyde peak for B0 with 10% water is further reduced to about 35 mAU. The area counts
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under the peaks and corresponding concentrations of formaldehyde and acetaldehyde
are presented in Table 6. It is understood from Figure 8, as well as the Y-axis values in
Figure 8a–c, that aldehyde emissions gradually decreased with the addition of more water.
It is clear that there are no peaks from the previous standard-13 list following the retention
time of 5.064 (acetaldehyde). Therefore, no higher aldehyde and ketone emissions are
present in this newer diesel engine. However, in a previous publication [39], there were five
aldehydes and ketones from older diesel engines: formaldehyde, acetaldehyde, acetone,
acrolein and propionaldehyde.

Table 6. Area under the Peaks and Their Corresponding Concentrations for Different Fuels.

Name of Fuel
Area under

Formaldehyde
Peak

Formaldehyde
Concentration

(µg/mL)

Area under
Acetaldehyde

Peak

Acetaldehyde
Concentration

(µg/mL)

Formaldehyde +
Acetaldehyde in Exhaust

Gas (mg/m3)

B0 W0% 2584.32 6.210 97.77 0.241 12.420 ± 0.482
B0 W5% 853.16 2.005 55.78 0.114 4.010 ± 0.228

B0 W10% 432 0.988 44.09 0.078 1.976 ± 0.156
B20 W0% 2464.41 5.919 177.58 0.483 11.838 ± 0.966
B20 W5% 486.4 1.120 32.64 0.044 2.240 ± 0.088
B20 W10% 301.43 0.671 28.20 0.030 1.342 ± 0.060
B50 W0% 1866.8 4.469 238.3 0.667 8.938 ± 1.334
B50 W5% 468.5 1.076 26.09 0.024 2.152 ± 0.048
B50 W10% 219.3 0.472 22.68 0.013 0.944 ± 0.026
B100 W0% 1686.61 4.032 81.07 0.190 8.064 ± 0.380
B100 W5% 342.47 0.771 24.95 0.020 1.542 ± 0.040

B100 W10% 187.67 0.395 18.98 0.002 0.790 ± 0.004

Figure 9a–c present liquid chromatograms of B20 with no water, 5% water and 10%
water, respectively. These chromatograms show only the known formaldehyde and ac-
etaldehyde peaks. The trend is similar to that of B0, that is, aldehyde emissions are the
highest without emulsification and there is a gradual reduction in aldehyde emissions
when adding more water. A few smaller peaks are observed after acetaldehyde peak in the
chromatograms of 5% and 10% water-emulsified B20. However, they were not identified
as any of the known peaks by the chromatogram program. Again, the area counts and
corresponding concentrations of formaldehyde and acetaldehyde are shown in Table 6 for
B20 fuel series without and with emulsification.

Figure 10 shows B50 fuel’s chromatograms without emulsification (Figure 10a), with
emulsification—5% water (Figure 10b) and with emulsification—10% water (Figure 10c).
Total aldehydes without emulsification for B50 is lower than both B20 and B0 (refer to
Table 6). Although the chromatogram shows a peak after acetaldehyde with 0% water, the
chromatogram program did not recognize this peak as any of the previously-identified
peaks. Similarly, a few small peaks after acetaldehyde with 5% and 10% water were not
recognized. The trend in aldehyde emission shows a similar pattern: the higher the water
content in the fuel, the lower the total aldehydes.

B100 fuel’s chromatograms without emulsification (Figure 11a), with emulsification—
5% water (Figure 11b) and with emulsification—10% water (Figure 11c) are presented
in Table 6. B100 shows further lower total aldehydes than that of B50. Although a peak
after acetaldehyde is seen in the chromatogram of 5% water, the chromatogram program
did not recognize this peak. Once again, the higher water content greatly reduced the
total aldehydes.

Table 6 presents areas under formaldehyde and acetaldehyde peaks, as well as their
corresponding concentrations in µg/mL of DNPH-acetonitrile solution. Equations (1) and
(2) derived from standard curves are used for this calculation. The last column indicates
the final concentration of formaldehyde and acetaldehyde in exhaust gases. The following
calculation is used to convert µg/mL to mg of aldehydes/m3 of exhaust gas:
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Sample calculation for B0—0% water: formaldehyde is 6.210 µg/mL. This means that
1 mL DNPH-acetonitrile solution collects 6.210 µg of formaldehyde. As 20 mL DNPH-
acetonitrile solution is used in 10 L of exhaust gas, the formaldehyde is 6.210 × 20 = 124.2 µg
in 10 L of exhaust gas. Therefore, it is (124.2/10) × 1000 = 12,420 µg per m3 of exhaust
gas. The formaldehyde value in mg is 12,420/1000, which is 12.42 mg/m3. Similarly, the
acetaldehyde value of 0.241 µg/mL is equivalent to 0.482 mg/m3. It is obtained from the last
column of Table 6 that formaldehyde reductions with 5% water in diesel-biodiesel blends
are 68–81% and with 10% water, the reductions are 84–90%. Acetaldehyde reductions
with 5% water for different fuels are 89–96%. Reductions are 94–99% with 10% water
except for pure diesel, whereas diesel with 5% water shows only 53%. In diesel with 10%
water, acetaldehyde reduction is about 67%. Therefore, 5–10% water-emulsification of
B20, B50 and B100 emerged as an excellent method of total aldehyde reductions from
the exhaust in diesel engines. Water emulsification is also very effective to reduce total
aldehyde emissions for pure diesel fuel. Formaldehyde emission gradually and consistently
decreases with a higher amount of biodiesel in the blend without emulsification; however,
acetaldehyde emission increases up to B50 and then decreases for B100. This type of
inconsistent emissions of acetaldehyde and acetone were also found in Reference [30].
Therefore, further investigations are necessary to confirm the trends of all aldehydes for
diesel-biodiesel blends without emulsification at different engine running conditions.

Figure 12 illustrates the total amount of aldehydes present in the exhaust gases in the
different diesel-biodiesel blends and their emulsions. According to the figure, the total
amount of aldehydes was higher in B0 fuel than in B100 (12.902 mg/m3 and 8.444 mg/m3,
respectively). This means that B100 emitted about 35% less total aldehydes than B0. The
higher the percentage of biodiesel in the blend, the lower the total aldehydes present
in the exhaust gas. A similar pattern in aldehyde reduction was reported in ref. [30],
where carbonyl pollutants of diesel engine fueled with B0, B50 and B100 were tested. The
formaldehyde content was the highest—more than 80% of the total carbonyl pollutants.
Within the entire engine load, the total carbonyl pollutants concentration for B0 was higher
than B50 and B100. Formaldehyde emissions were reported 23% lower for B20 fuel (20%
biodiesel from waste cooking oil and 80% diesel) than that of B0 fuel in Reference [32].
In this study, formaldehyde reduction with CTO B20 is only about 5%, whereas they are
28% with B50 and 35% with B100. Higher flame temperatures with higher percentage of
biodiesel in diesel-biodiesel blends are responsible for aldehyde reduction [30].

Figure 12. Total aldehydes in exhaust gases of different fuel blends.
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The decreasing trend in aldehyde was also obtained from the increase in water percent-
age into the fuels examined in this study. For example, the amounts were 12.902 mg/m3

and 2.132 mg/m3 for B0 with 0% water and B0 with 10% water, respectively (approximately
83.5% lower). This reduction is comparable with a previous research report [28], where
the average total aldehyde reduction by water-washing was 85%. The water-washing was
used as an external method (outside of the cylinder) of aldehyde and ketone reduction in
that study. However, the water-emulsification technique in this study is an internal method
(inside of the cylinder) to reduce aldehydes. Therefore, water-emulsification to modify the
combustion inside the cylinder is equally effective to that of water-washing for aldehyde
reduction. The average reduction of total aldehydes for B20, B50 and B100 with 5% water
was approximately 80%; a 90% reduction was observed with 10% water compared to
non-emulsified blends. It is known from a previous publication [38] that the higher the
aldehyde, the higher the odor and irritation. Therefore, emulsified diesel-biodiesel blends
have fewer odor and irritation effects than diesel fuel.

4. Conclusions

Fatty acids extracted from crude tall oil were utilized for the production of biodiesel
through acidic esterification reaction in this study. The yield of tall oil fatty acids from crude
tall oil was 48% and the final yield of biodiesel production was 85% of tall oil fatty acids.
The properties of biodiesel are found satisfactory (i.e., within the ASTM limit). Moreover,
the produced biodiesel has a 2 ◦C lower cloud point than the standard type produced from
canola oil.

Afterwards, diesel, biodiesel and their blends were emulsified with different percent-
ages of water (5% and 10%). Furthermore, the fuels were investigated by conducting tests
on a light-duty diesel engine to explore NOx and aldehyde emissions. At maximum load
engine test condition, where the engine produced the maximum power, B100 produced
37% more NOx than B0. Water-emulsification of diesel-biodiesel blends reduced NOx
emissions than that of non-emulsified fuels. NOx reduction of 3–5% was achieved with 5%
water, whereas with 10% water, NOx reduction was 8–14% than without emulsified fuels.
Furthermore, NO2 reduction was much higher than that of NO reduction for emulsified
fuels, suggesting that high solubility of NO2 may have played an important role.

HPLC with UV detection was successful in identifying and measuring aldehydes in
diesel exhaust gas by using the bag-sampling method. The presence of two aldehydes
(formaldehyde and acetaldehyde) in diesel exhaust gas is significant for emulsified diesel-
biodiesel blends, of which formaldehyde was higher than 90%. B100 emits 35% less total
aldehydes than B0 without emulsification. 5–10% water-emulsification of B20, B50 and
B100 emerged as an excellent method of total aldehyde reduction from the exhaust in diesel
engines. The average reduction of total aldehydes for biodiesel blends with 5% water
emulsion compared to that with no emulsion was about 80%; with 10% water emulsion,
the total aldehydes were nearly 90% less than non-emulsified blends, which are substantial
reductions. As it has been proven that higher aldehydes create higher exhaust odor and
irritation from diesel exhaust, water-emulsified diesel-biodiesel fuel blends can be an
excellent replacement for pure diesel fuel.
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