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Abstract: The ever-increasing demand for transport is sustained by fossil fuel-based internal com-
bustion (IC) engines fitted with catalytic converters (CCs) while alternative options and fuels are
still emerging. Biodiesel seems to be a potential alternate to diesel, but the formation of NOy and
smoke are major issues. This study aimed to explore the effect of B100 Pongamia biodiesel on the
performance of CCs and to assist the designers of compression ignition engines. This study included
a comparison of deposits on the catalytic converter (CC) in the cases of diesel fuel and biodiesel.
Forensic examination of the spent CCs after 250 h was performed by characterization using SEM/EDS.
The amount and composition of the deposits were compared for the diesel and biodiesel, and the
effectiveness of the CC. The study revealed that the efficiency of the CC increased in biodiesel. The
amount of soot and deposits was greater at the engine side of the spent CC with diesel, including the
atomic percentage (At. %) of C, while the minimum deposits and C At. % in the spent CC were at the
exhaust side with biodiesel. Oxygen content in the deposits was greater in biodiesel. The efficiency
and effectiveness of the CC increased with the biodiesel.

Keywords: forensic study; emissions reduction; pure biodiesel; catalytic converter efficiency

1. Introduction

Internal combustion (IC) engines rule the automotive sector due to their favorable
energy efficiency, reliability, and durability. Their demand is large across the globe and is
continuously increasing [1]. It has been reported that 95% of the transport energy comes
from liquid fuels which are derived from fossil fuels and further transportation fuels make
around 60% of the total oil produced [2-5]. Presently, the world needs nearly 4.8 billion
liters of diesel as well as gasoline each day. These fuels will continue to grow at an average
growth of around 1% annually even though gas and renewable fuels are the fastest growing
sources of energy [2]. The fast exhaustion of fossil fuels through IC engines has led to
an increase in environmental pollution. Most of the pollutants, such as carbon monoxide
(CO), hydrocarbons (HC), oxides of nitrogen (NOy), particulate matter (PM), and soot
formation are the result of combustion of fossil fuels originating from gasoline and diesel
engines [6]. Though formation of CO and HC are less in diesel engines, particulate matter
(PM) and NOx formations are greater. Diesel engines have been developed successfully for
efficient combustion and to thus reduce CO, emissions, but as far as harmful emissions
are concerned, marginal progress has been made [7]. Therefore, there are two major
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challenges before engine researchers and manufacturers. First, to investigate alternate
sources of energy to fossil fuels, and subsequently develop an engine which fulfills the strict
emission norms prescribed by legislation. In this scenario, biofuels such as biodiesel have
proven potential to replace them for the operation of IC engines. However, pure biodiesel,
if used in an unmodified engine, may affect the engine performance and combustion
due to its unfavorable fuel properties [8-10]. Biodiesel has many advantages such as
being non-toxic, biodegradable, suitable for sensitive environments, high flash point, etc.
However, if used in pure form or highly concentrated biodiesel-diesel blends, then it
may cause incomplete combustion leading to more carbon depositions and so on [11-13].
Banapurmath et al. [14] conducted performance and emission tests on a diesel engine by
using diesel and biodiesel of sesame, honge, and Jatropha oils. The brake thermal efficiency
of diesel, sesame, honge, and jatropha biodiesel (pure form) was found to be 31.25%,
30.4%, 29.51%, and 29%, respectively. All biodiesel fuels resulted in higher HC, CO, and
smoke emissions compared with diesel [14]. The same authors used honge, biodiesel, and
producer gas in a dual-fuel supply system. In dual-fuel operation, NOy and smoke reduced
significantly, but CO and HC increased substantially [15,16]. Gumus et al. [17] fueled
a diesel engine with high percentage biodiesel-diesel blends at different fuel injection
pressures. They reported a decrease in brake-specific fuel consumption, smoke, CO, and
unburned hydrocarbon (UHC), with an increase in NOy and CO,. They concluded that
99.63% combustion efficiency was obtained with pure biodiesel at an injection pressure
of 24 MPa [17]. The formation of NOx was reduced by 24.4% in 100% jatropha biodiesel
compared to diesel when the engine exhaust was fitted with a three-way catalytic converter
(CCQ) [18]. There is vast literature available on emissions from biodiesel engines which
shows that formation of NOy is greater in biodiesel engines compared to diesel engines.
NOxy reacts with water molecules in the atmosphere forming nitric acid, a potential reason
for acid rains. The exhaust system typically consisting of a CC is one of the best methods
available for minimizing emissions after combustion [19,20]. Vallinayagam et al. [21] used
pine oil blended with diesel (50% pine oil + 50% diesel) as a substitute in a diesel engine.
They conducted performance and emissions tests at different engine loads. It was reported
that NOx and CO were reduced by 15.2% and 67.5%, respectively, compared to the diesel
engine by implementing selective catalyst reduction (SCR) along with a CC in the exhaust
manifold. The brake thermal efficiency was increased by 7.5% [21]. Durairajan et al. [22]
developed a nano CC by using cerium oxide instead of using costly metals to minimize the
emissions. They concluded that NOx, CO, and HC were reduced by 84.3%, 69%, and 78%,
respectively, at full engine load [22]. CCs with exhaust gas recycle (EGR) have been proven
effective in reducing emissions besides improved performance. Subramaniam et al. [23]
ran a diesel engine using B40 biodiesel-diesel blend as fuel. The engine was equipped
with an Ni-coated CC with 15% EGR combination. The combined system resulted in better
performance with reduced emissions [23]. The present work was focused on the forensic
study of the spent catalytic converter working on diesel and B100 Pongamia biodiesel.
The spent CC was dissected at the engine as well as the exhaust side and examined under
Scanning Electron Microscope (SEM) to reveal the amount and nature of deposits. Energy
Dispersive Spectroscopy (EDS) was employed for characterization of the nature of deposits
and its composition. The amount and composition of the deposits were compared for
the diesel and B100 Pongamia biodiesel fuels and the effectiveness of the CC in emission
control is discussed. The characterization of the spent CC is a unique study and limited
literature is available on this aspect. The findings of this study are expected to encourage
qualitative research on the CC using alternative fuels. The results are also intended to assist
the designers of compression ignition engines to modify existing engines for biofuels.

2. Experimental Methodology
2.1. Preparation of Biodiesel

The biodiesel was prepared from transesterification of crude Pongamia Pinnata (Karanja)
oil. Pongamia Pinnata is a deciduous, salt-tolerant, drought-resistant, nitrogen-fixing legu-
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minous tree. It is an oil seed-bearing tree, native to humid and subtropical environments,
and can grow in a wide variety of soil types. The presence of toxic flavonoids such as
karanjin, pongapin, and pongaglabrin in the oil, makes it non-edible with only 6% being
utilized out of 200 million tons produced per year. Crude Pongamia oil was collected
locally and used. Chemicals such as methanol, potassium hydroxide (KOH) were obtained
and used without any further purification. Pongamia oil was preheated prior to its use in
transesterification process to remove the moisture contents. The fuel properties of pure
(B100) Pongamia Pinnata biodiesel are shown in Table 1.

Table 1. Fuel properties of diesel and biodiesel (B100).

Fuel Properties Diesel Biodiesel (B100)

Calorific value kJ /kg 45,379 39,748
Kinematic viscosity at 40 °C 3.6056 4.9986
Dynamic viscosity at 40 °C 3.0095 4.3620
Specific gravity at 20 °C 0.8503 0.890
Density at 40 °C 0.8347 0.8939

Cloud point 7 18

Pour point 2 11

CFPP 0 16
Flash point 81.5 196.5

2.2. Engine with Catalytic Converter (CC)

All the tests were carried out on a 3.5 kW diesel engine, brand Kirloskar, make
Kirloskar Oil Engines Limited (KOEL), India. The specifications of the engine are as shown
in Table 2.

Table 2. Engine specifications.

Engine Kirloskar
Type Four-stroke diesel engine
Bore 80 mm
Stroke 110 mm
Rated power output @ 1500 rpm 3.7KW
Compression ratio 17.5:1
Loading Rope and brake drum
Diameter of brake drum 0.3m
Diameter of rope 0.015m

Cooling
Starting
Maximum speed

Water cooling
Hand cranking
1500 rpm

Initially, the engine was made to run on biodiesel by replacing a new fuel filter and

changing the lubricating oil of the diesel engine. A new catalytic converter was assembled
in the exhaust path of the engine. After completing the tests for the biodiesel engine, the
CC was replaced with a new one for the diesel-fueled engine. Vibration level, noise level,
and fuel consumption are shown in Table 3. Two brand-new CCs were used in this study,
one examined before being used and then after being spent with B100 Pongamia biodiesel,
and the other one after being spent with the diesel fuel.

Table 3. Noise, vibration level, and fuel consumption for diesel and biodiesel engines.

Contents Diesel Biodiesel

Vibration level High Medium

Noise level High Medium

Mass flow rate of fuel in kg/s 3.625 x 1074 2x 1074
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After running the engine for a period of 250 h, the catalytic converters (CCs) were
dismantled carefully by using a gas cutter. The ceramic bed from the CC was separated
carefully as shown in Figure 1a,b.

(b)

Figure 1. (a,b) Dismantled catalytic converter.

The CCs were upgraded so that both oxidation and reduction occurred in a single
chamber. Using a laser cutter, the inlet and outlet chambers of both ceramic beds were cut
as per the required standards for SEM examination.

2.3. Scanning Electron Microscope (SEM)

The new and spent CC were dissected for forensic examination from the engine as
well as the exhaust side, for both the diesel and Pongamia biodiesel fuels. The sections of
the samples of the CCs were carefully examined under the Scanning Electron Microscope
(SEM) make Jeol, Japan at the same magnification of 50x to determine the extent of soot
deposit. The SEM images were compared with the new CC and the deposits in the case
of both the fuels at the engine and the exhaust sides were measured using Smile ViewTM
Map software along the length, width, and diagonal of the square ceramic channels. The
composition of the soot was analyzed using EDS, coupled with the SEM (refer to Table 4
for specifications).

Table 4. Specifications of samples prepared for SEM examination.

TYPE-1 TYPE-II
X traverse 80 mm 100 mm
Y traverse 40 mm 50 mm
Rotation 360° continuous 360° continuous
Z traverse 5-35 mm 5-65 mm
Tilt range —20° to +90° —20° to +90°
Motorization Manual 5-Axis eucentric
Observable area 106 mm dia 130 mm dia

Max. sample height 40 mm 85 mm
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The atomic percentage (At. %) of C was extracted from the EDS results and plotted.
The At. % was estimated by multiplying the ratio of the number of atoms of the element
at that weight percentage and the total number of atoms in the sample, by 100. The
composition of the element in a sample may be reported in both the At. % and wt. %.
However, the latter is more commonly used.

3. Results and Discussion

Five samples of catalytic converters (CCs) were examined under SEM and charac-
terized using EDS. The description of the samples is given in Table 5. A new ceramic
bed structure and the engine and exhaust side of spent CCs on biodiesel and diesel fuels
constituted the samples.

Table 5. Description of CC samples.

Sample 1 New ceramic bed structure

Specimen obtained from the ceramic bed of CC facing towards engine
Sample 2 h 1 1

side with diesel fuel

Specimen obtained from the ceramic bed of CC facing towards tail side
Sample 3 1 s

with diesel fuel
Sample 4 Specimen obtained from the ceramic bed of CC facing towards engine

ampe side with B100 biodiesel fuel

Specimen obtained from the ceramic bed of CC facing towards tail side

Sample 5

with B100 biodiesel fuel

The CC used in the present study was an upgraded one, which executed both oxidation
and reduction in single chamber. The spent CCs were cut from the engine and exhaust side
after operating on diesel and Pongamia biodiesel fuels, respectively, using a laser cutter,
and the pictures of the dissected CC are given in Figure 2a—e. Figure 2a shows the ceramic
monolith of the new CC while Figure 2b—e show the engine side and exhaust sides of the
spent CC after operating on diesel and biodiesel fuels. The spent CC, from the exhaust side,
appeared more clogged, as in Figure 2c compared with the engine side, in Figure 2b. In
biodiesel fuel, the engine side appeared to be more clogged, as in Figure 2d with absorbed
pollutants compared to the exhaust side, in Figure 2e. Further information derived from
the SEM images is reported and discussed in the subsequent sections.

For in-depth characterization, a small section of the ceramic monolith of each sample
was cut as per the dimensions given in Table 3, observed under SEM, and characterized
using EDS. The size of the sample was: thickness, 0.6 mm, length up to 3 cm, and width up
to 2 cm, governed by the size of sample mount of the SEM. The SEM pictures were taken at
the same magnification of 50 for all the samples. The EDS results also gave the atomic
percent of the elements present and their relative intensity count. The EDS detected a wide
range of elements with the exception of a few low-atomic -number elements such as H,
He, etc. The elemental composition at the point of focus was determined by EDS, and the
EDS peaks are given in the Supplementary Materials. Figure 3 shows the SEM image of
the new CC ceramic monolith. The outer shield of the CC was a squared ceramic bed with
numerous pores of the same geometry. When the exhaust gases passed through these pores,
the pollutants were absorbed and filtered from the flue gases and deposited along the walls
of the pores. The slots in the ceramic bed had a square cross-section, having length and
breadth of the order of 1 mm and diagonal ~1.35 mm. The purpose of measurement of the
dimensions of the slot was to compare the deposits in the spent CC with the new CC. The
EDS results revealed that the primary elements present in the ceramic bed were O, Al, 5i,
Mg, Na, C, Pt, Pd, Rh, and C. The results are in accordance with the standard composition
of an oxidation-reduction CC [24]. In theoretical scenarios, combustion of hydrocarbon fuel
should produce CO; and H,O, but in actual conditions, the combustion process is oxygen
deficient, resulting in the production of harmful pollutants such as carbon monoxide (CO),
unburned hydrocarbons, and oxides of nitrogen and sulfur [25]. The peak of O was most
prominent, with a relative intensity count of 246 due to the presence of oxides in the ceramic
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monolith of the virgin CC. Other elements were metals which constituted the CC material
in the form of oxides. A minor trace of C was detected, which may be due to the carbide of
one of the metals.

(b)

(d)

(e)

Figure 2. (a) Ceramic monolith of new CC. (b) Spent CC, engine side with diesel fuel. (c) Spent CC, exhaust side with diesel
fuel. (d) Spent CC, engine side with biodiesel fuel. (e) Spent CC, exhaust side with biodiesel fuel.

Typical dimensions of a square slot of a ceramic monolith bed measured from the SEM
image (Figure 3) are given in Table 6.

The typical SEM image of the spent CC facing the engine side, used on diesel fuel,
is given in Figure 4, while the EDS peaks are given in the Supplementary Materials. The
measured dimensions of the ceramic monolith included deposits, given in Table 7, from
which the amount of deposits could be estimated by comparing the dimensions of the
virgin ceramic monolith, given in Table 6. Diesel emissions were rich with carbon contents
and particulate matter, so in Figure 4 these depositions are clearly visible. In comparison
to the new CC, the intensity of C increased from 5 to 955, indicating that the deposits
were dominated by C-compounds while Ca and Cr appeared in small intensity probably
due to contamination from the handling of the spent CC before examination. C was the
most prominent element appearing in the EDS results, followed by O and others. Since
the ceramic monolith was covered by soot and deposits, the intensity of metallic elements
reduced as compared to the virgin monolith.
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S3400 5.00kV 6.9mm x50 SE

Figure 3. SEM images of the new CC (sample 1) at 50x. The dimensions of the ceramic monolith are
marked by arrows.

Table 6. Actual dimension of square cannel of a monolith ceramic bed of the new CC.

Length (mm) 1.02
Width (mm) 1.03
Diagonal length (mm) 1.35

S3400 15.0kV 6.5mm x50 SE

Figure 4. SEM images of the spent CC, engine side, with diesel fuel (sample 2) at 50x. The dimensions
of the ceramic monolith are marked by arrows.
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Table 7. Dimensions of square cannel of a monolith ceramic bed of the engine side of the spent CC used on diesel fuel
(sample 2) and deposits along the length, width, and diagonal compared with the virgin CC.

Sample 1 Sample 2 Thickness of Deposition Percentage of Deposit
Length (mm) 1.02 0.925 0.095 9.31
Height (mm) 1.03 0.881 0.149 14.45
Diagonal length (mm) 1.35 1.11 0.24 17.7

Table 7 gives the dimensions of the square channel of the ceramic bed with the deposits
along the length, width, and the diagonal in the engine side of the spent CC used on diesel
fuel. The magnitude of the deposits was estimated by difference from the dimensions of
the virgin CC, shown in Table 6.

The typical SEM image of the spent CC facing the exhaust side (sample 3), used on
diesel fuel, is given in Figure 5 and the EDS results are included in the Supplementary
Materials. The measured dimensions of the ceramic monolith, which included the deposits,
are given in Table 8. As compared with sample 2 in Figure 4, the deposits were less in
thickness along the length, width, and diagonal but the intensity of C, O, and Al appeared
to be greater than for the engine side. The ceramic bed consisted of oxidation and reduction
catalysts, which reduced the toxicants from the emission. The toxicants filtered from
catalysts were deposited in the pores, and compared to the engine side, the amount of
deposition was reduced in the rear side of the ceramic bed. The combustion of diesel left
some unburned hydrocarbons in the exhaust gases, leading to an increase in C content
in the spent CC. The temperature and pressure of the exhaust gases were high near the
engine and gradually decreased towards the exhaust side. Hence, as the gases passed
through the CC, their temperature decreased, lowering the saturation temperature and
pressure required to retain the C-rich particulate matter. As the gases passed the CC, the C
precipitated in the channel along with the particulate matter. The presence of Al may be as
a result of erosion of the CC. In comparison to the new CC, the intensity of C increased to a
very high value (1052), indicating that the deposits were dominated by the C-compounds.
Some large chunks of deposits were also noticed in the channels. These may be aggregates
of the particulate matter picked up by the CC.

83400 5.00kV 6.2mm x50 SE

Figure 5. SEM images of the spent CC, exhaust side, with diesel fuel (sample 3) at 50x. The dimen-
sions of the ceramic monolith are marked by arrows.
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Table 8. Dimensions of square cannel of a monolith ceramic bed of the exhaust side of the spent CC used on diesel fuel
(sample 3) and deposits along the length, width, and diagonal compared with the virgin CC.

Sample 1 Sample 3 Thickness of Deposition Percentage of Thickness
Length (mm) 1.02 0.968 0.052 5.09
Height (mm) 1.03 0.917 0.113 10.97
Diagonal length (mm) 1.35 1.21 0.14 10.37

The amount of deposits in sample 3 is given in Table 8 in comparison with the new CC.

The typical SEM picture of the engine side of the spent CC used on biodiesel fuel
(sample 4) is shown in Figure 6, and the EDS results are included in the Supplementary
Materials. The deposits were uniformly spread all along the surface of the channels, and
their thickness was also higher compared to sample 2. The comparison of SEM images of
sample 2 and sample 4 indicates that more matter was absorbed by the CC in biodiesel
fuel, which is a good indicator of the efficiency of CCs in reducing the pollutants in the
exhaust gases. Furthermore, the consistency of the deposits was better than with the diesel
fuel, which confirms the better performance of the CC with biodiesel. B100 Pongamia is
enriched with the oxygen. Due to this reason, the amount of water molecules present in
the emission of biodiesel may be greater, which may have resulted in more deposition
in the pores of the ceramic bed. Although the moisture content could not be determined
due to the inevitable delay in the cooling of the engine, time required for dismantling,
dissection, sample preparation, and transportation for forensic examination. The forensic
examination was conducted after all the CCs were spent and, on average, the time between
the completion of the tests and SEM examination was around three months. The peak of C
was most prominent in the EDS results in sample 4 (intensity count 981), even higher than
in the spent-CC engine side in the diesel fuel (intensity 955) due to efficient absorption of C
from the exhaust flue gases.

S3400 5.00kV 5.4mm x50 SE

Figure 6. SEM images of spent CC, engine side, with biodiesel fuel (sample 4) at 50 x. The dimensions
of the ceramic monolith are marked by arrows.

The thickness and percent of deposits in sample 4 were measured in contrast with the
virgin CC and the results are given in Table 9. The deposits along the length, width, and
diagonal were more than for the spent-CC engine side with diesel fuel (sample 2).
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Table 9. Dimensions of square cannel of a monolith ceramic bed of the engine side of the spent CC used on biodiesel fuel
(sample 4) and deposits along the length, width, and diagonal compared with the virgin CC.

Sample 1 Sample 4 Thickness of Deposition Percentage of Thickness
Length (mm) 1.02 0.922 0.098 9.60
Height (mm) 1.03 0.822 0.208 20.19
Diagonal length (mm) 1.35 1.03 0.32 23.7

The typical SEM picture of the exhaust side of the spent CC used on biodiesel fuel
(sample 5) is shown in Figure 7, and EDS results are included in Supplementary Materials.
The deposits were higher than for the exhaust side of the spent CC compared with diesel,
but less than for the engine side of the CC used with biodiesel. Since a large amount of
the pollutants already deposited at the engine side, the deposits at the exhaust side were
reduced. In comparison to diesel fuel, the deposits were higher in biodiesel fuel, indicating
better efficiency and performance. The EDS results of the exhaust side of the spent CC
in B100 Pongamia show that the deposits on the ceramic structure consisted of carbon,
oxygen, sodium, phosphorus, and calcium. The emission compositions were similar to
diesel, except phosphorous, sodium, and magnesium as these were present in the ceramic
structure. The amount of C reduced in comparison with the diesel due to reduction in
overall deposits, while the amount of O was greater due to moisture pickup from the
atmosphere or due to its presence as metallic oxide in the CC material. The emission,
after catalyzing, was converted into intoxicant gases. Compared to diesel, the toxicant
present in the biodiesel was less, but due to moisture present in the biodiesel, the amount of
deposition was comparatively greater. The EDS results indicate Al as the most prominent
element, which may be due to wear of the CC on the exhaust side after 250 h of operation.
As the deposits reduced at the rear side in biodiesel, the fresh surface of the spent CC
exposed and elemental Al may have been detected with prominence due to its presence
as alumina, a constituent CC material. Increased intensity of O may well be due to the
same reason.

e

Figure 7. SEM images of spent CC, exhaust side, with biodiesel fuel (sample 5) at 50 x. The dimen-
sions of the ceramic monolith are marked by arrows.

The deposit thickness in sample 5 is given in Table 10. Deposits were more than for
the diesel fuel while they were less than for the engine side of the biodiesel fuel.
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Table 10. Dimensions of square cannel of a monolith ceramic bed of the exhaust side of the spent CC used on biodiesel fuel
(sample 5) and deposits along the length, width, and diagonal compared with the virgin CC.

Sample 1 Sample 5 Thickness of Deposition Percentage of Thickness
Length (mm) 1.02 0.953 0.067 6.56
Height (mm) 1.03 0.910 0.12 11.65
Diagonal length (mm) 1.35 1.18 0.17 12.59

The dimensions obtained from all the SEM sample pictures were tabulated, and
comparison made between the diesel mode samples and biodiesel mode samples. The
thickness of depositions was obtained by comparing with the new CC and the results are
plotted in Figure 8. The thickness of the deposits along the length, width, and diagonal are
shown in Figure 8a and the percentages of the deposits are shown in Figure 8b. Maximum
deposits were detected at the engine side of the spent CC with biodiesel fuel, followed by
the samples 2, 5, and 3. The efficiency of the CC was better in the case of biodiesel fuel. The
SEM images show that the deposits were uniform all along the ceramic bed.

0.7 1
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.g ey
2 10
()] 9.0
[=)

5 2 Diagonal
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SAMPLE 2 Length
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(b)

Figure 8. (a) The deposition along the length, width, and diagonal in samples 2, 3, 4, and 5. (b) The
percent deposition in the spent CC compared with the new one.

SAMPLE 5

The presence of the elements and their atomic percent were obtained from the EDS
results. Carbon (C) atomic percent (At. %) is plotted against the samples in Figure 9. One
may observe that the virgin CC had only 0.7 At. % of C while its intensity counts in the EDS
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peaks (given in Supplementary Materials) was about 5, which was almost negligible on the
scale. The virgin CC did not have any C deposit and this minor At. % was probably from
the composition of the CC material. In sample 2 (diesel-engine side), the C At. % increased
to 23.7 and the intensity count was around 955, due to the absorption of C from unburnt or
semi-burnt hydrocarbons (HC) in the exhaust flue gases. On the exhaust side of diesel fuel,
the C At. % was highest (27.4 % and intensity count 1052) due to its increased absorption
at this end, attributed to: (i) the reduction in pressure as the exhaust flue gases traveled
across the CC, and (ii) the reduction in temperature, reducing the saturation amount of HC
and increasing its precipitation on the channels of the ceramic bed of the CC. In the case of
biodiesel (samples 4 and 5), the C At. % was 19.8 and 9 and the intensity count was 981
and 397 on the engine side and exhaust side, respectively. The C pick-up from the gases
increased due to the increase in the effectiveness of the CC with biodiesel at the engine
side. Since the amount of C may have been less and the absorption was effective at the
engine side of the CC, the C deposit at the exhaust side reduced considerably. The CC was
quite effective and rather more efficient with biodiesel.

30
25
20

15

Atomic %

10

0 Q.7 ' ' ' '
Sample 1 Sample 2 Sample 3 Sample 4 Sample 5

Samples
Figure 9. Carbon values (atomic %) in samples 1, 2, 3, 4, and 5 estimated from EDS.

SEM pictures reveal that the deposition in Pongamia biodiesel-mode CC was greater
than in the diesel-mode CC. In the exhaust emission of the Pongamia biodiesel, the amount
of water molecules was greater, which led to deposition of more soot particles in the square
channel, or these may have been absorbed from the atmosphere. The EDS results indicate
that the efficiency of the catalytic converter increased while using B100 Pongamia at the
engine side and reduced the deposits of soot and particulate matter at the exhaust side,
compared with the diesel. Oxygen level in the Pongamia biodiesel-mode CC was greater
compared to the diesel-mode CC, which was due to the presence of 11% more oxygen
in the biodiesel increasing the water molecules in the exhaust, or due to the oxygen in
combined form, detected from the fresh CC surface exposed at the exhaust side after wear
since it was used for 250 h.

4. Conclusions

Characterization studies on spent CCs working on diesel and B100 Pongamia biodiesel
using SEM/EDS revealed that the deposition in biodiesel mode was greater than in diesel
mode. In the exhaust emission of the Pongamia biodiesel, water molecules were greater,
which led to deposition of more suite particles in the square channel of the ceramic bed. The
efficiency of the CC increased while using B100 Pongamia, and it arrested more particulate
matter compared with diesel. The EDS results show that the carbon level was reduced at the
rear side in B100 Pongamia compared to diesel due to improved absorption at the engine
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side. Oxygen level in the Pongamia biodiesel mode was greater compared to the diesel
mode due to more oxygen in the biodiesel, increasing the water molecules in the exhaust,
and the combined oxygen present in the metal oxide constituents of the ceramic CC. The C
At. % was highest in the exhaust side of the spent CC with diesel fuel, while the minimum
C At. % was observed at the exhaust side of the spent CC with B100 Pangamia biodiesel.
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