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� Development of hematite based TiO2

and Pt added catalysts for diesel
engines.

� The characterization of hematite
based catalysts by FE-SEM, BET, XRD
and XRF.

� Significant conversion efficiencies in
pollutant emissions with catalysts.

� Slightly increase in BSFC due to use of
catalysts.
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a b s t r a c t

Exhaust after treatment systems have become a necessity to eliminate pollutant emissions as required by
standard. Nowadays, DOC and SCR are widely used after treatment technologies in diesel vehicles. In this
experimental study carried on DOC and SCR systems, two different catalysts as Al2O3-TiO2/Fe2O3 and
Al2O3-Pt/Fe2O3 were produced with impregnation method. The catalysts were characterized by Field
Emission-Scanning Electron Microscope (FE-SEM), X-ray diffraction (XRD), X-ray fluorescence (XRF)
and Brauner–Emmett–Teller (BET). Each catalyst was tested as DOC and SCR in real working state to
see the effect of catalyst on pollutant emissions in diesel engine. Results showed that the use catalysts
as DOC led to significant decrease in CO, HC, NO and smoke emissions. The exhaust temperature rose
up to 50 �C after DOC. The use of catalysts in SCR system eliminated NOx emission by high rates.
Furthermore; the use of catalysts in emission control systems led to an increase in specific fuel
consumption and a decrease in excess air coefficient of engine.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Compared to gasoline engines, diesel engines have a more
widely use in transportation sector because of its lower fuel con-
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sumption and higher durability. However, the pollutant emissions,
especially NOx and PM released from diesel engines cause unavoid-
able damage on environment and people health [1,2]. NOx is
shown as the key phytotoxic ingredient of exhaust emissions and
contributes to ground-level ozone, photochemical smog and acid
rain [3,4] while PM gives rise to pollution of air, water and soil that
affect agricultural productivity and global climate change [5].

To prevent the damage of pollutant emissions from diesel engi-
nes and to respond to government legislation on reducing emis-
sions are possible by using after treatment exhaust technologies.
Among these technologies, DOC, DPF and SCR systems are wide-
spread applications in diesel engines [6].

DOC eliminates CO and a wide range of hydrocarbons in addi-
tion to reducing PM at a certain rate and converts NO form to
NO2 for facilitating the SCR system works [7]. Completely removed
of PM emissions is possible with DPF technology [8]. SCR system is
used to remove NOx emissions with reacted NH3 or other reduc-
tants such as alcohols, hydrocarbons, hydrogen etc. [9].

Many experimental and theoretical studies have been realized
on DOC and SCR system working in this paper. These studies were
performed on a small scale with simulated engine emissions in lab-
oratory conditions or on a large scale with a diesel engine in real
working conditions while some studies were performed both with
a mathematical model. Different catalyst types, deactivation mech-
anism, NO oxidation factor on activity, light of characteristics,
hydrogen influence on conversion efficiency, the fuel additives
and exhaust gas temperature effects on catalytic activity have been
main subjects in studies carried on DOC [10,11] and SCR system
[12,13] by researches.

In studies and applications, vanadium based (V2O5-WO3/TiO2)
catalyst has been commercial in SCR systems with high NOx con-
version rate and low cost while Pt/Al2O3 structure has been com-
mercial in DOC. However vanadium based catalyst has potential
toxicity and vanadium or its derivatives may be released into the
atmosphere, potentially harming human health and environment
while Pt as a precious metal leads to a raise in the cost of DOCs
[14]. Hence, it is essential to develop alternative catalysts which
have no toxicity and low cost for both DOC and SCR system.

Hematite, easily found in nature does not have any toxicity and
can be used as based material in DOC and SCR catalyst. In this
study, hematite has been considered as base material for DOC
and SCR catalyst to oxidize pollutant emissions. The developed
catalysts were tested at real working states to see the effect of cat-
alysts on pollutant emissions. Moreover, variations of break speci-
fic fuels consumption and excess air factors with use of catalysts
were examined.
Impregnation Additives 
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Fig. 1. Flowchart of catalysts production.
2. Material and methods

2.1. Preparation of catalysts

Low thermal expansion coefficient, superior hydrothermal
stability and low cost have made the cordierite (2Al2O3-5SiO2-
2MgO) monolith so effective to use it as the catalyst support in
DOC and SCR applications [15]. Thus, the structure formed princi-
pally from Al2O3 and SiO2 was used as catalyst support in this
experimental study with a diameter of 103 mm and length of
55 mm. The porosity of catalytic substrate was 400 cpsi (cell per
square inch) and the volume of catalyst was 0.45 L. To get Al2O3-
TiO2/Fe2O3 (ATF) and Al2O3-Pt/Fe2O3 (APF) catalysts, two different
solutions were prepared. The precursor hematite sol-gel was pre-
pared according to the previously published method [16]. First
solution was formed from hematite and titanium (IV) oxide (Alfa
Aesar) by 3% rate of hematite while second solution was formed
from hematite and tetraamine platinum (II) nitrate (Aldrich) by
3% rate of hematite.

The carrier structure (cordierite) was dipped into the formed
solutions. After impregnation process, drying and sintering pro-
cesses were implemented respectively with 120 �C for 12 h and
600 �C for 6 h. Finally, ATF and APF were produced as two pieces
to be tested as DOC and SCR catalyst. Likewise, catalyst samples
were generated as a smaller size for analyzing properties of cata-
lysts. Fig. 1. shows flowchart of catalyst production.

2.2. Analysis of catalysts

A Zeiss/Supra 55 FE-SEM (Field emission-scanning electron
microscopy), LECO/CHNS – 932, Rigaku-Smartlab, X-ray powder
diffractometer (CuKa k = 1.5405 Å) and Rigaku-ZSX Primus II.
WD-XRF analyzer and Quantachrome Nova-e BET surface area
analyzer were used to define the properties of catalysts. Catalysts
were grained for BET, XRD and XRF analyzes. Further, pellets were
prepared from these granulated samples for XRF analyzes.
10 g-samples were mixed with 4 g of cellulose and mixtures were
pressed at 36 MPa to form pellets. The formed pellets were kept for
12 h at 100 �C in the oven and hereby they were made available for
XRF analysis.

2.3. Experimental setup

The drawing of test rig and characteristics of test engine are
given respectively in Fig. 2 and Table 1. Experimental setup basi-
cally consists of a diesel engine installed on a platform and coupled
with a Saj Test Plant – AG10 400 kW eddy current dynamometer. A
specific exhaust pipe carried many components (sensors, injector,
catalysts etc.) installed upstream of engine exhaust manifold.
Intake airflow of engine was measured with a transmitter while
a fuel gage was used to get fuel consumption values. The temper-
ature sensors were embedded downstream and upstream of DOC
to analyze the exhaust temperature variation and to control SCR
systems. Bosch BEA-350 emission analyzer (Table 2) measured
the exhaust gas concentration upstream and downstream of DOC.

An individual electronic control system was developed to con-
trol SCR system. Electronic control system was generated basically
from a P-CAN USB, Continental UniNOx sensor, DARTS200-A tem-
perature sensors, urea pump and other electronic components
(power supply, sockets etc.). CAN J1939 protocol was used to com-
municate among sensors, microprocessor and actuators. Exhaust
velocity was obtained from the total of intake air and fuel flow
amount. Urea solution (AdBlue) was used as reductant to react
NOx with NH3.

Catalysts were tested in actual operating conditions at different
engine torques (6, 9, 12, 15, 18, 21, 24 Nm) and a constant engine
speed of 1500 rpm with experimental setup. At each catalyst test,
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Fig. 2. Schematic diagram of the test rig (1-Engine, 2-Dynamometer, 3-Control panel, 4-SCR control unit, 5-Temperature sensor, 6-NOx sensor, 7-DOC, 8-SCR catalyst, 9-Urea
tank, 10-Urea pump, 11-Urea injector, 12-Exhaust gas analyzer, 13-Airflow transmitter, 14-Fuel gage).

Table 1
Main characteristics of test engine.

Manufacturer/type Kirloskar TV1

Cylinder number 1
Swept volume cm3 661
Bore mm 87
Stroke mm 110
Compression ratio 18/1
Maximum speed rpm 1500
Maximum power kW 5
Injection type Direct injection
Cooling system Water-cooled

Table 2
The main specifications and resolution of the gas analyzer.

Quantities Measurement interval Precision

HC 0–9999 ppm 1 ppm
CO %0–10 %0.001
NO 0–5000 ppm 1 ppm
PM 0–10 m�1 0.01 m�1

k 0.5–9.999 0.001
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the engine was run for 15 min to get steady-state operating condi-
tions. The tests were conducted three times for each of the cata-
lysts, and the averages of the results were calculated. In engine
tests, it is examined that the effect of catalysts using as DOC and
SCR catalyst on break specific fuel consumption (BSFC), excess air
coefficient (k), exhaust gas temperature and exhaust gas emissions
(CO, CO2, O2, HC, PM, NO, NOx).

3. Results and discussion

3.1. The properties of catalysts

FE-SEM images of ATF and APF catalyst were given as 1 and
10 lm in Fig. 3. According to FE-SEM images, catalysts have a
nano-size structure and they are arranged in the form of particles.
The surface of samples covered over the entire surface and they are
homogenous as shown in Fig. 3. Hematite with additives was
penetrated on the entire of substrate surface including porous.
TiO2/Fe2O3 and Pt/ Fe2O3 distributed properly on the cordierite sur-
face. The homogenous-coated surface is very important for cat-
alytic effect.

Fig. 4 presents XRD graphics of catalyst (A, ATF, APF). Cordierite
substrate was used as template. Prepared samples have cordierite
structure and their crystallite structure is at hexagonal structure
with the space group of P6/mcc (1 9 2) as understood from the
XRD analysis. The crystallite structure did not changed with doping
different elements and molecules such as Pt and TiO2 but while
crystallite size increased with doping TiO2 decreased with doping
Pt. As a result, the crystallite size of the catalysts was calculated
approximately 40 nm for (1 0 0) peak. The highest intensity peaks
are observed approximately at 2h = 10,4�, corresponding to the
(1 0 0) plane The peaks shifted toward a lower angle with doping
TiO2 and Pt, respectively and also, the peak intensity decreased.

XRF analyze was realized to determine elements rate in catalyst
(Table 3). In results, Al2O3 and SiO2 had most range since these
structure constituted the mainly form of catalysts. The support of
the catalysts was principally composed by silica and alumina.
Besides TiO2 were in main structure as 0.25% roughly. With a fur-
thermore added, TiO2 was measured as 0.41% in ATF catalysts. APF
had Pt element at a rate of 0.034%. The total coating elements
except for main structure elements were obtained approximately
as a rate of 2.54% and 3.32% for ATF and APF catalysts respectively.

BET surface area of catalyst is given in Table 4. Compared to
main structure (A), BET surface areas of ATF and APF catalyst
decreased significantly since exporting of porous with coating
and sintering of these catalysts. The coating and sintering pro-
cesses caused to reduction in BET surface areas of ATF and APF as
a rate of 55.04% and 60.20% by comparison with A.
3.2. Break specific fuel consumption and excess air coefficient values

Fig. 5 shows break specific fuel consumption (BSFC) and excess
air coefficient of engine (k) with and without catalyst. BSFC
increased with use of catalysts in exhaust system. Compared to
engine results without catalysts (ER), maximum increase in BSFC
was obtained as 10.71% with ATF catalyst at 18 Nm engine torque.
ATF and APF catalysts led to increase averagely 8.15% and 3.87%
considering all engine torque. Generally, to use of catalyst in



Fig. 3. FE-SEM images of catalysts a) ATF (10 lm), b) ATF (1 lm) c) APF (10 lm) and d) APF (1 lm).

Fig. 4. XRD graph of A, ATF and APF samples.

Table 3
XRF analysis results.

Element A ATF APF

NaO 0,146 0,151 0,151
MgO 13,800 13,500 13,300
Al2O3 34,100 33,300 32,900
SiO2 50,300 48,600 48,800
P2O5 0,036 0,032 0,031
SO3 0,052 0,034 0,035
K2O 0,189 0,176 0,179
CaO 0,321 0,208 0,223
TiO2 0,249 0,410 0,243
Fe2O3 0,442 2,830 3,730
WO3 0,312 0,728 0,409
Pt – – 0,034

Table 4
BET surface area of catalysts.

Sample BET surface area (m2/g)

A 114,230
ATF 51,347
APF 45,460
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exhaust system cause an increase in BSFC since backpressure of
exhaust gas.

The use of catalysts led to decrease in k. Maximum decrease in k
was obtained with ATF catalyst at 18 Nm by 9.90%. While the
engine k value without catalysts was 1.4 at maximum engine tor-
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Fig. 5. BSFC and k values at 1500 d/d and different engine torques.
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Fig. 6. CO and HC conversion efficiency of catalysts at 1500 d/d and different engine torques.
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Fig. 7. Temperature increase amount and smoke conversion rate at 1500 d/d and different engine torques.
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que (24 Nm), the use of ATF and APF catalyst decreased this value
to 1.28 and 1.38 respectively. In all tests performed, the increase in
engine torque caused a decrease in k. Considering all engine tor-
ques, use of ATF and APF catalysts led to a decrease averagely by
7.57% and 3.74% compared to ER. k depends on air/fuel ratio of
mixture taken into cylinder. The increase in air/fuel ratio meaning
the enrichment of mixture decreases k, otherwise lead to an
increase in k. Therefore, the increase of BSFC with use of catalysts,
caused to a decrease in k.

3.3. Engine exhausts emission results

Fig. 6 shows CO and HC conversion rates of catalysts. The use of
ATF and APF as DOC led to a significant decrease in CO and HC
emissions. Maximum conversion rates in CO and HC emission were
obtained as 81.32% and 78.23% respectively with APF catalyst at
24 Nm engine torque. Compared to ATF catalysts, APF showed bet-
ter performance in conversion efficiency of CO and HC emissions.
DOCs containing Pt have a higher conversion rate in CO and HC
emission because of higher catalytic activity [7]. However, low
engine torque means low exhaust temperature, both catalysts
showed similar results in conversion efficiency. In general, an aver-
age CO and HC conversion rates were acquired as 46.22% and
57.31% for ATF, 58.83% and 62.99% for APF respectively.

The temperature increase amount between upstream and
downstream of DOC and Smoke emission conversion rates are
given in Fig. 7. The exhaust gas temperature has a major effect
on the reaction of DOC and SCR catalyst. The oxidation of CO and
HC emissions increased the exhaust temperature in DOC. The tem-
perature was increased in direct proportions with increases in oxi-
dation activity. Maximum temperature increases for ATF and APF
catalysts were obtained at 24 Nm as 28.23 �C and 52.34 �C respec-
tively. Because of higher oxidation activity, APF created more tem-
perature increase compared to ATF.
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Smoke emission was decreased with the use of catalysts. Like
CO and HC conversion efficiency, APF showed better performance
in smoke conversion. Maximum conversion efficiencies were
obtained at 24 Nm engine torque for both ATF and APF as 36.95%
and 52.72% respectively. DOCs hold smoke particles in pores and
these oxidative particles. Similar reduction trends have been found
in other studies [2].

NO and NOx conversion rates of ATF and APF are seen in Fig. 8.
ATF and APF that were used as DOC catalysts converted NO emis-
sions significantly. NO conversion efficiency was increased with
the increase of engine torque. Compared to ATF catalysts, APF
achievedmore NO conversion at all engine torques. Maximum con-
version rate was obtained with APF as 76.5% at 24 Nm. Pt is exclu-
sively active for NO oxidation [17]. The oxidation of NO into NO2

increases NO2: NO rate and hereby the efficiency of SCR catalysts
increases [7].

NOx emissions, the most harmful pollutant of diesel engines,
decrease significantly by the use of ATF and APF as a SCR catalyst.
At low engine torque (6, 9, 12 Nm) the conversion efficiency of cat-
alysts are similar and in low rate. However, in high engine torques,
NOx conversion efficiency of APF is much higher compared to ATF.
Maximum NOx conversion rate of ATF and APF catalysts were
obtained as 52.31% and 86.47% respectively. The increase of NOx

conversion rate shows direct proportions with the increase of
engine torque meaning increasing of exhaust temperature.

4. Conclusion

This experimental study was carried out on the use of hematite
based TiO2 and Pt added catalysts as DOC and SCR catalyst. First,
produced catalyst as ATF and APF were analyzed with FE-SEM,
XRD, XRF and BET and then each catalyst was subjected to engine
tests. The analyses of catalysts showed that homogenous coating
was realized completely inside the pores of substrate. The highest
intensity peaks were observed approximately at 2h = 10,4�, corre-
sponding to the (1 0 0) plane The total coating elements except
for main structure elements were obtained approximately at a rate
of 2.54% and 3.32% for ATF and APF catalysts respectively. The BET
surface area of ATF and APF catalyst were decreased as a rate of
55.44% and 60.20% respectively compared to main structure.

Remarkable results were obtained with developed catalysts in
reduction of pollutant emissions. To use of catalysts as DOC
decreased CO, HC and smoke emissions up to 81.32%, 78.23% and
52.72% respectively while generated NO to NO2 conversion signif-
icantly. NOx emission was eliminated with a high rate by the use of
ATF and APF as SCR catalysts. Maximum NOx conversion rate were
obtained as 86.47% with APF catalyst. Also the use of catalysts
downstream of exhaust manifold led to an increase slightly in
break specific fuel consumption and whereat decrease in excess
air coefficient. However a complete conversion has not been
occurred, the use of different additive catalyst or rising the additive
rates in hematite catalyst provide better conversion efficiency in
reduction pollutant emissions.
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