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Abstract

The increasing rate of pollution is a matter of global concern nowadays. One of the major
sources of pollution is found to be the combustion products of diesel engine containing
hazardous gases like carbon mono oxide, carbon dioxide, unburnt hydrocarbons and oxides of
nitrogen. NOx reduction from the exhaust of diesel engines is the topic of research for the
automobile manufacturers nowadays. Lean NOx trap was used for a long time for this purpose
but it was not successful. Then SCR technology came into existence which was found to be the
very effective Technology for reduction of nitrogen oxides from diesel engine exhaust. This
paper involves the study of a better NOx reduction technology called solid selective catalyst
reduction (SSCR). After analysis the results of various experiments it is concluded that NOx
reduction efficiency of about 95% can be easily achieved using the SSCR system. The problem of
contamination and malfunctioning can be reduced to a great extent by using ammonia in
gaseous form. In this review the decomposition of solid ammonia salt, the temperature range
of catalyst and dosing of ammonia is discussed.
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Introduction

In this century the most important task for lifesavers is to save the earth from the effects of

pollution. Almost all countries are struggling with this problem. Instead, people are working
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day and night to solve the problems created from pollution. Climate change due to global
warming has given indications about the seriousness of the problem. Ozone along with NOx has
Adversely affected the air quality of many countries including China, the United States and
Europe. The impact of these components on Environment was found to be much critical in
urban areas than in rural ones[1]. Investigations show that the transport industry has played a
major role in disturbing the climate cycle due to the Pollution created by emission of serious
gases from their exhaust. Major cities of the world including New Delhi, are facing the problem
of increasing Pollutants in the air causing respiratory diseases. During the investigation, the
demand for Automobiles in these areas were found extremely high compared to other cities
not facing many environmental problems[1].Unburnt hydrocarbons, particulate matter and
oxides of Nitrogen is the contents of the exhaust of Diesel engines which are highly responsible
for Pollution. The percentage of composition of exhaust emission from diesel engines is shown

in Fig. (1)
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Fig. (1) composition of diesel engine exhaust[2]



Latest studies showed that globally 7.6% out of 4.2 million people, died due to the emission of
particulate matter in 2015[3].Various pretreatment and post-treatment technologies have been
adopted to reduce exhaust emission. Pretreatment technologies include a change in the design
of combustion chamber, recirculation of exhaust gases, retarding injection timing etc. [4] but
they remain unable to reduce the oxides of nitrogen from exhaust emission which is the most
challenging task in reducing pollutants. An increased amount of NOx in the exhaust emission of
Automobiles cause the diffusion of alveolar cells which in turn give rise to respiratory diseases,
Lung infections and pneumonia etc. [5].An increasing amount of NOyxin the environment gives
rise to acid rains and smog formation[2]. Oxides of Nitrogen may cause acid rain as well as the
depletion of the Ozone layer. Beyond these negative effects on nature, these oxides also affect
the Human health badly[5]. Because of the above facts, stringent EURO-VI emission norms have
compelled the diesel engine manufacturers to think about this alarming situation. Limits
decided for NOx emission in the latest norms of EURO-VI are 0.4Kg/KWh from 2Kg/KWh in the
steady-state condition and 0.46Kg/KWh from 2Kg/KWh in transient state. [6].By adopting
EURO-VI emission norms a human being can get rid of disease like asthma, stroke, heart attack
and lung cancer[6]. In EURO-VI emission norms NOy reduction efficiency must be greater than
95% and Ammonia slip is limited to 10ppm.In the US and Europe, SSCR technology is adopted in

large diesel trucks which is feasible and cost-optimized.
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norms
Reduction of nitrogen oxides is one of the most challenging issues for diesel engine
manufacturers. Various after treatment technologies like selective catalytic reduction (SCR),
lean NOx trap (LNT) and SCR filter are adopted for the reduction of NOx [7]but conversion
efficiency of NOx could not be achieved more than 75%. Although SCR has shown good results
in the reduction of Nitrogen oxides it has some limitations. During the use of aqueous urea as
reduction agent, some amount of nitrogen oxides is left unreduced which is called urea slip.
This problem occurs due to the reason that the conversion efficiency of the catalyst is
decreased at low temperatures. Catalyst efficiency is found to be maximum when the exhaust
temperature ranges from 200°C to 400°C[8]. The catalyst cylinder needs to be filled regularly
when working at these temperatures usually before the fuel cylinder is empty[9]. The problem
of contamination and malfunctioning also occur during the process of deNOy. After the
development of one state control-oriented SCR model and its validation under transient and
steady-state conditions, it was found that it is best suited for exhaust analysis. Based on this
SCR model MPC was established which showed better control over catalyst storage and
ammonia slip[10].
Use of solid catalyst in place of agueous urea may give much better results. This technology
uses a catalyst in solid form is called solid selective catalytic reduction (SSCR). Use of SSCR

technology for NOx reduction may reduce the problem of contamination and malfunctioning.
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Urea SCR

Urea SCR is one of the most promising techniques of NOx reduction which can convert about
95% of the oxides of nitrogen. It can efficiently work with exhaust temperature of200°C. Basic
components used in the system are Diesel oxidation catalyst (DOC), Diesel particulate filter
(DPF), Diesel exhaust fluid (DEF) and Selective catalytic reduction (SCR).

Particulate matter consists of elemental carbon, total carbon, organic carbon, ions and water-
soluble organic carbon. One of the effective methods of reducing particulate matter is the
introduction of retrofits like Diesel oxidation catalyst (DOC), Diesel particulate filter(DPF) and
Selective catalytic reduction (SCR). Use of these retrofits results in 90-95% reduction of
particulate matter from the exhaust emission of diesel engines. [11]

Use of DPF reduces elemental carbon by easily capturing the soot particles. Presence of organic
carbon can be reduced by the use of catalysts as they oxidize hydrocarbons and reduce the
condensable organic carbon. Reduction of soot particles accumulation leads to the increased
content of sulphate nanoparticles in DPF equipped vehicles.[11]

Vehicles equipped with catalyzed DPF and urea SCR reduced the particulate matter with
efficiencies of 99.9% and 90% respectively. The plasma-assisted burner type DPF effectively

reduces the particle number over the entire size range.[12]

D DOC

Fig:6(DOC with inlet & outlet loft)

Use of DOC, DPF and SCR highly affects the emission of particle number, particle mass and
nitrogen compounds. Fuel consumption and engine power are not affected by the use of these
retrofits.[13].These filters can reduce more than 90% of the particulate matter. At the same

time, particulate size is also reduced.[14]



The exhaust of diesel engine contains about 17% unused oxygen by volume which is used for
the oxidation of hydrocarbons. DOC converts hydrocarbons and carbon mono oxides into
carbon dioxide and water. DOC is generally placed before DPF to utilize the oxidation of nitrates
for regenerating the soot [4]. It is investigated that due to oxidation high heat is released which
increases the temperature of exhaust line supporting DPF. For every 1% oxidation of CO, the
exhaust gas temperature is supposed to increase by 90°C[2]. Diesel particulate filter (DPF) is
used to remove the particulate matter from the exhaust stream. DPF is so designed that it
removes the collected particles by thermal regeneration process.

Use of DOC in upstream reduces the efficiency of CDPF.NO; proportion is increased with the
use of DOC and a higher rate of particulate emission is observed which reduces the lower side
temperature. Using the combination of DOC & DPF can reduce 90% of soot,80% hydrocarbons
and 45% of carbon mono oxide (CO).[13]

DEF is an aqueous solution with 32.5% urea and 67.5% deionized water which is sprayed in
exhaust stream for the reduction of NOx. The consumption of DEF was found to be 2% of fuel
consumption. The spray of urea water solution on the walls of a constant volume combustion
chamber plays an important role in avoiding the deposition risks. Development of the spray
front increase the distribution area for spray which leads to better mixing and evaporation
leading to low deposit risks.[15] Swirl and bouncing produced due to high wall temperature
increases the mixing length which helps in reducing the deposits of urea from the exhaust

pipe.[16]
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Fig(3) schematic diagram of urea SCR

when DEF is injected into the exhaust stream urea decomposes into ammonia and isocyanic



acid due to exhaust temperature.

(NH2)CO(NHz) (molten)> NH3 + HNCO (1)

Due to hydrolysis of this isocyanic acid ammonia and carbon dioxide gases are produced.
HNCO +H20 - CO2 + NHs (2)

Now ammonia in the presence of oxygen and a catalyst present in SCR reduces the oxides of
Nitrogen

4NH3+4NO+0,>4N+H,0 (3)

8 NH3+6NO2—>7N2+12 H,0 (4)

4 NH3+2NO+2NO2—>4N,+6 H,0  (5)

2 NH3+2NO2->NH4NO3+N2+ H,0  (6)

Equation (1) shows how urea in molten form is decomposed into ammonia and hydrocyanic
acid when it comes in contact with the high temperature of the exhaust. Equation (2)
represents the hydrolysis of isocyanic acid in which ammonia and carbon dioxide are the main
product. These two reactions occur without the requirement of any catalyst. Equation (3) can
be considered as the standard reaction where the same amount of ammonia and NO react with
oxygen. Equation (4) represents the slow and fast SCR reactions. Some undesirable reactions
also take place as a result of which ammonium nitrate is produced at low temperatures below
200°C. These undesirable reactions reduce the conversion of NOx and result in urea slip[17].
The efficiency of conversion of NOx is one of the major parameters in performance analysis of

SCR

NOx conversion =( 1 — (NOx out/ NOx in)) x 100% [18]
Catalysts used in SCR
Copper zeolite and iron zeolite are widely used catalysts in SCR. The reason being their high-
temperature stability and good performance when working at low temperature. Copper zeolite-
based SCR were found comparatively better than Fe zeolite due to their higher ammonia
storage capacity and oxidation which results in reduced ammonia slip[19]
In addition to copper and iron zeolite, Vanadium based SCR catalysts, SiO2 and TiO; are also

used as the catalysts. Monolith catalysts are also used. Manganese based catalysts show good



performance characteristics while using low-temperature SCR systems as efficiency is not much

affected.[20]

Challenges in SCR

Various urea SCR systems have been used in trucks and in passenger cars[9]. Solution of Urea is
injected into the catalytic tank of SCR with help the of a nozzle but it shows the low ammonia
carrying capacity [21]. The major problem in SCR is freezing of DEF at temperatures below -11°C
which necessitates an integrated electric heater in the tank of DEF. It was investigated the
regeneration of soot particles in the filter is difficult and microwave technology was supposed
to get rid of the problem[17]. With SCR systems the cylinder of DEF needs to be filled frequently
usually before the fuel tank gets empty.

Spray wall impingement phenomena of ad blue were analyzed with help of high-speed imaging
technique and it was observed that pray front development differs at high temperatures and
low temperatures. Low wall temperature leads to much wetting of walls and thus increasing the
solid deposit risk. At high-temperature wall wetting reduces thus reducing the accumulation of
solid deposits and the blockage of the pipe.[16]

Solid SCR

SSCR technology utilizes a solid reducing agent with higher ammonia density. In these systems
ammonia is directly injected in the downstream side with help of nozzle. Due to less mixing time
and low decomposition temperature of ammonia salt, the problems like blockage of urea carrying
nozzle, low catalyst efficiency and low NOx efficiency are eliminated[22].

Solid SCR needs a set up in which the use of DOC is required. Diesel particulate filter (DPF)
maintains the pressure drop.DOC reduces various oxides except the oxides of nitrogen. Diesel
particulate filter (DPF) reduces the carbon monoxide and carbon dioxides to carbon particles.
Since exhaust temperature is high these carbon particles are burnt in this filter and are easily
exhausted to the environment. The most typical work is to reduce the oxides of nitrogen. For this

purpose, a solid catalyst is used in SSCR systems.
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Urea in aqueous form is not able to produce a higher amount of ammonia. In SCR systems using
DEF produces Cyanuric acid and some other acids which gives rise to blockage of urea nozzle,
decreases the catalyst activities thus reducing the NOx efficiency[23]. Injection of urea at a
specific temperature is required in these systems. The above-mentioned problems can be
reduced from SCR systems if ammonia is directly injected into the exhaust. This is the basic
concept of SSCR where ammonia is generated with the help of a solid reductant. In SSCR
systems the mass of reductant is reduced reason being the higher ammonia densities of solid
salts. Emission reduction is also increased at lower temperatures which eliminate the problem
of deposition risks. Compared to SCR system, in SSCR decomposition occurs at lower
temperature and also reduces the mixing time. Generally used ammonia salts for production of
ammonia gas are ammonium carbamate, ammonium carbonate, amino strontium chloride,
amino calcium chloride etc.[23]. Among various available salts, ammonium carbamate is found
to be the best option to use in the SSCR system in India as it has a minimum decomposing
temperature. Ammonium carbamate decomposes fully at about 60°C[22]. Metal salts of amino
having decompose temperature of 30°C to 50°C are not opted in India due to their preservation
complexities. In Europe countries, metal amino salts are preferred.
Figure (4) shows a composite type of SSCR system in which two systems are used for producing
heat to decompose the solid salt. When the engine starts, the temperature of water in the
water tank remains insufficient to produce heat for the decomposition of solid salt. At this time

electronic unit produces the heat and thus providing ammonia gas. When the engine is in



running condition and is warmed up, the electronic unit stops working automatically and heat
of water tank is used for decomposing the solid salt thus providing ammonia gas.[22]

In 2014 a set up was established by Kim et al for the comparison of NOx reduction using solid
urea and ammonium carbonate as salts for producing the reducing agent ammonia. It was
investigated that solid urea requires high decomposition temperature and formation of
undesirable substances like cyanuric acid was also observed during its decomposition. The
system using ammonium carbonate was found to be much compatible as it bears low
decomposition temperature. But the system needs extra care while designing due to the
removal of water produced during the process. It was only a comparison of two salts for the
production of reducing agent. The experiment did not consider the effect of various parameters
like temperature, pressure, the mass of salt etc. on the decomposition reaction.[24]

In 2011 a system containing ammonium carbamate for the production of ammonia was
developed by Lacin et al. This system could not explain the effect of various parameters which
affect the thermal decomposition of ammonium carbamate.[9]

In 2013 an experiment using thermogravimetric analysis and a calorimeter was conducted by
Lee et al for calculating the energy required for thermal decomposition of ammonium salts.
Sufficient data to was provided to understand the chemical reaction but they failed to develop
any mathematical model for the production of ammonia using ammonia salts.[25]

Kim et al 2020 experimentally provided the information regarding optimum production of
ammonia for reduction of NOx using ammonium carbamate as the salt for the production of
reducing agent. They also investigated the effect of temperature, pressure and mass of
ammonium carbamate on the decomposition rate of the salt.[26]

Rate of decomposition of ammonium carbamate varies linearly with temperature. At high
temperature, the rate of thermal decomposition is high thus requiring a robust reactor design
which can bear high pressure. Size of the reactor must be large enough to reduce the frequency
of refilling the reactor with ammonium carbamate. Mass of salt present in the reactor
influences the reaction rate of decomposition. The optimized reaction rate of decomposition of
salt is obtained only when the mass of salt present in the reactor is high. The reactor should be

refilled as soon as the pressure in the reactor is observed less than injection pressure.[26]



Chemical kinetics of decomposition

Ammonium carbamate thermally decomposes into ammonia and carbon dioxide.
Ramachandran et at 1998 investigated that thermal decomposition of ammonium carbamate
occurs in two stages thus producing the intermediate products. Fulks et al 2009 observed

during their TGA test that decomposition of salt is a single-stage phenomenon.
NH4COONH; = 2NH3+CO; (1)
NH4COONH; = NH3+HCOONH; (2a)

HCOONH; =— NH3+CO> (2b)

Equation (1) was given by Fulks et al 2009 and shows that solid ammonium carbamate can
remain in equilibrium with the products obtained after decomposition. Equations (2a) and (2b)
were predicted by Ramachandran et al 1998 which explains that decomposition of ammonium
carbamate occurs in two stages.

Conclusions and Recommendations

Use of ammonia as a reducing agent increases the conversion efficiency of NOx to a large extent
as per the requirements of BS-VI regulations. Problems of ammonia slip and reduced conversion
efficiency are much reduced when using gaseous ammonia as a reducing agent. For this purpose
use of ammonium carbamate is found to be the best solution due to its large ammonia containing
capacity and reduced decomposition temperature. Since SSCR systems can work efficiently below
a temperature of 200°C, they are highly desirable in heavy diesel engines.

Use of ammonia as a reducing agent enables the system to work at temperatures below 200°C
which results in greater efficiency of conversion of NOx thus providing better control over
malfunctioning. Results show that an efficient SSCR system may result in reduced size of the

reductant tank and also reduced frequencies of filling the tank.
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