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Abstract 
 

In the time line of world industrial age, the most important era begins in the late of 18th century 

when using fossil fuels was growing intensively. This approach has continued and developed up to 

20th century. Besides, this trend has had side effects like polluting environment. Air pollution is one 

of the critical issues nowadays that stems from using hydrocarbon fuels. 

One type of the problematic compounds in polluting air is nitrogen oxides that can be produced 

in combustion process from engines and industrial plants. Different solutions have been suggested to 

remove air polluting compounds. One method for removing nitrogen oxides is using the mechanism 

of Selective Catalytic Reduction in silencer of engines that has become practical in trucks’ engines. 

Therefore, researching on SCR chemistry is important for improving the usage of this method in 

removing nitrogen oxides as SCR has its own problems when using in engines. One of the problems 

is formation of white clumps on pipe wall of silencers using SCR which can cause back pressure in 

engines and costs a lot to remove them from engines. 

 This report evaluates effect of alternative fuels on SCR chemistry in order to study different 

parameters affecting deposit formation and solving problems involving SCR in engines. Ethanol is 

one of the controversial fuels using in engines and acetic acid is one its byproducts. Also, Urea and its 

by products are important materials in SCR chemistry, too. Consequently, the first part of the report 

studies the influence of Acetic acid and Ferrite steel, one of the usual steels in silencers of engines, on 

urea, biuret and cyanuric acid decomposition. The instruments used in the first part include TGA-

DSC (Thermo gravimetric analysis-Differential Scanning Calorimetric) which is connected to FTIR 

(Fourier Transform Infrared Spectroscopy).The second part of the report evaluated effect of diesel 

exhaust and ethanol exhaust on cyanuric acid evaporation rate as a main compound when forming 

deposit in silencers. The instrument used in the second part is TGA. The third part consists surveying 

effect of Adblue, aqueous solution of urea, and additivised Adblue, surfactant added Adblue to 

improve its efficiency, in a patented rig that is scaled down of a silencer of truck. 

The most important result for the first part includes the effect of Ferrite steel treated with acetic 

acid that accelerated the decomposition of cyanuric acid. This result can be investigated more in order 

to be used in silencers to accelerate the decomposition rate of clumps formed. In the second part, it is 



    

 

found out that cyanuric acid evaporates faster under ethanol exhaust than diesel exhaust. The third 

part’s results shows that in the current assembly of pipes in the rig, Additivised Adblue loses its 

improved efficiency which is an interesting result for engine welding in order to avoid this type of 

connection in engines.



 

    

 

Nomenclature 
 
 
Denotation  Description                     Unit 

                        Density of component n                g/lit 

                  Volumetric percentage of component n - 

 

Abbreviations 
Denotation  Description    

AUS32                        Aqueous urea solution with 32.5 % urea concentration 

CYA                            Cyanuric Acid 

DSC                             Differential Scanning Calorimetry 

EGR                             Exhaust gas reduction 

FTIR                            Fourier Transform Infrared Spectroscopy 

HBB                            Hydrophilic/lipophilic 

HDD                            Heavy Duty Diesel 

LDD                             Light Duty Diesel 

MFC                             Mass flow Controller 

NOX                             Nitrogen Oxides 

PM                                Particulate Matter 

ppm part per million 

RXN                             Reaction 

TGA                             Thermo gravimetric analysis 
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1. Introduction 
Nowadays, air pollution is not restricted to one special area of the world and has become a 

global problem. Based on explanation given by U.S. Environmental protection agency (EPA), air 
pollutant is any kind of component in the air that can make problem for human being or damage 
environment. [1] 

Oxidation of fuels like gasoline in engines is expected to produce CO2 and H2O but in fact, 
the products are far from complete combustion products. As a result, large amounts of CO, 
unburned hydrocarbons and NO are made which NO can oxidize to make NO2 in the engines. 
These excessive products from combustion in engines are air pollutants. Among these air 
pollutants, nitrogen oxides have become controversial during past decades. Mono nitrogen oxide 
(NO) and nitrogen dioxide (NO2) are known as NOX emission. There is more than a thousand 
ppm of NOX pollutant in the exhaust of a gasoline engine. [2 ,3]Furthermore, diesel engines 
have a significant role in public transportation system. Besides, Heavy duty diesel engines are 
the main source for NOX emission and particulate matter (PM). [4] 

Therefore, Europe and U.S.A have set up legislations toward NOX and PM elimination from 
engines’ exhaust. In Europe, these legislations are known as Euro III, Euro IV, Euro V and Euro 
VI. Since 2005, Heavy duty diesel (HDD) engines must meet regulations for Euro IV that consist 
of producing 3.5 g/kw.hr NOX and 0.02 g/kw.hr PM emissions in engines’ exhaust. [4] In 2008, 
Euro V regulations were introduced that include 2.0 g/kw-hr NOX and 0.02 g/kw-hr PM 
emissions.[4] Table 1,shows emission legislations in Europe. Right now, all trucks at Scania are 

manufacturing with EuroV standard. [5]  
Table 1.Europe emission legislations [4] 

Year HC(g/kw-hr) CO(g/kw-hr) NOX(g/kw-hr) PM(g/kw-hr) 

2000 (Euro III) 0.66 2.1 5 0.1 

2005 (Euro IV) 0.46 1.5 3.5 0.02 

2008 (Euro V) 0.25 1.5 2.0 0.02 

 
As a result, it is required to meet emission limits in diesel engines. Generally, there are two 

main technologies for reducing NOX in HDD engines, Exhaust gas reduction (EGR) and 
Selective Catalytic Reduction (SCR). EGR system involves recycling back a part of the exhaust 
into inlet air. NOX reduction in EGR happens because of oxygen concentration reduction in inlet 
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to the engine by mixing combustion products. Besides, lowering combustion temperature helps 
reducing NOX which diluting the inlet air with recycled exhaust reduces combustion 
temperature. [4] Selective Catalytic Reduction (SCR) that uses ammonia, obtained from urea 
solution ,under the trademark of Adblue with 32.5 % urea concentration, as the reducing agent 
for NOX control is the most effective method for HDD engines. 

This diploma work is a part of a project between Royal institute of technology (KTH) and 
Scania AB on SCR chemistry for heavy trucks. In fact, it is a continuation for the previous 
diploma work in this project. [6]  

The diploma work includes three main parts. The first part involves investigating effect of 
ferrite steel and acetic acid drops on urea, biuret and cyanuric acid decomposition by using TGA-
DSC and FTIR. 

The second part of the thesis consists of studying the evaporation rate of urea, Biuret and 
cyanuric acid under diesel exhaust and ethanol exhaust by using TGA. 

The third part comprises working with a patented rig, ”urea rig” at Scania to research on 
deposit formation with  Adblue, commercial Adblue variants considering  Product 2, Product 3, 
Product 1 and few types of laboratory additives. 

1.1 Selective Catalytic Reduction Chemistry 

The basis for Selective catalytic reduction technology was first discovered in 1957 at 
Engelhard Corporation. It was found out at Engelhard Company that ammonia reacts with NOX 

over a platinum catalyst even if there is oxygen in the reaction. [7] As a result, any flue gas 
containing NOX can be treated with a reducing agent over a catalyst.  

SCR process consists of catalytic reactions. Besides, all of the reactions in SCR process 
involve using ammonia as a reducing agent. Consequently, ammonia and NOX react with each 
other over a catalytic surface and produce nitrogen and water which are suitable products after 
NOX elimination. Also, The selective term in selective catalytic reduction points to the ability of 

ammonia to react selectively with NOX, instead of being oxidized with oxygen. [8] 

The reactions involving in NOX reduction by ammonia during SCR mechanism are shown 
in Table 2. [9] 
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Table 2.NOX reduction reactions by ammonia 

4NO(g)+4 NH3(g) +O2(g)è4 NO(g)+6 H2O(g) standard reaction RXN(1) 

        6NO2(g)+8NH3 (g) è7N2(g)+12H2O(g) slow reaction RXN(2) 

NO(g)+NO2(g)+2NH3(g)è2N2 (g) +3H2O (g) fast reaction RXN(3) 

 

RXN (3) is the fast reaction in SCR and is the reason for including an oxidation section 

before SCR to oxidize NO and trying to equate the amount of NO and NO2 in SCR system. [10] 

Furthermore, Industrial Catalysts for using in SCR system are mainly categorized into two 
main groups. Vanadia-based catalysts [11] and base metal/Zeolite catalysts especially containing 

copper and iron for metals.[12] Scania uses vanadia-based catalysts in SCR systems of trucks. 
Figure 1.shows schematic diagram of a silencer that an SCR system is placed at which is used at 
Scania. 

 Therefore, in HDD engines, SCR should include injecting ammonia into exhaust stream. 
However, corrosive properties of ammonia results in not using ammonia directly into the 
exhaust. Conventional source for ammonia during SCR is urea water solution. Consequently, this 
is the reason for studying urea chemistry during SCR process in next part. 

 

 

 

 

 

 

 

 

 

Figure 1.Schematic diagram of SCR system in a truck at Scania [13] 

Exhaust inlet to the 
silencer 

Urea injection 
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SCR catalyst 

Exhaust outlet 
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silencer 
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1.2 Urea chemistry 
Three steps occur when urea water solution is injected into SCR system .First, water is 

evaporated. In next step, urea decomposes to release one molecule of ammonia (NH3) and one 
molecule of isocyanic acid. In third step, isocyanic acid which is stable in gas phase reacts over 
the catalyst surface with water  to produce another molecule of ammonia and one carbon dioxide 
molecule.[14] The reactions are shown in Table 3.[15]    

Table 3.SCR reactions for urea decomposition and HNCO hydrolysis 
                  (NH2)2CO(l)è(NH2)2CO(s)+H2O(g) water evaporation RXN(4) 

          (NH2)2CO(l)çèNH3(g)+HNCO(g) urea decomposition RXN(5) 

HNCO(g)+H2O(g)èNH3(g)+CO2(g) urea hydrolysis RXN(6) 

 

Using urea solution has its own problems. These problems include lower efficiency of NOX 
conversion for urea solution in comparison with pure ammonia in SCR, due to the slow process 
for decomposition and releasing ammonia from urea solution. The other problem is the high 
temperature of urea decomposition which makes NOX control very difficult at low temperature 
of exhaust gas. The final problem is deposit formation on catalyst surface in SCR system that 
reduces catalyst life time and SCR durability. 

Deposit formation relates to other pathways in urea solution decomposition rather than the 
mentioned reactions in the same temperature range of SCR reactions which are undesirable 
reactions for using SCR system in industry. These undesirable reactions involve production of 
biuret, cyanuric acid, ammelide, ammeline and melamine as urea byproducts. Chemical 
structures of common compounds in these reactions are shown in Figure 2. 

                                                    
             Urea(CH4N2O                       Biuret (C2H5N3O2)                       Isocyanic acid(HNCO) 

                                                                             
Cyanuric acid(C3H3N3O3)          Ammelide(C3H4N4O2)        Ammeline(C3H5N5O) 

Figure 2.urea and its byproducts chemical structures and formulas 
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Table 4 shows all the undesirable reactions relating to urea decomposition and production of 

its byproducts in an open reaction vessel with the heating rate of 10˚ C/min and in temperature 

range of 50˚ C to 600˚ C under nitrogen (N2) purging by using two instruments, TGA and FTIR, 

which is similar to the conditions and instruments of our experiments that is explained by details 

in methods part. Therefore, these reactions are expected to take place in our experiments, too. 

[16] 

Table 4.Urea decomposition reactions [16] 

             Urea(l)+heatè NH4
+NCO –(l)èammonia(g)+HNCO(g)        Urea Decomposition at 152˚C RXN(7) 

    Urea(l)+HNCO(g)èbiuret(l)                                                    Biuret production at 160˚C RXN(8) 

  Biuret(l)+HNCO(g)èCyanuric acid (s)+ammonia(g)                  CYA production at 175˚C RXN(9) 

                 3HNCO(g)èCyanuric acid(s)                          CYA production at  high pressure or > 193˚C[17] RXN(10) 

                     2Urea(l)èCYA(s)+HNCO+2NH3                                                                       CYA production at 193˚C RXN(11) 

   2HNCO(g)+Urea(l)èAmmelide(s)+2H2O(g)                            Ammelide production at 175˚C RXN(12) 

        CYA(s)+NH3(g)èAmmelide(s)+H2O(g)                  At high pressure [18]  or T >300˚C [19] RXN(13) 

  Biuret(s)+HNCO(g)èAmmelide(s)+H2O(g)                          Ammelide production at 175˚C RXN(14) 

                   2Biuret(l)èAmmelide+HNCO(g)+NH3(g)+H2O(g) Ammelide production at 193˚C RXN(15) 

                     Biuret(l)èUrea(l)+HNCO(g)  Biuret decomposition at 193˚C RXN(16) 

  Ammelid(s)+NH3(g)èAmmeline(s)+ H2O(g)  Ammeline production at 250˚C RXN(17) 

                       CYA(s)è3HNCO(g)   CYA decomposition at 320˚C RXN(18) 

Ammeline(s)+NH3(g)è Melamine(s)+H2O(g)                      Melamine production at >350˚C RXN(19) 

 

Urea melting point is 133  ̊ C and its vaporization starts approximately at 140 ˚ C. Urea 

decomposition starts at 152 ˚ C and its vaporization and decomposition continues between 152 ˚ 

C and 160˚ C (RXN(7)).HNCO produced from urea decomposition starts to react with left urea 

to yield biuret at 160˚ C(RXN(8)).Three reactions, RXN(9), RXN(10) and RXN(11),contribute 

to produce cyanuric acid but RXN(9) dominate CYA production at lower temperatures and 

RXN(10) and RXN(11) influence at temperatures higher than 193˚ C. There is a similar situation 

for ammelide production. Ammelide is produced at lower temperatures by RXN (14) and at 

temperatures higher than 193 ˚ C, RXN (15) is dominant for ammelide production. However, 
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CYA and ammelide amount are very small at temperatures lower than the temperature of biuret 

decomposition. Therefore, at biuret decomposition temperature, CYA and ammelide production 

rate increase quickly. Ammeline starts production at temperatures higher than 250 ˚ C and the 

same condition for melamine at temperature higher than 350˚ C. Also, CYA decomposition starts 

at temperatures between 320 ˚ C and 330 ˚ C which produces HNCO and increases its amount 

around this temperature. [16]  

1.3 Usual Steels in silencer of trucks engines 
Based on the diploma work, “chemistry behind after treatment” [6], there are four usual 

metals in trucks’ engines and silencers used at Scania including Austenite of type Y with BA 

surface, Austenite of type Y with 2B surface, Ferrite of type X with BA surface, Ferrite of type 

X with 2B surface. Ferrite is used in new generation of trucks and Austenite was used in old 

trucks. Both Austenite and Ferrite are different types of stainless steel.  

Stainless steel is a general term for all corrosion resistant alloys that should have at least 

10.5% chromium by referring to European standard EN10088 while it can include other alloys, 

too. Ferrite steels contain chromium within the range of 10.5 to 30 %. Generally, ferrite steels 

contain molybdenum (up to 4%), iron and chromium. Ferrite steel is magnetic and used when 

corrosion resistant is the main goal. Austenite steels have chromium in the range of 16% to28%, 

nickel in the range of 3.5% to 32%.This type works well when corrosion resistant is the main 

goal in applying it. The difference in Ferrite steel and Austenite is in the composition of alloys in 

each of them. Chromium in Ferrite steel makes more resistant to corrosion and external attacks 

by making an adhesive film over steel .Nickel in Austenite steel makes it more resistant to cracks 

caused by stress corrosion.[20] Type Y and X relates to the thermal conductivity in stainless 

steel. Type X has lower thermal conductivity.BA and 2B relates surface finish which BA is 

shinier and 2B is coarser. [20]  

1.4 Adblue and Adblue variants 
As mentioned, instead of using ammonia in exhaust system of diesel engines, urea is used as 

a source of ammonia in high temperatures. Urea can not be used as a pure substance in exhaust 

because it is in the form of white powder. Therefore, it is used in the form of aqueous solution. 

Aqueous urea solution with 32.5 % urea concentration (AUS32) is registered under the 
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trademark of Adblue. Urea aqueous solution crystallization point reaches -11˚ C at the 

concentration of 32.5% and this is the reason for choosing urea content in deionized water. If an 

ambient temperature goes lower than this temperature, heating of storage tanks and pipes is 

needed. Adblue is not toxic but it is corrosive. Consequently, protected materials such as 

aluminum and different plastic materials are needed for its storage and transferring. There is no 

change in concentration when it is stored in normal conditions. At temperatures higher than 50˚ 

C in storage condition, urea can decompose to biuret and ammonia but the changes in 

concentration of Adblue can easily be distinguished by the smell of ammonia in the storage 

place. Urea’s solubility in water is 1.080 g/liter and after disposing into sewage system, it will 

catabolize after few days. [21] 

As stated, one of the problems related to the usage of urea solution is deposit formation 

which can reduce catalyst life time, SCR efficiency and can block exhaust pipe that results in 

backpressure in exhaust system. The formed deposit is grayish solid material found on urea 

injector nozzle, exhaust pipe wall, surface of urea mixer before SCR catalyst and SCR catalyst 

surface. [14] Deposits usually consist of urea, biuret, cyanuric acid and larger polymers but 

mostly, CYA is found in deposits which is the result of undesirable reactions of produced HNCO 

with melted urea and biuret in SCR system. [14]  

Different studies have been carried out on general conditions for deposit formation. Strots 

et.al investigated these factors in an exhaust SCR system with the same structure of heavy duty 

engines. It is claimed that deposit formation has its highest rate at low exhaust gas temperature 

(~200˚C) and low ambient temperature (<-3˚C), high Adblue injection rate (≥ 0.15 g/s) and low 

exhaust flow rate. Under the stated conditions, 25 to 65% of injected Adblue can convert to 

deposit in the system. However, by increasing the exhaust gas temperature, possibility of deposit 

formation decreases. At 350 ˚C, deposit formation yield is less than 1% of injected Adblue. [22] 

Though, the main reason behind deposit formation is contact of injected Adblue droplets 

with cold surface of pipe and the slow process for HNCO hydrolyzing with results in side 

reactions of HNCO to take place with Urea and biuret. 

Therefore, more investigation can be done on physical properties of Adblue droplets 

contacting a surface. One of these physical properties is surface tension in liquid droplets of 
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Adblue. Surface tension is a term for measuring cohesive energy in the interface of a material in 

one phase in contact with another phase. In solid-liquid contact , reducing surface tension  causes 

reduction in contact angle between two phases and decreases droplet thickness and diameter that 

improves heat conduction through the droplet and increases droplet evaporation rate and 

improves surface cooling . [23]  

Surfactant is a material that has the ability to reduce surface tension which helps fine 

distribution of droplets in contact with another phase and improves evaporation rate of droplets 

meeting another surface. Surfactant is an anionic, cationic and nonionic compound. A surfactant 

is usually chosen from C11-C15 secondary alcohol ethoxylates, C12-C15 linear primary alcohol 

ethoxylates, alkylated diphenyl oxide disulfonates which have hydrophilic/lipophilic (HLB) 

balance of about 10-20. [24] 

Consequently, different surfactants have been added to Adblue to investigate the effect and 

some of these additivied (surfactant added) Adblue has been developed and commercialized. 

One of these commercial products is Product 1 from Company B. For producing Product 1 , 

Company B studied the effect of ethoxylated alcohols with a mean chain length of 13 carbon 

atoms accompanied with different degrees of ethoxylation (number of added ethylene oxide per 

molecule) as surfactants which were added to 32.5 weight % urea solution to lower surface 

tension . The final commercialized product is based on these surfactants with an optimum 

condition in surface tension. [24] 

Product 3 is another additivised Adblue produced by Company A three years ago for testing. 

Nowadays, the commercialized additivised adblue by Company A is launched The old sample, 

Product 3, is based on the same kind of surfactant as the commercial product but that has been 

modified to be used in vehicles. 

Beside commercialized products, there are laboratory additives for adding to adblue as a 

surfactant .One of these additives is called ProppaBort® manufactured by Arom-dekor Kemi 

AB. 100 milliliter of  ProppaBort® should be added to 70-100 liter of Adblue . 
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2. Instruments and Methods 
The experimental instruments for this diploma work are divided into two different set up. 

The first part of the project is done by using TGA-DSC combined with FTIR. The Second part is 
done by using TGA and the third part experiments are done in Urea rig. 

2.1 TGA -DSC    

TGA stands for thermo gravimetric analysis and is a thermal analysis method based on 
evaluating mass change of a sample under inert (nitrogen) or oxidative (air) media while the 
sample is heated at a constant heating rate. This method is useful for quantitative analysis of 
thermal reactions that cause changes in sample mass, such as evaporation, decomposition, gas 
absorption, desorption and dehydration. A simple diagram for TGA instrument is shown in 

Figure 3. [25] 

 
Figure 3.simple diagram for TGA [26] 

As it is obvious from the picture, TGA simply consists of five main parts . Micro Balance, 
Recorder, Reference pan, sample pan and Furnace. Furnace heats the sample at a definite heating 
rate and the temperature can go up to 1500 ˚C. Micro Balance part plays the main role in 
measuring the sample mass change. The change in mass of the sample influences the equilibrium 
of the balance. The imbalance in this part is sent to a force coil which releases electromagnetic 
force. This electromagnetic force is proportional to sample mass change.[26] 

DSC is an abbreviation for Differential Scanning Calorimetry. This is a technique for 
measuring the amount of heat absorption or releasing from the sample when it is heated or 
cooled or kept at a constant temperature.[26] The sample pan and the reference pan are heated or 
cooled equally at the same time and the difference in temperature is a scale for the difference in 
heat flow between two materials. DSC can be used in determining endothermic and exothermic 
behavior of materials, glass transition temperature, phase diagrams and heat enthalpies. A simple 
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structure for DSC technique is shown in Figure 4.Thermocouple measures the temperature 
difference for defining the heat flow. [26] 

 
Figure 4. Simple structure for DSC [26] 

The instrument used in the diploma work is TGA-DSC with the model of STA 449 F3 
Jupiter® provided by NETZSCH Company. In Figure 5, pictures of the instrument with 
mentioning its’ different parts is shown. This type of TGA-DSC can measure the temperature 
range between -150 ˚C to 2000 ˚ C with a heating or cooling rate of 0.001 K/min to 50 K/min. 
The measuring heads for TGA-DSC is shown in Figure 6. [27] 

 
                                                 (A)                                                                                    (B) 

Figure 5. (A) Schematic TGA-DSC with the model of STA 449 F3 Jupiter® by NETZSCH 
Company (B) STA 449 F3 Jupiter® [27] 
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Figure 6.measuring head for TGA-DSC in STA 449 F3 Jupiter® by NETZSCH Company [27] 

2.2 FTIR 
FTIR is an abbreviation for Fourier Transform Infrared Spectroscopy is a method in which 

the infrared radiation passes through the sample. Some part of the radiation is absorbed by the 

sample and some part of the radiation is transmitted through the sample. The consequent 

spectrum from the sample indicates the molecular absorption and transmission that is like a 

molecular fingerprint of the sample which is unique for each type of material. In fact, absorption 

peaks in the spectrum represents frequencies of vibrations between the bonds of atoms in the 

sample. The method can be used for gas, solid and liquid phase. Also, FTIR is a good method for 

quantitative analysis as the size of the peaks in the resultant spectrum shows the amount of each 

material. [28] 

Generally, the normal instrumental process for Fourier Transform Infrared Spectroscopy 

includes five main parts: A source, an Interferometer, a sample, a detector and a computer. The 

source is a glowing black-body which releases Infrared beam. The amount of energy of this 

beam will be controlled through the instrument before getting to the sample.  

The structure of Interferometers includes a beam splitter in which the contacting Infrared 

beam is divided into two optical beams.one beam reflects back from a flat fixed mirror and the 

other beam reflects back from a sliding mirror that can move in short distance from the beam 

splitter. These two beams recombine at the beam splitter after reflecting back. The outcome 

signal is the result of two beams interfering with each other and is called an Interferogram. 
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Interferogram has all the data required for all Infrared frequencies. As the Interferogram is 

measured, all the frequencies can be measured simultaneously.  

The consequent beam reaches the sample. In the sample, specific frequencies that are unique 

for the sample are absorbed. In the final step, the beam goes through the detector for final 

measurement of the special interferogram signal. The measured Interferogram needs a 

mathematical algorithm called Fourier transform for converting the data into the suitable spectral 

information that can be used by the user. This step is done by using a computer.  [29] Schematic 

Configuration for an FTIR is shown in Figure 7. 

 
Figure 7.Schematic Configuration for an FTIR [30] 

The FTIR used in experiments is provided by MKS instruments and its model is MG2000, 

version 6030. The setup for experiments done in the first part is shown in figure 8.FTIR is 

connected to TGA with a short Teflon tube. Therefore, there is no delay in time of TGA 

measurements with FTIR measurements. 
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Figure 8.setup for experiments with FTIR connected to TGA with Teflon tube 

 

2.3 Approach for TGA-DSC Combined with FTIR experiments 
Ethanol can be used in vehicles as a fuel .There are different types of ethanol based fuels 

such as E85 (85%ethano and 15% gasoline) and E10( 10% ethanol and 90 % gasoline).[31] 

There are different reactions involving ethanol specially as a fuel in an engine . Ethanol 

combustion makes carbon dioxide and water. Also, ethanol can oxidize and form acetaldehyde 

by using an oxidizing agent. Then, it can further oxidize and form acetic acid by having excess 

oxidizing agent. [32] 

Consequently, acetic acid is one of the possible byproducts of using ethanol based fuels. 

Furthermore, as described, Ferrite BA steel is one of the steels used in the silencer in SCR 

systems. Based on results from diploma work on “chemistry behind after treatment” for metals, it 

is suggested to use Ferrite of type X with BA surface finish as it has the clearest effect in FTIR 

peaks that makes evaluation of results easier. [6] 

So, it is interesting to research on the effect of acetic acid and Ferrite BA steel on formed 

deposit in SCR systems. As a result, the first part of the diploma work consist of evaluating the 

effect of acetic acid and Ferrite BA steel on Urea, Biuret and Cyanuric acid under nitrogen that 

urea and its byproducts are compounds making deposit in SCR systems. Ferrite BA steel is 
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provided by Aston Carlsson.[33] other materials have the following characteristics mentioned in 

table 5. 

Table 5.materials characteristics used in experiments 

Material Purity MW(g/mole) Molecular formula Form Melting point(˚C) Ordering information 

Urea ≥99.5% 60.06 CH4N2O Powder 132-135˚C Sigma-Aldrich 

Biuert ≥98% 103.08 C2H5N3O2 powder 185-190˚C Sigma-Aldrich 

Cyanuric Acid 98% 129.07 C3H3N3O3 powder >360˚ C Sigma-Aldrich 

Acetic acid ≥99.7% 60.05 C2H4O2 Liquid - Sigma-Aldrich 

 

First of all, for doing the experiments in this step, we need a reference for urea, biuret and 

Cyanuric acid under pure nitrogen without any intervening material. It was expected to have the 

same reference as done in previous diploma work on “chemistry behind after treatment” [6] but 

the same reference could not be achieved because the gas used in TGA was contaminated with 

CO2 and Argon. These components can interfere with the FTIR method used. Therefore, for 

continuing the experiments, a new reference was taken with the current gas. The references and 

the results are described in results part. 

2.4  General procedure in Evaporation Rate experiments 

Deposit formation is a problem in SCR systems. Hence, it is important to understand which 

parameters can affect the deposit formed. It is interesting to find out the effect of different fuels 

on deposit evaporation rate. Cyanuric acid is the most important component in the deposit 

formed in silencer of SCR system as it has high decomposition temperature (320 ̊ C). Therefore, 

the second step of the diploma work is devoted to evaluate the effect of diesel exhaust and 

ethanol exhaust on cyanuric acid evaporation rate by using TGA. In evaporation rate 

experiments, there were three main steps. First step is flow calculations for mass flow controllers 

in TGA for exhaust gas. The second step is determining the suitable temperature for saturation of 

exhaust gas with water to simulate diesel exhaust and ethanol exhaust. The final step is 

evaluating the evaporation rate of CYA under diesel exhaust and ethanol exhaust at different 

temperatures. These temperatures were chosen 250 ̊ C, 300 ̊ C, 350 ̊ C and 400 ̊ C to have an 
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overall view of temperature range in SCR systems. Furthermore, For comparing CYA results 

with real samples of deposit formed in SCR systems, two more experiments are done with a 

clump taken from a real engine in a truck provided by SCania that its’ composition is approved 

to be 70 % CYA and 30% biuret. These two experiments are run at 400 C and 250 ˚ C under 

diesel exhaust as random experiments for making a real case study.  

The final gas flow over the sample in TGA is a gas consisting  81% Nitrogen (N2), 12.5% 

Oxygen(O2 ), 6.5 %  Carbon Dioxide(CO2,) 500 ppm Nitrogen Oxide(NO)and 100 ppm 

Ammonia (NH3) that these components are divided into two different tubes. The final flow rate 

for First exhaust tube is 121 ml/min and for second exhaust tube is 123 ml/min during the 

experiments. Also, for simulating diesel exhaust 35 ̊C and for ethanol exhaust, 45 ̊ C is chosen. 

Details of flow Calculations for mass flow controllers and estimating suitable temperature 

for saturating exhaust gases are explained in Appendix I.   

2.5 Urea Rig 

As mentioned in introduction part, the problem with using Adblue and its variants in SCR 

system is deposit formation. Therefore, this problem happens in vehicles using SCR system. 

Lumps are made in a silencer where an SCR system is set. The exact place and the time that 

lump formation begins in a silencer is not known. When lumps are made in the silencer, it causes 

back pressure. When the backpressure is large enough, the silencer should be opened and 

cleaned. Therefore, making a visual rig for evaluating urea injection dynamics and possible 

points for deposit formation in SCR system was required. 

The rig has been built at Scania. The rig is scaled down 16 times a real silencer system in an 

engine. The rig consists of a fan for blowing air at 40 kg/hr in a 7 kw/hr furnace that can heat up 

air up to 400 ̊ C. After heating Air, air flow goes through pipes isolated and after that it goes 

through a glass pipe that the injection point for urea solution is placed at the entrance of this 

glass pipe. After the injection point and the glass pipe, there is a bent pipe that injected urea 

contacts the bent part directly on the way to the outlet to exhaust stream. The purpose for putting 

a bent pipe is simulating curved face in front of urea injection in SCR systems. The bent pipe can 

be made from glass or metal which the glass pipe is easier to watch the deposit formed. Another 
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part of the rig is evaporator which evaporates water from water tanks under the rig. It saturates 

the air with 5% water to mimic the exhaust flow main compositions. 

The operating conditions in the rig are oven temperature, exhaust gas temperature, flow rate 

of injected Adblue and exhaust gas flow rate. Operating conditions can be controlled during each 

run. There is a display on an aluminum plate in the rig for controlling  oven temperature and 

exhaust gas temperature.[34]Picture from the rig is shown in Figure 9. 

Figure 9.Schematic diagram of Urea rig [34] 

2.6 Details of urea rig experiments 

The purpose for doing urea rig experiments was testing commercial and laboratory Adblue 

variants in the rig in order to find out the amount of the deposit formed. The rig experiment is an 

initial testing for commercial products to evaluate the behavior in SCR system. 

The procedure for urea rig experiment has few steps. Firstly, before running each 

experiment, water tanks and Adblue tank under the rig should be filled. Pipes should be 

assembled manually.  A white cloth between the straight glass pipe and the bent pipe is used 

when assembling the pipes in order to isolate the connection of the pipes. For the metal bent 

pipe, no isolation is used. After turning on the oven and warming the rig for one hour, the 

Second sensor 
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temperatures were written .Then, urea and water pumps were turned on. At the end, before 

shutting down, the temperatures were recorded too. Each experiment takes 18 hours. After 

turning off the rig, the amount of deposit formed was weighted. 

There are three sensors in the rig. The first one is placed right before urea injection point. 

The second one is at the outlet of the bent pipe and in the inlet of the exhaust channel and the 

third one is a thermocouple sensor put right before the entrance of the bent pipe an. The 

temperature of oven is set at 300 ̊C on the display in front of the rig. Also, the temperature of the 

first sensor can be controlled from the display. The temperature was set at 250 ̊C but it could 

change during the experiment. Therefore, there is a separate part in the display that shows the 

temperatures for the first sensor and the second sensor during the experiment besides fixing the 

temperature for the first sensor. 300 ̊C was chosen for the oven because at lower temperatures, 

the chance for forming deposit is higher. The flow rate of injected urea is set at 2 ml/min because 

of 16 times scaling down. Exhaust flow is set at 33 m3/hr.  
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3. Results and discussion 

3.1   TGA-DSC connected to FTIR experiments 

Generally, four different experiments were done for urea, biuret and CYA samples in this 

part. Conditions of the experiments are as it follows: 1) sample is kept under nitrogen gas in 

TGA-DSC connected to FTIR and is heated up to 650 ̊ C  with heating rate of 5 k/min as a 

reference to compare with other results.2) Sample is put on Ferrite BA steel plate under nitrogen 

gas in TGA-DSC connected to FTIR and is heated up to 650 ̊ C  with heating rate of 5 k/min 3) 

Acetic acid drops were put on the sample under nitrogen gas with TGA-DSC connected to FTIR 

and is heated up to 650 ̊ C with heating rate of 5 k/min.4) Ferrite BA steel plate is put in acetic 

acid for half an hour before doing the experiment for treating the metal. Treating metal with acid 

can remove a protective layer from the steel and makes its effect more obvious. After treating 

with acid, metal is placed in beaker and sample is added. Heating is done up to 650 ̊ C with 

heating rate of 5 K/min by using TGA-DSC connected to FTIR.  

TGA-DSC curves of urea, biuret and CYA done with nitrogen gas as a TGA-DSC reference 

in our experiments are shown in Figure 10. DSC peak corresponds to heat reactions. As an initial 

explanation for DSC peaks, in urea’s DSC peaks, there are four endothermic peaks. The first 

peak shows urea evaporation, the second peak is responsible for biuret evaporation. The third 

one shows biuret decomposition. CYA evaporation and decomposition takes place in the fourth 

peak. DSC peak for biuret includes biuret melting and evaporation at first peak, biuret 

decomposition at the second peak and CYA evaporation and decomposition at the third peak. 

Also, DSC peak for CYA has one endothermic peak for CYA evaporation and decomposition. 

In TGA curve of urea, there is no change in mass at the same time of happening the first 

peak in DSC curve which confirms the melting phase for urea. The first mass loss in urea starts 

around 160˚C at the same time of the rise in DSC peak which confirms urea evaporation and 

decomposition to NH3 and HNCO and then biuret formation. The second mass loss occurs 

between 240 ˚C to 300˚C and is very small that shows the conversion of biuret to CYA with very 

small mass loss. The third mass loss starts at 300 ˚C that is related to evaporation and 

decomposition of CYA .The endothermic DSC peak at 350 ˚C confirms evaporation and 

decomposition of CYA. In TGA curve of biuret, the first mass shows biuret evaporation and 
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decomposition. The second mass loss is very small and biuret conversion to CYA occurs in this 

phase. The third mass loss shows CYA evaporation and decomposition. TGA curve for CYA has 

only one mass loss phase which validates CYA mass loss during evaporation and decomposition. 

 
Figure 10.  ‐ ‐ ‐TGA( ―) and DSC(   ) curves versus temperature for Urea( green lines), 

Biuret(blue lines) and CYA(purple lines) done under nitrogen as a reference for TGA-DSC 

3.1.1 Urea Results 

The experiments done with urea sample have the same conditions stated in general for TGA-

DSC with FTIR experiments. Details of DSC-TGA curve for urea under nitrogen is explained. 

For analyzing the final results of urea sample in different conditions, FTIR curves are compared 

with each other. Also, TGA-DSC curves are put in one diagram and compared with each other. 

As mentioned before the reference peak is different from the previous diploma work. 
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Figure 11.FTIR for urea with N2 as a reference 

 
Figure 12.FTIR for urea with acetic acid drops 

 
Figure 13.FTIR for urea put on Ferrite BA steel      Figure 14.FTIR for urea on Ferrite put in acetic    
                                                                                                         acid before 
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So, all the results are compared to this new reference. According to Figure 11 and Figure 15, 

urea melting point is 127˚C and up to this temperature, there has been no mass change in TGA 

beaker and there is no huge change in FTIR peak in comparing with lower temperatures. As in 

lower temperatures, small amount of urea, HNCO, biuret and NH3 was detected. Then, at 140˚C, 

mass loss starts in TGA peak. At the same temperature, in FTIR peak, biuret and NH3 amounts 

start increasing. HNCO amount starts decreasing and urea amount decreases but does not reach 

zero. Even though, urea amount cannot be trusted but the increase in NH3 and biuret shows that 

urea has decomposed in molten phase. At 157˚C HNCO and urea decrease and HNCO reaches 

zero while biuret and NH3 increase. This approves the reaction between urea and HNCO to form 

biuret. Increase in biuret continues up to 213˚C and then after that a decrease in biuret amount 

starts. At 227˚C, biuret has decreased that confirms biuret decomposition and conversion to urea 

and HNCO. This converted urea and HNCO should react with each other and increase biuret 

amount but in reference peak for FTIR , urea, HNCO do not react and this fixed amount 

continues in higher temperatures. From 227 ˚C to 232˚C, there is a rapid decrease in TGA which 

corresponds to a significant increase in FTIR peak that can be the effect of urea decomposition 

but it is not detectable from FTIR peak. In TGA peak, from 232˚C to 280 ˚, there is no change in 

mass that should correspond to Cyanuric acid formation by the reaction of HNCO with biuret 

decomposed. In this point, about 50 % of the sample has been evaporated and the rest is 

converted to CYA. 30 % mass loss occurs from 280˚C to 360˚C which shows CYA evaporation 

and decomposition and confirms its formation before this temperature. Normally, there should 

not be more increase in HNCO and all the HNCO should be consumed for CYA formation but in 

reference peak for FTIR, there is an increase in HNCO amount at the same time of CYA peak in 

Cyanuric acid evaporation and decomposition. Also, urea amount continues at the same amount 

at higher temperatures and for biuret, there is an increase in the amount .There could be different 

reasons for these weird phenomena. One reason can be explained by the contamination of the gas 

in FTIR and interaction of the contaminants with urea, biuret and HNCO peaks. Nevertheless, 

the urea peak is fixed as a reference in next experiments. 

In the second experiment, urea sample with acetic acid drops is done with nitrogen (Figure 

12). The first two peaks in TGA peak happen at 47 ˚C and 92˚C. These peaks happen with mass 

loss up to 20% which corresponds to acetic acid evaporation. Up to92˚C, urea, biuret and HNCO 
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are detected in FTIR peak .From 92 ˚C up to 153˚C, acetic acid and urea amount is going to 

decrease while Biuret increases that shows urea decomposition and the reaction of HNCO 

released with urea evaporated. In fact, the first difference between Figure 11 and Figure12 

happens in biuret peak. Biuret peak is doubled, the first appears at 153˚C and then, there is a 

decrease in biuret. After that, a rapid increase happens in biuret peak. Generally, urea amount has 

increased comparing with reference peak and has an indistinct peak with no definite routine but 

its amount relatively decrease when biuret peaks happen. The second obvious difference is in the 

amount of NH3 in the second peak, it has reached around 6500 ppm which it is 5000 ppm in the 

reference peak. It seems that acetic acid has affected urea decomposition. CYA amount has not 

changed comparing with the reference but HNCO has decreased around CYA peak. It seems that 

acetic acid has made HNCO more reactive and it has made it to become electrophilic to produce 

biuret. In TGA curve, urea evaporation peak has almost disappeared and mixed with evaporation 

peak of acetic acid. This confirms occurring of other reactions when acid is evaporating as seeing 

a double biuret peak. 

In the third experiment, urea is put on Ferrite BA steel plate (Figure 13). The difference 

between FTIR results of the third experiment with reference occurs at biuret decomposition. 

When biuret is decomposing to urea, the urea peak rises. The difference in TGA curves of the 

third experiment with the reference is in mass loss of the first phase that 70 % of the sample 

mass is lost up to biuret decomposition and the rest is converted to Cyanuric acid but in reference 

peak, there is 50%mass loss up to biuret decomposition and about 30 % of the rest of the sample 

converts to Cyanuric acid. 

In the fourth experiment, urea sample put on Ferrite steel that was treated with acetic acid 

for half an hour (Figure 14). The difference between FTIR peak and the reference peak occurs in 

CYA evaporation and decomposition peak. The CYA peak is smaller than the reference one and 

its concentration does not reach more 200 ppm comparing with 500 ppm in the reference one. In 

TGA curves, the first mass loss is 60% up to biuret decomposition and 40 % of the sample is lost 

in CYA evaporation and decomposition.  

Urea peak always rises with CYA peak, the reason can be explained by the interaction of 

CYA peak in FTIR with urea peak but urea does not reach before or after CYA peak.  This 

clutter in urea peak can stem from contaminations in FTIR gas. 
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Figure 15.TGA curves for urea experiments: Reference peak (red lines), urea on Ferrite steel  

(green lines), urea on ferrite steel put in acetic acid before (blue lines), urea with acetic acid drops        
(olive lines) 

3.1.2 Biuret results 

The same routine as Urea experiments is followed for biuret. FTIR reference peak of biuret 

(Figure 16) is the same as urea reference peak except for some points. There is small urea peak at 

the temperature of biuret decomposition (227˚C) which shows biuret converts to urea and at the 

same temperature NH3 peak appears which corresponds to urea conversion to NH3 and HNCO 

but HNCO disappeared when biuret is in gas phase that shows HNCO reacted with biuret. 

Therefore, when HNCO increases after biuret and HH3 peak, approves that there is no more 

biuret to react with it but still, there is biuret peak at constant amount which maybe is an artifact 

material in FTIR. At 360˚C, CYA decomposition peak has a bigger peak and CYA has higher 

concentration. The reason, can be the higher amount of biuret converted to CYA. As in TGA 

curves, about 40 % of biuret decomposed and the rest (60%) of the sample converts to CYA. 

Also, HNCO has higher amount around CYA peak. (Figure 20) 
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Figure 16.FTIR for biuret with N2 as a reference 

 

Figure 17.FTIR for biuret with acetic acid drops 

  

Figure 18.FTIR for biuret put on Ferrite BA steel     Figure 19.FTIR for biuret on Ferrite put in                                                      
                                                                              Acetic acid before  
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In the second experiment for biuret sample with acetic acid drops (Figure 17), there is a 

double peak for biuret and the first one appears at temperature lower than biuret evaporation at 

139˚C .it is possible that acid can make bonding with biuret at lower temperatures and some part 

of biuret evaporates with acetic acid with this bonding. There is double peak for acetic acid 

evaporation, too. There is double peak for HNCO and the first peak appears right after biuret 

decomposition peak. HNCO has been released after biuret decomposition and not used. It seems 

CYA evaporation and decomposition peak has decreased comparing with the reference peak. In 

TGA curve, 50% of the sample mass is lost in biuret decomposition and 50% is lost in CYA 

decomposition. (Figure 20) 

In the third experiment for biuret sample put on Ferrite BA steel (Figure 18), urea peak’s 

amplitude with biuret decomposition increases comparing with the reference. Also, urea amount 

increases more with CYA decomposition peak. It seems more biuret is converted to urea. 

In the fourth experiment, biuret sample is put on Ferrite BA steel which was treated in acetic 

acid for half an hour (Figure 19). The obvious difference between the fourth experiment with the 

reference peak is in NH3 (ammonia)   peak.NH3 amplitude is doubled in concentration in FTIR 

peak. The second difference is in HNCO peak’s amplitude that is doubled, too. The third 

difference occurs at CYA decomposition peak that disappears and at the same temperature range 

(270˚C to 360˚C), biuret peak’s amplitude is doubled .it seems that all the CYA formed is 

decomposed completely to Biuret and HNCO. Even though, urea peak cannot be distinguished as 

a complete peak during biuret decomposition but it seems that biuret decomposes to urea and 

HNCO .Then, urea decomposes to ammonia and HNCO very quickly .It seems that the Ferrite 

steel catalyzes reaction of biuret breakdown to urea. In TGA curves, 40 % of biuret mass is lost 

in biuret decomposition and 60% of the sample mass is lost in CYA decomposition to HNCO 

and biuret. (Figure 20) It seems that treated Ferrite with acetic acid operates as a catalyzing agent 

for CYA breakdown. 
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Figure 20.TGA curves for biuret experiments: Reference peak (red lines), urea on Ferrite steel 

(green lines), urea on ferrite steel put in acetic acid before (blue lines), urea with acetic acid drops 
(olive lines) 

3.1.3 Cyanuric acid Results 

The general method is done for CYA in TGA-DSC experiments combined with FTIR. The 

reference peak for CYA has only one weight loss in TGA curve and one endothermic peak in 

DSC curve. In TGA curve, the endothermic peak starts at 325˚C which confirms CYA 

evaporation and decomposition (Figure 25) .In FTIR results, at the same temperature with CYA 

concentration increasing, biuret and HNCO concentration started to rise. HNCO concentration 

reached its maximum at 370˚C.Then, decreased and reached zero at higher than 400˚C.Besides, 

HNCO concentration is higher than CYA concentration. HNCO and biuret are produced by 

decomposition of CYA (Figure 21). In TGA curve, at 410˚C sample weight reaches zero and an 

almost complete weight loss occurs.NH3 was not detected in FTIR curves. If there was NH3, 

CYA and NH3 could react with each other and make biuret and HNCO but this is not possible. 

Therefore, biuret and HNCO are formed from CYA decomposition. Also, urea can not be 

detected. 

The second experiment is done for CYA and acetic acid drops (Figure 22). There is a peak 

for acetic acid evaporation in TGA and FTIR peaks and at the same temperature, there is urea 
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and biuret and HNCO peak with acid evaporation. There is the possibility that acetic acid makes 

bonding with CYA and is transferred into FTIR sample cell and converted to urea and biuret. At 

CYA decomposition peak, urea peak appears and HNCO peak has higher concentration than the 

reference peak. Biuret peak has a little less amplitude than the reference peak. It seems that 

acetic acid has catalyzed decomposition of CYA to make biuret and then to urea production. 

That is the reason for HNCO‘s amplitude increase. 

The third experiment is done for CYA sample put on Ferrite steel (Figure 23). The 

difference with the reference peak occurs in HNCO peak in FTIR results. The amplitude of 

HNCO peak has increased up to 3700 ppm that the difference with reference is about 800 ppm 

more. It seems that Ferrite has a catalyzing effect on CYA decomposition and almost all the 

CYA sample is decomposed to biuret and HNCO by referring to TGA curve. 

The fourth experiment is done for CYA sample on Ferrite steel which is put in acetic acid 

before (Figure 24). The difference in FTIR peak with the reference peak happens in CYA and 

HNCO peaks.CYA peak does not appear. It seems that CYA is decomposed rapidly that its 

concentration was not detectable in FTIR while there is a thermal effect for CYA evaporation 

and decomposition in DSC curve as the same as the reference peak. HNCO peak’s amplitude is 

almost doubled around 390 ˚C. It seems that the Ferrite steel treated with acetic acid can 

decompose CYA rapidly and maybe has a stronger effect in catalyzing that catalyzes 

decomposition of biuret formed from CYA decomposition and increases HNCO concentration. 

The ratio between biuret and HNCO is 2/3 in reference and in the fourth experiment, there is the 

same ratio of 2/3 between but the concentrations have been doubled. this ratio approves that 

RXN(18) can not happen and conversion of  CYA to biuret and HNCO is the main reaction 

happening here because if RXN(18) has occurred, the amount of HNCO should be much more 

than 6000 ppm. 

 



 

34 

 

Figure 21.FTIR for CYA with N2 as a reference 

Figure 22.FTIR for CYA with acetic acid drops 

          

Figure 23.FTIR for biuret put on Ferrite BA steel       Figure 24.FTIR for urea on Ferrite put in     
                                                                                acetic acid before         
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Figure 25.TGA curves for CYA experiments: Reference peak (red lines), urea on Ferrite steel 

(green lines), urea on ferrite steel put in acetic acid before (blue lines), urea with acetic acid drops 
(olive lines) 

3.1.4 Conclusion 

In all the four routines in TGA-DSC experiments combined with FTIR, the one by using 
acetic acid with purity of more than 99.7% has made bonding in all the samples and caused 
evaporation of the sample and early decomposition of some parts of samples. 

Furthermore, in experiments done with Ferrite steel, there has been evidence on improving 
decomposition of samples. 

Combining Acetic acid effect on Ferrite steel by treating steel with acid has interesting result 
in all the three samples. It can be concluded that Ferrite is activated when treating with acid and 
the layer of the treated steel has an intensified effect in catalyzing the reaction of CYA 
decomposition. The concentration of HNCO increased up to two times more than a normal peak 
and CYA peak disappeared that can confirm a rapid decomposition of CYA .This result is 
interesting from the point of using a treated metal with acid in the silencer of SCR systems in 
order to decompose the deposits formed rapidly .As, the deposit formed in SCR systems is 
mainly consisted of CYA. Absolutely, it needs more investigation on the stability of this 
catalyzing effect in the metal to be used in silencer and more research on the effect of different 
kinds of treatments in metals is required, too. 
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3.2   Evaporation rate experiments 
As explained for details of evaporation rate experiments, CYA sample is placed under diesel 

exhaust and ethanol exhaust gas and evaporation rate of the sample is measured at four different 

temperatures (250˚C, 300˚C, 350˚C and 400˚C) as a simulation state for realistic cases in 

engines. 

3.2.1 Results and discussion 
The results for CYA sample are shown in TGA curves in Figure 26. 

 
Figure 26.Cyanuric acid evaporation rate under diesel exhaust and ethanol exhaust (1)black line at 
250˚C , diesel exhaust (2)brown line at 250˚C, ethanol exhaust (3)blue line at 300˚C ,diesel exhaust 

(4)aqua line at 300˚C,ethanol exhaust (5)red line at 350˚C,diesel exhaust (6)pink line at 
350˚C,ethanol exhaust (7) light green line at 400˚C,diesel exhaust (8)dark green line at 

400˚C,ethanol exhaust 

The exact numbers for evaporation rate of CYA is shown in table 6. 

Table 6.Evaporation rate of CYA at four temperatures with diesel exhaust and ethanol exhaust 

Experiment Mass% loss/min Experiment Mass% loss/min 

CYA,250 ˚ C , ethanol 0.017 CYA 250 ˚ C, diesel 0.015 

CYA 300 ˚ C, ethanol 0.22 CYA 300 ˚ C, diesel 0.2 

CYA 350 ˚ C, ethanol 1.51 CYA 350 ˚ C, diesel 1.5 

CYA 400 ˚ C, ethanol 8.25 CYA 400 ˚ C, diesel 7.29 
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The chart for evaporation rate results of CYA is shown in Appendix I as an exponential 

graph. 

Results for two experiments done with  a clump sample from a truck’s engine at two 

temperatures of 250˚C and 400 ˚C with diesel exhaust is given in table 7. 

Table 7.Evaporation rate of clump sample from a truck engine 

experiment Mass% loss/min 

Truck’s sample at 250 ˚ C, diesel 0.023 

Truck’s sample at 400 ˚ C, diesel 12.3 

 

3.2.2 Conclusion 

It is obvious in the results that evaporation rate numbers are so close in both diesel exhaust 

and ethanol exhaust but evaporation rate under ethanol exhaust is higher than diesel exhaust. 

This means that CYA evaporates quicker under ethanol exhaust rather than ethanol exhaust. The 

main difference between ethanol exhaust and diesel exhaust exists in the water content that 

ethanol exhaust has 9% water and diesel exhaust has 5% water. It can be concluded that the 

hydroxyl groups in water bond with hydroxyl groups in CYA and make evaporation easier. 

Also, results for the sample from a truck’s engine are higher than the numbers for CYA. 

This approves the existence of biuret and CYA together in the sample as mentioned in the 

methods for these experiments. Biuret with CYA makes total evaporation rate higher and makes 

it quicker as it has lower melting point than CYA. 

3.3   Urea Rig Experiments 

Urea rig was run with four different materials. These materials include Adblue, Product 3, 

Product 1 and Proppa Bort. Each experiment with each material was repeated three times 

because the rig does not give similar results in different attempts for one material. During each 

experiment, three temperatures for the three sensors in the rig were recorded at start up and shut 

down and the mean value for each sensor is given in the results. At the end of each experiment, 

the weight of the deposit formed in the rig was recorded, too. Totally, Six different experiments 
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were run with four different materials.(1) Adblue with glass pipes in the rig (2)Product 3 with 

glass tubes (3) Product 1 with glass pipes (4) Proppa Bort with glass pipes (5) Adblue with metal 

bent pipe (6) Product 1 with metal bent pipe. 

3.3.1 Results and discussion 

In table 8, results for urea rig experiments are shown. Sensors’ temperature is a mean value 

for all the three times for each material. Weight of the deposit is a mean value, too. Details of all 

experiments are given in Appendix II. 

Table 8.Urea rig results with Sensors’ temperature and deposit weight 

Material 
First sensor 
temperature 

Mean Value(˚C) 

Second sensor 
Temperature 

Mean value(˚C) 

Thermocouple 
sensor Temperature    

Mean Value(˚C) 

Weight of 
deposit 

Mean value(g) 

Adblue with glass pipes 293.7 230 253.7 3.9 ± 0.7 

Product 3 with glass pipes 298 201.3 260.8 10.9 ± 3.8 

Product 1 with glass pipes 288.6 150.7 261.5 10.4 ± 3.3 

Proppa Bort with glass pipes 303.6 207.8 258 13.5 

Adblue with metal bent pipe 287.5 238.5 249.5 2.2 

Product 1 with metal bent pipe 290 235.4 239 10.6 

Pictures from the rig for each material are shown that makes comparison much easier. 

The first kind of experiments is done with Adblue as a reference for comparing its results 

with commercial additivised Adblue results. Adblue deposit is shown in Figures 27 and 28. 

 
Figure 27. Glass pipes with Adblue deposit formed, Separate parts (Second run) 
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Figure 28. Glass pipes with Adblue deposit formed (Second run) 

 
Glass pipes are consisted of two separate parts. Separate parts of Glass pipes are shown in 

Figure 27. The place of sensors can be detected in Figure 28. The first sensor is placed right 

before the first clamp. The thermocouple sensor is placed near the second clamp and measures 

wall temperature and the second sensor is placed at the outlet of the bent pipe.  

However, the rig does not give same amount of deposit and form for one material when 

repeating the experiment but mean value can be a good scale for experiments repeated. 

Adblue deposit is formed at the entrance of the bent pipe and in the curved part in all three 

runs. Also, a white layer of tiny deposit is spread at the end of the bent pipe. Adblue deposit is a 

rigid white clump but can easily be cleaned from the pipe by using hot water. The point is that in 

Adblue repetitions, in the first and the second run, the major part of the deposit is formed in the 

entrance of the pipes but in the third run, the major part is formed in the bent part. More pictures 

are shown in Appendix II.  

There can be different reasons for not getting similar results. One can be the uneven surface 

at the entrance of bent pipe where the straight pipe and the bent pipe join together. The other 

reason can be the structure of the pipes in the rig. The attempt in assembling the pipes for each 

run is making sure that the pipes are connected in a right angle but there is a chance of not 

connecting them in the optimal situation manually. The other reason can be related to the 

isolation system in the rig. All pipes after the oven are isolated to have less heat waste but still, 
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similar temperatures are not recorded for one material at different runs for each sensor. Due to 

this unsteady temperature distribution in the rig, mean value for measuring sensors’ temperature 

is used. Therefore, the unsteady temperature distribution in the rig can attribute to make different 

cold and hot spots in the pipes and can result in deposit formation at different spots. 

The second kind of experiments is done with Product 3. Product 3 deposit with pictures of 

the rig are shown in Figures 29 and 30. 

 
Figure 29.Glass pipes with Product 3 deposit formed, separate parts (First run) 

 

 
Figure 30.Glass pipes with Product 3 deposit formed (First run) 

 
Product 3 deposit is formed at the entrance of the bent pipe and in the curved part in all three 

runs. Product 3 deposit is a rigid white clump mixed with a brownish oily layer. The oily sticky 

layer is spread all over the pipes. The oily layer cannot be removed easily. For cleaning the pipes 

after each run, aqueous solution of Hydrochloric acid with 36% w/w purity was used and the 



 

41 

 

brownish layer can be removed. For Product 3 repetitions, in all cases, the major part of the 

deposit is formed in the entrance of the pipe. More pictures are shown in Appendix II. 

The third kind of experiments is done with Product 1 as a commercial additivisd 

Adblue.Product 1 deposit with pictures of the rig are shown in Figures 31and 32. 

 
Figure 31.Glass pipes with Product 1 deposit formed, Separate parts (First run) 

 

 
Figure 32.Glass pipes with Product 1 deposit formed (First run) 

 
Product 1 deposit is formed at the entrance of the bent pipe and in the curved part in all three 

runs. Product 1 deposit is a rigid white clump. No oily layer is formed through the pipes and the 

deposit can be cleaned easily by hot water. In all repetitions, the major part of the deposit is 

formed in the entrance of the pipe. More pictures are shown in Appendix II. 

The fourth kind of experiments is done with Proppa Bort as a laboratory made additivised 

Adblue. Proppa Bort deposits with pictures of the rig are shown in Figures 33 and 34. 
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Figure 33.Glass pipes with Proppa Bort deposit formed, Separate parts 

 

 
Figure 34.Glass pipes with Proppa Bort deposit formed 

 
Proppa Bort deposit is formed at the entrance of the bent pipe and in the curved part .Proppa 

Bort deposit is a rigid white clump but it has some brown spots in the clumps. No layer is formed 

through the pipes and the deposit can be cleaned easily by hot water. This experiment was done 

once and was not repeated. 

The fifth kind of experiments is done with Adblue in a metal bent pipe to compare the 

results with a glass pipe. Adblue deposit in a metal bent pipe is shown in Figure 35. 
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Figure 35.Adblue deposit in metal bent pipe joint to a glass straight pipe 

Again, the same kind of deposit is formed at the entrance of the bent pipe and in the curved 

part. The major part of the deposit is formed at the entrance. This experiment was done once and 

was not repeated. 

The sixth kind of experiments is done with Product 1 in a metal bent pipe. The deposit is 
shown in Figure 36. 

 
Figure 36. Product 1 deposit in metal bent pipe joint to a glass straight pipe 

 

The same kind of deposit as in the glass pipes is formed at the entrance of the bent pipe and 

in the curved part. The major part of the deposit is formed at the entrance. This experiment was 

done once and was not repeated. 
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For discussing the results, two distinct parameters from table 8 can be compared with each 

other. For the first three experiments that were repeated three times, deposit weight and 

thermocouple sensor’s temperature, as a more trustable temperature with less deviation, are 

compared with each other. Based on results from table 8, Adblue makes less deposit than 

Product 3 and Product 1 which are commercial products to improve Adblue efficiency in 

forming less deposit. Even though, Adblue has lower thermocouple temperature and Product 3 

and Product 1 has higher temperature.  In higher temperature, more deposit can be made while 

Product 3 and Product 1 have formed even more amount of deposit in the pipes. Also, the 

common point in all results approves formation of the major part of the deposit in the entrance of 

the bent pipe. 

For approving the results, two more experiments were done in metal pipes with Adblue and 

Product 1 to make sure that the glass bent pipe is not the main reason for losing the efficiency. 

The same result occurred. There was more deposit formed for Product 1 than Adblue and again, 

the major part is formed in the entrance of the metal bent pipe. 

The reason for deposit formation in the curved part of the pipe relates to the direct contact of 

the injected drops with the pipe wall with temperature lower than the stream’s temperature. Also, 

Table 6 shows that the second sensor’s temperature is even lower than pipe wall, too. The reason 

for the lower temperature of the second sensor is that it is placed in the outlet of the pipe and the 

hot flow contacts ambient air and it can lower the total temperature of the stream but the question 

is the reason for forming more deposit in the entrance of the bent pipe rather the curved part. The 

reason for forming major part of the deposit at the entrance can be found out in structure of 

connection between pipes. When, Adblue or additivised adblue is injected through the uneven 

surface of the entrance, some drops are hindered from moving in the flow stream and contact the 

pipe wall. . It is possible that the this type of uneven connection between the pipes intensifies 

deposit amount and this effect, even, increases when surfactant is added to Adblue. It is possible 

that adding surfactant to Adblue in this type of connection improves surface cooling in the place 

of the contact of the drops with the pipe wall and makes colder spots which increases the amount 

of deposit and the growth of the deposit in the entrance continues and grows backward. The 

structure of the connection between the pipes are shown in figure  
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 (a) (b) 

Figure37. (a)Inside the pipes of the rig from injection to bent pipe, showing the connection 
of straight pipe and bent pipe (b) picture from opposite side, from entrance of bent pipe to 

injection point 

3.3.2 Conclusion 
One important parameter in comparing the results in all experiments is the weight of the 

deposit formed. In all experiments with glass pipes that were repeated three times, weight of 

Adblue deposit is the lowest.Product 1 has lower amount of deposit than Product 3 but the 

difference is not huge. The obvious point is that additiviesd Adblue makes more deposit than the 

Adblue in the current structure of pipes in the rig, in both glass pipes and metal pipe and the 

major part of the deposit is formed in the connection between the pipes. There can be different 

reasons for explaining this phenomenon. These reasons relate to the physical parameters in the 

current assembly of the pipes in the rig. One reason can relate to the uneven surface at the 

entrance of the bent pipe where it is connected to the straight glass pipe. The other point can be 

investigated in the place of injection point that has a distance up to the bent pipe .Modeling the 

fluid dynamics of the injection point can release the exact effect on deposit formation.  

To sum up,it can be concluded that theses results are interesting from the point of providing 

information for welding in engines and silencers in orer to avoid this type of connection that 

causes losing the efficiency of the additivised Adblue comparing with Adblue. 
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4. Room for further improvement 

This diploma work has been carried out within the time limit of five month. As, every other 

diploma work, it has had its own problems and difficulties and absolutely, it has great room for 

more improvement in all parts.  

For the first part of thesis, there is great room for researching on the effect of acetaldehyde 

and acetic acid as oxidized by products of ethanol fuel combining with real conditions of 

silencers in SCR mechanism. For the second part of the project, there is great possibility to 

consider evaporation rate of real sample from silencers under diesel exhaust and ethanol exhaust 

and comparing the results with evaporation rate of CYA, biuret and urea to find a relation to 

accelerate evaporation and remove deposits quicker. For the third part, filming of deposit 

formation in the pipes of the rig to find out the exact reason in structure of the pipes to make 

more deposit with using additivised Adblue can be valuable information in welding of engines 

and silencers. Also, changing parameters such as Adblue flow rate and temperature of oven can 

be good for optimizing deposit formation 

5. Final conclusion 

Three parts of the diploma work are carried out on the effect of alternative fuels on SCR 

chemistry. 

For the first part of the work, investigation is done on influence of acetic acid and Ferrite 

steel in SCR chemistry. Results showed that Ferrite treated with acetic acid can improve 

decomposition of CYA. The second part of the thesis devotes to study effect of diesel exhaust 

and ethanol exhaust on CYA evaporation rate and it is proved that ethanol exhaust accelerates 

evaporation rate of CYA. The third part includes working with a urea rig that is scaled down of a 

silencer to compare deposit formation of different commercial products for Adblue. This part 

gives interesting result about the efficiency of Additivised Adblue in comparison with Adblue in 

the current structure of the pipes in the rig which can be important data for welding in silencers 

to avoid deposit formation. This part shows that Additivised Adblue loses its improved 

efficiency comparing with Adblue in the current assembly of the pipes in the rig. 
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Appendix I (evaporation rate experiments) 

Flow Calculation of Mass flow controllers for exhaust gas in evaporation 
rate experiments 
 

In exhaust experiments, the gas flow over the sample in TGA is a gas consisting of 81% 

Nitrogen (N2), 12.5% Oxygen (O2), 6.5% Carbon Dioxide (CO2,) 500 ppm Nitrogen Oxide (NO) 

and 100 ppm Ammonia (NH3). NO cannot be mixed in the same tube with NH3 and O2 because 

there is the possibility of reaction between oxidizing and reducing agents. The reaction is fast 

and exothermic which can cause explosion. Therefore, the gas mixture is divided into two tubes. 

The first diesel tube includes a mixture of NO, CO2 and N2. The second diesel tube contains 

NH3, O2 and N2. The flows from the two tubes are mixed together over the sample. As a result, 

the volume of the mixture is doubled. So, the concentration of components in final mixture over 

the sample is halved in comparison with the initial concentration of components in separated 

diesel tubes. Table 9 and table 10 show volume percentage of components in separate tubes. 

         

Maximum flow for each tube should be calculated and the suitable flow should be set for the 

related mass flow controller (MFC). The maximum flow that mass flow controllers (MFCs) are 

calibrated is 250 ml/min for pure N2 gas. For calculation of gas mixture’s flow, calibration factor 

is calculated.  

Each mixture is modified in TGA program by calculated density and calibration factor and 

TGA program gives maximum flow for each mixture.35 

          Density of gas mixture 

Table 9.First Exhaust tube volume %  Table 10.Second Exhaust tube volume % 

First exhaust tube Volume %  Second exhaust  tube Volume % 

NO 0.1  NH3 0.02 

CO2 13  O2 25 

N2 86.9  N2 74.98 



 

49 

 

= density of component n 

=Volumetric percentage of component n 

ρ=1.343   g/lit    Density of first exhaust tube 

ρ =1.294 g/lit     Density of second exhaust tube  

                         Calibration factor first exhaust tube=  0.965 

 Calibration factor second exhaust tube= 0.983 

TGA results for diesel mixtures: 

• Flow of first exhaust tube = 241 ml/min 
• Flow of second exhaust tube = 245 ml/min 

Flow over the sample in TGA should be 250 ml/min for nitrogen gas. Therefore, flow from 

each exhaust tube is halved. First exhaust tube has flow of 121 ml/min and second exhaust tube 

has 123 ml/min in experiments. 

Suitable temperature for saturation of   exhaust gas with water 

The purpose of saturating exhaust gas with water is to simulate conditions of ethanol exhaust 

and diesel exhaust over the sample used in TGA. By referring to data from Scania combustion 

department (NMPF) about exhaust content of medium size engines, it is claimed, in full load 

state of engine, diesel exhaust has 5.7  mass % contains water and ethanol exhaust has 9.6 mass 

%  of water in diesel cycle. Also, in half load state of engine, diesel exhaust after the engine has 

4.5 mass % of water and ethanol exhaust has 8 mass % water. Therefore, a mean value between 

full load and half load is selected to simulate real conditions in exhaust used in SCR systems. As 

a result, for ethanol exhaust, it is required to saturate the exhaust with water up to 9% and for 

diesel exhaust, it must be 5% water saturation. For calculating these numbers, complete 

combustion of fuel to carbon dioxide and water is assumed. Diesel fuel has a hydrogen/carbon 

ratio of 1.856 .The lambda ((m_air/m_fuel)/(stochiometric m_air/m_fuel))values used for diesel 

is 1.39 for full load and 1.8 for half load, for ethanol 1.25 for full load and 1.5 for half load.[36]  
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As stated in the previous part, the exhaust gas is consisted of O2, N2, CO2, NO and NH3. 

Despite small amounts of ammonia(NH3) and nitrogen oxide(NO) at ppm level and 6.5% of 

CO2(carbon dioxide), exhaust gas is mainly composed of  oxygen(O2),Nitrogen(N2).Therefore, 

the assumption of using Pschrometric chart for finding water saturation temperature for exhaust 

gas is acceptable . For defining the appropriate temperature, Psychrometric chart was used. 

Psychromatric chart is based on two principles. Indoor Air is consisted of water vapor and dry 

air. Indoor air at specific temperature and pressure has specific amount of energy.[37]Relative 

humidity in Psychromatric chart is always shown as percentage at a specific temperature and  

shows the amount of water vapor in air compared with saturated air at that particular 

temperature. As a result, Relative humidity of 100% for saturated air is selected. 

 
Figure 38.Psychromatric chart for water saturation[38] 

 

 

Based on the chart, selected temperatures , respectively, are 35˚ C and 45 ˚ C for 5% and 9% 

water saturation of exhaust gas [38] 
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Exponential chart for evaporation rate of Cyanuric acid under diesel 
exhaust and ethanol exhaust 
 

 

Figure 39.CYA evaporation rate exponential chart:[1] blue line(ethanol exhaust) [2] red line    

(diesel exhaust) 
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Appendix II (Urea Rig) 

Table11.Details of all the experiments done in Urea Rig 

Experiment 

First Sensor   

(startup/shut down) 

Mean value(˚C) 

Second sensor 

(startup/shut down) 

Mean value ( ˚C ) 

Thermocouple 

sensor  

(startup/shut down) 

Mean value( ˚C ) 

Weight of 

deposit 

Formed 

(grams) 

Adblue with glass pipes (1st time) 
286.9/295.7 

291.3 

233.6/220.6 

227.1 

253/256 

254.5 
4.8 

Adblue with glass pipes (2nd time) 
304/293.2 

298.6 

249/234.5 

241.75 

259/255 

257 
3 

Adblue with glass pipes (3rd time) 
288/294.1 

291.1 

219.9/222 

221 

250/249 

249.5 
3.9 

Product 3 with glass pipes (1st time) 
299.4/318.9 

309.15 

215.2/200.8 

208 

264/241 

252.5 
7.4 

Product 3 with glass pipes (2nd time) 
283.4/299 

291.2 

213.5/201 

207.2 

261/282 

271.5 
16.1 

Product 3 with glass pipes (3rd time) 
295.2/291.7 

293.5 

212/165.5 

188.8 

270/247 

258.5 
9.1 

Product 1 with glass pipes (1st time) 
290.7/285 

287.9 

242.9/231 

237 

264/248 

256 
11.3 

Product 1 with glass pipes (2nd time) 
289.4/299.2 

294.3 

106.9/101.7 

104.3 

267/275 

271 
13.9 

Product 1 with glass pipes (3rd  time) 
283.6/283.4 

283.5 

128/93.8 

110.8 

258/257 

257.5 
5.9 

Proppa Bort ( ran once) 
307.6/299.5 

303.6 

222.6/192.9 

207.8 

266/250 

258 
13.5 

Product 1 with metal pipes (ran once) 
285.6/294.3 

290 

236.4/234.4 

235.4 

230/248 

239 
10.6 

Adblue with metal pipes(ran once) 
282.4/292.5 

287.5 

235.7/241.2 

238.5 

246/253 

249.5 
2.2 
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More Pictures of urea rig 

Figure 40.Adblue deposit pictures with glass pipes , 3rd time 

 

 

Figure 41.Product 3 deposit pictures with glass pipes , 2nd time 
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Figure 42.Product 3 deposit pictures with glass pipes, 3rd time 

  

Figure 43.Product 1 deposit pictures with glass pipes, 2nd time 

  

Figure 44.Product 1 deposit pictures with glass pipes, 3rd time 
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