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ABSTRACT

An Investigation of Urea Decomposition and Selective Non-Catalytic Removal of Nitric

Oxide with Urea. (May 2003)

Yong Hun Park, B.E., Kyungpook National University

Chair of Advisory Committee: Dr. Jerald A. Caton

The use of urea (NH2CONH2) to remove nitric oxide (NO) from exhaust streams

was investigated using a laboratory laminar-flow reactor. The experiments used a num-

ber of gas compositions to simulate different combustion exhaust gases. The urea was

injected into the gases as a urea-water solution. The decomposition processes of the

urea-water solutions and urea powder were examined. For both the nitric oxide removal

and the urea decomposition experiments, a Fourier transform infrared (FTIR) spec-

trometer was used to determine the concentrations of the product species.

The products from the decomposition were examined every 50 K from 500 K to

800 K. The dominant products were ammonia (NH3), isocyanuric acid (HNCO) and car-

bon dioxide (CO2). In case of urea-water solution decomposition, for gas temperatures

between 550 and 650 K, the highest concentrations were for NH3 and HNCO. On the

other hand, the concentrations of CO2 were highest for gas temperatures of about 500 –

550 K. For temperatures above about 650 K, the amount of these three dominant prod-

ucts slightly decreased as temperature increased.

For the nitric oxide removal (SNCR) experiments, the gas mixture was heated to

temperatures between 800 K and 1350 K. Depending on the temperature, gas composi-
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tion, residence time, and urea feed rate, removal levels of up to 95% were obtained.

Other by-products such as N2O were detected and quantified. The effects of the urea/NO

(beta) ratio were determined by varying the urea concentration for a constant NO con-

centration of 330 ppm. The effects of the levels of oxygen (O2) in the exhaust gases and

the residence time also were investigated. Increasing the urea/NO ratio and residence

time resulted in higher NO removal and increased the temperature “window” of the ni-

tric oxide removal.
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1. INTRODUCTION

The use of automobiles, trucks, power plants and other such fuel burning devices

are very common nowadays. Unfortunately, the use of these devices continues to worse

the environment. The reason is that there are many undesirable products such as NO,

NO2, N2O and CO from the combustion process [1].

Among the unwanted products, nitrogen oxides (NOx) play an important role in

science and industry since the formation of nitrogen oxides is inevitable when fuel is

burnt at high temperature in a combustion process. There are lots of sources for produc-

ing NOx like motor vehicles, an electric utility power plant, other industrial facilities and

even residential sources that burn fuel. Serious concern is that the formation of NOx

contributes to air pollution. It can cause acid rain and photochemical smog destroying

the environment [2, 3]. Figure 1 shows the photochemical smog concentration in LA [6].

The unwanted air pollutants and the limited natural sources of fuels require efficient

control system for all chemical process [2, 4, and 5].

Figure 1. Photochemical smog concentration in LA [6].
This thesis follows the format and style of Journal of Fluids Engineering.
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1.1 What Is NOx and Why Is It So Important?

NOx is used to refer to NO (nitric oxide) and NO2 (nitrogen dioxide). They are

two of the most common oxides of nitrogen. Many nitrogen oxides are colorless and

odorless, but NO2 is a reddish-brown gas having a sharp odor. The oxidation from NO to

NO2  is part of the processes that result in the creation of ozone in the lower level of the

atmosphere [7]. On the other hand, ozone in the upper level of the atmosphere adsorbs

the ultraviolet rays from the sun. Ground level ozone contributes to smog and causes

human respiratory problems [8]. Figure 2 shows the ozone in earth’s atmosphere [8].

1.2 Formation of NOx

 The formation of nitrogen oxide occurs through mainly three processes – Ther-

mal NOx, Fuel NOx, and Prompt NOx. Thermal NOx is produced while nitrogen and air

with excess oxygen are presented at elevated temperatures (greater than 1800 K) in the

combustion process since fixation of nitrogen requires the breaking of the strong N2 tri-

ple bond [9]. The quantity of NOx formation depends on reaction temperature, residence

Figure 2. Ozone in earth’s atmosphere [8].
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time, the local stoichiometric and turbulence. Two of the main reactions for formation of

thermal NOx are described by the Zeldovich mechanism

O + N2 = N + NO (1)

N + O2 = O + NO (2)

An additional reaction has been shown to be necessary for near-stoichiometric and in

fuel-rich mixtures:

N + OH = H + NO (3)

Although the formation rate of thermal NOx is slow, compared to other processes, it

contributes the largest portion to the total NOx [10].

Fuel NOx is formed in the combustion system reaction from chemically bound

nitrogen in fuels such as coal, coke and heavy oils [11]. Between 20 and 80 percent of

the bound nitrogen is typically converted to NOx, depending on fuel pyrolysis and sub-

sequent reaction between many intermediate nitrogenous species and the oxidant species

[12].

The third process that results in NOx is known as “ Prompt NOx”. The breakdown

of hydrocarbon fragments such as C, CH, CH2 may react with atmospheric nitrogen and

their subsequent combination to produce other nitrogen species such as CN, H2CN, HCN
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and NH under fuel-rich conditions [11, 13]. The route now accepted is the following re-

actions [9]:

CH + N2 = HCN +N (4)

N + O2 = NO + O (5)

HCN + OH = CN + N2O (6)

CN + O2 = NO + CO (7)

This is referred to as prompt NOx since the rapid formation of NOx is confined to regions

near flame front.

1.3 General Methods for Control of NOx Emission

The most promising methods of NOx control technologies are categorized as pre

and post combustion techniques. For engines, NOx control technologies include lowering

the compression rate, retarding the timing, using EGR (exhaust gas recirculation) and

enriching the fuel mixture. These techniques provide pre-combustion NOx control by

keeping combustion temperatures low. Post-combustion technologies reduce NOx in the

exhaust gases [2].

Combustion modifications and pre-combustion techniques provide significant NOx

removal but often are not enough to meet regulations. To get more reduction in emis-

sion, post-combustion control is necessary. These include, for example, selective cata-
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lytic reduction (SCR), selective non-catalytic reduction (SNCR), and electron beams ra-

diation.

1.4 Selective Non-Catalytic Reduction of NOx

The selective non-catalytic reduction (SNCR) process is one of the technologies

for NOx removal. Depending on which agent is being used, these are classified into three

main processes: Thermal DeNOx (using ammonia), RAPRENOx (using cyanuric acid),

and NOxOUT (using urea). NOx reduction is achieved by injecting one of these agents

into the exhaust gas stream at an elevated temperature. Even though a SNCR technique

has some drawbacks like a narrow temperature window for operation and, for certain

conditions, conversion of ammonia to NOx, it has advantages like considerably lower

capital cost and easy installation relative to the selective catalytic reduction (SCR).

1.4.1 The Thermal DeNOx Process – Using Ammonia

The thermal DeNOx Process injecting ammonia (NH3) downstream of the com-

bustion zone was invented by Lyon and Hardy [14]. They found that mixtures of NO, O2

and NH3 within appropriate circumstances reduced NOx [14]. One concern of this proc-

ess is the possibility of unreacted ammonia being emitted into the environment, since

ammonia is a toxic chemical.  Commercial use of the thermal DeNOx was used in 1985

[15]. The overall reactions for the NOx removal using ammonia (NH3) are commonly

represented through the following overall reactions:
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4NO + 4NH3 + O2 → 4N2 + 6H2O (8)

6NO2 + 8NH3 → 7N2 + 12 H2O (9)

1.4.2 The RAPRENOx Process – Using Isocyanuric Acid

The RAPRENOx process was developed by Perry and Sibers [16]. The HNCO

molecule (isocyanuric acid) was obtained from sublimation of cyanuric acid when its

temperature was high. Other possible sources for HNCO are ammelide and ammeline

[17]. Using HNCO for NO reduction, a possible reaction mechanism was proposed [18]:

HNCO → NH + CO (10)

NH + NO → H + N2O (11)

H + HNCO → NH2 + CO (12)

NH2 + NO → N2H + OH (13)

      NH2 + NO → N2 + H2O (14)

1.4.3 The NOxOUT Process – Using Urea

Arand et al. in 1980 patented the process of using either urea powder

(NH2CONH2) or urea-water solution to reduce NOx  [19]. Figure 3 shows the molecular

model of urea. Benefits of using urea instead of ammonia (NH3) include easier handling,

safer, and non-regulated. Ammonia is toxic and has federal, state and local regulations

[4, 19].
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The thermal decomposition of dry urea has been shown to produce NH3 and

HNCO [20], while the thermal decomposition of urea-water solution has been shown to

produce NH3 and CO2 [21]:

NH2CONH2 → NH3 + HNCO (15)

NH2CONH2+H2O → 2NH3+ CO2 (16)

Itaya et al. suggested that the overall NO reduction from urea solution may proceed

through the following reaction [21]:

2NO+(NH2)2CO+(0.5)O2→2N2+CO2+ 2H2O (17)

SNCR techniques of NOx reduction will be described in the literature review.

Figure 3. Molecualr model of Urea.
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2. LITERATURE REVIEW

In this section, previous work on selective-non-catalytic reduction will be pre-

sented: Thermal DeNOx, and NOxOUT processes.

2.1 Thermal DeNOx Process

The effective removal of NO from combustion gases by injection of NH3 was

discovered by Lyon who named it the thermal DeNOx process [22].

2.1.1 Kinetic Modeling of the DeNOx Process

The chemical details of the Thermal DeNOx process have been developed and

improved over the years. Lyon and Benn developed a chemical kinetics model including

24 reactions [23] and Saliman and Hanson presented a chemical kinetics scheme in-

cluding 49 reactions to predict the thermal DeNOx process [24].

 The two main reactions to remove of NO with NH2 radicals which are produced

through the reaction of OH with NH3 in reaction (18) are reactions (19) and (20) [24]:

NH3 + OH = NH2 + H2O (18)

NH2 + NO = N2 + H2O (19)

NH2 + NO = N2 + H + OH (20)

Two other reactions also remove NO directly [24]:
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NH + NO = N2 + OH (21)

NH + NO = N2O + H (22)

Reaction (18) is chain terminating since chain carriers were not directly or indirectly

produced [25]. The reaction for the chain carrier producing path is either reaction (19) or

reaction (20) [26]. The temperature window, which explains the region of NO reduction

effectively, shift obtained by the addition of H2 [24]:

H + O2 = O + OH (23)

H2 + O = H + OH (24)

O + H2O = OH + OH (25)

H + H2O = OH + H2 (26)

In the above reactions, OH is not produced fast enough at low temperatures [24]. Figure

4 shows a scheme with 73 reactions is used with the main reaction path [24].

Figure 4. Reaction path diagram for the thermal DeNOx process [24].
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Miller and Bowman introduced 82 reactions and they presented several key kinetic pa-

rameters [25]:

NH3 + O = NH2 + OH (27)

NH2 + O = HNO + H (28)

NH2 + O = NH + OH (29)

NH + O2 = NO + OH (30)

NH2 + NO = NNH + OH (31)

NNH + NO = N2 + HNO (32)

HNO + M = H + NO + M (33)

NH2 + NO = N2 + H2O (34)

Figure 5. Reaction path diagram for the thermal DeNOx process. The bold
arrows represent the dominant paths [29].
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Figure 5 shows the reaction path diagram for the thermal DeNOx process [29].

First, the ammonia is converted to NH2 principally by reaction with OH with reaction

(18) but also in the absence of water vapor by reaction with oxygen atoms with reaction

(27) and HNO, NH produced with reaction (28) and (29) as product distribution for the

NH2 + O reaction. OH and O continue the NH3 → NH2 conversion, which should be re-

generated through NH2 + NO reaction to be self-sustaining [24]. This regeneration is ac-

complished by reaction (31), (32) and (33). Compared to the previous attempts, these

mechanisms give a good fit to experimental data  [24]. Compared with Glarborg et al.’s

mechanism [30], Kjaergaard et al. presented a few changes [29]:

NNH + O2 = N2 + HO2 (35)

HO2 + NO = NO2 + OH (36)

NH2 + NO2 = H2NO + NO (37)

NH2 + NO = NNH + OH (38)

NO2 is an essential intermediate in the process compared with Miller and Bow-

man and to allow a short lifetime for NNH, it is necessary to have a fast reaction be-

tween NNH and O2 in reaction (25) [24, 29]. A consequence of a large value for reaction

(35) is that NO2 is formed readily by the reaction (36) [26].
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oncentration Effect

ler and Bowman mentioned the necessity of excess oxygen in order to run the

perly [24]. To be reduced by NH3, the presence of O2 is required [27]. As the

ration is increased, the boundary for the process is shifted toward lower tem-

nd broadened temperature range while the potential of the NO reduction is

 as shown in figure 5 [27].

ure 6 shows for higher oxygen concentrations, the overall NO removal is less

at lower temperature, minimizes any “ammonia slip”, and increases the emis-

 [28]. Figure 7 shows the measured percentage NO removal as a function of

 temperature with different O2 concentration [28]. When the oxygen level in-

 temperature range for NO reduction is widened but the NO reduction poten-
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tial decreases as shown in figure 8 [29]. As the oxygen level increases, the effect of pres-

sure on the initiation temperature is reduced. [29]. As the oxygen concentration de-

creases, the temperature window shifts significantly toward higher temperature [31].
Figure 7. Measured percentage NO removal as a function of the reactor temperature
with different O2 concentration [28].
Figure 8. Measured N2O concentration as a function of the reactor temperature [28]
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Figure 9 shows a sharp distinction between a very slow reaction regime at lower

temperatures and a rapid oxidation regime at higher temperatures. The low-temperature

boundary is very sensitive to small variations in the O2 concentration [31].

Figure 10. Influence of O2 concentration in high partial pressures conditions: NO=1400
ppm; NH3=2800 ppm; O2=4%; H2O=5% [32].

Figure 9. Comparison of experimental data and model predictions for
reduction of NO by NH3 at near-stoichiometric conditions and 1400 ppm CO:

effect of O2 concentration. Symbols: experiment, lines: calculations  [31]
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Increasing O2 concentration shits the NO reduction profile toward lower temperatures

without affecting the maximum degree of abatement as shown in figure 10 [32].

2.1.3 CO Concentration Effect

Dill and Sowa found when the CO concentration is larger than the initial NO in

higher temperature reactions (T>1010oC), NO reduction is more inefficient, while good

NO reduction and an NH3 slip under 5 ppm can be reached for low temperature cases

[33].  So, CO has a great effect on low temperature cases but in all cases, NO reduction

becomes less dependent on initial CO concentration as initial NO decreases. The results

Figure 11. Effect of inlet CO and O2 level and temperature on NH3 and NO outlet
concentrations at high temperature [29].
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for residual CO differ greatly from the predicted results, which comes from relationship

between CO and the important radical species include H, OH, and O [33].

For temperatures higher than the one for maximum NO reduction, the higher CO

concentration cases causes less NO reduction [28]. CO was added to shift the region for

NOx removal to lower temperatures as shown in figure 11 [29]. The effect of CO shifts

the reaction regime to lower temperature [29]. Figure 12 shows NO removal as a func-

tion of reactor temperature for five different CO concentrations for base case conditions

for 15% oxygen [28]. For higher CO concentration, the temperature for maximum NO

removal decreases. Increasing the initial CO concentrations not only shifts the regime for

NO reduction to below 1000 K temperature, but causes a narrowing of the temperature

Figure 12. Measured percentage NO removal as a function of the reactor temperature
and inlet CO concentration [28].
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window [29]. In higher CO concentration, CO causes an adverse effect on the width of

the temperature regime for NO reduction [29].

2.1.4 NO2 and N2O Formation

Figure 13 shows the measured N2O concentration as a function of the reactor

temperature [28]. As inlet NH3 increases, the formation of N2O concentration increases

[28]. The amount of NO2 observed is high at higher temperatures and low O2 concentra-

tions, while N2O is dominant at lower temperatures and high O2 level. [27]. The ammo-

nia process had substantial NO2 formation at 515 Kpa condition [34]. NO2 emissions in

the high-pressure cases had an increase of four to six times the NO2 level of the low-

pressure case.

Figure 13.  Measured N2O concentration as a function of the reactor temperature [28].
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2.1.5 Pressure Effect

.
Figure 14. Effect of pressure and temperature on NH3 and NO outlet concentrations [30]
High partial pressures in the thermal DeNOx process have a significant impact on

the performance. Elevated pressures have an adverse effect on the NOx reduction poten-

tial as shown in figure 14 [27]. Lower pressure case showed significantly more NO re-

duction than higher case [34]. The ammonia-slip levels for the high-pressure cases were

of similar magnitude with the low-pressure case [34]. Increasing pressure, both the lower

and the higher boundaries for the process are shifted toward higher temperatures and the

temperature range for NOx removal slightly broadened [29]. Pressure change from 1 to



19

10 bar leads to at least 100 K temperature window width [30]. The effect of pressure is

most pronounced at low O2 levels [30]. As the partial pressures increase, it causes a re-

duction of operating window width and a small shift towards higher temperature [32]. In

figure 15, as the partial pressures of oxygen increases, the maximum reduction of NO

decreases  [32].

2.1.6 β – Ratio Effect

The β  – ratio is the ratio of the concentration of the reducing agent and the con-

centration of the nitric oxide. This means that the β – ratio for the thermal DeNOx proc-

ess is defined as the molar ratio of NH3 injected to the initial NOx present.  This ratio is

important to determine the most efficient use of the reducing agent. As β – ratio

Figure 15. Influence of partial pressures on NO reduction. Symbols: experimental
results, line: model prediction [32].



20

(NH3/NO ratio) increases, the NO reduction at the optimum temperature increases, but

there is an increase of NH3 slip as a disadvantage [35].

2.2 NOxOUT Process

2.2.1 Urea  Decomposition

According to the material data sheet, the melting point of urea is 405 K

(132.7°C). Schaber et al. [36] mentioned that mass loss of urea began around 413 K

(140°C) and suggested 19 reactions for the urea thermal decomposition as the tempera-

ture rises. First, urea powder can be vaporized, and then NH3 and HNCO evolve around

425 K (152°C). Biruet is produced from isocyanic acid reaction with urea through the

following reaction:

NH2CONH2+HNCO→H2NCONHCONH2 (39)

Around 448 K (175°C), cyanuric acid (C3H3N3O3) and ammelide (C3H4N4O2) are pro-

duced through the following reactions [36]:

H2NCONHCONH2+HNCO→C3H3N3O3 + NH3 (40)

H2NCONHCONH2+HNCO→C3H4N4O2 + H2O (41)

HNCO+NH3→ H2O + H2NCN (42)
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The products HNCO and H2O, from reaction (41) and (42), react to form CO2 for tem-

perature of about 700 K (427°C). After 700 K, NH3 and CO2 are produced as HNCO is

consumed from reaction (43).

HNCO + H2O → CO2 + NH3 (43)

Fang and DaCosta [37] studied the thermal decomposition of urea. The mixture

of urea and biuret was found at about 473 K. The main component between 500 K and

600 K was cyanuric acid having a pale beige color deposit. Ammeline and ammelide

having a dark beige color deposit were found as major components between 600 K and

700 K.

NH3 and HNCO are the main decomposition products of dry urea for certain

conditions [38]. The main route up to 593K seems to proceed through

NH2CONH2→ NH3 + HNCO (44)

However, Jodal et al. proposed for high temperatures other reaction channels: NH2 can

be removed instead of NH3 [39].

NH2CONH2 →  NH2 + H2NCO (45)

H2NCO → H2 + NCO (46)
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Bilbao proposed direct elimination of NH2 and H radicals from urea [40].

NH2CONH2→ NH2 + H + HNCO (47)

In presence of water, urea has been suggested to react [41]

NH2CONH2 + H2O → 2NH3 + CO2 (48)

When performed thermal decomposition experiments, obtained significantly less ammo-

nia that the amount predicted theoretically [41].

Figure 16. Experimental NO and N2O concentrations versus temperature for different
oxygen concentrations: solid circle: 0.5% O2, empty triangular: 1.0% O2, empty

diamond: 4.0% O2, empty circle: 10% O2. (Inlet concentrations: 300 ppm NO, 150
ppm urea, 4% H2O, N2 to balance) [40].
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2.2.2 O2 Concentration Effect
Figure 17. The removal of NOx as a function of reactor temperature for seven levels of
oxygen for 100 ppm carbon monoxide and a heated residence time of 2.11 sec. [42].
As the oxygen concentration diminishes, the NO reduction increases and the

lowest oxygen concentration case obtained the major N2O production as shown in figure

16 [40]. Srivatsa and Caton completed experiments with different O2 concentration

cases. In their experiments, the highest NOx reduction are obtained between 5% and 15%

O2 concentration for 1100 and 1200 K [42]. Figure 17 shows the cases of lower 0 and

0.5% O2 concentration, the maximum NOx reduction is extremely low (5% and 20%)

[42]. As the initial O2 concentration increases, window range for NOx reduction slightly

shifts to lower temperature regime [42]. Not only increasing O2 concentration, but also

higher urea solution, the reduction of NO is increased [41].
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Figure 18. The removal of NOx as a function of oxygen concentration for three lev-
els of carbon monoxide (100, 600 and 900 ppm) for a reactor temperature of 1150 K

and a heated residence time of 2.11 secs. [42].
2.2.3 CO Concentration Effect

The effect of CO on NO reduction process has been studied [14, 43 and 44],

which indicated that the presence of CO shifts the selectivity by increasing the rate of

NH2 formation and the rate of NH3 oxidation to NO [45]. The presence of CO is detri-

mental under slow conditions but beneficial under rapid conditions because it enhances

the radical pool at lower temperature regions [45].

Figure 18 shows the effects of the CO which were not clear, and no conclusions

may be obtained [42]. Rota et al. also mentioned that the effect of adding an amount of

CO, only small shift towards to lower temperatures of the NO reduction “window” as

shown in figure 19 [46].
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4 NO2 and N2O Formation

N2O is a major product in fluidized bed combustors and lead to the depletion of

toshperic ozone. Moreover, N2O has been classified as a greenhouse gas, which have

ome a concern since the levels of atmospheric N2O have been steadily rising.

Maximum N2O concentrations nearly coincide with the regions where the mini-

m NO concentration is obtained, and the major N2O levels is obtained for the lowest

gen concentrations [40].

Figure 20 shows that the amount of N2O is typically 2-3 times higher when using

a compared to the use of ammonia [40]. The higher N2O values for the urea cases

gest HNCO presence from the urea decomposition. Perry et al. [17] suggested the

owing reactions to describe HNCO process and N2O formation as the following re-

on:
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HNCO → NH- + CO- (49)

NH- + NO → N2O + H- (50)

First, HNCO is produced from decomposition from urea, then HNCO is decomposed as

NH- and CO-, then the reaction between NH- and NO leads to formation of N2O. Glar-

borg et al. [47] proposed that radical NCO from HNCO was the key element for NO re-

duction as following reaction and also reaction (52) explains the large formation of N2O

when used HNCO from urea solution.
Figure 20. Experimental and calculated results of NO and N2O concentrations versus
temperature, when using either urea (o) or ammonia (●) as reducing agent. Solid
lines denote calculations for urea and dashed lines for ammonia. (Inlet concentra-
tions: 300 ppm NO, 150 ppm urea, 300 ppm NH3, 4% O2, 4% H2O, N2 to balance)

[40].
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HNCO + OH → NCO + 6H2O (51)

NCO + NO → N2O + CO (52)

NCO + NO → N2 + CO2 (53)

HNCO from urea decomposition react with radical OH, then radical NCO is made from

reaction (51), after the radical NCO react with NO, NO converts to N2O, N2, CO, and

CO2.   

Figure 21. Experimental and calculated results of NO and N2O concentrations versus
temperature for different urea/NO ratios. The urea/NO ratio is varied changing the NO
concentration (i.e., 100, 300, and 1200 ppm) for a given urea concentration (150 ppm).

Symbols denote experimental results, and lines model calculations. (solid lines: 100
ppm NO, short-dashed lines: 300 ppm NO, long-dashed lines: 1200 ppm NO.) (Inlet

concentrations: 4% O2, 150 ppm urea, 4% H2O, N2 to balance) [40].
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Figure 21 shows the experimental and calculated results of NO and N2O concen-

tration versus temperature for different β-ratio [40].

2.2.5 β - Ratio Effect

 Rota et al. conducted the experiment for two values of β - ratio. The increasing

β - ratio leads to the better NO reduction as shown in figure 22 [40]. In the urea solution

of 40 wt%, NO reduction reached almost 100% at temperature above 1173 K, but in case

of 10 wt%, NO reduction obtained only 40% at a higher reactor temperature of 1273 K

in Itaya et al. experiment [21].
Figure 22. Influence of beta-ratio on NO reduction. Experimental results and model
predictions. Symbols: experiments for (□) =1.2 and (o) =2.4. Curves: model predic-

tions for (- -) =1.2 and (––) =2.4 [46].
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3. OBJECTIVES

The overall goal of this research project is to investigate the selective non-

catalytic reduction (SNCR) of NOx by urea.  The first part of this work is to determine

the products of the urea thermal decomposition. The second part of this work is to obtain

fundamental data on NOx reducing using urea under varying residence time, oxygen

concentration, β-ratio (the molar ratio between NH3 and NO in the feed), and inlet gas

compositions. The results for these experiments will be compared to NOx removal using

ammonia.
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4. EXPERIMENTAL APPARATUS

The apparatus used to conduct the experiments consist of five distinct systems:

(1) source of simulated exhaust gas, (2) mass flow controllers, (3) urea-water solution

feed system, (4) the furnace and reactor assembly (reaction zone), and (5) the output gas

mixture analysis system (Fourier transform infrared spectrometer). Each of these sys-

tems is described in the following section.

4.1 Overview of the Experimental Setup

Figure 23 shows the experimental apparatus. First, the mass flow controllers

were calibrated individually with various gases (NO, CO, O2, CO2, N2O, NO and N2)

and had accuracies ± 1.0% of full scale. The urea solution was placed in a 250 ml plastic

flask and using a calibrated pressure control gauge was pressurized with N2 gas. The

urea solution flowed out due to the nitrogen gas pressure and then flowed through an in-

jection pipette. The solution was vaporized by wrapped heating tape and then injected

into the simulated exhaust gas stream in the pre-heat section before entering the reactor

unit.

The mixture entered the reactor inside the furnace. The total flow rate of the gas

was 1100 sccm (standard cubic centimeter per minute at O°C and 1 atm). To avoid too

much H2O in the gas mixture, the feeding rate of the urea solution was set to have 5% of

H2O in all gas mixtures. A quartz tube (ID=10 mm, length=1.04 m) was placed in a

three-zone reactor that has an electronic control unit to furnish accurate temperature
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ntrol.  By operating different heating zones (i.e., heating lengths), and using different

side diameters for the quartz tube, the residence time could be varied. A condenser for

2O was placed right after the end of reactor to minimize the H2O in the gas cell of the

IR (Fourier transform infrared) spectrometer. The output gas from the condense

ssed through a 0.7 micron-filter and then was diluted by 5000 sccm of nitrogen gas.

he output gases from the reactor, including the dilution gas, flowed into the gas cell of

e FTIR spectrometer. Necessary calibrations were completed to quantify the FTIR

ectrum for each species, prior to the main experiments. Then, the gases were vented

t to the atmosphere.

2 Source of Simulated Exhaust Gas

To avoid the inherent complexities of dealing with the exhaust from an actual

mbustion source, such as particulate emissions and transient irregularities in NO con-
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centrations, a source of simulated exhaust gas was used. All the gases and gas mixtures

were stored in standard gas cylinders. The concentration of each tank is listed in table 1.

Table 1. Cylinder concentrations used for experiments
Species Mixture Purity

N2 100 % N2 99.99%

O2 49.7% O2, 50.3% N2 ± 1%

CO2 4.11% CO2, 95.89% N2 ± 1%

N2O 1% N2O, 99% N2 ± 1%

NO2 0.994% NO2, 99.006% N2 ± 1%

NO 1.99% NO, 98.01% NO ± 1%

NH3 0.5207% NH3, 99.4793% NH3 ± 1%

CO 1.79% CO, 98.21% N2 ± 1%

4.3 Mass Flow Controller

As a means of controlling the flow of each constituent into the system, a series of

seven mass flow controllers was used (the PFD 401 series by Precision Flow Devices

Inc., and MKS type 1179A by MKS Instruments). Note that mass flow controllers for

different maximum flow rates were used in the experimental setup. Table 2 is a list of all

controllers, and lists their flow capacity and other gases. Figure 24 shows the front panel

controls of MKS type 247D four-channel readout.
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4.3.1 Calibration Process

The gas that flows through the system is collected in a glass flask. This flask is

completely filled with water, which is displaced by the gas over time [48].

Table 2. Mass flow controllers in the experimental setup

MFC-Number Manufacturer Flow capacity (sccm) Alternate gas

1-1 MKS Instruments 50 CO/N2

1-2 MKS Instruments 100 CO2/N2

1-3 MKS Instruments 200 NO/N2

1-4 MKS Instruments 5000 N2

2-1 Precision Flow Devices 300 NH3/N2

2-2 Precision Flow Devices 300 O2/N2

2-4 Precision Flow Devices 1000 N2

Figure 24. Front panel controls of MKS type 247D four-channel readout.
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The time and volume displaced are measured through following equation [49]:

t
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To include the pressure difference from changing water level in the flask during the pro-

cess of displacement, a correction term for the volume is needed [48]:








 −







 −
=

∂
∂

t
MM

P
ghP

t
V

OHatm

OHatmadjusted

2

212

ρ
ρ

    (55)

The procedure is described in more detail in Appendix A1.

4.4 Urea-Water Solution Feed System

PressureUrea water solution

Figure 25. Feeding solution setup using pressure.
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The urea solution was placed in a 250 ml plastic flask and using a calibrated

pressure control gauge was pressurized with N2 gas as shown in figure 25. The urea so-

lution flowed out due to the nitrogen gas pressure and then flowed through an injection

pipette. The solution was vaporized by wrapped heating tape and then injected into the

simulated exhaust gas stream in the pre-heat section before entering the reactor unit. The

calibration procedure is described in more detail in Appendix A2.

4.5 The Furnace and Reactor Assembly (Reaction Zone)

Heating the flowing gases to the temperature needed in the flow reactor was per-

formed by a three-zone tube furnace (Lindberg model number 54259), which has an

electronic control unit (Lindberg model number 58475). The initial and final zones of

the furnace are 15.2 cm in length while the center zone is 30.5 cm in length as shown in

figure 26. The energy produced by the heating zones is transferred to an Inconel 600

Zone 1 Zone 3Zone 2

45.66

9.84
15.74

27.55

5.90 11.81 5.90

Figure 26. Schematic of the furnace setup. All lengths in inches [48].
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pipe in the entire length of the furnace. The quartz reactor, which prevents catalytic re-

actions with the steel surface, is centrally located within this pipe. The reactor is 25.4

mm internal diameter tube of Inconel 600 which is 1.06 m long.  The tube is threaded at

both ends and two 6.35 mm bolt flanges of 304 stainless steel are screwed on the ends.

The reactor end-flange assembly on the upstream side is connected to the stainless steel

heated chamber which mixes urea-water solution with simulated gases. The reactor end-

flange assembly on the downstream side is connected to the condenser which collected

the H2O after the reactor. The quartz tube is located in the center of the reactor with the

support of graphite gaskets made from GrafoilTM sheets. These gaskets also seal the

flanges on each end of the reactor. The furnace temperature distribution is described in

more detail in Appendix A3.

4.6 The Output Gas Mixture Analysis System (Fourier Transform Infrared Spectrome-

ter).

In order to determine the concentration of the various species exiting the reactor,

a Fourier transform infrared (FTIR) spectrometer was used (Biorad FTS-60A). After di-

lution the total simulated exhaust stream of 6100 sccm passed through a permanently

aligned long path cell. A liquid nitrogen cooled MCT (Mercury-Cadmium-Tellurium)

detector which works in the range of 4000 to 400 cm-1 was used.

To operate the FTIR properly, the FTS 60A uses cold. Besides, since the beam

splitter is made out of KBr crystal, which is sensitive to ambient air conditions, a purge

air generator is used to ensure proper air conditions.



37

The calibration procedure and data for the different species used in the experi-

ments is described in more detail in Appendix A4.
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5. EXPERIMENTAL PROCEDURE

Before describing the actual experiments, the standard conditions of the experi-

ments are provided. The total flow rate of the gas in the reactor was 1100 sccm (standard

cubic centimeter per minute at 0°C and 1 atm), which is regulated by the mass flow con-

trollers. This standard condition is consistent with former studies by Gentemann [48] and

Srivasta [50].

5.1 Procedure for Conducting Experiments

First, liquid nitrogen is added to the MCT detector. The mass flow controllers

should be turned on at least an hour before the experiment began. The whole system was

tested for leakage everyday before the experiment. MFC # 1-4 and # 2-4 of the nitrogen

part were switched on first to take background scans with FTIR.

The setting of each mass flow controller was determined using an Excel spread-

sheet, which included the calibration data for each specific mass flow controller. The

mass flow controller setting was double-checked to ensure the flow of the correct quan-

tities of each mixture component. The furnace was turned on a half hour before testing to

ensure thermal stability.

After calculating the weight of urea to be used as ppm unit for one experiment,

the calculated amount of urea was mixed with H2O in a flask. Heating tape for the urea

solution was switched on. The desired nitrogen pressure from the calibrations was de-

termined to feed urea-water solution at the proper rate.
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The temperature of the furnace was increased every 100 K from 273 K to 773 K.

After all heating zone reached the desired temperature, every 50 K from 800 to 1350 K

was measured the output species using FTIR.

5.2 Data Collection Procedure

To process the data of a FTIR scan, Biorad WinIR-pro version 2.96 software was

used. The scan of the gas mixture in the FTIR was taken after steady-state was estab-

lished, which could be monitored by comparing scans of the FTIR repeatedly. That is to

say, the final value was reached once the change of the measured concentration was

within ± 0.5 ppm, which was assumed as a steady state.  Typically, the final values were

obtained in about 20 minutes. The furnace needed a certain time to reach the set tem-

perature. The measured temperature was for the outside Inconel 600 steel tube.

An FTIR measurement was the average of 16 scans, which were reported as one

data value. All data were obtained from low to higher temperature in the reactor. The

concentration data was then plotted as a function of temperature.

5.3 Residence Time

In the reactor unit, a quartz-tube reactor designed for obtaining plug (or laminar)

flow, is placed in a three-zone electrically heated furnace providing a uniformly heated

section of the reactor. The number of zones activated for the furnace controls the length

of the uniformly heated section on the quartz-tube reactor. Figure 27 shows the normal-

ized temperature profiles (i.e., T(x)/Tset, where Tset= reactor set temperature) on the
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quartz tube for a 1.0-cm inside diameter with 1100 sccm (standard cubic centimeter per

minute) nitrogen flow for two-reactor set temperatures (i.e., Tset = 1100 and 1300 K)

when measured by a thermocouple. The uniformly heated length provided on the quartz

tube reactor is 30 cm when 2 zones in the furnace are heated, while the length increases

to 51 cm when all 3 zones are activated, securing maximum uncertainties of ± 1.3 %, but

within ± 15 K over the uniformly heated length. Thus, by varying inside diameters for

the quartz tube reactor, different residence time (or reaction time) will be provided under

a constant mass flow [51].

Figure 27. Normalized temperature profiles for two reactor set temperatures: (a) 2-zone
heating, and (b) 3-zone heating [51].
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where D is the quartz tube inside diameter, Lheating is the heating length,  Treactor is the

temperature of the reactor, and Tcold is the temperature of the ambient temperature (298

K). All experiments, except one case using ammonia to check oxygen percentage effect,

used a 10 mm diameter quartz tube. Table 3 shows an example of residence time calcu-

lation corresponding to the number of activated heating zones. The value for residence

time calculation can be found in appendix 3

Table 3. Residene time calculation example using equation (56) and (57)

Heating zone
Q

(sccm)

Tcold

(K.)
L (cm)

D

(cm)

Area

(cm2)

Volume

(cm3)

Residence

time (sec.)

1, 2, 3 1100 298 54 1.0 0.79 42.41 689/ Treactor

2, 3 1100 298 36 1.0 0.79 28.27 460/ Treactor

3 1100 298 8 1.0 0.79 6.28 102/Treactor
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6. EXPERIMENTAL RESULTS AND INTERPRETATION

The results obtained for urea decomposition, and for the NO removal using urea

and ammonia will be reviewed and discussed. As a preface to this section, lines in all

graphs used to connect data points are only for the purpose of helping the reader differ-

entiate one set of data from another.

6.1 Decomposition Study of Urea-Water Solution

The NOxOUT process using urea for NO reduction has been widely used, but the

actual reaction of NO removal does not occur directly between NO and urea. The reason

is that urea decomposes at elevated temperature. So, the decomposition process is essen-

tial to understand NO removal using urea.

 6.1.1 Urea Powder Decomposition Experiment

The first decomposition experiment used urea powder. Dry urea powder (3.0 g)

was placed in the entrance of the reactor. The reactor temperature was increased as only

nitrogen gas flowed through the reactor. Figure 28 shows the concentrations of NH3,

CO2, and the absorbance of HNCO as function of temperature. Due to a lack of an

HNCO calibration gas, HNCO can only be reported as absorbance. HNCO and NH3

were produced between 500 K and 700 K. After 700 K, the amounts of NH3 and CO2

increased as HNCO decreased which is consistent with reaction (43).
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Figure 28. Urea powder decomposition experiment. 3.0 g was placed into the entrance
of the reactor (Residence time 672/T(K) ).
HNCO + H2O → CO2 + NH3 (43)

The major species noted in the output were NH3, CO2, H2O and HNCO, because

of the strong H2O band in the FTIR spectra and interference with NH3, other possible

products such as biuret, ammelide, and ammeline could not be identified using the FTIR.



44

6.1.2 Urea-Water Solution Decomposition Experiment

Table 4. Injection condition of urea-water solution

Parameter Value (Source)

Urea Extra pure (EM Industries)

Distilled water OmniSolv with purge gas in bottle

Temperature range 500 K to 800 K

Oxygen level 0%, 1%

Weight (g) of urea in 250 ml H2O

U
re

a 
co

nc
en

tra
tio

n 
(p

pm
)

2.25 2.5 2.75 3 3.25 3.5 3.75 4 4.25 4.5 4.75 5
160

180

200

220

240

260

280

300

320

340

Urea concentration in the reactor (ppm)
Figure 29. Concentration of urea (ppm) in the reactor as a function of the weight
(g) of urea per 250 ml in a flask at a fixed 0.05 ml/minute of urea-water solution

feeding rate.
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Figure 30. NH3 and CO2 production from 215 ppm urea. Residence time 442/T(K)
Since urea-water solution used for NO reduction, the decomposition of urea-

ater solution must be essential for NO removal reaction. Table 4 shows the injection

ondition for experimental cases.

Urea concentration in the reactor, corresponding to the weight of urea in 250 ml

istilled water can be seen in figure 29. For example, the weight 3.17g of urea resulted in

15 ppm, which is 1.27 wt % (urea solution by mass). This example case was chosen for

he urea-water solution decomposition experiment. Since the weight of urea is so small

o compare the amount of water, the produced amount of NH3 and CO2. To reduce the

mount of error, this experiment was repeated three times. As seen in figure 30, the
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maximum production of NH3 and CO2 from decomposition of urea-water solution oc-

curred around 550-600 K. After 600 K, the derived amount of NH3 and CO2 slightly de-

creased at higher temperature. But the amounts of NH3 and CO2 were less than amounts

expected from the reaction (48), which suggests the production of other species such as

biuret, ammelide, and ammeline. As with the urea powder decomposition experiment,

because of the strong H2O band in the FTIR spectra and interference with NH3, other

possible species like biuret, ammelide, ammeline could not be identified using the FTIR.

NH2CONH2+H2O→2NH3+CO2 (48)

6.2 Nitric Oxide Removal Using Urea as the Reducing Agent

6.2.1 Nitric Oxide Removal Using Urea with 1% Oxygen

Table 5 shows the different cases examined in this study. The concentration of

nitric oxide was set at 330 ppm. The concentration of urea was varied 165, 250 and 330

ppm to represent as β - ratio 1, 1.5 and 2. The concentration of oxygen was 1% for all

cases.
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Table 5.  Experimental test cases for NO removal experiments using urea

NO (ppm) Urea (ppm) β - ratio O2 (%)
Residence time

(sec.)

1 102 / T(K)

2 442 / T(K)

3

1 %

672 / T(K)

4 102 / T(K)

5 442 / T(K)

6

165 1

5 %

672 / T(K)

7 102 / T(K)

8 442 / T(K)

9

1 %

672 / T(K)

10 102 / T(K)

11 442 / T(K)

12

250 1.5

5 %

672 / T(K)

13 102 / T(K)

14 442 / T(K)

15

1 %

672 / T(K)

16 102 / T(K)

17 442 / T(K)

18

330

330 2

5 %

672 / T(K)
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Figure 31. Nitric oxide removal as a function of temperature for changing residence
time. Inital NO = 330 ppm, urea = 330 ppm, O2 = 1%.

Figure 31 shows NO reduction as a percentage of the original NO as a function

of reactor temperature for various residence times, for a β - ratio of 2.0 (NO = 330 ppm,

urea = 330ppm), and 1% O2. Up to a temperature of 950 K, NO reduction was not noted.

After a temperature of about 1000 K, as temperature is increased, the NOout/NOin ratio

decreased gradually, which means NO reduction increases, except 102/T(K) residence

time case, whose NO reduction started at 1100 K. This gradual trend continues as the

temperature increases to about 1100 K (672/T(K),  442/T(K)) or 1200 K(102/T(K)).
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Figure 32 shows NO reduction as a percentage of the original NO as a function

of reactor temperature for various residence times, for a β - ratio of 1.5 (NO = 330 ppm,

urea = 250 ppm), and 1% O2.  Below a temperature 950 K, little NO removal was ob-

served. For all cases, a maximum NO removal was observed for a certain temperature

before the NO increased again. This trend was seen at a temperature of 1200 K

(672/T(K)), 1100 K (442/T(K)), and 1300 K (102/T(K)). Longer residence time lead to

higher reduction of NO and wider NO reduction “window” as well. A maximum NO re-

duction of around 85% occurs at 1100 K for the case with a residence time of 672/T(K).

Figure 32. Nitric oxide removal as a function of temperature for changing residence
time. Inital NO = 330 ppm, urea  = 250 ppm, O2 = 1%.
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Figure 33. Nitric oxide removal as a function of temperature for changing residence
time. Inital NO = 330 ppm, urea = 165 ppm, O2 = 1%.
Figure 33 shows NO reduction as a percentage of the original NO as a function

eactor temperature for various residence times, for a β - ratio of 1.0 (NO = 330 ppm,

a = 165 ppm), and 1% O2.  The maximum removal was about 84% at 1100 K for

/T(K) and 442/T(K), and at 1175 K for 102/T(K). Above 1200 K, production of NO

 observed clearly. This trend of increasing NO concentration at higher temperature

 more significant than that observed for the higher β - ratio cases. In this case, longer

dence time didn’t contribute to widen range of NO reduction temperature “window”.
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Figure 34 shows the concentration of ammonia as a function of temperature. For

the temperature range between 800 K and 1050 K, the ammonia concentration was about

430 ppm. For the temperature above 1050 K, the ammonia concentration decreased

slightly. The trend of ammonia concentration used for NO reduction was a fluctuation in

the range of occurring maximum NO reduction for the case of 672/T(K) residence time.

Initial amount difference of ammonia from urea decomposition between 672/T(K) and

102/T(K) cases at 800 K was about 60 ppm.

Figure 34. Ammonia concentration as a function of temperature for changing concen-
trations of residence time. Initial: NO = 330 ppm, urea = 330 ppm, O2 = 1%.
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Figure 35. Ammonia concentration as a function of temperature for changing con
centrations of residence time. Initial: NO = 330 ppm, urea = 250 ppm, O2 = 1%.
Figure 35 shows the concentration of ammonia as a function of temperature. Ini-

al amount difference of ammonia from urea decomposition between 672/T(K) and

2/T(K) cases at 800 K was about 30 ppm. For the temperature range between 800 and

0 K, ammonia concentration remained about 300 ppm. For temperatures above 950 K,

e ammonia concentration decreased slightly. Depending on residence time, concentra-

on of ammonia decreased as a function of temperature. For the 672/T(K) case, when

e maximum NO reduction occurred, ammonia concentration diminished slowly.
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Figure 36. Ammonia concentration as a function of temperature for changing conce
trations of residence time. Initial: NO = 330 ppm, urea = 165 ppm, O2 = 1%.
Figure 36 shows the concentration of ammonia as a function of temperature. Ini-

ial amount difference of ammonia from urea decomposition between 672/T(K) and

02/T(K) cases at 800 K was about 40 ppm. For the temperature range between 800 and

050 K, ammonia concentration remained around 150 ppm. For the temperature above

100 K up to 1200 K, the ammonia concentration decreased rapidly. Between 1000 K

nd 1100 K, there was small fluctuation in the region when the maximum NO reduction

ccurred.
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Figure 37 shows the concentration of nitrous oxide as a function of temperature

for various residence time cases. Up to 1000 K, N2O concentration was insignificant. For

all cases, the cases with the shortest residence times resulted in the highest N2O concen-

tration. The maximum N2O concentration for the 102/T(K) residence time case was at

least twice the value for the other two cases. The place where the maximum N2O con-

centration occurred was nearly matched with the place of the maximum NO reduction

occurred.

Figure 37. Nitrous oxide concentration as a function of temperature for changing con-
centrations of residence time. Initial: NO = 330 ppm, urea = 330 ppm , O2 = 1%.
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Figure 38. Nitrous oxide concentration as a function of temperature for changing con
centrations of residence time. Initial: NO = 330 ppm, urea = 250 ppm, O2 = 1%.
Figure 38 shows the concentration of nitrous oxide as a function of temperature

or various residence time cases. Up to 950 K, N2O concentration was insignificant.

gain, the shortest residence time case led to the highest N2O concentration. The maxi-

um N2O concentration for the 102/T(K) residence time case was at least three times

he value from the other two cases. The place where the maximum N2O concentration

ccurred was nearly matched with the place of the maximum NO reduction occurred for

72/T(K) and 442/T(K) cases.
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Figure 39 shows the concentration of nitrous oxide as a function of temperature

for various residence time cases. Up to 950 K, N2O concentration was insignificant. In

this case, the shortest residence time case didn’t lead to the highest nitrous oxide con-

centration, which could be explained because of inlet urea concentration 165 ppm. Small

amount of inlet urea concentration could lead to small amount of HNCO production,

which results from urea decomposition during the reaction process.

Figure 39. Nitrous oxide concentration as a function of temperature for changing con-
centrations of residence time. Initial: NO = 330 ppm, urea = 165 ppm, O2 = 1%.
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Figure 40. Carbon dioxide concentration as a function of temperature for changing
concentrations of residence time. Initial: NO = 330 ppm, urea = 330 ppm, O2 = 1%.
Figure 40 shows the concentration of carbon dioxide as a function of temperature

 various residence time cases. From a constant level with a small fluctuation in con-

ntration up to 950 K, the carbon dioxide concentration increased with temperature rise

 two cases (672/T(K), 442/T(K)).  While, in short residence time case, the carbon di-

ide concentration nearly remained constant.
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Figure 41 shows the concentration of carbon dioxide as a function of temperature

for various residence time cases. From a constant level with a small fluctuation in con-

centration up to 1000 K, the carbon dioxide concentration increased with temperature

rise for all cases.  The concentration of carbon dioxide from urea decomposition theo-

retically could be made up to 250 ppm in this case, but after 1300 K, the concentration of

carbon dioxide increased rapidly.

Figure 41. Carbon dioxide concentration as a function of temperature for changing
concentrations of residence time. Initial: NO = 330 ppm, urea = 250 ppm, O2 = 1%.
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Figure 42. Carbon dioxide concentration as a function of temperature for changing
concentrations of residence time. Initial: NO = 330 ppm, urea = 165 ppm, O2 = 1%.
Figure 42 shows the concentration of carbon dioxide as a function of temperature

or various residence time cases. Up to 900 K, the carbon dioxide concentration de-

reased with temperature rise for all cases. After 1050 K, the carbon dioxide concentra-

ion increased rapidly with temperature rise for two cases (442/T(K), 102/T(K)). This

rend of sharp rise in the carbon dioxide concentration might come from urea solution

ixing problem. After 1200 K, the carbon dioxide concentration increased with tem-

erature rise for two cases (672/T(K), 442/T(K)). While, for the short residence time

ase, the carbon dioxide concentration nearly remained constant.
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Figure 43. Carbon monoxide concentration as a function of temperature for changing
concentrations of residence time. Initial: NO = 330 ppm, urea = 330 ppm, O2 = 1%.
Figure 43 shows the concentration of carbon monoxide as a function of tem-

erature for various residence time cases. For all three carbon monoxide concentration

ases, the carbon monoxide level was low up to 950 K. Between 950 and 1175 K, the

arbon monoxide concentration increased slightly with temperature for all cases. After

175 K, the carbon monoxide concentration increased rapidly with temperature for two

ases (672/T(K), 442/T(K)). While the carbon monoxide concentration of 102/T(K) re-

ained about constant after 1200 K.
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Figure 44 shows the concentration of carbon monoxide as a function of tem-

perature for various residence time cases. For all three carbon monoxide concentration

cases, the carbon monoxide level stayed constant up to 1000 K. Between 1000 K and

1175 K, the carbon monoxide concentration increased slightly with temperature for all

cases. After 1200 K, the carbon monoxide concentration increased rapidly with tem-

perature for two cases (672/T(K), 442/T(K)). While the carbon monoxide concentration

of 102/T(K) decreased after 1200 K.

Figure 44. Carbon monoxide concentration as a function of temperature for changing
concentrations of residence time. Initial: NO = 330 ppm, urea = 250 ppm, O2 = 1%.
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Figure 45 shows the concentration of carbon monoxide as a function of tem-

perature for various residence time cases. For all three carbon monoxide concentration

cases, the carbon monoxide level stayed constant up to 1150 K. Between 1000 K and

1175 K, the carbon monoxide concentration increased slightly with temperature for all

cases. After 1200 K, the carbon monoxide concentration increased slightly with tem-

perature for two cases (442/T(K), 102/T(K)). While the carbon monoxide concentration

of 672/T(K) increased rapidly after 1200 K.

Figure 45. Carbon monoxide concentration as a function of temperature for changing
concentrations of residence time. Initial: NO = 330 ppm, urea = 165 ppm, O2 = 1%.
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Figure 46. Nitric oxide removal as a function of temperature for changing concentr
tions of residence time. Initial: NO = 330 ppm, urea = 330 ppm, O2 = 5 %.
.2.2 Nitric Oxide Removal Using Urea with 5% Oxygen

Figure 46 shows the NO reduction as a percentage of the original NO as a func-

on of reactor temperature for various residence times, for a β - ratio of 2.0 (NO = 330

pm, urea = 330 ppm), and 5 % O2. Up to a temperature of 950 K, NO was zero or small.

or temperature greater than about 1000 K, as temperature increased, the NOout/NOin

tio decreased gradually, which means the NO reduction increases. This gradual trend

ontinues until the temperature is to about 1200 K (672/T(K) and 442/T(K)) or 1150 K

02/T(K)).
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Figure 47. Nitric oxide removal as a function of temperature for changing concentr
tions of residence time. Initial: NO = 330 ppm, urea = 250 ppm, O2 = 5 %.
Figure 47 shows the NO reduction as a percentage of the original NO as a func-

on of reactor temperature for various residence times, for a β - ratio of 1.5 (NO =

30ppm, urea = 250 ppm), and 5% O2. For all cases, a maximum NO removal was ob-

erved for a certain temperature before the NO increased again. This trend was seen at a

mperature of 1100 K for all three cases. But a maximum NO reduction of around 55%

ccurs at 1100 K for the case with a residence time of 442/T(K). This trend is the same

r the 1% O2 concentration case, which means, in the case of a β - ratio of 1.5, the

aximum NO reduction occurred for the case of 442/T(K) residence time.
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Figure 48. Nitric oxide removal as a function of temperature for changing concentr
tions of residence time. Initial: NO = 330 ppm, urea = 165 ppm, O2 = 5 %.
Figure 48 shows the NO reduction as a percentage of the original NO, as a func-

on of reactor temperature for various residence times, for a β - ratio of 2.0 (NO = 330

pm, urea = 330 ppm), and 5 % O2. Up to a temperature of 1050 K, NO concentration of

e case of 102/T(K) residence time is slightly increased. After the temperature of 900

, as temperature is increased, the NOout/NOin ratio is decreased gradually, which means

O reduction increases. This gradual trend continues as the temperature increases to

bout 1050 K (672/T(K) and 442/T(K)) or 1150 K(102/T(K)). The longer residence time

ase leads to a higher reduction of NO and a wider NO reduction “window”, as well. A
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maximum NO reduction of around 52% occurs at 1050 K for the case with a residence

time of 672/T(K).

Figure 49 shows the concentration of ammonia as a function of temperature. Ini-

tial ammonia concentration from the urea decomposition was about 470 ppm, 400 ppm

and 340 ppm for the residence times of 672/T(K), 442/T(K) and 102/T(K), respectively.

For the temperature range between 800 and 950 K, ammonia concentration decreased

slightly. For temperatures above about 1000 K, the ammonia concentration decreased
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Figure 49. Concentration of ammonia as a function of temperature for changing con-
centrations of residence time. Initial: NO = 330 ppm, urea = 330 ppm, O2 = 5 %.



67

rapidly. For all cases, when the maximum NO reduction occurred, ammonia concentra-

tion diminished slowly.

Figure 50 shows the concentration of ammonia as a function of temperature. Ini-

tial ammonia concentration from urea decomposition between 672/T(K) and 102/T(K)

cases was nearly the same. For the temperatures range between 800 K and 950 K, am-

monia concentration decreased slightly. For the temperature above 1000 K, the ammonia

concentration decreased rapidly. For all cases, when the maximum NO reduction

Figure 50. Concentration of ammonia as a function of temperature for changing con-
centrations of residence time. Initial: NO = 330 ppm, urea = 250 ppm, O2 = 5 %.
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Figure 51. Concentration of ammonia as a function of temperature for changing co
centrations of residence time. Initial: NO = 330 ppm, urea = 165 ppm, O2 = 5 %.
ccurred, the ammonia concentration diminished slowly or increased a little. Unreacted

H3 (ammonia slip) was about 15 ppm for the shortest residence time case at 1350 K.

Figure 51 shows the concentration of ammonia as a function of temperature. Ini-

al ammonia concentration from urea decomposition was nearly the same for these

ases. For the temperature range between 800 and 1000 K, the ammonia concentration

ecreased slightly. For the temperature above 1000 K, the ammonia concentration de-

reased rapidly. For these cases, the unreacted NH3 concentration (ammonia slip) was

lmost 10 ppm. For the cases of β = 2 or 1.5, the unreacted NH3 was almost 3 times

igher.
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Figure 52 shows the concentration of nitrous oxide (N2O) as a function of tem-

perature for various residence time cases. Up to 950 K, N2O concentration remained

constant at about 2 ppm. Among all cases, the longest residence time case leads to the

highest N2O concentration. The maximum N2O concentration for the 102/T(K) residence

time case was at least three times the other two cases. The temperature for the maximum

N2O concentration was nearly the same as the temperature for the maximum NO reduc-

tion.

Figure 52. Concentration of nitrous oxide as a function of temperature for changing
concentrations of residence time. Initial: NO = 330 ppm, urea = 330 ppm, O2 = 5 %.
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Figure 53. Concentration of nitrous oxide as a function of temperature for changing
concentrations of residence time. Initial: NO = 330 ppm, urea = 250 ppm, O2 = 5 %.
Figure 53 shows the concentration of nitrous oxide (N2O) as a function of tem-

rature for various residence time cases. Up to 900 K, N2O concentration was less than

ppm. Among all cases, the longest residence time case leads to the production of N2O

ncentration at lower temperature. The maximum N2O concentration for the 442/T(K)

sidence time case produced the highest concentration (15 ppm). The temperature of the

aximum N2O concentration was nearly the same temperature for the maximum NO

duction. For the case of 5% O2 concentration, the maximum NO reduction case leads

 maximum production of N2O.
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Figure 54. Concentration of nitrous oxide as a function of temperature for changing
concentrations of residence time. Initial: NO = 330 ppm, urea = 165 ppm, O2 = 5 %.
Figure 54 shows the concentration of nitrous oxide (N2O) as a function of tem-

rature for various residence time cases. Up to 900 K, N2O concentration was nearly

nstant. Among all cases, the longest residence time case leads to the production of

2O concentration at lower temperatures, and the largest production of N2O. The maxi-

um N2O concentration of 672/T(K) residence time case was nearly twice that of the

her cases (442/T(K), 102/T(K)). The temperature for the maximum N2O concentration

as nearly the same temperature as for the maximum NO reduction. For the case of
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Figure 55. Carbon dioxide concentration as a function of temperature for changing
concentrations of residence time. Initial: NO = 330 ppm, urea = 330 ppm, O2 = 5%.
02/T(K) residence time, after the maximum NO reduction, N2O concentration stayed

early for further temperature increases.

Figure 55 shows the concentration of carbon dioxide (CO2) as a function of tem-

erature for various residence time cases. For the longer residence time case of

72/T(K), the carbon dioxide concentration generally increase although the results ex-

ibited some variation. While the carbon dioxide concentration for the two shorter resi-

ence time cases (442/T(K) and 102/T(K)) remained nearly constant up to 1200 K and

he CO2 concentration increased slightly for temperatures above about 1200 K.
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Figure 56. Carbon dioxide concentration as a function of temperature for changing
concentrations of residence time. Initial: NO = 330 ppm, urea = 250 ppm, O2 = 5%.
Figure 56 shows the concentration of carbon dioxide (CO2) as a function of tem-

rature for various residence times, for a β - ratio of 1.5 (NO = 330 ppm, urea = 250

m), and 5 % O2. For the longer residence time case of 672/T(K), the carbon dioxide

ncentration remained constant up to about 1200 K, and increased with temperature

reases after about 1200 K. While the carbon dioxide concentration of two short resi-

nce time case (442/T(K) and 102/T(K)) also remained constant up to about 1200 K,

 CO2 concentration increased only slightly for temperatures above almost 1200 K.
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Figure 57 shows the concentration of carbon dioxide (CO2) as a function of tem-

perature for various residence time cases for a β - ratio of 1.5 (NO = 330 ppm, urea =

165 ppm), and 5 % O2. From a nearly constant level up to 1000 K, the carbon dioxide

concentration increased with further temperature increases for all these cases.  The con-

centration of carbon dioxide from the urea decomposition theoretically could be 165

ppm. The higher value may be a result of reaction between NCO and NO.

Figure 57. Carbon dioxide concentration as a function of temperature for changing
concentrations of residence time. Initial: NO = 330 ppm, urea = 165 ppm, O2 = 5%.
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Figure 58 shows the concentration of carbon monoxide (CO) as a function of

temperature for these residence time cases for a β - ratio of 2.0 (NO = 330 ppm, urea =

330 ppm), and 5 % O2. For all three cases, the carbon monoxide level was nearly con-

stant up to about 1000 K. Between 1000 K and 1175 K, the carbon monoxide concentra-

tion increased slightly with temperature rise for all cases. After 1175 K, the carbon mon-

oxide concentration increased rapidly with temperature rise for two cases (672/T(K) and

442/T(K)). While the carbon monoxide concentration of 102/T(K) remained constant

after 1200 K.

Figure 58. Carbon monoxide concentration as a function of temperature for changing
concentrations of residence time. Initial: NO = 330 ppm, urea = 330 ppm, O2 = 5%.
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Figure 59 shows the concentration of carbon monoxide (CO) as a function of

temperature for these residence time cases for a β - ratio of 1.5 (NO = 330 ppm, urea =

250 ppm), and 5 % O2. For all three cases, the carbon monoxide level was nearly con-

stant up to about 1150 K. After 1175 K, the carbon monoxide concentration increased

rapidly with temperature rise for one case (672/T(K)). While the carbon monoxide con-

centration for two cases (442/T(K) and 102/T(K)) remained constant after 1200 K.

Figure 59. Carbon monoxide concentration as a function of temperature for changing
concentrations of residence time. Initial: NO = 330 ppm, urea = 250 ppm, O2 = 5%.
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Figure 60. Carbon monoxide concentration as a function of temperature for changing
concentrations of residence time. Initial: NO = 330 ppm, urea = 165 ppm, O2 = 5%.
Figure 60 shows the concentration of carbon monoxide (CO) as a function of

emperature for these residence time cases for a β - ratio of 1.0 (NO = 330 ppm, urea =

65 ppm), and 5 % O2. For all three cases, the carbon monoxide level was nearly con-

tant up to about 900 K. After 900 K, the carbon monoxide concentration increased

lightly with temperature rise for two cases (672/T(K) and 442/T(K)). While the carbon

onoxide concentration of 102/T(K) residence time case remained constant. Note that

he amount of CO is very small for these cases compared to the other cases.
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6.3 Nitric Oxide Removal Using Ammonia as the Reducing Agent

To compare urea as the reducing agent, ammonia was used for two cases: effect

of β - ratio and O2 concentration effect in the NO removal process. The inlet gas compo-

sitions, which were used for the experimental set, are shown in table 6.

Table 6. Experimental test cases for NO removal experiments using ammonia

NO (ppm) NH3 (ppm) β - ratio O2 concentration (%) Residence time (sec.)

660 2

495 1.5

330 1

0.9

15

5

0.9

330

660 2

0.1

87/T(K)

6.3.1 Effect of β - Ratio in the Removal Process with Ammonia (NO = 330 ppm, NH3 =

660, 495, and 330 ppm, 0.9% O2 concentration, Residence time: 87/T(K))

Using the 3.6 mm diameter quartz tube and heating three heat zones resulted in a

residence time of 87/T(K). This study was performed for the same conditions that are

used for the nitric oxide removal process using urea.
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Figure 61 shows NO reduction as a percentage of the original NO, as a function

of reactor temperature for these β - ratios (NO = 330 ppm, NH3 = 660, 495 and 330

ppm), 87/T(K) residence time and 0.9% O2.  For all three cases, for temperatures below

about 1000 K, the NO removal was between 0 and 5% with a decreasing tendency. For

further increasing temperature, the maximum removal was around 95% at about 1200 K

for the β=1.5 case, and 1300 K for the β=2 case. For the case of β=1, the maximum re-

moval was around 80% at about 1200 K. In addition to this, the NO removal decreased

for temperatures higher than for the temperature of optimum removal.

Figure 61. Nitric oxide removal as a function of temperature for 87/T(K) residence
time. Inital NO = 330 ppm, NH3 = 660, 495 and 330 ppm, O2 = 0.9%.
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Figure 62. Concentration of ammonia as a function of temperature for 87/T(K)
residence time. Inital NO = 330 ppm, NH3 = 660, 495 and 330 ppm, O2 = 0.9%.
Figure 62 shows the ammonia (NH3) concentration as a function of reactor tem-

erature for these β - ratios (NO = 330 ppm, NH3 = 660, 495 and 330 ppm), 87/T(K)

sidence time and 0.9% O2.  For all three cases, for temperature below 1075 K, the

mount of decreasing ammonia was between 0 and 5% with a rise of temperature. For

rther increasing temperature, the ammonia concentration decreased rapidly up to the

gion where the maximum NO removal occurred was at 1225 K for β=1.5 and 1 cases.

or the case of β=2 case, the ammonia was used completely after reaching 1350 K.
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Figure 63 shows nitrous oxide (N2O) concentration as a function of reactor tem-

perature for these β - ratios (NO = 330 ppm, NH3 = 660, 495 and 330 ppm), 87/T(K)

residence time and 0.9% O2.  For all three cases, for temperatures below about 1125 K,

the amount of nitrous oxide was below about 1 ppm. For further increasing temperature,

nitrous oxide concentration increased up to the region where the maximum NO removal

occurred was at 1225 K for β=1.5 and 1 cases. For the case of β=2, the nitrous oxide

concentration continued to increase with temperature after 1175 K.

Figure 63. Concentration of nitrous oxide as a function of temperature for 87/T(K)
residence time. Inital NO = 330 ppm, NH3 = 660, 495 and 330 ppm, O2 = 0.9%.
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6.3.2. Effect of O2 Concentration in the Removal Process with Ammonia (NO = 330

ppm, NH3 = 660 ppm, 15, 5, 0.9 and 0.1 % O2 concentration, Residence time: 87/T(K))

Figure 64 shows NO reduction as a percentage of the original NO as a function

of reactor temperature for four O2 concentrations (15, 5, 0.9 and 0.1 %), 87/T(K) resi-

dence time and a β-ratio of 2.0 (NO = 330 ppm, NH3 = 660 ppm).  For all four cases, for

temperatures below about 1050 K, the NO removal was between 0 and 5% with a de-

creasing tendency. For further increasing temperature, the maximum removal was

around 95% at 1300 K for the 0.9 % O2 case, and at 1350 K for the 0.1 % O2 case. For

Figure 64. Nitric oxide removal as a function of temperature for 87/T(K) residence
time. Inital NO=330 ppm, NH3 = 660 ppm, O2 = 15, 5, 0.9 and 0.1%.
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Figure 65. Concentration of ammonia as a function of temperature for 87/T(K)
residence time. Inital NO=330 ppm, NH3 = 660 ppm, O2 = 15, 5, 0.9 and 0.1%.
 case of 5 % O2, the maximum removal was around 85% at 1250 K. While for the 15

O2 case, the maximum NO reduction was about 70% at 1250 K.

Figure 65 shows the ammonia (NH3) concentration as a function of reactor tem-

ature for four O2 concentrations (15, 5, 0.9 and 0.1 %), a 87/T(K) residence time and

-ratio of 2.0 (NO = 330 ppm, NH3 = 660 ppm).  For all four cases, for temperatures

ow about 1000 K, the ammonia concentration was nearly constant. For further in-

asing temperature, the ammonia concentration decreased rapidly up to the region

ere the maximum NO removal occurred at about 1300 K for the 15 and 5% O2
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concentrations cases. For the case of the 0.9 and 0.1 % O2 concentration, the ammonia

was used completely at 1350 K.

Figure 66 shows nitrous oxide concentration (N2O) as a function of reactor tem-

perature for four O2 concentrations (15, 5, 0.9 and 0.1 %), a 87/T(K) residence time and

a β-ratio of 2.0 (NO = 330 ppm, NH3 = 660 ppm). For all four cases, for temperatures

below about 1075 K, the amount of nitrous oxide remained nearly constant. For further

increasing temperature, the nitrous oxide concentration increased up to the region where

the maximum NO removal occurred at about 1250 K for the 15% O2 case, and at 1300 K

Figure 66. Concentration of nitrous oxide as a function of temperature for 87/T(K)
residence time. Inital NO=330 ppm, NH3 = 660 ppm, O2 = 15, 5, 0.9 and 0.1%.
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for the 5% O2 case. For the case of 0.9 and 0.1% O2, the nitrous oxide concentration in-

creased continuously with temperature rise after 1175 K.

6.4 Comparison of the Results Between NH3 and Urea in the NO Removal

To compare the cases using urea as a reducing agent, ammonia was used for the

NO removal process. The results in the process section (6.3) were for a 87/T(K) resi-

dence time. To compare with urea results at 672/T(K), this section will examine NH3 at

672/T(K) and 1% O2. The inlet gas compositions, which were used for the experimental

set, are shown in table 7. This study was performed for the same conditions that used for

the nitric oxide removal process using urea.

Table 7. Experimental test cases for NO removal experiments using ammonia

NO (ppm) NH3 (ppm) β - ratio O2 concentration (%) Residence time (sec.)

660 2

495 1.5

400 1.21

330 1

250 0.75

330

165 1

1% 672/T(K)
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Figure 67 shows the exit NO as a percentage of the original NO as a function of

reactor temperature for various β-ratios (2, 1.5, 1.21, 1, 0.75 and 0.5), 672/T(K) resi-

dence time and 1% O2 concentration.  For all cases, higher β-ratio case leads to NO re-

duction earlier, NO removal “window” widen. Up to 1050 K, NO reduction increase

slightly. For further increasing temperature, after 1050 K, the NO reduction increased

rapidly, the maximum removal for all cases was at 1200 K. The maximum NO reduction

depends on initial β-ratio.
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Figure 67. Nitric oxide removal as a function of temperature for 672/T(K) residence
time. Inital NO = 330 ppm, NH3 = 660, 495, 400, 330, 250 and 165  ppm, 1 % O2.
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Figure 68. Concentration of ammonia as a function of temperature for 672/T(K)
esidence time. Inital NO = 330 ppm, NH3 = 660, 495, 400, 330, 250 and 165  ppm,

1 % O2.
Figure 68 shows the ammonia (NH3) concentration as a function of reactor tem-

ature for various β-ratios (2, 1.5, 1.21, 1, 0.75 and 0.5), a 672/T(K) residence time

 the 1% O2 concentration. For all four cases, for temperatures below about 1000 K,

 amount of decreasing ammonia was between 0 and 5% with temperature. For further

reasing temperature, the ammonia concentration decreased rapidly up to the region

ere the maximum NO removal occurred at about 1200 K for all cases except two β-

io case.
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Figure 69. Concentration of nitrous oxide as a function of temperature for 672/T(K)
residence time. Inital NO = 330 ppm, NH3 = 660, 495, 400, 330, 250 and 165  ppm,

1 % O2.

Temperature (K)
Figure 69 shows nitrous oxide (N2O) concentration as a function of reactor tem-

erature for various β-ratio (2, 1.5, 1.21, 1, 0.75 and 0.5), a 672/T(K) residence time and

e 1% O2 concentration. For all cases, for temperatures below about 1000 K, the

mount of nitrous oxide increased a little with temperature. For further increasing tem-

erature, nitrous oxide concentration increased up to the region where the maximum NO

moval occurred at 1150 K for the cases (β-ratio: 0.75 and 0.5), at 1200 K for the cases

-ratio: 1 and 1.21) for the 15% O2 case, at 1250 K for the cases (β-ratio: 1.5 and 2).
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6.5 Nitric Oxide Removal Using Ammonia as the Reducing Agent with H2O and CO2

To better simulate the urea experiments, both H2O and CO2 are needed in the ex-

haust gases. The water is present due to the urea-water solution, and CO2 is present as a

product of the urea decomposition. To explain the difference between urea and ammonia

as the reducing agent, therefore, another three cases were conducted. The first case is

with 5% H2O but without CO2, the second case is with 5% H2O and 330 ppm CO2, and

the third cases is with 10% H2O case without CO2. All these cases are based on the use

of ammonia as the reducing agent.

The inlet gas compositions, which were used for these experimental sets are

shown in table 8. This study was performed for the same conditions that are used for the

nitric oxide removal process using urea.

Table 8.  Experimental test cases for NO removal experiments using ammonia with H2O
and CO2

NO

(ppm)

NH3

(ppm)
O2 (%) H2O (%) CO2 (ppm) Residence time (sec.)

5 0

5 330330 660 1

10 0

672/T(K)
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Figure 70. Nitric oxide removal as a function of temperature for 672/T(K) residence
time. Inital NO=330 ppm, O2 = 1%. Symbols ∆: 10% H2O with NH3, O: 5% H2O and

330 ppm CO2 with NH3, � : 5% H2O with NH3, *: without H2O, CO2 with NH3, ∇ :
urea 330 ppm (5% H2O).
Figure 70 shows NO reduction as a percentage of the original NO as a function

of reactor temperature for a 672/T(K) residence time and the 1% O2 concentration. In-

creasing H2O concentration, for example from 0%, 5% to 10%, degraded the NO reduc-

tion. The trend of NO reduction when using 330 ppm urea with 5% H2O was close to the

case with ammonia using 5% H2O and 330 ppm CO2. The maximum NO reduction was

achieved 95% at between 1100 K and 1200 K when using urea, and was almost the same

between 1150 K and 1250 K when using ammonia.
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Figure 71 shows nitrous oxide (N2O) concentration as a function of reactor tem-

rature for a 672/T(K) residence time and 1% O2 concentration. For all cases, for tem-

ratures below 1000 K, the amount of nitrous oxide remained nearly constant. For fur-

er increasing temperature, nitrous oxide concentration increased up to the region where

e maximum NO removal occurred at about 1250 K for all cases. The case of using

ly ammonia got the lowest nitrous oxide concentration.
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7. SUMMARY AND CONCLUSIONS

The use of urea (NH2CONH2) and ammonia (NH3) to remove nitric oxide (NO)

from exhaust streams was investigated using a laboratory laminar-flow reactor. The

experiments used a number of gas compositions to simulate different combustion gases.

The urea was injected into the gases as a urea solution. For the nitric oxide removal

(SNCR) experiments, the gas mixture was heated to temperatures between 800 K and

1350 K.

The primary species from urea powder decomposition were HNCO, NH3, and

CO2. Below 700 K, the species HNCO and NH3 were dominant. The highest

concentration of HNCO was found around 650 K, while NH3 and CO2 were detected

increasingly after 700 K as HNCO decreased.

The primary species from the decomposition of the urea-water solution were NH3

and CO2. The amount of HNCO was small compared to the decomposition of urea

powder, but the highest amount of HNCO was found at about 550 K. The NH3 and CO2

concentration  reached their maximum amount around 600 K. After 600 K, the amount

of NH3 and CO2 decrease with a temperature rise. From these results, once water was

injected, CO2 started to be produced, while the amount of HNCO decreased rapidly.

The selective non-catalytic reduction (SNCR) process using urea reduced NO

over a wide range of oxygen and residence time conditions. This reduction is

significantly greater at longer residence time and higher β-ratios. Depending on the

temperature, gas composition, residence time, and urea feed rate, removal levels of up to

95% were obtained.
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The amount of N2O is typically 2-3 times higher when using urea compared to

the use of ammonia. When using ammonia, the formation of N2O wasn’t much affected

by inlet NH3 concentration. But when using urea, the N2O increased for higher β-ratio.

The higher N2O values for the urea cases suggest, that HNCO was a product of the urea

decomposition.

For an increase of the O2 concentration from 1% to 5%, the temperature

“window” for NO removal was slightly narrowed, shifted toward lower temperature

regions and the maximum of NO reduction was decreased.

The higher urea/NO ratio (β-ratio) and longer residence time increased the

temperature region of NO reduction and led to higher NO reduction.

Compared to NH3 as a reducing agent for NO reduction, the urea solution was

found to decrease the temperatures (by about 50 K) for maximum NO reduction.

Increasing the H2O percentage to 10% caused the maximum NO reduction to occur at

higher temperatures (about 1250 K).
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8. RECOMMENDATIONS

•  The effect of pressure on NO reduction is needed with different experimental

conditions. It is worthwhile to investigate the effect of pressure variation on NO

reducing with urea and ammonia.

•   The combination of NO and NO2 should be tested in a NO reducing experiment.

There may be interactions between the two species in the NO removal process.

•    The production of CO2 and CO above 1300 K for the NO removal process should be

explained.
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APPENDIX 1

MASS FLOW CONTROLLERS CALIBRATION PROCEDURE

To calibrate mass flow controllers, a thermometer to measure water and ambient

temperature, a ruler to measure the height of water level, a timer to measure time, flasks

and a basin to contain H2O were prepared. As a first step for preparing the calibration,

MFC should turn on and let it warm and add water to the basin. After above pre-setup

was made, checked the MFC reading value and confirmed no gas flowing at zero set.

Then, chose the value that planned to measure, which was selected five or six flow

measurements.

As a first step of calibration, a flask was filled with water completely, and cov-

ered the top of the flask securely. A flask, which was overturned, was secured by a

Figure 72. Calibration setup of the mass flow controllers.
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holding device as shown in figure 72. After set the desired MFC value, let the gas flow

until reaching the steady state. After reaching steady state, the tube of gas flowing placed

at the bottom of the flask. Inserting the tube to the flask, holding a clock on at the same

time. While filling gas into the flask, the output value was recorded to compare the set

flow rate. Once a reasonable amount of gas was in the flask, taking out the tube from the

flask and stop the timer simultaneously. Measured the height of the column of water in

the flask. Weighted the flask to obtain the weight left after filling out gas.

With all data from above procedure, the calibration produced a linear curve

where the slope of the trend line is nearly one.
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APPENDIX 2

UREA-WATER SOLUTION FEEDING SYSTEM CALIBRATION
PROCEDURE

1. Experiment Setup

The urea solution was placed in a 250 ml plastic flask and using a calibrated

pressure control gauge was pressurized with N2 gas as shown below. The urea solution

flowed out due to the nitrogen gas pressure and then flowed through an injection pipette.

The solution was vaporized by wrapped heating tape and then injected into the

PressureUrea water solution
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Figure 73. A steel tube wrapped by heating tape
ust gas stream in the pre-heat section before entering the reactor unit.

s a steel tube wrapped by the heating tape.

Procedure

ssure regulator, connected with the N2 gas cylinder, which controls the

eding rate. Using the pressure regulator, which has range 0 to 5 psi, made

trolling low feeding rate as seen in table 9. Using the pressure regulator,

of regulator set from 4 psi to 0.05 psi. Setting 0.05 psi as the pressure

ed in 0.0046ml/min. After flowing through an injection pipette, before

actor, urea-water solution should be vaporized. Inserted a steel tube

), between an injection pipette and the reactor, which wrapped the steel

 tape. Calibrated the temperature of heating tape, namely, the surface of
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the steel tube, inside of the steel tube, and urea solution temperature in the outlet in table

10.

Table 9. Calibration of feeding rate using N2 gas

Set pushing pressure

(psi)
Time (min.) Amount of water (ml.)

Feeding rate

(liter/min.)

4 127.2 250 1.965

3 164.48 250 1.520

1.2 85.5 125 1.462

0.7 133.4 71 0.532

0.2 164.3 48 0.292

0.15 318.2 29 0.091

0.1 188.04 14 0.074

0.08 377.5 25 0.066

0.05 430.27 20 0.046
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Table 10. Calibration of temperature in the heating tape, inside of the tube, and in

the outlet of the tube

Heating tape con-

troller (set point).

1. Temperature of

heating tape (OC).

2. Inside of steel

tube temp. (OC).

3. Water/vapor

temperature (OC).

15 55.3 49.1 42.9

20 65.6 62.7 55.8

25 80.3 75 68.8

30 90.6 86.2 80.2

35 101.6 99 95.9

40 113.3 109.5 100.3

45 123.7 120.1 100.3

50 138.6 126 100.3

55 154.6 133.6 100.3

60 166.9 139.9 101.6

.
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The temperatures of the heating tape and inside surface of the steel tube increased with

higher set point, but the output temperature of the water solution remained steady after

reaching 100oC as shown in figure 74.

After deciding a feeding rate and set point of heating tape controller from table 9 and

10, calculated how much urea powder should be mixed with some amounts of water. For

example, contained 200 ml of H2O in a flask, to give desired urea concentration (330

ppm) at a fixed feed rate 0.05ml/min, the 4.863g mixed with 200ml of water. To check

the percentage of H2O in the reactor, calculated H2O percentage corresponded with

feeding rate (ml/min.) in table 11, which shows in figure 75.

Set point

Te
m

pe
ra

tu
re

 (O
C

)

6 12 18 24 30 36 42 48 54 60 66
20

40

60

80

100

120

140

160

180

200

Temperature of heating tape
Temperature of inside ot steel tube
Temperature of water-vapor at the outlet

Figure 74. Temperatures in the heating tape, inside of the tube, and in the outlet of the
tube Vs set of heating tape controller.
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                     Table 11. H2O percentage in the reactor vs feeding rate (ml/min.)

ml/min Mole Flow Total Mole Flow Mole Fra.H2O H2O (%) Concentration (ppm)

0.01 5.540E-07 4.908E-05 0.0111 1.116 11161

0.02 1.108E-06 4.908E-05 0.0220 2.208 22076

0.03 1.661E-06 4.908E-05 0.0327 3.275 32752

0.04 2.216E-06 4.908E-05 0.0430 4.320 43198

0.05 2.770E-06 4.908E-05 0.0530 5.342 53421

0.1 5.539E-06 4.908E-05 0.1010 10.142 101424

Figure 75. H2O perecentage vs feeding rate (ml/min) in the reactor
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APPENDIX 3

THE FURNACE TEMPERATURE DISTRIBUTION AND
RESIDENCE TIME CALCULATION

MFC (Mass Flow Controller) allowed 1100 sccm to flow. The furnace was

turned on and set at the elevated temperature and waited until the steady state was

reached. The temperature distribution was taken at 2 cm increments. The K-type

thermocouple was inserted inside of the furnace from the inlet to the outlet side. To

determine the heating length, three different tests were run with section 1 of the furnace

Figure 76. Axial temperature distribution with zone 1 heated at 800, 1100 and 1300 K.
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activated, sections 1 and 2, and sections 1,2, and 3 at a low temperature (800 K), mid

temperature (1100 K) and high temperature (1300 K). These three temperature profiles

were compared to determine the heating length.

1. Zone 1 Activated Result

Figure 76 shows the temperature distributions resulting from zone 1 being

activated. The measured temperature compared to the set temperature for the heating

zone was a little lower since the furnace was not sealed up perfectly, which could be

affected by ambient temperature. Table 12 shows the calculation of residence time. The

term “accuracy” was used as acceptance level. So, with 95% accuracy, the residence

time for 1 heating zone was 102/T(K). This term was used for NO removal urea to

investigate the effect of residence time.

Table 12. Residence time calculation for zone 1 activated

Total
Flow

(sccm)

Set
Temp.(K)

Accuracy
(%)

Length
(cm)

Diameter
(cm)

Area
(cm2)

Volume
(cm3)

Residence
Time (sec.)

1100 800 85 16 1.0 0.79 12.57 204 /Temp.
1100 800 90 12 1.0 0.79 9.42 153 /Temp.
1100 800 95 8 1.0 0.79 6.28 102 /Temp.
1100 1100 85 16 1.0 0.79 12.57 204 /Temp.
1100 1100 90 12 1.0 0.79 9.42 153 /Temp.
1100 1100 95 8 1.0 0.79 6.28 102 /Temp.
1100 1300 85 18 1.0 0.79 14.14 230 /Temp.
1100 1300 90 14 1.0 0.79 11.00 179 /Temp.

1
HZ

1100 1300 95 8 1.0 0.79 6.28 102 /Temp.
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2.  Zones 1 and 2 Activated Result

Figure 77 shows the temperature distributions resulting from zone 1 and 2 being

activated. The measured temperature compared to the set temperature for the heating

zone was a little higher at the center and a little lower at both end of heating zones.

 Table 13 shows the calculation of residence time. The term “accuracy” was used

as acceptance level. So, with 95% accuracy, the residence time for 1 and 2 heating zone

was 442/T(K), which came from (460+407+460)/3 of 95% accuracy in table 14. This

term was used for NO removal urea to investigate the effect of residence time.
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Figure 77. Axial temperature distribution with zones 1 and 2 heated at 800, 1100
and 1300 K.
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Table 13. Residence time calculation for zones 1 and 2 activated

Total
Flow

(sccm)

Set
Temp.(K)

Accuracy
(%)

Length
(cm)

Diameter
(cm)

Area
(cm2)

Volume
(cm3)

Residence
Time (sec.)

1100 800 85 44 1.0 0.79 34.56 562 /Temp.
1100 800 90 38 1.0 0.79 29.85 485 /Temp.
1100 800 95 36 1.0 0.79 28.27 460 /Temp.
1100 1100 85 44 1.0 0.79 34.56 562 /Temp.
1100 1100 90 40 1.0 0.79 31.42 511 /Temp.
1100 1100 95 32 1.0 0.79 25.13 407 /Temp.
1100 1300 85 44 1.0 0.79 34.56 562 /Temp.
1100 1300 90 40 1.0 0.79 31.42 511 /Temp.

1, 2
HZ

1100 1300 95 36 1.0 0.79 28.27 460 /Temp.

3. Zones 1, 2 and 3 Activated Result

Figure 78 shows the temperature distributions resulting from zone 1, 2 and 3

being activated. The measured temperature compared to the set temperature for the

heating zone was a little higher at the center and a little lower at both end of heating

zones.

 Table 14 shows the calculation of residence time. The term “accuracy” was used

as acceptance level. So, with 95% accuracy, the residence time for 1, 2 and 3 heating

zone was 672/T(K), which came from (638+689+689)/3 of 95% accuracy in table 15.

This term was used for NO removal urea to investigate the effect of residence time.
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Figure 78. Axial temperature distribution with zones 1, 2 and 3 heated at 800, 1100
and 1300 K.
Table 14. Residence time calculation for zones 1, 2 and 3 activated

Total
Flow

(sccm)

Set
Temp.(K)

Accuracy
(%)

Length
(cm)

Diameter
(cm)

Area
(cm2)

Volume
(cm3)

Residence
Time (sec.)

1100 800 85 60 1.0 0.79 47.12 766 /Temp.
1100 800 90 58 1.0 0.79 45.55 740 /Temp.
1100 800 95 50 1.0 0.79 39.27 638 /Temp.
1100 1100 85 66 1.0 0.79 51.84 843 /Temp.
1100 1100 90 62 1.0 0.79 48.69 792 /Temp.
1100 1100 95 54 1.0 0.79 42.41 689 /Temp.
1100 1300 85 62 1.0 0.79 48.69 792 /Temp.
1100 1300 90 58 1.0 0.79 45.55 740 /Temp.

1,2,3
HZ

1100 1300 95 54 1.0 0.79 42.41 689 /Temp.
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APPENDIX 4

THE FTIR CALIBRATION DATA FOR THE DIFFERENT SPECIES

1. Introduction

FTIR is used primarily for qualitative and quantitative analysis of organic com-

pounds, and also for determining the chemical structure of many inorganic. It can be

utilized to quantify some components of an unknown mixture. It can be applied to the

analysis of solids, liquids, and gases. The term Fourier Transform Infrared Spectroscopy

(FTIR) refers to a fairly recent development in the manner in which the data is collected

and converted an intensity vs. time spectrum into an intensity vs. frequency spectrum.

Today's FTIR instruments are computerized which makes them faster and more sensitive

than the older disperse instruments.

1.1 Principle of Operation

1. Absorption in the infrared region results in changes in vibrational and rota-

tional status of the molecules.

2. The absorption frequency depends on the vibrational frequency of the mole-

cules, whereas the absorption intensity depends on how effectively the infra-

red photon energy can be transferred to the molecule, and this depends on the

change in the dipole moment that occurs as a result of molecular vibration.

3. A molecule will absorb infrared light only if the absorption causes a change

in the dipole moment.
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4. All compounds, except for elemental diatomic gases such as N2, H2 and O2,

have infrared spectra and most components present in a flue gas can be ana-

lyzed by their characteristic infrared absorption.

5. For quantification of several components absorbing in the midinfrared region

(400 - 5000 cm-1), either conventional disperse infrared analysis or Fourier

transform infrared (FTIR) spectroscopy can be used.

2. Experiment Facilities: FTIR and Software

2.1 FTIR:

BioRad FTS- 60A has provided an especially effective alternative to generating

time-resolved spectra in a point by point fashion in the infrared region. Briefly, the mir-

rors of the interferometer in the FTIR spectrometer are moved in a periodic fashion as to

effect steps in the path length difference between the arms of the interferometer. At each

step a transient is collected with a sampling interval of typically 200 ns. Thus an array of

interferograms is generated from which transient spectra from 1250 cm-1 to 2250 cm-1

for selected time intervals are extracted.

2.2 Software: Digilab Win-IR Pro 3.3

This software supports export to the thermo galactic SPC Format. Imaging ex-

periments using focal plane array detectors are made possible by Win-IR Pro's ability to

handle large arrays of data efficiently. Win-IR Pro allows to view the stack of infrared

images as a movie, as "flat view" or as a 3D display.
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3. Calibration Method

The first step of a quantitative analysis problem is to “make-up” the standards to

be used for the calibration of the quantitative analysis method. Ideally, the standards

should come directly from the production facility so that they reflect the actual process-

ing conditions. But, in most cases this is not feasible, so the selection of samples to be

used for a calibration must adequately cover the expected range variation.

The standards must be composed of linearly independent concentration data.

When selecting samples to be used for calibration standards in a system composed of

multiple species. All component concentrations should be represented the same number

of times in the calibration standards. Finally, the analysis should be tested frequently as

part of a normal operating procedure to verify its validity.

Figure 79. A window after clicking “ New” on the “File” menu.
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3.1 Calibration procedure using WIN-IR pro software

(1) Go to “ File” then click “New” as shown in figure 79.

(2) There are three section to click (Multi–spectral document, Quantification Calibration

Document, Kinetics/TRS Document).

(3) When a new quantification document is opened as shown in figure 80: displaying a

standard spectrum (on the upper left part), for displaying calibration curve (on the

upper right part), and displaying spreadsheet of the spectra (on the bottom).

Figure 80. A window when a new quantification document is opened.
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(4) Open previous saved. Copy all spectra by clicking from the spreadsheet window.

Paste these documents to the quantitative document as shown in figure 81.

(5) Click right mouse button in a peak of the trace spectrum at a certain wavenumber in

the spectrum window, select “New” and click “ Component” as shown in figure 82.

Figure 81. A window after pasting all documents to the quantification document.
Figure 82. A window shown after clicking “Component”, after selecting “New” at a
certain wavenumber.
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(6) To produce a calibration document with peak heights versus concentrations, click the

right mouse button in the name of the peak of spectrum, select “Properties” as shown

in figure 83.

(7) After clicking “Properties”, a dialog box pop up as shown in figure 84.

Figure 83. A window shown after selecting “Properties” after clicking “New”.

Figure 84. A window shown after clicking “ Properties”.
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(8) In the “General” tap page of the box shown below, mark for “height” under “value”

group, and uncheck for all items under “baseline definition and click “ OK” as

shown in figure 85.

(9) This operation allows to calibrate for the chosen peak height from the zero base line

as shown in figure 86.

Figure 85. A window shown after marking “height” under “Value” group.

Figure 86. Edit peak properties window.
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(10) To select the spectrum desired to be included in the quantitative analysis, double-

click  “ Include in Quant (Analysis) cells”. This will change the values from “No” to

“Yes”. Double-click on “Yes” value whenever it needed to be changed to “NO” so

that it would be excluded from the analysis as shown in figure 87.

(11) Enter concentrations of species, for example 50, 100. 200 ... ... etc., for each spec-

trum in the cells under column right next to the “Include in Quant” column. It gives

a calibration curve fit on the points as shown in figure 88.

Figure 87. A table showing how to include quantification cells.

Figure 88. A calibration curve shown on the top-right area in the screen.
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(12) In most cases, the peak height and the concentration of the gas species may not be

linearly related to each other. To get better matching curve, click the right mouse

button in the plot area, then select “ Properties” from menu as shown in figure 89.

(13) Select curve specifications for the better matching in a dialog box “Edit Property”

as shown in figure 90.

Figure 89. A window after clicking “Properties” on the right button mouse.

Figure 90. Edit property window for the better match curve.
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(14) A calibration document has been created. Save it to a file name into with .bsq ex-

tension.
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4. Compound specific descriptions

4.1 Carbon monoxide – CO

CO is active only in the range 2250 ~ 2200 cm-1, except that range, there is no

evidence CO shape in the whole range. Among lots of peaks, selected 3 peaks for the

quantification with these wavenumbers (2166.030, 2169.605, and 2158.747 cm–1) as

shown in figure 91. Figure 92 show the relation between absorbance and concentration

at 2158.747 cm–1 wavenumber.

Figure 92. CO co
Figure 91. CO absorbance vs wavenumber.
ncentration vs peak height at wavenumber 2158.747 cm-1.
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4.2 Carbon dioxide – CO2

Carbon dioxide has lots of absorption bands in the infrared. It can be seen 3 re-

gions of CO2 in the band (3750 ~ 3550, 2400 ~ 2200, and 750 ~ 600 cm-1).  The region

of 3750~3550 cm-1 is interfered by H2O. Among lots of peaks, selected 3 peaks for the

quantification with these wavenumbers (2315.637, 2313.627, and 2311.596 cm –1) as

shown in figure 93. Figure 94 show the relation between absorbance and concentration

at the wavenumber (2313.627 cm –1). Figure 95 shows calibration spectra of carbon

monoxide and carbon dioxide. It is evident that the CO band at 2158.747 cm-1 is well

separated from the carbon dioxide band at 2313.627 cm-1.

Figure 93. CO2 absorbance vs wavenumber.
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Figure 94. CO2 concentration vs peak height at wavenumber 2313.627 cm-1.

Figure 95. C
CO2
O2 and CO absorbance vs wavenumber betwe
CO
en 2040 ~ 2400 cm-1.
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4.3 Nitric Oxide  – NO

Nitric Oxide absorbs infrared radiation only in the range 1950 ~ 1800 cm –1.

Among lots of peaks, selected 3 peaks for the quantification with this wavenumbers

(1903.700, 1906.715, and 1909.714 cm –1) as shown in figure 96. Figure 97 show the

relation between absorbance and concentration at the wavenumber (1909.714 cm –1).

Figure 96. NO absorbance vs wavenumber.

Figure 97. NO concentration vs peak height at wavenumber 1909.714 cm-1.
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4.4 Nitrogen Dioxide – NO2

Nitrogen dioxide has 2 main absorption bands in the infrared (2950 ~ 2850, 1750

~ 1550 cm-1). Since there is interference from H2O in the region (1750 ~ 1550 cm-1) that

has a relatively high absorption coefficient, selected 3 peaks for the quantification with

this wavenumbers (2920.683, 2919.378, and 2918.177 cm –1) as shown in figure 98.

Figure 99 show the relation between absorbance and concentration at the wavenumber

(2918.177 cm –1).

Figure 99. NO2 c
Figure 98. NO2 absorbance vs wavenumber.
oncentration vs peak height at wavenumber 2918.177 cm-1.
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Figure 100 shows the interference between H2O and N2O in the range 1750 ~

1550 cm-1. Range between 2950 ~ 2850 cm-1 of N2O band should be detected.

4.5 Nitrous Oxide – N2O

Nitrous oxide has absorption bands in two ranges in the infrared (1350 ~ 1250

and 2270 ~ 2150 cm-1). In the range around 1300 cm-1, the absorbance is interfered with

H2O. For the accurate determination of N2O, selected absorbance in the 2200 cm–1 re-

gion in the spite of strong interference from carbon oxide and carbon dioxide. These

two compounds can be determined with good accuracy and therefore their interference

can be well compensated. Figure 101 shows a calibration spectrum in the 2200 cm –1

range. Below figure 102 shows the N2O concentration vs peak height at wavenumber

2238.023 cm-1.

H2O

N2O

Figure 100. N2O  and H2O absorbance vs wavenumber between 1300 ~ 2050 cm-1.



129

Figure 101. N2O absorbance vs wavenumber.

Figure 102.  N2O concentration vs peak height at wavenumber 2238.023 cm-1.
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Figure 103 shows the CO2, N2O, and CO absorbance vs wavenumber between 2040 ~

2400cm-1.

CO2
CO

N2O

Figure 103. CO2, N2O, and CO absorbance vs wavenumber between 2040 ~ 2400 cm-1.
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4.6 Ammonia – NH3

Ammonia has a number well separated absorption bands and a relatively high ab-

sorption coefficient. Ammonia has absorption bands in three regions in the infrared

(3550 ~ 3250, 1800 ~ 1450, and 1200 ~ 750 cm-1) as shown in figure 104. In the ranges

around 3550 ~ 3250 and 1800 ~ 1450 cm-1, the absorbance is interfered with H2O. For

the accurate determination of ammonia, selected absorbance in the 1200 ~ 750 cm –1 re-

gion in the spite of interference from carbon dioxide. Figure 105 shows a calibration

spectrum in the 1065 cm –1 range. Figure 106 shows the H2O and NH3 absorbance vs

wavenumber between 800 ~ 3800 cm-1.

Figure 104. NH3 absorbance vs wavenumber.
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Figure 105.  NH3 concentration vs peak height at wavenumber 1065.744 cm-1.

Figure 106. H2O and NH3 absorbance vs wavenumber between 800 ~ 3800 cm-1.

H2O NH3

NH3

NH3

H2O
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4.7 HNCO

 Dry urea powder (3.0 g) was placed in the entrance of the reactor. The reactor

temperature was increased as only nitrogen gas flowed through the reactor. But calibra-

tion was not possible because no source of HNCO for calibrations was available. HNCO

absorbs in three regions in the infrared. The main HNCO peak at 2280 cm-1 as shown in

figure 107, the second strongest peak at 3500 cm –1, the third one at 787 cm-1. In the re-

gions 3500 and 787 cm-1, HNCO absorption band is interfered with H2O and HN3. Fig-

ure 108 shows the CO2, HNCO, N2O, and CO absorbance vs wavenumber between 2040

~ 2400 cm-1.

H2OH2O HNCO
Figure 107. HNCO absorbance vs wavenumber.
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Figure 108. CO2, HNCO, N2O, and CO absorbance vs wavenumber between 2040 ~
2400 cm-1.
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