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a b s t r a c t

With growing industrialization in power sector, air is being polluted with a host of substances-most
conspicuously with suspended particulate matter emanating from coal-fired thermal power plants. Flue
gas conditioning, especially in such power plants, requires in situ generation of ammonia. In the present
paper, experiments for kinetic study of hydrolysis of urea have been conducted using a borosil glass
reactor, first without stirring followed by with stirring. The study reveals that conversion increases expo-
eywords:
ydrolysis of urea
eaction kinetics
ctivation energy
requency factor
lue gas conditioning

nentially with an increase in temperature and feed concentration. Furthermore, the effect of stirring
speed, temperature and concentration on conversion has been studied. Using collision theory, temper-
ature dependency of forward rate constant has been developed from which activation energy of the
reaction and the frequency factors have been calculated. It has been observed that the forward rate
constant increases with an increase in temperature. The activation energy and frequency factor with
stirring has been found to be 59.85 kJ/mol and 3.9 × 106 min−1 respectively with correlation co-efficient

eing 0
and standard deviation b

. Introduction

Suspended particulate matter constitutes one of the major air
ollutants and causes many respiratory diseases including the
readed silicosis. Vehicular traffic, coal-fired thermal power sta-
ions and cement industry are the major culprits which contribute

aximum suspended particulate matter in the ambient air. The flue
as from a coal-fired thermal power station contains fine particles
f ash with sizes varying from 80 �m to less than 5 �m. Electrostatic
recipitators are used to knock down the ash particles from the hot
ue gas through a high voltage charge creating a transverse motion
f the particles and getting attached to the collecting electrode
1]. Electrostatic precipitators are designed to maintain suspended
articulate matter concentration within permissible limits speci-

ed by the State Pollution Control Boards, which are normally less
han 115 mg/nm3; in majority of the states in India. However, in

any power stations, the concentration of the suspended particu-
ate matter exceeds the specified limits.
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.98% and ±0.1% in that order.
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Ammonia has long been known to be useful in the treatment
of flue/tail/stack gases from industrial furnaces, incinerators and
the electric power generation industry and also for conditioning
of the flue gas by which an improved collection and removal of
particulate matter (fly ash) is obtained [2]. In the earlier days,
aqueous or anhydrous ammonia was supplied as feedstock for
selective catalytic reduction and selective non-catalytic reduction.
Unfortunately, anhydrous ammonia as well as aqueous ammonia
in strengths above 20%, present significant danger to human health
and are classified by Occupational Safety and Health Administration
as hazardous chemicals. Their transportation, storage and handling
triggers serious safety and environmental regulatory requirements
for risk management plans, accident prevention programs, emer-
gency response plans and release analysis. Aqueous ammonia
solutions with low concentration present lower health and safety
risks, but their usage results in a substantial increase in operat-
ing costs of selective catalytic reduction and selective non-catalytic
reduction systems [3–5].

Many industrial plants require the supply of large quantities

of ammonia, which must be frequently transported through and
stored in populated areas. But unfortunately, ammonia presents
significant danger to human health as a hazardous chemical.
Its transportation, storage and handling triggers serious safety
and environmental regulatory requirements for risk management

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:jnsahu@um.edu.my
mailto:jay_sahu@yahoo.co.in
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Nomenclature

Notation
A frequency factor, min−1

CA concentration of urea, wt%
E activation energy, kJ/mol
�H change in enthalpy, kcal/mol
K forward rate constant, min−1

N stirring speed, rpm
n order of the forward reaction, dimension less
R ideal law gas constant, kJ/(kg mol K)
rA rate of reaction of urea
RI refractive index, dimension less
T temperature, ◦C
t time, min

Subscripts
1 reaction in Eq. (1)
2 reaction in Eq. (2)

p
a
s
e
u
b
s
m
s
i
e
p

r
y

over overall reaction in Eq. (3)
A urea

lans, accident prevention programs, emergency response plans
nd release analysis. An alternative approach to ammonia supply
uggested in the late eighties includes using urea feedstock to gen-
rate ammonia on site. Urea is an environmentally safe material
sed primarily as fertilizer. It has zero pestilential impact and can
e safely transported, stored and handled at the plant site without
pecial precautions. It has been determined that using urea ther-
al hydrolysis is the preferred process for converting urea/water

olution into a gaseous mixture containing ammonia, carbon diox-
de and water vapor [6]. Therefore, in situ generation of ammonia is

ssential for flue gas conditioning, especially in coal-fired thermal
ower plants.

Literature survey reveals that only few works have been
eported in the journal for urea hydrolysis. Most of the urea hydrol-
sis is patent protected and nothing much about the detailed

Fig. 1. Schematic diagram of experimental se
s Materials 175 (2010) 629–637

process is available in the literature. Brooks et al. [7] studied the
processes for quantitative conversion of urea to ammonia from
molten urea and a separate supply of water in the form of steam into
a reactor. Jacob and Stiermann [8] reported production of ammonia
from urea pellets in an ammonia reactor, urea pellets evaporator
and a hydrolytic catalytic converter. The urea is converted into a
gas mixture containing ammonia and isocyanic acid by means of a
urea evaporation device. Macarthur et al. [9] studied the method of
controlling the amount of soluble and/or insoluble contaminants
in a liquid phase reaction mixture containing urea in a reaction
vessel for ammonia production. Spencer and Peters [10] studied
the process to provide a pressurized gas stream useful for remov-
ing nitrogen oxides from a combustion gas stream by hydrolyzing
urea in an aqueous solution in a closed reactor. Glesmann et al.
[11] reported the process and apparatus for on-site production of
ammonia from aqueous urea for conditioning of combustion flue
gases. The hydrolyser is divided into a plurality of stages by baffles
to enhance hydrolysis and stripping. Cooper and Spencer [12] stud-
ied the method of production of gaseous ammonia from aqueous
urea or mixture of urea containing biuret, or ammonium carba-
mate. Wojichowski [13] studied the method for decomposition of
urea and urea polymerization by products into ammonia by direct
blending with steam or hot air at a temperature of about 149 ◦C.
Hofmann and Rusch [14] studied the process for converting urea
into ammonia with introducing energy into the reaction chamber
by irradiating with microwaves. Lagana [15] studied the hydrolysis
of aqueous urea feed in a heated and pressurized reactor vessel, and
that uses steam to strip the ammonia and carbon dioxide product
gases.

However all the work cited above is patented. None of the
authors has disclosed the kinetic data for hydrolysis of urea. In these
work kinetic studies on hydrolysis of urea to produce a gaseous
mixture of ammonia, carbon dioxide and water vapour has been
studied in a semi-batch reactor (glass reactor) at atmospheric pres-
t up for urea hydrolysis (glass reactor).

sure, without using any catalyst. Complete information about the
rate constants and activation energy of the involved reactions is
provided.

The basic chemistry employed in the process is the reverse of
that employed in industrial production of urea from ammonia and
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arbon dioxide and employs two reaction steps as follows [16–18]:

H2CONH2
urea

+ H2O
water

−Heat→ NH2COONH4
ammonium-carbanate

, �H1 = −15.5 kJ/mol

(1)

NH2COONH4
mmonium-carbanate

+Heat→ 2NH3
ammonia

+ CO2
carbon-dioxide

,

H2 = +177 kJ/mol (2)

The first reaction in which urea hydrolyzes to form ammonium
arbamate is mildly exothermic, while the second, in which ammo-
ia and carbon dioxide are produced, is strongly endothermic, with
he result that the reaction to release ammonia and carbon dioxide
equires heat and quickly stops when the supply of heat is with-
rawn. Excess water promotes the hydrolysis reaction, the overall
eaction for which is as follows:

H2O + NH2CONH2 → 2NH3 + CO2 + (x − 1)H2O,

Hover = +161.5 kJ/mol (3)

The overall reaction is endothermic and the first reaction, i.e.
rea to ammonium carbamate reaction is a slow reaction and the
econd reaction is very fast and goes towards completion.
. Experimental set up and technique

The schematic diagram of the experimental set up is shown in
ig. 1. The experimental set up consists of a borosil glass reactor of

Fig. 2. Calibration plot for urea solution.

Fig. 3. Effect of temperature on conversion at different urea feed solution.

Fig. 4. Effect of time on concentration for 7 wt% feed solution.
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Fig. 5. Effect of stirring speed on conversion at 10 wt% urea feed solution.

Fig. 6. Effect of stirring speed on conversion at 40 wt% urea feed solution.
s Materials 175 (2010) 629–637

capacity 1000 cc. The reactor comprises three openings. One is for
inserting a thermometer to measure the temperature of the reactor
content. Second is for feeding and withdrawing urea solution. In
the third opening, a stirrer cum motor assembly (RQ −120 M both
with stirring shaft and horizontal retort rod) is mounted on the
vertical retort rod at the square elbow and tightened by a black key
knob. Glass is a vital element of composition for the stirrer shaft
and for the stirrer, usually Teflon is recommended. A significant
amount of space is occupied by or set aside for the reactor and it is
in congruence with the electric heater of capacity 1000 kW and the
heater is connected to 220 V A.C. supply. The outlet of the reactor
is attached to a condenser to condense the gaseous product from
the reactor where tap water comes in handy for the purpose of
condensation.

First urea solution of different concentration (7 wt%, 20 wt%,
30 wt%, and 40 wt%) was prepared. In each case, the volume of
the solution was taken as 500 ml. Then reactor is laden with a
solution of the particular concentration. First the experiments are
performed without stirrer and motor assembly. Heat was supplied
from the bottom of the reactor at a controlled rate by means of elec-
tricity. As the temperature increases, initially the phenomenon of
the evaporation of water comes into the picture. Then the decom-
position of urea takes place slowly at around 120 ◦C. As the reaction
proceeds, the product, which is a gaseous mixture of ammonia, car-
bon dioxide and water vapor, goes through the condenser. In the

condenser, the gaseous product mixture gets condensed where cold
water was circulated and the product was collected in a beaker. The
time required to reach 120 ◦C was noted.

Then the content of the reactor was taken out and its volume
was measured after it gets cold. An additional amount of water was

Fig. 7. Effect of temperature on conversion at a stirring speed of 100 rpm.
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Fig. 8. Effect of temperature on conversion at a stirring speed of 300 rpm.

Fig. 9. Effect of temperature on conversion at a stirring speed of 500 rpm.
s Materials 175 (2010) 629–637 633

added to the reactor content to make the volume equal to the ini-
tial volume of the solution and its refractive index was determined
by refractometer. The concentration of the reactor content was
determined from the calibration chart obtained previously. Same
procedure was repeated for other concentration (20 wt%, 30 wt%
and 40 wt%) and temperatures (120 ◦C, 130 ◦C, 140 ◦C, 150 ◦C and
160 ◦C). Then by comparing the initial concentration and final con-
centration, the conversion was found out. Finally the rate of the
reaction was found out from the slope of the time Vs concentra-
tion data. A graph was plotted between ln(CA) and ln(rA). The slope
and the intercept renders the value of order of the reaction and
rate constant respectively. Similarly, experiments were conducted
with different stirring speeds of 100 rpm, 300 rpm, 500 rpm and
700 rpm and the above-mentioned procedure is repeated for the
determination of conversion.

3. Results and discussion

3.1. Without stirring

Experiments have been extensively carried out for hydrolysis
of urea at atmospheric pressure in a semi-batch reactor at differ-
ent temperature and concentration and kinetic studies have been
done both for with and without stirring. Distilled water is used for
the calibration of refractometer. Refractive index of distilled water
is 1.333. Hence taking distilled water as standard the refractive
index of urea solution of different concentration has been mea-
sured. The calibration plot of urea solution is shown in Fig. 2. A

calibration plot was obtained by measuring the refractive index
of known concentration of urea solution. It is observed that with
increase in concentration the refractive index increases. The unre-
acted urea solution from the reactor was analyzed by refractometer

Fig. 10. Effect of temperature on conversion at a stirring speed of 700 rpm.
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nd its refractive index was measured. Then from the calibration
lot the concentration of unreacted urea solution was measured.

.1.1. Effect of temperature on conversion
It can be seen from Fig. 3 that the conversion is function of tem-

erature for the case of without stirring. It increases exponentially
ith an increase in temperature owing to overall reaction of hydrol-

sis of urea to form ammonia and carbon dioxide is endothermic
n nature. For 7 wt% urea solution the conversion increases from
% to 25% when temperature increases from 120 ◦C to 160 ◦C in
0 ◦C interval. Similarly for 20 wt%, 30 wt% and 40 wt% feed solu-
ion the conversion are 32%, 38% and 42% respectively at 160 ◦C. It
an be seen from Fig. 4 that with increases in initial concentration
f urea the conversion increases. For each initial concentration the
emperature was varied from 120 ◦C to 160 ◦C. Keeping tempera-
ure constant at 120 ◦C as the concentration increases from 7 wt% to
0 wt%, the conversion increases from 2% to 28%. This is due to the
act that more wt% urea has less access water then less wt% urea.

.1.2. Effect of reaction time on concentration
From the concentration time data a kinetic study has been done.

t is observed that the concentration decreases with time. For 7 wt%
nitial concentrations, the concentration decreases from 1.14 mol/l
o 0.875 mol/l when time increases from 60 min to 80 min. This
rend is shown by Fig. 4. More time requirement indicates that less

t% solution is less energy conserving. The effect of the rate on con-

entration at a fixed temperature has been observed and it is found
hat the order of the forward reaction is less than one. Further it
s noticed that with increase in temperature from 120 ◦C to 150 ◦C
he forward rate constant increases.

Fig. 11. Effect of time on conversion for 10 wt% urea feed solution.
s Materials 175 (2010) 629–637

3.2. With stirring

Experiments have been conducted by putting a stirring device
inside the reactor for the hydrolysis reaction of urea and kinetic
studies have been performed. The experiments were conducted
at different concentration (10 wt%, 20 wt%, 30 wt% and 40 wt%),
stirring speeds (100 rpm, 300 rpm, 500 rpm and 700 rpm) and
temperatures (120 ◦C, 130 ◦C, 140 ◦C, 150 ◦C). After measuring the
concentration of unreacted urea solution, the conversion was cal-
culated by comparing with the initial concentration. Then from
the concentration and time data the kinetic studies have been
done.

3.2.1. Effect of stirring speed on conversion
It has been observed that the conversion increases with increase

in stirring speed. Further the conversion is more in case of higher
initial concentration and at higher stirring speed. From Fig. 5 it
is clear that, if temperature and initial concentration kept con-
stant at 120 ◦C and 10% respectively, with the increase of stirring
speed from 100 rpm to 700 rpm the conversion increases from 5%
to 33% respectively. Similarly at constant temperature and ini-
tial concentration of 150 ◦C and 10% respectively, the conversion
increases from 30% to 49% with the increase in stirring speed from
100 rpm to 700 rpm. The reason is due to the fact that as stirring
speed increases, the rate of mass transfer increases which in turn
decreases the unreacted urea in the reactor. Similarly 40% initial
concentration a maximum conversion 66% is obtained at 150 ◦C.
This is clearly evident from Fig. 6.

Fig. 12. Effect of time on conversion for 40 wt% urea feed solution.
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.2.2. Effect of temperature on conversion
Figs. 7–10 illustrate the effect of temperature on conversion

t different stirring speeds. In Fig. 7, the stirring speed is kept
onstant at 100 rpm and the temperature is varied from 120 ◦C
o 150 ◦C for a 10 ◦C interval. It is observed that at 40 wt% ini-
ial concentration, the conversion increases from 16% to 40% with
n increase in temperature from 120 ◦C to 150 ◦C when stirring
peed is 100 rpm because the forward reaction is endothermic
n nature. The effect of temperature on conversion at different
oncentrations and at 700 rpm can be seen from Fig. 10. Here
he stirring speed is kept constant and the temperature is varied
rom 120 ◦C to 150 ◦C for a 10 ◦C interval. For 10 wt%, the conver-
ion increases exponentially from 26% to 53% when temperature
ncreases from 120 ◦C to 150 ◦C for a 10 ◦C interval. The corre-
ponding range of variation of conversion is 34% to 66% for the
ame range of temperature variation and at same stirring speed
f 700 rpm. Further, if temperature remains constant at 120 ◦C,
ith an increase in stirring speed from 100 rpm to 700 rpm, the

onversion increases from 10% to 20% at 10 wt% initial concen-
ration. Similarly for other initial concentrations, the conversion
ncreases with an increase in stirring speed even though the tem-
erature remains constant. This is due to the fact that stirring
nhances the rate of heat transfer. Hence, even though the tem-

erature remains constant for higher initial concentrations, the
onversion increases without providing any extra heat. Similarly,
igs. 8 and 9 illustrate the above facts for 300 rpm and 500 rpm
espectively.

Fig. 13. Effect of time on concentration for 10 wt% urea feed solution.
s Materials 175 (2010) 629–637 635

3.2.3. Effect of reaction time on conversion
Effect of reaction time on conversion plot shows how the

conversion varies with time. As time increases the conversion
increases. However the time required is less for higher initial con-
centration to reach a specified temperature, but for lower initial
concentration it is the reverse. Figs. 11 and 12 show this trend.
The obvious reason for less time requirement for higher initial
concentration is less access water. Once water gets evaporated
immediately, decomposition of ammonium carbamate takes place
to form ammonia and carbon dioxide. Further with increase in stir-
ring speed at a fixed initial concentration time required to reach a
particular concentration is less.

For 10 wt% initial concentration the time required to reach
120 ◦C is 52 min and the corresponding conversion is 10%. This hap-
pens at 100 rpm. For 700 rpm the time required is 45 min when all
other variables remain same and the corresponding conversion is
12%. This trend is shown by Fig. 11. Further as time increases the
conversion increases as shown by Fig. 11 which is for 10 wt%. If we
go on increasing the initial concentration from 10 wt% to 40 wt%
the time required also decreases from 52 min to 36 min at a stir-
ring speed of 100 rpm. This reduction of time is energy saving. In
other words more wt% urea leads to more energy saving. From
Fig. 12 it is clear that with increase in time the conversion increases.
For 40 wt% urea solution the conversion increases from 27% to
66.6% as time increases from 30 min to 38 min at a stirring speed

of 700 rpm.

3.2.4. Effect of reaction time on concentration
Figs. 13 and 14 depict the effect of time on concentration. With

passage of time, more and more products i.e. a mixture of ammonia

Fig. 14. Effect of time on concentration for 40 wt% urea feed solution.
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Table 1
Kinetic data for urea hydrolysis at atmospheric pressure.

Temperature (◦C) k (min−1) n n (average) R2

120 0.0553 0.97 0.98
130 0.0602 0.98 1 0.99
140 0.088 0.97 0.95
150 0.090 0.98 0.94

plants. Number of experiments was carried out in a semi-batch
Fig. 15. Effect of concentration on reaction rate at different temperature.

arbon dioxide and water vapors are formed and hence less unre-
cted urea is left in the reactor. Further it has been observed that
ith increase in initial concentration the time required is less which

eads to energy saving. In other words, higher wt% urea solution
equires less time to achieve a particular temperature limit. From
he above-mentioned figures, it is clear that the time required for
0 wt% solution to reach at 120 ◦C is much less than that of 10 wt%
olution. Hence with increase in time, the concentration decreases
xponentially. Fig. 13 indicates the concentration decreases from
.5 mol/l to 1.3 mol/l as time increases from 52 min to 57 min for
0 wt% initial concentration and at a stirring speed of 100 rpm. The
imilar trend can be noticed from Fig. 14 but at different initial
oncentration 40 wt%. From the concentration versus time data the
orward rate constant was determined.

The effect of rate on concentration at a fixed temperature
s shown in Fig. 15. As the time increased, the concentration
ecreased, and it was highest in the case of higher temperature.
rom Fig. 8, it is observed that the slope of the plot is approximately
qual to 1. This indicates that the forward reaction is first-order.
oreover, the intercepts of Fig. 15 give the values of forward rate

onstant, which is a function of temperature. It can be seen from
he figure that, as the temperature was increased from 120 ◦C to
50 ◦C, the forward rate constant increased from 0.055 min−1 to
.099 min−1. Table 1 lists the values of the rate constant with tem-
erature. From the above results, it was concluded that the order
f the forward reaction is close to 1 and that the rate constant
ncreases with increasing temperature. Therefore, the temperature

ependency of the forward rate constant was explained by Arrhe-
ius theory. The rate equation can be written as:

rA = kCA (4)
Fig. 16. Effect of temperature on rate constants.

where rA is the rate of the reaction, k is the forward rate constant,
and CA is the concentration of reactant. According to Arrhenius the-
ory, the temperature dependency of the forward rate constant can
be written as:

k = Ae−E/RT (5)

where A is the frequency factor and E is the activation energy. From
Fig. 16, the activation energy and frequency factor were determined
to be 59.85 kJ/mol and 3.9 × 106 min−1 respectively. The R2 value
and standard deviation were found to be 0.98% and ±0.1% in that
order.

4. Conclusions

Hydrolysis of urea for manufacturing ammonia is a suitable
technique for flue gas conditioning in coal-fired thermal power
reactor without stirring and with stirring at atmospheric pressure
taking different concentration of urea solution from 7 wt% to 40 wt%
and kinetic study has been made. It has been observed that the
conversion increases exponentially with increases in temperature.
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lso the conversion increases with increase in feed concentration
nd stirring speed. A maximum conversion of 66.6% is obtainable
t 150 ◦C with 40 wt% urea feed concentration and at a stirring
peed of 700 rpm. The fractional order of reaction indicates that
he conversion varies with the feed concentration. The temperature
ependency of forward rate constant indicates that the forward
ate constant increases with increases in temperature. The activa-
ion energy and frequency factor were found to 59.85 kJ/mol and
.9 × 106 min−1 be respectively.

cknowledgement

The authors would like to gratefully acknowledge the financial
upport to the National Thermal Power Corporation (NTPC), New
elhi, India, has extended towards them for this work.

eferences

[1] I. Sengupta, Regulation of suspended particulate matter (SPM) in Indian
coal-based thermal power plants: a static approach, Energy Econ. 29 (2007)
479–502.
[2] E.B. Dismukes, Conditioning of fly ash with ammonia, J. Air Pollut. Control
Assess. 25 (2) (1975) 152–615.

[3] R. Salib, R. Keeth, Optimization of ammonia source for SCR applications, pre-
sented at the 2003 Mega Symposium, 2003.

[4] H.W. Spencer, J. Peters, J. Fisher, U2ATM urea-to-ammonia “State of the tech-
nology”, presented at the 2001 Mega Symposium, 2001.

[

[

s Materials 175 (2010) 629–637 637

[5] S. Bhattacharya, H.J. Peters, J. Fisher, H.W. Spencer, Urea-to-ammonia (U2ATM)
systems: operation and process chemistry, presented at the 2003 Mega Sym-
posium, 2003.

[6] M.R. Rahimpur, A non-ideal rate-based model for industrial urea thermal
hydrolyser, Chem. Eng. Process. 43 (2004) 1299–1307.

[7] B. Brooks, W.A. Jessup, B.W. Macarthur, W.B. Sheats, Process and apparatus
for quantitatively converting urea to ammonia on demand, US Patent, No.
US7,008,603B2, 2006.

[8] E. Jacob, E. Stiermann, Device and method for producing ammonia from solid
urea, US Patent, Application No. 2006/0045835A1, 2006.

[9] B.W. Macarthur, W.A. Jessup, B. Brooks, Method for removing contaminants in
urea hydrolysis reactor, European Patent, No. EP1,322,553B1, 2005.

10] H.W. Spencer, H.J. Peters, Method for controlling the production of ammonia
from urea for NOx scrubbing, US Patent, No. US6,436,359B1, 2002.

11] R.T. Glesmann, J.J. Titus, JR., H.G. Walker, Process and apparatus for condition-
ing of combustion flue gases with ammonia from hydrolyzed urea, US Patent,
Application No. 2003/0118494A1, 2003.

12] H.B.H. Cooper, H.W. Spencer, Methods for the production of ammonia from urea
and/or biuret, and uses for NOx and/or particulate matter removal, US Patent,
No. US 6,730,280 B2, 2004.

13] D.L. Wojichowski, Methods of converting urea to ammonia for SCR, SNCR and
flue gas conditioning, US Patent, Application No. 2003/0211024A1, 2003.

14] L. Hofmann, K. Rusch, Process for converting urea into ammonia, US Patent, No.
US6,471,927B2, 2002.

15] V. Lagana, S.N. S.p.A., Process for ammonia production through urea hydrolysis,
US Patent, No. US5,985,224, 1999.

16] B. Claudel, E. Brousse, G. Shehadeh, Novel thermodynamic and kinetic investi-

gation of ammonium carbamate decomposition into urea, Thermochim. Acta
102 (1986) 357–371.

17] A.M. Isla, A.H. Irazoqui, M.C. Genoud, Simulation of a urea synthesis reactor.
Part 1. Thermodynamic framework, Ind. Eng. Chem. Res. 32 (1993) 2662–2670.

18] D.G. Jones, Method for converting urea to ammonia, US Patent, No. US5,827,490,
1998.


	Kinetic studies on hydrolysis of urea in a semi-batch reactor at atmospheric pressure for safe use of ammonia in a power plant for flue gas conditioning
	Introduction
	Experimental set up and technique
	Results and discussion
	Without stirring
	Effect of temperature on conversion
	Effect of reaction time on concentration

	With stirring
	Effect of stirring speed on conversion
	Effect of temperature on conversion
	Effect of reaction time on conversion
	Effect of reaction time on concentration


	Conclusions
	Acknowledgement
	References


