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In this work, a comparison of cocurrent and countercurrent modes of operation for an industrial wastewater
treatment loop of an industrial urea plant has been carried out. In both modes of operation, a loop with a
thermal hydrolyzer is used for urea decomposition, and two desorbers are used for the removal of ammonia
and carbon dioxide. In the proposed model, the extended electrolytic UNIQUAC equation is used to describe
the nonideality of the liquid phase of the NH3-CO2-H2O-urea system, and the perturbed-hard-sphere (PHS)
equation of state is applied to predict the vapor fugacity coefficients. Also, the urea hydrolysis reactors are
divided into several continuously stirred tank reactors (CSTRs) and the equilibrium-stage model is applied
for modeling of both kinds of reactors and of the desorbers. The simulation results show that countercurrent
mode of operation is necessary to achieve new environmental standards and complete treatment. The data
predicted using the model were consistent with available plant data, indicating the validity of the model. The
impact of different parameters on the performance of the urea wastewater treatment loops has been examined.
Overall, this study results in beneficial information about the use of the cocurrent and countercurrent hydrolysis
reactors in the urea wastewater treatment process.

1. Introduction

Urea is the most important solid fertilizer in the world today.
In the preparation of urea from ammonia and carbon dioxide at
elevated temperatures and pressures, for each 1 mol of urea
synthesized, 1 mol of water is formed. Thus, in a urea plant
with a capacity of 1500 tons of urea per day, 450 tons of water
is formed per day. About 300 tons per day of additional water
are fed into the process, so that roughly 750 tons per day of
water in total must be discharged from the process. The process
condensate generally contains approximately 2-9 wt % am-
monia, 0.8-6 wt % carbon dioxide, and 0.3-1.5 wt % urea.
This represents significant quantities of raw materials and
product that ideally should be recovered. Being such, this
wastewater cannot be used in any other segment of urea
production. Therefore, it is necessary to remove a major portion
of the ammonia and urea present before this process condensate
can be utilized or discharged into the environment.1,2 If the
condensate is not so treated, but is disposed of by some other
means that results in its introduction into natural waterways,
the urea wastewater therein promotes algal growth. In addition,
ammonia produced by hydrolysis of the urea can prove toxic
to fish in the waterways.3,4

Several processes have been suggested for treating these urea-
containing streams because of the current necessities for
environmental protection and possibilities to upgrade this waste
stream into valuable high-pressure boiler feedwater. Simulta-
neous thermal hydrolysis and stripping is an existing technique
for the removal of ammonia and urea from wastewater. Whereas
100 ppm of urea and 100 ppm of ammonia were considered
acceptable for waste in the past decade, currently, both the
ammonia and urea contents of this process condensate must be
reduced to less than 10 ppm before the wastewater can be
discharged to the environment, or their concentrations should
be less than 1 ppm for reuse for a variety purposes such as
cooling water or boiling feedwater makeup.2,5

In the conventional wastewater treatment section of urea
plants, thermal hydrolysis reactors are in operation in cocurrent
mode with steam. Nevertheless, even after very long residence
times or high steam consumption, it is impossible to achieve
urea and ammonia contents lower than about 20-25 ppm.6–8

Recently, thermal hydrolysis reactors have been operated as
countercurrent columns to improve the efficiency, as urea
wastewater meets continuously relatively clean vapors during
its passage through the column from the top to the bottom. In
this manner, the ammonia and urea contents of the residual waste
liquid stream can be reduced to a level of 10 ppm or even less
than 1 ppm.9,10

Rahimpour and Azarpour presented an equilibrium-based
model regarding nonideal solutions for studying a urea thermal
hydrolyzer in cocurrent mode.6 Then, they decided to investigate
and simulate this urea thermal hydrolyzer again regarding a
multistage well-mixed model coupling with a rate-based model
and without respect to the nonideality of the solution.11 Also,
Rahimpour and Barmaki et al. proposed a nonideal rate-based
model to incorporate the effects of liquid nonideality on an
industrial urea thermal hydrolyzer performance in cocurrent and
countercurrent modes, respectively.7,12 Moreover, Rahimpour
and Mottaghi studied the urea wastewater treatment loop for
the first time obtaining useful results.13 They discussed the
results obtained from simulations and the influence of certain
operating parameters on the outlet urea and ammonia contents
in the treated effluent. The simulation results of this model
showed good consistency with the plant data.

The hydrolysis of urea is carried out in a system including
NH3-CO2-H2O-urea mixtures, which are nonideal solutions.14

Therefore, a supporting thermodynamic model for this system
must be used to incorporate the effect of liquid nonideality on
the wastewater treatment performance.

Until now, the published information in the literature about
urea and ammonia removal from the industrial wastewater of
urea plants is very little detailed and patented, especially with
respect to the hydrolyzer-desorber loop.13 In this work, a
general model for the wastewater treatment loop of a thermal
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hydrolysis reactor using cocurrent and countercurrent operating
modes has been developed. The combined effects of chemical
reaction, liquid nonideality, and solution back-mixing were
treated by a well-mixed multistage model for the hydrolysis
reactor. Equilibrium-stage models have been proposed to
simulate the units in the wastewater treatment loop, including
the hydrolyzer and desorbers. The objective of the current work
is to compare the performance of conventional and modern
wastewater treatment loops of a urea plant using cocurrent and
countercurrent operating modes of the thermal hydrolysis
reactor. Also, the effects of key parameters on the urea and
ammonia removal in the both loops are discussed.

2. Process Description

Figure 1 shows a schematic diagram of the conventional
process of urea wastewater treatment.15 Heated process waste-
water feed is brought to the first desorber, where ammonia and
carbon dioxide are stripped with the gas stream from the second
desorber. The first desorber operates at a low pressure, which
facilitates the desorption process. The urea-containing effluent
from the first desorber is pressurized and sent to the hydrolyzer
cocurrently with high-pressure (HP) steam fed to the bottom,

whereby the urea decomposes into ammonia and carbon dioxide.
Process water with low urea content goes from the hydrolyzer
to the second desorber, where it is stripped of the remaining
ammonia and carbon dioxide using low-pressure (LP) steam as
stripping agent. The liquid outlet from the second desorber enters
a heat exchanger, and its temperature decreases upon leaving
the process water treatment system. Steam with NH3 and CO2

from the top of the first desorber is recycled in the synthesis
section.

Figure 2 shows a schematic diagram of the modern process
of urea wastewater treatment.16 In this system, the hydrolyzer
operates in countercurrent mode, and vapors from the top of
the hydrolyzer are used for stripping in the first desorber. The
outlet flow from the first desorber, being pressurized to 18 bar,
enters the second heat exchanger, where it is heated to about
200 °C; enters the hydrolyzer from its top; and meets with HP
steam, which gives it necessary heat. The mixture of water,
ammonia, and carbon dioxide with completely decomposed urea
is evacuated at the bottom of the hydrolyzer and fed into the
second exchanger, where it is cooled. The first and second
desorbers in the modern system are integrated into one sieve
tray column to save investment costs, whereas in the conven-

Figure 1. Conventional wastewater treatment section of a urea plant.

Figure 2. Modern wastewater treatment section of a urea plant.
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tional system, two separate desorbers are used. The vapors of
the first desorber, which contain ammonia, carbon dioxide, and
water, are condensed in a submerged reflux condenser and form
a carbamate solution. A portion of the condensate or separated
liquid is returned to the recirculation section of the urea plant,
and noncondensed vapors (off-gas) are recovered in an atmo-
spheric absorber and returned to the recirculation section as well.
Furthermore, two heat exchangers are applied to save energy
and to decrease considerably the amounts of high-pressure and
low-pressure steam needed.

3. Reaction Kinetics

The liquid phase contains physically dissolved and chemically
combined components that are mainly present as ions and
molecules, namely, (1) H2NCONH2, (2) H2O, (3) NH4

+, (4)
H2NCOO-, (5) CO2, and (6) NH3. The overall hydrolysis
reaction of urea to ammonia and carbon dioxide is endothermic
and proceeds rapidly above a temperature of approximately 130
°C according to the simplified equation14,17

The process of urea hydrolysis consists of two sequential steps.
In the first step, ammonium carbamate is formed by the reaction
between urea and water

In the next step, the ammonium and carbamate ions react to
yield carbon dioxide and ammonia in the liquid phase, with the
vapor and liquid phases at equilibrium

Reaction 2 is slow and exothermic, whereas reaction 3is
endothermic and fast in both directions, so it could be considered
at equilibrium under the conditions found in an industrial
hydrolyzer.14,17 Therefore, reaction2 is the rate-controlling step,
and its rate is considered as the overall rate of urea hydrolysis.
For chemical reactions in thermodynamically nonideal systems,
as shown elsewhere,18–21 the rate becomes

where kf is the forward reaction rate constant [kf ) k0 exp(-E/
RT)] and K2 is the equilibrium constant of reaction 2. The
activity and activity coefficient of species i are ai and γi,
respectively. The molar concentration of species i is Ci. The
experimental values of the pre-exponential factor and the
activation energy in the Arrhenius expression for kf are k0 )
10.417 m3/(mol · s) and E ) 8.77803 × 104 J/mol, respectively.22

The equilibrium constants for reactions2 and 3 are defined
as

where the activity coefficient of each species in the reacting
solution can be calculated from a thermodynamic model. The
functional form

was adopted to describe the temperature dependence of the
equilibrium constant of reaction r.14,23 In eq 9, U1,r-U4,r are
constants related to reaction r, as detailed in Table 1.

4. Wastewater Treatment Loop Models

In this section the hypothesis and necessary equations for
developing the steady-state model of the urea and ammonia
removal section of urea plant are described.

4.1. Simplifying Assumptions. The mathematical model for
simulation of the wastewater treatment loops using cocurrent
and countercurrent operating modes of a hydrolysis reactor was
developed based on the following assumptions: (1) Hydrolysis
reactions take place only in the liquid phase. (2) The loops
operate at steady state. (3) Each stage of the hydrolysis reactor
is a perfectly mixed continuously stirred tank reactor (CSTR).
(4) Each CSTR operates adiabatically. (5) Phase equilibrium is
achieved in each stage. (6) Vapor holdup in the hydrolysis
reactor is assumed to be negligible (the hydrolysis reactor is
full of liquid). (7) The volatilities of urea and ammonium
carbamate are negligible, so there are only three molecular
components in the vapor phase, namely, H2O, NH3, and CO2.
(8) CO2 is not dissolved in the liquid phase in desorbers. In
fact, it could only be condensed with ammonia to form
ammonium carbamate in the liquid phase.

4.2. Simulation of the Hydrolyzer. The urea hydrolysis
reactor is one of the most important units in the urea wastewater
treatment process. For the modeling of reactive separation
columns, equilibrium- and nonequilibrium- (NEQ-) stage models
are available in the literature. In this study, because of the lack
of data on the transfer properties of carbon dioxide and ammonia
under the hydrolyzer operating conditions, we attempted to
develop an equilibrium-stage model based on a rigorous
thermodynamic mode1. Schematic illustrations of two types of
equilibrium stages are presented in Figures 3 and 4. In
countercurrent mode, vapor from the below stage is brought
into contact with the liquid from the above stage in cocurrent
mode, and vapor and liquid from the below stage are brought
into contact. The feed to the urea thermal hydrolyzer consists
of a liquid stream that enters from the top or bottom, depending
on the type of hydrolysis reactor, and a pure high-pressure steam
stream entering from the bottom as the stripper. Although the
hydrolyzer is full of liquid, the movement of bubbles through
the liquid phase causes mixing in the liquid phase. Moreover,
there are several perforated plates at different levels inside the
hydrolyzer to prevent back-mixing and further mixing between
the two phases.

As noted above, for simulation purposes, the urea thermal
hydrolyzer can be approximated as a series of multistage
continuously stirred tank reactors (CSTRs). Rahimpour et al.

NH2CONH2 + H2O S 2NH3 + CO2 (1)

NH2CONH2(l) + H2O(l) S H2NCOO- + NH4
+

∆H298 ) -23 kJ/mol (2)

H2NCOO- + NH4
+ S 2NH3(l) + CO2(l)

∆H298 ) 84 kJ/mol (3)

CO2(l) S CO2(g) (4)

NH3(l) S NH3(g) (5)

R ) kf(a1a2 - 1
K2

a3a4) ) kf[(γ1C1)(γ2C2) -

1
K2

(γ3C3)(γ4C4)] (6)

K2(T) ) (x3 x4

x1 x2
)(γ3(T, X) γ4(T, X)

γ1(T, X) γ2(T, X)) r ) 2 (7)

K3(T) ) (x5x6
2

x3x4
)[γ5(T, X) γ6

2(T, X)

γ3(T, X) γ4(T, X) ]r ) 3 (8)

ln Kr(T) ) (U1,r

T ) + U2,r ln T + U3,rT + U4,r (9)

Table 1. Equilibrium Constant Parameters23

function U1 U2 U3 U4

ln K2 -31363 -64.26 -0.0595 482.11
ln K3 -1046 -5.19 0.01115 51.47
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considered an overall cocurrent and countercurrent urea thermal
hydrolysis reactor as a sequence of CSTRs.7,11,12

A rigorous mathematical model was developed including
mass balance equations, phase equilibrium equations, summation
equations, heat balance equations, and hydraulic equations, as
summarized in Table 2. Because the column is generally
operated at medium pressure, the vapor fugacity coefficients
can be estimated with the perturbed-hard-sphere (PHS) equation
of Nakamura et al.24 A list of abbreviations used in the text is
provided in Table 3.

4.3. Simulation of the Desorbers. In a desorber column,
the liquid stream containing water, ammonia, and carbon dioxide
is passed downward countercurrent to the hot gas or LP steam
entering the column at the bottom. In this stage, ammonia and
carbon dioxide are transferred from the liquid stream to the gas
phase. In the desorption process, carbamate decomposition takes
place, which can be considered as an equilibrium reaction. An
equilibrium-stage model with Murphree efficiency is extended
to simulate the desorbers. Also, a partial condenser can be stage
1. The equations related to the steady-state behavior of the
desorbers are summarized in Table 2.

4.4. Simulation of the Heat Exchanger. There are no phase
changes in the heat exchangers, and the equations related to
the steady-state behavior of the heat exchanger are represented
in Table 2.

5. Model Validation

Validation of the steady-state model was carried out by
comparison of the model results with plant data. The technical
design data and input data for the conventional and modern
wastewater treatment sections of a urea plant are summarized
in Tables 4-8.

The model results and the corresponding observed data of
the conventional and modern processes of industrial wastewater
treatment are presented in Tables 9 and 10, respectively. It was
observed that the steady-state model performed satisfactorily
well under the industrial conditions and good agreement was
obtained between the plant data and the simulation data, which
confirms that the proposed model can be considered suitable
and reliable. The numerical solution method used in this work
is the same as that used in a previous study.13 The MATLAB
programming language was used as the application software
for the numerical solution.

6. Results and Discussion

As reported in this section, a sensitivity analysis was carried
out to investigate the effects of the various operating parameters
on the wastewater treatment loop performance and the urea and
ammonia removal efficiencies using cocurrent and countercur-
rent operating modes of a thermal hydrolysis reactor.

6.1. Investigation of Modern Wastewater Treatment
Section. Typical industrial operating conditions for the modern
process of urea wastewater treatment are listed in Table 4. First,
the performance of this loop using an industrial countercurrent
hydrolyzer and a hypothetical cocurrent hydrolyzer are compared
with each other under the same conditions as listed in Tables 4
and 5. All specifications for cocurrent mode are similar to the
for countercurrent mode, except that, in cocurrent mode, the
HP steam is flowed in the same direction as the entering
wastewater stream.

6.1.1. Effect of Wastewater Feed Temperature. The role
of the wastewater feed temperature on the urea and ammonia
removal under identical operating conditions using either of the
two hydrolysis reactors in the modern process is shown in Figure
5. Figure 5a indicates that an increase in the wastewater feed
temperature improves the urea removal performance because
of the endothermic overall reaction. Also, if the inlet wastewater
temperature increases, the ammonia concentration decreases in
the treated liquid stream (Figure 5b) because of the higher
temperature profile along the hydrolyzer and the desorbers,
which shifts the vapor-liquid equilibrium to the vapor phase.
As shown in this figure, when the hydrolyzer configuration is
countercurrent, because of the increase in wastewater temper-

Figure 3. Schematic diagram of the multistage well-mixed reactor model
in countercurrent mode.

Figure 4. Schematic diagram of the multistage well-mixed reactor model
in cocurrent mode.
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ature, the urea and ammonia contents in the treated liquid stream
become less than 1 ppm. However, in the cocurrent case, when
the temperature increases to 90 °C, the profiles of outlet urea

Table 2. Model Equations

section MESH equations, for i ) 1, ..., M; j ) 1, ..., N description

countercurrent hydrolyzer Mi,j ≡ Vj+1yi,j+1 + Lj-1xi,j-1 + Ri,2hjRj + Ri,3w - Vjyj - Ljxj ) 0 mass balance equations (M)

cocurrent hydrolyzer Mi,j ≡ Vj+1yi,j+1 + Lj+1xi,j+1 + Ri,2hjRj + Ri,3w - Vjyj - Ljxj ) 0

cocurrent and countercurrent
hydrolysis reactors

Ei,j ≡ Ki,jxi,j - yi,j ) 0 phase equilibrium equations (E)

Ec,j ≡ K3,j(T) - (x5,jx6,j
2

x3,jx4,j
)[γ5,j(T, X) γ6,j

2(T, X)

γ3,j(T, X) γ4,j(T, X) ] ) 0 chemical equilibrium equations (E)

Sj
x ≡ ∑

i

M

xi,j - 1 ) 0, Sj
y ≡ ∑

i

M

yi,j - 1 ) 0 summation equations (S)

countercurrent hydrolyzer Hj ≡ ∑
i

M

Vi,j+1Hi,j+1
v + ∑

i

M

Li,j-1Hi,j-1
l - ∑

i

M

Vi,jHi,j
v - ∑

i

M

Li,jHi,j
l ) 0

heat balance equations (H)

cocurrent hydrolyzer Hj ≡ ∑
i

M

Vi,j+1Hi,j+1
v + ∑

i

M

Li,j+1Hi,j+1
l - ∑

i

M

Vi,jHi,j
v - ∑

i

M

Li,jHi,j
l ) 0

countercurrent hydrolyzer P1 ≡ ptop - p1 ) 0, Pj ≡ pj - ∆pj-1 - pj-1 ) 0
hydraulic equations (P); j ) 2, ..., N

cocurrent hydrolyzer P1 ≡ pbottom - p1 ) 0, Pj ≡ pj + ∆pj-1 - pj-1 ) 0

desorbers Mi,j ≡ Vj+1yi,j+1 + Lj-1xi,j-1 + Ri,3w - Vjyj - Ljxj ) 0 mass balance equations (M)

Ei,j ≡ EMi,j(Ki,jxi,j - yi,j+1)/(yi,j - yi,j+1) - 1 ) 0 phase equilibrium equations (E)

Sj
x ≡ ∑

i

M

xi,j - 1 ) 0, Sj
y ≡ ∑

i

M

yi,j - 1 ) 0 summation equations (S)

Hj ≡ ∑
i

M

Vi,j+1Hi,j+1
v + ∑

i

M

Li,j-1Hi,j-1
l - ∑

i

M

Vi,jHi,j
v - ∑

i

M

Li,jHi,j
l ) 0 heat balance equations (H)

P1 ≡ ptop - p1 ) 0, Pj ≡ pj - ∆pj-1 - pj-1 ) 0 hydraulic equations (P)

Hj ≡ ∑
i

M

Vi,1Hi,1
v - ∑

i

M

Vi,cHi,c
v - ∑

i

M

Li,cHi,c
l - Qc ) 0 heat balance equation for the partial condenser

heat exchangers (FHCPHTH)L - (FHCPHTH)0 - QH ) 0
energy balance for the hot stream

QH ) UHAH(TH - TM)

(FCCPCTC)L - (FCCPCTC)0 - QC ) 0
energy balance for the cold stream

QC ) UCAC(TM - TC)

Table 3. List of Abbreviations

abbreviation full name

PHS perturbed hard sphere
CSTR continuously stirred tank reactor
LP low pressure
HP high pressure
NEQ nonequilibrium

Table 4. Wastewater Feed and HP and LP Steam Specifications for
the Modern Treatment Process16

wastewater feed HP steam LP steam

temperature (°C) 60 307.9 141.7
pressure (kg/cm2) 2.7 20.3 3.1
component molar flow

rate (kmol/h)
water 1740.6 86.9 468.5
urea 8.996 - -
CO2 44.88 - -
NH3 170.38 - -
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and ammonia contents remain above 200 ppm even at high
temperatures. Therefore, it is not possible to decrease ammonia
and urea in the treated liquid stream sufficiently to satisfy new
environmental standards (1 ppm) for the ammonia and urea
contents only by increasing the wastewater feed temperature.
This figure shows that, to achieve the new environmental
standards for the treated stream, only the countercurrent
configuration is appropriate.

6.1.2. Effect of Inlet Flow Rate of Wastewater. Figure 6a
shows the influence of the wastewater feed flow rate on the

urea concentration in the treated effluent stream. From this
figure, one can see that a lower wastewater flow rate provides
a lower urea concentration than a higher flow rate using either
of the two reactors. Also, comparison between the outlet urea
profiles shows that, when the hydrolyzer is in countercurrent
mode, as the wastewater flow rate is decreased, the urea content
decreases sharply to virtually zero. However, in the cocurrent
case, the urea content decreases slightly, and achieving even
less than 5 ppm is impractical because of the existence of a
horizontal asymptote. From the point of view of the new
environmental standards, this comparison shows a preference
for the countercurrent hydrolyzer over the cocurrent one. The
decrease in the wastewater flow rate causes an increase in the
residence time of reactants and higher temperature profiles along
the hydrolyzer, thus enhancing urea removal. Also, Figure 6b
shows the ammonia concentration in the treated liquid stream
as a function of the inlet wastewater flow rate. As can be seen,
the decrease in the volume of wastewater feed can reduce the
ammonia level in the treated liquid to below 1 ppm using either
of the two hydrolysis reactors. Nevertheless, the ammonia
content during cocurrent operation of the hydrolyzer is always
higher than that in the countercurrent case.

6.1.3. Effect of HP Steam Flow Rate. The role of the HP
steam flow rate in the urea removal for a specified inlet
wastewater temperature is shown in Figure 7a. As can be seen
from this figure, a higher steam flow rate maintains a higher
temperature level in the hydrolyzer, which causes changes in
the liquid temperature profile and in the extent of hydrolysis
reactions, thus resulting in greater urea decomposition. Fur-

Table 5. Industrial Countercurrent Urea Thermal Hydrolyzer
Specifications16

parameter value units

length of the hydrolyzer 16.5 m
diameter of the hydrolyzer 2 m
number of trays 13
tray spacing 1.1 m
hole diameter 0.006 m

Table 6. Wastewater Feed and HP and LP Steam Specifications for
a Conventional Treatment Section15

feed specifications wastewater feed HP steam LP steam

temperature (°C) 35 380 145
pressure (kg/cm2) 3.4 25 4.2
component molar flow

rate (kmol/h)
water 1675.3 164.3 193.7
urea 7.08 0 0
CO2 14.75 0 0
NH3 52.7 0 0

Table 7. Industrial Cocurrent Urea Thermal Hydrolyzer
Specifications15

parameter value units

length of the hydrolyzer 16 m
diameter of the hydrolyzer 1.6 m
number of trays 10
tray spacing 1.3 m

Table 8. Design Data for the Desorbers15,16

section unit number of trays

conventional wastewater treatment first desorber 12
second desorber 14

modern wastewater treatment first desorber 15
second desorber 13

Table 9. Comparison of Results Calculated for a Modern
Wastewater Treatment Loop and Observed Plant Data16

treated effluent liquid off-gas

observed model error (%) observed model error (%)

temperature (°C) 88.1 90 2.1 89 90.7 1.9
component molar

flow rate
(kmol/h)
water 2080.4 2140.5 2.9 77.3 74.72 3.3
urea <5 ppm 4 ppm - 0 0 -
CO2 0.0 0.0 0.0 55.2 52.7 4.5
NH3 1 ppm 0.91 ppm 9 172.5 177.14 2.7

Table 10. Comparison of Results Calculated for a Conventional
Wastewater Treatment Loop and Observed Plant Data15

treated effluent liquid off-gas

plant calculation error (%) plant calculation error (%)

temperature (°C) 70 68.4 -2.3 124 125.7 1.4
component molar

flow rate
(kmol/h)
water 1835.5 1821.1 -0.8 190.7 205.1 7.6
urea 0.05 0.054 7.4 - -
CO2 0 0 0 21.8 21.75 -0.2
NH3 0.192 0.202 5.2 66.6 66.5 -0.15
total (kmol/h) 1835.742 1821.356 -0.8 279.1 293.35 5.1

Figure 5. Outlet mass fractions of (a) urea and (b) ammonia versus
wastewater feed temperature using both types of hydrolysis reactors where
the other operating conditions are the same as in Table 4.
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thermore, a comparison of the two outlet urea profiles demon-
strates the satisfaction of the new environmental standards: the
cocurrent hydrolyzer is not suitable and cannot reduce the urea
content to less than 5 ppm even with a great increase in the HP
steam flow rate. In fact, the outlet urea content of the modern
process with the countercurrent hydrolyzer decreases quickly,
and the slope of its profile becomes sharp, whereas in the
cocurrent case, the content decreases, and its profile approaches
a horizontal asymptote. The difference between these profiles
is related to the lower temperature at the end of the cocurrent
hydrolyzer relative to the countercurrent one. Also, chemical
equilibrium in the liquid phase and vapor-liquid equilibria are
effective. In addition, a change in the flow rate of the entering
HP steam has an effect on the concentration of ammonia in the
treated liquid stream. As clearly demonstrated in Figure 7b, an
increase in the HP stream flow rate would result in a lower
concentration of ammonia in the treated liquid using either of
the two hydrolysis reactors. In fact, the decrease of the ammonia
content in the treated liquid is due to the temperature increasing
at the end of hydrolysis reactors and then along the desorbers.
This figure indicates that a large change in the HP steam flow
rate is required to obtain an ammonia concentration of less than
1 ppm using the cocurrent hydrolyzer.

6.1.4. Effect of LP Steam Flow Rate. The flow rate of the
LP steam has an influence on the urea and ammonia removal
performance, as demonstrated in Figure 8. An increase in the
LP steam flow rate improves the desorption performance and

provides a lower concentration of ammonia in the outlet liquid
by increasing the temperature according to the vapor-liquid
equilibrium. As a result, a higher temperature level is reached
in the loop, and therefore, the hydrolysis reaction shifts to the
right and improves the urea removal efficiency. Consequently,
the urea and ammonia concentrations in the effluent stream
decrease. When the LP steam flow rate is increased, the outlet
urea content using the countercurrent hydrolyzer rapidly ap-
proaches zero and enhances the water purity, whereas in
cocurrent mode, the outlet urea content approaches a horizontal
asymptote and cannot be reduced below 5 ppm in the treated
liquid. Also, the ammonia concentration in the treated effluent
with either of the two reactors decreases to less than 1 ppm,
but using the cocurrent hydrolyzer, much steam is required.

6.1.5. Effect of Temperature of HP Steam. Figure 9 shows
the effect of the HP steam temperature on the urea and ammonia
concentrations in the treated liquid stream. It is clear that the
effect of an increase in the temperature on the treatment loop
performance is greater for the countercurrent hydrolyzer than
for the cocurrent case. It can be seen that the urea and ammonia
contents for cocurrent mode cannot reach below 1 ppm even at
very high temperatures. Consequently, in this way, reduction
of the outlet urea and ammonia contents in the treated liquid
using the cocurrent hydrolyzer is not practical, whereas in
countercurrent mode, the contents are reduced easily so that
the new environmental standards are satisfied. Also, it is clear
that changes in the ammonia content are small with respect to

Figure 6. Outlet mass fractions of (a) urea and (b) ammonia versus inlet
flow rate of wastewater using both types of hydrolysis reactors where the
other operating conditions are the same as in Table 4.

Figure 7. Outlet mass fractions of (a) urea and (b) ammonia versus HP
steam flow rate using both types of hydrolysis reactors where the other
operating conditions are the same as in Table 4.
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the increase in the HP steam temperature using the countercur-
rent hydrolyzer.

6.1.6. Effect of Reflux Ratio. The effect of the reflux ratio
on the urea and ammonia concentrations in the treated effluent
is shown in Figure 10. The reflux ratio is defined as the reflux-
stream flow rate divided by the total of the separated liquid
and off-gas flow rates. When the reflux ratio is increased, the
reflux-stream flow rate, including ammonia, also increases.
Therefore, the amount of ammonia along the first desorber and
consequently in the loop becomes higher. As a result, the rate
of the hydrolysis reactions and the rate of urea conversion
decrease in the hydrolyzer. Hence, the urea and ammonia
contents increase in the treated liquid stream. When the
hydrolyzer is in countercurrent mode, the urea and ammonia
concentrations reach less than 1 ppm in the treated liquid as a
result of a decrease of the reflux ratio. However, these contents
remain above 100 and 50 ppm, respectively, in the cocurrent
case even for reflux ratios near zero.

In general, in terms of operating costs, as can be seen from
Figures 5-10, comparison of the urea and ammonia contents
in the treated effluent showed that the application of counter-
current mode in the hydrolyzer is better for the modern treatment
section.

6.2. Investigation of Conventional Wastewater Treatment
Section. To enhance the urea and ammonia removal, one of the
proposed methods is to make internal changes in the wastewater
treatment section of conventional urea plants such as a change
in the thermal hydrolyzer mode from cocurrent to countercurrent.
As can be seen from comparisons between cocurrent and

countercurrent hydrolysis reactors, under particular conditions,
the efficiency of a treatment section using a countercurrent
hydrolyzer greater than that using a cocurrent hydrolyzer. The
main reason for this difference is the presence of chemical
equilibria at the end of reactor. In countercurrent mode, these
chemical equilibria are shifted to enhance urea hydrolysis more
than in cocurrent mode. Now, the conventional process of urea
wastewater treatment is studied with respect to whether the
purity of the treated liquid improves if the configuration of the
hydrolyzer is changed from cocurrent to countercurrent mode
under the same operating conditions as listed in Table 6.

6.2.1. Effect of Wastewater Feed Flow Rate. Figure 11a
shows the urea content in the treated liquid of the conven-
tional process as a function of the wastewater feed flow rate.
As can be seen, the outlet urea content increases to more
than 3000 ppm when the configuration of the industrial
cocurrent hydrolyzer changes to countercurrent mode. Con-
sequently, at first, this change in configuration results in a
much higher urea fraction in the outlet stream. However, if
the inlet flow rate of the wastewater is decreased to around
1200 kmol/h, the outlet urea content obtained using a
hypothetical countercurrent hydrolyzer rapidly decreases to
less than few parts per million and even less than 1 ppm.
Also, it should be mentioned that the outlet urea fraction
obtained using the cocurrent hydrolyzer cannot decrease to
less than 5 ppm even if the wastewater flow rate decreases
to 1000 kmol/h. Furthermore, as can be seen in Figure 11b,
if the wastewater flow rate is decreased, the ammonia content
in the treated liquid stream reduces when the hydrolyzer runs

Figure 8. Outlet mass fractions of (a) urea and (b) ammonia versus LP
steam flow rate using both types of hydrolysis reactors where the other
operating conditions are the same as in Table 4.

Figure 9. Outlet mass fractions of (a) urea and (b) ammonia versus
temperature of HP steam using both types of hydrolysis reactors where the
other operating conditions are the same as in Table 4.
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cocurrently or countercurrently. However, an ammonia
content below 1 ppm in the treated liquid is achievable using
lower wastewater flow rates with the cocurrent hydrolyzer
than with the countercurrent one.

6.2.2. Effect of HP Steam Flow Rate. Figure 12a shows a
comparison of the effects of the HP steam flow rate on the urea
content in the treated stream using either of the two hydrolysis
reactors. As can be seen from this figure, a change in the flow
rate of the HP steam has an effect on the outlet urea concentra-
tion. A comparison of the urea profiles demonstrates that the
conventional process with the cocurrent hydrolyzer cannot
reduce the urea content to less than 5 ppm even with a significant
increase in the steam flow rate and its profile approaches a
horizontal asymptote. However, the outlet urea content obtained
using the countercurrent hydrolyzer decreases quickly. In
countercurrent mode, with an increase in the HP steam, the urea
content approaches 1 ppm, mainly because of the dilution of
the liquid phase, but loss of steam is too high, and achieving a
decrease in urea is difficult. Moreover, as can be seen, the two
reactors have the same efficiency at a special steam flow rate,
but above this flow rate, the efficiency of the countercurrent
hydrolyzer is higher than that of the cocurrent one. Also, the
role of the HP steam flow rate in ammonia removal for a
specified inlet wastewater temperature is shown in Figure 12b.
As is clearly demonstrated in this figure, when the HP steam
flow rate increases to 260 kmol/h, the ammonia content
decreases slightly. Therefore, a very large change in the HP
steam flow rate is required to obtain an ammonia concentration

of less than 5 ppm in the treated liquid with either of the two
reactors.

6.2.3. Effect of LP Steam Flow Rate. Figure 13 shows the
effect of the flow rate of the entering LP steam on the urea
and ammonia concentrations in the treated effluent. From this
figure, one can see that the change in the urea concentration
with variations of the LP steam flow rate is not high using
either of the two hydrolysis reactors. Therefore, it is not
possible to decrease the urea in the treated liquid stream to
less than 1 ppm regardless of whether the hydrolyzer
configuration is cocurrent or countercurrent, and the new
environmental standards can be satisfied only by increasing
the LP steam flow rate. However, at a high flow rate, the
ammonia content in the treated liquid can decreases to below
1 ppm in the treated liquid, whereas more energy is required
using a cocurrent hydrolyzer than a countercurrent one.

Generally, in terms of operating costs for the conventional
treatment section, as can be seen from Figures 11-13, a
comparison of the urea and ammonia contents in the treated
effluent showed that application of cocurrent mode in the
hydrolyzer was better for achieving old environmental
pollution standards (less than 100 ppm for urea and ammonia
contents in the effluent). However, to observe new environ-
mental pollution standards (less than 10 ppm or even 1 ppm
for urea and ammonia contents in the effluent), the counter-
current configuration of operation is the only acceptable
practicable mode.

Figure 10. Outlet mass fractions of (a) urea and (b) ammonia versus reflux
ratio using both types of hydrolysis reactors where the other operating
conditions are the same as in Table 4.

Figure 11. Outlet mass fractions of (a) urea and (b) ammonia versus
wastewater flow rate using both types of hydrolysis reactors where the other
operating conditions are the same as in Table 6.
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7. Conclusions

The liquid waste pollution control problem of a urea plant
can be solved using a treatment wastewater loop that includes
two main pieces of equipment: a urea thermal hydrolyzer to
reduce the urea content and desorbers to decrease the ammonia
and carbon dioxide contents. In this work, conventional and
modern wastewater treatment loops of a urea plant using
cocurrent and countercurrent operating modes of the hydrolysis
reactor were modeled at the industrial scale. The model
incorporated the liquid nonideality of reacting materials in the
reaction rate used for the urea thermal hydrolysis reactors. Also,
the desorbers and reactors were simulated based on an equi-
librium stage model. The effects of key operating parameters,
such as the inlet temperatures and flow rates of wastewater and
steam and the reflux ratio, on the performance of conventional
and modern processes of urea wastewater treatment using either
of the two reactors from the points of view of urea and ammonia
removal and environmental standards were considered. Com-
parison of the urea and ammonia contents in the treated effluent
showed that application of countercurrent mode of hydrolyzer
was not always better but that, to observe the new environmental
standards, countercurrent mode was the only acceptable prac-
ticable mode. Generally, positive effects on urea and ammonia
removal in the treated effluent were observed for increases of
the temperature and steam flow rate and decreases of the
wastewater flow rate and reflux ratio. Moreover, the model
results were compared with real data from two conventional
and modern treatment systems. In both cases, good consistency
was observed between the plant data and the results of the

model. This analysis is also useful for better control of the
currently operating units and for the design of new hydrolyzers
for the wastewater treatment loops of urea plants.
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Nomenclature

ai ) activity of component i
A ) area (m2)
Ci ) concentration of component i (kmol/m3)
CPi ) specific heat of the stream in the heat exchanger (kJ/kmol)
E ) activation energy (kJ/kmol)
Ec,j ) residual function for the chemical equilibrium relation for

carbamate on the jth tray
Ei,j ) residual function for the phase equilibrium relation for

component i on the jth tray
EM ) Murphree tray efficiency
F ) molar flow rate of the stream (kmol/h)
g ) gas state
hj ) liquid holdup on stage j (m3)
H i,j

l ) enthalpy of component i in the liquid phase on stage j (kJ/
kmol)

Figure 12. Outlet mass fractions of (a) urea and (b) ammonia versus HP
steam flow rate using both types of hydrolysis reactors where the other
operating conditions are the same as in Table 6.

Figure 13. Outlet mass fractions of (a) urea and (b) ammonia versus LP
steam flow rate using both types of hydrolysis reactors where the other
operating conditions are the same as in Table 6.
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H i,j
v ) enthalpy of component i in the vapor phase on stage j (kJ/
kmol)

Hj ) residual function for the total heat balance on the jth tray
k0 ) pre-exponential factor of the urea hydrolysis rate constant [m3/

(kmol ·h)]
Kf ) forward reaction rate constant [m3/(kmol ·h)]
Ki,j ) equilibrium constant
Kr ) temperature-dependent equilibrium constant of reaction r
l ) liquid state
Li,j ) liquid molar flow rate of component i on stage j (kmol/h)
Lj ) molar flow rate of liquid on stage j (kmol/h)
M ) number of components
Mi,j ) residual function for the material balance for component i

on the jth tray
N ) number of stages
Pbottom ) pressure at the bottom of the column (kPa)
Pj ) pressure of stage j (kPa)
Ptop ) pressure at the top of the column (kPa)
Qc ) condenser duty (kJ/h)
Qi ) heat transfer in the heat (kJ/h)
R ) universal gas constant [kJ/(kmol ·K)]
Rj ) rate of reaction 2 on the jth tray [kmol/(m3 ·h)]
Sj

x ) residual function for the summation relation in the liquid phase
on the jth tray

Sj
y ) residual function for the summation relation in the vapor phase
on the jth tray

T ) temperature (K)
TM ) metal temperature in the heat exchanger (K)
U ) constant in eq 9
Ui ) overall heat-transfer coefficient in the heat exchanger [kJ/

(h ·m2 ·K)]
Vi,j ) vapor molar flow rate of component i on stage j (kmol/h)
Vi

l ) liquid molal volume of component i
Vj ) molar flow rate of vapor on stage j (kmol/h)
w ) molar flow rate of carbamate consumption in reaction 3

(kmol/h)
xi,j ) mole fraction of component i in the liquid phase on the jth

tray
yi,j ) mole fraction of component i in the vapor phase on the jth

tray

Greek Letters

Ri,2 ) stoichiometric coefficient of species i in reaction 2
Ri,3 ) stoichiometric coefficient of species i in reaction3
γi ) activity coefficient of component i
∆H ) heat of reaction (kJ/kmol)
∆Pj ) pressure drop (kPa)

Subscripts

0 ) inlet conditions
c ) condenser
C ) cold stream
H ) hot stream
i ) component number
j ) stage number
L ) length of heat exchanger
r ) reaction number
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