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1. Introduction

ABSTRACT

In this study, removal of urea, ammonia and carbon dioxide from wastewater of conventional urea plant
in both high and low concentration (ppm scale) levels using a cascade of hydrolyser-desorber loops
has been investigated. In conventional urea plants, wastewater treatment sections including co-current
configuration of hydrolyser were designed according to the old environmental standards. Nevertheless,
the amounts of urea and ammonia in outlet treated wastewater are not acceptable at present time due to
new environmental restrictions, shortage of water sources and possibility of upgrading this wastewater
to reuse for boiler feed water or cooling water. Therefore, a thermal hydrolyser-desorber system is
proposed to add at the end of current conventional treatment section in order to decrease urea and
ammonia contents in treated effluent to approach 0 ppm. A general model is developed for both types
of thermal hydrolyser-desorber loops which in first loop, high concentrations and in the second loop,
low concentrations of urea and ammonia are treated. The extended electrolytic UNIQUAC equation has
been used to describe the non-ideality of liquid phase. The proposed model incorporates reaction rate
of urea hydrolysis and takes into account the effects of solution non-ideality and back-mixing on the
performance of hydrolysis reactors. The model was solved numerically and provides temperature, flow
rate and concentration distributions of different components along the height of reactors and desorbers.
The proposed model has been validated against observed data. Also the effects of key parameters on the
performance of wastewater treatment process have been examined. The results of this work show that
increase of inlet temperature of wastewater and steam flow rate and decrease of the reflux ratio improve
the urea and ammonia removal efficiency.

© 2010 Elsevier B.V. All rights reserved.

extremely hazardous, toxic, and volatile material. At high levels
of ammonia, death of animals, birds, fish and death or low growth

Urea is an important nitrogen-based fertilizer which is synthe-
sized by the reaction of ammonia and carbon dioxide in the range
of high temperatures and pressures [1]. In a urea production plant,
for every ton of produced urea, 0.3 tons of water is formed. This
water which contains ammonia, carbon dioxide and urea is usually
discharged from the urea concentration and evaporation section
of the plant. This wastewater together with the rinsing and wash
effluent is collected in large storage tanks, requires treatment if
it is to be reused again. Such a stream generally contains about
2-9wt% ammonia, 0.8-6 wt% carbon dioxide and 0.3-1.5 wt% urea
[2,3].

Discharging this wastewater from urea plants have a negative
influence on the environment as well as loss of urea and ammo-
nia. Urea is considered deleterious in natural waterways that it
promotes algae growth and hydrolyses slowly. Ammonia is an
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rate in plant, and irritation and serious burn on the skin and in the
mouth, throat, lungs and eyes can be observed. Therefore, treat-
ment of urea plant wastewater is essential [4-6].

The purpose of wastewater treatment of urea plant is to remove
urea, ammonia and carbon dioxide from the process condensate.
Several processes have been suggested for treating these urea-
containing streams due to current necessities for environmental
protection and possibilities to upgrade this waste stream to valu-
able high-pressure boiler feed water or cooling water. While in the
past decade, 100 ppm of urea was considered acceptable for plant
wastewater, but today’s requirements mostly call for a maximum
concentration of 10 ppm [7].

Economically, it is preferred to remove and recover the urea
and/or ammonia from the wastewater. Various methods have been
proposed to accomplish this, all of them basically involve the
steps of desorbing ammonia and carbon dioxide from the urea-
containing wastewater, subsequently thermal hydrolyzing the urea
contained in the wastewater, then the total or partial desorption of
the ammonia and carbon dioxide that are formed in the hydrolyser
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and in the final step, the off-gases will be condensed in a reflux
condenser [8].

On the industrial scale, urea thermal hydrolysis reactors operate
in co-current or counter-current modes. Rahimpour and Azarpour
presented various model for studying the urea thermal hydrolyser
in high concentration level in co-current mode [9-11]. Also Bar-
maki et al. proposed a non-ideal rate-based model for an industrial
urea thermal hydrolyser in high concentration level in counter-
current mode [12]. In conventional urea production plants, thermal
hydrolysis reactors are in operation in co-current mode with steam,
nevertheless even after very long residence times or high steam
consuming in the best operating conditions, it is not possible to
achieve the urea and ammonia contents less than 20-25 ppm in
outlet treated liquid [9,11,13]. But in modern urea plant, ther-
mal hydrolysis reactors are based on counter-current mode. In this
manner, the ammonia and urea contents of the treated stream can
be reduced to a level of 1 ppm. In conventional urea plants such as
Shiraz Petrochemical Complex (SPC), outlet wastewater from treat-
ment section of the plant discharges to sewage system, because of
the outlet treated liquid has no enough quality to use in utility unit
or in other units. So in order to reuse this wastewater, residual urea,
ammonia and carbon dioxide must be removed.

Until now, the published information in literature about simul-
taneous urea, ammonia and carbon dioxide removal in low
concentration level from industrial wastewater of urea plants
is very little detailed and patented, especially in hydrolysis-
desorption process [3,14]. The main objective of this work is
enhancement of urea, ammonia and carbon dioxide removal from
outlet treated liquid of wastewater treatment loop of conven-
tional urea plant to obtain pure liquid that contains 1ppm for
urea and ammonia and observe the new environmental standards.
In other word, in this work removal of urea and ammonia from
wastewater in low concentrations (<100 ppm) is carried out while
in conventional process, high concentrations (>100 ppm) of urea
and ammonia are removed.

Changes in conventional treatment section is complicated and
approximately impractical due to dependency of different equip-
ments of plant to each other, besides increase of steam flow rate and
temperature of wastewater feed are shown in our previous works
[9-11]. Therefore, the new treatment system has been suggested.
In this system, the removal of mentioned components is carried out
in two stages. In the first stage, urea, ammonia and carbon dioxide
are removed at high concentrations in existing plant while in the
second stage these components are removed at low concentrations
in a proposed plant.

In this work, a general model for an integration of
hydrolyser-desorber loops including conventional and new
proposed treatment sections has been developed. Extended
UNIQUAC model has been used to represent the vapor-liquid
equilibrium (VLE) of NH3-CO,-H;0-urea system. The combined
effect of chemical reaction, liquid non-ideality and solution back-
mixing was treated by a multi-stage well-mixed reactor model for
thermal hydrolyser. Also the effect of different parameters on the
performance of hydrolyser-desorber loops has been investigated
and the design consequences of different options on the new
proposed section have been discussed.

2. Process description
2.1. Wastewater treatment section of conventional urea plant

Fig. 1 shows a schematic diagram of conventional urea, ammo-
nia and carbon dioxide removal from wastewater of the urea plant

in Shiraz Petrochemical Complex [8]. It mainly consists of a 1st
desorber column at low pressure, which reduces the ammonia
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Fig. 1. Wastewater treatment loop of conventional urea plant.

and carbon dioxide contents. For the next column, the hydrolyser,
it is important that the ammonia and carbon dioxide concentra-
tions at the inlet are sufficiently low, in order to maintain the
system far from the chemical equilibrium. Under these conditions
the hydrolysis reactions proceed towards the ammonia and carbon
dioxide production, reducing the urea content to approximately
less than 100 ppm. The hydrolyser is operated at relatively medium
pressures (18 bar) resulting in a temperature of about 185 °C. The
temperature level in the hydrolyser is maintained by the injection
of 25 bar steam. In the 2nd desorber column again operating at low
pressure, the ammonia and carbon dioxide contents are decreased
to low ppm level. The stripping in the 2nd desorber is carried out
by using life low-pressure (LP) steam injected in the bottom and
outlet vapors from this column are used for the stripping in the 1st
desorber. The vapors of the 1st desorber, which contain ammonia,
carbon dioxide and water, go to condenser.

2.2. New proposed treatment section

A schematic of cascade of hydrolyser-desorber systems includ-
ing conventional and new proposed treatment sections for urea,
ammonia and carbon dioxide removal from wastewater of urea
plant is shown in Fig. 2. In this process, the outlet liquid from
2nd desorber is heated in 2nd heat exchanger with the clean top
effluent, and it is pumped to the bottom of the new hydrolyser co-
currently with high-pressure (HP, ) steam after passing through the
3rd heat exchanger. The height of hydrolyser is 5 m and there are 4
trays inside it. Urea is decomposed to ammonia and carbon dioxide
by steam 380 °C and 25 kg/cm?2. At the outlet of the hydrolyser the
urea content is decreased to 1 ppm level.

The ammonia and carbon dioxide evolving from this hydrol-
yser reaction are removed in a desorber using low-pressure (LP,)
steam as stripping agent. The ammonia content is also decreased to
1 ppm level. Overhead vapors from 3rd desorber containing ammo-
nia, carbon dioxide and water are condensed in a reflux condenser
and rectified to reduce the water content by returning a reflux lig-
uid stream to the tower and non-condensed vapors are recycled
to urea production section. Two process—process heat exchangers
decrease the needed high-pressure steam amounts considerably.

3. Reactions

The liquid phase contains physically dissolved and chemi-
cally combined components that are mainly present as ions and
molecules, namely H,NCONH, (1), H,0 (2), NH} (3), HNCOO~ (4),
CO; (5) and NHj3 (6). The overall reaction of urea hydrolysis is as
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Fig. 2. Cascade of wastewater treatment loops. The boundaries are shown for the material balances.

follows [1,15]:
NH,CONH, + H,0 < 2NHj3 + CO, (1)

The urea hydrolysis reaction occurs in two steps. The first reac-
tion involves the production of ammonium carbamate from the
combination of urea and water according to the following:

NH;CONH,(1) + H,0(1) & H;NCOO™ + NH}, AHy9g = —23 kJ/mol

(2)

This reaction is slightly exothermic. Then the ammonium and
carbamate ions react to yield carbon dioxide and ammonia in lig-
uid phase, while the vapor and liquid phases are at equilibrium
(endothermic reaction):

H,NCOO™ + NH;, < 2NH3(1) + COy(1), AHa9g = 84kJjmol  (3)

It is concluded from reactions (2) and (3), the urea hydrolysis is
an endothermic reaction, so for a more complete reaction, heat is
needed.

Reaction (2) is slow, while reaction (3) is fast in both directions,
so it could be considered at equilibrium under the conditions found
in the industrial hydrolyser [1,15]. Therefore reaction (2) is the rate
controlling step and its rate is considered as the overall rate of urea
hydrolysis. For chemical reactions in thermodynamically non-ideal
systems, as shown elsewhere [16-18], the rate becomes:

R=kf (‘1102 - %a3a4> =k¢ |:()/1C1 (12C) — KLZ(V3C3)(V4C4)} (4)
where Kk is the forward reaction rate constant (k= ko exp(—E/RT))
and K; is the equilibrium constant of reaction (2). a;, y; are
the activity and activity coefficient of species i, respectively. C;
is the molar concentration of species i. The experimental val-
ues of the pre-exponential factor and the activation energy in

the Arrhenius expression of ks are ko =3.75 x 107 m3/(kmol h) and
E=87,780.3 kJ/kmol, respectively [19].

The equilibrium constants for reactions (2) and (3) are defined
as follows:

I<T(T) = I<X,T(X)I(}/,T(T7 X)7 r=2,3 (5)

where the effects of liquid non-ideality on the reaction equilib-
ria have been merged into a set of parameters, Ky, (T,X) which are
defined as:

v3(T, X)ya(T, X)
K T,X)= B r=2 6
P X) = 3 O XpalT, X) ©

2

v§(T, X)ys(T, X)
Ky (T,X) = , r=3 7
P X) = 3 T Xoa T, %) @
and Kx (X) is also defined as:

_X3Xq

Kx,r(X)—X]xz, r=2 (8)
K () = 578 3 9
X,r( )—@7 r= 9)

where X is the array of mole fractions in the liquid phase. Substi-
tuting Egs. (6)-(9) into Eq. (5) results:

_ % V3(T»X)V4(T’X) _

= (250 ) (B ) =2 (10)
_(%x% [ vs(T.X)VE(T, X) B

K3(T)‘(x3x4> <y3(T,X)y4(T,X) =3 an

where the activity coefficient of each species in the reacting solu-
tion can be calculated from thermodynamic model. The following
functional form:

InK(T) = (U“

(12)

T ) —+ U2,r InT + U3,,~T + U4’r
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Table 1
Equilibrium constant parameters [19].
Function Parameters
Uz U, x102Us Us
InK, -31,363 —64.26 —-05.95 482.11
InK3 —11,046 -5.19 1.115 51.47

was adopted to describe the temperature dependence of the r
reaction equilibrium constant [20]. In the above equation, U is a
constant related to reaction of number r where tabulated in Table 1.

4. Hydrolyser-desorber loops models

Overall wastewater treatment process includes two process
loops. For simulation of the loops, the specification of streams must
be obtained. At first, the wastewater treatment loop of conven-
tional section has five unknown streams, which are: (1) output old
of hydrolyser stream, (2) output of 1st desorber liquid stream, (3)
output of 1st desorber vapor stream, (4) output of 2nd desorber lig-
uid stream and (5) output of 2nd desorber vapor stream. Also the
new proposed treatment loop has five unknown streams, which
are: (1) output of new hydrolyser stream, (2) output of 3rd des-
orber liquid stream, (3) output of 3rd desorber vapor stream, (4)
reflux stream and (5) outlet vapor of condenser stream. The mole
fractions of all components are unknown. The reflux ratio is con-
stant and wastewater feed and steam streams values are known.
Also, the content of output vapor stream of 3rd desorber is equal to
total contents of the reflux and outlet vapor of condenser streams.

In this study, simulation of the cascade of hydrolyser-desorber
loops was done based on the following assumptions:

e Reactions of hydrolysis take place only in the liquid phase.

¢ The loops operate at steady-state condition.

e Each stage of hydrolyser is perfectly mixed stirred-tank reactor
(CSTR).

e Each CSTR operates adiabatically.

¢ Phase equilibrium is achieved in each stage.

¢ The volatility of urea and ammonium carbamate is negligible, so
there are only three molecular components including H,O, NH3
and CO,, in the vapor phase of desorber.

¢ Dissolved CO, in the liquid phase of desorber is negligible. In fact,
it could only be condensed with ammonia to form ammonium
carbamate in the liquid phase.

4.1. Simulation of the heat exchangers (first, fifth and sixth
boundaries)

There are no phase changes in the heat exchanger and it is mod-
eled by assuming the cold stream has a temperature, T¢, in the heat
exchanger inlet, where heat is transferred at a rate, Qc, from the
hotter tube metal at a temperature, Ty, (Eq. (13)):

Qc = UcAc(Tm - T¢) (13)

The hot stream has a temperature Ty in the heat exchanger. Heat
is transferred from the hot flow into the tube metal at a rate, Qy:

Qy = UyAn(Ty — Ty) (14)

Finally, each stream of the cold and hot sides of the exchanger
is described by an energy balance (Egs. (15) and (16)).

(FuCpyTy )y — (FHCpyTH)o —Qn =0 (15)
(FcCpcTe)y — (FcCpcTc)o —Qc =0 (16)

where F- and Fy are cold and hot stream molar flow rate,
respectively and Cp is specific heat capacity. Also subscripts L

and O indicate length of heat exchanger and inlet conditions,
respectively.

4.2. Simulation of the thermal hydrolysis reactors (third and
seventh boundaries)

The industrial hydrolyser is a vessel in which the liquid resides
long enough at high temperature for equilibrium to be estab-
lished. In order to increase the one-pass conversion in the tubular
hydrolyser, baffle plates are installed inside the reactor to control
concentration back-mixing and to approach a plug flow pattern.
Therefore, for simulation purposes it will be approximated as
a series of continuous multi-stage stirred-tank reactors (CSTRs).
This model allows sweeping of operating conditions with differ-
ent degrees of concentration back-mixing by selecting different
numbers of stages.

Throughout the following derivations, CSTRs in sequences will
be referred to as stages, numbered from bottom to top. The j sub-
script corresponds to the stage number. A stream in the CSTR
sequences, and its corresponding properties, will be assigned the
same j subscript as the stage it leaves.

The steady-state mass balance for species i in reaction (1) on
stage j of the reactor sequence is:

Fi,j:Fi,jfl +VCUiRj7 ]: 1,2,...,N (]7)
where F;;_; and F;; are the molar flow rate of component i entering
and leaving stage j in the reactor sequence, V¢ is the stage volume,
v; is the stoichiometric coefficient of species i in reaction (1), R; is
the overall rate of reaction (1) in stage j and N is the total number
of stages. The flow rate of water to the first stage is determined by
a mass balance on the mixing point of steam and wastewater at the
inlet of column. Also, the amounts of carbamate and ammonium
ions are considered negligible due to the fast reaction (3).

Steady-state energy balance on stage j of the reactor sequence
is:

6
ZFi,j—lcPi(Tj —Tj_1)+VcR; AH; =0 (18)
i—1

where Tj_; and T; are the temperature of the reacting fluid entering
and leaving stage j in the reactor sequence and AH; is the heat of
reaction.

The inlet temperature of the reacting mixture to the first stage,
To, is determined by an energy balance on the mixing point of steam
and wastewater at the inlet of the hydrolyser:

6
ZF{"CH(T{” —To)—myh =0 (19)
i=1

where mg, and hg; are mass flow rate and heat of condensation
of input steam. Fii” and Tl.i" are molar flow rate and temperature
of component i before mixing. As it is appeared in Eq. (19), it is
assumed the steam is quickly condensed at the entrance of the
hydrolyser.

In order to calculate the activity coefficient of reacting mate-
rial an equilibrium-based model is used. According to this model it
is assumed that both reactions (2) and (3) approaches to equilib-
rium [1,7]. In the light of these assumptions, the model equations
in terms of the liquid molar flow rates are as follows:

FOU = FIM 4 ajps + otgw (20)

where Fii” is the inlet molar flow rate of component i after mixing
steam with wastewater. Fi"“f is the molar flow rate of component i
in reactions (1) and (2) leaving the hydrolyser, «;, is the stoichio-
metric coefficient of species i in equilibrium reaction r (reactions
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Table 2
The expression for constant g used in Eq. (23).

k ax

0 1

1 1

2 -2
g

3 Fit + Fit + K{VFin

4 —(FI" + Fin)

5 Finpin — K{DFinEin

(2) and (3)) which is positive for products and negative for reac-
tants. The molar consumption rate of urea in reaction (2) is s, and
that of carbamate in reaction (3) is w. The value of water is very
high in comparison with the other components, so it is assumed
that the value of water does not change.

The expression for mole fraction of component i at the outlet of
the hydrolyser is

Fout
i

_ 21
Fry + (aips + aj3w) D

Xi
where Fy, is the total molar flow rate of the reacting mixture at the
inlet of the hydrolyser. The outlet temperature is also determined
by an energy balance:

6
> FCu(T*M ~To)+s AHy +w AH3 =0 (22)
i=1

where T°U is the temperature of reacting material leaving the
hydrolyser, and AH, and AHj3 are heat of reactions (2) and (3).
Tp is the temperature of reacting material after mixing of steam
and wastewater which is determined by Eq. (22).

If Eq. (21) is substituted into Egs. (10) and (11), the following
nonlinear algebraic equations are derived:

apS% + Ay W? + aysw + ass + 4w +as = 0 (23)

bos® + byw> + bys? + bsw? + bss*w + bssw?
+ bgsw + b7s + bgw +bg =0 (24)

where a;, and b, are constants as a functions of Fii” and KJ(X) as
demonstrated in Tables 2 and 3.

4.3. Simulation of the desorbers (second, fourth and eighth
boundaries)

In the desorption part, the liquid stream containing water,
ammonia and carbon dioxide is passed downward through the des-
orber column, counter-current to the hot gas or low-pressure steam
entering the column at the bottom. In this stage, ammonia and car-
bon dioxide are transferred from the liquid stream to the gas phase.
This provides treated water, with low ammonia content, passing
out of the column bottom.

The stage equations are the traditional equation of the mass
balances and energy balances in the bulk phase for each stage.
For 3rd desorber, stage 1 can be a partial condenser. In the des-
orber column, carbamate decomposition takes place, which can be

considered at equilibrium reaction, and then ammonia and carbon

dioxide are stripped off from the liquid phase to the gas phase. The

equilibrium-stage model that is based on rigorous thermodynam-

ics model has been proposed to simulate the desorber. Murphree

efficiency has been used for each tray. The equilibrium-stage model

for the desorber is as follows (MESH equations, fori=1,...,M,j=1,
.., N):

Mij=ViYij +LiaXij1+aisw—Vy; —Lix;=0 (25)
B, = EM;j(KijXij — Yij+1) _ (26)
Vij—Yijs1) =1
M
SJX = in’j -1=0 (27)
i
M
S = Zyi,j ~1=0 (28)
i

=D Vi

M M
_ - v .. L
H; = ZVI-J‘HHi,jJrl + ZL1.1—1H1',]71
i i

M
—ZLLJ-H;J -0 (29)

i
Py =prop —p1 =0 (30)
Pj=pj—Ap;1-pj1=0 (31)

where V; and L; are the vapor and liquid flow rate on the stage
J, respectively, x;; and y;; are the molar fraction in the liquid and
vapor phases, respectively, and «; 3 is the stoichiometric coefficient
of species i in reaction (3) which is positive for products and neg-
ative for reactants. The molar consumption rate of carbamate in
reaction (3) is w and H;’J and HfJ are the enthalpies of vapor and
liquid components on the stage j, respectively. EM;; is Murphree
efficiency of component i on stage j, prop is the specified pressure of
the tray at the top of the desorber and Ap;_; is the pressure drop
per tray from stage j— 1 to stage j. For the partial condenser, the
enthalpy balance then has the following form:

M M M
Hi= ) ViaHl = VieH! = LicH Q=0 (32)
i i i

where Qc is condenser duty. Also V;. and L; . are flow rate of outlet
vapor and liquid component from condenser.

5. Numerical solution

Fig. 3 shows the flowchart and trend for solving the model. The
following steps are involved [14,21].

Table 3
The expression for constant by used in Eq. (24).
k by k by
0 —K? 5 K
1 4-K? 6 2KVF,,
2 —KP(Fy, + Fit + Fin) 7 —KP(Fyy + 1)(Fi" + Fir)
3 KP(Fi? + Fi" — Fy)) + 4(FI" 4 Fir) 8 (K f +24F;"Fj;1 + K_§2>(Fr0(Fg" + Fin) _ Fingin)
4 K 9 Fin(Finy* — K®F, Finfin
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Fig. 3. Flowchart for solving the model.

5.1. Input data for calculation

The input data for calculation consists of the specifications of
wastewater feed, low and high-pressure steam streams, reflux
ratio, hydrolysis reactors and desorbers pressures.

5.2. Initial guess for unknown parameters

An initial guess is made for all unknown parameters. In this sec-
tion, guess values for all composition, flow rates and temperatures
are made by trial and error in an attempt to optimize these values.
5.3. Initial guess for Xyreq

When a guess is made for urea conversion in the hydrolyser,
the model is solved and new values are obtained for X,eq. The pur-
pose of the computer programming is to reach the end, while the
difference of new and old values of X;., approaches zero.

5.4. Solving the heat exchanger model

When the heat exchanger equations are combined together, an
algebraic system of equations is obtained. This nonlinear algebraic

system of equations should be solved. The Newton’s method is used
to solve nonlinear equations. In this model, the inlet temperature
of the hot streams is unknown, and this value is calculated by the
2nd desorber model for 1st heat exchanger, the 3rd desorber model
for 2nd heat exchanger and the new hydrolyser model for 3rd heat
exchanger later, i.e., this temperature is firstly guessed and then
corrected by trial and error.

5.5. Solution of the hydrolyser model

The steps for solution of hydrolyser model are as follows:

e Set all activity coefficient to 1 and guess the outlet liquid temper-
ature.

e Calculate equilibrium constants using Egs. (6), (7), (12) and (5).

e Calculate s, w by Egs. (23) and (24), outlet F;, x; by Egs. (20) and
(21), new activity coefficient by Table A.1 and outlet temperature
by Eq. (22).

e Repeat steps 2 and 3 until difference between successive activity
coefficient is sufficiently small.

e Repeat steps 2 and 3 until difference between successive outlet
temperature is sufficiently small.
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e Calculate Vc=V/N.
e Calculate F;; and T; by Eqgs. (17) and (18).

In the above procedure, the molar consumption rate of urea (s)
and carbamate (w) were determined by Newton-Raphson algo-
rithm.

5.6. Solution of the desorber model

For 1st desorber, specifications of input vapor of it are unknown,
which are calculated by the 2nd desorber model later, i.e., the tem-
perature and component flow rates is firstly guessed and then
corrected by trial and error. When the specifications of output
liquid stream of old and new hydrolysis reactors are known, the
calculation relevant to 2nd and 3rd desorbers is used to obtain
outlet streams flow rates, composition and temperatures, respec-
tively. The modeling leads to a system of algebraic equations, which
are solved by iterative techniques using Newton’s method [22].
To improve accuracy and speed up the computation, all of the
derivatives of thermodynamic properties in this study are obtained
analytically. The resulting Jacobian matrix has a block tridiagonal
structure. Linear systems with a block tridiagonal coefficient matrix
can be solved quite efficiently using the Thomas algorithm [23].

Let

(FX))=0 (33)
where

X=[X1, X2y, Xjy o Xn1" (34)
and

F=[Fi,Fa....F ..., Fy]" (35)

where X; is the vector of unknown variables for stage j and F; is the
vector of model equations for stage j arranged in the order.

Xi =T, X1 js X0 js o v s Xijo oo o s XMjs Y1,y Y2 j oo o5 Vijs + +

F=[H;,Myj,My,...,Mjj,...,Mpj,Eq1j,Exj, ..., Eij,.
With this notation, the Newton’s method becomes
Xkt1) = x(K) 4 ¢ AXK (38)

where k stands for the iteration number, and t is relaxation factor
and AX is defined as:

AXk = —[() 1P (39)

Also (J)~!is the inverse Jacobian matrix of derivation at kth iteration
with elements

oF;
Jij= 87)(1 (40)
j
Table 5

Table 4
Input specifications of the industrial treatment section of conventional urea plant
[8].

Feed specifications Feed wastewater HP; steam LP; steam
Temperature (°C) 35 380 145
Pressure (kg/cm?) 34 25 42
Component molar rate (kmoll/h)

Water 1675.3 164.3 193.7

Urea 7.08 0 0

CO, 14.75 0 0

NHs3 52.7 0 0

5.7. Computation of Xyreq

At this stage, new value for urea conversion is obtained with Eq.
(41) and compared with the old value.

_ Ffo(l) - FeXe(l)

urea — Ffo(1) (41)

6. Model validation

In this work, modeling of the conventional treatment loop was
performed and its verification was carried out by comparison of
the model results with the plant data. The input data of the treat-
ment section of conventional urea plant have been summarized in
Table 4.

The model results and the corresponding observed data of the
plant have been presented in Table 5. It was observed that, the
steady-state model performed satisfactorily well under the indus-
trial conditions and a good agreement was obtain between the
plant data and the simulation data which confirm that the proposed
model can be considered suitable and reliable.

"yM,jaLja ‘/japj7W]T (36)

T
"7EM,j5SJ>'(35]¥7 Pj7EC,j] (37)

7. Results and discussion
7.1. Investigation of cascade of wastewater treatment loops

The design operating conditions of the new proposed treatment
section are listed in Tables 6 and 7. The simulation results were
plotted as profiles of the dependent parameters versus indepen-
dent variables. In addition, the effects of different parameters on
the urea and ammonia removal performance were investigated.

Comparison of calculated results with the observed plant data for treatment section of conventional urea plant.

Outlet treated liquid

Outlet vapor of 1st desorber

Plant Calc. Error (%) Plant Calc. Error (%)

Temperature (°C) 70 68.4 -2.3 124 125.7 14
Component molar rate (kmol/h)

Water 1835.5 1821.1 -0.8 190.7 205.1 7.6

Urea 0.05 0.054 74 - -

CO; 0 0 0 21.8 21.75 -0.2

NH;3 0.192 0.202 52 66.6 66.5 -0.15
Total (kmol/h) 1835.742 1821.356 -0.8 279.1 293.35 5.1
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Table 6
Specifications of the steam consumption of proposed wastewater treatment section.
LP, steam HP, steam
Temperature (°C) 145 380
Pressure (kg/cm?) 4.2 25
Mass flow rate (kg/h) 6600 1000
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Fig. 4. (a) Molar flow rate and (b) conversion of urea along the hydrolysis reactors
where the operating conditions are same as Tables 4 and 6.

Fig. 4(a) and (b) presents urea flow rate and conversion profiles
along the old and new thermal hydrolysis reactors, respectively.
Urea removal increases along the columns height from bottom
to top because of urea hydrolysis. These figures demonstrate an
enhancement in urea decomposition and more conversion along
the new hydrolyser as the highest conversion is achieved. It shows
urea conversion is approximately 100%.

Table 7
Specifications of output stream of new hydrolyser and 3rd desorber.

35
304

254
204

15'!
10-\

Flow rates of liquid products (kmol/hr)

.,
9 12 15 18 21
Stage number

P Ny

T T

24 27 30 33 36

Q

—— T

—_
(=2
—
-

—NH3
-_— = CO2

New 3" desorber

34 hydrolyser

Flow rates of liquid products (kmol/hr)

T T T T T T T

4 5 6 7 8 9
Stage number

10 11 12 13

Fig. 5. Molar flow rate of liquid products along the (a) conventional treatment sec-
tion and (b) new proposed treatment section where the operating conditions are
same as Tables 4 and 6.

Fig. 5(a) and (b) shows flow rate of ammonia and carbon diox-
ide in the conventional and the new treatment process in the liquid
phase, respectively. These profiles clearly show the production of
these components along the thermal hydrolysis reactors due to
reactions and their reduction in the desorbers in the liquid phase,
as the two liquid and vapor streams cross each other counter-
currently in the desorbers. The sudden decrease at the entrance
of the 2nd desorber which is shown in Fig. 5(a) is due to the inlet
stream become two phase. In the 3rd desorber, the feed and reflux
streams enter from the top of the column. Therefore a maximum
point is observed in the ammonia curve of Fig. 5(b).

Fig. 6 shows flow rate of ammonia and carbon dioxide along the
desorbers in the vapor phase. As can be seen in these figures, the

Outlet stream of hydrolyser

Outlet liquid of desorber

Outlet vapor of condenser

Reflux stream

Temperature (°C)

Component mass rate (kg/h)

202.1

Water 33,710
Urea 1ppm
CO, 2.34
NH3 5.25

1329 131.3 131.3
39,812 498.4 6608
1ppm - -
0 234 0.0
1ppm 5.2 5.9
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Fig. 6. Molar flow rate of vapor products along the desorbers where the operating
conditions are same as Tables 4 and 6.

ammonia and carbon dioxide contents in the vapor phase increase
from the bottom to the top of desorbers.

Fig. 7(a) demonstrates the temperature profiles along the
hydrolysis reactors. The profile for the old hydrolyser suddenly
increases due to the injection of high-pressure steam and then has
downward trend owing to the endothermic reaction and its varia-
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— e —~
& 186 - 202 G
g g
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=
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S 185 4 —a— New hydrolyser L 201 [E
184 T T T T T T T T T L 200
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1st desorber
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12 3 4 56 6 7 8 9 1011 12 13 14
Stage number

Fig.7. Temperature profile (a) of reacting material along the hydrolysis reactors and
(b) along the desorbers where the operating conditions are same as Tables 4 and 6.

(@) 57
— 2060 kg/h
2760 kg/h
E 4 —t— 2560 kg/h
,_g 4
é 0.24
8 ]
=
o 0.1
o ~
g 2- ~
E 0+ h
g 9 10 11 12 13 14
= H
1 Old New
hydrolyser { hydrolyser
0 e
1.2 3 4 5 6 7 8 9 10 11 12 13 14
Stage number
(b) 4 e &

— e 2960 kgl’h
2760 kg/h
—a— 2760 kg/h

3™ desorber

Flow rate of ammonia liquid (kmol/hr)

| T T T 5
13 16 17 19 21 23 25 27
Stage number

Fig. 8. Molar flow rate of (a) urea along the hydrolysis reactors and (b) ammonia
along the 2nd desorber, new hydrolyser and 3rd desorber at different HP; steam
flow rates.

tion is small, but the temperature profile of the new hydrolyser is
constant due to low concentration of urea. Fig. 7(b) displays along
the desorbers, the liquid temperature increases from the top to the
bottom of the column as the liquid flows down the desorber on
interacting with the vapor stream. This figure indicates the tem-
perature change along the 3rd desorber is very small because of
ammonia content in liquid phase is very low.

Fig. 8(a) indicates the flow rate of urea along the hydrolysis
reactors at different flow rates of HP; steam. As can be seen from
this figure, higher steam flow rate maintains a higher tempera-
ture level in the reactors, so results in enhancing the urea removal.
Also a change in the flow rate of the HP; steam has an effect on
the flow rate of ammonia in liquid stream. As is clearly demon-
strated in Fig. 8(b), an increase in the HP; steam flow rate would
resultin lower ammonia contentin liquid phase due to temperature
increasing.

Fig. 9 shows the influence of low-pressure (LP;) steam flow
rate on the flow rate of ammonia liquid along the 2nd desorber,
new hydrolyser and 3rd desorber. While the LP; steam increases,
the ammonia content in the liquid phase decreases. This is due to
higher level of temperature and increase of driving force in the
desorbers.
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Fig.9. Molar flow rate of ammonia along the 2nd desorber, new hydrolyser and 3rd
desorber at different LP; steam flow rates.

7.2. Investigation of new proposed treatment system

In the proposed design a questionable point raises that will
urea removal of hydrolyser improve, if configuration changes from
counter-current to co-current? With respect to endothermic over-
all reactions and kinetic of urea hydrolysis, it is better to increase
temperature of inlet wastewater especially if urea concentration is
so little. Also in this condition such as 18 bar pressure and low con-
centrations of ammonia and carbon dioxide in hydrolyser, vapor
phase does not form along it and hydrolyser is full of liquid, so
counter-current configuration concept does not mean. Therefore
as existence of especial mentioned conditions, co-current configu-
ration of hydrolyser is the best design.

In this part, the effects of different parameters on the urea and
ammonia removal performance in new proposed treatment section
were investigated.

Fig. 10 shows the effect of entering LP, steam flow rate on the
ammonia concentration in the treated effluent at different reflux
ratios. The increase of LP, steam flow rate improves the desorp-
tion performance and provides a lower concentration of ammonia
in outlet liquid. Also increase of ammonia concentration in treated

Ammonia mass fraction (ppm)

T T 1
4000 5000 6000 7000
Flow rate of LP; steam (kg/h)

Fig. 10. Ammonia concentration profiles in treated effluent at different reflux ratios
with change of LP; steam flow rates.
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Flow rate of HP; steam (kg/h)

Fig. 11. Urea concentration in the treated effluent at different HP, steam flow rates
with change of inlet wastewater temperature.

effluent with increasing of reflux ratio can be observed for the rea-
son that the reflux stream increases.

Fig. 11 displays the urea concentration in the treated effluent
with change of HP, steam flow rates at different inlet wastewa-
ter temperatures of proposed system. Since decomposition of urea
is an endothermic reaction, increase of the temperature causes
decrease of the urea concentration and improves urea removal.
Also, as can be seen in Fig. 11 if flow rate of HP, steam increases, the
reaction shifts to the right and urea decomposition becomes more.

The effect of LP, steam flow rate on ammonia concentration
in treated effluent at three inlet wastewater temperature of pro-
posed system is shown in Fig. 12. From this figure, lower flow rate of
LP, steam provides more ammonia concentration than higher flow
rate. Also the change of ammonia concentration with alteration of
wastewater temperature is negligible because of inlet pressure of
3rd desorber is constant.

The effect of the number of new hydrolyser stages on urea con-
centration with change of flow rate of HP, steam is shown in Fig. 13.
Increase of the number of stages enhances conversion of urea,
because the decomposition of urea is proportional to the number
of stages and much residence time that leads to more urea conver-

Ammonia mass fraction (ppm)

T T
4000 5000 6000 7000
Flow rate of LP> steam (kg/h)

Fig.12. Ammonia concentration in treated effluent at different LP, steam flow rates
with change of inlet wastewater temperature.
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Fig. 13. Influence of number of hydrolyser stages on urea concentration in the
treated effluent with change of flow rate of HP, steam.

25

—_ — n=11

Ammonia mass fraction (ppm)

8 10 12 14 16 18
Reflux ratio

Fig. 14. Influence of number of desorber stages on ammonia concentration in the
treated effluent with change of reflux ratio.

sion. Also Fig. 13 shows increasing HP, steam flow rate promotes
the urea removal.

Fig. 14 demonstrates the effect of the number of 3rd desorber
stages on ammonia concentration in treated effluent with change
of reflux ratio. When the number of stages is more, the separation
is better and the purity of treated liquid becomes more while the
number of stages is fewer, the amount of ammonia in liquid phase
becomes more and the purity decreases. Also the role of reflux ratio
on the treated liquid purity is very low because of small variation of
ammonia content in the treated effluent when reflux ratio changes
much. As clearly demonstrated in this figure a decrease in reflux
ratio would result in a higher purity of water.

8. Conclusions

Nowadays, the environmental pollution is so important, espe-
cially water pollution which will become vital subject in future.
The liquid waste pollution control problem of a urea plant can
be solved using a treatment wastewater section which includes
two main equipments, urea thermal hydrolyser to decrease urea
content and desorber to decrease ammonia and carbon dioxide
contents. Results of study showed one of the best methods to

upgrade the outlet effluent of wastewater treatment section of
conventional urea plants which has no quality to reuse, is instal-
lation of a new small treatment section at end of process. In this
study, a mathematical model was used for simulation of cascade
of hydrolysis-desorption loops in order to remove urea, ammonia
and carbon dioxide from wastewater of conventional urea plant to
achieve the new environmental standard, so that all components
including the water can be recycled and reused in the plant. All of
specifications of the outlet streams of the old and new hydrolysis
reactors and desorbers are calculated by the model. The effects of
key parameters on purity of treated effluent such as wastewater
temperature, number of stages, HP and LP steam flow rates and
reflux ratio have been investigated. Generally, it was observed the
positive effects on urea and ammonia removal by increase of the
temperature, steam flow rate, height of proposed desorber column
and hydrolyser. Also, decrease of reflux ratio leads to better removal
of urea and ammonia in the treated effluent. The proposed model
can be used for design of new industrial wastewater treatment sec-
tion for conventional urea plants to remove urea, ammonia, urea
and carbon dioxide and results in decrease of environmental pol-
lution.
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Appendix A. Thermodynamics equations

There are several thermodynamic models for describing the
non-ideality of NH3-CO,-H,O-urea system [1,24-28]. In this
study, the thermodynamic framework to describe liquid activity
coefficients of molecular and ionic species in NH3-CO,-H;0-urea
systemis based on the model developed by Isla et al.[1]. The volatil-
ity of urea and ammonium carbamate is negligible and ions cannot
leave from the liquid phase to the vapor phase, so there are only
three molecular components including H,0, NH3, and CO; in the
vapor phase. The vapor-liquid equilibrium can be expressed with
the following relationships:

NH3(1) & NH3(g) (A1)
CO(1) & COx(g) (A2)
H,0(1) & H20(g) (A3)

As followsinTable A.1, the extended UNIQUAC equation consists
of three items [1,25-28]. The volume and surface factors, r; and g;j,
are tabulated in Table A.2. All of the binary interaction parameters
are listed in Table A.3.

For water and ammonia, the phase equilibrium equations are
represented as follows:

0 P

x[yifi exp | == | = Py;®; (A4)
RT

where fl.O is defined as the standard fugacity under the system tem-
perature and zero pressure. While for carbon dioxide, Henry’s law
is applicable, and vapor-liquid equilibrium equation is represented
as Eq. (A.5), while Hco, is the Henry’s constant of CO, under the
system temperature.

vi(P—P3)
XiyiHco, exp | ——p7—— | = Pyi®i (A5)
The temperature dependence of the pure liquid reference fugac-
ity at zero pressure for ammonia, and Henry’s constant for carbon
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Table A.1
Parameters of extended UNIQUAC model [1].
Parameter Expression
Yi(T, x) Iny(T, x) = Iny£(X) + In yRE(T, X) + InyH (X, T)
@; B ?
YEx) lnyf(X):ln(ﬁ)-%—%qiln%’i +li—7;§ Xl
J
m m
YRE(T, X) InyRE(T,X)=¢q; |1-1In E I - E i
Zk—]ﬂktk"
. j=1 j=1 =
5 = 4iX;
Vi V= —="1—
i
- o R
i Pi= =~
I; llzj(ri*Qi)*(rlfl)
Tjj rij:exp(ﬁ),a“:aﬂzo
2A 1
yPH(T, X) In yPH(T, X) = (,73) M; [1 +bI'2 — L~ 2In(1+ bll/Z)]
yPH(T, X) In yPH(T, X) = —22 11';/]2/2
I = (%) ijzjz
Z Z =35.2 —0.1272T + 0.00014T?
Table A.2

Pure component parameters of extended UNIQUAC model [1].

Component i qi T Units
H,NCONH, 1 2.00 2.16 (-)
H,0 2 1.40 0.92 (<)
NH; 3 0.99 0.91 @)
H,NCOO- 4 1.58 1.71 (=)
Co, 5 1.12 1.32 ©)
NH; 6 1.00 1.00 @)
Table A.3
Binary interaction parameters of extended UNIQUAC model [1].
i J
1 2 3 4 5 6
1 0.0 91.7 -162.2 —166.2 269.0 —532.5
2 -110.0 0.0 355.6 0.9 —401.5 —626.3
3 272.8 —272.8 0.0 1476.5 —653.6 -12.4
4 221.6 —96.6 —-337.2 0.0 -302.6 —-62.3
5 670.5 2623.7 836.1 —-204.8 0.0 —610.0
6 357.1 847.3 —190.7 335.0 —-291.4 0.0
dioxide are modeled as
0 A
lanH3(T) = T +AyInT +A3T + Ay (A.6)
By
lanoz(T): T+Bz 1nT+BgT+B4—q5t5,2 (A7)

where g5 and 75, are obtained from Table A.1. All

parameters of

ammonia fugacity and carbon dioxide Henry’s constant are repre-

sented in Table A.4.

Table A4
Ammonia fugacity and carbon dioxide Henry’s constant parameters.
Function Parameters
1024, 10%A, 10%A; 10A4
lnfﬁH; —25.141 28.417 —25.759 146.46
Function Parameters
10-2B; 10°B, 10°Bs 10B,4
In Heo, —26.56 —35.05 63.216 181.575
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Appendix B. Nomenclature

Ko

Ky
Kyr

Ky

—
SSETET

jth parameter in the correlation of pure liquid reference
fugacity of ammonia with temperature

constants of Egs. (23) and (24)

jth parameter in the correlation of Henry’s constant of
carbon dioxide in water with temperature
concentration of component i (kmol/m?3)

heat capacity of fluid (kJ/(kmol K))

activation energy (kJ/kmol)

residual function for chemical equilibrium relation for
carbamate on the jth tray

residual function for phase equilibrium relation for com-
ponent i on the jth tray

Murphree tray efficiency for component i on the jth tray
fugacity of component i (kPa)

matrix of functions

molar flow rate of hydrolyser effluent (kmol/h)

molar flow rate of hydrolyser feed (kmol/h)

molar flow rate of component i leaving stage j in the reac-
tor (kmol/h)

molar flow rate of component i before mixing at the
entrance of reactor (kmol/h)

total molar flow rate at the inlet of hydrolyser (kmol/h)
heat of condensation of input steam to the hydrolyser
(KJ/kg)

enthalpy of component i in vapor phase on stage j
(kJ/kmol)

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

heat of reaction (kJ/kmol)

residual function for total heat balance on the jth tray
Henry’s constant of component i in solvent j

ionic power in Table A.1

Jacobian matrix (matrix of blocks of partial derivatives of
all functions with respect to all the output variables)

the equilibrium constant

pre-exponential factor of urea hydrolysis rate constant
(m3/(kmol h))

the forward reaction rate constant (m3/(kmol h))
equilibrium constant of reaction r dependent on temper-
ature and mole fraction

equilibrium constant of reaction r dependent on mole
fraction

equilibrium constant of reaction r dependent on temper-
ature

mole flow rate of liquid on stage j (kmol/h)

liquid mole flow rate of component i on stage j (kmol/h)
parameter of UNIQUAC equation in Table A.1

mass flow rate of input steam to the hydrolyser (kg/h)
number of components

residual function for material balance for component i on
the jth tray

molality of the ionic species i referred to 1000 g of mixed
solvent (kg/(kg soln))

number of stages

pressure of stage j (kPa)

pressure drop (kPa)

pressure at the top of the column (kPa)

UNIQUAC surface parameter of component i

condenser duty (kJ/h)

heat transfer in the heat (kJ/h)

UNIQUAC volume parameter of component i

universal gas constant (kJ/(kmol K))
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R; rate of reaction (2) on the jth tray (kmol/(m3 h))

S]’,‘ residual function for summation relation in liquid phase
on the jth tray

SJ’.’ residual function for summation relation in liquid phase
on the jth tray

t relaxation factor

T temperature (K)

Tii” temperature of component i before mixing at the entrance
of the hydrolyser (K)

Tm metal temperature in heat exchanger (K)

Ty inlet temperature of the reacting mixture to the first stage
in the hydrolyser (K)

U constant (Eq. (12))

U; overall heat transfer coefficient in heat exchanger
(kJ/(h m2 K))

Ve stage volume of hydrolyser (m?)

V; mole flow rate of vapor on stage j (kmol/h)

Vij vapor mole flow rate of component i on stage j (kmol/h)

vﬁ liquid molal volume of component i

v liquid molal volume of component i at infinite dilution

w consumption molar flow rate of carbamate in reaction (3)
(kmol/h)

Xe mole fraction of component i in hydrolyser effluent

Xf mole fraction of component i in hydrolyser feed

Xij mole fraction of component i in liquid phase on the jth
tray

X matrix of output variables

Xurea urea conversion

Yij mole fraction of component i in vapor phase on the jth
tray

Z UNIQUAC coordination number (Z=10) in Table A.1

Greek letters

oo stoichiometric coefficient of species i in reaction (2)
o3 stoichiometric coefficient of species i in reaction (3)
aj parameter of UNIQUAC equation (kJ/mol) in Table A.1
Vi activity coefficient of component i in Table A.1

v; stoichiometric coefficient of species i in reaction (1)
v; surface area fraction of component i in Table A.1

D; volume area fraction of component i in Table A.1

Tjj parameter of UNIQUAC equation in Table A.1

& reduced density in equation state

Subscripts

0 inlet conditions

i component number

j stage number

k counter of constants a and b in Egs. (23) and (24)

L length of heat exchanger

r reaction number

t total

Superscripts

C combinatorial

DH Debye-Huckel

in inlet of hydrolyser
out outlet of hydrolyser
RE residual
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