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Abstract

A complex mathematical model accounting for the hydrogen dissolution process in suspensions and mass-transfer steps at
the liquid—solid interface for the gas and liquid components is given. The calculated data according to the model for the reaction
A — B — C shows, that the yield of an intermediate product B is very much affected by the relation of the gas component
mass-transfer coefficient on the gas—liquid interface to that on the liquid—solid one. The hydrogenation of chlornitroaromatic
compounds was analysed. The kinetics of the catalytic reduction of p-chlornitrobenzene to p-chloraniline via corresponding
arylhydroxilamine on the Ir/C catalyst experimentally in a batch reactor has been studied. In this process the first reactions
depend on the hydrogen concentration but the second ones are not dependent — this is a disproportion of the intermediate

product to the final product— amine. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

The gas component concentration in liquid (sus-
pension) is 2—4 orders of magnitude lower than that
of the liquid reagents and, as a rule, it mainly deter-
mines the rate and direction of gas—liquid reactions.
Hence, the gas dissolved amount in the suspension
and its concentration calculation procedure appears
to be very important.

In a complex catalytic process involving reactions
with different mechanisms with respect to gas com-
ponent, its concentration in suspension may affect
considerably intermediate selectivity [1].

* Corresponding author.
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The dissolved gas content is depended on pressure,
temperature, catalyst concentration, physical-chemical
properties of gas and liquid, reaction mechanism
and mass-transfer at gas—liquid—solid interfaces [2].
It should be noted that the concentration of gas
reagent on the catalyst surface might influence the
reaction direction. Thus, e.g., the hydrogenation on
hydrogen-“poor” instead of hydrogen-“rich” catalysts
can involve hydrogenolysis and isomerisation but not
the reduction [3].

This paper presents the mathematical model of a
gas—liquid process on a suspended catalyst, which al-
lows to simulate the influence of mass-transfer resis-
tance of all reaction components at the interfaces, and
to determine the effect of pressure and gas component
mass-transfer limitations on the gas—liquid and liquid—
solid interfaces on the intermediate product selectivity.
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Nomenclature

as’ aL

CaL, CpL, CL
Cas, Cgs, Chs
CAoa CCO

CCat
Cii» CuL. Cug

specific surface of the catalyst
particles and gas hole,
respectively (m~!)

liquid reagent concentration

in a suspension (kmol/mS)
reagent concentration on the
catalyst surface (kmol/ m>)
initial concentration of a educt
reagent (kmol/ m’ )

catalyst concentration (kg/m>)
equilibrium concentration, gas
concentration in the suspension
and a gas concentration in gas
phase (kmol/m3)

C; dimensionless concentration of
liquid reagents, C; = Ci/Ca,

ChL dimensionless concentration of
hydrogen, Cyr. = Cur/ Ch

kas, ks, kus coefficient of reagent mass-
transfer between liquid and
catalyst (m/s)

kHL coefficient of mass-transfer
between gas and liquid (m/s)

ki, kp reaction rate constants
(m®/(kmol kg s))

M, Q dimensionless parameters,
M =kCea Gy CJ" /oL,
0 = Cf;/Ca,

S selectivity of an intermediate
B,S =CgL/XA

t dimensionless time, t = Bg-LT

Greek symbols

Be—L gas-liquid mass-transfer coefficient,

Bo—1L = kurar (s71)
T time (s)

1.1. Development of the mathematical model for
a gas—liquid consecutive reaction on a suspended
catalyst accounting for mass-transfer limitations at

interfaces

The derived model equations will be based on the

following assumptions:

e the catalyst is homogeneously suspended in the lig-
uid phase;

o the catalytic A -y B —; C reactions take place;

e there is complete mixing on a micro scale in the
liquid and gas phases;

e there are no pressure and temperature gradients in

the gas and the liquid phase in the reactor;

the solutes are not volatile;

the ideal gas law can be applied;

the reactor is isothermal;

Henry’s law can be applied to calculate the hydro-

gen concentration at the gas—liquid interface.

If the first-order power law reaction for both gas
and liquid components occurs, the material balance
equations for hydrogen under steady state condition
takes the form:

B(Cj; — Cur) = kusas(CuL — Chs)
=k1CeatCALCHs +k2Ccat CL.CHs (1)

If the mass-transfer resistance of the liquid compo-
nents at the liquid—solid interface is significant, so the
following assumptions based on the material balance
equations for A and B under the steady state condi-
tions are valid:

kasas(CarL — CBL) = k1CcatCasCHs 2)

kpsas(Cps — CBL) = k1CcatCasCHs
—kCcatCsCHs 3)

Then, the mathematical model, describing simultane-
ous processes of mass-transfer of all components at
the interfaces and catalytic reactions under a constant
pressure and temperature are written as

dCpL kusas

=1-CqL — Cu. — C 4
” HL ,BG—L( HL HS) @
dC k - - -
HS — 5% (@yr. — Cus) — M1 CasCrs
dr Bo-L
—M>CgsCHhs (5)
dC o
AL — My 0CasCus ©)
dt
dC - -
B My OCasChs — M2 QCgsChs @)

dr
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dC -
= M20CusCas ®)
where
_ Ca
Cas = R ©)
(k1CAyCeat/ kasas) QCus + 1
- (k1CayCeat/ kBsas) QCasCus + CaL
Cps = = (10)
(k2CayCeat/ kBsas) QCus + 1
and the initial conditions are: 1 = 0, CaL = 1,

CpL =1,CcL = 1, Cu = 0. Let the selectivity of an
intermediate B, Sg be the ratio of the dimensionless
concentration B to the initial substance conversion
degree: Sp = CpLXA.

Now the model (4)—(10) for some particular cases
is analysed.

First consider the kinetic regime. The gas solubility
and mass-transfer of all components to the catalyst
surface do not limit the catalytic reaction. In this case
the rate equations are

r1 = k1Ceat CALCY, r =kCeCpLCyy  (11)

Solving the system for Cys = CuL = Cjj, CaL =
Cas, CL = Cgs, CcL = Ccs (i.e. ky, kas, kgs,
kcs — 00), we obtain that the selectivity of B does not
depend on the pressure (parameter Q). But on the ratio
of reaction rate constants ki and k> (parameters M
and M>) as well as in a classical case of such reaction
with the same kind of both reaction rates’ equations.

Another example. Let us consider the situation when
the gas absorption rate only can limit the process. Now
in the rate equation (11) the hydrogen concentration
values become Cyr, and the liquid component con-
centration is the same as in the previous case. Solving
the set, Egs. (4)—(10), we obtained that the gas rate
absorption limitations do not influence the selectivity.

Suppose that there is an additional mass-transfer
resistance at the liquid—solid interface for the gas com-
ponent. The reaction rate equations can be written as

r1 = k1CcatCALCHs, 1y =koCeytCpL.Cus  (12)

Numerical calculations have shown that at the varia-
tion of kysas the Sg depend neither on the conversion
degree of substances A and Q nor on the param-
eter kysas/Bc-L. The equations have been solved
for the following parameters: Ca, = 0.1 kmol/m?,
Ceat = 5.0kg/m>, Bg—L = 0.1,k =k = 0.2.

123 C ;C;k{o=0.1 kmol/ m?

CBL
0 e
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kps=Kas=0.151, kpg=0.0151

Fig. 1. Concentration of reaction components in suspension (in
the bulk liquid and on the surface of catalyst).

The changes of the reaction liquid component
concentrations and the hydrogen-dissolved content in
the suspension in a liquid batch reactor are shown in
Fig. 1.

The gas concentration influence on the intermedi-
ate B selectivity at the mass-transfer limitations of all
components to the catalyst external surface is given in
Fig. 2. Here, the suspension saturation with hydrogen
decreases the B yield (all other factors are equal).

The calculations show how the absolute values of
the reaction constants k; and kp affect the reaction
component concentration. As k; grows, the yield of B
drastically increases and the value of Cyy, decreases
since the gas is more and more consumed on the
reaction. Similarly, with increasing k, the yield of
B decreases, the change of the dissolved gas con-
centration is the same as in the previous case. The
result of the relation between coefficients of hydro-
gen mass-transfer at the interfaces of the intermediate
yield is of interest. A maximum concentration of B
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Fig. 2. Concentration and selectivity of reaction components vs
conversion degree at varying Q parameter.
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increases with kys rising and its maximum value
moves to the reaction end. Thus, it has been shown,
that if the liquid and gas components mass-transfer
limitations occurs, a non-linear function appears with
respect to the liquid components and hydrogen con-
centrations at the model equations, which show more
complicated dependence of selectivity on the pro-
cess conditions at the presence of mass-transfer all
reagents resistance.

2. Practical example

The scheme of the liquid-phase catalytic reduction
of nitroaromatic compounds supplemented by a new
reaction route involving the catalytic disproportion of
intermediate N-aryl hydroxylamine to corresponding
amine is

ANO>(A) — ArNHOH(B) — ArNH,(C)

The catalytic surface is assumed to be non-homogenous
and it contains centre I activating the molecular hy-
drogen, ArNO; hydrogenation on them is performed.
Thus, the reaction rate for ArNO; hydrogenation
is

dCa . KuChL KACa

dr ATt KyCur KaCa + KgCp + KcCc
(13)

where Ca, Cg, Cc, Cyr are the concentrations of
ArNO;, ArNHOH, ArNH; and hydrogen, respec-
tively, Ka, Kp, Kc, Ky are their adsorption coeffi-
cients. At the given hydrogen pressure, this equation
takes the form:

KACa

Rpa = —ka
KAaCa + KgCg + KcCc

(14)

where R is the ArNO; hydrogenation rate, ka is an
effective constant.

The equation for ArNHOH conversion rate is based
on the assumption that disproportion partially occurs
on the centre I and partially on the centre II, not
activating hydrogen, the reaction is carried out via
Langmuir—Hinshelwood mechanism and ArNO; ad-
sorption on centre II is negligible.

KpCg

Bk BCB + KcCc

y K4 Ch

B K/ACA + K]/gCB + K/CCC

where Rp is the disproportion rate, ks the effective
constant of disproportion. Index (') characterises the
disproportion rate on the centre 1.

The experiments on p-chlornitrobenzene (A) reduc-
tion to p-chlornitrobenzenhydroxylamine (B) after to
chloraniline (C) were carried out in a non-gradient
flow installation at 7 = 20°C and P = 0.1-0.9 MPa.
The rate of nitrocompound hydrogenation depends
almost linear on the hydrogen pressure. At the initial
stage, ArNHOH concentration increases with hydro-
gen pressure because of the linear dependence of
ArNO; hydrogenation rate. After the nitrocompound
is exhausted, the rate of ArNHOH conversion does
not depend on the hydrogen pressure.

The mathematical model of the nitrocompound
catalytic reduction at the constant temperature and
the hydrogen pressure for the hydrogen dissolved in
the liquid is

Rp =

5)

dCa KyCho
—— =B(Cf; — CHL) — ki —————
dr F(Ch HL) A1+ KyCur
KaCAC
% ACACcat (16)
KACA + KgCg + KcCc
for a hydrogenated nitrocompound
dCa . KuCu KACACcat
dr A1+ KyCur KaCa + KsCp + KcCc
(17)

for disproportionition of intermediate arylhydroxyl-
amine

dCg ., KuCuL KACACeat
dr A1+ KgCur KaCa + KsCp + KcCc
kX KBCBCcat
® KpC + KcCc
K, CgC
_k]/S / - /B - / (18)
K)\Ca + KgCp + KCc
for the product — amine-compound
ACy _ KpCeCar
dt " KpCs + KcCe
K CgCy,
BCBLcat (19)

K/
+qu+@@+%a
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Chemical conversion of p-chlornitrobenzene into
n-chloraniline was numerically described by Rozen-
brok the second-order equations with the following
parameters:

ka(Gat) = 1.528 x 107,  kp = 2.7810 x 107,
ka = 4.48 x 107> kmol/m> s

ky = 3.848m3/kmol, Cj; = 21.29x 1073 kmol/m?,
kg =0.1x 105 kmol/kgs, k{% = 0.5810 kmol /kgs,

Cy/CuL
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Fig. 3. Reagents concentrations of n-chlornitrobenzene conver-
sion as the functions of pressure: (a) P = 3 X 10° Pa; (b)
P =5x10%Pa; (c) P = 7x10° Pa, T = 20°C, Cey = 3.87 kg/m°>,
Ca, = 0.204kmol/m*.

Kp/Ka = 0.138, Kc/Ka = 0.0417, Kc/Kp =
03, T =20°C, Cey = 3.87kg/m>, K, /Kg >
1, K./Kg <1

The calculated and experimental data for the chem-
ical conversion of ArNO; to ArNH; through ArN-
HOH disproportion at different pressure are shown
in Fig. 3a—c. As hydrogen pressure grows, ArNHOH
selectivity increases and the process time decreases.
At the given experimental conditions, the reaction
converts to a kinetic region and the measured concen-
tration of the hydrogen dissolved in the suspension is
close to equilibrium. The method of the experimental
determination of the gas dissolved in the suspension
during the reaction is described early [4,5].

We can say that the suggested model adequately
describes hydrogenation process of a nitrocompound
and disproportion of an intermediate to a final product.

Now, we can use the model (4)-(10) to simulate
the process at the lack of the hydrogen (high catalyst
concentration). The selectivity as the function of the
coefficients of mass-transfer at the gas-liquid inter-
face, Bg—L, is presented in Fig. 4. Intensification of
the process (increase of Sg—r) leads to increase of
only the hydrogenation rates and hence the selectivity
of the component B increases also.

When Bg- is within 0.001-0.1s!, the concen-
tration of the hydrogen dissolved in the suspension
changes insufficiently, the rate of A — B reaction
remains unchangeable. As the mass-transfer coef-
ficient decreases, the process passes to a diffusion
region: hydrogen concentration in A — B reac-
tion approaches zero and reaches high (equilibrium)
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Fig. 4. Numerical and experimental data on the influence of
mass-transfer coefficient, Bg—1, of the selectivity of p-chlopnitro-
benzene hydrogenation (T = 20°C, P = 5 x 10° Pa,
Ceat = 3.87kg/m>, 1: Bg—r = 0.1571, 21 gL = 0.003s7!,
3: Bg-L = 0.001s71).
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value only when the process is over and selectivity
decreases considerably [6,7].

The complex process involving the reactions with
different mechanisms with respect to the gas compo-
nent concentration increases the chosen component
selectivity by varying not only the pressure but also
the gas absorption rate [8,9].

3. Conclusion

A mathematical model involving the influence of
the mass-transfer resistance of the gas and liquid
components at the interfaces in a gas-liquid batch
reactor with a suspended catalyst on the intermediate
selectivity in various reactions A — B — C type was
described in this paper. Rate equations for both
reactions are the same, and as it was shown the se-
lectivity does not depend on the pressure when the
mass-transfer limitation is at interfaces. However,
when the simultaneous resistance of liquid and gas
components to the solid surface of catalyst particles,
selectivity essentially depends not only on the pressure

but also on the ratio of gas component coefficients
mass-transfer at the interfaces too.
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