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Abstract

The kinetics of the vapour-phase ammoxidation of 2,6-dichlorotoluene (DCT) to 2,6-dichlorobenzonitrile (DCBN) over a vanadium phosphorus
oxide (VPO) catalyst was investigated. In this paper, the main focus is on developing a mathematical model to describe the reaction kinetics of
ammoxidation of DCT in a nonisothermal fixed-bed lab-scale reactor. The effect on catalytic performance of various operating parameters,
including reaction temperature and contact time, as well as of DCT, NH3, O, and H,O partial pressures, were studied. The experimental kinetic
data obtained under nonisothermal conditions were correlated by the rate equations based on the Langmuir—Hinshelwood mechanism. All of the
possible routes of reaction scheme were considered. Finally, the derived kinetic model was validated by comparing experimental results obtained
in up-scaled experiments from a mini-plant with that of simulated results. The simulated values of various parameters, including the conversions
of DCT and O and even the yields of DCBN and COy,, agree well with those of experimentally measured values.

© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Heterogeneously catalysed ammoxidation enables the con-
version of olefins and alkyl aromatics as well as hetero aromat-
ics in the presence of oxygen and ammonia to the corresponding
nitriles [1]. The most commercially important ammoxidation
process is that developed by Sohio for the production of acry-
lonitrile from propylene [2]. Vapour-phase ammoxidation of
alkyl aromatics and hetero aromatics is gaining considerable
importance as a commercial method for producing various in-
dustrially important nitriles [1,3-5]. These reactions have been
the subject of many industrial applications and patents [6—10].
Despite this growing interest, however, few scientific studies
have been conducted on the reaction kinetics of various aro-
matics. Several reaction mechanisms have been proposed, but
the actual mechanism of alkyl aromatic ammoxidation remains
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unclear. The reaction pathway likely depends on both the cata-
lyst and the reaction conditions, and hence different pathways
may be present. In addition, investigators have found it difficult
to isolate some of the highly reactive intermediates to confirm
the proposed mechanisms.

In particular, ammoxidation of 2,6-dichlorotoluene (DCT) is
an industrially important reaction for producing 2,6-dichloro-
benzonitrile (DCBN) in a single step. The desired product
(DCBN) is basically a kind of herbicide and also a useful inter-
mediate in the preparation of a series of highly efficient pesti-
cides (hormone-type pesticides). DCBN can also be used in the
preparation of various special kinds of engineering plastics with
high thermal resistance. The ammoxidation of DCT to DCBN
to obtain higher conversions and yields compared with those of
other alkyl aromatics is a very difficult and challenging process.
Because the methyl group to be oxidised (ammoxidised) is less
active due to restricted accessibility (i.e., steric hindrance) ow-
ing to the presence of two bulky chloride atoms on both the
ortho positions of the methyl group, as shown in Scheme 1.

Although numerous articles are available on ammoxida-
tion reactions in general, only a few papers have been pub-
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lished in the open literature specifically on the ammoxidation
of dichlorotoluenes and DCT [11-13]. Our own investigations
were carried out using vanadium phosphates (VPO) as catalysts
[11,12], whereas the article of Qiong et al. [13] does not men-
tion the catalyst composition. Furthermore, most of the data
published on the ammoxidation of DCT are guarded by various
patents [ 14—17]. Therefore, there is much opportunity for devel-
oping improved catalyst compositions, along with a great need
for research on the mechanism and other aspects of ammoxi-
dation of DCT due to its significant industrial importance and
the eco-friendly nature. To date, no studies of the reaction ki-
netics of catalytic ammoxidation of DCT have been published.
Consequently, the present study is an attempt to develop greater
insight into the kinetics of this reaction by estimating parame-
ters that allow simulation of the reaction in a wide range of
conditions.

2. Experimental
2.1. Catalyst preparation

Catalyst preparation involves three steps: (i) preparation of
bulk VPO precursor in an organic medium, (ii) preparation of
bulk-promoted VPO solid with suitable additive (i.e., Cr) by an
impregnation technique, and (iii) preparation of TiO, (anatase)-
supported VPCrO catalyst by a solid—solid wetting method.

2.1.1. Preparation of the bulk VPO precursor [i.e.,
VOHPO4-0.5H20 (P/V =0.95)]

A 52.5-g sample of V,05 (UH: 2862; Gesellschaft fiir Elek-
trochemie, Niirnberg) was suspended in a mixture of 315 ml
of 2-butanol (purity >99%, Merck) and 210 ml of benzyl alco-
hol (purity >99%, Merck) at room temperature. The suspension
was stirred continuously under reflux at 393 K for 3 h, then
cooled to room temperature and kept under stirring at room
temperature overnight. Then 63.23 g of 85% o-H3PO4 was
slowly added, and the solution was again heated and maintained
under reflux at 393 K with constant stirring for 2 h. The result-
ing slurry was cooled to room temperature, filtered, and washed
with ethyl alcohol. The precursor thus obtained was oven dried
at 393 K for 24 h.

2.1.2. Preparation of bulk-promoted VPO precursor
(P/V=0.95; M/V=0.05)

The required amount of chromium source [Cr(NO3)3-9H,0]
was dissolved in ca. 40 ml of ethanol. The solution was
heated on a water bath for some minutes, and the uncalcined
VOHPO4-0.5H,0 precursor (25 g) was slowly added in pow-
der form to the above solution. Then the slurry was evaporated
to dryness on a water bath/hot plate. The resulting solid was
dried in an oven at 393 K for 16 h.

2.1.3. Preparation of (supported and promoted) 25 wt% VPO
catalyst

Subsequently, 15 g of carrier [TiO, (anatase)] is placed in a
porcelain mortar, and 5 g of amount of bulk-promoted VPCrO
powder was added. Both solids were present in powder form.
The components were thoroughly mixed manually for about
15 min until a uniform colour of the mixture was attained.

Finally, the catalyst was shaped and calcined at 723 K for
3 h. A calcining atmosphere under weak oxidising strength,
composed of 0.5% 0,/N;, was used. This promoted catalyst
[i.e., VPCrO/TiO; (anatase)] had a P/V ratio of 0.95, a Cr/V
(atomic ratio) of 0.05, and a VPCrO loading of 25 wt%.

For lab-scale experiments, 2-cm-diameter tablets were press-
ed at 15 bar, calcined, and crushed to smaller particles. After
sieving, a fraction with diameters ranging from 1 to 1.25 mm
was used for the tests. The mini-plant runs were carried using a
catalyst from the same batch that was industrially shaped by a
tableting machine to 5 x 3.5 mm tablets using 5% graphite as
a sliding additive. The tablets were calcined in the same way as
described above.

2.2. Catalytic tests

2.2.1. Lab-scale experiments

In general, tests for evaluation of catalytic performance and
measurements under kinetic regime were carried out in a fixed-
bed tubular glass reactor with an inner diameter of 12.3 mm and
a reactor length of 135 mm placed into an aluminium block fur-
nace. A thermocouple was placed in the centre of the reactor
to measure the temperature profile along the catalyst bed. The
catalyst was diluted with glass beads at a ratio of 1:(1-10) with
an intention to achieve isothermicity. However, such isother-
micity could not be achieved because of the highly exothermic
nature of the reaction; on the other hand, higher dilutions were
not possible due to the limitations of the experimental setup. In
other words, the highest dilution possible was applied. A frac-
tion of catalyst particles with diameters as described above
was loaded into the reactor. Experiments were performed at at-
mospheric pressure at four temperatures (630, 652, 675, and
700 K). Different residence times were established by varying
the weight of the catalyst in a range of 0.6-6 g with a fixed
gas flow rate of 150 mlgtp/min. To analyse different possi-
ble influences on the kinetics, the concentrations of the com-
ponents of the reaction mixture, such as DCT (purity >98%,
Fluka, Germany), O, (purity >99.995%, Messer), NH3 (purity
>99.98%, Messer), and HyO, were varied while keeping the
rest of the gas composition constant (reference composition:
DCT:02:NH3:H>O:Ne = 2.4:13:10:20:54.6).

Ne was used as a diluent gas because of better GC separation
from oxygen compared with other inert gases (He, Ar) and also
because Ny was a product of ammonia oxidation and not an in-
ert in this reaction. Based on earlier results, adding water to the
feed was found to enhance the catalytic performance of the cat-
alysts. It is also known from the literature that the addition of
water changes the ratio of Lewis to Brgnsted acid sites, mod-
erates reaction temperature, reduces total oxidation, and affects
the extent of surface hydroxylation.
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The liquid feed components (DCT and H>O) were pumped
using two separate HPLC pumps. The gaseous reactants were
dosed by mass flow controllers (MFC). Pure O, and Ne were
used separately from two different compressed gas cylinders.
The liquids were vaporised, mixed with the reaction gases,
and fed to the catalyst bed after preheating. The reactor out-
let stream may contain solids (DCBN, NH4Cl), liquids (DCT,
H>0O) and gaseous components; therefore, the liquids and solids
(after dissolving in ethanol) were analysed off-line by a gas
chromatograph equipped with a flame ionization detector mod-
ule, whereas the gaseous components were analysed on-line by
a micro-gas chromatograph equipped with a thermal conductiv-
ity detector using two separate columns. Estimation of O, N»,
CO, and Ne gases was carried out using a MS-5A column, and
estimation of CO, was done with a Poraplot-Q column.

2.2.2. Mini-plant experiments

The mini-plant was equipped with a stainless steel fixed-bed
reactor, MFCs and various pumps for feeding the reactants, on
line-analysis (GC), cooling, and separation units for separating
liquid products from gaseous mixture. The separation of liquid
and gaseous products took place in a cooler; flash in situ cooling
using an additional cooling stream was also applied. The exper-
iments in the mini-plant were carried out in the aforementioned
reactor (i.d., 31.7 mm; length, 175 mm) at atmospheric pres-
sure using 20.8 g of 25% VPCrO/TiO, catalyst (5 x 3.5 mm
tablets) diluted with glass beads in a ratio of 1:5. The cata-
lyst was previously up-scaled, as described above. The flow
rates of gaseous feed components were measured using mass
flow controllers. The liquid feeds, like DCT and water, were
dosed separately using HPLC pumps. The gaseous stream was
preheated, then introduced to the reactor along with vaporised
liquid feed (DCT) and water. All subsequent transfer lines were
heated to 633—673 K to avoid the condensation and adsorption
of product components, mainly to prevent deposition of NH4CI.

The separation of product stream coming out of the reactor was
done by cooling and quenching of the hot gaseous stream by
sour water (diluted sulphuric acid/organic solution) in an ab-
sorption column. Subsequently, the products and unconverted
reactants were estimated by GC.

3. Results and discussion

3.1. Evaluation of the catalytic performance of the 25 wt%
VPCrO/TiO; catalyst in a lab-scale reactor

The experimental results showed a nonisothermal catalyst
bed especially at higher reaction temperatures, due to the
exothermic nature of the reaction. Axial temperature gradients
up to 20-30 K were observed, depending on reaction conditions
applied. Therefore, we discuss the influence of partial pressures
of different components only at 630 K, where the behaviour
was nearly isothermal. We discuss the behaviour at higher tem-
peratures qualitatively, to confirm the conclusions drawn from
the results at lower temperatures. The results at all temperatures
were used in the determination of kinetic parameters. Each ex-
periment was repeated several times, and the results were found
to be quite reproducible. Carbon balances >95% were obtained
for all experiments reported here; therefore, the formation of
other byproducts is not very significant.

In the lab-scale catalytic experiments, the 25% VPCrO/TiO»
(anatase) catalyst allowed yields of up to 82% at a conversion
of 91% (DCBN selectivity up to ca. 90%). During all experi-
ments, only trace amounts of HCN, NO,, and C¢H4Cl, were
found, and these were excluded from the reaction scheme. The
experimental data also showed that DCBN was stable even at
high temperatures; its yield continuously increased in the entire
range of temperatures investigated (Fig. 1). The dependence of
conversions of DCT and O, and yields of products from the
modified residence time at 7 = 630 K are shown in Fig. 2.

1 = 528.42 kg*s/m®

+ DCT:OZ:NH3:HZO:Ne=2.4:13:10:20:54.6 ﬂ

660
T/K

Fig. 1. Influence of temperature on conversion of DCT and O, as well as yields of DCBN, CO, and Nj.
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Fig. 2. Conversion of DCT and O, as well as yields of DCBN, CO, and N as a function of modified residence time.
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Fig. 3. Influence of DCT partial pressure on the yields of DCBN, CO, and Nj.

The effect of varying the DCT concentration in the feed
(keeping the O,, NH3, and H>O concentrations constant) is
shown in Fig. 3. The yields of DCBN, CO, CO;, and N; as
a function of partial pressure of DCT in a range of 1.3-2.4 kPa
showed an inhibiting effect of DCT on the rates of CO, forma-
tion. The fact that DCT had no effect on the formation of N,
from NHj3 could be direct evidence of the existence of another
active site for ammonia oxidation. The increased N yield with
increasing DCT partial pressure may be the result of the in-
hibited rate of formation of carbon species, leaving the unused
O; that takes part in ammonia combustion. If there were only
one active site with competitive adsorption of DCT and NHj3,
then N, yield should drop with an increase in DCT. In general,

all ammoxidation reactions of aromatics are known for their
competitive adsorption between aromatics and NH3z; therefore,
it can be concluded that at least two active sites exist: one for
ammonia oxidation and another one for selective and nonselec-
tive DCT oxidation. The differing intensity of inhibition of CO,
and DCBN rates of formation by DCT gives rise to an assump-
tion of the possible existence of a third active site, for example,
different active sites for CO, formation and DCBN formation.
Similar behaviour was reported for TiO,(B)-supported vana-
dium oxide catalyst in the ammoxidation of toluene [18].

The influence of oxygen on the rates of formation of prod-
ucts is illustrated in Fig. 4. The oxygen partial pressure was
varied in a range of 6-13.5 kPa, in excess with respect to the
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Fig. 5. Influence of ammonia partial pressure on the yields of DCBN, CO, and Nj.

theoretical stoichiometric amounts. The dependence of rates
of DCBN, CO, and CO; formation at the lowest temperature
(630 K) on the amount of oxygen was found to be practically
zero. This was not the case for the rate of ammonia combustion,
however; N, formation increased at higher O, concentrations.
At T =673 K, it seems that the rate of CO, formation was also
influenced by O;, but because of the nonisothermicity of these
experiments, this conclusion can be considered only specula-
tive.

NH3 partial pressure exhibited an interesting influence on
the rate of formation of products (Fig. 5). Ammonia was var-
ied in a range of 2.0-10.7 kPa. Its inhibiting behaviour on the
formation of all carbon oxides can be seen in the entire range

of concentrations. When ammonia concentration was decreased
to low values, CO; increased significantly, at a rate tending to
values corresponding to DCT oxidation (with formation of high
amounts of carbon dioxide). The formation of DCBN showed
a negative order at higher ammonia concentrations. At ammo-
nia concentrations below the formal stoichiometric amount, the
effect of ammonia on DCBN formation seemed to be positive
(pronounced at 675 K), confirming the results of Simon and
Germain [19] and Cavalli et al. [20] that a certain percentage
of ammonia stabilises the initial product of feed (methyl aro-
matic) activation, probably an adsorbed radical species, inhibit-
ing its oxidation to CO;. Our own investigations have shown
that ammonia can block acidic sites (e.g., Brgnsted acid sites),
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of all products is shown in Fig. 6. An inhibiting effect of H,O
on N, formation was found, in agreement with the generally
accepted role of water in inhibiting ammonia oxidation under
ammoxidation reaction conditions. At higher levels of dilution
with water at 630 K, ammonia oxidation appeared to be en-
hanced. The precise reason for this effect remains unclear, and
further studies are needed. Only a weak negative effect on for-
mation of carbon species at higher reaction temperature (675 K)
was observed.

3.2. Kinetic modelling

3.2.1. Methodology

Because most of the kinetic data demonstrated nonisother-
micity, it was necessary to apply a nonisothermal reactor model
for evaluation of such kinetic data. A steady-state pseudo-
homogeneous fixed-bed tubular reactor model with negligible
axial and radial diffusion was chosen. Corresponding differen-
tial and algebraic equations describe this model:

oF;

3V = pBR;, (D
N
F=YF, )
i=1
w o =Ua(T,—T) 3)
F)%
and
. oT N
WCPW=Ua(Ta—T)—pBZH,-R,~, )

i=1

where C is molar concentration (mol/ m3), D is diameter (m),
F is molar flow (kmol/s), H is enthalpy of reaction (kJ/kmol),
M is molar mass (kmol/kg), P is pressure (kPa), R is reaction
rate per mass of the catalyst (kmol/(kgs)), T is temperature
(K), U is overall heat transfer coefficient (kJ/(m*hK)), V is
volume (m?), W is mass flow (kg/s), « is area of heat transfer
per reaction volume (1/m), and p is density (kg/ m3).

In the experimental setup applied in the kinetic experiments,
the pressure drop along the reactor can be considered negli-
gible. Because the temperature profile along the reactor was
measured, we could have applied van Damme’s approach [22]
and skipped solving the energy equation, but we decided to
solve these coupled differential equations that completely de-
scribe the system and to use the measured 7 profile along the
reactor as an accuracy test.

We solved this nonlinear initial value problem involving a
system of differential and algebraic equations numerically us-
ing a predictor-corrector algorithm (Athena Visual Workbench
8.3). The estimation of the kinetic parameters resulted from
the solution of a quadratic minimisation problem applying a
modified Gauss—Jordan algorithm within a user-defined feasi-
ble region. The objective function, a weighted sum of squared
residuals for molar flows of DCT, DCBN, CO, CO,, O3, and N,
and for outlet temperature, was expanded as a quadratic func-
tion of the parameters around the initial parameter values of the
current iteration.

3.2.2. Reaction schemes and reaction models
On the basis of experimental results, we can assume that
the general network of the reaction (Table 1) consists of the
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Table 1
Reaction scheme (reaction enthalpies given at T = 673 K)

1 CgH3Cl,CH3 + NH3 + 1.50,
— CgH3CI,CN + 3H,0
CgH3Cl,CH3 + 807 — 7CO; + 2H,0 + 2HC1 AH, = —3411 kJ/mol
CeH3C1,CH; + 4.505 — 7CO + 2H,0 + 2HCI AH3 = —1430 kJ /mol

2NH3 + 1.50, — 3H;0 + Ny AH4 = -316kJ/mol
NH; + HCl <> NH4Cl AHs = —170.5 kJ /mol

AH| =—517 kI/mol

[T SOV 5]

primary ammoxidation of DCT (step 1) and combustion reac-
tions (steps 2 and 3). Ammonia combustion was presented in
step 4. HCI as a possible product could not be measured in the
outlet stream, because the reaction stream was analysed at the
ambient temperature where the equilibrium of reaction 5 (Ta-
ble 1) was shifted irreversibly to the NH4Cl direction. This
reaction step becomes important in the reactor simulation if
the postreaction zone is included in a system under consider-
ation.

In interpreting the reaction kinetics based on the experi-
mental data, a treatment based on the Langmuir—Hinshelwood
mechanism, in which the rate-controlling step in the process is
the chemical reaction on the surface of the catalyst, was used.
In view of experimental findings (e.g., analysis of the concen-
tration’s effects on the rates of product formation), the follow-
ing kinetic model/rates r; were tested (for the reaction network
shown in Table 1):

ki pper .
rp = . l=1,...,3,
1 + Kpcrpper + Knn; PNH;
k4 pNH; PO,
r4

1+ KRy, PNH; + Ku,0PH,0

ks
rs = ks PNH; PHCI — T PNmacr,

PNH4C1
PNH;3 PHCI

In this model, all reactions are taking place at two active
sites: one site for ammonia oxidation and one site for selective
and nonselective DCT oxidation. The formation of DCBN and
CO, depend on DCT partial pressure according to Langmuir—
Hinshelwood dependence and are independent of oxygen par-
tial pressure; that is, the reaction proceeds via direct partici-
pation of lattice O atoms according to the Mars—van Krevelen
mechanism [23] for oxidation of aromatics on V,0s5. A simi-
lar mechanism has also been presented for the ammoxidation
of various alkyl aromatics [24,25].

The inhibiting effect of ammonia on the conversion of DCT
was attributed to its competition with DCT for the similar ac-
tive sites. Ammonia oxidation depends on ammonia and oxygen
partial pressures and is inhibited by H,O and NH3 adsorption.
Ammonia is oxidised by gas-phase oxygen, whereas DCBN is
formed in oxidation by lattice oxygen. These different oxy-
gen types in a model exhibit differing influences of oxygen
on the rate of formation of carbon-containing compounds and
N>. No adsorbed DCT in the rate expression for NH3 oxidation
was drawn from the fact that N, formation was accelerated by
higher DCT partial pressures. It is possible if DCT is inhibit-
ing the formation of C-species, leaving more unused O that

K =

Table 2

Kinetic parameters for model with two active sites

Parameter Value
ky (107 mol/(kg s Pa))g30 K 9.85
ks (107 mol/(kg s Pa))g30 k 222
k3 (108 mol/(kg s Pa))s30 K 6.39
k4 (1010 mol/(kg s Pa2))g30 K 7.37
ks (1029 mol/(kg s Pa2))g30 K 1.00
Kpcr (10* Pa~ g3 k 4.99
Kn (10* Pa~Dezo 4.63
KHZO (]03 Pa*1)630 K 1.00
KNn;® (10° Pa~Dgao g 3.30
Ep, (kJ/mol) 56.9
Ep, (kI/mol) 50.2
Ep5 (kJ/mol) 40.0
Ep, (kJ/mol) 50.7
Ea (kJ/mol) 40.0
AHper (kI/mol) -29.3
A Hyg; (kI/mol) —100.0
AHy,o (kI/mol) —39.4
AHyp, (kJ/mol) —527

4 Differentiation between adsorption constant for NH3 in reaction steps 1-3
and step 4 (see Table 1).

can increase the rate of N, formation. Different roles of HyO
in steps 1 and 2 and in step 3 (see Table 1) resulted from the
fact that N, formation is affected differently by increased H,O
partial pressure than the carbon species. Along with this sim-
ple model with two active sites, an additional model with three
active sites (i.e., the separate active sites for DCT and CO, for-
mation) was studied.

3.3. Results of kinetic evaluation

Parity plots for molar fractions of DCT, DCBN, CO,, O,
and N for model with the two active sites are given in Fig. 7.
The corresponding kinetic parameters are summarised in Ta-
ble 2. Reaction 5 (see Table 1) can be considered negligible un-
der the reaction conditions examined, with the rate of forward
reaction several orders of magnitude slower than the other reac-
tion steps. The corresponding equilibrium constant is K¢74x =
0.939.

The rate of DCBN formation is one order of magnitude faster
than the rates of CO and CO, formation (k; compared with k>
and k3). The competitive reaction to DCBN formation is the
ammonia oxidation to N». This significant side reaction in other
ammoxidation processes can consume >50% of NHj3 at the
higher temperatures [2], depleting O, from the feed and hence
inhibiting the desired ammoxidation reaction to a greater ex-
tent. The weaker adsorption of H,O compared with NH3 is not
surprising, because water is a much weaker Lewis base than
NH;.

The results for the model with two active sites showed
a slightly better fit than the model with three active sites
(—5.34E3 compared with —5.37E3 as a value of objective
function). Despite only a small difference in residual of these
two models, the model with two active sites takes priority, be-
ing simpler and bearing in mind published results concerning
kinetic studies of the ammoxidation of alkyl aromatics over



N. Dropka et al. / Journal of Catalysis 240 (2006) 8-17

; ; 0.02 .
< = o o
£ 0024 o & £ o b
‘B 9 (7]
= ° Z <
al 5/ Q £
°o O 001 9 .
c
S 001 0 24, .S 8
@ O% -g o 560
“G_.) od “—
° oo © o 93"
= (@)
0.00 . . & o000 ;
0.00 0.01 0.02 0.00 0.01 0.02
mole fraction DCT exp./- mole fraction DCBN exp./-
=
£ 004 - o
7)) E 0.10 o 00 © 1
x ) o — oo
) (/)]
o o ()‘\l o o 4
5 o 5 C e
— o2 ko) oo
B %02 o % S 005 ° %o ]
g % ° © ° o
y—
2 % Qo o o o
] O& o @)
S =
0.00 . . 0.00 . ;
0.00 0.02 0.04 0.00 0.05 0.10
mole fraction COX exp./- mole fraction 02 exp./-
L 0.041 1
£ 0
n o) oOo o
N o
o
8 0.021 ® 1
O o)
£ o ©
q) o)
[e)
E
0.00 . .
0.00 0.02 0.04

15

mole fraction N, exp./-
Fig. 7. Parity plots for experimental and simulated mole fractions of DCT, DCBN, CO,, O, and N, for model with two active sites.
tion of nitrile and CO;. Our adsorption and reaction studies of

ammoxidation of toluene using infrared and pulse techniques
[28,29] found complementary results on the participation of

vanadium-containing catalysts by Prasad and Kar [26], Das
and Kar [27] and Cavalli et al. [20] reporting the existence
of a common adsorbed precursor or intermediate in the forma-
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Table 3

Experimental conditions applied in mini-plant experiments

Parameter Case

A B

Feed composition (mol%)
DCT 2.4 2.85
Oxygen 13.2 13.2
Nitrogen?® 53.8 29.85
Ammonia 10.6 12.0
‘Water 20.0 42.1

Reaction temperature (K) 653

Pressure (bar, absolute) 1.1

Residence time (kgcat s/ m3 )STP 2200 4600

4 In contrast to the lab scale experiments nitrogen was used as diluent.

Table 4

The comparison of experimental and simulated catalytic results obtained from
gas phase ammoxidation of DCT under conditions defined in Table 3 (mini-
plant)

Case A B

Simulated Measured Simulated Measured
Xpcr (%) 85.06 78.4 98.2 100
Xo, (%) 78.05 72.8 94.3 93
YDCBN (%) 65.9 61.7 76.1 83.2
Yco (%) 4.28 5.1 4.9 5.1
Yco, (%) 14.89 12.5 17.8 11.7

lattice oxygen for selective ammoxidation reactions. In addi-
tion, temporal analysis of products experiments [29] also gave
strong evidence for the insertion of nitrogen from bulk of an
ammonia-containing VPO catalyst containing '*N species dur-
ing the initial pulses of ’N containing NH3 as a source of
N-insertion for nitrile formation.

3.4. Validation of the model: Mini-plant tests

The derived kinetic model with two active sites was vali-
dated by comparing the experimental results obtained in a mini-
plant unit using the up-scaled 25% VPCrO/TiO; catalyst with
the corresponding simulation results. Experiments and simu-
lations were carried out applying conditions given in Table 3.
The temperature of the cooling media circulated in the double-
walled metal oven was assumed to be constant over the reactor
length and equal inlet temperature.

Mini-plant experiments were described by the pseudo-
homogeneous model for a fixed-bed tubular reactor operating
in the steady state with negligible axial and radial diffusion
[Egs. (1)—(4)]. The results based on the kinetic model with two
active sites are presented in Table 4. The simulated values of
conversions of DCT and oxygen, as well as yields of DCBN,
CO, and CO,, agree well with experimentally measured values.
The small discrepancies between the simulated and experimen-
tal values of conversion and yields result from the cumulative
error of the kinetic model, the activity of the up-scaled catalyst,
the reactor model used for the description of the mini-plant
setup, and the experimental error.

4. Conclusion

The reaction kinetics of the ammoxidation of DCT over a
25% VPCrO/TiO; catalyst have been studied and kinetic pa-
rameters estimated with the goal of deriving a comprehensive
kinetic description of the reaction that allows simulation in a
wide range of conditions. The experimental kinetic data ob-
tained under nonisothermal conditions were correlated by the
rate equations based on the Langmuir-Hinshelwood mecha-
nism, considering competition between DCT and ammonia for
the same kinds of active sites in primary ammoxidation and
combustion of DCT. Another kind of active site is responsi-
ble for the combustion of ammonia to nitrogen. DCBN and
carbon oxide formation exhibited approximately first-order re-
actions with respect to hydrocarbon partial pressure. The rates
were independent of oxygen concentration when exceeding the
stoichiometric amount. An inhibition effect of NH3 on the over-
all DCT conversion was observed. The ammonia combustion to
nitrogen exhibited a first-order reaction with respect to oxygen
and was inhibited by H,O.

The present investigation represents a first attempt to de-
velop a mathematical model; there is ample room for improving
the description of the reaction kinetics for ammoxidation of
DCT in a fixed-bed reactor. Further studies are needed to clarify
various aspects of this reaction for up-scaling.
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