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Abstract

In the present paper, the dehydration reaction of 2-benzoylbenzoic acid (BBA) has been investigated in the presence of different
heterogeneous catalysts, based on heteropoly acids (polyoxometalates), by using, in a first approach, a batch reactor for screening the bes
catalysts and, in a second step, a pseudo-continuous multifunctional reactor for determining reaction yields, catalysts productivity and
deactivation of the catalyst selected in the first part of the research.

The pseudo-continuous reactor works also as evaporator and condenser for separating and collecting produced anthraquinone (AQ) at ¢
high level of purity, while water continuously evaporates in the atmosphere.

A productivity comparison has also been reported with respect to solid acid catalysts, i.e} ¥Yewlites and acidified bentonite, tested
previously.

A kinetic model with vapour-liquid partition, liquid-phase non-ideality and catalyst deactivation, has been developed to correlate the
experimental runs.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction The first step has been studied in the presence ofHBF
as well as in the presence of AEJK]. The second step is the
Previously some solid acid catalysts have been tested incyclization via dehydration of BBA, and is commonly pro-
the reaction of dehydration of 2-benzoylbenzoic acid (BBA) moted by concentratedA30y, that is used also as a solvent
for producing anthraquinone (AQJ]. In the past, the most  [5,6]. Many other catalysts have been proposed in the liter-
common method for the manufacture of AQ was the oxida- ature such as: phosphoric adid, silica—aluming8], acid
tion of anthracene by different oxidants acting in gas or in clays[1,9,10] zeolites[1,11,12] and perfluoro acid resins
liquid phas€?2]. As, the availability of anthracene is declin- [13]. The reaction is normally performed by contacting the
ing, alternative processes have been developed and amongolid catalyst with the molten reactant or with a solution of
them an interesting route starts from benzene and phthalicthe reagent in an appropriate solvent at temperatures favour-
anhydride[2]. This synthesis consists of two reaction steps ing the vaporisation of the water formed in the reaction.
In the present paper, BBA dehydration has been stud-
_0 ied in the presence of different polyoxometalate cata-
@:C\O N @ _acy) @ \© lysts with strong acid character, using both a batch and a
ol orHE. BE) pseudo-continuous reactor. Batch runs have been performed
) COOH for screening the catalysts, while, the continuous reactor
was used with the best catalyst to obtain detailed informa-
tion regarding kinetics, catalyst productivity, reaction yields
+ HO and catalyst deactivation.
- : The continuous reactor employed is a multifunctional re-
COOH actor developed in our previous wofk], operating also as

C

2 : . X X
2) a separation unit for collecting, by evaporation, produced
* Corresponding author. Fax:39-81-674-026. AQ at a high level of purity. In the meantime, water formed
E-mail address: santacesaria@chemistry.unina.it (E. Santacesaria). continuously evaporates in the atmosphere.
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Nomenclature

J total molar flow rate

NJYo) anthraquinone molar flow rate
Ju,0 water molar flow rate

ke kinetic constant

ko initial kinetic constant

kg deactivation constant

m mass of catalyst

ngga Mmoles of benzoyl-benzoic acid

ngBA initial moles of benzoyl-benzoic acid

NAQ moles of anthraquinone

ngo ~ moles of anthraquinone in the liquid phase
nﬁQ moles of anthraquinone collected as solid
nH,0 Mmoles of water

P total pressure

P/_‘\’Q anthraquinone vapour pressure

r reaction rate

t time

XAQ anthraquinone liquid mole fraction

vaQ  anthraquinone liquid activity coefficient
YAQ anthraquinone vapour mole fraction

We have found that a synthesised polyoxometalate cat-

alysts, HPW;2042-xH20, gives much better performances
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in the flask together with an amount of the solid catalyst
that corresponds to a molar ratio BBA/catalyst of 1000.
Then, the flask was dipped for 2h in a thermostatted oil
bath, kept at 200C, stirring the molten reaction mixture
with a magnetic stirrer. After 2 h of reaction, conducted on
the molten reactant, the flask was cooled and the reaction
mixture was treated with a first solvent (dichloromethane),
dissolving both AQ and BBA and separating them from the
catalyst. The solvent is evaporated and the product mix-
ture was then submitted to chemical analysis as follows.
A weighed amount of the mixture was further dissolved
in 20cn? of methanol and titrated with NaOH 0.1 M. In
this way, the residual mass of BBA in the mixture was
determined. AQ formed was determined by difference.

The employed catalysts are listed Tables 1 and 2to-
gether with the adopted operative conditions. In this table
are also listed the literature references for the synthesis of
heteropolyacids in which can be found detailed description
of preparation procedure. In this table is also reported the
result of a blank experiment on alumina.

All the catalysts are solid polyoxometalates with high acid
character; one of them is a commercial product (FLUKA)
and the others have been synthesised by adopting the liter-
ature procedures.

Continuous runs have been performed in the reac-
tor/evaporator schematisedfig. 1. Three zones in this re-

than those achieved with previously tested catalysts such agictor are working at different temperatures: (i) the reacting

acid bentonites and Y arfgl zeolite[1].
A kinetic model with non-ideal vapour—liquid partition,

zone in which the reagent and catalyst are initially loaded
and are kept at the reaction temperature (240 or°8)0

also considering catalysts deactivation, developed in a pre-Wwith a furnace, (ii) the neck heated at temperatures of about
vious work [1], has been used for simulating the pseudo- 340°C to favour the diffusion of the vapours of AQ and
continuous runs and the related parameters have beerwater, (iii) the product recovering zone that is cooled with

estimated.
A comparison of the different catalysts performances will
conclude the paper.

2. Experimental: methods, apparatus and reagents

Catalytic screening has been made in a 258 cound
bottom flask of glass, about 4 g of BBA (FLUKA) were put

Table 1
Results for batch runs with polyoxometalate catalysts

a cold air stream in which the sublimated AQ crystallises.
Atthe top of the reactor a hole in the cover allows the evac-
uation of the vaporised water. AQ is manually withdrawn
from the lateral tube reported in the scheme having at the
extremity a stopper. The amounts of AQ, withdrawn at regu-
lar intervals of time during the reaction, were replaced by an
equivalent molar amount of fresh reagent introduced from
another hole on the cover that is normally kept closed with a
stopper. The molten reacting mixture is magnetically stirred.

Polyoxometalate catalysts Reference for synthesis

Ratio BBA/catalyst Yield (mol% of anthraquinone)

(mol/mol) (Nag/ngga)100
H3PW12040 (commerciat) - 1000 20.9
H7PW;204; hydrate [15] 1000 28.5
Cs5Hp.5PW12040 [16] 1000 22.2
H4SiW12040 hydrate [15] 1000 16.4
(NH4)3PW;2040 hydrate [17] 1000 21.5
H3zPM012040 14H,0 [19] 1000 18.7
H4SiM012040 hydrate [15] 1000 12.6
H3zPMo10V 2040 [18] 1000 13.8
Alumina (blank experiment) - 1000 0.05

AQ: anthraquinone; BBA: 2-benzoylbenzoic acid.
aFluka.
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Table 2
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Results for pseudo-continuous runs, comparison of maximum overall productivity

Catalyst Temperature' €) Molar or weight ratio Maximum overall productivity
BBA/catalyst (g AQ/h/g catalyst)

H7PW;12042 hydrate 240 100 0.0486~

H7PW;204; hydrate 300 100 1.414

Bentonite F21-B 290 0.49 0.0381),

Bentonite F21-B regenerated 290 49 0.0656,

Y zeolite 290 0.5p 0.0494,

Y zeolite regenerated 290 050 0.1146,

B zeolite 290 0.5 0.0565,

B zeolite regenerated 290 o1 0.0901,

The symbol () indicates: the productivity decrease, more or less steeply, after reaching the maximum, for the catalyst deactivation. The>symbol (
indicates: a quite stable trend in productivity is obtained after about 400 min of reaction time.

2Molar ratio.
b Weight ratio.

Cooling
air flow

T=240 or 300°C

Magnetic stirrer

Fig. 1. Scheme of the reactor/evaporator employed in the pseudo-
continuous runs.

3. Results and discussion

The results of the screening of different heteropolyacid
solid catalysts are reported Trable 1for comparison with
previous result§l] on zeolites, bentonites and other solid
catalysts.

All the tested polyoxometalate catalysts show good yields
in AQ with respect to other solid acid materials considering
the fact that the former are employed in a typical catalytic
ratio to the reactant (1:1000 molar ratio), while the latter are
introduced in a much larger amount (1:2 in weight).

On the basis of this preliminary screening, the be-
haviour of the catalyst #PW;2042-XH20, that performed
the best in terms of AQ vyields, has been studied in the

according to the procedure proposed by Bajlds] and is
reported in the paper with such formula; that is the acid
has been considered as heptabasic although other authors
suggested alternative formulas, as mentioned in the same
paper.

Two experimental runs have been performed, at“Z10
and at 300C by introducing in the reactor an initial quantity
of BBA of 7g. The AQ produced evaporates and is collected
at intervals of about 60 min. The bright yellow crystalline
product had a purity of more than 99%. During the run,
collected AQ is weighed and a corresponding molar amount
of BBA is fed to the reactor.

In Figs. 3 and 8he overall productivity of AQ is reported
as a function of time for respectively the runs at 240 and
300°C. Overall productivity is the amount of pure AQ col-
lected at the top of the reactor referred to the unit of time
and mass of catalyst. The same results are reporteid 2
and 4in terms of the total amount of AQ collected at the
top of the reactor as a function of time. Some scattering in
the experimental data is evident in these figures; this has
been attributed to the manual operation of withdrawing solid
product and feeding reagent involving a temporary discon-
nection of the reactor oven.

The activity and productivity of the polyoxometalates, are
higher than the ones observed on other solid acid catalysts,
such as zeolites, as it can be appreciated in a previous work
[1], also in pseudo-continuous longer runs. In particular the
run performed at 300C shows a productivity that is more
than one order of magnitude higher. Moreover, it is useful to
emphasise that the polyoxometalates show a limited trend to
deactivation during time opposite to what observed for the
other catalyst$1].

4, Kinetic model

pseudo-continuous reactor. The operative conditions chosen The runs reported irFigs. 2-5have been correlated

consist, in this case, in a molar ratio of BBA to catalyst of
100 (or BBA:H" of 33). This catalyst has been synthesised

by using a kinetic model with vapour—liquid partition
[1] that considers reaction (2) written in the following
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H,PW,0,,xH,0  T=240°C

12~742"

J B Experimental
Calculated

Total AQ collected (g)

0.0 . T . . . , .

T T T T
0 200 400 600 800 1000 1200

Time (min)

Fig. 2. Total AQ collected vs. time for the run at 240.

schematic form Langmuir—Hinshelwood kinetic model. For the zero-order
BBA — AQ + H0 3) kinetics the rate equation is
r = kem (5)

The evolution with time of the reactant and products can
be expressed by the following equation By taking into account that, although small, a deactivation
of the catalyst occurs we have introduced a deactivation law
dngea  Onag  dnn,o
~a T4 - @ - r (4) of the type

For the reaction rate, we have assumed a zero-order ki- k; = ko (6)
netics that fits slightly better than the first order one with 1+ kat

the experimental data. The real reaction order is prob- For vapour—liquid partition we assume that all the wa-
ably intermediate between 0 and 1 corresponding to ater formed evaporates in the atmosphere, while, AQ is

H.PW O,:xH,0  T=240°C

12742 A
0.06

0.05

0.04

0.03

0.02 +

0014 B Experimental

Calculated

Overall productivity (g/AQ/g catalyst/h)

0.00 — r r — r r r r
0 200 400 600 800 1000 1200

Time (min)

Fig. 3. Overall productivity in AQ for the run at 24C.
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H,PW 0, xH,0  T=300°C
20

B Experimental
Calculated

18

Total AQ collected (g)

0 200 400 600 800 1000 1200
Time (min)

Fig. 4. Total AQ collected vs. time for the run at 300. Comparison is reported between model simulation assuming ideal liquid mixtusel) and
a simulation with a non-ideal behaviouy & 8.25).

partitioned between liquid and vapour phase and then thelntroducing the vapour-liquid relation relative to AQ, we
accumulation of this product in the liquid phase can be de- can write

scribed b
) Y Pyaq = yaQxaQ PRo )
dn
d?Q =r —JyaQ (7) Then, at a total pressure = 1atm and combining the

relations (8) and (9) we obtain an expression for the mole
whereJ is the total vapour flow-rate expressed by the sum fraction of AQ in the vapour phase

of two terms related to AQ and water JaQ

_— 10
Jag +r1 (10)

0
YAQ = YAQXAQPag =
J=Jng +JH,0=JnQ +r (8) Q QX¥AQf'AQ

H,PW_0,,-xH,0 T=300°C

12742
2.0
18 i B Experimental
o Calculated
1.6 -

Overall productivity (g AQ/g catalyst/h)

T T T T T T T T
0 200 400 600 800 1000 1200

Time (min)

Fig. 5. Overall productivity in AQ for the run at 30€. Comparison is reported between model simulation assuming ideal liquid mixtusel) and
a simulation with a non-ideal behavioup & 8.25).
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Table 3 The integration of this ordinary differential equation, cou-
Parameters used in the model pled with relation (4), can be performed by taking into ac-
Pseudo-continuous ko (molmin-tg=t kg (min~t) YAQ count the overall material balance on AQ expressed by
run (°C) catalyst) S 0 L

240 0.1419x 10°2 0.9633x 103  8.75 "aQ = 'BBA T ""BBA ~ IAQ (12)
300 0.1702x 1073 0.1712x 1002 8.25

and the following initial conditions

. 0 .. L _a.,S _o _
The obtained expression (10) can be introduced in the @t = 0 :1BBA = n1ggas naq = 0; nag = 0; nag =0
balanceEq. (7)to give (13)

dnk po All the runs performed have been simulated and the agree-

"AQ YAQXAQ F'AQ 0 . )

o = 1-1+ ———F5 | vaQraQPag ment between the experimental data and the model is shown
g 1 - vaQxaQPag in Figs. 3 and 5for the overall productivity, and iffigs. 2
(11) and 4for the amount of AQ collected versus the tirfiable 3

0.20

0.18 -
0.16 -
0.14 =
0.12 -
0.10 - 300 °C
0.08 -
0.06 =
0.04 =

i 240°C
0.02 4

Ke=Ko/(1+txKg) mol min! g-die (x109)

0.00 . . . . . . . . r T .
0 200 400 600 800 1000 1200

Time (min)

Fig. 6. Deactivation law for the kinetic constant relative to the two pseudo-continuous runs.

1.0

0.8+
240°C

0.6+

0.4
300°C

AQ liquid mole fraction

0.2+

0.0 T T T T T T T T T T T
0 200 400 600 800 1000 1200

Time (min)

Fig. 7. AQ accumulation in the liquid phase as a function of time.
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lists the parameters estimated by non-linear regression onReferences

the experimental data.

It appears that assuming an ideal behaviour of the liquid
phase gag = 1) and on the basis of the vapour pressure
of AQ [14] the experimental observations in terms of col-
lected AQ and of the final composition of the liquid phase
cannot be reproduced (séégs. 4 and h To account for
such large deviation from ideality, to which can be ascribed
the active evaporation of AQ, we have determined an ac-
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AQ accumulated in the liquid phase, as estimated by the
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5. Conclusions

The cyclization of BBA is catalysed by solid acid polyox-
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as bentonites and zeolites.

The multifunctional reactor employed allows to collect
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