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Abstract

Influence of metal salts on the direct synthesis of phenol by hydroxylation of benzene with oxygen and hydrogen in the
liquid phase was investigated for a heterogeneous platinum catalyst supported on silica. Promotive effects were observed with
acetylacetonates of vanadium, iron, lanthanum, and yttrium, while with the other elements, the rate of phenol formation was
retarded. Among the preferable compounds, vanadium(lll) acetylacetonate (\éjgmacjuced the most beneficial effect.

The highest rate of phenol formation was obtained at ca. 20 ppm of Vgéanpng various vanadium compounds studied,

the vanadium compounds havingF® seemed to have the promotive effect. It was estimated that oxygen activated on the
vanadium species was transferred to platinum site and as a result, the rate of phenol formation was promoted. © 2002 Elsevier
Science B.V. All rights reserved.
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1. Introduction plored [2-14]. Kunai et al. [2] showed that phenol
was obtained by hydroxylation of benzene with
Phenol is now produced by the so-called cumene oxygen and hydrogen with almost 100% selectivity
process and the toluene oxidation process [1]. In on Cu-Pd/Si@ catalyst at 60C and under atmo-
the cumene process, the cost of phenol is directly spheric pressure. Tatsumi et al. [5] reported hydrox-
concerned with the effective usage of acetone which ylation of benzene with oxygen and hydrogen over
is equimolarly produced. On the other hand, in the palladium-containing titanium silicates. Jintoku et al.
toluene oxidation process low yield based on toluene [9] reported that phenol was produced from benzene
is to be improved. with homogeneous catalyst composed of palladium
New processess to produce phenol without by- acetate and phenanthroline in the presence of oxygen
products and with high selectivity have been ex- and carbon monoxide at 18C. These new reactions
have a common feature; oxygen was activated with

"+ Corresponding author. Teks 81-593-65-9468; the aid of reducmg agent. With the activated oxy-
fax: +81-593-636-431. gen thus formed, direct hydroxylation of benzene to
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previous paper [15], we reported direct hydroxylation
of benzene with oxygen and hydrogen on precious
metal catalysts supported on silica modified with
vanadium oxide.

In this paper, the effect of metal salts added to the
reaction mixture on the catalytic performance was in-
vestigated intensively.

2. Experimental

Experimental procedures were reported in detail in
the previous paper [15]. Briefly, catalysts were pre-
pared by the conventional impregnation method. Into
a solution containing a tetraamineplatinum dichloride
hydrate to give 0.5wt.% of platinum loading, silica
support (Fuji Davison, CARIACT-15, 1904fy) was
added. After drying at 60C, the powder obtained was
reduced in a tubular glass in 10% lstream (N bal-
ance) at 250C for 1 h. Dispersion of thus obtained
platinum catalyst measured by CO adsorption was
0.02.

2.1. Typical hydroxylation reaction

Into the 100 cr glass reactor, a 0.1g portion of
the catalyst, 20 cfof benzene, 25 cfof acetic acid
and 10 ppm of an additive were added. After in situ
reduction at 60C for 30 min, the reaction was started
by changing gas composition of air to 40¥min and
of Hy to 24 cné/min.

2.2. Analysis

Products were analyzed every 1h with GC by
the internal standard method (internal standard;
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3. Results and discussion
3.1. Screening of additive

The results of screening of metal salts are shown
in Table 1. For acetylacetonates of vanadium, iron,
lanthanum, and yttrium, the rate of phenol formation
was accelerated while the rate of water formation was
decelerated and oxygen conversion was suppressed.
As a result, both space-time-yield (STY) of phe-
nol and selectivity based on oxygen were improved.
On the other hand, when salts of other metals were
added, the rate of phenol formation retarded and
phenol selectivity was decreased. Here, it should be
stressed that selectivity based on benzene was nearly
100% since the amount of benzoquinone was almost
negligible.

Among the metal salts investigated, vanadium
acetylacetonate (V(acag)gave the best result. It is
of course too early to conclude that vanadium salt
is the best one, because for other metals only one
type of salt was tested at a fixed concentration for
screening.

Iron and titanium salts were chosen to study the
influence of concentration, because iron presented the
second superior result and titanium was often used for
liquid-phase oxidation catalyst [16].

As was expected, a better result was obatined at
lower iron acetylacetonate concentrations (Table 2).
The rate of phenol formation was however only
one-third of that obtained with VV(acac)On the other
hand, when the concentration of titanyl acetylaceto-
nate was increased, both the rate of phenol formation
and phenol selectivity based on oxygen decreased
monotonously.

Consequently, we chose vanadium compounds to

1-methylnaphthalene). The column used was Silicone investigate further in detail.

W-98 10% Chromosorb W (AW-DMCS). Injection
temperature was 20%. Column temperature pro-
file was as follows; temperature was maintained at
130°C for 5 min, then raised by 1/min to 180°C

3.2. Kinds of vanadium compounds

First, several kinds of vanadium compounds were

and held at this temperature for 10 min. Nitrogen of studied. As is shown in Table 3, the rate of phe-
20 crP/min was used as carrier gas and an FID de- nol formation was promoted by every vanadium
tector was used. Phenol was predominantly formed compound studied. It is known that when water
and trace amounts of 1,4-benzoquinone and biphenyland oxygen exist, V(acag)transforms easily to
were formed as by-products. By the Karl-Fischer VO(acac) [17]. Therefore, we might say that vana-
method, HO formed was measured after the dium compound having vanadyl D gave better
reaction. results.
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Table 1
Screening of metal salts affecting the catalytic perform&nce
Cation Metal salt Rate (mmol/h) Lconversion (%) Selectivity (98) STY of phenol
Phenol B  H,0 (9/kg-cath)
\Vass V(acack 0.368 0.0 1.9 5.1 16.1 346
Fert Fe(acaq) 0.083 0.0 0.5 1.3 14.9 78
Lat+ La(acac)-nH,0O 0.058 0.0 2.7 6.4 2.1 55
Y3+ Y(acack-nH,0 0.051 0.0 2.4 5.6 2.1 48
None 0.029 0.0 4.6 10.6 0.6 27
crt Cr(acacy 0.028 0.0 2.8 6.6 1.0 26
Nb>+ NbCls 0.024 0.0 3.4 8.1 0.7 23
Ti4t TiO(acac) 0.016 0.0 5.0 11.7 0.3 15
Zr4t ZrOCl,-8H,0 0.016 0.0 3.7 8.4 0.4 15
Zr4t Zr(acac) 0.013 0.0 2.8 6.5 0.5 12
Mn3+ Mn(acac) 0.009 0.0 3.6 8.4 0.3 9
Sret Sn(AcO) 0.007 0.0 3.0 7.1 0.2 6
Mo8+ MoOx(acac) 0.005 0.0 0.3 0.8 1.4 5
Co*t Co(acac) 0.005 0.0 3.1 7.3 0.2 4
NiZt Ni(acac)-H,0 0.004 0.0 4.7 10.9 0.1 3
PH* Pb(AcO) 0.003 0.0 0.0 0.0 100 3
Bis*+ BiOCI 0.002 0.0 0.0 0.0 100 2
Ag™ AcOAg 0.000 0.0 0.0 0.0 0.0 0
Cuw?t Cu(acac) 0.000 0.0 0.0 0.0 0.0 0

aConcentration of metal salt was 10 ppm (only La salt was 100 ppm); catalyst, 0.5wt.% RPt51@; temperature, 6C; pressure,
0.1MPa; B/0; = 3; O, = 22 mmol/h; reaction mixture, 40wt.% benzene/60wt.% acetic acid (2@&wen?); agitation, 1400 rpm.

b Phenol selectivity based on oxygen.

¢BQ: benzoquinone.

Oxygen conversion was decreased by adding vana-3.3. Influence of concentration of vanadium
dium compounds while the rate of phenol formation acetylacetonate
increased. Hence, we suppose that the ratio of hydro-
gen to oxygen on platinum was modified with the exis-  As the highest rate of phenol formation was ob-
tence of vanadium compounds. This will be discussed tained with V(acag), we studied the effect of con-
in later section. centration of V(acag) and the result is shown in

Table 2
Influence of concentration of iron acetylacetodate

Cation Metal salt Fe (ppm) Rate (mmol/h) 2@onversion (%) Selectivity (%) STY of phenol
Phenol BGQ H,O (g/kg-cath)

None None 0 0.029 0.0 4.6 10.6 0.6 27
Feit Fe(aca 0.5 0.097 0.0 1.2 3.0 7.4 91
2 0.124 0.0 2.2 5.3 5.4 117
5 0.131 0.0 0.9 2.4 12.8 123
10 0.083 0.0 0.5 1.3 14.9 78

aReaction conditions are the same as in Table 1.
b Phenol selectivity based on oxygen.
¢BQ: benzoquinone.
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Table 3

Influence of vanadium compounds added to the reaction médium

Vanadium Concentration of Rate (mmol/h) @ conversion (%) Selectivity (%) STY of phenol
compound vanadium (ppm) Phenol BO H,0 (g/kg-cath)
V(acac} 39.0 0.307 0.0 11 3.1 21.8 288
VO(acac) 39.3 0.288 0.0 1.2 3.3 19.3 271
VOCl3 39.0 0.288 0.0 0.8 2.4 26.2 269
NH4VO3 37.9 0.218 tr 1.4 3.4 13.9 203
VOC,04 40.0 0.144 0.0 e ~0 - 135
VOSSO <38.# 0.112 0.0 £ ~0 - 105

VCl3 39.4 0.048 0.0 e ~0 - 45

None 0 0.029 0.0 4.6 10.6 0.6 27

aReaction conditions are the same as in Table 1.
b Phenol selectivity based on oxygen.

¢BQ: benzoquinone.

dNot all the salt dissolved.

€Too little to measure quantitatively.

Table 4. When the concentration of V(acae)as var- at 1.0wt.% \bOs. At this loading, the atomic ratio
ied, the rate of phenol formation once increased and of vanadium to platinum is about 4. When the con-
passed through a maximum at ca. 20 ppm and there-centration of V(acag)was 19.2 ppm in Table 4, the
after decreased. On the other hand, the rate of wa-atomic ratio of vanadium to platinum was about 6.
ter formation decreased monotonously according to Comparing these results, the dependence of the ac-
the concentration of V(acagkxcept for the data at tivity on vanadium seems very similar to each other.

3.4 ppm. Although there is no direct evidence at this moment,
it may be considered that some part of V(agac)

3.4. Consideration on the effect of vanadium was adsorbed on the silica support and affected the

compound added reaction. If adsorbed amount is about two-thirds

of the V(acac) added into the reaction medium,
In the previous paper [15], some of the authors of roughly an equal amount of vanadium (1.0wt.%
this paper studied the same reaction on the platinum V,0s) was adsorbed to the impregnated vanadium
supported on silica modified with vanadium oxide oxide resulting in a similar effect on the catalytic
and observed the highest rate of phenol formation activity.

Table 4

Effect of concentration of V(acag)

Concentration of Concentration of Rate (mmol/h) @ conversion (%) Selectivity (%)  STY of phenol
V(acac} (ppm) V(acac} (mg) Phenol BO H,0 (g/kg~cath)
0 0 0.029 0.0 4.6 10.6 0.6 27

0.1 0.03 0.060 0.0 4.8 10.7 1.2 56

3.4 1.0 0.361 0.0 14 3.9 20.5 338

9.7 3.0 0.368 0.0 1.9 5.1 16.1 346

19.2 5.9 0.412 0.0 15 4.2 215 385
39.0 9.2 0.307 0.0 11 31 21.8 288

384 118 0.131 0.0 0.2 0.7 411 122

@Reaction conditions are the same as in Table 1.
b Phenol selectivity based on oxygen.
¢BQ: benzoquinone.
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Before considering the effect of vanadium com-
pound, it is worth discussing the reaction mechanism
of this direct hydroxylation reaction.

Kunai et al. [2] referred to the Fenton-type mecha-
nism, namely HO» and hydroxyl radica(®*OH) were
produced with the aid of cuprous ion. Thus, obtained
hydroxyl radical attacked benzene and finally phenol
was produced with another hydroxyl radical form-
ing H,O as a by-product. Although we do not have
any direct proof, we would like to consider a sim-
ilar reaction path on our platinum catalyst system.
Namely, O, was formed on platinum [18-21], and
this HoO, was homolytically decomposed to hydroxyl
radical again on platinum. As we did not observe
any dissolved platinum in the reaction medium, the
possibility of the Fenton-type mechanism would be
little.

As was shown above in Table 1, the platinum cat-
alyst supported on silica had too high oxygen hydro-
genation activity and formed a large amount of water.
As the ratio of hydrogen to oxygen was 3, predominant
adsorption of hydrogen on platinum was estimated.
On the other hand, vanadium oxide is a prominent
oxidation catalyst [22], and therefore the interaction
between vanadium compound and oxygen would be
expected. If more oxygen is supplied from the vana-
dium compound to platinum and the ratio of hydrogen
to oxygen on platinum is changed, the loss &i0
by over-hydrogenation on platinum is expected to re-
duce. Thus, HO; produced would be used effectively.
In other words, the rate of phenol formation might
have been improved at the expense of water forma-
tion, resulting in higher phenol selectivity based on
oxygen.

As the concentration of V(acagjncreased more
than the appropriate value (vide supra), the rate of phe-
nol formation decreased. This may be caused by the
unfavorable coverage of platinum site by the increased
amount of V(aca)

It is frequently reported that some soluble vana-
dium compound forms a peroxo complex with®b
[23-25]. Therefore, there remains some possibility
that the real active species to oxidize benzene is not
OH radical but the vanadium peroxo complex. As we
did not find out free HO5 in the reaction mixture un-
der the conditions adopted, the amount ofCd to
form the vanadium peroxo complex was supposed to
be small.

203
4, Conclusions

The rate of phenol formation by the direct hydrox-
ylation of benzene with oxygen and hydrogen on the
platinum catalyst supported on silica was accelerated
when acetylacetonates of vanadium, iron, lanthanum,
and yttrium, especially vanadium acetylacetonate
V(acac}, were added to the reaction medium. Degree
of acceleration depended on the vanadium compounds
added, and V(acag)improved the rate of phenol
formation most significantly. It was speculated that
vanadium compounds having vanadyr® was ef-
fective. The rate of phenol formation depended on
the concentration of V(acag)It was assumed that
oxygen was activated on the vanadium species and
transferred to platinum. Thus, the relative amount of
oxygen to hydrogen on platinum was affected by a
vanadium compound to prevent over-hydrogenation
of produced HOy, and as a result, an effective usage
of H,O, was attained.
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