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Oxidation by iron phosphate catalyst
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Abstract

Iron phosphates are effective as catalysts for oxidative dehydrogenation of lactic acid to pyruvic acid and that of glycolic
Ž .acid to glyoxylic acid unlike phosphates of vanadium and molybdenum. The structure of iron III orthophosphate is

transformed into a new phase having crystalline water during the use in these reactions. This induces a marked increase in
the catalytic performances. The formation, characteristics, and catalytic properties of the new crystalline phase were studied.
q 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

As catalysts for partial oxidation reactions for
producing acidic compounds such as carboxylic
acids and anhydrides, possession of a strong
acid function is required as well as the redox

w xfunction 1,2 . Oxides of vanadium and molyb-
denum possess both acid–base and redox func-
tions. Acidic properties of these oxides can be
improved further by an incorporation of phos-
phorus. Indeed, phosphates of vanadium and

Ž .molybdenum, such as VO P O and H -2 2 7 3

PMo O , are known to be effective as cata-12 40

lysts for producing acidic compounds. Accord-
ingly, a great number of studies concerning

w xthem have already been reported 3,4 . On the
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other hand, relatively little attention has been
paid to iron phosphate, which possesses both

Ž .acidic and redox functions like VO P O and2 2 7

H PMo O , though iron phosphate catalysts3 12 40

have been known to be effective for the oxida-
tive dehydrogenation of isobutyric acid to for

w xmethacrylic acid 5 .
w xIt was found in our previous studies 6–8

that iron phosphates show a high selectivity in
the oxidative dehydrogenation of compounds in
which the carbon atom at the a-position of an

Ž .electron-attracting group X , such as COOH,
CHO, or CN, is tertiary; for example, isobutyric
acid, isobutyraldehyde, and isobutyronitrile.

` ` X`R CH CHR Xq0.5O2 2

` X`™R CH5CR XqH O:2

XsCHHO, CHO, or CN

Recently, it was found that iron phosphate
showed a unique catalytic performance for sev-
eral oxidative dehydrogenation, such as the for-
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w xmation of pyruvic acid from lactic acid 9 ,
w xglyoxylic acid from glycolic acid 10 , and

Ž .pyruvaldehyde 2-oxopropanal from hydroxy-
Ž . w xacetone acetol 11 .

` `CH CH OH COOHq0.5OŽ .3 2

` `™CH CO COOHqH O3 2

`HOCH COOHq0.5O2 2

`™OCH COOHqH O2

` `CH CO CH OHq0.5O3 2 2

` `™CH CO CHOqH O3 2

It is interesting to note that iron phosphate
catalysts are effective only for the oxidative
dehydrogenation, but not for oxygen insertion
reaction, unlike phosphates of vanadium and
molybdenum.

Ž .More recently, it was also found that iron III
Ž .orthophosphate FePO was transformed into a4

new crystalline phase during its use as catalyst
in the oxidative dehydrogenation of both lactic

w xacid 12 and glycolic acid, and that the perfor-
mances of catalyst were markedly enhanced by
the change in structure. XRD patterns of the
new phase were found to be very similar to
those of clay minerals such as kaolinite, hal-
loysite, dickite, and nacrite. From the studies on
DTArTG, FT-IR, elementary analysis, the
chemical composition of the new phase was

Ž .estimated as FePO P0.5H O or Fe P O OH ;4 2 2 2 7 2

an iron phosphate phase with crystalline water
w x13 .

The aim of this study is to get more insight
into the new crystalline phase concerning the
formation and the physical and catalytic proper-
ties.

2. Experimental

2.1. Catalyst

The original iron phosphate catalyst sample
was prepared according to the procedures de-

w xscribed previously 11,14,15 . The PrFe atomic

ratio was in the range of 1.05–1.2. It was
calcined in a stream of air at 4008C for 8 h. It

w xconsisted of tridymite-type FePO 16 and the4
w xpresence of the quartz-type FePO 17 was not4

detected in the XRD patterns. The BET surface
area was 9.6 m2rg.

2.2. Reaction procedures

The reaction was carried out with a continu-
ous-flow system at atmospheric pressure. The
reactor was made of a stainless steel tube, 50
cm long and 1.8 cm i.d., mounted vertically and
immersed in a lead bath. The iron phosphate

Ž .sample 0.5–60 g was placed near the bottom
of the reactor and porcelain cylinder, 3 mm long
and 1.5 mm i.d.r3.0 mm o.d., were placed both
under and above the sample. Air, a mixture of
oxygen and nitrogen, nitrogen, oxygen, hydro-
gen, or helium was fed in from the top of the
reactor; an aqueous solution containing a fixed
amount of an organic compound was introduced
into the preheating section of the reactor by a
syringe pump. The effluent gas from the reactor
was led successively into four chilled scrubbers
to recover the water-soluble compounds. The
products were analyzed by GC and LC.

2.3. Characterization of iron phosphate

XRD patterns were studied using a Shimadzu
6000 diffractometer with Cu K radiation. Sur-a

face areas were measured by the BET method
using nitrogen as adsorbate at y1968C. The
amount of Fe2q and Fe3q ions in the bulk were

w xdetermined by the redox titration method 18 .

3. Results

3.1. Formation and properties of new iron
phosphate crystalline phase

The effects of reaction variables on the for-
mation of the new iron phosphate crystalline
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phase were studied. The typical procedures were
as follows. A 5-g portion of the tridymite-type
FePO sample was placed in the stainless steel4

reactor and a mixture of nitrogen and oxygen
was fed in with feed rates of 200 and 5.0
mlrmin, respectively. An aqueous solution con-
taining around 10 wt.% of an organic compound
was introduced with a feed rate of 35 mlrh.
The reaction temperature was in range of 210–
2408C and the reaction time was 24 h.

3.1.1. Effect of organic compound
In order to know the effect of organic com-

pounds on the formation of the new phase,
vapors of various kinds of organic compounds
were passed over the tridymite-type FePO sam-4

ple in the presence of a large amount of steam
and a limited amount of oxygen. The results are
summarized in Table 1.

The best results were obtained from oxalic
acid; the new phase was the sole crystalline
compound observed in the XRD patterns. The
next best results were obtained from lactic acid;
a small amount of Fe P O was always formed2 2 7

Table 1
Effects of organic compound on the formation of new phase
Quartzsquartz-type FePO ; Trdymites tridymite-type FePO ;4 4
Ž . Ž .vs s very small amount; s ssmall amount.

w xReaction conditions: samples5 g PrFes1.15 ; feed rates
Ž .mmolrh , organic compoundroxygenrwaterrnitrogen s 10–
20r10–20r1880r500; temperatures210–2408C; reaction period
s24 h.

2q 2q 3qŽ .Reactant Phase observed in XRD Fe r Fe Fe
ratio

Ž .n-Propanol QuartzqNew phase vs 0.00
Ž .Propylene QuartzqNew phase vs 0.01

glycol
Ž .Formic acid QuartzqNew phase vs 0.00
Ž .Isobutyric QuartzqNew phase s 0.01

acid
Ž .Pyruvic acid TridymiteqNew phase s 0.10

Oxalic acid New phase 0.28
Ž .Lactic acid New phaseqFe P O s 0.272 2 7

Glycolic New phaseqFe P O 0.282 2 7

acid
Acetole Fe P O 0.822 2 7

Fig. 1. XRD patterns of new phase.

together with the new phase. The third best
results were obtained from glycolic acid; a mix-
ture of Fe P O and the new phase was ob-2 2 7

Ž .tained. In the case of hydroxyacetone acetol ,
the iron phosphate sample was reduced totally
to Fe P O and the new phase was not ob-2 2 7

tained. On the other hand, the new phase was
scarcely obtained from n-propanol, propylene
glycol, formic acid, isobutyric acid, and pyruvic
acid. The transformation from the tridymite-type
FePO to quartz-type FePO4 is not ascribable to4

the organic compounds used, but to the steam
w x19 .

Typical XRD patterns of the new phase ob-
tained using oxalic acid are shown in Fig. 1.
The relative intensities of the three main peaks
at 2u of 12.28, 24.58, and 32.48 were 60, 100,

w xand 65, respectively 13 . No clear peaks as-
signed to any known iron phosphate crystalline
phases were detected in the XRD patterns.

3.1.2. Effect of reaction temperature
The effect of reaction temperature on the

formation of the new phase was studied using
oxalic acid as the organic compound. The opti-
mum temperature was found to be in the range
of 210–2408C. At a temperature below 2008C,
the vaporization of oxalic acid became difficult.
On the other hand, at a temperature above 3008C,
the FePO sample was not transformed into the4

new phase.
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3.1.3. Effect of oxygen concentration
The effect of oxygen in the feed gas was

studied by changing the concentration from zero
to 20 mol% using oxalic acid as the organic
compound. In the absence of oxygen, a small
amount of crystalline Fe P O was obtained2 2 7

besides the new phase at 2208C. While at 2008C
the new phase was the sole phase observed in
XRD patterns. Moreover, when the concentra-
tion of oxygen was more than 1 mol%, the new
phase was the sole phase observed even at
2208C.

3.1.4. Thermal stability
The new phase was found to be stable enough

up to 3008C in nitrogen or in air. The crystalline
water is not removed up to 3008C. It decom-
posed gradually at 4008C; within 4 h the major-
ity was decomposed to form amorphous phase

Žwith a small amount of either Fe P O in2 2 7
. Ž .nitrogen or Y-phase in air . The Y-phase is

known to be obtained by reoxidation of Fe P O2 2 7
w xby air at a temperature above 4008C 20,21 .

3.2. Catalytic actiÕity

Catalytic performances of the new phase were
studied in both the oxidative dehydrogenation of
lactic acid to pyruvic acid and that of glycolic
acid to glyoxylic acid.

3.2.1. Oxidation of lactic acid to pyruÕic acid
The oxidation of lactic acid was carried out

both at 2258C and 2308C. The feed rates of
lactic acid, air, and water vapor were 19.2, 350,
and 962 mmolrh, respectively. The contact time
was fixed at 1.6 s. The catalytic performances
of the new phase were compared with those
obtained from various other iron phosphate cata-
lysts, which are prepared from the original
tridymite-type FePO . The Fe P O sample was4 2 2 7

obtained by reducing the tridymite-type FePO4
w xwith hydrogen at 5508C for 12 h 22,23 . The

Ž .Fe P O sample was obtained by reducing3 2 7 2

the tridymite-type FePO with a PrFe atomic4
w xratio of 1.2 with hydrogen at 4008C for 4 h 24 .

The Y-phase was obtained by reoxidizing the
Fe P O sample with air at 5008C for 6 h2 2 7
w x20,21 . The results are shown in Table 2.

The catalyst consisting of the new phase was
clearly higher than that consisting of the origi-
nal tridymite-type FePO in both the activity4

Ž .and selectivity. The Fe P O and Y-phase3 2 7 2

iron phosphate show a higher activity than the
new phase, but the new phase is higher in both
the yield and selectivity to pyruvic acid than the

Ž .Fe P O and Y-phase iron phosphate.3 2 7 2

3.2.2. Oxidation of glycolic acid to glyoxylic
acid

The oxidation of glycolic acid was carried
out using the original tridymite-type FePO un-4

Table 2
Comparison of the catalytic performances of various iron phosphates in the oxidation of lactic acid to form pyruvic acida

Convsconversion of lactic acid; Yieldsyield of pyruvic acid; Selctsselectivity to pyruvic acid.

Iron phosphate catalyst Temperatures2258C Temperatures2308C

Convr% Yieldr% Selctr% Convr% Yieldr% Selectr%

Tridymite-type FePO 29.5 19.6 66 41.1 25.5 624

New phase 53.2 40.0 75 62.3 45.0 72
Y-phase 58.0 34.8 60 67.0 35.5 53

Ž .Fe P O 61.0 37.8 62 78.0 42.1 543 2 7 2

Fe P O 32.4 25.0 77 42.2 31.5 752 2 7

a Feed: lactic acidrairrsteams1902r350r962 mmolrh; contact times1.6 s.
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der the following reaction conditions; feed rates
of glycolic acid, oxygen, water vapor, and nitro-
gen were 12.3, 25, 480, and 500 mmolrh,
respectively; reaction temperature of 2408C;

Žamount of catalyst used of 5.0 g contact time
.of 1.25 s .

The structure of iron phosphate changed dur-
ing the use in the reaction like in the case of the

w xoxidation of lactic acid 12 . After 20 h on
stream, the original tridymite-type FePO was4

transformed into quartz-type FePO , probably4

this transformation is ascribable to the action of
w xwater vapor 19 , and after 100 h on stream all

of the quartz-type FePO was transformed into4

the new phase. The variations in the XRD pat-
terns are shown in Fig. 2.

Fig. 3 shows the variations in the conversion
of glycolic acid and the oxidation states of iron
in the bulk as a function of the time-on-stream.
As the time-on-stream increases, the catalytic
activity increases, shows a maximum at around
20 h on stream, and then falls with a further
increase in the reaction time. After about 110 h
on stream, the catalyst was calcined in a stream
of air at 4008C for 1 h. It was found that the

Fig. 2. Variation of the structure during the oxidation of glycolic
Ž . Ž . Ž .acid. A Initial, B after 20 h on stream, C after 100 h on
Ž . Ž . Ž .stream. v tridymite-type FePO , D quartz-type FePO , e4 4
Ž .Fe P O , ` new phase.2 2 7

Fig. 3. Variation of the catalytic activity and the oxidation states
of iron phosphate during the oxidation of glycolic acid.

calcined catalyst, which still consisted of the
new phase, showed a markedly higher catalytic
activity.

4. Discussion

During the use of FePO as catalyst in the4

oxidation of lactic acid or glycolic acid, the
FePO is transformed into the new phase having4

crystalline water. This finding indicates that
crystalline water is incorporated into FePO ,4

when the FePO sample is exposed to vapors of4

water and organic compound, such as oxalic
acid, lactic acid, and glycolic acid, at a tempera-
ture in the range of 200–2408C.

The presence of water vapor should be in-
dispensable for the formation of new phase.

w xIndeed, in the cases of lactic acid 12 , the
presence of water vapor was found to be indis-
pensable. On the other hand, in the cases of
oxalic acid and glycolic acid, the effects of
water vapor cannot be checked because these
acids are solid.

FePO is insoluble in water, interestingly, the4

solubility increases as increasing the concentra-
tion of oxalic acid or glycolic acid in the water.
Further, lactic acid dissolves FePO . From these4

findings, it is likely that the organic acids such
as oxalic acid, lactic acid, and glycolic acid play
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a role in dissolving partially FePO and insert-4

ing water molecule in the crystalline phase.
It is considered that oxygen plays a role in

suppressing the reduction of FePO to Fe P O4 2 2 7

with the organic compound and that the varia-
tion of the role of oxygen depends on the
reducing force of the organic compound. For
example, the presence of oxygen is not impor-
tant in the case of oxalic acid, but there exists
an optimum concentration of oxygen in the case

w xof lactic acid 12 and glycolic acid. In the case
of hydroxyacetone, however, the formation of
Fe P O cannot be suppressed even in the pres-2 2 7

ence of oxygen.
Temperatures below 2008C should be benefi-

cial to the equilibrium for the water incorpora-
tion, but they may not be beneficial to the rate
of crystalline transformation and to the vapor-
ization of organic compound; at temperatures
higher than 2508C, the incorporation of water
may become difficult. Accordingly, the opti-
mum temperature becomes about 2208C.

The presence of a large amount of water
vapor is indispensable to promote selectively
oxidative dehydrogenation reactions performed

w xwith iron phosphate catalysts 24–26 . From this
evidence and consideration of the finding that
the new phase having crystalline water shows a
performance better than that of the iron phos-
phate without crystalline water, it is likely that
the crystalline water takes part in the oxidative
dehydrogenation reactions. A similar view has
been proposed in the case of the oxidative dehy-
drogenation of isobutyric acid by Millet et al.
w x27 .

As is common in oxidation reactions per-
formed at low temperatures, the catalytic activ-
ity for oxidation of glycolic acid falls gradually
as the time-on-stream increases. It is likely that
the catalyst is deactivated due to the deposit of
some nonvolatile products on the surface. Possi-
bly, iron phosphate catalyst cannot burn out the
nonvolatile products at low temperature used in

the reaction. This may be the reason why the
catalytic activity is totally regenerated after the
calcination in air at a higher temperature of
4008C.
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