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Abstract

Aqueous solutions of butyric acid were treated by catalytic wet air oxidation using carbon-supported iridium catalysts in a
stirred reactor. Under the operating conditions of 6.9 bar of oxygen partial pressure &@ @X@mperature, conversions
up to 52.9% after 2 h were obtained depending on the type of catalyst used. The effects of butyric acid initial concentration,
loading of catalyst, oxygen partial pressure and temperature were investigated and the empirical rate law for acid conversion is
presented. Oxidation intermediates such as propionic and acetic acid were identified. The heterogeneous catalyzed free-radica
oxidation of butyric acid is discussed. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction and residence times in the traditional non-catalytic
wet air oxidation (non-CWAO) [7]. These demand-

The search for new advanced cleanup catalytic ing conditions prompted us to develop heterogeneous

technologies imparted a recrudescent interest to cat-catalysts, more efficient at milder conditions.

alytic wet air oxidation (CWAOQ) in recent years [1,2]. This paper represents to our knowledge, the first

At present, more than 90 plants using CWAO are detailed application of carbon-supported iridium cat-

operative worldwide, mainly for treatment of waste alysts to the CWAO of organic pollutants in wastew-

streams from petrochemical, chemical, pharmaceu- aters. Except for a short mention in a study involving

tical [3] and textile industries [4,5]. CWAO can be ceria-supported iridium catalysts [8], there is no men-

used either for complete oxidative degradation, or tion in the literature to the application of this metal.

as pre-treatment for biological degradation of down- In the present study the exploratory preparation and

stream wastewaters [6]. On the other hand, it can characterization of catalysts by the incipient wetness

also be used to act locally, on a specific pollutant impregnation method is described and their perfor-

upstream, aiming at recycling of waters and reduc- mance is compared to a commercial catalyst.

tion of wastes. In this case, knowing the reaction

mechanisms and reliable kinetics for the degradation

of model compounds is of great importance. Butyric 2. Experimental

acid (BA) is known to oxidize at a significant rate

under very severe conditions of pressure, temperature2 1, Catalyst preparation
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Prior to any use, the support was washed to remove and 0.8g of catalyst. Standard operating conditions
any impurities, first with HCI 2N under reflux for were set to 8h reaction time at 6.9bar of oxygen
12 h, then with water until the pH of the rinsing waters partial pressure and 20C€ under continuous stirring
reached a value of 6, and finally was dried overnight (500 rpm). Samples were withdrawn periodically and
at 110°C. Textural characterization of the support analyzed by gas chromatography (capillary column
was made by analysis of theoMdsorption isotherm  DBWAXetr, 0.32 i.d., Zum film), with a flame ioniza-
at —196°C which gave a BET surface areSgfr) tion detector. Sample injection details are given else-
of 1053 nf g~ with a micropore volume\(nmicro) Of where [9]. The initial reaction rates (mnaalh~1 g;l)
0.405cnig~! and a mesopore surface ar&adsg of were calculated from the curves giving the concen-
113nf g1 tration of BA as a function of time at low conversion

The iridium catalysts (5wt.%) used in the ex- [9]. The kinetic orders with respect to BA, to oxy-
ploratory experiments were prepared by incipient gen and to catalyst load were determined by varying
wetness impregnation using aqueous solutions of the initial concentration of the organic substrate in
(NH4)3lIrClg according to two different procedures. the range 0.034-0.080 M, the oxygen partial pressure
In the first procedure, the precursor solution was in the range 6.9-13.9bar and the catalyst weight in
poured down onto the support in a single step, using the range 0.2-0.8 g, while the activation energy was
the appropriate concentration to obtain 5wt.% metal obtained by varying the reaction temperature in the
load (Ir/C-1). In the second procedure, two solutions 180-220°C range.
were used in successive steps in order to obtain the BA conversion without any catalyst was first inves-
same load (5wt.%, Ir/C-2). After each impregnation tigated in order to test for the non-CWAO of the sub-
step, the catalysts were dried overnight at 1@0 strate. The results obtained under standard operation
Prior to reaction, the catalyst was heated in helium conditions gave a residual conversion of 3.1%. An-
at 400°C for 2h. Reduction was then carried out in other blank experiment using only the activated carbon
a stream (25 cAmin—1) of helium diluted hydrogen (0.8 g) from the same batch that was used to prepare
(10% v/v) at 350C for 3h. In order to evaluate the the catalysts, under the same standard conditions, gave
effect of temperature on the reduction of the metal, a conversion of 5.1%, value that was kept as reference.
one of the catalysts was reduced at higher tempera- N-Methylaniline (98% Sigma-Aldrich) was used as
ture (450°C). Finally, the catalyst was flushed with free-radical inhibitor in heterogeneous catalyzed oxi-
helium at 350C for 30 min. dation experiments.

The amount of iridium on the catalysts before and
after reaction was measured by a gravimetric com-
bustion method described elsewhere [9]. The metal 3. Results and discussion
particle size was estimated fromyHhemisorption

experiments using an automatic Coulter Omnisorp
100 CX.

A powdered commercial catalyst (Ir/&- 5 wt.%,
Alfa-Aeasar, EWG-Nr.: 231-095-9) of a single lot
(4/1283) was used in the CWAO kinetic studies of
BA and the results obtained were used as comparison
standard for the prepared catalysts.

2.2. Oxidation procedure

CWAO of BA (99% Riedel-de-Haén) solutions were
carried out in a 160 cfistainless steel high-pressure
reactor (Parr 4564) described in detail elsewhere [9].
In a typical experiment the reactor was loaded with
70cm? of 5gdn® (57mmoldnt3) BA solution

Using the incipient wetness impregnation method
a series of carbon-supported metal catalysts was
prepared in order to ascertain an activity pattern.
At the standard conditions using the same load
(0.57 gudm=3) of 5wt.% carbon-supported metal
catalysts, the conversion of 57 mmol dfBA solu-
tion was found to increase in the order GoNi <
Cu « Ir < Pt (Fig. 1). For practical purposes, and
considering the conversion obtained for carbon alone,
Co- and Ni-supported catalysts can be considered in-
active. The carbon-supported Pt catalyst is the most
active (70.4% conversion after 2h) and was already
object of a preliminary report [9]. The second most
active was the carbon-supported Ir catalyst, with an
interesting value of 42.6% conversion after 2 h, which
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Fig. 1. Conversion (%) curves of the 57 mmoldiBA solution carried out under air with a 6.9 bar partial pressure p©200°C, in
the presence of several carbon-supported metal (5wt.%) catalysts. The support (carbon) is given for reference.

prompted us to further investigate this system not so occurred during reaction, as the mean particle diam-
well reported in the literature. eter of the Ir/C-2(350) measured after reaction was
The performance of the Ir catalyst was found to 4.6 nm. The catalysts are microporous but include sig-
be dependent on the method of preparation and pre-nificant mesoporosity. The calculated mean micropore
treatment used. Two-step incipient wetness impreg- diameter (using the Dubinin-Raduskevich method)
nation catalysts (Ir/C-2) are more active than those was about 1 nm. Because this value is significantly
prepared by single step incipient wetness impregna- smaller than the mean iridium particle diameter it is
tion (Ir/C-1, Table 1). Increasing the reduction temper- expected that the metal will be distributed outside the
ature from 350 (Ir/C-2(350)) to 45 (Ir/C-2(450)) micropores, in the more active catalysts. Since there
does not increase the initial activity. The mean iridium is no marked difference between all the prepared cata-
particle size, estimated by chemisorption, was 4.4 nm lysts from the textural point of view, the activity must
in the case of Ir/C-2(350) and 6.9 nm for Ir/C-1(350). be correlated with the exposed metal area. The inter-
No significant changes of the metal particle size esting fact is that the dimension of the metal particles

Table 1

Catalyst textural characterization and performance for oxidation of BA solutions (57 mm8é)duander the given standard conditions

Catalyst SBET Sheso Vmicro Initial rate Conversion
(m?g™) (m?g~) (cm’g™) (mmol g, ™) after 2h (%)

Ir/C-1(350) 1023 112 0.392 1648 0.7 28.0

Ir/C-2 994 109 0.383 23.& 04 38.5

Ir/C-2(350) 1007 104 0.385 294 1.3 42.6

Ir/C-2(450) 931 100 0.361 152 1.3 24.1

Ir/C-a 1019 337 0.296 354 0.3 52.9

2The number between brackets refers to the reduction temperatyef the catalyst.
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is proportional to the concentration of the impregna-
tion solution: the higher the concentration of the pre-
cursor solution (as in the single step incipient wetness
impregnation), the higher the rate of nucleation and
growth of iridium particles over the support.

The initial rates of oxidation for degradation of
BA under the standard conditions ranged from 15.2
to 29.8 mmoll’rlg;l with the prepared catalysts,
the commercial one giving a slightly better value
(35.4mmolhig ™.

3.1. Kinetics of BA oxidation

The BA degradation was followed over the reac-
tion period and the results show the formation of more
refractive low molecular acids such as propionic and
acetic acid. In Fig. 2, we can observe the composi-
tion of the reaction medium as a function of time un-
der standard reaction conditions, using the commercial
Ir/C-a catalyst. Similar curves were obtained using the
prepared catalysts. After 8 h, 72.2% of BA conversion
is obtained with 74.2% selectivity (calculated as the
fraction of the acid converted into non-carboxylic acid
products), the remaining 25.8% being intermediate re-
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acid, which are further decomposed to the final prod-
ucts CQ and HO. Acetone was also detected as an
unstable intermediate, which is readily converted to
acetic acid. Possible intermediate products, such as
oxalic acid or formic acid, would be readily oxidized
into CO, under the present reaction conditions [10].

The metal load of the catalyst, determined before
and after the CWAQ reaction, confirmed that there was
no leaching of iridium to the solution.

The degradation of BA followed pseudo-first-order
kinetics (~dCpa/dt = k’Cga), and this dependency
was also checked by running catalytic oxidation re-
actions with solutions containing different concentra-
tions of BA (initial consumption rate analysis).

In order to investigate the effects of the different
operation variables on the kinetics of the process, one
operating variable was changed at a time, keeping the
other fixed at the given standard conditions.

Measuring the initial specific consumption rates in
the presence of different amounts of 5% ldGzata-
lyst, shows that when the weight of catalyst per unit of
volume is increased, there is a proportional decrease in
the initial specific rate, with an order ef0.63 (Fig. 3).
This value could reflect an external mass transfer con-

fractory compounds such as acetic acid and propionic trol playing a role in the reaction [11,12], but under the
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Fig. 2. Kinetics of BA (57 mmoldm?® aqueous solution) disappearance, and propionic and acetic acid formation, under the standard

conditions (200C, 6.9 bar Po,).
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Fig. 3. Influence of the catalyst loading on the initial CWAO rate fnmol i1 g;l) of BA (57 mmol dnt3).

standard conditions there was no dependency of theto a high concentration of free-radicals in solution,
activity on stirring speed, going from 500 to 750 rpm. which increases the rate of the free-radical termination
For the prepared catalysts, it was also verified that step and consequently decreases the specific rate of the
there is no internal diffusion control on the catalysts, reaction.
because the activity of the catalyst also did not change In order to test the hypothesis of a liquid-phase hy-
with different diameter (200-8Q0m) of the catalyst  drocarbon oxidation process, a free-radical inhibitor
particles. was introduced into the solutioN-Methylaniline was
Another explanation for the unexpected effect of used, and as result almost no BA was converted dur-
the catalyst loading is based on the heterogeneouslying the reaction time, under the standard conditions.
catalyzed free-radical mechanism [13,14]. Oxygen The influence of the oxygen partial pressure was
assistedx- or B-hydrogen abstraction from BA takes also studied by measuring the initial reaction raie,
place at the surface of the catalyst, the resulting at different oxygen partial pressureBd|,) between
radicals being released to solution where liquid-phase 6.9 and 13.9 bar. For a given concentration of BA,
oxidation proceeds to end products. Adsorption of equal to 57 mmoldm3, the plot of In¢;) as a function
oxygen and BA molecules must occur at neighbor of In(Po,) gives a straight line from which a 0.61
active sites on the iridium crystallites, since no signif- reaction order can be calculated. This less than unity
icant conversion occurred in the presence of carbon dependency was already found for both catalytic and
alone. On the other hand, no oxygen assisted hydro-non-CWAQO processes [8,11] and may be indicative
gen abstraction takes place in the homogeneous phas®f a free-radical mechanism [15] on the assumption
since practically no conversion was obtained in the ab- that oxygen is not strongly adsorbed on the catalyst,
sence of catalyst. To account for a negative order it can therefore it is available to complete the liquid-phase
be considered that higher concentration of catalyst per oxidation.
unit of volume increases the rate of the initiation step,  Finally, the influence of temperature was studied
which is the oxygen assisted radical formation from by running the reaction at three different temperature
the hydrocarbon substrate on the adsorbed phase. Deslevels, 180, 200, and 22, under the standard con-
orption of the radicals should be a fast step and leads ditions (6.9 bar). From an Arrhenius-like plot of f)
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