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Abstract

Catalytic wet air oxidation of an aqueous phenol solution was carried out in a trickle bed reactor at mild conditions
of temperature (120-16CQ) and oxygen partial pressure (0.6—1.2 MPa). Tests were performed at space times up to 1 h.
A commercially available copper oxide supported oyaalumina was used as catalyst. The results show that the phenol
conversion, the chemical oxygen demand (COD) reduction and the distribution of oxidation products are considerably affected
by the temperature, whereas the oxygen partial pressure only has minor influence. The process exhibits high selectivity towards
the production of carbon dioxide. Oxalic, acetic and formic acids were found to be the main partial oxidation products but also
traces of maleic and malonic acids and quinone-like products, such as dihydric phenols and benzoquinones, were detected.
First order with respect to the phenol concentration and one half order with respect to the oxygen partial pressure was found
for both phenol disappearance and COD reduction. The apparent activation energy was calculated to be 85 kJ/mol for phenol
oxidation and 76 kJ/mol for COD abatement. These values favourably compare with those cited in the literature for intrinsic
kinetics, which indicates minimal mass transfer limitations in the trickle bed reacting system used in this study. ©1999 Elsevier
Science B.V. All rights reserved.
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1. Introduction lic compounds must be specifically destroyed before
discarding the effluent for subsequent treatment in
The growing concern about the environment re- conventional sewage plants.
quires feasible solutions for processing toxic waste  Catalytic wet air oxidation (CWAO) has been shown
waters that cannot be biologically treated. Phenol com- to be an effective technique for eliminating organic
monly appears in agueous effluents from sources suchcompounds, such as phenol [2,3]. Its main advantages
as petrochemical, chemical and pharmaceutical indus- lie in the small investment needed and the low opera-
tries. Unless the concentration is low enough, phe- tion costs because of the mild requirement of pressure
nolic waste waters are poorly biodegradable becauseand temperature. Only the lack of suitable catalysts
of their bactericidal properties [1]. Therefore, pheno- has prevented it from being used more widely in envi-
ronmental remediation. Supported copper oxide cata-
"+ Corresponding author. Tel.: +34-077-550643; fax: Iysts have often been investigatgd fo.r the wet oxida-
+34-977-559667 tion of phenol [4—11]. These studies, in which phenol
E-mail addressafabrega@etseq.urv.es (A. Fabregat) was oxidised in batchwise slurry reactors, reported
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that the catalyst underwent an induction period of in- perature control equipment, and a separation and sam-
creasing catalytic activity followed by a steady state pling system for the outlet products. A detailed scheme
regime [4-6]. This induction period was related to of the experimental set-up is available in the literature
the heterogeneous-homogeneous free radical mecha{12].

nism postulated for phenol oxidation in aqueous phase A 51 stirred glass tank contains the liquid feed,
[6]. However, there are contradictory results for the which is a 5g/l aqueous solution of phenol (reagent
reaction order with respect to the phenol concentra- grade). This tank is connected to a high-pressure me-

tion and the oxygen partial pressure as well as for
the activation energy. Thus, first order with respect
to phenol is mostly accepted [5-8,10] although it has
also been reported to be 0.44 [4]. Likewise, several
studies give one half reaction order with respect to
oxygen [4-6] but 0.25 has also been reported [7,8].

tering pump (Eldex AA-100-S2, Napa, CA, USA) that
can dispense flow rates between 10 and 150 ml/h. The
tubular reactor is constructed of SS-316 with an in-
ternal diameter of 1.1 cm and a length of 20 cm. This
reactor is placed in an isothermal air convection oven
that allows the temperature to be with a precision of

On the other hand, the reported activation energies +1°C. A cylinder of high purity synthetic air sup-

for phenol oxidation in aqueous phase go from 85 plies the gaseous feed at the desired pressure. The gas
to 176 kd/mol. Generally, copper-based catalysts ex- and liquid streams are mixed before entering a coil
hibit a very high activity in batchwise tests but poly- in the oven, which allows the mixture to reach the
mer formation on the catalyst surface [7,8] and leach- reaction temperature. Then, this mixture downwards
ing of active metal have been reported [7,8,11], al- flows through the reactor filled with catalyst. A sin-
though no substantial loss of catalytic activity was ob- tered metal disc is placed at the top of the reactor in
served in consecutive runs [4—6]. Nonetheless, when order to assure good flow distribution thus preventing
phenol was oxidised in a fixed bed reactor operating channelling and other flow problems. The catalytic bed
in trickle flow regime, the loss of activity was signif-  is supported by another sintered metal disc that pre-
icant due to the leaching of the active metal [9—14]. vents the catalyst from dragging. The effluent leaves
These contradictory results suggest that the kind of re- the reactor and then passes to a small separator (2 ml)
actor can considerably affect the performance of the also used for sampling, and is finally collected in a
catalyst. second separator (21) used for liquid product storage.

This work deals with the catalytic phenol oxidation The gas then goes to a high precision flowmeter pro-
in aqueous phase using a fixed bed reactor working in vided with a needle valve, which measures and con-
trickle flow regime. Air was used as oxidising agent trols the air flow rate.

since a previous study showed no significant differ-

The reactor contains 14.5g of a commercially

ence between the use of pure oxygen or air at the sameavailable catalyst (Harshaw Cu-0803 T1/8 manufac-

oxygen partial pressure [12]. A commercially avail-
able copper oxide catalyst supportedysalumina was

tured by Engelhard, Houston, USA). The catalyst,
hereafter referred to as Cu-0803, is a copper oxide

employed. The detailed examination of the product de- supported over-alumina with a loading of 10.1%
pendence on the space time is provided in the temper-as CuO. It should be pointed out that this catalyst is
ature range 120-16CQ and between 0.6 and 1.2 MPa mostly used for catalytic processes in gaseous phase.
of oxygen partial pressure. A kinetic analysis of the The main physical characteristics provided by the
phenol disappearance and chemical oxygen demandmanufacturer were 1.03 g/céof apparent density,
(COD) reduction is also given. 137 n?/g of surface area, 0.42 &g of pore volume
and 95A of average pore diameter. Prior to use, the
catalyst, which was received as 1/8 in pellets, was
crushed and sieved and then the particles between 25
and 50 mesh (0.7-0.3 mm) were taken. It was exper-
The equipment in which catalytic wet oxidation was imentally proved that this particle size assures that
carried out consists of a packed bed reactor placed inthere are no intraparticle mass transfer limitations in
a temperature controlled oven, independent inlet sys- the performance of the catalyst. The above fraction
tems for gas and liquid feed with pressure and tem- was thoroughly washed to remove all fines, dried in

2. Experimental
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an oven at 110C for one day, allowed to cool and The main parameter to compare the results in the

finally stored under inert atmosphere. discussion section will be phenol conversidpy, de-
Reaction experiments were carried out for three fined as

temperatures (120, 140 and 2€)), three oxygen par- [Phlin — [Phlout

tial pressures (0.6, 0.9 and 1.2 MPa), hereafter simply Xpn(%) = Ph] x 100 (1)
referred to as oxygen pressure, and a range of liquid n
flow rates from 10 to 150 ml/h), i.e. space times up to  Similarly, the chemical oxygen demand (COD) of
1 h. For each temperature, the operating pressure waghe effluent was also determined and then compared
selected taking the water partial pressure into account. with the original feed COD. The results are presented
Thus, the total pressures were respectively 3.1, 4.6 andas COD reductionXcop, defined as
6.3 MPa. It should be noted_that the water vaporls_ed [CODJin — [CODJout
to give the vapour pressure is less than 2% of the lig- Xcop(%) = [COD],
uid feed at the highest temperature and the lowest lig- n
uid flow rate, so it will be neglected in the balances COD was determined by the standard open-type reflux
throughout the work. The air flow rate was 2.4ml/s method using potassium dichromate as oxidant [17].
(STP conditions), which guarantees oxygen in excess. This method was experimentally validated by using
It should be pointed out that, in all the above con- a standard solution of potassium hydrogen phthalate
ditions, the fixed bed operates in trickle flow regime with a known COD of 500 mg/I. The error was found
[15]. Lifetime tests made in a preliminary work [12] to be lower than 2%.
revealed that the catalyst Cu-0803 undergoes a serious Nevertheless, phenol destruction by itself is not
deactivation, approximately 50% of the initial activ- enough to show the efficiency of the oxidation pro-
ity, during the first 72 h of operation. After this deac- cess because some byproducts may be as harmful as
tivation period, the catalyst shows steady activity for the phenol itself. Thus, since all the compounds in
several days. In order to prevent the catalytic activ- the liquid phase were quantified by HPLC, the carbon
ity from affecting the results, the data shown in this dioxide production was calculated by difference from
study were taken during the constant activity period, an atomic balance of carbon. In order to prove the
i.e. 72-168 h of operation, in which the reproducibility goodness of the carbon mass balance, TOC analyses
is acceptable since differences between phenol con-were also conducted in some selected cases. Then,
versions from duplicate experiences were found to be carbon dioxide production was again calculated from
always lower than 5%. TOC measurements and compared with that from
For each test, outlet reactor samples were withdrawn HPLC. In all the cases, the differences were found to
in duplicate, quickly cooled and immediately analysed be below 5%. The results will also be discussed in
by HPLC (Beckman System Gold, San Ramon, CA, terms of carbon dioxide yieldco2, which is defined,
USA) using a Gg reverse phase column (Spherisob in a molar basis, as the part of phenol converted into
ODS-2). To separate the phenol and the partial oxida- carbon dioxide. Note that carbon dioxide yield is a
tion products, a mobile phase of variable composition measure of the selectivity rather than just a production
was programmed at 1 ml/min starting from 100% wa- parameter.
ter and ending at a 40/60% mixture of methanol and
water. In this case, the detection was performed by UV
absorbance at wavelength 210 nm. Single compounds3. Results and discussion
were qualitatively identified by injecting pure samples
of the expected partial oxidation products [16]. Then,  The evolution of phenol conversion against space
calibration curves were made for each intermediate de- time is shown in Fig. 1 at the three different tempera-
tected using aqueous samples of known composition. tures and oxygen pressures tested. Taking into account
A standard mixture of oxidation products was peri- the uncertainty in the phenol conversion, which was
odically tested to correct deviations in retention time experimentally evaluated to k5%, the strong influ-
due to variations in flow rates or temperature program- ence of the temperature is clear. On the other hand,
ming. oxygen pressure seems only to have a slight effect.

x 100 )
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whereA, is the frequency factoRo, the oxygen pres-

. sure,E, the activation energyR the gas constant, and
s 80 1 | = 1e0C12MmPa «a is the reaction order with respect to the oxygen pres-
T . e oo sure. This expression is applicable whenever the oxy-
z 60 " 140°C,12MPa gen pressure is constant throughout the reactor. Since

A °C, 0. 3 . . . .

é o the highest oxygen consumption during operation has
z 40 4 | @ 120°C12MPa been calculated to be no more than 5% of the oxygen
= a ° . g . .
2 1 1o o oone fed, the above condition can be assumed in practice.

20¢ ) Thus, the unknown parametersA,, andE, were es-
timated by general linear least squares fitting. The best
0 - o o7 os o5 1o values obtained are 0.5-0.1) order with respect to the
Space Time (h) oxygen pressure, 26100 (+1 x 1Q9) h_‘1 bar1/2
for the frequency factor, and an activation energy of
Fig. 1. Experimental and predicted phenol conversion. 85 (2) kJ/mol. The calculated error is given for 95%

confidence interval.

As expected, phenol conversion was greatest (97%) This apparent activation energy favourably agrees

at the highest temperature (T€), oxygen pressure with others reported in the literature [4,7,8,19] and
(1.2 MPa) and space time (1 h). only is quite different from that given by Sadana et al.

The kinetic analysis of the data was made assum- [5]. It is noteworthy that our value is almost identical
ing that the reactor follows a plug flow model. This t© those provided by Ohta et al. [4], 85kJ/mol, and

assumption is expected to be mostly reasonable be-More recently by Pintar and Levec [7,8], 84 kJ/mol.
cause of the high reactor diameter to particle diameter Both studies were conducted in slurry reactors and
ratio, averaged 22, which exceeds the recommendedtheir kinetics is broadly accepted to be intrinsic. How-
value to prevent flow distribution problems [18]. It €VeN it should also be noted that Ohta et al. [4] em-
was also presumed that there were no external masgP!0yed the present commercial catalyst but reported
transfer limitations so the kinetics is only governed by 1€ dependence with respect to phenol concentra-
the chemical reaction. This speculation will be later 0N to be one half reaction order, whereas Pintar
discussed. Thus, a differential mass balance was per-and Leyec _[7’_8] tested a d_n‘f_erent copper oxide cat-
formed for phenol on the reactor. Then, several as- alyst with similar characteristics. On the other hand,

sumptions for the reaction order with respect to phe- Crynes etal. [19], using a monolith froth reactor, re-
nol concentration were made and the analytical solu- Ported a slightly lower activation energy, 67 kJ/mol,

tion was obtained in each case. Finally, a least squaresWnich was attributed to mass transfer limitations.
routine was applied to obtain the apparent kinetic rate 11US: as previously noted, the apparent activation en-
constantkep, that best fits the experimental data to the ergy calculated in this stud)_/ is similar to the intrinsic
analytical solution. The value of the objective function Values reported [4,7,8]. This result suggests that the
served to discriminate those models that give highly kinetics evaI.uat.ed. in .the.trlckle_bed reactor is very
deviated predictions. Note thig, includes the effect ~ Cl0S€ 10 the intrinsic kinetics, which suggests that the
of both the temperature and the oxygen pressure. Themas:~:-transfer limitations can indeed be neglected. It

best phenol conversion fitting was found when the re- 1S Well known that the high gas/liquid ratio employed
action order with respect to phenol concentration is

by this type of reactor permits better contact between
one, which is in agreement with other studies con- the 9as and liquid phases thus improving the mass
ducted in slurry [5-8] or rotating basket reactor [4].

transfer between phases.
Assuming that the reaction rate constant can be ex- 1 he predicted phenol conversions are in good agree-
pressed according to the Arrhenius laky, can be

ment with the experimental data as can be seen in Fig.
symbolised as

1 (solid lines). It should be noticed that the average

deviation between experimental and predicted phenol
Ea conversions was found to be 3%. At T&) the exper-

Nkap=In Ao +aln Po, — ——- ©) imental phenol conversion increases more slowly than
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100 Similarly to phenol conversion, a kinetic analysis

was performed for COD reduction following the same

R 80T * 160°C, 12 MPa procedure. Again, first order with respect to COD and
2 o 0.5 (£0.1) order with respect to oxygen pressure best
g 00 = 140°C 12 MPa fit the experimental COD reduction. In this case, the
g o, frequency factor and activation energy calculated were
% 40f 5 120°C,12MPa 1.3x 10° (1 x 10°) h~tbar¥? and 75 ¢3) kJ/mol

S o 120G 09MP respectively. Since oxidation of all the organic com-

120 °C, 0.6 MPa

20} pounds, i.e. phenol and partially oxidised compounds,
accounts for COD reduction, the calculated activation
energy is different from that of phenol oxidation. This
lower value suggests that the oxidation of the most
intermediates is more easily completed than the for-
Fig. 2. Experimental and predicted COD reduction. mation of dihydric phenols, i.e. the first step in the
phenol oxidation mechanism [16].

As expected, highly oxidised products such as acids
the mathematical model predicts. Since large phenol and diacids were the main intermediates detected in
conversions are reached in these conditions and thethe product effluent. Thus, oxalic, formic and acetic
rate of oxygen consumption must be the highest, one acids account for almost 90% of the intermediates
could believe that the oxygen mass-transfer governs detected in the liquid phase, although dihydric phe-
the reaction thus producing this deviation. However, nols, benzoquinones, and maleic, fumaric and mal-
this effect was also observed by Willms et al. [20] in onic acids were also identified in measurable quanti-
batchwise studies with negligible oxygen mass trans- ties. Fig. 3(a, b, ¢) shows the oxalic acid concentra-
fer limitations. The phenomenon was then attributed tion against the space time at the different tempera-
to a change in the apparent reaction order which de- tures and oxygen pressures studied. The dependence
creases from one to one half. The decrease in reactionof these profiles with the temperature is characteristic
order would be due to autoinhibition caused by the of a consecutive reaction pathway, where oxalic acid
buildup of partially oxidised intermediates that com- is formed from more complex intermediates and pro-
pete with phenol for free radicals. In addition, the ap- gressively degraded to simpler organic compounds, as
parent decrease in reaction order at low concentrationsdemonstrated by the existence of a maximum at the
of target compound has also been noticed in other ox- three temperatures tested. Similar trends arise from
idation studies [21,22]. Fig. 4(a, b, ¢) where the formic acid concentration is

Because phenol is assumed not to be completely ox- plotted against the space time. In this case, the oxi-
idised to carbon dioxide, COD reduction is expected dation of the formic acid produces carbon dioxide as
to be always lower than the respective phenol conver- unique possible product. Fig. 5(a, b, c) presents the
sion. This can be seen in Fig. 2 in which COD reduc- concentration-space time profile for acetic acid. Un-
tion is plotted against the space time for the set of tem- like oxalic and formic acids, the acetic acid concen-
peratures and oxygen pressures tested. As expectediration does not show any maximum thus indicating
the COD reductions observed are not as large as phe-that acetic acid can actually be taken as end product in
nol conversions. For instance, in the most extreme the current operation conditions. Acetic acid has been
operation conditions, COD reduction is 90% whereas noticed to be the most refractory compound in the
phenol conversion is 97%. Note that the higher is the complex phenol oxidation network [16,23]. Although
difference between COD reduction and phenol con- measured in low amount, quinone-like products such
version the higher is the amount of partially oxidised as dihydric phenols and benzoquinones were identi-
products present in the liquid effluent. Therefore, the fied as first stages in the phenol oxidation mechanism.
above COD reduction is large enough to expect that These byproducts are of interest because they are as
Cu-0803 shows a high selectivity towards the produc- toxic as phenol. As can be seen in Fig. 6(a, b, c) their
tion of carbon dioxide. This will be discussed below. overall concentration shows a maximum at the three

0.0 0.2 0.4 0.6 0.8 1.0
Space Time (h)
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Fig. 3. a,b,c. Oxalic acid concentration evolution at different
temperatures.

Fig. 4. a,b,c. Formic acid concentration evolution at different
temperatures.

temperatures. However, as temperature increases, the The HPLC analyses performed on the exited solu-
locus of the maximum is found at lower space time tion showed that no polymers were formed in any re-
although its concentration is higher. This behaviour action conditions. Neither polymers deposited on the
is typical of a model based in consecutive reactions catalyst were found by temperature programmed des-
for which the appearance reaction rate is more tem- orption (TPD) analyses conducted at the end of each
perature dependent than the disappearance rate, whichest. This lack of polymers contrasts with observations
agrees with the COD behaviour. Malonic acid was de- made in studies carried out in slurry reactors [4,7,8]
tected in appreciable amounts, up to 150 ppm, in the but was also noticed by Pintar and Levec [9]. The rea-
most severe operation conditions. On the other hand, son for trickle bed preventing condensation products
maleic and fumaric acids were detected only as traces,from being formed is attributed to that this type of
below 10 ppm. No other compounds were detected in reactor operates at higher catalyst to liquid ratio than
significant amounts. The byproducts detected are in slurry reactors [9]. After each test, the catalyst was
agreement with the classical phenol oxidation mech- collected, dried at 11 overnight and then weighed.
anism proposed by Devlin and Harris [16]. Neverthe- In comparison with the initial catalyst loading, weight
less, it should be noticed that neither succinic acid loss was minor €0.1%), which is another proof of
nor propionic acid was identified in the current study. the no presence of adsorbed polymers. This small de-
These compounds were detected by Devlin and Harris crease of weight is attributed to the metal leaching
[16] only under conditions of limited oxygen availabil- caused by the dissolution of the copper oxide by acid
ity. Therefore, the non presence of both acids in the attack [24,25]. Note that, because phenol has acidic
present reaction conditions could also evidence mini- properties, the pH of the feed solution is already acid,
mal oxygen mass-transfer resistance in the reactor. around 5.9, and the most partial oxidation products
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Fig. 5. a,b,c. Acetic acid concentration evolution at different Fig. 6. a,b,c. Quinone-like concentration evolution at different
temperatures. temperatures.

are fatty organic acids which enhance even more the 1%

acidity of the reacting medium.
The carbon dioxide production was calculated by 801 S . & o
difference from atomic carbon mass balances, assum- *

160 °C, 1.2 MPa
160 °C, 0.9 MPa

S 9 .
ing that all the carbon not accounted for was converted - 60 ., R " 1oc. 12
into carbon dioxide. Note that no carbon is accumu- E ' L B ° 4 140°C,0.9 MPa
lated in the system by the formation of polymers and  g' 40 .t S 130-C 12 Mbe
all the compounds patrticipating in the reaction were ° & 120°C,09 MPa
carefully quantified by HPLC. In addition, the exper- 20 * ° Lo

imental outlet COD measures satisfactorily match the

COD estimations inferred from the byproduct experi- 0 : :
. . 0.0 0.2 0.4 0.6 0.8 1.0

mental data, which permits the carbon mass balances Space Time (6)

to be confidently closed using the amounts of phenol

and intermediates measured in the effluent. Only in Fig. 7. Carbon dioxide yield at different temperatures and oxygen

four cases of the 96 studied (at the lower space times), partial pressures.

the carbon dioxide yield was calculated to be slightly

negative &4%). These estimations, even being obvi- gion. The carbon dioxide yield as defined in the exper-

ously erroneous, mean that the phenol oxidation pro- imental section is shown in Fig. 7. The carbon diox-

duces mostly partial oxidation products in those soft ide yield increases as the operation conditions become

operating conditions. Anyway, these points are of low more severe. As expected, extreme reaction condi-

interest since they are in the low phenol conversion re- tions favour the oxidation of the intermediates, which

o
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