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Abstract: A large varicty of catalytic systems have been studied for the catalytic wet air oxidation of phenolic
solutions. Most of them show good activity, but serious stability problems. In this contribution, stability studics
were performed over CuQfALO; conventional (CNT) and polytetrafluorcthylene coated {C3T) catalysts used for
the oxidation of 5 gL~} phenol solutions in a trickle bed reactor (140°C and 7 atm of oxygen pressure). For the
hydrophilic catalyst, phenol conversion decreased with usage due to the formation of Cu,(? and copper oxalate
phases. For the wet proofed catalyst, the hydrophobic luyer prevented the appearence of those phascs, and
conversion levels remained practically constant with reaction time. After usage, both catalysts were oxidized at
400°C and tested for reaction: in the case of the C3T catalyst, the phenot conversion was increased over its initial
level; for CNT catalyst, the phenol conversion was also increased, but initial levels were not completely restored.
The deactivation mechanism of the CNT catalyst is associated with the formation of the Cu: () and copper oxalate

phases during reaction. For catalyst C3T, practically no deactivation was observed.
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INTRODUCTION

During the last three decades the development
of efficient processes for wastewater treatment has
gained  Increasing  interest. From  different non-
conventional alternatives, catalytic wet air oxidarion
(CWAQ) of organics has been extensively considered
as a uscful and inexpensive wreatment technology.
However, in order to obtain an effective reduction
in contamination levels, it is crucial to find a suitable
catalyst.

A large varicty of catalytic systems have been
studied for the CWAO of phenolic solutions.! * Most
of these systems are based on metal oxides that
show good activity, but serious stability problems.’ >
Frequently, the active components of the catalysts are
soluble in the hot acidic conditions in which reaction
oceurs.”

Sadana and Katzer* were the frst to study this
catalytic reaction. They determined that copper oxide
supported over y-alumina is effective for phenol
oxidation in the temperature range of 96 o 2467°C,
using a batch reactor. Pintar and Levee” also studied
the oxidation of phenol in a slurry reactor, over a
Cul¥AlL.O; system, at 105-130"C. These authors
observed an important reduction in the catalylic
activity and an increase in the concentration of copper
ions in rthe reaction medium with increasing operation

time. In previous work we reported results obrained
in a semibatch reactor (Rotating Catalytic Basker
Reactor, RCBR)Y, working with a CuQ/ALO, catalyst
with a high copper content (30% wiw}.” Phenol
conversion and CQ; production were monirored at
140°C and 7atm of oxygen partial pressure. We
observed two combined cffects that would produce
catalyst deacrivation: the lixiviation of the copper
ions and also the [ormarion of carbonaccous deposits
onto the active sites. Other authors have reported
this second cffect as produced by homogencous
polymerization of reaction intcrmediates.>” In order
to minimize the production of carbonaccous deposits,
trickle bed reactors are recommended, duc to their
tow liquid-to-catalyst ratio.”

To prevent deactivation of the catalyst, two different
strategies were proposed and tested separately. We
reported an experimental study of the ugueous
oxidation of pheneol over conventional Culdy-Al, O
catalyst carried out in a trickle bed reactor (TBR).”
Steady state as well as periodic on-off experiments
were performed. Results indicate that catalyst leaching
was less pronounced in the TBR. Polymer formarion,
even when markedly reduced, could not be neglected.
This is not a tvpical observation; only a few authors
observed the presence of carbonaceous deposits
working with TBR.'*
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The second strategy was (o cover convenfional
Cu(Al,O; with a polyretrafluorethylene (PTFL)
layer and test it for the oxidation of phenol solutions
in a RCBR.” The results showed that the hydrophobic
coverage could effectively reduce the leaching of
the active phase. The development of hydrophobic
culalysts may significantly improve the efficiency of
CWAQ, bul additonally raises a number of issues
that must be resolved prior to its implementation
to industrial scale. Hydrodynamics, mass (ransfer
and rcaction mechunism  in these unique  three
phase systems diller from conventional hydrophilic
processes. !

The objective of this work is 1o smdy the
deactivation of hydrophilic and hydrophobic Cu(/y -
Al Oy catalysts used lor the CWAQ ol phenol at
140°C and 7arm of oxygen. The experiments wete
carried oul in a laboratory, continuous TBR operated
at steady siate.

MATERIALS AND METHODS

Catalysts preparation

Busce CuQipy Al catalyst (CN1) were prepared from
Cu(NQ312.3H20 (p.a., Merck, Darmstadt, Germany)
and yAlL Q4 (Alfa Acsar, Ward Hill, MA, USA, 1/8"
pellets, BET surface arca 214m°/g) following the
molten salt method described elsewhere.” Part of the
sample was coated with PTHFE (ibers [ollowing the
impregnation procedure described by Massa or af.,-
for catalyst C3T (three successive impregnation cycles
with PTFE). The samples were dried at 120°C in an
oven and calcined al 400°C for 12h in air,

Characterization methods

Scanning electron mucroscopy (SEM)

The morphology of the calalysts was examined using
a SEM JEOL. (Tokyo, Japan) 35CF, opcrating at an
acceleration voltage of 6kV, resolution of 100 A and
magnification values up to 10 000x. The analysis was
accomplished on fresh and used samples.

Temperature programmied reduction (TPR)

Fresh and used samples were characterized by TPR.
This analysis was performed with 5% v/v Ha/Ar. A
conventional TPR set-up was used. The temperacure
was increased linearly at 5°C min™'. The temperature
range was 20°C 1o 500°C and a thermal conductivity
detector (1'CD) monitored the Ha uptake. For the
calibration curve, pure CuQ (p.a., Carlo Erba, Milan,
Traly) was used.

Aroniic absorption (AA)
The copper content of the samples was determined
by AA and also confirmed by TPR, using an
AANALYST 300 Perkin-Elmer {(Walcham, MA,
USA) spectrophotometer.?

X-ray diffraction (XRD)). Powder X-ray diffrac-
tion patterns of the samples were obtained with
a PW 1830/00 Philips (The Netherlands) XRD
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diffractometer ecmploving Cu Ke radiation. T'he X-ray
was operated at 40kV and 30 mA. The patterns were
recorded over 8% « 20 « 60° angles, and compared
with X-ray powder files to confirm phasc identitics.
The patterns of the detected phasc arer aluminum
oxide {y-alumina) (2¢ = 38.23° (100}, 32.41° (98),
45.72° {96) and 24.51" {72}); copper oxide (CuQ,
tenorite) (20 = 35.08° (100), 32.717 (96), 41.51% (28)
and 35.24° (24}); copper oxalate hydrate (moolooite)
(28 = 22,777 (100), 46.52% (100}, 51.23" (23%) and
51.7° (24)) and copper oxide (Cu.Q) (26 = 35.967
(1003, 41.527 (35) and 38.73" (27))

Carhonaceous residues

Carbonaccous residues over the catalysts used were
climinated by oxidation in a flow of synthetic
air at lémL min~' and 400°C, followed by
chromatographic detection of the CO, produced with
a GC Konik (Barcelena, Spain) 2000C equipped with
a Alltech (Deerfield, I, USAY CTR I column and
with a TCD.

Determination of catalytic activity and selectivity
Phenol oxidation was studied in a packed bed reactor
operated in the rtrickle regime. The experimental
set-up and procedures are detailed elsewhere.® The
experimental conditions are given in Table 1.

Liquid samples were withdrawn periodically. Phenol
conversion and  chemical oxygen demand (COL)
were  evaluated  [ollowing  standard  determination
techniques.?

Phenol conversion was calculated as:

Phenol conversion (percentage) =

(Cpy o — Cpu ) % 100/Cpr o (1)

where Cpy o and Cpy ¢ are the initlal and the final
phenol concentrations, respectively.

The COD measurement indicates the completeness
of the oxidation process. So, production of CO, was
then evaluated from COD decrease as:

CO; production {pereentage) —

(COD, — CODY) = 100/COD; {2)
Table 1. Operating conditions
Yariables I'BR
Fhenol initial concoentration gL |
Catalyst loading 15qg
Carticle diameter 4rmrm
s flow (STP conds.) 0461 min !
Ligquidd flona Tl min !
o pressure 7 atm
Temperature 1400
Initial pH? £.7

* Corresponding pH of a 0.057mol L ' agueous phenol salution in
bidistilled water.
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where GOy and CODPp are inital and finul COD
values respectively,

RESULTS

Characterization

Scanning electron micrographs of conventonal and
wet proofed catalysts were performed. Figures land 2
show the different surlace morphologies of both tresh
and used catalysts. Fresh CNT samples exhibited
a rough external and internal porous morphology
(Fig. ). PTFE coverage of C3'T was initially complete
bur irregular (Fig. 2), with an average thickness of
3. 8um. The PTFE content was determined by TG,
and was cstimated at 3%.7

After R0h of use in the TBR, CNT samples
showed the presence of a new cryvstalline phuse, with
a luminar structure, sell-crossed all over the caralyst
surface. An elemental analysis of these species revealed
Cu, O and C. Small irrcgular deposits containing
Cu and O were observed by SEM-EDX over this
crystalline phase. Atter 80h of rcaction, the samples
were oxidized. As scen in Fig. 1, the erystalline phase
was removed by exidation; significant changes in the
surface morphology could also be obscrved after the
rhermal treatment.

When used C31 samples were cxamined by SEM
{(Fig. 23, no deposits were deiected over the PTFE
coverage. A crystalline phase was observed only on
discontnuitics of the hydrophobic layer and also
hetween the PTFE and the alumina support. This

CulyAL O, caralysts for phenol oxidation

phase could be associated with the same laminar phase
detected 1 NI samples. However, neither Cu, O
nor copper oxalate phases were detected by XRD and
TPR. No marked changes to the surface morphology
were observed after the oxidation process.

XRD analyses were also performed (Fig. 3). TFor
all the examined samples, CuQ and yAlOs phases
were confirmed. However, for used CIN'I catalyst, two
additional phascs were observed, identificd as cuprous
oxide and copper oxalate. These two phases were not
detected after oxidation at 400°C.

No changes were observed for XRD profiles among
CAT samples (Fig. 4). Neither Cu, O phase nor copper
vxalate phase appeared after 80 h of reaction time.

lYigures 5 and 6 cxhibit TPR profiles for both CNT
and 37 catalysts (fresh, used and used toxidized).
The H- uptake maximum appears at 310-320 “C
for fresh CNT and C3I. A pure Cu(d sample
was also examined, showing a maximum hydrogen
consumption rate at 3107C.

lFor the two used samples, a reduction n the area
under the TPR curves was detected. In the case of
used CN'T, the decrease in hydrogen consumprion
was markedly pronounced (ca. 60% of area reduction).
Two peaks at 2307°C and 2757°C were recorded, the
latter with a slight shoulder at 255 °C. After oxidation
at 400-C. the TPR curve was practically restored (o
its initial profile

The differences observed in the TPR profiles for
3T are less significant: only a small decrease in the
peak arca (ca. 20% loss) was detected afrer use. The

Figure 1. SEM photographs of CNT catalyst: fresh (f), used in the TBR s and us”) and used | oxidized at 400C (ox).
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Figure 3. XRD patterns for CNT catalyst: fresh, uzsed in the TER
{80 h), and used | oxidized at 400 C.
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Figure 4. XRD patterns for C3T catalyst: fresh. used in the TBR
[(80thy, and used - cxidized at 400" C.

treatment at 400 “C did not result in any significant
modifications to the species present on the catalyst,
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Figure 5. TPR profiles for catalyst CNT: frash, used inthe TBR (80 h),
and used - oxidized at 400°C.
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Figure 6. TPR profiles for catalyst C3T: fresh, used in the TBR (80 h},
and used | oxidized at 400 C.

The copper content of the used samples are
also given in Table 2. Relative wvalues of copper
retention arc determined by AA and confinmed by
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TPR analysis.? The metal content decreased with
the exposure to the hot acidic reaction conditions.®
However, according to its initial content, catalyst C3T
retained more active phase than CNT. The PTFE
coating prevented lixiviation, reducing copper leaching
levels.

TBR reaction studies

Preliminary blank runs were performed in the presence
of AlLQ; and negligible phenol conversion levels
were obtained. Lhe catalysts were tested in a wickle
bed reactor for 80h. Phenol conversion vs. reaction
time curves are plotted in Fig. 7. For C3T, phenol
conversion was always lower than lor the conventional
caralyst. However, for the coated catalyst no marked
changes of phenol conversion with reaction time were
obscerved.

On the contrary, catalyst CNT presents a pro-
nounced reduction in phenol conversion with usage:
the conversion diminished by almost 50% during
80 hours ol reaction (Fig. 7).

Similar trends were registered for €0 production
results (Table 3). The selectivity to complete mineral-
ization to carbon diexide was high, but not complered
(91% for fresh CN'T and 92%, lor fresh C317.

Practically no suspended solids were observed in the
withdrawn reaction samples.

DISCUSSICN

From characterization results, and  in agreement
with previous reports™!* ir can be stared that CuQ©
predominates as the active phase of the system.
Howcever, aller use, the lormation of additional phases
was also observed: copper oxalate and cuprous oxide
were detected on CN'{ catalyst. Alejandre er /. and
Santos ¢raf.'*'? detected a copper oxalate phase

Table 2. Gopper contents, for fresh and used catalysts

Catalys! Mesh Lsed 80 h and oxicized
CNT 30.0%: 23,55
CAaT 29.1% 26.3%
03] | el
ACT
e 0
H
3
b a A
H S
£ A A " 'y
¢ R T r . ' 1
[4] 19 H 30 40 50 = 4] 0 &0

Time (hours)

Figure 7. Phenol conversion vs operation time for CNT and C3T
catalysts (trickle bed reactor).
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Table 3. Phenol conversion and Gl production

el conversion ()
[heznol sion ')

Fresh  Uscd A0h  Used 800 Used 800 and oxidized

CNT 315 21 16 2h
(231 10 b7 17 20

G Production ()

Fresh 1laed 40h  Used 801 Used 800 and exidized

CNT 2705 21 14.5 20
CAT 13 17 11 18

during the phenol oxidation reaction using Cu®)
catalvsts. These observations are associated with the
accepted reaction mechanism, which involves the
formation of oxalic acid as one of the intermediates.
The oxalic acid is able to react with Cu™t and 1o
precipitate as copper oxalate on the catalyst surlace.
Alcjandre ot af.'t sugpested that this new crystalline
phase of copper oxalate could retain caralytic activity
after several hours of operation in a trickle bed reacror.
Santos ¢f uf.!? proved that the formation of the copper
oxalate layer prevents copper leaching, but diminished
notably the phenol conversion, probably duc o a
decrease in the homogeneous contiburion in the
overall degradation process.

The work presented by Alvarcz ez at B reported the
formation of another organocupric by product of the
reaction, in their case, formed wirh acetate wons. They
reported that both the carbonaccous and copper-
acetate polymeric products blocked the pores of the
catalyst and fouled it. The loss of copper is proposed to
be due to the reaction of copper oxide with carboxylic
acids.

The formation of Cu;Q phase was alse detected.
The presence of Cu! ! species has not been previeusly
reported in literature. However, some authors have
proposcd a free radical mechanism involving the
formation of Cu'' species In an inital step, and
their further participarion during propagation and
rermination reactions.!'? According to this pathway,
cuprous species would also take part in the oxygen
adsorption process, which regenerates the catalyst
to its initial form. For CNT the O provision was
probably not enough lo completely regenerare the
cupric species of the catalyst. It could be proposed
that the oxygen would reach the active sites by
overcoming two mass transfer resistances: gas—liquid
and liquid solid, from gas bulk wowards the wet
catalyst surface, requiring oxygen dissolution in the
liquid phase.'®

The Cu-O phase was completely removed when (the
oxidation wus performed at 400°C; however, in the
prevailing conditions during reaction the regeneration
from Cu'' — Cu'? could not be performed.

I'PR results obtained for fresh conventional and
PTEE coated catalysts showed one muin reducible
specie, identified as CuQ phase. Aller use of the

485



R] Fenoglio er uf.

CNT sample two overlapped peaks of hvdrogen
consumption were registered. This could be related to
the coexisrence of different copper specics on the CNT
catalyst, "The presence of Cu™' could be the major
recason for the significant arca reduction obscrved in
the TR ¢urves. This could be confirmed by further
oaxidation of the sample. The phases Cux O and copper
oxalate were not detected by XRID after the oxidation
at 400°C and the TPR curve was practically restored
to its initial profile.

TPR and XRD expetiments performed over C3T
catalvst did not report any important changes aller
80h ol usage. However, SEM photographs showed
also the presence of a new crystalling phase (similar to
the copper oxalare observed for CINT catalyst). This
phase was only dewecled on the areas of discontinuities
of the PTFE lavcr, where the reaction medium is
in direct contact with the Cu() species. This new
phasc would prabably be not sufficienty quantitatively
significant to be detected by the other characterization
techniques used.

Iior C3T caralyst after 801 of operation no CuyO
phase was detected. Lavelle and McMonagle suggest
the existance of a surface gas cnvelope surrounding
the catalyst particle (for completely hydrophobic
catalysts).!! The presence of this zone could be
expected 10 have a profound cffect on the mass
rransfer and chemical kinedcs of the overall oxidation
reaction. According ro Horowitz o af.'® the wetling
cfficiency of a TBR would decreasce on hydrophobized
catalyst, improving the oxygen transport towards the
catalyst surface. If a similar reaction mechanism is
assumed for both catalysts, then the presence of
a wet proofed coating improves the oxygen supply
favouring the complete regeneration of the catalyst by
oxidizing Cu'' to Cu'? species. 'This is reasonable
taking into account the semiconductor nature of the
catalyst. In catalytic processes the semiconductor does
acl as an active participant and takes part in the
intermediate stages of the reaction as one of the
reaction components.!? The surface of a medal oxide
catalyst has a dynamic character that depends on the
properties of the reactuants. Therefore, catalyst activity
will be modified as the catalyst is cxposed o different
oxygen concentrations. '

Tables 2 and 3 show that CNT and C37T samples
had, initially, similar CuQ content; however the
performances of the two catalysts were significantly
different. Pheno! conversion levels for C3T catalyst
remained practically constant with use, but they were
lower than those obtained for CNT (Fig. 7). This
lower performance could be explained by the mass
transfer resistance of phenol through the additional
hydrophobic coating.”

After 80h of usc, both catalysts were oxidized
at 400°C and tested for reacrion. For C3T the
phenol conversion was increased over the ininal levels
obtained for the fresh caralyst. Again, this could be
connected with a partial damage to the PTEE layer
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resulting from thermal treatment which improved the
mass transfer of the reactants to the acrive sites.

For CNT catalyst, after the oxidation process, the
phenol conversion was also increased. This could be
related to the regeneration of the CuQ) phase on the
surface, as observed by XRIDD, However, conversion
levels were not completely restored. Two contributing
causes are atrached. One of them, and probably the
most likely, is related to the major morphological
changes taking place on the cawalyst surface during
reaction. As shown in SEM images, afier oxidation and
elimination of the copper-containing phases formed
during reaction, CuQ phase was restored. However,
copper oxide phase morphology appeared markedly
different from that present in the fresh sample, which
looked more rough and dispersed. As reported by Ad
and TPR experiments, the copper content of CNT
was decreased with reaction and it could also affect
the conversion after oxidation.

CONCLUSIONS

Both CNT and 3T catalysts arc acuve for
the phenol oxidation reaction (140°C and 7atm
of oxvgen pressure) performed in oa trickle bed
reactor. The selectivily towards carbon dioxide was
practically complete over both catalytic systems.
Phenol conversion levels for C3L catalyst remained
practically constant with usage, but they were lower
thun those obtained for CN'T. This could be explained
by the mass transfer resistance of phenol through the
additional hydrophobic coating.

The deactivation mechanism of the CNT catalyst
was mainly associated with the Cu; O and copper
oxalate phascs cvolved during reaction. By further
oxidaticn at 400°C of the used CN'T samples these
two phases were eliminated. However the inidal
levels of phenel conversion could not be completely
restored, probably due to critical changes of the surface
morphology exhibited after the thermal treatment.

The presence of a wet proofed coating improved the
oxygen provision favouring the complete regeneration
of the catalyst by oxidizing Cu*! 10 Cu™> species.
However, at the samc time, a strong mass transfer
resistance was infroduced because reactants must
difluse through the PTFE layer before reaching the
CuQiAl, O,

I'o prevent the latter effect, we propose to preparc
hvdrophobic catalysts, in which the active phase will
be deposited over a hydrophobic support.
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