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Abstract

Catalytic wet oxidation reactions of aqueous phenol over unpromoted, base- and noble-metal promoiéde@nO
catalysts were carried out under mild conditions (80=C300.5MPa Q) in a batch slurry reactor. Even though the
catalyst-mediated oxidation was very effective in destroying phenol, only a moderate selectivity toward complete miner-
alization into CQ and HO was attained due to parallel formation of deactivating carbonaceous deposits. Promotion of the
mixed-oxide catalysts with platinum and/or silver enhanced the mineralization selectivity and reduced appreciably the amount
of deposits. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction catalysts may be preferred to their homogeneous

counterparts as they offer a number of advantages in-

In recent years, the problem of disposing of
wastewaters containing toxic organic pollutants has
become increasingly acute due to the tightening of
environmental regulations. Catalytic wet oxidation

(CWO) using heterogeneous catalysts is being de-

veloped as a powerful technique for the treatment

cluding easy recovery, regeneration and reuse of the
catalysts, as well as easy set-up for continuous op-
erations. A large variety of solid catalysts including

supported and unsupported metal oxides and noble
metals supported on metal oxides or on acid-proof
supports, have been tested in the oxidation of water

of dilute aqueous wastestreams contaminated by apollutants. While the high activity in CWO of some

variety of organic pollutants such as phenols. Cata-

of them, e.g. Ru/Ce®) MnO,/Cey, Co304/Bi>03,

lysts are used to accomplish the oxidative treatment CuO-ZnO/AbO3 has been demonstrated [2—-4], their

under much milder conditions (typically 80—1%D)
0.1-2MPa @) than the non-catalytic route [1,2].
While ranging in effectiveness and life time, solid
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fax: +1-418-656-5993.
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longevity, and more particularly their resistance to
deactivation by carbonaceous deposits has not been
thoroughly addressed in the literature.

Previous work in our laboratory on CWO of phenol
[5—8] over unpromoted Mn&Ce(Q, catalyst revealed
that even when complete removal of organic carbon
from the solution was achieved, an important fraction
of the initial carbon was transformed into a polymeric
material strongly adsorbed on the catalyst surface.

0920-5861/00/$ — see front matter © 2000 Elsevier Science B.V. All rights reserved.
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Nomenclature

[A] phenol carbon lump, mol C m?
solution

[B] carbon concentration of dissolved
organic intermediate lump, mol CTd
solution

[C] carbon concentration of fully
mineralised carbon lump, mol CTA
solution

[Cs] carbon concentration of carbon
deposited on the catalyst, mol Cth
solution

K, K" adsorption equilibrium constants,
mé mol~1

k, k', k rate constants, mol kg min~1 or
min—1

[mc]  catalyst loading, kg m3

Sv mineralization selectivity

t time, min

T temperatureC or K

TOC total organic carbon, gCt or molCI-1

W] carbon concentration of carbonaceous
deposit lump, mol C m? solution

o catalyst activity

This deposit was shown to be responsible for catalyst

deactivation via physical blockage of active sites [7].

On the other hand, the use of a noble-metal contain-
ing catalyst such as platinum over alumina generated

lesser build-ups of deposits [5]. However, due to its
weaker activity, longer reaction times and higher oxi-

dation temperatures were required [5] to attain phenol

conversions comparable to those with MiiCeG,.

Platinum, as a noble metal, very likely catalyzes
the C—C bond rupture within the organic molecules,
while simultaneously, it prevents extensive polymer-
ization of the reactive intermediate radicals that form
in the course of CWO [6]. Silver supported on metal
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metal, such as platinum, is three-fold. First, silver as
a base metal may be a cheaper alternative to precious
metals, and is thus economically more attractive for
the treatment of large bodies of liquids ending up as
“zero-added-value” decontaminated waters. Second,
as single base-metal containing catalysts cannot rival
a precious metal-containing catalyst, improvement in
catalyst activity by combining a base metal with a pre-
cious metal may constitute a good trade-off between
cost and activity. Third, (co)promoting MnCeG,
with Pt, Ag or Pt-Ag is expected to suppress or
at least to diminish the formation of carbonaceous
deposits by side reactions.

In this work, we concentrated our efforts on the
synthesis and the characterization of several fresh and
spent PtAg;_,MnO2Ce( catalysts for the CWO of
model aqueous phenol solutions. The promotion by
base and noble metals of Ma@eQ, was explored as
an alternative to the use of the pure composite oxides
to inhibit the polymerization side reactions, improve
the mineralization selectivity of CWO and ultimately
prolong the catalyst longevity. As far as catalyst metal-
lic doping is concerned, impregnation (or incipient
wetness) and ion exchange wet preparation method-
ologies are the known recipes in use for promoting
CWO catalysts. Both methodologies will be explored
and their performances compared in this study.

2. Experimental
2.1. Materials

Phenol (9% % purity) purchased from BDH Co.
was used without further purification. Purified acetic
anhydride and pyridine used for phenol esterification
were analytical grade reagents. Fisher Scientific Co.
supplied naphthalene used as an internal standard in
GC analyses.

The MnG/Ce(Q catalyst (molar ratio= 7/3)

oxides has also proved efficient in gas-phase catalytic was synthesized by coprecipitation of MaGFisher

combustion of light hydrocarbons, volatile organic

Scientific Co.) and Cegl (Sigma Chemicals Co.)

compounds, carbon monoxide, methane, etc. [9,10]. [11]. The precipitate was filtered, washed and dried

Oxygen adsorption on Ag is known to lead to oxygen

overnight at 100C. Then, it was calcined under

species responsible for both partial and deep oxida- flowing air at 350C for 3 h.

tion [10]. This latter property is of particular interest
for liquid-phase CWO applications. The motivation
of using silver alone or in conjunction with a noble

Platinum was loaded on the Ma@eQ support
via impregnation (incipient wetness) and ion exchange
using an aqueous solution of a chlorine-containing
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precursor, HPtCk, and a chlorine-free precursor,
K2Pt(CN) (Aldrich Chemicals Co.). The platinum
nominal content was varied, from 0.1 to 2wt.% and
from 0.4 to 4wt.% for ion exchanged and impreg-
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The reducibility of the base (and noble) metal-
promoted catalysts was investigated by temperature
programmed reduction (TPR) using an Altamira
AMI1 instrument. In a typical TPR run, 60-100 mg

nated samples, respectively. Subsequently, the cata-of dehydrated catalyst was loaded in a U-shaped

lysts were calcined in an air flow at 380, cooled to
room temperature, then exposed to flowing hydrogen
(30 ml min~1) at 250C for 2 h to reduce platinum to
its metallic state.

The silver containing single and bimetallic cata-
lysts were prepared by impregnation from aqueous
solutions of AgNQ (Aldrich Chemicals Co.) and
K2Pt(CN). Instead of HPtCk, the non-chlorinated
platinum salt precursor was used to prevent precipita-
tion of silver chloride. The silver-containing samples
were calcined in flowing air at 35C€ for 3h but
not reduced. The metal loading design of Ag and Pt
in promoted MnQ/Ce®, samples is summarized in
Fig. 1.

2.2. Catalyst characterization

The catalysts were characterized by Nhysical
adsorption at 77K using an Omnisorp 100 sorption
instrument from Coulter. Their surface area was de-
termined using the BET (Brunauer—Emmett—Teller)
model. XRD patterns were obtained on Siemens
D5000 powder diffractometer using Caxkradiation
(L = 1.789A).
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Fig. 1. Metal loading design of catalyst formulations.

quartz microreactor. Dilute hydrogen stream (10%
vIv Ho/Ar) at a constant flow rate of 30 dmin—1!

was used, and the sample temperature was increased
from room temperature to 635G at 10Cmin?!
heating rate. Analysis of the microreactor outlet gas
was performed by thermal conductivity and mass
spectrometry.

The carbon content of the carbonaceous deposits on
the catalyst surface was quantified by CHN elemental
analysis (Carlo Erba, Model 1106). Burn-off profiles
of these deposits were obtained by temperature pro-
grammed oxidation (TPO) using the Altamira AMI1
instrument. Additional experimental details may be
found elsewhere [5].

2.3. Reaction procedure and analytical methods

Phenol was oxidized in a 300ml stainless steel
high-pressure Parr agitated autoclave reactor (model
4842, Parr Instrument, Inc.) in the temperature range
80-130C using a catalyst load of 5g} under
0.5MPa Q pressure. This partial pressure corre-
sponded to an oxygen/phenol stoichiometric ratio of
ca. 7 (assuming full conversion of phenol into carbon
dioxide and water). The autoclave was first charged
with 96 ml of pure water and the catalyst. Once the
system had stabilized at the desired reaction condi-
tions, a concentrated phenol solution (4 ml, 2591
was added. For this purpose, the autoclave was
equipped with a reagent injection device connected
to a secondary oxygen inlet.

At preset reaction times, aliquots of the solution
were withdrawn and analyzed for: (i) total organic
carbon TOCQ) using a combustion/non-dispersive in-
frared gas analyzer (Shimadzu 505QC analyzer),
and (ii) residual phenol concentration. The latter was
analyzed after derivatization using a Hewlett-Packard
gas chromatograph (HP5890 series Il plus) equipped
with a mass selective detector (MSD model HP5972).
For gas chromatography analysis, the sample volume
injected was Jul and naphthalene dissolved in ethy-
lacetate was used as an internal standard. A HP-5MS
30m x 0.25mm i.d. capillary column was used in
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Table 1

Physical characteristics of representative catalyst compositions

S. Hamoudi et al./Catalysis Today 62 (2000) 379-388

Catalyst Sser (MPgY) Pore volume (mlg?t) Average pore diameter (nm)
MnO,/CeQ 107 0.405 0.51
Pt(1%)-MnQ/Ce0s2 91 0.329 0.51
Pt(1%)-MnGQ/CeQyP 84 0.302 0.50
Ag(1%)-MnGy/Ce0p 93 0.334 0.51
Pt-Ag(1-1%)-MnG/CeQ, 76 0.273 0.52

@|mpregnated.
b lon exchanged.

temperature-programmed mode, and helium carrier of promoting metals and metal loadings. As shown,

(ultrahigh purity) at a flow rate of 1 mlmint was

irrespective of the metal loading technique, the BET

the sweeping gas. The oven temperature was held atsurface area and the pore volumes of the promoted

50°C for the first 2 min, then raised to 120 at a rate

of 5°Cmin~. The temperatures of the injector and

GC-MSD interface were 250 and 28D, respectively.

3. Results

3.1. Catalyst characterization

MnO,/CeQ, were lower than those corresponding to
the unpromoted mixed oxide. In contrast, the pore size
remained unchanged at ca. 0.5 nm for all the samples.
Fig. 2. shows the obtained diffractogramms for the
representative catalyst compositions of Table 1. The
diffraction pattern of MnQ/CeQ, (Fig. 2a) revealed a
low degree of crystallinity with some diffraction lines
around 30 and 40 in agreement with the observa-
tions by Imamura et al. [12]. In the case of the single

Table 1 summarizes the observed physical prop- (Pt— or Ag-) or bimetallic (Pt-Ag-) Mn@CeQ,
erties of representative catalysts with the two types i.e. Fig. 2b—e, the diffraction patterns did not show
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Fig. 2. XRD patterns of (a) Mn@CeQ; (b) Pt-MnQ/Ce, (impregnated); (c) Pt—-Mng&CeQ, (ion exchanged); (d) Ag—-MngCeQy;

(e) Pt-Ag—MnQ/CeQ.
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Fig. 3. TPR profiles of Mn@CeQ, and M-MnGQ/CeQ, (M: Pt and/or Ag).

dramatic alterations. The absence of additional peaks Unlikely to be a simple coincidence, this may be at
characteristic of Pt and/or Ag oxides suggests that the the origin of the superior performance obtained with
promoting metals have a high degree of dispersion on this catalyst formulation as to be shown later.

the mixed oxide surface.

The reducibility of unpromoted and metal-promoted
MnO,/CeQ mixed oxide catalysts was investigated
by means of the TPR technique. The reduction pro-
files of the bare composite oxides, the mono-metallic
and bimetallic promoted oxides are presented in
Fig. 3. The unpromoted catalyst exhibited two re-
duction peaks located at 250 and 3C5attributed
to the reduction of Mn and Ce oxides, respectively.
Interestingly, for the Pt(1wt.%)-Mn&CeQ, and
Pt—Ag(1-1wt.%)-Mn@/CeQ, catalysts, the peaks
merged into one peak and shifted left-wise to lower
temperatures to about 200 and 160 respectively.
This finding supports the existence of metal-metal
as well as metal-support interactions which are
considered key factors in controlling the catalyst
properties [13-15]. These interactions are likely

The shifts toward lower reduction temperatures
clearly demonstrate the improvement of the low tem-
perature redox properties of the Mp/Ce(Q, catalyst
by promotion with platinum and/or silver.

3.2. CWO over unpromoted Mp@e

Typical phenol degradation profiles over MpiO
CeQ are depicted in Fig. 4a and b as phenolic carbon
conversion and solid carbon buildup on the catalyst
versus time, respectively. The reaction was carried
out in the temperature range 80-:B0under con-
stant oxygen partial pressure (0.5MPa) using 1ig|
initial phenol concentration and 59 catalyst load-
ing. While complete removal of the pollutant from
water was achieved within 30 min at 1D (phe-
nol conversion 100%), at 8C, more than 120 min

strengthened by the presence of ceria that induceswere required to reach comparable results (phenol

either the well-known spillover of hydrogen from
Pt and/or Ag to Ce@ or an increase in the oxy-
gen mobility within CeQ [13,16,17]. In the case of
Ag(1 wt.%)-MnG/Ce, two reduction peaks at 100
and 240C were observed. It is worth mentioning that
the lowest reduction peak at 1D coincides with the
range of CWO temperatures explored in this study.

conversion= 98%). Despite the remarkable perfor-

mance of the Mn@CeQ, catalyst to remove phenol

from water, most of the converted pollutant trans-
formed into carbonaceous deposits on the catalyst
surface as illustrated in Fig. 4b. Regardless of the
temperature, the pure mixed oxide catalyst exhibited
a poor performance toward complete mineralization
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Fig. 4. Effect of temperature on (a) phenol conversion, and (b)
catalyst carbon content during CWO over MgiOeG; (0.5 MPa
O, pressure, 1gi' phenol initial concentration, 5gt catalyst
loading). Lines show Four-Lump LHHW kinetic model predictions.
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Lump A: Reactant

Lump B: Dissolved intermediates
Lump C: Gaseous products
Lump W: Carbonaceous deposits
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of phenol. Furthermore, the carbonaceous deposits

were shown to induce catalyst deactivation as recy-

cled non-regenerated catalysts exhibited a progressive

loss in activity [6].

As shown in an earlier work [7], experimental data
for phenol CWO over Mn@ CeG, were described
by means of a four-lump Langmuir—Hinshelwood—
Hougen—-Watson (LHHW) kinetic model taking into
account the catalyst activity-decline due to the for-
mation and accumulation of the carbonaceous materi-
als over the catalyst surface. These four lumps were
phenol (A), dissolved phenol oxidation reaction in-
termediates (B), solid carbon (W), and the products
(total inorganic carbon), i.e. CO(C). The multiple
deactivation-reaction network represented mechanis-
tically by a sequence of LHHW elementary steps is
shown in Fig. 5.

The final model equations drawn from this scheme
were based on the following assumptions.

1. The surface reaction steps of chemisorbed phenol
and its daughter by-products{Bare rate control-
ling compared to their adsorption and desorption
steps.

2. Catalyst deactivation occurs via site coverage over
single-type sites.

3. Deactivation occurs via parallel fouling reactions,
and an identical deposit is formed by the two main
reactions of the network.

4. The foulant adsorbs irreversibly on the catalyst and
its rate of desorption is negligible.

5. The deactivation function is defined as the fraction
of active sites remaining active [12].

For the sake of conciseness, the different mathemat-
ical developments leading to the final rate equations

B+*

C+*

Fig. 5. Proposed reaction scheme for phenol CWO with formation of carbonaceous deposits.



S. Hamoudi et al./Catalysis Today 62 (2000) 379-388 385

describing the time profiles for the four lumps implied for practical implementation of this catalyst. It was
in the reaction scheme are not reported here (see ref.therefore proposed to promote the catalyst with noble
[7]). The obtained differential and algebraic system metals and examine whether or not improvement of
giving the time evolution of the four lumps and the the mineralization selectivity is feasible. The promo-

catalyst activity decline is: tion effect will likely consist in enhancing C—C bond
. rupture and simultaneously preventing extensive radi-
d simul I i i di
_d[A] - k2 K1[mc][A] o (1) cal polymerization by either minimizing surface radi-
dr 1+ K1[A] + K3[B] + K;[C] cal concentration or inhibiting propagation steps.
~ ~ The performances of Pt and Ag-promoted MO
diB] _ [mcltkaKa[A] — k2K3[B})a ) CeQ catalysts were quantified in terms of phenol and
dr 1+ Ki[A] + K3[B] + K3[C] total organic carbon conversions as well as in terms
/ f the carbon content of the deposits. To assess the
d kaK1[A] + k, K3[B 0 p
—d—a =1 (; ;\[ ] X 4B ol ]I;(/XC 3) effect of promoter on total oxidation, a mineralization
t + Ki[A] + K3[B] + K;[C] selectivity toward total inorganic carbon (formation of
Cl =[Alo —[A] = [B] — W]l — 4 and water) is used. This selectivity was define
[C] = [Alo — [A] — [B] — W]eo(1— ) (4)  CO; and water) is used. This selectivi defined
%C as:
W] = —-[mc] (5) [Cq]
12 SM=1-— sl @)
subject to the following initial conditions at = 0: TOG —TOC
a =1 [A] =[A]o; [B] =[C] =0. in which [Cg] is the amount of deposited carbon per
single-type sites, the deactivation functioa, is Fig. 6 shows theTOC and phenol conversions at-
defined as [18]: tained after 60 min of reaction at 80 versus platinum
W] oo — [W] loading and metal-loading protocol. Both conver-
= W] oo (6) sions decreased steadily with an increase of the noble

) _ ) metal loading up to 1wt.%. Above this limit, phenol
where [W} is the catalyst ultimate capacity for the 5,4 TOC conversions reached plateaus at ca. 65 and
carbonaceous deposits. It has been determined eXperigny,, respectively. The obtained results revealed no

mentally for different [Phenad][catalyst] ratios and g hstantial differences between ion-exchanged and
its average value was approximately 22% C (g¢g

cat.) [7].

The model-predicted data for phenol conversion and 100
accumulated carbonaceous materials versus time are —4—TOC, Exchanged
also shown in Fig. 4a and b as solid lines. Very good 9 | —&— [Phenol ], Exchanged
agreement between experimental data and predictions =O=TOC, Impregnated
is achieved. The apparent activation energy for phe- 80 —# [Phenol], Impregnated

nol CWO was found to be 65kJmdl. This value
falls well within the range documented in the litera-

TOC, Phenol conversion (%)

ture for phenol CWO: 48.3 kJ mot for MnO,/CeQ B
[19], 61 kJ mot ! for CuO.ZnO.CoO/Ad03 [20], and
85kdmot?! for CuO.ZnO/AbO; and CuO/AbO3 win
[21,22].
50 . i .
3.3. CWO over metal (co)promoted MuCGe, ‘ fis . on =

Platinum loading (wt %)

The amount of carbonaceous depOSIIS bU|Id|ng up Fig. 6. Effect of metal-loading procedure and Pt loadingT&@C

over ManCeOz was l{naffceptabb’_h_igh and Ccorre-  and phenol conversions after 60 min of CWO at@(Lines show
spondingly the mineralization selectivity was too low trends).
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Fig. 7. TOC conversion and mineralization selectivity ver-  after 60 min of CWO at 80C for different catalyst formulations
sus Pt loading on MngCeQ, using chlorine-containing and (Lines show trends).
chlorine-free Pt precursors. CWO at 60 min and@(@Lines show

trends). . . -
rends) catalysts by chlorine- or chloride-containing waste-

waters is documented in the literature [2], this study

shows that deactivation by persisting traces of halogen
impregnated catalysts. In particular, irrespective of species from catalyst preparation is also possible.
the loading procedure, phenol conversion was unaf- The impact on CWO conversion and selectivity of
fected over the whole range of explored concentra- bimetallic copromoted catalysts is illustrated in Fig. 8.
tion. Whereas theTOC conversion seemed slightly In those experiments, catalysts with different silver
better around 1 wt.% loadings when Pt was deposited loadings combined with only two levels of Pt load-
by ion exchange. ings, i.e. 0 and 1wt.% were tested. It can be seen

Fig. 7 shows th& OC conversion and the mineral- that all explored bimetallic combinations lead to vir-

ization selectivity &, obtained with two different Pt tually the samé&@ OC conversions and equal to that of
precursors over a range of metal loading. Even if the the unpromoted manganese/cerium composite oxides.
MnO,/CeQ catalyst allowed conversions as high as Moreover, even if there is a net gain in selectivity of
80% at 80C, Sy barely attained 11%. Upon promo- the promoted catalysts compared to the unpromoted
tion with 0.2-0.4wt.% Pt by ion-exchange, this se- ones, all promoted catalysts performed equally. Sil-
lectivity was doubled. HigheTOC conversions were  ver alone exhibited the same performance as platinum
obtained with the non-chlorinated precursor, whereas alone and also as all bimetallic combinations. While
Suv was virtually independent of the type of the Pt pre- this observation does not support the occurrence of
cursor. The selectivity exhibited a monotonic increase synergism in doping the composite Mn/Ce oxide with
with increased metal loading and its value tripled with two metals, it does show that base metals are as effi-
4wt.% Pt. As in Fig. 6, theTOC conversions dimi- cient as noble metals, and may therefore be preferred
nished with increasing the metal loading, however, the as a cost-effective option to boost the mineralization
loss in conversion for the non-chlorinated precursor selectivity of heterogeneously-mediated wet oxidation
was much less pronounced than with the chlorinated reactions. As will be discussed in the next section, it
one. The lower conversions and mineralization se- is speculated that metal promotion is required to en-
lectivities obtained with the chlorinated Pt precursor hance the redox properties of the catalysts by shifting
may be explained by a higher sensitivity of the noble the reduction peaks to lower temperatures; the man-
metal-containing oxidation catalysts to poisoning by ganese oxides acting as catalytically active sites for
traces of halogen-containing species remaining after CWO, the cerium oxides serving as oxygen storage
the ion-exchange or impregnation of the noble metal. promoters, and the metal promoting the dissociative
Although poisoning deactivation of wet oxidation adsorption of Q.
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Fig. 9. TPO-MS profiles for Mn@/CeQ, and M-MnQ/CeQ, (M: Pt and/or Ag) catalysts after 60 min of CWO at°&)(oxygen uptake

is expressed in mmold catalyst). (1): HPtCk; (2): K2Pt(CN).

3.4. TPO analysis of spent catalysts

The TPO-MS technigue was used to characterize

4. Conclusion

The catalytic oxidation of phenol in aqueous solu-

the carbonaceous deposits formed on the catalyststions was investigated in the presence of MACEO,,

surfaces during the wet oxidation reaction. The con-

and platinum and silver (co)promoted Mp/CeGp.

sumption of oxygen and formation of carbon dioxide The CWO kinetics was described by means of a
are indicative of the amount and nature of the car- four-lump Langmuir—Hinshelwood model accounting
bonaceous deactivating materials. Fig. 9 presentsfor the occurrence of catalyst deactivation due to car-

the burn-off profiles in terms of COproduction for
the different catalyst formulations after 1h of CWO
reaction at 80C. In the case of the unpromoted
MnO,/CeQ catalyst, the combustion peak exhibited
two features, a sharp peak between 200 and®@20
followed by a broad one between 250 and 280
However, for the mono- or the bimetallic-promoted
MnO,/CeQ, the low temperature sharp peak was no
longer clearly discernible. Although the temperature
window of combustion was not affected whether a
metal was available or not on the composite oxide
catalyst, the oxygen uptake during TPO (shown in
Fig. 9) was dramatically modified by the presence of

metals. Generally, oxygen uptake was much smaller

with the noble metal promoted MniCe, catalysts

indicating that less deposits formed on the catalysts.

This is also consistent with the improved mineraliza-
tion selectivity of the total organic carbon (phenol and
its CWO by-products) over the promoted catalysts.

bonaceous deposits on the catalyst surface. Formation
of these deposits at the expense of the more desirable
total oxidation product was a major drawback that
was mitigated through the use of appropriate pro-
moters. Promotion of the MnfCeQ with Pt and/or

Ag improved selectivity to fully mineralized products
and maintained higher catalyst activity at very mild
reaction conditions. The promoting effect of Pt and/or
Ag on the MnQ/CeQ catalyst was interpreted from
the TPR data and ascribed to the low temperature re-
dox properties of the Mn@Ce(Q, attained by metal
doping.
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