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Abstract

Liqgiud-phase catalytic wet-air oxidation (CWAO) of phenolic compounds is one of the most prospective methods of waste water purification at
high concentrations of toxic phenolic compounds. In this work the synthesis and catalytic properties of mixed platinum-containing nanoparticles
stabilized in polymeric matrix of hypercrosslinked polystyrene are discussed. The size of platinum nanoparticles was determined by transmission
electron microscopy. Proposed catalytic system showed the high activity, selectivity and stability in the phenol CWAO. The optimal conditions
of phenol oxidation leading to the selectivity of 98-99% at 99% conversion were determined and the kinetics of the process at various catalyst
loadings, substrate concentrations, and temperatures was studied. Mathematical modelling of the process was carried out allowing the calculation

of the reaction network model.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Continuous growth and development of industry lead to
the constant increase of environmental pollution. Hydrological
system undergoes the highest ecological burden. Highly toxic
compounds get into water basins used for domestic purposes.
Thus, the paramount objective of modern ecology is preserving
water resources, i.e., prevention of pollution and/or purifica-
tion of water from highly toxic organic compounds. Phenol
and its homologues are in the group of the most hazardous
organic pollutants [1,2], and they are difficult to decompose.
Phenol can inhibit the biosynthesis of microorganisms, thus the
self-cleaning of water cannot be done. At present to eliminate
phenolic compounds, several methods are used such as extrac-
tion, sorption, membrane separation, and biological purification.
However, none of the above methods allows effective elimina-
tion of phenol due to incomplete purification, large amounts
of side-products, high energy consumption and consequently
high cost of purification [3—6]. Ligiud-phase catalytic wet-air
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oxidation (CWAO) of phenolic compounds is one of the most
prospective methods of waste water purification at high concen-
trations of toxic phenolic compounds [7].

Modern catalytic systems allow deep conversion of phenolic
compounds to carbon dioxide and water [7-23], however the
oxidation process is rather complicated due to large amount of
intermediates (Fig. 1), some of which have low reactivity [8].

Depending on reaction conditions, several desirable and
undesirable processes may occur: (i) full mineralization of phe-
nolic compounds with formation of CO, and H;O, (ii) formation
of polymers, which can be easily separated from aqueous media
by filtration, coagulation or flotation and (iii) formation of eas-
ily biodegradable compounds such as carboxylic acids, which
however may lead to leaching of active metal from catalytic
surface and its deactivation [9]. The most desirable path is the
complete catalytic oxidation of phenols with formation of CO,
and H>O. For this reaction, the efficient and selective catalytic
system should be developed and optimal reaction conditions
should be chosen. The catalysts synthesized have to provide a
high oxidation rate of phenolic pollutants and effective oxidation
of broad-spectrum compounds with various functional groups.
On top of that low cost and high mechanical and chemical sta-
bility (without significant loss of catalytic properties) have to be
provided.
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Fig. 1. The scheme of full phenol oxidation.

At present the catalytic oxidation of phenolic admixtures
is carried out using air oxygen at 120-300°C and 10-15 MPa
over Fe, Cu, Ni, Co, Mn, Ti, and Pt catalysts [12,14,15,23-26].
The highest activity in oxidation of phenol and its homologues
is shown by platinum catalysts deposited on various supports:
activated carbon, y-Al,Os, sibunit, TiO; [15,25]. Despite large
variety of catalytic systems, none of them provide sufficient
activity and selectivity leading to the required degree of con-
version (95-99%). This inspires development of novel highly
active, selective, and stable catalysts of liquid-phase phenol
oxidation consisting of metal nanoparticles stabilized in nanos-
tructured polymeric matrix [27]. The major advantage of these
polymeric systems is the presence of nanostructures allowing
control of nanoparticle growth and nanoparticle size distribution,
along with modification of nanoparticle surfaces.

In this paper the structure of nanostructured catalyst based on
hypercrosslinked polystyrene (HPS) and containing Pt nanopar-
ticles and it catalytic properties in CWAO of phenol are reported.

2. Experimental
2.1. Catalyst synthesis and characterization

HPS was generously provided by Purolite Int. (UK), as
Macronet MN 270/386-101/100 (hereafter designated as MM-
HPS), and was used without further purification. To prepare
Pt-containing MM-HPS, the polymer sample was impregnated
with a predetermined amount of a HyPtClg-6H,O solution in
THF [28]. The platinum content in the catalyst is 5 wt.% (MM-
HPS-Pt).

The surface area of Pt-containing MM-HPS samples was
obtained from nitrogen adsorption measurements using BEC-
MAN COULTER™ SA 3100™ (Coulter Corporation, Miami,
FL). Transmission electron microscopy (TEM) was performed
with a JEOL JEM1010 electron microscope operated at accel-

erating voltage of 80kV as described elsewhere [28]. X-ray
photoelectron spectroscopy (XPS) analysis of MM-HPS-Pt
was carried out with X-ray photoelectron analyzer “ES 2403
MT SCB AA RAS” (supplied by the Institute for Ana-
lytic Instrumentation of Russian Academy of Sciences, St.
Petersburg, Russia) using Mg Ka (hv=1253.6eV) in vacuum
10~2 Pa. X-ray fluorescence analysis (XRFA) was performed
with Spectroskan Max (Infralum Inc., Russia). The Pt con-
tent in MM-HPS-Pt was determined using internal platinum
standard.

2.2. CWAO of phenol

The catalytic reactions have been carried out in a glass batch
isothermal reactor equipped with a stirrer (maximum 1200 rpm).
The reactor was also equipped with two inlets: for catalyst,
solvent, and substrate loading and for oxygen feeding. Before
the substrate was charged into the reactor, the catalyst had
been pretreated with O for 60 min. Phenol initial concentration
(Cp), catalyst amount (C,) and oxidation temperature (#,) were
varied.

The analysis of the reaction mixture was carried out
using HPLC chromatograph using stainless steel column
200 mm x 2mm. The column was filled with a solid-phase
C18, the liquid phase was a mixture of acetonitrile and water
[13,32].

3. Results and discussion
3.1. Catalyst characterization

Hypercrosslinked polystyrene is the first representative of
a new class of crosslinked polymers, which has unique topol-
ogy and unusual properties [29,30]. The advantage of HPS is
that it can serve both as nanostructured matrix controlling the
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Fig. 2. TEM images and histograms of MM-HPS-Pt before (a) and after (b) CWAO.

nanoparticles growth, and the support of catalytic nanoparticles.
Moreover, HPS is able to swell almost in all kinds of solvents,
thus the access to catalytic sites is allowed in all reactive media
including water. The HPS sample used here (MM-HPS) contains
both micro- and mesopores (up to 22 nm). The latter facilitates
the mass transfer of both reactants and products. As discussed
elsewhere [28], incorporation of the THF solution containing
platinic acid into HPS results in partial reduction of the Pt(IV)
species and the formation of Pt(II) complexes wherein ligands
are the products of the THF oxidation. These complexes form
clusters (nanoparticles) in the MM-HPS pores. Fig. 2 presents
the TEM micrographs and histograms of these images of MM-
HPS-Pt before (Fig. 2a) and after the first catalytic oxidation
(Fig. 2b). One can see that a mean nanoparticle diameter changes
from 2.2 to 3.5 nm, revealing possible swelling of nanoparticles
with the reaction components.

The XPS spectra of MM-HPS-Pt before and after first and
fifth (five consecutive reactions were carried out to check the
catalyst stability) catalytic reactions show (Fig. 3a) the existence
of C, Cl, and Pt on the surface of the catalysts. (The Cl presence
is due to unreacted CH,Cl groups in the HPS synthesis.) After
the first catalytic oxidation the decrease of the Pt content on
the catalyst surface is observed (Table 1), while after the fifth
reaction, the Pt content remains unchanged compared to that
after the first reaction. Fig. 3b—d presents high resolution Pt
XPS spectra (and their deconvolution) of the initial MM-HPS-Pt
and the same catalyst after the first and fifth catalytic reactions.
The fractions of each type of Pt species calculated from the
deconvolution profiles are presented in Table 1. From these data
one can see that the initial catalyst contains nearly equal amounts
of Pt(IV) and Pt(II) species, while after the first catalytic reaction

the Pt(II) species prevail. This should be due to reduction of Pt
species with phenol during CWAO. No additional changes are
observed after five repeating catalytic reactions.

3.2. Catalytic properties

The optimal conditions for phenol oxidation with MM-
HPS-Pt have been identified by systematically varying the
following reaction parameters: (i) catalyst concentration (C;)
from 5.15 x 10~* to 5.15 x 1072 M Py, (ii) phenol concentra-
tion (Cp) from 0.0425 to 0.425M, (iii) reaction temperature
(T) from 40 to 95°C, (iv) oxygen flow rate (Vo) from 1073
to 10~ L/s, and (v) stirring rate from 200 to 1200 rpm. (All the
experiments were conducted at ambient oxygen pressure.) The
highest selectivity obtained at 100% phenol conversion in this
study is 98.5%. It is achieved with MM-HPS-Pt under the fol-

Table 1

Characteristics of Pt-containing MM-HPS-Pt by XPS

Catalyst notation Pt species (E£0.1) Pt Pt content

4f7 (eV) (at.%)

Pt(0) 71.5 1.9

MM-HPS-Pt Pt(1I) 73.6 48.3
Pt(IV) 75.7 51.7
Pt(0) 71.6 12.9

MM-HPS-Pt-first reaction Pt(Il) 72.9 67.5
Pt(IV) 75.7 19.6
Pt(0) 71.4 15.6

MM-HPS-Pt-fifth reaction Pt(II) 72.9 69.4
Pt(IV) 75.7 19.5
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Fig. 3. (a) Survey XPS spectra of MM-HPS-Pt before and after the first and fifth catalytic reactions. High resolution Pt XPS spectra of MM-HPS-Pt before (b) and

after the first (c) and fifth (d) catalytic reactions.

lowing reaction conditions: C¢ 5.15 x 1073 M Pt, Co021M, T
95°C, Vy 1072 L/s, and stirring rate 1000 rpm.

The kinetic study of selective phenol oxidation with
MM-HPS-Pt have been carried out at the substrate/catalyst con-
centration ratio (g = Co/C,) varied from41.3 to 413 mol/mol Pt at
aconstant O flow rate of 10~2 L/s and a stirring rate of 1000 rpm
at 95 °C. The dependence of phenol conversion on reaction time
is presented in Fig. 4. It demonstrates that an increase of Cy at
constant C, promotes an increase in reaction time (¢), which is
typical for most catalysts.

The kinetic curves presented in Fig. 4 show that at the begin-
ning of the reaction little or no phenol is consumed, suggesting
the presence of an induction period when catalytic species are
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Fig. 4. The dependence of phenol conversion on time at various q.

formed in situ. As a result of experimental data processing, the
50% phenol conversion time (7os) has been determined. The
value of 7 5 was found to depend on the ratio (Co/C.)":

7 Co)’
0.5 c.

ey

where n is the formal parameter characterizing the slope of the
In 7¢ 5 dependence on In (Cy/C;).

For the catalytic system studied the parameter n is equal to
two. This value is used for further mathematical modeling of the
CWAO process.

HPLC analyses of the reaction products showed that the cat-
alytic phenol oxidation with MM-HPS-Pt proceeds with high
selectivity: the amount of intermediates in the reaction mixture
does not exceed 1.5-2%, while the major reaction products are
CO; and H;O. A hierarchical approach of phenol degradation
modeling would include several steps: (i) study of only phe-
nol degradation (one-reaction network) to CO, and H»O, (ii)
modeling of carboxylic acid formation (five-reaction network),
and finally (iii) incorporating all detected intermediates (eight-
reaction network) [32]. Here the one-reaction network model
was used because of a low fraction of intermediates. However,
in the future a more detailed computation (ii and iii) will be per-
formed to suggest a mechanistic hypothesis of phenol oxidation
with MM-HPS-Pt [32].

The linear dependence of In g5 on In (Co/C.) allows us to
introduce an independent variable, relative time:

T

O=—— 2
(Co/Co)" @



260

100

V.Yu. Doluda et al. / Chemical Engineering Journal 134 (2007) 256-261

90

80 4

~J
3 3
i A

Conversion of phenol, %
n
o

q=27.5 mol/mol
o =351 mol/mol
& q=82.7 mol/mol
x  q=110.2 mol/mol
x  ¢=165.3 mol/mol

o ¢=192.9 mol/mol

40 1
+ @=220.4 mol/mol
30 = =248 mol/mol
= =275.5 mol/mol
20 1 @ q=413.3 mol/mol
& s g=137.8 mol/mol
10 G A =103.3 mol/mol
- ..
a
0 T T T T T T T T
0 1 2 3 4 S 6 7 3 9
Qs

Fig. 5. Dependences of phenol conversion on relative time.

where t is the current reaction time, n is equal to two (see
above).

In so doing, the experimental data, presented in Fig. 4, have
been brought together into a family of curves (Fig. 5) in the
“phenol conversion, ®” coordinates. This kinetic curve allows
us to determine a mathematical model of phenol oxidation. For
the computation, we have used the integral method using cubic
spline and combined gradient method of Levenberg—Marquardt
[31]. According to the results of the inverse problem solving, the
kinetic model has been chosen that describes well the oxidation
kinetics (the experimental plots correlate with the theoretical
curve) (Fig. 5):

kx

— T 3
v (x + Ox)? )

Here x is the phenol concentration, k (1.1533 mol/(mol2 s)) the
kinetics parameter, and Q (1.826) is the adsorption parame-
ter, taking into account the adsorption of the substrate with
the catalyst; o (3.12 x 1072) is the mean square deviation of
computational curves from the experimental data.

This model describes the experimental data excluding the
induction period (in the beginning of the reaction). The induc-
tion period can be described by a more complicated equation.
The mathematical model (3) is a formal description of the one-
reaction network of the phenol oxidation kinetics [32].

To calculate the parameters in the Arrhenius equation, the
temperature of phenol oxidation was varied from 40 to 95 °C.
Statistical analysis performed by the method described else-
where [33] showed that within experimental error the adsorption
parameter Q can be considered constant and independent on the
temperature. From the experimental results the Arrhenius depen-
dence was plotted in the coordinates In k — 1/T and the apparent

activation energy E, was calculated [34]:
k =koe E/RT )

The activation energy of phenol oxidation with MM-HPS-Pt
is 49 kJ/mol, which is lower than that (83 kJ/mol) of the con-
ventional Pt catalyst on the alumina support with the same Pt
content [23].

3.3. Investigation of the MM-HPS-Pt stability in CWAO of
phenol

As is discussed above, the MM-HPS-Pt composition changes
partially after the first catalytic reaction, but remains unchanged
after the following four oxidations. This may suggest that the
initial change is due to the formation of larger particles including
phenol during the first oxidation, thus leading to the lower Pt
content. The data presented in Table 2 show that the catalyst
activity expressed as turnover frequency (TOF) and calculated
as

TOF — C(phen) x o

T C(Pt) x £ x 100 )

where « is the conversion degree (%) and ¢ is the time (s) remains
practically the same after 5 and even 10 consecutive catalytic
reactions.

Table 2 shows the surface areas of MM-HPS and MM-HPS-
Pt before and after the 1st, 5th, and 10th catalytic reactions.
One can see that when the Pt species are incorporated into MM-
HPS, the part of micropores is blocked by these species, leading
to the considerable decrease of the BET surface area. On the
other hand, after the first catalytic reaction the significant part
of the micropore surface area is restored. It is likely that during



V.Yu. Doluda et al. / Chemical Engineering Journal 134 (2007) 256-261 261

Table 2

Change of the platinum content and the catalyst surface area during repeated usage

No. Catalyst Pt content (wt.%) BET surface t-Plot surface area of TOF (x 1072 mol
area (mz/g) micropores (m?/ ) (phen)/(mol(Pt) s))

1 MM-HPS - 1485 1099 -

2 MM-HPS-Pt 5.01 951 623 1.39

3 MM-HPS-Pt after 1 reaction 4.74 1232 991 1.24

4 MM-HPS-Pt after 5 reactions 4.71 1227 998 1.26

5 MM-HPS-Pt after 10 reactions 4.69 1240 1004 1.28

the first catalytic reaction, the formation of catalytically active
nanoparticles occurs due to interaction with phenol and/or sol-
vent and these nanoparticles are not blocking the micropore
entrances. The following change in the platinum content and
the surface area is almost negligible, revealing the high stability
of the catalyst synthesized.

To make the MM-HPS-Pt-type catalysts relevant for a com-
mercial use in CWAO of phenols, we will continue our studies,
seeking conditions allowing a decrease of the Pt content and an
increase of the O, pressure in CWAO of phenols. The prelim-
inary experiments show that an increase of O, pressure during
phenol oxidation leads to the increase of activity and the decrease
of the process duration.

4. Conclusions

We have synthesized Pt-containing nanoparticles in pores
of micro/mesoporous hypercrosslinked polystyrene and studied
the behavior of this catalyst in liquid-phase CWAO of phe-
nol. Formation of platinum clusters (nanoparticles) containing
Pt(0), Pt(Il), and Pt(IV) species occurs in the HPS pores due
to interaction of platinic acid with THFE. During the first cat-
alytic reaction (phenol oxidation) the nanoparticle composition
changes, leading to a higher fraction of the Pt(Il) species, while
the nanoparticle integrity is preserved. We believe that the com-
positional change is due to the interaction with phenol and
inclusion of phenol or its oxidation products in the nanoparticle.
The latter provide a m—r interaction of the nanoparticle ligands
with the HPS pore walls and high stability of the catalysts dur-
ing repeated usage. The size of the Pt-containing nanoparticles
is 3.5 nm, leading to high catalytic activity. The catalytic system
studied allows us to achieve nearly complete decomposition of
phenol to non-hazardous compounds.
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