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Homogeneous versus heterogeneous catalytic reactions to eliminate
organics from waste water using H,O,
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Homogeneous (Cu” " ions) and heterogeneous (Cu? " -pillared clay) Fenton-like catalysts have been compared in the conversion
of p-coumaric acid. The performances of the two classes of catalysts are similar for an analogous amount of copper, but there are
some relevant differences in terms of (i) the presence of an induction time, (ii) the turnover frequency, (iii) the efficiency in the use of
H,0,, (iv) the initial attack of p-coumaric acid (hydroxylation on the aromatic ring or oxidative attack on the double bond of the
lateral chain), and (v) the effect of dissolved oxygen on the removal of total organic carbon (TOC). These differences were
interpreted in terms of reaction network of generation of radical oxygen species and of organics conversion. The possible formation
of a surface peroxo adduct coordinated to a copper binulcear site was also evidenced for the solid heterogeneous catalyst.
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1. Introduction

The use of catalysts to improve the performances of
water treatment technologies is known from several
years, but only in the last decade more scientific atten-
tion was given to this aspect [1,2]. In fact, there is a need
to improve current wastewater technologies for several
reasons: (i) the increasing cost of wastewater treatment,
(i) the severe environmental regulations, (iii) an
increasing attention to EPOC (Emerging Pollutant
Categories of Concern, e.g. endocrine disrupting chem-
icals, hormonally active agents, xenobiotics, pharma-
ceutically active compounds, persistent organic
pollutants etc.) and in general to effluent-derived mi-
crocontaminants and organic wastewater contaminants.

Wet  hydrogen peroxide catalytic oxidation
(WHPCO) is one of these advanced catalytic methods
for the elimination of organic compounds in water [3].
The main advantages as compared to wet air (catalytic)
oxidation (WACO) are that it avoids the use of costly
reactors, can be selective towards the conversion of
specific substrates and is easy to manage [3—6]. The only
disadvantage it is that uses a more expensive reactant,
although recent advances in the direct in-situ generation
of H,O, from H,/O, [7,8] and reference therein] may
open new perspectives to reduce H,O, cost.

H>0, is the precursor for generating hydroxyl radi-
cals which are effective and highly active oxidizing spe-
cies. This reaction occurs either using UV radiation or
through the use of a catalyst (iron or copper ions) by the
Fenton mechanism, where Fe?" or Cu™ react with
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H>O, to generate hydroxyl radicals. Due to the presence
of a reaction cycle Fe*" and Cu®>" ions could also be
used (Fenton-/ike mechanism). However, there are two
main side reactions which compete with this catalytic
cycle: (i) the oxidation of the reduced transition metal
ions by oxygen dissolved in water and (ii) the com-
plexation of the transition metal ions by some of the
intermediate oxidation reaction products, such as oxalic
acid [9,10]. The use of solid Fenton-type catalysts
instead of homogeneous salts in solution could limit
these drawbacks, in addition to other advantages such
as an ecasier recovery, a lower contamination of the
effluents with metals which negatively influence the
subsequent biological treatment step and a wider range
of pH operations [9].

The development of solid Fenton-type catalysts has
recently received significant attention. Transition metal
exchanged zeolites [9-12], Cu®>" containing montmo-
rillonites [13,14] and Fe® " containing pillared clays [15]
have been proposed as active catalysts for the oxidation
of different organic compounds. These catalysts show a
good rate of conversion of the pollutants and especially
exhibit marginal leaching of the cations, keeping their
activity almost same during successive runs [15]. Also
other type of catalytic materials have been proposed
[1,3], but the performances were generally lower or sig-
nificant leaching was present.

The actual heterogeneity of the catalysis over Fenton-
type catalysts in the H,O, solutions has often been a
matter of discussion. Tatibouét et al. [15c] observed that
both heterogeneous (Fe-pillared clays) and homoge-
neous (iron ions) Fenton-like catalysts show similar
behaviour. However, heterogeneous catalysts are less
sensitive to the pH and more efficient in total organic
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carbon (TOC) abatement. Kuznetsova et al. [16] showed
that the contribution of homogeneous catalysis to the
activity of FeZSM-5 in both the H,O, decomposition
and C,HsOH oxidation does not exceed certain per-
cents, even if leaching of iron was observed. In addition,
they observed that in the presence of the iron ions
complexing agents (P,O,*~ anions), FeZSM-5 showed a
significantly different behaviour in comparison to the
homogeneously dissolved iron cations. Catrinescu et al.
[17] observed that in the phenol oxidation with H>O,
over Fe-exchanged pillared beidellite the catalyst
remains active even at neutral pH, while in homoge-
neous Fenton catalyst there is a very narrow range of
activity around pH 3.0. In addition, they observed that
Fe-Y zeolite show activity in pH conditions (above 5.0)
where homogeneous iron ions are inactive, concluding
that the reaction is heterogeneous. Guo and Al-Dahhan
[18] studied the kinetics of WHPCO reaction of phenol
over pillared clay Al-Fe catalyst instead concluded that
the reaction takes place to a significant extent both in
the liquid phase (homogeneous reaction) and on the
catalyst surface (heterogeneous reaction). There are thus
some discordances about the fact whether or not both
homogeneous and heterogeneous reactions play a role
on the performances of solid Fenton-like catalysts.

It is also unclear whether or not the solid Fenton-like
catalysts give rise to some differences in the reaction
mechanism, in terms of type of oxidizing species present
in solution and/or pathways of degradation of the
organic chemicals. Tatibouét et al. [15¢c], studying the
oxidation of phenol with H,O» over Fe—Al pillared clays
have determined the concentration of hydroxyl radicals
by ESR DMPO (5,5-di-Me 1-pyrroline N-oxide) spin
trapping experiments. HO® and HO% were indicated as
the more probable active species. They suggested the
following reactions occurring in homogenecous or het-
erogeneous systems:

Fellllom)** + 1,0, — [Fell* + HOZ + H,0
(1)

FellPt 1 1,0, — [Fellliom)> + HO*  (2)

but also noted that the catalytic behaviour for the het-
erogeneous system appears to be slightly different to
those observed for the homogeneous catalytic system.
For the heterogeneous catalytic system, the reaction
starts after an induction period (not observed for the
homogeneous system) and the TOC abatement after 4 h
of reaction is higher as compared to the homogeneous
reaction. They suggested that both HO® and HOS spe-
cies participate in the reaction mechanism, but that the
rate of radicals production is not enough to explain all
the catalytic behaviour observed in the presence of the

solid catalyst. According to these authors this indicates
that the difference between homogeneous and hetero-
geneous systems could either be due to the formation of
different active oxygen species from hydrogen peroxide
or to the ability of the heterogeneous catalyst to adsorb
on the surface of phenol and/or the reaction interme-
diate products, favouring then their reaction with oxy-
gen species formed by hydrogen peroxide activation.

Lloyd et al. [19] studying the origin of the hydroxyl
radical in the Fenton homogeneous reaction reported
that the trapped hydroxyl radical was derived exclu-
sively from hydrogen peroxide and that no exchange of
oxygen atoms between H,O, and solvent water occurs.
More recent studies, however, present a different view of
the reaction mechanism in the homogeneous Fenton
reaction. Legube et al. [20] analyzing the behaviour of
iron and copper homogeneous Fenton-like catalysts in
the conversion of atrazine demonstrated that the
mechanism is initiated by the formation of two Fe(II1I)-
peroxo complexes at pH < 3.5 followed by their slow
decomposition into Fe(II) and HO3/O5 Depending on
the experimental conditions (nature and concentrations
of the organic solutes, pH), the degradation of the
organic compounds might be attributed to the hydroxyl
radical or to other species like the cupryl ion [Cu(III)].
Production of Cu(IIl) by reaction of OH with Cu(II) has
also been demonstrated by pulse radiolysis experiments.
They also showed that for the Cu(Il)/H,O, system, the
decomposition of H,O, by Cu(ll) goes through the
formation of an intermediate (probably a Cu(Il)-hy-
droperoxo complex). The rate of decomposition of
H,0, by Cu(Il) is affected by the concentration of dis-
solved oxygen, which is not true in the case of Fe(IlI)
ions. Urbaifiski and Berésewicz [21] studied specifically
the generation of HO® radicals initiated by interaction of
Fe?" and Cu™ with dioxygen in comparison with the
Fenton mechanism (Fe?" /H,0,). They observed that
metal autoxidation reaction may mediate HO® genera-
tion by this reaction sequence:

Fe’* + 0y — Fe'* + 05 (3)
20‘2 + 2H" — H202 (4)
0% + Fe'" — Oy + Fe*t (5)

H,0, + Fe’* — HO® + HO™ + Fe** (6)

Furthermore, they noted that the process is enhanced by
contaminating with Fe’>* and Cu®" and/or the presence
of reducing agents. Depending on the actual
[H,O,]:[Fe* "] ratio, the efficiency of the Fe?'-O,
chemistry to generate HO® was observed to be greater
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than or, at best, equal to that of the Fe? " —driven Fenton
reaction.

Recently, new indication on the Fenton and Fenton-
like chemistry in water have been provided from theo-
retical studies [22]. Alternative to the Haber and Weiss’
HO- radical mechanism (equation 3) [23], which has
been usually indicated as the Fenton reaction, Baerends
et al. [22] suggested an alternative mechanism (first
proposed by Bray and Gorin [24]) in which the ferryl
ion, [Fe"VO]** is the active intermediate:

Fe** + Hy0, — [FelYOP* + H,0 (7)

In both mechanisms, the hydrogen peroxide O—O lysis is
the essential step. Static density functional theory (DFT)
calculations of the active species produced by hydrated
Fenton’s reagent [Fe"(H,0)s(H,0,)]*" and ab initio
molecular dynamics simulations of Fe?" and H,O, in
aqueous solution indicate that (i) equation (7) is the
predominant pathway with respect to equation (6) and
(i1) ferryl ion formation from hydrated Fenton’s reagent
in vacuo is energetically favoured over the formation of
free hydroxyl radicals. It is interesting to observe that
the ferryl ion was suggested to be the actual species in
the gas phase hydroxylation of benzene to phenol over
FeMFI catalysts [25].

For the Fenton-like reagents, e.g. Fe(IIl) ion, initially
no O-O bond breaking takes place, but instead an iro-
n(III) hydroperoxo intermediate is formed as the first
step via hydrolysis:

Fe** + H,0, — [FellloOHP + HY  (8)

This intermediate might be able to react with organic
substrates or break up in smaller active species in the
second step. The iron-(IIT) hydroperoxo may homolyze
at the Fe—-O bond generating iron(II) and producing the
reactive HOO- radical or at the O-O bond producing the
ferryl ion and an HO- radical:

[FelllOOHP* — Fe2* 4+ HOO® 9)

Fellloonpt — [FlVopt + HO*  (10)

Alternatively, O—O bond heterolysis could take place,
producing the highly reactive Fe" species:

FelloOHPt — [FeVOPT + OH-  (11)

Static DFT calculations on the hydrated Fenton-like
reagent in vacuo, [Fe"(H,0)s(H,0,)]> ", and ab initio
(DFT) molecular dynamics (AIMD) simulations of the
Fenton-like reagent in aqueous solution, Fe'"/
H,0,(aq) [22¢] showed that the first reaction step con-
sists of the donation of the a-proton of hydrogen per-
oxide to the solvent shortly after the hydrogen peroxide
coordinates to iron(IIT) (equation 8), and the second
step involves probably the O-O bond homolysis

producing the ferryl ion and a hydroxyl radical (equa-
tion 10). A strong solvent effect was noted indicating
that in the presence of ligands, particularly those
inducing a low-spin iron(III) hydroperoxo intermediate,
the pathway of transformation can be different.

This suggests that the anchoring of iron ions on an
oxide surface may therefore induce a significant change
in the pathway of transformation. The formation of the
ferryl intermediate, e.g. [Fe"OJ* ", was also suggested to
be a key step in the reaction mechanism over Fe-ZSM-5
Fenton-type solid catalysts [16], but they were suggested
to form by oxidation of a Fe(III)-OH intermediate, not
from the peroxo [Fe™OOH]*" species, and they were
instead suggested to react with H,O, to generate Fe®*,
HO3 and OH™ species.

Therefore, Fenton and Fenton-like chemistry which
is generally believed to proceed via similar mechanisms
instead probably follows different reaction pathways,
intermediates and reactive species. However, it is
unknown whether or not this concept may be translated
to solid Fenton-type catalysts. The presence of oxygen
in solution may further influence this chemistry and it is
unclear whether it may influence the Fenton or Fenton-
like chemistry on solid catalysts. In addition, in a solid
catalyst the organic reactant and/or the reaction inter-
mediate products may adsorb on its surface favouring
then their reaction with oxygen species formed by
hydrogen peroxide activation.

In conclusions, there are many aspects for the com-
parison between homogeneous and heterogeneous Fen-
ton catalysts which are unknown and a clarification of
these aspects would lead to development of better cat-
alysts for this important reaction. The aim of the work
reported here is to contribute to a better understanding
of these issues by comparing the performances of copper
Fenton-like homogeneous and heterogeneous catalysts.
In particular, a copper-pillared clay (Cu-PILC) was used
as solid Fenton catalyst, because this catalyst does not
show copper leaching as compared to other copper-
based solid Fenton catalysts [26] and in general copper-
based Fenton catalysts have been studied less in detail
than iron-based Fenton catalysts. As model compound
for the investigation p-coumaric acid was used, because
this compound has been often used in literature as
representative of biorecalcitrant phenolic compounds
found in the olive oil processing waste water [1].

2. Experimental
2.1. Preparation of the catalysts

The Cu-PILC catalyst has been prepared by pillaring
procedure of a clay (commercial bentonite from Sigma-
Aldrich), using a diluted aqueous solution of NaOH
containing AI**/Cu®" ions [14]. The cationic solution
containing 0.18 and 0.02 mol/L of AICI; and CuCl,,
respectively, was prepared by slow addition of a 0.2 M
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NaOH solution to the solution containing the metal salt
up to arrive to an OH/metal ratio of about 2 under
constant stirring (temperature of 70 °C). Then the
intercalating solution was added very slowly at room
temperature to the previously prepared aqueous sus-
pension of the clay (2% by wt.). The final ratio
(Al + Cu)/clay was 3.8 mol/Kg. After ageing for 20 h
in the presence of the mother liquor, the solid is recov-
ered by filtration. It is then washed for a long time with
distilled water till complete elimination of CI™ ions from
the washing solution. The solid is then dried at 70 °C
and calcined at 500 °C for 2 h (2 °C/min). The content
of copper in the above prepared catalysts was 2.0% and
the surface area 107 m?/g. The preparation was well
reproducible.

This sample will be indicated as Cu(2)PILC herein-
after. The Cu(1)PILC and Cu(0.5)PILC samples were
prepared, containing 1% and 0.5% wt. Cu, respectively
by following the above procedure.

2.2. Characterization

The chemical analysis of the samples was made by X-
ray fluorecence (XRF) method (Minipal, Philips), while
the amount of leached metals was determined using a
Perkin-Elmer 400 atomic adsorption spectrophotometer
on the solution after hot-filtration (at the same tem-
perature of the reaction) of the solution.

The BET surface area were measured using nitrogen
sorption at 77 K. Prior to the experiments, the samples
were outgassed at 100 °C for 5 h. The isotherms were
measured using a Micrometrics ASAP 2010 system.

UV-visible diffuse reflectance (UV-VIS-DR) spectra
were recorded in air on powdered samples using a Jasco
V-570 spectrometer equipped with an integrating sphere
for solid samples. The reference was BaSOy.

2.3. Reactivity tests

p-Coumaric acids oxidation was carried in the semi-
batch mode using a stirred and thermostated pyrex
slurry reactor of 250 mL. Hundred mL of an aqueous p-
coumaric acid solution (500 mg/L) was heated to 70 °C
or 80 °C; after the stabilization of the temperature, the
solid catalyst (0.5 g) or the copper ions (as Cu® " -nitrate,
in an amount in the 6—68 pmoles range which corre-
sponds roughly to the amount of copper present in 0.5 g
of the solid catalyst) was introduced. After estimating
the initial concentration of the solution, the continuous
feed of the H,O, (concentration 35% wt.) at a rate of 0.3
or 0.5 mL/h was started and monitored periodically to
find the presence of adsorption on the catalyst. Reaction
tests were made at the natural pH.

The conversion of the reactant (p-coumaric acid) and
the formation of the products of reaction was analysed
by a High performance liquid chromatograph (Dionex
HPLC) equipped with a C18 column (Omnispherb C18
Varia, 250x4.6 mm). The TOC of the solution was
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determined with a TOC analyzer model 5000 A (Shi-
madzu). The analysis of the residual H,O, in solution
was made by iodimetric titration using an automatic
electrochemical apparatus (Titrino, Metrohm).

Preliminary tests were made to check the reactivity of
H,0, without the presence of the catalyst, and the
evaluation of the contribution of adsorption phenomena
on the catalyst.

3. Results and discussion

3.1. Comparison of the performances of homogeneous
and heterogeneous catalysts

Compared in figure 1A are the conversion of
p-coumaric acid versus the time of reaction for homo-
geneous Cu”" ions (three levels of copper ion concen-
tration) and for heterogeneous CuPILC catalysts (three
samples at increasing copper loading). A fast conversion
of p-coumaric acid is noted in all samples. A complete
p-coumaric acid conversion is reached in 1 h of reaction
or less, except for the homogeneous catalyst having the
lowest copper concentration. The activity increases with
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Figure 1. Conversion of p-coumaric acid (a) and total organic carbon
(TOC) variation (b) as a function of the time of reaction for
homogeneous (copper-nitrate) and heterogeneous (CuPILC) catalysts.
Reaction conditions: 80 °C, rate of H>O, addition of 0.3 mL/h.
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the increase in concentration of copper in solution
(homogeneous catalyst) or on the solid catalyst. For a
similar copper amount, homogeneous and heteroge-
neous Fenton-like catalysts have a similar behaviour.

For the two tests with the homogeneous catalysts and
a concentration of copper of 6 or 15 umoles, the pres-
ence of an induction time (about 5 min) was observed.
No leaching of copper was observed after the tests with
the CuPILC samples, at least above the detection limit
of about 1 ppm.

Reported in figure 1B are the curves of the variation
of the TOC versus the time of reaction for the same
catalysts of figure 1A. In general the TOC abatement
also increases with the increase in concentration of
copper and a similar behaviour between the homoge-
neous and heterogeneous catalysts is observed. However,
for the homogeneous catalyst after about 3 h of reac-
tion, the TOC value reaches a nearly constant behaviour,
while CuPILC catalysts still continue to be active
towards the abatement of the TOC. This effect can be
explained as due to the complexing effect of the products
of reaction (oxalic acid, in particular) towards copper
ions which inhibits their activity as Fenton-like catalysts,
as explained in case of iron Fenton-like catalysts [1].

3.2. Turnover frequency (TOF)

Figure 2 analyzes the data reported in figure 1 in
terms of TOF per copper ion, assuming all copper ions
are active in the reaction. Figure 2A reports the TOF
estimated with respect to the conversion of p-coumaric
acid, while figure 2B shows the TOF with respect to
TOC abatement:

moles (p - coumaric acid converted)

moles Cu? ¥ - h
moles (moles C mineralized)
2 + . h

TOF,cp =

TOF =
ToC 9 -moles Cu

Considering that each molecule of p-coumaric acid
contains 9 carbon atoms, it was necessary to normalize
the TOF estimated for TOC abatement by dividing it by
nine. The TOF refers to the initial activity, e.g. extrap-
olated at zero time. However, the two tests with the
homogeneous catalysts and a concentration of copper of
6 or 15 pmoles, show the presence of an induction time.
Therefore, figure 2A reports for these two samples both
the initial TOF and that estimated after the induction
time, e.g. after about 5 min. The value obtained are
comparable with those reported by Kiwi et al. [27] for
the photo-Fenton degradation of Orange II, taking into
account the differences in the two systems.

The TOF,ca (figure 2A) and TOFyoc (figure 2B)
decreases on increasing the copper concentration, at
least if we consider the data after the induction time for
the homogeneous case. The first possible interpretation
of this trend could be as follows: the rate of generation
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Figure 2. Turnover frequency (TOF) in p-coumaric acid conversion
(a) and in TOC removal (b), and efficiency in the use of H,O, after
30 min of reaction (c) as a function of the total amount of copper in
solution (homogeneous case) or on the solid catalyst (heterogeneous
case). Reaction conditions as in figure 1.

of the radical active species (HO®, HOO®) depends lin-
early on the concentration of copper, while the rate of
their recombination (termination) shows a higher reac-
tion order. Therefore, a decrease of the turnover could
be expected on increasing the copper concentration.
According to this interpretation, it may be expected
that the efficiency in the use of H,O, decreases on
increasing the copper concentration, because the rate of
termination of the HO® and HOO°® radical species
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increases. Figure 2C reports the efficiency in use of H,O,
(after 30 min of reaction) as a function of the amount of
copper ions in the homogeneous and heterogeneous
catalysts. It should be noted that these tests have been
made in a semi-batch well-mixed reactor using a constant
rate of H,O, addition during the reaction.

Considering that the following reaction leads to the
mineralization of the p-coumaric acid, e.g. to the
reduction of the TOC:

CyHgO5 + 19H,0, — 9CO;, + 23H,0 (12)

and considering that the rate of H,O, addition in the

tests reported in figure 1B was 0.3 mL/h, it is possible to
calculate the theoretical TOC reduction (ATOC,)
expected if all the added H,O» is consumed to convert
the p-coumaric acid according to equation (12). The
ratio between the experimental variation of the TOC
(ATOC.p) and the theoretical TOC reduction gives the
efficiency (n) in the use of H,O,:

ATOC,

100 - ——«i—

nH,0,(%) = (13)
It should be noted that values higher than 100% are
possible, when the dissolved oxygen participates in the
reaction mechanism (see later). On increasing the copper
amount there is an increase in the efficiency of H,O, use,
both in the homogeneous and heterogeneous cases (fig-
ure 2). This indicates that the above interpretation of
the decrease in the TOF with the increase in the amount
of copper (figure 2A and 2B) is not valid, at least in the
investigated experimental range.

For the heterogeneous case it may be possible that
not all copper ions are accessible or active in the Fenton
reaction and that decreasing the copper dispersion, e.g.
increasing the copper loading in CuPILC samples,
increases the relative fraction of these less active copper
species. A decrease in the TOF could be thus expected.
However, this interpretation cannot be used for the
homogeneous case, if we are not assuming the formation
of different copper complexes by increasing the copper
concentration. However, there are no data in literature
which support this explanation. In addition, above
interpretation cannot explain why the efficiency of H,O,
increases on increasing the copper loading (figure 2C).
Therefore, a different interpretation is necessary.

It may be noted that an induction time is necessary
for the homogeneous catalysts. This induction time
could be reasonably attributed to the partial reduction
of Cu*" ions to Cu™ ions for example by the organic
species present in solution, but which occurs only when
H,O, is added. This reduction introduces more efficient
copper species in the generation of oxygen radical spe-
cies explaining the about four-fold increase in the TOF
after the induction period (figure 2A). It is reasonable to
analyze the possible link between this effect of induction
time and the observed trend in TOF with respect to
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copper concentration. Prior to proposing this possible
relationship, it is necessary to discuss before the reaction
pathways leading to the generation of the radical oxygen
species responsible for organics degradation.

3.3. Reaction pathways in the generation of the radical
oxygen species

Scheme 1 shows an overview of the possible reaction
pathways in the Fenton and Fenton-like mechanisms
(see introduction). Besides the classic” redox cyclic
mechanism involving Cu® and Cu®" species (indicated
with A in scheme 1), an additional pathway with for-
mation of a copper hydroperoxo complex intermediate
which transforms then to cupryl ion generating an
hydroxyl radical is possible (indicated with B in scheme
1). The mechanism is based on the hypothesis proposed
for Fenton-like iron catalysts and may be valid also for
copper as well. It is reasonable to assume that the two
pathways are characterized by different turnover fre-
quency as well as efficiency in H,O», use. In our case,
starting from Cu®" ions (Fenton-like catalysts), the
presence of the pathway A or B depends on the energetic
stability of the hydroperoxo complex (see introduction),
which in turns depends on the ligand effect of the sub-
stituents. As far as we know, there are no theoretical
studies in literature about the species which forms by
interaction of H,O, with Cu®" ions, but let us assume it
is similar to what proposed for Fe** ions [22], the
preferable pathway involves the formation of the Cu?*
hydroperoxo complex (pathway B in scheme 1). Further
transformation give rise to the formation of hydroxyl
radicals and cupryl ions. The latter may oxidize organic
molecule thereby reducing to Cu" ions. As noted for
Fe " ions [22], the change from aquo to organic ligands
in the copper complex may change the stability of the
hydroperoxo complex. It is therefore reasonable to
suggest that in the homogeneous catalyst the initial
Fenton mechanism involves the hydroperoxo complex
(route B), while in the progress of the reaction the

mechanism changes to the “Cu’sCu’"™ cyclic one
(route A) as a consequence of the change in the
"hydroperoxo complex |
B

[Cu"'OJ?* + HO:

cupryl ion

O;<T solid catal.i

A

organics

Scheme 1. Reaction mechanism in the generation of radical oxygen
species by interaction with H,O, with copper ions in solution or on the
solid catalyst.
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formation of products of reactions (oxalic acid, for
example) which substitute water molecules in coordi-
nating the copper ions. This explains the presence of an
induction time and the related change in the turnover
frequency.

Recent theoretical studies [22,28] have shown that the
Fe(IT)-aquo complex dissociates fast after coordination
of H,O, to a hydroxo group coordinated to iron and an
HO?® radical which attacks a solvent water molecule that
was hydrogen bonded to the hydrogen peroxide. In fact,
the generated hydroxyl radical has a short life time
which restrict its effective range of action to a few
nanometers. When the organic substrate concentration
is high there is a good chance that the hydroxyl radical
may react with the organic molecule in the neighbour-
hood of the iron complex where the hydrogen peroxide
is coordinated. Therefore, the HO® radical contributes
to the oxidation reactions, because the radical transfer
could find a path along an H-bond attached to an
organic substrate molecule if the latter is close enough.
Otherwise, the radical passage can go via a few solvent
water molecules and end up with hydrogen abstraction
from one of the water ligands of the same iron complex,
resulting in the formation of a dihydroxo complex:

[(Hzo)st?HHzOz]z+ - [(H20)4FGIV(OH)2]2+ + H,0
(14)

The iron(IV)dihydroxo complex is in equilibrium with
its conjugate base:

[(H,0),Fe!V(OH).* + H,0 s 5
[(H,0),Felloon)* + H*

After few pico-seconds, one of the water ligands leaves
the first solvation shell, but the formed complex
[(H,0);Fe""O(OH)] * undergoes no more spontaneous
chemical changes in the next pico-seconds [28].

In other words, if the hydroxyl radical formed by the
Fe' aquo-complex and H,0O, does not encounter an
organic molecule in the neighbourhood, the process leads
to a quenching of the hydroxyl radical. However, if the
pentaaqua iron(II) hydrogen peroxide complex would be
in the neighbourhood of a hexaaqua iron(I1) complex, the
HO?® radical passage might be, via two or three solvent
water molecules, to a water ligand of the hexaaqua iro-
n(II), with two mono-hydroxo pentaaqua iron(III) com-
plexes as the result. Their further transformation generate
new radical species. For higher iron concentrations, there
is thus an additional pathway of reaction of the short-
lived hydroxyl radicals. Recent studies by laser light
scattering [29] have shown that the effective diameter of
Fe(II) action in the Fenton reaction increases on
increasing the iron concentration. This agrees with what
was discussed above, because the hydroxyl radical reac-
tion with a neighbouring iron complex extend its area of
action. Therefore increases the probability that the
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hydroxyl radical reacts with an organic molecule and the
efficiency of the use of H,O,. It is known, on the other
hand, that optimal iron/H,O, and iron/organics ratios
exist to maximize the Fenton and Fenton-like processes,
in agreement with the above mechanistic interpretation.

As far as we know there are no similar studies for
copper Fenton and Fenton-like catalysts, but it is rea-
sonable to suggest the presence of similar mechanisms.
This explains why increasing the copper concentration a
reduction of the TOF is observed together with an
increase in the efficiency in H,O, use. In fact, increasing
copper concentration decreases the H,O,/Cu®”" ratio,
but increases the probability to have two neighbouring
copper complex and thus the possibility of limiting the
quenching of the generated hydroxyl radicals.

In the solid catalyst (CuPILC) a similar trend is
observed, e.g. a decrease in the TOF and an increase in
the H,0, efficiency on increasing the copper loading.
Reasonably the same interpretation is valid for the
heterogeneous system also. However, no induction time
was observed for the solid catalysts, indicating that the
interaction of the ligand effect of the oxide substrate to
the copper ions probably inhibits the pathway B in
scheme 1.

3.4. Byproducts formation

The distribution of the byproducts in p-coumaric acid
conversion over Cu(2)PILC and Cu®* homogeneous
catalyst (62 mmoles Cu®") is shown in figure 3A and
3B, respectively. Oxalic acid is the main byproduct in
both cases, although, after about 4 h of reaction, its
formation is about two times higher in case of hetero-
geneous catalyst (CuPILC). The other byproducts and
their amount is almost similar for the homogeneous and
heterogeneous systems.

A closer inspection of the nature of byproducts
allows to outline the reaction network of p-coumaric
acid degradation schematically reported in scheme 2.
There are two main pathways for the conversion of
p-coumaric acid: (i) hydroxylation of the aromatic ring
resulting in the formation of caffeic acid (CA) and (ii)
epoxidation of the double bond of the lateral chain with
the intermediate formation of the corresponding diol
which is then quickly converted to 4-hydroxybenzalde-
hyde (4HB) with the elimination of oxalic acid. There
are various possible pathways of subsequent degrada-
tion. Scheme 2 reports a pathway which appears prob-
able. The possibility of other pathways cannot be ruled
out.

After caffeic acid formation it is possible to have the
attack on the double bond in the lateral chain to form
the 3,4 dihydroxybenzaldehyde which can also be
formed by hydroxylation of the aromatic ring of 4HB.
Oxidation of the 3,4 dihydroxybenzaldehyde gives 3,4
dihydroxybenzoic acid and further conversion of this
compound gives a sequence of intermediate products
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Figure 3. Formation of byproducts as a function of the time of reaction for heterogeneous catalyst [Cu(1)PILC] (A) and homogeneous catalyst
(62,5 pmoles of Cu”" ions in solution) (B) . Reaction conditions as in figure 1.

such as triacids etc., which are difficult to identify ana-
lytically. Finally the degragation of these intermediates
gives oxalic acid as stable product recalcitrant to further
conversion and transformation to CO».

According to this reaction scheme, two different
oxidizing attacks are possible on the p-coumaric acid,
the epoxidation on the double bond of the lateral chain
which forms 4HB as first identified product and the
hydroxylation of the aromatic ring which gives CA.
Therefore, it is interesting to analyze the formation of
these products in the homogeneous and heterogencous
cases and how the ratio of these two products changes as
a function of time. Figure 4 overviews these results.
There is a different trend with respect to the time on
stream of the CA/4HB ratio for the homogeneous and
heterogeneous cases. In the latter CA is mainly formed
almost immediately, while in the homogeneous case the
CA takes some time (around 15 min) to reach its max-
imum formation. This suggests an evolution in the

nature of the active sites in the homogeneous case which
agree with the previous discussion about the mechanism
responsible for an induction time in p-coumaric acid
conversion.

It may be tentatively suggested that the attack on the
double bond of the lateral chain first followed by the
hydroxylation of the aromatic ring (pathway A in
scheme 2) is due to the route involving the hydroperoxo
complex formation, while the pathway B (first hydrox-
ylation of the aromatic ring and then attack on the
lateral chain) involves the “Cu’™ s Cu®"” cyclic mech-
anism. The first mechanism (via hydroperoxo complex)
initially dominates the conversion in the homoge-
neous case, but then a progressive change to the
“Cu’ s Cu*™ cyclic mechanism, is achieved as
discussed before. This explains the initial increase in
the CA/4HB ratio in the homogeneous case after
the induction time (figure 4). The ligand effect of the
oxide in the case of the CuPILC instead, inhibits the
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Scheme 2. Reaction mechanism in the conversion of p-coumaric acid. The compounds in the bracket were supposed as reaction intermediate, but
not identified analytically.

pathway via the hydroperoxo complex. Therefore,
the “Cu" s Cu®"” cyclic mechanism is already the
dominant route and CA/4HB ratio is already high at
the beginning. The ratio then decreases due to the
conversion of the caffeic acid itself.

Therefore, the analysis of the trends in byproducts
formation with the time of reaction for the homoge-
neous and heterogeneous catalysts, further support the
discussion in the previous section regarding the reaction
pathways in the generation of the radical oxygen species.

3.5. Effect of O,

As indicated in the introduction and outlined also in
scheme 1, dissolved oxygen in solution may also play a
role in the mechanism of generation and/or quenching
of radical oxygen species. Therefore, it is interesting to
understand whether this effect is present and if differ-
ences between the homogeneous and heterogeneous
cases could be evidenced.

Reported in figure SA is the conversion of
p-coumaric acid and the variation of TOC as a function
of the time of reaction for Cu(2)PILC catalysts during
tests in air as in the previous tests or when, instead, a
flow of N, was bubbled to the solution to reduce the
amount of the dissolved O,. A minimal effect on the
conversion of p-coumaric acid and a significant effect is
observed on the removal of TOC.

Figure 5B shows the comparison of the effect of a N,
flow bubbled to eliminate the dissolved O, on the TOC
after 1 h of reaction for the homogeneous and hetero-
geneous cases. There are two opposite effects of O,. In

the heterogeneous case, the presence of O, promotes the
reaction, e.g. allows to reduce the TOC after 1 h. In the
case of the homogenous system, the presence of oxygen
instead lowers the reactivity.

Oxygen dissolved in solution may give rise to the
conversion of Cu ™ species to Cu®> " forming O3~ (scheme
1), reducing therefore the efficiency of the “Cu* < Cu?*”
cyclic pathway (route A). Therefore, it is reasonable that
for the homogeneous catalysts, fluxing the solution with
N, to reduce the amount of dissolved O, improves the
level of TOC reduction. In the heterogeneous case, how-
ever, O3~ species may be generated from the chemisorp-
tion of dissolved oxygen on the catalyst and the reaction
with electrons generated from the conversion of the
organic species on the catalyst surface. These O3~ may
react with Cu® " species forming Cu™ species (scheme 1)
introducing a further pathway for generation of Cu™
species. In other words the dissolved oxygen mediates the
reduction of Cu®>" to Cu™ by electrons produced in the
conversion of organics over the catalyst surface. This is
reasonable considering the relatively poor solid electron
transfer characteristics of CuPILC. In addition, dissolved
oxygen and/or the species generated by oxygen chemi-
sorption on the catalyst may also participate in the
mechanism of oxidation of the organic species. The result
of these two effects leads to a promotion of oxygen of the
TOC reduction in the case of the heterogeneous catalyst,
while the opposite effect is present in the case of the
homogeneous catalyst. It should be noted that in the case
of heterogeneous catalysis, the participation of dissolved
oxygen in the reaction mechanism and its resulting
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Figure 4. Formation of byproducts and change of the ratio between
caffeic acid (CA) and 4-hydroxybenzaldehyde (4HB) as a function of
the time of reaction for heterogeneous catalyst [Cu(1)PILC] (a) and
homogeneous catalyst (62,5 pmoles of Cu?" ions in solution) (b) .
Reaction conditions as in figure 1.

promotion effect explains the higher than 100% efficiency
in the use of H,O, for the Cu(2)PILC catalyst (figure 2C).

The effect of the deoxygenation of the solution on
the product distribution for Cu(2)PILC catalyst is
shown in figure 6A and 6B (tests in air and in flux of
N,, respectively). Figure 6C reports instead the con-
version of caffeic acid to 4 hydroxybenzaldehyde (CA/
4HB) as a function of the time of reaction for the tests
in air and bubbling N,. No remarkable change in the
distribution of the products is observed for the two
experiments. However, for the deoxygenated solution
an increase in the relative formation of caffeic acid is
observed. This fact is in agreement with the previous
discussion indicating a promotion effect of dissolved
oxygen in the generation of Cu™ species. The similar
distribution of the products of reaction instead indi-
cates a minor role of dissolved oxygen as a direct
oxidizing agent, although no conclusive evidences are
present about this aspect.

3.6. Chemisorption of the organic species on the solid
catalyst

In the heterogeneous catalyst the chemisorption of
the organic molecule on the catalyst surface leads to a
higher concentration of organic species near to the
active sites. An increase of the probability that the short
living radical species oxidize the organics instead to be
quenched through the mechanisms discussed above is
expected. It is therefore interesting to analyze if there is
a chemisorption of organic species during the catalytic
reaction occurs and if these chemisorbed organic species
react during the reaction.

To analyze these aspects, the change of the UV-visi-
ble diffuse reflectance spectrum of the Cu(2)PILC cata-
lyst after different times of reaction (figure 7) was
monitored. The samples after catalytic reaction were
dried before the analysis.
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Figure 5. (a) Comparison of the conversion of p-coumaric acid and
TOC variation as a function of the time of reaction for Cu(2)PILC
heterogeneous catalysts: tests in air or under flux of N, to remove
adsorbed oxygen. (b) TOC after 1 h for the heterogeneous catalyst
[Cu(2)PILC] and homogeneous catalyst (62,5 umoles of Cu®* ions in
solution) in tests in air or under flux of N, to remove adsorbed oxygen.
Reaction conditions: 70 °C, rate of H,O, addition of 0.3 mL/h.

The fresh catalyst (spectrum 1) shows a main intense
band near 260 nm and a very broad tail extending up to
about 800 nm where not well-resolved shoulders centred
at about 340 nm and 500 nm could be identified. The
main band at 260 nm could be assigned to the charge-
transfer oxygen to Cu®" band of the ions present in the
octahedral layer of the clay mineral similarly to what
observed for Zr** or Fe** ions in pillared clays [30,31].
The two shoulders at lower frequencies could be
attributed to the charge-transfer (ligand to metal) in
copper oxide clusters (in distorted square-pyramidal
coordination) and in chain-like structures, respectively
[31], localized in the clay pillars.

After 30 min of reaction two new components growth
at about 325 nm and 575 nm. A general increase in the
intensity of the long tail was observed. These bands
disappear after about 4 h of reaction and the spectrum
returns coincident with that of the original fresh sample.
After 4 h, only residual oxalic acid is detected in solu-
tion (about 2000 ppm, figure 3A). This indicates that
the new bands observed after 30 min of reaction cannot
be attributed to the chemisorption of the main product
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Figure 6. Byproducts as a function of the time of reaction for
Cu(2)PILC heterogeneous catalysts: tests in air (a) or under flux of
N, (b). (c) Comparison of the ratio between caffeic acid (CA) and 4-
hydroxybenzaldehyde (4HB) as a function of the time of reaction for
Cu(2)PILC and tests in air or flux of N,.Reaction conditions as in
figure 5.

of reaction, which is oxalic acid, because otherwise these
bands should also be observed in the spectrum after
240 min.

p-Coumaric acid shows an adsorption maximum near
320 nm, but after 30 min it is completely converted
during the catalytic tests with Cu(2)PILC (figure 1A).
Coumarins and similar carboxylic acids may form
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binuclear complexes of copper(Il) characterized by an
oxygen to metal charge-transfer band near 385 nm and
a band in the visible region (near 700 nm) attributed to
d—d transitions with enhanced intensity [32,33], because
they become spin-allowed due to the specific complex
configuration. It is thus possible, in principle, that the
bands observed at 325 and 575 nm (after 30 min of
reaction) may be due to the formation of a surface
complex between carboxylic acids formed during p-
coumaric acid conversion and copper surface dimers.
However, an alternative and more reasonable interpre-
tation in our opinion, derives from the observation that
enzymes characterized by an oxy-hemocyanin structure
such as the horseshoe crab (the structure is outlined in
scheme 3 show intense bands at 345 and 570 nm,
assigned both to oxygen to Cu®>" charge-transfer tran-
sitions [34].

The bands at 325 and 575 nm observed after 30 min
of reaction may be attributed to the formation of an
analogous complex on the surface of CuPILC and, its
formation may be possibly increased by the chemi-
sorption of the reaction intermediates on the catalyst.
These bands, in fact, are not seen by contacting H->O,
with the CuPILC catalyst, or on the catalyst after 4 h of
reaction (figure 7), where oxalic acid along with some
unconverted H->O, is present in the solution.

It is not possible to conclude from the present data if
the species indicated in scheme 3 may play a role in the
Fenton-type oxidation mechanism of these catalysts.
The data indicate that the active copper species present
may be different in case of homogeneous and hetero-
geneous Fenton-like catalysts in spite of similar catalytic
performances.

Finally, the fact that after reaction the UV-Visible
spectrum of Cu(2)PILC is the same as that of the fresh
one (figure 7) further supports the indication of the

2,2 : : : , ,
20 325 nm time of reaction
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Figure 7. UV-Visible diffuse reflectance spectra of fresh Cu(2)PILC
(spectrum 1), and after 30 min and 240 min of reaction in WHPCO of
p-coumaric acid (spectra 2 and 3, respectively). Reaction conditions as
in figure 1.The sample after reaction were dried at 120 °C before to
record the diffuse reflectance spectra.
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Scheme 3. Model of coordination of oxygen in the enzyme /horseshoe
crab. Elaborated from ref. [34].

stability of these heterogeneous catalysts and their pos-
sible use also in continuous operations.

4. Conclusions

The comparison between homogeneous (Cu’" ions)
and heterogeneous (Cu’*-pillared clay) Fenton-like
catalysts in the conversion of p-coumaric acid indicates
the analogy in the performances of the two systems.
However, in the homogeneous system an induction time
was observed. This effect was interpreted suggesting that
in the homogenecous catalyst the initial Fenton mecha-
nism involves the formation of an hydroperoxo com-
plex, while during the course of the reaction the
mechanism changes to a “Cu* = Cu*"” cyclic route as a
consequence of the change of the formation of reaction
products which substitute water molecules in the coor-
dination sphere of the copper ions. This change in the
mechanism explains the presence of an induction time
and the turnover frequency (TOF) increase by a factor
about four after the induction time. However, when the
copper ions are completely complexed by organic
ligands, such as at the end of the reaction (e.g. after 4 h
of reaction), the copper complex become inactive,
because the hydroxyl radicals, when generated, react
with the ligands itself being quenched.

The oxide ligand effect on copper ions in the solid
catalyst avoids the change of the reaction mechanism
which occurs in the homogeneous case. This is further
supported by a different trend in the byproduct forma-
tion during the first half an hour. In particular there is a
change in the first attack on the p-coumaric acid mole-
cule which can be either the hydroxylation of the aro-
matic ring, leading to caffeic acid, or the attack on the
double bond of the lateral chain leading to the forma-
tion of 4-hydroxybenzaldehyde.

A change in the TOF and efficiency in the use of
H>O, on increasing the concentration of copper was also
noted and interpreted in terms of increased probability
of reaction of the short-lived hydroxyl radicals with
organic species by increasing the copper concentration.
In fact, the hydroxyl radical may be transferred to a
second copper complex via two or three solvent water
molecules, resulting in an effective increase of the
diameter of action of the hydroxyl radicals.

Differences between the homogeneous and heteroge-
neous catalyst were noted regarding the effect of the
presence of dissolved oxygen in solution which promotes
the TOC removal in the latter case, while reduces the
activity in the homogeneous case. The effect was inter-
preted in terms of effect of oxygen in converting Cu ™
ions in solution (homogeneous case), but also of effect as
mediator for the generation of Cu” in the heteroge-
neous case.

Finally, the characterization of Cu(2)PILC by UV-
Visible diffuse reflectance during the reaction evidences
the possible formation of a surface peroxo adduct
coordinated to a copper dimer, but also confirm the
stability of the heterogeneous catalyst in the reaction.

In conclusion, notwithstanding the analogies in the
catalytic performances, it may be concluded that effec-
tively the homogeneous and heterogeneous copper-
based catalysts are two different classes of Fenton-like
catalysts.
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