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a  b  s  t  r  a  c  t

This  study  investigates  the  ability  of  formic  acid,  hydrazine  and  hydroxylamine  to act  as  H2 substitutes
in  conducting  phenol  degradation  by  Fenton  reaction  using  in  situ  generated  hydrogen  peroxide.  The
processes  were  performed  with  semi-heterogeneous  (Pd/Al2O3 +  soluble  Fe2+) and  fully  heterogeneous
(FePd/Al2O3)  catalytic  systems  under  ambient  conditions.  In contrast  to bulk  H2O2 production  condi-
tions,  hydrazine  is  able  to  produce  H2O2 in  situ  followed  by  phenol  degradation  using  Pd/Al2O3 + Fe2+

at  pH 3 without  the  need  for  halide  ions.  However,  a  degree  of  mineralization  exceeding  37%  could  not
be  achieved.  The  significant  production  of  in  situ  H2O2 at the  inherent  acidic  pH of  hydroxylammonium

2+

ydrazine
ydroxylamine

n situ hydrogen peroxide
enton reaction

sulfate  in  the  presence  of  Pd/Al2O3 + Fe was  also  found  to differ  from  the bulk  production  of  H2O2, in
which  no  H2O2 was  detected.  A  remarkable  degree  of  mineralization  (ca.  65%)  as  well as  fast  phenol
degradation  during  the  reaction  started  at  pH  7 over  FePd/Al2O3 may  be  an  advantage  of  using  hydroxy-
lamine.  On  the  other  hand,  using  formic  acid,  H2O2 was  produced  at a  moderate  rate,  thereby  achieving
higher  efficiency  in  the  mineralization  of  phenol.  Most  importantly,  the  catalysts  were  more  stable  in the
presence  of  formic  acid  than  hydrazine  or hydroxylamine.
. Introduction

The past few decades have seen growing interest in the use of in
itu generated H2O2 for oxidation processes as an alternative to pre-
anufactured H2O2 [1,2]. In some cases, the application of in situ

enerated H2O2 has been found to be potentially safer and more
conomical than bulk commercial H2O2 [3–5]. Few reports have
een published on the use of in situ generated H2O2 for wastewater
reatment, specifically for the oxidation of organic pollutants [6,7].
2O2 generation directly from H2 and O2 using a metal-supported
atalyst has been widely studied [8].  However, this process has
everal inevitable drawbacks which affect H2O2 productivity and
electivity, including (i) the potentially high explosiveness of the
2/H2 mixture, requiring researchers to limit their work to less haz-
rdous ratios of the gases; and (ii) the low solubility of O2 and H2 in
ater [9].  The use of alcohols instead of water as a solvent has been

uggested by some researchers as a possible method for improving

2O2 selectivity [10]. However, if the H2O2 generated by means of

his process is used in situ for the subsequent oxidation reaction,
he alcohols themselves may  undergo undesired oxidation.
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One of the most effective alternatives for overcoming these
drawbacks is replacing H2 with another source. This eradicates the
risk of explosion associated with the O2/H2 mixture and eliminates
one of the low soluble gases. Hydrazine (HZ) and formic acid (FA)
have been introduced as H2 substitutes in the generation of H2O2
using alumina-supported Pd catalysts [11,12].  Evans et al. [13] gen-
erated H2O2 using hydroxylamine (HA) and O2 catalyzed by Mn
complexes. Other authors have shown that alcohols in the pres-
ence of homogeneous Pd catalyst and O2 can produce hydrogen
peroxide [14].

HZ and its salts are widely recognized as an H2 storage material
due to their capacity for decomposing to H2 under mild condi-
tions [15,16]. Choudhary et al. reported that HZ could be used as an
H2 substitute for the production of H2O2 over Pd/Al2O3 resulting
in remarkable H2O2 selectivity [11]. In that process, no evidence
was  found to indicate that H2 formation occurred through the
decomposition of HZ. In other words, H2O2 is the product of a
direct reaction between HZ and O2. Pd based catalysts have been
found to be inactive for HZ decomposition to H2 in aqueous solu-
tion and under ambient conditions [16]. However, a small amount
of H2 with a short lifetime has been detected in the presence of
O2 [17]. Although HZ is classified as a toxic and possibly carcino-

genic compound, no HZ remains at the end of the reaction. The
process requires halide ions and mineral acid in order to stabi-
lize the H2O2 produced. In the absence of either of these reagents,
no H2O2 was detected. Recently, the same authors (Choudhary

dx.doi.org/10.1016/j.jhazmat.2011.05.029
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
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t al.) proposed HA as an H2 substitute for the in situ generation
f H2O2 using Pd/Al2O3 catalyst [18]. The advantage of HA over
Z is its ability to achieve very high H2O2 productivity at neu-

ral pH without the need for halide ions. It has been mentioned
hat without the initial neutralization of the medium, no H2O2
as formed. In situ generated H2O2 from HA and O2 has been

pplied in the oxidation of Calmagite dye [7].  We  have reported
 simple, clean and environmentally friendly method for the gen-
ration of H2O2 via FA and O2 [12]. In this method, FA (as an
2 substitute) and O2 react over a Pd/Al2O3 catalyst under ambi-
nt conditions leading to the generation of hydrogen peroxide.
ubsequently, this process was applied in the degradation of phe-
ol in the presence of Fe2+ (Fenton’s catalyst) with significant
erformance compared to the conventional Fenton process [19].
he process was successfully expanded for different categories
f organic pollutants such as chlorophenols and pharmaceutical
ompounds [20].

In this paper, we study the performance of HZ, HA and FA as H2
ubstitutes for the in situ generation of H2O2 in the presence of O2.
he in situ generated H2O2 is applied in the degradation of phenol
as representative of organic pollutants) through a Fenton-like
eaction. The efficiency of the process is evaluated by means of
he phenol conversion, TOC removal results and the evolution
f aromatic intermediates (catechol). The effect of the factors
nhancing the H2O2 formation yield (halide ion and pH) is inves-
igated. The reactions are conducted over a semi-heterogeneous
d/Al2O3 + Fe2+ and a fully heterogeneous Pd–Fe/Al2O3
atalyst.

. Experimental

.1. Catalyst preparation and characterization

Pd/Al2O3 (denoted as PdAl) and Fe–Pd/Al2O3 (denoted as
ePdAl) catalysts were synthesized through conventional impreg-
ation. For PdAl, an acidified solution of PdCl2 was  added to a
lurry solution of �-Al2O3 (prepared by sol–gel). The mixture was
ged while stirring for 1 h. Water was removed by rotary vapor at
5 ◦C. The precipitate was dried at 110 ◦C and was then calcined at
00 ◦C for 3 h. Finally, the catalyst was reduced under a flow of H2
20 ml/min) at 200 ◦C for 2 h. Pd content on alumina was 5 wt%. To
ynthesize FePdAl, first �-alumina was impregnated by an aqueous
olution containing a certain amount of Fe(NO3)3·9H2O followed by
rying at 110 ◦C and calcining at 400 ◦C for 3 h. Afterwards, the cal-
ined solid was impregnated with PdCl2 followed by drying and
alcining through the same procedure as performed for Fe. Finally,
he solid was reduced by H2 at 200 ◦C for 2 h. The Fe and Pd contents
ere 1 and 5 wt%, respectively.

The catalysts were characterized by XRD, H2 chemisorption, H2-
PR, HRTEM and XPS. The details of the characterization techniques
nd their results have been explained in previous reports [19,20].  In
ummary, PdAl showed a metallic Pd phase with an average particle
ize of 20 nm,  whereas smaller Pd particles appeared in the FePdAl
ample. H2-TPR results showed that for PdAl, most of the Pd species
ere reduced to metallic Pd by H2 at room temperature due to the
egative desorption peak of �-PdH at less than 100 ◦C. However,

n the presence of Fe (the FePdAl sample), a reduction at around
20 ◦C occurs as well which represents co-reduction of Pd and Fe
pecies. XPS analysis of FePdAl confirmed the partial reduction of
e species at 100 ◦C. On the other hand, no Pd–Fe alloy could be
etected in this sample by HRTEM, while metallic Pd and Fe2O3

ere clearly observed. Therefore, it can be concluded that on the

ePdAl sample, the major phases are metallic Pd and Fe(III) with a
lose vicinity. Such vicinity although causes an interaction between
d and Fe species, does not lead to the formation of the Pd–Fe alloy.
s Materials 192 (2011) 340– 346 341

2.2. Catalytic tests

The phenol degradation reactions were performed under ambi-
ent conditions (25 ◦C and atmospheric pressure) in a 100 ml
magnetically stirred three-necked glass reactor. The volume of the
reaction was 50 ml  containing phenol (100 mg/L), Fe2+ (if required
10 mg/L), Br− (if required 1 mM)  and the catalyst (0.1 g). Initial
concentrations of FA, hydrazine hydrate (N2H4·H2O) and hydroxy-
lamine sulfate ((NH2OH)2·H2SO4) were 40 mM,  20 mM and 40 mM
respectively. Oxygen was  passed through the reaction medium at
a flow rate of 20 ml/min. Without exception, all the reactions were
performed in darkness to avoid any interfering effect of existing
light. The reactions using the FePdAl catalyst were performed under
the same conditions as mentioned above, but in the absence of Fe2+.
It is worth to note that the amount of Fe on FePdAl is theoretically
twice the amount of soluble Fe2+. However, it should be considered
that a significant number of atoms of Fe are not available when they
are anchored on the surface of alumina as big clusters. The desired
pH of the solution was adjusted using H2SO4 or NaOH.

Phenol degradation and FA decomposition were monitored by
sampling at regular intervals and analyzing by means of high-
performance liquid chromatography HPLC (Shimadzu LC-2010
equipped with a SPD-M10A Diode array UV–vis detector). A Var-
ian OmniSpher C18 column and a solution containing Milli-Q
H2O and acetonitrile (60:40) at pH 3.80 adjusted by H3PO4 as
mobile phase were used to analyze phenol and catechol at a wave-
length of 254 nm.  An Acclaim OA column and a mobile phase
containing 100 mM Na2SO4 at pH 2.65 adjusted by methane-
sulfonic acid as mobile phase were used to analyze FA at a
wavelength of 210 nm.  H2O2 evolution during the reaction was
monitored semi-quantitatively by Quantofix H2O2 indicator strips
(MACHEREY-NAGEL). HZ was analyzed by titration against KIO3 in
the presence of HCl and chloroform as documented by Penneman
et al. [21]. HA was  measured by reverse iodometric titration using
potassium iodate [22]. Total Organic Carbon (TOC) for each sample
was  measured using a Shimadzu TOC-5000A analyzer. The reaction
solution at the end of each run and after filtration was analyzed by
atomic absorption spectroscopy to measure Pd and Fe leaching.

3. Results and discussion

3.1. Formic acid

Phenol conversion profiles (Fig. 1A) using H2O2 generated in situ
from FA and O2 in the presence of PdAl + Fe2+ and over FePdAl show
similar performances for both processes. A fast decrease of phenol
concentration within 1 h (55–65%) followed by a moderate conver-
sion up to 4 h was  observed during the reaction periods. Within
4 h, a degree of mineralization of 55% was obtained by means of
the semi-heterogeneous (PdAl + Fe2+) system, while better mineral-
ization (66%) was  achieved using the fully heterogeneous (FePdAl)
catalytic system. Prolonging the reactions up to 6 h resulted in a
further decrease of TOC, whereas phenol concentration remained
constant. Mineralization occurrence after 4 h can be attributed to
the activity of both PdAl and FePdAl catalysts in the degradation
of the intermediates in the presence of O2. The FA decomposition
profiles (Fig. 1B) of the above two reactions also demonstrate very
similar trends indicating the termination of FA within 4 h. This sug-
gests that Fe does not interfere in FA decomposition over Pd in the
reaction over FePdAl.

Halide ions can promote the efficiency of the reaction by poison-

ing the catalyst, thereby decreasing its hydrogenation activity and
the decomposition of H2O2 [23]. In the presence of halide ions, H2O2
formation using FA and O2 led to H2O2 selectivity enhancement
after a long reaction period (1 h), while in a short period (5 min)
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2O2 selectivity did not significantly improve, which is an essen-
ial component of the in situ application of H2O2 [12]. This means
hat the halide ion effect on H2O2 generation is more substantial
n the bulk production of H2O2. To study the halide ion effect on
he in situ generation of H2O2, we performed phenol degradation
sing H2O2 generated in situ over PdAl + Fe2+ in the presence of
r−. The phenol conversion profile of this reaction in Fig. 1A shows

 drastically reduced rate in comparison with the same reaction
ithout Br−. The FA decomposition profile for this process (Fig. 1B)

learly shows a very slow FA disappearance rate. This behavior can
e attributed to Br−, which deactivates the catalyst for the decom-
osition of FA. It can be concluded that for the in situ generation
f H2O2, the presence of a poison which deactivates the catalyst
eading to the accumulation of H2O2 in the medium over a long
ime is not required; a fast H2O2 generation rate for the subsequent
xidation reaction is more important.

In order to test the performance of this catalytic system in a

ider pH range, phenol degradation was performed over FePdAl at

he initial pH 7 adjusted with NaOH. The phenol concentration pro-
le (Fig. 1A) indicates that no phenol conversion occurred. Other
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Fig. 2. Phenol degradation using in situ generated H2O2 from HZ and O2 using

PdAl + Fe2+ (pH 3), PdAl + Fe2+ + KBr (pH 3), FePdAl (pH 3) and FePdAl (pH 9). (a)
Phenol conversion profiles (b) HZ conversion profiles. (c) Evolution of catechol. *No
H2O2 was detected during the reaction performed using FePdAl (pH 9).

studies have found that under ambient conditions and in aque-
ous solution, the decomposition rate of the formate ion at pH ≥7
is constant and so much slower than FA itself [17]. Consequently,
H2 cannot be produced at an appropriate rate for the formation of
H2O2.

The formation of intermediates during the process of phenol
degradation points to the occurrence of oxidation reactions. Con-
sequently, the existence of an in situ generated oxidant is proved.
We monitored the evolution of catechol as one of the well-known
aromatic intermediates of phenol oxidation (Fig. 1C). For the reac-
tions over PdAl + Fe2+ and FePdAl, catechol appears in similar slopes
reaching maxima at 2 h and 1 h, respectively. Over FePdAl, catechol
disappears a little faster, suggesting a higher capability of the cat-
alyst in the degradation of intermediates, which had already been
demonstrated by the degree of mineralization results. In the pres-

ence of Br−, catechol is formed at a very slow rate representing
a weak oxidation process. It is worth noting that during the above
reactions apparently no H2O2 was  detected in the reaction medium,
suggesting its rapid consumption by the oxidation reaction.
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0.1  g) + Fe (10 mg/L) + KBr (1 mM)  (pH 3) (the numbers in the parentheses are the
orresponding TOC removal (%)). Inset: hydrazine conversion during the two above
eactions.

For all the above reactions using PdAl and FePdAl, no Pd and
e leaching was detected in the final solutions. Single Pd shows
igh stability when it is deposited on alumina [19]. Moreover, the
oupling of Fe and Pd promotes the resistance of Fe species against
orrosion in a moderately acidic medium [20].

.2. Hydrazine

The reaction of HZ and O2 over supported-Pd catalyst is sup-
osed to occur based on the following reactions:

2H4 + 2O2 → 2H2O2 + N2 (1)

2H4 + O2 → 2H2O + N2 (2)

ssuming the optimum circumstance for H2O2 formation through
he reaction (1),  each mol  HZ can be oxidized to two mol  H2O2.
herefore, in order to have a fair comparison between HZ and FA in
his study, HZ was used as half of the initial molar concentration of
A, i.e. 20 mM.

H2O2 generated in situ from HZ and O2 using a PdAl + Fe2+ system
t initial pH 3 (Fig. 2A) quickly converted phenol, within 1 h (>50%).
Z disappeared in less than 30 min  (Fig. 2B), as had been previ-
usly observed during H2O2 generation [11]. H2O2 was  detected,
eaching a maximum (ca. 20 mg/L) at 30 min  which vanished after

 h. The appearance of free H2O2 within the solution suggests a
igher rate of H2O2 formation than H2O2 consumption by phenol
xidation. After 2 h, thus, phenol degradation by in situ gener-
ted H2O2 was suppressed. Over FePdAl, similar behavior was  also
bserved for the conversion of phenol and decomposition of HZ
Fig. 2A and B). Most interestingly, while the reaction of HZ and
2 over Pd/Al2O3 in the absence of halide ions and strong mineral
cid yielded no H2O2 [11], during the oxidation reaction carried
ut under the same conditions, in situ generated H2O2 was semi-
uantitatively detected.

Phenol degradation using PdAl + Fe2+ in the presence of Br− and
tarted at pH 3 was proceeded at a rate similar to that in the two
revious reactions (Fig. 2A), while the conversion of HZ was slightly
lower (Fig. 2B). Monitoring of the H2O2 produced revealed ca.
0 mg/L H2O2 at 30 min, which supports the assumption, men-
ioned earlier regarding the higher stability of H2O2 formed in the
resence of halide ions. After 1 h, H2O2 concentration was  reduced

o less than 5 mg/L. The use of a higher initial concentration of HZ
40 mM)  better revealed the influence of Br− on phenol degrada-
ion (Fig. 3). HZ conversion clearly decreased in the presence of
r−, leading to slower conversion of phenol and a weaker degree
s Materials 192 (2011) 340– 346 343

of mineralization. This means that the catalyst is poisoned by Br−

and loses its activity for decomposition of hydrazine.
Phenol degradation was  conducted without the addition of acid

at inherent basic pH (ca. 9) created by the addition of 20 mM
hydrazine hydrate over FePdAl. Surprisingly, no phenol conver-
sion was observed (Fig. 2A), whereas HZ disappeared very quickly
(shown in Fig. 2B). Furthermore, no H2O2 was detected by the indi-
cator strips during the reaction. It seems that the HZ and O2 reaction
under these conditions was directed mostly toward the formation
of H2O (reaction (2))  [11]. By conversion of HZ in less than 1 h, the
pH of the solution drops to 4.6 (the pH of a solution containing
phenol and the catalyst) remaining constant until the end of the
reaction period (6 h). It can be concluded that the H2O2 generation
by HZ and O2 for bulk production and in situ purposes essentially
needs to be carried out in an acidic pH.

Fig. 2C shows the evolution profiles of catechol through the phe-
nol degradation reactions. For the reactions involving FePdAl and
PdAl + Fe2+ started at pH 3, catechol appears at a high rate, reach-
ing a maximum at 1 h, which confirms the occurrence of phenol
oxidation. After 1 h, mild degradation continued until the end of
the reaction periods. After 2 h, when no H2O2 was generated in the
reaction medium, catechol oxidation took place in the presence of
O2 and the catalyst [19]. During a reaction using PdAl + Fe2+ in the
presence of Br− at pH 3, catechol was produced along with phenol
oxidation within 1 h. The catechol concentration even exceeded the
maximum concentration obtained in the absence of Br−, which is
consistent with the higher amount of H2O2 apparently detected.
Nevertheless, after 1 h, the concentration of catechol remained
almost constant. These observations indicate that the activity of
the catalyst for the degradation of catechol is drastically reduced
by Br−.

For the reactions conducted using PdAl + Fe2+ and FePdAl, TOC
removal yielded similar profiles (Fig. 4). In the presence of Br−, TOC
removal was  drastically diminished, which is in agreement with
the results of catechol evolution, i.e. catalyst deactivation by Br−.
Obviously, no TOC removal was observed for the reaction carried
out in the absence of acid (pH 9).

The stability of the catalysts was  studied by measuring metal
leaching at the end of the reactions. PdAl indicated remarkable sta-
bility so that Pd loss was  always less than 0.1% compared to the total
Pd content of the catalyst. In addition, phenol degradation using
the PdAl used (filtered, washed and dried after the first run) + Fe2+

yielded results similar to those using fresh catalyst. Pd was  also sta-
Time (h)

Fig. 4. TOC conversions during phenol degradation using in situ generated H2O2

from HZ and O2.
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n pH down to 1.6 during the reaction, which is highly corrosive for
e.

.3. Hydroxylamine

In the presence of O2, HA conversion can occur as follows:

NH2OH + O2 → H2O2 + 2H2O + N2 (�H298 = −540.1 kJ/mol)

(3)

NH2OH + 2O2 → 3H2O2 + N2 (�H298 = −329.1 kJ/mol) (4)

ssuming the reaction (3) as the predominant route, i.e. forma-
ion of 1 mol  H2O2 by 2 mol  HA, 40 mM hydroxylammonium sulfate
as used as initial concentration for all the reactions in order

o be comparable with FA and HZ. As a hydroxylammonium sul-

ate salt, HA has an acidic character; therefore, the addition of a
0 mM concentration to a solution containing phenol (100 mg/L)
nd the catalyst (0.1 g) leads to a pH of 3.8. Phenol degrada-
ion using PdAl + Fe2+ as shown in Fig. 5A, after a relatively fast
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ig. 5. Phenol degradation using in situ generated H2O2 from HA and O2 over
dAl + Fe2+, PdAl + Fe2+ + KBr, FePdAl and FePdAl (pH 9). (a) Phenol conversion pro-
les (b) HA conversion profiles. (c) Evolution of catechol.
Fig. 6. TOC conversions during phenol degradation using in situ generated H2O2

from HA and O2.

degradation within 1 h, progresses gradually, reaching 88% con-
version after 6 h. The conversion of HA (Fig. 5B) reaches ca. 70%
within 2 h followed by its complete disappearance at 6 h. Over FeP-
dAl, phenol conversion took place at a lesser rate than over PdAl
(Fig. 4A) whereas the conversion of HA was similar to that over
PdAl (Fig. 5B). In the presence of Br− and using PdAl + Fe2+, the
phenol conversion rate was  drastically decreased (Fig. 5A), lead-
ing to a 47% conversion after 6 h. It is clear that Br− affects HA
conversion by poisoning active sites of the catalyst leading to a
lower activity. No H2O2 was  detected during the above reactions,
which means that all the H2O2 produced was consumed in situ by
the oxidation reactions. The pH of the medium during the above
reactions decreased from 3.8 to 3.2–3.5 at the end of the reac-
tion periods. The oxidation of phenol through the above reactions
at such an acidic pH implies H2O2 formation. H2O2 formation
from HA and O2 had not previously occurred without neutral-
ization [18]. The catalysts showed interesting stability in that no
significant metal leaching was  detected at the end of each run.
Furthermore, a phenol degradation reaction performed using the
PdAl used (filtered, washed and dried after the first run) + Fe2+

demonstrated results similar to those yielded using fresh
catalyst.

Phenol degradation was  conducted using HA over FePdAl at the
initial pH 7 adjusted by NaOH. Phenol disappeared in less than 3 h
as shown in Fig. 5A. Total conversion of HA was  achieved in less
than 4 h (Fig. 5B) and the formation and the accumulation of a
significant amount of H2O2 was  observed. Within 1 h, a concen-
tration of >150 mg/L H2O2 could be detected semi-quantitatively.
The H2O2 produced showed interesting persistence during the
reaction which might be due to the acidic medium created by
termination of HA [24]. After 6 h reaction, there still was approx-
imately 15 mg/L H2O2 available in the solution. The pH of the
solution decreased slowly during the first 30 min  from 7.0 to 6.4.
Then the pH dropped to 3.0 at 1 h resulting in a final pH of 2.8
after 6 h. Maintaining the medium at this pH for 5 h and releas-
ing of SO4

2− as a result of (NH2OH)2H2SO4 decomposition might
be the cause of 2 mg/L Fe leaching (ca. 8% of total iron content
of the catalyst) detected at the end of the run. An experiment
showed that such a low concentration of Fe2+, although it can
slightly proceed the Fenton reaction, is not conclusive for the whole
process.

For the reaction performed using PdAl + Fe2+, catechol concen-
tration rapidly reached a maximum at 1 h followed by moderate
decomposition up to 6 h (Fig. 5C). Over FePdAl, the catechol evo-

lution profile shows a continuous increase reaching its maximum
at 5 h, suggesting a lesser oxidation activity for this reaction. Using
PdAl + Fe2+ and in the presence of Br−, the weaker oxidation activ-
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ig. 7. The comparison of the performances of formic acid, hydrazine and hydrox-
lamine in phenol degradation using in situ generation of H2O2 under different
onditions.

ty of the system becomes clear, i.e. the formation of catechol
s slower. Interestingly, in the case of the reaction performed
ver FePdAl at initial pH 7, catechol appears in a small quan-
ity (2 mg/L) at 30 min  which rapidly degrades in less than 3 h.
hese results exemplify the remarkable oxidative capability of this
ystem.

The TOC results shown in Fig. 6 indicate a degree of mineral-
zation of 35% achieved using PdAl + Fe2+ at acidic pH after 6 h. A
esser degree of mineralization was obtained using FePdAl (21% in

 h), which is in line with lower phenol conversion and catechol
ppearance. The lowest capacity for mineralization was observed
ith PdAl + Fe2+ in the presence of Br−. Nevertheless, a degree of
ineralization of 65% was achieved by the reaction over FePdAl at

H 7 after 6 h. It should be noted that 95% of such achievement was
ccomplished within 2 h.

. Conclusions: comparison of H2 substitutes

Generally speaking, the bulk production of H2O2 over Pd-
ased catalysts requires the presence of a strong acid and halide

ons in order to achieve high selectivity. However, the appli-
ation of H2O2 generated in situ for phenol degradation in the
resence of halide ions, regardless of the H2 source, is not very
fficient. On the other hand, in contrast to the bulk produc-
ion in which no H2O2 was produced in the absence of halide
ons, the oxidation of phenol and its intermediates under such
onditions confirmed the formation of H2O2. Actually, the H2O2
roduced is consumed by the oxidation reaction before its decom-
osition to H2O and O2. Therefore, it can be concluded that the
resence of halide ions is not in favor of in situ generation of
2O2.

H2O2 formation using FA as an H2 substitute had previously been
hown to be less efficient than HZ and HA. However, FA showed bet-
er performance during the in situ generation of H2O2 employed
or the oxidation of organic pollutants (Fig. 7). The achievement
f higher mineralization and the remarkable stability of the cata-
yst are advantages of using FA as an H2 substitute. This behavior
f FA suggests a controlled productivity for H2O2 which is suit-
ble for the subsequent oxidation process. HZ cannot compete with
A in the in situ generation of H2O2 applied in phenol degrada-

ion. Firstly, its performance is highly dependent on the presence
f strong mineral acid, which can reduce catalyst stability due to
etal corrosion. Secondly, its fast decomposition over Pd leads to

he production of a large quantity of H2O2 which is exposed to

[
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dehydration or self-decomposition rather than being consumed as
an oxidant. Nevertheless, in the case of HA, the high H2O2 produc-
tivity obtained at neutral pH may  be an advantage when effluents
with neutral or nearly basic pH are treated. Phenol degradation by
H2O2 generated in situ from HA was remarkably efficient at neutral
pH (Fig. 7). It is worth noting that considering this advantage, the
initial concentration of HA and the organic compound to be oxi-
dized should be optimized in order to avoid any loss of the H2O2
formed.
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