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Cu- and Fe-ZSM-5 as catalysts for phenol hydroxylation
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Abstract

Cu- and Fe-ZSM-5 catalysts were hydrothermally synthesized and characterized by XRD, BET, FT-IR and UV–vis. The catalytic activity
of several samples was tested for the aqueous hydroxylation of phenol with hydrogen peroxide. Two different mineralizing agents were
used to prepare Cu-ZSM-5 catalysts: methylamine (Cu-Z-o) and sodium hydroxide (Cu-Z-B). Fe-ZSM-5 catalysts were synthesized either
without mineralizing agent (Fe-Z-s) or with ammonium fluoride (Fe-Z-f). The metallic content of the synthesized materials varied between
0 and 1.8 wt.% and the Si/Al ratio varied from 32 to infinity. The type of mineralizing agent has a strong influence on the Cu or Fe species
incorporated into ZSM-5. CuI and CuII predominated in Cu-ZSM-5 prepared with methylamine whereas Cu◦ clusters besides CuI and CuII

were detected on Cu-Z-B. When copper and Al contents decreased in Cu-ZSM-5 catalysts catechol production was favored. Cathecol was also
preferably obtained over low iron loaded ZSM-5 prepared with NH-F as mineralizing agent. Fe-Z-f samples contained both framework and
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xtraframework iron species. The best reaction conditions found in this work to obtain high yields of catechol and hydroquinone a
henol, molar ratio phenol/H2O2 = 3, catalyst = 20 mg,T= 80◦C, water = 5 g,reaction time = 4 h.
2004 Elsevier B.V. All rights reserved.
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. Introduction

The incorporation of transition elements into framework
ositions of high silica zeolites and silicates has attracted
uch interest because it provides a novel means of obtain-

ng high dispersions of these elements within the zeolite
tructure. Besides, the acidity generated is different from
hat associated with Al sites[1]. Transition metal ions have
romising catalytic behavior in the oxidation of organic
ompounds and their stability toward dissociation and/or
xidative destruction is improved over their homogeneous
ounterparts[2]. Use of solid catalysts for selective oxidation
f phenols, preferably at near ambient conditions and using
lean oxidants like O2 or H2O2, is a research area of great
ndustrial importance. Hydroxylation of phenol with H2O2
sing microporous titanosilicate, TS-1 and its commercial
tilization by Enichem workers[3] is a major advance in this
rea. Hydroquinone (HQ) and catechol (CAT), widely used

n chemical, pharmaceutical and food industries, are obtained

∗ Corresponding author. Tel.: +574 210 55 37; fax: +574 263 82 82.

with high selectivity over TS-1[4]. In the search for altern
tive catalysts, a wide variety of materials have been stu
metal oxides, supported metal complexes, hydrotalcite
compounds, metal containing mesoporous materials, m
hydroxylphosphates and heteropoly compounds, am
others[5,6]. However, titanosilicalites still continue to be t
most important catalysts for this reaction. The narrow p
of TS-1 are necessary for the formation of hydroquinone
though catechol is formed on the external surface, it can
form in the pores of TS-1[7]. In contrast to phenol hydrox
lation over microporous TS-1 which is effectively carried
with methanol or acetone, organic solvents are not ade
for phenol hydroxylation over Cu-HMS[8,9], Cu-ZSM-5
[10], CoNiAl ternary hydrotalcites[11], Cu(II)+SiW12
Keggin-type heteropoly compound[12], and CuM(II)M(III)
ternary hydrotalcites[13]. The beneficial effect of wat
in phenol hydroxylation[14] over these catalysts has be
ascribed to both phenol and H2O2 simultaneously dissolvin
in water and approaching the active center. So, hyd
radicals are generated, which are though to be the a
species involved in the hydroxylation reaction. Low vale
E-mail address:alvilla@udea.edu.co (A.L. Villa). transition metal ions such as FeII and CuII activate hydrogen
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peroxide to obtain free radicals[15–17]. Recently, the use
of ZSM-5 containing copper or iron as active sites has been
reported[18–20] for the wet peroxide oxidation of phenol
from wastewaters. The activity and stability of the active Cu
or Fe species was dependent on the preparation method. The
objective of this work is to compare the activity of several
Cu- and Fe-ZSM-5 catalysts for the aqueous phenol hydrox-
ylation with H2O2. Different materials were hydrothermally
synthesized by addition of the metal precursor in the syn-
thesis gel using organic and inorganic mineralizing agents.

2. Experimental

2.1. Synthesis of Cu-ZSM-5 and Fe-ZSM-5

Cu-ZSM-5 was synthesized following the procedure re-
ported by Gabelica and coworkers with tetrapropylammo-
nium bromide, TBABr, as template[19]. Depending on
the mineralizing agent used, methylamine or sodium hy-
droxide, two types of materials were obtained, coded Cu-
Z-o or Cu-Z-B. The gel composition for Cu-Z-o was
Si:0.28TBABr:2.1CH3NH2:xCu:39H2O:yAl, with x vary-
ing between 6.57× 10−3 and 0.02 mol andy= 0–0.03 mol,
and Si:0.28TBABr:0.27NaOH:0.03Cu:35H2O for Cu-Z-B.
To remove the organic template, all samples were calcined
5
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ing mantle. The catalyst and an aqueous solution of phenol
were mixed with a magnetic stirrer and heated to the de-
sired temperature. To start the reaction, an aqueous H2O2
solution (30% (w/v)) was then added in a single portion.
After 4 h, the products were taken out and analyzed by
GC on a SPB-50 capillary column either in a GC–FID or
GC–MS.

3. Results and discussion

3.1. Catalyst characterization

3.1.1. Chemical composition and X-ray diffraction
The Si/M (M = Cu or Fe) and Si/Al atomic ratios, as well

as, metallic composition and color of the synthesized ma-
terials, are listed inTable 1. The surface area of selected
samples was 350 m2/g. As observed inTable 1the copper
content of samples prepared using methylamine as miner-
alizing agent (Cu-Z-o) varied between 0.05 and 1.15 wt.%
depending on the amount of metal and aluminum precur-
sors added to the synthesis gel. The final crystals exhibited
a gray color. In general, the Si/Cu ratios of the final crystal-
lized solids are higher than those of the corresponding gels.
Particularly, when Al is not present in the synthesis gel the
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h at 600◦C, heating rate 2◦C/min.
The procedure developed by Sheldon and cowo

21] was used to obtain Fe-Z-s, without mineraliz
gent and that reported by Nagy and coworkers to
are Fe-Z-f with NH4F as mineralizing agent[22]. Gel
ompositions were Si:0.25TPAOH:xFe:31H2O:yAl for
e-Z-s catalysts.x was varied between 9.71× 10−3

nd 0.02 mol, y= 0–0.03 mol. For Fe-Z-f catalys
i:0.05TPABr:2.4NH4F:xFe:13H2O:yAl. x varying betwee
.9× 10−4 and 0.03 mol andy= 0–0.03 mol. Templat
emoval was done by calcining 10 h at 550◦C, 2◦C/min.

.2. Catalyst characterization

Chemical analysis of fresh catalysts was carried ou
tomic absorption. Powder X-ray diffraction patterns w
btained in a Bruker AXS diffractometer generating Cu�
adiation operating at 40 kV and 30 mA. Scanning was
ucted from 2θ = 3–40◦ and a step size of 0.02◦. BET surface
reas were determined in a Micromeritics ASAP 2010 s

ometer. IR spectra were recorded using a Bruker 22 (M
on FT-IR 5000) spectrometer using intimate dilute mixt
f the zeolite samples in KBr. UV–vis experiments were

ormed on a Perkin-Elmer Lambda 9 UV/VIS/NIR spectro
ter. The spectra were recorded in air against BaSO4, in the
00–1000 nm wavelength range.

.3. Catalytic activity measurements

Phenol hydroxylation with hydrogen peroxide was d
nder reflux in a three-necked flask surrounded by a
mount of copper in the solid is quite low. When Al w
ot present in the methylamine containing gel, Gabelica
oworkers could not detect Cu within individual MFI cryst
y microprobe analysis. Instead, they found large octah
rystals of Cu2O intermixed with the MFI crystals by SE
18]. Al was required to obtain high copper loadings i
SM-5 prepared with methylamine as mineralizing agen
ontrast, for Al-free gels the efficiency of copper incor
ation was higher when NaOH was the mineralizing ag
s observed for Cu-Z-B. However, it has been reported[20]

hat probably NaOH brings Cu as zeolite extraframew
s well as dispersed copper oxide or hydroxyoxy ins
le polynuclear species, which would generate oxide

icles on the external surface of the zeolite crystals u
alcination.

The gel Si/Fe atomic ratios of Fe-Z-s samples prepar
he absence of mineralizing agent were in most cases
han those in the corresponding solids. In contrast, F
prepared in fluoride media contained Si/Fe ratios hi

han those in the gels. As observed inTable 1, Fe contain
ng catalysts were rusty-colored, suggesting the presen
xtraframework Fe deposited outside the ZSM-5 crystal
he only exception was the lower iron containing sam
e-Z-f1.

The XRD patterns of Cu-ZSM-5 and Fe-ZSM-5 cataly
re shown inFigs. 1 and 2(a)–(b), respectively. Cu-Z-o sam
les show the characteristic XRD pattern of the MFI struc
nd no major structural changes were detected after Cu

ncorporation. The low background lines indicated high c
allinity of synthesized materials. Cu-ZSM-5 samples s
hesized with NaOH as mineralizing agent show a pea
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Table 1
Si/M (M = Cu or Fe), Si/Al atomic ratios of gels and crystalline Cu-ZSM-5 and Fe-ZSM-5 samples, as determined by atomic absorption

Catalyst Si/Mgel Si/MMFI Si/Algel Si/AlMFI Cu or FeMFI (wt.%) Color

Cu-Z-ol 98 2058 79 88 0.05 Light blue
Cu-Z-o2 50 148 116 88 0.59 Gray
Cu-Z-o3 152 148 37 32 0.67 Gray
Cu-Z-o4 51 148 ∞ ∞ 0.74 Dark gray
Cu-Z-o5 98 84 118 88 1.15 Gray

Cu-Z-B 47 61 ∞ ∞ 1.59 Dark gray
ZSM-5 ∞ ∞ 36 40 0 White

Fe-Z-s1 151 166 36 54 0.51 Light beige
Fe-Z-s2 101 143 37 54 0.71 Beige
Fe-Z-s3 103 86 122 54 0.96 Beige
Fe-Z-s4 51 48 ∞ ∞ 1.58 Orange
Fe-Z-s5 51 48 36 34 1.70 Light brown
Fe-Z-s6 82 48 51 82 1.75 Light brown
Fe-Z-f1 2058 1820 88 901 0.05 White
Fe-Z-f2 148 328 88 901 0.28 Beige
Fe-Z-f3 33 64 ∞ ∞ 1.09 Orange
Fe-Z-f4 33 64 32 901 1.31 Orange
Fe-Z-f5 33 64 88 390 1.47 Orange
ZSM-5 ∞ ∞ 82 60 0 White

2θ = 26.8◦ which was identified as silicon oxide type syn-
thetic quartz (Powder Diffraction File, PDF 33–1161). No
peaks corresponding to CuO phases at 2θ values of 35.6◦ and
38.7◦ [23,24] can be observed in Cu-ZSM-5 catalysts. Cu
species in these samples might be highly dispersed either in
the zeolite channels or in the external surface of the crystal-
lites. In the Fe-Z-f1 sample no diffraction peaks due to ferric
oxide and/or oxyhydroxide phases in the 2θ region 12–18◦
[13] neither around 35.5◦ due to�-Fe2O3 particles[25] ap-
peared. However, the peak intensity around 18◦ is higher for
Fe-Z-f2, Fe-Z-f4, and Fe-Z-f5 catalysts (seeFig. 2(b)). It
could be due to iron oxides or oxyhydroxides, probably as a
result of calcination.

3.1.2. UV–vis spectroscopy
The UV–vis reflectance spectra of Cu-ZSM-5 and Fe-Z-f

catalysts are presented inFigs. 3 and 4, respectively. Copper
containing catalysts, except Cu-Z-o3, showed an absorption

F syn-
t

band at 212 nm corresponding to CuI [26]. Also, d–d tran-
sitions of octahedral Cu2+ with O-containing ligands is ob-
served at 250 nm for Cu-Z-B and at 232 nm for Cu-Z-o3 and
Cu-Z-o4. The latter band has been attributed to CTO→ tran-

Fig. 2. Powder X-ray diffraction patterns of (a) fresh Fe-ZSM-5 synthesized
without mineralizing agent, Fe-Z-s and (b) fresh Fe-ZSM-5 synthesized with
NH4F as mineralizing agent, Fe-Z-f.
ig. 1. Powder X-ray diffraction patterns for fresh Cu-ZSM-5 catalysts
hesized with methylamine and NaOH as mineralizing agents.
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Fig. 3. Diffuse reflectance, UV–vis spectra of fresh Cu-ZSM-5 catalysts
synthesized with methylamine and NaOH as mineralizing agents.

sitions of isolated CuII ions in coordination with lattice oxy-
gen[27]. The other samples (Cu-Z-o1, Cu-Z-o2, Cu-Z-o5)
exhibit a shoulder around 250 nm. A broad band observed
in the 670–1000 nm range for all Cu-ZSM-5 samples have
been attributed to CuII ions octahedrically coordinated and is
typical of metal oxide structures[28]. An additional band at
568 nm assigned to Cu◦ [26] is also observed in Cu-Z-B. On
the basis of this data, it is confirmed that the use of NaOH as
mineralizing agent generates copper metal clusters in addi-
tion to CuI and CuII species. However, no copper clusters are
detected by UV–vis in samples prepared with methylamine
as mineralyzer.

UV–vis of Fe-Z-f catalysts exhibited a strong absorption
in the 200–350 nm range due to metal-oxygen charge transfer
[21]. The band at 247 nm in the calcined white material, Fe-
Z-f1, has been attributed to both octahedral and tetrahedral
complexes[21]. This band is broadened and shifted towards
higher wavelengths as the iron composition increases. High
Fe loaded materials show a band around 280 nm that corre-
sponds to the absorption of octahedral complexes of iron in
extraframework positions[21]; these materials also show a
band around 316 and 324 nm, which are related with d–d tran-

F sized
w

sitions or octahedral Fe3+ present in small clusters[29,30]and
superparamagnetic/ferromagnetic iron oxide clusters[31],
respectively. Therefore, in the rusty-colored samples iron
may be present as isolated or clustered iron oxide species
[32].

3.1.3. Infrared spectroscopy
Fig. 5shows the framework vibration region of fresh Cu-

ZSM-5 catalysts. IR bands between 958 and 961 cm−1 are ob-
served in the synthesized Cu-ZSM-5 materials containing Cu
between 0.05 and 0.74 wt.% which are attributed to CuI [33].
This band is absent in Cu-Z-o5 and appears rather shifted to
higher wavelengths in Cu-Z-B. Bands in the 918–923 cm−1

range due to CuII (isolated and oxygen bridged) perturbations
of asymmetric internal zeolite stretching vibrations are not
observed[33]. Sachtler and coworkers[33] found that these
bands are highly sensitive to pretreatment or experimental
conditions.

IR spectra in the framework vibration region of Fe-Z-s
catalysts are shown inFig. 6(a). Between 855 and 882 cm−1,
a band which has been assigned to isolated [FeO4] units
[34] can be observed. Besides, since all Fe-Z-s materials
are rusty-colored, it may suggest that these samples contain
some framework and also extraframework Fe3+ even though,
the latter band is not detected in the IR spectra of Fe-Z-f
c at
1 f1
t t the
l ere-
f nant
s anic
m

F with
m

ig. 4. Diffuse reflectance, UV–vis spectra of fresh Fe-ZSM-5 synthe
ith NH4F as mineralizing agent, Fe-Z-f.
atalysts (seeFig. 6(b)). Rather, SiOH stretching bands
001, 988, 992, 969, and 974 cm−1are observed in Fe-Z-

hrough Fe-Z-f5, respectively. The higher the iron conten
ower the wavenumber which this band is observed. Th
ore, extraframework iron appears to be the predomi
pecies in Fe-ZSM-5 prepared with or without an inorg
ineralizer.

ig. 5. Infrared spectra of fresh Cu-ZSM-5 catalysts synthesized
ethylamine and NaOH as mineralizing agents.
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Fig. 6. Infrared spectra of (a) fresh Fe-ZSM-5 catalysts synthesized without
mineralizing agent, Fe-Z-s and (b) fresh Fe-ZSM-5 catalysts synthesized
with NH4F as mineralizing agent, Fe-Z-f.

3.2. Phenol hydroxylation over Cu-ZSM-5 catalysts

3.2.1. Influence of the Si/Al and Si/Cu ratios
Before examining the effect of different parameters influ-

encing phenol hydroxylation, it was necessary to determine
the optimum amount of water on phenol hydroxylation
over Cu-ZSM-5 catalysts. The highest phenol conversion,
catechol selectivity and CAT/HQ ratio were obtained with
5 g of water. Therefore, in the following experiments the
reaction conditions were: 1 mmol phenol, molar ratio

Table 2
Effect of Si/Al and Si/Cu atomic ratios on the catalytic activity of Cu-Z-o
catalysts in phenol hydroxylation

Catalyst Si/Al Cu
(wt.%)

Conversion
(%)

Selectivity (%) CAT/HQ

CAT HQ

Cu-Z-o1 88 0.05 18.6 60 40 1.5
Cu-Z-o2 88 0.59 17.9 63 37 1.7
Cu-Z-o3 32 0.67 23.5 67 33 2.0
Cu-Z-o4 ∞ 0.74 13.8 60 40 1.4
Cu-Z-o5 88 1.15 19.4 62 38 1.6

CAT: catechol; HQ: hydroquinone. Reaction conditions: 1 mmol phenol, 5 g
water, 80◦C, 20 mg catalyst, phenol/H2O2 = 3, reaction time = 4 h.

phenol/H2O2 = 3, catalyst = 20 mg,T= 80◦C, water = 5 g,
and reaction time = 4 h.

Table 2 illustrates the effect of the Si/Al and Si/Cu
ratios in phenol conversion and selectivity to the major
partial oxidation products: catechol and hydroquinone. At
a constant Si/Al = 88, phenol conversion is not significantly
affected by the Cu content. As can be observed inTable 2,
phenol conversion over the catalyst with the highest copper
content (Cu-Z-o5) was similar to that obtained over the
catalyst with the lowest Cu content (Cu-Z-o1). CAT and
CAT/HQ ratio slightly decreased with the Cu content. No
products were detected over the ZSM-5 carrier. Therefore,
the presence of copper species is necessary to obtain active
catalysts for phenol hydroxylation.

Phenol conversion increased by decreasing the Si/Al ratio
of Cu-ZSM-5 catalysts. Cu-Z-o3 having a Si/Al ratio of 32 ex-
hibited the highest phenol conversion and Cu-Z-o4 prepared
with no Al precursor shows the lowest activity. It is known
that the simultaneous presence of aluminum and transition
metal ions in zeolites generates strong acid sites. Therefore,
in agreement with previous reports[35], acid catalysis is in-
volved in phenol hydroxylation. The acidity effect on phenol
hydroxylation is also evidenced with the hydrogen form Y ze-
olite which was active itself on this reaction due to its acidity
[36,37].

3
with

d Cu-
Z H,
r r phe-
n
t ysts
i re
a
e a
s im-
p
[ he
c M-5
c

-
c /HQ
.2.2. Influence of phenol to H2O2 molar ratio
To better elucidate the behavior of materials prepared

ifferent mineralizing agents the most active materials
-o3 and Cu-Z-B, obtained with methylamine and NaO
espectively, were chosen as representative catalysts fo
ol hydroxylation. The effect of phenol/H2O2 molar ratio on

he conversion efficiency of Cu-Z-o3 and CuZ-B catal
s illustrated inFig. 7. It is clear that Cu-Z-B is much mo
ctive than Cu-Z-o3 for different phenol/H2O2 ratios. Wang
t al. reported that not only isolated CuII species but also
mall amount of clustered CuII species are necessary to
rove the selectivity and the effective conversion of H2O2

38]. The higher activity of Cu-Z-B could be owing to t
lustered copper species which are not present in Cu-ZS
atalysts prepared with methylamine.

For large concentrations of H2O2 phenol conversion in
reased over both Cu-Z-o3 and Cu-Z-B catalysts. CAT
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Fig. 7. Effect of phenol/H2O2 molar ratios on conversion over Cu-ZSM-5 catalysts for phenol hydroxylation: (a) Cu-Z-o3; (b) Cu-Z-B. Reaction conditions:
1 mmol phenol, 5 g water, 80◦C, 20 mg catalyst, reaction time = 4 h.

Fig. 8. Effect of catalyst amount on the catalytic activity of Cu-ZSM-5 catalysts for phenol hydroxylation: (a) Cu-Z-o3; (b) Cu-Z-B. Reaction conditions:
1 mmol phenol, 5 g water, 80◦C, phenol/H2O2 = 3, reaction time = 4 h.

ratio was almost constant over Cu-Z-o3 probably due to the
lack of interconversion and/or consecutive reactions[14].
However, CAT/HQ increased by increasing H2O2 on Cu-Z-B.
Presumably, Cu species are located mainly on the surface of
the ZSM-5 crystals. Therefore, once H2O2 is added, phenol
molecules are oxidized over the Cu species outside the chan-
nels to give catechol, the most thermodynamically favored
isomer[8]. Considering that the maximum phenol conver-
sion is 33% or 100% when phenol/H2O2 = 3 or 1, the con-
version efficiency is higher for phenol/H2O2 = 3. Therefore,
the phenol/H2O2 (mole ratio) should be high for maximum
utilization of H2O2 in the conversion of phenol to HQ + CAT.

3.2.3. Influence of the amount of catalyst
The effect of catalyst amount on the conversion efficiency

of Cu-Z-o3 and Cu-Z-B catalysts is shown inFig. 8. Phenol
hydroxylation did not occur in the absence of catalyst or over
ZSM-5 support but it decreased when catalyst content was
increased from 20 to 60 mg. The lower conversion obtained
when the catalyst amount was higher than 20 mg is attributed
to the favorable H2O2 decomposition instead of phenol hy-
droxylation.

3.2.4. Influence of temperature
Fig. 9compares the catalytic activity of Cu-Z-o3 and Cu-

Z n in-
c a
h re-
p ay

be due to a competitive thermal decomposition of H2O2 to
H2O and O2 at higher temperatures. CAT selectivity did not
change much by increasing temperature while HQ selectivity
increased.

3.3. Phenol hydroxylation over Fe-ZSM-5 catalysts

Fe-ZSM-5 catalysts were tested under the best re-
action conditions found in this work for Cu-ZSM-5
catalysts: 1 mmol phenol, molar ratio phenol/H2O2 = 3,
catalyst = 20 mg,T= 80◦C, water = 5 g,reaction time = 4 h.
The effect of Si/Al and Si/Fe atomic ratios on the conversion
of phenol and selectivity to CAT and HQ over Fe-Z-f
catalysts is listed inTable 3. FromTable 3it can be observed
that phenol conversion increased with Fe content over Fe-Z-f
catalysts with constant Si/Al = 901. However, the highest
CAT and CAT/HQ ratio was obtained over the catalyst that

Table 3
Effect of Si/Al and Si/Fe atomic ratios on catalytic activity of Fe-Z-f catalysts
in phenol hydroxylation

Catalyst Si/Al Si/Fe Conversion (%) Selectivity (%) CAT/HQ

CAT HQ

Fe-Z-f1 901 1820 23.1 73.6 26.4 2.8
Fe-Z-f2 901 328 27.7 55.4 44.6 1.2
F
F
F

R lyst,
p

-B at different reaction temperatures. Phenol conversio
reased with temperature up to 80◦C but it decreased at
igher temperature, i.e. 90◦C. The same trend was also
orted over Cu-HMS[7]. The presence of a maximum m
e-Z-f3 ∞ 64 18.4 65.8 34.2 1.9
e-Z-f4 901 64 27.9 61.9 38.1 1.6
e-Z-f5 390 64 32.9 60.5 39.5 1.5

eaction conditions: 1 mmol phenol, 5 g water, 20 mg cata
henol/H2O2 = 3, 80◦C, reaction time = 4 h.
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Fig. 9. Effect of temperature on the catalytic activity of Cu-ZSM-5 catalysts for phenol hydroxylation: (a) Cu-Z-o3; (b) Cu-Z-B. Reaction conditions: 1 mmol
phenol, 5 g water, 20 mg catalyst, phenol/H2O2 = 3, reaction time = 4 h.

Table 4
Catalytic activity of Cu-Z-B and Fe-Z-f5 compared with several Cu and Fe catalysts reported in the literaturea

Catalyst Conversion (%) Selectivity (%) CAT/HQ Reference

CAT HQ

CuNiAl ternary hydrotalcitesb 13.8 54.3 45.7 1.2 [14]
CuCoAl ternary hydrotalcitesb 14.9 67.1 32.9 2.0 [23]
CuNaYc 17.4 47.7 17.2 2.8 [38]
Cu-Bi-V-Od 23.1 55.0 42.7 1.3 [42]
Copper hydroxyphosphate 28.3 52.2 46.7 1.1 [43]
Cu2(OH)PO4

e

Cu-Z-Bf 31.9 60 40 1.5 This work
Ferriting 11.5 78.8 21.2 3.7 [44]
Fe-Mg-Si-Oh 24.5 53.6 45.9 1.2 [6]
Fe-ZSM-5f 32.9 60.5 39.5 1.5 This work

a Phenol/H2O2 = 3, 80◦C, water as solvent, reaction time = 4 h.
b 65◦C, reaction time = 2 h, 10 mgcatalyst, 10 ml water, 1 g phenol.
c 50◦C, reaction time = 5 h, 2 gphenol, 60 ml water, 200 mg catalyst.
d 1.7 g phenol, 15 ml water, 85 mg catalyst.
e 80 mg catalyst, 15 ml water, 20.4 mmol phenol.
f 20 mg catalyst, 5 ml water, 1 mmol phenol.
g 1 g phenol, 10 g water, 50 mg catalyst.
h 5.6 g phenol, reaction time = 0.5 h, 50 ml water, 0.28 g catalyst.

had the lowest Fe content (Fe-Z-f1). The UV–vis spectra of
the white material Fe-Z-f1 indicate that Fe may be present in
tetrahedral framework position. Interestingly, with constant
Si/Fe = 64 phenol conversion increased with Al content
(Fe-Z-f5). Also, as observed over Cu-ZSM-5 catalysts, acid
catalysis is involved in phenol hydroxylation. In addition,
since Fe-Z-f5 contains framework and extraframework Fe,
we conclude that both types of iron species could catalyze
phenol hydroxylation. Phu and coworkers also found that
both framework and extraframework Fe catalyzed the oxida-
tion reaction of phenol in aqueous solution and framework
Fe can catalyze the complete phenol oxidation into CO2
[20]. In general, there is no agreement whether framework
or extraframework iron is the active species for this reaction.
For example, over Fe-MCM-48, it has been suggested that
the active centers are framework isolated Fe3+ [31].

On the other hand, Fe-Z-s catalysts exhibited very low
activity (less than 1% conversion) for phenol hydroxylation.
Therefore, the use of NH4F as a mineralizing agent in the
direct synthesis of Fe-ZSM-5 is very important to obtain
active Fe species for phenol hydroxylation. In the fluoride

route the pH is between 6.5 and 7.0. Under these condi-
tions Fe(III) species are supposed to be mononuclear, because
the products were absolutely free of extraframework iron-
oxide/hydroxide[39]. Fe zeolites synthesized in the pres-
ence of fluoride salts were previously obtained. The authors
probed that in these samples iron species did not precipitate
as hydroxides[40,41].

For comparison purposes, the performance of Cu- and Fe-
containing catalysts previously reported[6,14,23,35,42–44]
together with our best Cu and Fe-ZSM-5 samples are listed
in Table 4. From this table it can be observed that our Cu-Z-B
and Fe-Z-f5 materials gave higher conversions and compara-
ble selectivities.

4. Conclusions

Under the conditions of this study, hydrothermally syn-
thesized Cu- and Fe-ZSM-5 catalysts are active for hydrox-
ylation of phenol provided an adequate mineralizer is used.
The use of NaOH as mineralizing agent in the gel precur-
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sor of Cu-ZSM-5 catalysts generates copper metal clusters
in addition to CuI and CuII species which efficiently activate
H2O2. On the other hand, NH4F in the synthesis gel of iron
containing ZSM-5 was appropriate for obtaining Fe3+ in the
zeolite framework. However, the most active Fe-ZSM-5 cat-
alyst contained extraframework iron. Finally, the presence of
Al was required to obtain high phenol conversion over both,
Cu- and Fe-ZSM-5 catalysts.
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