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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-o0) 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. Cuand CUf predominated in Cu-ZSM-5 prepared with methylamine whereasctbsters besides Cand Cf
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,Nt-hs mineralizing agent. Fe-Z-f samples contained both framework and
extraframework iron species. The best reaction conditions found in this work to obtain high yields of catechol and hydroquinone are 1 mmol
phenol, molar ratio phenol4®, = 3, catalyst =20 mgl =80°C, water =5 greaction tine =4 h.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction with high selectivity over TS-14]. In the search for alterna-
tive catalysts, a wide variety of materials have been studied:
The incorporation of transition elements into framework metal oxides, supported metal complexes, hydrotalcite-like
positions of high silica zeolites and silicates has attracted compounds, metal containing mesoporous materials, metal
much interest because it provides a novel means of obtain-hydroxylphosphates and heteropoly compounds, among
ing high dispersions of these elements within the zeolite otherg5,6]. However, titanosilicalites still continue to be the
structure. Besides, the acidity generated is different from most important catalysts for this reaction. The narrow pores
that associated with Al sitd4]. Transition metal ions have  of TS-1 are necessary for the formation of hydroquinone and
promising catalytic behavior in the oxidation of organic though catechol is formed on the external surface, it can also
compounds and their stability toward dissociation and/or form in the pores of TS-]7]. In contrast to phenol hydroxy-
oxidative destruction is improved over their homogeneous lation over microporous TS-1 which is effectively carried out
counterpartf2]. Use of solid catalysts for selective oxidation with methanol or acetone, organic solvents are not adequate
of phenols, preferably at near ambient conditions and usingfor phenol hydroxylation over Cu-HM$3,9], Cu-ZSM-5
clean oxidants like @or HyO, is a research area of great [10], CoNiAl ternary hydrotalcites[11], Cu(ll)*SiWi>
industrial importance. Hydroxylation of phenol with,&» Keggin-type heteropoly compoufiti2], and CuM(I)M(III)
using microporous titanosilicate, TS-1 and its commercial ternary hydrotalcite§13]. The beneficial effect of water
utilization by Enichem workerg3] is a major advance in this  in phenol hydroxylatior{14] over these catalysts has been
area. Hydroquinone (HQ) and catechol (CAT), widely used ascribed to both phenol and:8, simultaneously dissolving
in chemical, pharmaceutical and food industries, are obtainedin water and approaching the active center. So, hydroxy
radicals are generated, which are though to be the active
* Corresponding author. Tel.: +574 210 55 37; fax: +574 2638282.  SPecies involved in the hydroxylation reaction. Low valence
E-mail addressalvilla@udea.edu.co (A.L. Villa). transition metal ions such as'Fand CUf activate hydrogen
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peroxide to obtain free radica]45-17] Recently, the use ing mantle. The catalyst and an aqueous solution of phenol
of ZSM-5 containing copper or iron as active sites has beenwere mixed with a magnetic stirrer and heated to the de-
reported[18-20] for the wet peroxide oxidation of phenol sired temperature. To start the reaction, an aqueagi®H
from wastewaters. The activity and stability of the active Cu solution (30% (w/v)) was then added in a single portion.
or Fe species was dependent on the preparation method. Théfter 4 h, the products were taken out and analyzed by
objective of this work is to compare the activity of several GC on a SPB-50 capillary column either in a GC-FID or
Cu- and Fe-ZSM-5 catalysts for the aqueous phenol hydrox- GC-MS.

ylation with H,O». Different materials were hydrothermally

synthesized by addition of the metal precursor in the syn-

thesis gel using organic and inorganic mineralizing agents. 3. Results and discussion

3.1. Catalyst characterization
2. Experimental
) 3.1.1. Chemical composition and X-ray diffraction
2.1. Synthesis of Cu-ZSM-5 and Fe-ZSM-5 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 irifable 1 The surface area of selected
samples was 350%fy. As observed ifTable 1the copper

Cu-ZSM-5 was synthesized following the procedure re-
ported by Gabelica and coworkers with tetrapropylammo-

nium bromide, TBABr, as templatgl9]. Depending on  ontent of samples prepared using methylamine as miner-
the mineralizing agent used, methylamine or sodium hy- ji7ing agent (Cu-z-0) varied between 0.05 and 1.15wt.%
droxide, two types of materials were obtained, coded Cu- depending on the amount of metal and aluminum precur-

Z-0 or CU'Z'_B' The ge'l co'mpositi.on for Cu-Z-0 was 415 added to the synthesis gel. The final crystals exhibited
Si:0.28TBABr:2.1CHNH,xCu:39H0yAl, with x vary- a gray color. In general, the Si/Cu ratios of the final crystal-

: 3 _
Ing be_t.ween 6.5% _10 and 0:02 mol .anq'—O—0.0B mol, jized solids are higher than those of the corresponding gels.
and Si:0.28TBABr:0.27NaOH:0.03Cu:358 for Cu-Z-B.  particylarly, when Al is not present in the synthesis gel the
To remove the organic template, all samples were calcined 5 ,qunt of copper in the solid is quite low. When Al was

5h at600°C, heating rate 2C/min. not present in the methylamine containing gel, Gabelica and
The procedure developed by Sheldon and coworkers oo orkers could not detect Cu within individual MFI crystals
[21] was used to obtain Fe-Z-s, without mineralizing 1 microprobe analysis. Instead, they found large octahedral
agent and that reported by Nagy and coworkers 10 pre- oryqtais of CyO intermixed with the MFI crystals by SEM
pare Fe-Z-f with NHF as mineralizing agenf22]. Gel [18]. Al was required to obtain high copper loadings into
compositions  were  Si:0.25TPAOKRe:31H0yAl fog ZSM-5 prepared with methylamine as mineralizing agent. In
Fe-Z-s catalysts.x was varied between 9.2410° contrast, for Al-free gels the efficiency of copper incorpo-
and 0.02mol, y=0-0.03mol. For Fe-Z-f catalysts |4tion was higher when NaOH was the mineralizing agent,
Si:0.05TPABr:2.4ANHF:xFe:13H0:yAl. x varying between as observed for Cu-Z-B. However, it has been repdi26dl
4.9x10* and 0.03mol andy=0-0.03mol. Template 4 probably NaOH brings Cu as zeolite extraframework
removal was done by calcining 10 h at 580} 2°C/min. as well as dispersed copper oxide or hydroxyoxy insolu-
ble polynuclear species, which would generate oxide par-
ticles on the external surface of the zeolite crystals upon

Chemical analysis of fresh catalysts was carried out by calcination. o .
atomic absorption. Powder X-ray diffraction patterns were _ 1he el Si/Fe atomic ratios of Fe-Z-s samples prepared in
obtained in a Bruker AXS diffractometer generating Cas K the absencg of mineralizing agent were in most cases lower
radiation operating at 40KV and 30 mA. Scanning was con- than those in the corresponding solids. In contrast, Fe-Z-
ducted from 2 = 3-40 and a step size of 0.02BET surface f prepared in fluoride media contained Si/Fe ratios hlgher
areas were determined in a Micromeritics ASAP 2010 sorp- than those in the gels. As observedTable 1 Fe contain-
tometer. IR spectra were recorded using a Bruker 22 (Matt- N9 catalysts were rusty-colored, suggesting the presence of
son FT-IR 5000) spectrometer using intimate dilute mixtures EXtraframework Fe deposited outside the ZSM-5 crystallites.
of the zeolite samples in KBr. UV-vis experiments were per- 1€ only exception was the lower iron containing sample,

formed on a Perkin-Elmer Lambda 9 UV/VIS/NIR spectrom- Fe-Z-f1.
eter. The spectra were recorded in air against Bagthe The XRD patterns of Cu-ZSM-5 and Fe-ZSM-5 catalysts

2.2. Catalyst characterization

200-1000 nm wavelength range. are shown irFigs. 1 and ga)—(b), respectively. Cu-Z-o sam-
ples show the characteristic XRD pattern of the MFI structure
2.3. Catalytic activity measurements and no major structural changes were detected after Cu or Fe

incorporation. The low background lines indicated high crys-
Phenol hydroxylation with hydrogen peroxide was done tallinity of synthesized materials. Cu-ZSM-5 samples syn-
under reflux in a three-necked flask surrounded by a heat-thesized with NaOH as mineralizing agent show a peak at
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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/Myel Si/MmE SilAlgey Si/AlpyEl Cu or Feyg (Wt.%) Color
Cu-Z-ol 98 2058 79 88 0.05 Light blue
Cu-Z-02 50 148 116 88 0.59 Gray
Cu-Z-03 152 148 37 32 0.67 Gray
Cu-Z-04 51 148 00 00 0.74 Dark gray
Cu-Z-05 98 84 118 88 1.15 Gray
Cu-Z-B 47 61 00 00 1.59 Dark gray
ZSM-5 00 00 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 00 00 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-zZ-f2 148 328 88 901 0.28 Beige
Fe-Z-f3 33 64 00 00 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 00 00 82 60 0 White

20=26.8 which was identified as silicon oxide type syn- band at 212 nm corresponding to'dg6]. Also, d—d tran-
thetic quartz (Powder Diffraction File, PDF 33-1161). No sitions of octahedral Gi with O-containing ligands is ob-
peaks corresponding to CuO phasegiatdlues of 35.6and  served at 250 nm for Cu-Z-B and at 232 nm for Cu-Z-03 and
38.7 [23,24] can be observed in Cu-ZSM-5 catalysts. Cu Cu-Z-04. The latter band has been attributed to GF@an-
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 theragion 12—-18 N/ S | . i
[13] neither around 35%5due toa-Fe,O3 particles[25] ap- WY . SN ||, WS - - -}

peared. However, the peak intensity arount isgigher for . . G
Fe-Z-f2, Fe-Z-f4, and Fe-Z-f5 catalysts (sE@. 2b)). It = M .
could be due to iron oxides or oxyhydroxides, probably as a Z
result of calcination. < B
3.1.2. UV-vis spectroscopy W e e ke
The UV-vis reflectance spectra of Cu-ZSM-5 and Fe-Z-f I R
catalysts are presentedhigs. 3 and 4respectively. Copper @ " 20 (degree) ' N
containing catalysts, except Cu-Z-03, showed an absorption
Fe-Z-f5
U " . CwZB | b Fe-Z-f4
. . o e CuZeo5 | E 7 7 H Fe-2.13
E = B T
el U e a N CuZeod =z
Bl M it o CuZd £ ¥ Fe-Z-2
= \ Cu-Z-02 -
=L I |, WA PV GRSl S Y S U M ,l,:e-%-ﬂ )
(S . VY | OO o A ZSM-5
5 10 15 20 25 30 35 40
5 10 15 20 25 30 35 40 (b) 26 (degree)

20 (degree)
Fig. 2. Powder X-ray diffraction patterns of (a) fresh Fe-ZSM-5 synthesized
Fig. 1. Powder X-ray diffraction patterns for fresh Cu-ZSM-5 catalysts syn- without mineralizing agent, Fe-Z-s and (b) fresh Fe-ZSM-5 synthesized with
thesized with methylamine and NaOH as mineralizing agents. NH4F as mineralizing agent, Fe-Z-f.
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sitions or octahedral Bépresent in small clustefg9,30]and
superparamagnetic/ferromagnetic iron oxide clusfais,

. 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 tane ob-
served in the synthesized Cu-ZSM-5 materials containing Cu
—— between 0.05 and 0.74 wt.% which are attributed tb[G8].
200 300 400 500 600 700 800 900 1000 1100 This band is absent in Cu-Z-05 and appears rather shifted to
Wavelength (nm) higher wavelengths in Cu-Z-B. Bands in the 918-923¢m
Fig. 3. Diffuse reflectance, UV—-vis spectra of fresh Cu-ZSM-5 catalysts range due to _dh_(lsmated anc_i oxygen b_”dge_d) pgrturbatlons
synthesized with methylamine and NaOH as mineralizing agents. of asymmetric internal zeolite stretching vibrations are not
observed33]. Sachtler and coworkef83] found that these
bands are highly sensitive to pretreatment or experimental
sitions of isolated Ctiions in coordination with lattice oxy-  conditions.
gen[27]. The other samples (Cu-Z-01, Cu-Z-02, Cu-Z-05) IR spectra in the framework vibration region of Fe-Z-s
exhibit a shoulder around 250 nm. A broad band observed catalysts are shown ifig. 6(@). Between 855 and 882 crh
in the 670-1000 nm range for all Cu-ZSM-5 samples have a band which has been assigned to isolated [fe@its
been attributed to Clions octahedrically coordinated andis  [34] can be observed. Besides, since all Fe-Z-s materials
typical of metal oxide structurg28]. An additional band at ~ are rusty-colored, it may suggest that these samples contain
568 nm assigned to Cij26] is also observed in Cu-Z-B. On  some framework and also extraframework Feven though,
the basis of this data, it is confirmed that the use of NaOH asthe latter band is not detected in the IR spectra of Fe-Z-f
mineralizing agent generates copper metal clusters in addi-catalysts (se€ig. 6(b)). Rather, StOH stretching bands at
tion to Cu and Cl species. However, no copper clusters are 1001, 988, 992, 969, and 974 chare observed in Fe-Z-f1
detected by UV-vis in samples prepared with methylamine through Fe-Z-f5, respectively. The higher the iron content the
as mineralyzer. lower the wavenumber which this band is observed. There-
UV-vis of Fe-Z-f catalysts exhibited a strong absorption fore, extraframework iron appears to be the predominant
in the 200-350 nm range due to metal-oxygen charge transferspecies in Fe-ZSM-5 prepared with or without an inorganic
[21]. The band at 247 nm in the calcined white material, Fe- mineralizer.
Z-f1, has been attributed to both octahedral and tetrahedral
complexeg21]. This band is broadened and shifted towards

Absorbance (a.u.)

higher wavelengths as the iron composition increases. High Cu-Z-B «\/\
Fe loaded materials show a band around 280 nm that corre- \//\/~ m
sponds to the absorption of octahedral complexes of iron in T M\ VA
f K .. 11- th ial I h Cu-Z-05 v‘u"
extraframework positionf21]; these materials also show a
band around 316 and 324 nm, which are related with d—d tran- | Co-Zood
_ - /\/-u—-\/;ﬁ-\,\_,\l
P."/ Cu-Z-03
o
Fe-Z-f5 =l [
Fe-z-f £ \
| Pz . Z Cu-Z-02 \ ‘/\/\”\ f(\
= / \ = Fe-Z-3 g \jl R
. y i (1 |
e ¥ = \ ‘\}‘u‘q\l‘
8| | Cu-Z-0l Jm. \
-] T T e |
% 1‘. TR
g b ZSM-5
'= R e
<, FeZAl e f\/\
©ZsM-5 ———
T T T T T T T i I . T ¥ T
200 250 300 350 400 450 500 550 600 1500 1200 900 600

Wavelength (nm) Wavenumbers (cm™)

Fig. 4. Diffuse reflectance, UV—vis spectra of fresh Fe-ZSM-5 synthesized Fig. 5. Infrared spectra of fresh Cu-ZSM-5 catalysts synthesized with
with NH4F as mineralizing agent, Fe-Z-f. methylamine and NaOH as mineralizing agents.
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Table 2
— Fe-7-s6 Effect of Si/Al and Si/Cu atomic ratios on the catalytic activity of Cu-Z-0
catalysts in phenol hydroxylation
Catalyst Si/Al Cu Conversion  Selectivity (%) CAT/HQ
0, 0, -
(we.%e) (%) CAT HQ

Cu-Z-ol 88 0.05 18.6 60 40 15
Fe-Z-s4 Cu-Z-02 88 0.59 17.9 63 37 17

\/-’“\[\ Cu-Z-03 32 0.67 235 67 33 2.0
|

Cu-Z-04 0.74 13.8 60 40 1.4
Cu-Z-05 88 1.15 19.4 62 38 1.6
Fe-Z-s3

e CAT: catechol; HQ: hydroquinone. Reaction conditions: 1 mmol phenol, 5 g
mz V\ water, 80°C, 20 mg catalyst, phenol4®. = 3, reaction tine=4 h.

Transmittance (a.u.)

/\ﬂ phenol/H0, =3, catalyst=20mg,T=80°C, water=5gq,
Fe-Z-s1 and reaction tirm=4h.
m'v\,-—\/\ Table 2illustrates the effect of the Si/Al and Si/Cu
ratios in phenol conversion and selectivity to the major

N T partial oxidation products: catechol and hydroquinone. At
WA T T a constant Si/Al =88, phenol conversion is not significantly
(a) Wavenumbers (em™) affected by the Cu content. As can be observedahle 2
phenol conversion over the catalyst with the highest copper
content (Cu-Z-05) was similar to that obtained over the
FeZ.05 A catalyst with the lowest Cu content (Cu-Z-01). CAT and

N 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-03 having a Si/Al ratio of 32 ex-
hibited the highest phenol conversion and Cu-Z-04 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 repof&5], acid catalysis is in-
volved in phenol hydroxylation. The acidity effect on phenol
hydroxylation is also evidenced with the hydrogenform Y ze-
olite which was active itself on this reaction due to its acidity
[36,37]

Transmittance (a.u.)

—_—
1500 1200 900 600
(b)  Wavenumbers (cm™)

3.2.2. Influence of phenol to@, molar ratio

To better elucidate the behavior of materials prepared with
Fig. 6. Infrared spectra of (a) fresh Fe-ZSM-5 catalysts synthesized without different mineralizing agents the most active materials Cu-
mineralizing agent, Fe-Z-s and (b) fresh Fe-ZSM-5 catalysts synthesized Z-03 and Cu-Z-B, obtained with methylamine and NaOH,
with NH4F as mineralizing agent, Fe-Z-f. respectively, were chosen as representative catalysts for phe-
nol hydroxylation. The effect of phenol4®, molar ratio on
the conversion efficiency of Cu-Z-03 and CuZ-B catalysts

3.2. Phenol hydroxylation over Cu-ZSM-5 catalysts is illustrated inFig. 7. It is clear that Cu-Z-B is much more
active than Cu-Z-03 for different phenolB; ratios. Wang
3.2.1. Influence of the Si/Al and Si/Cu ratios et al. reported that not only isolated ‘Capecies but also a

Before examining the effect of different parameters influ- small amount of clustered ®ispecies are necessary to im-
encing phenol hydroxylation, it was necessary to determine prove the selectivity and the effective conversion ofCH
the optimum amount of water on phenol hydroxylation [38]. The higher activity of Cu-Z-B could be owing to the
over Cu-ZSM-5 catalysts. The highest phenol conversion, clustered copper species which are not present in Cu-ZSM-5
catechol selectivity and CAT/HQ ratio were obtained with catalysts prepared with methylamine.
59 of water. Therefore, in the following experiments the For large concentrations of @, phenol conversion in-
reaction conditions were: 1 mmol phenol, molar ratio creased over both Cu-Z-03 and Cu-Z-B catalysts. CAT/HQ
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OConv. OCAT BHQ COConv. COCAT MHQ
1007 100
i (a) il (b)
60{| = = 60
401 40
201 20
S ’ 0.33 1.00 3.00
0.33 1.00 3.00
Phenol/H,0, molar ratio Phenol/H20; molar ratio

Fig. 7. Effect of phenol/HO, molar ratios on conversion over Cu-ZSM-5 catalysts for phenol hydroxylation: (a) Cu-Z-03; (b) Cu-Z-B. Reaction conditions:
1 mmol phenol, 5 g water, 8@, 20 mg catalyst, reaction te4 h.

OConv. OCAT BHQ OConv. OCAT BHQ

100+ 100+

804 @ 804 (b)

60 601 =

401 40

201 20

0 . 0 I
20 40 60 20 40 60
Catalyst amount (mg) Catalyst amount (mg)

Fig. 8. Effect of catalyst amount on the catalytic activity of Cu-ZSM-5 catalysts for phenol hydroxylation: (a) Cu-Z-03; (b) Cu-Z-B. Reactidgansondit
1 mmol phenol, 5 g water, 8@, phenol/HO, = 3, reaction tine =4 h.

ratio was almost constant over Cu-Z-03 probably due to the be due to a competitive thermal decomposition ef04l to

lack of interconversion and/or consecutive reactifh$)]. H>0 and Q at higher temperatures. CAT selectivity did not

However, CAT/HQ increased by increasing®p on Cu-Z-B. change much by increasing temperature while HQ selectivity

Presumably, Cu species are located mainly on the surface ofincreased.

the ZSM-5 crystals. Therefore, once®b is added, phenol

molecules are oxidized over the Cu species outside the chan3.3. Phenol hydroxylation over Fe-ZSM-5 catalysts

nels to give catechol, the most thermodynamically favored

isomer[8]. Considering that the maximum phenol conver- Fe-ZSM-5 catalysts were tested under the best re-

sion is 33% or 100% when phenolB, =3 or 1, the con- action conditions found in this work for Cu-ZSM-5

version efficiency is higher for phenolg, = 3. Therefore, catalysts: 1 mmol phenol, molar ratio phenai=3,

the phenol/HO, (mole ratio) should be high for maximum catalyst=20mg;T=80°C, water =5 g,reaction tine =4 h.

utilization of HyO5 in the conversion of phenolto HQ + CAT.  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

3.2.3. Influence of the amount of catalyst catalysts is listed iffable 3 FromTable 3it can be observed

The effect of catalyst amount on the conversion efficiency thatphenol conversion increased with Fe content over Fe-Z-f
of Cu-Z-03 and Cu-Z-B Cata|ysts is Shownﬁi‘g_ 8 Phenol CatalyStS with constant Si/Al=901. However, the hlgheSt
hydroxylation did not occur in the absence of catalyst or over CAT and CAT/HQ ratio was obtained over the catalyst that
ZSM-5 support but it decreased when catalyst content was
z/r\:ﬁ;eniieedcz;)arlr;sztoatn?l :l?nrtnvg\gla-srgleg If?(\e,\rlif: ;r? r;\(/)er[’nsg)lg E;.)tt'{)rt?t)lgtjee c(jj E?ft(;l; gf Si/Aland Si/Fe atomic ratios on catalytic activity of Fe-Z-f catalysts
to the favorable HO, decomposition instead of phenol hy- In phenol hydroxylation

droxylation Catalyst Si/Al Si/Fe Conversion (%) Selectivity (%) CAT/HQ
CAT HQ
3.2.4. Influence of temperature Fe-Zf1 901 1820 23.1 736 264 28
Fig. 9compares the catalytic activity of Cu-Z-03 and Cu- EZ%% 3001 36318 127;17 6‘:;554 314'26 lléz
Z-Bat dlffe.rent reaction temperatures. Phenol conversionin- ro_ 74 o1 64 279 619 381 16
creased with temperature up to ®D but it decreased at a Fe-zf5 390 64 329 605 395 15

higher temperature, i.e. 9C€. The same trend was also re- Reaction conditions: 1mmol phenol, 5g water, 20mg catalyst,
ported over Cu-HM$7]. The presence of a maximum may phenol/H0; =3, 80°C, reaction tine =4 h.
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OConv. OCAT BHQ OConv. OCAT BHQ
100 100
801 = 80 e
601 60
401 = 401
204 20
0 0 ;
40 60 80 20 60 80
Temperature ("C) Temperature (°C)

Fig. 9. Effect of temperature on the catalytic activity of Cu-ZSM-5 catalysts for phenol hydroxylation: (a) Cu-Z-03; (b) Cu-Z-B. Reaction sorditiool
phenol, 5 g water, 20 mg catalyst, phenol(d} = 3, reaction tire =4 h.

Table 4

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

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

CuNiAl ternary hydrotalcite’ 13.8 54.3 45.7 1.2 [14]

CuCoAl ternary hydrotalcités 14.9 67.1 32.9 2.0 [23]

CuNaY® 17.4 47.7 17.2 2.8 [38]

Cu-Bi-v-0¢ 23.1 55.0 42.7 1.3 [42]

Copper hydroxyphosphate 28.3 52.2 46.7 11 [43]

Cp(OH)PQ®

Cu-z-8 31.9 60 40 15 This work

Ferritind 115 78.8 21.2 3.7 [44]

Fe-Mg-Si-& 24.5 53.6 45.9 1.2 [6]

Fe-ZSM-§ 32.9 60.5 39.5 15 This work

a Phenol/H 0O, =3, 80°C, water as solvent, reaction tas 4 h.

b 65°C, reaction tine =2 h, 10 mgeatalyst, 10 ml water, 1 g phenol.
¢ 50°C, reaction tine =5 h, 2 gohenol, 60 ml water, 200 mg catalyst.
d 1.7 g phenol, 15 ml water, 85 mg catalyst.

€ 80 mg catalyst, 15 ml water, 20.4 mmol phenol.

f 20 mg catalyst, 5 ml water, 1 mmol phenol.

9 1g 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 route the pH is between 6.5 and 7.0. Under these condi-
the white material Fe-Z-f1 indicate that Fe may be present in tions Fe(lll) species are supposed to be mononuclear, because
tetrahedral framework position. Interestingly, with constant the products were absolutely free of extraframework iron-
Si/Fe =64 phenol conversion increased with Al content oxide/hydroxide[39]. Fe zeolites synthesized in the pres-
(Fe-zZ-f5). Also, as observed over Cu-ZSM-5 catalysts, acid ence of fluoride salts were previously obtained. The authors
catalysis is involved in phenol hydroxylation. In addition, probed that in these samples iron species did not precipitate
since Fe-Z-f5 contains framework and extraframework Fe, as hydroxide$40,41]
we conclude that both types of iron species could catalyze  For comparison purposes, the performance of Cu- and Fe-
phenol hydroxylation. Phu and coworkers also found that containing catalysts previously reportgdl14,23,35,42—-44]
both framework and extraframework Fe catalyzed the oxida- together with our best Cu and Fe-ZSM-5 samples are listed
tion reaction of phenol in aqueous solution and framework in Table 4 From this table it can be observed that our Cu-Z-B
Fe can catalyze the complete phenol oxidation into,CO and Fe-Z-f5 materials gave higher conversions and compara-
[20]. In general, there is no agreement whether framework ble selectivities.
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'H&1]. 4, Conclusions

On the other hand, Fe-Z-s catalysts exhibited very low
activity (less than 1% conversion) for phenol hydroxylation. Under the conditions of this study, hydrothermally syn-
Therefore, the use of NHF as a mineralizing agent in the thesized Cu- and Fe-ZSM-5 catalysts are active for hydrox-
direct synthesis of Fe-ZSM-5 is very important to obtain ylation of phenol provided an adequate mineralizer is used.
active Fe species for phenol hydroxylation. In the fluoride The use of NaOH as mineralizing agent in the gel precur-
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sor of Cu-ZSM-5 catalysts generates copper metal clusters18] S. Valange, F. Di Renzo, E. Garrone, F. Geobaldo, B. Onida, Z.

in addition to Cliand Cl species which efficiently activate
H205. On the other hand, NAF in the synthesis gel of iron
containing ZSM-5 was appropriate for obtaining?Fin the
zeolite framework. However, the most active Fe-ZSM-5 cat-

Gabelica, in: A. Galarneau (Ed.), Proc. 13th Int. Zeolites and Meso-
porous Materials, Montpellier, 8-13 July, Stud. Surf. Sci. Catal.
(2001), p. 04-0-01.

[19] S. Valange, Z. Gabelica, M. Abdellaoui, J.M. Clacens, J. Barrault,
Micropor. Mesopor. Mater. 30 (1999) 177.

alyst contained extraframework iron. Finally, the presence of [20] N.H. Phu, T.T.K. Hoa, N.V. Tan, H.V. Thang, P.L. Ha, Appl. Catal.

Al was required to obtain high phenol conversion over both,
Cu- and Fe-ZSM-5 catalysts.
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