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Abstract Coordination of 4-{[(1E)-(2-hydroxyphenyl)

methylene]amino}-2,4-dihydro-3H-1,2,4-triazole-3-thione,

[sal(thiotriazol)], with M-exchanged zeolite-Y (M = Cu(II),

Fe(III) and Bi(III)) leads to the encapsulation of the metal

complexes in the supercages of zeolite-Y by flexible ligand

method. The prepared encapsulated metal complexes have

been characterized by physico-chemical techniques, which

indicated that the complexes were effectively encapsulated

inside the supercages of Na–Y, without any modification of

the morphology and structure of the zeolite. 3D model

structure generated for these complexes suggests that

zeolite-Y can accommodate these complexes in the FAU

supercages without any strain. The catalytic activity of all

the catalysts towards the hydroxylation of phenol was

evaluated under heterogeneous conditions using hydrogen

peroxide as an oxidant. Under the optimized conditions,

these catalysts show moderate activity with excellent

selectivity ([95%) towards catechol. These catalysts were

stable in hydroxylation of phenol and have been reused a

further three times after recovering. The results reflect the

reusability of the catalysts, as no significant loss in their

catalytic activity was noticed.

Keywords Zeolite-Y � Encapsulation �
Triazole thione-Schiff base � Phenol hydroxylation

1 Introduction

Zeolites are well-defined and ordered structures with sys-

tematic nano-cavities, which are ideal matrices for hosting

nano-sized transition metal complexes, which are of great

interest for catalytic applications [1–5].

Modern catalytic science faces challenging problems

connected with the urgent necessity to create new highly

effective industrial processes, which are selective, ecolog-

ically pure and consume minimum energy. At least creat-

ing organised molecular systems, which are designed to

have an optimum space arrangement and energy and orbital

correspondence of the catalytic system components and

substrates, can solve some of these problems.

Immobilization of homogeneous metal complexes inside

the supercages of zeolites either by encapsulation or

grafting techniques [2, 4, 6–10] enhance their activity/

selectivity compared to the corresponding neat complexes

as well as thermal stability and reusability.

Encapsulation of homogeneous metal based catalyst in

the supercages of zeolite matrix is a field of continuing

interest; it considers as new environment friendly approach

for performing chemical reactions [11–13]. These materials

possess the advantages of both homogeneous as well as

heterogeneous catalysts [14–17]. While the disadvantages

of heterogeneous catalysts are mechanisms hard to deter-

mine and reaction rates are often limited. Therefore, the

search for new oxidation heterogeneous catalysts is one of

the most essential current topics for both industrial and

academic research.

Direct hydroxylation of phenol is one of the most

important oxidation reactions. The production of dihy-

droxybenzenes with hydrogen peroxide through an envi-

ronmentally-friendly catalytic process is desirable.

Amongst the different oxidants used in oxidation catalysis,
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hydrogen peroxide is ideally suitable due to its low cost

and generates no hazardous by-products during the

reaction.

Numerous works on phenol hydroxylation have exten-

sively studied using various Schiff base transition metal

complexes encapsulated in zeolite-Y [11–13]. Selective

oxidation of phenol at mild conditions with eco-friendly

oxidant (H2O2) is still a challenging area in catalysis

research.

As a continuation of research on catalyzed hydroxylation

of phenol [18–25], the present work describes the synthesis

and physicochemical characterization of the encapsulated

Cu(II), Fe(III) and Bi(III) complexes of 2,4-dihydro-4-

[(2-hydroxyphenyl)-methylene]amino]-3H-1,2,4-triazole-3-

thione ligand, abbreviated as [sal(thiotriazol)], in zeolite-Y.

To the best of our knowledge, this is a first report on using

thio-Schiff base complexes encapsulated in the supercages

of zeolite-Y for phenol hydroxylation. The dimensions of the

optimized coordination geometry of the encapsulated metal

complexes were calculated using 3D modeling to confirm

that the metal complexes is confined within the dimension of

the zeolite cages and cannot escape out of the cage after

encapsulation.

The encapsulated complexes have been screened as

heterogeneous catalysts for hydroxylation of phenol with

hydrogen peroxide as the oxygen donor. The effect of

different experimental parameters such as reaction tem-

perature, time, amount of catalyst, solvent type, and vol-

ume and phenol/H2O2 molar ratios on the catalytic

conversion was also investigated in order to optimize the

reaction conditions for maximum transformation of phenol

as well as better selectivity for the formation of catechol.

2 Experimental

2.1 Materials

Hydrazine hydrate (99%), carbon disulphide, formic acid

(85%), salicylaldehyde, copper (II) nitrate, iron (III) nitrate

and bismuth (III) nitrate, phenol, acetic acid, acetonitrile

and carbon tetrachloride were from Aldrich. Zeolite Na–Y

was purchased from Fluka.

2.2 Physical Measurements and Analysis

The elemental analyses were performed at University of

Cape Town, South Africa. The percentage metal contents

of the encapsulated complexes were determined by

Inductively Coupled Plasma Atomic Emission Spectrom-

etry (ICP-AES) at the University of Stellenbosch, Cape

Town, South Africa. 1H NMR spectra were recorded in

CDCl3 using a Varian XR200 spectrometer. Sample signals

are relative to the resonance of residual protons on carbons

in the solvent. The nitrogen adsorption/desorption and BET

surface area was determined at -196 �C using a Tristar

3000 micromeritics. All samples were degassed prior to the

measurement at 120 �C for 13 h. The ATR-IR measure-

ments were carried out on a Perkin-Elmer Spectrum 100

FTIR spectrometer. Electronic spectra were recorded on a

GBC UV/VIS 920 UV–Visible spectrophotometer in

absolute ethanol or in Nujol (by layering the mull of the

sample to the inside of one of the cuvette while keeping

another one layered with Nujol as reference). Scanning

Electron Micrographs (SEM) of the catalysts were recorded

on Hitachi X-650 EM. The samples were dusted on alu-

mina and coated with a thin film of gold to prevent surface

changing and to protect the surface material from thermal

damage by the electron beam. In all analyses, a uniform

thickness of about 0.1 mm was maintained. Powder X-ray

diffraction (XRD) was recorded by Bruker AXS D8

Advance, high-resolution diffractometer with Cu Ka radi-

ation (k = 1.5406 Å) fitted with PSD Vantec gas detector,

at iThemba Labs, Cape Town, South Africa.

All catalyzed reaction products were analyzed using a

Varian CP3800 gas chromatograph fitted with flame ioni-

zation detector. A HP-PONA capillary column

(50 m 9 0.35 mm (id) 9 0.5 lm film thickness, Agilent

technologies, J&W Scientific) and Star workstation com-

puter software were used. The retention time of all peaks

was compared with authentic samples and also the identity

of the products was further confirmed by a GC–MS using

Finnigan MAT GCQ GC/Mass spectrometer.

2.3 Preparations of the Encapsulated Complexes

The Schiff base [sal(thiotriazol)] ligand was prepared

starting from hydrazine (Scheme 1), followed by encap-

sulation which was achieved by: (i) ion exchange of Mn? in

NaY zeolite and (ii) coordination of the intrazeolite metal

ion with the [sal(thiotriazol)] ligand.

2.3.1 Preparation of the Ligand

The ligand was synthesized as following (Scheme 1):

i. Thiocarbohydrazide was synthesized according to the

reported procedure [26].

ii. 4-Amino-2,4-dihydro-1,2,4-triazole-5-thione was syn-

thesized according to a reported method [27] with

slight modification.

iii. 4-{[(1E)-(2-hydroxyphenyl)methylene]amino}-2,4-

dihydro-3H-1,2,4-triazole-3-thione.

Equimolar quantities of salicylaldehyde (1.22 g,

0.01 mol) and [sal(thiotriazol)] Schiff base (1.16 g,

0.01 mol) dissolved in methanol (20 mL). Several drops of
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concentrated sulphuric acid were added to the solution

and refluxed for 3 h. The solid obtained was filtered and

recrystallized from ethanol to afford pale yellow crystals.

2.3.2 Preparation of Metal Exchanged Zeolite, M–Y

The ion-exchanged Na–Y zeolites were prepared by a

standard ion-exchange procedure by exchanging Na ions of

Na–Y (5.0 g suspended in 300 mL deionized water) with

50 mmol aqueous nitrate solutions of the corresponding

metal cations (Cu(II), Fe(III) or Bi(III)). The mixture was

stirred at 90 �C for 24 h, filtered, washed with copious

amount of hot deionised water followed by Soxhlet

extraction with acetonitrile for 1 h till the filtrate was free

from any metal ion content. The resulting precipitate was

dried at 150 �C in air for 24 h.

2.3.3 Preparation of Zeolite-Y Encapsulated Metal

Complexes

The encapsulated complexes were prepared following the

general flexible ligand method [28, 29]. An amount of

1.0 g M–Y and 2.5 g of the ligand [sal(thiotriazol)] were

mixed in a 50 mL MeCN. The suspension mixture was

refluxed and stirred overnight. After cooling, the slurry was

subjected to Soxhlet extraction in acetonitrile for 48 h to

remove excess uncomplexed ligand that remained in the

cavities of the zeolite as well as any free metal complex

located on the surface of the zeolite. The uncomplexed

metal ions present in the zeolite were removed by

exchanging back encapsulated zeolite ML2-Y with aqueous

0.01 M NaCl solution. The encapsulated complexes were

filtered, washed with copious amount of hot distilled water

till the filtered was free from chloride. The solids obtained

were dried at 150 �C for several hours to constant weight.

2.4 Catalytic Liquid Phase Hydroxylation

Oxidation of phenol using the prepared catalysts was car-

ried out in 50 mL glass parallel reactor vessels (Radley’s

Discovery Technologies 12 place Heated Carousel

Reaction Station fitted with a Reflux unit). In a typical

reaction, phenol (4.7 g, 0.05 mol) and 30% solution of

H2O2 (5.67 g, 0.05 mol) were mixed in 2 mL of the desired

solvent and the reaction mixture was heated at 80 �C with

continuous stirring. Toluene was added as internal stan-

dard. Requisite amount of catalyst (0.010 g) was added to

the reaction mixture, and this was assumed as the starting

point of the reaction. The progress of the reaction was

monitored by GC analysis using an internal standard

technique. The reaction products were analyzed using a gas

chromatograph and monitored at set time intervals by

withdrawing small aliquots. Samples were filtered before

analysis. The oxidation products were identified by com-

parison with authentic samples and GC–Mass data.

3 Results and Discussion

3.1 Syntheses and Characterisation of Catalysts

The [sal(thiotriazol)] ligand was synthesised starting from

hydrazine (Scheme 1). Thiocarbohydrazide was then

reacted with glacial acetic acid to form the N-amino-1,2,4-

triazol thione, followed by Schiff base condensation with

salicylaldehyde.

The synthesized ligand [sal(thiotriazol)] was encapsu-

lated in the nano-cavities of zeolite-Y by flexible ligand

method, which involves the reaction of ion-exchanged

Y-zeolite with excess of acetonitrile solution of the ligand.

The solvent (acetonitrile) facilitated the insertion of ligand

in the cavity of the zeolite due to its flexible nature. The

ligand with the dimension of less than the zeolite pore

openings of 7.4 Å diffused through the zeolite supercages

followed by complexation with metal ions. Complexation

of the ligand with Cu(II) and Fe(III) ion-exchanged zeolite

was accompanied by the colour change (pale green and

pale orange, respectively), while encapsulated Bi(III)

complex was colourless.

The crude mass was subjected to Soxhlet extraction in

acetonitrile to remove excess ligand that remained

uncomplexed in the cavities of the zeolite as well as
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Scheme 1 Synthetic route of

the ligand [sal(thiotriazol)]
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located on the surface of the zeolite along with free com-

plex, if any. The uncomplexed metal ions from the zeolite

were removed by exchanging back [M[sal(thiotriazol)]2]-Y

with aqueous 0.01 M NaCl solution. Thus, the percentage

of metal content estimated by ICP is only due to encap-

sulation of the complex in the supercages of the zeolite-Y.

The encapsulated catalysts were further characterized by

FT-IR and electronic spectra and X-ray powder diffraction

patterns (vide infra), which support the encapsulation of

metal complexes inside the cavities of the zeolite. Neat

complexes have also been prepared (Titinchi and Abbo,

unpublished results) for comparison with encapsulated

complexes.

Zeolite Na–Y is the host starting material with the unit

cell composition of Na48(SiO2)144(AlO2)48 xH2O. The

chemical composition was obtained by combination of data

from elemental analyses, ICP and energy-dispersive X-ray

spectroscopy (EDX) analysis of several crystalline parts of

the sample and the average was taken. The chemical

analyses of the encapsulated complexes (Table 1) revealed

the presence of organic moiety with C/N ratio almost

similar to that of the neat complexes. The M/N ratio sug-

gesting 2:1 ligand to metal stoichiometry analogous to the

model complexes with formula [CuL2(H2O)2], [FeL2(-

H2O)Cl] and [BiL2Cl]. The Si/Al ratio of the encapsulated

complexes was similar to parent Na–Y zeolite, which

indicates no change in zeolite framework after

encapsulation.

As the encapsulated complexes were purified well by

Soxhlet extraction with acetonitrile, the metal and element

contents found after encapsulation are only due to the pres-

ence of the metal complexes in the cavity of the zeolite-Y.

These catalysts are also well characterized by IR spec-

troscopy (Fig. 1). The metal exchange zeolites exhibit

bands around 1140, 1035, 960, 780 and 740 cm-1 due to

the zeolite framework. No significant broadening or shift of

the structure-sensitive zeolite vibrations at 1130 cm-1 (due

to the asymmetric T–O stretch) on ion-exchange and upon

encapsulation of the complexes indicates that there is no

defect of zeolite framework or dealumination and the

matrix remains unchanged during the process, in agreement

with XRD results.

The intensities of the absorption peaks in the encapsu-

lated complexes are low due to their low concentration in

zeolite matrix and only detected in the region where

typically the Na–Y does not absorb, specifically in the

regions 1600–1200 and 350–450 cm-1.

IR spectrum of the ligand [sal(thiotriazol)] shows char-

acteristic bands at 3132, 2715 and at *1110 cm-1, which

are assigned to m(N–H), m(S–H) and m(C=S) respectively

[30]. These observations suggest that the Schiff base

exhibits thiol–thione tautomerism (Scheme 1), which is

well-known with all of the other members of this family of

triazoles [31–34].

The band at 3332 cm-1 observed in the ligand due to

phenolic OH disappeared in complexes. This indicates the

ligand coordinated to the metal ion through phenolic oxy-

gen atom via deprotonation. A strong band at 1623 cm-1 in

the ligand assigned to m(C=N) lowered by (10–15) cm-1 on

complexation due to the coordination of the azomethine

nitrogen with the metal ion.

The bands due to C=S and S–H vibrations of the ligand

remained unperturbed in these complexes indicating that

the metal is not coordinated through sulphur atom [35].

These observations suggest the non-involvement of sulfur

atom in coordination.

A broad band appeared in the region 3400–3520 cm-1

in all complexes indicating the presence of coordinated

water and two weaker bands in the region 750–800 and

700–720 cm-1 [30, 36].

The appearance of new moderately intense bands in the

low frequency region of 350–500 cm-1 in all the com-

plexes are assigned to stretching frequencies of m(M–O)

and m(M–N) bonds. It further indicates the coordination of

nitrogen and oxygen to the metal. Fe and Bi-based catalysts

exhibits a band in the region 320–325 cm-1 assigned to

mM–Cl [37].

Table 1 Chemical analysis of the samples

Zeolite samples C/N M/N Si/Al M (wt%)

Na–Y – – 3.00 –

CuL2(H2O)2-Y 1.87 0.52 2.99 2.31

FeL2(H2O)Cl-Y 1.91 0.50 3.03 0.51

BiL2Cl-Y 1.86 1.83 2.89 0.85

Fig. 1 FT-IR spectral pattern of Na–zeolite-Y and the encapsulated

catalysts
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On the basis of IR data, it is concluded that all the metal

ions are coordinated to the azomethine nitrogen, phenolic

oxygen, and water molecule or/and chloride.

It is worthy mentioned that intensities of the bands in the

encapsulated complexes are very weak in comparison to

the corresponding neat complexes due to the low concen-

tration of the complexes in the zeolite matrix. These peaks

are similar to those of the free metal complex, which is

evidence of the presence of the metal complex entrapped in

the zeolite matrix.

The electronic spectra of the encapsulated complexes as

well as the ion-exchanged Y-zeolite were recorded in Nujol

over the range 200–900 nm as shown in Fig. 2. No

absorption bands above 300 nm were observed in the

spectra of ion-exchanged-Y zeolites. The light green col-

oured [CuL2(H2O)2]-Y exhibits a broad asymmetric band

in the region 600–760 nm ascribed to a d–d transition of an

distorted octahedral geometry of Cu(II) ions [38].

The [FeL2(H2O)Cl]-Y exhibit a weak and broad

absorption band centred at 522 nm, which is attributed to

d–d transition in the complex and was slightly blue-shifted

from their corresponding metal complex bands, suggesting

an octahedral geometry around the metal ion [39]. The

band due to d–d transitions in Bi(III) base catalysts could

not be located in Nujol. All encapsulated complexes

exhibit bands between 370 and 387 nm due to symmetry

forbidden metal-to-ligand charge-transfer (MLCT) band.

Other bands appearing at 310–355, 254–297, 202–221 nm

for all complexes arise due to intra-ligand n–p*, p–p* and

/–/* transitions, respectively.

The significant alteration in the absorption bands of

MLCT and broadening of the p–p* transition bands in the

encapsulated complexes can be attributed to the interaction

between metal complexes and the zeolite framework.

The powder X-ray diffraction (XRD) patterns of zeolite

encapsulated complexes show an essentially similar pattern

to M–NaY and parent Na–Y zeolite (Fig. 3). These

observations indicate that the zeolite framework has not

undergone any significant structural change and the crys-

tallinity is retained during the incorporation of the metal

and after the encapsulation process.

It has been reported [40, 41] that the relationship

between the relative diffraction line intensities of the 220

and 311 reflections in the XRD pattern confirms the for-

mation of a large metal complex ion in the supercage of

FAU-type zeolites. It is clear from XRD pattern that the

line intensities of the I220[I311 for the Na–Y zeolite, but

I220 is lower than I311 for the encapsulated complexes

(Fig. 3). These are clear evidence for the formation of

complex ions within the supercage of the zeolite.

After careful comparison of XRD patterns of Na–Y,

Cu–Y and [CuL2(H2O)2]-Y; new diffraction lines were

observed with 2h value of 25.6 and 46.2� in Cu–Y but not

observed in Na–Y. These lines were also observed in

[CuL2(H2O)2]-Y at the same positions. Also a new line

with a 2h value of 14.2� could be located only in

[CuL2(H2O)2]-Y. This clearly indicates the insertion of

metal complex in the cavities of the zeolite. Location of

any new diffraction lines in Fe- and Bi-based catalysts was

not possible due to a low intensity and poor resolution of

these lines in the XRD pattern, which may attributed to low

metal loading.

Catalyst λλ  (nm) 

[CuL2(H2O)2]-Y  

[FeL2(H2O)Cl]-Y  

[BiL2Cl]-Y  

202, 221, 272, 297, 320, 352 , 370, 480, 680 

204, 281, 310, 355, 387, 522. 

202, 254, 279, 375 

200        300        400        500        600        700        800        900
Wavelength (nm)

A
b

so
rb

an
ce

[FeL2(H2 O)Cl]-Y

[CuL2(H2O)2]-Y 

[CuL2(H2O)2]-Y conc

[BiL2Cl]-Y

Fig. 2 Electronic spectra and UV–Vis spectral data of the encapsu-

lated complexes
Fig. 3 XRD patterns of Na–Y, Cu–Y and encapsulated metal

complexes
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To study the textural characteristics of the encapsulated

complexes in comparison with the parent Na–Y zeolite,

nitrogen adsorption–desorption isotherms were recorded.

The nitrogen adsorption/desorption isotherms for the parent

and the encapsulated complexes zeolites (Fig. 4) are typi-

cal type I according to the IUPAC classification [42],

which are characteristics of microporous nature of the

materials. The representative catalyst [CuL2(H2O)2]-Y

exhibited narrow BJH pore size distribution curve with less

than 4 nm as shown in inset of Fig. 4. Considerable

reduction in surface area and micro-pore volume observed

for the zeolite-encapsulated complexes from the parent

Y-zeolite as shown in Table 2. Since the zeolite crystal-

linity was retained, the decrease of the surface area and

pore volume is interpreted from the presence of complexes

in the zeolite nano-cavities and not on the external surface.

The SEM micrographs of Na–Y and zeolite encapsu-

lated metal complexes indicate that there are no changes in

the zeolite morphology and structure upon encapsulation of

the complexes, which is in agreement with XRD analysis.

The representative images of Na–Y and [FeL2(H2O)Cl]-Y

are reproduced in Fig. 5. Moreover, the SEM images

confirmed the absence of extraneous crystals of complex

adsorbed on the zeolite surface. In fact, Soxhlet extraction

with acetonitrile after encapsulation process serves an

excellent solution to remove all the uncomplexed ligand

and residual metal complexes physically adsorbed on the

external surface of the zeolite.

Thermogravimetric analyses (TGA) data of the encap-

sulated complexes along with the percent mass loss at

different steps and their probable assignments are listed in

Table 3 and presented in Fig. 6.

In [FeL2(H2O)Cl]-Y, the first step occurs at temperature

\160 �C with 11 wt% loss due to the presence of trapped

water or physically adsorbed water. The second decom-

position step at 160–210 �C refer to the loss of intra-zeolite

water molecules (3%) i.e. chemisorbed water in the form of

OH groups in zeolite Y [43, 44]. The third decomposition

step at 210–330 �C losses 1% due to the loss of coordi-

nated water molecule and chloride ion. The rest of the

organic ligand decomposes in the final step in a wide range

(330–920 �C).

In case of [BiL2Cl]-Y, the third step results of two

overlapping steps over a wide range of temperature

assigned to the loss of the coordinated chloride ion and the

chelating ligand. A very small percent weight loss (2%) in

the final step indicates the presence of only small amount

of metal complex in the cavity of the zeolite. This is in

agreement with the low percent metal content estimated by

ICP.

3.2 Molecular Modeling

The molecule encapsulated in a zeolite cage is character-

ized by steric restriction and may show interesting prop-

erties if the size of the molecule is well fitted within the

zeolite supercage, which would not be observed under

ordinary conditions.

The three-dimensional model structures for the Cu(II),

Fe(III) and Bi(III) complexes as well as the ligand were

created using HyperChemVersion 6.01 molecular model-

ing to calculate their dimensions using Parametric Method

(PM3), performing the semi-empirical Self-Consistent

Field (SCF) theory for the geometry optimization are pre-

sented in Table 4. The coordination geometry of encap-

sulated complexes has been obtained with 2:1 ligand to

metal stoichiometry analogous to the model complexes by

molecular simulations.

Table 4 shows that [CuL2(H2O)2] structure acquires

slightly distorted octahedral structure where one of the

phenolic oxygen and oxygen of water molecules are in

the axial positions and are trans to each other with bond
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Fig. 4 N2 adsorption/desorption isotherms and pore size distribution

of the encapsulated catalysts

Table 2 The textural properties of the encapsulated complexes

Sample Average pore

size (Å)

Pore volume

(cm3 g-1)

BET surface

area (m2 g-1)

Na–Y 24.83 0.34 568

Cu–Y 24.27 0.30 532

[CuL2(H2O)2]-Y 24.14 0.21 342

[FeL2(H2O)Cl]-Y 24.17 0.15 244

[BiL2Cl]-Y 22.98 0.14 240
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angle of 177.12 Å. Other oxygen and nitrogen of the

ligand and oxygen of water molecules are in the equa-

torial positions.

The 3D optimized geometry shows that the Schiff base

ligand is flexible with dimension of 5.28 and 5.65 Å for

thione and thiol tautomers, respectively, which is smaller

than the pore diameter of Y zeolite and could diffuse freely

through the windows (channel openings 7.4 Å) to form

complexes inside the supercages with a previously

exchanged metal ion that are homogeneously distributed

across the zeolite crystals. It can be concluded that these

complexes occupies most of the volume of the zeolite-Y

supercage (diameter of 12.5 Å), and its size ensures that

once the molecules (complexes) are synthesized in the

cages, they cannot escape through the window. The

resulting complex becomes too large and rigid to escape

out of the cages. This confirms that zeolite-Y can accom-

modate these metal complexes in its supercages without

putting any strain.

3.3 Catalytic Activity Studies

Hydroxylation of phenol to two commercially important

products, catechol and hydroquinone has been investigated

using the encapsulated catalysts in the presence of H2O2 as

Fig. 5 Scanning electron

micrographs of Na–Y (left) and

[FeL2(H2O)Cl]-Y (right)

Table 3 Thermal

decomposition data for the

encapsulated complexes

L [sal(thiotriazol)] ligand

Catalyst Temperature range (�C) Wt loss (%) Group lost

[CuL2�(2H2O)]-Y 25–170 13 Trapped H2O

170–280 3 Intra-zeolite H2O

280–340 2 2H2O (coordinated)

340–920 12 L

[FeL2(H2O)Cl]-Y 25–160 11 Trapped H2O

160–210 3 Intra-zeolite H2O

210–330 1 Cl ? H2O (coordinated)

330–920 5 L

[BiL2Cl]-Y 25–160 8 Trapped H2O

160–200 1 Intra-zeolite H2O

200–800 2 L ? Cl

Fig. 6 TGA profile of the encapsulated complexes
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the oxidant. To screen the performances of the encapsu-

lated catalysts, [Cu-[sal(thiotriazol)(H2O)2]-Y catalyst was

chosen as the representative catalyst to study the influence

of various reaction parameters to acquire maximum

hydroxylation.

The influence of reaction temperature on the hydroxyl-

ation of phenol over the catalyst is listed in Table 5. To

achieve maximum conversion of phenol, the catalytic reac-

tions were carried out at different reaction temperatures,

whilst keeping all the other parameters constant. The phenol

conversion is doubled on increasing the reaction temperature

from 50 to 80 �C with a slight decrease in the selectivity

towards catechol. No further improvement in conversion was

achieved at 90 �C due to the faster decomposition of H2O2

itself at high temperature. The catalyst exhibits the highest

conversion of phenol after 6 h reaction time at 80 �C, which

was selected to carry out the catalytic reactions.

To test the influence of the amount of the catalyst on the

catalytic reactivity of phenol hydroxylation, various

amounts of catalyst were used and compared. As shown in

Table 5, the conversion of phenol increases from 16 to

18% with the increment of the amount of catalyst used

from 5 to 10 mg. Further increase in the amount of catalyst

to 25 mg, the % phenol conversion and % H2O2 efficiency

Table 4 Dimensions of the optimized geometries

Ligand (Thiol/Thione tautomer) [CuL2�(H2O)2] [FeL2(H2O)Cl] [BiL2Cl]

5.65 Å 5.28 Å 

9.56 Å  

9.85 Å 

10.87 Å

8.85 Å

10.93 Å 

10.67 Å 

Table 5 Catalytic activity and selectivity in hydroxylation of phenol over [Cu[sal(thiotriazol)]2�2H2O]-Y] under different reaction conditions

Reaction parameters Conditions % Phenol conversion Selectivity TOF (h-1)a

CAT HQ

Reaction temperature (oC) 50 9.3 100 – 213.0

65 14.3 97.1 2.9 327.6

80 18.3 94.6 5.4 419.2

Solvent/medium CH3CN 18.3 94.6 5.4 419.2

CCl4 4.2 100 – 96.2

HAc 9.2 100 – 210.8

Amount of catalyst (mg) 5 16.3 98.3 1.7 746.8 (13.9)b

10 18.3 94.6 5.4 419.2 (15.6)

25 13.1 100 – 120.0 (11.2)H2O2:Phenol (molar ratio)

2:1 16.3 100 – 373.4 (7.0)b

1:1 18.3 94.6 5.4 419.2 (15.6)

0.5:1 9.1 100 – 208.5 (15.6)

Phenol:H2O2 (molar ratio) 0.5:1 12.2 100 – 139.7

1:1 18.3 94.6 5.4 419.2

2:1 7.3 100 – 334.5

Volume of solvent 2 18.3 94.6 5.4 419.2

4 10.8 100 – 247.4

8 6.5 100 – 148.9

a TOF Turn over frequency: moles of substrate converted per mole of metal (in the solid catalyst) per hour
b The data in the parenthesis represent the H2O2 efficiency (%) = (moles of H2O2 utilized in products formation/moles of H2O2 added) 9 100
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decreased to 13.1 and 11.2%, respectively. This is may be

due to thermodynamic and mass transfer limitations at

higher reaction rates and faster decomposition of H2O2 in

presence of excess of the catalyst.

Furthermore, high selectivity towards catechol was

obtained with molar ratio of catechol to hydroquinone

larger than 17 using these amounts of catalyst. Although

the phenol conversion decreases with the increasing

amount of catalyst (25 mg), the selectivity to catechol

reaches 100%, but the TOF value dropped significantly. It

could be concluded that the best amount of catalyst used is

10 mg for maximum phenol conversion and high TOF

value (419 h-1) after 6 h reaction time.

The activities of hydroxylation in different H2O2/phenol

molar ratios are studied by varying the amounts of

hydrogen peroxide to a fixed amount of phenol and the

results are presented in Table 5.

The phenol conversion increased two folds after 6 h

reaction time when the molar ratio increased from 0.5:1 to

1:1 and thereafter levelled off after 6 h reaction time. A

slight decrease in conversion of phenol was observed when

the molar ratio increased from 1:1 to 2:1, however the %

H2O2 efficiency was markedly decreased to 7 h-1. This

may be due to more chemisorption of H2O2 and less

chemisorption of phenol on the active sites. Nevertheless,

no over oxidation product i.e. benzoquinone was detected

over all the molar ratios used, although the ring open-pore

structure and the channels of Y-zeolites are large enough

for all the products to diffuse out easily.

Hence the best molar ratio of H2O2/phenol is 1:1. High

selectivity to catechol can be obtained at all H2O2/phenol

molar ratios studied.

The influence of phenol/H2O2 molar ratio in phenol

conversion was studied with varying amounts of phenol to a

fixed amount of hydrogen peroxide. Three different phenol/

H2O2 molar ratios (0.5:1, 1:1 and 2:1) were used. It is clearly

shown that 1:1 phenol/H2O2 molar ratio gave the maximum

percentage conversion of 18%. On decreasing the molar ratio

to 0.5:1 of the substrate/oxidant the over all phenol conver-

sion decreased to 12%. This may be due to the same effect as

explained (vide supra). Using 2:1 phenol/H2O2 molar ratio

i.e. H2O2 in half molar amount of phenol, the over all per-

centage conversion was much lower (7%).

The solvent plays an important and crucial role in cat-

alytic performance as it affects the reaction rates by means

of competitive sorption/adsorption phenomenon in the su-

percages of zeolite, polarity, solvation power and size of

the solvent molecule.

To investigate the effect of solvent on the catalytic

performance, the solvent was changed from polar solvent,

acetonitrile, to non polar solvent, carbon tetrachloride,

keeping other reaction conditions constant. Phenol con-

version was found to be 18% in acetonitrile, which

decreased markedly on using CCl4 to 4.2 and 7.1% after 6

and 24 h reaction time respectively. This could be

explained by the polarity of the solvent used [45]. More-

over the formation of non-homogeneous (two-phase) sys-

tem was formed in case of CCl4, which cause the reaction

to occur at the interface, while in acetonitrile the reaction

mixture was homogeneous. Similar conclusions were also

drawn by our previous reports [18–25].

In terms of selectivity towards catechol and hydroqui-

none formation both solvents were highly selective to

catechol. CCl4 shows 100% selectivity towards catechol

even after 24 h reaction time, whereas in CH3CN the

selectivity was *95% after 6 h, which decreased slightly

after 24 h reaction time.

On the other hand, the volume of acetonitrile also plays

an important role on the percentage conversion. Increasing

the volume of solvent used to 4 mL, decrease the catalytic

performance to *11%. Further increasing in the amount of

solvent to 8 mL, the overall percent conversion dropped to

6.5%. This may be attributed to the decrease of reactants

concentration in the reaction mixture. With less than 2 mL

MeCN or solvent-free the activity showed poor perfor-

mance due to insufficient amount of solvent to dissolve the

reaction mixture to give a homogeneous medium.

The hydroxylation of phenol was also studied in acidic

medium (2 mL glacial acetic acid). Acidic medium does

not represent a good reaction medium for phenol hydrox-

ylation since, only 9% conversion of phenol was achieved

in 6 h. Hydroxylation reaction proceeds unhindered like in

presence of CCl4 but not as in acetonitrile. This may be due

to the effect of the acid added decreases the concentration

of the intermediate (peroxo species) and in turn the reaction

will slow down.

After optimization the reaction conditions for Cu-cata-

lyst, the performances of the Fe- and Bi-encapsulated
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catalysts were also studied as a function of time (Fig. 7).

The phenol conversion for all catalysts enhanced with

reaction time and attains a steady state after *6 h giving

maximum phenol conversion. No significant change in the

conversion and selectivity is observed after acquiring a

steady state. The Cu-based catalyst shows the highest

activity (18%) followed by Fe-catalyst with *12% con-

version of phenol, while Bi-catalyst has the poorest per-

formance (7.4%) after 6 h of reaction time. All the

encapsulated catalysts show high selectivity to catechol

([95%) after 6 h reaction time (Fig. 8). Comparing the

catalytic activity of our catalysts with other metal encap-

sulated complexes in zeolite-Y analogues [46–50], our

catalysts show lower conversation but superior selectivity

towards catechol formation. Compared with TS-2, our

catalysts (except Bi-based catalyst) are found to exhibit

higher conversion of phenol (11–18 vs. 9.3%) [51], but

lower than TS-1 [52–54]. On the other hand [CuL2(H2O)2]-

Y show comparable activity to that of TS-1 [55] and micro-

and nanometer sized TS-1 [56] using acetone as solvent. In

general, the selectivity of our catalysts towards catechol

formation is superior to that of TS-1 and TS-2.

The stability and reusability was investigated using

[CuL2(H2O)2]-Y as representative catalyst. The catalyst

recovered by filtration and regenerated by Soxhlet extrac-

tion (MeCN), dried at 150 �C for 6 h and reused three

times. The recovered catalyst then used for the next run

under the same reaction conditions. The catalytic result of

three successive recycles obtained was almost similar

verifying that the catalyst is highly stable and can be

reused. This is also confirmed by isolating the catalyst from

the reaction mixture after 2 h reaction time and the reaction

was continued for another 4 h. It was found that the %

conversion remained unchanged without any further

increase which proved that the reaction is catalyzed het-

erogeneously. The ICP analysis for reaction filtrate shows

the absence of metal ions which show that no leaching has

occurred during the reaction.

4 Conclusion

It can be concluded that M[sal(thiotriazol)]2 complexes can

be encapsulated in Na–Y zeolite supercages without

structural modification or loss of crystallinity of the zeolite

framework. The physico-chemical studies confirmed the

encapsulation of metal complexes in the supercages of

zeolite Y. 3D model structure generated for these com-

plexes suggests that zeolite-Y can accommodate these

complexes in the FAU supercages without any strain.

The encapsulated metal complexes were tested for

hydroxylation of phenol using H2O2 as an oxidant which

show moderate activity with excellent selectivity towards

catechol formation under optimized reactions condition

(i.e. 0.05 mol phenol, 1:1 phenol/H2O2 molar ratio, 10 mg

catalyst, 2 mL CH3CN at 80 �C). The activity of these

catalysts was ordered as follows: Cu [ Fe [ Bi-based

catalysts, which depends on the central metal ion present in

the encapsulated complex.

The recovered catalysts after regeneration were reused

with no significant loss in the activity was noticed. Com-

parable IR spectra and XRD images of fresh and used

catalysts suggest their further reusability.
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