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bstract

Titanium-mordenites catalysts prepared by impregnation (TiMimp), solid-solid interaction (TiMss) and in situ incorporation during synthesis
TiMin); using ortho-phenylenediamine as a new templating agent under hydrothermal conditions (TiCl4, 160 ◦C, 6 days), were thoroughly charac-
erized by TG/DTA, N2 adsorption, XRD, FTIR, UV–vis and pyridine-FTIR. They were tested; in comparison with TiO2 Degussa, for degradation
f meta-chlorophenol (MCP) in the presence of UV-light irradiation. It was possible to correlate the results obtained for MCP degradation over
arious catalysts with their structural and acidic properties. The photocatalytic degradation of MCP has been modeled to Langmuir-Hinshelwood
ate law. TiMss showed the highest degradation rate (0.060 min−1) followed by those of TiMimp (0.050 min−1), TiMin (0.025 min−1) and TiO2-
egussa (0.018 min−1), respectively. The marked higher rate observed for the former catalyst was due to the larger pore radius (29 Å), acidity and

he extra-framework TiO2 anatase species (of absorption at 340 nm). Very strong emphasize to the state of titania within the three samples (TiM)
as demonstrated and most importantly Si O Ti linkages (950–940 cm−1) were observed and correlated with photoactivities of all samples.

egradation products of MCP, including both aromatic and aliphatic intermediates, were monitored by HPLC. Chloride ions, on the other hand,
ere followed up during the degradation processes. Formic acid (formate) was identified as a final intermediate in the solution before it further
ineralized to CO2. Reasonable degradation pathway for MCP molecule is proposed on the basis of structural identification of several by-products.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Mordenite is an industrially important zeolite used as solid
atalyst for conversion of hydrocarbons and is recently being
onsidered for applications as host of semiconductor materi-
ls, chemical sensors and non-linear optical materials [1–4].
herefore, there are a lot of articles and patents concerning the
ynthesis of mordenite zeolite crystals in the absence or presence
f organics such as piperazine and polyglycol [5–8]. Isomor-
hous substitution of a metal ion into the framework, on the

ther hand, of mordenite is very effective in exhibiting spectac-
lar catalytic properties based on the acidity of the bifunctional
etal ion–zeolite system [9–10].
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A comprehensive study of the synthesis of mordenite using
new template (ortho-phenylenediamine [OPDA]) was carried
ut in our labs in a way of synthesizing mordenite zeolite with
arying pore geometry and high Si/Al ratio [11].

Titanium atoms incorporated into the zeolite framework serve
s catalytic sites thus; the content of framework titanium in a
eolite has presented higher activity in performing some cat-
lytic reactions [12–15]. TiO2 in mixed phase materials are the
est photocatalyst reported so far [16]. However, poor adsorp-
ion and low surface area properties lead to great limitations
n exploiting the photocatalyst to the best of its photoefficiency.
upported TiO2 is commonly reported to be less photoactive due

o the interaction of TiO2 with the support during the thermal
reatments [17]. Several attempts have been made to improve the

hotoefficiency of titania by adding adsorbents like silica, alu-
ina, zeolites, clays, and active carbon [18–23]. Zeolite based

hotocatalysis is increasingly attracting many researchers and
ot yet well explored and the work reported so far involved the

mailto:mohmok2000@yahoo.com
dx.doi.org/10.1016/j.molcata.2007.03.071
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tion of TiCl4 to give TiO2 loading of 6.5 on the bases of molar
T.M. Salama et al. / Journal of Molecula

se of high TiO2 loadings [24]. On the other hand, the higher
ispersion state of Ti oxide species inside zeolite frameworks are
rerequisites to effective photocatalytic reactions such as reduc-
ion of CO2 by H2Oand NO decomposition into N2 [25,26].
anoscale anatase materials are also reported to be highly active
robably due to high surface areas rather than intrinsic improve-
ent in reactivity [27,28].
In a way of designing an efficient local structure for hosting

iO2 photocatalyst to control the activity, mordenite zeolite was
ynthesized and used as a support for TiO2; that can be excited
nder UV-irradiation forming charge-transfer excited state thus
nvolving an electron transfer from O2

− to Ti4+ [29]. Accord-
ngly, the preparation of Ti-mordenite by three different methods
amely in situ incorporation during synthesis, impregnation and
olid-solid interaction were carried out. These samples have
een characterized by thermal analysis, X-ray diffraction, N2
dsorption, FT-IR, UV–vis and pyridine-FT-IR techniques. The
hotocatalytic activity of the samples towards degradation of
eta-chlorophenol was studied; using HPLC, together with

evealing the performance of the catalysts, and the possible
eaction mechanism.

. Experimental

.1. Materials

The materials used were: silicic acid powder, sodium
ydroxide pellets (A.R. 98%), aluminum sulfate [Merck,
l2(SO4)3·16H2O], o-phenylenediamine (Merck), acetyl ace-

one and titanium tetrachloride (BDH 99% TiCl4) and
ommercial H2SO4.

.1.1. Preparation of mordenite
The hydrogels of the following oxide molar compositions

ere prepared for the synthesis of mordenite zeolite.

.12Na2O : 0.16Al2O3: 6.185SiO2: 0.185Q : 100H2O

here Q is o-phenylenediamine (OPDA) template.
A known amount of NaOH was added to silicic acid/H2O

ystem while stirring, followed by heating at 80 ◦C until clear
olution was obtained. The OPDA was dissolved in 10 ml of
2O followed by heating at 50 ◦C for 20 min. Then, the solution
f OPDA was added to that of sodium silicate while stirring for
5 min. The aluminum sulfate, on the other hand, was dissolved
n calculated amount of H2O with adding 0.05-ml concentrated

2SO4. To the latter solution, the combined solution of sodium
ilicate and OPDA was added followed by stirring for 30 min.
he pH of the mixture was adjusted to 11 by using NaOH

0.1 M) and H2SO4 (0.1 M) solutions. Finally, the mixture was
ydrothermally treated at 160 ◦C in an oil bath, using stainless
teal autoclaves for 6 days. The autoclaves were removed at the

respecified time from the oil bath and were quenched immedi-
tely with cold water. The solid product was filtered and washed
ith distilled water until the pH of the filtrate dropped to 8. The
roducts were dried at 110 ◦C for 10 h then calcined at 550 ◦C
or 6 h in an air oven. This sample was referred to as M.

r
w
w
h
u
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.1.2. Preparation of Ti-mordenite (built-in)
The synthesis procedure is described in molar compositions

s follows:

.12Na2O : 0.1Al2O3: 0.062TiO2: 6.185SiO2

: 0.185Q : 100H2O

The calculated amounts of sodium hydroxide and silica were
dded to deionized water and stirred with heating at 80 ◦C until
he silica was dissolved. Another clear solution of OPDA was
repared into which a calculated amount of TiCl4 was added par-
llel with 2 ml of acetyl acetone followed by vigorous stirring at
oom temperature for 15 min. The aluminum sulfate, on the other
and, was dissolved in calculated amount of H2O with adding
.05-ml concentrated H2SO4. A simultaneous addition of the
ilicate solution was carried out into the complex (composed
f OPDA containing TiCl4 and aluminum sulphate) followed
y stirring for 30 min till homogenization of the mixture was
chieved. Then, the reaction mixture was transferred to a 300 ml
tainless-steel autoclave and maintained in the oil bath at 180 ◦C,
or the crystallization period of 10 days under autogeneous pres-
ure. The Autoclave was removed from the oil bath and quenched
nder cold water for product identification. The solid product
as filtered and washed with distilled water until the pH of the
ltrate dropped to 8. The solid product was then dried at 120 ◦C
or 10 h and calcined at 550 ◦C for 6 h. This sample was referred
o as TiMin.

.1.3. Preparation of TiO2 in mordenite by solid-solid
nteraction

This sample was prepared by the mechanical mixing of mor-
enite that synthesized in this work of SBET = 324 m2/g with
iO2 sample. Mordenite was degassed at 300 ◦C for 3 h (under
reduced pressure of 10−5 Torr) prior to mechanically mix-

ng with TiO2 (prepared by hydrolysis of TiCl4 using NH4OH,
ashed with distilled water, heated at 110 and finally calcined at
50 ◦C) then left under stirring in a schlink tube overnight under
flowing nitrogen gas at a rate of 30 cm3/min. The sample was

vacuated in a conventional high vacuum manifold (∼10−5 Torr)
ystem while the temperature was slowly increased at a ramp-
ng rate of 0.33 ◦C/min till 300 ◦C at which the temperature was
ept constant for 4 h. The prepared sample gave TiO2 load-
ng 6.5 on the bases of molar ratio. The sample was calcined
t 550 ◦C, in air for 6 h. The obtained sample was referred to
s TiMss.

.1.4. Preparation of TiO2 in mordenite by impregnation
ethod
This sample was prepared by impregnation of mordenite that

ynthesized in this work. Na-mordenite was stirred with a solu-
atio. The sample was dehydrated in an oven 110 ◦C for 6 h at and
as eventually calcined at 550 ◦C for 6 h. The obtained sample
as referred to as TiMimp. TiO2 purchased from Degussa (P-25
aving 85% anatase and 15% rutile of surface area 50 m2/g) was
sed for comparison purposes.
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.2. Characterization techniques

The X-ray diffraction patterns of various zeolite samples were
easured by using a Philips diffractometer (type PW 3710)

quipped with Cu K� radiation. The samples were measured in
he 2θ range of 10–50◦ at 30 kV and 10 mA with a scanning speed
f 2θ = 2.5◦ min−1. The crystal sizes of the prepared materials
ere determined using the Scherrer equation. The instrumental

ine broadening was measured using a LaB6 standard. The crys-
allinity of the modified samples was calculated using the ratio
f the sum of the areas of the most intense peaks for the prepared
amples (2θ = 16.8, 19.6, 22.2, 28.2 and 32.3 Å) to that of the
ame peaks of as-synthesized Na-mordenite; of this work, and
ultiplying by 100. Rietveld method, which permits the repro-

uction of the whole diffractogram through the optimization of
oth structural (peak position and intensity) and non-structural
peak shape) data is used to evaluate the determination of cell
arameters and volume increase due to insertion of guest ions
n the zeolite structure.

In situ FT-IR spectra of the samples were recorded with
ASCO single beam FT-IR 5300 spectrometer with 50 co-added
cans at 2 cm−1 resolution. The sample was pressed into a self-
upporting wafer and mounted in a quartz infrared cell with
aF2 windows that connected to vacuum manifold (10−5 Torr)
onstructed of Pyrex glass with a dead volume of 301 cm3. The
nfrared cell was equipped with an electric furnace and the sam-
le temperature was adjusted by using the temperature controller
onnected to a thermocouple made of nickel chrome. The IR
ample was prepared by pressing the catalyst powder ground in
n agate mortar to a wafer of ca. 30 mg cm2 and then outgassing
t 300 ◦C for 3 h before exposure to reactant gases. IR measure-
ents were all carried out at room temperature. All of the spectra

resented were obtained by subtraction of the corresponding
ackground reference.

The IR spectral changes of pyridine adsorption were mea-
ured in the 1700–1400 cm−1 region. Pyridine (10 Torr) was
dmitted into the cell and equilibrated with the sample for
0 min. Excess pyridine was then pumped out before record-
ng the spectra: pyridine was pumped out at 25 and 100 ◦C each
ime.

UV–vis diffuse reflectance spectra of the samples were mea-
ured using a JASCO V-570 unit, serial no. (29635), at scanning
peed 4000 nm/mm and a bandwidth 2 nm. The samples were
easured in the wavelength range from 200 to 500 nm. The sam-

les were prepared as self-supporting wafers and were recorded
t room temperature.

TG and DTA thermograms were performed for uncalcined
amples (10 mg) using Model 50 Shimadzu units in the range of
5–1000 ◦C with a temperature rise of 10 ◦C/min. Dry nitrogen
as used as a purge gas at a rate of 30 ml/min.
The nitrogen adsorption isotherms were measured at

196 ◦C using a conventional volumetric apparatus. The spe-
ific surface area was obtained using the BET method. The

icropore volume and the external surface area were obtained

rom the t-plot method.
Experiments in the darkness were performed to determine the

mounts of MCP adsorbed on different TiO2-mordeites. The

t
(
i
t

alysis A: Chemical 273 (2007) 198–210

dsorption capacity of m-chlorophenol (MCP) was measured
ith adjusting the pH at 6.5. In 250 ml of MCP solution at ini-

ial concentration of 5 × 10−3 M, 0.1 g of samples were added
nd then agitated in the darkness for 30 min. The suspensions
ere centrifuged to remove TiO2 particles and the retained con-

entration of MCP, C was determined. The amount of MCP
dsorbed onto the TiO2-zeolites was determined by the differ-
nce between the initial and the retained concentration of MCP
ivided by the initial concentration of MCP:

ptake % = Co − C

Co
(1)

The photoreactivity experiments were carried out in a cylin-
rical Pyrex glass reactor containing 0.10 g of catalyst and
50 ml of aqueous solution of meta-chlorophenol (MCP). The
oncentration of the organic compound was 5 × 10−3 M. A
25 W medium pressure Hg lamp (312 nm) immersed within
he photoreactor was used and the mean value of the incident
adiation power, determined using an UV (Digital UVX 36)
as 13.5 mW cm2. The Products were analyzed by HPLC using
ionex p580 pump equipped with a Dionex column DX-120 by
eans of ion chromatography Dionex-pac attached with AS14

olumn. Chloride ions were determined through using LiChro-
pher RP-18 column (4 mm × 125 mm). Acetonitrile was used
s eluent at 1 ml/min.

. Results and discussion

.1. Thermal analyses

TG and DTA thermograms of uncalcined M and TiMin sam-
les are shown in Fig. 1; in the temperature range from 25 to
000 ◦C. TG analyses indicate that the total weight loss of TiMin
17.5%) is exceeding that of M (14%). The low temperature
eight losses are associated with the removal of water while the
igh temperature ones are due to the decomposition of the tem-
late OPDA. Correspondingly, two endothermic peaks at 128
nd 153 ◦C are observed in the DTA curves for M and TiMin,
espectively. This indicates that the interaction between water
olecules and titano-aluminosilicate is stronger than that with

luminosilicate structure. This could give a hint about the micro-
orosity of the former comparatively. Varying the decomposition
emperatures of the template for M (322 and 537 ◦C) and TiMin
402, 496 and 552 ◦C) samples indicate that the interaction of
emplate has different strengths within the two samples. The
eight loss expressing OPDA decomposition, on the bases of

haring four molecules per unit cell (4.75%), indicates lower
mount in M (3.71%) and higher amount in TiMin (7.86%). In
ddition, exceeding the endothermic maxima appeared at 402
nd 552 ◦C in TiMin than those seen in M (322 and 537 ◦C)
erified the strong association of the template within titanoa-
uminosilicate structure comparatively. This means that OPDA

olecules will find some restrictions during decomposition in

he narrow pores present in TiMin (552 ◦C) than that in M
537 ◦C). This was in agreement with the observed decrease
n weight loss of TiMin when compared with that of M in the
emperature range 510–570 ◦C. However, the observed increase
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Fig. 1. TGA and DTA curves of uncalcined mordenite and Ti-m

n weight loss of TiMin in the 300–510 ◦C range than that of M
mplies also the presence of wider pores in TiMin indicating that
t acquires micro-mesoporous structure. This was in harmony
ith the total pore volume results that showed an enhancement

n TiMin than that in M as a result of Ti incorporation. Ti incor-
oration in M was responsible for the earlier appearance of the
ndothermic peak at 755 that originally seen at 877 ◦C in M,
onfirming the lower thermal stability of the former compara-
ively.

.2. X-ray diffractograms

Fig. 2 shows the XRD patterns of various Ti/mordenites
ynthesized by the three methods, in comparison with that of
he parent mordenite synthesized in this work. The former pat-
erns showed quite similar diffraction lines to that of the latter

eflecting that they all have mordenite structure. However, minor
ariations were revealed, for example, TiMin indicates small
ines due to titanium-silicate; at 2θ = 20.08, 26.31, 28.40 and
0.44 Å [30], where TiMimp and TiMss samples exhibit TiO2

t
o
o
t

able 1
ffect of different preparation methods of Ti-mordenites on crystallites size, crystalli

ample Crystallite size D (nm) Cell parameters (Å)

a b

ordenite 48.40 18.129 20.413
iMin 51.63 18.162 20.604
iMss 44.02 17.922 20.466
iMimp 49.48 18.029 20.009
ite samples synthesized by ortho-phenylenediamine template.

natase lines at 2θ = 37.70, 38.45 and 47.87 Å in addition to
on-exposed lines of same species in the range of 2θ = 25–28◦
ue to exceeding the intensities of mordenite lines in this range
ather than a decrease. No peaks for crystalline titania in TiMin
an be identified indicating probably the well incorporation of
itania particles. Of particular interest, a shift into higher values
f d for M was perceived in TiMin exceeding TiMimp and TiMss
amples signifying the well incorporation of Ti in the frame-
ork of the former. The TiMin pattern shows a partial loss in

rystallinity with respect to the M sample where TiMimp and
iMss samples show a marked decrease.

The lattice parameters (a, b, c) and unit cell volume (V)
f Ti-mordenites are summarized in Table 1. Upon compari-
on, the unit cell parameters and volume of the TiMin sample
evealed an enhancement when compared with those of TiMimp
nd TiMss, advocating the successful incorporation of Ti into

he framework of mordenite in TiMin replacing Si atoms that
wned lower bond distances with oxygen (0.160 nm) than those
f Ti O (0.182 nm). Accommodating small titania particles in
he micropores caused an expansion in unit cells and volume

nity percentages and unit cell parameters

Cell volume V (Å)3 Crystallinity (%)

c

7.387 2733.69 100
7.530 2817.77 86
7.528 2761.10 62
7.761 2799.92 53



202 T.M. Salama et al. / Journal of Molecular Cat

F
d

f
T
M
t
f

3

i
a
f
t
a
M
(
v
s
b
e
s
fi
m
o
c
w
e

p
h
p
t
r

e
a
p
a
p
(
fi
o
t
c
r
T

3

T
S

S

M
T
T
T

S
:
S

ig. 2. X-ray diffraction patterns of mordenite and Ti-mordenites prepared by
ifferent methods.

or TiMin and exceeded those of post-synthesis ones (TiMss and

iMimp). One can notice that the strong interaction of TiCl4 with

in TiMimp was higher than that of TiO2 with M in TiMss in
he sense of decreasing the crystallinity of TiO2 species in the
ormer comparatively.

i
6

able 2
ome Surface characteristics of mordenite and TiO2 loading by different preparation

ample SBET (m2/g) St (m2/g) V total
p (cm3/g) r− (Å) Sμ (m2/g) Sex

or. 351 286 0.316 23 286 66
iMin 384 371 0.347 23 327 58
iMss 280 262 0.319 29 226 54
iMimp 514 442 0.418 20 440 74

BET: total surface area determined using BET equation, St: specific surface areas dete
micropores surface area, V wid

p : the volume adsorbed in wide porous, V
�
p : micropore

t
ext: external surface area of microporous.
alysis A: Chemical 273 (2007) 198–210

.3. Texture assessment

The results of N2-adsorption data obtained for all samples
ncluding the specific surface area, SBET; total pore volume, Vp;
verage pore radius, r−; micro and mesopores volumes and sur-
aces V

�
p , V wid

p , S� and Swid are collected in Table 2. Inspecting
his Table, an increase in SBET and Vp is produced for TiMin
nd TiMimp samples when compared with that of the parent
. However, the TiMss sample indicates a decrease in SBET

20%), Vp does not, and an increase in r−, that was the largest
alue among all samples (29 Å, Table 2). Accommodation of
mall titania particles in the micropores of M in TiMss could
e responsible for the devoted expansion of the pore radius. The
xternal surface area Sext of TiMin (58 m2/g), calculated from the
lope of the Vl−t curve, is lower than that of M (66 m2/g), con-
rming that TiMin preserve higher microporous texturing. This
icroporsity was also emphasized by the percentage microp-

rsity (V �
p /Vp × 100) that reached 85% (Table 2). Thus, one

an attribute the small increase in SBET of this sample (9.4%)
hen compared with M to titaniumsilicate species that has been

mphasized by XRD investigations.
The sample TiMss possessed the lowest SBET among all sam-

les. This agrees with the greater r− value of the sample. The
igh value of V wid

p for TiMss also confirms the evolution of meso-
orosity. Thus, the texture of sample TiMss appears more open
han rest of the samples (wide), as TiMss possesses the highest
− value, and also deep as that of M (equal Vp values).

On the other hand, the TiMimp sample presented the high-
st SBET (514 m2/g) as the micropores are characterized by
high surface area. The microporosity of the TiMimp sam-

le is additionally confirmed from the percentage microporsity
nd reached 86% (V �

p /Vp × 100) exceeding rest of the sam-
les (Table 2). This sample as is depicted from its Vl−t plot
not shown) indicates pore narrowing character; that was con-
rmed from the decreased value of r−, resulted from blocking
f some pores, the implication is that some pore narrowing has
aken place in wide pores during calcination process giving that
ompensation effect. Growth of titania nanophase was clearly
evealed on TiMimp and TiMss samples when compared with
iMin, as confirmed previously by XRD investigations.

.4. IR spectra of various samples
The FT-IR spectra of Ti-mordenites and M samples are shown
n Fig. 3. The IR spectrum of M shows bands at 1220, 1070, 791,
20, 563 and 455 cm−1, which are assigned to different vibra-

methods, heating at 300 ◦C under a reduced pressure of 10−5 Torr

t (m2/g) Swid (m2/g) V
�
p (cm3/g) V wid

p (cm3/g) Microporosity (%)

30 0.257 0.05892 81
26 0.295 0.05198 85
31 0.258 0.06123 81
30 0.358 0.05983 86

rmined from Vl−t plots of different adsorbents. Swid: wide pore surface area, S�

volume , r− (Å): average pore radius, V t
p: the total pore volume at p/p0 = 0.95,
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Fig. 3. FT-IR spectra of mordenite and Ti-mordenite samples prepared by dif-
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for various Ti-mordenite samples, in comparison with that of
erent methods: (a) M; (b) TiMin; (c) NH4NO3 treated TiMin; (d) TiMimp; and
e) TiMss.

ions of tetrahedral and framework atoms in mordenite zeolite
31]. The IR spectrum of TiMin was similar to that of M except
hifting the band at 1072 into 1053 cm−1; advocating the well
ncorporation of titania, as well as appearing a band at 693 cm−1

nd a shoulder at 1180 cm−1 those do not show up in the spec-
rum of M. Ti incorporation in the framework does not alter the
avenumber of the zeolite framework band at 563(554) cm−1
haracteristics of secondary building unit, however, in post-
ynthesis methods (TiMss and TiMimp) some changes in band
ntensity as well as its shape has been occurred in M structure

M
a
T

alysis A: Chemical 273 (2007) 198–210 203

resuming marked decrease in crystallinities of these samples,
s elaborated previously from XRD investigations. In contrast
o TiMin, a band at 950(940) cm−1 due to vibration of Si O Ti
inkages is observed in TiMss and TiMimp [32]. Incorporation of
itania within zeolite structure in the TiMin sample is identified
hrough splitting the 791 cm−1 band of νT O into doublet at
76 and 800 cm−1.

As a result of perturbation caused by Ti4+ in the stretch-
ng vibration of Si O bonds, the TiMss and TiMimp samples
eveal some variations such as splitting of the 563(554) cm−1

and into 560 and 580 cm−1, in TiMss, as well as 570 and
00 cm−1, in TiMimp, that ascribed to the high concentration
f defect sites and crystallite strain along a specific crystallo-
raphic direction [33]. In addition, the band of Al O belongs to
lternating SiO4 and AlO4 tetrahedra at 620 cm−1 [33] is shifted
o higher wavenumbers; into 640 cm−1 in TiMss and to 670 cm−1

n TiMimp, presuming a dealumination process. The broadening
f the bands at 640 and 670 cm−1, which usually provoked from
nterfering amorphous Al (non-framework) species deposited
s a result of dealumination with those of Al in the structure,
onfirm the latter assignment [34].

Obviously, IR spectroscopy gives direct information on the
itanium species in zeolite; highly dispersed framework TiOx

timulates the formation of the 940(950) cm−1 band in TiMss
nd TiMimp samples in addition to extra-framework anatase
iO2 that gives rise to bands at 520 and 730; in TiMimp, and
00, 530 and 700; in TiMss. These bands were indeed shown
n the IR result of an anatase TiO2 sample (not shown) and;
scribed to Ti O bonds and rather, emphasized by Gao et al.
33] during their studies on titanium silicalite-1 using FT-Raman
pectroscopy. The recognized absence of the fingerprint band of
i· · ·Oδ−· · ·Tiδ+ at 950(940) cm−1 in TiMin is probably compen-
ated by the shapely band at 1030 cm−1 that has been assigned
y others to the same species [29,30]. For figuring out the pres-
nce of this band (1030 cm−1), washing with NH4NO3 solution
1 M) was carried out. Hence bands at 1020 and 1110 cm−1 are
xposed, as a result of decreasing sodium ions (Fig. 3c) [34].
his implies that the amount of titanium incorporated into the

ramework increases as the amount of Na+ ions decreases. A
and at 1125 cm−1 was identified by Zecchina and co-workers
35] during studying IR spectra of TS-1 and taken as a criterion
or Ti O Si linkages. However, recognizing two bands in our
ase could be correlated to the varied environment around Ti
toms in the mordenite framework. The shoulder at 1180 cm−1

s intensified after exchanging with NH4NO3 and rather forms
distinct band. This band is unambiguously associated with
totally symmetric vibration of the TiO4 tetrahedron, achieved

hrough in-phase antisymmetric stretching of the four connected
i O Si bridges [36].

.5. UV–vis diffuse reflectance spectroscopy

Fig. 4 shows diffuse reflectance spectra in the UV–vis region
sample. The UV–vis spectrum of the parent sample reveals
band at 240 nm correlated with the zeolite structure [37].

he absorption band at about 200–260 nm are due to electron
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sites of this sample. In addition, this sample shows H-bonded
ig. 4. UV–vis spectra of mordenite and titanium mordenites prepared by dif-
erent methods.

xcitation from ligand oxygen to an unoccupied orbital of the
ramework Ti4+[38] in Ti-ligand samples and the maximum at
40 nm, that has been seen only in TiMss, are assigned to the
bsorption band of Ti4+ species in extraframework TiO2 parti-
les [39]. Concurrently, the TiMss sample exposed different Ti
pecies of varying nature and coordination namely tetrahedral
i4+ ions (220 nm; charge transfer from oxygen to tetrahedral
i in zeolite framework), highly dispersed Ti species (285 nm)
nd anatase TiO2 at 340 nm (O2− → Ti4+). According to several
tudies, the broad peak of a maximum at 285 nm; in TiMss and at
80; in TiMimp, can be attributed to the presence of site-isolated
i atoms in penta-or octahedral coordination [40]. It can also
e ascribed to Ti O Ti linkages in micro-domain of titania as
xhibited previously during synthesis of amorphous TiO2/SiO2
hat give absorption bands in the range of 260–320 nm [41].
evealing TiO2 anatase in XRD results of these samples support

he presence of oligomeric TiO2 species of higher crystallites
ize in TiMss (340 nm) than that in TiMimp.

The presence of the broad band at 270 nm in TiMin strongly
uggest attributing the major part of Ti into tetrahedral Ti4+ sites,
s emphasized from the absence of TiO species in XRD results
2
n addition to developing of some Ti4+ ions in tetrahedral coor-
ination with silica forming Ti O Si linkages as devoted from
R outcomes.
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.6. Pyridine adsorption

Fig. 5 shows the FT-IR spectra of pyridine (Py) adsorption
n various Ti-mordenite samples in comparison with that of

at 25 ◦C and following evacuation at 100 ◦C. The spectrum
f Py/M at 25 ◦C exhibits a strong band at 1444 cm−1 due to
ewis pyridine (LPy) and a weak band at 1555 cm−1 due to
rönsted pyridine (Bpy). The display of the band at 1645 cm−1

s accounted for Bpy species bound probably to strong Bron-
ted acid sites, besides the ones at 1612 and 1632 cm−1, those
o doubt belong to Lewis acid sites. In this essence, one can
ttribute the small band at 1650 cm−1 to another Bpy species.
vacuation of the sample at 100 ◦C, indicates a decrease in inten-
ity for the Lpy bands at 1612 and 1632 cm−1 in favor of Bpy
t 1650 cm−1 with revealing no frequency shifts following the
vacuation.

The spectrum exhibited by Py/TiMin at 25 ◦C displays the
ame bands seen by M with an obvious increase in intensity
f the Lpy band at 1442 cm−1. In addition, bands at 1488,
595, 1660, 1682 and 1694 cm−1 were also detected implying
n oxidative breakdown of some Lpy into carboxylate species
band at 1595 cm−1) [42]. On the other hand, the formation of
-pyridone species (νC O band at 1682 cm−1) reveals the exis-

ence of active nucleophlic (basic) OH groups on this sample
43]. Outgassing at 100 ◦C retained all the bands back with some
ariations including a decrease in intensity of Lpy (1442 cm−1),
n increase in intensity of Bpy (1539 cm−1) as well as emerg-
ng of a new band at 1502 cm−1 characteristics of carbonaceous
pecies [44,45].

For the TiMimp sample, at 25 ◦C, a smaller amount of
cid sites (1440 and 1545 cm−1) than TiMin was observed
ogether with H-bonding Py bands at 1590 and 1475 cm−1

hose show instability following outgassing at 100 ◦C. This sam-
le also shows Lpy bands at 1620 and 1635, Bpy at 1655
s well as �-pyridone band characterized by C O vibrations
t 1685 cm−1. Outgassing at 100 ◦C stimulates the forma-
ion of two different types of Brönsted acid sites (1550 and
530 cm−1) together with revealing an appreciable intensity
or the 1490 cm−1 band implying the presence of appreciable
cidic sites after evacuation at 100 ◦C. In concordance with the
revailage of Brönsted acidity, Lpy bands at 1620 and 1635,
rovoked at 25 ◦C, were vanished and showed instead a shoul-
er at 1625 cm−1. This revealed decrease in Lewis acidity was
n favor of that for Brönsted ones (1530, 1550 and 1645 cm−1)
ollowing evacuation rather than that due to �-pyridone (oxi-
ation products, 1680 cm−1) that suffered a marked decrease.
ndeed, this sample shows a higher appreciable Brönsted acidity
s well as lower basic sites when compared with those on TiMin
ample.

For the TiMss sample, at 25 ◦C, no FTIR bands in 1539–1550
nd 1442–1445 cm−1 regions, characteristic, respectively, to
rönsted and Lewis acid sites were observed. Only a band at
490 cm−1 was present. This suggests the decrease in acidic
y bands at 1436 and 1582 cm−1. The latter bands were vanished
ollowing evacuation at 100 ◦C emphasizing their assignments.
n the 1700–1600 cm−1 region bands due to Lpy; at 1608, 1632
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ig. 5. In situ FT-IR spectra of pyridine adsorption on mordenite and Ti/morden
he spectra were recorded after evacuation for 15 min. (a) Evacuation at 25 ◦C a

nd 1640 cm−1, Bpy; at 1650 cm−1 and oxidative products of
yridine; at 1681, 1691 and 1699 cm−1, were observed. Evac-
ation at 100 ◦C, stimulates the formation of Lpy band at 1446
nd Bpy band at 1544 cm−1 as well as enhancing all the bands in
he 1700–1600 cm−1 region confined for Lpy, Bpy and oxidative
y species. Following evacuation at 100 ◦C, a higher amount of
rönsted acid sites is depicted for this sample than TiMimp and
iMin ones to be in the order: TiMss > TiMimp > TiMin > M. On

he other hand, the basic sites on TiMss were comparable to those
n TiMin. The concentration of Lpy in TiMss (1436 cm−1) was
ound to be higher than those in TiMimp and TiMin. Accordingly,
vacuation of Py at 100 ◦C for TiMss stimulates the formation
f acid–base pair sites.

.7. Activity test
.7.1. Adsorption of meta-chlorophenol on various samples
Adsorption kinetics of meta-chlorophenol (MCP) on vari-

us catalysts were conducted in order to reveal whether or not

o
i
l
w

epared by different methods. Pyridine was introduced at room temperature and
) evacuation at 100 ◦C.

he adsorption capacity, beside the other parameters that will
e thoroughly investigated, affected the Photocatalytic activ-
ty. The adsorption isotherms of MCP on various catalysts,
hown in Fig. 6 revealed the followings: (i) the adsorption rate
f MCP on mordenite recorded the lower affinity compara-
ively revolving lower electron accepting capacity, i.e. low Lewis
cidity; (ii) among Ti-mordenites, TiMin and TiMss showed
he highest adsorption capacity (25–27%). This is probably
aused by complexation between the oxygen lone-pair elec-
rons of phenol and newly developed Lewis acid sites (Ti+4)
n mordenite especially TiMin that showed both strong and
igh density Lewis acid sites, as envisaged using Py adsorp-
ion. Indeed, cation exchangeable sites generated when Si is
eplaced by Ti framework [46] are primarily responsible for the
dsorption of MCP; (iii) the order of the adsorption capacity

f the samples is TiMin ≈ TiMss > TiMimp > M. The adsorption
sotherm (not shown) of MCP adsorption amount versus equi-
ibrium concentration of aqueous MCP) on all TiM samples
ere measured at pH 6.5; which is close to the isoelectric point
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ig. 6. Sorption kinetics of m-chlorophenol on M and TiM samples. Concen-
ration at 5 × 10−3 and temperature 25 ◦C.

IEP) of titania (∼6.1), to nullify the electrostatic interaction
etween MCP and titania incorporated mordenites. They fit
ell with Langmuirian type isotherm and the calculated equi-

ibrium constant K was found to be 0.15 × 103, 0.25 × 103,
.3 × 103 m3/mol for TiMimp, TiMss and TiMin, respectively;
iv) the adsorption saturation was reached in a fewer time on
iMimp than that on TiMin, i.e. forming a plateau, reflecting

he facile reaching of MCP into the active sites of the former
hat showed the highest specific surface area, comparatively.
his might indicate that the extent of adsorption is undeni-
bly depend on the surface area of the adsorbent but more
mportantly depend on the surface polarity of the adsorbent as
ell as the diffusion of MCP (mass transfer). In this essence,

he TiMimp sample presented the lowest pore radius (20 Å)

etween all TiM samples, hindering the transport of the adsor-
ate molecules when compared with TiMss, i.e. pore diffusion
imitation.

F
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.7.2. Photocatalytic degradation of MCP
Fig. 7 presents the MCP photodegradation kinetics and per-

its a direct comparison of the performance of the titania
odified catalysts. Under the experimental conditions used, the

hotocatalytic curves follow first-order reaction kinetics. It is
ell established [47–49] that photocatalysis experiments follow

he Langmuir–Hinshelwood model, where the reaction rate R is
roportional to the surface coverage θ,

= −dC

dt
= krθ = krKC

1 + KC
, (2)

here kr is the reaction rate constant, K the adsorption coefficient
f the reactant, and C is the reactant concentration. When C is
ery small, the KC product is negligible with respect to unity so
hat Eq. (2) describes a first order kinetics. The integration of this
quation with the limit condition that at the start of irradiation,
= 0, the concentration is the initial one,

= Co, gives
ig. 7. ln C/Co vs. time of Ti-mordenites catalysts in comparison with TiO2-
egussa.
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Following up the decay of MCP by HPLC for all TiM
catalysts indicated the same products assuming a similar mech-
anism. Thus, as an example, the product distribution of the
TiMss catalyst is examined in details (Fig. 8). The primary
T.M. Salama et al. / Journal of Molecula

here K′ is the apparent first-order reaction constant. The kinetic
arameter K′ resulting from the application of Eq. (3) indicates
he following sequence; TiMss (0.060 min−1) > TiMimp (0.050

in−1) > TiMin (0.025 min−1) > TiO2 (P-25) (0.018 min−1).
This figure illustrates that mordenites encapsulated TiO2

hotocatalysts require shorter irradiation time to complete min-
ralization than bare TiO2 due to good adsorption of MCP anions
nd its intermediates on the zeolite surface where •OH radicals
re available. The marked higher rate observed for TiMss (in
nly 20 min) could be due to the largest pore radius possessed
y the catalyst (29 Å) in addition to higher amounts of well-
rystallized nanoshaped extraframwork TiO2 anatase (500, 530,
00 cm−1 as well as 340 nm band) that exceeded ones devoted
rom TiMimp. The shape of TiM curves (except TiMss) seems
indered as time elapsed, i.e. the extent of degradation is slowed
own, probably due to formation of intermediates and their com-
etitiveness with MCP anions in the photocatalytic degradation
rocess. The difference of the MCP removal between the UV-
lluminated and dark (adsorption) conditions (Δ [UV-dark]) can
e used as an apparent measure to evaluate the impact of the
V-illumination on the MCP degradation. TiMss gives a value

qual to 74% ([100 − 26]) in a degradation profile extends only
o 20 min reflecting an increase in the density of long lived •OH
adicals comparatively. The possibility of leaching some tita-
ium dioxide from mordenite structure was indeed followed
y AAS technique and thus values comprised of 0.05–0.1 ppm
ere revealed. The loss of titanium into the solution of the mix-

ure could be caused by the formation of hydroperoxo–titanium
omplex [50]. The amount of leached TiO2 from TiMss was
he highest (0.1 ppm) between all catalysts. The TiMin catalyst
id not show any TiO2 amounts at the end of the reaction sug-
esting that most of titanium is associated within the zeolite
ramework. Heterogeneous reactions rather than homogeneous
nes are devoted principally on these photocatalysts.

From these results, a highly efficient photocatalytic oxida-
ion of MCP can be achieved using the TiMss catalyst, which
ncludes highly dispersed anatase TiO2 as active species, while
ispersed Ti O where the Ti4+ was tetrahedrally coordinated
re less candidate for MCP oxidations. These results indicate
he ability of mordenites in favoring photo-induced electron-
ransfer reactions and retarding back electron transfer ones [51],
.e. zeolite support delocalizes photo-generated electrons thus
rohibiting and/or delaying its recombination with holes.

Cl− was released upon degradation of MCP in all tested cat-
lysts and this process was shown to be very fast while using the
iMss catalyst that showed the highest degradation rate although
f the fear of readsorbing Cl− on the catalyst surface and thus
lowing the rate of formation of reactive •OH. At the time of
omplete disappearance of MCP (within 60 min in the TiMin
atalyst (Fig. 8) about 90% of stoichiometric amount of Cl−
as recovered suggesting that Cl− containing intermediate com-
ounds are produced in the mineralization process. However, the
H of all mixtures changes from 6.27 to 2.5–2.0 at the end of
he reaction. Quite amounts of Cl− react on the other hand, to

orm HCl, which influences the surface state of titanium con-
aining mordenites and the ionization state of the ionizable MCP

olecules. For pH’s lower than PZC of titania (6.1), [52] the sur-
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a
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ace become positively charged and the following equilibrium
an be expected:

i OH + H+ ↔ TiOH2
+ (4)

Since MCP has a negatively charged phenolate function (O−),
ts adsorption is favored on a positively charged surface. This
esult indicates that the acidic solution favors the adsorption of

CP onto the photocatalyst surface. However, the devoted vari-
tion in the kinetics of MCP disappearance on various catalysts
ould be correlated with the extent of Cl− released to intervene
ith protons to form HCl in short time thus, making the mixture
ore acidic to further share in enhancing the rate of reaction.

n addition, zeolites are known to stabilize reactive intermedi-
te in several photochemical reactions [53] and the reactivity of
hort chain aliphatic compounds with •OH radicals is usually
low. These difficulties have been overcome in TiMss due to the
acile mobility of MCP molecules onto the photoactive TiO2
ites present on mordenites surfaces capable of forming reactive
OH radicals. On the other hand, crystallites size of TiO2 on

in TiMss is small enough to prohibit scattering of UV light
hereby, an electron transfer from excited state of MCP to TiO2
n M (in TiMss) is generated [54].
ig. 8. Photocatalytic degradation of m-chlorophenol and formation of Cl−
nd intermediates on the TiMss catalyst (0.10 g) as deduced by HPLC and ion
hromatography Techniques.
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romatic intermediates identified by HPLC were chlorohy-
roquinone (CLHQ) and benzoquinone (BQ). Besides, some
liphatic compounds (carboxylic acid and specifically maleic,
xalic and formic acids) were also identified. Since the for-
er products exhibit high UV absorption, their low peak area

oes not allow their unambiguous identification, however, the
atter products, specifically formic acid, appears appreciably
t the end of the irradiation time. Thus, the lack of aromatic
ompounds to be present in significant amount suggests a rea-
onable efficient ring-opening reaction under the conditions
pplied. On the basis of our results and literatures devoted for
hotocatalytic decompositions of ortho and para chlorophe-
oles [55,56] the following (simplified) mechanism is proposed
or the photocatalytic degradation of MCP (Fig. 9). The ini-
ial degradation step; following the photochemical generation
f •OH radicals, is the attack on aromatic ring to yield substi-

uted chlorodihydroxycyclo-hexadienyl radical (1) [57]. Some
uthors consider that H abstraction may also play an important
ole (2), and direct electron abstraction from the aromatic com-
ound by •OH to give resonance-stabilized cations radical is also

i
t
g
t

Fig. 9. General reaction pathway proposed for meta-chloropheno
alysis A: Chemical 273 (2007) 198–210

resumed to be of importance [58]. •OH addition in the para
osition to 3-chloro-phenol, followed by H-abstraction leads
o chlorohydroquinone (3). This suggests that a highly favored
ddition of •OH in the para-position is formed nullifying those
ight take place in ortho positions due to steric factors. The

rocess is then initiated to form p-benzoquinone (4) by realsing
ither Cl− (dechlorinations) or HCl formation, as has been con-
rmed previously. One cannot deny that ring cleavage could be
esponsible for chlorohydroquinone-benzoquinone transforma-
ion. Further, degradation of p-benzoquinone with •OH and/or

2 leads to maleic acid (5) that can be mineralized to CO2
ia either oxalic (6) or formic acids (7) those indeed strongly
ccelerated by •OH radicals.

To have a clue about the adsorbed species onto the catalyst
urface after MCP degradation on TiMss, an FTIR spectrum was
ndertaken for the sample following the reaction as illustrated

n Fig. 10, in comparison with that of TiMss, not exposed to
he reaction. As it can be seen, oxidized fragments of COO
roups can easily be identified by the characteristic absorp-
ion bands in νs(1330–1480 cm−1) and νas(1500–1620 cm−1)

l minerlization as catalyzed by TiMss under UV irradiation.
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[7] S. Qiu, J. Yu, G. Zhu, O. Terasaki, Y. Nozue, W. pang, R. Xu, Microporous
ig. 10. FT-IR spectra of TiMss befor and after photodegradation of meta-
hlorophenole.

egions [59]. This indicates the presence of both formate
νasHCOO−: 1565 cm−1; νsHCOO−: 1336 cm−1) and car-
oxylate (1400–1480 cm−1) groups. Furthermore, formic acid
ibrational band at 1730 cm−1 characteristics of νC O was also
een together with a small band at 1385 cm−1 due to the δ(C H)
ibration. Similar bands at νas(HCOO−: 1600–1560 cm−1),
a(HCOO−: 1370–1306 cm−1) and 1730(νC O) were depicted
hen formic acid adsorbed on TiO2 and they are assigned to

ormate and formic acid species, respectively. The presence of
H stretching vibration bands at 2840 and 2930 cm−1 (not

hown) emphasize the formation of formate species and in
he same time nullifies the possibility of founding any aro-

atic intermediates due to the absence of C H stretching band
f aromatic moieties over 3000 cm−1. It can be noted that
ormic acid and/or formate molecules were the last degraded
rganic molecules detected before mineralization and found in
ajor amounts than those of oxalic acids. Thus, one might

ssign the bands occurred in the 1480–1400 cm−1 range to
ther oxalate or to adsorbed formate on Ti atoms and/or
a-mordenite.
No significant changes concerning mordenite framework

560 cm−1) were revealed, following the photocatalaytic decom-
−1
osition together with the persistence of the band at 968 cm ,

scribed to Ti O Si linkages evidencing the stability and
ntegrity of the structure and probably to the non-significant role
f latter moieties.
alysis A: Chemical 273 (2007) 198–210 209

. Conclusions

The Photocatalytic degradation of meta-chlorophenol (MCP)
hat has been performed by Ti-mordenites in conjunction with
V irradiation was examined. The investigated performance
f the catalysts for MCP degradation was directly correlated
ith their structural and acidic characterizations, which have
een thoroughly investigated using XRD, thermal analysis, N2
dsorption, FT-IR, UV–vis and pyridine-FTIR techniques. The
esults were as follows:

. The TiMss catalyst exhibited the highest rate of degrada-
tion exceeding rest of the samples. This was due to the

offered large pore radius (29 ´̊A) and anatase TiO2 species
(500, 530 and 700 cm−1 and 340 nm). Si O Ti linkages were
observed in TiMss [950(940 cm−1)] and showed no signifi-
cant role in the reaction besides, high concentrations of defect
sites and crystalline strain as a result of TiO2 insertion. The
dechlorinations of Cl− as HCl increased up the reaction rate
tremendously due to decreasing the pH to be lower than the
ZPC of TiMss (from 6.27 to 2.0) thus favoring the adsorp-
tion of MCP, which acquired negatively charged phenolate
groups. The acidity of TiO2 encapsulated inside mordenites
helps in accelerating the activity compared with bare TiO2
due to improved adsorption of MCP (increasing number of
Lewis sites) and delocalization of photogenerated e−/h+ by
zeolite substrate.

. Only aliphatic compounds were revealed on final stages of
degradation most importantly formates (formic acid) that rep-
resented major part of these compounds. TiMss never showed
any changes in structure after performing the reaction reflect-
ing the stability of the catalyst, that indeed needs further
investigation to clarify the extent of its stability for industrial
application.

. Incorporating titania inside the framework of zeolite mini-
mizes the photoeffciency of dispersed Ti O (where Ti4+ is
in tetrahedral structure) as seen in TiMin. Similarly, the strong
interaction between TiO2 and zeolite also affects the photo-
effciency of TiO2 as seen in TiMimp. The decreased pore
radius, in this sample, hinders the mobility of MCP to the
photocatalytic TiO2 sites.
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