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ABSTRACT

MCM-41 modification with Cr cation was carried out by direct synthesis using of the
surfactant templating process and the impregnation method. The produced molecular
sieves were characterized by XRD, FTIR spectroscopy and N, adsorption-desorption.
All prepared materials acquired a typical MCM-41 structure. The prepared samples
were tested in the photocatalytic degradation of 3-chlorophenol in aqueous medium.
The reactants and products were analyzed using high performance liquid
chromatography (HPLC) and ion chromatography (IC). The data obtained indicate
that the structure modifications of MCM-41 affected not only the activity of MCM-41
for the disappearance of chlorophenol but also for the degradation intermediates.
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INTRODUCTION

The photo-catalytic degradation of organic contaminants requires using a suitable
catalyst, either homogenous or heterogeneous to achieve the target in an economic
solution. The Vast majority of catalysts are composed of TiO, with varying conditions
to get the optimum catalyst dosage and suitable conditions for complete removal of
pollutants [1,2]. Recently, the zeolite family has attracted the attention of many
authors to be used in photo-degradation processes by virtue of their higher activities
and larger surface areas [2-5]. Zeolites of different types have been used in several
photo-chemical processes and in particular for the removal of organic pollutants. It
has been found that, not only surface area, but also pore volume significantly affects
the photo degradation process of many hydrocarbons [5]. MCM-41 is a mesoporous
molecular sieve possessing well ordered pores of different size ranges making them
suitable to be used for a wide range of applications in the field of heterogeneous
catalysis. Active sites can be generated via chemical modification, i.e. by introducing
a cation into the silica matrix [6-8]. Incorporation of transition metal centers in the
silicate framework can lead to improvement in its use in catalysis via creating new
active sites which assist the enhancing of degradation of organic pollutants [8-10].
Hence, transition metal cations such as Al, Ti, Cr, Fe and Mn [11-15] have been
incorporated into MCM-41. The obtained materials have shown the remarkable
catalytic activity for partial oxidation of hydrocarbons under mild conditions [16-20].
Transition metals (Cr, V, Fe) based titania loaded MCM-41 materials have tested for
degrading organics in visible light. The chromium substituted MCM-41 was found to
serve as the best support for titania to achieve the highest degradation rates of
formic acid and 2,4,6-trichlorophenol [14]. Fe-MCM-41 has been used for oxidation of
sulfur dioxide [16]. Aluminum incorporated MCM-41, which possess moderate Lewis
acidity associated with the presence of Al in the framework position, has been
claimed to be an effective hydrothermal and isomerization catalyst [9-13]. For Al-
MCM-41, the hydroxyl groups of the framework have been assumed to serve as
electro acceptors with production of hydrogen atoms. The channel/cage system of
these zeolites can also be modified with suitable cations via ion exchange
techniques. Moreover, successful ion exchange in the mesoporous silica has been
achieved in solution. The ion exchange site of a zeolite is usually carried out by
substituting trivalent Al for silicon atoms. AI-MCM-41 exhibits ion exchange capacities
for Na, Kand Y.

Several methods are used for introducing metal cations into zeolite framework [21].
The method of catalyst synthesis has been reported to influence the position,
dispersion, surface area and concentration of the incorporated metal [22-24].
Generally, ion exchange and impregnation are the most frequently applied catalyst
preparation method incorporating the metal outside the framework of the zeolite.
However, the in situ synthesis is comparatively a new method for sin which the metal
cation in incorporated in the framework [25]. This method depends mainly on the
addition of the transition metal cations during synthesis thereby; the metal cation can
occupy a certain location in zeolite framework via replacing Al by desired cation, and
hence leading to the formation of new active sites that play important role in the
photodegradation reactions.
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Chlorinated hydrocarbons are widely used in plastics, pesticides and wood
preservations. Of particular interest, small quantities of the herbicides 2,4-
dichlorophenol (2,4-DCP) and the fungicide pentachlorophenol (PCP) [26] are
typically found in drinking and ground waters. They are highly chemically stable in
these media and their greater solubility in fatty materials compared to water, and can
lead to significant toxicity in the bioaccumulation in animals and humans [27].
Photominerlization of these two pollutants by direct photolysis in natural sunlight can
take months (half-life ca. 6-14 days) [28]. Thus, the active interest in the last decades
in developing faster degradative processes could easily be applied to the treatment
of waste waters [29].

In the present work, the in situ synthesis of MCM-41 molecular sieve achieved the
incorporation of 5 % Cr** cation in the MCM-41 framework in the position of AI**. In
the catalyst prepared via impregnation method, the MCM-41 was impregnated with a
solution containing the requite quantity of Cr as a precursor (chromium acetate) to
attain 5 wt% in the finished catalyst. Catalysts have been examined for the
photocatalytic degradation of 3-chlorophenol in aqueous solution. The removal of
chlorophenol and the production of the photodegradtion intermediates were traced
using mainly HPLC and IC chromatography.

2. EXPERIMENTAL

2.1. Catalyst synthesis

Synthesis of the MCM-41 mesoporous molecular sieve was carried out using a
modification of the method described in references [23, 24]. The reagents used were
sodium silicate (Aldrich), n-cetyl-triethylammonium bromide (Aldrich) and aluminum
sulfate (Merck). A gel mix was prepared and introduced in 200 ml autoclave. The
synthesis was carried out in an oven at 105 °C for 6 days. Subsequently the
autoclave is quenched and the mesoporous material was filtered and washed with
distilled water then dried at 100 °C overnight and calcined at 550 °C for 4 h.
Modification of MCM-41 was carried out using the impregnation and in-situ synthesis
methods.

2.1.1. Impregnation method

The Cr-MCM-41 catalyst was prepared via impregnation of Na-MCM-41 using 5 %
Cr*" acetate. The impregnation was carried out at 25 °C for 24 h. the catalyst was
filtered, dried and calcined as above 550 °C. This catalyst was designated
Cr(Al)MCM-41

2.1.2. In-situ method

The in-situ synthesis technique was carried out by directly adding 5 % aqueous Cr**
acetate into the gel followed by the synthesis of MCM-41 in a similar procedure as
mentioned above for preparing the parent Na-MCM-41. The Cr-modified catalyst
synthesized via in-situ method was denoted as Cr-MCM-41.
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2.2. Catalyst characterization

The Na-MCM-41, Cr(A)MCM-41 and Cr-MCM-41 mesoporous molecular sieve
catalysts were evaluated using XRD, FTIR spectroscopy and nitrogen adsorption.
The phase purity and structure of MCM-41 were determined by X-ray powder
diffraction using Philips diffractometer PW 3710 and Cu ka radiation. The samples
were measured in the 26 range of 10-50° at 40kv, 30mA, and a scanning rate of 2° in
26 min™. FTIR analysis of the prepared samples was carried out on Bruker (Vector
22), singl beam spectrometer with a reslution of 2 cm™ .

2.3. Chlorophenol photocatalytic degradtion.

The catalytic activities of the prepared catalysts were tested for the photo-
degradation of 3-chlorophenol in a 200 ml cylindrical silica glass reactor using 6 W
Hg lamp (254 nm) was immersed in the photoreactor. The total radiant flux amounted
to (20 m W cm™® ) was measured using an UV radiometer (Digital, UVx 36). In
another version of experiments, H,O, was used as oxidant at a concentration of 3x10°
°M at 25°C.

3. RESULTS AND DISCUSSION
3.1. physico-chemical properties
3.1.1. X-ray powder diffraction

The X-ray diffraction pattern of Na-MCM-41 (Fig 1) is similar to that reported in
literature, indicating that the synthesized mesoporous molecular sieve material has
an ordered hexagonal cylidrical shape channel system. for Cr(A)MCM-41 and
Cr-MCM-41 (Fig 1 a-b) the difraction patterns were similar to that of the parent
MCM-41 (Fig 1). Non of the prepared samples show separate oxidic phase indicating
well incorporation of the metal inside the MCM-41 channels.
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3.1.2. FTIR spectroscopy

Figure 2 shows the FTIR spectra for MCM-41, Cr(A)MCM-41 and Cr-MCM-
41samples, calcined at 550 °C in the 1500-400 cm™ range. The spectrum of MCM-41
shows the vibrational bands of hexagonal silica at 1075, 806 and 455 cm’ that are
identical to amorphous silica together with , two bands at 549 and 626 cm™. It can be
seen that the band at 455 cm™ corresponding to bending vibration of Si-O does not
encounter any change following metal ion incorporation. Similarly, the band at 549
cm™', characteristic for presence of five membered rings in the structure of zeolite
[24-30] does not indicate any change. The tow bands absorbing at 450 and 550 cm™
are typical for framework vibrational characteristic of ZSM-5, in addition to, the band
at 626 cm™, characteristics of Al-O-belonging to alternating SiO, and AlO, tetrahedra
[31-34].

The spectra for Cr(A)MCM-41 and Cr-MCM-41 (Fig 2 a-b) show distinct bands at
695 cm™ and 777 cm™ which are absent in the spectra of the forgoing samples.
These bands can be correlated with these of the Cr-oxide species [35]. This view is
confirmed by the significant increase in intensity of the 695 and 777 cm™ bands in the
Cr-MCM-41 samples. In addition, Cr-MCM-41 does not show any change in the 549
and 626 cm™ bands, confirming that Al species are in framework positions. These
bands can be, on the other hand, due to Cr-silicate which used to show strong
additional shoulder at 1030, 800 and 540 cm™ and a weak additional band at 640 cm’
' that can be attributed to Cr in framework structure [32]. As a further confirmation,
an enhancement in intensity of the 806 cm™ band is shown in Cr(Al) MCM-41 and Cr-
MCM-41 samples.

3.1.3. Surface area measurements

The cation modified MCM-41 samples calcined at 300 °C for 3 h, under a reduced
pressure of 10 torr, show either type IV or type Il isotherms with an enhanced
uptake in the low pressure range (0.01— 0.1 P/P°). The obtained adsorption—
desorption isotherms are depicted in Figure 3, Surface properties such as BET
surface area and total pore volume were calculated for MCM-41 modified cations
using the standard BET method [36, 37] based on the adsorption data obtained in the
relative pressure range 0.04-0.25. The total pore volume was assessed from the
amount adsorbed at P/P° = 0. 99 [38]. The micro pore volume V™, external surface
area S and primary meso-pore volume Vp were obtained using V.. plot method [39]
are given in (Table 1). Figure 3 shows hysteresis loops of different shapes and areas
depending on the nature of cation used. For the two Cr-modified MCM-41 samples,
the closing point occurs at P/P° values of 0.31— 0.58 except for MCM-41 which
indicate a closing point at P/P° = 0.95. Generaly, it can be clearly that the surface
areas of the Cr-icorporated MCM-41 are lower when compared to parent pure MCM-
41. The average pore diamters change upon incorporation of transition metal.

The V| curves of the samples are shown in Figure 4 which have been drawn using
the reference t values [34] depending on the value of the BET C-constant given in
Table 1. The obtained V. plot of the parent MCM-41 (Fig 4-a) shows an upward
inflection onset at t = 21.24 A (P/P° = 0.35) and continuing up to t = 44.96 A (P/P° =
0.85) where it becomes nearly linear, indicating domination of wide pores associated
with capillary condensation. The plot obtained for Cr-MCM-41 sample (Fig 4-b)
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exhibites a downward inflection compared to the MCM-41 curve (Fig 4-a), indicating
partial blocking of wider pores of the zeolite on replacing of AI** by Cr** during
preparation. This is evident by the downward deviation in the Cr-MCM-41 sample
(Fig 4-b) that started at t = 1.912 A (P/P° = 0.025) and continues with increasing
slope up till t = 6.018 A (P/P° = 0.55). However, the Cr(AI)MCM-41 sample (Fig 4-c),
exhibit a downward deviation in the range 5.31 -9.77 A'is observed with a higher
tendency to horizontality. Comparing the data depicted in Table 1 it is clear that the
micro pore volume (V™) and meso-pore volume (V™**°) of unloaded MCM-41 are
higher than those in Cr-MCM-41 and Cr(AI)MCM-41. The calculated value of meso-
pores in Cr(A)MCM-41 and Cr-MCM-41 are respectively, 0.53 and 0.36 cm® g
indicating that Cr is mainly incorporated in the meso-pores.

Table 1. Some surface characteristics of modified MCM-41. The samples were
pretreated at 300 °C under a reduced pressure of 107 torr.

C r (c‘rﬁgrg) vpmese |y me :1327; Sample
39 28 0.98 0.65 0.33 880 MCM-41

6 34 0.61 0.36 0.25 376 Cr-MCM-41
13 32 0.68 0.53 0.15 533 Cr(Al)MCM-41

Note: Sger: BET surface area; V™ micropore volume; V™ meso pore volume
Vgyh: total pore volume.

Table 2. Kinetics of Photo-catalytic degradation reaction of 3-Chlorophenol

Rate constants Time of complete
(min™) degradation (min.) sample
0.043 250 MCM-41
0.096 150 Cr-MCM-41
0.102 150 Cr(Al)MCM-41
0.046 150 H20;
0.040 120 MCM-41/H20,
0.045 100 Cr-MCM-41/H20,
0.0622 40 Cr(Al)MCM-41/H,0,
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3.2. Direct photolysis of 3-CP with UV irradiation

Direct photolysis is claimed to be efficiently applied for the degradtion of chlorinated
hydrocarbons, trihalomethanes [41], chlorinated compounds [42,43], nitro-aromatic
compounds [44] and certain pesticides [45].

In the present work, the first series of experiments, include direct photolysis of 3-CP
in water at a concentration of 300 ppm in a photoreactor, via using 254 nm UV
irradiation. HPLC analysis shows that 3-CP completely disappears after 225 min of
irradiation (Fig. 5a). The only aromatic intermediate identified was phenol.

Photolysis of 3-CP has been significantly accelerated on addition of H,O, where its
complete disappearance is attained after 120 min of irradiation (Fig 5b). Further
more, during photolysis several aliphatic compounds including carboxylic acids
(acetic and formic) and hydorxylated carboxylic acids have been identified in addition
to phenol. These products exhibit low UV absorption not allowing their complete
identification except for formic and acetic acids. This finding is substantiated by the
results of Guyon et. al. [46].

Applying the 3-CP/H,0, (Fig 5-b) system it is found that the destruction capability of
acetic acid to formic acid is significantly enhanced. The maximum concentration of
acetic acid relatively significantly decreases to reach ~ 90 ppm during irradiation
period 50-90 min, beyond which formic acid jumps to as high as 145 ppm that
persists till 125 min then declines with a further increase of irradiation time till
disappears at 200 min. These data may show that the mechanism can pass
principally through the following steps:

3-CP —— Acetic acid —— Formic acid —— CO, + H,O

whereas the mechanism of photolysis in absence of H,O,, a low concentration of
phenol remains in the photolysis product exhibiting a somewhat milder C-Cl bond
fission activity.

3.3. Heterogeneous photocatalytic degradation of 3-CP using MCM-41 and Cr-
modified MCM-41

Figs 6-8 show the photo degradation activity of MCM-41 and its Cr** modified
versions using the impregnation method [Cr(AI)MCM-41] and the in situ method [Cr-
MCM-41]. Figure 6 a-b illustrates the degradation course of 3-CP, where formation
and subsequent degradation of intermediates take place using MCM-41 in absence
as well as in presence of H,O,. Cesaro et al. [46] and Guittonneau et al. [47] have
detected the formation of several intermediates during the degradation of
chlorophenols on aqueous slurry of TiO,, these intermediates have been completely
degraded further to CO, and HCI. However, in the present work, formic and/or acetic
acids are the main intermediates formed during this reaction. The results obtained
show that chlorophenol has been degraded principally to acetic using Cr(Al)MCM-
41catlyst in absence of H,O,, but to both acetic and formic acids in presence of H,0..
This supports the finding that pyrolysis behaves similarly in presence and absence of
H202.
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It should be pointed out that modification of MCM-41 with Cr** has a significant effect
on the catalytic activities, Fig 6a shows that CP completely disappears after 190 min
irradiation using the MCM-41 catalyst, whereas it disappearance at 100 and 135 min
using the Cr(A)MCM-41 and Cr-MCM-41 catalyst (Figs 7a and 8a) respectively.
However, using MCM-41, only formic acid has been formed as intermediate; it forms
since beginning of irradiation and increases to a maximum of 175 ppm at 105 min
then declines with further irradiation to completely disappears at 180 min. Even
though some phenol has been formed via dechlorination of 3-CP, where a maximum
of 25 ppm of phenol is reached at 30 min irradiation, then slowly decrease till totally
disappears at 135 min on using Cr-MCM-41 catalyst (Fig 8a).

The decrease in pH value of the solution results due to dechlorination of 3-CP and
formation of HCI which increases as a function of irradiation time. Correlating the
effect of H,O, addition to the solution containing the Cr-MCM-41 catalyst, is evident
via comparing the data in Figs 8a and 8b. Evidently, 3-CP completely disappears at
180 min on the Cr-MCM-41/H,0, catalyst, compared to 135 min in the absence of
H202. Also,
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H,0, affects the faster disappearance of acetic acid at 120 min compared to 160 min
in absence of H,O, using Cr-MCM-41 catalyst. However, phenol is higher (75 ppm at

30 min irradiation) than in absence of H,O..
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In all cases, after illumination with UV light the photodegradation reaction was found
to follow pseudo first order kinetics. The data were fitted to the corresponding
logarithmic expression to get an apparent rate constant in min” (Fig 11). The rate
constant is not regarded as fully interpretable since we know that a complete kinetic
treatment includes substrate concentration dependence from zero to first order and
other variable dependence on light intensity [18]. Thus, k simply serve to compare

relative activities of the catalysts under study (Table 2).
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CONCLUSION

This research underlines the unique properties of MCM-41 and its Cr-modified
version as a photocatalyst for the degradation of Chlorophenol. The XRD and FTIR
data suggest the well dispersion of Cr species along with the pure phase of MCM-41.
The Cr-modified MCM-41 via impregnation method shows the highest photocatalytic
degradation of 3-CP.
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