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Abstract

In the present study, the photooxidation of gaseous trichloroethylene (TCE) was performed on Cr—AI-MCM-41 (predominantly a SiO
framework) under visible light and UV light. This mesoporous Cr-containing MCM-41 material is a promising photocatalyst and exhibits
excellent photoactivity. Moreover, the products of photooxidation under visible light are similar to those under UV-light illumination. The
photocatalysis process occurs on isolatefifOons supported on a predominantly Si@amework. A possible mechanism leading to the
photooxidation of TCE together with the detection of intermediates by gas chromatography-mass spectrometry is reported here.

0 2004 Published by Elsevier Inc.
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1. Introduction in the United States. Previous stud{@d4—13] have shown
that a significant amounts of toxic by-products were formed
The increasing contamination of land, water, and air has in the photooxidation of TCE with the use of Ti®oth in
raised serious environmental problefis9]. To reduce the  aqueous solution and in the gas phase. The photocatalytic
impact of environmental pollution, many efforts have been oxidation kinetics of trichloroethylene over titania exhibits
made in green chemistry and purification technologies. Het- complex dependences of the reaction rate on TCE a@d
erogeneous photocatalytic oxidation is a promising technol- H,O partial pressurgl6]. O is an electron-trapping mole-
ogy for the degradation of volatile organic compounds. The cule and was found to be indispensable for photooxidation
photocatalytic degradation of organic pollutants with the use reactiong1,17-19] Studies have suggested that the role of
of TiO2 has been demonstrated to be successful in variousO, may not be limited to electron trappirity,4,17—21]
remediation systems of polluted water and[&i8-6] It is The photocatalytic degradation of TCE vapor has been
well known that in the presence of atmospheric oxygen and investigated with various gas mixtures, and several reactor
at room temperature, chlorinated molecules undergo pro-configurations have been used near ambient temperatures
gressive oxidation to complete mineralization, resulting in and pressurg22—-26] It was experimentally observed that
the formation of CQ, H,0, and HCI. Although TiQisvery  TCE could be oxidized to Cand HCI directly in a pho-
popular as a photocatalyst, it suffers from a lack of visible- tolytic way. However, Li et al[27] indicated that ultraviolet
light absorption. A chemical process for the degradation of |ight was necessary for TCE degradation. In studies of TCE
chlorinated organics should yield innocuous products such gxidation on TiQ in aqueous solution, Pruden and Ollis
as CQ and HCl that are expected from complete mineral- [28] suggested that hydroxyl radicals initiated the reaction
ization. There has been active interest in the photooxidation gnd that dichloroacetaldehyde (DCAAD) is formed as an in-
of trichloroethylene (TCE) with the use of T3J10-15] It termediate. Glaze et g13] argued that in addition to the
is the most common and abundant pollutant in groundwater o injtiated oxidative reaction channels, a parallel reduc-
tive pathway involving conduction-band electrons of 7iO
~* Corresponding author. Fax: (785) 532 6666. also plays an important role. In studies of Bi@hotocat-
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posed a mechanism involving OEnd a monochloroacetate a molar composition of 1 Si@x1 Al203:2.5x2 Cr3t:20x;
as an intermediate. Phillips and Raud@] suggested that NH4OH:0.14 CTAB:2.4 EfNH:100 H,O (x1 = 0.02 and
OH- or hydroperoxide radical initiated the reaction that in- 0.01 < x» < 0.05). Synthesis of Cr—AI-MCM-41 (Cr =
volved DCAAD as an intermediate. In contrast, Nimlos et 20) was carried out as follows: 10 ml of diethylamine so-
al. [11,30] suggested that TCE is oxidized in a chain reac- lution (EpNH) was added to a solution containing 72 ml
tion initiated by chlorine atoms. Thus, various mechanisms of deionized water, 2.04 g of cetyltrimethylammonium bro-
are currently proposed for TCE photooxidation on F&Dr- mide (CTAB), and 0.6 g of Al(N@)3 - 9H,O and stirred
faces. vigorously. Then 0.320 g of Cr(N£§)s in 3.6 mL of NH;OH
Transition-metal-containing mesoporous silicates MCM- (25 wt% NHg) was added to the above mixture. The resulting
41 and aluminosilicates AI-MCM-41 with high surface area solution was stirred, and to this 8.9 ml of tetraethylorthosil-
are applied in the field of catalysis and have recently beenicate (TEOS) was added dropwise. Finally the mixture was
used as photocatalysts. The choice of AI-MCM-41 as the stirred at room temperature for 4 h, followed by static heat-
support in the present study was based on the fact that Al-ing at 110°C for 4 days in a 250-ml polypropylene container.
MCM-41 exhibits higher hydrothermal stability compared The product obtained was filtered, washed with water, and
with pure siliceous MCM-41. We are also interested in the dried in air at 100C overnight. To remove the surfactant,
use of these AI-MCM-41 supports as photocatalysts for the the samples were calcined in air at 68 at a heating rate
remediation of dyes and surfactants (reactions to be carriedof 1 °C/min. The resulting product was pale yellow in color.
out in aqueous medium), and hence AI-MCM-41 was cho- Et;NH is basic enough to form MCM-41 while also enabling
sen as the support. In addition, the incorporation of Al into the dissolution of the aluminum source, thus readily allow-
the framework of MCM-41 generally improves the acidity ing incorporation of the A" ions into the framework. It
and ion-exchange capacity of MCM-41, which are crucial is this feature in the synthesis that allows the introduction of
properties for catalysts. The use of Cr—AI-MCM-41 as a pho- various transition metal cations into the reaction media. Am-
tocatalyst has already been reported for the decompositionmonia is used in the procedure to form complex cations with
of acetaldehyde under both visible light and UV irradia- the transition-metal ions, thus preventing precipitation under
tion[31]. In the present work, the photooxidation of gaseous basic conditions. With calcination, the surfactant molecule
trichloroethylene on Cr—AI-MCM-41 has been carried out is eventually removed, and the formation of a well-dispersed
under both visible light and UV radiation. Cr—AI-MCM-41 transition metal oxide phase occurs.
shows excellent photoactivity under UV-light illumination,
but most importantly it also exhibits photoactivity in the vis- 2.2. Characterization
ible region, thus making it a more versatile photocatalyst.
We observe that under visible-light irradiation, the products  X-ray diffractograms (XRDs) were used to identify the
are carbon dioxide and phosgene. A possible mechanismcrystal phase of the transition metal incorporated AI-MCM-
leading to the photooxidation of TCE together with the de- 41. XRDs of the samples were recorded on a Scintag dif-
tection of intermediates by GC-MS is reported here. The fractometer with Cu-K radiation with a wavelength of
main objective of this study is to emphasize the importance 1.5418 A. Transition-metal-containing AI-MCM-41 pow-
of our photocatalyst, which is effective for the degradation of ders were analyzed from°2o 8 (29) with a step size
volatile chlorinated organics under visible-light irradiation.  of 0.01° to assess the crystallinity of the samples under
study. N adsorption—desorption isotherms were obtained at
liquid nitrogen temperature (77 K) on a NOVA 1000 Se-

2. Experimental ries apparatus. The specific surface areas were calculated
according to the Brunauer—Emmett-Teller (BET) method.
2.1. Synthesis The pore size distributions were calculated from the de-

sorption curves. The Barett—Joyner—Halenda (BJH) method
Commercial cetyltrimethylammonium bromide (CTAB) was used to determine the pore volunig ) and pore size

(Alfa Aesar), tetraethoxy ortho silicate (Aldrich), Cr(N¥2 (Dgjn). The diffuse reflectance spectra of the samples were
(Alfa Aesar), AI(NGs)3 (Alfa Aesar), diethylamine (Ald- recorded in the range of 200-800 nm on a Cary 500 Scan
rich), and NH (~ 25 wt%,; Fisher) were used as received UV-vis NIR spectrophotometer with an integrating sphere
for Cr—AI-MCM-41 synthesis. Trichloroethylene (Aldrich) attachment. For the electron spin resonance (ESR) experi-
was used as received for photocatalytic measurements. Cr-ments, the samples were placed in a standard borosilicate
Al-MCM-41 materials with different chromium content glass ESR tube. The samples were degassed at different
(Si/Cr =100, 80, 40, 20) were prepared by a co-assembly temperatures and allowed to cool to room temperature. The
route with a procedure reported earli@l]. For Cr-Al- tubes were then flame sealed, and the ESR was subsequently
MCM-41 synthesis, the co-assembly process can occurrecorded. The ESR spectra were recorded with the use of
with the involvement of surfactant cations, aluminosilicate an X band ERS-221 spectrometer at 100-kHz field modu-
species, and an ammonia coordinated transition metal com-lation and low microwave power to avoid power saturation.
plex, M(NHz),,%t, where M= Cr andn = 4,6. The gel has A homemade computer program (EPR-CAD) was used to
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process the experimental data. Photocatalytic experiments 12000 Cr-Al-MCM-41(Si/Cr=100)
were carried out in a cylindrical cell (305 njtc total vol- 1 _j‘__‘__‘_‘_gf(gg;:::mgmlgyg:'_;g;
ume). This cell is made of glass and has a quartz window. 10000 j—— o) ALMCM41Si1Cr20)
The Cr—AI-MCM-41 sample (25 mg) was pressed onto Al
mesh to create a uniform surface. The experiments were per-
formed at 25+ 2°C with stirring. The required amount of
trichloroethylene (35 pL) in a gaseous mixture was injected
into the injection port for GC-MS analysis. After the TCE ]
concentration was stabilized, the lamp was turned on and 20004
the products were analyzed periodically (every 10 min) with ;
GC-MS. 0+

8000

6000+

Intensity (arb.)

4000+

2.3. Quantitative and qualitative analysis 20 (deg.)
A gas chromatograph equipped with a mass selective de-Fig. 1. X-ray powder diffraction pattern of Cr—Al-MCM-41 with &r =

tector (GC-MS-QP5000 from Shimadzu) was used for qual- 100, 80, 40, and 20. The observed peaks are due to the MCM-41 structure.

itative and quantitative analysis. The following method was The samples were calcined at 630D.

used for qualitative identification and quantification of ana-

lyzed gaseous reaction products in the present study. Thirty-t4pe 1

five microliters of gaseous mixture to be analyzed was in- surface areas, pore sizes and pore volumes of calcined Cr—AI-MCM-41

jected into the GCMS injection port and kept at &0

Material Surface area Pore size Pore volume
The column temperature was maintained at@0We iden- (m?/g) (A Dgyry) (cm®/g)
tified the separated products by comparing experimental andc,_a;-mcm-41 (si/cr=100) 1250 30 as
reference mass spectra, following the characteristic massescr-Al-MCM-41 (Si/Cr=80) 1253 25 o7
and comparing retention times of reaction products with the Cr—A-MCM-41 (Si/Cr=40) 1180 24 a2
retention times of pure compounds. Photocatalytic testing ¢=A-MCM-41 (SyCr=20) 1134 24 ®9

of TCE was carried out with a combination of two VIS-

NIR long-pass filters (400 nm) and a colored glass filter

(> 420 nm) to eliminate ultraviolet radiation during visible- (20 9€l vs 25 product, 40 gel vs 48 product, 80 gel vs 82
light experiments. Broadband illumination was used in all Product, and 100 gel vs 96 product).

of the UV experiments. The reaction temperature was main- ]

tained at 25C. The UV source was a 1000-W high-pressure 3-2. UV-visand ESR of Cr-Al-MCM-41

mercury arc lamp (Oriel Corp.).
Fig. 2shows UV-vis absorption spectra for Cr—Al-MCM-

41 (Si/Cr= 100, 80, 40, 20) heated at 100 (Fig. 2a) and

3. Results 630°C (Fig. 2b). For the samples dried at 100, two broad
peaks at 440 and 610 nm characteristic of'Care seen.
3.1. XRD and N adsorption studies These peaks can be assigned to the d—d transit8#36]

The bands are assignedt2q — 4T1g and*Azg — 4T2g

A series of Cr—Al-MCM-41 with varying concentrations transitions. These transitions can be due tgdgror to iso-
of Cr3t was prepared by a co-assembly ro{84]; these lated CP* ions. The absence of any peaks in the XRD due
had surface areas greater than 1008/gn XRD patterns  to CrOs suggests that the €F ions are well dispersed
of the calcined Cr—AI-MCM-41 (SCr = 100, 80, 40, and  and isolated in Cr—Al-MCM-41. The @t is oxidized to
20) (Fig. 1) are consistent with earlier report82—34] in- Cr°t and/or CPt when the sample is calcined at 630.
dicating a hexagonal structure for these materials. As the The UV-vis spectrum of Cr—Al-MCM-41 calcined at 630
concentration of chromium ion in the mesoporous material shows bands at 275 and 350 nm and a shoulder at 440 nm.
was increased, there was a slight decrease in the crystallinity. The bands at 275 and 350 nm most likely represent the
For Cr—Al-MCM-41 (Sj/Cr = 20), there was a considerable 0>~ — Cr®* charge transfer absorption ban@§,37,38]
decrease in the crystallinity, and higher order reflections cor- However, d—d transition of Cf occurs in the same spectral
responding to d(210) and d(220) were not obserTable 1 region[39]. The band at 440 nm may be assigned to oc-
lists surface areas, pore volumes, and pore sizes for Cr-Al-tahederal Gt* ions, implying that there is a small amount
MCM-41 with various contents of Cr. In general, an increase of unoxidized C#* still remaining in the calcined sample.
in the Cr content decreases the surface area; however, for th&'he band at 440 nm may also be attributed to the forbidden
samples with SiCr= 100 and 80, the surface areas were charge-transfer band of dichromate spe¢8&. Thus, with
similar. The SjCr ratios in the gel and in the final dry pow- calcination at 630C, most of the Ct" ions are oxidized to
der as determined by SEM-EDXA analysis were comparable Cr®* and or CP+.
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200 400 600 300 1000 is normally a weak absorption shape signal. The peak-to-

peak width of the signal a¢; = 1.972, 30 G, is relatively
wide, and so the parallel component is poorly resolved. The
Fig. 2. UV-vis diffuse reflectance spectra of Cr—AI-MCM-41 with various  intensity of this signal is too weak to be detected at room
?&”g;g};f&ogtsgeﬁis'?”cs @18‘8 %rgpjéed 5;“2“p'e heated at’ld@nd  temperature, as has already been observed by several au-
/Cr=100, 80, 40, and 20). thors[42—45] The lack of resolution of thg; component
has been attributed in the literature to either a spin exchange
The different oxidation states and coordination environ- effect or a strain broadening procdd4$]. Additional evac-
ments of Cr on oxide supports can be distinguished from uation for 20 h did not lead to any noticeable change in the
each other by a combination of spectroscopic techniques,ESR spectrum, as shownfiig. 3c. According to the; equa-
such as diffuse reflectance spectroscopy (DRS) and ESRtions for square-pyramidal geometgy, = ge — 21./Ap and
[36]. The oxidation state of Cr ions in mesoporous MCM- g = ge — 81/A1, wherex is the spin—orbit coupling con-
41 materials has been the subject of investigations by thestant of 160 cm? for Cr°* in an oxide environmenfé7].
group of Kevan and Smirniotif85,40,41] The ESR spec- Ap and A; are the two lowest-energy transitions of cal-
tra of the as-prepared samples before calcination show acined, hydrated Cr-MCM-41. The calculatgdvalues are
broad signal ag = 1.98 due to C#* that is consistent with g, = 1.991 andg = 1.957. Thisg, value is in reason-
earlier reportd40]. Such broad signals with peak-to-peak able agreement with the experimentally observed value of
widths of ~ 500 G have been related to dipolar interac- g, = 1.972 andg; = 1.952. This supports the assignment
tions of CP*. Significant broadening of the ESR signals in of the ESR spectrum to square-pyramida¥Crif distorted
CrAPSO-5 have been reported by Padylak eff4®] and octahedral geometry is assumed, < g, which does not
Ranijit et al.[43—-45] After Cr—AI-MCM-41 (Si/Cr=20) is agree with the experimentally observed g parameters. When
evacuated at room temperature, a weak signal attributed tothe Cr-MCM-41 sample was evacuated at 360Qtheg pa-
Crt was observed, as shown Bjg. 3a. After evacuation  rameters did not change much; however, the intensity of the
at 150°C for 1 h, the intensity of the signal due torin- signal atg; = 1.972 decreased approximately 2-fold. A new
creases substantially, as shownfig. 3b. The ESR spectra  signal of almost similar intensity appeared ngat 2.003
show a sharp signal gt; = 1.972 and a very weak signal at  (Fig. 3d). This signal may be due to free electrons of car-
g = 1.952. The signal ag; = 1.972 is assigned to the, bonaceous deposits due to the residual template or defects
component of Ctt, possibly in a distorted octahedral or a in the framewor48-50] However, when oxygen was ad-
square-pyramidal coordination. The expegigdomponent mitted at 7 mm Hg, no changes were observed in the ESR

Wavelength (nm)
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spectrum, except for a broadening of the ESR signal. Heat-MCM-41 catalyst (SICr = 20) we found that there was a
ing at 200°C led to the disappearance of the signal and a consumption of TCE together and production of £&hd

substantial lowering in the intensity of the Crsignal. No

COCk as the products of photooxidatioRigs. 4a and 4b

signals due to any oxygen radicals were observed at any tem-Upon UV-light illumination at 298 K, a rapid consump-

perature. This suggests that the signal observgd=a2.003

tion of TCE occurred, yielding gaseous primary interme-

is a signal of paramagnetic carbonaceous residues. The ESRliates: dichloroacetylchloride (DCAC, CH{OCI), phos-

and DRS results suggest that Cr is present &5 @r the
as-synthesized sample (heated at 40P and is oxidized
mainly to CP+ and CP* in the samples heated at 63D.

3.3. Photocatalysis

gene, and C@ After extensive UV irradiation¥ 2 h) it was
seen that most of the DCAC had been converted te &x@l
phosgene. TCE oxidation reaction under UV irradiation is
plotted inFigs. 5a and 5bThe concentrations of COphos-
gene, and TCE were based on the results from GC-MS. It
is clear that DCAC is an intermediate that is later converted

TCE was illuminated in the absence of the catalyst to into CO; and HCI. The intermediate dichloroacetylchloride
ensure the stability of the compound under study. It was (DCAC) disappearance proceeds in an apparent first-order
observed that there was no change in the concentrationfashion after TCE has been consumed. Since a standard
of TCE before and after illumination, which shows that for DCAC calibration was not available, its concentration

the probe molecule is stable under UV irradiation. Upon
visible-light illumination and in the presence of the Cr-Al-

could not be quantitatively determined, although it is quali-

tatively estimated. Prolonged illuminatios 6 h) under ei-
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ther visible or UV light leads to the disappearance of all of 4. Possible mechanism for product formation

the detected reaction intermediates, to yield,GDd wa-

ter as the final reaction products as detected by GC-MS. One may speculate about the possible mechanisms un-
The HCI formed during the photoreaction probably remains derlying the formation of detected products. Unlike ZjO

on the surface of the catalyst. The disappearance of TCEWhere the photochemistry is well explored for the oxidation
and DCAC to below detectable limits, the lack of obser- Of chlorinated volatile organics, the mechanism related to the
vation of other organic products, and the observation of use of Cr-Al-MCM-41 remains challenging and unexplored.
only CO, demonstrate the complete degradation of TCE The DRS results, as discussed earlier, indicate that the
by photoassisted heterogeneous catalysis. Similar reactiorfthromium ions are highly dispersed and exist in an iso-
products have been observed with Degussa P2% i lated state on the MCM-41 support. The absence of any
previous workers. The amounts of g@roduced after il- ~ Peaks corresponding to £Ib3 in Cr-Al-MCM-41 at higher
lumination for the initial 30 min in Cr—A-MCM-41 with ~ Cr contents (i.e., 3Cr = 20) may suggest two possibili-
Si/Cr =100, 80, 40, and 20 are 20, 24, 32, and 35 mM, re- ties: (a) the CsO5 formed may be amorphous or (b) it may
spectively. Since the reaction was faster with Cr—Al-MCM- D€ absent. The ratio of 8Cr= 20 is high enough to form
41 with Si/Cr = 20, it was chosen for the present study. Cr20s- Since we do not observe any peaks in the X-ray dif-
We are investigating the role of Cr ions and their concen- fraction patterns, we believe that the’Crare well dispersed
trations in photocatalytic oxidation. The photoassisted het- and !solated. With _calcmat|0n they_ form?_i‘rand/ or CP*, .
erogeneously catalyzed nature of TCE conversion to DCAC &S discussed previously. These highly dispersed chromium

has been reported by Pruden and OJE8], suggesting a ions can be excited under UV and/or visible-light radiation
probable route to the intermediate formation. In homoge-

to form the corresponding charge-transfer excited state in-
neous gas-phase photochemical studies, trichloroethylen

evolving an electron transfer from? to C%* as shown by
and oxygen in UV light yielded dichloroacetyl chloride [CrG—OZ‘]Ei [Crt—O 1. )
(CI2HCCOCI)[51] with no loss of chloride ions. Molecular . _ o
oxygen is required for Comp|ete mineralization of chlori- These Charge'transfer excited states have h|gh reactivities

nated hydrocarbons to G@nd HCI[52]; the corresponding ~ due to the presence of electron—hole pairs localized next to

stoichiometric equation is each other, compared with electron—hole pairs produced in
traditional semiconductors such as 3j@n0O, or Cdg54].
CCLCCIH + Hy0 + (3/2)0; — 2CO, + 3HCI. 1) Thus, the localized electron—hole pairs under UV and/or

visible-light irradiation initiate unique photocatalytic activ-
Howeven in the absence of molecular oxygen the reaction ities that cannot Usua”y be found on diSpersed metal oxide
was self-poisonings3]. Diffuse reflectance UV-vis absorp- Semiconductors. Surface hydroxyl groups are ubiquitous on
tion spectra of the spent catalyst obtained after the photo-0xXide surfaces and especially on MCM-41 types of materi-
catalytic reaction reveals that all ©ris converted to Gr". als. The density of OH groups on these surfaces has been
With photoexcitation the holes are utilized for oxidation of ©€Stimated to be as high as 3 @iin? at room tempera-
TCE and the & is trapped by the @ Since the reaction is ture [55]. Thus, the surfacg h)_/droxyl groups can react.W|th
carried out in a closed reactor, once the @ncentration the hole produced l?y excitation to form hydroxyl radicals
is depleted the electron concentration builds up, resulting that are highly reactive:
in the reduction of & to Cr+. The photocatalytic re- OH~ + ht — ‘OH. 3)
actions were carried out in a closed system, and hence it
was not possible to study the affect op @ the CF* to
Cr3* reduction. However, we are in the process of building
a flow reactor to investigate the role of oxygen in the reduc-
tion of C*+ to C*. Preliminary experiments suggest that
the presence of oxygen does indeed inhibit the reduction of

Preliminary ESR experiments using spin taps indicate the
formation of-OH radicals. However, a thorough ESR study
is planned to quantify the amount of hydroxyl radicals pro-
duced and their role in the degradation of TCE. The gener-
ated-OH radical then can react with TCE to generate Cl

dicals:
Cr5+ to Ci*+, supporting our hypothesis that the depletion o o>
of oxygen results in the €t to C* reduction. However, ~ Cl2C=CHCI+-OH — Cl,C:—CHCIOH, ()
Cr3t is also a UV photocatalyst, and therefore the photo- CloC'—CHCIOH—> Cl,C=CHOH+ CI-. )

catalytic reaction does not decrease. TCE photooxidation,

when performed under visible light, led to @@roduction The Ct radicals are also highly reactive species and can react
together with COGJ formation. However, the rate of for- with TCE through a chain mechanism as proposed initially
mation of CG was slow when compared with the reaction PY Nimlos[11]:

under UV light. However, the photooxidation of TCE under C|,C=CHCI + CI- — Cl,HC—CCICl, (6)
visible light and UV light leads to the formation of similar

productsg, and hence Sihey tend to follow a similar reaction C12HC-CCICH+ 02 — ClLHC-CCLOO, (7)
mechanism. 2CLHC-CCLOO — 2CLHC-CCLO: + Oy, (8)
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2ClhHC-CChO" — CIoHC—-COCI+ CI-. 9)
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5. Conclusions
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