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Abstract

ZrO, photocatalyzes the oxidation of aniline to azobenzene. The oxidation with natural sunlight and UV irradiation (365 nm) in ethanol
was investigated as a function of [aniline], catalyst loading, airflow rate, solvent composition, etc. The photocatalyst exhibits sustainable
catalytic activity. The product formation is larger with illumination at 254 nm than at 365 nm. Electron donors like triphenylphosphine,
diphenylamine and hydroquinone enhance the photocatalysis. Singlet oxygen quencher, azide ion does not inhibit the catalysis. The pho-
tocatalysis occurs in protic as well as aprotic solvents. The mechanism of photocatalysis is discussed and the product formation examined
using a kinetic model. TiqQ V,0s, ZnO, Fg0O3, CdO, CdS and AlO; also photocatalyze the oxidation of aniline to azobenzene; with
UV light of wavelength 254 nm Zr@is more efficient than other photocatalysts studied, the photocatalytic activities are of the order
ZrO,>7Zn0 >V,05 > Fe,03 > CdS > ALO3; > CdO > TiG,. However, ZrQ loses its edge over others on illumination at longer wavelength
(365 nm) and with sunlight.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction reactions including production of hydrogen from water.
Photochemical reactions attract much attention as possible

Applications of UV-irradiated semiconductors to organic routes for harnessing solar energy but reports using natural

synthesis are numerous and %i@s well as ZnO (bandgap sunlight are a few and preliminafy—9]. Here we report for

energy, Eg=3.2eV, 1 <385nm) are the extensively used the first time the results of solar photocatalysis; the problem

photocatalystd1-4]. ZrO;, a widely used heterogeneous of variation of intensity of sunlight even under clear sky is

catalyst, is am-type semiconductor with bandgap energy of overcome by conducting set of experiments simultaneously

5.0eV[5] (reported values range between 3.25 and 5.1eV and comparing the results. Air-equilibrated solution of

[6] depending on the preparation technique of the sampleaniline yields azobenzene on irradiation at 365 nm with ben-

but the most frequent and accepted value is 5.0eV) andzophenone sensitizing the oxidatifitD,11] UV-irradiated

conductance and valence band potentials b0 and + 4.0V ZnO brings in the oxidation of aniline to azobenz¢h2,13]

versus NHE, respectively, allowing its use as a photocatalystand aniline undergoes photocatalytic degradation orp TiO

in the production of hydrogen through water decomposition. immobilized on porous nickglL4].

Although ZrQ, presents an adsorption maximum around

250 nm, some samples show a non-negligible absorption

in the near UV range (290-390 nrf§] and photocatalytic =~ 2. Experimental

reactions could be performed under irradiation in this range;

Litter and co-workerg6] listed many Zr@-photocatalyzed  2.1. Materials

* Corresponding author. Tel.: +91 4144 221820; fax: +91 4144 238145.  ZrO2 (Chemco, India), YOs (Johnson Matthey), Ti®
E-mail addresskarunakaranc@rediffmail.com (C. Karunakaran). (Merck), ZnO (Merck), FeO3 (SD Fine, India), CdO
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(Chemco, India), CdS (Chemco, India) and®@4 (Merck) at the bottom of the reactor dissipate the generated heat. The
were used as supplied. The BET surface areas were deterreaction vessel was borosilicate glass tube of 15 mm inner di-
mined as Zr@15.12, \b0516.14, TiG14.68, ZnO 12.16, ameter. Photooxidation was also carried out in a Heber micro
Fe0317.84, CdO 14.45, CdS 15.47, /)5 10.63nf g~ 1. photoreactor (HMI SL W) fitted with a 6 W 254 nm low-
The particle sizes were measured using Easy particle sizempressure mercury lamp and a 6 W 365 nm mercury lamp.
M1.2, Malvern Instruments (focal length 100 mm, beam Quartz and borosilicate glass tubes were used for 254 and

length 2.0mm, wet (methanol) presentation); ZrQ7.6, 365 nm lamps, respectively. The light intensity)(was de-
23.8, 20.5, 17.7, 11.4, 8.5, 4.1, 3/ at 27.0, 19.0, 12.5, termined by ferrioxalate actinometry.
1.4,1.8,31.5,2.2,3.8%;Xs: 57.7, 49.8, 42.9, 32.0, 27.6, The volume of the reaction solution was always main-

23.8,11.4,9.8, 8pmat 1.2, 6.2, 2.9, 1.3, 41.8, 15.5, 1.7, tained as 25mL in the multilamp photoreactor and 10 mL
24.1,5.2%; TiQ: 27.6,23.8,20.5,17.7,9.8,8.5,7.3,4.1, 3.5, in the micro reactor. Air was bubbled through the reaction
3.0,2.6umat9.1, 18.0, 15.0, 1.4, 12.1, 17.7, 10.5, 1.2, 4.6, solution that effectively stirs the solution and keeps the sus-
6.5, 2.0%; ZnO: 27.6, 23.8, 20.5, 17.7, 11.4, 9.8, 8.5, 4.1, pended catalyst under constant motion. The absorbance was
3.5um at 12.0, 18.9, 12.3, 1.1, 2.1, 30.7, 6.6, 5.2, 10.3%; measured at 375 nm after centrifuging the catalyst and dilut-
FeO3: 27.6, 23.8, 20.5, 17.7, 11.4, 9.8, 8.5, 7.3, 4.1, 3.5, ing the solution 5-times to keep the absorbance within the
3.0, 2.6pm at 4.8, 7.3, 17.6, 2.2, 1.7, 22.2, 15.0, 10.6, 1.7, Beer—Lambert law limit.

5.8,7.1,2.1%;CdO: 11.4,9.8,8.5,4.1, 3.5, 3.0ih6at 3.0,

44.2, 8.6, 3.3, 10.4, 23.5, 6.4%; CdS: 9.8, 8.5, 7.3, 6.3, 4.1,5 4 product analysis
3.5,3.0,2.eamat13.9,20.9,28.6,1.4,1.5,10.8,17.8, 3.6%;

Al,03:57.7,49.8,42.9,11.4,9.8,8.5, 7.3, 3.5, 3.0 nbat Solar photooxidation of aniline in ethanol on Zr@ields

3.8,17.8,8.7,1.8,28.2,15.3,10.0, 1.0, 9.7, 3.0%Ti€ed azobenzene as the only product. The GC-mags\With rel-

is of anatase form (99%-); the XRD pattern of the sample g4e intensities in parentheses 182 (14), 152 (5), 105 (17),
totally matches with the standard pattern of anatase (JCPDS);7 (100), 51 (39)], IR and UV-vis spectra of the extracted
and the rutile lines are insignificant (Siemens D-5000 XRD, gqjig product are identical with those Gns-azobenzene
Cu Ka X-ray, A =1.54A, scan: 5-60, scan speed: (°%). (Fluka).

Aniline, AR was distilled before use. Commercially avail-
able ethanol was distilled over calcium oxide; other organic

solvents were of LR grade and distilled prior to use. 2.5. Product estimation

In both solar and UV photocatalysis, the UV-vis spectra
of the reaction solution recorded during the progress of the

The solar photocatalyzed oxidations were carried out reacti.on are similarkig. 1, Amax=375nm) but not iden.ti-
from 10.30am to 12.30 pm during summer (March—July) €& With that of the extracted produtnfax=434 nm). This
under clear sky. The intensity of solar radiation was measured!S Pecause of formation of boitis and trans-azobenzenes
using Global pyranometer, MCPT, supplied by Industrial during the course of the reaction and the unstai_;ﬂeform
Meters, Bombay: it could not be done using lux meter (2) transforms to théransform (E) slowly on standing. The

Lx-101A, Lutron, Taiwan, as the intensity was beyond the UV-vis spectrum of the irradiated r(_aaction _sqlution but gl—
maximum limit of 50000 lux. Fresh solutions of aniline lowed to stand for a couple of days in dark is identical with

of required concentrations were taken in wide cylindrical that of the authentitrans-azobenzene confirming the slow

glass vessels of uniform diameter and appropriate height;transformation of the unstabtas form to transform. For a
the catalyst powder covered the entire bottom of the vessel.

2.2. Solar photocatalysis

Air was bubbled using a micro pump without disturbing the 0.300
catalyst bed. The volume of the reaction solution was 25 mL;
the loss of solvent due to evaporation was compensated
periodically. One milliliter of the reaction solution was ABS
withdrawn at regular intervals, diluted 5-times and the
absorbance measured at 375nm using Hitachi U-2001 or
Jasco UVIDEC-340 UV-vis spectrophotometer.
0.000 ; , . :
2.3. UV photocatalysis nm 320 360 400 440 480

Wavelength

Photocatalytic studies with UV light were made ina Heber o o _
multilamp photoreactor (HML I\/IP88) fitted with eight sW Fig. 1. Solar photoom_datlon of_anllln_e in etha_nol on 4the UV-vis
. spectra of the reaction solution diluted 5-times and recorded at O,
mercury UV lamps of wavelength 365nm (Sankyo Denki, 3 60 90 and 120mintg; [aniline]=0.113M, ZrQ bed=125cr,
Japan) and highly polished anodized aluminum reflector; the weight of zrg,=1.0g, airflow rate =4.75mL, volume of reaction so-

sample was placed at the centre. Four cooling fans mountedution=25mL.
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solution ofcis andtrans-azobenzenes 0.1
[E] — ab&8182(433) — ab&3382(281) aEthanol-l oBenzene-| 4 Ethanol-1l « Benzene-Il
EE(281)€Z(433) — €Z(281)E E(433)
and
(2] = abssg1e£(433) — absizze £(281) e
- o
£Z7(281)€ E(433) — £Z(433)€E(281) §
wheree is the corresponding molar extinction coefficient. § 005
Calculation of the ratioE]/[Z] using the above equations, <
the experimentally determinedgsss) and sgpg1), the
reportedez(433) and ez(2g1) and the measured absorbance
of the reaction solution at 433 and 281 nm at different
periods of the reaction shows that the ratio remains
practically the same (1.31) during the course of the pho-
tooxidation followed. The total concentration of azobenzene, 0 . . ‘ . i
. 0 30 60 90 20 150
([E] +[2Z]) = absyrs{1 + ([EV[Z]) Y{ez375)* ce@rs([EVIZD) }; 1 °
eE(375) Was determined experimentally amng(37s) calcu- Time, min
lated from the measured apg absrs={ez@375+
& / ) Fig. 2. Solar photooxidation of aniline in ethanol and benzene o, ZrO
E(375)([E] [Z])}[Z] Absorbance-time plots (experiments in each set conducted simultaneously
and sets | and Il on different days; the reaction solution diluted 5-times prior
to absorbance measurements); [aniline]=0.113 M, ;Zb@d =12.5 crh,
3. Results and discussion weight of ZrQ,=1.0g, airflow rate =4.75mL¥, volume of reaction so-

lution=25mL.
3.1. Obtaining solar oxidation results

of experiments simultaneously; the data in each figure cor-
respond to a set of photocatalytic experiments conducted
simultaneously. The least-squares slope of the linear plot
of [azobenzene] versus time (efjg. 3) provides the rate

of formation of azobenzene. Experiments at different con-

centrations of aniline shows that the reaction rate increases
with [aniline] (Fig. 4 and the variation conforms to the

The measurement of solar radiation shows fluctuation of
sunlight intensity (53&:40W nm2) during the course of
the photooxidation even under clear sky. Now, for the first
time, identical sunlight intensity was maintained for a set of
photooxidation experiments of different reaction conditions
by carrying out the experiments simultaneously, thus mak-
ing possible the comparison of the solar results. The solar
photooxidation results are reproducible. For exanipig, 2
presents the linear increase of the absorbance of the reaction 12
solution with the reaction time, one set of experiments con-
ducted in ethanol and benzene side by side on one day and the s Solar-l o Solarll e UV
other set similarly on another day. The ratio of the slopes of
the absorbance-time profiles of the reactions in ethanol and
benzene remains the same (1.3) although the experiments
were conducted on different days, obviously under differ-
ent sunlight intensities. This reproducibility is not surprising
as the fluctuation of sunlight intensity is identical in test and
control (standard) experiments and the ratio turns outto be in-
dependent of fluctuation of light intensity. Further, the results
of a pair of experiments performed simultaneously confirm
the reproducibility of the rates of solar photocatalyBig. 3
presents the solar photoformation of azobenzene in ethanol
under identical conditions and carried out simultaneously.
The ratio of the rates obtained from the linear plots is unity
(2.03).

Azobenzene formed, mM

0 50 100 150
Time, min

3.2. Factors influencing solar photocatalysis ) . ) )
Fig. 3. Photoformation of azobenzene in ethanol on ZrQani-
. . line]=0.113 M, weight of ZrQ = 1.0 g, volume of reaction solution =25 mL,
The influence of various factors on the solar photocatal- yiiow rate =4.75mLs?; solar: ZrG bed=12.5c; UV: A =365nm,

ysis in ethanol was examined by carrying out the given set 15=2.46x 10~ einstein -1 sL.
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Fig. 6. Azobenzene formation (solar) in ethanol at varying areas of ZrO
bed; [aniline]=0.113 M, weight of Zr©=1.0g, volume of reaction solu-

0 T r T . tion=25mL, airflow rate =4.75mLg".
0 50 100 150 200 250
[Aniline], mM
flow rate confirms the same. The reaction was also studied
Fig. 4. Azobenzene formation in ethanol on Zr@t different [ani- without bubbling air but the solution was not deaerated. The

line]; weight of Zr&Q, =1.0 g, volume of reaction solution =25 mL, airflow ; ; ; ; ; ; _
rate =4.75 mLs! (solar), 7.8 mLs’ (UV); solar: ZrQ, bed=12.5 ¢ dissolved oxygen itself brings in the oxidation but the pho

UV: 2 =365nm,lo=2.46x 10-5 einstein I L 51, tocatalysis is slow. The reaction does not occur in dark. The
photocatalyst does not lose its catalytic activity on repeated
use. Reuse of the photocatalyst yields identical results. Addi-

Langmuir—Hinshelwood model. The double reciprocal plot tion of water to the reaction medium slows down the reaction

of rate versus [aniline] yields a straight line with a positive (Fig. 8). Electron donors like triphenylphosphine (TPP), hy-

y-intercept. The variation of the amount of Zr€pread atthe  droquinone (HQ), diphenylamine (DPA) and triethylamine
bottom of the reaction vessel (catalytic bed) does not lead to(TEA), enhance the photoformation of azobenzene. Addition
any appreciable change in the photocatalysis Fitg b); the of TEA (0.287 M) to the reaction solution results in an in-
bottom of the cylindrical reaction vessel was fully covered crease of azobenzene formation rate by ca. 49% (the reaction
by the catalyst in all the cases and the increase of the amountonditions as ifFig. 9). The variation of the enhanced photo-

of ZrO, does not lead to increase of the area of the catalystformation rate with [TPP], [HQ] and [DPAJRig. 9) reveals

bed but only results in increased thickness of the 2Zned. Langmuir—Hinshelwood kinetics and the linear double recip-

In the absence of the photocatalyst the reaction is an uncatrocal plots of the enhanced rate (the difference in the rates of

alyzed one and hence a small rate. The photoformation of formation of azobenzene in the presence and absence of sacri-

azobenzene increases almost linearly with the apparent aredicial electron donors) versus [TPP], [HQ] and [DPA] confirm
of the catalyst bedHig. 6). Study of the photooxidation as a

function of airflow rate reveals enhancement of photocataly-
sis by oxygenFig. 7). The variation of reaction rate with the 250

airflow rate indicates Langmuir—Hinshelwood kinetics and
the linear double reciprocal plot of reaction rate versus air- Ty o
200
s
c
5
"o 800 £ 150
% o Solar g
I o UV o Solar
8 g 100
£ 8
c
:é 150+ _8
[=]
()]
g < 504
c o a 23 —a
(]
O
8 0
< ; ‘ 0 r r . r
0 1 2 3 0 5 10 15 20 25
Catalyst loaded, g Airflow rate, mL s

Fig. 5. Azobenzene formation in ethanol at different amounts ofZrO  Fig. 7. Azobenzene formation in ethanol on 2r@t different air-
loading; [aniline] =0.113 M, volume of reaction solution=25mL, airflow  flow rates: [aniline]=0.113M, weight of Zr{>=1.0g, volume of re-
rate=4.75 mLs? (solar), 7.8 mLs! (UV); solar: ZrQ; bed=12.5cr#; action solution=25mL; solar: ZrObed=12.5crf; UV: A=365nm,
UV: A=365nm,lg=2.46x 10 % einstein -1 s71. lo=2.46x 10 % einstein -1 s~
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200

amp photoreactor with mercury UV lamps of wavelength
365nm. Linear increase of azobenzene-concentration with
illumination time provides the photochemical formation rate
(e.g.Fig. 3) and the rates are reproducible #6%. Rate
measurements at different [aniline] show increase of the ox-
idation rate with [aniline] Fig. 4) and the increase indi-
cates Langmuir—Hinshelwood kinetics. The increase of the
amount of ZrQ suspended in the reaction medium results
in only an insignificant increase in azobenzene formation
(Fig. 5. Study of the photooxidation as a function of air-
flow rate reveals enhancement of photocatalysis by oxygen
and the variation of the reaction rate with flow rate conforms
Fig. 8. Azobenzene formation on ZsGn aq. EtOH; [aniline] =0.113 M, tp the Langmuw—l—!mshglwood k|net_|c§|g.. 7. The reac-_
weight of ZrG;=1.0g, volume of reaction solution=25mL, airflow  tION was also studied without bubbling air but the solution
rate=4.75mLs! (solar), 7.8mL5s! (UV); solar: ZrQ, bed=12.5crf; was not deoxygenated. The dissolved oxygen itself brings in
UV: 2.=365nm,lo=2.46x 10 >einstein L' s~ the oxidation but the photocatalysis is slow. The photoox-
idation was examined as a function of light intensity. The
the same. Use of sacrificial electron donors leads to hole trap-oxidation was carried out with two, four and eight lamps,
ping resulting in enhanced photocatalyiis Both anionic  the angles sustained by the adjacent lamps at the sample are
and cationic surfactants enhance the photocatalysis; additionl80°, 90° and 45, respectivelyFig. 10is the variation of rate
of anionic surfactants aerosol OT (sodilnis-2-ethylhexyl with the light intensity. The reaction does not occur in dark.
sulfosuccinate, 0.0225 M) and sodium lauryl sulfate (SLS, Study of the photocatalysis with a 6 W 365 nm mercury lamp
0.0347 M) and cationic surfactant cetyltrimethylammonium (lo=1.81x 10> einstein =s™1) and a 6 W 254 nm low-
bromide (CTAB, 0.0274M) to the reaction solution (con- Ppressure mercury lampo=5.22x 10~®einstein =1 s71)
ditions as inFig. 9) increases the photoformation rate by Separately in the micro reactor under identical conditions re-
23, 74 and 43%, respectively. Vinyl monomers like acryloni- Vveals that high energy radiation is more effective in bringing
trile (0.608 M) and acrylamide (0.141 M) neither suppress out the photocatalysis. Azobenzene formed in 10 min on il-
the photocatalysis nor undergo polymerization indicating the lumination at 365 and 254 nm are 182 and 22, respec-
absence of free radicals in the reaction solution during the tively ([aniline] =0.113 M, ZrQ suspended=0.2g, airflow

o Solar
o UV

I______g_i____—a!

Azobenzene formation, nM s™

o

80 100
% EtOH (v/v)

[e2]
o

course of photocatalysis. rate = 7.8 mL s, volume of reaction solution=10mL). The
metal oxide does not lose its photocatalytic activity on il-
3.3. Factors influencing UV photocatalysis lumination. Reuse of the catalyst reveals sustainable photo-

catalytic efficiency. Addition of water to the reaction solu-

The photocatalyzed oxidation of aniline in ethanol in the tion suppresses the photocatalystgy( 8). Electron donors
presence of air on Zrwas investigated using a multil- like triphenylphosphine, hydroquinone and diphenylamine
enhance azobenzene formation and the variation of the photo-

catalysis rate with [TPP], [HQ] and [DPA] is similar to that of

250 the solar photooxidation. However, triethylamine (0.287 M)
_ 200+
o _ 300
E "
c g e UV
6\150' c
s <
L
- S 200t
@ ©
g 100- £
£ s
c @
w & 1001
50 - g
(]
o
o
<
0 0
0 80 160 240 320 400 0 25 50
[ED], mM 10°Intensity, einstein L s
Fig. 9. Azobenzene formation (solar) in ethanol on Zii® presence of Fig. 10. Azobenzene formation in ethanol on 2@ different light intensi-

electron donors (ED); [aniline] =0.113 M, weight of Zf©1.0 g, volume of ties; [aniline] =0.113 M, Zr@ suspended = 1.0 g, airflow rate = 7.8 mils
reaction solution =25 mL, airflow rate =4.75 mtls ZrO, bed =12.5 crf. A =365 nm, volume of reaction solution=25mL.
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does not facilitate azobenzene formation. While aerosol OT whereK; andK, are the adsorption coefficients of aniline
(0.0225 M) fails to significantly influence the UV photocatal- and oxygen on Zr@ k is the specific rate of oxidation of
ysis SLS (0.0347 M) and CTAB (0.0274 M) enhance the reac- aniline, y the airflow rate,S the specific surface area of
tion by 95 and 20%, respectively. Also, vinyl monomers like zrO,, C the amount of Zr@ suspended per liter arlg the
acrylonitrile (0.608 M) and acrylamide (0.141 M) do notin-  |ight intensity in einstein t1s~1. Linear double reciprocal
hibit the photocatalysis. Nor do they polymerize. Azide ion plots of rate of azobenzene formation versus (i) [PANH

(0.154 M), a singlet oxygen quencher, fails to suppress the and (i) airflow rate are in agreement with the kinetic law
formation of azobenzene indicating the absence of involve- and afford the adsorption coefficients Ks=62 L mol,

ment of singlet oxygen in the photocatalysis. Ko =0.41mL1s,k=32pumol L m—2einstein®. The data fit
to the curvesKigs. 4 and Y, governed by the above kinetic
3.4. Mechanism law and drawn using a computer program, support the rate

expression. However, the rate of photocatalysis does not in-

lllumination of the semiconductor with light of required crease with the amount of ZgBuspended. This is because of
energy leads to bandgap excitation of the semiconductor re-the high catalystloading. At high catalystloading, the surface
sulting in creation of electron—hole pairs; holes in the valence area of the catalyst exposed to illumination does not commen-
band and electrons in the conductance band. Since the recomsurate with the weight of the catalyst. The amount of ZrO
bination of photogenerated electron—hole pairs in semicon- employed is beyond the critical amount corresponding to the
ductors are so rapid (occurring in a picosecond time scale),volume of the reaction solution and reaction vessel; the whole
for an effective photocatalysis the reactants are to be ad-amount of ZrQ is not exposed to illumination. The photo-
sorbed on the photocataly8i. The hole reacts with adsorbed catalysis lacks linear dependence on illumination intensity;
aniline molecule to form aniline radical-cation (PhpeH). less than first power dependence of surface-photocatalysis
In the presence of oxygen, transfer to the adsorbed oxygenrate on light intensity at high intensity is well knoi8].
molecule resulting in highly active superoxide radical-anion,
O,*~, effectively removes the electrqf]. The reaction of
aniline radical-cation with superoxide radical-anion results 3.6. Photocatalysis in different solvents
in nitrosobenzene. Condensation of nitrosobenzene with ani-

line, present in large excess, yields azobenzene. Adsorption of aniline and oxygen on Zg@nd the concen-
tration of dissolved oxygen in the reaction medium vary with
SC+hv— h'(up)+€ (cn) the solvent. Contact between a semiconductor and a liquid
generally involves a redistribution of electric charges and the
PhNH(adsy+ h' (vb) > PhNH** formation of a double layer. The bands of the semiconductor
bend and this bending is influenced by the soly@8htHence
O2(ads)+ € (cb)—> O02° the variation of the photocatalysis rate with the solvent is also
likely due to the band bending at the semiconductor—solution
PhNH,*+ + 0,*~ — PhNO + H»0 interface. The oxidation of aniline on ZpQwith sunlight

and UV irradiation was carried out in eighteen solvents and
the UV-vis spectra reveal formation of azobenzene in all
the solvents studied. The least-squares slopes of the linear
Ethanol may undergo oxidation in the presence of illumi- absorbance-time traces of UV photocatalysis are 31.8, 25.9,
nated semiconductor and generation of radicals is possible32.7,44.8, 36.4, 43.2, 80.5, 38.7, 25.4,17.3, 39.7, 19.4, 18.5,
[15,16] If the photooxidation of aniline were due to the rad- 35.2, 15.8, 10.2, 44.7 and 51.9 (in f&71) in ethanol,
icals generated from solvent ethanol, contrary to the exper-n-butanol, t-butanol, propane-1,2-diol, 2-butoxyethanol,
imental observations, azobenzene formation should not de-ethyl methyl ketone, acetic acid, dimethylformamide, ace-
pend on [aniline]; the photogenerated radicals are short livedtonitrile, ethyl acetate, 1,4-dioxane, benzene, toluene,
and react almostinstantaneously demanding non-dependencehlorobenzene, nitrobenzemehexane, chloroform and car-
of the reaction rate on [aniline]. Also, the oxidation occursin bon tetrachloride, respectively ([PhNH-0.113M, Zr&

PhNO + PhNH, — PhNNPh+ H,0

a number of organic solventsgide infra). suspended=1.0g, airflow rate=7.8mils 1=365nm,
lo=2.46x 10 °einstein "1 s~1, volume of reaction solu-
3.5. Kinetic analysis tion 25 mL). The corresponding relative slopes of solar pho-

tocatalysis are: 1.00, 1.95, 1.59, 2.88, 4.53, 2.64, 2.22,

The kinetic law that governs heterogeneous photocat- 2-10, 1.71, 1.01, 1.47, 0.75, 1.16, 2.69, 0.50, 0.67, 2.95
alyzed reaction in a continuously stirred tank reactor (CSTR) @and 0.36 ([PhNK] =0.113 M, weight of ZrQ =1.0g, cat-

[17]is alyst bed =12.5 ¢y airflow rate =4.75mL<s!, volume of
reaction solution =25 mL). Calculation of the photocatalytic
rate— kK1K2SIoC[PhNHp]y oxidation rates in different solvents requires the molar ex-

(1+ Ka[PhNH])(1 + K2y) tinction coefficients otis andtrans-azobenzenes at appro-
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priate wavelengths and the ratio at whicls and trans £7(281¢7(433) Z] + eE(@281)¢ 7(433) E] — abSgie7(433) = 0
azobenzenes are formed in each solvent and hence could ©)
not be made. The relative slopes of solar photocatalysis do

not conform to those with UV-light, as they are not the true

rates. e2(a33€ 2281 Z] + €E433¢ 2281 E] — absiaae z(281) = 0
3.7. Comparison of some photocatalysts (4)
The photooxidation of aniline to azobenzene was stud- ®)-®

ied in ethanol with eight commercially available metal &r@s1Ez433)]E] — ez(281¢E(433) E]
oxides and sulfide, viz., Ti® V205, ZnO, FeOs,

CdO, CdS, AbOs besides zr@. Under UV illumi- +abSarzeen) - abeerrzisy =0 ®)
nation of wavelength 254nm, ZpOis more efficient

than other photocatalysts studied. The photocatalytic ac- _ abssgiez(33) — absizzez(281) ©6)
tivites are of the order Zr@>ZnO>V,0s5>Feg03>  EEQ81)EZ(433) — EZ(281)F E(433)

CdS > ALbO3>CdO >TiQ; azobenzene formed in ethanol

in 10min are 722, 656, 631, 553, 487, 436, 363 &z(281¢E@433)Z] + cE(281¢E433) E] — abgiep4zz) = 0
and 73uM, respectively ([PhNH]=0.113M, catalyst @)
suspended=0.2g, airflow rate=7.8mils A=254nm,
lo=5.22x 10~ % einstein -1 s, volume of reaction solu-
tion 10 mL). However, Zr@ loses its edge over other pho-
tocatalysts on illumination at longer wavelength and with
sunlight. The catalytic efficiencies with UV light of wave- (8)
length 365 nm are as follows: 205 > Zn0 > ZrQ, > Fe O3 > M- (@®)

Al,03>CdS>CdO>TiQ. The rates of azobenzene for-

mation in ethanol are 239, 181, 171, 122, 111, 78, £z(281FE@33)][Z] — £2(433) E(281)]Z] — AbSs12E(433)

62 and 16 nMs?, respegtively ([PhNBK] =0.113 M, cata- + absizz £(281) = 0 9)
lyst suspended = 1.0 g, airflow rate = 7.8 miisi = 365 nm,

lo=2.46x 10 °einstein 1s™1, volume of reaction so-

e7(433€ E28LLZ] + €E(433 E(281) E] — absizae £(281) = O

lution 25mL). The relative catalytic efficiency of ZpO 71 — absgie p(433) — absizze £(281) (10)
is further lowered with sunlight. The solar photocat- £Z(281)E E(433) — EZ(433F E(281)
alytic efficiencies are of the ordero®@s>2Zn0O >FeO3> [E]
CdO>ZrG > Al,03>CdS>TiQ; the solar photoforma-  absgys = {52(375)4- gE(375)(—)} [Z] (11)
tion of azobenzene under identical conditions in 30 min [Z]
are 290, 270, 230, 210, 180, 80, 70 andu30, respec- 2] abss (12)
tively ([PhNHp]=0.113 M, catalyst weight=1.0g, catalyst ~ e Te E1/7Z
bed=12.5crf, airflow rate =4.75mL<s?!, volume of reac- z75) + exarel E)/1Z)
tion solution =25mL). (2] + [E] = [Z] {1+ (@ (13)
[Z]

1 El/1Z

4. Conclusions — abss + ((E]/[2]) (14)

ez(375)+ @375\ El/[Z])

The effects of [aniline], airflow rate, solvent, sacrificial
electron donors, etc. on the rates of solar photocatalyzed ox-
idation of aniline on Zr@ are similar to those with UV light.
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