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GENERAL INTRODUCTION

1. Background

One of the current interests in the photochemical research is
semiconductor photocatalysis, i.e., redox-including chemical reac-
tion induced by'the photoirradiated semiconductor surface.l In such
photocatalysis primary step involves the absorption of light energy
by semiconductor which is characterized by band structure, i.e., a
filled valence band separated by an energy gap from a vacant conduc-
tion band (Scheme 1). The 1light of energy greater than the band
gap promotes excitation of an electron from the valence band to the
conduction band, leaving an electron deficiency, i.e., positive hole
in the valence band. These active species can respectively reduce or
oxidize substrates in the solution. Ability of the photoirradiated
semiconductor for chemical reaction is attributable to the photo-
excitation and subsequent charge transfer through semiconductor so-
lution interface.2

Among semiconductor materials n-type titanium dioxide (TiO,) has

P
been extensively used as a stable photocatalyst suspended in an
agueous solution. From the electrochemical studies on Ti0, photo-
anode,3 the energies of the electron and the positive hole are
evaluated to be sufficient even for the reduction and oxidation of
water into hydrogen and oxygen, respectively (Scheme 2).4

Noticeable attempts have been made to utilize the photogenerated
active species separately without their mutual recombination. One

of the effort toward this efficient charge separation is modifica-

tion of the TiO2 surface by partial coverage with metal and/or metal
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i . ) 5 . . , 6 . , ‘
oxide, such as platinum” and/or ruthenium dioxide,  according to the

idea of coupling semiconductor anode and metal cathode which has

, . . 7
been used separately in the photoelectrochemical cell. In the

rt

modified, +typically platinized, Ti0 particles the photoexcited

2
electrons could effectively reduce proton into hydrogen on the metal
surface to result in the enhancement of total photocatalytic acti-
vity (Scheme 3). Such platinized TiO2 (TiOz/Pt) powder has been
successfully prepared by in situ photoreduction of hexachloroplati-
.9 . o . L . . 10 - ,
num ion~ or simply by mixing with platinum black. The thus pre-
pared photocatalyst has suificient ability to decompose gaseous
: . 11 o .
water into oxygen and hyvdrogen or to oxidize organic compounds,

such as methanol,lz ethanol,13

0]

or sugar,l4 with the simultaneou
formation o©of hydrogen. Similarly, carboxylic acids undergo decar-
boxylation to produce alkane and C02 in the TiOZ/Pt photocatalyzed
system, through a proposed reaction pathway involving an oxidative
decomposition of carboxylate by the positive hole and reduction of
resulting alkyl radical by the electron on the Pt site.15

Thus, the metallized TiO2 catalyst has been favorably applied
to photoinduced reaction of several organic compounds. In these
systems, however, the fate of organic substrates other than simple
alcohols or acids has been so far poorly characterized, particularly
in the primary stage of the reaction,16 because significant atten-

. . ‘ . L LT
tion has been paid to the production of hydrogen from water not t

o
the oxidation products. Conseqguently, detailled characterization of
the semiconductor photocatalysis is desired. In this respect, Part

y

I of this thesis is concerned with reaction characteristics o

a

series of organic compounds including polymeric materials.
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Scheme 3 Oxidation of organic compounds along with H, formation by

platinized Ti02 particle.



another effort for the effective utilization of photogenerated

. . . . 18 19
active species has been made using electron acceptors and donors

for the trapping of electron and positive hole, respectively, to

avoid thelr mutual recombination. One of the most reascnable exam-

. . 1
ple 1is the conventional photocatalysis on T10720 or Zn02 under

aerated conditions owing to the characteristic electron acceptabili-

ty of oxygen. The aerated systems have been successfully used in

, C o - . i La 22

the oxidation of organic compounds, such as alkenes or alkylben-
23 . : . A - N -

zenes into ketones o©r phenols, respectively, 1n respect of

synthetic application. Similarly, metal ions can also enhance the

Ti02 photocatalytic ability by trapping the photogenerated elec-
trons. Accordingly, Part II of this thesis deals with enhancement
of Tioz—photocatalytic activity by the surface adsorption of elec-

tron acceptor and donors.

Throughout the above mentioned photocatalysis, one of the fac-

[ i}

tor governing the photocatalytic activity 1is the crystal and surface
structure of semiconductor powders. In most of the reported photo-

catalytic reaction systems commercially available TiO, powders have

2
been used and there are few descriptions on the dependence on their
24 : s s . ,
structure. In order to obtain highly active photocatalyst, de-
tailed investigations concerning the correlations between the photo-
catalytic activity and these physical properties are desirable. In
Part III, relevant studies are described on the correlations ob-

tained wusing prepared TiO, powders in the wvarious types of photo-

catalytic reactions.



2. Survey of This Thesis

+

The outline of this thesis is given as follows.

{

Part I, which 1is composed of five chapters (Chapters 1-5),
deals with photocatalytic reactions of various organic materials by

agueous T102 or platinized TiO suspensions under deaerated condi-

2

tions at room temperature. Particular emphasis 1is placed on the

characteristic of reaction mechanism of each substrate,

Q

|

n Chapter 1, the photoinduced reaction of a series of alipha-

tic alcohols in agusous TiO, and platinized Ti0O., suspension 1s des-

2 2
cribed. Platinization of Tiozleads to the enhancement of the Ti02
photocatalytic activity and stoichiometric formation of oxidation

and reductlon products. The reactivities of primary, secondary,
and tertiary alcohols are characterized on the basis of the product
distributions. A linear relationship between the initial photoreac-
tion rate and the reactivity of the alcohols toward OH radical sug-
gests the photo-oxidation process via OH radical intermediate gene-
rated from OH. with photogenerated positive hole.

Chapter 2 is concerned with detailed characterization of the
TiO2mphotocatalytic reaction of 2-methyi-2-propancl (t-BuOH)in aqueous
solution under deaerated or aerated conditions. Comparison with
the product distribution in the t-BuOH oxidation by Fenton's reagent
and by ilonlzing radiation reveals that the photoreaction pathway
involves 2-hydroxyl-2-methylpropyl radical intermediate to undergo
recombination into dimeric product or to degrade intc methyl radical
and acetone, in accord with the prediction in Chapter 1.

Chapter 3 states the photocatalytic decomposition of poly(vinyl

alcohol) in agueous suspension of TiOz/Pt catalyst. Ultraviolet



spectroscopic and viscometric measurements reveales the photoreac-
tion pathway involving a-hydroxy polymer radical induced by photo-

enerated positive hole. The intermediate radical undergoes both

Xe}

urther oxidation 1into polymer ketone and B8-scission to yield

h

terminal acetyl group.

Chapter 4 deals with the photoinduced degradation of poly(ethy-

lene o©xide) 1in agueous soluticon by platinized Ti02 under deaerated
conditicns. Prolongation and degradation of the polymer chain are
observed in the basic and acidic solutions, respectively. This be-

havior 1s interpreted by the pH dependent modification of the T102

surface.
Chapter 5 describes the results of photoinduced reaction of

aliphatic amines in aqgueous solution by platinized TiO, catalyst.

2
Aliphatic linear primary amines give corresponding secondary amines

by the dual function of platinized Ti02 catalyst; photogenerated

=

positive hole oxidizes the amines intc imines and photogenerated
electron reduces the intermediate Schiff ©base derived from the
starting amine with the imine or its hydrated derivative, aldehyde.
GC-MS analysis of the product secondary amine from DzO solution con-
firms the proposed mechanism. Attempts are made to apply the pho-
tocatalytic reaction to synthesize cyclic secondary amines from di-
amines.

Part 1II, which consists of <three chapters (Chapter 6-8), is
concerned with the T102~photocatalyzed reaction in the agueous sus-
pension containing silver salt. The significance of this study is

based on the fact that photogenerated reductive species, electron,

is effectively trapped by the silver ion adsorbed on the Ti02



surface.
Chapter 6 describes the photoinduced oxygen formation and silver

metal deposition by TiO, suspension in the presence of a series of

2
silver salts. Mass spectroscopic analysis of isotope distribu-
tion of product oxygen from H216O/H2180 clarifies that water mole-
cules are oxidized into oxvgen in the present photoreaction system.
The effect of counter anion on the photoreaction yield is ration=-
alized by the fact that TiO, activity i1s significantly dependent on
the pH of the reaction mixture.

Chapter 7 states the eifect of 2-propanol addition to the photo-
reaction system of TiO2 suspension in agueous silver salt solution.
2-Propancl and water are competitively oxidized with the photogsne-
rated positive hole into acetone and oxygen, respectively, while the
concomitantly formed electron reduces silver 1lon to silver metal
deposit.

Chapter 8 proﬁidés a physicochemical behavior of surface adsor-
bates in the TiO2 photocatalytic system in agueous silver sulfate
and Z2-propanol solution. A proposed mechanism including Langmuir
adsorption of both silver ion and Z-propancl and trapping of the
photogenerated active species by surface adsorbates interprets the
observed dependence of photocatalytic reaction rate on the concen-
trations of the silver salt and 2-propanol.

Part III, which consists of three chapters (Chapters 9-11), is
concerned with the correlation of photocatalytic activity with the
crystal and surface structure of Tioz.

Chapter 9 describes the photocatalytic activity of TiO prepared

2

by hydrolysis of titanium sulfate followed by calcination at various



temperatures up to 1000 °C. Crystal structure of TiO2 predominantly

[N

zed Ti0, for the dehydrogena-

influences on the activity of platin 5

ticn of 2-propancl in agueous solution. The activity of anatase

h

pelycrystalline is sufficient and increased with the crystal growth,
while that of rutile polycrystalline is negligible.

Chapter 10 describes the photocatalytic activity of anion-free

jol}

-h

TiQO, p titanium tetra-2-propoxide and subse-

H

epared by hydrolysis o

Jui]

o

guent calcination at various temperatures up to 1000 °C. The photo~
catalytic activity dependences on the calcination temperature ob-

served in three different reactions, dehydrogenation of Z2-propanol

with platinized catalyst, oxygen formation and Ag metal deposition

e

from agueous silver salt solution, and 2-propancl oxidation and Ag
metal deposition from agueous silver salt and 2-propanol solution,
provide a correlation with TiO, crystal structure, in accord with
the prediction demonstrated in Chapter 9.

Chapter 11 deals with the pH dependent nature of surface hydro-
Xyl group on the two types of Ti02 powder, anatase and rutile, sus-
pended in an agueous sclution, and their effects on the photocataly-
tic activity in the aqueous silver salt solution. The pH dependent
behavior that the T102 activity decreased with the decreasing pH is

suggested to relate with protonation - deprotonation equilibria of

the surface hydroxyl groups.
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Part I

Photocatalvtic Reaction of Organic Compounds by Agueous

Suspension of Platinized TiO2



Chapter 1

)
j8))

Photeccatalvtic Dehydrogenation of Aliphatic Alcochols by

Agueous Suspension of Platinized Ti02

ABSTRACT

agueous 2-propanol solution

tHh

(A > 300 nm) ©
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gave hydrogen and acetone in the presence of platinum and/or ruthe-

nium oxide loaded TiO2. The photocatalytic activity of anatase T:’LO2
significantly depended on these metal or metal oxide deposits; the

activity increased in the order, platinum black >> platinum powder >
ruthenium oxide. The photocatalytic activity of rutile TiO2 was
negligible even when loaded with platinum black. The effective
wavelength for this photocatalvitic dehydrogenation of 2-propanol was
below ca. 390 nm, which practically agreed with the photoabsorption
edge of Tioz. In the similar way, aliphatic primary, secondary,
and tertiary alcohols underwent photocatalytic oxidation by the pla-

tinized TiOz, accompanied by the hydrogen liberation. The primary

ives

F

and secondary alcohols gave corresponding carbonyl deriva
with stoichiometric hydrogen evolution, while the tertiary alcohol,

2-methyl~2-propancl, gave a dimeric product.



INTRODUCTION

Recently, photocatalytic activities of titanium dioxide (Tioz)
and 1ts modifications have been discussed considerably in the oxida-
tion of organic compounds such as methanol and carbohydrates in
agueous solution.1 The reactivities of the substrates have, however,
not vyet been characterized comprehensively in these photocatalvtic

he present work, photocatalyzed reactions

it

oxidation systems. in

of a series of aliphatic alcohols by platinized TiO, powder are re-

2

the initial oxidation rate in agueous sus-

h

ported. Correlatio

3

o
pension with the corresponding rate constant of hydrogen abstraction

by hydroxyl radical in a homogeneous system is discussed.

EXPERIMENTAL

2 -

Materials. Titanium dioxide powder (anatase > 99 %; SO,"

0,05 %;
Cl, 0.01 %) was supplied from Merck and used without further acti-
vation. Rutile TiO2 powder was prepared by calcination of above

mentioned TiO, at 1200 °C for 10 h in an electric furnace. This

N

treatment led to th

M

crystal transition to rutile which was confirmed
by X-ray diffraction analysis (see Chapter 6). Platinum (Pt black
or Pt powder, 5 wt%) or ruthenium oxide (Rqu, 10 wt%) was mixed
with TiO2 powder in an agate mortarl to prepare catalyst. Water
was passed through an ion-exchange resin and distilled immediately
before use. Acetcne and aliphatic alcohols (2-methyl-2-propancl,
methancl, ethylene glycol, ethancl, and 2-propanol) were obtained

commercially and used without further purification.

Photoirradiation. The powdered catalyst (50 mg) was suspended in

agqueous solution (5.0 cm3) of substrate (0.5 mmel) under neutral or



alkaline (6 mol dm ° NaOH) conditions in a glass tube (15 mme x 180
mm, transparent for the light of wavelengths > 300 nm). The mag-

net

=

cally stirred solution under Ar was irradiated at > 300 nm using

a merry-go-round apparatus equipped with a 400-W high-pressure mer-

b

cury arc {(Eiko=-sha 400).

Monochreomatic Photoirradiation. In an experiment of guantum yield

powder 30 mg and 6 mol dm > NaOH

measurement, the platinized T102
agueous solution 4.0 cm3 were placed in & rectangular guartz cell
(1.0 cm path) with an upper part of pyrex tube (10 mme, ca. 15 cm)
and purged of air by Ar stream. The above prepared suspension was
photoirradiated by Philips SP 500 ultra high-pressure mercury arc
(operated at 750 W) through a grating monochrometer (Japan Spectro-
scopic Co., Ltd, CT 25N). Number of the photons incident upon the
suspension through the monochrometer and the guartz window were
evaluated by ferric oxalate actinometry.

Ultraviclet absorsorption spectrum of TiO2 suspension was re-
corded on Hitachi EPS-3T spectrophotometer equipped with a R-10A in-

tegrating sphere.

Product Analysis. After the irradiation, the gas phase of the

sealed sample was analyzed by gas chromatography using Shimadzu GC
4A equipped with a TCD and a 60-80 mesh Molecular Sieve 5A column

(3 mmg x 3 m, at 130 °C with Ar carrier). The suspension was cen-

th

trifuged to filter off the catalyst and the solution was subjected
te product analysis by gas chromatography (Shimadzu GC 6A with an
FID and N2 carrier). The typical conditions were as follows; 20 %
Polyethylene Glycol 20M on 60-80 mesh Celite 545 (3 mmo x 3 m) at 70

°C for 2-propanol, acetone, 2-methyl-2-propanol, methanol, ethanol



and acetaldehyde; Tenax GC (3 mmg x 1 m) at 200 °C for the other
products. Formaldehyde was determined quantitatively in the form
of 1,4-dihydro-3,5-diacetyl-2,6-lutidine derived with 2,4~pentanedi-
one and ammmonium acetat63 (Amax in CHCl1,, 396 nm).

3

RESULTS AND DISCUSSION

=

Photocatalyvtic Activity of Platinum and/or Ruthenium Oxide Loaded

Ti0, Powder for 2-Propanol Dehydrogenation. Table 1 shows the

hydrogen vield in the photocatalytic system including 2-propanol

nium oxide loaded Ti02 suspension. Though the activities of both

anatase and rutile TiO, without loaded metal were negligible in neu-

2
tral and basic soluticns, small amount of metal deposit enhanced the
activity of anatase Ti02 to larger extent. Note that only 5 wt% of
platinum black loading enhanced the activity approximately 100 fold
both in the neutral and basic conditions. The other additives, Pt

powder and RuO,, were also effective for the photocatalytic hydrogen

[\

formation, but the enhancement ratios were relatively small when

compared with platinum black.

In these modified anatase Ti02 systems acetone was also libera-
ted in the aguecus solution. The acetone yield was almost identical
to that of hydrogen and to the consumption of 2-propancl, showing
that dehydrogenation of 2-propanol proceeds photocatalytically.4

).CO + H

(CH3)2CHOH = (CH 5

The enhanced activity of the platinum-black-loaded Ti02 is possibly



Table 1 Photoreaction of agueous 2-propanol solutions catalyzed by

Ti0, and Pt and/or RuC, loaded TiOz.a

HZO 6 M NaOH
Run Catalyst
82 acetones Hzﬂpmol

1 T102 0.7 1.6 2.6
2 Ti02 + Pt powder (5 %) 13 11 38
3 Tio2 + Pt black (5 %) 93 79 200
4 Ti02 + Ru02 (10 %) 8.9 9.0 30
5 Tio2 + Pt black (5 %)

+ RuO2 (10 %) 130 132 210

b

6 T102 0.1 0.6 1.3
7 1i0,° + Pt black (5 %) 0.4 4.3 2.4

aCatalyst 50 mg, 6 mol c:’im—'3 NaCH aqueous solution 5.0 cm3, and 2-
3 ‘ . A

propanol 38 mm~ (500 umol) were placed in a test tube and irradiated

with 500-W high-pressure mercury arc under Ar at room temperature.

bRutile crystal.



accounted for by the facilitated reduction of H on the metal sur-

face to result in efficient charge separation of photogenerated

- o C 6
electron {e } - positive hole (h+) pairs,5 as in the case of Ru02.
Tio, + h e” +n” (2)
_ N P ]
e + H —_ PT-H = 3 1-12 (3)

Smaller enhancement by platinum powder may be due to its small sur-
face area and thereby poor contact with TiOZ, since the crystallite
size of the platinum powder is in same order (> 200 nm) of the ana-
tase TiO2 while that of platinum black is ca. € nm evaluated from

X-ray diffraction patterns using Scherrer equation.7

On the other hand, the activity of rutile TiO, was negligible

2
even when loaded with platinum black. From the electrochemical
studies of Ti02 electrodes little difference in the flat band poten-

tial between anatase and rutile Ti02 has been pointed out; the
potential of anatase was evaluated to be approximately 0.2 V negative
compared with that of rutile® (see also Scheme 2 in the general
introduction) . Since the potential lies close to the redox poten-
tial of H+/H2 pair, the small activity of the rutile powder for the
reaction including hydrogen formation 1s attributable to the
disadvantage in the reductlon step using photogenerated electron.
The effect of alkaline addition was evident in the present sys-
tems; 1.5-3 fold larger amount of hydrogen was obtained than that in

the neutral solution (see Table 1). Kawali and Sakata pointed out

the similar enhancement of TiO2 activity for the dehydrogenation of



alcohols under strongly alkaline (5 mol &m_3 NaOH) conditions.1 Al~

though there has been no structural evidence at present, surface

-

modification induced by the alkaline treatment possibly accounts for

the enhancement, as schematically shown below.lO

\\ \

-Ti ~-Ti-0OH

/SN NaOH /

] o + HZO 0 (4}

/ A

-Ti -Ti~0OH

/ /

The surface hydroxyl is expected to be a hole trapping site, as dis-
cussed 1n the last section.

Wavelength Dependence of

2-Propanol Dehydrogenation by Suspended

Platinized Ti02 Catalvyst, Figure 1 shows the dependence of gquantum

efficiency of the photocatalytic dehydrogenation of 2-propanol on

the irradiation wavelength. The anatase Ti02 powder loaded with
platinum black (TiOZ/Pt) was used as photocatalyst and 6 mol am™>
agueous NaOH solution as solvent. The guantum efficiency was de-

h

ined as the ratio of twice of hydrogen to the number of incident
photons, according to reactions (2) and (3) in which two photons are
reguired for the formation of one hydrogen molecule.11 The effici-
ency over the wavelength range 260-380 nm was apparently constant
(0.6-0.8 %) and decreased drastically at the wavelength ca. 380-400
nm. Photoirradiation of the light of wavelength above 400 nm could
produce negligible amount of hydrogen. The thus obtained action
spectrum of anatase TiO2 reasonably corresponds to the absorption
spectrum as also shown in Figure 1. These facts indicate clearly

that the 2-propanol dehydrogenation is initiated by photoexcitation
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Figure 1 Variation in the guantum yield of photocatalytic dehydro-
genation of 2-propanol in TiOZ/Pt suspension under Ar as a function
of wavelength of monochromatic light.

Broken line shows the absorption spectrum of agquecus anatase T:LO2

suspension.



of electron of the filled valence band into vacant conduction band
with the light of energy greater than the band gap (ca. 3.2 eV (cor-

responds to ca. 390 nm) for anatase TiO 8) as ‘described above (reac-

2

tion 2).

Influence of the 2-Propanol Concentration. Figure 2(a) shows the
initial rate of H, formation (r(Hz)) by the Tioz/Pt photocatalyst as
a function of the initial concentration of 2-propanol (C). A sharp
increase of (r(Hz)) with the increasing concentration C was observed
in a lower regjion of C (< 100 mmol am 3. In the higher C region,
r(HZ) was practically constant (= 3.5 umol hﬂl). Replots of the

data in Figure 2(A) according to a Langmuir adsorption isotherm,
l/r(Hz) = f(l/cn) (n =1 or 1/2), are shown in Figure 2(b). Linear
relation for n=1 (molecular adsorption) was obtained, which is
clearly Dbetter than that for n = 1/2 (dissociative adsorption).

Pichat and co-workers suggested the dissociative adsorption of
1b
5

the present system, however, the molecular adsorption of 2-propanol

methanol in the photocatalytic reaction by platinized TiO In
is more probable. The amount of the adsorbed 2-propanol possibly
dominated the over all reaction {eguation 1), as discussed in the
following section.

Photocatalytic Reaction of a Series of Aliphatic Alcohols by Plati-

nized Tioz. Table 2 shows the representative results of the
photoreactions of a series of aliphatic alcohols and acetone in dis-
tilled water in the presence of Tioz/Pt. These reactions could not
be observed neither in the dark nor in the absence of TiO2/Pt. Ac-
cordingly, all the products 1listed in Table 2 are attributable to

the photocatalytic action of TiOZ/Pt.
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Table 2 Photccatalytic oxidation of alcochols and acetone by aque-

ous suspension of platinized TiO..
p 5

Substrate H2/um01 Organic Product/umol
CH3COCH3 3.3 (CH3COCH2—)2 5.9
(CH3)3COH 18 [(CH3)2CH(OH)CH2~}2 18
CH3COCH3 1.6
CHBOH 20 HCHO 14
CHz(OH)CHon 16 HOCHzCHO 14
CHBCHO 5.3
CHBCHZOH 20 CHBCHO 17
4 4
(CH3)2CHOH 54 CH3COCH3 16

Substrate {0.50 mmol) in water (5.0 cm3) was irradiated in the pre-

sence of platinized Ti02 (50 mg) for 10 h under Ar at room tempera-

ture.

- 25 -



As Table 2 shows, mono-alcohols except for 2-methyl-2-propanol
gave carbonyl derivatives identical to those obtained by Kawai and
Sakata,12 and by Pichat and co—workers.1b Similarly, ethylene gly-
col gave 2-hydroxvethanal. In the <case of Z2-methyl-2-propanocl, a
dimeric product 2,5-dimethyl-2,5-~hexanediol as reported by Arimitsu
and co—workers,l3 with small amounts of acetone and 2-methvi-l-buta-
nol were obtained. Acetone, which is the product from 2-propanol
and Z2-methvl-2-propancl, was less reactive and gave only a small
amount of dimeric product 2,5-hexanedione.

Hydrogen evolution was observed simultaneously in each photore-
action system. It is seen from Table 2 that the yield of hvdrogen
is wvirtually equal to that of the carbonyl and dimericl4 products
derived £from alcohols. Thus, the formal scheme for the photocata-

lytic reaction of alcohols at the initial stage can be given by

RCHEOH = RCHO + H, (5)
Rl—ClZH—RZ Rl-CO-R2 + H2 (6)
OH
c}m (i)H (I)H
2 2 ! 2
2 CH3C}—R R —?CH2CH26I3-—R + HZ (7)
Rl Rl R1

Apparently, the reactivity in the above reaction varies in the order
secondary > primary > tertiary alcohols (Table 2). This order

agrees with that observed in the conventional oxidation of alcohols.



Figure 3 shows a plot of the initial rate of hydrogen evolution
in each agueous alcohel solution (0.1 mol dm—B) against the rate
constant of hydrogen abstraction by hydroxyl radical in agueous so-

. 5 e .
lution. Thus, the activities are correlated reasonably with the

et

hydrogen abstraction rate constants, in both neutral and alkaline

cenditions. In the similar experiments using platinized Ti02 Kawai

and co-workers pointed out that the ionization potential of organic
substrates could partl

6

interpret their reactivity in the photocata-

0y
fas
el

lytic reaction.

A possible mechanism, raticnalizing the above mentioned results,
for the dehvdrogenation of the alcohols are as follows. The en-
hanced ability, for H' reduction to produce H2 (reaction 3), of pla-
tinized TiO., possibly enable the sufficient consumption of excess

2
excited electron, left in the Ti0O, particle by the hole trapping by

2
the alcohol or by hydroxyl group on the TiO2 surface, as reported by
Dunn and co-workers using Ti02~51urry electrode.17 In such situa-

tion, the guantum efficiency could be expressed with the efficiency
of the hole trapping (kox[ROH]) and geminate electron-hole recombi-

nation (k.), since the oxidation step dominates the overall effici-

d

ency.

Under the conditions where ¢ << 1, i.e., kd >> KOX[ROH] (see Figure

1), & is approximately in proportion to kOXEROH].

& (= rate of H., formation) « kOX{ROH] (9

2
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Pigure 3 Hydrogen evolution rate vs rate constant of hydrogen

abstraction by hydroxyl radical in agqueous solution (reference 14).

8500 mol of substrate and 50 mg of TiOz/Pt (platinum black, 5 wt%)

in 5.0 cm° of water (©®) and 6 mol am™> waoH aqueous solution (QO)

were irradiated for 2.5 h or 0.5 h, respectively.
1 : acetone, 2 2-methyl-2-propanol, 3 : methanol, 4 : ethylene

glycol, 5 : ethanol, and 6 : 2Z-propanol



On the assumption that the effective concentration of each alcohol

({[ROH]) is identical (i.e., +the amount of alcohol adsorbed on the
Tio2 surface is almost saturated, see Figure 2), ® is estimated with
K coefficient of the hole trapping by alcohol. From the linear

D

relations shown in Figure 3, it is suggested that the hole trapping

procceds via hydrogen abstraction from the alcchol molecule. On
the Dbasis of these results, mechanism of the photocatalytic oxida-
18

oot

tion, involving surface hydroxyl radical intermediate, is schema-

}

s

tically shown as follows (where -Ti-0H represents the surface hydro-

/
%yl group)
b \\\ \ +
h + -Ti-0OH — ~-Ti °QH (10)
/ /
A \ .
RH + -Ti <0H R + =~Ti-OH + H (11)
/ /
(R = —CHZOH, CHBCHOH, (CH3) gOH, -CH2C(CH3)20H, HOCH2CHOH,

|

and -CH COCH3)

In the case of the primary and secondary alcohols, the hydroxyalkyl
radicalsl9 undergo further oxidation to carbonyl derivatives.
. \
2 \ 1.2 '

1 ! . L
RTR?COH + -Ti .0H =~ R'RC=0 + -Ti-OH + H' (12)
/ /

On the other hand, the radical produced from 2-methyl-2-propanocl and

acetone mainly undergo recombination into dimeric dexrivatives.



2 (CHB)QC(OH)CH2 (CH3)2?CH2CH2?(CH3)2 (13)
OH OH
. ] 4
2 CH2COCI-13 CHBCOCHZCH2COCH3 (14)

In conclusicn, these results demonstrate that platinized Tio2

enables that dehydrogsnation of alcohols, the guantum efficiency of

t-h
=

(=N

which depends on the e

n

ciency o©of the oxidation by photogenerated

]
y T

no. The

1—

inv

Q

ai

()]

stigation of the photocatalytic reaction of

e

jol]
ct

e
2-methyl-2~-propancl and poly(vinyl alcohol) are described in Chap-
ters 2 and 3, respectively. Moreover, the photocatalytic oxidation
of 2-propanol in the presence of silver salt, as an electron accep-

tor, is shown in Chapters 7 and §.
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Chapter 2

Photocatalvitic Degradation and Dimerizaticn of

2-Methyl-2-propanol by Agqueous Suspension of Platinized TiOz

Photoirradiation ()__ > 300 nm) on Ar-purged agueous suspensior
of platinized TiO2 containing 2-methyl-2-propancl at room tempera-
ture led to the formations of hydrogen, methane, and ethane in the
gas phase of the reaction mixture. Simultaneous formations of ace-

tone, Z2-methyl-2-butancl (t-amCH), and 2,5-dimethyl-2,5-hexanediol

(2,5-DH) were observed in the liguid phase of the reaction mixture.

w

The product distributions were reasonably interpreted by the mecha-
nism involving intermediate, 2-hydroxy-2-methylpropyl radical, to
undergo recombination into 2,5-DH and/or B8-cleavage into acetone and
methyl radical, which is the precursor of methane and ethane. Ace-
tone formation predominated in the product distributions under aera-
ted conditions or in the presence of silver salt, suggesting another

reaction pathway of oxidative trapping of the intermediate radicals.



INTRODUCTION

)

among semiconductor materials n-type titanium dioxide (Ti02

has been used as a stable photocatalyst suspended in an agueous so-

1

t
[
®

lution. The sufficient ability of the photoirradiated Ti0O, to

oxidize and to reduce organic ©r incrganic substrates is responsible

to the formation of the electron and positive hole upon irradiation

T
;2

— (D

of near ultraviolet light.

TS

One of the efforts toward the effi-
cient charge separation is modification of the TiO2 surface by par-
tial coverage with metal and/or metal oxide, such as platinum or
ruthenium dioxide, according to the 1dea of coupling semiconductor
anode and metal cathode used separately in the photoelectrochemical

ce11.3 In the modified, in most of studies platinized, TiO, parti-

2
cles the photoexcited electrons effectively reduce proton into hy-

1

. 4 . ,
drogen on the metal surface to result in the enhancement of tota
S5a

photocatalytic activity. QOrganic compounds, such as methanol,
ethanol,Sb or sugar,6 underge photocatalytic oxidation by the plati-
nized TiO2 suspension, along with the simultaneous hydrogen libera-
tion.7

In Chapter 1 of this thesis, photocatalytic reaction of alipha-

tic alcohols in agqueous suspension of platinized TiO, under deaera-

2
ted conditions has been demonstrated. 2-Methyl-2-propanol gave di-
meric product along with the formation of acetone (see Table 2 in
Chapter 1) while the other primary or secondary alcohols gave cor-
responding carbonyl derivatives. In the present study, detailled
investigation on the photocatalytic reaction of 2-methyl-2Z-propanol

under deaerated or aerated conditions is reported. The product dis-

tributions are discussed in comparison with the other oxidation



process using ionizing radiation or Fenton's reagent. Particular
emphasis 1is placed on the characteristic reactivity of intermediate

radical formed by the oxidation of the alcohcl with photogenerated

positive hole.

EXPERIMENTAL

Materials. Titanium dioxide powder (anatase > 99 %, Tioz(A)) was
obtained from Merck and used without further activation. Rutile
Ti02 powder (T102(R)) was prepared by calcination of above mentioned
Ti02 at 11530 °C for 10 h in an electric furnace. This treatment

made almost all crystals into rutile, which was determined by X-ray

diffracticon analysis. The detailed results were reported else-
8 . . . .

where. Platinized T102 catalyst was prepared by powdering a mix-

ture of the anatase or rutile Ti02 with 5 wt% platinum black (Naka-

rai Chemicals). Palladium (Pd) and ruthenium dioxide (Rqu) loading
were performed in the similar way. Water was passed through an ion
exchange resin and distilled immediately before use. The other

chemicals including 2-methyl-2-propanol (t-BuOH) were obtained com-

mercially and used as received. '

Apparatus. & 400-W high-pressure mercury arc (Eiko-sha 400) equip-

ped with a merry-go-round apparatus was used as the light source.
Gaseous products under irradiation (Aex > 300 nm) were measured

by gas chromategraphy, using Shimadzu GC 4A (for H2 and 02, eguipped

with & TCD, column 60~80 mesh Molecular Sieve 5A (3 mmo x 3 m), Ar

carrier at 130 °C) and GC 6A (for Ch, and C,H., equipped with an

6!
FID, column 50-80 mesh ©Porapak R (3 mme x 2 m), N2 carrier at 90
°C). Quantitative analyses of the organic products in the reaction



mixture were carried out using Shimadzu GC 6A (for acetone, t-BuOH,
and 2-methyl-2-butanol, equipped with an FID, column 20 % Poly(ethy-
lene glycol) 20 M on 60-80 mesh Celite 545 (3 mmo x 2 m), N, carrier
at 90 °C) and GC 7A (for 2,5-dimethyl-2,5-hexanediocl, eguipped with

an FID, column 60-80 mesh Tenax GC (3 mmo x 1 m), N, carrier at 200

2
°C). Atomic absorption spectroscopic measurement of Ag+ ion was
carried out on Jarrel-Ash AA 8200 spectrometer.
Procedure. The powderd catalyst (Ti02/Pt, typically 50 mg) and
solvent ({distilled water, aqueous NaOH (1 mol dm—B) solution, or
agueous AgZSQ4 (0.025 mol dmmB) solution; 5.0 cm3) was placed in a

glass tube (18 mmg = 180 mm, trénsparent for the light of wavelength
> 300 nm), purged <for 30 min with Ar, and then sealed off with a
rubber stopper. An aerated suspension was prepared in the similarx
way using 02 sStream. The substrate t-BuOH was injected just before
irradiation through the stopper by micro syringe. The thus prepared
suspension was stirred magnetically throughout the irradiation.
After the irradiation at room temperature, the gaseous products
under irradiation were first determined. The suspensicon was cen-
trifuged to separate the catalyst and the aqueous solution was sub-
jected to the gas chromatographic measurements.
In the experiment using silver salt, the separated Tioz powder
was washed repeatedly with distilled water, dried overnight at 70 °C

and treated with HNO, (ca. 13 mol dm_3) to dissolve photodeposited

3

silver metal. The resulting suspension of bleached TiO2 was diluted
) C . + .

with distilled water and centrifuged to measure Ag concentration by

atomic absorption spectroscopy.

Ionizing radiation on the agqueous t-BuOH solution was carried



. . . 60
out in the sealed glass tubes at room temperature with a Co vy-ray

-1 C o . .
source at a dose rate of 380 Gy h . Oxidation of t-BuOH with Fen-
ton's reagent was performed using agueous FeSO, and H202 sclutions.

RESULTS AND DISCUSSION

n

Solution by Platinized Ti02 Cata-

. Irradiation on Tioz/Pt powders suspended 1n an Ar-purge

aguesous t~BuCH solution led to H

Photoreaction of t-BuOH in Agqueou
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. Simultaneous formations of 2,5-

]

gas phase of the reaction mixtur
dimethyl-2,5-hexanediol (2,5-DH}, acetone, and 2-methyl-Z-propanol
(t-AmOH) were observed in the liguid phase, as Table 1 shows.9 In
this case apparent optimum yield was obtained under the alkaline
conditions; the TiO2/Pt activity was 2-60 fold enhanced in the NaOH
solution compared with that in the neutral or acidic solutions.

Similar products were obtained upon irradiation of TiO without Pt,

ot
suspension, but the product vields were negligible.

Figure 1 shows the time-course of the so obtained reaction pro-
ducts in the alkaline solution under deasrated conditions. Each
product and the starting material, t-BuOH, increased and decreased,
respectively, linearly with the irradiation time up to 6 h. Further
irradiation was not so effective for the photocatalytic reaction.
One of the most probable reason for such deactivation of the TiO2/Pt
catalyst 1s detachment of Pt particle from the TiO2 surface by the
magnetic stirring. Actually, Pt aggregation was observed after
lengthened irradiation. These facts suggested the importance of
contact between the Pt particle and the TiO, surface.

2

FPigure 2 is replot of data shown in Figure 1, indicating the



Table 1

methyl-2-propanol sclutions.

Product distribution in the decomposition of ageuous 2-

c o Product/umol
Run Cat. Condition
B, CH, C,H, Me,CO t-AmOH 2,5-DH

1 T(A) NaOH ar@ 0.1 0.4 = 0 0.6 = 0 0.2

2 T/Pt  H,O ar® 2.5 0.2 = 0 1.0 0.2 6.1

3 T/Pt  NaOH ar®  35.3 12.1 1.3 15.1 7.4 15.9

& T/Pt H,S0, AX® 0.2 0.2 = 0 1.3 =0 0.8

5 1/pt B0 0, =0 0.3 =0 28.2 0.2 5.8

6 T/Pt NaOH 02” 17.6 6.8 0.7  28.8 5.3 9.9

7 T/t HSO, 0,° =0 0.9 =0 396 =0 1.4

& T/Pd  H,O0 ar® 3.6 0.4 = 0 1.3 0.3 7.5

9 T/Pd NaOH Ar® 6.4 10.1 0.6 14.3 5.4 14.5

10 T/RO  H,O0 Ar® 0.2 =0 x 0 0.2 = 0 1.3

11 T/RO NaOH ar°® 1.2 0.6 = 0 1.1 0.2 0.9

128 o/t 29,50, Ar® =0 1.5 2.1 41.3 0.1 - 0

13° T(a) ag,s0, Ar® =0 1.5 3.0 35.5 0.1 - 0

14f o(r) Ag,S0, Ar® =0 =0 =0 9.1 =0 = 0

159 — w0 No% 1.7 0.2 =0 2.2 0.4 4.9

169 —— waox w,o% 1.3 0.7 0.2 4.4 2.0 3.8

17 —— Fes0, Ar° =0 — — 4.1 =0  19.8
®5-h irradiztion (x__ > 300 nm). "10-h irradiation. CT(A) : anatase
Tioz(Merck), T/Pt : anatase TiO2 + 5 wt% platinum black, T/P4d ana-
tase TiO2 + 5 wt % palladium black, T/RO dan:gase Tio2 + 10 wt% ru-
thenium dioxide, and T(R) rutile TiOz. Co y-ray radiation (728
Krad). “Fenton's reagent containing H202 180 yumol. ng—metal depo-
sition was also observed: 12 212.5, 13 169.8, and 14 121.2
umol. gN2 was also determined; 15 13.7, and 16 15.8 umol.



Substrate and Products/pmol

Irradiation Time/h

Figure 1 Time-course of the photocatalytic reaction of t-BuCOH in 1
mol dm_3 NaOH. ( ¥ : t-BuOH, : H2’ : 2,5-DH, A : acetone,

O : CH,, : t-AmOE, and B8 : C2H6)

3

t-BuOH (0.500 mmol), 1 mol dm ~ NaOH (5.0 cm3), and TiO,/Pt (50 mg)

were placed in a test tube and irradiated under Ar.



reasonably satisfied meterial balance concerning carbon atom; more
than 70 % of consumed t-BuOH was recovered in the form of acetone,
2,5-DH, and t-AmOH. Among these products, the 2,5-DH and t-AmOE
liberations require the formation of C-C bond while that of acetone
is accounted for by the scission of C-C bond of t-BuOH.

On the basis of these results, a possible mechanism of the above

mentioned photoinduced reaction 1s outlined as follows (see also
Chapter 1}. The photoreaction is initiated by the Tioz—photoab—
sorbtion to gensrate the electron (e ) and the positive hole (nh ),

which is confirmed by the results that the t-BuOH decomposition

could be observed neither in the dark nor in the absence of TiOZ.
+

Loaded Pt particle could catalyze reduction of H into H by the

photogenerated electron to result in the efficient promotion of the

charge separation.10
hyv > 300 nm + _
TlO2 = h + e (1)
T ie” L L (2)
H + e = Pi{-H - 5 H2

Concomitantly generated positive hole 1s used in the oxidation of
t-BuOH to produce intermediate species, 2-hydroxy-2-methylpropyl
radical. Although an alkoxy radical, 2-methyl-2-propoxy radical,
is also expected to liberate by one-electron oxidation process, the
reaction products (2,5-DH and t-AmOH) suggests the predominant for-
mation of the hydroxyalkyl radical, presumably via hydrogen abstrac-

tion by surface hydroxyl radical.
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e
~Ti-0H + h' = -Ti °OH (3)
/ /
\ \
N\ N \ +
(CH,),COH + ~Ti °OH CH,C(CH,),OH + =-Ti + H,0O (4)
3°3 2 3°2 2
/ /
\ AN
+ N +
-Tr + HZO = -T1-0H + H (5)
/ /
In this system, the intermediate radical gives 2,5-DH by the recom-
bination and acetone by the E&-cleavege with simultaneous formation

of methyl radical.

2 'CH2C(CH3)2OH (CH

)2C(OH)CH CH,CI(CH OH (6)

3 2772 3)2

R~scission

'CHZC(CHB)zOH CHBCOCH3 + -CH3 (7)

The formation of t-AmOH, possesing the extended backbone, is attri-
butable +to the recombination of the hydroxyalkyl radical and the
thus formed methyl radical. The other fate of methyl radical in-
volves both self-recombination into ethane and recombination with H

on the Pt suriace intoc methane.

‘CH2C(CH3)20H + =CH3 = CHBCH2C(CH3)2OH (8)
pi °CH3 = CHB-CH3 (9)
°CH3 + H (Pt) CH4 (10)



CH, + 2 x 1+ - .
4 C2II6 t=AmOH/pmol

Acetone/umol

Figure 3 Material balance in the f-cleavage of 'CH2C(CH3)2OH formed
in the photocatalytic decomposition of t-BuOH by TiOZ/Pt.

t-BuOH (106 pmeol}, 1 mol dm-3 NaCH (5.0 cm3), and TiOZ/Pt (50 mg)
were placed in a test tube and irradiated with a 400-W high pressure

mercury arc under Ar.



The above proposed mechanism reguires the coincidence in the amounts
of the consumed electron and positive hole as is shown in Figure 2.
Because the amount of the consumed positive hole must be same as
that of consumed +©-BuCH {eguation 3), a good linear relation, in
Figure 2, between the amounts of oxidation (consumed t-BuOH) and re-

~

duction (sum of methane and twice of hydrogen) confirms the mecha-
nism. Another reguirement in the mechanism is the material balance
in the g-cleavage of the hydroxyalkyl radical; equimolar amount of
acetone and methyl radical should be observed in the photoreaction
products. Figure 3 shows the reasonable agreement between the
amount of acetone and that of methyl radical originated products,
methane, ethane, and t-AmOH.

On the basis o0f these results, schematic diagram of the
photocatalytic reaction is shown in Scheme 1. The platinum deposit
catalyzes not only H, formation but also reduction of methyl radical
to methane. Bard and co-workers have reported "photo Kolbe" reac-
tion of organic acids and suggested the similar mechanism of the

. ) . 1,12
methane formation on the Pt 51te.1 ’

Thus, one of the most cha-
racteristic function of the platinized Ti02 photocatalyst is due to
the <close existence of the oxidation and reduction sites, in cont-
rast +to conventional electrolysis systems. The function is also
demonstrated in the photocatalytic reaction of aliphatic amines (see

Chapter 5).

Effect of Pt Loading on the Product Distribution. Figures 4 and 5

show the product yields in gas and solution phases, respectively, as
a function of the amount of Pt loading. The gaseous preducts H2

and methane increased with the increasing Pt amount up to 15-20 wt%,
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Scheme 1 Photocatalytic reaction of t-BuOH by platinized TiO

ticle; platinum catalyzes reduction, by photoexcited electron,

only H' but also methyl radical.



while the ethane'yield was relatively small and not so influenced by
the Pt amount. According to the proposed mechanism, the increased
yields of reduction products Hy and CH4 are accounted for by the
enhancement of reducing activity of TiOZ/Pt catalyst along with the
Pt increase. Similar behavior of the increasing yield was observed
for the products in the agueous sclution; both 2,5-DH and acetone
yields 1increased similarly up to 10-15 wt%. On the other hand in
the case of t-AmOH almost constant yield was observed 1in the Pt
amount range above 5 wi%. Although the dependence of the s=condary

products (such as CH, or t-AmOH, see Scheme 1) was rather complica-

ted, the amount of decomposed t-BuOH is not so affected by the Pt

oP

loading over 15 wt
The Pt depeosit also catalyzes the thermal hydrogenation in the

presence of H2; acetone which 1s liberated by the photocatalyzed

reaction of 2-propancl is easily reduced back to Z-propanol.

hv, TiOz/Pt

(CH3)2CHOH - (CH3

Pt

),CO + H (11)

Increase in the Pt amount facilitates net only the photocatalytic
dehydrogenation but also the thermal hydrogenation. Therefore, the
overall reaction vield was increased with the Pt increase but not so
affected in the Pt amount region over ca. 5 wt%, as shown in Figure
8 of Chapter 9. On the contrary, the present system of t-BuOH is
irreversible; the products can not give starting material t-BuOH by
thermal hydrogenation. Accordingly, 1t is reasonable that the
overall conversion increased with the increase of Pt up to ca. 15

wt%, which is larger than that observed in the reversible 2-propanol
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Figure 4 1Influence of the amount of Pt loading on the yields of gase-

ous products obtained by Tioz/Pt catalyst; t-BuOH (500 pmol),

3

1 mol
am~> NaOH (5.0 cm ), and Tioz/Pt (Ti0

2 50 mg) were placed 1in a test

tube and irradiated under Ar for 10 h.
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Figure 5 Influence of the amount of Pt loading on the lds o
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pro-
ducts in the agueous solution obtained by TiO2/Pt catalyst; t-BuOH
(500 pmol), 1 mol drn—3 NaOH (5.0 cm3), and TiOZ/Pt (TiO2 50 mg) were
placed in a test tube and irradiated under Ar for 10 h.

O : 2,5-DH, @ : acetone, and @®: t-AmOH.



system.

Effect of t-BuOH Concentration. Figure 6 illustrates the influence

of concentration of t-BuCH on the yield of products in the photo-
catalytic reaction. The amount of each product increased gradually
along with the concentration, and was saturated over the concentra-

tion region of 200~600 mmol dm‘B.

-t
i
jup
()]

s demonstrated in Chapter 1, the overall efficiency ©
photocatalytic reaction predominantly depends on the oxidation step
under these condition. Assuming a Langmuir adsorption of t~-BuCOH on
the Ti02 surface, the photocatalytic reaction yield (Y) 1s repre-
sented using efficiency coefficient k as follows (see also Chapter

1, eguation (9)).

Y =k a b [t-BuOB} / (1 + alt-BuOH}) (12)
where, [t-BuOH] is concentration of t-BuOH in the solution and a, b
are constants. Figure 7 shows the linear relation between

[t-BuOH]/Y and [t-BuOH], showing the reasonable fit of experimental
data with eguation (12). These results confirm the mechanism in-
volving the adsorption of t+-BuOH on the Ti02 surface and the hole
trapping, mentioned above.

The product distribution was also influenced by the t-BuCH con-
centration; acetone was predominantly liberated at the concentration
region less than 20 mmol dm—3. These results suggest that the in-
crease of t-BuCOH concentration increases the steady state concentra-
tion of the hydroxyalkyl radical on the TiO2 surface to result in

the increase in possibility of bi-molecular recombination into
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Figure 6 Influence of the concentration of t-BuOH on the yield of

products in the photocatalytic reaction with TiOZ/Pt.
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2,5-DH.

Photocatalytic Reaction of t-BuOH by Suspended TiOz/Pt Catalyst in

the Presence of Oxygen or Silver Salt. Addition of O2 to the above

described photoreaction system enhanced the acetone yield approxima-

tely twice but decreased the yields of the other products drastical-

ly (Table 1). Because 02 could be reduced by the photogenerated
electron of Ti02 to yield 027,13

products (H2 and CH,) 1s reasonable. More probable participation

the relative decrease of reduction

t-h

o O, in this system is the scavenging of the intermediate, 2~hy-

2
droxy-2-methylpropyl radical. Djeghri and co—workersl4 pointed
out the acetone formation from t-BuOH during the course of TiO2
photocatalyzed reaction of 2-methylpropane in vapor phase.

The effect of silver ion is also evident; acetone was predomi-
nantly liberated. Silver ion can accept the photogenerated elec-

8,15,16 Therefore

tron to deposit onto the TiO, surface (Table 1).
the negligible Hy yield is attributable to the effective trapping of
electron by silver ion. The radical scavenging by silver ion is

also probable because negligible amount of 2,5-DH could be obtained

in the presence of silver ion. Fellowing reaction is presumable.
+ +
»CHZC(CH3)2OH + Ag (CH3)2CO + CH3 + Ag (13)
CH,  + OH > CH,OH (14)
3 3 .

Scheme 2 summarizes the photocatalytic reaction in the presence of
the electron acceptors, which trap the photogenerated electron ef-

fectively even in the absence of the Pt deposit (see Runs 12 and 13
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in Table 1).

Oxidation of t-BuOH by Ionizing Radiation and by Fenton's Reagent.

Table 1 slso shows the results of t-BuOH decomposition by ionizing

radiation under N20 atmosphere. The observed product distributions

are practically identical to that obtained in the photocatalytic

. . . Cs e 17
system under both neutral and alkaline conditions, except for H

=ty

BRecause of the low concentration of t-BuOH (100 mmol), the radiation

induced reaction is due to the indirect action via reactive species

~

.. o , . CL ; 18 .
originating form the decomposition of water, especially by *OH and

Caq In the presence of N2O saturated in agueous solution, eaq is

successfully converted intoc °OH radical,zl as follows.

eaq + Nzo + H2O sOH + OH + N2 (

—t
Jt

In the present system, therefore, mainly generated active species is

*OH, which selectively abstracts hydrogen from t-BuOH to produce 2-

19,20

hydroxy-2-methylpropyl radical, which is the same proposed in

the photocatalytic mechanism.

Similarly, Fenton's reagent includes the °OH formation through

e s L = 21
reductive decomposition of HZOZ'

+ - +
H20 + F62 OH + +*CH + Fe3 {1l6)

As shown in Table 1, treatment of t-BuQOH with Fenton's reagent gave
2,5~DH and acetone. The negligible yield of t-AmOH is probably
due to the low pH (< 2) of the Fenton's reagent. Such decrease of

t-AmOH vield was also observed in the photocatalytic system using



agueous H,SO, solution.

2
The similarity between the product distribution of the Tioz/Pt
photocatalyzed reaction and those in the oxidation by +OH mentioned
above further confirmed the mechanism of the photocatalytic reaction
shown in Scheme 1.
In conclusion, the above mentioned behavior of t-BuOH resembles
that of organic acid in ‘"photo Kolbe" reaction, due to the dual

~
L

the platinized TiO

h

unction o photocatalyst.

2
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Chapter 3

Photocatalytic Reaction of Poly(vinyl alcohol) by

Agqueous Suspension of Platinized TiO2

ABSTRACT

Poly(vinyl alcohol) (PVA) and its low-molecular-weilght model
compounds, 2-propanol and 2,4-pentanediol in agueous solution were
decomposad alcong with Hz liberation by photoirradiation (kex > 300
nm) of suspended TiOZ/Pt powder under Ar at room temperature, Vig-
cometric and ultraviolet spectroscopic studies revealed that the PVA
decomposition mainly includes dehydrogenation of the secondary alco-

hol to form ketone on the main chain (B-ketol) and small extent of

oxidative cleavage of the PVA chain occurs simultanecusly.



INTRODUCTION

Many studies concerning heterogeneous photocatalytic reactions

by metallized semiconductor materials such as platinized TiO2 powder

, , . . - . 1-3
have been carried ocut with the aim of solar energy conversion.

Considerable efforts have also been made to extend the photocataly-
. . . . - . . 4-11
tic action of semiconductor powders to synthetic chemistry. Oon

or

Fh

terials

D

m

o3}

the other hand, in relation to utilization of wast
catalytic splitting of water to produce hydrogen gas, decomposition
of organic materials by the TiOz/Pt photocatalyst suspended in the

agqueous solution has been reported.lz’13

In these studies, however,
particular emphasis was placed on the efficiency of hydrogen forma-
tion not on the fate of the organic substrates. In order to clari-
fy the mechanism of the Tioz/Pt photocatalysis and to utilize for
modification of polymeric materials, photolysis of poly(vinyl alco-
hol) (PVA) by TiOZ/Pt catalyst has been studied in detail under de-
aerated conditions at room temperature. In the present work, cha-
racteristics in the PVA decomposition are discussed on the basis of

viscometric and ultraviolet spectroscopic measurement and results of

low-molecular~weight model compounds.

EXPERIMENTAL

Materials. In the typical experiment, anatase TiO

2
. 4
was mixed with 5 wt% of platinum black (Pt),l' and used without fur-

powder (Merck)

ther activation. Characterization of the TiO, powder were given

2
elsewhere. PVA (degree of polymerization = 500, degree of saponi-
fication 86-89 % (Nakarai Chemicals)) was further saponified by re-

fluxing with methanol and sulfuric acid, separated by filtration,



and freeze-dried. Water was passed through ion-exchange resin and
distilled immediately before use. IR spectroscopic (Japan Spectro-
scopic A 302) analysis demonstrated that the content of residual
acetate in the resulting PVA is less than 1 %. 2-Hydroxy-4-pentanone
was prepared from 2,4-pentanedione from 2,4-pentanedione by reduc-
tion with NaBH4 in the aqueous sclution. The other materials were
obtained commercially and used without further purification.

Procedure. An Ar-purged suspension of the TiO2/Pt powder (30 mg)
in 3.0 cm3 of agusous PVA (48-410 yumol monomer unit) solution in a
glass tube (18 mmy x 180 mm, transparent for the light of wavelength
> 300 nm)} was irradiated at room temperature under magnetic stirring
with a 400-W or 500~W high-pressure mercury arc (Eiko-sha 400 and
500) equipped with a merry-go-round apparatus. Preparative photo-
lysis o©f 1.80 g of PVA in water (180 cm3) with 600 mg of TiOz/Pt
were carried out with a three-necked flask in which a glass-filtered

high-pressure mercury arc (100 W, Pox 7 300 nm) was incorporated.

Product Analysis. Gaseous products in the gas phase of the reaction

mixture was analyzed by gas chromatography using a Shimadzu GC 44
equipped with a Molecular Sieves 5A column (3 mme x 2 m) and a TCD.
The suspension was centrifuged to filter off the catalyst and was
subjected to viscometric (40 °C) and ultraviolet (UV) spectroscopic
(Shimadzu UV~200S) measurements. Amount of C02 generated in the

preparative photolysis of PVA was measured in the form of BaCO3 de-

rived by purging the reaction mixXture with N2 stream and trapping in

agueous NaOH and Ba(OH). solution. Average number of main chain

2
scission (N) was determined from the viscometric results by the use

20,21

of viscosity-molecular weight relationship, as follows.



[n] = 2.0 x 1078 (1.89 x Mn)
N=1.81 1/ (M}

where [n] is intrinsic viscosity, (Mn)* and (ﬁn) are number average
L

G
molecular weight after and before photocatalytic reaction, respec-
tively.

Procedure of the photocatalytic reaction of 2-propanol and 2,4-
pentanediol was essentially identical to that of PVA, and reported

1
elsewhere.

RESULTS AND DISCUSSION

Photolysis of PVA Along with H., Formation by TiOZ/Pt Catalyst

2
Photoirradiation (Aex > 300 nm) of TiOZ/Pt-suspended agqueous PVA

solution led to the formation of Hz in the gas phase of the reaction

system. Figure 1 shows the dependence of the HZ formation on the

amount of Pt loading. Negligible amount of H, could be obtained by

2

5 powder. The H2 vield over the irradiation period

of 20 h increased drastically upon increasing Pt up to 1.0 wt%, and

unplatinized TiO

was practically constant over the Pt content of 5-20 wt%. Thus, the
small amount of Pt loading is very effective for the H, formation in
the present system. Furthermore, the reaction could be observed
neither in the dark nor with Pt alone, indicating that the reaction
is initiated by photoabsorption (hv < ca. 380 nrn)l7 of anatase TiO2

to formanelectron-hole pair asprimary active species.

TiO. + hv = e + h {1)




0] 2 4 6 8 10 12 14
20 T ; 100

Yy, / pmol

Figure 1 Influences of Pt loading ( O ) and pH of the reaction mix~
ture | ) on the photocatalytic H2 formation from agqueous TiOZ/Pt
(30 mg) suspension (3.0 cmB) containing poly{vinyl alcohol) (410
umol monomer unit). The suspensions were irradiated by 500-W high

pressure mercury arc for 20 h.
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The electron thus formed would reduce proton at the Pt side of the

photocatalyst18 to produce H,.

e + H Pt-H =

Figure 1 also shows the pH dependence of the H, formation by

2

). The H, vield (YH ) by the irradiation for 20 h was
2
almost constant (12-20 wmol) in the pH range of 3 to 13, while dras-

TiOZ/Pt {5 wt

o0

tically increased in either lower (3 M H,80,) or higher (6M NaOH) pH

pA
regions, although PVA was much less soluble in alkaline solution (pH
> 11). Similar enhancement of the Tioz/Pt activity in the higher
pH region (5 M NaOH) has been reported by Kawai and Sakata.12 Such
a pH-dependence is possibly attributable to surface modification of
the Tio2 powder by strong acid or base treatment.19 Along with the
Hy formation, the intrinsic viscosity (n) of the PVA solution de-
creased as a result of the main-chain scission of PVA. By the use

20,21

of viscosity-melecular weight relationship, the average number

of the scission was evaluated as 32 umol at 190 ymol of H2 libera-

tion in the preparative photolysis for 150 h. In this photolysis,

18 umol of CO, was also detected in the form of BaCOE.

Photeocatalytic Formation of Carponyl Group on the Polymer Chain.

In the same manner as the PVA system, photocatalytic reactivities
of model compounds Z-propanol and 2,4-pentanediol (PDO) were studied
in agueous Tioz/Pt suspension (Table 1). In both cases H2 was
liberated in the gas phase together with almost equimolar amount of
corresponding carbonyl compound, acetone or 2-hydroxy-4-pentanone

]
(Hpo).‘6’22



Table 1 Photocatalytic Reaction of PVA and Model Compounds by

TiOz/Pt Catalyst.a

Substrate 'OHb / umol H

5/ pmol
poly{vinyl alcohol)® 410 8.7
2,4-pentanediol 820 16
2-propanol 500 81

aSubstrate, TiOZ/Pt (5 wt%, 30 mg), and distilled water (3.0 cm3)

were placed in a test tube (18 mmy x 180 mm) and irradiated by 400-W
high-pressure mercury arc under Ar at room temperature for 20 h.
PNumber of OH group in the starting materials. CM; = 10500, degree

of saponification > 99 %.



Tioz/Pt
)ZCHOH = (CH,)
hv > 300 nm

(CH CO + H (3)

3 3°2 2

TlOz/Pt

CH,CH(OH)CH.CH(CH)CH

3 5 3 = CH,COCH,CH(OH)CH, + H (4)

hv > 300 nm 3 2 3 2

The amount of H. liberated over the 20-h irradiation decreased with

2
the 1increasing molecular weight (Table 1); approximately 10-fold
larger amount of H2 was obtained using 2-propanol compared with
that <from PVA solution. These facts are possibly accounted for by

the adsorption ability of the alcohols on the hydrophilic TiO2 sur-
face.23

The formation of carbonyl group on the PVA chain was also sugges-
ted by comparison of the UV spectra of photoirradiated agueocus solu-
tions of PVA and these model compounds (Fig. 2). Characteristic ab-
sorption band of PVA solution at kmax = 270 nm, which increased upon
increasing the irradiation period, is assigned to B-ketol structure
by reference to the spectrum of HPO (% _ = 280 nm).

TiOz/Pt

—CH2CH(OH)CH2CH(OH)~ w——CHZCOCHZCH(OH)~ + H2 (5)
hv > 300 nm

Another absorption appeared at Xmax = 230 nm by the further irradia-

tion (> 50 h). Since the dehydrated derivative of HPO, 3-penten-
. 4

-2-one, shows similar absorption spectrum,z‘ the shorter wavelength

absorption band is possibly due to the formation of o,f-unsaturated

ketone by dehydration of the B-ketol.

*CHZCOCH2CH(OH)“ = —CH2COCH=CH- + HZO (6)
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Absorbance

200 250 300 350
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Figure 2 Ultraviolet absorption spectra of agueous poly(vinyl
alcohol} sclution (48 uymol monomer unit in 3.0 cm3 of water) photo-
irradiated (Xex > 300 nm) with Tioz/Pt catalyst (30 mg) by a 400-W
high-pressure mercury arc: 1, O hy 2, 5 h; 3, 24 h; 4, 37 h; 5, 75

h; 6, freeze-dried sample of poly(vinyl alcohol) irradiated for 150

h; 7, authentic sample of 4-hydroxy-2~pentanone.
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However, the

e

roportion of the o,B8-unsaturated ketone must be small

compared with the g-ketol, because the molar extinction coefficients

(e) of such a,f~unsaturated ketones are usually larger (log ¢ = 4)
24

than those of the f£~ketols (log ¢ = 1-2).

Since these two abscorption bands were also observed even aftex
freeze-drying of the photoirradiated PVA (see also Figure 2), the
PVA chain is suggested to bear the ketones. The number of the
ketones on the PVA chain was evaluated, for convenience by the use

b epmly 24

of the reported molar extinction coefficientof HPO (63 cm ),

[
rt

to be of the same order as the liberated H2 {10 and 5.0 umol, res-
pectively, by 24-h lrradiation).

Mechanism of the Photocatalvytic Decomposition of PVA. A possible

mechanism o©of the photocatalytic reaction including the formation of
polymer radical is outlined as follows. The positive holes, which

are produced together with electrons on the irradiated TiO. (egn 1),

2

are strong oxidizing agents enough to oxidize surface hydroxl group

into hydroxyl radical adsorbed on the Ti02 surface,

a

~CH,-CH-CH,~CH- ~CH,-C~CH,~CH-
2] 277 + vOH 277

OH oH OH OH

Jaeger and Bard has been demonstrated the formation of hydroxyl

radical in the ESR study on the Tioz/Pt suspension.25 The hydroxyl
radical presumably abstracts hydrogen from the polymer chain to form
g=-hydroxy radica1.26 The ketone formation on the polymer chain
could occur by the subsequent oxidation of the polymer radical or by

less possible disproportionation of the polymer radicals. It is



likely that the a,B-unsaturated ketone 1is derived by dehydration of
the ketol (egn 6). On the other hand, the main chain cleavage is

accounted for by the E-scission of the polymer radical with simul-

th
w

taneous formation o© ketone (terminal acetyl group).

*

B-scission

-CH_ -C-CH_,-CH- ~-CH.,~C=CH *CH-
C2!' 2; 2i 2+ |
OH OH OH OH
)
~CH2—CO—CH3 {8)

Kawai and Sakata reported the photocatalytic CO2 formation by
TiOz/Pt suspension from various organic compounds as a result of
complete oxidation of the backbone.12 However, in the present sys-
tem it seems more likely that the CO, formation in the preparative

2

} . . N e 4
photolysis 1s due to the decomposition

7

of a small amount of ace=-
tate idon eliminated catalytically or photocatalytically from the
residual acetyl groups on the PVA, because maximally 200 umol of

acetyl groups are estimated to remain in 1.8 g of PVA.
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Chapter 4

Photocatalytic Degradation and Prolongation of
Poly(ethylene oxide) by Agqueous Suspension of Platinized Ti02
ABSTRACT

Photoinduced reaction (Aex > 300 nm) of poly(ethvlene oxide)
(PEO) by platinized T102 (TiOz/Pt) in deaerated agqueous solution was
studied at room temperature. Gel permeation chromatography of the
photoirradiated PEC showed that the polymer chain of PEO was cleaved
to give small molecules under the acidic conditions while the mole-
cular weight of the chain increased under the neutral and the basic
conditions. Hy formed simultaneously and the amount from the NaOH
solution was 3-5 times larger than that from neutral and acidic so-

lution. Remarkable formations of CHA, C2H6’ CO, CH_CHO, HCHO,

3
and HOCH2CH20H were observed only under the acidic conditions. No

influence on the yields of H and CH,CHO was observed by shielding

2 3

the gas phase of the reaction mixture against the photoirradiation,
while those of CH,» C2H6, CO, and HCHO decreased significantly.
Photoirradiation on the CH3CHO solution with or without Tioz/Pt led
to the formation of CH4, C2H6, and CO in the ratio (ca. 4 : 2 : 7)
similar to that observed in the TiOz/Pt photocatalyzed reaction of
PEQO under the acidic conditions. On the basis of these results,

molecular mechanism of the photocatalytic reaction of PEO by Tioz/Pt

is discussed.



INTRODUCTION

Recent investigations concerning heterogeneous photocatalysis
by metallized semiconductor materials, such as platinized TiOZ, have

attempted the utilization of solar energy to decompose water into H2
1~ : : o
and 02,‘ 3 or to produce H2 from water with the aid of sacrificial

electron donors. Typically, alcohols or waste material54_9 have
been used for the photocatalytic H evolution as has been demonst-
rated in Chapters 1 and 2 of this thesis. In the preceding chapter
of this thesis, photoinduced reaction of polymeric material posses-
sing secondary alcohol moiety, poly(vinyl alcohol) (PVA), by agueous

suspension of platinized Tioz under deaerated conditions was des-

cribed in detail. The formation of carbonyl group on the PVA chain,

with the simultaneous H2 liberation, was observed by viscometric and

ultraviolet spectroscopic measurements. The behavior of PVA in the
photocatalytic system is essentially identical to those of the low-
molecular~weight model compounds, 2-propanol and 2,4-pentanediol, to
give dehydrogenated derivative by the treatment with the platinized

Ti0,.
2
Few reports concerning the photocatalytic decomposition of ethers

0

have been so far published.1 In this chapter, the photocatalytic

reaction of water-soluble polymer containing ether linkage, poly-

(ethylene oxide) (PEO), by agueous suspension of platinized TiOZ

under Ar at room temparature is described. In this photoreaction

system, the formation of not only H., but also CHA, C2H6, and CO were

pA

observed in the gas phase of the reaction mixture when photoirradi-
g P E

ated (Aex > 300 nm) under acidic conditions, while H2 was obtained

as a sole gaseous product under alkaline conditions. These gas



evolutions were characteristic of the photoinduced reaction of PEO

in the presence of platinized TiO no gas evolution other than H

27 2
could be observed in the case of PVA. Particular emphasis is placed
on the pH-dependent behavior of the photocatalytic reaction of PEO

in aqueocus solution.

EXPERIMENTAL

Materials. Polycrystalline T102 powder was supplied by Merck and
the anatase structure (> 99 %) was confirmed by X-ray diffraction
analysis (for detailed characterization see Chapter 6). Platinized
TiO2 catalyst (TiOz/Pt) was prepared by mixing and braying the Ti02
powder with platinum black (Pt, Nakarai Chemicals, typically 5 wt%)
in an agate mortar.” Poly(ethylene oxide) (PEQ, M 570-630, mp 19-

23 °C) was obtained from Nakarai Chemicals and used without further

purification. Authentic samples of PEO were supplied by Nakarai
Chemicals. Acetaldehyde was obtained commercially and used as
received.

Photoirradiation. PEG 22 mg was dissolved in 5.0 cm3 of solvent

(NaOH aqg., distilled water, or HZSO4 ag.) containing 50 mg of the
platinized Ti02 (TiOz/Pt) catalyst. The resulting suspension in a
glass tube (18 mmg x 180 mm, transparent for the light of wavelength
> 300 nm) was purged of air by Ar for at least 30 min and sealed off
with a rubber stopper. Photoirradiation was performed at room tem-
perature under magnetic stirring by 400-W high-pressure mercury arc
(Eiko~sha 400) equipped with a merry-go-round apparatus. The gas
phase of the reaction mixture was shielded with aluminum foil

against the photoirradiation for the observation of the reaction in



the liguid phase.

Product Analysis. After the photoirradiation a portion of gaseous

products liberated in the gas phase of the reaction mixture was col-
lected through the rubber cap with a syringe and was analyzed by gas
chromatography (GC) using a Shimadzu GC 4A equipped with a TCD and a
Molecular Sieve 5A column (3 mm¢ x 2 m). The photoirradiated
suspension was centrifuged to separate the TiOQ/Pt catalyst and the
agueous $olution was subjected to the GC and gel permeation chroma-
tography (GPC). Typical conditions for the GC analysis are as fol-
lows; acetaldehyde and the other low boiling point compounds were
analyzed with a Shimadzu GC 6A gas chromatograph eguipped with an
FID and a column (3 mm¢ x 2 m) packed with 20 % Polyethylene Glycol
20M on 60-80 mesh Celite 545, Higher boiling point compounds such
as ethylene glycol were analyzed using a Tenax GC (3 mme x 1 m)
column,
Formaldehyde (HCHO) was analyzed by the acetylacetone methodll
(see Chapter 1).

The photoirradiated solution was neutralized by adding agueous
NaOH or H2SO4 solution. After evaporation to dryness at below 35
°C, the residue (except inorganic salt) was dissolved in tetrahydro-
furan (THF) and subjected to GPC analysis. In the case of NaIO4
treatment, the residue was dissolved 1in an agueous NaIO, solution,
allowed to stand for 2 h, and evaporated to dryness. The residual
PEO derivative was analyzed in the same manner as above. Typical
conditions were as follows: Toyo Soda HLC-802 UR high speed liquid
chromatograph egquipped with G2000H8 columns (2 x 7.5 mm¢ x 600 mm),

eluted with THF at a flow rate of 1.0 cm° min 1 at 40 °C (70 kg



RESULTS AND DISCUSSION

TiOz/Pt Photocatalytic Reaction of PEO in Agueous Solution. Figure
1 shows the GPC elution patterns of PEC before and after the photo-

irradiation (through a glass tube, Kex > 300 nm) in the presence of

yst. The samples from the 0.5 mol dm—3 stoa solution

d the fraction which was eluted sliower than the origi-

f—t

Ti0./Pt ca

-
&

rt

?/

ot

(B-E)} includ

D

nal PEO sample (A). This indicates that degradation of the PEO
molecule took place. The most intensive peak (elution volume 26-27
cm3) among the degraded products corresponds to trimer or tetramer
of ethylene oxide. The prolonged irradiation brought about the de-
crease 1in the molecular weight of PEO and the original PEO fraction
disappeared almost by 72-h irradiation.

On the contrary, the samples from the photoirradiated aqueous
NaOH solution and neutral solution were eluted in the region identi-
cal or of molecular weight larger than that of the original sample.
The larger molecular weight peak (elution volume 18-19 cmB) corres-
ponds to PEO of molecular weight of ca. 1300-2000. The degraded
products as in ﬁhe:case of the H2804 solution could be detected negli-
gibly (see also Table 1).

Control experiment showed that no dark reaction occurs in the
presence of TiOZ/Pt suspended in the acidic, neutral, and basic so-
lutions. Moreover, photoreaction of PEO in the absence of TiO,/Pt
could not be observed. Therefore, the degradation and the increase
of the molecular weight shown above are attributable to the photo-

catalytic action of TiOZ/Pt, as follows.
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Figure 1 GPC elution patterns of PEO before (A) and after photoir-
radiation in 0.5 M H,80, solution (B : 12 h, C : 24 h, D : 48 h, and
E : 72 h}), and in 1 M NaOH solution (G : 72 h, H : 24 h}. Sample H

was treated with NaIO, to decompose inteo Sample I.
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Ti0, + hv e + h (1)
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The photoexcited electron (e ) reduces H into H2 at the Pt

discussed in later section (Table 1).

Pt

)]
b
o}
o
n o
()

. L ; + . . L :
The positive hole (h ) generated simultaneously could remain to oxi-
dize substrate without recombination with the photoexcited electron.

The Ti02 surface is positively and negatively charged under the

acidic and Dbasic conditions, respectively, due to the acid-base

equilibria of suriace hydroxyl group, as is described in Chapter 11.

\ L PRy =6 N

-Ti-OH + H —Ti—OH2 (3)
/ /

\ ) . pKa = 7.5 \

-Ti-0 + H -Ti-CH (4)
/ /

Most part of the hydroxyl group is expected to be positively charged

(ETi‘OHZ) in the 0.5 mol dm“3 H,S0, solution and negatively charged

(=Ti-0 ) in the 1 mol dm—3 NaOH solution. The most possible site,

on the TiO2 surface, which traps the hole 1is the surface hydroxyl

group to give surface hydroxyl radical (:0H ) or oxygen anion

ads

radical (O~ ).

ads



-Ti-0H + h' = -Ti" «OH (= -OH 1) (5)
/ /

N + N +

~Ti-OH) + h' —————= -Ti' «OH + H (6)
/ /

. i N L i

-Ti-0 + h = ~Ti1 0 (= O A ) {(7)
7 / as

The pH-dependent behavior of the reaction of PEOQ, initiated by

the hydrogen abstraction with °OH or O- , can be interpreted by
ads ads -

variable adsorption of PEO on Ti02 surface. The positively charged
Ti02 surface under the acidic condition facilitates adsorption with
the ether oxyvgen (see below). The hydrogen abstraction by the sur-

face hydroxyl radical, therefore, would occur mainly at the methy-

Iene group at the middle part of PEQO molecule in "horizontal" ad-

sorption form.

{Solution Phase)

~ 0
\

CH2\ /CH2“O*CH2—CH2\
~CH2-?—CHZ-CH2”?mCHZ—CH2*9~CH2~ CH2~?-CH2 ?-CH2~
- - L L + 4

KR g oo
2?/ 77 /// / (/é?}
/ TiO
s 7
SIS /
acidic——"horizontal" adsorption



. - - 0= - ~ —
OHads+ ~0O CH2 CH2 O CH2 CH2

~O-CH—CH2—O—CH2—CH2~ + Hzo (8)

The polymer radical would undergo acid-catalyzed degradation, as
12

observed 1in the decomposition of 1,2~dimethoxy radical, through
oxonium cation radical intermediate.
~CH2—CH2~9—CH2—CH—O—CH2—CH2~
H‘T‘
+ +
B -
~CH2—CH2—OH + CH2CH-OCH2CH2~ { ) CHE—CHvO—CHz—CH2~ ) (9)
°CH2—CH—O“CH2-CH2~ + HZO =
+
°CH2~C§*O-CH2*CH2~ 'CHE—?H*?—CHZ—CH2~
0 OH H
/ N\
H H
+
°CH2—fH + HOCH2C82~ {10}
OH
+ +
'CHZ—CH—DH - °CHZCHO + H (11)

The resulting formylmethyl radical could abstract hydrogen from the
polymer chain to produce CH3CHO (as described in the following sec-
tion (Table 1)) and the polymer radical, i.e., CHBCHO is obtained in
the chain reaction along with the main chain degradation (reactions

- B8] -



9-12).

~CH2*CH2~O“CH2—CH2—O~ + °Ch2CHO =

~CH2—CH—O-CH2—CH2—O ~ + CH3CHO (12)

On the other hand, repulsion between the negatively charged sur-
face (=Ti-0 ) and the ether oxygen in polymer chain appears to be
evident in the alkaline suspension. Therefore, the PEO molecule is
expected to adsorb on the surface at the end of the polymer chain

(i.e., primary alcohol moietv),

0 0 0 0
N\ / / /
CH CH CH CH
/ 2 \2 \2‘ Cé 2
/CH2 CH2 /Cﬁz P
O 0] O
A\ \ \ Cé
CH CH CH
/ 2 / 2 / 2 \iH
CH CH CH
\ 2 \2 \2 / 2
OH OH CH HO
/4?/ ////Ci// /
v / /TlO” //
basic——"vertical" adsorption

The "vertical" adsorption causes the hydrogen abstraction from
methylene group adjacent to the terminal alcohol moiety, as follows,

without degradation (Figure 1)



~CH.-CH.-O-CH.-CH.~0H + oTa

2 2 2 2 ds -

~CH,~CH,~0~CH,~CH-0H + OH (13)

When the partly lengthened PEO fractions which was cbtained by

the photocatalytic reaction under the basic conditions (Figure 1, H)
were treated with NalIO,, selective oxidant for 1,2-diols and their
derivatives,lB the larger molecular weight peak disappeared (Figure
2, I). These facts suggest that the polymer radicals (reaction 13)

and the oxidative cleavage occurred by NalI0O, into aldehyde (reaction

15).
- - - ~CH=-01 N - 0= ~-CH-CH- -0- - ~(14
2 CH2 CHz 0 CHz CH-0OH ——a CH2 CH2 O CH2 ?h fH CH2 0 CH2 CH2 (14)
OH OH
NaIOA
2 ~CH2—CH2—O—CH2—CHtO (15)

Degraded Products in the Photocatalytic Reaction of Poly(ethylene

oxide) by TiOz/Pt Catalyst. Table 1 shows the distribution of the

products liberated from the photoirradiated PEO sclutions by TiOZ/Pt
catalyst, Under neutral and basic conditions (Run 1 and 2, res-
pectively), H, was observed as a sole product in the gas phase of

the reaction mixture. Small amounts of HCHO, CH,CHO, and HOCH.,CH.OH

3 2772
were oObserved in the 1liquid phase. These results are consistent
with the results of the GPC analysis shown in the preceding section

(Figure 1).

From the acidic sclutions (agueous stod sclution, Runs 3 and



Table 1 Product distribution of photocatalytic degradation of PEO

by TiO2/Pt.a

Product/umol

Run Conditionb
. o)
. . . - q.C
H2 CH4 C21—I6 CO HCHO Ct 3CHO EG
1 H2O 7.1 = 0 = 0 = 0 0.3 0.4 0.5
2 1 M NaOH 22.0 = 0 = 0 = 0 0.1 0.5 = 0
3 0.5 M stoa 11.1 7.2 4.1 11.2 2.7 23.9 6.4
4 2.5 M H250d 7.7 8.3 5.3 14,3 3.0 21.1 8.8
5 o0.smu,s0,% 8.4 0.5 0.3 =0 1.0 19.1 3.4
a —

PEO (M = 600, 22 mg) in Tioz/Pt (5 wt%, 50 mg) suspended agueous

solution was jrradiated by a 400-W high-pressure mercury arc for 20 h

b, - 3

at room temperature under Ar. M = mol dm “Ethylene glycol

(HOCH2CH20H). dlrradiated only on the solution phase.



4), remarkable formations of CHA, C2H6, CO, HCHO, and CH3CHO other

than H2 were observed as the degraded products of PEO. Shielding
the gas phase of the reactlon mixture against the photoirradiation
(Run 5) gave no influence on the yields of Hy and CH3CHO, but de-~

creased those of CHA, C2H6' CO, and HCHO to be negligible. Conse-

Q

uently, the latter products (and part of H2) are accounted for by
the successive photolysis, in the gas phase, of a product CHBCHO.

Figure 2 shows the time course of the product yields from the

. =3

0.5 mol dm HZSO suspension. The CH,, CZHG' and CO formations

4

were accelerated by the photoirradiation, due to the accumulation of

CH3CHO. Figure 3 illustrates the material balance of these
products; sum of CH, and twice of C2H6 was plotted against sum of CO
and HCHO. These results indicate that the product yields practi-

cally agreed with the stoichiometry of the photolysis of‘CH3CHO, as

follows.
hv
CHBCHO 0.5 CH, + 0.25 C2H6 + 0.9 CO + 0.1 HCHO
(+ 0.15 H2) (16)
Photolysis of CHBCHD. In order to confirm the role of photodecom-

position of intermediate CHBCHO, photoinduced reaction of CH3CHO in
aqueous solution was investigated as shown in Table 2. Significant
formations of CH4, C2H6, and CO were observed (Runs 1-3) except for
the case of alkaline solution (Run 4). These gas evolutions are
attributable to the photolysis of CHBCHO, because no gas formations

were observed in the dark (Run 5) and also because the presence of

TiOz/Pt catalyst (Runs 6-8) did not gave apparently no influence on



50

Product/umo]l

Irrad. Time/h

Figure 2 Time course of the photcocatalytic formation of H2 (O,

CH, Yoo CoHg (@), co(®), HCHO (), CH,CHO ( ), and
HOCH,CH, OH ( ) by TiOz/Pt (50 mg) suspended in a 0.5 M H,50, solu-

3

tion (5.0 cm™) of PEO (22 mg).
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Figure 3 Material balance in the Tioz/Pt photocatalytic reaction
of PEO ( O ) and in the photolysis of CH,CHO in the presence ( )
and absence ( [0 ) of TiOz/Pt. Data were obtained from Figure 2 and

Table 1.



the product yields.

When the photoirradiation was performed only on the liguid
phase, the yields of gaseous products decreased drastically (Runs 9
and 10). Therefore, most part of the photolysis of CH3CHO occurred

in the gas phase. The photolysis is initiated by photoabsorptiocn

(kex > 300 nm, (see Figure 4) corresponds to energy < 97 kcal mol_l)

. - . : | ) : . : -
to decompose into °Ch3 and °*CHO (this reaction is more likely than

the process to give °*H and CH.CO because of the smaller dissociation
- 3

-1 -
energy {71-75 kcal mol © < 88 kcal mol ! for the latter)).

°

hv

CH,CHO £ 'CH3 + °CHO (17)

Following reactions proceed to produce CH,, C2H6’ co, Hz, and HCHO.
°CH3 + CH3CHO o CH4 + CHBCO (18)
CH3CO *"CH3 + CO (19)
*CHO = CO + *H (20)
*H + CHBCHO \*HZ + CH3CO (21)
*CHO + CH3CHO HCHQ-+CHBCO (22)
2 CH3 £ C2H6 (23)
As shown in Figure 3, these reactions satisfy the following



Taple 2 Photoinduced decomposition of acetaldehyde in the presence

and absence of TiOz/Pt catalyst.a

Run TioZ/Pt Solvent Irrad. Froduct/umol
/mg H2 CH4 C2H6 CoO HCHO
1 0 HZO L + G 2.0 26.4 10.2 34.3 1.5
2 0 2.3 M H2504 L + G 4.9 21.1 11.9 37.5 0.7
3 0 0.5 M H2504 L + G 3.3 26.2 12.0 36.1 1.6
4 0 1.0 M NaOH L + G 0.1 0.5 0.5 2.0 0.6
5 0 H2O None = 0 = 0 = 0 = 0 = 0
6 50 H,0 L + G 4.4 20.8 11.0 38.4 2.1
7 50 2.5 M H2804 L + G 10.6 23.3 13.3 47.7 1.5
8 50 1.0 M NaCH L +G 2.7 0.8 0.3 1.3 = 0
9 0 HZO L 0.2 10.2 0.4 2.8 0.5
10 0 2.5 M H2804 L 2.8 5.5 0.8 1.2 0.3

aAcetaldebyde (500 umol) and sclvent (5.0 cm3) were placed 1in a
glass tube and irradiated with a 400-W high-pressure mercury arc for
20 h under Ar at room temperature. bL + G: irradiated on both lig-
uid and gas (ca. 30 cm3) phase, None: not irradiated, and L : irra-

diated only on ligquid phase.

..89-



stoichiometries, among which reaction (24) proceeds predominantly.

CH3CHO £ CHA + CO (24)

CH_CHO >~~1~CH +lH + CO (25)
3 2 7276 2 2

CH.,CHO = -l-CH +1:HCHO+}-CO (26)
3 2 7276 2 2

Small deviation from the linear relation in the photolysis in the
absence of Tioz/Pt (Figure 3) is attributable to the other reaction
process in the liquid phase, because the deviation was observed even
when only the liguid phase was photoirradiated. The possible pro-
cess 1s recombination of °*CHO to produce dialdehyde which could not

be detected at present.

2 °CHO = (CHO-CHO (27)

Since the TiO2 suspension absorbs the light of wavelength < ca. 400
nm almost completely under the present conditions (see Chapter 1),
light absorption by CHBCHO in the liguid phase shown in Figure 4 is
prevented in the TiO2/Pt suspension. Therefore, the yield ratio of
the liguid-phase photolysis of CH,CHO in the presence of TiOz/Pt de-
creases by this "filter" effect of Tioz.

The smaller yield from the alkaline solution (Run 4) is
accounted for by the hydration which prevents vaporization of CH,CHO

3
into gas phase.
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Figure 4 Absorption spectra of acetaldehyde in vapor phase (a) and
in agqueous solution (2.2 .mol dm_B) (b), transmission spectrum of a

reaction vessel (18 mmg x 180 mm glass tube) (c) and action spectrum
of photocatalytic dehydrogenation of 2-propanol by aqueous TiOZ/Pt

suspension {(see Chapter 1) (d).



CH,CHO + H.O CH.,CH(OH) (28)

3 2 o 3 2
Nevertheless, the predominant reactions (24) and (25) produced
CH,» C2H6, and CO in the ratio of ca. 4 : 2 : 7, similar to that ob-

tained 1in the TiOz/Pt photocatalyzed degradation of PEQO under the
acidic conditions,

pH-Dependent Behavior of the Photocataltic Reaction of PEO in Ague-

ous Solution. Figure 5 shows the pH-dependent yields of the deg-

raded products. The CH3CHO formation became significant at pH < 4,

accompanied by the gaseous products due to the photolysis in the gas
phase.

On the other hand, the H, formation was not so enhanced by the

2

pH decrease. The amount of HZ liberated by the photocatalytic

action of TiOZ/Pt (reaction (2)) can be estimated, taking the CHBCHO

photolysis (to yield H,) intc consideration (eguation (16)), as (H

2 2

- 0.3 CH,). This corrected vyield of H2 shown 1in Figure 5 was

practically constant regardless of the pH. This fact suggests

that essential activity of TiOz/Pt for the Hy formation is not

influenced by the pH in the acidic region. Therefore, the enhanced
vields of CH3CHO and the CH3CHO originated products is attributable

to the acid catalyzed degradation of the polymer radical of PEO into

CH3CHO {reaction (9)).

On the basis of the reactions (1), (2), (6), and (8), stoichio-
metry for the formations of H, and the polymer radical is expressed

as,
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2 ~CH,-CH, -0~ 2 ~CH,-CH-0O~ + H (29)

Consequently, the yield ratio of CHBCHO to twice of H2 (CHSCHO/2XH2)

indicates the efficiency of the chain reaction to produce CH3CHO.

For convenience, total amount of CHBCHO liberated by the photo-
catalytic acticn of TiOz/Pt was estimated as sum of CH3CHO, CHA, andg

twice of C2H6 according to the stoichiometry shown in the preceding
section {eguation (16)]. As shown in Figure 5(b}, the ratio
increased with the pH decrease to attain ca. 6 at pH = 0.6. These

results show that the chain reaction by °CH,CHO (reaction (11)) pro-
duces averagely 6 molecules of CH3CHO from one polymer radical.

With the increase of pH, the degradation of PEO became less
significant. Only H2 was observed at pH > 4, due to the reduction
of H by the photogenerated electron {reaction (2)). The simul-
taneously generated hole produced the 1,2-diol, dimeric product,

which resembles the dimerization of tert-butyl alcohol (Chapter 2}.

In this case stoichiometry could be expressed as,

2 HO“(CH2~CH2—O)5CH2*CH2—OH

HO-(CH,-CH,~0)=CH,~CH~CH~CH (30)

Lo
OH OH

~-{0-CH,~CH )SOH + H

2 2 2 2 2 2

The enhanced HZ vi
mol dm'3 NaOH) has also been observed in the TiOZ/Pt photocatalyzed

M

14 under alkaline conditions {(pH = 13.6, 1

reactions of aliphatic alcohols and amines {(Chapters 1-3 and 5, res-

pectively). This behavior may be due to the increased surface



hydroxyl group, as a hole trapping site, induced Dby the alkaline

treatment of the dehydrated Ti02 surface.

\ \
~Ti -T1i-0H
NaOH /
O 0 + H,O = 0 (31)
2 \
v/ \
~7i -Ti-0H
/ /
Ls described above, the pH-dependent modification of the Ti02
surface, due to the acid-base eguilibria of the surface hydroxyl
group, gives significant influence not only on the photocatalytic

activity but also on the mode of the reaction, degradation or pro-

longation of PEO chain.
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Chapter 5

Photocatalytic Deaminoalkylation and Cyclization of Aliphatic

Amines by Aqueous Suspension of Platinized Ti02

ABSTRACT
Photoirradiation (Aex > 300 nm) of a powdered mixture of anatase
TiO2

solution of aliphatic amines has been carried out under Ar at room

with platinum black (5 wt%, Tioz/Pt) suspended in an agueous

temperature. Amines of the form RCHZNH2 dissolved in distilled
water were converted to symmetrical secondary amines along with lib=-
eration of ammonia (NH3) and hydrogen (Hz), while were converted to
corresponding primary alcohols and aldehydes in the NaOH solution.
Increase of the concentration of NaOH and the amount of Pt loaded on
Ti02 enhanced the photocatalytic deamino-oxidation of propylamine.
Deuterium labeling pattern of dipropylamine obtained from propyl-
amine in distilled water was in accord with the mechanism of the
photocatalytic deamino-N-alkylation involving in situ hydrogenation
of a 8chiff base intermediate. o~Substituted primary amines, such
as 1sopropylamine, were converted to the corresponding ketones and
secondary alcohols in both distilled water and NaOH solutions. The
increase of the concentration of NaOH and the amount of Pt also
enhanced this photocatalytic deamino-oxidation of isopropylamine,
and c¢hanged the selectivity. As an extensive studies on the de-
amino-N-alkylation, new photocatalytic reactions were performed to

synthesize secondary amines, such as cyclic secondary amines from

polymethylene-o,w~-diamines.



INTRODUCTION

A number of studies concerning the photocatalytic reaction of
semiconductor materials, especially n-type Ti02 and related compos-
ites, have focused on the utilization of soclar energy to produce hy-
drogen (H2) from water.l In most of the photocatalytic reactions by
platinized TiO, powder, organic compounds, such as alcohols, are de-
hydrogenated into corresponding carbonyl derivatives with the evolu-
tion of H2 under deaerated conditions as described in Chapters 1-3
of this thesis. More recently several attempts have been made to
extend heterogeneous photocatalysis with dispersed semiconductors to
synthetic chemistry. - However, reaction of organic compounds in
these photocatalytic systems are apparently limited to the oxidation
to vyield carbonyl or hydroxylated derivatives, which is essentially
identical to anodic process on a photoirradiated semiconductor elec-
trode. The platinized Ti02 particle can be regarded as a short-cir-
cuited photoelectrochemical cell; Ti02 anode being in contact with
platinum cathode. In this respect, it is expected that combined
photoinduced reaction, not observable in the conventional photoelec—
trochemical «cell, including both oxidation at TiO2 surface and sub-
sequent reduction at platinum side occurs effectively on the plati-

nized TiO, particle by the use of photogenerated positive hole and

2
electron, respectively.

This chapter concerns a photocatalytic process of synthesizing
secondary amines from primary amines, which is not simple oxidation
or reduction process, in aqueocus solution by the use of a powdered

mixture of TiO, with platinum black. These reactions proceeded ef-

2

ficiently at ambient temperature, in contrast to thermal processes



.9
by homogenecus ruthenium8 and heterogeneous palladium catalysts.

EXPERIMENTAL

Materials. Anatase Ti02 powder was supplied by Merck and ground
with 5 wt% of platinum black (Nakarail Chemicals) to prepare catalyst
(Tioz/Pt). The agqueous suspension of Tioz/Pt was made up with ion
exchanged distilled water. Deuterized water (D2O) was obtained
from CEA (99.85 %) and used without further purification. The other
materials were obtained commercially and used as received.

Photoirradiation. A suspension of 50 mg of the TiOZ/Pt catalyst in

5.0 cm3 of water or NaOHag. in a glass tube (18 mmg¢ x 180 mm, trans-
parent for the light of wavelength > 300 nm) was purged by Ar for 30
min and sealed off with a rubber stopper. Substrate aliphatic amine
{60~1000 umol) was injected through the cap by a micro syringe. Pho-
toirradiation was performed using a merry-go-round apparatus equip-
ped with a 400-W or 500~W high-pressure mercury arc (Eiko-sha 400 or
500) under magnet stirring at room temperature.

Product Analysis. After the irradiation, a portion of gaseous pro-

ducts liberated in the gas phase of the reaction mixture was collec-
ted by a micro syringe and analyzed by gas chromatography (Shimadzu
GC 4A equipped with a TCD and a Molecular Sieves 5A column). The
suspension was centrifuged to separate the catalyst and the agueous
solution was analyzed by gas chromatography, 13C NMR, and gas chro-
matography-mass spectroscopy (GC-MS). Products were identified by
comparison with authentic samples. The typical conditions of the

gas chromatographic analysis are as follows; a Shimadzu GC 6A equip-

ped with an FID and a Chromosorb 103 or 20 % Polyethylene Glycol 20M
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13C NMR spectra were reccded on

on Celite 545 column (3 mme x 3 m).
JEOL JNM FX-100 (25.0 MHz; spectral width, 6 kHz; aquisition time,
0.4096 s; data points, 4096; pulse width 5 us (45.0 °); pulse inter-
val 1.0 s; number of transients, 2000-10000Q). The spectra were
measured at room temperature, using a H20/D20 solution with 1,4-di-
oxXane as an internal standard. The 13C chemical shift of 1,4-di-
oxane was 67.4 ppm downfield from tetramethylsilane. Ammonia (NH3)
liberated in the reaction mixture was determined by the indophenol
blue method.lo Gas chromatographic analysis of the gas phase of
the reaction mixture revealed that most part (> 98 &) of ammonia
liberated during the photoreaction remained in the aqueous solution.
The GC-MS measurement was performed using a Hitachi M 80 with ioni~

zation potential 70 eV.l1

RESULTS AND DISCUSSION

Photocatalytic Deamino-N-alkylation and Oxidation of Aliphatic

Amines by Agqueous Suspension of Platinized TiOZ. Photoirradiation

(Aex > 300 nm) on agueous suspension of Tioz/Pt powder in agqueous

alkylamine sclutions under an Ar atmosphere led to the hydrogen (H2)

and ammonia (NH3) liberations. Table 1 shows the main products

other than H2 and NH3 obtained from a series of alkylamines in dis-
3

tilled water (HzO) or 6 mol dm ° NaOH solution. Both H. and NH

2 3
vields from these alkylamines in 6 mol dm—3 were 2-10 times as much
as those in distilled water, showing the photoinduced reaction could
be enhanced under the alkaline conditions.

The product distributions were alsoc considerably influenced by

the solution conditions. Under the neutral conditions, primary
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Table 1 Products observed in the photocatalytic reaction of aliphatic amines in aqueous solution (5.0 cm3)

by Tioz/Pt {50 mg} catalyst.a

in HZO in 6 mol dm~3 NaOH
Run Substrateb " Irrad. Organic /umol Irrad. Organic < /umol
arc/W /h Product H, NRB /h Product H2 NH,
1 CH3CHZNH2 500 41 (CH3CH2)2NH 41 101 16 CHBCHZOH 466 255
2 CI-I3CX~12CH2NH2 500 21 (CH3CHZCH2)2NHC 26 52 14 CH3CHZCH20H 305 135
CHBCHZCH20H CHBCHZCHO
CHBCH2CHO
3 CI-I3CH2CHZCHZN}12 500 41 (CHBCHzCHzCH2 )2NHC 88 199 16 CHBCHZCH2CHZOH 264 118
4 (CH3)2CHNH2 400 42 (CH3)2C:O 133 165 8 (CH3)2C=O 345 359
(CH,) ,CHOH
5 CHBCHZ(CHB)CHNH2 500 41 CH3C32(CH3)CEO 103 123 16 CH3CH2(CH3)C=O 272 215
CH3CH2(CH3)CH0H
6 (CH,CH, ) ,NH 400 41 (CH3CH2)3N 26 11 16 CH,CH NI, 442 72
{'_'E-!:;CHZNH2
7 (CH3C}12C112)2NH 400 41 CE'IBCK'IZCX-Izl\H-]2 20 6 16 Cl'E3CH?_CHZI\IH2 166 9
8 (CHBCHE)BN 100 41 (CH3CI'12)2NH 19 0 16 (C§I3C}12)2NH 226 9
9 (CH3C112C112)3N 400 41 iCH3CHzCHz)2NH 49 8 16 (CHBC”ZC“Z)ZN” 98 2

Aconfirmed by gas chromatography and GC-MS. bl.O mmol . “Also confirmed by l3C NMR.



amines such as ethylamine (Run 1), propylamine (Run 2}, and butyl-
amine (Run 3) preferably gave symmetrical secondary amines, while
these primary amines were converted into the corresponding primary
alcohols and aldehydes under the alkaline conditions. These reac-

tions of the primary amines are given tentatively as follows.

2RCH2NH2 (RCHZ)ZNH + NH3 (1)
RCH,NH, + H,0 RCHO + NH, + H, (2)
NaOH
RCH,NH, + H.O = RCH.OH + NH (3)
272 2 NaOH 2 3
On the other hand, o-substituted primary amines such as iso-
propylamine (Run 4) or sec-butylamine (Run 5) gave corresponding

ketones in distilled water and both the ketones and secondary alco-
hols in & mol dm-B NaOH, although corresponding secondary amines
could not be detected in these cases. The predominant reactions

are expressed as follows.

RR CHNHZ + Hzo RR'C=0 + NH3 + H2 (4)

RR'CHNH., + H.O RR'CHOH + NH {5)
2 2 NaOH 3

These reactions of the primary amines could be observed neither
in the dark nor in the absence of the Ti02/Pt catalyst. Moreover,
negligible amount of the products were obtained when Ti02 alone,

without Pt, was used as photocatalyst.
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From the agueous suspension of secondary amines, such as di-
ethylamine (Run 6) and dipropylamine (Run 7), both primary and ter-
tiary amines were obtained by the photoirradiation in the presence
of TiOz/Pt. In these cases, overall reaction scheme would be given

as follows.

(RCHE.).NH + H.O = RCHO + RCH.NH, + H (6)

2°2 2 272 2

2(RCH, ) NH = (RCH.,)

5 9 (7)

N + RCHZNH

2 3 2

Small amount of NH, is attributable to the photocatalytic decomposi-

3
tion of the product primary amine (RCHZNHZ).

In the case of tertiary amines, triethylamine (Run 8) and tri-
butylamine (Run 9), secondary amines were detected along with the
H2 and NH3 formation while the amount of NH3 was negligibly small in
both distilled water and NaOH solution.

(RCH

)L,N + H_O (RCH2)2NH + RCHO + H (8)

2°3 2 2

The rate of such dealkylation of the secondary and tertiary amines
was relatively small compared with those of the primary amines.
The vyields of H2 and NH3 in distilled water were in the order:
{tertiary) < (secondary) << ({primary) < (o-substituted primarv).
In the NaOH solutions a similar order was also observed.

Although both TiOz/Pt and the photoirradiation were indispensa-
ble for the H2 formation, the dealkylation of the secondary and ter-

tiary amines could be observed in the dark at ca. 50 °C, indicating
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the products are attributable to both photocatalytic reaction by
TiOZ/Pt and thermal reaction in the case of the secondary and terti-

ary amines.

Photocatalytic Secondary Amine Formation from Propylamine in Distil-

led Water by Platinized TiO Figure 1{a) shows the time-course of

2°
photoinduced reaction of propylamine in distilled water by the
TiOz/Pt catalyst. The amount of propylamine decreased monotonously
along with the irradiation to result in the formation of photocata-
lytic products, dipropylamine, propionaldehyde, l-propanol, H2, and
NHB’ suggesting that the deamination of propylamine took place ef-
ficiently. Amoung the carbon-containing products, dipropylamine
was mainly produced but rather decreased by the prolonged irradia-
tion.

As shown in Figure 1(b), the consumption of propylamine in a
series of the above described experiments was practically identical
to the total amount of dipropylamine and ammonia formed during the
irradiation, indicating the reasonable balance for nitrogen. Fig-
ure 1(b) also shows the material balance for carbon; sum of carbon-
containing products, dipropylamine, l-propanocl, and propionaldehyde
was plotted against the propylamine consumption. A reasonable li-
near relation was observed by the photoirradiation up to 20 h. On
the basis of these results, the photocatalytic reaction of propyl-
amine proceeds predominantly as follows.

TiOz/Pt
2CH,CH.,CH,NH (CH,CH,CH

32T hv> 300 nm 37272

)ZNH + NH3 (9)
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Figure 1 (a)Time course of the photocatalytic reaction of propyl-

amine in distilled water by ’I‘iOz/Pt catalyst; A CH,CH,CH,NH,,
£
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Irradiation was performed using a 400-W high-pressure mercury arc.
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and (c)product distribution in the photocatalytic reaction of pro-

pylamine in distilled water. Symbols are same as in Figure 1l(a).
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TlOZ/Pt

CH.CH.CH..NH,, + H.O CH,CH.CH.OH + NH (10)
377277272 2 hy > 300 nm 372772 3
Ti02/Pt
CHBCH2CH2NH2 + HZO CH3CH2CHO + H2 + NH3 (11)
hvy > 300 nm

The yield ratio of reaction (9)-(11) in distilled water was obtained
as 71 : 23 : 5 on the basis of the propylamine consumption as shown
in Figure 1(c).

Deviation from the straight 1line by > 20 h irradiation shows
the formation of another product, such as propionic acid which is
oxidized product of propionaldehyde or 1l-propancl and could be de-
tected gqualitatively in the present experiments.

Photocatalytic Alcohol and Aldehyde Formations from Propylamine in

Agueous NaOH Solution by Platinized TiO In the ageous NaOH solu-

5

tion the reaction of propylamine changed drastically compared with

that in the distilled water. Figure 2{a) shows the time course of

the photocatalytic reaction of propylamine in 1 mol am™? NaoH by the

TiOz/Pt catalyst. The overall conversion of propylamine, estimated
from the NH, yield in respect that reactions (9)~(11) involves the
NH3 formation, increased ca. 2.5 times (in the NaOH solution) compared

with that in distilled water as shown in Figure 2(d) (the difference
is ambiguous by the comparison between Figures l(a) and 2(a) because
of the different photoirradiation conditions). The increased rate
of the propylamine consumption is possibly due to the increased oxi-
dation sites, the surface hydroxyl, induced by the alkaline treat-

ment, as is discussed in the following section.
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Figure 2 (a)Time course of the photocatalytic reaction of propyl-

amine in 1 mol dm_B NaOH by TiOz/Pt catalyst; A CHBCHZCHzNHZ’

3CH2CH20H, and CH3CH2CHO. irradiation was

performed using a 500-W high-pressure mercury arc.
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In the NaOH solution, dipropylamine, which is the major product
in the distilled water as described in the preceding section, could
be obtained negligibly; propionaldehyde, l-propanol, NH3 and H2 were
liberated as main products. As shown in Figure 2{(b), total amount
of nitrogen- and carbon-containing products (NH3 and sum of l-propa-
nol and propionaldehyde, respectively) was plotted against the pro-
pylamine consumption. Practically linear relations between consumed
substrate and products in the respect of both nitrogen and carbon
balances were obtained. Product distribution shown in Figure 2(c)
shows that almost identical amount of propylamine was consumed in
the reactions (9) and (10). Deviation from the linear relation by
the prolonged irradiation 1is accounted for by the propionic acid
formation by further oxidation of propionaldehyde or l-propanol.
Moreover, the basic condition facilitates the thermal decomposition
of the aldehyde (base-induced decomposition has been suggested in
Chapter 4 of this thesis).

Thus, propylamine undergoes oxidative deamination to yield pro-
pionaldehyde and l-propancl in agueous NaOH solution (reactions (10)
and (11)), while deamino-N-alkylation in distilled water (reaction
(9). The mechanism of these photocatalytic reactions is discussed
in the following sections.

Deamino-N-alkylation of Propylamine into Dipropylamine by Platinized

TiO2 via Schiff Base Intermediate. It has been known that secondary

amines are derived experimentally by the hydrogenation of mixture of

primary amine and aldehyde.lz It is, therefore, presumed that simi-

lar process gives dipropylamine from the by-product propionaldehyde

and the substrate propylamine. In order to clarify the mechanism
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of this deamino-N-alkylation, reactions of propylamine were studied
in the presence of additives as shown in Table 2. Addition of
l-propanol or propionaldehyde, the by-products, to the photocataly-
tic system of propylamine under Ar rather reduced the dipropyl-
amine yield. H, atmosphere in the absence of additive or in the
presence of l-propanol gave also no influence on the yield of the
photocatalytic reaction, Drastic enhancement could be observed in
the presence of both propionaldehyde and Pt under H2 atmosphere to
give ca. 3-4 times greater yield of dipropylamine than in the origi-
nal photocatalytic system (Run 6). The enhanced yield was not

affected by the presence of TiO, powder (Run 7), and was obtained

2

regardless of whether the system was photoirradiated or in the dark.
These observations suggest the mechanism of the formation of final
product dipropylamine from propionaldehyde and propylamine in the

presence of H, and Pt in the dark, as follows.

2

H2/Pt

CH,CH,CH,NH, + CH,CH.,CHO (CH,CH.CH

s L, CHS N, 3&H, 3¢, 2) NH + H, O (12)

2 2

Most probable intermediate in this hydrogenation is a Schiff base,
N-propylidenepropylamine (PPA), derived by intermolecular dehydra-

tion of propionaldehyde and propylamine.

CH3CH2CH2NH2 + CH3CH2CHO T CHBCHZCH2N=CHCH2CH3 + HZO (13)

In fact, in a comparative experiment, photocatalytic reaction (10
h) of propylamine (699 pmol) in acetonitrile (5.0 cm3, not dehydra-

ted) gave the Schiff base, PPA, {(m/e 99 (M+, relative intensity 7.1
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Table 2 Effect of additive (120-125 pmol), atmosphere, and catalyst

on the yield of dipropylamine.a

‘ Dipropylamine
Run aAdditive Catalyst Atmosphere b
Yield/s
1 None TiOZ/Pt Ar 10.0
2 CH3CH2CH20H TLOZ/Pt Ar 5.8
3 CH3CH2CHO quz/Pt Ar 1.0
4 None TiOz/Pt H2 8.6
5 CH3CH2CH20H TlOz/Pt H2 9.1
. 4 c
6 CH3CH2CHO TlOz/Pt H2 34.5 (39.2)
. c
7 CH3CH2CHO T102 H2 0.2 (1.6)
8 CH,CH,CHO Pt H, 40.9 (41.6)°

aPropylamine (122 pmol), catalyst (TiOz/Pt 50.0 mg, Ti02 47.5 mg, or

Pt 2.5 mg), water 5.0 cm3 were placed in a glass tube and irradiated

for 20 h by a 500-W high-pressure mercury arc. bBased on the ini-

tial amount of propylamine.

CIn the dark.
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+ +
3) r 3.9 %), 70 ((M - CHBCH2)

dipropylamine {2 %), propionaldehyde (3 %), and H, (7 %).

%), 84 ((M - CH , 100 %)} along with

TiOz/Pt
=% = 4
2CH3CH2CH2NH2 CHBCH2CH NCH2CH2CH3 + H2 + NH3 (14)
hv > 300 nm

Post addition of 5.0 cm3 of water to the acetonitrile solution de-
creased the imine to a negligible amount and increased the overall
yield of the propionaldehyde to 8 %. These facts indicate that the
Schiff base is easily hydrated to yield propiconaldehyde and propyl-
amine (reverse reaction of (13)).

In order to clarify the mechanism of the characteristic deamino-
N~alkylation of primary amines, isotope distribution in the product

dipropylamine obtained in the D20 solution was investigated by GC-

MS, as shown in Figure 3. In contrast to the mass spectrum of di-

propylamine produced in H,O0 {m/e 101 (M+, relative intensity 5.6 %),

2
-+ o _ - -+ o
72 ((M - CHBCHZ) ; 44 %), 30 ({M —CH3CH2 CH3CH CH2) , 100 %)), the

distribution of deuterium-labeled M+ signals was observed for dipro-

pylamine form the DZO solution: i.e., dO {m/e 101, unlabeled) : dl
(102) d2 (103) =« d3 (104) : da (105) : dS (106) = 3 ¢« 17 + 23 : 37
17 @ 3.

Assuming the hydrogenation of PPA in the TiOZ/Pt photocatalytic
reaction of propylamine, the Pt-catalyzed hydrogenation of PPA leads

to the d., product in D,0O because D, is mainly obtained as the reduc-

2 2 2

tion product.

D2/Pt

CH3CH2CH3NCH2CH2CH3 = CHBCHZCHD—ND-CHZCHZCH3 (15)
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Figure 3 Mass spectra of dipropylamine liberated in the photoin-

duced reaction of propylamine by TiOz/Pt catalyst in (a) H,0 and in

{b) DZO'
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Additional (> 3) deuterium incorporation can be accounted for by the

keto-enol tautomerisms of propionaldehyde.

D.O
. B 2
CHBCHZCHO - CH3CH-—CHOH = CH3CHDCHO, CH3CD2CHO (16)

On the basis of these assumptions, the maximum number of deute-
rium incoroporation in dipropylamine molecule 1is 4 (corresponds to

CHBCD2CHD—ND—CH2CH2CH3), which is pratically in agreement with the

result of GC-MS studies described above, Further deuterized pro-

duct (M’ 106) could be accounted for by CH4CD,CDO derived through

re-oxidation of CH,CD, CDHOD, Dz-reduced product of propionaldehyde,

3772
though the amount was relatively small.

Upon raising the pH, the concentration of PPA would decrease
beacuse the S5chiff base intermediate undergoes base-catalyzed hydro-
1ysis,13 which would be responsible for the decreased vyield of
final product, dipropylamine under the alkaline conditions.

CH,CH_ CH=NCH,CH,CH, + H,O = CH,CH,CHO + CH.,CH,CH,NH (17}

3772 2772773 2 3772 3TT2T2T2

Therefore, in the alkaline solutions propionaldehyde (reaction 11)
and l-propanol (reaction 10) were yielded mainly.

The precursor of the Schiff base, propionaldehyde, is derived
by photocatalytic reaction of propylamine, which is initiated by the
photoinduced formation of electron (e )-positive hole (h") pair in
TiOz.

TiO, + hv = & + h (18)
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The positive hole in the bulk TiO, would migrate to the surface and

2
be trapped by the surface absorbates, such as a surface hydroxyl
(OH_;,) to give an adsorbed hydroxyl radical ('OH_, ), which

abstracts hydrogen from the alcohols as shown in Chapter 1 and 2.

- +
OHads *h OHads
\ + A +
{z -Ti-OH + h -Ti *0OH ) {19)
/ /

However, 1in the present system the substrate propylamine, which is

much adsorptive on the acid site of the oxide surface and undergoes
. : + . .

one-electron oxidation, could trap h directly to form aminium ca-

tion radical.

\ \

. e -
-T1-0H + HzNCH2CH2CH3 = =T1i NHZCHZCHZCHB + OH (20)
/ /

\ . \ L
=1 wenesr NH,CH.CH. CH, + h ——e T3 eeeeee *NHCH.,CH,CH {(21)
2772772703 272773
/ /
\ L+ + - \ .+ i
—q Teennne 'NHCH2CH2CH3 + OH —— ;Tl e NH2CHCH2CH3 (22)
4
H2O
\ L . \ L
=T eeeees NH,CHCH,CH, + h ——= ~Ti + NH,=CHCH,CH (23)
2 2773 2 27773
/ /
— + - . P
CH3(3HZCH—NH2 + OH = CH3C32CH NH + H2O (24)

The increased conversion of propylamine in NaOH solution is accoun-

ted for by the increasing amount of the adsorption site, OHmads
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which desorbed in exchange with the amine (reaction 20), by the al-

kaline treatment of the dehydrated TiO surface, as has been re-

2

4
ported previously.l

\ \
-Ti -Ti-0OH
\ /
0 0 + H,O = 0 (25)
/ NaOH \
-1 -Ti-0H
/

Furthermore, the basic condition would favor the deprotonation of
the intermediates, the aminium cation radical (reaction 22) and the
iminium cation (reaction 23).

The imine derived as above is unstable in water to undergo hy-
drolysis intc propionaldehyde and NH3.

CH.CH,CH=NH + H.,O CH,CH,CHO + NH

3CH, 2 3CH, 3 (26)

On the other hand, e generated simultaneously reduces H on

the Pt site as described in the following section.

Pt 1
e + H - '2"H2 (27)

Effect of Pt Loading on the Photocatalytic Reaction of Propylamine.

Figure 4 (a) shows the dependence, of the product yields in the pho-
tocatalytic reaction of propylamine, on the amount of Pt loaded on
Tioz. Negligible amount of products was obtained in the absence
of Pt. Along with the increase of Pt amcunt, the NH3 yield, which

corresponds to the amount of propylamine oxidized by h* (reaction
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Figure 4 (a)Effect of Pt loading on the vields of products in the
photocatalytic reaction of propylamine in distilled water. NH3,
Q . Hy, (CH,CH,CH,) ,NH, CH,CH,CH,OH.  Propylamine (1 mmol)

in water (5.0 cm3) with Tioz/Pt {50 mg) was irradiated with a 500-W

high~pressure mercury arc for 20 h.
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21) as described above, increased linearly. The behavior seems to
be different from that of TiOz/Pt photocatalyzed dehydrogenation of
2-propanol as described later.

As shown in Figure 4(b), reasonable material balance between
sum of NH, and dipropylamine, which corresponds to the consumption

3

of propylamine, and sum of HZ' dipropylamine, and l-propancl was ob-

served. These facts show that reactions (9)-(11) proceed also in
this case, on the assumption that the amount of propionaldehvyde
liberated during the reaction was identical to that of H2' The H2

yield (reaction (11)) was practically identical to that of dipropyl-
amine in the Pt amount range (< 5.7 wt%), and increased with the in-
creasing Pt amount to be twice larger than that of dipropylamine by
21 wt% Pt loaded Tioz. However, the amount of propionaldehyde
could not be determined quantitatively because the aldehyde under-
goes successive decomposition under basic conditions, induced by the
large amount (= 1 mmol, pH = 12-13) of starting amine, in the dark
without TiOZ/Pt {though the process has not been clarified at pre-
sent ).

Assuming that propionaldehyde was 1liberated equimolar to H2
{(reaction (9)) as described above, the yield ratio of reaction (9)-
(11) based on the propylamine consumption (Figure 4(b)) was 50 : 9
41 (at Pt 5.7 wt%), which indicates that the proportion of dipropyl-
amine and l-propanol decreased compared with the results shown in
Figure 1(c). These facts shows that the dipropylamine formation
and the decomposition proceed competitively under these conditions
and, thereby, practically negligible amount of the aldehyde remained

in the reaction mixture. Furthermore, the facts suggest that l-pro-
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panol is derived from propionaldehyde by the hydrogenation on the Pt
surface, which is similar to the dipropylamine formation, as fol-

lows (see also Table 3).

Pt

CH3CH2CHO + H2 CH3CH2CH20H (28)

Thus, the increasing yield of propionaldehyde (although disap-
peared easily), along with the H2 formation, by the increasing
amount of the locaded Pt could be attributable to the enhanced forma-

tion of H, by the photoexcited electron on the Pt site.

2

Pt

(27)

[

+
jand
[NeF
oy

The enhanced reduction facilitates the oxidation of substrate by
simultaneously generated positive hole as a result of prevention of

electron-hole recombination.

e + h (deactivation) {29)

The succrssive product, dipropylamine and l-propanol, increased
with the increasing amount of the precursor, propionaldehyde, and of
catalyst Pt.

As is discussed in Chapters 9 and 10, in the case of the TiOZ/
Pt photocatalyzed dehydrogenation of alcohol (such as 2-propancl to
give H2 and acetone), the vyield dependence on the amount of Pt

loading was considerably different from that in the present system;

the acetone and H, vyields increased with the increasing amount of Pt

- 122 -



Table

umol) in aqueous solution catalyzed by TiO,/Pt (50 mg

3 Thermal hydrogenation of propionaldehyde and acetone (125

) .2

Atmos~-

Run Substrate Solvent phere Product /umol

1 CH3CH2CHO H2O H2 CHBCHZCHZOH 2.6

2 CHBCH2CHO 1 M NaOH Ar CH3C32CH20H = 0

3 CH3CH2CHO 1 M NaOH H2 CHBCHzCHQOH 4.1

4 (CH3)2C=O HZO H2 (CH3)2CHOH 1.5

5 (CH3)2C=O 1 M NaOH Ar (CH3)2CHOH 0.8

6 (CH4) ,C=0 1 M NaOH H, (CH,) ,CHOH 42.7
aSubstrate, TiOz/Pt {50 mg), and solvent (5.0 cm3) were placed in a
glass tube under Ar or H, atmosphere and permitted to stand for 20
h.
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up to approximately 5 wt%, but was practically constant in the
region > 5 wt%.

It 1is easily expected that Pt, in the present system platinum
black, also catalyzes the hydrogenation of acetone by photocataly-

tically produced HZ'

Pt

}.,C=0 + H (CH

2 2 ) ,CHOH (30)

(CH 5

3

The photocatalytic dehydrogenation of 2-propanol proceeds more ef-
ficiently along with the increasing amount of Pt. However, the back
reaction (hydrogenation of acetone) would be enhanced simultaneous-
ly. Conseguently, the behavior of Pt loading is possibly inter-
preted: the acetone and H2 yields increase with the increasing Pt
amount but is constant over the Pt amount region at which back reac-
tion between the products acetone and H2 proceeds efficiently on the
Pt site.

On the other hand, the overall rate of the photccatalytic reac-
tion of propylamine increases along with the increasing amount of
Pt, because the photocatalytic reaction of propylamine involving
deamination is irreversible, i.e., hydrogenation of product, alde-
hyde or dipropylamine could give no starting amine.

Photocatalytic Deamino-oxidation of Isopropylamine by Aqueous Sus-

pension of Platinized Tioz. Figure 5(a) shows the time course of

photocatalytic reaction of isopropylamine, o-substituted primary

amine, in distilled water under Ar in the presence of Tio2/Pt.
Acetone, NHB’ H2 and small amount of 2-propancl were obtained along

with the consumption of isopropylamine. Note that negligible amount
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Substrate and Product/pmol

40

Irrad. Time/h

Figure 5 (a)Time course of the photocatalytic reaction of isopro-
pylamine in distilled water by TiO,/Pt catalyst; O (CH,) ,CHNH,,
NH, O H,, (CH,) ,CO, and (CH4) ,CHOH. Irradiation was per-

formed using a 400-W high-pressure mercury arc.
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of diisopropylamine, which is expected to be 5bserved on the basis
of the result on the propylamine system demonstrated above, was
obtained in this case even 1in the distilled water.

Figure 5(b) is replot of the data in Figure 5(a), demonstrating
a reascnable material balance for carbon and nitrogen. Furthermore,

as clearly seen in Figure 5(a), amount of H, liberated was apparent-

2
ly identical to that of acetone, except for the case of prolonged
irradiation > 20 h. Therefore, the stoichiometry of the present

photocatalytic reaction is expressed as follows.

TiO2/Pt
(CH,).CHNH, + H.O (CH.).CO + H. + NH (31)
372 2 2 hv > 300 nm 3°2 2 3
TiOZ/Pt
{CH3)2CHNH2 + HZO (CH3)2CHOH + NH3 {32)

hv > 300 nm

The yield ratio of these reactions (31) and (32) was estimated to be
94 : 6 from the product distribution shown in Figure 5(c) (although
only reaction (31) proceed photocatalytically and the 2-propanol
fermation 1s attributable to the thermal hydrogenation of acetone,
as described below).

Figure 6(a) shows the time course of the TiOZ/Pt photocatalyzed
reaction of isopropylamine in 1 mol cilzrn”3 NaOH. The reaction rate

was ca. 5 times larger than that in distilled water, which is simi-

lar to the case of propylamine. This behavior is interpreted by
the increasing amount of the surface OH‘, the oxidation site with
+ . .

h', by the alkaline treatment. In this case, acetone, NHE' and H2

were obtained as the major products with small amount of 2-propanol.
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pylamine in 1 mol c?lnf3 NaOH by Tioz/Pt catalyst; & (CH3)2CHNH2,
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a 400-W high-pressure mercury arc.
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These products were identical to those obtained in the distillea
water and the linear relation between the consumption of isopropyl-
amine and vield of carbon- and nitrogen-containing products was
also observed in this case (see Figure 6(Db)). Consequently, reac-
tions (31) and (32) proceed in the ratio of 88 : 12 in the NaOH
solution, as shown in Figure 6(c).

Figure 7 shows the dependence of the consumption of isopropyl-
amine, which is estimated as the sum of acetcne and Z-propanol
yields, on the concentration of NaOH. The conversion at a given
photoirradiation period increased with the increase of the NaOH con-
centration, which 1s possibly accounted for by the increased amount
of the amine adsorption site ({reaction 25) and enhanced deprotona-

tion of the oxidaton intermediates, aminium cation radical and imi-

nium cation (reactions (35) and (37), respectively).
\ \ . _
-Ti-0H + HzNCH(CH ) A —————me T e NH..CH(CH.) + OH {33)
/ 3°2 / 2 3'2
\ \ +
L+ + .+
=Tl eensan NH.,CH(CH.) + h g =T'] eeeees *NHCH(CH. ) (34)
2 372 3°2
/ /
\ . + _ \ . .
=T eeeeee *NHCH{(CH.). + OH ———= ~Ti et NH.C(CH,) + H.,O (35)
3°2 2 372 2
/ /
\ L ’ + N o
~ T eeeees NH.C(CH,), + h ———s -Ti1i + NH,=C{CH,) (36)
2 372 2 372
/ /
—— + - —
(CH3)2C—NH2 + QOB —m (CH3)2C NH + H20 {37)

The imine would undergo hydrolysis into acetone and NH3, as observed

in the propylamine system.
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(CH3) C=NH + H.0 —= (CH3)2Cmo + NH (38)

2 2 3

However diiscopropylamine could not be obtained from the product ace-
tone, because of the very low equilibrium constant of the Schiff
base formation compared with that of aldehydes, even under the neu-

tral conditions.

— q(_— - —_ -
(CH3)2C~O + (CH3)2CHNH2 (CH3) C=NCH(CH )2 + H2

2 3

The 2-propanol yield increased with the increasing NaOH concen-

tration. The selectivity of the 2-propanol formation (100 x
(CHB)ZCO / ((CH3)2CHOH -+ (CH3)2CO)) was also shown in Figure 7; the
selectivity increased from about =zero to 33 % with the increasing

NaOH concentration.

Table 3 shows the results of thermal hydrogenation of propion-
aldehyde and acetone by TiDZ/Pt in the dark. The rate of hydroge-
nation of acetone to give 2-propanol in 1 mol dm—3 NaOH scolution
{Run 6) was ca. 10 times larger than that of the aldehyde to l-pro-
panol {(Run 3), and was <ca. 30 times larger +than that in distilled
water (Run 4). These results lead to the conclusion that the en-
hanced 2-propanol formation by the increasing NaOH concentration is
caused by the Pt catalyzed hydrogenation of acetone with H2 produced
in reaction (31).

Pt

(CH3) C=0 + H (CH

) ,CHQOH (30)
2 2 NaQH

2

3
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Figure 7 Effect of concentraticon of NaOH on the yields of products
in the photocatalytic reaction of isopropylamine. (CH3)2CO,
(CH,) ,CHOH, O sum of (CH,),CO and (CH,),CHOH, and V selectivity
of (CH3)2CHOH. Irradiation was performed using a 400-W high-pres-
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Thus, the 2-propanol formation (reaction (32)) proceeds not directly
but via thermal hydrogenation of the photocatalytic product acetone
and Hz.

Effect of Pt Loading on the Photocatalytic Deamino-oxidation of Iso-

propylamine. Figure 8(a) shows the effect of Pt loading on the

product yields in the isopropylamine reaction in distilled water.
The overall consumption of isopropylamine as indicated by the NH,
vield increased with the increasing amount of Pt loading, which is
attributable to the reduction with the photoexcited electron en-
hanced by the increse in the amount of Pt as a reduction site, as in

the case of propylamine (Figure 3).

Pt
- + 1
Figure 8(c) shows relationships between the products. The

amount of the liberated NH, was practically identical to the sum of

3
acetone and 2-propanol, and the acetone yield to the H2 yield, indi-
cating that reaction (31) and (32) proceed in this region of Pt amount.

In this respect, selectivity of the 2-propanol (100 x (CH3)2CHOH /

({CH,),CHCH + (CH3)2CO)) was estimated and shown in Figure 8(b) as a

3°2
function of the Pt amount. The selectivity increased along with
the Pt amount. Figure 8(d) shows the 2-propanol yield as a func-
tion of the product of the Pt amount and the acetone yield. Assum-

ing that Hy is sufficiently liberated, the amount of active H,
{Pt-H) for the hydrogenation would be predominantly in proportion to
the amount of Pt. The linear relation shown in Figure 8{d) confirm

the idea that 2-propanol is derived from acetone and H, catalyzed by
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Figure 8 (a)Effect of Pt loading on the yields of products in the
photocatalytic reaction of isopropylamine in distilled water; ;
(CHB)ZCO' , (CH3)ZCHOH, NHB’ and O H2, and (b)on the selec-
tivity of 2-propanol formation (see text). Isopropylamine (1 mmol),
water (5.0 cm3), and catalyst (50 mg) were placed in a test tube and

irradiated for 22 h with a 400-W high-pressure mercury arc under Ar,.
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Pt.

Photocatalytic Deamino-N-alkylation and Deamino-N-cyclization of

Primary Straight-chain Amines by Aqueous Suspension of Platinized

Ti0,. On the basis of the above mentioned results, it was proved

that primary straight-chain amines give symmetrical secondary amines

via following intermediates.

TiO, + hv nt o+ oe” (18)
Pt

e + H 5 H2 {(27)

1.2 " 1.2 *
R“RCHNH, + h R RCHNH, (40)

1.2 7 - 1.2 "
R°RCHNH, + OH R°RCNH, + H,0 (41)
leRCNHz + nt . leRC=NH; (42)
1R2RC=NHZ + OH lr%pe=nm + H,0 (43)
1R2rc=NH + H,0 — 1grc=0 + NH, (44)
OH
lRZRC=0 + lRZRCHNH2 = 1R2RC=NCH1R2R + HZO {45)
Pt

(1r=n) l22re=nculRr?R + H, = (’RCH, ) ,NH (46)
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Pt
1R2Rc=o + H = 1RZRCHOH (47)

2 NaOQH

As a further extension of the photocatalytic reaction, synthe-
sis of some unsymmetrical secondary amines from two different ali-
phatic alkylamines and some heterocyclic amines from a,w-aliphatic
diamines are accomplished.

Table 4 shows the results of these extensions. From the de-
tailed studies described above, the net reactions involves are sum-

marized as follows:

1R2RCHNH2 ---~>—(1R2RCH)2NH + NH, (48)
1.2 1.2
RRCHNH, + H,0 —s 'R’RCHOH + NH, (49)
1.2 1.2
R RCHNH2 + HZO i TRERC=0 + NH3 + HZ. (50)

Thus, in these reactions NHB was produced in amounts equimolar with
secondary amine, alcohol, or aldehyde. In this 1light, the molar
ratio of secondary amine to ammonia was listed in Table 4.

A equimolar mixture of ethylamine and propylamine (Run 3) led to
unsymmetrical N-ethylpropylamine (12 %) accompanied by symmetrical
diethylamine (9 %) and dipropylamine (7 %). The sum of selectivity
of these secondary amines achieved to be 70 %, showing the efficient
deamino-N-alkylation proceeds alsc in this system. Similarly, an
equimolar mixture of piperidine and ethylamine gave not only symme-

trical secondary amine, diethylamine, but also cross N-alkylation
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Table 4 Products of photocatalytic reactions of primary monocamines

and diamines Dby the Tioz/Pt catalyst in distilled water.®

. b . .., C
Run Substrate Product Yield Selectivity
/% /%
1 CH3CH2NH2 (CHBCHZ)ZNH 33 68
4
2 CH3CH2CH2NH2 (CHBCH2CH2)2NH 24 55
3 CH3CH2NH2 (CHBCHz)ZNH 9 22
CH3CH2CH2NH2 (CHBCH2CH2)2NH 7 18
CHBCHZNHCH2CH2CH3 12 30
4 CHBCHZNH2 (CH3C32)2NH 8 30
€ NH { NHCHZCH3 5 22
5 H2N(CH2)4NH2 [:>NH 67 93
6 HEN(CHz)SNH2 <::>NH 33 87
7 H2N(CH2)6NH2 [:::>NH 20 67
TN\
8 (NHZ(CH2)2)2NH HN NH 8 16

%0n irradiation of Ar-purged suspensions of Tioz/Pt (50 mg) in aque-

ous amine solutions (60-120 umcl, 5.0 cm3) for 20 h at Aex > 300 nm
and room temperature, inelds estimated by GC analysis besed on

starting amines. “Molar ratio of product amines to liberated NH,.
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product, N-ethylpiperidine.

O e O
NH + CH,CH,NH o NCH.CH., -+ NH (51)
372 hv > 300 nm 273 3

Several cyclic secondary amines could be derived from polymethy-

lene-o,w-diamines (Runs 5-8).

(CH.)
hv > 300 nm 2'n
H.N{CH.) NH + NH (520
2 2'n 2 TiOz/Pt 3
N
H

Clearly, the present photocatalytic method is more favorable for in-
tramolecular conversion, at room temperature, of primary diamines to
cyclic secondary amines (ca. 70-90 % selectivity) when compared with
the reported thermal process by homogeneous ruthenium and heteroge-
neous palladium catalysts. For example, reaction of 1,3-butanedi-
amine (100 pmol) in the presence of RuClz(Ph3P)3 (2 umol) in 5.0 cm3
of THF (26 h at 30 °C under Ar) resulted in a negligible amount of
pyrrolidine (< 1 umol). At much higher temperature a good yield
has been achieved.8

Figure 9 shows the GC-MS patterns of piperidine liberated in
the photocatalytic reaction of 1,5-pentanediamine by TiOz/Pt (see
Table 4) in H20 and D2O' While characteristic M' signal at m/e 85
was observed in H20 system, deuterized M* signals were distributed
mainly in the range of m/e 85-90 (d, - d . and small amount of d.).
These facts confirm the mechanism including a cyclic Schiff base in-

termediate which is similar to that assumed in the propylamine gys-

tem.
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Figure 9 Mass spectra of piperidine formed in the photoinduced

reaction by Tioz/Pt catalyst suspended in {a) HZO and (b) DZO'
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Pt

1

e + H = 3 H2 (27)
H.N(CH.) NH. + hT ———= H.N(CH.) C;HNH +HT (53)

2 2 nN 2 2’n-1 2

+ _ +
H,N(CH,) _|CHNH, + h > H,N(CH,) _ CH=NH + H (54)
H,N(CH,) _ CH=NH + H,0 ——= H,N(CH,) _ CHO + NH, (55)
(cH,) _

HyN(CH,), _CHO —— (:;\ //:) (56)

(CH )

=0 -

It is obvious that the conversion of primary amine to secondary
amine depends on a dual function of the TiOz/Pt catalyst which has
oxidizing and reducing sites acting as short-circuited electrode
systems. Bard and co-workers have previously demonstrated the
analogous property of partially metallized semiconductor photocata-
lysts in the Kolbe reaction,2 but these results provide a potential-

ly new mode of photocatalytic synthetic application.
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Table 5 C NMR chemical shift of the photocatalytic products from
aliphatic amines by the Tioz/Pt catalyst in distilled water (see
Table 4)
/ppm
Product Substrate
Observed Authentic
a4 4 4
(CHBCHz)ZNH CH3CH2NH2 13.33 13.62 13.51 14.50
4
(CH3CH2CH2)2NH CH,CH,CH,NH, 51.20 22.18 51.40 22.6°9°
11.96 12.09
4 4
CH3C82NHCH2CH2CH3 CH3CH2NH2 50.96 13.92 50.96 43.68
4 4
CH,CH,CH,NH, 21.96 13.62 22.43 14.09
11.74 11.96
NH H2N(CH2)4NH2 46.46 25.66 43.68 25.66
<i:>NH HZN(CHz)SNHz 46,38 25.71 46.26 25.48
24.31 24.19
it I 4
[:::>NH H2N(CH2)6NH2 18.03 28.77 48.26 29.71
27.24 27.24
{ NCH2CH3 € NH 53.78 52.72 53.78 52.72
CHBCHZNH2 25.71 24.31 25.60 24.31
11.27 11.27
NH., ( )5 ) ,NH 4 8 5.68
HN NH (uuz CH2 5 2N 15.6 45.
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Photocatalytic Oxidations of 2-Propanol and Water Along

with Silver Metal Deposition by TiO., Suspension

2



Chapter 6

Photocatalytic Oxygen Formation and Silver Metal Deposition

by Ti02 Suspension in Aqueous Solution of

Various Silver Salts

ABSTRACT

The photocatalytic reaction of Ar-purged agueocus sclutions con=
taining various silver salts and TiO2 powder in suspension was stu-
died at room temperature. Photoirradiation (Aex > 300 nm) resulted

in 02 formation and deposition of Ag metal on the T102 particle.

The reaction rate depended on the kind of anion of the silver salt

and increased in the order; CIOA’ < NO3‘ = SOAZ_ < F (= PO43“

sensitizing activity of the rutile (TiOz(R)) was comparable to that

(a)). The molar ratio of deposited Ag metal to

). The

of the anatase (‘I‘iO2

liberated 02, which was independent of the reaction rate, was equal

to ca. 5 except for the case of TiO,(A)/AgClO,. The pH of the reac-

2

tion mixture decreased with irradiation time, resulting in deactiva-

tion of TiO . Although 0, formation and Ag-metal deposition

2
did not occur at pH < 2, the photosensitizing activity of the TiO2
powder was recovered by the addition of NaOH. The addition of 2-
propanol to the deactivated acidic suspension of Ti02 was also ef-

fective for Ag-metal deposition but not for 02 formation.



INTRODUCTION

The photoinduced decomposition of water to produce H2 and 02

has been achieved using certain powdered semiconductors, such as

TiOZ, with favourable band evergies. Currently, successful

modifications of the guantum efficiency for the Tioz—photosensitized

. . 5-10
reactions have been made with electron donors, such as alcohols,
. . - ‘ . 11-14
for the reduction of water to Hz and electron acceptors, such
as metal cations, for the oxidation of water to 02. The oxidation
of water has also been studied from the viewpoint of its application

to photoimaging proce556515~17 or the photochemical preparation of

metal-loaded catalysts.ls'19

In the present work, the photoinduced reaction of an aqueous
T102 suspension containing silver ion is described. The charac-
teristics of the reaction are discussed on the basis of the results
concerning the effects of the form of TiO2 crystal and of the anion
of silver salt. Particular emphasis is placed on the deactivation

of the TiO2 photocatalytic activity for the o, formation and Ag met-

al deposition, due to the decrease of pH of the reaction mixture.

EXPERIMENTAL

Materials. Anatase titanium dioxide (Tioz(A)) was obtained as a

white powder (purity, 99 %; 8042‘, 0.05 %; Cl , 0.01 %) from Merck.

The slightly ivory-colored powder of rutile TiO, (TiOZ(R)) was pre-
pared by heating TiOz(A) in air for 10 h at 1200 °C. The guantita-
tive conversion of Tio2(A) into TiOz(R) by this treatment was con-
firmed by comparison of their X-ray diffraction patterns;20 e.g.

[o]

the principal anatase peak at 25.3 ° 2¢ (3.52 A) disappeared



completely to give an intense peak characteristic of rutile at
27.3 ° 2% (3.25 g) upon heating. Water (Hzo) was passed through an
ion-exchange resin and distilled immediately before use. H2180
was obtained from CEA (97.3 %). Silver sulphate (Ag2504), silver
fluoride (AgF), silver perchlorate (AgClO4), silver nitrate (AgNO3),
silver phosphate (Ag3PO4) and 2-propanol were of reagent grade and
used as received.
Method. X-ray diffraction patterns were obtained using a Rigaku
Geigerflex 2013 diffractometer (Cu target, Ni filter, 35 kV, 20 ma,
at a scanning rate of 1 ° minhl). Mass spectra were recorded using
a Shimadzu Maspeg 070 speqtrometer (Ve = 80 V; Ie = 0.1 A). Gas
chromatography was performed with Shimadzu GC 4A (for 02, eguipped
with a TCD, column 60-80 mesh Molecular Sieve 548 (3 m x 3 mm), Ar
carrier at 130 °C) and GC 6A (for 2-propanol and acetone, equipped
with an FID, column 20 % Polyethylene Glycol 20M on 60-80 mesh Ce-
lite 545 (3 m x 3 mm), N, carrier at 70 °C) gas chromatographs.
The pH value of the solution was determined with a Hitachi-Hori-
ba F-5 pH meter. Atomic adsorption analysis was performed with a
Jarrel-Ash AA 780 or 8200 spectrometer.

In a typical run, a suspension of a finely ground Ti02 powder
{50 mg) in 5.0 cm3 of agqueocus silver salt sclution (250 pmol of Ag+)
was placed in a glass tube (15 mm diameter, cut-off wavelengths <
300 nm), purged for 30 min with Ar and then sealed off with a rubber
cap prior to irradiation. Irradiation was performed at room tem-
perature using a merry-go-round apparatus equipped with a 400 or 500

W high-pressure mercury arc (Eiko-sha 400 or 500). The distance

between the sample and the light source was 5 cm. The Ar-purged
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solution was stirred magnetically throughout the irradiation.

After the appropriate irradiation, the amount of 02 liberated
into the gas phase was determined by gas chromatography. The sus-
pension was then centrifuged +to separate the T102 powder from the
aqueous solution which was normally subjected to pH measurement and
which was additionally subjected to gas chromatography in experi-
ments in which 2-propancl was used. The separated TiO2 powder was
washed with distilled water, dried overnight at 70 °C and treated

-3 3

with HNO3 {13 mol dm 7; 1.0 ecm™). The resulting suspension of

bleached TiO2 was diluted with distilled water and centrifuged.

+ . : , . .
The agueous Ag solution was subjected to atomic absorption spectro-

SCOpPY . The reproducibility of the yield o©f Ag determined by this
procedure was within * 5 umocl.
. e s s . 18 - N
In an experiment with H,O containing HZ O (4.6 mol%), a suspen-

2

. . - v 3. : , .
sion of T102 powder (50 mg) in 2.1 cm™ of Agzsod solution (100 umol

BRg )} was prepared in a glass tube (15 mme¢) equipped with a stop-

h

o}
cock, deaerated by repeated freeze-pump-thaw cycles under reduced
pressure (< 40 mPa), and then sealed off. Irradiation was performed

under conditions similar to those above. After the irradiation, a

Fh

B

portion of the gas phase of the sample was transferred to a gas cell

L

(2

—
o

.4 om”) on a vacuum line and was subjected to mass spectroscopy

Je

stribution.

Jout e

for the determination of oxygen isotope d

RESULTS AND DISCUSSION

Photoreaction of Agueous Silver 8alt Solutions in  the Presence of

Suspended TiO Table 1 shows the results of the photoirradiation

5

(Ae > 300 nm) under Ar. During the irradiation the dispersed Ti02




Table 1 Oxygen formation and silver metal deposition in the photo-

irradiated system of Tioz/silver salt.?

Tloz(A) TlOz(R)

Silver 0, Ag Ag 0, Ag Ag

Salt /umol /umol 02 /umol /umol 02
AgClo, 2.0 18.2 9.0 11.6 64.1 5.5
AgNO, 7.0 39.9 5.7 24.5 117.7 4.8
Ag2504 9.3 53.7 5.8 23.0 115.9 5.0

AgF 35.4 181.3 5.1 37.1 182.6 4.9
ag,P0,°>  (44.4) (218.2) (4.9 (41.1) (182.2)  (4.4)
aTiOZ 50 mg, silver salt (containing 250 pmol of silver ion) and

water 5.0 cm3 were placed in a test tube and irradiated with a 500-W

high-pressure mercury arc under Ar for 5 h.

- 150 -
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powder turned grey in AgClO,, AgNO3 and AgZSOA solutions and brown
in AgF solution and A93POA suspension. The X-ray diffraction pat-

terns of the coloured TiO,(A) powders, which were separated from the

2
AgZSOl1 and AgF solutions, involved new diffraction lines assigned

to Ag metalz1 in addition +to those of TiOz. This observation

demonstrates that the Ag+ ion is deposited on Ti02 particles during
the irradiation.22 Mass spectroscopic measurement showed the forma-
tion of oxygen (m/e = 32 (M+)) in the gas phase together with the
adg-metal deposition. No other volatile products were observed.
Neither 02 formation nor Ag-metal deposition occurred in the
dark. Irradiation of the suspension of Tioz(A) in Ag2504 solution
at Aex > 390 nm {Toshiba L-42 glass filter) led to the formation of
negligible amount of O,. Furthermore, the irradiation of both

2

TiOZ(A) and TiOZ(R) suspensions in Ar-purged water without a silver

salt produced negligible amount of O e.g. the yield was < 0.01

o
pymol after 10 h irradiation. In the analogous experiments without
TiO2 powder, none of the agueous solutions except Ag3PO4 yvielded O2
on irradiation at Aoy 7 300 nm. When Ag,PO, (250 ymol of Ag+),
which 1is less soluble brown powder, was dispersed in water (5.0

cm3) and irradiated for 5 h, 8.0 pmol of 02 could be detected, while

the vyield was increased by a factor of 5.6 in the presence of Tio2

powder (Table 1). The presence of non~semiconductor silicon oxide
(Sioz, 50 mg) in the Ag3PO& suspension led to a comparable yield of
0, (8.2 ymol) with negligible Ag-metal deposition (< 2 umol) on the
oxide.

In view of these results, 02 formation and Ag-metal deposition

are attributable to the well known photocatalytic property of
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semiconductor particle of TiC which can photochemically generate

2?

hole-electron pair, i.e.,

It is seen from Table 1 that the activities of powdered TiO. for

2
photoinducead 02 tormation and Ag deposition are affected by the kind
of anion in the silver salt, increasing in the order ClOA_ < N03“ =

2- - 3- . . ; :
SO, <P {= PO ; the activity cannot be compared directly since

[t

this salt was less soluble than the others). Particularly, the
yield of 0, varied over the range 2.0-44.4 umol for TiDz(A), while

the activities of the Ti02(R) suspensions were relatively less sen-

sitive to the variation of anion. In a given soluticn of AgClo,,
AgNO, or Ag,50,, TiO,(R) was more than twice as active as Ti0,(A)
for both 02 formation and Ag-metal desposition. In contrast, almost

identical activities were obtained with AgF or AgBPOA.

O2 Formation via Photoinduced Decomposition of Water. In order to

clarify the source of the molecular oxygen, the isotope distribution

in the oxygen molecules was determined by mass spectroscopy for an

agueous silver salt solution containing HZIBO. TiOz(A) or TiOZ(R)

powder (50 mg) was suspended in a mixture of 95.4 mol$ H216O and 4.6

mol% H 180 (2.1 cm3) containing Ag,SO, (100 umol of Ag+) and irradi-

2
ated for 5 h. Table 2 indicates that l80 in H 180 is liberated

2
16018O nd 18018O i

photochemically to form molecular oxygen as
both systems.
Assuming that water undergoes oxidative decomposition by the

hole (h+), which is generated photochemically on the TiO2 particles,
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the following three processes are possible:

int s H2160 N H216o _ 16516, Lt
an” + H2160 + H218O =~ 165185 . 4g7 (2)
4h+ + H2180 + H2180 18018O + 4H+

The distribution of 160160 : l60180 : l80180 under the present con-

ditions can be calculated as shown in Table 2 on the assumption that
the reactivities of h+ toward H216O and 82180 are identical. This
is in good agreement with the observed distributions in both Tioz(A)
and TiOZ(R) systems. From these facts it is concluded that photc-
chemical 02 formation originates from water oxidation. The decom-
position of either the Tio2 lattice or the 5042— ion does not occur

to produce 02.

It is also likely that Ag-metal deposition occurs via reduction

- 15— .
of the Ag+ ion by the electron (e )‘5 17 generated simultaneously
with the hole (h’) (reaction (1)), i.e.

e  + ag” Ag (3)

The overall photoredox reaction leading to 0, formation and Ag-metal
deposition, which would occur on the same TiO2 particle,23 is as

follows:
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Table 2 Oxygen isotope distribution observed in the

photoinduced reaction system Tioz/AgZSOd.

distribution (%)

16016O 16018O 180180
observed for TiOz(A) 91.6 8.2 0.2
observed for TiOE(R) 91.9 7.9 0.2
calculated 91.0 8.8 0.2
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Ti0
angt 4+ 26,0 2 4Ag + 0, + 4H". (4)
hv > 300 nm

As 1is seen from Table 1, the observed molar ratio of deposited

Ag metal to liberated 02 is close to 5, almost independent of the

crystal structure of Ti02 and the anion of the silver salt. As an

exception, the Ag : 0, ratio (= 9.1) in the TiOZ(A)/Agcloa system
was nearly twice those in the other systems. Apparently the obser-~
ved value of ca. 5 is larger than the stoichiometric value of 4 in

reaction (4). The discrepancy would be due to the photoadsorption

of O2 leading to the formation of 02 on Tioz surface.l3’l"24 26

Time-course of the Photoinduced Reaction. Figure 1l(a) illustrates

the time course of photoinduced 0, formation from a TiOz(A) or Ti02

(R} suspension in Ar-purged Ag,S0, and AgF solutions. The amount

of 02 increased with the irradiation time and attained its maximum

value 1in all cases. As shown in Figure 2, the amount of the depo-

sited Ag was ca. 5 times larger than that of O the ratio was in-

2;
dependent of the irradiation time.

In each system of TiO2(A)/Ag280A, AgClO4 or AgNO the maximum

31‘
yield of the deposited Ag, in the range 10-20 % based on the amount

+ . e
of Ag ion, was obtained within 2 h (see Table 1). In contrast,

the amount of 0, and Ag metal in the 'I‘i()z(R)/zl‘ngSO{1 system increased

continuously even after the 2 h irradiation, up to the maximum yields

(ca. 40 umol of O, and ca. 200 umol of Ag, 80 % yield based on the

2

+ . . S .
amount of Ag icn) for 24 h irradiation. Irradiation of the AgF so-

lution with either TiOz(A) or TiO2

er rate than that observed with AgZSOd solutions, i.e. more than 80

(R) powder produced O, at a great-

2
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Figure 1 Variation in (a) 0, yield and {(b) pH as a function of time
of irradation ()\eX > 300 nm)

3
cm” )

on Ar-purged agueous suspensions

A, TiO,(A)/Rg,S0,; A, TiO

o TiOz(R)/AgF (50 mg of TiO

(5.0
2(R)/AngSOQ; . TlOZ(A)/AgF;
L7 250 umol of agy.
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Figure 2 Variation in the yield of Ag metal as a function of the
yield of 02; ; Tloz(A)/AgZSO4; A TlOZ(R)/AgZSO4;
AgF ; O, TiOZ(R)/AgF.
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% of the Ag+ ion were photoreduced within 5 h.

As shown in Figure 1(b), the pH value of the reaction mixture
decreased rapidly in the TiOZ(A) or Tioz(R)/Agzso4 system and slowly
in the TiOZ(A)/AgF system by the irradiation. The amount of proton
(87) released in the reaction system at a given time during the ir-
radiation was estimated for convenience from the pH and is plotted

against the corresponding'yield of O, in Figure 3. The H+/O2 ratio

2

of ca. 3 was obtained for the TiO,(A) or (R)/AgZSOA system from the

2

slope of these linear plots. This is near to the theoretical value
of 4 in reaction (4). However, the H+/O2 ratio for the AgF system
was nearly zero. It appears that most of the H' generated in the
AgF solution associates with F , which was released as the result of
the Ag deposition, to form HF because of its extremely small acid -

27

base equilibrium constant (pKa = 3.45) when compared with that of

H2504.

systems produce highly dissociative acids of HNO3 and HClO,, respec-

It is reasonable to predict that both the AgN03 and AgClO4

tively, analogously to the Agzsoa system.

pH Dependence of the Photocatalytic Activity of TiQ The rate

5"

of 0, formation (RO ) at a given time over the irradiation period
2

was estimated from the slope of the 02 yield against time curve (see

Figure 1l(a)). Figure 4 shows the plots of R against pH of the

°,

agqueous phase of the reaction mixture at the corresponding time. The

rate of O2 formation in the Tioz(A)/AgstA system was reduced gra-

dually as the pH value decreased to ca. 3.
In the pH range from 3 to 2, however, a very rapid decrease in

RO by a factor of ca. 10 (corresponding to a maximum factor because
2

the R values were uncorrected for the decreased concentration of

0,
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Figure 4 pH Dependence of the rate of 0, formation (RO ) s '
2
TiOZ(A)/Agzsoa; AN TiOz(R)/AgstA; ® , TiOz(A)/AgF. The data

points were derived from Figure 1 (see text).
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+o ; . .
Ag ions (see also Figure 2)) occurred. In agreement with this be-
haviour, neither 02 formation nor Ag-metal deposition could be de-

tected on irradiation of a TiO,(A) (50 mg) suspension in Ar-purged

2

AgNO solution (250 umol of Ag+; 5.0 cm3), which was adjusted to pH

3
1.5 with HNO3 prior to irradiation.
The characteristic of the pH~dependent deactivation of TiOz(R)

in Ag,50, solution was essentially identical with that of TiO,(A),

2
but significant deactivation occurred under more acidic conditions.
Similarly, the rates of the photocatalytic 02 formation by
Tioz(A) suspended in AgF solution decreased with decreasing pH, al-
though the pH change during the irradiation was very small. Such a
pH effect can account for the observed trend for the silver salts
(see Table 1); i.e. salts of weak acids such as AgF and Ag3P04 give
greater yields than those of strong acids because F~ and POA3- cause
smaller pH decrease during the photoreaction. The activity of Ti02
in AgC104 solution 1is due to the lowest initial pH wvalue (< 3).
Similarly, TiOZ(R) shows higher activity than Tioz(A) in the AgClO4,

AgNO and Agsta solutions because of its lower sensitivity to de-

3
creasing pH, but comparable activities are observed with AgF or
Ag3PO4 leading to a smaller decrease in pH during the photoreaction.

Further experiments were performed to find out whether the TiOz,
which is deactivated in acidic solutions, retains its original acti-
vity. For example, TiOZ(A) powder (250 mg) was suspended in an
Agzso4 solution (1.25 mmol of Ag+; 25.0 cm3) and irradiated for 20 h
under Ar. TiOZ(A) powder covered with Ag metal deposit (ca. 50

umol of Ag on 50 mg of the powder) was recovered and then suspended

in freshly prepared Ag,S0, or AgF solution (250 umol of Ag+; 5.0
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cmB) and irradiated under similar conditions. Pigure 5 shows the
variations of 02 yield with irradiation time, indicating that the
recovered TiOz(A) powder retains its original activity in Ag2804 sSO-
lution on the second irradiation, while the activity in AgF solution
is reduced to ca. 70 %.

In a similar experiment, a suspension of powdered TiOz(A) (50
mg) in A92504 solution (250 pmol of Ag+; 5.0 cm3) was neutralized by
adding 0.1 cm3 portions of agqueous NaOH solution (1.0 mol dm—B) at
appropriate times during the irradiation when the rate of 02 forma=-
tion fell to nearly zerxo. The results show that the addition of an
alkaline solution can keep the activity of semiconductor TiO2 at the
level required to produce O2 via photo-oxidative decomposition of
water.

On the other hand, although the TiOz(A) suspension in Agzso4
solution after 20 h irradiation could no longer produce O2 and Ag
metal because of the decreased pH value of the reaction mixture, it
was still able to oxidize 2-propanol. In a typical run, irradiation
of pre-exposed (20 h) TiOZ(A)/Agzso4 system (the liberated 02 was
purged by Ar prior to the second irradiation) for 2 h in the pre-
sence of 2-propanol (500 umol, 38 mm3) yielded 22 pmol of acetone
and 51 pmol of deposited Ag metal.

These results clearly demonstrate that the photosensitizing ac-
tivity of Ti02 powder for the oxidative decomposition of water to 05
is promoted by the reduction of the Ag+ ion as an electron acceptor
to Ag metal, but is reduced significantly due to a lowering of the
pH of the reaction system during irradiation. Optimum pH control

of the aqueous reaction system would enable to obtain the highest
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Figure 5 Variation in 02 yield as a function of time of irradiation
(Xex > 300 nm) of suspension of Tioz(A) powder (50 mg), which was
recovered from a pre-irradiated (20 h) suspension in Ag2504 solution
(see text), in Ar-purged aqueous solutions of A , Ag2804 and @ ,
AgF (250 umol of Ag+; 5.0 cmB). The solid lines (a) and (b) denote
the time-dependent O, yields in Ag2804 and AgF, respectively, with a

fresh Tioz(A) powder.



activity of semiconductor TiO

¢
In view of the results of electrochemical studies of the TiO2
electrode,28 the relative potential of TiO, powder with respect to

2

the oxidation of water should be constant regardless of pH, assuming

that TiO powder shows the same behaviour as in the electrode.

2

Therefore, the reversible change 1in the TiO2 activity shown above

should be attributable to a pH-dependent modification of the TiO2

surface. it is possible that OH groups on the Ti02 surface proto-
nate or deprotonate according to the following acid-base equili-

brias??

: : +
—Ti-0H + H' ——Ti-0H (5)

~—Ti-0 + H —Ti~0H. (6)
The known PK, Value530 of anatase Ti02 were 4.98 and 7.80 for equi-
libria (5) and (6), respectively. It follows that the OH groups on
the Ti02 used in this work are partly protonated at the initial pH
of the photoreaction systems {(ca. 4 to 5, see Figure 1). As the
reaction proceeds, the pH decreases, resulting in entire protonation
of the surface OH groups and the deactivation of the Ti02 powder.
Thus, the protonated, i.e. positively charged, surface would be less
favourable for the photoinduced reaction. Similar behaviour of the

4
TiO, activity has been reported by Mills and Porter.1

2
Adsorption of the Ag+ ion on the Ti02 surface has been repor-

15,17

} . + .
ted. Such Ag adsorption to release H would become less sig-

nificant with decreasing pH, i.e. increase in the protonated surface,
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resulting in TiO2 deactivation. However, another explanation for
the deactivation is also possible, in that the probability of the
water oxidation by the photogenerated positive hole to form 0, is
decreased with increasing protonation of the surface. among these
possibilities, the former likely accounts for the pH dependent acti-
vity of Tioz; the amount of adsorbed Ag+ decreases with the pH de-
crease and thereby decreases the Ti02 photocatalytic activity, as
has been described in Chapter 11 of this thesis.

In conclusion, it 1s clarified in this chapter that (1) TiO2
photocatalytic activity for the 02 formation and Ag metal deposition
significantly depends on the pH of the suspension, and (2) thekind
of anion in the silver salt influences on the initial pH of the suspen-

sion and on the course of the pH decrease during the photoirradia-

tion.
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Chapter 7

Photocatalytic Oxidations of 2-Propancol and Water by

Ti02 Suspension in Aguecus Solution of

Various Silver Salts

ABSTRACT

The effects of 2-propanol and counter anion of a series of sil=-
ver salts on the photoreaction (Aex > 300 nm) catalyzed by a suspen-
anatase (TiO

sion of TiO (A)) or rutile (TiOz(R)), in aqueous so-

2! 2
lution were studied at room temperature under Ar. The oxidative
decomposition of water to form 02 was depressed by the addition of
2-propanol as a result of competitive oxidation of the Z2-propanol to
acetone. The presence of 2-propanol enhanced the reduction of Ag+
icn to Ag metal in the TiOz(A) system. Both the oxidation rates of
water and 2-propanol increased with increasing the pKa of conjugate
acids for the counter anion of the silver salt. In the CHBCOOAg
solution the decarboxylation of acetate ion to liberate CO2 occurred

simultaneously, for which TiOZ(A) was more active than TiO,(R).

2
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INTRODUCTION

Previously, the photocatalytic action of powdered Ti02, either

anatase (TiO,(A}) or rutile (TiOz(R)L that gives rise to the oxidation

2
of water to liberate 02 and reduction of Ag+ ion to deposit Ag metal

onto the TiO., particle in aqueous suspension containing silver salt

2
has been reported in the preceding chapter of this thesis.1 This
mode of photocatalytic reaction did not proceed in the pH range

below 2, while the TiO, was still able to induce oxidation of 2-pro-

2
pancl to acetone under photoirradiation.

The present study characterizes further details of the TiOZ
catalyzed photoreaction in aqueocus solution of several silver salts
containing 2-propanol. In this chapter the effects of the 2-propa-
nol and the series of the counter anions of silver salts on the pho-
toreaction characteristics are described. The difference in photo-

catalytic activity between TiO,(A) and TiOz(R) is discussed on the

basis of these results.

EXPERIMENTAL

Materials. Anatase powder of Ti02 (TiOZ(A)) was supplied by Merck
and rutile powder (TiOZ(R)) was prepared by heating the TiOz(A).
The characterization of these powders was carried out as reported.l
Water was passed through an ion~exchange resin and distilled immedi-
ately prior to use. Silver salts (AgC104, AgNO3, Ag2804, AgF,

AgBPOQ, and CH,COOAg) and 2-propanol were of reagent grade and used

3

without further purification.

Photoirradiation. A finely ground TiO, powder (50 mg) was suspended

2

in 5.0 cm3 of aqueous silver salt solution (250 pymol of Ag+), which
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was freshly prepared in a glass tube (15 mmg¢ x 180 mm, transmits
wavelengths > 300 nm of the light), purged for 30 min with Ar and
then sealed off with a rubber cap. After injection of 2-propanol
(38 mm3, 500 umol), the Ar-purged and magnetically stirred agueous
Ti02 suspension was irradiated at room temperature using a merry-go-

round apparatus equipped with a 400-W high-pressure mercury arc (Ei-

kc~sha 400).

Product Analysis. The procedures for the analyses of liberated Y
acetone, and deposited Ag were the same as reported previously.1
In the experiments with CH3COOAg, carbon dioxide liberated into the
gas phase of the sealed sample was analyzed by a Shimadzu GC 4A gas
chromatograph equipped with a TCD (column Chromosorb 103 (3 mmo x 3

m), Ar carrier at 100 °C).

RESULTS AND DISCUSSION

Effect of 2-Propanol on the TiO., Catalyzed Photoredox Reaction in

2
Agueous Solution of Inorganic Silver Salts. Table 1 summarizes the
product distribution observed upon photoirradiation (A > 300 nm)

eXx

of a suspension of powdered Ti02 in Ar-purged aqueous solution con-
taining inorganic silver salt and 2-propanol. Typically, the Agzsod

solution without 2-propanol (pH = 4.0 before irradiation) led to 02

formation and Ag-metal deposition (Runs 1 and 2). The molar ratio
of liberated O2 to deposited Ag metal was ca. 0.20, almost indepen-
dent of the crystal structure of Tioz. These characteristics of

the photocatalytic reaction are in accord with the previous observa-
tion {see Chapter 6).1 Thus, the overall photoredox reaction is

given as follows:
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Table 1 Photocatalytic reaction by Ti02 in aqueous solution of

incrganic silver salts with and without 2—propanol.a

b Silver Product/umol s© Initial
Run TiO2 —
Salt 0, Acetone Ag % pH
d
1 A Ag,S0, 10.0 — 50 — 4.0
2 R AgZSOdd 19.9 — 95 — 4.0
3 A AgClOA 0.4 41 54 98 2.7
4 A AgNO, 0.7 46 100 97 3.8
5 A AgZSOa 0.9 46 107 96 4.0
6 A AgF 3.3 64 161 91 5.0
7 A Ag,P0,° 5.0 66 (2100t 87 —9
8 R AgClo, 4.1 29 79 78 2.7
9 R AgNO, 3.5 32 82 82 3.8
10 R Ag2504 4.1 35 87 81 4.0
11 R AgF 6.6 47 126 78 5.0
12 R Ag PO, ° 5.9 36 (215)5 75 —9
aTiO2 (50 mg) suspension in aqueous solution (5.0 cm3) containing

250 uymol of Ag+ ion and 500 umol of 2-propanol in a test tube was

irradiated with 400-W high-pressure mercury arc under Ar for 3.0 h.

b

A and R refer to Ti0,(A) and TiO,(R), respectively. CSelectivity

2 2
of 2-propanol oxidation (see text). dwithout 2-propanol. ePartly

dissolved. ‘Contained undissolved Ag3POa' INot determined.
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+ hv > 300 nm
0 + 4RAg O
Ti02

2u

p—t
A

+ 4Ag + 4H
5 g (

The discrepancy of the observed 0, : Ag ratio (= 0.20) from the

2
stoichiometric value (= 0.25) indicated by equation (1)} is attribut-

able to partial photoadsorption of 02 on the Ti02 surface.2'6 It 1is

clear 1in Table 1 that for the formation of

(I

O2 and Ag metal in the
a

h

Ti0.,(R) is

Ag2504 solution the apparent photocatalytic P

ctivity o
approximately twice greater than that of TiOz(A).

The presence of 2-propanol (300 vmel) in qusod solution (Runs 5

and 10) depressed the 0, formation by a factor of ca. 5, regardless

[im 3}

o] the irradiation of TiO.(A) or TiO,(R) suspension, giving rise to

2 2
an alternative oxidation of the 2-propanol to acetone. Similar for-
mationscﬁfo2 and acestone were cbserved together with the Ag-metal de-
position in agueous solution of a series of inorganic silver salts
containing 2-propanol, These results show that the following mode

of nphotoredox reaction proceeds in competition with the process as

in eqguation (1).

(CH3)2CEOF + 2Ag ) (CH3)2CO + ZAg + 2H (2)
1102
In accord with sguations (1) and (2} which involve release of Dro-
ton, the significant pH decrease during the irradiation was ob-
served with AgClO4, Ag2504, or ZagNO3 In the AgP solution, however,
such a pH decrease was exceptionally slow as a result of efificient
association of the photochamically released proton with F ion !



and TiOZ(R) in a given inorganic silver salt solution containing 2-
propanol, the vield of individual products by these photocatalytic
reactions 1is shown in Figure 1. The Tioz(R) is seen to produce
larger amcunt of 02, by 2~10 times depending on the kind of counter
anion of the silver salt, compared with the TiO2(A). In contrast,
the vyields of acetone and Ag metal by the Tioz(A) are 1.4 and 1.3
times, respectively, as large as those by the TiOZ(R). Moreover,
these yield ratios 1.4 and 1.3 are almost independent of the kind of
counter anion.

On the basis of these results, a possible scheme for the photo-
catalytic actions of Tioz(A) and TiOz(R) is outlined as follows. 1In
the initial step an electron-hole pair is created by the excitation
of the electron of semiconductor Ti02 powder, from the valence band
into the conduction band, with light of energy greater than the band

7,8

gap (3.23 eV for TiO,(A) and 3.02 eV for TiOz(R).

2

TiO. + hv e + h (3)

Trapping of the electron and hole at the TiO2 surface accounts for
the charge separation of such an electron-hole pair.

It is presumed that oxidation sites of the TiO2 photocatalyst
surface which trap holes are conveniently classified into two groups
i.e., one group has oxidizing ability sufficient to cleave adsorbed

water and produce 02 (termed an ht site), while the other group is

I

not responsible for the water decomposition because o©f the lower

oxidizing ability (termed an h+II site).
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Figure 1 Relationships between the product yields (Y) by Tioz(A)

and Ti0,(R) powders: acetone ( O ), Ag ), and ©
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h _ + = H.O = % 0., + H (4)

This classification implies that the reactivity of the trapped hole

is strongly dependent on the structure of Tio2 surface. In addi-

. . + . +
tion, it was presumed that not only the h I site but also the h IT

site leads to oxidation of adsorbed 2-propanol to acetone.

3),C0 + ut (5)

) ,CHOH s

; S 1
h or h + 5 (CH 5 5 (CH

3

On the other hand, the trapped electron on Ti02 surface can be a re-

. . + -
duction site toward adsorbed &g ion to form Ag metal.

Following the above scheme, the ratio of 0, yields by TiO0,(R)

2
and TiOz(A) (= 2.0) 1in Agzsoa solution without 2-propanol (Runs 1

. - + .
and 2) shows that the TlOz(R) surface has larger amount of h I site

than the TiOz(A) surface to oxidize adsorbed water. This is also

the cases for the AgClO, (the corresponding 02 yield ratio is 5.8,
1

see Table 1 of Chapter 6) and AgNO, (3.5) solution. In the AgF
{1.0) solution, however, the amount of the h+I site of TiOz(A)
and TiOz(R) would be equal.1 The depression of water oxidation by

the addition of 2-propanol is atributable to competitive adsorptions

between 2-propanol and water on the h+I site. Since the 02

2(R) and TiOZ(A) systems increase by

1.4-2.3 times in the presence of 2-propancl (Table 1}, it is also

vield ratios between the TiO
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expected that the adsorption of 2-propancl relative to water occurs
to larger extent on the h+I site of TiOz(A) compared with TiOz(R)
in these silver salt solutions.

Furthermore, the adsorption of 2-propancl on the h+II site 1is
responsible for the oxidative formation of acetone (equation (5)).
The TiOz(A) system probably involves this type of 2-propancl oxida-
tion and thereby promotes reduction of Ag+ ion to by the trapped e
(equation (6)), because the yield of Ag metal by the TiOz(A) 1s en-
hanced in the presence of 2-propanol. In the absence of 2-propanol
the hole trapped at the h+II site of TiOz(A), which can not oxi-
dize water, should neutralize part of the electron so that the ef-
ficiency of Ag-metal decreases. On the other hand, the irradiated
TiOZ(R) would not effectively form such h+II site, because the
yield of Ag metal by the TiOz(R) is little affected by the addition
of 2-propancl in contrast to the tioz(A) system. The Ag-metal
yield relationship in Figure 1 also suggests that the total amount
of oxidation site, h+I and h+II’

. + . : . .
times as much as that of h 1 °n the TlOz(R) in a given silver salt

on the Tioz(A) surface is 1.3

solution under these conditions.
According to the stoichiometries in equations (1) and (2), one
may expect the following relationship between the yields of total

(Y. ) plus acetone (Y ), and reduction

oxidation product, O
2 02

(CH3)2CG

product Ag (YAg).

4 -
R 2Y(CH3)2CO Yng (7)

As plotted in Figure 2, the data for both the TiOZ(A) and TiO,(R)

2
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Figure 2 Linear plot of the yield of reduction product versus that

of oxidation product in the TiO,(A) ( ) and Ti0,(R) ( O ) systems,

2 2
following the relationships in egn. (3) (see text),
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systems listed in Table 1 are seen to satisfy this relationship. 1In

this 1light, we defined the selectivity of 2-propanol oxidation (8)

by

x 100 / (4YO + 2Y(CH3) co

(CH,),CO 5

3°2 2

Table 1 shows that the selectivities S thus evaluated are in the

2(A) {Runs 3-7) and 75-82 % with Tioz(R)

(Runs 8-12), respectively. Such high selectivities indicate that

range of 87-91 % with TioO

the predominant adsorption of 2-propancl at 0.1 mol dm_3 occurs on

the h+I sites of both TiOz(A) and TiOz(R). Moreover, the adsorp-

tion of 2-propanol on the h+II site in the TiOz(A) system partly
accounts for the fact that the selectivity of acetone formation is
greater than that in the TiO2(R) system without the effective h+II
site.

Effect of Counter Anion on the TiO2 Catalyzed Photoredox Reaction

in Aqueocus Solution of Inorganic Silver Salts. The initial pH of

agueous silver salt solution, before irradiation, depended on the
counter anions and decreased in the order F > SO42_ > NO3- > c1o4'
(Table 1). Table 1 also shows a trend that the yield of Ag metal
as a measure of the net photocatalytic activity increases with low-
ering the initial pH.

From the PK, value (ca. 6) of TiOZ(A) in the following acid -

base equiiibrium,l’g’lo

+
-Ti-OH + H© ~Ti-OH, (9)

- 179 -



it 1is expected that OH groups on the TiO2(A) surface prior to irra-
diation will be partly protonated in AgF solution (initial pH 5.0)
and the extent of such a protonation will increase with varying the
42" < No; < Clo, .  According-
ly, the photccatalytic activity of TiO2(A) as measured by the yield

counter anions in the order F < SO

of Ag metal is suggested to increase with decreasing the extent of
the surface protonation. This means that the formation of positive-
ly charged surface by protonation is responsible for the deactiva-
tion of both h+I and h+II sites and thereby depresses the oxidations
of water and 2-propanol. Under such conditions the neutralization
between electron and hole would become more effective, so that the
reduction of Ag+ ion is also depressed.

Since the pKa values of HCIO, {(~8), H S0, (-3), and HNO

2 3
are negative,ll most of the proton released by the photocatalytic
reactions (equations (1) and (2)) should not associate with counter
anions in aqueous scolution of AgClO,, Agzsoa, and AgNO3. Alterna-

tively, the photo-released proton could associate with surface hy-

droxyl group of Tio,(A) or TiOZ(R) to deactivate the oxidation

2
site. The smaller pH decrease during the irradiation in AgF solu-
tion 1is related to the positive pKa value (= 3.18)ll of the conju-

gate acid HF, i.e., the F ion is much more associative with the
photo~released proton, compared with the C104, 8042—, and NOB- ions.
In this case, therefore, the deactivation of oxidation site of TiO2
photocatalyst by the surface protonation during irradiation is
relatively minor.l

For convenience, the yields of 0, and acetone in the series of

inorganic silver salt solutions are plotted in Figures 3 and 4,
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Figure 3 Variation of the 0, vield (YO ) as a function of pK_ of

2
anions of several

TiOZ(A) { )y Tioz(R) (0.

conjugated acids for the inorganic silver salts:
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Figure 4 Variation of the acetone yield (Y

) as a function
(CHB)ZCO

of pKa of cciijugate acids for the anions of several inorganic silver

salts: TiOz(A) ( ) TiOZ(R) (O ).
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respectively, as a function of pKa of the éorresponding conjugate
acid as above. The 02 vield little changes under conditions where
the pKa of conjugate acid for the counter anion of the silver salt
is negative. In the positive pKa region, however, the o, yield
increases rapidly upon increasing the pKa. Although the character-
(A) and TiO,(R) systems are

2 2
(R} 1is able to produce 2-10 times

istics of PK, dependences in the TiO

very similar (Figure 3), the TiO,

larger amount of 02 than the TiOZ(A) as described above (Figure 1).
In the case of acetone formation the yield increases graducally with
increasing the PK_ in which the TiOZ(A) is 1.4 times more active

than the Tioz(R) (Figure 1).

Ti02 Catalyzed Photoredox Reaction in the CH3

CH3COOAg solution (initial pH 6.2) showed several features of the

photcatalytic redox reaction, which are distinct from those in the

COOAg Svystem. The

inorganic silver salts systems. Thus, not only the 02 formation
and Ag-metal deposition, as was observed with a series of inorganic
silver salts, but also liberation of C02 occurred during the irradi-
ation without 2-propanol (Table 2). This reaction was confirmed
not to proceed in the dark. It is therefore probable that the fol-
lowing photoredox reaction occurs in competition with the similar
process in eguation (1).
hv > 300 nm

CH,CO0  + aAg" > €O, + Ag + -CH (10)
3 - 2 3
,102

Table 2 shows that the TiOv(A) is 5 times more active over the Ti02
(R} for the oxidative decomposition of acetate icon into COZ' It is

worth noting that the ratio of 0, yield by TiOZ(R) and TiOz(A) (=
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Table 2 TiO2 Catalyzed photoredox reactions in aqueous CH3COOAg

solutions with or without 2«propanol.a

b Products/umol

Run TiO2 -
02 C02 Acetone Ag
13° A 12.7 17 —_ 176
14° R 6.9 3.3 — 65
15 A 5.2 2.3 68 188
16 R 3.0 3.0 37 93

aTiO2 (50 mg) suspension in aqueous solution (5.0 Cm3) containing

250 upmol of Ag+ and 500 umol of 2=-propanol in a test fube was

irradiated with 400-W high-pressure mercury arc under Ar for 3.0 h.

bA and R refer to TiOz(A) and TiOZ(R), respectively. “Without

2-propanol.
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0.5) 1is smaller than unity, contrary to the inorganic silver salt
systems. From the initial pH wvalues it is expected that OH groups
on the TiO2 surface are largely deprotonated in the CH3

tion (pH 6.2) whereas partly protonated in the inorganic silver salt

COOAg solu-

solutions (pH < 5.0). Thus, without the deactivation effect due to

-+
surface protonation in the lower pH region, larger amount of h T

sites 1is available for the water oxidation with the TiOz(A) rather

than the TiOz(R). Nevertheless, the h+I site of TiO2(A) would be

protonated and deactivated more rapidly than that of TiDZ(R) with

decreasing the pH of agueous silver salt solution.
Previously, Kraeutler and Bard have reported the photocatalytic
Kolbe reaction of acetate ion by an agueocus suspension of platini-

zed TiO, that produces CO, and CH, as the major products.8 They

2 2

also observed the significant depression of the CH, formation in the

8
5

negligible amounts of hydrocarbon products (CH, < 1 umol, C H, < 0.5

presence of O In accord with these results, we could detect only

umel) and methanol (< 1 wymol) in the CH,COOAg system involving the

3
0, formation. It 1is reasonable to presume that the intermediate °CH

2
radical reacts with O 8,12

3

to give methanol, which should readily

2
undergo secondary photocatalytic oxidation to C02 via formaldehvyde

and formic acid.13

The presence of 2-propanol with Tioz(A) depressed both the libe-

rations of 02 and C02 due to the efficient acetone formation as an

alternative oxidation process {Run 15). In contrast to the Ag,S0,
. + . .

solution, the reduction of Ag ion to Ag metal in the CH3COOAg solu~-

tion was not appreciably promoted by the acetone formation. It is

-+
presumable that the acetate ion adsorbed on ncet only h T but also
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-t

h 1T sites of the TiOz(A) surface undergo oxidation, similar to 2-
propancl, and release COz.
h"_ or n' + CH.COO™ CO. + +CH (11)
1 11 3 2 3

Under these conditions, therefore, the competitive oxidation of 2-
propanol should no longer enhance the Ag-metal deposition.

In summary, the present study have demonstrated that the oxidi-
zing ability of powdered Ti02 photocatalyst in aquecus silver salt
solution depends on not only the crystal structure but also the ex-

tent of protonation of the surface OH group.
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Chapter 8

Effect of the Concentrations of 2-Propanol
and Silver Sulfate on Photocatalytic Oxidations of
2-Propanol and Water Along with Silver Metal

Deposition by Ti02 Suspension

Abstract
Redox reactions catalyzed by the suspensions of powdered TiOz,

anatase (TiO,(A)) and rutile (Tioz(R)), under photoirradiation (Ae

2
> 300 nm) in Ar-purged aqueous solution of Ag2804 and Z-propanol

X

have been investigated at room temperature. Quantum yields
for oxidation of 2-propancl to acetone and for reduction of Ag+ ion
to Ag metal deposit increased and asymptotically reached their indi-
vidual saturation limits, whereas that for the oxidation of water to
O2 decreased monotonously upon increasing the concentration of
2-propancl. The enhanced acetone formation with increasing Ag+ con-
centration was also observed until a saturation yield was attained.
The maximum activity of Tioz(A) photocatalyst, that was available at
the concentrations of 2-propanol and Ag+ ion over certain limits,
was 1.5-fold greater than the corresponding activity of TiOZ(R).
The observation of these behavior is discussed in terms of adsorp-
tions of 2-propanol and Ag+ ion on the TiO2 surface, both following

Langmuir isotherm, and of trapping of the photogenerated hole and

electron by the surface adsorbates.
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INTRODUCTION

Suspension of TiO, particles is operative as heterogeneous pho-

2
tocatalyst for several types of redox-related reactions, commonly
resulting in characteristics of an electrochemical process because
of the semiconducting property of this material under illumination.2
While numerous studies” 6 concerning the formation of products by
the irradiated Ti02 suspensions or overall efficiency of the process
have been performed from the viewpoint of either solar energy stor-
age or synthetic application, a few efforts have been recently made
to characterize the behavior of reactants at the irradiated TiO2
surface. In particular, a better understanding of trapping of the
photogenerated electron in the Ti02 by solution species such as

17,18 and methyl viologen dication19 is now

transition metal ions
available.

The preceding chapter1 in this thesis have described the depos-
ition of Ag metal on the Ti02 photocatalyst, either anatase (Ti02

{(A)) or rutile (TiO,(R)), upon the irradiation in agueous suspension

2
containing several silver salts. This process involved concomitant
oxidation of water or added 2~propancl to produce 02 or acetone,
respectively. In the present work photocatalytic activities of the

Tioz(A) and TiO,(R) suspensions in Ag280A solution that are enhanced

2
. . . + .

upon increasing concentrations of 2-propancl and Ag ion are repor-

ted, and the effect of surface adsorptions of the reactants on the

trapping of hole and electron photogenerated within the particle is

discussed.
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EXPERIMENTAL

Materials. Anatase Ti02 (TiOz(A)) powder was supplied by Merck and
rutile analog (TiOz(R)) was prepared by heating TiOZ(A) in air at
1200 °C for 10 h. The characterization of these materials were re-
ported in Chapter 6 of this thesis.1 Reagent grade Z-propanol and
Agzso4 were used as received. Ion-exchanged water was distilled
immediately prior to use.

Photoirradiation. A suspension of finely powdered Ti02 (50 mg) in

5.0 cm3 of water or aqueous solution of Ag2804 (over a wide range of
Ag+ concentration up to 50 mM (M = mol dm_B)) was prepared in a
glass tube (18 mmg x 180 mm, transparent for wavelengths above 300
nm of the exciting light), purged for 30 min with Ar, and then
sealed off with a rubber cap. The Ar-purged and magnetically stir-
red suspension, after injection of 0-260 mM 2-propanocl, was irradi-
ated at room temperature using a merry-go-round apparatus eguipped
with a 400-W high-~pressure mercury arc (Eikc-sha 400). The light
source emitted gquanta effective for excitation of the suspension
(300-400 nm) at a rate of 5 x 10-6 einstein crn_2 mj.n“1 {total gquanta
1.8 x lO5 einstein min_l) which was estimated by the integration of
the calibrated emission spectrum. Since the guantum yield should
at least depend upon size and number density of the Ti02 particles,
is only obtained minimum guantum yield. The quantum yield for a
given product formation was derived from the corresponding product
yield over the initial period less than 30 min of irradiation.
Under these conditions, the conversion of neither 2-propanol nor Ag+
ion usually exceeded 10 % and the yields of 02, acetone, and Ag

metal deposit increased linearly with irradiation time. In a
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series of experiments at less than 1 mM of Ag+ ions, a maximum con-
version of the Ag+ ion to Ag metal was estimated as ca. 30 % from
the material balance with the oxidation of 2-propanol to acetone.
Direct measurement of the yields of Ag metal from such dilute solu-
tions of Ag+ failed to be achieved with a satisfactory reproducibil-
ity.

The analyses of the photocatalytic products were carried out

following the reported procedures described in Chapter 6.1

RESULTS AND DISCUSSION

Effect of 2-Propanol on Photocatalytic Activity. In accord with the

previous study,1 upon irradiation (Xex > 300 nm) of a suspension of
TiOZ(A) or TiOz(R) in Ar-purged Ag2804 solution (50 mM Ag+) wilthout
2-propanol, the liberation of O2 by oxidative cleavage of water and
the deposition of Ag metal onto the Tio2 surface as a result of re-
duction of Ag+ ion were observed. The net redox reaction is given
as follows.1
‘ hv > 300 nm

0 + 4Ag 0

T102

oH + dAg + 4H (1)

2 2

Under these conditions the photocatalytic activities of TiOz(A) and
TiOZ(R), as measured by the corresponding quantum yields of Ag (see
also Figure 1), were of approximately comparable levels.

Upon addition of 2-propanol to the same Ag2504 solution, the oxi-
dation to produce acetone occurred simultaneously with the 02 libe-
ration and Ag deposition. Figure 1 illustrates that the guantum

yields of 0, (#(0,)), acstone (¢(acetone)), and Rg (¢(Ag)) vary
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0.3

Figure 1 Variation in the guantum yields (@) of Ag deposit | )4

acetone (O ), and O, (® ) with 2-propanol concentration (C,l,

observed in theée photoredox reaction catalyzed by TiOZ(A) (a) and

Tioz(R) {b) suspension in agueous Ag2SOA (50 mM Ag+) solution.
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significantly as a function of the concentration of added 2-propanol
(CP). Thus, both the ©@&(acetone) and ¢(Ag) first increased and
then asymptotically approached their individual saturation limits as

CP increased up to 260 mM at a fixed concentration of Ag+ ions (CA =

50 mM). The limiting values ¢_(acetone) = 0.022 and ¢_(Ag) = 0.050

at C, » QO , which were estimated for TiOz(A) by extraporation, were

greater than those (¢ (acetone) = 0.015, @m(Ag) = (0.036) obtained

=3

for TiOZ(R) by the factor of 1.5-1.6. In contrast, the @(02)

decreased monotonously in such a manner that it will reach zero at
Cg - @ (@m(02) =0). It is also evident from the behavior in
Figure 1 that 2-propancl exerts greater effect on the photocatalytic
action of TiO2(A) rather than TiOZ(R), thus giving rise +to more
enhanced quantum yields of acetone and Ag deposit. Instead, the
oxidation of water to 02 by TiOz(A) is more markedly depressed in
the presence of 2-propanol.

Figure 2 shows that the enhanced value of ¢{acetone) with in-
creasing C_ is responsible for the decrement of @(02) relative to

p

@O(Oz) at CP = 0; 1.e., *A@(Oz) = @(02) - @O(Oz

involved in Figure 2 is that each plot curves upward and extent of

). Another feature

the curveture is more pronounced for the TiOZ(A) system. This
behavior must be associated with the evidence that the photocataly-
tic reduction of AgJr ions to Ag metals becomes more efficient as Co
increases, particularly when TiOz(A) is used. These results are
consistent with a scheme that the following mode of net redox reac-

tion competes with analogous process as in eq 1.
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Figure 2 Relationships between é(acetone) and nA@(OZ) (= @(02) -
@O(Oz)) in the photoredox reaction catalyzed by TiOz(A) { } and
TiOZ(R) ( O ) suspensions in aqueous Ag,SO, (50 mM Ag+) solution

with varing concentrations of 2-propanol.
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+ hv > 300 nm
CHOH + 2Ag = (CH,)
TiO2

(CH.) CO + 2ag + 2H' (2)

3°2 2

The competitive redox reacticns (eqgs 1 and 2) as above require
a stoichiometric relationship to hold Dbetween the formal guantum
yields of total oxidation product 02 plus acetone and reduction pro-
duct Ag; i.e.,

49(0,) + 2¢(acetone) = &¢(Ag) (3)

2

2(A) and TiOZ(R) according to

eq 3 provided a common, reasonably straight 1line that agrees with

Indeed, the plot of data for both TiO

the expected stoichiometry (Figure 3). Following an electrochemi-
cal model for the semiconductor photocatalysis,2 this linear rela-
tionship in turn implies a condition of electric neutrality that
identical amounts of hole and electron participated in the reaction
of solution species; these charges were initially generated as elec-

tron hole (e“—h+) pair in the irradiated bulk TiO2 surface.

TiO. + hv =~ (e -n") (4)

Activities of Tio2 suspensions is the efficient trapping of photo-
, ; -+ .

generated holes, so that the extent of recombination of (e -h ) pair

is decreased and the guantum yields for both reactions of hole and

electron solution species are enhanced.

Effect of Silver Ion on Photocatalytic Activity. Trapping of

photogenerated electron in the TiO9 by reducible agents, like hole
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TiOZ(A) ( @ ) and TiOZ(R) ( O ) systems, following the relationship

in eq 3. The data are derived from Figure 1.



trapping by oxidizable agents as is presumable in the case of 2-pro-

panol, must diminish the extent of unfavorable electron-hole recom-

. . . R . “+
bination. Evidence for such an effect has been obtained with Cu2 R

+ . . . . .
Fe3 , and methyl viologen dication which are effective for enhance-

18,19

ment of anodic photocurrent in TiO, suspensions. It is now

2

clear that the photodeposition of Ag metal onto the TiO, in Agzsod

2

solution originates from similar electron trapping by Ag ion.
Ag + e —————= Ag metal (5}
Figure 4 shows that the quantum yield ¢(acetone) in Ag2504 s0-

lution containing 100 mM Z2-propanol increased dramatically upon

increasing C, up to 10 mM, although only negligible amount of ace-

A
. . + . .
tone could be obtained in the absence of Ag ion. Further in-
creases of CA no more enhanced the value of ¢{acetone). The satu-

ration 1limit 9_(acetone) possibly corresponds to a maximum quantum

yield of separated hole that is derived from electron trapping by

Ag+ ions under these conditions. The ¢_(acetone) value (0.022 by
extraporation) observed for TiOz(A) was 1.5~fold greater than that
{0.015) for TiOZ(R). This factor 1.5 1is an indication of differ-

ence 1in a critical activity at Cp—= Q0 between these photocatalysts.
In relation to this finding, it 1is worth noting that identical
limiting value of ¢_(acetone) for each photocatalyst can also be

obtained when excess amount of 2-propanol is added at a fixed C as

AF
described above. These results suggest the presence of a limiting
rate for the photogeneration of available holes and electrons in

each TiO7 particle, which is possibly dependent on exciting light
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d(acetone)

Figure 4 Variation in the guantum vield of acetone (¢(acetone}) as
a function of Ag+ ion concentration (CA)' as observed in the photo-
redox reaction catalyzed by Tioz(A) ( ) and Tioz(R) ( O ) suspen-

sions in aqueous AgZSO4 solution containing 100 mM 2-propanol.
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intensity. This is in accord with the previous conclusion by Ward

and Bard.18

Mechanism of Trapping of Photogenerated Charges by Surface Adsor-

bates. Characterization of the above mentioned results concerning

the competitive oxidations of 2-propanol and water to yield acetone
and 02 leads to the assumption on the nature of the oxidation sites

on the TiO, surface at which the photogenerated positive hole reacts

2
with adsorbed substrates: two different +types of oxidation sites
adsorb and oxidize 2-propanol and water. One of the sites, termed

an h+l site, has oxidizing ability sufficient to cleave adsorbed

water and produce O while the other group 1s not responsible for

2!
the water decomposition because of the lower oxidizing ability

.+.
(termed an h II).

o
-+
DO
s
O
I
> | et
O

+ H

H.0 ——————= (no reaction)

This classification interprets that the reactivity of the positive

hole +trapped on the surface is strongly dependent on the structure
4

of Ti02 surface. Most probable chemical structure for the h'I site

is hydroxyl group on the TiO2 surface, as has been suggested in
Chapter 11 of this thesis. The positive hole reacts with the
hydroxyl to surface-adsorbed hydroxyl radical to recombine into hy-

drogen peroxide adsorbed on the surface ((H202)ads).
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\ N N

Ti-OH Ti °OH Ti weeee OH

/ + / /
0 + 2h —————= 0 == O (7)
\ \ L, \

Ti-O0H Ti °OH TL  eeees OH

/ / /

(z (H,0,) )

272 ads

Following reactions could lead to the 02 formation from H202 on the

T102 surface in the dark.

(HZOZ)adS + OH - (H02

+ (HO. )

(H2O2)ads 5 OH + H20 + 02 (9)

ads =

These reactions are formally summarized, as follows, and are consis-
tent with the stoichiometry of the photocatalytic reaction (equaticn

(1)).

2(H,0,) 2H20 + 0

272 ads 2

o : + .
In addition, it was presumed that not only the h T site but

also the hTI site leads to oxidation of adsorbed 2-propanol to ace-

I

tone.

3),C0 + gt (10)

jn2
_{._
NI

(CH,) ,CHOH - % (CH

1 +
h + = (CH3)2CHOH 5 (CHB)ZCO + H (11)
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These assumptions are supported by the findings that in the absence
of silver salt 2Z-propanol could be dehydrogenated into acetone and
H, while negligible amount of water could oxidized to O2 in the
photoirradiated suspension of the platinized Tioz, as has been
described in Chapter 1 of this thesis.

Following the above scheme, the increment of the acetone yield
(¢(acetone)) shown in Figures 1 and 2 is attributable to the oxida-
tion at both h+I (instead of water) and h+II sites. The increment

. . + . . o
by the oxidation at the h site is presented by the deviation from

11

the straight line 1in Figure 2, i.e., the straight line indicates

that identical amount of positive hole reacts with 2-propanol and

-,
water, alternatively, at the h'I site regardless of CP. Figure 5
. . + L1
shows the guantum yield of acetone formation at h TT (@ I(acetone))
obtained on the basis of this derivation. The yield is apparently

half of that of corresponding reduction process which could be ob-
tained from the difference between $(Ag) and ®O(Ag), clearly indica-~
ting the reasoconable fit to eguation (2) in both cases of TiO2(A) and
Tloz(R).

Replots of these data as a function of CP clarify the nature of

h+II on both TiO2 powders, as shown in Figure 6. The limiting guan-
tum vyield for the h+II site on TiOZ(A) was 2-3 times as large as
that on TiOZ(R). Reciprocal plots of the data in Figure 6 lead to
linear relationships for the guantum yield (@II(acetone)) by both
TiO2(A) and TiOZ(R), which are represented by
@Il(acetone) = oI (acetone) XK. C_ / (1 + K_ C_) (12)
lim L 7P L 7P
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Figure 5 Linear relation between the quantum vyield of acetone at

+ ) . ;
h ;7 Site (@lI(acetone)) and increment in that of Ag metal (&(Ag) -

®O(Ag)) observed in the Tioz(A) { ) and TiOZ(R) ( O ) suspensions.
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11 (acetone) /10
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CP/mM

Figure 6 Dependence of the quantum yield of acetone formation at

+ . . ;
h 11 site (@II(acetone)) on the 2-propanol concentration (CP) of

‘I‘ioztA) { ) and TiOZ(R) { O ) suspensions.
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where ol 1 (acetone) and K, represent the limiting quantum yield of

lim L
. + . . .
acetone formation at the h 11 site and a Langmuir adsorption con-
stant, respectively, Values derived from the slopes and intercepts

of the straight lines in Figure 7 are listed in Table 1.
On the other hand, the guantum yield of acetone formation at
+ : . .
the h . site (@I(acetone)) is responsible to the decrement of that

of 02 formation by the addition of 2-propancl, as follows.

ol (acetone) = 2 (¢Y(0.) - 2(0,)) (13)

Figure 8 illustrates that @I(acetone) for both TiOz(A) and TiOz(R)
also significantly depends on Cp- Also in this case, the reciprocal
plots of ®I(acetone) and CP gave linear relationships which is simi-

lar to eguation (12), as shown in Figure 9.

I

®I(acetone) = ®1im(acetone) K CP / {1 + K

I Cp) (14)

L

The linear plots in Figures 9 and 10 are now strong implication
that competitive adsorptions of 2-propanol and water on the Ti02
surface determine the extent of hole trapping as a key step leading

to acetone and O because equations (12) and (14) have the forms

ot
characteristic of a Langmuir isotherm.

The reported observations are rationalized as follows. At
thermal equilibrium in the dark the oxidation sites of TiO2 photoca-
talyst, at which hole reactions (or anodic oxidations) proceed when

irradiated, are expected to be hydrated (adsorption of molecular

water) or hydroxylated (dissociative adsorption of water intec two

- 205 -



1/®Il(acetone)/102

Figure 7 Reciprocal plots between @Il(acetone) and Cp- The data

are derived from Figure 6. Symbols are same as 1n Figure 6.
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Table 1 Kinetic data for TiO., photocatalytic reaction in AgZSOA

2
solution
o . . ,
) im ©F KL Site TlOZ(A) TlOZ(R)
¢,., {acetone) : C_. + I 0.012 0,011
lim P
1T 0.023 0.006
4 4
KL I 6.8 x 10° 5.6 x 107
1T 2.6 x 103 6.7 x 103
0 . - o 4
QIim(acetone) : CA 0.020 0.014
KL 9.7 x 102 2.7 x 102
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Figure 8 Dependence of the quantum yield of acetone formation at
h+I site (@I(acetone)) on the 2-propanol concentration (CP) of
TiOZ(A) ( ) and Tioz(R) { O ) suspensions.
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Figure 9 Reciprocal plots between @‘L(acetone) and CP’ The data
are derived from Figure 8, Symbols are same as in Figure 8.
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surface OH groups) in agquaous media without Z2Z2-propanol. Such ad-
sorption characteristics on the surface of TiO2 particles have been
well docurvnem:eci.20‘25 Relatively small amount of Z-propanocl mole-
cules possibly competes with molecular water for the same adsorption

sites of TiO thus being adsorbed in an undissociated from; e.qg.,

ot
by hydrogen bonding forces.25 The TiO2 surface is also capable of
adsorbing 2-propancl dissociatively to form a surface propoxy
group.25 Although several types of models are available for the ad-
sorption isotherm, the results presented here favor the Langmuir
conditions for a good approximation. Furthermore, in the photo-
catalytic reaction system in the absence of silver salt the apparent
reaction rate has depended on the amount of adsorbed substrate
2-propanol or 2-methyl-2-propancl adsorbed according to a Langmuir
isotherm, as shown in Chapters 1 and 2, respectively (although
unique adsorption has been presumed in these cases).

Thus, the observed effect of increasing concentration of 2-pro-
panol at a fixed CA = 50 mM on the enhancement of apparent photo-
catalytic activity of Ti02 suspensions 1s attributable mainly to
modification of a dynamic process of electron-hole separation in a
irradiated TiO, particle that depends upon relative importance among

P

charge trappings by surface adsorbates and a recombination.

g + h —————s= Ti0. (recombination) {15)

2

The characteristic difference between the activities of TiOZ(A)
and Tioz(R) is seen in Table 1; the limiting vield at h+I of TiOZ(A)
is practically identical to that of TiOZ(R), while the yield at h+II
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of TiOZ(A) is 3.7 times as large as that of Ti02(R). Therefore,
the enhanced yield of silver metal deposit on Tio2(A) is attributed
to the enhanced oxidation of 2-propancl at h+II site.

The effect of Ag+ ion (see Figure 4) is consistent with an
electron trapping to decrease the extent of electron-hcle recombina-
tion. The electron trapping presumably proceeds via adsorption of
Ag+ on the T102 surface, from the evidence that the observed depen-
dences (Figure 4) of guantum yield of acetone formation by both Ti02
suspensions on the Ag+ concentration could fulfil Langmulr isotherms
(Figure 10) as,

0 = ¢ +
®({acetone) ® acetone) K CA /(1 KL CA)

lim( L

Fleischauer and coworkers have reported the similar adsorption
of Ag+ on the single-crystal TiO2 in respect of the dependences of
guantum efficiency on the concentration of silver salt in the ab-
sence of the other substrates.l7a The constant K, observed in this
work is in good agreement with their observations. Recently, Hada
and coworkers reported the similar photocatalytic reaction by TiO2
suspensicn, though their results failed to agree with Langmuir iso-
therms.26 Nevertheless, the present results suggesting the Langmuir
adsorption of Ag+ ion on the TiO., surface is consistent with the

2

results, which will be shown in Chapter 11, that the actual amount

)

of Ag+ adsorbed on the TiO2 surface obeys a Langmuir isotherm.
Moreover, good agreement of the K. values (for TiOZ(A) 9.7 x 102
(see Table 1) and 6.2 x 102 (see Table 2 of Chapter 11)) strongly

supports the present findings.
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Figure 10  Langmuir plot of ¢(acetone) in TiO,(a) ( ) and TiO,(R)
( O ) suspensions as a function of the Ag+ concentration (CA). The

data are derived from Figure 4.
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In summary it was shown that addition of either 2-propanol or
Ag+ ion can enhance the catalytic activity of irradiated Ti02 parti=-
cles 1in agueous suspension. The experimental data derived from
photocatalytic reaction of producing acetone, 0, and Ag metal depo-
sit are related to adsorption characteristics of both 2-propanol and
Ag+ ion on the Ti02 surface, for which the Langmuir isotherm is a
useful model. The observed effects are in accord with competitive
hole +trappings by adsorbed 2-propanol and water as well as electron
trapping by adsorbed Ag+, thereby diminishing the extent of electron

hole recombination and increasing trapped charges for net chemical

reactions.
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Part III

Correlation of Photocatalytic Activity of Ti02 for
Redox Reaction in Aqueous 2-Propanol and Silver Salt Solution

with Crystal Form and Surface Structure of TiO2



Chapter 9

Photocatalytic Activity of Ti02 Prepared
from Titanium Sulfate for Dehydrogenation of

2-Propanol in Agueous Solution

ABSTRACT

A series of Ti02 powders was prepared by calcining titanium(IV)

hydroxide slurry, which was provided by hydrolysis of titanium(IV)

sulfate, in the temperature range (TC) of 170 up 1000 °C. The con-
tent (CA) and crystallite size (LA) of anatase c¢rystal in the
Ti02 powder increased with increasing T, up to 700 °C. The

transition from anatase to rutile occurred at 740-830 °C. The resi-
dual sulfate ion in the ‘I‘iO2 powder decreased linearly with increa-
sing T disappearing almost completely above 800 °C. The TC depen-
dence of the photocatalytic activity of Pt (5 wt%)-loaded Tioz, with
reference to the above structural characteristics of the Tioz, sug-
gested that the anatase, but not the rutile, has a sufficient photo-
catalytic activity to reduce H' and oxidize 2-propanol when loaded
with a small =»mount of platinum black (Pt).

Ti0,/Pt

) ,CHOH = (CH

{CH 5
hy > 300 nm

) .CO + H

3 2 2

However, in another reaction system consisting of 2-propancl and

silver salts, even the rutile T102 without Pt could effectively pho-
. + . .

tocatalyze the reduction of Ag to Ag metal onto the T102 and oxida-

tion of 2-propanol to acetone.
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INTRODUCTION

Recently, photocatalytic reaction of semiconductor materials
have focused on the utilization of solar energy to produce chemical
one such as hydrogen. Among the semiconductors, ‘I‘iO2 has been used
in a number of studies, because of its photostability and faveorable
band evergies for varicus oxidations and reductions.1 Moreover, it
has been reported that loading of small amount of platinum (Pt) en-
hanced the photocatalytic activity of Ti02 powders for the reaction
of water decomposition and dehydrogenation of various organic,2 and
inorganic3 compounds. However, most of these works were concerned
with the efficiency of the commercially available Ti02 catalysts
and the effect of the metal loading. Little attention has been
paid to the correlation between properties of TiO2 powders and their
photocatalytic ::mtivity.ém6

Ti02 has been alsc known as catalyst or support for gas-phase
reaction.7 In this respect, there have been many reports on the
method of preparation, the structure of TiOZ, and physicochemical
properties. This chapter shows the correlation of the photocataly-

tic activity with the crystal and surface structure of Tio2 prepared

from titanium(IV) sulfate.

EXPERIMENTAL

Preparation of Tio2 Powder. Titanium(IV) hydroxide (Ti(OH),) slurry

prepared from Ti(SOa)2 was supplied from Ishihara Sangyo Co. Ltd.,

which contained 0.003 % of Fe and 6.85 % of SO3 {(wt% with reference

to TiO, weight). The slurry was dried at 170 °C for 21 h in air

2

and was subjected to the further calcination in air for 3 h at

- 220 -



various temperature in an electric furnace.

X-Ray Diffraction Analysis of TiO2 Powder. Crystal structure of

these powders was analyzed by X-ray diffraction using Rigaku Gei-
gerflex 2013 diffractometer (target: Cu, filter: Ni, 35 kV, 20 ma,
scanning speed 1 ° min—l). Contents of anatase and rutile crystals
were evaluated from the data obtained by integration of the most in-
tensive peak (2%, 25.4 ° (d = 0.352 nm, (011) plane) and 27.3 ° (d =
0.325 nm (110) plane), respectively) by reference to that of CaCO3
as an internal standard.8 Calibration curves for anatase and ru-
tile crystals were obtained with commercially available anatase Ti02

(Merck) and rutile Ti02 prepared by heating the Merck TiO., powder at

2
1200 °C for 10 h in air,9 respectively, by the same procedure as
above. Mean crystallite size (L) of these crystals was determined
with the Scherrer equationlo (L = kX / B cos$&, where A 1is the radia-
tion wavelength, §& the Bragg angle, and k = 0.90) from the line

broadening (8) of the most intensive peak in the X-ray diffraction

patterns after corrections for K, doublet and instrumental broaden-

ings.

Physical Properties of Ti02 Powder. Specific surface area of Ti02
was evaluated from nitrogen adsorption at -196 °C based on the BET
equation.

IR spectrum of TiO., powder before and after treatment with 1.0

2
mol dm > NaOH or distilled water was measured by KBr disk (KBr 200

mg, TiO, 4 mg) method with JASCO A-302 spectrophotometer.
g 2

Total amount of hydroxyl group on the Ti02 surface was esti-

mated by Na® ion adsorption from 0.1 mol dm~3 NaOH (5.0 cm3; pH

ca. 13) solution on 50 mg of TiOz. The amount of adsorbed Na® was
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. . + . .
determined from the decrease in the Na concentration using Jarrel
Ash AA 8200 atomic absorption spectrophotometer.

Apparatus and Procedure of Photoreaction. The Ti02 powders were

brayed in an agate mortar with or without platinum black (typically
5 wt%, Nakarai Chemicals) to prepare catalyst. Silver sulfate
(AgZSO4) and 2-propanol were used as received. The agueous solu-
tion was made up with icon-exchanged distilled water.

{or platinum-loaded TiO

A finely ground TiO (TiOz/Pt)) powder

2 2
(50 mg) was suspended in water (5.0 cm3) or an agueous Ag2804 solu-
tion {(0.025 mol dm_3; 5.0 cm3) in a glass tube (18 mme x 180 mm,
transparent for the light of wavelength > 300 nm). In the experi-
ment for the determination of pH-dependent activity of TiO