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Under the same conditions, the application of increasing

quantities of glucose to a TiO^ surface caused an increase in the
rate and extent of oxygen photo-uptake with increasing weight ratios

of glucose to Ti02 (S), until a maximum was reached after which a

decrease was observed. For low values of S, the uptake over

which the parabolic kinetics were valid and the latus rectum of the

appropriate parabola increased linearly with increasing S. The

parameters associated with the Elovich equation varied to fit the

observed increase in rate and extent of oxygen photo-adsorption.

It has been proposed that the mechanism governing the parabolic

section of the oxygen photo-uptake is associated with surface

impurity centres. It has been shown that the observed alteration

in the kinetic parameters with S may be explained by a proposed

scheme whereby only part of the observed photo-uptake is actually

irreversibly adsorbed causing an alteration in the rate of photo-

uptake, the remainder being removed by reaction with organic

molecules.
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Photo-adsorbed oxygen has been shown to react with surface

glucose and other carbohydrate molecules, attack appearing to

occur preferentially at carbonyl groups which are thought to be

particularly vulnerable by virtue of the nature of their adsorp¬

tion at the surface. A study of the rates of formation of products

and rates of utilisation of reactants indicated that the oxidation of

glucose by adsorbed oxygen occurs by a consecutive reaction in which

each step involves degradation to the next lower sugar through

oxidation at the carboriyl group.

The application of urea to Ti02 altered the rate and extent of
the oxygen photo-adsorption with increasing surface coverage of

urea in the same general way as glucose, but for low coverages

increasing quantities of urea caused a gradual divergence of the

photo-adsorption kinetics from that observed for untreated TiC^.
Since the initial rate of oxygen uptake was found to be close

to that for the untreated sample, it has been postulated that urea

itself does not modify the surface of the Ti0o by increasing the

number of impurity centres associated with increased oxygen photo-

adsorption over the initial parabolic section; but its subsequent

reaction with adsorbed oxygen causes the production of fragments

such as NH^ groups which are able to form impurity centres.
The reaction of adsorbed oxygen with urea was found to produce

carbon dioxide and nitrous acid as the major products, but all of

the nitrogen atoms from the reacted urea were not converted to

nitrite, and it has been postulated that these remain strongly

attached to the TiO,, surface.

A study was made of the diffuse reflectance spectrum of Ti02
after illumination in vacuo and in oxygen, and evidence for the

filling of traps in the solid or the desorption of oxygen on

illumination in vacuo was obtained. The photo-adsorption of oxygen

was found to be associated with an increase in reflectance in the

region 400 - 500 ny* 0
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PART 1.

I N T R 0 0 U C T I O N

Titanium dioxide is one of a large number of compounds which

absorb relatively low energy quanta, corresponding to ultra-violet

radiation near to the visible wavelengths, causing electrons either

in the valency band or impurity bands of the solid to surmount the

potential energy barrier to the conduction band. These electrons

are then free to move through the solid, increasing its electrical

conductivity markedly ano being available at the solid surface for

the formation of linkages between the solid and roolecules from

another phase. Thus photo-adsorption may occur on such substances.

In this work, particular interest centres on the photo-adsorption

of oxygen and the reaction of adsorbed oxygen with organic molecules

on a titanium dioxide surface. In order to obtain some insight

into the mechanisms involved in such oxidations a study has been

made of the influence of surface organic materials on the photo-

adsorption characteristics of the oxygen-titanium dioxide system

and of the subsequent oxidation reactions. The major part of the

thesis involves the oxidation of glucose, urea and related compounds,

these substances being chosen because they are solids at room

temperature and therefore may be placed on a titanium dioxide

surface in known quantities! because they are relatively simple

moieculesj because they form an extension of previous workj

because they are related to materials used industrially and

domestically which incorporate titanium dioxide as a filler and



delustrant and which suffer harmful photo-oxidative effects.

With these facts in mind it is proposed in the following

sections of the introduction to summarise the relevent information

firstly with reference to titanium dioxide and subsequently more

generally.
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The Ti 06 octahedron found in rutile. The crystal structures of
rutile, anatase and brookite depend on the manner in which these

octahedra arrange themselves, sharing corners and edges, in the

crystal.



Section 1 Properties of The Titanium - Oxygen System

1. 1. 1. Titanium Dioxide

Titanium dioxide in the pure state is a white solid of high

reflecting power, hence lending itself to its industrial use as a

filler, delustrant and light reflecting pigment in paints, fibres

and plastics. It occurs in three crystalline forms, the tetragonal

rutile, the slender tetragonal prisms of anatase and the flat plates

of rhombic brookite (1) In all of these compounds each titanium

is surrounded by six oxygen atoms in somewhat distorted octahedra

(2), Figs. 1. 1 (a) and (b), two of the oxygen atoms being further

away from the titanium atom than the other four. (3) The Ti - O

bond is considered to be partly ionic and partly covalent (4)

1. 1. 2. Other oxides of Titanium TiO X £ 2.

Titanium forms other stable oxides and the titanium oxygen ftysttwv

has been stated to exist in a number of phases corresponding to the

following: Ti2G, Ti^, Ti^, Tiy^, Tin02r_t(n* 4 to 10) (5).
Hurlen (6) shows by geometric considerations that interstitiaiiy

incorporated titanium ions are possible In the rutile 'structure and

states that a Tin 02nl crystal nay be described as composed of
parallel sheets of rutile which are free of misfit but differ from

the rutile structure in containing titanium in interstitial posi¬

tions. This gives a series of grain boundaries between rutile

layers.



1. 1. 3* Non-stoichleometrv in Titanium Dioxide

It is now accepted that "pure" titanium dioxide is at least to

some degree non-stoichieometric. The rutile structure or "TiO? phase"
can exist between Ti02 and TiOj ^ (5)» Until recently it was thought
that the non-stoichieometry was due simply to oxygen deficiencies,

but Hurlen (6), using the data of Andersson et. al.(5) quoted in 1.1.2

and other information,showed that it was not improbable that

interstitial ions occurred in the defect structure.

1. 1. 4-. Titanium Dioxide as a Semiconductor

Since titanium dioxide shows oxygen deficiency either of the

"anion vacancy"or "cation interstitial" type it is not surprising

that it is ann- type semiconductor (7) , (8), (9). Oxygen

deficiencies or titanium interstitials give rise to impurity

centres with associated electrons having hydrogen - or helium -

like wave functions. If overlapping of these occur, a donor band

will be formed, available data (4) being unable to distinguish

between the two possibilities. Such impurity levels have an

ionisation energy (Ed) which is less than that of the energy gap
between the valence and conduction bands (E ).

s

The development of the maser has recently restimulated interest

in the defect structure of rutile, and electron spin resonance

techniques have been applied to determine the exact nature of the

donor defects. The work of Young et. al. (10) on thee .s.r.

spectrum of both reduced and preirradiated rutile is interpreted

by Frederikse (11) as suggesting impurity levels due to electrons
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situated on titanium ions,while that of Chester (12) on reduced rutile

indicates the following possibilities.

X.

(a) An interstitial site occupied by a Ti ion or a

self trapped electron (polaron).
x.

(b) A Ti ion on a titanium site perturbed by a

neighbouring oxygen vacancy.

(c) An unidentified centre due to the presence of

hydrogen, possibly surface - OH groups.

He also observes a spectrum consistent with either a mobile

defect or a centre whose wave function extends over several unit cells,

and points out that in the case of a weakly bound polaron a polaron

band is possible. Frederikse (11) considers that conduction in

Ti02 at room temperature is due to bare electrons which have been
excited to the conduction band from polaron states associated with

Ti^+ ions.

It would therefore appear that the conductance of titanium

dioxide is predominantly due to electrons from polarons associated

with TiJ+ ions which are either interstitial or on a perturbed

lattice site.

In prior wor ; Cronemeyer and others consider the donor sites
In¬

to be oxygen vacancies associated with neighbouring poiarised Ti'

ions (13) (H) (15).

Some ambiguity as to the values of and E_ arises. This is

due to the fact that the measurements of the energy gaps are

d-uendent either on the spectrum of the solid or variance in conduc-

tivity, Hall effect or thermopower with temperature to give an activ¬

ation energy for the electronic transition. When the values of
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and Eg are calculated from the absorption spectrum of a solid
some workers assume the Franck - Condon principle,others do not.

In the case of titanium dioxide,conductivity (4)» (13)» (15)>

Hall effect (4), (15) and thermopower data (4) suggest E s 3 to
§

4 e.v. and Ed * 0.08 to 0.24 e.v., whereas optical absorption gives
E sb 2.8 to 3*1 e.v. ignoring the Franck - Condon principle, which,

§

if applied to the same data according to Mott and Gurney (16),

yields a value of 0.62 e.v. corresponding to Ed. Nevertheless in
accordance with Grant (4) we may assign the following values:

0.01 < Ed <1,2, 3.0<Eg<4.0.
In addition to these impurity donor centres there is evidence

for the presence of electron trapping centres in titanium dioxide.

McLintock (17) finds his results concerning the variations in photo¬

conductivity in vacuo and in the presence of oxygen explicable only

in these terms. Infra red absorption (18), (19), and measurement

of dielectric constants before and after x-irradiation (20) also

indicate the presence of electron traps.

The band structure of titanium dioxide may therefore be described

by Fig, 1.2,

1. 1. 5. The Surface of Titanium Dioxide

The surface properties of titanium dioxide differ from sample

to sample depending on the method of preparation and treatment.

Samples which have been prepared at room temperature have high sur-

face areas (100 - 300m per gm.) and display considerable surface

activity as regards photo-adsorption, but samples which have been
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strongly heated (>800°C) sinter and become inactive (21), their

surface area as measured by nitrogen sorption being considerably

smaller (22).

It is known that titanium dioxide prepared by the hydrolysis

of titanium salts produces a highly hydrated oxide (23)• The

water molecules are considered to be held to the surface by bondings

of a wide range of energies (24), molecular water, hydrogen bonded

water and hydroxyl groups being present. This surface water may

be expelled on heating (23), (24),(25). The results of Asher and

Gregg indicate that water expelled below 100 and 300°C is hydrogen

bonded water and that expelled at temperatures > 300°C is present on

the surface as - OH groups. They also show that water expelled

on heating is slowly reabsorbed at room temperature, and for a con¬

stant period of heating and degassing the surface area first in¬

creases with increasing temperature up to 110°C then decreases:

this was considered due to two opposing processes: (a) removal of

water from a previously blocked surface (b) a sintering process

which decreases the surface area, Yates (26), using infra-red

methods, finds that some molecular water is attached to the surface

at 150°C, but above 300°C only - OH groups remain.

The defect structure of the surface is of particular interest,

and as is pointed out later it is to be expected that there will be

a high concentration of defects at the surface of a solid. From

ortho-para hydrogen conversion on a TiO^, surface Sandler (27) shows

that there is a number of paramagnetic centres on the surface which
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he shows to be identical with the cause of colouring in reduced

titanium dioxide. Using magnetic susceptibility techniques Gray

et. ai. (28) confirm this and show.' that there is a high concen¬

tration of Ti"^+ defects near the titanium dioxide surface. Infra

red adsorption indicates the presence of shallow surface traps, (18),

(19).

1, t, 6. Optical Properties of Titanium tioxiee

The reflection spectrum of titanium dioxide was first determined

by Goodeve (29) and later by other workers (30), (31)» (32). The

most complete study of optical properties of was made by

Cronemeyer et, al, (7), (13) who determined the transmission spectrum

for crystals of normal and reduced rutile. Figs. 1. 3. end 1. 4. show

the transmission and reflectance spectra respectively of reduced and

normal titanium dioxide; it will be observed that these ere charac¬

terised by an ab orption eage at 4000 $ and in the case of reduced

Ti02 a broad absorption maximum at about 20,000 # .

It has been shown (17), (23) that illumination of T109 using

light of wavelength less than 4000 $ produces a marked increase in

conduction w ;ich is completely destroyed in the presence of oxygen.

It has been reported (37) that titaniuai dioxide shows a photo-

tropic effect i.e. it darkens on exposure to light, in this case

ultra-violet light. The effect was investigated by ftlcTaggart and

Bear (38) who determined the phototropism to be dependent on the

presence of surface impurities.

Section 2/
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Section 2 Photo-adsorption and Photo-reactions on Titanium Dioxide

2* 1* Photo- aasorntion of oxygen on Titanium Dioxide

Initially much interest was aroused in the relationship

between titanium dioxide, light and oxygen due to +'~w fact that

titanium dioxide could photosensitise the decompose of the fibres

and paints into which it was incorporated as a filler and light

reflecting agent only in the presence of oxygen (39)* In such ear¬

lier work the connection between the titanium dioxide and the oxygen

was thought either to involve the oxidation of water to hydrogen

peroxide which subsequently oxidised the fibre, or to involve oxida¬

tion by oxygen freed from the titanium dioxide lattice by the illum¬

ination, the deficiency in the lattice being mace up by oxygen from

the gas phase. (39), (40), (41), (42).

Mackenzie (43) however, demonstrated that the seat of such sen¬

sitised reactions lay in tire ausorption of oxygen under the action

of light. He studied the photo-adsorption of oxygen and the

variation in rate of uptake with sample preparation, wavelength and

intensity of illumination, temperature and binding liquid on films

of titanium dioxide deposited on a glass surface. The work was

continued by Kennedy (21), McLean (23) end McLintock (17) and the

following general features emerge from their results.

(a) The rate of photo-adsorption is only appreciable for

wavelengths less than 4000 ft. This shows the phenomenon

to be electronic, since for wavelenqths less than that of

the absorption edge titanium dioxide becomes photo¬

conducting and electrons are free to wander through the



Fig 1.5. Form of Typical Kinetic Analysis Curves for

Pho to-a d so r pt i on of Oxygen on Ti02 Showing

Parabolic (AB) and Exponential (BC) Sections.
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crystal lattice and carabine with oxygen at the surface.

(b) The kinetics of photo-adsorption may be divided into

two parts.

(i) The first part of the uptake is described by a

parabolic laws

(d + %)" = kt + qq2 % (1)
q is the amount of oxygen adsorbed in time t; k and qQ
are constants.

(ii) After a period of time, which is dependent on the

nature of the film, there Is a break in the kinetics and

an exponential law is obeyed:

« . W i„10(t *L) - ™ lo8|0 J_ (2)

where a and b are constants.

Equation (2) will be seen to be simply the integrated

form of the Elovich equation;

_ ae ~ N
Ct

Fig. 1.5* shows the form of a typical kinetic analysis

for an oxygen photo-adsorption on Ti02, parabolic (/B)
and exponential sections (Ep being evident. The rate
of adsorption dq was determined by finding the gradient

dt
of the uptake - time curve at various points,

(c) For constant intensity of illumination and temperature

da

dt
oc /p

where p is the pressure of the gas in contact with the

titanium dioxide.
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(d) For constant temperature and pressure

dq
—- <* I
dt

where I is the intensity of illumination#

These results are interpreted in the following manner (21), (44)•

Reversible dissociative adsorption of oxygen occurs at surface sites

(c)# From these sites the adsorbed oxygen migrates over the

surface by a slow diffusion process to a second set of sites where it

is irreversibly adsorbed. This process is considered rate determining

for a constant pressure of oxygen in equilibrium with the titanium

dioxide surface, and such diffusion is considered analogous to the

bulk diffusion found in the oxidation of certain metal oxides {45)*

Hence a parabolic law is followed (a) (i). However, after a time

the number of available sites becomes small ana rate determining

which results in Elovich kinetics (a) (2). McLintock (17)

considers that the parabolic kinetics probably do not have any

mechanistic significance except that they may represent a slow

attainment of equilibrium! it is however worth noting, as will

be further elaborated later, that a mechanistic Interpretation even

of the well established flovich e nation is at present only speculative#

The fact that the rate of uptake depends directly on the

intensity of illumination is considered simply a reflection of the

electronic nature of the phenomenon of photo-adsorption, one quantum

of radiant energy being required for the excitation of one electron#

No snanometricaliy detectable photo-desorption of oxygen at

room temperature as is encountered with zinc oxide (46), (47), (48)

is observed with TiOg#
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Since the adsorbed oxygen species must be responsible for

surface oxidation reactions its nature is of particular interest.

The scheme postulated by McLintock (17), for the photo-adsorption

process is as follows

02 02 surface (1)
°2surface 0^ (2)
0 - —» 0"" + o )

. - ) (3)
or 09 4- e » 0+0 )

Desorption d.8 indicated by equations (1) and (2) is only

detectable by conductivity measurements (17).

This scheme finds support from the work of Sandler (27) who

shows that molecular adsorption of oxygen occurs at 90°K, irrevers¬

ible dissociative adsorption occurring at room temperature,and

Rapoport (49) whosi results are explicable by postulating the form¬

ation of 02~ between 130 and 170°K, 0~ between 200 and 260°K, while
*>— o

0 is only formed at temperatures between 370 and 500 K. On this

basis, therefore, we should expect oxygen to be dissociatively

adsorbed at room temperature.

1. 2. 2. Other Adsorptions and. Photo-adsorptions on Titanium Dioxide

Ava lable literature indicates that a wide variety of compounds

may be adsorbed and photo-adsorbed on titanium dioxide. It is not

proposed here to give a complete survey of such data, but to illus¬

trate the versatility of titanium dioxide in this connection.

The following compounds are reported to be adsorbed on titanium

dioxide: water (50), (22), alcohols (50), (51), aldehydes (30),

chlorides (50), acids (50), (52), (53), nitre-compounds (50),
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K2°/ ~ k02 ^4)» CO (26), CO^ (26), amines (50) .

The following are known to photo-adsorb on titanium dioxide:

ammonia (21), (23) nitric oxide (23)? (21), ethylene (17), propy¬

lene (17)? ethylene oxide (17)» propylene oxide (17). Some difference

of opinion arises concerning the photo-adsorption of hydrogen which

is claimed by Rapoport et. al (55) to occur, but not by Ritchie et.

al. (44) and Stone (56).

In cases where both photo-adsorption and dark adsorption have

been observed, photo-adsorption is greater in both rate and extent,

undoubtedly a reflection of the greater availability of electrons

in a photo-excited solid.

1. 2, ". Photo-reactions on Titanium . ioxide

Titanium dioxide s ows moderate catalytic activity in the dark,

for example in the dehydrogenation of alcohols (57)» decomposition

of formic acid (5S),decomposition of nitrogen dioxide (54) ana the

decomposition of nitrousoxide (56). These reactions are however

of relatively small impetance to the present work, and it is only

proposed herein to deal with previously studied photo-reactions on

a titanium dioxide surface.

The simplest of such reactions is the decomposition of nitric

oxide first shown to occur by Kennedy (21), and later confirmed (23)

to proceed by the equation

3N0 + e —* N20 + NO,,"
Reactions which more closely concern this work are tho>e which

are primarily stimulated by the photo-adsorption of oxygen. Photo-

oxidation of water was postulated by McLean (23) and later indicated
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by conductivity measurements (59)» (17)» The photo-oxidation of

ammonia (60),{23)> methyl ethyl ketone (23) ethylene, propylene (17)»

glycerol (40) tartaric acid (40), inandeiic acid (40) simple sugars

and disaccharides (62) (63) and cellulose (62) have been observed.

The photo-oxidation of paints and fibres is well known. These

reactions are known to proceed through the interaction of photo-

adsorbed oxygen with the adsorbed or photo-adsorbed reactant, and

only take place if the wavelength of illumination is less than 4000$.
Beyond this, information is scantj there is little knowledge either

of the mechanisms of any of these reactions or the nature of the

oxidising species.

Of particular interest are the oxidations of ammonia and sugars.

Gopolo Rao et al. (60), (61) finds in the photo oxidation of

ammonia in a Ti09 suspension in water that oxidation to nitrous acid
occurs and postulates that the reaction proceeds through an adsorp¬

tion complex as below.

3T102 . NH3 + hv » 3. Ti02. NH3* —► 3T10 + HNOg + H?0
(a) (b) (c)

(a) is the adsorption complex, (b) the activated form of this complex

and (c) the reaction products. After reaction the TiO may be re-

oxidised to TiC>2»
McLean, however (23) in his work on the photo-oxidation of

presorbed ammonia on a TiO„ film finds very little NO,," and suggests

that the residual nitrogen remains attached to the film in a complex

form as shown below.

60o + 4NH, ———> 4H00 + = H.N ,0R=2 las ™»a 44 ods-
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Kienzl anci Schurz (62) (63) investigated the reaction of mono -

and di- saccharides in an aqueous suspension of Ti0o through which

oxygen was bubbled# They made no analysis of products but deter¬

mined the change in U.V, spectrum of the solution before and after

illumination. As a result they postulate oxidation of mono- and

di-saccharides through an "oxy-sugar" type of structure.

OH OH
1 1

- C = C-C=0
1

They consider that oxidation of disaccharides proceed through

this form, the ring fissure tacing place at one of the Catoms

involved in the "oxy-sugar" structure rather than breaking of the

glycosidic bond, as they do not observe any change in the optical

rotation of the disaccharide solution after illumination in pres¬

ence of oxygen and titanium dioxide.

Section 5 General Aspects of Surface and Photo-phenomena in Solids

1. 3. 1. Photoconductivity and Photo-aosorption

Photoconductivity may be stimulated in most semiconducting

materials by visible or near visible illumination. It can be shown

that for a solid under steady-state photo-excitation we may define

two Fermi levels, one for positive holes and one for electrons, these

being coincident in the dark (64) p. 53»> Figs. 1.6 (a) and (b).

Photoconductivity may or may not be temperature dependent according

to the energy level distribution of trapping centres in the solid

(64) p.68.
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As has been previously pointed out, some doubt exists as to

whether the Franck-Condon principle should be applied to such elec¬

tronic transitions in the solid. Mott. (16) states that the optical
'TTOz

energy value for an excitation in solids should be divided by a

factor of 5*1 to obtain the corresponding thermal energy value,

whereas Bube p. 144 states that it is likely that the Franck-

Condon principle causes optically determined values for an energy

transition to be higher than thermally determined values, and in

one particular case a factor of 10$ is mentioned.

The phenomenon of photo-adsorption is not unique to titanium

dioxide; both photo-adsorption and photo-desorption of oxygen

have been observed on a number of materials e.g. Cd Se, ZnS, ZnO

(64) P»397» Sb„0„, Ei.JX. (21). V olkenstein has theoretically, on

the basis of his free valency theory (65) discussed (66) the cri¬

teria as to whether photo-adsorption, photo-desorption or neither

occurs on a solid. He concludes that photo-adsorption, photo-

desorption or neither occurs if the ratio of the number of surface
on

free valencies/illumination to the number in the dark is greater than,

less than or equal to unity respectively. This, however, probably

represents an oversimplification of the situation.

1. 3. 2. The Solid Surface

The surface of a solid represents a gross deviation from its

bulk structure (54)« At such a surface we might expect the surface

atoms to have a different environment from those in the bulk of the

solid and the occurrence of surface defects may well be imagined.

Surface electronic states were proposed by Shockley (79)* anu it is
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known that a space charge layer may exist at semiconductor surfaces,

opposite in nature to the semiconductor bulk properties: for example

a p-type layer may occur at the surface of a solid which has n-type

bulk properties. In addition, it is well known that solid surfaces

are generally not "clean"; for example (Section 1. 1. 5*) it is

known that titanium dioxide has water molecules adsorbed on its

surface. These are stated to induce a positive surface charge (67)»

in opposition, of course,to tne negative charge expected for the

free surface. he cannot therefore make any inference as to the

electronic state of the titanium dioxide surface.

1. 3. 3. Chemlsorption ana Catalysis

The factors governing the rate of chcraisorption are of consider¬

able importance to this work. It has been shown by Low (68) that

the Elovich kinetics (c.f. section !. 2. t.) may be applied almost

universally to chemisorption processes. However, in spite of this

it is difficult to attach any mechanistic significance to them.

The Elovich equation

dq

dt
= ae"1"* (1)

where t is the time at which quantity q of material is cheotisorbed,

a and b being constant for a particular system, may be written in

the integrated fonr.

d « 111. (fc + *0) - iog10 tQ (2)
b b

1
where t a assuming q= 0 at t = 0 . This equation has been used

ab
(46) (80) as a basis of determining the parameters a and b by plotting
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q against log.j0(t 4 tQ), choosing tQ by trial and error until a
2 3

straight line of gradient * is obtained.
b

The parameters a and b are found to vary with temperature and

pressure for a given system; in general a increases and b decreases

with increasing temperature or pressure. Preabsorbed gases affect

the parameters a and b for a second adsorption on a solid (68); in

some cases a increases and b decreases providing an enhancement of

the second adsorption, in others the first adsorbhte poisons the

surface and a decrease in a and an increase in b results. Cases

in which both a and b either decrease or increase are known. (68).

Equation (1) may be derived on the basis of a number of general

postulations some of which are listed below.

(a) The initial rapid creation of sites analogous to that proposed

by Wolkenstein (65)» followed by a bimolecular site decay (69).

(b) Variation in the adsorption potential of sites (70).

(c) Variation in the surface strain of a solid on adsorption (71).

(d) Variation in the height of the barrier layer potential induced

by adsorption at the semiconductor surface (72), (46).

As was shown in section 1• 2. 1. titanium dioxide obeyed Elovich

kinetics in the later stages of oxygen photo-adsorption, but initially

parabolic kinetics were followed. It has been pointed out (17) that

other examples of parabolic kinetics, for systems quite unrelated

to that of titanium dioxide, occur in the literature.

A good means of predicting the nature and extent of chemisorp-

tion of a particular type on solids is afforded by the well-
of

established boundary layer theory^chemisorption (73), (74), (75)J
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indeed in view of the reported alteration of surface potential

(81) (82) of a solid on adsorption, indicative of the formation

of a barrier layer, it is tempting to assign this as the unique

theory underlying the Elovich equation. For on n-type semi¬

conductor we should expect the height of the Fermi level to govern

the rate and extent of an adsorption involving electron transfer

from the solid to the adsorbate. Since we have seen that photo-

excitation can raise the Fermi level in a solid, we might expect,

as is indeed the cose (section i. 2. t), photo-adsorption of

oxygen on titanium dioxide to be enhanced by illumination. This

theory, however, although useful in a general sense does not take

into account a number of other factors which influence adsorption:

for example rolkenstein (65) has pointed out that surface hetero¬

geneity and defects con influence adsorption; it has been shown

that certain crystal faces of the same material are ore active in

adsorption than others (77)I it may be expected that the atoms

comprising different solids retain some of their individuality in

terms of the crystal field theory. This latter factor has been

tentatively deal' with by Dowden (76)® (79).*
In respect of the intimate connection between cheraisorption and

catalysis, the above factors will, in general govern catalytic

reactions on semi-conductor surfaces.

Of particular interest is the nature of chemisorbed oxygen on

oxide semiconductors. It seems generally agreed, for example in

references (83), (56), (63) that at room temperature oxygen is

adsorbed either as Oor 0~, the latter being preferred, while
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at higher temperatures it is considered that oxygen is finally
2-

adsorbed as 0 •

It will be appreciated from the foregoing summary that the

study of a system involving photo-adsorption and cataiysis embodies

the complexities both of the fields of photo-excitation of solids

and of catalysis. However it is hoped that the following work

will shed at least some quanta of light on the problems associated

with such a system.
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PART 2

EXPERIMENTAL

The major part of this work deals with the rates of photo-

adsorption of oxygen on titanium dioxide and treated titanium

dioxide films and the analysis of products resulting from these

photo-adsorptions. It is found convenient that experimental appar¬

atus and technique directly associated with such experiments he

described herej that relevant to other experiments will be dis¬

cussed where appropriate in later parts.

Section 1 APPARATUS

2. 1. 1. The Vacuum System and Bourdon Gauges

The apparatus used, constructed of soda-glass, is shown in Fig.

2.1. All taps used were of high vacuum type and all cones and

sockets ground glass, allowing a vacuum of 10 "mms. mercury as

measured on the McLeod Gauge to be maintained in any part of the

apparatus. The vacuum was produced by a mercury diffusion pump (D)

backed by an Edwards rotary oil pump (C). Only dry air was admitted

to the apparatus when necessary by allowing air to pass through

inlet (K), thence through a soda-lime tower (F) and over P2°5
Apiezon grease L was used to make all taps and seals vacuum tight.

Photo-adsorption pressure changes were measured in the thermo-

statted Bourdon gauge system 'A' shown in more detail in Fig. 2.2.

The Bourdon gauge and reaction vessel were immersed in a water tank
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fitted with glass sides. The water was heated by means of a 250 watt

electric heater in series with a 200 ohm resistor controlled by a

toiuene-mercury regulator through a valve relay. Water circula¬

tion was by an external pump. The temperature stability of this

system is estimated at better then + 0.02°C.
The reaction vessel was illumnated by a 250 watt Mazda mercury

lamp through an aperture (L) and the condensing lens. Light filters

were not used as they reduced the intensity of illumination so much

that adsorptions became inconveniently small.

Pressure changes in the Bourdon gauge were measured by observ¬

ing the movement of the illuminated platinum tipped Bourdon gauge

pointer on a telescope equipped with a graduated scale.

The Bourdon gauge fB' on the subsidiary apparatus was used to

measure the vapour pressures of gases expanded from vessels attached

to cones H and I. The pointer movement was determined as for

the thermostatted Bourdon gauge.

2. I. 2. Reaction Vessels

The types of reaction vessel used are shown in Figs. 2.5., 2.4,

and 2.5. Fig. 2.5 shows the vessel used for photo-adsorption measure¬

ments. The narrow bore side arm projected over the; side of the

thermostatted tank and could be immersed in liquid nitrogen contained

in a Thermos fiask. In certain exp rintents where adsorption isotherras

were not required reaction vessels such as shown in Fig. 2.4. were

used. Fig. 2.5. shows the reaction fiask used in formaldehyde

determinations; these were connected not to the Bourdon gauge, but

to socket (G)•
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Section 2 Experimental Techniques

2. 2. 1. Calibration of Bourdon Gauges and Determination of Reaction

Space Volumes

The Bourdon gauges were calibrated and reaction space volumes

were determined by methods described in reference (4.4). These

changed from time to time and their values are quoted where neces¬

sary.

2. 2. 2. Constancy of Light Source

This was checked before and after each experiment with a barrier

layer photocell.

2.2.5. Preparation of Titanium Dioxide Films

(a) Titanium Dioxide Films

Exactly 0.1000 jh 0.0002 gm.of titanium dioxide was placed in

the reaction vessel with abuut 1 ml. of water. The suspension so

formed was evacuated to dryness at a water pump, carefully shaking

to deposit a uniform film on one half of the inside of the reaction

vessel Fig. 2.4. Care was taken not to splash or dull the other

half in any way. The film so formed was then evacuated for 60 hours
-5

at 10 mm. on the apparatus.

(b) Titanium Dioxide - Organic Compound Films

These were prepared as above, using 0.1000 t 0.0002 gm. titanium

dioxide, 0.25 ml. (micro-pipette) aqueous solution of organic compound

and water to approximately 1 ml.

2. 2. 4. Determination of Oxygen Uptake Curves and their Analysis

For a photo-adsorption on Ti02, the pressure change in the
reaction vessel was measured on the Bourdon gauge at intervals and
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a graph of the total pressure change Ap plotted against t, the time

of illumination* The average gradient of this curve over small

sections was determined graphically to give <1 Ap d For a para-
dt a

boiic relationship is proportional to A p and for an exponential
R

relationship 1o^qr Is proportional to A p.
2. 2. *>. Qualitative Analysis of Gas Phase Products

The gas phase products produced in the reactions studied were

C02, N^O,water vapour and HCHO as paraformaldehyde. These were
removed from the titanium dioxide-organic compound films by pumping

down the reaction vessel for 24 hours through a cold trap immersed

in liquid nitrogen,and were identified by vapour pressure and infra¬

red spectroscopy methods. Identification by vapour pressure methods

was carried out by comparing the vapour-pressure-temperature relation

for the un tenown gas, which had been separated from its other compon¬

ents by low temperature distillation, with that of a known compound.

Such vapour pressure-temperature curves were Obtained as follows.

The gas under observation was frozen out into a vessel attached to

one side of an evacuated Bourdon gauge using a "Thermos" fissk con¬

taining liquid nitrogen. This was replaced by an empty "Thermos"

flask cooled to liquid nitrogen temperature and its temperature was

slowly raised by passing in dry air. This temperature was measured

by a calibrated thermocouple up to - SO°C, thereafter by a pentane

thermometer.

Relevant standard vapour pressure curves were prepared using

the above technique (Fig 2,0.). It will be noted that two pairs

of curves ore close together: (a) paraformaldehyde and water vapour
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(i>) carbon dioxide and nitrous oxide. These were not readily

separable by techniques described here (Fig. 2.7 and section 2. 2. 7).

2, 2, 6. Qualitative Analysis of Solid Products

(a) Titanium dioxide - sugar films

After illumination films were extracted for 24 hours with a few

mis. of cold water, the residual titanium dioxide filtered off and

washed several times with water. The washings and extract were

combined and concentrated by evacuation at a water pump.

The extract was spotted on a Whatman No, 1 Chromatography paper

along with a number of standard sugars. 18:3s1:4 ethyl acetates

acetic acid: formic acid: water or 4:10:3 pyridine: ethyl acetate:

water was used as eluant.

After drying, eluted papers were treated in one or both of the

folowing ways,

(a) The paper was dried, sprayed with a saturated ethanolic solution

of aniline oxalate and heated at 120°C for 10 mins. This shows

the presence of hexoses and tetroses as brown spots, uronic

acids and pentoses as pink spots.

(b) The paper was dipped in a solution of 1 ml. saturated silver

nitrate solution in 200 mis. acetone and air dried. The paper

was then sprayed with a solution of 10 N sodium hydroxide in

20 mis. commarcial alcohol. The paper was air dried, dipped

in a solution of sodium thiosulphate and allowed to dry.

Sugars appear as blac* spots on the paper.

The analysis of the sugars in the extract solution were made

by comparing their values with those of the standards and by
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observing the colour of the spot brought up by procedure (a).

Ik1 Ti^aniipn di^xid^-u^a fllpp

The extraction procedure of 2* 2# 5» (a) was used, except that

a high speed centrifuge operating at 20,000 r.p.m. was used to

remove the titanium dioxide* Qualitative analysis for the following

substances were carried out. Hydrazine (8$, p.225, test

(2) j hydroxylamine (NHgOH), (84), p.230, test (4b) j hydrazoic acid
(HN.j) (84)# p.268j cyanide ion (CN~), (84), p.26Qj cyanate ion (CNO~),
(85), p. 344; nitrite ion (NOj), (84), p.302 test (1)5 nitrate ion
(N03~) (843 P*301 and (84), p. 299 test (2); biuret (NH2C0NHC0NH2)
(86), p. 167.

Comparison of the spectrum of the extract after treatment with

p-dimethyiamino benzaldehyde (see section 2. 2. 6 (b), Fig. 2.13)

shows the absence of hydrazine and semicarbazide (NIIjCO NH. NH0).
,2. 7» quantitative „A*)al.ysM .ffif Gas phase Fidgets

After illumination of a titanium dioxide film coated tvith an

organic compound, the reaction vessel was pumped down for 24 hours

through a cold trap Immersed in liquid nitrogen. Thereafter one

of two procedures was followed.

(a) The reaction vessel was removed, cleaned and replaced, and the

products distilled back from the cold trap into the side arm

which was kept at liquid nitrogen temperature. The vapour

pressure-temperature curve was then determined as in section

2, 2. 4.

(b) The products were transferred by distillation to a cold trap

on the subsidiary apparatus and the vapour pressure-temperature

curve determined.
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The amounts of product present were then determined from such

vapour pressure curves. Fig. 2.7* shows the typical curve for the

analysis of a mixture of 110 Bourdon divisions of C©2 and 112
divisions paraformaldehyde ana water vapour from a glucose oxidation.

A knowledge of the volume into which the gas was expanded gave, by

calculation, assuming the gas laws valid, the number of moles of

gas present.

In the oxidation of urea it was found necessary to analyse for

both nitrous oxide and carbon dioxide. As is indicated by Fig. 2.6,

it was found impossible to analyse for these gases by the above vapour

pressure method. Consequently a scheme was devised for the analysis

of these products. The vapour pressure of the mixture was determined

giving the total amount of NT20 and CO^ present. The two gases were
then exposed to pellets of NaOH which adsorbed the CC^completely.
The pressure of NgO was determined and hence the partial pressure
of C02initially present was found. The validity of this method is
demonstrated by the table below.

Partial Pressures
(Divs Bourdon)

C02 „ N2O

Analysis Values of Partial
Pressure (Divs Bourdon)

C02 N20

25.0 0 25.0 0

35.0 0 35.0 0

10.0 39.0 11 .0 39.0

57.0 u.o 57.0 14.0

19.7 39.0 18.7 40.0

0 39.0 0 39.0

0 39.0 0 38.5
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The analysis of formaldehyde was carried out in the vessel shown

in Fig. 2.5. Great difficulty was experienced in handling quantities

of paraformaldehyde as it appeared to adsorb on glass surfaces, revert

to a polymer (probably polymethylene glycol ($7) ) of very low vapour

pressure or be absorbed in tap grease. After a number of tests

the above apparatus seemed to be most successful in the following

analysis procedure*

After illumination the vessel was pumped down through the U tube

immersed in liquid nitrogen for 3 days (tests showed this period was

necessary for the complete removal of formaldehyde)• The U tube

was then removed, allowed to reach to about -40oC and 8 mis. of a \%

solution of chromotropic acid in concentrated sulphuric acid added

and heated in boiling water for one hour (89), (90), (91). 1 ml water

was added and after cooling the light absorption of the solution at

520 nyj was determined.
2. 2. 8 Quantitative Analysis of Solid Products

(a) Titanium Dioxide - Sugar Films

Films of titanium dioxide and glucose illuminated in the presence

of oxygen were analysed for glucose and arabinose in the following

manner.

The films were extracted for 24 hours with a few mis. of cold

water, the residual titanium dioxide filtered off and washed several

times with water. The washings and the extract were comtined.

This solution was evaporated gently to dryness in the presence of

a current of air on a hotplate maintained at about 40°C. The

residue was then dissolved in exactly 1 ml of water. 0.9 ml. of
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this was spotted in a line 9 cms# long on a 23 cm. wide Whatman No.1

paper using a micropipette. The length of the paper was approxim¬

ately 50 cms. and two lines were drawn lengthwise down the paper

4 cms. from each edge, A standard solution of glucose and arabinose

was spotted in the centre of these strips at the edge. The paper

was eluted with 18s3*1i4 ethyl acetates acetic acidi formic acids

water for 24 hours and air dried. The outside strips were cut off,

sprayed with a saturated solution of aniline oxalate in ethanol and

developed at 120°€ for 10 mins. This indicated the position of

the bands of arabinose and glucose in the centre strip. These were

cut out in 8 cm. sections, placed in beakers and extracted with 10 ml.

water for 30 mins. with occasional shaking. The resulting solutions

were then filtered through glass wool and analysed by the phenol-

sulphuric acid method as below,

1 ml, of the sugar solution was pipetted into a test tube and

1 ml. of a 5% phenol/water solution was added followed by 5 mis.

Analar conc. H2S°4* The tubes were allowed to stand for 20 mins.
at room temperature. The concentrations of sugar in the solutions

were determined colo r i metrically at 490 m^u for glucose and 480 myu
for arabinose by measuring the absorption of each solution and

reading the concentration from a previously prepared calibration

graph. Figs. 2.8, 2.9» 2.10,. A correction had to be made to

this value to allow for the contribution to the absorbance due to

cellulose lint. This correction value was determined by running

a number of chromatograms blank and treating them in the same way

as the spotted papers. The average absorbance value obtained was

sub tracted from the analysis value.
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The authors of this method (91) claim 100 _+ % recovery and

analysis accuracy* They recommend that the sugar solutions to be

analysed should be of concentration between 10 and 70 ^/ml. In

certain cases, however, the concentration of glucose lay outwith

this and a calibration curve for solutions containing higher glucose

concentration had to be prepared Fig* 2.9.

Owing to the fact that 100% of the sugar was not recovered from

the films it is probable that the recovery varies from extraction

to extraction in some small way and hence, at best, an accuracy of

j; 10% can be claimed for these analyses.

(b) Titanium Dioxide-Urea Films

The film was extracted for 24 hours with a few mis. of cold

water, filtered, washed as before and the filtrate and washings made

up to lOmls. in a graduated flask. As it was found that small

amounts of suspended titanium dioxide which passed through the filter

paper interfered with the subsequent color i metric analysis, this

was removed by centrifuging the 10mls. of solution at 20,000 r.p.m,

on a high speed centrifuge.

The solution was analysed for (i) urea (ii) nitrite ion in the

following manner.

(i) Urea (reference (92) (93) )

4 mis, of an acidic, ethanolic solution of p-dimethylamino-

benzaldehyde (2.00 gms. p-dimethylaininobenzaldehyde in 100 mis.

95% ethanol and 10 mis. conc. Hcl) were added to 6 mis. of the

centrifuged solution, mixed and allowed to stand for 10 mins.

The absorbance was measured at 420 m^u and the corresponding con¬

centration read from a calibration graph Fig. 2.10. It was
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found necessary to check and redraw, if necessary, this graph for

each set of runs, For convenience results are given with reference

to one calibration curve.

The spectrum of a urea - p-dimethylaminobenzeldehyde complex

and the complex formed in the analysis solvation is shown in Fig.

2.13, The absence of any indication of absorption maxima at 458nyu

and indicates the absence of hydrazine and semicarbazide.

(ii) Nitrite (reference (94) )

For this analysis the following reagents were prepared

(A) 0,60 gm 4 - aminobenzenesulphonic acid(sulphanilic acid)

dissolved in 70 ml, hot water, cooled, 20 mis. conc. Hcl added

and made up to 100 mis. with water.

(B) 0.480 gra 1 - aminonaphthalene in 100 ml, 1.3$ v/v Hcl (95)

(C) 2,0 M. sodium acetate solution (filtered).

1 ml or 0.5 nil of the centrifuged solution (0,5 ml for high

nitrite concentration) was placed in a 50ral volumetric flask with

1.0 ml. of reagent (A). The mixture was shaken and allowed to

stand for 5 mins. 1.0 mis of (B) followed by 1.0 mis of (C) were

then added and the solution made up to 50 mis, with distilled water.

The absorbance of the solution at 520 nyuwas determined after 10 mins
and the concentration of nitrite read from a previously prepared

calibration curve Fig. 2.12.

2. 5. Chemicals

2. 3. 1. Titanium Dioxide

Three samples of titanium dioxide were used. All were prepared

from Ti cl7 by the method of Weiser and Mulligan (96). 30 gms. of
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Ti cl, were added slowly with stirring to 500 mis* of a 2.7 molar
4

Nacl solution and the mixture refiuxed for 2 hours. The liberated

Hcl was neutralized with solid NoOH ana the supernatant liquid

decanted. The titania gel so formed was centrifuged down and washed

repeatedly with distilled water. The samples differed in their drying

treatment.

Sample A. Dried in air at 160 - 170°c for 12 hours then at 10Q°C
in a pistol drier for 30 hours. Prepared by icLean ( 23).

Sample B. Dried at 150°C for 14 hours then at 100°C in a pistol

for 30 hours. Prepared by idcFarlane and Gregory (97)

Sample C. Dried at 100°C for 2 hours In air then at 200°C under

a vacuum of 10*"^ m.mXor 10 hours. Prepared by author.

All samples were stored in the dark and had surface areas of
2

approximately 100 m /gm« as measured by B.E.T. methods (17) and

dye adsorption (9 7).

2. 3. 2. Oxygen

This was obtained from e B.O.C. cylinder and was dried before

storage. Impurities were removed by exposing the gas to a cold

trap at liquid nitrogen temperature.

2. 3. 3. Other Chemicals

Where possible "Analar" grade chemicals were used. If these

were not available "B.D.Ti. Reagent Grade" chemicals or in a certain

few cases materials of known purity, prepared in this department

were used.
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PART 3.

E X P L R 1 M E N T A L RESULTS

3. 1. Studies in the Glucose Coated Titanium Dioxide-Oxygen system

3. 1. 1. P rel tminarv 1 nve s tiga tions

Preliminary experiments yielded information which can be usefully

recorded here as it indicates why certain procedures were used and

why certain experiments were carried out.

The nature of the photo-adsorption of oxygen on untreated

titanium dioxide was first established. 0.1000 jh 0.0002 gra, of

TiO^ was made into a film on a reaction vessel such as is shown in
Fig 2.4. and was illuminated in presence of 50mms oxygen at 2?.5°C,
The t^tal pressure decrease (Ap) in the reaction vessel was recorded

at various intervals of time (t) and the kinetics of the uptake

established from the Ap vs. t piots as indicated in section 2. 2. 4.

It was found that over the initial period of the uptake (approximately

100 mins.}, the kinetics were parabolic with (Ap + k) oc t (k is a

constant), and thereafter followed by an exponential Eiovich relation¬

ship. This confirms previous work (section 1. 2. 1.).

In order to determine how surface glucose affected the kinetics

of photo-adsorption, 0.1000 _+ 0.0002 gm, quantities of TiOg were
made into films coated with varying weights of glucose as described

in section 2. 2. 3. (b). It was found that such glucose coated

films required longer pumping out periods than untreated films before

ail surface water was removed, satisfactory results only being
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after

chtairsed^60 hours pumping at 10 mercury. The presence of water
vapour was found to cause irregularities in the rate of pressure

change during the photo-adsorption of oxygen on titanium dioxide or

treated titanium dioxide, particularly after an interruption in

illumination, when exceptionally high pressure change rotes were

observed. In oroer, therefore, to prevent any complication due

to water vapour, the reaction vessel was fitted with e side arm con¬

taining Po0^. A series of photo-adsorption experiments were then
performed on these films using 50 mms. 0o pressure at 27«5°C. Typi¬

cal log R and / vs. Ap plots for the results are shown in Fig. 3. J*

A parabolic section (AB) and a broken exponential section (BCD) aie

evident. Such a broken exponential section indicates that over

the latter stages of the uptake the rate is decreasing exceptionally,

This might be due to the desorption of a gas not absorbed by

during the experiment causing a pressure increase in opposition to

the pressure decrease due to oxygen photo-adsorption. Analysis

showed that carbon dioxide was in fact desorbed on photo-adsorption

of oxygen on glucose treated titanium dioxide films, presumably due

to the reaction of adsorbed oxygen with the surface glucose. In

order to prevent such undesirable effects from gases such as water

vapour and carbon dioxide, a reaction flask as shown in Fig. 2. 3.

with the side arm immersed in a constant level of liquid nitrogen

was used for all subsequent photo-adsorption measurements. It

is assumed that in tuis system the only non-condensible gas remain¬

ing is oxygen and any pressure change recorded is due to a change

in oxygen pressure.
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The above experiments using a ^2^3 side arm obviously do not
directly give a measurement of the rate of oxygen uptake on a glucose

coated T10o film, but if it is assumed that the oxygen uptake is

proportional to the measured pressure change, some interesting points

ernerge.

It was observed that the rate and extent of oxygen photo-

adsorption increased with increasing glucose~ TiO,^ weight ratios (S)
up to a certain value of S and thereafter decreased. This is

illustrated in Fig. 3* 2. and was explained as follows. Up to the

maximum at S = G.Q36, the surface glucose utilised the adsorbed

oxygen by reaction, leaving the surface free for further adsorption,

but thereafter so much sugar was present that it prevented access
2

of oxygen to the TiO^. If the surface area of the TiO, is 100m /gm,
and the glucose molecule is approximated to a planar regular

hexagon of side 2.9 calculation shows that for such rings lying

flat on the surface a monolayer Is formed at S =* 0.1/,. Tills figure

may well be a maximum as no account has been taken of the areas of

groups such as -Ch\,QH and -OH which will protrude to some extent

from the sugar ring.

It therefore appeared best to study carefully the effect of

varying values of S between 0 and 0.036 on the kinetics of photo-

adsorption as for such values of 8 complications due to surface

blocking should be very sjsali. In such a series of experiments

reproducibility of results is necessary in order to make valid com¬

parisons. To ensure this the different experiments were carried

out in the same vessel under the same conditions of temperature,
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intensity of illumination, oxygen pressure and Ti02 weight; by
reason of the method of film preparation the film area may vary

slightly from experiment to experiment. Consistency of oxygen

uptake within _+ 10^ was in fact observed during the oxidation experi¬

ments described in section 3» 6. The results of tables 13, 23,

36, 37 indicate the degree of reproducibility obtained.

3. 1. 2. Effect of Surface Glucose on the Characterisics of Oxygen

Photo-Adsorption on titanium Dioxide

In the following experiments amounts of 0.1000.$ 0.0002 gm, of

Ti02 (sample A) were made up into films with differentweights of
glucose on the surface. These were illuminated in presence of 50mms.

oxygen at 27»5°C and the pressure change in the system recorded at

various intervals of time. The reaction flask was equipped with a

side arm immersed in a constant level of liquid nitrogen.

The results of these experiments are shown in Fig. 3> 3* Tables

13» 15, 17, 19s 21, 23, 25, 27. and log R and VR versusAp plots in
Figs. 3.4., 3.5., and 3.6, Tables 14, 16, 18, 20, 22, 24, 26.

The following emerge from these results

(a) In agreement with the preliminary results above both the rate

and extent of oxygen photo-adsorption increases with increasing

S up to a certain value, thereafter decreases Fig. 3. 3.

(b) Untreated titanium dioxide shows initially parabolic and finally

exponential Elovich kinetics c.f. sections 1. 2. 1., 3. 1. 1•

(c) Similar kinetics are observed with glucose coated titanium

dioxide except that the parabolic kinetics increase in duration

with increasing S.
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(cl) The uptake at which the parabolic section ends is proportional

to S.Fig, 3.7, Table 28,

(e) The latus rectums of the parabolas for different S values are

proportional to S.Fig. 3.8., Table 29.

(f) In the Elovich equation

-bAp— «s ae H
dt

the parameter a increases and b decreases with increasing S. Plots

showing the relationship of a and b with S are given.Figs. 3.9. and

3.10, Tables 30 and 31.

Equations relative to the rate of uptake curves are tabulated
the

below. Column K gives the constant of integration f©reintegrated
form of the Elovich equation.

t^e»Ap+K

s Equation of Parabolic Equation of Exponent¬ KSection ial Section
(Differentiated Form)

0.000 (Ap+0.9)2= 0.50(t+1.9)
9

dAp
= 0.078e~°*1^^P

dt

- 80

0.00225 (Ap+2.8)~= 1,6(t+5.4) %! = 0.18e-°-099Ap - 40

0.009 (Ap+0.5) 2= 3.8( t+0.08) ^ . 0.32e-°-055AP + 44

0.0135 (Ap)2= 4.45t
2

= 0.40e"°*°39APdt
+ 248

0.01908 (Ap+5*5)"=7.0( t+4.3) dAp - o.Sje""0,050^
dt

+ 392

0.0225 (Ap+4.6) 2= 8.0( t+0.6) -

0.045 (Ap+4.0)2= 9.0 (t+1.8) - —



The various parameters in the above equations were initially

determined fro the linear portions of the logarithmic and inverse

plots of the derived rate values against hp. These parameters were
2

Checked as follows. For the general parabolic equation (hp + C) «g

2
ti( t+f) , where C, d ana f are constants, ( Ap+C) was plotted against

t ana the best value of d was fauna from the gradient of the linear

portion of the curve. Experimental values of Ap and t were then

fitted into this equation and the constants adjusted where necessary

to give best agreement. The points of change over from parabolic to
|

r.lovich kinetics were determined both from the log R and /R vs. A p
plots (Figs. 3. 4., 3. 5*# 3. 6.) and from the plots of (Ap^C) vs.

t| the point of break was most easily distinguished in the farmer.

These results are given in Table 28 end are plotted against S in

Fig. 3. 7.

The iovich kinetics are such that the parameters cannot be

determined from standard log (t +tQ) vs. Ap plots in certain cases,
as they do not satisfy the condition taat Ap= a when t m o (Section

t. 3» 3). The method used to determine these values was as follows.

The Kiovich equation was considered in the integrated form

1 b A pt e
+K

ab

where K is constant, ^ was then calculated for the experimental

values of Ap using the value of b determined from the linear portion

of the log R vs. Ap plots, and a graph of e^^*5 vs. t was drawn. A

straight line of gradient 1 t intercept K,is obtained. It is estimated
ab

that these va-.ues can be determined to en accuracy of +, 10? . Both are affected by
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imprecision in the values at which the Elovich kinetics commence.

The following comments may be made on the above results.

(a) The low value of point A in Fig. 3.8. is considered to

be a result of the blocking effect of excess surface glucose.

(b) It will be observed that in general the origins of the

parabolas have coordinates which are small negative

values of Ap and t. This may be due to some small pre-

adsorption during the preparation of the sample,

5. 1. 3. Colour Changes of Glucose Coated Ti02 Films Prior to and
During Illumination In Presence of Oxygen.

After a 60 hour evacuation, glucose coated Ti02 films develop
a brown colouration which is most extensive for films where S =

0.0223 and S 2 0.045*

On illumination the following are observed

(a) Up to S a 0.0^5» films illuminated in presence of oxygen

revert slowly from the brown colour to white.

(b) With S = 0.45 and S = 0.90, illumination causes the film,

after evacuation almost white, to change to blue-grey.

In the case of the film having S = 0.0225 addition of water

after illumination causes the darker coloured particles to turn

blue-grey. On standing in air in the dark these revert to a

yellowish-white colour.

It is thought that these colour changes are due to some form

of reduction of the titanium dioxide by the organic material,

possibly either due to removal or partial removal of surface oxygen
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by the material or formation of coloured centres in the surface Ti02
lattice.

The blue grey change of the thickly coated films may be considered

analogous to these observed by Jacobsen (40). Oxygen uptake on the

film is lonv due to the thick coating of sugar, end the situation is

similar to that in Jacobsen's experiments on Ti02 pigments illuminated
with the virtual exclusion of oxygen. This analogy has been furthered

in that it has been observed that after washing the Ti02fiim and
exposing to air in the dark, the grey colour reverts to white,

5. 1. 4. bark Oxygen Uptake on Glucose Coated Ti02 Films
Unlike untreated Ti02 films, glucose coated films show a small

dark uptake of oxygen. In the case of the film where S = 0.0225

the dark uptake on admittance of 50 nvns. oxygen prior to illumination

was observed to be

Time (sains) Ap (Uptake, Bourdon divs.)
— -

90 2

180 3

After a period of illumination, a dark uptake of oxygen was

observed as soon as the light was switched off. Dark uptakes under

these conditions are noted where appropriate in the Tables. It

appears from these results and other observations that this dark

uptake is greatest the longer the time of total illumination, and

for a particular period of total illumination is greatest for films

where S = 0.0225 and S = 0.045, and decreases for films of both
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greater and smaller S values. After a few hours the rate of such

dark uptakes decreases almost to zero.

5. 1. 5. Products of Illumination of Glucose Coated Ti02 Films

Aqueous extraction of glucose bound TiO^ films after illumination
in oxygen and subsequent chromatographic analyses as described in

section 2. 2. 6 (a) show that arabinose and erythrose are products

of the surface reaction. No other sugar products were detected.

Analyses were carried out ct various stages of the reac ion and in

all cases arabinose was found in considerable quantity while

erythrose was only barely detectable.

Analysis of the gas phase by infra-red methods show that CQtJ,

formaldehyde and water vapour were formed during the course of the

reaction. Water vapour need not necessarily be a reaction product

as it may simply be desorbed from the film during the adsorption

of oxygen (23)» but it is almost certain to be formed in such an

oxidation. Vapour pressure analyses carried out as indicated in

section 2. 2. 4 confirm th*. se findings.

A study of the rates of formation of arabinose and C02» and
the rate of degradation of glucose has been carried out and the

results are given in the following section. Time and experimental

difficulties did not permit a study of the corresponding formation

of forrsialedyde.

1. 6. Rates of Formation of Arabinose and CO^ and Rate of
Degradation of Glucose

Since each film must be extracted with water in order to remove

solid materials for analysis, a series of films were prepared as in
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section 2. 2, 4 with S * 0.0225. These were illuminated for different

times in 50 Oa at 27• 5°c and analysed for COj* arabxnose and glucose
as previously described, to give the required rates.

Before carrying out experiments with illuminated films, films

w; ich had been evacuated for 60 hrs. were extracted with water and
*

the extracts analysed. No arabinose was detected.2250 )S glucose were

initially placed on the films.

The results of the control analyses are given below

Film
Corrected

A b sor b a n c e
Height Glucose from

Calibration Graph (tf)

Total
Glucose

Extracted (JO

1. 0.99 103 1236

2. 0.97 101 1212

3- 0.97 101 1212

Extraction by this means removes 50 - 60f of the sugar from the

film; the remainder appears to be strongly if not dissociativeiy

bound to the titanium dioxide as quant ties of formaldehyde have been

collected after the period of evacuation.

Films welch are allowed to stand for a fortnight or more in the

dark under vacuo yield detectable quantities of arabinose on extra¬

ction.

The results of the analyses of glucose coated fx 1ms illuminated

in oxygen as described above are shown in Tables 32, 33» 34 Figs.

3.11, 3.12, 3.13» 3.K. The following will be observed from these

results.
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(a) The initial rate of degradation of glucose is rapid but

quicily decreases to a considerably smaller rate.

(b) The arabiriose curve over the first 400 rains, behaves as

would he'expected of the second component in a consecu¬

tive reaction i.e. as for B in

A —- B —* C

The trough appearing at about 500 - 600 mins, although difficult

to explain seems to be a real effect, as is indicated by the results

shown in Fig. 3. t2. Tables 33« These are a repeat of the results

quoted above using a lamp of intensity approximately one-third of

the intensity normally used.

(c) The Initial rates of removal of glucose,formation of

arabinose and photo-adsorption of oxygen are the same.

(d) The rate of formation of Oil is constant.

These observations will be c nsidered later in the text.

5. 1. ?. Comparison of oxygen dutches on Titanium Dioxide Filmsg

(a) dntreateo (b) Clucose coated (c) Sorbitol Co;: ted

id) Celiobiose Cue teds & » 0,0225 for (o). •: c) and (0)

The oxygen uptake curves for illumination of these films in

presence of 50mms• oxygen at 27«5°C are shown in Fig. 3* 15» Tables

35s 36, 37® 38* It will be observed that in ail cases the same number

of Hexose units are initially present on the surface. It was observed

for these films that neither the ceiioblose nor the sorbitol showed

any dark uptake prior to Illumination* This might have been

expected in the case of sorbitol which is a non-reducing sugar, bat

not in the case of cellobiosc. Dark uptake after iilusuination occurs
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in aii of the above cases. Although the oxygen uptake results for

glucose, celi.ob-i.ose and sorbitol do not differ significantly in

lying outwith the estimated experimental error (section 3» 1»)

some comment is thought necessary.

As will be seen in the following section, sorbitol suffers a

large degree of fragmentation during illumination in oxygen, and

the presence of these fragments probably causes the slightly higher

oxygen uptake compared to the glucose bound film, since each fragment

will contain a - CHO group which is readily oxidised. The oxygen

uptake in the case of cellobiose fails below that of glucose in the

later stages. Both hydrolysis and degradation occur on the surface

anu the rate of oxygen uptake may be controlled by the slower rate

of hydrolysis. Hydrolysis produces glucose units, and if glucose

or a reducing end group is most readily oxidised on the surface,

then a low rate of hydrolysis may control the rate of uptake of

oxygen.

It will be observed from the table below that the quantities

of gaseous products of illumination of celiobiose end sorbitol differ

from those of glucose. In particular the CO^ values are much lower
indicating that oxygen must be used for procedures other than degra¬

dation at the carbon atoms of the sugar, presumably oxidation of

- CH2 OH and groups to CHO and fragmentation.
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Sugar
Placed on

Ti0„ Film2

Time of
Illumination

(mins.)

Quantity C0„
Formed

(Divs. Bourdon)

Quantity
Para f0rma1dehyde
and Visiter Vapour

formed

Glucose 1246 110 1 10

Sorbitol 1156 43 111

Cellobiose 1499 46 58

5. 1. 8. Products of Degradation of Carbohydrates on Titanium

Dioxide by Illumination in Oxygen

Qualitative chromatographic analyses were carried out on the

aqueous extracts of films coated with various sugars and illuminated

for approximately 1000 minutes in 50 mms. 02* Gas phase products
were also analysed. The films and the products therefrom are

described in the below table.

Sugar
Placed
on TiO,

Solid Products Gaseous Products

Glucose

Fructose

Sorbitol

0.0225

0.045

0.0225

Ceilobiose /

Arabinose, Erythrose (very
small quantities)

Erythrose, small quantity
of an unidentified
sugar, maybe a tetrose
such as glycerose

Glucose, Arabinose,
Xylose, lower sugars.
Also an unidentified
spot possibly gulose by
comparison of R« value
with that in literature.

C02» Paraformalde¬
hyde, (H 20)

CO^, Paraformaide
hyde, (H 20)
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Sugar
Placed
on T±02

S Solid Products Gaseous Products

Ceiiob cose 0.0225 Glucose, Arabinose,
small quantities of lower
sugars. Also unidenti¬
fied spot with value
higher than cellobiose
but running close to it.
This may be a disaccha¬
ride fragment such as
glucose-arabinose

C0(>, Parafomaic-
&•

hyde, (If^O)

Sucrose 0.0225 Glucose, Fructose and/or
Arabinose (Rj» values

almost identical),
Erythrose, traces of
other sugars

No analysis

The significance of these results will be pointed out in the
discussion*

5. 1 * 9 Photo-adsorption of Oxygen on a Ti02 Film Coatee with Glucose
After Photo-adsorption of" Oxygen on The TiOi? for 3000 Mins.

For this experiment a new sample (Sample 11) of TiO^ was used.
The oxygen uptake kinetics Table 41, and the uptake kinetics on a

sample treated with 0*25 mis. 0.05 M glucose solution were determined.

After illumination of an untreated film for 3000 mins. in presence of

50 mins. 0..,, 0.1 ml. of a solution of glucose (0.125 M) was placed on

the film by means of a micropipette. Visually the film appeared

undisturbed by this latter operation. The film was evacuated and

reiliuminated in presence of 50 mms. oxygen. The results are si town

in Tables 39» 40, 41J Fig. 3. 16. Extraction of preiAluminated film

(50rams/
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(50 iiisus. 0o for 3000 mins.) treated with glucose as above but there¬

after unilluiiiinoteu showed no trace of arabinose. The significance

of these res .its will be discussed later, 0.25 mis, 0.05 M glucoses

0.1 mi. 0.125 M glucose 5 S = 0.0225.

Section 2 Studies in the Urea Coated Titanium u oxide - oxygen S.vsteai

3. 2. 1 Effect of Different Heights of Urea on the Characteristics
of Oxygen Photo-adsorption on TioT

The method of determination of the oxygen photo-adsorption

kinetics was identical to that used for glucose coated - Ti02 films.
In this case a different sample of TiQ^ was used (Sample 8) and the

oxygen uptake kinetics on the untreated film were determined (Figs.

3. 17» 3* 18» Tobies 41» 42). Aga^.n an initial parabolic section

and an Eiovetian exponential section occur. The point of break in

the kinetics is somewhat less clear than in the case of sample A•

(Fig. 3. 19).

As was observed with glucose, urea coated Ti02 films show en
increase in oxygen photo-uptake with increasing weight ratios of

urea to TiO. (u ) up to a certain value ( u= 0.02), after which a

decrease occurs. (Figs. 3. 17» 3. 18, Tables 4i, 43, 45, 47, 49

51, 53). For low values of U , parabolic and i iovieh kinetics are
to describe tbe ox^fqe* pWefct-*Asorpt/'on,

reasonably satisfactory^ but these characteristic kinetics seem
to be gradually altered with increasing U, until at high u values

(0.008 to 0.05) a mar ed divergence is observed (Figs. 3.19, 3.20,

3.21, Tables 42,44,46,48,50,52). It was found that plots of

log/
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JLogAp vs. log t gave satisfactory straight line plots for ali of the

uptake curves, Fig. 3*22, save at u = 0.05, these plots having

increasing gradient with increasing u• By virtue of the nature of

tine kinetics of sample i, and the insensitivity of the log Ap vs.

log t plots compared to the log R vs. Ap and 1/R vs. Ap plots the

breaks shown in Figs. 3.19, 3.20 3.21 do not appreciably alter the

linearity of log Ap vs. log t plots. The method, therefore,

provides us with a means of comparison of the kinetics of oxygen

uptake for different urea coated TiOg films, and indicates that a
close approximation to the equations of the curves shown in Fig.

3.22 is of the general form.

oc
Ap = kt

where k and are constants for a particular value of U . oc and ic

were determined from the logAp vs. log t plots, and the equations

obtained are recorded in the table below.

u
Equation of 4p vs t curve as deter¬
mined from logAp vs. log t plots

0.000 Ap = 0.63 t 0,504
0.002 Ap = 0.41 t 0,610
0.004 Ap = 0.45 t 0,624
0.008 Ap = 0.45 t 0,669
0.02 = o.45 t 0,751
0.05

/
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ex increases with increasing U and <x is plotted against U in Fig. 3*23.

k appears to be constant for urea coated Ti02* No values of <* and
k were calculated for Uc 0.05, since a plot of log Ap vs. log t did

not give a reasonably good straight line, presumably due to the

blocking effect of excess urea.

For comparison the Ap vs t plot for oxygen uptake on glucose

coated Ti02 with S = 0,0225 (Sample b) is included Fig. 3*18. The
kinetics of this uptake are parabolic.

These relationships will be discussed more fully later.

No appreciable dork uptakes or colour changes were observed in

this system.

5. 2. 2. Products of Illumination of Urea Coated TiOg Films.
Urea coated Ti02 films, prepared as described in section 2.2.3

(b), were illuminated in presence of 50 nans. 0o for various times,

^fter illumination the films were pumped down for 24 hours and the

gas phase analysed as indicated in section 2.2.5* Only N^O, C02
and water vapour were detected.

Aqueous extracts of these films were analysed as described in

section 2.2.6. (b). Of the substances listed only nitrite ion was

found as a product.

A study of the rates of formation of N^Q, C02 and ana
rate of degradation of urea was carried out and the results recorded

below.

3.2.1. Rates of Formation of Products ana degradation of lrea

Before determining the rates involved in the reaction between

adsorbed oxygen and urea, a number of urea coated TiG2 were
extracted in the same way as the illuminated films (section 2.2.6.

(b)/
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(b) )• Ko N02- was detected. The results of the analyses of these
films are shown below. 2000 If urea were initially placed on the

film.

Fiim
Absorbance

(6ml. sample)
Urea

(6ml. sample)
Total Urea

Extracted ( Y )

1 0.592 1180 1970

2 0.600 1200 2000

3 0.600 1200 2000

This snows that 100$ urea is extracted from the fiim using this

method*

F Iras of urea coated TiG„ with U = 0.02 were iiiuminated for

different times in 50m s. 02 at 27*5UC and analysed for NgO,
urea and NO^"- as described in section 2.2.8.(b). The results shown
in Tables 54, 55 , 56, Fig. 3.24 were obtained. The following will

be observed from these.

(a) The initial rate of degradation of urea is equal to the initial

rate of uptake of oxygen.

(b) Initially only small amounts of nitrite ion is formed.

(c) C02 is again evolved at a constant rate, indicating strong
surface binding.

(d) If the relative amounts of products formed and reactants con¬

sumed are compared fter the initial stages of the reaction (t>300

mins.)/
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mins.) the following are observed}

(1) O^jdsorbed m) <>2 adsorbed_ 4 (lu) C02fOrmed
Urea reacted 1 5 N02~" formed * ' Urea neeeted 1

(e) Only small amounts of N^O are formed.
Although no ammonia was detected in the reaction products

(section 2.2.5«) we might expect an initial surface reaction as

indicated by either equations (1) and (2) to occur.

(1) C0(NH2)2 f + H2°surface -^->C02 + 2NH-surIace
surface ^surface

(2) CO(NH2)Jsurface (C0)adsorb* 2(NH2)adsorbed
where (CO) and (NH2) represent surface radicals.

In order to determine whether either of these reactions occurred

experiments (a) and (b) below were performed.

(a) urea films with U = 0.02 were illuminated in vacuo.

Analysis for N^O + CO^., urea and nitrite ion were carried out as
previously described and the results are noted in the table below.

Time
Illumin¬
ation
(rains.)

Pressure
change

in Reaction
Vessel

Quantity
C°2 + M20

evolved

(Moles X106)

Analysis
for

Urea: Absor-
bance of 6inl.

Sample of
Extract

Urea
Reacted
(Moles)

40 0 0 0.600 0

321 0 0.3 0.604 0

724 0 0.9 0.598 0
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Traces of NO*" were detected but the colo r 4metric solutions gave

absorbanccs wnich were so low that quantitative estimates could not be

made,

(b) Ti02~ urea with um 0.02 were illuminated in presence
of 4 mms. water vapour. The water vapour used in this experiment

was purified by repeated distillation and pumping down the frozen

liquid at 10" rams. The results of the analyses of these films are

noted below.

Time of
Illumin¬
ation

(mins) •

Pressure
change

in Reaction
Vessel

Quantity
C02 +

Evolved

(Moles X1G6)

Analysis
For

Ureas Absor-
bance of 6ml.

Sample of
Extract

Urea
Reacted

47 0 0 0.600 0

366 0 0.2 0,610 0

825 0 0.9 0.600 0

Again only traces of were detected.

It therefore appears that reactions (1) ano (2) do not occur to
any appreciabie extent.

These results will be more fully discussed later.

Section 5 Diffuse Reflectance Spectra of Ti0o

3.3. 1 Pre 1 iminarv Lxperime-nts f Using Sample B>)

For all diffuse reflectance spectrum measurements a unlearn S.P.

500 spectrophotometer with snS.P.540 dif1 use reflectance attachment

was/
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was used with magnesium oxide as reference. The diffuse reflectance

of Ti0o was first determined. The results are shown in Table 37

Fig. 3.27 curve 1. The Ti02 was then illuminated in the spectro¬
photometer carrier with a Mazda mercury vapour lamp for various

periods of time and the diffuse reflectance spectrum noted after

each illumination. These are recorded in Table 57 Fig. 3*27 curves

2, 3, 4. The spectrum r* corded for tpO rains.of illumination is

omitted for clarity. It will be observed that for increasing time

of illumination there is an increase in reflectance corresponding

to a decrease in absorbance with increasing time of illumination for

all values of A , especially these in the re'gion 395n»/* 4 ^ 4 540 m/x,

causing the absorption edge to become mach more sharp.

In oruer to determine whether any changes in the reflectance

spectrum occur on illumination in vacuo, the apparatus shown in

Fig. 3.25 was constructed. The metal plate and window B were joined

to the glass by means of "Araidite" cement.

Ti02 was introduced to the space betiveen the metal plate and
* the glass window by tapping it through a small hole near the edge

of the metal plate. The cell was then attached to the apparatus by

cone A and evacuated for 60 hours after which it was sealed and

detached from the remainder of the apparatus by means of a glass-

blowing torch. It was then placed in the diffuse reflectance carrier

with the window upwards, the standard MgO being covered by a glass

plate which was previously determined to nave equal absorbance of

illumination. The diffuse reflectance spectrum of the Ti02 in vacuo
was/
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was then determined,Fig. 3, 28<curve 1, Table 58, The TiO^ in the
cell was then illuminated in vacuo as above for 340 mins. and the

diffuse reflectance spectrum measured.Fig. 3*28 curve 2 Table.58.

The cell was then left in the dark ana the spectrum determined at

intervals. The results are shown in Fig. 3,28 curves 2, 3, Table 58.

These experiments indicated that on illumination in vacuo a decrease

in reflectance occurred for ^>395 myw.and on standing in the dark

after such an iilurj.nation the reflectance gradually Increased.

In order to obtain more satisfactory results, the apparatus

described in section 3.3»2. was constructed.

( Sample O
5.5.2. Diffuse Reflectance Spectrum of TiO^j^sing the Apparatus

Shown in Fig. 3.26

In the apparatus shown in Fig. 3,26 all glass-metal joints and

glass-glass joints vdiich could not be conveniently glassblown were

made with "Araldite" cement. The best permanent vacuum seal was

obtained by coating the ground glass flange with high viscosity

"Apiezon T" grease and securing the two halves firmly by means of

rubber bands over metal hooks BCD and E. The TiO^ was placed as
a film on the surface of glass plate F by coating the plate with

a slurry of TiO? in water and drying in an oven at 100°C for 5 minutes.
The spring kept this film pressed against the silica disc in the

assesnbled apparatus. The cell could be attached to the apparatus

shown in Fig. 2.1. by means of the B.10 socket, and before deter¬

mining a reflectance spectrum it was sealed off and detached at the

point A. The side tube on this apparatus necessitated the construc¬
tion of one new carrier on the reflectance apparatus, provided with

a/
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a slot to accommodate the side arm. The carrier and the cell had

to he screwed out of the reflectance attachment for each perioc. of

iliumin tion. This introduced an error of about \%t since differ¬

ences in the position of the carrier and cell due to removal ana

replacement caused slight differences in the reflectance at any

given wavelength.

Using this apparatus the change in the reflectance of a TiO^
film 01 illumination in vacuo was investigated using MgO covered by

a silica disc identical to that used in the reflectance cell. A

film of Tit),; wrs prepared as above, evacuated for bO hours, sealed
anu removed from the apparatus. The reflectance spectrum of TiOg
was first determined,Fig. 3*29 Table 59,and then the film was

illuminated, the reflectance spectrum being determined at various

intervals.

Fig. 3»29» Table 59 show that with increasing time of illumin¬

ation a decrease in reflectance of the Ti0o occurs for A >395 ta/i.

The film was allowed to stand in the dark and the reflectance spectrum

again taken at intervals, Fig. 3.30 curves 3. 4, 5> Table 60, and

it will be seen that, under these curcumstances on increase in

reflectance with time is observed. Reilium nation reduces the

reflectance once more.Fig. 3.30 curve 6, Table 60. Admission of

I atmosphere of oxygen caused the reflectance to increase to a value

higher than the original vaiuefdf Ti00 (curve 7)«
A film of T102 was prepared as before and illuminated in pres¬

ence of 700 rams, of 02 and the reflectance spectrum taken at various
intervals./
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intervals#, The results are recorded in Table 61 and the difference,

4R, between the reflectance values for untreated TiO^ anc? TiO^
illuminated in oxygen is plotted against wavelength in Fig 3* 31•

This shows that there is an increase in reflectance with increasing

time of illumination, except in the case of the 1000 min, run, and

that this increase is most marked for A> 650 a/*m The experiment was

repeated using 50 mm. oxygen and the same was observed. (Table 62).

5. 4. Preliminary Infra Red Absorption Measurements on Ti02 Films.

The first cell used to determine the infra-red absorption of TiOg
is shown in Fig 3.32, the silica plates being attached to the ground

glass flanges with Apiezon grease. As shown in Fig. 3. 34. these

silica windows transmitted infra-red radiation only for wavelengths

less than 5.5/*. A film of Ti09 was placed as a slurry on the inside
face of one of the windows, evacuated for 60 hours at 10 mm., and

the infra-red spectrum recorded using a Perkin-Elnier Model 137 Infra-

cord infra-red spectrophotometer, the reference beam being partially

blocked with wire gauze. The results are shown in Fig. 3. 32. A

brofid band thought to be water is evident at about 3.3/*. This

corresponds to the band observed by Yates (26), and it was found to be

unaltered by illumination in 450 Jam. oxygen for 240 minutes. However

any change in the water band is probably too small in comparison with

the band itself to be observed.

The second cell constructed is shown in Fig. 3. 33 (a). The

Ti02 was supported by the wire mesh shown in Fig. 3. 33 (b), which
could be moved into any part of the cell by the action of a magnet

on the iron bar. In part A B (Fig. 3. 33) the film could be

illuminated/
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illuminated or exposed to an infra-red beam while in CD it could be

heated to remove surface water qn placing CD in an electric furnace. X

The windows in the cell, originally silica plates, could be replaced

by rock salt plates allowing a complete infra-red spectrum to be

taken. TiC^ films were prepared by allowing a slurry of TiC^ and
water, placed on the mesh, to dry.
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PART 4

DISCUSSION

General

The samples of Ti09(A and B) used in the investigation of
a*

surface oxidations were almost identical in their method of prepar¬

ation and treatment (section 2. 3» !•)• Apart from 60 hours
•*5 o

evacuation at 10 nun, mercury ait 27*5 C, the prepared films them¬

selves were not pre-treated in any way, unlike these used by

McLintock (17) which were pre-heated to 170 C, The films used in

the experiments described in part 3 may therefore be expected to

have water adsorbed at the surface (section 1. 1. 5«)« The results
-I

of section 3* 4« confirm this, the broad absorption band at 3200 cm

indicating the presence of surface water molecules. As previously

stated, the surface area of samples prepared in this way is of the
2

order of 100 m /gnu

Before discussing the results obtained in part 3 in particular

detail, it will be worthwhile to consider some general facets which

emerge. Firstly, it has been shown that the application of an

organic material to a Ti00 surface modifies the oxygen photo-uptaxe

kinetics observed with untreated Ti09, different organic substances

modifying the kinetics in different ways. Glucose and carbohydrate

materials cause an extension of the parabolic section of the kinetics

while urea tends to modify them to a different form. Secondly, TiC^
under/
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under the action of light can act as a catalyst for the oxidation

of glucose, other sugars and urea; in fact, bearing in mind the

information of section 1, 2. 3., we may say that illuminated Ti02
is very active as a catalyst in the oxidation of many organic

materials,, Thirdly it has been shown that if Ti02 is coated with
glucose or urea an increase in oxygen photo-uptake occurs with

increasing weight ratios of organic material to T102 up to a certain
point, after which a decrease occurs. This decrease is attributed

to the "blocking effect" of excess organic material, the surface

becoming coated with a film of organic material which prevents

oxygen access to the Ti02» In the extreme case as is observed with
glucose, S = 0.9s oxygen uptake is almost zero. Such an effect may

be expected to occur for all organic materials.

Section 1. The TiO^ - Sugar System
4. 1 . 1. Oxidation of Sugar"

The following schemes are proposed from the evidence of sections

3. 1. 5» 3. 1. 6.# and 3. 1. 8. In these schemes, since degradation

of the sugars occurs, the formulae of the various sugar molecules are

described in terms of open chains rather than rings. Only carbohy¬

drate products are considered in detail, other products in all of the

reactions below being HCHO, CO^ and Ho0 (section 3. 1. 8.).
(a) Oxidation of Glucose

The characteristics of the oxidation of glucose are described in

section 3. 1. 6. It is shown therein that the amount of arabinose

formed in the reaction varies with time in the manner expected of the

second/
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second component of a consecutive reaction, namely it increases to a

maximum in a short time and thereafter falls off slowly (33).
We may thus formulate the reaction as below.

CHO
I

H-C- oh
I

HO-C-H
I

H-C-OH
I

H-C - OH
I

CHxOH

Glucose

CHO

HO-C- H
1

H-C-OHOilTiO.1/ ox /-TiO,
/kV H-C'OH /US

I

CHzOH

Arabinose

CHO
1

H-C-OH
'1/ , 1* H-C-OH

Oi. iTiOi

I Kv

CHZCH

Erythrose

CHO
I

H-C-OH
I

CHiOH

Glycerose

HCHO + COa < OijTlOU
/W

CHO
I
CHiOH ]
(A)

The observations that (a) the initial rate of degradation of

glucose is at first rapid but rapidly decreases! (b) the initial

rates of photo-adsorption of oxygen, formation of arabinose and

degradation of glucose are equal (c) chromatographic evidence

(sections 3, 1. 5*» 1• 8.) shows that arabinose is a major product

of the reaction are consistent with such a scheme,

Erythrose is only detected ehromatographically in small quantities

and/



and glycerose and 1 - hydroxyacetaldehyde (A) not at all. It Is

presumed that the rate constants for the respective transitions have

suitable values to allow such an effect.

It was observed in section 3* 1» 6. that the amount of arabinose

extracted fell to zero at about 500 - 600 mins. after the reaction

started. Such an effect may be due to a surface process. For

example, slow removal of surface products may cause temporary poison¬

ing, although if this were true we would expect a similar break in the

oxygen uptake curve.

(b) Oxidation of Fructose (Section 3« 1• 8.)

Attach again appears to occur mainly at the carbonyl group,

since the main reaction product is erythrose, appreciable quantities

being chromatographically detected.

CHxOH
l
c=o
I CHo

HO-C'H

h-c-oh 7T. i

cI

i — I1 H- C-OH 0xf"Ti0xj ^ products as above from Erythrose.
IkI /hN H-C- OH

H-C-OH |
• CH20H
CHj. OH
Fructose Erythrose

(c) Oxidation of Sorbitol (Section 3. 1. 8.)

Assuming the unidentified spot to be gulose, then, apart from

the fragmentation of the molecule at various C atoms which is indicated

by the spots corresponding to lower sugars,and the streaked

chromatogram, we can visualise the occurrence of two reaction

sequences/
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sequences one started at C^, the other at C., All of glucose,
gulose and arabinose appeared as well-pronounced spots so that

the below reactions may be considered predominant.

( i) Oxidation at C.

CH%oH
t

H-C-oH
i

HO-C-H
I

H-C-OH
\

H- C "OH
I
CHz OH

Qi /Ti'Cj,

CHO
I

H- C-OH
I

HO-C ~ H
I

'Uv H-C-OH
I

H-C-OH
I
CH2.0H

OxfTjOj
' llV

CHO
I

HO-C-H
I

H-C-oH
I

H-C-OH
\

CH2.OH

A
Products as

above from
arabinose

sorbitol glucose arabinose

(ii) Oxidation at C/

CH10H
I

H-C-OH

Ho-C-H Qx iTi Cj

H-C-OH
I

H -C-OH
I

CHpH

sorbitol

/n-< 01^
* CHj,OH

I
•C

1

Ho-C- H
1

H-C-OH
I

\ H-C-OH

* cup «;

Kv

CHxOH
I

H- C-OH
l

HO-C-H
I

H-C-OH

h-C -OH
I
CHO

*L - gulose

CHo
1

Ho-C- H
I

Ho-C- H
I

H-C-OH
I

HO-C-H
I

CHvc/h

Oj.l"Ti Ox. j t~~

/hv

chj.oh
t

H-C-OH
I

ho-c-h
I

H-C-OH
I
CHO

L - xylose

Qi./nott Lower sugars

L - gulose
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(d) Oxidation of Cellobiose (Section 3. 1. 8.)

The primary reaction here appears to be hydrolysis of the

cellobiose molecule to two glucose units which subsequently undergo

oxidation as indicated previously.

o.yno.y o^ioy
7Glucose 1 - 4 Glucose —^ ^ > 2 glucose — » 2 arabinose

09/tiq9/
^ tower sugars.

/6V
3

The presence of a fragment which may be glucose 1 - arabinose

indicates that the following reaction may take place.
*

OyfitV
Glucose 1-4 Glucose — t -+ Glucose 1 - 3 Arabinose7__

1 ♦ 2. ieqhpfllpia qf WW, r)hoto-oxidatioa of Gluco^q qq
a TiOg Surface

The evidence outlined in section 4. 1. K indicates that the

oxidation of sugar molecules containing a carbonyl group occurs mainly

at this group. A carbonyl oxygen is particularly polar, and we may

therefore formulate the adsorption of a carbonyl group In glucose or

any other material on TiO,7 in the manner shown in Fig. 4. 1. Since

donation of eiectrons to an n - type semiconductor is a cumulative

process such an adsorption may be expected to take place readily.

As has already been observed in section 3. 1.6. the surface binding

Is strong, and an adsorption complex of a type approaching that shown

in (c) is considered likely. Donation of electrons to the TiOg
may/
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777777777777777, Ti0jSur"c* (a)

H

J+/

777777777W777 <b)
In the extreme case the following situation might be

ex pact ed :

r-^H
////////km7 Ti0'sur'*" 'c)

Fig. 4. 1.
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p Q £O) Initial adsorption of sugar as in Fig.4.1.(c). "OH N0

°2I
/H «VH

p Q C
(2) Physical adsorption of oxygen. ""OH ^0 o2

777777377/
"1

✓ H ./H
R—

(3) Chemisorpt ion of oxygen as a charged species, **0H 0 OorOjthe required electrons being excited by the
illumination from the solid and/or the
impurity centre formed by the adsorbed
glucose. 1

/H H
R — C C —\(4> Attack at the positively charged C atom. "^OH ^0 q-

7777777777
1

/H
R —— 0

(5) Further oxidation at C2-Spllitting of the ^"0 + COj&nd/or HCHO
n'-d 777777777:

1
R — C '(6) Adsorption of lower sugar for repetition ^0

Fig. 4.2.
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may well cause the coloured centres mentioned in section 3. 1, 3.,

and since surface impurities are considered to act much like impurity

atoms in the interior of the solid (82) such additional electrons

may be available, on excitation to the conduction band by light,

for increased oxygen adsorption.
6+

When oxygen has been photo-adsorbed on the surface, the C
+

or C atom shown in Fig. 4* 1* will be vulnerable to preferential

attack by the negatively charged, photo-adsorbed species, and we

may therefore represent the surface reaction between oxygen and

glucose or a similar material as shown in Fig. 4.2.

The results for the analogous oxidation of sorbitol show

however, that it is possible for the -CHOH and in particular the

-CH2OH groups to be attacked by th^hoto-adsorbed species and
although reaction at the carbonyl group is the major reaction in

the oxidation of glucose, it is possible that there is some reaction

at other carbon atoms. Chromatographic evidence indicates that

such attack must be small as there was little streaking of the

chromatogram from glucose extracts. The mechanism of adsorption

and oxidation of -CHOH and -CHgQH groups is probably similar to that
proposed for a carbonyl group. In this case however, the 0 atom is

much less polar and the bond with the TiQ2 is probably weaker, giving
rise to a smaller +ve charge on the carbon atom and hence less attrac¬

tion for a negatively charged species. In this way we may visualise

preferential reaction at the carbonyl group of glucose and similar

compounds.

The/
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The fate of the -CHO group attached to the TiQr> surface is not

entirely certain. The presence of C02 and formaldehyde shows that
it must be removed as one of these. Fig. 3* 14 shows that the rate

of evolution of C02 in the oxidation of glucose is initially much
slower than the rate of uptake of oxygen, which would not be expected

on the reaction scheme proposed in Fig. 4» 2. if CO^ were the
product resulting from the oxidation of the end group. This could,

however, be explained if the C02 formed is strongly adsorbed on the
surface or if the reaction between oxygen and the -CHG attached to

the surface is slow either due to its strength of attachment or to a

preferential utilisation of available adsorbed oxygen by glucose or

other molecules. Yates (26) observed that CQ( was fairly strongly
m*

adsorbed on a tiOn surface.

If it is the case that C02 is formed from the -CHO end group,
the formaldehyde must be a product of oxidation of the -CHgOH end
group. Formaldehyde, according to McLintock (17) is not. appreciably

oxidised on a TiCU surface under the conditions of the reaction.

The final step in the oxidation chain of glucose would then be

?i0 <VTiOy / j. h n

CH2OH HCH0 + C°2 2
This means that there would possibly be an induction period in

the rate of formation of formaldehyde, but this was not determined in

the above experiments.

Both celiobiose and sucrose have been found to undergo hydrolysis

on illumination on TiG2 as a primary reaction. There must therefore
be/
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be active hydrogenated species on the surface which are adjacent

to the carbohydrate molecule. Interaction of such a species with

the -CHO group of glucose may produce formaldehyde, but in view of

the large evolution of C02, which, except for the initial stages
of the reaction is formed at a rate comparable to the rate of uptake

of oxygen, it is more likely that the end group is oxidised to C02»
From the evidence presented in sections 4» 1» 1* and 4. 1. 2,,

some suggestions may be made as to the mode of degradation in sun¬

light and air of a cellulose fibre which incorporates TiO^ as a
filler and delustrant. Initially, owing to the blocking effect,

Ti02 particles near the cellulose surface will be most active.
These will photo-adsorb oxygen which will react with the cellulose

adsorbed on the Ti02« It is postulated that the major mode of
degradation is

Surface Cellulose "ydroiys-is by » glucose ""Nation
Active hydrogenated Ti02/02/hV
species

»-Arabinose + C02 * H20 oxidation—slower sugars.

Oxidation at -CH2OH, - CHQH groups and - CHO groups at the
end of a cellulose chain may also occur.

4. 1. 3. Oxygen Uptake Kinetics on glucose coated Ti02
In this section only S values for which no significant blocking

effect occurs are considered.

The oxygen photo-adsorption kinetics of glucose coated Ti02
have been shown in section 3» 1• 2 to have the same form as the

kinetics/



- 67 -

kinetics of oxygen photo-adsorption on untreated titanium dioxide,

namely an initial parabolic section followed by an Elovich expon¬

ential section. The possible significance of such kinetics has

already been discussed in section 1. 2. 1. It has been observed

(section 3, 1. 2.) that the parameters associated with the wine-

tic equations for glucose coated TiOg alter with increasing S to
fit an observed increase in uptake (Fig. 3» 3.)« The dependence

of the various parameters on S is discussed below.

(i) Parabolic kinetics

These may be expressed in the form

(lAp k

dt ~ Ap + C1 (1)

where k and C1 are constants and A p represents the oxygen photo-

uptake after time t. C5 is generally very small and may be

ne iected for large Ap values.

The results of the oxygen photo-adsorption experiments in

section 5* 1» 2. show that for different values of S a series of

parabolas occur, these having the general formula

(Ap + C)2 a d (t + f) (2)

This is simpiy the integrated form of (1) with C = c' , 2k = d,
C;

For such a series of parabolas the length of the iatus rectum,

d, is a characteristic of any parabola of the series and is pro¬

portional to its gradient at any pointAp or t. Fig. 3« shows

that for the series studied there exists a linear relationship

between/
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between d and S which is

d b 325 S + 0.6 (3)

Such a series of parabolas may therefore be described by the

relationship

edp j-(325 s 4. 0.6) U)
dt Ap 1 c'

An increase in S must mean that there is an increase in the

number of centres or sites at which oxidation can occur on the

TiO,. surface, and therefore equation (4) indicates that the rate

and extent of oxygen photo-upti ,e is dependent on the initial

concentration of such centres. Since the parabolic oxygen uptake

kinetics of untreated TiG2 is adequately represented by ars equa¬
tion such as (4) we may think of the oxidisabie centres in un¬

treated and glucose treated TiO^ as being identical from a mechan¬
istic viewpoint and assign a non-zero value of S to untreated TiO2«
This may be done by shifting the abcissa of Fig. 3. 8, to the point

where d = 0. Equation (4) then becomes

dAp k*s*
ss

"£
* c' (5)

where S refers to the new coordinates. S for untreated TiO

now becomes OP013.

In this context S must lose its definition as gins, glucose per

gnu TiOg since there is 110 possibility of any glucose being on
the surface of the untreated sample. The quantity in the cose of

untio«ved Ti02 may refer to some oxidisabie entity which requires
the/
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the same mechanism of oxidation as glucose, possibly oxygen vacan¬

cies and/or organic impurities on the surface. Such organic

impurities may be dust particles or aerial organic vapours adsorbed

on the surface during preparation and storing.

Fig, 3® 7, shows that the uptatce over which the parabolic

sections of the kinetics extend (Ap£) is linearly dependent on S,
The observed relationship is

A p, ts 4100 S + 4 (6)

This again suggests that the parabolic section of the oxygen

uptake kinetics is dependent on there being a certain amount of

oxjldisable materiel,in this case glucose .on the surface of the TiO„,

If the origin of Fig, 3, 7* is shifted to Ap^ = 0,equation (6)
becomes

Ap = 4100 S (7)

and s for untreated Ti02 becomes -^0.001,in gooa agreement with
the figure calculated from equation (3), taking into consideration

the errors involved.

In summary, the following have emerged from the results of

section 3* 1 * 2, concerning the parabolic section of the uptake

(a) The parabolic section of the oxygen uptake on the sample

of TiO used may be described by equation (4) for given values of S.
2

(b) The parabolic section appears to be associated with a

certain number of surface sites which may be chemically oxidisable.

(ii) Exponential nineties

The latter stages of the oxygen uptake on TiO,„ have been found

to obey the Elovich equation

d AP
dt" '
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d A p A
— = a e ~ A (8)
(it

where a and b are constants. In accordance with the generally

observed enhancement of oxygen uptake, it has been shown In

section 3. 1. 2. that a increases and b decreases with incrcas ng

S.

Fig. 3* 9» shows a linear dependence cf a with s with

a = 23.b S + 0.09 (9)

and Fig. 3. 10 snows

1
-—- = 1400 S +6 (10)

b

The general equation for oxygen uptake over the Eiovich

section of the kinetics for different values of S may be written

Ap

-—- = (23.6 s + 0.09) e '"W5C) s + &
(«.)

Only the latter part of the curve described b;/ equation (8)

is followed by the oxygen uptake kinetics. The integrated form

of the equation is
1 b A p

t = _ e * K (12)
ab

where K is a constant for a given value of S.

if the curve described by equation (12) passes through the
- 1 1

origin t = 0 p = ()» K should equal -—— and K +-—- should be
ab ab

zero/
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zero. This is the case, within experimental error,for S b O, but
•j

for higher values K + _ increases with S as shown in the table

below, ab

s K + 1
ab

0.000 2

0.00225 19

0,009 101

0.0135 312

0.0225 455

+
—— >o means that for Ap = 0, % del a value greater than
ab

O, so that in the case of glucose coated TiO„ films, the origin of

the exponential functions move to greater values of t with increas¬

ing S.

The relationship between the parabolic and exponential equations

of the curves describing the oxygen uptake are indicated schematically

in Fig. 4. 3. The uptake follows a parabolic curve OAC equation

(4), until the point A, after which it follows curve AB. After B

has been reached the exponential curve BO is followed. Over the

period of transition, represented by AB, the oxygen photo-adsorption

curve follows neither equations (2)nor (12). Substitution of the

experimental/
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experimental values of Ap and t Into the theoretical equations

verifies this, the transition period occurring over the range of

values of Ap quoted as error in table 29 and Fig. 3. 7« The Ap
value for the "point of break" is the average of the Ap vaiues

for the points A and B.

4. 1. 4- Possible Significance of the Observed Kinetics

without nuiking any postulate as to the mechanisms involved

in the parabolic and exponential kinetics of photo-adsorption

oxygen on titanium dioxide, the variation in the rate and extent

of oxygen uptake may be explained in the following way. When

oxygen is photo-adsorbed on the surface as a charged species it

may either (a) migrate to an organic molecule,react and become

incorporated in the product , losing its electron to the solid or

(b) occupy an adsorption site and become inactive as regards reaction.

In the first case no adsorption or alteration of the electronic

properties of the solid occurs, but in the s. cond adsorption with

an attendant reduction in adsorption rate occurs. The process of

occupation of an adsorption site may simply mean that further

electrons are donated to the oxygen molecule and it becoisjcs strongly
— 2 —

bound possibly as 0 or 0 , and unable to react with surface

organic molecules. The fnumber' of such sites, referred to later

may simply mean the number of electrons of energy equal to or greater

than that required for further donation. The process of adsorption

and reaction may be represented by the diagram below

O
2 gas.

O)
* o

2
physically
adsorbed

(2) (3) Oxygen irrevers-
►ibly adsorbed

Adsorption
site

Oxidation
site
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where steps (1) and (2) are those proposed by McLintock (17),

"oxygen irreversibly adsorbed" may be in a dissociated form such as

0*"f"oxidation site" represents an organic molecule on the surface

and steps (4) and (5) represent interaction with an adsorption site

and an oxidation site respectively.

In this scheme* only oxygen adsorbed at adsorption sites will

affect the rate of uptake of oxygen at the point (P).

Let there be adsorption sites and oxidation sites. The

following assumptions are now made;

(a) th.t the forward transition Of jjj— Oj aarfece * °z~
adsorbed is rapid and not rate determining,

(b) The reactions represented by (4) unci (5) are identical

and proceed at the same rate,

(c) after any time t, the initial numbers of sites are

reduced by the same fraction. This may be shown to be the case if

ail factors apart from the numbers of the respective sites are equal.

Let and N0 represent the relative numbers of adsorption and
oxidation sites after any time t, and suppose a total of N sites

of feetit types have been removed after a further period of time.

Then , *

N N
A and o represents the probabilities

«. 1 1 ft, 1 «. 1Na + bin0 A AO

that an oxidation or an adsorption site respectively may react

with adsorbed oxygen, and
j i

''A 11 and o " represent the numbers of
1 1 i .. 1

No + na nO + nA
oxidation and adsorption sites repectiveiy removed by the oxygen.

The/
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i.e. N

The respective numbers of sites remaining are therefore

V-No'-N and n/ - V- N
11 """1 "" 1

V - NA +NA

0 0 ~~ — 1) and na1 (1 ~ N )
No + NA' * N0j +NA1/

which means that under these conditions the same fractionsof each

type are removed after any time t of adsorption.

Therefore

na na'
+ N, NJ + N.1O A o A

If represents the amount of oxygen adsorbed after time t,

then the amount of oxygen adsorbed et.an adsorption site is

. .
_ ''a. An

No' +V = (15)

and the rate of adsorption of oxygen over the parabolic section

of uptake is

dAp k__ (K0 » Na) k
dt Na Ap Na AP

(16)

No *=nA
(Nd . Na) k'

Ap

since Na is supposed constant. N will be proportional to 5, and
equation (14) has the form of equation (4) neglecting the value of

the/
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the small constant C.

The exponential section of the curve requires a somewhat more

involved treatment. It has been stated that the Tlovich equation

may be written as

or as

. a e " "P (8)
dt

t «.!_ ebap +K (12)
ab

The observed inverse variance of b with S (equation (10)) may be

explained directly on the above basis, since, from equation (15)

we may write
a - bA p. N.a d p a

—— a a e ML + N, (17)
dt OA

Let us now shift the origin of reference from t = O, p = O to

the point B in Fig. 4« bet this point have coordinates

t = tQ, Ap = At>0 • Equation (12) then becomes

t a. t - 1 b( Ap + )t + to — e ° + K (13)
ab

therefore

t J> A b Ap
fb—2 fi + * - *o (,9>

b A .

a e - o
and since t m o when Ap * o, K — tQ equals -

ab

Equations (19) and (12) may then be written

t/
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t »jL eb A p_ 1 (2°>
a^b

e

a "b

d A p , -b A p
- = a e (21)

dt

t -b Apniu re a m ae A o:

If, therefore, the experimentally obtained results for t and

A p are substituted for tQ and Apo into equation (19),the point
at which the exponential curve starts will be at the lowest values

«_«- . ^ ...

of t. and A p at which K - t„ equals e~ po. since for t and A p
ato

values less than that for this point the parabolic equation

describes the uptake kinetics and equation (19) does not hold.

This tvas done and the point at which K - t was equal to e" u ^ }o
aS

was taken as the point of commencement of the olovich Kinetics.

It was found that this point was close to B in Fig. 4. 3« and that

the values of a1 were as follows

s
1

a

0.00 0.026

0,00225 0.038

0*009 0.044

0*0133 0.039

0.01908 0.036

These/
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These values will be seer, to be constant within reasonable error with

an average value of 0.037. This is to be expected since the rates

at tt&ii r.f» the "point of break" as experimentally determined are approxi¬

mately constant.
i -bAp we may riteSince a = ae 'o

a = 0.037 e"^ A Po (22)

taking a1 = 0.037. Now if we take A pQ = APj, as is very nearly
the case, and substitute for b and Ap^ from equations (1o) and
(6) respectively,equation (22) becomes

4100S -t- 4

a = 0.037 e 14008 + ^ (23)

Substitution for S should give the respective values of a.

These are tabulated below, where a (calculated) refers to the

value calculated from equation (23) and a (observed) refers to that

obtained from the log R vs. Ap plots as described in section 3.1.2.

s a(calculated) a (observed)

0.000 0.072 0.078

0.00223 0.158 0.18

o.oog 0.334 0.32

0.0135 0.400 0.40

0.01908 0.455 0.53

It will be observed that good agreement is obtained. The

observed linear relationship of equation (9) must therefore, on

this basis, be aft approximation to equation (23)• It has therefore

been/



been shown that if the origin of ref< rence is shifted to the point

of cojraaencenient of the Eiovich kinetics, the a' value is in every

case equal, identical to that observed at the experimentally

determined ^points of break/
The observed variation of a with S is explained as follows.

If the uptake kinetics were completely determined by the Eiovich

equation, then, for different values of S, the uptake curves

would be described by

d Ap t, - b £ p
— a5' e (24)
dt

Or A >

. ! eb6p - 1

-rr ~rr <25>
u b a b

i \
where a is a constant for every curve and b varies with S

according to equation (10). If, now, each meiaber of tais series

of curves is shifted to the point at which it would start if there

were an initial parabolic section i.e. to the respective 'point

of break' (t^, A p£) in the kinetics, their equations become.

t - tr.' M*p-aP) ,E "TT e — (26)
a b 77Ca o

b A p % (27)
a"i> ~nr; ♦ H.
I1 b Ap,putting a = a e and K = ^

âb

we have t . i_ £bAp + K# (28)
ab

Mow/
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Now since b varies with S according to equation (10) anci^pj.
varies with S according to equation (6) then

41QQS * 4
ii TZooTTT

a « a e

| |
where a is constant for all S. This equation is identical to

11
equation (23) with a = 0.037. Equation (28) therefore has the

form of the experimentally determined equation (12).

The observed variation in a may therefore simply he explained

as due to a shift in the origin of the exponential curves due to

the extension of the parabolic section.

In the above treatment the increased photo-adsorption of

oxygen with S has been explained without invoicing any change in the

properties of the solid or the solid surface. However, if we

look at the photo-adsorption scheme postulated at the beginning of

section 4. 1. 4. it will be observed that the rate of disappearance
in

of "oxygen irreversibly adsorbed" will be^proportion to its steady
state concentration. This will require to be increased for an

increasing rate of disappearance such as will occur with increasing

S. An additional number of electrons will therefore have to be

supplied by the solid under the action of light for this purpose.

It is therefore proposed that these result from the surface organic

molecules themselves, since we hove seen in section 4. 1. 2. that

it is probable that the molecules donate electrons to the solid

forming essentially impurity centres in the semi-conductor which

may/
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may well be ionised by the energy supplied by the illumination.

It is thought that the parabolic and exponential sections of

the oxygen photo-adsorption arise from two consecutive processes,

one governing the parabolic kinetics and the other the exponential

kinetics.

As has been already stated the experimental results show that

an increase in S increases the duration, rate and extent of the

parabolic section of the photo-uptake curve indicating that a

process associated with the oxidation of some form of surface

centres occurs over this period even for untreated Ti0o • Evidence

from section 1. 1. 5. indicates that there are a large number of

defects at the surface of untreated Tilh , probably Ti"' ions or

oxygen vacancies, anc it is thought that the initial process governed

by the pa rabolic kinetics involves reaction with these

impurity centres. If there is an increasing nusnber of impurity

centres, not necessarily the same type, but requiring the same

mechanism of oxidation, formed with increasing S, then we may expect

the parabolic section to extend accordingly. This, then affords

an alternative explanation of the observed increase in rate and

extent of the prrabolic section with S.

It can be shown by calculation that there is not sufficient oxy¬

gen photo-adsorbed at the end of the parabolic section of the uptake

kinetics to cause complete oxidation of the glucose. It is there¬

fore thought that the oxidation mechanism involved in the parabolic

section only inv Ives surface organic material which donates

electrons/
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electrons to the solid, some organic material, glucose itself or

carbohydrate products, not being able to do so by virtue of its

orientation or chemical nati re# Mien all impurity centres are

oxidised, the exponential section commences, the remaining material

being oxidised during this process.

The interpretation of the actual mechanism governing the para¬

bolic kinetics is highly speculative but may involve some form of

surface migration of photo-adsorbed oxygen to these oxidation

centres.

It has been suggested c.f. section 1. 3» 4. that the Eiovich

equation arises due to a variation of activation energy of adsorp¬

tion with coverage. If activation energy is the sole rate ueter-

ining process, then the rate of photo-adsorption will be dependent

on this energy according to the equation (34).

where A is constant, £ (A p) is a function of Ap corresponding to

the variation in activation energy with coverage . Ap, and R

anu T have their usual meanings. If a linear relationship of E,

the activation energy, with Ap is postulated, that is

A ...

dt
A e

t s EQ + B A p
where 15 is a constant, then equation (29) becomes

(30)

e

which/
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which is a form of the Elovich equation.

It has been shown that a barrier layer is formed on the surface

of TiG.; on photo-adsorption of oxygen (35)» The formation of such
a barrier layer is attended by an increase in activation energy of

adsorption, and although theoretically, in terms of energy, the

height of this barrier is proportional to the square of the number

of oxygen molecules adsorbed (70), such a process may well be the

determining factor In the kinetics of adsorption (72).

The observed variation in the parameters a and b of the Elovich

equation can be explained on the basis of the theory postulated

earlier in this section.

In section 3. 1• 9* it was shown that glucose placed on a TiO.,

surface which had been previously illumin ted in oxygen for 3000 mins.

until the rate of photo-adsorption was very low, caused an uptake on

illumination in presence of oxygen which was not very much less in

rate and extent than the oxygen uptake on a glucose coated film which

had previously received no Illumination. The uptake curve may be

shown to be parabolic over the duration of study.

Two alternative proposals have been made to explain the observed

increase in rate and extent over the parabolic section of the oxygen

photo-uptake on glucose treated TiO,.? (1) that proposed on p 72,

in which the application of glucose to the TiO surface does not

alter the number of sites available for irreversible adsorption of

oxygen (ii) that, proposed on p 80 in which the parabolic section is

associated with a number of oxidisable surface sites which is

increased by the application of glucose to the surface. Since pre-

adsorption of oxygen will utilise the available sites on the

TiAa surface, the subsequent addition of
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glucose* and illumination in oxygen should not show a parabolic

section on the basis of (i), unless the applied glucose reacts with

the pre-adsorbed oxygen before re-illumination, thus restoring the

original number of surface sites. The products expected for such

a reaction before the second illumination are not, however, experi¬

mentally detected. The alternative postulate, (ii), is therefore

thought to give a better description of the observed increase in

rote and extent of the parabolic section of the photo-adsorption

curve.

The mechanism involved in the photo-adsorption of oxygen on

a TiC>2 film which has pre-adsorbed oxygen on the surface may be
considered, in this light, in some more detail as follows:

(a) After the exhaustive photo-adsorption, oxygen reversibly adsorbed

as 0~ , which is considered always present on the surface, cannot

irreversibly adsorb rapidly due to the prohibitive energy req ired.

Application of glucose to this surface simply provides sites of low

energy to which the oxygen may migrate and react, causing an increased

uptake of oxygen,b) the glucose donates electrons to the surface

of the solid, forming impurity centres as before which may be

ionised on illumination providing additional electrons as before

to enhance adsorption and reaction. The latter case represents

a creation of sites as proposed by Wolfecnstein (65)•

■Section,:'/
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8 ction 2 The Ti02 - Urea System

4. 2. 1. Oxidation of Urea

It has beers shown in section 3. 2# 2* that urea is oxidised by

oxygen adsorbed on the surface of the TiO,, to CO,. and NG2"". Water
vapour is assumed to be a reaction product. For the complete

oxidation of urea to these products the stoichiometric equation is

CO(NH2)2 + 60, = C02 + 2(tN02 4- H20
After the initial stages of the reaction, for t >300 nine., the

relative ratios of products and reactants indicate that the surface

reaction may be expressed as

CO (*a)2 ♦ 202 . C02 ♦ I,mo2f [1_ „ o]+
2 4 41 2 4

where the bracketed quantities are assumed. NH2* and 02* represent
entities which ere adsorbed on the TiO^ surface. It is possible
that these will react, water being formed to leave a nitrogen atom

or complex adsorbed on the surface. Two nitrogen atoms may be

expected to cor-ibine and desorb into the gas phase as nitrogen.

However, no experiments to detect nitrogen in the gas phase were

carried out after an adsorption of oxygen on urea coated TiO,. •

- "i
After 24 h urs pumping down at 10 mm., TiO,; films on which photo-

sorbed oxygen had reacted with ammonia, were found by McLean (23)

to desorb small quantities of a gas which had a red discharge and

which was assumed to be nitrogen. However in this work no increase

in/



~ 85

in pressure corresponding to such a desorption wae observed on

24 hours interruption of an illumination in oxygen of urea coated

TiO^* McLean aiso observed in the oxidation of ammonia that there
appeared to be a residue of nitrogen, hydrogen and oxygen on the

surface, and considered that these were present as a surface complex.

The initial stages of the reaction appear to be somewhat

different from the later stages. It will be observed from Fig.

3. 23• that over the initial period the rate of reaction of urea

is equal to the rate of uptake of oxygen, and that the rate of

formation of is low, indicating that NH^ groups build up on
the surface. Over this stage of the reaction, interaction with

some form of adsorbed oxygen must cause the urea to split into

C02 and Nfl^ or CO^ and since it was determined in section
3. 2. 2. that illumination alone car illumination in presence of

water vapour was not sufficient to cause such a reaction. C02
and NHj will be produced if the adsorbed oxygen combines with
surface water to form a hyroxylated species before reaction. If

is formed from the surface splitting of urea, it must be strongly

bouna to the surface, as no NH- was observed in the reaction products.

The reaction is therefore taken to be of a consecutive nature

f—» CO,, + 2NH**
hv 2 z

(32)

nh2* °2/Ti-k/
, HNG, + H20 (33)

the/
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the build up of NH2* groups on the surface may be explained
if the second reaction in the below scheme is slower than the first.

4. 2. 2. Qxv«en Uptake Kinetics

The oxygen uptake kinetics have been shown in section 3. 2. 1•

to be gradually modified from the parabolic and exponential kinetics

of the untreated sample to a law which is closely approximated to

Ap = kt* (34)

where 1 > <x > 1 for values of U such that the bloc King effect is not
2

significant .«*, is found to be approximately 0.5 over the whole of the

oxygen uptake for the untreated sample. This is in theoretical

disagreement with the rate analysis of the uptake curve for the

untreated sa*??le, which shows that it is initially parabolic and

finally exponential. However, for the particular sample of T102
used (sample B), the point of break in the kinetics is not as clear

as in the case of sample h, presumably since the point at which

the transition occurs is at a point where the parabolic and expon~

ential curves are similar. In these circumstances the insensitivity

of the log A p vs. log t plots masks the change in Kinetics, ana

equation (34) is only an approximation. The explanation of such

an aiteration in kinetics for urea treated samples may be formulated

as follows. It is observed that over the first portion of the

uptake the rate of adsorption shows only iittle deviation from the

rate of uptake for untreated Ti02. It appears, therefore, that
urea as such does not cause any increase in uptake as does glucose,

anu it is therefore inferred that urea does not alter the electronic

properties/
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properties of the solid. This may be expected since urea shows

no tendency to reduce or to exhibit aRy basic character such as

might be associated with the lone pair of electrons of the nitrogen

atoms, and since no colour changes or dark uptakes are observed prior

to illumination as is the case with glucose coated Ti02« It is also
observed that over the first period of uptake very little oxidation

to N02" occurs. After this period production cf N02~* is much more
rapid. It is therefore proposed that over the first period of

uptake, since urea does not itself alter the electronic structure of

the solid that oxygen is adsorbed as for untreated TiQ2« The
adsorbed oxygen splits the urea into C0o and NH0 (or NH-)• When

m *r J

this occurs, the groups such as NHn or NH-, if it is formed, with
& J

electrons available for donation to the solid, adsorb on the solid

surface causing an increase in oxygen uptake. The increased uptake

is then partially used for oxidation and partially for migration

to other urea molecules, causing an increasing number of oxidisable

sites on the surface. The uptake of oxygen is therefore dependent

on a consecutive process such as is shown in equations (3£) and

in which an induction period may be observed in the fonts lion of

NH2 (33). This may be represented by the following scheme
e + °2 gas

0
2 adsorbed (35)

(36)C0(NHo)2^2surface* °2 co2 + nh2* + 0adsorbed

NH2* + 20?
adsorbed

♦ NO2 + H20 +■ O (37)

For/
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For the parabolic section of the oxygen uptake curve for glucose

coated TiG^ equation (4) may be separated into two parts, one repre¬
senting the rate of uptake clue to TiO,> alone the other describing

the additional rate of uptake due to the surface glucose. The

equation may then be written

Total rate of uptake Rate of uptake Rate of uptake due
— +

on glucose coated Ti02 on untreated film to surface glucose.

Considering the oxygen uptake curve for this sample of untreated

TiO^ as approximating to a parabola, and applying the same scheme
as used for the glucose coated films we may write

Total rate of uptake on Rate of uptake Rate of uptake due
=5 +

urea coated Ti0o on untreated film to surface urea.

Now the rate of uptake due to surface urea will be dependent on the

rate of production of NH2!; groups, and will be a function of U and
A p denoted by f (u, Ap). e may therefore write

dAp k

«-fp + k- IULAm.1dt Ap

It is possible that this expression may approximate to

Apk~ -

where k is a constant for the system and ^increases with increasing u .

Reflectance Spectra of T10o

When TiO,, is illuminated in air its reflectance spectrum changes.

It will be observed from Fig. 3« 27. . and 3* 29 that the reflectance

increases/
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increases for A >400 in/* • The effect appears to be most marked

between A = 400 m/u and A » 500m/<f indicating that the effect of

photo-adsorption of oxygen is to remove what appears to be a shallow

absorption band about430m/j• It will be observed that the spectrum

of samples B and C differ in this region. Sample B which is

much more active than € in photo-adsorption shows a shallow trough

at about 430m/i which is not apparent fo< the very much less active

sample C. It would therefore appear that electronic transitions

in the region 400 - 430m/« ore fundamentally associated with oxygen

photo-adsorption.

If TiO, is illuminated in vacuo a broad absorption band with

an apparent maximum appears. The depth of this band increases with

increase in time of illumination, and reverts only extremely slowly

to its original form (Fig. 3. 30, 3. 3D. It is possible that the

appearance of this band represents the filting of trapping levels

in the solid, the slow return to the original state observed in the

dark indicating the forbidden transition involved in a trap emptying

process. It will be observed however that this band corresponds

to that observed by Vratny and Michale in reduced rutile (Fig. 1.4.},

w .ich indicates that the trapping centres in TiO., illuminated in

vacuo are identical to these of reduced rutile, which may be oxygen

vacancies or titanium interstitials (section 1, 1.4, also reference

( 36) ). It has been pointed out by McLintock (17) from evidence

from conductivity experiments that a small, manometricaliy undetectable

photo-desorption occurs in vacuo from the surface of titanium dioxide.

On/
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On this basis the band observed in Fig. 3» 30. may be due to a

small reduction of the TiO^ in the surface due to such a desorption,
ana the slow disappearance of this band in the dark may be due to a

slow readsorption process.

It is suggested that further information about the processes

involved in photo-adsorption of oxygen on titanium dioxide and the

reaction of adsorbed oxygen with surface organic molecules may be

obtained from the following studies.

(a) A study of the variation in oxygen uptake kinetics on

identical films of TiOv with variation in (i) oxygen pressure (ii)

intensity of illumination (iii) tempcrature and (iv) times of

illumination in vacuo prior to photo-adsorption.

(b) A more detailed study of the diffuse reflectance and

infra-red spectra of TiQ2 and TiO„ treated with organic compounds,
prior to and during the photo-adsorption of oxygen.
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PART 5

b U i * A K \. . r ti I- V- V .-i -U v.-' >■'•• •'. w i t

The photo-adsorption of oxygen at a pressure 50 mns. mercury

at 2?.5°C on laboratory prepared sa .pies of T102 has been studied.
It was found that the photo-adsorption followed initially a para-

bolic relationship in which the rate of photo-uptake, . was
at

inversely proportional to the photo-uptake, hp,and finally an

Klovich exponential relationship where d A p was proportional to

e" - , b being a constant.

Under the same conditions, the application of increasing

quantities of glucose to a TiC>2 surface cause d an increase in the
rate and extent of oxygen pnoto-uptake with increasing weight ratios

of glucose to TiQ2 (S), until a maximum was reached after which a
decrease was observed. For low values of S, the uptake over

which the parabolic kinetics were valid and the iatus rectum of the

appropriate parabola increased linearly with increasing S. The

parameters associated with the Klovich equation varied to fit the

observed increase in rate and extent of oxygen photo-adsorption.

It has been pr posed that the mechanism governing the parabolic

section of the oxygen photo-uptake is associated with surface impurity

centres. It has been shown that the observed alteration in the

kinetic parameters with S may be explained by a proposed scheme

whereby only part of the observed photo-uptake is actually irrevers¬

ibly absorbed causing an alteration in the rote of photo-uptake,

the/
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the remainder being removed by reaction with organic molecules.

Photo-adsorbed oxygen has been shown to react with surface

glucose and other carbohydrate molecules, attack appearing to occur

preferentially at carbonyl groups which are thought to be particu¬

larly vulnerable by virtue of the nature of their adsorption at the

surface. A study of the rates of formation of products and rates

of utilisation of reactants indicated that the oxidation of glucose

by adsorbed oxygen occurs by a consecutive reaction in which each

step involves degradation to the next lower sugar through oxidation

at the carbonyl group.

The application of urea to TiO^ altered the rate and extent of

the oxygen photo-adsorption with increasing surface coverage of

urea in the same general way as glucose, but for low coverages

increasing quantities of urea caused a gradual divergence of the

photo-adsorption kinetics from that observed for untreated Ti0o.

Since the initial rate of oxygen uptake was found to be close to

that for the untreated sample, it has been postulated that urea

itself does not modify the surface of the TiO,, by increasing the

number of impurity centres associated with increased oxygen photo-

adsorption over the initial parabolic section! but its subsequent

reaction with adsorbed oxygen causes the production of fragments

such as NHg groups which are able to form impurity centres.
The reaction of adsorbed oxygen with urea was found to produce

carbon dioxide end nitrous acid as the major products, but all of

the nitrogen atoms from the reacted urea were not converted to „ itrite,

and/
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and it has been postulated that these remain strongly attached to

the T102 surface#
A study was made of the diffuse reflectance spectrum of Ti09

after illumination in vacuo and in oxygen, and evidence for the

filling of traps in the solid or the desorption of oxygen on

illumination in vacuo was obtained# The photo-adsorption of oxygen

was found to be associated with an increase in reflectance in the

region 400 - 500 hi/a#
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TABLE 1

Vapour Pressure Curves For Various Gases

(/) MTRQUS UXJ oE

Temp. °C J - 150 - HO - 132 - 125 - 120 - 110

Pressure (mm.) : 0.02 0.08 0.20 0.42 0.50 0.50

(B) CARBON DIOXIDE

Temp. °C : - 180 - 138 - 130 - 119 -114

Pressure (mm.) % .0 0.03 0.10 0.30 0.80

(C) ftlQNuMLRIC "Clio (Prepared by heating polyoxymethy1ene)

Temp. °C j - 180 - 108 - 103 - 99 - 94 - 91

Pressure (mm.) : 0 0.01 0.02 0.07 0.23 0.37

(£>) ATLR VAPOUR

Temp. °c ; - 39 - 34 - 31 - 2? -24 - 20 - 16 - 14 - 10
Pres¬
sure (mm.)j 0.005 0.02 0.03 0.04 0.06 0.10 0.13 0.17 0.24

Temp. °C : - 8 -5 -3 -1 + 1 +4 +7 +10

Pressure (mm.) s 0.32 0.40 0.50 0.53 0.55 0.57 0.58 0.60

(E) PARAFORMALDEHYDE (Prepared by heating residue from an evapor¬
ated Formalin solution)

Temp. °c ;-17 - 10 - 7 -1 +3 +6 +13

Pressure (mm) s o.GI 0.02 0.05 0.09 0.38 0.44 0.47
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TABIF 2

Vapour Pressure Curve For Gas Phase Products

From Oxidation of Glucose on Ti02
See Fig. 2.6 (a)

Temperature Temperature
°C P

o_
e P

180 0 - 50 108.5
- 160 0 - 30 110.0
- 130 8.0 - 10 111.2
- 120 28.2 — 2 112.0
mm 110 80.0 0 120.0

~ 108 101.7 10 160.0
• 102 108.0 14 194.5
• 90 108.0 20 200.0

mm 70 108.0 30 200.0

TABLE 4

Glucose Calibration (Low Concentrations):

See Fig. 2. 7

Concentration
Glucose in

Standard (f/ml, )
Absorbance

10 0.149

20 0.201

30 0.279

40 0.400

50 0.488
60 0.618

70 0.704

80 0.773

* if — i\Y - 10 .



TABI.B 5

Glucose Calibration f?Ugh Concentrations)

fi2, 8

Concentration
Glucose in Absorbanee

Standard (Jf/ml.)

100 0.965

120 1.140

140 1.295

160 1.440

180 1.620

200 1.760

TABLE 6

Arabinose Calibration! See Pig. 2. 9

Concentration
Arabinose in Absorbance

Standard Qf/ml.)

10 0.139

20 0.252

30 0.375

40 0.481
50 0.603
60 0.700

70 0.822

80 0.980
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TABLE 8

Nitrite Ion Calibration: See Fig. 2. 11

Concentration
Nitrite in Absorbance

Standard (tf/nil.)

3.3 0.U1

6.7 0.250

10.0 0.374

13.3 0.^89

16.7 0.608

20.0 0.712

TABLE, 7
Urea Calibrations See Fig. 2. 10

Concentration
Urea in Absorbance

Standard (£/ nl. )

50 C.155

75 0.220

100 0.301

125 0.385
150 0.452

175 0.532
200 0.606

225 0.698
250 0.747

300 0.898
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TABLE 9

§p$<ftrw of $b&

Payadimet^Ylani^riQb^zald^h.Yd^ qptqpJ^;

ms*. n^tj,^

X £i £2

510 0,013 0.031

490 0.019 0.132

480 0.025 0.141

470 0.032 0.143

460 0.065 0.166

455 0.114 0.200

450 0.200 0.255

445 0.325 0.330

440 0,432 0.396

430 0.512 0.449

420 0.549 0.466

410 0.508 0.286

400 0.288 0,244

1 a« Adsorbance of Paradimethyiaminobenzaldehyde complex with
reaction extract,

2 ss Adsorbance of Paradiinethylaniinobenzaldehyde compiex with
urea solution.
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TABLE 10

Oxygen Uptake on Glucose Coated TJUX,;

S ■ Qi9?2g

{PrelxKd^ar.Y Experiment)

Oxygen pressure » 50.0 mow, Weight of T100 « 0.1000 gnu

Thermostat temperature a 27»5°C

t Ap t 6p t A p

0 0
63 23.8 337 63.3

1 0.8 68 24.8 413 67.6
2 1.7 74 26.7 440 68.7
3 2.1 80 27.8 475 70.3
5 3.5 120 33.8 498 71.3
6 3.9 126 37.7 538 72.8
7 4.7 138 39.8 563 73.6
8 4.9 146 41.0 588 74.0
9 5.6 156 42.8 600 74.7

10 5.9 t60 43.7 613 74.9
12 6.8 176 45.9 626 75.4
14 7.8 189 47.8 659 76.4
16 8.7 203 49.8 708 77.8
18 9.6 223 53.8 733 78.1
20 10.0 233 54.8 823 79.9
22 11.0 241 55.7 843 80.0

32 14.3 253 56.8 917 81.2

55 > >. t 263 57.S 973 82.1

41 17.6 281 59.1 1040 83.1
47 19.4 302 60.8 1097 84.0
50 20.0 315 61.9 1153 84.9
56 21.9 324 62,7 1190 85.4
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TABLE 11

frayed yalu^ frm .Uptake Cum,

USS&SA from Results g£ .Tabic? 1Q

Ap R Log R 1/R

1.8 0.700 7.83 1.43
4t8 0.500 7.70 2.00

7.0 0.450 7.65 2.22
10,0 0.400 7.60 2.50
17.5 0.300 7.48 3.33
22.0 0.275 7.44 3.64
24.8 0.250 7.40 4.00
28.5 0.225 7.35 4.44
35.5 0.200 7.50 5.00
40.0 0.175 7.24 5.71
43.0 0.150 7.1S 6.67
48.3 0.140 7.15 7.14
51.5 0.130 7.n 7.69
55.3 0.100 7.oo 10.0,
57.5 0.900 2.95 11.1
60.5 0.840 2.92 11.9
63.8 0.620 1.79 16.1
66.0 0.600 2.78 16.7
70.0 0.430 2.63 23.3
72.8 0.340 %53 29.4
75.7 0.300 •v- .48 33.3
78.2 0.225 5.35 44.4-
80.0 0.190 1.28 52.7
82.4 0.150 2.18 66.T
84.2 0.130 2.11 76.9
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tap^ n

Oxygen Uptake and Rate of Oxygen Uptake after 150 mine.

Illumination of Glucose Coated TA02 films
(Preliminary Experiments) See Fig. 3. 2.

Oxygen Rate of
Uptake Oxygen Uptake

after 150 niins at 150 mins

Ap 150 R!50

0.000 7.0 0.020

0.00225 19.0 0.070

0.01125 30.0 0.115

0.0225 42.5 0.150

0.045 41.0 0.125

0.09 31.0 0.125

0.225 16.0 0.074

0.45 7.5 0.035

0.90 1.5 •
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TABLE 15

Oxygen Uptake on Untreated T102 (Sample A);
see Flfi. 2t. 1*

Oxygen pressure » 50.0 mms. Weight of T1G2 « 0.1000 gms
Thermostat temperature » 27*5°C Bourdon gauge sensitivity =

0,075 fiity'dlv. Reaction space volume « 52,0 mis.

t Ap t Ap t Ap

0 0.0 18 2.2 358 10.9

t 0.3 20 2.3 382 11.0

2 O.S 22 2.5 400 11.2

3 0.9 24 2.8 412 11.2

4 1.0 26 2.9 450 11.9

5 1 .0 28 3.0 479 12.1

6 1.0 30 3.0 530 12.8

7 1.1 32 3.1 614 13.9

8 1.3 48 4.0 664 14.2

9 1.5 64 4.4 698 14.8

10 1.8 82 5.0 734 14.9

11 1.9 100 5.9 809 15.0

12 1.9 128 6.6 859 15.2

13 2.0 155 7.1 924 15.7

14 2.0 252 8.9 977 16.9

15 2.1 270 9.2 1034 17.1

16 2.1 299 10.0

17 2.1 325 10.1
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TABLE 14

Derived Rate Values from Uptake Curve Plotted from Results

of Table I?; (See Fi^y g. 4,)

Ap R Log R 1/R

0.5 0.200 T.30 5.C

1.5 0.090 2.95 11. /

2.7 0.06 0 2.78 I6,y
3.S 0.052 2.72 19.a

4.6 0.044 2.64 22,7

5.8 0.0312 2.49 32.0

6.7 0.0256 2.41 39.1

7.9 0.0192 2.28 52. f

9.0 0.0160 2,20 62.5

9.8 0.0144 2.16 69.4

10.9 0.0128 2.1 1 78.1

11.9 0.0128 2.11 78.1

13.1 0.0104 2.02 96.2

H.3 0.0100 2.00 100

15.2 0.0084 3.92 110

16.2 0.0076 COCO.IK\ 130-

16.7 0.0062 3.79 160
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TABLE 15

Oxygen Uptake on Glucose Coated Ti02J S = 0,00225|
See ri8.

Oxygen pressure a 50.0 amis} Weight of TiO. « 0.1000 gm;

0,25 mis. 0,005 M glucose solution added to the TiO.,;
Thermostat temperature = 27.5°C; Bourdon gauge sensitivity =

0.075 flsns/div. Reaction space volume = 52,0 mis.

t Ap t Ap

0 0 331 19.5

5 1.2 379 20.3

11 2.0 408 21 .0
(a)

13 2.1 428 21 .2

16 3.0 453 21 .2

21 3.7 478 21 .4

25 4.0 5U 22.2

43 6.0 538 22.5

90 9.9 648 25.4

105 11.0 698 26.0

0.8 divs.

125 12.0 758 27.0

142 13.2 803 27.9

16.0
(6)

227 961 28.9

275 17.2 1070 30.5

300 CM•CO 1120 31.9

(a) Illumination discontinued for 16 hrs. Dark uptake =

(b) Illumination discontinued for 16 hours. Dark uptake
0.1 divs.
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TABLE 16

Derived Rate Values from Uptake Curve Plotted from Results

of Table 15s Tee Fig. 5. 4.

Ap R Log R 1/R

1 0.200 T.30 5.00

2.5 0.125 T.io 8.00

3.8 0.1 10 T.041 9.09

7.0 0.090 2.95 11.1

9.8 0.070 2.85 14» &

11.5 0.061 2.79 16«4*

14.0 0.044 2.64 23.7
16.0 0.035 2.54 29-6

IS.5 0.050 2.48 33-

21.5 0.020 2.30 50.

23.5 0.017 2.23 59.

25.3 0.014 2.15 71.

26.8 0.014 2.15 71 .

28.5 0.01 1 2.04 91.

29.5 0.010 2.00 100.
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TABLE 17

Oxygen Uptake on Glucose Coated TiOn;
„ ■■ „ n r * ib ii, i ■- •• r ,r-- - if r -tt-rr - t ~rr .-■-n- -t • t t -t4-

s ss 0.009; see f te* 3.

Oxygen pressure » 50.0 rams.; weight of TiO^ = 0.1000 grn.
0.25 «Is. 0.02 M glucose solution added to the Ti0„.

o *
Thermostat temperature a 27.5 C; Bourdon gauge sensitivity =
0.107 mms/div. Reaction space volume » 38.8 mis.

Ap values refer to Bourdon gauge sensitivity above; for compari¬
son this was corrected to Bourdon gauge sensitivity 0.073 tarns/div,

1 1
reaction space volume 52.0 mis to give (A p) . (A p) = 1,064Ap.

t A p (&p)' t Ap <AP)1 t Ap ^p)

0 0 0 150 22.0 23.4 520 37.6 40.0

3 2.0 2.1 170 23.8 25.3 557 Vjl 00 . 40.8

5 3.0 3.2 192 25.0 26.6 579 38.7 41.2

9 4.0 4.3 206 25.9 27.5 623 39.8 42.3

12 5.2 5.5 222 27.0 28.7 805 CO."d1 46.6
18 7.0 7.4 242 28.0 29.8 828 44.8 47.7

23 8.0 8.5 *a*264 28.8 30.6 847 44.8 47.7

29 9.0 9.6 289 29.8 31.7 935 47.0 50.0

40 n.o 11.7 326 3U0 33.0 1025 48.8 51.9

46 11.9 12.7 334 31.5 33.5 1115 50.9 54.1

62 14.0 14.9 365 32.8 34.9 1160 51.8 55.1

75 15.5 16.5 400 33.8 36.0 1170
j \

51 .8 55.1
too 18.0 19.2 *b)430 34.6 36.8 1200 52.1 55.4

108 19.0 20.2 460 35.8 38.1 1230 52.9 56.3
128 20.5 21.8 482 36.8 39.2 1262 52.9 56.3

136 21.0 22.3 1332 53.9 57.3

(a) Illumination discontinued for 6 hrs. Dark Uptake = 1 div.
(b) Illumination discontinued for 9 hrs. Dark Uptake = 2 divs.
(c) Illumination discontinued for 12 hrs. Dark Uptake » 2.7 divs.
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TABLE 18

Derived Rate Values from uptake Curve Plotted from Results

of Table 17: See Fig. 5. 5.

The rate vaiues were calculated from the Ap vs.t curve and corrected

to rate values corresponding to ( Ap)' vs.t curve. m 1.064 R«

Ap R (A p) R1 Log R1 1/R*

1.5 0.60 1.6 0.63(sl O00.1- 1.60

3.0 0.40 3.2 0.42(61 T.63 3.1

5.0 0.32 5.3 0.34(01 T.53 5.3

6.8 0.25 7.2 0.26(6) T.42 7A
9.0 0.20 9.6 0.2l(3l —1 a 9.5

10.5 0.16 11.2 0.17(0) T.23 11.

11.5 0.15 12.2 0. 16^ T. 20 12,

16.3 0,11 17.3 0.11(7! 1.07 17, -

20.0 0.080 21.3 0.085(ll r.93 21 .

23.3 0.070 24.7 0.074(5! T.87 25,
26.8 0.052 28.5 0.055(5! T.74 29. >

29.5 0.044 31.4 0.046(8) 2.67 31.4

32.0 0.038 34.1 0.040(4) 2.61 34.

34.0 0.033 36.2 0.035(1) 2.55 36.
36.3 0.031 38.6 0.033(0) 2.52 39,
37.5 0.029 39.9 0.030(9) 2.49 4-0.
39.0 0.024 41.5 0.025(5) 2.41 42.

41.0 0.024 43.6 0.025(5) 2.41 44^
43.5 0.021 46.3 0.022(3) 2.35 46.

46.0 0.021 48.9 0.022(3) 2.35 49.

48.5 0.021 51.6 0.022(5) 2.35 52.

51.0 0.016 54.3 0.017p) 2.30 54.0
53.0 0.013 56.4 0.014(0) 5. 15 56.
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TAbLL 19

Oxygen Uptake on Glucose Coated

S a 0.01.35 S See *„ &.&'». 12? ..3»

Oxygen pressure » 50.0 iwaa. Weight of TK^ « 0,1000 gras.
0.25 mis. 0,03 M glucose added to the TiO^, Thermostat temperature
27.5°C, Bourdon gauge sensitivity * 0,107 mny'div, Reaction space

volume a 38.8 mis.

Results corrected as in Table 17. (Ap)* = 1,064^p.

t Ap { Ap)1 t Ap { Ap)1

0 0.0 0.0 95 19.8 21.1

3 1.4 1.5 118 22.7 24.2

6 3.1 3.3 141 24.7 26.3
9 4.9 5.2 157 26.0 27.7

20 7.1 7.6 192 28.7 30.5

25 9.1 9.7 209 29.7 31.6
30 9.2 9.8 ^*243 31.9 33.9

35 10.1 10.7 270 33.4 35.5
40 11.2 11.9 298 34.7 36.9
50 13.1 13.9 334 35.7 38.0
55 14. 1 15.0 350 36.7 39.0
61 15.1 16.1 363 37.7 40.1

67 16.0 17.1 ^388 39.2 41.7
77 17.6 18.7 420 40.7 43.3
90 19.1 20.3 486 42.9 45.6

520/

(a) Illumination discontinued for 4 hrs. Dark Uptake » 1.0 divs.
(b) Illumination discontinued for 9 hrs. Dark Uptake = 3.0 divs.
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TABLE 19

(continued)

t Ap ( Ap)1 t Ap ( Ap)1

520 44 • 0 46.8 1540 74.0 78.7
637 47.9 50.9 1575 74.8 79.6

709 50.0 53.2 1585
M .% V

74.8 79.6
740 51.2 54.5 ^ ^1630 75.0 79.8
765 52.2 55.5 1675 75.7 80.5
979 59.0 62.8 1770 76.6 81.5

1023 60.2 64.1 1805 77.7 82.7

1050 61.1 65.0 1875 78.8 83.8
1106 63.2 67.2 1985 79.7 84.8
1133 64.1 68.2 2070 r,•00 86.5
1168 65.1 69.3 2130 81.8 87.0
1195 66.0 70.2 2180 82.7 88.0

1240 67.0 (c> 71.3 2195 83.7 89.1
1341 70.0 74.5 2335 84.4 89.8
1480 73.0 77.7

(c) Illumination discontinued for 12 hrs.

(d) Illumination discontinued for 9 hrs.

Dark Uptake = 5.8 divs.

Dark uptake = 3.2 divs.
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Values Uptake filUBt
Plotted from Results of

is&te a> an ki*

Tl»e rate values wire calculated from the Ap vs. t curve and corrected
to rate values corresponding to these of a ( Ap) vs t curve.

R1 » 1.064 R

Ap R (Ap)' R1 Log R1 1/R1

1.5 0.60

4.0 0.40

5.5 0.30

7.5 0.23

12.0 0.17

15.3 0.14

18.0 0.13

20.5 0.12

23.3 0.10

26.3 0.10

28.5 0.094

31.5 0.061

33.5 0.051

37.3 0.048

40.5 0.040

42.5 0.038

44.0 0.038

46.0/

1.6 O.658)
4.3 0.42(6]
5.6 0.3(9|
8.0 0.24(4)

12.8 0.18(1)
16.2 0.14(9)
19.2 0.13$)
21.8 0.12$)
24.7 0.10$]
27.9 0.10$)
30.3 0.10$)
33.5 0.064(9)
35.6 0.054(3)
39.6 0.051(1)
43.1 0.043$)
45.2 0.040$.)
46.8 0.040$)

T.sg 1.6

T.63 2. :4

T.50 3.1

T.39 4.1

T.26 5.5

T. 17 6.7

T.14 7.3

T.ll 7.8

T.03 9.4

T.03 9.4

T.00 10. 1

2.81 15.

2.73 18.

2.71 20.

2.63

2.61 2 5' Y,

2.61 2 *f) ^
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TABLE 20

(continued)

Ap R ( Ap)' R! Log R1 1A1

46,0 0.036 48.9 0.0383) 2.58 24.1a
•S

48.5 0.036 51.6 0.03$) 2.58 26,1;

50.5 0.036 53.7 &0•0 2.58 26 * *

52.8 0.032 56.1 0.034^) 2.53 29.4 i

53.8 0.031 57.2 0.033(0) 5.52 3C< >

56.0 0.031 59.6 0.033(0) 2.52 30, ; i

58.0 0.030 61.7 0.031(9) 1.50 31 -

59.8 0.030 63.6 0.031(9) 2.50 31. |
61.0 0.029 64.9 0.030(9) 2.49

62.8 0.029 66.8 0.030(9) 2.49 32,;>

64.3 0.028 68.4 0,029k) 2.47 34> Jt
65.5 0.026 69.6 0.027(7) 2.44 36.

68.5 0.024 72.9 0.025$ 5,41 39» :

71.0 0.020 75.5 0.021(2) 5.33 47.j
73.0 0.020 77.7 G. 021(2) 2.33 47 -•

76.0 0.017 80.9 0.018(1) 2.26 55 :*

77.5 0.014 82.5 0.014$) 7.17 67. 1 ■

80.0 0.012 85.1 0.012$) 2.11 78.1

81.5 0.012 86.7 O •O & 2.11 78. ik
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TAJRE 21

Oxygen Uptake on Glucose Coated Ti02?
S - p^mi h 5-

Oxygen pressure » 50.0 rams. Weight of T1Q2 ■ 0.1000 gra.
0.265 mis. 0.04 glucose added to the TlOg
Thermostat temperature 27.5°C. Bourdon gauge sensitivity » 0.107 mn/div,
Reaction space value * 38.8 mis. Results corrected as in Table 17.

(Ap)1 « 1.064Ap

( Ap)1t Ap t (ftp)1
\

0 0.0 0.0 38 13.0 13.8 \
K.9 \1 1.0 1.1 44 14*0

2 1.9 2.0 47 15.3 16.3

3 2.3 2.4 82 19.0 20.2

4 3.0 3.2 99 22.0 23.4

5 3.8 4.0 120 24.0 25.5

6 4.0 4.3 131 24.9 25.8

7 4.2 4.5 139 25.9 26.5
8 4.9 5.2 155 27.0 28.7
9 5.1 5.4 176 29.0 30.9

11 5.9 6.3 186 29.9 31.8
13 6. 2 6.6 208 31.0 33.0
15 7.0 7.4 227 32.8 34.9
17 7.9 8.4 242 33.9 36.0
20 8.6 912 *a)264 35.9 38.2
25 9.9 10.5 280 36.7 39.0
27 10.0 10.6 306 37.9 40.3
29 10.6 11.3 331 38.9 41.4
33 11.9 12.7 352/

■ \
• v

V

V\

(a) Illumination discontinued for 6 hre. Dark Uptake » 5.1 divs.
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TABLE 21

(continued)

t Ap ( ^P)! t A p ( Ap)

352 40.9 43.5 1150 78.1 83.1

372 41.7 44.4 1202 80.8 86.0

402 43.3 46.1 1232 81.0 86.2

427 44.6 47.5 (b)1282 82.2 87.5

459 45.8 48.7 1319 83.5 88.8

506 47.9 50.9 1352 84.0 89.4

579 51.7 55.0 1462 87.5 93.1

602 52.7 56.1 1489 88.0 93.6
670 55.7 59.3 1514 90.9 96.7

685 56.7 60.3 1532 91.0 96.8

717 58.7 62.5 1599 92.0 97.9

832 63.7 67.8 1644 93.1 99.1

882 66.7 71.0 1712 95.0 101.1

942 69.7 74.2 1784 96.1 102.3

966 70.7 75.2 2242 106.0 112.8

997 72.6 77.2 *d)2251 106.0 112. 8

1032 73.7 78.4 2342 108.0 114.9

1090 76.0 80.9 2400 108.1 115.0

Illumination discontinued for 16 hrs. Dark Uptake = 5.0
Illumination discontinued for 12 hrs. Dark Uptake * 3.1
Illumination discontinued for 12 hrs. Dark Uptake ~ 4.1
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TABLE ?2

oerlv^ £xm uptake
Plotted from Results

£LX2MS~£L; fiSt £UU 2f ,?»

Rate values corrected as for Table 18, R1 a 1*064 R.

Ap R ( ^P)1 a* Log R* 1A1

2.5 0.85 2.7 0.9C&) T.96 1.11

4.0 0. 60 4.3 0.63(B) T.80 1. 67

5.0 0.40 5.3 0.42(61 T.63 2.4

6.0 0.40 6.4 0.4^6) T.65 2.4

7.0 0.50 7.4 0.31(9) T.50 3.14

9.5 0.25 10.1 0.26(6) T.42 3.8

12.0 0.20 12.8 0.21(5) T.33 3.7;

15.0 0.18 13.8 0.19(1) T.28 5.24

16.5 0.14 17.3 0.14(8) T. 17 6.7-

18.0 0.13 19.2 0.13(8) T.14 7.1

22.5 0.1 l(6j 23.9 0.12(3) T.09 8.1

26.5 0.10 28.2 0.10(6)
mm

t.03 9.4

30.0 0.092 31.9 0.097(9) 1.99 10 JL

32.5 0.070 34.6 0.074(5) 2.87 13-4-

34.0 0.064 36.2 0.06S(lJ 2.83 14.?
36.5 0.063 38.8 O.O676) 2.83 14.^3
40.0 0.060 42.6 0.063(8) 2.80

43.5/
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TABLE 22

(continued)

A p R (Ap)1 R1 Log R1 1/R1

45.5 0.057 46.5 0.060^1 2.78

46.5 0.054 49.5 0.057!^ 2.77 17.42

49.5 0.050 52.4 0.055(21 2.73 id.

51.5 0.049 54.8 0.052(1) 2.72 19

55.0 0.051 58.5 O.G54(3l 2.73 18.42

57.5 0.050 60.9 0.053(2)
«•»

2.70 19.8

60.5 0.045 64.4 0.047® 2 . 68 2d..'

65.0 0.045 67.0 0.047fe) 2.68 21. V

66.0 0.044 70.2 0.046&) 2.67 21.47

69.0 0.045 75.4 0.045(7) 2.66 21Jt -

71.5 0.040 76.1 0.042(6) 2.63 24. •>

73.5 0.040 78.2 0.042(6) 2.63 24«. ,
1

76.0 0.059 80.9 0.04l(5) 2.62 24 » 5.

78.5 0.058 83.5 0.040(;) 2.61 2 -5, ;

80.7 0.054 85.9 0.036(1) 2.56 29-V

82.8 0.052 88.0 *kS0.0 2.53 29.4f
84.8 0.029 90.2 c • c & 2.49 32. 4;
86.0 0.029 91.5 0*030(9) 2.49 32. «$(>

88.5/
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TABLE 22

(continued)

Ap R ( Ap)1 R1 Log R* 1/R1

88.3 0.029 93.9 v\O.o 2.49 32 * n •>

38.8 0.029 94.4 0.03qW 2.49 32.46

90.5 0.025 96.3 ifwoso 2 .42 37- 49

92.0 0.024 97.9 0.025(5* 2.41 39«

94.0 0.023 100.0 0.024^ 5.38 41.n

95.5 0.023 101.6 0.024^ 2.38 41. 1

97.0 0.022 103.2 0.023^1 2.37 43 'A-

100.5 0.022 106.9 0.023^) 2.37 43*

103.0 0.019 109.5, 0.020(21 2.31 50.

104.5 0.015 111.1 0.015^) 2. 20 63 »

106.0 0.015 112.8 0.01 {9} 2.20 6.3. iv



117

TABLE 23

Oxygen Uptake on Glucose Coated T102;
S c 0,02?$; F*fif ,2w,

Oxygen pressure « 50.0 rams. Weight of Ti02 a 0*1000 gra.
0*25 mis. 0.05 M glucose solution added to the T102
Thermostat temperature « 27»5°C. Bourdon gauge sensitivity »

0.075 ntrc/div. Reaction space volume * 52.0 mis.

t Ap t Ap t

0 0.0 34 13.0 360 49.3

1 1*0 40 14.4 377 50.6

2 1.3 45 15.4 393 52.1

3 2.0 50 16.8 413 53.5

5 3.2 64 19.2 447 56.3

7 4.1 75 21.4 484 58.1

3 4.4 90 25.7 (a)595 65.4

10 5.4 101 25.4 630 67.4

12 6.2 165 33.2 660 68.6

H 7.0 199 37.0 688 69.9

16 7.7 222 39.2 701 71.3

18 8.2 252 41.7 732 71.8

20 9.1 272 43.2 805 75.4

23 9.8 304 44.7 835 77.4

25 10.4 324 46.3 870 79.6

(a) Illumination discontinued for 16 hrs. Dark Uptake a 12.5 divs.
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TADU; 24

Derived Kate Values froni up take Curve slotted frout Results

qf Tab^e ii$t> Kifi. g,6.

4kp R Log R 1/R

1.5 0.70 > T.85 1.4

5.5 0.401 T.60 2. c

8.8 0. 28 f' 1 .44 3.6

11.8 0. 25 1.40 4.0

14.0 0.20!? T.30 5.0

17.5 0.181 T.26 5.6

21 .8 0.15 T.18 6.6

26.3 0.14- T.l 5 7.1

29.5 0.12? T .08 8.3

32.5 0.119 T.os 8.4

35.5 0.1 Ow T.oo 10.

37.0 0.10% T.oo 10.

42.5 0.090 2.95 tJil\
46.5 0.079 2.90

51.3 0.070 2,85 14(3)
54.5 0.064 2.81 16.^)
58.0 0.062 2,79 16 ,(i)

61.5/
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table 24-

(continued)

ap r

61 • 5 0.060

64.3 0.052

67.8 0.051

71.8 0.050

74.3 0.050

77.3 0.050

79.5 0.045

Log R i/R

2.78 17(7),
2.72 19/i)
2.71 20 (jo)
2.70 20 io)
2.70 20 to)
2.70 20 (o)
1.65 22(2)
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WH, s>g

Oxygen Uptake on Glucose Coated Ti02»
s - Q»Q45; see Flu, 3. 3,

Oxygen pressure = 50.0 rants. Weight of TiO,, » 0.1000 gm.

0.25 nils. 0.1 M Glucose added to the T109.
Thermostat temperature = 27«5°C. Bourdon gauge sensitivity =

0.075 rara/div. Reaction space volume = 52.0 mis.

t Zip t Ap t Ap

0 0.0 70 22.2 502 64.7

1 0.9 74 23.1 519 65.9

2 1.2 100 28.5 549 68.0

3 2.0 125 32.0 574 69.9

4 2.4 140 33.5 594 71.1

10 6.0 157 36.0 (t>)654 74.1

12 7.0 165 37.2 676 75.1

14 7.9 174 38.1 696 77.1

19 9.2 *a*198 41.0 789 82 »1

22 10.2 213 42.1 815 84.1

26 11.8 244 44.1 849 85.9

30 12.9 261 45.6 869 87.1

36 14.0 288 47.9 906 89.9

42 16.0 318 50.4 959 92.9

47 17.2 394 56.4 1130 104.1

55 19.1 438 59.9 115 8 106.1

61 20.9 472 61.9

(a) Illumination discontinued for 16 hrs. Dark Uptake « 11.8 divs.

(b) Illumination discontinued for 16 hrs. Dark Uptake =11.8 divs.
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TABLE 26

ie rived Rate Values front Jute -e Curve

Plotted froi.» Results

of Table 25; See Fig. 3. .6.

h p R Log R 1A

2.0 0.70 1.83 W4&)
4.S 0.50 T.70 2.0(0)
8.0 0.43 1.63

11.8 0.35 T.35 2.3

13.5 0.30 T.4S 3.3

16.5 0.27 T.43 3.7

21.5 0.20 T.30 5.0

26.0 0.16 T.20 6.3

29.8 0.15 T. 18 6.7

35.0 0.12 7.08 8.3

37.8 0.11 7.04 9.1

41.5 0.10 7.oo 10.00

45.6 0.090 7.95 11. (n
49.5 0.080 7.90 12,(3-]
52.5 0.078 7.89 12*1*)
57.0 0.076 7.88 13^)
61.3 0.070 T.85 14 .(^
64.8/
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TABLE 26

(continued)

Ap Log R 1/R

64.8 0.070 T.85 14.(3)
68.3 0.068 T.S3 15/7)
72.5 0.064 T.81 1 6#
76.5 0.060 T.78

79.5 0.059 2.77

82.5 0.059 1.77 '7#
86.0 0.058 2.76 17$



123 -

TABLE 27

Oxygen Uptake on Glucose Coated TAGgJ S = 0.9;
See Flflt 3, 3.

Oxygen pressure = 50.0 mms. ' eight of TiOr. = 0.1000 gm.

Thermostat temperature = 27.5°C. Bourdon gauge sensitivity =

0.075 ram/div. Reaction space volume « 52.0 mis.

t Ap

0 0

5 0

15 0

35 0

65 0

235 0.8

320 0.9

437 1.0

595 1.0

780 1.0

1320 1.2
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TABLES 28 and 29

The Characteristics of the Parabolic Section

of the Kinetics of Oxygen Uptake on Glucose Coated TlQgg
Lengths of the Latus Rectum of Parabolas Top

Different s Values and Uptue Values at which

mmm&ms&M.stmux ait 5« ?«> i» j»

Reaction space volume * 52,0 mis. Bourdon gauge sensitivity » O.C75»n/dfc

Table 28 Table 29
End of End of End of

S Length of Parabola Parabola Parabola
Latus (1) Ap (2)Ap (3) A p

Rectum d (divs) (divs) (divs)

0.000 0.48 4-6 4 - 7 5 ± 2

0.00225 1.6 13 - 15 16 - 17 15 ± 2

0.009 3.S 30 - 35 30 - 33 33 j; 3

0.0135 4.45 65 - 70 47 - 55 60 ± 5

0.01908 7.0 80 - 85 86 - 88 85 ± 5

0.0225 8.0 - - -

0.045 9.4 - • •

(1) Range of values determined from Log I and 1/R plots vs. Ap.
2

(2) Range of Ape values determined from plots of (Ap + C) vs. t.
(3) Estimated best value from (1) and (2).
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Tflftpg 50

The Characteristics of the Exponential Section of the

Kinetics of Oxygen Uptake on Glucose Coated TlQ^s
Values of Parameters a and b of the Elovich equation

for Different S Values* see Figs 3. 9.. 3. 10

Reaction space volume « 52 .0 mis. Bourdon gauge sensitivity a

0.075 mnv/div.

Table 30 Table 31
S ■

a b

0.000 0.078 0.156

0.00225 0.18 0.099

0.009 0.32 0.055

0.0135 0.40 0.039

0.01908 0.53 0.030

0.0225 m -

0.045 — —
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TABIfE 2?

AyiPlyqif Gitfqosq Albino??
Extracted from Glucose Coated T102 Films

After Illumination in Oxygen for

Varies Periods of Time; See Fig., ,3.. 11.

The intensity of illumination was the same as that used in the
oxygen photo-adsorption experiments.

In certain cases 0.8 mis. of the concentrated extract was

spotted on the chromatogram (see section 2.2.8.); these are

marked with an asterisk.

Time
of

iWlv
Absor-
bance

Cor¬
rected
Absor-
bance

Sugar
from

Calibra¬
tion

Graph
Sugar

Extracted

Moles
Sugar

Extracted

X106
(t) P* (3) (4) (5) (6)

(a) Glucose Analysis

12® 1.32 1.21 125.0 1562 8.68

20 0.980 0.870 87.0 966 5.37

25® 0.950 0,840 86.0 1075 5.97

50 0.850 0.740 73.5 816 4.53

60* 0.840 0.730 72.5 906 5.03

100 0.800 0.690 68.0 756 4.20

250 0.772 0.662 65.5 728 4.04

300 0.780 0.670 66.0 733 4.07

450 0.742 0.632 62.5 695 3.85

540 0.780 0.670 66.0 733 4.07

543® 0.578 0.468 47.0 588 3.27

870 0.410 0.30 32.0 400 2.22

1275® 0.390 0.280 29.5 369 2.05
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TABIE 12

(continued)

(1) (2) (3) (4) (5) (6)

(b) Arab!nose Analyses

12* 0*210 0.100 7.0 88 0.59

20 0.34 0.23 17.0 189 1.26

25* 0.318 0.208 16.0 200 1.33

50 0*442 0.332 26.5 294 1.96

60* 0*380 0.270 22.0 275 1.83

too 0.407 0.297 24.0 267 1.78

250 0.422 0.312 25.0 278 1.35

300 0.272 0. 162 12.0 133 0.89

450 0.290 0.180 13.5 150 0.82

540 0.235 0.125 9.0 100 0.67

543* 0.195 0.085 6.0 75 0.50

870 0.320 0.210 16.0 200 1.33

1275* 0.332 0.222 17.5 219 1.46
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TABLE 33

Analysis of Glucose and Arablnose Extracted front Glucose Coated

TL0o Films after Illumination in Oxygen for Various Periods
l iff HI i 1.1

T*nu?f seq F1^t 5,12

The intensity of illumination was approximately one-third of that

normally used.

Time
of

Illumin¬
ation

Absor-
bance

Cor¬
rected
Absor-
bance

Sugar
from

Calibra¬
tion

Graph
Sugar

Extracted

Moles
Sugar

Extracted

X106

(a) Glucose Analyses

15 1.15 1.04 109.0 1121 6.73
40 0.90 0.79 80.0 888 4.93

480 0.515 0.405 41.0 456 2.53
700 0.650 0.540 54.0 600 3.35

1020 0.480 0.370 38.0 422 2 . jjA
2120 0.591 0.481 48.0 533 2.96

(b) Arabinose Analyses

15 0.218 0.108 7.0 88 0.59
40 0.518 0.40S 53.5 372 2.48

480 0.112 0.002 0.0 0 0.0

700 0.182 0.072 5.0 56 0.37

1020 0.298 0.188 14.0 155 1.03
2120 0.205 0.095 7.0 78 0.51



- 129 -

TABLE ~4

Evolution of C02 from Glucose Coated TIO2 Films after
fri 0xtYfi^ for Various Perlp^f pf Time.

§99 F^f 2, U

Sensitivity of Bourdon gauge « 0.063 may'div. Volume of vessel »

40.2 mis. Temperature « 27»5°C.

(a) Normal Intensity of illumination

Time Pressure C0o Moles C0„
of (Divs« 2 6 2

Illumination Bourdon) X10

100 17 2.3

-450 41 5.5

800 73 9.9

1246 110 14.9

(fo) Illumination one-third of that normally used.

50 3 0.4

225 9 1.2

500 14 1.9

1020 26 3.5

2100 56 7.6
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tam H

Oxygen Uptake on Untreated T102 (Sample A);
flfit ?t 15«

Oxygen pressure * 50.0 rains. Weight of TiO^ « 0.1000 gra.
Thermostat temperature a 27.5°C. Bourdon gauge sensitivity a 0.063nttVdiv
Reaction space volume a 4.0.2 mis. Ap values refer to the above

Bourdon gauge sensitivity; these were corrected to(Ap)5 values for
Bourdon gauge sensitivity 0.075 niq/div.* reaction space volume 52.0 mis.

(Ap)a 0.649 ( Ap) (See Section 3.1.1.)

t Ap ( Ap)1 t A p (Ap)1

0 0 0 317 13.1 8.5

1 0.3 0.2 340 13.3 8.6

2 0.4 0.3 355 13.4 8.7

5 1.2 0.8 385 14.1 9.2

9 1.7 1.1 428 14.5 9.4

13 2.2 1.4 453 15.1 9.8

25 3.3 2.1 504 15.3 9.9

36 4.2 2.7 562 16.3 10.6

48 5.0 3.2 645 17.1 11.1

62 6.4 4. 2 722 17.4 11.3

103 8.2 5.3 902 18.7 12.1

139 9.3 6.0 1112 20.5 13.3

162 10.2 6.6 1162 21.3 13.8

285 12.3 8.0 1322 22.4 14.5

302 12.4 8.0
1502 24.1 15.6



- 131 -

TABLE ft

Oxygen Uptake on Glucose Coated TiOgj
S « 0,022?; See Kifit g. 1g

Oxygen pressure * 50.0 oms. Weight of Ti02 « 0.1000 gin.
0.25 mis. 0.05 M glucose added. Thermostat temperature « 27.5 C.

Bourdon gauge sensitivity as 0.063 ora/div. Reaction space volume «

40.2 mis. (Ap)* values calculated as for Table 55. (Ap)'s 0.649

t Ap (Ap)? t Ap (£-P);

0 0 0 474 87.3 56.7

1 1.9 1.2 552 96.2 62.4

5 4.0 2.6 554 96.3 62.5

5 6.0 3.9 578 99.4 64.5

8 8.8 5.7 632 104.5 67.8

16 14.8 9.6 673 108.7 70.5

23 18.7 12.1 724 114.6 74.4

41 26.3 17.1 802 122.5 79.5

67 33.3 21.6 832 125.6 81.5

136 46.8 30.4 *s)860 126.8 82.3

151 50.3 32.6 885 128.0 83.1

165 53.2 34.5 957 132.7 86.1

290 67.5 43.8
999 137.3 89.1

330 72.8 47.2
1059 140.0 90.9

363 76.3 49.5
1102 143.5 93.1

382 78.8 51.1
1151 145.4 94.4

1246 143.0 96.1

(a) Illumination discontinued for 16 hrs. Dark Uptake = 15-9 divs.
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TABLE 17

Oxygen Uptake on Sorbitol Coated Ti02;

$ „ QrQ22gj Jg.

Oxygen pressure » 50.0 mras• Weight of TiO^ « 0*1000 gin.
0.25 mis. 0.05 M sorbitol added. Thermostat temperature a 27.5°C.
Bourdon gauge sensitivity » 0.065 ntm/div. Reaction space volume «

4-0.2 mis.

t Ap t Ap

(a)
0 0 328 77.4

1 1.1 343 79.2

8 7.8 578 82.2

15 12.2 398 83.6

26 18.2 433 87.4

38 25.9 553 99.6

50 28.5 613 106.6

58 31.2 663 112.6

80 38.2 707 117.4

114 46.3 908 137.5

148 52.8 970 143.6

176 58.8 1088 150.4

219 65.0 1156 153.5

(a) Illumination discontinued for 16 hrs. Dark Uptake « 13.5 divs.
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3m& 38
Oxygen Uptake on CelloMose Coated TiO^j

- - *

S « Q.Q225: See Fix. 3. 15

Oxygen pressure « 50.0 rams• Weight of Ti02 « 0.1000 gra.
0.25 mis. 0.025 M celiobiose added. Thermostat temperature » 27.5°C.
Bourdon gauge sensitivity « 0.063 m^/div. Reaction space voiume «

40.2 nils.

t Ap t A p t Ap

0 0 120 47.8 585 96.8

1 2.7 133 50.9 637 101.2

2 3-0 150 52.5 671 102.9

3 4.8 157 53.8 792 110.3

8 7.6 159 54.3 837 115.8

10 8.8 286 69.5 1055 130.8

16 12.8 307 71.7 1157 137.8

29 19.6 334 74.3 1230 144.0

56 30.7 356 76.3 (b)1267 145.0

62 32.6 420 82.1 1290 146.0

71 35.3 463 87.0 1366 150.0

88 39.6 507 91.3 1439 153.2

104 44.3 *a*542 92.9 1499 157.4

Illumination discontinued for 16 hrs. Dark Uptake « 16.5 divs

Illumination discontinued for 16 hrs. Dark Uptake « 13.8 divs
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table
,

Oxygen Uptake on Glucose Coated T102 (Sample B);
S s Q.Q2258 See Fig, 3.16

Oxygen pressure « 50.0 ant** Weight of Ti02 « 0.1000 gins.
0.25 mis. 0.05 M glucose added.

Thermostat temperature « 27.5°C Bourdon gauge sensitivity « 0.107 ran/div

Reaction space volume « >3.8 mis.

t A p t t

0 0 82 17.3 593 46.3
1 1.0 91 17.7 617 47.7
2 1.7 101 19.4 648 48.7
4 2.6 107 19.7 <*>662 49.4

5 3.4 116 2 0.6 700 51.5
7 3.S <a)141 23.6 726 52.0
9 4.5 158 24.8 762 53.5

10 5.3 185 26.9 804
/ \

54.9
13 5.6 203 28.5 844 56.7
15 6.3 224 29.6 865 57.6
20 7.5 256 31.6 892 57.3
22 3.2 295 33.6 913 58.8
27 9.2 327 35.6 994 60.8
35 10.5 396 38.8 1030 61.2
39 11.0 494 42.7 1180 64.9
58 13.7 551 45.7 1217 66.1
73 15.9 574 46.6 1530 73.7

(a) Illumination discontinued for 12 hrs.

(b) Illumination discontinued for 12 hrs.

(c) Illumination discontinued for 16 hrs.

Dark Uptake * 1.9 diva.
Dark Uptake a 1.2 divs.
Dare Uptake « 2.6 divs.
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TAPiff.,,40

OMsm gg&atei aj&imsm, jlsm
(S « 0,0225) Ti0„ Film
... . .ft i

're-illuminate d in 50 :* .s.

Sssum ?qiq Majg—£&& i&u it. Ji
Oxygen pressure « 50.0 rams, Weight of TiOg » 0,1000 gm, 0,1 nils,
0,125 M glucose added. Thermostat temperature » 27.5 O. Bourdon

gauge sensitivity » 0,107 mtVdiv. Reaction space volume « 38,8 mis.

t t dp t dp

0 0 49 11.2
519 40.1

2 1.2 56 12.2
551 40.6

4 2.1 95 17.2 586 41.6
6 3-1 125 19.4 626 42.8
8 3.6 150 21.1 *k*641 43.5

11 4.2 195 24.4 680 45.4

15 5.2 240 27.4 711 46.5

19 6,2 277 29.4 755 47.6

22 7.0 309 31.5 783 48«4

25 7.5 389 35.4 874 50.6

29 8.2 416 56.5 1036 54.6

34 9.2 (s)46S 38.8 *cJ106l 55.5

40 10.1 494 39.1 1079

1103

55.7

56.7

(a) Illumination discontinued for 12 hrs, Bark Uptake m 1,8 divs,

(b) Illumination discontinued for 12 hrs. Dark Uptake » 2 divs,

(c) liiumination discontinued for 12 hrs. Dark Uptake = 2 divs.
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TABLE 41

Oxygen Uptake on Untreated T109 (Sample B)j

Oxygen pressure » 50.0 mas• v*eight of Ti02 « 0.1000 gm.
Thermostat temperature « 27•5°C• Bourdon gauge sensitivity »

0.107 fany'div. Reaction space volume a 38.8 mis.

t A p t A P t

0 0 102 6.9 795 18.1

1 0.2 121 7.1 897 19.1

2 0.9 135 7.9 965 20.0

3 1.0 161 8.2 970 20.0

5 1.1 181 8.9 1000 20.3

6 1.2 194 9.1 1063 21.0

7 1.8 205 9.1 1087 21.2

9 1.9 210 9.3 1231 22.2

10 2.0 260 10.2 1270 22.6

13 2.1 283 11.0 1325 23.0

15 2.5 333 11.9 1360 23.2

16 2.8 367 12.2 1582 25.2

18 3.0 395 12.9 1697 26.1

20 3.0 413 13.2 2350 30.0

22 3.0 450 13.9 2495 30.8

25 3.1 482 14.2 2560 31.1

27 3.4 520 15.0 2640 31.7

30 3.7 565 15.2 2755 32.1

38 4.1 596 15.8 2830 32.2

64 5.1 608 16.1 3010 33.1

79 6.0 635 16.2
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table 42

WMep for ,uf^ake C.uiarc

from Taftle 41

Ap R Log R 1/R

0.6 0.50 t.70 2.0-

1.0 0.40 t.60 2.5
2.0 0.20 T.30 5.0
2.8 0.14 1.15 7.14

4.5 0.10 t.og 9.90

5.6 0.090 5.95 11.M

6.7 0.070 2.85 14.3')
7.9 0.050 2.70 20,0

9.4 0.049 2.69 20&)
10.7 0.039 2.59 26.(6)
11.7 0.039 2.59 26.(6)
12.6 0.030 2.48 33.

13.8 0.029 5.46
15.5 0.027 2.43 3?. -4
16.8 0.024 5.38 47.. - 7
18.0 0.024 2.38 41.67
19*2 0.021 2.32
20.5 0.020 2.30 50. V

21.5 0.019 5.28 55' :,3

22.4 0.014 2.15 71.43
23.1 0.014 2.15 71.43

23.9 0.014 2.15 71.43
24.4 0.013 2.11 751.97
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Oxygen Uptake on Urea Coated Ti02J

v ap qtQQ?l ?ee flS. ?, J7« 3* *9

Oxygen pressure « 50.0mms. Weight of TiO^ « O.IOOO gnu
Q. 1 ml 0.2 giiy'lOO ml. urea solution added to the Ti02*
Thermostat temperature a 27.5°C. Bourdon gauge sensitivity a

0.107 mm/div. Reaction space volume « 38.8 mis.

t Ap t Ap

0 0.0 420 16.4

3 1.0 450 16.9

5 1.6 464 17.7

7 1.8 519 19*0

10 1.9 550 19.9

15 2.1 560 19.9

20 2.5 609 20.2

31 3.4 668 to • to

40 3.9 691 22.2

47 4.1 730 22.5

53 4.8 744 23.2

75 5.6 859 25.2

90 6.4 889 26.2

310 13.4 932 27.1

334 14.9 987 27.4

360 15.8 1034 28.1

383 15.8 1109 28*4
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TABLE 44

vameg for

uptake Curve From Table 45

Ap R Log R 1/k

0.5 0.25 T.40 4.0

2.0 0.10 T.oo 10.00

3.8 0.064 2.81 1£»&)
6.2 0.045 2.65 22.2.:

8.5 0.041 2.61 24.39

10.7 0.035 2.54 29. V

14.0 0.028 2.45 336- /1

16.8 0.023 2.36 43.^9

19.0 0.020 2.30 50.00

21.0 0.020 2.30 50. oo

25.0 0.019 2.28 53.

24.7 0.016 2 « 20 63.

26.7 0.015 2.18 67,67

28.2 0.011 2.04 94.31
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TABLE 45

Oxygen Uptake on Urea Coated TiO^;
U „ 0.004! See Fig. 3. 17

Oxygen pressure a 50.0 nuns* Weight of Ti02 » 0.1000 gm.
0.1 ml. 0.4 gm/100 ml, urea solution added to the T102,
Thermostat temperature = 27.5°C. Bourdon gauge sensitivity =

0.107 mm/div, Reaction space volume » 38.8 mis.

t Ap t Ap

0 0.0 211 12.9

2 0.5 225 13.6

4 1,0 239 14.1

6 1.6 276 15.1

8 1,9 299 16.0

11 2,0 341 17.0

14 2.5 410 18.8

16 2,8 524 21.0

18 2.3 575 22.0

21 Jo 1 623 23.0

38 4.1 637 23.3

46 5.0 679 24.0

50 5.1 712 24.3

55 5.6 751 24.8

60 5.8 788 25.5

74 7.0 832 26.3

84 7.5 867 26.8

162 10.9 942 27.8

188 12.0 1004 28.3
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46

PfiriY3<* &&&& Values foy

Uatata cm-v.g. .f TO J.^PM ...4-2,

Ap R Log R t/R

0.8 0.16 T.20 6.3
2,2 0.12 T.08 8.3:

3.3 0.096 5.98 10.4.
5.! 0.071 2.85 HI ■>

6.7 0.058 2.76 17.2.

8.0 0.050 2.70 20,0

10.0 0.043 2.63 23." >

11.1 0.040 2.60 25.

12.3 0.040 2.60 25.

13.5 0.038 2.58 26, J-

14.4 0.032 2.50 31.

15.2 0.031 2,49 32, ■ 0

16.3 0.030 2,48 33.5
17.3 0.026 2.42 38. >

18.5 0.020 2.30 50 .

19.5 0.020 2.30 50 c • ■ ' -i:

20.7 0.020 2.30 50.00
21.9 0.018 2.26 5.6*

21.9 0.018 2, 26 56 :6
23.9 0.017 2.23 59
24.6 0.016 2.20 6?. >0
25.5 0.014 5.15 71.43

26.2 0.014 2.15 71.43
27.4 0.014 2.15 71.43

28.3 0.013 2.11 7*7.32
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TAP*te 47

Oxygen Uptake on Urea Coated TiOg?

V ,» OyW« 3t 17

Oxygen pressure « 50.0 rams. height of TiQf> a 0. tOOO gra.

0.1 ml. 0.8 gni/100 ml urea solution added to the TiOj.
Thermostat temperature » 27.5 C. Bourdon gauge sensitivity »

0.10? mr^/div. Reaction space volume » 38.8 nils.

t Ap t Ap t Ap

0 0.0 34 5.1 313 23.0

1 0.1 39 5.7 370 27.0

3 0.2 55 7.2 412 28.5

4 0.8 70 9.1 496 31.5

5 1.0 83 10.0 506 31.6

7 1.2 90 10.5 541 33.5

9 1.8 100 11.8 579 35.3

12 2.1 105 11.9 616 36.5

14 2.4 121 13.6 676 38.5

16 2.9 153 15.1 710 39.0

18 3.1 163 15.8 779 41.0

20 3.1 183 17.0 833 43.0

23 3.6 226 19.0 1139 51.0

26 4.0 250 20.1 1193 52.8

30 4.2 287 22.0 1226 53.6
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48

Derived Rate Values for Uptake Curve

From Tafrl? 47

Ap R Log R 1/R

0.8 0.15 T. 18 6.7

3.3 0.12 T.08 8.3

6.5 0.11 t.04 9.4
10.5 0.084 5.92 ll.f
13.0 0.072 2.86 U.f
16.0 0.065 2.81 15.^
19.5 0.059 2.77

22*5 0.060 2.78 17.?
25.5 0.058 2.76 17.7
27.5 0.042 2.62

29.5 0.042 2.62 24<0
32.0 0.036 2.56 200)
34.0 0.036 2.56 2F.(?j:
36.5 0.036 2.56 200)
39.0 0.033 2.52 30. -1

41.5 0.031 2.49 32,

45.0 0.027 2.43 37. 4

46.8 0.026 2.42 38*
48.8 0.025 2.40 40. ;•

51.3 0.025 2.40 40. uO
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TABIS 49

Oxygen Uptake on Urea Coated Tlg;
u « 9,Q?| P*fly 17

Oxygen pressure « 50.0 mms. Weight of TiO^ = 0.1000 gin.
0.1 ml 2 gnv^lOO ml urea solution added to the T10-.
Thermostat temperature * 27«5°C. Bourdon gauge sensitivity *

0.107 nmiV'div. Reaction space volume a 38.8 mis.

t Ap t Ap t Ap

0 0 77 11.8 476 38.0

2 0.9 98 13.5 542 44.0

3 1.2 118 15.5 585 45.1

5 1.9 148 18.3 898 61.5

7 2.1 199 22.3 912 62.0

9 2.5 227 24.7 948 64.9

15 3.8 250 26.3 978 66.5

25 5.0 266 27.3 999 67.5

33 6.0 323 31.2 1015 68.5

45 7.5 362 33.7 1057 69.3

53 9.0 387 35.2 1099 70.6

67 10.1 457. 37.1 1124 71.6

1136 72.4
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table 5Q

Derived Rate Value for Uptake Curve

from Table 49

Ap R Log R 1/R

0.7 o.ap 7.48 5.35

1*5 0.25 T.40 4. Ov

3.2 0.16 7.20 6.3
5.6 0.14 7.15 7.14

8.0 0.12 7.08 8.4:
10.8 0.11 7.04 9. #9
14.7 0.10 7.oo 10 « L,;

17.6 0.090 2.95 11.11
22.0 0.079 2.90 i uyi
26.8 0.069 5.84 15"£0
30.5 0.062 1.79 16JCJ)
34.0 0.060 2.78 17^
37.0 0.060 2.78 17(7")
40.0 0.060 2.78 17^
43.0 0.058 2.76 17^4
45.9 0.055 2.74 18W
48.7 0.053 2.72

52.3 0.050 2.70 20»(0)
55.0 0.051 2.71 20 (6)
57.2 0.051 2.71 20 ft)
59.7 0.049 2.69 20(4)
63.4 0.050 1.70 20 Jb).
66.7 0.043 2.63 23*0=)
69.8 0.046 2.66
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TAB^E 11

Oxygen Uptake on Urea Coated TAO^l
U « 9,0^1 Seq Fi,gf Zt\S,

Oxygen pressure » 50.0 mms. Weight of TiOg * 0.1000 gm.
0.1 mi. 5.0 gny'lOO ml. urea solution added to the TiO^.
Thermostat temperature » 27.5°C. Bourdon gauge sensitivity a

0.107 mm/div. Reaction space volume » 38.8 mis.

t Ap t Ap t Ap

0 0.0 65 8.1 664 41.0

1 0.9 87 9*3 697 42.1

2 1.1 100 10.3 718 43.2

3 1.2 111 11.2 727 44.0

6 1.8 135 12.8 747 44.9

7 2.1 156 14.0 777 46.8

8 2.2 181 15.8 789 47.7

9 2.2 207 17.1 815 48.7

11 2.3 255 20.1 840 50.2

13 2.7 375 26.0 861 51.6

15 3.1 407 28.4 885 52.7

16 3.2 439 29.6 947 55.6

18 3.3 535 34.6 998 57.3

20 3.5 575 36.6 1020 57.8

23 4.2 581 36.8 1225 71.7

29 4.9 600 37.6 1247 72.1

37 5.3 630 38.5 1293 75.2

59 7.2 1345 77.3
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TABLE 52

Derived Rate Values for Uptake Curve

fro;n ,51

Ap R Log R 1A

0.5 0.50 1.70 2.0C

4 0.25 T.40 4.0

5.2 0.11 T.04 9*<tf

6.5 0.080 2.90 13.50
9.9 0.O70 2.85 14.39

12.5 0.062 2.79 16.1

15.2 0.059 3.77 1?»f 5
19.4 0.055 3.74 18.1

22.4 0.053 2.72 1M
25.7 0.051 2.71 20, £
29.8 0.055 3.74 18,2

33.8 0.052 2.72 19.^:
37.3 0.051 3.71 20 ■ ^ 1

39.8 0.050 2.70 20.

42.4 0.050 2.70 20■■

45.7 0.050 2.70 20,

47.7 0.049 2.69 20,

50.7 0.050 2.70 20.

53.2 0.050 2.70 20. / J

55.2 0.050 2.70 20.

57.4 0.048 2.68 2f.

63.2 0.045 2.65 22,

69.8 0.045 2.65 22.
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table 55

Oxygen Uptake on Urea Coated TiQ^S

¥ » Qt4i Pifir ,2i I8

Oxygen pressure « 50.0 mms. Weight of TiO^ « 0.1000 gm.
0.1 mi 40 gny'lGO ml. urea solution added to the TiOg.
Thermostat temperature a 27.5°C. Bourdon gauge sensitivity »

0.107 ram/div. Reaction space volume « 38.8 mis.

t

0

2

4
6

13
20

28

34

47

115
152
188

255
286

300

325
507
532
600

758

bp

0

0.1

0.8

0.9

1.9
2.0

2.5

3.0

3.9

7.0
8.8

10.0

12.0

13.0
14.0

14.8
20.0

21.0

23.0

27.0
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TA^E 54

A^.y^,qf WW AqueoMff Extracts

from Urea Coated Ti02 Films after
Illumination in Oxygen

Time
of

Illumi¬
nation
(mins•)

Results for a 6 ml, portion of the extract

Absor-
bance Urea

Moles
Urea

XIO6

Moles Urea
Reacted

X106

Total
Moles
Urea

Reacted

X106

20 0.583 1160 19-3 0.7 1.2

40 0.574 1140 19.0 1.0 1.7

65 0.540 1080 18.0 2.0 3.3

177 0.532 1060 17.7 2.3 3.8

297 0.505 1010 16.8 3.2 5.3

424 0.510 1020 17.0 3.0 5.0

600 0.498 990 16.5 3.5 5.9

740 0.483 960 16.0 4.0 6.7

970 0.454 910 15.1 4.9 8.1

1250 0.420 840 14.0 6.0 10.0

1500 0.430 850 14.2 5.8 9.7

1315 0.445 890 14.8 5.2 8.7

1380 0.406 810 13.5 6.5 10.8
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table gg

Analysis of Nitrite Ion in Aqueous Extracts

from Urea Coated T102 Films after

Il|,mnifiati<ffl in Oxygen

Time of
Illumination
(wins.)

Absor-
bance

Volume
of Extract Nitrite

used in in Total
Analysis Analysis Nitrite

(mis) Solution Formed •

Moles
Nitrite

t
Formed XIO

20 0.075 2.0 1.8 9.0 0.2O

40 0.105 2.0 2.5 12.5 0.27

65 0.233 2.0 6.3 31.5 0.66

177 0.468 2*0 13*0 65.0 1.41

297 0.655 2.0 18.2 91.0 1.90

424 0.780 2.0 21.8 109.0 2.40

540 0.852 2.0 23.8 119.0 2.43

600 0.312 0.5 8.5 170.0 3.70

724 0.529 1.0 14.7 147.0 3.19

885 0.436 1.0 12.0 120.0 2.60

970 0.352 0.5 9.6 192.0 4.17

1250 0.479 1.0 13.7 137.0 3.00

1515 0.350 0.5 9.5 190.0 4.13

1380 0.685 1.0 19.0 190.0 4.13
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table; gft

Analyses of Gaseous Products

From Urea Coated T102 Films
Illuminated in, Oxygen

Temperature « 27.5°c

Time of
Illumi¬
nation
(mins.)

Total
Pressure

n20 + c02
(Bourdon
diva.)

Pressure

N2 0
(Bourdon
divs.)

Pressure
CO„ Moles CO,

(noufdon Fon»f
divs.) X10

Moles

n2°
Formed

X106

♦ 40 4.5 0.0 4.5 1.00 0.00

155 9.0 0.0 9.0 2.44 0.00

+ 175 8.0 0.5 7.5 1.66 0.11

297 9.0 0.0 9.0 2.44 0.00

438 16.5 0.5 16.0 3.55 0.11

+ 724 26.0 0.0 26.0 5.76 0.00

& 885 30.0 1.0 29.0 7.85 0.27

+ 1020 36.0 0.0 36.0 8.00 0.00

+ 1250 38.0 1.0 37.0 8.20 0.22

+ 1315 44.5 0.5 44.0 9.75 0.11

+ Bourdon gauge sensitivity » 0.084 Volume » 60.4
* Fourdon gauge sensitivity » 0.107 Volume m 38.8.
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table ?7

Reflectance Spectra of Ti02 in Air

(a) Untreated TiQ2

A->, 610 600 590 580 570 550 530 510 500 490
R 100 100 100 100 100 99.9 99.4 98.7 98.1 97.7

Anyn. 4.8O 470 460 450 445 440 435 430 425 420
R 97.2 96.6 95.8 95.0 94.5 94.2 94.3 93.9 92.2 90.9

Am^. 415 405 400 395 390 3S5 380 375 370 365
R 86.0 80.5 72.6 61.6 49.9 58.3 28.8 21.2 16.4 12.8

A hy*. 360
R 10,2

(b) Ti02 illuminated in air

X IByUL. *1 r2 R3 R4 R5
610 100.1 100.3 100.3 100.4 100.6
600 100.1 100.3 100.0 100.4 100.8

580 100.4 100.4 100.8 100.4 100.8

550 100.4 100.4 100.8 100.8 100.2

500 99.7 100.1 100.3 100.4 101.2

480 99.0 99.5 99.7 100.4 101.2

460 97.9 98.0 99.0 99.1 101.0

440 95.6 95.9 97.0 97.7 100.0

435 94.8 95.0 96.4 97.1 99.9

430 94.0 94.0 95.8 96.6 99.6
425 92.7 93.0 95.0 95.9 98.8
400 71.0 71.9 74.0 74.4 76.9
390 48.2 49.2 49.9 50.0 51.8
380 27.2 27.9 28.4 28.5 29.5

370 14.9 15.8 15.8 16.1 16.5
360 8.8 9.9 9.8 9.9 10.2
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TABLE 57

(Continued)

R * reflectance of Ti02

Rj a " " " after 30 minutes illumination in air
^ B H MM n | flJQ M M M M

Rj = " MM M 268 M " " "
£ — M MM M M M MM

4

I
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taple

Reflectance Spectra of TiO„ in Vacuo
I, i 4 i

(Preliminary Experiments)

A«a^. R| R2 R3 R

1000 104.0 74.0 74.5 75.3 81.5

900 103.8 74.8 74.9 75.7 81.9

850 103.9 75.8 76.0 76.7 -

800 103.8 77.2 77.2 78.0 83.4

750 103.8 78.5 78.5 79.0

700 103.8 80.2 79.9 80.9 85.4

650 103.8 81.8 81.8 82.2

610 102.4 83.5 83.4 83.6 -

600 102.2 83.5 83.4 83.6 87.1

580 101.8 83.5 83.4 83.7 -

560 101,0 83.7 83.8 84.8 86*5

540 100.3 83.9 83.9 84.2 -

520 99.7 83.8 84.0 84.2 86.0

500 98.5 83.8 84.0 84.0 85.7

490 97.9 83.7 83.6 83.6 -

480 97.5 83.4 83.6 83.4 85.1

470 96.6 83.1 83.2 83.2 4M»

460/
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TABLE g8
(Continued)

X IByU. R1 R2 R3 R4 R5

460 96.0 82.8 83.0 83.0 84.1

450 95.2 82.5 82.5 82.5 -

440 94.0 82.0 82.2 82.1 83.1

430 92.8 81.5 81.6 81.6 -

420 91.2 80.7 80.7 80.8 81.5

410 85.6 77.4 77.2 77.2 78.1

400 67.3 63.2 63.0 62.8 63.6

390 40.2 38.9 39.0 39.0 38.8

380 21.6 21.5 21.2 21.2 21.0

370 12.8 12.9 12.8 12.8 12.5

360 8.0 8.2 8.2 8.2 7.8

Rj as Reflectance values ibr TiO^ In vacuo
® " after 364 mine. illumination

In air (1)

as Reflectance values for T102 after (1) and standing in the
dark for 30 mins.

« Reflectance values for Ti02 after (1) and standing In the
dark for 165 mins.

r<5 » Reflectance values for TiOg after (1) and standing in the
dark for 60 hours.



Am/*..

1000

950

900

850

800

750

700

650

625

600

580

560

540

520

500

480

460

440/
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TABIE 59

Reflectance Spectra of T102 In Vacuo

R1 R2 R*
j Pv4 R5 r6

85.0 79.1
*

75.8 70.0 67.4 62.4

85.0 79.3 76.1 70.1 67.6 62.5

85.1 79.0 75.8 69.9 67.6 62.9

85.1 79.3 76.0 70.2 68.0 63.4

85.1 79.5 76.2 71.0 68.9 64.8

85.5 79.8 76.9 71.8 70.1 66.0

85.5 80.2 77.7 73.0 71.6 67.9

85.9 80.9 78.5 74.1 73.3 70.0

85.9 81.2 79.0 74.7 74.1 71.0

85.6 81.2 79.2 74.9 74.7 71.8

86.0 81.5 79.4 75.7 75.4 72.8

86.0 81.5 79.8 75.9 76.0 73.5

85.9 81.4 79.7 76.2 76.7 74.4

86.0 81.0 79.5 76.2 77.0 74.8

85.6 30.8 79.2 76.2 77.0 75.2

85.0 80.1 78.5 75.6 77.0 75.3

84.1 79.2 77.8 75.0 76.4 75.0
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IM1JL52

(Continued)

Any*. R! R2 R3 R4 r5 R6

440 82.8 78.0 76.7 74.2 75.8 74.5

420 80.4 76.2 75.0 72.8 74.5 73.2

410 74.8 7K9 71.0 69.0 71.0 70.5

400 56.4 55.0 54.5 53.2 55.5 56.0

395 41.3 40.8 40.7 39.7 41.9 42.5

390 27.9 28.2 27.5 26.9 28.7 29.0

385 17.8 17.8 17.8 17.3 18.5 18.8

580 11.5 11.7 11.5 11.2 11.9 11.8

370 6.0 6*2 6.1 5.8 6.2 6.0

360 4.2 4. 2 4. 2 4.1 4.2 4.1

350 3.7 3.8 3.8 3.4 3.8 3.4

340 3.7 3.8 3.8 3.3 3.8 3.4

RI » Reflectance values for Ti02 in vacuo
R2 a n « «» » n « after 12 rains illumination
R3 a

It li it II 11 11 It 34 w II

R4 a
It it if if It II II 134 H II

R5 a
ti tl it 1! If II It 414 II If

r6 a It t» « If t* II II 954 M It
*
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TABLE 60

Reflectance Spectra of T102 In Vacuo
After 954 mine Illumination

X rryx. *1 ft2 3 R4 R6

1000 63.2 63.8 64.7 77.2 65.9 89.7

950 63.4 64.0 65.2 77.3 65.9 89.9

900 64.0 63.8 64.7 76.8 65.8 88.9

850 64.6 64.4 65.4 76.9 66.5 88.6

800 65.7 65.4 66.3 77.5 67.3 88.6

750 67.1 66.8 67.9 78.2 68.7 88.6

700 69.0 68.7 69.4 79.2 70.4 88.9

650 70.8 70.7 71.6 80.2 72.3 89.O

625 71.8 71.7 72.5 80.7 73.2 89.0

600 72.1 72.4 73.2 80.9 73.8 88.8

580 73.0 73.7 74.3 31.1 74.8 88.9

560 73.9 74.3 74.8 81.4 75.2 88.9

540 74.6 74.9 75.7 81.7 76.0 88.9

520 75.1 75.3 76.0 81.5 76.3 88.3

500 75.3 75.8 76.2 81.5 76.7 88.0

480 75.7 75.8 76.2 80.9 76.7 87.5

460 75.2 75.7 76.0 80.0 76.2 86.5

440/
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TABLE 60

(^SOMnued)

Anryx. R1 R2 R3 R4 R5 R6

440 74.8 75.0 75.3 79.2 75.5 85.2

420 73.7 73.8 74.1 77.6 74.2 82.8

410 70.5 70.6 71.0 73.9 71.0 77.3

400 55.9 56.0 56.8 57.4 56.3 58.2

395 42.2 42.3 42.5 43.0 42.5 42.7

390 29.0 28.8 29.2 29.3 29.2 28.5

385 18.5 18.4 18.8 18.9 18.8 18.2

380 11.9 11.9 11.8 12.1 11.9 11.8

370 6.2 6.1 6.6 6.2 6.1 6.2

360 4.2 4.2 4.2 4. 2 4.2 4.2

350 3.7 3.7 3.7 3.8 3.8 3.8

340 3.7 3.7 3.7 3.8 3.8 3.8

Rj a Reflectance values for film allowed to stand In dark for 45 mins.
" 180 mins.

" 480 mins.

" 73 hours,

reilluminated for 320 mins.

after admission of 1 atmosphere oxygen.

R2 s
tt It tt tt

R3 a
tl ft It It

R4 a
It tt tt tt

R5 a
If If It It

E . «"» It It It It

tt It It tt It

It It tt If It

It It tt tt tt



X m/A.

1000

950

900

850

800

750

700

650

625

600

580

560

540

520

500

480

460

440/
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TABLE 61

Reflectance Spectra of T102 After Illumination
In Presence of 700 mms. 0o

. **

r1 r2 r3 r4 r5 r6

86.2 85.6 86.8 87.2 88.5 86.9

86*4 86.2 87.4 87.2 88.7 87.8

86.9 86.2 87.3 87.2 88.8 87.3

86.0 85.7 86.8 87.2 88.6 87.1

86.0 85.9 86.9 87.4 88.5 87.2

86.2 85.9 86.9 87.5 88.8 87.2

86.2 86.6 87-4 87.7 89.0 87.6

86.4 86.8 87.6 88.3 89.4 88.2

86.8 86.8 87.8 88.3 89.6 88.2

86.8 86.5 87.8 88,1 89.6 87.7

86.8 87.0 87.8 88.5 89.6 88.2

86.8 87.2 88.0 88.5 89.9 88.9

86.8 87.3 88.0 88.8 90.0 88.9

86.4 87.3 86.0 88.8 90.0 88.9

86.2 87.1 88.0 88.8 90.0 88.9

85.7 86.7 87.7 88.2 89.4 88.2

8-4.8 85.6 86.8 87.3 88.8 87.6
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TApLE 61
(Continued)

aitt/j-. r1 r2 r «

3 r4 r5 r6

440 83.2 84.2 85.3 86.1 87.1 85.9

420 80,8 81.5 82.8 83.5 84.8 83.2

410 76.2 77.0 78.0 78.9 80.0 78.4

400 59.8 60.3 60.9 60.9 62,5 61.4

395 44.8 45.0 45.4 45.8 46.9 45.5

390 30.2 30.8 30.4 30.3 31.8 30.5

385 19.0 19.2 18.9 19.2 19.8 19.1

380 11.8 12.0 11.7 11.8 12.2 11.7

370 5.9 5.8 5.9 5.9 5.8 5.8

360 4.1 4.2 4.1 4.2 4.1 3.8

350 3.8 3.9 3.7 3.8 3.7 3.6

340 3.8 3.8 3.7 3.8 3.7 3.6

R
^ « Reflectance values for unilluminated film.

R2 « " " " film illuminated for 20 mins.

R3 = " " " " " " 90 rains.
R4 » H " " " " " 200 mins.
R5 =» M " " " » M 550 rains.
R6 « " M M M " "1270 mins.



TABLE 62

Reflectance Spectra of T102 After Illumination
In Presence of 50 rotna.

£$XS£B

X m/A. R1 r2 R3 R4 R5

1000 90.4 90.9 89.9 90.3 91.6

950 90.6 90*9 89.9 90.4 91.8

900 90.4 90.9 90.2 90.3 91.4

850 90.0 90.4 89.5 90.1 90.9

800 89.8 90.3 88.4 89.7 90.9

750 90.1 90.3 89.6 89.9 91.2

700 90.1 90.8 90.2 90.0 91.5

650 90.5 90.8 90.2 90.3 91.6

625 90.5 90.8 90.2 90.4 91.6

600 90.5 90.9 89.8 90.4 91.8

580 90.8 90.9 90.2 90.6 91.8

560 90.8 90.7 90.3 90.6 91.8

540 90.5 90.8 90.3 90.6 92.0

520 90.5 90.0 90.1 90.6 92.0

500 90.0 90.2 90.1 90.8 91.5

480 89.8 89.9 89.7 90.2 91.3

460 88.2 89.0 88.7 89.2 90.7
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table 62

(Continued)

Xm/JL. R1 83 R4 R5

440 86*8 87.6 87.2 87.8 89.3

420 83.5 84.9 84.9 85.7 87.2

410 78.0 80.0 80.0 81.0 82.3

400 60.2 62.0 61.8 62.4 64.8

395 45.2 46 .0 46.O 46.8 47.2

390 30.8 31 *2 30.8 31.2 32.2

385 19.2 19.8 19.3 19.9 20.2

380 12.0 12.2 12.1 12.2 12.2

370 5.9 6.0 5.8 6.2 6.2

360 4.2 4.2 4.2 4.4 4.2

350 3.6 3.9 3.7 3.8 3.8

340 3.6 3.9 3.7 3.8 3.8

Ri 8 Reflectance values for Film not illuminated

R2 S Reflectance values for film illuminated >■*> 0 Vd0 mins •

R3 SS
II H « n « « 75 w

rA 85?
« M 11 » »i " 135 It

R5 m II II « it it " 320 II
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TABLE 65

Oxygen Uptake on Untreated Ti02 (Sample C)

Oxygen pressure » 50 mms. Weight of TiO^ = 0*1000 gin*
»

mm/div
Thermostat temperature a 27*5°C Bourdon gauge sensitivity » 0*107

Reaction space volume a 38*8 sals*

t

0 0

3 0*2

5 0*4
10 0.7

14 1*2

IS 1*2

24 1.3

31 1*6

40 2*2

53 2.3

63 2*2

75 2.3
86 2.5
97 3.1

123 3.2
140 3.3

150 3.3
216 3.5
240 3.6
256 3.9

t Ap

285 4.1

320 4.3

340 4.4

370 4*5

423 4*6
470 4.7

520 4.9

548 5.0
600 5.4

638 5.7

730 6.0

790 6.0

850 6.2

895 6.2

1135 ?•!
1205 7.1

1255 7.4

1305 7.1

1345 7.1
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