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Abstract:

Many organic substances, including many complex organic compounds which are not biodegradable,
can be oxidized in the presence of a photosensitizing dye, visible light and molecular oxygen. The dye
absorbs energy from visible light and transfers it to the oxygen-substrate reaction system where
photo-oxidation occurs. The dye can be recovered for reuse and only light energy and molecular
oxygen are spent.

Basic science research has shown that many classes of organic compounds including phenols, amines,
lignins, and nitriles are amenable to photo-oxidation; but application of the process to waste treatment
has not been explored.

The purpose of this study was to do preliminary testing in determining if dye sensitized
photo-oxidation can be applied to waste treatment. Several concentrations of methylene blue dye (.25
to 25 mg/1) were tested for effectiveness in sensitizing the photo-oxidation of cresol in water solution
(10 to 300 mg/1). Temperature and pH changes were observed during the experimentation.

The results of the investigation indicate that cresol can be destroyed by methylene blue sensitized
photo-oxidation. The rate of the process can be accurately described by the chemical kinetics equation
first order in cresol (C = C0Oe”kt), but the mechanism of the reactions involved is probably not simply
first order. The rate of the process varies with dye and substrate concentration and there are optimum
values for both.

As cresol was photo-oxidized the pH of the reaction system decreased, indicating that the oxidation
products were acidic. Temperature increased during the reaction due to heat emission by the light
source.

This study indicated that dye sensitized photo-oxidation has potential as a waste treatment process and
merits further investigation and development.
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ABSTRACT

Many organic substances, including many complex organic compounds
which are not biodegradable, can be oxidized in the presence of a
photosensitizing dye, visible light and molecular oxygen. The dye
absorbs energy from visible light and transfers it to the oxygen-
substrate reaction system where photo-oxidation occurs. The dye can
be recovered for reuse and only light energy and molecular oxygen are
spent.

Basic science research has shown that many -classes of organic
compounds including phenols, amines, lignins, and nitriles are amenable
to photo-oxidation; but application of the process to waste treatment
has not been explored.

The purpose of this study was to do preliminary testing in
determining if dye sensitized photo-oxidation can be applied to waste
treatment. Several concentrations of methylene blue dye (.25 to 25
mg/l) were tested for effectiveness in sensitizing the photo-oxidation
of cresol in water solution (10 .to 300 mg/l). Temperature and pH
changes were observed during the experimentation.

The results of the investigation indicate that cresol can be
destroyed by methylene blue sensitized photo-oxidation. The rate of
the process can be accurately described by the chemical kinetics
equation first order in cresol (C = Coek ), but the mechanlsm of the
reactions involved is probably not simply first order. The rate of the
process varies with dye and substrate concentration and there are
optimum values foxr both.

As cresol was photo-oxidized the pH of the reaction system
decreased, indicating that the oxidation products were acidic. Temp~
erature increaséed during the reaction due to heat emission by the
light source.

This study indicated that dye sensitized photo-oxidation has
potential as a waste treatment process and merits further investigation
and development.




CHAPTER 1
INTRODUCTION

Dye sensitized aerobic photo-oxidation is a process by which a
photo-sensitive substrate can be chemically modified in the presence
of a photo-sensitizing dye, visible light and molecular oxygen. Much
scientific research has been done on dye sensitized photo-oxidation but
engineering application of the ﬁrocess to water and waste treatment has
received little attention. Kiﬁny and Ivanuski (1969) did some work on
photolysis of waste materials but very little on dye sensitization or
mechanism-analysis.

For photo-oxidation applied to waste treatment, the substrate -
would be waste molecules to be oxidized and the source of'molécular
oxygen'would be ‘dissolved oxygen in the waste stream. According to
Toote (1968) and others, there are several mechanisms by which the
process can occur, but Eggers et al (1964) state that the first step ié
almost always the absorption of light energy by sensitizefrdye. The
absorbed light energy electronicaily excites the dye to an excited
singlet state (all electron spins paired and some bond electrons in
energy orbitals higher than ground state). The singlet state is then
spontaneously converted to a triplet state (electron spins parallel and
with higher than ground state energy). Foote (1968) describes twé
general reaction pathwayé'which can follow ?;Fﬁ? %Ermatiop of triplet

state dye: (1) the triplet sensitizer interacts with ground state
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molecular oxygen, or (2) the triplet sensitizer reacts directly‘#ith
the substrate present. In the first reaction pathway, on contacﬁ with
a ground state oxygen molecule, triplet sensitizer passes its enérgy of
light absorption on to the oxygen'molecule to form excited singlet
oxygen, The dye returns ;o ground state after the energy transfer and
is .capable of absorbing more light. Excited singlet oxygen'is a strong
oxidizing agent capable of quickly oxidizing ﬁhotorsensitive substrate
molecules on contact. Since this reaction sequence results in net loss
of only oxygen and light energy, it holds the greatest promise for
'waste treatment.

The second reéction pathway can result in permanent destruction of
the sensitizer dye. Since the dyes are relatively expensive this
process would likely prove uneconomical for waste treatment.

Which of the'two above described pathways predominates in a photo-
oxidation reaction system is a sensitive function of oxygen concen—
tration sensitizer concentration and reactivity with oxygen, sub§trate
re;ctivity and concentration; and the raée of triplet sensitizer decay.
Eggers et al (1964) state that the desired pathway can be selected by
properly controlling reaction conditions.

According to Spikes and Straight (1967) many classes of organic
compounds are sensitive to photo-oxidation, including: alcohols,
nitrogen heFerocyclics, organic acids, phenols, and benzenoid and
aromatic heterocyclic compounds. Hence manyaﬁf”fhe substances found in

domestic and industrial wastes, including refractory organics such as
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phenols, cresols, amines (from fish and beet sugar industries),

1lignins (from wood products), and unsaturated nitriles occurring in syn-

thetic fiber industry waste, can be photo-oxidized. Bulla and Edgerley
(1968) showed that 2,4,5-T (2,4,5-trich10rophenoxyacetic acid)} paréthion,
and IPC (isopropyl N-phenylcarbamate) éan be photo-oxidized. The odor-
causing sulfhydryl groups in mercaptans are readily photo-oxidized to
nonroaorous forms. Investigations by Mathews (1963), Oginsky et al
(1959), and others show that most microdrganisms,.including virﬁses,‘can
be killed by low concentrations of photo-sensitizing dyés in the

presence of light and oxygen.

OBJECTIVES
The general purpose of this research is to make preliminary tests
in the application of photo-oxidation to waste treatment. More

specifically the objectives are to:

1. Test cresol for susceptibility to photo-oxida}ion.

2. Determiné the dependence of the photo-oxidation rgactidns
on dye concentration.

3. Determine how varying substrate concentration affects the
photo~oxidation process.

4, Gather pH data from the photo-~oxidation reactions for the
purﬁose of determining how pH affectgzandris affected by

photo~oxidation.




CHAPTER 1T

THEORY AND LITERATURE REVIEW
There are virtually no references to the épplication of dye
sensitized photo-oxidétion to water or waste treatment. Bulla and
Edgerley (1968) investigated photo-oxidation éf a few specific organic
materials, mainly pesticides, but they used ultraviolet light and no
sensitizer dye. Since engineering application of dye sensitized photo-~
oxidation has not been reporte&; it is necessary to try to extract

usable information from reports of scientific research.

REACTION MECHANISM

The primary goal of past research in photo-oxidation has been to
elucidate the mechanism by which the chemical reactions occur for any
particular sét of reaction conditioné.’ But the evident conflict among
the conclusions of the various investigators indicates that the goal
has yet to be satisfactorily attained. One thing does seem clear,
however. Dye-sensitized photo-oxidation can occur by many different
mechénisms and reaction.pathways depending on reaction conditions.such
as the relative concentrations of the reactants, charaéteristics of the
light source, pH, aqd temperature. But it is seldoin possible to predict
the mechanism knowing just the reaction cbnditions.

As there are no genefal rules for prediégg;é éhe mechanism of a
photo-oxidation.deactiony, Codmberrand'Pitts‘(1970) describe analytical

techniques such as flash photolysis or flash spectroscopy which must be
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employed to identify and measure the short-lived intermediates involved.
On;e the intermediates have‘been identified the reaction mechanism can
be established. Most mechanism studies, however, have been made for
reaction conditions much different frpm those in a water or'w%ste
treatment process and hence are ﬁot discussed in this report.

The following is a description of the mechanisms reported in the
literature by which the photo-oxidation observed in this investigation
might have occurred. To facilitate describing the different mechanisms,
the process is arbitrarily divided into three steps: (1) the absorption
of activating light energy, (2) the primary'reacfion of the energized
specieé formed in (1) above, and (3) the subsequent feactions of any

radicals or -intermediates to form other intermediates or final products.

Absorption of Light Energy

. Although formation of triplet sensitizer is usually the first step
in dyé sensitized photo-oxidation, Spikes aﬁd Straight (1967) indiéate
tﬁat the singlet state of the sensitizer can be iﬁvolved. Since the
singlet species is relatively short-lived, however, most reactions

probably proceed by way of the triplet sensitizer.

Primary Reactions of EnergizedVSensitizer

Al

The primary reactions of just triplet state sensitizer are
discussed here.

If substrate molecules and molecular oxygéﬁ'are present in the

reaction system, most of the triplet sensitizer molecules have one of
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three destinies: (1)‘decay to ground state,.(Z) interaction with . ground
" state molecular oxygen to form one .of several possible radicals or
intermediates, and (3) interaction with substraté to form one of several

possible complexes or intermediates.

Triplet Sensitizer Decay 1If the triblet sensitizer decays directly

to ground state no photo=-oxidation reactions occur.

Triplet Sensitizer-Oxygen Interaction According to Gfossweiner
and Zwicker (1968) interaction of triplet sensitizer‘with ground state
oxygen can involve simple energy transfer or electgon tranéfer. Energy
transfer from dye to oxygen produces either an active dye-oxygen complex
or energized singlet oxygen plus ground state dye; and it is difficult
to distinguish between them. Foote (1968) concluded that recent evidence
favors the energized singlet oxygeﬂ plus grouné state dyei

Foote (1968) and Pitts et al (1963) suggest that the two singlet
oxygen species most likely involved in photo-oxidations are (4¢g) and
(ag)- (ag) probably predomiﬁates in mést‘instances because its energy
of formation (22‘kilocalories) is 1eés than that of (2g) (37 kilocal-
ories). | »

Electron transfer from triplet gensitizer to ground state oxygen
results in oxidative bleaching of the dye and production of a semi-
reduced radical of molecular oxygen. Oxidative bleaching is loss of

coloxr due. to loss of an electron or electrons by dye molecules. The

dye can then be called "semi-oxidized sensitizer'. The semi-oxidized
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oxygen molecules which gain electrons as a result of transfer from -

\

the dye are said to be semi-reduced.

Triplet Sensitizer-Substrate Interaction Little is known about the

mechanism involved or the intermediates formed when triplet sensitize
. ] .

interacts directly with substrate. Foote (1968) pointé out that simple

. energy transfer between the triplet sensitizer and substrate is unlikely

1 .
in most instances because the triplet state of the sensitizer is

usually lower in energy than the triplet state of the substratep Foote
(1968) and Grossweiner and Zwicker (1968) suggest that a more probable
route involves formation of hydrogen atom or electron transfer
complexes; but it is difficﬁlt to distinguish between hydrogen atom and
electron transfer interactions. Hydrogen atom and electron transfer
complexes can lead to: (1) irreversible complexing, (2) reversible

complexing wherein the reverse reaction regenerates ground state

sensitizer plus altered or unaltered substrate, and (3) complex

formation followed by fragmentation of the complex into several ion

radicals or molecular intermediates.

Secondary Reactions of Intermediates .

Several kinds of intermediates might result from the primary
reactions described earlier. They are: (1) semi-oxidized molecules
of sensitizer or substrate, (2) semi~reduced molecules of sensitizer,
molecular oxygen, or substrate, (3) énergizéa-singlet oxygen, and (4) &

complexes made up of different combinations of.dye, oxygeﬁ and substrate.
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The complexes might be either semi-reduced or semi-oxidized.
The following secondary reactions might be ovserved in an aerobic

dye sensitized photo-oxidation system.

G-D (decay) - ¢5)

0-D =

0-D + R-0 = G-D + G-0 @) .
0-D + G-S = G-D + 0-8 ©(3)
0-D + R-§ = G-S + G-S L %)
0-D + R-§ = G-S + 0-S (5)
SO + G-S = 0-S ‘ (6)
T-D + R-§ = G-D + 0-S 1)

where O-D 1is semi~9xidized dye, G-D is grouqd state dye, R-0 is semi-
reauced oxygen, 0-S is semi-oxidized substrgte, k-S is semi-reduced
substrafe, G-S is ground'state substrate, SO is singlet oxygen, and
T-D is triplet dye sensitizer. h

Any semi-reduced or semi-oxidized intermediate complexes-might be
expected to separate into the original ground state molecules from which
they were formed, break down into new radical species, or react with
other oxidized or reduced species to produce final products.

Fig. 1 is a graphic summary of the possible mechanisms for aerobic

dye sensitized photo-oxidation. The superscripts o and 3 indicate

ground state and triplet state respectively.’ . The .subscripts ox and red, |

mean oxidized and reduced, Sing 0o refers to singlet oxygen, Sub
indicates substrate, and Sens means sensitizer dye.

S
.

e dede




%Sens + h —_— 3Sens

3

Sens + %oxygen-

Fig. 1 SUMMARY

decay 5 Ogans

3 Sensgyy + Sens g
OSens

Sensred + SubOX

OSens + Subred

(see below)

— %Sens + Sing 0p, then Sing 0y + OSub —> SubOX
o
Sens + Sub
- o
Ly Sensyy, + O, then Sensgy + ~Sub Sensred + SubOX
Sens-Sub complex

(ox. or red.)

o)
Sens + Subox

Ly Sens-0 complex
(energized)
Sens=-Sub complex
ox

OF AEROBIC DYE SENSITIZED PHOTO-OXIDATION REACTIONS
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SUBSTRATE . i

Spikes and Straight (1967) list the following substances aé:being
sensitive to photo-oxidation: alcohols, aldehydes, amines, amino acids,
carbohydratés, esters, indoles, ketones, olefins, ﬁqcleic acids, oréanic

"acids, phenols, proteins, purines, pypimidines, pyrroles, and benzénoid
compounds.

Kolesnikov (1958) determined the relative susceptibility of several
phenolic and other substancgs to, riboflavin-sensitized photo-oxidation.
In Table 1, for several of those compounds the oxygen absorption
during photo-oxidation i listed. One of Kolesnikov's conclusions was
that para and ortho diphénols and their derivatives are not sensitive

to photo-oxidation, but derivatives of monophenol are sensitive to the

reaction.

SENSITIZER DYES

According to Kinney and Ivanuski (1969) many organic combounds are
capable of absorbing light energy to initiate photo-oxidation. Somé
:will sensitize’ only very specific reactions while others are more
‘general and will sensitize the photo-oxidation of many substrates. The
investigations of Bellin and Oster (1960) énd Yamamoto‘(1958) indicate
that the common dyes methylepe blue, toluidine blue, rose bengal,
neutral red and others aré good non-specific sensitizers_for phéto-

oxidation.
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TABLE 1

OXYGEN ABSORBED BY PHENOLS DURING RIBOFLAVIN SENSITIZED PHOTO-OXIDATION

Substance

Structural
formula

Micro-liters of oxygen
absorbed by 5 ml samples
of equal molar strength

control (riboflavin
in aqueous solution)

procatechol

hydroquinone

p-cresol

resorcinol

tannin from
tea

OH
o>|-.</:_\>70H
CH3 —@—OH
OH

L

numerous
different compounds

4.5

16.8 to 18.4

13.4 to 16.5

80.5 to 86.9

49535 €0 b1iy2

85,0 . to 10155




CHAPTER III
MATERTALS AND EQUIPMENT
MATERTALS

Sensitizer

The sensitizer used in this investigation was methylene blue, a
relétively cheap and readily available dye. Fig. 2 .is the absorption
spectrum for a 3 mg/l water solution of methylene blue as presented by

Holmes (1924). The dye has absorption peaks at about 6100 and 6600 A°.

Substrate
Cresol in distilled water solution was the substrate photo-oxidized

]

in this study.
EQUIPMENT

Reactor

Fig. 3 illustrates the redctor used. The light source was a
Sylvania 2, DMS, 500'wétt tungéten incandescent lamp which emits
strongly in the visible spectrum (4260—6600 AO); The reactor was lined
'Qith aluminum foil to provide for maximum light intensity on the

\

solution. ¢

- Aeration /
To provide mixing and oxygen for the photo-oxidation reactions,

the 200 milliliters of dye-substrate solution in the reaction vessel

Cep.
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Fig. 2 . ABSORPTION SPECTRUM FOR 3 mg/l METHYLENE BLUE



Light Source

-
To P
Sup
To Bulldlng
Air Supply
I
'_.l
g
|
A | #
s B N Air Diffuser

4/’/////////;;;/;;, Bottle

Fig. 3. PHOTO-OXIDATION REACTOR (to scale 1" = 3")
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were aerated from an unfiltered, oil-pumped air supply. The diffuser
was a, Pyrex glass fritted disc 33 millimeters in diameter with alpore

size range of 40 to 60 microns.

Analyzer
A Varian Aerograph model 204 1B dual=-channel gas chromatograph

with flame ionization detectors was used to monitor cresol concentration.
Table 2 is a list of the operating parameters for the gas

chromatographic measurement of cresol.

Recorder

A Sargent model DSRG dual channel recorder operating at 1 mv for

" full span recorded the output signal of the chromatograph.

Hydrogen Ton Concent;ation
pH measurements were made with an Orion model 404 specific ion .

meter using a Sargent combination glass electrode.

Temperature
Temperature measurements were made with a Curtin mercury expansion

o

thermometer.
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TABLE 2

OPERATING PARAMETERS FOR GAS CHROMATOGRAPHIC MEASUREMENT OF CRESOL IN
AQUEOUS SOLUTION .

Parameter ' - Description
Support material . Chromosorb W
Stationary phase (liquid) FFAP (Free fatty acid
phase)
Column - .
a) Material ‘ a) stainless steel
b) Diameter b) 1/8 inch
c) length c) 5 feet
d) Temperature (isothermal d) 190°¢
T operation)
Injector temperature ‘ 232°¢
Detector temperature 244°¢
| Z éémbié size 2=-5 micro-liters
. Carrier gas Helium @65 psig.
Carrier flow ' 38 ml/min.-




' CHAPTER IV
PROCEDURE

CONCENTRATIONS

Dye concentrations of .25, 1, 3, 5; 10, 15, aﬁd 25 mg/1 were tested
for effectiveness in sensitizing the éhoto-oxidation of 10, 50, 100,
150, 200, and 300 mg/l éolﬁtions of cresol. Two hundred milliliters of
each possible combination of dye and substrate concentfations weré
placed in the reaction vessel shown in Fig. 3, aerated, and illuminated.
The degree of aerobic photo-oxidation obtained was determiﬁed by

7/

measuring the decrease in cresol concentration.

AERATION

The aerobic reaction systems were aerated vigorously enough to
make it visibly evident that air\bubbles were distributed throughout
the solution. Care was takeﬂ, howéver, to prevent solution from‘
bubbling out of the reaction vessel. Dissolved oxygen concentration in

the reaction system was not monitored.
ILLUMINATION
The aerated reaction system was illuminated for short time periods
with intervals of no light Between each illumination period to allow
for recovery of dye bleached by addition of hydrogen atoms (reduétion),
Organié substrates can be the source oflhydrdéen atoms which are

added to dye molecules under the influence of light energy. Having

intervals of darkness between illumination periods allows the dye to
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shed some of the excess hydrogen atoms and regain its-color.
Illumination periods of 2, 5, and 10 minutes, separated by six -

minute intervals of no light, were tested for relative effectiveness.,

EXAMPLE EXPERIMENT

To illustrate the sequence of everfs for a single experimenf, the
procedure for testing photo—oxidgtion of a 100 mé/l cresol solution
sensitized by 5 mg/l of methylene blue Qas.és follows. The illuminatioﬂ
period was t&o minutes. With the dye-substrate solution in the aerated
reactor the lamp was turned on for two minutes. After illumination,
the solution was removed from the reactor and a two micro-liter sample
was injected into the gas chromatograph. The pH meter probe was placed
in the solution for ‘the six minutes it took for the cresol peak to
appear on fhe chromatogram and the pH was read at about the same time
the cresol peak appeared. Fig. 4 is a sample chromatogram for thé
injection gf two microliters of a solution containing 5 mg/l methylene
blue and 100 mg/l cresol before beginning illumination. Then the dye-
substrate solution was placed back in the reactor,.aerated,‘and .
illuminafed again. The sequence was repeated 13 times. Iﬁ all exper-
iments the size of sample to inject depended on the amount necessary to

obtain a satisfactory chromatogram.

TEMPERATURE ' o PR
Temperature'measurements'were made after each illumination period

for four selected experiments (two involving 2 minute illumination
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periods, one with 5 minute illumination periods, and one with 10 minute

illumination periods.

TESTS PERFORMED AND DATA REPRODUCIBILITY

A complete list of the tests performed is on page 52 of the
Appendix. Several of the tests were performed in duplicate to test
feproducibility of the experimental data. |

To determine substrate loss not due to aerobic photo-oxidation
cresol concentration was monitored in; (i) uniiluminatéd dye~-cresol
solutions, (2) illuminated solutions of cresol only, and (3) dye-cresol

solutions swept by nitrogen gas to make them anaerobic.

'

STANDARDS AND STOCK SOLUTIONS
At the beginning of each experiment, cresol standards were injected
into the chromatograph until coqsistent peaks for each standard were
obtained. Fresh standards were prepared each day from a one gram per
liter stock solution which was made up one liter at a time. ’
The stock methylene blue solution was 100 milligrams per liter,

prepared one liter at a time and stored in a foil covered flask to

prevent bleaching.

METHOD OF DATA ANALYSIS
The area of the chromatogram peaks (peak height times peak width
at % peak height) was correlated with cresoliconcentration'by ﬁlotting

calibration curves. As shown in Fig. 5, the calibration curve is a plot
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of the peak areas of cresol standard chromatograms versus their
respective cresol concentrations.

fhe data for any one of the tests performed consisted of a cresol
concentration and a pH value for each successive illumination period.
Plots of cresol concentration and pH versus total illumination time were
made to show the progression of cresol concentration and pH as cresol

/

photolysis occurred. The cresol concentration and pH curves for each
experiment were plotted on the same figure for the sake of comparison
(Fig. 6 is an.example).

The data for each experiment were fitted by the method of least

squares to two equations:

€D C ="C, + bt?
where C = cresol concentration at time t
Co= original cresol concentration at t = 0

b and a = constants
t = elapsed time
and
) C =b + Cyekt ‘
where C = cresol concentration at time t
Co= original cresol concentration at t = 0
" b = comstant
k = reaction rate constant

t = elapsed time
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The abové two equations were chosen because they are graphically

‘similar to the plots of data from this investigation.

A digital computer was programmed to perform the curve-fit

procedure by the method of least squéres. The computer output, listed

"the equation constants for the two curves to which the data of each

experiment were fitted. Also listed was the percent by which the data
deviated from each of the fitted curves. A sample of the computer

print-out is shown on page 54 of the appendix.




CHAPTER V
RESULTS

REACTION RATES

The methylene blue-cresol solutions which were noE illuminated or
aerated showed a slight decrease in cresol concentration (e.g. from'lOO
mg/1l to 95 mg/1l) after one hour. The cresol solutions which were aerated
and illuminated but contained no.sensitizer dye showed no loss in cresol
after twenty minutes of illumigatioﬁ.

For all tests wherein a dye-cresol solution was illuminatéd and
aerated (see Appendix, page 52) the cresol concentration decreased
exponeﬁtially'with illumination time. Fig. 7 is a sample plot of cresol
concentration vs. illumination time with the smooth curve fitted by.the’
method of least squares to the mathematical expression C= Coekt
(equation (2), page 22).

When anaerobic solutions of methylene blue and cresol were
illuminatéd, cresol concentration decreased according to the first order
kinetics equation (equation (2), page 22), but the rate was very much
less than for the aerobic systems. Fig. 8 is a comparison of the
reaction rates for anaerobic and aerobic systemé.

For any individual experiment, the rate of disappearance of cresol
can be ‘described by the first order kinetics equation (equation (2),
page 22). Eut the rate éonstant (k) varied with initial cresol concen=. ...-..

tration at constant dye concentrations (see Fig. 9).
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method of least squares)




o

©
O3 =
Tg k\\-—-Aerobic
g ®
A4
0% T =
Anaerobic
JOLT ® ® T
1
| | [ |
2 3 b 5

Dye Concentration (mg/l)

Fig. 8 . REACTION RATE vs. DYE CONCENTRATION. COMPARING
AFROBIC AND ANAEROBIC RATES FOR Co= 150 mg/1
AND ILLUMINATION PERIOD = 2 min.




a8

_l)

-k (min

Ol

fors I | l
250

50 100 150 200

Cresol Concentration (mg/l)

Fig. 9. REACTION RATE vs. CRESOL CONCENTRATION AT
CONSTANT DYE CONCENTRATIONS




B ~29~
The rate constant exhibited a dependence on both dye and cresol
concentrations. Figures 10 thru 13 show the variation of k with dye
concentration for the various cresol solutions and illumination periods.

o | .
The individual values of C, and k for each experiment are summarized

on pages 55 through 57 of the Appendix.

ACCURACY OF DATA ANALYSIS

The computerized curve fit and error analysis procedures showed
that all the da;a were within ninety percent of the fitted first order
curve. For about half the tests, all the data were within ninety-five
percent of the fitted curve. None of the data fit the equation c = Co
+ bt2.

For all tests, the C, computed from the equation of the fitted
curve was within at least ninety percent of the actual initial cresol

concentration.

DYE BLEACHING

There appeared to be a correlation between the amount of cresol
photo-oxidized and the degree of dye bleaching observed. The dye
solutions containing higher‘initial cresol concentrations bleached more
than those with low initial cresol content. 1In no case, however;'was
any bleachipg evident until after at least eight minuteslof illumination.

The degree of bleaching was assessed simply by observation. Dye
bleaching was not closely monitored since visible evidence was enough

to indicate that a significant amount of bleaching was occurring.
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Fig. 13. REACTION RATE vs. DYE CONCENTRATION FOR TEN
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in.all ;olutioﬁS'where dye bleaching was apparent, the original
ungleached color could not be recovered by aerating the solution'in the’
dark., Hence £he bleaching was not caused simply by hydrogen ion -

addition by the dye (i.e. reduction).

S8ince the sensitizer dye did.not bleach detectably during the first
eight minutes of illuminafion, the dye concentration during that time
period might be considered constént. To determine the effect of
changing dye concentration (throuéh bleaching) 6n the reaction gate,

a rate constant (k)'waé computed for the first eight minutes of data
. for each experiment. The k valueé for the first eight minutes of data

did not vary in a systematic way from the k values for the full 26

minutes of data (see Fig. 14).

HYDROGEN ION COﬁCENTRATION
The pH data indicated generally that pH decreaéed.as the amount of

cresol photo-oxidized increased (see Fig. 6). For solutions in which

comparatively little cresol photo-oxidation was observed'(ime. wheré

cresol was 10 mg/1l and dye was .25 mg/l) the pH went down less than

1 pH unit. In solutions where more cresol was photo-oxidized, fhe pH '

decreased from its initial value of between 7 and 8 to as low as 2.

TEMPERATURE
In spite of the coeling fan in the reactor, the’dyé-cresol solution
increased in temperature when the lamp was turned on. The greatest

temperature increases occurred during the ten minute illumination
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periads. Immediately aftexr ten minutes of steady light the tempe£ature
of the solution was observed to be as high as 60°C compared to an
initial temperature of 246C. The temperature change was not nearly so
pronounced (AT of from 12 to 15°C) for experiments iqvolving two minute
illumination periods. Fig. 15 shows the change in temperature with

time for an experiment involving two minute illumination periods.

OTHER OBSERVATIONS

A flaky small particie floc appeared in the reaction vessel whén
a considerable amount of cresol had been photo~-oxidized and the dye
appreciably bleached (i.e.‘éfter a#out'ten minutes of illumination of a
solution containing at least 1 mg/l dye and 100 mg/l cresol). The floc
was very light, did not settle, and appeared white in the blue colored
solution. The rate and total amount of floc formation were not monitored
because there was very 1ittie present and it could not be filtered out |
withoﬁt the filter paper taking up dye. The‘dye taken up by tﬁe filter
paper interfered with weighing the floc.

In addition to the floc, a thin oily film formed on the surface of
the solution.in the reaction vess?l after"éeveral minutes of illumin-
ation. The film was most evident in solutions of high dye éoﬁcentration

(10 mg/1 and above).
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CHAPTER VI
DISCUSSION
PROCEDURE, EQUIPMENT, AND MATERIALS

Sensitizer

Methylene blue was chosen as the sensitizer for this study
because it has provéd capable of sensitizing the photo-oxidation of many
. classes of organic compounds. It is also considerably cheaper than most

of the other sensitizer dyes and readily available.

Substrate ' .
Cresol occurs in peFro—chemical and ,other waste effluents and is,

according to Sawyer and McCarty (1967), refractory to the common waste

treatment processes. As shown in Table 1, however, cresol is quite

sensitive to dye sensitized photo-oxidation. Hence, it was chosen as

the test substrate for this investigation.

Reaction System

The essential ingrédients of an‘aerobic dye sénsitized photo-
oxidation system are sensifiger.dye, photo-sensitiﬁe substrafe,‘and
i molecular oxygén; all in solution in an appropriate solvent and exposed
to the proper wavelength(s) of sufficiently intense light. Water was
the solvent-used, primarily because it is the carrier fluid for most
waste effluents. Also, water does not inFerfere with the photo-

oxidation reactions and is not opaque to the required light energy.
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In all experiments, the solution in the reaction vessel was
aerated as vigorously as possible so that the oxygen supply rate!could
be considered constant for all tests. It was assumed that the oxygen
content in the air supply was constant. The intent was to eliminaté
oxygen concentration as an experiment variable.

The reaction systems were illuminated in short time intervals to
avoid excessive bleaching of the seﬁsitizer dye. Bleaching of methylene
blue.might be expected when the dye is exposed to high intensitf light
for several minutes, and bleached dyg is not effective as a photo-

sensitizer.

RESULTS

The primary intent of past research on photo-oxidation has been to
elucidate the physical chemistry of the reactions. Little or no inform-
ation 1s available on the effects of varying dye and substrate concen-

trations, and those parameters are of vital concern in application of

photo-oxidation to water or waste treatment. ‘ J

Dye Concentration

Figures 10 through 13 indicate tﬁat there is an optimum value of
dye concentration in the dye Sengitized photo-oxidation system. It lies
between 5 and 10 mg/l for cresol concentrations ranging from 10 to 300
mg/1l. The spfimum dye concentration'does not, however, seem to vary in

V.
a significantly systematic way with initial cresol concentration.
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Substirate Concentration

Fig. 9 indicates that aerobic photo-oxidation of cresol, photo=
sensitized by 1 to 5 mg/l of methylene blue, proceeds most rapidly
when the initial cresol concentration is about 50 mg/l. The o%timum'
initial cresol concentration appears to increase as dye concentration

increases.

Reaction Rate

The time rate of cresol photolysis‘in any one experiment of thisk
investigation can be éccurately described by the kinetics equation
first order in cresol (C = Coekt).y In the first order equation, the
values of the initial cresol concentration (Co) and the reaction raté
constant (k) determine the time rate of change in cresol conceﬁtration.
But theré are two factors which indicate that the actual reaction,
mechanism operating in this study is not first order in cresol. First,
the investigations of Blum (1935 and 1941)»and Foote (1968) indicaté
that the rate of the photo-oxidation process is a sensitive fUnptidn of
at least substrate concentration, dye concentration and oxygen concen-
tration; and temperatufe, pH, .and 1ight'1ntensity might also be impoxr-
tant fgctors. In fact, many investigators have concluded thét there
are optimum'values for the concentrations of substfate, dye and oxygen.
Secondly, Fig. 9 shows that the rate constan; k varies with initial
cresol concentration at constant dye qoncentfﬁtion}' 1f the reaction

were truly first order in cresol the rate constant at a constant dye
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concentration. ﬁould remain the same for any initial cresol concentra-
tion. It is important to recognize that the photolysis reaction
mechanisms involved in this investigation are probab;y not simply

first order in cresol even though the first order kinetics equation is

used to described the time rate at which the process proceeds.

Reaction Mechanism and Kinetics
. \

It is safe to say that cresol was beipg altered by photolysis in
the illuminated reaction syétemg because very little cresol disap-
pearance was observed in unilluminated dye-cresol golutions. Fﬁrtherj
more, since.both methylene blue and oxygen were necessary ingredients of
reaction systeﬁs‘Wherein cresol concentration decreased appreciably, the
chemical process involved was dye sensitized photolysis.

Cresol disappearance was observed in illuminated gnaerobic soluf
tions of.dye and cresol, inéicating that séme,triplet sensitizer was
reacting directly with substrate (cresol). That observation agrees

with previous observations by Grossweiner and Zwicker (1968) that cresol

is a relatively reactive substrate with triplet sensitizer. The half-

life of cresol in the anaerobic photo~pxidation‘system with 3 mg/l dye

and 150 mg/l cresol was 77.6 minutes. In the aerobic reaction of 3 mg/l
dye and 150 mg/1 cresol, however, the half-life of cresol was 22.6

minutes. Hence in the aerobic system, a reaction mechanism involving

oxygen was operating and the mechanism was faster than the triplet

. sensitizer-substrate mechanism of the anaerobic reaction (see Fig. 8).

n
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It is quite'probable that both of th; mechanisms described abové are
involved and competing in the aerobic reaction'sygfem, with the;faster
mechanism involving oxygen predominating.

Dye bleaching was not observed in‘the anaerobic methylene blue;
cresol solutions which were illuminafed. Therefore, either the triplet
sensitizer-sﬁbstrate reaction was occurring By a mechanism which .
conserved ground state dye or there was not enbugh reaction to cause an
observable amount of dye bleaching.

The significant amount of dye bleaching obseryed in the aerobic
reaction system indicated that aerobic photolysis of cresol for the

:coﬁ&tions of this investigation proceeds by a mechanism which results
in permanent dgstruction of part of the sensitizer. There is likely a
sensitizer-oxygen-substraté complex involved since illumination of
aerobic solutions of methylene blue without substrate did not result in
visibly evident dye bleaching. Evidence of a reaction route iﬁvolVing a
sensitizer-oxygen-substrate complex does not,, howeve;, belie the
éxistance of a free singlet oxygen meqhanism. In fact it should be-’
possible to select different routes to predominate by propér control of
light wave length and iﬁtensity, choice of sensitizer, énd other means.
Another possible explanation for the dye bleaching in the aerobic
reactions migh£ be the secondary reaction of either ground state or
triplet sen;itizer‘with products of cre;ol photolysis; and the cresol
photolysis might have occurred by the sihgleélsxfgen or some primary

( .
reaction mechanism.

T cilll,
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Hydrogen Ion Concentration

The observed lowering of pH during aerobic photolysis of cresol is
consi;tent with the expected productioq of acid groups during oxidation
of cresol. Just interaction of light'with certain photo-sensitizers can
also influence pH by causing the dyes to break up into basié or acidic
components. But since illuminated aerobic solutions of just methylene
blue showed no change in pH, the pH changes in the dye-cresol solutions

were caused primarily by acidic products of cresol photo-oxidation.

Reaction Products

No‘attempt was made during this investigation to collect, identify,
or quanéify the products of cresol phbtolysis. Also, no additions or
deletions were made to the reaction véssel after illumination of a dye-
cresol solution was begun. Hence all reactants and products stayed in
the solution through each successive illumination period. The accumu-
lation of reattion products may have had an effect on the reaction rate

\
and influenced the value of the rate constant.

Temperature
Tt is likely that the rise in temperature during each experiment

affected the rate constant. The absorption and transfer of energy by

\

sensitizer is not temperature dependent but collision rate controls the

secondary phbtb-oxidation reactions, so temperature probably has an over-

i o e

all effect.

- e e
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‘Other Observations

The small particle floc and the oily surface film observed during
some of the experiments were not identified in this investigation.
Identification of them may .provide Fignificant evidence in estlablishing
the mechanism of the reactions involved.

The values of the rate constants for the experiments done in

duplicate differed by less than five percent, indicating that the

experimental data were satisfactorily reproducible.
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CHAPTER VII

CONCLUSIONS AND RECOMMENDATIONS

The physicai chemistry of the dye sensitized photo-oxidation
process is.difficult to discern without the use of sophisticated
analytical téchniques and equipmentf Furthermore, the meéhanisms
involved in a photo-oxidation reactioﬁ can be.very complex.and a
sensitive function of reaction éonditions. Hence, it is difficult to
describe reaction mechanisms aﬁd reéction product; for an invesfigation
like the one herein reported. |
The following general conclusions can be drawn about methylene blue
sensi;ized photo-oxidation of creéolrand the application of the ﬁhoto-
oxida;ion process to waste treatment: |
1. A waste product (cresol) in aqueous solution can be destroyed
by photo—ogidation -~ a process which uses only wvisible light
as the energy éource. The process can sucbessfully employ the
conventional engineering methods of ae;ation, mixing, and
handling of waste séreams.. The conditions necéessary to achieve
phofo;oxidation are not so unusual as to be obtainable only in
the laboratory. |

2. Methylene blue, a readily available dye, is an effectiveu
sensitizer for cresol photo-oxidation and'would iikeiy

sensitize photo-oxidation of other substrates (i.e. waste
. RLCRAT % '

molecules).
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There is an optimum dye concentration in an aerobic dye
sensitized photo-oxidation system. TFor cresol solutions of
from 10 to 300 mg/1l the optimum dye concentration is between 5
and 10 mg/1.

Tﬁere is an optimum initial cresol concentrafion (i.e. cresol
concentration before treatment begins) to achieve photo~oxid-
atioq.of cresol under ghe conditions of this investigation.

The optimum concentration is about 40 mg/l for a dye concentra-
tion of 1 mg/l and increases to about 70 mg/1 for a dye concen-
tration 5 mg/l. ’

The first order chemical kinetics equation (C = Coekt) accur-
ately describes the rate at which cresol was photo-oxidized in
this study; but the reaction mechanism is probably not simply
first order in cresol,

Methlyene blue sensitized photolysis of cresol occurs as much
as three times faster in an aerobic system than in an anaerobic

system,

Some or all of the reaction p¥oducts of dye sensitized cresol

"photo-oxidation are acidic and cause a pH drop of as much as

6 points on the pH scale for the conditions of this investi-

gation.

The significant amount of cresol photo-oxidation achieved under-.” -

‘5

the conditions of this investigation indicates that photo-

oxidation has potential as a waste treatment process and merits

.....
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further study and development.
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TESTS PERFORMED
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TLLUMINATION DYE CRESOL
PERIOD CONCENTRATTION CONCENTRATION

(min.) (mg/1) (mg/1)

2 10.0 300'

e 2 15.0 300

2 25.0 300

5 1.0 ‘ " 50

5 5,0 50

5 ©10.0 50

5 25.0 50

5 1.0 150

5 5.0 150

5 10.0 150

5 25.0 150

10 1.0 50

10 5.0 50

10 10.0 50

10 25.0 50

10 1.0 150

10 5.0 150

10 10.0 150
10 25.0

... 150

* = done in duplicate
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RESULTS OF EACH EXPERIMENT

Using all 26 minutes of data:

Cresol Dye C: k
(mg /1) (mg /1) (mg/1) (min™1)
300 .25 302.9 -.0094
(t=2) 1 289.8 -.0132
3 282.6 -.0221
5 283.9 -.0258
10 276.5 -.0266
15 282.9 -.0268
25 293.9 -.0260
200 .25 199.0 -.0059
(t=2) 1 182.9 -.0208
: 3 202.4 -.0376
5 201.0 ~.0319
10 193.2 -.0389
15 192.0 -.0443
25 . 196.1 -.0300
150 .25 149.8 -.0102
(t=2) 1 145.4 -.0236
3 142.3 -.0307
5 147.5 -.0390
10 147 .4 -,0380
15 150.1 -.0451
25 153.5 ~-.0425
150 1 50. -.0221
(£=5) 5 . 149,4 -.0353
: 10 151.2 -.0380
25 149.2 -.0337
150 1. 144.,7 -.0227
(£=10) 5 142.7 -.0342
10 142.1 -.0364
25 142.6 -.0357
100 .25 98.9 -,0121
(£=2) 1 97.9 -.0254
. 3 97.0 -.0416
5 97.4 -.0500
10 104.8 -.0577
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Cresol Dye Co k
15 98.3 ~,0475
25 }08.8 -.0472
50 «25 47.9 -.0120
(t=2) 1 50.5 -,0340
3 50.0 -.0549
5 52.5 -.0723
10 54,1 -.0572
15 53.1 ~-.0693
25 49,3 ~.0488
50 1 46,1 -.0296
(t=5) . 5 48.3 -.0581
10 47.7 -.0519
25 44.3 -.0429
50 1 48,0 -.0306
(t=10) 5 49.4 -.0527
10 50.6 -.0596
25 50.1 -.0587
10 .25 - 9.2 -.0175
(t=2) 1 9.6 -.0318
3 10.0 -.0545
5 10.2 -.0620
10 9.6 -.0642
15 10.6 -.0705
25 10.6 -,0480
Anaerobic - swept.. by N,
150 1 147.1 -.00848
(t=2) : , 3 145.1 -.00893
‘ 5 142.,2 -.0117
Using first eight minutes of data:
300 25 301.3 -.00752
(t=2) 1 297.0 -.0162
3 292.9 -.0295
5 291.8 -.0340
10 293.9 -.0334




~5h~
Cresol Dye Co k
15 297.7 -.0346
25 302.6 -,0306 .-
i 200 .25 199.0 -.00586
. (£=2) : 1 194.9 - -.0304
by 3 201.3 ~.,0322
| 5 197.3 -.0448
ke 10 200.1 -.0435
. 15 194.9 -.0488
25 198.7 -.0315
150. .25 151.5 -.0142
1. 146.0 -.0218
3 149.7 . -.0413
5 147.1 -.0367
10 150.9 -. 0445
: . 15 151.7 -.0476
i 25 150.8 -.0371
2 : 100 .25 : 97.5 -.00781
%‘ 1 ) 100.0 -.0291
: 3 95.7 -.039
5 99.0 ~,0505.
10 101.2 . -.0499
15 104.0 -.0587
d 25 98.8 : -.0295
.

A 50 .25 49.4. -,0219
' (£=2) 1 51.2 -.0374
3

5 : 53.2 : -.0689

10 53.0 -.0481

15 . 51.7 -.0649

25 . 50.0 ‘ =,0519

10 - k .25 9.7 -.0276
(t=2) . - 1 9.7 -.0311
3 10.0 . -.0569

5 10.0° -.0574

10 - 10.4° -.0801

15 10.1 -.0580

{ .25 10.1 -,0413




10.

11,

1_2-

LITERATURE CONSULTED

Baker, R. A., "Phendliic Analyses by Direct Aqueous Injection Gas
Chromatography." Jour. AWWA, number 58, 1966.

Bellin, J. S., and Oster, G., '"Mechanism of Photodynamic Action as
Illustrated by In Vitro Systems.'" Progress in Photobiology,

. Proceedings of 3rd. Int. Congress on Photobiology, Copengagen

(1960), pg. 254.

Blum, H. F., '"Photosensitization of Living Systems.' Cold Springs
Harbor Symposia on Quantitative Biology, pg. 318, vol., III, 1935,

Blum; H. G., "Photodynamic ‘Action and Diseases Caused by Light."
Reinhold Publishing Corp., N.Y., 1941.

Bulla, C. D., and Edgerley, E., '"Photochemical Degradation of
Refractory Organic Compounds," Jour. WPCF, vol. 40, number 4,
April, 1968. -

Clare, N. T., "Photodynamic Action and its Pathological Effects."
Radiation Biology, vol. III, 1956. .

Coomber, J. W,, and Pitts, J. N,, "Singlet Oxygen in the
Envirommental Sciences, III, Production of 0Oy (lag) by Energy
Transfer from Excited Benzaldehyde Under Simulated Atmospheric
Conditions." Envirommental Sciences and Technology, pg. 506, June

1970.

Eggers, Gregory, Halsey, and Rabinovitch, "Physical Chemistry."
John Wiley and Sons, Inc., N.Y., 1964.

Foote, C. S., '"Mechanisms of Photosensitized Oxidatiom."
pg. -963, Nov. 29, 1968.

Science,

Grossweiner, L. I., and Zwicker, E. F., '"Transient Measurements

of Photochemical Processes in Dyes. 1. the Photosensitized Oxid-
ation of Phenol by Eosin and Related Dyes. Jour. of Chem, Physics,
vol., 34, number 4, pg. 1411, April, 1968.

Heinmets, F., Vinegar, R., and Taylor, W, W. "Studies on the
Mechanism of the Photosensitized Inactivation of E. COLI and
Reactivation Phenomenon." Jour. of Gen Physiol, pg. 207, vol.
36, 1952. : '

s P

Hiatt, Kaufman, Helprin, and Baron, '"Inactivation.of Viruses by the
Photodynamic Action of Toluidine Blue.'" Jour. of Tmmun., pg. 480,
May, 1960. '




R

e

)

13.

14.

15.

16,

170

18.

19.

20,

21.

22.

23.

240

25.

- -56-

Hill, R, B., Bensch, K. G. and King, D. W., '"Photosensitization of
Nucleic Acids and Proteins.'" Experimental Cell Research, pg. 106,
Oct., 1960. '

Holmes, W. C., "The Influence of Variation in Concentration on the
Absorption Spectra of Dye Solutions.'" 1Ind, and Eng. Chemistry,
vol. 16, number 1, pg. 35, Jan., 1924,

Kinney, L. C., and Ivanuski, V. R., "Photolysis Mechanisms for
Pollution Abatememt.'" Report #TWPC-13, Taft Research Center,
FWPCA, Cincinnati, Oct., 1969. '

Kolesnikov,‘P. A., "Riboflavin-Sensitized Photo-Oxidation of
Phenols.' "Biochemistry, vol. 23, pg. 404, 1958.

Mathews, M., M., ''Comparative Study of Lethal Photosensitization of
Sarcina Lutea by 8-Methoxypsoralen and by Toluidine Blue.'" Jour.
of Bact., pg. 322, vol, 85, Feb., 1963.

Oginsky, E. L., Green, G, S., Griffith, D, G., and Fowlks, W, L.,
"Lethal Photosensitization of Bacteria with 8~Methoxypsoralen to
Long Wave Length Ultraviolet Radiation.'" Jour. of Bact., pg. 821,
Dec., 1959. A

Pitts, J. N. Wilkinson, F., and Hammond, G. S., 'The Vocabulary of
Photochemistry.'" Advances in Photochemistry, vol. 1, Wiley and
Sons, N. Y., 1963.

Pitts, J. N., "Advances in Environmental Sciences and Technology:
Volume One. " Wiley and Sons, N. Y., 1969.

Sawyer, C. N, gnd McCarty, P..H., "Chemistry for Sanitary .:.:
Engineers.'" McGraw~Hill Book Co., N.Y., 1967.

Spikes, J. D., and Straight, R., "Sensitized Photochemical
Processes in Biological Systems.' Ann. Rev. Phys. Chem., pg. 409,
vol. 18, 1967. : :

Staff, "Excited States Energize Reactions.' Chem. and Eng. News,

pg. 33, Aub. 25, 1969.

Staff, "Ozone Reactions Produce Singlet Oxygen." Chem. and Eng.
News, pg. 34, Mar. 4, 1970. s ,

Uretz, R. B., "Sensitivity of Acridine Sensitized Photo-
inactivation in E. COLI.'" Radiation Research, pg. 245,May, 1964,




f/

3 R

26.

27,

28.

=-57-

Walldis, C., and Melnick, J. L., '"Photodynamic Inactivation of
Animal Viruses; A Review.' Photochemistry and Photobioclogy, vol.
4, pg. 159, Jan., 1965. )

Welch, H.; and Perkins, R. G., "The Use of Eosin and Fluorescein
in the Sterilization of Water Supplies by Ultra-violet Light."
Jour. of Preventive Medicine, pg. 173, vol. 5, 1931. ! :

Yamamoto, N., ""Photodynamic Inactivation of Bacteriophage and its
Inhibition." Jour. of Bact., pg. 443, April, 1958.




A STATE UNIVERSITY LIBRARIES

QLT

3 1762 10015422 6

|——

378 Sargent, Jerome W
- | 8aT2 Tight-energized

cop.2 oxidation of organic
wastes

ADDRESS

79 72

LR IR Ve

59 /z/az F@

A WKS, WS

INTERITRRA  SRENNg

V378

Se 7.7,

&7, 2



