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ABSTRACT

The kinetics of the decolonization processes induced in dilute
aqueous solutions of chlorophenol red by X-radiation of 120 kev
energy has been investigated. The reactions are secondary to the
absorption of the radiation by the water and subsequent formation
of active Intermediates. These px'ocesses are characterized by
tho fact that the molecule, which results from the initial reaction,
has a susceptibility for further reaction approximately equal to
that of the original species. The relatively low yield for de-
colorization suggests that reaction of the dya molecule does not
necessarily result in decolonization. The properties of this
system are such as to provide a good model for the radiation

chemistry of enzyme and related systems. Competition of thiourea

for the radiation intermediate has fcfeon studied.
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Previously Stenstrom and co-workers4*5 have studied tho

(4) Stenstron, W. and Street, H.R., Proc. Soc. Exptl. Biol,
'led., 32, 1490 (1935)

(FJ Stenstron, . and Lohinann, A., Radiolog'", 16, 322 (1931)}
22, 304 (1934) |
X-ray decolorization of solutions of nethylene blue for the purpose
of using these reactions as chemical dosimeters for radiation

detection. Qualitative observations on £ o reactions of numerous

colored organic materials undor the infiv.er:ee of X-radiation have

also been reported by Clark and FitchS5. 7X have had occasion.

(6) Clark, C.L. and Fitch, K.R., Radiolog 17, 205 (1931)

in an examination of chemical actinometers for radiation
decomposition studies in progress, to examine the kinetics of
the decolonization reactions of dilute aqueous solutions of
chlorophenol red. The results of this investigation, although
vindicating that these decolorization reactions are not suitable
for accurate actinometric purposes, do have a bea- In;; on the
radiation chemistry of aqueous systems. Because of tie low
concentrations involved, aspects may be regarded as quite

analogous to certain radio-biological processes.

KXPFRIM -fni
The unfiltcred radiation from an Ir.ivntrial 1 -140 kev
X-ray unit was used as the source of acv. to- . The instrument
was operated at constant intonsi-v cl-ractoi a current of
5 ma at 120 kev energy, the effective wave >n th of the radiation
being approximately 0.2n. The so ..pies (10 ml) were irradiated in

59 ml florence flasks whiih p? 1 d in a re,.-ro:'UCible position
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in front of the X-ray window. The radiation entered vertically
through the botton of the cell. Since the absorption coefficient
of water is not wvery great at these wavelengths, the radiation
is absorbed quite homogeneously throughout the sample. All
reactions were carried out at roon temperature or slightly above.

The decolorization reactions produced by the X-radiation
wore followed by determining the optical densit5.03 of the solutions
in 1 cm cells with a Beckman DU spectrophotometer. The measurements
were made at 570 hue after the dye coloration had been developed
by the addition of one drop of concentrated sodium hydroxide'.

(7) For purposes of these experiments, decolorization is
defined in terns of loss of optical density at 57074, .
Above a pH of 10 the molar extinction coefficient, at 570) 4, of
the blue form of chlorophenol red is independent of tho pH. This
coefficient was deteimiined to be 54,000 in a solution containing
a weighed amount of the crystalline materials. It was found If
the acid (yellow) form of the dyo was used for analysis, that tho
absorption of product Interfered with the determination at the
maximum absorption at 435 jyy,

Crystalline chlorophenol red « 2C12°5S> dichlorophenol-
sulfonphthalein) obtained from the Fisher Scientific Co. was
dissolved In freshly distilled water to give a relatively
concentrated master solution, which was diluted as needed to
+he desired concentration. These solutions were quite stable
toward the atmosphere over long periods of time. The unbuffered
solutions were used at a pH of G.O to C.5 in order that other

materials need not; be added to tl system during the irradiation.
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Except where noted, the sanples were saturated with air in
equilibrium with tho atmosphere. This dissolved air is sufficient
to provide a very large excess of the required oxygen for the

reactions involved.

RESUhTB

Solutions which contain the same .v-.il-ial concentration of
dye show a decolorization which is not c:lrc ctly proportional to
the radiation dosage, as might be expectsi, hut rather one which
falls off exponentially as the irradiation progresses. The decolor-
ization resembles a first order reaction with each subsequent
absorption of an equivalent amount of energy resulting in a
successively equal fractional decolorization of the sample, 'when,
however, one irradiates solutions containing different initial
concentrations, the fractional decolorization for a given
irradiation is found to be dependent upon the original concentration
of dye present (Pig. 1 ). Tho initial rate (6.8x 10“" moles of
dye reacting per minute) is approximately the same for these
different samples, dropping off a little in the more dilute
solutions* The rate is, therefore, of zero order but is modified-
by the extent of the decomposition as'if reaction proceeds

In Pig. 2 the period, at constant osity, required for
50~ decolorization is plotted as a functi ,n ¢ ' the dye originally
present. A linear relationship is shown which extrapolates to
a positive intercept at zero dye concentration.

If the fraction of the initial dye coloration is plotted as

a function of tho dosage, then different curves'are obtained for



the wvarious solutions. If, however, the dosage is normalized by
dividing by the initial concentration, then the wvalues for the
more concentrated solutions fall on a single curve (Fig. 3>).
at the lower concentrations, the wvalues are high because of side
reactions which are relatively more important at those
concentrations. Tho side reactions retard the decolorization and
lead to the positive intercept mentioned above. Equal fractional
decolonizations of the samples result, therefore, from dosages
which are proportional to the amount of tho dye present in the
sample. This general behavior is identical to that for the
inactivation of carboxypeptidase reported by Dale ,
(8) Dale, W.M., Meridith, W.J. and Tweedie, E.C.K., Nature

151, 280 (1943)

Various attempts were made to ascertain the effect of
dissolved air on the reaction. The mere pumping, with a mechanical

pump, of the gases from solution did not have any pronounced effect

on the rate of decolorization, the maximum observed decrease in
this rate being about 10/2 for short irradiation periods. Deaeration

of tho sample by displacement with hydrogen decreased the rate by

about C5£. In a series of experiments, where hydrogen was bubbled
through the sample and subsequently pumped from the system, the
rate of decolorization was reduced to 40$ of normal for short
exposures and to about 20$ after continued Irradiation of one

half to ono hour. In other experiments,  ..ore the sample was sealed
from a high vacuum line after rope ..tedl; boiling, freezing, and

pumping the sample, the reaction rate .T e-bout ,50$ of normal. It
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was not possible, however, to re -..cl tho radiation effect entirely
to nil. It is concluded, therefore b. at, vv.iile the presence of
dissolved oicyycn seoiis to bo required for part of tho reaction,
either the remainder of the reaction does not require oxygen or
other decolorization processes are operative in the absence of

the oxygen. Since vc - 1little (nsiO~” mole) dye is actually involved

here, a trace of oxygen or other reactive substance would be
sufficient to have a pronounced effect.

A check of the' effect of hydrogen peroxide shows that the
dye is bleached only slowly when peroxide is present In relatively
high concentrations, e.g. in 5% peroxide solution the sample was
50” decolorized in 20 minutes. Since the amount of peroxide formed
in these irradiations is wvery small, it seems unlikely that there
is any indirect effect wvia the production of hydrogen peroxide
but rather tnat the decolorization takes place with a more active
agent prior to the formation of the peroxide.

Comparison, of this system with the oxidation of ferrous sulfate
in 0.8II sulfuric acid gives a yield (G; equivalents of reaction
per 100 e.v. of absorbed energy) of 0.34 for the initial decolor-
ization rate. This is not dependent, except for the lowest
conccntr'.itionc, on the concentration of the dye. The C for the
oxidation of ferrous sulfate has been taken as 15.5 It is assumed

(9) Hochanafel, C.J., Abstracts of papers, 119th Meeting of

the American Chemical Society, Cleveland, Ohio, April 11, 1951;
private communication



7 -
that the energy absorbed by the ferrous sulfate system at the
vmve lengths employed here is 1.1 times greater than for pure
water.
In Fig. 4. the effect of the a 'diction of sodium hydroxide

rnd hydrochloric acid to the solution before irradiation is
illustrated. The solutions, 15x 10~% in dye, were irradiated
for ten minutes and analysed in the basic form. A maximum
decolorization is observed at a pH of 3-4, The drop at low pH
may, of course, be due to the presenco of tho chloride ion.

The effect of foreigh organic substances, such as thiourea,
is seen in Fig. 5. 'Then the latter is present at a concentration
oqual to that of the dye, approximately 25?7 "protection" (inhibition

of dye decolorization) is observed. The presence of 10%“-fl thiourea

gives better than 05 protection against decolorization of

which utilize this protective effect as a method of studying the
relative reactivities of other substances toward the radiation

intermediates.

The net primary result of the activation of dilute aqueous
systems by X-radiation, wvia the production of | con lary electrons
in the water by the absorbed radiation, is the dissociation

10
of the water into hydrogen atoms and hydroxyl radicals ,

HgO —WWWYV ™ H* fOH. I



(16) Allen, A.O0., "The Science and Engineering of Nuclear
Pov/er", Chanter 13, Addison-Y/esley Press, Inc., Cambridge, Hass.,
1949
In the above equation represents the primary reaction yield
in terns of molecules reacting per 100 ev absorbed by the sample
and I£L the absorbed intensity in units of 100 ev per unit volume
of sample.

Secondary effects, such as the decolorization reactions observed
here, are produced by subsequent reaction of these radicals with
the. other components present. This type of decolorization is,
therefore, completely different from photochemical bleaching
where the primary activation occurs in tho dyo itself. When oxygen

is present, the hydrogen atoms produced in reaction I will react

to form HOo« radicals and will be removed from further reaction.

H. Oon----- HOZ22. IT
Thus, in the presence of oxygen, the radicals HOo* and 0il* are
possible radiation intermediates which can cause decolorization
of the dye.
The reaction of the active decolorizing agent may be represented
as

d 1
R* + colored (D) ' ¥ uncolored (D* | Ilia

O-f) L
R» {* colored (0) “——— “~ colored (D) Illb

where f corresponds to the fraction of the reaction w..ich

results in decolorization. As soon as pa *y of the dyo has been



converted to the uncolored form, there will be further reaction
of the type

R« +D” — D” XV

Other reactions, involving the reaction of the radicals with each
other and with other substances contained in the system either
as impurities or additives, must also be considered* The importance
of these various reactions will depend on the concentration
levels of the dye and aPy other instance present.
| o! | | _

> v

The rate of decolorization (reaction Ilia) will be given

by

£(y) f 45 (DtH) o

If we substitute the steady state concentration of R., obtained
by assuming that steps III and IV are the only reactions removing

this component, equation (1) becomes

JgCD)
(2)
which can be further reduced to the form
<£(*>) T ! (3,

. !
- -fir ~Th -h Wh )
it is seen that the type of curve obtained for the decolorization

as a function of the total sample dosage, "/ill be determined by the

importance of the term k*D’'/k”D in the denominator of (3), i.e,

the extent of reaction and the relative susceptibility toward further

reaction of the product of the original decolorization.

X—x—13i
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Two of the simplest cases are illustrated belowl
Case I - If the product of the reaction is not reactive
toward the radiation intermediate or If it Is at very-
low concentration, then the rate of decolorization will be
dependent only on the reaction yield and the Incident intensity and

the reaction will be of zero order,

<< |
1 (D) f s r~* (4)
At
Case II - If tho product of the reaction has a reactivity

equal to that of the original-substance, then

~2) + ~ >0 1s)

where DO is the original dye concentration. Substituting this into

equation (2) we obtain

St P
which upon integration gives
YN 1
kR - Do (7)
a a (8)
2>0

In this case, the response is seen to be exponential in form,
characterized by a half period which is directly proportional

to the original concentration)

Ay - (9)

In the general case, v ;here the reaction of substances added



to the solution before irradiation removes the active intermediatesi
by reactions other than III and IV, these reactions will be

accounted for in terms similar to k4 (D') in equation (2). The

nature of the effect will depend on the variation of this term during
the course of the reactiono The decolonization rate must, of course’
be lessened by the removal of the active species by extraneous
reactions,

The decolorization of chlorophenol red ~ It is seen that
the decolorization of chlorophenol red observed here” closely
follows the logarithmic relationship of equation (8)(0 The
normalized plot of Pig. 3 illustrates equation (7), with £fGpIa
the same for all solutions. The half period is found to be
directly proportional to the initial concentEation with, however,

a constant term being added to equation (9) to account for reactions
of type V. It is concluded, therefore, that this reaction

represents case II above, being such that the product of the reaction,
although decolorized, is susceptible to further reaction with the
radiation Intermediate. The susceptibility of this product appears

to be very nearly equal to that of the original dye. Pxact equality
is not had as is shoxvn by the results of longer irradiations where

a slight tendency for the curves to have a somewhat steeper slope

is observed.

The yield of the initial decolorization reaction (Go=0.34)
deserves further mention as it is lover than might be anticipated
from the primary yield estimated for aqueous decomposition, i.e.
greater than 3.3 . It seems, therefore, that only a fraction
(f "'0.1) of tho radiation Intermediate reacts In such a manner as

to decolorize the dye. This is in agreement with the non-specificity

U-x-/3



required by the approximate equality of the reactions of the
original dye and the product substancel As far as decolorization
is concerned, the dye is "self-protecting” for the reactions
involved.

The effect of additives 1is, in general. Illustrated by the
behavior of the reaction in the presence of thiourea. The
competition or protective effect of the thiourea is such as to
indicate that the thiourea molecule is one third as reactive as the
dye.

The general picture of the behavior of chlorpphenol red

solutions upon exposure to X-radiation is much the same as that

given by Fricke and Peterson - for the oxidation of oxyhemoglobin

(11) Fricks, H. and B.W. Peterson, Am. J. Roentgenol. Radium
Therapy, 17, 611 (1927)
and by the work of Dale already mentioned. The considerations

employed here are almost identical to those of Weiss on enzyme

(12) Weiss, J., Nature, 153, 748 (1944); 157, 584 (1946)

reactions. The decolorization reactions of the dyes suggest
themselves as being applicable to formulation as models for the
radiation reactions of enzyme and similar systems. Tho relative
ease of the colorimetric determinations makes these reactions useful
as such models in the study of the radiation chemistry of dilute
aqueous solutions of organic substances.
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Pig* 4¢ d Effect of 1IG1 and HaOH on the decolorfisation
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