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CXVI1.-The Photodecomposition of Chlorine FVater and 
of Aqueous Hypochlorous Acid Solutions. Part  I .  

By ARTHUR JOHN ALLMAKD, PERCY WALMSLEP CUNLIFFE, and 
ROBERT EDWIN WITTO?; MADDISOI. 

SINCE Berthollet's discovery that chlorine n ater is decomposed 
when exposed to light, with evolution of oxygen and formation 
of hj-drochloric acid, many papers have been published on the 
subject. None of these, however, deals with the reaction in a 
systematic fashion, and the present work, carried out during 1921- 
1924, is an attempt to  fill up some of the gaps in our knowledge of 
thi- photolysis. The literature is too volclminolis to give fully here. 
The majority of the papers are quoted in Nellor's " Inorganic and 
Thcoretical Chemistry," Vol. 11, p.  78. Other papers dealing with 
the reaction are those by McLeod (J., 1886, 49, 608), Richardson 
ant1 others (Rep. Brit. Assoc., 1888, 89; 1889. 69: 1890, 263). 
Richardson (J., 1891, 59, 336), and Benrath and Schaffganz (Z. 
physikal.  Chem., 1922, 103. 130). Little has been published on the 
photodecornpositio~l of solutions of hypochlorous acicl. Gay- 
Lussac (dnna l~n ,  1842. 43, 153) and Williamson (ibid , 1855, 54, 
133) both refer to the acid as being photosensitive. Foerster and 
Jorre ( J .  pr. C'hem., 1899, 167, 81) confirm this, whilst stating that 
the photosensitivity is small. Pedler (J., 1890, 57, 613) carried 
out a felt experiments on the subject, Clark and Iseley (J. Ind. Eng. 
Chcm., 1920, 12, 1116) state that its photodecomposition in sunlight 
is ~~onon~olecular ,  and finally, a few observations are recorded by 
Benrath and Sehaffganz (loc. cit.). 

With respect to  the decomposition of chlorine n-ater, the main 
resl~lts of 1,revious work can be summarised as follows. The reaction 
in the dark is inappreciable (Draper). The products of the photo- 
reaction are generally given (more particularly in the earlier papers, 
though this is also the case in the quite recent work of Benrath and 
his pl~pils) as merely hydrochloric acid and oxygen. Popper (1885) 
na5 the first to notice that chloric acid can be formed in quantity. 
Thiq observation was confirmed by Gore (1889), Klimenko (1889 and 
later). Pedler (1890), and Billitzer (1906), the formation of oxygen, 
according to the last author. being quite unimportant. Billitzer 
r e l ~ o r t ~  the production of percllloric acid, and Gore mentions 
hydrogen peroxide. According to Richardson (1891), the evolved 
oxygen is ozonised, but no hydrogen peroxide is produced. The 
presence of hydrochloric acid renders chlorine water far less sensitive 
(Bunsen and Roscoe and other subsequent workers), although, 
according to Billitzer, a s m l l  addition of acid acts as a positive 
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PHOTODECOMPOSITION O F  CHLORIXE WATER, ETC. PdRT I. 823 

catalyst. The addition of other chlorides also retards the reaction, 
although less effectively than hydrochloric acid (Klimenko, Billitzer, 
~Milbauer); so also do certain sulphates (Benrath and Schaffganz). 
Bromine acts as a positive catalyst (Milbauer). The evolution of 
the oxygen is subject to marked supersaturation effects (Berthollet). 
As will be seen, this circumstance probably accounts for the induc- 
tion period and the " after effect " noted by Draper. The reaction 
goes more rea'dily in violet light than in the rest of the visible 
spectrum (Davy). The temperature coefficient is 1.4 (Benrath and 
Tuchel) . 

De Saussure, assumii~g the validity of the I x t law, recommended 
the use of chlorine water as an actinometer liquid. According to 
Wittwer, the reaction is of the first order, and its rate is proportional 
to the intensity of the light. Bunsen and Roscoe, and, later, 
Billitzer, found no such relations, Billitzer saying that the reaction 
is autbcatalytic. Finally, the actual primarily photosensitive 
constituent is imagined to be chlorine itself (earlier workers and 
Billitzer), hypochlorous acid (Pedler, Pebal, Jakowkin, Klimenko, 
and more particularly Dawson), and the C10' ion (Benrath and 
Schaffganz). 

Plan of Work.-It will be seen that, not only is there disagreement 
as to the mechanism of the reaction, but there are discordant state- 
ments even as to the chemical nature of the reaction products. No 
work has been done in monochromatic light, and the energetics of 
the reaction has not been touched. It is therefore to these points 
in particular that our attention has been directed. 

The present paper js an account of our work on the reaction 
products and the factors affecting them. We adopted a working 
hypothesis which we subsequently found to have been previously 
developed up to a point by Jakowkin (2. physikal. Chem., 1899, 
29, 621) and by Dawson (2. wiss. Phot., 1914, 14, 213). A solution 
of chlorine in water is, a t  the ordinary temperature, very con- 
siderably hydrolysed (Jakowkin, loc. cit.) according to the equation, 

C1, + H,O 2 HClO + H' + Cl'. 

All evidence goes to show that the addition of chlorides and, in 
particular, of-hydrochloric acid, retards its photodecomposition. 
This follows qualitatively from the above equation if the hypo- 
chlorous acid molecule is considerably more photosensitive than 
the chlorine molecule. I t  svould appear reasonable to suppose that 
the primary decomposition reaction in the case of hypochlorous 
acid would be 

HClO -3 HC1 + 0 

and also that oxygen at,oms would be formed a t  an early stage when 
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824 ALLMAND, CUNLIFFE, AND MADDISON : THE 

chlorine was the photosensitive substance. (Possible reaction 
inechanisms will be considered more closely in the second paper). 
The production of molecular oxygen and chloric acid would then 
be due to  secondary reactions, the latter substance being formed as a 
result of the hypoclilorous acid molecules acting as acceptors for 
the oxygen atoms. If, therefore, by addition of suitable 11011- 

photosensitive substances, i t  could be arranged practically to  
exclude the presence from the solution during insolation of either 
hypochlorous acid ~nolecules or of chlorine molecules respectively. 
one might expect in the first case a slo\v reaction with very little 
chlorate formation. and, in the second case. a more rapid reaction 
with a higher percentage of chloric acid in the product than ~vonlcl 
have been the case with ordinary chlorine water. 

The addition of either hydrogen ions or chlorine ions to chlorine 
water mill increase the chlorine concentration in the solution a t  the 
expenbe of that of the hypochlorous acid. Experiments were 
accordingly carried out with chlorine water in which the percentages 
of the reaction products were carefully estimated. Similar experi- 
ments were then done with chlorine dissolved in solutions of 
potassium chloride, lithium chloride, cadmium chloride, sulphuric 
acid, and hydrochloric acid of varying strengths, in order to   stud^ 
the effect of hydrogen ions and chlorine ions, separately and in 
conjunction with each other. Experiments were further done 15ith 
chlorine dissolved in solutions of sodium sulphate and lithium 
sulphate. in order to test the effect of neutral salts, and with chlorine 
dissolvecl in bromine water and in solutions of copper sulphate, 
cobalt sulphate, and nickel sulphate, in connexion with later 
experiments on possible catalytic effects. 

With the intention of affecting the Jakowkin equilibrium in 
favour of hypochlorous acid, experiments were carried out with 
chlorine water containing dissolved mercuric chloride, the idea 
being that, as the result of the reaction 

the hydrolysis of chlorine would be made almost complete. Subse- 
quent reference to  Sherrill's work (2. physikal. Chem., 1903,43, 734; 
1904, 47, 103) showed this not to  be so, only a moderate diminution 
in chlorine-ion concentration being effected even by saturating the 
chlorine water with mercuric chloride. &leasure~~lents of Jakowkin 
himself led to the same conclusion. 

A solution of hypochlorous acid, on insolation, immediately 
forms hydrochloric acid, with consequent production of chlorine in 
the solution. To avoid this, i t  is necessary to  remove either the 
chlorine ions or the hydrogen ions as they are formed. Experiments 
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mere done with addition of mercuric chloride to remove the chlorine 
ions. They were few in number, not very concordant, and are not 
recorded here, more particularly as, for the reason just stated, they 
were ill-adapted to achieve their purpose. In  order to remove the 
hydrogen ions, the obvious course was to add to the solution the 
sodium salt-NaR-of a weak acid unaffected by light. The acid 
chosen, however, should not'be so weak as to allow of the reaction 

setting in, as the photosensitivity of the sodium hypochlorite formed 
~vould then complicate matters. The necessary condition is that 
the salt used should be of an acid with a dissociation constant which, 
whilst small, is appreciably greater than that of hypochlorous acid. 
Sodium acetate and disodium hydrogen phosphate were chosen, 
and the products of photodecomposition in their presence investig- 
ated. Any formation of hypochlorite ion will take place according 
to the respective equations 

HClO + Ac' -+ HAc + (210'. 
HClO + HPO," -+ H2P04' + C10'. 

The dissociation constants K,,, and K,,,,; (Abbott arid Bray, 
J. Amer. Chem. Soc., 1909, 31, 729) are respectively 1-8 x 10-5 and 
1-95 x 10.7 at  18". The value for K,,,, is given as 3-7 x 10-6 
(Sand, 2. physikal. Cherv~., 1904, 48, 610), 6.7 x 10-lo (Noyes and 
I i lson,  J. Amer. Chem. Soc., 1922, 44, 1630), and 1 x (Soper, 
J., 1924. 125, 2227). When starting these particular experiments, 
TI-e assumed the figure given by Noyes and Wilson to be probably 
ruore nearly correct than that of Sand, in which case the condition 
necessary for practical non-formation of hypochlorite ions would be 
satisfied. I t  would seem, however, from Soper's work, that their 
value is certainly too low. Adopting the figure of 1 x an 
approximate calculation shows that, in a solution containing 
MIS-Na,HP04 + 1V/20-HC10, about 28% of the hypochlorous acid 
is present as hypochlorite ions, and that this proportion is reduced 
to about 15% when the solution is half decomposed. Our results 
must therefore be considered in the light of this uncertain factor. 
With sodium acetate, no such difficulty arises, and the production 
of both hydrogen- and hypochlorite-ions should be satisfactorily 
repressed. 

E S P E R I N E N T A L .  
Preparation of Solutions.-Chlorine was prepared by the action 

of concentrated hydrochloric acid on either potassium dichromate or 
potassium permanganate crystals, the gas being washed by water 
(in the latter case also by a solution of potassium permanganate 
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prior to the water washing) and then passed into distilled water or 
into the appropriate solution. Hypochlorous acid was prepared 
by the method of Bostock and Taylor (J., 1912, 101, 451), vir., 
by distillation a t  a pressure of about 120-140 mm. of a mixture 
of bleaching powder, boric acid, and water. In  some cases a solution 
of sodium hypochlorite was substituted for the bleaching powder. 
Unless the pressure were lowered well below the figure just given, 
the distillate a a s  appreciably weaker, in spite of the higher hypo- 
chlorite concentration in the distilling flask. This difference is 
presumably due to the relative insolubility of the calcium borate 
resulting in the first case, and to boric acid being a weaker acid than 
hypochlorous acid (accepting Soper's figure for K,,,,) . When 
insolating mixtures of h~~pochlorous arid and the above-mentioned 
salts, weighed quantities of the latter \?ere dissolved in the hypo- 
chlorous acid solution. 

Analytical iTIet7~ods.-During the \?hole of the work, as will be 
seen later, the only decomposition products found, apart fro111 
hydrochloric acid, \T ere chloric acid and oxygen." In  what follows, 
the concentrations of the different oxidising substances concerned 
are expressed as liorn~alities of equivalent oxidising power. Thus 
.' normal " solutions of chlorine, hypochlorous acid, and chloric acid 
contain respectively 35.5, 26.2, and 14.1 g./litre of the substance 
concerlied. In  the particular case of osygen, supposing it to remain 
in solution, a normal solution 11-ould contain 8 g./litre, and it can be 
readily seen that, in correlating the quantity of oxygen producecl 
during a given experiment with the corresponding loss in chlorine 
or hypochlorous acid, the following equation holds : 

" Normality " of osygen = 4v/22.4V, 
nhere V is the volume of the insolated solution, and v the vohime 
of evolved oxygen a t  N.T.P. 

Chlorine and hypochlorous acid were determined by delivering a 
known volume of the solution under the surface of an acidified 5q/, 
solution of potassium iodide, and titrating with N/10-thiosulphate. 
A special experiment showed that solutions containing hydrochloric 
and chloric acids a t  concentrations of the order of those prevailing 
after insolation caused no detectable liberation of iodine from the 
potassium iodide. Owing to the volatility of chlorine, concordant 
results could only be obtained if great care were exercised during 
pipetting and transference. In  the later work. the pipette designed 
by Jakowkin (loc. cit.) mas used with advantage. 

Chloric acid was determined by the Bunsen method, using 
* The paper of Richardson, in which the formation of ozonised osygen 

is recorded, was not read until this work was finished, and the point has not 
yet been tested. 
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N/10-ferrous sulphate and N/10-potassium permanganate solutions. 
A certain amount of trouble was experienced a t  the start in dealing 
with partly decomposed solutions containing both free chlorine 
and chloric acid. Attempts to determine chlorine plus chlorate 
by the ferrous sulphate method failed. Titration of chlorate by 
titanous chloride gave ah unsatisfactory end-point, the percentage 
error involved being too great in the case of the dilute solutions used. 
We then investigated the addition of substances which would 
destroy the hypochlorous acid or chlorine present, without either 
attacking the chlorate or leaving behind in the solution something 
which would subsequently vitiate the chlorate determination (as 
was the case when the chlorine was titrated with potassium iodide 
and sodium thiosulphate or with sodium arsenite). Manganous 
sulphate, urea, and oxalic acid were all found to be possible reagents. 
Oxalic acid was chosen, as i t  seemed feasible that, by its use, both 
Cl,(HClO) and HCIO, might be determined on a single sample. 
The general procedure was to pipette 10 c.c. of the solution into a 
conical flask, to add 20-40 c.c, of S/10-oxalic acid, and to warm 
slozcly until nearly boiling, adding about 20-30 c.c. of dilute 
sulphuric acid towards the end of the heating, which should take a t  
least 10 minutes. The excess of oxalic acid was then titrated with 
N/10-permanganate to a faint pink colour, and the chloric acid 
determined in the usual way. Appropriate experiments showed 
(a) that no formation of chloric acid took place during the reduction 
of the Cl,(HC10), and (b) that, with the concentrations used, the 
above procedure resulted in no loss of chloric acid by interaction 
with the oxalic acid, as is the case with stronger solutions (Bray, 
Z.physika1. Chem., 1906, 54, 463, 569, 731). Losses of the order of 
5-10% of the total soon, however, appeared if the solutions were too 
concentrated or too rapidly heated during the oxalic acid treatment, 
and, until this was appreciated, concordant results were not obtained. 

Further experiments showed that the presence of mercuric 
chloride and of the other salts added during the work did not affect 
the accuracy of the chlorate determination, with the exception of 
BN-sodium acetate, when the results were about 1% too low. It 
was mentioned above that i t  seemed possible to determine both 
chlorate and HClO(C1,) on the same sample by this method, the 
condition being of course quantitative oxidation of the oxalic acid 
according to the equations 

H,C,O, +- HClO -+ HCl + 2C0, + H,O 
H,C,O, + Cl, -+ 2HCl + 2C0,. 

Using an zcninsolated solution of hypochlorous acid, this was 
found to be the case, very concordant results being obtained from 
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828 ALLMAND, CUNLIFFE, AND MADDISON : THE 

analyses by the oxalic acid. iodide and thiosulphate, and sodium 
arsenite methods. With insolated solutions of hypochlorous acid 
or with chlorine water, however, the results were found to average 
about 4% too low, due in all probability to volatilisation of chlorine 
before complete reaction. I n  the great majority of the experiments, 
including all those carried out with chlorine water, separate samples 
IT ere used for the C12(HC10) and HClO, determinations. 

Dark Experime7zts.-The following solutions, of oxidising pouer 
varying between 0.05iL' and 0.12hT, were sealed up in glass tubes, 
kept in the dark for periods varying between 2 and 20 days, and 
subsequently titrated : Hypochlorous acid dissolved in water. in 
M/4-disodium hydrogen phosphate and in S/2-sodium acetate; 
chlorine dissolved in water and in 5% mercuric chloride, lo0/, 
nickel sulphate, 10% cobalt sulphate, and 6% lithium sulphate. 
As always, the greatest care had to be exercised in the manipulatioil 
and transference of the soltitions containing chlorine, if significant 
results were to be obtained, these being very readily masked by 
volatilisation losses caused during pouring, pipetting, etc. The 
results showed losses in C12(HC10) titre varying between 0.002S- 
0.0095 per 24 hours, except in the cases of the chlorine-cobalt 
sulphate and hypochlorous acid-sodium acetate mixtures. Such 
small figures show that the dark reaction can be neglected when 
carrying out the light experiments. In  the case of the two excep- 
tions, the titre fell per day by amounts varying between 0.023- 
0.075.V. il black precipitate was formed in the cobalt sulphate 
solution. The results in the case of the hypochlorous acid-sodium 
acetate mixture xrrill be quoted later. 

Apparatus.-All the definitive experiments were carried out with 
110-volt Cooper-Hewitt quartz mercury lamps of the straight tube 
pattern. Two kinds of insolation cell were used. The first and 
simpler type consisted oFa clear silica flask of about 130 c.c. capacity, 
closed by a rubber stopper. In  the first experiments, the light from 
the lamp passed successively through a 1 em. quartz water-cell and 
an aperture in a hollow copper screen, a stream of water a t  constant 
temperature being taken through the screen and a copper condenser 
on the neck of the flask, finally running out over the surface of the 
flask to waste. It nas found later that a stream of tap-water 
playing over the surface of the flask sufficed to keep the temperature 
constant. The rubber stopper carried two capillary tubes. One 
of these in the earlier experiments led donn to the bottom of the 
flask, and was used for saturating the photolyte with oxygen before- 
hand, a process which mas soon discontinued. It was closed by 
pressure tubing and a screw-clip during insolation. The second 
was fused on to a three-may tap a t  the top of a small, water-jacketed 
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gas burette, provided with EL levelling tube and filled with potassium 
~odicle bo111tioii. TO avoid he inanipulatio~l errors already referred 
to, the chlorine solutiolls used were finally prepared in the flask a 
sample being \r ithdralr n for anal5 sis before insolation. 

In carrying out an  exper~~nent .  the flask nas  almost filled n itll the 
-elution under stltdy. put into connexlon xi th  the gas burette anti 
the latter levelled off and mead after temperature equ~librlum had 
been reached The lamp TI as then lighted, the insolation proceeded 
T\ ith, and burette reading< taken at  intervals. IVlien the volumei 
of olygeri collecteci became too large. they nere discharged into the 
nlr 1))- the three-TI ay tap. and readings re-started a ithout interrupt- 
ing the i~irolatioil. Somct inlei this u as carried to completion-- 
-onlttimer interrupted for z fen mornents in order to pipette out 
n haluple for analysis, in ~\Iiich case it I+ as necessaly to disco~lnect 
the burette froin the flask. At the end of the experiment, any 
iodine liberated from the potass~uin iodide in the burette b j  chlorine 
cariietl ox er I\ 1t11 the ox! gel1 n as t~tra ted,  and a correct~on applied 
.I large n~lmher of experiments mere clone 711th this apparatus 

The ube of a rubber stop1)l.r is ope11 to ohject~on The neceshity 
ot tlisconnecting flask and burette for the 1)urposc of nithdrauing 
a sample for ,inalys~s as A d~sadrantage So also Tias the com- 
paratively large dead-spate left 111 the a p p a ~ a t u i  after reinovi~lg n 
\ample for t~tra t ion before ~~lsolation. ,IS the chlorine contained 111 

thp vapour phase thu\ ~~rocluccd onlj slonlj d~ffusetl along into the 
potassiuln iod~de ~ o l ~ ~ t ~ o i l  m the gas burette. rendei~ng the correction 
t oires~~ondingly i~ncer ta~n  The results n ere lesi t ontortla~lt 
,~niongst themscl~ es than those obtained l r ~ t h  the cell no\\ t o  be 
(ley( ribrtl. althol~gh agreeinjr sllEcicntlj n i th  the latter. 

The cell u w l  111 the later experiments con~isted of a rectangi~lar 
dash block 10 10 / 5 ern , through 77 h ~ c h  haci heen drilled n 
hor~zontal c~ lnitlrical hole, 7 . 3  cm in clla~neter Thls hole 71 a i  
t lo\erl back and front by circular a ~ n d o n s  of crystal quart;., 
(einented to the plane iurface of the glasb l~lock 11) a halt1 p t c h  
conlposition ~11ecial espe~iments shoning that no al~1)reriable 
leaction took plate betibee11 dissolved chlorine ancl the very small 
yi~rface of ceuici>t elpobed t s  its action I11 the tol) of tlie tell, t n o  
ol~cningi ncre dr~lled Oi~e, closed 113 ,z ground-glass >topper, 
itlrvcd for the ~ntrodnctioi of a p~pc t te  for talring samples etca 
The other n 22 cloked b) a 11 ater-sealed. gronrld-glass joint. bearliip 
a capillar> tube coin~exion c,ealetl on to the gas burette A slm~lar 
cell. 3 ('111. in depth, served as a ~bater-filt61 to cut out heat ra? -. 
111 5ome e\periments. ~t ria? directly attached to the front quartz 
plate of the reaciio~l lesscl, thus forming a coinpound cell. and 
ecoiloniising n quartz plate. Experiments blloned that, ill this 
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530 ALLMAND, C U N L ~ E ,  AND MADDISON : THE 

case, there was never more than 0.5' difference between the tem- 
perature of the water flowing through the filter and that of the 
liquid in the reaction cell. 

-4s the work proceeded, continual minor improvements in techni- 
que were made. The most concordant results were obtained when 
the dead-space in the insolation cell was reduced to a minimum 
(about 3 c.c.).* The solution under investigation was prepared in a 
stock bottle, and siphoned off into the cell. The latter was first of 
all rinsed out several times with about 10 C.C. of the liquid, and a 
vapour phase thus established. I t  was then filled and, after 
pipetting out 20 C.C. for analysis, refilled from the stock bottle. 
In  addition, the gas leaving the cell was caused to pass through two 
small traps containing potassium iodide solution, the gas burette 
being filled wit.h water. After the completion of the experiment, 
any chlorine in the connecting tubes was gently blomn through the 
potassium iodide traps, the first of which in practice sufficed for 
complete absorption. 

Supersaturation Effects.-It was at  first thought that it might be 
possible to follow the rate of reaction during insolation by means of 
the volume of oxygen collected a t  any instant, but it was soon found 
that this was out of the question, owing to the remarkable extent 
to which supersaturation occurred. The rate of evolution of gas 
was, of course, low at  the start, owing to the necessity of first 
saturating the photolyte. I t  usually increased to a more or less 
constant value after 2-3 hours. If insolation were interrupted 
before complete decomposition, then gas continued to come off 
a t  the same rate for another 2-3 hours, and only after many hours' 
standing did the volume become constant. If insolation were 
continued until all the HClO(C1,) had reacted, the rate of collection 
of gas became less towards the end, corresponding with the decreased 
light absorption and rate of decomposition. But the liberation 
of oxygen after the light was cut off still persisted. Careful experi- 
ments showed that there nas no change taking place in the electro- 
lyte, the oxidising titre of which remained quite unaltered in the 
dark. The reaction therefore does not exhibit an " after effect.'' 
Saturation with oxygen beforehand made no essential difference, 
not even to the initial time required for the rate of gas evolution 
to become approximately constant. 

The nature of the surface of the containing vessel, on the other 
hand. had an effect. Gas could be seen coming off at  definite points 

* At the beginning of the work the dead-space was carefully shielded 
from hght, in order to avold the possibility of the reaction 2C1, + 2H,O --+ 
4HCl + 0, taking place in the vapour phase. Work done in another con- 
rlexion 111 the laboratory showed this precaution to be ynnecessary. 
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on the surface, and the delayed evolution was more marked with 
experiments carried out in tlie smooth silica flasks than was the case 
when using the composite cells with their inner surface of ground- 
?lass. When sand or powdered quartzite was added to the insola- 
tion cell, the rate of gas cvo!ution mas still further increased, but it2 
appearance in quantity subsequent to  the insolation was riel-,,I 

eliminated. 
The consequence of the phenomenon was that the sum of the 

amount of oxygen collectetl as gas and of that contained in the 
chloric acid found after t h j  experiment was vcry seldom (within 
tllr experinie:~tal trror) equal to that  calculated from the loss in 
titre of Cl,(HClO), even when the solution was left standing for 
hours after the experiment. The deficiency could easily amount 
to 30% of the whole. As the formation of perchloric acid had been 
reported by Hillitzer, ~vr, tested for this substaiicc in the insolated 
solution after neutralisation wit11 alkali, using the reaction with 
methylene-blue drscribed by Rloniiicr (Ann. Chim. Analyt.,  1916, 
20, 237). ?\'one was eyer found, nor, it may be mentioned here, 
did the usual tests ever shcsw the presence of hydrogen peroxide," 
tllc formation of which had been mentioned by Gore. I n  order to  
get more positive evidence experiments were done in which the 
solution was either allowed to stand for very considerable periods 
after the insolation, or in which the apparatus was s7igorously shaken 
bcfore the final reading was talien. The following arc specimens 
of the results obtainecl 

Final Cor~,rcted Titre of Titre Chloric 
Initial corrected 10:;s in chloric acid of acid plus 
titro. titre. titre. formed. oxygen. oxygen. 

(1~095N-HCIO 0.0025&\- 0.0925S 0.059S 0.032S 0 ~ 0 9 1 5  
0.0935N-C1, 0.00475 0.03S8M O.fl563S 0.0313S 0.087GS 

I t  was further shown, ot? sereral occasio~ls, that,  after complete 
decomposition of a solutio~l of hypochlorous acid, all the chlorine 
originally present as hyposhlorous acid (allowing for losses by 
vo!xtilisation) was to bc found in the solution either as chloric acid 
or as  hydrochloric ncitl: thus shon-ing that any formation of perchloric 
nc:itl 7xn.i negligil~le. It seeras ther'fore ~~easonnble to suppose that 
supcrsaturatio~i is solely re:\poi~siblc for the ohscrved phenomenn, 
ant1 that there is neither all " incl~iction period '' nor an '' after- 
effect," as Draper l ~ n d  Imagiiled. 

Certain remarkable espe~iments should, howcrer, be especially 
mentioned, in which chlorine water and chlorine water c o ~ ~ t a i n i ~ l g  

* Observations of Anclerson and Taylor (J. Amer. C ' h e ~ ~ z .  Sor . ,  1923, 45, 
1216) rcnder i t  unlikely that appreciable amounts of hydrogen perosi~ie 
could exist under our experimental conditions. 
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832 ALLMAKD, CUNLIFFE, AND MADDISON : THE 

dissolved mercuric chloride were insolated in a silica flask. Practic- 
ally no gas could be seen coming off from the solutions during 
irradiation and, in the whole set of about twenty-five experiments, 
more than 2 c.c. of oxygen were never collected during any single 
insolation, although amounts of up to 50 c.c. would have been 
anticipated from the subsequent analyses for chloric acid and 
negative tests for perchloric acid. After completion of the experi- 
ments, the solutions were in some cases boiled or evacuated, but 
not more than an extra c.c. of gas was ever obtained. This curious 
non-appearance of gas remains unexplained. I t  is, of course, 
possible to  imagine the gas being given off from the liquid surface 
as single molecules or small aggregates, instead of being liberated 
as visible bubbles. It is also true that the neck of the flask was 
closed by a rubber stopper, which might conceivably react with any 
" activated " oxygen or ozone, but the suggestion would seem 
inadequate to explain such a complete elimination of the appearance 
of oxygen. I t  may be added that of course the possibilities of a leak 
or of the presence of some reducing agent in the apparatus were 
carefully gone into. In  any case, the striking feature of the experi- 
ments to  the eye uras the absence of visible oxygen evolution. It 
is hoped to follow up the subject further. I n  the meantime, i t  
may be mentioned that relevant data are contained in the recent 
papers by Metschl (J. Physical Chem., 1924, 28, 427) and by 
Kenrick, Wismer, and Wyatt (ibid., p. 1314). 

The figures which follow represent the percentages of chlorine 
or hypochlorous acid which, on reaction, gave chloric acid as a 
product. The remainder, in absence of any positive test for per- 
chloric acid or hydrogen peroxide, is assumed to have decomposed, 
giving oxygen. 

Clzlorine Water.-Several series of measurements, during which 
the experimental technique was gradually improred, were carried 
out, involving nearly fifty different insolations. 

Type of No. of Extreme 
Series. apparatus. expts. values. 

1 Flask 9 56.3-68.3 
2 Cell 6 57.4-62.3 
3 Flask 3 58 -66 
4 Flask 13 51 -76 
5 Cell 3 55 -63 
6 Cell 12 59 -63 

Mean 
value. 
62.5 
60.1 
63 
60.4 
60 
61.3 

The general mean is 61.2% of chloric acid, which is also practically 
the mean of the last and most concordant series. The strengths 
of the solutions insolated varied between 0-158N and 0.0175N, and 

Pu
bl

is
he

d 
on

 0
1 

Ja
nu

ar
y 

19
25

. D
ow

nl
oa

de
d 

by
 I

ow
a 

St
at

e 
U

ni
ve

rs
ity

 o
n 

21
/0

2/
20

17
 0

7:
20

:4
7.

 
View Article Online

http://dx.doi.org/10.1039/ct9252700822


the degree of decoilipositioil fro111 about 13% to  completion. Tht. 
a t r e m e  ralues for the ch11,ric acid figures were obtained either 
n h e i ~  tlie technique hacl not been fully clevelopecl, or nhen  the 
titration valuer were very small, and the erroia corrchpondinglj- 
great. We therefore feel justified in coilcluding that  the proportions 
of the products are not sen4bly affected either by tlie initial con- 
ccntration or by the  e l tent  clf deroinpoqition. 

Chlorine in Hydrochloric Acid Sol/ction.*- 

Cc~nc. of HCl ...... 0 . 0 0 i S  0 OlS 0.1-Y 0.5s  
C'hlonc acid O, ... 56 53.3 31.7; 2 9 ,  27 1 2 . 3 ;  10;  Id  

('hlsrirre in Potassizrm Chloride So1zit;o~ *-- 
Conc. o i  KC1 ............... 0 . 1 s  0.3X 
Chloric acid ............ 51.9; 60; 63 ;  4.i 44.3;  29; 2 l ;  1 3 :  26  

Chlorine i r ~  ,lIercziric Chloride Solritio~l -A> with chlorine \vater, 
several series of mcasurewert.: \\-ere done, the  concentration of the  
illercuric chloride ah -ays  being 31,. As aqueous mercuric chlo~iclc 
is r~portecl  by sollie ohservei-s to he photosensitive. wit11 formatioil 
of calomel and evolutioii of oxygen (e.g., P o u g n ~ t  . C'onzpt. ret~cl., 
1915, 161, 348); solution; cclntaining tile salt alone n-<.re insolated 
beforehand, but no trace of dcc&nposition could be detected. 
This agrees with tlie observation of 1,csure ( J .  P h n r n ~ .  C?i;>ir.. 1910, 
I: 5G9). 

Type of S o .  of Es t reme 3Iearl 
Serics. apparatus. espts.  values. 1-alue . 

1 Flasli 3 .jt)-(i8 60.:: - - 
2 Flasl; 13 57-79 6 5 
:3 ('?I1 4 63-Citi tt.j.2 
4 C'cll > t i2-(j3,2 ~ 2 . 6  

The general mean gi\ es 64.17, of chloric aciil. 

C h l o l i ? ~ ~  f n  other C'hlo~itle Solutio~zr.- 

('orir:. of HASO,. Chloric acid O,. 

0.1X 37.6 : ( i l . 2 .  40.> ; (ik ti3 ; 37 ; 63 ( m ~ a n  figure 39.5) 
0.5A- 52. ( i  ; 4 S : 27 ; 39 : 60 ; ti1 (mean figure 36 .3 )  

There appeared to  be a cer t .~ in  tentienc.7 in tlli, case for solutiolis 
containing higher initial cl lorille concentratiol~r to  give lov,er 
ctlloric acid percentages 

* Many of tlie titratiorl figures for chlorate were here exceedingly smali 
-the percentagixs given in italic:; correspond to  the lursest, and hence pre- 
sumably to tlie riiost t~.us:x~ortliy. titrations. 
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834 ALLWD, CUNLIFFE, AND MADDISON : THE 

Chlorine in Sodium Sulphate Solution.- 

Conc. of Na,SO, ... 0.01M 0.1M 0.33111 Saturated 
Chloric acid O,& . . . . . . 63.2 60.0 62.5; 62; 62 61.7 

Mean figure 61.9 

Chlorine in Lithium Sulphate Solution.- 

Conc. of Li,SO, ...... 0.25-$1 0.5M 1 JI 2,M 
Chloric acid 0; . . . . . . 63 67 69 73; 74 

The colour of solutions of chlorine in aqueous sodium and lithium 
sulphates is far less pronounced than is the case with chlorine water 
alone, or with chlorine dissolved in dilute solutions of aulphuric acid 
or of halides. 

Chlorine in other Solutions.- 

Added solute ......... Bromine 0.50/0CuS04 0.59&CoS04 0.5°6NiS0, 
Chloric acid 26 . . . . . . 61.3 64; 63; 64 61.5; 56 59; 67 

An experiment with chlorine dissolved in 0.5% manganous 
sulphate resulted in the rapid formation of a black precipitate, the 
same slowly occurring in  the dark. I n  certain circumstances, 
the solution in cobalt sulphate behaved similarly. 

Hypochlorous Acid.-Five experiments gave 65.3 : 63.4 ; 57 ; 5s  ; 
60.2% of chloric acid (mean figure 60.8). 

Hypochlorous Acid in Sodium Phosphate Solution.-Two experi- 
ments gave Slq& in 0.25M- and 86% in 0-125M-disodium hydrogen 
phosphate. 

Bypocklorous Acid in  Sodium Acetate Solution.-It was mentioned 
earlier that  experiment showed the dark reaction in this case to  he 
considerable, a O.1N-hypochlorous acid solution in O.5N-sodium 
acetate losing about half its titre in 9 days. It soon became apparent 
that  the light reaction itself was more complex than those hitherto 
studied. Two insolations were made of solutions of about the same 
compo~ition as above. They rapidly lost their titre when exposed 
t o  light, but no evolution of oxygen could be detected in the one 
case, and the merest trace in the other, whilst subsequent analyses 
showed only 12 and 1894, respectively, of the original osidising 
power as chloric acid. Chlorination or oxidation of the sodium 
acetate or of the acetic acid formed in the reaction naturally sug- 
gested itself, and the usuai tests were applied for monochloroacetic, 
succinir, and oxalic acids. All were negative, although an appro- 
priate amount of the substance concerned gave a positive result 
- 

under the conditions of experiment. However, on boiling with 
alcoholic potash, after adding a drop of aniline, a faint but unmis- 
takable smell of carbylamine was noticed, which pointed to the 
presence of chloroform. This observation probably means that  
hypochlorous acid chlorinates acetic acid or sodium acetate in light 
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to give trichloroacetic acid, the chloroform either being fornied 
during the carbylamine tesi , or possibly being produced by the 
further action of light on th~: trichloroacetic acid in sfatu nasceri i .  
The formation of the monochloro- and dichloro-acids is presumably 
transitory, as no trace of oxalic acid, which would be the final product 
of their photolysis under the experimental conditions, was found. 

I n  order roughly t o  check the results, another insolation wah 
carried out in which, after partial decomposition of the llypochlorous 
acid and determination of the chloric arid (which amounted to 
24% of the loss in HClO titre), the chloride concentration of the 
solution which had been used in the chlorate analysis was deter- 
mined by titration. The result, of course, represented the total 
chlorine present in the original solution, less that  fixed (presumak)lp) 
as trichloroacetic acid. The figures wcre (expremed as nrarn-atoms 
or gram-ions per litre) 

Cl in original H e 1 0  ............ 0.0622 
C1 a s  HClO after  ins[~lation . . .  0,0260 
Cl co:lverteci to H C l O :  ...... 0.0020 
C1' found on t i t rat ion ......... 0.0397 

Hen(,e C1 as C1' after  inqolation ...... 0.0397 - 0.02S0 - U.UU29 = 0.01 l d  
(11 fixed a s  CCl,.CO,H ( :) ... 0.0622 - 0.0397 = 0.0225 

. \noth~r  portion of the i n d a t e d  solulioil mas the11 tnhen, hy~ i ro -  
lysed 1)y l2.50,/, soclium hyd~.oxide, a n d  another ch!oride Litration 
carried out. This figure (corrected for a, blank test on the sodiiirn 
hydroxide) should be a measurc of the cllloride fornlccl d u r i n ~  thc  
insolation and by the hydrolysis, plus that  produced on heating 
the alkaline sodium hypoclt~lor ite. in nccordanci. \i ith thc r t>d~tiorl 

3C10' -+ 9C1' -- C103' 

The result mas 0.0342S. If we add the figures for the chlorine 
~onverted to  chlorate ion during the insolation (0.0029J) and during 
the hydrolysis (0.00839, if the above equation is correct), we get a 
total of O.O654iV, compared with the figure of 0.0622N in the 
0.1244N-hypochlorous acid taken. The discrepancy of 5% i;. 
reaqonable considering the as:,umptions made. Thus, for example, 
it is conceivable that,  during the hydrolysis, further chlorination of 
the acetate by hypochlorlte ions may have occurred, or possibly 
decomposition in accordance with the equation 

2C10' -+ 2Cl' '- o,, 

either of which reactions would have caused a discrepancy in the 
sense found. 

One further experiment w,is done, in which a dilute--0.50/,- 
solution of sodium acetate was used, and the rnilturr with 0.045N- 
hypochlorous acid exposed to  daylight for 104 hours. The chloric 

VOT,. CXXVII. n a 
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acid percentage of the loss in hypochlorous acid titre was now found 
to  be 72, a very different figure from those given by strong sodium 
acetate solutions. Chloride determinations were carried out as 
above, and good agreement was found with the calculated figure. 
It would thus appear definitely as if, on insolating these solutions, 
two reactions proceed simultaneously-photodecomposition of the 
hypochlorous acid, resulting in the production of much chloric acid 
and little oxygen, and chlorination of the added acetate, the latter 
reaction naturally occurring to a greater extent the higher the 
percentage of acetate present. Time has not yet permitted of a 
further investigation of these results. 

Ejfect of Wave-length.-Experiments carried out in sunlight, 
difIused daylight, and in monochromatic light of wave-lengths 313, 
365, and 436 p p  showed no appreciable difference in the proportion 
of the products formed. 

Effect of Surface.-Two experiments on solutions of hypochlorous 
acid indicated that, in presence of the highly developed surface 
furnished by adding pure silica powder to the contents of the insol- 
ation vessel, the proportion of chloric acid in the product was 
considerably reduced. In  the present lack of confirmatory experi- 
ments, we prefer to lay no stress on this observation. 

Discussion. 

A detailed discussion of the mechanism of the reaction is best 
postponed until the measurements on the energetics have been 
described. Certain conclusions can, however, be drawn a t  this 
stage. The results obtained with the solutions of hypochlorous acid 
in disodium hydrogen phosphate, viz., an increase in the chloric acid 
yield from 61 to 83%, support our assumption that oxygen atoms 
are the primary product of photolysis, and that molecules of hypo- 
chlorons acid present will act as acceptors for these oxygen atoms, 
or possibly for " activated " oxygen molecules, the final result 
being formation of chloric acid. That the addition of disodium 
hydrogen phosphate to the hypochlorous acid solutions did, in fact, 
prevent the formation of hydrochloric acid and thus of free chlorine 
during the insolation is made very probable by the fact that such 
solutions remained colourless throughout the experiment. Further, 
when chlorine was passed into a solution of disodinm hydrogen 
phosphate, the initial yellow colour disappeared on standing for a 
short time, and on addition of potassium iodide, the qolution behayed 
like hypochlorous acid, i .e . ,  i t  required added mineral acid in order 
to liberate its full amount of iodine. The uncertainty as to whether 
there was appreciable formation of hypochlorite ions has already 
been mentioned. One fact, however, speaks against this, as Mr. 
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31. Holmes, working in this laboratory on the photodecomposition 
of sodium hypochlorite solutions, found only 11-12% chlorate 
formation, indicating that  hypochlorite ions are not very avid 
acceptors of oxygen atoms (or " activated " oxygen molecules). 
The results with sodium acetate solutions are perhaps less conclusive, 
in consequence of the simultaneous photochlorination which is 
going on. Nevertheless, the amount of oxygen set free in this case 
is negligible compared with the quantity of chloric acid produced. 
I t  is also noticeable tha t  solutions of chlorine in aqueous lithium 
sull~hate, which became more nearly colourless as the concentration 
of the salt was increased, gave corresponding progressively increasing 
yic.1~1~ of chloric acid. 

When we consider the results obtained -4th chlorine water, 
llowever, particularly those given by solutions of chlorine in dilute 
hydrochloric acid, the facts by no means completely fit the original 
hypothesis. This was, briefly, that  the only products, or practically 
so, of the photo-reaction between chlorine itself and water are 
oxygen and hydrochloric acid, and therefore that,  if by addition 
of hydrochloric acid to the chlorine water beforehand, the amount of 
hypochlorous acid in the photolyte could be made negligible, there 
should be only a corresponclingly minute quantity of chloric acid 
present after insolation. T h ~ s ,  however, is not so. 

The value of the Jakon-kin equilibrium constant, K = [Cl,]j 
[H'][('ll][HC1O], is about 2500 a t  20°, concentrations being expressed 
as mols./litre (Groh, 2. physikal. Chem., 1913, 81. 695 ;  see also 
Levis and Randall, '. Thermodynamics," p. 508). Assuming com- 
plete dissociation of any h>idrochloric acid added or formed by 
hydrolysis, n7e have calculated the approximate concentrations 
(before insolation) of the various constituents present in 0- ln '  
(0.05lU)-chlorine, dissolved 111 water and in 0.01N-, 0.1N-, and 
0.5X-hydrochloric acid. Thc~ results are contained in the following 
table, together with the percentage yield of chlorate experimentall:; 
found :- 

Frac t ior~  Percentage 
Solution of chlorire chloric acid 

insolatect. Iiydrolysed. [HCI;. [HClO]. 1 yield. 
0 ~ 0 5 ~ 3 I - C I ~  0.45 0.0225 0.0225 0.0275 61 
., 0.01X-HC1 0.35 0,0275 0,0155 0.0325 55* 
., -+ 0,l.N-HC1 0 0.102 0.002 0.048 29 t  
,. - 0..5S-HCl 0.1)Ul :  0.500 0.0000i.7 0.0499 14 t  

* One irlsolatio~l onl:-. t .. B e s t  " values. 

I t  is clear that the chloric acid yicld falls off f3.r less rapidly than 
is iilcely to  have been the case if it wcre solely produced by inter- 
action between primarily formed oxygen and hypochlorous acid 
molecules present a t  concen~rations demanded by the Jakowkin 
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constant. It would appear possible that hypochlorous acid is one 
of the intermediate products of reaction of photo-activated chlorine 
molecules with water, this photo-product acting as an acceptor for 
the oxygen. A somewhat similar mechanism was proposed by 
Billitzer. The effect of an increased concentration of hydrogen 
chloride would, of course, then be, by re-formation of chlorine, to 
lower the " statioilary state " concentration of the hypochlorous 
acid, and thereby to decrease the opportunity for formation of 
chloric acid. 

With regard to the results obtained with the other salts, addition 
of either potassium chloride, lithium chloride, or cadmium chloride 
lowers the chloric acid yield, but in a lesser degree than does hydro- 
chloric acid, a result to be anticipated (qualitatively) from the 
Jakowkin equation. Potassium chloride would appear (in 0.5X- 
solution) to have the greatest effect, but the experiments are too 
few to enable any definite conclusions to be drawn. There is no 
doubt, however, t<hat the action of sulphuric acid is, in this respect, 
much less than that of potassium chloride. This in itself is enough 
to show that the Jakowkin equation is by no means the only deter- 
mining factor. The different ions appear to have specific effects. 
a view which is supported by the marked difference between the 
mode of decomposition of chlorine dissolved in sodium sulphate and 
in lithium sulphate solution. 

From the figures with mercuric chloride solutions, we feel justified 
in concluding that the percentage of chloric acid is slightly increased. 
This result can be construed (qualitatively) in the light of the 
Jakowkin equation, as a rough calculation based on the results of 
Luther and of Sherrill shows that the chlorine-ion concentration 
in a completely photolysed O.05M-chlorine solution is reduced by 
about half when the solution contains 5% of added mercuric chloride, 
owing to the formation of HgCl," ions. 

One further striking result should be commented upon. There 
is no doubt a t  all that the presence of small concentrations of 
hydrochloric acid (say 0.1N or less) added to chlorine-water solutions 
before insolation depresses the yield of chloric acid. On the other 
hand, no diminution in this yield during the insolation of a chlorine- 
water solution was ever observed, in spite of the fact that the 
concentration of hydrogen chloride was continually increasing. 
Still more remarkable is the fact that the percentage of chloric acid 
produced during photolysis of a solution of hypochlorous acid is 
identical with that given by chlorine water. Putting, for the sake 
of simplicity, the percentage of chloric acid given by 0.1N-solutions 
of both substarices as 60 (actually fjl ), the stoicheiometric equations 
for the two photodecompositions are : 
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equations which apparentla- hold whatever the degree of decom- 
position, and the former of which corresponds to that given by 
Popper for the decomposition of chlorinc water Thus a reductiori 
of the final hydrochloric actd acidity by more than half makes no 
difference in the yield of chloric acid. u hile. on the other hand, if the 
final acidity is doubled by working x i th  chlorine solutions with 
0.lX-hydrochloric acid added, or suppressed by adding disodium 
hydrogen phosphate to hypochlorous acid solution, the chlorate 
percentage falls to about 30 Jr rises to  more than 80, respectively. 

Using the same value clf the Jakovkin equilibrium constant 
and the same assumptions as previously. u e  hare  calculated the 
values of [HCl] in a number of solutions before insolation, half way 
through the insolation, and after complete decomposition. The 
results are contained in the fol lo~inp table. 

[HClj T~elcl of 
[HCl] after 50°, [HCI] chlor~e 

Solut~on insolated. a t  start. decomp, at end. acid 0,. 

I t  12 dif5cult a t  first sight to see u hy the solutions of 0.03iM-hypo- 
clilorons acid and 0.~)3M-clilorine should give the same yield of 
chloric acid when the HC1 acidity conditions are so different. We 
ale inclined to attribute it to the fact that,  as soon as decompositioxl 
of the hypochlorous acid hz~s commenced, chlorine will be formed 
iii the first layers of the cell. The solutions were not stirred during 
the esperiments, o ~ h g  to tile volatility of the substances present. 
C'onsequently the first and abso~bing layer, will be different in 
composition froin the solution in the rest of the cell, which is un- 
affected or only veaklp affected by light. They xi11 alxvays contain 
more acid than the latter, and a high chlorine concentratiol~ irl 
comparison with their hypochlorous acid content. Chlorine, more- 
over, absorbs far more strongly than liypochlorou~ acid. So that 
the solution is really l~eing insolated under corlditiorls which, both 
in respect of acidity and of nature of absorbing molecules, corre- 
spond far more cloyely to those in a chlorine-water solution than 
at  first sight they appear to do. Thi? ieerllr a very possible elplan- 
ation of the results observed. 

With regard to  the first stage of the reaction in these experiments, 
\r iA have no doubt that both the hypochlorons acid and the chlorine 
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molecules are primarily photosensitive. A11 the experiments go to 
show this, and we cannot agree with the view expressed by Benrath 
and Schaffganz that the hypochlorite ion is the sole responsible 
photosensitive agent. I ts  concentration in 0.05M-hypochlorous 
acid is of the order of 2 x 10-5 and in 0.05~lI-chlorine about 10-8 
equivalentsllitre. Further experiments in this laboratory have 
shown that the quantum efficiency for the decomposition of a 
0.06N-solution of sodium hypochlorite is about the same as for 
hypochlorous acid and for chlorine watcr, and we regard it as in the 
highest degree unlikely that this agret tnent would be obtained if, 
in all these solutions, the hypochlorite ion, with its widely different 
concentrations, were the sole photosensitive component. 

Summary. 

(1) The apparatus and experimental methods used in the investig- 
ation of the photodecomposition of chlorine water and hypo- 
chlorous acid solutions are described. 

(2) It is shown that, except when substances are added which 
cause secondary reactions, the sole products of decomposition are 
hydrochloric and chloric acids and oxygen. 

(3) Results are tabulated showing the percentage yield of chloric 
acid obtained in photolysis of chlorine water; chlorine water 
containing certain added acids, salts, etc. ; hypochlorous acid ; 
and hypochlorous acid containing added disodiuin hydrogen 
phosphate or sodium acetate. 

(4) Secondary reactions were found with chlorine water contain- 
ing manganese sulphate or cobalt sulphate (sometimes), and with 
mixtures of hypochlorous acid and sodium acetate. 

( 5 )  The results show that both the hypochlorous acid and the 
chlorine molecule are photosensitive, the latter possibly giving 
hypochlorous acid as a primary product. The evidence indicates 
that some a t  all events of the ions present in the salts used have a 
specific effect on the proportions of the products. 

Of the authors, one (P. W. C.) wishes to ackno~vledge the help 
afforded by a bursary granted him by the British Cotton Industry 
Research -Association, and another (R. E. W. N.) similarly wishes to 
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Department of Scientific and Industrial Research. 
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