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ABSTRACT

The effect of [H™) has been studied on the kinetics of thermal and photochemical oxidation
of glycerol (2:30 M) by potassium dichromate (C = 0-05 N) at pH values ranging from 1 to 5,
and at temperature of 15°C., 25°C. and 35°C. Ionic strength of the solution was 0-11. The

thermal reaction was observed to vary linearly with [H*] and to be of 0-85 order with respect to
this ion. Heat of activation was found to be 12:84 £0-2 Kcal. On the other hand, the varia-
tion of the photochemical rate could only be expressed by a cubic equation. To diagnose the
reason for such a dependence, various equilibria existing in a solution of potassium dichromate
has been considered and from the known values of equilibrium constants the concentration of
each species of ions, CrO4”, HCr0y4’, HCr,0,’ and Crs0O;” has been calculated at various pH values.
From this, the fraction of incident radiation absorbed by any particular species has been cal-
culated. Assuming that the observed variation of photochemical rate should simulate the
calculated variation of fractional adsorption by the photoactive ions, it has been concluded that

no single ionic species is effective at entire pH range. At high H* concentration (>10-2M)

HCr,0,’ ions are also photoactive and at low H' concentration ( < 10—4 M), CrO,” ions act as
inner filter. At the intermediate range either Cry0;” ion or HCrQ,’ are photoactive. The present
results do not conclusively differentiate between the two possibilities. Furthermore, the reaction
in the dark and in the presence of light (A 3660 A) do not follow the same mechanism.

INTRODUCTION

Chromic acid oxidation of organic compounds is known to take place thermally
88 well as photochemically. The thermal oxidation of isopropyl alcohol (Westheimer
and Novick, 1943 ; Watanabe and Westheimer, 1949 ; Westheimer, 1949; Nicholaides
and Westheimer, 1949; Holloway, Cohen and Westheimer, 1951 ; Cohen and West-
heimer, 1952) and some other.compounds (Lucchi, 1940; Hampton, Leo and West-
heimer, 1956; Wiberg and Mill, 1958; Graham and Westheimer, 1958) has been
more or less thoroughly studied by various workers, and the mechanism of oxida-
tion is tentatively established. According to Westheimer et al. (Westheimer and
Novick, 1843) HCrO, is the ionic species taking part in the oxidation process.

Although some preliminary work had been done by Plotnikov (1926) much of
the early work on the photochemical oxidation of simple alcohols was carried
out by Bowen and his co-workers (Bowen and Bunn, 1927; Bowen and Yarnold,
1929; Bowen, Peacocke and Wellburn, 1931; Bowen and Chatwin, 1932). They

also concluded that in the photo-oxidation process as well, HCrO is the photo-
active species. The activated HCrO, * produced by, light absorption, induces the
oxidation of alcohols in a number of steps.

* This work was done when the author was Sri P. C. Ray Research Fellow in the University
of Calcutta.
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On the other hand, Weber and Asperger (1946, 1948) have suggested that
negative temperature coefficient of photochemical oxidation of glycerol, which they
had observed in the case of very high concentration of K,Cr,0; and glycerol, can
be explained only on the assumption that a thermal reaction precedes photoactiva-
tion. According to them the hydrolysis of dichromate ion Crs0, 4+H,0 = 2HCrO,

is the preceding thermal reaction, and CroO, is the photoactive species. With
rise of temperature the equilibrium shifts towards right thus decreasing the con-

centration of CryOF and thereby decreasing the rate of oxidation. The net re-

action is the oxidation of glycerol to glyceraldehyde with concurrent reduction of
Cr® to Cr3. Recently Klaning (1958) has suggested for photo-oxidation of 2-propanol

that the ionized ester (CH;),CHOCrO; is the only photoactive ion.

For a better understanding of the mechanism of the photochemical reaction,
it is necessary to study the effects of various parameters on the dark and the light
reaction under comparable conditions. In the present paper, such an attempt
has been partly made. The oxidation of glycerol has been studied at various tem-
peratures and at different hydrogen ion concentrations.

EXPERIMENTAL

Material.—Potassium dichromate of E. Merck, G. R. quality, was used as such.
Glycerol (B.D.H. A.R.) was distilled under reduced pressure (5 mm. Hg) at tem-
peratures between 120°C. and 133°C. Considerable water was eliminated. Acetic
acid Glacial: (Basynth’s analysed reagent) did not reduce chromic acid. Mono-
chloracetic acid : It is not possible to purify monochloracetic acid by distillation over
chromic acid to remove the oxidizable impurities. It contains very easily hydro-
lyzable Cl,, and glycollic acid so produced causes explosive reaction with chromic
acid. Therefore acids of different companies were tried and finally the analysed
chemical of May and Baker was found to be practically free of oxidizable im-
purities. Dichloracetic acid: (Basynth) water was removed from 1 1b. of acid by
heating in vacuum, and was kept overnight over chromic acid crystals (10 gm.).
Next day it was heated to 100°C. on a w.b. under water pump suction. Vigorous
reaction took place and a volatile compound escaped. Reaction continued until
all excess chromic acid was used up and solution became completely green. It
was distilled under a press of 15 mm. Hg. First portion was rejected, and the
fraction distilling between 81°C. and 83°C. was collected. Redistilled at 23 mm,
press and at constant temperature of 101°C. Disodium salt of ethylene diamine
tetra acetic acid B.D.H. (assayed via Ca-complex not less than 98 per cent) was
not purified any further.

The reaction was studied at temperatures of 15°C., 25°C. and 35°C., at pH
values between 1 and 5 using suitable buffers. As hydrogen ion is also used up
in the reaction, acetic acid, monochloracetic acid and dichloracetic acid were used
for preparing buffer solutions in the appropriate ranges to insure good buffering
capacity. At pH 1 (actually 1-23) a solution of H,SOy, ionic strength adjusted by
addition of KNOg, was also used.

The reaction was carried out in a specially designed pyrex vessel (Fig. 1) with
provision for electrical stirring and a side arm for withdrawing samples from time
to time. Since the reaction was carried out in the dark with only dim light reflected
from a green bulb, and also since there was considerable thermal reaction taking
place, & special pipette with a two-way stop-cock was constructed and calibrated.
With the help of this pipette, 5 c.c. of the reaction mixture could be quickly trans-
ferred without the necessity to adjust the mark.

The temperature was controlled thermostatically. The thermostat consisted
of a 5 lit. pyrex beaker placed inside a black tin can with suitable window for
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irradiation. The tin can was covered with felt for better temperature control.
There were two relay systems: (a) one for temperatures below the room temperature
and (b) for temperatures above the room temperature. In (a) the electromagnetic
relay and the thermoregulator were connected in series. The temperature was
lowered by pumping ice cold water through the thin copper coils immersed in the
water bath, The bulb of the thermoregulator, half filled with air, was found to be
sengitive enough to control the temperature at 15°C. within +$0-5°C. At 25°C,,
the temperature could be controlled within +0-1°C.

In (b) the electromagnetic relay and the thermoregulator were connected in
parallel. A 20 W bulb was used for heating the bath. Partially filling the bulb
of the thermoregulator with ethyl ether, temperature could be maintained at 35°C.
within £0-1°C. '

For photochemical reaction, a 1256 W.H.P. mercury discharge lamp with Wood’s
glass envelope was used as the light source. The intensity of the light source was
measured by chemical actinometry. Potassium ferrioxalate solution of Parker
(1953) was used as the actinometer. With the light source placed at a distance
of 10 cm. intensity of radiation (Nhv) falling on the solution was calculated to be
equal to 1-91 x 1078 gm. mol. quanta per sec.

The reaction mixture was prepared in the reaction vessel itself. The potassium
dichromate solution was added immediately before the experiment and the stirrer
turned on. The first sample was always withdrawn after two minutes in order
to allow proper mixing of the added solution, The concentration of dichromate
was 0-05 N with respect to Cr atom in all cases and was so chosen as to give com-
plete absorption of the incident light. Glycerol was used as the acceptor and its
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concentration was 2:30 M, For the ease of pipetting such a viscous liquid, a 50
per cent solution of glycerol was prepared in advance. The salt concentration of
the buffers was about 0-04 N and the ionic strength of the solution mixture 0-11.
The progress of reaction was followed by colorimetric estimation of violet complex
of Cr8 formed with disodium salt of ethylene diamine tetra acetic acid on heating,
after precipitating the Cr® with lead nitrate. This method of estimation of ter-
valent chromium is about twelve times more sensitive than the direct estimation
of Cr3 colorimetrically. By using such a sensitive method, it has been possible
to study the reaction in the early stages within 5-10 per cent decomposition. In
all cases, good straight lines were obtained by plotting the concentration of Cr3
formed during the course of the reaction against time. A typical data is presented
in Fig. 2.
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Fra. 2. Rate of reaction at 25°C.
@ at pH 4-12in dark; @ at pH 4-12in light.
© &t pH 2:90 in dark; @ at pH 290 in light.
o &t pH 135 in dark; O at pH 1-35 in light.
@ &t pH 1-25 in dark; @ 8¢ pH 1-25 in light.
-

The reaction under each condition was conducted in dark as well as in presence
of ultra violet light (A = 3650 &) absorbed by potassium dichromate solution.
The reaction velocity in the dark was deducted from that in the light to give the
photochemical rate. This procedure involves the assumption .that the thermal
reaction proceeds at the same rate in presence and in absence of light.
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RESULTS AND DIscUssioN

. 3
Thermal Reaction.—In Table I are presented initial rates, v, = ‘-l—%t- , of dark
reactions at three different temperatures and at various pH values.
TasLE I
. Initial rate vt in gm. atom/[lil. sec.
pH T = 35°C. T = 25°C. T = 15°C.
1-25 173X 105 9-92X 108 4-80x 10-6
1-35 1-57x 10-5 9-50% 10-6 4:58% 10-6
2-90 1-09% 10-6 522 10-7 2-14% 10-7
4-10 9-72x 10-8 4.17% 10-8 1-39%x 10-8
5-10 970X 10~9 6:95% 10-9 —
unbuffered — 1-39% 10-8 1-0 X 10-8

The thermal reaction at low temperature and high pH value was practically
negligible. A plot of log v, against pH gave straight lines for all three temperatures.
From the slope, the reaction was found to be 0-85 order with respect to hydrogen
ion concentration at these temperatures, within the pH range studied.

The pH of an unbuffered solution was found to be 4:10. The decomposition
behaviour of the unbuffered solution was compared with that of the reaction mixture
buffered at this pH value. The rate was found to be greater in buffered solution
than in unbuffered solution. ' '

The rate constant k' with respect to this ion, obtained from the relation log &’
= log v,40-85 pH, is given in Table II.

TasrLe 1I
"k sec-?
t) Mlis.

. T = 35°C. T = 25°C, T = 15°C.
562X 10-2 1-95% 10-4 1-12x 10~-4 646X 10-5
447% 10-2 2-24% 10-4 1-35% 10—-4 6-46x 10-3
1-26 10-3 3-16x 10-4 1-55% 10~4 6-31x 10-%
7-69% 10-8 3-09x 10~-4 1-32x 10-1 4-36X 10-6

7-94% 108 2-09% 10-4 1-48% 10—+ —_
av. 2:45% 10-¢ 1:35% 10~4 5-89% 10-5

From the intercept of

log v¢—pH graph 2:19% 10-4 1-32x 10-¢ 6-46% 10-5

Working with higher hydrogen ion concentration (0-400 to 0-032 M/lit.),
Westheimer and Novick (1943) have obtained a rate expression of 1-87 order with
respect to hydrogen ion in the case of dichromate oxidation of isopropyl alcohol.
They have suggested that although the principal reaction with respect to this ion
is apparently of the second order, but in very dilute acid & reaction of first
order becomes appreciable (Westheimer and Novick, 1943; Holloway, Cohen and
Westheimer, 1951).

The dark reaction showed & positive temperature coefficient. The Arrhenius
plot of log ¥’ against 1/T" gave a straight line (Fig. 3). From the slope of the graph

5
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the activation energy was found to be E = 12-84 4 0-3 Kecal for the rate con-
trolling step. It is interesting to note that for chromic acid oxidation of benzal-
dehyde, in acetic acid + water solvent a value of 12-9 Kcal has been reported by
Lucchi (1940) and 13-2 4+ 0-3 Keal by Wiberg and Mill (1958). Such close values
suggest that same mechanism may be operative for the rate controlling step of both
the reactions.

. .
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¥i1a. 3. Arrhenius plot of log &’ vs. %
The rate constant with respect to H* ion concentration can be given by the
relation &’ = 3-15 x 105¢~12840/RT Thjg gave § = —35-5 en. Such a high negative
value for the entropy of activation suggests that the formation of activated
complex is essentially an addition reaction (Rollefson, 1952) confirming the
Westheimer’s suggestion for thermal oxidation of isopropyl alcobol (Westheimer
and Novick, 1943; Nicholaides and Westheimer, 1949; Holloway, Cohen and
Westheimer, 1951).
Photochemical Reaction.—Such regular variation as has been observed in the
case of thermal reaction was not observed for photochemical reaction. The initial

rate v, and quantum efficiency (Q.E.) for photochemical reaction are given in
Table T11.

Tasre III
Q.E. of photochemical reaction
T = 35°C. T = 25°C. T = 15°C.
rH -
vp QE. | vp Q.E. tp ’ Q.E.
1-23 —_ —_ 8-74% 10~7 0-46 6-:08x 10=7 0-32
1-35 6-34% 10~7 0-42 5-89 10-7 0-31 4-94% 10-7 0-26
2-90 3-04% 10~7 0-16 266 10~7 0-14 2.09% 10~7 0-11
4-12 2:-28% 10-7 0-12 2-28% 10~7 0-12 1-90% 107 0-10
510 9-50% 108 0-05 570 10-8 0-03 — —
0-05 0-03




OXIDATION OF GLYCEROL BY POTASSIUM DICHROMATE 513

In the case of photochemical reaction, excessive dew formation caused some
error at low temperature. Furthermore, at high hydrogen ion concentration and
at T' = 35°C,, the rate of thermal reaction became very fast whereas photochemical
rate did not increase considerably so that the latter, obtained as the difference
between the rates in presence and in absence of light, also involved certain amount
of error. ‘

Since the concentration of potassium dichromate was so chosen as to give
complete absorption, the quantum efficiency was calculated by dividing the initial
rates by the number of light quanta (Nhy) falling on the system/sec. The quantum
efficiency so calculated will not be the true quantum efficiency of the reaction
because the actual value will depend on the fraction of radiation absorbed by the
ionic species which is photoactive and the others will act as inner filters only.

From a perusal of Table III, it is observed that there is slight positive
temperature coefficient for the photochemical reaction at all hydrogen ion concen-
trations. Weber and Asperger (1946, 1948) and Asperger (1949) have observed a
negative temperature coefficient at high dichromate concentration (5-77 x10~3—
4-62 x 102 M) in unbuffered solutions and high glycerol concentration.

The quantum efficiency of photochemical reaction did not vary with (H?) in
a simple way. The variation may be expressed by a cubic equation, For 25°C.,
the following equation was found to satisfy the results:

Q.E. = 0-8854—0-6452 pH +0-6452(pH)2—0-01828 (pH)3

where Q.E. = v,/Nhy.
The calculated and the observed values of Q.E. are presented in Table IV.

TasLE IV

Q.E. Q.E.
pH calculated observ
1-23 0-34 0-46
1:35 0-31 0-31
1-50 0-28
2-00 0-19
2-50 0-15
2-90 0-14 0-14
3-50 0-13
4:12 0-12 0-12
4.50 0-10
5-10 0-03 0-03

To diagnose the reason for the dependence of the reaction on the H* concen-
tration, we must consider the various equilibria existing in a solution of potassium
dichromate. Following equilibrium will exist in solution :—

1. HyCrO,= H'+4+HCrO,’ K, = 1-21 at 25°C., p = 1-0
’ 0-67 at = 0-11
2. HCrO/ = H*+40r0.” Ky =32x10"7at25°C., p =0

1024 X 1079 at p = 0-11
3. 2HC!'O" = CT207.+H20 . K8 =980 at 2500., p=1

355 at 26°C., u = 0

59'5 at 25°C., p = 0-11
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4. H,Cry0; = H'4+HCr,0,' K, = very large

5. HCI‘207’ #»H‘F +CI‘207’ K5 =(-85at F' =1
‘ 0-26 at p = 0-11

Potassium dichromate being a strong electrolyte will be completely dissociated
in solution. An aqueous solution will contain CrO,”, HCrO,', Cry0,” ions and possibly
HCr;0," ions as well, depending upon the pH of the solution. Then it may be
suggested that the variation in the rate of photochemical reaction will .follow the
variation in the concentration of the photoactive species.

There would not have been any experimental difficulty in such correlation,
if each ionicspecies absorbed in different regions of spectrum. It has been variously
observed that most of them have more or less overlapping absorption spectra
{Tong and King, 1953; Kitson and Mellon, 1944 ; Howard, Nair and Nancollas, 1958)
so that the non-photoactive species act as inner filters, which make direct evalua-
tion complicated. The possibility that more than one species might be taking
part in the reaction cannot be ruled out also.

The rate of photochemical reaction has been observed to have a cubic depen-
dence on pH of the solution, showing a rapid increase at low pH and a rapid decrease
at high pH with a region of slow variation between pH 3 and 4. Similar dependence
on pH has also been observed by Bowen (private communication).

In neutral or alkaline solution no oxidation takes place. From this it was
concluded that CrO,” are photochemically inactive (Bowen and Bunn, 1927; Bowen
and Yarnold, 1929; Weber and Asperger, 1946). Therefore the possibility of other
three ionic species HCr,0;', Cry0,” and HCrO,’ taking part in the primary photo-
chemical process should be looked into.

From the congideration of the various equilibria the concentration of any given
species can be worked out for the whole range of H* concentration.

If C be the total concentration of Cr® in the solution then:

C = [HCI‘O4I] +2[CI'207 ”] + 2[HCI‘207’] + 2[H20r207] + [Cr04”] + [H20r04]

Neglecting [HyCr;04], since K, is known to be very large and solving for
[HCrO,'] we have

[HCr0,] = — Ky(H*+HK,+K;K,) J[Ks(H2+HK1+K1K2)]2 KsC
$1 4HK,K¢(K; +H) 4HK K (K;+H) 2K4(Kz+H)

where for the sake of simplicity of representation, H represents [H*]. The value
of K,, K3 and Ky were taken from the data of Tong and King (1953) and that for
K, from Neuss and Rieman (1934). All these constants were recalculated for the
experimental ionic strength of 0-11.  Table V gives the calculated values of the
concentration of HCrQ,', Cr,0,", HCr,0,", and CrO,” ions at various pH values of
the solution.

The concentration of the solution is such that the whole of the radiation falling
on the system is absorbed by it. But the fraction absorbed by any particular
ionic species will depend on its concentration and extinction coefficient at that
wave length. Consequently rate of reaction should be a function of the fraction of
radiation absorbed by the photoactive species.

The molar extinction coefficients €; and e, of HCrO,' and Cry0;" ions respec-
tively have recently been determined by Davies and Prue (1955) from a spectro-
photometric study of the equilibrium Cry07;+H,0 = 2HCrO,’ and value of €
for HCry0;" has been suggested by Tong and King (1953) to be the same as that
for Cry0;” ion. The extinction coefficient ¢, for CrO,” was calculated from experi-
mentally determined absorption curve for K,Cr;0; in presence of alkali, assuming
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that only ionic species present is CrO,” ioms, It is very mnear to that given by
Howard, Nair and Nancollas (1958).

In Table V, columns 6, 7, 8 and 9 give the calculated optical density for
HCr0,, Cry0;", and CrO,” ions respectively. Plotting these values against the
pH of the solution (Fig. 4) it is observed that, whereas the optical density due to
HCrO,' and Cry0;" ions show flat maxima at regions between values 3 and 4, the
optical density due to HCr;O;" becomes considerable only below pH 2 and that due
to CrQ,” only above pH 4.
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Fia. 4. Ca.leula.te('i optical density of different ionic species in a solution of potassium dichro-
mate at different pH. The scale of optical density for CryO,” ion has been slided down
and is given on the right.

Now it is quite logical to assume that the variation of photochemical rate with
PH of the solution should follow the same course as the variation in concentration
of the photoactive species. Both HCrO,’ and Cr,0;” have similar behaviour and
at intermediate pH range, both have equal possibilities. But neither HCrO,’
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alone nor Cry,0;" alone can explain the rapid rise in reaction velocity at low pH

values.

To explain this, one has to assume that HCr,0,' ions are also photoactive.

In his early papers Bowen had assumed HCryO;' to be the photoactive ion but
later discarded it in favour of HCrO,’ ion. In columns 10 and 11 of Table V
are given the per cent absorption by (HCrO, -+HCr,0;) and (Cry0;"+HCr,0;')
respectively. 'When these values are plotted against pH, curves obtained simulate
the logarithm of the observed variation of photochemical rate with pH (Fig. 5).

T1a. 5.

% ABSORPTION

0 3 1 ] 1 1 :
[+] 2'0 40 &0
PH

Comparison between calculateq percentage absorption and experimental log vp at
various pH values. A. —@— percentage absorption by (HCry0; +-Crg0,%): ... ..
O-vvvne after correcting for CrQ,” inner flter effect ; —@— log vp vs. pH. B. —@—
percentage ahsorption by (HCrpOy'+HCrO.’); ...... O crorene after correcting for
CrO,° inner filter effect ; —@— log vp vs. pH.
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That CrO,” acts merely as an inner filter and becomes effective from pH value
about 4 is also demonstrated by Fig. 5.° If absorption due to CrQ," ion were
neglected for calculating the percentage absorption by the two photoactive species,
then the calculated curve showed slight increase in the case of (HCrO, +HCry0;')
combination as we proceed from pH 4 upwards. In the case of (Cry0;”+HCr,0;)
combination; the constant value was further extended up to pH 5, before it showed
a decrease. But when this correction for absorption due to CrQ,” was applied,
the fractional absorption started decreasing from pH 4 onwards.

In the above figure two sets of curves have been plotted. The set A gives the
observed variation of log v, together with variation in calculated percentage absorp-
tion by (Cry0;”+HCry,0;) combination with pH. In the set B, the variation
of the same observed log », has been compared with variation in the percentage
absorption by (HCrO,+HCry,0;') combination with pH, by proper adjustment
of the units. . The course of variation of percentage absorption in both the sets
shows remarkable similarity with that followed by observed photochemical rate.
Although the set A gives much better coincidence still it cannot be unequivocally
suggested that Cr,0;” is the photoactive species at the intermediate pH range.

The conclusion that can be drawn from these results is that a single ionic
species is not responsible for photochemical reaction in the entire pH range. At

high H* concentrations, HCr,0,’ is also photoactive. At low H' concentration
(<1074M) CrO}” ion acts as inner filter. Whether Cr,0;” ion or HCrO,  ion is
photoactive in the intermediate range cannot be differentiated definitely from these
experiments. Furthermore the reactions in the dark and in the presence of light
do not follow the same mechanism.
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