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ABSTRACT

The kinetics of the isotoplc exchange reaction
between 018.enriched chromate 1on and solvent water
have been measured as a function of pH and chromate ion
concentration., The exchange kinetics can be explained
in terms of the dimerization equilibria
HCroh + CroOL == Crp0, + OH™ and 2HCrof == Cry05 + Hp0
except at high pH, where it 1s independent of pH, Rate
constants at 30°C for the reactions of the dimerization
equilibria and the first order reaction at the high pH
have been evaluated from the exchange results, The
activation energy of the exchange at pH 8,70 and 0.,15M
chromate lon is 11,500 cal mole'l. The reaction proceeds
faster in D,0 with Rp/Ry equal to 1.64 at pH 7.2. The

experimental results are compared with the values obtalned

by other investigators.
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I. INTRODUCTION

The importance of heavy oxygen as a means of investi-
gating the mechanism of certaln reactions was recognized
soon after its discovery. The possibilities of oxygen
exchange between water and oXyanions such as SOE, Poﬁ.
ASO, MnOy, NO3, ClOy, Cl03, CO3 and CrOj have been in-
vestigated.(l)(z)(B)(u)

Fach oxyanlon contains a central atom in & positive
oxidation state, surrounded by oxide ions or hjdroxide ’
ions, The rate of oxygen exchange between water and
oxyanions 1s a function of several factorSz(l)

A, The acldity of the medla used.

B. The size of the central atom of the oxyanion.

C«. The electronegativity of the central atom of the
oxyanion.

D. The oxidation state of the central atom of the
oxyanion,

The rate of oxyanion exchange reactions 1is generally
dependent upon the acidity of the media, for the rate
generally increases strikingly with lncreased hydrogen
ion concentration. Another important factor on the rate
of oxyanion exchange reactions is the oxidatlion state of
the central atom. In cases of elements that form oxyanions
in more than one oxidation state, 1t is found that the

rates for the lower oxidation state are faster than those

for the higher oxidation state, as evidenced by the rate



of oxygen exchange of ClO’>ClO§>ClO§>ClOE previously
(3)

reported. Within a period of the periodic table it

is generally true that rates of replacements decrease as
the charge increases from left to right, as H281oz. HPOi.
Soi and ClOE. It is reasonable that the strength of the
oxygen=~to=central-atom bond should increase as the charge
on the central -atom increases, In any family of the
periocdic table, the rates of replacement increase as

the size of the central-atom increases, This is to be

expected, since the strength of the oxygen~to-central-

atom bond decreases as slze increases; the rates of oxygen

exchange have been reported: 0105<Br03<105.(2)

The system composed of the oxyanions of chromium(VI)
in aqueous solution and thelr interactions with hydronium
and hydroxide ions has been the subject of several types
of investigation. The rapid hydrolysis or neutralization
of dichromate ion solutlions has been the subject of
several studies utilizing flow techniques,(3) (6)(7)(8)
The kinetlcs of the monomer-dimer equilibrium was further

studied by a relaxation method by Swinehart and Castellan.

Another investigative approach is the measurement of the

(9

exchange of isotopic oxygen between chromate(VI) oxyanions

and solvent water. This method offers the advantage of
studying the system at chemical equlllibrlum with the
rate of isotopic exchange reflecting the rates of all
processes resulting in exchange. From the early

studies.(lo)(ll)(lz)(IS) there were no data reported on



the activation energy and the deuterium isotope effect on
the rate of oxygen exchange between the chromium(VI)
oxyanion and solvent water,

The present work includes data not only on the effect
of chromium(VI) oxyenion concentrations and pH on the rate
of oxygen exchenge, but also evaluates the possible mech-
anisms proposed for the hydrolysis of dichromate as well
as for the oxygen exchange of the chromate ion. The acti-
vation energy and the deuterium isotope effect on the rate
of the oxygen exchange between the chromate ion and water

1s used to evaluate the mechanism,



II. REVIEW OF LITERATURE

Farly attempts of the study of the heavy oxygen
reactions had been reviewed by Rietz and Day.(lu)(IS)
The work done by Mills in general showed that the effect

of alkall is to retard greatly but not eliminate the
reaction of the oxygen exchange between chromate lon and
water, He reported that at 19,3°C, the half-time for the
oxygen exchange of sodium chromate and water is 4.5 nours (19
In Mille' work, the method of density measurement was usedj
however, this method does not permit exact determinations
of 1isotopic composition,

In 1940, several investigators found that the half-
time of oxygen exchange for sodium chromate and potassium
chromate with 0l8-water, at 100°C, in neutral or alkaline
solution, 1is about 24 hours, but in a neutral solution of
chromate at 20°C, the exchange proceeds at a faster rate;
the half-time 1s about 4,5 nours, (17) 1 the presence of
caustic alkali at 20°C, however, there is no measureable
exchange in 240 hours, This retardation by alkall is
thought to be due to the equilibrium reaction
Cry05 + HpOe= 2HCro}. (17)

At the same time, Hall and Alexander found that in
the case of sodium chromate, the half-time may be about 5
minutes or less at 1OO°C.(11) From those early investi-

gations, mechanisms involving formation of dichromate have

been suggested as: K,Cro, + H,0%=2K' + OH™ + HCroj



followed by 2HCTOj === Cry0, + Hp0
No data were available as to the effect of chromate ion
concentration on the rate of oxygen exchange of chromates
untll the publication of the work by Baloga and Earley.(lz)
They stated that the rate of oxygen exchange between
chromate and water in moderately alkaline solution is
first order in Croﬁ concentration and independent of pH.
The first-order rate constant at 25°C in 1M LiCl0, 1is
(6.9 % 0.1) x 10~% min~), Below pH 9.7, the rate is pH
dependent; at pH 7.2 the rate 18 second order in chromate
ion concentration indlcating a mechanism involving Cr203.
In another report,(18) several oxy-specles and equil-

itria that can exist in agueous solutions of Cr(VI)

dependent upon the pH were reported:

- I - - "202 = _1.6
Cr,05 + OH™+= HCroj + Croj
HCrOf + OH™+== Croj + HpO
=+ 10-5+9 =107+
HCrOuP CI‘OL“ + H KZSO (F=3)—10 ’ K250 (on)-—lo

HpCroy = HCrog + H' Xjs0 =l,2, 5.0
(p=1)

The investigators reported that above pH 8, only Croj
ions exist, whereas in the pH 2 to 6 range, HCroOj and Crzo;
ions are in co~equilibrium. At pH € 1, other specles such
as H,CrOy may exist.

The most recent study on the oxygen exchange between

Croﬁ and water was done by Holyer and Baldwin.(l3) They



determined the rate of oxygen exchange between 01& enriched
chromate ion and water as a functlion of pH and the total
chromate ion concentration. They also concluded that
the exchange can be explalned in terms of the dimerization
equilibris:

HCrOj, + Croj &= Cr,0, + OH™

2HCTOf, === Crp0n + Hp0

except at high pH, where & slow pH-independent exchange

was reported and the process is:

Cro*z + H,0 &= Croj, + Hzo*



III. EXPERIMENTAL

A. Preparation of 018 Enriched Sample:

Ols-tagged sodium chromate was prepared by dissolving
C.P. grade sodium chromate in water enriched to about 1.5%
in 018 (Obtained from International Chemical & Nuclear
Corp. Chemical & Radlo-isotope Division, Irvine, Calif,)
for more than twenty-~four hours at 30°C. The resulting
solution contained the enriched sodium chromate. This
solution was then cooled in ice and vacuum distilled to

18—enriched sodium chromate which was then

obtain the O
recrystallized from the solution.,
B. Preparation of Solutlions for the Kinetic Runs:

The oxygen exchange between the enriched sodium
chromate and solvent water was found to proceed by three
paths depending on the acidity. Stock solutlons of HClOy
(0.1N) and NaOH (0.1N) were prepared. Solld enriched
sodium chromate was dissolved in distilled water containing
the calculated amount of 0.1N HC1Qy or 0.1lN NaOH to give
the desired pH and having a concentration of LiCl0y cal-
culated to bring the total ionic strength to p=1. This
solution was then put into the water bath at constant
temperature (30 * 0,02)° c,

C. Outline of a Kinetlc Exchange Experiment:

l. Chromate Ion-Water Exchange:

A typical exchange solution was prepared by welghing

a lnown amount of solid enriched sodium chromate into a



volumetric flask containing & previously standardized
HC10j (or NaOH) =-Li1Cl0y, solution with the desired pH and
lonic strength at a certaln constant temperature. The pH
was determined by using the Beckman Zeromatic direct-
reading pH meter. Samples of the exchange reaction were
pipetted, at predetermined time-intervals, into centri-
fuge tubes which contained 0,1N Pb(N03)2 solution for pre-
cipitating the chromate and thereby quenching the exchange.
The precipitates were then centrifuged, washed and re-
centrifuged, and finally oven-dried below 100°C. The
dried samples were mixed with graphite, rolled in Molyb-
denum foils, clamped in the holders as shown in Figure 1
and connected to a vacuum system., A sample bulb was con-
nected to the vacuum system and the entire system was
evacuated to 10'5 mm Hg or lower, When this pressure was
reached, the system was shut off from the vacuum pump and
the foil containing the sample was heated by means of an
electric current. The evolved 002 was then frozen out
into the freezing tip of the furnace with liquid alr. Any
gases not condensed Were pumped off and after a suitable
vacuum was reached, the CO, was then allowed to eXpand
into the sample bulb., There were other gases present
besides CO, but none interfered with the isotopic analysis.

2. Time Measurement:

The exchange rates for the exchange of oxygen between

chromate ion and water were found to be moderately fast at
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Figure 1. Furnace
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room temperature and in acidic solutions, It was found
that during the preparation of an exchange solution, some
exchange occurred. Thus, the zero time taken for all the
exchange studles was that for the first sample taken.
Infinite time samples were taken after several half-lives
had elapsed and the isotope ratios found compared, within
experimental error, with the 1sotop1¢ ratio found for
tank CO, which was used as the standard. Since thils was
so in many cases, the isotopic ratio for tank CO, was
sometimes taken as the value for the infinite time sample,

3. 1Isotope Ratlio Measurement:

The oxygen isotope exchange ratio of 002 was eval-
uated from the CO, peaks. The lon currents of m/e (mass/
charge) 46 and 44 were measured separately by means of a
Mat Beschrelbung Mass Spectrometer Model GD150., The m/e
value of 46 corresponds to the ion current of éE65018+
and that of 44 to the lon current of c120160}6+ The ratio

that is measured 15 expressed by:
12 16 18fl + (012017017+) + i9130169E7+)

L6 _ (C 0 "0
ratlio of =
o (512316616+)

12 16 18+
or ratio of %g = %%IE%IE%IE?%
since the amount contributed by (012017017+) and
(c13016017*) 15 very small.
L, Treatment of Data:
The half-time of exchange was determined by making a
plot of log (1 - F) vs. time t, where F 1s defined as the
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fraction exchange. F 1ls calculated by the equation:

8
.. ol® -l
0] - 0
o] (- -]

where, 0%8

atom fraction in Croﬁ or water at time t.

0%8 = atom fraction in CrOz or water at time O.

0&? = atom fraction in Croj or water at time oo.

The rate of the reaction leadlng to exchange was cal-

culated using the equation(t9)(20)

R = ¥(Cro,) (H,0) L, 0-693
L(croy) + (H0) t3

where the quantities in parentheses are concentration
in formula weilght per liter,
D. Results:

1. The Chromate Ion-Water Exchange:

Typical data for the oxygen exchange between chromate
ion and water are shown in Table I. By plotting log
(1 - F) vs, time and usiné the equation &as described
under the section of treatment of data, the rates of the
exchanges can be evaluated., A typical plot is shown 1n
Figure 2. All of the experlmental results of the rates
of oxygen eXxchange between Croﬁ and water at 30°C are
shown in Table II.

2. The Proposed Reaction Mechanlsms:

Since the rate is dependent on both chromate lon
concentration and hydrogen ion concentration, the relation-
ships among the rate, chromate ion and hydrogen lon con-
centrations can be obtained by plotting the rate against

the chromate ion concentration at constant pH value and
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the hydrogen lon concentration at constant chromate ion
concentration. Those data are shown in TablesIII and IV,
The plots of chromate ion concentrations against constant
PH are shown in Figure 3. The plots of hydrogen ion
concentrations against constant chromate ion 1s shown in
Figure 4. The slopes of the lines reflect the order of
exchange with respect to chromate and hydrogen ion re-
spectively. So, from Figures 3 and 4 the results of the
rate dependence on the concentrations of chromate ion

and hydrogen ion are:

Roc ( 5+ )2:%% (er(vin)t*t pE>10
Ree ( 8+ )% (cr(vin?9® g 8--10
Ree ( H+ )1'72 (Cr(VI))2°13 pH< 8

3. The Actlivation Energy:

The activation energy was calculated for the exchange
at pH 8.7 and 7.2. The concentration of sodium chromate
was 0.,15M and 0.,20M, respectively. The exchange rates
were measured at 25°, 30°, 35°, 40° and 50°, The results
are listed in Tables V and VI and plots of the logarithm
of rate versus the reciprocal of the absolute temperature
are given in Figures 5 and 6. The slopes of the lines in
Figures 5 and 6 give the Arrhenlus actlivatlon energy, E,,

by the relationship:

d(log R) = dflog k) = . __Ea
Sl@e"""éﬁ?’ﬂ)' T-(TCT%T)' 2,303 x R'

where R' is the gas constant and T is the absolute temper~

ature, The Arrhenius activation energies are calculated
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Table I. Typlcal Data for the Chromate-Water Exchange

T = 30°
=1
pPH = 7.20
Sample No, Time(min) 46/44 ratio l - F
by 8 0.00627 1
b5 13 0.00612 0.93
46 18 0.00592 0.835
47 23 0.00572 0.740
L8 28 0.00563 0.699
4o co 0.00415 —
t% = 37 min.
1 1

R 2 8,04 x 10°~ g-atom-oxygen 1" e~
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Figure 2. Typical Graph for Determination of the Half=-
I.ife of Exchange and the Rate Constant
at 30°cC,
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Table II. Rates of Oxygen Exchange Between Chromate Ion
and Water at 30°C

(Croﬁ),n pH Eé, R (g-atom-oxygen 1'1hr:H

0.15 11.80 342 hrs, 1.22 x 107>
10.50 260 hrs. 1.60 x 107>
9.80 192 hrs. 2.,16 x 10™2
8.70 530 min. 4.73 x 1072
6.65 3.5min., 7.132

0,18 11.15 295 hrs. 1.70 x 1073
10,50 216 hrs. 2.31 x 1072
7,20 37 min., 8.04 x 107t
0.20 10.50 214 hrs. 2.60 x 1072
8.70 405 min. 8.24 x 10~2

7.20 33 min. 1.008
0.25 10.50 210 hrs. 3.29 x 107°

8.70 325 min. 1.30 x 107%

720 26 min. 1.602
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Table III. Values of log (Rate of Exchange) Obtained
from Data of Table I at Constant pH

PH (Cr(vi)),M log R
10. 50 0.15 -2,7959
0.18 -2,6364
0.20 -2,5850
0.25 -2,4802
8.70 0.15 ~-1.3251
0.20 -1,0841
0.25 -0.8861
7.20 0.18 -0,0947
0.20 -0.0033

0.25 0.2096
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0.30 : : , . ‘
pH= 7.20
0.20} i
O.I0F -
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Figure 3. Dependence of the Rate of Oxygen Exchange
Between Chromate Ion and Water on Chromate
Ion Concentratlons.,



Table IV, Dependence of Rate of Exchange on
Hydrogen Ion Concentration at

Constant Chromate Ion Concentration

(Croy),M pH log R

0.15 11.80 -2.9136
10. 50 -2,7959

0.18 11.15 -2.7696
10.50 -2,6364

0.15 9.80 -2,6655
8.70 -1.3251

0.15 7.20 ~0,0947

6.65 0.8532
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Figure 4, Dependence of the Rate of Oxygen Exchange
Between Chromate Ion and Water on Hydrogen
Ion Concentrations,



Table V. Experimental Data for the Determination

of Activation Energy at pH 8.7

Crop = 0.15 ¥

Experiment No. Temperature, °c Rate*
20 25 3,58 x 1072
y 30 4.73 x 1072
21 35 6,43 x 1072
22 40 8.75 x 10™2
23 50 1.67 x 10™31

#* Rate in g-atom-oxygen 1'1hr'1.
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Figure 5., Determination of Activation Energy for the

Exchange of Oxygen Between Chromate Ion
and Water.at pH 8,7.
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Table VI, Experlimental Data for the Determination

of Actlvatlon Energy at pH 7.2

=
Croy = 0.20 M

pH = 7,20
Experiment No, Temperature, °C Rate*
11 30 1.008
25 35 1.351
26 40 1.851
27 50 3.480

% Rate in g-atom-oXxygen 1-1 nr-i,
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to be 1.15 x 104 cal mole~1 for a chromate lon con-
centration of 0,15M and a pH of 8,7, and to be 1.16 x 10”
cal mole~l for a chromete ion concentration of 0.20M and

a pH of 7.2. The heat of activation4<AH*, is given by:

d(log B) = _ AE¥ + R* T

a(1/T) 2,303 x R
The heat of activation was calculated to be 10,900 cal
1

mole™+ at 30°C for 0.15M chromate ion concentration and
a pH of 8.7; end to be 11,000 cal mole~! at 30°C for
0.2M chromate ion concentration and a pH of 7.2,

Lk, The Isotope Effect:

The rates of the oxygen exchange were studlied in
ordinary water and in deuterium oxide. The results are
given in Table VII. The exchange reactlon proceeded
faster in D,0 at pH 7.20 solution end proceeded slower
in D0 for the solution at pH 8.70. The ratios obtalned
are:

R,/RBy = 0.71 at pH = 8,70
RD/RH = 1,64 at pH = 7.20
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Table VII. The Rate of Oxygen Exchange in D20

and in Hzo at 30°C
Solvent (cro, )M pH t3.min, Rate®
D0 0.20 8.7 570 5.83 x 1072
H,0 0.20 8.7 505 8.24 x 1072
D,0 0.20 7.2 21 1.648
H,0 0.20 7.2 33 1,008
-1 -1
* Rate in g-atom-oXxygen 1 hr ~,
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IV, DISCUSSION
A, Proposed Reactlon Mechanisms:

From the experimental results, three possible
mechanisms can be formulated which are consistent with
the observed rate law for the solutions of pH values
higher then 10,

Mechanism I:

—

Oco.o H—o —
cro= + H,0el— |0—Cr—o 1‘1 rapid and
& 27k, | reversible
0
0+--H—0p =
0——ér£5?h-é ko Cro; + 20H™ rate-determining
0
&%
Cr03 + Hp0'—— HpCro30 rapid
HZCro3o* + 20H=—— Croaog + 2H,0 rapid

The overall equation ylelds the following rate law:
R =5k, 1 (Crof)(H,0)

koy
Mechanism II:
00'00 H—o* =
= % k3 | l
Cro;, + Hp0 ——ims |0—Cr—O-H rapid and
L5 | reversible
0
?H—?; =
k ¥ -
0—('31'—-\9;--1{ 3_, HCr030~ + OH rate~determining
o
x - b4
HCr040 + OH — Cr050° + Hy0 rapid
R=1ky 51 (Crof)(mp0™)

kly
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Mechanism III1:

000.H~0*
Croz + HpoO%* K > O == Cr==OsesH rapid and
< =3 [ reversible
=1 o
O . .t-o - —-o =
'%' Ky z
O0—Cr=LOo~.H —y Cr0,0% + 20HT rate-deter-
' mining
18]
; 3 3*
Cr020 + H20 4=H2Cr0202 rapid
* - *_
HzCI‘OzOz + 20 —————y Cr0202 + 2H20 rapid
L
R = ku’ kl (CrO) (Hzo*)
kl
-1
All of the above rate laws can be reduced tos
R = k(Crop) (H0)
or R = k'(CrOE)
where
k = k, X ]__'1 (for Mechanism I)
k—l
k = k3 ki I'g (for Mechanism IT)
21
k{
and k = ky Ifé (for Mechanism TII)
k.
-1

When the ionic strength of the reaction medium 1s held
constant, the terms '1—1;; Tz, and r3 which are functlons
of the activity coefficients of the reactants and the
activated complex are assumed to be constant.

For solutions of pH values lower than 10, the exchange

is acid dependent and there are two possible mechanisms to

be formulated.
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Mechanism IV:

= k
Croj + H 0% s=d=— HCroj + H,0 rapid and
3 IE-1 " 2 reversible
- = k - -1
HCroj, + Cr0;, ——2—5 OH™ + Cry0, rate-determining
= 3* g
R=1ky X1 __ (crof) (u50%)
LY
Mechanism V3
= k
CTOf + H40" s==le—» HCTOj + H0 rapid and
k.q reversible
HCrOE + HCrOE-__Eﬁ_’ HyO + Crzo; rate-determining
= 3% *
CI‘zO? + Hzo ——)H20r2070 rapid
3% *
H20r2070 -——-———-)Hzo + CI’2060_ rapld

R=1Lky _¥1_ (croy)(HCrog) (H50")
L
These two rate laws can be expressed by:

R = ké(H30+)(Cr0:)2 + ky

where k3 =k 1T
-1

(HBO*)(HCro;)(Croi)

k

kg =y 1]
k-1

I& andIZ are assumed to be constant when the ionlc strength
of the reaction medium is held constant.
B, Rate Law and Evaluation of the Reactlion Constants

l. Rate law:

From the proposed mechenisms, the rate of the oxygen
exchange between the chromate ion and solvent water can

be expressed by:

R = Xk, (Croy) (H,0) + k, (HCro}) (Croy) + kB(HCrog)2 (1)
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2., Evaluatilion of kl' k2' and k3:

It i1s necessary to evaluate these specific rate
constants kl, kz, and k3' From the relationships among

the (HCrOR), (crog), end (Cr,0%) as:

(HCTOL)

K., =

N ) (2)
(Cr,05)
(HCroyg)

the rate R can be expressed in terms of the concentrations
of Croz and H' only, this can be done by substituting
(2) into (1)1
R = k' (Crop) + kykp (HY) (crop)? + gk (u*)Z(crop)? ()
= (crop) (k] + kpKq (HY) (Crof) + kskp (8#%)2(crop)}
Equation (4) may be used to evaluate ki, kp and kg. Since
at high pH, the rate is nearly independent on the hydro-
gen ion concentration, i.e., the ki (Croj) term will con-
tribute the most in this equation to the rate, one may
neglect the other terms, and ki is obtained,
The evaluation of k; and k3 may be done from equation
(4) by rearranging its thus,
R - k]| (Croy)

2.+
= KoKy + kaKy(H)
(HY) (CT0) 2 2h1 T P (3)

R - ki (Croy)

It is clear that by plotting the values of
; :2
(") (Croy)

vs., (H'), the slope of the line will be the value of

k3x§ and the intercept k,K,. The value of K, may be ob-

tained by extrapolation from those data reported by other
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workers: Ky (g=0) = 3,16 x 10°(21), Ky (u=0.11) = 1,35 x
10°(22), X, (u=4) = 7.0 x 205(13), and K (u=3) = 7.9% x
105(13), and Xj (p=3) = 7,94 x 105(5). From extrapolating
data K7 = 1.26 x 21.06 at M=1. The plotting of

R - ki(CrOZ)
vs, (H*) 1s shown on Flgure 7. The slope

(a%) (crof) ¢

of the line is about 5,96 x 1015 and the intercept around

3 x 107. Then k2 and k3 are evaluvated, The values for

2 g-atom=oxXygen 171 nr1 or 8.7 x 10~7 s‘l,

ki 1s 1.25 x 10
kp 18 1.67 x 1072 M™1 571 and kg 1s 0.3 M°1 71,
For the evaluation of k_, and k_3 we have the

following equations:

X, = (Crp05)(0H”) = (HCroj) (Cr,05) + -
_— ——t— . —27 ., (E")(0H")
k_, (HCroy)(croy)  (HT)(Croy)  (HCroy)

k
or Eg—— = KKKy (6)
-2

k3 _ (Crpop)

= = K (7)
k_5  (HCTORp)®  °
so, ko = X2 (8)
B K KoKy
-3 k2

The k_p and k_3 are so evaluated with the values of
1.35 x 103 »-1 s~ ana 3,06 x 10-3 m-1 s“l, respectively.
C. Comparison of the data with those obtained from

other Methods:
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g ?

R-k’ (Cr047)
(HY) (cro

Figure
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8—I ! | 1 T ]
SLOPE = k3K|2 - 596 x10°

Vd = \ _
6} i
5} N
4t -
3 -
2r -]
| -

/- INTERCEPT =k, K, = 3x 107

| | | | ]
o 5 Te) 15 20

(HY) x lOlo

7. Determination of kKf and kpK;
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Table VIII summarizes the rate constants for the
process reported in this study along with the results
obtained by other methods,

The slower rates were assumed to result when the
solutlons were free from adventitious impurities which
might catalyze the exchange. Also, in this work the
temperature is 30°C instead of the 25°C used by the
other workers. The agreement of the results obtained
by the variety of methods under markedly different con-
ditions of concentration is remarkable,

D, The Activation Energy and the Isotope Effect:

Many acld-catalyzed reactions are found to proceed
faster in D30+ than in H30+(23)(24),

D30* + Crof s==—=2 DCrOj + D0 (10)

Hq0" + Croj ¥=== HCroj + Hy0 (11)
The position of the equilibrium in equation (10) may be
expected to lie farther to the right than the position
of the equilibrium in equation (11). That 1is, the net
energy difference between the zero point energiles of
products and reactants in equation (10) 1s larger than
the net energy difference between products and reactants
in (11). The deuterium isotope effect for the exchange
of oxygen between chromate ion and water gave RD/BH =
1.64 at pH 7.20, since chromic acid is a strong acld we

should expect the large isotope effect whlch was observed.
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Table VIII., Comparison of Rate Constants Obtained
in This Study with Values Derived from
Other Methods

[

Croy + Hzo_EL;uCroi + H,y0

k'l(s’l) Ref. Temp. (°C)
8.7 x 10~7 This work 30
2.0 x 10" (13) 25
1.2 x 1077 (12) 25

HCroj + 0r03;§§=e0rzo$ + OH™
-2

K, (M 1s™1) k_,(M~1s™1) Ref. Temp. (%C)
1.67 x 10™2 1.35 x 107 This work 30
2.40 x 103 2.10 x 103  (13) 25
8.80 x 10’4 4,60 x 102 ( 8) 25

- k =
2HCrOu%_.3—~ Cr, 07 + H,0

k3(m'1s'1) k_B(M-ls_l) Ref. Temp.(°C)
3 x 107t 3.06 x 10”2 This work 30
1.3 1.50 x 107F  (13) 25
1.8 4,90 x 10‘“

( 9) 23




34

For the solutions of pH higher than 8, the i1sotope effect
RD/RH is less than 1. This can be explained by meche
anisms I, II, and III, since all of these mechanisms in-
volve & bond rupture between H and O in the rate~determining

step.
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V. CONCLUSION

In the pH region where the oxygen exchange between
chromate ion and water was studied, namely from a pH
of 11.50 to a pH of 7.20, the exchange has the rate law
R = kq (Croj) (Hy0) + kp(HCrOf) (Crog) + k5(HCToR)Z
From the experimental results, we may propose that
the slow pH-independent exchange observed in the reglon

of pH greater than 10 1s consistent with the process:

croy + Hzo-—E.-T_ll—- croy + Hp0
The near first-order hydrogen ion dependence and second-
order chromate lon concentration dependence in the pH
range 8--10 may be explained in terms of:

HCroj + CroOj ,=_§‘_—- Crp05 + OH™
For the exchange at pH 1ower';han 8, the increasing de~

pendence on hydrogen lon concentration may be due to a

contribution by the following process:
2HCTOj, %—: Crp05 + Hp0
-3

For the pH below 6, the exchange goes too fast to measure
by the present method; the flow technique may be used to
advantage,

The exchange path suggested in the region of below
PE 8 1is probably the two dimerization equilibria,
HCrOf, + CrOne2Cr,0 + O and 2HCrO T=Cry0, + Hy0. The

exchange path in the region of above pH 10 is best shown



by mechanism II, and the exchange path in the region of

pH from 7.2 to 10 by mechanlism IV and V,

36
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