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I. INTRODUCTION 

The oxidation of arsenic(III) by chromium(VI) 

requires the postulation of uncommon oxidation states 

as reactive intermediates. Reasonable mechanisms have 

been written for the known reactions of chromium(VI) 

which involve tetravalent, pentavalent, and divalent 

chromium as intermediates. However, mechanisms for the 

known reactions of arsenic(III) do not in general require 

the postulation of arsenic(IV) as an intermediate. 

Recently arsenic(IV) has been postulated as an 

intermediate in certain oxidations of arsenic(III). 

The reactions selected for investigation were the 

chromium(VI) oxidation of arsenic(III) and antimony{III). 

Studies in this Laboratory, however, have been mainly 

concerned with the chromium(VI)-arsenic(III) reaction 

in solutions of varying acidity. 

Rate studies have been made in dilute perchloric 

acid, acetic acid, acetic acid-acetate buffers, 

dihydrogen phosphate-monohydrogen phosphate buffers, 

and ammonium nitrate solutions. 

One purpose of this research was to determine the 

reasonableness of the postulation of arsenic(IV) as an 

intermediate by a detailed kinetic investigation of 
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certain selected reactions. Other purposes were 

to determine the reaction order with respect to 

arsenic{III), chromium{VI), hydrogen ion concentrations, 

and to determine the nature of the effect of the various 

buffers or acids present. 
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II. HISTORICAL 

A. Oxidations by Chromium(VI) 

The stable oxidation states of chromium are the 

chromium(VI) and chromium(III) states. It appears that 

the steps by which chromium undergoes a three-electron 

change to chromium(III) depend upon the nature of the 

substrate being oxidized. A one step mechanism 

involving a three-electron transfer is neglected in 

most cases because quantum restrictions prevent more 

than a pair of electrons with any one atom from 

behaving in an identical manner (1). It has been 

suggested, however, that in a few cases a three-electron 

transfer is a likely possibility. One possibility is in 

the exchange reaction between nitric acid and nitric 

oxide in acid solution (2). Electron transfer in 

chromium is believed to occur by one-electron steps 

forming free radicals as intermediates, or by the 

direct oxidation of substrate in two-electron steps 

For either step, an intermediate is required in which 

the chromium atom occurs in an unstable oxidation state. 

These, unusual oxidation states of chromium may be 

pentavalent, tetravalent, or at times divalent. 
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Compounds of chromium in unusual valence states are 

known. Bailey and Symons (3) prepared K3cro 4 • Alkali 

metal as well as ammonium, pyridinium, and quinolinium 

salts of the anion CrOc14- were prepared as early as 

1906 (4). 

Relatively stable compounds of tetravalent 

chromium, CrF4 and Crc14, were prepared by Wartenberg 

in 1941 (5). Chromium(IV} oxide was isolated as a brown 

powder (6). 

Explaining the data for any hexavalent chromium 

oxidation requires the following assumptions: 

(1) The standard oxidizing potential (in acid) 

of the (cr5-cr3) couple exceeds 1.75 volts; 

that of the (cr4-cr3) couple is probably 

even greater. The standard oxidizing 

potential of the (cr 6-cr 3 ) couple is 

1.36 volts. 

(2) Those reducing agents which preferentially 

lose one electron reduce chromium to a 

molecule or ion containing pentavalent 

chromium; the subsequent steps of the 

reaction depend on the other properties 

of the reducing agent. 
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(3) Those reducing agents which preferentially 

lose two electrons reduce hexavalent 

chromium in one of the following schemes: 

Scheme A 

cr 6 + An 
~ cr4 + An+2 (1) 

cr 6 + cr 4 ---t 2cr5 (2) 

cr 5 + An ~ cr3 + An+2 (3) 

Scheme B 

6 + An ~ cr4 + An+2 (4) Cr 

cr 4 + An ~ cr 2 + An+2 ( 5} 

cr 2 + cr6---), cr3 + cr5 (6) 

cr5 + An ~ cr3 + An+2 (7) 

(4) When the oxidation involves a mixture of 

two reducing agents, A and B, of which A 

preferentially loses one electron, whereas 

B preferentially loses two, the reaction is 

a combination of the schemes just 

described (7)(8). 
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'l'o satisfactorily account for the proposed mechanisms 

involving formation of an active intermediate by hexavalent 

chromium, the phenomenon of chemical induction must be 

considered. Evidence of induced reactions dates back as 

early as 1858 when Schonbein (9) used ferrous iron to 

induce the oxidation of iodide by dichromate. 

A reaction between A and Bis said to induce a 

reaction between A and C if the latter reaction under a 

given set of conditions does not occur at all or proceeds 

only very slowly unless it is caused to proceed by the 

simultaneous occurrence of the reaction between A and B. 

The substance Bis called the inductor, C the acceptor, 

and A the actor. The reaction between A and Bis the 

primary reaction; that between A and C is the induced 

reaction (10). 

The term induction factor is defined as the ratio 

of the number of equivalents of the acceptor reacted to 

the equivalents of the inductor reacted. The induction 

factor is used to divide induced reactions into two 

classes, induced chain reactions and coupled reactions. 

Induced chain reactions are characterized by an induction 

factor which increases without limit as the ratio of 

acceptor to inductor is increased. In coupled reactions, 
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the induction factor approaches some definite small value. 

Induced reactions involving hexavalent chromium are of the 

second class for most known systems. 

Induced reactions involving chromium(VI) oxidations 

may be of two types: (1) those where the chromium is the 

actor, and (2) those where it acts as an inductor. 

In those induced reactions where chromium(VI) is 

the actor, the induction factor when determined has been 

either 2 or 0.5. This suggests chromium(IV) or chromium(V) 

as the oxidation state of chromium in the intermediate 

formed during the reaction. That is, of the three 

equivalents of oxidizer formed by a mole of hexavalent 

chromium, either one or two may react with the acceptor. 

Since oxidations by hexavalent chromium always 

involve a transformation via a reactive intermediate, the 

question arises as to the scheme by which the transformation 

takes place. Waters (1) says that the problem is to know 

when and how the eventual stripping of oxygen from the 

anion, (Cro4- 2), occurs. King and Tong (11) state that 

this is not the problem "but rather to know the stage at 

which, in the reduction of chromium(VI), the coordination 

number increases." In acidic noncomplexing media, 

Cr(OH2 )6+J exists as the form of chromium(III). 
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Chromium(IV) may also have a coordination number of six 

and chromiwn(V) like chromium(VI) may have a coordination 

number of four. There is various experimental evidence 

supporting the above coordination numbers for chromium(V) 

and chromium(IV) (3)(12)(13)(14)(15). 

Three schemes have been postulated to explain the 

mechanism by which the chromium(VI)-chromium(III) trans-

fonnation may occur. One is the acid catalyzed fonnation 

of a chromic acid ester with the substrate; followed by 

the rate detennining decomposition of the ester giving 

tetravalent chromium. Consistent with this mechanism is 

the fact that chromate esters are now well known (6)(16). 

Westheimer concludes that in the chromic acid oxidation 

of isopropyl alcohol the following steps occur (17): 

Support for the esterification mechanism is obtained by 

the results given by the induced oxidation of manganous 

ion. The induction factor obtained is 0.5 which is an 

indication of tetravalent chromium. Dependence of the 

oxidation rate on [HCr04-J and on [H+J2 is consistent 

with an acid-catalyzed esterification. 
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Another scheme possible for a two electron oxidation 

is the removal of a hydride ion from the substrate resulting 

in an electron deficient atom which could react with the 

solvent to form the oxidation product. The fact that 

diisopropyl ether can be oxidized to acetone by chromic 

acid without previous hydrolysis of the ether to isopropyl 

alcohol points to the possibility of hydride ion 

abstraction (7). Wiberg (1$), in studies of the chromic 

acid oxidation of benzaldehyde, argues against such a 

scheme. It was observed that electron releasing groups 

which would be expected to facilitate such a reaction in 

fact actually retard the oxidation. Studies of the rate 

of oxidation of isopropyl alcohol in n2o as solvent 

indicate the possibility that the hydride abstraction 

mechanism is incorrect (19)(20). The effect of n2o as 
+ solvent is attributed to the greater acidity of o3o as 

+ compared to tt3o, and a consequent higher concentration 

of the conjugate acid of the organic substrate in the 

labeled solvent. If the hydride ion mechanism were 

correct, an oxygen-deuterium bond would be broken as part 

of the rate determining step in the labeled solvent, 

leading to a normal isotope effect which would cancel 

the solvent isotope effect. This was not observed. 
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Wiberg and Richardson (21) have further studied the effect 

of substituents and the kinetic isotope effect on the 

oxidation of benzaldehyde by chromiurn(V) and chromium(IV) 

by the competition technique. They also studied the 

chromic oxidation of triphenylacetaldehyde which can be 

oxidized to triphenylacetic acid, triphenylcarbinol, and 

carbon monoxide in various amounts depending upon the 

mechanism of the reaction. They conclude that the 

oxidation of one-third of the acid to triphenylcarbinol 

indicates that one-third of the reaction does not proceed 

by an ester mechanism. 

Symons (22) suggests that a necessary prior step to 

oxidation of alcohols and glycols is the formation of 

alkyl chromates or cyclic esters for the corresponding 

glycols. The formation constants for a number of these 

chromate esters have been measured (23). 

As mentioned earlier, the effect of manganous ion 

in diminishing the rates of oxidation of alcohols and 

its use as a diagnostic tool for ester mechanisms is well 

known. However, in the oxidation of oxalic acid and 

certain c{-hydroxycarboxylic acids, manganous ion 

catalyses the rate of oxidation (24). Examination of 

the kinetics of this catalysis shows that the catalysis 



-19-

is more directly related to the valency states of manganous 

ion rather than of chromium. The rate shows a one-third 

order dependence on chromium(VI). The mechanism involves 

the rapid reaction of manganous ion with the organic 

substrate to form a corresponding complex of manganese(!!). 

The decomposition of the manganese(III) complex is the 

rate detennining step. Chromium is involved in oxidizing 

the manganese(!!) complex to a manganous(III) complex. 

Slack and Waters (28) have investigated the initial 

reaction between chromium(VI) oxide and diphenylmethane as 

well as triphenylmethane in glacial acetic acid. The 

rate law for the oxidation of diphenylmethane has a second 

order dependence on the chromium concentration but the 

triphenylmethane rate depends only on the chromium 

concentration to the first power. They conclude that 

there exists a complex between the hydrocarbon and 

chromium(VI). In the case of the diphenylmethane, the 

complex contains two moles of chromium(VI) to one mole 

of diphenylmethane. They observe that the decomposition 

of these complexes is catalyzed by acetic acid. There is 

incomplete reduction of chromium(VI) and they have isolated 

chromium acetochromate which is given as the reason for 

incomplete reduction. 
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Waters (25)(26)(27) has suggested that the most 

probable scheme for a one electron process involves the 

fonnation of free radicals resulting from an abstraction 

of a hydrogen atom. Wiberg and Evans (19) in their studies 

of the oxidations of diphenylmethane have eliminated the 

possibility of an ester mechanism by considering steric 

factors and an observed isotope effect. The hydrogen atom 

abstraction mechanism is postulated rather than the hydride 

abstraction. The differentiation was done by studying the 

effect of substituents which gave a Hammett,,.O value 

of -1.17. This value is in agreement with that obtained 

for hydrogen atom abstraction from toluene. It is 

interesting to note that in chromium oxidations where a 

hydrogen abstraction mechanism is postulated, there is a 

kinetic dependence on total chromium(VI) concentration (19). 

Wiberg suggests that a dependence on total chromium may be 

used to separate an ester mechanism from one involving 

direct hydrogen abstraction. 

Another reaction where dichromate takes part in the 

oxidation of the substrate is that for the reaction of 

vanadium(IV) and chromium(VI) (29). There is a two term 

rate law with chromium concentration dependence to the 

first and second powers. For the first term the mechanism 
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contains a sequence of three one-equivalent reactions in 

which chromium(V) is the intermediate. This mechanism is 

supported by the results of studies of the iodide induced 

oxidation. The second term is believed to involve dichromate 

in a similar sequence of reactions. 

The rate dependence on acid chromate ion and dichromate 

concentrations appears in the oxidation of aquoiron(II) and 

tris (1,10-phenanthroline)-iron(II) ions (30). The 

mechanism is postulated to contain a reaction for the 

formation of an ester or mixed anhydride between chromium 

and the iron species. In the case of the aquoiron reaction, 

the rate law contains a retarding term in iron(III) which 

is due to the interaction of acid chromate with iron( III) 

to form a complex whose formation constant was measured. 

In the chromic acid cleavage of carbon-boron bonds, 

the rate law is first order in the boronic acid [RB(OH)2J 

and chromium(VI) (31). The authors have studied the 

effects of Ron the stability of the boronic acids to see 

if a five or three member transition state is formed. The 

most interesting results are the acid dependence data. It 

appears that the rate is independent of pH or H0 when the 
t 

acidity of the solution is between the pKas of the HCr04 
and H2Cro4 • 'In this region, there are large solvent and 
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specific ion effects which the authors believe can be 

separated when more data is available. 

Sullivan {15) has shown that in the chromic acid 

oxidation if neptunium{V} to neptunium(VI), the rate 

determining step is electron transfer of chromium(V) to 

chromium(IV). This is consistent with King and Tong's 

suggestion that changing the coordination number of 

chromium from four to six is the major rate factor. The 

rate constant was measured as a function of the hydrogen 

ion concentration. The empirical relationship used was 

A[H+J2 
k = ------

1 + B[H+] 

where A and Bare functions of the acid dissociation 
+ constants for H2Cr04 and H3cro 4 A series approxima-

tion could have described the data also, i.e., 

k = a[H+] + b[H+]2. 

One of the more complicated reactions is the 

oxidation of sulfur(IV) by chromium(VI) in acid 

(10) 

solution (32). The reaction shows a varying stoichiometry 

depending on the ratio of chromium(VI) to sulfur(IV). At 

low chromium-high sulfur(IV), the rate law is 



where 

-d[Cr(VI)] 
dt 

= 

-23-

kobs.[Cr(VI)][S(IV)] 2(H+] 

l + K1(S(IV)] 

-2 [CrS06 ] 
K1 = ------- = 36 

[HS03-][HCr04-] 

The mechanism is similar to the one postulated in this 

Laboratory (33). 

B. The Chromium(VI)-Arsenic(III) Reaction 

(11) 

(12) 

The rate of oxidation of arsenious acid by dichromate 

in dilute sulfuric acid was studied by DeLury (34) in the 

early part of the century. Unfortunately in the solutions 

that DeLury studied the second ionization of sulfuric acid 

is incomplete which he neglected. Westheimer (7) 
therefore recalculated the data using the second 

ionization at 0° C. The recalculated data show the 

reaction rate to be proportional to the square of the 

hydrogen ion concentration. The rate law now is 

-d[As(III)] 
dt 

(13) 
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There were variations in the recalculated rate constants 

for the hydrogen ion squared term. Edwards (35} shows by 

appropriate plots that the rate law actually is 

-d[As(III}] [ + 2J = (As(III}][HCro4-J k[H+J + k'[H J (14) 
dt 

Studies of the induced oxidation of manganous ion 

(36) show that tetravalent chromium is an intermediate; 

however, the arsenite-induced oxidation of iodide by 

dichromate requires the formation of pentavalent chromium 

as an intermediate. Thus in acid solutions, the scheme 

proposed for the As(III}-Cr(VI} reaction required the 

formation of both hexavalent and pentavalent chromium. 

The rate law for the oxidation of arsenious acid in acid 

is analogous to the one for the oxidation of isopropyl 

alcohol (17). 

Koltoff and Fineman (8) determined the rate law in 

alkaline solution and found 

-d(As(III}] = k[As(III}](Cr(VI}] 
dt 

the rate being independent of the hydrogen ion concen-

tration above pH= 9. The observed chromate induced 

(15) 
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reduction of oxygen by arsenic(III) in alkaline solution 

is explained by a reaction scheme which postulates 

chromous ion, Cr(II}, as an intermediate. 

In proposing a reaction mechanism for Cr(VI)-As(III) 

reactions, it has been necessary to impose certain 

limitations on the possible reactions. These limitations 

as discussed by Watanabe and Westheimer (37) are: 

(a) "when relatively stable and unstable 

particles occur together in a reaction mixture, 

the unstable particles (especially when they 

are present at high dilution) do not react with 

one another to the practical exclusion of 

reactions between stable and unstable particles"; 

(b) "it is unlikely that two unstable inter-

mediates are produced in the initial step." 

If these limitations are imposed along with the assumption 

that trivalent arsenic is always oxidized by a two-

electron transfer the proposed mechanisms appear adequate. 

Previous work in this Laboratory on the Cr(VI)-As(III) 

reaction in acetic acid-acetate buffer solutions gives the 

following rate law, 

-d[Cr(VI)]= k0 [As(III)][Cr(VI)]+ k[As(III)][Cr(VI)][HOAc] 
dt 

(16) 
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where (Cr(VI)] is the total chromium concentration, i.e., 

acid chromate ion and dichromate concentrations. The 

rate determining step appears to be the decomposition of 

a chromium-arsenic ester type complex (38). 

C. Oxidations of Arsenic(III) 

The amount of work done on the kinetics of redox 

reactions involving arsenic(III) is small. However, 

in the work that has been done, the question has arisen 

as to the validity of the assumption that arsenic is 

oxidized by a two-electron transfer without the 

formation of reactive intermediates such as tetravalent 

arsenic. 

Stafanovskii (39) has investigated the Ce(IV)-As(III) 

reaction and reports the rate law as 

-d[Ce(IV)] 

dt 

. 
= k2[Ce{IV)][As{III)] 

in sulfuric, nitric, and perchloric acids. The rate is 

most rapid in perchloric acid and slowest in sulfuric 

acid. The reaction is said to be of a one electron type. 

Moore and Anderson {40) on recalculating the data of 

Stefanovskii and on performing further experiments state 

{17) 
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that the postulation of tetravalent arsenic is unnecessary. 

The rate law as reported by Moore is 

in acid solutions. The presence of manganese(II) and 

quinone catalyze the reaction. The observed third 

order rate constant varied with the total cerium(IV) 

concentration. The data did not follow the Arrhenius 

equation for temperature effect. The results obtained 

are expected if there is a complex formed between Ce(IV) 

and so 4= in solution and the following steps are involved 

2Ce(IV) + As(III) ~ 2Ce(III) + As(V) 

If (20) is the rate determining step, then the reaction 

is third order. As the analysis used determined the 

total Ce(IV), [Ce(IV) and Ce(so 4)x4- 2x], this would 

account for the variation of the rate with concentration. 

Moore states that the uncatalyzed reaction is slow 

because of termolecular collision. However, Gryder 

and Dorfman (41) suggest that oxidations by Ce(IV) 

proceed by electron transfer to a species which is 

(18) 

(19) 

(20) 
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capable of atom transfer. This may be an explanation for 

the variance of the rate with differing acid media. If 

the As(III)-Ce(IV) reaction is bimolecular giving As(IV) 

as an intermediate, the effect of catalysis by Mn(II) 

would be unexplained (40). 

An interesting development of the Ce{IV)-As(III) 

reaction is the determination of submicrogram quantities 

of osmium by catalysis of the primary reaction (42). The 

rate law is 

-d(As(III)] 
dt 

[ J (As(III)] 
= k (Os(VIII)] + k' 

k" + (As(III)] 

which is of interest because of the similarity to the one 

obtained for the As(III)-Cr(VI) reaction. 

Studies on the kinetics of the oxidation of 

arsenious acid by nitric acid give a reasonable 

mechanism that does not require arsenic(IV) as an 

intermediate (43). 
Electrolytic oxidations of arsenic(III) at a 

platinum electrode show 100% current efficiency in 

strongly acid solution. Air oxidation does not occur. 

The analysis for As(V) produced as well as As(III) 

{21) 
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consumed show no indication of the presence of stable 

intermediates (44). 
Sen (45) proposes a mechanism for the reaction of 

sodium iodate with arsenious acid which does not involve 

As(IV) as an intennediate. The reaction scheme involves 

a stepwise removal of oxygen from the iodate by the 

hydroiodic acid produced with the excess iodate to give 

a free iodine solution as a product. 

Studies of induced reactions in hydrogen peroxide-

peroxydisulfate-trivalent arsenic mixtures using one-

equivalent oxidizing agents has led Csanyi (46) to propose 

that As(IV) is an intermediate. Csanyi states that in the 

induced reaction arsenious acid and peroxydisulfate 

disappear in a ratio of 1:1 and that the arsenious acid 

reacts by the following steps: 

-2 H02 + s2o8 ~ 02 + Hso4- + so4-

so4- + As(III) ~ As(IV) + so4-2 

2 -2 As(IV) + S2o8- ~ As(V) + so4- + S04 

the rate of reaction (24) being faster than the reaction 

between peroxide and the so4- radical. The potential 

(22) 

(23) 

(24) 

( 25) 
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values of the As(III)/As(V) and H2o2/Ho2 are -0.7 and -1.5 v, 

respectively. Waters (47) has suggested that a hydrogen 

abstraction mechanism could explain the results without 

the presence of As(IV). Weiss (48) believes the occurrence 

of chain reactions is a clear indication of univalent 

oxidation steps and, therefore, of the formation of the 

intermediate As(IV). Dainton (49) has suggested that the 

radical mechanism may involve atom transfer rather than 

As ( IV) • 

The induced oxidation of arsenic(!!!) by the 

iron(II)-persulfate reaction in the presence or absence 

of oxygen (50)(51) involves arsenic(IV) as an intennediate. 

The arsenic(IV) is produced by interaction of trivalent 

arsenic with the sulfate radical (so4-). The sulfate 

radical is a product of the initial reaction between 

iron(II) and persulfate. Oxygen greatly affects the 

stoichiometry of the induced oxidation of arsenic(III). 

The chain oxidation by dissolved oxygen is in agreement 

with an arsenic(IV) intermediate. Arsenic(IV) is 

postulated as an intermediate in the induced oxidation 

of arsenic(III) by the iron(II)-peroxide reaction (52). 

The mechanism is similar to the persulfate oxidation. 
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A radiation study of three binary mixtures of P(III) 

and Fe(II); As(III) and Fe(II); Sb(III) and Fe(II) was 

made in aerated 0.8 N sulfuric acid solutions (53). The 

oxidation yield dependence on the concentration of metal 

ions was complicated. The large values of the oxidation 

yields indicate the presence of a chain reaction which 

would involve a tetravalent state of phosphorous, arsenic, 

or antimony. These results are in·agreement with Daniels' 

studies of oxygen-free arsenite solutions (54). 
The reaction of arsenic(III) with vanadium(V) has 

been studied but with emphasis on qualitative catalytic 

effects rather than the details of the mechanism. 

Phosphoric acid increases the rate until vanadium 

phosphate precipitates then the rate decreases (55). 

Iodide ion will catalyze the reaction. Sulfuric acid 

also increases the rate with the greatest effect 

appearing above tenth molar acid (56). Hydrochloric 

acid increases the rate more than sulfuric acid (57)(58). 

D. State of Arsenic(III) in Solution 

There is much to be done on the constitution of 

arsenic(III) in solution. The main conflict in the work 

that has been done is whether or not there are dimers or 

aggregates of arsenic(III) in solution. 
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Garrett (59) has studied the solubility of arsenious 

oxide in O.l-6M sodium hydroxide solutions and 0.04-8.lM 

hydrochloric acid solutions. When acid and base solubility 

curves are plotted there is a discontinuity at or near 

water solubility. This evidence for the formation of a 

polymer is further supported by the fact that in basic 

solutions there are about 50% more arsenite equivalents 

in solution than can be accounted for on the basis of a 

1:1 mole ratio of sodium hydroxide to arsenite. 

Osmotic pressure measurements (60), conductometric 

and potentiometric titrations (61) establish that 

arsenious acid is a monobasic acid. Hence the acid 

exists as a meta form, HAso2• The fact that almost all 

heavy metal arsenites are derived from an ortho acid, 

tt3Aso3, can be explained by the following equilibrium 

(26) 

Jander and Hofman (61) state that spectrophotometry, 

crystallography, and diffusion measurements show no 

aggregates in solution; that the anion is one having 

only one arsenic atom per molecule. They also report 

that arsenious acid can appear in two isomeric forms 

distinguishable by ultraviolet spectrum. The form 
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present in solution depends upon the conditions under 

which the solution is prepared. 

Taube (62) expresses concern over the fact that 

when arsenious oxide (As2o3) is dissolved in water, the 

spectrum of the solution changes with time. He states 

that the difference between the forms obtained by 

dissolving arsenious oxide and that arrived at by 

acidifying a solution of arsenite is difficult to 

explain, particularly in view of Jander and Hofman's 

conclusion that the molecular weights of the two forms 

are the same. 

E. State of Chromiwn(VI) in Solution 

As early as 1888, the dichromate ion was known to 

exist. Walden (63) and Ostwald (64) using freezing 

point and conductometric data of aqueous solutions of 
-2 Cro3 stated that the cr 2o7 anion was the predominating 

species. Chromates are isomorphous with corresponding 

sulfates (65)(66) and thus contain chromate groups Cro4- 2• 

Crystal investigations (67} of anions of the type 

(M04 )n- have been made and have shown that such anions 

have a tetrahedral structure; the covalent bonds being 

equivalent and having a multiple character. Bystrom 
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and Wihelmi (68) have shown that salts described as poly-

chromates (Cr2o7-2, etc.) consist of tetrahedra sharing 

a corner. If chromate solutions are acidic enough, 

anhydrous Cro3 will crystallize which contains infinite 
-2 chains of distorted Cro4 tetrahedra linked together by 

shared corners (69). 

Dependent upon the acidity, ionic strength, and 

medium effect the various species present and the 

equilibria involved may be listed: 

H+ 0 -2 + Cr2 7 

H+ + cro 4-2 ~ Hcro4-
~ 

For log K30 (equation 30), the value reported for 

25°C and zero ionic strength is 6.50 (70)(71)(72). In 

3M Nac104 , Sasaki (66) reports log K30 ~s 5.91. 

For log K27 , at zero ionic strength, the values 

vary 1.26-1.36 (73); 1.64 (70); 1.55 (65). At ionic 

strength less than 0.022M, K27 is 32.7 (log K 1.51) (74). 

(27) 

(28) 

(29) 

(30) 

(31) 
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At ionic strength of l.OM K27 is 98 (log K 1.99) (65), 

while in 3M Nac104 the value of log K27 is 2.20 (66). 

At an ionic strength of 1.5M, K is 137 (33). 

For log K28 the values range from 4.15 to 0.08 

depending on concentrations and medium (70)(72)(75). 

The most recent value determined in 1M LiClo 4 at 25°C 

is reported as 0.08 (65). 

For log K29 two values have been reported, J.O 

at 25°C in dilute solutions (76) and -0.07 at 25°C in 

lM LiCl0 4 (65). 

The equilibrium represented by equation (31) has 

not actually been shown to exist. Studies involving 

species containing dimeric chromium(VI), give data only 

establishing that the number of chromium atoms is two 

and the charge on the species as (-2) (65). 

and (HCro4-)2 only differ by one molecule of water. It 

is necessary to know the extent of hydration to establish 

which species represents dimeric chromium(VI). 

E.M.F. data (glass electrode, 25°C, 3M Nac104 ) on 

Cro4 - 2 - H+ equilibria indicate two products HCro4 -

and Cr207-2 and gave no evidence for other products 

for (H+] greater than O.OJM (66). 
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The spectrum of acid chromate solutions shows 

a definite involvement with certain mineral acids. 

At acidities above the pKa for acid chromate, the 

protonation of HCro4- involves incorporation of the 

mineral acid anion, represented by A-, into the 

chromium(VI) species (77). In acid solutions, the 

chromium species can be either HCr03A or HCro4-. The 

major neutral species are HCr03A and H2cro 4 • 

The incorporation of A into the chromium(VI) 

species has a marked effect on the rate of chromic acid 

oxidations. The mechanism of chromium oxidations of 

alcohols is believed to occur by a cyclic unimolecular 

decomposition of the chromate ester (RCHOCr02AH+). 

The effect of the acid anion depends on the electron 

withdrawing power of A. The greater the electron 

withdrawing power of the A group, the less available 

for protonation will be the electrons associated with 

the oxygen atom attached to the chromium. However, this 

would increase the tendency of the chromium to accept 

electrons from a reducing agent. 

Haight (78) has made a spectrophotometric study 

and calculated the formation constants for the various 

chromium-acid anion complexes. The formation constants 



-37-

-2 for Cro3c1 and Crso 7 are 17 and 4.1, respectively. 

The formation constant for HCrP07-2 is 2.9 (79). 
There is no change in the HCro4- spectrum when the 

acid is perchloric or acetic acid. Haight interprets this 

as the absence of a chromium-acetate species. Symons (22), 

however, proposes a reasonable mechanism which postulates 

an intermediate of the type RO•Cr02(0Ac) in the chromic 

acid oxidations of alcohols. The role of the acetyl group 

is thus to enhance the electron accepting power of the 

chromium. Slack and Waters (28) isolated the compound 

Cr(III)(HCro 4 )(0Ac) 2 as a green-brown powder in the 

oxidation of diphenylmethane. 

Another factor that one must consider in 

chromium(VI) oxidations is the interaction of 

chromium(III) with chromium(VI) in acidic solutions (80). 

Acidic solutions of chromium(III) and chromium(VI) exhibit 

an enhanced absorbancy compared to that expected on the 

basis of no interaction. 
2 -2 At acidities of 0.5 x 10- to 2.0 x 10 M, data 

are given to support the existence of a complex with a 

1:1 ratio of chromium(!!!) to chromium(VI). Altman and 

King (81) have studied the kinetics of the exchange of 

chromium(III) and chromium(VI) in acidic solutions. The 
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rate determining step is the exchange of chromium(III) 

with chromium{V), where the chromium(V) is in equilibrium 

with chromium(III) and chromium(VI), i.e., 

2 Cr(III) + 5 Cr2(VI) ~ 6 Cr(V)Cr{VI). (32) 
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III. EXPERIMENTAL 

A. Chemicals 

All chemicals used were reagent grade except 

arsenious oxide and potassium dichromate which were 

primary standards. The chemfcals were used without 

further purification with the following exceptions. 

Iodine (Iodine-Iodide). The reagent was a 1/100 N 

solution~ 0.1% accurate PH-Tamm obtained from Bio-Rad 

Laboratories, Richmond, California. The PH-Tamm iodine 

was used at various times throughout the experiment to 

check for changes in the nature of the arsenic(III) 

solutions. 

Arsenious Oxide (AszQJl· A standard sample BJ 

of 99.99% purity from the National Bureau of Standards, 

Washington, D. C., was used. This standard sample was 

used to prepare a stock solution from which kinetic data 

were redetermined to check on the purity of the reagent 

grade As20.3 used in the majority of the kinetic 

,procedures. 

Potassium Nitrate. The salt was recrystallized 

from twice distilled water. The recrystallized reagent 

was used to prepare stock solutions from which kinetic 
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data were redetermined to measure effect if any of 

impurities in the reagent. No effect was observed. 

B. Preparation of Solutions 

All solutions were prepared in twice distilled 

water. Stock solutions were prepared in one- or 

two-liter volumes, except some As2o3 solutions which 

were prepared in 250 ml. volumes, and diluted to the 

desired concentration. 

Arsenious Oxide Solutions. Stock solutions were 

prepared by two methods. 

Method A. Stock solutions were prepared by 

dissolving the desired weighed amount of As2o3 in 

approximately 200 ml. of redistilled water containing 

20 g. sodium hydroxide and neutralizing with hydrochloric 

or sulfuric acid to pH g.1-a.4. 
Method B. Stock solutions were prepared by 

adding the desired weighed amount of As2o3 to redistilled 

water, boiling until all solid was dissolved, and 

diluting to 250 ml. 

Iodine. A stock solution was prepared by dissolving 

24 g. of KI into 40 ml. of redistilled water, then adding 

13 g. of I 2 and diluting to one liter and filtering. The 
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stock solution was diluted to one-tenth its original 

concentration for use during a kinetic run. The dilute 

solution was standardized daily before each series of 

kinetic runs against a standard arsenic(III) solution 

in saturated sodium borate buffer using starch as an 

indicator. 

Acetic Acid. Stock solutions were prepared in 

two-liter batches by diluting the appropriate amount of 

concentrated reagent with twice distilled water. The 

exact concentration was determined by titration with a 

standard sodium hydroxide solution using phenolphthalein 

as indicator. 

Potassium Acetate. The potassium acetate solutions 

were checked for basic impurities such as carbonate, 

bicarbonate, and sodium hydroxide by adding excess 

standard hydrochloric acid to several samples and back 

titrating with sodium hydroxide to phenolphthalein end-

point. The solutions were considered free of basic 

impurities. 

Perchloric Acid. Stock solutions were prepared by 

diluting the appropriate amount of 70% reagent with 

twice distilled water. The exact concentration was 

determined by titration with a standard sodium hydroxide 

solution. 
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Vanadyl Sulfate. The vanadyl sulfate was used in 

the gas washing train to remove oxygen which might be 

present in the commercial nitrogen used. A solution was 

prepared according to Meites and Meites (82). 

C. Kinetic Procedures 

The effects of the concentration of chromiwn(VI), 

concentration of arsenic(III), concentration of hydrogen 

ion, concentration of buffer components at a given ratio, 

ionic strength, and temperature on the rate of reaction 

were studied. The solutions of chromiwn(VI) and 

arsenic(III) containing a given acid or buffer, 

potassium nitrate, and other reagents were made up for 

each run so that on mixing the ionic strength was 

1.50M (~ 0.02) and contained a total volume of 250 ml. 

or 125 ml. The initial concentrations of the reagents 

were calculated from the volumes and concentrations of 

their stock solutions and the final volume. 

A solution was prepared for a run by adding all the 

reagents except either the arsenic(III) or chromium(VI) 

to the reaction flask. The order of addition of 

reactants had no apparent effect on the reaction rates. 

Kimax pipets were used to deliver v6lumes less than 50 ml. 
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whereas other volumes were added by an Exax buret. The 

solutions were deaerated in a constant temperature bath 
* at 25°c (~ 0.2°) for approximately one hour with tank 

nitrogen. The nitrogen had been further purified through 

a vanadyl sulfate train (82) which consisted of three 

wash towers: the first two containing vanadyl sulfate 

and the third containing distilled water with a small 

amount of acetic acid. A series of kinetic runs were 

made without the use of nitrogen and there appeared to 

be no effect due to the presence of oxygen. Except in 

very basic solutions, the deaerating with nitrogen was 

used as a convenient method of mixing during the 

reaction time. The rate of the reaction was followed 

by two different methods. The method used depended on 

which reactant was in excess. When chromium(VI) was in 

excess of the arsenic(III), the rates were determined by 

the titrimetric method. The rate of reaction in solutions 

containing excess arsenic(III) were detennined by the 

spectrophotometric method. 

Titrimetric Method. An arsenic(III) solution of 

known concentration was placed in a test tube in the 

temperature bath and allowed to come to the desired 

*All temperatures reported will be in °C. 
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temperature and then deaerated 5 to 10 minutes. A 25 ml. 

aliquot was then delivered by means of a pipet into the 

reaction flask in which the bubbling of nitrogen was 

maintained. Zero time was taken when half of the 

arsenic(III) solution had been added. 

During the course of the reaction, 25 ml. aliquots 

were taken by means of a pipet at various time intervals 

for the determination of the unreacted arsenic(III). The 

samples were run into approximately 100 ml. of saturated 

sodium borate solutions that had been cooled to 0°. Each 

sample was titrated immediately with a standardized iodine 

solution. The titrations were performed using starch as 

the indicator. In all runs, nitrogen was bubbled through 

the solution during the entire course of the sampling. 

The pH of the reaction mixture was taken at the end of 

the run by means of a Beckman Model G pH meter or 

Radiometer pH meter 4. 
Spectrophotometric Method. This method was used 

to follow the Cr(VI) as a function of time in solutions 

of low Cr(VI)-high As(III). The spectrophotometric data 

were obtained at 350 mu using a Beckman DU spectrophotom~ 

eter thermostated to the desired temperature (! 0.2°). 

The validity of Beer's law with respect to Cr(VI) was 
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checked using synthetic mixtures containing variable 

amounts of Cr(III) and AS(V) generated.!!!~ by the 

reduction of Cr(VI) with As(III). The spectrophotometric 

cells were glass-stoppered and presumably air-tight. 

D. The Rate Equation and Calculation of the Rate Constant 

From the stoichiometry of the primary reaction (38): 

3 As(III) + 2 Cr(VI) = 2 Cr(III) + 3 As(V) (33) 

and the assumption that the reaction is second order, 

the rate equation may be expressed by 

-d(As(III}] 
= k2 (a - x)(b - 2/3 x) 

dt 
(34) 

where a is the initial concentration of arsenic(III); 

bis the initial concentration of chromium(VI); and xis 

the amount of arsenic(III) having reacted at time t. 

Concentrations are expressed in moles per liter. 

At high chromium(VI)-low arsenic(III} concentra-

tions, i.e., b >>a, the pseudo-first-order rate 

constants were obtained from plots of log(a - x) versus t. 

The rate expression is written 

-d(As(III)] 
= k" 1 (a - x) 

dt 
(35) 

where k"1 is k2(b - 2/3 x), and k"i = (-2.303)slope. 
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In terms of the disappearance of chromium(VI), the 

expression is 

-d[Cr(VI)] 
dt 

= 3/2 d[As(III)] = k'1(a - x) 
dt 

t / k" where k 1 = 3 2 1 • 

At low chromium(VI)-high arsenic(III) 

concentrations, i.e., a >>b, the pseudo-first-order 

rate constants were obtained from plots of 

log(Dt - Do::)) versus t. The rate expression is 

then written 

-d(Cr(VI)] 
dt 

where k1 = k2 (a - x), and k1 = (-2.JOJ)slope; Dt is 

the absorbancy at time t; D <rJ is the absorbancy at 

the completion of the reaction; and log ( Dt - D cSJ ) is 

proportional to log(b - 2/3 x). 

(36) 

(37) 



-47-

-2 E. Determination of 2HCr04- ;;:=:=; CrzQ7 + H20 and 

.!!Q::2,,-;;:=; H+ + Cr04- 2 Equilibria 

The method used was essentially that of Neuss and 

Rieman (70). Multiple titrations were made of the 

following systems, each adjusted to 1.5M with KN03 : 

O.OlM K2Cr04 with o.OlM K2Cr04-0.02M K2Cr207, 

O.OlM K2cro 4 with O.OlM K2Cro4-0.0lM K2cr 2o7 , and 

O.OlM K2cr 2o7-0.02M K2Cr04 with O.OOlM K2Cr2o7-

0.02M K2cro 4 • The pH was measured after each addition 

with a Radiometer pH 4 pH meter standardized using a 

Beckman pH 7 buffer. The ionic strength of these 

solutions was somewhat variable during the course of 

any single titration. However, only data obtained where 

the ionic strength was essentially constant were used 

to evaluate the equilibrium constants. The validity 

of this technique seems justified by the linearity of 

Neuss-Rieman plots and the precision of data obtained 

from all titrations. A more serious question concerns 

the method of standardization of the pH meter. As a 

check, the meter was standardized using dilute HCl 

solutions in KN03 solutions of varying ionic strength 

and the pH of the buffer measured. In the more dilute 
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solutions serious differences were observed. However, 

in the solutions of interest here a difference of 

approximately 0.01 of a pH unit was measured. 

Calibration of the pH meter as a pcH meter is not above 

criticism since it involves a rather serious assumption 

concerning the response of the glass electrode in 

solutions of hydrogen ion concentration much different 

from those used for the standardization. Fortunately, 

the interpretation of the kinetic data is not as 

sensitive to substantial variation in the equilibrium 

constants as might be supposed. The values obtained 
-2 I - 2 are: K0 = [Cr2o7 ] (HCr04] = 137 ! 1, and 

Ka= [H+][Cr0 4- 2J/[HCr04-J = 1.75 x 10- 6 • 
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IV. DATA AND RESULTS 

A. Precision and Accuracy of Results 

The pseudo-first-order rate constants obtained in 

acetic acid-potassium acetate buffer solutions were 

reproducible to better than 5% for the spectrophotometric 

data. The titrimetric results after correction of the 

initial concentrations at the highest chromium(VI} 

concentrations were reproducible to better than 3%. The 

rate constants obtained from the integrated second order 

rate law showed excellent agreement with those obtained 

graphically. The spectrophotometric data yield accurate 

first-order plots up to 90% reaction. Data were usually 

obtained between two and three half-lives. 

In acetic acid without acetate, perchloric acid, 

phosphate buffer, and dihydrogen phosphate solutions, the 

reactions were pseudo-first-order (arsenic in excess) for 

about one-half life and then were about 10% slower. For 

this reason, the first-order rate constants were 

calculated from data obtained during the first half-life. 

The first-order rate constants were reproducible to 

within 5% except for a few runs at high dihydrogen 

phosphate concentrations (above 0.15M) which were 
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reproducible to within 10%. The data in ammoniwn nitrate 

solutions and unbuffered solutions (water plus potassium 

nitrate) were reproducible to better than 5%. 

B. Typical Kinetic Runs 

It is necessary to use two runs to represent the 

data reported. Figure l shows a typical first-order plot 

of the spectrophotometric data for acetic acid-acetate 

buffer solutions. Figure 2 is a plot of the spectro-

photometric data for dihydrogen phosphate-monohydrogen 

phosphate buffer solutions. This figure is also typical 

of the data for acetic acid and perchloric acid solutions. 

After the first half-life, there is a shift in the slope 

of the curve. For this reason, data were obtained during 

the first half-life. 

c. Acetic Acid-Potassium Acetate Buffer Solutions 

Low Cr(VI)-High As(III). Table l summarizes 

the data for the pseudo-first-order rate constant, k1 , 

as a function of the As(III) concentration in the low 

Cr(VI)-high As(III) region. Figure 3 shows the 

saturation effect which occurs at the higher As(III) 

concentrations. A plot of l/k 1 versus 1/[As(III)] as 

in Figure 4, is in agreement with a rate law such as 
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TABLE 1: Effect of As(III) and Cr(VI) on the 
Disappearance of HCro4- in Acetate Buffers 

R = [acetic acid]/[acetate] = 0.2M/0.2M, pH 4.65, 
KN03 1.3M, Ionic Strength 1.5M, 25.0° 

[Cr(VI)] x 104 , M [As(III)] x 102 , M kl x 104, sec.-l 

3.106 0.394 0.601 
3.106 0.985 1.42 
3.106 3.15 3.25 
6.213 0.770 1.11 
6.213 0.985 1.35 
6.213 1.54 1.91 
6.213 1.97 2.40 
6.213 2.36 2.51a 
6.213 3.09 3.22 
6.213 3.21 3.07 
6.213 4.33 3.82 
6.213 5.91 3.93 

12.43 3.09 3.30 
24.S5 3.09 J.4$ 

R = O.lM/0.lM, pH 4.64, KN03 1.4M 

6.213 0.9$9 
6.213 1.54 
6.213 3 .21 

R = O.J/0.3M, pH 4.62, KNOJ 1.2M 

6.213 0.985 
6.213 1.54 
6.213 3.21 

R = 0.4M/0.4M, pH 4.61, KN03 l.lM 

6.213 0.985 
6.213 1.54 
6.213 3.21 

aAverage of two determinations. 

0.785 
1.14 
2.01 

2.33 
3.52 
6.09a 
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-d[Cr(VI)] 2kK[As(III)][Cr(VI)] 
= 

dt 1 + K[As(III)] 

The factor of two will be discussed later under reaction 

mechanism. In this region, the Cr(VI) exists almost 

entirely as the HCro4- species. The intercept divided 

by the slope of Figure 4 yields the value for K, while 

the reciprocal of the intercept is 2k. 

In Table 2, there is definite evidence that the 

rate has a first order dependence on the acetic acid 

concentration, [HOAc]. However, the rate law shows no 

(38) 

pH dependence as was shown by varying the buffer ratio. 

Figure 5 shows that k is actually two terms and should be 

written, 

(39) 

The empirical rate law is now: 

-d(Cr(VI)] = 2 [ik + k [HOAc]~K[As(III)][Cr(VI)] o HOAc 
dt 1 + K[As(III)] 

(40) 
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TABLE 2: Acid Catalysis in Acetic Acid-Acetate Buffers 

., -4 r J -2 ~r(VIL = 6.213 x 10 M, ~s{III) = 3.21 x 10 M, 25.0°, 
Ionic Strength 1.5M, R = [acetic acid]/[acetate] 

-1 R [HOAc], M kl x 104, sec. pH 

1 0.05 1.34 4.64 
1 0.10 2.01 4.65 
1 0.20 3.07 4.65 
1 0.30 4.52a 4.64 
1 0.35 5.24 4.61 
1 0.40 6.09a 4.67 

1/2 0.10 1.85 4.98 
1/2 0.20 3.16 5.01 
1/2 0.30 4.30 5.00 
2/1 0.10 2.09 4.38 
2/1 0.20 3.57 4.36 
2/1 0.30 5.osa 4.32 
2/1 0.40 6.42 4.34 

[cr(VI)] = 6.213 X 10-\vr, lAs(III)] = 1.54 X l0- 2M, 25.0° 
R = 1.0, Ionic Strength 1.5M 

[HOAc], M 4 -1 k1 x 10, sec. pH 

0.05 0.721 4.62 
0.10 1.14 4.63 
0.20 1.91 4.68 
0.30 2.72 4.60 
0.40 3.52 4.58 

[cr(VI~ = 6.213 X 10- 4M, [As(III)] = 9.$5 X 10-\.1, 25.0° 
R = 1.0, Ionic Strength 1.5M 

[HOAc], M kl x 104, sec.-1 pH 

0.10 
0.20 
0.30 
0.40 

0.785 
1.3Sa 
1.89 
2.33 

aAverage of two determinations. 

4.62 
4.64 
4.60 
4.59 
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where in Figure 5, we have 

slope= 
2kHOAc K[As(III)] 
l + K[As(III)] 

intercept= 
2k0 K[As(III)] 

l + K[As(III)] 

Analysis of the reciprocal plots yields the values of 
-4 -1 -1 1.56 x 10 l.mole sec. -3 2 -2 for 2k0 , J.98 x 10 l .mole 

-1 sec. for kHOAc' and 17.2 
-1 l.mole for K. Insertion of 

(41) 

(42) 

these constants with the appropriate concentrations yields 

rate constants that agree excellently with those obtained 

experimentally. 

Figure 6 shows the results for constant (As(III)] 

and variable buffer ratio, R, hence varying pH. The 

variation in rate is small and suggests two sources of 

difficulty: 

1) There is a variation of the activity 

coefficient of acetic acid as potassium acetate 

replaces potassium nitrate in the medium. 

2) There is evidence that in buffer solutions 

of carboxylic acids such as acetic acid, dimers 

and homoconjugated species become increasingly 

important as the concentration is increased (83)(84). 
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Thus, (H0Ac)2 and (HOAc-OAc)- are present in 

some quantity and would surely alter the rates. 

High Cr(VI)-Low As(III). At the high Cr(VI) 

concentrations dichromate (Cr207)- 2 is one of the 

principal species present. The data obtained for 

this region, as given in Table 3, indicate that neither 

HCro4- nor Cr207- 2 individually can account for the 

measured rates at all concentrations studied. The rate 

law has the same fonn as that in the region of low 

Cr(VI), namely, 

-d[Cr(VI)] = l.JS x l0-2 [Cr(VI)][As(III)] 
dt l + 2.62[Cr{VI)] 

for 0.2M acetic acid-0.2M acetate buffer solutions, 

where [Cr(VI)] is the total chromium expressed as 

monomer, i.e., 

The [HCro4-J was calculated using the measured values 

of k27, k30 {see Historical, p. 34) and the measured pH 
-2 of the solutions. The test for Cr2o7 path was made by 

calculating values for k2 = (kmeas.- kHCr04-)/(Cr207- 2J. 

{43) 

(44) 
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TABLE 3: Effect of Cr(VI) and As(III) on the 
Disappearance of Cr(VI)a; High Cr(VI)-
Low As(III) 

R = [acetic acid]/[acetate] = 0.2M/0.2M, pH 4.60, 
[KN03] 1.3M, Ionic Strength 1.5M, 25.0° 

[Cr(VI))x 10 2 , Mb [As(III)] x 103, M k1 ' x 104, sec.-l 

7.2648 
7.2648 
7.2648 
4.8432 
4.8432 
3.6324 
3.6324 
3.6324 
3.6324 
3.6324 
3.6324 
3.6324 
3.6324 
2.4216 
2.4216 
2.4216 

3 .234 
3.234 
7.974 
3.234 
7.974 
1.617 
3 .234 
3 .234 
4.043 
4.741 
6.468 
8.085 
8.085 
3.234 
4.851 
7.974 

8.40 
8.46 
8. 56 
5.84 
6.06 
4.58 
4.62 
4.62 
5.00 
4.60 
4.80 
4.58 
4.26 
3.16 
3.20 
3.06 

acomputed from the rate of disappearance of 
As(III) as determined titrimetrically. 

bTotal Cr(VI) expressed as monomer. 



TABLE 4: Acid Catalysis in the High Cr(VI)-Low As(III) Reaction 

- 11 - 2 f'i ] - 2 t, ] 2 ~r(VIL = 4.84 x 10 M, @Cro4- = 1.15 x 10 M, ~r207 = lo80 x 10- M, 

[HOAc] 

0.20 
0.30 
0.40 

R = ~OAc}t>Ac-J = 1.0, [As(rrr)]:; 3.19 X 10-3:M, 25.0°, 
Ionic Strength 1.5M 

k1' x 104, sec.-1 

5.86 
7.37 
9.04 

kHcro4- x 104, sec.-1 

1.57 
2.23 
2.89 

' k -kl - HCr04 

4.29 
5.14 
6.15 

I 
Q'\ 
\,J 
I 
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The relative constancy of k2 for a given R establishes 

that the rate law expressed in terms of Cr(VI) is 

-1 d[Cr(VI)] fi: ;l K[HCr04-] 
2 dt =to+ kHOAc[HOAc]J 

1 + K[HCro4-J 

+[k0 ' + k'HoAJ[HOAc](Cr2o7-2J[As(III)] (45) 

F.Jr 0.2M buffer concentration, the rate law is 

-d[Cr(VI)] 
dt 

= 1.63 x 10-2 [HCro4-J[As(III)] 

1 + 17.2[HCr04-J 

-2 2 + 2.38 x 10 [Cr2o7- ](As(III)] 

t 
Plots of kHCrO _ and k1 - kHCrO - versus [HOAc J at 4 2 4, 
[Cr(VI)] of 4.84 x 10- M yield k HOAc[Cr2o7- 2J 

( 46) 

total 

equal -4 -4 to 9.33 x 10 and kHOAc K[HCro4-J is 6.53 x 10 • 

1 + K[HCro4-] 

In these solutions, the dichromate concentration, 

1.80 x l0- 2M, which yields k'HOAc as 0.051. This 
t 

k HOAc may actually be the product KkHOAc· For the 
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HCro4 contribution, the KkHOAc would be 0.068. These 

values follow the same trend as the acid dissociation 
- -2 constants for HCro4 and Cr2o7 • 

D. The Reaction in Perchloric Acid Solutions 

Hydrogen Ion Variation. Table 7 gives the data for 

the variation of the hydrogen ion concentration at 25.0° 

and 15.0°. These data establish that the measured~ can 

be expressed 

(47) 

Plots of k/[H+] versus [H+] as in Figure 9 yield 

kH = 0.0460 and 0.040 at 25.0° and 15.0°, respectively. 

The values for kH2 are 7.36 and 5.06 for 25.0° and 15.0°. 

At the lower acidities, the contribution due to the k0 

tennis significant and the k used in Figure 8 is 

actually~ - k0 • Several k0 values were used in the 

calculations to obtain the best fit of the data. The 

k0 which best described the data was in good agreement 

with the k0 obtained in the acetic acid-acetate and 

acetic acid alone solutions. 
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Arsenic(III) Variation. The order with respect to 

As(III) was established by variation of the As(III) at [H+J 

equal to 1.09 x l0- 2M an [H+] equal to 2.1$ x l0- 3M. 

Table 5 shows the results obtained. The lower acidity 

produces a linear plot (figure 7) of 1/~ versus 

1/As(III) analogous to the acetate buffer data. At 

the higher acidity, the plot (figure$) exhibits a sharp 

deviation from linearity at high As(III). The major 

difference between the two sets of data is that in the 

region of low acidity, the term involving [H+J is 

predominant while at the higher acidity, the term [H+J2 

is predominant. The data will not fit an empirical 

equation of the form reported by Sullivan (see 

equation 10). The rate law is 

-d[Cr(VI)] =lk + kH[H+] + kH2[H+]2lA[As(III)](Cr(VI)] 
dt L·o J l + B[As(III)] C4S) 
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TABLE 5: Arsenic Variation in PGrchloric Acid 
Solutions 

[Cr(VI)] = 3.73 x 10- 4"1'1, [ KN03 ] = 1. 5M 

[As(III)] x 103M k1 X 104 -1 , sec. 

At [HCl04J = 2.18 X 10-3M, pH 2.87 

4.40 0.790 
8.81 1.66 

13.2 2.18 
17.6 2.68 

At [HCl04] = 1.09 x 10- 2M, pH 2.01 

4.40 7.12 
8.81 14.2 

13.2 20.4 
17.6 23. 5 
22.0 25.9 
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TABLE 6: Chromium Variation in Perchloric Acid 
Solutions 

[As(III)] = 8.81 x l0- 3M, [HCl04] = 1.09 x l0- 2M, 
pH 2.00 
4 4 -1 [Cr(VI}] x 10, M k1 x 10, sec. 

4.96 1.32 

3.73 1.42 
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TABLE 7: Variation of Hydrogen Ion Concentration in 
Perchloric Acid Solutions 

-4 -3 [Cr(VI)] = J.73 x 10 M, [As(III)] = 8.81 x 10 M, 
[KN03] = 1.5M 

[HCl04] x 102, M pH 

At 25.00 

1.31 
1.09 
0.872 
0.654 
0.436 
0.218 

At 15.00 

2.62 
2.18 
1.74 
1.31 
0.654 

1.91 
1.99 
2.11 
2.24 
2.48 
2.82 

1.55 
1.67 
1.77 
1.92 
2.30 

3 -1 k1 x 10, sec. 

1.85 
lo42 
0.946 
0.619 
0.362 
0.166 

4.49 
3.22 
2.24 
1.39 
0.481 
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E. The Reaction in Acetic Acid Solutions 

In acetic acid solutions, the rate law is very 

similar to the one reported for the acetic acid-acetate 

solutions. At constant acetic acid concentration, the 

rate law is 

-d[Cr(VI)J 2A1 [As(III)][Cr(VI)J -----= 
dt l + K[As(III)] 

which can be shown by plots of l/k 1 versus 1/As(III) 

(data, Table 8). 
In the above rate law, A' is actually a series of 

terms, i.e., 

" A'= (k 0 + k HOAc[HOAc] + kH[H+J) K 

The value of K agrees well with that obtained in the 

t b ff 1 . Th 1 f k d k" aceta e u er so utions. e va ues o O an HOAc 

(49) 

were obtained by variation of the acetic acid 

concentration at constant [As(III)J as shown in Table 9. 
" A plot of k1 versus HOAc verifies the k HOAc term 

(Figure 10). The intercept (k0 = 3.10 x 10- 5) agrees 

with that obtained in the buffer solutions and in 
" 3 perchloric acid. The slope (k HOAc = 1.72 x 10- ), 

however, is considerably higher than that obtained for 



-74-

TABLES: Arsenic Variation in Acetic Acid without 
Acetate 

tr(VI)] = 2.4S5 x l0- 4M, ~No3] 1. 5M, 25.0° 

~s(IIIfl x 102 , M kl x 104 , sec.-l 

For [Acetic Acid]=0.20M, pH 2.72 

4.40 
2.64 

·1.76 
1.32 o.ss1a 
0.440 

10.7 
S.73 
6.82 
5.44 
3.62 
2.03 

For [Acetic Acid] O.lOM, pH 2.86 

2.64 
1. 76. 
1.32 o.aa1a 

aAverage of two determinations. 

4.61 
3.45 
2.76 
2.08 
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TABLE 9: Variation of Acetic Acid Concentration in 
Solutions without Acetate 

[Cr(VI)] == 2.485 x l0- 4M, [As(III)] == 8.81 x 10-3M, 
[KN03] = 1.5M, 25.0° 

1 * 4 -1 [HOAc], M k1 x 104, sec.- pH k x 10, sec. 

0.05 
0.10 
0.20a 
0.25 
0.30 

1.20 
2.08 
J.62 
4.35 
5.50 

J.08 
2.86 
2.70 
2.67 
2.58 

0.90 
1.44 
2.70 
3.37 
4.29 

,,. + k; = k1 - kH[H J where kH is 0.046 as determined 
from the perchloric acid data. [H+] calculated from 
measured pH. 

aAverage of two determinations. 
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acetate buffers. At the pH values for these solutions, 

it is reasonable to expect a hydrogen ion term to be 

present. Correction of the measured k1 using the kH 
obtained from the perchloric acid data lowers the value 

" 2 -3 of k HOAc to 1. 5 x 10 but this is still larger by a 

factor of two than that obtained in the buffer solutions. 

F. The Reaction in Ammonium Nitrate-Potassium Nitrate 

Solutions 

The data are given in Table 10 and plotted in 

Figure 11. The reaction was found to be second order 

overall, first order in [As(III)] and independent of 
+ [NH4 J. The rate law found was 

-d[Cr(VI)] = k (Cr(VI)][As(III)] 
dt 2 (50) 

with k2 = 1.5 x 10-3. This is approximately one-half the 

value found for the uncatalyzed reaction in HC104, HOAc, 

and HOAc-OAc-buffers. 
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TABLE 10: Data for Ammonium Nitrate Solutions 

-4 [Cr(VI}] = 2.4$5 x 10 M, [KN03] = 1.5M, 25.0° 

[NH4N03], M [As(III}] x 103, M kl X 105, sec.- 1 

o.oo S.83 1.09 
0.20 S.Sl 1.21 
0.40 S.Sl l.OS o.oo 17.7 2.73 
0.20 17.6 2.60 
0.20 26.4 4.19 
0.20 30.S 4.70 
0.20 44.oa $.37 

aAverage of two determinations. 
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G. - -2 The Reaction in H2Po4 - HP04 Buffer Solutions 

The variation of the As(III) and Cr(VI) concentra-

tions at constant buffer concentration shows that the 

reaction is pseudo second order as shown in Table 11, 

first order in As(III) and first order in Cr(VI). 

Figure 12 shows the first order dependence of the 

rate on As(III). 

Figure 13 shows a plot of l/k1 versus 1/[H 2P04-] 
which yields the rate law: 

" -d[Cr(VI)] = A (As(III)][Cr(VI)][H 2P04-J 
dt 

H. Apparent Activation Energies 

The activation energies, Ea' for the kH and kH2 

tenns were calculated from data obtained by measuring 

the rates in various perchloric acid concentrations at 

25.0° and 15.0°. For acetic acid-acetate, the 

activation energies were calculated from data for 

0.05 and O.lOM acetic acid at 35.0° and 25.0°. In 

( 51) 

the case of acetic acid solutions, the activation energy 

for the k"HOAc was obtained after correction of k1 for 

the hydrogen ion term. The acetic acid data were 

obtained at 25.0° and 15.0°. At 15.0°, the k0 was 



-$1-

essentially zero after correction of k1 for a hydrogen 

term. This is reasonable considering the large difference 

between the activation energies for k0 and kttoAc obtained 

in the buffer solutions. The drop in temperature would 

affect the k0 considerably more than the kHOAc and thus 

make the k0 undetectable. 
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TABLE 11: Effect of As(III) and Cr(VI) on the Reaction 
Rate in Phosphate Buffers 

R = [H2Po4-J/(HP04- 2J = O.lM/0.lM., pH 6.42, [KN03] = l.lM, 
Ionic Strength 1.5M, 25.0 

(as(III)] x 103, M 

At constant (Cr(VI)] 

30.9 
20.7 
12.4 
11.9 
10.6 

8.83 
8.83 
8.J6 
5.99 
4.00 
2.00 

[Cr(VI)] x 104, M 

At constant (As(III)] 

0.621 
0.870 
1.24 
2.48 
3.73 
6.21 
1.24a 

15.4 
10.0 
6.05 
5.96 
5. 53 
4.37 
J.96 
3.75 
2.95 
1.73 
0.921 

4 -1 k1 x 10, sec. 

3.59 
3.55 
4.47 
4.16 
4.3$ 
4.26 
3.87 

aSolution contained (As(V)] = 1.09 x 10-4i~; (Cr(III)] 
= 7 .JO x l0-5M. 
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TABLE 12: Buffer Effect in H2Po4-- HPo4- 2 Solutions 

~r(vril = 2.485 X 10- 4M, ~s(III)] = 8.81 X 10- 31v1, 25.0°, 
R = [H2P04j/~P04-1 Ionic Strength 1. 5M 
[H2Po4 -1 M pH k1 x 104, sec. -l 

For R = 1 

0.03 6.39 1.81 
0.05 6.39 2.67 
0.10 6.40 4.37 
0.15 6.43 6.09 
0.20a 6.4$ 6.17 
0.25 6.52 8.01 
0.25 6.45 7.40 

For R = 1/2 

0.03 6.72 1.77 
0.05 6.74 2.69 
0.10 6.80 3.94 

For R = 2/1 

0.10 6.08 4.10 
0.20 6.08 6.66 

For H2Po4- without HPO - 2 4 
0.10 4.13 1.50 
0.20 4.00 1.88 

aAverage of two determinations. 
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TABLE 13: Apparent Activation Energies 

For HClO~ solutions 

(As(III)] = 8.81 x l0- 3M, [Cr(VI)] = 3.73 x l0- 4M 

Ea for kH = 0.37 kcal./mole 

kH2 = 6.36 kcal./mole 

For HOAc - OAc- solutions 

[As(III)] = 9.85 x 10-3M, [Cr(VI)] = 6.213 x l0- 4M 

= 13.4 kcal./mole 

kHOAc = 2.71 kcal./mole 

For HOAc solutions 

(As{III)] = 8.81 x IO-3M, [Cr(VI)] = 2.485 x 10-4M 

Ea for k0 unc. = 8.31 kcal./mole 

k"HoAc = 3.62 kcal./mole 
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V. DISCUSSION 

Any mechanism that is postulated should be in 

agreement with a number of factors. These are: 

a) The experimentally observed stoichiometry. 

The stoichiometry of the chromium(VI)-

arsenic(III) reaction was determined in 

earlier work (38) and is 

3 As(III) + 2 Cr{VI) = 3 As(V) + 2 Cr(III) (52) 

b) The results of any possible induced 

reactions. The induced chromium(VI) 

oxidation of ferrocyanide in acetic 

acid-acetate buffers indicates chromium(IV) 

is a reactive intermediate in the 

chromium(VI)-arsenic(III) reaction. 

c) The reaction order with respect to all 

species present. This part will be 

discussed in detail for the present 

work performed. 
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A. Reaction Order with Respect to Chromium(VI) 

The overall reaction order is dependent upon the 

solution in which the reaction occurs. 

In solutions where the arsenic(III) is in excess, 

the reaction order with respect to acid chromate is 

simple first order. Dilute solutions of chromium(VI) 

in the acidity range covered by this work, contains 

mainly the acid chromate species. In some cases, there 

is a certain amount of chromate and undissociated acid 

chromate present depending upon the pH of the solution. 

Concentrated solutions of chromium(VI), l0- 2M, contain 

both acid chromate ion and dichromate ion. The data 

reported earlier (33) and in Table 3 indicate that 

neither acid chromate or dichromate individually can 

account for the measured rates at all concentrations 

measured. The data for acetate buffers yields a rate 

law which is first order in dichromate, but the order 

in acid chromate at high chromium(VI) is complex. 

Westheimer (7) reports on recalculating the data of 

DeLury (34) for acid solutions that the reaction is 

first order with respect to acid chromate and independent 

of the dichromate ion concentration. This is not in 

agreement with the work done in this Laboratory. 
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Wiberg (19} has shown that even in those reactions where 

only the acid chromate appears in the rate law that the 

reaction could involve dichromate as an oxidizer with 

the elimination of an acid chromate ion. 

The term designated here as Cr2o7- 2 might also be 
2 regarded as a path involving (HCr04-] where HCro4- is 

serving as a catalyst as suggested by Edwards (35). If 

this were true, the data reported here should have a 

square term in HCrO even in the dilute solutions. 
4 

This is not observed. 

B. Reaction Order with Respect to Arsenic(III) 

The reaction is first order with respect to the 

arsenic(III) concentration in ammonium nitrate and 

phosphate buffer solutions. In acetate buffers, 

acetic acid, and perchloric acid, the order with 

respect to arsenic(III) is complex. In these solutions, 

the arsenic(III) appears in the rate law in the form 

(As(III)J/1 + K(As(III)]. 

C. Oraer with Respect to Hydrogen Ion Concentration 

The literature reports the arsenic(III)-

chromium(VI) reaction to be dependent on the hydrogen 

ion concentration in acidic solutions (7) and independent 
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of hydrogen ion concentration at pH range above 9 (8). . -

The hydrogen ion concentration in acetic acid-acetate 

buffers was varied over an approximate ten fol~ range 

in 1.5M ionic strength; however, the reaction rate varied 

only approximately 13%. The hydrogen ion concentration 

in phosphate buffers was varied over a two fold range and 

the rate varied only?%. This indicates that in the pH 

region 4.J-6.8, the reaction is independent of the 

hydrogen ion concentration. One might expect the 

difference in rate at the various buffer ratios to be 

caused by the change in medium. To maintain an ionic 

strength of 1.5M, potassium nitrate was replaced by 

potassium acetate, dihydrogen phosphate, and monohydrogen 

phosphate depending on the solution being studied and the 

buffer ratio. 

In perchloric acid, the hydrogen ion concentration 

was varied over a thirteen fold range. The rate data 

(table 7) can be described by a sum of terms which are 

zero, first, and second order in hydrogen ion 

concentration. 
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D. Acid Catalysis: Order with Respect to Acetic Acid 

Variation of the acetic acid concentration, HOAc, 

in acetic acid-acetate solutions at a constant buffer 

ratio and in acetic acid solutions shows that the 

empirical rate law contains a first order term in 

acetic acid (tables 2, 4, and 9). Figures 5, 6, and 10 

show that there is also a rate independent of acetic 

acid concentration as well as a first order term 

involving catalysis by acetic acid. For solutions which 

have constant arsenic(III) and chromium(VI) concentrations, 

the measured rate constant may be expressed as follows: 

where~ is the measured rate constant; k0 is the 

uncatalyzed rate constant obtained from the intercept 

of plots of k versus (HOAcJ. A detailed study was m 
made of the acetic acid catalysis in the buffer solutions. 

By variation of the buffer concentration at constant buffer 
' ratio, a rate constant for acetic acid catalysis, k , 
HOAc 

for several arsenic(III) concentrations as well as a k 1
0 • 

Plots of 1/k' versus 1/As(III) yields specific rate 
-3 -4 constants of 3.98 x 10 and 1.56 x 10 for 2kHOAc and 

2k0 , respectively. 
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For acetic acid solutions without acetate, the 

acetic acid concentration variation was done at only 

one arsenic(III) concentration. At an arsenic(III) 

concentration of 8.81 x 10-JM, the apparent rate constant 

for acetic acid catalysis, kHOAc' is 1.25 x 10-3 and 
-5 k is 2.5 x 10 • For the buffer solutions at this 

0 

arsenic concentration, k 1
0 is 2.1 x 10-5 and k 1 HOAc 

is 5.24 x 10-4. The k 1 is actually 2kK(As(III)J/ 

1 + K[As(III}] where k is either k0 or kHOAc· As one 
' can see, the k O terms are in good agreement but the 

' k HOAc in acetic acid is more than twice as large as 
' the k HOAc for the buffers. The terms in acetic acid 

without acetate were corrected for a hydrogen ion 

contribution. The empirical rate laws for the reaction 

in acetic acid and acetic acid-acetate are the same. 

The above rate constants reported were done at 

high As(III)-low Cr(VI) concentrations. The chromium(VI) 

species was almost entirely HCro4-; therefore, the rate, 

constants are for oxidations by acid chromate. From 

work reported earlier (33), arsenic(III} is also 

oxidized by dichromate in these solutions. Table 4 

gives the data for the acetic acid catalysis of the 

dichromate path. The acetic acid catalyzed rate 
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constants which include a constant term are 0.051 and 

0.068 for the dichromate and acid chromate paths, 

respectively. 

E. Acid Catalysis: Order with Respect to H2fQ4-

Figure 13 shows the complexity of the reaction order 

with respect to H2Po4- concentration. Table 12 shows that 

there is a definite catalysis by H2Po4-. The nature of 

the participation of H2Po4- seems to be different from the 

acetic acid and due to complex formation. A plot of 1/km 

versus l/[H 2Po4-J is in agreement with complex formation 

between HCro4- and H2Po4- as reported by Holloway (79). 
Spectrophotometric studies of chromium(VI) in phosphoric 

acid solutions shows the reaction to be 

K 

The equilibrium constant evaluated kinetically is 

approximately five which is in some agreement with the 

value reported as three by Holloway (79). 

(54) 
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F. The Reaction Mechanism 

The empirical rate laws as determined experimentally 

are: 

In perchloric acid-

-d[Cr(VI)] ri. 2 2JK[As(III)](Cr(VI)] 
---- = 2t0 + ktt[H+]+kH [H+] 

dt 1 + K[As(III)] 
( 55) 

In acetic acid-

-d(Cr(VI)] 
dt 

= 2 fo + k'HOAc(HOAc]+ kH[H+~K(As(III)](Cr(VI)] 
1 + K[As{III)] 

In acetate buffers-

-d(Cr(VI)] ~ OK(As(III) ][Cr(VI)] 
---- = 2 k + k (HOAc] --------dt o HOAc 1 + K[As(III)] 

-d[Cr(VI)] 2k Kpc[As(III)][H2P04-][Cr(VI)] ----=---------------dt 

In ammonium nitrate-

-d(Cr(VI)] 
dt = k2 [Cr(VI)](As(III)] 

( 56) 

( 57) 

( 58) 

(59) 
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In the above rate laws, [Cr(VI)] represents the total 

chromium(VI) present. The factor of two is explained by 

the stoichiometry of the reaction. 

The proposed mechanism for acetic acid and acetate 

buffers is 

- K 
As(III) + HCro4 complex 

r.d.s. a 
complex+ HOAc products 

complex + H+ r.d.s. products 

The above mechanism will generate the rate law reported 

for acetic acid. The absence of the hydrogen ion term 

(60) 

(61) 

(62) 

in the acetate buffer solutions may be explained by the 

fact that [HOAc] >>[H+]. -The term kHOAc[HOAc] is 100 

times that for kH[H+] in acetate buffers. The difference 

in rates between the acetic acid and the buffer solutions 

could be explained solely on a medium effect produced by 

replacing KN03 with KOAc. The measured pH values of the 

buffer solutions give evidence of this effect. The 

measured pH values are always higher than those obtained 

by calculation using the pK of acetic acid for dilute 

solutions of buffer and 1.5~ ionic strength. The 

increase in the measured pH appears to be a function 

aRate determining step. 
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of the acetate concentration. There is considerable 

uncertainty in the intercept values, k0 • The k0 1 s are 

reported to contain the complex term in arsenic(III), 

but description of the intercept value as a simple 

second order term cannot be disproved. There is no 

evidence for an arsenic(III)-chromium.(VI) complex in 

ammonium. nitrate and the rate constants are different 

from those obtained in the other solutions. However, 

considering the number of variables present in this 

system, the order of magnitude of the intercept values 

is the only information reported. Essentially the same 
-2 mechanism is assumed to be operating for the Cr~ 7 path 

but the data do not seem to justify an attempt to evaluate 

the equilibrium constant for a complex of arsenic(III) 

and dichromate. 

In perchloric acid solutions, reactions (60) 

and (62) may occur. The hydrogen ion square term may 

result from the following reactions: 

HzCr04 + As(III) 

+ complex+ H r.d.s. 

complex 

> products 

(63) 

(64) 

(65) 
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The contribution due to H2cro 4 can be represented by 

Rate = 
kK[H+][H2Cr04J[As(III)] 

(66) 
1 + K[As(III)] 

using 

K2g = [H2Cr04J 
(67) 

[H+][HCro 4-J 

we obtain 

2 
Rate 

kKK28 [H+J [HCro4-J[As(III)] 
(68) = 

1 + K[As(III)] 

The H2Cro4 would be expected to be a more effective 

oxidant and thus the incre~sed rate in perchloric acid. 

Figures 7 and 8 show the difficulty in evaluating the 

equilibrium constant for the As(III)-Cr(VI) complex. At 

the lower acidity where the first order hydrogen ion term 

is dominant, the value of K is in agreement with that 

obtained in acetic acid and acetic acid-acetate solutions. 

The value of K could not be evaluated in the solutions of 

higher acidity where the square term is the main 
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contribution. This is explained by the addition of the 

path involving oxidation by H2Cro4 • 

The reaction in phosphate buffers appears to occur 

in a different manner. The oxidation of arsenic(III) is 

accomplished by the chromium(VI)-phosphate complex, 
-2 HCrP07 • A mechanism which will yield the rate law 

reported is 

HCrPo7-2 + As(III) r.d.s. products 

There is no reason to believe that chromate, Cro4-

would not also complex with H2Po4-. A chromate-

phosphate complex might explain the decrease in rate 

(69) 

(70) 

in solutions where HP04- is absent. In these solutions 

Cro4- concentration would be very small if present at all. 

In all mechanisms described above, the products of 

the rate determining steps are arsenic(V) and chromium(IV). 

The chromium{IV) would react immediately to give the 

following reactions: 



Cr(IV) + Cr(VI) 

2Cr(V) + 2As(III) 
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~~  2  Cr(V) 

~---) 2As(V) + 2Cr(III) 

This  is  in  agreement  with  the  observed  stoichiometry 

and  accounts  for  the  factor  of  two.  in  the  experimental 

rate  laws. 

(71) 

(72) 
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VI. SUMMARY 

(1). The oxidation of a.rsenic(III) by chromium(VI) 

was studied in acetic acid, perchloric acid, acetate 

buffers, phosphate buffers, and ammonium nitrate 

solutions at ionic strength of 1.5M at 25.0°. The 

reaction in acetic acid, perchloric acid, and acetate 

buffers were also studied at 15.0° and 35.0°. 

(2). The empirical rate equations contain a first 

order dependence on the total chromiwn(VI). For all 

solutions except phosphate buffers and ammonium nitrate, 
h t . t . th f t kK[As (III)] t era e equations con ain e ac or~-----~~~-

1 + K(As(III)] 

where K is the equilibrium constant for the formation 

of a chromium(VI)-arsenic(III) complex. The value 
-1 of K which describes all data reported is 17.2 l.mole • 

The rate determining step of the reaction is the acid 

catalyzed decomposition of the complex. 

(3). In phosphate buffers, the oxidation of 

arsenic(III) is preceded by the formation of a 1:1 

complex between chromium(VI) and H2Po4-. The value 

of the equilibrium constant for the formation of 
-2 HCrPo7 was determined kinetically and reported as 

-1 
5 !.mole • 
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(4). Apparent activation energies are reported 

for the acetic acid, perchloric acid, and acetic acid-

acetate buffer solutions. The buffer concentration and 

hydrogen ion concentration variations were studied at 

several temperatures at constant arsenic(III) and 

chromium(VI). 
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ABSTRACT 

The oxidation of arsenic(III) by chromium(VI) 

requires the postulation of uncommon oxidation states 

as reactive intermediates. The possible intermediates 

of chromium are the divalent, tetravalent, and 

pentavalent states. Recently arsenic(IV) has been 

postulated as a reactive intermediate in certain 

oxidations of As(III). A detailed study of the reaction 

rate law in various solutions has been carried out in 

order to determine the nature of the intermediates found 

in the Cr(VI)-As(III) reaction. The effects of hydrogen 

ion and buffer concentrations have been determined. The 

mechanism postulated depends upon the solution in which 

the reaction occurs. 

The kinetics of the chromium(VI)-arsenic(III) 

reaction have been measured in perchloric acid solutions, 

acetic acid solutions, acetic acid-acetate buffers, 

ammonium nitrate solutions, and dihydrogen phosphate-

monohydrogen phosphate buffers. The rate laws are: 

Perchloric Acid-

-d[Cr(VI)] 

dt 
= lko·· + kH[H+] + kH2[H+];fl K'[As(III)][Cr(VI)] 

I' J 1 + K'[As(III)] 
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Acetic Acid-Acetate Buffers-

-d[Cr(VI)] 
dt 

Acetic Acid-

-d[Cr(VI)] 
dt 

0 K'[As(III)][Cr(VI)] 
= ik0 + kHOAc [HOAc] L l + K' [As (III)] 

I ll , 11 K [As(III)J(Cr(VI)] 
= Lko + k HOAc(HOAc~ 

l + K'[As(III)J 

-d[Cr(VI)] = kK"[As(III)](Cr(VI)](H2P04-] 
dt l + K11[H2P04-J 

Ammonium Nitrate Solutions-

-d[Cr(VI)] 
dt 

= k2 (As(III)](Cr(VI)] 

The reaction studied was the oxidation of As(III) 

by Cr(VI} according to the stoichiometry 

3 As(III) + 2 Cr(VI) = 3 As(V) + 2 Cr(III) 

Rate data were obtained spectrophotometrically and by 

iodometric titration depending upon the region being 

investigated. At high As(III)-low Cr(VI), the Cr(VI) 
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concentration was followed as a function of time at 350 mu 

using a Beckman DU spectrophotometer. The validity of 

Beer's law with respect to Cr(VI) was checked. At low 

As(III)-high Cr(VI), the unreacted As(III) concentration 

was determined by iodometric titration. 

In phosphate buffers, the HCrPo7-2 complex is 

indicated as an oxidizing agent. In the other systems, 

the following mechanism is consistent with the experimental 

facts. 

As{III) + HCro4-

As(III)•HCr04-

As(III)•Hcro4- + HOAc 

K \. As(III)•HCro 4-

products, rate 

determining 

products, rate 

determining 

products, rate 

determining 

In perchloric acid,, H2Cr04 is indicated as participating 

in the oxidation by the following steps: 
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K 

The decomposition of As(III}•H 2cro 4 is also acid 

catalyzed. 

In the mechanism described above, the products of 

the rate determining steps are arsenic(V} and chromium(IV). 

The existence of chromium(IV) is supported by the induced 

oxidation of ferrocyanide by the As(III)-Cr(VI) reaction. 

The chromium(IV) reacts immediately with chromium(VI) to 

form chromium(V) which can oxidize As(III) to As(V) 

directly. This is in agreement with the experimentally 

observed stoichiometry and accounts for the use of K' 

in the rate laws where K1 is actually 2K. 

The value of K is obtained from plots of 1/~ 

versus 1/As(III). The value of K which describes all 
-1 data reported is 17.2 l.mole • 

In all three systems, perchloric acid, acetic acid, 

and acetic acid-acetate, the same k0 is obtained. The 

specific rate constant for the acetic acid catalysis is 

1.99 x 10-3 1. 2mole- 2 sec.- 1 • Comparison of k"HOAc 

terms for acetic acid and acetic acid-acetate solutions 
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tt 
shows that k HOAc for the acid solution is larger than 

that for the buffers. This difference is explained on 

the basis of a medium effect. 
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