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Micellar effect: evidence in favour of different
mechanistic paths of chromium(VI) oxidation of
formic acid and oxalic acid in aqueous acid media’

Asim K. Das*, Aparna Roy, Dalia Kar and Bidyut Saha
Department of Chemistry, Visva-Bharati, Santiniketan — 731235, West Bengal, India,

The cationic surfactant, cetylpyridinium chloride (CPC) inhibits the CrV! oxidation of formic acid in a monotonic fash-
ion in aqueous H,SO, media. On the other hand, under comparable conditions, CPC catalyses the Cr¥! oxidation of
oxalic acid and then it inhibits the reaction after attaining a maximum value in the rate vs [CPC]; profile. The
observed micellar effect has been explained in the light of the proposed reaction mechanism and it provides an indi-
rect evidence in favour of 3e-transfer step for CrV! oxidation of oxalic acid.
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Kinetic studies of Cf oxidation of formic aciiand oxalic ~ where, k, = (7.5:0.4) x 10 dmf/mol¥/s at [HCQH]; =

acic? have been carried out by different workers. In the case of..0 mol/dn?, [CrV']; = 2 x 102 mol/dnT3, | = 1.5 mol/dnd, at

oxalic acid, different workers have proposed different mecha-35°C.

nistic routes. Oxalic acid can itself catalyse th¥ Gxidation The effect of [CPC]is shown in Fig. 1. For formic acid the

of different substrates and in many cases it experiences cooxate continuously decreases and it attains a limiting value at

idation through three-electron transfer at a single $fEp. higher [CPC]. The similar micellar effect has been noted in

explain the second-order oxidation of oxalic acid by'Cr some cases.For (CQH),, the rate initially increases and

Roceket al2 suggested the three-electron transfer step. Inattains a maximum value and then it decreases.

fact, formic acid and oxalic acid behave differently in''Cr Thus the observed rate law under the said experimental con-

oxidation. This is why, it is worth exploring the effect of ditions is:

cetylpyridinium chloride (CPC, a representative cationic sur- _ _

factant) on the title reactions under comparable conditions. -din[CrYdt = kyp, = KISIPHP ®)

Our preliminary observation indicated that CPC retards theyherex = 2,y = 0 for (CQH), andx = 1,y = 2 for HCOH.

oxidation of formic acid, but it catalyses the oxidation of The proposed mechanishiare:

oxalic acid. To avoid the solubility problem, effect of CPC

was carried out only in agueous30, media. HCO,H + HCrQ, + H* =— H-CO-0O-CrQ-OH(1)
Under the experimental conditions, {$> [CrV']. in aque- +H,0; K| 4)

ous acidic media, both the substrates. HCO,H, (CO,H), - .

denoted by S) are oxidised to COhe rate of disappearance 1+ H" === H-CO-0-CrQ-OH,"(2); K, ®)

of CV! shows a first-order dependence onV[CrUnder the V.

experimental conditions, [§]= 0.03-0.12 mol/ds (for 2—=C0, + 2H"+ G by ©)

(CO,H),); 0.5-3.0 mol/dr (for HCOH), [H,SO,] =

1.0 mol/dn#, [CrV'] = 2 x 103 mol/dn®, the dependence on

[S]; is:

Scheme 1
Cr¥! oxidation of formic acid

Kops = kJIST* @

x = 1 for HCQH and = 2 for (CGH), The values of
10°k/dmP/moP/s at 38C for (CQH), are: 8.6+ 0.1 (without

H,C,0, == H* + HC,0,~ K, @)
HCrO,~ + H,C,0, + H === 0,Cr(C,0,)(3)

CPC), and 22.8 0.2 (at [CPC] = 2 x 10 mol/dn?). For + 2H,0:Kq ®)
HCO,H, 10%J/dm*¥mol/s values (at 3&) are: 3.15+ 0.07 3+ HC,0, = (HO,CCQ,)Cr(0)(0)(C,0,)()
(without CPC) and 2.2% 0.05 (at [CPC] = 4 x 1073 +HY K,

mol/dn?). It indicates that CPC catalyses the oxidation of
(CO,H), while it inhibits the oxidation of HC(M. To investi- 4=—= 0O,Cr(0COCQ), (5) + H, K, (20)
gate the effect of [H onk , , studies were carried out in aque-

ous HCIQ media. For (CGH),, [S]; = 0.05 mol dm?, [Cr'] - o
= 2x 103 mol/dn®, | = 1.5 mol/drd, 10°%_, /s remains more & "
or less constant in the range of i+ 0.35—1.0 mol dn# and

at higher acidity it shows a slight decreasing trend. For",__-ﬂ*"' B T 3COZ+HCOZ+Cr(III); k, (11)

[

HCO,H, it shows a second-order dependence di, [ié. i I
A .
Kops = KulH] @)
4
* To receive any correspondence. Email: akdas@vbharat.ernet.in Scheme 2
T This is a Short Paper, there is therefore no corresponding material in CrV! oxidation of oxalic acid

J Chem. Research (M).



J. CHEM. RESEARCH (S), 2001 63

PT—— the maxima at relatively higher concentration of CPC. It is
' believed that once there is sufficient detergent to take up all the
T - ! reactant species due to micellar solubilisation, addition of more
51 o T [ surfactant merely exerts a dilution effect on the solubilised reac-
-— d o~ - tant species resulting a gradual decrease of the rate. Besides
LA oo TEl Lo this, increased surfactant concentration increases the counterion
z B Ll R (i.e. CIN concentration _an_d thesg counterions inhibit the
S|t L Y _ & approach of the reactive ionic reactart HC,0,"). In terms of
= L i -~ H"'5'.' - Piszkiewicz modef, at higher [surfactanf] due to the further
r— , - . 14 addition of surfactant molecules to the catalytically active
2 Bl P _f'- T reactant-surfactant aggregates makes them kinetically inactive.
' T A T The observed micellar effect can be analysed by consider-
a ) e — 3+ ing the Piszkiewicz mod&lwhere the neutral reactant (R)
q + H 1 forms the catalytically active micelle, R at lower concen-
1 tration of the surfactant and it becomes kinetically inactive at
A0°[CPC], fmal dm ™, higher concentration of the surfactant formingdpR.
Fig. 1 Effect of [CPCl; on k. for the CrV' oxidation of oxalic
acid (A, B; [(CO,H),l; = 0.06 mol/dm?) and formic acid (C, D; nD + R=—= DR —> product (14)
[HCOZH]E = 2.25 mol/dm3) in aqueous H32804 media. [CrV!]; = K
2.0 X 10~% mol/dm3; [H,S0,]1 =1.0 mol/dm3. A (35°C); B (25°C); C D
(35°C); D (20°C).
Ky
Under the experimental conditions, concentration g1, DR+n'D=—DpD.R (15)
(c.f. K, = 10y is negligibly small. Considering the quite low
values ofK; andK,, Scheme 1 leads to rate law ((Eqn (12a)) Scheme 3

which conforms to the experimental observatinh Eqn (3)). Piszkiewicz model for miceller catalysis and inhibition.

CrV formed can react in different possible wairsthe sub-

sequent faster reactions. Scheme 3 leads to:
kobs = KKKy [S]H? (12a)  Kops= (ky[D]1" + Ky Ko)/{Kp + [DI" + K, [D]"[D];"} (16)
Scheme |l leads to the following rate law (Eqn (12b)) for Herek,, andk  are the first-order rate constants in aqueous
oxalic acid (assuming [$] [S];, cf. K, = 0.06, and miceller phase respectivel;, is taken the correspond-
ing rate constant in the absence of detergent Whjile taken
Kops = kKKK [SIH{1 + K [S]{[H*] + the maximum value d€, from thek , vs[CPC],, 1.e. k, vs
KKKy KJIST/H] (12b) [D] profile (for oxalic acid). At low detergent concentration,

Eqgn (16) reduces to Eqn (17) after rearrangement.
By considering the magnitudesi®f, K,, K, andK_ under the
present experimental conditions. Eqn (12b) reduces to Eqmg(P) = log[k,,s— ky)/(k,, — kp9] = nlog[D]; — logk, (17)

(13), which conforms to the experimental rate law. ) .
At high detergent concentration, Eqn (17) reduces to (18) after

Kops = KoK 3K K [S]* (13)  rearrangement.

The neutral complexd] is proposed to have a cyclic structure, log(Q) = log[(k,/kypd — 11 = log<y + nlog[D];  (18)
while the bis-complexes 4 and5) are proposed to have the
open-chain structurésThe monoanionic complex)is only
kinetically active towards the redox decomposition through
3e-transfer stepdf. Eqn (11), but the dianionic speciés is

not kinetically active. The 8transfer step directly leads to
Cr'!" avoiding the formation of unstable'€species. The pro-
duced'CO,H is relatively more stable and at the next faster
steps it may react with &ror recombine or disproportionate.
The intermediates &rand CV are labile to form complexes
with oxalic acid and it explains the formation of'Goxalic
acid complexes along with CrgB)3*.

The continuous rate retardation by CPC in the case of
formic acid can be explained by considering the fact that th
neutral CY'-ester ) is preferably partitioned in the micellar
interphase (probably in the Stern layer) but it needs protonatio
for redox decompositionc(f. Eqn (6)). The cationic micellar
head-groups repell the approach Gfatid restrict the reaction  Received 21 October 2000; accepted 18 December 2000
to go on only in aqueous phase where concentratitisdig- Paper 00/551
nificantly decreased. For oxalic acid, the neutral eSpiis(
again preferentially accumulated in the miceller pseudo-phasgeterences
and the cationic micellar phase is also enriched with the anionicl (a) T.J. Kemp and W.A. WatefBroc. Roy. Sag1963,274 480:
oxalate species that combines wihto form the reactive (b) AK. Das,lnorgani.c Reaction Mechanisgk099 1, 161.

speciesA. It explains the micellar catalysis at relatively lower 2 F’Hasan and J. Rocek,Am. Chem. Sqcdl972,94, 9073 and the
concentration of CPC. The rate inhibition occurs followed by  refs cited therein.

In the case of formic acid, the micellar inhibition goes on
monotonically and in such cases, Eqn 17 may be afptfed

to determine the kinetic parameters ( taking 0). For oxalic
acid, under the conditions, [SF 0.06 mol dm?, [C']; =

2 x 103 mol/dm?, [H,SO,] =1.0 mol/dn3, at 28C the values

of kinetic parameters aren = 1.9, n" = 3.3, —lo&, =

5.6 log<,, = 6.8. For formic acid, under the conditions ,[S]

2.25 mol/dnd, [CM']; = 2 x 10° mol/dn®, [H,SO,] =

1.0 mol/dnd, at 3%C the corresponding values are = 1.3,
—logk, = 2.5. The orders of these kinetic parameters are quite
easonablein comparison with other micelle catalysed reac-
ions subjected to this model. The values ¢f 1-2), far less
§han the aggregation number (20 to 100) of the surfactant mol-
ecule$ leading to the micelles indicate the existence of cat-
Qlytically productive submiceller aggregates.
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