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ABSTRACT

Thekinetics and mechanism of trace ruthenium(l11) catalyzed oxidation of
iso-propanoal (IPA) by cerium(1V) in sulfuric acid media has been investi-
gated by titrimetric technique of redox in the temperature range of 298-
313K. Itisfound that thereaction is of first-order with respect to Ce(1V),
first-order with respect to Ru(l11), and zero-order with respect to [ PA. It is
found that the observed rate constant k , _ decreases with the increase of
[HSO,] and [H']. Under the protection of nitrogen, the reaction system
can not initiate polymerization of acrylonitrile, indicating no generation of
freeradicals. Onthe basis of the experimental results, areasonable mecha-
nism has been proposed and the rate equations derived from the mecha-

KEYWORDS

Ruthenium(l11) ion;
Cerium(IV)ion;
| so-propanal;
Catalytic oxidization;
Kinetics and mechanism.

nism can explainthe experimental results.
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INTRODUCTION

Kinetic studieson oxidation of different types of
organic compounds by cerium(lV) are well docu-
mented. Different metal ion catalysts like osmium
(VDM silver(1)22 copper(11)™, chromium(I11)5,
ruthenium(11D®, iridium(11N7, etc, havebeenusedin
the oxidation of substance by cerium(IV). Amongthe
different metal ion catalysts, ruthenium(lll) and
iridium(l11) arehighly efficient even at trace concentra:
tion. Incaseof ruthenium(l11), different catalytic cycles
such asRu(I1)/Ru(IV)® and Ru(lI1)/Ru(VIIN® have
been proposed in different cases.

Our preliminary observationsindicate that oxida-
tion of iso-propanal by Ce(1V) inagueoussulfuricacid
iskinetically sluggish, but the addition of traces of
ruthenium(111) enhancestheratesignificantly. Toexplore

the mechanisticrole of ruthenium(lll) in oxidation of
iso-propanoal (IPA) by Ce(1V) in aqueoussulfuric acid,
the present investigation was undertaken.

MATERIALSAND REAGENTS

Cericsulfate (Ce(SO,),), ferrousammonium sulfate
(Fe(NH,),(SO,),), IPA and Ruthenium trichloride
(RuCl,) wereof A.R. grade. Doubly distilled water was
employed throughout theexperiment. Ceric sulfate so-
lution was prepared by dissolving Ce(SO,),in 0.5mol-
L-* sulfuric acid and standardized with ferrousammo-
nium sulfateusingferroin asanindicator. |PA waspuri-
fied by distillation and its concentration was obtained
from itsdensity measurement. Stock solution of RuCl.,
was prepared by dissolving RuCl, in 1.0 mol-L*HCI
solution. The concentration of Ru (111) inthe stock so-
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[ution was determined by spectrophotometry. Theionic
strength (1) was maintained by adding NaClO, solu-
tion.

Pr ocedur eand kinetic measur ements

At fixed temperature, 25mL of solution containing
definite [Ce(1V)], [Ru(lll)], [H,SO,], [NaHSO,],
[HCIO,] and[NaCIO,], and 25mL of IPA solutionwith
appropriate concentration weretransferred separately
to theupper and lower branch tubes of A typetwo-cell
reactor. After it wasthermally equilibrated in athermo-
dtat (about fiveminutes), the sol utionswerethoroughly
mixed. Theprogressof thereaction was monitored by
withdrawing aiquot of the reaction mixtureat regular
time intervals, adding it into excess standard
Fe(NH,).(SO,), solutionin sulfuric acid to quench the
reaction, then back-titrating the unreacted iron(ll) by
standard cerium(IV) solution using ferroin asindicator.
The pseudo first-order rate constantsk , wereevalu-
ated fromthe slope of the plotsof In[Ce(IV)], versus
time(t) i.e.In(Voo-V)) versust(Figure 1), where Voo
and V, denotethe volume of standard cerium (1V) so-
lution needed in back titration for the unconsumed
iron(l1) solution at infinity and time(t) respectively. To
evauatek , , generally 9-10valuesat least upto 75%
completion of thereaction were used. Average values
of at |east two independent determinationsof k , were
takenfor analysis. The observed rate constantswere
reproduci blewithin the experimenta error+5%.
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Figurel: Plotsof In (V,-V ) vs.tat 298K ; [Ce(1V)]=2.5x
10°mol-L*, [IPA]=0.5mol-L *, p=1.0mol-L *,[H,SO,]=1.0
mol-L2, (a) [Ru(l11)]=0.0 mol-L%; (b) [Ru(l11)]=2x107
mol-L*
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RESULTSAND DISCUSSIONS

Dependenceof rateconstant on [Ru(l11)]

Thefact that under the experimental conditionsin
theabsenceof Ru(lll) ionsthereaction practicaly does
not take placeis supported by an independent experi-
ment (Figure 1 curve a). Addition of trace Ru(l1l) en-
hancestherate significantly (Figure 1 curveb), which
indicatesthat Ru(l11) hasefficient catalysisto thereac-
tion.

Atfixed[Ce(IV)], [IPA], [H,SO,] andionicstrength
(W), k. increaseswith theincrease of [Ru(l11)]. Ob-
served reaction order (nap) of Ru(l11) can be obtained
fromtheliner regression of Ink _vs. In[Ru(lI1)], n,
=1.0at 298K. Thisindicatesthat thereactionisof first-
order withrespect to [Ru(l11)]. k . vs. [Ru(lI1)] yielded
good linear plot (r=0.998) nearly through the
origin(Figure?2).

Dependenceof rateconstant on [I PA]

Atfixed [Ce(IV)], [Ru(ll1)], [H,SO,] and p under
different temperature(T), [IPA] hasamost no effect
onthek . Thisindicatesthat thereactionisof zero-
order with respectto[IPA]. k , _vs.[IPA] yielded good
linear plot(Figure 3).

Dependenceof rate constant on [H*]

[H*] wasvaried over therangeof 0.2 mol-L*~1.0
mol-L* at fixed [HSO,] ([HSO,] = 1.0 mol-L'=
[H,SO,]+[NaHSO]), [Ce(IV)], [IPA], [Ru(lIl)] and
u. [H*] was calculated ignoring the dissociation of
[HSO,] and assuming [H*]~[H,SO,]. Here k , _ de-
creaseswith theincrease of [H*], n, [H*] is-0.24 ob-
tained fromtheliner regressonof Ink ,_vs. In[H*]. And
theplot of k ,_against 1/[H*] at 298K isfound to be
linear (regression coefficient r=0.9963) with positive
intercept and dope (Figure 4).

Dependence of rateconstant on [HSO, ]

[HSO,] wasvariedintherangeof 0.2 mol-L*~1.0
mol-L* at fixed [H*] ([H*]=1.0 mol-L"*~ [H,SO,]+
[HCIO,]), [Ce(IV)], [IPA], [Ru(ll1)], pand T. Here
[HSO,] ~[H,SO,] ignoringthedissociation of [HSO,
] inthestrongly acidic solution. From figure5, it canbe
seenthat k , decreaseswith theincrease of [HSO,].
ThereforeHSO, showsarateretarding effect (nap =-
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TABLE 1. Effect of ionicstrengthponk ,
wmol-L™* 05 0.8 1.1 1.4 1.8
ka/min® 0.1531 0.1300 0.1107 0.09655 0.08258

0.26). Theplot of 1/k , against [HSO,] wasfoundto
belinear (regression coefficient r=0.9932) with posi-
tiveintercept and positive slope. Thusthe hydrogen
sulfate dependence can berepresented asfollows:

_ a

b+dHSO,]
Where a, b and c are constants under the experiment condi-
tions.

1)

k obs

Dependenceof rateconstant on ionic strength (u)

Atfixed[Ce(IV)], [Ru(lI)], [H,SO,], [IPA] and
T, theionic strength (u) wasadjusted by controlling the
dosageof NaCIO,. FromTABLE 1, it can be seen that
k. decreases with the increase of p, showing weak
negative sat effect.

Analysisof product and test of freeradicals

The completion of thereaction wasmarked by the
completefading of Ce(1V) color (yellow). One of the
reaction products as Ce(lll) was detected by spot
test!*¥, The product of oxidation of |PA was detected
and estimated by foll owing method. After the comple-
tion of thereaction, adding 2,4-dinitrophenylhydrazine
into the solution, the solution appear red deposition
and if adding Fehling’s reagent into the solution, the
solution do not appear red deposition, which indicats
that the product has ketonic group.

Acrylonitrile solution(40%, volumefraction) was
added to thereaction mixture under the protection of
nitrogen gas, no white deposition could befound, indi-
cating thereaction system can not initiate polymeriza-
tion of acrylonitrileand proving no generation of free
radicalsinthereection.

According to the experiments, theoverall reactionis
following,
2Ce(1V) + CH,CHOHCH,— 2Ce(l11)+CH_COCH_+2H*

M echanism of thereaction

Consdering hydrolysisof the catadyst, and freeradi-
cascan not be generated in thereaction, thefollowing
reactions (2-8) are proposed incorporating thevarious
possible speciesof 1PA bothinthebulk solvent andin
coordination sphereof thecatal yst®:

= Pyl Paper
Ru(ll1)+H,0— 2 5 Ru(I11)-OH +H* )
Ru(I11)+IPA—y Ru(l11)-1PA (adduct(l))  (3)

Ru(l11)-OH +1PA —X2—
Ru(l11)-CH,CHO™CH 4(adduct(l1))+ H,O

4

Adduct(l) +Ce(IV)*i> Ru(1V) -IPA+Ce(lIl) (5)
Slow

k2
—_— .
Slow (6)

Ru(IV) CHsCHOCHg+Ce(l11)

Adduct(11) + Ce(1V)"

Ru(IV)-1PA + Ce(1V)—2 5 Ru(l11) +

CH,COCH, + Ce(ll1)+ 2H* 0

Ru(1V)-CH,CHO CH, +Ce(IV)

Ru(I11)+ CH,COCH, + Ce(l11) + H* ©

Here, Ce(1V)" presents active specie of Ce(1V).
Step (5) and Step (6) are the rate-determining steps.
According to theabove mechanism, theconclusion can
be made from the rate-determining steps,
-d[Ce(I V)], /dt={k [adduct(1)]+k [adduct(I)][Ce (V)]
=f[Ce(1 V)], {k [adduct(1)]+k [adduct(11)]} ©)

Subscripts T and e stand for total and equilibrium
concentration respectively. f denotesthefraction of ki-
netically active speciesto thetota cerium(lV).

From the massba ancerelationship, we have:

[Ru(l 1], =[Ru(l )] HRu(l11)-OH] +adduct(1)]_+adduct(11)],
According to Eq.(2) ~Eq.(9), we have

[adduct(1)], = —RUUIDIrK4[TPA]

L+ K [HT? + K4 [IPA] + (10)
K oK [IPA][H*T?
[adduct(11)], = KoK h[RU(1|!l)]T[IPA][H+]-l
1+ KL [HT + K4 [IPA]+ (11)

KK [IPA][H*]?
Substituting Eq.(10) and Eq. (11) into Eq.(9), we
Qget:
f[Ru(l D], [1PA](K,K ; +
+1-1
d[cz(tIV)]T - ll(iKKz:f[;[Jl’_;'llJr 3( 1[IPA]+ [CelV)lr
KK [IPA][H*]?
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Figure2: Plotof k ,_vs.[Ru(l11)] at 298k; [Ce(I V)]=2.5x
10°mol-L*, [IPA]=0.5mol-L %, [H,SO,]=1.0mol-L *, p=1.0
mol-L*
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Figure3: Plotsof k ,_vs. [IPA] at different temperatures;

[Ce(1V)]= 2.5x10° mol-L?, [Ru(lll)]= 5x107 mal-L*,

[H,SO,]=1.0mol-L*, p=1.0mol-L*

0.7 T . . . . . T . T
H H H : .

[H*TY mol-L
Figure4: Plot of k  _vs. [H*]* at 298k; [Ce(IV)]=2.5x
103 mol-L L, [IPA]=0.5mol-L%, [Ru(l11)]=5%x10" mol-L*,
p=1.0mol-L*
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Figure 5: Plot of k ,* vs. [HSO,] at 298k; [Ce(IV)]

=2.5x10° mol-L*, [IPA]=0.5mol-L, [Ru(l11)]=5%10"

mol-L*, [H*]=1.0mol-L %, p=1.0mol-L*

=k [Ce(IV)], (12)

_ fIRU D] [IPA](K,K 1 + KK K ([H*TD)
1+ K [H 1+ K [IPA]+ K K L [IPA]IHTTY)

In the experiments, [H*]=1.0mol-L*, K =1.26x
1038 at 298k, so K [H*]'<<1, then Eq.(13) issimpli-
fiedto:

_ARU(D][IPAT(K 1K, +K oK 5K [H*T™)
- 1+[IPAI(K ; + KK ,[H* 1Y)

Eq.(12) indicatsthat thereactionisfirst-order with
respect to [Ce(IV)]. Eq.(14) suggests that k ,_ vs.
[Ru(l1)] at constant [IPA] and [H*] should yieldgood
linear plot through origin(confirmed by figure 2)

If [IPA](K + KK [H]?) >>1, then Eq.(14) leads

obs

(13)

(14)

obs

to:
Ko~ FIRU(H ]y (kK 3 + KKK )[H* T
o K+ KoK [H*]?
Eq.(15) explains the zero-order dependence on

IPA (confirmed by figure 3).

If KK [H]* <<K, then Eq.(15) isreduced to:
koK oK p[RU(IT] [H*T™
Kl

Eq.(16) suggeststhatk ,_vs. [H*]* should yield
good linear plot with positiveintercept and dope, which
isconfirmed by figure4.

Deter mination of kinetically active Ce(l V) species
Under theexperimental conditionsin aqueoussul-

(15)

Kops = F[RU(I1)]rky +

(16)
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furic acid medium, theimportant cerium(lV)-sulfato
complexesare Ce(SO,)*", Ce(SO,),and HCe(SO,) ;
and therdlevant equilibriumi*¥ areasfollows:

Ce* + HSO, — Ce(SO,)* +H* B, = 3500 (17)
Ce(S0,)? +HSO, - Ce(S0,), + H* B,= 200 (18)
Ce(S0,),+HSO, - HCe(SO,), 5,=3.4 (19)

From therel ationship between hydrogensulfateand
K, C&(S0O,), hasbeenfound asthekineticaly active
speciesin the present study. According to the mass
balance, thefollowing Eg. can be obtained:

[Ce(IV)] =[Ce™]+[Ce(SO,)**]+[Ce(S0,),]
+[HCe(S0,)s]

Fromtherelevant Egs.(17)~(19), and considering
therd ativemagnitudes of the success veformation equi-

librium constantswhich areintheorder B,>>p.>>f,,,
weget Eq.(21) from Eq. (20)1*2

(20)

[Ce(IV)]; ~[CeSO,),](1+B3[HSOL]) (21)
__[CeV)lr  _;
So, Ce(S0,), 1+ B,[HSO.] [Ce(IV)]y
B 1
" 1+ B,[HSO; ] (22)
Subgtituting Eq.(22) into Eq.(16), we get:
_ [RuClrky | koK oKp[RUGIDI [HTT
#7 14 BHSO;]  Ky(+ByHs0;) P
Assuming,
m = [Ru(l! ,r)?kl , kKoK p[Ru( ] [HT] 20
Eq.(23) isturnedinto:
_ m
* 14 B,[HSO;] (29)
1 1 _
or :E+%[HSO4] (26)

Eq.(25) isthesameasEq.(1), which can explain
well negative number order (n = 0.24) dependence
on[HSO,]. Eq.(26) suggeststhat 1/ k ,_vs.[HSO,]
should belinear, whichwasevidenced by figure5. From
the slope(B./m) and intercept (1/m) obtained by the
liner regression of 1/ k ,_vs.[HSO,], weget B.=1.2,
whichisingood agreement withtheprevioudy reported
vaue®.,

Derivation of thermodynamic parameters
Substituting =1.2into Eq. (22), we get =0.46.

= Pyl Paper

According to the linear plot of k , _ against 1/[H’]
(Figure 4), theslopeis0.00842, and theintercept is
0.0663. Associating Eg. (16), it can be obtained,

i K K, [Ru(l11)] /K, =0.00842 27)

f[Ru(l11)] .k, =0.0663 (28)

Substitutzing f =0.46 and [Ru(I11)],=5x10"moal-L-
'into Eq.(28), weget k,=2.88x10°. According to Eq.
(16), thedopeB of thelinear plot of k ,_aganst[Ru(l11)]
isfollowing,

B=fk +k,K K [HT/K (29)

From Eq.(27), [Ru(l11)],=5x10"mol-L"*, [H]
=1mol-L*, f=0.46 and k,=2.88x10°, we get the slope
B=1.49x10°. From figure 2, we get the slope B=
1.40x10°. Two vaues of thesopeare proximity. This
result shows that the proposed hypothesis ([IPA]
(KAKK [HTH]>>1, KK [H]'<<K)) in mecha
nismisreasonable.
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