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Ru(III) catalysed oxidation of EDTA by N-bromophthaliamide in
aqueous alkaline medium: A kinetic and mechanistic study
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The present study discusses the NBP oxidation in alkaline medium. Different workers have acknowledged unexpected
products with unusual oxidants for EDTA oxidation. The role of the homogeneous catalyst ruthenium(IIl) has been
investigated in alkaline media. It forms various intermediate complexes, oxidation states and free radicals. Herein, we have
given an account of the Ru(IIl) catalyzed oxidation of EDTA by NBP to elucidate the possible mechanism and immediate

species of oxidant, reductant and catalyst.
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The studies involving the NBP oxidations are extensive
in acid medium, while those in alkaline medium are
relatively less studied. The mechanistic study of these
reactions have been reported' . Bromamine-B is a mild
oxidizing agent and is found to be a better oxidizing
agent than the chloro compounds. The disodium salt of
ethylenediaminetetraacetic acid Na,H,Y or EDTA is
known as oxidizing as well as chelating and used for the
detection of metal ions in the acid and alkaline media.
Kinetic study of oxidation of glycine and L-alanine by
NBP using SDS has been reported in earlier works™™.
Different workers have acknowledged unexpected
products with unusual oxidants for EDTA oxidation. In
the recent years, a homogeneous catalyst ruthenium(I1I)
has played a very important role in acidic and alkaline
media™'®. It forms various intermediate complexes,
oxidation states and free radicals'®. The mechanism of
catalysis depends on the nature of the substrate, oxidant
and other experimental conditions followed by different
paths like formation of a complex with reactants'"*"".
Herein, we have given an account of the Ru(Ill)
catalyzed oxidation of EDTA by NBP to elucidate the
possible mechanism and immediate species of oxidant,
reductant and catalyst.

Experimental Section

Analar grade chemicals and doubly distilled water
was used during the course of the reaction. The NBS
(Sisco) and EDTA (BDH) solution were prepared by
dissolving a known mass in water. Their concentration

was determined by known procedure'®*. A known
quantity of RuCl, (S. D. Fine) was dissolved in water
to prepare Ru(Ill) catalyst and standardized by known
procedure’. Some kinetic runs were carried out in the
absence of chloride, so the presence of chloride ion in
the ruthenium (III) stock solution was precipitated with

AgNO, and removed completely by repeated
centrifugation. ~ The  resulting clear  solution
of ruthenium(Ill) catalyst contained less than

1.0x10°° mol/dm® of CI" and Ag" and required chloride
concentration was maintained with NaCl. The required
alkalinity and ionic strength was maintained by the use
of NaOH and NaClO, respectively’'*?. During each
kinetic run a fresh solutions were used.

Kinetic measurements

Pseudo-first order conditions were used to run
kinetic measurements, where concentration of EDTA
was more than NBP concentration at constant
temperature 25°C >’ The appropriate amount of the
reactants solutions such as [EDTA], [NaOH], Ru(III]
and [NaClO,] were thermostatted to attain the
equilibrium. A known volume of NBP solution was
also thermostatted at the same temperature. The
progress of the reaction was followed by measuring the
unconsumed NBP iodometrically*®*’. From the plots of
log[NBP] vs. time the pseudo-first order rate constants
were determined. Such plots were linear upto75% c of
the reaction, after that they deviate from the linearity
due to retarding effect of the product phthalimide.
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Results and Discussion

The different sets of reaction mixtures containing
certain quantity of NBP, EDTA and Ru(IIl)] catalyst
were used to carry stoichiometric study at constant
concentration of alkali and ionic strength. The
reaction mixture was kept for about 24 hours at
25 = 1°C in an inert atmosphere to react. When
[EDTA] > [NBP], the remaining NBP was determined
and main oxidation products were identified
(Scheme 1, Table 1).

The reaction orders were determined from the slopes
of log k. versus log (concentration) plots with the
variation of oxidant, reductant and alkali
concentrations while keeping the others at constant™>*,
The NBP concentration was varied from 3.0x10 to
3.0x10*mol dm* (Table 2) at constant concentration
of EDTA, catalyst, alkali and the ionic strength. The
plots of log [NBP] versus time were linear indicated as
reaction order in [NBP] as unity. The EDTA
concentration was varied from 5.0x107° to 5.0x10°

‘mol dm > at 25°C, keeping all other reactant

Table 1 — Stoichiometry of NBP on Ru(IIl) catalyzed oxidation
of EDTA in aq. alkaline medium at 25°C [SDS] = 1.0x 1073,
I=0.05 mol/dm’

[NBP]=x10° [EDTA]x 10 [NBP]=x10° [EDTA] x 10°

Taken Taken Taken Taken
4.0 1.0 0.01 0.48
8.0 2.0 0.02 1.03
10.0 1.0 1.98 0.01
10.0 0.5 6.03 0.02
Error £ 0.5%
*All concentrations are in mol/dm’
‘'O0C-H,C CH,COO
N-CH,-CH,-N
‘'O0C-H,C CH,COO"

Ru(Ill)

NH, - CH, - CH, - NH, + 4HCOO- + 4CO, + 8

concentrations at constant condition (Table 2). It was
found that with increase of EDTA concentration the
reaction rate also increases and hence order with
respect to [EDTA] was less than unity. The influence
of alkali on the reaction was studied by varying [OH ]
from 3.0x10° to 3.0x10°moldm” at constant
concentrations of NBS, EDTA and Ru(III), while other
conditions kept constant. The rate constants increases
with raise in [OH ] and indicates less than unit order
dependence on [OH | (Fig. 1, Fig. 2 and Fig. 3).

The influence of ionic strength (I) was studied by
the salt sodium perchlorate concentration variation in
the reaction medium from 0.1-1.0 at 25°C at constant
concentrations of NBP, EDTA, Ru(IIl) and OH .
The relative permittivity (€T) effect was studied by
varying the t-butanol-water percentage in the series of
0-30%. Both ionic strength and dielectric constant
have negligible effect on the rate of reaction. A
known volume of CH,=CHCN scavenger had been
added to the reaction mixture, was kept in an inert
atmosphere to react for about 4 hours, on diluting
with methanol, no appearance of precipitate in the
reaction mixture, indicating the absence free radical in
the reaction. The initially added products, formic acid,
ethylene diamine and Br™ did not have any important
effect on the rate of reaction. The influence of
catalyst ~was studied in the range of
0.5x107° - 5.0x10°mol dm™ at 25°C and at constant
concentration of NBP, EDTA, OH", Ru(lll) and
NaClO,. The rate of the reaction increased with an

raise in the concentration of catalyst. The reaction
order with respect to catalyst concentration was found

|

CH,-C
+38 ‘2 \
CHZ-i/

NBr + 8 H,0

0
CH,-C

CHZ-T

(0]

\NHP + 8 HBr

Scheme 1
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Table 2 — Influence of [NBP] and [EDTA] on Ru(IIl) catalyzed oxidation of EDTA in aqueous .alkaline medium
at 25°C. [OH ] =1.0x107, [Ru(IIl) ] = 3.0x107° , I = 0.05 mol dm >

EDTAx107 NBP10~* SDSx107 kx107*™!
mol dm™ mol dm mol dm™* Experimental Calculated
0.5 2.0 5.0 0.50 0.45
2.0 2.0 5.0 1.50 1.8
3.0 2.0 5.0 2.70 2.7
4.0 2.0 5.0 3.30 3.62
5.0 2.0 5.0 3.60 4.3
10.0 0.5 5.0 1.90 1.90
10.0 2.0 5.0 2.00 1.83
10.0 3.0 5.0 2.10 2.7
10.0 4.0 5.0 2.00 3.6
10.0 5.0 5.0 2.20 4.5
10.0 2.0 1.0 1.50 0.52
10.0 2.0 3.0 2.00 1.56
10.0 2.0. 5.0 2.60 2.6
10.0 2.0\ 7.0 3.40 3.64
10.0 2.0 9.0 4.10 4.68
42+
4.8 =B =B
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Fig. 1 — First order in [NBP] on Ru(Ill) catalyzed oxidation of
EDTA in aqueous alkaline medium at 25°C.
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Fig.2— Order in [EDTA] on Ru(Ill) catalyzed oxidation of
EDTA in aqueous alkaline medium at 25°C.

Fig. 3 — Order in [OH ] on Ru(IIl) catalyzed oxidation of EDTA
in aqueous alkaline medium at 25°C

to be unity from the plot of logk
(Fig. 4, Fig. 5, Table 2).

vs. log [Ru(Il)]

obs

Influence of temperature

Kinetic reaction was considered at four dissimilar
temperatures 298, 303, 308 and 313 K, under varying
concentrations of ethylenediaminetetraacetic acid and
alkali, other experimental conditions being constant’*,
The reaction rate increased with raise in temperature.
The rate constants (k) of slow step of Scheme were
calculated from the intercepts and slopes [Ru(II)]/ k. vs.
1/ [EDTA], [Ru(II)}/ k. vs. 1/ [OH]. The energy of
activation corresponding to these rate constants was
evaluated from the plot of log k versus 1/T (Fig. 6). The
other activation parameters were calculated® (Table 3,
Table 4, Table 5 and Table 6).
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Fig. 4 — 6 log (Ru(Ill)] vs 3 + log K  on Ru(Ill) catalyzed
oxidation of EDTA in aqueous alkaline medium at 25°C
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Fig. 5 — Effect of added products on Ru(Ill) catalyzed oxidation
of EDTA in aqueous alkaline medium at 25°C
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Fig. 6 — Influence of temperature on Ru(Ill) catalyzed oxidation
of EDTA in aq. alkaline medium at 25°C

Mechanism

EDTA is known to exist as zwitter ion or neutral
molecule in aqueous acidic medium'®. However, in
alkaline medium exists as anionic form as given
below.

HOOC - CH, CH,CO0H 00C -l{, £H,CO0

{-CH,-CH -N- +40H =

N-CH-CHN- +4HO

HOOC - €11, CILCooT 00C - ¢4, CH,CO0"

The oxidant, NBP is a two equivalent oxidant
which oxidizes many substrates through HOBr and
NBP itself. The reaction between NBP and EDTA
in presence of Ru(Ill) catalyst in alkaline medium
has a stoichiometry of 1:8 with fractional order
dependence each in [EDTA] and [OH ] and unit
order in [NBP] and [Ru(III)]****. It is interesting to
note that, the rate of reaction is dependent of
substrate concentration. The initial addition of one
of the product, Phthaliamide retards the rate of
reaction, which may beattributed to the change in
concentration of free OH as shown below.

This reaction is possible because succinimide is a
weak acid with pK, 9.6 enlarge in rate with boost in

[OH] may be explained by the following
equilibrium.

Table 3 — Influence of ionic strength (I) and relative permittivity
on Ru(IIl) catalyzed oxidation of EDTA in aqueous alkaline
medium at 25°C
[NBP] =1.0x10" , [EDTA] = 2.0x107

[OH]=1.0x107, I =0.05 mol/dm®

1x10°2 K. x10%S™) % of D t-butanol-water K x10°
mol/dm’ v/v)
1.0 2.16 5 75.18 2.92
3.0 2.52 10 71.94 3.76
5.0 2.73 15 68.49 4.15
7.0 3.25 20 65.35 5.37
10.0 4.12 30 58.47 6.63

Table 4 — Influence of initial addition of phthalimide on Ru(III)
catalyzed oxidation of EDTA in aqueous alkaline medium at 25°C
[NBP]=1.0x10", [EDTA] =2.0x1072, [SDS] = 1.0x107 ,
1=0.05 mol/dm’

[NH]*10* (mol/dm?®) kex10° (s7)
Experimental Calculated
1.0 248 245
5.0 1.69 1.67
7.0 1.45 1.42
9.0 1.26 1.28
10.0 1.20 1.22

NH - Phathaliamide
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Table 5 — Influence of temperature on Ru(III) catalyzed oxidation of EDTA in aqueous alkaline medium at 25°C.

[NBP]=1.0x10", [OH ]=1.0x10""
[EDTA] =2.0x102, I =0.05 mol/dm’

T* (k) Kx10* (dm® mol ' s™! /Tx10% (K™ Logk
298 2.06 3.35 0.313
303 2.35 3.30 0.371
308 2.78 3.25 0.445
313 3.16 3.19 0.499

* Temperature

Table 6 — Thermodynamic parameters on Ru(IIl) catalyzed oxidation of EDTA in aqueous alkaline medium at 25°C
[NBP] =1.0x107, [Ru (IlI)] = 3.0x107° [EDTA] = 2.0x107* , I = 0.05/mol/dm’

Activation Parameters Catalysed Reaction Uncatalysed Reaction
Ea (kJ mol™) 42 +1 48 +2kJ
AH* (kJ mol™) 38+3 52.0£2.5
AS* (T K "mol™) —145+5 -151.5+6
AG” (kJ mol™) 86+3 91 £4
HOOC - CH, CH,COOH ‘00C - CH, CH,COO
N-CH,-CH,-N-  +40H" _ N-CH;CH-N- +4HO
HOOC - CH, CH,COOH "00C - CH, CH,COO

N\
NBS+OH’ — > NH+OBr

Where, NH denotes the product succinimide.

Scheme 2

products (Scheme 2). Such type of complex formation
has been reported in other studies'®. The
stoichiometric observation satisfies the derived
mechanism.

In the presence of catalyst the reaction is assumed
to take place in parallel paths with support from the
HOBr+NHP (D) catalyzed and un catalyzed path.

K, Thus the above mechanism leads to rate law (5)
RUCLERO) ORI = HO™ (2)  Rate, = rater,,, — rate

[RuCl:(OBr)(H20)0H]>

N
}\IBS+OH' — NH+0Br

Where, NH denotes the product succinimide

ky

NBP + H,0

[RuCl2(H20)(0H)s] + Cl-
uncat

ke

[RuCl(H:0X O] + HOBr .. (3) kKK [NBPH[EDTA]: [Ru(IID)]r ( [OH- ] - [NHP])
RuCkOB(o) o == [ReCHOBOROOHT +Cl @ [NHP] + K, [NHP] [EDTA] + Ky( [@H ] -[NHP]) + K1 K [EDTA] ([OH |r-[NHP])
slow e
The result suggest that active species of Ru(Illl)  Rate,/[NBP]=k_ =k; -k, ... (5)

catalyst reacts with EDTA to form a and NBP in
alkaline medium has the stoichiometry 2:1
(NBP:EDTA)*. The active species of NBP, reacts
with anionic form of substrate in the second step to
form a complex, then decomposes in slow step to
form free radical intermediate, Br- and Ru(Ill). This = Rate=k[HOBr ][C] ... (6)
free radical reacts in fast steps with seven more

molecules of active species of oxidant to form the €=k [EDTA][Ru(III)]

It can be derived as follows

From Scheme 2 the rate law in the slow step is given
by,
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[HOBr-]=K;[NBP][OH]
[NHP] )

Putting the values of HOBr and C in the above rate
equation (7), we get,

Rate = KkK;Ko[NBPJ[OH-J[Ru(IIT)][EDTA]

[NHP] .. (8)
The total [NBP] may be expressed as,

[NBP}:= [NBP];+ [HOBr]

[NBPlr= [NBPl+ — ety —
[NBP}r=| [NBPJs 1+Ki[OH],
[NHP] |

[NBP]= [NBP}[NHP]
[NHP] K[OH]

.. (9
Here fand T refers to free and total respectively
Similarly, total catalyst concentration [Ru(III)]T,

may be obtained as
[Ru(1IT) = [Ru(IID)]; + K, [Ru(Ill); [EDTA]

= [Ru(IID)];{1 + K,[EDTA]}

Therefore,

[Ru(IT)]s  =[Ru(IID)]r
1 + K3[EDTA]

... (10)

The total concentration of EDTA is given by
[EDTA];=[EDTA];+ [C]

=[EDTA]; +K,[Ru(II)])[EDTA]

=[EDTA]; (1+ K,[Ru(IID)])

[EDTA]: = [EDTA]r
(1 + Kz[Ru(D)])

Denominator approximately becomes unity due to
low concentration of EDTA. Hence the above
equation becomes,

[EDTA]~[EDTA], ..

The [OH ]; is given by [OH = [OH ] + [NHP]
Substituting the values of equation (8), (9), (10)
and (11) in equation (8), we get

0.9

0.8

0.7

0.6

0.5

0.4 -

[Ru(lI)/kx 1 0°mol/dm®

0.3 4 s B
0'2 T T T T T T T T T T 1
0.000 0.002 0.004 0.006 0.008 0.010 0.012 0.014 0.016 0.018 0.020 0.022
1/EDTAX10? dm*mol

2.6
2.4
2.2

2.0

Ru(ll)/Kex10*mol/dm?®
>
1

T T T T T T T T T
0 2 4 6 8 10

NH x 10° mol/dm?®

Fig. 7 — Verification of rate law (12) in the form of (13)
(Conditions in Table 2)
Rate.,/ [NBP] =k =k -k,
KKK [NBPI[EDTA]r [Os(VII)]r ( [OH- ] - [NHP])
[NHP] + K3 [NHP] [EDTA] + K1( [OH -]-[NHP]) + K1 K3 [EDTA] ( [OH-]r- [NHP])
... (12)

Where k, K, and K, are the rate constant of slow step
and equilibrium constants of steps 1 and 2 of
Scheme 2 respectively.

Suitable rate law for verification can be obtained
by the rearrangement of equation (6),

[NEP] EP) I i
R k= + - . -
KK-K; [EDTA]([OHTr-[NHPD kK ([OH}-[NHEPD KKi[EDTA] &

... (13)

According to Equation 13, plots of [Ru(Ill)] / k. vs.
[NHP] and [Ru(Ill)}/ k¢ vs. 1/ [EDTA] should be
linear (Fig.7) at different temperatures. The slopes

and intercepts of plots leads to the values of k, K,
and K, were (1.8 + 0.1)x10*> dm’ mol” s,
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1.8 + 0.1)x10* dm® mol™ and 58 + 2 dm® mol™
respectively. The obtained kinetic values are in good
with earlier report [16]. Using these values, the rate
constants over different conditions have been
calculated and agree with the experimental rate
constants. The value of Ea and AS® by least square
method was found to be 30 +1kJmol " and —135+ 5 J
K 'mol" respectively compared to un catalyzed
reaction [15].

Importance of Work

It is motivating to note that the oxidizing property
of NBP varies very much and decrease from acidic to
basic medium**. The Ru(IlI) catalyst is identified to
catalyzes a variety of reactions. The dynamic species
of the catalyst was [RuCl,(H,0);OH]". The reaction
constants in the mechanism were evaluated*’. The
activation parameters for the slow step and
equilibrium constants were calculated and discussed.
The overall mechanistic study described here is
consistent with product.

Oxidation of EDTA with N-Bromophthalimide in
the presence of catalyst has been studied in aqueous
alkaline medium at 30°C. In the absence of catalyst
reaction proceeds with a measurable rate, where as in
the presence of catalyst the reaction occurs in a
parallel path with contributions from the un-catalyzed
and the catalyzed paths. Thus, the total rate constant
(kq) is equal to the sum of rate constants of catalyzed
(k.) and un-catalyzed (k,) reactions. First- order

kinetics was observed for Ru(IIl) at low concentration
and has zero-order at higher concentrations. A
positive effect for alkali concentration whereas
negative effect for acid and phthalimide concentration
was observed. The rate constant of slow step of
Scheme 2 was obtained from the intercept of Ru(IIT)/
k. vs. [NHS] plot. The catalytic effect on the reaction
was understood by the difference in the activation
parameters of the catalyzed and the un-catalyzed
reactions.
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