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AbsTrACT

Activated decomposition of lauroyl peroxide in the presence of tetraalkylammonium 
bromides (Alk4Nbr) has been studied. The ammonium salts show catalytic properties 
in the system. The initiation efficiency of the binary system lauroyl peroxide – Alk4Nbr 
has been studied. The causes of peroxide bond chemical activation are considered on 
the basis of experimental results and results of molecular modelling of the activated 
peroxide decomposition. The supramolecular mechanism is proposed for the peroxide 
decomposition in the presence of tetraalkylammonium bromides. 

Keywords: lauroyl peroxide, quaternary ammonium salts, catalysis, supramolecular 
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Aims ANd bACkGrouNd

Peroxide compounds are widely used as initiators of radical-chain processes1. Presence 
of –O–O– bond in peroxide structure provides the thermal instability of the peroxide 
compounds. Chemical activation of the homolytical peroxides decomposition allows to 
create new effective initiating systems for radical processes. in radical-chain reactions 
the initiation stage determines the process rate and thus the process efficiency. The 
initiation stage rate is significantly dependent on the rate of initiator decomposition 
and efficiency of the initiator. The characteristic feature of the activated decomposi-
tion of peroxides in the presence of onium salts is providing of radical-chain reactions 
initiation at 293–303 K (Refs 2–4).
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lauroyl peroxide (lPo) is a representative of diacyl peroxides and it is widely 
used for initiation of radical processes1,5,6. in the present work the results of activated 
decomposition of lauroyl peroxide in the presence of tetraalkylammonium bromides 
are presented. The initiation efficiency of the binary system LPO–Alk4Nbr has been 
studied. The causes of peroxide bond chemical activation are considered on the basis 
of experimental results and results of molecular modelling of the activated peroxide 
decomposition.

EXPErimENTAl

The peroxides purity (98.9%) was controlled by iodometry method. Tetraalkylam-
monium bromides were recrystallised from acetonitrile solution by addition of 
diethyl ether excess. The salt purity (99.6%) was determined by argentummetric 
titration with potentiometric fixation of the equivalent point. Acetonitrile (CH3CN) 
was purified according to Ref. 7. Its purity was controlled by electroconductivity χ 
value, which was within (8.5 ± 0.2) × 10–6 W–1 cm–1 at 303 K. Isopropylbenzene (IPB) 
was subjected to acid-alkali purification with subsequent desiccation under calcium 
chloride and distillation according to ref. 8. reactions of lPo decomposition were 
carried out in glass soldered ampoules in argon atmosphere. To control the proceed-
ing of peroxide thermolysis and their decomposition in the presence of Alk4Nbr the 
iodometric titration with potentiometric fixation of the equivalent point was used. IPB 
oxidation was carried out in acetonitrile in the glass reactor placed into thermostat. 
The reactor was shaking up with a frequency which provided mixing sufficient for 
the reaction proceeding in the kinetic region. Accuracy of the determination of the 
absorbed oxygen amount is 5%.

Quantum chemical calculations of peroxide molecule and correspond-
ing radicals were carried out by Am1 semi-empirical method implemented in 
MOPAC2007Tm package9. The rhF method was applied to the calculation of the 
wave function. optimisation of peroxide structure parameters was carried out by Ei-
genvector following procedure. The molecular geometry parameters were calculated 
with boundary gradient norm 0.01. The peroxide bond homolysis has been followed 
by the reaction coordinate method, taking the internuclear distance corresponding to 
the peroxide bond as the reaction coordinate. 

rEsulTs ANd disCussioN
kiNETiCs oF lAuroyl PEroXidE dEComPosiTioN ACTivATEd by 
TETrAAlkylAmmoNium bromidEs

study of the kinetic features of lauroyl peroxide decomposition in the presence of 
tetraalkylammonium bromides is necessary for the quantitative estimation of the 
initiating activity of the system in radical reactions.
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The kinetics of the lPo decomposition activated by Alk4Nbr has been studied at 
313–333 K, and the peroxide thermal decomposition has been studied at 343–363 K. 
The peroxide decomposition was carried out in isopropyl benzene (IPB) – acetonitrile 
(Ch3CN) (1:1) solution in argon atmosphere. The lPo decomposition activated by 
Alk4Nbr (Et4Nbr, Et2Benz2N, Pr4Nbr, and bu4Nbr) was carried out at equimolar 
reagents concentration. The lPo decomposition kinetics has been investigated up to 
40–50% of peroxide conversion. The reaction kinetic parameters obtained are listed 
in Table 1.

table 1. kinetic parameters of lauroyl peroxide thermolysis and decomposition activated by Alk4Nbr 
Ch3CN – IPB (1:1); [Alk4Nbr]0 = [LPO]0 = 2×10–2 mol dm–3

Alk4Nbr Т (k) k×103

(dm3 mol–1 s–1)
Ea 

(kj mol–1)
lgA 

(A, dm3 mol–1 s–1)
Thermolysis 343 (2.13 ± 0.08) × 10–5, s–1 129 ± 2 14.9 ± 0.4

353 (7.38 ± 0.07) × 10–5, s–1

363 (2.74 ± 0.09) × 10–4, s–1

Et4Nbr 313  4.0 ± 0.2 81 ± 1 11.1 ± 0.2
323 10.1 ± 0.4
333 26.0 ± 0.9

Et2Benz2Nbr 313  3.2 ± 0.1 89 ± 2 12.4 ± 0.3
323  8.8 ± 0.3
333 25.0 ± 1

Pr4Nbr 313 2.59 ± 0.07 96 ± 1 13.4 ± 0.2
323  8.3 ± 0.2
333 23.6 ± 0.3

bu4Nbr 313 1.68 ± 0.05 110 ± 4 15.7 ± 0.7
323  7.0 ± 0.1
333 21.4 ± 0.5

The rate constants of the activated lPo decomposition (k) listed in Table 1 de-
crease in the following way: Et4Nbr > Et2Benz2Nbr > Pr4Nbr > bu4Nbr. They are 
drawing nearer with temperature increase. in this reaction series an isokinetic rela-
tionship is observed (Fig. 1) with isokinetic temperature of 338 k. The compensation 
relationship can be due to the effect of the tetraalkylammonium cation. 

investigation of the lPo thermal decomposition has revealed that thermolysis 
kinetics was not complicated by decomposition products up to 50% peroxide conver-
sion. The rate constants and activation parameters of lPo thermal decomposition in 
Ch3CN – IPB (1:1) solution are also listed in Table 1. Thus, tetraalkylammonium 
bromides activate the lauroyl peroxide and decrease the activation barrier of the per-
oxide decomposition reaction.
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fig. 1. Temperature dependence of the rate constant of lPo decomposition activated by Alk4Nbr
Ch3CN – IPB (1:1), 1 – Et4Nbr, 2 – Et2Benz2Nbr , 3 – Pr4Nbr, 4 – Bu4Nbr

IsOPROPyLBENzENE OxIdATION INITIATEd By LAuROyL PEROxIdE – 
TETrAAlkylAmmoNium bromidE sysTEm

Processes of radical-chain oxidation of hydrocarbons by molecular oxygen in liquid 
phase proceed usually according to the scheme of branched chain reaction. Products 
with branched chains (hydroperoxides) provide the rate of radicals formation near 
10–9–10–8 mol dm–3 s–1 (Ref. 10). In the presence of peroxide initiators the hydrocar-
bons oxidation proceeds as chain reaction1,9 according to reactions (1)–(8). Chains 
are generated with initiation rate Wi. At high temperature rate Wi is large and hy-
droperoxide radical decomposition makes insignificant contribution into initiation, 
and during the reaction constant value of Wi is observed. oxidation process develops 
as chain flat reaction.

 roor → 0k
2ro•   (1)

 ro• + PhCh(Ch3)2 →  roh + PhC•(Ch3)2 (2)

 PhC•(Ch3)2 + О2 → 1k
 PhC(Ch3)2ОО• (3)

 PhC(Ch3)2ОО• + PhCh(Ch3)2 
kp––––→  PhC(Ch3)2ООН + PhC•(Ch3)2 

(4)

 PhC(Ch3)2ООН → 3k
 PhC(Ch3)2О• + •ОН (5)

    PhC•(Ch3)2 + PhC•(Ch3)2 → 4k
 (6)

   PhC•(Ch3)2 + PhC(Ch3)2ОО• → 5k
 (7)

 PhC(Ch3)2ОО• + PhC(Ch3)2ОО• 
kt––––→  (8)

initiation 
stage

chain 
termination
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reaction of PhC•(Ch3)2 radicals with О2 proceeds very fast and in the presence of 
dissolved oxygen ([O2] > 10–4 mol dm–3) the relationship [R•] << [RO2

•] is observed. 
Thus, reaction (4) limits chain propagation, chain termination proceeds practically 
only by reaction (8), whereas reactions (6) and (7) are negligible. in the presence 
of the initiator (i) the hydroperoxide PhC(Ch3)2ООН decomposition (reaction (5)) 
is not of great importance and thus Wi = ki [I]. If the chains terminate only by reac-
tion (8) stationary radical concentration in the system sets in time (Wi kt)–1/2. usually 
Wi = 10–7–10–5 mol dm–3 s–1, and (Wikt)–1/2 = 0.1–10 s, so stationary radical concentration 
sets quickly. In conditions of long chains the present relations are accomplishable ν = 
W/Wi ≥ 10, k1[O2][R•] = kp[RH][RO2

•], and [R•]/[RO2
•] = kp[RH]/k1[O2], i.е. at high 

oxygen concentrations the oxidation rate does not depend on the О2 concentration 
and can be described by the following equation:

 W0 = 
kp

√2kt

 [RH] √Wi  (9)

where kp (dm3 mol–1 s–1) is the rate constant of chain propagation reaction; kt (dm3 mol–1 s–1) 
– the rate constant of chain termination reaction; Wi (mol dm–3 s–1) – rate of the initia-
tion reaction; W0 (mol dm–3 s–1) – initial rate of the oxidation reaction. Initiation rate 
can be obtained from the oxidation rate on the basis of known value of constants ratio 
kp/(2kt)1/2 that depends on the solvent and temperature.

The investigated system LPO–Alk4Nbr can be used for radical generation in the 
processes of liquid phase hydrocarbons oxidation in mild conditions. The isopropyl-
benzene oxidation by O2 initiated by lPo in the presence of Alk4Nbr has been stud-
ied ([IPB]0 = 3.58 mol dm–3, [LPO]0 = 2 × 10–2 mol dm–3, [Alk4Nbr]0 = 2 × 10–3 mol 
dm–3). The IPB oxidation initiated by LPO only ([LPO]0 = 2 × 10–2 mol dm–3) at 313 k 
in Ch3CN – IPB (1:1) for 2 h was not observed. Addition of catalytic amounts of 
tetraalkylammonium bromides ([Alk4Nbr]0 = 2 × 10–3 mol dm–3) leads to the system 
activation, and in these conditions the initiated iPb oxidation is now observed. The 
kinetic data analysis has shown that in the initial period of oxidation reaction the 
oxygen consumption is linearly dependent on time (Fig. 2). it allows to calculate the 
initial rate of initiated oxidation W0 (Table 2) as the slope of experimental curves (r 
= 0.99).

fig. 2. kinetic curves of iPb oxidation initiated by lPo in the presence of Alk4Nbr at 313 k 
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Ch3CN – IPB (1:1); [IPB]0 = 3.58 mol dm–3, [LPO]0 = 2× 10–2 mol dm–3, [Alk 
4Nbr]0 = 2× 10–3 mol dm–3; 

1 – Bu4Nbr; 2 – Pr4Nbr; 3 – Et4Nbr

The rate of initiation (Wi) was estimated according to equation (10), where W0 is 
the initial rate of the iPb oxidation; kp, kt are the rate constants of chain propagation 
and termination, correspondingly.

  (10)

kp/(2kt)1/2 values were estimated by inhibitor method. Temperature dependence of 
kp/(2kt)1/2 was determined within 303–339 K at IPB oxidation in acetonitrile (CH3CN:
IPB = 1:1) initiated by benzoyl peroxide in the presence of quaternary ammonium 
halides and by AibN (ref. 2). it is described by the following equation:
 ln (kp/(2kt)1/2) = (5.1 ± 1.4) – (3.5 ± 0.5) Т–1 (11)

The obtained values of the initiation rate of radical-chain iPb oxidation initiated 
by lPo in the presence of Alk4Nbr are listed in Table 2. initial rates of iPb oxidation 
initiated by LPO–Alk4Nbr system decrease in the following way: Et4Nbr > Pr4Nbr > 
bu4NBr. Thus the rate of initiated IPB oxidation depends significantly on the structure 
of the tetraalkylammonium cation. 

table 2. Initiation rates of IPB oxidation initiated by LPO–Alk4Nbr system at 313 k 
[LPO]0=2 × 10–2 mol dm–3; [Alk4Nbr]0=2 × 10–3 mol dm–3; Ch3CN – IPB (1:1); [IPB]0 = 3.58 mol dm–3

Alk4Nbr W0 × 106 (mol dm–3 s–1) Wi × 108 (mol dm–3 s–1)
Et4Nbr 2.8 13.7
Pr4Nbr 2.3  9.27
bu4Nbr 1.8  5.68

The effect of the system components concentration on the kinetic parameters of 
iPb oxidation initiated by lPo in the presence of bu4Nbr at 313 k has been studied. 
increasing of components commensurable concentration by a factor of one order leads 
to corresponding tenfold increase in oxidation rate. increasing of only one component 
concentration by a factor of one order leads to threefold increase in oxidation rate 
(Table 3). since the oxidation rate is proportionate to (Wi)1/2, the dependence of initia-
tion rate from the concentrations of initiating system components can be described 
by the following equation:
 Wi = k[LPO][Alk4Nbr] (12)

Temperature dependence of the rate of iPb initiated oxidation (Fig. 3) in Ch3CN 
– IPB (1:1) was studied at equimolar concentration ratio of LPO and Et4Nbr. W0 and 
Wi values for the oxidation reaction at different temperatures are listed in Table 4. 
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The temperature dependence of the initial oxidation rate is described by the follow-
ing equation:
 lnW0 = (15.0 ± 0.5) – (70 ± 1) R–1 T–1 (13)

table 3. kinetic parameters of initiated iPb oxidation at 313 k 
Ch3CN – IPB (1:1); [IPB]0 = 3.58 mol dm–3

 [LPO]0 × 102  
(mol dm–3)

[Bu4Nbr]0× 102 
(mol dm–3)

W0 × 106 
(mol dm–3 s–1)

Wi × 108

(mol dm–3 s–1)
[О2]t × 102  
(mol dm–3)

2.0 2.0 6.12 65.6 5.6
0.2 2.0 1.73  5.25 2.6
2.0 0.2 1.80  5.68 2.8
0.2 0.2 0.57  0.57 0.90

table 4. initiating activity of lPo in the presence of Et4Nbr in iPb oxidation 
[IPB]0 = 3.58 mol dm–3, [LPO]0 = [Et4Nbr]0 = 2 × 10–2 mol dm–3; Ch3CN – IPB (1:1))

T (k) W0 × 105 (mol dm–3 s–1) Wi × 106 (mol dm–3 s–1)
313 0.82  1.2
328 2.70  4.6
339 6.40 12.8

fig. 3. Kinetics of oxygen consumption in IPB oxidation initiated by LPO–Et4Nbr system 
Ch3CN – IPB (1:1); [IPB]0 = 3.58 mol dm–3, [LPO]0 = [Et4Nbr]0 = 2 × 10–2 mol dm–3, temperature,  
k: 1 – 313; 2 – 328; 3 – 339

EsTIMATION Of THE INITIATION EffICIENCy Of LPO – Alk4Nbr sysTEm iN 
isoProPylbENZENE rAdiCAl oXidATioN

The efficiency of initiating systems, i.e. radical yield on one decomposed peroxide 
molecule has been estimated on the basis of the following relationship:
 e = Wi / Wр, (14)

where Wi, mol·dm–3 s–1 – initiation rate of oxidation reaction; Wр, mol dm–3 s–1 – rate 
of the peroxide initiator decomposition; e – initiation efficiency. Experimental data 
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obtained for iPb oxidation initiated by lPo in the presence of bu4Nbr at 313 k are 
listed in Table 5. Initiation rates of isopropylbenzene oxidation reaction at different 
components ratio have been calculated according to equation (10). Value of (kp/(2kt)1/2) 
at 313 k estimated according to relationship (11) was 2.11 × 10–3 (dm3 mol–1 s–1)1/2. 
The rate of activated lPo decomposition (Wр, mol·dm–3 s–1)) was estimated accord-
ing to relationship (12) using k values, calculated from data listed in Table 1. Thus 
initiation efficiency of LPO in the presence of Bu4Nbr in the reaction of liquid phase 
iPb oxidation by o2 is 0.86 ± 0.06.

table 5. kinetic parameters of initiated iPb oxidation at 313 k 
Ch3CN – IPB (1:1), [IPB]0 = 3.58 mol dm–3

 [LPO] × 102  
(mol dm–3)

[Bu4Nbr] × 102 
(mol dm–3)

Wi × 108

(mol dm–3 s–1)
Wр × 108

(mol dm–3 s–1)
e

2.00 2.00 65.6 67.2 0.98
0.20 2.00  5.25  6.72 0.78
2.00 0.20  5.68  6.72 0.84
0.20 0.20  0.569  0.672 0.85

Experimental results obtained have shown that temperature dependence of ini-
tiation rate of iPb oxidation initiated by lPo in the presence of Et4Nbr (Table 6) 
is described by equation (15). This equation can be used for the next estimations of 
initiation rate values at different temperatures. Initiation efficiency of LPO–Et4Nbr 
system in the reaction of initiated IPB oxidation is 0.75 ± 0.02 and does not depend 
on temperature. 
 ln Wi = (16.9 ± 0.6) – (80 ± 2) (RT)–1 (15)

table 6. Initiation efficiency of LPO in the presence of Et4Nbr in iPb oxidation 
Ch3CN – IPB (1:1), [IPB]0 = 3.58 mol dm–3, [LPO]0 = [Et4Nbr]0 = 2 × 10–2 mol dm–3

T (k) Wi × 106 (mol dm–3 s–1) *Wр × 106 (mol dm–3 s–1) е
313  1.2  1.56 0.77
328  4.6  6.48 0.71
339 12.8 16.9 0.76

* Wр – rates of LPO decomposition activated by Et4Nbr were calculated on the basis of results listed 
in Table 1.

rates of lPo decomposition activated by Alk4Nbr have been calculated for 
Ch3CN – IPB (1:1) solution at 313 K. Obtained values are listed in Table 7. The 
initiation rate values for the systems have been calculated on the basis of rates of 
iPb oxidation initiated by lPo in the presence of Alk4NBr. Results listed in Table 7 
show that the nature of tetraalkylammonium cation influences the initiation rate but 
has no effect on the initiation efficiency.

table 7. Initiation afficiency of LPO in the presence of Alk4Nbr in iPb oxidation 
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Ch3CN – IPB (1:1), 313 K, [LPO]0 = 2 × 10–2 mol dm–3, [Alk4Nbr]0 = 2 × 10–3 mol dm–3

Alk4Nbr Wi × 108 (mol dm–3 s–1) Wр × 108 (mol dm–3 s–1) e
Et4Nbr 13.74 16.00 0.86
Pr4Nbr  9.27 10.36 0.89
bu4Nbr  5.68  6.72 0.85

The initiation rate and initiation efficiency of the LPO and binary system LPO–
Alk4Nbr can be estimated. initiation rates of iPb oxidation have been calculated by 
equation (10) and on the basis of data listed in Table 1. Initiation efficiency of the 
LPO in the reaction of IPB oxidation is 0.6. Initial rates of oxidation initiated by LPO 
calculated according to equation (10) are listed in Table 8. 

table 8. kinetic parameters of initiated iPb oxidation
[LPO]0 = 2 × 10–2 mol dm–3, Ch3CN – IPB (1:1)

T (k) kр × 107 
(s–1)

Wр × 108

(mol dm–3 s–1)
Wi × 108

(mol dm–3 s–1)
ТW0 × 106

(mol dm–3 s–1)
actW0 × 106

(mol dm–3 s–1)
298   0.198 0.040 0.048 0.094  2.13
303   0.478 0.096 0.115 0.18  3.3
313   2.56 0.511 0.614 0.59  8.2
318   5.68 1.14 1.36 1.05 12.5
328  26.1 5.21 6.26 1.16 27.9
339 125.6 25.1 30.1 9.83 63.7

Comparison of the oxidation rates of iPb oxidation initiated by binary system 
(actW0) calculated from equation (13) and oxidation rates of iPb oxidation initiated 
by lPo (ТW0) has shown that the rate of oxidation reaction was 20 times higher in 
the presence of binary system at 298 k and only 5 times higher at 339 k (Table 8). 
Thus, using of the binary system is rational at low temperatures.

QuANTum ChEmiCAl modEl oF ThE lAuroyl PEroXidE ACTivATEd 
dEComPosiTioN iN ThE PrEsENCE oF TETrAAlkylAmmoNium bromidEs

To investigate the role of chemical structure of the tetraalkylammonium cation in the 
chemical activation of the lPo the quantum chemical modelling of the investigated 
system has been carried out in the approximation of the substrate separated ion pair. 
This model has been proposed recently for the activated decomposition of benzoyl 
peroxide11,12, dihydroxydicyclohexyl peroxide and hydroxycyclohexyl hydroperox-
ide13, cumene hydroperoxide14 in the presence of the quaternary ammonium salts. 
Complex formed in the system includes besides peroxide or hydroperoxide molecule 
also anion and cation of the ammonium salt (Fig. 4). 

We proceed from the conception that the decomposition of peroxide is possible 
if ion–molecular bonding of peroxide molecule by onium salt leads to molecule 
configuration changes and brings the peroxide structure to the structure of the de-
composition reaction transition state. it leads to decreasing of activation energy. For 
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peroxide complex construction the model of the lPo has been used (Fig. 5) for which 
the calculated value of dipole moment 0.96 d was in accordance with experimental 
one 1.32 d (ref. 15).

fig. 4. model of the complex between lPo and Alk4Nbr

fig. 5. molecular model of the lPo

Associative interactions of lPo with cation and anion are accompanied by reor-
ganisation of the peroxide structure. in the peroxide complex an elongation of peroxide 
bond is observed in comparison with non-bonded peroxide molecule, conformations 
of peroxide (COOC) and peroxyacyl torsion fragments changes significantly in the 
complex bonded peroxide as compared with free peroxide (Table 9). The extent of 
these changes depends on structure of quaternary ammonium cation that takes part 
in the complex formation. such conformation changes of the peroxide structure are 
the determinative factor of peroxide bond activation. it clearly can be shown by 
changes in peroxide bond energy (i.e. total of electronic and nuclear energies of two-
center term of O–O atom pair) E–O–O– and bond order value (р–O–O–) (Table 9). stable 
peroxide structure has the lowest O–O bond energy (–11.78 eV for free LPO) and 
less stable (or activated) peroxide conformation has the highest one (–11.05 eV for 
Et4N+…roor…br− complex). difference between –O–O– bond energy in stable 
and activated peroxide structure (∆Е –О–О–) increases in the catalyst row: bu4Nbr, 
Pr4Nbr, and Et4NBr indicating weakening of the O–O bond in the ROOR–Alk4Nbr 
complex. The stable structure of free peroxide molecule has the highest bond order 
value whereas the lowest values are observed for complex-bonded peroxide structure 
(Table 9).
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table 9. structural parameters of the free lPo and peroxide complexes

object r–O–O–  (Å) E–O–O– (ev) р–O–O–
Torsion angle (°)

СООС ООС(О)
roor 1.29 –11.78 0.985  90.2 –4.8
Et4N+…roor 1.29 –11.68 0.983 134.9 26.0
roor…br− 1.31 –11.31 0.968 154.1 30.5
Et4N+…roor…br− 1.31 –11.05 0.961 157.6 30.3
Et2Benz2N+…roor…br− 1.31 –11.13 0.964 145.6 25.1
Pr4N+…roor…br− 1.31 –11.20 0.966 140.3 27.2
bu4N+…roor…br− 1.30 –11.34 0.970 125.5 28.3

investigation of the peroxide complexes which includes only cation or anion (Fig. 
6) has shown that individual cation effect is not large and formation of this complex 
leads to the weak chemical activation of the peroxide reaction centre. individual 
anion effect is proponent as compared with cation effect. in this case the activation of 
peroxide bond is now observed. But significant effect of peroxide bond activation is 
observed only for combined action both of anion and tetraalkylammonium cation. in 
semi-logarithmic coordinates a linear dependence between rate constants of lauroyl 
peroxide decomposition activated by tetraalkylammonium bromides (k, l mol–1 s–1) 
and ∆Е–О–О– values is observed (fig. 7) where ∆Е–О–О– can be evaluated according to 
the following equation:
 ∆Е–О–О– = Е–О–О– (Q+…roor…br−) – Е–О–О– (roor) (16)

The ∆Е–О–О– values define the effect of the peroxide bond activation by com-
bined action of bromide anion and tetraalkylammonium anion. similar dependence 
is observed between rate constants of lPo decomposition activated by Alk4Nbr 
(k, l mol–1 s–1) and peroxide bond order p–O–O– values for peroxide complex (fig. 7). 
Linear dependences between experimental activation parameters and ∆Е–О–О– values 
are also observed (Fig. 8).

fig. 6. Peroxide complexes with bromide anion and tetraethylammonium cation
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fig. 7. semi-logarithmic dependence between rate constants of lPo decomposition activated by Alk4Nbr 
and ∆Е–О–О– (a) and peroxide bond order (b) values 
1 – 313 K, 2 – 323 K, 3 – 333 K

fig. 8. dependence between activation parameters of lPo decomposition activated by tetraalkylam-
monium bromides Alk4NBr and ∆Е–О–О– values

The obtained dependences can be used for estimation of the kinetic parameters 
of the lPo decomposition activated by Alk4Nbr in Ch3CN – IPB solution and rates 
of the IPB oxidation initiated by binary system LPO–Alk4Nbr. For more correct 
conclusions and evaluations parameters of the transition state of the reactions should 
be taken into account. Thus, the molecular modelling of the peroxide complex de-
composition has been carried out in the approximation of the least energy path. There 
is a maximum on the minimum energy reaction path (Fig. 9) even in one determinant 
approximation. Appearance of the maximum is due to the electrone transfer from 
bromide-anion to the peroxide. We assume that the complex configuration in transi-
tion state (Ts) of the reaction of peroxide complex decomposition with the O–O bond 
rupture. The maximum localised in the curve corresponds to the 1.5-fold elongation 
of the peroxide bond.

similar investigations have been carried out for the homolytic cleavage of peroxide 
bond in free lauroyl peroxide and also for the binary complexes with tetraalkylam-
monium cations and bromide anion. The minimum energy reaction path of peroxide 
bond cleavage is a smooth curve (fig. 10) that passes through a maximum. We as-
sume that crucial peroxide complex configuration in that point corresponds to the 
reaction transition state. it should be mentioned that for the free peroxide homolysis 
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and for the roor...br complex decomposition the localised maximum is observed 
more later on the path curve as compared with peroxide complexes decomposition 
(Fig. 11). Consequently the mentioned structural reorganisation of the peroxide frag-
ment resulting from complexation leads to the reaction centre structure close to the 
reaction transition state. similar effects are typical for the supramolecular reactions 
proceeding15.

fig. 9. minimum energy reaction path of peroxide bond cleavage in the reaction of the peroxide complex 
decomposition 

fig. 10. minimum energy reaction path of peroxide bond cleavage for the lauroyl peroxide complex 
with bromide anion (a) and tetraethylammonium cation (b)

fig. 11. minimum energy reaction path of peroxide bond cleavage for the lPo (a) and peroxide complex 
with bromide-anion (b) and substrate separated ion pair (c)
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on the basis of the obtained data the values for activation enthalpy (∆АМ1H*) 
of the peroxide complex decomposition have been calculated. They are listed in 
Table 10. ∆АМ1H* values for complexes of combined ions action nearly two times 
less as compared with corresponding values for complexes with anion only, and for 
complexes with cation only, and for free peroxide decomposition. For complexes 
Q+…roor…br− with different the ∆АМ1H* value increases in the following way for 
cations: Et4N+ < Pr4N+ < bu4N+. This is in agreement with experimental results. There is 
a linear dependence between initiation rate of the isopropylbenzene oxidation initiated 
by lauroyl peroxide in the presence of the Alk4Nbr at 313 k and calculated values of 
activation enthalpies of complex-bonded peroxide (Fig. 12). it should be mentioned 
the linear dependence between calculated heats of formation of peroxide complexes 
and the corresponding values for transition state of the peroxide complex decomposi-
tion reaction (Fig. 13). such a correlation can be used for preliminary estimation of 
the formation enthalpy of the transition state peroxide complex configuration. Thus, 
on the basis of the results of simple calculations of the formation enthalpy of the 
peroxide complex the reaction activation enthalpy can be estimated.

table 10. standart formation enthalpies of lPo, peroxide complexes in ground state (Gs) and transition 
state (Ts) and activation enthalpies of peroxide complexes decomposition

Q+…roor…br− ΔHf° (kj mol–1)
∆АМ1H* (kj mol–1)Gs Ts

Et4N+…roor…br− –776 –665 111
Pr4N+…roor…br− –890 –776 116
bu4N+…roor…br− –1001 –879 122
roor…br− 1145 –950 195
Et4N+…roor –456 –201 255
Pr4N+…roor –575 –316 259
bu4N+…roor –687 –432 255
roor –1007 –741 266

fig. 12. dependence between initiation rate of the IPB oxidation initiated by LPO–Alk4Nbr system 
(313 k) and calculated values of activation enthalpies of complex decomposition

The experimentally determined values of activation enthalpy and entropy of the 
lPo decomposition activated by Alk4Nbr are linear dependent on the calculated 
activation enthalpy of the complex-bonded peroxide decomposition (Fig. 14). Thus, 
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calculation of the activation enthalpy of the peroxide complex in system LPO–Alk4Nbr 
allows estimating of the experimental activation parameters of the chemically activated 
peroxide decomposition in Ch3CN – IPB solution.

fig. 13. dependence between calculated heats of formation of peroxide complexes and corresponding 
values for transition state of the peroxide complex decomposition reaction

fig. 14. relationship between experimental activation enthalpy and entropy of the lPo decomposition 
activated by Alk4Nbr and calculated activation enthalpy of the complex-bonded peroxide decomposition

The stage of complex formation in the reaction of the lPo decomposition in the 
presence of Alk4Nbr should be taken into consideration. Quantum-chemical modelling of 
the complex-bonded lauroyl peroxide decomposition according to reactions (17)–(19) 
has shown that the largest effect of chemical activation can be obtained in the case of 
combined action of bromide anion and tetraalkylammonium cation. This effect is in 
correspondence with experimental results of the activated lPo decomposition. 
 Alk4N+…ROOR → [Alk4N+…ro---or]* (17)

 roor…br− → [ROOR…Br−]* (18)

 Alk4N+…roor…br− → [Alk4N+…roor…br−]* (19)

In the case of complex formation according to equation (20) the estimated reac-
tion enthalpies for complexation stage (∆rHass) are very large and total heat efficiency 
(∆ΣH*) is then negative, so total decomposition reaction may be exothermal (Table 
11). This is inconsistent with experimental results. 
 Alk4N+ + br− + roor  Alk4N+…roor…br− (20)
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table 11. reaction enthalpies of some stages of activated lPo decomposition 

Complex
∆rH (kj mol–1)

∆Hass ∆H* ∆ΣH* = ∆Hass + ∆H* ∆expH*

Et4N+…roor…br− –249 111 –138  78
Pr4N+…roor…br− –246 116 –130  93
bu4N+…roor…br− –239 122 –117 108

in the case of alternative model of peroxide complex formation (equation (21)) 
the reaction enthalpies for complex formation stage are 5–6 times less as compared 
with the model of reaction (20) (Table 12).
 Alk4N+…solv…br− + roor  Alk4N+…roor…br− + solv (21)

The experimentally obtained values for the activation enthalpy (∆expH*) of the 
activated lPo decomposition in the presence of Alk4Nbr is the effective value. it can 
be represented as a sum of two values – reaction enthalpy of complex formation stage 
∆Hass (exothermal stage) and activation enthalpy of the peroxide complex decomposi-
tion ∆H* (endothermic stage). Therefore, these two stages of the reaction should be 
taken into account, namely reactions (21) and (19). such an approach leads to values 
consistent with experimental data (Table 12). Experimentally observed values of the 
reaction activation enthalpy and activation entropy are linearly dependent on calcu-
lated activation enthalpy taking into consideration the complexation stage and stage 
of peroxide complex decomposition (Fig. 15).

table 12. reaction enthalpies of some stages of activated lPo decomposition 
Alk4Nbr ΔrH° (kj mol–1)

∆Hass ∆H* ∆ΣH* = ∆Hass + ∆H* ∆expH*

Et4Nbr –46 111 65  78
Pr4Nbr –43 116 73  92
bu4Nbr –39 122 83 108

fig. 15. relationship between experimentally observed values of the reaction activation enthalpy and 
activation entropy and calculated total activation enthalpy 
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CoNClusioNs

Combined consideration of the experimental and quantum chemical modelling results 
revealed that anion nature and cation structure determine the catalytic activity of the 
tetraalkylammonium salt in the reaction of lauroyl peroxide decomposition. in the case 
of peroxide–Alk4Nbr complex formation peroxide geometry and electron structure 
changes bring it to the configuration close to that of transition state. The assumed 
mechanism of lauroyl peroxide decomposition in the presence of tetraalkylammonium 
bromides can be regarded as one of the supramolecular reactions15.
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AbsTrACT

The investigation considers the process of sodium hypochlorite production by electro-
chemical oxidation of chloride solutions. The experiments are carried out with different 
electrode materials, concentrated and diluted solutions, direct and impulse current. it 
is found that among all anode materials the highest current efficiency, 72%, occurs 
when using oxide ruthenium-titanium anodes. However, at low concentrations, 0.5 g/l, 
the current efficiencies do not exceed 8–10%. The use of zr–Ce–y cathodes increases 
the current efficiency by 5–6%. These electrodes possess better corrosion resistance 
compared to steel in concentrated Na–Cl solutions, 10–250 g/l. The electrolysis by 
impulse current at low concentration solutions provides possibility to accelerate the 
process; the current usability is increased by 1–2% and the energy consumption is 
decreased by 25–30%.

Keywords: electrochemical oxidation, overpotential, current efficiency.

Aims ANd bACkGrouNd

The sodium hypochlorite is a very significant oxidising agent. It finds wide application 
in the treatment of waste and natural waters, in the organic synthesis, etc. in view of 
that fact the study of the process of its electrochemical production is of undoubted 
interest.

during the electro-oxidation of sodium chloride solutions the following reactions 
run on the electrodes:

Anode:
 2Cl– + 2e = Cl2 (1)

 h2O – 2e = 0.5O2 + 2h+ (2)

Cathode:

 2h2o + 2e = h2 + 2oh–  (3)
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The obtained chlorine hydrolyses and hypochlorous acid is formed:
 Cl2 + oh– = hClo + Cl– (4)

The hypochlorous acid is weak acid and the hydrolysis process quickly ceases. 
however, if the acid interacts with the Naoh, formed around the cathode, sodium 
hypochlorite (NaClo) is formed. The latter is strong electrolyte, the balance of the 
hydrolysis reaction will shift from the left to the right hand side and in consequence 
of that there will be dissolution of more and more Cl2 quantities.
 hClo + Naoh = NaClo + h2o (5)

The produced NaClo can subsequently oxidise to chlorate NaClo3:
 Clo– – 4e + 4H2o = Clo3

– + 4h+ (6)

The oxidation to chlorate may go also chemically, in the solution volume, by the 
formed during the hydrolysis process hClo:
 NaClo + 2hClo = NaClo3 + HCl (7)

besides, NaClo can be reduced on the cathode to the initial Cl– ions:
 2NaClo + 4e + h2o = 2Cl– + 2Naoh (8)

As seen in the above presented data, NaClo is produced as a result of electro-
oxidation of the chloride ions (1) and subsequent reactions (4) and (5) in the solution 
volume. As far as the volume reactions go fast, the quantity of the produced hypochlo-
rite shall be determined by the rate of the run of the Cl– ions electro-oxidation reaction 
(1). In addition, the hypochlorite quantity and the connected with it current efficiency 
of the preparation process will be determined by the extent of the oxidation reactions 
(6) and (7) run. The reaction of cathode reduction (8) shall be of importance, too.

many sources in the publications present data about the hypochlorite preparation 
on the base of electrolysis of NaCl solutions. There is studied the effect of the anode 
material on the preparation process, i.e. graphite1, ruthenium-platinum alloy2, oxide-ru-
thenium titanium3, ferro oxides4, the so-called spinels5 or compounds of the А(А,B)О4 
type, where А-bivalent ion (Mn, zn, Mg, fe, Cr and Ti), and B-trivalent ion (Al, fe 
and Cr). other publications treat experiments with cobalt-oxide electrodes6 manganese-
oxide electrodes alloyed with palladium7, oxide-ruthenium titanium (ОRТА) with tin 
additive8. main method for the production of these anodes is the thermal dissociation 
of their salts at high temperatures on inert substrate, most often titanium.

The use of NaClo in the treatment of waste and natural waters has provided 
the prerequisites for the investigation of the process of its preparation from diluted 
solutions of NaCl or by the direct electrolysis of water9–12. Publication13 considers 
investigation of the effects of additives to NaCl, bivalent ions – Ca2+ and mg2+. it is 
found that they increase the NaClo solution stability by decreasing the rate of the 
oxidation reaction to chlorate. besides, the most stable are the solutions of the elec-
trochemically prepared NaClO of concentrations 2–3 g/l.
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Publications14–17 present data concerning the process of cathode reduction. it is 
found14 that addition of k2Cr2o7 in quantity 1–5 g/l to the initial solutions impedes 
the reduction process. reason for this is the Cr6+ reduction to Cr3+ and the formation 
of inhibition film of oxide on the cathode surface.

Publication16, on the basis of the carried out experiments, presents the conclusion 
that Zro2 cathode prepared electrochemically is not suitable as electrode material in 
the chloride solution electrolysis because of the oxide reduction and the decrease of 
selectivity with respect to the basic concurrent reaction – hydrogen evolution. Publica-
tion17 considers study of steel cathodes. it is found that after certain period of time the 
steel effectiveness decreases compared to the effectiveness of the fresh cathodes.

in spite of the large number of data in the publications concerning the process of 
NaClO preparation, it should be noted that there are no sufficient results related to the 
effect of the anode material under compared conditions – initial solution concentra-
tion, current density and process duration. The possibility is not investigated also to 
a sufficient extent for replacement of the cathode material (steel) by another which to 
provide possibility to increase the current efficiency as regards to NaClO with no use 
of additives of k2Cr2o7, that are ecologically inexpedient. interest would present as 
well the data about the effect of the hydrodynamics, the shape of the electric current 
(direct, impulse) on the characteristics of the electrolysis process from concentrated 
and diluted solutions. Providing additional experimental data in the said aspect ap-
pears the purpose of the present paper.

EXPErimENTAl

The investigations were carried out in a glass cell of 400 cm3 volume. Current power 
was preset by direct current source, which permits maintenance of constant current 
power during the electrolysis process (TEC – 7M). ‘sewast’ generator was used 
in the experiments by impulse current. The constant temperature was maintained 
by a thermostat uTu-2. The anodes of appropriate dimensions for the laboratory 
cells (60 × 25 × 1 mm) were prepared of industrial specimens – graphite, platinised 
titanium, oxide-ruthenium titanium anodes, the anodes of cobalt oxide – by thermal 
decomposition of cobalt salts at high temperatures and those of lead oxide – by anode 
formation during electrolysis of lead salts solutions on nickel base. steel was used as 
cathode in the studies on the effect of the anode material.

The initial solutions were prepared by distilled water and sodium chloride, р.а. The 
concentration of the prepared hypochlorite was determined by volumetric iodometric 
method. The quantitative relationships based on the Faraday laws for the electrolysis 
were used in the calculations of the current efficiency.
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rEsulTs ANd disCussioN

figure 1 presents the dependence of the current efficiency on the duration of the NaClO 
production process at different current densities for graphite anode. As seen in the 
figure the dependence has non-linear character and with the progress of the process 
time the current efficiency decreases. That is more strongly expressed in the initial 
moments of the process after which the effect is less expressed and tending to constant 
values. With the increase of the current density the character of the dependence does 
not change but the current efficiency decreases. Thus, for instance at process duration 
of 1 h and current densities of 2.5, 5.0 and 10 А/dm2 the current efficiencies are 52, 
36 and 32%, respectively.

fig. 1. Current efficiency–time dependence of electrolysis for different current densities (anode – graphite, 
CNaCl = 100 g/l, temperature 22oC)

The observed dependences can be explained by the change of the correlations 
of the main reaction speeds (equation (1)) and those of the side ones (equations (3) 
and (6)). With the progress of the electrolysis time and the corresponding formation 
of more significant hypochlorite quantities the speed of the oxidation reaction (6) to 
chlorate grows. in case of prolonged electrolysis the speeds of reactions (4) and (6) 
equalise and the current efficiency remains constant. On the other hand, the increased 
current densities favour the oxidation of water (2) on the account of the oxidation of 
the Cl– ions.

As the graphite is a classical anode material and can be used for comparative 
analysis with other systems, interest present the investigations related to the effect of 
the initial solution (NaCl) concentration and of the electrolysis temperature with such 
anode. The dependences of the current efficiency on the concentration and tempera-
ture are presented in Fig. 2 and Fig. 3, respectively. As seen in Fig. 2 the increase of 
the NaCl concentration in the range 25–250 g/l results in current efficiency increase. 
However, the observed effect is well expressed up to concentrations of 100 g/l, after 
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which is insignificant. Conclusion could be made that the greater Cl– ion quantity af-
fects the rate of their oxidation (equation (1)) to definite value.

fig. 2. Current efficiency–time dependence of electrolysis for different solution concentrations (an-
ode – graphite, cathode – steel, current density – 10 A/dm2, temperature 22oC)

fig. 3. Current efficiency–time dependence of electrolysis for different temperatures (anode graphite, 
cathode – steel, CNaCl – 100 g/l)

The obtained result has significant practical importance because the final com-
pound, NaClo, does not dissociate from the solution, hence from the not reacted 
NaCl quantity, and the operation with strongly concentrated initial solutions could 
lead to losses.

The temperature dependence presents interest with a view of the circumstance 
that in the electrolysis of the NaCl solutions there is increase of the temperature dur-
ing the process run. decrease of the current efficiency is observed (fig. 3) when the 
temperature is increased, this being well expressed up to temperature of 40оС.

As noted above, the NaClo oxidation to NaClo3 goes both electrochemically on 
the anode (equation (5)) and chemically in the volume of the solution (equation (6)). 
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The rate of the chemical oxidation depends strongly on the temperature and its ac-
celerated run will lead to decrease of the produced hypochlorite quantity. obviously 
the mentioned effect exceeds considerably the favourable effect of the temperature 
on the overpotential of the chlorine reaction (1) and consequently on the subsequent 
reaction of chlorine hydrolysis (3).

figure 4 presents the dependences of the current efficiency on the electrolysis time 
at one and the same temperature, 20оС, and current density, 10 А/dm2, for anodes of 
graphite, oxide-ruthenium titanium, platinised titanium, lead oxide and cobalt oxide. 
As seen from the results obtained, the character of the dependence is the same for 
the different anodes – there is a decrease of the current efficiency for the produced 
hypochlorite with time, the effect being better expressed in the initial moments of the 
electrolysis. However, the values of the current efficiency differ. They are the high-
est with orTA and the lowest with graphite. As far as the reactions in the solution 
volume go almost instantly, these values to the greatest extent shall be determined 
by the speed of the reaction (1). in this case it is the highest on orTA, a result of the 
low overpotential of the oxidation reaction on this anode material.

fig. 4. Current efficiency–time dependence of electrolysis (anodes – ORTA (1), Pt–Ti (2), Coo (3), Pbo 
(4), graphite (5); current density i – 10 A/dm2; CNaCl – 100 g/l; temperature 22oC)

Effect of the cathode material. in the introductory part of the present paper it is noted 
that the NaClo, produced in the electro-oxidation of the chloride ions, takes part in 
the reduction reaction (8). in order to prevent this reaction usually bi-chromate ions 
Cr2o7

– in quantity to 5 g ion/l are added to the initial solutions. They increase the 
current efficiency by about 5–6%; the mechanism of their effect is explained by their 
reduction on the cathode to Сr3+ and subsequent formation of inhibition film from its 
oxide. This method is connected with ecological inconveniencies. An alternative of 
it appears the replacement of the commonly used cathode material, steel, by another. 
Preliminary investigations ascertain that the use of zr–Ce–y-coated (thickness 1–2 µm) 
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steel cathodes in the process of NaClO preparation provide current efficiencies that 
are higher by 5–6% compared to current efficiencies with steel cathode. Or else, the 
obtained values are commensurate with the effects when using Cr6+ ions.

Figure 5 presents the current density-potential dependences for NaCl concen-
tration of 10 g/l for steel specimen (the dependence for more positive potentials) 
and zr–Ce–y (for two different proportions of the components). On the basis of the 
obtained analogical dependences for NaCl concentrations of 30 and 200 g/l there is 
determined the corrosion rate or corrosion current Icor (Table 1). As seen in Table 1 for 
the steel specimen with the increase of the NaCl concentration the corrosion current 
grows. Thus for instance, at concentrations of 10 and 200 g/l its values are 10.43 and 
24.37 µA, respectively.

fig. 5. Potential–current densities dependence (cathode – zr–Ce–y, anode – Pt, NaCl – 10 g/l)

table 1. dependence between the corrosion current and NaCl concentration
specimens 10 g/l NaCl

Icorr. (µA)
30 g/l NaCl
Icorr. ( µA)

200 g/l NaCl
Icorr. (µA)

steel 10.43 15.01 24.37
zr–Ce–y (6.1–5.4–0) 13.99 10.78  8.657
zr–Ce–y (25.6–13–1.2) 38.33 27.09 20.19

unlike the steel, with the zr–Ce–y specimens a reverse effect is observed – the 
corrosion current decreases when the chloride concentration is increased in the studied 
range – the obtained values for example for the first specimen are 14 and 8.65 µA, 
respectively. The obtained results show the reliable chemical endurance of the zr–Ce–y 
coatings in the NaCl environment, in which the electrolysis process is performed.
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Conclusion could be made that the increase of the current efficiency for coated 
specimens is due to the facilitation of the hydrogen evolution process (the increase 
of the electrode selectivity with respect to the hydrogen reaction). As it is known, in 
compliance with the Taffel equation in the electrochemical kinetics (η = а + b lg i, 
where η is the overpotential of the cathode process, а – constant, equal to the value 
of η for current density i =1 A/cm2), the rate of the gas evolution reaction is deter-
mined by the constant b or by the tangent of the angle of the right-linear dependence 
slope. The experiments with 10 g/l NaCl show values for this constant for the steel 
and zr–Ce–y specimens 98.3, 146.7 and 115.8 mV, respectively, i.e. acceleration of 
the reaction.

NaClO preparation from low-concentrated chloride solutions. The process of NaClo 
preparation from low-concentrated chloride solutions is important for the direct 
electrolysis of water with the purpose of its disinfection. Generally in these cases the 
NaCl concentration does not exceed 0.5–0.7 g/l. figure 6 presents the dependence of 
the current efficiency on the current density in the preparation of NaClO from NaCl 
solutions of concentration 0.5 g/l. As seen in the presented dependence, the process 
is characterised by very low current efficiencies that do not exceed 8–9%. Besides, 
it is characterised by a maximum whose value for the examined anodes (orTA) cor-
responds to current density 0.75 А/dm2 and amounts to about 8.5%. The comparison 
of fig. 6 with the dependences for concentrated solutions (figs 1–4) shows that they 
have different character. The observed result can be explained by the much higher 
speed of running of the water oxidation reaction (2) for low concentrated solutions. 
With the increase of the current density the speed of the chloride ions oxidation reac-
tion also increases but in a very narrow density range and under further increase of 
the current density reaction (2) begins to prevail again.

fig. 6. Current efficiency–time dependence of electrolysis (anode – ORTA; cathode – steel, NaCl – 0.5 g/l; 
temperature 22oC)
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table 2. dependence between the current efficiency and hydrodynamic conditions
NaCl  (g/l) Current efficiency (%)

without stirring
Current efficiency (%)

 with stirring
 50  57.5  5.2 
  0.5  8.9  7.3 

Table 2 presents the values of the current efficiencies for high- and low-concen-
trated chloride solutions in the presence and absence of stirring. The presented results 
show that in conditions of stirring the current efficiencies decrease in both cases (the 
NaClo access to the anode is facilitated and therefore its oxidation to NaClo3). how-
ever, for the low concentrated solutions the effect is more strongly expressed. Thus 
for instance, the corresponding decrease is from 57.5 to 52.9% (about 1/11) and from 
8.9 to 7.3 % (or 1/5). Obviously, the negative effect of the hydrodynamics is more 
strongly expressed in the processes of direct electrolysis where the oxidation of the 
chlorine ions and the formation of hypochlorite go at very low rates.

table 3. Influence of pulsating current on the current efficiency and energy consumption
NaCl (g/l)  Constant current  Pulsating current

 CE (%)  W (Wh/g)  CE (%)  W (Wh/g) 
25  54.5  7.4  49.5  10.0
 0.5  6.0  120.8  8.9  68.8

Table 3 presents comparative data for the current efficiency when using direct 
and impulse current. The results obtained show that the effect of the impulse current 
is different. With the concentrated solutions there is observed a decrease of the cur-
rent efficiency compared to the case of direct current (49.55 and 54.5%, respectively) 
while with the low concentrated solutions there is increase of the current efficiencies 
(8.95 and 6%). on that basis, carrying out electrolysis in conditions of impulse cur-
rent leads to decrease of the specific electric energy consumption – from 120.77 to 
68.82 Wh/g. The values of the specific energy consumption for concentrated solu-
tions are 10 Wh/g (impulse current) and 7.31 Wh/g (direct current), respectively. The 
obtained result may have practical importance for the processes of chloride systems 
electro-oxidation.

The effects related to impulse current can be explained by the circumstance 
that through the time of pause there runs the recovery of the concentration of the 
reacting ions around the electrodes and particularly around the anode. obviously, 
this has favourable effect in the case of low concentrated solutions and with them 
the recovery of the concentration of the chloride ions is also the greatest (hence the 
increase of the chlorine reaction speed) compared to the concentration variations of 
the other ions – ClO–.

in the cases of concentrated solutions, obviously the concentration of the chloride 
ions around the anode is high so the increase of the quantities of ions participating in 
the side reactions has greater importance, i.e. they decrease the current efficiency.
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CoNClusioNs

There are carried out investigations of the process of NaClo preparation by elec-
trochemical oxidation of NaCl solutions. it is found that the process goes at the 
highest effectiveness when orTA is used. The replacement of the steel cathodes by 
zr–Ce–y increases the current efficiency by 5–6%. Performing the electrolysis of low 
concentrated (0.5 g/l NaCl) solutions in conditions of impulse current provides the 
possibility to accelerate the electro-oxidation process and to decrease the consumed 
electrical energy.
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AbsTrACT

The kinetics of oxidation of two aldoses (d-glucose and d-galactose) by potassium 
bromate (kbro3) in the presence of an alkaline solution of ruCl3 as a catalyst and 
hg(oAc)2 as a scavenger for bromide ion have been investigated in the temperature 
range of 30–45oC. The main products of the oxidation are the corresponding aldonic 
acids. The reaction rate is zero order with respect to aldoses and [Cl–]. The reaction 
follows first order dependence of the reaction both on KBrO3 and ru(iii). A negative 
effect on the rate of reaction has been found on the successive addition of [OH–]. 
Insignificant influence of ionic strength of the medium was observed. A possible 
mechanism from the results of kinetic studies, reaction stoichiometry and product 
analysis has been proposed. various activation parameters have been calculated.

Keywords: kinetics, oxidation, ru(iii) chloride, d-glucose, d-galactose, alkaline 
potassium bromate.

Aims ANd bACkGrouNd

The utility of ruthenium(iii) chloride as a non toxic and homogeneous catalyst has 
been reported1,2. Potassium bromate (kbro3) has been used to oxidise various com-
pounds in acidic medium3–7. This prompted us to undertake the present investigation 
which is focused on the kinetics and mechanism of ru(iii)-catalysed oxidation of 
some aldoses by potassium bromate in alkaline medium, in the presence of mercuric 
acetate as a scavenger.

EXPErimENTAl

Materials. sodium perchlorate, potassium bromate, sodium hydroxide, d-glucose, 
d-galactose, mercuric acetate (E. merck) were used as supplied without further 
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purification by preparing their solutions in doubly distilled water. A stock solu-
tion of ru(iii) chloride (johnson metthey) was prepared by dissolving the sample 
in hydrochloric acid of known strength. All other reagents used were of analytical 
grade. The reaction vessels were coated from outside with black paint to avoid any 
photochemical reaction.

Kinetic procedure. A thermostated water bath was used to maintain the desired 
temperature within ± 0.1oC. requisite volume of all reagents, including substrate, 
were taken in a reaction vessel and thermostated at 35oC for thermal equilibrium. A 
measured volume of sodium periodate solution also maintained separately at the same 
temperature, was rapidly poured into the reaction vessel. The kinetics was followed 
by iodometric estimation of unconsumed bromate at regular time intervals.

Stoichiometry and product analysis. The stoichiometry of the reaction was determined 
by equilibrating varying ratios of [KBrO3] to [reducing sugars] at 35oC for 48 h under 
kinetic conditions. The estimation of unconsumed bromate showed that 1 mol of sugars 
is oxidised by 1 mol of bromate. The result showed 1:1 stoichiometry according to 
equations (A) and (b) for glucose and galactose, respectively.

  

(A)

  

(b)

The formation of corresponding acids was identified by conventional meth-
ods8.
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rEsulTs ANd disCussioN

The kinetic results were collected at several initial reactant concentrations (Table 1). 
First order kinetics was observed with respect to the oxidants (kbro3) in both al-
doses. Insignificant effect of increase in concentration of glucose and galactose was 
observed. First order kinetics was observed in case of catalyst ru(iii) chloride. A 
plot of (–dc/dt) versus [Rh(III)] (fig. 1) gave a slope of 5.71 s–1 for glucose, 5.45 s–1 
for galactose, which is close to the average value of first order rate constants, i.e. k1 = 
5.46 s–1 and 5.86 s–1 for glucose and galactose, respectively, at 35oC. k1 values were 
obtained by dividing the –dc/dt value by [Ru(III)]. A fair degree of closeness in the 
first order rate constants obtained graphically and obtained values of (–dc/dt)/[Ru(III)] 
clearly confirms the first order dependence on [Ru(III)]. A negligible effect of change 
in [KCl] was observed.

table 1. Effect of variation of reactants on the reaction rate at 35oC
[Ru(III)] = 4.80 ×106 mol dm–3, [NaOH] = 1.00 ×103 mol dm–3, [Hg(OAc)2] = 1.67 × 103 mol dm–3 

[KBrO3] × 103 
(mol dm–3)

[s] ×103  
(mol dm–3) 

[KCl] ×103  
(mol dm–3)

(–dc/dt) ×107 (mol dm–3 s–1)
(glu.) (gal.)

0.83 10.00 1.00 1.90 1.80
1.00 10.00 1.00 2.60 2.75
1.25 10.00 1.00 3.00 2.90
1.67 10.00 1.00 3.75 3.65
2.50 10.00 1.00 5.90 5.84
5.00 10.00 1.00 11.60 11.68
1.00  3.33 1.00 2.80 2.60
1.00  4.00 1.00 3.00 3.00
1.00  5.00 1.00 3.00 3.10
1.00  6.66 1.00 2.65 3.00
1.00 10.00 1.00 2.60 2.75
1.00 20.00 1.00 2.80 2.60
1.00 10.00 0.83 2.35 2.22
1.00 10.00 1.00 2.60 2.75
1.00 10.00 1.25 2.65 2.80
1.00 10.00 1.67 2.40 2.35
1.00 10.00 2.50 2.75 2.25
1.00 10.00 5.00 2.50 2.40

The kinetic results show a negligible effect of ionic strength (µ) of the medium 
and [Hg(OAc)2] variation on the reaction rate (Table 2).The negligible effect of mer-
curic acetate indicates its role as a scavenger9,10 for any bromide ion formed in the 
reaction. kinetic results obtained on varying concentration of hydroxide ions indicate 
negative effect of [OH–] variation, which means rate of the reaction decreases with 
increase in [OH–].
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fig. 1. Plot between [Ru(III)] and (–dc/dt) for oxidation of d-glucose (A) and d-galactose (b) at 35oC

table 2. Effect of variation of hydroxide ion, mercury(ii) acetate and sodium perchlorate on the reac-
tion rate at 35oC
[Ru(III)] = 4.80 ×106 mol dm–3, [KBrO3] = 1.00 × 103 mol dm–3, [KCl] = 1.00 ×103 mol dm–3, [s] = 
10.00 × 103 mol dm–3

[NaOH] ×103 
(mol dm–3)

[Hg(OAc)2] ×103 
(mol dm–3)

[NaClO4] ×103 
(mol dm–3)

(–dc/dt) × 107 (mol dm–3 s–1)
(glu.) (gal.)

0.83 1.67 – 3.15 3.10
1.00 1.67 – 2.60 2.75
1.25 1.67 – 2.50 2.40
1.67 1.67 – 2.33 2.25
2.50 1.67 – 1.95 2.00
5.00 1.67 – 1.70 1.80
1.00 0.83 – 2.50 2.65
1.00 1.00 – 2.75 2.60
1.00 1.25 – 2.70 2.65
1.00 1.67 – 2.68 2.75
1.00 2.50 – 2.65 2.68
1.00 5.00 – 2.70 2.70
1.00 1.67 0.83 2.65 2.60
1.00 1.67 1.00 2.60 2.75
1.00 1.67 1.25 2.65 2.68
1.00 1.67 1.67 2.70 2.75
1.00 1.67 2.50 2.60 2.76
1.00 1.67 5.00 2.65 2.65



 
516

The rate measurements were taken at 30–45oC and specific rate constants were 
used to draw a plot of lg (–dc/dt) versus 1/T, which was linear (Fig. 2, glucose (A) and 
galactose (B)). The values of activation energy (∆E*), the Arrhenius factor (A), entropy 
of activation (∆S*) and free energy of activation (∆G*) were calculated from the rate 
measurements at 30, 35, 40 and 45oC and these values are recorded in Table 3.

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

31.2 31.4 31.6 31.8 32 32.2 32.4 32.6 32.8 33 33.2
(1/T) × 10 4 (K  )–1

4 
+ 

lg
 k

          A

  
   B

fig. 2. Plot of 1/T versus lg k for oxidation of d-glucose (A) and d-galactose (b) at 35°C

table 3. Activation parameters for alkaline bromate oxidation of glucose and galactose
Parameters Temperature (oC) Glucose Galactose

kr ×104 (s–1) 30 1.85 1.92
kr ×104 (s–1) 35 2.60 2.75
kr ×104 (s–1) 40 3.75 3.90
kr ×104 (s–1) 45 5.20 5.55
lg A – 9.66 10.17
∆E* (kj mol–1) – 54.58 57.45
∆G* (kj mol–1) – 74.25 74.08
∆H* (kj mol–1) – 69.55 73.78
∆S* (j k–1 mol–1) – –15.23 –12.86

[RuCl2(h2o)3oh] has been earlier reported as a reactive species in alkaline 
medium11.

The following reaction steps are suggested on the basis of the above discussion 
for the ru(iii)-catalysed oxidation of aldoses by kbro3 in alkaline medium.

[RuCl2(h2o)3oh] + h2O → [RuCl3(h2o)4] + oh–

   [C1]    [C2]
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[RuCl3(h2o)4] + bro3
– ––––––→ [ RuCl3 (h2o)4…..bro3]–

[RuCl3 (h2o)4…..bro3]– + s → [RuCl3 (h2o)4] + P + bro2
–

where s is glucose and galactose and P – gluconic acid and galactonic acid.
Considering the above steps and applying the steady-state treatment with reason-

able approximation, the rate law may be written in terms of rate of consumption of 
[BrO3

– ] as follows:
–d[BrO3]/dt = k2 [C2] [BrO3

–]

 d[BrO3]  k2 K1 [Ru(III)]T [BrO3
–]

            –  =    .
 dt  K1 + [OH–]

CoNClusioNs

The experimental results reveal that the reaction doubles when the concentration of 
the catalyst ru(iii) is doubled. The rate law is in conformity with all kinetic obser-
vations and the proposed mechanistic steps are supported by the negligible effect of 
ionic strength. The high positive value of change in free energy of activation (∆G*) 
indicated highly solvated transition state, whereas fairly high negative values of 
change in entropy of activation (∆S*) suggest the formation of an activated complex 
with reduction in the degree of freedom of molecules. From this investigation is con-
cluded that [RuCl2(h2o)3oh] and bro3

– are the reactive species of ru(iii) chloride 
and potassium bromate in alkaline medium, respectively.
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AbsTrACT 

main reaction product of the periodate oxidation of p-anisidine (PMA) in acetone–wa-
ter medium, 4-methoxy-1,2-benzoquinone, was isolated and characterised. The kinetics 
of the reaction has been followed by monitoring the increase in the absorbance of 
reaction intermediate, C. The reaction followed second order, being first order in each 
reactant. Results under pseudo-first order conditions, [IO4

–] >> [PMA], are in agree-
ment with the derived rate law. Also in agreement with the rate law the 1/k2 versus [H+] 
profile passes through the minimum. Increase in ionic strength increases the rate of 
reaction. Further, the rate of reaction increases with increase in dielectric constant of 
the medium. Free radical scavengers do not affect the reaction rate. Thermodynamic 
parameters evaluated are: Ea = 3.46 kcal mol–1, A = 114.6 dm3 mol–1 s–1; ∆S* = – 51.2 
cal k–1 mol–1, ∆G* = 18.7 kcal mol–1 and ∆H* = 2.9 kcal mol–1. 

Keywords: kinetics, mechanism, periodate oxidation, p-anisidine, 4-methoxy-1,2-
benzoquinone.

Aims ANd bACkGrouNd 

The kinetic and mechanistic studies on the periodate oxidation of p-anisidine have 
been aimed at elucidating the mechanism of the reaction and rate law particularly for 
seeking an explanation for the unique rate-pH profile observed. 

The kinetic studies reported for the non-malapradian periodate oxidation of 
aromatic amines are rather few1–6 and contradictory in regard to the ionic or free 
radical mechanism being followed. recent reports include the periodate oxidation of 
3,3′,5′,5′-tetramethylbenzidine and oxidation of L-proline by bis(hydrogen periodato) 
argentate(iii) complex anion7. in continuation to our earlier studies8–11, the results of 
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periodate oxidation of p-anisidine in acetone–water medium are being presented and 
discussed in the present communication.

EXPErimENTAl

Reagents and chemicals. sodium meta periodate (loba Chemie), p-anisidine (sig-
ma–Aldrich), acetone (E. Merck) and all other chemicals of analytical reagent/guar-
anteed reagent grade were used after redistillation/recrystallisation. Triply distilled 
water was used for preparation of the solutions. Thiel, schultz and Koch buffer12, 
consisting of different volumes of 0.05 M oxalic acid, 0.02 M boric acid, 0.05 M 
succinic acid, 0.05 M sodium sulphate and 0.05 M borax, was used for maintaining 
the pH, measured on a systronics digital pH-meter-802. The reactions were studied 
in a spectrophotometric cell and initiated by adding temperature equilibrated Naio4 
solution of known concentration to the reaction mixture containing the p-anisidine 
and buffer and maintained at the desired temperature (± 0.1oC). 

Kinetics procedure. The progress of the reaction was followed by recording the ab-
sorbance on a schimadzu double beam spectrophotometer (uV Pharmaspec-1700), 
at 475 nm, i.e. the λmax of the orange colour reaction mixture. λmax was not found to 
change with change in ph. high-precision thermostatically controlled water bath with 
an accuracy of ± 0.1oC was employed for maintaining the desired temperature.

Product analysis. reaction mixture containing oxidant in excess was left overnight to 
ensure completion of the reaction. initially the solution turned light orange, thereafter 
dark red and finally the product was precipitated on standing. It was filtered and the 
filtrate was extracted with petroleum ether (40–60oC). The extract was evaporated 
at room temperature to get a scarlet coloured product, which was found to be TlC 
single. It was recrystallised in ether and characterised as 4-methoxy-1,2-benzoquinone 
on the basis of positive test for quinone13, m.p. 87oC (literature value 88oC (ref. 14)), 
uv spectrum (in ChCl3 giving absorption maxima at 400 nm, which suggested the 
presence of quinonoid structure in the compound (literature values 406.5 nm for 4-
methoxy-1,2-benzoquinone15). The ir spectrum of compound (in kbr) showed the 
presence of bands at 2976 cm–1 (s) (due to ring C–H stretch), 1674 cm–1(s) (indicating 
the presence of C=O on benzoquinone pattern with the possibility that the position of 
this band got lowered due to +i effect of methoxy group16), 3280 cm–1(s) (may be due 
to overtone of C=O stretch). further, the bands at 1520 cm–1 (s), 1400 cm–1(s) may be 
due to C=C ring stretch. The bands at 1238 cm–1 (m) to 1040 cm–1 (m) may be due to 
the asymmetric and symmetric C–O–C stretch and at 746 cm–1 (s) (m) and 824 cm–1 

(m) (due to out of plane C=C and C–H bending modes). The observed values are in a 
good agreement with those reported/ expected for 4-methoxy-1,2-benzoquinone.

The Nmr spectrum of this compound in CdCl3 showed the peaks at δ= 7.266, s, 
(1H); at δ = 7.046, d, (1H), δ = 7.286, d, (1H) and at δ = 4.08, s, (3H). A singlet at δ = 
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4.08 may be due to –OCH3 group attached to the ring. The other signals in spectrum 
may be due to the three protons of the ring.

Stoichiometry. stoichiometry of the reaction was determined by allowing a known 
excess of Naio4 to react with substrate. After completion of the reaction, the precipi-
tated product was filtered out and in the filtrate unconsumed NaIO4 was determined 
iodoimetrically. The results indicate the stoichiometry to be 1 mol PmA : 2 mol 
periodate as in the following equation:
 Ch3oC6h4Nh2 + 2io4

– + 2h+ → CH3oC6h3o2 + 2hio3
 + Nh3  (1)

rEsulTs

Preliminary observations. on mixing the reactants, the solution becomes light orange 
which later changes into dark red. On keeping for long time it finally gives the prod-
uct. These observations indicate the formation of more than one intermediate prior 
to the formation of final reaction product. The rapid scan of the wine red solution 
showed the λmax of the intermediate C to be 475 nm. The uV-vis. spectra of IO4

– and 
p-anisidine indicated these to show no absorption in visible region. hence for fol-
lowing the kinetics the absorbance changes were recorded at 475 nm at which only 
the intermediate C absorbs. Plane mirror and the Guggenheim methods, respectively, 
were used for evaluation of initial rates in terms of change in absorbance with time, 
(dA/dt), and pseudo-first order rate constants, kobs.

Rate law. The kinetics was studied under pseudo-order conditions, viz. [IO4
–]0 >>[s] 

and [s]0 >>[IO4
–]. under both these conditions the reaction displayed first order. under 

the condition, [s]0 >>[IO4
–], the results (Table 1) were defined by equation (2) and 

pseudo-first order rate constant, kobs , was equal to k2 [s]0. 

 d[C]/dt = k2 [IO4
–] [s]0 (2)

where k2 is a ph-dependent second order rate constant.
On the other hand, under the condition [IO4

–]0 >> [s], the rate was defined by 
equation (3) and kobs was equal to k2 [IO4

–]0.

 d[C]/dt = k2 [IO4
–]0 [s].  (3)

In equations (2) and (3) [IO4
–]0 and [s]0 represent the initial concentrations of 

reactants in excess. The values of k2 determined from kobs values clearly indicate a 
clear cut first order in each of periodate and anisidine.
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table 1. Effect of variation of concentration of reactants, ionic strength, dielectric constant and ph on 
the reaction rate at 35 ± 0.1oC 

 [NaIO4]  
(m)

[PMA]  
(m)

Acetone
(%)

[NaCl]
(m)

ph kobs × 104

(s –1)
k2 

(dm3 mol–1 s–1)
0.0001
0.0001
0.0001
0.0001
0.0001

0.0010
0.0012
0.0014
0.0016
0.0018

10
10
10
10
10

–
–
–
–
–

7.0
7.0
7.0
7.0
7.0

4.0
5.8
6.5
7.7
8.4

0.40
0.48
0.47
0.48
0.47

0.0010
0.0012
0.0014
0.0016
0.0018

0.0001
0.0001
0.0001
0.0001
0.0001

 5.0
 5.0
 5.0
 5.0
 5.0

–
–
–
–
–

7.0
7.0
7.0
7.0
7.0

8.4
10.2
11.5
13.4
15.4

0.84
0.85
0.82
0.84
0.85

0.0010
0.0010
0.0010
0.0010
0.0010
0.0010
0.0010
0.0010
0.0010

0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001

10
10
10
10
10
10
10
10
10

–
–
–
–
–
–
–
–
–

5.0
5.5
6.0
6.5
7.0
7.5
8.0
8.5
9.0

3.1
3.5
3.8
4.4
5.0
3.7
2.9
2.7
2.6

0.31
0.35
0.38
0.44
0.50
0.37
0.29
0.27
0.26

0.0001
0.0001
0.0001
0.0001
0.0001
0.0001

0.0010
0.0010
0.0010
0.0010
0.0010
0.0010

10
10
10
10
10
10

0.003
0.004
0.005
0.006
0.007
0.008

7.0
7.0
7.0
7.0
7.0
7.0

5.8
6.3
6.9
7.7
8.4
9.4

0.58
0.63
0.69
0.77
0.84
0.94

0.0001
0.0001
0.0001
0.0001

0.0010
0.0010
0.0010
0.0010

 2.5
 5.0
10
15

–
–
–
–

7.0
7.0
7.0
7.0

10.0
7.2
5.8
3.3

1.00
0.72
0.58
0.33

The effect of pH was examined in the range 5.0–9.0. Rate-pH profile indicates a 
maximum at pH = 7.0 (Table 1), which could be due to change in the nature of species 
and their relative reactivity when the ph is changed.

Effect of ionic strength, dielectric constant of medium, free radical scavengers and 
temperature. An increase in ionic strength, µ, led to an increase in the rate and the 
plot of lg k2 versus µ was almost linear. An increase in dielectric constant increased 
the rate of reaction as indicated by a linear plot between lg k2 versus 1/D, where D 
is the dielectric constant of the medium. both these effects (Table 1) indicate an 
ion–dipole type interaction in the rate-determining step, and that the reacting ion is 
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possibly an anion. Free radical scavengers acrylamide and allyl alcohol had no effect 
of on the reaction rate.

By determining the rate constants at four different temperatures (30.0 to 45.0oC), 
the values of different thermodynamic parameters were found to be: Ea = 3.46 
kcal mol–1, A = 114.6 dm3 mol–1 s–1, ∆S*= –51.2 cal K–1 mol–1, ∆G* = 18.7 kcal mol–1 
and ∆H* = 2.9 kcal mol–1 at [PMA] = 0.001 mol dm–3, [NaIO4] = 0.0001 mol dm–3, 
pH = 7.0 and acetone = 10.0 % (v/v).

disCussioN

some important features of this reaction, which provide clue to the possible mecha-
nism, are as follows:

Firstly, there is appearance of orange colour which continues to darken with 
increase in the concentration of the intermediate, C and finally the product settles 
on standing for long time. obviously, the coloured intermediate is formed on a time 
scale of minutes and the final product on a time scale of hours. In reality the overall 
reaction involves several steps and possibly several transient intermediates, in addi-
tion to comparatively stable one C, are formed during the oxidation of p-anisidine 
into benzoquinone. 

secondly, the kinetic order of one in periodate but requirement of the two periodate 
molecules for each anisidine molecule as per stoichiometry indicates the involvement 
of only one periodate in the rate-determining step and second io4

– ion is consumed 
in a fast reaction in the formation of the intermediate, C. it also indicates the orange 
coloured intermediate is quite stable, and its concentration is not in steady state. had 
this been so, there should have been no change in its concentration with time. on the 
contrary, concentration of C increases continuously with time and reaches a limiting 
value. And this has been used in following the kinetics of this reaction.

Thirdly, k2 – pH profile indicates the presence of at least three differently reactive 
reactant species in the ph region chosen for study. 

before presenting a mechanism, it is necessary to discuss the speciation of ani-
sidine and periodate species in aqueous solutions. in aqueous solutions, periodate 
exists in three forms governed by the following equilibria: 
 h5io6  h4io6

– + h+ , K1 = 2.3 × 10–2  (4)

 h4io6
–  h3io6

2 – + h+ , K2 = 4.35 × 10–9  (5)

The value of K1 indicates that in the pH range 5–9 the species H5io6 shall be 
practically non-existent and hence only species h4io6

– and h3io6
2– need to be consid-

ered for explaining the observed ph-dependence. in case of p-anisidine17, in aqueous 
solution the following acid-base equilibrium with Kb = 20 × 10–10 operates.
 Ch3oC6h4Nh2 + h2o  Ch3oC6h4N+h3 + oh–  (6)
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in the studied ph-range, both Ch3oC6h4Nh2 and Ch3oC6h4N+h3 shall exist and 
both of these have been considered. 

Based on the observed kinetic rate laws (2)–(3) and pH-dependence, the follow-
ing mechanism, which assumes Ch3oC6h4Nh2 and h4io6

– to be the reactive species, 
is proposed:
          K
 Ch3oC6h4Nh2 + [IO4 –]  [A] (7)

    k
   [A]  ––→  intermediate [B] (slow) (8)

 [B] + IO4
–  ––→  intermediate [C] (fast) (9)

The intermediate, C, appears to undergo very slow reorganisation/hydrolysis to 
yield the reaction product:
  intermediate [C]  ––→  product [d]  (10)

in the mechanism for simplicity, h4io6
– has been written as io4

–. since the el-
ementary reactions in liquid phase are a rarity, the formation of a transient intermediate 
[C], which could be a collisional complex/reactant pair in a rapid step having a low 
value of equilibrium constant, K, is assumed in the proposed gross mechanism.

The mechanistic steps (8)–(9) lead to the following rate law:
 d[C]/dt = k [A]              (11)
  = kK[CH3oC6h4Nh2 ] [IO4

–]. (12)

since the observed kinetics shows first order in each of [CH3oC6h4Nh2] and 
[IO4

–], the value of K must be low. 
At a fixed pH, under the condition [s]0 >> [IO4

–], the rate of formation of inter-
mediate, C, is given by equation (13) as follows: 
 d[C]/dt = kK [IO4

–] [s]0/(1+K[s]0). (13)

Likewise, under the condition [IO4
–]0 >> [s]

 d[C]/dt = kK [IO4
–]0[s] / (1+K[IO4

–]0). (14)

since the reaction shows a clean-cut first order in each of [s] and [IO4
–], the 

inequalities K[s]0 << 1 and K[IO4
–]0 << 1 should operate in equations (13) and (14), 

respectively leading to the rate laws in equations (2) and (3).
On substituting the values of concentrations of the reactive species [CH3oC6h4Nh2] 

and [IO4
–] in terms of equilibria (4)–(5) and (6), respectively, in equation (12), the 

complete rate law including [H+]-dependence becomes:
 d[C]/dt = kK (([s] [OH–] /( [OH–] + Kb))(([IO4

–]0 [H+] /(K2 + [H+])) (15)

On replacing [OH–] [H+] by Kw and [OH–] by Kw/ [H+] in denominator and on 
rearranging, we get: 
 d[C]/dt = k KKw [s] [IO4

–]0 [H+] / {K2 Kw + (Kw + Kb K2 ) [H+] + Kb [H+]2}  (16)
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where kK is the empirical composite rate constant; Kw – ionic product of water; K2 
– acid dissociation constant of H4io6

–; Kb – base dissociation constant of PMA and 
[IO4

–]0 represents the concentration of periodate that has been taken in excess.
on comparing equations (3) and (16), we get

 k2 = kK Kw [H+] /(K2 Kw + (Kw + Kb K2 ) [H+] + Kb [H+]2). (17)

Equation (17) on rearranging becomes equation (18) as follows:
 1/k2 = (K2 /kK[H+]) + {(Kw + Kb K2) /kKKw } + Kb [H+] /kKKw.  (18)

The nature of the rate law shows that a plot of 1/k2 versus [H+] shall pass through 
a minimum as discussed in detail in a review by Gupta and Gupta18. on differentiating 
1/k2 with respect to [H+] in equation (18), we get the values of d2[1/k2]/d[H+]2. The 
value of second derivative is found to be positive showing the plot of 1/k2 versus [H+] 
to pass through a minimum. Thus, on setting d[1/k2]/d[H+] equal to zero for obtaining 
hydrogen ion concentration at which the 1/k2 versus [H+] profile will pass through 
minimum, we obtain:

[H+]min = (K2 Kw/Kb)1/2

on substituting the values of K2, Kw and Kb, we get 
[H+]min = 1.48 × 10–7 mol dm–3. 

It is gratifying to note that the calculated value of [H+]min. is in excellent agree-
ment with the experimental value of [H+]min of 1.0 × 10–7 mol dm–3 obtained from 1/k2 
versus [H+] plot (Fig. 1).

fig. 1. Effect of [H+] on reaction rate at [NaIO4] = 0.0001 M, [PMA] = 0.001 M, acetone = 10% (v/v), 
temperature 35 ± 0.1oC
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it is necessary and interesting to discuss the possible molecular mechanism of 
the reaction. Mechanism proposed in scheme 1 shows the first step as a reversible 
bimolecular reaction between PMA and [IO4

–]. The formation of a charged intermedi-
ate complex [A] taking place by the attack of [IO4

–] on the nitrogen of anilino group 
and stabilisation of positive charge on this nitrogen are well supported by our earlier 
lFEr studies on this type of reaction series19. The high negative value of entropy of 
activation supports the involvement of solvation effects in this reaction. The forma-
tion of another intermediate [B] followed by its reaction with another IO4

– to form 
quinoneimine [C] in a fast step are the expected steps of the mechanism involved. 

s c h e m e   1

The last step (10) seems to be the slow hydrolysis and rearrangement of (C) to 
give 4-methoxy-1,2-benzoquinone (d), i.e. the main product of the reaction that has 
been isolated, separated and characterised.
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CoNClusioNs

The kinetics of the reaction between p-anisidine (PmA) and periodate ion in ac-
etone–water medium has been followed by monitoring the increase in the absorbance 
of reaction intermediate, C. The reaction followed second order behaviour, being first 
order in each reactant. Results under pseudo-first order conditions, [IO4

–] >> [PMA], 
are in agreement with the derived rate law. The rate law matches the 1/k2 versus [H+] 
profile that passes throught a minimum.

increase in ionic strength increases the rate of reaction. Further, the rate of reaction 
increases with increase in dielectric constant of the medium. Free radical scavengers 
do not affect the reaction rate. main reaction product was isolated and characterised 
as 4-methoxy-1, 2-benzoquinone. 

rEFErENCEs
 1. G. dryhursT: Periodate oxidation of diols and other Functional Groups, Analytical and structural 

Applications. Pergamon Press, N. y., 1970. 
 2. v. E. kAliNiNA: kinetics and mechanism of Periodate oxidation reactions Catalysed by ruthe-

nium Compounds. kinet. katal., 12, 100 (1971) (in Russian). 
 3. v. k. PAvolvA, ya. s. sEvChENko, k. b. yATsmiriskii: kinetics and mechanism of oxida-

tion of diethylaniline with Periodate. zh. fiz. Khim., 44, 658 (1970) (in Russian). 
 4.  m. P. rAo, b. sEThurAm, T. N. rAo: kinetics of oxidation of Aniline and substituted Anilines 

by Periodate. indian j. Chem., 17 (a), 52 (1979).
 5. s. P. srivAsTAvA, G. bhATTAChArjEE, v. k. GuPTA, sATyA PAl: kinetics and mechanism 

of oxidation of sulfanilic Acid by Periodate ion in Aqueous medium. react. kinet. Catal. letters, 
13, 231 (1980). 

 6. m. k. bEklEmishEv, E. N. kiryushChENkov, E. k. skosyrskAyA, A. m. PETrENko: 
Periodate ion as an oxidant in indicator reactions with Aromatic Amines. j. Anal. Chem., 61, 1067 
(2006).

 7. H. W. suN, H. M. sHI, s. G. sHEN, z. f. GuO: kinetics and mechanism for oxidation of l-proline 
by bis(hydrogen periodato)argentate(iii) Complex Anion. Chinese j. Chem., 26, 615 (2008).

 8. s. P. srivAsTAvA, m. C. jAiN, r. d. kAushik: kinetics and mechanism of Periodate oxidation 
of Aromatic Amines – Oxidation of N,N-dimethylaniline. Nat. Acad. sci. Letters, 2, 63 (1979).

 9. v. k. GuPTA, r. bhushAN, r. d. kAushik, m. C. jAiN, s. P. srivAsTAvA: kinetics and 
Mechanism of the Oxidation of Aromatic Amines by Periodate Ion – Oxidation of Aniline and N,N-
dimethylaniline. oxid. Commun., 7, 409 (1984).

10.  R. d. KAusHIK, R. P. sINGH, sHAsHI: A kinetic-mechanistic study of Periodate oxidation of 
p-chloroaniline. Asian j. Chem., 15, 1485 (2003).

11.  r. d. kAushik, AmriTA, m. dubEy, r. P. siNGh: Periodate oxidation of p-bromoaniline in 
Acetone-water medium: A kinetic-mechanistic study. Asian j. Chem., 16, 831 (2004).

12. h. T. s. briTToN: hydrogen ions. d. von Nostrand Co., 1956, p. 354.
13. b. s. FurNiss, A. j. hANNAFord, P. W. G. smiTh, A. r. TATChEll: vogel’s Textbook of 

Practical organic Chemistry. 5th ed. Addison-Wesley longman ltd., 1998, p.1221.
14. j. buCkiNGhAm (Ed.): dictionary of organic Compounds. 5th ed. Chapman and hall, N. york, 

1982, Vol. 3, p. 3002.
15. j. P. PhilliPs, r. E. lylE, P. r. joNEs (Eds): organic Electronic spectral data. interscience 

Publishers, N. york, 1960–1961, Vol. 5, p. 91.



 
528

16. P. s. kAlsi: spectroscopy of organic Compounds. 2nd ed. New Age international ltd., N. delhi, 
1996.

17. R. T. MORRIsON, R. N. BOyd: organic Chemistry. 6th ed. Prentice hall of india Pvt. ltd., N. delhi, 
1996, p. 824.

18. k. s. GuPTA, y. k. GuPTA: hydrogen-ion dependence of reaction rates and mechanism. j. Chem. 
Educ., 61, 972 (1984).

19.  s. P. srivAsTAvA, v. k. GuPTA, m. C. jAiN, m. N. ANsAri, r. d. kAushik: Thermody-
namic and lFEr studies for the oxidation of Anilines by Periodate ion. Thermochimica Acta, 68, 
27 (1983).

Received 22 May 2009 
Revised 23 August 2009



 
529

* For correspondence.

Oxidation Communications 33, No 3, 529–533 (2010)

kineticS of oxidation of glycine By alkaline 
hexacyanoferrate(iii)

d. lAlooa, m. k. mAhANTia,b*
aDepartment of Chemistry, North-Eastern Hill University, 793 022 Shillong, India 
E-mail: m.mahanti@yahoo.com 
bNational Institute of Science Education and Research, 751 005 Bhubaneswar, 
India

AbsTrACT

The reaction between glycine and potassium hexacyanoferrate(iii), in alkaline me-
dium, at constant ionic strength, gave glyoxylic acid. The rate of the reaction was 
dependent on the first powers of the concentrations of substrate and oxidant, but was 
independent of the concentration of alkali in the range studied. The slow step of the 
reaction involved the formation of a radical intermediate, which was detected by Esr 
spectroscopy as a 7-line spectrum with peak intensity ratios of 1:5:11:14:11:5:1.

Keywords: kinetics, oxidation, glycine, alkaline hexacyanoferrate(iii).

Aims ANd bACkGrouNd

Amino acids are the building blocks in protein synthesis. The fact that all of the more 
important naturally occurring amino acids have α-hydrogens, suggests that the bio-
synthesis and degradation of amino acids occur by way of α-keto acids and α-imino 
acids, thus:

in metabolism, amino acids are subjected to many reactions, and can supply 
precursors for various endogeneous substances, as for example, hemoglobin in blood. 
Amino acids undergo various kinds of reactions depending on whether the particular 
amino acid contains nonpolar groups, polar substituents, acidic, or basic substituents. 
Amino acids have been oxidised by diverse oxidising agents1–7.

Glycine is one of the major constituents of silk fibroin and collagen. The forma-
tion of δ-aminolevulinic acid from succinyl CoA (coenzyme A) and glycine is the 
first step leading specifically to the biosynthesis of porphyrins, which are present in 
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chlorophyll, hemoglobin and cytochromes. in continuation of our work on the oxi-
dation of amino acids by hexacyanoferrate(iii) in alkaline medium8, we report the 
kinetics of oxidation of glycine by alkaline hexacyanoferrate(iii), at constant ionic 
strength, under nitrogen.

EXPErimENTAl

Materials, methods and stoichiometry. Glycine (loba Chemie) was recrystallised 
(m.p. 262oC). Potassium hexacyanoferrate(iii), potassium hexacyanoferrate(ii), so-
dium hydroxide and sodium perchlorate were E. merck samples. The ionic strength 
was kept constant using sodium perchlorate (0.001 mol dm–3). All reactions were 
performed under nitrogen.

for the kinetic studies, pseudo-first order conditions, [amino acid] >> [oxidant] 
were used. The methods used for the preparation of solutions, and for the kinetic 
determinations for the disappearance of hexacyanoferrate(III) at 420 nm, have been 
described earlier8.

The stoichiometry of the reaction was determined8 to be:
 C2h5o2N + 2Fe(CN)6

3– + 2oh– → C2h2o3 + 2Fe(CN)6
4– + Nh3 + h2o (1)

Product analysis. Reaction mixtures containing glycine (0.01 mol dm–3) and excess 
of oxidant (0.1 mol dm–3) were mixed in the presence of 0.5 mol dm–3 Naoh (ionic 
strength adjusted to 0.001 mol dm–3 by the addition of NaClo4), and allowed to react 
at 328 k for 24 h, under nitrogen.

(i) The evolution of ammonia was shown by partial distillation of the reaction 
mixture. The ammonia formed was absorbed in an excess of standard acid (0.5 
mol dm–3 hCl). The excess of acid was then back-titrated (against base) in the pres-
ence of methyl red indicator9;

(ii) The reaction mixture was extracted with ether, washed with water, dried over 
anhydrous mgso4, and then concentrated. The product obtained was confirmed as 
glyoxylic acid10 (yield ≈ 75%);

(iii) The product was treated with an acidic solution of sodium hydrogen sul-
phite, and cooled in ice. A solution of 2,4-dinitrophenylhydrazine (0.05 mol dm–3) 
was added and the mixture allowed to stand overnight at 0oC. The solid compound 
formed was filtered off, dried, recrystallised from ethyl acetate, and weighed as the 
2,4-dinitrophenylhydrazone derivative (m.p. 125oC).

rEsulTs ANd disCussioN

Kinetic results. under pseudo-first order conditions, the reaction showed first order 
dependence in [fe(CN)6

3–], as seen from the near constancy in the values of the 
pseudo-first order rate constant (k1), over a 10-fold range of [fe(CN)6

3–]. The reac-
tion exhibited first order dependence on the concentration of glycine (20-fold range). 
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The rate of the reaction was independent of the concentration of Naoh in the range 
studied (0.01 to 0.10 mol dm–3). The kinetic results are shown in Table 1. under the 
present experimental conditions, the rate law was expressed as follows:
 rate = –d [fe(CN)6

3–]/dt = k [glycine] [fe(CN)6
3–] (2)

Effect of temperature. The reaction was temperature dependent (Table 1), and the 
activation parameters were evaluated: E = 15 ± 2 kj mol–1; ∆H* = 12 ± 2 kj mol–1; ∆S* 

= –180 ± 4 J K–1 mol–1. The values of ∆H* and ∆S* were both favourable for electron 
abstraction processes11.

table 1. rate data for oxidation of glycine at 328 k (µ = 0.001 mol dm–3)

 [Glycine] × 102

(mol dm–3)
 [K3Fe(CN)6] × 103

(mol dm–3)
[NaOH]

(mol dm–3)
 k1 × 103

(s –1)
1.0
5.0

10.0
20.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0 

1.0
1.0
1.0
1.0
0.75
0.50
0.25
0.10
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0

0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.25
0.5
0.75
1.0
0.1
0.1
0.1
0.1

 1.90
 9.6
19.5
39.2
 1.92
 1.94
 1.88
 1.85
 1.96
 1.93
 1.94
 1.95
 1.10a

 1.41b

 2.60c

 3.42d 
a318 k; b323 k; c333 k; d338 K; all temperatures ± 0.1 k.

Effect of ionic strength. variations in the ionic strength of the medium using NaClo4 
(µ = 0.001 to 0.01 mol dm–3 ) did not affect the rate of the reaction, since the high 
concentration of alkali dominated over the ionic strength of the medium.

Effect of hexacyanoferrate(ii). The addition of hexacyanoferrate(ii) ions in the con-
centration range 1 × 10–4 to 1 × 10–3 mol dm–3 did not have any effect on the rate of the 
reaction, indicating that the reaction between the substrate and oxidant (the electron 
abstraction step) was irreversible.

Radical intermediate. The Esr spectrum (E-4, varian) of the radical generated from the 
oxidation of glycine by alkaline hexacyanoferrate(III), in a flow system, gave a 7-line 
spectrum. The number of lines was accounted for by a radical species consisting of 4 



 
532

equivalent protons and a nitrogen atom, all having nearly equal coupling constants. 
The 7-line spectrum had relative intensities of 1:5:11:14:11:5:1.

Mechanism. Potassium hexacyanoferrate(iii) is a one-electron oxidant, and hence 
it would be justified to postulate that the reaction between the substrate and oxidant 
would give rise to a radical intermediate (1), analogous to enzymatic oxidation reac-
tions which are also known to proceed via radical species12.

It is well known that amino acids exist as zwitterions in aqueous solution. In 
strongly acidic or alkaline media, the following equilibria exist:

    
(3)

In alkaline solution, the zwitterion would be converted into the anion, 
rCh(Nh2)Coo–, which is the reactive species under the present experimental con-
ditions. The pka value for rCh(Nh3)Coo–  rCh(Nh2)Coo– + h+ has been 
reported, with the dissociation constant13 for glycine at 298 K being 1.67 × 10–10 (pk 
= 9.87). since the kinetic studies were carried out at high concentrations of NaOH, 
it may be assumed that glycine would be completely dissociated into the anion, 
rCh(Nh2)Coo– (a).

The kinetic isotope effect caused by deuterating the α-carbon atom gave a kh/kd 
value of 8.2, indicating that, in the rate-determining step, the C–H bond underwent 
fission to give the radical species.

The slow step was the direct reaction of the substrate with the oxidant, giving the 
radical intermediate (1). The subsequent rapid reaction was via the imino compound 
(2), which underwent hydrolysis to give the product (3):

rCh(Nh2)Cooh + oh–  rCh(Nh2)Coo– + h2o
   a

 a + Fe(CN)6
3– → rC•(N+h3)Coo– + Fe(CN)6

4– (slow)
    1

 1 + Fe(CN)6
3– → rC Cooh → rC Cooh + Nh3

 (fast)
 | |  | |
 Nh o
 2 3

This mechanistic pathway for the oxidation of glycine to the keto acid has been 
well established in the synthesis of α-keto esters14.

CoNClusioNs

The oxidation of glycine by alkaline hexacyanoferrate(iii) yielded a radical intermedi-
ate, in the slow step. The radical underwent a rapid reaction with the oxidant giving 
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the α-imino acid, which was rapidly hydrolysed to the α-keto acid. The present in-
vestigation suggested that hexacyanoferrate(iii), as a chemical oxidant, was capable 
of simulating enzymatic behaviour, and might prove useful in establishing model 
systems for the enzymatic oxidation of amino acids.
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AbsTrACT

The synthesis of 4-(dimethylamino)-1,4,4a,5,5a,6,11,12a-octahydro-3,6,10,12,12a-
pentahydroxynaphthacene carboxamido-methylamines via aminomethylation ap-
proaches involving the mannich reaction is described. The newly synthised mannich 
bases are structurally elucidated on the basis of elemental and spectral (uv, ir, 
1H NMR) studies. All the newly synthesised Mannich bases exhibited significant 
and promising antimicrobial activity against various pathogenic gram-positive and 
gram-negative bacteria and are found to have low toxicity.

Keywords: 4-(dimethylamino)-1,4,4a,5,5a,6,11,12a-octahydro-3,6,10,12,12a-penta-
hydroxynaphthacene carboxamide, the mannich base, antimicrobial activity, toxic-
ity.

Aims ANd bACkGrouNd

in organic chemistry carboxamides (or amino carbonyls) are functional groups with 
the general structure R–CO–NH2 with r as an organic substituent. Carboxamides are 
outstanding class of natural products having notable antibacterial activity towards a 
broad range of pathogenic microorganisms and are characterised for very low toxicity 
to the mammalian hosts of these pathogens1–5. recently, we showed that carboxam-
ide is convenient class of compounds used for the synthesis of the mannich bases of 
ultimate antibacterial property6.

some secondary amines like morpholine and piperazine are well known anti-
bacterial and medicinal agents7–9. The mannich reaction is a known pathway, which 
generates pharmacologically important drugs by incorporation of amino methyl group 
having versatile utility in the field of medicinal chemistry10 as well as has diverse 
reactivity in industrial chemistry11. 
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in view of the above stated, we thought it worthy to select the mannich reaction 
to produce the mannich bases of biologically active derivatives of carboxamide. 
Consequently and in continuation of our earlier studies on the mannich condensa-
tion of various active hydrogen compounds12 the present work was undertaken. The 
presented paper deals with the antibacterial screening of the newly synthesised man-
nich, aminomethylation of carboxamide and comparison of the biological activity of 
newly synthesised with the parent sulphonamides. The results were critically analysed 
using statistical analyses13.

EXPErimENTAl

All the melting points were determined in open capillary tubes and are uncorrected. 
Thin layer chromatography was used for monitoring the reaction and to check purity. 
The silica gel of chromatographic grade was used for preparing plates.

uV spectra were recorded on a schimadzu uV-160A, uV-vis. spectrophotometer; 
IR spectra in KBr matrix were recorded on a schimadzu 820 IPC fTIR spectrometer. 
The 1H NMR spectra on a Bruker dRx-300 fT NMR spectrometer and chemical shifts 
were expressed as (ppm) unit against tetramethylsilane (Tms) as internal reference. 
The chemical reagents used in the synthesis were E. merck and Aldrich grade. Agar 
media used for antimicrobial studies were of hi media make. 

s c h e m e   1 
synthesis of the mannich bases from sulphonamides (4a–4e)
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General procedure for the synthesis of compounds 4a–4e: synthetic pathway 
is shown in scheme 1 and characterisation data for the synthesised compounds are 
given in Table 1. Carboxamide (0.01 mol) was dissolved in 20 ml methanol. This was 
followed by equimolar addition of secondary amines (0.01 mol) in small installments 
with constant stirring at efficient ice cooling. The reaction mixture was cooled well. 
Then 2.5 ml of formaldehyde solution (37%) were added slowly with continuous 
stirring. The mixture was kept as such for half an hour after adjusting the ph of react-
ing mixture to 3.5–4. After half an hour, the resulting reaction was placed on a water 
bath for refluxing. The reflux time varied with different secondary amines used. The 
mixture was then kept at 273ok for 4 days, when desired product was being formed. 
The mannich base so formed was recrystallised with dry distilled ethanol. 

table 1. study of antibacterial screening of the Mannich bases (zone of inhibition in mm)
s. No
CN

Salmonella enteritidis concentration 
(mg/ml)

Pasturella multocida concentration 
(mg/ml)

20 30 40 average 20 30 40 average
4a 20.00 20.86 21.20 20.68 20.40 20.80 21.86 21.02
4b 21.06 21.22 22.06 21.44 21.26 22.00 23.20 22.15
4c 14.68 15.02 16.00 15.23 28.36 28.60 29.08 28.68
4d 20.00 25.00 25.00 23.33 15.20 15.24 15.60 15.34
4e 15.00 15.20 15.46 15.22 22.15 23.30 24.40 21.26

Staphylococcus aureus concentration 
(mg/ml)

Bacillus anthracis concentration (mg/ml)

20 30 40 average 20 30 40 average
4a 20.40 20.80 21.86 21.02  8.42  9.20 10.46  9.36
4b 21.06 21.22 22.06 21.44 21.26 22.00 23.20 22.15
4c 21.26 22.00 23.20 22.15 13.46 13.60 13.86 13.64
4d 20.00 25.00 25.00 23.33 15.20 15.24 15.60 15.34
4e 28.00 28.24 29.20 28.48 18.06 18.20 18.06 18.38

rEsulTs ANd disCussioN

Compound (4a) – 4-(dimethylamino)-1,4,4a,5,5a,6,11,12a-octahydro-3,6,10,12,12a-
pentahydroxynaphthacene carboxamido-methyl dimethylamine, m.p. 189–190oC, 
C(%) – 54.82 (54.84), H (%) – 4.60 (4.70), N (%) – 11.60 (11.63), uV 254 (Ar ring), 
361 (diketone-moiety), ir (kbr)3441νas (NH) in sec amide, 3054 ν (=C–H) of aromatic 
ring, 2940 νas C–H in CH2, 2731 ν >Ch2N<, 1836 ν (C=O), 1330, νas s=o, 1148, ν 
(C–H) in disubstituted benzene, 836 out of plane C–H in disubstituted aromatic ring, 
1h Nmr 2.92 (d, 2h, J = 7.5, CH2); 5.62 (s, 1H, NH); 6.50–7.90 (m, ArH); 7.22 (s, 
1H,CONH); 1.80 (s, 1H, C6me2); 2.67 (s, 1H, Nme2); 2.20 (s, 1H, C4a); 2.40 (s, 1H, 
C5a); 2.30 (s,1H, C5); 3.09 (s, 1H, C4).
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Compound (4b) – 4-(dimethylamino)-1,4,4a,5,5a,6,11,12a-octahydro-
3,6,10,12,12a-pentahydroxynaphthacene carboxamido-methyl diethanolamine, m.p. 
– 135–137oC, C (%) – 54.45 (54.62), H (%) – 4.28 (4.62), N (%) – 9.16 (9.65), uV 
253 (Ar ring), 362 (diketone-moiety), ir (kbr)3442νas (NH) in sec amide, 3052 ν 
(=C–H) of aromatic ring, 2940 νas C–H in CH2, 2732 ν >Ch2N<, 1834 ν (C=o), 1332 
νas s=o, 1148 ν (C–H) in disubstituted benzene, 838 out of plane C–H in disubstituted 
aromatic ring, 1H NMR 2.90 (d, 2H, J = 7.5, CH2); 5.60 (s, 1H, NH); 6.50–7.90 (m, 
ArH); 7.22 (s, 1H,CONH); 1.80 (s, 1H, C6me2); 2.67 (s, 1H, Nme2); 2.22 (s, 1h, C4a); 
2.42 (s, 1h, C5a); 2.32 (s,1h, C5); 3.09 (s, 1H, C4).

Compound (4c) – 4-(dimethylamino)-1,4,4a,5,5a,6,11,12a-octahydro-
3,6,10,12,12a-pentahydroxynaphthacene carboxamido-methyl diphenylamine, m.p. 
– 212–213oC, C (%) – 53.93(54.03), H (%) – 4.30 (4.96), N (%) – 8.19 (8.69), uV 
254 (Ar ring), 361 (diketone-moiety), ir (kbr)3441νas (NH) in sec amide, 3327 νNh 
of so2NH, 3054 ν (=C–H) of aromatic ring, 2940 νas C–H in CH2, 2731 ν >Ch2N<, 
1836 ν (C=O), 1330, ν (C–H) in disubstituted benzene, 836 out of plane C–H in 
disubstituted aromatic ring, 1h Nmr 2.92 (d, 2h, J = 7.5, CH2); 5.62 (s, 1h, Nh); 
6.50–7.90 (m, ArH); 7.22 (s, 1H,CONH); 1.80 (s, 1H, C6me2); 2.67 (s, 1H, Nme2); 
2.20 (s, 1H, C4a); 2.40 (s, 1H, C5a); 2.30 (s,1H, C5); 3.09 (s, 1H, C4).

Compound (4d) – 4-(dimethylamino)-1,4,4a,5,5a,6,11,12a-octahydro-
3,6,10,12,12a-pentahydroxynaphthacene carboxamido-methyl piperazine, m.p. 
– 203–204oC, C (%) – 52.23 (52.47), H (%) – 4.68 (4.45), N (%) – 12.18 (12.24), uV 
256 (Ar ring), 362 (diketone-moiety), ir (kbr)3442νas (NH) in sec amide, 3056 ν 
(=C–H) of aromatic ring, 2942 νas C–H in CH2, 2732 ν >Ch2N<, 1832 ν (C=o), 1146, 
ν (C–H) in disubstituted benzene, 836 out of plane C–H in disubstituted aromatic ring, 
1H NMR 2.90 (d, 2H, J = 7.5, CH2); 5.60 (s, 1H, NH); 6.50–7.90 (m, ArH); 7.20 (s, 
1h,CoNh); 1.82 (s, 1h, C6me2); 2.66 (s, 1h, Nme2); 2.22 (s, 1h, C4a); 2.42 (s, 1h, 
C5a); 2.32 (s,1h, C5); 3.08 (s, 1H, C4).

Compound (4e) – 4-(dimethylamino)-1,4,4a,5,5a,6,11,12a-octahydro-
3,6,10,12,12a-pentahydroxynaphthacene carboxamido-methyl morpholine, m.p. 
– 198–199oC, C (%) – 53.94 (53.70), H (%) – 4.22 (4.85), N (%) – 10.64 (10.74), uV 
256 (Ar ring), 364 (diketone-moiety), ir (kbr) 3441 νas (NH) in sec amide, 3054 ν 
(=C–H) of aromatic ring, 2940 νas C–H in CH2, 2731 ν >Ch2N<, 1836 ν (C=o), 1142, 
ν (C–H) in disubstituted benzene, 836 out of plane C–H in disubstituted aromatic ring, 
1h Nmr 2.92 (d, 2h, J = 7.5, CH2); 5.62 (s, 1H, NH); 6.50–7.90 (m, ArH); 7.22 (s, 
1H,CONH); 1.80 (s, 1H, C6me2); 2.67 (s, 1H, Nme2); 2.20 (s, 1H, C4a); 2.40 (s, 1H, 
C5a); 2.30 (s,1H, C5); 3.09 (s, 1H, C4).

ANTimiCrobiAl ACTiviTy

The novel compounds (4a–4e) synthesised from secondary amines as reported in this 
paper are potent and demonstrate a specific antimicrobial activity against S.aureus, 
S.enteritidis, P.multocida and B.anthracis. Table 1 presents antibacterial activity as a 
measure of zone of inhibition against the bacterium under study. The mannich bases 
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4e, 4d, 4c and 4b are found to be potent active against the bacterium S. aureus, S. 
enteritidis, P. multocida and B. anthracis, respectively.

CoNClusioNs

For the aforementioned results as discussion we conclude that the synthesised novel 
mannich bases displayed a promising role in inhibiting the growth of pathogens un-
der study. We believe that many future drugs and other useful products of industrial 
importance would be discovered and perhaps surprising medicinal molecules of the 
structural diversity of the mannich bases could be synthesised might be envisioned by 
future chemists. Finally, it seems that the mannich bases still constitute an important 
class of the medicines used today.
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AbsTrACT

Composite materials were synthesised from ultra-high molecular weight polyethylene 
and white rice husks ash or black rice husks ash. The properties of the composites were 
studied as a function of the filler content (up to 6 mass. %). The apparent activation 
energy of thermal destruction of the materials obtained was found to decrease with 
the increase in the rice husks content. slight reinforcing effect was observed (so far 
as tensile strength and elongation are concerned) at 1.5 mass. % content of white rice 
husk ash, while these characteristics remained almost the same as these of the initial 
polymer when black rice husks ash was used. ultra-high molecular weight polyethyl-
ene (uhmWPE) composites containing 6 mass. % white rice husk ash showed higher 
thermostability, universal and plastic hardness as well as true elasticity modulus. The 
composite materials were characterised also by their vicat softening point, shrinkage 
and the shore hardness. 

Keywords: rice husks ash, ultra-high molecular weight polyethylene, composite 
materials.

Aims ANd bACkGrouNd

According to the statistical data of Food and Agriculture organisation (FAo), the 
world annual paddy production of rice is approximately 582 million t. Oryza sativa l. 
husks (rice husk) comprise 25% of the rice grain and, therefore, 145 million t of rice 
husks residue are produced1. A number of reviews2–7 have been dedicated to rice husks 
and the products obtained from its thermal degradation at different conditions. large 
quantities of rice husks are available as waste from rice milling industry. These husks 
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are not of commercial interest and cause serious pollution problems, because they can 
not be used as food, fertiliser or fuel. it is necessary, then, to consider the use of this 
residue in polymer formulations with a clear positive effect to the environment.

Recently, the interest towards the use of rice husks as filler increased since it is 
harmless to environment and has low cost of production8. various methods of rice 
husks utilisation have been developed involving biologic or thermochemical transfor-
mation. The thermal decomposition of raw rice husks in air atmosphere is known to 
occur in three main stages – drying (313–523 K), removal of organic volatile matters 
(488–623 K) and combustion of carbon (623–963 K)9–11. As a result, the so-called 
white rice husks ash (WrhA) containing ≥ 95 mass. % amorphous sio2 are obtained. 
if the thermal decomposition is carried out in nitrogen medium, the end product con-
tains about 55 mass. % amorphous sio2 and 45 mass. % amorphous carbon, named 
as black rice husks ash (brhA)2–6.

There are a number of publications8,12,13 devoted to the preparation and charac-
terisation of composite materials (CM) on the basis of polypropylene (PP) filled with 
rice husks ash. It was found that the addition of BRHA filler to PP matrix increases 
the thermal degradation temperature while keeping the oxidative stability at the same 
level. The thermal degradation temperature of composites filled with WRHA does not 
depend on their content but the oxidative stability deteriorates with the increase of 
filler content12. The filling of PP with rice husks increases their flexural modulus and 
density, especially the composites filled with BRHA. The increase of the modulus 
is compensated for by the decrease of the tensile strength, elongation at break and 
impact strength with the increase of filler content13.

some data on the use of WRHA as filler for preparation of polypropylene/ethylene-
propylene-diene terpolymer thermoplastic elastomer composites14,15 were published. 
The utilisation of BRHA as filler in epoxy resins for preparation of different materials 
for use in electronic and electric appliances industries was also studied16. however, 
studies on the preparation of CM based on uHMWPE filled with WRHA or BRHA 
were not found in the available literature, although there are some investigations on 
the effect of the coupling agent and processing aid on the performance properties of 
high density polyethylene rice husk filled composite profiles17.

The aim of the present work is to prepare and characterise composite materials 
on the basis of uHMWPE with these disperse fillers and determine their thermal, 
tensile, elasto-plastic and other properties.

EXPErimENTAl

Materials. uHMWPE with melt index of 0.001 g/10 min (temperature 463 K; load of 
21 kg) and molecular mass of 1.8×106, product of lukoil-Neftochim Co., bourgas, 
bulgaria, was used.

Rice husks were obtained from suburb areas of Thrace (Pazardjik, Bulgaria). 
Before use, the raw rice husks (RRH) were thoroughly washed – two times with tap 



 
541

water followed by three times with deionised water to remove adhering soil, clay and 
dust and finally, dried at 375±2 k overnight. The dried husks were ground in rotary 
cutting mill and sieved manually with 0.63–0.12 mm sieves. This starting material 
was thermally decomposed in nitrogen or air atmosphere. The thermal treatment of 
the rice husk fraction was carried out in quartz vertical tube, equipped with perforated 
quartz diaphragm at its lower end. The electrical heater used was wound around the 
quartz tube and insulated by asbestos sleeve. during the thermal treatment, nitrogen 
(or air) was flown below the quartz diaphragm into the lower end of the tube (100 
cm3 min–1) through the treated material. The controlled increase of temperature was 
performed using electronic thermal regulator Zeitplansolwertgeber (Germany) at a 
heating rate of 5 k min–1 up to 973 K, maintained for 2 h, after which the ash was 
quenched in nitrogen or air medium and used for further experiments. All the samples 
were stored in plastic sealer containers.

brhA obtained by thermal decomposition of raw rice husks in nitrogen medium 
and WrhA obtained at thermal decomposition of raw rice husks in air atmosphere 
were used as fillers of uHMWPE. The mean particle size of the used fillers was 
30–50 µm. According to the data from x-ray analysis, all the fillers were amorphous. 
The compositions were prepared by adding from 0 to 6 mass. % filler.

Preparation of UHMWPE composites. uhmWPE and brhA or WrhA were mixed 
at room temperature in a laboratory mixer MPW-802 (Poland) at a stirring speed of 
480 rpm for 4 min. The compositions were preformed into pellets (because of their 
low loose weight) and then pressed on a laboratory press Phi (England) between 
two aluminium foils under the following conditions: thickness of the sample ca. 1 
mm, temperature 463 k, maintained for 11 min (the time of 11 min was chosen on 
experimental basis: 10 min were found to be insufficient to obtain uHMWE melt 
with suitable viscosity and, therefore, Cm of proper quality). After 12 min at 463 
k, partial destruction begins in virgin uhmWPE), pressing for 1 min at the same 
temperature and at a pressure of 9 MPa, followed by cooling at 40 K min–1 under the 
same pressure.

Materials characterisation. The morphology of the used fillers was examined by a 
scanning electron microscope (sEM) Tesla Bs 340 (Czech Republic) under regime 
of secondary electrons at acceleration of 20 kV. The samples were metallised with 
aluminium in an Edwards 306 vacuum camera. The average thickness of the coating 
was measured to be 20 nm.

Тhe thermal properties of uHMWPE samples were performed on an Od-102 
derivatograph (MOM, Hungary) in air flow (25 cm3 min–1). For determination of the 
apparent activation energy of thermal decomposition EA of the studied composites the 
calculation procedure of reich was used18. The tensile strength σ, elongation ε and 
the other characteristics of CM were measured on a dynamometer INsTRON 4203 
(England) at a speed of 500 mm min–1 and room temperature. The elasto-plastic char-
acteristics were determined using a nanotester fIsCHERsCOPE H-100 (Germany) 
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at a load of 1000 mN. The thermostability of CM was calculated by weight loss (%) 
after 5 h at 406 K. The Vicat softening points were determined under the following 
conditions: cross-section of the finished rod 1 mm2, load 1 kg and temperature increase 
rate 50 K h–1 (fritz Heckert, Germany). The shrinkage (%) of CM was determined by 
the reduction of the linear dimensions of the samples after heat treatment at 373 K 
for 5 h compared to the dimensions before the treatment. The hardness by shore was 
measured on an apparatus stendal (Germany) by scale А. 

rEsulTs ANd disCussioN

The morphologies of rrh, WrhA and brhA were examined by scanning electron 
microscopy. The sEm micrographs of the samples are presented in Fig. 1. The main 
components of rice husks (cellulose, chemicellulose and lignin) are in lemma and palea 
form, which tightly interlock with each other19. Figure 1 shows the outer epidermis 
of raw rice husk, which is well organised and has a corrugate structure. The outer 
surface of lemma is highly ridged and the ridged structures have a linear profile. The 
epidermal cells of lemma are arranged in linear ridges and furrows and the ridges are 
punctuated with prominent globular protrusions3,19–22. The outer surface of lemma also 
contains papillae and hairs of varying sizes but they were often broken at their bases 
in the material examined and, therefore, are not illustrated. As can be seen in Fig. 1A, 
the structure of raw rice husk was globular. The relatively stable si–O carcass and 
biomass assembled around it formed the structure of rice hull. The silicon atoms are 
presented all over but they are concentrated in the protuberances and hairs (trichomes) 
on the outer and inner epidermis, adjacent to the rice kernel. After combustion of rice 
husk in air (Fig. 1b), the morphology tended to maintain its original shape although 
the product is brittle and loose when carefully pinched with the fingers. The only 
difference that can be observed was that the globules were shrinked and compacted 
due to the release of the volatile products. The hard residue was formed of almost 
pure amorphous sio2 (96.8%). As it has been pointed out21,23, the rate of combustion 
process depends strongly on the vapour diffusion rate from the bulk of the spherical 
globules. The structure of the pyrolysis product obtained in nitrogen medium was 
also globular (Fig. 1C), but due to the lower percentage of volatile products released, 
the solid residue contained significantly more carbon (42.6 mass. %). In this case, 
therefore, the initial globular structure of rice husk was also preserved due to the high 
thermal stability of sio2. The last two sEm micrographs showed that many residual 
pores are distributed within the ash samples, indicating that WrhA and brhA are 
highly porous materials with large internal specific surface area.
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fig. 1. scanning electron micrographs of RRH (A), WRHA (B) and BRHA (C) at 973 K

The thermal characteristics of the studied composites are presented in Тable 1. 
The activation energies ЕA of thermal degradation of virgin uHMWPE was 160.9 
kj mol–1, while for composite materials based on brhA and WrhA it decreased to 
143.8 and 121.2 kj mol–1, respectively, with the increase of filler content to 6 mass.%. 
it means that the composites studied are more susceptible to thermal destruction at 
higher content of WrhA and brhA. This can be explained with disturbance of the 
initial polymer uniform structure when filler is introduced in it. Probably, the filler 
creates sites where the thermal destruction of the polymer is easier to start. The more 
substantial decrease of the activation energy for the sample filled with WRHA was 
attributed to its higher acidity determined by the presence of surface silanol (si–OH) 
and siloxan (si–O–si) groups. This observation can be used in the recycling of waste 
polymers by thermal destruction in the presence of some hard acid catalyst (zeolites, 
amorphous silica-alumina and clays) to the corresponding monomers24,25. besides, the 
coefficient of correlation was quite high – from 0.9542 to 0.9877. This was confirmed 
also by the temperature at 10 mass. % weight loss Т10. The melting temperature Тm 
was found to decrease by ca. 10 K for the material based on uHMWPE and BRHA 
while the melting temperature of the same polymer filled with WRHA remained the 
same. The temperature of thermal degradation Td

i of the composite materials obtained 
on the basis of uhmWPE is the same as the initial polymer. The composites studied 
can be processed in the temperature interval 508–518 K. The ending temperature of 
destruction Td

f  of CM based on uHMWPE and WRHA decreased by 12–22 K while 
for these with BRHA – by 32 K.
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table 1. Thermal properties of uhmWPE composites with WrhA or brhA
Property virgin

uhmWPE
Filler content (mass. %) 
WrhA brhA

1.5 6 1.5 6
Activation energy of decomposition ЕA  
(kj mol–1)

160.9 117.0 121.2 121.2 143.8

melting temperature Тm (k) 419 418 413 408 408
Temperature of beginning of destruction Td

i (k) 653 658 658 648 648
Т10 % weight loss Т10 (k) 713 678 673 663 658
Temperature interval of processing Td

i – Tm (k) 507 513 518 508 513

Temperature of end of destruction Td
f (k) 785 763 773 753 753

The dependencies of the tensile strength σ and elongation ε of CM filled with 
WRHA or BRHA as a function of the filler content (C, mass.%) are shown in Figs 2 
and 3. The high tensile strength of the initial uhmWPE is determined by the fact that 
during its crystallisation from melt all the elements of its supramolecular structure 
are interconnected to some extent by transverse molecules. besides, this polymer 
always has certain amount of physical nodes, which remain intact for a long time. 
The contents of transverse macromolecules and physical nodes increase with the 
increase of macromolecules length and the content of fractions with higher molecu-
lar weight which leads to increase in the number of interconnected elements in the 
supramolecular structure26.
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fig. 3. dependence of elongation ε of CM based on uHMWPE on the nature and content of filler

it can be seen from Figs 2 and 3 that the tensile strength σ and elongation ε had 
small maxima at 1.5 mass. % content of WRHA – 28.3 МРа and 510%, respectively. 
Besides, the percentage of uncertainty and confidence interval were 1.1% and 0.3 MPa 
for the determination of σ, and 2.3 and 12% for ε determined on an Instron instru-
ment. Even at 6 mass. % filler content, the parameters studied were close to that of 
the initial uHMWPE. The tensile strength and the elongation depended insignificantly 
on the content of brhA and their values were close to these of the initial uhmWPE. 
Probably, this was due to the more polar character of WrhA surface than that of 
brhA. The results obtained for the tensile strength of Cm obtained on the basis of 
uHMWPE with filler fiber monocrystals were relatively better than these observed 
with filler carbon fibers27. The better results observed with fiber monocrystals were 
due to their advantages over the other fillers – namely, an almost defect-free mono-
crystalline structure; high tensile strength close to the theoretical value, high aspect 
ratio at low diameter, etc.28

The results obtained for the dependence of energy at break E and the young modu-
lus M of the sample on the content of WrhA or brhA correlated well with these for 
the tensile strength and elongation – figs 4 and 5. Тhe values of these properties did 
not change significantly and were close to these of virgin uHMWPE.

Table 2 shows the elasto-plastic properties of the composites based on uhmWPE 
filled with WRHA or BRHA. When WRHA was used as filler, the universal HU 
and the plastic Hplast hardnesses remained almost the same while the values of these 
parameters measured for CM with BRHA increased significantly to reach 56.0 and 
76.3 МРа, respectively. The energy consumed for plastic deformation, Wr, was cal-
culated to be in the range 6100–6650 nJ and the true elasticity modulus Е increased 
with the increase of rice husks content up to 1.43 and 1.41 GPa at 6 mass. % content 
of WrhA or brhA.
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table 2. Elasto-plastic characteristics of uHMWPE composites filled with WRHA or BRHA
Property virgin

uhmWPE
Filler content (mass. %)
WrhA brhA

3 6 3 6
universal hardness HU (МРа)   48.0   50.0   51.0   53.0   56.0
Plastic hardness Нplast (MРа)   64.5   65.5   66.1   70.5   76.3
True elasticity modulus Е (GPa)    1.05    1.17    1.43    1.36    1.41
Energy for plastic deformation Wr (nj) 6643 6124 6526 6518 6122
* The true elasticity modulus Е was calculated by the formula Е* = Е/(1 – ν2), where Е* is the normalised 
elasticity modulus determined using nanotester fIsCHERsCOPE H100, and ν – the Poisson coefficient. 
For uhmWPE ν = 0.46 (ref. 29).

some other properties of CM studied are also presented in Table 3 – thermal stabil-
ity, the vicat softening point, shrinkage and hardness by shore. The thermal stability 
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of Cm containing brhA, determined by the weight loss, changed only slightly in 
the range 0.10–0.17%, while for the materials based on WRHA the weight loss was 
lower and reached 0.05% at 6 mass.% content of filler.

table 3. Properties of CM based on uHMWPE filled with WRHA or BRHA
Property virgin

uhmWPE
 Filler content (mass.%)

WrhA brhA
1.5 3 6 1.5 3 6

Thermal stability (%)   0.17   0.13   0.11   0.05   0.10   0.10   0.11
The vicat softening point 
(k)

415.3 415.8 418.6 418.4 415.8 418.0 418.7

shrinkage (%)   1.45   1.43   1.30   1.28   1.46   1.45   1.30
The shore  hardness  94.3  97.0  96.8  97.3  94.3  95.5  95.8

The Vicat softening point of CM based on uHMWPE filled with WRHA or BRHA 
increased slightly compared to that of the initial polymer. The lowest shrinkage was 
observed for the composites based on WRHA – from 1.28 to 1.30% at 3–6 mass.% 
filler content. The shore hardness was found to increase by about 3 units compared 
to that of the initial uHMWPE. It was in the range 94–97.

CoNClusioNs

Composite materials were prepared on the basis of ultra-high molecular weight 
polyethylene and white or black rice husks ashes. The activation energies of thermal 
destruction of these materials decreased with the increase of rice husks ash content to 
6 mass. % which makes them more unstable thermally. it can be used in the catalytic 
destruction of waste polymers to their monomers. by the use of white rice husks ash, 
the tensile strength and elongation had small maximum at 1.5 mass.% filler content 
while for the materials based on black rice husks ash these parameters did not change 
much and remained close to the values for the initial polymer. The universal and plastic 
hardnesses of the composites based on black rice husks ash increased by 17–18% 
at 6 mass. % filler content. The true elasticity modulus of both types of composites 
increased by 35–40% compared to the initial polymer. The composites containing 
white rice husks ash showed the highest thermal stability. The results obtained show 
that the fillers used improve to some extent or at least did not significantly worsen 
the physicomechanical properties of the initial polymer. Taking into account the 
low cost of the fillers, there are good reasons to reduce the cost of the final products 
manufactured from these composite materials. besides, it opens opportunities for 
utilisation of waste rice husks which are major ecological problem for the countries 
of high rice production and widens the applicability of the products obtained using 
rice husks and as fillers for polymers.
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AbsTrACT 

The preparation of benzils by oxidation of corresponding benzoins using the Jones 
reagent supported on graphite reagent under heterogeneous conditions and reflux at 
room temperature is described. All the reactions are completed within 1 h in yields 
between 82–92% and this procedure is an extension of application for the Jones rea-
gent supported on graphite reagent as well. 

Keywords: benzoins, benzils, graphite, the Jones reagent, oxidation.

Aims ANd bACkGrouNd

The oxidation of benzoins into corresponding benzils is one of the important reac-
tions in organic chemistry, which reaction has received a great deal of attention due 
to the practical applications of benzils such as photosensitive agents and synthetic 
agents in organic and pharmaceutical chemistry1–6. For the above transformation, 
many oxidising reagents have been employed, for example, chromium oxide7, nitric 
acid8, the Fehling solution8, ammonium nitrate–copper acetate9, thallium nitrate10, 
nickel acetate11, lanthanum nitrate12, ferric nitrate–clay13, ammonium chlorochro-
mate–alumina14, ferric(iii) chloride15, bismuth(III) nitrate–copper(II) acetate16, 
zeolite17, h3+nPmo12–nvno40 (Ref. 18), ferric oxide–aluminum oxide19, manganese 
dioxide–silica20, ferric nitrate–silica21, bismuth(III) nitrate–silica22, potassium iodide23, 
triarylstibanes24, ferric(iii) nitrate-graphite25, manganese dioxide under viscous con-
ditions26, chromium trioxide-kieselguhr27, ferric(iii) nitrate-kieselguhr28, chromium 
trioxide-kieselguhr under viscous conditions29, and chromium trioxide in dimethyl 
sulphoxide30, etc. Although a diversity of methods is available for this oxidation, 
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development of convenient, selective, and mild procedures is important objective 
of current relevance. Consequently, introduction of new methods or reagents is still 
fraught with experiment challenges, especially in search of versatile and selective 
reagents.

rEsulTs ANd disCussioN 

The jones reagent is one of the best known chromium(vi) reagents for the oxidation of 
secondary alcohols to ketones. but it fails to produce satisfactory results for oxidation 
of primary alcohols, including benzyl alcohols, to the corresponding aldehydes7. The 
problem in this oxidation reaction is due to the fact that aldehydes react with water 
and alcohols under acidic aqueous media employed in the jones oxidation procedure, 
producing hydrates and hemiacetals, which are then oxidised to carboxylic acids and 
esters, respectively. Therefore, new experimental procedures for conducting selective 
oxidation with chromium reagents are still of interest. 

recently, we have reported that the jones reagent supported on graphite was suc-
cessfully used to oxidise benzyl alcohols to the corresponding aldehydes as well as 
secondary alcohols to the corresponding ketones31, and it seems that the above problem 
can be overcome by using this supported jones reagent. since in most reactions, solid 
supported reagents have been found superior to the non-supported reagents, especially 
in efficiency and selectivity, employment of solid supported reagents in organic syn-
thesis has generated great interest. based on our previous study31, we now report here 
an efficient and selective oxidation of benzoins (1) to the corresponding benzils (2) 
with the jones reagent supported on graphite (scheme 1), which is an extension of 
application for this reagent as well.

s c h e m e   1
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modification by copper leads to the formation of copper oxide species, not strongly 
shared to the support. The obtained copper oxide particles are prone to the process 
of agglomeration and the formation of large copper oxide particles occurs even in 
the case of the mesoporous support (see Xrd data). simultaneously with the forma-
tion of large metal oxide particles, a part of copper is disposed in the channels of the 
mesoporous support as finely dispersed oxide species, resulting in BET surface area 
and pore volume decrease. Tsoncheva et al.23 found that the presence of micropores 
in the sbA-15 support facilitates the formation of copper oxide species in them. The 
hydrophobicity index has significantly changed only in the case of Cr/sBA-15. The 
formed chromium oxide species in this case possess different adsorption properties than 
that formed on sio2 support (Fig. 4, Table 1). The differences in the FTir spectrum 
of Cr/sBA-15 in comparison to that of the initial sBA-15 material are also indicative 
for the formation of chromium oxide species, which are strongly shared to the support 
(Fig. 3). The presence of high amounts of silanols favours their interaction with the 
chromium precursor as well as the formation of finely dispersed chromium oxide spe-
cies, which are responsible for the significant changes of the hydrophobicity index. 

fig. 5. Catalytic activity versus temperature on the modified siO2 and sbA-15 materials

Toluene oxidation is investigated in the temperature interval of 550–700 K. All 
samples show catalytic activity above 550 K and CO2 is the main registered carbon-
containing product. data on the changes of catalytic activity (calculated as ToF per 
metal site) versus temperature are presented in Fig. 5. The copper-containing samples 
show close catalytic activity, whereas in the case of chromium containing samples 
Cr/sBA-15 possesses higher catalytic activity than its siO2 supported analog. it is 
obvious that in the case of copper modifications, the silica support does not have any 
significant effect on the state of the formed copper oxide species and, therefore, on 
their catalytic activity. The process of agglomeration leads to the formation of large 
CuO particles (about 20 nm) on both supports, which possess close catalytic activity 
(fig. 5). The slight changes in the hydrophobicity index after the modification by 
copper are observed for both supported modifications, which are in a good accord-
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ance with the catalytic result. The formed chromium oxide species on Cr/sBA-15 
possess a higher catalytic activity in toluene oxidation in comparison to these formed 
in its sio2 supported analog (fig. 5). The significant difference in the hydrophobicity 
index for the Cr/sBA-15 and Cu/sBA-15 materials is in a good accordance with their 
different catalytic behaviour. 

CoNClusioNs

The effect of post-synthesis modification with chromium and copper via wet impreg-
nation of sio2 and sBA-15 materials was studied. The process of modification of the 
bulk sio2 leads to the formation of metal oxide species, which slightly decrease their 
hydrophobicity indices and are not influenced by the nature of the loaded metal oxide 
species. The modification of the mesoporous sBA-15 silica leads to the formation 
of different types of metal oxide species in dependence on the nature of the loaded 
metal. The formation of crystalline copper oxide particles was observed for the cop-
per-modified sBA-15 material. The hydrophobicity index was significantly decreased 
only for the chromium-modified sBA-15, where finely dispersed chromium oxide 
species, strongly shared to the silica support, were formed. The catalytic activity of 
the samples in total toluene oxidation is in a good accordance with the adsorption 
results. In the case of the copper modifications, the activity was not influenced by the 
used silica support, whereas in the case of the chromium modifications the sBA-15 
support has favourable effect on the formation of highly active chromium oxide spe-
cies. summarising the observations above, we could conclude that the hydrophobic-
ity index (hi) can be used as a fast test for evaluation of the changes in the support 
hydrophobicity, due to its interaction with the formed metal oxide species.
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AbsTrACT

Ag+Pd/siO2 and Pd/siO2 catalysts have been prepared via sol–gel method from 
tetra-ethoxysilane (TEos) and the salts of corresponding metals. Their activity in 
reduction of nitric oxide (No) with carbon monoxide (Co) has been investigated. it 
has been established that the increasing of the concentration of Pd has led to activity 
increase, but goes through a maximum about 0.7% Рd/siO2 and decreased at 2.5% 
Pd/siO2. On the synthesised Pd/siO2 catalysts over 180оС together with the catalytic 
reduction process begins direct decomposition of No to N2 and o2. Therefore, two 
types of catalytically-active complex (CAC) were formed on the surface of Pd, which 
catalyse different reactions. This effect is observed in palladium catalysts enriched 
with Ag. The obtained results indicate that the synthesised Pd catalysts are perspective 
for deactivation of No by direct decomposition to N2 and o2.

Keywords: sol–gel, Pd/siO2 catalysts, decomposition of No.

Aims ANd bACkGrouNd

one of the major ecological problems, which are not yet solved optimally, is decom-
position of No in the exhaust gases from motors and industry. The basic method for 
neutralisation is the catalytic reduction with different catalysts1–5. Catalysts based 
on Pd and Pt (Refs 6–9) are of great importance for solving of these problems. The 
oxides of transition metals as well as Ag and Au over different oxides have also been 
used10–27. The fundamental problem is now connected with the need to use expensive 
reductor agents such as Nh3 or to work with the stoichiometric mixture of excess of 
the reducer – hydrocarbon or CO (Refs 28–35). Therefore, the task which is stay-
ing to resolve, is to create a catalyst that may reduce No in excess of oxygen or to 
decompose No to N2 and o2.
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in our preliminary paper we showed that in the reduction of No with Co over 
carbon catalysts, promoted with Ni, the decomposition of NО to N2 and О2 was ob-
served36. The same result was obtained for the Pd/siO2 catalysts prepared via sol–gel 
method37. Therefore, the aim of the present paper is to examine how the process of 
reduction of No with Co and decomposition of No to N2 and o2 influenced the con-
centration of Pd2+ in Pd/siO2 catalysts prepared via sol–gel technique. The influence 
of Ag as an additive was also examined. The obtained results could serve as a basis 
for establishing of catalysts for No decomposition in waste gases.

ЕxPERIMENTAL

Preparation of catalysts. The studied catalytic samples were prepared via sol–gel 
method. TEos (merck) was hydrolysed in the presence of C2h5oh, h2o and hCl as 
a catalyst. The molar ratio of the obtained silica sol was TEos:C2h5oh:h2o:hCl = 
1:1:3:0.01. Monometallic (Pd/siO2) and bimetallic (Ag+Pd/siO2) catalysts were pre-
pared by adding the salts of corresponding metals (AgNo3 and/or PdCl2, purchased 
by merck) dissolved in distillated water to the hydrolysed TEos. The obtained mixed 
sol was readjusted to ph=9 in the presence of 25% Nh4oh for preparing the samples 
with high specific surface area. The prepared sols were gelated at 50oC, dried at 100oC 
overnight and thermally treated at 600oC for 3 h. The specific surface area of samples 
was carried out by adsorption of nitrogen (77.4 K) using a convention volumetric 
apparatus and was determined by bET method. Table 1 presents the composition and 
characteristics of the obtained catalysts.

table 1. Composition of the prepared gels and BET specific surface area of the samples after thermal 
treatment at 600oC for 3 h 

samples Composition of the prepared samples (wt. %) specific surface 
area (m2/g)Ag Pd sio2

0.5%Pd/siO2 – 0.50 2.72 338
0.7%Pd/siO2 – 0.70 2.72 434
2.5%Pd/siO2 – 2.50 2.72  73
0.025% Ag0.02%Pd/siO2 0.025 0.02 2.72 338

XRD measurements. The amorphous and crystallographic state of the thermally treated 
at 600oC/3 h samples was established by x-ray phase analysis within the range from 
10o to 80o (2θ) with a constant step 0.04o (2θ) and coating time 1 s/step on a Bruker 
d8 Advance diffractometer with CuKα radiation and solx detector. The spectra were 
evaluated with the diffracplus EvA package.

XPS measurements. XPs measurements were performed in a vC Escalab ii spec-
trometer using monochromatic MgKα radiation (hv =1253.6 ev). The base pressure 
of the instrument was 1×10–10 Torr. Electrostatic surface charging was observed in all 
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investigated samples due to their poor electric conductivity. Therefore, C 1s, with a 
binding energy (BE) of 285.0 eV from carbon contaminants was used as a reference 
level. The binding energies reported here accurate to ± 0.2 eV. xPs surface composi-
tions were calculated from photoelectron peak areas of each element after correcting 
for instrument parameters. 

Catalytic activity measurements. Catalytic activity experiments in No reduction with 
CO were carried out in the flow apparatus, described in Ref. 38 in the temperature 
range 25–400°C. Temperature-programmed desorption (TPd) experiments were car-
ried out on the same catalytic apparatus at a heating rate of 13oC/min in an Ar flow. 
Argon (purity 99.99 vol. %) was used as a carrier gas at a total gas-flow rate of 433 
cm3 min–1 (GHsV = 20 000 h–1). A catalyst amount of l cm3 (particle size 0.3–0.6 mm) 
was used in all experiments and placed into the reactor with a quartz tube (d = 10 
mm). The catalytic activity tests were performed using gas mixture NO+CO+Ar (1200 
ppm NO and 1200 ppm CO), i.e. conditions close to the stoichiometric ones. Before 
a catalytic test, the catalysts were treated in an Ar flow at 400°C for 1 h and cooled to 
room temperature. After a catalytic test at room temperature in a No+Co+Ar mixture 
and isothermal desorption in Ar flow, temperature programmed desorption (TPd) was 
carried out in the temperature range 50–400°C and the TPd spectra of NO, CO and 
Co2 were registered. The chronology of this set of experiments involved a reaction 
stage (NO+CO+Ar) and an isothermal desorption stage (Ar flow) carried out at the 
desired temperatures in the range from 50 to 400°C. The concentrations of NO, CO 
and Co2 were continuously measured by gas analysers and the data were collected 
by a Csy-10 microprocessor computer system. The inlet concentration of CO was 
controlled by an Infralyt 2106 NdIR gas analyser. The outlet concentrations of NO 
and Co were controlled by uNor 5 (maihak) and that of Co2, by Infralyt 2106. The 
N2 concentration in the outlet gas was determined on the basis of the material balance 
with respect to No consumption. The transient response method17 was used to study 
the interaction of the gas phase with the catalyst surface.

rEsulTs ANd disCussioN

xRd of the obtained samples, thermally treated at 600oC/3 h, are given in fig. 1.
From the obtained results it can be seen that in all prepared catalysts, Pdo phase 

(Pdf 43-1024) can be detected (xRd data for 0.5% Pd/siO2 are not shown in Fig. 
1, because they are the same as for 0.7% Pd/siO2). in Fig. 1, the presence of sio2, 
determined by the amorphous halo, centered at ~22o (2θ), can also been depicted.

These results are confirmed by xPs analysis. xPs spectra are presented in 
Fig. 2. 
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fig. 1. xRd for prepared and thermal treated at 600oC for 3 h catalysts – 0.7% Pd/siO2 (a), 0.2%Pd+0.025% 
Ag/siO2 (b) and 2.5% Pd/siO2 (c)

  
fig. 2. xPs for the synthesised and thermal treated at 600oC for 3 h samples with different quantity of Pd2+: 
a – N1 (0.5%Pd/siO2), N2 (2.5%Pd/siO2) and N3 (0.02%Pd+0.0025%Ag/siO2), b – N4 (0.7%Pd/siO2) 

The main forms in which palladium is presented in the samples are Pd2+. 
The concentrations of the elements on the surface of the prepared samples are 

presented in Table 2.

table 2. relative concentration of the elements (at. %) in the prepared catalysts, observed from XPs 
analysis

samples relative concentration of the elements (at. %)
o si Pd Ag

0.5%Pd/siO2 61.1 38.9 <0.1 –
0.7%Pd/siO2 52.0 33.3  0.5 –
2.5%Pd/siO2 59.8 40.1  0.1 –
0.02%Pd+0.025%Ag/siO2 60.9 38.9  0.1 0.1
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As it can be seen the concentration of Рd2+ on the surface of the catalysts is lower 
than their concentration, whereas in the presence of Ag is higher.

The results from the investigations on the catalytic activity of the samples with 
different quantity of Pd (0.5, 0.7 and 2.5 wt. %) are shown in figs 3, 4 and 5. In the 
presented figures is shown the dependence of the degree of reduction of NO (in %) with 
CO and the decreasing of СО (in %) ηNo and ηCo, respectively, on temperature.

fig. 3. dependence of the degree of NO and CO conversions on temperature for 0.5% Pd/siO2: No (1), 
Co (2) in a No+Co+Ar mixture

fig. 4. dependence of the degree of NO and CO conversions on temperature for 0.7% Pd/siO2: No (1), 
Co (2) in a No+Co+Ar mixture

fig. 5. dependence of the degree of NO and CO conversions on temperature for 2.5% Pd/siO2: No (1), 
Co (2) in a No+Co+Ar mixture
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As could be seen from the figures, the sample with 0.7% Pd/siO2 is most ac-
tive. According to the presented data, the prepared sample shows the 90% degree of 
decomposition of NO at 200oC. An interesting moment in the visualised data is that 
over a certain temperature, for 0.5% Рd/siO2 at 200оС, but for the sample 0.7% Рd/
sio2 at 175оС, the degree of NO conversion (ηNo) is higher than that of Co. Taking 
into account that we work with stoichiometric gas mixture (No:Co=1:1) these lev-
els should be the same. A very low activity has the sample with 2.5% Pd/siO2. most 
likely this due to the fact that the most of Pd2+ is unavailable for conversion of No 
with CO. Also, аs it is seen from the presented in Table 1 data, the specific surface 
area for this sample is too low. 

figure 6 presents ηNo and ηСО for the 0.025%Ag+0.02%Pd/siO2 catalyst in which 
the concentrations of Ag and Pd are below 0.1 wt. % with respect to Рd:Аg =1:1.

fig. 6. dependence of the degree of NO and CO conversions on temperature for 0.02%Pd +0.025%Ag/
sio2: No (1), Co (2) in a No+Co+Ar mixture

This catalyst has high activity regardless of the low content of the active com-
ponents – Ag and Pd. This result could be explained by the data of xPs analysis. 
From the presented XPs data (Table 2) we can see that the concentration of Ag+ and 
Pd2+ on the surface is high. On the same sample we observe higher ηNО to that of ηСО 
for temperatures above 180oC. Apparently, Ag+ and Pd2+ form a very active catalytic 
active complex (САС). 

From the presented results we can conclude that with increasing the Pd2+ content, 
the catalytic activity of the prepared samples increases and goes through a maximum. 
The adding of the sample with Ag+, regardless of low concentrations of the active 
components, leads to higher activity in No conversion with Co. The obtained results 
are in a good confirmation with those reported in Ref. 37.

 As in our other studies over Pd-containing catalysts37 and x% Pd/siO2 (x=0.5, 
0.7 and 2.5% Pd) catalysts obtained via sol–gel technique it can be seen that from 
certain temperature has been observed high rate of reduction of No although working 
with stoichiometric gas mixture (No:Co =1:1). 
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in the catalytic deactivation of No with Co the following processes are pos-
sible:
 2NО + 2СО → N2 + 2СО2 (1)

 2NО + СО → N2О + СО2 (2)

 2NО → N2 + О2 (3)

 NО → NОads.cat (4)

in which the acronym NОads.cat is adsorbed on the catalyst No.
If only reaction (1) took place, then ηNО= ηСО. For the other cases (reactions (2), 

(3) and 4)) ηNО > ηСО.
 In order to make clear if the higher observed ηNО was due to adsorption, in a 

series of experiments a stоichiometric gas mixture NО:СО = 1:1 previously omitted 
through the catalyst, followed by a thermo-programmed desorption (TPd) in tem-
perature range 50–400oC (described in the experimental part in details). 

The obtained results for the samples 0.7% Рd/siO2, 2.5% Pd/siO2 and 0.025% 
Аg +0.02% Рd/siO2 are given in figs 7, 8, and 9. In the same figures are presented 
transient response curves during absorption process.

fig. 7. Transient response curves obtained during the reaction stages with a NO+CO+Ar flow (a) and 
desorption stages with an Ar flow performed at 20oC and the temperature programmed desorption (TPd) 
spectra of NO desorbed by Ar flow on catalyst 0.7%Pd/siO2 (b)

fig. 8. Transient response curves obtained during the reaction stages with a NO+CO+Ar flow (a) and 
desorption stages with an Ar flow performed at 20oC and the temperature programmed desorption (TPd) 
spectra of NO desorbed by Ar flow on catalyst 2.5%Pd/siO2 (b)
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fig. 9. Transient response curves obtained during the reaction stages with a NO+CO+Ar flow (a) and 
desorption stages with an Ar flow performed at 20oC and the temperature programmed desorption (TPd) 
spectra of NO desorbed by Ar flow on catalyst 0.02%Pd+0.025Ag%/siO2 (b)

from the presented figures could be seen that only adsorption of NO actually 
goes. The results show that in the temperature range 120–150oC No was desorbed. 
From the character of TPd curves it can be concluded that there is a difference be-
tween the adsorption forms for the investigated samples, but hence the maximum of 
desorption is coming at the same temperature. It can be concluded from the figures 
that whether the adsorption runs or not, at temperature above 180оС, the desorption 
process was completed. This shows that the observed effect of ηNО was not due to 
reaction (4). It is confirmed by the lack of the decreasing of ηNo over time, which is 
typical for an adsorption process due to saturation of the surface of adsorbents and 
adsorption balance.

Another possible reason is (the course of reaction (2)) the obtaining of N2o. it 
is, however, known that this reaction runs at low temperatures and goes through a 
maximum at 150оС (Ref. 38). furthermore, the material balance for NO, CO and 
Co2 showed that above this temperature N2o could not be obtained. Therefore, it 
is assumed that on the catalyst over 180оС had run reactions (1) and (3), which ex-
plains the higher value of ηNО. To prove this possibility, further studies were carried 
out using the transient response method (the kobayashi method). it is known that 
depending on the nature of the response curves it can be judged for the limiting stage 
and mechanism of the reaction39. if above a certain temperature, an intensive reac-
tion (3) begins to run – direct decomposition of NO, it should be expected a change 
in the response curves. 

figure 10 shows the presented response curves for the investigated samples at 
different temperatures.
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fig. 10a. Transient response curves obtained during the reaction stages with a NO+CO+Ar flow and 
desorption stages with an Ar flow performed at different temperatures on catalyst 0.5%Pd/siO2 

fig. 10b. Transient response curves obtained during the reaction stages with a NO+CO+Ar flow and 
desorption stages with an Ar flow performed at different temperatures on catalyst 0.7%Pd/siO2 
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fig. 10c. Transient response curves obtained during the reaction stages with a NO+CO+Ar flow and 
desorption stages with an Ar flow performed at different temperatures on catalyst 2.5%Pd/siO2 

fig. 10d. Transient response curves obtained during the reaction stages with a NO+CO+Ar flow and 
desorption stages with an Ar flow performed at different temperatures on catalyst 0.02%Pd+0.025%Ag/
sio2 
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As can be seen in fig. 10a–d, the response curves of the reactants No and Co 
at temperatures below 200oC are of instantaneous type. According to this conclusion, 
the surface reaction of adsorption of reactants is the rate-determining step. At higher 
temperature this is also overshot response for NO, which satisfies the limiting stage of 
regeneration of catalytic active centers. Hence, the conclusion that those over 180oC 
on the samples begin to run two reactions – reduction of NO with CO (equation (1)) 
and direct decomposition of No to N2 and o2 (equation (3)).

CoNClusioNs 

The investigations carried out on the silica catalyst obtained by sol–gel method showed 
that they exhibit high activity at comparatively low temperatures on reduction of No 
with Co. it has been established that increasing the concentration of Pd has led to activ-
ity increase, but goes through a maximum about 0.7% Рd/siO2 and decreased at 2.5% 
Pd/siO2. The most important result is that over 180оС together with the catalytic reduc-
tion process begins direct decomposition of No to N2 and o2. Therefore, two types of 
catalytically-active complex (CAC) were formed on the surface of Pd, which catalyse 
different reactions. This effect is observed in palladium catalysts enriched with Ag. 
despite the low content both of Pd2+ (0.02%) and Ag+ (0.025%), this catalyst exhibits 
high activity especially on the catalytic reduction of No with Co. Probably Ag has 
been included in the CAC for this reaction, compensating the lack of Pd. it is known37 
that catalysts of this type with a weight of 0.2 wt. % Pd/siO2 do not have such activity.  
The obtained results indicate that the synthesised Pd catalysts are perspective for 
deactivation of No by direct decomposition to N2 and o2.
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AbsTrACT

The adsorption/desorption behaviour of copper and cadmium on soils was investi-
gated in this study. The adsorption isotherm of copper and cadmium conformed to 
the langmuir equation. The effect of ph, ammonium citrate on the desorption of 
copper and cadmium was studied. The desorption of copper and cadmium enhanced 
by ammonium citrate was influenced by pH. Ammonium citrate showed excellent 
enhancement on the desorption both of copper and cadmium. This study provides 
a guidance for the selection of purging solutions to enhance the electrokinetic (Ek) 
remediation of copper and cadmium from contaminated soils.

Keywords: heavy metals, desorption, chelating agent, soil.

Aims ANd bACkGrouNd 

Copper (Cu)- and cadmium (Cd)-contaminated soils can be considered as the most 
extensive pollution. They are toxic trace metals, which can be introduced into and 
accumulate in soil through agricultural application of sewage sludge and fertilisers, 
and/or through land disposal of metal-contaminated municipal and industrial wastes1. 
They have been included on the us Environmental Protection Agency (EPA) list of 
priority pollutants2. Conventional soil remediation processes are mostly suitable to 
clean permeable soils. Phytoremediation is considered as a promising process3–5, but it 
needs special plants and complicated post-treatment. Electrokinetic (Ek) remediation 
was developed particularly for fine-grained clayey soils. It has shown great potential 
to the remediation of heavy metal contaminated soils6–9. however, the slow desorption 
of heavy metals from soils has been a major impediment to the successful remedia-
tion of contaminated sites10,11. it is, therefore, important to investigate the desorption 
behaviour of heavy metals from soils and to deploy appropriate ways to enhance the 
desorption efficiency so as to elevate EK remediation efficiency. The adsorption be-
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haviour of copper and cadmium on soils has been widely investigated12–17. however, 
the desorption behaviour was studied relatively less. most desorption processes were 
conducted immediately after the completion of adsorption process16,18,19. it has been 
well published that ionic strength have heavy effect on the adsorption/desorption 
behaviour of heavy metals on soils17,18,20–22.

The present study was conducted to investigate the desorption behaviour of cop-
per and cadmium from soils. Copper- or cadmium-contaminated soils were prepared 
artificially. soil pH was controlled with acid or base. The objectives are: (1) to explore 
the effect of ph on the desorption of copper and cadmium from contaminated soils; 
(2) to compare the desorption efficiency of copper and cadmium from soils enhanced 
by tri-ammonium citrate to provide guidance for the selection of facilitating agents to 
enhance the EK remediation efficiency; (3) to investigate the desorption mechanism 
in the presence of tri-ammonium citrate. 

Desorbing agents. While choosing desorbing agents in remediation process, the fol-
lowing factors should be considered: (i) the metal to be extracted; (ii) the chemical 
suiting the metals; (iii) the physicochemical nature of the material undergoing reme-
diation (ph, chemical composition, etc.). 

Complexing or chelating agents may be the best choice in remediation process 
because formation of stable complexes/chelates may bring heavy metals in solution 
at ph values where they are otherwise insoluble (neutral to high ph) and it may be 
possible to find selective complexing/chelating agents, favouring the metal. 

Therefore, it is necessary to use such enhancement solutions which are beneficial 
or even necessary for removal of heavy metals from soil or for some combination of 
pollutants within a reasonable remediation time as well as with negligible damage to 
original soil structure.

Ammonium citrate. Ammonium citrate dissolves in water, forming citrate and am-
monium ions. in Table 1, the dissociation constant for citric acid and ammonia are 
shown23. it is expected that cadmium will form both positively and negatively charged 
complexes, while copper will form some uncharged complexes that will most likely 
to be dissolved in the soil solution. 

table 1. dissociation constant for citric acid and ammonia at 25oC
Chemicals dissociation constant
Citric acid pk1 = 3.1

pk2 = 4.7
pk3 = – 5.4

Ammonia pkb = 4.7

benjamin and leckie24 studied the competitive adsorption of Cd, Cu, Pb, and 
Zn. The adsorption of cadmium decreased by approximately 18% in the presence of 
copper. They concluded that competitive interactions between metals were minimal, 
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because each metal adsorbed to a different set of sites on the oxide surface. however, 
when metals exceed their saturation, both precipitation and adsorption may occur, 
therefore, adsorption effects can not be distinguished from surface precipitation.

irah et al.25 have reported the results on heavy metal sorption by different Estonian 
soil types at low equilibrium solution concentrations. batch sorption experiments 
were conducted with heavy metal solutions in 0.01 M CaCl2 at low equilibrium 
concentrations of Cu, Pb, Cd, and Cr in 10 different intact soil samples. Metal solid/
liquid distribution coefficients Kd were determined from the adsorption isotherms 
obtained. Their values varied over a range from 57 to 53 000 ml/g. The soils used in 
the experiment were chosen according to their organic matter content and origin to 
represent differential behaviour with regard to heavy metal sorption. Correlations of 
Kd ( distribution coefficient) with soil parameters were observed together with varying 
sorption behaviour of metal cations to different soil types. desorption of metals from 
soil phase to solution was found to be very small, suggesting that at least during the 
initial period after the metal pollutants have reached the soil surface they accumulate 
in the top humus layer. heavy metal desorption into the water phase also depends on 
the character of the metal and on soil type. The association of the studied heavy metal 
cations with soils depends on many soil parameters, most significantly on its organic 
matter and clay content, but also other parameters such as concentrations of Fe and 
mn oxides are important. Pb and Cr are adsorbed to a greater extent to soils with high 
organic matter content. Cu and Cd sorption tends to be significantly affected by the 
mineral part of the soils, especially the calcite-dolomite content. For this reason their 
Kd-organic matter content relations are different from those obtained for Pb and Cr. 
The observed desorption of metals from soil to the solution phase was very small. 
This suggests that at least in the first stage after the heavy metals are emitted to the 
soil environment they remain mainly in the upper A horizons of the soils. Heavy metal 
desorption (or leaching of adsorbed compounds) into the water phase also depends 
on the character of the metal and on the soil type.

sun et al.26 found that Zn, Cd, Cu, and Pb could be extracted from the soils con-
taminated with these four heavy metals with similar efficiency in batch experiments 
with 0.01 M EdTA, while elution patterns were different in column leaching experi-
ments. Cu was the most mobile, followed by Zn, Cd, and Pb was the least mobile, 
suggesting that the liability of metals in soils, the kinetics of metal desorption/dissolu-
tion and the mode of EdTA addition were the main factors controlling the behaviour 
of metals leached with EdTA. 

Arias et al.15 reported the competitive adsorption equilibrium isotherms of Cu2+ 
and Cd2+ on kaolin in the presence and the absence of humic acids (hAs). hAs were 
found to enhance the metal adsorption capacity of mineral surfaces, in particular 
kaolin. This enhancement was also observed in the competitive adsorption of copper 
and cadmium on kaolin and kaolin–HA complex. This competitive adsorption shows 
that the presence of Cd2+ has not an important effect on Cu2+ adsorption, whereas a 
dramatic decrease is observed on the adsorption of Cd2+ in the presence of Cu2+. The 



 
586

freundlich isotherm equation was found to provide an excellent fit to the experimental 
data. These results were compared with the independent adsorption of both heavy 
metals. This study provided guidance for the selection of organic acids27 to enhance the 
electrokinetic (Ek) remediation of copper and cadmium from contaminated soils. 

EXPErimENTAl
ChEmiCAls ANd mATEriAl

Cuso4.5h2O (Qualigens fine chemicals, Mumbai, 99% pure) and Cd (NO3)2.4h2o 
(otto kemi, mumbai, 99% pure) were used as the source of copper and cadmium, 
respectively. Triammonium citrate (Nm4)3C6h5o7 (otto kemi, mumbai, 98% pure) 
was used as purging solution. solutions with different ph were prepared by the addi-
tion of glacial acetic acid and ammonia solution. deionised water was used in all the 
experiments. All the other reagents used were above analytical grade. As Ek process 
is most suitable to remediate clayed contaminated soils, kaolin, a typical clayed soils 
that was often used in Ek tests28 was used in the present study. The main properties of 
clay (Agricultural soil of meja village of Allahabad district, uttar Pradesh, india) are 
shown in Table 2. it is highly alkaline, negatively charged and contains low content 
of cationic exchangeable capacity and organic matters.

table 2. main characteristics of soil
Characteristic values
Percentage of different particles in soil aggregationa

Gravel 6.60%
sand 18.4%
silt 60.0%
Clay 15.0%
organic matterb 6.25%
Cation exchange capacity (CEC)c 22 meq/100 g
phd 9.66
CaCo3 2.5%
a Particle size measured by method Is 2720 Part 4 – 1985; b organic matter measured by heating the 
dried sample at 600oC for 5 h; c CEC determined by EPA sW-846 method 9081 (usEPA, 1986); d ph 
measured by the mixture of soil and water (1:2, w/w) with pH-meter (Orion Model, 920 A+).

ProCEdurEs ANd EQuiPmENTs

Sorption of copper and cadmium on clay soil. soil samples (4 g) were equilibrated in 
borosil bottles of 300-ml capacity (120 rpm) at room temperature (25 ± 1oC) in 200 
ml of different concentration of copper and cadmium solutions with concentrations 
5, 50, 100, 200, 400, 800 and 1000 mg/l, respectively, for 10 days. The equilibrated 
suspensions were centrifuged at 4000 rpm for 10 min. The supernatant was drawn 
and diluted, and its copper or cadmium content was measured by atomic absorption 
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spectro-photometry (Perkin–Elmer). Adsorbed copper and cadmium were calculated 
as the difference between the amount initially present in solution and the amount 
remaining in solution after equilibration. 

Desorption of copper and cadmium on clay soil. Copper-contaminated soil of 10.52 
g/kg dry soils close to the maximum adsorption capacity obtained from the above 
study, was prepared by spiking Cuso4.5h2o solution in soils The soil and solution 
were stirred thoroughly to obtain an uniform distribution of copper in the contami-
nated soil. After equilibration for 7 days at room temperature, the soil was dried at 
105°C for 8 h, then ground and sieved by 425 µ sieve. It was stored in dark for the 
following desorption experiments. The content of copper in the contaminated soils 
was analysed by digesting the contaminated soils with concentrated hNo3 at 170oC 
for 24 h. The real content of copper was determined to be 10.52 g/kg dry soils. The 
similar procedure was performed to prepare the cadmium-contaminated soils of 9.07 
g/kg dry soils.

simulated copper- or cadmium-contaminated soil samples (4 g) were equilibrated 
(120 rpm) at room temperature (28 ± 1oC) in 200 ml of 1 M ammonium citrate solution 
as background electrolyte. known quantity of hNo3 or Naoh was added to the solu-
tions and the final pH 2, 7.15, and 10.15 of the soil-solution system was measured. The 
equilibrated suspensions were centrifuged at 4000 rpm for 10 min. A certain amount 
of the supernatant was drawn and diluted, and its copper and cadmium content were 
measured by atomic absorption spectrophotometer. The desorption of copper and 
cadmium was calculated as the percentage of the amount remaining in solution after 
equilibration. All the desorption experiments were conducted in triplicate. The final 
ph of the soil-solution mixture in the vial was determined with a ph-meter (orion 
Model, 920 A+)

rEsulTs ANd disCussioN

Sorption of copper and cadmium. The adsorption behaviour of copper and cadmium on 
soils is crucial to understand their partition and mobility in soil solution. The adsorp-
tion isotherms are plotted in Fig. 1, in which Ce and Cs are the equilibrated content in 
solution and adsorbed contents in soils, respectively. Figure 1 shows that the adsorbed 
amount of copper and cadmium increased with the increase in the aqueous equilibrium 
concentration. it is noteworthy that the adsorbed amount of copper was larger than 
that of cadmium in the studied concentration range. Generally, the adsorption of heavy 
metals on clayed minerals includes specific adsorption and exchangeable adsorption29. 
specific adsorption stems from the existence of surface charges and exchangeable 
adsorption is due to the interlayer charges29. in addition, the organic matters contained 
in soils may contribute to the adsorption16. Copper has a smaller ionic diameter than 
cadmium (0.146 nm versus 0.194 nm)29, so it may enter into the interlayer more eas-
ily, suggesting the greater exchangeable adsorption. it has been reported that organic 
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matters may adsorbed copper much more than cadmium. Therefore, the soils adsorbed 
more copper than cadmium in the studied concentration range.
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fig. 1. Adsorption isotherm of copper and cadmium on soil

The adsorption isotherms were analysed by using langmuir and Freundlich 
equations30. The results are shown in Table 3. The copper and cadmium adsorption 
data were fitted satisfactorily by Langmuir equation. According to the regression 
equations obtained in Table 3, the maximum adsorption capacity of copper and cad-
mium on soils was calculated as 10.52 and 9.07 g/kg, respectively; the coefficients 
of determination (R2) were obtained as 0.9995 and 0.9993 for copper and cadmium, 
respectively. A higher value of adsorption coefficient for copper than for cadmium 
suggested a stronger affinity of soils to copper than to cadmium30. Therefore, high 
content of copper and cadmium in soils was prepared with respect to the maximum 
adsorption capacity.

table 3. Langmuir equation fitted to the copper and cadmium adsorption data 
Equation (langmuir) regression equation
Copper
Cadmium

y = 0.4803x + 0.095
y = 0.5022x + 0.1102

Effect of initial metal concentration on sorption. in case of Cu2+ and Cd2+ it is seen 
that on increasing initial concentration, the amount of metal sorbed at the experimental 
equilibrium period increased, or on increasing the initial concentration of metal solu-
tion, an increase of sorption was registered by the soil.

The ascending effect of raising the initial concentration of the Cu2+ and Cd2+ in 
sorption experiments on the corresponding uptake of the Cu2+ and Cd2+ by the soil is 
obvious. however, the increase in metal uptake by the soil is not proportional to the 
increase in corresponding initial concentrations of the Cu2+ and Cd2+ instead a nega-
tive or decreasing trend is observed. With increasing metal concentration in solution, 
a decreasing percent of increase has been observed.

several investigators have found the same results as regards the effect on sorption 
with increasing concentration of the heavy metal sorbates. Carriere et al.31, through 
their studies on sorption experiments, observed that lead sorption was fast at low initial 
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concentrations, but at higher concentrations the reaction became slower. They sug-
gested that precipitation reactions, as they are more noticeable at higher concentrations, 
were responsible for the slow sorption reactions. Wanzuhairi32 conducted experiments 
on removal of Pb, Cu, and Zn on clays from south Wales, u.k. and concluded that 
the amount of metals including zinc increased with increasing equilibrium concentra-
tions in solution. however, the percentage increase falls as the initial concentration 
is increased. srivastava et al.33 have also reported the similar sorption behaviour for 
Zn and Cd on phosphatic clay. 
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fig. 2. Effect of initial concentration on sorption of Cu (a) and Cd (b)

Effect of pH on the desorption of copper and cadmium. it has been widely reported 
that pH highly affects the adsorption/desorption behaviour of heavy metals on 
soils13,17–19,21,22. Figure 3 a, b presents the effect of ph on the desorption of copper and 
cadmium from soils. When pH was below 4.0 the desorption of copper and cadmium 
decreased linearly with the rise of ph. Effect of ph on the desorption of copper and 
cadmium had no significant difference. Generally, the zeta potential of soils became 
more negative with the rise of soil pH. The specific adsorption, which stemmed from 
the existence of surface charge, was enhanced with the rise of ph (ref. 28). Thus, the 
desorption became difficult at high pH. This result was in agreement with the data in 
literature, where the rise of ph led to more adsorption of heavy metals on soils17,18,22. 
in addition, the preferential adsorption of hydroxy-metal species by soil organic mat-
ter and/or hydrous iron and aluminium oxide may be enhanced17. higher ph values 
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resulted in the precipitation of insoluble metal hydroxide, thus making adsorption 
studies impossible. As a consequence, low ph was preferred in the Ek remediation 
of copper and cadmium contaminated soils.
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fig. 3. Effect of ph on desorption of Cu (a) and Cd (b) at different contact times

Effect of agitation/contact period. From Fig. 3 a, b it can be easily understood that 
the desorption at ph 2 was maximum. At ph 2 fast desorption is followed by slow 
reaction rate. In the first 4–5 days of the desorption process, about 83% of total copper 
desorbed and 87–90% of cadmium also desorbed by within this time with 1 M am-
monium citrate solution. The rate of sorption for Cu2+/Cd2+ was much faster in the first 
4–5 days. After that metal released by soil slows down considerably and equilibrium 
condition reached in about 9 days. similar is in case of pH 7.15 and 10.15.

CoNClusioNs

This study investigated the adsorption/desorption behaviour of copper and cadmium 
on soils. The effect of ionic strength, agitation or contact time, ph and chelating 
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agent ammonium citrate on the desorption of copper and cadmium was studied. The 
important conclusions were drawn as follows.

The adsorption isotherm of copper and cadmium corresponds to langmuir 
equation. The maximum adsorption capacity of copper and cadmium on soils was 
calculated as 10.52 and 9.07 g/kg, respectively. soils showed a stronger affinity to 
copper than to cadmium.

Both ionic strength and pH had greater influence on the desorption of copper and 
cadmium from soils. The desorption of copper and cadmium increased with increase 
in ionic strength, while the desorption decreased with the rise of pH. At pH below 4.0 
the desorption of copper and cadmium declined linearly with increase in ph.

The desorption mechanism of copper and cadmium in the presence of chelating 
agent ammonium citrate was explained as the competition of complex, adsorption and 
precipitation. The effect of complex contributed to the desorption, while the effect of 
adsorption and precipitation related the desorption. These effects were highly influ-
enced by ph. high ph led to a high ratio of ln– , which generally were effective species 
to form complex with copper and cadmium. but the ratio of ln– changed negligibly 
when ph rose to a certain value. however, higher ph results in more adsorption and 
precipitation. The net effect determines the desorption efficiency.

This study provided guidance for the selection of purging solution to enhance the 
Ek remediation of copper and cadmium from contaminated soils. Ammonium citrate 
can be used to enhance the Ek removal of copper and cadmium from contaminated 
soil.
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AbsTrACT

The aim of this work was to develop a new kinetic method for determination of her-
bicide bromacil. The method is based on reaction of sulphanilic acid oxidation by 
hydrogen-peroxide in phosphate buffer in the presence of Cu(ii) ion as catalyst. The 
herbicide bromacil shows an inhibited effect in this reaction. bromacil was determined 
with linear calibration graph in the interval from 2.70 to 16.10 μg/cm3. The optimised 
conditions yielded a theoretical detection limit of 0.55 μg/cm3 based on the 3sb crite-
rion. The Rsd is 3.26–0.32% for the concentration interval of bromacil 2.70–16.10 
μg/cm3. The reaction was followed spectrophotometrically at 370 nm. The kinetic 
parameters of the reaction are reported, and the rate equations are suggested. The 
developed procedure was successfully applied to the rapid determination of bromacil 
in soil and water samples. solid-phase extraction (sPE) was used for extraction of 
bromacil from soil and water samples with Chromabond® (macherey-Nagel) C18 car-
tridges. The hPlC method was used like a comparative method to verify the results. 
The results obtained by two different methods showed good agreement. 

Keywords: bromacil, kinetic method, solid-phase extraction, hPlC method, water 
and soil samples.

Aims ANd bACkGrouNd

several hundred compounds are available for use as pesticides. The pesticides include 
insecticides, herbicides, germicides, fungicides, rodenticides, nematocides and aca-
ricides. on a worldwide basis, intoxications attributed to these pesticides have been 



 
594

estimated to be as high as 3 million cases of acute and severe poisoning annually, with 
as many or more unreported cases and with some 220 000 deaths1. 

Bromacil [5-bromo-6-methyl-3-(1-methylpropyl)-2,4-(1H, 3H)-pyrimidinedione] 
(Fig. 1) is one of a group compounds called substituted uracils. This herbicide is the 
most frequently applied for weed control in citrus orchards. This herbicide can be 
applied alone or, in mixtures, to control a broad spectrum of weeds. This is herbicide 
used for weed and brush control on road shoulders and non-cropland, as well as for 
selective weed control on a limited number of crops, such as citrus fruit and pineap-
ple2. it is especially useful against perennial grasses. bromacil stops photosynthesis, 
which is turn causes plants to stop growing.

fig. 1. Chemical structure of bromacil

bromacil binds, or absorbs, only lightly to soil particles, is soluble in water, and 
has a relatively lengthy soil half-life (60 days). for these reasons, bromacil is expected 
to move (leach) quite readily through the soil and it can contaminate groundwater.

A number of analytical methods have previously been reported for the determina-
tion of bromacil in various matrices. however, as far as we know, there is no kinetic-
spectrophotometric method for the bromacil determination in literature.

many papers reported determination of pesticide residues by gas chromatography 
(GC) with different detectors, like flame ionisation detection (fId)3, nitrogen-phos-
phourous detector (NPd)4, electron capture detection5–7, flame photometric detection 
(FPd)8, mass selective detection (msd)9–16, and mass spectrophotometric detection 
by selected ion monitoring GC/Ms-sIM17,18. determination of bromacil in water was 
reported by different authors using a gas chromatography with msd, NPd and Fid 
detection19–21.

some authors developed a new method for pesticide determination using a solid-
phase microextraction followed by GC and hPlC (ref. 22).

bromacil determination in soil23–26 and water27,28 was reported by different authors 
using a hPlC and GC method.

solid-phase extraction (sPE) is an innovative method for efficiently and quan-
titatively extracting pesticides from large numbers of soil samples. baranowska and 
Pieszko used sPE and derivative spectrophotometry to determine bromacil in envi-
ronmental materials. Calibration graph was linear from 1 to 50 mg/dm3 of bromacil. 
Recoveries were 98–120% for water and 90–130% for soil29.
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The primary objective of this study was to develop a sensitive kinetic-spectro-
photometric method for the bromacil determination based on reaction of sulphanilic 
acid oxidation by hydrogen-peroxide in phosphate buffer in the presence of Cu(ii) 
ion as catalyst30, and to apply this method for bromacil determination in water and 
soil samples. However, sPE is used for isolation, concentration and purification of 
analytes from matrices, and hPlC method is used like comparative method to verify 
results. 

EXPErimENTAl

Apparatus. The reaction rate was monitored spectrophotometrically by measuring 
the rate of change of absorbance at 370 nm. The readings were performed on a Per-
kin–Elmer Lambda 15 uV-vis. spectrophotometer, connected to a thermo-circulating 
bath.

The ph measurements were carried out using a hanna instruments ph-meter. 
HPLC was performed using an Agilent technologies 1200 model. The analytical 

column was C18 (zorbax 5 μm, 250 mm x 4.6 mm).
A j. T. baker model sPE-12 with vacuum pump was used for solid phase extrac-

tion of samples.
A BÜCHI R-200/205 rotary vacuum evaporator including bath B-490 with an 

vacuum pump was used to evaporate the extracts.
in addition, high precision volume micropipettes (lab mate+) of 50, 500 and 

1000 μl were used for handling or pipetting the solutions. 
The solutions were thermostated at 25.0 ± 0.1ºC before the beginning of the 

reaction in a julabo mP-sA model thermostatic bath.

Reagents. All materials were of highest purity available. bromacil standard, with 
a certified purity of 99.80%, was obtained from dr Ehrenstorfer (Germany). A sul-
fanilic acid (sA) (Merck) solution was prepared by dissolving a 0.3463 g of a sA in 
water (50 ml) standard flask. The initial 2 mol/dm3 solution of hydrogen peroxide 
was prepared from 30% H2o2 (merck), and its exact concentration was standardised 
permanganometrically. because of their limited stability, it was prepared just before 
use. A solution of Cu(ii) 1×10–3 mol/dm3 was prepared by dissolving CuCl2·2h2o 
(merck) in water. The phosphate31 buffer pH 7.8 was obtained by mixing solutions of 
kh2Po4 (0.067 mol/dm3) and Na2hPo4 (0.067 mol/dm3) in a volume ratio 4.5: 95.5 
cm3, respectively. hPlC grade methanol, acetone and acetonitrile were obtained from 
baker (uk). samples of tap water (town Nis, serbia), ground water (village Grdelica, 
serbia) and river water (river Morava, serbia) were collected in May 2008.

soil samples were collected in period April–May (2008) from different locations 
(Knez selo – village, Grdelica village, Nis town).

Analytical grade chemicals and deionised water (micromed high purity water 
system TkA Wasseraufbereitungssysteme Gmbh) were used for the preparation of 
all solutions. 
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Procedure. in order to obtain good mechanical and thermal stability, the instruments 
were run for 10 min before the first measurement. The reaction was carried out in the 
following way. in reaction-mixture vessel with 4 compartments, the solution of sA 
was placed in the first compartment, H2o2 in the second, phosphate buffer in the third, 
Cu(ii) and bromacil in fourth compartment and water was added to total volume of 
10 cm3. The vessel was thermostated at 25.0±0.1ºC. The content was mixed well and 
then immediately transferred to the spectrophotometric cell with a path length of 10 
cm. The change in absorbance was recorded at 370 nm as a function of time every 
30 s over a period of 6 min. The rate of the reaction at different concentrations of each 
of the reactants was obtained by measuring the slope of the linear part of the kinetic 
curves to the absorbance-time plot (from the beer law A= εlc, dA/dt= εl(dc/dt), slope 
= dA/dt, rate=dc/dt =(dA/dt)/εl). The calibration graph was constructed by plotting 
the slope of the linear part of the kinetic curve, versus concentration of the bromacil 
(cbromacil, μg/cm3). 

Water sample preparation. spiked water samples for recovery determination were 
prepared by addition of appropriate amount of standard stock solution (2.7 mg/cm3) 
and stay for 1 day.

sPE with Chromabond® hr-P cartridge was used for extraction of bromacil. 
Each sample solution was poured into a chromabond hr-P C18 cartridge (sorbent 
mass 200 mg Macherey-Nagel, Germany) which had been conditioned with 1 col-
umn volume methanol, then 1 column volume deionised water, then water sample 
was filtered through the column, and column was dried for 30 min. The sample was 
eluted with 3×1 cm3 (methanol–aceton 3:2, v/v) and then extract was collected and 
evaporated at 35°C in a rotary vacuum evaporator till dryness.

The residue was dissolved with methanol and transferred into volumetric flask (25 
cm3), and made up with methanol. For hPlC determination aliquots of this solution 
were transferred into vessels. for kinetic determination 10 cm3 of this solution was 
taken and evaporated at temperature of 35°C till dryness. The residue was dissolved 
in 10 cm3 volumetric flask and used for kinetic determination.

Soil sample preparation. spiked soil samples for recovery determination were prepared 
by addition of appropriate amount of standard stock solution (2.7 mg/cm3) and stay for 
few hours. The soil sample is shaken with methanol/water mixture (80:20, v/v), then 
it was centrifuged 3 times for 10 min at 3000 rpm. The separated supernatant is then 
diluted with a concentrated NaCl solution and filtered through a 0.45 μm membrane 
filter (Millipore). Then that solution was drawn through an sPE column (Chromabond® 

HR-P cartridge, sorbent mass 200 mg Macherey-Nagel, Germany), which had been 
first conditioned. The further preparation was the same as in the case of the water.

Comparative method. hPlC method was performed with an Agilent Technologies 
Model 1200 instrument with uV detector, fitted with C18 (zorbax 5 μm, 250 mm × 4.6 
mm) analytical column, operating at 25°C. The mobile phase was acetonitrile–water 
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(40:60, v/v), the eluate was monitored at wavelength of 280 nm. Injected volume was 
20 μl, and the flow rate of the mobile phase was 1 ml/min.

rEsulTs ANd disCussioN

Kinetic studies. The tangent method was used for processing of the kinetic data. The 
rate of the reaction was obtained by measuring the slope of the linear part of the kinetic 
curves of the absorbance-time plot (slope=dA/dt). in order to determine the lowest 
possible determinable concentration of bromacil, the working conditions required 
optimisation. Therefore, the dependence of the rate of reactions on the concentration 
of each of the reactants was determined.

The effect of the ph on the rate of both reactions, catalytic and inhibited, was 
studied in the interval pH from 7.2 to 8.0. It can be seen that reaction rate increased 
with increasing of pH. for further work a pH of 7.9 was used (fig. 2).

fig. 2. dependence of the reaction rate on the ph for the inhibited (1) and catalysed (2) reaction. ini-
tial concentrations: csA = 4×10–3 mol/dm3; ch2o2

 = 0.2 mol/dm3; cCu(ii) = 5×10–6 mol/dm3; cbromacil = 16.20 
μg/cm3; t = 25.0±0.1°C

The effect of the concentration of h2o2 on the rates of reactions (Fig. 3) was 
studied in the range 0.04–0.28 mol/dm3. it can be seen that the reaction rate of both 
reactions increased with increasing h2o2 concentration. A h2o2 concentration of 0.24 
mol/dm3 was selected for the further work.

The effect of the concentration of sA was studied (Fig. 4) in the interval of 
(1.2–4.8)×10–3 mol/dm3. it can be seen that the rate of the catalysed and inhibited 
reaction increased with increasing sA concentration from 1.2 to 4.0×10–3 mol/dm3, 
then reaction rate of both reactions decreased from 4 to 4.8×10–3 mol/dm3. For further 
work a concentration of 4×10–3 mol/dm3 was selected.
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fig. 3. dependence of the reaction rate on the h2o2 concentration for the inhibited (1) and catalysed 
(2) reaction. Initial concentrations: pH = 7.9; csA = 4×10–3 mol/dm3; cCu(ii) = 5×10–6 mol/dm3; cbromacil = 
16.20 μg/cm3; t = 25.0±0.1°C
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fig. 4. dependence of the reaction rate on the sA concentration for the inhibited (1) and catalysed 
(2) reaction. Initial concentrations: pH = 7.9 ; ch2o2

 = 0.24 mol/dm3; cCu(ii) = 5×10–6 mol/dm3; cbromacil = 
16.20 μg/cm3 ; t = 25.0±0.1°C

The correlation between the slope and the Cu(ii) concentration is given in Fig. 5. 
The influence of the concentration of Cu(II) ion on the reaction rates of catalysed and 
inhibited reactions was examined in the range (2–7) × 10–6 mol/dm3. A concentration 
of 6 × 10–6 mol/dm3 in the final solution was used throughout the experiments. 
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fig. 5. dependence of the reaction rate on the Cu(ii) concentration for the inhibited (1) and catalysed 
(2) reaction. Initial concentrations: pH = 7.9; ch2o2

 = 0.24 mol/dm3; csA = 4×10–3 mol/dm3; cbromacil = 
16.20 μg/cm3 ; t = 25.0±0.1°C

under the optimum reaction conditions: pH=7.9; ch2o2 = 0.24 mol/dm3; csA=4×10–3 
mol/dm3; cCu(ii)= 6×10–6 mol/dm3; t = 25.0±0.1°C, the bromacil concentration was 
varied from 2.70–16.20 µg/cm3.

figure 6 shows the calibration curve at the temperature of 25.0°C, which can be 
used for the determination of the bromacil concentration in the interval 2.70–16.20 
µg/cm3.
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fig. 6. dependence of the reaction rate on the bromacil concentration in the interval 2.70–16.20 μg/cm3 
for the inhibited reaction. Initial concentrations: pH = 7.9 ; ch2o2

 = 0.24 mol/dm3; csA = 4×10–3 mol/dm3; 
cCu(ii) = 6×10–6 mol/dm3; t = 25.0±0.1°C

The least square equation (y = bx + a, where b and a are the slope and intercept, 
respectively) for the calibration graph and correlation coefficient, r (ref. 32) for the 
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determination of bromacil in the concentration range 2.70–16.20 µg/cm3 under the 
optimum reaction conditions, mentioned above, were calculated:
 slope × 102 = – 0.00316 cbromacil + 11.70×102  r = – 0.9943 (1)

where slope is the slope of the linear part of the kinetic curve of the absorbance-time 
plot (slope = dA/dt = εl (dc/dt)) and cbromacil is the bromacil concentration expressed 
in µg/cm3.

The variance (S0
2) of the calibration lines were evaluated to be 2.085×10–6 μg/cm3. 

The low value of the variance indicates negligible scattering of the experimental data 
points around the line of regression. The quantitative parameters of the analysis are 
given in Table 1.

table 1. Quantitative parameters of analysis 
Calibration range, μg ml–1 2.70–16.20, n= 6
regression equation slope ×102 = –0.00316cbromacil + 11.70×102

slope ± sd (–0.30159 ± 0.01605) ×10–2

intercept ± sd (11.70 ± 0.16875) ×10–2

Correlation coefficient, r –0.9943
variance, S0

2 2.08×10–6

detection limit (μg/cm3) 0.55
Quantification limit (μg/cm3) 1.86

The following kinetic equations for the catalysed and inhibited reaction were 
deduced based on the obtained graphic correlations:
 ratei = k ch+

–1 ch2o2
 csA cCu(ii)  (2)

 rateii = k1 ch+
–1 ch2o2

 csA cCu(ii) cbromacil
–1  (3)

where k and k1 are constants proportional to the rate constant of the catalysed and 
inhibited reaction, respectively.

The equations are valid for the following concentrations: phosphate buffer ph 
7.2–8.0; ch2o2

 = 0.04–0.28 mol/dm3; csA = 1.2 to 4.8×10–3 mol/dm3; cCu(ii) = 2–7.0×10–6 
mol/dm3 and cbromacil= 2.70–16.20 µg/cm3.

The limit of detection (LOd) and quantification (LOQ) was evaluated using the 
following equations33–36:
 lod = 3.3s0/b and LOQ = 10s0/b   (4)

where s0 is the standard deviation of the calibration line and b – the slope. They were 
found to be 0.55 and 1.86 µg/cm3, respectively. 

The precision and accuracy of the system were studied by performing the ex-
periment 5 times for different concentration of bromacil. The results of accuracy and 
precision of the recommended procedure are presented in Table 2. 
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table 2. Accuracy and precision of the bromacil determination 
Taken

(μg/cm3)
Founda
_
x ± sd

(μg/cm3)

n rsd (%)b G (%)  ((–x– μ)/μ) × 100 (%)c

 2.70 2.85±0.02 5 3.26 4.06 5.55
 8.10 8.22±0.01 3.00 3.74 1.51
16.20 3.23±0.01 0.32 0.40 0.18

a Mean and standard deviation of five determinations at 95% confidence level; b relative standard devia-
tion; G – relative error; caccuracy of the method.

Interference studies. To assess the selectivity of the method, the interference of several 
foreign ions on the determination of bromacil was studied. Table 3 gives the toler-
ance limits (expressed as w/w ratios), for the species studied in the determination of 
8.10 µg/cm3 of bromacil. The maximum level tolerated was taken as that causing a 
difference in the rate of the inhibited reaction not larger than 5%. As can be seen that 
ions mg2+, li+, Na+, k+ , Ch3Coo–, F–, so4

2– do not interfere with the method. ions 
like Co2+, mn2+ Fe3+, Fe2+, Zn2+ and Al3+ do not interfere when its concentration lower 
10 times than concentration of bromacil. The other ions investigated have practically 
no influence on the determination of bromacil by this method. And we come to the 
conclusion that selectivity of the method is good. 

table 3. Effect of the foreign species on the determination of 8.10 μg/cm3 of bromacil
Foreign species Tolerance level ( cinterferent/cbromacil)
li+, Na+, k+, mg2+, Cl–, Ch3Coo–, so3

2–, F–, so4
2– 102

Nh4
+, C2o4

2–, j–, mo6+, v5+ 10
Ca2+, ba2+, Ni2+, W6+  1
Fe2+, Fe3+, mn2+, Zn2+, Co2+, Al3+  0.1

Applicability of the proposed method. The proposed method was applied to the deter-
mination of bromacil in water and soil samples using the direct calibration curve. They 
were treated as described in the Experimental section. As can be seen in Table 4 the 
results obtained for this method are in accordance with the official HPLC method.
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figure 7 shows the chromatogram for a bromacil determination in spiked water 
(A) and soil sample (B) for its concentration of 11.2 µg/cm3 under the optimum con-
ditions (acetonitrile–water, 40:60, v/v at a flow rate of 1 ml/min, and wavelength of 
280 nm). detection at constant wavelength of 280 nm gave satisfactory results for the 
sensitivity of all spiked samples. The results of the proposed method were statistically 
compared with those of the parallel methods using a point hypothesis test37,38. There-
fore, the proposed method could be used for determination of bromacil in water and 
soil samples after extraction. Table 4 show that the F and t values at 95% confidence 
level are less than the theoretical ones, confirming no significant differences between 
the performance of the proposed and parallel method. both recovery percentages and 
relative standard deviations (rsd) were satisfactory and indicated good performance 
of the proposed method for the analysis of bromacil in water and soil samples.

fig. 7. HPLC chromatograms of spiked water sample with 11.20 µg ml–1 bromacil (a) and spiked soil 
sample with 11.20 µg/cm3 bromacil (b). Column C18 (zorbax, 5 μm, 250 mm × 4.6 mm); mobile phase: 
acetonitrile-water, 40:60 (v/v); detection: spectrophotometer at 280 nm
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CoNClusioNs

The proposed kinetic-spectrophotometric method for determination of bromacil in 
water and soil samples reported in this paper is simple, rapid, inexpensive and thus 
is very appropriate for routine quality control analysis of herbicide bromacil in the 
real samples. The procedure is easier to execute and requires less sample handling 
than methods currently described in the literature. statistical comparison of the results 
with HPLC method showed good agreement and indicates no significant difference in 
accuracy and precision. reliable recovery data were found at various concentrations, 
after spiking water and soil, and good limits of quantification were attained. 
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AbsTrACT

To avoid technical complications polymerisation of vinylacetate (vAc) is being carried 
out either in methanol solutions or in aqueous dispersions. The medium choice depends 
on the aims for which polyvinylacetate (PvAc) is being synthesised. This approach 
is convenient especially in those cases when the obtained PvAc is an intermediate, 
e.g. to transform it in polyvinylalcohol (PvAl).

it is obvious that the quality of obtained products to a great extent depends on 
the reaction medium characteristics.

An attempt was done to carry out VAc polymerisation in methanol–water solu-
tions maintaining the medium homogeneity. This approach allows to use water-soluble 
initiators as well as water soluble-redox initiating systems. The advantages of this 
approach are discussed

Keywords: vinylacetate polymerisation, polyvinylalcohol, water–methanol solu-
tions.

Aims ANd bACkGrouNd

vinylacetate bulk polymerisation is not being used for industrial purposes because 
of some important technical complications, for example, heat removal, prevention of 
the Trommsdorf effect, branching of the formed polymer, etc. 

Those undesirable phenomena may be removed carrying out the polymerisation 
in the presence of dilutants, e.g. in solutions or emulsions. in the case of vAc polym-
erisation methanol solutions and aqueous dispersions are being used1.

in some cases the desired products are, for example, PvAl, polyvinylbutyral, 
which are results of the initial PvAc transformations. The methanol solutions are 
convenient to realise such transformations1.



 
608

It is well known that changing definite characteristics of the medium it is pos-
sible to govern, on the one hand, the polymerisation rate (Rp), and on the other, the 
properties of the obtained polymer.

Our studies showed that carrying out the VAc polymerisation in methanol–water 
mixtures it is possible to enhance the Rp using water-soluble initiating systems at 
ambient temperatures and to obtain PvAc with very improved characteristics. it must 
be noted that the quantity of added water does not alter the medium homogeneity. 
Kinetic data are discussed in Refs 2–8.

EXPErimENTAl

Rp was determined by dilatometry. The polymer yield was determined gravimetrically. 
mean molecular masses   –Mη were determined using viscosimetry [η] = 1.88 × 10–4 m0.69 
for PVAc in acetone at 218 K and [η] = 6.66 × 10–4 m0.64 for PVAl in water at 303 K. 
The mean number mm  –Mn was determined by osmometry and the mean mass mm  –Mw – by light-scattering method.  –P is the mean polymerisation degree.

The methanolysis of the obtained PvAc samples was carried out in the presence 
of added Naoh (ref. 1).

The branching degree of polymers chains was determined by the following 
formulae:

   
(1)

where φ shows the mean quantity of branchings per one macromolecule;   –Preac
PvAc – the 

mean polymerisation degree concerning the PvAc molecule after re-acetylation of the 
PVAl molecule (PVAl → PVAc) – the product of PVAc hydrolysis.

rEsulTs ANd disCussioN

different initiating systems are used to realise vAc polymerisation in the presence of 
water with different concentrations. As standard initiator AibN is chosen. in Table 1 
some data are shown.

table 1. Polymer yield dependence on water content in water–methanol mixtures

 [H2o] (mass.%) Polymerisation time (h) Polymer yield (%)
–

Mη × 10–5

0
16.4
18.0
23.0

8
6
6
4

94.0
98.0
98.0
99.8

1.17
1.36
1.54
3.44

As it was mentioned the use of Ch3oh+h2o mixture allowed to use water-solu-
ble initiators. AibN was substituted by potassium persulphate (PP), triethanolamine 
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(TEA). for comparison benzoylperoxide (BP) has been used as initiator. some data 
are summarised in Table 2.

table 2. dependence of polymer yield and mean molecular mass on the initiator nature (PP and bP) in 
the presence of TEA

 [VA]  
(m)

Concentration of initia-
tors × 103 (m) [CH3oh]  

(m)
[H2o]  
(m)

T 
(k)

Polymer 
yield (%)

–
Mη × 10–5

PP TEA
6.0
4.7

5.0
7.5

2.0
5

8.2
8.1

3.9
3.3

313
323

 94
100

1.54
1.60

5.3 [BP]=7.5 5 9.2 3.0 323  83 1.40

From the data in Table 2 it follows that the system PP+TEA is more preferable.
it is shown9 that the methanolysis of the obtained PvAc may be performed in 

the same reaction vessel. in this case the initiators remain in the reaction medium. 
To prevent their undesirable action adding of some inhibitors to the reaction mixture 
could be proposed. The positive action of TEmPo has been established.

Considering the above cited data for the water action on the obtained PvAc and 
P on the corresponding PvAl samples, some characteristics have been studied mainly 
their dependence on the conversion degree is determined10.

table 3. dependence of mean molecular mass of PvAc and PvAl as well Ch3Choo content in re-
acetylated PvAl on the water content and on monomer conversion degree

[H2o] 
(%)

Conver-
sion de-
gree (%)

PvAc PvAl Ch3Coo
groups 

(mass.%)
[η]  

(dl/g)
10–5 [η]  

(dl/g)

–
Mη × 10–4

–
Mη 

–
Mn

–
Mw

 0
10
15
20

68.9
65.5
90.0
73.5

0.61
1.15
1.12
1.08

1.23
3.07
2.96
2.80

1.88
2.80
2.88
2.46

3.30
4.15
3.61
4.96

0.53
0.78
0.85
0.90

3.41
6.20
7.13
7.79

3.9
3.7
3.7
2.3

These PvAl samples have undergone acetylation to obtain the corresponding 
polyvinyl butyral (buT). The properties of the synthesised buT also depend on the 
[H2o] in the reaction medium.

table 4. dependence of [η], φ and Psh of the obtained buT samples on the water content
 [H2o] (%) 0 10 15 20 butvel

buT [η] (dl/g)   1.20   1.56   1.79  1.8  1.6
φ 43.3 43.3 45.3 41.1 43.6

Psh   1.75   1.48   1.24   2.01
Note: butvel was a sample of butyral produced in japan.
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The water concentration acts, of course, on the obtained polymer characteristics. 
but when the added water results in formation of a heterogeneous system its action 
becomes considerable. for example, it acts on the schulz parameters:  –Mw/ –Mn ≡ Psh on 
which depends mm distribution.

The water is a ‘bad’ solvent for PvAc. so it can act on the macroradicals confor-
mation. The diffusion of monomers into macromolecules balls can be impeded. Apart 
the h-bond formation between growing macromolecules and hoh molecules can not 
be excluded which results in decrease of macroradical reactivity. it is interesting to 
note that even in the case when high-molecular PvAc is being formed at high degree 
of conversion there is no autoacceleration due to the Trommsdorf effect and mm get 
enhanced because the medium becomes very viscous.

table 5. dependence of [η] of PVAc on the monomer conversion degree and water content in metha-
nol–water mixtures
Conversion (%) 2.2 18 24 38.5 47 55 63 87 in the presence of
[η] (dl/g) 0.71  0.69  0.73  0.76  0.74  0.67  0.73  0.67 Ch3oh
Conversion (%) 5.9 13 20 27 37 46 81 99
[η] (dl/g) 1.01  1.02  1.07  0.97  1.06  1.03  0.93  1.01 Ch3oh+h2o

it is interesting to discuss the dependence of some molecular characteristics of 
the formed polymer molecules on water contents in the reaction medium as well as 
on the degree of polymerisation conversion.

table 6. PvAc branching degree dependence on the degree of monomer conversion in methanol and 
methanol–water mixtures

Polymerisation medium Ch3oh Ch3oh+h2o
Conversion (%)   38.5   47   63   87   46   99
–

Pin
PvAc 1960 1895 1850 1460 3050 2960

–
Preac

PvAc 1135 1130 1140 885 1840 1770

φ    0.42    0.40    0.38    0.39    0.39    0.40

The mm distribution is an important characteristic of the obtained polymers. it 
depends on kinetic parameters and predetermines their practical significance.

The study of the mm distributions of the obtained PvAc and PvAl showed that 
they also depend on water content in the reaction medium. in water presence the ob-
tained polymers are more monodispersed; the mm distribution curves are narrow. 

CoNClusioNs

it is shown that adding water to vAc methanol solution favours the use of water- 
soluble initiators, particularly the persulphate + triethanolamine system which allows 
to decrease the process temperature. on the other hand, the water acts on the kinetic 



 
611

parameters on which the process rate depends, the mean molecular mass of the formed 
polymer. in the presence of water the formed PvAc as well as its hydrolysis product 
PvAl are more high-molecular and less branched. The quality of polyvinylbutyral, 
obtained on the basis of the corresponding PvAl, is better in comparison with the sam-
ple of polyvinylbutyral using PvAl obtained on the basis of PvAc synthesised in the 
absence of water. The polymers obtained in the presence of water are monodispersed. 
it is worthy to note that water is ecologically pure matter and quite accessible.
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AbsTrACT

The development of world economy is closely related with the high rate of consumption 
of primary energy sources (PEs). under the present conditions of growth, the fuels 
produced from petroleum are of major importance. statistic data show for the period 
from 1900 to 1980 that the total energy consumption has increased 10 times but for 
petroleum-based fuels the increase is 150 times. After that, the share of petroleum in 
the development of world energy industry was gradually increasing to reach 74% in 
2007. This process was accompanied by new tendencies in the scope and structure 
of the controlling processes related to the use of motor fuels.

Keywords: controlling, motor fuels, energy sources.

Aims ANd bACkGrouNd

The aim of the present paper is to show the current tendencies in the scope and struc-
ture of the controlling processes related to the use of motor fuels.

The market globalisation, search for solutions to minimise expenses, competition 
dynamics and other factors lead to higher requirements towards the management in 
the petroleum-based energy industry. They can be satisfied by regular use of operative 
controlling instrumentation. The intense growth of the role of petroleum for securing 
the energy and other needs of the world economy is affected by a number of factors. 
The most important one is the unique physicochemical properties of petroleum, com-
pared to the other known sources, which allow complex utilisation of all the products 
obtained from its processing.

in this respect, the main share is held by the different kinds of motor fuels and 
fuel oils, 89% of which are produced from petroleum1,2. Another part of petroleum 
(about 6%) is used as raw material for chemical and petrochemical industries. About 
5% of world production of petroleum derivatives are used for to produce lubricants, 
bitumen, electrode coke, etc.3
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The increasing use of petroleum is stimulated by the enhanced capability of 
petroleum geology, exploration of fields, improved methods of drilling and technolo-
gies for extraction. This provided possibilities to reduce the costs for extraction and 
transportation of petroleum from many hardly accessible regions of the world. As a 
result, industrial exploitation has been started in large petroleum basins in the middle 
East, Africa, latin America, usA and russia. 

The high volume-mass concentration of heat energy in petroleum-based fuels 
and the combination with the scientific and technological progress in the pipeline, 
railroad, sea and river transportation provided possibilities to reduce the transportation 
costs compared to the other PEs. Thus, petroleum can be transported comparatively 
easy at distances of thousands of kilometers from the remote regions of extraction. 
Calculations performed showed that the transfer of equivalent quantities of energy 
at certain distance, the transportation of petroleum through pipelines is 4 to 6 times 
cheaper than the transportation of natural gas. under the same conditions but with sea 
transport, petroleum transportation is 7 times cheaper. The data published showed that 
the cost of transportation of petroleum from the Persian Gulf to Japan is 6.2 usd/t 
while for liquefied gas accompanying petroleum (propane-butane) it is 28.5 usd/t 
and for pressurised natural gas (using methane carriers) it is 44 usd/t (in petroleum 
equivalent)3. 

disCussioN

An important advantage for the reasonable utilisation of petroleum is the develop-
ment of the technological processes and the schemes for deep refining of petroleum 
and the corresponding modern controlling. Proper implementation of the operative 
instrumentation controlling given in Table 1 presents excellent economic results2,4.

table 1. operative instruments of controlling processes
1. Activity-based costing (AbC)
2. Analysis of the order fulfillment criteria
3. optimisation of orders
4. Analysis of the profit limit
5. Calculation of prime costs 
6. Analysis of problematic production units
7. intra-production rationalisation 
8. Calculation of investment profitability 
9. system for operation accounting 

10. optimisation of the quantities of individual batches 
11. motivating commission system for achieved productivity 
12. Effective total quality management (TQm)
13. system for analysis of the prime costs reduction 
14. system for analysis of the return of investment (roi) 
15. marketing analysis of sales 
16. Function cost analysis 
17. XyZ-analysis
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For successful implementation of controlling processes, the management of 
petroleum energy industry should know and master the individual controlling instru-
ments. This allows for rapid reaction to the requirements of petroleum fuels market. 
usually, these requirements involve changes in volume, range of products and their 
quality which lead to changes in transportation infrastructure for better servicing the 
consumers. 

The main factor affecting the use of petroleum is its price. The low prices formed 
in the period 1950–1973 were based on petroleum produced in the Middle East. sta-
tistical data shows that, in the beginning of this period, petroleum prices were 98% 
of coal prices do decrease to 55% at the end of the period3. in the following years 
until 1981, the increasing prices and some political factors caused certain decrease 
of the demand for petroleum on world markets. This tendency lasted till 1985 and 
affected mainly the former socialist and developing countries5. After that, the growth 
of petroleum consumption as main energy source was the main reason the incessantly 
increasing petroleum prices which exceeded 100 usd/barrel in 2008. The price 
of the black gold exceeded the psychological limit of 100 usd/barrel in february 
when the prices reached 100.1 usd/barrel. A record was reached on March 3, 2008 
when the prices at the New york Merchantile Exchange (NyMEx) reached 103.51 
usd/barrel while at London International Petroleum Exchange (IPE) it was 100.1 
usd/barrel. The dynamics and structure of petroleum usage in basic economic seg-
ments like transportation, power generation, domestic services and retail trade vary in 
the different countries. They are determined basically by the state of their economic 
development, availability of their own energy sources, social-economic conditions, 
etc. The surveys carried out showed that the energy generated from petroleum in the 
developed countries was about 50% of the total energy production and covered 99% 
of the needs of transportation industry, 39 for domestic services and about 17% – for 
electric power generation6. The increased petroleum prices is the main reason urging 
the governments to implement policies for reduction of its use in all industries and 
mainly in the extraction, refining and application of the different petroleum derivatives. 
A general tendency in the structure of petroleum usage, which gradually covered the 
world energy network, is the decrease of the use of petroleum for production of fuel 
oils and redirection of higher amounts to secondary processes giving motor fuels. 
increasing amounts are now used as raw material for petrochemical synthesis to obtain 
a number of valuable products of wide practical application5. 

The tendencies in the volume and structure of the controlling processes im-
plemented in the production of motor fuels are related mainly to the expansion of 
transportation, industrial and agricultural activities where motor driven machines are 
widely used. The investigations showed that the total power of automobile engines 
in the world doubled at the beginning of the 21st century compared to the 90’s. Thus, 
for just 10 years, it exceeded 10 times the power of the power of all the electricity 
generating stations in the world7. The statistical data show that the implementation of 
controlling processes in russia only gave increase of motor power over electricity-
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generating stations more than 7 times while for usA it is 12 times. As can be seen, 
the problems related to the provision of enough motor fuels for the economy are quite 
complex and involve many branches of industry. The structure and production of tech-
nical means using motor fuels is a complex function of the needs of country structures 
for versatile transportation vehicles. They can be classified as cargo and passenger 
ones, which are further divided into automobile, railroad, water and air transport or, 
according to the industrial branch, into agricultural, industrial, construction, etc. on 
the other hand, all this forms the corresponding structure of technical means according 
to their usage: transportation – automobiles, air, sea and river facilities, locomotives; 
agriculture and industry – tractors, harvesters, elevating machines and mechanisms, 
generators, road construction machines, etc. depending on construction and the fuel 
used, the engines mounted in the different machines need benzenes, diesel and fuel 
oils. For this reason, a calculation of the amounts of the necessary fuels should be 
approached by taking into account their quality, type, etc. The quality characteristics 
of these fuels depend mainly on the conditions under which the engine works, includ-
ing climate characteristics and the loads on the engines. in spite of the increase of 
the quantities of motor fuels, an attempt for reduction of the use of petroleum-based 
fuels can be successful if the combustion characteristics of the engines are improved. 
in this respect, the designers seek to reduce fuel consumption at preserved power of 
the facility, reduce their weight and improve the aerodynamic characteristics. in turn, 
the performance characteristics of the engines and their energy efficiency depend 
on the technical level of machine-building and motor-construction industries. The 
industries related to the production of construction materials and parts made of them 
also exert their influence. 

of all the measures aimed at reduction of fuel consumption described, an important 
role plays the implementation of controlling instrumentation in the organisation which 
has to be created for the operation of the technical means involved. in this respect, the 
cargo and passenger transportation should be optimised, high coefficient of loading 
should be sought, reduction of empty vehicle travelling to an acceptable minimum, 
rationalise the operations in individual production lines, etc. This inter-relationship 
between the operation conditions of heat aggregates, their low consumption of high-
quality fuels would finally reflect on the operation costs of the aggregates. The struc-
ture, volume and quality of the motor fuels used determine the main requirements 
to the scale and technological commitment of their production. Further, this would 
determine the development of the transportation infrastructure connected with the 
distribution of the petroleum containing facilities, specialised vehicles for transporta-
tion of various fuels by railroad, sea or route, as well as the location of pipelines in 
country territory. Of course, each country has specific features related to its own needs 
for certain volume and structure of the fuels used and their quality which affects the 
development of the motor construction and oil refining industries. The ensuring of 
the enough fuels for the motor driven machines in a country is itself a complex task. 
Enormous investment of capital and human resources is necessary for the exploration, 
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extraction, production, and transportation and refining of petroleum, as well as building 
a distribution system for the dissemination of the consumer products. investigations 
showed that major part of these investments is in the processes connected with the 
production and refining of petroleum to consumer products. According to the data of 
the international bank for development and reconstruction (ibrd), the developing 
countries had invested about 460 bln usd in the period from 1985 to 1995 to satisfy 
the increasing demand on petroleum production and until 2005 – 720 bln usd. In the 
usA, about 24 bln usd were invested in 1985 for exploration and development of 
petroleum fields while in 2005 – 57 bln usd. for the same periods, the investments 
in petroleum refining industries were 1.5 and 17 bln usd, respectively, and more than 
half of them were devoted to motor fuels. in the developed countries, about 84% of 
the total investments in petroleum refining are made for production of motor fuels. 
surveys showed that one of every 6 employees in the usA is directly or indirectly 
connected with the automotive industry and transportation8. At the same time, the 
statistical data reveal that, of the total consumption of motor fuels, 15% are used by 
aviation, 4% by railroad transport, 27% by shipping industry and the rest remains for 
road transport. in the European countries, about 85% of the total consumption are 
effected by road transport, 11% by aviation and the rest – by railroad and shipping. In 
Japan, the major part is also used for road transportation – 77%, the share of aviation 
is 7%, shipping – 10% and railroad – 4%. The road transport in Russia consumes 
about 72% of all the motor fuels produced. Therefore, it can be firmly stated that on 
world scale, the road transport industry is the main consumer of motor fuels and its 
development accompanied by proper controlling instrumentation exerts decisive effect 
on the general tendencies in the volume and structure of the production and consump-
tion of the different types of motor fuels. For this reason, the economically developed 
countries put strong emphasise on the research and development work on the reduction 
of fuel consumption in combustion engines mounted in vehicles. The following main 
directions formed: increase of the effective efficiency coefficient of engines and gears, 
reduction of the total weight of vehicles, electronic control of engine operation, reduc-
tion of aerodynamic resistance of the design, reduction of the hydraulic resistances in 
the engine itself. All this is very closely related to the successful implementation of 
controlling instrumentation, as well as with the qualification of the personnel operat-
ing the vehicles, quality of the roads and the optimisation of the processes connected 
with the organisation and operation of transportation companies. 

The measures taken in the different countries with respect to the most up-to-date 
achievements in the automotive industry controlling combined with deliberate changes 
in legislation related to the efficient use of petroleum-based fuels gave significant 
results. As can be seen from statistical data, the average consumption per car in the 
usA has fallen from 14.2 to 6.4 l/100 km for the period 1975–2005. This decrease is 
due mainly to the use of lighter materials in designs and improvements in the combus-
tion process in the engines9,10. it has been established that the decreased consumption 
was effected by the following factors: about 30% – reduction of size and weight of 
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automobiles, about 20% – use of lighter construction materials in the design, about 
15% – improved economic characteristics of combustion engines, 10% – improved 
aerodynamic properties of the vehicles, 10% – improved gearing and the remaining 
15% – other organisational measures related to reasonable utilisation of the vehicles. 
As can be seen, the most important factor affecting fuel consumption of automotive 
industry is the reduction of the total weight of the vehicle. it is well known that each 
100 kg of weight reduction practically gives 6–7% less fuel consumption. for this 
reason, many car manufacturers started production of front-wheel driven cars with 
reduced weight. According to the data for 2006, about 78% of the vehicles produced 
were front-wheel driven11.

The design of new fuel delivery systems in the engines reduced benzene consump-
tion by 15–20% and in diesel engines – by 25–30%. This accelerated the tendency 
of large scale shift to diesel engines in automotive industry. The only disadvantage 
here is the twice higher price of diesel engines and sophisticated technical servicing. 
Nevertheless, diesel driven vehicles increase their share, especially for trucks and 
trailers. statistical data show that the world production of diesel engines increased 
by 9 bln usd per year for the period 1990–2000. About 24% of the total number of 
engines produced is used in cars, 42% – in trucks and the rest are used in agriculture, 
railroads and power generation. In 2005, the number of diesel engine cars reached total 
number of 35 mln. diesel engines are preferred for trucks and trailers of medium and 
high power12,13. in this respect, the diesel fuel consumption on world scale increased 
– in usA only it increased from 100 mln t in 1990 to 137 mln t in 2000. This amount 
of diesel fuel was spread among the consumers as follows: 65% for trucks, 16% for 
cars, 12% for agriculture, and the rest – for other types of consumers14. This was 
considered enough to suppose that, despite the pursuit to design and produce less 
consuming diesel engines, the world scale diesel fuel consumption will increase due 
to the incessant increase of their number. The annual increase of this number was 
established to be 10 mln vehicles. Therefore, taking the total number of diesel driven 
vehicles in the world to be 520 mln, in 2010 they will be 570 mln. This rapid growth 
will inevitably give increased consumption of motor fuels. These changes will affect 
also the share of world scale petroleum consumption. in this respect, the predictions 
of data resources Co. are interesting so far as the actual state and expected develop-
ment of energy industry in Europe for the period 1985–2015 is concerned15. it states 
that the needs of transportation for energy gradually increased by 1.7% annually from 
1985 to 1990. The rise of petroleum prices slowed the rate of this growth in 2000 to 
0.9% and in 2007 – to 0.7%. The growth of needs is expected to remain almost con-
stant at 0.7% until 2025 and then the alternative energy sources will rapidly increase 
their share. it would satisfy the needs for energy and will push the development of 
transportation. The use of gasoline by vehicles was almost unchanged from 1985 to 
1995 – about 630–650 mln t per year. Then it gradually fell to 600 mln t until 2005 
despite the increase of the total number of vehicles from 340 to 520 mln for the same 
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period. A characteristic of this period is that the demand for lead-containing gasoline 
fell to almost zero at the expense of high-octane number lead-less fuels. 

The fuel consumption of diesel driven vehicles also fell due to the measures taken 
in a number of countries. The data published show that until the end of the 1980’s, 
the annual increase of diesel fuel consumption was about 3%, and then it began to 
fall by 1.7% annually until 1995 by to reach 1% in 2005. The expenses for fuel oils 
in power generation, commercial and domestic sectors also gradually decreased. 
Nevertheless, the demand for petroleum increased due to the increasing number of 
motor fuel consumers and its use in the developing petrochemical industry. For these 
reasons, a tendency of general increase of the total needs for petroleum-based fuels 
can be observed. 

for the period until 2005, the volume and structure of the consumption of petro-
leum-based products show that the total consumption of petroleum middle distillates 
(kerosene, jet and diesel fuels) increased by 36% at generally stable structure of gaso-
line consumption of 29% of the total consumption of petroleum derivatives (including 
the wide low-octane fraction used by petrochemical synthesis). The general structure 
of the consumption of petroleum derivatives and its development in the period from 
1985 to 2005 is given in Table 2 (mln t).

table 2. General structure petroleum-derived consumption in the period 1895–2005
Product  (mln t/year) 1985 1995 2005
Gasoline 649.5 628.1 730.7
Wide gasoline fraction 156.7 270.0 303.4
kerosene 105.6 131.9 156.8
diesel fuel 694.7 837.6 1098.7
Fuel oil 715.6 749.9 795.4
other derivates 432.4 399.3 374.5

The general tendency which can be distinguished here is the change of the structure 
of motor fuel consumption with the highest increase observed is for middle distillate 
fuels and this is accompanied by the implementation of controlling instrumentation for 
process management. it should be noted that not all the quantities of diesel fuel and 
kerosene produced are used for transportation purposes. significant portion of them is 
used as domestic fuel for generation of heat and energy. For instance, about one half of 
the diesel fuel produced in usA and japan is used for transportation. in the European 
countries, about 2/3 of the middle distillate fuels are used for heating. In Japan, only 7 
mln t of the kerosene produced in 2004 were used in aviation while the rest was used 
for domestic purposes16. Therefore, there are still reserves in many countries which 
could be used in the struggle for reduction of middle distillates consumption since 
major part of them are used for heating rather than for their main purpose. 

recently, the tendencies in the volume and structure of the controlling processes 
related to the consumption of motor fuels clearly show the dieselisation of automo-
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tive transportation and significant growth of aviation services. As a result, the needs 
for diesel fuel and kerosene persistently grow. in the last decade only, the use of air 
transportation for cargo and passenger services grew by 20% compared to 1995. 
Nevertheless, due to the changes in the design of aircraft engines and devices and 
improved organisation of services, the kerosene consumption decreased by 4–5% 
during the same period17. 

CoNClusioNs

1. despite all this developments, a world tendency of growing needs for diesel and 
aviation fuels can be observed. under the relatively stable quantities of refined pe-
troleum, these increased needs can be satisfied only by shifting the refining industry 
towards secondary petroleum refining processes. It is necessary to improve the quality 
and performance characteristics of benzenes, diesel and jet fuels in order to secure 
the necessary amounts of them. 

2. simultaneously, the technological schemes of petroleum refining should be 
adapted with respect to secondary thermal and thermo-catalytic processes. Thus, 
additional amounts of motor fuels will be produced. At the same time, the research 
and development activities related to the production of alternative fuels from sources 
other than petroleum should continue. 
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AbsTrACT

QsAR studies on the analogues of 2,4-substituted 5-azolylthiopyrimidines show-
ing anti-influenza virus activity were performed. The anti-influenza activities of 
these analogues have been analysed in relation to their physicochemical properties 
and are found to be significantly affected by steric parameters – molecular weight 
(mw), surface tension (st), density (d), parachor (Pc), information theoretic index 
(Id), electronic parameters – polarisability (Pz), electronegativity (χeq) and topologi-
cal parameters – zero-, second- and fifth-order connectivities (0χ, 2χ, 5χ). Excellent 
results were obtained from multiparametric regression upon introduction of indicator 

parameters. it was found that the presence of 

N
N

N

S CH3  group at r3-position was 
conducive for the activity, whereas the presence of methylthio group at r2-position 
was detrimental for the activity. The results are critically discussed on the basis of 
regression data and cross-validation technique.

Keywords: QsAR, physiochemical properties, regression analysis, substituted 5-azo-
lylthiopyrimidines analogues.

Aims ANd bACkGrouNd

Pyrimidine exhibits important biological activity and is found as a core structure in a 
large variety of compounds1. The combinatorial approaches for the synthesis of this 
drug would help to speed up drug discovery. Recently, efficient methods have been 
developed to generate heterocycle library by three-component one-pot reaction2. The 
antiviral activity is associated with the presence of nitrogen heterocycle (pyrimidine 
derivatives)3 or bis-heterocycle compounds4. This strategy would lead to explore a 
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convenient method in constructing novel bis-heterocycle library containing pyrimidine 
for antiviral screening.

These data prompted Gang Cheng and coworkers5 to report a combinatorial 
synthesis of 2,4-substituted 5-azolylthiopyrimidine libraries using a sequential three-
component, one-pot reaction and its anti-influenza virus activity.

The current study represents the QsAR analysis of 2,4-substituted 5-azolylthio-
pyrimidine analogues using a number of structural parameters with different dummy 
indicator parameters as predictor variables.

EXPErimENTAl

QsAr studies were performed on the compounds listed in Table 1, where the biologi-
cal activity CC50 is cytotoxicity which is measured as the logarithm of 50% cytotoxic 
concentration in the madin-darby Canine kidney (mdCk) cells. All the QsAr re-
ported here were derived by us and were not reported with the original data set taken 
from the literature as reference. We have used the hansch analysis6 for developing 
these models.

An attempt has been made to correlate the activities of these compounds with 
physicochemical parameters. The molecular weight (mw)7, surface tension (st)7, 
density (d)7, parachor (Pc)7, information theoretic index (id)7, polarisability (Pz)7 and 
electronegativity (χeq)7 were calculated by ACd Lab software. The zero-, second- and 
fifth-order connectivities (0χ, 2χ, 5χ) for a set of substituted 5-azolylthiopyrimidine 
analogues were calculated by drAGoN software8–23.

indicator parameters24 are the dummy parameters sometimes used for accounting 
those structural features not covered in any molecular descriptor used. The details 
of such parameters, used in the present study are given in the results and discussion 
section (Table 1).

The multi-regression analysis used to derive the correlation was executed with 
the sPss (statistical package for the social sciences), 7.5 version programme.

rEsulTs ANd disCussioN

The series of substituted 5-azolylthiopyrimidine derivatives, their inhibitory activities, 
physicochemical parameters and indicator parameters are reported in Table1.
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The autocorrelation between the used parameters is shown in Table 2. The results 
show that all the physicochemical parameters are orthogonal and can be subjected to 
regression analysis with indicator parameters.

The statistically significant models obtained are as follows:
 pCC50 = –0.013 (± 0.005) Mw – 0.020 (± 0.010) st – 1.181 (± 0.515) I1 + 11.269  (1)

n = 15, R = 0.936, R2 = 0.876, R2
A = 0.842, se = 0.225, F (3,11) = 25.886, Q = 4.160

 pCC50 = –0.110 (± 0.046) Pz – 0.028 (± 0.013) st – 1.342 (±0.584) I1 + 11.419   (2)

n = 15, R = 0.916, R2 = 0.839, R2
A = 0.795, se = 0.256, F (3,11) = 19.146, Q = 3.578

 pCC50 = –3.554 (± 2.192) d – 0.443 (± 0.162) 2χ – 1.471 (± 0.575) I1 + 15.170   (3)

n = 15, R = 0.923, R2 = 0.851, R2
A = 0.811, se = 0.246, F (3,11) = 20.995, Q = 3.752

 pCC50 = –9.049 (± 9.843) χeq – 0.428 (± 0.211) 2χ – 1.504 (± 0.721) I1 + 31.793   (4)

n = 15, R = 0.875, R2 = 0.766, R2
A = 0.702, se = 0.308, F (3,11) = 12.011, Q = 2.841

 pCC50 = –3.297 (± 2.373) d – 0.007 (± 0.003) Pc – 1.172 (± 0.623) I1 + 14.785   (5)

n = 15, R = 0.906, R2 = 0.821, R2
A = 0.773, se = 0.269, F (3,11) = 16.870, Q = 3.368

 pCC50 = –3.293 (± 2.662) d – 0.292 (± 0.142) ) 0χ – 1.183 (± 0.694) I1 + 15.019   (6)

n = 15, R = 0.882, R2 = 0.778, R2
A = 0.718, se = 0.300, F (3,11) = 12.863, Q = 2.940

 pCC50 = –0.013 (± 0.005) Mw – 1.230 (± 0.610) I1 + 0.492 (± 0.380) I2 + 9.576   (7)

n = 15, R = 0.910, R2 = 0.828, R2
A = 0.781, se = 0.266, F (3,11) = 17.645, Q = 3.421

 pCC50 = –0.335 (± 0.187) 2χ – 1.636 (± 0.728) I1 + 0.401 (± 0.444) I2 + 8.931  (8)

n = 15, R = 0.874, R2 = 0.764, R2
A = 0.699, se = 0.310, F (3,11) = 11.862, Q = 2.819

 pCC50 = –0.241 (± 0.136) 0χ – 1.435 (± 0.718) I1 + 0.503 (± 0.450) I2 + 9.347  (9)

n = 15, R = 0.872, R2 = 0.761, R2
A = 0.695, se = 0.312, F (3,11) = 11.646, Q = 2.795

 pCC50 = –0.548 (± 0.324) 5χ – 1.471 (± 0.736) I1 + 0.725 (± 0.492) I2 + 8.116  (10)

n = 15, R = 0.866, R2 = 0.749, R2
A = 0.681, se = 0.319, F (3,11) = 10.960, Q = 2.715

 pCC50 = –2.787 (± 1.676) Id – 1.537 (± 0.748) I1 + 0.476 (±0.463) I2 + 17.964  (11)

n = 15, R = 0.863, R2 = 0.744, R2
A = 0.674, se = 0.323, F (3,11) = 10.669, Q = 2.672

where n is the number of data points, R – the correlation coefficient, R2 – the coefficient 
of determination, R2

A – the adjusted R2, se – the standard error of estimate, F – the F 
ratio25, Q – the quality of fit26,27, data within the parenthesis are the confidence interval 
at 95% level. Compound No 15 was taken as outlier as it exhibited no inhibition for 
influenza A virus.

It may be inferred that negative coefficients of the parameters – Mw, st, Pc, Id, 
d, Pz, χeq, 0χ, 2χ, 5χ (equations (1)–(11)) suggest that substituents which are smaller, 
less bulkier, less polar, less electronegative with less vertices and less branching are 
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good for the activity. In equations (1) to (11), the coefficient of I1 is negative and hence 
the presence of Ch3s group at r2-position should be avoided whereas i2 has positive 

coefficient implying that 

N
N

N

S CH3  group at r3-position should be preferable.
Predicted and residual values for the derived QsAr models are given in Table 3. 

Predicted values are the calculated activities of the equation and the residual values 
are the difference between the observed biological activities and the calculated ac-
tivities and are found to be low. The calculated F value is greater than F theoretical 
value (F(3,11) = 3.59) for all the significant equations. The plots of observed pCC50 
versus predicted pCC50 based on equations (1), (2 and (3) are shown in Fig. 1 and the 
predicted R2 were found to be fairly large.

table 3. Comparison between observed and predicted activities and their residual values for equations 
(1), (2) and (3)
s. No observed Equation (1) Equation (2) Equation (3)

predicted residual predicted residual predicted residual
 1 6.287 6.310 –0.024 6.251 0.036 6.379 –0.092
 2 5.523 5.473 0.050 5.325 0.198 5.576 –0.053
 3 5.253 5.388 –0.135 5.290 –0.037 5.636 –0.110
 4 5.307 4.998 0.309 5.094 0.214 5.016 0.291
 5 5.756 5.885 –0.129 5.825 –0.069 5.867 –0.111
 6 5.329 5.182 0.147 5.109 0.220 5.052 0.278
 7 6.113 6.093 0.020 6.072 0.041 5.953 0.160
 8 6.294 6.090 0.204 6.177 0.117 6.198 0.096
 9  5.494 5.516 –0.022 5.610 –0.115 5.476 0.018
10 4.300 4.300 0.000 4.300 0.000 4.300 0.000
11 5.472 5.407 0.065 5.591 –0.119 5.302 0.170
12 5.513 5.739 –0.226 5.687 –0.174 5.658 –0.144
13 5.655 5.343 0.312 5.256 0.399 5.563 0.092
14 5.672 5.813 –0.142 5.810 –0.139 5.654 0.018
15 4.852 7.401 – 7.277 – 7.732 –
16 4.423 4.853 –0.430 4.994 –0.571 5.034 –0.611

The observed activities are the biological activities CC50, which are measures of cytotoxicity, predicted 
values are the calculated activities of the equations and residual values are the difference between the 
observed biological activities and the calculated activities.
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       y = 0.4958x + 2.946        (3)
           R 2 = 0.1417

         y = 1.0246x                     (1)
                       R 2 = 0.0776

y = 0.5522x + 2.5931      (2)
         R 2 = 0.2198
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fig. 1. Plot of comparision between observed and predicted activities for equations (1), (2) and (3)

Cross-vAlidATioN

The cross-validation analysis was performed using leave-one-out (loo) method28, 

in which one compound is removed from the data set and the activity is correlated 
using the rest of the data set. The cross-validated R2 was found to be very close to the 
value of R2 for the entire data set and hence these models can be termed as statisti-
cally significant.

Cross-validation provides the values of PrEss, ssy and R2
cv and PsE from 

which we can test the predictive power of the proposed model. The meanings of these 
cross-validated parameters are given as footnote to Table 4. it is argued that PrEss is 
a good estimate of the real predictive error of the model and if it is smaller than ssy 
the model predicts better than chance and can be considered statistically significant. 
furthermore, the ratio PREss/ssy can be used to calculate approximate confidence 
intervals of prediction of new compound. To be a reasonable QsAR model PREss/
ssy should be smaller than 0.4 and for our models the value of this ratio which is 
smaller than 0.1 indicates that they are excellent models. Also, if PREss value is 
transformed in a dimensionless term by relating it to the initial sum of squares, we 
obtain R2

cv, i.e. the complement to the traces on of unexplained variance over the total 
variance. The PrEss and R2

cv have good properties. however, for practical purposes 
of end users the use of square root of PREss/n, which is called predictive square 
error (PsE), is more directly related to the uncertainty of the predictions. The PsE 
values also support our results. The calculated cross-validated parameters confirm 
the validity of the models.
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table 4. Cross-validation parameters and predictive error of coefficient of correlation (PE) for the 
proposed models
Equa-
tion 
No 

n Parameters PrEss ssy PREss/
ssy

R2cv PsE R 1–R2 PE 6PE

(1) 15 mw+st+i1 0.555 3.917 0.142 0.858 0.192 0.936 0.124 0.021 0.126
(2) 15 Pz+st+I1 0.719 3.753 0.192 0.808 0.219 0.916 0.161 0.028 0.168
(3) 15 d+ 2χ +I1 0.665 3.807 0.175 0.825 0.211 0.923 0.149 0.026 0.156
(4) 15 χeq + 2χ +I1 1.046 3.426 0.305 0.695 0.264 0.875 0.234 0.040 0.240
(5) 15 d +Pc+i1 0.798 3.674 0.217 0.783 0.231 0.906 0.179 0.031 0.186
(6) 15 d+ 0χ +I1 0.992 3.480 0.285 0.715 0.257 0.882 0.222 0.037 0.222
(7) 15 mw+i1+i2 0.769 3.703 0.208 0.792 0.226 0.910 0.172 0.030 0.180
(8) 15 2χ +I1+i2 1.056 3.416 0.309 0.691 0.265 0.874 0.236 0.041 0.246
(9) 15 0χ +I1+i2 1.071 3.401 0.315 0.685 0.267 0.872 0.239 0.041 0.246

(10) 15 5χ +I1+i2 1.121 3.351 0.335 0.665 0.273 0.866 0.251 0.043 0.258
(11) 15  id+i1+i2 1.144 3.328 0.334 0.656 0.276 0.863 0.256 0.044 0.264

PrEdiCTivE Error oF CoEFFiCiENT oF CorrElATioN (PE)

The predictive error of coefficient of correlation (PE)29,30 is yet another parameter used 
to decide the predictive power of the proposed models. We have calculated PE value 
of all the proposed models and they are reported in Table 4. it is argued that of

(i) R < PE, then correlation is not significant;
(ii) R > PE; several times (at least three times), then correlation is indicated; and 

if
(iii) R > 6PE, then the correlation is definitely good.
For all the models developed the condition R > 6PE is valid and hence they can 

be assumed to have good predictive power.
The data presented in Table 4 indicate that in all the cases, R is much larger 

than 6PE indicating that all the proposed models have represented high degree of 
correlation.

CoNClusioNs

After discussing all the QsAr models, some points may be kept in mind for further 
drug designing:

1. The values of activities and parameters should be of large range. This large 
range of variation in activity helps in obtaining significant models with high values 
of regression coefficient and low values of standard error of estimate, in the case of 
parameters the values of different calculated parameters are also in wide range as 
given in Table 1.
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2. smaller, less dense, less bulky, less electronegative, less polar groups with 
fewer vertexes and less branching are conducive for the activity.

3. in the present series, we prefer the use of 

N
N

N

S CH3  group at r3-position 
whereas Ch3s group at r2-position should be strictly avoided for rationale drug 
designing.
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AbsTrACT

Effort has been made to use topological indices for the QsAr modelling of the in-
hibition of Clostridium histolyticum collagenase obtained using carboxylic acid and 
their corresponding hydroxamates. Good results are obtained using some topological 
indices along with indicator parameters.

Keywords: CA inhibitors, topological indices, the Wiener index, the schiff bases, 
QsAr, equalised electronegativity.

Aims ANd bACkGrouNd

scozzafava and supuran1 have developed new ChC (C. histolyticum collagenase) 
inhibitors with a motive to use them as pharmacological agents for the treatment of 
corneal keratitis. it was reported2–4 that the collagenase inhibitor would kill the bacteria 
present on the cornea as well as the protective collagen shield will help in the speedy 
recovery of the wound. Because of the double benefits of such compounds the new 
potent protease inhibitors were synthesised by scozzafava and supuran1 incorporating 
sulphonyl-l-alanine hydroxamate moieties.

Earlier, we have investigated QsAr modelling of the sulphanilamide schiff 
base inhibitors of carbonic anhydrase5−12 developed by scozzafava and supuran us-
ing various topological indices including the Wiener index. The results presented 
therein indicted that we can use such distance-based topological indices successfully 
in drug designing.
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Prompted by the above results we have also used topological indices for model-
ling inhibitors of carbonic anhydrase. in addition, we have recently modelled car-
bonic anhydrase inhibition activity of sulphonamides using molecular negentropy. 
Earlier, we have reported QsAr studies on carbonic anhydrase inhibition of ureido 
and thioureido derivatives of aromatic/ heterocyclic sulphonamides using topological 
indices12. Also, using topological indices we have reported QsAr studies on various 
sulphonamides having potential biological activities12.

in this work the attempt has been made to use topological indices for the QsAr 
study of the inhibition of Clostridium histolyticum collagenase (ChC) using carboxylic 
acid and their corresponding hydroxamate1. The carboxylic acids chosen have the 
following structural feature:

N

CH3

OH

NO2

O

S
O

O
R

fig. 1. General structure of carboxylic acid used in the present investigation

The hydroxamate of the aforementioned carboxylic acids has the following 
structure:

N
S

O

OCH3

NH

O R

NO2

OH

fig. 2. hydroxamates used in the present study

both of them lead to ChC inhibitors incorporating alkyl-aryl-sulphonamido-l-
alanine hydroxamates as well as aryl-sulphonylamino-arolureido-l-alanine hydroxa-
mate moieties. Consequently, the following structural elements in the design of the 
Clostridium histolyticum (ChC) inhibitors are obtained1:

(i) a strong zinc-binding function (of the carboxylic acid or hydroxamate acid 
type);

(ii) a small group in α to it;
(iii) the already optimised benzyl group at the s2′ site converted to a 4-nitrobenzyl;
(iv) variable alkyl/aryl sulphonoyl-; aryl-sulphonyl-uredio-, arylureido; aryl 

sulphenyl moieties at s1′.
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EXPErimENTAl

The structural details of the aforementioned series of compounds are given in Tables 1 
and 2. As stated above, Table 1 gives general scheme obtaining hydroxamate moieties. 
Table 2 gives the structural details of 98 compounds used in the present study. This 
Table 2 also records the activity in their log units and the magnitude of 4 indicator 
parameters used. These values have been taken from the work of scozzafava and 
supuran1. The details of the indicator parameters are given as footnote to Table 2. 
Table 3 records the values of the topological indices: W, 1χ, J, sz, lg RB along with the 
value of equalised electronegativity (χeq). Needless to record that all the topological 
indices were obtained from their hydrogen-suppressed graphs in that all the carbon-
hydrogen as well as hetero-atom-hydrogen bonds were suppressed. The correlation 
matrix for the correlation of the parameters used is given in Table 4.

table 1. structural details of protease inhibitors used in the present investigation
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N
S

O

OCH3

NH

O R

NO2

OH

structure ii (compounds 36–70)
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structure iv (compounds 75–80)

to be continued
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Continuation of Table 1
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table 2. Activity of compounds and indicator parameters of various compounds used in the present 
study
Compd. No r lg Ki iP1 iP2 iP3 iP4

1 2 3 4 5 6 7
 1 Ch3 1.2553 0 0 0 0
 2 CF3 0.6721 0 0 0 0
 3* CCl3 0.7076 0 0 0 0
 4 n-C4F9- 0.3617 0 0 0 0
 5 n-C8F17 0.2553 0 0 0 0
 6 me2N 1.5563 0 0 0 0
 7* C6h5 1.3222 0 0 0 0
 8 PhCh2 1.1761 0 0 0 0
 9 4-f–C6h4 1.0000 1 0 0 0
10 4-Cl–C6h4 0.9542 1 0 0 0
11 4-Br–C6h4 1.0000 1 0 0 0
12 4-I–C6h4 1.0792 1 0 0 0
13 4-Ch3–C6h4 1.1139 1 0 0 0
14 4-o2N–C6h4 0.7243 1 0 0 0
15 3-o2N–C6h4 0.7404 0 0 1 0
16 2-o2N–C6h4 0.6812 0 0 0 0
17 3-Cl-4-o2N–C6h3 0.5185 0 0 0 1
18 4-AcNH–C6h4 0.4914 1 0 0 0
19 4-BocNH–C6h4– 0.3802 1 0 0 0
20 3-BocNH–C6h4– 0.4150 0 0 1 0
21 4-Ac–C6h4– 0.3222 1 0 0 0
22* C6h5– –0.3979 0 0 0 0
23* 3-CF3–C6h4 –0.5229 0 0 1 0
24 2,5-Cl2C6h3 0.5563 0 0 0 1
25 4-Ch3O–C6h4– 0.7160 1 0 0 0
26 2,4,6-(Ch3)3–C6h2– 0.7782 0 0 0 0
27 4-Ch3O-3-BocNH–C6h3 0.3222 0 0 0 1
28 2-ho-3,5-Cl2–C6h2– 0.3979 0 0 0 0
29 3-HOOC–C6h4– 0.3010 0 0 1 0
30* 4-HOOC–C6h4 0.1461 1 0 0 0
31 1-naphthyl 0.0792 0 0 0 0
32 2-naphthyl 0.1139 0 0 0 0
33 5-me2N-1-naphthyl 0.0414 0 0 0 0
34* 2-thienyl 0.3222 0 0 0 0
35 quinoline-8-yl 0.0792 0 0 0 0
36 Ch3 1.8808 0 1 0 0
37 CF3 1.8751 0 1 0 0
38 CCl3 1.7160 0 1 0 0
39 n-C4F9 1.0414 0 1 0 0

to be continued
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1 2 3 4 5 6 7
40 n-C8F17 0.8451 0 1 0 0
41 me2N 1.8388 0 1 0 0
42 C6h5 1.7324 0 1 0 0
43* PhCh2 1.6990 0 1 0 0
44 4-f–C6h4 1.5441 1 1 0 0
45 4-Cl–C6h4 1.5052 1 1 0 0
46 4-Br–C6h4 1.4771 1 1 0 0
47 4-I–C6h4 1.5682 1 1 0 0
48 4-Ch3–C6h4 1.5563 1 1 0 0
49 4-o2N–C6h4 1.0000 1 1 0 0
50 3-o2N–C6h4 1.0792 0 1 1 0
51 2-o2N–C6h4 1.1139 0 1 0 0
52 3-Cl-4-o2N–C6h3 0.9542 0 1 0 1
53 4-AcNH–C6h4 1.0414 1 1 0 0
54 4-BocNH–C6h4– 1.0000 1 1 0 0
55 3-BocNH–C6h4– 0.9031 0 1 1 0
56 4-Ac-C6h4– 0.9542 1 1 0 0
57 C6h5– 0.6990 0 1 0 0
58 3-CF3–C6H4 0.7782 0 1 1 0
59 2,5-Cl2C6h3 1.1139 0 1 0 1
60 4-Ch3O–C6h4– 1.3222 1 1 0 0
61 2,4,6-(Ch3)3–C6h2– 1.2304 0 1 0 0
62 4-Ch3O-3-BocNH–C6h3 0.9031 0 1 0 1
63 2-ho-3,5-Cl2–C6h2– 1.0792 0 1 0 0
64 3-HOOC–C6h4– 0.9542 0 1 1 0
65 4-HOOC–C6h4 0.7782 1 1 0 0
66 1-naphthyl 0.8451 0 1 0 0
67 2-naphthyl 0.9031 0 1 0 0
68 5-me2N-1-naphthyl- 0.8451 0 1 0 0
69 2-thienyl 1.0414 0 1 0 0
70 quinoline-8-yl 0.9031 0 1 0 0
71 4-f–C6h4– 0.5185 1 0 0 0
72 4-Cl–C6h4– 0.3802 1 0 0 0
73 4-Ch3–C6h4– 0.3979 1 0 0 0
74 2-Ch3–C6h4– 0.4914 0 0 0 0
75 4-f–C6h4– 0.7324 1 0 0 0
76 3-Cl–C6h4– 0.7853 0 0 1 0
77 4-Cl–C6h4– 0.8129 1 0 0 0
78 2,4-F2–C6h3– 0.7924 0 0 0 1
79 3,4-Ci2–C6h3– 0.6990 0 0 0 1
80 1-naphthyl 0.6628 0 0 0 0
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1 2 3 4 5 6 7
81 4-o2N–C6h4– 0.7404 1 0 0 0
82 4-o2N–C6h4– 0.7993 1 0 0 0
83 2,4-(o2N)2–C6h3– 0.7076 0 0 0 1
84* struc. No 6 –0.0458 0 0 0 0
85 4-f–C6h4– 0.9542 1 1 0 0
86 4-Cl–C6h4– 0.8451 1 1 0 0
87 4-Ch3–C6h4– 1.0792 1 1 0 0
88 2-Ch3–C6h4– 0.9031 0 1 0 0
89 4-f–C6h4– 1.0792 1 1 0 0
90 3-Cl–C6h4– 1.1461 0 1 1 0
91 4-Cl–C6h4– 1.2553 1 1 0 0
92 2,4-F2–C6h3– 1.1761 0 1 0 1
93 3,4-Ci2–C6h3– 1.1139 0 1 0 1
94 1-naphthyl 1.0000 0 1 0 0
95 4-o2N–C6h4– 1.0410 1 1 0 0
96 4-o2N–C6h4– 0.8460 1 1 0 0
97 2,4-(o2N)2–C6h3– 0.9542 0 1 0 1
98 struc. No 10 0.7782 0 1 0 0
iP1 = 1, if 4th substituted benzene ring is present in the parent structure (I to x) at R, otherwise 0; IP2 
= 1, if -NHOH group is present in parent structure, otherwise 0; IP3 = 1, if halogen is present at r in 
the parent structures, otherwise 0; IP4 = 1, if -so2r is directly attached with N of the parent structure, 
otherwise 0; * indicates serious outliers.

table 3. Calculated values of molecular descriptor (W,1χ, J, sz, χeq and lg rb) used in the present 
study
Compd. No W 1χ j sz lg rb χeq

1 2 3 4 5 6 7
 1 844 9.1249 2.5940 1096 249.0273 2.4577
 2 1180 10.3749 2.8341 1486 345.6985 2.5795
 3 1180 10.3749 2.8341 1486 345.6985 2.5350
 4 2710 14.1249 3.3312 3178 755.8829 2.7012
 5 6304 19.1249 3.6992 6988 1615.6900 2.8104
 6 1066 10.0683 2.7421 1354 312.7817 2.4361
 7 1492 11.7301 2.0524 2032 427.7411 2.4415
 8 1711 12.2032 2.0018 2278 479.7202 2.4249
 9 1673 12.1239 2.0572 2297 473.2324 2.4741
10 1673 12.1239 2.0572 2297 473.2324 2.4631
11 1673 12.1239 2.0572 2297 473.2324 2.4591
12 1673 12.1239 2.0572 2297 473.2324 2.4572
13 1673 12.1239 2.0572 2297 473.2324 2.4249
14 2089 13.0346 2.0521 2881 573.8986 2.4961
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1 2 3 4 5 6 7
15 2032 13.0346 2.1066 2767 567.0104 2.4961
16 1975 13.0515 2.1685 2653 559.0753 2.4961
17 2262 13.4453 2.1001 3122 620.7579 2.5183
18 2640 14.0178 1.9940 3600 694.8716 2.4584
19 3506 15.2022 1.9783 4718 885.2424 2.4178
20 3354 15.2022 2.0677 4414 870.0491 2.4178
21 2350 13.5178 2.0253 3226 632.3981 2.4587
22 2321 13.8003 2.2639 3185 652.4866 2.6125
23 2224 13.3353 2.1327 3024 616.1906 2.4577
24 1802 12.5346 2.1341 2456 512.3981 2.4858
25 1880 12.6619 2.0491 2588 523.2189 2.4415
26 1971 12.9453 2.1744 2693 557.5104 2.3981
27 3838 16.1509 2.1497 5082 993.6246 2.4122
28 1971 12.9453 2.1723 2693 557.8713 2.503
29 2032 13.0346 2.1066 2767 567.0104 2.4769
30 2089 13.0346 2.0521 2881 573.8986 2.4769
31 2162 13.7133 1.7427 3204 606.3585 2.4296
32 2162 13.7133 1.7427 3204 606.3585 2.4296
33 2815 15.0346 1.7845 4217 770.7914 2.4053
34 1333 11.2301 2.0390 1700 385.7337 2.4621
35 2528 13.7032 1.8541 3176 656.5821 2.4456
36 966 9.6629 2.6263 1236 282.4225 2.4563
37 1323 10.9129 2.8754 1647 384.9314 2.5720
38 1323 10.9129 2.8754 1647 384.9314 2.7011
39 2934 14.6629 3.3761 3420 814.8544 2.6890
40 6678 19.6629 3.7352 7380 1704.922 2.7960
41 1202 10.6063 2.7818 1508 350.0686 2.4383
42 1653 12.2681 2.0813 2220 471.3841 2.4419
43 1884 12.7412 2.0339 2478 525.9172 2.4260
44 1653 12.2681 2.0813 2220 471.3841 2.4728
45 1653 12.2681 2.0813 2220 471.3841 2.4623
46 1653 12.2681 2.0813 2220 471.3841 2.6076
47 1653 12.2681 2.0813 2220 471.3841 2.4567
48 1653 12.2681 2.0813 2220 471.3841 2.4260
49 2282 13.5726 2.085 3110 624.6401 2.4953
50 2222 13.5726 2.1382 2990 617.4559 2.4953
51 2162 13.5895 2.1985 2870 609.1923 2.4953
52 2464 13.9833 2.1323 3362 673.6971 2.5158
53 2860 14.5558 2.0290 3862 750.8303 2.4593
54 3767 15.7402 2.0127 5030 949.0381 2.4198
55 3607 15.7402 2.1016 4710 933.1678 2.4198
56 2556 14.0558 2.0594 3471 685.7119 2.4584
57 2526 14.3384 2.2928 3426 706.9861 2.6045
58 2424 13.8733 2.1643 3259 668.9391 2.5134
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1 2 3 4 5 6 7
59 1980 13.0726 2.1638 2664 560.3179 2.4832
60 2062 13.1999 2.0813 2803 571.5624 2.4419
61 2158 13.4833 2.2041 2912 607.615 2.4001
62 4112 16.6889 2.1818 5405 1061.444 2.4134
63 2158 13.4833 2.202 2912 607.9883 2.4997
64 2222 13.5726 2.1382 2990 617.4559 2.4758
65 2282 13.5726 2.0850 3110 624.6401 2.4758
66 2359 14.2513 1.7634 3445 658.7784 2.4304
67 2359 14.2513 1.7634 3445 658.7785 2.4304
68 3044 15.5726 1.8054 4502 830.3099 2.4079
69 1485 11.7681 2.066 1872 427.1796 2.4606
70 2359 14.2513 1.7634 3445 658.7785 2.4471
71 2362 13.5077 1.9897 3076 635.6031 2.4896
72 2362 13.5077 1.9897 3076 635.6031 2.4795
73 2362 13.5077 1.9897 3076 635.6031 2.4431
74 2318 13.5246 2.0250 2988 630.0172 2.4431
75 1792 12.2738 1.9049 2416 491.3092 2.4557
76 1773 12.2738 1.9235 2378 489.0477 2.4451
77 1792 12.2738 1.9049 2416 491.3092 2.4451
78 1956 12.6845 1.9489 2628 535.1728 2.4879
79 1974 12.6845 1.9304 2664 537.4937 2.4662
80 2332 13.8631 1.5986 3374 631.0488 2.4151
81 1833 12.2738 1.8651 2553 496.3129 2.4616
82 1731 12.2906 1.9733 2349 483.6462 2.4616
83 2336 13.5951 2.0208 3206 633.4279 2.5183
84* 1986 12.7906 1.9112 2580 539.9017 2.4279
85 2570 14.0458 2.0230 3314 689.2737 2.4893
86 2570 14.0458 2.0230 3314 689.2737 2.4796
87 2570 14.0458 2.0230 3314 689.2737 2.4446
88 2524 14.0626 2.0574 3222 683.5054 2.4446
89 1970 12.8118 1.9388 2624 538.1123 2.4569
90 1950 12.8118 1.9569 2584 535.7555 2.4468
91 1970 12.8118 1.9388 2624 538.1123 2.4468
92 2143 13.2225 1.9823 2846 584.1732 2.4874
93 2162 13.2225 1.9642 2884 586.5995 2.4668
94 2539 14.4011 1.6215 3625 684.6548 2.4177
95 2014 12.8118 1.8992 2770 543.4708 2.4623
96 1906 12.8286 2.0049 2554 530.1799 2.4623
97 2543 14.1331 2.0530 3452 687.0603 2.4301
98 2166 13.3286 1.9562 2787 587.8035 2.5158
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during the regression analysis compounds 3, 7, 22, 23, 30, 34, 43 and 84 were 
found to be serious outliers, hence they were deleted from further analysis. some of 
these compounds were found to be least active during the experiments performed by 
supuran et al.1. Compound 3 has trichloro attachement whereas compounds 7 and 
22 are having phenyl group attached at R. similarly in compounds 23 and 43 phenyl 
group with Ch3 behaves also as a outlier. At this stage we do not have convincing 
reasons why these compounds behave differently but this behaviour may be because 
of their structures and groups attached to them.

The results of variety of statistical analyses are presented in Table 5. Finally, 
Table 6 records the comparison of the calculated and observed activities using the 
best model. The residues, i.e. the differences between the observed and calculated 
activities are also presented in Table 6. The predictive correlation coefficient (Rpred

2) 
is obtained from the graph between observed and calculated activity (Fig. 3).

table 5. regression parameters and quality of correlation for modelling lg Kii activity
mod-

el
No

Param-
eter 
used

Ai = 1,2,3,4…….. 1χ R2 R se F- ratio Q=R/se

1 2 3 4 5 6 7 8 9
1 1χ

iP2

–0.1446(±0.0152)
 0.5537(±0.0487)

2.5299 0.6922 0.8320 0.2289 97.843 3.6348

2 1χ
sz
iP2

–0.4325(±0.0764)
 4.5606×10–4(±1.1886×10–4)
 0.6075(±0.0474)

4.9645 0.7372 0.8586 0.2127 80.424 4.0367

3 1χ
j
iP2

–0.1516(±0.0140)
 0.2406(±0.0580)
 0.5466(±0.0448)

2.116 0.7435 0.8623 0.2102 83.104 4.1023

4 W
1χ
ip2

 4.6518×10–4(±8.3184×10–5)
–0.3883(±0.0455)
 0.5962(±0.0427)

4.7024 0.7743 0.8799 0.1971 98.352 4.4642

5 1χ
lg rb
iP2

–0.4113(±0.0488)
 0.0021(±3.6352×10–4)
 0.5914(±0.0424)

4.7914 0.7759 0.8809 0.1964 99.264 4.4852

6 1χ
j
lg rb
iP2

–0.4545(±0.0860)
–0.0616(±0.1007)
 0.0024(±6.7505×10–4)
 0.5995(±0.0446)

5.2795 0.7769 0.8814 0.1972 74.000 4.4696

7 1χ
lg rb
iP1
iP2

–0.4152(±0.0487)
 0.0021(±3.6329×10–4)
 0.0584(±0.0428)
 0.5931(±0.0422)

4.7911 0.7807 0.8836 0.1955 75.662 4.5197
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1 2 3 4 5 6 7 8 9
8 1χ

j
lg rb
iP1
iP2

–0.4306(±0.0879)
–0.0222(±0.1054)
 0.0022(±6.8838×10–4)
 0.0555(±0.0451)
 0.5960(±0.0445)

4.9675 0.7808 0.8837 0.1966 59.858 4.4949

9 1χ
lg rb
iP1
iP2
iP4

–0.4222(±0.0491)
 0.0022(±3.6568×10–4)
 0.0732(±0.0450)
 0.5961(±0.0422)
 0.0674(±0.0645)

4.8402 0.7835 0.8852 0.1954 60.814 4.5302

10 1χ
lg rb
iP1
iP2
χeq

–0.4737(±0.0576)
 0.0026(±4.5319×10–4)
 0.0499(±0.0424)
 0.6058(±0.0422)
–0.6507(±0.3549)

6.8657 0.7892 0.8884 0.1928 62.884 4.6079

11 1χ
sz
lg rb
iP1
iP2
χeq

–0.4435(±0.0695)
–1.4423×10–4(±1.8481×10–4)
 0.0031(±7.7715×10–4)
 0.0517(±0.0426)
 0.5991(±0.0431)
–0.8888(±0.4686)

7.1864 0.7907 0.8892 0.1933 52.261 4.6001

12 1χ
j
lg rb
iP1
iP2
χeq

–0.3784(±0.0886)
 0.1972(±0.1399)
 0.0019(±6.8784×10–4)
 0.0696(±0.0444)
 0.5894(±0.0435)
–1.1104(±0.4804)

6.7670 0.7941 0.8911 0.1917 53.350 4.6484

13 W
1χ
lg rb
iP1
iP2
χeq

–0.5518(±0.0722)
 0.0074(±0.0028)
 0.0813(±0.0456)
 0.6031(±0.0417)
–1.1090(±0.4368)
–0.0010(±5.7892×10–4)

8.3871 0.7967 0.8926 0.1904 54.226 4.6880

14 W
1χ
lg rb
iP1
iP2
iP4
χeq

–0.0012(±5.9446×10–4)
–0.5776(±0.0737)
 0.0085(±0.0028)
 0.1102(±0.0491)
 0.6063(±0.0414)
 0.0976(±0.0646)
–1.1903(±0.4368)

8.7310 0.8022 0.8957 0.1890 47.521 4.7392
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table 6. Estimated value of lg Ki from model No 14 and comparison with observed value
Compd. No observed lg Ki Estimated lg Ki residual

 1 2 3 4
 1 1.2553 1.603 –0.3477
 2 0.6721 1.140 –0.4679
 3 0.7076 – –
 4 0.3617 0.413 –0.0513
 5 0.2553 0.232 0.0233
 6 1.5563 1.350 0.2063
 7 1.3222 – –
 8 1.1761 0.747  0.4291
 9 1.0000 0.836 0.1640
10 0.9542 0.849 0.1052
11 1.0000 0.854 0.1460
12 1.0792 0.856 0.2232
13 1.1139 0.895 0.2189
14 0.7243 0.622 0.1023
15 0.7404 0.524 0.2164
16 0.6812 0.518 0.1632
17 0.5185 0.529 –0.0105
18 0.4914 0.442 0.0494
19 0.3802 0.346 0.0342
20 0.4150 0.296 0.1190
21 0.3222 0.560 –0.2378
22 –0.3979 – –
23 –0.5229 – –
24 0.5563 0.745 –0.1887
25 0.7160 0.732 –0.0160
26 0.7782 0.688 0.0902
27 0.3222 0.301 0.0212
28 0.3979 0.566 –0.1681
29 0.3010 0.547 –0.246
30 0.1461 – –
31 0.0792 0.384 –0.3048
32 0.1139 0.384 –0.2701
33 0.0414 0.236 –0.1946
34 0.3222  – –
35 0.0792 0.342 –0.2628
36 1.8808 2.032 –0.1512
37 1.8751 1.600 0.2751
38 1.7160 1.446 0.2700
39 1.0414 0.946 0.0954
40 0.8451 0.838 0.0071
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 1 2 3 4
41 1.8388 1.790 0.0488
42 1.7324 1.296 0.4364
43 1.6990 – –
44 1.5441 1.370 0.1741
45 1.5052 1.382 0.1232
46 1.4771 1.209 0.2681
47 1.5682 1.389 0.1792
48 1.5563 1.426 0.1303
49 1.0000 1.110 –0.1100
50 1.0792 1.013 0.0662
51 1.1139 1.008 0.1059
52 0.9542 1.026 –0.0718
53 1.0414 0.938 0.1034
54 1.0000 0.857 0.1430
55 0.9031 0.811 0.0921
56 0.9542 1.053 –0.0988
57 0.6990 0.824 –0.1250
58 0.7782 1.004 –0.2258
59 1.1139 1.230 –0.1161
60 1.3222 1.211 0.1112
61 1.2304 1.174 0.0564
62 0.9031 0.831 0.0721
63 1.0792 1.059 0.0202
64 0.9542 1.037 –0.0828
65 0.7782 1.133  0.3548
66 0.8451 0.880 –0.0349
67 0.9031 0.880 0.0231
68 0.8451 0.749 0.0961
69 1.0414 1.396 –0.3546
70 0.9031 0.860 0.0431
71 0.5185 0.541 –0.0225
72 0.3802 0.553 –0.1728
73 0.3979 0.597 –0.1991
74 0.4914  0.484 0.0074
75 0.7324 0.777 –0.0446
76 0.7853 0.684 0.1013
77 0.8129 0.789 0.0239
78 0.7924 0.658 0.1344
79 0.6990 0.681 0.0180
80 0.6628 0.313 0.3498
81 0.7404 0.761 –0.0206
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 1 2 3 4
82 0.7993  0.771 0.0283
83 0.7076 0.458 0.2496
84 –0.0458 – –
85 0.9542 1.035 –0.0808
86 0.8451 1.046 –0.2009
87 1.0792 1.088 –0.0088
88 0.9031 0.976 –0.0729
89 1.0792  1.247 –0.1678
90 1.1461 1.154 –0.0079
91 1.2553 1.259 –0.0037
92 1.1761 1.138 0.0381
93 1.1139 1.159 –0.0451
94 1.0000 0.804 0.1960
95 1.0410 1.232 –0.1910
96 0.8460 1.244 –0.3980
97 0.9542 1.057 –0.1028
98 0.7782 0.947 –0.1688

y = 0.8022x + 0.1776
R2 = 0.8022
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fig. 3. Correlation of observed and estimated lg Ki using model No 14

rEsulTs ANd disCussioN

A perusal of Table 2 shows that all the derivatives possessed inhibitory constants in the 
range of 5 –12 nM against ChC, while the range for hydroxamate moieties is found as 
15–30 nM. Table 3 shows that the magnitude of all the topological indices increases 
with the increase in the size, shape and bulk of the compounds used.
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The correlation matrix as recorded in Table 4 is important in the sense that it 
represents interrelationship between the two variables as well as the relationship of 
the parameters with the activity. in addition, one can use the correlation matrix for 
investigating multicollinearity. Any data in the correlation matrix with a value greater 
than 0.4 is usually indicative of multi-collinearity. The value 0.9 indicates high col-
linearity.

A perusal of Table 4 yields the following information:
(i) W is highly correlated with 1χ, sz and lg RB;
(ii) 1χ is highly correlated with sz, lg RB;
(iii) j is correlated with χeq;
(iv) sz is highly correlated with W, 1χ and lg rb;
(v) lg RB is highly correlated with W, sz, 1χ;
(vi) j is non-correlated with any of the topological indices used;
(vii) Except the indicator parameter iP2 no other indicator parameters or topologi-

cal indices correlates well with the activity.
From the above results we conclude the following:
(i) No one-variable model is possible for modelling the activity;
(ii) If any two or more topological indices among W, sz, 1χ and lg rb are present 

in the model, then the model may suffer from the defect due to colinearity;
(iii) j, χeq, iP1, iP3 and iP4, can be very conveniently used for obtaining multiple 

parametric model so that no multi-colinearity defect will be present;
(iv) Presence of hydroxamate acid function namely –NHOH is very much ben-

eficial for the exhibition of the activity.
With the aforementioned information we have subjected the data to regression 

analysis following maximum R2 method13. The results are presented in Table 5 and 
give the following informations:

(i) There are six one-variable models none of which yield statistically significant 
results;

(ii) All the one-variable models have equally good statistics;
(iii) The balaban index j fails to correlate with the activity;
(iv) There are six two-variable models and all of them are statistically signifi-

cant;
(v) Among the 4 bi-parametric model the model containing 1χ and iP2 gave the 

best results. This model is found as below:
 lg Ki = – 0.1446 (± 0.0152) 1χ + 0.5537 (± 0.0487) IP2 + 2.5299  (1)

n = 98, R = 0.8320, se = 0.2289, F = 97.843.

The negative coefficient of 1χ indicates that first order branching is not favour-
able for the exhibition of the activity. The coefficient of the indicator parameter IP2 
is positive. This indicator accounts for the presence/absence of hydroxamic function 
–NHOH. The positive coefficient of IP2 indicates that hydroxamic function is ben-
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eficial for the exhibition of the activity. That is, compared to carboxylic acid their 
hydroxamates are more active;

(vi) similar to two-parametric models we have 4 three-parametric models for 
modelling the activity. All these models are significantly better than the two-variable 
models discussed above. Though more or less all the 4 tri-parametric models appear 
to be equally good, the model containing 1χ, lg rb and iP2 gave better results. This 
model is found as below:
 lg Ki = – 0.4113 (± 0.0488) 1χ + 0.0021 (± 3.6352×10–4) lg rb   
 + 0.5914 (± 0.0424) IP2 + 4.7914   (2)

n = 90, R = 0.8809, se = 0.1964, F = 99.264.

The coefficients of both 1χ and iP2 are the same as in equation (1) and, therefore, 
they carry same physical significance. The topological index lg RB also accounts for 
branching and like 1χ its coefficient should have been negative. The change in sign 
is probably due to high collinearity between 1χ and lg rb. it is worthy to mention 
that by the introduction of lg rb in equation (1) the quality of regression is increased 
from R = 0.8320 to R = 0.8809. Thus, lg RB is responsible for the improvement of 
the quality of regression;

(vii) There are two four-parametric models with slight improvement in the qual-
ity of correlation. here, the model containing 1χ, lg rb, iP1 and iP2 is found to give 
better results:
 lg Ki = – 0.4152 (± 0.0487) 1χ + 0.0021 (± 3.6329×10–4) lg rb  
 + 0.0058 (± 0.0428) IP1 + 0.5931 (± 0.0422) IP2 + 4.7911 (3)

n = 90, R = 0.8836, se = 0.1955, F = 75.662.

The physical significance of the parameters 1χ, lg rb and iP2 is the same as dis-
cussed above. A slight improvement in the quality of regression is due to the addition 
of iP1 whose coefficient is positive. since IP1 stands for the aromatic nucleus at r, the 
positive coefficient indicates that the presence of aromatic nucleus at R is favourable 
for the exhibition of the activity;

(viii) There are 3 five-parametric models all having slightly better statistics than 
the models discussed above. Out of the 3 five-parametric models, the model contain-
ing 1χ, lg rb, iP1, iP2 and χeq is found to yield better results. The improvement is due 
to added χeq parameter whose coefficient in the model is negative. This indicates that 
the electronegativity is not favourable for the exhibition of the activity. This model 
is found as below:
 lg Ki = – 0.4737 (± 0.0576) 1χ + 0.0026 (± 4.5319×10–4) lg rb   
 + 0.0499 (± 0.0424) IP1 + 0.6058 (± 0.0422) IP2 − 0.6507 (± 0.3549) χeq + 6.8657 (4)

n = 90, R = 0.8884, se = 0.1928, F = 62.884.

The physical significance of the terms involved in equation (4) is discussed 
above;
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(ix) successive regression analysis yielded 3 six-parametric models all with 
improved statistics and yielding the best six-paremetric model containing 1χ, lg rb, 
χeq, iP1, iP2 and W as the correlating parameters. This model is found as below:
 lg Ki = – 0.0074 (± 0.0028) 1χ + 0.0813 (± 0.0456) lg RB   
 + 0.6031 (± 0.0417) IP1 − 1.1090 (± 0.4368) IP2 − 0.0010 (± 5.7892×10–4) χeq   

 − 0.5518 (± 0.0722) W + 8.3871 (5)

n = 90, R = 0.8926, se = 0.1904, F = 54.226.

Once again the physical significance of the parameters 1χ, lg rb, χeq, iP1 and 
iP2 is the same as discussed above. The improvement in the quality of correlation is 
due to the addition of W, the negative coefficient of W may be attributed for the high 
colinearity between 1χ and W. Otherwise it carries the same physical significance as 
that of 1χ;

(x) Finally, the stepwise regression gave the seven-parametric model containing 
W, 1χ, lg rb, iP1, iP2, iP4 and χeq. This model is found as below:
 lg Ki = – 0.0012 (± 5.9446×10–4) W – 0.5776 (± 0.0737) 1χ   
 + 0.0085 (± 0.0028) lg RB + 0.1102 (± 0.0491) IP1 + 0.6063 (± 0.0414) IP2   
 + 0.0976 (± 0.0646) IP4 − 1.1904 (± 0.4368) χeq + 8.7310 (6)

n = 90, R = 0.8957, se = 0.1890, F = 47.521.

The improvement in the quality of correlation is due to the added indicator pa-
rameter iP4. This indicator parameter is due to presence/absence of –sO2r directly 
attached to N of the parent structure. Thus, the presence of –sO2r at N of the parent 
structure is favourable for the exhibition of the activity.

PrEdiCTivE PoWEr oF ThE modEls

in order to estimate the predictive power of the models, we have calculated the Pogliani 
quality factor14 Q which is defined as the ratio of correlation coefficient to that of 
standard error of estimation. That is, Q = R/se indicating that higher the R, lower the 
se, higher will be Q. high value of Q indicates high quality of the model. The Q values 
calculated for each of the proposed models are given in Table 5 indicating that the 
model expressed by equation (6) has the highest predictive power.

In order to confirm our findings we have calculated lg Ki from equation (6) and 
compared them with the observed values of lg Ki. such a comparison is given in 
Table 6. The residue, i.e. the difference between the observed and calculated lg Ki 
indicates this to be the best model.

In order to confirm predictive power of the model we have calculated predic-
tive correlation coefficient (Rpred

2) from the plot of observed lg Ki against calculated 
lg Ki and is found to be 0.8022 (Rpred

2 = 0.8022). such correlation is demonstrated in 
Fig. 3.



 
649

ToPoloGiCAl iNdiCEs usEd

The Wiener index (W). The Wiener index (W) is widely used topological index15. it 
is based on the vertex-distances of the respective molecular graph.

molecular graph can be denoted by G and having v1, v2, v3,..., vn as its vertices. 
let d(vi,vj|G) stands for the shortest distance between the vertices vi and vj. Then the 
Wiener index is defined as:

       n    n
 W =W(G) = 1/2 ∑   ∑ d(vi,vj |G)  (7)

       i =1 j =1

The Szeged index (sz). let e be an edge of the molecular graph G. let n1(e|G) be 
the number of vertices of G lying closer to one end of e; let n2(e|G) be the number 
of vertices of G lying closer to the other end of e. Then the szeged index16,17 (sz) is 
defined as:
  sz(G) = sz = ∑ n1(e|G) n2(e|G)   (8)

     e

with the summation going over all the edges of G.
in cyclic graphs, there are edges equidistant from both the ends of edge e; by 

definition of sz such edges are not taken into account.

First order connectivity index (1χ). The connectivity index χ = χ(G) of a graph G is 
defined by Randic18 as under:
 χ = χ(G)= ∑ [δi δj] –0.5 (9)

       ij

where δi and δj are the valence of a vertex i and j, equal to the number of bonds con-
nected to the atoms i and j, in G.

lg RB. The lg rb has been calculated by the method as described in literature19–21.

The Balaban index (j). The balaban index, j (the average distance sum connectivity 
index) is defined22 by:

         M
 j = j (G)  ––––––  ∑  (di dj)−1/2 (10)

        µ + 1  bonds

where M is the number of bonds in a graph G, µ – the cyclomatic number of G and 
di’s(i=1,2,3,...,N) – the distance sums (distance degrees) of atoms in G such that

      N
 di =  ∑ (D)ij (11)

           j = 1

The cyclomatic number µ of G indicates the number of independent cycles in G 
and is equal to the minimum number of cuts (removal of bonds) necessary to convert 
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a polycylic structure into an acyclic structure:
 µ = M – N + 1. (12)

one way to compute the balaban index (j) for hetero-system is to modify the 
elements of the distance matrix for hetero-system as follows: 

(i) The diagonal elements:
 (D)ij = 1 – (zc /zi) (13)

where Zc = 6 and Zi = atomic number of the given element.
(ii) The off-diagonal elements:

 (D)ij di = ∑ kr (14)
         r

where the summation is over all bonds. The bond parameter kr is given by:
kr = 1/br (Zc

2/zi Zj)

where br is the bond weight with values: 1 for single bond, 2 for double bond, 1.5 for 
aromatic bond and 3 for triple bond.

Regression analysis. modelling is performed using maximum R2 method following 
step-wise regression analysis13.
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