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Determination of ampicillin using the Belousov–Zhabotinskii oscillating system
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A new analytical method was developed for the determination of ampicillin by the perturbation of ampicillin to a Belousov–
Zhabotinskii oscillating chemical system, which involves the CeIV-catalysed reaction between potassium bromate and malonic acid.

A study in nonlinear dynamics has been well developed. One of
the important applications is an oscillating chemical system.1–3

The kinetics of this oscillating chemical system is of both
theoretical and experimental interest,4–6 since the concentra-
tions of reaction intermediates vary sensitively with time.

A typical oscillating chemical reaction is the Belousov–
Zhabotinskii (BZ) reaction.6 This reaction involves the oxida-
tion of an organic species such as malonic acid by an acidified
bromate solution in the presence of a metal ion catalyst. The
CeIV–CeIII and [FeIII(phen)]3+–[FeII(phen)]2+ couples are the two
most widely used catalysts. In a closed system, the BZ reaction
exhibits a short induction period followed by an oscillating
phase. The colour of the solution alternates between yellow
and colourless for the CeIV–CeIII couple. The oscillations may
last over 2 h.

Ultimately, with decreasing concentrations of the major reac-
tants such as potassium bromate and malonic acid, the system
proceeds in the direction of decreasing Gibbs energy. Conse-
quently, the oscillation dies out and the system drifts slowly
towards its chemical equilibrium.

The mechanism of the BZ reaction has been investigated
extensively. The famous FKN mechanism7 is generally accepted.

Two major processes (A and B) control the BZ reaction alter-
nately and result in concentration oscillations of the intermediate
species. A third process (C) is a link between processes A and
B. The overall reactions are as follows:

The mechanism is autocatalytic. The concentration of Br– in
the BZ system plays an important role.8 It determines whether it
is process A or B controlling at a particular time. The function
of process A, however, is to remove Br– from the system, while
process B, also called autocatalytic oxidation, begins when pro-
cess A has driven [Br–] to a sufficiently low value. The onset
of process B is accompanied by a rapid production of CeIV,
which becomes a reactant in process C to regenerate Br–. In
addition to supplying Br– to suppress process B, process C resets

Process A:
BrO3

– + 2Br– + 3CH2(COOH)2 + 3H+ ® 3BrCH(COOH)2 + 3H2O

Process B:
BrO3

– + 4Ce3+ + 5H+ ® HOBr + 4Ce4+ + 2H2O

Process C:
HOBr + 4Ce4+ + BrCH(COOH)2 + H2O ® 2Br– + 4Ce3+ + 3CO2 + 6H+

(1)

(2)

(3)
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process B by reducing CeIV back to CeIII. The reaction continues
until the concentration of one of the reactants falls below a level
necessary to sustain the cycling.

The BZ reaction is of interest for kinetic analysis.9 Analytical
applications of the BZ reaction have been focused on metal ions
and inorganic anions.10–12 A few studies have been carried out
in organic analysis.13–16

We found that ampicillin can affect the amplitude of the BZ
quinone (BQ) reaction. At 30 °C, the decrease in the amplitude
∆A = A0 – A (where A0 is the amplitude injection quinone, and
A is the amplitude injection ampicillin and quinone mixture) is
proportional to the concentration of ampicillin in the range
5.0×10–9–1.0×10–7 mol dm–3, ∆A = 2.42C – 10.30, (r = 0.9995)
(the unit of concentration is nmol dm–3). Foreign ions did not
interfere with the determination. Cyclic voltammetry (CV) was
employed to study the mechanism.

The oscillating assembly comprised a 50 ml glass reaction
vessel fitted with a Model CS-501 super thermostat and a
Model ML-902 magnetic stirrer (Shanghai Pujiang Analytical
Instrumental Factory) for homogenization. A KL-98 electro-
chemical analytical instrument (Tianjin Instrumental Stock
Finitude Company) was used to record the potential change. A
Type 213 platinum electrode was used as the working electrode,
a Type 213 platinum electrode as a counter electrode and a
Type saturated calomel electrode as a reference electrode. 

High-purity deionized water was used for preparing 0.25 M
potassium bromate, 0.4 M malonic acid and 0.04 M cerium
sulfate [Ce(SO4)2·4H2O] solutions in 0.8 M H2SO4.

Potentiometric measurements were performed in a closed
thermostatted glass container with a magnetic stirrer (stirring
rate of 500 rpm). To obtain stable values  of A0 or A, all of the
experiments were performed at 30 °C.

In order to understand the mechanism of the inhibitory effect
of quinone on the BZ reaction, CV was applied to monitor the
species in the BZ system, which reacted with quinone. 

Figure 1(a) shows a typical oscillation profile for the BZ
oscillating chemical system. When only quinone is added to
the BZ medium, the first amplitude of oscillation decreases.
Figure 1(b) shows a typical oscillation profile for the BZ system
in the presence of quinone perturbation. When an ampicillin
and quinone mixture is added to the BZ medium, Figure 1(c)
shows an oscillation profile in the presence of ampicillin and
quinone perturbation. When only ampicillin is added, the oscil-
lation profile is similar to that in Figure 1(a).

In the range 5.0×10–9–1.0×10–7 mol dm–3, ∆A (A0 – A) is
proportional to the concentration of ampicillin (Table 1). The
correlation between the ∆A of oscillation and the ampicillin
concentration was linearly regressed as follows:

where unit of concentration is nmol dm–3. According to 3s/k,
the limit of detection is 3.3×10–11 mol dm–3 (s is the standard
deviation, k is the slope, n = 11). We carried out 11 determina-
tions in a 20 nM ampicillin solution (standard deviation, 0.8%;
regression parameters R = 0.9995).

More than 20 foreign ions were studied with respect to their
effect on the determination of ampicillin. The results are shown
in Table 2. Large amounts of alkali and alkaline earth metal
ions do not interfere with the determination, neither do most
common anions interfere except for chloride and iodide.

To obtain a constant and maximum value of ∆A in the deter-
mination of quinone, the effect of the concentrations of sulfuric
acid, potassium bromate and cerium(IV) were examined.

The effect of potassium bromate concentration was studied
over the range 0.1–0.4 M. Figure 2(a) shows that a maximum
response to quinone perturbation was obtained at a potassium
bromate concentration of 0.25 mol dm–3. The concentrations of
CeIV and sulfuric acid were also studied, and similar results
were obtained [Figure 2(b),(c)]. The influence of malonic acid
concentration was investigated over the range 0.3–0.6 mol dm–3.
A higher concentration of malonic acid caused a lower change
of amplitude [Figure 2(d)]. When the concentration of malonic
acid was decreased to under 0.3 mol dm–3, the oscillation cannot
last long times. Therefore, the following experiments were carried
out at [KBrO3] = 0.25 M, [CeIV] = 0.04 M, [H2SO4] = 0.8 M and
[CH2(COOH)2] = 0.4 M.

To clarify which species in the BZ system reacted with
quinone, the cyclic voltammograms of quinone were recorded in
the following media: (I) H2SO4 + KBrO3 + quinone; (II) H2SO4 +
+ CH2(COOH)2 + quinone; (III) H2SO4 + CeIV + quinone. The
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Figure 1 Typical oscillation profiles for the proposed oscillating system
obtained in the presence of quinone and an ampicillin and quinone mixture
perturbation using platinum electrodes: (a) [BQ] = 0, [AM] = 0; (b) [BQ] =
= 1.0×10–6 mol dm–3, [AM] = 0; (c) [BQ] = 1.0×10–6 mol dm–3, [AM] =
= 4.0×10–8 mol dm–3. KBrO3, 0.25 M, 7.0 ml; CH2(COOH)2, 0.4 M, 7.0 ml;
CeIV, 0.04 M, 1.0 ml; H2SO4, 0.8 M, 5.0 ml.

∆A = 2.42C – 10.30, 

Table 1 Effect of concentration of ampicillin versus ∆A ([BQ] =
= 1.0×10–6 mol dm–3). 

Concentration of ampicillin/
nmol dm–3 ∆A/mV

5 2.6
10 11.6
15 27.1
20 39.1
25 50.5
30 61.5
35 74.1
40 86.4
45 98.9

Table 2 Effect of foreign ions on the determination of 10 nM ampicillin
([BQ] = 1.0×10–6 mol dm–3). 

Foreign ions Maximum tolerated 
molar ratio

K+, Na+, Li+, Mg2+, HPO4
2–, H2PO4

–, NO3
–, SO4

2– 5500
Ca2+, Ba2+, Cu2+, Zn2+, Al3+ 3800
Co2+, Ni2+, Mn2+ 900
Ac–, Ag+ 500
Fe3+, Fe2+ 200
Cl–, I– 50
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results indicate that only CeIV can react with quinone, as shown
in Figure 3.

We considered a possible mechanism for this system. When
quinone is introduced into the system, it can be oxidised by
CeIV, so that the concentration of CeIV decreases while that of
CeIII increases. The value of ln([CeIV]/[CeIII]) decreases extra-
ordinarily and the potentiometric oscillations are finally damping
down. The reaction is as follows:

As the concentration of CeIII increases, it can react with free
radicals BrO2

· ,13

Reaction (5) occurs very quickly, and CeIV can be regenerated
in a very short time. Therefore, the system can reconvert to the
same regular oscillation state as it initially does.

When ampicillin is added to the BZ quinone system, the
ampicillin reacts with quinone to make an ampicillin and quinone
complex,17 another quinone may react with CeIV to form a
quinone radical (BQ·) and its oxidation product (P), the results
to decrease the concentration of quinone. Thus, the amplitude
of oscillation in the BZ system decreases. The reaction is as
follows:

Once a large amount of quinone is added to the BZ system, a
quinone molecule reacts with CeIV, the rest of the quinone can
be oxidised by BrO3

– ,  thus the solution gradually becomes
yellow. When this solution is extracted with carbon tetrachloride,
the organic layer appears to be yellow. This extracted substance
is bromine, as indicated using potassium iodide and sodium thio-
sulfate.

Although BrO3
–  can also react with Br– to generate bromine,

the amount of bromine produced by this reaction is very limited
because of the low concentration of Br– in the system. There-
fore, reaction (11) is supposed to be another source of bromine.

In reaction (11), BrO3
–  is consumed, hence reaction (2) cannot

take place as fast as in the previous situation; furthermore, the
regeneration of CeIV is inhibited. On the other hand, since the
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Figure 2 Influence of the concentrations of (a) potassium bromate;
(b) cerium(IV); (c) sulfuric acid and (d) malonic acid on the quinone
perturbed oscillating reaction. (a) 0.04 M CeIV + 0.4 M CH2(COOH)2 +
+ 0.8 M H2SO4; (b) 0.25 M KBrO3 + 0.4 M CH2(COOH)2 + 0.8 M H2SO4;
(c) 0.25 M KBrO3 + 0.04 M CeIV + 0.4 M CH2(COOH)2 + 0.8 M H2SO4;
(d) 0.25 M KBrO3 + 0.04 M CeIV + 0.8 M H2SO4. [BQ] = 4.0×10–6 mol dm–3.

(4)
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Figure 3 Cyclic voltammograms of reactions between quinone and CeIV

obtained in the absence and in the presence of quinone: (1) [BQ] = 0;
(2) [Q] = 4.0×10–6 mol dm–3. [CeIV] = 0.04 mol dm–3, [H2SO4] = 0.8 mol dm–3.
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CeIV + BQ ® CeIII + H+ + BQ·

HBrO2 + BQ· ® HOBr + P

Br2 + 2BQ· + 2H2O ® 2Br– + 2H+ + 2P

HOBr + Br– + H+ ® Br2 + H2O

(7)
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(9)

(10)

O

O

+  24 H+  +  24 BrO3 30 CO2  +  12 Br2  +  22 H2O5 (11)

, 2005, 15(6), 256–259



Mendeleev Commun. 2005     259

concentration of malonic acid does not change in the system,
the amount of bromine is therefore cumulated.

This work was supported by the Natural Science Foundation
of LongDong University.
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