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bstract

In this paper, a new chemiluminescence phenomenon described as the second chemiluminescence emission was observed when menadione
odium bisulfite was injected into a reaction mixture of luminol and potassium periodate, in which luminol was oxidized by excess amount of
otassium periodate for about 24 h. The mechanism of the second chemiluminescence emission was proposed based a series of experiments.

oreover, our experiment discovered that the second chemiluminescence intensity was a linear function of the concentration of menadione sodium

isulfite in the range of 2 × 10−9 to 4 × 10−5 g L−1. Based on this phenomenon, a new flow-injection method for the determination of menadione
odium bisulfite has been established.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Chemiluminescence (CL) is the emission of light (UV, visi-
le or infrared) from chemical reactions. Two primary require-
ents for such emission are (1) the emission of energy released

hould be higher than that of the electronically excited prod-
ct or intermediate molecule and (2) the product must be a
uorescent molecule so that the transformation of the excited
olecule to the ground state is accompanied by light emis-

ion, or the reaction mixture has to include energy acceptor
olecules with fluorescent properties that then emits a photon

1]. Since the CL phenomenon of luminol was first reported
y Albrecht [2], luminol has been one of the most popular CL
eagents because of its excellent CL characteristic. Luminol CL
ystem is based on the reaction of luminol (or its derivative) with
ydrogen peroxide (or another oxidant) in an alkaline medium
n the presence of a catalyst, in which luminol is oxidized to

roduce the excited 3-aminophthalate (3-aminophthalate*) and
hen 3-aminophthalate* emits light in the wavelength range of
80–470 nm (λmax = 425 nm) [3]. The intensity of the light emit-

∗ Corresponding authors. Tel.: +86 29 85300986; fax: +86 29 85307774.
E-mail address: libx29@hotmail.com (B. Li).
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ed in this reaction is directly proportional to the concentrations
f luminol, catalyst and oxidant, so any of these three species
ay be quantified. This luminol CL reaction has been used suc-

essfully for detecting many inorganic and organic compounds
4–6].

Unlike H2O2, periodate is rather stable oxidant and does not
enerate bubbles in the tubes of the flow-injection analysis sys-
em, and can oxidize luminol to produce strong CL emission
7,8]. Furthermore, people found some organic compound, such
s hydralazine [9], adrenaline and isoprenaline [10], ampicilin
nd amoxicillin [11], isoniazid [12,13], ascorbic acid [14] and
annic acid [15], can enhance the luminol–periodate CL emis-
ion. Based the enhancing effect, the CL systems combined
ith flow-injection analysis were used to detect these organic

ompounds [9–15]. The proposed common enhancement mech-
nism of luminol–periodate-enhancer CL system was that these
rganic compounds were firstly oxidized to produce active oxy-
en (O2

•− or H2O2), and the active oxygen participated in the
L reaction of luminol and periodate [9–15].

Recently, we surprisingly observed a new CL phenomenon

nd a strong CL signal was detected when menadione sodium
isulfite was injected into a reaction mixture of luminol and
otassium periodate, in which luminol was oxidized by excess
mount of potassium periodate for about 24 h. We described this

mailto:libx29@hotmail.com
dx.doi.org/10.1016/j.aca.2006.05.095
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odate, and the maximum emission of the CL reaction is at
425 nm [1]. So, it is easily seen that the luminophor for the
second CL reaction of luminol–potassium manganate–MSB
is still 3-aminophthalate.
B. Li et al. / Analytica Chi

ew CL phenomenon as the second chemiluminescence emis-
ion (with respect to the CL emission of luminol and potassium
eriodate). We investigated in detail the second CL reaction
echanism. Moreover, our experiment discovered that the sec-

nd CL intensity was a linear function of the concentration
f menadione sodium bisulfite (MSB) in the range 2 × 10−9

o 4 × 10−5 g L−1. Based on this phenomenon, a new flow-
njection method for the determination of menadione sodium
isulfite by the second CL has been established. Menadione
odium bisulfite is a potential anticancer drug and an effective
ose in vitamin K deficiency [16]. Recently the toxicity of mena-
ione sodium bisulfite was found, and the use of the drug was
lmost ended.

. Experimental

.1. Chemical and reagents

All reagents were of analytical grade and the water used was
eionized and double distilled.

Luminol stock solution (2.5 × 10−2 mol L−1) was prepared
y dissolving 4.43 g luminol (Sigma, USA) in 20 mL of
.10 mol L−1 NaOH and then diluting to 1:l with water. The
uminol solution was stored in dark for 1 week prior to use
nsures that the reagent property has stabilized. Potassium
eriodate stock solution (1.0 × 10−2 mol L−1) was prepared
y dissolving 0.575 g potassium periodate (Xi’an Chemical
eagent Plant, China) in 100 mL hot water, and then cooling
nd diluting to 250 mL with water. A stock solution of mena-
ione sodium bisulfite (the Second Shanghai Plant, China),
5.0 × 10−4 g mL−1) was stored in the refrigerator (4 ◦C). Work-
ng standard solutions were prepared daily from the stock solu-
ion by appropriate dilution immediately before use.

.2. Apparatus and procedure

The flow system used in this work is shown in Fig. 1. There
re two peristaltic pumps: one was used to deliver the flow
treams of sample and carrier stream (H2O) at a flow rate of
.5 mL min−1 (per tube), and another was used to deliver the

uminol stream and potassium periodate stream at a flow rate of
.5 mL min−1 (per tuber). PTFE tubing (0.8 mm i.d.) was used
s connection material in the flow system. The flow cell is a flat
piral-coiled colorless glass tube (i.d. 1.0 mm; total diameter of

ig. 1. Schematic diagram of the chemiluminescence flow system: (a) sample;
b) water; (c) luminol; (d) KIO4. P1, peristaltic pump 1; P2, peristaltic pump
; V, injection valve; M, mixing tube; F, flow cell; D, detector; W, waste; PC,
ersonal computer.
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he flow cell, 3 cm, without gaps between loops) and placed close
o the window of the photomultiplier tube (PMT). A sample solu-
ion (150 �L) was injected by a six-way valve into the carrier
tream, and then merged with the mixture stream of luminol and
otassium periodate just prior to reaching a flow cell. The CL
ignal produced in the flow cell was collected with a CR-105
MT (Hamamatsu, Tokyo, Japan, operated at −800 V) of the
FFL-D Chemiluminescence Analyzer (Xi’an Ruike Electronic
cience Tech. Co. Ltd., China). The signal was recorded using
n IBM-compatible computer, equipped with a data acquisition
nterface. Date acquisition and treatment were performed with
FFL-D software running under Windows 2000. The concen-
ration of sample was quantified by the CL intensity. When the
eaction conditions were optimized, the CL relative intensity
orresponded to the normalized maximum light intensity.

. Results and discussion

.1. Mechanism of the second CL emission

In batch CL mode, 200 �L alkaline luminol solution
5.0 × 10−6 mol L−1) was injected into 500 �L potassium peri-
date (2.0 × 10−3 mol L−1) to produce strong CL emission (the
rst CL emission), and the signal went back to baseline after
bout 7 min, which showed that the first CL reaction finished;
00 �L MSB solution (5.0 × 10−5 g L−1) was then injected into
he reaction mixture solution, and a new CL emission (the sec-
nd CL emission) appeared (as shown in Fig. 2).

In order to explain the mechanism of the second CL reaction,
series of experiments were performed and the results were as

ollows:

1) The second CL emission spectrum was obtained using
the modified RF-540 spectrofluorimeter (take off the light
source), and the result showed that the maximum emission
appeared at 425 nm. It is well known that 3-aminophthalate
is the luminophor of the system of luminol–potassium peri-
ig. 2. Kinetic curves of chemiluminescence: (curve A) the CL emission of
uminol and KIO4; (curve B) the CL emission of MSB and the mixture of
uminol and KIO4.
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2) The mixture solution of 20 mL KIO4 (2.0 × 10−3 mol L−1)
and 20 mL alkaline luminol (5.0 × 10−6 mol L−1) was pre-
pared and stored in dark for more than 24 h in order that all
of luminol was oxidized. Then MSB solution was injected
into the reaction mixture, and the strong second CL emission
was also observed. In such reaction mixture solution, the
luminol concentration was almost nil, and thus its possible
contribution to the second CL emission would be negligi-
ble. The results showed that the second CL emission was
independent of luminol.

3) Solid oxidant PbO2 was added into a small amount of lumi-
nol solution, and PbO2 oxidized luminol in acid medium for
more than 48 h the reaction mixture solution was filtrated
to remove unreacted PbO2. The filtrate was further neutral-
ized with NaOH. The fluorescence emission spectrum of the
alkaline filtrate showed a maximal emission peak at 425 nm,
which was the same as that of reaction mixture of luminol
and KIO4. KIO4 and MSB were injected into the alkaline

filtrate, respectively, and the CL emission was not observed.
When MSB was injected into the mixture of KIO4 and the
alkaline filtrate, a strong CL emission was observed. The

results showed that the second CL emission was dependent
on KIO4 and 3-aminophthalate.

4) In absence of luminol, a small amount of MSB solution was
injected into alkaline potassium periodate, a weak CL emis-
sion was observed. The CL signal was not high enough to be
detected by a refitted fluorometer as other systems. The fluo-
rescence emission spectrum of the reaction mixture of MSB
and potassium periodate was obtained, and the fluorescence
emission spectrum showed only one peak in the region of
330–370 nm. There were unreacted KIO4, KIO3 (product
of reduced KIO4) and MSBOx (oxidized form of MSB) in
the reaction mixture, and KIO4 and KIO3 do not perform
fluorescence. So, it is seen that the fluorescence emission
of the reaction mixture came from MSBOx. Based on CL
basic principle, the luminophor of the reaction between
MSB and potassium periodate was the excited MSBOx
(MSBOx

*).
5) The fluorescence excitation spectrum of the reaction mix-
ture of excess KIO4 and alkaline luminol had a peak in
250–380 nm. It is obvious that the CL spectra of the reaction
between MSB and potassium periodate (330–370 nm) over-
lays the excited fluorescence spectra of 3-aminophthalate.
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l
S
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So, the energy of the MSBOx
* can easily be transferred to

3-aminophthalate.

According to the above experiments and discussion, the pos-
ible CL mechanism of the second CL emission is suggested as
ollows: luminol is firstly oxidized by KIO4 to 3-aminophthalate
n alkaline medium to produce the first CL emission, then KIO4
xidizes MSB to obtain MSBOx

*, which transfer its energy to
-aminophtalate ion (excellent fluorescent compound) and pro-
uce the second CL emission. That is to say that in the CL system
he first CL emission is a direct CL reaction and the second CL
mission is an energy-transferred CL reaction. Therefore, the
ossible CL mechanism of the reaction may be attributed to the
ollowing reactions in its simplest form:

(1)

(2)

SB + IO4
− + OH− → MSBox

∗ (3)

(4)

(5)

.2. Optimization of CL reaction

In order to apply the second CL emission for detection of
SB, the CL system was combined with flow-injection tech-

ique. The length of mixing tube of luminol and KIO4 and the
oncentrations of luminol, KIO4 and NaOH were all optimized
or the sensitive and precise detection of MSB in the flow sys-
em. During each optimization, other conditions were remained
onstant.

In the luminol–KIO4–MSB CL system, the first CL emission
ffected the second CL emission. In the flow system (Fig. 1),
he reaction degree of luminol and KIO4 depended on the length
f mixing tube. So, the effect of the length of mixing tube of
uminol and KIO4 was investigated. The result (Fig. 3) showed
hat the ratio of signal and noise (S/N) rapidly increased with
ncreasing the mixing tube length in the range of 5–100 cm,
robably due to producing more 3-aminophtalate ion; when the
ength of mixing tube was more than 100 cm, the S/N increased

lowly and then remained almost constant. Longer mixing tube
ed to greater consumption of tube and lower analysis efficiency.
o, 140 cm mixing tube of luminol and KIO4 was used in this
ow system at 3.5 mL min−1 flow rate (per tube).
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Fig. 3. Effect of length of mixing tube: luminol: 5 × 10−6 mol L−1; KIO4:
2 × 10−3 mol L−1; MSB: 1 × 10−6 g mL−1; NaOH: 0.5 mol L−1.
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ig. 4. Effect of KIO4 concentration. Luminol: 5 × 10−6 mol L−1; NaOH:
.5mol L−1; MSB: 1 × 10−6 g mL−1.

In view of the nature of luminol CL reaction, which is more
avoured under basic conditions, an alkaline medium was intro-
uced to improve the sensitivity of the system. Several medium
olutions such as NaOH, NaHCO3–Na2CO3, Na2B4O7–NaOH
nd NH3–NH4Cl were studied. The result showed that the strong
nd stable second CL signal was obtained in the NaOH. The
ffect of NaOH concentration was also studied in the range of
.1–0.6 mol L−1. It was found that 0.4 mol L−1 NaOH was opti-
um reaction media and chosen for further work.
In the CL system, KIO4 was the CL oxidant, and its concen-

ration influenced the second CL emission. The effect of KIO
4
oncentration was tested, and the result (Fig. 4) showed that
hen KIO4 concentration was 2.0 × 10−3 mol L−1, the second
L reaction had the maximum CL intensity.

1
r
o

able 1
inear range and regression of the calibration curve

inear ranges (g mL−1) Regression equations

× 10−9 to 1 × 10−8 I = 10.7 × 109C + 22
× 10−8 to 1 × 10−7 I = 33.3 × 108C + 90
× 10−7 to 1 × 10−6 I = 37.8 × 107C + 20.2
× 10−6 to 1 × 10−5 I = 332.4 × 106C − 306.1
× 10−5 to 4 × 10−4 I = 276.8 × 105C − 33.5
ig. 5. Effect of luminol concentration: KIO4: 2 × 10−3 mol L−1; NaOH:
.5 mol L−1; MSB: 1 × 10−6 g mL−1.

As the luminescence reagent in this system, luminol concen-
ration affects the response. The effect of luminol concentration
n the range of 1 × 10−6 to 8 × 10−6 mol L−1 was investigated.
he result (Fig. 5) showed that the CL intensity increased with

ncreasing luminol concentration and above the concentration
f 5 × 10−6 mol L−1, the CL intensity declined. So, the optimal
oncentration of luminol was 5 × 10−6 mol L−1.

.3. Performance of the system for MSB measurements

Under the optimum conditions given above and using the
ow-injection system described in Fig. 1, the calibration graph
f the second CL emission intensity (I, mV) versus MSB concen-
ration was linear in the range of 2 × 10−9 to 4 × 10−5 g L−1,
nd the detection limit was 8 × 10−10 g L−1. The calibration
quations were listed in Table 1. The relative standard devi-
tion (R.S.D.) was less than 1% for 11 measurements of
× 10−6 g L−1 MSB. Two typical recording outputs of the pro-
osed second CL system for measurements of MSB are shown
n Figs. 6 and 7. A complete analysis, including sampling and
ashing, could be performed in 1 min.

.4. Interference studies

In order to assess the possible analytical application of
he second CL emission system to drug quality control,
he effect of some common chemicals used as excipients
× 10−6 g L−1 MSB. The tolerable concentration ratios with
espect to 1 × 10−6 g L−1 MSB for interference at 5% level were
ver 1000 for Na+, Ca2+, K+, Cl−, SO4

2−, and NO3
−, 500 for

Correlation coefficient High voltage

0.9994 750
0.9999 700
0.9994 550
0.9946 500
0.9985 350
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Fig. 6. Typical recorder outputs for a series of MSB standard solutions under
the proposed conditions by the flow-injection system.

Fig. 7. Typical recorder outputs for 11 measurements of 1.0 × 10−6 g mL−1

MSB standard solution.

Table 2
Results of determination of MSB in injections

Samples Claimed
(mg mL−1)

Official method Proposed methoda

Found
(mg mL−1)

Found
(mg mL−1)

Recovery (%)

1
2

s
s
b
c

3

b
f

i
v
p
t
g
p
t
g

4

d
o
t
s
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t

A

F
f

R

[
[
[

[
[
[

4 4.13 3.95 96.5
4 4.20 4.25 100

a Average of three determinations.

tarch and dextrin, 100 for glucose, fructose and lactose, 50 for
ucrose and maltose, respectively. The same amount of ascor-
ic acid produced positively interference because ascorbic acid
ould enhance the luminol–KIO4 CL reaction [13].

.5. Application
Without any pre-treatment sample solution were prepared
y directly diluting the injection of MSB (Xi’an Pharmaceutical
actory, China) with water so that the concentration of MSB was

[

[

Acta 575 (2006) 212–216

n the working range of its determination. In order to evaluate the
alidity of the proposed method for the determination of MSB in
harmaceuticals, recovery studies were carried out on samples
o which known amounts of MSB were added. The results are
iven in Table 2. Furthermore, the results obtained using the
roposed method were also compared with those obtained by
he official method [17]. As can be seen from Table 2, there is
ood agreement between the two methods.

. Conclusion

In this paper, a new chemiluminescence phenomenon
escribed as the second chemiluminescence emission was
bserved in luminol–IO4

−–menadione sodium bisulfite CL sys-
em, and based on a series of experiments the mechanism of the
econd CL emission was performed. Furthermore, the second
L reaction combined with flow-injection technique was used

o analysis menadione sodium bisulfite in pharmaceuticals.
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