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Abstract In the paper, a chemiluminescence (CL) system
was developed based on the catalytical effect of diperiodato-
cuprate (III) (DPC) on the 1,10-phenanthroline (phen)/
hydrogen peroxide (H,O,) in the presence of cetyltrimethy-
lammonium bromide (CTAB). The effects of experimental
conditions were investigated. Meanwhile the increase of CL
intensity of the DPC/phen/H,0,/CTAB system is propor-
tional to the concentration of phen in the range of low
concentration. The linear range of the calibration curve is
5.0x107°-1.0x107° mol L™, and the corresponding detec-
tion limit is 1.9x10™ mol L™'. The effects of phenolic
compounds (PCs) on the system were investigated. Hydro-
quinone was used as an example to investigate the
application of the CL system to the determination of PCs.
The quenched CL intensity is linearly related to the
logarithm of concentration of hydroquinone. The linear
range of the calibration curve is 2.5x10 °—1.0x
10 g mL™", and the corresponding detection limit is 1.8 x
10°° g mL™'. This phen and hydroquinone can be
synchronously determined. The method was applied to the
determination of hydroquinone in water samples and the
recoveries were from 92% to 106%.
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Introduction

In the recent past, interest in transition metals in highest
oxidation state has increased significantly because of
their characters of strong oxidation and supernormal
catalysis. Transition metals in higher oxidation state can
be stabilized by chelation with suitable polydentate
ligands. The known transition metals in highest oxida-
tion state include diperiodatocuprate (III) (DPC) [1-3],
ditelluratocuprate (III) (DTC) [4], diperiodatoargentate
(II) (DPA) [5, 6], diperiodatonickelate (IV) (DPN) [7, 8]
and potassium ferrate (VI) [9]. Hitherto, a considerable
amount of researches focused on the field of the reaction
rate of transition metals in highest oxidation state and the
existent form of reaction active center etc. [10-14].
Periodate and tellurate complexes of copper in its trivalent
state were used in the analysis of several organic
compounds [15, 16]. The kinetics of self-decomposition
of these complexes was studied in some detail [17, 18].
The use of DPC as an oxidant in alkaline medium is new
and restricted to a few cases due to its limited solubility
and stability in aqueous medium. DPC has recently
received considerable attention in the polymerization
reaction. DPC is used as oxidant and polymer is used as
reductant for the redox system, which initiates the
radical graft copolymerization or block copolymerization
[19-21]. DPC is a versatile one-electron oxidant for the
oxidation of various organic compounds in alkaline
medium and its use as an analytical reagent is now well
recognized [22]. The chemiluminescence (CL) reactions
based on their strong oxidation and supernormal catalysis
effect have been reported [23-26].
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The CL has attracted a great deal of attention as an
interesting and useful detection method in analytical
chemistry [27-30]. The CL detection has a number of
advantages: (1) high detection sensitivity, (2) wide linear
range of signal response, (3) inexpensive reagent and
apparatus, (4) easy and rapid measurement. In the paper,
the metal chelate DPC was prepared based on the
complexation of trivalent copper and periodate in strong
alkaline medium. The effect of DPC on the CL of the
reaction of 1,10-phenanthroline (phen) and hydrogen
peroxide (H,0O,) in the presence of a cationic surfactant
cetyltrimethylammonium bromide (CTAB) was studied. It
was found that the addition of DPC into the phen/H,0,/
CTAB system could induce significant enhancement on
CL signal. Under the optimal conditions, the effects of
phenolic compounds (PCs) on the DPC/phen/H,O,/CTAB
CL system were investigated. PCs were observed to
inhibit the CL signal of the system. This system can
synchronously detect phen and hydroquinone. The CL
mechanism was also discussed briefly based on the
photoluminescence (PL) and CL spectra. To evaluate
practical application for the proposed method, the water
samples were analyzed and the results obtained were
satisfactory.

Experimental
Reagents and Chemicals

K,S,0g, CuS0,4-5H,0, KOH, NaOH, H,0, (30%), phen,
and CTAB were purchased from Beijing Chemical Plant in
China. Phenol, catechol, hydroquinone, resorcinol were
purchased from Tianjin Guangfu Fine Chemical Re-
search Institute in China. Chlorogenic acid, catechin and
kaempferol were purchased from National Institute for
the Control of Pharmaceutical and Biological Products
(Beijing China). All the reagents were of analytical
reagent grade and all solutions were prepared with ultra-
pure water.

Synthesis of DPC

The 0.01 mol L' DPC stock solution was prepared by
oxidizing Cu (II) in the alkaline medium according to the
reported method [22]. In briefly, KIO, (0.23 g),
CuSO,45H,0 (0.125 g), K,S,05 (0.159 g), KOH (0.8 g)
were dissolved in 30 mL water. The mixture was heated to
boiling for about 20 min on a hot plate with constant
stirring. The boiling mixture turned intensely red and was
heated for another 20 min for the completion of the
reaction. The mixture was then cooled and diluted to
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50 mL with ultra-pure water. The obtained stock solution
was stored in refrigeration at 0—4 °C. Under such storage
condition, it was found fairly stable for several months and
DPC solutions were freshly prepared before use. The
complex was characterized by UV/visible spectrum, which
exhibits a brood band at 415 nm, and the result is shown in
Fig. 1.

Apparatus

The CL analysis was conducted on a laboratory-built steady
injection CL system. The schematic diagram of the system
is shown in Fig. 2. The steady injection Analysis Processor
FIA-3100 (Beijing Wantuo Instruments Co. Ltd.) consists
of two peristaltic pumps, a 16-hole eight-way valve and a
digital-system to control the time and pump pressure. PTFE
tube (0.8 mm i.d.) was used as connection material in the
steady system. The CL emission was detected by an ultra-
weak luminescence analyzer (type BPCL manufactured at
the Institute of Biophysics, Chinese Academy of Sciences,
Beijing, China). The acquisition and treatment of data were
performed with BPCL software running under Windows
XP.

Fluorescence spectra were recorded on a RF-5301
spectrofluorimeter (Shimadzu, Japan). The absorption spec-
tra were recorded on an Australian GBC Cintra 10e UV—vis
Spectrometer within the wavelength range from 200 to
800 nm.

Procedure

Experimental results were obtained using the following
operation parameters: pump rate, 60 r/min; sample
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Fig. 1 The absorption spectrum of DPC
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Fig. 2 Schematic diagram of

the steady-injection CL system. air ] Black box
A: H,0, solution; B: phen so- R
lution; Py, P,: peristaltic pump; ] -
SL: sample loop; V: eight-way Ii_r P
valve; R: chemifold; S: sample ! /
cell; PMT: photomultiplier tube; S I:I
PC: computer; W: waste. a ]
Loadi ition. L
oa.d.mg position. b Injection ‘_l_’ air PMT
position L
Py (a)
air Black box
R

>

N

I—_H air

loop volume, 300 pL; sampling time, 12 s; sample
injection time, 20 s; the PMT negative voltage,
=700 V; the integral time of the CL signal, 60 s.
200 puL of DPC solution (or solution containing DPC
and PCs) and 200 pL of CTAB solution were first
added into the sample cell (1 cm i.d. of colorless glass
tube), and then H,O, and phen solution were synchro-
nously injected into the sample cell using the steady
injection system.

In sequence 1 (Fig. 2a), pumps P; and P, were
activated, and valve V was in the loading position. The
pump P; was used to deliver H,O, solution into the
sample loop; (SL,) and the pump P, was used to introduce
phen solution into the sample loop, (SL,). In sequence 2
(Fig. 2b), pumps P, and P, were activated, and valve V
was in the injection position. The pumps P, and P, were
used to deliver the air current. The H,O, solution and
phen solution were simultaneously pumped at the same
rate separately into chemifold R where they were mixed.
The mixed solution was carried into sample cell S and
mixed with DPC (or solution containing DPC and PCs)
and CTAB solution in the sample cell S. CL signal was
measured and recorded. After determination, the mixed
solution in the sample cell S was emptied. The sample cell
S was washed and dried. All experiments were performed
in triplicate.

(b)

The concentration of analyte was quantified by measur-
ing the change of CL intensity. Al = I, - I, is for the
determination of phen, and Al = [, - [; is for the
determination of hydroquinone, where 7, and I, are CL
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Fig. 3 Dynamic CL intensity—time profiles of phen/DPC/CTAB (a),
DPC/phen/H,0, (b), phen/H,O,/CTAB (¢) and DPC/phen/H,0,/
CTAB (d) CL reactions. Conditions: phen, 1.0x107 mol LY, H,0,,
1.0 mol L™"; DPC, 1.0x10~* mol L™'; NaOH, 0.1 mol L™'; CTAB,
2.0x107% mol L™
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signals in the absence and presence of the analyte,

respectively.

Preparation of Sample

The sample solution was filtered into the beaker, and
100 mL of the resulting solution was added to 250 mL
distillation flask. The solution was heated and distilled. The
hydroquinone was slowly volatilized with steam. When
there was about 90 mL distilled solution left, the residual
liquid was cooled and 10 mL of ultra-pure water was added
into the distillation flask. The mixture was continuous

heated and distilled until the distilled solution was at
100 mL.

Results and Discussion

CL of DPC/phen/H,0,/CTAB System

The dynamic CL intensity—time profiles are shown in
Fig. 3. The results indicate that the CL signals of phen/

DPC/CTAB, DPC/phen/H,0, and phen/H,O,/CTAB sys-
tem are very low (Fig. 3a, b and c), but the CL signal of
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Fig. 4 Optimization of the reaction conditions. Concentration: (a)
phen, 1.0x107> mol L™'; H,05, 1.0 mol L™'; DPC, 1.0x10* mol L™";
CTAB, 2.0x10> mol L. (b) phen, 1.0x10> mol L'; H,0,,
1.0 mol L™'; NaOH, 0.05 mol L™'; CTAB, 2.0x107> mol L™". (c)
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phen/H,0,/CTAB system could be remarkably enhanced in
the presence of DPC (Fig. 3d). Moreover, the CL intensity—
time profiles (Fig. 3) confirmed that the CL reactions
were slow and the maximum emission intensity was
attained within 2.8 s for phen/H,0,/CTAB system and
13 s for DPC/phen/H,0,/CTAB system after initiating the
reactions.

Effect of the Concentration of NaOH

The proposed CL reaction under the acidic or neutral
medium cannot produce CL signals. When the CL
reaction was conducted in alkaline medium, surprisingly,
the CL emission can be enhanced drastically. The
NaOH solution was employed as the reaction medium
and the DPC was diluted with NaOH solution. The
influence of NaOH concentration on the CL intensity
was tested, as shown in Fig. 4a. The most suitable NaOH
concentration for DPC/phen/H,0,/CTAB CL system was
0.05 mol L™'. When the NaOH concentration exceeded
0.05 mol L™', a simultaneous decrease of CL intensity was
observed.

Effect of the Concentration of DPC

The effect of the concentration of DPC on the CL intensity
was examined in the range of 1.0x10°~1.0x 10> mol L™/,
and the results are shown in Fig. 4b. The CL intensity
increases when the DPC concentration increases from 1.0x
107° to 2.5x107* mol L', and the intensity started to
decrease when the concentration is higher than 2.5x
10* mol L™'. Therefore, the optimum DPC concentration
was chosen to be 2.5x10* mol L™".
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Fig. 5 Influence of phen concentration on the CL intensity.
Concentration: H,0O,, 1.0 mol L% DPC, 2.5x10* mol L™ '; NaOH,
0.05 mol L™!; CTAB, 5.0x10> mol L™
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Fig. 6 The CL spectra of DPC/phen/H,0,/CTAB (a) and phen/H,0,/
CTAB (b) system. Concentration: phen, 2.5x10> mol L™'; H,0,,
1.0 mol L™"; DPC, 2.5%x10™* mol L™'; CTAB, 5.0x10> mol L™';
NaOH, 0.05 mol L™!

Effect of the Concentration of H,O,

The influence of H,O, concentration on the CL intensity
was studied in the range of 0.010-2.5 mol L™'. The
experimental results are shown in Fig. 4c. The CL intensity
increases with increasing H,O, concentration. The CL
intensity significantly increases with increasing H,O,
concentration up to 1.0 mol L~'. When the H,O,
concentration is higher than 1.0 mol L', the CL intensity
is slowly increased. The H,O, concentration of 1.0 mol Lt
was chosen for further research.
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Fig. 7 The PL spectra of DPC/phen/H,0,/CTAB (a), DPC/phen/
H,0, (b), phen/H,0; (¢), phen/CTAB (d), phen (e), phen/DPC (f) and
DPC/H,0, (g) system. Concentration: phen, 2.5x 107 mol L™'; H,0,,
1.0 mol L™!; DPC, 2.5x107* mol L™'; CTAB, 5.0x10> mol L™';
NaOH, 0.05 mol L'
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Scheme 1 The mechanism of
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Effect of the Concentration of CTAB

The effect of CTAB concentration on the CL signals was
studied in the range of 1x107°-2x1072 mol L™', and the
experimental results are shown in Fig. 4d. It can be seen
from Fig. 4d that the CL intensity increases with increasing
CTAB concentration up to 5.0x10 > mol L™'. When the
CTAB concentration is higher than 5.0x 10> mol L, the
CL intensity is essentially constant. Hence, 5.0x
107 mol L' CTAB was chosen as the optimum concen-
tration. The CTAB has not significant influence on the CL
intensity when the concentration of CTAB is lower than the
critical micelle concentration (CMC, 9x10™* mol L™ for
CTAB [31]). When the concentration of CTAB is higher
than the CMC, CTAB molecules tend to form a micell. The
local microenvironment of micell leads to a significant
increase in CL quantum yield [32]. When the concentration
of CTAB is higher than CMC, the compartmentalization
due to the formation of the micell prevents oxygen-based

quenching and leads to CL increase. When the concentra-
tion of micell is high enough to completely prevent oxygen-
based quenching, the CL intensity of the system does not
increase with the increase of the CTAB concentration. So
the CL signal is constant when concentration of CTAB is
higher than 5.0x107> mol L™".

Effect of the Concentration of Phen

The effect of phen concentration on the CL intensity
was tested, as shown in Fig. 5. The CL intensity
increases with increasing phen concentration up to 2.5x
10~ mol L™'. When the phen concentration is higher than
2.5x107° mol L' the CL intensity of the system
decreases with the increasing concentration of phen.
Hence, the phen solution of 2.5x 10 mol L™ was chosen
for subsequent studies.

There is a good linear relationship between the enhanced
CL intensity and the concentration of phen in the range of

Table 1 Inhibition effects of phenolic compounds on phen/H,0,/CTAB system

Compounds Concentration (ug/mL) Quenching (%) Concentration (ug/mL) Quenching (%) Concentration (ug/mL) Quenching (%)
Phenol 10 31.0 5 14.4 1 6.0
Catechol 10 51.3 5 35.1 1 16.1
Hydroquinone 10 58.1 5 31.0 1 22.8
Resorcinol 10 453 5 223 1 18.3
Chlorogenic acid 10 77.0 5 65.7 2.5 30.2
Catechin 10 96.8 5 81.6 2.5 41.1
Kaempferol 10 72.1 5 50.5 2.5 27.1
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Table 2 Inhibition effects of phenolic compounds on DPC/phen/H,0,/CTAB system

Compounds Concentration (ng/mL) Quenching (%) Concentration (ng/mL) Quenching (%) Concentration (ug/mL) Quenching (%)
Phenol 1 40.4 0.1 253 0.01 12.5
Catechol 1 54.4 0.1 41.4 0.01 234
Hydroquinone 1 56.2 0.1 433 0.01 23.7
Resorcinol 1 46.9 0.1 34.9 0.01 18.7
Chlorogenic acid 1 60.7 0.1 50.1 0.01 18.2
Catechin 1 70.1 0.1 59.8 0.01 20.7
Kaempferol 1 60.5 0.1 42.6 0.01 13.4

low concentration (Fig. 5 inset). The linear range is 5.0x
107°-1.0x10® mol L™, linear regression equation is Al =
17.58C + 0.0002440 (C, mmol L™'; r=0.9993) and the
detection limit is 1.9x10™° mol L™". The relative standard
deviation for determining 1.0x10"7 mol L™" phen is 3.0%
(n=11). The results demonstrate that the proposed CL
system may be used to detect phen.

Mechanism

The CL spectrum of the reaction was examined and the
results are shown in Fig. 6. The CL emission peaks of phen/
H,0,/CTAB and DPC/phen/H,0,/CTAB system are at
about 440 nm. When the DPC was added into the phen/
H,0,/CTAB system, the shape of the CL emission peak
was not significantly affected, but the CL intensity
significantly was enhanced. In order to understand the
mechanism of the CL reaction, the PL spectrum of the
reaction was examined. Figure 7 shows significant differ-
ence in the PL spectra of different systems. From Fig. 7e it
can be seen that the characteristic emission peak of phen in
alkaline medium appears at 360 nm. When the CTAB
(Fig. 7d) and DPC (Fig. 7f) were added into the alkaline

Table 3 Tolerance of foreign substances

solution containing phen, they had not significant influence
on the shape of the PL emission peak, but the PL intensity
of phen/CTAB system (Fig. 7d) was enhanced. When the
H,0, was added into the alkaline solution containing phen,
anew PL emission peak which was a broad peak appears at
436 nm (Fig. 7c¢). Simultaneously, the characteristic
emission peak of phen decreases. The PL emission peaks
of phen/DPC/H,0, (Fig. 7b) and CTAB/phen/DPC/H,0,
(Fig. 7a) system are also at about 436 nm, and the
characteristic emission peak of phen disappears. The PL
spectrum shows peak at 436 nm coinciding with the CL
spectrum. Therefore it is proposed that the phen can be
oxidized to new substance by oxidant. The relaxation of
this excited state of the substance induces the transitions,
which produces CL signal. The addition of DPC into the
phen/H,O,/CTAB system could induce significant enhance-
ment on CL signal.

The possible mechanism of CL emission is shown in
Scheme 1. In this reaction, DPC catalyzes the decomposition
of H,0, and production of superoxide ion (O ). The O,
reacts with phen to form an intermediate product, which
emits light by fragmenting the intermediate product [33].
Enhancement of CL by adding cationic micellular solutions

Substance Concentration (pmol/L) Relative error (%) Substance Concentration (pmol/L) Relative error (%)
K, CcI” 1,000 -2.6 cd*', cI 25 -0.9
Na', CI” 1,000 -1.0 Mn>*, SO, 10 22
Mg**, CI” 500 47 Ccrt, NO;~ 25 0.2
Ca*", CI” 500 1.9 Pb>", NO;~ 50 2.0
Zn**, CI” 250 -13 Fe**, CI 10 -3.8
A", SO 250 -2.8 tetrachloromethane 1,000 -1.8
Ba2+, Cl” 250 2.2 methanol 1,000 -1.8
Ag", NO;~ 1,000 4.0 ethanol 1,000 4.1

Concentration of hydroquinone is 1.0x10™7 g/mL
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is thought to involve more efficient reaction of phen with
0, " in the Stern region of the micelles [34].

Influence of PCs

Tables 1 and 2 show the effects of PCs on the phen/H,0,/
CTAB and DPC/phen/H,0,/CTAB CL system, respectively.
All the tested PCs inhibited the CL signals of phen/H,O,/
CTAB and DPC/phen/H,0,/CTAB system. It can be seen
form Tables 1 and 2 that the inhibition effects of PCs on the
DPC/phen/H,0,/CTAB system were strong. Based on the
quenching of CL for DPC/phen/H,0,/CTAB system by PCs,
a sensitive CL quenching method has been developed for the
determination of PCs. By comparison with the determination
of PCs using the phen/H,O,/CTAB system, the determina-
tion of PCs using the DPC/phen/H,0,/CTAB system has
higher sensitivity.

The hydroquinone was used as an example, and the
analytical potential of the inhibition effects of PCs on the
proposed DPC/phen/H,0,/CTAB system was explored.
There is a good linear relationship between the A/ and the
logarithm of concentration of hydroquinone. The linear
range is 2.5x107°—1.0x10> g mL™', linear regression
equation is Al = 3.460lgC + 5.611 (C, ng mL™"; r=0.9950)
and the detection limit is 1.8x10™° g mL™'. The relative
standard deviation for determination of 1.0x10”7 g mL™
hydroquinone is 2.3% (n=11). By comparison with some
existing methods [35-38], the proposed method has
advantages of instrumental simplicity, low cost, high
sensitivity and wide linear response range.

Interfering Substance

The interferences of foreign substances were tested when
the concentration of hydroquinone was 1.0x10~7 mol L™".
The results are listed in Table 3. It can be seen from Table 3
that most of the coexisting substances do not interfere with
the determination of hydroquinone. A good selectivity
exists in the method.

Analytical Applications

In order to test the feasibility of the method, it was
applied to the determination of hydroquinone in water
samples, such as tap water, rain water and lake water
samples. The water samples were analysed and the
results indicated that the hydroquinone in the samples
was not detectable. The standard solutions of hydroqui-
none were added into water and the spiked samples
were analyzed. The obtained results are shown in
Table 4. The recoveries of hydroquinone at the different
concentration levels range from 92% to 106%. These
results indicate that the proposed method can be applied
for the determination of PCs in water, although sensitivity
varies with the compounds.

Conclusion

In the work, an effective catalyzer DPC has been used
for its excellent catalytical effect on the phen/H,O, CL
reaction in the presence of CTAB. The possible enhance-
ment mechanism of DPC on phen/H,0,/CTAB CL was
further investigated based on the PL and CL spectra.
Based on the studies, a new CL system of DPC/phen/
H,0,/CTAB was developed. The effects of experimental
conditions were investigated. The proposed method could
be successfully applied to the simultaneous determination
of phen and hydroquinone. The proposed method has the
advantages, such as simple instrument, low cost, high
sensitivity and wide linear response range for determina-
tion of hydroquinone. The method was successfully
applied to the determination of hydroquinone in the water
samples, such as tap water, rain water and lake water
samples. This work is important for the investigation of
new and efficient catalysts for chemiluminescent reac-
tions. Moreover, there is more potential application of
DPC to CL analysis.

Table 4 Determination of

hydroquinone in water samples Sample Added (g/mL) Found (g/mL) (n=5) Recovery (%) RSD (%)
Tap water 5.0x10°® 52x10°® 104 23
1.0x1077 9.5x10°® 95 2.4
5.0x1077 4.7x1077 94 1.8
Rain water 5.0x10°® 53x10°® 106 22
1.0x1077 9.7x10°® 97 3.6
5.0x1077 46x1077 92 23
Lake water 5.0x1078 5.1x1078 102 1.4
1.0x1077 9.9x107® 99 2.1
5.0x1077 52x1077 104 1.6
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