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a b s t r a c t

Colloidal solutions of ferric oxide nanoparticles of different particle size and surface area characteristics
enhance the intensity of the chemiluminescent (CL) reaction of luminol with hydrogen peroxide up to 18-
fold and accelerate the rate of the reaction time to 86-fold. The sample with the highest enhancement was
ccepted 14 July 2008

eywords:
uminol
hemiluminescence
erric oxides

applied in the determination of hydrogen peroxide and the estimation of hydrogen peroxide scavenging
activity of selected antioxidant compounds. Hydrogen peroxide was determined down to 1.25 × 10−3 M
(S/N = 3). Regarding the hydrogen peroxide scavenging activities of the selected organic antioxidants, it
was found that mono- and dihydroxylated phenols (tyrosol, catechin and caffeic acid) exhibit up to one
order of magnitude higher scavenging activity than trihydroxylated phenols (gallic acid and pyrrogallic
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. Introduction

Chemiluminescence (CL) is acknowledged to be one of the most
ighly sensitive analytical techniques [1–5] with a wide range of
pplications in diverse fields, such as biotechnology [6], pharma-
ology [7], food analysis [8], and clinical and environmental assays
9,10]. In most of these techniques, luminol is the chemilumines-
ent of choice and hydrogen peroxide the oxidation reagent. The
ensitivity of these reactions increases dramatically in the presence
f metal ions and enzymes [11–14] and as recently mentioned also
n the presence of metal nanoparticles [15–17]. In the latter case,
he efficiency of light reactions depends strongly on the particle size
nd surface properties of nanomaterials [18–21]. To the best of our
nowledge, with the exception of Zhengping’s work [22], nothing is
eported about the catalytic activity of ferric oxide nanoparticles in
L reactions. Although it is known that many organic compounds
re easily oxidized by hydrogen peroxide in the presence of iron
xides [23–25], these catalysts have not been used yet in CL reac-
ions. Using 8-hydroxyquinoline we could, in a model preparation

rocedure, produce colloidal solutions of ferric oxide nanoparticles
t room temperature and used them in the CL reaction of luminol
ith hydrogen peroxide. The obtained enhanced and accelerated

ight signals of this CL reaction were applied for the determina-

∗ Corresponding author. Tel.: +30 210 6503647; fax: +30 210 6511766.
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ion of hydrogen peroxide as well as for the estimation of the
ydrogen peroxide scavenging activity of some selected phenolic
ntioxidants.

. Experimental

.1. Equipment

Chemiluminescence measurements were performed on a 1250
io-Orbit luminometer with the timer circuitry disconnected. The

uminometer (output range 1.0 mV to 10 V) is equipped with a
amamatsu photomultiplier tube (HAM 105-21) with side window
nd spectral range from 300 to 620 nm, connected to a poten-
iometer chart recorder (GOW-MAC Instrument Co., Model 70-150)
r personal computer equipped with a homemade software pro-
ram which allows for the continuous monitoring and analysis of
he output signal. Transmission electron microscopy (TEM) stud-
es were undertaken with a FEI CM20 TEM operating at 200 kV.
nfrared spectra were recorded on a Nicolet 6700 Fourier transform
pectrometer. The content of iron in colloidal solutions was deter-
ined by atomic absorption instrument (GBC, Avanta GF 3000)

sing 25 ppm ferric oxide dispersion as a standard.
.1.1. Materials
The commercial nanometer-sized iron oxide powders such as

-Fe2O3, �-Fe2O3 and Fe3O4 (Nos. 1–4) were purchased from
anotek and Aldrich and used without any additional treatment

http://www.sciencedirect.com/science/journal/13858947
mailto:kyriakos@chem.demokritos.gr
dx.doi.org/10.1016/j.cej.2008.07.035
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Table 1
Physical data of various colloidal dispersions of ferric oxide nanoparticles and their effects on the CL intensity and acceleration reaction time of luminol with hydrogen
peroxide

No. Nanomaterial Commercial products
or prepared from

Surface area (m2/g) Particle size (nm) Intensitya (mV) Reaction timea (min)

1 �-Fe2O3 Nanotek 20 20–40 420 106.6
2 �-Fe2O3 Nanotek 43 5–100 2146 13.8
3 Iron (III) oxide Aldrich 245 5–25 2122 17.9
4 Iron (II, III) oxide Aldrich >60 22–30 1340 37.4
5 Iron (III) oxide Aldrich – <5 �m 770 115.2
6 Amorphous Fe2O3 Fe4[Fe(CN)6]3 (PB) 210 3–4 7766 2.3
7 Amorphous Fe2O3 FeC2O4·2H2O 401 2–3 4943 4.8
8 Mixture of amorphous

Fe2O3 (63%) and �-Fe2O3

(37%)

FeC2O4·2H2O 288 5–7 3909 6.6

9 Mixture of amorphous
Fe2O3 (7%) and �-Fe2O3

(93%)

FeC2O4·2H2O 154 10–15 2652 12.7

a These values determined at the time where the light signal reached its maximum intensity; the light intensity and reaction time of the blank reaction were 447 mV and
197.6 min, respectively.

Table 2
Analytical characteristics of the corresponding linear regression equations AAI (%) = a + bC (antioxidant activity vs. concentration) for the estimation of hydrogen peroxide
scavenging activity of selected organic antioxidants

No. Organic compounds Linear range (M) a b Sy/x r2

1 Vitamin E 2.5 × 10−5 to 2.5 × 10−3 9.58 20,424 3.38 0.981
2 Cysteine 2.5 × 10−5 to 2.5 × 10−3 10.7 6,622 1.35 0.973
3 Tyrosol 2.5 × 10−5 to 2.5 × 10−4 9.9 179,213 3.06 0.988
4 Chlorogenic acid 2.5 × 10−4 to 1.87 × 10−3 −11.1 55,620 3.21 0.995
5 Catechin 2.5 × 10−5 to 2.5 × 10−4 10.67 236,459 3.27 0.992
6 Pyrrogallic acid 2.5 × 10−5 to 6.25 × 10−4 11.31 33,895 3.99 0.972
7 −4 −4
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2.3. Preparation of working solutions

Working colloidal solutions of ferric oxide nanoparticles were
prepared as mentioned before (solution A). Alkaline aqueous work-
ing solutions of luminol (5.0 × 10−5 M), solution B, were prepared

Table 3
Hydrogen peroxide scavenging activities (IC-50 and TC-50) of some organic com-
pounds estimated from the reduction of chemiluminescence intensity or retardation
reaction time of luminol and hydrogen peroxide catalyzed by ferric oxide catalyst
No. 6

No. Organic compounds Hydrogen peroxide scavenging activity (M)

IC-50 TC-50

1 Vitamin E 1.97 × 10−3 2.94 × 10−3

2 Cysteine 5.93 × 10−3 4.21 × 10−3

3 Tyrosol 2.23 × 10−4 3.35 × 10−4

4 Chlorogenic acid 1.09 × 10−3 1.28 × 10−3
Caffeic acid 1.25 × 10 to 6.25 × 10
Ascorbic acid 8.25 × 10−4 to 2.25 × 10−3

Gallic acid 2.5 × 10−4 to 2.25 × 10−3

Table 1). For comparison reasons, the micrometer-sized iron (III)
xide was included in the study (No. 5). All other nanomaterials
ere prepared and characterized in our laboratories according to
reviously described procedures [26,27]. Amorphous Fe2O3 (No.
, particle size 3–4 nm, surface area 210 m2/g) was prepared by
hermal treatment of powdered Prussian blue (PB, Sigma–Aldrich)
n air at 250 ◦C for 1 h [26]. The sample 7 (amorphous Fe2O3, the
ize range of 2–3 nm, surface area 401 m2/g), sample 8 (a mix-
ure of amorphous Fe2O3 (63%) and �-Fe2O3 (37%), the size range
f 5–7 nm, surface area of 288 m2/g) and sample 9 (a mixture
f amorphous Fe2O3 (7%) and �-Fe2O3 (93%), the size range of
0–15 nm, surface area 154 m2/g) were prepared by controlled ther-
al treatment of iron (II) oxalate in air at 175 ◦C for 6, 17 and

00 h, respectively [27]. Crystal structures and phase composition
f all synthesized iron oxides were previously confirmed by XRD
nd 57Fe Mössbauer spectroscopy and published in papers listed as
26,27].

All other chemicals used in this work were of a high purity and
urchased from Aldrich except of caffeic acid and catechin, which
ere obtained from Fluka. The names of all antioxidants used in

his work are given in Tables 2 and 3. Ultrapure water was obtained
y a Milli-Q PLUS 185 water system (Millipore, Beddord, MA, USA).

.2. Preparation of colloidal nanomaterial dispersions

The colloidal solutions of ferric oxide nanomaterials were pre-

ared by the following procedure: 5.0 mg solid ferric oxides were
dded in an aqueous sodium hydroxide solution (50 mL, 0.1 M)
ontaining 50 mg 8-hydroxyquinoline and the resulting mixture
onicated for 30 min (solution A). After leaving the mixture in the
ark for 1 h the supernatant solution was collected and used as

5
6
7
8
9

−6.7 141,787 3.32 0.964
−12.7 25,135 1.16 0.996

7.11 13,726 1.04 0.996

atalyst working solution for CL measurements. These colloidal
atalyst solutions remain stable at least for 5 days as verified by
hemiluminescence measurements. Other attempts to bring solid
erric oxide nanomaterials into colloidal solutions using anionic,
ationic or neutral surfactants or other organic dispersants such as
itrilotriacetic acid, 2,2-bipyridine and polyethylene glycols failed.
,10-Phenanthroline was a good colloidal dispersant for ferric
xides, but its effectiveness on the luminol CL reaction with hydro-
en peroxide was inferior when compared to 8-hydroxyquinoline.
Catechin 1.66 × 10−4 7.48 × 10−4

Pyrrogallic acid 1.14 × 10−3 1.51 × 10−3

Caffeic acid 3.99 × 10−4 5.18 × 10−4

Ascorbic acid 2.46 × 10−3 1.16 × 10−3

Gallic acid 3.12 × 10−3 3.24 × 10−3
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ig. 1. TEM images of (a) non-coated and (b) coated ferric oxide nanoparticles (No.
) with 8-hydroxyquinoline.

y consecutive dilutions of a stock solution of luminol (0.01 M)
ith 0.1 M sodium hydroxide. Working solutions of hydrogen per-

xide (0.1 M) were daily fresh prepared by appropriate dilution of
ommercial 30% (w/v) aqueous hydrogen peroxide with ultrapure
ater. Working solutions of antioxidant compounds mentioned in

able 3 were prepared by appropriate dilution of their correspond-
ng alkaline stock solutions (0.1 M) with 0.1 M sodium hydroxide
olution.

.3.1. Chemiluminescence measurements
Depending on the purpose of application of catalyzed CL reac-

ion of luminol, the following CL measurements were performed:
a) In order to compare the effectiveness of different ferric oxide
anoparticles on the luminol CL reaction, the light reactions were

nitiated by adding 200 �L hydrogen peroxide (0.1 M) into a mixture
ontaining 200 �L colloidal catalyst solution A and 200 �L luminol
olution B. The light intensities and reaction times obtained com-
ared with those of the corresponding blank reaction, where no
atalyst was present (200 �L luminol solution B, 200 �L hydrogen
eroxide (0.1 M) and 200 �L sodium hydroxide aqueous solution

0.1 M) containing 0.1% (w/v) 8-hydroxyquinoline). Hydrogen per-
xide was added into the reactor cell by a Hamilton syringe through
septum. All measurements were repeated five times at room tem-
erature. (b) For the quantification of hydrogen peroxide, the light
eactions were initiated by adding 200 �L hydrogen peroxide solu-

i
t
s
a

ig. 2. TEM images of ferric oxide nanoparticles No. 6 (a), No. 7 (b) and No. 9 (c)
oated with 8-hydroxyquinoline.

ions of various concentrations into a mixture containing 200 �L
lkaline luminol solution B and 200 �L colloidal solution A of cata-
yst No. 6. This catalyst was chosen due to its highest effect on the CL
ntensity and acceleration reaction time of light signals (Table 1). (c)
or the estimation of antioxidant activities, the light reactions were

nitiated by adding 200 �L hydrogen peroxide of 0.1 M to a mix-
ure containing 200 �L alkaline luminol solution B, 200 �L colloidal
olution A of catalyst No. 6 and 200 �L alkaline aqueous solution of
ntioxidants of various concentrations (1.0 × 10−5 to 1.0 × 10−2 M).
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No. 6 shows the highest CL intensity enhancement compared to
the blank reaction (up to 18-fold) and accelerates the reaction
time up to 86-fold (Table 1 and Fig. 5). Therefore, this catalyst
used for all CL applications. The blank reaction of luminol reaches
Fig. 3. Proposed structures of coated ferri

. Results and discussion

The main purpose of this work has been the investigation of
he applications of ferric oxide nanoparticles with different surface
rea and particle size characteristics on chemiluminescent reac-
ions and their use in analytical applications. It has been known
hat most of CL reactions proceed in the solutions; therefore, it
as necessary to find techniques to bring initially the solid ferric

xide nanoparticles into a “pseudo-water-soluble” form and then
pply them to CL reactions. For this purpose, different organic com-
ounds with relatively good “affinity” to iron, such as nitrilotriacetic
cid, 2,2-dipyridine, o,o-phenanthroline, 8-hydroxyquinoline and
olyethylene glycols of various molecular weights were tested.
-Hydroxyquinoline found to be the best reagent for the light
eaction of luminol with hydrogen peroxide due to its highest
ffect on the enhancement and acceleration of the luminol light
ignals. As mentioned in Section 2, the colloidal solutions of fer-
ic oxide nanoparticles were simply prepared by sonication of
uspended solid ferric oxides in aqueous alkaline solutions of 8-
ydroxyquinoline. The existence of ferric oxide nanoparticles in the
olloidal solutions as well as the sizes and shapes of the nanopar-
icles were confirmed by TEM microscopy. The samples of coated
erric oxide nanoparticles with 8-hydroxyquinoline used for TEM
nalysis were obtained by transferring the supernatant of freshly
repared colloidal solutions into a centrifugation tube and subse-
uent centrifugation for 30 min at 6000 rpm. In most cases, this
rocedure yielded negligible amount of the precipitated material.
y repeating the whole procedure many times and washing the
recipitated solid material with ethanol, to remove surplus of 8-
ydroxyquinoline and sodium hydroxide, enough material could
e collected and subjected to TEM analysis. As representative sam-
les for TEM analyses were chosen the catalyst No. 1 containing

arge particles (hematite, 20–40 nm) and catalysts No. 6, No. 7 and
o. 9 having the smallest particles size with large surface areas

Table 1). The best TEM images were obtained in the case of the
ample No. 1, where, in contrary to the initial non-coated sample
Fig. 1a), a core–shell structure of the nanoparticles coated with
-hydroxyquinoline is clearly visible (Fig. 1b). Less visible is the
oating of ferric oxide nanoparticles in the TEM images of catalysts
o. 6, No. 7 and No. 9 (Fig. 2a–c).

Nevertheless, these images suggest the existence of the iron
xide nanoparticles in the solutions. Their size and morpholog-
cal characteristics remain the same as those corresponding to
he original iron oxides used for the colloidal solutions. In addi-
ion to TEM analysis, the adsorption of 8-hydroxyquinoline on the
urface of ferric oxide nanoparticles was verified by FT-IR spec-

roscopy. The characteristic bands of 8-hydroxyquinoline at 1120
C–O) and 1560 cm−1 (C N) were shifted on the spectrum of coated

aterial to 1180 (C–O) and 1615 (C N), respectively, showing
hat the coordination occurs through nitrogen and oxygen of 8-
ydroxyquinoline. The content of iron in the colloidal solution of

F
c

e nanoparticles with 8-hydroxyquinoline.

ample No. 6 (solution A) was found to be 7.5 ± 0.8 ppm (n = 5) by
tomic absorption spectroscopy.

The coating of ferric oxide nanoparticles with 8-
ydroxyquinoline over five-membered chelate complexes is
resented in Fig. 3. The adsorption of organic material to ferric
xide nanoparticles can also be achieved by other forces, such as
an der Waals or electrostatic forces between organic material
nd ferric oxides. Such explanations have been suggested by
ther authors for stable iron oxides both in acidic and in alkaline
olutions [28–30]. The hydrophobic aromatic compound bound on
he surface of ferric oxide nanoparticles makes the whole complex

ore hydrophobic in aqueous solutions.
At this point, it should be noted that the novel coated cata-

ysts are stable and transparent for about 5 days. After that time
hey form solid aggregates and precipitate in the alkaline aqueous
olutions. These precipitates were not further examined because
hey were not relevant to CL measurements. All CL measurements
ere performed directly after preparation of the colloidal solutions.

he stability of ferric oxide catalyst No. 6 is manifested by measur-
ng the intensity–time profiles of the light reaction of luminol and
ydrogen peroxide in different days. As shown in Fig. 4, the reaction
inetic profiles of the catalyzed luminol reaction change after the
fth day.

The catalytic activity of all prepared colloidal solutions of ferric
xide nanoparticles on the chemiluminescence reaction of lumi-
ol and hydrogen peroxide is shown in Table 1 and Fig. 5. Catalyst
ig. 4. Intensity–time profiles of the luminol light reaction with hydrogen peroxide
atalyzed by ferric oxide No. 6 measured at different days.
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intensity (IC-50) or retardation of the reaction time (TC-50), show
ig. 5. CL reaction profiles of the luminol reaction with hydrogen peroxide in the
resence and absence (blank reaction) of colloidal solutions of ferric oxide nanopar-
icles (the numbers on the peaks are referred to ferric oxides given in Table 1).

ts intensity maximum after 197.6 ± 17.4 min with an intensity of
47.4 ± 30.2 mV (mean value of five measurements). At this point,

t should be noted that the CL kinetic profile of the luminol reac-
ion with hydrogen peroxide in the presence of ferric or ferrous
ons of concentrations about 7.5 ppm is different with negligible
ntensity. Consequently, iron ions do not seem to be dissolved in
he 8-hydroxyquinoline solution.

A more careful observation of Table 1 reveals that ferric oxide
anoparticles with relatively high surface areas (250–400 m2/g)
xhibit higher CL intensities (entries 6–8) than catalysts with
maller surface areas (20–43 m2/g) (entries 1–4 and 9). Less signif-
cant enhancement on the CL intensity of the luminol CL reaction
as observed by using ferric oxide particles of micrometer size

entry 5). Similar results were obtained for the acceleration of the
uminol CL reaction. Namely, catalysts 6–8 accelerate the reaction
ime 1.85- to 86-fold while catalysts 1–4 and 9 only 5- to 12-fold.
gain, much less significant acceleration of the CL reaction was
bserved by micrometer-sized ferric oxides (1.4-fold). The above
esults are reasonable due to the higher concentrations of organic
nd inorganic reagents adsorbed on the surface of catalysts with
igh surface areas. As the CL intensities are normally proportional
o the concentration of all reagents involved in these reactions and
s the hydrogen peroxide decomposition on the surface of metal
xide catalysts is accelerated, all these events might contribute
o the obvious enhancement and acceleration of the luminol CL
eaction in the presence of ferric oxide nanoparticles.

The CL intensities given in Table 1 are the results of optimized
eaction conditions. Optimization experiments showed that the
ntensity of light signals increased linearly by increasing luminol
nd hydrogen peroxide concentrations up to 5.0 × 10−5 and 0.1 M,
espectively, in the presence of 7.5 ppm catalyst No. 6. At higher
oncentrations, the instrument response was overloaded and the
easurements could not proceed.
Using the optimized concentration of luminol (5 × 10−5 M)

nd catalyst No. 6 (7.5 ppm), the hydrogen peroxide was deter-
ined down to 1.25 × 10−3 M (S/N = 3). The calibration graph

s linear in the range 2.0 × 10−3 to 0.1 M. The relative stan-
ard deviations at the concentration levels of 2.0 × 10−3 and

.0 × 10−2 M hydrogen peroxide were 6.2 and 4.9%, respectively
n = 5). The linear regression equation and analytical characteristics
ere log CLIntensity = 5.21 (±0.20) + 1.45 (±0.09) log C; r2 = 0.99, n = 5,

y/x = 0.164 and P = 0.0006. The detection limit of hydrogen perox-
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de found by this method is higher than other reported assays, such
s spectrophotometric [31], chromatographic [32], electrochemical
33,34] and chemiluminescent techniques [35–38]; however, the
imple instrumentation makes this method an attractive alterna-
ive.

The enhanced light signals of luminol–hydrogen peroxide reac-
ion catalyzed by ferric oxide catalyst No. 6 was further tested
or the estimation of hydrogen peroxide scavenging activity (IC-
0 and TC-50) of some selected antioxidant compounds. This has
een done by measuring either the reduction of chemiluminescent

ntensity or retardation of the reaction time of the corresponding
lank reaction in the presence of various antioxidant concentra-
ions. The blank reaction in these CL measurements is constituted
rom a mixture of 200 �L luminol solution B, 200 �L hydrogen per-
xide (0.1 M), 200 �L colloidal catalyst No. 6 solution A and 200 �L
queous sodium hydroxide solution (0.1 M) containing 0.1% (w/v)
-hydroxyquinoline. As indicator for the estimation of hydrogen
eroxide scavenging activity of selected antioxidants was chosen
he concentration of antioxidants which reduces the light intensity
f blank reaction to 50% (IC-50) or increases the reaction time of
lank to 50% (TC-50). The IC-50 and TC-50 values of antioxidants
ere calculated from corresponding linear regression equations
AI (%) = a + bC or AAT (%) = a + bC using the corresponding a and
values and setting AAI and AAT equal to 50. Antioxidant activities
t different antioxidant concentrations were calculated from the
quations AAI (%) = [(I0 − I)/I0] × 100 or AAT (%) = [(T − T0)/T0] × 100,
here I0 and T0 are the light intensity and reaction time of the blank

without antioxidant), and I and T the light intensities and reac-
ion times of the samples, respectively. As the hydrogen peroxide
cavenging activity of selected compounds varied largely, differ-
nt concentrations were used to establish correlations between
cavenging activity and concentration. The ranges, coefficients of
etermination (r2), standard deviations of regression (Sy/x, n = 5) as
ell as the y-intercept (a) and slope (b) values of the correspond-

ng linear regression equations, regarding the chemiluminescence
ntensity measurements, are given in Table 2. The estimated scav-
nging activities (IC-50 and TC-50) are given in Table 3.

It turns out that phenolic compounds with one hydroxyl group
tyrosol) or two hydroxyl groups on the aromatic ring (catechin and
affeic acid) exhibit higher hydrogen peroxide scavenging activities
han those phenolic compounds with three hydroxyl groups (gallic
nd pyrrogallic acid). Weak scavenging activity was also observed
or non-phenolic compounds, such ascorbic acid, vitamin E and the
mino acid cysteine. The hydrogen peroxide scavenging activity of
henolic compounds measured by the present method is lower
han those reported in other methods [39–47]. It can be said that
his was in someway partially expected. It is known that compar-
son of antioxidant activities of organic compounds is a difficult
ask, especially if different reactive species are to be blocked in
ifferent methods. In most reported methods, the reactive species
o be blocked are reactive free radicals, such as diphenylpicrylhy-
razyl (DPPH), superoxide, peroxy- and hydroxyl radicals [39–47],
nd not relative stable neutral molecules such as hydrogen perox-
de. Why trihydroxylated phenols exhibit lower scavenging activity
han dihydroxylated ones is not easy to answer. Possibly, parts
f the trihydroxylated phenols build stable complexes with ferric
xide nanoparticles or build side products which do not react with
ydrogen peroxide, thus leading to reduced antioxidant properties.

Comparing the results of Table 3, it can be seen that both param-
ters of the novel catalyzed CL reactions, i.e. the decrease in the light
imilar results and can be used simultaneously for the estimation
f hydrogen peroxide scavenging activity.

Regarding the CL mechanism of catalyzed luminol reaction with
ydrogen peroxide in the presence of ferric oxide nanoparticles,
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Scheme 1. Proposed CL mechanism of the catalyzed luminol reacti

e assume that this is similar to that proposed by Merenyi et al.
or the non-catalyzed luminol reaction [48,49], but with the differ-
nce that hydrogen peroxide is initially broken up, in a Weis-like
eaction on the surface of ferric oxide nanoparticles, into super-
xide radical anion, which on a reaction with luminol gives light
nd 3-aminophthalic acid (APA) anion (Scheme 1). The scavenging
echanism of hydrogen peroxide by phenolic compounds is not

xactly known. It is assumed that phenols in competition reactions
o luminol react with the intermediary produced superoxide radical
nion (O2

•−) and decrease the light signals.

. Conclusions

In this work, we have shown that colloidal solutions of ferric
xide nanoparticles can easily be prepared at room temperature
y simple sonication of suspended solid nanoparticles and 8-
ydroxyquinoline in alkaline aqueous solution. Application of these
elative stable colloidal solutions in the CL reaction of luminol
ith hydrogen peroxide improves its CL intensities up to 18-fold

nd accelerates the reaction times up to 86-fold. The enhanced CL
ignals were used for the quantification of hydrogen peroxide in
oncentrations down to 1.25 × 10−3 M as well as for the estimation
f hydrogen peroxide scavenging activities of organic antioxidants,
ith best results for mono- and dihydroxylated phenols.
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