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Sensitive determination of phenolic compounds using high-performance
liquid chromatography with cerium(IV)-rhodamine 6G-phenolic
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Abstract

A simple, selective and sensitive determination method of 20 phenolic compounds has been developed using high-performance liquid chro-
matography (HPLC) with chemiluminescence detection. The method is based on the chemiluminescent enhancement by phenolic compound
of the cerium(IV)-rhodamine 6G system in sulfuric acid medium. Twenty phenolic compounds were separated on a XDB-C8 column with
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a gradient elution using a mixture of methanol and 1.0% acetic acid as a mobile phase. Under the optimized conditions, a line
range extends 2 orders of magnitude with the relative standard deviations of intra- and inter-day precision below 4.0%, and the dete
(S/N = 3) were in the range of 1.5–82.1 ng/ml. The chemiluminescence reaction was compatible with the mobile phase of high-pe
liquid chromatography. The proposed method has been successfully applied to the assay of phenolic compounds in red wine w
pretreatment.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Phenolic compounds are usually referred to as a diverse group
of naturally occurring compounds, which possess an aromatic
ring bearing one or more hydroxy substituents and contain single
or multiple phenolic functionalities[1]. These compounds are
commonly found in higher plants and thus are part of the human
diet [2]. Phenolic compounds have strong in vitro and in vivo
antioxidant activities associated with their ability to scavenge
free radicals, break radical chain reactions and chelate metals.
During the past decade, phenolic compounds have been the
object of increasing interest because of their biological proper-
ties, namely anti-inflammatory, anti-histaminic and anti-tumor
activities, and as free radical scavengers and protection against
cardiovascular diseases[3–6]. Because these compounds are
present in the normal diet of humans, it is important to develop
a better understanding of the role of these compounds and the
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adequate levels of intake for good health. Moreover, ther
numerous phenolic compounds in our living environme
Most of them are generated artificially and found in wastewa
of chemical plants, exhaust gases of incinerators, sides
smoke of cigarettes, etc.[7]. Most phenolic compounds a
toxic and harmful to our health[7,8]. Thus, developing a high
sensitive analytical method to the simultaneous determinati
phenolic compounds in different types of sample matrices
as foods and environmental samples is a key aspect of ana
field.

The determination of phenolic compounds using chrom
graphic methods includes gas chromatography (GC)[9], cap-
illary electrophoresis (CE)[10,11] and high-performance liq
uid chromatography (HPLC)[12–17]. HPLC techniques hav
proved to be the most appropriate ones due to the structura
larity and diversity of phenolic compounds, allowing the anal
with sufficient precision, selectivity and within a reasona
time. Most hitherto published studies dealing with the de
mination of phenolic compounds employed by conventi
ultraviolet–visible absorbance detection. Therefore, the a
cation of HPLC to the determination of trace levels of phen
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compounds was limited by the inadequate sensitivity of detec-
tor, though many pre-concentration procedures were carried out,
such as solid-phase purification extract (SPE)[16], supercritical
fluid extraction (SFE)[18,19] and microwave-assisted extrac-
tion (MAE) [20,21].

Chemiluminescence (CL) detection is very sensitive because
the absence of a light source reduces noise and eliminates
Rayleigh and Raman scattering. The cerium(IV)-involved CL
reactions with sensitizers have been studied and used for the
detection of a number of compounds[22–24]. For example,
the CL reaction between cerium(IV) and tiopronin in sulfu-
ric acid medium sensitized by quinine has been reported for
the determination of tiopronin[25]. The cerium(IV)-rhodamine
CL system has been used for the determination of N- or S-
containing compounds[26–30], but not for the detection of
numerous phenolic compounds. In our previous work, it was
found that the reaction between cerium(IV) and rhodamine 6G
in the strong sulfuric acid medium underwent weak CL, which
could be greatly enhanced by 32 phenolic compounds. Phenolic
hydroxyls were the main active groups for the generation of CL,
and the magnitude of CL was related to the type and position
of substituents in the benzene ring. There was no CL signal
for the compounds without phenolic hydroxyl, such as oxy-
genated aromatic compounds[31]. The possible mechanism of
the cerium(IV)-rhodamine 6G-phenolic compound CL reaction,
as shown inScheme 1, has been proposed due to that rhodamine
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this paper, we developed a highly selective and sensitive method
for the simultaneous determination of 20 phenolic compounds
with good CL signals by coupling HPLC with the cerium(IV)-
rhodamine 6G CL reaction. It was found that the CL reaction
was compatible with the tested mobile phase of HPLC. The con-
ditions for the good separation and the maximal CL intensities of
phenolic compounds were optimized. The proposed HPLC-CL
method has been successfully used for the simultaneous detec-
tion of some phenolic compounds in the wine samples.

2. Experimental

2.1. Chemicals and solutions

Methanol was of HPLC grade. All other chemicals were of
analytical grade and used without further purification. Redis-
tilled water was used throughout. Cerium(IV) sulphate tetrahy-
drate was obtained from Shanghai Yaolong Metal Company
(Shanghai, China). Rhodamine 6G was obtained from Merck
(Darmstadt, Germany). Tyrosine was obtained from Kangda
Amino Acid Company (Shanghai, China). Phloroglucinol, pyro-
gallol, phenol, resorcinol and gallic acid were obtained from
China Medicine Group Beijing Regents Company (Beijing,
China). 3,5-Dihydroxybenzoic acid andm-hydroxybenzoic acid
were purchased from Fluka Chemie (Bucks, Switzerland). 2,3-
Dihydroxybenzoic acid and 2,5-dihydroxybenzoic acid were
p SA).
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G and phenolic compound are oxidized by cerium(IV) in
uric acid medium to form the excited-state cerium(III). T
eaction rate between cerium(IV) and phenolic compoun
aster than that of cerium(IV) with rhodamine 6G. Thus,
resence of phenolic compound can accelerate the gene
f the excited-state cerium(III), and then energy is transfe

rom cerium(III)* to rhodamine 6G to form the excited-state r
amine 6G, which emits its characteristic radiation at 555

n Scheme 1Rho 6G, Rho 6GOX, PC and PCOX are rhodamin
G, the oxidized form of rhodamine 6G, phenolic compo
nd the oxidized form of phenolic compound.

In recent years, HPLC with CL detection becomes m
nd more attractive for the determination of the analyte

race level in complex matrices because of its high sensit
igh selectivity and wide dynamic range. Zhang and Danie

32] developed an on-line quinine-sensitized photo-oxida
ith quenched CL detection method for phenols using liq
hromatography. In our lab, several HPLC-CL methods
een developed for the simultaneous determination of phe
ompounds[33,34]. However, these HPLC-CL methods o
espond the limited phenolic compounds and are not suitab
he simultaneous detection of numerous phenolic compoun
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urchased from Acros Organics (Fairlawn, New Jersey, U
alicylic acid, p-hydroxybenzoic acid, 2,4-dihydroxybenz
cid, m-aminophenol and 1-naphthol were purchased f
hanghai Reagents (Shanghai, China).trans-Resveratrol wa
urchased from Oais. Biotech. Inc. (Xi’an, China). Puera
uercetin, kaempferol and isorhamnetin were obtained
hinese National Institute for the Control of Pharmaceu
nd Biological Products (Beijing, China).

The stock solutions of 1.0× 10−4 g/ml phenolic compound
ere prepared by dissolving appropriate amount of compo

n redistilled water or methanol and remained stable du
hree months if stored in refrigerator at 4◦C. Standard solu
ions of phenolic compounds were prepared by further dilu
f the stock solutions with redistilled water. The stock solu
f 1.0× 10−3 M rhodamine 6G was prepared with redistil
ater and kept at ambient temperature in the dark. The wo
erium(IV) solutions were prepared daily in sulfuric acid p
o use.

The HPLC mobile phases were fresh daily prepared, filt
hrough a 0.22�m membrane filter (Xinya, Shanghai), and th
egassed before injecting into the column.

.2. Instrumentation

HPLC-CL detection system consisted of HPLC system
L detection system, as shown inFig. 1. The HPLC system
as Agilent 1100 series (Agilent Technologies, USA), inc

ng a quaternary pump, a vacuum degasser, a thermostat c
ompartment, a diode array and multiple wavelength d
ion (DAD) system, a manual sample valve injector wit
00�l loop, and an analytical column (Zorbax Eclipse XD
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Fig. 1. Schematic diagram of HPLC-CL system.

C8, 150 mm× 4.6 mm i.d., 5�m; Agilent Technologies, USA).
The CL detection was conducted on a flow injection CL sys-
tem (Remax, China) consisted of a model IFFM-D peristaltic
pump, a mixing tee and a model IFFS-A CL detector equipped
with a flat glass coil (used as reaction coil and detection cell,
188 mm× 1.5 mm i.d.) and a photomultiplier. The data from the
CL detector was acquired by Agilent Interface 35900E and pro-
cessed by Chemstation A.08.03 run on a DELL smartpc 100
personal computer.

2.3. Procedure

Phenolic compounds were separated by XDB-C8 column
at 25◦C with a gradient elution program at a flow rate of
1.0 ml/min. The mobile phase consisted of methanol (A) and
1.0% acetic acid (B). 1.0% acetic acid (pH 2.75) was pre-
pared by the ratio of glacial acetic acid and redistilled water
(v:v = 1:99). The gradient elution program was: 90–85% B
(0–6 min), 85–80% B (6–20 min), 80–70% B (20–21 min),
70–65% B (21–30 min), 65–60% B (30–31 min), 60–55% B
(31–50 min), 55–45% B (50–55 min). This was followed by a
10 min equilibrium period with initial conditions prior to the
injection of next sample. The UV spectra were recorded between
250 and 400 nm for the identification of phenolic compounds
and for the test of peak purity. The column effluent from DAD
was first mixed with 5.0× 10−5 M rhodamine 6G solution via
a
c lu-
t the
s pec-
t lier
t

2

t by
c ilabl
s sam
p ding

at 254, 270, 290, 306, and 365 nm was used to detect pheno-
lic compounds. Quantification was performed according to an
external standard method. The quantitative determination was
based on the relative CL intensity�I = IS− I0, whereIS is the
CL intensity of phenolic compound andI0 the intensity of blank
signal.

2.5. Method validation

Method linearity was evaluated by the correlation coeffi-
cients (r) of the calibration curves generated with more than
10 standard mixtures. For each single phenolic compound, the
limit of detection (LOD) was fixed as three times the signal-
to-noise ratio (S/N = 3). Repeatability of peak heights (�I) was
calculated by the RSD of 11 injections carried out on the same
day, whereas, for method reproducibility, seven injections were
randomly executed in a 20-day period. Accuracy data are cal-
culated as (mean analyzed concentration)/(nominal concentra-
tion)× 100. To evaluate method recovery, actual sample was
spiked with mixtures of phenolic compounds and the percent
ratios between the recovered and expected concentrations were
calculated.

2.6. Sample solution preparation

d by
Y was
n tored
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i
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3

sing
s The
PEEK tube, then combined with 8.0× 10−3 M cerium(IV)
ontaining 0.2 M sulfuric acid solution at a mixing tee. So
ions of cerium(IV) and rhodamine 6G were delivered by
ame peristaltic pump at a flow rate of 3.5 mL/min, res
ively. The light emission was monitored by the photomultip
ube.

.4. Compounds identification and quantification

Identification of the phenolic compounds was carried ou
omparing their retention times and spectra to those of ava
tandards. Identified peaks were then confirmed by spiking
les with standard mixtures. A diode array detector recor
e
-

The tested Chinese red wine (Grand Dragon) produce
antai Weilong Grape Wine Co., Ltd. (Shandong, China)
atural variety and obtained at local markets. Wine was s

n the dark at 4◦C and analyzed immediately after bottle op
ng. The wine sample was filtered through 0.22�m Millipore

embrane (Xinya, Shanghai, China). The filtrated solution
njected directly for the DAD and CL detection.

. Results and discussion

.1. Optimization of chromatographic conditions

The effectiveness of HPLC separation was tested u
tandard solutions containing 20 phenolic compounds.



Q.L. Zhang et al. / J. Chromatogr. A 1095 (2005) 94–101 97

tested phenolic compounds includem-aminophenol, tyrosine,
phloroglucinol, gallic acid, pyrogallol, 3,5-dihydroxybenzoic
acid, resorcinol, 2,5-dihydroxybenzoic acid,p-hydroxybenzoic
acid, 2,4-dihydroxybenzoic acid, 2,3-dihydroxybenzoic acid,
m-hydroxybenzoic acid, phenol, puerarin, salicylic acid,trans-
resveratrol, quercetin, 1-naphthol, kaempferol and isorham-
netin. The gradient elution profile was optimized to obtain the
highest resolution of phenolic compounds and the shortest time
of analyses. The results indicated that chromatographic gra-
dient systems composed of methanol and water, when adding
acetic acid sharpen peak shapes and improve analytical sen-
sitivity and resolution for the HPLC analysis of phenolic com-
pounds[16,35]. Therefore, methanol and water containing acetic
acid were used as the mobile phase in this study. Under the
condition of 0.5% (v/v) acetic acid, the effects of methanol
concentration of the mobile phase on phenolic compound sep-
aration were studied. Isocratic elution at 10% (v/v) methanol
concentration resulted in poor chromatographic separation of
m-aminophenol, tyrosine, phloroglucinol, gallic acid and pyro-
gallol, and 1-naphthol, kaempferol and isorhamnetin were eluted
after 80 min. As methanol concentration was increased from 10
to 15%, the co-elution of five phenolic compounds was also
obtained. Therefore, an optimal gradient was needed. How-
ever, the optimized gradient was affected by the poor separa-
tion among 2,4-dihydroxybenzoic acid, 2,3-dihydroxybenzoic
acid,m-hydroxybenzoic acid, phenol and puerarin, and then the
e were
s od-
e n. A
a ing
g 1.0%
a -
t n in
T

As for HPLC-CL detection, the mobile phase of HPLC is not
only suitable for the separation of analytes but also compati-
ble with the CL reaction. Fortunately, in this work, the resulting
mobile phase of methanol–1.0% acetic acid was found to be suit-
able for the separation of phenolic compounds and compatible
with the cerium(IV)-rhodamine 6G CL system in sulfuric acid
medium.

3.2. Optimization of CL system

To obtain the maximal relative CL intensity, the effects of
sulfuric acid, cerium(IV), rhodamine 6G concentration, and flow
rate on relative CL intensity were investigated. The phenolic
compound concentration used for the optimization experiments
was 8.0× 10−7 g/ml.

Cerium(IV) is not readily soluble in water, but becomes sta-
ble when dissolved in sulfuric acid. The effects of sulfuric acid
concentration on the relative CL intensities of phenolic com-
pounds were studied over the range 0.05–0.4 M. The relative
CL intensities form-aminophenol, pyrogallol and resorcinol
were increased with increasing sulfuric acid concentration up
to 0.1 M, above which the relative CL intensity decreased. For
p-hydroxybenzoic acid and 2,4-dihydroxybenzoic acid, the rel-
ative CL intensities were increased with increasing sulfuric acid
concentration. On the contrary, the relative CL intensities for
2 ere
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ssion
ffects of the acetic acid concentration on the resolution
tudied in the range of 0.2–1.5% (v/v). It was found that a m
rate addition 1.0% of acetic acid yielded a good separatio
result, the best resolution of all peaks was obtained us

radient of the mobile phase consisting of methanol and
cetic acid within 55 min (the profile see Section2.3). The reten

ion times of phenolic compounds were described as show
able 1.

able 1
etention time, linear range and regression equation of phenolic compou

henolic compound Retention time (min)

-Aminophenol 1.8
yrosine 2.2
hloroglucinol 2.4
allic acid 2.7
yrogallol 3.2
,5-Dihydroxybenzoic acid 4.9
esorcinol 5.4
,5-Dihydroxybenzoic acid 8.8
-Hydroxybenzoic acid 9.7
,4-Dihydroxybenzoic acid 12.0
,3-Dihydroxybenzoic acid 13.3
-Hydroxybenzoic acid 14.4
henol 15.6
uerarin 16.2
alicylic acid 29.1

rans-Resveratrol 30.5
uercetin 39.3
-Naphthol 47.4
aempferol 49.3

sorhamnetin 50.8

a �I: relative CL intensity;C: concentration of phenolic compound; regre
s
a

,5-dihydroxybenzoic acid and 2,3-dihydroxybenzoic acid w
ecreased with increasing sulfuric acid concentration. The
3 phenolic compounds were almost found to generate the

mum emission when sulfuric acid concentration was 0.2 M
compromise, 0.2 M sulfuric acid was chosen for the fur

tudies.
The effects of cerium(IV) concentration on the relative

ntensities of phenolic compounds were investigated in
ange 3.0× 10−3–2.0× 10−2 M in 0.2 M sulfuric acid medium

by HPLC-CL method

Linear range (g/ml) Regression equationa log�I = a logC + b

.0× 10−8–1.5× 10−5 log�I = 0.606 logC + 6.625
0× 10−7–3.0× 10−5 log�I = 0.473 logC + 5.276
.0× 10−8–3.0× 10−5 log�I = 0.738 logC + 7.808
0× 10−7–3.0× 10−5 log�I = 0.663 logC + 6.598
0× 10−8–1.5× 10−5 log�I = 0.742 logC + 7.679
.0× 10−7–2.0× 10−5 log�I = 0.668 logC + 6.716

.0× 10−8–1.5× 10−5 log�I = 0.665 logC + 7.284
.0× 10−7–2.0× 10−5 log�I = 0.705 logC + 6.973
.0× 10−8–1.0× 10−5 log�I = 0.764 logC + 7.881
.0× 10−8–9.0× 10−6 log�I = 0.832 logC + 8.804
.0× 10−8–1.0× 10−5 log�I = 0.875 logC + 8.316
.0× 10−7–2.0× 10−5 log�I = 0.713 logC + 6.973

.0× 10−7–1.5× 10−5 log�I = 0.746 logC + 7.312

.0× 10−7–1.5× 10−5 log�I = 0.771 logC + 7.539
.0× 10−8–1.0× 10−5 log�I = 0.796 logC + 7.859
.0× 10−8–1.5× 10−5 log�I = 0.671 logC + 7.184
.0× 10−7–3.0× 10−5 log�I = 0.553 logC + 5.903
.0× 10−7–2.5× 10−5 log�I = 0.622 logC + 6.411
.0× 10−9–9.0× 10−6 log�I = 0.778 logC + 8.411
.0× 10−7–1.0× 10−5 log�I = 0.739 logC + 7.331

coefficients:r > 0.995;n ≥ 10.
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For tyrosine,m-hydroxybenzoic acid, quercetin and 1-naphthol,
the relative CL intensities were increased with increasing
cerium(IV) concentration. The maximal enhanced CL inten-
sities were all reached at the concentration of 8.0× 10−3 M
for the other 16 phenolic compounds, above which the CL
intensities sharply decreased. Lower concentrations of oxidant
produced lower CL emission, whereas CL emission decreased
with higher cerium(IV) concentrations. Because of the increased
collisional energy transfer between molecules caused by higher
cerium(IV) concentration, some excited-state rhodamine 6G
molecules return to the ground state by a non-radiative inter-
nal transfer process, which would decrease the chemilumines-
cent quantum yield. Therefore, 8.0× 10−3 M cerium(IV) was
selected for the further work.

Under the above selected conditions, the effects of rhodamine
6G concentration on the relative CL intensities of phenolic com-
pounds were tested over the range 1.0× 10−5–1.0× 10−4 M.
The results showed that the optimum concentrations of rho-
damine 6G for all tested 20 phenolic compounds were
5.0× 10−5 M. Lower concentrations of rhodamine 6G gave
lower CL emission because of fewer energy receptors, and
higher concentrations produced a decreased CL emission due
to self-absorption of radiation.

The flow rates of solutions are very important to the CL reac-
tion and should be regulated. At the flow rates that are too slow
or too high, CL is not emitted in the flow cell and hence the
e rel
a over
t -
s d

were increased with increasing flow rate up to 3.5 ml/min, above
which the CL intensities decreased. For the other 17 pheno-
lic compounds, the relative CL intensities were increased with
increasing flow rate. However, higher flow rates caused more
noise, higher pressure in the connection and excessive consump-
tion of reagents. Accordingly, a flow rate of 3.5 ml/min was
recommended because of greater precision of CL signals and
lower consumption of reagents.

Under the optimized conditions, a typical chromatogram of a
standard mixture of 20 phenolic compounds with CL detection
is shown inFig. 3a. The degree of band broadening compared to
DAD detection is in the range of 1.1–2.7%, which was calculated
in peak width at half-height (Wh/2). The results demonstrate that
the CL detector is good.

3.3. Method validation

Under the optimum conditions described above, the
calibration curves were prepared over the range 5.0×
10−9–5.0× 10−5 g/ml, and at least 10 samples covering the
whole range were used for each compound. Each point of the
calibration graph corresponded to the mean value from three
independent peak measurements. The linearity between the log-
arithm of phenolic compound concentration (C) and the loga-
rithm of CL intensity (�I) was good, as shown by the data in
Table 1 that the regression coefficients (r) were greater than
0 nds,
t ders
o t a
s g/ml.

F omp )
p id; (7 4-
d
q

mitter cannot be detected. The effects of flow rate on the
tive CL intensities of phenolic compounds were studied

he range 1.5–4.5 ml/min in each stream (Fig. 2). The CL inten
ities for phloroglucinol, resorcinol andm-hydroxybenzoic aci

ig. 2. Effect of flow rate on the relative CL intensities of 20 phenolic c
hloroglucinol; (4) gallic acid; (5) pyrogallol; (6) 3,5-dihydroxybenzoic ac

ihydroxybenzoicacid; (11) 2,3-dihydroxybenzoic acid; (12)m-hydroxybenzoic a
uercetin; (18) 1-naphthol; (19) kaempferol and (20) isorhamnetin.
-.995 for all the curves. For all tested phenolic compou
he linear ranges of CL detection were more than 2 or
f magnitude.Table 2indicates that the detection limits a
ignal-to-noise ratio of three are in the range of 1.5–82.1 n

ounds at a concentration of 8.0× 10−7 g/ml. (1) m-aminophenol; (2) tyrosine; (3
) resorcinol; (8) 2,5-dihydroxybenzoic acid; (9)p-hydroxybenzoic acid; (10) 2,
cid; (13) phenol; (14) puerarin; (15) salicylic acid; (16)trans-resveratrol; (17)
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Table 2
Detection limit, precision and accuracy of phenolic compounds

Phenolic compound Detection limit (ng/ml) Precision (RSD, %) Accuracy (%)

CL DAD Intra-day Inter-day Intra-day Inter-day

1.2 2.5 99.1 101.2
m-Aminophenol 7.5 135.4a 1.5 2.9 96.1 100.1
Tyrosine 25.4 221.3b 2.8 1.9 100.4 99.4
Phloroglucinol 5.3 545.8b 3.0 2.3 103.7 95.0
Gallic acid 40.4 154.6a 1.3 2.0 96.3 96.3
Pyrogallol 8.7 399.2a 2.4 2.3 98.7 92.8
3,5-Dihydroxybenzoic acid 30.6 663.5b 2.6 2.8 95.4 98.7
Resorcinol 4.0 434.1a 2.2 3.1 105.0 96.4
2,5-Dihydroxybenzoic acid 32.9 852.7b 1.9 2.0 102.7 100.4
p-Hydroxybenzoic acid 8.2 356.2b 1.7 2.6 101.3 103.4
2,4-Dihydroxybenzoic acid 2.9 425.6b 0.9 3.9 99.8 100.4
2,3-Dihydroxybenzoic acid 27.3 500.8b 1.0 2.4 98.5 100.9
m-Hydroxybenzoic acid 40.3 352.1b 1.7 1.9 95.1 95.9
Phenol 30.1 1100.3a 2.1 2.1 93.9 98.6
Puerarin 26.5 208.4b 2.8 2.7 104.7 99.5
Salicylic acid 18.0 304.2c 3.5 1.4 103.5 104.3
trans-Resveratrol 6.6 84.7d 2.7 3.0 100.9 103.8
Quercetin 24.9 621.4e 2.4 3.4 101.8 100.7
1-Naphthol 26.3 987.5c 1.3 3.3 99.1 94.4
Kaempferol 2.3 814.2e 1.4 1.1 96.7 95.7
Isorhamnetin 23.9 525.8e 2.5 2.7 98.3 104.2

a Wavelength of DAD detection: 270 nm.
b Wavelength of DAD detection: 254 nm.
c Wavelength of DAD detection: 290 nm.
d Wavelength of DAD detection: 306 nm.
e Wavelength of DAD detection: 365 nm.

The detection limits of CL detection for 20 phenolic com-
pounds were about 1–2 orders of magnitude lower than those
of DAD detection. The results demonstrate that the HPLC-
CL method is sensitive for the detection of all tested phenolic
compounds.

The intra-day precision was tested with 11 repeated injec-
tions of phenolic compound solution at the concentration level
of 8.0× 10−7 g/ml. The inter-day precision of the proposed
method was studied by analyzing 8.0× 10−7 g/ml phenolic com-
pound solution, with seven injections randomly executed in a
20-day period. The relative standard deviations (RSD) were
below 4.0%. The intra- and inter-day accuracy was also deter-
mined by the same procedure (Table 2). The obtained data
demonstrated that the proposed analytical method provided good
validation.

3.4. Application

Red wines include a number of phenolic compounds, which
are secondary metabolites naturally present in wine grapes
and/or produced during the winemaking process, such as
monomeric flavonoids, anthocyanins, phenolic acids and poly-
meric tannins. The characteristic spectrum of phenolic com-
pounds in wines depends on the origin of the natural wine,
the species and origin of wood, the characteristics of the bar-
rel, and on the circumstances and duration of the winemak-
ing process[36]. The analytical application of the proposed
CL detection system was tested by determining phenolic com-
pounds in red wine. The identification of phenolic compounds
in red wines was carried out by retention time and UV spec-
tra. The chromatographic profile of phenolic compounds in red

Table 3
Concentration and recovery of phenolic compounds in red wine determined by the HPLC-CL method

Phenolic compound Concentrationa (ng/ml) Added (ng/ml) Recovered (ng/ml) Recovery (%)

CL DAD

Gallic acid 5314.2± 100.7 5289.5± 107.8 2000.0 7225.4 95.5
p-Hydroxybenzoic acid 2871.5± 40.9 ND 2000.0 4863.9 99.6
2,4-Dihydroxybenzoic acid 938.6± 15.8 ND 500.0 1449.7 102.2
Salicylic acid 463.7± 11.1 ND 500.0 957.8 98.8
trans-Resveratrol 244.3± 5.4 ND 200.0 451.7 103.8
K

N

aempferol 43.9± 0.6 ND

D: not detected.
a Concentration: mean± SD,n = 3.
20.0 63.7 99.0
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Fig. 3. CL chromatograms of (a) 20 standard phenolic compounds
(1.0× 10−6 g/ml) and (b) red wine sample. Conditions are given in Section
2.3. Peaks: (1)m-aminophenol; (2) tyrosine; (3) phloroglucinol; (4) gallic
acid; (5) pyrogallol; (6) 3,5-dihydroxybenzoic acid; (7) resorcinol; (8) 2,5-
dihydroxybenzoic acid; (9)p-hydroxybenzoic acid; (10) 2,4-dihydroxybenzoic
acid; (11) 2,3-dihydroxybenzoic acid; (12)m-hydroxybenzoic acid; (13) phe-
nol; (14) puerarin; (15) salicylic acid; (16)trans-resveratrol; (17) quercetin; (18)
1-naphthol; (19) kaempferol and (20) isorhamnetin.

wine by CL detection shows that there is no interference by
matrix (Fig. 3b). Six phenolic compounds were identified as
gallic acid,p-hydroxybenzoic acid, 2,4-dihydroxybenzoic acid,
salicylic acid,trans-resveratrol and kaempferol, and the concen-
tration of tested phenolic compounds in red wine was shown in
Table 3. It is worth noting that phenolic compounds with lower
content cannot be detected using DAD detection in the teste
red wine, but was detectable by CL detection except gallic acid
In order to evaluate the validity of the proposed method for the
determination of phenolic compounds in wine sample, a recov
ery experiment was carried out by adding the known amounts
of phenolic compounds to sample solution, and the good recov
eries varied from 95.5 to 103.8%. The good recovery results
indicated that the proposed HPLC-CL method was reliable for
the quantification of phenolic compounds in red wine sample.

4. Conclusions

In this paper, a new HPLC-CL detection method has been
developed for the determination of phenolic compounds base

on the enhancement of cerium(IV)-rhodamine 6G CL in sulfu-
ric acid medium. The method allows for the simultaneous and
sensitive detection of phenolic compounds in red wine without
preconcentration or derivatization step, and offers wider linear
range, lower detection limit, and shorter analysis time. More-
over, the CL reaction is compatible with the mobile phase of
HPLC. Based the obtained results, the following conclusions can
be drawn. First, the proposed method extends the scope of CL
detection in HPLC to the determination of phenolic compounds.
Second, the proposed method can be a valuable tool (simple and
inexpensive) for the determination of phenolic compounds in
foods and environmental samples. Third, this CL system could
tolerate distinct acidic medium rather than an alkaline medium
like the luminol CL system, thus the analytes stable in acidic
solution could be detected safely.

References

[1] W. Tuckmantel, A.P. Kozikowski, L.J. Romanczyk Jr., J. Am. Chem.
Soc. 121 (1999) 12073.

[2] K. Robards, M. Antolovich, Analyst 122 (1997) 11R.
[3] M. Bourzeix, Polyphenolic Phenomena, INRA Editions, Paris, 1993, p.

287.
[4] D. Treutter, W. Fencht, J. Hort. Sci. 65 (1990) 511.
[5] J.A. Vinson, B. Hontz, J. Agric. Food Chem. 43 (1995) 401.
[6] J.A. Vinson, Y.A. Dabbagh, M.M. Serry, J. Jang, J. Agric. Food Chem.

lsea,

and
rican

[ 03)

[ z, J.

[ od

[ . 51

[ 004)

[ 513

[ FL,

[ em.

[ 7.
[ 997)

[
[ 45

[
[ 00)

[ 518

[ K.
17.

[ harm.
d
.

-

-

d

43 (1995) 2800.
[7] S.E. Manahan, Environmental Chemistry, Lewis Publishers, Che

USA, 1991.
[8] M.T. Huang, C.T. Ho, C.Y.E. Lee, Phenolic Compounds in Food

their Effects on Health II, Antioxidants and Cancer Prevention, Ame
Chemical Society, Washington, DC, 1992.

[9] T. Serot, C. Lafficher, Food Chem. 82 (2003) 513.
10] R. Kuldvee, M. Vaher, M. Koel, M. Kaljurand, Electrophoresis 24 (20

1627.
11] A.C. Pancorbo, C. Cruces-Blanco, A.S. Carretero, A.F. Gutierre

Agric. Food Chem. 52 (2004) 6687.
12] M. Careri, C. Corradini, L. Elviri, I. Nicoletti, I. Zagnoni, J. Agric. Fo

Chem. 51 (2003) 5226.
13] K.R. Maatta, A. Kamal-Eldin, A.R. Torronen, J. Agric. Food Chem

(2003) 6736.
14] R. Sladkovsky, P. Solich, M. Urbanek, J. Chromatogr. A 1040 (2

179.
15] D. Sterbova, D. Matejicek, J. Vlcek, V. Kuban, Anal. Chim. Acta

(2004) 435.
16] J. Wen, Ph.D. Dissertation, Florida International University, Miami,

1998.
17] S.H. Hakkinen, S.O. Karenlampi, I.M. Heinonen, J. Agric. Food Ch

77 (1998) 543.
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