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Abstract

The capabilities of different detection techniques, UV, controlled-potential coulometry and particle-beam electron-impact
mass spectrometry (PB-EI-MS) for the HPLC analysis of phenolic acids were studied; fifteen benzoic and cinnamic acid
derivatives were considered. For the electrochemical detector (ED) a reversed-phase LC method was set up, whereas
normal-phase partition chromatography, on a CN column, was used for UV and MS. Library-searchable EI mass spectra
were obtained using the PB-MS technique with flow-injection analysis. UV detection was performed at 280 nm, whereas
measurements with the LC—coulometric system were carried out using a porous graphite electrode. The detector responses
were compared in terms of linearity, precision and limits of detection; for this purpose, the mass spectrometer was operated
under selected-ion monitoring conditions. A linear dynamic range of at least 10 was found for the HPLC method with
electrochemical detection, with detection limits ranging from 1 to 5 pg injected; the relative standard deviation (R.S.D.) was
typically 0.6-3.0% at the 0.1 ng level (n=4). Using UV or PB-EI-MS detection, minimum amounts in the 5-50 and 2-5 ng
ranges, respectively, could be detected. Calibration curves were linear from the limit of detection to at least 15 pg for most
of the analytes detected by UV, the R.S.D. of the peak areas obtained in UV mode ranged from 1.2 to 3.1% at the 500 ng
level (n=4). Non-linear behaviour over the entire amount range studied (from 10 ng to 10 pg) was observed using the
LC-PB-MS technique, so that two different calibration fittings at low and high levels were calculated. Precision of the
LC-PB-MS system was generally good (R.S.D. between 0.5 and 1.8% at the 100 ng level, n=4) except for caffeic acid
(R.S.D. 7.5% at the 50 pg level, n=4).
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1. Introduction ing that ‘“‘cak wood taste” typical of long aged

products. Their presence and abundance is often

Phenolic acids (vartous benzoic and cinnamic acid related to the storage conditions and ageing process

derivatives) play a primary role in defining the [1,2]; their concentration increase is probably due to

sensorial characteristics of wines and brandies, giv- extraction from wood as well as to the oxidation of

- aromatic compounds derived from lignine degra-
*Corresponding author. dation [3].
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The interest in phenolic acids is also related to the
lignin inhibition of nutrient uptake in animal feed
[4]: in fact, the abundance of lignin (which oxidises
to aryl aldehydes and acids) in materials such as
cereal straw precludes its use in animal breeding [5].
Moreover, phenolic acids are known to have hor-
monal activity in plant growth and, more generally,
to cover a multiplicity of functions in plant metabo-
lism [6,7]. Phenolic acids derived from the biodegra-
dation of organic matter [8] play an important role in
the uptake of metals by plant roots [9].

In real samples, phenolic acids need to be de-
termined at both low (ug/l) and high concentration
levels. Most of the analytical methods proposed for
the separation and determination of phenolic acids
are based on HPLC techniques, with detection
usually accomplished by either UV spectrophotom-
etry or electrochemical methods (ED) [10-14].

Spectrophotometric detection has the drawback of
relatively poor sensitivity; in fact, phenolic acids
have generally rather low extinction coefficients and
UV detection seems to have too low a sensitivity to
perform direct quantitative analysis in matrices like
wines or brandies: some authors used this detection
mode only for identification purposes [1], whereas
good quantitative analysis is performed only at high
concentration levels [7].

For this class of compounds, ED, employed e.g.
with voltammetric [14] or amperometric [15] meth-
ods and different cell designs, offers excellent sen-
sitivity [16] and the capability of selective detection
by varying the working potential; despite these
characteristics, studies on the linear response range
and sensitivity of these substances are lacking in the
literature.

MS detection opens up a new perspective for the
analysis of this class of compounds. Hyphenated
HPLC-MS techniques have the great advantage of
offering bidimensional resolution of complex mix-
tures, as would be required for phenolic acid analy-
sis, and even allow compounds with overlapping
chromatographic peaks to be distinguished. So far,
the only published work in this field [17] concerns
the use of the thermospray (TSP) interface for the
analysis of cereal straw hydrolysates, which contain
large amounts of phenolic compounds. Considering
the analytical problem of the assay of phenolic acids

at low levels in complex matrices, such as wines and
aged alcoholic beverages, the present work explored
the use of a particle beam (PB)-MS detector in a
concentration range that was much lower than that
reported in the above TSP work.

The separation method usually applied to these
polar compounds is ion-pair or ion-suppression
reversed-phase partitioning {1,10,16,18], with only a
few authors using normal-phase partitioning chroma-
tography [10]. Recently, a new chromatographic
method suitable for the fast separation of a number
of hydroxy derivatives of benzoic and cinnamic acids
has been devised [19]; this method, applied with UV
and MS detection in the present work, was spe-
cifically developed for the PB-MS system, which
requires low water content and volatile mobile
phases. For ED, a reversed-phase ion-suppression
partitioning method has been developed and par-
ticular attention has been paid to the effects of pH
variation and the amount of organic modifier. In this
work the performances of these different detection
systems in the determination of benzoic, cinnamic
and veratric acids and of twelve phenolic acids
derived from benzoic and cinnamic acids (listed in
Table 1) were verified. The capabilities of each
detection system were evaluated and compared in
terms of linearity and limit of detection (LOD). At
the same time, various chromatographic methods
were developed to fit the different detection con-
ditions. The different techniques were demonstrated
for the determination of selected phenolic acids in an
extract of a commercial brandy sample.

2. Experimental
2.1. Chemicals

All phenolic acid standards (97-99% purity) were
purchased from Fluka (Buchs, Switzerland). Inor-
ganic salts and sulphuric acid were supplied by Carlo
Erba (Milan, Italy); hexane, diethyl ether, propan-2-
ol and methanol (HPLC-grade) were purchased from
Lab-Scan (Dublin, Ireland). Formic and acetic acids
were obtained from Janssen Chimica (Geel, Bel-
gium). Water was purified with a Milli-Q system
(Millipore, Bedford, MA, USA).
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Table 1
Phenolic acid ions monitored in SIM acquisition mode

Compound’

Ions monitored (m/z)"

Salicylic acid (2-hydroxybenzoic acid)

Benzoic acid

Cinnamic acid

Veratric acid (3,4-dimethoxybenzoic acid)

Gentisic acid (2,5-dihydroxybenzoic acid)

Vanillic acid (3-methoxy-4-hydroxybenzoic acid)
4-Hydroxybenzoic acid

o-Coumaric acid (2-hydroxycinnamic acid)
p-Coumaric acid (4-hydroxycinnamic acid)

Ferulic acid (3-methoxy-4-hydroxycinnamic acid)
Protocatechuic acid (3,4-dihydroxybenzoic acid)
Syringic acid (3,5-dimethoxy-4-hydroxybenzoic acid)
Caffeic acid (3,4-dihydroxycinnamic acid)

Sinapic acid (3,5-dimethoxy-4-hydroxycinnamic acid)
Gallic acid (3,4,5-trihydroxybenzoic acid)

120,138
105,122
103,148
167,182
136,154
153,168
121,138
118,164,146°
147,164
179,194
137,154
183,198
134,180
209,224
153,170

* Compounds listed on the basis of their elution order in normal-phase mode.

* Dwell time, 500 ms for each ion.
“ Dwell time, 300 ms for each ion.

2.2, Standard and sample preparation

The phenolic acid standard solutions were pre-
pared at the 10 g/l level in methanol and were
gradually diluted to the working concentration levels
required for the study of the linearity range and of
the sensitivity of detection. Dilutions were performed
in hexane—diethyl ether (80:20, v/v) for UV and MS
detection modes and in water for the ED mode.

For the extraction of phenolic acids from a
commercial brandy sample, the procedure described
by Delgado et al. [20] was applied. A 50-ml volume
of brandy was. concentrated to approximately 15 ml
under vacuum at 35°C. The concentrated sample was
extracted with 5 ml of diethyl ether and the ex-
traction procedure was repeated four times. The
organic solvent was dried for 1 h with anhydrous
sodium sulphate followed by evaporation under
vacuum at 35°C. The residue was taken up with 500
wl of methanol-water (1:1, v/v). Prior to injection,
the sample was filtered through a 0.45-pm mem-
brane (Phenomenex, Torrance, CA, USA); in the
case of electrochemical detection, the filtered sample
was diluted 1:5 with methanol-water (1:1, v/v).
Injected volumes were 5 pl for ED and 20 ul for UV
and MS detection.

2.3. LC-UV

A Hewlett-Packard HP 1050 pump (Palo Alto,
CA, USA), equipped with a Model 7125 injection
valve with a 6-pl loop (Rheodyne, Cotati, CA, USA)
was used. The injection volume was 6 wl. Sepa-
rations were performed on a stainless steel column
(200X4 mm LD.) filled with 5 wm Nucleosil CN
(Macherey-Nagel, Diiren, Germany). The following
quaternary system was used as the mobile-phase:
eluent A, hexane-diethyl ether (80:20, v/v); eluent
B, propan-2-0l-80% (v/v) aqueous formic acid
(91:9, v/v); A-B volume ratio was 96:4. The overall
flow-rate was held at 0.8 ml/min.

Spectrophotometric detection was performed using
a variable-wavelength detector (Hewlett-Packard, HP
1050) at A=280 nm. The output range of the detector
(1 V) corresponded to 2 AUFS. Data were acquired
on a Maxima system (Waters, Milford, MA, USA).
For the determination of the linear dynamic range,
the range of 10-5000 ng was explored. The in-
strumental precision was calculated by considering
the repeatability of four measurements of chromato-
graphic peak areas at the 500 ng level.

A linear regression fitting (Y=i+mX) was done on
all the calibration data; when the intercept turned out
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to be non-significant (p>0.05), a new regression
was calculated according to Y=mX.

The calculations of the detection limits for the
compounds studied were based on a signal-to-noise
ratio of 3, throughout this work.

2.4. Electrochemistry and LC-ED

Voltammetric measurements were performed with
a Metrohm (Herisau, Switzerland) Polarecord E506
polarographic/voltammetric control unit, coupled
with a Metrohm E612 VA scanner. A three electrode
system was used throughout, made of a Tacussel
EDI 101 T glassy carbon electrode as the working
electrode (WE), a platinum wire as the auxiliary
electrode (AE) and an Ag—AgCl-KCI 3 M reference
electrode (RE). A Linseis LY 1900 x-y recorder
(Selb, Germany) was used. Hydrodynamic volt-
ammograms were recorded with an ESA Coulochem
5100A coulometric detector (Bedford, MA, USA),
coupled with a Perkin-Elmer model 250 HPLC pump
system (Norwalk, CT, USA). All pH measurements
in water—methanol mixed solutions [21] were per-
formed with an Amel Model 335 pH meter (Milan,
Italy).

The solutions for the cyclic voltammograms were
prepared by diluting the standard solutions of the
phenolic acids in a mixed solvent (acetate buffer pH 4
—methanol; 9:1, v/v) to 10°* M, the acetate buffer
was prepared by adjusting 0.036 M CH,COONH,
solution to pH 4 with glacial CH,COOH. All
samples were degassed with nitrogen for 10 min
before the measurements were taken. The glassy
carbon electrode was polished before each experi-
ment with Al,O, (1 wm), then dipped for | min in a
weakly acidic solution (0.05 M H,SO,) and washed
with deionized water. The voltammograms were
recorded by scanning the potential between —200
and +1600 mV.

To correlate the results obtained from the cyclic
voltammograms with the coulometric LC detector
potential setting, the hydrodynamic voltammograms
of caffeic and gentisic acids were obtained by
performing flow injection analyses (20 wl injection
volume) of the acid standards (6 mg/1 in methanol)
at different working electrode potentials in the range
of —150 to +500 mV. The reference electrode of the

detector is of unknown type, being covered by a
patent.

Chromatographic separations were carried out
using the Perkin-Elmer model 250 LC pump
equipped with a Hewlett-Packard HP 1050 auto-
sampler and a Spherisorb 5-ODS column (250X4.6
mm [.D., 5 wm). The mobile-phase was a mixture of
methanol (0—-13%), acetic acid (10-15%) (v/v) and
aqueous ammonium acetate (0.005 M). The working
flow-rate was 1.0 ml/min. Electrochemical detection
was performed with the ESA Coulochem Detector
mentioned above (1 V full-scale output). The system
is made of two cells serially connected, both of
which contain a porous graphite working electrode
together with associated reference- and counter
electrodes. The potential applied to the first cell (E1)
was —150 mV, whereas the potential applied to the
second cell (E2) varied from +200 to +900 mV,
depending on the analyte. In order to avoid decreases
in sensitivity, the detector cell was periodically
flushed with a 0.05 M H,SO, solution and repetitive
potential steps (=1 V) were applied.

The standards injected ranged from 10 p.g/1 to 100
mg/1 (injection volumes of 0.2-1 ul). Data acquisi-
tion was performed with a Turbochrom 4 PE Nelson
data acquisition system (PE Nelson, Cupertino, CA,
USA).

25. LC-MS

For the chromatographic separations with MS
detection, a Hewlett-Packard HP 1090 liquid
chromatograph equipped with an HP 1050 auto-
sampler was used. The column and chromatographic
conditions used for the separations were the same as
for UV detection (Section 2.3). The flow-rate was
0.4 ml/min in flow injection analysis (FIA) mode
and 0.8 ml/min using the chromatographic column.

A Hewlett-Packard Model HP 5989A quadrupole
mass spectrometer and a particle beam LC-MS
interface Model HP 59980A were used. The mass
spectra were recorded under electron impact (EI)
conditions, scanning from 90-250 u (1 scan/s). The
source and quadrupole temperatures were 200 and
100°C, respectively. Linearity and detection limits
were determined using selected-ion monitoring
(SIM). Regarding the PB interface parameters, the
temperature of the desolvation chamber (50°C), the
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nebulizing gas inlet pressure (helium, 172 kPa) and
the nebulizer capillary position were set according to
the results of a preliminary optimization procedure,
which was performed by injecting 100 ng of ferulic
acid and by monitoring the m/z 136 and 154 ions
(dwell times, 300 and 700 ms, respectively) in SIM
mode.

SIM detection was performed by monitoring the
ions listed in Table 1, using a dwell time of 500 ms
per ion, except in the case of o-coumaric acid, for
which a dwell time of 300 ms was chosen for each
ion; in this case three ions were scanned, since,
besides the base peak, two fragments having high
and similar abundances were detected. Data were
acquired using the HP MS 59940A Chem Station
(HP-UX series). Mass spectra of the analytes were
compared with Wiley library reference spectra. The
linearity of the dependence of the detector responses
on the quantities of phenolic acids injected was
studied both in FIA mode (1-1000 ng) and using the
chromatographic column (0.01-10 ug).

3. Results and discussion
31 LC-UV

Normal-phase partition chromatography of the
phenolic acids using a CN bonded-silica column has
already been discussed in previous work [19]. In this
paper, the performance of the UV detector, in terms
of linearity and detection limits, was studied in order
to achieve data comparable with those obtained with
the other detection systems considered. UV detection
did not appear to be an adequate technique for the
analysis of low concentrations of the phenolic acids

because of the low absorptivity values of these
compounds at the operative wavelength of 280 nm;
these values are further lowered by the mobile phase
used. In addition, it was not possible to use wave-
lengths corresponding to the maximum absorbance
for the single components, due to the small differ-
ences in retention times.

Limits of detection of some selected compounds,
determined with this detector at 280 nm, ranged from
5 ng (caffeic acid) to 50 ng (vanillic acid). In
general, all of the cinnamic acid compounds gave a
higher response than obtained for the corresponding
benzoic acid derivatives that were analyzed. The
linearity of the response was verified from the LOD
to the saturation of the UV signal. As can be inferred
from the results presented in Table 2, calibration
curves were linear from the LOD to at least 15 pg
for most of the compounds. The relative standard
deviation (R.S.D.) of the peak areas ranged from
1.2% for ferulic acid to 3.1% for p-hydroxybenzoic
acid (n=4; 500 ng level).

These results attest a satisfactory repeatability of
the method, whereas the minimum detectable
amounts confirm the poor sensitivity of spectro-
photometric detection.

3.2. Electrochemistry and LC~ED

A preliminary part of this work was devoted to
finding the optimum working electrode potential to
be used with the coulometric detector. The redox
activity of the phenolic acids was tested by cyclic
voltammetry. The peak current potentials are re-
ported in Table 3.

The electrochemical behaviour of phenolic acids is
not completely understood. The compounds bearing

Table 2

Linearity between the amounts of selected phenolic acids and chromatographic peak areas using the LC—UV method. Calibration fitting:
Y=i+mX

Compound Range (ng) ix10° m n r LoD*
4-Hydroxybenzoic acid 100-50000 - 2453 30 0.996 10
p-Coumaric acid 10-5000 —421*1.93 3558+91 21 0.992 10
Ferulic acid 10-15000 - 1642+3 34 0.993 10
Vanillic acid 50-5000 —1.74+044 841*2 21 0.992 50
Protocatechuic acid 10-15000 —1.22+0.46 577+8 43 0.996 10
Caffeic acid 10-15000 13.85+3.16 4719x66 38 0.997 5

* Limit of detection, in ng
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Table 3
Peak potentials for the oxidation and the reduction of selected
phenolic acids on the glassy carbon electrode®

Compound E®

+510°,+260°
+555°,+285°

Gentisic acid
Caffeic acid

Gallic acid +580°
Protocatechuic acid +650°,+335°
Sinapic acid +670°
Syringic acid +730°
Ferulic acid +770¢
Vanillic acid +910°
p-Coumaric acid +930°
0-Coumaric acid +975°¢
Salicylic acid +1145°

+1170°
+1450°¢

4-Hydroxybenzoic acid
Veratric acid

* All samples were 10" M solutions in the following medium:
0.036 M CH,COONH,~CH,COOH buffer, pH 4—methanol (9:1,
v/v).

® Millivolts vs. Ag/AgCl at 50 mV/s,

¢ Anodic peak.

¢ Cathodic peak.

two OH groups in the ortho or para position are
expected to be easily oxidized to yield o- or p-
quinones [14], as is found for enzymatic oxidation

45-

3.5

Peak current (pA)
~
"~ w
T ¥

-
w
-

oS-

[22]. This is a reversible reaction, since, by cyclic
voltammetry, a quasi-reversible behaviour was ob-
served for gentisic, protocathecuic and caffeic acids.

Regarding the electrochemical oxidation mecha-
nism of the monohydroxy or methoxy derivatives,
the reactions are irreversible and the reaction prod-
ucts seem to affect the detector electrode sensitivity,
forming a partially passivating film [16]. In fact, it
was necessary to clean the electrode periodically by
means of an acid solution by alternatively applying
large positive (+1 V) and negative (—1 V) po-
tentials.

From the hydrodynamic voltammograms of caffeic
acid and gentisic acid (Fig. 1) it can be inferred that
a diffusion limited current is reached at a voltage that
is about 200 mV lower than the cyclic voltammetry
peak potentials (Table 3); this is due mainly to the
difference between the reference electrodes of the
two measuring systems. Hence, the choice of the
working potential for the detector was made taking
into account different factors, i.e. the results of the
cyclic voltammetry measurements, the oxidation
potential of the least easily oxidisable compounds
and the impossibility of working at £2>1000 mV

L I " -

B T R BT

200 300 @ 400

50 &0

Applied poseatial (mV)

Fig. 1. Hydrodynamic voltammograms of caffeic acid (o) and gentisic acid (x). Mobile phase, 0.036 M CH,COONH,-CH,COOH, pH
4-methanol (9:1, v/v}); flow-rate, 1.0 ml/min. Amount injected: caffeic acid, 120 ng; gentisic acid, 100 ng.
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due to high background currents. At E2=900 mV, all
the compounds considered were detected, except for
veratric acid, which is oxidized at +1200 mV;
consequently, the latter compound was excluded
from this ED work. Benzoic acid and cinnamic acid
were not detected; in fact, in voltammetric experi-
ments they did not show any anodic wave into the
0-1600 mV range.

The chromatographic separation of a mixture of
twelve phenolic acids was studied with mobile
phases containing variable ratios of methanol, acetic
acid and 0.005 M aqueous ammonium acetate. As
expected, the higher the percentage of acid, the
sharper the peak became. In fact, a decrease of the
pH allows more efficient suppression of the ioniza-
tion process for the analytes to occur. In addition,
low percentages of methanol reduce the elution
times. Fig. 2 shows the effect of variations on the
capacity factors obtained using mobile phases of (a)
methanol-acetic acid—0.005 M ammonium acetate
(13:10:77, v/v), (b) methanol-acetic acid—0.005 M
ammonium acetate (8:15:77, v/v) and (c) acetic
acid-0.005 M ammonium acetate (15:85, v/v),
whereas the influence of the same eluents on the
resolution is illustrated in Fig. 3. It is evident that
even a low percentage of methanol, volumes of
acetic acid being equal, is important for obtaining
faster separations (Fig. 2). In addition, it is remark-
able that mobile phase (b), which contains a higher
percentage of acetic acid, not only gives the shortest
analysis time, but also enhances the resolution with
respect to mobile phase (a) (Fig. 3). The only
exception is that of salicylic, o-coumaric and ferulic
acids, which in any case were not well separated
using eluent (a). On the other hand, the separation
between these compounds can be obtained only by
using the eluent made up of acetic acid and 0.005 M
ammonium acetate, which results in longer retention
times and broader and non-symmetrical peaks. For
these reasons, the calibrations were performed using
the methanol-acetic acid—ammonium acetate
(8:15:77, v/v) mobile phase having a pH value of
2.3. The elution order of the analytes reflects the
number of OH groups on the aromatic ring.

Operating at oxidation potential values lower than
900 mV, it was possible to detect some phenolic
acids selectively. Injections of a standard mixture
were performed at 700, 500, 400, 300 and 200 mV. In

20 7
12
X "
3
3 1 "
=2 ’
9
\/A’
\/.
s
——
3
— —-— —e 2
0 - —
a b C

Different mobile phases

Fig. 2. Effect of the composition of the mobile phase on the
capacity factors (k") of standard phenolic acids under RPLC-ED
conditions. Eluent: methanol-acetic acid—0.005 M ammonium
acetate (a) 13:10:77 (v/v), (b} 8:15:77 (v/v/v) and (c) 0:15:85
(v/v); flow-rate, 1.0 ml/min; E2=900 mV. Elution order: (1)
Gallic acid, (2) protocatechuic acid, (3) gentisic acid, (4) p-
hydroxybenzoic acid, (5) caffeic acid, (6) vanillic acid, (7)
syringic acid, (8) p-coumaric acid, (9) salicylic acid, (10) o-
coumaric acid, (11) ferulic acid and (12) sinapic acid.

Fig. 4, three chromatograms obtained at 900, 500
and 200 mV are shown. When E2 was set at 200 mV
(Fig. 4c) only gallic acid, protocatechuic acid, gen-
tisic acid, caffeic acid and sinapic acid were detect-
able, whereas at 500 mV (Fig. 4b) only protocatech-
uic acid and salicylic acid disappeared from the LC
profile.

Detection limits and the linearity were checked
and results are summarized in Table 4. For all
compounds tested, a linear dynamic range of at least
three orders of magnitude was explored. Except for
4-hydroxybenzoic acid, two different calibration
fittings at low and high levels (more than 1 ng) were
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1.2 23 34

45 56 67 78 89

) S S |

9-10 10-11 11-12

Couples of adjacent peaks

Fig. 3. Effect of the composition of the mobile phase on the resolution (R,) of adjacent peaks of standard phenolic acids. R =1 for baseline

separation. Conditions and compounds as in Fig. 2.

calculated, with a sharp decrease in sensitivity for
the high levels, as indicated in Table 4. In all cases
investigated, the response was linear with a correla-
tion coefficient, r, of at least 0.999 (n=10). The best
behaviour was observed for 4-hydroxybenzoic acid,
which exhibited linearity in a dynamic range greater

than four orders of magnitude. Using the chromato-
graphic column, the minimum detectable amounts of
the analytes were 1 pg, for ferulic and 4-hydroxy-
benzoic acids, and 5 pg, for vanillic and p-coumaric
acids (S/N=3). Table 4 shows calibration graphs
where the amount of analyte is referred to both in ng

8 a b ¢
2 [‘ H 12 !
100 nA 51 1
- \ UL \1 L U __i L U - A
° 10 20 0 20 0 10 20

Fig. 4. Effect of the decrease of the oxidation potential on the ED of the standard solution of Fig. 2. Eluent: methanol-acetic acid-0.005 M
ammonium acetate (13:10:73, v/v); flow-rate, 1.0 ml/min. (a) £2, 900 mV; (b) E2, 500 mV; (c) E2, 200 mV.
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Table 4

Linearity between the amounts of selected phenolic acids and chromatographic peak areas using the LC—ED method. Calibration fitting:

Y=i+mX

Compound Range (ng) ix10* mx10* m'x10™ n r LOD®

4-Hydroxybenzoic acid 0.005-100 - 5.35+0.04 73.83£0.52 30 0.999 0.001

p-Coumaric acid 0.01-0.5 83 10.2 *0.10 167.28+0.16 15 0.999 0.005
0.5-100 28060 7.39+0.02 121.19+0.33 10 0.999

Vanillic acid 0.01-0.5 - 5.51=0.08 92.57+1.34 It 0.999 0.005
1-50 500+ 100 3.37+0.02 56.62+0.34 12 0.999

Ferulic acid 0.05-1 52 4.62+0.03 89.63+0.58 10 0.999 0.001
1-100 ~ 3.18+0.02 61.69+0.39 10 0.999

“m, [peak area]/[ng of analyte).
"m’, [peak area]/[pmoles of analyte].
‘ Limit of detection, in ng.

and in pmol; the slope values, m' (peak area/pmol),
are roughly proportional to the charge number of the
electrochemical oxidations at the chosen potential
value.

Good repeatability of the method was found,
relative standard deviations ranging from 0.6% for
4-hydroxybenzoic acid to 3.0% for p-coumaric acid
at the 0.1 ng level (n=4).

3.3. LC-MS

In order to investigate the applicability of the
particle beam HPLC-MS technique to the analysis
of phenolic acids, preliminary studies were con-
ducted under FIA conditions. It is well known that
LC-PB-MS is not suitable for highly polar com-
pounds, such as the di- and trihydroxy derivatives of
the cinnamic and benzoic acids, for which the
transfer through the PB interface is not efficient
because of difficulties in the desolvation process of
the acids. This behaviour was particularly evident
under reversed-phase conditions, using aqueous—al-
coholic mixtures as the eluent. High amounts of the
examined compounds (about 5 wg) had to be injected
to obtain poor quality mass spectra, which were not
comparable to those of the mass spectra data bases.

In contrast, when operating under normal-phase
conditions, it was verified that the use of non-polar
or slightly polar organic eluents (like hexane—diethyl
ether mixtures with organic modifiers) let the ana-
lytes cross the interface without deprotonation and
allowed them to reach the ion source efficiently. Low
amounts (5-10 ng) of phenolic acids were sufficient
to obtain EI library-searchable mass spectra. On the

other hand, the use of organic solvents limited the
acquisition mass range, so that it was impossible to
record below 90 u. In Table 5 the MS data for the
compounds examined, with the exception of benzoic
acid, are summarized; due to its high volatility,
benzoic acid could hardly be detected at the low ng
level, probably being pumped away together with the
eluent in the PB interface. Structural assignment and
relative abundance of the fragment ions are con-
tained in Table 5. All of the PB-EI mass spectra
were in agreement with the corresponding Wiley
library reference spectra.

It should be noted that up to now, very few
examples of the use of non-polar solvents in LC—PB-
MS have been reported [23,24]. Winkler et al. [23]
have described the normal-phase separation of retinol
acetate isomers using an improved MAGIC (mono-
disperse aerosol generating interface for chromatog-
raphy) LC-MS system; full scan EI mass spectra
were obtained with 50 ng injections on-column. The
advantages in the use of normal-phase chromatog-
raphy with respect to reversed-phase separations
have been highlighted by Zinkl et al. [24] in the
LC-PB-MS analysis of pesticides; the normal-phase
approach offered significant advantages resulting in
highly resolved sharper peaks and greater sensitivity
for the compounds of interest.

After the optimization of the PB interface parame-
ters under FIA conditions, LC-MS experiments were
performed with the CN column. Even though the
best flow-rate for this interface is 0.3—0.4 ml/min, in
normal-phase mode it is possible to operate at 0.8
ml/min, without any appreciable loss of sensitivity.
This may be explained considering that, in the case
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Table 5

Mass spectral data of the phenolic acids in FIA—PB-EI-MS mode’

Compound M]* [M-H]" [M-OH]" [M-H,0]" [M-CH,]" [M~-COOH]"  Others

Salicylic acid 138 (100) 120(100) 92(80)
Cinnamic acid 148(80) 147(100) 131(25) 103(49)

Veratric acid 182(100) 165(7) 167(33)

Gentisic acid 154(40) 137(11) 136(100) 108(31)
Vanillic acid 168(100) 151(17) 153(74) 125(21), 97(26)
4-Hydroxybenzoic acid 138(78) 121(100) 93(30)

o-Coumaric acid 164(39) 147(11) 146(56) 118(100)
p-Coumaric acid 164(100) 147(41) 119(26)

Ferulic acid 194(100) 177(11) 179(25) 133(19)
Protocatechuic acid 154(96) 137(100) 136(6) 109(29)

Syringic acid 198(100) 181(7) 182(37) 127(18),168(3)
Caffeic acid 180(100) 163(26) 162(8) 134(45),136 (29)
Sinapic acid 224(100) 207(4) 209(18) 194(2)

Gallic acid 170(100) 153(81) 154(7) 136(19)

“ Relative abundances enclosed in parenthesis for each ion.

of the use of non-polar or low-polar eluents, the
desolvation process is less difficult due to the lower
AHVap for these solvents over the high-polar organic
solvents or water, as already discussed by Voyksner
et al. [25] regarding reversed-phase eluents.

A mixture of ten phenolic acid standards was
injected, obtaining the LC-PB-MS chromatogram
illustrated in Fig. 5. In general, the peak broadening
caused by the PB interface was not particularly
noticeable; only in the case of sinapic and gallic
acids, the most polar compounds, was this broaden-
ing so wide that it was not possible to obtain a real
chromatographic peak. However, for these analytes
poor peak shape was observed even with UV de-
tection.

Table 6 summarizes the EI data concerning the
linearity and the detection limits obtained in FIA
mode (a) and with the chromatographic column (b,
c). Under FIA conditions, the linearity of MS
responses (i.e. the intensity of the ion signals moni-
tored in SIM mode) versus the amounts of phenolic
acids was established over a dynamic range of 10’
for most of the analytes. In contrast, non-linear
behaviour at low levels was observed for the most
polar derivatives, such as gentisic, protocatechuic,
caffeic and gallic acids, for which efficiency trans-
mission through the PB interface is particularly low
on decreasing the concentration. This results in
calibration plots with a linear range at the higher
levels and a deviation from linearity at the lower

levels, in agreement with the theoretical model
proposed by Apffel and Perry {26]; for these acids,
correlation coefficients, r, ranged from 0.976 to
0.995. When using the LC column, the experimental

Abundance

s 10 13 20 28
Tirne (min.)

Fig. 5. LC-PB-MS total ion chromatogram of a mixture of ten
phenolic acids obtained using a CN bonded-silica column (scan
range 90-250 u). Elution order: (1) salicylic acid, (2) cinnamic
acid, (3) veratric acid, (4) gentisic acid, (§) vanillic acid, (6)
p-hydroxybenzoic acid, (7) o-coumaric acid, (8) ferulic acid, (9)
syringic acid and (10) caffeic acid.
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Table 6

Linearity between the amounts of phenolic acids and chromatographic peak areas using the PB-MS method. Calibration fitting: ¥=i+mX
Compound Range (ng) ix10° mx10* n r LOD*
(a) FIA-mode

Salicylic acid 20-10000 —1.40= 0.61 0.143+0.001 31 0.998 1.0
Benzoic acid 10-1000 - 0.406+0.001 21 1.000 1.0
Cinnamic acid 10-1000 —31.78% 7.39 16.79 *0.17 21 0.999 1.0
Veratric acid 1-1000 —23.17* 4.74 10.52 +0.12 26 0.998 0.1
Gentisic acid 5-1000 —62.34+14.50 12.79 *0.34 22 0.993 0.3
Vanillic acid 1-1000 - 15.56 *0.13 27 0.999 02
4-Hydroxybenzoic acid 1-1000 —38.77% 8.15 17.01 *0.20 27 0.998 0.2
o-Coumaric acid 1-1000 —26.58+10.51 28.37 +0.28 30 0.999 0.1
p-Coumaric acid 1-1000 - 17.99 +0.23 29 0.998 0.1
Ferulic acid 1-1000 1871= 4.11 13.24 *0.12 39 0.998 0.1
Protocatechuic acid 1-1000 —42.32*+12.79 17.50 *0.34 28 0.995 0.2
Syringic acid 1-1000 - 14.05 *0.10 27 0.999 0.1
Caffeic acid 5-1000 —1345% 5.25 534 +0.13 25 0.993 0.7
Sinapic acid 1-1000 ~12.87= 4.46 12.75 *0.11 25 0.999 0.5
Gallic acid 5-250 —-1.70x 0.71 0.86 =0.06 15 0.972 03
(b) LC-mode, low-amount range

4-Hydroxybenzoic acid 10-500 -18* 4 70 *02 12 0.997 2.0
p-Coumaric acid 10-500 -8+ 2 3.10 +0.07 12 0.997 5.0
Ferulic acid 10-500 —24+ 7 6.7 *03 12 0.991 3.0
Vanillic acid 10-500 -7+ 2 2.27 *0.07 12 0.995 3.0
Protocatechuic acid 10-500 -7 2 2.18 *0.06 12 0.995 5.0
(c) LC-mode, high-amount range

4-Hydroxybenzoic acid 1-10 —40=20 112 *03 12 0.997
p-Coumaric acid 1-10 —-1l6x 5 594 +0.09 12 0.999

Ferulic acid 1-10 - 113 *04 12 0.993

Vanillic acid 1-10 -30+10 105 =02 12 0.999
Protocatechuic acid 1-10 =77 6 104 =0.1 12 0.999

Caffeic acid 5-50 —270*60 58 02 9 0.996

* Limit of detection, in ng.

data were not fitted by a unique linear equation over
the whole concentration range considered for all
analytes: in fact, the data at the low level (10-500 ng
for the compounds reported in Table 6b) gave rise to
a sensitivity that was significantly lower than that
obtained at high levels (1-10 g except for caffeic
acid, whose linear range was 5-50 pg). This could
be explained by considering the combination of two
factors; peak broadening due to the chromatographic
column and analyte transfer through the PB inter-
face, which becomes less efficient by decreasing the
concentration. Recently, the non-linear behaviour of
the LC-PB-MS system at low concentrations has
been discussed by Creaser and Stygall [27] in a
review dealing with the coupling of HPLC with MS
through the PB interface.

The minimum detectable amount ranged from 0.1

to 1.0 ng in FIA, depending on the analyte (0.1-0.7
pl injected). When operating with the column, the
detection limits for six of the compounds examined
were higher than in FIA. This behaviour has been
noticed in other cases [28,29], with a ten-fold
decrease in sensitivity passing from the FIA mode to
the use of an ordinary chromatographic column. In
the case of caffeic acid, the last eluting compound
under the LC conditions used, the loss in sensitivity
was dramatic because of considerable peak broaden-
ing. Nevertheless, the LC-PB-EI-MS method can
provide quantitation of phenolic acids in matrices
like wines and other alcoholic beverages, the mini-
mum detectable amounts being much lower than
those found in the case of LC-TSP-MS [17]. In fact,
under the presently reported conditions, detection
limits were in the order of 1 pg and thus satisfactory
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for the analysis of phenolics produced by the chemi-
cal degradation of plant material such as wheat
straw.

Precision of the LC—PB-MS system was evaluated
by performing four repetitive analyses using 100 ng
of the compounds reported in Table 6(b), which gave
a R.S.D. ranging from 0.50% for p-hydroxybenzoic
acid to 1.8% for protocatechuic, ferulic and p-
coumaric acids. For caffeic acid, which gave a large
peak shape, repeatability was worse (R.S.D. of 7.5%
for four 50 pg on-column injections).

3.4. Analysis of phenolic acids by LC~-UV, LC-ED
and LC—PB-MS techniques in a brandy sample

The different techniques were demonstrated for

the analysis of phenolic acids present in a real
sample such as an extract of commercial brandy.

A00% = 123383
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This type of matrix is known to be characterized by
low concentrations (from ppb to ppm) of phenolic
acids [20]. Analysis of this alcoholic beverage,
performed using UV, ED and PB-MS detection
modes, gave the results shown in Fig. 6. Coulometric
detection provided advantages in comparison to
either UV or MS detection; eight phenolic acids were
detected and quantified by the electrochemical meth-
od in the low ng range, as reported in Table 7. The
matrix effect did not represent a problem in the case
of ED, except for gallic acid, for which the accuracy
of the determination is scarce due to partial overlap-
ping with other peaks (Fig. 6a). Selectivity in
chromatographic detection could be further increased
by varying operative oxidation potential values, as
discussed above. In contrast, UV detection of the
phenolics was not feasible because of the large
interference from various peaks and, in particular,
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Fig. 6. Comparison of chromatograms of the brandy extract obtained with (a) ED, £2=900 mV, RP mode. Elution order: (1) gallic acid, (2)
protocatechuic acid, (3) p-hydroxybenzoic acid, (4) caffeic acid, (5) vanillic acid, (6) syringic acid, (7) p-coumaric acid and (8) salicvlic
acid; (b) PB~EI-MS detection, SIM acquisition, NP mode; (¢) UV detection, A=280 nm, NP mode. Elution order: (1) salicylic acid, (2)
vanillic acid, (3) protocatechuic acid, (4) syringic acid and (5) caffeic acid.



voL. 753 NO. 2 15 NOVEMBER 1996
THIS COMPLETES VOL. 753

||||7

JOURNAL OF

CHROMATOGRAPHY A

INCLUDING ELECTROPHORESIS AND OTHER SEPARATION METHODS

EDITORS

U.A.Th. Brinkman (Amsterdam)
RW. Giese (Boston, MA)

C.F. Poole (London)

L.R. Snyder (Orinda, CA)

S. Terabe (Hyogo)

EDITORS, SYMPOSIUM VOLUMES,
E. Heftmann (Orinda, CA), Z. Deyl (Prague)

EDITORIAL BOARD

DW. Armstrong (Rolla, MO}
W.A. Aue (Halifax)

P. Bocek (Brno}

PW. Carr {Minneapolis, MN)

J. Crommen (Liege)

V.A. Davankov (Moscow}

G.J. de Jong (Groningen)

Z. Deyl (Prague)

S. Dilli {Kensington, N.SW.)

Z. El Rassi (Stillwater, OK)

H. Engelhardt (Saarbriicken)
M.B. Evans (Hatfield)

S. Fanali (Rome)

G.A. Guiochon (Knoxville, TN)
P.R. Haddad (Hobart, Tasmania)
I.M. Hais (Hradec Krélové)
J.K. Haken (Kensington, N.SW.}
W.S. Hancock {Palo Alto, CA)
S. Hjertén (Uppsala)

S. Honda (Higashi-Osaka)

Cs. Horvath (New Haven, CT)
J.F.K. Huber (Vienna)

J. Janak (Brno)

P. Jandera (Pardubice)

B.L. Karger (Boston, MA)

J.J. Kirkland {Newport, DE)

E. sz. Kovats (Lausanne)

C.S. Lee (Ames, |A)

K. Macek (Prague}

A.J.P. Martin {Cambridge}

E.D. Morgan (Keele)

H. Poppe (Amsterdam)

P.G. Righetti {Milan}

P. Schoenmakers {Amsterdam)
R. Schwarzenbach (Dubendorf)
R.E. Shoup (West Lafayette, IN)
R.P. Singhal (Wichita, KS)
A.M. Siouffi (Marseiile)

D.J. Strydom (Boston, MA)

T. Takagi (Osaka)

N. Tanaka (Kyoto)

K.K. Unger (Mainz)

P. van Zoonen (Bilthoven)

R. Verpoorte {Leiden)

Gy. Vigh (College Station, TX)
J.T. Watson (East Lansing, Ml)
B.D. Westerlund (Uppsala)

EDITORS, BIBLIOGRAPHY SECTION
Z. Deyl {Prague), J. Janak (Brno), V. Schwarz (Prague)

ELSEVIER




170 C. Bocchi et al. | J. Chromatogr. A 753 (1996) 157—-170

[11] D.A. Guillén, C.G. Barroso and J.A. Pérez-Bustamante, J.
Chromatogr. A, 655 (1993) 227.

[12] J.P. Roggero and P. Archier, Connaiss. Vigne Vin, 23 (1989)
25.

[13] L.J. Felice, W.P. King and P.T. Kissinger, J. Agric. Food
Chem., 24 (1976) 380.

[14] G. Chiavar, V. Concialini and G.C. Galletti, Analyst, 113
(1988) 91.

[15] S. Mabhler, P.A. Edwards and M.G. Chisholm, J. Agric. Food
Chem., 36 (1988) 946.

[16] J.B. Kafil and T.A. Last, J. Chromatogr., 348 (1985) 397.

[17] G.C. Galletti, J. Eagles and F.A. Mellon, J. Sci. Food Agric.,
59 (1992) 401.

[18] A. Tilly-Melin, Y. Askermark, K.G. Wahlund and G. Schill,
Anal. Chem., 51 (1979) 976.

[19] M. Careri, P. Manini and G. Mori, Anal. Proc., 32 (1995)
129.

[20] T. Delgado, C. Gomez-Cordovés and B. Villarroya, Am. J.
Enol. Vitic., 41 (1990) 342.

[21] T. Mussini, A.K. Covington, P. Longhi and S. Rondinini,
Pure and Appl. Chem., 57 (1985) 865.

[22] V. Cheynier and M. Moutounet, J. Agric. Food Chem., 40
(1992) 2038.

[23] P.C. Winkler, D.D. Perkins, W.K. Williams and R.F. Browner,
Anal. Chem., 60 (1988) 489.

[24] M. Zinkl, S.C. Slahck, P. Goodley and K. Imatani, Hewlett-
Packard LC-MS Application Note, Publication No. 5954-
8150 (1990).

[25] R.D. Voyksner, C.S. Smith and P.C. Knox, Biomed. Environ.
Mass Spectrom., 19 (1990) 523.

[26] A. Apffel and M.L. Perry, J. Chromatogr., 554 (1991) 103.

[27] C.S. Creaser and JW. Stygall, Analyst, 118 (1993) 1467.

[28] M. Careri, A. Mangia, P. Manini and N. Taboni, Fresenius’ J.
Anal. Chem., 355 (1996) 48.

[29] L. Bonfanti, M. Careri, A. Mangia, P. Manini and M.
Maspero, J. Chromatogr. A, 728 (1996) 359.



