
Introduction

The foundry sands, reused in civil engineering (for the real-
isation of road undercoats), have to respect a content lower
than 5 mg/kg in leachatable phenols to be valued.

During the study of a biodegradation process of phenolic
compounds held in foundry sands, we had to separate and
quantify a certain number of phenolic by-products selected
as potential markers of the process monitoring.

Phenolic by-products to be analyzed are collected in the
table I: they are aromatic compounds resulting from the
cupric oxidation in basic medium at 170 °C of sand leachate
followed by acidification and liquid–liquid extraction of the
oxidation products with ethyl acetate [1]. 

The analysis of this kind of phenolic compound mixtures
has been widely developed in wood chemistry and bio-
chemistry as well as in food controls, in soil analyses
(humus) and more generally in environment pollution exam-
inations (natural or waste-water). First attempts have been
achieved by thin layer chromatography [2-6] or by gaz chro-
matography in the 60s requiring a previous derivatization of
the compounds [7-13]. High performance liquid chromatog-
raphy was then used in the 70s and 80s. So were described,
according to the stationary phase being used, applications by
ion-exchange chromatography [14-16], by ion-pair chro-
matography [17,18] or by partition chromatography on var-
ious normal and reverse-phases [19-35]. Among these HPLC
methodologies, partition on reverse-phase generally emerges
as being the most convenient technique, using octadecyl sil-
ica-bonded columns as hydrophobic stationary phases in
conjunction with polar methanol or acetonitrile/water mix-
tures in acidic medium as mobile phases.

Focussing on the mixture that we had to investigate, it
can be seen that some compounds differ widely in their
polarity and hydrophobia-hydrophily properties according to
their various functionalities: phenol(s), ether, aldehyde,
ketone and/or carboxylic acid. Thus, to achieve a good 
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The separation of nine phenolic by-products was
realized by Reverse Phase HPLC using a binary
gradient water-acetic acid/acetonitrile whose 
elution program was optimized by means of the
experimental design methodology.

Significant factors are: the initial isocratic elution
time, the gradient running time and the gradient
curvature. Modelization was made by using a
central composite plane in 17 experiments.
Responses were measured by the resolution
between four couples of components: p-hydrox-
ybenzoic acid - phenol, phenol - p-hydroxyben-
zaldehyde, acetovanilone - acetosyringone and
acetosyringone - benzoic acid.

According to the resulting quatradic model, an
optimized program of gradient elution was set up
and successfully tested as it gives satisfactory
separations (isocratic elution time: 8 min; gradi-
ent running time from 1 % to 25 % acetonitrile:
40 min; linear gradient; room temperature).

Table I. Phenolic compounds investigated by HPLC and
order of elution.

Compound Peak n°

3,4,5-trihydroxybenzoic acid (gallic acid) 1  
4-hydroxybenzoic acid 2  
phenol 3  
4-hydroxybenzaldehyde 4  
4-hydroxy-3-methoxybenzaldehyde (vanillin) 5  
4-hydroxy-3-methoxyacetophenone (acetovanillone) 6  
4-hydroxy-3,5-dimethoxyacetophenone 
(acetosyringone) 7  
benzoic acid  8  
4-methoxybenzoic acid (anisic acid) 9  
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separation by reversed-phase chromatography, one must rely
on an efficient stationary phase as well as must realise a
very selective gradient of mobile phase assuming that the
solvent strength must be increased in a continuous manner
without any decrease in the selectivity. These problems can
be solved by starting the elution with a very hydrophilic sol-
vent in order to improve the separation of the earliest very
polar polyphenols (gallic acid) and the polar monophenols
(phenol and p-hydroxybenzoic acid). Then the solvent
strength must increase gradually towards a less hydrophilic
nature in order to separate phenolic aldehydes (p-hydroxy-
benzaldehyde, vanillin), phenolic ketones-ethers (acetovanil-
lone, acetosyringone) and lastly the non phenolic carboxylic
acids (benzoic and anisic acids).

The strong evolution of the eluent composition during the
chromatography will not on the other hand improve the res-
olution between two contiguous compounds of closely sim-
ilar properties and that is the case for some compounds con-
stituting the previous couples.

Faced with such a difficult separation we were inclined
to duplicate one of the described methodologies closest to
our objective. Among numerous methods one can take out: 

– the separation by Kögel et al. [22] of lignin derived prod-
ucts such as acid and phenolic aldehydes of benzoïc and
cinnamic series requiring a concave binary gradient elu-
tion achieved with an acetonitrile/buffer phosphate mix-
ture at room temperature;

– the more systematic study by Burtscher et al. [23] of the
separation of almost thirty phenols, benzenic ethers, ben-
zaldehydes, acetophenones and benzoic and cinnamic
acids using a binary gradient acetonitrile/phosphate buffer
as eluent at 50 °C;

– the separation by Charrière et al. [35] of about twenty
phenolic compounds using a very complex binary gradi-
ent elution based on a acetonitrile/water/acetic acid mix-
ture at 37 °C.

Therefore when attempting to closely reproduce the
results described in the previous methodologies we were
confronted with a lot of problems that are well known to
chromatographists:

– some gradient elution programs, as the one used by
Charrière et al. [35], are so complex that the experiments
are extremely difficult to reproduce if the know-how and
the equipment of the original laboratory are not available;

– other gradients, as the one used by Burtscher et al. [23],
are simpler (two-slope linear gradient) but lead in our
case to poor separations, particularly in the acetovanil-
lone-acetosyrigone-benzoic acid case;

– described methods generally refer to a type of stationary
phase (octadecyl C18) corresponding to commercial
packing materials of particular trademarks, varying from
one methodology to another. However one in the labora-
tory does not necessarily have the same trademarked col-
umn but one from other suppliers which can differ

593ANALUSIS, 2000, 28, N° 7
© EDP Sciences, Wiley-VCH 2000

Original articles
Chemometrics 2000

slightly by its hydrophobicity, its granulometry and shape
of the base silica, the ratio of residual silanols, even by
the size and packing process of the column, etc. It may
thus be impossible to translate a separation on a given
commercial stationary phase to another similar phase
from another manufacturer.

Lastly if it is easy to reproduce a simple separation (iso-
cratic for example) with equipment different from one lab-
oratory to another it is rather hazardous in the case of such
a delicate separation as the one that is proposed to us.
Moreover it should be also mentioned, as the method is
aimed at checking the processing of a low-added value prod-
uct of civil engineering, that our objective should be to find
the easiest methodology relying upon basic parameters,
equipment and technologies: elution at room temperature,
available columns routinely used in the laboratory and elu-
tion gradient as simple as possible.

That is why, after having failed to duplicate some of the
above-mentioned separations, we were forced to develop our
own chromatographic conditions.

Experimental

Apparatus

The HPLC system was equipped with two Waters M510
pumps allowing the obtention of a high-pressure gradient
programmed by a Maxima Baseline software under
Windows™. The sample was injected by a sample loop
valve fitted with a 20 µL loop (Reodyne 7010). The detec-
tor was a Waters UV486 spectrophotomer set at 275 nm. The
signal was treated with either a ChromJet integrator (from
TSP), or the Maxima Baseline Waters software under
Windows™ on a AST Bravo MS 4/66d microcomputer.

Column

We used a 25 cm× 3.9 mm i.d. steel column filled with
µBondapak C18, 10 µm (from Waters) protected by a short
2 cm × 3.9 mm i.d. steel pre-column filled with the same
stationary phase and placed immediately before the main
column. The column was thermostated at room temperature
by a simple draught proofing in a box filled with a thermal
insulating.

Eluents and standards

Gradient elution was carried out at a flow rate of
0.8 mL.min. The starting eluant was A: ultra pure water
(obtained by ultra-filtration on a Milli Q+ system from
Millipore) 96 %; acetic acid R.P. (Carlo Erba) 3 %; ace-
tonitrile HPLC grade (Carlo Erba) 1 %. The finishing elu-
ent was B: ultra pure water 72 %; acetic acid 3 %; acetoni-
trile 25 %. The gradient started from 100 % of A to reach
100 % of B according to the program of the experiment (see
table II). The acetonitrile content was maintained for 10 min



after the end of the separation (corresponding to the peak of
anisic acid) and then the column was re-equilibrated back to
the initial conditions (100 % of A). They were adjusted by
a 1 min step-gradient which was held for 15 min before the
next injection.

A standard solution of the mixed phenolic compounds
was prepared by dissolving 10 mg of each component
(Tab. I) in 100 mL of acetonitrile HPLC grade. Diluted stan-
dards were prepared from the previous one in ultra-pure
water.

Selectivity and resolution

Selectivities are stated as the ratio of the retention times
recorded within ± 1/100 min and are assessed at ± 0.1 %.
Resolutions are calculated on the basis of the ratio between
differences in retention times and half-band widths measured
manually within ± 1/2 mm on the chromatogram reprocessed
with a chart speed of 4 cm/min. They are assessed at ± 1 %.
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Results and discussion

The basic parameters of the chromatographic method were
chosen according to the data of the literature and particu-
larly those applied by Charrière et al. [35]. Then we used:

– a µBondapak C18 column of octadecyl silica-bonded
type, with usual granulometry of 10µm, irregular parti-
cle shape, pore size of 125 A° and a geometry of 3,9×
250 mm;

– an eluent buffered at a pH close to 3 by addition of acetic
acid to minimize the ionization of carboxylic compounds
and fix them under the major protonated form;

– an eluent composition set at a 1 % ratio of acetonitrile
(eluent A) at the beginning of chromatography in agree-
ment with the elution of the most hydrophilic compound
(gallic acid);

Table II. Matrix of the experiments of the centred composite plane. Responses in Resolution (Rs).

Entry Run order Factor A Factor B Factor C Response Response Response Response
Rs1 Rs2 Rs3 Rs4

1 16 –1 –1 –1 1.39 1.22 0.69 1.59
2 3 +1 –1 –1 0 2.50 0.88 1.26
3 14 –1 +1 –1 0 2.48 1.14 0.93
4 15 +1 +1 –1 0.78 3.41 1.08 0.55
5 17 –1 –1 +1 3.18 1.21 0.85 3.05
6 1 +1 –1 +1 2.52 0 0.92 2.32
7 4 –1 +1 +1 4.29 0.87 0.89 3.18
8 12 +1 +1 +1 2.48 0 0.98 2.08
9 5 –1.68 0 0 2.78 0 1.30 1.43
10 8 +1.68 0 0 0.68 1.92 1.36 1.27
11 7 0 –1.68 0 2.27 0 0.92 2.08
12 6 0 +1.68 0 1.06 1.61 1.57 0.88
13 11 0 0 –1.68 2.18 2.60 0.60 1.35
14 9 0 0 +1.68 3.68 1.60 0 2.70
15 2 0 0 0 1.72 1.00 1.42 1.33
16 10 0 0 0 1.62 1.02 1.35 1.26
17 13 0 0 0 1.86 0.98 1.53 1.37

Levels Factor A Factor B Factor C
Isocratic elution time Gradient running time Gradient curvature

(min) (min)

–1.68 0 30 –8
–1 2 35 –5

0 5 40 0
+1 8 45 +5
+1.68 10 50 +8



– an eluent composition set at a 25 % ratio of acetonitrile
(eluent B) at the end of chromatography, adapted to the
elution of the most hydrophobic compound (anisic acid);

– a flow-rate of 0.8 mL.min which was determined as opti-
mal when the apparent height equivalent to a theoretical
plate (H) was plotted versusthe linear velocity of the elu-
ent (µ).

Experimental design

Our preliminary works, and so our failure to partially repro-
duce the methods of the literature, showed that the difficul-
ties of the separation concern essentially the p-hydroxyben-
zoic acid, phenol and p-hydroxybenzaldehyde on the one
hand, acetovanillone, acetosyringone and benzoic acid on
the other hand. So we tried to optimise the chromatographic
separation between these two series of products taking into
account the fact that, without exceptions, the eluting order
of components is invariable and we chose to measure sepa-
rations between the four following couples:

– p-hydroxybenzoic acid and phenol (response 1);
– phenol and p-hydroxybenzaldehyde (response 2);
– acetovanillone and acetosyringone (response 3);
– acetosyringone and benzoic acid (response 4).

Recorded responses could be determined either by the
resolution or either by the selectivity. Although selectivity
could be evaluated more precisely and easily than resolu-
tion, the calculation of a selectivity does not permit one to
know a priori if two compounds are separated in chro-
matography. A selectivity at above 1 enables one only to say
that they are in theory separable. In the last, responses were
given in resolution that is more representative to quantify
the separation between to contiguous peaks.

Experimental design consists in modelling and optimising
the program of elution corresponding to a binary gradient.
Considering that this gradient must evolve from the pure
eluent A at the beginning of chromatography to the pure elu-
ent B at the end of chromatography, factors taken into
account in the design were the following ones:

– the isocratic elution time (factor A), set inside the domain
between 0 and 10 min;

– the gradient running time from 0 % to 100 % of eluent B
(factor B) set between 30 and 50 min;

– the mathematical curvature of the gradient (factor C):
concave, linear or convex fixed between – 8 and + 8.

The limits of every domain were set according to the data
of preliminary experiments and the equipment abilities. The
analysis of data was carried out by means of the Modde 4.0
software (from Umetri).

The modellisation was led by a central composite design.
The matrix of experiments was built on the basis of the eight
experiments of the 23 design, six experiments of star points
and three experiments in the centre of the domain as quoted
in table II. The chosen central composite design satisfies the
standard of isovariance by rotation. Star points of the design
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are situated at the distance ± α of the domain center. The
calculation of the α value does not depend of the number
of centre points. A minimal number of three central points
was proposed by the Modde 4.0 software and this one was
adopted in order to minimise the number of attempts of the
heavy experimental work.

Experiments were recorded at random to avoid the block
effects. Data of the 17 chromatographic runs are collected
in table III including resolution and selectivity between con-
tiguous peaks. They show that, none of the proposed elution
programs could be directly applied for a separation of the
nine products outside of the experiments in the centre of the
plane.

The percentage of variance explained by the mathemati-
cal model (R2) compared with the variance of the experi-
mental error for the four responses in resolution is given in
table IV. The validity of the models seems satisfactory for
the set of responses in regard of R2 values upper than 90 %.
The coefficients of quadratic models calculated for the four
responses in resolution are given in table IV. The determi-
nation of significant factors and interactions is realized from
the probability attached to the value of the coefficient at the
confidence level of 95 %. The effect is significant if this
probability is lower than 0.05. So effects of factorsA, B and
C seem to be significant. Only interactions C∗ C and A∗ C
are significant for responses Rs2 and Rs3. 

The other not significant interactions for the set of
responses are eliminated in the calculation of the terms of
quadratic models to improve the fitting rate. This one is then
given by the Q2 parameter (typical of the Modde software)
which is the variation of the response than can be predicted
by the model. Q2 is an underestimated measure of the good-
ness of fit of the model, while R2 is the fraction of varia-
tion of the response explained by the model and represents
an overestimated measure. Q2 values found for Rs1 to Rs4
are respectively 0.61, 0.54, 0.80 and 0.57.

Optimisation

Optimisation is attempted to determine the best combina-
tions of the three factors allowing a good separation of phe-
nolic compounds from models elaborated for responses in
resolution. The conditions of optimisation consist in fixing,
for every response Rs1 to Rs4, the minimal value of resolu-
tion corresponding to a satisfactory separation of two peaks.
It is usually considered that two compounds are separated if
Rs≥ 1.2 when measured with two symmetrical peaks. Here
we preferred to set empirically a minimal value for every
couple of peaks, determined a posterioriafter examining the
various chromatograms of the plan (given in table III) and
when checking that the separations between two peaks
seems quite effective. The values (indicated Rs1 to Rs4) can
differ from one couple to another because of the relative
asymmetry of the various peaks. The resolution target val-
ues thus determined are reliable but entail a great uncertainty
considering that measures are achieved manually on the
chromatogram within ± 1/2 mm. 



596 ANALUSIS, 2000, 28, N° 7
© EDP Sciences, Wiley-VCH 2000

Original articles
Chemometrics 2000

Table III. Retention times ( tr in min), Selectivities ( α) and Resolutions ( Rs) in the 19 chromatograms resulting of the
experimental design and optimization.

Peak

gallic 4-hydroxy phenol p-hydroxy vanillin acetovanillone acetosyringone benzoic acid anisic acid
acid benzoic benzaldehyde 

acid 

Entry tr tr α tr α Rs tr α Rs tr α Rs tr α Rs tr α Rs tr α Rs tr α Rs
(a)

1 19.20 34.96 1.82 36.91 1.056 1.39 38.56 1.045 1.22 42.06 1.091 3.20 43.96 1.045 2.12 44.65 1.016 0.69 46.30 1.037 1.59 50.49 1.090 4.20
2 18.54 39.79 2.13 39.79 1.000 0 43.74 1.010 2.50 48.00 1.097 3.75 50.15 1.045 2.25 51.05 1.017 0.88 52.22 1.024 1.26 56.80 1.088 4.22
3 18.62 38.99 2.09 38.99 1.000 0 43.50 1.116 2.48 49.10 1.129 4.02 52.20 1.063 2.87 53.36 1.022 1.14 54.26 1.017 0.93 59.18 1.091 4.79
4 18.35 42.00 2.28 43.34 1.032 0.78 48.38 1.116 3.41 54.74 1.131 4.40 58.06 1.061 2.67 59.32 1.022 1.08 59.86 1.009 0.55 64.97 1.085 4.64
5 13.90 22.16 1.59 25.35 1.144 3.18 26.80 1.057 1.21 28.12 1.049 1.02 30.70 1.092 2.15 31.74 1.034 0.85 35.02 1.103 3.05 39.37 1.124 3.78
6 17.50 27.26 1.55 30.48 1.118 2.52 30.48 1.000 0 33.66 1.104 2.35 36.40 1.081 2.29 37.56 1.032 0.92 40.36 1.075 2.32 45.04 1.116 4.12
7(b) 17.88 25.42 1.42 29.69 1.168 4.29 28.74 0.968 0.87 31.72 1.104 2.70 34.33 1.082 2.23 35.44 1.032 0.89 39.08 1.103 3.17 44.68 1.143 5.13
8 18.06 28.99 1.60 32.40 1.118 2.48 32.40 1.000 0 36.24 1.119 2.59 39.28 1.083 2.48 40.70 1.036 0.98 43.41 1.067 2.08 49.86 1.149 5.16
9 14.99 27.40 1.82 31.16 1.137 2.78 31.16 1.000 0 35.50 1.139 3.07 38.94 1.097 2.90 40.51 1.040 1.30 42.60 1.059 1.43 47.93 1.125 4.12
10 19.36 36.16 1.86 37.15 1.027 0.68 40.14 1.080 1.92 45.33 1.129 3.91 49.04 1.082 2.98 50.70 1.034 1.36 52.30 1.032 1.27 57.97 1.108 4.69
11 17.52 29.13 1.66 32.37 1.111 2.27 32.37 1.000 0 36.08 1.115 2.52 38.58 1.069 2.37 39.59 1.026 0.92 41.61 1.051 2.08 46.09 1.108 4.32
12 18.19 33.88 1.86 35.57 1.050 1.06 38.30 1.077 1.61 44.24 1.155 3.88 48.62 1.099 3.11 50.88 1.046 1.57 52.16 1.025 0.88 58.70 1.125 6.20
13 18.11 44.11 2.43 47.79 1.083 2.18 50.70 1.061 2.60 53.50 1.055 2.98 55.15 1.031 1.59 55.74 1.011 0.60 56.96 1.022 1.35 61.59 1.081 4.41
14(c) 14.82 20.70 1.39 25.19 1.217 3.68 23.21 0.921 1.60 25.19 1.085 1.60 26.88 1.067 1.11 26.88 1.000 0 30.33 1.128 2.70 34.05 1.123 3.33
15 17.28 31.16 1.80 33.54 1.076 1.72 35.12 1.047 1.00 40.00 1.139 3.63 43.65 1.091 2.79 45.38 1.040 1.42 46.94 1.034 1.33 52.29 1.114 4.50
16 17.44 31.42 1.80 33.70 1.073 1.62 35.37 1.050 1.02 40.28 1.139 3.62 43.93 1.091 2.63 45.69 1.040 1.35 47.20 1.033 1.26 52.56 1.114 4.23
17 17.39 31.13 1.79 33.53 1.077 1.86 35.05 1.045 0.98 39.90 1.138 3.72 45.31 1.133 2.90 48.08 1.061 1.53 50.22 1.045 1.37 55.57 1.107 4.12
18 17.84 32.53 1.82 33.76 1.038 0.90 36.53 1.082 1.80 41.88 1.146 3.70 45.74 1.092 2.80 47.81 1.045 1.55 49.00 1.025 0.99 55.04 1.123 4.90
19 17.34 32.26 1.86 33.53 1.039 0.92 36.32 1.023 1.80 41.73 1.149 3.70 45.58 1.092 3.10 47.44 1.041 1.55 48.45 1.021 0.98 53.86 1.112 4.39

(a) Entries 1 to 17 correspond to the experiments refered in the table II. Entries 18 and 19 correspond to the experiments of optimized pro-
grams n° 1 and n° 2 respectively. Selectivity and resolution are related for every compounds to the preceding one in the table except (b)
phenol is eluted after p-hydroxybenzaldehyde (c) phenol is eluted after p-hydroxybenzaldehyde and coeluted with vanillin.

Table IV. Coefficients of quadratic models for responses in resolution Rs1 to Rs4. Probabilities at the confidence level
0.95 (significant factors for a probability lower than 0.05 are indicated in bold type) and validity of the model. Isocratic elu-
tion time: factor A ; gradient time: factor B ; gradient curvature: factor C.

Rs1 Rs2 Rs3 Rs4

Coefficient Probability Coefficient Probability Coefficient Probability Coefficient Probability

Constant 1.733 2.506 10-3 1.000 0.012 1.433 7.714 10-7 1.320 7.566 10-4

A –0.485 0.025 0.246 0.112 0.029 0.406 –0.207 0.081
B –0.123 0.448 0.316 0.041 0.128 4.961 10-3 –0.243 0.037
C 1.258 7.62 10-4 –0.886 1.543 10-3 –0.042 0.323 0.704 1.133 10-3

AA 0.023 0.906 –0.060 0.706 –0.018 0.653 0.080 0.508
BB –0.005 0.970 –0.071 0.538 –0.038 0.205 0.074 0.400
CC 0.032 0.899 0.680 0.012 –0.487 4.626 10-5 0.263 0.118
AB 0.127 0.572 –1.25 10-3 0.994 –0.029 0.518 –0.053 0.697
AC –0.233 0.317 –0.536 0.021 3.75 10-3 0.932 –0.140 0.318
BC 0.210 0.363 –0.314 0.118 –0.069 0.152 0.157 0.267

Validity of the model

R2 0.9059 0.9056 0.9627 0.9134



These target values set for every response are close to the
values usually quoted for a satisfactory separation; they are
the following ones given at ± 1 %:

– Rs1 = 1.40 (p-hydroxybenzoic acid and phenol);

– Rs2 = 1.25 (phenol and p-hydroxybenzaldehyde); 

– Rs3 = 1.40 (acetovanillone and acetosyringone);

– Rs4 = 1.45 (acetosyringone and benzoic acid).

Then the Modde 4.0 software generates simplex runs with
the differents models. The software searches by successive
iterations the best combinations forA, B and C factors which
satisfy the target values of responses Rs1 to Rs4. Thus two
optimal combinations were proposed in the calculation of
optimisation: (i)program n° 1: isocratic elution time (fac-
tor A) fixed to 8 min, gradient running time (factorB)
40 min and linear gradient (factorC = 0); (ii) program n° 2:
isocratic elution time (A) fixed to 6 min, gradient running
time (B) 35 min and concave gradient (C = – 2).
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Validation

These two optimal combinations (linear and concave gradi-
ent) were tested experimentally and the results are given in
table III (entry 18 and 19). Responses obtained in resolution
as well as those calculated by models are collected in the
table V.

This optimisation is globally satisfactory as the analysis
of chromatograms represented in figure 1 and figure 2 shows
that peaks are adequately separated with the two combina-
tions. However examination of the data suggests the fol-
lowing remarks:

– Deviations between theoretical and observed values of
resolution are significant. Thus with regard to the theory
the p-hydroxybenzoic acid/phenol (Rs1) and acetosy-
ringone/benzoic acid (Rs4) couples are less well separated
while the phenol/p-hydroxybenzaldehyde (Rs2) and aceto-
vanillone/acetosyringone (Rs3) couples are better sepa-
rated. This can be explained by the imprecision intro-
duced in the model by uncertainty in the graphic measure
of resolutions particularly for the lower values (Rs < 0.8).

Table V. Optimization experiments: comparison between experimental and theoretical values in resolution.

Experimental values Values calculated by means of models

Gradient program n° 1 (linear) : Rs1 : 0.90 Rs1 : 1.23
A = 8 min ; B = 40 min ; C = 0 Rs2 : 1.82 Rs2 : 1.13

Rs3 : 1.57 Rs3 : 1.40
Rs4 : 0.99 Rs4 : 1.26

Gradient program n° 2 (concave) : Rs1 : 0.92 Rs1 : 1.20
A = 6 min ; B = 35 min ; C = – 2 Rs2 : 1.79 Rs2 : 1.22

Rs3 : 1.55 Rs3 : 1.20
Rs4 : 0.98 Rs4 : 1.40

Table VI. Repeated retention times relative to p-anisic acid (mean values of five replicates) and relative standard devi-
ation (RSD).

tr1 tr2 tr3 tr4 tr5 RSD (%)

gallic acid 0.243 0.243 0.242 0.238 0.234 1.59
4-hydroxybenzoic acid 0.580 0.574 0.576 0.573 0.570 0.64
phenol 0.619 0.609 0.614 0.614 0.610 0.63
4-hydroxybenzaldehyde 0.663 0.655 0.658 0.659 0.654 0.54
vanillin 0.769 0.761 0.763 0.764 0.764 0.39
acetovanillone 0.839 0.833 0.835 0.836 0.834 0.29
acetosyringone 0.874 0.871 0.872 0.874 0.868 0.27
benzoic acid 0.904 0.899 0.902 0.903 0.895 0.43
anisic acid 1 1 1 1 1 0
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Figure 1. Chromatogram of the sepa-
ration of nine phenolic compounds.

Elution with optimized gradient n° 1
(A = 8 min ; B = 40 min ; C = 0). 1: gal-
lic acid; 2: p-hydroxybenzoic acid;
3: phenol; 4: p-hydroxybenzaldehyde;
5: vanillin; 6: acetovanillone; 7: acetosy-
ringone; 8: benzoic acid; 9: anisic acid.

Figure 2. Chromatogram of the separation of the nine
phenolic compounds.

Elution with optimized gradient n° 2 (A = 6 min ;
B = 35 min ; C = – 2). For order of elution see figure 1.



Moreover the zero values assumed for fused peaks are not
necessarily right. These values could theoretically be cor-
rected by measurements based on single-product chro-
matograms but the method is uncertain owing to the poor
reproducibility of absolute retention times under such cir-
cumstances (elution with complex gradient and retention
times closely related one to the other).

– Besides one can think that it is difficult to obtain an ideal
solution in that the four responses are not independent of
each other because one compares six peaks taken by
pairs.

The optimised program n° 1 (isocratic elution time set to
8 min; gradient running time from 0 % B to 100 % B set to
40 min; linear gradient and chromatogram in figure 2) was
finally preferred to the program n° 2 because, with equiva-
lent efficiency, it is easier and more convenient to use a lin-
ear gradient. This program is very close to the one corre-
sponding to the centre of the domain.

According to these chromatographic conditions, mean
values and standard deviations for relative retention times of
the investigated compounds were determined using five
replicates giving reproducible results (Tab. VI). The linear-
ity of the detection system was checked for each compound
in a domain of 10-1000 ppm. The program was also suc-
cessfully applied to qualitative and quantitative determina-
tion of phenolic products extracted from sand leachates.

In conclusion this investigation shows that the use of
experimental design may be very effective to resolve weak
chromatographic separations: phenolic compounds can be
separated according to a relatively simple HPLC method
without heating of the column and then the gradient program
is therefore suitable for the analysis of these compounds in
residual sands of foundry.
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