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ABSTRACT

A method is presented where thin-layer chromatographic data with binary mixtures eluents are
treated with NEMROD software in order to enhance the AR, between two solutes. In this procedure it is
possible to selectively retain one solute or one group of solutes with a change in solvent composition. The
method has been succesfully applied to derivatives of phenols in both normal and reversed-phase systems
and the only requirement is the capacity factor ranking.

INTRODUCTION

The ideal situation in liquid chromatography (LC) would be to directly inject
the sample onto a chromatographic column and to obtain unambiguous separation
of all solutes. Unfortunately this is not possible and in many cases sample pretreat-
ment is required. For this purpose many strategies have been developed including
liquid-liquid extraction, solid-phase extraction, column switching, etc. The topic is
well documented in excellent book [1] and a recent review [2].

In many cases sample clean-up is performed either on-line or off-line with a
cartridge of small dimensions. Samples are adsorbed onto the packing and a solvent is
selected to retain the solutes of interest whilst the others are eluted. Conversely,
appropriate choice of packing and solvent will retain the undesirable compounds and
elute those of interest with the advantage of peak compression. Selection of suitable
packing and solvent is usually carried out by trial and error or from knowledge of
chromatographic behaviour. For example, hydrophobicity of a solute is commonly
expressed as the logarithm of the partition coefficient (log P) between 1-octanol and
water. Since the logarithm of the capacity factor (log k') obtained from reversed-
phase liquid chromatography (RPLC) has been shown to have good correlation with
the log P of several classes of chemicals, the value of k' in pure water (log k) can be
deduced and can be effective in the designing of sample clean-up procedures [3]. On
the other hand, knowledge of the polarity of the solutes permits maximization of the
interactions with the packing in order to perform selective extractions.

These procedures are very selective but some drawbacks are obvious. For ex-
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ample, they may involve two immiscible solvents with the consequence of the re-
quired use of a third solvent and subsequent dilution of the solutes prior to injection
in the analytical column. From the numerous data published in the literature it can be
shown that extrapolation to 0% organic modifier in RPLC yields different values of
log k,, depending on the nature of the organic modifier (methanol or acetonitrile) [4].

Two features caught our attention. (1) The performances of precolumns ex-
pressed as plate counts are not very high and can be compared to those obtained in
classical thin-layer chromatography (TLC); large amounts of TLC data can be re-
trieved from the literature thus allowing the gathering of actual information on solute
behavior. (2) From the optimization procedures advocated in high-performance
liquid chromatography (HPLC) a slight change in solvent composition would dra-
matically change the selectivity. Thus it would be possible to enhance the selectivity
by looking for the solvent composition which would produce the maximum difference
in capacity factors, making it possible to separate and eliminate one solute (or one
group of solutes) while keeping the others on the precolumn for a predicted time. In
this paper we explore the feasibility of the concept and give some preliminary results.

THEORY

We shall first make some assumptions in order to restrict the domain. We shall
only consider normal-phase (NP) and RP chromatography with binary eluents. We
shall not consider mixtures of three to four solvents or ion-pairing chromatography.
We shall consider that the sample can be chromatographed either isocratically or with
gradient elution yielding a chromatogram in which peaks are ranked from first to last.
This precludes trace analysis or sample overload. The aim will be to eliminate (or to
keep) the first solute. Conversely we can eliminate all the peaks with the exception of
the last one.

It has been demonstrated in TLC by Soczewinski and Golkiewicz [5,6] that in
NP with a silica gel packing and a binary mobile phase consisting of an apolar diluent
and a polar modifier that

RM = log [(1 - Rp)/Rp] = a; log Xs + b,' (1)

where a and b are characteristics of a given solute i. In RP the utilization of the
solubility parameter concept of Schoenmakers and co-workers [7,8] resuited in the
quadratic equation

logk' = ap? + bo + ¢ )]
However numerous studies have established that the empirical relationship

logk’ = log ks, — So 3
is valid within the range 20-80% of the volume of the organic modifier.

@ is the volume fraction of the strong solvent and &, and S are constants that
are characteristic of the strong solvent and solute respectively. For the sake of sim-

plicity we shall write:

k' = (1 = Rp)/Rs )
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Since X is similar to ¢ and Ry = a; In X; + b;
Ry = 1/[1 + exp(a; In X, + by)] 5

The response function selected must be based on selectivity. A resolution crite-
rion would be meaningless since information on spot widths is rather scarce in TLC
and resolution is Rp-dependent with a given chromatographic system.

Separation between two components is expressed as:

ARpij = Rp; — Rpj = 1/[1 + exp(ai in X, + b,)] - 1/[1 + exp(aj In Xs + bj)] (6)

We can select the mobile phase composition to maximize ARr. It has been
shown by Nurok and Richard [9] that plots of AR versus mobile phase composition
of a binary eluent exhibits a maximum. We shall maximize the 4Ry between the first
(or the last) eluted solute and the others.

The procedure is as follows: since for a given X; there will be different a; and &;
values we have utilized a non-fractional two-level factorial design 2*. Considering a
pair of solutes we have a;, b;, a; and b; values, thus yielding a 2* factorial design. By
fixing every a and b at + or — level, respectively, the matrix has 4 rows and 16 lines
(see Table I). We are then able to construct the model matrix and determine the
highest and lowest boundaries for a and b for every solute of the sample. The lowest
values of g; and b; and the largest variation are determined. These yield the center of
the variation domain for all g and 5, and the steps within this variation. We chose to
consider at the — level the values of @ and b within the domain between the lowest
boundary and the center of the domain. The X; values are calculated which yield
ARpma, for the i, j pair of solutes. As many responses as are in the model matrix are
obtained, and the NEMROD software calculates the coefficient of the model by
multilinear regression.

TABLE I
EXPERIMENTAL MATRIX FOR THE NORMAL-PHASE MODEL

X, X, X, X, a b, a; b, X, (computer) 4R,
1 - - - - —-1200 -1819 -1490 —-2395 0.53 0.07
2+ - - - -0.750 -1727 -—1510 —1980 0.08 0.33
3 - + - - —1340 —1243 -1200 —1819 0.02 0.20
4 + + - - —1.080 —0253 -—1400 -2395 044 0.45
5 - - + - —-1200 -1819 -0750 —-1.727 0.07 0.20
6 + - + - —0700 -—-1.543 -0.798 —1814 0.63 0.05
7 - + + - —-1.120 -1658 -—0960 —1.704 0.10 0.09
8 + + + - —1.080 -0253 -0.788 —1.814 0.23 0.46
9 - - - + —-1270 -0.737 -—1200 —1.819 0.33 0.30
10 + - - + —-1200 —1819 -0950 -—1.727 0.08 0.11
11 - + - + —1340 —1243 -—1.120 ~-1.658 0.21 0.18
12+ + - + —1.080 —0253 —1340 —1.243 0.80 0.23
13 - - + + —-1400 -—-2395 -0.700 —1.543 0.05 0.23
14 + - + + —-1.510 -1985 —1.080 —0.253 0.61 0.36
15 - + + + —1.080 -0253 —1120 —1658 044 0.34
16 + + + + —0960 —-1.704 -—0.700 —1.543 0.04 0.11
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NEMROD is able to work with either coded (or reduced) variables or with the
actual variables. The reduced variable will be written as a = (y — yo)/c, where y, is
the value at the center of the domain and ¢, is the step of variation.

RESULTS AND DISCUSSION

We shall consider some contaminants, especially the nitro and chloro deriv-
atives of phenol (see Table IT). From the TLC literature data we can consider either
the NP or the RP mode. In Table II are the experimental a; and b; values from
NP-TLC [10] with silica gel as stationary phase and heptane—thyl acetate as solvent
mixture. ,

To check the influence of a; and b; values on eqn. 6 it is necessary to have a
knowledge of the different levels that a and b can attain. To this purpose a complete
24 factorial design has been constructed with yields a set of combinations a;, b;, a ;and
b;. From this factorial design, 16 pairs of compounds are characterized by their a;, b;
values. A simple program permits the calculation of the responses from eqn. 6. The
response is the value of X, which permits the attainment of A Rppax. Plots of ARppax
versus mobile phase composition are shown in Fig. 1. From Table II it is seen that
variation of a is from —1.51 to —0.70 and & from —2.395 to —0.253. From these
values the center of the variation domain is easily deduced and + and — levels are
attributed.

Data from Table III are treated with NEMROD software. In this procedure an
empirical model is postulated of the form X, = f(a;, b;, aj, b)). The mathematical form
is a first- or second-order polynomial. NEMROD selects the model which yields the
best statistical parameters (variance, covariance, etc.). From the NEMROD compu-
tation the highest quality is obtained, nevertheless, as is obvious particularly in TLC,
experiments are often required to check the validity of the model.

TABLE H

CHARACTERISTIC VALUES OF CHLOROPHENOLS AND NITROPHENOLS ON SILICA GEL
WITH BINARY MOBILE PHASE HEPTANE-ETHYL ACETATE

Solutes Abbreviation a b Levels a Levels b
Phenol Ph —1.120 —1.663 - -
2-Chlorophenol 2-CP —0.750 —1.727 + -
3-Chlorophenol 3-CP —0.950 —1.795 + -
4-Chlorophenol 4-CP —1.200 —1.819 - -
3,4-Chlorophenol 3,4-CP —1,240 —1.865 - -
3,5-Chlorophenol 3,5-CP —0.700 -1.543 + -
2,4-Chlorophenol 2,4-CP —0.960 —1.704 + -
2,4,6-Chlorophenol 2,4,6-CP —0.798 —1.814 + -
Pentachlorophenol Penta-CP —0.950 —1.727 + -
4-Iodophenol 4.IP —-1.490 —-2.395 - -
4-Bromophenol 4-BrP —1.400 —2.395 - -
3-Nitrophenol 3-NtP -1.510 —1.980 - -
2-Nitrophenol 2-NtP —1.080 -0.253 + +
4-Nitrophenol 4-NtP —1.340 —-1.243 - +
2,6-Nitrophenol 2,6-NtP -1.270 —-0.737 - +
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Fig. 1. Plots of AR, versus X,.
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From the NEMROD results the best polynomial was:
Xs= Xo + Xlai+X2bi+X3aj+ X4bj

We must point out that it is possible to work with normalized reduced variables. In
this case the comparison between the two procedures yielded the same results and the
model with actual variables performed better (Table III). Selected values are as fol-
lows:

Xo = 0.71835
X; = 0.61186
X, = 0.02041
X; = —0.635537
X, = 0.193513

Checking the model is necessary to make sure that estimated X; values are
identical to those from curves ARp;; = f(X,). We performed this checking with the
“ideal” case (where ARy < 0.3), this 0.3 value was selected from experience since the
maximization of 4Ry is insufficient below 0.3.

TABLE HI

COMPARISON OF RESPONSES OBTAINED BY PLOT OF 4R, AND MODELS FROM NOR-
MALIZED REDUCED VALUES (nrv) AND FROM ACTUAL VALUES (ac)

Solute pair X, plot X, (nrv) X, (ac) 4R ..
2,6-NtP/2,4,6-CP 0.174 0.100 0.100 0.42
2,6-NtP/Penta-CP 0.226 0.180 0.200 0.34
2,6-NtP/3,5-CP 0.154 0.080 0.080 0.40
2-NtP/Penta-CP 0.320 0.320 0.320 0.38
2-NtP/2,4-CP 0.330 0.330 0.330 0.38
2-NtP/3,5-CP 0.208 0.200 0.200 0.42
2-NtP/2,6-NtP 1 0.720 0.720 0.10
2,6-NtP/4-NtP 0.560 0.480 0.540 0.10
4-NtP/3-NtP 0.430 0.450 0.450 0.14
Ph/4-CP 0.645 0.410 0.410 0.02

3,5-CP/2,4-CP 0.410 0.540 0.540 0.12
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Fig. 2 shows the comparison between the response from the model and the first
derivative of the ARy = f(X;) function. When the first derivative = 0 it represents the
maximum of that function.

Discrepancies between responses were observed: (1) when X, is outside the
range 0.2-0.8, since beyond that range the experimental data do not fit a linear
regression (an example is given in the first row of Table III, as X; moger = 0.1 and
X pior 18 0.174); (2) when the 4 Ry difference is less than 0.1 (for example, of the phenol
and 4-chlorophenol).

Application to NP chromatography

Nitrophenols (NtPs) and chlorophenols (Cps) with silica gel as stationary phase
and heptane—ethyl acetate as mobile phase. From the mathematical model and the
fixed contraints (4Rr > 0.1 and 0.2 < X, < 0.8) we can consider a sample clean-up
on 2-NtP and 2,6-NtP. From Table IV it looks obvious that these contaminants can
be separated from chlorophenols and phenol. From the X; values a stepwise proce-
dure can be considered according to the wishes of the analyst. We can retain the
2-NtP (k' = 4.42) with a heptane—ethyl acetate (80:20, v/v) mobile phase and by
consequence 3,5-CP and 2,4,6-CP would be eliminated (k' = 0.65 for both). By a
simple change to a (67:33, v/v) solvent composition elimination of pentachlorophe-
nol, 2,4-CP and 3-CP would be obtained (K’ = approximately 0.53). Of course the
capacity factor of 2-NtP shifted from 4.42 to 2.57 but the gap is still large. In the third
step with 54:46 (v/v) solvent composition phenol, 4-CP and 3,4-Cp are quickly ¢luted
(k' = 0.61). Finally, 2-NtP is the only solute retained which can be eluted with pure
ethyl acetate.

In the same way, it would be easy to separate 2,6-NtP from phenol, 3-CP, 4-CP,
3,4-CP, 2,4-CP and pentachlorophenol (Fig. 3) in a stepwise procedure.

Nitrophenols and chlorophenols with silica gel as stationary phase and a heptane—
diisopropyl ether as mobile phase. In the above procedure we could not separate 4-NtP
from the others. A careful change of the polar modifier will permit us to achieve this
goal. A remarkable feature of the model elaborated from NEMROD computation is
that it can be used with any NP system provided that a; and b; for the different polar
modifier are available. Nevertheless it must be pointed out that some discrepancies
may occur when silica gel of different activity is used as chromatographic packing.
When care is taken to normalize the experiments the mathematical model performs
very well. In our calculation we used data from Matyska and Soczewinski [10] which
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Fig. 2. Comparison of responses from the model and the first derivative of the AR, = f(X,) function.
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TABLE IV
OPTIMAL MOBILE PHASE FOR SEPARATION OF CHLOROPHENOLS AND NITROPHENOLS

Solute pair X, (computer) X, (mode}) AR

F max
2-NtP/Ph 0.44 0.44 0.33
2-NtP/2-CP 0.22 0.19 0.22
2-NtP/3-CP 0.31 0.31 0.31
2-NtP/4-Cp 0.46 0.46 0.35
2-NtP/3,4-CP 0.47 0.46 0.36
2-NtP/3,5-CP 0.21 0.20 0.42
2-NtP/2,4-CP 033 0.33 037
2-NtP/2,4,6-CP 0.23 0.21 0.45
2-NtP/Penta-CP 0.32 0.32 0.38
2,6-NtP/Ph 0.3 0.32 0.27
2,6-NtP/2-CP 0.16 0.07 0.42
2,6-NtP/3-CP 0.22 0.18 0.35
2,6-NtP/4-CP 0.33 0.34 0.28
2,6-NtP/3,4-CP 0.34 0.35 0.28
2,6-NtP/2,4-CP 0.23 0.21 0.33
2,6-NtP/Penta-CP 0.22 0.20 0.34

are very coherent. It must be remembered that the above requirements are still valid
(i.e. 0.2 £ X, < 0.8 and ARr > 0.3). Table V shows both experimental and computa-
tional values. From these data it is possible to selectively retain 4-NtP from 2,4,6-CP,
3,5-CP and 2-Cp.

L‘.“ Step :Heptane - Ethyl Acetate (80:20) J

2,6-NtP; 3,4-CP;-4-CP; Ph Penta-CP; 2,4-CP, 3-CP
Retention Elution

|T»nd Step :  Heptane -Ethyl Acetate(67 : 33)

Ph; 4-CP; 34-CP
Elution

2,6-NtP

Retention

3rd step : 2,6-NtP Eilution
100 % Ethyl Acetate

Fig. 3. Selective extraction of 2,6-NtP from a mixture of chlorophenols and nitrophenols.
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TABLE V

EXTENDED MODEL FOR TREATMENT OF PARENT COMPOUNDS WITH A DIFFERENT
POLAR MODIFIER

Solute pair a b, a; b, X, (computer) X, (model) AR,
4-NtP/2,46-CP —1.150 —0253 —0960 —1.497 0.34 0.33 034
4-NtP/4-1P -1.150 —-0.253 —1200 -0944 0.67 0.59 0.17
4-NtP/4-BrP -1.150 -0253 -1170 -—1.51 0.57 0.53 0.22
4-NtP/3-NtP -1.150 -0253 -1210 -0.760 0.78 0.63 0.12
4-NtP/Ph —-1.150 0253 -1.120 -—1.013 0.54 0.53 0.19
4-NtP/2-CP —-1.150 -0253 -0760 —1243 0.25 0.25 0.34
4-NtP/3-CP -1.150 -0253 -—-1050 -1.174 044 0.45 0.24
4-NtP/4-CP —-1.150 —-0253 -1.020 -1.105 0.42 0.44 0.23
4-NtP/3,4-CP -1.150 -0253 —1.110 -1.105 0.1 0.50 0.22
4-NtP/3,5-CP —1.150 -—0253 -—1.140 -—-1.704 042 0.40 0.35
4-NtP/2,4-CP —1.150 -0253 —098 —1.106 0.39 0.42 0.24

Moreover, a careful selection of the mobile phase composition permits us to
obtain two peaks: one for 4-NtP and the other of the three remaining chlorophenols
which have not been separated (k' = 2.23 and 0.5, respectively).

In the above procedures we considered derivatives of phenol. We now attempt
to separate some phenol derivatives from very different chemical species (Table VI).
Conditions for application of the previous model are checked. 1-Naphthol is eluted
whilst 2,6-NtP and 2-NtP are selectively retained. We note that isoquinoline can be
separated from 8-methylquinoline. Phenol is eluted whilst isoquinoline is retained.
Conversely it can be seen that for 1,2-HB—phenol a 8% difference in the mobile phase
composition is found between the computed and actual values. This may be attribut-
ed to differences in plate activity since data from different origin are gathered.

Application to RP chromatography
Since selectivity observed with NP is very different from the selectivity observed
in RP it would be valuable to consider the same solutes as in Table IT with a reversed-

TABLE VI

EXTENDED MODEL FOR TREATMENT OF NON-PARENT COMPOUNDS WITH HEPTANE-
ETHYL ACETATE

Solute pairs* X, (computer) X, (model) AR ..
1Q/8-MQ 0.27 0.31 0.31
2,6-NtP/1-NH 0.22 0.19 0.33
2-NtP/1-NH 0.31 0.32 0.38
1,2-HB/TH 0.27 0.17 0.40
1,2-HB/1-NH 0.30 0.19 0.52
1Q/Ph 0.39 0.41 0.30
1,2-HB/Ph 0.36 0.29 0.34
1,2-HB/Penta-CP 0.28 0.17 0.41

% IQ = isoquinoline; 8-MQ = 8-methylquinoline; 1-NH = 1-naphthol; 1,2-HB = 1,2-dihydroxybenzene.
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TABLE VII
EXPERIMENTAL MATRIX FOR THE REVERSED-PHASE MODEL

For conditions see text.

X, X, X, X, a b, a; b; X, ARp, ..
1 - - - - —3.506 —1460  —3.625 -2493 0590  0.240
2 + - - - —3.625 —2493  —3.229 —255 0410 0.100
3 - + - - —3.898 —-1.232  —3.625 —2493 0590 0.340
4 + + - - —335  —1.488 —3.506 —1460 0590 0.130
5 - - + - -3375 —1869  —3.625 —2493  0.590  0.120
6 + - + - -3.245 —2347  -3.223 —2300 0360  0.003
7 - + + - —3.588 —1.210 -—3.101 —259  0.590  0.370
8 + + + - —3356  —1.488  —3457 —2.004 0.620 0.120
9 - - - + —3.625  —2.493 —-3.616 —1302 0590  0.290
o+ - - + —3.761 -0.779 3101 —2.59  0.580  0.490
11 - + - + —3.761 -0.779  —3.588 —1210 0730  0.120
12+ + - + —3.637 —-1.168  —3.356 —1488 0620 0.110
13 - - + + -36l6 —1302 —3.588 —1210 059  0.200
4 + - + + —-3.506 —1460  —3.101 —2.596 0510  0.330
15 - + + + —-4.119 -085%  —3.35 —1488  0.650 0.220
16 + + + + —335  —1.488 —3387 —1.546 0720 0010
TABLE VIII

SELECTIVE EXTRACTION OF PENTA-CP OR 2,4,5-CP FROM A MIXTURE OF CHLOROPHE-
NOL

Solute pair X, (computer) X, (model) ARp ..
Penta-CP/2-CP 0.565 0.556 0.570
Penta-CP/3-CP 0.596 0.571 0.490
Penta-CP/4-CP 0.574 0.553 0.520
Penta-CP/2,3-CP 0.624 0.612 0.380
Penta-CP/2,4-CP 0.634 0.625 0.330
Penta-CP/2.5-CP 0.639 0.633 0.350
Penta-CP/2.6-CP 0.625 0.625 0.434
Penta-CP/3.4-CP 0.640 0.630 0.310
Penta-CP/3,5-CP 0.652 0.651 0.236
Penta-CP/2,3,4-CP 0.667 0.670 0.210
Penta-CP/2,3,5-CP 0.671 0.696 0.131
Penta-CP/2,3,6-CP 0.664 0.660 0.440
Penta-CP/2,4,5-CP 0.679 0.743 0.270
Penta-CP/3,4,5-CP 0.675 0.704 0.120
Penta-CP/2,3,4,5-CP 0.550 0.743 0.020
Penta-CP/2,3,5,6-CP 0.724 0.733 0.110
Penta-CP/3-BrP 0.603 0.586 0.430
Penta-CP/4-BrP 0.602 0.586 0.440
Penta-CP/2,4-BrP 0.650 0.650 0.220
2,4,5-CP/3,4-CP 0.600 0.611 0.170
2,4.5-CP/4-BrP 0.560 0.567 0.300
2,4.5-CP/3-BrP 0.560 0.567 0.300
2,4.5-CP/4-CP 0.530 0.530 0.382
2,4,5-CP/2,5-CP 0.610 0.614 0.190

2,4,5-CP/2,6-CP 0.590 0.606 0.290




666 A. M. SIOUFFI, N. VOLPE

phase system. The strategy for mathematical modeling is the same as above. Data
were from the paper of Arai et al. [11]. Table VII displays both the experiment matrix
and the responses, a first-order polynomial best fits the experimental data:

Xgp = 0.686251 + 0.064745a; + 0.115527h; — 0.124439a; + 0.0590495;

We note the same features as previously observed, i.e. when ARy < 0.1 there is no
correlation between the response given by plot of 4Rp versus X, and the response of
the model.

It can be seen from Table VIII that the pentachlorophenol or the 2,4,5-CP is
readily separated from all others.

A solid-phase extraction with same packing as advocated by Arai et al. [11] will
permit selective retention of the pentachlorophenol with a mobile phase composition
37:63 (v/v) and will elute 2-CP, 3-CP, 4-CP, 2,3-CP, 2,4-CP, 2,5-CP, 2,6-CP, 3,4-CP,
4-bromophenol and 3-bromophenol.

CONCLUSIONS

This computer-assisted method exhibits some obvious advantages. The selec-
tion of optimal mobile phase composition for sample clean-up is effective. A large
amount of TLC data is available and the model performs well with different organic
modifiers in the mobile phase. The drawbacks are that secondary effects are not taken
into account. We did not consider large differences in solute amounts, which will
change retention according to the isotherm forms. This will be the subject of a forth-
coming paper.
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