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SUMMARY 

An essential attribute of good chromatographic methods is the achievement 
of optimal resolution of the components of interest in a reasonable time. The reso- 
lution of pairs of incompletely separated peaks in each sample is evaluated by the 
Prune11 equation (R. E. Kaiser and E. Oelrich, Optimization in HPLC, Hiithig, Hei- 
delberg, 1981). The resolution of nitroaromatics and flavone derivatives has been 
optimized by three different methods and the results compared. An empirical func- 
tion; obtained in a factorial design. relates resolution to several factors, such as eluent 
composition and system temperature. A general time constraint of 16 min is intro- 
duced. 

INTRODUCTlON 

In a high-performance liquid chromatographic (HPLC) separation, the first 
problem to be solved for a given column and eluent system, usually selected on the 
basis of literature information, is the choice of the kind and number of experiments 
to be performed. To begin with an experimental factorial design1,2 is set up for 
studying the following factors: eluent composition (X1), system temperature (X2) and 
flow-rate (X,). By analysis of the data obtained, the resolution (R) may be expressed 
as a function of these factors. Then, several optimization methods can be employed. 

It was the purpose of this work to compare the following methods: (a) the 
simplex method” with a convenient empirical feed-back strategy, which is a common 
procedure in analytical chemistry4 and is most widely used in chromatography5; (b) 
the extended Hooke--Jeeves direct search method6, which is applicable to such prob- 
lems when the variables are defined in the experimental range; this method is valid 
for any number of factors through a Fortran program’, run on an IBM 360 com- 
puter, and a flow chart is presented in Fig. 1; and (c) the Box-Wilson steepest ascent 
paths, which determines the fastest way to optimal conditions. 

EXPERIMENTAL 

Nitroaromatics and the flavone derivatives rutin and quercetin were obtained 
from Merck (Darmstadt, F.R.G.) and kaempferol from Fluka (Buchs, Switzerland). 
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All other chemicals and solvents were of the purest grades available from commercial 
sources. 

Solutions containing: nitrobenzene, 3,6dinitrotoluene, 2-nitrotoluene and 3- 
nitrotoluene in methanol at concentrations around 0.01% and rutin, quercetin and 
kaempferol at concentrations around 0.05% were employed. 

Liquid chrnmatograph~~ 
A Hewlett-Packard HP 1084 liquid chromatograph, with a standard variable- 

wavelength detector and a reversed-phase column Supelco LC-8, ref. 5-28-5, of 5- 
pm particle size) were used. 

For the nitroaromatics, an elution system containing water (solvent A) and 
methanol (solvent B) was used, and the wavelength was fixed at 254 nm. For the 
flavone derivatives a system containing acetic acid-methanol- water (5:5:90) 
(solvent A) and acetic acid -methanol-water (5:90:5) (solvent B) was used. 

TABLE I 

LOWER (-l), central (0) and upper (+ 1) VALUES FOR NITROAROMATICS AND FLAVONE 
DERIVATIVES 

Factors. Nitroaromatirs Flavone derivatives 
coded va1ue.y ix’: 

-1 0 I -1 0 1 

Eluent B (%) 40 SO 60 25 31.5 so 

Temperature (“C) 35 53.5 70 35 53.5 70 

Flow-rate (ml/min) I 1.5 2 1 1.5 2 

TABLE II 

DESIGN MATRIX (STARTING 2’ FACTORIAL DESIGNS) FOR NITROAROMATICS AND 
FLAVONE DERIVATIVES 
--__ 

Coded values for 
__~___ 

Eluent B (%) 

(X i 

Temperature 

ix’,l 

Flow-rare 

!‘%I 

“OfSine” calculated 

resolution 

R,* Re** 

-I -1 -1 2.81 4.4 

+1 -1 -1 2.01 1.1 

-1 +1 -1 2.41 4.2 

+1 +1 -1 0.76 1.5 

-1 -1 +1 2.77 5.3 

+1 -1 $1 1.45 2.5 

-1 +1 +1 1.53 4 

+1 +I +1 0.73 0.8 

* Nitroaromatics. 
** Flavone derivatives, 
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TABLE III 

NITROAROMATICS SIMPLEX OPTIMIZATION 

Vertex Coded v&es .for Resolution Vertices relained 

(RJ .fbom previous 
EkI1.’ B i%,% T~~~per~tt~~e Fhc-rate simp1e.x 
(Xi) fx;i ix;) 
-- 

1 0 0 0 2.3 _ 
2 0.9428 0.2357 0.2357 2.2 _ 
3 0.2357 0.9428 0.2357 2.4 _ 
4 0.2357 0.2357 0.9428 2.4 _ 

5 -0.6285 0.5499 0.5499 2.8 1, 3,4 
6 -0.1047 1.1523 I. 1523 2.5 3. 4; 5 

7 -0.5674 0.3491 0.8610 2.7 4, 5, 5 
8 - 0.6285 0.5499 0.5499 2.8 * 

9 -1.1028 1.1318 0.7660 2.8 5 6 7**,*** 

10 0.2357 0.2357 0.942 I 2.4 5: 7: 9 

* At this point one duplication experiment is performed, to ensure that resolution in vertex 5 is 

not obtained from an erroneously high response. 
** At this point, an optimum can be obtained with simplexes of the chosen size. In case there are 

no instrumental limitations, smaller step sizes are possible. 
*** Optimal resolution achieved (R = 2.8) for eluent B = 35.3%, temperature = 43°C and flow- 

rate = 1.!4 mlmin. 

TABLE IV 

NEW LOWER AND UPPER LIMITING VALUES FOR THE FACTORS IN THE HOOKY--JEEVES 
OPTIMIZATiDN 
.-- - ^_. 

Coded rnlues .for Nitronronmtics Flmone derivutires 

Lower upper LOWcr upper 

Eluent B (o/b) (X’,) ~ 1.25 1.5 -1.25 1.5 
Temperature (Xi) -1.125 1.5 -1.125 1.5 
Flow-rate (Xi) -1 1.5 - 1.125 I.5 

_~ 

TABLE V 

OPTIMAL CONDITIONS IN THE HOOKE JEEVES OPTIMIZATION’S 
- - 

Purametet Niirommatics Flawne derivutive.7 

Eluent B (X) 
Temperature (“C) 
Flow-rate (ml,‘min) 
Expected resolution 

Resolution obtained 
in the conlirmation 
experiment 

37.5 21.9 
33 33 

1 1.43 
3.21 5.21 

3.16 5.47 



TABLE VI 

EXPERIMENTAL MATRIX AND OPTIMAL CONDITIONS OBTAINED IN THE BOX WILSON 

STEEPEST ASCENT PATH METHOD FOR NITROAROMATICS 

0.6 PO.4 -0.38 -m0.03 1.67 

0.4 PO.6 .- 0.58 --0.05 2.03 

0.3 -0.8 -0.77 --0.07 2.13 

0.24 -1 -0.96 PO.08 2.72 

0.2 - 1.2 -1.15 -0.10 3.06 

0.17 ~. 1.4 PI.35 -0.12 2.99 

0.15 - 1.6 PI.53 PO.13 2.85 

* Optimal resolution: R = 3.06 for eluent B = 38%. temperature z 32°C and flow-rate = 1.45 

mlimin. 

TABLE VII 

SIMPLEX OPTIMIZATION FOR FLAVONE DERIVATIVES 

1 0 0 5.2 _ 

2 0.9659 0.2591 2.2 _ 

3 0.2591 0.9659 5.3 

4 PO.7068 0.7068 5.5 1, 3 
5 PO.4477 1.6727 5.4 3, 4 

6 -1.4136 1.4136 l 4, 5 
7 PO.7068 0.7068 5.6 t* 

8 ~ 1.6727 0.4477 * 4***,ti* 5 

l Considered as the worst value in the current simplex run. Later retention time greater than the 
time constraint. 

l * At this point one duplication experiment is performed, to ensure that resolution in vertex 4 is 
not obtained from an crroncously high response. 

*** At this point. an optimum can be attained with simplexes of the chosen size. In case there are 
no instrumental limitations, smaller step sizes are possible. 

p Optimal resolution achieved (R = 5.55) for eluent B = 22.5%, temperature = 39.5”C and 
flow-rate = 2 ml,min (fixed at this value during the whole simplex optimization). 

TABLE VIII 

EXPERIMENTAL MATRIX AND OPTIMAL CONDITIONS OBTAINED IN THE BOX WILSON 
STEEPEST ASCENT PATH METHOD FOR FLAVONE DERIVATIVES 

3 -0.5 -0.12 0.06 2.81 

2.14 -0.7 -0.16 0.08 3.42 

1.67 -0.9 -0.21 0.11 4.55 
1.5 -1 -0.23 0.12 ** 

* Optimal resolution: R = 4.55 for eluent B = 26.3%, temperature = 49°C and flow-rate = 1.60 
ml:min. 

** Time constraint exceeded. 
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TABLE IX 

COMPARISON OF RESULTS FOR NITROAROMATICS 

Purameier 

Optimization method 

M* D,** V&es in each 

method within 

the range M f 2 (D,) 
in*** 

I AJ Simplex (B) Hooke- Jeeves (CJ Box Wilson A B C 

Resolution 2.80 3.16 3.06 3.01 0.18 + + + 
Eluent B (%) 35.3 37.5 38 36.93 1.44 - + + 
Temperature (“C) 43 33 32 36 6 _ + + 
Flow-rate (mli’min) 1.14 I 1.45 1.20 0.23 + + + 

.________~ ~ 

RESULTS 

Separa fion of’ nihoaromatics 
The optimization of the resolution between 2-nitrotoluene and 3-nitrotoluene 

was carried out by setting up a starting two-level factorial design. The limiting values 
for each factor in this factorial design are indicated in Table I, where the coded X 
values ( - 1: 0, 1) indicate the lower, central and upper values. respectively. The cor- 
responding experimental matrix is shown in Table II. The following empirical equa- 
tion was obtained: 

R = I.81 - 0.57 x; - 0.45 x; - 0.19 x; (1) 

TABLE X 

COMPARISON OF RESULTS FOR FLAVONE DERIVATIVES 
_ 

Paramrte? 

Optimization method 

M* D,** Values in euch 

method nYthin 

the raq=yr M + 2 (D,J 
in*** 

/Al Simplex (BJ Hooke-Jeeves (C) Box- Wilson A B C 

Resolution 5.55 5.49 4.55 5.19 0.56 
Eluent B (%) 22.5 21.9 26.3 23.57 3.38 
Temperature (“C) 39.5 33 49 40.5 8.5 
Flow-rate (mllmin) 2 1.43 I .6 1.68 0.29 

+ + + 
+ + + 
+ + + 
+ + + 
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N* D2* V&es in P* D3 
** Values in P ** D4 V&es in 

.simple.u Hooke-Jeeves Box- Wilson 

method method method 

within wilhin within 

the range the range the range 

N i- 2 lD2) P + 2 CD,)*** T I? 2 !D,J*** 

3.11 0.07 _ 2.93 0.18 + 2.98 0.25 + 

31.75 0.35 _ 36.65 1.91 + 36.4 1.56 + 

32.5 0.71 _ 31.5 7.8 + 38 7.1 + 
1.23 0.32 + 1.30 0.22 + 1.07 0.10 _ 

* M = Mean value, methods A, B and C; N = = mean value, methods B and C: P = mean value, methods 

A and C; T = mean value, methods A and B. 
** D, = Standard deviation values obtained in methods A, B and C; Dz = standard deviation values obtained 

in methods B and C; D3 = standard deviation values obtained in methods A and C: D, = standard deviation values 
obtained in methods A and B. 

l ** + = Yes, they are; - = no, they are not. 

Subsequently, three different optimization methods were used and compared, as fol- 
lows. 

(A) Simplex method3. The corresponding starting values in the first simplex 
run (40% methanol, 40°C and 1 ml/min) were choosen close to the best values found 
in the factorial design. The step sizes were 7.5% methanol, 5°C and 0.2 mljmin. The 
results of the simplex matrix used are listed in Table III. 

(B) Extended Hooke-Jeeves method6. Here a Fortran program’ extends the 
Hooke-Jeeves method. Tt starts from eqn. 1 and is valid for any number of factors 

If’ Dz** Values in P* D3 
** 

simplex 

method 

within 

the range 

xv f 2 iD,) 

5.01 0.65 + 5.05 0.71 

24.1 3.11 + 24.4 2.68 
41 11.3 + 44.25 6.71 

1.52 0.12 - 1.8 0.28 
__ .~~ 

Vulues in 

Hooke Jeeves 

method 

within 

the range 

P zt 2 (OS)*** 

T+ ** 04 V&es in 

Bo.x Wilson 

method 

within 

the range 

T f 2 iD,)*** 

+ 
+ 
+ 
+ 

5.51 0.06 + 
22.5 0.42 _ 

36.2.5 4.6 _ 

1.72 0.40 + 

* M = Mean value, methods A, B and C; N = mean value, methods B and C; P = mean value, methods A 
and C; T = mean value, methods A and B. 

** D, = Standard deviation values obtained in methods A, B and C; D2 = standard deviation values obtained 
in methods B and C; DJ = standard deviation values obtained in methods A and C: D4 = standard deviation values 
obtained in methods A and B. 

*** + = Yes, they are; - = no, they are not. 
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chosen. The new ranges for the values of the factors are indicated in Table IV and 
the results are shown in Table V. No further experiments are required, but a confir- 
mation test was performed. 

(C) Box- Wilson methods. In the Box Wilson steepest ascent path, the starting 
values and the step size for each factor were methanol = 50%, step size = 10%; 
temperature = 52.5”C, step size = 17.5”C; flow-rate: 1.5 mljmin, step size = 0.5 

mlimin. The results are given in Table VI. 

Separation qfflavone derivatives 
The optimization of resolution of quercetin and kaempferol was carried out 

in a similar manner to that for nitroaromatics, a starting factorial design being per- 
formed. The limiting values for each factor are indicated in Table 1 and the cores- 
ponding experimental matrix is shown in Table II. The following empirical equation 
was obtained: 

R = 2.98 - 1.50 X; - 0.35 X’, - 0.18 X; (2) 

The same optimization methods were used as before and compared. 
(A) Simplex methods. According to the results of eqn. 2, the flow-rate was 

fixed at 2 ml/min. The corresponding starting values in the first run and the chosen 
step size for the other factors were eluent B = 25%, step size = 4%; temperature 
= 35O”C, step size = 5°C. The results are presented in Table VII. 

iB) E_xtended Hooke ~Jeevrs method6. In this case the program is initiated with 
data from eqn. 2. The new ranges for the values of the factors are indicated in Table 
IV and the results are given in Table V. As above, the expected value in the confir- 
matory experiment agrees with the actual value. 

(C) Box-Wilson methods. In this case the starting values and step size for 
each factor were eluent B = 37.5, step size = 10%; temperature = 52.5”C, step size 
= 17.5”C; flow-rate = 1.5 ml/min, step size = 0.5 ml,‘min. The results are presented 
in Table VIII. 

DISCUSSION AND CONCLUSIONS 

Second- and third-degree interactions have not been taken into account, owing 
to their very low importance as observed in previous experimentsg. A time constraint 
was introduced, as resolutions of 1.25 usually are high enough for a good qualitative 
and quantitative analysislO and often there is no special interest in obtaining greater 
resolutions by an increase in analysis time. 

The optimal resolutions obtained by any of the above methods are within the 
range (MR * 2s) (where MR = mean of optimal resolutions obtained in each 
method and S = standard deviation) and they give very similar values. With the 
Hooke-Jeeves extended method a better agreement is obtained for both optimal reso- 
lution and optimal conditions, as indicated in Tables IX and X. 

In conclusion, the Hooke-Jeeves method, following a 2 k factorial design, ap- 
pears to be an easy and fast way of achieving optimal resolution, especially when a 
fast approach and a reasonable reduction in the number of experiments are required. 
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The time savings when using the program are increased if non-linear functions are 
obtained in the factorial design relating R to k factors, and also when the number 
of factors is large. 
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