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1. Introduction 

A large catalytic polarographic wave has been found to 

occur from the reaction of uranium(III) (formed by reduction of 

uranyl cations) with nitrate in acidic medium at the mercury ele£ 

trode/solution interface. This has been proposed for the ana

lytical determination of nitrate as well as uranyl in two 

classical papers of Kolthoff et al. This is a highly sensitive 

method for uranyl determination, with a limiting detection of 

3x10 M order. However it has not been widely used or more de

tailed studied than the concise original study. We thougth that 

this catalytic wave deserves to be better studied with the pur

poses to improve sensitivity and in orther to consider others si

de factors as temperature, heigth of mercury column and the ef

fect of the working medium in the intensity of the catalytic cur

rent. The recommented supporting electrolyte (0.5 M KCl, 0,05 H 

HC1 and 0.005 M KN0-) is not necessarily the best, in as much as 

no systematic study looks to be done in order to achieve maximum 

sensitivity. 

Present communication deals with the use of modified "Sim 
(3) . ~" 

plex" optimisation procedure in order to find out the concen

tration of nitric and hydrochloric acid which provides the highest 

sensitivity at a constant temperature and a particular characte

ristic of the dropping mercury electrode. Recent literature in 

analytical chemistry has shown that the potentiality of the mo

dified "Simplex" optimisation has not been fully recognised. Thus 

it is quite interesting to apply the procedure to uranyl/HN0-/HC1 

•ystem specially in an up-to-date version recently developed by 

D- Betteridge and A.P. Wade(4), This is based in the use of an 

advanced program of desk computers which predicts which varying 

factors should be adjusted in the sequence of experiments. It has 



oeen found that this "Simplex" optimisation requires a much smal

ler number of experiments to reach an improved condition without 

increase ot tne number of trial and error experiments. 

2. Experimental 

All reagents were of A.R. grade» from British Drug House 

2 M stock solutions of (B.D.H.). Nitric and hidrochloric acid 

were standardised by classical method, with sodium carbonate. Ura_ 

nyl solutions were prepared by weighting out samples of a cons

tant composition salt as the hidrated acetate. Strong acid was 

added in orther to maintain a hydrogen ion concentration higher 

than 0.01 M, to avoid hydrolysis. 

A Radiometer Polariter P0-4 polarograph was used in co-

nection with a two electrodes cell, with a separated compartment 

for the reference electrode of silver wire in contact with 0.20 M 

hydrochloric acid. A sintered glass plate was used to separate 

the reference electrode from the working solution. The dropping 

mercury electrode had a dropping time of 3.21 sec. (measured at 
2/3 1/2 -1.0 V) and the capillary characteristics of 1.76 mg .sec , for 

2/3 1/6 
m .t . All working solutions were deaerated during ten mi
nutes by bubbling hydrogen in it. The used "Simplex" optimisa
tion p/ogram was written in Basic language and implemented on a 
3? K PET Microcomputer, from Commodore, with disk drive bulk me
mory and printer. 

3. A Brief Description of "Simplex" optimisation 

The modified simplex method of optimisation as divised by 

Nelder and Meade (3) has been shown to be applicable to chemical 

systems . It is a sequential form of experimental design in 

wich (n+1) experiments are initially carried out, where n is the 

number of variables investigated. Each experiment will have a 

unique set of values for the variables and may thus the described 

as a vector in n-dimensional space. The initial set of experi

ments may be viewed a geometric figure, known as the simplex,which 

has (n+1) vertices. For the experiments reported here, two va

riables are investigated and the simplex is a triangle. The pa

rameters being optimised is evaluated for each experiment and 



the best and worst results noted. A geometric procedure is then 

employed to suggest the next experiment. Basically the worst 

point is reflected through the centroid of the remaining points. 

This new point replaces the previous worst point to give a new 

simplex of (n+1) points. The procedure is repeated until now 

further improvement is obtained, and the best result of the se

ries of experiments is taken as the optimum. There are a number 

of refinements wich allow for expansion or contraction of the 

simplex to give a speedy approach to the optimum and followed by 

an closer extrapolation of the region around the optimum. The 

ground rules are given by Morgan and Deming . Their operation 

is discussed and ilustrated in the Results and discussion section 

bellow. By contrast with the factorial experimental design there 

is no fixed number of experiments to perform. Thus the optimisa

tion procedure is rapid. Typically in chemical systems, dramatic 

improvements are made within 10 experiments. The disadvantage is 

that it does not systematically investigate the interactions of 

the variables in the manner which is routine for factorial desins. 

4. Preliminary polarographic results. 

Before starting with "Simplex" optimisation a reasonable 

working solution (0.010 M HC1 + 0.020 M HN03 + 1.040*
6 M u0*+) was 

considered for some preliminary measurements. It has been found 

that an increase in temperature has a marked effect on the height 

of the catalytic wave, which increases^OZ when the temperature 

is shifted from 20 to 25 C. However, indefinition of the cata

lytic wave takes place at 50 C, because of its shift toward the 

hydrogen discharge, with a partial merging of both waves. The 

exchange of hydrochloric acid by perchloric one, causes only ali

ght changes. It causes some instability typical of 2nd species 

round polarographic maxima. This indesirable effect is elimina

ted by addition of 0.01Z gelatin but a depletion of at least 10Z 

in current is observed. It can be inferred that the shift of the 

zero point charge of the electrocapillary curve to mora negative 

Potentials, as caused by chloride ions, decreases the tendency 

to maxima appearance and provides a more conveniettt working so

lution. Thus, it was decided to use hydrochloric acid in th« suj> 

Porting electrolite instead of perchloric acid. 

/I4 1 



The effect of monovalent cations was examined. If 50 mM 

of the lithium, sodium, potassium or cesium chloride are added in 

the working solution mentioned above (separated experiments) it 

can be observed a regular depletion of the polarographic wave 

from lithium (almost negligible) to cesium cations, which causes 

a partial merging of the catalytic current with that of hydrogen 

discharge. It is particularly interesting the effect of ammonium 

cations which cause a much stronger effect than any of the alkaline 

metal cations, as it virtually eliminates the catalytic wave. 

Before defining the course of optimisation it should be 

considered which shape of the wave is favorable for the analyti

cal work and what could be done in order to reject, by a less ar

bitrary procedure, a high limiting current by unfavorable for the 

analytical work. To illustrate this, polarogram in figs, la and 

lb shows what is considered a favorable condition which means, p n 

marely, a good separation of the catalytic waves from the hydro

gen discharge. Conversely, polarogram in fig. lc shows an adver

se form, with a less defined plateau, due to a partial merging 

with the hydrogen discharge, although the catalytic current is 

almost twice that in polarogram lb. If the measured height of 

the wave, as shown in fig. lc is arbitrarely multiplied by the 

cosine of the angle formed with the abcisse, a marked decrease 

results. The more open is the angle more severe is the correction 

and the corrected height tends to zero as the angle tends to 90 , 

which is consistent-with an inadequate experimental condition.The 

polarogram in the favorable condition la or lb do not suffer this 

correction because either a plateau or round peak is defined. It 

can be argued if a blank correction would not be the best proce

dure. It is not convenient because a high consumption of hydro

gen ions takes place at the electrode during the nitrate reduc

tion, lowering the hydrogen wave and an excessive correction is 

nade at higher uranyl concentrations, of 10* M order. It was de_ 

cided to use this procedure of cosine correction with the care of 

fixing the potential axis and correcting the slope of the measu

red angle to the highest used meter sensitivity in order to have 

a less ambiguos factor, independent of the changes in the aensit£ 

vity scale of the recorder. 
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FIGURE 1 - Shapes of the polarographic catalytic wave: a. flatli-

miting currert; b. peak formation; c. steep limiting cvr 

rent with cosine correction. 

5. Optimisation of conditions by the modified "Simplex" 

dure. 
proc*-

Two variables were investigated, the concentration at. hy

drochloric acid and nitric acid at a fixed temperature of 25 C. 

Higher and lower limits were set of 100 mM and 0 mh, respecti

vely. For the first "Simplex" those combination were selected as 

shown for experiments 1-3 in Table I. -he values are aproxi/aate-

ly 10Z of the higher limit. It should be mentioned that the re

ported wave height of the polarograms are already corrected by 

the cosine of the angle formed by the plateau with the abcissa, 
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TABLE I: Experimental data fro» the "Simplex" optimisation of the 

catalitic wave,measured at 25°C with C...++ « 1.10 M in 
U U A 

HC1/HN0. electrolyte. 

E x p t . No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

Cyc le 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

O p e r a t i o n 

Origin 

Refl . 

Expan. 

Ref l . 

Refl . 

Contr. 

Refl . 

Contr. 

Refl . 

Contr. 

Refl . 

Contr. 

Refl . 

Expan. 

Refl . 

Contr. 

Lagr. 

Refl . 

Contr. 

Lagr. 

Refl . 

Expan. 

Lagr. 

Refl . 

|HN03|(mM) 

2 

7 

4.5 

10.8 

- 15.2 

21.7 

27.7 

22.6 

4.5 

17.4 

11.4 

14 

16.7 

16.4 

19.9 

22.8 

24.8 

18.5 

19.3 

25.1 

19.3 

19.8 

23.2 

25.2 

23.8 

26.7 

|HC11(mM) 

10.4 

10.4 

14.7 

12.5 

13.5 

10.7 

14.7 

13.7 

14.7 

11.7 

14.1 

13.2 

11.2 

11.7 

10.2 

8.7 

8.1 

10.8 

10.5 

7.3 

10.5 

10.3 

8.5 

7.5 

8.2 

6.7 

Result 

12 

75 

24 

125 

216 

108 

90 

71 

24 

360 

150 

260 

248 

320 

362 

530 

110 

396 

415 

126 

415 

399 

610 

595 

161 

132 

B e s t 

12 

75 

216 

216 

216 

360 

360 

360 

530 

530 

530 

610 

610 
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as justified in previous item with the preliminary results. It is 

seen that experiment 2 is the best and experiment 1 the worst. 

The worst result is reflected through the centroid of the other 

two points as shown in Fig. 2 to give a new set of values of acid 

concentration (expt. 4). (In this version of the method the point 

of reflexion is weighted in favour of the best value). Experiment 

4 is carried out and the result is seen to be an improvement on 

the best result, so the reflexion is expanded to give the con

ditions for experiment 5 which is also an improvement. The new 

"Simplex" is taken as experiments 2, 3 and 5 and the process is 

repeated. When the reflected point proves less good than the 

existing best value, it is contracted rather than expanded, by 

using a coefficient of 0.5 or -0.5 for the reflection vector com

pared with 1 for the reflection and 2 for expansion. 

10 20 S » 3 CriO 

FIGURE 2 - S t a r t of the o p t i m i s a t i o n , w i th "Simplex" I , I I and I I I 

p r e s e n t e d . 
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The program in the version used also has the added refine

ment of a Lagrange differential fit routine to assist in cases 

where the reflection and expansion or contraction are not ideal. 

The total series of experiments are summarised in Table I 

and graphically in Fig. 3. 

0 J—| 1 1 i I * 1 
1 10 20 Exper. number 

FIGURE 3 - Variation of the concentration of the acids during op

timisation. 

It is noticeable that the critical factor is the concentr£ 

tion of nitric acid. 

Tht criterion used for optimisation is crude, but it does 

clearly give a weighting quality which enables "good" waves to 

be distinguished from "bad". 

It is evident that the reaction conditions are extreme and 

it is doubtfull if conventional optimum procedures would have 



established the best condition with so few experiments. More work 

is needed, however, the variables around the optimum region and 

the slightly less optimal one, around 10 mM HC1 and 20 mM HNO.., 

which leads to be more stable. It should be mentioned that at 

this condition an increase in sensitivity of ten times the ori

ginal procedure was achived, as the limiting uranyl concentration 
_o 

could be of 10 M order. 
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