Available online at www.sciencedirect.com

sc.ENCE@D.REcT.

ELSE\/IER Talanta 65 (2005) 692699

Talanta

www.elsevier.com/locate/talanta

Simultaneous determination of antimony and bismuth by beta-correction
spectrophotometry and an artificial neural network algorithm

A. Abbaspout, L. Baramakeh

Department of Chemistry, College of Science, Shiraz University, Shiraz 71454, Iran

Received 15 March 2004; received in revised form 9 June 2004; accepted 23 July 2004

Abstract

Simultaneous determinations of antimony and bismuth were doffiedayrection spectrophotometry and a feed forward neural network
algorithm with back propagation of error. The sensitivity was improved uBhsgrrection spectrophotometry. The determination of trace
amounts of mixtures of Sb and Bi in various matrices (river, tap and industrial wastewater) were investigated by neural nepacskraation
spectrophotometry using the complexes formed between pyrogallol red, Sb and Bi. The results showed that measurement is possible in tt
ranges of 0.05-5.0 and 0.2-3.8 mI~* for Sh(lll) and Bi(lll), respectively. The results also show very good agreement between true and
predicted concentration values and have the ability to use in routine analysis.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction of Sh and its compounds is increased because of the poten-
tially harmful effects of Sb have been recognized by several

Simultaneous determination of trace amounts of metals in authorities and thereafter Sb was listed as a priority pollutant
environmental samples is still a challenging analytical prob- by the UEPA (US Environmental Protection Agency) and
lem because of the sensitivity and specificity required in en- by the German Research Commurjity2]. There is consid-
vironmental monitoring and regulations. Although some of erably disagreement amongst researchers about the toxicity
the spectroscopic techniques such as graphite furnace atomiof antimony[3,4] but is generally recognized that stibnite
absorption spectroscopy, ICP—AES and ICP—mass can bgShS3) is the most toxic of all antimony compounds. Expo-
used for such analysis, the cross-interferences among differ-sure to 0.3 ppm (in a short term of about 10 njij)affects the
ent metal species often cause problem, which in turn raise thecentral nervous system. Water soluble antimony compounds
uncertainty level in the analytical results. Further more, those cause nausea, vomiting and diarrij8at]. However, very
techniques require expensive instrumentation and mainte-few cases of antimony poisoning have been reported since
nance, which limit the application of the techniques in many the kidneys rapidly exert antimony in the blood stream and
laboratories. therefore increased levels are found in urine.

Antimony is in the group of non-essential elements and  Toxic effects that have been reported for bismuth
its toxicity is comparable in behavior to arsenic and bismuth. compounds in humans are nephropathy, encephalopathy,
Although almost neglected before the early 1990s, the areaosteoarthropathy, gingivitis, stomatitis and colitis. People ex-
of analytical development for the ultra trace determination posed to bismuth usually have a problem in their walking,
and speciation of antimony compounds has undergone excit-standing or writing, deterioration of memory, changes in
ing progress during the last 8 years. The interest in studiesbehavior, insomnia and muscle cramps, together with sev-

eral psychiatric symptomfg]. Clinical/medical interest in
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of syphilis [7]. Its pharmaceutical uses have expanded to justed with sodium hydroxide solution (0.2 N) at appropriate
anti-acids, peptic ulcer treatments, and topical dermatolog- concentrationgl3]. One thousand micrograms per milliliter
ical creams. Therefore, there is a necessity for methods tosolutions of studied interfering ions were prepared from their
determine bismuth contents in substan@s appropriate salts.

In addition, antimony and bismuth are similarin nature and
have the same substances, which are togd¢€jen nature 2.2. Apparatus and software
(e.g. in ultramafic, mafic, intermediate and granite rocks.)
therefore it is important to measure them in the presence of UV-visible absorbance spectra were recorded on a Cin-

each other. tra 5 spectrometer, which were equipped with a 1 cm path
Pyrogallol red (PRD) is one of the first reagents used for length quartz cell. The spectra were recorded between 300
the spectrophotometric determination of Sb and1Bi11]. and 700 nm at 1.0 nm intervals. Measurements of pH were

The methods used for determination of Sb and Bi suffer from made with Metrohm 780 pH meter using a combined glass
poor sensitivity (due to excess of colorant reagent) and a veryelectrode.

limited working range. Present work proposed a solutionto ~ The back-propagation neural network algorithm having
these problems. In order to eliminate the effect of colorant three layers was used in MATLAB (version 5, Math Work
reagentB-correction method was applied to the absorbance Inc.) using NNet toolbox. All program were run on a Pentium
values to calculate the real absorbances. And with using a(lll), personal computer, with Windows 98 operating system.
non-linear curve-fitting method (feed forward neural network

with back-propagation error), the measuring range can be2.3. Procedure

improved.
A volume of 3.2ml of pyrogallol red (0.01%), 1 ml of
buffer solution and appropriate volume of Sb and Bi were
2. Experimental added to a 5-ml volumetric flask and made up to the mark
with distilled water. The mixed solution was left for 30 min
2.1. Reagents and then absorbances were measured.

Allchemicals used were of analytical reagent grade. Triply
distilled water was used throughout. Stock Sb and Bi so- 3. Results and discussions
lutions (100Qug mI~1) were prepared from potassium anti-
mony tartarat and bismuth (l1l) nitrate (Merck), respectively. 3.1. Principle and algorithm
Pyrogallol red (Merck) stock solution (0.01%) was prepared
by dissolving appropriate amount of reagent in methanol  Pyrogallol red formed colored complexes with Sb and Bi.
[12]. A buffer of pH 2.4 was prepared by using a mixture of Fig. 1 shows the absorbance spectra of pyrogallol red and
(0.04 M) phosphoric, acetic and boric acid, and pH was ad- of complexes formed with Bi and Sb. As this figure shows,
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Fig. 1. Absorption spectra of PR Sb and Bi at pH = 2.4. Curve A is reagent blank (PR B)43%) (reference, water), curve B is Bi (3.5 ppm) and 6.4
10-3%of PR(reference, water), curve C is Sb (7 ppm) and61-3% of PR (reference, water), D and E are Sb and Bi—PR, respectively; their concentrations
are as in curves B and C (reference, reagent blank).
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there is a clear overlapping of the two spectra. This prevents aand

simultaneous determination of the two ions by direct UV—vis 0
absorbance measurements. On the other hand in the previg = % 4)
ously reported workglL4], the sensitivity was low because of e

a colored reagent. However, as mentioned earlier, the effect o A

Aj ro .
of colorant was eliminated by applyirgcorrection method Wheregl\)lLy’ EMLy - SL_I ande,” are the molz_ar absorption of
to the absorbance values in order to calculate the real ab-MLY @nd blank solution &t andao, respectively (when wa-

sorbances. And with using a non-linear curve fitting method te_r is considereq as the reference). The analytical sensitivity
(feed forward neural network with back-propagation error) Will b€ ata maximum when; andio are selected in a man-

the simultaneous measurement were made and the measuring€' that positive and negative values were reached maximum.
range were improved. hree wavele_ngths were selected, Whlch_corresponded _to the
peak absorption of PRD, Sb-PRD and Bi-PRD, respectively
o . ] 470, 550, 600 nm. From the curve A, Fig. 1, correction
3.1.1. Principles of spectral correction technique coefficient were calculated to k= 0.53 at 550 nm anfl =
p-Correction method15-23] is an analytical method, o 122 at600 nm for Sb and Bi, respectively. The other correc-
which is different from other dual-wavelength spectrophoto- on coefficientx for Sb and Bi were obtained ag% —1.36
metric methods. It can eliminate completely.the |nterfere_r_1c_e agbl‘ _ 1.670{Ei5|b —1.48 andxg(i)'b — 3.1 from curves C and
of excess of colorant reagents, thus increasing the sensitivityg
and decreasing the analytical error. In order to consider the
general principle of-correction spectrophotometry, the re-
action of a metal (M) with a colorant (L) can be expressed as

follow:

0r(zespectively.

As this result shows, excess of PRD will considerably af-
fect the any single wavelength spectrophotometric determi-
nation of trace Sb or Bi and the correction method enhanced
sensitivity of the results strongly. (S&&s. 2 and 3)

M + yL — MLy + L (excess) (1)
3.1.2. Back propagation-ANN (BP-ANN) algorithm and
where, termy represents the complexation ratio. The true ndex for model approximation

absorbance (Aof the chelate ML)is expressed by: A powerful non-linear technique is the BP-AN®4,25]
(AA — BAA)) and has been applied in the multivariate non-linear calibration
Ap=—-—-""1 2 [26]. As discussed before, one of the problems in this case was
(1—-ap) limiting linear range, therefore a non-linear mapping tech-

nigue, which requires no assumed mathematical model, was
used. A multi-layer feed forward ANN with sigmoidal trans-
formation functions in the nodes and the back-propagation
of errors learning algorithm. ANN method was run on the
calibration data constructed with tecorrection technique.

where AA and AA’ are the absorbances of Mlagainst L
reference atg anda;, respectively, which is determined with
the reagent blank as refereneeand g are the correction
coefficients, and can be calculated from:

Sml_ Three layer back-propagation networks, including an input,
o= Y 3) a hidden and an output layer, were used. The input nodes
EMLy
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Fig. 2. Standard curves for determination of Bi with (Ac) and without (A) spectral correction ir &8t3% of pyrogallo red and pH = 2.4 at 600 nm.
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Fig. 3. Standard curves for determination of Sb with (Ac) and without (A) spectral correction in 8343% of pyrogallo red and pH = 2.4 at 550 nm.

transferred the weighted input signals to the nodes in the hid-the prediction ability of method, neural networked models
den layer, and the same as the hidden nodes for the outpufor individual component were also made with respect to
layers. A connection between the nodes of different layers output layer considered as a single node corresponding to
was represented by a weighf, and during the training pro-  the analyte. In our system, sigmoidal transfer function was
cess, the connection of weight was performed according to applied between the input and output of a node in hidden
delta rule. Assuming that layer and purelin output layer function was found to be opti-
mum for calculations. The variables of network consist of
C=fA)+E ®) the number of nodes in the hidden layer and the number

whereA, ., represents the measurement spectral matrix, in of epochs; learning rates were optimized for each element
which each row denotes one of tinemixture spectra ob- separately. As learning rates were being investigated, mo-
tained atp different wavelengthsC, .,, denotes the cor- mentum values were also varied in the hopes of finding a
responding concentration matrix with each row expressing ratio for the relative combination of the two parameters that
the concentration vector for one known mixture sample con- would give the most rapid optimization of network. The op-
taining m distinct components in the training set. The task timum of learning rate and momentum were evaluated by
for the BP-ANN technique is to find a non-linear mapping, obtaining those, which yielded a minimum in the relative
denoted byf in Eq. (5), which specifies the mathemati- error of prediction. The proper number of nodes in the hid-
cal relationship between matri® and A. This procedure  den layer was determined by training ANN with different
is known as supervised training in BP-ANN, in which the number of nodes in hidden layer and computing relative
network is trained to generate correct outputs from inputs. standard error of prediction, a minimum in RSEP occurred
After this mathematical relationshithas been determined, when four and eight nodes were used in the hidden lay-
one can easily find the concentration matrix of an unknown ers of Sb and Bi, respectively. The optimized parameters
sample Cunknown x m» from the corresponding measurement for ANN models used are given ifiable 1. The detection

spectral matrix,Aunknownk x p,» according to the following limits obtained as 3SD of the blanR7] in each model

equation: were 0.05.g mi~1 and 0.2ug mi~for Sb and Bi, respec-
tively.

Cunknown,kxm = f(Aunknown,kxp) (6)

This procedure, defined Wyq. (6), is known as the pre-
diction step in BP-ANN. The training procedure, defined Table 1 _
by Eq. (5), is achieved by Supervised Iearning, which cor- Optimized parameters to achieve the best results

rects weights after one sample spectrum (a multivariate sig-Parameters Compounds
nal) passes through the network. The correction of weights Sh Bi
is based on the error (difference) between the desired tar-

. . .. Input nodes 2 2
get and the actual output. The iteration yvpuld be flnlshgd Output nodes 1 1
when the error of prediction reached a minimum. The digi- Number of Iteration 1200 1600
tized absorbance of calibration mixtures were gathered in alearning rate 0.01 0.01
23 x 2 data matrix and absorbances of prediction matrixes Momentum constant 0.9 09

Hidden layer nodes 4 8

were collected in a 1% 2 data matrix. To further investigate
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Fig. 4. Effect of pH on the absorbances of the Bi and Sh complexes (in 804 3% of pyrogallo red and pH = 2.4 at 550 and 600 nm for Sb and Bi, respectively).

3.1.3. Statistical parameters (RSE) of the prediction concentrati¢28]:
The root-mean-square error (RMSE) of prediction is de- 12
fined as followq28]: % (€ —C;)>
1/2 j=1 ’ ’
Xr: i ((tsi — ysi) /15i)? RSE (%)= 100 x N 5 (8)
RMSE = | =Li=1 ) /Z:l(cj)

rn
where N is the number of sample€;; is the concentra-

Both summations in the above equation run overialput tion of the component in thgh mixture and@j is the es-
objects (the objects in prediction set) of the test set and overtimated concentration. The low RMSE and RSE obtained
0, all n output variables (the number of analytes studied). indicate that the networks used, can procpssorrection
The RMSE value measures how good outgutalues are in spectral data and model the complex relationship between
comparison with the target values The aim of any training ~ the concentration of ions and corrected absorbance in the
isto reach as smallest RMSE values as possible in the shortestvider ranges. The reasonable relative standard errors for each
possible time. Also the prediction error of a single component analyte in both sets indicate the accuracy of the proposed
in the mixture was calculated as the relative standard errormethod.

0.20

o1s]  T* AA(BI)

0.107

0051

Absorbance

=
- (=]
S @ ©

.
=}
=
o4

S
()

-0.25
Pyrogallol red Conc.(x103) %

Fig. 5. Effect of addition of PRD solution on absorbance’s of Sb i@ énl-1) and Bi (3.5ug mI~1) at pH = 2.4.AA (at 470 nm) andAA’ (at 550 and 600 nm
for Sb and Bi, respectively) are the absorbances of complexes against the reagent blank as reference.
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Fig. 6. Stability of formed complex of Sb and Bi (in 6:410~3% of pyrogallo red and pH = 2.4 in the presence of 6.5 angug.tl~1of Sb and Bi, respectively).

3.2. Optimizations of the system 3.3. Requirements for applying BP-NNT

For finding the optimum condition, the influence of pH The first step in simultaneous determination of different
values on the spectrum of each complex at a constant conspecies by multivariate methods involves constructing the
centration was studied. The formed complexes of Sb and Bi calibration set for binary mixtures of them. In this work, we
were similarly affected with pH (Fig. 4). The pH of 2.4 was performed the calibration with thp-correction data. The
chosen as optimum, since both complexes have maximummultivariate calibration requires a careful experimental de-
absorbance at this pH. Effect of the concentration of the py- sign of the standard composition of calibration set to pro-
rogallo red was also investigateBig@. 5). The absorbance vide the best predictions. In order to select the mixtures,
values of the solutions containing a constant concentrationwhich provide more information using a few experimen-
of Sb (6.0ug mI~1) or Bi (3.5pgml~1) at pH = 2.4 were tal trials, from calibration set, their compositions were ran-
obtained at varied concentration of PRD. The results showeddomly designed. Twenty-three binary mixtures were selected
that the absorbance reaches to a maximum value almost ats the calibration set. Training set of Sb and Bi ions in
6.4 x 10-3% pyrogallol red. This value was chosen as the calibration set were between 0.00-5,aPml~* of Sb and

optimum concentration for pyrogallol red. 0.20-3.2Qug mI~1 of Bi. In order to construct the ANN
Stability of the formed complex was examined (Fig. 6) model, a prediction set was prepared involving 19 synthetic
at the optimum condition (pH = 2.4 and 6:4 10~3% of test samples. In order to evaluate the performance of the

pyrogallol red). Results showed that the complex of Sb is model, the neural network model was also tested on an ad-
stable after a few minutes while complex of Bi would be ditional validation set with its samples belonging to neither
stable after 30 min and therefore, they are appropriate forthe calibration nor the prediction set. The compositions of

guantitative measurement in this condition. the prediction and validation sets are giveTables 2 and 3.

Table 2

Composition of prediction set, their results obtained by suggested method for simultaneous determination of analytes

Mixture Added (g mt1) Found (ug mt1) Mixture Added (ug mt1) Found (g mt1)

Sb Bi Sh Bi Sb Bi Sh Bi

1 0.00 0.20 —-0.04 0.21 11 3.00 0.60 2.86 0.57
2 0.00 0.60 0.03 0.59 12 3.00 0.80 3.23 0.74
3 0.20 1.60 0.24 1.59 13 3.00 2.40 2.85 2.33
4 0.50 3.20 0.60 3.20 14 4.00 0.60 3.80 0.61
5 1.00 0.60 1.04 0.62 15 4.00 2.40 421 2.42
6 100 1.60 0.93 1.64 16 4.50 0.20 4.60 0.21
7 2.00 0.60 2.00 0.57 17 4.50 2.40 4.42 2.49
8 2.00 1.20 2.07 1.19 18 5.00 0.20 5.04 0.21
9 2.00 3.20 2.25 3.23 19 5.00 1.60 4.90 1.59

10 3.00 0.20 3.00 0.25
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Table 3 Table 5
Composition of validation set, their results obtained by suggested method Actual composition and calculated concentration of Sb(lll) and Bi(lll) in
for simultaneous determination of analytes different matrices
Mixture Added (ug mt1) Found (g mt?) Source Added (ug mt1) Found (ug mt?1)
Sb Bi Sb Bi Sb Bi Sb Bi
1 0.00 0.4 006 0.36 River water 5.00 1.0 510 1.00
2 0.00 0.8 001 0.71 Industrial waste water 3.00 2.00 2.90 1.80
3 0.60 2.40 0.60 2.47 Industrial waste water 1.00 2.50 1.00 2.40
4 0.60 0.40 0.71 0.41 Tap water 2.50 0.50 2.60 0.60
5 1.00 1.20 0.97 1.25 Synthetic sampfe 2.00 1.00 2.05 1.10
6 100 3.20 1.07 3.13 Synthetic sampfe 3.50 0.50 3.60 0.70
! 200 0.40 2.7 0.36 a Contents of synthetic samples were:3Sb= 2.00pgmi~%, Bi3+
8 200 0.80 2.10 0.78 11 1 1
= 1.00pgmi~1, Lil* = 40.00ugml~1, CP+ = 15.00ugml~t, Mn
9 200 2.40 1.92 2.36 - 1oy o _ SR
= 50.00ug ml~1, Ni2t = 7.00ugml~1,C?t = 3.00ugml~?, zZrét =
10 3.00 0.40 3.18 0.36 1 o 1 1 -1 o
50.00pgmi~t, As®+ = 1.50ugml~1, Aglt = 0.04pgml?t, P+ =
11 3.00 1.20 3.12 1.15 1 T 1 ;
20.00ug mi~! and C#* = 15.00ug ml~L(after adding acac).
12 3.00 3.20 2.96 3.24 b op3t — 1 i3t 1ot 1
S+ = 3.50pugmi~!, Bi¥t = 0.50ugml~1, K+ = 10pgmi-?,
13 4.00 0.40 3.94 0.47 > o _ ) . S
Mo = 5.00pgmi~1, C*t = 2.00ugmi~1, Crt = 7.00ugmi~1, Aglt
14 4.50 0.40 4.65 0.45 SO 1 non 1 \se
= 1.00pgml~1, Pt = 15.00ugmi~1, Ni%t = 10.00ug mi~1, vo+ =
15 4.50 1.20 4.54 1.16 7.00pg mi—1, CiAt = 10.00u.g mi~1 (after adding acac and manitol)
16 450 3.20 441 321 Sopgmis, LU= 2000 9 '
17 5.00 1.20 4.95 1.12

3.5. Applications of the method
All parameters, which influenced the model, were optimized
(Table 1). These results show very good agreement between  The proposed method was successfully applied to the de-
true and predicted concentration values. Mean square errorgermination of some mixtures of Sb and Bi. For this purpose,
of 0.16 and 0.03, correlation values of 0.9994 and 0.9999 for several Sp|ked Samp|es were prepared by add|ng a|iquots
calibrations and mean square errors of 0.11 and 0.05, correa few microliters) of Sb and Bi solution to river, tap and
lation values of 0.9991 and 0.9988 for prediction sets of an- waste water, and the effect of matrix and interfering ions
timony and bismuth, respectively obtained with a sigmoidal were investigated. Results shomiable 5) that this method
transfer function and optimized parameterSable 1. has good results, and it is applicable for routine measure-
ments.

3.4. Interference study

The effect of interfering ions at different concentrationson 4. Conclusion
the absorbance of a solution mixture containing J.g®nl—*
Sb and Bi were studied. An ion was considered as interfer-  Based on the results obtained in this work, application
ence, the presence of which produced a variation in the ab-of ANN method, which was trained with the back propa-
sorbance of the sample (at considered wavelengths) greategation of errors learning algorithm on the calibration data
than 3%. The results indicate that (Table 4) most of the cations constructed with thg-correction technique for simultane-
did not show significant spectral interferences at concentra- oys determination of Sb and Bi an effective and accurate
tions 100 times greater than those of the analyte. Oniy Al way. ANN modeling using a calibration matrix constructed
Cuw?t, Mo, In*and \P* showed interference. However, with B-correction absorption has been successfully applied
interfering of AP+, ClP*and I with acethylacetonate  to simultaneous analysis of these metal ions in synthetic
(acac) and Me" and VP with manitol were completely  mixtures of some alloys. Non-linear effects resulting from
masked, and their tolerance limits were at least 20 times analyte—analyte interaction in this system can be modeled by

greater than Sb or Bi. artificial neural network. There is no need to know the exact
form of the analytical function on which the model should
Table 4 be built. Also, it requires no complex pretreatment or chro-
Influence of foreign ions on the determination of a mixture ofiigGni—* matographic separations of the samples containing analytes.
of Sb and Bi solution This technique is simple, fast and affordable. This model-
lon Tolerance ing shows a combination @-correction spectrophotometery
ion ratio with back-propagation artificial neural net-work (BP-ANN)
Cr3+, Z2+, Cl+, Ni2+, Mg2+, Ce?+, Sre+, Cat, 100 algorithm is a powerful technique to handle non-linear spec-
AIEFCS/;}ST;&H*, Nat, KT, Cet, Hg*t, Fe?t, Agh ] tral data for increasing sensitivity, precision and accuracy and

to obtain wider dynamic ranges in simultaneous determina-

CW+, Moo+ 3 tion of Sb and Bi.
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