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Abstract

The work described here comprises the determination of Fe(lll) by ion selective potentiometry using a coated-wire ion-selective electrode
(CWISE) based on iron—cyclam complex. Linear Nernstian response for this electrode was obtained over the total Fe(lll) concentration rang
of 1x1072to 1x 10°°M in 0.05M HNGQO;, H,SO,, HCIO,, HCI, KNO; and KCI media, with a slope of 685 mV per decade change.
Working pH range of the electrode was found to be 1.3-3.5. Selectivity coefficients of some mono- and divalent metal ions were determined
Analysis of alloys, electroplating bath solutions and pharmaceutical samples have been carried out using this CWISE and the results are four
to be comparable with those obtained by using conventional methods.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction developed. FeGl™ selective liguid membrane electrodes
were prepared using triphenylpyrilium, phenylbenzopyril-
During the past few decades, a large number of iono- jum and cetylpyridinium tetrachloroferrates as solvidi.
phores, specially a wide variety of neutral macrocyclic During our study on complexation of various metal ions
polyethers based on nitrogen and sulphur, has been synthein mixed solvents[11], using competitive potentiometry
sized and found widespread applications in potentiometric it was found that the stability constant of iron-1,4,8,11-
sensors for the determination of respective ions in environ- tetraazacyclotetradecane (iron—cyclam) complex is reason-
mental, industrial and clinical samplg¢$]. Status of ion ably good (logk=8.9 in 90% (v/v) DMSO +water using
sensors and their applications in clinical chemistry is sum- silver ion as a probe) to be used as an ionophore. After
marized by Bakker et a[2]. Very few Fe(lll) ion selective  the successful fabrication and application of coated-wire
electrodes have been reported so[fgB—7] Scibona et al. silver(l) [12] and copper(11J13] and chromium(lI1)[14] ion
had developed liquid anion membrane electrodes selectiveselective electrodes, an attempt has been made to develop
to multivalent metal ion$8]. lonophore-free ion exchanger a coated-wire iron(lll) ion-selective electrode based on
electrodes for iron complexes such as tetrachloroferrate(lll) iron complex of cyclam. The substitution of sulphur and/or
[1], and a ferroin membrane sensor, both for batch and flow- nitrogen atom for the ether oxygen in the coronand ring
injection determination of Fe(ll) and Fe(ll]P], have been  reduces the affinity of the ligand for alkali and alkaline earth
metal ions. PVC membranes were prepared using dibutyl
phthalate, diethyl phthalate and dibutyl maleate plasticizer.
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a slope of 6Gt 5 mV per decade of activity and a detection ing+0.1 mV accuracy with a SCE as reference electrode and
limit of 5 x 10~/ M in the pH range 1.3-3.5. The selectivity KNOj3 salt bridge was used for potential measurements. All
coefficients Kjj) of Na(l), K(1), Ag(l), Ca(ll), Co(ll), Ni(l), measurements were carried out at €5with cell of the type:

Cu(ll), Zn(I1), Cd(1r), Pb(11), Hg(l1), Cr(lll) and Mg(ll) in-

terfering ions were also determined and it was found that the
electrode shows good selectivity for Fe(lll) ions over these (beadyPtwire
mono- and divalent ions. The selectivity coefficient of Fe(ll)
was found to be more, with respect to the other metal ions.

Hg, Hg,Cly; KCl(satd)//Fe(lll)/ion-selective membrane

The performance of the electrode was investigated by mea-
suring the e.m.f. of iron(lll) solutions over the range of
1x 101 to 1x 10~8M. To check for Nernstian response,
standard solutions of Fe(Ng in 0.05M HNG;, 0.05M
HCIO4, 0.05M H,SO4 and 0.05 M HCI were prepared. The
standard solutions of Fe(N{ containing 0.05 M HN@and

0.01 M KNGO3/0.01 M KCl were also prepared for calibration
of the electrode. The e.m.f. were noted after every 15s. It was
found that the reading was stabletd mV after 30—55 s de-
pending upon the medium and the plasticizer. The selectivity
coefficients Kj;) were calculated by mixed solution method
[17]. A constant concentration of the interfering ions M(l)
and M(Il) was kept at & 1072 M.

2. Experimental
2.1. Reagents and standard solutions

Nitrates of iron(lll), sodium(l), potassium(l), cobalt(ll),
nickel(ll), copper(ll), zinc(ll), cadmium(ll), lead(ll), sil-
ver(l), mercury(ll), tetrahydrofuran (THF), diethyl phtha-
late, dibutyl phthalate, dibutyl maleate, potassium nitrate,
potassium chloride, nitric acid, perchloric acid, sulphuric
acid and hydrochloric acid were analytical grade chem-
icals purchased from S.D. Fine Chem Ltd. (India) and .
were used as such. Calcium and magnesium perchlorate€->- Sample preparation
were prepared by general methods described elset@re . .
Chromium(lll) perchlorate, polyvinyl chloride (PVC) and Samples from copper and nickel electroplating b_athswere
1,4,8,11-tetraazacyclotetradecane (cyclam) were purchasediluteéd by 50% with 0.02M KN@ before measuring the
from Fluka (Switzerland) and used as such. Standard so-potentials. In case_of zinc plating bath solutions measure-
lutions of metal salts were prepared in double distilled Ments were done directly. The alloy sample was treated with
deionised water; working solutions were prepared as required®du@ regia and boiled to near dryness. The resulting solu-

by suitable dilution with the same water. The pH of the solu- 10N was diluted by 0.05M HN@and was “S‘?d_ for gna}ly—
tions was adjusted with 0.1 M nitric acid. sis. Pharmaceutical samples analyzed were ‘VitominZ' cap-

sules (Okasa Pharma Ltd., India) and ‘Mumfer’ (Glenmark
Pharma Ltd., India). In addition to iron(ll) fumarate ‘Vit-
ominZ’ contained Vitamins A—-C, E, calcium pantothenate
and manganese sulphate, sodium selenate, and chromium(lIl)

tetraazacyclotetradecane and Fe(giOwere mixed in chloride whereas Mumfer tablets contained folic acid and
ethanol and kept for some time for precipitation. The reddish SOMe vitaminsinaddition to iron(lll) hydroxide polymaltose.
colour precipitate obtained was filtered washed and dried atE2ch sample was treated with HN®ICIO, and/or HO; to

room temperature to obtain the ionophore.

2.2. Preparation of membrane

Equal volumes of equimolar solutions of 1,4,8,11-

700

2.3. Preparation of electrode
600+

Slurries of 1.5%, 3%, 5% (w/w) ionophore, 36.5%, 35%,
33% (w/w) PVC, respectively and 62% (w/w) plasticizer
(dibuthyl phthalate/dibutyl maleate/diethyl phthalate) were 4004
made in tetrahydrofuran. To prepare the electrode platinum g
wire was coated by dipping it several times in the slurry until 3004
a bead was formed and was kept for drying in air for 24 h.
Before using, the electrode was dipped in distilled water for
10 min and after every 5 days it was conditioned with 0.01 M 1004
Fe(NQG)3 for 30 min.
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2.4. Apparatus and e.m.f. measurements

All solutions were prepared usmg_ a digital single-pan Fig. 1. Plotofe.m.f.vs.iron(lll) concentrationk ] Nernstian response using
balance (Mettler Toledo AB204, Switzerland). A Cyber- giputyi phthalate plasticizer®) Nernstian response using diethyl phthalate

Scan 2500 pH meter (Eutech Instruments, Singapore) hav-plasticizer; ®) Nernstian response using dibutyl maleate plasticizer.
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Table 1
Comparison and properties of present Fe(lll) ISEs with different plasticizers in various media during the first month
Medium lonophore (%) PVC (%) Response time (s) Working range (M) Slope (mV per decade)
Plasticizer used: dibutyl phthalate
0.05M HNGz 1.5 36.5 45 x 102t01x 1074 58+ 2
3.0 35.0 40 x 102to1x 1075 60+ 2
5.0 33.0 30 1x 102t05x 108 60+ 2
0.05M HCIOy 1.5 36.5 45 x 10 2to1x 1074 58+ 2
3.0 35.0 40 x 102to1x 10 58+ 2
5.0 33.0 35 1x 102t05x 1078 58+ 2
0.05M H, SO, 15 36.5 45 x 102to1x 104 50+ 2
3.0 35.0 40 1x 102t05x 10°° 5242
5.0 33.0 40 x 102t0 5% 10°° 52+2
0.05M HClI 15 36.5 45 & 102t01x 104 58+ 2
3.0 35.0 40 1x 102t01x 10°° 58+ 2
5.0 33.0 35 1x 102to5x 1076 60+ 2
0.01 M KCl 15 36.5 30 x 102to1x 1074 58+ 2
3.0 35.0 30 x 102to1x 1075 62+ 2
5.0 33.0 25 1x 102t05x 108 62+ 2
0.01 M KNO3 15 36.5 35 x 102to1x 1074 60+ 2
3.0 35.0 25 x 102to1x 10 62+ 2
5.0 33.0 25 1x 102t05x 1078 62+ 2
Plasticizer used: diethyl phthalate
0.05M HNG; 1.5 36.5 45 x 102to1x 1074 56+ 2
3.0 35.0 40 x 102to1x 105 57+2
5.0 33.0 30 1x 102t01x 1078 58+ 2
0.05M HCIQy 15 36.5 50 x 102to1x 104 55+ 2
3.0 35.0 45 x 102t01x 105 57+ 2
5.0 33.0 45 x 102to1x 1078 57+2
0.05M H; SOy 15 36.5 55 x 102t01x 104 454+ 2
3.0 35.0 40 x 10 2t0 5% 10°° 4742
5.0 33.0 40 1x 102to5x 10 52+ 2
0.05M HCI 15 36.5 55 & 102t01x 1074 55+ 2
3.0 35.0 50 x 102to1x 1075 56+ 2
5.0 33.0 40 1x 102t05x 10°° 56+ 2
0.01MKClI 1.5 36.5 30 x 102t01x 1074 57+2
3.0 35.0 30 x 102t01x 105 60+ 2
5.0 33.0 25 1x 102t01x 1078 60+ 2
0.01 M KNO;s 15 36.5 35 x 102to1x 104 58+ 2
3.0 35.0 25 x 102t01x 105 60+ 2
5.0 33.0 25 x 102to1x 1078 60+ 2
Plasticizer used: dibutyl maleate
0.05M HNG; 15 36.5 45 x 102to1x 104 58+ 2
3.0 35.0 40 x 102t01x 105 60+ 2
5.0 33.0 40 1x 102to5x 1078 60+ 2
0.05M HCIO, 15 36.5 45 x 102t01x 104 58+ 2
3.0 35.0 40 Ix 102t01x 10°° 60+ 2
5.0 33.0 40 1x 102to5x 1076 60+ 2
0.05M H; SOy 1.5 36.5 55 x 102t01x 1074 45+ 2
3.0 35.0 40 x 102to5x 104 4742
5.0 33.0 40 1x 102t05x 105 5242
0.05M HCI 1.5 36.5 45 & 102to1x 104 58+ 2
3.0 35.0 45 x 102t01x 105 60+ 2
5.0 33.0 40 1x 10 2t05x 1078 60+ 2
0.01 M KCl 15 36.5 30 x 102to1x 1074 58+ 2
3.0 35.0 30 x 102t01x 1075 58+ 2
5.0 33.0 25 x 102to1x 1076 60+ 2
0.01M KNO3z 15 36.5 35 x 102t01x 1074 58+ 2
3.0 35.0 25 x 102t01x 10°° 58+ 2
5.0 33.0 25 x 102to1x 1078 60+ 2
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900 - Table 2
800 Selectivity coefficients of Fe(lll) ISE
700 Serial no. Interfering ion Selectivity coefficient fg+ )
1 Na(l) 5.0x 1072
600 - 2 K(1) 1.1x 1073
« 500 - 3 Ag(l) 1.3x 1072
§ 400 - 4 ca(lly 8.0x 1074
5 Co(ll) 1.59% 1023
300 6 Ni(ll) 6.3x 103
200 - 7 Cu(ll 1.26x 1073
8 Zn(ll) 1.99x 1073
100 ~ 9 cd(ny 1.25% 1073
0 ; . . . . . 10 Pb(Il) 1.0x 1073
0 1 2 3 4 5 6 11 Ho(ll) 49x 1078
12 cr(in) 5.1x 1073
pH 13 Mg(ll) 48x 1073
14 Fe(ll) 3.1x 101

Fig. 2. Plot of e.m.f. vs. pH.

observed that above pH 3.5 the potential starts decreasing
decompose the organic component and to convert Fe(ll) toslowly, this may be because of the formation of ferric hy-
Fe(ll). droxide in the solution at higher pH. At pH, lower than 1.3
the potential drastically increases, possibly due to the elec-
trode response towards hydrogen ions.
3. Results and discussion The ISE response is attributed to the electron-exchange
mechanism at the membrane—contact interface and ion ex-
The coated Pt wire Fe(lll) ISEs showed a linear far- change at the membrane-solution interfdcq. The mono-
Nernstian response (80 mV per decade change) for the first 2valent response can be attributed to the Fe(lll)/Fe(ll) redox
weeks. Later they showed proper linear Nernstian responsereaction at the membrane—contact interface. Monovalent re-
for more than 2 months${g. 1). Among all the ISEs prepared, ~ sponse for Fe(lll) ISEs has been observed by De Marco et
the membrane containing plasticizer dibutyl phthalate and al.[18] and Wang and Shifi9]. It is interesting to note that
5% ionophore gave best response with a slope af 60nV the electrode in our present work gave a quicker response
per decade in the activity range of1102to 1x 10°°M time of 25—-30 s and stable reading in the presence of 0.01 M
in standard solutions of Fe(Ng} in 0.05 M HNO; medium KNO3 medium {Table 1) as experienced by De Marco et al.

over a period of 3 months (as shownTiable 1. After that, [18]. The CWISE developed, works over a lower concen-
the sensitivity decreases K110-2Mto 1 x 10~° M) and fre- tration range of iron(lll) as compared to ISE developed for
quent conditioning was required. Being the best out of all the Fe(lll) earlier[1,10]. Because of its better response in 0.01 M
electrodes prepared, it was used for further studies. KNOg, this medium was used for the analysis of electroplat-

The influence of pH on the response of the CWISE to ing bath solutions. The selectivity coefficients(s: ;) for
various concentrations of Fe(lll) is shown fig. 2. It was some cations having a back ground concentration of M
Table 3
Results obtained by direct potentiometry for synthetic samples
Serial no. Composition Observed content (M)
1 0.0010 M Fe(N@)3 + 0.01 M NaN@ + 0.01 M Co(NQ@), + 0.01 M Pb(N@), 0.0011
2 0.0010 M Fe(N@)3z + 0.01 M Mg(CIQy), + 0.01 M Cu(NQ@)2 + 0.01 M Ni(NO3)» 0.0012
3 0.0010 M Fe(N@)s + 0.01 M AgNG; + 0.01 M Cd(NQ@)2 + 0.01 M KNOs 0.0009
4 0.0010 M Fe(N@)3 + 0.01 M Cr(CIQy)3 + 0.01 M Zn(NQ), + 0.01 M Hg(NQ) 0.0010
5 0.0010 M Fe(N@)3 + 0.01 M Zn(NQ), + 0.01 M Hg(NG), + 0.01 M FeC} + 10% HO, 0.0107
6 0.0010 M Fe(N@)3 + 0.01 M Cr(ClQy)3 + 0.01 M Ca(CIQ)2+ 0.01 M Hg(NG)» 0.0009

Observed content (ppm)
1 100 ppm Fe(lll) in 20% HCI solution 101
2 150 ppm Fe(lll) in 20% HCI solution + 0.01 M KN 147
3 150 ppm Fe(lll) in 80 g copper sulphate + 8 ml sulphuric acid in 2000 ml 0.01 M KNO 146
4 150 ppm Fe(lll) in 25 g nickel sulphate + 10g boric acid + 13 g nickel chloride + 8 ml sulphuric acid in 154
1000ml 0.01 M KNQ

5 150 ppm Fe(lll) in 20 g zinc chloride + 10 g boric acid + 8 g KCl in 2000ml 0.01 M KNO 147
6 150 ppm Fe(lll) in 80 g Cr@+ 1 ml sulphuric acid in 2000 ml 0.01 M KN§ —
7 150 ppm Fe(lll) in 25 g Cr@+ 1 ml sulphuric acid in 2000 ml 0.01 M KN -
8 150 ppm Fe(lll) in 2.5 g Cr@+ 1 ml sulphuric acid in 2000 ml 0.01 M KN§® —




652 A. Sil et al. / Sensors and Actuators B 106 (2005) 648-653

Table 4 _ _ ions. The CWISE, so prepared can provide a means for rapid
Comparison of the present and conventional methods in real samples routine analysis of electroplating bath solutions, alloys and
Sample Present method AAS method pharmaceutical samples.
(ppm) (ppm)
Electroplating bath solutions
Copper plating solution1 255 259 Acknowledgement
Copper plating solution2 172 167
Zine plating solution 1 249 254 One of the authors Aparna Sil is grateful to CSIR, New
Zinc plating solution 2 310 303 Delhi. India. f idina Senior R h Eell hi
Nickel plating solution 1 251 250 elni, India, Tor proviaing senior Researc ellowsnip.
Nickel plating solution 2 146 151
ISE method (%) Conventional References

method (%
%) [1] P. Buhlmann, E. Pretsch, E. Bakker, Carrier-based ion selective elec-

Alloy sample trodes and bulk optodes. 2. lonophores for potentiometric and optical
Stainless steel 63£0.4 (n=5) 63.2 sensors, Chem. Rev. 98 (1998) 1593-1687.

[2] E. Bakker, D. Diamond, A. Lewenstam, E. Pretsch, lon sensors:

current limits and new trends, Anal. Chim. Acta 393 (1999) 11-18.

Observed content Quoted content - S )
(mg) (mg) [3] R.W. Cattre_ill, P Chln-Poh, Coated wire ion selective electrode for
the determination of iron(lll), Anal. Chem. 47 (1975) 93-95.
Pharmaceutical samples [4] M. Shamsipur, M. Yousefi, M.R. Ganjali, PVC-based 1,3,5-trithiane
VitominZ capsules 289+ 0.3 (1=5) 305 sensor for cerium(lll) ions, Anal. Chem. 72 (2000) 2391-2394.
Mumfer tablets 95+0.3(n=5) 1000 [5] V.K. Gupta, R. Prasad, P. Kumar, R. Mangala, New nickel(ll) se-

lective potentiometric sensor based on 5,7,12,14-tetramethyldiben-
zotetraazaannulene in a poly(vinyl chloride) matrix, Anal. Chim.

. . _ . Acta 420 (2000) 19-27.
in 0.05M HNG; were determined by the mixed-solution [} AR. Fakhari, M. Alaghemand, M. Shamsipur, Iron(lll)-selective

method {able 2. Iron(lll) was also determined in some ar- membrane potentiometric sensor based on 5,10,15,20-tetrakis(penta-
tificial and real samples and results of the real samples were  fluorophenyl)-2H,23H-porphyrin, Anal. Lett. 34 (2001) 1097-1106.
confirmed by conventional method‘éables 3 and)4 Sam- [7] M.B. Saleh, Iron(lll) ionophores based on formylsalicylic acid

. derivatives as sensors for ion-selective electrodes, Analyst 125 (2000
ples in the bottom half 6Table 3were prepared to resemble 170183 ! V y (2000)

the il'.OI’l impurities in aCi(_j Pick“ng and electroplating bat_h [8] G. Scibona, L. Mantella, P.R. Danesi, Liquid anion membrane elec-
solutions used in metal finishing industry. The CWISE did trodes sensitive to metal cation concentration, Anal. Chem. 42 (1970)
not work, or rather got spoiled even in diluted chrome solu- 844-848. '
tions. This could be because of the strong oxidizing nature [ fS-S-Mt- Ht"?‘ssar:'_s'cf‘-t'v'- 'V_'arf_ou"'fp_‘ ”0"? Ife"to'rl‘um(elg‘::;"éz fegggr
. . _ Oor potentiometric determination of iron, lalanta — .

of hexfa‘valent Chromlum' which can decompose the mem [10] E. Hopirtean, M. Preda, C. Liteanu, Liquid membrane-electrodes
braqellonophore. Also, it was observed that, the membrane ~ x\ Fresenius Z. Anal. Chem. 286 (1977) 65-68.
retained the orange colour of chromate, after removal from [11] A. Sil, A.K. Srivastava, Studies on the complexation of transition
the chromium solution and washing the CWISE. However, no metal ion with macrocyclic compounds in mixed solvents by com-
retention of blue/green colour was observed when the elec- gg'é'vgsg"tem'ometry and polarogrphy, Supramol. Chem. 16 (2004)
t[r(_)de wa_s used in COpper/kael S_Olu“ons’ respectlvely. SO’[12] A. Sil, V.S. ljeri, AK. Srivastava, Coated wire silver ion selective
itis possible that, the thomate anions get adsorbed onto the  ~ gjectrode based on silver complex of cyclam, Anal. Sci. 17 (2001)
membrane, rendering it useless for further measurements. 477-479.

From the selectivity coefficients it was found that iron(ll)  [13] A. Sil, V.S. ljeri, A.K. Srivastava, Coated wire copper(ll) ion selec-
presents some interference. As this could affect the real sam- tive elgctrode based on 5,_6,14,15—d|benzo—8,12—d|azacyclopentadeca—

le analysis, Fe(ll) was oxidized to Fe(lll) in the solutions 5.14-diene, Electroanalysis 14 (2002) 1215-1217.

p_ ySIS, . . . [14] A. Sil, V.S. ljeri, A.K. Srivastava, Coated wire chromium(lll) ion-
with H,02 and 'Fhe total iron content was determined. Unlike selective electrode based on azamacrocycles, Anal. Bioanal Chem.
other coated wire Fe(lll) electrod&], the present electrode 378 (2004) 1666—1669.
can be used in presence of Hg(ll). The ISEs thus prepared(15] V.S. Bhat, V.S. ljeri, AK. Srivastava, Coated wire lead(ll) selec-
provide a means for rapid routine analysis of electroplating tive potentiometric sensor based orteft-butylcalix[6]arene, Sens.

. . Actuators B 99 (2004) 98-105.
bath solutions, alloys and pharmaceutical samplable 4. [16] I.G. Brauer, Handbook of Preparative Inorganic Chemistry, vol. 1,

Academic Press, New York, 1963.
[17] P.L. Bailey, Analysis with lon Selective Electrodes, Heyden, London,
4. Conclusions 1976.
[18] R. De Marco, B. Pejcic, M. Loan, M. Wilcox, Continuous flow anal-

. — . . ysis of iron in zinc electro winning electrolyte using an iron chal-
The platinum wire-coated ISE fabricated in the present chogenide glass ion selective electrode, Talanta 57 (2002) 115-121.

W_0rk hOld_S promise for th_e analysis O_f Fe(III) in various Ma- [19] T.Y. Wang, J.S. Shih, Iron(lll) ion-selective electrode based on dithia-
trices as it shows appreciable selectivity towards Fe(lll) ion 12-crown-4, J. Chin. Chem. Soc. (Taipei) 35 (1988) 405; Chem.
in presence of most of the mono-, bi-, and trivalent metal Abstr. 111 (1989) 69908e.
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