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Spectrophotometric study of iron oxidation inthe
iron(l1)/thiocyanate/acetone system and some analytical

applications
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Abstract: Thepossibility of using thiocyanateto determineiron(l1) and/or iron(I11) in water-acetone mixture
has been re-examined as part of a systematic and comparative study involving metallic complexes of
pseudohalide ligands. Some parameters that affect the complete oxidation of the ferrous cations, their
subsequent compl exation and the system stability have been studied to optimizethe experimental conditions.
Our resultsshow theviability and potentiality of thissmply methodol ogy asan dternative analytical procedure
to determineiron cationswith high sensitivity, precision and accuracy. Studies on the calibration, stability,
precision, and effect of variousdifferent ions have been carried out by using absorbance values measured at
480 nm. Theanalytica curvefor thetota iron determination obeysBeer’slaw (r = 0.9993), showing ahigher
sengtivity (molar absorptivity of 2.10x10*L cnr! molt) when compared with other traditiona systems(ligands)
or even with the “similar” azideion [1.53x10* L cmy® mol?, for iron- I1/azide complexes, in 70% (v/v)
tetrahydrofuran/water, at 396 nm]. Under such optimized experimental conditions, itispossibleto determine
ironin the concentration rangefrom 0.5 to 2 ppm (15-65% T for older equipments, quartz cellsof 1.00 cm).
Analyticd applicationshave been tested for some different material s (iron ores), also including pharmaceutical
productsfor anemia, and resultswere compared with atomic absorption determinations. Very good agreement
was obtained with thesetwo different techniques, showing the potential of the present experimental conditions
for the total iron spectrophotometric determinations (errors < 5%). The possibility of iron speciation was
made evident by using another specific and auxiliary method for iron(l1) or (111).

Keywords: iron(l1/111)-thiocyanate-acetone system; oxidation; spectrophotometric applications.

Introduction these species (SCN") and azide (N,,) ligands.

In spectrophotometric studies, the presence

Studies on complexes formation, their
respective stabilities (equilibria) and/or analytical
utilization have been accomplished in asystematic
way in somelaboratories, especially when systems
involving pseudohalide or halide ligands with
transition metal cationg1-13] are concerned. The
intense red colour characteristic of the compounds
formed between iron(l11) and thiocyanate ions in
acidic agueous medium is one of the strongest
evidencesof thechemical analogy existing between
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of organic solvent in thereaction systemsgenerally
increasesthe complexes stability and consequently
the molar absorptivity and the sensitivity. The
fading of theiron(l11)/thiocyanate colour has been
a very critical photometric problem in agqueous
medium and alarge number of classic works have
been carried towards the stabilization of such
iron(l11) complexes[14,15]. More recently[12],
another spectrophotometric oxidation study using
theiron(I1)/azide/tetrahydrofuran system wasdone
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in our laboratory, which allowed us to explore a
new band (396 nm), also described by our group
in the literature, caused exclusively by the THF
presence under a large excess of the azide
ligand[7].

In present work, as part of these continuing
comparative studies, weinvestigated the oxidation
potentialities of the ferrous system and its
subsequent stability, using a more usual and low
cost ligand (thiocyanate).

Iron (from the Latin, ferrum) is the fourth
most abundant element on Earth’'s crust and
nucleus[16,17]. Among its physical properties, the
most important oneisits magnetism, which can be
observed at room temperature. In nature, iron
occurs mainly as hematite (Fe,O,). Its pure form
presents few practical uses, but iron finds many
useful applications when it is mixed with certain
chemical elements such as carbon, manganese,
chromium, nickel or titanium, leading to the
formation of alloys that display extremely
interesting properties[18]. In spite of all its
applications, iron possess is the undesirable
problem of easily undergoing corrosion. That is
why it is not found as a single element in
nature[19]. Biologically, ironisanutrient that has
important functionsin human metabolism, likethe
physiological production of hemoglobin and the
transport of oxygen in the blood[20-22].

The SCN- ligand can bind to a metal ion
through either its S or N atom, resulting in the
corresponding thiocyanate and isothiocyanate
complexes, respectively[23-25]. The change in
coordinationtypefrom M-SCN to M-NCSisrelated
tothe metal type; that is, the “hard and soft acids’.
Inthe case of soft acids, the binding occursthrough
the Satom, giving riseto thiocyanates. The SCN-
ion can act asaligand, exerting marked influence
on the complex stability and structure, among other
properties.

In the literature, the large importance of
different methodologiesfor iron(l1), iron(l11) or to-
tal iron(with speciation) determinations can be
noted through several techniques[26-31]. Bearing
this in mind, the main purpose of this work was
examine and use the optimized experimental
conditions for arapid and compl ete oxidation of
iron(l1) cationsin the ferrous-thiocyanate system.
So, parameters such as acidity of the reactional
medium, ligand concentration, temperature and the
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presence of different organic solvents were
verified. The oxidation progresswas controlled by
comparing the absorbance values measured in
some studies with a standard solution of iron(l11)
prepared exactly under the sametested conditions.
The main advantage of acetone in this simple
systemisthefact that it actsasauxiliary oxidizing
agent and complex stabilizer allowing very
sensitive spectrophotometric determinations (to-
tal iron or speciation), besides being inexpensive
and, thus, easily affordable.

M aterial and methods

Most of the spectrophotometric
measurements were carried out at 25.0°C, with a
DU-70 BECKMAN spectrophotometer, using
stoppered quartz cells of 1.00 cm optical path
length. Comparative measurements by atomic
absorption were done with an instrument
SHIMADZU, AA-680, to check thevalidity of the
spectrophotometric determinations.

The study on temperature effect was
accomplished using aTE-184 Tecnal Thermostatic
Bath for the adjustment of the different valuesin
thereaction flasksand cells.

All potentiometric titrations employed to
standardize different solutions were carried out
using acommon Micronal pH meter, model B-374,
and its appropriate electrodes. A piston buret
(Metrohm, 5.00 or 10.00 mL) was used for the
addition of standardized reagents.

All reagents were purchased from Merck,
Aldrich or Mallinckrodt (Analytical grade).

Different potentiometric standardizations
were accomplished with sodium hydroxide, silver
nitrate, and EDTA solutions, being their respective
concentrations 0.0994; 0.0876 and 0.0461 mol L.
Such solutionshad been previoudy standardized with
standard sol utions of potassium hydrogen phthalate,
potassium chloride and zinc, respectively.

An iron(l11) stock solution (4.31x107?
mol L) was prepared using the ammonium and
iron(l11) sulfate salt, (NH,Fe(SO,),.12H,0), in
perchloric acid medium (pH 1-2), to prevent
hydrolysis. It was used as a control solution to
indicate which woul d be the maximum absorbance
value (A, = 1.07, under the best conditions) that
should be reached by the ferrous solution in all
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thedifferent studies; in other words, thisreference
solution was used to show how complete the
oxidation processwas.

Iron(l1) stock solutions (8.99x10° mol L)
were prepared using the Mohr salt,
(NH,),Fe(S0,),.6H,0. Before each preparation,
oxygen was removed from the distilled water by
nitrogen bubbling, in order to guarantee that just
ferrous species would be present in the stock
solution. Sincethe oxidation of iron(I1) toiron(l11)
is spontaneous in the presence of atmospheric
oxygen, such ferrous solutions could not be
stocked for long periods. During the preparations,
these solutionswere also acidified with perchloric
acid (pH 1-2) for stabilization.

A perchloric acid solution (2.94 mol L) was
standardized with sodium hydroxide by
potentiometric titration, using a combined glass
electrode. All solvents employed, e.g., acetone
(Mallinckrodt), were used without any previous
treatment. The sodium thiocyanate solution
(NaSCN), (2.86 mol L) was standardized by
precipitation titration, using astandard silver nitrate
solution and an Ag/AgCl combined el ectrode.

Interference studies of diverse ions were
carried out using the respective sources of saline
solutions, approximately 0.2 mol L each,
preferably employing nitrates (for different cations)
and sodium (for anions) due to their easy
accessibility and well known low coordination
capacity (avoiding competition with the main
ligand).

Two samples of hematite rocks were
analyzed. They were prepared at a concentration
about 160 mg L, by weighing exactly 0.1100
gramsof each rock, which werethen transferred to
abeaker. Under stirring and heating, concentrated
HCIO, (30 mL) and HCI (50 mL ) solutions were
added to the rocks to guarantee their complete
and fast dissolution. A boiling treatment followed
by several successive additions of water was done
to evaporate all chloride excess. The solution was
quantitatively transferred to a volumetric flask
(500 mL) and completed to the mark with distilled
water.

The pharmaceutical drug for anaemia
(IRONFER®, Laboratory Chemical Union,
FeSO,.7H,0) contains 40 mg of elementary ironin
each tablet, according to the manufacturer. To
open the tablet covering (metacrylic acid
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copolimer), distilled water (10 mL) and
concentrated HCIO, (15 mL) were added to an
erlenmeyer flask containing the drug, under careful
heating and stirring. At this stage, the solution
acquired ablack color. Soon afterwards, small and
successive portions of activated coal were added
to the flask, also under vigorous stirring. After a
brief decantation period, the solution wasfiltered
under vacuum using suitable paper and funnil to
retain the coal. The filtrate was quantitatively
transferred to an erlenmeyer flask and submitted
to heating to reduceits volume. After some hours,
the solution was quantitatively transferred to a
volumetric flask (25 mL) and completed with
distilled water to the mark. The resulting final
solution (1.43x102 mol L) waslimpid and stable.

Resultsand discussion

Our main objective was gather the best
experimental conditions for complete oxidation
and complexation reactions in the iron(l1)/
thiocyanate system, making its fast
spectrophotometric utilization possible. The
dependence of the colour intensity of the formed
iron-thiocyanate complexes on the nature and
concentration of the acid anion have seen
studied[14,15]. Perchloric acid has been chosen
to acidify this system (and anal ogous ones) due
to its weak coordination character. Among the
more common inorganic acids, sulfuriciscertainly
the less recommended because of its strong
complexing power (competitive anions)[5,7,9].

Acidification is necessary to prevent iron
hydrolysis. At first, based on some previous experi-
mental conditions[12], the acidity effect was
verified by using solutions containing a fixed
concentration of iron(l1) (2.79 ppm), thiocyanate
(250 mmol L) and acetone [70% (v/v)], but
different concentrations of perchloric acid (30, 50,
100, 200 and 400 mmol L1). In this concentration
range (Fig. 1), no significant change was observed
inthemaximum absorbancevalue. Our maininterest
was to force rapid oxidation and complexation of
the iron ions without caring about the species
(complexes iron/thiocyanate) formed. Higher
sensitivity and stability of the system are always
very important factors for the development of
analytical applications.
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Figure 1. Effect of perchloric acid concentration on the absorption spectra of theiron/SCN- system.

Cmetone

=70% (VIV), Cy - =250 mmol L, CHCIO4 =variable(30—400 mmol L*), C_#=0.05mmol L*(2.79

ppm), CH,0, =5drops(30% w/w), T =25.0°C andreactiontime=5min.

Insome of thetestscarried out for thiswork,
it was observed that excess of peroxide may causea
yellowish interfering colour due to oxidation
products of the thiocyanate ligand. In this way,
addition of hydrogen peroxide to the reaction
medium to aid oxidation was abandoned in the
following studies. Other oxidizing agentswerealso
previously tried without any satisfactory result.

In the following stage, iron(I1) (2.79 ppm)
and perchloric acid (30 mmol L) concentrations

were kept constant, and the thiocyanate
concentration was varied (100, 150, 200, 250, 350,
and 550 mmol L?). Fig. 2 showsthat higher ligand
concentrations favour the complexation of the
system, making it more sensitive. A thiocyanate
concentration of 250 mmol L-*isenoughto promote
rapid oxidation of iron(l1) toiron(l11), aswell asits
subsequent complexation, whose stability is one of
the main objectives of the study.
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Figure 2. Effect of thiocyanate concentration on the maximum absorption.
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=70% (v/v), Cy,- = (variable) 100-550 mmol L,

C.2'=0.05mmol L*(2.79 ppm), T = 25.0°C and reactiontime = 5 min.
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A parallel study showed that the oxidation
rate is not significantly influenced by changes in
temperature. So, all thefurther studieswere carried
outat 25°C. InFig. 3, anidentical iron(I11) solution
was also used as reference (100% oxidation).

081

Amn

o4t b

0.2

00

460 4%0 560 5%0 660

A (nm)
Figure 3. Influence of acetone on the spectrum of
theiron(l11)/thiocyanate system.

(0) Ciicio, =30mmol L%, C, - = 250 mmol L+

and C_*=0.05mmol L (2.79 ppm).
(8 Conditionsof (b) +C_,  .=70%(v/v), T=25.0
°C andreactiontime=5min.

The presence of organic solvents normally
favorstheformation of compounds(complexes) dueto
their well-known solvation effects. Acetone was the
organic solvent of choicesinceit isareagent commonly

used inlaboratories, which had aready been gppliedin
other sudiesby our research group[5]. Thismaximum
absorption value of curve (), Fig. 3, was used as
reference to indicate the system complete oxidation,
(A 5= 1.07, under the best conditions).

A smple methodology for the Smultaneous
determinationof iron(I1) andiron(l11) (gpeciation) could
then be easily proposed, completing the present
procedure. For this purpose, it would be necessary to
use someclassic and specific determination method to
ad andyss of only one of the two oxidation states
[Fe(I1) or Fe(111)] of metd. For example whenthe Fe(l11)/
SCN- system was used in agqueous medium, which
permitsthedetermination of iron(111) only, itslinear plot
(y=0.192x, withr =0.9998) yielded an averagemolar
absorptivity of 1.07x10* L e mol . The presence of
F(Il) doesnat interferewith Fe(111) determination under
these conditions, because the iron(ll) complexes are
unstable, and the angular coefficient is practicaly of
the same order of magnitude (y = 0.198x and average
molar absorptivity of 1.10x10* L cm® mal2). Inthisway,
the determination of thetotd iron concentration canbe
accomplished inthe conditionsproposed here, and the
iron(l1) concentration could then be findly obtained
by the difference between the totd iron and iron(l11)
concentrations.

The analyticd curve for this procedure was
obtained under the best experimental conditions (see
Fig. 4). Thelinear plot (y = 0.3757x, with r = 0.9993)
yielded anaveragemolar absorptivity of 2.10x10*L cny
1 mol, at 480 nm, for thetota iron[iron(l1) +iron(l11)]
present in the solution.
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Figure4. Verification of Beer’slaw for total ironinthe presence of iron/thiocyanate system, under the best

experimental conditions.
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Precision and stability studies were aso
carried out. Twenty samples of iron were equally
prepared and measured. The average absorbance
valuewasA = 1.03; absolute average deviation =
0.01; standartdeviation = 0.013 and confidencelimit
(95%) = 1.03+ 0.01. Inthe stahility study, onesample
(A5, = 1.05) was observed during acontinuous period
of 6 h, in different timeintervals, showing very low
variation in the absorbance val ue after this period.

Very good complex stability (after 360
minutes A, = 1.06; AA,,, = 0.01 or 1%) was
verified. The prepared samples were allowed to
stand 5 min before each measurement, to guarantee
completereaction

Once the analytical method for iron
determination was established, the next step was
to find out which ionic species could interferewith
the spectrophotometric values. Severa cationsand
anionswereindividually introduced in the sample.
The absorbance values were compared with that
of therespectivereference sample, at 480 nm, since

thiscontrol contained no additional (diverse) ions.
Percent errors were calculated for each species
individually. Among the cations and anions studied,
Cl, HCO,, SO,#, SO.%, NO,, BrO,, OH, CIO,,
ClO,,N,, HCOO, NH,*, Li*, Ca®?, K*, Al**, Mn*,
Cd*, Ba?*, Na', Hg?, Zn?, Cr?* did not interfere
with measurementswhen present at concentrations
up to 100 times higher than the iron concentration
used (2.79 ppm). Other ionslike F, Br, I, S,0.7,
C0,*, 50,7, HCH,0O,, CH,COO (50times); Co*
(10times); NO,, S,0.*, H,PO, (1time) and C,0,*
, HPO,>, Cu* showed significant interference
(Er > 5%) under these experimental conditions.
Some results obtained are shown under
the ideal conditions in table 1, both for both the
method presently devel oped and atomic absorption
(standard addition method), for the total iron
determination of the commercial pharmaceutical
drug. Table 2 showstheresultsfor two natural iron
rocks with a comparative summary of both

techniques.

Table 1. Experimental results obtained for the pharmaceutical drug by spectrophotometric and atomic

absorption techniques

Sample  Auso Fe (mg) Er (%)
Theovetical Experimental
AAS Spectrophotometry

Ironfer 1.01 40.0 39.7 39.0 -1.8
* Average value of five measurements. ** Relative to AAS results.
Table 2. Comparative results encountered for iron rocks through both techniques

Sample Auso” Fe (ppm), stock solution Er (%)
AAS Spectrophotometry
" Hematite I 101 1296 1246 39
Hematite 2 1.03 151.2 149.4 -1.1

* Average values of five measurements.
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The comparison of the results obtained with
this present spectrophotometric method with those
from atomic absorption showed good agreement,
within acceptable analytical limits[E (%) < 5], for
these different tested materials (rocks and the
pharmaceutical drug).

Conclusions

Whilethefading of theiron(l11)/thiocyanate colour
has awaysbeen aproblem for anaytical application
of this system, under the conditions studied in the
present work, we have demonstrated that rapid
oxidation of iron(l1) occursinthe system, followed
by immediate reaction of theresultingiron(l11) with
thiocyanate ligands easily, generating very stable
complexes. Some tests unpublished proved that
hydrogen peroxideisamore satisfactory and cleaner
oxidant for iron(Il) than permanganate, persulfate
or periodateionsin the thiocyanate determination
of iron. However, excess of peroxide may cause a
yellowish interfering colour due to oxidation
products of the thiocyanate ligand. Direct addition
of hydrogen peroxide to the reaction medium was
abandoned during our studies.

Comparative tests (not shown here) about the
oxidizing power of azide (N,) and thiocyanate
(SCN") ions showed that iron(ll) is more easily
oxidized (and complexed) by azideligandsintotally
agueous or mixed medium. Nevertheless, the
thiocyanate system displays higher sensitivity
(molar absorptivity) in acetone medium than the
similar iron/azide system, in tetrahydrofuran or
acetone. Certainly, the presence of dissolved
oxygen in solvent could be the main responsible
by oxidation process. Also, ahigher concentration
of iron probably will takelonger timefor iron(ll) to
be completely oxidized. In presence of high
concentrations of acid, azide and thiocyanateions
have different behaviors or accessibility due its
respectivesionization constants. Hydrazoic acidis
weaker and more volatile than thiocyanic one.
Another important difference between these
involved systems (iron(l11)/azide/ THF and iron(l11)/
thiocyanate/acetone) istheir respective absorption
spectrum: only thefirst one presents an interesting
absorption band with amaximum absorbance about
400 nm. Inthethiocyanate system just theclassical
band (480 nm) can be observed.

Ecl. Quim., Séo Paulo, 30(3): 63-71, 2005

Alternative methodologies for total iron
determination in an unknown sample, as well as
speciation studies, could be refreshed.

Some parameters that directly affect the reaction
rate in this system, such as acidity, ligand
concentration, temperature and presence of organic
solvent, were carefully investigated. The optimized
experimental conditions encountered for rapid
oxidation and subsequent complexation

(determination of total iron) were: Cyii0, = 30

mmol LY C -=350mmol L% C_, =70% (V/
v); T=25°C; & . =480 nm; reaction time = 5
minutes.

Calibration, stahility, precision and the effect of
various ions studies were carried out for ferric
complexes at 480 nm, in the presence of acetone.
The analytical curve for total iron determination
obeys Beer’'s law (r = 0.9993), and the value
calculated for the average molar absorptivity
(2.10x10* L cnr® molt) showed the high potential
of thissystem for analytical applications. Theideal
concentration range for iron determination lies
between 1 and 8 mg L. Good precision of the
results was verified by suitable studies. As for
interferingions, only NO,, S,0,*, C,0,*, HPO 2,
H,PO,, Co** and Cu** showed some influence on
iron determination through the proposed method.
A commercial pharmaceutical product and two
natural different rocksweretested asreal samples
for themetal determination. Atomic absorptionwas
used for comparison purposes and the results
obtained through these two techniques arein very
good agreement.

Such results show the viability and the potential of
thisre-evaluated method asan alternative analytical
procedure for the determination of iron cationswith
precision, low cost and accuracy.
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F. G. Martins, J. F. Andrade, A. C. Pimenta, L. M. Lourenco, J. R. M. Castro, V. R. Babo. Estudo
espectrofotomeétrico da oxidacdo de ferro no sistema ferro(l1)/tiocianato/acetona e algumas aplicagdes
andliticas

Resumo: A possibilidade de usar tiocianato paradeterminar ferro(I1) e/ou ferro(l11), em misturade agua-
acetona, foi reexaminada como parte de um estudo sistematico e comparativo envolvendo complexos
metdlicos de ligantes pseudo-hal etos. As condi ¢cBes experimentai s foram otimizadas estudando-se alguns
parémetros que af etam a oxidagdo completados cations ferrosos, a subseqiiente complexagdo e estabilida
de do sistemaresultante. Nossos resultados mostraram a viabilidade e potencialidade desta metodol ogia
simples como um procedimento analitico alternativo para se determinar cétions de ferro com elevada
sensibilidade, precisdo e exatiddo. Realizaram-se estudos de calibragéo, estabilidade e repetitividade, veri-
ficando-setambém o efeito de vériosions estranhos sobre as | eituras de absorbancia em 480 nm. A curva
analiticaparaadeterminacdo deferrototal obedecealei de Beer (r = 0,9993), mostrando umasensibilidade
maisalta (absortividade molar médiade 2,10x10* L mol-* cnr?) se comparadaaoutrosligantestradicionais
oumesmo ao similar ion azoteto (1,53x10* L cm™ mol, paraoscomplexosdeferro—11/azoteto, em 70%
(v/v) tetraidrofurano/agua, @ 396 nm). Sob as condicdes experimentai s otimi zadas, é possivel determinar
ferro nafaixaaproximadade0,5a2 ppm (nointervalo de 15-65 %T paraaparel hagem maisantiga, cubetas
dequartzo de 1,00 cm). Algumas aplicacBes analiticasforam testadas paradiferentesmateriais (minériosde
ferro), incluindo-se também produtos farmacéuti cos paraanemia, cujosresultados foram comparados com
determinagBes realizadas por absor¢do atémica. Concordancias muito boas (erros < 5%) foram verificadas
entre essas duas diferentestécnicas, 0 que mostraa potencialidade das condi¢des experimentai s propostas
para adeterminacdo espectrofotométricade ferro total. Ficou evidente a possibilidade de especiacdo do
metal, com o auxilio de algum outro método que sejaespecifico paraapenas umadas espécies envolvidas.

Palavras-chave: sistemaferro(l1/111)-tiocianato-acetona; oxidacao; aplicacdes espectrof otométricas.
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