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Abstract

A sequential injection analysis (SIA) system is proposed for the determination of iron (II). Fe(II) was determined by SIA based on
the reaction between 1,10-phenanthroline and iron (II), yielding an orange–red colour complex with absorption maximum at 512 nm. The
method involved aspiration of 187�l sample/standard zone followed by a zone of a reagent solution containing 140�l of 7.8 ×10−4 mol l−1

1,10-phenanthroline into a carrier stream to be stacked inside a holding coil and flow reversed through a reaction coil to a detector. The
optimum condition was evaluated and the calibration curve is linear over a range of 0.25 to 5.0 mg l−1 of Fe(II) with detection limit of
18�g l−1. A sample throughput of 40 h−1 was established. This technique is found to be simple, accurate, reproducible and sensitive. The
proposed method was successfully applied for the determination of total iron as Fe(II) in pharmaceutical products (multi-vitamin tablets) and
is especially useful for the determination of iron (II) in tablets with lower iron (II) contents. The results were found to be in good agreement
with the results obtained by manual UV/Vis spectrophotometry and flame atomic absorption spectrometry (FAAS) and with claimed values
by the manufacturers.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Iron is an essential nutrient in the human diet. In the body,
it is complexed with hemoglobin, which carries oxygen from
the lungs to the cells of the body, and plays an equally essen-
tial role in respiratory enzymes such as cytochromes, which
allows us to use oxygen[1]. Iron deficiency is the most com-
mon cause of diseases mainly during infancy, pregnancy and
adolescence[2]. When the dietary intake is deficient in iron,
a condition called anaemia results. In order to avoid such
deficiencies, an adequate supply of iron is needed. Some
people take dietary supplements, which contain iron, such
as multi-vitamins. Thus, it is necessary that an accurate, fast
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and a cheap method for the determination of iron in phar-
maceuticals and food supplements should be developed.

Several methods for the analysis of iron in pharmaceu-
ticals and environmental samples have been reported, in-
cluding potentiometry[3], chemiluminescence[4], graphite
furnace atomic absorption spectrometry[5], flame atomic
absorption spectrometry[6], (these two methods are very
expensive), fluorometric analysis[7,8], anodic stripping
voltammetry[9], volumetric analysis[10] and spectropho-
tometry [11,12]. As compared with the other techniques,
spectrophotometry is very simple, rapid and less expensive
for determination of elements in a variety of samples. Most
of these classical detectors are coupled with flow injection
analysis (FIA) or sequential injection analysis (SIA) and
are used for quantification of elements in a variety of real
samples.

The application of SIA for the determination of iron
(II) using �,�-bipyridyl [1] and 1,10-phenanthroline af-
ter reduction of iron (III) to iron(II) with a cadmium
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reductor [13] in pharmaceutical products has been de-
scribed. The�,�-bipyridyl [1] procedure presented a linear
dynamic range between 5–40 m l−1 with a detection limit of
0.97 mg l−1 and was suitable for the determination of iron
(II) in anti-anemic pharmaceutical formulations with an
iron content above 21 mg l−1 as described by the authors.
A synchronous merging zones for sequential simultaneous
determination of Fe(II) and Fe(III) in FIA have also been
employed in the analysis of pharmaceutical products[14]
and mathematical simulation of detector response[15].

The determination of iron (III) and total iron by SIA based
on tiron[16–18]and thiocyanate methods[2,19] and by FIA
based on tiron[20] and thiocyanate[21] has also been re-
ported. All these methods involve an oxidation step in the
process, i.e., oxidation of Fe(II) to Fe(III). In pharmaceuti-
cal products iron is in the Fe(II) oxidation state. Furthermore
certain pharmaceutical products contain anti-oxidants in ex-
cessive amounts compared to the concentration of Fe(II) and
this prevents the quantitative oxidation of Fe(II) to Fe(III).
Sample preparation is therefore very difficult for the oxida-
tion of Fe(II) before determination as Fe(III). It takes 8–12 h
to prepare a sample by dry ashing[2], requires digestion and
separation (2 days) of the organic part[13] and this is very
time and reagent consuming. Because of this reason, a di-
rect, simple and accurate SIA method for the determination
of Fe(II) is needed in pharmaceutical products.

The objective of the present work is therefore, to find
a direct, simple and accurate method for the determination
of Fe(II) in multivitamin prepartions without splitting and
merging of sample zones and reagent streams and also to
avoid any oxidation step. In this method, total iron was deter-
mined as Fe(II) in multi-vitamin preparations, with UV/Vis
spectrophotometric detection using 1,10-phenanthroline as
complexing agent. Since, the complex is stable in the pH
range of 2–9[13], it is not necessary to control the pH of
the solution exactly.

2. Experimental

All reagents used were of analytical reagent grade and all
solutions were prepared with double de-ionised water from a
Modulab system (Continental Water System, Sant Antonio,
TX, USA). These solutions were degassed before hand and
stored under inert atmosphere.

Samples: Bettaway iron extra containing ferrous fur-
marate 40 mg (13 mg Fe/tablet) was supplied by Better
Nutrition (Pty) Ltd., Sandton, S. Africa; Weigh-Less Daily
Multi-Vitamin with anti-oxidants containing 7.5 mg iron,
7.5 mg zinc, 1 mg copper 35 mg magnesium/tablet was sup-
plied by Weigh-Less S.A. (Pty) Ltd., Hout Bay, S. Africa;
Vital Multitime containing 18 mg iron/ tablet was supplied
by Vital Health Foods (Pty) Ltd., KuilsRiver, S. Africa; and
Vita force 21-Plus containing 4.93 mg iron, 25 mg mag-
nesium/tablet was supplied by Pharma Natura (Pty) Ltd.,
Sandton, S. Africa.

2.1. Reagents and solutions

The iron (II) stock solutions were prepared by dissolv-
ing 0.702 g of Mohr’s salt (Fe(NH4)2(SO4)2 6 H2O) and
1 g of ascorbic acid (to prevent oxidation of Fe(II) to
Fe(III)) in a 1 l volumetric flask. Working standard solu-
tions ranging between 0.25 and 25 mg l−1 of Fe(II) were
prepared by appropriate dilution of the stock solution with
0.01 mol l−1 of H2SO4. The acetate buffer pH 5.5 was pre-
pared from 0.10 mol l−1 of acetic acid and 0.10 mol l−1 of
sodium acetate. The colorimetric reagent of 0.25% (w/v)
1,10-phenanthroline solution was prepared by dissolving
0.625 g of 1,10-phenanthroline in 1 ml of concentrated
HCl and 50 ml of water and then diluted quantitatively
to the mark with the acetate buffer solution in a 250 ml
volumetric flask. A concentration of 7.8× 10−4 mol l−1

1,10-phenanthroline was prepared by diluting 6 ml of 1.3×
10−3 mol l−1, 1,10-phenanthroline-into a 100 ml volumetric
flask with acetate buffer solution. Double de-ionised water
was used as carrier stream.

2.2. Apparatus

A single wavelength Unicam 5625 UV/VIS spectrome-
ter (Cambridge, UK) equipped with a 10 mm Hellma-type
flow through cell (Hellma GmbH and Co., Mulheim/Baden,
Germany) was used in all SIA experiments. A ten position
micro-actuated selection valve (Model E-10-230, Valco In-
struments, Houston, TX, USA) and a Gilson Minipuls-3
peristaltic pump (Model M321, Gilson, Villiers-le-Bel,
France) were also used in the SIA system. For the device
control and data acquisition, a FlowTEK interface box
and FlowTEK software package (obtained from MINTEK
Randburg, South Africa) for computer aided flow anal-
ysis were used throughout. The SIA system is given in
Fig. 1.

2.3. Sample preparation

Four tablets of each multi-vitamin were individually
placed in a 100 ml conical volumetric flask. 25 ml of double
distilled water and 1 ml of concentrated HCl (65% (v/v))
were added to the flask, heated on a hot plate for 30 min
and filtered immediately into a 100 ml conical flask while
it was hot. The flask and the residue were washed sev-
eral times by hot double de-ionised water and cooled to
room temperature. 1 ml of 1% m v−1 of ascorbic acid was
added to each conical flask to prevent oxidation of iron
(II) to iron (III). The individual dissolved sample solutions
were quantitatively transferred to 100 ml volumetric flasks
and diluted to the mark with de-ionised water. Further
dilution was made (Weigh-Les Daily Multi-vitamin with
anti-oxidants 20-fold, Vital force 21-plus 10-fold, Vital
Multitime 40-fold and Bettaway iron extra 30-fold) before
analysis.
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Fig. 1. Schematic diagram of the SIA system manifold used for the determination of iron in multivitamin preparations.

Table 1
Device sequence used for one cycle of the SIA system for the determi-
nation of iron (II) in multivitamin preparations

Time (s) Pump Valve Description

0 Off Sample Pump off, valve select
sample stream

3 Reverse Draw up the sample solution
7 Off Pump stop
8 Reagent Select reagent solution

(valve position 2)
9 Reverse Draw up reagent solution
11 Off Pump stop
12 Detector Selects the detector stream.

Valve position
13 Forward Pump stack zones to the

detector
89 Off Pump stop
90 Home Return back to position 1

2.4. Procedure

An illustration of the device sequence for the determina-
tion of iron in multivitamins is shown inTable 1. 187�l of
sample solution and 140�l of reagent solution were aspi-
rated sequentially through the selection valve into the hold-
ing coil. By using flow reversal the stack of well-defined
zones were propelled by the peristaltic pump from the hold-
ing coil to the reaction coil. The zones penetrate each other
as they pass through the reaction coil to the detector. The
absorbance of the complex is measured at 512 nm using
UV/Vis spectrophotometry.

3. Results and discussion

Iron (II) forms many coordination compounds in which
the iron ions are surrounded by various ligands. Many of
these coordination compounds are colored. The amount of

color generated under a standard set of conditions can be
used to measure the amount of iron present. In the current
method, the compound used to form a colored complex with
iron is 1,10-phenanthroline, which form a stable red–orange
colored complex in the pH range of 2–9. The resulting com-
plex is measured spectrophotometrically at 512 nm. Since
iron (II) solution is easily oxidized to Fe(III) in the presence
of acid and water, ascorbic acid is added to the standard
solution and samples to make sure all the iron in solution
is in the Fe(II) oxidation state. Ascorbic acid stabilizes the
iron in the Fe(II) oxidation state and reduces Fe(III)–Fe(II)
if present in the solution.

3.1. Optimisation of parameters

The condition for the determination of total iron as
Fe(II) was optimised by studying the influence of the var-
ious parameters such as flow rate, sample and reagent
volume, reaction coil length and diameter, holding coil
length and diameter and reagent concentration. 20 mg l−1

of an iron (II) standard solution and 1.3× 10−3 mol l−1

1,10-phenanthroline concentrations were used to optimise
these parameters. In all cases both the relative peak height
and percentage of relative standard deviation were used as
criteria for establishing the most appropriate parameter.

3.1.1. Flow rate
The flow rate is a very important parameter to be op-

timised because it regulates the amount of final prod-
uct (complex) formed. The reaction between iron and
1,10-phenanthroline is rapid, resulting in an almost in-
stant colour development. The flow rate was evaluated
between 1.87 and 4.67 ml min−1 by changing the speed
of the pump. The results (Fig. 2) revealed that there is a
slight increase in response from 1.87 to about 3.7 ml min−1,
and this shows that the reaction is fast and develop colour
immediately. Beyond 3.7 ml min−1 the response increases
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Fig. 2. Effect of flow rate on sensitivity and precision. Experimental
conditions were: holding coil= 1.02 mm i.d.× 138 cm; reaction coil
= 0.89 mm i.d. × 65 cm; aspiration volumes 140�l each and 1.3×
10−3 mol l−1 1,10-phenanthroline andn = 10 (repetitive determinations).

sharply, but the precision also deteriorates. Although
the precision at 1.87 ml min−1 is slightly better than at
2.8 ml min−1, the latter gave a better sample through-
put and was chosen as the optimum working condi-
tion.

3.1.2. Sample volume and reagent volume optimisation
The aim of optimisation of these parameters is to mini-

mize the consumption of reagent volumes while maintain-
ing the best sensitivity and reproducibility of the procedure
for the analyte to be determined. The procedure adopted for
optimizing these parameters was to keep the volume of one
of the reagents constant while varying the other one at dif-
ferent volumes. This was done by changing the period dur-
ing which the specific sample/reagent volume was aspirated
into the holding coil.

3.1.2.1. Sample volume. Optimum sample volume de-
pends on two parameters: the flow rate and aspiration
time. The influence of the sample volume was stud-
ied between 47 and 187�l and the results are given in

Table 2
Influence of reaction coil length and diameter (A) and holding coil length and diameter (B), on peak height (sensitivity) and precision

Length (cm) Diameter (mm)

A
Reaction coil 50 65 80 95 0.64 0.76 0.89 1.02 1.14
M.R.P. heighta 7.07 6.9 6.79 6.77 6.67 6.92 6.82 6.59 6.17
% R.S.D.b 1.45 0.88 1.07 1.28 0.97 0.45 0.66 1.18 1.05

B
Holding coil 107 138 168 200 0.76 0.89 1.02 1.14
M.R.P. heighta 6.29 6.29 5.99 5.99 6.04 5.99 6.00 5.90
% R.S.D.b 1.08 1.91 2.2 1.86 1.16 1.86 0.66 1.05

a M.R.P. height: mean relative peak height (n = 10 repetitive determinations).
b % R.S.D.: percentage relative standard deviation.

Fig. 3. Influence of sample (A) and reagent (B) volumes on precision and
sensitivity. Experimental conditions were: 1.02 mm i.d.× 138 cm; reaction
coil = 0.89 mm i.d.× 65 cm; flow rate= 2.8 ml min−1 and concentration
of 1,10-phenanthroline 1.3× 10−3 mol l−1. (A) reagent volume 140�l
and (B) sample volume 187�l. n = 10.

Fig. 3A. There is a sharp increase in response until about
100�l, whereafter, the slope flatten off. Beyond 187�l
the length of the sample zone became too long and the
system unstable and unreliable for routine analysis. The
best working conditions were obtained with a sample vol-
ume of 187�l and this was chosen as optimum for further
work.

3.1.2.2. Reagent volume. The two parameters flow rate
and aspiration time, are also responsible in obtaining the
optimum reagent volume. The influence of reagent vol-
ume on response and precision was studied between 93
and 169�l at constant sample volume and the results
are given in Fig. 3B. A volume of 140�l was chosen
as an optimum reagent volume for subsequent measure-
ments.

3.1.3. Coil length and diameter

3.1.3.1. Reaction coil. The reaction coil between the se-
lection valve and the detector is usually kept as short as pos-
sible to avoid excessive dilution of the formed product zone
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Fig. 4. Influence of reagent concentration on sensitivity and precision.
Experimental conditions were: holding coil= 1.02 mm i.d.× 107 cm;
reaction coil= 0.76 mm i.d.× 65 cm; flow rate: 2.8 ml min−1; sample
volume= 187�l and reagent volume= 140�l. n = 10.

[22]. The length of this coil was evaluated from 50–95 cm.
The results obtained are given inTable 2A and indicate a
slight decrease in sensitivity with an increase in line length
confirming the rapidness of the reaction and that the de-
crease is mainly due to physical dispersion. An optimum
line length of 65 cm for the reaction coil was chosen due to
precision. The effect of reaction coil diameter was studied
from 0.64–1.14 mm and the results are given inTable 2A. A
reaction coil diameter of 0.76 mm gave the best results and
this was used further on.

3.1.3.2. Holding coil. The main function of this device
is to serve as a holding coil reservoir, which prevents the
stack of zones from entering the conduit of the pumping
tubing in the peristaltic pump where deformation could take
place[22]. Thus the holding coil must be long enough to
accommodate the stack of zones aspirated into it. The length
of the holding coil was studied between 107 and 200 cm and
the results are given inTable 2B. A holding coil with a line
length of 107 cm gave the highest precision and was chosen
as an optimum. The effect of holding coil diameter was also
studied between 0.89 and 1.14 mm, the results are given in
Table 2B and reveal that there is no significant difference
on sensitivity, but difference in precision. A holding coil
diameter of 1.02 mm was chosen as an optimum condition
due to precision.

3.1.4. Concentration of reagent
The concentration of the reagent was studied between 2.6

× 10−4 and 1.3× 10−3 mol l−1 of 1,10 -phenanthroline.
It was observed that, the sensitivity steadily increases with
an increase in the concentration of the reagent and the re-
sults are given inFig. 4. The precision at a concentration of
7.8 × 10−4 mol l−1 was however far better than the others,
was chosen as optimum concentration and used through-
out.

Table 3
Optimum working conditions

Parameter Value

Flow rate 2.8 ml min−1

Holding coil Diameter 1.02 mm
Length 170 cm
Configuration Coiled

Reaction coil Diameter 0.76 mm
Length 65 cm
Configuration Coiled

Sample volume 187�l
Reagent volume 140�l
1,10-Phenanthroline

concentration
7.8 × 10−4 mol l−1

Ascorbic acid 0.01% m v−1 in
sample solution

Sodium-acetate buffer pH 5.5
Wavelength 512 nm

4. Method evaluation

The proposed sequential injection system was evaluated
under the optimum conditions inTable 3 with regard to
response, linearity, accuracy, precision, and interference and
sampling rate.

4.1. Linearity, detection limit, accuracy and precision

The linearity of the method for the determination of to-
tal iron as Fe(II) was studied under optimum conditions
described above. The relationship obtained between the rel-
ative peak height and iron (II) concentration is given by the
equation.

Relative peak height= 0.467[Fe(II) mg l−1] + 0.494,r2

=0.999.
The method is linear between 0.25 and 5.0 mg l−1.
The detection limit gives an indication of the lowest con-

centration of iron (II) that can be distinguished from the
backgrounds signal with 99% certainty. The detection limit
was calculated as follows:

Detection limit= (3Sb + Ib)(Ib − k)

m

where,Sb is the standard deviation of the background signal;
Ib is the relative peak height of the background signal;k
is the intercept of the calibration graph;m is the slope of
the calibration graph. The calculated detection limit was
18�g l−1 of iron (II).

Real samples (four different multi-vitamins of different
compositions) were analyzed by the proposed SIA sys-
tem.The accuracy of the method was evaluated by compar-
ing the results with the values obtained by manual UV/Vis
spectrophotometry, manual flame atomic absorption spec-
trophotometry and claimed values by the manufacturers.
The results are given inTable 4and reveal that the proposed
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Table 4
Comparison of the results (as mg/tablet) obtained for Fe(II) from real samples. All values are averages from four determinations

Samples Proposed SIA system Manual FAAS method Manual UV/Vis spectrophotometry Claimed values

Weigh-Less daily multi-vitamin 7.34 ± 0.033 7.20 ± 0.20 7.30 ± 0.012 7.5
Bettaway Iron extra 12.74± 0.032 12.70± 0.30 12.63± 0.431 13
Vital Multitime (Multivitamin-mineral) 17.77± 0.070 18.24± 0.41 17.89± 0.357 18
Vital force (21-plus) 5.02 ± 0.047 5.37 ± 0.36 5.08 ± 0.328 4.93

SIA system is consistent with the manual methods and
claimed values.

The precision of the method was evaluated with regard to
its reproducibility of ten repetitive determinations of stan-
dard samples and the percentage R.S.D for the linear range
from 0.25 to 5 mg l−1 was found to be between 0.7 and 1.6%.

4.2. Interferences

The influences of foreign ions, which are present in ap-
preciable quantities in the tablets, were tested as possi-
ble interferences for the proposed SIA method. The study
was conducted by analyzing a standard solution of iron
(3 mg l−1 Fe2+) to which increasing amounts of interfering
species (Zn(II), Mg(II), and Cu(II)) were added (Table 5).
It was found that Zn(II) starts interfering at the addition of
18 mg l−1, Cu(II) at 3 mg l−1while Mg(II) did not interfere.
Therefore amounts of interfering species tolerated (an excess
amount of 6:1 of Zn(II):Fe(II) and 0.5:1 of Cu(II):Fe(II) ra-
tio, respectively, when present in the same medium) is higher
than those found in the tablets (Zn(II):Fe(II) of 1:1 and
Cu(II):Fe(II) of 0.13:1 that is the maximum ratio to iron (II)
present in the tablet) and therefore did not interfere as is clear
from the comparison results (Table 4). No interference was
observed for Mg(II) ion at the maximum concentration ratio
tested and the results obtained for iron (II) (Table 4) in differ-
ent samples are in good agreement with the claimed values.

4.3. Statistical comparison

A comparison was made between the poroposed SIA sys-
tem and a manual UV/Vis spectrophotometric method as

Table 5
Influence of interferences

Foreign ions added
to 3 mg l−1 of Fe(II)

Quantity (mg l−1) of
metal ions added

Fe(II) recovery
(%)

Zn(II) 9 100
18 95.5
27 91.8
36 90.5

Cu(II) 1.5 100
3.0 88.4
4.5 85.6

Mg(II) 15 100.5
30 102.3
60 101.3
90 99.7

well as between the proposed SIA system and a manual
FAAS method and the results are given inTable 4. This com-
parison was made to establish whether the SIA system give
reliable results and be accepted for the determination of iron
(II) in multi-vitamin preparations. We conducted the null
hypothesis testing and at-test with multiple sample mean
(paired by difference) was applied to examine whether the
two methods differ significantly at 95% confidence level.
The t calculated values for samples 1,2,3 and 4 are 1.87,
0.74, 0.63 and 0.44, respectively, for the manual UV/Vis
spectrophotometric method and 1.4, 0.27, 2.26 and 1.93,
respectively, for the manual FAAS method. The tabulated
critical value oft at 95% confidence level and six degrees
of freedom is 2.45[23]. Since, the calculatedt-values are
much less than the tabulated critical value, the null hypothe-
sis (Ho) cannot be rejected and which indicates that there is
no significant difference between the proposed and manual
methods for the determination of iron (II) in the multivita-
min preparations.

5. Conclusion

The proposed SIA method is direct, simple and reliable
for the determination of iron (II) in pharmaceutical prod-
ucts. The advantage of the proposed method compared to the
other methods is that it avoids the oxidation step, splitting
and merging of sample zones and reagent streams. The re-
sults obtained by this method also revealed that this method
offes a better analytical performance in terms of sensitivity
and sample throughput (40 samples h−1) with a linear range
from 0.25 to 5 mg l−1 and with detection limit of 18�g l−1,
maintaining all its intrinsic advantages of flexibility, reagent
saving, reliability and rapid parameter optimization. The
proposed SIA system is more sensitive (lower linear range)
with a lower detection limit than the�,�-bipyridyl proce-
dure reported before[1] making it more suitable for the
determination of iron (II) in multivitamin tablets with low
iron content. The results obtained by the proposed SIA sys-
tem agree very well with the manual spectrophotometric and
FAAS methods. This is confirmed statistically, which shows
no significant difference at the 95% confidence level.
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