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Determination of total and dissolved amount of iron in water samples
using catalytic spectrophotometric flow injection analysis
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Abstract

A flow injection spectrophotometric method has been developed for the determination of dissolved and total amounts of iron in tap and
natural water samples. The method for the determination of iron employs a sample acidification step in order to decompose iron hydroxide
and iron-complexes into free iron, Fe(III) and Fe(II). The amounts of free iron were detected using a catalytic action of Fe(III) and Fe(II) on
the oxidation ofN,N-dimethyl-p-phenylenediamine in the presence of hydrogen peroxide. Increase in absorbance of oxidized product was
detected spectrophotometrically at 514 nm. The proposed method allows 0.02 and 0.06�g l−1 of LOD and LOQ, respectively, with relative
s rd reference
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tandard deviation (RSD) below 2%. The accuracy and the precision of the method were evaluated by the analysis of the standa
aterial, river water. The developed method was successfully applied to real water samples.
2005 Elsevier B.V. All rights reserved.
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. Introduction

In general, natural waters contain various chemical forms
f iron depending on a geological area and other chemical
omponents. Iron(II) is normally less present in river water
1], and Fe(III) can precipitate rapidly by the formation of
ydrous iron oxide and hydroxides, which can absorb other

race metals[2]. Thus, iron ion controls the mobility, bioavail-
bility and toxicity of other trace metals in the natural water
ystem[3]. Therefore, methods for the determination of iron
re needed to predict the fate and mobility of metals in natural
aters.
A variety of well-established methods for quantitative

nalysis of iron have been developed; they are induc-
ively coupled plasma mass spectrometry (ICP-MS), atomic
bsorption spectrometry (AAS), electrochemistry, and ion
hromatography (IC). Though all of these methods are highly
ensitive, main disadvantages are the necessity of expen-
ive and sophisticated instrumentation. Flow injection analy-
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sis (FIA) system equipped with a simple detector suc
a UV–vis spectrophotometric detector is one of the m
effective and suitable approach for routine analysis, ma
owing to its simplicity, low instrumentation cost, high sam
throughput and robustness.

Kinetic methods based on catalytic reactions have
applied to trace elemental analysis because of their high s
tivity and low limit of detection. A FIA system equipped w
a spectrophotometric detector seems to be a suitable
nique for the catalytic method of analysis, which can lea
many advantages such as higher precision and high sam
frequency, compared to a batch-wise method[4]. Therefore, a
number of flow injection-catalytic spectrophotometric me
ods have been proposed for the determination of trace am
of iron [5–9]. Flow injection-catalytic methods based on
oxidation ofN,N-dimethyl-p-phenylenediamine (DPD) w
hydrogen peroxide and ofp-phenetidine with periodate co
ple with in-valve microcolumn separation/preconcentra
on a diethylenetriamine, DETA, sorbent have been prop
for the determination of dissolved iron in seawater sam
[5]. An iron preconcentration step involving an in-line
E-mail address: motomizu@cc.okayama-u.ac.jp (S. Motomizu). hydroxy-quinoline chelating resin column followed by the
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spectrophotometric detection of the oxidation product of
N,N-dimethyl-p-phenylenediamine have been applied to sea-
water samples[6]. Ohno et al. applied FIA to a catalytic
method based on oxidative coupling reaction ofp-anisidine
with N,N-dimethylaniline in the presence of hydrogen perox-
ide for the determination of copper and iron[9]. Hirayama and
Unohara recommendN,N-dimethyl-p-phenylenediamine as a
sensitive reagent for the catalytic determination of iron, and a
batch-wise procedure with DPD was applied to water samples
[10]. Later, the FIA method with DPD gave a highest sensi-
tivity reported so far: LOD was reported to be 0.08�g l−1

[5].
In this paper, the authors want to develop a highly sensitive

flow injection spectrophotometric method for the determi-
nation of iron based on a catalytic oxidation of DPD with
hydrogen peroxide by optimizing the experimental condi-
tions in details. The proposed method was very simple and
the sensitivity is the highest of the other spectrophotometric
methods reported so far: the method allows the determi-
nation of sub-ppb levels of iron without any preconcentra-
tion procedure. The proposed method was applied to the
determination of iron in water samples. The sample pre-
treatment procedure (acidified prior to filtration and after
filtration) permits the fractionation of iron in natural water,
total and dissolved iron. To decompose iron hydroxides and
iron-complexes into free iron, the added concentration of
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Fig. 1. Flow injection system for the determination of iron in water sam-
ples: CS, 0.1 M HCl; OS, 0.5 M H2O2; RS, 1.2× 10−2 M N,N-dimethyl-p-
phenylenediamine (DPD); BS, 2 M NH4OAc buffer, pH 5.7; RC, reaction
coil (400 cm× 0.5 mm i.d.); BC, back pressure coil. Dotted box is refers to
thermostated bath.

nium acetate buffer (pH 5.7) prepared by mixing appro-
priate amounts of 2 M acetic acid prepared from a glacial
acetic acid (electronic grade, Mitsubishi Chemicals, Japan)
and 4 M ammonia solution prepared from a concentrated
ammonia solution (electronic grade, Mitsubishi Chemicals,
Japan). In the interference study, all stock standard solu-
tions of metal ions were prepared by appropriate dilution
of stock solutions of metal ions with 0.1 M hydrochloric
acid.

2.2. Sample pretreatment

River water samples were collected in cleaned PTFE bot-
tles, and then were split into two portions: the one was
kept as it is, and the other was acidified immediately to
0.1 M hydrochloric acid by adding a small portion of con-
centrated hydrochloric acid. After standing it overnight, the
acidified samples were filtered through a quantitative filter
paper with pore size <5�m (Toyo Roshi, Japan). The filtered
water samples were analyzed for pseudototal iron containing
particulate-bound fraction. The samples not acidified were
immediately filtered through the filter paper, and then the
filtered water samples were acidified to 0.1 M hydrochloric
acid. The acidified water samples were stood for 30 min. After
that, the samples were analyzed for the iron content, which
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cid and the effective releasing time was examined.
nformation on total and dissolved amount of iron co
e used for the mobility assessment of metals in na
aters.

. Experimental

All lab-wares were cleaned by soaking them in 1
v/v) hydrochloric acid before use, followed by rinsing th
horoughly with ultrapurified water. All standard and sa
le solutions were prepared using the ultrapurified w
y using Elix 3/Milli-Q element system (Nihon Millipor
apan).

.1. Reagents

Iron standard solutions for the preparation of calibra
raph were prepared daily by diluting of a 1000 mg l−1 stan-
ard iron solution for atomic absorption spectrometry (W
ure Chemicals, Japan) with 0.1 M hydrochloric acid
arrier solution, CS, was a 0.1 M hydrochloric acid s
ion prepared from a concentrated hydrochloric acid (e
ronic grade, Mitsubishi Chemicals, Japan). An oxidiz
olution, OS, was 0.5 M hydrogen peroxide solution
ared from a 30% hydrogen peroxide (electronic gr
ica Kanato Chemical, Japan). A reagent solution,
as a 0.012 MN,N-dimethyl-p-phenylenediamine (DP
ako Pure Chemicals, Japan) was dissolved in a di

ydrochloric acid. A buffer solution, BS, was an amm
,
,

includes the aggregation of iron hydroxide and humic c
plex iron.

2.3. FI manifold

A schematic diagram of FIA system used in this wor
shown inFig. 1. The system contained two double plun
pumps (F.I.A. Instrument, model 201, Tokyo), which w
used to propel CS, RS, BS and OS. The samples and the
dard solutions were introduced into the carrier stream u
a six-way injection valve with a 500�l sample loop. Th
absorbance was measured by a Soma model S-3250
trophotometer, and the data acquisition was accompl
with FIA monitor (F.I.A. instrument). A TCI model GA
DIF dry thermostat bath was used to kept the reaction
temperature at 50◦C.
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3. Results and discussion

3.1. Optimization of FIA variables

A standard Fe(III) solution, 2�g l−1 was injected into the
proposed flow system for the optimization of a FIA system
and a detection reaction in order to achieve high sensitivity.

The effect of DPD concentration was examined in the
range from 2.4× 10−3 to 2.4× 10−2 M. Peak height sharply
increased with increasing the concentration of DPD up to
1.2× 10−2 M, and at the concentrations above it the peak
height was almost constant. Therefore, a 1.2× 10−2 M of
DPD was selected as an optimum concentration. The effect of
hydrogen peroxide concentration was examined in the range
from 0.1 to 0.5: the increase in the hydrogen peroxide concen-
tration improved the height of the peak. The sharp increase
was obtained with increasing the concentration of hydrogen
peroxide from 0.1 to 0.5 M, and at the concentrations above
0.5 M the peak height slightly increased. The hydrogen perox-
ide concentration was fixed at 0.5 M for further experiments.

The effect of flow rate on peak height was examined by
varying each flow rate from 0.4 to 1.0 ml min−1 for each
pump: the flow rate of individual lines of each pump is the
same flow rate. When the flow rate of the pump 1 was var-
ied, the flow rate of the pump 2 was fixed at 0.8 ml min−1.
The decrease of peak height with increasing the flow rate was
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sensitivity and the analysis time. The optimum conditions
obtained in this work were summarized inTable 1.

3.2. Effect of HCl concentration on releasing of iron
from iron complexes

Chemical forms of iron in natural waters mainly exist as
Fe(III) hydroxide and humic complexes. Such iron complexes
are less reactive than the free iron, Fe(III) and Fe(II), and
therefore cannot be determined accurately by the catalytic
methods[11]. The elemental analysis of water samples usu-
ally requires acidification prior to the analysis. Acidification
of real samples can change the chemical forms of iron, disso-
ciation of unreactive iron(III) hydroxides and complexed iron
species to free iron[12]. Kawakubo et al.[11] reported that
for the determination of soluble iron in river water samples,
the samples must be acidified to 0.1 M hydrochloric acid and
equilibrated for 1 day.

In this work, the concentration of acid and the effective
releasing time was examined. Various amounts of the con-
centrated hydrochloric acid were added to water samples to
give final concentration of 0.05, 0.1, 0.2 and 0.3 M. All sam-
ple solutions were injected into the flow injection system,
and iron contents were measured. The releasing of iron was
expressed as a function of time as is shown inFig. 2. The
initial rate of the iron releasing increased which increasing
t eight
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bserved though sampling frequency increased: 0.8 ml m−1

f the flow rate of the pump 1 was chosen as a compro
etween sensitivity and sampling frequency. The flow ra

he pump 2 was varied in the range from 0.4 to 1.0 ml min−1,
hile the flow rate of the pump 1 was fixed at 0.8 ml min−1.
he peak height slightly decreased and the sampling
uency increased with increasing flow rate. The 0.6 ml m−1

as selected as the optimum flow rate of the pump 2.
ffect of reaction temperature was examined over the r
f 27–60◦C. The result shows that the temperature gre

nfluences the sensitivity: 50◦C was selected as the react
emperature. The effect of sample volume on the peak h
as studied. An increase in the injection volume from 10
00�l improved the peak height, though sampling freque
ecreased. The injection volume of 500�l was chosen as
ompromise between the sensitivity and the analysis
he length of the reaction coil was varied from 0.5 to 7.0
ignal increased with increasing coil length. A 4.0 m of re

ion coil length was chosen as a compromise betwee

able 1
elected conditions for the determination of iron

ariables Range stu

2O2 concentration, OS 0.24 to 2.4×
PD concentration, RS 0.1–1.5 M

njection volume 100–750�l
low rate of pump 1 0.8–2.0 ml
low rate of pump 2 0.8–2.0 ml
eaction coil length 50–700 cm
eaction temperature 30–60◦C
he concentrations of hydrochloric acid, and the peak h
emained constant after 15 min, though the slight incr
as observed for the sample treated with 0.05 M hydroc

ic acid. This is probably because 0.05 M hydrochloric a
as not enough for releasing bound iron.
The acidified water sample, 0.1 M HCl, was also ass

ver several hours and a few days were necessary to e
hat there was no further increased in the release amou
ron detected over time. There is no significant increase
ree iron concentration after the acidification for 25 min

day. This result indicates that all of iron was release
he treatment procedure. Therefore, the acidification of w
ample was fixed to 0.1 M hydrochloric acid, and 30 min
eleasing time was chosen for the water sample pretreat

.3. Interference study

The effects of potential interfering ions were examine
sing the solutions containing 1.0�g l−1 Fe and one of othe

Optimum condition

M 1.2× 10−2 M
0.5 M

500�l
total flow rate) 1.6 ml min−1

total flow rate) 1.2 ml min−1

400 cm
50◦C
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Fig. 2. Releasing profile of iron as a function of time after initial acidification of a water sample to 0.05, 0.1, 0.2 and 0.3 M with concentrated hydrochloric
acid compared with unacidified sample.

Table 2
Maximum tolerance limits of diverse ions on the determination of 1.0�g l−1

Fe

Diverse ions Maximum tolerance
concentration
(mg l−1)

Li+ 600
Na+, K+, Ca2+ 200
Mg2+ 15
Mn(II), V(V) 4.0
Al3+ 2.0
Cd(II), Ni(II), Pb(II), Zn(II), Co(II) 1.0
Cr(III), Mo(VI) 0.25
PO4

3− 20
SO4

2− 50
Cu(II) 0.40a

a The value obtained in the presence of 6.7× 10−4 M triethylenetetramine.

ions. The tolerable concentration of each diverse ion was
taken as a highest concentration causing an error of±5%.
The results were summarized inTable 2. Most of the ions
examined did not interfere with the determination of iron.
Copper was found to seriously interfere with the determina-
tion of iron. And the interference from copper can be elim-
inated by adding triethylenetetramine as a masking agent.
The added amount of triethylenetetramine, 6.7× 10−4 M, has
been tested for its affecting sensitivity of iron. The result
indicated that at 6.7× 10−4 M of triethylenetetramine is the
maximum concentration which does not affect the sensi-

tivity. The interference from copper up to 400�g l−1 was
completely removed by adding 6.7× 10−4 M triethylenete-
tramine.

3.4. Validation of the proposed method

Under the optimum conditions, a linear response was
observed for iron concentrations up to 2�g l−1 with a cor-
relation coefficient of 0.998. The equation of this line is
I = 99.07C+ 0.6901, whereI andC are the signal intensity
and iron concentration in�g l−1, respectively. The detection
limit was estimated to be 0.02�g l−1 for a signal-to-noise
ratio of 3. In the proposed method the detection limit is
much improved than the method[5], in which the detec-
tion limit was reported to be 0.08�g l−1, and is the best of
the spectrophotometric and fluorometric methods reported
so far. Therefore, the present system will be an alterna-
tive method besides of the chemiluminescence techniques
that are presently favored. The precision of the proposed
method, in terms of relative standard deviation, was less
than 2%. The sample throughput of the proposed method
was 20 samples h−1.

In order to evaluate the accuracy using the proposed
method, the determination of iron in standard reference mate-
rials, river water (JAC 0032 and JAC 0031) was carried out.
The analytical results obtained by the proposed method are
i n in
T

Table 3
Determination of iron in standard reference material, river water

Samplea Taken (g) Total (g) Dilution fa

JAC 0032 0.5025 20.02 39.85
JAC 0031 4.0215 20.00 4.975

a Purchased from The Japan Society for Analytical Chemistry.
b Average values of three replicates.
n good agreement with the certified values as is show
able 3.

ctor Foundb (�g l−1) Certified value (�g l−1)

56 ± 0.4 57 ± 2
6.5 ± 0.1 6.9 ± 0.5
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Table 4
Determination of iron in tap water and river water

Sample Dilution factor Added (�g l−1) Founda (�g l−1) Concentration in
sample (�g l−1)a

Recovery (%)

Tap waterb 1 0 0 0.55± 0.01 –
Tap waterb,c 1 0 0 0.54± 0.02 –
Average 0.55± 0.01
Tap waterd 15 0 1.58± 0.02 23.7± 0.2 –
Tap waterc,d 15 0 1.58± 0.02 23.7± 0.3 –
Tap waterd 15 0.507 2.09± 0.02 23.8± 0.2 99
Tap waterd 10 0 2.30± 0.02 23.1± 0.2 –
Tap waterc,d 10 0 2.31± 0.02 23.1± 0.2 –
Average 23.5± 0.4
River watere 60 0 1.04± 0.02 63 ± 1 –
River watere 60 0.515 1.55± 0.03 62 ± 2 99
River waterc,e 60 0 1.05± 0.02 63 ± 1 –
River watere 30 0 2.10± 0.03 63 ± 1 –
Average 63 ± 1
River waterf 160 0 1.12± 0.01 179 ± 2 –
River waterf 160 0.485 1.61± 0.03 180 ± 4 101
River waterc,f 160 0 1.05± 0.00 167 ± 0 –
River waterf 80 0 2.24± 0.01 179 ± 1 –

a Three replicates of determination.
b Unacidified samples.
c With the presence of 6.7× 10−4 M triethylenetetramine.
d Acidified samples.
e Acidified prior to filtration.
f Acidified after filtration.

3.5. Analytical applications

The proposed method was applied to the determination
of iron in tap water and river water samples to evaluate the
applicability. The river water sample was sampled at the Zasu
River, and the tap water sample was obtained from local pipe
line. The tap water was discarded for 30 min before col-
lection. Table 4shows the analytical results of total iron,
the aggregation of Fe(III) hydroxides, humic iron and iron
which loosely bound to particulate matter (acidified prior to
filtration) [13] and dissolved amount of iron (acidified after
filtration) of river water samples. Acidified river water sam-
ple before filtration without triethylenetetramine gave higher
amounts of iron than that of river water sample with tri-
ethylenetetramine. This result indicates that trace amounts
of copper reaching from particulate matter interfere with the
determination of iron. For tap water, free iron and bound
iron form, which is probably present as Fe(III) hydroxide,
were obtained when analyzed unacidified and acidified sam-
ple, respectively[11]. The results of recovery test, mask-
ing effect of triethlylenetetramine were also summarized in
Table 4, and which shows that quantitative recoveries were
obtained.

4

on
w ntal
v ter-

mination gave higher sensitivity over spectrophotometric FIA
methods reported so far. It is simple and robust with good
reproducibility and accuracy which satisfy the requirements
of trace analysis. The method was applied to the iron determi-
nation in surface waters. The analytical results of iron using
the proposed sample pretreatment procedure provide useful
information of total and dissolved amounts of iron in natural
water, which could be used for the environmental assessment
of the iron in term of potentially liability and/or bioavailabil-
ity.
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