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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(lll) and Fe(ll). The amounts of free iron were detected using a catalytic action of Fe(lll) and Fe(ll) 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 apg D:b6f LOD and LOQ, respectively, with relative
standard deviation (RSD) below 2%. The accuracy and the precision of the method were evaluated by the analysis of the standard reference
material, river water. The developed method was successfully applied to real water samples.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction sis (FIA) system equipped with a simple detector such as
a UV-vis spectrophotometric detector is one of the most

In general, natural waters contain various chemical forms effective and suitable approach for routine analysis, mainly
of iron depending on a geological area and other chemical owing to its simplicity, low instrumentation cost, high sample
components. Iron(ll) is normally less present in river water throughput and robustness.
[1], and Fe(lll) can precipitate rapidly by the formation of Kinetic methods based on catalytic reactions have been
hydrous iron oxide and hydroxides, which can absorb other applied totrace elemental analysis because of their high sensi-
trace metalf?]. Thus, ironion controls the mobility, bioavail- tivity and low limit of detection. A FIA system equipped with
ability and toxicity of other trace metals in the natural water a spectrophotometric detector seems to be a suitable tech-
system3]. Therefore, methods for the determination of iron nique for the catalytic method of analysis, which can lead to
are needed to predict the fate and mobility of metals in natural many advantages such as higher precision and high sampling
waters. frequency, compared to a batch-wise metfjdTherefore, a

A variety of well-established methods for quantitative number of flow injection-catalytic spectrophotometric meth-
analysis of iron have been developed; they are induc- ods have been proposed for the determination of trace amount
tively coupled plasma mass spectrometry (ICP-MS), atomic of iron [5-9]. Flow injection-catalytic methods based on the
absorption spectrometry (AAS), electrochemistry, and ion oxidation ofN,N-dimethyl-p-phenylenediamine (DPD) with
chromatography (IC). Though all of these methods are highly hydrogen peroxide and pfphenetidine with periodate cou-
sensitive, main disadvantages are the necessity of expenple with in-valve microcolumn separation/preconcentration
sive and sophisticated instrumentation. Flow injection analy- on a diethylenetriamine, DETA, sorbent have been proposed

for the determination of dissolved iron in seawater samples

* Corresponding author. Tel.: +81 86 251 7846; fax: +81 86 251 7846.  [0]- An iron preconcentration step involving an in-line 8-
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spectrophotometric detection of the oxidation product of Sample/Standard
N,N-dimethyl-p-phenylenediamine have been applied to sea-

water sample$6]. Ohno et al. applied FIA to a catalytic CS RC
. . . . e e g mlmin’| P1 Mmm[[)_ :
method based on oxidative coupling reactiopanisidine oS Lan@® FIA monitor

0.8 ml min’! 30¢C

with N,N-dimethylaniline in the presence of hydrogen perox- =pBC

Unohara recommend,N-dimethyl-p-phenylenediamineasa  06wmlmn’| P2
sensitive reagent for the catalytic determination of iron, and a 06 Do
batch-wise procedure with DPD was applied to water samples

[10]_ Later, the FIA method with DPD gave a highest sensi- Fig. 1. Flow injection system for the determination of iron in water sam-

. . _1 ples: CS, 0.1 M HCI; OS, 0.5 M }D5; RS, 1.2x 10~2 M N,N-dimethyl-p-
tivity reported so far: LOD was reported to be 0408 phenylenediamine (DPD); BS, 2M NBAc buffer, pH 5.7; RC, reaction

[5]. ] . . coil (400cmx 0.5mmi.d.); BC, back pressure coil. Dotted box is refers to
Inthis paper, the authors want to develop a highly sensitive thermostated bath.

flow injection spectrophotometric method for the determi-

nation of iron based on a catalytic oxidation of DPD with npjum acetate buffer (pH 5.7) prepared by mixing appro-
hydrogen peroxide by optimizing the experimental condi- priate amounts of 2M acetic acid prepared from a glacial
tions in details. The proposed method was very simple and acetic acid (electronic grade, Mitsubishi Chemicals, Japan)
the SenSitiVity is the h|ghest of the other Spectrophotometric and 4 M ammonia solution prepared from a concentrated
methods reported so far: the method allows the determi- ammonia solution (electronic grade, Mitsubishi Chemicals,
nation of sub-ppb levels of iron without any preconcentra- japan). In the interference study, all stock standard solu-
tion procedure. The proposed method was applied to thetions of metal ions were prepared by appropriate dilution

determination of iron in water samples. The sample pre- of stock solutions of metal ions with 0.1M hydrochloric
treatment procedure (acidified prior to filtration and after g¢jq.

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 =2~ Sa@mple pretreatment
acid and the effective releasing time was examined. The
information on total and dissolved amount of iron could
be used for the mobility assessment of metals in natura
waters.

ide for the determination of copper and if®h. Hirayama and RS :I:

River water samples were collected in cleaned PTFE bot-
Itles, 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 <om (Toyo Roshi, Japan). The filtered
All lab-wares were cleaned by soaking them in 10% watgr samples were an_alyzed for pseudototal iro.n p_ontaining
(v/v) hydrochloric acid before use, followed by rinsing them particulate-bound fraction. The samples not acidified were

thoroughly with ultrapurified water. All standard and sam- immediately filtered through the filter paper, and then the

ple solutions were prepared using the ultrapurified water filt_ered Watgr_s_amples were acidified to 0.1M hydrqchloric
by using Elix 3/Milli-Q element system (Nihon Millipore, acid. The acidified water samples were stood for 30 min. After

Japan) that, the samples were analyzed for the iron content, which
' includes the aggregation of iron hydroxide and humic com-
plex iron.

2. Experimental

2.1. Reagents

Iron standard solutions for the preparation of calibration 2.3. FI manifold
graph were prepared daily by diluting of a 1000 mg $tan-
dard iron solution for atomic absorption spectrometry (Wako A schematic diagram of FIA system used in this work is
Pure Chemicals, Japan) with 0.1 M hydrochloric acid. A shown inFig. 1. The system contained two double plunger
carrier solution, CS, was a 0.1 M hydrochloric acid solu- pumps (F.I.A. Instrument, model 201, Tokyo), which were
tion prepared from a concentrated hydrochloric acid (elec- used to propel CS, RS, BS and OS. The samples and the stan-
tronic grade, Mitsubishi Chemicals, Japan). An oxidizing dard solutions were introduced into the carrier stream using
solution, OS, was 0.5M hydrogen peroxide solution pre- a six-way injection valve with a 5001 sample loop. The
pared from a 30% hydrogen peroxide (electronic grade, absorbance was measured by a Soma model S-3250 spec-
Cica Kanato Chemical, Japan). A reagent solution, RS, trophotometer, and the data acquisition was accomplished
was a 0.012 MN,N-dimethyl-p-phenylenediamine (DPD: with FIA monitor (F.I.A. instrument). A TCI model GAS
Wako Pure Chemicals, Japan) was dissolved in a diluted DIF dry thermostat bath was used to kept the reaction coil
hydrochloric acid. A buffer solution, BS, was an ammo- temperature at 50C.
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3. Results and discussion sensitivity and the analysis time. The optimum conditions
obtained in this work were summarizediable 1.
3.1. Optimization of FIA variables
3.2. Effect of HCI concentration on releasing of iron

A standard Fe(lll) solution, gg -1 was injected into the  from iron complexes
proposed flow system for the optimization of a FIA system
and a detection reaction in order to achieve high sensitivity. Chemical forms of iron in natural waters mainly exist as

The effect of DPD concentration was examined in the Fe(lll) hydroxide and humic complexes. Suchiron complexes
range from 2.4« 10310 2.4x 102 M. Peak height sharply  are less reactive than the free iron, Fe(lll) and Fe(ll), and
increased with increasing the concentration of DPD up to therefore cannot be determined accurately by the catalytic
1.2x 10-2M, and at the concentrations above it the peak methodg11]. The elemental analysis of water samples usu-
height was almost constant. Therefore, a1 02 M of ally requires acidification prior to the analysis. Acidification
DPD was selected as an optimum concentration. The effect ofof real samples can change the chemical forms of iron, disso-
hydrogen peroxide concentration was examined in the rangeciation of unreactive iron(lll) hydroxides and complexed iron
from 0.1t0 0.5: the increase in the hydrogen peroxide concen-species to free irofil2]. Kawakubo et al[11] reported that
tration improved the height of the peak. The sharp increasefor the determination of soluble iron in river water samples,
was obtained with increasing the concentration of hydrogen the samples must be acidified to 0.1 M hydrochloric acid and
peroxide from 0.1 to 0.5 M, and at the concentrations above equilibrated for 1 day.
0.5 Mthe peak height slightly increased. The hydrogen perox-  In this work, the concentration of acid and the effective
ide concentration was fixed at 0.5 M for further experiments. releasing time was examined. Various amounts of the con-

The effect of flow rate on peak height was examined by centrated hydrochloric acid were added to water samples to
varying each flow rate from 0.4 to 1.0 mlmih for each give final concentration of 0.05, 0.1, 0.2 and 0.3 M. All sam-
pump: the flow rate of individual lines of each pump is the ple solutions were injected into the flow injection system,
same flow rate. When the flow rate of the pump 1 was var- and iron contents were measured. The releasing of iron was
ied, the flow rate of the pump 2 was fixed at 0.8 mImin expressed as a function of time as is showrfig. 2. The
The decrease of peak height with increasing the flow rate wasinitial rate of the iron releasing increased which increasing
observed though sampling frequency increased: 0.8 mthin  the concentrations of hydrochloric acid, and the peak height
of the flow rate of the pump 1 was chosen as a compromiseremained constant after 15 min, though the slight increase
between sensitivity and sampling frequency. The flow rate of was observed for the sample treated with 0.05 M hydrochlo-
the pump 2 was varied in the range from 0.4 to 1.0 mimhjn ric acid. This is probably because 0.05 M hydrochloric acid
while the flow rate of the pump 1 was fixed at 0.8 m| min was not enough for releasing bound iron.
The peak height slightly decreased and the sampling fre- The acidified water sample, 0.1 M HCI, was also assayed
quency increased with increasing flow rate. The 0.6 mithin ~ over several hours and a few days were necessary to ensure
was selected as the optimum flow rate of the pump 2. The that there was no further increased in the release amount of
effect of reaction temperature was examined over the rangeiron detected over time. There is no significant increased in
of 27-60°C. The result shows that the temperature greatly free iron concentration after the acidification for 25 min to
influences the sensitivity: 5@ was selected as the reaction 1 day. This result indicates that all of iron was released by
temperature. The effect of sample volume on the peak heightthe treatment procedure. Therefore, the acidification of water
was studied. An increase in the injection volume from 100 to sample was fixed to 0.1 M hydrochloric acid, and 30 min for
700l improved the peak height, though sampling frequency releasing time was chosen for the water sample pretreatment.
decreased. The injection volume of 500was chosen as a
compromise between the sensitivity and the analysis time. 3.3. Interference study
The length of the reaction coil was varied from 0.5 to 7.0 m.
Signal increased with increasing coil length. A4.0mofreac-  The effects of potential interfering ions were examined by
tion coil length was chosen as a compromise between theusing the solutions containing 1.@ 1~ Fe and one of other

Table 1

Selected conditions for the determination of iron

Variables Range studied Optimum conditions
H20; concentration, OS 0.2410 2.4x 1072 M 1.2x1072M

DPD concentration, RS 0.1-1.5M 0.5M

Injection volume 100-75Ql 500pl

Flow rate of pump 1 0.8-2.0 mImirr? (total flow rate) 1.6 mimir?!

Flow rate of pump 2 0.8-2.0mimir?® (total flow rate) 1.2mlmin?t
Reaction coil length 50-700cm 400cm

Reaction temperature 30-60°C 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.

IAab',ez | limits ofdi , he d o o tivity. The interference from copper up to 409 1-1 was
FeaXImum tolerance limits of diverse ions on the determination Ofﬂg Completely removed by addlng 6)(710_4 M triethylenete-

- , , tramine.
Diverse ions Maximum tolerance

((:r?]r;ﬁf?)t ration 3.4. Validation of the proposed method

Lii v ok 600 Under the optimum conditions, a linear response was
Na*, K*, C2 200 . . 1
Mg2* 15 observed for iron concentrations up tgl~* with a cor-
M, V(V) 4.0 relation coefficient of 0.998. The equation of this line is
Al3* 2.0 1=99.07C+0.6901, wherd and C are the signal intensity
Cd(ln), Nidlt), Pb(lt), Zn(lt), Co(lt) 1.0 and iron concentration ipg |1, respectively. The detection
ggl'a'l Mo(V1) 2%25 limit was estimated to be 0.gag1~! for a signal-to-noise
SO~ 50 ratio of 3. In the proposed method the detection limit is
cu(ll 0.4¢° much improved than the methd#8], in which the detec-

tion limit was reported to be 0.Q8g1~1, and is the best of
the spectrophotometric and fluorometric methods reported
so far. Therefore, the present system will be an alterna-
ions. The tolerable concentration of each diverse ion was tive method besides of the chemiluminescence techniques
taken as a highest concentration causing an errat5. that are presently favored. The precision of the proposed
The results were summarized Trable 2. Most of the ions  method, in terms of relative standard deviation, was less
examined did not interfere with the determination of iron. than 2%. The sample throughput of the proposed method
Copper was found to seriously interfere with the determina- Was 20 samplestt.

tion of iron. And the interference from copper can be elim-  In order to evaluate the accuracy using the proposed
inated by adding triethylenetetramine as a masking agent.method, the determination of iron in standard reference mate-
The added amount Oftriethy|enetetramine1ﬁ_m4 M, has rialS, river water (JAC 0032 and JAC 0031) was carried out.
been tested for its affecting sensitivity of iron. The result The analytical results obtained by the proposed method are
indicated that at 6.% 10~4M of triethylenetetramine is the ~ in good agreement with the certified values as is shown in
maximum concentration which does not affect the sensi- Table 3.

a The value obtained in the presence of §.70~* M triethylenetetramine.

Table 3

Determination of iron in standard reference material, river water

Samplé Taken (g) Total (g) Dilution factor Found (ng 1) Certified value (ngt?)
JAC 0032 0.5025 20.02 39.85 56+ 0.4 57+ 2

JAC 0031 4.0215 20.00 4.975 6.5+ 0.1 6.9+ 0.5

@ Purchased from The Japan Society for Analytical Chemistry.
b Average values of three replicates.
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Table 4

Determination of iron in tap water and river water

Sample Dilution factor Added (png 1) Found (ug1~1) Concentration in Recovery (%)
sample (ngt1)2

Tap wate? 1 0 0 0.55+ 0.01 -

Tap wateP ¢ 1 0 0 0.544+ 0.02 -

Average 0.55+ 0.01

Tap watef 15 0 1.5840.02 2374+ 0.2 -

Tap watefd 15 0 1.58+0.02 23.7+ 0.3 -

Tap watef 15 0.507 2.09+0.02 23.84+ 0.2 99

Tap watef 10 0 2.304+0.02 23.1+ 0.2 -

Tap watef-d 10 0 2.31+0.02 23.14+ 0.2 -

Average 235+ 0.4

River watef 60 0 1.04+0.02 63+ 1 —

River watef 60 0.515 1.55+0.03 62+ 2 ]

River watef¢ 60 0 1.0540.02 63+ 1 -

River watef 30 0 2.10+0.03 63+ 1 -

Average 63+ 1

River watef 160 0 1.12+0.01 179+ 2 -

River watef 160 0.485 1.61+0.03 180+ 4 101

River watef:f 160 0 1.05+0.00 167+ 0 -

River watef 80 0 2.24+0.01 179+ 1 -

@ Three replicates of determination.

b Unacidified samples.

¢ With the presence of 6. 10~4 M triethylenetetramine.
d Acidified samples.

¢ Acidified prior to filtration.

f Acidified after filtration.

3.5. Analytical applications mination gave higher sensitivity over spectrophotometric FIA
methods reported so far. It is simple and robust with good

The proposed method was applied to the determination reproducibility and accuracy which satisfy the requirements

of iron in tap water and river water samples to evaluate the of trace analysis. The method was applied to the iron determi-

applicability. The river water sample was sampled at the Zasu nation in surface waters. The analytical results of iron using

River, and the tap water sample was obtained from local pipe the proposed sample pretreatment procedure provide useful

line. The tap water was discarded for 30 min before col- information of total and dissolved amounts of iron in natural

lection. Table 4shows the analytical results of total iron, water, which could be used for the environmental assessment

the aggregation of Fe(lll) hydroxides, humic iron and iron of the iron in term of potentially liability and/or bioavailabil-

which loosely bound to particulate matter (acidified prior to ity.

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 References
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