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A  novel  direct-injection  detector  (DID)  integrated  with  multi-pumping  flow  system  (MPFS)  for  the  photo-
metric  determination  of  iron  is  proposed.  Paired  emitter-detector  diodes  have  been  used  as a  photometric
detection  system.  The  sample  and  reagent  were  injected  using  appropriate  solenoid  pulse  micro-pumps
directly  into  the  detection  chamber  where  effective  mixing  occured.  The  use  of  proposed  stop-flow  detec-
tor  considerably  simplified  the  analytical  procedure.  The  potassium  thiocyanate  has  been  chosen  as  a
chromogenic  reagent  for  photometric  Fe(III)  detection.  The  total  volume  of reagent  and  sample/standard
solutions  involved  in  the  detection  process  was  adjusted  to the  volume  of  the  reaction-detection  chamber.

Calibration  graph  was  found  to  be linear  in the range  up  to 10  mg  L−1. The  detection  limit  (3sb/S)
−1 −1
irect-injection  detector
ight-emitting  diode
aired  emitter-detector diode

was  0.15  mg  L .  The  repeatability  (R.S.D.),  calculated  from  10 analyses  of  sample  containing  5  mg  L
Fe(III),  was  1.5%  and  the  sample  throughput  180  determinations  per  hour.  The  consumption  of sample
and  reagent  was  20 �L  each  with  the  waste  generation  at the  level  of  0.24  mL.  The  applicability  of  the
proposed  method  to the  determination  of  total  iron  in  groundwater  samples  has  been  proved.

The  analytical  parameters  are  compared  to  those  obtained  exploiting  the  MPFS  system  with  typical
configuration  containing  a  confluence  point  and  reaction  coil.
. Introduction

Flow systems are very common in routine analysis, mainly
ecause they provide high precision and rapid measurements with
inimal sample handling. Another advantage is a low consump-

ion of sample and reagents in comparison to the batch methods.
he most widely used flow technique is still the flow injection anal-
sis (FIA) [1]. However, a new trend in modern chemical analysis
mposes the need to develop fully automated systems. Addition-
lly, from the point of view of Green Chemistry, an even greater
eduction in reagent and energy consumption is required.

Multicommuted flow techniques have been growing rapidly for
everal years. Among them, multi-pumping flow systems (MPFS)
eem to be a very interesting alternative to classical flow tech-
iques [2–5]. Multi-pumping flow systems utilizing solenoid pulse
icro-pumps acting as the liquid propelling units. Moreover, they
re responsible for the sample and reagents introduction and com-
utation of the flow system [6]. In the MPFS, reagents are propelled

nto the system only when necessary. No continuous motion of

Abbreviations: DID, direct-injection detector; MPFS, multi-pumping flow sys-
em; LED, light-emitting diode; PEDD, paired emitter-detector diode.
∗ Corresponding author. Tel.: +48 895234410/895234801; fax: +48 895234801.

E-mail  address: stankor@uwm.edu.pl (S. Koronkiewicz).

039-9140/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2012.03.020
© 2012 Elsevier B.V. All rights reserved.

carrier solution occurs. Therefore, the low reagent consumption
and waste generation in this technique is highlighted and the MPFS
is regarded as an environmentally friendly alternative to the FIA [7].
The replacement of peristaltic pumps used in the FIA by smaller,
individually controlled solenoid micro-pumps makes a reduction
in the size and weight of the flow system possible. Solenoid micro-
pumps provides the means to reduce the power supply to 12 V and
can be supplied by batteries.

However, to achieve a truly portable automated and minia-
turized analytical system, a low-size, low-weight and low-power
consumption detection system is necessary. In this sense, studies
with photometric detectors based on light emitting diodes (LEDs)
are very promising. LEDs provide low-cost, sufficiently stable and
nearly monochromatic light source with high intensity. LEDs are
considered to be useful in reducing the complexity of photomet-
ric devices because of absence of conventional optics. They provide
simple systems for determination of specific analytes that absorb or
are excited at the wavelength characteristic for the selected LEDs.
Recent developments and perspectives of application of LEDs in the
MPFS are described in an excellent review of Morales-Rubio et al.
[5].
In many typical applications, LEDs have been used as a light
source. They are combined with a proper light detector, usu-
ally a photodiode or phototransistor. These kinds of devices
have been used mainly for absorbance [8–12] or fluorescence [9]
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ig. 1. A typical configuration of a multi-pumping flow system with the LED-photom

easurements. When applying to the MPFS flow manifold,
ED-photodiode configuration can be used for, e.g. photometric
nvironmental determination of iron(III), nitrite, phenol and car-
aryl [10], selenium in natural water [13], speciation of chromium
12] and turbidity [14]. A typical manifold used in the MPFS flow
rocedure utilising LED-photodiode detection is shown in Fig. 1.

It is known that the internal photoelectric effect allows for LEDs
o be used not only as light emitters, but also as light detectors. In
his configuration, two  identical LEDs were used [15–18]. Other
onfigurations presented in published papers [19,20] are based
n application of two properly chosen different LEDs. Recently,
he utility of paired emission-detection diodes (PEDD) has become
ncreasingly popular in flow analysis [15,19,21–23], but only a few
f those PEDD applications concern the multi-pumping flow sys-
ems [21,23].

In  our previous publication [23], we have proposed and
escribed a novel photometric PEDD-detector integrated with the
PFS system. The main novelty presented there was the strategy of

njection of the sample and reagent directly to the detection cham-
er by properly chosen pulse micro-pumps. Unlike in the typical
ystems (Fig. 1), the additional reaction coil was not necessary. The
esults obtained included a more compact and simpler flow mani-
old, shorter time of analysis and lower reagent consumption. In this
ork, an improved version of this direct-injection detector (DID)

ntegrated with the MPFS system is proposed for the determination
f Fe(III) in groundwater. Iron(III) was chosen as a model analyte
ecause it is an important parameter in the environmental analy-
is. Furthermore, the chemistry of the Fe–SCN colored complexes
s well-known and methods of Fe(III) determination are described
n many publications, some of which also concerning the MPFS
ystems equipped with a classical spectrophotometer [7,24] or an
ED-photodiode detection system [10]. The analytical parameters
f the method presented are described and evaluated in this work.

. Materials and methods

.1.  Reagents and solutions

Potassium  thiocyanate, hydrochloric acid and hydrogen per-
xide were obtained from POCh (Gliwice, Poland). A 100 mg  L−1
tock standard solution of Fe(III) was prepared by dilution of AAS
tandard (WZORMAT, Poland). Working standard solutions were
repared by appropriate dilution of stock solution with water and
Cl to obtain the final concentration of Fe(III) ions from 0.5 to
 detection. P1, P2, P3 – pulse micro-pumps; X – confluence point; RC – reaction coil.

15  mg  L−1 and H+ ions of 0.5 mol  L−1 in every solutions. A 20%
(w/v) stock solution of KSCN (POCh, Poland), used as a chromogenic
reagent, was prepared by appropriate dissolving of crystalline KSCN
in water. Working solutions of KSCN were prepared by appropriate
dilution of stock solution with water. As a carrier, a solution of HCl
of concentration 0.5 mol  L−1 was  used. The carrier also contained
a detergent: sodium salt of dodecyl benzenesulfonic acid (Fluka,
Buchs, Switzerland).

Samples of groundwater were obtained from the wells situated
in Bukwald 63, 60 and 59, district Olsztyn, Poland. Sample no.1 orig-
inated from drilled well, 70 m deep. Samples were acidified with
hydrochloric acid directly after collection [25]. Hydrogen perox-
ide (POCh, Poland) was  chosen as an oxidising reagent to convert
iron(II) to iron(III). A certified reference sample of groundwater
ERM®-CA615 (IRMM – Institute for Reference Materials and Mea-
surements) was  used for evaluation of accuracy of the proposed
method.

All solutions were prepared with analytical-grade chemicals and
with deionised water obtained from a Milli-Q (Millipore) water
purification system (resistivity > 18.2 M� cm).

2.2.  Pumps, LEDs and software

The solenoid-operated pulse-micropumps were purchased
from Bio-chemValve Inc. (Boonton, USA) and have an internal vol-
ume  of 10 �L (product no. 120SP1210-4TE) or 20 �L (product no.
120SP1220-4EE). The flow lines were made of a PTFE tube (ID
0.8 mm)  obtained from Bio-chemValve (product no. 008T16-080-
20).

The maximum of the emission spectrum of the LED used
in the integrated PEDD as a light source matched the maxi-
mum of absorption of the Fe(III)–SCN complex (�max = 470 nm
[25]). As an emission diode, a blue LED (Kingbright L-7113PBC-A,
�max = 470 nm)  was  chosen. As a detection diode – a green LED with
emission �max = 520 nm was  selected, since it was best suited for
detection of light emitted by the blue diode [20]. The LEDs were
purchased in a local electronics parts shop.

The PEDD detector and pulse-micropumps were PC-controlled
by the measurement system of our construction [26]. The software
was developed in Delphi programming language and enables the

user to select the LED voltage or current and to record photocurrent
or photopotential of an LED. Another task of this system was  to
control the work of the solenoid micro-pumps and to calibrate the
signal of absorbance.



70 S. Koronkiewicz, S. Kalinowski / 

F
b
d

2

T
[
2
6
c
o
r
T
s
r
o
c

c
t
T
t
o
p
t
a
a

w
t
t
a
d
t
a
w
s
a
z

p
o
t

+3−n
ig. 2. Diagram of the DID-PEDD detector dedicated for Fe(III) determination. 1 –
ody of the detector; 2 – reaction-detection chamber; 3 – transparent glass win-
ows;  4 and 5 – emission and detection LEDs.

.3. Direct-injection detector

Direct-injection  detector (DID) was made from one block of
eflon (Fig. 2) and was similar to the one previously described
23]. Inside this block there is a tube-shaped reaction chamber of
0 mm in length and 2 mm  in diameter (the total volume of about
0 �L). The reaction chamber also acts as a photometric detection
hannel. We  used two paired LEDs situated at the opposite ends
f the reaction-detection chamber. Both of those LEDs were sepa-
ated from the chamber interior with transparent glass windows.
he windows were made of normal optical glass. The inlets of the
ample and reagent were situated perpendicularly to the axis of
eaction-detection chamber. Additionally, these inlets were placed
pposite each other. Such a location promotes effective mixing
onditions.

It is recommended for the volume of the reaction-detection
hamber  to be larger than the total volume of the sample (solu-
ion containing Fe(III) ions) and reagent (solution of SCN− ions).
hat way, the entire volume of the injected solution involved in
he creation of coloured product remains inside the detector, on the
ptical pathway. For this reason, the nominal volume of the micro-
umps used and number of strokes should be suitable, matched to
he volume of reaction-detection chamber. In order to effectively
nd swiftly clean the chamber with the carrier, it is advisable to use

 pump of nominal volume of, e.g. 20 or 50 �L.
The  prototype of the DID detector described previously [23]

as sensitive to air bubbles, which have tendency to appear on
he optical pathway. To avoid this problem, first of all we  changed
he alignment of the carrier inlet and waste outlet. Setting them
t an acute angle, not perpendicularly to the axis of reaction-
etection chamber, prevents the bubbles from remaining within
hat chamber. Teflon is known as a strongly hydrophobic material
nd unfortunately, despite the change in the detector construction,
e still had occasional problems with air bubbles. To avoid adhe-

ion of the air bubbles to the poorly wettable walls of the detector,
ddition of high-grade detergent, the sodium salt of dodecyl ben-
enesulfonic acid, to carrier was applied.
To use LEDs in this direct-injection detector, they were first
laced in special holders. Both holders were prepared as a screw
f a diameter adopted to the diameter of the holes made before in
he body of the detector. Using the drill bit fitted to the diameter of
Talanta 96 (2012) 68– 74

the LEDs (5 mm),  a hole was drilled through the screw. Then, both
of the LEDs were placed inside the holders and if necessary stuck
to them with thermal glue.

2.4.  Flow manifold and procedures

The flow system was designed to employ three solenoid micro-
pumps. The pumps were responsible for insertion of the solution,
control of the inserted volume, time and sequence of insertion,
transport into and out of the reaction-detection chamber. The
schematic diagram of the flow network used is shown in Fig. 3.
The solutions were injected directly into the detector chamber.

Experiments were carried out with diaphragm micro-pumps
operated by a solenoid. The pumps were switched ON/OFF by a
programmed sequence of electric pulses. When the solenoid coil
of the pump was  energized (ON), the diaphragm was pulled back
causing the insertion of a solution into the micro-pump cham-
ber through the input channel. When the applied voltage was
turned OFF, the solenoid was  de-energized and the spring forced
the diaphragm back into the stable position. As a result, the solu-
tion was dispensed through the micro-pump output channel. The
solenoid micro-pumps were operated independently and individ-
ually. They provide precise and synchronized injection of sample,
reagent and carrier solutions. An example of the program applied
to control the work of solenoid pumps is shown below:

V1 = 3, 0.2, 0.2, 0.2
V2 = 3, 0.2, 0.2, 0.2
V3 = 23, 9*(0.5, 0.5), 0.5

During the first 3 s – the signal of absorbance was recorded for
the base line. Next, during the time of 0.2 s, the voltage impulse
was applied (ON) to the pump 1 (Fig. 3) and the sample (Fe3+ solu-
tion) was  aspirated into the interior of the pump. Then, after the
voltage dropped (OFF), during the next 0.2 s, the sample solution
was pressed out of the pump into the reaction-detection chamber.
Then, during the next 0.2 s, the sample was aspirated and injected
into the chamber again (ON). As a result, we used double, subse-
quent injection. At the end, the pump was  switched OFF again and
remained deactivated for the rest of the cycle duration.

The program of the pump 2 was  identical to the first. There-
fore, two solutions: Fe3+ and SCN− were simultaneously injected
into the reaction-detection chamber from opposite directions, in
countercurrent.

Pump 3 was inactive for the first 23 s. Then it was employed
to wash the analytical path using a carrier solution. To ensure the
reaction-detection chamber was  clean and ready for the next mea-
suring cycle, pump 3 repeated the sequence of switching ON and
OFF 10 times. As a result, the total volume of 200 �L was pumped
through the chamber.

3.  Results and discussion

3.1.  Optimization of concentration of thiocyanate

A thiocyanate solution in an appropriate concentration was
used as a chromogenic reagent. The formation of colored
Fe(III)-thiocyanate complexes is used for a long time for the
spectrophotometric determination both Fe(III) [7,10,24,27,28] and
thiocyanate [29]. Thiocyanate ions react with iron(III) to form a

series of complexes: [Fe(SCN)n] where n = 1–6. The concentra-
tion of thiocyanate determines the number of thiocyanate ions that
are coordinated around each iron(III) ion. At a relatively low thio-
cyanate concentration, the form Fe(SCN)2+ predominates. This form
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3 – solenoid pulse micro-pumps; 4 – direct-injection detector.
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The  application of the direct-injection detector allows for the
colour development to be monitored. Our studies indicate that
Fig. 3. Flow manifold used for Fe(III) determination. 1, 2,

s responsible for the characteristic reddish-brown colour of the
omplex.

The influence of the concentration of thiocyanate ions on the
nalytical signal was examined in the range from 2.5 to 20% (w/v).
he concentration was optimized by studying its effect on both:
he level of analytical signal and the baseline. As can be seen in
ig. 4 the analytical signal increased with the increasing of KSCN
oncentration. Above the concentration of 5% we  also observed an
ncrease in the baseline level. Therefore, the concentration of 5%
w/v) of KSCN was chosen for subsequent studies.

.2. Optimization of the sample volume

Working with the MPFS system, we utilized the fact that the
ample/reagent injection strategy affected not only solution trans-
ort but also reaction zone homogenization but also the magnitude
f the analytical signal [2–4]. According to the Lambert–Beer law,
he absorbance depends on the number of molecules which are able
o absorb the light. When using the direct-injection detector, it is
dvisable to adjust the total volume of injected solutions, i.e. sample
nd reagent, to the volume of the reaction-detection chamber [23].
he volume of the chamber was 60 �L. We  checked the influence
f the sample volume on the absorbance signal in the range from
0 to 40 �L. To promote effective mixing conditions, we applied
he same volume of the reagent. Obtained results are presented
n Fig. 5. The absorbance increased noticeably with the increase in

he sample volume. However, for samples of larger volume, 30 �L
nd 40 �L, we observed a lower repeatability of the signal. When
he total volume of the sample and reagent equaled or exceeded
he volume of the reaction-detection chamber, the probability that

ig. 4. Influence of the thiocyanate concentration on the analytical signal (�) and
he baseline (�). Each point represents the mean of at lest four consecutive mea-
urements,  bars indicate the standard deviations.
Fig. 5. The effect of the sample volume on the analytical signal. Fe(III) concentration
5  mg  L−1. Each point represents an average of five consecutive measurements, bars
indicate the standard deviation of the obtained value.

some absorbing light molecules can escape out of the detection
chamber increased. To obtain high and repeatable analytical signal
the sample volume of 20 �L is recommended.

3.3. Influence of Fe(III) concentration on the changes in the
analytical signal.
the kinetics of the absorbance changes and the shape of the ana-
lytical signal depend on the iron(III) concentration (Fig. 6). The

Fig. 6. Influence of the sample concentration on the changes in analytical signal
with  the time. Fe(III) concentration: (a) 2 mg L−1, (b) 10 mg  L−1; sample volume:
10  �L, single injection; stop flow: 595 s. The time required to obtain the maximum
of  absorbance is indicated.
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ig. 7. The calibration graphs for iron(III) obtained for different sample volumes:
a)  10 �L, single injection; (b) 20 �L, double injection; stop flow: 20 s. Each point
epresents  an average of at least five consecutive measurements.

ime necessary to obtain the maximum of absorbance depended
n the concentration of iron(III). When the Fe(III) concentration
as relatively low, in the range about 1–5 mg  L−1, the maximum of

bsorbance was achieved at about 20 s into a measurement cycle.
sing standard Fe(III) solution of about 10 mg  L−1 or higher we
bserved a fast increase in the absorbance signal, followed by a rel-
tively fast decrease. As a result, the maximum of the absorbance
as observe in a relatively short time of 10 s.

The  colour of the Fe(III)–SCN complex is unstable. It was noticed
25] that the intensity of the colour decreases by up to several per-
ent after 30 min  and up to 50% of its initial value after 6 h. This was
xplained by the reduction action of thiocyanate on the iron(III).
herefore, an analytical signal should be measured after a fixed
mount of time – the same for the sample and standards, usually
ptimized, which is easy achievable in flow conditions [29].

When  preparing the calibration graph, it is possible to take into
ccount the absorbance measured at a fixed time, e.g. after 10 or
0 s or at the maximum of the absorbance signal. We  obtained the
ollowing calibration graph equations:

. A  = 0.1225[Fe3+] + 0.0292 (R2 = 0.998) – the absorbance was mea-
sured  10 s after injection of standard and thiocyanate.

. A  = 0.1116[Fe3+] + 0.0695 (R2 = 0.999) – the absorbance was mea-
sured  20 s after injection of standard and thiocyanate.

. A  = 0.1186[Fe3+] + 0.0649 (R2 = 0.9962) – the absorbance was  read
at  the maximum of the analytical signal.

The  calibration graphs did not differ significantly and for quan-
itative analysis every strategy seems to be appropriate. Although,
rom the point of view of the best throughput, the time of the deter-

ination should be as short as possible. Therefore, the time of stop
ow of 10 s seems to be favourable. The total time of the determina-
ion should be longer, because the signal of the baseline should be
egistered and the reaction-detection chamber needs to be washed
fter the analysis. Depending on the pump applied to wash the
hamber, this additional time can be shortened to about 5–10 s.

Therefore, the shortest real time of the determination seems to
e about 20 s and the throughput of the proposed method is about
80 determinations per hour.

.4. Analytical parameters

The  parameters of calibration graph for iron(III) depend on the
olume of the sample used (Fig. 7). An increase in sample vol-

me results in a rise in quantity of molecules which are able to
bsorb the light. As a result, it is possible to improve the sensitiv-
ty of the method. Increasing the sample volume from 10 to 20 �L
aused an about twofold increase in the slope of calibration graph.
Talanta 96 (2012) 68– 74

Simultaneously, we  observed a change in the range of calibration
graph. When a single injection of sample and reagent (sample vol-
ume  10 �L) was  applied, the calibration graph covered the range
from 0.3 to 15 mg  L−1. When using a double injection (sample vol-
ume 20 �L), the range was from 0.15 to 10 mg L−1. Therefore, the
range of calibration graph can be easily adjusted, if necessary, to the
concentration of the analyte in the sample. A noteworthy fact is that
the range of the calibration graph can be changed and controlled
through the changes in the program of the micro-pumps, without
any changes in the equipment itself. On the other hand, there is
some compromise between the magnitude of the analytical signal
and the cost of analysis.

The  detection limit (DL), calculated as 3sb/S, where sb is the stan-
dard deviation for 10 measurements of the blank and S is the slope
of calibration graph, was  0.3 mg  L−1 for a single sample and reagent
injection and decreased to 0.15 mg  L−1 for a double injection. The
repeatability (R.S.D.) calculated for 10 successive injections of the
standard solution 5 mg  L−1 was 1.5%. An injection throughput of
180 injections per hour has been achieved.

The method is characterized by a very low consumption of the
sample and reagent, which is only 20 �L (or even 10 �L) for each of
these solutions and by a very low waste volume generation – only
0.24 mL  per analysis.

3.5. Application to the real samples

The accuracy of the proposed method was  evaluated in the
determination of iron in Certified Reference Material (CRM) of
groundwater (ERM®-CA615). The comparison of measured results
on a certified reference material with the certified value was
conducted according to the Application Note [30]. The method com-
pares the difference between the certified and measured values
with its uncertainty. After the measurement of the CRM, the abso-
lute difference between the mean measured value (cm) and the
certified value (cCRM) was calculated as:

�m = |cm − cCRM | = |4.85 − 5.11| mg  L−1 = 0.26 mg L−1

The uncertainty of �m is u�, that was calculated from the
uncertainty of the measurement result (um) and the uncertainty
of the certified value (uCRM). As a um, the standard deviation of the
mean measured value was used. The uncertainty u� was  calculated
according to:

u� =
√

u2
m + u2

CRM =
√

0.042 + 0.132 = 0.136

The expanded uncertainty U�, corresponding to a confidence
level of approximately 95%, was obtained by multiplication of u�

by a coverage factor (k) equal 2:

U� = 2 · u� = 0.272

The results show that �m < U�. There is no significant difference
between the measured results and the certified value.

The  method has been applied to the determination of iron in
natural groundwater samples. The oxidation of Fe(II) to Fe(III) using
hydrogen peroxide prior to the analysis allows the determination
of total iron concentration in the samples.

Table 1 summarizes the results of total iron determinations and
percentage recoveries of groundwater samples. The determined
concentration of the iron in the examined groundwater samples
was ranged from 0.60 ± 0.05 to 7.0 ± 0.2 mg  L−1 (mean of four deter-
minations ± S.D.). The recovery was  close to the 100% for the sample

rich in iron (sample no. 1). For the samples characterized by a low
content of iron, the recovery was lower and achieved the value
of about 90%. This may  indicate a problematic accuracy during
determination of iron in samples with low concentration of this
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Table 1
Results of the determination of total iron for groundwater samples.

No. Determined concentration of iron (mg  L−1) Injected Fe(III)
(mg  L−1)

Found  Fe(III)
(mg  L−1)

Recovery  (%)

1.a 7.0 ± 0.2 1.00
2.00
3.00

0.99  ± 0.06
2.04 ± 0.08
2.97 ± 0.13

99
102
99

2.b 0.86 ± 0.09 1.00
2.00
3.00

1.00  ± 0.07
1.76 ± 0.02
2.60 ± 0.07

100
88
87

3.b 0.60 ±  0.05 1.00
2.00
3.00

0.98  ± 0.04
1.86 ± 0.01
2.77 ± 0.02

98
93
92

Results represent the average of at least four determinations ± S.D.
a Dilution factor 4:6.
b dilution factor 4:1.

Table  2
Comparison of the analytical features achieved by the proposed direct-injection detector integrated with the MPFS system and MPFS systems with typical configuration.

Parameter MPFS and
direct-injection
PEDD  detector

MPFS  and LED-photodiode [10] MPFS and spectrometer [28]

Reaction coil (cm) Not exist 120 32
Carrier 0.5 mol  L−1 HCl

with  detergent
H2O H2O

Sample  (Fe3+) consumption (�L) 20 70 200
Reagent (SCN−) consumption (�L) 20 70 200
Total waste (mL) 0.24 1.2 –
Calibration graph equation A = 0.1036[Fe3+] − 0.0172 A = 0.126[Fe3+] − 0.00 A = 0.0645[Fe3+] − 0.003
Regression  coefficient, R2(n)a 0.9996 (5) 0.999 (6) 0.9986 (7)
Working range (mg  L−1) 0.15–10 – 0.2–15
DLb (mg  L−1) 0.15 0.2 0.2
Repeatabilityc (%) 1.5 2.3 1.0
Injection throughput (injections h−1) 180 100 120
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a Regression coefficient, number of standards in bracket.
b Detection limit calculated as 3sb/S, where sb is the standard deviation for 10 me
c R.S.D. – relative standard deviation for 10 independent analyses of sample cont

nalyte. However, the method presents a good accuracy consid-
ring the complex composition of the groundwater samples. The
esults obtained show that the proposed method can be applied to
he determination of total iron in groundwater samples.

.6.  Comparison of DID-MPFS with other MPFS systems

The comparison of the results obtained using the proposed
irect-injection photometric detector integrated with the MPFS
ystem with those obtained from the MPFS systems but with typi-
al configuration (Fig. 1), employed LED-photodiode flow detector
10] or a commercially available spectrophotometer with flow cell
28] was carried out. The results are summarized in Table 2.

The  proposed flow system is simpler in construction because
f the absence of a reaction coil. The flow lines are shorter. The
olume of the solution that must be transported in the system is
ower. Pumps working in the proposed configuration perform a
ower number of strokes, are less loaded and, as a result, exhibit

 longer lifetime.
The  use of a direct-injection detector considerably decreases

he sample and reagent consumption. It is possible to significantly
inimize the waste generation and increase the throughput. The

etection limit and repeatability of compared methods are similar.

. Conclusions

The direct-injection photometric detector integrated with

ulti-pumping flow system developed in this study proved to be

uitable for the determination of total iron in groundwater samples.
dea of the sample and reagent injection directly into the photomet-
ic detection chamber allows reduction in the sample and reagent

[

[

ments of the blank and S is the slope of the calibration graph.
 5 mg L−1.

consumption.  The considerable reduction in the time and cost of
analysis is possible. Low-waste generation makes this method envi-
ronmentally friendly. The application of LED technology allows for
simpler construction of the detection system and allows the total
cost of the flow system to be lowered without deterioration in the
analytical parameters such as the sensitivity and working range.
The system is easy to operate, compact, small in size and weight,
and requires 12 V in supply voltage, which is desirable for truly
portable equipment. These characteristics suggest that this equip-
ment could be employed in mobile, Green Chemistry laboratories.
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