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Abstract A fully automated method for the determination
of chromate is described. It is based on the selective reaction
of Cr(VI) with diphenylcarbazide in acidic media to form a
colored complex of Cr(III) with the oxidation product
diphenylcarbazone. The reaction was performed within the
syringe of an automatic burette containing a magnetic stirrer
for homogenization of the sample and the required reagents.
In-syringe stirring was made possible using a specially
designed driving device placed around the syringe barrel to
achieve a rotating magnetic field in the syringe, forcing the
stirrer to spin. In a second step, the reaction mixture in the
syringe was neutralized to allow in-syringe magnetic-
stirring-assisted dispersive liquid–liquid microextraction of
the complex into 125 μL of n-hexanol. After phase separa-
tion by droplet flotation over 30 s, the organic phase was
propelled into a coupled spectrophotometric detection cell.
The entire multistep procedure including in-system standard
preparation was done within 270 s. The method was used for
the analysis of natural waters, achieving average analyte
recovery of 103 %, a limit of detection of 0.26 μg L-1, and
a repeatability of less than 4 % relative standard deviation.

Keywords In-syringemagnetic-stirring-assisted dispersive
liquid–liquidmicroextraction . Chromate . Lab-in-a-syringe .
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Introduction

Liquid–liquid extraction (LLE) was one of the earliest and is
one of most used sample pretreatment techniques for analyte
preconcentration and sample matrix elimination. However,
conventional LLE generally involves a tedious procedure with
a multitude of sample handling steps, increasing the risk of
contamination or loss of analyte. Beside, LLE also requires
large amounts of sample and generally hazardous organic
solvents [1–3]. Therefore, many efforts have been focused
on the automation of LLE processes as well as on the devel-
opment of liquid–liquid microextraction techniques [1, 2].

The recently introduced dispersive liquid–liquid micro-
extraction (DLLME) technique [4] has attracted much atten-
tion and has become very popular [5–8]. Further develop-
ments of DLLME proposed the use of short-chain lipophilic
alcohols as extraction solvents [7, 9–11] as a more environ-
mentally friendly alternative to typically used halogenated
solvents.

Most DLLME methods are based on the use of a disper-
sion solvent such as a hydrophilic alcohol, which is miscible
in both phases, i.e., the aqueous phase and the organic phase.
The dispersion solvent has the function to disperse the or-
ganic phase into very fine droplets in the aqueous phase. This
increases the contact surface between the two phases greatly
and hence improves the extraction efficiency [1, 5]. Howev-
er, the use of the additional solvent has some drawbacks,
such as the increase of the analyte solubility in the aqueous
phase with the consequent change of the partition coefficient
and the decrease of the extraction efficiency [12]. Moreover,
the use of a dispersion solvent reduces the available volume
for the sample and then the preconcentration factor. Also, the
method requires additional optimization involving finding
the appropriate dispersion solvent and mixing ratio with the
extraction solvent.

Alternative methods have been developed where the dis-
persion of the extraction solvent is achieved by kinetic
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energy instead of a dispersion solvent, leading among other
methods to ultrasonic-assisted [13, 14], air-assisted [12],
vortex-assisted [15], and magnetic-stirring-assisted (MSA)
DLLME) [16].

Recently, there has been great interest in the development
of DLLME automation [8]. In this work, we report a new and
automated application of MSA-DLLME using a sequential
injection analysis (SIA) system.

SIA, or more generally, flow techniques (FT), are very
useful tools for DLLME automation [2, 8]. Some of the
demonstrated advantages of FT-based automation are the
possibility to use manifold detection techniques and reactor
devices in the analyzer systems, high signal reproducibility
and sample throughput, and self-cleaning of the tubing sys-
tem used for solution handling [2, 9].

Hardly any methods based on FT automation have been
described for DLLME assisted by mechanical dispersion of
the extraction solvent rather than by the use of a dispersion
solvent. Just two recent works can be found: the first based
on air-assisted DLLME [17]; the second based on MSA-
DLLME [18]. This second approach is the basis and the
inspiration for the present work.

In this work, a simple analytical system based on the
typical SIA configuration was used for fully batchwise au-
tomation of MSA-DLLME. The novelty of this configura-
tion is based on the placement of a magnetic stirring bar
inside the syringe pump, giving rise to “in-syringe” MSA-
DLLME. In this way, a sealed but adaptable reaction vessel
is obtained. The computer-controlled rotation of the stirring
allows the homogeneous mixture of the sample and reagents.
It also disperses the extraction solvent inside the aqueous
phase. After extraction, the organic phase, less dense than
water, floats, coalesces, and is then propelled to the detection
flow cell.

This new system was successfully used for the determi-
nation of hexavalent chromium, Cr(VI), in water samples.
Although the high toxicity and carcinogenic properties of
Cr(VI) [19, 20] are well known, recent studies by the Envi-
ronmental Protection Agency have indicated greater human
health risks from Cr(VI) than previously thought [21]. Con-
sequently, further efforts have been focused on enhanced
monitoring of Cr(VI) in drinking water [22].

The method presented automated the well-known reaction
of diphenylcarbazide (DPC) oxidation and complex forma-
tion with Cr(III) and diphenylcarbazone (DPCO) as resulting
products. This reaction, occurring in acidic medium, was
firstly described by Cazeneuve [23] in 1900. Since then,
many authors have tried to explain the mechanism being
the formation of the complex and its stoichiometry [24,
25]. The complex is cationic but it can be extracted for
sensitivity enhancement as an ion pair into an organic sol-
vent [26, 27]. Doing so, we propose a sensitive, accurate,
simple, and automated method for Cr(VI) quantification in

natural waters. The technique in-syringe MSA-DLLME used
is a valid alternative for the automation of LLE. Its potentials
and limitations and its application to real samples are criti-
cally discussed in this work.

Materials and methods

Reagents and solutions

All solutions were of analytical grade and were provided by
Scharlab (Barcelona, Spain). Doubly distilled water provid-
ed by a Milli-Q Direct-8 purification system (Millipore
Iberica, Spain) was used throughout.

The chromium stock solution of 51.99 mg L-1 was pre-
pared by diluting a commercial 1,000 mg L-1 Cr(VI) atomic
absorption standard in Milli-Q water. Cr(VI) standard work-
ing solutions were then prepared by appropriate dilution. A
DPC solution of 1 mmol L-1 was prepared weekly by dis-
solving 0.0121 g of DPC in 50 mL of acetone and was stored
in the dark at 4 °C [28]. For acidification, 5 mol L-1 HNO3

was used. Further solutions of H2SO4, HClO4, and HCl of
the same concentration were studied. n-Hexanol was used as
the extraction solvent. Other extraction solvents tested were
n-octanol, isoamyl alcohol, methyl isobutyl ketone, n-buta-
nol, and ethyl acetate. Ammonium acetate (NH4Ac) buffer of
10 mol L-1 (pH 7) was prepared by dissolving 192 g of
NH4Ac in 250 mL of Milli-Q water.

Standard solutions of Cd(II), Cu(II), Fe(III), Hg(II),
Mo(IV), Pb(II), V(V), and Zn(II) at 1,000 mg L-1 for atomic
absorption spectroscopy were used for the interference stud-
ies. Further, a stock solution of 4 mmol L-1 Cr(III) was
prepared in Milli-Q water. For masking of interferences of
metal cations, an EDTA solution of 5.0 g L-1 was used.

To study the influence of water hardness in the extraction
process, synthetic freshwater with different hardness grades
was prepared according to standard recipes [29]. “Very hard
water” was prepared by dissolving 384 mg L-1 NaHCO3,
240 mg L-1 CaSO4·2H2O, 240 mg L-1 MgSO4, and
16 mg L-1 KCl. “Hard water,” “moderately hard water,” and
“soft water”were prepared by dilution of “very hard water” in
proportions of 1:2, 1:4, and 1:8, respectively.

Sample collection

Three-well water samples from different places on Mallorca
and one demolition leachate sample were collected in poly-
ethylene flasks, refrigerated at 4 °C, and immediately
transported to the laboratory for analysis. A tap water sample
was collected and measured immediately. The samples were
measured in the proposed analyzer system and with the
reference method [29] without any other previous treatment
but sedimentation of coarse particles.
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Detection cell and equipment

A USB2000 miniature CCD spectrophotometer from Ocean
Optics (Dunedin, FL, USA) was used as a detector. A bright-
white LED was used as a highly stable light source. It was
directly mounted on the optical path of a 10 mm path length
flow cell from Starna (Hainault, UK; type 75.1 SOG). The
measurement parameters were an integration time of 5 ms
and a measuring frequency of 8 Hz. Wavelength smoothing
was done over nine array pixels. The difference between the
values at the absorbance maximum for the reaction product
(540 nm) and a reference wavelength (640 nm) was used as
the analytical signal, allowing the correction of analyte-
unspecific intensity variations.

Analyzer system

The manifold configuration of the analyzer system is given
in Fig. 1. For liquid handling, a 5,000-step syringe pump
(type Bu 4S) and a rotary eight-port selection valve (SV)
from Crison (Alella, Barcelona, Spain) were used. PTFE
tubing of 0.8-mm inner diameter was used to connect the
different components of the flow system. The syringe pump

was equipped with a single 5-mL glass syringe (S1) from
Hamilton (Bonaduz, Switzerland, model 1005 TLL-SAL
SYR). A three-way solenoid head valve (V1) allowed the
connection of S1 to either the central port of the SV (on
position) or a detection flow cell and further to waste (off
position). Lateral ports on the SV were connected to reser-
voirs of water (position 1), chromate standard (2), sample
(3), acid (4), DPC solution (5), extraction solvent (6), buffer
(7), and air (8). A holding coil, consisting of a PTFE tube of
26-cm length and 0.8-mm inner diameter (inner volume
approximately 130 μL), was used to connect the central port
of the SV to S1 in the on position.

Stirring system

The magnetic stirring system has been presented by
Horstkotte et al. [18]. It allows homogeneous and rapid
mixing of the sample and reagents without the requirement
of additional mixing chambers.

A diagram of the magnetic stirring system is depicted in
Fig. 1. It consists of four principal parts: (1) a small magnetic
stirring bar placed inside the syringe, (2) a magnetic stirring
bar driver placed onto the glass barrel of the syringe, (3) a

Fig. 1 Analyzer manifold with
a selection valve (SV), syringe
pump with a magnetic stirring
bar inside (S1), solenoid three-
way head valve (V1), detection
flow cell (D), and holding coil
(HC). PTFE tubing (0.8-mm
inner diameter) were used to
connect SV with V1 (10 cm),
and D with V (3 cm). The
magnetic stirring bar driver is
shown in deatrils at the bottom.
A motor (M) was used to drive
the device via a rubber band.
DPC diphenylcarbazide
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motor that forces the magnetic stirring bar driver to rotate,
and (4) a homemade regulation circuit board connected to
the syringe pump for revolution control. The magnetic stir-
ring bar (10-mm length, 3-mm diameter) was provided by
LINEALAB (Badalona, Spain). The top position of the
piston was adjusted to leave a gap of about 0.5 mm in order
to avoid any damage when emptying the syringe and to allow
free rotation of the stirring bar even when the piston was in
the top position. The rotation of the magnetic stirring bar
driver was achieved by use of a DC motor. A rubber band
was used to transmit the motor rotation to the bottom ring of
the magnetic stirring bar driver.

Software

The entire instrumentation used to perform the in-syringe
MSA-DLLME procedure was controlled by AutoAnalysis 5.0
(Sciware Systems SL, Bunyola, Spain). AutoAnalysis 5.0 is a
versatile program that allows the control of and communication
with the individual instrumental assembly components, includ-
ing detectors connected to the PC, using dynamic link libraries.
Detailed descriptions of this software can be found elsewhere
[30, 31].

Analytical protocol

The operation protocol forMSA-DLLME is given in Table S1.
It consisted of four stages, which are consecutively executed
for each measurement.

In the first stage, the cleaning of the sample tube, the
holding coil, the syringe, the magnetic stirring bar, and the
detection flow cell is done with the solution to be measured.
For this, 700 μL of sample were aspirated with activated
stirring (SV in position 3 and V1 in the on position) and
discharged to waste (V1 in the off position). This procedure
was repeated three times.

The reaction between Cr(VI) and DPC in acidic media
was done in the second stage. Reagent volumes aspirated in
the given order were 160 μL of acid, 175 μL of DPC,
3.395 ml of sample, and 150 μL of air. The final aspiration
of 150 μL of air was done to carry the remaining volume of
the sample from the holding coil into the syringe. Then,
stirring was activated for 10 s and then deactivated for the
reaction time (tR) for a further 45 s. During this time, Cr(IV)
is reduced to Cr(III), oxidizing at the same time a propor-
tional quantity of DCP to DPCO with subsequent formation
of the purple Cr(III)–DPCO complex.

In the third stage, MSA-DLLME was done. Here, 120 μL
of n-hexanol followed by 800 μL of buffer and 150 μL of air
were aspirated into the syringe. The buffer was used to adjust
the pH and provided at the same time acetate as the counter
ion to form a neutral extractable ion pair with the positively
charged Cr(III)–DCPO complex.

Afterward, the stirring was activated for 55 s. The aspi-
rated air inside the syringe formed a vortex, which allowed
the contact of the n-hexanol with the stirring bar, leading to
its disruption into fine droplets and, by this, MSA-DLLME.

Afterward, the stirring was stopped, allowing the n-
hexanol droplets to float and coalescence at the brim of the
concave liquid meniscus formed by the aqueous phase in the
syringe during 30 s.

In the forth and final stage, the measurement of the
extracted complex in the organic phase was conducted. First,
the air in the head of the syringe was rapidly discharged
through the detection flow cell to waste. Then, the n-hexanol
was slowly propelled through the detection flow cell under
continuous data evaluation, followed by the fast discharge of
the remaining liquid in the syringe.

For automated standard addition, variable volumes of
standard (SV position 2) and Milli-Q water (SV position 1)
were aspirated with the sum of both volumes, being 300 μL.
Then, 3.095 mL of the sample (SV position 3) was aspirated,
keeping constant the sum of the volumes of the sample,
standard, and water (3.395 mL).

For the reference method [29], 90 mL of sample were
acidified to pH 1 with 1 mol L-1 H2SO4. Then, 2 mL of
20.1 mmol L-1 DPC (dissolved in acetone) was added and
the volume was made up to 100 mL. After color develop-
ment (10 min), the absorbance was measured at 540 nm
against a blank standard using a 1 cm optical path length cell.

Results and discussion

System design

The aim of this work was the development of a simple and
fully automated analytical system for the determination of
chromate in waters based on MSA-DLLME. In-syringe stir-
ring makes possible homogeneous mixing of a large volume
of sample with small volumes of reagents within seconds so
that analytical standard protocols can be readily automated.

To save time, minimize dead volumes, and omit addition-
al cleaning steps, the detection cell was mounted directly at
the off position of V1, and a very short holding coil was
used.

Batch experiments

Preliminary experiments were done in a batch in order to find
an appropriate extraction solvent and ion-pair reagent. The
experiments were done in glass test tubes with 5 mL of
sample, 1 mL of acid, 1 mL of the DPC reagent, and 0.5 mL
of extraction solvent.

Luo et al. [32] reported that alcohols and ketones allow
effective extraction of the Cr(III)–DPCO ion pair with
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perchlorate. For the present system, solvents less dense than
water were required, and hydrophobic alcohols have dem-
onstrated their advantage for in-syringe DLLME several
times [8, 10, 11]. Six alcohols and ketones were tested: n-
hexanol, n-octanol, isoamyl alcohol, methyl isobutyl ketone,
n-butanol, and ethyl acetate. After manual extraction, an
intense color of the organic phase was observed only for n-
hexanol and n-octanol, with which aqueous phase discolor-
ation occurred. However, the color was almost imperceptible
for the other solvents.

With regard to the ion-pair-forming anion, we observed
that the extraction efficiency was negligible with the recom-
mended NaClO4 [32]. The addition of 5 % (v/v) NH4OH
solution improved the extractability, but the organic phase
remained turbid and even changed its color from magenta to
orange-red on passing pH 10 as observed previously
[28]. Finally, we found that concentrated NH4Ac solution
(10 mol·L-1) allowed efficient extraction into n-hexanol
and yielded a transparent organic phase. This was attrib-
uted to the fact the compound provided acetate as an ion-
pair-forming anion as well as the required buffer to yield

the optimal pH for extraction. Further, NH4Ac is highly
soluble, nontoxic, and volatile, so it can be easily puri-
fied by distillation.

Selection of the acid reagent

It is well known [26, 29] that the determination of Cr(VI)
using DPC requires a strong acidic medium (pH<2) to
ensure quantitative reaction. Sulfuric acid is most commonly
used for this purpose. However, the effect of three other
strong acids (HCl, HNO3, and HClO4) on Cr(III)–DPC for-
mation and extraction was studied and compared with the
results obtained with H2SO4.

In the first study, the volume of buffer was kept constant
while the volume of acid in the syringe was varied from 0. to
0.4 mL, i.e., 0.11–0.44 mol L-1 in the final mixture, so that
the final pH of the aqueous phase decreased with increasing
volume of acid. The total volume of aqueous phase was kept
constant (4.425 mL) by appropriate addition of water. The
results are summarized in Fig. 2A.

Fig. 2 Representation of the results from univariate studies. Peaks heights obtained using different acids and constant (A) and varied (B)
concentration of NH4Ac. Peak height versus volume of n-hexanol (C). Peak height versus concentration of NH4Ac (D)
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The highest peaks were obtained with HNO3 and HClO4

between 0.11 and 0.44 mol L-1. For HNO3, a signal maxi-
mum was found at 0.2 mol L-1. For HClO4, the signal
increased with the acid concentration and reached a stable
level. The results with HCl were similar to those with HNO3

but lower signals and a less distinct tendency was found. For
H2SO4, the signal decreased strongly with increasing
volume.

In the second study, the buffer volume was simultaneous-
ly increased with the acid volume in a constant ratio of 3:1
(0.68–2.71 mol L-1 NH4Ac in the final mixture) to keep the
final pH constant. Consequently, for the diprotic sulfuric
acid, twice the buffer volume was used. The results are
summarized in Fig. 2B.

For all four acids, similar behavior is observed. The peak
heights reached a stable signal level between 0.226 and
0.339 mol mL-1; only for H2SO4 did the peak height decrease
with concentration higher than 0.339 mol L-1. The peak
heights obtained at a concentration of 0.2 mol L-1 were as
follows: 0.903 absorbance units (AU) for H2SO4; 0.882 AU
for HClO4; 0.786 AU for HNO3; and 0.746 AU for HCl.
However, considering the greater expense and danger of
handling H2SO4 and HClO4, we finally selected HNO3 for
this work. Another disadvantage of using H2SO4 was the
requirement to use a higher volume of buffer to reach the
final pH for extraction and, because of this, the requirement
to use less sample and the loss of the method sensitivity.

Type and volume of extraction solvent

DLLME requires an extraction solvent with very low solu-
bility in water and high dissolving power for the target
complex. For in-syringe MSA-DLLME, the organic solvent
must further have a density significantly lower than that of
water to allow efficient phase separation by droplet flotation.
Other characteristics such as low viscosity and surface ten-
sion are also desirable. These favor spontaneous droplet
fusion after DLLME and reduce the sticking of the organic
phase to the hydrophobic surfaces of the syringe plunger and
stirring bar.

Medium-chain alcohols have been used as an alternative
extraction solvent in DLLME with increasing success in this
field [8, 10, 11, 18, 33–35] as they fulfill the given require-
ments and are considerably less toxic than classic extraction
solvents such as benzene and chloroform.

As in the batch experiments, the extractability of Cr(III)–
DPCO into n-hexanol, n-octanol, isoamyl alcohol, methyl
isobutyl ketone, n-butanol, and ethyl acetate was tested by
in-syringe MSA-DLLME. An extraction solvent volume of
0.125 mL and 3.3 mL of 52 μg L-1 Cr(VI) standard were used.
Isoamyl alcohol, methyl isobutyl ketone, n-butanol and ethyl
acetate yielded peak heights about three times lower than those
for n-hexanol. Peaks with irregular shape, low reproducibility,

and baseline alteration were observed for these organic sol-
vents. The peak heights obtained using n-octanol were 36 %
lower than those obtained using n-hexanol. Since the use of n-
hexanol gave the highest sensitivity and further a reproducibil-
ity of approximately 1 % RSD and as stable baseline, it was
used for further studies.

Figure 2C shows the relation between the peak height and
the volume of n-hexanol for extraction. Obviously, an in-
crease in the volume of n-hexanol implies greater dilution of
the analyte in the organic phase and, hence, a lower
preconcentration factor. However, for volumes lower than
0.1 mL, droplet coalescence was imperfect and segmentation
of the organic phase on being dispensed to the detector
caused erratic signals.

Effect of ammonium acetate concentration on the extraction
process

The effect of the volume of NH4Ac buffer on the efficiency of
the extraction process was studied in the range from 0.5 to 1 mL,
corresponding to a final concentration of 1.1–2.3 mol L-1. To
keep the reaction volume constant, a variable volume of water
was added. The results are given in Fig. 2D. The peak heights
increased with the volume of NH4Ac and reached a maximum
at 2.03 mol L-1. Later Box–Behnken optimization showed that
the use of 1.8 mol L-1 NH4Ac was optimal, allowing a larger
volume of sample to be used for the procedure and because of
this higher sensitivity.

Multivariate optimization

The effects of reaction time (tR), extraction time (tEx), and the
concentrations of DPC, HNO3, and NH4Ac on the signal
height were studied by a multivariate experimental design
for screening. A full-factorial 25 design including three central
points was used. The ranges were as follows: tR from 25 to
45 s; tEx from 30 to 50 s; volume of 1 mmol L-1 DPC from 0.1
to 0.2 mL; volume of 5 mol L-1 HNO3 from 0.2 to 0.3 mL; and
volume of 10 mol L-1 NH4Ac from 0.6 to 0.9 mL.

Significant and positive effects were observed for tEx and
NH4Ac, whereas a significant and negative effect was found
for the concentration of HNO3. The DPC volume and tR both
showed positive but not significant effects within the exper-
imental domain. For the DPC volume, a lower value of
0.175 μL (39.5 μmol L-1 final concentration) was then
chosen to save reagent and to use more sample for the
procedure.

Then, the three significant factors and tR were optimized
using a Box–Behnken experimental design. The experimen-
tal domains were adjusted under the guidance of the screen-
ing results: tR from 35 to 55 s; tEx from 40 to 60 s; HNO3 final
concentration from 0.17 to 0.28 mol L-1; NH4Ac concentra-
tion from 1.36 to 2.03 mol L-1. The peak heights were found
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to be optimum for 1.80 mol L-1 NH4Ac, 0.17 mol L-1 HNO3,
tEx 55 s, and tR 55 s.

As observed before, a negative coefficient was obtained
for the volume of HNO3. Further, two significant and nega-
tive interactions with the HNO3 concentration were ob-
served, i.e., with the reaction time and with the NH4Ac
volume. This indicated that a small increase of the concen-
tration of acid would improve significantly the reaction rate
but would decrease the extraction efficiency (lower pH),
which has to be compensated by a larger volume of NH4Ac
buffer.

The optimal values found were applied in all further work.
The results from both studies are given in Table S2.

Evaluation of interferences and sample matrix

It is well known that DPC and DPCO can form colored
complexes with other transition metal cations, including
Hg(II), Mo(VI), Cu(II), V(V), and Fe(III), which can inter-
fere in the Cr(VI) determination [23, 25, 26, 29, 32]. How-
ever, their complexes mostly have a much lower absorptivity
than the complexes with Cr(III), and at pH 1–2 the reaction
for chromium is quite selective [26, 29]. However, in the
present case, we were forced to apply a neutral pH for the
extraction of the complex formed.

To evaluate possible interferences in the proposed automated
method, nine ions were studied by adding different concentra-
tions to blank and standard solutions of Cr(VI). The tolerance
levels found, i.e., a signal deviation of less than 10 %, are
summarized in Table 1. They were high enough to disregard

the testedmetals as an interference inmost natural water samples.
Moreover, the addition of 0.13 mmol L-1 EDTA was able to
suppress interferences from Fe(III) and Cu(II). This allows the
analysis of samples with high contents of iron and copper.

The effect of water hardness in the extraction process was
also studied owing to the high contents of sulfate and car-
bonate in the freshwaters on Mallorca. For this, synthetic
freshwaters with three different hardness levels were pre-
pared (Table S3) as recommended elsewhere [29].

Standard addition calibration curves up to 40 μg L-1

Cr(VI) were constructed using Milli-Q water, moderately
hard water, hard water, and very hard water as the matrix
sample. A clear trend of increasing sensitivity with water
hardness (from 12.7 to 18.7 AU L mg-1) was observed. A
salting-out effect as the cause of this significant matrix effect
is possible but seemed unlikely since a high concentration of
buffer was used. Therefore, in-syringe standard addition was
performed as the surest way to guarantee the accurateness of
determination of Cr(VI) in waters of different hardness.

Calibration and analytical performance

In-syringe stirring offers the possibility of automated stan-
dard preparation for calibration or standard addition since
complete homogenization of all solutions can be achieved.
For evaluation, five calibration curves, two prepared manu-
ally and three prepared in-syringe, but all measured with the
proposed system, were compared.

No significant differences were found between the calibra-
tion curve intercepts (less than 10 mAU) and the slopes (man-
ual, 10.34±0.06 AU L mg-1; in-syringe, 9.6±0.4 AU L mg-1)
for the 99 % level of confidence.

Manual standard preparation gave slightly better repro-
ducibility and repeatability values for a 10.4 μg L-1 Cr(VI)
standard with values of 0.6–4 % and 2–4 %, respectively.
The limit of detection (LOD) and the limit of quantification
(LOQ) were calculated as three times and ten times the
standard deviation of ten blanks divided by the slope of the
calibration curve. For both preparation methods, the LOD
and LOQ achieved were 0.27 μg L-1 and 0.89 μg L-1,
respectively.

The LOD values obtained were five times lower than the
LOD found for the DPC standard method [29] (1.29 μg L-1),
ten times lower than the LOD values reported for atomic
absorption spectroscopy (3 μg L-1), and on the same order as
that for inductively coupled plasma optical emisssion spec-
troscopy (0.2 μg L-1) [36]. In general, the LOD obtained with
MSA-DLLME was in the same order as or even lower than
those obtained with methods which use the same reaction
(DPC) but different preconcentration procedures, such as
solid-phase extraction (LOD 0.7 μg L-1 [37], 0.165 μg L-1

[38]) and LLME (1.25 μg L-1 [27])

Table 1 Tolerance levels for Cr(VI) spectrophotometric determination
with diphenylcarbazide using magnetic-stirring-assisted dispersive
liquid–liquid microextraction

Interferences Metal tolerance
level (μg L-1)

Metal concentration in
underground waters (μg L-1)b

Fe(III)a 1,100 1,000

Cu(II)a 260 10

Zn(II) 350 100

Cd(II) 600 <2.5

Pb(II) 1,000 <5

Hg(II) 1,000 <0.5

V(V) 35 2.5b

Mo(IV) 500 <5

Cr(III) 350 <10

a For the concentrations of iron and copper, the deviation from the
Cr(VI) signal was less than 10 %. The interference caused by higher
concentration of Fe(III) or Cu(II) was eliminated by the addition of
0.13 mmol L-1 EDTA.
b Average of vanadium concentration in underground waters reported in
[37]. The other values correspond to average concentration of transition
metals found in underground waters of Mallorca.
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Since the extraction was quantitative, the preconcentration
factor can be estimated from the ratio between the volume of
the sample (3.395 mL) and the volume of the extraction
solvent (120 μL) to be 28.

The linearity of the working range was verified up to at
least 80 μg L-1 Cr(VI). Considerably higher concentrations
could be measured by in-syringe sample dilution. The time
required for the entire analytical procedure was 270 s,
allowing an injection frequency of up to 13 h-1.

In comparison with the method using solid-phase extrac-
tion, no time for extraction phase regeneration was required
[37, 38]. Further advantageous characteristics were the use
of a nontoxic organic solvent and complete automation of
analysis, including in-syringe standard preparation.

Because the method required expulsion of three different
phases through the detection flow cell, i.e., air, aqueous
phase, and n-hexanol, the concepts of peak-shaped signals
and height determination from a defined baseline had to be
abandoned. Instead, the signals were approximately rectan-
gular and the absolute absorbance was used as the analytical
signal. A peak profile is depicted in Fig. S1.

Although organic solvents (hexanol) tend to stick to hy-
drophobic surfaces such as the piston’s head and the stirring
bar (PTFE), because of the very fast rotation speed of the
stirring bar and the slight solubility of hexanol in water
(about 5.9 g L-1), the cleaning of the system was very
efficient and no crossover contamination was observed.

Determination of chromate in natural water samples

Chromate was determined in well water, tap water, and a
demolition leachate to prove the applicability of the pro-
posed analyzer. In-syringe calibration was done for each

solution to compensate for any matrix effects. To estimate
the analyte recovery, samples were spiked off-line and an
aliquot was measured with the proposed analyzer system as
well as for comparison with a reference method [29] based
on the same color reaction but omitting extraction. Reference
materials were not measured since their certified value is
only given for total chromium. The results and the sample’s
pH and conductivity values are given in Table 2.

Two well water samples showed Cr(VI) concentrations
below but close to the LOQ (0.9 μg L-1), whereas a third had
a concentration two times the LOQ. Tap water and leachate
showed Cr(VI) concentrations about eight times the LOQ.
Standard addition tests showed that the analyte recovery was
in the range between 95 % and 115 %, proving the applica-
bility of the proposed analyzer and method for real sample
analysis.

In general, the proposed method yielded similar results to
those obtained with the reference method. However, for the
leachate sample, the reference method was found to under-
estimate the analyte concentration, most likely owing to
turbidity and sample hue, since no extraction step for matrix
separation was used.

Conclusion

A fully automated analyzer for the determination of chromate
in waters was described. The work proves that the technique
applied, in-syringe MSA-DLLME, shows several advantages.
Among these, straightforward automation of analytical pro-
cedures, including homogeneousmixing of large volumes of a
sample with considerably smaller amounts of reagents, LLE,

Table 2 Analysis of Cr(VI) in different water samples with standard in-syringe preparation including the results of addition–recovery tests and
comparison with the reference method [29]

Sample Added (μg L-1) Found (μg L-1) Recovery (%) Reference (μg L-1) pH Conductivity (μS cm-1)

Well water 1 0.0 0.8±0.04 <LOQ 6.98 2,103±6

10.4 10.9±0.3 97

52.0 55.3±0.3 105 55.6±0.2

Well water 2 0.0 0.6±0.03 <LOQ 7.18 1,628±2

10.4 11.3±1.0 103

52.0 55±3.0 106 55.0±2.0

Well water 3 0.0 1.8±0.4 <LOQ 7.08 1,303±9

10.4 11.7±0.4 95

52.0 61.7±0.6 115 59.4±1.0

Tap water 0.0 7.31±0.05 <LOQ 7.89 679±6

10.4 17.79±0.09 101 19.0±1.0

Demolition leachate 0.0 7.11±0.06 6.9±0.3 7.23 1,503±1

10.4 17.56±0.02 101 14.3±0.1

LOQ limit of quantification
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phase separation, and in-system standard addition calibration,
should be highlighted.

The proposed method used spectrophotometric detection
in a compact analyzer instrument. It was satisfactorily ap-
plied to the determination of chromate in natural waters,
omitting any additional sample treatment. The analytical
characteristics indicate that the instrument is well suited for
routine application.
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