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Abstract

An automatic integrated system implementing a catalytic spectrophotometric method for
vanadium determination is presented. Thus, a multisyringe flow injection system (MSFIA) was
coupled to a monolithic flow microconduit, called chip (CHIP-MSFIA). All reagents and sample
were simultaneously propelled into the chip to achieve complete mixing, heating, and measuring
inside it. This catalytic spectrophotometric method is based on the oxidation of gallic acid with
bromate catalyzed by V(V). The reaction was followed by measuring absorbance change at 384
nm. The incorporation of the detection cell inside the thermostatic zone of the chip allows two
kinetic-catalytic determination methods: initial rate and fixed time methods. A critical comparison
between these two methods at controlled temperature is presented. Under optimized conditions,
the determination of V(V) was performed in the range 0.24-75 pg L™ achieving limits of
detection of 0.33 and 0.24 ug L™ for fixed-time and initial rate methods, respectively. Relative
standard deviations were between 1- 4%. Finally the initial rate method was successfully
applied to determine V(V) concentration in natural and waste water samples. Good recoveries
were obtained varying from 94% to 102%. Results were compared with those obtained by the
reference method, (ICP-AES), in order to confirm the accuracy of the CHIP-MSFIA method.

Additionally, a certified reference material was satisfactorily analyzed.

Keywords:
MSFIA, integrated flow microconduit, catalytic spectrophotometric reaction, fixed time method,

initial rate method, vanadium.
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1. Introduction

Vanadium is widely distributed in the Earth’s crust. It participates in biological processes, being
an essential element for some organisms. The impact of vanadium on human health has been
studied. It is necessary to normal cell growth at ug L™ levels but results toxic at mg L™ levels [1].
Vanadium exists in various oxidation states and ionic forms varying from monovalent to
pentavalent state. Its toxicity is directly related to its oxidation state, hence being the
pentavalent vanadium the most toxic for human health [2]. Vanadium is also widely used in
industrial processes including the production of special steels, temperature-resistant alloys,
glass industry, in the manufacture of pigments and paints, for lining arc welding electrodes and
as catalyst. Its combination with non-ferrous metals is of particular importance in the atomic
energy industry, air-craft construction and space technology. Thus, vanadium compounds are
released in large quantities, mainly by burning fossil fuels and also from various industrial
processes. These vanadium compounds are precipitated on the soil drained by rain and

groundwater and may be directly adsorbed by plants.

Different analytical methods have been developed for vanadium quantification and speciation in
environmental, biological and industrial samples, exploiting different techniques such as
spectrophotometry [3-7], flow injection spectrophotometry [8-10], voltammetry [11, 12],
thermometry [13], enthalpimetry [14], inductively coupled plasma-atomic emission spectroscopy
(ICP-AES) [15], flow injection chemiluminescence [16], liquid chromatography [17, 18] and
inductively coupled plasma mass spectrometry (ICP-MS) [17]. Some of these methods are
sensitive and accurate but expensive, time-consuming and require skillful operators. Kinetic-
catalytic methods are characterized by high sensitivity and selectivity since vanadium acts as
the catalyst of the spectrophometric reaction. Moreover, the hyphenation of kinetic-catalytic
methods and flow techniques allows the development of automatic, sensitive, rapid, and
economic methods.

Thus, the proposed method has been automated using a multisyringe flow injection analysis
(MSFIA) system. This flow technique includes the advantages of flow injection analysis (FIA) in
terms of mixing of flowing solutions and sequential injection analysis (SIA) in relation to its
robustness and versatility [19]. Therefore, MSFIA can be considered as an ideal choice in
kinetic measurements since it offers the possibility of simultaneous propulsion of up to four
different solutions, e.g. sample and reagents mixed in constant ratio, in a smooth,

homogeneous, and pulse-less flow. Moreover, the MSFIA control with the appropriate software
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[20] allows the complete automation of the analytical method including instrument and device
control, data acquisition and online data process. This high automation degree facilitates the
mathematical data process and initial rate determination method implementation.

A special monolithic microfluidic conductor device called chip was designed for this system.
Similar devices have been previously presented by Cerda et al. for other applications [21, 22]. In
this case, the designed device integrates various steps of the analytical procedure such as:
confluent point, mixing coil, and detection cell, all these on a thermostatic chamber, allowing the
application of the initial rate and fixed time methods at controlled temperature.

Kinetic methods can be classified according to the mathematical form used in the kinetics
reaction, namely: differential or integral. Both cases can be applied in the initial rate and fixed
time methods. The initial rate method greatly reduces the time invested in the analytical
procedure since only the first seconds of the reaction have to be measured. However, this
method presents difficulties in accurately measuring the initial slope, which is subject to errors
inherent to the graphical method used. This deficiency can be circumvented by the use of
computers to provide the slope of the curve directly in a more precise manner. On the other
hand, the fixed time method is easy to understand and data are easily processed. However,
sometimes it requires long reaction times to obtain sufficient signal response.

Therefore, in this work a new automatic kinetic-catalytic method for the spectrophotometric
determination of vanadium is presented. This method is based in the vanadium (V) catalytic
effect on the oxidation reaction of gallic acid by bromate. The oxidation product of gallic acid is a
guinone which is an orange-brown compound with a maximum of absorbance at 384 nm. A
critical comparison in terms of performance of the fixed time and the initial rate catalytic kinetic

spectrophotometric methods for the automatic quantification of vanadium (V) is presented.

2. Materials and Methods

2.1 Reagents and standards.

All reagents and solutions were prepared with milli-Q water (Milli-Q plus, 18.2 MQ cm™). A stock
standard solution of 1000 mg L™ Vanadium (ammonium monovanadate in nitric acid 0.5 mol L™)
for atomic absorption analysis (Scharlau, Spain), was used to prepare 10 mg L™ stock solution.
Working standard solutions (from 1 to 80 ug L™), were prepared by dilution of the 10 mg L™

stock solution in milli-Q water.
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Gallic acid solution 0.08 mol L™ was prepared dissolving 0.38 g of gallic acid (SIGMA-ALDRICH,
USA) in 25 mL of buffer solution. 0.36 mol L™ sodium bromate was prepared dissolving 1.36 g
of sodium bromate (SIGMA-ALDRICH, USA) in 25 mL.

Prideaux buffer solution (pH=3.4) was prepared by dissolving 12.37 g of boric acid (SIGMA-
ALDRICH,USA), 23.06 g of concentrated phosphoric acid (Scharlau, Spain), 12.01 g of glacial
acetic acid (SIGMA-ALDRICH,USA), 8.96 g of sodium hydroxide (Scharlau, Spain), and 19.98 g
of potassium chloride (Scharlau, Spain) in milli-Q water up to 1000 mL.

2.2 Flow analyzer

The construction of the microfluidic chip driver used in this work is described elsewhere [21].
Thus, this new chip is built using three poly(methyl methacrylate) (PMMA) pieces, integrating a
confluence point, a holding coil, and a thermostat chamber into a single device. Additionally, its
design includes a detection cell (3 cm optical path) located at the end of the mixing coil and
before the liquid exit. For this two lateral holes of UNF % in. 36 fittings were drilled in order to
connect the flow cell located at the end of the coil with two optical fibers (400 um core diameter)
to transmit the light from the light source (DH-2000 Deuterium light source TOP Sensor,
Eerbeek, Netherlands) to the detector (USB-2000, Dunedin, FL, USA) passing through the
reaction mixture inside the detection flow cell, as shown in Fig. 1. The incorporation of the
detection cell in the thermostatic zone allows the application of the initial rate method at a

controlled temperature.

The multisyringe piston pump module (model Bu 4S), purchased from Crison Instruments S.A.
(Allela, Barcelona, Spain), was equipped with three glass syringes of 1 mL (S1, S3, S4) and one
of 5 mL (S2), all of TLL SYR series from Hamilton Bunaduz AG (Bunaduz, Switzerland).

The solenoid valves (V1, V2, V3, V4) located at the head of the syringes allowed the connection
of the solutions either with the chip, replacing the usual tubing manifold (position ON, activated),
or with the respective solution reservoir (position OFF, deactivated) for refilling. S1 and S2
contained water, S3 the BrOs™ reagent, and S4 gallic acid. An extra external three-way solenoid
valve (V5) from Takasago (Nagoya, Japan, type: STV-3-1/4UKG) was powered and controlled
via a rear supply port of the multisyringe module. It was used for sample introduction, in ON

position.

2.3 Software
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The software AutoAnalysis 5.0 (Sciware Systems, S.L., Bunyola, Spain) was used for
operational control of flow instrumentation as well as data acquisition and evaluation.
AutoAnalysis allowed saving the absorbance values every 5 s during the first minute of the
kinetics reaction (table 1.2 step 8). The initial rate method consists of the use of the slope of the
kinetic curve in the first seconds of the catalytic reaction. Thus, the slope was estimated using
the absorbance measured every 5 s until the lack of linearity of the initial rate, these data were
exported in an organized manner, which facilitated the calculation of the slope for each
concentration of V(V). Moreover, using this software, the determination method can be easily
selected and changed.

This software is adaptable to each instrument by incorporation of dynamic link libraries, which
are amenable to communicate and control the individually assembled instruments through a
RS232 interface. The program allows user-friendly software tools for method development and
automated optimization experiments such as loops, procedures, variables, user inquiries,

waiting steps, and definition of conditional inquiries among others.

2.4 Analytical protocol

The analytical protocols proposed for the CHIP-MSFIA system fixed time and initial rate

determination methods are presented in tables 1.1 and 1.2, respectively.

For the fixed time method, as can be seen in table 1.1, a volume of 150 uL of sample was
aspirated from V5 (step 2). 10 yL of this volume were dispensed towards the chip (step 4) to
avoid the dilution of the first part of the sample. Then 39 pL of sample were dispensed into the
reaction coil together with the reagents (step 5). Afterwards, syringes were filled (step 6) and the
reaction mixture was maintained for 600 s at 40 °C (step 7). After this reaction time, the mixture
was pushed through the detection cell with 300 pL of milliQ water to perform the
spectrophotometric detection of V (V), and clean the chip (steps 9-11). The absorbance signal
was measured at 384 nm, and 512 nm was used as reference wavelength to correct the
Schlieren effect. Additional steps were required to overcome the syringe pump backlash, i.e.
steps 1, 3 and 8, perform a small flow operation with head valve position OFF in the same

direction (dispense or pickup) as in the subsequent step.

For the initial rate method (see table 1.2) the kinetic curve in the first moments of the catalytic
reaction is required. For this reason, the absorbance signal was recorded throughout the

process. A sample volume of 400 yL was aspirated (step 3) and then, 100 yL of this volume
5
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were dispensed to the chip (step 5) in order to discard the head of the sample plug. The
remaining volume of sample was dispensed followed by water, 700 pL in total, together with the
reagents (step 6), merging in the confluence point at a high flow rate (i.e. 5.25 mL min™) until fill
completely the detection cell with the central mixing plug. Then, the flow was stopped and the
kinetic reaction was allowed to evolve under stop-flow conditions. Meanwhile the syringes were
refilled (step 7). The kinetic-catalytic reaction time was 80 s at 40 °C (step 7 and 8). In step 8 a
loop was programmed to save the absorbance values as variables in AutoAnalysis each 5 s.
Data were easily exported and processed. Then 1.8 mL of water were dispensed (steps 9-10) to
expel the mixture and clean the chip for the next analysis. Steps 2 and 4 are required to
overcome the syringe pump backlash and ensure the accuracy and reproducibility of the

injected volumes.

2.5 Samples

Four well water samples from different locations of Mallorca Island were collected in
polyethylene flasks, refrigerated at 4 °C and immediately transported to the laboratory for
analysis. Tap water sample was collected and measured immediately. Samples were measured
using the proposed analyzer system and the reference method [23]. Samples previously
acidified at 2% with HNO3; were directly measured in the ICP-AES (Optima 5300 DV, Perkin
Elmer® Inc). The obtained values with the ICP-AES method were compared with those obtained

with the kinetic-catalytic methods in other to evaluate the accuracy of the proposed method.

The SPS waste water reference material was diluted 1:50 with milli-Q water and neutralized with
0.6 mL of NaOH 0.1 mol L. Then, this sample was directly measured using the CHIP-MSFIA
analyzer.

3. Results and discussion
3.1 Chip design and system configuration

In this work, an improvement of a previously designed chip [21] has been done by integrating
the detection cell inside the device. With this, the temperature of the reaction mixture can be
controlled during measurement. This new configuration has allowed the use of both the initial
rate and the fixed time methods. Advantages of implementing the initial rate method with
controlled temperature, in terms of increasing sensitivity and frequency of analysis, are

discussed below.
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A careful study of the reagent and sample volumes and their flow rates was carried out to
guaranty the maximal concentration of the mixture in the detection cell. For this, a solution of 50
ug L™ of indigo carmine was used. Thus, the volume required for filling the chip completely was
225 L.

To maximize method sensitivity, a five-fold larger syringe volume was used for sample handling,
leading to a 5:1:1 volumetric ratio between sample, gallic acid, and bromate. Also, in order to
minimize reagents consumption, both reagents were injected into a slightly longer sample

segment, thus applying the zone mixing flow concept instead of continuous confluent mixing.
3.2 Air bubbles removal

One major problem in unsegmented flow technigues is the presence of air bubbles. They alter
the flow and mixing pattern of the solutions, affecting the response signal in several detection
techniques, increasing the irreproducibility of the determinations. Air bubbles are generally
caused by a partly degassing of the solutions at the pressure drop during the aspiration of
solutions for syringe refilling [21]. In order to reduce the air bubbles production during aspiration,
an air bubble trapping device was placed between the supply tube and syringe head valve (OFF
position). Description of the air bubble trapping device can be found elsewhere [21].

In addition, CO; is a product of the reaction that takes place inside the chip. Therefore a great
number of small bubbles are formed inside the chip during the reaction remaining static inside
the chip channel. To efficiently eliminate these small bubbles, it was necessary to dispense

periodically a large air bubble to agglomerate and discharge the others.

3.3 Experimental conditions optimization

To evaluate the influence of the principal factors and their interactions in the gallic acid reaction
with BrO; catalyzed by V (V), a fractional factorial design (2°*) was carried out as screening
method. The fixed time method was used to develop this first multivariate study. Three central
points were added to this design in order to estimate the error of data fit to the model.
Independents variables and their experimental domains were: reaction time, from 5 to 15 min;
temperature, from 25 to 40°C; concentration of gallic acid, from 0.01 to 0.09 mol Lt
concentration of BrOs’, from 0.2 to 0.5 mol L™*; and pH, from 3 to 4. Other parameters were kept

constant, i.e. 39 pL of sample and a flow rate of 0.75 mL min™.
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The studied dependent variable was the ratio between the analytical signal obtained using a
standard solution of V(V) 25 pg L™ and a blank (Std/BL). For the fixed time method, the
analytical signal was the absorbance peak height, whereas for the initial rate the slope along the
first seconds of the kinetic curve. In studies of kinetic-catalytic reactions, frequently is more
correct to use this ratio, since the contribution of the uncatalyzed reaction should be taken into
account given it can affect the final signal and therefore the sensitivity of the method, providing

erroneous optimal values.

For this experimental design (2°*), data were successfully adjusted to a second order model
(R*=0.98716, Adj=0.92295), with a no significant lack of fit for the 95% of confidence level and a
very low pure error (0.00026). In the studied range, the gallic acid concentration was the factor
with a highest significant effect followed by the reaction time and the temperature, all with
positive effect on the response signal. These are the factors most strongly related to the gallic
acid oxidation. On the same way, interactions of these three factors (gallic acid and
temperature, reaction time and temperature, and reaction time and gallic acid) were also
significant. These results are graphically summarized in the Pareto chart shown Fig S1 in
supplementary material. Thus, higher temperature, gallic acid concentration and reaction time
increased the reaction extension. However, temperature above 40 °C promoted bubbles
formation causing serious problems in terms of reproducibility. For that reason 40 °C was
selected as working temperature. Effects of pH and bromate concentration were significant but
in lesser extension. The pH of gallic acid solution was fixed at 3.4 due to its low significant effect
in the studied range. The studied ranges for the gallic concentration and the reaction time were
expanded following the screening results in a second multivariate study. The new experimental
design was a central composite of three factors, namely the gallic acid and bromate
concentration and the reaction time. The new experimental domain was: gallic acid from 10 to
90 mmol L™, BrO;” from 0.2 to 0.5 mol L™, and reaction time from 10 to 20 min. Data responded
to a quadratic model, without significant lack of fit. Critical values found were 80 mmol L™ of
gallic acid, 0.36 mol L™ of bromate, and 15 min of reaction time, at 40 °C. Fig. S2 in
supplementary material shows the desirability graphs obtained for these three factors in the
experimental domain studied. This function clearly shows the importance of each factor and the
critical values obtained. At a reaction time higher than 15 min, the sensitivity did not increase
significantly due to the lack of linearity on the kinetic curve. However, in order to improve the
frequency of analysis 10 min was selected as reaction time since it was possible to differentiate

the signal of blank and a peak of 2.5 pg L™ of V(V). The important increment of sample
8
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throughput with the use of 10 min of reaction time without a significant cost of sensitivity, guided

us to select it for following experiments.

Optimal conditions regarding reagents concentration and pH were the same for both, fixed time
and initial rate determination methods. We studied the effect of these factors in the initial rate
method using a robustness study, varying a 10% around the critical values the selected factors:
concentration of gallic acid, bromate and pH. Fig. 2 graphically represents the results obtained
in this study for each factor. The existence of maximum levels in the graphs of changes in the
factors vs analytical signal (Fig 2 a, b and c) allows to confirm the presence of critical values
within the studied range. The maximum values obtained at 40 °C were the same for both
methods (initial rate and fixed time methods).

3.4 Analytical parameters. Comparison between initial rate and fixed time methods

As mentioned above, the chip presented in this work allows the automatic application of the
initial rate and fixed time determination methods at controlled temperature. Fig. 3.1 shows the
profile of the peaks obtained for a calibration curve using the fixed time method. In this case the
analytical reaction takes place before reaching the detection cell during a fixed time. Then, a
typical profile of a FIA-gram, with a well defined and highly reproducible peak shape is obtained.
On the other hand, in the initial rate method, the reagent mixture is propelled and stopped into
the detection cell incorporated inside the chip in the thermostated zone, and the peak profile
includes the kinetic curve of the analytical reaction obtained in the first minute (Fig. 3.2). Kinetic
curves for different concentrations of catalyst can be obtained from the MSFIA-grams obtained
with AutoAnalysis software using the initial rate method (Fig. 3.2 A). These diagrams allow the
clear visualization of the catalytic effect of V(V) in the kinetic curve. Overlapped averaged
fragments of kinetic curves for each concentration of catalyst are represented in Fig. 3.2 (B).
The calibration curve is obtained representing the slopes of these curves vs the concentration of
V(V) (Fig. 3.2 (C)). Table 2 summarizes main analytical characteristics obtained for both

methods under optimal conditions.

The mathematical processing of the initial rate method is much more cumbersome than the one
needed in the fixed time method. However, for the selected reaction, the use of the initial rate
method provides some significant advantages. The fixed time method requires high reaction
times (10-15 min) to achieve sufficient sensitivity to quantify vanadium. Contrarily, the initial rate

method requires only few seconds, reducing considerably the time of analysis, i.e. from 10 min
9
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to less than 2 min. This also significantly affects the frequency of analysis, ranging from 6 h™

(injections per hour) in the fixed time method to 30 h™ in the initial rate method.

Furthermore, the initial rate method presents higher sensitivity than the fixed time, achieving
better detection limits (LOD): 0.24 pg L™ for initial rate method, and 0.33 pg L™ for the fixed time
method. The LOD was calculated as 3 times the standard deviation of the analytical signal of 10

blanks measured under the same conditions and divided by the slope of the calibration curve.

Good repeatability is obtained for both methods. The initial rate method provides a wider linear
range (0.24-75 pg L™ than the fixed time method (0.33-25 ug L™). The fixed time method linear
working range is limited by the maximum absorbance allowed by the Lambert-Beer law, i.e. 25
ug L™ of V(V) reach 1.1 AU. This can be explained taking into account that using the fixed time
method the reaction takes place in a larger extension (10 min or more) than in the initial rate
method (1-2 min). Thus, given the higher frequency of analysis, working range and better limit of
detection of the initial rate method, it was selected for vanadium quantification in real samples.

There are previous works determining vanadium through its catalytic effect [7-9, 24]. Thus, in
order to evaluate the advantages and competitiveness of the proposed methods, their
characteristics have been compared with those obtained by other similar analytical methods
currently reported and summarized in Table 2. Forteza et al [13] and Fukasawa [7] developed
two methods based on the same reaction proposed in this work, with thermometric and
colorimetric detection, respectively. Fishman et al [24] also proposed a similar method but using
persulphate as oxidant. These methods were not automated and required long time of reaction,
what precludes their application in routine analysis. The Chip-MSFIA method proposed in this
work is the first work in which this reaction has been automated resulting in a fast, sensitive and

precise method for vanadium quantification in natural samples.

This monolithic device is very compact which reduces the dimension of the designed manifold
reducing significantly sample and reagent consumption and consequently the cost of analysis in
comparison with batch variants [7,13] . For example, Fukasawa et al used for each injection:
2500 pL of sample, 180 umol of gallic acid and 2304 umol of bromated and Forteza et al used
for each injection: 1000 uL of sample, 500 umol of gallic acid and 3500 umol of bromated. In our
method, the sample and reagent consumption for each injection is 80 pL of sample, 11.2 pmol
of gallic acid and 50.4 umol bromated for initial rate method; and 30 uL of sample, 3.1 pumol of

gallic acid and 14.0 umol bromated for fixed time method. Moreover, the chip was made of
10
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polimethyl-methachrylate, thus it is chemically and mechanically inert for the proposed reaction
at working temperature, allowing an infinite number of injections without visible deterioration of
the chip. Furthermore, the chip material allowed ease of cleaning and no cross-contamination

was observed.

Other authors have reported automated analytical methods with FIA based on similar reactions
[8, 9, 25, 26]. Some of these methods [8, 25] present very low LODs, however they need a very
high temperature for the reaction (60°C and 105 °C), which involves more sophisticated and
expensive instrumentation, and the risk of bubble generation inside the flow tubes. Oguma et al.
[26] proposed a FIA system based in xylenol oxidation in acid media, which worked at room
temperature, but lower sensitivity (LOD: 10 pg L™), working range and sample throughput (19 h°
1y were achieved in comparison with the proposed CHIP-MSFIA system (30h™ for initial rate).
Moreover, benefits of using a chip instead of classical flow systems are the compactness of the
whole system what leads to simpler configurations and the reduced size of the channels leads
in lower reagent and sample consumption resulting in a lower cost and environmental impact

per analysis.

3.5 Interferences

The selectivity of the method was assessed by studying the effect of various ions on the
catalytic determination of 2.5 pg L™ of vanadium (V). The ions studied and their tolerance levels

are summarized in table 3.

It has been reported that some ions, such as Fe(lll), Cu(ll), and Mo(VI), can affect the reaction
between gallic acid and BrOs catalyzed by V(V) [7, 10, 13]. The effect of these ions on the
catalytic reaction was studied. Both methods were evaluated. The tolerance level was defined
as the interference that yielded a relative error less than or equal to £10%. Using the fixed time
method the tolerance levels obtained for Cu(ll), Al(lll) and Mo(VI) (1, 20, and 0.5 mg L™,
respectively) were generally higher than the concentrations reported in natural waters (10, 200,
and less than 5 ug L, respectively) [27]. However, for Fe (l1l) the found tolerance level (400 pg
L™) was lower than the usual concentration in natural waters (1000 pg L™, [27]). This fact can
affect the applicability of the fixed time method for water samples containing Fe in a
concentration equal or higher than 400 pg L™. The use of masking agents such as fluoride,
EDTA, and cationic membranes were not effective since the analytical signal was also

suppressed. Regarding the initial rate method, all interferences had a reduced effect. This

11
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reduced effect may be due to the difference in the kinetic reaction catalyzed by V(V) and
kinetics of the interferences reaction. This also reaffirmed choosing the initial rate method for

vanadium quantification.

3.6 Method validation and application to natural samples

Frequently, samples are preserved in strong acid media until measurement. In consequence,
the influence of sample pH in the reaction was evaluated. Fig. S3, in supplementary material,
shows the effect of sample pH in the analytical signal. At sample pH lower than 1 a strong
increment of the analytical signal was observed. Consequently, samples conserved with 2% of

HNO; were neutralized before their measurement.

Validation of the proposed method was performed using the three methodologies known for this
objective [28]: the analysis of a reference material, the use of a reference method with different
physicochemical grounds, and the add-recovery test. The t-student test was employed to
evaluate the significant differences between the means compared at the 95% confidence level
for three replicates. Results are shown in table 4 together with other samples characteristics

such as the content of Fe.

A wastewater reference material SPS-WW?2 was analyzed with the proposed CHIP-MSFIA. The
t-test for comparison of means revealed that there were no significant differences at the 95%
confidence level between the certified value and the results obtained with the proposed method
(t- test: 0.4 < 2.96). Well water samples were analyzed with the proposed method. To estimate
the matrix effect on the analytical response, samples were spiked with three different volumes of
V(V) standard, i.e. 5, 10 and 25 pg L™ (add-recovery test). Satisfactory recoveries, in the range
from 94 % to 102 %, were obtained for all samples. These results demonstrate the applicability

of the proposed method to determine V(V) in these kind of matrices.

Furthermore, the method was also validated by making a comparison with a reference method.
Samples and spiked samples were measured by ICP-AES [23]. All well water samples showed
V(V) concentrations close but below the LOD (4 pg L™) of the reference method. The LOD for
the reference method was calculated as 3 S,/P, where S, represents the standard deviation of
the signal from the 10 x reagent blanks and P measures the slope of the fitted line of the

calibration curve. This highlights the advantage of our method in front of the ICP-AES technique

12
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for V(V) determination in terms of sensitivity. Moreover, no significant differences were found
between the results obtained with the proposed and the reference method at 95% confidence
level (t- test: 0.4-1.9 < 2.92). However, for three of the spiked samples (well water 1 +25 ug L™,
and well water 2 and 3 + 10 pg L™) with t-values (3, and 3.3) higher than 2.92 but lower than

6.965 which corresponds to 99% of confidence level.

4, Conclusions

In this paper a CHIP-MSFIA system allowing the automation of a catalytic-kinetic method for the
determination of V(V) in water samples is presented. The proposed microfluidic chip driver
incorporates a thermostated detection cell. This configuration made possible the automation of
the initial rate method at controlled temperature, what lead to significantly increase the sampling
throughput and the sensitivity of the method, improving the limit of detection in more than an
order of magnitude in comparison with the ICP-AES LOD for vanadium. Finally, the validation of
the method demonstrated the effectiveness of the CHIP-MSFIA system for automating kinetic-
catalytic methods and the applicability of the proposed method in the determination of V(V) in
natural waters. The method was satisfactorily applied to well water samples and to a waste
water reference material. Also the high reproducibility obtained when analyzing a complex
sample matrix like wastewater confirms the appropriate trueness of the proposed method. Thus,
the proposed CHIP-MSFIA initial rate method presented is a fast, low-cost, sensitive and robust

tool to monitor V(V) in natural water samples.
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Table 1.1 Analytical procedure for the determination of Vanadium with the fixed time method

Page 16 of 25

Steps Device * Operation ** Comments

1 MS Pickup 0.040 mL at 0.750 mL/min Syringes refilling
[1-Off 2-Off 3-Off 4 Off 5 Off]

2 MS Pickup 0.030 mL at 0.750 mL/min Sample aspiration
[1- Off 2- On 3-Off 4-Off 5-On]

3 MS Dispense 0.010 mL at 0.750 mL/min  Overcoming syringe pump
[1-Off 2-Off 3-Off 4-Off 5-0ff] backlash

4 MS Dispense 0.010 mL at 0.750 mL/min  Dispense sample to chip
[1- Off 2- On 3-Off 4-Off 5-0ff]

5 MS Dispense 0.039 mL at 0.500 mL/min  Mixing of sample with both
[1- Off 2-On  3-On 4- On 5-0Off] reagents

6 MS Pickup 0.184 mL at 2 mL/min Syringes refilling
[1-Off 2-Off 3-Off 4-Off 5-0ff]

7 Wait Wait 600 s Reaction time

8 MS Dispense 0.010 mL at 0.750 mL/min  Overcoming of syringe pump
[1-Off 2-Off 3-Off 4-Off 5-0ff] backlash

9 D Start measure with 3.3 Hz:
Absorbance difference: 384 nm Measure absorbance when

10 MS Dispense 0.300 mL at 0.750 mL/min  dispensing the reaction
[1- Off 2-On 3-Off 4-Off 5-0fff  Mixture towaste

11 D Stop measure

15
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1

2

2 Table 1.2 Analytical procedure for the determination of vanadium with the initial rate method

5

6 Steps Device* Operation** Comments

2

8 Start measure with 8.5Hz: Absorbance measurement

20 1 D Absorbance difference at 384 nm — during expulsion of reaction

g 512 nm product to waste

ﬁ, 5 MS Pickup 0.040 mL at 1.224 mL/min Overcoming of syringe pump

15 [1-Off 2-Off 3-Off 4-Off 5-Off] backlash

16

17 Pickup 0.080 mL at 0.750 mL/min o

18 3 MS Sample aspiration

19 [1-Off 2-On 3-Off 4-Off 5-On]

3(1) 4 MS Dispense 0.010 mL at 3.000 mL/min Overcoming of syringe pump

2:2% [1-Off 2-Off 3-Off 4-Off 5-0ff] backlash

24 Dispense 0.020 mL at 3.000 mL/min . _

25 5 MS Dispense sample to chip

26 [1-Off 2-On 3-Off 4-Off 5-0ff]

27

28 . _ Mixing sample with both

29 Dispense 0.140 mL at 0.750 mL/min .

30 6 MS reagents and filing the
[1- Off 2-On  3-On 4- On 5-0ff] _

31 detection cell.

32

33 Pickup 0.410 mL at 2.400 mL/min _ o

34 7 MS Syringes refilling

35 [1-Off 2-Off 3-Off 4-Off 5-Off]

36

37 Loop A

38 . . .

39 D Read OceanOptic save in “Abs” Reaction time and recording of

40 o the absorbance signal each 5 s

41 8 Mark “Abs saving it as a variable to

42 : facilitate the data process of the

43 Wait 5 initial rate method.

jg End Loop Repeat 14 times

46 i i

47 o MS Dispense 0.360 mL at 2.000 mL/min Eject the reaction product to

48 [1-Off 2-On 3-Off 4-Off  5-Off] waste and clean the chip.

49

50 1 D Stop measure

g; * D = Spectrophotometer USB 2000, MS = Multisyringe pump

53 ** All volumes and flow rates refer to the size of syringe 1 (water, 1 mL). For syringe 2, used for

54 sample, volumes and flow rates are fivefold more.

55

56

57

58

59
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Table 2 Figures of merit and experimental characteristics of catalytic spectrophotometric vanadium determinations. Comparison with

similar reported methods

Ref. Reaction System Method LOD Working Range RSD T injection samples
wg L™ wg L™ (%)  °C h™
[7] Gallic acid+BrOg’ Batch fixed-time 12min 0.5 10-25 10 30 -
[13]* Gallic acid+ BrO3 Batch Initial rate 2.5 2.5-25 2 Steel
[24]  Gallic acid+S208  Batch f'Xed'“r:,l”if] 30-60 44 0.1-8.0 25 natural water
fixed-time 100s 200 200-7200 1.9 34h"
[9] 3,3’ DMN? +H" FIA well and river water
fixed-time 235s 0.032 40-1500 2.3 60 12 h™
[8] N,N'BHOST’+BrO;’ FIA 0.008 0.01-3 1.6 60 30h” natural water
[25] P-anisidine+ BrO3’ FIA fixed-time 370s 0.038 0.1-2 0.8 105 20 h™ drinking water
[26]  Xylenol orange+H™  FIA 10 400-5000 2.4 1gpt  Synthetic solution and
mixtures
fixed-time 10min 0.33 0.33-25 2 40 6h™ -
Present Gallic acid+
’ MSFIA
work BrOs initial rate 2min  0.24 0.24-75 3 40 30h® well water and

waste water

4 3,3’DMN, 3,3" dimethylnaphtidine.

® N,N'BHOST, N,N"-bis(-hydroxyl-3-sulfopropyl)-tolidine.
*This method used thermometric determination

17
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1

2

2 Table 3 Interferences tolerance for kinetic-catalytic determination of V(V) using the automated with the
5 CHIP-MSFIA system

6

; Metal tolerance level Metal concentration in underground waters

9 Interferences . .

10 (Mg L) (Mg L)

11

12 Al(lI) 20000 200 °

ﬁ: Cu(ll) 1000 10°

15

16 Mo(VI) 500 <5

g Fe(lll) 400 1000 ®

e i 50 18"

21

2:23 a- Concentrations of metals found in groundwater in Palma de Mallorca.

gg b- Values set by the World Health Organization [27]

26

27

28

ég Table 4 Vanadium guantification in water samples

31 Sample Added Found Recovery Reference t-test Fe
> (ug L) (ug L) % method (g L)
24 well water 1 0 1.48+0.05 <LOD 0.3
35 5 6.5+0.5 100% 6.1+0.5 1

36 10 11.4+15 99% 10.5+0.6 0.9

gg 25 27.00.7 102% 25.7+0.3 3

39 well water 2 0 1.24+0.01 <LOD 27.9
40 10 10.68+0.07 94% 9.0+£0.5 3.3

41 25 25.6+0.7 98% 25.3+0.6 0.6

ph well water 3 0 1.37+0.04 <LOD 38.9
44 5 6.4+1.2 100% 5.9+0.6 0.6

45 10 10.9+0.2 96% 9.7+0.6 3.3

j? 25 26.6+1.9 101% 26.2+0.6 0.4

48 well water 4 0 1.20+0.01 <LOD 3.4
49 5 6.2+0.2 100% 5.20+0.06 0.7

22 10 10.6+0.4 94% 10.2+0.8 0.9

50 25 26.0+0.4 99% 25.2+0.5 1.9

53 ref(SPS) waste 501.1+0.6 *500 + 3 0.4 5000
54 water

55 *This value corresponds with the value reported for the certified reference material (SPS- waste
g? water sample)

58 18
59



©CoO~NOUTA,WNPE

Analytical Methods

Figure Caption

Figure 1. MSFIA system for the spectrophotometric determination of V(V); V1-V5: solenoid valves, HC:
holding coil, D detector, A and B: optical fibers which transport the light from the lamp to the detector, C:
flow detection cell.

Figure 2. Result of the variation in 10% of the optimum values of the most significant parameters using
the initial rate method. (A): Variation of the concentration of gallic acid, (B) pH variations and (C) Variation

of the bromate concentration.

Figure 3.1. (A) Peaks profile obtained for a calibration curve of different concentrations of V(V) using the
fixed time method, plotting absorbance vs time. (B) Calibration curve obtained for this method, plotting the
average of four replicates of absorbance vs [V], error bars are included, RSD<1% for each point of

calibration curve.

Figure 3.2. (A) Peaks profile obtained for a calibration curve using the initial rate method, plotting
absorbance vs time. (B) Kinetic curves for different concentrations of V(V), plotting absorbance vs time.
(C) Calibration curve obtained with the initial rate method, plotting average of three replicates of slope vs
[V], error bars are included, RSD<1% for each point of calibration curve. The slope is the slope of the

kinetic curve in the first 60s of reaction.

Supplementary material Figure caption

Figure S1. Pareto chart graphs obtained with the fractional factorial design (25"1) screening for studied
factors: reaction time, temperature, concentration of gallic acid, concentration of BrOs;, and pH.

Dependent variable: ratio of response signal of a standard of 25 ug L™ of V(V) and Blank. (25 pg L™ / BL).

Figure S2. Desirability graphs obtained with the central composite design for factors: gallic acid, bromate
and reaction time. Dependent variable: ratio of response signal of a standard of 25 pg L™ of V(V) and
Blank. (25 pg L™ / BL).

Figure S3. Effect of sample pH in the analytical signal. Optimal conditions, 0.08 mol L™ of gallic acid, 0.36

mol L™ of BrOg’, 140 pL of sample, 0.75 mL min™ flow rate and a reaction time of 2 minutes at 40 °C.

19

Page 20 of 25



Page 21 of 25 Analytical Methods

Figure 1:
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Figure 2:
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Figure 3.1:
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Figure S1
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Figure S2.

Profiles for Predicted Values and Desirability
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