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The analysis of soluble reactive phosphate (SRP) in water is key to control water quality. In
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order to continuous monitor orthophosphate content in water during treatment processes and in
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the effluents of wastewater treatment plants, conventional procedures, usually performed in a
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laboratory, must be adapted. This means pursuing efforts on miniaturizing systems to operate in
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situ and automating analytical methods to work on-line. The design, construction and evaluation

w W W
N~ O

of an automatic and low cost cyclic olefin copolymer (COC)-based spectrophotometric
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microanalyzer, capable of operating in unattended conditions, is presented to monitor soluble
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reactive phosphorous, as orthophosphate ion, in wastewater samples coming from sewage
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treatment plants. The microsystem, constructed by CNC micromilling and using a multilayer
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approach, integrates microfluidics to carry out the phosphomolybdenum blue (PMB) reaction
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and an optical flow-cell for the spectrophotometric orthophosphate determination in a single
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polymeric substrate smaller than a credit card. It is connected to a compact optical detection
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system composed by a LED emitting at 660 nm and a PIN-photodiode, both integrated in a
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PCB. Flow management is automatically performed by programmed microvalves and
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micropumps, which control autocalibration processes and allow unattended operation.
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Analytical features after the optimization of the microfluidic platform and the chemical and the
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hydrodynamic variables, were a linear range from 0.09 to 32 mg L' P and a detection limit of
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0.03 mg L' P with a sampling rate of 24 samples h™!, demonstrating the microanalyzer
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suitability for SRP monitoring in water. Moreover, real samples were analyzed obtaining

promising results.

Keywords: Lab on a chip, Environment, Miniaturization, Phosphorous, Wastewater, Optical

detection.

1. Introduction

Phosphorous is one of the most important parameters to analyze in water quality control of
aquatic ecosystems [1,2]. The special monitoring interest lies on the fact that it is a limiting
nutrient for the growth of some algae, plants and bacteria, so that, an excess of dissolved
phosphorous in water causes the so-called eutrophication [3—5]. This is characterized by an
excessive development of biomass, which means a fast consuming of oxygen present in the
medium causing among others the reduction of diversity, fish death, decreasing water
transparency, taste and odor problems, increasing water treatments costs, interfering of
recreational uses (swimming, boating, fishing, etc.) and the possibility of toxic or inedible algal
blooms. All these facts cause a drastically reduction of water quality and could be a risk for
human health [4,6]. In general, levels above 0.1 mg L' P indicates a severe eutrophication [7].
Phosphorus reaches wastewater treatment plants (WWTP) through the influent streams coming
from both domestic and industrial wastewater at concentrations that must be removed for the
protection of the receiving waters. Different phosphorus species, both dissolved and particulate
forms, can be found in aquatic ecosystems. The fraction of soluble reactive phosphorus (SRP),
composed mainly by orthophosphate, provides an estimation of the more readily bioavailable
amount of phosphorus. Typical phosphorous content in municipal wastewater can range from 4-
25 mg L' P, while legal orthophosphate concentration in discharges of WWTP range from 0.1
mg L' P in sensitive water bodies to 2 mg L' P in rivers or sea [7-10]. Thus, monitoring SRP
during the treatment processes and in the effluents of WWTP allows verifying that the amount

of phosphorous will not produce eutrophication in the receiving environment.
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There are different automated analytical systems based on continuous flow methodologies and
different detection techniques capable of determining orthophosphate in water, such as visible
and fluorescence spectrophotometry, atomic spectrometry and electrochemistry, among others
[2,11-15]. The spectrophotometric determination of phosphomolybdenum blue (PMB)
complex, is one of the most commonly used standard methods for this purpose [2,16]. It
consists in the reaction between orthophosphate and molybdate to produce 12-
molybdophosphoric acid (12-MPA) in an acidic medium, which is then reduced to a PMB
complex by means of ascorbic acid. PMB shows a broad absorption band ranging from 600 to
900 nm [16—18]. Most of the automated systems based on the PMB reaction present some
advantages regarding other methods, such as a relative short analysis time, low sample and
reagent consumption and good reproducibility of the measurements. However, they are
characterized by narrow working ranges, which limits their capacity to determine
orthophosphate concentrations at the different stages of a WWTP, sometimes require skilled
personnel for calibration purposes and, mostly all are high volume and weight equipment that
cannot operate in field. [18-27]. In this sense, miniaturization of analytical systems to the so-
called micro Total Analysis Systems (LWTAS) can overcome these drawbacks [28,29]. In
addition, the implementation of flow management systems based on multicommutation and
multipumping techniques, using micropumps and microvalves, permits to fulfill the required
miniaturization as well as the automation of the whole experimental setup thus, enabling

autocalibration and autosampling [11,30].

The main component of a uTAS is a microfluidic platform which integrates all the different
analytical operations in a single substrate. Polymer technology, and in particular Cyclic Olefin
Copolymer (COC) technology, offers great advantages over other fabrication techniques and
materials (glass, silicon or ceramics). Regarding material properties, COC shows good
transparency in the UV-Vis range, good mechanical and chemical resistance and high

biocompatibility. As for fabrication technology, it allows easy prototyping, low cost production,
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and the ability to easily obtain sealed multilayered devices without the need for adhesives [31-

33].

Detection systems must be also miniaturized to improve portability. The use of light-emitting
diodes (LEDs) and small but sensitive detectors such as photodiodes, allow reducing the whole

experimental setup dimensions compared to the conventional optical equipment. [34,35].

Herein, we propose a portable, automated, and compact experimental setup to determine SRP as
orthophosphate in wastewater samples. This equipment consists of a COC-based microanalyzer,
a miniaturized optical detection system and a flow management system, all computer controlled.
The microanalyzer integrates the required microfluidics to perform the PMB reaction and an
optical detection cell. The detection system consists of a LED and a photodiode integrated in a
PCB and the flow system is based on microvalves and micropumps programmed to allow
autocalibration and autosampling. All this grants the required features to be implemented in
municipal WWTP for SRP monitoring with a high potential for operation in unattended

conditions. To verify its applicability, different real samples have been analyzed.

2. Experimental

2.1. Reagents and materials

All reagents employed in this work were of analytical grade. All solutions were prepared in
double distilled water. Orthophosphate standard solutions were prepared by dilution using
multicommutation sequences of a previously degassed 32 mg L' P stock solution prepared from

NaH,PO4 (Fluka).

As complexing and reducing solutions, 5 mM (NH4)sM07024-4H20 (ammonium molybdate)
(Fluka) with 0.1M H,SO4 (Sigma-Aldrich) and 60 mM ascorbic acid (Sigma-Aldrich) were

used, respectively.

The microanalyzer was fabricated with plaques and foils of COC purchased from Topas
Advanced Polymers (Florence, KY, USA) in different grades and thicknesses: Topas 5013

plaques of 500 pm and 1 mm thick, and Topas 8007 foils of 25 pm thick.
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2.2. Fabrication of the microanalyzer

The fabrication of the microanalyzer is based on a multilayer approach, which is described in
detail elsewhere [36—38]. It consists in the lamination of different COC machined layers with
different glass transition temperatures (Tg). Topas 5013 plaques with Tg=130 °C were used as
structural layers and machined with the designed patterns (microchannels and flow cell) and
Topas 8007 foils with Tg=75 °C were used as sealant layers between structural layers. The
fabrication process in this case consists in four main steps: prototype design, pre-lamination
step, pattern machining and final lamination. The design of the microanalyzer was carried out
using CAD software. The microsystem was fabricated using 3 structural and two sealant layers
so that, once overlapped in the correct order provided the three-dimensional structure required
for the PMB reaction (Figure 1A). Microanalyzer dimensions were 30 x 50 x 2.5 mm, quite
smaller than a credit card, and it weighted 3 g. Microfluidics inside the microanalyzer includes
three inlets (Figure 2) and one outlet. First of all, complexing solution (ammonium molybdate in
an acidic medium) and water (as carrier solution of samples or standard solutions), converge in
a Y-shaped confluence point and get mixed along a small section of a serpentine micromixer,
which generates 12-molybdophosphoric acid (12-MPA) if the carrier contains inorganic
phosphate species (H;PO4 to PO4*). Then, reducing solution (ascorbic acid) is introduced to the
mixed stream to form the complex PMB, which develops a blue coloration along a larger
serpentine section until reaching a flow-cell, where absorbance at 660 nm is measured. The

stream is finally carried to the waste outlet.

All patterns (holes and microchannels) were machined onto the structural polymeric plaques
(previously laminated with Topas 8007 foils) by means of a computer numerically controlled
(CNC) micromilling machine (Protomat C100/HF, LPKF, Spain). The dimensions of the
microchannels throughout the microsystem were 0.8 mm width and 1 mm height before the
flow-cell and 0.4 mm width and 1 mm height after it. The diameter of the detection flow-cell
was of 4.5 mm with an optical path-length of 1 mm. The total microsystem dead volume was of

326 pL.
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COC layers alignment and final lamination was performed in a thermo-compression press
(Francisco Camps, Granollers, Spain) at 102 °C and 4 atm using an aluminum support with 4
fiducial alignment pins. Thus, the whole microsystem became a monolithic substrate with the
different layers perfectly sealed and without leakages. Finally, fluidic connectors were fixed

onto the inlet/outlet ports of the microanalyzer with a holder and screws (Figure 1B).

2.3. Experimental setup

The experimental setup consists of three main parts: the developed microanalyzer, the flow
management system and the optical detection system. The flow management system setup is
shown in the schematic diagram in Figure 2. It consists of two solenoid micro-pumps of 10 puL
per pulse (P/N 120SP1210-5TP, BiochemValve Inc., Montlugon Cedex, France), one peristaltic
micro-pump (Kamoer KP-S10DGCO0, Shanghai, China) with a customized rpm controller (TMI,
Barcelona, Spain) using Tygon® tubing (Ismatec, Wertheim, Germany) with 0.19 mm internal
diameter, and three three-way solenoid valves (161T031, NResearch, Switzerland). Teflon
tubing (Scharlab, S. L., Cambridge, England) of 0.8 mm internal diameter was used to connect
the different flow elements to the microsystem. A controller for fluid elements (Flowtest™,
Biotray, France) with its corresponding CosDesigner™ software was used in order to program
microvalves and micropumps actuation for autocalibration by multicommutation and for
automating the whole analytical procedure.

As for the detection system (Figure 3), it consists of a compact and robust optical reader for
microfluidic platforms, which was previously developed by our research group and described
elsewhere [34,35]. It is composed by a structure that holds a Printed Circuit Board (PCB) with
the optical detection electronics and an insertion port, designed with a lock and key concept.
This insertion port has the complementary shape of the microanalyzer in order to allow a perfect
alignment between the light source, the measurement flow-cell and the detector (Figure 3B).
The PCB structure integrates as a light source a Light Emitting Diode (LED) with an emission
peak centered at 660 nm (Kingbright, Taipei, Taiwan) and as a detector, a PIN Hamamatsu

S1337-66BR large active area photodiode. By means of a Data Acquisition Card (DAQ) NI
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USB-6211 from National Instruments (Austin, Texas, US), the signal generated was acquired
and transferred via USB interface, to a personal computer, where it was processed using a
digital lock-in amplifier, which increased the signal-to noise ratio and allowed working in
ambient light conditions with no alterations on the measurements.

3. Results and discussion

3.1. Design and optimization of the analytical microsystem

The main goal of this work is the development of a portable, automatic, compact and computer
controlled full experimental setup; composed by a microanalyzer, a flow management system
and a detection system; for the determination of SRP at different stages of the water purification
process in municipal WWTP. Other key features to fulfill are low cost, simplicity, robustness
and low reagents consumption, whereas analytical features such as selectivity and a large

working range in short analysis time must be also attained.

Microfluidics was designed considering previous experience to procure maximum sensitivity
and selectivity with low reagents consumption and avoiding the formation of PMB precipitate.
Flow-cell configuration was designed and optimized, following our previous works [38], by
introducing smooth-contour geometries to prevent the formation and retention of bubbles, thus
increasing the overall robustness of the microsystem avoiding distortions in the measurements.
The first section of the micromixer, where 12-MPA is formed, had a short length in order to
avoid the potential interfering effect of the silicate (the largest interfering compound of this
analytical method present in wastewater) [2]. As kinetics favors the formation of
phosphomolybdate instead of silicomolybdate [2,39], the shorter the reaction time prior the
reduction, the less interference of silicate. On the other hand, since the reduction of 12-MPA to
PMB has slower kinetics than the previous reaction (no catalyzer is employed to reduce costs,
enlarge the working range, avoid the precipitation of PMB and solve other reagents stability
problems), the length of the second section of the micromixer was larger. At a given chemical
and hydrodynamics parameters values, longer micromixers would lead to higher concentrations

of PMB and enhance the signal, but, in turn the possibility of PMB to precipitate increased,
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which could deposit on the microchannel walls or in the detection cell, causing a continuous
drift of the baseline and possible clogging. Likewise, turbidity would increase so as the optical
noise. The designed length of the micromixers assured a wide linear range and an adequate
sensitivity and robustness for the application studied although the reduction time is far from the
values necessary to obtain the maximum absorbance. Taking into account the micromixers
dimensions and the optimization of the chemical and hydrodynamic variables (explained
below), the reaction times for the complexation and reduction reactions were 3s and 12s,

respectively.

The microfluidic platform shape was designed to be inserted into the detection system based on
a lock and key concept (Figure 3), allowing a perfect alignment between the LED, the flow-cell

and the photodiode.

Different LEDs emitting at different wavelengths (between 660 and 700 nm) were tested to
follow the production of PMB, which has a broad absorption band ranging from 500 to 1100 nm
[17,18]. The best option in terms of sensitivity, working range, cost and baseline stability was

the LED with the emission peak centered at 660 nm, as it was previously reported [22].

The influence of chemical variables (complexing solution, reducing solution and interfering
compounds) and hydrodynamic parameters (flow rate and sample injection volume) on the
analytical features were evaluated using an optimization procedure for each variable
individually as a compromise between selectivity, sensitivity, baseline signal stability, linear
working range, reagent consumption, reagents stability and analysis time. For the complexing
solution, ammonium molybdate in sulfuric acid was selected according to published features
regarding sensitivity and working range [2]. Ammonium molybdate was tested at concentrations
ranging from 2.5 to 15 mM and sulfuric acid was evaluated from 0 to 0.5 M. The optimal results
were obtained using SmM ammonium molybdate with 0.1M sulfuric acid. As reducing agent,
ascorbic acid was selected as it may allow a wider working range and its cost and stability are
better than other reagents such as SnCl, [40]. The concentration of ascorbic acid was evaluated

from 5 to 120 mM. It was observed that above 30 mM, the absorbance caused by a determined
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concentration of phosphate was practically the same, however at concentrations below 30mM
the absorbance decreased dramatically. Since the reducing agent breaks down relatively easily,
it was used in great excess (60 mM) in order to prevent the decrease of the measured absorbance
in case of reagent degradation. In addition, ascorbic acid decomposes faster in acidic medium
[41] so, it was always prepared and stored at neutral pH. Thus, the stability of the reducing

solution over time was increased.

Regarding the potential interfering compounds of the PMB method, silicate, arsenate and
germanate are compounds that can produce molybdenum complexes with similar absorption
wavelength as PMB complex [2]. However, only silicate can be found in significant
concentration in wastewater. As it has been stated previously, taking profit from the favorable
kinetics of PMB complex formation in an acidic medium versus the silicomolybdate complex
and the presented microfluidic design and hydrodynamic parameters selected, this interfering
effect was minimized to an 11 % of overestimation in a 1:10 (P:Si) ratio at 3.2 mg L' P.
According to the literature [42], around 70% of the analyzed water samples have less than 10
mg L' Si, so the possible interfering effect would be less than 6 % of overestimation. Whether
samples contained higher silicate concentration or a significant interfering effect, masking
agents such as oxalic or tartaric acid could be previously added to eliminate completely the
interfering effects as it has been confirmed in numerous works [2,11,16,17,43], however, this

would increase reagent costs.

Hydrodynamics optimization was performed with different flow rates and sample injection
volumes. Flow rates between 100-500 uL min™ (for each channel) and sample injection
volumes from 50-1000 uL were tested. The optimal results were obtained using a flow rate of

400 ul min™ for each channel and a sample injection volume of 133 uL.

3.2. Flow System

The automation and miniaturization of the whole analytical system provides with great

autonomy and versatility. Monitoring SRP at different stages of a WWTP or even in threatened
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water bodies can be done under unattended conditions. In this way, it is possible to drastically
reduce costs in terms of consumption of reagents, equipment and specialized personnel.
Therefore, a computer-controlled flow management system was implemented. It is a hybrid
proposal based on multicommutation and multipumping systems, which combines solenoid
micropumps and microvalves and a peristaltic micropump, all managed with a controller
(Flowtest™), as was stated previously [44,45]. This flow management system also allowed a
programmable modulation/modification of the hydrodynamic parameters to customize the
analytical characteristics (linear working range, detection limit, sensitivity, etc.) to special or
exceptional conditions not initially foreseen, such as great variations in the expected

orthophosphate concentration.

Using a solenoid microvalve and a peristaltic micropump, an automated calibration process was
performed, preparing the different standard solutions by multicommutation dilution from a
single concentrated stock solution. Technical parameters such as the injection time (related to
the volume of injection in this type of systems), the minimum operation time of the microvalve
and the pumping system used, determine the accuracy of the dilution process. Thus, the highest
commutation speed (on/off) of the solenoid microvalve was set at 100 ms [44,46]. With this
configuration, dilution factors of 200 times the concentration of the original stock solution could

be achieved.

Table 1 shows the different standard solutions generated and how they were made from a 32 mg
L' P stock solution. With an optimized flow rate of 400 uL min™', the optimized injection time
to get the 133 pL of sample injection volume was 20 s. As an example, when a 32 mg L' P
standard solution is to be injected to the microsystem, the stock solution is introduced without
dilution during the 20 s of the injection time. On the other hand, when the 0.32 mg L' P
standard solution is injected, during the 20 s of the injection time, 2 cycles are carried out in
which the stock solution is introduced for 0.1 s (“on” position of the microvalve ) and water is

introduced for the remaining 9.9 s (“off” position of the microvalve). Valve 3 (V3, Figure 2) is

10
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only used when solutions should not reach the flow-cell, during the initial system filling or for

sample changing.

In order to verify the correct operation of the automated standard solutions preparation by
multicommutation sequences of dilution from a stock solution, the prepared solutions were
compared with hand-made standard solutions. Results showed no significant differences

between both types of standard solutions with RSD values lower than 3%.

3.3. Analytical performance

Analytical microsystem characterization was carried out by different calibrations obtained using
the automated dilution program from the stock solution of 32 mg L' P. Figure 4 shows the
obtained recorded signal for one of these performed calibrations. The obtained response
function (n = 9 and 95% confidence) was A = 0.4 (£0.2) + 3.18 (+£0.02) [P] with 7?=0.9996.
Detection limit, calculated as three times the standard deviation of the blank, was 0.03 mg L' P,
while linear working range ( limit of quantification calculated as 10 times the standard deviation
of the blank) was 0.09 to 32 mg L' P. Repeatability studies were performed by successive
injections of a 3.2 mg L' P standard solution. Relative standard deviation (n = 6, 95%

confidence) of the signal was lower than 1%.

Reproducibility between different days along 3 months using the same reagent solutions was
also determined. A mean slope of the response function of 2.99 mAU- L-mg™! (n=5) with a RSD
value lower than 6% was achieved, thus demonstrating the reproducible inter-day validation of
the microsystem and the good stability of the selected reagents. A sampling rate of 24 samples
h'! was obtained with the optimized experimental conditions. These results also showed the
robustness and the reliability of the whole experimental setup and its potential to be used in the
analysis of SRP in both wastewater samples in WWTPs and natural water samples from rivers

or lakes.

3.4. Real samples analysis

11
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Real samples collected from different sampling points of the treatment stages of a municipal
wastewater treatment plant (Guardamar del Segura, Alicante, Spain) were analyzed using the
developed microsystem in order to determine the SRP content. This phosphorus fraction is an
indicator to manage and optimize the quantity of necessary reagents for the phosphorus removal
in the different stages in WWTPs. Moreover, at the final stage it is a clear indicator of the
possible eutrophication in the receiving water bodies. There are different phosphorus fractions
that can be analyzed with the proposed microanalyzer, depending on the pretreatment that is
performed on the sample [2]. The soluble reactive phosphorus fraction (SRP) comprises all
species of inorganic phosphorus in solution after subjecting the sample to a filtration process
with a 0.45 pm pore size filter. Thus, the particulate reactive phosphorus (PRP) is removed.
SRP and PRP are the total reactive phosphorous (TRP) [2,47]. It is important to assure that the
sample to be analyzed does not contain PRP, in order to avoid alterations in the obtained results.
In this work, with the objective of simplifying the analytical process, the filtration stage was
suppressed, assuming that decantation of the PRP for 5 minutes allowed a reliable measurement
of the SRP, free of other phosphorus fractions. Since all potential sampling points in a WWTP
are located or related to deposits, pools or areas where a decantation process can be carried out,

this should not be a problem to implement the microanalyzer in routine analysis in WWTPs.

However, if other types of phosphorus fractions were required to be analyzed, different stages of
hydrolysis or digestion should be performed, which could be easily introduced into the analysis
process [2,11]. In order to verify that the decantation process was efficient to separate PRP from
SRP, the analysis of the same sample obtained by decantation and filtration was performed.
Similar results were obtained; 5.7+0.6 mg L' P (n=3, 95% confidence) in filtered samples and
5.940.3 mg L' P (n=3, 95% confidence) in decanted samples. This confirmed that the
decantation process was sufficient to determine only the fraction of SRP in that type of water.
However, further analysis with a larger set of samples should be conducted to feasibly

demonstrate this statement.

12
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Results obtained from the analysis of different samples with the proposed miniaturized analyzer
were validated by comparison with the ones obtained with inductively coupled plasma optical

emission spectrometry (ICP-OES). The obtained results are shown in Table 2.

As it can be seen, results obtained with the developed microanalyzer are not significantly
different from the ones obtained with the reference method using the paired t-test (teaic = 0.382;
tab= 1.833; teale<twp). This fact confirmed that the proposed system is useful for the
determination of SRP in a wide range of concentrations, allowing its monitoring throughout the

different stages of the WWTP (phosphorous can vary considerably from one stage to another).

4. Conclusions

A low cost and compact microanalyzer for the automated spectrophotometric determination of
SRP was designed, developed, characterized and applied to the analysis of real samples of a
WWTP. The microsystem was optimized in order to maximize operational autonomy and
lifetime and to achieve a good analytical performance, with no need for pretreatment sample
stages such as filtration, and including an autocalibration process based on the in-situ
preparation of the standard calibration solutions by a multicommutation strategy based on the
dilution of a stock standard solution. The presented set up is robust and miniaturized and
provides a fast response with low sample and reagents consumption. It allows measuring SRP
with a wider working range than other analytical systems published to date for orthophosphate
analysis in wastewater. The integration of an automatic fluid management system, based on
microvalves and micropumps, improves the automation and the miniaturization of the whole
experimental setup, making it more suitable for an unattended analysis of SRP in WWTP.
Likewise, the use of an optical reader consisting of a LED and a PIN-photodiode as an optical
detection system, where the microanalyzer can be inserted based on a lock and key concept, also

contributed to achieve these characteristics.

The analytical features of the microanalyzer meet the established requirements, being suitable as

well for remote autonomous stations to follow eutrophication processes of sensitive water
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bodies as for the online monitoring of phosphate ion in WWTPs to efficiently determine
chemical or biological reagent dosages necessary to remove phosphorus from treated water [48].
In this sense, a smart valve could be implemented so that at high SRP levels in the effluent of a
WTTP, the effluent were recirculated and not discharged to the water bodies, thus avoiding the

ecosystem hypernutrition that could trigger specific episodes of eutrophication.
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Tables

Table 1: Multicommutation dilution sequences to generate the different standard solutions from

a 32 mg L' stock solution.

Standard solution Total injection Time on Time off Times
(mg L) time (s) soll(lsttl?);l)( o vaten ©) Cyeles  giluted
32.00 20.0 20.0 0.0 0 0
16.00 20.0 0.1 0.1 200 2
8.00 20.0 0.1 0.3 40 4
3.20 20.0 0.1 0.9 20 10
1.60 20.0 0.1 1.9 10 20
0.80 20.0 0.1 3.9 5 40
0.32 20.0 0.1 9.9 2 100
0.16 20.0 0.1 19.9 1 200

Table 2: Mean concentration values in mg L' (n=3, 95%) from the analysis of orthophosphate

ion in wastewater samples using the proposed microsystem and the reference method.

Sample  Microsystem ICP-OES % difference

1 0.6+0.2 0.5 20

2 23+2 254 -9

3 3.8£0.3 4.04 -6

4 19+1 19.3 -2
5 51+0.5 4.95 3
6
7
8
9

32+£2 31.1 3
57+0.6 59 -3
32+04 3.22 -1

31+2 30.1 3
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Figure captions

Figure 1. A: Design of the prototype layers. Layers “a” and “b” are Topas plaques of 1mm,
layer “c” is a Topas plaque of 500 um thick. Layers “a” and “c” have a Topas foil of 25 um

previously laminated before their machining; B: Picture of the final device: a) Fluidic

connections; b) Microfluidics; ¢) Flow-cell.

Figure 2: Schematic diagram of the experimental set-up including flow management system,
microfluidics and optical detection system where: a) reducing solution of 60 mM ascorbic acid,
b) complexing solution of 5 mM ammonium molybdate in 0.1 M H,SOys; ¢) sample; d) H>O; e)
stock solution; W: waste outlet; Vi: three-way solenoid microvalve; PP: peristaltic
micropump; SPy: solenoid micropump; C: controller for fluidic devices; D: data acquisition
card; 1) LED at 660 nm; 2) detection flow-cell; 3) PIN-photodiode. Solid lines are fluidic

connections and dotted lines are electric connections

Figure 3. A: Picture of the microdevice while inserted in the optical detection system: a)
microanalyzer; b) lock-and-key insertion port; ¢) LED at 660 nm; d) PCB with the electronics
associated to the control and acquisition of the signal. B: Scheme of the lock-and-key concept
of the optical detection system: a) LED at 660 nm; b) mask with a circular hole that only allows
light to pass through the flow-cell; ¢) layer acting as lock of the insertion port; d) microanalyzer

acting as key; e) PIN-photodiode.

Figure 4. Signal recording and calibration curve for the microanalyzer using a
multicommutation dilution program from a stock solution of NaH,PO4 of 32 mg L' P per
triplicate. Obtained standard solutions were of 0 mg L™!(a), 0.16 mg L"!(b), 0.32 mg L™!(c¢),
0.80 mg L"(d), 1.60 mg L'(e), 3.20 mg L"'(f), 8.00 mg L"!(g), 16.00 mg L"!(h) and 32.00 mg

L G).



