In situ monitoring of environmental water quality
using an autonomous microfluidic sensor.
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Abstract—An autonomous microfluidic sensor for phosphate in
environmental waters has been developed and assabsén
laboratory and field trials. The sensor is based onthe
molybdenum yellow method for phosphate detection invhich a
phosphate-containing sample is mixed with a reagertontaining
ammonium molybdate and ammonium metavanadate in an
acidic medium. The yellow-colored compound which igormed
absorbs strongly below 400nm and its absorbance [goportional
to the concentration of phosphate in the original ample. The
sensor utilizes a microfluidic manifold where mixirg, reaction
and detection take place. Optical detection is pesfmed using a
LED (light emitting diode) light source and a photodode
detector. The sensor also combines pumping systerppower
supply, reagent and waste storage, and wireless comanications
into a compact and portable device. Here we repothe successful
use of the sensor to monitor phosphate levels in agstuarine
environment.

monitoring is needed [3],[4]. The availability oflaw cost,
autonomous and deployable system for the detectibn
phosphate in natural waters would therefore beigfifecant
benefit to local authorities, environmental agesciand
environmental researchers by facilitating high-treocy
monitoring of multiple locations at a cost which rgore
affordable than current techniques. In particdach a system
would help achieve compliance with the monitoring
requirements prescribed by the European Union’s eWat
Framework Directive [5].

A sensor for phosphate in aqueous samples has been

developed and assessed as previously reported][6]he
system has been successfully used to monitor phtspdvels
in water discharged from a wastewater treatmenitpta Co.
Kildare, Ireland [8]. The sensor is based on thdybdenum
yellow method for phosphate detection in which agphate-

containing sample is mixed with a reagent contginin
ammonium molybdate and ammonium metavanadate in an
acidic medium. This results in the formation of
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l. INTRODUCTION(HEADING 1)

Eutrophication of environmental water bodies
significant problem in many regions, occurring dte
excessive inputs of phosphate and other
Anthropogenic sources of phosphate pollution
agricultural runoff (fertilizers, animal wastes)eated and
untreated municipal wastewater discharges, and stridl
sources [1]. Currently, monitoring for phosphateels in
natural waters is generally performed use manualpBag
procedures in which a sample is collected and metlito a
laboratory for analysis using standard techniqueh s the
molybdenum blue method [2]. While this approachldge
reliable and accurate results (assuming that theedo
sampling, storage and analysis protocols are adhee the
associated high manpower costs mean that monitagngbe
performed at only a limited number of locations atch low
frequency. Sampling frequencies of 4 to 12 samprsyear
are common, with obvious potential for significgrdllution
events or natural fluctuations to escape detection.

In situ monitoring of phosphate has shown that this kihd o

‘snap shot’ monitoring is not adequate to assesls or to
classify a particular waterway and that high terapogsolution
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vanadomolybdophosphoric acid, a yellow-colored coumgl
which absorbs strongly below 400nm. The absorbaridbe

is acompound is measured using a LED (light emittingdd) light

source (370nm) and a photodiode detector. Miximgction

nutrienteind detection take place within a custom-designed a
inelud fabricated microfluidic chip. The system also camtathe

components required for sampling, calibration, eger and
pumping of the various solutions, power supplyadstbrage
and wireless communications.

In this paper we report the successful use of émsa to
monitor phosphate levels in an estuarine environmerco.
Dublin, Ireland during two separate deployment qsi in
September-October and October-November 2009.

Il.  SENSORDESIGN AND OPERATION

The design of the analyzer has been described tal de
elsewhere [9] and is summarized here. The systemaics
polyethylene bags for storing the reagent, calibnasolutions
and cleaner, a sample port for collecting andrfiige the water
sample to be analyzed, and an array of solenoidppufor
pumping the required liquids through the microfiaicthip.
The sample port holds a polyethersulfone membritee fith
0.45 um pore size, which prevents particulate métiam



entering the microfluidic system. The microfluidibip allows
for the mixing of the reagent and sample. The calgo
presents the reacted sample to a LED and photodardan
absorbance measurement. The analyzed sample ipuhgred
to the waste storage. All of the fluid handling aamthlytical
components are controlled by a microcontroller thio
performs the data acquisition and stores the data flash
memory unit. A GSM (Global System for Mobile
communications) modem is used to communicate tke \da
the SMS protocol to a laptop computer. The complete
integrated system is shown in Fig. 1.

The microcontroller used to control the system lig t
MSP430F449 (Texas Instruments). This was choseitsftow
power consumption during operational and sleep made
megabyte SPI flash chip mounted on the PCB with thg
microcontroller allows for 16,384 data points tolbgged. The
solenoid pumps and the power to the GSM modem a
controlled via an array of field effect transistFETs). Power
is provided by a 12 V, 7Ah lead acid battery. A {aliode
(S1227-33BR, Hamamatsu Photonics UK  Limited,
Hertfershire, UK) and a 370nm LED (NSHUS550E, Nichia
Corporation, Tokushima, Japan) are used for therbbace
measurement. A transimpedance amplifier circuiebdasound
a TLV2772 operational amplifier (Texas Instrumerissused | . '
to condition the signal from the photodiode. Thisuit is built Fig. 1. The prototype phosphate analyser systenEl€ttronics board. (2)
on a separate board close to the microfluidic ckfigreby GSM modem. (3) Microfluidic chip / detector asseynfilhe battery, storage
limiting the noise on the signal from the photodio@ihe entire bottles, and solenoid pumps are contained withéndtver part of the case.
system is enclosed within a robust and portable ¢4430
Case, Peli Products, Barcelona, Spain) which iewatnd air-
tight when closed.

The function of the microfluidic chip is to mix tleample,
blank or phosphate standard with the reagent apdetgent the
resulting mixed solution to the LED and photodiode
spectrophotometer. To this effect the chip contairns-Mixer
and a micro-cuvette. To ensure mixing at a 1:orathannels
leading from the inlets to the T-mixer are of eqiealgth and
cross-sectional area. This ensures that the fluiBtstance is
equal for all channels leading to the T-mixer. fded that the
solutions to be mixed are injected at equal pressuey will
have equal flow rates when they meet at the T-Mared will
thus mix at a 1:1 ratio.

The microfluidic chip design is shown in Fig. 2.€Tthree
layers were fabricated using a CNC micro-mill (CAD-M6,
DATRON, UK) from PMMA (poly methyl-methacrylate)
sheets (Radionics, Ireland). The layers were tlgnicated in
distilled water to remove debris from the machinprgcess.
To assemble the chip the mating surfaces are atedliwith
UV light at 185 and 254 nm. This process made tifase of
the normally hydrophobic PMMA hydrophilic which as
them to be bonded below the glass transition teatper of
PMMA [10]. The layers were aligned and assembleitigus
2mm steel dowel pins placed in alignment holeh@édorners.
The assembled chip put under pressure using G-slang
heated to 80° C for 2 hours. 0.8 mm inner diameEeEK
tubes are inserted into the inlet holes as intereots.

Forward
Chamel

Fig. 2. (a) Exploded view of the microfluidic chifp) Side view of fully
assembled chip showing the micro-cuvette.



Fig. 3. The phosphate sensor in situ during tla atiBroadmeadow
Water, Co. Dublin, Ireland in September 2009. Tarae inlet is visible
below the water line.

Following a laboratory-based calibration proceduites

sensor was placeth situ at Broadmeadow Water in Co.

Dublin, Ireland on 25 September 2009. This is amusBe
water body which is known to have significantly velted
nutrient levels due to a combination of inputs fragricultural
sources and wastewater treatment plant dischaftpessensor
was located at a small islet in one of the estehgnnels and
held in place using a steel anchoring device. Aswvlas a tidal
location, the GSM modem antennae was located @uthie
box and elevated above the high-water mark to ensomstant
network coverage, as the sensor enclosure itsedf fuly
immersed at high tide. The sensor operated witliyr@ample
frequency, and data was transmitted by the GSM monte
SMS (Short Message Service) mode to a laboratesgéeba
laptop computer at 5 hour intervals. For validatpmrposes,
daily manual samples were collected as close asilpego the
sensor’'s sample inlet, and timed to coincide wlith $ensor’s
sampling time. Samples were filtered immediatelyd a
analysed using a Hach-Lange DR890 portable coldeinmsnd
the appropriate reagent pack (amino acid methodhigh-
range phosphate).

lll.  RESULTS

Figure 4 shows the sensor’s output over the traiog.
The sensor performed 236 measurements during thedpe
guestion with a distinct daily pattern of variatievhich is
ascribed to tidal influences in the estuary. Thasee was
located within 100m of a wastewater treatment plaurifall
and changing tidal levels would significantly affélce degree
of dilution which the wastewater discharges weigjext to at
a given time. Fig. 4 shows that there was genergtipd
agreement between the phosphate concentrationsiredasy

the sensor and by the validation method. Some efisticies
were observed, as shown in Fig. 5, and resultirey relatively
low correlation coefficient (B of 0.699.
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Fig. 4. Phosphate concentrations measured durinfir¢ trial period by the
sensor and by manual sampling.
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Fig. 5. Sensor output plotted as a function of phate concentration as
measured by analysis of manually collected samples.

Figure 5 suggests that a high degree of correldiween
sensor output and standard sampling-based appatie be
difficult to achieve in sensor deployments. Therekation
coefficient (R) of 0.699 indicates that significant discrepancies
existed between the two datasets, despite the symuis
collection of manual samples from as close to #eser inlet
as possible. Possible sources of error in the selada include
the small volume (22 pL) of the sample used in dsay,
which may be less representative, at a particulament in
time, of the general water body than the 250 mL p@am
collected manually. Possible sources of error ia mhanual
sampling data include minor inaccuracies in themamolume



used for analysis (25 mL), or in the volume of teagent
solutions (ammonium molybdate solution and amindd ac
solution, 1 mL in each case). Perhaps more sigmifig,
differing interfering species for the two methodsuld also
give rise to some discrepancies. The molybdenunowel
method used in the phosphate sensor is subjentddarence
by dissolved organic substances with light absonpin the
UV region. This was unlikely to be a significanttiar in this
study as after filtering to remove suspended sobdiswater
samples were observed to have good optical clavitly no
significant colour. Silica (Si), arsenate (ASD and ferrous
iron (F€" are other potential interferants with the
molybdenum yellow method [11].
however, are mainly of concern when the reactidmeisted to
provide faster reaction rates, which was not theeda this
study, and ferrous iron does not interfere at cotraéions
below 100 mg/L. Potential interferants for the amiacid
method include (N3, nitrites (N@) and sulfide (3) [12]. The
estuarine location used in this trial is a compdexl dynamic
water body, affected by tidal fluctuations and gn#icant
point source of phosphate and other nutrients ewaster
treatment plant discharge). Altering levels of thegerferants
over time therefore have the potential to causeremncies
between the sensor data and manual measurements.

Discrepancies  between  standard,
approaches to water quality monitoring and senaset
approaches clearly represent a barrier to wideakepof sensor
technologies. However, despite these consideratitiesdata
shown in Fig. 4 clearly illustrates a key advantaifethe
deployable monitoring system. The more frequenssedata
showed regular variations in phosphate levels dutire trial
period which were not captured using manual samplaven
with daily manual sampling, which is not likely tbe
practicable in larger-scale monitoring procedur&ge sensor-
based monitoring is therefore more likely to idnshort-term
pollution events, as well as providing high-resiolotdata over
long timeframes which can provide valuable inforigabn the
long term trends for the analyte.

After 8 days of successful operation, the initighltwas
terminated due to clogging of the membrane fileisbdiment
which had collected around the sampling port. Tevent this
problem from recurring, some alterations to the garg port
design, and the sensor was deployed close to thmairsite
but at a location with lower susceptibility to saent build up
of on the bed of the channel. Approximately 480 sneaments
were carried out during this second trial perioduFe 6 shows
that the performance of the system during the sktdal was
generally similar to that obtained in the firsatrperiod, with
phosphate levels generally varying between 2 amg)/&., with
lower and higher levels observed on a number ofsioos.
From 07/11/2009, the data became erratic, resuitinghe
termination of the trial. Subsequent investigatishewed that
these erroneous data points were caused by a ybaitic
obstruction in the line delivering reagent to thenafluidic
chip. In future this possibility will be eliminatday filtering all
reagent and calibration solutions. Fig. 7 showst ttiee
correlation between sensor output and analysis ahual
samples was improved relative to the first trialiqe (Fig. 5)
with R? of 0.908.
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Fig. 6. Phosphate concentrations measured duringettond trial period by the
sensor and by manual sampling.
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Fig. 7. Sensor output plotted as a function of phate concentration as
measured by analysis of manually collected samples.

The results obtained in this study show that theect
system represents a viable method for
environmental water quality using a low-cost, aotoous
sensing device. Further development of the systeongoing
in collaboration with an industrial partner, andsthvork is
focused on optimizing system performance and riditisband
significantly reducing the fabrication cost, poveensumption

and size of the prototype device so as to provide a

commercially viable monitoring system.
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