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Abstract

Abstract. There is an increasing demand for autonomous selesices which can provide reliable data on key
water quality parameters at a higher temporal amolgaphical resolution than is achievable usingecur
approaches to sampling and monitoring. Microfluitkchnology, in combination with rapid and on-going
developments in the area of wireless communicatibas significant potential to address this dendunlto a
number of advantageous features which allow theeldpment of compact, low-cost and low-powered
analytical devices. Here we report on the develogméa microfluidic platform for water quality miaring.
This system has been successfully applied to inaitnitoring of phosphate in environmental and ewster
monitoring applications. We describe a number eftdthnical and practical issues encountered adicbsskd
during these deployments and summarise the custetus of the technology.
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1. Introduction

There is a growing need for increased monitoringwater quality across a broad range of applications
including municipal and industrial wastewaters &l &s drinking water and environmental watersgsy lakes,
groundwater and marine). This demand is fuellecgabmnge of drivers, with legislation being the mdisect
and important in many applications. For example,Earopean Union’s Water Framework Directive (WFL])
supported by a range of directives such the Urbast@vater Directive [2], the Nitrates Directive ,[B)e
Drinking Water Directive [4] and the Groundwaterr&itive [5], establishes a comprehensive basigher
management of water resources within the EU. Theipes of the WFD are to prevent further deteaitown of
and to protect and enhance the status of wateumes® and to promote sustainable water use baséahgn
term protection of water resources. To this end,Directive requires that an integrated monitopnggramme
be established within each river basin district,iolhwill enable collection of the physical, chemi@nd
biological data necessary to assess the statusfate and groundwater bodies in each such district

Reliable, high quality, and high resolution infottina about water quality is essential for water agament
and for improving the environmental quality of watesources. However, existing monitoring practiaes
unsatisfactory for a variety of reasons. Monitorimigenvironmental waters is still predominantly é&géson
manual sampling followed by laboratory analysisngsstandard techniques such as colorimetry, atomic
absorption spectroscopy, mass spectrometry andhicomatography. While this approach yields highligga
and reliable data (assuming that the appropriaitopols are followed during collection, transpasthrage and
analysis of the sample) the cost per sample isfiignt due to the manpower requirement for sangpléection
as well as the cost of analysis. This approacheasefore incapable of meeting the demand for maniaat the
much higher temporal frequencies and geograph&radities which are envisaged [6].

For wastewater monitoring, a range of online sensword analysers are commercially available, based o
colorimetric chemical detection, electrochemicaleddon or optical detection. Generally availabte single



units or a suite of units aimed at monitoring indial parameters such as phosphate, nitrate or arantbese
are also subject to a number of limitations, inglgd high cost of purchase and installation, higistcof
operation due to the significant volumes of reag@md/or standard solutions required, and varyétighility,
leading to frequent intervention by operators idlesrto clean fouled surfaces, remove blockages,uor
calibration protocols. In this sector, the key attage of microfluidics-based sensing systems idaiver cost
of purchase and operation, as well as reducedsinfreture requirements. For this reason, microitugystems
are likely to find a significant niche in the wastger sector, particularly in smaller-scale wastewtreatment
plants where the cost of conventional online systemay be prohibitive, and in alternative treatmsygtems
such as constructed wetlands [7] where mains powegr be unavailable or restricted to parts of the. Sihe
installation of large numbers of new wastewateattreent systems in developing economies also repisese
major opportunity for developers of low-cost monig systems for key parameters such as nutrients.

Since the “miniaturised total analysis system” ([B)Aoncept was introduced by Manz et al. in 1990i{8
has been recognised that the properties of migdiflor “lab-on-a-chip” systems make them eminestiytable
for the development of compact, autonomous anallytevices for a range of applications including
environmental monitoring. The advantages of micidft sensing systems can be summarised as follgws.
The small sample sizes used, typically in the pigea minimise reagent consumption and waste geoergii)
The small size of the microfluidic manifold facites the development of compact and portable acellyt
systems. (iii) Fast analysis times result from @eriing chemical analysis on the um scale, wherisidn-
based mixing can be an efficient process, allowiighh sample throughput and/or frequent measureménjs
Low-cost sensing devices can be developed by cangbmicrofluidic systems with simple, low cost dette's.
This combination of properties makes microfluidigstems highly attractive as a basis for reagentdbas
monitoring of chemical species in the aquatic envinent.

There are also drawbacks associated with operatirthe micro-scale. Using pL-scale sample sizes has
implications in terms of adequately representirgdbmplete body of water which is to be measuréds iBsue
is significantly mitigated by the higher measuretngaquency which is possible using-situ systems; for
example, by capturing short-term variations, mdéily in situ measurements which are approximately accurate
will provide more information on the levels of agat analyte in a water body than a highly accusataple-
based measurement which is only carried out at Imhprintervals. Due to the small dimensions of the
microfluidic channels, they are susceptible to kéme or interference by fine particulate mattere Tke of fine
filters at the sampling point can eliminate or miige this issue, although at the cost of limitihg analytical
parameter to the dissolved fraction of the targetcis. Issues such as these, and others includer§erence
caused by bubble formation/trapping within the mHanalytical system, have represented significantiérs to
the development and uptake of microfluidics-baseditu sensing systems. Although numerous micro-
analytical systems have been developed and thdorpgances described under laboratory conditioxanmples
of integrated micro-analytical devices which haweem successfully deployed for extended periods ruredd
environmental conditions are much scarcer. Theeefahile the development of sensing nodes for theatic
environment which are sufficiently reliable and lémv cost to form the basis of extensive wirelesssee
networks has been anticipated, realisation of ¢foial has been more difficult to achieve. The chaiés in
developing such systems include achieving adecgtatglity and reliability of the analytical systeepst and
power consumption of the integrated device, rolsgrunder harsh environmental conditions, andrfgudue
to particulate matter and microorganisms. In desi@lp an autonomous environmental monitoring device,
deployable lifetimes on the order of months to aryere desirable. Achieving such lifetimes withelgvating
the fabrication cost of the integrated system twialsle levels can be described as a key challengehe
analytical science community [9].

2. Examples of deployable microfluidic devices

A range of reagent-based analytical techniquesbeareadily implemented in microfluidic systems. Hwer,
despite rapid and on-going developments in the afemicrofluidic/lab-on-a-chip technology for cheral
analyses over the last 20 years or so, and thdfisamt requirements and opportunities which exist



autonomous environmental monitoring systems [10,fdlptively few field deployable microfluidic dexds
based on reagent chemistry have come to fruition.

One area which has seen significant progress imtagration of colorimetric methods for nutriestsch as
phosphate, ammonia and nitrate/nitrite into mieridit manifolds with light emitting diode (LED)/phadiode-
based optical detection systems. Gardolileski. [12] developed a miniaturised, LED-based chenacellyser
for in-situ monitoring of nitrate. The limit of detection (LQmvith a 20 mm path length flow cell was 2.8 mg L
1 N. The linear range could be adjusted to suitllooaditions in the field by changing the flow cplth length.
The analyser was tested in shipboard mode for magppitrate concentration in the North Sea and in
submersible mode to conduct a transect of TamarBs{England).

Doku et al. [13] developed a micro-flow injection analysis=(A) technique for orthophosphate based on
the molybdenum blue reaction. The pFIA manifold wasmed by etching of borosilicate glass, and
electroosmotic flow was used both for the mobilmatof reagents and for sample injection. A LODOdf pg
mL™ was achieved, with a rapid analysis time of 6@Gid lmw sample/reagent volume (total system voluine o
0.6 pL). Greenwayt al. [14] produced a similar pFIA system for the detigation of nitrite, based on the
Greiss reaction to form an azo dye. Following opgtation of the electro-osmotic flow characteristigsaction
chemistry, and injection time, a LOD of 0.2 pmot was achieved. A further progression of this wodswo
incorporate a cadmium reduction column within tleeide. This allowed for the analysis of nitrateniater, for
which a LOD of 0.51 pmol £ [15] was achieved. Daridon et al. [16] investigatke Berthelot reaction for the
determination of ammonia in water utilising a mitwalic device consisting of a silicon chip betwe®m glass
plates. The pathlength in this device was 400 d,the integrated system comprised fibre opticplealito an
LED. High aspect ratio channels (30 um wide x 2&Ddeep) were used for sample/reagent mixing inrchale
achieve efficient diffusional mixing.

Azzarro et al. [17] described an automatic colotimeanalyser prototype (MicroMAC FAST MP3) for kg
frequency measurement of nutrients in seawaters Blgstem utilises the Berthelot method for ammonia
detection, the sulphanilamide/ethylendiamine metfmdnitrate detection, and the blue phosphomolyéda
method for phosphate detection, and LODs of 5a2d 2.5 pg/L were reported for N-BWHN-NO; and P-PQ
respectively. The system was based on loop flowyaisatechnology developed by Systea, an Italiampany,
and has been further developed to provide a systera suited to deployment on typical monitoringtfolans.
This multi-nutrient analyser system has been &ihlh collaboration with YSI Hydrodata at two ldoas in the
United Kingdom (Hannigdfield Reservoir and River 8davater Estuary) [18].

A number of other systems fam-situ nutrient monitoring have been assessed by therdé for Coastal
Technologies (ACT) at Chesapeake Biological LalmgatUSA [19-21]. ACT conducts technology evaluato
which focus on classes of commercially availablstriiments in order to provide confirmation thatteac
technology meets the manufacturer's performanceifgfaions or claims under real deployment corafi§.
The American Ecotech NUT 1000 was originally depeld at Monash University and commercialised by
Ecotech Pty. Ltd. The system can achieve LODsédactive phosphate of < 3ug with a response time of 30
seconds. The high sampling rate is allowed by #eaf rapid sequenced reagent injection in comioinatith
a multi-reflection flow cell. Reagent injection alsninimises the reagent consumption, allowing ol@@0
measurements to be performed with only 20 mL ofjeed In the ACT trials, the NUT 1000 was used for
surface mapping on board a research vessel in Montay, California [19]. Very good correlation twit
validation samples was achieved, after correctmmaf measurement offset of 50 pg P-PQ, which was
attributed to differences in refractive index oftural seawater versus the reagent grade water fmsed
preparation of internal standards and machine redidn. The ACT has also reported on successfubgierents
of the WET Labs Cycle-P nutrient analyser [20] éimel YSI 9600 Nitrate Monitor [21]. Vuillemiet al. [22]
described a miniaturised chemical analyser (CHENIfI dissolved iron and total sulphide, based bth &nd
colorimetric analysis. Designed for deep-sea appitios, the system is submersible to a depth 0080@vith
detection limits of 0.3 uM and 0.1 uM for iron asdphide respectively. It was used to monitor thergical
environment within mussel beds, over a 6 monthagpént period during which 8 measurements per dagw
performed.



Mowlem and co-workers at the National Oceanogra@bptre, Southampton, UK, have developeditu
sensors for a range of chemical parameters [23r2W}ding nitrite, nitrate, ammonia, phosphate aod. The
first of this series of microfluidic chemical ansly systems [23] was used to detect nitrate anmdenivith a
limit of detection (LOD) of 0.02%M for nitrate (0.0016 mg £ as NQ") and 0.02uM for nitrite (0.00092 mg
L™ as NQ). The device was deployed in an estuarine enviemr{Southampton Water, UK) to monitor nitrate
and nitrite concentrations in waters of varyingirégl and was able to track changes in the niteaknity
relationship of estuarine waters due to increasat flow after a period of high rainfall. In sulzgeent work,
nanomolar detection limits were achieved for ir@d][ ammonium [25], phosphate and nitrate [26].eLtke
CHEMINI system, these analysers are designed pitymfor oceanographic applications, and the levél o
engineering required to achieve the high analytiformances required in this environment meaas tthe
cost of such systems is likely to be prohibitivetémms of deploying large numbers of devices fartire
monitoring applications.

3. Reagent stability

In many cases, reagent stability represents a nigjdation when considering chemical detection hoets
for environmental monitoring, due to the need fewides to be exposed to environmental conditiomsafo
significant period of time (months or longer) whijving reliable and reproducible results over tiise frame.
Sequeira et al. [28] examined the stability of thagents for the Berthelot reaction for ammoniactein in
terms of viability for long-term monitoring applitans. The three key reagents in the reaction atasgium
sodium tartrate, phenol and hypochlorite. Whileagetum sodium tartrate and phenol are generalyrdegl as
stable if stored properly, hypochlorite solutionr® ainstable and can decompose to form chloratearah
oxygen over a period of days or weeks. It was shthahiron and copper, present as contaminantslysat the
decomposition. Ensuring that the hypochlorite sotutwas free from these contaminants allowed |@rgit
storage of the hypochlorite solution without sigzaht loss in activity. Salicylate was also used aas
replacement for phenol, and was found to yield tiyaimilar analytical performance in terms of gensitivity,
and kinetics, while having the major advantagebeifg highly stable and non-toxic. Diamond and arkers
[29,30] evaluated the yellow vanadomolybdophosghaacid method as an analytical method for the
determination of phosphate in water within a mikrigfic device with the aim of producing an autontadkevice
with a field-deployable lifetime of one year. Inighmethod ammonium molybdate, (WkMo0,0,4.7H,0, is
reacted with ammonium metavanadate,, M85, under acidic conditions. The combined reagent sardple
containing  orthophosphate react to form the vanadgmophosphoric acid complex,
(NH,)sPONH,VO3.16M0G;. The resulting solution has a distinct yellow eoloarising from the strong
absorbance of this complex below 400 nm. It wasvshthat batches of the reagent could be used fer av
year without significant loss in performance [2%his method was therefore selected in preferenctheo
molybdenum blue method, due to the greater stalofitthe reagents used in the analysis, and residten
assay with an LOD of 0.2 mg'iand a dynamic linear range of 0-50 m{ L

4. Firgt generation autonomous micr ofluidic system for phosphate analysis

Following on from investigations on the microfluidapplication of the vanadomolybdophosphoric ac&dhod

for phosphate detection, Diamond and co-workersehdaveloped an autonomous microfluidic analyser for
phosphate, which has been successfully deployewhstewater, freshwater and estuarine locationseduy
prototype for this system consisted of bottlesstoring the reagent, calibration solutions andreeaa sample
port for collecting the water sample to be analysed an array of solenoid pumps for pumping tlggired
liquids through the microfluidic chip. The microaitiic chip allowed for the mixing of the reagent ssample,
and chip also presented the reacted sample to togibde and LED for an absorbance measurement. The
analysed sample is then pumped to the waste staragwiner. All of the fluid handling and analytica
components were controlled by a microcontrollet tiso performed the data acquisition and storeditita in

a flash memory unit. A GSM modem was used to conicat® the data via the SMS protocol to a laptop
computer. The layout of the new system is showemsetically in Fig. 1.
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Fig.1. Schematic detailing the components of the phospéeisor and their relation to each other.

The microfluidic chip used to perform the colorimetmeasurement is shown in Fig. 2(a). This alldors
the colorimetric reaction to be performed usinguPOeach of sample and reagent. The reagent and eaanpl
mixed in a T-mixer which leads into a serpentinaratel where the resulting solution is presentati¢cemitter
and photo-detector for the absorbance measurefiaoh side of the T-mixer has three inlet chanredsling
into them. On one side are the two phosphate stdrsddutions for a two point calibration. A thindliét channel
is for the water sample. On the other side of thmiXer there is an inlet for the reagent and tweti for
deionized water for cleaning the microchannels.chidnnels are of 2@@n in width and depth. The chip was
manufactured from a 1 mm thick PMMA sheet (ME3030&bodfellow, Cambridgeshire, England). The
microfluidic channels were milled into the sheetngsthe CAT-3D-M6 micromill (DATRON Electronic,
Muhltal, Germany) using a 20 endmill (00680029, DATRON Electronic, Mihltal, @&eny). The 35x20
mm chip was then cut from the sheet. The channelsealed by bonding a second 35x20 mm PMMA chip
layer using a pressure sensitive adhesive (ARc8880, Adhesives Research, Limerick, Ireland). PEéles
are inserted into the inlet and outlet ports amrdheid in place using epoxy adhesive.

Fig. 2. Two versions of the microfluidic chip used for gpbate detection. (a) The prototype microfluidigpatescribed in
this section, with serpentine channel visible amright of the chip; the six inlets and single etidan be seen on the left. (b)
A redesigned version of the chip in which a serpenthannel was used for mixing and reaction ofgarand reagent, and
a cylindrical optical cuvette replaced the serpentietection area.

The reagent, calibration solutions and cleanergwtred in five square 250 ml HDPE bottles (NALGEN
2018-0250, Nalge Nunc, New York, USA). This capaoit reagent storage allowed for over 11,000 phasph
measurements. Two square 1L HDPE bottles were fosedbste storage (NALGENE 2018-1000, Nalge Nunc,



New York, USA). The bottle caps (Q-Series, Bio-Chéaive, New Jersey, USA) used were fitted with defl
check valves, which allowed air pressure to eqadtietween the bottle and its surroundings as thedliis
being pumped out of or into the various bottlesfldretubing with %"-28 UNF connectors (Omni-Lok, di
Chem Valve, New Jersey, USA) fitted at the endgewssed to connect the various fluidic componemtthé
system. Six independently controlled miniature soid pumps (120SP, Bio-Chem Valve, New Jersey, USA)
were used to control fluid movement in the syst&ime fluid-contacting parts of these pumps are nfaol®
chemically PEEK for high chemical resistance. Thenps deliver 2QL for each stroke and have %2"-28 UNF
ports for tubing interconnects. The system usedcdéztl pumps for the water sample, two calibrasiolutions,
and the reagent. The remaining two pumps were tsatbliver a cleaning solution to the microfluidibip
between assays.

The microcontroller used for the control of theteps was the MSP430F449 (Texas Instruments), which
was chosen for its low power consumption duringrafienal and sleep mode. The MSPGCC compiler also
provided an open source platform for software dgwelent (mspgcc.sourceforge.net). This microcorgrdibs,
along with numerous digital inputs and outputs 8athannel 12-bit ADC for data acquisition and twARIT
ports for communicating with peripheral devices2 Anegabyte SPI flash chip mounted on the PCB whi¢h t
microcontroller allowed for 16,384 data points #® lbgged. The solenoid pumps and the power to BMG
modem were controlled via an array of field effeansistors (FETs). A photodiode (S1227-33BR, Haatam
Photonics UK Limited, Hertfershire, UK) and a 370uBD (NSHUS550E, Nichia Corporation, Tokushima,
Japan) were used for the absorbance measuremé&angdmpedance amplifier circuit based around a X2
operational amplifier (Texas Instruments) was usecbndition the signal from the photodiode. Thiswit was
built on a separate PCB from the main controlleardp in order to limit the noise on the signal frahe
photodiode, which is mounted beside the microfluichip. A temperature sensor (LM335, ST Microelagirs)
is also mounted on the daughter board. The LEidrolled via a BJT and was pulsed during the dimure
measurement to reduce power consumption and extdfid lifetime. The voltage signals from the
transimpedance circuit and the temperature sensog vead by the ADC on the microcontroller. Therent
system was powered by a 12V 7Ah standard leadbatidry as used in the previous system. The powerce
was chosen for its low cost, long lifespan and highacity. The microcontroller also monitored amgiged the
battery voltage with each phosphate measurement.

A GSM modem was used for communication during sysdeployments. The main reason for the choice of
this communications standard was the extensiverageeof the GSM network in Ireland and other cdastin
the European Union, which meant that the phospterisor could be deployed in most areas while mainta
data communication capability. The modem used wes MC35IT (Siemens, Berlin, Germany) which
communicates via RS232, allowing for easy implematon in the system. The system used the GSM malem’
SMS functionality to send the data to another GSbtlem connected to a laptop computer which actea as
base-station for data collection. During the operabf the sensor, data was collected and theredtor the
flash memory. After a predetermined number of mesments the collected data was transmitted via SMS
messages to the base-station. To withstand theroemment the sensing system was housed in a rugged
enclosure, in the form of a polypropylene “Pelicag430, Peli Products, Barcelona, Spain). Thisecis
completely water tight and resistant to the reagsed. It is lightweight and so does not affectgality. The
chemical storage bottles and battery were moumtetd lower part of the case, while the solenoithps and
microfluidic chip and LED and photodiode were maghbn a custom ABS mounting plate manufacturedgusin
a 3D printer (Dimension SST768, Stratasys, MinresbiSA). The controller board and GSM Modem were
mounted in the enclosure lid. The sample port wasnted on the side of the enclosure.

Fig. 3 shows the fully assembled system with Pséicanclosure. The five storage bottles and twoewast
bottles can be seen at the bottom of the encloJure.battery sits between the waste bottles. Theplate is
flipped up to reveal the six solenoid pumps onuhderside. These are mounted with the inlets fadimgn
towards the storage bottles. The outlets can besaed through the top to allow them to be connettted
microfluidic chip. This is housed along with themjgerature sensor, LED and photodiode with their
accompanying daughter board in the center of theptate. In the lid of the enclosure the controbeard is



mounted on the left hand side. The GSM modem auitfy its antenna is mounted on the right. The sanigpl
drawn into the system through a 0.45 um pore dianféter membrane (Supor, PALL Corporation, Michig
US), held in place between two polycarbonate platessealed with O-rings (Fig. 4). The port isaitd to the
Pelicase and sealed with polyurethane adhesivep®héias a ¥."-28 UNF port for connecting tubing.

Fig. 3. Fully assembled system. (a) Bottom of enclosurevsigpbottles and battery. (b) Top plate and lidvsimg
electronics board and GSM modem. Adapted with pesion from [31].
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Fig. 4. (a) Schematic of sample port. (b) Sample port ntedion sensor housing. Adapted with permission fi@th

5. In-situ testing of first generation phosphate analyser

Following laboratory based validation studies [2],3he first generation phosphate analyser wasogeg
at a wastewater treatment plant (Osberstown Wagtewaeatment Plant, Co. Kildare, Ireland) over wekk
period in July and August 2008. The analyser wasatdd within the monitoring building which housike
WWTP’s online monitoring systems for phosphate, amia and nitrate. Sample was pumped from the final
effluent tank adjacent to the monitoring buildiagd a valve was added to the sample line to dedigeple to
the prototype phosphate analyser’'s sample inlatti@ purposes of this trial, the sample inlet waxlified to
consist of a modified membrane filter holder (shaghematically in Fig. 5) which allowed sample tmtact a
membrane filter (Supor membrane filter, 0445 pore size, 25 mm diameter, Sigma-Aldrich) and tegit to
waste. Sample was drawn through the membrane @odha analyser system using a solenoid pump which
then delivered the sample to the microfluidic chip.
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Fig. 5. Schematic cross section of the sampling port. fireatded parts of the membrane holder are screwgethier so that
the membrane is held in place by the O-ring seain8e circulates past the outer side of the menebearl the required
volume is drawn into the analyser by a solenoid pufdapted with permission from [45].

In order to compensate for variation in the deteotdput due to diurnal temperature fluctuatiorssyell as
signal drift over long time periods, a calibratiprocedure was automatically carried out for eacmpda
measurement. This was performed by carrying ouarsée reaction and detection runs using blank (OLthg
phosphate) and standard (10 mg phosphate) solutions. The absorbance of the swrufesphate solution
was calculated using the formula:

= log(ly/1) (Eqgn. 1)
whereA is absorbancd, is the measured light intensity for the blank solhy andl is the measured light
intensity for the standard solution. The absorbdonceghe sample solution was calculated similadgd was
converted to phosphate concentration using therbhsoe of the standard solution. Finally, the saspl
phosphate concentration value was converted to sppiharus as phosphate” (P-fOn order to facilitate
comparison with the plant’s existing online phospisomonitor (Aztec P100 instrument, Capital CorstrtlK).
Data from the latter system was downloaded viakednnection to a laptop computer at weekly irdésv
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Fig. 6. Output from the prototype phosphate sensor anglém’s online phosphorus monitor during the tpatiod.

Adapted with permission from [45].

The complete dataset from the 6 week trial is preegkin Fig. 6. Over the period as a whole there is
excellent agreement between the data collected ftmamprototype sensor and from the online monitprin



system. However, a number of discrepancies weoeaddserved. Between days 3 and 7 of the trial there a
number of spurious high readings in the prototygeser data. These were caused by air bubbles augpé¢lks
external sample line and being drawn into the niligidic chip where they interfered with the passafdight
through the optical cuvette. On day 7 of the tifi@ valve on the sample line was adjusted whichltes in this
issue being almost entirely eliminated, with onlju2ther such readings observed (days 20 and 28hofe
long-term deviation between the sensor and onlipaitor data was observed over days 18-21 of tlaé &ind
was found to have been caused by the membrane Hiddleoming clogged with solids. After the filter sva
replaced, a close agreement in the data was reswamddhe membrane filter was changed at weekérvats
thereafter to prevent a recurrence of this issueerd were also a number of occasions on which thieeo
monitor recorded elevated values which were notatetl by the prototype sensor. These discrepances
caused by solids in the sample affecting the ontimmitor readings, which has a relatively coartterfiat its
inlet point. The online monitor uses heating anid &c digest solids in the sample, followed by gs& using
the blue molybdate method for phosphate detecfmry. solid material therefore has the potentialrtoréase
the measured value (acid-hydrolysable phosphofiss.is not the case with the prototype sensosotids are
excluded from the system using the 04b filter membrane at the inlet point, in order imia blockage or
fouling of the microfluidic channels. Despite thmitations involved in using the online monitorinigta as
validation for the prototype sensor, this trialalahowed that the prototype phosphate sensor heidevable
potential to be used for monitoring of phosphatenimstewater streams. The performance of the pquoty
sensor was shown to be comparable with that of mnwercially available phosphorus monitor, while
significantly less maintenance was required overttial period, even after the membrane filter whanged at
one week intervals to account for the heavy foulpagential of the sample. Running cost of the sem&s
significantly lower than the online monitor, due ttee minimal amount of reagent and calibrant sohgi
required, and the sensor’'s much lower power consomp

The first generation phosphate sensor has also bsed to monitor phosphate levels in an estuarine
environment in Co. Dublin, Ireland during two sextardeployment periods in September-October andb@ct
November 2009. Following a laboratory-based calibra procedure, the sensor was pladeesitu at
Broadmeadow Water in Co. Dublin, Ireland on 25 8eyiter 2009. This is an estuarine water body wtsch i
known to have significantly elevated nutrient levelie to a combination of inputs from agricultwalirces and
wastewater treatment plant discharges [33]. Themenas located at a small islet in one of theaggtahannels
and held in place using a steel anchoring devicethds was a tidal location, the GSM modem anterwas
located outside the box and elevated above the-wmabr mark to ensure constant network coveragehes
sensor enclosure itself was fully immersed at hidd. The sensor operated with hourly measurenmmeguéncy,
and data was transmitted by the GSM modem in SM8ento a laboratory-based laptop computer at 5 hour
intervals. For validation purposes, daily manuahgies were collected as close as possible to theoss
sample inlet, and timed to coincide with the selsssampling time. Samples were filtered immediatelyd
analysed using a Hach-Lange DR890 portable colaeimand the appropriate reagent pack (amino acttiade
for high range phosphate).
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Fig. 7. The phosphate sensior-situ during a trial at Broadmeadow Water, Co. Dublinjame in September 2009. The
sample inlet is visible below the water line.

Fig. 8(a) shows the sensor’s output during the péaiod. The sensor performed 236 measurementsgdur
the period in question. A distinct daily patternvairiation emerged which is ascribed to tidal iaflaes in the
estuary. The sensor was located within 100 m ohstewater treatment plant outfall, and changingl fieiels
would significantly affect the degree of dilutiorhieh the wastewater discharges were subject taatem time.
Fig. 8(a) shows that there was generally good ageeé between the phosphate concentrations mealsyribe
sensor and by the validation method. The corralatimefficient () of 0.699 indicates that some discrepancies
existed between the two datasets, despite the symatis collection of manual samples from as closthé
sensor inlet as possible. Given the rapid ratehahge of the concentrations at certain times (g 8 is not
surprising that such differences exist. Other gmesources of discrepancy include the small vol{@2a:l) of
sample used in the sensor-based assay, which miagdeepresentative, at a particular moment ie tiof the
general water body than the 250 mL manual sampissiBle sources of error in the manual sampling dat
include minor inaccuracies in the sample volumeldee analysis (25 mL) which, for on-site measuratagis
measured using a graduated vial, or in the volufrtheoreagent solutions (ammonium molybdate sohuéind
amino acid solution, 1 mL in each case). Perhapse mignificantly, differing interfering species fire two
methods could also give rise to some discrepang@ies. molybdenum yellow method used in the phosphate
sensor is subject to interference by dissolved egaubstances with light absorption in the UV oegiThis
was unlikely to be a significant factor in this dyuas after filtering to remove suspended solidlswater
samples were observed to have good optical clesttyout significant colour. Silica (Si), arsenafs(Q,>) and
ferrous iron (F&) are other potential interferants with the molyai® yellow method [34]. Silica and arsenate,
however, are mainly of concern when the reactiomested to provide faster reaction rates, which maighe
case in this study, and ferrous iron does not fiterat concentrations below 100 mg.LThe impact of
interferants on the sensor data is therefore kelylito have been significant. Potential interfeésaior the amino
acid method include sodium (Nanitrite (NO,) and sulfide (%) [35]. The estuarine location used in this trial i
a dynamic water body, affected by tidal fluctuaticand a significant point source of phosphate ahéro
nutrients (wastewater treatment plant dischargderidg levels of these interferants over time hdke
potential to cause discrepancies between the sdasmiand manual measurements.
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Fig. 8. (a) Phosphate concentrations measured durindrétérfal period by the sensor and by manual sargplb) Sensor
output plotted as a function of phosphate conctairas measured by analysis of manually collestedples.

Discrepancies between standard, sampling-basedaqis to water quality monitoring and sensor-based
approaches clearly represent a barrier to wideakgptof sensor technologies. However, despite these
considerations, the data shown in Fig. 8(a) cledilgtrates a key advantage of the deployable tbdng
system. The more frequent sensor data showed regat@tions in phosphate levels during the triatipd
which were not captured using daily manual samp(agelatively high manual sampling rate which @t n
likely to be practicable in larger-scale monitoripgpcedures). The sensor-based monitoring is therehore
likely to identify short-term pollution events, agll as providing high-resolution data over lonmeiframes
which can provide valuable information on the Idegn trends for the analyte of interest.

After 8 days of successful operation, the initiéltwas terminated due to clogging of the membriilier
by sediment which had collected around the sampgliog. To prevent this problem from recurring, some
alterations were made to the sampling port desigd,the sensor was deployed close to the origiteabst at a
location with lower susceptibility to sediment lalilp on the channel bed. Approximately 480 autongmo
measurements were carried out during a secondpigd. Figure 9(a) shows that the data obtainethd the
second trial was broadly similar to that obtainedhie first trial period, with phosphate levels geally varying
between 2 and 6 mg™,. and significant peaks and troughs observed orumber of occasions. From
07/11/2009, the data became erratic, resultinfpéntérmination of the trial. Subsequent investayaishowed
that these erroneous data points were caused laytiaytate obstruction in the line delivering reagéo the
microfluidic chip, an issue which has since beedresised by careful filtering of all reagent andibraht
solutions prior to use in the sensor. Fig. 9(b)vehthat the correlation between sensor output aatlysis of
manual samples was significantly improved relativéhe first trial period, with R= 0.908.
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6. Design and in-situ testing of second gener ation phosphate analyser

A substantial redesign of the phosphate analyser ewaried out in collaboration with an industry tpar
(Episensor Ltd., Limerick, Ireland) in order to aelss some limitations of the system and, in pddicuo
reduce the component cost of the system to less €280 per unit while maintaining or improving the
analytical performance.

Yo
Fig. 10. (a) Second generation phosphate analyser dedipBample inlet; (2) Control board and detectiostesy; (3) Dual
channel peristaltic pumps; (4) Reagent bags; (53 Etttlosure. (b). The analysersitu at the Broadmeadow Water test site.

The second generation phosphate analyser is a iibgrated system incorporating fluid handling,
microfluidic technology, colorimetric chemical deten, and real time wireless communications iroepact
and rugged portable device. The major system coemisrare shown in Figure 10(a). The mode of opmras
similar to that of the first generation system. [Ealb shows some of the significant modificationsdan
improvements implemented in the second generatistes). The use of a folded sheet metal frame owrltwhi
the internal components are mounted, collapsiblgppopylene bags for reagent, calibrant and watsimge,



and low-cost dual channel peristaltic pumps, halted in significant improvements in componenstco
compactness and manufacturability. The system fdatures an improved bubble detection and removal
protocol to reduce the impact of bubbles enteringosming within the microfluidic system. The syste
communicates using short range ZigBeadio to a remote network gateway, which passesémsor data via
GSM or Wifi to a web-database for remote accesthbyuser. This setup allows the user to not onlyitoo
sensor data in real time but also to remotely chdahg sensor setup parameters, such as samplng rat

First Generation System Second Generation System
Internal Volume: 15L Internal Volume: 2.3L
System Mass: 12 kg System Mass: 1.7kg
Battery: 12V Lead Acid Battery: 3.6V Lithium
Battery Life: 2 months Battery Life: 12 months
Comms: GSM Modem Comms: ZigBee Radio
Delayed Reporting Real time ‘sensor to databageintang

Tablel. Comparison of first and second generation phosprattysers.

An additional change was made to the design ofémsor's sample intake module. This involved theafs
commercially available copper-containing fittinghold the membrane filter. In addition to beingteefective,
the copper content was expected to be of benefierims of protecting the membrane filter from bidfiog.
Copper, copper alloys and copper compounds arelyigeed as biofouling inhibitors for sensors anbeot
devices deployed in aquatic environments [36,3Tje Bensor intake was also located at the bottormenf
sensor unit. In addition to being a practical pfaeat for deployment purposes, this had the ben&ghielding
the membrane filter from ambient light. Light faveugrowth of micro-organisms which can promote the
formation of biofilms on surfaces. The membrantefiused was a hydrohophilic polyethersulfone memér
designed for biological sample preparation, withw Iprotein binding properties [38]. As attachment of
macromolecules (organic and inorganic) and micraoigms represent the initial stages in the biofuli
process [36,37], it was hoped that this combinatibmeasures would delay and/or limit biofoulingtioé filter
surface. The redesigned sample intake/filter askeimlshown in Fig. 11.

Fig. 11. Components of the sample intake/filter assemtdy.“§pider-web” PMMA filter backing, (b) polyethedfone
membrane filter, (c) O-ring seal, (d) copper wask&rbrass screw-on fitting.

A “spider-web” pattern is formed on the surfacead®MMA disc by micro-milling. The disc is then &t
into a brass connector where it acts as a baclinghe polyethersulfone membrane filter. The spideb



pattern allows a higher proportion of the membrameace to be used for sample intake, while mirimgishe

dead volume created. The membrane is held in plsicgg an O-ring seal, a copper washer and a bnesaded
nut. These copper/brass fittings allow the filieibe easily exchanged/replaced while also offeairtpgree of
protection from biofouling.

Following laboratory validation and calibration, ethsecond-generation analyser was deployed at
Broadmeadow Water Estuary, Co. Dublin, Ireland @H09/2010. The sensor output over the 62-hour
deployment period is shown in Fig. 12(a). The sepsoformed 124 autonomous measurements duringigthe
and four manual samples were collected for laboyadoalysis. These samples were analysed in tlordédry
using a Hach-Lange DR890 Portable Colorimeter. ER(b) shows the excellent correlation? (& 0.9706)
between the sensor output and the manual sampspphate concentrations, a significant improvemeet dhe
correlations achieved with the first generationtsys The manual sample collected on 06/09/2010 stibe
largest deviation from the sensor value. On thatsion, the tidal level at the site did not alldwstsample to
be taken close to the sensor sample inlet, which lbearesponsible for the discrepancy observed.otiler
manual samples were taken directly adjacent teg¢hsor sample inlet.
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Fig. 12. (a) Phosphate concentrations measured during fi@tling of the second generation phosphate aealyat
Broadmeadow Water. (b) Sensor output plotted asnatifin of phosphate concentration as measured bjysis of
manually collected samples.

The second generation phosphate analyser has edsoused in a wastewater monitoring applicatiorns Th
trial was also carried out at Osberstown Wastewateatment Plant, Co. Kildare, Ireland. Howeverthiis case,
the analyser was located in the plant’s treatddesit discharge tank, as shown in Fig. 13(a). Emsar module
was directly immersed in the effluent, while thereounications module was mounted above the watel.lev
This allowed wireless communication using EpiseissfigBee® radio system, to a base-station locatstby.
An autosampler (Buhler BL 2000, Hach-Lange Ireland.) was used to collect validation samples abidrh
intervals, these were stored within the refrigetatempartment of the autosampler, collected pecalyi, and
analysed in the laboratory using the vanadomolyhdsphoric acid method (yellow method) for phosphate
detection and a UV-vis spectrophotometer (UV-16008@&ctrophotometer, VWR International). For sensor
validation purposes, this method was preferablelgng on data from the plant’s online phosphamanitor,
as it allowed a more direct comparison betweenmereadings and sample values, since (i) the seaisor
utilises the yellow method, and (i) the collectinples were filtered before analysis, so thas#mple values
represented the dissolved molybdate reactive plawsghaction only, again in accordance with theialcsensor
measurements.
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Fig. 13. (a) Second generation phosphate analyssitu at Osberstown Wastewater Treatment Plant, Co. iG|deeland.
(b) Biofouling on the analyser body after approxezks immersion in wastewater.

Fouling of the sensor body was a significant feataf this trial. Fig. 13(b) shows the partially ated
sensor module after removal from the effluent tafter approx. 14 days immersion. A fouling layer
approximately 1 mm in thickness was observed. Togper-containing filter housing was noticeably less
affected than the sensor body. Fig. 14(a) showsthiigamembrane filter was also fouled with a tlddherent
layer of material, although there was no disceenéffect on the sensor performance.

Fig. 14. Fouling of membrane filters and filter housingeafpprox. 14 days (a) and 10 days (b) immersiomastewater
during a sensor trial at Osberstown Wastewatertifresat Plant.

The filter was replaced and the system was replatdtie effluent tank. At the end of the trial @fta
further 10 days, approximately) the membrane anging were again examined. At this point the fitbeider
was heavily fouled as shown in Fig. 14(b). A lagéfouling material was again in evidence on thenbeane
filter itself. However, in this case the materigdsvfound to be only loosely adherent to the fitterface, and
was readily removed with a deionized water washldaofhis qualitative difference between the typds
fouling material on the two filters highlights tiariability of fouling which can occur over a relely short
period of time, presumably due to changes in sammheposition and prevailing weather conditions. \&mio
specific effect of fouling on sensor performancesvabserved in this trial, the rapid build-up of evél
suggests this could be an issue in longer-termogepnts in wastewater and in other sample matritieis. is
especially relevant in applications such as mawaters or oligotrophic freshwaters where very lewels of



phosphate (or other nutrients) need to be detetttesluch scenarios, local uptake of nutrients kofilon on
sensor or filter surfaces could significantly impan the measured value.

Fig. 15 shows the data collected the sensor duhagdrial, as well as the results of samples ctdkkdy
auto-sampler and analysed in the laboratory. Themeand sample values are generally in good agneem
The elevated phosphate levels during the first s dd the trial were due to the plant’s phosphaermsoval
system (based on dosing with ferric chloride) beingof operation. After this system was restoedgeration
on 15/05/2011, the phosphate values quickly retuioenormal levels, generally between 0.5 and 3giLm
PO,. Sensor data was not collected during the per#522011-25/05/2011 due to maintenance workseat th
plant during this period, resulting in the waterdkin the effluent tank being below the sensodsple intake
port. As soon as the water level returned to noanal sample was again accessible to the sensardbengs
automatically recommenced and once again are ird gmpeement with validation sample values for the
duration of the trial. This is encouraging as itmdastrates the sensor’s robust ability to cope vaith
interruption of this nature and to clear the aiickhhwould have been drawn into the microfluidictsys while
the sample was inaccessible.
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Fig. 15. In-situ sensor data (sensor value) and validation datap{savalue) from samples collected using an autopser
during a trial of the second generation phosphetts@ at Osberstown Wastewater Treatment Plant.

7. Current statusand further developments of the system

The data presented here shows that the microflaididyser which has been developed representble viaw-
cost and reliable method for long-term monitorinfg phosphate across a range of applications incgudin
wastewater and surface water monitoring. Whilectineent limit of detection of approximately 0.2 g PO,>
represents a limitation on the applicability of gystem, it can be expected to find significantligaions in the
monitoring of in-process and discharged effluetmfrmunicipal wastewater treatment plants, indusing
other point sources of phosphate, as well as innbaeitoring of surface waters known to be impadbgd
phosphate pollution. Moreover, Jordan and co-wark@e,40] have shown the importance of high tempora
resolution monitoring for the detection of shontte high-phosphorus concentration inputs to catetiméat
typically have low background levels of phosphoistection of this kind of short-lived pollution@wt can be
crucial to understanding the overall nutrient dyienwithin a water body, and can only be reliabdhiaved
usingin-situ analytical devices.



Current applications notwithstanding, on-going efare aimed at improving the analytical perforosaaof
the phosphate sensor, particularly the limit ofedgébn, so as to broaden the applicability and mése the
marketability of the system. Additional long-termelfi deployments are also planned, with the objectf
validating the long-term performance of the analyisedifferent applications, and examining the effef
biofouling during these long-term deployments. Biding potential is likely to vary significantly eass
different applications (e.g. wastewater, marinesliwater), and between different locations in taes water
system, and is also dependent on weather condiéindgime of year. In general, however, biofouliadikely
to represent a practical limitation to the (maimtece-free) deployable lifetime of this sensor amdilar
systems. Therefore it is essential that developErgater monitoring technology are familiar withethange of
established and emerging [36,37,41-44] approachebe prevention or limitation of biofouling, andoxk
collaboratively with researchers engaged in thé&mawhich is a key to achieving the long deploydifd¢imes
which will ultimately facilitate the broader uptakéin-situ sensing technologies.

The capabilities of the microfluidic analytical fftam are also being expanded to allow detectiod an
monitoring of a range of additional important watgrality parameters. This work is being progresgeda
number of distinct projects, and the range of patans being targeted includes nitrate, ammoniaiteyitpH
chemical oxygen demand (COD), and metals such @mioan, mercury and lead. Colorimetric techniques fo
the detection of the various analytes are beingsassl or developed, and optimised for application i
microfluidic analytical devices, with the aim ofwddoping a suite of single- or multi-parameter segsystems
which can be applied to the monitoring of waterlgyacross a range of applications.
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