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Abstract :

An ion chromatography system employing a low-cost 3D printed absorbance detector for indirect UV
detection towards portable phosphate analysis of environmental and industrial waters has been
developed. The optical detection cell was fabricated using stereolithography 3D printing of nanocomposite
material. Chromatographic analysis and detection of phosphate was carried out using a CS5A 4x250 mm
analytical column with indirect UV detection using a 255 nm light emitting diode. Isocratic elution using a
0.6 mM potassium phthalate eluent combined with 1.44 mM sodium bicarbonate was employed at a flow
rate of 0.75 ml min-1. A linear calibration range of 0.5 to 30 mg L-1 PO4 3- applicable to environmental
and wastewater analysis was achieved. For retention time and peak area repeatability, RSD values were
0.68 % and 4.09 %, respectively. Environmental and wastewater samples were analysed with the
optimised ion chromatography platform and the results were compared to values obtained by an
accredited ion chromatographer. For the analysis of environmental samples, relative errors of < 14 %
were achieved. Recovery analysis was also carried out on both freshwater and wastewater samples and
recovery results were within the acceptable range for water analysis using standard ion chromatography
methods.
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1. Introduction

Phosphorous is an essential nutrient for plant and animal species in aquatic ecosystems. It is
mostly found in the form of phosphate [1]. Increased levels of phosphate in water systems
can lead to eutrophication which is one of the most common water quality issues worldwide
[2]. Eutrophication results in the increased growth of harmful algae, which during
decomposition releases toxins and reduces the available amount of dissolved oxygen in
waters. This deteriorates water quality and leads to loss of biodiversity [3]. The main
sources of phosphate in freshwater include wastewater effluents, farm run-off, fertilisers

and industrial waste [4].

To date, the majority of water monitoring has been based on manual sampling followed by
laboratory analysis using a range of different methods. However, the high cost of sample
analysis makes it unsuitable for high frequency monitoring [5]. In addition, most manual
sampling methods are carried out on weekly or monthly samples, which cannot determine
seasonal or daily variations in water quality [6]. Consequently, environmental monitoring
using on-site or in-situ methods is needed for data collection at high temporal and spatial
frequency [7]. Ideally, the analytical analyser for on-site or in-situ monitoring should be
compact, robust, cost effective and environmentally compatible with the ability to deliver
reliable measurements over prolonged periods of time [8]. A wide range of different
analytical methods have been applied for in-situ sensor development for water monitoring,
including chemiluminescence [9], electrochemistry [10, 11] and colorimetry [12, 13]. Several
electrochemical sensor prototypes of promise have been developed for phosphate
detection in water [14, 15]. Despite the fast analysis times and the high sensitivity
demonstrated in laboratory-based tests, these electrochemical sensors require further

development and extensive field assessment.
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Since Manz introduced the concept of miniaturised total analysis systems (UTAS) there has
been a growing interest in the application of microfluidic systems for environmental
monitoring [16, 17]. Microfluidic or lab-on-a-chip (LOC) detection systems have many
advantages over large scale chemical sensors, including reduced reagent consumption, low
power requirement and increased sample turnover time [18]. Over the past decade,
colorimetric assays have been extensively utilised within LOC systems for in-situ and
portable phosphate determination in various waters, and a number of in-situ and online
phosphate analysers employing colorimetry are commercially available [19-25]. The LOC in-
situ phosphate analyser developed by the National Oceanography Centre, Southampton can
be seen as a leading phosphate analyser. This portable analyser has successfully been
deployed within a broad range of environmental waters over long deployment periods
delivering high levels of accuracy and precision [26-28]. Despite these high levels of
analytical performance in the field, challenges arise in terms of mass manufacture of
microfluidic components and assembly of LOC systems which has hampered these in-situ
systems and other LOC colorimetric based systems from routine use and adoption on a mass

scale [29, 30].

When considering the determination of inorganic anions such as phosphate in complex
water matrices such as wastewater, ion chromatography (IC) with suppressed conductivity
detection is a widely-used technique within a laboratory setting [31]. lon chromatography
methods have numerous advantages over colorimetric methods, including no requirement
for multiple reagents, simple sample pre-treatment and high selectivity in complex samples

[31]. When considering portable IC, Hauser et al. (2001) reported a portable battery

powered ion chromatography system suitable for in-field analysis. Determination of a wide

range of species, including inorganic ions and organic acids was demonstrated employing

three electrochemical detection methods [32]. In recent years, developments in

automation techniques and advancements in photovoltaic and battery technologies have
enabled the development and deployment of portable chromatographic analysers [33-36].
Elkin (2014) reported a portable conductivity-based IC system for anion determination in
river water and the system employed an eluent reflux device to minimise eluent
consumption [35]. However, when considering long term deployment in the field, IC with

conductivity detection can be heavily impacted by ambient temperature fluctuations [37].
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Murray et al. (2020) described a portable and deployable IC-based analyser for nitrite and
nitrate determination in both freshwater and wastewater [36]. Selective detection of these
anions was achieved using a 235 nm LED coupled with a photodiode for direct UV detection.
During field deployments the analyser demonstrated high precision and accuracy
comparable to accredited laboratory-based methods. When considering phosphate
determination in water, direct UV detection is not feasible due to the non-UV absorbing
nature of this anion. As a means of overcoming this, indirect UV detection can be employed

as a strategy for phosphate detection [38-40].

In this work, we describe the development of a phosphate determination method
employing IC with indirect UV LED detection towards the generation of a simple, portable
analyser for phosphate monitoring in both freshwater and wastewater matrices. The
analyser was based on IC employing isocratic elution using potassium phthalate-based
eluent with an lonPac CS5A analytical column for anion separation and indirect UV LED
based optical detection. The detection system utilised a 3D printed detection cell, fabricated
through stereolithography, with a 255 nm LED and UV photodiode. The IC system was
integrated with a cation trap cartridge to eliminate transition metal interference for
accurate phosphate determination in wastewaters. Freshwater and wastewater samples,
along with blind freshwater samples, were analysed and the analytical performance of the

developed method and configuration was compared to an accredited lab-based IC system.

2. Materials and methods
2.1 Reagents and materials

All chemicals used within this study were of analytical grade. All solutions were prepared
using high purity deionised water (Milli-Q). Sodium tetraborate and potassium phthalate
eluent was prepared using Na;B;0,x10H,0 (Sigma Aldrich) and CgHsKO4 (labkem),
respectively. Sodium bicarbonate buffer was prepared using sodium bicarbonate and
sodium hydroxide (Sigma Aldrich). Tris buffer was prepared with Tris(hydroxymethyl)
aminomethane (Panreac), whereas Bis-tris buffer was prepared from Bis(2-
hydroxyethyl)amino-tris(hydroxymethyl)methane (Sigma Aldrich). Phosphate stock was
prepared using KH,PO, (PanReac AppliChem). For the interference study nitrate, nitrite,

carbonate, chloride, iodate, sulphate, bromide and fluoride stock solutions were prepared
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using NaNOs (Sigma Aldrich), NaNO; (Sigma Aldrich), Na,COs (Sigma Aldrich), NaCl (Fisher
Chemicals), KIO3 (PanReac AppliChem), Na,SO4 (Sigma Aldrich), KBr (Merck) and NaF (Sigma

Aldrich), respectively. Working standards were prepared by diluting the stock solutions.

2.2 Ultra Violet Optical Detector

The absorbance detector was based on a z-shape format and was fabricated using SLA
printing. The detector is shown in Fig. 1, further design renders and photos of the 3D
printed optical detection cell are shown in figure Al of the electronic supplementary
information (ESI). The fluidic design of the detector was based upon the design previously
reported by Murray et al. [41]. The cell was 56 x 32 x 15 mm in size, the z-shaped channel
had a diameter of 1 mm and the optical path of the cell was 2.5 cm. Cells were fabricated
using a DWS 29J+ 3D stereolithographic system in DL260 resin from DWS Systems (ltaly).

DL260 resin was selected as it is a nano-filled ceramic material which ensures the printed

detector cell resists bending after fabrication allowing for constant optical alignment

between the LED and the photodetector. DL260 resin also has a broad chemical resistance.

The system used a 405 nm laser source, providing a 30 um writing resolution [42]. DL260 is
a nanoceramic composite material with a density of 1.3 g mL?, a flexural modulus of 1.8
GPa and a static water contact angle of 77°+/-3°. The parts were printed with a constant
slice thickness of 30 um and a laser hatching value of 30 um. The detector cell was printed
with a laser speed set to 2800 mm s™ for the first 62 layers composing the basal part of the
design and increased to 5800 mm s for the remaining layers. All parts were developed in
ethanol in an ultrasonic bath for 1 min. Microfluidic channels were further developed by
manually injecting 5 mL of ethanol using a plastic syringe connected to the device inlet. The
total fabrication time, comprising 3D printing and device development, was 150 minutes.
Fused silica glass windows were assembled to the 3D printed detector using TESA 61210
double sided-tape, which was cut by xurography using a Graphtec FC8600-60 cutting
plotter. This adhesive displays good chemical resistance and is resistant to UV light,

ensuring good sealing of the assembly over time.
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2.3 lon Chromatography Configuration

The fluidic configuration of the phosphate analyser is shown in Fig. 2, and incorporates
design aspects of the portable IC system previously reported by Murray et al. [36]. Eluent
delivery was provided using a compact dual piston pump (Knauer, Berlin, Germany). An
automated 1 mL syringe pump was used for introducing sample into the system for analysis.
The syringe pump was designed and fabricated as previously reported [36], and the gas-
tight syringe was purchased from Trajan Scientific (Melbourne, Australia). An automated 6
port 2-position injection valve was provided by VICI AG (Schenkon, Switzerland). Separation
was achieved using a 4 x 50 mm lonPac CG5A guard column with a 4 x 250 mm lonPac CS5A
analytical column (Thermo Fisher, Sunnyvale, California). The particles used within these
columns had a diameter of 9 um, capable of both anion and cation separation through the
presence of both sulfonic acid and alkanol quaternary ammonium functional groups.
Samples were automatically drawn through a Dionex InGuard Na trap cartridge (Thermo
Fisher, Sunnyvale, California) to remove transition metals prior to separation and analysis.
LED-based indirect UV detection was achieved using the 3D printed detection cell with a 255
nm UV-LED (Digi-Key, Minnesota, USA) and a UVC photodiode (TOCON_C1) with integrated
amplifier purchased from Sglux GmbH (Berlin, Germany). The embedded system consisted
of an ARM based microcontroller (Teensy 3.6) which controlled the timing and actuation of
the sample intake pump, the sample syringe pump and the 6-way valve. The 255 nm UV LED
intensity was controlled through a constant current driver (AL8805) for stable operation.
UVC photodiode signals were sampled using a 16-bit analog to digital converter (ADS1115).
Separation data processed by the microcontroller was stored on an SD card for retrieval.
Electronic components were sourced from Mouser Electronics (Texas, USA). Inline check
valves and tubing connectors were purchased from Kinesis (Altrincham, UK) and Sigma
Aldrich (St. Louis, MO). The analytical system was housed within a 1510 M Peli Case (Peli

Products, Ireland).

2.4 Eluent optimisation

In ion exchange chromatography, pH is an important parameter for separation and is readily
adjusted and controlled by means of buffer substances. To achieve optimum elution and

repeatable detection of phosphate within water matrices, a mobile phase with a constant
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pH is required. In Methods for the Examination of Waters and Associated Materials analysis,
published in 1990 [43], an anion exchange chromatography method with indirect UV
detection of inorganic anions using potassium phthalate combined with sodium tetraborate
was described for potential phosphate determination. However, following initial
assessments using sodium tetraborate in combination with potassium phthalate as the
eluent, an unstable eluent pH was observed overtime resulting in poor and inconsistent
chromatography. To stabilise eluent pH and to optimise phosphate detection, a range of
different buffers were assessed, including, Tris, Bis Tris, sodium hydroxide and sodium

bicarbonate.

2.5 Sample analysis and performance assessment

A range of water samples were obtained for testing using the portable IC system, including a
public amenity visitor centre effluent sample (Co. Offaly, Ireland), effluent from a residential
care facility and an industrial food processing effluent. In addition, blind water samples were
prepared and analysed. To further assess the accuracy of the IC configuration, a range of
various environmental samples were spiked and recovery analysis was carried out following
the procedure described by Eaton [44, 45]. A river water sample (Wexford, Ireland), an
effluent from a waste water treatment plant (Wicklow, Ireland), the residential care facility
and industrial food processing effluent samples were spiked with 5 mg L™ PO,* and recovery

was obtained using the following calculations:
Recovery = spiked sample conc. - ((unspiked sample conc. / 100 mL) x 99.5 mL)
Recovery % = recovery / spike concentration x 100

Concentrations of phosphate in the environmental samples were firstly determined using
the portable phosphate analyser. The obtained concentrations were divided by 100 and
then multiplied by 99.5 to take into consideration the dilution caused by adding 0.5 mL of
1000 mg L™ PO,* standard to make up 100 mL total volume in the real water sample matrix.
The obtained value was then subtracted from the spiked sample concentration to calculate

recovery.
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3. Results and discussion
3.1 Eluent assessment

When using sodium tetraborate in combination with potassium phthalate as the eluent, an
unstable eluent pH was observed overtime as the RSD for daily pH measurements exceeded
30 % after 2 days. Poor eluent pH stability was observed for all buffers assessed, with the
exception of sodium bicarbonate. For this reason, sodium bicarbonate was selected as it
enabled eluent stability at pH 8.8. The pH stability of the eluent, consisting of 0.6 mM
potassium phthalate and 1.44 mM sodium bicarbonate was assessed by analysing and
monitoring the retention time of a 10 mg L PO, standard over twelve days. Three
measurements were obtained on a daily basis using the same eluent. The results, including
the % RSD values for each day, are outlined in figure B1 of the ESI. Satisfactory precision was
achieved over the twelve-day analysis with an overall retention time RSD of 3.74 %
obtained. The eluent demonstrated sufficient stability for use within the portable phosphate
analyser and demonstrates potential when considering future deployment of the analyser in

remote environmental locations for extended periods of time.

3.2 Analytical performance

The optimised IC method enabled phosphate determination under 10 minutes which is
comparable to commercial phosphate analysers [46, 47]. Satisfactory resolution was
achieved and a wide linear calibration plot was obtained ranging from 0.5 to 30 mg L™ PO,
(R? = 0.999). The phosphate linear curve generated by the analyser is shown within figure
C1 of the ESI. The limit of detection (LOD) was calculated using a signal-to-noise ratio (S/N)
= 3 as previously reported [48, 35]. Following assessment, it was estimated to be 0.4 mg L™

@43'. The signal response and detection of 0.5 mg/L POf' is highlighted in the

chromatogram shown in figure D1 of the ESI. To estimate the LOD, analysis of a 0.7 mg Lt

PO,> standard was carried out. The average background noise level associated with the
measurement and chromatogram was determined. Using this information, the estimated
LOD level was then taken as the phosphate concentration which corresponded to three
times the background noise level [46]. The interference of common anions was
investigated to ensure that coelution of phosphate with other anions would not be present

during environmental sample analysis. In the study, chloride, iodate, fluoride, carbonate,
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sulphate, bromide, nitrate and nitrite were selected as these anions are commonly found in
environmental waters. An anion mixture containing 10 mg L™ of these nine commonly
found anions along with phosphate was analysed using the portable IC set up. As can be
seen in Fig. 3, selective detection of phosphate was achieved and the determination of

phosphate was not affected by the presence of other anions.

3.3 Chromatographic repeatability

To assess the repeatability of the portable IC platform for phosphate analysis, 52 sequential
chromatograms were produced for the nine-anion standard solution with 10 mg L*
phosphate present within the standard. Prior to the first injection, the system was
equilibrated with the eluent for approximately 15 min and automatic injection was
configured. The 10 mg L™ phosphate anion mix standard solution was injected every 10
min. The repeatability of the retention times and peak areas are presented in Fig. 4. The
relative standard deviation (RSD) of peak area and retention time for the 52 successive

runs was 4.07 % and 0.68 % respectively. These repeatability results highlight the potential

of the method and the portable platform when considering phosphate gquantification in

environmental water samples.

3.4 Water sample analysis

All samples were analysed in triplicate. The performance of the portable IC analyser was
assessed by comparing the obtained phosphate results to an accredited lab-based ion
chromatograph, accredited according to ISO 17025 by the Irish National Accreditation Board
(INAB). Accuracy of the portable IC configuration was obtained by calculating the relative %
error for phosphate between the portable and accredited IC system. Table 1 shows the
phosphate concentrations determined within each sample using the portable IC
configuration versus the accredited lab-based IC system. Examples of chromatograms

generated by the portable IC system are shown in Fig. 5.

The phosphate concentrations which were determined for the spiked environmental water
samples and corresponding recovery values are shown in Table 2. Average recovery for
environmental samples spiked with phosphate ranged between 95.5 — 115.7 % which lies
within the recommended recovery range for IC methods set by Environmental Protection

Agency’s (EPA) methods [49]. In addition, according to standard methods for the
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examination of water and wastewater, a recovery value observed within the range 85-115%

is an acceptable recovery in terms of analytical validation [44].

5. Concluding Remarks

A portable IC configuration and method for the determination of phosphate in water has
been developed and demonstrated in a laboratory setting. The method employed isocratic
elution using buffered potassium phthalate eluent at pH 8.8 with a CS5A 4x250 mm
analytical column in series with a CG5A 4x50 mm guard column. Indirect UV detection of
phosphate was achieved using a 3D printed detection cell with a 255 nm LED and
photodiode. The SLA 3D printing of the detection cell enabled the generation of a low-cost,
mechanically robust monolithic detector, with fabrication time compatible with medium
scale production. The IC set up demonstrated good performance in terms of repeatability
and precision. In addition, a LOD of 0.4 mg L™ PO,> and a linear detection range between
0.5-30 mg L™ PO,> applicable to a wide range of environmental and industrial wastewaters
was achieved. Environmental samples were analysed using the portable IC system and the
results were compared to an accredited IC system with relative errors < 14 % obtained.
Average recovery ranged between 95.48 — 115.7 % following a recovery assessment carried
out for both fresh water and wastewater samples. Overall, the developed phosphate
detection method shows a great potential for phosphate monitoring in both freshwater
and wastewater matrices and has the potential for use within deployable monitoring
applications in the field. Further work will be focused on development of an embedded
system and communications to enable complete automation of the analyser for remote in

situ phosphate monitoring in the field.
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Fig. 1: Design of UV LED absorbance detector fabricated using SLA. Legend: (1) UV
photodiode and electronic board; (2) printed photodiode holder; (3) fused silica glass UV-

transparent windows (12.5 x 2 mm); (4) chemical resistant double-sided tape; (5) Detector

cell; (6) UV LED holder; (7) surface mount UV LED and electronic board; (8) cell holder.
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Fig. 2: (Top) Schematic representation of portable chromatographic set up for phosphate
analysis. The flow path of water sample through the sample reservoir is shown in blue. An
aliquot of sample taken from the reservoir is drawn through the cation trap cartridge and
is introduced into the system via the sample loop of the six-way valve, this flow path is
shown in green. The flow path of the buffered potassium phthalate eluent is shown in

black. (Bottom) Render of portable phosphate analyser with components labelled.

Exterior dimensions of 23 cm x 36 cm x 57 cm. System weight 13 kg. Legend: (1) eluent

container; (2) waste container; (3) piston pump; (4) injection valve; (5) battery; (6) control

board and electronics; (7) 3D printed UV LED detection cell; (8) analytical column.
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Fig. 3: Chromatogram of nine-anion standard containing 10 mg L PO.*, S0O4%, CO5%, 105, Brf
, F, CI, NOy'and NOs. The standard was analysed using a 75 pL sample loop and 0.6 mM
potassium phthalate eluent at a flow rate of 0.75 mL min™ with a Dionex CG5A 4x50 mm
guard column and Dionex CS5A 4x250 mm analytical column employing the 3D printed

detector with 255 nm LED and photodiode for detection.
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Fig. 4: Repeatability of peak area and retention time values determined using the portable

analyser, analysing 10 mg L™ PO,> standard over 50 sequential runs and associated RSD

values.
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Fig. 5: (Left) Chromatogram of industrial process effluent sample; (Right) chromatogram of
spiked river water sample. Samples were analysed using a 75 pL sample loop and 0.6 mM
potassium phthalate eluent at a flow rate of 0.75 mL min™ with a CG5A 4x50 mm guard
column and CS5A 4 x 250 mm analytical column employing the 3D printed detector with

255 nm LED and photodiode.
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Table 1: Phosphate concentrations obtained using portable IC configuration versus

phosphate concentrations generated using accredited IC (n=3).

Portable IC Accredited IC | Relative error
Sample L R L s
(mgL" POs”) (mg L™~ PO,”) (%)
Residential care facility effluent 1.3+0.64 1.5+0.11 -13.3
Industrial food processing effluent 24.1+0.62 27.0+0.26 -10.7
Public amenity visitor centre effluent 7.3+0.25 7.8+0.13 -6.4
Freshwater A 6.8 +0.34 6.6 +0.08 1.9
Freshwater B 3.5+0.16 3.8+ 0.06 -7.8

Table 2: Concentrations determined within fresh and spiked environmental water samples
determined with portable phosphate analyser (n=3).

Portable IC Spike Average
Sample . s ) s
(mgL"POs) (mgL"PO;") | recovery (%)
Residential care facility effluent 1.28+0.61 5 98.5
Waste water treatment plant effluent 0.99+0.80 5 108.8
Industrial food processing effluent 9.98 +0.60 5 115.7
River water sample <0.5 5 95.5
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