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A portable and automated IC system with a dual-capability for the analysis of both fresh and saline en-
vironmental waters has been developed. Detection of nitrate in complex matrices such as seawater was
achieved by the employment of an automated two-dimensional (heart-cut) IC method utilised in tandem
with on-column matrix elimination, using a sodium chloride eluent. The system also demonstrated the
capability to switch to a second mode of analysis, whereby direct one-dimensional IC analysis was em-
ployed to rapidly detect nitrite and nitrate in freshwater, with direct UV LED based absorption detection
in under 3 minutes. Calibration curves using a 195 puL sample loop were generated for both freshwater
and artificial seawater samples. For marine analysis, an analytical range of 0.1 mg L-! - 40 mg L-! NO3~
was possible, while an analytical range (0.1 mg L= - 15 mg L-' NO,, 0.2 - 30 mg L~' NO3~) appropriate
for freshwater analysis was also achieved. Chromatographic repeatability for both marine and freshwater
analysis was verified over 40 sequential runs with RSD values of < 1% demonstrated for both peak area
and retention times for each mode of analysis. The selectivity of both methods was demonstrated with
interference tests with common anions present in environmental waters. Recovery analysis was carried
out on marine samples from Tramore Bay, Co. Waterford, Ireland, and the systems analytical performance

was compared with that of an accredited IC following environmental sample analysis.

© 2021 The Authors. Published by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

Nitrate is an oxidised form of inorganic nitrogen which natu-
rally occurs in soils and environmental waters. The presence of ni-
trate within the seawater and freshwater ecosystem arises natu-
rally through nitrogen fixation by cyanobacteria, atmospheric ni-
trogen, and vegetable and animal decomposition [1]. Yet despite
this intrinsic nature, nitrate pollution of surface and coastal waters
has become widespread over the past decades as a result of an-
thropogenic impacts such as sewage disposal, agriculture and in-
dustrial effluent. Elevated levels of nitrate contribute significantly
to eutrophication within fresh and marine waters. This often re-
sults in algal blooms, destruction of water ecosystems and the loss
of beneficial uses associated with the water [2]. Traditionally, ‘grab
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and lab’ samples have been the standard approach for marine and
freshwater monitoring, where grab samples are taken from water
systems and sent to laboratories for analysis. However, clear lim-
itations are associated with this approach in the form of sample
transport, cost of labour and time [3,4]. Real-time or near real-
time, in-situ nutrient analysers are paving the way with regard
to future monitoring and understanding of environmental waters.
Systems capable of generating accurate, continuous, and repeatable
quantification of nutrients such as nitrate are of particular appeal,
with portability and robustness being paramount for in-situ water
analysis [5].

Various methods and strategies based upon differing analytical
techniques have been explored for on-site or in-situ determination
of nitrate within fresh and marine environmental waters [6-9]. To
date, colorimetric based analysers and direct UV absorption sys-
tems have proven to be the leading strategies towards achieving in-
situ nitrate analysers for monitoring natural waters. Lab-on-a-chip
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(LOC) based systems employing microfluidics and colorimetry with
LED-based detection have shown considerable promise and have
successfully been deployed in-situ for nutrient monitoring in a
range of natural waters and waters of varying salinity [10-12].
These LOC systems offer considerable advantages over typical flow
injection analysis (FIA) or segmented flow analysis (SFA) systems
such as reduced reagent consumption and energy requirements.
However, limitations still exist, not only as colorimetric reagents
are themselves hazardous, but also in the form of challenges as-
sociated with mass manufacture of microfluidic components and
assembly of LOC systems [13]. When considering direct UV opti-
cal detection systems, although numerous commercial in-situ anal-
ysers are available [14-17], these analysers remain at significant
price points and have high power consumption requirements due
to the use of UV lamps. In addition, UV nitrate probes can be im-
pacted by matrix effects and interferences present within natural
waters as a range of dissolved constituents absorb light in the UV
wavelength. These include inorganic constituents, such as bromide,
nitrite and hydrogen sulphide, as well as dissolved organic matter
[18].

Recently, Murray et al. [19] reported a cost-effective portable ni-
trate and nitrite analyser based on rapid ion chromatography (IC)
and direct UV detection using a 235 nm LED and photodiode. By
coupling the UV LED based detection with rapid ion separation, se-
lective detection of both nitrite and nitrate was achieved. The anal-
yser was successfully deployed in a range of environmental and
industrial waters and demonstrated accuracy and precision compa-
rable to laboratory-based instrumentation. However, this IC-based
nitrate analyser was not applicable to marine analysis. The sample
complexity associated with saline samples, such as brackish wa-
ters typical of estuaries or coastal waters, represents a major chal-
lenge for IC analysis. The determination of nitrate in water sam-
ples with high salt content is demanding for IC due to the dele-
terious effects which the high levels of chloride and other anions
have on the anion exchange separation. On-column matrix elimi-
nation for IC, first highlighted by Ito and Sunahara in 1988, rep-
resents a method of mitigating the matrix effects of challenging
samples such as seawater by using the major matrix ion as the
eluent [20]. Haddad et al. employed on-column matrix elimination
using NaCl eluent in which the chloride matrix ion in the eluent
overcame the matrix effect of saline samples and allowed for the
detection of various anions, including nitrate, using IC with direct
UV detection [21]. Ito et al, used matrix elimination in a similar
manner using dilauryldimethylammonium-coated monolithic ODS
columns and direct UV detection [22]. Wang et al. described an al-
ternative approach to overcome the matrix effects of seawater us-
ing a cycling-column-switching approach [23]. Within this system,
low concentration anions were concentrated before final analysis,
removing the effect of the matrix ion. Two-dimensional (2D) ion
chromatography (both comprehensive and ‘heart-cut’ approaches)
has emerged as a promising technique for the analysis of trace
ions, particularly in challenging matrices. Multi-dimensional chro-
matography has proven to be an effective technique in maximising
chromatographic separation and has shown the potential to enable
superior selectivity and sensitivity [24,25].

In this research, we report a portable and environmentally con-
scious analyser for the detection of nitrate in marine and nat-
ural waters. The method utilises an automated 2D IC method,
in combination with on-column matrix elimination using sodium
chloride eluent, for the detection of nitrate in seawater matrix,
with the ability to switch to one-dimensional (1D) IC analysis
for direct nitrite and nitrate determination in freshwater samples.
The system incorporates rapid ion chromatography with direct UV
LED based optical detection for nitrate determination in under 3
minutes. Analytical performance and chromatographic repeatabil-
ity were demonstrated and dynamic linear ranges were obtained
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for both freshwater and seawater matrices. Environmental freshwa-
ter and seawater samples were analysed as well as blind artificial
seawater samples, and the analytical performance of the developed
analyser was compared to accredited laboratory instrumentation.

2. Experimental
2.1. Chemicals and reagents

All chemicals used within this study were of analytical grade.
All solutions were prepared using high purity deionised water
(Milli-Q). The eluent used within the analyser was 200 mM NaCl
and was prepared by dilution of 5 M NaCl stock solution (Sigma
Aldrich). Nitrate and nitrite stock solutions were prepared using
NaNOs3 (Sigma Aldrich) and NaNO, (Sigma Aldrich) respectively.
Artificial seawater was prepared according to the procedure set
out by Metrohm in IC Application Note U-62 [26]. The follow-
ing quantities of salts were added to 1 L of deionised water: 28
g NaCl, 7 g MgS04.7H,0, 5 g MgCl,.6H,0, 1.61 g CaCl,.2H,0 and
0.4 g NaHCOs. For the interference studies nitrate, nitrite, carbon-
ate, chloride, iodate, sulphate, bromide and fluoride stock solu-
tions were prepared using NaNOs (Sigma Aldrich), NaNO, (Sigma
Aldrich), Na,CO3 (Sigma Aldrich), NaCl (Fisher Chemicals), KIO3
(PanReac AppliChem), Na,SO4 (Sigma Aldrich), KBr (Merck) and
NaF (Sigma Aldrich), respectively. Working standards were pre-
pared by diluting these stock solutions.

2.2. Portable analyser

The analyser incorporated two separation stages that operated
in a manner which enabled either direct freshwater analysis or
rapid matrix elimination for marine analysis in a single portable
package. Anion exchange separation was achieved through the use
of two 4 x 50 mm Dionex AG15 guard columns (particle diam-
eter of 9 um) from Thermo Fisher Scientific (Sunnyvale, CA). The
twin eluent syringe pump configuration was comprised of two 2.5
mL individual glass syringes (SG Syringes, Trajan) housed within
3D printed pump assemblies. All 3D printing was performed us-
ing Onyx filament sourced from Markforged, Inc. (Massachusetts,
USA) and all 3D printing of components was carried out using
a Markforged Mark Two printer. The eluent syringe pumps were
each coupled to one of two automated 6 port 2-position injection
valves provided by VICI AG (Schenkon, Switzerland). LED-based UV
absorbance detection was achieved using two low-cost detection
cells, previously reported by Murray et al. [27], employing two 235
nm deep UV-LEDs provided by Crystal IS (Green Island, NY, USA)
and two UVC photodiodes (TOCON_C1) with integrated amplifiers
purchased from Sglux GmbH (Berlin, Germany). The embedded
system consisted of an ARM based microcontroller (Teensy 3.6)
which controlled all the timing and actuation of the syringe pumps
and 6-way valves as well as the sample intake pump and sam-
ple intake syringe pump. Dedicated motor controllers (TB6612FNG)
ensured the syringe pumps ran smoothly while simple on-off sig-
nals enabled the sample intake pump and 6-way valve operation.
The deep UV LED intensity for each detection cell was controlled
through a constant current driver (AL8805) for stable operation.
UVC photodiode signals were sampled using a 16-bit analog to dig-
ital converter (ADS1115). Separation data processed by the micro-
controller was stored on an SD card for easy retrieval. Electronic
components were sourced from Mouser Electronics (Texas, USA).
Power to the system was supplied from a Lithium-Polymer bat-
tery pack (Voltaic V88) purchased from Voltaic Systems (New York,
USA). The assembled system is shown in Fig. 1. The system was
housed within a 1510M Peli Case (Peli Products, Clare, Ireland). The
weight of the system, including battery and full eluent, was ca.
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Fig. 1. Render of portable 2D IC system for freshwater and marine water analysis
with components labelled. Exterior dimensions of 60 x 37 x 27 cm. Legend: (1)
battery; (2) electronics housing; (3) 3D printed syringe pumps; (4) 12 V sample in-
take pump; (5) first six-way injection valve; (6) first AG15 column; (7) first UV LED
based detection cell; (8) second six-way injection valve; (9) second AG15 column;
(10) second detection cell; (11) eluent storage; (12) waste storage.

13 kg. The total component cost of the fully assembled analyser
was < $3500.

2.3. Analyser operation

The fluidic schematic of the analyser is shown in Fig. 2, rep-
resenting the systems operational flow. Three 3D printed syringe
pumps, comparable to those described within the portable IC anal-
yser developed by Murray et al. (2020), were utilised within the
system [19]. The design and configuration of these syringe pumps
is illustrated in Fig. A1 of the electronic supplementary informa-
tion (ESI). Two 2.5 mL syringe pumps were responsible for eluent
delivery and one 1 mL syringe pump was used for drawing sample
from the sample reservoir through the sample loop (195 pL), and
hence filling the loop. During stage 1 of the analyser operation for
marine analysis, the sample syringe and the eluent syringes oper-
ated in unison, the sample syringe drawing in sample filling the
sample loop, and the eluent syringes each drawing in 2.5 ml of
eluent from the eluent storage. Once these syringes were full, par-
allel flushing of the sample syringe and eluent syringe 1 began. The
sample syringe flushed to waste and eluent syringe 1 directed flow
of eluent through the first six-way valve to column 1 and detector
1, at a flowrate of 0.7 mL min—!.

As eluent syringe 1 began flushing (time = 0 s), the first six-
way valve remained in the load position until 24 s had passed,
after which the valve automatically switched to the inject posi-
tion, injecting the sample. Eluent syringe 1 continued to empty
until it reached its home position defined by the activation of limit
switches.

During stage 2 of analyser operation for marine analysis, the
flow from detector 1 was directed to waste through the second
six-way valve until 118 s had passed since the beginning of eluent
syringe 1 flushing. After this time, the second six-way valve auto-
matically switched to the load position, loading the second sample
loop (800 pL). This timing corresponded to the start of the elution
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of the nitrate peak from column 1. Eluent syringe 2 began flushing
after 177 s had passed, directing flow through the second six-way
valve to column 2 and detector 2. The second six-way valve auto-
matically switched to inject after 207 s had passed, corresponding
to the end of the elution of the nitrate peak. The valve remained
in the inject position for 17 s before automatically switching back
to load position. This 17 s injection time corresponded to a sam-
ple injection volume of 198 pL. The flow continued from the valve
to column 2 and detector 2 and finally to a waste container, until
eluent syringe 2 reached its home position.

When the analyser was in freshwater operational mode, the
second stage of operation was by-passed and stage one directly
analysed the sample using eluent syringe 1 while data acquisition
was obtained from column 1 and detector 1 only.

2.4. Sample analysis and performance assessment

A combination of blind standard solutions and environmental
water samples were analysed. For freshwater analysis, two Envi-
ronmental Protection Agency (EPA) intercalibration standards and
one river water sample were provided by the Environmental De-
partment within TelLab (Carlow, Ireland). Nitrate concentrations
determined within the freshwater samples using the portable IC
analyser, employing 1D analysis, were compared to those gener-
ated by an accredited lab-based ion chromatograph, accredited ac-
cording to ISO 17025 by the Irish National Accreditation Board
(INAB). For marine analysis, blind artificial seawater standards
were analysed using the portable IC analyser, employing 2D analy-
sis.

Using seawater sample taken from Tramore Bay, Co. Waterford,
Ireland, recovery analysis was carried out according to the spiking
and recovery procedure previously reported [28,29]. This seawater
sample was spiked with 5 mg L-! NO;~ (Seawater A) and 7 mg
L-1 NO;~ (Seawater B). The calculation used to determine recov-
ery, for the spike concentration of 5 mg L~! NO5~, is highlighted
below.

Recovery = spiked sample conc.
— ((unspiked sample conc./100 mL) x 99.5 mL)

Recovery % = recovery /spike concentration x 100

The nitrate concentration present in the neat seawater sample
was first determined using the portable IC through 2D analysis.
This concentration was divided by 100 mL and then multiplied by
99.5 mL to account for the dilution caused by adding 0.5 mL of
1000 mg L-! NO5~ standard to make up 100 mL total volume in
the seawater matrix. This final value was then subtracted from the
spiked sample concentration to determine the recovery as a per-
centage.

3. Results
3.1. Chromatographic repeatability

The repeatability of the marine analysis system employing the
2D IC configuration was assessed by analysing 40 sequential runs
(n=40) of a 5 mg L-! NO;~ artificial seawater standard. The RSD
values for both peak area and retention times were below 1 % and
the repeatability which was achieved is shown in Fig. 3. The peak
width which was observed for nitrate during this analysis was 0.51
mins and the associated asymmetry factor (As) was 1.4. The re-
peatability demonstrated when analysing a fresh water 5 mg L-!
NO3~ standard using the direct 1D IC configuration is graphically
presented in Fig. B1 of the ESI. The RSD values for both peak area
and retention times, when performing freshwater analysis (n=40),
were 0.71 % and 0.50 %, respectively.
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Fig. 2. Schematic representation of analyser. The flow path of NaCl eluent is shown in black. The flow path of sample through the sample reservoir and into the sample
intake syringe is shown in blue. The flow path of stage 1 analysis through column one is shown in red and stage 2 analysis flow path through column 2 is shown in green.
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Fig. 3. Repeatability of peak area and retention time values determined using the 2D IC configuration analysing 5 mg L~' NO;~ artificial seawater standard over 40 sequential
runs and associated RSD values.

3.2. Assessment of interfering anions

Anions commonly found in both fresh water and seawater were
investigated to ensure no co-elution was occurring when detect-
ing nitrate. Firstly, an anion mixture containing 20 mg L~! nitrate
and 10 mg L~ nitrite, fluoride, bromide, chloride, iodide, sulphate

and carbonate was analysed directly by the analyser through 1D IC.
The chromatogram which was generated is depicted in Fig. 4 (a),
highlighting selective detection of both nitrite and nitrate when
analysing a freshwater matrix. Secondly, a 40 mg L~! nitrate arti-
ficial seawater (15210 mg L~ chloride, 2728 mg L~! sulphate, 145
mg L1 bicarbonate) standard with 10 mg L~! nitrite and iodate
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Fig. 4. (a) Chromatogram of a 10 mg L~ nitrite and 20 mg L' nitrate freshwater standard with a 10 mg L~! mix of chloride, bromide, fluoride, sulphate and carbonate
generated using 1D analysis. Eluent: 200 mM NaCl, flowrate: 0.7 mL min~!, 195 uL sample loop. (b) Chromatogram of a 40 mg L~! nitrate artificial seawater standard with
10 mg L~ nitrite and iodate and 50 mg L~! bromide using 1D analysis, highlighting co-elution and ineffective detection of nitrate (c) Chromatogram of a 5 mg L~! nitrate
artificial seawater standard with 10 mg L' nitrite and iodate and 50 mg L~ bromide using 2D analysis, highlighting selective and sensitive detection of nitrate.

Table 1
Performance of portable analyser, analysing marine samples through 2D IC analysis and freshwater samples through direct 1D IC
analysis.
Analysis Analyte Linear Range R? LOD
Marine Nitrate 0.1 - 40 mg L' NO3~ 0.999 10 pg L1 NO3~
Freshwater Nitrite 0.1 - 15 mg L' NO,~ 0.993 5 pg L-1 NO,~

Nitrate 0.2 - 30 mg L' NO3~ 0.997 20 pg L1 NO3~

Table 2
Nitrate concentrations determined within environmental freshwater samples and blind artificial seawater
samples using multi-dimensional IC analyser (n=3).

Sample Analyte  Portable IC 1D (mg L™')  Accredited IC (mg L~!)  Relative Error (%)
Freshwater A NO;~ 9.9 + 0.08 9.5 + 0.07 421 %
Freshwater B NO;3~ < 0.1 < 0.25 -

Freshwater C NO;3~ 114 + 0.05 11.6 £+ 0.09 -1.72°%
Sample Analyte  Portable IC 2D (mg L-')  Standard Conc. (mg L-')  Relative Error (%)
Artificial Seawater A NO3;~ 6.92 + 0.08 7 -1.14 %
Artificial Seawater B NO3~ 2.51 £ 0.03 2.5 04 %




C. Fitzhenry, L. Jowett, P. Roche et al.

200 -
(a)
150 -

Nitrate

100 -

50 A

Absorbance (mAU})

Fresh Water
(1D Analysis)

-100 T T T |

0 1 2 3 4

Time (min)

Journal of Chromatography A 1652 (2021) 462368

(b)

a3
2
< .
£ Nitrate
Q
g 24
a
£
Q
£ud
Q2
< 4
[
Marine Water
{2D Analysis)
-1 T T T 1
0 i 2 3 4
Time (min})

Fig. 5. (a) Chromatogram of sample Freshwater A generated using 1D IC. Eluent: 200 mM NaCl, flowrate: 0.7 mL min—', 195 pL sample loop with AG15 guard column for
separation and 235 nm LED optical detection (b) Chromatogram of environmental seawater sample generated through 2D IC.

Table 3

Concentrations determined within artificial seawater blind standards and spiked environmental seawater

samples using multi-dimensional IC analyser (n=3).

Sample Analyte  Portable IC 2D (mg L-')  Spike Conc. (mg L-')  Average Recovery (%)
Seawater A NO;~ 5.59 + 0.08 5 104.4 %
Seawater B NO;~ 7.79 + 0.04 7 106.1 %

and 50 mg L-! bromide was analysed using direct 1D analysis,
the corresponding chromatogram is shown in Fig. 4 (b). As can be
seen, severe coelution was observed and selective nitrate detection
was not achieved. Following this, a 5 mg L~! nitrate artificial sea-
water standard with 10 mg L~! nitrite and iodate and 50 mg L-!
bromide was analysed using the 2D IC analysis configuration. The
generated chromatogram is shown in Fig. 4 (c). Through the appli-
cation of the 2D IC, interferences and coelution associated with the
high anion concentrations present within the seawater matrix are
eliminated and selective detection of nitrate was demonstrated. A
chromatogram for the artificial seawater matrix, without nitrite or
nitrate present, following 2D IC is shown in Fig. C1 of the ESI.

3.3. Analytical performance

The detection of nitrate within marine water matrices was
achieved in under 3 minutes using 2D IC employing isocratic elu-
tion using 200 mM NaCl eluent at a flowrate of 0.7 mL min~!
through two AG15 columns. A sample injection of 195 pL was
utilised in combination with two 235 nm LED based optical UV de-
tectors. The calibration ranges, using eight calibration points, and
associated R2 values for nitrite and nitrate are presented in Table 1.
Corresponding limit of detection (LOD) values, estimated using
a signal-noise-ratio (S/N) = 3, are also shown within the table
[30,31]. To estimate the LOD levels, 1D analysis of an anion stan-
dard containing 1 mg L-! NO,~ and 2 mg L-! NO;~ (n=3), and
2D analysis of an artificial seawater standard containing 2 mg L~!
NO3~ (n=3) was carried out. The average background noise levels
associated with each measurement and chromatogram were deter-
mined. Using this information, the estimated LOD levels were then
taken as the analyte concentrations which correspond to three
times the background noise level. The nitrate calibration curve for

marine analysis is illustrated in Fig. D1 of the ESI. The nitrite and
nitrate calibration curves for freshwater analysis are illustrated in
Fig. E1 and E2 of the ESI. Analytical ranges for freshwater analysis
were achieved using calibration curves based on peak area values
and a polynomial fit. Detection of nitrite and nitrate in freshwater
was achieved directly using 1D IC. A single 2.5 mL eluent syringe
pump using 200 mM NaCl eluent, anAG15 column, sample injec-
tion of 195 puL with a 235 nm LED detector successfully separated
the two anions in under 2.5 min.

3.4. Sample analysis

Nitrate concentrations determined within the freshwater sam-
ples using the portable IC analyser, employing 1D analysis, com-
pared to the nitrate concentrations generated using accredited IC
are shown in Table 2. The chromatogram generated for the anal-
ysis of sample ‘Freshwater A’ is depicted in Fig. 5 (a). For ma-
rine analysis, blind artificial seawater standards were analysed
using the portable IC analyser, employing 2D analysis. The de-
termined nitrate concentrations with associated relative errors
are also reported in Table 2. Using seawater sample taken from
Tramore Bay, Co. Waterford, Ireland, recovery analysis was carried
out according to the spiking and recovery procedure previously
reported [28,29]. The nitrate concentration present in the neat sea-
water sample was first determined using the portable IC through
2D analysis, chromatogram shown in Fig. 5 (b). The nitrate concen-
tration was determined to be 0.37 mg L~ NO;~. The nitrate con-
centrations which were determined for the spiked seawater sam-
ples and corresponding recovery values are shown in Table 3. Ac-
cording to standard methods for the examination of water and
wastewater, a recovery value observed within the range 85-115%
is seen as an acceptable recovery in terms of analytical valida-
tion. The average recovery obtained for both the spiked seawater
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samples were within this acceptable range and thus demonstrated
suitable analytical accuracy [28].

4. Conclusion

A portable and fully automated IC system was developed for
the detection of nitrate in marine and natural waters. The system
allowed for 1D or 2D IC analysis depending on the sample ma-
trix to be analysed. For marine analysis, the developed method
incorporated a 2D IC approach in combination with on-column
matrix elimination techniques using two AG15 guard columns, a
200 mM NaCl eluent and detection with a low-cost 235 nm LED
based absorbance detector. Direct 1D analysis was implemented
for monitoring of nitrite and nitrate in freshwater samples. The
use of NaCl eluent was successful, highlighting an environmentally
friendly eluent and analyser.

Chromatographic repeatability was demonstrated and assess-
ment of the effect of interfering ions was investigated. High levels
of sensitivity and selectivity were shown for both the marine and
freshwater analysis. Dynamic linear ranges applicable to environ-
mental water monitoring were obtained for nitrate in marine wa-
ter and for both nitrite and nitrate in freshwater. Recovery analysis
was successfully carried out on seawater samples from Tramore,
Co. Waterford, Ireland. The system proved successful in returning
accurate and repeatable results for both marine and freshwater
samples, showing its diverse application in the monitoring of a
wide range of environmental waters.
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