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ABSTRACT: There is an urgent need for reliable seawater phosphate measuring tools to better assess eutrophication. Today,
most accepted sensing approaches are based on the established colorimetric molybdenum blue assay. It requires one to
modify the sample to strongly acidic conditions and to add various reagents, principally molybdate and reducing agent (e.g.
ascorbic acid), to form a blue colored phosphate complex that is subsequently detected spectrophotometrically. The associ-
ated need for large sample and mobile phase reservoirs and mixing coils are, unfortunately, not ideally adapted for the de-
velopment of operationally simple in situ sensing instruments. It is here demonstrated for the first time that the key rea-
gents needed to achieve phosphate detection by the molybdate method may be delivered by passive counter transport
across ion-exchange membranes. A cation-exchange Donnan exclusion membrane placed in contact with a sample flow (450
um thick) is shown to provide the strongly acidic conditions (pH~1) necessary for phosphate determination. Proton
transport is driven, via cation-exchange, by the high sodium content of the seawater sample. Molybdate was similarly re-
leased through an anion-exchange membrane by chloride counter transport. Consequently, an in-line flow system containing
the two membrane modules in series was used for delivering both hydrogen and molybdate ions into the sample to form the
desired phosphomolybdate complex for subsequent spectrophotometric detection. A linear calibration graph in the range of
0.1-10 uM phosphate (3-300 ppb inorganic P) was achieved, which is sufficiently attractive for environmental work. A
range of seawater samples was tested and the results from this membrane delivery device showed no significant differences
compared to the classical molybdate assay chosen as the reference method.

Keywords: inorganic phosphate; molybdate assay; ion-exchange membrane; molybdate delivery; marine sensing; seawater
analysis

Phosphate is a vital nutrient for all living organisms as it
is needed for almost all essential biomolecules (nucleic
acids, phospholipids) as well as most metabolic processes
such as photosynthesis, respiration and energy delivery. It
is also an important key parameter of water quality and
often the limiting nutrient for the primary production in
ecosystems.? Excessive concentrations of phosphate, re-
sulting mainly from human activity, are known to be harm-
ful to environmental aquatic systems as they promote eu-
trophication.3 The monitoring and control of phosphate is
urgently required for these reasons.

From the late 1960s to mid 1970s, the measurement of
phosphate became an important issue to allow for a better
understanding of marine systems.* All phosphorus forms
in the environment are transformed into their inorganic
forms that are transported from terrestrial to aquatic sys-
tem by natural processes including wind erosion and

leaching.5 Total phosphate influx into open seawater has
been estimated to be in the range from 9.3x101° mol/year
to 34x101° mol/year.6 Phosphate concentration depends
on the specific marine environment and depth. Vertical
profiling of phosphate concentration in the North-East
Atlantic gave concentrations below 2.5 uM.” A depth profile
of phosphate in the eastern mediterranean was gave less
than 0.25 pM in surface waters, but nutrient sinking in-
creased this to 10 uM at higher depth.8 In another study in
deep seawater (321 m depth) of Toyama Bay, Japan, a signi-
ficant daily phosphate changes were observed from 0.86 to
1.98 uM.?

Established techniques for phosphate determination
commonly used in routine analysis include colorimetry, ion
chromatography and flow injection analysis.14 The stan-
dard method for the determination of soluble phosphate is
colorimetry by the molybdenum blue reaction (MB). By far
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Figure 1. Membrane principles for the in-line acidification module based on cation exchange (acidification module) and anion
exchange (molybdate release module), Pi: phosphate species, Mo»: Molybdenum anion.

the most widely-used reduction method for batch and au-
tomated analyses is based on the approach described by
Murphy and Riley.1011 It asks for ascorbic acid to reduce the
phosphomolybdate complex in the presence of potassium
antimony tartrate as catalyst in acidic medium. The reac-
tion pH and the molybdate concentration are key parame-
ters for the formation of the phosphomolybdate complex
and for controlling its reduction. The best sensitivity for
orthophosphate detection occurs at a pH < 1.12-14

In the past few years increased attention has been given
to the implementation of the molybdenum blue reaction in
flow analysis for determining phosphate in aquatic sys-
tems. The currently available flow methods involving flow
injection analysis (FIA), segmented flow analysis (SFA),
and sequential injection analysis (SIA) often provide suffi-
ciently low detection limits for the analysis of natural sea-
water samples. The FIA methods are typically coupled to
UV-VIS spectrophotometry, ICP-AES detection and fluoro-
metric or chemiluminescence detection.»1? Special care in
sample and reagent delivery and stability is required for
reliable performance.'>1¢ Despite the wide acceptance of
MB-based spectrophotometric methods, they are still ra-
ther cumbersome for field monitoring applications: they
involve high cost, operational complexity, high energy con-
sumption, and require sample pre-treatment, reagent addi-
tions and storage.117 For these reasons, the development of
systems for in-situ phosphate determination is an impor-
tant research direction for the advancement of environ-
mental science and conservation.6 Recent research by the
group of V. Gar¢on suggested a new approach based on the
electrochemical generation of molybdate by the oxidation
of a molybdenum electrode and electrochemical release of
hydrogen ions through a cation-exchange membrane, fol-
lowed by electrochemical detection of the resulting com-
plex.18 While this elegant research is still in the early
stages, it forms an important step towards achieving a mi-
niaturized and simplified phosphate sensing assay.

Ion-exchange membranes are established in fuel cells
and in a range of analytical instrumentation such as ion
suppressors in ion chromatography!® and, more recently,
as electrochemical desalinators2® and potentiometric pro-
be materials.!” They are an attractive means to deliver rea-
gents as they allow to avoid sample dilution and the use of
complex mixing valves and pumps, thereby greatly

simplifying the instrument. While they are chemically ro-
bust, their ion-exchange selectivity is limited and their ap-
plicability as analytical tools must be carefully evaluated
for the sample matrix of interest. The use of proton-
exchange membranes for the acidfication of the sample
plug has been well-established in the past with ion supp-
ressors in ion chromatography. A few new approaches ba-
sed on ion-exchange membranes have been suggested re-
cently. 1822

We report here on the use of cation- and anion-exchange
membranes for realizing an elegant and simplified ap-
proach to phosphate determination in seawater samples.
The key reagents (molybdate anions and hydrogen ions)
are delivered separately into the sample by diffusional
counter transport across ion-exchange membranes (Figure
1). The phosphomolybdate complex formed in this manner
is spectrophotometrically detectable, as done here, but
may in principle also be measured electrochemically.23 The
proposed setup is based on a flow configuration and is
therefore compatible with integration in a submersible
module for subsequent in-situ determinations, similar to
other systems described recently.2* The suggested ap-
proach is therefore less complex than those based on clas-
sical mixing of reagent streams and likely easier to accom-
plish compared to the concept suggested by Gargon et al.,
as the reagent delivery is being achieved under zero-
current conditions, by passive diffusion.

EXPERIMENTAL

Reagents. Sodium chloride (NaCl), sodium phosphate mo-
nobasic (NaH2PO4), potassium chloride (KCl), ammonium
molybdate tetrahydrate ((NH4)eMo7024-4H20), sodium mo-
lybdate dihydrate (NazMo0O4-2H20), L-ascorbic acid (CeHsOs),
potassium antimonyl-tartrate trihydrate
(CsH4K2012Sb2:3H20), sodium hexafluorosilicate (NazSiFs),
hydrochloric acid (HCl, 37%), concentrated sulfuric acid
(H2S04, 96%) were purchased from Sigma-Aldrich (analytical
grade). Aqueous solutions were prepared in deionized water
(>18 MQ cm). The artificial seawater sample for a standard
calibration was purchased from NEPTUNEA SA (Aquarium
shop in Confignon). The seawater samples were sourced from
select locations in France and Italy. The following samples
were from Arcachon Bay, a triangularshaped shallow lagoon



close to the Atlantic coast of France: La Hume (sample 1) was
sampled at a depth of 3 m, position at 44.3975 °N, 1.06709 °E,
water temperature 17.5 °C, salinity 32.6 PSU. Arcachon Har-
16.5 °C, salinity 31.8 PSU. Le Tés (sample 3), was taken
from a depth of 1 m, position at 44.3924 °N, 1.08834 °E,
water temperature 17 °C, salinity 33.5 PSU. An additional
sample was from Genoa Station, Italy (sample 4), one of the
major ports of the Mediterranean on the northwestern
coast of Italy. It was collected from a depth of 4 m, position
44.23 °N, 8.55 °E, salinity 37.2 PSU. All collected samples
were immediately stored in a cold box and finally in a
fridge at 4 °C before phosphate analysis, pH was around 8.
Silicone rubber for the solution channels (Angst + Pfister)
was purchased from APSOparts®.

Acidification and molybdate-releasing modules. Cation-
exchange membrane FKL-PK-130 (thickness 110-140 um)
and anion-exchange membranes FAB-PK-130, FAS-PET-
130, FAD-PET-75 and FAPQ-375-PP (thicknesses 110-130,
110-130, 70-80 and 70-80 pm respectively) were purcha-
sed from Fumatech® (FuMA-Tech GmbH, Germany). The
membranes were cut in pieces of 6x110 mm (for the acidi-
fication/molybdate module). The FKL membranes were
pre-conditioned in deionized water for at least 6 h at room
temperature and then at least 1 day in 1 M HNOs to ensure
complete saturation of the membrane with hydrogen ions.
The anion-exchange membranes were pretreated as per
supplier recommendations: the FAB, FAS and FAD memb-
ranes were pre-conditioned in 100 mM NaCl (overnight),
the FAPQ membranes need no pre-conditioning and were
mounted dry in the module directly after cutting.

The design of the acidification and molybdate-releasing
modules is identical to the one reported earlier for the a-
cidification cell?2 and is illustrated in Figure S1. The cell
consists of a sheet of cation- or anion-exchange membrane
placed between two rubber channels (rubber: 10 x 119 x
0.45 mm, channel: 1.7 x 100 x 0.45 mm). One rubber was
prepared for the sample and the other for the acid solution
(acidification module, H-module) or molybdate solution
(molybdate module, Mo-module). These elements are in
turn placed between two acrylic blocks (30 x 120 x 14
mm) and tightly closed by screws. The ends of the channels
coincide with the inlet and outlet of each block. The inlets
and outlets of the two blocks of each module are placed in
reverse order to provide counter flow in the two channels.

Voltammetric experiment with paper-based cell. The pa-
per-based electrochemical flow cell has been mounted ac-
cording to Cuartero et al.2> The elements of the cell were
placed in the following order: the silver foil (working
electrode [WE]), first filter paper, the anion-exchange
membrane, the second filter paper, and the silver/silver
chloride foil (reference [RE]/counter electrode [CE]). The
elements were tightly squeezed together between two ac-
rylic blocks. Both paper-channels were cut from Whatman
filter paper (90-mm diameter, 8-um pore size, 190-um
thickness, purchased from Sigma-Aldrich). The ends of
paper-channels were dipped into two separate beakers
with aqueous solutions (Solutions 1 and 2) containing eit-
her 100 mM NaCl or 100 mM NazMoO4, thus obtaining the
following cell: Ag|AgCl|Solution 1|membrane| Solution
2|Ag. Two special tape masks were added to the system on

bour center (sample 2) was collected at a depth of 3 m, positi-
on at 44.39652 °N, 1.0905 °E, water temperature

both sides of the membrane in order to ensure that the two
filter papers do not come in contact with each other.

Membrane selectivity of molybdate-releasing module.
Aqueous solutions were prepared by dissolving the ap-
propriate salts in deionized water. FAPQ membrane was
cut in the size of 7 mm diameter and mounted in OSTEC
bodies (Oesch Sensor Technology AG, Sargans, Switzer-
land). A membrane disk was conditioned in 0.6 M NaCl
overnight. The inner compartment of the Ostec electrode
bodies was also filled with 10 mM NaCl. Solutions of Cl
(NaCl), H2PO4 (NaH2PO4) and Mo0O4?- (NazMo004) were used
to evaluate the selectivity of membrane. Potentiometric
experiments were performed against a double-juncion
Ag/AgCl/sat. KCl/1 M LiOAc reference electrode. Membra-
ne selectivity was evaluated by adding aliquots of salts into
water and the selectivity coefficients were calculated using
the separate solution method.2¢ To do so, the obtained se-
parate calibration curves were extrapolated to 1 M and the
selectivity coefficient was calculated from this potential
difference dividing by the theoretical slope (59.2 or 29.6
mV for singly- and doubly-charged anions, respectively).
The activity of the ion was calculated with a two-parameter
Debye-Huckel approximation and the speciation of phos-
phate and molybdate was calculated for each concentration
from the experimental pH value.

Colorimetric measurement procedure. The spectropho-
tometric detection of phosphate was based on molyb-
denum blue (MB) reaction described by Strickland and
Parsons.’? The ammonium molybdate solution (Smolybdate)
was obtained by dissolving 15 g of ammonium molybdate
tetrahydrate in 500 mL of water. The sulfuric acid solution
(Sacia) was prepared by adding 140 mL of concentrated
sulfuric acid (96%) in 900 mL of water. Ascorbic acid solu-
tion (Sascorb) was prepared by dissolving 27 g of L-ascorbic
acid in 500 mL of water and stored in the freezer overnight
and whenever not in use. Potassium antimony tartrate so-
lution (Santimony) Was obtained by dissolving 0.34 g of potas-
sium antimonyl-tartrate trihydrate in 250 mL of water.
Finally, the freshly mixed reagent for phosphate detection
(Reagent®) was prepared the same day as the colorimetric
analysis to be performed, by mixing the solutions descri-
bed above in the following volumetric ratio: Smolybdate: Sacid:
Sascorb: Santimony = 2:5:2:1. The mixed reagent was added to
the sample in a volumetric ratio of 1:10 (reagent:sample)
for classical colorimetric analysis.

The spectophotometric detection of molybdate has been
achieved in a similar manner using Reagent™o) with the
composition similar to Reagent® containing no molybdate
but 10 mM total phosphate instead (added as sodium
phosphate monobasic), to make molybdate the limiting
reagent in the milimolar range.

Spectrophotometric detection was performed with a
UV/VIS spectrophotometer (Lambda 35, Perkin Elmer,
USA) in a flow-through quartz cell with the light path of 10
mm and a 30 pL volume (Perkin Elmer, USA, part N
B0631090), at a wavelength of 660 nm. The baselines were
recorded with artificial seawater. Importantly, whenever
manual addition of the reagents was used, the time inter-



vals between spiking the reagent and the analysis were
kept constant and identical to those used for calibration
protocol (ca. 30 min, considering ca. 13 min flow path to
the detector in the chosen setup).

In-line phosphate detection. The experimental setup for
phosphate determination is shown in Figure S2. The solu-
tion was delivered by peristaltic pumps (ISMATEC, Model
ISM935¢, Clattbrug, Switzerland) equipped with tygon tu-
bings (ISMATEC, inner diameter 1.42 mm). Two pumps
were used to allow for the delivery of solution streams at
identical flow rates (90 pL min?). The solutions were
pumped through at four different positions (A-D). The ty-
gon tubings installed on the pumps were connected to the
flow path using PTFE tubings (BOLA, inner diameter 0.8
mm). The used reagents (hydrochloric acid and sodium
molybdate from the ion-exchange modules) and the analy-
zed solutions from the system were collected in waste
bottles.

To obtain the calibration traces, sample solutions with
different phosphate concentrations were introduced by a
peristaltic pump (flow rate 90 pL min't). The solution at
the inlet of the system was changed every 10 min by swit-
ching from the sample to the calibrant solution and the
baseline (artificial seawater). These sequential solutions
were passed through the in-line configuration containing
the molydate module and acidification module, respec-
tively. An acid concentration of 5-6 M and 6 mM of molyb-
date were fed into the H-module and Mo-module, respec-
tively. The stream of the resulting solution containg the
phosphomolydate complex was merged and mixed with an
excess of reducing reagent (mixed solution Reagent® of
Sascorb and Santimony at the same ratio as colorimetry by stan-
dard spectrophotometry?) via a mixing coil. The resulting
absorbance was recorded as a function of time by spectro-
photometry at a 1-s time interval. After each experiment
(involving three repetitions), the baseline solution was
flushed through the system for 20 (or 15) min after every
phosphate-containing solution, in order to eliminate any
baseline drift.

RESULTS AND DISCUSSION

This work explores the use of ion-exchange membranes
to deliver hydrogen and molybdate ions to seawater samp-
les with the goal to achieve an instrumentally simpler
phosphate measurement. While sample acidification by
ion-exchange has been established in the past,8 the release
of molybdate anions into the sample by chloride counter
transport across an anion-exchange membrane has not yet
been reported. A previous study has explored a range of
anion-exchange membranes as anion-responsive membra-
nes in potentiometry,23 and similar materials were explo-
red here: FAB-PK-130, FAS-PET-130, FAD-PET-75, and
FAPQ-375-PP.

Voltammetric experiments were performed to assess the
anion transfer characteristics across these four membra-
nes, using a paper-based cell similar to the one reported
previously (see experimental section).2> This cell contains
Ag (WE) and Ag/AgCl (CE/RE) elements, each in contact
with a NaCl solution in a paper-based channel with a
thickness of 190 um. The two solutions are separated by
the anion-exchange membrane. Linear scan voltammetry

starts oxidizing silver on one of the elements to AgCl,
thereby removing chloride from the contacting sample.
The opposite electrode undergoes the opposite reaction,
resulting in a net chloride flux across the anion-exchange
membrane.

The cyclic voltammograms (CVs) obtained using all four
different types of anion-exchange membranes were com-
pared to those observed in the same paper-based cell but
with no membrane between two paper-based channels
(see Figure S3). Well-pronounced symmetric cathodic and
anodic peaks, with the peak current decreasing with the
addition of the anion-exchange membranes into the sys-
tem, suggest that the overall process must be limited by
diffusion. While the peak current decrease indicates to
some extent less efficient ion transport, the decreasing
slope in the linear range of the CVs (no membrane >
FAS~FAD >FAPQ > FAB) mainly accounts for increasing
resistance (minimal resistance with no membrane). No
clear cathodic/anodic peaks are observed for the FAB-
based system which exhibits the lowest current density
(inefficient ion transport) and a purely resistive current
response.

Despite the higher current density in the voltammo-
grams with FAS and FAD compared to FAPQ, the latter was
chosen for the further transport experiments. The choice of
the FAPQ membrane was dictated as well by the other phy-
sico-chemical properties of the membranes (provided by
the supplier Fumatech®): the FAS membrane pH stability
range (from 0 to 8) is not sufficient for environmental ap-
plications as the pH of open-sea seawater normally ranges
between 7.5 and 8.4,27 while the FAD membrane was not
chosen for mechanical reasons as the initially flat and rela-
tively thin FAD membrane (75 um) was found to distort
and twist upon conditioning. The latter made it too difficult
to integrate it between two acrylic modules of the anion-
exchange module. In contrast, the FAPQ membrane does
not require pre-conditioning, which makes it very easy to
integrate into the module and its pH stability range (0-10)
is also sufficient for the desired application.
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Figure 2. Effect of acidity on color intensity (n=3) for a
sample containing 100 uM phosphate. Explored HCI con-
centrations were in the range of 1-8 M. Absorbance meas-



urement by spectrophotometer is obtained at 660 nm. All
lines are shown to guide the eye.

The possibility of passive molybdate release through
FAPQ membrane was confirmed by a simple visual colori-
metric experiment. The paper-based cell was newly as-
sembled but this time NaCl in the second compartment
(Compartment 2, adjacent to Ag/AgCl element) was substi-
tuted by 100 mM sodium molybdate solution. The cell

10

PHOSPHATE AFTER / uM
—0-

0 2 4 6 8 10
PHOSPHATE BEFORE / uM

Figure 3. Correlation graph between phosphate concent-
rations after passing through membrane modules, inclu-
ding molybdate module and acidification module, and in
sample initially (n=3). Linear line is plotted to guide a line-
ar trend.

was dismounted after ca. 30 min to ensure that there was
enough time given for the liquid to reach the top of the
filter paper and for the expected anion exchange to happen.
A few drops of the colorimetric reagent Reagent™o) were
deposited on top of both papers. The intensive blue colora-
tion of both papers from both compartments of the cell
was detected visually, confirming the efficient transport of
molybdate anions through the FAPQ membrane. The same
experiment was repeated with the FAB membrane, but no
coloration was observed after dropping the reagent on the
paper-channel dipped into sodium chloride solution. Thus,
the FAB membrane was again shown not to be applicable
for the anion transport in the chosen system.

After having completed the comparative studies, the
FAPQ anion-exchange membrane was mounted into an ion-
exchange module of in-line configuration, similar to the
one previously reported for in-line sample acidification?8
(Figure S1). The efficiency of molybdate transport through
the FAPQ membrane was evaluated by a colorimetric mo-
lybdate assay in the excess of phosphate (Figure S4), using
the calibration line (Figure S4a) obtained by passing mo-
lybdate calibration solutions with 0.6 M NaCl background
through the colorimetric flow cell directly after spiking the
Reagent™o). Samples containing 0.6 M NaCl background
were passed through the anion-exchange membrane mo-
dule with different molybdate concantration in the feed
and subsequently analysed in the spectrophotometric cell

after appropriate spiking with the mixed reagent Rea-
gent™o), As shown in Figure S4b, the observed linear corre-
lation between resulting molybdenum concentration in the
receiving sample solution (at the outlet of the anion-
exchange module) and its concentration in the feed soluti-
on allows one to calculate the molybdate delivery effi-
ciency for the chosen conditions as 70-75 %.

An in-line acidification approach based on passive hyd-
rogen ion transfer through a cation-exchange FKL memb-
rane has been recently proposed in our group to adjust the
pH of freshwater samples for nitrite detection.?2 Previous
studies with such cation-exchange membranes showed
that they are sufficiently impermeable to anions?® and
therefore should allow one to maintain the same phospha-
te concentration in the sample plug after passing through
the acidification module. This custom-built module was
adapted for the assay of phosphate, see Figure S1.

The current study refers to phosphate detection in sea-
water, which contains a high concentration of sodium chlo-
ride (ca. 0.6 M). This high concentration forms a strong
diffusional driving force for membrane exchange with hyd-
rogen ions. In order to enable the detection of phosphomo-
lybdate comple, a final pH of <1 is required after acidifica-
tion. The suitable acid concentration in the acidification
module was determined by passing 100 pM phosphate
solution in 0.6 M NaCl background through the molybdate
module (3 mM NazMo0O4) and the acidification module with
different acid concentrations (HCI 1-8 M). The colour in-
tensity of blue product was analysed colorimetrically after
spiking reducing reagent (Reagent®). The correlation
graph is shown in Figure 2 and suggests that optimal per-
formance is observed with 5-6 M HC], giving a final pH in
the sample plug of ca. 0.85-1.00. The same membrane was
used for at least three weeks without significant deteriora-
tion of the analytical performance.
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Figure 4. Effect of molybdate reagent on color intensity
for phosphate determination: standards containing 100 uM
(blue circles) and 10 pM (black circles) phosphate. The
explored molybdenum concentrations were in the range of
0-20 mM. The absorbance of the blue complex obtained
was measured by spectrophotometer at 660 nm.



After chosing the optimal HCl concentration, the anion-
exchange (molybdate-releasing) and the cation-exchange
(acidifying) modules were coupled in series (see Figure
S2). To make sure that no molybdate loss occurs while pas-
sing the sample through the cation-exchange module, a
sample containing 2 mM Na:MoOs and 0.6 M NaCl back-
ground was passed through the H-module. The liquid
sampled at the outlet of the sample compartment was
spiked with Reagent™o) containing all components with the
exception of acid (as the sample had been sufficiently acidi-
fied by the membrane module) and was analysed colori-
metrically. The same manipulation was performed with the
sample containing 3 mM Na;MoOs and 0.6 M NaCl after
passing through both modules (Mo- then H-module). The
results of the described two experiments are shown as
gray and black circles in Figure S4a: the resulting molyb-
date concentrations are close to the expected 2 mM value
(expected value predicted from the correlation shown in
Figure S4b). The slightly elevated concentration obtained
for the sample having passed through both Mo- and H-
modules accounts most probably for the slightly different
pH between the calibration solutions and the sample, be-
cause for the latter acidification was done by membrane
transport. The results confirm no visible losses of molyb-
denum in the acidifyiing module. This is expected, as anio-
nic molybdenum species are unlikely to permeate through
cation-exchange membarane.

In contrast, the anion-exchange membrane used for mo-
lybdate delivery may allow for some passage of other an-
ions such as phosphate. The potential loss of phosphate in
the anion-exchange module was therefore evaluated. The
anion selectivity of the FAPQ membrane was assessed by
potentiometry. The membrane responded to Cl- with a
Nernstian slope of 59.12 mV, similar as traditional ion-
selective electrode membrane, see Figure S5b. No signifi-
cant membrane selectivity was observed for chloride over
phosphate, with log Kcjuzpos- Pot = -1.12 + 0.25 (Figure S5a).
However, the concentration of NaCl in seawater (~ 0.6 M) is
significantly higher than that of phosphate (sub-uM range).
This suggests that the exchange of molybdate anions from
the feed solution will be mainly accompanied by chloride
counter transport, thereby suppressing loss of phosphate
from the sample.

The extent of phosphate loss was studied by a standard
colorimetric phosphate assay for varying levels of phos-
phate in a 0.6 M NaCl background before and after passage
through the combined acidification and molybdate mo-
dules. Figure 3 shows the resulting correlation of phospha-
te concentration obtained from the two experiments. The
loss of phosphate was indeed not dramatic, on the order of
10%, and might also be caused by processes other than
membrane transport. The determined phosphate concent-
ration may be corrected for the loss if needed, provided
that the experimental conditions remain sufficiently simi-
lar between calibration and measurement.

Optimization of the experimental conditions was per-
formed before turning to seawater measurements. Phos-
phate calibration curves (0-100 uM) were recorded at dif-
ferent flow rates, see Figure S6. A higher flow rate is known
to decrease the residence time and therefore the dispersi-
on of mixed solution zone, providing a narrower peak sig-

nal.2? This, however, may be at the expense of a decreased
sensitivity owing to incomplete ion exchange by the
membrane module and insufficient reaction time. From the
data shown in Figure S6, a flow rate of 90 pL min! was
selected as each solution gave good separation.

The volume of the sample plug also affects the separati-
on. It is controlled by the injection time via the preselected
flow rate. Here, 5, 10 and 15 min injection times gave 0.45,
1.00 and 1.35 mL sample volumes. Figure S7 shows the
corresponding results for a range of phosphate concentra-
tions (0-50 uM), suggesting that 1 mL is suitable as each
phosphate concentration can be clearly separated.
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Figure 5. Top: Time-dependent signals for different
phosphate concentrations (0.1-10 uM). Bottom: Corres-
ponding calibration graph from the time-based data (error
bars are standard deviations; n=3), volume of sample plug
ca. 1 ml. Absorbance is measured at 660 nm.

The concentration of molybdate in the Mo-module was
varied to study the influence on system performance. Most
literature ask for a molybdate concentration in the milli-
molar range.l® Consequently, the range of explored con-
centrations in the reagent solution was 0-20 mM, see Figu-
re 4 and Figure S8 for results. The absorbance of the blue
product was analysed colorimetrically after spiking redu-



cing reagent (Reagent®). Two phosphate standards, with
100 pM (blue line) and 10 uM (black line) phosphate con-
centrations, were analyzed in the suggested setup with
different molybdate concentrations and a 5 M HCI acid
concentration in the feed streams. The sensitivity of the
method was found to increase with increasing molybdate
concentration up to 6 mM, after which it was constant. For
this reason, a 6 mM molybdate reagent concentration was
chosen in the reagent stream of the Mo-module.

Seawater samples were analyzed for phosphate by gui-
ding the sample plug first through the acidification module
and subsequently through the molydate-releasing module.
While the ultimate goal of the work is to achieve an
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Figure 6. (a) Time-based responses for seawater samples
containing different phosphate levels (SW1-SW4), (b) Cor-
relation graph between phosphate concentration obtained
using developed system and phosphate determined by
standard spectrophotometry, volume of sample plug ca. 1
ml. Absorbance is measured at 660 nm.

electrochemical detection of the resulting phosphomolyb-
date complex, the more established spectrophotometric
detection was chosen here to best assess the performance
of the membrane modules. The associated time profiles for
samples containing varying levels of phosphate in a 0.6 M

NaCl are presented in Figure 5 (Top). Linearity was obtai-
ned in the range of 0.1-10 uM phosphate, see Figure 5 (Bot-
tom).

Silicate is known to be the principal interferent in the
molybdenum blue method as it also forms heteropoly acids
(12-MSA/12-molybdosilicic acid, HaSiMo012040), thereby
reducing available molybdenum blue concentration.!0 Ge-
nerally, silicate concentration in aquatic systems is in the
submicromolar range. Silicate concentration required for
siliceous phytoplankton such as diatoms is <0.1-0.6 uM in
the euphotic zone.830 From the liturature, it is suggested
that silicate interference can be suppressed with high aci-
dity or using antimonyl tartrate as the source of Sb(III).*
Here, organic acid was used in the combined reductant
reagent (potassium antimonyl tartrate), as tartaric acid
may help to minimise silicate interference. From the result
shown in Figure S9, adding 10 pM silicate solution to a 1
uM phosphate solution does not significantly interfere.
Only excessive silicate concentrations not common for
most seawater environments give interference.

The in-line membrane system was applied to the deter-
mination of phosphate concentration in a range of unmodi-
fied seawater samples as shown in Figure 6a. Phosphate
concentrations of (0.794 + 0.018), (0.871 = 0.051), and
(0.513 £ 0.061) uM were detected in the samples, see Table
S1. The phosphate concentrations in the same samples
were also determined by the traditional molybdate assay
chosen as reference method. The resulting cross-
correlation is shown in Figure 6b. The data from the two
methods are in a good agreement, although we note that
the phosphate level in seawater sample 3 was too low to be
detectable with either method.

CONCLUSIONS

An in-line flow system employing ion-exchange memb-
rane-based reagent delivery was sucessfully developed for
the determination of inorganic phosphate in seawater. The
performance of the ion-exchange membranes was accep-
table and showed no dramatic loss of phosphate through
the membrane modules. The device was coupled to
spectrophotometric detection for seawater measurement,
demonstrating the detection of phosphate levels as low as
0.1 uM. The key advantage of this approach is a simpler,
more integrated membrane-based reagent delivery prin-
ciple, compared to established approaches that rely on
mixing. While the long-term goal of this research is to de-
velop a miniaturized sensing device with integrated elec-
trochemical detection, the spectrophotometric detection
chosen here is an intermediate milestone that lends itself
well to the validation of the membrane-based delivery
principle.
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Figure S1. Schematic illustration of the custom-made module for membrane delivery: inlet, outlet, acrylic block, rubber
channel. Anion-exchange membrane (FAPQ) are used for molybdate-module.
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Figure S2. Schematic diagram of in-line configuration with spectrophotometric detection. The solution is delivered by
peristaltic pumps at a flow rate of 90 uL min-'. The flow is directed from left to right until the analyzed solution is collected
in waste bottles.
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Figure S3. Cyclic voltammograms obtained at 5 mV/s scan rate* in a paper-based cell with and without (black) anion-
exchange membrane: Ag|AgCI|NaCl 100 mM|Membrane|NaCl 100 mM|Ag. Membrane = FAB-PK-130 (purple), FAS-
PET-130 (blue), FAD-PET-75 (red), FAPQ-375-PP (green).

* The CV for the FAB membrane presented here refers (exceptionally) to the scan rate 10 mV/s.
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Figure S4. Molybdenum detection at 660 nm in the UV flow cell. (a, white circles) Calibration line obtained using
colorimetric method by passing molybdate calibration solutions with 0.6 M NaCl background, spiked with mixed reagent
Reagent™©), directly to UV detection (avoiding additional modules). (a, gray circle) Absorbance signal after passing the
solution containing 2 mM molybdate through the H-module and subsequent spiking with mixed reagent (but containing
no sulfuric acid) prior to the detection. (a, blue circle) Absorbance signal after passing the solution containing 3 mM
molybdate through the Mo-module, then H-module and subsequent spiking with mixed reagent (but containing no
sulfuric acid and molybdate) prior to the detection. (b) Molybdenum concentration detected colorimetrically (using
calibration line shown in Figure S4a) at the outlet of the molybdate module vs initial molybdate concentration in the
solution with 0.6 M NaCl background.
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Figure S5. (a) Experimental data points (error bars are standard deviations) for the EMF responses of FAPQ-based
electrodes for different anions: CI- (black circle), MoO4? (gray triangle), and H2PO4 (blue square). FAPQ (anion-
exchange) membrane was conditioned in NaCl 0.6 M and the inner solution was 10 mM of NaCl. (b) Associated EMF
time-trace upon NaCl addition, obtained with a FAPQ-based electrode. (c) Potentiometric calibration curve upon NaCl
addition, obtained with a FAPQ-based electrode.
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Figure S6. Absorbance vs time response for different flow rates: (a) 20 yL min', (b) 45 uL min-'and (c) 90 yL min,
phosphate concentration 0-100 uM. Phosphate detection was achieved at 660 nm in a flow-through cell directly
connected to UV/Vis spectrophotometer (see experimental section). 5-6 M HCI and 3 mM molybdate solutions were
fed into the H-module and Mo-module respectively.



o
o))
o

0.5 P 50 M a P 50 uM
0.5
0.4
4 o4
203 E
& % 0.3
8 0.2 @
2 <02
0.1 0.1
0. 0.
0 10 20 30 40 50 60 0 20 40 60 80
TIME / min TIME / min
0.7 P50uM C
0.6
0.5
w
2
£ 04
o
5
& 03
i}
<

o
N

0.1

0 20 40 60 80 100 120
TIME / min

Figure S7. Absorbance vs time response for different solution volumes: (a) 0.45 mL, (b) 1 mL and (c) 1.35 mL,
phosphate concentration 0-50 pM. Phosphate detection was achieved at 660 nm in a flow-through cell directly
connected to UV/Vis spectrophotometer (see experimental section). 5-6 M HCI and 3 mM molybdate solutions were
fed into the H-module and Mo-module respectively.
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Figure S8. Absorbance scan spectrum for phosphate detection with different molybdenum concentrations: (a) 10 uM
phosphate, (b) 100 uM phosphate. Lines of different colors correspond to different concentrations of molybdate: 3, 6,
10, 16 and 20 mM.
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Figure S9. Absorbance vs time response illustrating silicate interference in phosphate determination, volume of sample
plug ca. 0.45 ml. Phosphate concentration 1 yM was spiked with silicate to study the interference effect. Absorbance
of blue complex was measured at 660 nm in a flow-through cell directly connected to UV/Vis spectrophotometer (see
experimental section).



Table

Table S1. Phosphate analysis in seawater samples (n=3)

Sample Developed method Spectrophotometry
(MM Phosphate) (MM Phosphate)
SWi1 0.794 £ 0.018 0.800 £ 0.027
SwW2 0.871 £ 0.051 0.877 £0.035
SW3 ND* ND*
Sw4 0.513 £ 0.061 0.531 £0.043
SW4 + spike P 5 yM 5.701 £ 0.094 5.615 £ 0.039
P 3.5 uyM** - 3.553 £ 0.080
P 1 uM** - 1.185 + 0.044

* ND: not detected
** For checking the performance of spectrophotometric method using known concentration of phosphate



