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a b s t r a c t

We present a novel design for a compact flow-through fluorescence detector for flow analyses
applications and prove its functionality in the experiment. The detector operates by detecting the
diffusely emitted fluorescence in a glass capillary, which is a measure for the concentration of the analyte
to be detected. The fluorescence is excited via an axially coupled fibre providing LED light and is collected
by a photodiode. As model analyte we used dissolved reactive phosphate. The determination of the
phosphate concentration is based on the reaction of molybdate to phosphomolybdate, which quenches
the fluorescence of Rhodamine 6G. The experiments rely on a reversed flow injection analysis system
especially designed for decoupling the analytical setup from environmental pressure for in situ
applications. By combining the optics part and the fluidic setup a measuring range of 0–40 mg L�1

PO4–P with detection limits of 0.22 mg L�1 PO4–P (7 nmol L�1) for water and of 0.45 mg L�1 PO4–P
(14.5 nmol L�1) for seawater have been obtained. Our novel system has a sampling frequency of up to
300 samples per hour and achieves a repeatability between 0.6% (RSD) for the blank value signal (n¼15)
and 4.6% (RSD) for a phosphate concentration of 20.8 mg L�1 PO4–P (n¼15).

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

Monitoring and analysing water quality is a key to several
important applications: water is nutrition base for life (drinking
water), is used for different types of processing (e.g. ultrapure
water in semiconductor technologies), is recycled from waste
water, and is a natural habitat for a variety of wildlife. These diffe-
rent kinds of water have to be controlled according to different
regulations. The monitoring process requires data collection, data
evaluation, and the formulation of adequate management reac-
tions to improve the environment status or address separate
problems. This approach to solving such problems fails if the data
collected are incorrect due to unqualified analytical methods or
inappropriate sampling, transport, and storage protocols [1].

Several flow analysis techniques have been developed in recent
decades for producing large data sets of spatial distributions or
temporal trends of investigated water compounds [2,3]. Mapping
or in situ monitoring applications place a high demand on the
instrumentation towards good accuracy, precision, selectivity,
and sensitivity. The systems should be robust, portable, reliable,
fast, have miniaturised components, and consume low levels of

reagents and energy. In the last sixty years the concentrations of
nutrients have been increasing significantly due to intensified
agriculture, industry, and traffic [4]. High levels of nutrients lead
to a drastic increase in algae growth and, eventually, to eutrophi-
cation. Therefore, continuous monitoring of nutrients in natural
waters is necessary to ensure water quality [5]. The increasing
need for water quality monitoring has induced a demand for
automated analytical systems with sensitive sensors. Such sensors
have to fulfil requirements such as reliability, low cost, low power
consumption, small sample volumes, adaptation to fluidic systems,
and autonomous operation capability. To achieve this, sensors
with the use of light emitting diodes (LEDs) as light sources and
sensing devices with LEDs for excitation and detection of absorp-
tion and fluorescence according to the paired-emitter-detector-
diode (PEDD) concept have been demonstrated for environmental
monitoring [6,7].

Fluorescence detectors based on free beams for capillary electro-
phoresis have been implemented using LEDs as light sources and
photodiode [8] or photomultiplier tube [9] as detectors. In both
types excitation and emitted light were created by diffractive and
dispersive elements such as lenses or objectives.

The use of liquid core waveguides (LCW) for environmental
analysis has significantly increased in the last decade [10]. Such
light guiding capillaries can be used for sensitive absorption
spectrophotometry by the increased light–matter interaction, i.e.
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increased interacting length [10]. Furthermore, these waveguides
are currently being used for the detection of chemiluminescence
and photoluminescence [11]. For luminescence applications the
substance to be analysed is transversally illuminated and the
emitted light is then guided through the LCW coupled into an
optical fibre and finally detected via a photodiode [11,12],
a photomultiplier tube [11], or a CCD array spectrometer [13].
Dasgupta et al. [14] demonstrate a LCW sensor with a transversally
fibre coupled LED for excitation. LCWs are commercially available
as flexible silica capillary with an outer Teflons AF Fluoro-polymer
coating (Polymicro technologies) or as pure Teflons AF capillaries
(Biogeneral Inc.).

In the present work we report on a new concept of
a miniaturised fluorescence detector. The device is compact and
is designed for flow analysis. Its main features are large collection
of the isotropically emitted light, strong suppression of the
exciting light and low consumption of sample and reagents
volumes. To reveal its performance we chose to detect orthopho-
sphate in water.

The spectrophotometric determination of soluble reactive
phosphorus by flow injection analysis (FIA) based on determining
the formation of molybdophosphate heteropoly acid has been
widely studied [10,15–21]. Unfortunately, the spectrophotometric
method is inherently slow. The time response could be shortened
by increasing the operation temperature which, inappropriately,
would result in a higher demand of equipment, energy, and space.
Another sensitive spectrophotometric method for FIA application
relies on the formation of an ion-association complex of molyb-
dophosphate with Malachite Green [22,23]. This method is exten-
sive and time-consuming due to the collection and concentration
via a tiny membrane filter and solving the ion associate in methyl
cellosolve. Another useful method for determining phosphate is
a fluorimetric method which monitors the fluorescence of thio-
chrome, formed by the oxidation of thiamine by heteropoly acid
[24,25]. However, because of the high cross-sensitivity towards
both Fe(III)- and Cu(II)-ions this fluorimetric method is not
suitable for seawater measurements. To avoid all mentioned
difficulties we choose another fluorimetric method for the deter-
mination of trace amounts of phosphate in water and seawater.
The determination of free reactive phosphorus is based on the
reaction of phosphate with molybdate ions to phosphomolybdate
which quenches the fluorescence of Rhodamine 6G [26–33]. This
chemical method is well established and has found application in
various field such as FIA [20–22,25], SIA (sequential injection
analysis) [26,27], flotation-fluorophotometry [23], membrane fil-
tration [24], or is used for online preconcentration [25].

Furthermore, a fast reversed flow injection analysis (R-FIA)
system with a new concept of pressure decoupling for fast
in situ applications (for example: integration of the R-FIA system
in an undulating towed vehicle) has additionally been developed.
The fluorescence detector was integrated into the R-FIA system
and tested with pure water and synthetic seawater under lab
conditions.

2. Material and methods

2.1. Applied chemical method and reagents

Our employed method is based on the reaction of orthopho-
sphate with molybdate under acidic conditions producing molybdo-
phosphate, a chemical forming a non-fluorescent complex with
Rhodamine 6G [26–33].

In our system this reaction leads to a decrease in the fluores-
cence intensity by a static fluorescence quenching. This quenching-
concentration dependency is described by the Stern–Volmer

relationship [34],

I0
I
¼ 1þKs Q ð1Þ

with I0 and I being the intensities of fluorescence without and with
a quencher, respectively, the Stern–Volmer quenching constant KS

and the quencher concentration Q.
A linear behaviour (see Supplementary material, Fig. S1,

I0/I¼1þ0.004�106 L g�1 (PO4–P) [Q]) was achieved when mixing
1 mL RS1, 1 mL RS2 and 1 mL of phosphate standard solutions in
a 1 cm cuvette (the excitation wavelength was 470 nm).

All the reagents employed were of analytical grade (Merck or
Sigma-Aldrich) and all solutions were prepared with ultrapure
water (conductivity 0.055 mS cm�1, Siemens Water Technologies).
Synthetic seawater and ultrapure water were utilised as the carrier
and sample. Our phosphate working standards were daily pre-
pared from a commercial 326.12 mg L�1 PO4–P stock solution
(Merck). For seawater experiments, phosphate standards were
freshly prepared in a seawater standard solution (according to
[35], salinity measured to 29.55). The composition of the synthetic
seawater is listed in Supplementary material Table S1.

Viscosity measurements of the carrier solutions were per-
formed using Hoeppler viscosimeter.

Reagent solution 1 (RS1) and reagent solution 2 (RS2) were
derived from [22]. The reagent solution 1 consists of Rhodamine
6G (1.5 mg L�1) and the emulsifier p-octylphenoxypolyethoxy-
ethanol (500 mg L�1). Rhodamine stock solution (250 mg L�1) was
made by dissolving 25 mg in 100 mL water. To prepare RS1 1.5 mL
Rhodamine stock solution was added to 100 mL water. 2.5 mL of 5%
emulsifier was added and the solution was diluted to 250 mL. The
reagent solution 2 is made up of molybdate (58 mmol L�1), hydro-
chloric acid (1 mol L�1), and also p-octylphenoxypolyethoxyethanol
(500 mg L�1). To prepare RS2 1.024 g ammonium heptamolybdate
was solved in 50 mL hydrochloric acid (1 mol L�1) in a 100 mL flask.
We added 1 mL 5% emulsifier and fill it up to the calibration mark
with hydrochloric acid (1 mol L�1). All solutions were filtered,
degassed and stored in plastic bottles [36].

2.2. Optical detector for fluorescence measurements

Fluorescence detectors for online applications in water must
fulfil specific requirements, which are: small spatial footprint,
small sample volume, adaptation to the fluidic system, high
attenuation of the exciting light, and effective collecting of the
diffusely emitted fluorescence.

The functional principle of our fluorescence detector relies on
the phosphate-induced fluorescence quenching of the dye Rhoda-
mine 6G with higher phosphate concentration leading to a more
quenched fluorescence. Rhodamine 6G has maximum absorption
and fluorescence at 527 nm and at 556 nm, respectively (Fig. 1).
For fluorescence excitation a blue LED (product no. 5B4HCA-H,
Roithner Lasertechnik GmbH, diameter 5 mm, stable current
10.6 mA) with an emission peak at 470 nm and full-width-half-
maximum (FWHM) of 25 nm was used. For suppressing the
exciting light an edge filter (OG 530, Schott AG) was used. Only
0.3% of the LED light passes through the filter.

The detector (Fig. 2(a)) was made of a black cubic-formed
capillary holder (material: polyoxymethylene) with a central hole
for the borosilicate glass capillary (outer diameter: 3 mm, inner
diameter: 1 mm, both ends of the capillary were polished under an
angle of 211 for the fluid inlet). The holder has four openings, one
at each side around the capillary, which are reduced at an angle
of 311, leading to a 1 mm thick and 6 mm long open detection
channel to the capillary. The detection volume is 4.7 mL. The
fluorescence inside the capillary is excited via a multimode fibre
(mmF) which is stuck into the capillary, with its end being
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precisely positioned close to the location of the actual detector
unit. The mmF is connected to the blue LED. Strong light transfer
from LED into glass capillary is ensured by using a 550 mm thick
mmF (All Silica Low OH 550, Laser Components GmbH) with
a numerical aperture of 0.22. The fibre ends outside the detection
channel of the capillary holder. The fluorescence light is collected
by a photodiode (KOM 2125, Siemens AG) using by a high-aperture
converging lens (NA¼0.51, it is made of two paired Fresnel lenses
glued together). Undesired excitation light is suppressed via an
edge filter positioned in front of the photo detector. For FIA
applications the detector is equipped with appropriate fluidic
adaptors.

The developed fluorescence detector has a dynamic measuring
range of 19.6 dB, showing a linear response up to 750 mg L�1

Rhodamine 6G with a slope of 0.01 V L mg�1 and a lowest
detectable concentration of 1 mg L�1 (2.09 nmol L�1). For the
concentration range up to 750 mg L�1 a maximum absorbance of
0.02 is reached.

2.3. FIA arrangement

Reversed-FIA is based on injecting the reagents into a sample
stream used as carriers. This method is applied when sample

material is abundant and is characterised by low reagent con-
sumption and high sample throughput [37–39].

Our developed R-FIA setup (Fig. 2(b)) for measuring phosphate
is composed of two main parts: sample acquisition and sample
analysing. The arrangement of the analytical setup consists of
a reagent container, a mixing coil and the developed fluorescence
detector. A higher sensitivity with respect to the analysis of
nutrients was obtained by an in-house developed fluid mixer
which was integrated in the analysing part.

Fig. 1. Normalised fluorescence excitation and emission of Rhodamine 6G, emission
spectra of chosen LED and transmission curve of edge filter OG 530; E – extinction,
T – transmission, Iex – intensity of excitation light, Iem – intensity of emission light.

Fig. 2. (a) Sketch of the developed fluorescence detector with optical components. In the upper right corner the 3D model of the fluorescence detector is shown.
(b) Constructed R-FIA system with acquisition unit and analysis part; Pump: mzr-4605 (HNP Mikrosysteme GmbH); MC: mixing coil (75 cm, ID: 0.75 mm); valves: V1-V3:
3/2-way 161T031 (NResearch Inc.), V1 – standard, V2 – RS2, V3 – RS1, V4–V8: 2/2-way rocker solenoid valves (Christian Bürkert GmbH & Co. KG); D: detector.

Fig. 3. (a) Schematic of the mixer and fluidic connections. (b) Injection sequence of
sample and reagents. The mixer is made of polycarbonate.
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The R-FIA technique we used here is based on a repeating
sequence of sample and reagent injections yielding a maximum
sensitivity. Accordingly our mixer generates a sequence of samples
and reagents injected at four injection points (mixer is shown in
Fig. 3(a)). The four injection channels (diameter: 0.2 mm, distance
between each channel: 3 mm) on each side are connected via a
channel, 19 mm long and 2 mm in diameter. The injection procedure
consists of four steps (Fig. 3(b)): during the first step of the analysing
process the sample flows through the middle channel of the mixer
and the analysing part of the system is rinsed. Then the flow stops and
the reagents are consecutively injected, first RS2 then RS1. To obtain
a better radial mixing and to achieve a nearly Gaussian-shaped, but
unsymmetrical, measuring signal (inset Fig. 5), a meander formed
reaction tube with a channel length of 75 cm (inner diameter:
0.75 mm) followed the fluid mixer. Our setup provides sufficient
mixing of reagents and sample on the way to the detector unit.

3/2-way isolation valves V1, V2 and V3 (161T031, NResearch Inc.,
Fig. 3(b)) are used for injecting the reagents (RS2 and RS1) and for
an external standard as quality control. These valves can handle
only a maximum pressure difference of 2 bars, but are able to inject
small volumes with a very high repeatability. Variation coefficients
of 1% and 0.6% for injection volumes of 15 mL and 50 mL at 50
measurements were calculated by weighing the volumes, respec-
tively. Infusion bags filled with the reagents and the calibration
standard are put into the reagent container. With a volume of
100 mL approximately 6000 measurements for an injected volume
of 15 mL can be performed. The dosing of the reagents occurs at
a constant pressure difference of 500 mbar71% between the
reagent container and the ambient pressure of the R-FIA system.
For the generation of the pressure difference a small membrane
pump (SP 600-EC-LC 12 V dc, Schwarzer Precison GmbH & Co., KG)
is used and the pressure difference is controlled by a differential
pressure regulator (BSW001DV-PCB, Sensortechnics GmbH).

The sample taking part is built up with a valve manifold and
a micro annular gear pump (mzr-4605, HNP Mikrosysteme GmbH),
which protect the analytical part from the environmental pressure.
The five valves (V4-V8) on the valve manifold (see Supplementary
material Fig. S2) are 2/2-way rocker solenoid valves (6608, Christian
Bürkert GmbH & Co., KG), which are normally closed and designed for
a pressure difference of 10 bar (they can work against 14 bar when
small modification are implemented). All used tubing is made from
PTFE and has inner diameters of 1.0 mm unless otherwise stated.

Undesired particles in the sample may influence the flow
inside the fluidic system and could potentially lead to plugging.

Furthermore, particles can induce disturbing scattering of light in
every measurement. To avoid such negative impacts samples ought to
be filtered prior to the actual measurements. For online applications a
cross-flow filter (pore size: 0.2 mm) could be installed in front of V4.
A major advantage of our system is that it requires only small
volumes, allowing to use the filter for long times.

The measurement procedure begins by pumping the sample
continuously through the sample taking circuit (V4 and V6 are open).
The flow is then stopped, V4 and V6 are closed. The pressure inside
the sample taking part is balanced by a short opening of valve V5.
Subsequently the valves V7 and V8 are opened and the analysing
circuit is rinsed with the fresh sample. Then the flow is stopped again
and the reagents, RS2 and RS1, are injected via valves V2 and V3 into
the fluid mixer and, consequently, into the sample as well. During the
injection the valve V5 stays open. The pump is switched on again and
the three compounds are then mixed in the fluid mixer and in the
meander reaction tube. The fluorescence quenching that results from
the reaction is measured by the fluorescence detector. A DIMM-PC
(DIMM – Dual inline memory module, -4H-Jena engineering GmbH)
controls the fluidic systems, runs and evaluates the measurements.
The flow rate is regulated by the revolution speed of the pump and
can be adjusted between 0.012 and 72 mLmin�1. Different flow rates
are used for the several processes during the analysis. The dead
volume of the R-FIA system is 4.1 mL, at which the analysing part has
a volume of 570 mL. The volume of the sample acquisition part is
nearly six times higher, which is sufficient to rinse the analysing part
and to fill it with an uncontaminated sample.

Rinsing the entire fluidic system for five minutes with ultrapure
water after usage is sufficient for cleaning. In case of a shut-down
period the water inside the system should be removed by flushing
with dried nitrogen.

For lab analysis the sample taking part is not necessary, so the
fluid system can be simplified and one measurement needs only
12 s, corresponding to a sampling rate of 300 measurements per
hour. For in situ applications the sample taking circuit has to be
added and consequently one measurement takes 20 s resulting in
a sampling rate of 180 measurements per hour.

3. Results and discussion

3.1. Influence of reagents concentrations

The influence of the reagent's concentrations on the determi-
nation of phosphate was studied by varying the concentration of

Fig. 4. Fluorescence-concentration dependency for three injection volumes at
a constant flow velocity of 4.3 mL min�1 and a reaction tube length of 75 cm
(linear regime: white and nonlinear regime: yellow). Error bars 73 standard
deviation, n¼15. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

Fig. 5. Fluorescence signals versus phosphate concentration for different flow
velocities (7.1 (1), 6.1 (2), 4.3 (3) and 3.5 (4) mL min�1) at constant injected
volumes of 15 mL. Inset: original measurement data of the flow rate experiments for
4.3 and 6.1 mL min�1 are shown. Error bars 73 standard deviation, n¼15.
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Rhodamine 6G, molybdate, hydrochloric acid and emulsifier. The
optimisation of the reaction was carried out using the R-FIA setup
under constant fluidic parameters: mixing coil length 50 cm, flow
velocity 4.3 mL min�1, reagents injection volumes 50 mL.

First the concentration of Rhodamine 6G was varied in the
range of 1.5–5 mg L�1 (see Supplementary material Fig. S3(a)). The
fluorescence intensity falls and, therefore the sensitivity increases
by decreasing the Rhodamine 6G concentration. The number of
formed molybdophosphate and consequently the number of non-
fluorescent complexes are kept constant under unchanged condi-
tions, leading to a rise in fluorescence intensity by increasing the
Rhodamine 6G concentrations. To achieve a high sensitivity over
a wide phosphate concentration range we choose a Rhodamine 6G
concentration of 1.5 mg L�1. The sensitivity is given by the slope of
the normalised fluorescence dependency on phosphate concen-
tration, where the maximum fluorescence signals (inset Fig. 5) are
normalised to the maximum peak of the fluorescence signal of the
blank value (RS1þRS2 without phosphate).

In the next step the concentration of molybdate was studied in the
range of 0.014–0.073 mol L�1. The fluorescence intensity declines by
increasing the molybdate concentration up to 0.058 mol L�1 (see
Supplementary material Fig. S3(b)). Beyond this concentration there
was no change in observed signals. Hence, a 0.058 mol L�1 molybdate
concentration was used in subsequent work.

The emulsifier was added to both reagent solutions, RS1 and
RS2, to reach a homogenous distribution of the dissolved reactants
and to improve the reproducibility of the phosphate determina-
tion. Another role of the emulsifier is to prevent the deposition of
Rhodamine 6G and the formed complexes on the inner tubing
wall. Concentrations of 0, 0.5, 2.5 and 5 g L�1 emulsifier in both
reagent solutions were tested. The two highest concentrations
lead to the formation of undesired air bubbles. Without emulsifier
the repeatability of the measuring signals was poor. Finally an
emulsifier concentration of 0.5 g L�1 was chosen for both reagent
solutions.

In the next step the concentration of hydrochloric acid in RS2
was varied in the range between 0.25 and 4 mol L�1. The sensi-
tivity reached a maximum for 1 mol L�1 hydrochloric acid, which
was used in all further discussed experiments.

3.2. Influence of fluidic parameters

The selection of the fluidic parameters influences the residence
time of the reagents, and therefore, the reaction time, sensitivity
and sampling rate. We investigated the influence of injected
volumes of reagents, reaction tube length, and flow velocity in
order to maximise the sensitivity and sample frequency, and
reduce reagent consumption.

For applications to seawater measurements a high sensitivity is
desirable to fit the requirements of the existing nutrient. For
instance, the phosphate concentrations at the surface in the
German Bight (North Sea) ranges from 0.36 to 0.89 mmol L�1

PO4–P (11.15–27.56 mg L�1 PO4–P) and increased to 1.71 mmol L�1

PO4–P (53 mg L�1 PO4–P) at the Elbe estuary [40]. In the Baltic Sea
phosphate concentrations were measured down to 0.03 mmol L�1

PO4–P (0.93 mg L�1 PO4–P) [40]. To achieve such high sensitivi-
ties and low LOD's we developed the fluid mixer described in

Section 2.3. The task of the mixer is to efficiently premix the three
components (RS1, RS2 and sample).

To investigate the influence of the injected volume into the
fluid mixer, 15 mL, 25 mL or 40 mL of each reagent were injected into
the sample stream (Fig. 4). A linear relationship is only found up to
a phosphate concentration of approximately 10 mg L�1 PO4–P.
Higher concentrations require a nonlinear fitting function. The
linear and nonlinear calibration functions are listed in Table 1.
Increasing the injection volume of reagents from 15 mL to 40 mL
reduces the sensitivity of the linear part from 0.066 L mg�1 PO4–P
to 0.038 L mg�1 PO4–P. No significant sensitivity difference
between injected volumes of 15 mL and 25 mL is observed (correla-
tion coefficient for all linear calibration curves is 0.999).

The results indicate that the measurement range and the
sensitivity can be adjusted precisely by the injected volume of
reagents. So with an injection volume of 40 mL concentrations up
to 40 mg L�1 can be determined by the quadratic function y¼
�0.044 L mg�1 (PO4–P) xþ5.4�10�2 L2 mg�2 (PO4–P) x2þ1
(for pure water, R2¼0.999). Nearly twice the sensitivity is obtained
with an injection volume of 15 mL and concentrations up to
15 mg L�1 can be determined by the quadratic function y¼
�0.079 L mg�1 (PO4–P) xþ1.5�10�3 L2mg�2 (PO4–P) x2þ1 (for
pure water, R2¼0.999).

An additional investigation revealed that the injection sequ-
ence plays a significant role leading to a 1.5 times higher sensi-
tivity when RS2 is first injected.

The effect of reaction tube length was studied with 25, 50, 75
and 100 cm. Although higher sensitivity was achieved with the
100 cm tube length, the 75 cm was chosen since it presented
a better repeatability due to lower dispersion and weaker peak
broadening. Regarding the configuration of the reaction tube
a better radial mixing and a nearly Gaussian-shaped, but unsym-
metrical, measurement signal was obtained when a meander
formed tube was used (inset, Fig. 5).

The influence of the flow velocity has been investigated with
four different flow rates: 3.5, 4.3, 6.1 and 7.1 mL min�1 (Fig. 5 inset
shows exemplarily the original fluorescence signals for the flow
rates of 4.3 and 6.1 mL min�1).

The increase of the sensitivity at lower flow velocities results
from the change of the reagents dispersion and from the higher
residence time of the reagents in the system. The lower flow rate
allows the analytical compounds to have more time to react with
each other and consequently lead to a larger fluorescence quench-
ing. Below a flow rate of 4.3 mL min�1 there was no significant
change in sensitivity. Hence, this flow rate was therefore chosen,
considering sensitivity and sample frequency.

3.3. Influence of salinity

For seawater applications the effect of changes in the salinity
was investigated. First the influence of sodium chloride (NaCl)
on the blank value (RS1þRS2 without phosphate) in the range
between 0 and 40 g L�1 was studied (NaCl has no influence on the
analytic reaction [28]). Then, in a next step, NaCl was replaced by
artificial seawater (salinity between 0 and 40) and the setup was
investigated in the same way. A decrease of the fluorescence signal
by increasing the concentrations of sodium chloride and synthetic

Table 1
Calibration functions for three injection volumes.

Injection volume [lL] Linear concentration range Nonlinear concentration range

40 y¼�0.038 L mg�1 (PO4–P) xþ1 y¼�0.044 L mg�1 (PO4–P) xþ5.4�10�2 L2 mg�2 (PO4–P) x2þ1
25 y¼�0.064 L mg�1 (PO4–P) xþ1 y¼�0.077 L mg�1 (PO4–P) xþ1.5�10�3 L2 mg�2 (PO4–P) x2þ1
15 y¼�0.066 L mg�1 (PO4–P) xþ1 y¼�0.079 L mg�1 (PO4–P) xþ1.5�10�3 L2 mg�2 (PO4–P) x2þ1
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seawater was observed (see Supplementary material Fig. S4). The
two similarly decreasing curves can be fitted by one linear
function given by y¼�6.23�10�3 xþ1 (R2¼0.999). By increasing
the concentrations of NaCl and the salinity of artificial seawater
the fluorescence signal curves started later and were broadened so
that the peaks of the recorded graphs were shifted up to one
second and consequently fell. Assuming no induced fluorescence
quenching the delayed fluorescence signal is explained by a change
of viscosity: we measured the two viscosities at a constant
temperature of 25.6 1C, giving 0.888…0.977 mPa s for NaCl and
0.888…0.983 mPa s for artificial seawater. These two viscosities
lead to different injection volumes of reagents and can be compen-
sated by increasing the opening times of the injection valves and
the measurement of the salinity.

It is reported that silicate ions have a significant influence on
the phosphate determination. However, the reaction of phospho-
molybdate and Rhodamine 6G relevant here is not influenced by
this ion, and thus an influence of silicate on our results is not
investigated further [29,30].

For phosphate analyses in synthetic seawater a linear calibra-
tion curve over the range 0–10 mg L�1 PO4–P was obtained (y¼
�0.044 L mg�1 (PO4–P) xþ1, R2¼0.996) and with a nonlinear
calibration curve given by y¼�0.052 L mg�1 (PO4–P) xþ6.8�
10�4 L2 mg�2 (PO4–P) x2þ1 with a correlation coefficient of
0.999 concentrations up to 40 mg L�1 PO4–P can be determined.

3.4. Analytical figures of merit

Using the optimised parameters (Table 2) calibration curves for
pure water and synthetic seawater in a phosphate concentration
range between 0 and 40 mg L�1 PO4–P were obtained. For both
matrices linear regression functions with highest achieved sensi-
tivities for reagents injection volumes of 15 mL can be applied to
concentrations up to 10 mg L�1 PO4–P. Using three times the
standard deviation of the blank value divided by the slope of the
linear calibration graph [41], we calculated the LODs of 0.22 mg L�1

PO4–P (7 nmol L�1) for pure water and of 0.45 mg L�1 PO4–P
(14.5 nmol L�1) for seawater, respectively. Using quadratic calibra-
tion functions for injected reagents volumes of 40 mL phosphate
levels up to 40 mg L�1 can be determined precisely.

The repeatability of the R-FIA system was assessed by the
determination of the relative standard deviation (RSD) values
of eighteen measurements series with the following sequence:
blank value, 3.9 mg L�1 PO4–P, 7.1 mg L�1 PO4–P, 10.4 mg L�1 PO4–P,
20.8 mg L�1 PO4–P and again blank value – fifteen single measure-
ments for each solution were taken in one series. The achieved
relative standard deviations are between 0.6% for the blank value
signal and 4.6% for a phosphate concentration of 20.8 mg L�1 PO4–P.
Furthermore, the R-FIA system was tested to work against a
pressure difference of 6 bar showing that the measurements were
not influenced.

The R-FIA system together with the developed fluorescence
detector described here has an improved or at least similar
performance for online phosphate determination compared to

other reported in literature. Frank et al. [32,33] reported on
a sequential injection analysis (SIA) system for the determination
of phosphate for coastal water monitoring using the same analy-
tical reaction used here. They show a detection limit of
50 nmol L�1 and a sampling rate up to 270 measurements per
hour. Motomizu et al. [42] achieved a LOD of 10 nmol L�1 and the
sampling rate was 15 samples per hour by substituting Rhodamine
6G by Rhodamine B. The use of liquid waveguide capillary cells
(LWCC) for the spectrophotometric detection of phosphate, based
on the formation of the blue form of reduced phosphomolybdate
(molybdenum blue), has increased in the last decade, yielding
LODs in the range between 0.5 nmol L�1 and 10 nmol L�1 [10,15–
21]. To achieve such low detection limits LWCC lengths of up to
250 cm are necessary, which in fact can lead to air or micro-bubble
formation at the large internal surface of the waveguide, reducing
the reliability of the measurements [10,17].

4. Conclusions

A miniaturised, robust and low-cost fluorescence detector for
FIA applications is presented. It reveals an excellent sensitivity and
is highly selective to the chosen analyte. The concept of our flow-
through sensor is demonstrated using the reaction of phosphate
with molybdate producing molybdophosphate, which quenches
the fluorescence of Rhodamine 6G. The straightforward design of
the presented fluorescence sensor seems to be applicable for the
development of similar flow-through detectors for the determina-
tion of many other fluorescent species or analytic reactions.
Further developments will concentrate on improving the fluores-
cence detector to gain more spectral information. For instance,
sensitive fluorescence and absorption measurements [43] could be
combined in one device. Moreover we are planning to replace the
photodiode by a miniaturised spectrometer (MINOS, IPHT) to
make our device commercially more interesting.

Additionally, an R-FIA concept was established relying on
pressure decoupling for in situ applications. Exhibiting the high
speeds, low reagent (15 mL per sample) consumptions, high sensi-
tivity (LODs of 0.22 mg L�1 PO4–P (7 nmol L�1) for pure water and
of 0.45 mg L�1 PO4–P (14.5 nmol L�1) for seawater) and a signifi-
cant mechanical robustness this setup has the capability to be
applicable for surface or underway monitoring of phosphate in
seawater. Compared to other published concepts the developed
fluorimetric sensor and the R-FIA system together have a better or
equal performance in terms of sensitivity, detection limits and
sampling rate. The use of our system in laboratories is possible, in
which case the fluidic setup can be simplified by only using the
analytical part. The developed R-FIA system is very flexible, as it
can be adjusted to suit any other chemical analytical reactions.
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Table 2
Optimised parameters for the R-FIA system discussed here.

Parameter Selected value

Injection volume into fluid mixer (mL) 15, 40
Measuring range (mg L�1) 0–15, 0–40
Length of mixing coil (cm) 75
Flow rate (mL min�1) 4.3
Rhodamine 6G concentration (mg L�1) 1.5
Molybdate concentration (mol L�1) 0.058
Emulsifier concentration (g L�1) 0.5
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