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Abstract

In this study novel approaches for determining trace levels of phosphate in agueous pore water solutions are described.
Phosphate in aqueous samples (freshwater, drinking water, soil pore water) forms an aggregate compound with
molybdate and Rhodamine B in 1M HCI. Incident light directed at the Rhodamine B molybdo-phosphate aggregate
follows a second order light scattering behaviour. A bench top fluorescence spectrophotometer was used for examining
the light scattering properties of the aggregate as well as for examining the feasibility of using this species for quantitative
analysis. In this study this approach was adapted for quantitative analysis using capillary electrophoresis equipped with
laser induced fluorescence. Quantifying phosphate with CE-LIF could be achieved by detecting the Rhodamine B phospho-
molybdate aggregate directly in aqueous samples. Capillary electrophoresis was also used to indirectly detect phosphate
by detecting Rhodamine B that dissociated from the aggregate species prior to electrokinetic injection.
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Introduction

Phosphorous (P) species exist naturally in soils and are
an important nutrient for the growth of plant life as well
as microorganisms [1]. Most native soils generally contain
relatively low concentrations of P as phosphate, however
once soils are employed in agriculture, phosphate levels can
become significantly higher in concentration. Soils that have
been amended with manure or fertilizers can have elevated
levels of phosphorous. Land that is dedicated to agriculture
consists of topsoil that are routinely amended with fertilizers
and as a result of repeated applications of fertilizer they can
experience an increase or loading of total phosphorous levels
over extended periods of time [2-4].

Orthophosphate (PO,?) or reactive phosphate is also an
important nutrient that is frequently used in fertilizers to
maximize crop growth in agriculture. One potential problem
with excessive phosphate application is the risk of phosphate
runoffinto freshwater lakes which canresultinthe development
of algae blooms [5-7]. Algae blooms can be extremely
problematic in terms of water quality which seriously impact
aquatic life such as the fish [8]. Therefore, the determination
of phosphate and total phosphorous in the environment is an
important activity used to monitor water quality.

A number of methods currently have been developed
for the determination phosphorous and phosphate species
in aquatic environmental samples. Organic phosphorus
compounds are typically the dominant phosphorus fraction in
natural waters [9,10] and methods such as 3'P-NMR [11] and
mass spectrometry are well suited for identifying them [12].
Dissolved inorganic P contributes a relatively small fraction,
however, the bioavailability of inorganic P fraction makes it an
important determinant of ecosystem function. Determination
of inorganic phosphorous species such as phosphate (PO,
%) can also be achieved using ion chromatography [13-15].
While they are reasonably selective, liquid chromatography
approaches (HPLC and IC) are relatively time consuming and
typically require a minimum of 10 minutes or more to achieve
baseline separations [13]. This makes the analysis of large
numbers of samples, within a short period of time, challenging.
Estimating the concentration of total phosphorous in soils
can also be achieved using atomic spectroscopy. Graphite
furnace atomic absorption spectrometry, equipped with
chemical Zeeman effect background correction has been
successfully used for determining P [16,17]. One of the
problems with GFAAS is that stable molecular phosphate
species (oxides) will form in the furnace which results in
detection limits on the order of 1 mg L[18]. The detection
limits are less than satisfactory especially when compared
with inductively coupled plasma (ICP) spectroscopy. Both ICP-
atomic emission (ICP-AES) and ICP-mass spectrometry have
been successfully used for determining total phosphorous
[19,20]. Unfortunately, determination of total phosphorous
provides only an indirect estimation of the concentration of
the biologically relevant species (e.g. PO,*).

Spectrophotometricapproachestypically havesignificantly
higher detection limits than atomic mass spectrometry (ICP-
MS), however they are well suited for determining species

such as PO4'3 in natural water samples. Molybdenum blue is
the most established spectrophotometric approach that relies
on the formation of a blue coloured complex [21]. Central
to this approach is the formation of a molybdo-phosphate
complex with the addition of a reducing agent (ascorbic acid)
under low pH conditions and detection of absorbed light
at 650-850 nm [22,23]. Fluorescence spectrophotometry
has also been explored for the determination of PO,
3 by detecting fluorescence of Rhodamine B as well as
fluorescence quenching Rhodamine G that is complexed
with molybdate prior to selectively complexing PO4'3 [24].
Un-complexed Rhodamine B produces a lot of fluorescence
itself. To overcome this problem Nasu, et al., have used phase
extraction of the complex from methanol into ether [25].
Excitation of the extracted complex was achieved at 554 nm
and fluorescence was measured at 573 nm. The formation of
aggregate species in the aqueous phase between Rhodamine
B and molybdo-phosphate results in the formation of an ion
pair that scatters incident light [26,27]. The reaction for this
complex has been described as follows [28]:

PO;’ + 12(MoO,) + 3RB —— RB,(PMo,,0,,)
n RB3(PM012040) — [RB3(PM012040 )l—> precipitate

Therefore, quantification of phosphate in aqueous
samples has been achieved by determining the intensity of
scattered light using a fluorimeter and with a laser-scattering
detector at 40°. lon-pair formation of molybdo-phosphate
with Rhodamine B or G will quench the fluorescence of these
dyes and it is this strategy that has been used in flow injection
analysis [28-30] as well as with sequential injection analysis
[31].

While simple in terms of instrumentation,
spectrophotometric methods such as molybdenum Blue
often require an incubation time of 10-20 minutes. Like
most spectrophotometric methods, sample sizes for the
molybdenum Blue method typically exceed 1 mL. With this
in mind, the objective of this research was to develop novel
approaches for detecting phosphate using a bench top
fluorimeter as well as capillary electrophoresis equipped with
laser induced fluorescence. For these approaches, reactive
phosphate was reacted with a Rhodamine B molybdate
complex prior to separation using capillary electrophoresis.
Capillary electrophoresis has the advantage of being well
suited for separating charged species in a relatively short
period using exceptionally small samples volumes.
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Experimental

Spectrophotometry

Measurements were conducted on a Varian (CA, USA)
Cary Eclipse fluorescence spectrophotometer using a quartz
cell with a 10 mm path length. Incident light at 350 nm that
was directed at the sample was scattered at 90° and the
scattered light was measured at a 700 nm. Detection slit
widths were fixed at 5 nm for all measurements, whereas
incident slit widths varied depending on the desired analytical
conditions between 1.5 and 5.0 nm. The complex solution
was prepared by mixing 10 mL of 5 M HCl and 10 mL of (iii)
0.017 M ammonium heptamolyb date, tetrahydrate (BDH;
PA, USA) with 30 mL of (i) 1.074 x 10° M Rhodamine B
(Alfa Aesar; CA, USA). After mixing the solution was filtered
through a 0.45 um filter paper to yield a clear bright red
solution. A stock solution of 100 mg L P (as phosphate) was
prepared by dissolving KH,PO, (BDH; PA, USA) in water, from
which working standards of 0.1-1.0 mgL P was prepared. For
solutions were prepared by adding 2 mL of sample to 1.2 mL
of complex solution and diluted to a final volume of 10 mL.

Capillary  electrophoresis laser  induced

fluorescence (ce-lif)

Separations were performed using an in-laboratory
constructed CE instrument which utilizes post-column laser-
induced luminescence detection within a sheath flow cuvette.
This instrument has been described previously (Chen, et al.
1994). The injection end of a 20 cm long, 10 um inner diameter,
145 pum outer diameter uncoated fused silica capillary
(Polymicro Technologies) and a 0.5 mm diameter platinum
wire connected to a high voltage-power supply (Spellman
model CZE 2000) were placed into a buffer-containing vessel
in the injection carousel and held at a positive potential. The
detection end of the capillary, from which approximately 1
mm of the external polyimide coating was removed by flame,
was inserted into a quartz sheath flow cuvette containing a
250 x 250 um inner bore (Hellma). The capillary was grounded
through the sheath flow buffer within the cuvette. The 10
mW output at 407 nm of a solid state laser (Coherent) was
focused using a 6.3 X, N.A. 0.2 microscope objective (Melles
Griot) approximately 10 um below the detection end of the
capillary. Emission was collected at 90° using a 60X, N.A. 0.7
microscope objective (Universe Kogaku), passed through a
615DF45 optical filter (Omega Optical) and a slit and onto a
photomultiplier tube (Hamamatsu model 1477). The analog
signal was collected at 25 Hz and digitized using a Pentium
4 computer through a PCI-MIO-16XE 1/O board utilizing Lab
View™ software (National Instruments). The same board
was used to control the electrophoresis voltage and the PMT
bias, which was 1200 V. Sheath buffer was 25 mM HEPES
containing 50 mM TRIS base (pH 8.0). Running buffer was
15 mM HEPES containing 30 mM TRIS base (pH 8.0) and 40%
(v/v) formamide.

Reagents and solutions

All reagents were ACS grade or higher and were prepared
using deionized water (Milli Q, Millipore, Milford, MA, USA).

Potassium phosphate monobasic, ammonium molybdate
tetra hydrate, and hydrochloric acid (HCl) were obtained
from BDH (PA, USA). Polyvinyl alcohol (PVA) was obtained
from VWR. The RB colour reagent was obtained by mixing
30 mL of 1.074 x 103 M of RB with 10 mL each of 5 M HCI
and 0.017 M ammonium heptamolyb date and let sit for at
least 20 minutes. The solution was filtered through 0.45 um
what man filter paper prior to use. A stock solution of 100
mglL* P (as phosphate) was prepared by dissolving KH,PO, in
water, from which a working stock solution of 5 mg L'* P was
prepared fresh as necessary. Soil floodwater was used as a
test sample for determining dissolved phosphate. For these
experiments, soils were sampled from agricultural fields in
Southern Manitoba (St. Pierre, Rosetown, Ledwyn). These
calcareous soils have a relatively high amount of clay and are
slightly alkaline (pH = 7-7.3). Approximately 1 kg of each soil
was packed into a 2 L mason jar and flooded with deionized
water. The depth of the water was approximately 5 cm above
the surface of the soil.

Results and Discussion

Initial experiments were performed to understand the
light absorption, fluorescence and light scattering properties
of the dissolved Rhodamine Bmolyb date complex. The
fluorescence properties of Rhodamine B are well known,
however relatively few papers have been published on the
light scattering properties of the Rhodamine B complex
with molybdo-phosphate (R-B-Mo P) [26-31]. A wavelength
scan was performed to observe the spectral properties this
complex. In this experiment, the wave length of the incident
light on the aqueous sample containing the phosphate
complex was varied from 200 to 700 nm in 5 nm intervals
and the light that was emitted or scattered was detected with
opensslits. This type of experiment provides useful information
about the R-B-Mo P complex in terms of its fluorescence and
light scattering properties. Figure 1 shows the relationship
between the wave length of the incident light, which is
analogous to an absorbance/excitation spectrum used in
fluorescence spectroscopy. The acquired spectrum indicates
that there are several wavelengths where light is emitted as
a result of fluorescence or scattered light. Well-defined peaks
can be observed at 350, 400, 500, 540, 580 and 620 nm.
The spectral data presented in Figure 1 indicates that more
than one wavelength could be exploited for its potential as
the incident wavelength with light scattering experiments in
mind. Because of the intensity of the light emitted when an
incident light source of 350 nm was used, it was decided to
further explore the suitability of using this wavelength for
detecting the R-B-Mo P complex which is known to form an
aggregate that will scatter light.

The scattering effect of incident light by the R-B-Mo P
complex is illustrated in Figure 2. Varying the wavelength
of the incident light resulted in a proportional change in
the wavelength of light emitted which is indicative that Mie
scattering was being observed. This was not an unexpected
result as the R-B-MoP complex is well known to form a
colloidal complex in aqueous solution under acidic (pH = 1-2)
reaction conditions [28,29]. Choosing incident wavelengths
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Figure 1: Incident light wavelength scan of the Rhodamine B molybdo-phosphate (1 mg mL* Phosphate) in 1M HCI.
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Figure 2: Effect of incident light: (a) 330 nm; (b) 340 nm; (c) 350 nm; (d) 360 nm; (e) 370 nm and (f) 380 nm on the scattered light
intensity of Rhodamine B molybdo-phosphate solution.
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Figure 3: Quenching of fluorescence of the Rhodamine aggregate at 600 nm due to the formation of colloidal phospho-molybdate

complex with Rhodamine B. Growth of the Rhodamine B molybdo-phosphate complex is equally proportional to the quantity of
scattered light at 700 nm (incident light = 350 nm).
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that would scatter light below 680 nm was avoided due to the
possible spectral interference from the broad fluorescence
peak at 550-650 nm. Incident wavelengths that resulted in
emitted wavelengths longer than 660 nm were all generally
useful for detecting the R-B-Mo P complex. For this study, an
incident wavelength of 350 nm and the emitted (scattered)
light at 700 nm was chosen for further study of using this
approach to determine phosphate. The formation of the
aggregate in aqueous solution between the Rhodamine B with
molybdo- phosphate at room temperature (21 °C) develops
over a relatively short period of time. This can be observed
by the growth of the peak at 700 nm in Figure 3. Quenching
of the fluorescence peak at 550-650 nm of Rhodamine B
coincides with the aggregation of the colloidal Rhodamine B
complex [26]. In this experiment, phosphate was added to the
Rhodamine B molybdate complex under acidic conditions.

The intensity of scatter light can be directly related to the
concentration of phosphate which allowed the construction
of a calibration curve in the range of 0 to 1 ug mL? (P). The
equation for the calibration curve gave a linear equation of y =
505.9x + 41.2 with a linear regression (r?) of 0.999. Detection
limits were determined by D.L. = 3s/m, where s is the standard
deviation of the lowest concentration of the lowest standard
(0.2 mg L) and m is the slope of the calibration curve. This
gave a detection limit of 13.1 ng mL* for phosphate (PO,
%). To further test the feasibility of this approach, dissolved
phosphate in soil pore water was also determined using three
different types of soils. The soils chosen were from different
locations in Southern Manitoba. All of these soils can also
be described as moderate to highly calcareous. These soils
were chosen as they provided a range of soluble phosphate
concentrations from 0.8 to 3.0 mg L. The experimental

approach of using a flooded soil in a packed glass jar was
identical to the spike recovery experiment. Filtered pore
water samples were obtained using Rhizon Flex samplers that
were submerged in the flooded soils. To assess the relative
accuracy of the Rhodamine Bmolybdo-phosphate method,
samples were also analyzed using the well-established
method, commonly referred to as the molybdenum blue
method (834 nm). The results of this experiment which are
summarized in Table 1, indicate that both approaches give
similar results for the concentration of phosphate with a
bias of between 2 and 10%. This would strongly suggest that
measuring scattered light from the Rhodamine B molybdo-
phosphate complex using a bench top spectrofluorimeter
performs equally as well as the molybdenum blue method
useful for determining PO473 in pore water.

Capillary electrophoresis (CE) Detection of
Phosphate

One of the challenges with using a spectrometric approach
to detect phosphate as aggregate species of Rhodamine
B is the sample size requirement. Targeted studies of
small samples, such as the spatial detection of phosphate
near root tips becomes challenging. Therefore, capillary

Table 1: Determination of PO,* in pore water samples from
agricultural soils in Southern Manitoba.

Concentration of Phosphate (ug mL?)

Soil (n=7) Molybdenum Blue  Rhodamine B
Rosetown 3.18 (£ 0.04) 3.13 (£ 0.04)
St. Pierre 1.06 (+ 0.04) 1.06 (+ 0.05)
Ledwyn 0.84 (£ 0.04) 0.92 (+ 0.01)
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Figure 4: Electropherograms for the injection and separation using capillary electrophoresis of the Rhodamine B - molybdo-phosphate
complex. The change in scattered light intensity (800 nm) increases with respect to phosphate concentration: (a) Blank; (b) 0.15 ppm
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electrophoresis with laser induced fluorescence was explored
as an alternative method that was analogous the bench top
fluorescence spectrometer. To this end the feasibility of using
capillary electrophoresis with laser induced fluorescence
detection was investigated for detecting the R-B-Mo P
complex in aqueous solutions. For these experiments, a stock
solution of 0.011M Rhodamine B dye was initially dissolved
in DMSO rather than water. The Rhodamine B reagent was
prepared by mixing 3.0 mL of 1.074 x 10 M of RB with 1.0
mL of 0.05M 2-(N-morpholino)- ethanesulfonoate (MES)
buffer and 1.0 mL of 0.017 M ammonium heptamolyb date.
For separations, 0.5 mL of sample was added to 0.3 mL of
the mixture and diluted to a final volume of 2.5 mL in a
centrifuge tube. For these separations a 20 cm capillary was
used (10 um id). A407 nm LASER was used as an incident light
source and the scattered light was detected with an 770 nm
interference filter. Elution of the R-B-MoP complex from a 30
cm capillary (10 um) required approximately 2 minutes. The
electropherograms shown in Figure 4 reveals that a sharp
peak for the R-B-Mo P was not observed, rather a broad
peak emerged which that preceded an intense fluorescence
signal. This rather broad peak was not unexpected as the very
nature of this large complex species would suggest that the
light scattering particles formed from this complex must be
somewhat defined in terms of mass and charge. Reproducible
signals were observed by maintaining reasonably consistent
sample preparation and measurement conditions. Figure 4
also shows the change in the signal of scattered light from
the RB-complex with different concentrations of phosphate.
When peak height is plotted against concentration a linear
calibration curve was achieved between 0 and 0.6 ug mL* P
(as PO,?) as shown in Figure 5.

An interesting property of the R-B-MoP complex is that
it adheres to ground glass and plastic surfaces. To take
advantage of this property experiments were also conducted
to investigate the feasibility of quantifying phosphate by
detecting quantity R-B-MoP complex that is adsorbed on
the plastic surface of a plastic centrifuge tube. For these
experiments, 1.0 mL of the Rhodamine-B-Mo complex in 5M
HCl was placed in a 1.5 mL plastic centrifuge tube. Phosphate

containing standards or samples (0.1 mL) were added to
the complex and allowed to sit for 5 minutes. The mixture
was then centrifuged for 6 minutes at 13000 rpm. The
supernatant solution was removed with an Eppendorf pipette
and the complex adhering to the plastic was washed twice
with 1M HCI before dissolving it with 1 mL of 50 mM CHES
buffer (pH = 9.5). Prior to injection into the CE, the sample
was diluted 5-fold with running buffer (30 mM CHES with 40%
formamide, pH = 9.5). Addition of this alkaline buffer caused
the Rhodamine-B molybdo-phosphate complex to dissociate
very quickly during the dissolution step. As a result of the
dissociation, the quantity of dissolved Rhodamine-B detected
using CE was proportional to the quantity of phosphate in the
sample.

For these experiments, samples were injected electro-
kinetically for 5s and the retention time was just over 3
minutes at 16kV. A 407 nm diode LASER was used for the
incident light and a 680 nm interference filter was used to
capture the fluorescent light from the Rhodamine B. As
expected, the Rhodamine B produced a well-defined peak
in the electropherogram that could be integrated with a
high degree of reproducibility as the peaks did not tail. To
investigate this property a series of five samples containing
an identical concentration of phosphate standard (0.06 ug
mL? P) were prepared and the results of this experiment are
summarized in Figure 6. The reproducibility of the signals
achieved using 5 different samples was +6.08%. Figure 7 shows
the relationship between the concentration of phosphate and
the fluorescence of the Rhodamine B detected using capillary
electrophoresis.

The useful concentration range for detecting Rhodamine B
was 0to 1.6 pg mL* (P) with an r>=0.999. Although the sample
size chosen was 1.5 mL, significantly smaller volumes can also
be used for detecting reactive phosphate in aqueous samples
since the CE can inject from a sample volume of as little as 1
pL. Sensitivity was also a function of the applied voltage on
the PMT detector. Using this data, a limit of detection was
determined (D.L. = 3 s/m) using CE-LIF was determined to
be 0.014 pug mL™. Overall, the range of concentrations, limit
of detection and sensitivity of CE would make this approach
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Figure 5: The relationship between obtained signal (peak height) at 800 nm and the concentration of phosphate.
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Figure 6: The Rhodamine B molybdo-phosphate complex in a 1.5 mL centrifuge tube was treated with an alkaline buffer which caused
the complex to dissolve and dissociate prior to injection and separation using capillary electrophoresis. The incident light was 407 nm
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Figure 7: Electropherograms for the injection and separation using capillary electrophoresis of the Rhodamine B. The change in
fluorescence light intensity (680 nm) increases linearly with respect to phosphate concentration (0-1.6 ppm). Peaks are offset on
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entirely suitable for determining reactive phosphate in soil
solutions (pore water or flood water).

Conclusions

Determining the concentration of PO4’3 using a bench top
fluorescence spectrometer was achieved. Detecting light at
700 nm likely resulted in minimal chemical and spectroscopic
interferences. Formation of the light scattering aggregate
species requires some time (e.g. 10 minutes) to form and
therefore, allowing the complex-formation time to form will
give the best results. This is comparable to the molybdate
blue method which also requires time for the blue coloured
complex to form. Addition of PVA to the sample solutions was
particularly helpful, however to achieve the best results it is
recommended that a reasonably consistent amount of time
for the aggregates compounds to form for all measurements.
Overall, reasonably low detection limits for PO4'3 can be

achieved and the working range (0-1 mgL?) for this approach
is well within the concentrations for PO,* that you would
expect in pore water samples with most soils. The simplified
procedure and reasonably short turnaround of samples gives
this approach comparable a significant advantage of most
separation techniques such as HPLC or ion chromatography.
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Statement of Novelty

e Rhodamine B forms a complex with molybdate that
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will selectively form a charge complex with reactive
phosphate (PO,?).

® The Rhodamine B molybdo-phosphate complex will
scatter light (MIE scattering).

® Amethod was developed to measure PO,* in aqueous
samples by measuring scattered light at 700 nm
with a spectrofluorimeter as well as with capillary
electrophoresis.

e This approach offers the possibility of rapid analysis of
PO, using small sample sizes with very low detection
limits.
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