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Determination of phosphate in freshwater samples by flow-injection
with lucigenin chemiluminescence
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“Department of Chemistry, University of Balochistan, Quetta, Pakistan; ®Department of
Environmental Management and Policy, Balochistan University of Information Technology,
Engineering and Management Sciences, Quetta, Pakistan

(Received 24 November 2008, final version received 27 June 2009)

Lucigenin chemiluminescence (CL) in conjunction with flow-injection analysis
(FTA) is used for the determination of phosphate in freshwater samples. The
procedure is based on the formation of molybdophosphoric heteropoly acid
(MoP-HPA) by the reaction of phosphate and ammonium molybdate under
acidic conditions. CL emission was observed as a result of oxidation of lucigenin
in aqueous sodium hydroxide solution in the presence of MoP-HPA. Calibration
was linear up to 500 pg L™ (¥ =0.9998; n = 8), with a detection limit (S/N = 3) of
0.95pgL~". An injection throughput of 120 h™', and relative standard deviation
(RSD; n=4) of 1.3-3.2% were achieved in the concentration range studied.
An on-line chelating column was used to remove interfering cations. The method
was applied to freshwater samples, and the results (51 +1.0 — 1074+2.0pg L™
did not differ significantly from results obtained using a spectrophotometric
method (52.54+ 1.0 — 102+2.0 pg L™") at 95% confidence level (¢-test).

Keywords: flow-injection analysis; chemiluminescence; lucigenin; molybdate;
phosphate; freshwater samples

1. Introduction

Phosphorus is well known as an essential nutrient element for organisms in aquatic
environments [1,2], and excessive phosphorus concentrations can result in eutrophication
of natural waters [3]. The analysis of water samples are especially complex owing to the
fact that phosphorus can be found in the form of different inorganic and organic species
[4,5], which in turn can be present in either the dissolved, colloidal or particulate form.
However, the dominant species is always orthophosphate. Usually, in the analysis of water
samples, the analysis of the phosphorus content is carried out on aliquots of the whole
sample and on aliquots of the sample previously filtered through membrane filters of
nominal pore size. Total phosphorus concentrations in non-polluted natural waters extend
over a very wide range from <1.0pgL ™" in ultra-oligotropic waters, to >200pugL~" in
highly eutrophic waters. However, most uncontaminated freshwaters contain between
10 and 50pgL~" of total phosphorus [6]. In open ocean water, orthophosphate
concentration of 5.7 ug L™" or lower is reported [7].
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Several procedures have been reported in the literature for the determination of
phosphate in different samples. These include visible spectrophotometry [8—12], fluores-
cence spectrophotometry [13,14], fourier transform infrared spectrometry [15], inductively
coupled plasma atomic emission spectrometry [16], and electro-analytical methods [17-19].
Comprehensive reviews for phosphorus analysis in water samples based on flow tech-
niques have also been reported [5,20].

The analytical application of chemiluminescence (CL) detection has received a strong
surge by the advent of flow systems, as exemplified in several monographs and
fundamental reviews [21-24]. Chemiluminescence [25-31] and electro-chemiluminescence
[32] methods have been reported for the determination of phosphate in diverse samples
and, some of these FIA-CL methods are based on the oxidation of luminol with
heteropoly acids for phosphate determination. The interaction of luminol with heteropoly
acids are reported by examination of CL spectra, using electron spin resonance
spectroscopy [33]. It has been found that heteropoly acids act as a catalyst, accelerating
CL reaction of luminol with oxygen through the formation of semiquinone and superoxide
radicals following the formation of aminophthalate and light emission. Thus, the reaction
of luminol with oxygen and heteropoly acid is a complex multi-component, multi-stage
process. Table 1 shows the comparison of various analytical methods in terms of sample
matrix, linear calibration range and sensitivity for the determination of phosphate in
freshwater samples.

Lucigenin (N,N’-dimethyl-9,9’-diacridinium nitrate), undergoes CL reaction in alkaline
medium to yield N-methylacridone and light [34]. The excited state N-methylacridone
emits at about 420 to 500 nm with a maximum at about 440 nm. The overall reaction is
an oxidation, but the mechanism is complicated and involves both oxidation and reduction
steps. Lucigenin can react with hydrogen peroxide or with a reductant plus oxygen. In the
reaction with H,O,, the peroxide probably acts as both oxidant and reductant;
considerably more light is emitted in the presence of catalysts like Co*", Fe™, Fe’™,
Cu?*, Cr**, and Ni** [35]. In the presence of dissolved oxygen, lucigenin can undergo CL
reaction with various reductants [36].

We report a simple and rapid flow injection analysis—chemiluminescence (FIA—CL)
method for the determination of phosphate in freshwater samples. The method is based on
the oxidation of lucigenin in aqueous sodium hydroxide medium by heteropoly acid,
emitting CL intensity according to the following reaction scheme. The proposed reaction
scheme could involve the oxidation of lucigenin which later reacts with air oxygen in
solution to form superoxide radical producing N-methylacridone as an emitting species:

Phosphate + Ammonium molybdate Ha50 Molybdophosphoric heteropolyacid (MoP—HPA)
MoP—HPA + Lucigenin—— N-methylacridone® + other products
N-methylacridone*—— N-methylacridone + hv

2. Experimental
2.1 Materials and methods

All solutions were prepared using ultra high purity (UHP) water (Elga, Purelab Option,
UK), and all reagents were of analytical grade (Merck, Darmstadt, Germany), unless
stated otherwise.
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Lucigenin stock solution (1.0 x 107>mol L™") was prepared by dissolving the required
amount of N,N’-dimethyl-9,9'-diacridinium nitrate (C,gH,N4O6 Fluka, Buchs,
Switzerland) in UHP water. A working lucigenin solution (5.0 x 107®molL™") was
prepared by diluting the required volume of stock solution in 100 mL of water. A sodium
hydroxide stock solution (1.0molL™") was prepared by dissolving 4.0g of NaOH in
100mL of water. From this stock solution, 4.0 x 107>mol L™" working standard was
prepared by diluting the required volume in 100 mL of water.

Phosphate stock solution (0.01molL™") was prepared by dissolving 0.156g of
NaH,PO4 in 100mL of water. Working solutions of different concentrations were
prepared by suitable dilution as required. Ammonium molybdate stock solution
(0.01 mol L™") was prepared by dissolving 1.236 g of (NH4)¢M0,0,4-4H>0 in 100 mL of
water. A working solution (1.0 x 10~*mol L™") was prepared by diluting 1.0mL of stock
solution in 100 mL of water containing H,SO, (5.0 x 10> mol L™).

Stock solutions (1000mgL™") of Ca®>", Mg?*, Ni**, Co’", Mn**, Pb*", Cr**, Cu**t
and Zn>* (chloride/nitrate counter ions) in HCI/HNO; (0.01molL~") and anions
Cl~, SO3~, NO;, NO;, HCO3, F~, SiO;~ and AsO;~ (potassium/sodium counter ions)
in water, were prepared from their respective salts. Various working solutions were
prepared from these stock solutions for interference studies.

2.2 Instrumentation

A flow-injection manifold with CL detection system shown in Figure 1 was used for
the determination of phosphate. Sample and reagent streams were delivered using
a peristaltic pump (four channels, Ismatec, Reglo, Glattbrugg, Switzerland) at a flow
rate of 1.6mL™'min/channel. Phosphate standards were injected via an injection valve
(Rheodyne 5020, Anachem, Luton, UK) into a sample carrier stream, (UHP water) which
after passing through a chelating resin column (50 mm x 4.0mm id.) [25] merged at
a T-piece with a stream of ammonium molybdate (1.0 x 107*molL™") in H,SO4
(5.0 x 107 *mol L™"). This stream was then merged at another T-piece with the lucigenin
(5.0 x 107®mol L") and NaOH (4.0 x 10~>mol L™"). Both streams were allowed to travel
2.0cm before passing through a glass spiral flow cell (2.0 mm i.d., 25 mm length) placed

Sample/Standard

mL min~"
1.6
Water
Molybdate || 1.6 — Power supply
PMT
Lumgerm\ 16 L | Chart recorder
NaOH - l

Waste

Figure 1. Flow-injection analysis chemiluminescence (FIA—CL) manifold for the determination of
phosphate.
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directly in front of an end of window photomultiplier tube (PMT, 9798B, Electron Tubes,
Ruislip, UK). The PMT, glass coil and the T-piece are placed in a light-tight housing.
The PMT was attached to a 2kV power supply (Electron Tubes, PM20SN, Ruislip, UK).
To read the output of the PMT a chart recorder (BDIIE, Kipp & Zonen, Delft,
The Netherlands) was used. The whole manifold was assembled by Tygon tubing
(1.02mm, id.).

2.3 Validation of method

The FIA-CL method for the determination of phosphate was validated by comparing
with a spectrophotometric method [40]. 5.0mL of H,SO, (0.1molL™"), 2.0mL of
ammonium molybdate (5.0%) and 1.0mL of hydroquinone were added to 10mL of a
solution containing 25 to 125 pg of phosphate. After standing for 15 to 20 min, 1.0 mL of
the sulfite-bisulfite mixture (15 g of sodium bisulfite and 20 g of sodium sulfite per 100 mL
of water) was added to the solution and was left for a further 10 to 15 min. The volume was
then made up to 25mL and the absorbance was monitored at 720nm using a UV/Vis
spectrophotometer (Model 6505, Jenway, Essex, England). Water samples were analysed
for phosphate by taking appropriate volume of the samples and treated according to the
procedure described above. The concentration was determined from the calibration graph
prepared from the standards, and was compared with FIA-CL method.

3. Results and discussion
3.1 Optimisation of FI manifold

FIA lucigenin CL method for the determination of phosphate was optimised with respect
to various experimental parameters such as sodium hydroxide, sulfuric acid, lucigenin, and
ammonium molybdate concentrations (Figure 2), flow rate, sample volume and PMT
voltage. For optimisation studies phosphate standard solution (95 ugL™', 60 uL) was used
and in all experiments, four replicate measurements were performed for each parameter
under study.

3.1.1 Effect of sodium hydroxide concentration

Lucigenin CL reaction occurs in alkaline medium. The effect of NaOH concentration
on the CL reaction was examined in the range of 1.0 x 107°-5.0 x 10 >mol L™". The CL
response was increased up to 4.0 x 107>mol L™" after which the CL intensity decreased.
Therefore, NaOH concentration of 4.0 x 1072 mol L™" was selected as optimum for rest of
the experiments. The effect of NaOH was studied by using a separate channel, as mixing
with lucigenin may result in background signal and degradation of reagents.

3.1.2 Effect of sulfuric acid concentration

Sulfuric acid concentration was investigated over the range 1.0 x 107°~10 x 10> mol L'
The CL intensity increased with increasing H,SO,4 concentration up to 5.0 x 10 >mol L™,
above which the CL intensity decreased. Therefore, 5.0 x 10> mol L~! H,SO, was finally
chosen as the reaction medium for subsequent studies. These conditions (low acidity) are
different from those commonly used for spectrophotometric phosphorus determinations
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Figure 2. Variation of CL intensity with: (a) sodium hydroxide; (b) sulfuric acid; (c) lucigenin; and
(d) ammonium molybdate concentrations.

[37,38], but is a compromise with the optimum conditions required for the subsequent CL
reaction.

3.1.3 Effect of lucigenin concentration

Lucigenin concentration on the CL reaction was examined in the range 5.0 x 107
2.5x 107> molL™". The results showed that both the CL response gradually increased
as lucigenin concentration increased within the studied concentration range, but the
background response also increased with increased lucigenin concentration. The optimum
S/N and higher CL response were obtained when using 5.0 x 107®mol L™' lucigenin.
Therefore, lucigenin concentration of 5.0 x 10 ®mol L™" was used subsequently.

3.1.4 Effect of ammonium molybdate concentration

Ammonium molybdate concentration on the formation of molybdophosphoric heteropoly
acid complex was examined over the range of 1.0 x 107°-1.0 x 10 *mol L~'. The CL
intensity increased up to 1.0 x 10~*mol L™, and above which the response decreased due
to low acid/molybdate ratio [37,39]. Therefore, 1.0 x 10~*mol L™' ammonium molybdate
solution was used for subsequent experiments.

3.1.5 Effect of key physical parameters

Flow rate and sample volume on the CL response was studied in terms of sensitivity, speed
and reagent consumption. Flow rates of three channels were examined over the range of
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1.0-3.0mLmin~". Maximum CL intensity was obtained at a flow rate of 1.6mL min~'/
channel with steady baseline and was used for further studies. The optimisation of flow
rate was also carried out independently for each channel by changing peristaltic tubes of
different diameters. However, no significant difference in terms of sensitivity was observed.
Similarly, the effect of sample injection volume on the sensitivity of the flow system was
examined in the range 60—240 uL, with a maximum CL response at 120 pL, and was used
for further studies. The effect of PMT voltage was also examined in the range 700-950 V
for maximum CL intensity. The CL output increased up to 850 V and further increase in
PMT voltage resulted in noise and high background signal. Therefore, a voltage of 850 V
was used to cope with the background signal.

3.1.6 Analytical figures of merit

Under the selected conditions described above, the calibration graph for CL intensity
versus phosphate concentration was linear in the range 5.0-500 ug L~'. The regression
equation was y=45.424x 4 (0.2438 (where y = CL response in mV and x = concentration
inpgL™") with a coefficient of determination 0.9986 (n=8). The limit of detection
(S/N=3) was 0.95ugL~" and the relative standard deviation was 1.3-3.2% (n=4) in the
range studied. An injection throughput of 120 h~! was achieved.

3.2 Interference studies

The effect of foreign species on the determination of phosphate (95 ug L") was studied by
preparing standards of major cations and anions in the range of their environmentally
relevant concentration in freshwater samples. The effect of cations and anions on the
blank response (in the absence of phosphate) and on the determination of phosphate was
examined and are shown in Table 2. Cations including Co**, Cu**, Cr*", Fe** and Ni**
had the enhancing effect on the lucigenin CL, while Ca**, Pb>", Mg®" and Mn>" had
suppressive effect on the blank response and the phosphate signal, while Zn** had no
effect on phosphate determination. Cations were removed with on-line micro-column
(50 mm x 4.0 mm id.) containing an iminodiacetate chelating resin (Chelex 100, 50-100
mesh, sodium form, Sigma). The life of column was checked by injecting 5.0mgL ™" Fe*"
(50 replicate injections) and did not show any breakthrough or have any deleterious effect
on the phosphate response for 20 replicate injections of phosphate standard (95pugL™").
The anions including; SO, CI', NO3, NO;, HCO3, F, and SiO}~ had no effect on the
blank response and the phosphate signal while AsO; has a suppressive effect on
the phosphate signal. In the previously reported method [25], nitrite (10mgL~") had
suppressive effect on the luminal CL system and silicate (0.1 mg L™" Si) had enhancement
effect on phosphate response.

Orthophosphate reacts with molybdate in acidic medium to yield 12-molybdopho-
sphoric heteropoly acid; subsequently, detection is undertaken either on the molybdopho-
sphate reduction product or on the yellow vanadomolybdate complex [5,20]. Blomqvist
et al. [41] reported the interference from arsenate, fluoride and silicate when determining
phosphate in water by the phosphoantimonylmolybdenum blue method and suggested
that interfering effects of these species can be reduced by dilution of the sample prior
to reagent addition. Moreover, Blomqvist and Westin [42] reported interference from
chromate, germinate, tungstate and vanadate when determining phosphate in aqueous
solution using a molybdenum blue method. They reported that the effects found fall into
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Table 2. Effect of various ions on the determination of phosphate. All readings are the
mean of four replicate injections (blank value=0.1 mV).

Concentration CL signal without CL signal with Standard
Interferents (mgL™") phosphate (mV)  phosphate (mV) values* (mgL™")
PO}~ 0.095 0.1 43 0.1
Co** 0.001 100 210 <0.001
crit 0.1 10 48 0.05
cu*t 0.1 4.0 53 2.0
Fe?* 0.0056 150 240 <0.3
Ni**+ 0.1 10 50 0.02
Zn** 1.0 4 43 3.0
Ca’" 150 0.5 20 100
Mg>+ 30 10 24 30
Pb>+ 1.0 0.2 9.0 0.01
Mn** 0.1 0.2 10 <0.05
Neorm 200 0.3 43 250
cr 200 0.4 45 250
NO; 20 0.1 41 <10
NO; 0.1 0.2 42 0.1
HCO; 20 0.3 43 -
F~ 1.0 0.2 44 1.5
Si0g~ 5.0 0.2 44 2.0
AsO;~ 0.01 0.4 35 0.01

Note: *World Health Organization and European Commission Council Directive
(98/83/EC) guidelines for drinking water quality, 1993 and 1998, respectively.

two types: (1) Formation of additional blue molybdenum complexes, causing elevated
strength of absorption and possible over-estimation of phosphate concentrations, which
is true for germinate and high concentrations of tungstate and (2) reduced blue
colour and an accompanying hypsochromic shift, possibly resulting in under-estimation
of phosphate concentrations, which is valid for chromate, vanadate and low concentra-
tions of tungstate. The authors described in detail the effect of these ions compared with
previous reports as well as environmental considerations. Grace et al. [43] reported
a FIA—spectrophotometric method for phosphate determination using molybdenum blue
with ascorbic acid as the reductant. Sulfide interference caused major errors in filterable
reactive phosphorus analyses and was removed on-line using potassium permanganate
as the carrier. Kowalenko and Babuin [44] conducted a critical evaluation of potential
chemical interference on a molybdenum based phosphorus colorimetric method that
has been used widely for soil, plant, and water research. A wide variety of elements
including aluminum, manganese, iron, potassium, calcium, magnesium, sodium, nitrate,
and ethylenediaminetetraacetic acid commonly found in these materials or extracting
solutions used on them were shown to cause interferences.

Silicate and arsenate are the major potential interferents when determining phosphorus
in natural waters, since they form heteropoly acid species with ammonium molybdate
in acidic medium, and causes CL emission from the oxidation of luminol [28-30].
Silicate and arsenic concentrations in freshwaters are typically 2.0mgL~" or lower and
0.02mgL~" or lower, respectively [45,46]. Silicate interference can be reduced or
eliminated using lower temperatures or by reducing the pH [39.,47]. Masking agents
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Table 3. Determination of phosphate ion in freshwater samples by
the proposed FIA—CL method and a spectrophotometric method [40].
All readings are the mean of four injections.

Phosphate ion found (ngL™")

Proposed FIA—CL Spectrophotometric
Samples method method
1 51+£1.0 52.5+£1.0
2 67.3+£0.7 65+2.0
3 1074+2.0 102£2.0
4 60.5+1.2 58+1.5
5 70.8 £2.1 72+0.8
6 90.5+2.5 92+0.5
7 98.5+£0.9 95+1.0
8 759+0.8 76.5+1.2

such as tartaric acid can also be effective when they are added before the molybdopho-
sphate or molybdosilicate species formed [48]. One advantage of automated analyses over
manual ones is a precise timing and reagent mixing. The shorter interval between reagent
addition and absorbance/CL measurement in automated analysis also reduces the extent
of interference given the slower formation of molybdosilicate.

Considering that arsenate can positively interfere when measuring phosphate,
reduction of As(V) to As(III) prior to measurement might eliminate the interference
[49] when using sodium thiosulfate as reducing agent to mask the interfering effect from
As(V) [32].

3.3 Application to freshwater samples

Freshwater samples were collected from various locations in the Quetta Valley, Pakistan
and placed into acid (10%, v/v, HCl) washed high density polyethylene bottles. After
collection, samples were filtered through a cellulose membrane filter (pore size 0.45 pum,
47mm diameter, Whatman, Maidstone, UK), kept refrigerated in the dark at 4°C, and
analysed. The samples were directly injected into the proposed FIA—CL manifold and the
results obtained for the samples (range 51+1.0 to 107+2.0pugL™") together with a
spectrophotometric method [40] are shown in Table 3. The comparison of two methods for
measuring phosphate concentration in ecight freshwater samples was performed using
student’s ¢-test based on individual differences between results for each sample. It was
found that feacutated (1.13) is less than f,pe (2.356) for 95% confidence and 7 degrees of
freedom. The two methods are not significantly different at the 95% confidence level.

4. Conclusions

This paper describes a flow-injection method based on the lucigenin—-molybdophosphoric
heteropoly acid reaction for the determination of trace levels of phosphate in freshwater
samples. The method is simple, rapid (120h~" injection throughput), with a limit of
detection 0.95 ug L~'. Common interfering cations present in freshwaters were removed by
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an on-line chelating resin micro-column. The attraction of the reported method was that
no interference from nitrite and silicate was observed on the determination of phosphate
using lucigenin CL system as was observed in case of luminol-CL system [25]. The method
was applied to natural freshwater samples, and the results obtained were in reasonable
agreement with a spectrophotometric method.
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