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ABSTRACT
Phosphate detection in the environment (especially, water bodies) is very essential in view
of its consequent pollution effects on eutrophication. Continuous monitoring of phosphate
concentration (and phosphorus compounds in general) in water samples has been based on
phosphomolybdenum blue formation coupled with spectrophotometric detection. Continu-
ous flow injection analyses (FIA) are well known to present numerous advantages over batch
methods. Furthermore, the development of on-chip micro-channel analytical (LFIA) systems
begun and have gained much attention within the last two decades in view of the striking
advantages over conventional FIA techniques. This paper reviews published information on
detection of phosphomolybdenum blue in conventional systems as well as on micro-chip. It
reports on the challenges encountered (interference from other complex anions), the achieve-
ments made so far (intereference removal by electrokinetic separation) and what the future

holds (simultaneous determination).
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Introduction
While being an essential nutrient for phyto-
plankton in aquatic systems, phosphorus in
excessive concentration can trigger abnormal
growth of algae in lakes and coastal sea and
result in eutrophication or even red tide. As
phosphorus at concentrations over 20 pg/l can
accelerate eutrophication, the lowest determi-
nable phosphorus concentration should be in
the range of a few ug/L (Warwick et al., 2013;
Yeh et al.,, 2017). There has always been the
demand for detectors/sensors that would accu-
rately and reliably determine phosphate con-
centrations and ideally allow real-time moni-
toring. Molybdenum blue formation coupled
with spectrophotometric detection has been the

standard method employed for ages, typically
for the continuous monitoring of phosphate
concentration (and phosphorus compounds
in general) in water samples (Ruzicka et al.,
1988; Verporte et al., 1994; Clark et al., 1992;
Robards et al., 1994). The method is based on
an absorption maxima at 880, 825, 774 and 660
nm wavelengths at which absorbance is strong
for the molybdenum blue complex which has
a molar extinction coefficient (¢) > 14,300 L/
(mole.cm) (Ruzicka et al., 1988; Verporte et
al., 1994). The reagents employed are ammo-
nium molybdate [(NH,)/Mo.O,,.4H,0)], L-as-
corbic acid and the phosphate analyte soluti-
on(s). The reactions involved are as follows:
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A typical challenge with the molybdenum
blue technique is that other trace complex
anions are also associated with molybdenum
blue chemistry, and would therefore interfere
with the phosphate detection; these complex
anions include arsenate (As(IIl) and As(V)),
silicate, vanadate, tungstate and others such as
germinate, which are also potential toxicants
to the environment (Doku et al., 1999; Basset
et al., 1978). The interfering molybdo-com-
plexes are H,PO,(MoO,),,, H,SiO,(MoO,)
H,AsO,(MoO,), ,,H, VO (Mo0O,),,,
H,WO,(Mo0,),,, and H,GeO,(MoO,),, (Ruz-
icka et al., 1988; Verporte et al., 1994; Doku
et al., 1999; Clark et al., 1992; Robards et al.,
1994; Basset et al., 1978). The prior isolation
of interfering species, to make way for the se-
lective detection of one particular species of
interest, has employed conventional manual
batch procedures that make exorbitant use of
expensive and corrosive reagents and are of-
ten labour intensive and time consuming (Bas-
set et al., 1978; Mattusch, 1996; Demedina et
al., 1996; Bello et al., 1996; Motomizu et al.,
1995; Galceran et al., 1994). Procedures such
as liquid-liquid extraction of phosphate from
sulphate and silicate interferences (Mattusch
et al., 1996), ion chromatographic separation
of phosphate from silicate, sulphate and sulph-
ites (Demedina et al., 1996; Bello et al., 1996),
filtration-dissolution (Motomizu et al., 1995)
and preconcentration methods for ultra-trace
phosphate analysis (Galceran et al., 1994)
have already been reported. The molybdenum
blue method is also susceptible to refractive

12°

index errors and sample turbidity (Warwick
et al., 2013; Udnan et al., 2005). This paper
assesses other phosphate detection methods
reported in literature and, more importantly,
reviews phosphomolybdenum blue techniques
that have been achieved, how the interference
challenges had been dealt with and what is
probable for the future.

Experimental
Other phosphate detection methods reported
in literature
Methods other than phosphomolybdenum
blue—spectrophotometry that have been re-
searched and reported so far for inorganic
phosphate detection are optical and electro-
chemical.

Optical detection methods

The optical detection methods reported for
inorganic phosphate detection have employed
biomimetic phosphate sensor/receptor meth-
odologies. Phosphate sensors/receptors are
molecular moieties specially designed and
synthesized to selectively recognize and bind
to the phosphate anion so it can be detected
and quantified. The receptors include synthet-
ic receptors, molecularly imprinted polymers
(MIPs) and others (Warwick et al., 2013). The
use of phosphate sensors/receptors, coupled
with optical detection has been researched
quite extensively. The detection has normal-
ly been colorimetric (Tobey & Anslyn, 2003;
Han & Kim, 2002) and luminescence/fluores-
cence (Yaqoob et al., 2004; Lin et al., 2006;
Sun et al., 2008; Ganjali ef al., 2011; Anzen-
bacher et al., 2000; Beer & Cadman, 1999;
Ojida et al., 2002, 2004; Hamachi, 2009; Ses-
sler et al., 2003; Deetz & Smith, 1998; Du et
al., 2008; Fabbrizzi et al., 2002). These meth-
ods have yielded detection limits varying from
milligrams to micrograms per litre but which
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are higher than the much lower detection lim-
its required for environmental applications.
The receptors are also too complex to design
and synthesize and they have the problem of
selectivity for phosphate (interference from
other anions — sulphate, chloride, nitrate, ac-
etate, etc.) and require integration with appro-
priate transducers. There is also the problem
of functionality in aqueous media (in contrast
to organic-based media, due to the high hydra-
tion energy of the phosphate anion) and there
is always fouling from solid particles and
naturally occurring organic matter in water
samples. All these disadvantages have limit-
ed their development and suitability for long
term field use. Yaqoob et al. (2004) success-
fully adapted the phosphomolybdenum blue
method to incorporate luminol which, when
oxidised by the phosphomolybdate complex,
generated light via chemiluminesenc. The
method could detect phosphates in freshwa-
ter samples with a detection limit of 0.03 pg/1
and a linear response from 0.03 to 3.26 pg/l,
making it suitable for monitoring natural en-
vironments with little anthropogenic activi-
ty or pollution, but not for the wide range of
phosphate concentrations found in wastewater
(100 — 5000 pg/l). Competing ions were re-
moved by passing samples through a chelat-
ing resin, significantly reducing interference.
However, copper (1), cobalt, magnesium and
iron (II) ions suppressed or exaggerated the
signal produced, by acting as catalysts for the
oxidation of luminol (Warwick et al., 2013;
Yaqoob et al., 2004). The same disadvantage
was observed in a PVC membrane contain-
ing an aluminium-morin fluorescent probe,
as nickel and zinc ions caused interference by
accelerating the quenching process (Lin et al.,
2006). The latter presented a response time of
7.5 minutes, detection limit of 0.02 pg/l and
linear response to concentrations of dihydro-

gen phosphate from 6 to 15 pg/l. Although the
response was reversible, by applying more al-
uminium-morin, the probe was only viable for
sixty measurements, limiting its suitability for
continuous monitoring (Lin et al., 2000).

Electrochemical sensor methodologies for
phosphate detection

The employment of various electrodes and
electrochemical techniques (potentiometric,
voltammetric and amperometric methods) in
orthophosphate detection has been reviewed
extensively (Warwick et al, 2013; Midgley,
1986; Engblom, 1998 and Villalba er al,
2009).

The potentiometric methods have involved the
use of metal electrodes and phosphate ion se-
lective membranes (Antonisse and Reinhoudt,
1999; Tsagkatakis et al., 2001; Glazier and
Arnold, 1988; Liu et al., 1997; Carey and Rig-
gan, 1994; Le Goff et al., 2004; Nishizawa et
al., 2003; Modi et al., 2011; Liu et al., 2007,
Ganjali et al., 2006; Kumar et al., 2008). Solid
state ion selective detection offers numerous
advantages, including increased opportunity
for miniaturisation, greater durability and the
elimination of the need for a reference storage
solution, which incurs cost and requires regu-
lar maintenance, as the reagents get consumed,
evaporate or leak (Kumar et al., 2010; Engb-
lom, 1998; Ejhieha & Masoudipoura, 2010;
Tafesse & Enemchukwu, 2011). Solid state
ion selective methods yielded quick response
times (seconds), linear response range 0.016
— 3100 mg/L and detection limits as low as
0.024 mg/L (Ejhiecha & Masoudipoura, 2010;
Kumar et al., 2010; Xiao et al., 1995; Meru-
va & Meyerhoff, 1996; Zou et al., 2007; Lee
et al., 2009; Khaled et al., 2008; Kugimiya &
Kohara, 2009). While yielding good detection
limits and linear ranges near that required for
environmental monitoring, many potentiomet
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ric methods suffer from the general difficulty
of developing phosphate selective electrodes,
suitability for anions, the high hydrophilic na-
ture of the phosphate anion, limited durabili-
ty (linear ranges deteriorate after few weeks)
and/or poor selectivity from interfering ions
(Warwick et al.,, 2013). The electrodes may
also require pre-treatment in phosphate solu-
tion for 24 hours, reducing the frequency of
readings that could be taken in the field (Gan-
jali et al., 20006).

The use of Amperometric sensors, that mea-
sure the current produced by the target ana-
lyte at an electrode with a constant voltage,
has also been investigated widely (Beer et al.,
1996, 1997, 1999) showing some selectivity
for dihydrogen phosphate and orthophosphate.
Some involved measuring the reduction of
the ammonium phosphomolybdate complex
formed in the standard phosphomolybdate
reaction (Quintana et al., 2004; Udnan et al.,
2005) or anodic oxidation of molybdenum
(Jonca et al., 2011), while others involved the
use of electrodes embedded with ammonium
molybdate (Berchmans et al., 2011). Others
involved the use of phosphate sensitive en-
zyme electrodes, designed for potential envi-
ronmental applications, and are able to detect
orthophosphates down to 3 pg/L (Midgley,
1986; Engblom, 1998; Villalba et al., 2009;
Rahman et al., 2006). The amperometric
methods however suffer from the need for re-
agents that require safe disposal, lack of spec-
ificity for phosphates (without interference
from other ions - arsenate, chloride or nitrate,
silicate, sulphate, etc.) and the fact that none of
the amperometric methods offer detection cov-
ering the range of phosphate typically found
in wastewater (0.1 — 5 mg/L). Furthermore,
besides uncertain stability and doubts regard-
ing durability, the production of enzyme-based
biosensor electrodes is more expensive than

other sensor-based technologies (Zou et al.,
2007).

Some conductometric analysis of phosphate
has been reported (Warwick et al., 2013; Zhang
et al.,2008), producing two linear ranges (0.03
—0.62 mg/L and 0.62 — 12.4 mg/L), detection
limit of 0.03 mg/L and the sensor showed no
interference from other anions. However, sen-
sitivity to both pH and temperature (optimum
conditions pH 6 and 20 — 50°C), resulting in a
50% reduction in response after three weeks,
makes the system unsuitable for field analysis
(Warwick et al., 2013).

The use of voltammetric devices to
measure orthophosphate activity is largely in-
hibited by the oxygen ions around the central
phosphorus atom. Voltammetric analysis of
orthophosphates has therefore tended to rely
on indirect methods, for example, measuring
the reduction of the ammonium phospho-
molybdate complex formed in the standard
phosphomolybdate reaction (Fogg & Bsebsu,
1981), using receptors coated on electrodes to
cause measurable indirect reactions (Aoki et
al.,2003; Beer et al., 1995; Liu and Lin, 2005;
Cheng et al., 2010). While detection limits as
low as 9 pg/L to 0.03 mg/L and linear response
between 1.2 and 31 mg/L have been achieved
using voltammetry with flow injection analy-
sis (FIA), they suffer from regular cleaning of
electrodes, selectivity for inorganic phosphate
anion (interference from SO42', Br, CI, etc.)
and suitability for field environmental appli-
cations due to the indirect nature and require-
ment for more volumes of other reagents than
in the standard colourimetric method (War-
wick et al., 2013).

The need for increased monitoring of
phosphate levels in environmental water re-
quires a cost-effective sensor that is both spe-
cific for phosphate in a complex medium, and
robust enough to withstand field usage, in or-
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der to be a suitable replacement for standard
measurement methods.  While the lumines-
cent/fluorescent methods reviewed have low
detection limits and could potentially measure
phosphate concentrations at the limit (1 mg/l)
required by Urban Waste Water Treatment
Directives, none of them are both specific for
phosphate and have been successfully tested
in the field with environmental samples. Fur-
thermore, the methods reviewed produce their
signal in solution, again requiring the con-
sumption and disposal of reagents. Generally,
from the electrochemical methods reviewed,
the ISEs suffer from limited lifetimes; require
pre-treatment in solution, or both, limiting
suitability for field measurements and contin-
uous monitoring. Similarly, solid state poten-
tiometric sensors suffer from poor selectivity
or durability. The voltammetric and ampero-
metric sensors suffer from various obstacles,
mainly a lack of selectivity, limiting their suit-
ability and while enzyme based amperometric
sensors may perform well in biomedical ap-
plications, their suitability and robustness for
environmental field use is doubtful (Warwick
et al., 2013). These issues highlight why no
sensor-based technology has, so far, been val-
idated to replace the standard colourimetric
technique for determining the phosphate con-
tent of environmental water.

Conventional phosphoolybdenum blue detec-
tion procedures

In any batch procedure, ammonium molyb-
date is added to orthophosphate samples with
ascorbic acid and antimony (III), which pro-
duces the blue coloured phosphomolybdate
complex. The concentration of phosphate,
contained in a cuvette, is then determined opti-
cally with a spectrophotometer (Murphy & Ri-
ley, 1962). The conventional continuous flow
injection analysis (FIA) manifold for phosp-

hate molybdebum blue (PMB) detection is that
shown in Figure 1 (Ruzicka et al., 1988).

Mol te, 0.6 mL/min. [ |
olybdate, 0.6 mL/min 100 em 100 em

Fan Waste
N,

Ascorbic acid, 0.6 mL/min.

Peristaltic
pump

0.5mm id/[\ 0.5mm id

Sample
injection loop
(50uL)
Fig. 1: Conventional FIA manifold for the spectropho-

tometric determination of phosphate.

Commercially available phosphomolybdenum
blue methods either involve measurement on
site or require samples sent away for analysis,
with both approaches being labour intensive
and require continued use of consumables (re-
agents and cuvettes), which incur direct costs
and require safe disposal. Today’s research is
geared towards having a detector/sensor de-
vice which can measure soluble phosphate in
water and which would incur significant cost
savings, particularly if it was designed to pro-
vide in situ, continuous (on-line) and real-time
monitoring.

On-chip micro-channel phosphomolybdenum
blue flow injection analysis (uFIA)

The development of on-chip micro-channel
analytical (UFIA) systems begun and have
gained much attention within the last two de-
cades. The most striking advantages of such
microsystems are the high portability, reduced
reagent consumption, minimization of waste
production, remote (on-site) applications and
heat dissipation owing to the high surface area
to volume ratios ((Verporte et al., 1994; Gre-
enway et al., 1999; Natalie et al., 2000; Reyes
etal.,2002; Auroux et al., 2002; Daykin et al.,
1995; Haswell, 1997; Irfan et al., 2011; Weg-
ner et al., 2011; Costantini et al., 2010; Cos-
tantini et al., 2010; Frost et al., 2010; Wiles et
al., 2012).
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Verporte et al. (1994) first described a three-di-
mensional uFTA system (22 x 22 mm? planar
micromachined silicon elements), based on
a conventional FIA manifold (Figure 1) for
phosphate detection. The system employed
externally connected piezoelectrically driven
silicon micropumps for reagent mobilization,
operating at flow rates of 0.03 — 0.2 mL/min
which correspond to about one-tenth of those
used in a conventional FIA system, leading to
a corresponding 270-fold reduction in reagent
consumption. Sample volumes used with the
microflow system were around 25 pL. To in-
crease the sensitivity of the technique, since
the analysis is carried out under non-equilib-
rium conditions, a stopped-flow mode was
adopted, producing an analysis time of 4 min
per sample. The sensitivity achieved with the
UFIA system was comparable to that expect-
ed for a conventional system (5 pgmL' phos-
phates as orthophosphate).

In an attempt to exploit electroosmotic
flow (EOF) rather than the hydrodynamic flow
as described by Verporte ef al., (1994), Daykin
et al., (1995) described the development of a
LFIA system, also for the determination of or-
thophosphate. ChDannels 325 um wide and
30 um deep were etched into a glass substrate
in which molybdate (pH 3.2) was mobilized by
EOF; however, due to pH constraints (pH 1.6),
it was necessary to pump the ascorbic acid by
ion migration rather than EOF. The reagents
were combined in a contra-flow manner and a
Z-mode injection (Haswell, 1997) was used to
introduce the orthophosphate. On completion
of the molybdenum blue reaction, the product
was detected in situ using a fibre-optic config-
uration. The authors reported an RSD of <5%
at 10 ppb, decreasing to <0.8% at 100 ppb for

orthophosphate, where n = 5. The linear work-
ing range was found to be 10 - 100 ppb, and
the system produced a limit of detection of 0.7
ppb.

In a further study, Doku et al. (1999) report-
ed on the development of a micro-FIA (uFIA)
system based on electroosmotic flow the de-
termination of phosphate as orthophosphate.
Photolithographic and wet etching techniques
were used to fabricate a pFIA manifold (Fig-
ure 2) in a borosilicate glass substrate for the
spectrophotometric determination of ortho-
phosphate based on the molybdenum blue
reaction, employing electroosmotic flow for
both the mobilization of reagents and sample
injection. The manifold channel dimensions
were 200 pm wide and 50 um deep. An evalu-
ation of the electroosmotic flow characteristics
(i.e. voltage, solution concentration/pH ranges
and current-voltage relationships) for ascorbic
acid, ammonium molybdate and orthophos-
phate standards, with and without borate buf-
fer present, were carried out. In addition, the
effect that reaction precursors may have on the
in situ spectrophotometric detection system is
also discussed. Using the optimized operating
conditions of 1.75% ascorbic acid and 0.6%
ammonium molybdate in 10 mM borate buffer,
the calibration model for phosphate standards
was found to be linear (y = 0.0036x + 0.0155;
correlation coefficient, 12 = 0.9952) over the
working range 1-10 ugmL-'. A sampling rate
of ca. 60 samples/h was achieved, with a de-
tection limit of 0.1 pgmL! for orthophosphate,
with RSDs <5%. The reagent consumption
was very low with the total reactant volume in
the system estimated to be 0.6 pL and a sample
volume of 0.1 pL being required.
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Fig. 2: uFIA manifold for determining flow charac-
teristics of reagents (channels: 200 um wide, 50 pm
deep). A = reagent reservoir, B = waste reservoir and
C-F = side channel reservoirs. AB =18 mm, AG=GH

=HI=1J=JB=3.5mm, CG=EH=DI=FJ =8 mm.

Clinton-Bailey et al. (2017) have described a
robust, high resolution in situ sensor suited to
in situ work in natural waters, where high sen-
sitivity and precision are required. It features
an improved “phosphate blue” assay which
includes polyvinylpyrrolidone in place of tra-
ditional surfactants - improving sensitivity and
reducing temperature effects. The sensor is
housed in a circular hardware, which is based
around a circular tinted PMMA microfluidic
chip. It operates using a stop-flow regime,
whereby sample and reagents are introduced
into the absorbance flow cell and then left to
react (and color to develop) over a set period.
The reaction time was set at 5 min, with the
average voltage over the final 5 s of the de-
velopment time used to determine absorbance.
The system featured greater power economy
and analytical performance relative to com-
mercially available alternatives, with a mean
power consumption of 1.8 W, a detection limit
of 40 nM, a dynamic range of 0.14 — 10 puM,
and an infield accuracy of 4 + 4.5%. During
field testing, the sensor was continuously de-
ployed for 9 weeks in a chalk stream, reveal-
ing complex relations between flow rates and
phosphate concentration that suggest changing
dominance in phosphate sources. A distinct
diel phosphorus signal was observed under
low flow conditions, highlighting the ability of

the sensor to decouple geochemical and biotic
effects on phosphate dynamics in fluvial envi-
ronments. Antimonyl tartrate was used to cat-
alyze the reaction and to inhibit the formation
of silicomolybdic acid, which is a common
interference of this assay. Removal of any of
the other interference ions, if present, would
however be required.

Coupling external UV-Vis spectrophotometers
to microchip devices

The Lambert—Beer law states that absorption
is proportional to the light pathlength and the
concentration of the absorbing species. Mi-
crochips have small pathlengths, which could
greatly reduce sensitivity and limits of detec-
tion (LOD). To increase the sensitivity by
decreasing the background noise and length-
ening the optical path, Gaspar et al employed
a modified external micro-spectrophotometer,
combined with a projection microscope, that
precisely selects very small parts of a micro-
fluidic channel pattern of disposable PDMS
chips and measure light absorbance on a mag-
nified area of the selected part of the channel.
Besides the external direct detection above the
microfluidic channel, the optical pathlength
was lengthened by detecting in the region
of a perpendicular exit port; increasing the
cross-sectional area of the zone of irradiation
improved the signal-to-noise ratio and the lim-
its of detection (LOD) to as low as 0.78 uM for
phosphomolybdenum blue. The use of such
a system in phosphomolybdenum detection
would also require removal of interference
from other related ions, if present.

LED light sources in phophomolybdenum blue
detection on-chip

The potential of LEDs as effective light sourc-
es in chemical sensing devices have been re-
viewed by Yeh et al., (2017). LEDs give high
light intensity but consume less power. LED
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light sources are stable, robust and inexpen-
sive. LED-based sensors do not require optical
couplers or monochromators since LEDs emit
relatively narrow band of wavelength. They
are commercially available in the spectral
range of 210 — 1550 nm. Using fibre optics,
these LEDs can easily be coupled to photodi-
odes in microfluidic systems and they are long
lasting even under unfavorable conditions like
high humidity and mechanical vibration. LED
has successfully been applied for fluorescence
excitation in microfluidic devices for sensing
gases, spotting heavy metal ions, analyzing
drugs and toxins, for detecting environment nu-
trients (ammonia, Nitrite and total nitrate and
phosphorus), and for monitoring biochemicals
and biohazard. LED technologies are suitable
for miniaturized, on-chip analytical systems as
they can be integrated with microchip due to
their small size. Red and blue LEDs, typically,
have shown their versatilities in the fields of
optical sensors and chemical sensing devices.
Ma et al. (1999) built a portable micro flow
injection system with a red LED (~660 nm) for
molybdenum blue detection. The system, with
phosphorus limit of detection (LOD) at 5 pg/l,
was used for onsite phosphate detection in riv-
er water samples via the detection of molybde-
num blue, a reduction product of molybdenum
yellow. Both molybdenum blue and molyb-
denum yellow are formed via the reaction of
orthophosphate, the most bioavailable phos-
phorus form, with molybdate in acidic medi-
um. Lyddy-Meaney et al. (2002) developed a
compact flow injection analysis system with a
gas-pressure propelling system and a red LED
(~650 nm) for marine water phosphate surface
mapping. This simple device applied molyb-
denum blue method to rapidly determine trace
and ultra-trace amounts of phosphorus as wa-
terborne phosphate demonstrated a LOD of
0.1 pg/l. It is important to note, however, that
the use of LED in phosphomolybdenum detec-

tion would still require the removal of other
related interfering ions, if present.

Effective and robust execution of molybde-
num chemistry on-chip would require further
studies into the interference capabilities of the
various complex-anion species and to estab-
lish some surest ways of removing any inter-
ferences to make way for the determination of
the species, coupled with intelligent/appropri-
ate manifold designs. Detection techniques
which do not involve molybdenum blue for-
mation could also be considered. It would be
more interesting to have procedures that could
even execute simultaneous determination of
the interfering species.

Assessing molybdenum interference capabili-
ties among the complex-anion species

A recent work (Doku et al., 2016) presented
an assessment of the relative rates of forma-
tion and relative intensities of the molybde-
num blue complexes and an evaluation of the
UV-visible absorbance profiles to ascertain the
wavelengths of absorption and the extinction
coefficients of the respective unreacted species
as well as their corresponding blue molybdo
complexes. These would reveal the potential
interference capabilities of the species (arse-
nate, orthophosphate, silicate, vanadate and
tungstate) in spectrophotometric determina-
tion based on molybdenum blue. Figure 3
shows the scanned UV-visible absorbance
profiles obtained for the 1.75% ascorbic acid-
0.6% ammonium molybdate reagent mixture,
and the individual blue reaction products de-
rived from the different interfering species.
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Fig. 3: Scanned UV-visible absorbance profiles for the
molybdenum blue reaction products obtained from the
different interfering species: A = arsenate, P = ortho-
phosphate, T = tungstate, S = silicate, V = orthovana-
date, and R = yellow-green 1.75% ascorbic acid-0.6%
ammonium molybdate reagent mixture.

Both the yellow-green background reagent
mixture and the molybdenum blue reaction
products from the different species showed
similar absorbance profiles, absorbing in the
whole UV-visible range from 190 — 900 nm,
with maximum absorbance at wavelengths less
than 400 nm and reasonably strong absorbance
between 600 — 900 nm (the visible wavelength
range within which the species can be detect-
ed), but with different & . The visible ab-
sorption extinction coefficients (&) estimated
for the molybdenum blue complexes of the
species at respective  obtained from Fig-
ure 3 were as follows: arsenate, 4.2635 x 10°
L/(mol.cm) (A__ 880 nm); orthophosphate,
3.7470 x 10° L/(mol.cm) (A 860 nm); sili-
cate, 2.7132 x 10° L/(mol.cm) (A__ 820 nm);
tungstate, 2.4546 x 10° L/(mol.cm) (A 687

— 774 nm); and orthovanadate, 1.0983 x 10°
L/(mol.cm) (A 785 — 825 nm), indicating a
decreasing absorbance ratio/trend of arsenate
(3.88) : orthophosphate (3.42) : silicate (2.47)
: tungstate (2.24) : orthovanadate (1.00). The
above scanned visible absorbance profiles and
extinction coefficient ratios were obtained us-
ing equal concentrations of the species so as
to remove any biases, which may not directly
correspond to the concentration levels of the
species in 'real' environmental samples. The
degree of interference in real sample analysis
will also depend on the actual relative concen-
tration and detection levels of the species in
the environmental sample. Table 1 gives the
concentration range (in ppb), as well as the
major chemical form of occurrence, of the spe-
cies in natural fresh water and sea water bod-
ies as reported in the literature (Robards et al.,
1994). With the exception of silicate whose
molybdenum blue detection could be achieved
at both ppb and ppm levels, the other species
are detected only at the ppb level. From the
scanned absorbance profiles, the extinction co-
efficient ratios and the concentration levels of
the species in water bodies, the species which
would seem to offer the greatest interferences
are the arsenate, phosphate and silicate. In the
case of polluted effluents, however, samples
could contain increased levels of the vanadate
and tungstate as well.
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TABLE 1
Concentration range (in ppb) as well as the major
chemical form of occurrence of the species in natural
fresh water and sea water.

Conc. range (ppb)
Species Major species form(s)
Fresh water Sea water
As 0.2-230 <0.5-3.7 H,AsO,, organic
P 5-1000 <60-88 H,PO,, HPO,*, MgPO,
Si 500-60000 Trace-400 Si(OH),, colloid
A% 0.01-20 <0.9-2.5 H,VO,, HVO,*
w 0.02-0.1 0.001-0.7 WO,*

With the absorbance of a species being reason-
ably strong at the A of others (Figure 3),
the A__ . alone could not be used as the cri-
terion for distinguishing between the species
during the molybdenum blue detection. The
surest way of removing any interference is by
some sort of separation (isolation) prior to the
molybdenum blue detection reaction. The ini-
tial unstable yellow-green baseline colour (re-
action precursor) from the ascorbic acid-am-
monium molybdate reagent mixture, formed
prior to the formation of the molybdenum blue
colour, would also affect the measurement
process and therefore appropriate steps must
be taken to address this.

On-chip electrokinetic separation and detec-
tion of the complex anions

The on-chip electroosmotic flow (EOF) char-
acteristics of solutions of the complex-anion
water pollutants, namely orthophosphate, sil-
icate, vanadate, tungstate and arsenate, and
the optimum electric field strength for effec-
tive electrokinetic separation of these species
have been evaluated on chip and reported
(Doku et al., 2019), using the manifold giv-
en in Figure 2, which could be considered for
future simultaneous on-chip micro capillary
electrophoretic (LCE) determination of the

species. Using a positive Pt electrode dipping
into the solution in a sample reservoir on-
chip and negative electrode in a borate-buffer
waste collecting reservoir, and both electrodes
connected by the buffer solution in a channel
and an external power supply, the EOF char-
acteristics, i.e., voltages applied across the
electrodes, internal currents generated within
the solutions and the flow of solution in the
channels, at different pHs, were monitored.
A conventional capillary electrophoresis, car-
ried out in both positive and negative polarity
and direct and indirect UV detection modes,
using varied applied voltages (electric field
strengths) was used to establish the optimum
the electric field strength and retention times
required for effective electrokinetic separa-
tion of the species. From the study it became
clear that the species, tungstate, phosphate,
arsenate, vanadate and silicate, were resolved
under applied electric field, with the resolution
between the tungstate and phosphate being
the lowest. The elution time of a respective
species was a compromise between the charge
to size ratio of the species, the size/weight of
the hydrated ion and the applied voltage. The
best separation/resolution efficiencies were
achieved with voltages between 5 — 10 kV
(field strengths between 77 — 154 V/cm), and
the elution order of the species was found to
be tungstate first, followed by phosphate, arse-
nate, orthovanadate and silicate in that order.
At 5 kV, the retention times were found to be
as follows: tungstate, 20.02; phosphate, 20.70;
arsenate, 22.95; orthovanadate, 28.77; and
silicate, 36.54 minutes. Thus, electrokinetic
separation of the species has been confirmed
possible, which could be carried out prior to
detection or any analytical reaction and which
will eliminate interferences between the spe-
cies. The systematic procedure would offer a
greater potential in terms of analyte detection
in a chip-based device.
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Conclusion

The advancement so far achieved in phospho-
molybdenum detection has been well reviewed.
The review exposes the major challenges to be
circumvented, the main one being interference
from other molybdenum blue related species
in water. The review will serve as a guide and
reference point for future researchers in the
area of advanced phosphate detection tech-
niques yet to be designed. Lab-on-microchip
based systems presents a promising area to ex-
plore in view of the numerous advantages over
conventional systems.

Recommendations
(a) Carrying out the electrokinetic separation
to complement the molybdenum blue detec-
tion in on-chip micro reactor systems would
demand well designed procedures and appro-
priate manifolds. Two options are suggested
here, as follows (Doku et al., 2016):

(1) Injecting the sample mixture into a stream
of buffer in a longer injection/separation
side-channel and applying the separation volt-
age to pre-separate the sample mixture into
separate analyte bands in the side channel. This
followed by normal FIA, involving sequential
cross-mode injection of the already separated
analyte bands into a continuous stream of the
ascorbic acid-ammonium molybdate reagent
mixture in the main reaction channel, with a
short reagent run being carried out after each
analyte band injection so as to segment the
analyte bands in the reagent stream. This is
followed, finally, by driving the background
reagent stream pass the detection point. The
appropriate on-chip manifold suggested for
this procedure in any future work is given in
Figure 4.

(i1) A reverse FIA method based on injecting
the sample mixture into a stream of buffer in a
longer main reaction channel and applying the

electrical field to drive and separate the mix-
ture into different analyte bands in the main
reaction channel. This is carried out prior to a
cross-mode injection of the ascorbic acid-am-
monium molybdate reagent mixture just be-
hind or in front of the separated analyte bands
so that the injected mixture merges (interfaces)
perfectly with the species band. A sequential
drive of the separated analyte bands pass the
reagent mixture injection point should alter-
nate with timely injections of segments of
the reagent mixture. The electric field polar-
ity should be such that on resuming the main
channel buffer flow towards the detector, after
injections of the reagent mixture, the anionic
species would migrate into and mix with the
reagent mixture. The appropriate on-chip
manifold suggested for this procedure is given
in Figure 5. The former procedure (i) would,
however, appear to be easier and is therefore
more recommended.

Waste buffer

- Light
reservor source Fibre
Reaction optic
Buffer G channel
reagents Iight pathlength
mixture
) Fibre
Collection Ecljodel amay  opfic
resemoir ector
Separation
channel
Sample
mixture 0]
resenvoir
[an
Buffer
resenvoir

Fig. 4: On-chip manifold for procedure (i).
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Reagent Light
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reagents
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Fig. 5: On-chip manifold for procedure (ii).
(b) Electrochemical detection, requiring no
analytical reaction performance prior to de-
tection, might be an easier way of detecting
the species after separation, using micro elec-
trodes integrated at the end of the separation
channel (Figure 6) (Doku et al., 2019). The
negative polarity mode is the more appropri-
ate electric field operational mode to be used
for the separation channel due to the shorter
retention times it offers. This will however
require the employment of a cationic surfac-
tant in both the buffer and sample solutions to
modify the capillary surface and reverse the
electroosmotic flow from the cathode to the
anode. The separation electric field strength to
be employed should be within the range of 77
— 154 V/em, with the applied voltage depend-
ing on the separation channel length.

Sample
mixture
reservoir

0T

detection flow cell
Collection
reservoir

+
Positive
clectrode

Buffer/TTAB
mixture reservoir

Negative
clectrode

Fig. 6: On-chip CE manifold design for electrokinetic
separation and detection of complex-anion water pol-
lutants.
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