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ABSTRACT
There is a growing need for rapid and reliable but relatively low cost techniques that can
be remotely deployed to provide high quality environmental data. This paper describes the use
of flow injection (FI) based instrumentation for aquatic environmental monitoring. FI techniques
now impact on a wide cross section of analytical chemistry activities, providing imaginative
and practical solutions to challenging analytical problems and contributing to the improvement
of data quality. Two specific applications are described. The first is the use of flow injection
with spectrophotomettic detection (FI-SPEC) for the determination of nitrogen and phosphorus
species in catchments, estuaries and sediments in order to investigate the impact of nutrients
on water quality and provide decision support systems for catchment management. The second
is the use of flow injection with chemiluminescence detection (FI-CL) for the determination
of micronutrients (particularly iron) in remote, open ocean environments. As a rate limiting
nutrient, iron plays a key role in ocean productivity and climate change. The importance of
‘clean’ analytical protocols in ordet to provide high quality environmental data are also considered.

1. ENVIRONMENTAL MONITORING ¢ Studying chemical fluxes, pathways and

It is essential that any environmental fates in environmental systems.
monitoring programme provides high quality
analytical data (e.g. good accuracy and
precision) at reasonable cost in order to achieve
particular objectives. These need to be clearly
specified before designing a suitable sampling
and analysis programme. Examples of general
objectives include:

A major constraint on the design of any
environmental monitoring programme is the
fact that sampling is expensive and time
consuming and, from a data quality
perspective, sample integrity may be lost during
the process of collection and storage. For
example, the stability of natural water samples
e FElucidation of environmental processes collected and stored for the determination of

and biogeochemical cycles. macronutrients (nitrate and phosphate) are
* Monitoring compliance with legislation. subject to biological, chemical and physical
o Archiving data and providing baseline affects that can significantly alter the measured
surveys, e.g. environmental impact assess-  nutrient concentrations. A standard protocol
ments. for storage is therefore desirable but this is
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not possible due to the contrasting physico-
chemical and biological characteristics of
different natural waters, e.g; salinity, bacterial
content, hardness. However the following
principles are recommended as general
guidelines:

e All labware used for sample collection,
storage and analysis should be rigorously
cleaned, e.g. a 12 h soak in Neutracon,
followed by a water rinse (x3), 24 h soak in
10% HCI, and final water rinse (x3).

e All sample containers should be made of
inert material, e.g. HDPE and cleaned as
stated above.

e All samples should be filtered (0.2 um
cellulose acetate) at the time of sampling
with a low pressure gradient to avoid cell
lysis.

e All samples should be analysed as quickly
as possible (ideally < 8 h).

e Samples should not be stored at 4 °C
without chemical treatment.

e Calcium rich samples (e.g. from chalk
catchments) should not be frozen in order
to avoid phosphate precipitation.

e Samples rich in organic matter should not
be chemically treated in order to avoid
release of cellular enzymes.

In view of the problems associated with
discrete sample collection and subsequent
laboratory analysis it is desirable to be able to
monitor chemical species in the aquatic
environment zz sit4. Portable instrumentation
has the potential to acquire high quality data
with excellent temporal and spatial resolution
for environmental process studies and
chemical mapping of the aquatic environment.
However such instrumentation needs to meet
several challenging objectives in addition to
the normal analytical requirements of a
laboratory technique. These include:

® Rugged, portable, automated instrumen-
tation.

e Provision of a contamination free environ-
ment for trace analysis, e.g. reagents,
containers, sampling apparatus, ship.
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Sensitive and selective detection

e Removal of matrix interferences e.g. sea
salts for marine waters.

¢ Long term stability of all components, e.g.
reagents, standards, pumps and detector.

e Ability to perform in-line filtration and
minimise the affect of biofouling,

¢ Ability to perform remote calibration and
validation using on-board standards.

e Minimal maintenance requirements.

One technique that can meet these
objectives for specific chemical parameters in
aquatic environments is flow injection analysis
and the principles are discussed below.

2. FLOW INJECTION ANALYSIS

Flow injection (FI) analysis has become
established as an important tool for sample
presentation and on-line treatment in the
laboratory environment. It is now being
increasingly considered for deployment
outside of the laboratory, in both process and
environmental locations [1].

FI has been described as an unsegmented
flow technique in which a volume of liquid
sample is inserted into a moving liquid carrier
stream, whereupon it undergoes physical
dispersion as it is transported to a flow-
through detector for measurement [2]. The
transient response is usually in the form of a
peak, with a sharp rising edge and a more
gradual decay, the shape being due to axial
dispersion and radial diffusion of the sample
zone as travels through the FI manifold. The
height and area of the peak are usually directly
related to analyte concentration but for
convenience peak height is usually the
measured parameter. The degree of sample
dispersion is controlled by factors such as
sample volume, carrier flow rate, length and
diameter of the manifold tubing and manifold
geometry and under most conditions is highly
reproducible (relative standard deviations are
typically less than 5 %). The technique is now
widely used in analytical laboratories for the
automation of wet chemical methods and has
considerable potential for use in catchments

-



?r\

Chiang Mai J. Sci. 2003; 30(3)

[3], on board ship [4] and in submersible
analysers [5].
A block diagram of a simple, single
channel FI manifold is shown in Figure 1 and
typically consists of a means of propulsion
(e.4 a peristaltic pump), a rotary injection valve
for sample introduction (similar to HPLC
valves but low pressure) and a flow-through
detector (e.g. a spectrophotometet). In this
manifold the carrier stream transports the
sample to the detector. PTFE tubing (typically
0.8 mm i.d.) is used throughout the manifold
for sample and reagent transport, with tightly
wound coils often included to enhance mixing.
If the method requires more than one reagent,
additional streams can be merged with the
carrier stream at suitable points in the
manifold.
Similarly if in-line physical treatment of
the sample is required the necessary compo-
nents can easily be incorporated. These
include:
® Solid phase chelating microcolumns for
matrix removal and analyte preconcen-
tration, e.g. 8hydroxyquinoline for the
removal of the major seawater ions and
simultaneous preconcentration of trace
metals.

® Gas dialysis for the diffusion of a gaseous
analyte from a carrier (donor) stream
through a microporous membrane into a

Pump Sample

Carrier stream

Mixing coil

Injection valve
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reagent (acceptor) stream, e.g. for the
selective extraction of ammonia from
seawatet.

® Solid phase reaction columns, in which the
injected sample reacts with a solid material,
e.g. an immobilised enzyme, packed in a
column.

Reagent consumption is generally low in
FI systems (an important factor for shipboard
and submersible applications), and can be
reduced still further by using a reagent
injection manifold, whereby a discrete volume
of reagent is injected into a continuously
flowing sample stream. This option is suitable
for applications in which the sample is in
abundant supply (as in many marine
situations), and is particulatly beneficial when
expensive reagents are required. Simultaneous
FI determinations can be performed by
designing manifolds in which the sample is
injected into more than one flow channel,
undergoing different reaction chemistries in
each. FI systems are easily automated using
off the shelf components and a notebook PC
to control the operation of the valves and
pumps and data acquisition and processing,
A schematic of an automated FI manifold
including the facility for on-board calibration
is shown in Figure 2. ‘
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Y
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Figure 1. Block diagram of a single channel flow injection manifold.
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Figure 2. Block diagram of an automated flow injection manifold incorporating a facility for

on-board calibration.

3. BIOGEOCHEMISTRY OF NUTRIENTS
3.1 Role of Nutrients

Nutrients are essential elements for
biochemical reactions and the growth and
maintenance of biomass, with nitrogen and
phosphorus being the most important and
commonly determined nutrients in aquatic
ecosystems.An excess of nitrogen and
phosphorus can lead to depletion of
dissolved oxygen (DO) in aquatic systems. The
cumulative effect of nutrient loading results
in eutrophication, an enrichment of water by
nutrients, which can lead to an increase in
biomass and natural productivity within a
given aquatic community structure and
deterioration of the quality of water
concerned [6-8]. This can cause major ecolo-
gical changes, e.g. production of algal blooms,
reduction in species diversity and major
changes in community structure. Thus,
assessing nutrient concentrations on a regular
basis is of paramount importance for prov
ding an insight into the relative health of
aquatic environments.
3.2 Nitrogen

The elemental gas dinitrogen (N,) is the
most abundant but least reactive form of
nitrogen in the global environment. However,
many biochemical transformations can

convert dinitrogen into dissolved inorganic
species; e.g. nitrate (NO,), nitrite (NO,),
ammonium (NH,") and organic nitrogen
compounds, in both dissolved and particulate
forms. Nitrogen speciation can be
operationally defined as total particulate
nitrogen (TPN), total dissolved nitrogen
(ITDN), dissolved organic nitrogen (DON)
and dissolved inorganic nitrogen (DIN) [9].
The atmosphere is the principal nitrogen
reservoir, with over 99% of the total in the
form of N,. Nitrogen in terrestrial systems
occurs mainly as soil organic matter, with litter
and soil inorganic nitrogen accounting for the
majority (97%). N,, in dissolved form, is the
most abundant form in the world’s oceans.
Nitrogen also occurs in various inorganic
forms, e.g. nitrate, nitrite, ammonia, hydrazine,
nitrous oxide, and nitrogen dioxide and
otganic forms, e.g. amino acids, amines and
amides. Howevet, the otganic fraction is not
well characterized. Figure 3 shows a schematic
representation of the aquatic nitrogen cycle
including biochemical transformations. Three
of the processes: fixation, nitrification and
ammonification convert gaseous nitrogen into
bioavailable chemical forms. The fourth,
denitrification, converts fixed nitrogen back
into gaseous species.
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Figure 3. Schematic representation of the aquatic nitrogen cycle

3.3 Phosphorus

Phosphorus occurs in aquatic systems is
both particulate and dissolved forms and can
be operationally defined as total phosphorus
(TP), total reactive phosphorus (TRP),
filterable reactive phosphorus (FRP), and total
filterable phosphorus (TFP). The distribution
and transformation of phosphorus in aquatic
systems is shown in Figure 4. Unlike nitrogen,
the phosphorus cycle does not have a signi-
ficant atmospheric component. A chemical
distribution of phosphorus between aquatic
and particulate components occurs, via e.g
adsorption and precipitation processes. The
major reservoir of phosphorus is soils and
other bulk sources include marine sediments
and crustal rocks.

3.4 Sources of Nutrients in the Aquatic
Environment

It is important to assess the input of
nutrients into aquatic systems from both
diffuse and point sources. Stormwater run-
off and catchment discharges are the primary
components of diffuse source pollution, with
the water quality of the discharge being
determined by the dominant land use of the
catchment area. Nutrient contamination can
originate from fertilizers and pesticides from
agricultural and residential lands, and from
livestock and human wastes. Point sources
are distinct sources of contamination, i.e. those
coming from a concentrated point and
flowing directly into water-bodies at a discrete
point. Industrial sources, municipal sewage-
treatment facilities and agricultural animal
production facilities are the main point sources
of nutrients.
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Figure 4. Schematic representation of the aquatic phosphorus cycle

4. FLOW INJECTION MANIFOLDS FOR THE
DETERMINATION OF NUTRIENTS IN NATURAL
WATERS
4.1 Determination of Nitrate

This manifold (Figure 5) utilises the
classical diazotization chemistry for the
determination of nitrate following solid phase
reduction to nitrite with copperised cadmium.
For waters with high suspended solids some
form of in-line filtration is recommended,
such as a syringe filter or a tangential filter
with 0.45 or 0.2 um cut-off. One of the key
aspects of the FI approach to ## situ monitor-
ing is the type of detector. For ease of
construction, ruggedness and low cost a solid
state detector incorporating a light emitting
diode (30 nm bandwidth source) and a
photodiode (integrating detector) is the best
option. A schematic diagram of the flow cell
used.is shown in Figure 6.

PO + 12 MoO* + 27 H*

4.2 Determination of Phosphate

Most methods of phosphorus determi-
nation are based on the reaction of phosphate
with an acidified molybdate reagent to yield
phosphomolybdate heteropolyacid, which is
then reduced to an intensely colored blue
compound and determined spectrophoto-
metrically at 840 nm. [10].

Reduction is achieved by the addition of
ascorbic acid or tin(II) chloride with the main
potential interferences being silicate and
arsenate. The phosphorus determined is
defined as “molybdate reactive” or soluble
reactive phosphorus (SRP). Other phos-
phorus containing organic compounds and
condensed phosphates can be determined
using the molybdate reaction following
chemical, photochemical, thermal or
microwave digestion.

— H,PO, Mo0O,),, + 12 H,0

H,PO, (MoO,),, = Phosphomolybdenum blue
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Figure 5. FI manifold for the determination of nitrate in marine waters
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Figure 6. A schematic diagram of a solid state spectrophotometric detector for incorporation
in a FI manifold.
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5. SUMMARY OF NUTRIENT MONITORING

Nutrients are essential to biochemical
structure and function and are found in
varying proportions in aquatic ecosystems.
The availability of some nutrients, particularly
nitrogen and phosphorus, is often limited, and
the concentration of these control the rate of
primary production. However, an excess of
nutrient loading can lead to eutrophication,
which may ultimately lead to a deterioration
of water quality. An increased public aware-
ness based on environmental, economical and
socio-political concerns, has led to the
development of water quality monitoring
programs.

Ideally the chemical composition of the
water being analysed should be measured in
situ. FI techniques are ideally suited for this
function, particularly when using traditional
wet chemistry with solid state spectrophoto-
metric detection. Such instrumentation can be
self assembled but if this is not possible,
appropriate sampling, collection and storage
techniques are required. Currently, there are
numerous sampling and storage procedures
available but waters vary considerably in
composition and-what is suitable for preserv-
ing nutrient concentrations in one system may
not apply to others. Itis therefore recommen-
ded that laboratories carry out their own
experiments and set appropriate procedures.

Monitoring programmes are contingent
on good laboratory practices and analytical
protocol and the precision and accuracy of
measurements must reflect the level of
confidence placed on the measurements.
There are numerous types of procedures
available to measure nutrients in aquatic
systems but the measuring systems should be
determined by the objectives of the
monitoring programme and meet specified
objectives. Laboratories should institute strict
quality assurance and quality control methods
to ensure consistently reliable results. Methods
used for this purpose include quality control
programmes, intercomparison exercises and
the use of certified reference materials.
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6. BIOGEOCHEMISTRY OF IRON

Iron is the fourth most abundant element
in the Earth’s crust, present at a concentration
of about 6%. However, like other reactive
trace metals, dissolved iron is only present in
open-oceanic waters at sub-nanomolar levels.
Iron is an essential micro-nutrient, limiting
primary production in remote oceanic regions
[11-13] such as the Equatorial and North East
Pacific and the Southern Ocean, where macro-
nutrients are plentiful. Such limitation may
have important ramifications for the
atmosphere-ocean CO, flux and global carbon
cycles [14-15]. Seeding experiments during
Iron-Ex I and II [13,16] experiments in the
Equatorial Pacific, using FeSO,, resulted in
enhanced primary productivity, and in the case
of Tron-Ex II, also in a noticeable enhanced
draw-down of CO,. Iron exists in two forms
in marine systems. Fe(III) is the thermodyna-
mically stable form in oxygenated seawater,
existing primarily as insoluble oxy-hydroxides
ot colloidal matter [17-19]. Fe(II) is a transient
species in surface oxic waters, existing via
chemical or photochemical Fe(III) reduction
[20-22] or via atmospheric deposition [23-25],
and is oxidised rapidly by O, and H,O, species
at seawater pH [26]. Recently, organic comple-
xation has been thought to occur to a signifi-
cant extent in matine systems [27-29]. Major
sources of iron to the world’s oceans include
aeolian deposition, fluvial transport, hydro-
thermal venting, continental shelf regenera-
tion and upwelling of Fe-enriched subsurface
waters. In order to assess Fe input and removal
mechanisms, and to enhance the understand-
ing of redox and chemical speciation of Fe
associated with various operationally defined
fractions, there is a need for new shipboard
analytical methodologies (such as FI) to
determine ultratrace levels of iron.

7. FLOW INJECTION MANIFOLD FOR THE
DETERMINATION OF IRON IN SEAWATER

The concentration of dissolved iron in
seawater is typically less than 1 nM and so
spectrophotometric detection is not sufficien-
tly sensitive for this application. Therefore FI
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Figure 7. FI manifold for the determination of phosphate in river waters
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Figure 8. FI-CL manifold for the determination of iron in seawater

is combined with chemiluminescence detec-
tion (FI-CL) in order to achieve the desired
sensitivity [30].

As with nutrients, it is essential that clean
analytical protocols are used if high quality
iron data is to be obtained. Contamination
from labware is particularly problematic and
the following protocol is recommended.

In general laboratory

1. Immerse 30-50 1 L. LDPE bottles in
5% detergent bath (e.g; Decon, Merck BDH)
for one week.

2. Rinse 3x with distilled water
thoroughly until there is no trace of detergent.

3. Rinse 3x with UHP (ultra-high purity;
e.g. Milli-Q) water.

4. Immerse in 6 M analytical grade HCI
bath (2 weeks, e.g. Aristar, Merck BDH).

5. Rinse 3x with UHP water.

6. Immerse in 3 M analytical grade
HNO, bath (2 weeks, e.g. Aristar, Merck
BDH).

7. Rinse 3x with UHP water.

In clean air (class-100) laboratory

8. Fill with UHP water and acidify to
pH 2 with 1 ml ultra-pure Q-HCl (9 M) (or
similar for Q-HNO,) per 1 1 UHP sample
(ultra-pure Q-acids are sub-boiling quartz
distilled reagents).

9. Double bag, seal and store inside large
plastic bag within plastic box until use.

10. Sample collection: empty acidified
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UHP water, rinse 3x with UHP, rinse 3x with
seawater sample, fill and acidify sample (if
necessary). Double bag, seal and store for
analysis.

8. SUMMARY OF IRON MONITORING

The shipboard FI-CL manifold shown
above is a low cost, portable, rugged system
suitable for on-line determination of both
dissolved iron (II+III) (after reduction of
Fe(III) with sulfite) and Fe(II) in surface
marine waters [31]. Moreover, the generic
nature of system components and the use of
graphical programming software make it easily
adaptable to other CL-detectable analytes (e.g.
Co, Cu, Mn, H,O,). The performance and
reliability of the instrument and the analytical
figures of merit are sufficient to allow iron(1I)
to be determined at picomolar concentrations
in real-time over long (>10 h) periods,
without user intervention.

In open-ocean environments, iron(Il)
measurements and observations of iron redox
cycling are inherently difficult due to the
extremely low dissolved iron(IT+1II)
concentrations, but the FI-CL approach can
provide acceptable high resolution data in such
settings. This technique is also useful for
examining subtle changes in iron redox
chemistry during 7z situ iron fertilisation
experiments, or in coastal and: fresh water
environments where dissolved iron(II+IIT)
concentrations are significantly higher. The
system could also be used for monitoring
biologically-mediated redox cycling and uptake
of ‘iron(Il) in laboratory culture experiments,
deckboard incubations or chemostats.

9. CONCLUSIONS

Flow injection is an approach to automa-
ting wet chemical methods that is ideally suited
to both laboratory and i situ determinations
of key chemical parameters in natural waters.
It is therefore a useful practical tool for high
quality data acquisition, with the z situ version
able to provide high temporal and/or spatial
resolution of information. This is an essential
prerequisite for the development of reliable
systems for water resources management.
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