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FIA  and  SIA  techniques  for  nutrient
determinations  in  marine  waters  are
critically  reviewed.
The  advantages  and  suitability  of  FIA
for  underway  and  shipboard  marine
analysis  are  discussed.
Strategies  for  sensitivity  improve-
ment  are  considered.
Potential  schlieren  problems  in  FIA
of marine  samples  and  possible  solu-
tions  proposed.
The  importance  of  data  quality  and
uncertainty  estimation  in  trace  anal-
ysis  are  emphasised.
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a  b  s  t  r  a  c  t

Macronutrient  elements  (C, N and  P)  and  micronutrient  elements  (Fe,  Co,  Cu, Zn  and  Mn)  are  widely
measured  in  their various  physico-chemical  forms  in  open  ocean,  shelf  sea,  coastal  and  estuarine  waters.
These measurements  help  to  elucidate  the biogeochemical  cycling  of these  elements  in marine  waters
ccepted 15 June 2013
vailable online 20 June 2013
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and  highlight  the  ecological  and  socio-economic  importance  of  the  oceans.  Due  to  the  dynamic  nature  of
marine  waters  in terms  of  chemical,  biological  and  physical  processes,  it is  advantageous  to  make  these
measurements  in situ and  in this  regard  flow  injection  analysis  (FIA)  provides  a  suitable  shipboard  plat-
form.  This  review,  therefore,  discusses  the  role  of  FIA  in the determination  of  macro-  and  micro-nutrient
elements,  with  an  emphasis  on manifold  design  and  detection  strategies  for the  reliable  shipboard  deter-
mination  of  specific  nutrient  species.  The  application  of  various  FIA  manifolds  to  oceanographic  nutrient

Abbreviations: 8HQ-MAF, 8-quinolinol immobilised on silica gel, metal alkoxide fluoride glass; C4 D, contactless capacitively coupled conductivity detector; CL, chemi-
uminescence; CRM, certified reference material; CTAB, cetyltrimethylammonium bromide; DIC, dissolved inorganic carbon; DDAB, didodecyldimethylammonium bromide;
IC,  dissolved inorganic carbon (also called “total carbonate”); DOC, dissolved organic carbon; DOP, dissolved organic phosphorus; DRP, dissolved reactive phosphorus; FIA,
ow  injection analysis; GD, gas diffusion; GF-AAS, graphite furnace atomic absorption spectrophotometry; GUM, guide to the expression of uncertainty in measurements;
NLC, high-nutrient, low-chlorophyll regions; HTCO, high temperature catalytic oxidation; ICP-SFMS, inductively coupled plasmas-sector field mass spectrometry; id, inside
iameter; ID, isotope dilution; IDA, iminodiacetate resin; LOC, Lab-on-Chip; LOD, limit of detection; LWCC, liquid waveguide capillary cell; MRFC, multi-reflection flow cell;
Ox,  nitrate + nitrite; NTA, nitriloacetic acid; od, outside diameter; OPA, orthophthaldialdehyde; pCO2 , partial pressure of carbon dioxide; PON, particulate organic nitrogen;
SII,  Photosystem II; RI, refractive index; RM,  reference material; ROV, remotely operated vehicle; RSD, relative standard deviation; REU, relative expanded uncertainty; S,
alinity;  SAFe, sampling and analysis of iron program; SCFA, segmented continuous flow analysis; SOD, superoxide dismutase; SP, spectrophotometry;

∑
CO2, dissolved inor-

anic  carbon (also called “total carbonate”); TA, total alkalinity; TC, total carbon; TCNQ, 7,7,8,8-tetracyanoquinodimethane; TCO2 , dissolved inorganic carbon (also called “total
arbonate”); TDN, total dissolved nitrogen; TDP, total dissolved phosphorus; TIC, total inorganic carbon; TOC, total organic carbon; TN, total nitrogen; TP, total phosphorus;
PN,  total particulate nitrogen.
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Micronutrients
Flow injection analysis
Data quality

determinations  is  discussed,  with  an  emphasis  on sensitivity,  selectivity,  high  throughput  analysis  and
suitability for  underway  analysis  and depth  profiles.  Strategies  for  enhancing  sensitivity  and  minimizing
matrix  effects,  e.g.  refractive  index  (schlieren)  effects  and  the  important  role  of uncertainty  budgets  in

C

underpinning  method  validation  and  data  quality  are  discussed  in  some  detail.
© 2013 Elsevier B.V. All rights reserved.
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. Introduction

Macronutrients (C, N and P species) and micronutrients (partic-
larly Fe, Co, Cu, Zn and Mn)  are widely measured in open ocean,
oastal and estuarine waters. The drivers for these measurements
elate to both the ecological and socio-economic importance of
he oceans. The oceans are estimated to contribute ca. 21 trillion
S$/year to human welfare (cf. a global GNP of ∼25 trillion US$).
pen ocean contributes ca. 40% of this amount, and coastal and

helf systems are responsible for the remaining 60% [1,2].
The effect of industrialization and population growth in many

ountries has been to increase the inputs of macronutrients (espe-
ially P and N) to estuaries and coastal waters [3] which in many
nstances has resulted in cultural eutrophication i.e. “the anthro-
ogenic enrichment of the environment with nutrients and the
oncomitant production of undesirable effects” [4]. While elevated
acronutrient concentrations do not inevitably lead to trophic

hanges in marine systems, they are the principal cause where this
ccurs. Cultural eutrophication is now occurring in many estuarine
nd coastal areas of the globe because of continuing population
rowth, coastal zone urbanisation and industrialisation [5–8]. The
umerous undesirable effects resulting from nutrient enrichment
9] include localised high concentrations of suspended algae, harm-
ul algal blooms, extreme dissolved oxygen depletion, and death of
iota. The economic costs of these adverse effects are potentially
normous, but are rarely assessed [10]. Climate change is expected
o increase the inputs of macronutrients to estuaries, exacerbat-

ng eutrophication in coastal waters [11]. Furthermore, the role of
utrients in the oceanic sequestration of atmospheric CO2 is not
horoughly understood. For example, the subtropical oligotrophic
low nutrient and low biomass) regions of the ocean cover almost
50% of the Earth’s surface. These regions, previously thought to be
spatially homogenous and unvarying, respond to episodic nutrient
inputs with transient pulses of C sequestration [12]. However, mea-
surement of macro- and micro-nutrients in these environments
is challenging because of the generally very low concentrations
encountered.

Micronutrients are defined by their involvement in marine pri-
mary productivity and their vertical profiles in the water column
indicate an association with biogenic particles. The lowest concen-
trations of essential micronutrients, i.e. those directly involved in
primary production, are observed in the surface ocean. These ele-
ments are taken up by organisms in surface waters and released
back into the water column following decomposition in deeper
waters or at the sediment–water interface, resulting in verti-
cal oceanic profiles with surface depletion and enrichment at
depth.

Speciation, which describes the individual physico-chemical
forms of an element, includes free aqueous ions, ion pairs, com-
plexes (both inorganic and organic), colloids and particles. In
addition, trace metal micro-nutrients can have different oxida-
tion states in the marine environment, which exhibit differences in
availability for uptake by organisms, toxicity and particle reactivity.
For example, free aqueous Cu2+ ions appear to be the available form
for the dinoflagellate Gonyaulax tamarensis,  with enhanced Cu2+

concentrations resulting in toxic effects ([Cu2+] > 10−10.4 mol  L−1)
and low levels resulting in Cu deficiency with reduced growth
([Cu2+] < 10−12.5 mol  L−1) [13,14].
There are significant analytical challenges in determining
micronutrients in the marine environment. Iron, for example, is
ubiquitous in the terrestrial environment and yet exhibits low
(sub-nM) concentrations in the oceanic environment. Dissolved Fe
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oncentrations are typically < 0.1 nM in oceanic surface waters with
lightly higher concentrations in deeper waters (ca. 0.4–0.8 nM)  for
tations in the North Atlantic and North Pacific [15,16]. Iron also
xhibits strong temporal and spatial variability in marine waters.
actors such as ocean acidification and phytoplankton blooms may
lso mobilise redox-sensitive trace metals such as iron and autumn
torms can erode water column stratification and oxygenate the
ater, resulting in the removal of redox sensitive metals.

Improved analytical techniques are required for the accurate
etermination of different micronutrient species in seawater, e.g.

n the case of iron, free Fe(II) or Fe(III) ions are thought to be the
ccessible Fe species for algae, with organic ligands, including bac-
erial exudates such as siderophores, involved in complexing Fe
14]. The “colloidal” fraction is also thought to be an important
raction of the “dissolved” iron pool in the ocean. As a result of
he transient nature of the chemical equilibrium between the var-
ous dissolved Fe species, it is important that measurements are
erformed immediately after sampling. Automated shipboard flow

njection based analytical systems can therefore make a signifi-
ant contribution to high-resolution, contamination-free oceanic
e speciation measurements.

National and international legislation frameworks and guide-
ines have been introduced for the protection of vulnerable marine
nd freshwater environments, e.g. the London [17], Helsinki [18]
nd Barcelona Conventions [19], and the EU Directives (Habi-
ats [20], and Marine Framework [21]). Evaluation of remediation
trategies for nutrient contaminated ecosystems requires that
utrient measurements are undertaken, either in a monitoring con-
ext, i.e. mapping of the impacted environment spatially and/or
emporally, to examine key nutrient transport and cycling pro-
esses, or to assess the bioavailability of nutrient species.

The latter aspect is important, since not all of the physico-
hemical forms of nutrient species are biologically available. Con-
equently, nutrient measurements should differentiate between
hose fractions or species that may  be bioavailable, e.g. dissolved,
onic forms, and the total concentration, which includes less
ioavailable particulate, colloidal and organic forms. Hence there is

 need for tools that can provide accurate, precise, high quality mea-
urements of nutrient parameters of macro- and micro-nutrients
n marine and estuarine waters. Such techniques should be capable
f determining specified nutrient forms and total nutrients, often
t low concentrations, in waters of varying salinity. They should
lso be amenable to high sample throughput, enabling the study of
patially and temporally variable systems. Flow analysis techniques
ffer the potential for on-line sample manipulation and preconcen-
ration, and fulfil all of the requirements listed above.

This review therefore discusses the role of flow injection tech-
iques in the determination of macro- and micro-nutrient species,
ith a focus on manifold design and detection strategies. The role

f uncertainty budgets and other metrological processes in ensur-
ng data quality are emphasized. Applications of these manifolds
o oceanographic analysis are discussed with an emphasis on sen-
itivity, selectivity, high throughput analysis and suitability for
nderway analysis and depth profiling deployment. Strategies for
nhancing sensitivity and minimizing matrix effects, e.g. refractive
ndex (schlieren) effects, are discussed in detail.

. Flow analysis techniques for nutrient measurement

In flow injection, sequential injection and related techniques,
ample is reproducibly injected into carrier or reagent streams that

re transported in small diameter conduits (typically 0.5–0.8 mm
nternal diameter) under laminar flow conditions [22]. In this
ydrodynamic regime, partial but controlled sample zone disper-
ion occurs, and there is no need for reactions to reach equilibrium
ica Acta 803 (2013) 15– 40

before detection. The consequence of this is that sample and
reagent usage is low and sample throughput is generally high.
This is in contrast to an older and commonly used technique,
viz.; segmented continuous flow analysis (SCFA) which operates
under turbulent flow conditions with bubble segmentation, with
the requirement that detection reactions reach a steady state.
Hence flow injection analysis is not merely segmented flow analy-
sis without the bubbles, but a technique that operates under quite
different flow conditions that confer a number of additional advan-
tages, such as the ability to perform kinetic measurements using
transient signals, on-line preconcentration and column separation
methods on-line [23].

There are several identifiable generations of flow injection sys-
tems, all of which are currently used to advantage in oceanographic
analysis. The first generation of FIA involved the injection of a
discrete sample zone into a continuously flowing carrier with con-
tinuous merging of one or more reagent streams (Fig. 1). Because
the system operates under continuous flow conditions, high sample
throughput is possible, but at a cost of higher reagent usage. Flow
manifolds also need to be reconfigured for each parameter mea-
sured. A variation on conventional flow injection analysis are the
so-called reverse flow injection or reagent injection systems where
one or more reagents are injected into a continuously pumped
stream of sample, thus minimizing reagent consumption [24].

A second generation system, sequential injection analysis,
utilizes the principle of multi-commutation and involves the
use of a multi-port selection valve and a single reversible pump
which enables the sandwiching of sample and reagent zones in
an inert carrier stream (Fig. 1). This approach has the advantage of
simplifying the instrumentation, and modification of the hydro-
dynamic conditions can be achieved by simply changing the valve
and pump programming.

A third generation system, Lab-on-Valve, is similar in concept to
sequential injection, but involves integration of all flow manifold
elements and the detector flow cell into a micro-conduit attached
to the back of the selection valve.

The advantages of flow and sequential injection techniques
include:

• High sample throughput.
• Minimum sample and reagent use.
• High precision measurement.
• Ability to condition samples on-line, e.g. filtration, dialysis, diges-

tion.
• Ability to manipulate samples on-line, e.g. preconcentration,

enzymatic hydrolysis, membrane and chromatographic separa-
tion.

• Ability to perform determinations based on transient species,
e.g. measurements involving chemiluminescence emission from
excited state species.

• Highly amenable to on-line measurement, e.g. underway ship-
board measurements.

Spatial and temporal data collection at sea is readily achieved by
pumping sample directly from the sea, e.g. water for macronutri-
ents can be pumped from the cooling water intake of the vessel to
a shipboard flow analysis system. For example, “FerryBox” systems
have been used on board commercial European ferries since 2001
for the autonomous, collection of physico-chemical spatial data
(temperature, salinity, turbidity, pH, oxygen, chlorophyll-a, some
nutrients) [25]. Alternatively seawater samples can be collected via
a towed torpedo-shaped “fish”, deployed off the crane arm of a

hydrographic winch, typically at a distance of ∼5 m from the ship,
and connected to a deck mounted all-Teflon® diaphragm pump
by Teflon®-PVA tubing. In both approaches, sample degassing
and filtration can be incorporated in-line and the filtered sample
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enters the capillary almost orthogonal to the direction of flow
through the capillary, the schlieren effect (discussed in Section
4) is also minimised, which is an important consideration in the

Fig. 2. Simplified representation of the principle of multi-reflection flowcells, show-
ing  the importance of the capillary i.d. and wall thickness on the effective optical
pathlength. The optical behaviour is complicated in round capillaries by rotary
reflection of light, use of non- collimated incident beams and light transmission
through the capillary wall. (a) Capillary i.d. > wall thickness: effective optical path-
length > length of the capillary. (b) Capillary i.d. < wall thickness: effective optical
pathlength < length of the capillary. The darker segments show the effective path-
length of a single reflection, and the arrow below each diagram represents the sum
Fig. 1. Schematic diagrams of simple flow injection analy

umped directly to the flow analysis system and/or collected for
ff-line analysis. This approach minimises contamination and pre-
onditions the sample, as demonstrated in the chemiluminometric
etermination of Fe(II) in surface seawater [26]. An alternative
ampling approach is to deploy a submersible analyser [27]. Water
s drawn from the exterior environment by an on-board pump in
rder to fill the sampling loop, with excess sample directed back
o the exterior. The flow system is remotely controlled and the
esults can either be stored in the analyser or transmitted back to
he ship via a cable. Excellent temporal and spatial resolution can
e achieved which is crucial for investigating dynamic processes in
stuarine, coastal and open ocean waters [28].

. High sensitivity detection strategies

.1. Spectrophotometric detection

Enhancement of sensitivity in spectrophotometric detection can
e achieved by manipulating any of the variables absorptivity,
, optical pathlength, b, or concentration, C in the Lambert–Beer
aw. For example, the sensitivity of the spectrophotometric
etermination of phosphate, most frequently determined as phos-
homolybdenum blue (ε = 2.27 × 104 mol−1 L cm−1 [29]), can be

mproved by the formation of the phosphomolybdate–Malchite
reen ion pair to give a more strongly absorbing chromophore

ε = 7.8 × 104 mol−1 L cm−1 [30]). Alternatively, use of preconcen-
ration techniques, which are discussed in Section 3.3, can be
pplied so that trace analytes can be detected in even the most
ristine of waters.

The third possibility is to increase the optical pathlength, b, of
he flow through spectrophotometric detection cell. One way this
an be achieved is by the use of a multi-reflection flow cell (MRFC),
n which light from the detector source is introduced transversely
nto a mirror-coated conduit and undergoes multiple reflections
efore passing through an exit window in the side of the capillary
31,32] (Fig. 2a and b). The number of reflections along the capil-

ary will be a function of the angle of incidence into the capillary,
he dimensions and refractive indices of the capillary walls and
apillary bore, and the distance between the incident and emergent
ight windows. The use of thin-walled capillaries coupled with the
) system and sequential injection analysis (SIA) systems.

appropriate incident angle can result in the optical path through
the liquid core being somewhat greater than the physical length
of the illuminated capillary (Fig. 2a). The use of an uninterrupted
capillary flow cell, i.e. without T-piece fluidic connections, is also
advantageous because it minimises sample dispersion and stray
bubble entrapment. Since the light beam from the detector source
of  all such illuminated segments that comprise the effective optical pathlength.
(c) Schematic diagram of the light behaviour in a liquid-core waveguide detection
cell  which illustrates the similarity between the effective optical pathlength and
the length of the capillary. Diagram and caption reproduced from Ref. [40] with
permission.
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nalysis of waters of varying salinity. MRFCs have been used to
dvantage in a number of estuarine coastal marine studies [33–38].

Increasing the optical pathlength can also be achieved by the use
f liquid waveguide capillary cells (LWCC) that consist of either
eflon AF1600® or AF2400® capillaries or silica capillaries exter-
ally coated with the same fluoropolymers. Teflon AF1600® or
F2400® have refractive indices of less than water, and if light is

ntroduced at greater than the critical angle into a capillary con-
aining an aqueous liquid, it undergoes total internal reflection,
nd is propagated along the entire length of the capillary (Fig. 2c).
apillary flow cells, with optical pathlengths of 1 m or more can
e used for absorbance measurement, with concomitant increases

n absorbance [39]. However, the substantial increase in sensitiv-
ty that can be achieved using LWCCs is often accompanied by
n increase in the blank value. Since the limit of detection is a
lso function of the signal-to-noise ratio, the observed improve-
ent in detection limit may  be less than that expected based

n increased pathlength and sensitivity considerations. LWCCs,
ecause of their long length, will increase sample dispersion and are
lso be susceptible to entrapment of bubbles and optical scatter-
ng by colloidal matter. Schlieren effects can be quite problematic
n LWCCs because the critical angle for total internal reflection is
uch that the light path is close to the axial flow of the liquid core
40]. Despite these limitations, use of LWCCs is one of the easiest
nd increasingly popular means of improving sensitivity, and their
pplication has been described for the determination of nanomolar
oncentrations of phosphate [41–43], nitrate [42] and silicate [44].

.2. Luminescence detection

Fluorescence occurs when analyte molecules absorb light to
orm short-lived excited state species (the typical lifetime of an
xcited singlet state in fluorimetry is 10−9 to 10−6 s). When these
xcited molecules relax, radiation is emitted that is usually of less
nergy (longer wavelength) than the energy absorbed because
ome energy is lost through vibrational relaxation [45,46]. For
ilute solutions, the relationship between fluorescence power and
nalyte concentration is approximated by:

 = k′′�f PiεbC (1)

here F = fluorescence radiant power, k′′ = an experimental factor
hat includes reaction quantum yield, sample dispersion, detec-
or geometry and detector efficiency, ∅f = fluorescence efficiency,
i = power of incident light beam, ε = molar absorptivity, b = optical
athlength and C = concentration in moles per litre [47].

In designing a flow system for the measurement of analyte fluo-
escence, consideration must be given to the loss of sensitivity that
ill occur if the flow rate is too high or the flow cell volume is small

nd a proportion of the fluorescing sample zone emerges from the
ow cell without emitting light, or conversely if the flow rate is too

ow and a portion of analyte molecules emit fluorescence before
eaching the flow cell. Optimisation of this time window is most
ritical in flow systems where fluorescent emission is slow [47];
he same considerations apply to flow analysis involving detection
y chemiluminescence and bioluminescence.

Fluorescence measurement is intrinsically more sensitive than
pectrophotometry because it relies principally on the intensity
f emitted light with little background signal rather than on the
bility to differentiate between incident and transmitted radiation.
onsequently fluorescence is a favourable method of detection for
ome trace species in marine analysis, and flow analysis methods
ave been reported for phosphate [48,49], ammonia [50], nitrite

nd nitrate [49] and zinc [51,52].

Chemiluminescence (CL) involves the production of ultraviolet,
isible or infrared light by a chemical reaction. Solution phase CL
eactions are characterized by high sensitivity and a wide linear
ica Acta 803 (2013) 15– 40

dynamic range. The high sensitivity achieved by CL is largely due
to the lack of requirement for a radiation source, which minimises
Rayleigh and Raman scattering and source noise [53]. Detectors can
therefore be operated using high photomultiplier voltages, result-
ing in a marked improvement in signal-to-noise compared with
that experienced in conventional spectrophotometric or fluorimet-
ric detection; femtomole and even attomole detection limits have
been reported using CL [47]. This makes CL an attractive means
of detection in oceanographic analysis, and its use in this and
related areas has been extensively reviewed by Bowie et al. [54]
and Robards and Worsfold [55].

Numerous inorganic and organic chemical reactions are known
to produce CL, either directly or indirectly (involving the use of a
sensitiser or energy transfer agent). Any species whose concentra-
tion defines the reaction rate in a chemiluminescent process can
be quantified by measuring the intensity of chemiluminescence.
In many cases it is possible to manipulate the reaction conditions
such that any reaction component, e.g. substrate, oxidant, sensi-
tiser, enzyme cofactor, can be measured as the analyte by adjusting
the concentration so that it becomes rate limiting.

The fast and transient nature of solution chemiluminescence
reactions requires rapid and reproducible sample and reagent
mixing, and FIA provides the ideal means of performing these
fluidic manipulations [56,57]. For example, the luminol reaction
is commonly used as the basis for the chemiluminescent deter-
mination of trace metals and hydrogen peroxide in seawater
[58,59]. This involves the oxidation of luminol (5-amino-2,3-
dihydrophthalazine-1,4-dione) at pH 9.5–11 with catalysts such as
haeme-containing enzymes (e.g. peroxidase) or metal ions such
as cobalt(II), copper(II) and iron(II). Due to the rapid and tran-
sient CL emission from this reaction it is ideally performed using
a FIA manifold. Luminol CL can also be used as the basis for the
determination of any metal ions that demonstrate catalytic prop-
erties in the reaction but, in order to achieve analytical selectivity,
there is usually a need for on-line separation, as discussed in the
next and subsequent sections on the determination of trace metal
micronutrients.

3.3. Preconcentration techniques

Preconcentration can be used to improve sensitivity and to
remove matrix interferences. For example, many solution phase
CL methods for trace metal determination in seawater exhibit poor
selectivity because Fe(II), Co(II), Cu(II) and Mn(II) are all known to
catalyse luminol oxidation [60], and thus interfere by altering the
relationship between luminescent emission and analyte concentra-
tion. Dissolved micronutrients are present in seawater in the pico-
to nanomolar range, while the concentration of the major ions such
as Na2+, Ca2+ and Mg2+ are 106–1010 times greater. In addition, the
seawater sample matrix, cations such as Ca2+, Mg2+ may suppress
trace metal CL emission relative to that for pure water standards,
and may  also precipitate as hydroxides under the alkaline con-
ditions required for optimum CL. Solid phase preconcentration
thus provides the modus operandi for both eliminating the inter-
fering seawater matrix and enhancing the sensitivity, facilitating
the detection of sub-nanomolar concentrations of micronutrients
in seawater.

Chelating resins are a common medium for preconcentration
of micronutrient trace metals in seawater [61]), and an often
used solid phase is 8-hydroxyquinoline (8-HQ) immobilised on
Toyopearl-TSK which shows high selectivity for transition and
heavy metal cations relative to the major cations of seawater [62].

Toyopearl-TSK-8HQ microcolumns have been used in flow injec-
tion systems with CL detection for the determination of Fe(II)
[63–65] Mn(II) [66], Co(II) [67] and Cu(II) [68] as discussed in the
sections that follow. Similar FIA preconcentration procedures have
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een used for sensitivity enhancement in seawater trace metal
eterminations using atomic spectrometric detection [69–72].

Analytical sensitivity may  also be enhanced by preconcen-
ration of an analyte after chromogenic reaction but prior to
pectrophotometric detection. For example by extracting the phos-
homolybdenum blue-cetyltrimethylammonium bromide (CTAB)

on pair onto a C18 resin, and then eluting with sulphuric acid, a
etection limit of <2 nM was achieved in seawater using spectro-
hotometric detection [73].

. Consideration of the schlieren (refractive index) effect in
ow injection methods used in oceanographic analysis

The refractive index or schlieren effect occurs when light passes
hrough a medium with refractive index gradients, resulting in the
ariable refraction of light into streaks [74]. In flow injection sys-
ems with spectrophotometric analysis, the schlieren effect can be
uite problematic where the refractive index of the sample differs
rom that of the carrier stream into which it is injected. This arises
ecause the interfacial boundary between the injected zone of one
efractive index and the carrier solution of a differing RI will form
arabolic liquid lenses at both the head and the tail of the injected
ample zone. Light passing along the optical axis of a flow through
etection cell will be refracted by these lenses to an extent depend-
nt on the difference between the refractive indices of sample and
arrier; this has the effect of dispersing or focusing light rays from
he source either towards or away from the detector, causing arte-
act or schlieren peaks (Fig. 3a and b. This refractive index effect
s well recognized in liquid chromatography, where tapered flow
ells have been used to overcome it. However, in flow analysis it
ccurs even in the absence of a chromophore and, if ignored, can
e a source of profound quantification errors [75].

In flow injection analysis of marine samples, the schlieren effect
an be quite pronounced, especially where Z- or U-shaped photo-
etric cells are used [40,76]. In the case of open oceanographic

nalysis, where there is no substantial difference in the salinity
rom one sample to the next, the simplest solution is to inject
ample into a carrier of ultrapure seawater to ensure that there is
o refractive index discontinuity between the carrier and injected
ample. However, for estuarine samples, where the salinity can vary
rom 0 to 35 S, more involved solutions must be found. Some of
hese are listed in Table 1.

. Method validation and data quality

Robust concepts and guidelines on data quality applicable to
ost types of measurements, including those on nutrients in

eawater discussed herein, can be found in ISO/IEC 17025, the
nternational standard establishing the “general requirements for
he competence to carry out tests and/or calibrations, including
ampling” [82]. It is implemented by laboratories worldwide seek-
ng accreditation for their measurement activities. According to
SO/IEC 17025, “the validation shall be as extensive as is necessary
o meet the needs of the given application or field of applica-
ion”, and “may include procedures for sampling, handling and
ransportation”.

.1. Method validation and uncertainty estimation

Method validation has been defined as “the confirmation by
xamination and the provision of objective evidence that the
articular requirements for a specific intended use are fulfilled”

82]. A good understanding upfront of why the data is required and
f what quality of the data is needed enables the setting of target
ncertainties for the performance values under examination. A
otentially robust approach to method validation is the use of
ica Acta 803 (2013) 15– 40 21

appropriate certified reference materials (CRMs), but these are
limited in number for macro- and micro-nutrients in seawater
and have certified values significantly above those found in open
ocean seawater. The ISO/IEC 17025 standard proposes four more
approaches, alone or in combination: (i) the participation in
interlaboratory comparisons, (ii) a comparison of results achieved
with other methods, (iii) a systematic assessment of the factors
influencing the results and (iv) an assessment of the uncertainty
of the results based on scientific understanding of the theoretical
principles of the method and practical experience.

Early intercomparison exercises for micronutrients in seawa-
ter [83,84] reported inconsistent results with up to an order of
magnitude degree of variability in the quantification of the ana-
lytical blank and inaccuracies in system calibration. More recent
intercomparison exercises have focused on Fe determinations
[85,86] and reported that discrepancies observed between results,
obtained using a variety of analytical methods, including FIA,
remain too large. An ongoing comparison programme has since
been undertaken for micronutrients using both FIA and other
laboratory methods for the production of a seawater reference
material [87]. The information provided on the sample collection
and measurement procedures used is comprehensive but, beyond
a reference value ± 1SD, no information on the statistical evalua-
tion of the results, including acceptance/rejection criteria, is given.
A recent intercomparison study for macronutrients in seawater
also highlighted the difficulties associated with nitrite and sili-
cate measurements [88], with the latter exhibiting larger consensus
standard deviations than those obtained for nitrate and phosphate.
The study also highlighted on-going problems with instrumental
non-linearity. The long term stability of bulk open ocean seawater
samples, collected as part of the Reference Materials for Nutrients
in Seawater programme, has recently been assessed for nitrate, sil-
icate and phosphate allowing these materials to be candidates for
use as certified reference materials [89].

It is also potentially useful to compare results obtained from in
situ or shipboard methods with results obtained from a laboratory
reference method. Isotope dilution (ID) ICP-MS can be considered
a possible reference method suitable for this purpose. As ID is
based on the measurement of isotope ratios it is potentially more
robust and less sensitive to problems specific for measurements at
ultra-low levels, as exemplified by the measurement of Fe in seawa-
ter [86]. Ussher et al. compared the results for Fe determinations
obtained by FIA-CL with ID-ICP-MS [87] and found good general
agreement between the two  methods over a concentration range of
0.15–2.1 nM Fe. There were however some discrepancies observed
for some samples which were attributed to random effects, such as
variable contamination, rather than systematic effects. However,
ID-ICP-MS is not suitable for all analytes, e.g. nitrate and mono-
isotopic elements such as Co, Mn  and P, which require alternative
reference methods.

The factors that influence the uncertainty of the analytical result
are multiple and may  include sample collection, pre-treatment and
storage as well as the other steps of the measurement process. A
systematic identification and investigation of the entire measure-
ment process requires competent, trained analytical chemists, a
good understanding of the nature of the measurand and of the
purpose of the measurements. Thus, a sound a priori understand-
ing of the major sources of input to the measurement results, and
of their associated uncertainty components, will help in identify-
ing where efforts and resources need to be focussed to meet the
target uncertainty. A best practice guide for performing macronu-
trient analysis at sea by SCFA has been produced [90] whilst a guide

for micronutrient sampling and sample-handling is also available
[91].

Uncertainty is defined as the ‘parameter, associated with the
result of a measurement that characterises the dispersion of the
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Fig. 3. Diagrammatic representation of refractive index effects in flow analysis. Parts (a) and (b) show the expected schlieren lensing effect when the RI of the sample zone,
�2, is higher than that of the carrier stream, �1, whilst part (c) illustrates how liquid heterogeneity can cause additional detector noise. Part (d) is a projected image obtained
b , pathl
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y  shining a 660 nm laser through a conventional flow-through cuvette (1.5 mm i.d.
he  bright spot in the centre of the image corresponds to the aperture of the flowcel
f  the image is apparently a function of non-uniform liquid flow within the flowcel

alues that could reasonably be attributed to the measurand’ [92].
n practice, it is usually evaluated using a mathematical model of the

easurement procedure and a numerical method of differentiation
pplied to combine the individual uncertainties associated with
ach parameter of the model, which should also include all correc-
ions and correction factors. It should be noted that the uncertainty
f a measurement is very different to the error; where error is the
esult of a measurement minus the ‘true’ value of the measurand
93] or, more generally and according to the international nomen-
lature, the “measured quantity value minus a reference quantity
alue” [92].
.2. Measurement uncertainty in practice

The estimation of the uncertainty associated with an analyti-
al measurement allows improved intercomparison of analytical

able 1
 summary of different approaches used to overcome the schlieren effect in flow analysis

Approach Pros and 

Individually matching the carrier salinity with that of each sample Impractic
Performing standard addition on each sample Impractic

sample th
Using large volume sample injections, e.g. 1000 �L, and using only a

central portion of the peak that is unaffected by the schlieren effects
for quantification

Reduces 

Using a reagent injection (reverse) flow method, where injected
reagents are RI matched with a carrier that then merges with a
continuous flow of sample, thus obviating any RI gradients.

Uses larg
been use
determin

Application of dual or multiple wavelength spectrophotometry to
discriminate the schlieren signal from the combined analyte plus
schlieren signal

For best r
measurem

Use of reflective or multi reflection flow cells in which the collimated
light beam of the detector shines across the sample zone, either
perpendicularly (single reflection), or at an angle (multi-reflection)
minimizing the lensing effect of differing sample carrier refractive
indices.

RI effect m
not trapp
ength 10 mm),  and injecting water with salinity of into a carrier of deionised water.
 the effects of schlieren lensing and liquid striation can be seen. The irregular shape
re and caption reproduced from Ref. [40] with permission.

results [94] and provides the strength of the links in the chain for
traceability to national or international standards [92]. It is often
the case that a simple statistical procedure is used to estimate
the uncertainty of a measurement result. Typically, the internal
instrumental precision obtained for analysis of a single sample, is
calculated to give the range within which the stated result is likely
to lie. This approach may  however, underestimate the uncertainty
of a measurement, leading to over interpretation of the significance
of the result.

The Guide for Uncertainty in Measurements, often abbreviated
to “the GUM”, [95] has subsequently been interpreted for analytical
chemistry by Eurachem [96] and sets out procedures for a holistic

evaluation of uncertainty in analytical chemistry. This section uses
the principles of these two guides to produce a worked example for
simple measurement uncertainty estimations. The main stages in
the process are identified as:

.

cons Reference

al where sample salinity is changing, e.g. estuarine waters.
al because of increased sample manipulation and reduced
roughput.

sample throughput. [77,78]

er amounts of sample, but reagent consumption is small. Has
d in combination with LWCC for high sensitivity
ation of phosphate [43].

[75]

esults, scaling factors relating schlieren responses at the
ent and reference wavelengths must be determined [81].

[79]

inimized, enhancement of optical path, stray gas bubbles
ed.

[80] [31,32]
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ig. 4. Ishikawa diagram showing possible major uncertainty sources for the mea-
urement of the dissolved Co concentration in seawater by FIA-CL.

specification – write down a clear statement of what is being mea-
sured, including the full expression used to calculate the result.

In this case the measurand is the concentration of dissolved
obalt in seawater. The measurement method is based on the use
f FIA-CL and the technique of standard additions. The proposed
easurement equation is given by:

DCo = IS − IB
b

(2)

here CDCo is the concentration of dissolved Co in pmol/kg, IS is the
ntensity of the sample signal in V, IB is the intensity of the blank
ignal in V and b is the slope of the calibration curve in V pmol−1 kg.
ote that parameter b will have been calculated using regression
nalysis of data obtained from the seven calibration standards ana-
ysed.

identify uncertainty sources – produce a list of all the sources of
uncertainty associated with the method.

This is often initially achieved visually using an Ishikawa or
ause and effect diagram [97] showing the major expected sources
f uncertainty. The diagram typically contains a branched hier-
rchical structure reducing to a single outcome, in this case
n analytical result. Elements within the structure may  contain
ncertainties from sources such as analyte recovery (including
xtractability), measuring devices (e.g. tolerances for balances,
ipettes and volumetric ware, dilution errors), calibration, temper-
ture and internal standards errors, which are then combined using
ncertainty propagation laws. For this example six possible major
ncertainty sources have been proposed and are shown in Fig. 4.

In an ideal world replicate samples would be taken at each
ampling point to allow the effects of sample collection and
re-treatment to be considered. In practice however this is not
ndertaken for open ocean and coastal work due to constraints on
ater budgets and the sampling systems used. Thus, whilst sample

ollection is likely to contribute to the overall uncertainty it will
ot be considered further here.

quantify uncertainty components – measure or estimate the mag-
nitude of the uncertainty associated with each potential source of
uncertainty identified.

Three components are required in Eq. (2) for the calculation
f the concentration of cobalt in a sample, the signal inten-
ity of a seawater sample, sample RC1, and the blank and the
lope of the calibration curve. The former two  were estimated
rom averaged measurement results (n = 3) and were found to be
.280 ± 0.070 and 0.0863 ± 0.0095 V respectively whilst the slope
as 29.41 ± 0.70 V pmol−1 kg. The uncertainty on the slope results

rom the combination of the uncertainty of the concentration of

obalt in each of the calibration standards and the uncertainty on
he measured intensities for the calibration standards analysed.
n theory the former should be small [98], provided that high
uality volumetric ware or gravimetrically prepared standards are
ica Acta 803 (2013) 15– 40 23

used. Worked examples to calculate the uncertainty of a calibration
standard are given elsewhere [94,96].

From separate experiments the intermediate precision of the
method, P, was assessed by analysing two different open ocean
seawater samples, one from the surface and one from depth, with
cobalt concentrations of 35 and 65 pmol kg−1, 12 times each over
a period of 3 months. This data gave an intermediate precision for
the method of 14% relative (1 SD).

• calculate the combined uncertainty – combine the individual uncer-
tainty components, following the appropriate rules, to give the
combined standard uncertainty for the method; apply the appro-
priate coverage factor to give the expanded uncertainty.

Using the sample and blank intensity values and the slope of
the calibration curve the concentration of dissolved cobalt in a sep-
arate sample (labelled RC1) was  calculated to be 75 ± 5.9 pmol kg−1,
using a coverage factor, k, of 2 (which given sufficient degrees of
freedom, approximates to the 95% confidence interval [95]), for
the uncertainty estimation. This estimation was made using the
spreadsheet method of Kragten [99] with Eq. (2) used as the cal-
culation model. To illustrate the effect of each parameter in the
model on this estimated combined uncertainty, their individual
uncertainty estimates were included sequentially in the calcula-
tions, giving three separate results. The results of these calculations
are shown in Table 2 along with the effect that each individual
uncertainty has on the combined uncertainty. For the first two  sce-
narios given, the uncertainty is dominated by the precision of the
sample signal intensity, IS, contributing 100 and 98% respectively,
with a minimal contribution from the blank intensity in scenario 2.
In scenario three the relative contribution from IS decreases to 65%
as the uncertainty of the calibration curve slope is introduced into
the calculations. This results in an increase in the estimated com-
bined uncertainty (k = 2) from 4.8 to 5.9 pmol kg−1, i.e. from 6.5 to
8% relative.

The basic purpose of an uncertainty statement is to propose a
range around the measurement result that encompasses the ‘true’
value or the range of possible ‘true’ values. To stand a chance of
being meaningful, any estimated combined uncertainty must be at
least as large as the known variability of the measurement result.
It is not necessarily easy to be able to guarantee the correctness of
an uncertainty estimation as this depends on the way the factors
influencing this measurement result and its associated uncertainty
are understood and/or perceived. However, it is quite simple to ver-
ify compliance with the minimum acceptance criterion described
above.

In the current example, the comparison between the relative
combined standard uncertainty (k = 1) estimated for the Co con-
centration (4%) with the relative intermediate precision described
above (14%) shows that this basic condition is not met. This is an
indication that one or more sources of uncertainty have not yet
been properly identified and propagated through to the final uncer-
tainty estimate. The consistency of the analyte pre-concentration
step and the stability of the post column chemiluminescence
reaction appear as possible candidate additional important sources
of measurement uncertainty. The short term stability of these
two parameters would have been accounted for by the internal
precision obtained for analysis of a single samples and by moni-
toring instrumental drift during an analytical run. However, the
longer term effects would not be accounted for by this approach.
The realistic assessment of these two uncertainty sources would

require a systematic investigation of the FIA-CL system, e.g. by
using off-line sample buffering, off line pre-concentration and
replacing the pre-concentration column with a sample loop, which
would be time consuming and hence costly. An alternative would
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Table  2
Uncertainty estimates and contributions for the determination of dissolved Co (DCo) in seawater, where U is the estimated expanded combined uncertainty (k = 2) and REU
is  the relative estimated expanded combined uncertainty.

Scenario Parameters included in
uncertainty model

[Co]/pmol kg−1 U([Co])/pmol kg−1 REU([Co])/% Individual contribution to the estimated uncertainty/%

Sample Intensity (IS) Blank Intensity (IB) Calibration curve slope (b)

1 IS 75 4.8 6.4 100
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2  IS and IB 75 4.8 6.
3  IS, IB and b 75 5.9 8.

hus be to use the intermediate precision estimate as the minimum
ncertainty estimate.

In summary, a systematic investigation of the measurement
rocess, but excluding sample collection and pre-treatment effects,
as shown that the uncertainty of a measurement is often under-
stimated, increasing here from 6.4% relative for a simple precision
easurement of an individual sample to 8% when further parame-

ers of the measurement equation are included to 28% when longer
erm precision data (2 SD) is used as the uncertainty estimate, and
as also highlighted which areas of the analytical method need

urther refinement. This leads the analyst to ask the following ques-
ions “What can I do to reduce the uncertainty associated with the
alculation of the slope?” and “What can I do to reduce the influ-
nce of the factors likely to reveal themselves on a long term basis?”
hus, the benefit arising from the estimation of an uncertainty bud-
et is that it enables a more realistic identification of the major
ncertainty contributors, and focus efforts to minimise them [100].

. Macronutrients

.1. Phosphorus

Phosphorus occurs in water in dissolved forms (defined as
he 0.2 or 0.45 �m filterable fraction), mostly as inorganic
rthophosphates and condensed or polyphosphates, but also as
rganic phosphates (phosphoproteins and nucleic acids, phos-
holipids, phosphoamides, sugar phosphates, inositol phosphates,
minophosphonates and P-containing pesticides, as well as col-
oid associated inorganic and organic P). Particulate P is comprised
f clay and silt-associated organic and inorganic P, precipitates of
uthigenic origin and P-containing biological matter [101].

.1.1. Dissolved reactive phosphorus

Dissolved inorganic P is most commonly determined as dissolved

eactive P (DRP), i.e. the fraction that reacts with acidic molybdate
o form molybdophosphate which is then reduced to the strongly
bsorbing phosphomolybdenum blue complex [102]. Total or total

ig. 5. Schematic of the SIA used for phosphate analysis. Samples for comparative laborato
ef.  [105], with permission.
98 2
65 1 34

dissolved P must be first digested with both acid and a strong oxi-
dant to convert all P forms to detectable orthophosphate [103].

One of the earliest applications of FIA to the determination
of DRP in marine systems was  reported by Johnson and Petty
[104]). In this system, reagent injection (“reverse FIA”) was  used
to inject a combined colorimetric reagent, resulting in reagent sav-
ings, arguably higher sensitivity and a greater suitability for on-line
monitoring applications. Subsequently a similar approach for DRP
determination was adopted by Lyddy-Meaney et al. [37] who devel-
oped a portable, multicommutated spectrophotometric FIA system
that included on-line tangential-flow filtration (0.2 �m)  and was
suitable for rapid underway deployment. At a sample injection rate
225 h−1 and a vessel speed of 30 knots, a spatial resolution of ca.
250 m over a cruise track of ca. 150 km was achieved.

Sequential injection analysis, because of the manner in which
sample and reagents are sequenced, and the need for flow reversal,
has often been considered to have lower sample throughput than
FIA. However, Frank et al. [105] have demonstrated a SIA system
for DRP determination that used detection of fluorescence inhibi-
tion of the rhodamine 6G-molybdate ion association complex by
phosphate to achieve a high sample throughput of 270 h−1 with a
LOD of 0.05 �M (Fig. 5). This system was used effectively for sur-
face water transect measurements in the North Sea, Wadden Sea
and Elbe estuary.

Flow analysis methods that are suitable for freshwater analy-
sis do not necessarily translate successfully for use in marine and
estuarine samples because of the high ionic strength and presence
of potentially interfering cations and anions in the sample matrix.
For example, Udnan et al. [106] reported a flow injection system
for the determination of DRP that used amperometric detection
of phosphomolybdate after a 2 min  in-valve preconcentration on
a small anion exchange column (Table 3). A LOD of 0.18 �g L−1 P
(6 nM)  was achieved using this approach, but the method was  only
suitable for pristine freshwaters because the preconcentration effi-

ciency diminished markedly at chloride concentrations >1.4 mM.
Liang et al. [73] have reported a flow injection preconcentration
technique that is more suited to detection of DRP in marine waters.
This involved solid phase extraction of the phosphomolybdenum

ry analysis were taken from the stream leaving the cross-flow filter. Redrawn from
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Table 3
Summary of flow analysis techniques used for macronutrients determinations in marine and estuarine waters.

Parameter Flow mode Basis of method Analytical performance Notes Ref.

Phosphorus
DRP FIA Reagent injection with

spectrophotometric detection
of  phosphomolybdenum blue.

LOD 0.05 �M
Repeatability: 4.5% RSD (0.75 �M)
1.5% RSD (3 �M)
Throughput: 90 inj h−1

[104]

DRP FIA Multicommutation with
spectrophotometric detection
of  phosphomolybdenum blue.

LOD: 0.15 mM
Repeatability: 1.95% RSD (n = 9)
Throughput: 225 inj h−1

[37]

DRP SIA Fluorescence inhibition of
phosphate on rhodamine
6G-molybdate ion pair
formation.

LOD 0.05 �M
Throughput: 270 inj h−1

[105]

DRP FIA Preconcentration of
orthophosphate on
amperometric detection of
phosphomolybdate.

LOD: 3.4 �g P L−1 (0.11 �M)
70 inj h−1

Not applicable to waters with
chloride > 1.4 mM

[106]

DRP FIA Removal of sulphide
interference in
phosphomolybdate
spectrophotometric method by
the use of a KMnO4 carrier.

LOD: 37 �g P L−1

Repeatability: 2.5% RSD (n = 3)
No interference caused by
oxidation by permanganate of a
range of organic P compounds
found in natural waters.

[109]

DRP FIA Spectrophotometric detection
of  phosphomolybdenum blue
using 1 m liquid waveguide
capillary cell (LWCC).

LOD: 10 nM
Linear range: 0.1–1 �M
Repeatability: 7% RSD (n = 3)
Throughput: 18 inj h−1

A sample injection of twice the
LWCC volume was used to avoid
schlieren effects.

[41]

DRP FIA Reverse FIA
spectrophotometric detection
of  phosphomolybdenum blue
using 2 m liquid waveguide
capillary cell (LWCC).

LOD: 0.5 nM
Linear range: 0–160 nM
Repeatability: 1.54% (24.7 nM,
n = 9)
1.86% RSD (82.5 nM,  n = 9)
Throughput: 15 inj h−1

Reverse FIA configuration used to
avoid schlieren effect.

[43]

DRP FIA Solid phase extraction of
phosphomolybdate-CTAB ion
pair on C18, followed by
elution and
chemiluminescence detection
with luminol.

LOD: 0.002 �M
Linear range: 0.005–0.194 �M
Repeatability: 4.77% RSD
(0.097 �M,  n = 7)
Throughput: -

Negligible interference from Si,
good agreement with MAGIC
method. Luminescence response
affected by salinity.

[250]

DRP FIA Solid phase extraction of
phosphomolybdenum
blue-CTAB ion pair on C18,
followed by elution and
spectrophotometric detection.

LOD: 1.57 nM
Linear range: 3.2–48.5 nM
Repeatability: 4.52% RSD (32.4 nM,
n = 8)
Throughput: 2 h−1

Negligible interference from Si,
good agreement with MAGIC
method.

[73]

DOP FIA UV photo-oxidation using
peroxodisulphate with
photometric detection of
phosphomolybdenum blue.

LOD: 10 �g P L−1 (0.32 �M)
Repeatability:
≤ 1.9% RSD for DRP
≤ 5.0% RSD for DOP
Throughput: 22 inj h−1

[116]

DOP SCFA UV photo-oxidation using
hydrogen peroxide with
photometric detection of
phosphomolybdenum blue.

LOD: 0.02 �M
Linear range:
Repeatability: 0.007 �M (�n−1,
n  = 3) for ≤6 �M range.

[121]

TP FIA UV + thermal photo-oxidation
using peroxodisulphate with
photometric detection of
phosphomolybdenum blue

LOD: 1 �g P L−1 (0.032 �M)
Repeatability:
4.6% RSD (100 �g P L−1, n = 10).
Throughput: 115 inj h−1

Suitable for a wide range of
salinities; 2499 measurements
made in 25 hr period.

[34]

Nitrogen
Nitrate FIA Nitrate reduced to nitrite using

Cu(Cd) reductor; nitrite
determined with Griess
reagent.

LOD: 0.1 �M
Repeatability: 1% RSD (≥10 �M)
Throughput: 75 inj h−1

Nitrate FIA Nitrate reduced to nitrate
using Zn reductor at pH6.5;
nitrite determined with Griess
reagent.

LOD: 1.3 �g N L−1 (0.093 �M)
Linear range: 3–700 �gL−1 NO3–N
Repeatability: 1.2% RSD (50 �gL−1

NO3–N, n = 10).
Throughput: 40 inj h−1

>3200 measurements made over
285 km cruise path.

[33]

Ammonia FIA Gas diffusion with
spectrophotometric detection

LOD: 0.05 �M
Linear range: 0.1–10 �M
Repeatability: ≤2% RSD (2 �M,
n = 28).
Throughput: 60 inj h−1

[144]



26 P.J. Worsfold et al. / Analytica Chimica Acta 803 (2013) 15– 40

Table  3 (Continued)

Parameter Flow mode Basis of method Analytical performance Notes Ref.

Ammonia FIA Hybrid reagent-injection FIA
system utilising gas diffusion
with spectrophotometric
detection

Continuous flow mode:
LOD: 9 �g N L−1 (0.6 �M)
Linear range: 20–160 �g N L−1

Repeatability: 3% RSD (at 100 �g
N  L−1, n = 3)
Throughput: 135 inj h−1

Stop-flow mode:
LOD: 3 �g N L−1

Linear range: 20–160 �g N L−1

Repeatability: 2% RSD (100 �g
N L−1, n = 3)
Throughput: 60 inj h−1

[145]

Ammonia FIA Gas diffusion with fluorescence
detection using OPA reagent

LOD: 7 nM
Linear range:
Repeatability: 5.7% (800 nmol L−1,
n = 24).
Throughput: 30 inj h−1.

[50]

Total dissolved nitrogen FIA UV photo-oxidation using
peroxodisulphate with
photometric detection of
nitrate using Cd reduction and
Griess reagent

LOD: 0.03 mg  N L−1 (2.14 �M)
Linear range: <3 mg N L−1

Repeatability: 0.47% RSD (1 �g
N L−1, n = 8)
Throughput: 8 samples h−1

(triplicate injections)

Sample digested in continuous UV
reactor, then injected into
detection manifold to minimize
degradation of Cd-reductor.

[151]

Carbon
DIC FIA Gas diffusion with

conductimetric detection.
LOD: <0.1 mM
Linear range: <0.1–20 mM
Repeatability: 1.4% RSD (2 mM)

Zn2+ added to eliminate
interference from H2S in anoxic
samples.

[142]

DIC FIA Gas diffusion with C4D and
spectrophotometric detection,
respectively.

LOD: 0.12 mM
Linear range: 0.5–5 mM
Repeatability: 0.46% RSD (6 mM,
n  = 9)
Throughput: 90 inj h−1

>250 measurements during a 4 hr
cruise.

[166]

DIC and pCO2 FIA Gas diffusion with
conductimetric detection

LOD: 2.9 �mol  kg−1

Linear range:
Precision: 10%
Accuracy: −3.3%
Throughput: inj h−1

Dissolved organic carbon,
dissolved inorganic carbon

SIA UV photo-oxidation of organic
C; gas diffusion and
spectrophotometric detection
of CO2 produced

LOD: 0.05 mg C L−1.
Linear range: 0.05–5.0 mg C L−1 for
both DIC and DIC + DOC.
Repeatability: 5.3% RSD [DIC], ≤
6.6% [DIC + DOC] (0.05 mg  C L−1

n = 3).
Throughput: 8 inj h−1

Interference from Cl− at
>100 mg L−1 (due to formation of
Cl2?)

[178]

DIC and pCO2 FIA Gas diffusion with C4D and
spectrophotometric detection,
respectively.

LOD: 0.12 mM (DIC), 114 �atm
(pCO2 ).
Linear range: 0.5–5 mM (DIC),
154–3832 �atm (pCO2 )
Repeatability: 0.46% RSD (6 mM,
n  = 9) (DIC), 0.8% RSD (at 365 �atm,
n = 3)
Throughput: 90 inj h−1

>250 measurements of each made
in 4 hr cruise.

[166]

Total alkalinity SIA SIA titration with photometric
detection and peak width
measurement

LOD: 5.1 HCO3
− L−1

Linear range: 10–50 mg  HCO3
− L−1

Polynomial calibration range:
10–50 mg  HCO3

− L−1

Repeatability: 0.4% RSD (27 mg
HCO3

− L−1)
0.3% RSD (76 mg  HCO3

− L−1)
Throughput: 65 inj h−1

[172]

Total alkalinity FIA Gas diffusion of CO2 produced
by  addition of pH 4.5 buffer.

LOD: 40 �M
Linear range: 800–3200 �M
Repeatability: 1% RSD (at 3200 �M,
n = 9)
Throughput: 71 inj h−1

Used for surface (0.2 m)  subsurface
(1 m) underway measurements.

[173]

Silicon
Silicate FIA Reverse FIA system with

spectrophotometric detection
of silicomolybdenum blue.
Ascorbic acid and tin(II)
chloride used as reductants.

LOD: 0.5 �M
Repeatability: 1% RSD (at ≥10 �M)
Throughput: 80 inj h−1

Underway measurement at 60 hr−1

of water from 2 m depth.
Slight salinity error when tin(II)
chloride used as reductant.

[181]
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Table 3 (Continued)

Parameter Flow mode Basis of method Analytical performance Notes Ref.

Silicate FIA FIA system with
spectrophotometric detection
of  silicomolybdenum blue.
Tin(II) chloride used as
reductant, with dual
wavelength photometric
detection.

LOD: 0.3 �M
Repeatability: 1% RSD (at ≥5 �M)
Throughput: 60 inj h−1

No significant salinity error
between 28 and 34 S (PSS78).
Designed for use in submersible
system.

[180]

Silicate SIA Spectrophotometric detection
of  silicomolybdate using a 2 m
liquid core waveguide.

LOD: 0.1 �M
Linear range: 0.1–10 �M.
Throughput: 4 inj h−1

Salinity correction algorithm
applied to data.

[182]

Silicate FIA Spectrophotometric detection
of  silicomolybdenum blue
using a 1.6 m LCW liquid core

LOD: 9 nM
Repeatability: 1.5% RSD (at 250 nM,
n  = 7)
Thr

No significant salinity effect on
signal.

[44]
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lue – cetyl trimethylammonium bromide ion pair on a C18 col-
mn. After elution with ethanol and sulphuric acid, detection was
chieved using spectrophotometry. A limit of detection of 1.57 nM
as achieved but the sample throughput was only 2 h−1.

FIA can also be used advantageously to remove interferences.
he determination of DRP in the anoxic pore waters of estua-
ine sediments should be performed without exposing samples
o the atmosphere in order to avoid changes in the redox condi-
ion, and FIA is ideally suited to this task. However, even when
erformed under anoxic conditions, the determination is fraught
ith interferences that are ascribed to the presence of sulphide,
hich either interferes in the phosphomolybdate reduction step

107] or competes with phosphate in complexing with molybdate
108]. Grace et al. have described a modification to the DRP method
hat involved on-line pre-oxidation of sulphide with perman-
anate prior to spectrophotometric detection [109]. This approach
roved to be successful, and the selectivity of the analysis was not
ompromised by oxidation of organic P species commonly found in
ore waters.

.1.2. Total phosphorus and dissolved organic phosphorus
There is increasing interest in the dynamics [110–112] and

ioavailability of dissolved organic phosphorus in estuaries and
he oceans [113], and this has emphasised the need for the
evelopment of convenient, reliable and rapid methods for the
etermination of dissolved organic phosphorus (DOP) and the
ssociated parameters, total dissolved phosphorus (TDP) and total
hosphorus (TP), as well as methods for the quantification of dif-
erent P-species.

The determination of dissolved organic phosphorus and total
hosphorus requires that these components first be converted to
rthophosphate by a combination of dissolution, hydrolytic and
xidative processes before detection as phosphomolybdenum blue
114]. When performed by classical batch digestion this process
s slow, but the process can be performed rapidly by flow analysis
echniques, and a number of FIA systems using UV photo-oxidation
ith peroxodisulphate [115,116] alone or in conjunction with acid
ydrolysis [117,118], or microwave digestion [119,120] have been
escribed for use in fresh and wastewaters. For samples such as
oil waters, Peat et al. [118] found that acidic photo-oxidation was
equired to avoid interference from higher concentrations of Fe and
l which can complex with phosphate. For marine waters, Aminot
nd Kerouel [121] reported that 5–6-fold dilution of sample was
equired in a SCFA photo-oxidation method for dissolved organic

hosphorus in order to achieve full recovery of a series of model
rganic P compounds. This matrix effect was presumably due to
nterference from the high concentrations of Ca and Mg  ions in
eawater.
oughput: 12 inj h−1

Gentle et al. addressed the problem of photo-oxidation inhibi-
tion by the seawater matrix, and found that complete digestion of
total phosphorus could be achieved over the whole salinity range
in a FIA system if a combined photo-oxidation – thermal digestion
procedure was adopted [34]. This FIA system (Fig. 6, Table 3) was
capable of 115 measurements per hour, with a LOD of 1 �g L−1 P
(0.03 �M),  and used to perform 2499 underway TP measurements
during a cruise in the coastal waters of Victoria, SE Australia.

6.2. Nitrogen

Nitrogen occurs in aquatic systems in dissolved inorganic forms
(DIN = �[nitrate + nitrite + ammonia]) and as dissolved organic
nitrogen (DON) which includes species such as urea, amino
acids, amines, amino sugars, purines, pyrimidines, nucleosides
nucleotides, proteins and polypeptides. Particulate N which is
almost entirely organic N, i.e. TPN ≈ PON [122], is determined by the
difference between total nitrogen (TN) and total dissolved nitrogen
(TDN). Along with micronutrients like iron, nitrogen is a limiting
macronutrient in the oceans [123].

6.2.1. Nitrate
Traditional methods for the determination of nitrate in marine

waters are based on the heterogeneous reduction of nitrate to
nitrite using copperised Cd and subsequent colorimetric deter-
mination of the nitrite formed [124] by the Griess reaction, i.e.
diazotization with sulfanilamide followed by coupling with N-(1-
naphthyl)-ethylenediamine dihydrochloride (NED) to form a pink
azo dye [125]. Johnson and Petty [126] first described the use of
FIA for nitrate measurement in marine waters using Cd reduction
and the Griess reaction for nitrite detection, and their work has
been adapted by many for surface [127] and submersible systems
[27,128–131].

Despite the fact that the most widely used segmented continu-
ous flow [132] and flow injection analysis [27,126,127] methods for
nitrate determination utilize copperised cadmium granule columns
or Cd tubes, use of cadmium reduction is often unreliable due to
over-reduction to hydroxylamine and ammonia, or because col-
umn  poisoning causes diminished reduction efficiency [133,134].
Cadmium use is also undesirable because of potential occupational
health issues and the production of toxic waste, and hence use of an
environmentally benign reductant is preferred. Alternative reduc-
tion strategies have included the use of hydrazine [135,136] and
photo-reduction [137,138], but neither can be used successfully in
seawater.
Ellis et al. [33] have described a field portable, reagent injection,
flow analysis system that utilized a Zn reduction column at pH 6.5
in conjunction with the Griess reagent for the spectrophotometric
detection of nitrate (Fig. 7a). The advantage of using Zn at this pH
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Fig. 6. Diagrammatic description of the flow analysis system used for the determination of total phosphorus. Sample is pumped through a 100 �m mesh, followed by the
addition of acidic peroxodisulphate oxidant (Ox). P1 and P2 are peristaltic pumps. The stream undergoes mineralisation in the UV reactor (UV-R) and a thermal reactor coil
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TR)  followed by filtration using a hollow fibre filter (HFF) and debubbling (DB). O
 reagent injection flow analyser where reagents (R1 – acidic molybdate and R2 –
sing  a multi-reflective cell coupled with a 660 nm light emitting diode source. Rep

s that there is no problem with precipitation of Ca or Mg  ions in
eawater, which can occur when reduction is performed at higher
H (e.g. with Cd). The method was suitable for waters with a wide
ange of salinities and was  successfully used to obtain more than
200 nitrate measurements during deployment in Port Phillip and
esternport Bays, in SE Australia (Fig. 7b).
However, as is the case with the copperised cadmium reduc-

ion procedure, the mechanism of the Zn reduction of nitrate to
itrite is still not clearly understood. Zn columns require activa-
ion with a higher concentration (e.g. 500 �g L−1 NO3–N) for ca.
0 min  until a stable response is achieved [139] (cf. Fig. 8a). There-
fter, columns perform quantitative reduction of nitrate to nitrite
or many hundreds of injections (Fig. 8b). If a column is conditioned
ith nitrite rather than nitrate (Fig. 8a), the same trend is observed.

ince the photometric detection system is specific for nitrite, this
mplies that initially both nitrite and nitrate are reduced, probably
o ammonia, until some quasi-equilibrium state is reached where
uantitative nitrate to nitrite reduction is achieved.

Whilst the Zn reduction method has some arguable advan-
ages vis-à-vis the commonly used copperised cadmium method,
oth methods rely on a metastable reduction step prior to
pectrophotometric detection using the Griess reaction. There is

 real need for the development of a suitable chromogenic reagent
r method that is selective for nitrate per se across a wide range of
alinities.

.2.2. Ammonium
At the pH of seawater, ammonia occurs predominantly in the

mmonium form. Several approaches have been used in the auto-
ated detection of this species in marine waters. The most common

CFA method involves the reaction of ammonia with hypochlo-
ite and subsequently with phenol to form indophenol blue that
s then determined by photometry [124]. Interferences include
olatile amines and a chelating agent is required to complex
agnesium and calcium ions to avoid their precipitation under
eaction conditions. A different, more sensitive approach utilizes
he fluorescence of the reaction between ammonia and orthoph-
haldialdehyde (OPA) in the presence of sulphite, and this has been
xtensively used in SCFA [140].
 from the debubbler goes to waste (W). Filtered digested sample is pumped into
 tin(II) chloride reductant) are delivered into the stream. Absorbance is measured
ed with permission from Ref. [34].

Another approach favoured in FIA involves the use of a gas
diffusion technique, in which ammonium is converted to volatile
ammonia that diffuses across a gas permeable membrane into an
acceptor solution. The diffused ammonia is typically detected by
measuring the resultant change in conductivity of a deionised water
[141] or dilute acid acceptor stream [142], or of the absorbance of a
lightly buffered acceptor containing a pH indicator [143]. However,
in order to the gas diffusion approach to work, ammonium must be
converted to volatile ammonia by merging the sample with base,
but in seawater this is problematic because calcium and magne-
sium ions precipitate under alkaline conditions, causing blockages
in the flow system. Willason and Johnson [144], who were among
the first to demonstrate the use of FIA for ammonia determinations
in seawater, addressed this problem by the addition of citrate to
complex these ions prior to gas diffusion. Gray et al. [145], how-
ever, minimized the extent of Mg  and Ca hydroxide precipitation
prior to gas diffusion by the use of a hybrid reagent injection system
in which microlitre volumes of base were injected into a continuous
flow of sample.

Watson et al. [50] combined gas diffusion separation with
the OPA-ammonia reaction and used fluorescence detection to
achieve very low detection limits (7 nM)  for ammonia determi-
nation in seawater (see Table 3). Volatile, low molecular-weight
amines were found to diffuse less efficiently through the mem-
brane and did not react appreciably with OPA when sulphite
was used as the reductant, and hence did not interfere in the
method.

6.2.3. Total nitrogen and total dissolved nitrogen
In order to determine total nitrogen (TN) or total dissolved

nitrogen (TDN), all nitrogenous substances must be completely
converted to a single detectable species such as nitrate or
ammonium. Historically the Kjeldahl method involving catalysed
digestion with concentrated sulphuric acid was most commonly
used to mineralise organic nitrogenous species to ammonium

[146], which was then quantified by titration or colorimetry, and
more recently by SCFA [147] and FIA [141]. However, this method
only measures organic nitrogen and ammonium, requiring that
NOx be measured separately in order to measure TN/TDN, and
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Fig. 7. (a) Reverse flow injection manifold used for the determination of nitrate. Key: PF, prefilter; SP, sampling pump; TFF, tangential flow filter; W,  waste line; DB, debubbler;
W/MS,  waste/manual sampling line; St, standard; CV, calibration valve; PP, peristaltic pump; MC, mixing coil; ZnC, zinc column; R, Griess reagent; SV, solenoid valve; RC,
reaction  coil; D, detector. (b) Spatial concentration plots showing the location of point source inputs into Port Philip Bay and Bass Strait. Reproduced with permission from
R
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or this reason alternative approaches that oxidized all N present
ained favour for seawater analysis. Both thermal digestion [148]
r UV photo-oxidation [149] coupled with an oxidant such as
eroxydisulphate have been used extensively, where the final
roduct, nitrate is determined spectrophotometrically using Cd-
eduction and the Griess reaction. Whilst automation of the UV
r thermal digestion and detection steps for TN/TDN determina-
ion using both SCFA and FIA/SIA have been described for waters
nd wastewaters, the approach is not without its limitations. In
atch digestion methods the digestion period is sufficiently long
hours) that peroxydisulphate oxidant is completely converted
o sulphuric acid [150], whereas in automated methods the UV
r thermal exposure time required for complete oxidation of N-
pecies is short (10s of seconds) and there remains a high residual
oncentration of peroxydisulphate which can potentially damage

he reduction column. For example, McKelvie et al. [151] used
V photo-oxidation with alkaline peroxydisulphate to completely
onvert dissolved N species to nitrate which was detected by
pectrophotometry after Cd-reduction and diazotization. To avoid
degradation of the Cd column by continuous contact with the high
concentration of S2O82− required to achieve complete digestion,
photo-oxidation was  performed in a separate sub-manifold, and
only a small volume of digested sample was  injected into the
detection sub-manifold. Cerda et al. [152] used hydrazine as an
alternative reductant to Cd following microwave digestion with
peroxydisulphate, but their method was not applied to marine sam-
ples.

Nitrate produced by UV-photo-oxidation or thermal digestion of
organic-N species can also be detected by UV spectrophotometry
at ca. 220 nm but the spectral overlap between residual perox-
odisulphate and nitrate in the 200–230 nm region is problematic,
limiting the sensitivity of the method. Techniques such as second
derivative spectrometry [35], spectral multi-component analysis
[153], and single wavelength measurement with residual perox-

odisulphate blank correction [154] have been used in conjunction
with FIA techniques to overcome the problem of the large per-
oxodisulphate background signal. Whilst these approaches have
been demonstrated for the determination of TDN in fresh and
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ig. 8. (a) Plot showing detector response when nitrite and nitrate (both 500 �g L
hen  a Zn column was conditioned with 100 �g L−1 N nitrate for ca. 40 min  followed

139].

astewaters, none have been successfully applied to seawater
ecause of additional spectral interference from the saline sample
atrix.

.3. Carbon

The total carbon (TC) content of water can be can be divided into
otal organic carbon (TOC) and total inorganic carbon (TIC), and fur-
her classification into dissolved (filterable) and particulate forms is
ften performed. In seawater the concentration of inorganic carbon
s usually several orders of magnitude greater than organic carbon
155].

Measurement of dissolved carbon dioxide species and pH in
arine systems is of topical interest because of their major role as

 sink for anthropogenic carbon dioxide [156] and because of con-
erns about ocean acidification in response to the increased partial
ressure of CO2 in the atmosphere [157].
Dissolved inorganic carbon (DIC), also referred to as total
arbonate, TCO2 or

∑
CO2, consists of dissolved carbon dioxide

CO2(aq)), bicarbonate (HCO3−) and carbonate (CO32−) plus car-
onic acid (H2CO3) which is usually <0.3% of [CO2(aq)]. These species
ere used to condition a Zn reductor column. (b) Detector response plot showing
eriod of constant analytical response for 100 �g L−1 N nitrate and nitrite standards.

occur in pH-dependent equilibria as shown [158]:

CO2(g) � CO2(aq), pKH = 1.47at298 K,S = 0, fromwhichpCO2

= KH[CO2(aq)].

CO2(aq) + H2O � HCO3− + H+, pKa1 = 6.35at298 K,S = 0

HCO3− � CO32− + H+, pKa2 = 10.33at298 K,S = 0

The total alkalinity (TA) [159] is defined as the sum of all bases,
minus the acids present, i.e.

TA = [HCO3−] + 2[CO3
2−] + [B(OH)4−] + [OH−] + [HPO4

2−]

+ 2[PO4
3−] + [HSiO4−] + [NH3] + [HS−] − [H+]

− [HSO4−] − [HF] − [H3PO4]
Carbonate alkalinity (AC) is defined as:
AC = [HCO3−] + 2[CO32−] + [OH−] − [H+] and can be used to
estimate TA in seawater (≈2.4 mM)  by correcting for conservative
species such as [B(OH)4

−].



a Chim

[
m
o

u
o

f
l

6

r
t
i
l
g
i
a
T
t
p
i
[
c
l

t
w
(
e
d
u
u
w
u
i

6

c
a
t
d
a
p
d
(
a
a

6

g
w
s
d
w
p
o
o
m
t
o
s

P.J. Worsfold et al. / Analytic

The alkalinity is responsible for the buffering of natural waters
158] and its measurement is critical in understanding the environ-

ental impacts of increasing carbon dioxide concentrations in the
ceans.

The carbonate system can be quantitatively described by the
se any two of the system parameters, Ac, H+, DIC, pCO2 , [HCO3−]
r [CO32−] from which all of the others can be derived [159].

Of these parameters, field determination of DIC and pCO2 is
avoured because this obviates the necessity for separate pH, alka-
inity or individual carbonate species measurements.

.3.1. TCO2 (DIC) and pCO2
TCO2 , the total dissolved inorganic carbon concentration, can be

eadily determined by gas diffusion (GD) FIA after acidification of
he sample, e.g. by injection into an acidic carrier, or conversely by
njection of acid into a continuously flowing sample stream, fol-
owed by detection of the carbon dioxide that diffuses through the
as diffusion membrane. Similarly, pCO2 , the “free carbon dioxide”
s measured by passing unaltered sample across the membrane
nd detecting the CO2 that migrates into the acceptor stream.
he diffused carbon dioxide is most commonly detected by spec-
rophotometric measurement of the change in absorbance of a
H indicator in a weakly buffered acceptor [160], or by monitor-

ng changes in the electrical conductivity of the acceptor stream
161,162]. Other detection systems reported for sensing diffused
arbon dioxide include a tungsten oxide sensor [163] chemi-
uminescence [164], and a bulk acoustic wave detector [165].

Recent examples of the use of GD-FIA to inorganic C specia-
ion in marine water include the work of Pencharee et al. [166]
ho used a contactless capacitively coupled conductivity detector

C4D) with a deionised water acceptor stream to determine DIC in
stuarine waters. Similarly, Martinotti et al. [167] have described a
ual GD-FIA system for the determination of both DIC and free CO2
sing conventional conductimetric detection which was effectively
sed for the determination of both parameters in fresh and marine
aters. Faber et al. have also reported a GD-FIA probe system that
sed spectrophotometric detection for the determination of pCO2

n sediments and overlying waters [168].

.3.2. Total alkalinity
Total alkalinity determinations of marine waters have classi-

ally been performed by an acid–base Gran titration [169]. Flow
nalysis versions of this approach have been reported using flow
hrough potentiometric detection [170,171] or spectrophotometric
etection using the peak width quantification method [172]. An
lternative approach involves the on-line acidification of the sam-
le to ca. pH 4 with a buffer, followed by spectrophotometric
etection of the released CO2 that passes through a GD membrane
see Table 3) [173]. Whilst this approach detects only the carbonate
lkalinity, suitable correction can be made for other conservative
lkalinity species based on the salinity of the sample.

.3.3. Total and dissolved organic carbon
The determination of these parameters requires removal of inor-

anic carbon prior to conversion of organic carbon to carbon dioxide
hich is then detected by techniques such as non-dispersive IR,

pectrophotometry or conductimetry, as outlined above for the
etermination of DIC and CO2. The conversion process may  involve
et oxidation, high temperature catalytic oxidation (HTCO) or
hoto-oxidation, and is performed on either whole sample (total
rganic carbon, TOC), or the membrane filtered fraction (dissolved
rganic carbon, DOC). The methodology of DOC determination in

arine samples has been somewhat contentious, and historically

he HTCO method has been favoured [174]. However, SCFA meth-
ds utilising wet oxidation have been shown to be effective for
eawater analysis when appropriate quality assurance protocols
ica Acta 803 (2013) 15– 40 31

are applied [175]. Photo-oxidation has also been used in SCFA [176],
FIA [177] and SIA [178] for complete oxidation followed by pho-
tometric detection of the released CO2 that passed through a gas
diffusion into an indicator acceptor stream. However chloride in
seawater is oxidized to chlorine during photo-oxidation, and this
also diffuses through the GD membrane, interfering in the pho-
tometric detection. Whilst this effect may  be overcome by the
addition of hydroxylamine to the indicator stream [176], or by the
use of conductimetric detection, there has been little application of
FIA/SIA to seawater DOC analysis. Santos et al. recently described a
SIA system for the determination of DIC, free dissolved carbon diox-
ide (CO2), TC, DOC and alkalinity in inland waters [179]. With minor
modification, e.g. for chloride interference in TC and DOC, such
multi-parameter SIA systems show considerable promise for com-
prehensive underway determinations of carbon species in marine
waters.

6.4. Silicon

Silicon occurs in natural waters mainly as reactive silica, i.e.,
soluble SiO2

− and as short chain polymers, but also as longer poly-
mers and the inorganic and organic fractions of suspended material.
Silicon can be a limiting element for phytoplankton growth, and
reactive silica is probably the only form that is readily available
for diatom growth [155]. Silicon is conventionally determined by
spectrophotometric detection of silico-molybdenum blue, using
a similar chromogenic reaction to that used for phosphate, and
the determination has been performed using FIA [180,181], most
recently using LWCC cells for high sensitivity measurements
[44,182].

7. Micronutrients

7.1. Iron

Iron (Fe) is the fourth most abundant element in the Earth’s
crust (∼5.6%) [183] but dissolved Fe concentrations in open-ocean
waters are often sub-nanomolar [184]. Furthermore, the marine
biogeochemistry of Fe is complicated by its redox speciation, low
solubility and involvement in biological cycles. Robust methods for
the quantification of iron fractions, e.g., labile, dissolved, colloidal,
organically bound, particulate, are therefore essential to enhance
our understanding of Fe biogeochemistry. The major sources of Fe
to the world’s oceans are atmospheric, fluvial, hydrothermal, conti-
nental shelf regeneration and upwelling of Fe-enriched subsurface
waters. In remote areas, the main oceanic source of Fe is from atmo-
spheric dust deposition and in surface waters biological processes
are the main Fe removal pathway.

Iron plays an important role in ocean biogeochemistry, being
a key micronutrient that regulates marine productivity in large
areas of the world oceans such as high-nutrient, low-chlorophyll
(HNLC) regions of the world’s oceans, which has important impli-
cations for global carbon cycling [184]. Such hypotheses have been
tested in the under-productive waters of the equatorial Pacific
[185], sub-arctic North Pacific [186] and Southern Ocean [186], in
which seeding surface ocean water with low concentrations of dis-
solved Fe triggered a massive phytoplankton bloom and resulted
in a significant drawdown of surface water nitrate and atmosphere
CO2. Conceptual and numerical models of ocean biogeochemistry
must therefore include Fe as a limiting component [187], and the
accuracy of such models will only be improved by routinely includ-

ing Fe analysis alongside the major nutrients during modern-day
oceanographic field campaigns. An interesting paradox in the ocean
is that whilst planktonic microorganisms mediate the chemistry
and cycling of Fe, the element exerts an influence on the growth
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f organisms and the cycling of other nutrients such as carbon and
itrogen.

There are two different types of detection system used in
ow injection analysis of Fe; chemiluminescence (CL) and spec-
rophotometry (SP) (Table 4). Regardless of the method used,
reconcentration of Fe onto a chelating resin is necessary to both
oncentrate and separate the Fe from bulk seawater matrix. The
ajority of FIA techniques utilise 8-hydroxyquinoline (8-HQ) as the

unctional chelating group immobilized on a chemically-resistant
inyl polymer resin (e.g., Toyopearl TSK), as developed by Landing
t al. [188]. More recent studies have used commercially available
helating resins such as NTA ‘Superflow’ [189] and Toyopearl AF-
helate-650 [190], thereby eliminating the synthesis step involved

n using 8-HQ. Due to the speciation of Fe, a key consideration
s the pH dependency on the recovery of Fe(III) and Fe(II) on the
reconcentration column. For example, Fe(III) is recovered by 8-
Q at pH 3.0–4.2, whilst at pH 5.2–6.0 both Fe(III) and Fe(II) are
uantitatively recovered [191]. Therefore, flow injection analysis
ay  also allow the redox speciation of dissolved Fe to be deter-
ined by careful choice of the pretreatment pH, reagent conditions

nd appreciation of possible interferences [26,192]. For “total”
issolved Fe(II + III) analysis, either an oxidation step (addition
f 10 �M hydrogen peroxide (H2O2); [189]) or a reduction step
addition of 100 �M sodium sulphite; [63]) is required prior to
reconcentration.

FIA-CL methods are based on the catalytic effect of either Fe(II) or
e(III) ions on the oxidation of luminol (5-amino-2,3-dihydro-1,4-
hthalazinedione) to generate blue luminescence (�max ∼440 nm)
hich is detected using a photomultiplier tube (PMT). There are

wo basic FIA-CL approaches. FIA-CL[FeII] methods (e.g. [63]) deter-
ine Fe(II) and require acidified samples to be reduced off-line

sing sodium sulphite. Reduced samples are buffered in-line using
H4Ac to pH 5 prior to preconcentration on an 8-HQ resin. Fe(II)

ons are eluted from the resin using 0.09 M HCl and mixed with
 luminol/carbonate buffer reagent stream. Bowie et al. achieved
 detection limit of 40 pM,  the RSD (n = 5) was ±3.2% for a 1 nM
e sample [63]. A typical FIA-CL analytical manifold is shown in
ig. 9.

FIA-CL [FeIII] methods (e.g., [191]) determine Fe(III) and also
otal dissolved Fe if acidified samples are first oxidised off-line
sing H2O2. The acidified, oxidised samples are buffered in-line
ith NH4Ac to pH 3 prior to preconcentration. Fe(III) ions are eluted

rom the resin using 0.3 M HCl. An additional 2 m heated coil is
equired in the manifold to efficiently mix  the eluted Fe(III) with a
uminol/carbonate buffer reagent stream and a H2O2 stream (which
erves as the oxidant for the luminol reaction) before detection
t the PMT. The average blank for this method has been reported
s 32 ± 14 pM Fe (n = 19) with a detection limit of 5.7 ± 2.9 pM.Fe
n = 4) [193]. To validate the accuracy of trace metal determina-
ions using FIA-CL (and all other methods) it is recommend that

 suitable “consensus value” reference seawater sample such as
AFe (sampling and analysis of Fe) is analysed. Acidified SAFe sur-
ace and SAFe deep (1000 m)  samples from the North Pacific have
een widely used by the oceanographic community. Klunder et al.
193] obtained a mean ± SD value of 0.11 ± 0.012 nM (n = 7) for
he surface sample and 0.96 ± 0.06 nM (n = 10) for the deep sam-
le which are in excellent agreement with SAFe consensus value
f 0.097 ± 0.007 nM and 0.91 ± 0.17 nM from the surface and deep
ater samples respectively.

FIA-SP involves the catalytic oxidation of DPD (N,N-dimethyl-
-phenylenediamine dihydrochloride) by Fe(III) cycled with H2O2
189,194]. The catalytic nature of the reaction increases the

ensitivity of this method, as the amount of oxidised DPD is pro-
ortional to the concentration of Fe. H2O2 (10 �M)  should be added
o the sample to ensure oxidation to Fe(III). Depending on the resin
sed for preconcentration, the samples may  need to be buffered
ica Acta 803 (2013) 15– 40

in-line. Fe is eluted from the resin and mixes with DPD/buffer
and H2O2, producing coloured semiquinone derivatives, which are
detected spectrophotometrically at 514 nm.  The average blank for
this method was 60 ± 8 pM Fe (n = 35) with a detection limit of
24 ± 4.9 pM Fe (n = 9) [189]. SAFe surface samples gave a mean ± SD
value of 0.10 ± 0.009 nM (n = 14) and SAFe deep 0.93 ± 0.04 nM
(n = 18) which are in excellent agreement with SAFe consensus
value of 0.097 ± 0.007 nM and 0.91 ± 0.17 nM from surface and deep
respectively [189].

7.2. Cobalt

Cobalt (Co) is an essential micronutrient for aquatic organisms
as it is required for the synthesis of vitamin B12 and is a cofactor
in the enzyme carbonic anhydrase [195] and is required by the
abundant marine cyanobacteria Prochlorococcus and Synechococ-
cus [196]. Recent studies have shown that Co may  limit or co-limit
algal growth in some oceanic regions [197,198]. Oceanic Co concen-
trations are extremely low, 4–100 pM in surface waters [199,200],
and Co has a similar distribution to Fe in the ocean which is
strongly influenced by biological uptake, recycling, scavenging and
remineralistion. Cobalt is reported to be complexed by organic lig-
ands [196,201] but to a lesser extent than Fe. For example, Noble
et al. reported that >75% of Co was  organically complexed in South
Atlantic waters [202].

Hirata et al. reported an FIA-CL method for the determina-
tion of dissolved Co(II) in sea water based on preconcentration
using 8-quinolinol immobilised on silica gel, fluoride containing
metal alkoxide glass (8HQ-MAF) and CL detection with gallic
acid-hydrogen peroxide [203]. Cobalt was eluted with dilute
hydrochloric acid and mixed with the reagent solutions at 60 ◦C.
The detection limit was  0.62 ng L−1, the RSD (n = 10) was ± 2.1%
for 10 ng L−1 cobalt and throughput was  7 h−1. The replacement of
gallic acid with pyrogallol enhanced the sensitivity [204], with the
pyrogallol–hydrogen peroxide–sodium hydroxide reaction taking
place in the presence of methanol (as an activator) and the sur-
factant cetyltrimethylammonium bromide (CTAB). The practical
limit of detection in coastal seawater was  5 pM.  This method was
adapted for shipboard use in open ocean environments by Shelley
et al. [205], with a detection limit of 4.5 pM.  The key modifications
were: (1) use of a commercially available iminodiacetate (IDA)
resin (Toyopearl AF-chelate 650 M)  in place of 8-hydroxyquinoline
for online preconcentration and matrix removal, (2) use of acid-
ified ammonium acetate (pH 4) as a column-conditioning step
before sample loading and rinsing and, most importantly, (3)
UV irradiation of acidified seawater samples to determine total
dissolved cobalt, rather than an operationally defined fraction.
This manifold is shown in Fig. 10 in both the load (Fig. 10a) and the
inject (Fig. 10b) configurations and a typical spatial distribution
profile for Co using this method is shown in Fig. 10c.

Acidified North Pacific deep seawater (1000 m)  samples from
the SAFe programme gave a mean ± SD value of 40.9 ± 2.6 pM
(n = 9), in excellent agreement with the SAFe consensus value of
43 ± 4 pM,  and the result for NASS-5 was  208 ± 30 pM compared
with the certified value 187 ± 51 pM.

An FIA method with spectrophotometric detection has also been
reported, based on the catalytic effect of Co(II) on the oxidation
of N,N′-diethyl-p-phenylenediamine by hydrogen peroxide in the
presence of Tiron as an activator [206]. The catalytic activity was
significantly enhanced by the presence of sea-water matrix com-
ponents, especially calcium ions. The comparatively weak basic

medium (pH 8.7–9.0) of the reaction and its relative freedom from
co-existing ions allowed direct analysis of seawater. The limit of
detection, as quoted in the original paper, was 1 ng L−1, the RSD was
2–8% (n = 5) for 10–100 ng L−1 and the sampling rate was  50 h−1.
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Table 4
Summary of selected flow analysis techniques used for micronutrient determinations in marine and estuarine waters.

Parameter Technique Basis of method Analytical performance Notes Ref.

Iron
Fe(II + III) FIA-CL Samples acidified to pH 2.0.
Fe(III)  reduction using sulphite.
Preconcentrated on 8-hydroxyquinoline (8-HQ).

Luminol chemiluminescence detection.
LOD (3 s): 40 pM with 1.5 mL sample
Repeatability: 3.2% RSD (1.0 nM Fe
sample (n = 5)).
Throughput: One analytical cycle in 3 min

Mapped dissolvable Fe(II + III)
concentrations along the Atlantic
Meridional Transect from 50◦N to 50◦S.

[63]

Fe(II + III) FIA-SP Samples acidified to pH 1.7.
Preconcentrated on nitrilotriacetic acid
(NTA).
Catalytic spectrophotometric detection
with  N,N-dimethyl-p-phenylenediamine
dihydrochloride.

Tested with SAFe surface (S)
water and SAFe deep (D2).

[189]

Fe(II) FIA-CL Luminol chemiluminescence detection. LOD (3 s): 8–12 pM.
Repeatability: RSD 0.9–7.6%
(n  = 4) over the range
8–1000 pM L−1.

Used for day-night deployment
during a north-to-south transect
of  the Atlantic Ocean and a
daytime transect in the
Sub-Antarctic Front.

[26]

Fe(III) FIA-CL Samples acidified.
Preconcentrated on 8-HQ.
Luminol chemiluminescence detection.

LOD: 0.05 nM with 18 mL sample. Applied to oceanic waters and
hydrothermal waters collected in
the North and South Pacific
Oceans.

[191]

Fe(III) FIA-CL Samples acidified to pH 1.8.
Preconcentrated on iminodiacetic acid
(IDA) resin.
Luminol chemiluminescence detection.

LOD (3 s): 5.7 ± 2.9 pM. Tested with SAFe surface (S)
water and SAFe deep (D2) water.
Measured vertical profiles along
a  1◦ latitudinal section at the
Zero meridian.

[193]

Fe(III) FIA-SP Samples acidified with 1 mL 6 M HCl L−1.
Preconcentrated on 8-HQ.
Catalytic spectrophotometric detection
with  N,N-dimethyl-p-phenylenediamine
dihydrochloride.

LOD: 0.025 nM.
Repeatability: RSD 2.5% (n = 6) for
0.35  nM Fe.

Applied to open ocean water
samples from the equatorial
Pacific and the North Atlantic and
hydrothermal plume samples
from around Loihi Seamount in
the Central Pacific.

[194]

Cobalt
Co(II) FIA-CL Preconcentrated on 8-HQ immobilized on

silica  gel, fluoride containing metal
alkoxide glass (8HQ-MAF).
Chemiluminescence detection with gallic
acid-hydrogen peroxide.
Heated to 60 ◦C.

LOD (3 s): 0.62 ng L−1.
Throughput: The analysis time
including the 2-min sample load
was  8 min per sea water sample.

Tested with NASS and CASS. [203]

Co(II) FIA-CL Chemiluminescence detection based on
the  pyrogallol-hydrogen
peroxide-sodium hydroxide reaction in
the presence of methanol and the
surfactant cetyltrimethylammonium
bromide (CTAB).

LOD (3 s): 5 pM.
Repeatability: RSDs 2.1–5.8%
(n = 3).
Linear range: 5–850 pM.

Tested with NASS-5 CASS-3 and
SLEW-2. Applied to samples from
the  Irish Sea and Tamar Estuary
(UK).

[204]

Co(II) FIA-CL Samples acidified to 0.024 M and UV
irradiated.
Preconcentrated on commercially
available iminodiacetate (IDA) resin
(Toyopearl AF-chelate 650 M).
Chemiluminescence detection based on
the  pyrogallol-hydrogen
peroxide-sodium hydroxide reaction in
the presence of methanol and the
surfactant cetyl trimethylammonium
bromide (CTAB).

LOD (3 s): 4.5 pM.
Repeatability: RSD ≤4% (n = 9).
Linear range: 3.8–2000 pM.

Tested with SAFe deep (D2)
water and NASS-5. Applied to
vertical profile samples from the
Sargasso Sea.

[205]
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Table 4 (Continued)

Parameter Technique Basis of method Analytical performance Notes Ref.

Co(II) FIA-SP Samples acidified to pH 2.
Catalytic effect of Co(II) on the oxidation
of  N,N′-diethyl-p-phenylenediamine by
hydrogen peroxide in the presence of
Tiron  as an activator.

LOD: 1 ng L−1.
Repeatability: RSD 2–8% (n = 5).
for 10–100 ng L−1Co(II).
Throughput: 50 h−1.

Tested with CASS-2 and NASS-2. [206]

Copper
Cu(II) FIA-CL Samples drawn directly into the manifold

via  PTFE tubing.
Preconcentrated on 8-HQ.
Detection based on formation of a
Cu-1,10-phenanthroline complex and
subsequent oxidation by hydrogen
peroxide.

LOD: 0.4 nM.
Throughput: 8 min sample−1.
Standard additions method.

Tested with CASS-1 and NASS-1.
Applied to a vertical profile from
a  near shore station off Pt.
Piedras Blancas, California.

[68]

Cu(II) FIA-CL Samples acidified to pH 2.
Reaction of copper with
1,10-phenanthroline.

LOD: 0.1 nM.
Standard additions method.

Used to measure copper
complexation throughout the
water column in  Monterey Bay,
California.

[214]

Cu(II) Samples filtered and UV irradiated with
H2O2.
Preconcentrated on 8-HQ.
Detection based on formation of a
Cu-1,10-phenanthroline complex and
subsequent oxidation by hydrogen
peroxide.

Calibration standards in the
range 10−6 to 10−7 M.

Tested with NASS-4 and SLEW-2.
Applied to samples from the
Celtic Sea and Tamar Estuary
(UK).  Focused on sample
irradiation.

[209]

Zinc
Zn(II) FIA-FL Preconcentrated on 8-HQ.

The organic indicator ligand,
p-tosyl-8-aminoquinoline, was used to
form a complex with zinc.

LOD (3 s): 0.1 nM for a  4.4 mL
sample.

Tested with CASS-2 and NASS-2. [52]

Zn(II) FIA-FL Preconcentrated on 8-HQ.
The organic indicator ligand,
p-tosyl-8-aminoquinoline, was used to
form a complex with Zn.

LOD (3 s): 0.06 nM.
Repeatability: SD 0.018 nM
(n  =  5).
Linear range: 0–4  nM.

Tested with SAFe surface (S1)
water. Applied on 2009 CLIVAR
15 cruise across the southern
Indian Ocean (from Cape Town,
South Africa to Fremantle,
Australia).

[219]

Zn(II) SI-FL Unacidified seawater matrix.
The organic reagent FluoZin-3 was used
to form a complex with Zn.

LOD: 0.3 nM.
Repeatability: RSD < 2.5%.
Linear range: up to 40 nM.
Throughput: An analytical cycle
of  ∼1 min per sample.

Used subtropical South Pacific
Ocean seawater.

[51]

Manganese
FIA-CL Preconcentrated on 8-HQ.

Mn(II) catalysed the oxidation of
7,7,8,8-tetracyanoquinodimethane in an
alkaline solution.

LOD (3 s): 0.1 nM.
Repeatability: RSD typically 3%
for  1–10  nM.
Throughput: 6 min per sample.
Standard additions method.

Tested with CASS-1 and NASS-1.
Applied to a depth profile to
2000 m at a station off the
California coastline.

[66]

FIA-CL Electrolytic preconcentration using a
glassy carbon electrode.
Chemiluminescence detection with
luminol.

Applied to seawater samples
collected in seas adjacent to
Japan.

[251]
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Fig. 9. Schematic of the flow system used for the on-line determination of iron(II) in surface seawater. The left-hand side shows the in situ torpedo fish, high volume pumping
and  filtration system, whilst the right-hand side shows the components and tubing within the FIA manifold. Pump A delivers a continuous stream of surface seawater and
CL  reagents, pump B delivers sample solution and sample buffer and pump C delivers UHP water and acid wash solutions. Seawater from the LISW carrier reserve is not
preconcentrated onto the 8HQ column and is simply used to prevent air entering the holding loop when sample solution is drawn up by pump B. The holding loop consists
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ealed  from the atmosphere within double zip-lock bags. Reproduced with permiss
echnol,  36 (2002) 4600” [26]. Copyright 2002 American Chemical Society.

.3. Copper

Copper (Cu) is an essential micronutrient involved in enzyme
eactions and photosynthetic electron transport processes. At
nhanced concentrations however dissolved Cu(II) can be toxic to
arine biota. It can inhibit the growth of dinoflagellates at concen-

rations <10−13 M,  resulting in decreased fecundity and even death
207]. Natural riverine, aeolian and hydrothermal venting inputs
nd anthropogenic inputs from e.g. mine waste, sewage effluent
nd antifouling paints, can elevate Cu concentrations in marine
aters, particularly in coastal ecosystems. Open ocean dissolved
u concentrations are typically in the range 0.5–6 nM,  with >98% in
he organically complexed form [208,209]. These organic ligands
re classified as either weak (K ′

CuL = 107–1011), usually restricted
o the upper water column, or strong (K ′

CuL = 1012–1015), usually
ound throughout the water column [210]. Recent studies have
hown that Cu plays a critical role in the physiology of open
cean phytoplankton as under conditions of Fe limitation, marine
hytoplankton up regulate a high affinity Fe transport system
hich utilities Cu containing oxidases [211,212]. The redox state

f dissolved Cu (Cu(I) versus Cu(II)) may  control the uptake of Cu,
ather than the concentration of the inorganic species in solution
213].

There have been few shipboard FIA methods for the determina-
ion of Cu, predominantly based on FIA-CL. Coale et al. reported the
rst of these in 1992, based on the formation of a complex between

opper and 1,10-phenanthroline and the subsequent emission of
ight during oxidation of the complex by hydrogen peroxide [68].
reconcentration and matrix removal were achieved with an in-
ine 8-hydroxyquinoline column. The detection limit was 0.4 nM
6-port, 2-way injection valves. Boxes shown as dotted lines indicate the solution is
om “A.R. Bowie, E.P. Achterberg, P.N. Sedwick, S. Ussher, P.J. Worsfold, Environ. Sci.

with a 4 mL  sample volume and a throughput of 7 h−1. A refine-
ment of the method gave a lower detection limit of 0.1 nM without
preconcentration [214] and the method was  used to measure cop-
per complexation throughout the water column in Monterey Bay,
California. Two ligand classes were identified: a strong ligand (L1;
logK ′

1 13.1 ± 0.4), ranging from 1.3 to 3.1 nM, and a weaker ligand
(L2; logK ′

2 9.4 ± 0.6), ranging from 9.4 to 25.6 nM. Achterberg et al.
[209] compared off-line (4 h, 400 W + peroxide) with in-line (quartz
coil, volume 2.8 mL  + peroxide) UV digestion in combination with
in-line preconcentration and phenanthroline FIA-CL detection for
the determination of total dissolved copper. They showed that UV
digestion was  necessary to determine total dissolved Cu, as was
the case for Co, and that recoveries were higher with the off-line
method.

7.4. Zinc

Surface ocean zinc (Zn) concentrations are low and may  limit
photosynthetic activity in many oceanic regimes which, in turn,
may  impact on global carbon cycling. This is because Zn plays an
important role in the metabolism of marine phytoplankton by act-
ing as an essential constituent of enzymes linked with carbon [215]
and phosphate uptake [216]. Dissolved Zn concentrations profiles
resemble those of the major nutrients, with large deep to surface
concentration ratios [217,218]. Concentrations of dissolved Zn are

<0.1 nM in surface waters of the world’s oceans [217–219], with
approximately 98% of this pool chelated by strong organic ligands
[220,221]. This reduces the bioavailable fraction of Zn, the free
metal ion, to concentrations as low as 1 pM,  values which have
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ig. 10. Manifold configuration for the determination of total dissolved cobalt in se
n  the inject position. (C) shows the ocean scale spatial mapping of Co on a north-so

een shown to limit phytoplankton growth in culture experiments
222–225]. Culture experiments have revealed that at low dissolved
n concentrations, the ability of phytoplankton to manufacture
arbonic anhydrase is diminished, potentially limiting CO2 uptake
nd growth [215,226]. However, at present there is a lack of dis-
olved Zn data for most regions of the world’s oceans, partly due
o a lack of suitable shipboard analytical methods. Zinc is a noto-
iously pervasive contaminant, as it is frequently used on marine
essels and equipment. Therefore accurate measurements can only
e made using strict safeguards during sample collection and anal-

sis [219,221].

Nowicki et al. reported a sensitive FIA method for the shipboard
etermination of Zn with fluorimetric detection in 1994 [52].

 cation exchange column was used for preconcentration and
er. (A) shows the manifold in the sample load position and (B) shows the manifold
ansect of the Atlantic Ocean using FIA-CL detection.

the separation of Zn from interfering alkali and alkaline earth
ions. The ligand, p-tosyl-8-aminoquinoline (pTAQ), selectively
complexed zinc to give a fluorescent product with a detection limit
of 0.1 nM for a 4.4 mL  sample and a precision of ±6% (n = 5) for a
4.3 nM Zn standard. A depth profile of 12 samples plus standards
and blanks was analysed in triplicate in 5.5 h. This method was
recently adapted for shipboard use for low level Zn concentrations
in the Indian Ocean [219]. The key modifications were: (1) using
40 �M of pTAQ and (2) use of 0.16 M ammonium acetate buffer
(pH 5.7) as the rinse step. The detection limit was  0.06 ± 0.018 nM

(n = 5). The accuracy of the method was demonstrated using
SAFe surface where 0.06 nM was  obtained which is within the
consensus values of 0.062 ± 0.019 nM [219]. As cadmium (Cd)
also forms a fluorescence complex with pTAQ this can result in a
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ositive inference with this method. Cadmium is present at much
ower concentrations approximately 10% of Zn in seawater [220].
owicki et al. [52] reported that Cd fluorescence is approximately
0% of the Zn signal which would result in about a 3% correction.
osnell et al. [219] did not correct for Cd in their work as the
alculated Cd interference was below their detection limit.

More recently, Grand et al. designed and optimised a sequential
njection lab-on-valve system with fluorescence detection, using
he selective reagent FluoZin-3, for the determination of zinc in
nacidified seawater [51]. Optimum response was  obtained with a

arge sample volume (75 �L) aspirated last in the sequence prior to
ow reversal and detection, giving a detection limit of 0.3 nM,  RSDs
2.5%, a linear range of 0.3–40 nM and a throughput of 60 h−1. The
ethod was suitable for shipboard deployment, did not require

 preconcentration/matrix removal step and was  suitable for the
etermination of zinc in open ocean waters.

.5. Manganese

Manganese (Mn) is a biogeochemical reactive element, and is
ound in the oceans at concentrations ranging from <0.1 to 25 nM
227] and generally low concentrations in the range of 0.1–0.2 nM
n the surface ocean [228]. Dissolved Mn  is an essential trace nutri-
nt, which is used in enzymes for various biological processes such
s photosystem II (PSII) for the splitting of water in phytoplankton
o supply electrons to the reaction system of PSII [229]. Manganese
s also essential in superoxide dismutase (SOD) enzymes in marine
iatoms [230]. Manganese(II) is removed from the dissolved phase
xidation to insoluble manganese(IV) oxide, which acts as a scav-
nger for other trace elements. Particulate Mn(IV) in sediments
s diffused into the water column under mild reducing condi-
ions, such as the oxygen minimum layer and near-shore anoxic
ediments. Sources of manganese to the oceans include aeolian
ust, coastal, sediment release, riverine and hydrothermal inputs.
anganese is an excellent tracer of a wide variety of marine bio-

eochemical process, such as Fe input from continental margins
nd hydrothermal vents [231,232] and aeolian inputs [233].

Analogous to Fe, there are two types of detection sys-
em used for the FIA determination of Mn,  chemiluminescence
CL) and spectrophotometry (SP). FIA-CL methods are based
n the catalytic effect of Mn  ions on the oxidation of
,7,8,8-tetracyanoquinodimethane (TCNQ) or luminol [66,234].
hapin, Johnson and Coale [66] presented a FIA-CL method
ased on the Mn(II)-catalysis of the oxidation of 7,7,8,8-
etracyanoquinodimethane (TCNQ) in alkaline solution. By incor-
orating a mini-column containing the 8-HQ chelating resin, a limit
f detection of 0.1 nM was achieved. This method has been widely
sed at sea where profiles were in good agreement with data mea-
ured by GF-AAS in a shore-based laboratory. The reaction was also
xploited by Bowie et al. [235] in order to determine manganese in
otable waters. No chelating resin mini-column was  incorporated

nto the FIA system since the nature of the matrix and the enhanced
n  levels meant the reaction was sensitive enough without in-

ine preconcentration. Bowie et al. [235] investigated the reaction
echanism in detail and the CL emission was sensitised using eosin

 and further enhanced by means of didodecyldimethylammonium
romide (DDAB) bilayer vesicles.

More recently, Doi et al. [234] used the catalytic effect of Mn
ons on the oxidation of luminol and hydrogen peroxide to develop

 highly sensitive method for the determination of picomolar con-
entrations of Mn.  Seawater samples were buffered to pH 8.5
ith ammonium acetate and reconcentrated onto an 8-HQ che-
ating resin. The Mn  was  eluted from the column with dilute HCl,
ixed with ammonium hydroxide and luminol solution and passed

hrough a 3 m mixing coil at 25 ◦C. This FIA-CL method was  recently
sed by Middag et al. [232] where they changed the buffer to
ica Acta 803 (2013) 15– 40 37

ammonium borate and buffered the samples in-line. The blank,
determined by measuring column-cleaned seawater over a Toy-
opearl AF-Chelate 650 M resin and an 8-HQ column, was 0.02 nM
with a detection limit of <0.01 nM and a RSD of 2.19% (n = 22). Anal-
ysis of SAFe surface and SAFe deep samples were 0.73 ± 0.01 nM
and 0.31 ± 0.01 nM (n = 3) respectively. These values are within the
consensus range of 0.74 ± 0.06 nM and 0.35 ± 0.06 nM.

FIA-SP involves the catalytic oxidation of either N,N-
diethylaniline or leucomalachite green by periodate and
manganese [236,237]. Kolotyrkina et al. reported a shipboard
method combining in-line preconcentration on an ion-exchange
microcolumn with spectrophotometric detection based on the
catalytic effect of Mn(II) on the oxidation of N,N-diethylaniline
by potassium periodate at neutral pH. The linear range was
0.01–20 �g L−1 (0.2–364 nM)  with a sampling frequency of 15 h−1

and the method was  applied to the measurement of manganese
in deep sea samples as a tracer for active hydrothermal vents
[238]. A more sensitive method FIA-SP for determining Mn  at low
oceanic concentrations by pre-concentrating Mn on 8-HQ resin at
pH 8.5 and involved the catalytic oxidation of malachite green by
periodate and manganese was reported by Resing and Mottl [237].
Aguilar-Islas et al. [239] added nitrilotriacetic acid as an activator
ligand to this FIA-SP method, which increased the reaction rate
and resulted in better sensitivity, and use a commercially available
Toyopearl resin for pre-concentration. Mn  is eluted from the resin
and mixes with periodate/buffer and sodium periodate producing
malachite green that is detected spectrophotometrically at 620 nm.
The average blank for this method was 0.07 ± 0.01 nM (n = 4) with
a detection limit of 0.03 nM [239]. The accuracy of the method was
tested using NASS-4 (National Research Council, Canada) certified
reference material, with concentrations of 6.7 ± 0.2 nM deter-
mined, which was within 3% of the certified value of 6.9 ± 0.4 nM
[239].

8. Emerging trends

Flow and sequential injection systems offer a number of definite
advantages for the analysis of marine waters. They are compact,
use little reagent and/or sample, show excellent repeatability,
and because they are closed systems, enable trace analyses to
be performed under conditions that minimise the potential for
contamination. Furthermore, complex sample manipulations (e.g.
filtration, digestion, derivatization, preconcentration) are readily
performed and automated using a flow/sequential injection sys-
tem, making them an ideal platform for underway shipboard or
in situ monitoring applications, e.g. in tethered buoys, as described
by Répécaud et al. [240]. There has been limited, but continu-
ing development of FIA in submersible systems and on remotely
operated vehicles (ROVs) [128–131,180,241–246], and there is
great potential in this area, given the developments in microflu-
idic devices during the last decade. The microfluidic flow device
described by Beaton et al. for the determination of nitrate [247] is
an example of the new generation of flow analysis devices under
development. The emergence of new reagentless sensors, such as
that recently described for silicate [248] will also greatly facilitate
the development of in situ flow systems.

Flow injection analysis offers a powerful means of efficiently
manipulating samples on-line, with procedures such sample matrix
modification, e.g. NaCl removal [249] and digestion [34] becoming
more common. Improvements in method detection limits are antic-
ipated as increasing use is made of high-sensitivity detectors such
as LWCCs coupled with miniature solid state spectrometers and as

more innovative applications of chemiluminescence are developed.
Whilst this review focuses on methodologies suitable for shipboard
use, it should also be stressed that flow injection coupled with ICP-
MS combines the attractive features of both for the laboratory based
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etermination of micronutrient species, particularly in conjunction
ith on-line solid phase preconcentration and matrix removal.

Better understanding of the biogeochemistry of the oceans is
nextricably related to the quality and comprehensiveness of avail-
ble analytical data. Flow injection analysis and related techniques
ave a continuing and important role to play in the acquisition of
his information.
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