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Abstract 

The Determination of Copper in Seawater Using Flow Injection 

with Chemiluminescence Detection 

Richard Charles Sand ford 
This thesis describes the design, optimisation and shipboard deployment o f a flow 

injection - chemiJuminescence (FI-CL) technique for the determination of labile Cu(ll) and 

total copper (by UV irradiation) in seawater. l l i e operational parameters of the FI manifold 

in a UHP water sample matrix and the 1,10-phenanthroline CL reaction were rigorously 

optimised. Interferences to the CL reaction were investigated and the good analytical 

figures of merit obtained presented. The FI-CL method was modified for the 

determination of ultra trace levels of Cu(Il) in seawater by the incorporation of a new 

design of micro-column containing 8-hydrox)'quinoline (8HQ) resin for in-line matrLx 

separation and preconccntration. Reagent clean-up techniques, blank procedures and a 

standard addition protocol are detailed. The optimised method is selective for Cu(ll) in the 

linear range 0.1 - 50 nM, with precision of <4% (n=4) for a t)'pical seawater analysis, and a 

limit of detection (3s) of 25 pM for a loading time of 90 s. 

The FI-CL analyser was fully automated and then validated by field deployment on 

the Tamar Esruar)', during which its robustness, reliabilit}' and stand alone capability' were 

demonstrated. Good accuracy was achieved for a seawatcr CRM analysed onboard. The 

near real time Cu data obtained was in good agreement with a comparative voltammetric 

method. 

The FI-CL method was further validated by field deployment on the Adantic 

Meridional Transect (AMT 9) during which Cu(II) (filtered, acidified (pH 2) HNO3) in the 

surface waters (<250 m) of the North and South A dan tip (50 to 50 °S) was mapped. 

Spatial variation in Cu(II) concentrations was obser\'ed (<0.7 to 6.1 nM) through the 

contrasting biogeochemical provinces encountered that representatcd coastal, upwelling 

and oligotrophic regions. Copper (II) enrichments were imposed on a trend of decreasing 

Cu(Il) concentrations away fom European coastal waters (>2.5 nM) to open ocean g>'res 

(< 1 nM). Away from strong input mechanisms, upper water column Cu(ir) concentrations 

were ca. 1.5 nM, being dominated by long range aerosol input mechanisms. Input sources 

are fingerprinted via correlation with nutrients and hydrographic data, whilst the dominant 

sinks are active biological uptake and particle reactivity. Cu(II) vertical distributions 

tiirough the upper rruxed layer display strong relationships with chlorophyll parucularly 

in remote oceanic regimes. 
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An in-line UA' photo-oxidation system was constructed and optimised for the 

digestion o f organicaDy complexed Cu to enable near real time determination o f total Cu in 

seawater by FI-CL. It achieved very efficient digestion of D O M (96.3 %) using a short 

irradiation time (600 s), with good recovery of Cu. Robusmess, reproducibilty of 

irradiation, effective operadonal life and safety were considerably improved compared to 

exisdng systems. D O M rich Tamar Estuar)' and Celdc Sea samples were in good agreement 

with Cu(II) results from convendonal batch \J\^ digesdon and voltammetnc detecdon. 
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Introduction 
1.1 Chemical Properties of Copper 

Copper (Cu) has been utilised by humankind since the Bronze Age (5000 BC) when 

it was first alloyed with tin to produce bronze. The word copper originated from Kypros, 

Greek for the island of Cyprus later incorporated into Roman as aes cyprium (the metal from 

Cyprus) and the Latin cupnrm which was later simplified to cyprium. 

Copper is the rwent)^-fifth most abundant crustal element (-0.01 %) and occurs in 

the lithosphere mixed with other metals e.g. Ag, Pb, as copper pyrites (chalcopyrite, 

CuFeS2), chalcocite (Cu2S) and bomite (Cu5FeS4), from which the metal is refined by 

flotation, the sulphur then being oxidised in converters. Copper also occurs naturally as 

the oxide of cuprite (Cu20), and the carbonates of malachite (bright green, 

Cu2(C03)(OH)2) and azurite (bright blue, Cu3(C03)2(OH)2)) which are used as pigments. 

Trace impurities significandy reduce the metals conductivity and it is purified 

electrolytically or by heating in an air current. Owing to its sofmess, Cu forms more than a 

diousand alloys, especially brasses and bronzes (Townshend, 1995). Uses include electrical 

wiring (-55 %), plumbing (15 %), catalysts (CuCl, CuClj, CuO), fungicides (CuClj, CuO), 

printing, dyeing, pigments and paints. Copper also plays a central role in important 

enzymatic actions (e.g. ascorbic acid, cytochrome oxidases and tyrosinases) and is the 

oxygen carrier in snails, crabs and some crustaceans. 

In its native form Cu cr)'Stallises in a face centred cube with close packing, the 

closest distance being 2.56*10"^ cm with each atom being surrounded by 12 identical 

atoms. Copper has two natural isotopes, ^^Cu (68.94 %) and ^^Cu (31.06 %) with eleven 

known isotopes. Of these **̂ Cu has been used as a radioactive tracer. With an electronic 

configuration of 3d'*' 4s', copper is a typical transition element. In the electrochemical 

series Cu is below hydrogen, is attacked by halogens, oxidising acids, ammonia and K C N 

solutions (the latter two in the presence of oxygen), does not react with non-oxidising acids 

and at ambient temperatures is not easily oxidised by oxygen (Dictionary of Chemistry, 

1993). 

Exposure limits in the USA have been legislated for at 1 mg m"^ for Cu dusts and 

mists, and at 0.1 mg m*-̂  for Cu fumes. The maximum level for treated, potable waters is 

currendy 3 mg L"^ at the tap, with the E C guide level being 100 jig L ' ^ at the tieatment 

plant. 
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Table 1:1 PhysiocKemical Properues^ 

Electronic configuration ls^s^p^3s^3p''3d'"4s^ 

Relative atomic mass 63.54 
Relative density 8.95 

Mohs densit)' 3.0 
Melting point 1083°C 
Boiling point 2595*̂  C 
Heat of fusion 205 kJ kg ' 

Heat of vaporisation 4810 kJ kg ' 
Standard electrode potentials 

Cu^* + 2e- = Cu 0.337 V 
Cu'" + e" = Cu" E ° = 0.153 V 

Cu" + e' = Cu E ° = 0.52 V 

Encyclopedia of Analytical Science, Townshend, 1995. 

and 0.003 mg ml"^ after 12 hours in piping. The mean global sea concentration has been 

reported as 0.12 |ig L"* and for total Cu in Pacific water as 0.3-0.8 jig L"^ (Townshend, 

1995). 

1.2 Sources and Sinks of Copper in Seawater 
The continental and oceanic crusts are the principle natural sources of oceanic Cu. 

The average crustal concentration of copper is 32 fig g"' and for soils 30 ^g g '. Continental 

crustal elements are mobilised by low temperature weathering and transported to the 

oceans via fluvial and atmospheric processes. Along the oceanic crust, high temperature 

volcanic activit)' mobilises materials (Chester, 2000). Glacial transport mechanisms are less 

significant due to the restricted nature of the polar regions. Sources of Cu to the worlds 

oceans have been studied for some time and although a consensus has been reached 

regarding the fluxes and speciation in a typical enviroment, continuing invesdgarions e.g. in 

hydrothermal vents, illustrate the uncertainities that still exist. 

The three primar)' sources of Cu to seawater are riverine, atmospheric and 

hydrothermal with anthropogenic Cu contributing to the first two. Figure 1.1 provides a 

schematic summary of the global biogeochemical Cu cycle. Anthropogenic sources arc 

dominated by the discharge of domestic and industrial wastes and sludges into the rivers 

and oceans, with atmospheric inputs e.g. smelting also contributing. In localised ecosystems 

the influence of anthropogenic inputs can dominate natural inputs. The interpretation of 

the biogeochemical cycling of Cu in seawater requires knowledge of its sources and sinks, 

its individual species, especially the bio-available fraction, and their concentrations and 

oceanographic processes. 
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1.2.1 Riverine Sources 

The terrestrial flux of Cu to oceanic reservoirs is dominated by riverine inputs 

(Figure 1.1), which historicaUy were thought to be several hundred times greater than either 

atmospheric or anthropogenic sources (Chester, 2000). The concentration of Cu in river 

waters is influenced by the geolog)̂  of the river catchment and chemical constraints within 

the water system, especially particulate-dissolved equilibria involving inorganic and biotic 

suspended particulates. These processes are influenced by physico-chemical parameters 

such as pH, concentrations of the complexing ligands, anthropogeruc inputs and the 

riverine particulate fraction. The dissolved phase of Cu consists of the free Cu(Il) ion, 

inorganic and organically complexed Cu, and Cu associated with the colloidal phase. 

Dissolved Cu in river waters ranges from 0.3 to 6.3 |ig L * (Chester, 2000) although the 

latter represents the river Rhine, an anthropogenically influenced source. The crj'stalline, 

metal oxide and organic host fractions are the principal particulate trace-metal carriers in 

rivers that receive their trace metals from natural sources, with Cu in the particulate phase 

ranging from 30 - 266 (ig kg'' although the majority of rivers have </=100 fig kg"V 

Estimates of the net global riverine flux of Cu to the world's oceans vary by an order of 

magnitude for die dissolved phase from 0.06 x 10'̂  g y"' (Chester, 2000) to 0.6 x 10'̂  g y' 

(Benjamin and Honeyman, 1992). In the particulate phase the net global riverine flux of Cu 

varies from 0.155 x lO'^gy ' (Chester, 2000) to 6.2gy' (Benjamin and Honeyman, 1992). 

Before reaching coastal or open ocean regions, flm-ial material must pass through 

the estuarine environment which can act, mainly due to dissolved-particulate reactions, as a 

filter modifying the fluvial Cu signals. The modifications can vary widely from estuar}' to 

estuary. Cu can display both conser\'ative and non-conservative behaviour (Chester, 2000), 

depending on the particular estuary under investigation. Approximately 90 % of the 

particulate phase is trapped in the estuarine environment which, in association with other 

processes e.g. flocculation, is reflected in the reduced levels of Cu in seawater (Chester, 

2000). 

1.2.2 Atmospheric Sources 

Seawater receives atmospheric inputs from the mineral dust veil over the oceans, 

which originates from aeolian transported anthropogenic and crystal material. Atmospheric 

input of Cu is dominated by particulate matter, 90 % of which originates from smelting, 

fossil friel burning and other human activities. Urban and crustal aerosol end-members can 

be distinguished by different partitioning signatures for Cu. Approximately 15% of Cu in 
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aerosol urban particulate material (UPN-I) is refractory compared to 80 % in a crustal 
sample. In addition, a much greater proportion of UPM Cu is loosely bound, reflecting the 
often high temperature origin of Cu in aerosols and its subsequent association with 
particles < Ipjn (Chester, 2000) that consequently can travel further than larger diameter 
crustal particles. Anthropogenic Cu forms - 90 % of atmospheric Cu in the Northern 
Hemisphere, reflecting its urban and industrial origins, in comparison with - 10 % from 
this source in the Southern Hemisphere. Waters close to urban areas are thus likely to be 
significandy influenced by anthropogenic sources. The loosely bound fraction of Cu was 
reported as decreasing on a N / S transect from the European coast due to aeolian 
dispersion e.g. in the North East Trade winds (Chester, 2000). Ambient levels for Cu in 
rain in clean areas have been reported as 0.4 - 2.3 |ig 1"̂  and in urban snow 15 - 70 |ig 1"̂ , 
in comparison with remote pristine locations of 2 ng 1', e.g. Hawaii in 1972 (Chester, 
2000). 

Chester (2000) concluded that in coastal regions, solubilisarion from atmospheric 

particulates can play a significant role in governing the trace metal burden of the surface 

water, especially in the North Atlantic. Unlike riverine fluxes, which can undergo 

transformation and be retained in estuarine and coastal waters, atmospheric Cu fingerprints 

imposed on dissolved trace metal distributions are often more apparent away from the 

immediate coast. Therefore, they can be a significant contributor to surface seawater Cu 

levels, especially in remote oceanic regions. These aspects are discussed further in relation 

to field deployment in Chapter 5. 

1.2.3 Hydrothermal Sources 

Hydrothermal plumes have only more recendy been recognised as potentially 

significant sources of trace metals to the global oceans. Tectonic plate acti\'it)' at spreading 

seabed ridges results in black smokers that are characterised by the release of high 

temperature (> 350 *̂ C) acidic, metal and sulphide rich hydrothermal solutions that have 

enhanced Cu levels and can be a significant contributor to oceanic Cu. At intermediate 

temperatures, the entrainment of Cu in seawater causes a fraction of Cu to precipitate out 

as insoluble fine-grained sulphides (the black smoke) and oxides of Cu, although the acid 

plume also retains some Cu in solution. Values of Cu in such plumes vary from < 0.02 

|imol kg"' up to 35 ^mol kg*', in comparison to a mean of - 0.007 jimol kg"' for seawater, 

wath the average high temperature system reported as contributing 3.0 - 13 xlO^ mol year"' 

(Chester, 2000). 
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1.2.4 Sinks 

A major sink for Cu in seawater is its association with suspended particulate 

material (SPM), both biogenic and lithogenic in origin. The vertical distribution of SPM 

through the water column comprises a surface layer, where SPM concentrations are highest 

and more variable in nature, followed by a clear water minimum layer where SPM 

undergoes vertical movement by advective processes or becomes degraded. A t the base o f 

the water column a deep water layer exists in which resuspension of bottom sediments can 

take place. 

The oceanic concentrations of copper associated with the SPM have been 

determined at 145 mg g"̂  in surface waters and 200 mg g"̂  in deep water (Buat-Menard 

and Chesselet, 1979), The down column flux o f copper associated with the total suspended 

material (TSM) in the sea varies from 56 to 7000 ng cm-2 year'*, depending on the ocean 

and the depth (Chester, 1990). Two further major sinks for Cu are biological uptake and 

organic complexation (Section 1.2.3). In the surface ocean, biogenic material interacts with 

dissolved and particulate Cu from fluvial and atmospheric inputs. Cu in seawater is both an 

essential micronutrient with nano- to pico-molar optimums for organisms, but can also act 

as a toxicant at levels above this, as discussed below. 

1.3 Marine Biogeochemistry of Copper 
Riverine waters reflect the composition of the end-member rocks over which the 

water has flowed and consequendy have a higher dissolved Cu concentration than seawater 

(Chester, 2000). River water and seawater also differ in their ionic composition and 

concentration o f inorganic complexing ligands, with Câ"*" and H C O / dominating in the 

former, and Na* and CI" in the latter (Chester, 2000). When river waters mix with higher 

salinit)' seawater, the Ca^* and Mg^* in the latter can displace trace metals f rom the organic 

material, reducing the fraction of Cu complexed. This is less significant for Cu than for 

other metals, reflecting the Irving-Williams series with regard to the strength of metal 

binding to humic materials (Mg < Ca = Cd < Mn < Co < Zn < N i < Cu < Hg). Up to 40 

% of the dissolved Cu in river waters can undergo flocculation when mixing with seawater. 

1.3.1 Redox Speciation and Bioavailability 

In oxygenated seawater, total dissolved copper comprises the free Cu(II) ion with 
2+ 

its associated hydration sphere, Cu(H20)(3 dissolved organic, inorganic and coUoidal 

fractions (Apte and Batley, 1995). The naturally occurring valencies o f Cu are +1 and +2, 
7 
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with +3 only being found in synthetic compounds. In seawater Cu(II) is the bio-available 
form and therefore more influential on marine life than other forms, although i t comprises 
< 0.5 % of total Cu (Sunda and Huntsman, 1991), with organically complexed Cu making 
up 96 - 99.5 % of total Cu (Section 1.3.3). Figure 1.2 is a schematic of the speciation of Cu 
in seawater. 

Mar ine 
Biota 

Unstable Unless 1 (e.g.CuCl/) 
Complexed 

Only Exists 
When Complexed 

Oxidaaon Reducaon 

(Thermodynamically Favoured 
&Bioavailable Species,< 0.5 % o f Total Cu) 

Orgamc 
Ligands 

Inorganic Ligands 
(oxy/hydroxy compounds) 

Photoreduction Reminerausation 

Parncles 

Adsorbed Cu 

Inorganic 
Complexes 

Organic 
Complexes 

- 0.3 % o f total Cu, 
e.g. CuOH+,CuC03 

> 9 8 % o f C u , 
e.g. Cu-Humic 

Figure 1.2 Schematic of Cu Speciation in Seawater. 

Cu(I) is unstable, forming Cu(0) and Cu(II) in seawater due to the 

disproportionation reaction (equihbrium constant (K) of 1.1*10*̂  1 mol"'). 

Cu(I) • Cu(0) + Cu(II) 

Stabilisation of Cu(I) can occur by complex formation e.g. with cyanide or by the 

formation of insoluble chlorides (CuCl) and iodides (Cul) which are colourless or pale 

yellow. Moffett and Zika, (1985) reported the photo-oxidative induced formation of Cu(l) 

and the reduction of Cu(II) by hydrogen peroxide in seawater. 
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Copper(II) salts have a Jahn-Teller distorted co-ordination, with 4 near, plus 2 far 
neighbours and forms many complexes, especially with nitrogenous ligands. Cluster 
compounds, e.g. Cu4l4(PMe3)4^ and Cu-Cu bonding can be found in many Cu(II) 
derivatives. Cu(III) is a strong oxidant, which does not exist in aqueous solution unless 
stabilised through complexation. Copper(III) is ako found in complex oxides and fluorides 

and amino compounds. 

The amount o f Cu(ll) in seawater is determined largely by the formation of stable 

inorganic and organic complexes which influence its bioavailability^ toxicity and mobility 

(Scumm and Morgan, 1996; Buffle, 1988; Mantoura, 1981). Complexation o f Cu(II) 

minimises its reduction and accelerates the oxidation of the Cu(I) species. Ambient 

concentrations of Cu(II) of 0.1 - 6 nM have been reported in seawater (Coale & Bruland 

1988), with reported optimal biotic concentrations o f lO'^^.'* . 10'^^'* M (Coale and 

Bruland, 1990; Moffet t and Zika, 1987). These values have been shown to hold true even 

for estuarine environments, where increased levels of copper correlate with reduced salinit)' 

and raised ligand concentration (Nelson, 1985; van den Berg and Nimmo, 1986). 

Concentrations of Cu(II) in surface waters of coastal and shelf regions have been obser\^ed 

at 1.4 nM in the Pacific, 4 nM in the Atlantic, 1.6 nM in the Arctic and 2.5 nM in the 

Antarctic (Capodaglio et ai^ 1994). Anthropogenic Cu inputs from mine waste, sewage and 

antifouling paints can often exceed natural flu\^ and aeolian inputs. Such sources 

contribute to the raised Cu levels in coastal and estuarine waters (10-20 nM) and make a 

significant contribution to the | i M levels found in some perturbed estuarine systems e.g. 

the River Fal in Cornwall, UK. 

Reported vertical profiles o f Cu in seawater have described primary surface water 

input, nutrient type surface water depletion, removal in the upper water column due to 

biological uptake and scavenging onto SPM (both biogenic and lithogenic in origin). 

Regeneration o f Cu from intracellular and particulate processes occurs at different points 

through the upper water column (0 - 250 m) e.g. at the thermocline. Intermediate and 

deep-water scavenging and benthic regeneration of Cu also occurs (Chester, 2000). Typical 

upper water column (0 - ^^300 m) depth profiles for Cu at three stations in the North East 

Adantic are shown in Figure 1.3. The sites are presented to demonstrate the oceanographic 

consistency o f the Cu data obtained by FI-CL during this study (Atlantic Meridional 9 

(AMT 9)) research cruise (Chapter 5) with comparable surface water data from 

geographically similar waters during the same season i.e. late summer/early autumn. The 
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equivalent A M T 9 stations were for profile a) - A M T 902; profile b) mid way between 
A M T 904 - A M T 905 and profile c) - A M T 906. 

[Cu) ( n M ) 
2 3 4 5 

[Cu] ( nM) 
1 2 3 4 5 

| C u | ( n M ) 
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^ 140 

Q 200 
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Figure 1.3 Typical Cu Depth Profiles through the Upper Water Column of the Atlantic. 

Profiles a), b) and c) derived from raw data from Saager et aL, 1997 - Joint Global Oceanographic 

Flux Study (JGOFS) research cmise of late summer 1989 in the North East Atlantic, a) Site 4, 

JGOFS 1, station 21/22 at 46° 59' N , 20° 00' W; b) Site 5, JGOFS 1, station BM3 at 40° 30'N. 20° 

03'W; c) Site 6,JGOFS 2, station BM4 at 32° 5 8 ' N , 19-58'W. d) fix)m Zuehlke and Kester, 

1985) - Western Northem Atlantic 

'ITiese profiles illustrate the relative consistency o f Cu data through the Atlantic, 

although it can be seen that there is considerable fluctuation in concentration through the 

upper water column. Histoncal Cu data and the oceanographic processes that influence the 

surface water concentrarions and depth profile o f Cu are discussed in C^hapter 5. 

10 
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1.3.2 Inorganic Complexation 

In ox)'genated seawater the major inorganic ligands e.g. CI , SO^̂  , COj^ , O H , 

organic ligands e.g. humic and fulvic acids and suspended particulate matter (SPM) 

compete for complexation of Cu. The inorganically complexed fraction of Cu in seawater, 

which accounts for 0.05-0.27 % of total Cu, (Buckley and van den Berg, 1986) is made up 

of dissolved chloro-, carbonato-, sulfato-, oxo-, and hydroxo complexes. Figure 1.4 

illustrates the interactions of Cu(II) in seawater. 

These interactions are governed by three physico-chemical variables, namely ionic 

strength, pH and the character of the complexing ligands. Seawater has an ionic strength o f 

- 0.7 M , a mean pH of 8.2 compared with a lower although variable ionic strength, and a 

pH of 5 - 8 in riverine and estuarine waters. Table 1.2 illustrates the various inorganic 

forms o f Cu in seawater expressed as a percentage of the total inorganic Cu. 
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CuCl { 
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CuCl { 

Surface. 
Complexation 

Inorganic Inorganic 
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Orgimc Weak Organic 
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Complexadon Complexes 

iVmino i\d(is 
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Complexadon Cu-hihic add/ 
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Biological 
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Rsa 
Complexes 

Colloidal 

Particulate 

Adsorbed 
Cu 

Cu in 
Organisms 

Figure 1.4 Interactions of Cu(II) in Natural Waters 

Butcher et ai, (1992) also reported that the inorganic speciation of Cu in seawater is 

dominated by CuCOj and CuOH"^, with total dissolved Cu having a mean seawater 

11 
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Table 1.2 Inorgamc Speciat̂ ^̂ ^̂  

Seawater as % of Tota l inorganic Fraction 

Cu^^ 3.9 
Cu(OH) ' 4.9 
Cu(OH)2 2.2 

CUSO4 1.0 
CUCO3 73.8 

Cu(C03) / - 14.2 
C u H C O / 0.1 

Source Turner et al, 1995 

concentration of 120 ng kg"'. A t the surface (pH 8.2, 25*̂  C) the free Cu(II) ion can be 4-5 

% o f the total inorganic Cu. A t increased depth, where the pH and temperature decrease 

(pH 7.5, 5 OC), the free Cu(ll) contribution to the total inorganic Cu fraction may be 

greater than 30% (Byrne et al.^ 1988). Sulphide complexation may also contribute 

significandy to the total inorganic Cu fraction (Cutter and Oatts, 1987; Elliott, 1988; 

Dyrssen, 1988) but data on this is limited. 

1.3.3 Organic Complexation 

The largest fraction of dissolved Cu in seawatet is organically complexed (90-99 % 

of total Cu, van den Berg et ai 1986; 99.7-99.95 %, Sunda and Huntsman, 1991) although 

this fraction has only been partially characterised, especially in reference to operational 

parameters such as pH, conductivity and salinity. In riverine, estuarine and coastal waters, 

terrestrial fulvic and humic compounds make up a large proportion o f the organic 

complexes, with in-situ supplementation of organic ligands in the oceans by intra-cellular 

ex'udation. 

The organic ligands which complex Cu and other trace metals in seawater have 

been classified as weak ligands (conditional stability constant =10^"^^) usually 

restricted to the upper or mixed layers of the oceans, together with strong ligands 

(conditional stabilit)^ constant K^UL =10^^"^^) found throughout the water column (Moffett 

et al. 1990; Robinson and Brown, 1991). Coale and Bruland, (1988, 1990) reported a 

concentration of 2 nM for the stronger ligand L, (log K^^, = 11.6), which coincided with a 

maximum in primary' production and chlorophyll in surface waters, with a concentration of 

5 - 1 0 nM for a weaker ligand L2 (Log K^ ,̂, = 8.6) that was distributed throughout the 

water column. The variation in Cu speciation at different depths in the Pacific was due to 

the weaker ligands that predominate at depths o f - 1000 m. These authors found a 

seasonal correlation between the distribution o f the strong Cu complexing ligands and the 

12 
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depth of the mixed layer, suggesting a ligand source in the lower mixed layer. Ligand 
concentrations were reponed as varying only by a factor o f two between all stations and to 
result in a reasonably constant Cu(II) concentration o f ~ 10"̂ ^ M in surface waters and to -
10~" M at depth, effectively buffering the Cu(II) activity in seawater and suggesting a 
regulated ligand production mechanism. Moffet and Zika, (1987) reported similar results. 

Apte (1990) also reported the complexation of Cu in seawater by ligands of 

varying affinit)' for Cu, with ligand concentrations ranging from 20 nmol L"' (log K^^j > 

14) to 70 nmol L"' (log > 8). These authors also found ligands with a strong affinity 

for Cu in estuarine waters (complexing capacity o f > 200 nmol L*'), with freshwaters 

exhibiting a mixture of weak and strong ligands, although a complexation capacity of > 200 

nmol L ' ' was also found. Where very low aquatic metal concentrations exist (< 1 nmol L ' ) , 

complexation was found to occur at sites exhibiting the strongest binding for the metal e.g. 

log K^uL-^^^ (Mota and Correia Dos Santos, 1995). 

The inorgatuc/organic speciation o f Cu affects the extent o f particle interactions and 

therefore the conservative/non-conservative behaviour of Cu. In seawater, organic 

complexing o f metals such as Cu is constrained by competition for the ligand from Ca(II) 

and Mg(Il) and inorganic complexation of the metals. Organic complexation o f Cu reduces 

its adsorption onto particulate surfaces and therefore the extent o f its particle scavenging, 

which itself induces non-conservative behaviour. This is important in controlling the 

transport of dissolved Cu out of the estuarine environment. In support of this Huizenga 

and Kester, (1983) found that for total and labile Cu, during a North West Atiantic shelf 

transect (unfiltered samples), a linear relationship (i.e. conser\'ative behaviour) existed 

between total Cu and salinity, with < 5% of total Cu being in a labile form. This 

conser\'ative behaviour may reflect the fact that the non-labiJe Cu (e.g. organically 

complexed species) is less affected by particle scavenging and biological uptake than the 

free Cu(II) ion. 

The copper complexing capacity o f marine waters was found to alter in the order o f 

inner shelf > outer shelf > open ocean, a trend that correlates with decreasing dissolved 

organic carbon (DOC) and a reduction in suspended particulate matter concentrations 

(Mantoura, 1978). The same author also reported that Cu in seawater was found to be 

associated with dispersed colloids and with the surface of suspended particulate matter. 

13 
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1.3.4 Micronutrient and Toxicological Aspects 

Copper is a metabolically essential metal for virtually all organisms, being essential 

to growth at low, but variable concentrations but also toxic at higher concentrations that 

also var)\ Copper is included in several proteins in which it is co-ordinated to N , S or O 

containing ligands. The toxicity o f Cu has been utilised to reduce marine growth o f 

unwanted algae and fungi in natural waters. Gledhill et ai^ (1997) reviewed the speciation 

and toxicologicaJ aspects o f Cu in seawater. I t can act as an electron donor/acceptor in 

enzyme reactions and is involved in electron transport mechanisms in photosynthesis. 

Copper has also been shown to inhibit photosynthesis (Rijstenbil et al. 1994), disrupt 

electron transport in the photosystem I I (Shio et A / , 1978), reduce nitrate uptake and the 

production of nitrate reductase (Harrison et a/., 1977), disrupt gametophyte development 

(Garman et ai, 1994), restrict growth (Florence and Stauber, 1986; Lage et aL, 1994), 

decrease pigment concentrations (Lage et al., 1994; Stauber and Florence, 1987), affect the 

permeabilit}^ of the plasma membrane (De Filippis, 1979), and alter the isotopic 

distribution of Upids, sterols, sterol esters, and free fatty acids (Lage et aL, 1994; Stauber and 

Florence, 1987). 

Gerringa, et al., (1995) and Grashoff, et ai, (1999) found an optimal Cu(II) 

concentration o f 10"^' to lO'l** M for diatoms, with a 40 % reduction in diatom growth 

reported at a lO"̂ ** and growth ceasing between lO"^-^ M (Sunda and Guillard, 1976) and 

10'^ M (Rueter and Morel, 1981). Copper can cause inhibition of growth of dinoflagellates 

at < 10"^^ M , with a decrease in fecundity and even death at higher levels. The toxicological 

aspects of Cu(ll) have been attributed to its competition for metals at active sites in 

enzyme systems or forming complexes with proteins and nucleic acids rendering them 

non-functional. The toxicological effects of Cu result from concentrations that are several 

orders o f magnitude less than ambient seawater levels. Sunda et aL, (1981) also found the 

addition of Cu to a natural water resulted in a shift f rom diatoms to green flagellates. This 

illustrates the variable micronutrient and toxicological responses o f marine biota to trace 

levels of Cu. This may help to explain why certain areas of the worlds oceans e.g. 

Equatorial Pacific and Southern Ocean have high macro-nutrient levels (e.g. N or P) but 

are low chlorophyll (HNLC) areas. 

The bioavailability and toxicity o f Cu is thus directiy related to its speciation, 

primarily the activity' of the dissolved free Cu(II) ion (Sander et ai, 1983; Andrew et al., 

1977). Phytoplankton in seawater discriminate against the strongly complexed forms of Cu, 

especially the organically complexed (non-labile) species, preferring the free Cu(II) ion and 
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weakly complexed labile forms (Bemhard and George, 1986). Thermodynamic modeling 
has suggested the Cu complexation by inorganic ligands is not strong enough to detoxify 
Cu(II) ions. However, the addition of acetate, proline, cysteine or E D T A results in a much 
reduced toxicological effect o f Cu (Cabral, 1994), suggesting that the presence o f D O M 
and the intracellular exudation of organic ligands in natural waters can also reduce the 
toxicit)^ o f Cu(II). Sunda and Hunstman, (1995), reported strong e\ndence o f regulation o f 
Cu concentrations in remote oceanic nutriclines by phytoplankton uptake and regeneration 
processes. These aspects are discussed in mote detail in relation to field deployment in the 
Atlantic (Chapter 5). 

1.4 Sampling and Analytical Methods for the Determination of Copper 

I t is clear that in order to more fully understand the biogeochemistry of Cu(II) in 

marine processes accurate, systematic determination of Cu(II) at subnanomolar levels is 

required, ideally with a wide temporal and spatial spread. A number of analytical methods 

for Cu in natural waters have been developed although not all axe suitable for seawater 

analysis. However, homogenous and representative sample collection utilising trace metal 

clean protocols is a vital first step on which the validity of the data for all methods is 

dependent. 

1.4.1 Contemporary Sampling Protocols 

Reported Cu levels have varied for the same waters, a factor that has limited 

reliable inter-comparisons and reduced the ability to distinguish between environmental 

variability and analytical data quality. Sampling and storage is a critical component o f any 

trace metal determination due to the potential for contamination, species alteration, and/or 

systematic errors degrading analytical accuracy and precision. Ideally, a sampling protocol 

will be frequent enough to avoid biases firom dynamic marine biological processes. The 

choice o f the sampling equipment can also dictate sample validity and different sampling 

techniques can introduce biases. The series o f workshops on the Intercalibration of 

Sampling Devices, organised by the Intergovermental Oceanographic Commission (IOC) 

(Crompton, 1989), helped minimise these biases. The workshop identified that the major 

contribution to variation in trace metal values was due to analytical artifacts between 

various laboratories, with a smaller fraction of the variation due to the choice and use of 

sampling devices. The workshop also concluded that an ideal sampler for vertical profiling 

of the water column should be based on large volume plastic samplers with metal 
15 
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components replaced by silcone, suspended on a non-metallic coated rosette frame utilising 
Kevlar* hydroline. A typical conducti\nty-temperature-depth (CTD) carousel used for 
sample collecnon is shown m Figure 1.5. 

Figure 1.5 Sea Bird SEE 32 Carousel Water Sampler with a high qualm, epoxy coated stainit ss 

steel carousel frame, fitted with 12 grey poly(vinyl) chlonde (PVQ, Teflon* lined, free flushing 

water sampler bottles (Ocean Test I equipment Inc., mcxiel 110, 12 L capacity) fitted with latex 

tubing spring closures, with silicone 'O' nngs and seals and IIDPE plastic drain valves to minimise 

metal contamination 

Dunng storage, sample integrity can be affected by a number o f factors including 

the adsorption o f surface active Cu onto container walls, photolysis through exposure to 

sunlight, the production o f highly reactive species e.g. enzymes derived from biologically 

mediated reactions, and changes in pH through the addition o f mineral acids. Biological 

activity and hence Cu uptake/regulation o f concentration can be enhanced through the 

'bottle effect' whereby the increased surface area promotes multiplication of the previously 

free floating and relatively slow growing bactena (Jannasch and Pntchard, 1972). Also 

affecnng sample integnty are the presence of dissolved material (e.g. salinity, hardness), 

complcxing agents, dissolved gases, especially oxygen (redox alterations) and suspended 

matter (sorption processes). Physical factors e.g. temperature, light and agitation also affect 
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sorption losses. Biological activity and sorption losses can be effectively minimised by 
sample acidification. 

Capodaglio et ai^ (1994) reported an international intercomparison o f sampling 

devices (Go-Flo, Niskin, van D o m and Rutmer) of varying capacity (2-30 L) and different 

sample collection procedures in Mediterranean waters. Results showed that samplers 

became progressively cleaner with continued use, especially for sampling protocols that 

incorporated a washing cycle. Results also improved when using high-capacity samplers 

due to the reduced contact surface/volume ratio, which can affect sample integrity during 

storage. 

Cu in seawater can be associated with SPM, colloidal matter and organic and 

inorganic complexes and thus an operational definition of the size firaction by filtration will 

affect the subsequent analysis. Scarponi et al., (1982) reported that acid cleaning of filters 

used for sample filtration during field deployment minimised leaching in comparison with 

uncleaned filters. The ability to perform shipboard analysis minitnises storage, subsequent 

preserx-^ation, transport and processing artifacts and reduces anomalies due to the use of 

different analytical methods and personnel. Field based measurements can also provide 

near real time high resolution data with the opportunity to modify onboard research 

strateg}' according to the results obtained and to identify and eradicate sampling problems. 

ITiese are considerable advantages over sample collection and subsequent shore based 

determinations using one o f the laboratory analytical methods available for Cu in seawatet. 

1.4.2 Overview of Analytical Methods for Copper in Seawater 

The advent of ultra-clean techniques has promoted the development of reliable Cu 

methodologies for the determination of dissolved and particulate Cu in seawater. A variety 

o f analytical techniques e.g. ICP-MS, ET-AAS have been used based on shipboard 

sampling, filtration and acid preservation of 0.5 - 1 L volumes o f seawater followed by 

shore based analysis. These require a dedicated shore based laboratory, with stable power 

supplies, air extraction and cooling systems. The seawater matrix can inhibit selectivit)' and 

even damage instrumentation. Therefore, Cu is often isolated from the complex seawater 

matrix using an extraction stage that may also preconcentrate i t to enable trace level (sub 

nM) determination. High instrumental sensitivity and selectivity for Cu are priorities for 

analytical methods. Classical methods based on gravimetry and titrimetr)' for Cu do not 

have sufficient sensiti\nty for use in seawater, with LOD*s significandy above ambient Cu 

levels in seawater. Furthermore, the seawater matrix can often cause selecti\'it)^ problems, 

with such methods not being ideally suited to incorporation into FI systems or amenable to 
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automation for continuous monitoring. Shore based instrumental methods with increased 
sensiti\nt)' compared to classical methods are discussed below. 

1.4.3 Electro-thermal Atomic Absorption Spectrometry ( E T A A S ) 

Atomic Absorption Spectrometry (AAS) has a wide application for the 

determination of total metals (Imdadullah 1994; Nakamura et al. 1994; Groschner and 

Appriou, 1994), especially transition metals in seawater (Grashoff et al., 1999), being 

relatively free from spectral interferences. However, Flame AAS (FAAS) has insufficient 

sensitivit)' for many trace metals including Cu and it often requires preconcentrarion and 

matrix elimination. ETAAS utilises a graphite furnace and has two or three orders o f 

magnitude greater sensitivity than FAAS and requires only a small sample volume (e.g. 10 -

50 | i l ) . However, it is limited by the volatilisation of the high salt seawater matrix, which 

causes spectral and chemical interferences and results in poor precision and degrades 

LODs. Chemical and physical interferences can be reduced by the use of high quality 

graphite materials and accurate background correction techniques (Slavin et ai, 1984). 

Matrix separation and preconcentration steps are also required. 

ETAAS with preconcentration has sub-nanomolar LODs for Cu, e.g. 0.016 nM 

(Zhuang and Hong, 1992); Nakamura et ai, 1994), 0.27 n M (Sperling et ai, 1992), 0.038 n M 

(Liu and Huang, 1992), 0.34 nM (Garcia et al., 1993). Without preconcentration, ETAAS 

for a single injection has a typical L O D of 5.5 nM and for multiple injections an L O D 

between 1.1 nAI (Huang and Shih, 1993) and 17.0 nM (Garcia et al., 1993). Instrument size, 

stability of electrical power, movement, transport and safety of use issues that preclude its 

shipboard deployment for the determination o f Cu. 

1.4.4 Inductively Coupled Plasma-Atomic Emission Spectrometry ( I C P - A E S ) and 

Inductively Coupled Plasma-Mass Spectrometry ( ICP-MS) 

Although ICP-AES is a multi-element technique, it is not sensitive enough for the 

determination of Cu in seawater (Grasshoff et ai, 1999). ICP-MS is a fast, highly sensitive 

technique, with a linear calibration range often over five orders o f magnitude and a multi

element and multi-isotope capability. It is a total metal method, requiring solubilisation of 

the metal. Major disadvantages are high costs of the instrument and interference f rom the 

seawater matrix that commonly necessitates matrix separation to eliminate seawater matrix 

deposition on the sampling interface (the sampler and skimmer cones and the ion lenses). 

This reduces instrument sensitivity and long term stability. Bloxham et aL, (1994) using 

ICP-MS with Metpac CC-1 separation reported an L O D of 1.4 nM for Cu whilst Lan and 
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Yang, (1994), deploying ICP-AES with preconcentration, achieved an L O D of 1.1 nM for 
Cu. However, ICP-MS has high running costs due to argon consumption which, coupled 
to the instrument size, the requirement for stable high-power supply, dedicated laboratory-
facilities and instrument transportation and safety issues preclude its use shipboard for 
determination of Cu in seawater. Both ETAAS and ICP techniques also require specialised 
engineers to make effective repairs when at sea, further limiting their field deployment. 

1.4.5 Voltammetry 

Voltammetric techniques have been used for the determination of Cu in seawater, 

and their relative merits and deficiences are discussed in more detail in Section 1.6.1. They 

have the advantage, over the methods discussed up to this point, o f being field deployable 

and therefore capable of near real time data acquisition. This eliminates the generation of 

analytical inaccuracies through species preservation protocols and storage effects. In 

voltammetr)' the voltage to the working electrode potential is controlled or scanned whilst 

the current generated from oxidation and reduction reactions is measured at a working 

electrode. 

In anodic stripping voltammetry (ASV) species preconcentrated on the mercurj^ 

drop and then oxidised and the oxidation current measured, whilst in cathodic stripping 

voltammetry (CSV) the elements are reduced during the potential scan and the reduction 

current measured. A n important step in any voltammetric technique is the prconcentration 

step. CSV is more commonly used for the determination o f Cu, during which, the Cu 

(after the addition of a ligand and appropriate buffering) is preconcentrated by adsorption 

onto a Hg electrode as a surface active complex that is produced by the ligand/species 

interaction. Salicylaldoxime is a commonly used ligand for copper with a borate buffer (pH 

8.5), resulting in an L O D of 0.1 nM (Campos and van den Berg, 1994). 

1.4.6 Spectrophotometric Techniques 

Spectrophotometric methods are generally fast and precise and can be applied 

directiy to seawater samples although only at elevated trace metal concentrations, typically 

in the \iM to nNI range, the former occurring in anoxic waters of the deep ocean close to 

active hydrothermal regions. Islidak et ai.^ (1999) reported the spectrophotometric 

determination o f Cu(II) in seawater with an L O D o f 15.7 nM. This lack o f sensitivity 

makes it an unsuitable technique for Cu at sub-nanomolar concentrations in seawater. 
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1.4.7 Other Techniques 

There are other methods that have been used to determine Cu at the low 

nanomolar level although they each have their disadvantages. Neutron Activation Analysis 

(NAA) is an absolute method that is matrix independent. Rao and Chart, (1993) reported 

an L O D for Cu of 3.9 nM for N A A , with successfully determination o f Cu in the certified 

reference material (CRAi) CASS-2. However, to map the subnanomolar Cu concentrations 

in seawater this method is not sufficiendy sensitive and has significandy more field 

deployment problems than AAS, ICP-MS and other shore based methodologies due to the 

requirement for a nuclear reactor. 

Ion chromatography combines matrix isolation and preconcentration and 

depending on the detector, has a reported L O D of 80 n M (Caprioli and Torcini, 1993), 

although Paul! e/ A / . , (1994) reported the accurate determination of Cu in the CRM CASS-2 

(low nM Cu). Thus, it also is not sensitive enough for the subnanomolar concentrations of 

Cu in seawater. Gas chromatography is of limited use for the determination of Cu in 

seawater due to the volatile organic metal chelates or derivatives being unstable at the 

temperatures required for sufficient volatilisation. However, it is does have high sensitivit)', 

requires only small sample volumes, has relatively low instrument costs and the capabilit)^ 

of providing near real time analysis. 

1.5 In-line Solid Phase Matrix Separation 
Matrix separation and preconcentration by solid phase extraction offers the 

advantages o f a fast separation/preconcentration step, incorporation as an on-line stage 

into FI , simple operation and mild experimental conditions. Chebting resins have been 

used for matrLx separation of which MetPac® (iminodoacetate group) and Cellex P 

(cellulose phosphate ester group) are examples. Micro-columns have also been used to 

isolate analytes and often consist of a solid inert backbone onto which active groups are 

immobilised. Although micro-columns are of smaller size than those commonly used for 

MetPac® and Cellex P and therefore of lower total capacity, this aspect is unlikely to be 

exceeded at the sub-nanomolar levels o f Cu found in seawater. Micro-columns utilise mild 

eluents unlike the harsh eluting conditions required by many alternative resins, provide an 

eluent diat is matrix matched with the reagents in use and require minimal use of new 

reagents, thus reducing the risk of introducing contamination. In addition, the analyte ions 

are often eluted in a free, uncomplexed form from micro-columns. In comparison to batch 

or continuous flow systems, micro-columns offer higher enrichment factors (5-50 greater), 

a high sampling frequenc)' coupled with short operational times (10-200 s per 
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determination) than MetPac or similar columns. In comparison to batch or continuous 
flow systems, micro-columns, although often o f much smaller capacity than batch 
procedures, offer a low consumptive index for samples and reagents, often 1-2 orders o f 
magnitude less than batch procedures. This is important dunng field deployment where 
either can be limited. Micro-columns also have good reproducibility (RSD*s o f 1-5 % ) , are 
relatively simple to automate and incorporate in on-line procedures (e.g. FI), in-situ 
continuous monitoring and process control systems. 

I l ic pnnciple o f a micro-column is shown schematically in Figure 1.6. The micro

column is loaded by pumping the sample through it, dunng which the analytc o f interest is 

retained by the active sites. ' I l ie micro-column is then washed to remove residual matnx 

ions that can be weakly retained or lodged in the interstitial pore spaces o f the resin and 

which would be co-eluted, possible acting as interferents. l l i c analyte of interest is then 

elutcd o f f the micro-column by a suitable solvent. Equilibration o f the micro-column can 

then follow, although this step is not always required. 

The design and operation o f the micro-column has a significant impact on its 

performance. In order to achieve high efficiency coupled with a low sample and reagent 

consumption, the factors that must be considered include (Fang, 1993); 

Sample 
l e a d i n g Wash Eluent 

Wash 

Extraneous Seawater Matrix ions 

Analyte o f interest 

Eluted 
Analyte 

Figure 1.6 Schematic of Operation of Micro-column 

• the sample flow rate and loading time, 

• the breakthrough capacity o f the sorbent resin used for the analyte in question 
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• the particle size and specificity of the packing material 

• the extent of the interference experienced. 

An evaluation of the efficiency of a micro-column used for SPE is the enrichment 

factor (EF) which is theoretically 

EF = Ce/Cs 

where C^ = analyte concentration in the concentrate and Cg = analyte concentration in the original. 

However, since the concentration in the concentrate C^ is unknown, EF is more 

usually defined for practical purposes as the ratio of the slopes o f the calibration cur%̂ e 

prior to and after preconcentration, based on the response achieved from Cg. Other indices 

diat help define micro-columns are the consumptive index (CI) or efficiency of sample use, 

and the phase transfer factor (P) or the completeness of the transfer of the analyte from 

the sample phase into the concentrated phase. 

For micro-columns o f the same capacity and provided the breakthrough capacity of 

the column is not exceeded, a high aspect ratio (column length/column internal diameter 

i.e. L/i .d.) will usually result in a high enrichment factor (EF). The upper limit of the aspect 

ratio is often limited by high back pressures within the FI marufold e.g. as encountered 

when high flow rates through the micro-column are used (Fang, 1993). For micro-columns 

with similar aspect ratios, a larger column capacity will result in a column with a higher 

tolerance to interferents but a lower EF. 

The height of the elution peak correlates to die concentration o f the eluted analyte and 

therefore the dispersion characteristics of the eluted Cu(II) and peak shape are of primary 

importance and should be optimised to give sharp elution peaks. The use of 3D mLxing 

coils that increases radial mixing can dramatically influence peak shape, producing a tall 

thin peak. Column resin materials that are of a fine particle size wil l generally increase the 

EF by producing sharper elurion peaks (Fang, 1993). However, this has to be balanced 

against an increase in back pressure that can result from a resin o f fine particle size, which 

can lower the column loading flow rate and thus reduce the maximum EF achievable. For 

matrix separation by sorption onto a suitable resin, the EF value has a direct relationship to 

the amount o f sample loaded onto the column, which in turn is related to the sample 

loading time and sample flow rate. A n optimal sample flow rate is a compromise between 

sensitivit)' and selecti\nty. 

The kinetic aspects in a micro-column are of much more importance than in a batch 

system due to the sample flow through it. The kinetics o f the resin should promote high 
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selectivity and strong retention of the analyte, whilst enabling a rapid, efficient elurion. 
High EF values are best achieved through high sample loading rates although the 
maximum flow rate is more often limited by the kinetic aspects of the column resin than by 
the limitations of contemporary fluid delivery systems. 

Dispersion of the analyte during sorption onto the column resin and elution of the 

micro-column is influenced by; 

o the column geometry 

o the characteristics o f the sorbtive material in relation to the analyte 

o the eluent properties 

o the eluent flow rate 

• the overall system design in relation to the micro-column. 

The sorbent material used in the micro-column can affect the dispersion characteristics 

of the analyte (Fang, 1993). The sorbed analyte band is acted upon by the eluent prior to its 

release, with the degree of dispersion being related to the distribution coefficient of the 

analyte between the stationary column packing phase and the mobile eluent phase. The 

dispersion can be reduced by the use of the shortest, thinnest lines possible together with 

3D knitted mixing coils (Chapter 2). This is of particular importance when micro-columns 

with focused eluate zones are used. 

The micro-column can be equilibrated prior to loading by rinsing with a buffered carrier 

solution, followed by washing with distilled water after loading to remove the residual 

sample matrix. Fang (1993) concluded that washing and/or equilibration did not enhance 

the sensitivity or precision when using Flame AAS. When column equilibration was not 

used, the buffered sample acted as an equilibrant for the column within a few seconds of 

loading, minimising sample loss and resulting in a simpler and more efficient micro-column 

system. 

The kinetic factors o f elution f rom a micro-column are o f much greater importance 

than with a batch system. A strong eluent requiring a short equilibrium time is required in 

order not to degrade the EF o f a micro-column. I t is ako important that the eluent should 

not attack the column packing during its potentially long life. Although the optimum eluent 

flow rate is dependent on how strongly the analyte is retained on the column resin and on 

the strength of the eluent, the use of a low eluent flow rate often maximises EF, although a 

higher flow rate would increase the sampling frequency. 

Due to the concentration of the analyte in a band on the column, the use of a reversed 

flow for elution helps minimise the dispersion, an important consideration, and also 
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reduces the progressive compaction of the column particles that can occur with uni
directional flow through the column. Reverse elurion also improves the EF o f a micro
column. The degree of swelling or shrinkage of the resin when the conditions of the 
column are altered e.g. pH, should be negligible and the resin should also be physically 
robust to withstand the flow rates used to ensure a long column lifetime. 

1.6 Field Analytical Methods 
The continuing investigation of the marine biogeochemical cycling mechanisms in 

the world's oceans has stimulated the need to map oceanic trace levels of both bbile 

(Cu(ll)) and total Cu. This is best achieved by shipboard, highly sensitive, accurate, precise 

and rapid analytical methodologies, which should also be robust, reliable, portable and 

capable of incorporation into relatively simple instrumentation. As reviewed by de Jong et 

aL, (2000), shipboard deployment enables the collection of (near) real time data, which 

enables the modification of research programmes to accommodate the observed data and 

highlights the occurrence of contamination in sample collection protocols. The transfer of 

laboratory' techniques to the field creates a major challenge in terms o f considerable extra 

demands on the instrumentation including its robusmess, reliability and maintaining 

analytical performance with the increased risk o f contamination. The ability to perform 

underway monitoring through shipboard field deployment during research cruises enables a 

higher degree of spatial resolution than was previously achievable, which i f repeated in 

different seasons can add a substantial degree o f temporal resolution. 

The adoption of trace metal clean protocols during sampling and sample 

manipulation is an important feature upon which the sample analysis is dependent for 

accurac)'. The operational differentiation of the dissolved from the particulate fraction by 

sample filtration has become a commonly adopted protocol using a 0.4 (im pore size filter, 

although there is a current trend towards 0.2 | im pore size or cross flow ultrafiltration 

techniques. Sample treatment protocols have become standardised to include sample 

acidification to pH 2 to preser\'e the metal species in solution, with digestion also used 

to break down the dissolved organic material, releasing the organically complexed metals. 

During sample manipulation and analysis, it is important to utilise the purest 

reagents obtainable and even to utilise secondary purification techniques to further purify 

the regents. Often matrix separation techniques are used to prevent interference firom 

seawater matrix ions and it is important to ensure that the recovery is very close to 100 % 

to ensure accurate determination o f the metal content. >X'hichever methodology is used, its 
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response should be independent of the seawater matrix analysed, maintaining good 
analydcai performance throughout 

The standardisation and cerrificarion of methods can be achieved by the use of 

certified reference materials, supported by independent quality assurance, to demonstrate 

the reliability of trace level metal determination in the field. Further verification of the 

accurac)* o f the data can be obtained through oceanographic consistency, whereby the 

observed trace metal trends should correlate to other onboard hydrographic data e.g. trace 

metals to nutrient data. Further independent support can be obtained by comparison with 

previously obtained trace metal data for the same region, although the dynamic namre o f 

the ocean and the seasonal and spatial effects must be noted. 

O f the many different analytical techniques for Cu, most are not suitable for field 

deployment due to the requirement for dedicated laborator)' facilities and associated 

disadvantages as described above (Sections 1.4.2 to 1.4.6). However, shipboard analysis 

also imposes additional challenges to scientific personnel in a demanding envirormient (e.g. 

seasickness), and also one that is potentially contaminating, constandy mov-ing and subject 

to vibration, experiences power spikes and requires the adequate provision of spares, 

coupled to the ability to effect repairs onboard by scientific personnel. Shipboard 

deployment also necessitates the development o f shipboard trace metal clean protocols 

(Section 2.2.5). Such aspects have driven the development o f shipboard methods for trace 

metals. Suitable shipboard techniques for Cu are few in number, with flow injection-

chemiluminescence (FI-CL) and voltammetry being at the forefront of current field 

deployable techniques. Although voltammetry will be considered in brief, this research 

focused on the development of Cu catalysed chemiluminescence (CL) chemistries, which 

are discussed in detail later in this chapter (Section 1.6.2). 

1.6.1 Voltammetry 

Voltammetric methods have high sensitivity for a limited number of elements 

including Cu, fast analysis, minimal sample volume requirements (e.g. 5 - 5 0 ml), the 

capability' o f determining chemical speciarion (Donat and Bruland, 1990) and are suitable 

for shipboard analysis at a relatively low capital cost. For certain elements (Co (II), Cu(II), 

Fe(IIl) and Zn(II) , sample pretreatment with HCl and UV radiation is required to break 

down strong organic complexes (Nimmo et ai, 1989). Anodic stripping voltammetry (AS\Q 

has been used for the determination of Cu (Daih and Huang, 1992; Scarano et al., 1990) 

with an L O D o f 0.5 nM. Cathodic stripping voltammetry (CS\^ (Quentei et ai, 1994) has 

an L O D of 0.1 nM for a 60 s adsorption time (van den Berg et ai, 1994). 
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However, reduced sensitivity can result from competitive adsorption by surface-
active organic compounds, which may also affect the kinetics of the stripping step in 
anodic stripping voltammetry. In addition, adsorption of organically bound Cu on the 
hanging drop mercury electrode could negate complexing capacity values. Furthermore, 
voltammetr}' can often only be used over a narrow pH range, sampling frequenc)^ can be 
low and the technique is less robust than automated wet chemistry manifolds such as FI. 
CSV electrodes can also be sensitive to vibration, electrostatic changes and power surges 
that are characteristic of shipboard deployment. 

1.6.2 Chemiluminescence 

Luminescence can be defined as the emission of electromagnetic radiation arising 

from the decay of an atomic or molecular species from an excited to a lower energy state. 

CL is the chemically stimulated emission o f electromagnetic radiation {\J\\ visible or IR) 

that results f rom the change of enthalpy (AH) of the chemical reaction, and which is 

emitted via a radiative pathway as light instead of being dispersed via a non-radiative 

pathway. Synthetic chemiluminescent compounds have been known since the late 1800's 

with analytical applications of CL steadily increasing since the 1970's, many of which 

utlilise an ultraweak CL emission that is only detectable by photosensitive detectors e.g. 

photoraulriplier tubes (PMT). A Jablonski diagram (Figure 1.7) schematically describes the 

photophysical pathways to the primary and secondary excited states and the subsequent 

decay pathways. 

The photophysical pathways can be radiationless transitions, intersystem crossing, 

singlet-triplet conversion, collisional deactivation and internal conversion and includes the 

competition beuveen phosphorescence (relatively slow) and fluorescence (relatively fast) 

that can occur within an atom or molecule. Organic compounds generally have, in the 

ground state (G) known as the singlet ground state (SQ), a pair of electrons with opposing 

spins (Pauli exclusion principle) as shown in Figure. L8. The absorption of LTV or visible 

radiation can raise an electron to an excited singlet state (S) , which then can then follow 

either a non-radiative (internal/external conversion or intersystem crossing) or radiative 

(fluorescence or phosphorescence) pathway to relax back to the ground state. 

Non-radiative processes 

Non-radiative processes are collisional deactivation, internal conversion, external 

conversion and intersystem crossing. Collisional deactivation is the vibrational relaxation of 
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Figure 1.7 Jablonsid Diagram illustrating the molecular excitement due to the absorption of a 

photon and the various pathways for remming to ground state. CD - collisional deactivation, ISC 

- intersystem cn)ssing, IC - internal conversion, EC - external conversion, ^ non radiative 

transitions, • radiative transitions (derived from The Effects of U V Irradiation in the Marine 

Envin)nment, (2000) Edited by De Mora, Demers and Vemet). 
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and Triplet Sutes (T) (a - sigma bonding orbital, n - pi bonding orbital and n - non-bonding 

orbital). 
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energy levels within a given electronic state. Internal conversion (IC) is a radiationless 
transition between states with the same spin quantum numbers {e.g. S, to Ŝ ) as occurs 
when the two energy levels are close enough for the vibrational energy levels to overlap, 
allowing vibrational relaxation. External conversion ( E Q is the transfer o f electronic 
energ)^ from one molecule to another. Intersystem crossing (ISC) is a radiationless 
transition between states with different spin quantum numbers {e.g. T, to SQ). 

Fluorescence 

Fluorescence is characterised by the relaxation of an excited molecule to a lower 

vibrational energ}' level within the excited singlet state. The molecule can then relax to any 

of the vibrational energy levels in the ground singlet state by the emission of a photon with 

the corresponding amount of cnergj'. The transition is very rapid (lO ' ' - 10"' s) due to no 

change of spin being required for fluorescence to occur, such transitions being known as 

'allowed' transitions. 

Phosphorescence 

Transitions involving a change of spin multiplicity prior to emission result in 

phosphorescence, which is a much slower process (10"^- 10 s) than fluorescence. Such 

transitions are known as 'forbidden', the change of spin usually being from an excited 

singlet state to a triplet state. Phosphorescence is rarely observed due to non-radiative 

processes being comparatively ver}' fast and therefore favoured. 

The quantum yield (efficiency) of a process can be defined as 

^ number of events 
0 = 

number of photons absorbed 

In the absence of any photochemical reactions, the sum of the quantum efficiencies for 

fluorescence (Op), phosphorescence (Op) and non-radiative processes (O^ is 1; 
Op + Op + O, = 1 

In ver)^ effectively catalysed biological systems the CL quantum yield (OQ) can reach 0.88, 

although topical experimental CL quantum yields are 0.01 - 0.1 Quenching o f the CL signal 

analogous to diminishing the number of molecules in the first excited state or singlet IS 

state. 

A generic CL reaction can be characterized by the reaction 

A^B-^^C—^C flight 
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the electronically excited species C' relaxing to the ground state with the emission o f a 
photon. I f A and B are in excess the radiative decay is very fast (1 to 10 ns), k2>>k, , the 
equilibrium is to the right (a requirement for CL) and thus k, is the rate limiting step. A 
direct measurement of k,, represented by the gradient of the graph, is possible when using 
a logarithmic time scale. 

CL reactions can be characterised by their colour, rate of production of CL and its 

subsequent decay. CL measurements are direct measurements o f the reaction rate which is 

proportional to light intensity. A high intensity emission requires the most efficient 

production o f the excited state C . The CL intensity can be described by the reaction 

(Campbell, 1988); 

^ dP ^ ^ dP 

dt dt 

where 

/^ j = the CL emission intensity (photons emitted per second) 

0Q = the CL quannjm yield (photons emitted per molecule) 

dP/dl = the rate o f chemical reaction (number of molecules reacting per second) 

0Ex = the excitation quantum yield (number of excited states produced per molecule) 

0Em = the emission quantum yield (the number o f photons emitted per excited state) 

>X^en using a CL reaction in an analytical system it is desirable to raise the CL 

quantum yield ( O Q ) to a value > / = 0.20 by maintaining the appropriate reaction medium 

(Campbell, 1988). CL can last over several hours i.e. glowing continuously or for less than a 

second. The overall efficiency o f a CL reaction can be described by the equation 

(CampbeU, 1988); 

O^, = O,* O,* CD, (3) 

where 

O Q = the CL quantum yield, a measure of the overall efficiency o f the CL reaction. 

= the chemical yield, or the fraction of molecules that follow the radiative pathway 

Of = the fluorescence yield or the fraction the excited molecules that undergo fluorescence 

decay 

<I), = the yield o f the excited molecules (the number o f molecules that are produced in an 

excited state). 

In order for CL to occur the following four conditions have to be satisfied 

(CampbeU, 1988); 
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i) the reaction product (C in equation 1) has to be able to be raised to an electronically 
excited state; 

ii) the reaction enthalpy has to reach a high enough value, with typical free-energy changes 

of 170-300 k j mol '; 

iii) the reaction rate has to be high enough for detection; 

iv) the production o f the excited state has to be favoured. 

For i) to occur, according to quantum theory the energy o f a light quanta (E) is 

given by equation 4; 

E = h w = 
^ (4) 

where h = PIanck*s constant (6.63*10-34Js"'), v = the frequency, c = the velocit)' o f light 

(2.998*108 m s''), ?L = die wavelength [m]. 

The energy required to reach an electronically excited state is derived from bond 

cleavage or electron transfer. For luminescence to occur the enthalpy (AH) has to be 167 to 

292 kJ mol ', as is often achieved in redox-reactions. An energy source of at least 187 

k j / m o l is required for an emission red light (640 nm), and > / = 300 kJ mol ' for blue light 

(400 nm). 

For (ii) to occur, the luminescence from organic molecules can be described as 

folows 

a) the emission of UV or visible radiation can originate from the easily achieved 

transition of n electrons in an organic molecule from a bonding n orbital into an 

antibonding n orbital (n -»7 i*) and also from a non-bonding n-orbital into an anti-bonding 

71* orbital (n—> 7i*). Subsequent decay to the ground state results in radiative emission. 

b) CL derived from oxygen due to the decay o f excited singlet oxygen ' O j ('Ag) to 

the triplet ^Oj (̂ 2"g) ground state. 

1.6.3 Chemiluminescence Detection Systems 

Due to the weak emission of many CL reactions, highly sensitive photoemissive 

detectors are required. PhotomultipUer tubes (PMT, Figure 1.9), are the preferred detectors 

for quantifying weak or short-lived light emissions. A PMT comprises a quartz side or end 

window, a photocathode, a secondary emission multiplier and an anode, all housed in a 

vacuum tube. 

30 



Semi-transparent 
Photocathode layer (k) 

Focusing Secondary 
Electrodes c 

End Window 

Chapter 1 Introduction 

Glass 
Envelope 

Connections to 
Last Dynode Electrodes 

Vacuum; 
(10-:̂ Pa)̂ -

Output 

Primax)^ e 
Electron Multiplier 

Dynodes 
| i Shield 

Stem 

Electron Collector 
(Anode) 

Increasing Positive Potential 

Figure 1.9 Photomultiplier Tube (derived from Electron Tubes Ltd., 1998). The schematic 

shows the electron cascade only part way along the multiplier dynodes. 

Photons impinge on the photosensitive photocathode, stimulating the ejection of 

an electron that is accelerated and focused by a high voltage as it moves towards a 

secondar}' electrode, the dynode. Dynode systems (typically 9-12 in number) provide signal 

amplification through the ejection o f a secondary electron shower, one cathodic electron 

stimulating as many as 10^ electrons at the anode (Electron Tubes Ltd., 1998). 

The qualit)' o f signal recovery has an upper limit imposed by the statistical nature of 

light detection. The photon counting method provides superior performance to the current 

measuring method, which can be degraded by noise in the multiplier gain process and by 

the nature o f the dark current. The variation in detector performance due to changes in 

temperamre, shock, vibration and magnetic field effects are also significandy reduced when 

using the photon counting method. The effects of dead-time can be also be corrected for 

when using a photon counting method which enables a superior dynamic range to be used. 

Commercially available PMTs have a fast rise time (1 -2 ns for side window and 10-

15 ns for end window), a wide linear dynamic range (typically 10^ or better) and low dark 

current (tj^pically 0.1-30 nA). PMTs also generate a dark current, which is a background 

signal originating from; 

a) thermionic emission from the photocathode 
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b) a current at the anode due to electromagnetic radiation e.g. cosmic rays which can be 
minimised by M u shielding o f cathode tube, ionisation o f residual gases, fluorescence o f 
the envelope material and leakage currents. 

However, they can suffer firom three types o f instability; 

a) time drift consisting of a slow irreversible change of the spectral response, 

b) fatigue consisting o f reversible drif t over time periods o f minutes or hours, 

c) hysteresis, a temporary current instability after a change in the overall applied 

voltage. 

A PMT must not be exposed to ambient light with the high voltage applied since as 

btde as 10'̂  Im causes the anode current to exceed its permissible limit (Electron Tubes 

Ltd., 1998) 

1.6.4 Chemiluminescence Reactions 

In solution phase, CL has found many analytical applications for the determination 

of metal ions, inorganic anions, biomolecules, carcinogens and drugs in a variet)^ of 

environmental and clinical matrices, often incorporating flow injection for sample delivery. 

These have been reviewed extensively (Robards and Worsfold, 1992; Lewis et ai., 1993; 

Bowie et aL, 1996; Fletcher et aL, 2001) and it is evident that during the 1990's novel CL 

techniques, often focused on the classical luminol CL reaction, were developed for metal 

ions in environmental matrices. A trend was also noted towards the use of novel CL 

reactions utilising the oxidation of specific organic compounds, which are inherendy more 

selective despite often having reduced CL yields. The alteration o f the reaction media by 

the use of surfactant assemblies and the use o f non-radiative transfer to sensitisers has also 

been used to enhance the weak CL emissions (Saitoh el ai^ 1998; Segawa et al., 1994). 

CL was selected for this study due to its inherent sensitivity, typically fast reactions 

with a wide linear/dynamic range (3 to 4 decades in solutions, 6 to 7 in gas phase 

reactions). CL is also easily incorporated into FI , enabling on-line sample analysis that 

facihtates field deployment. A variety of CL chemistries are catalysed by Cu, and are 

therefore potentially of use in an FI manifold for the determination of Cu. 

Luminol-Hydrogen Peroxide 

The Cu catalysed luminol CL reaction does not require oxygen or hydrogen 

peroxide, although their use gready increases the CL yield. The reaction is p H dependent, 

buffered solutions (to pH 10) increasing the signal, with the type o f buffer being ver)^ 

influential. The Cu-luminol system suffers f rom low selectivity for Cu and thus requires a 

32 



Chapter 1 Introduction 

matrix separation technique e.g. a micro-column containing a chelating ligand. Kamidate et 
ai., (1992) used a luminol based chetniluminescence-delay method for the determination o f 
copper, and reported an L O D of 3 with the method being linear up to 20 | i M . The 
high L O D makes this CL reaction unsuitable for the determination o f ambient levels of Cu 
in seawater. 

Lophine-Hydogen Peroxide 

Macdonald et al., (1979) deployed the lophine-H202 CL reaction in a basic reaction 

medium. This CL reaction is unselective for Cu, with M n O / , Cr(III) , Ag(I), Co(II), and 

Pb(II) also catalysing the CL reaction. The oxidation of the hydrogen peroxide or the 

lophine has been proposed as the rate determining step. With a 5 | i M L O D , this CL 

reaction is not sensitive enough for the determination of ambient seawater levels of Cu. 

P-Nitrostyrene 

Yamada and Suzuki, (1987) utilised the Cu catalysed aerobic oxidation of 

nitrostyrene in an alkaline medium, the reagent solution consisting o f tutrostyrene, NaOH, 

hexadec)'ltrimethylammonium bromide (CTAB) with fluorescein, (a sensitiser), being added 

to enhance the weak CL. CTAB was required to solubilise the nitrostyrene in water via 

micellar incorporation. A basic solution increased reagent stability but reduced the CL 

signal. The sample was injected into the reagent stream in a cyclic flow injection manifold. 

The manifold was found to be selective for Cu(II) with (Fe(II), Cr(II), Ni(I I ) , Fe(III) and 

Mn(II) generating a signal of 4, 1, 0.4, 0.4, 0.1, and 0.1 % respectively o f Cu. However, the 

L O D of the P-Nitrostyrene CL reaction at 79 nM (20 ^1 aliquot) was too high for use at 

ambient Cu levels in seawater. 

Flavin-Mononucleotide-Hydrogen Peroxide 

As reported by Yamada and Suzuki, (1985), the Cu(II) oxidation of flavin-

mononucleotide (FMN) by hydrogen peroxide at pH 6 and 60 *̂ C exhibited a linear range 

over 3 orders of magnitude. I t had a high degree of selectivity for Cu, with the main 

interferents being Cr(l l ) , Cr(r \0 and Fe(II), which generated a low CL response. However, 

again the L O D o f 47 n M (10 \x\ aliquot) was too high for the determination o f Cu at trace 

concentrations in seawater. 

Cyanide-Uranine 

As reported by Wu et al.y (1989), the reduction of dissolved oxygen by cyanide and 

the subsequent oxidation of the superoxide ion by Cu(II) formed singlet ox}'gen and thus 
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generated CL. Uranine, the sodium salt o f fluorescein, acted as a sensitiser to enhance the 
CL yield as did 2-propanol (up to 100 % enhancement), although the addition of 
surfactants reduced the signal. The system was selective for Cu(II), although the presence 
of Fe(II), Fe(III), Ni(I I ) , Co(II) and Zn(II) also resulted in low CL emission. A log 
calibration graph was linear over three decades although, with an L O D of 10 nM (20 | i l 
aliquot), the reaction was not sufficiendy sensitive for trace level Cu determination in 
seawater. 

1,10-Phenanthroline 

Coale ei aL, (1992) reported the use of the Cu(II) catalysed, H j O j oxidisation of 

1,10-phenanthroline in an alkaline medium to produce CL in an FI manifold utilising a 

Mill i-Q carrier stream. Matrix separation was achieved by an 8 hydroxyquinoline (8HQ) 

micro-column. The PMT detector was cooled to - 20 and the sample was injected into 

the M Q carrier stream. A n L O D of 0.4 nM was reported with an 8 min sample processing 

time. Ca and Mg were found to be the main interferents. 

Yamada and Suzuki, (1984) also reported the use o f the Cu catalysed 1,10-

phenanthroline CL reaction in an FI manifold, but with the addition o f 

tetraethylenepentamine (TEPA) in a micellar envirorunent provided by 

cet}'lethyldimethylammoniumbromide (CEDAB), although the latter increased the reagent 

background noise. Interferents were Pb(II) Zn(II) and Fe(II), which resulted in CL signals 

of 25 %, 6 % and 2 % respectively compared widi a CL signal &:om Cu at lO'^ M (100 % ) . 

Cr, Mn, Al , N i , and Co resulted in no emission, thus indicating a high degree of selectiv^it)' 

for Cu(II). A X max of 445-450 nm was recorded with a log/log calibration graph linear 

over three decades (slope of 1). The reported L O D for Cu(II), utilising blank subtraction, 

was 0.2 nM. 

Sunda and Huntsman (1991), also incorporated the 1,10-phenanthroline CL 

chemistr}' with tetraethylenepentamine (TEPA) into a batch ligand competition technique 

(EDTA) to determine Cu with a speciation capability. Peak height and later integration of 

peak area was used. Blank corrected LODs (200 | i l aliquot) of 0.1 n M for Cu(ll) in artificial 

seawater and 0.3 nM for seawater were reported. 

The 1,10-phenanthroline CL reaction was chosen for this study due to its sub-

nanomolar sensiti\tit)', good selectivity for Cu and a rapid reaction. The reaction mechanism 

of the 1,10-phenanthroline CL reaction is fully discussed in Section 2.3.1. CL chemistries 

have received increased attention since the advent of FI due to the ability to combine them 
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to enable shipboard, near real time determination. Automation and the ability to 
incorporate further on-lme processes, e.g. a photoxidative stage for the determination o f 
labile and total metals, are other advantages o f combming CL with FI . 

1.7 F l o w Injec t ion A n a l y s i s 

The transient but rapid nature o f solution phase CL requires a rapid and 

reproducible method of mixing sample and reagents. Developed f rom air-segmentcd 

analysis systems in the eariy 1960s, Ruzicka and Hansen (1988), pioneered flow injection 

(FI) techniques. Several texts discuss FI theory, instrumentation and practice (Ruzicka and 

Hansen, 1988; Valcarcel and Luque de Castro, 1987; Kariberg and Pacey, 1989). Flow 

injection is a powerful tool enabling contamination free manipulation of solutions. I t is 

charactensed by its simplicity, utilisation o f inexpensive equipment with ease o f operation 

and easily varied experimental parameters. It can be configured as a robust, compact iind 

reliable system that enables reproducible mixing in close proximity to the detector. 

Reproducibility (typical RSD*s o f 1-5 % ) , high throughput and accuracy are the other 

hallmarks o f FI . A schematic diagram o f a basic single channel manifold is shown m Figure 

1.10 (a) with a typical recorder output illustrated in Figure 1.10 (b). 

(a) 

(b) 

Carner 

ml min * 

P 

S 

4 ® > \ \ . i s k 

M 

i Signal 

Figure 1.10 a) Schematic of Single Channel FI manifold; P=pump, S=sample injet linn 

valve; R=reagcnt mixing coil D=detector incorporating flow cell; (b) Single Peak Chart 

Recorder Output; S=sample injection; H=peak height, W=peak width, A=peak area, T=residencc 

nmc, ta=travel time, tb=baseline to baseline time. 
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FI manifolds commonly consist of narrow bore (0.5 - 0.8 mm) PTFE tubing and 
fittings, peristaltic delivery pumps, rotary injection valves, a flow cell and an appropriate 
detector. More sophisticated systems include 3D mixing coils, automated switching valves 
to direct flow and matrix separation stages. The response cux\x forms a peak, which 
reflects the concentration gradient at time t, the peak height (H), width (W) and area (A) 
being related to analyte concentration. The residence time T, is defined as the time between 
sample injection (S) and the signal maximum, with the travel time (t) representing the time 
beuveen the start of the signal and the return to baseline. 

Injection of a highly reproducible sample volume into a moving carrier or reagent stream 

without the addition of air results in minimal dispersion. The injected sample forms a zone 

(Figure 1.11) that resembles a cone or annulus and which undergoes dispersion as it moves 

downstream to the detector. 

C^ 

D° D ' D2 D^ 

Distance from Injector 

Figure 1.11 Dispersion within an F I Manifold The injected sample zone undergoes progressive 

dispersion as it moves along the R line. This is reflected in a reduced height but broader peak. 

(Fang, 1995), where C" = the concentration at distance D" from the injector. The peak shape is a 

schematic representation only to illustrate dispersion. 
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Dispersion is primarily caused by convection, although molecular diffiision is also 
important. The dispersion coefficient can be critically dependent on the volume injected, 
with small volume changes potentially producing large alterations in signal. The detector 
continuously records the change in physicochemical parameters that occurs as the reaction 
zone passes through a flow cell. 

Control of the degree of dispersion is a central tenet o f FI and results in the 

excellent reproducibilit}' coupled with shon residence times that (due to the non-

equilibration conditions at the detector) are characteristic of FI . The extent of the 

dispersion can be characterised by the dispersion coefficient (D), which is related to peak 

height (often at the detector) where the dispersion coefficient (D) is at a minimum (Flow 

Injection Analysis, 1991). A t maximum peak height 

D = Co/Cg 

where Co = analyte concentration prior to dispersion and Cg = concentration in the dispersed 

sample zone on the dispersed concentration gradient at time t (commonly at detection). 

When utilising FI , sample and reagent consumption is low, an important aspect 

where samples are limited or reagents are expensive or in short supply. 

1.8 Dissolved Organic Matter and Photo-oxidation 
The ambient range of dissolved organic matter (DOM) in seawater is 0.5 - 2 mg 1"' 

(Mopper and Kieber, 2000) forming one of the largest planetary stores of organic carbon. 

However, only 25-50 % of D O M has been characterised, a fraction that has been found to 

comprise amino acids, peptides, proteins, lipids and polysaccharides, humic and fulvic acids 

and glycollic acid (Benner et aL, 1992; Zika, 1981), although the individual components e.g. 

humics still remain to be fully characterised. Anthropogenic influences in coastal zones can 

contribute other compounds e.g. surfactants, tartaric acid, citric acid, and ETA and N T A 

(Buffle, 1988). In surface waters, the characterised fraction undergoes rapid biotic 

transformation. The uncharacterised fraction is thought to consist o f biologically refractory 

heterpoly-condensates of terrestrial and in-sim origin (Heisssenberger and Hemdl, 1994; 

Tranvik, 1993) although this terrestrial based definition does not describe fiiUy these 

photoreactive chromophores (Zafiriou et al., 1984). 

D O M is the most efficient light absorbing component o f seawater, especially in 

coastal waters (Hojerslev, 1982) and it therefore has a major role in marine photochemical 

and photophysical reactions (Moran and Zepp, 1997) that influence the marine 

biogeochemical cycling of Cu (Miller and Moran, 1997). Organic complexation is much 
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slower to reach equilibrium than inorganic complexation (Duinker and Kramer, 1977), due 
to interaction with the major cations (Raspor et al.^ 1980), the variable structure o f the 
organic ligands and their existence at lower concentration than inorganic ligands in 
seawater. On suspended particulate matter the trace metals can be organically complexed 
by surface organics. 

1.8.1 U V Irradiation of Dissolved Organic Matter 

The fraction (10 to 400 nm (Campbell, 1988)) of the electromagnetic spectrum 

can be subdiWded into W - C (180 - 290 nm), UV-B (290-320 nm) and UV-A (320-400 

nm). Chromophores in D O M and some inorganic substances e.g. N O j & N O j absorb the 

ultra-violet (UV, 1 - 400 nm) and blue-\nolet wavelengths (400 - 470 nm) (Kieber and 

Blough 1990 and 1996; Cooper et ai, 1989; Miller, 1994). These wavelengdis are 

photochemically active, containing sufficient energy to either cleave chemical bonds 

direcdy or promote the electronic excitation o f molecules and so induce chemical 

degradation by primar)' or secondary processes (Section 1.8.2). Coastal waters, especially 

near marsh outflows and organically rich surface microlayer films may absorb longer 

wavelengths 600 nm) of the visible spectrum. 

Natural UV radiation affects marine biogeochemical cycles through breakdown of 

D O M , producing CO, C O j and other low molecular weight organic compounds (Miller 

and Zepp, 1995). Photoxidation of organic material by U\^ radiation with the addition of 

oxidants such as H j O j , O3 , HNO3 and K^C^zO? to facihtate the mineralisation, has been 

used experimentally to liberate organically complexed trace metals to enable determination 

of total metal concentration. The breakdown of D O M by natural and artificial U \ ' 

irradiation (Hg vapour lamps) has been reviewed (GoUmowski and Golimowska, 1996) and 

the mechanisms and products of UV phototochemistry have been recorded for many 

compounds e.g. D D T , PCP, T N T and atrazine. 

Natural UV irradiation transforms D O M into more labile, low molecular weight 

compounds which may increase the available food stock for bacterioplankton, a major 

constituent o f the marine microbial food web. However, this has to be balanced against the 

detrimental effect o f increased natural U\'^-B radiation reaching the earth's surface due to 

the thinning o f the ozone layer. U\^-B may also penetrate deeper into the water column 

due to photobleaching of D O M . Direct detrimental effects at the molecular and cellular 

level have been demonstrated for some marine organisms although the overall effect on 

ecosystems has still to be defined. 
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The env-ironmental mobility, bioavailability and toxicity of trace metals in seawater 
are directly influenced by their oxidation states which can be altered by both the direct 
photoreduction of the colloidal metal oxide-hydroxides into more labile and bioavailable 
dissolved species and the production of reactive species. Photo-reduction of copper 
(Moffett and Zika, 1987 and 1988) may therefore modify its toxicity towards micro
organisms, especially in perturbed waters e.g. industrialised and coastal enx-ironments 
(Sunda and Gillespie, 1979), which therefore affects phytoplankton productivity (de Mora, 
Demers and Vemet, 2000). 

1.8.2 Photochemistry of Dissolved Organic Matter 

The photochemical sites and reactions in marine D O M are only pardy known, 

although they can affect the biogeochemicaJ cycling o f trace metals (Palenik et aJ., 1991). 

The light absorbency of D O M regulates the photochemical radical production rate and 

thus coastal waters with inherentiy higher D O M levels can exhibit a flux of 

photochemically produced radicals up to two orders of magnitude greater than oligotrophic 

seawater. 

The absorption of UV light by D O M results in the formation of singlet excited 

species (DOM*) that subsequendy decay by a series o f photophysical and photochemical 

pathways (Figure 1.12). The photochemical degradation o f organic matter can be divided 

into primar)' and secondary reactions (Achterberg and van den Berg, 1994). D O M direcdy 

absorbs XJV and blue wavelength radiation by chromophores in D O M e.g. -C=C-, -C=0- , 

or - N = N - , initiating the formation of highly reactive, transient excited species that decay to 

form new ground state products. I f reactive, these products can undergo further secondary 

intramolecular or intermolecular reactions, which may involve electronic deactivation (Zika, 

1981). Most of the absorbed energy of the excited state D O M dissipates via various 

photophysical and photochemical pathways (Figure 1.12) e.g. vibrational and rotational 

relaxation, internal conversion, coUisional deactivation and radiative decay e.g. fluorescence 

(Blough and Zepp, 1990). 

The singlet excited D O M can, via intersystem crossing (ISC), reach the longer lived 

triplet excited state ("'DOM*) which then undergoes photophysical deactivation, producing 

heat and light (phosphorescence). A small fraction o f the singlet and triplet excited D O M 

decays dirough energy transfer to acceptor molecules e.g. ox)'gen. Oxygen is the dominant 

solute in ox7genated water (Acheterberg and van den Berg, 1994; Zepp et aL, 1985) due to 

its excited singlet state (O^ being only 92.5 k j above its triplet ground state (^Oj), the 

dominant acceptor molecule in water. Therefore, another important electronic decay 
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D O M 

hv 

hv + heat + >DOM® < >DOM® • e 
I S C 

'DOM® + 

^DOM® + O. > 'O ® 

. O 2 + heat 

Primary and Secondary Radicals 

(e.g. O 2 , R*, O H - , C O 3 , R O » , R O j * ) 

O . D O M , 

metals 

Formation of Photochemically Stable Products 

Bleaching of D O M absorbance 

Figure 1.12 General Pathways for the Photochemical Oxidation of Excited Dissolved 

Organic Matter (DOM) in Natural Waters. (Mopper and Kieber, 2000), from The Effects of 

UV Irradiation in the Marine Environment, 2000 Edited by De Mora, Demers, and Vemet). 

pathway in natural waters is the energy transfer f rom ^DOM* to oxygen in its triplet 

ground state (^O^^ producing singlet oxygen (O^. However, in natural waters singlet 

ox}'gen is rapidly quenched through collisional deactivarion with water molecules. Thus, 

under 1 % of the singlet oxygen may attack phenols, electron rich centres such as reduced 

sulphur compounds, e.g. dimethylsulphide (Kieber et ai^ 1996) and those compounds 

containing easily oxidisable functional groups. 

The excited D O M can also decay by molecular re-arrangements, fragmentation 

and/or reaction with metal ions and oxygen, forming a variety of radicals and non- radical 

species (Table 1.3). The primary radicals form within pico-seconds to nano-seconds, but 

react with the high concentration o f oxygen found in surface waters at diffusion controlled 

rates, on a time scale of microseconds, yielding a suite of secondary oxygenated radicals as 

weU as forming singlet oxygen. Many of the secondary processes result in partly oxidised 

products 
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Table 1.3 Photochemically Transierit Spedes ih Natuial^W to Sunlight 

Species Symbol Estimated 
Cone. (M) 

Probable Sources 

Singlet oxygen l O ' ^ - l O ' ^ D O M energy transfer to triplet oxygen 

Hydrated electron DOM photolysis 
Superoxide anion o . - 10 ' -10^ e- transfer to & e-jq reaction with triplet oxygen 

Hydroeen peroxide H2O2 10-8-10-' Dismutaion of O2' 
Humic cadon Huniic*- ^ 10-10 DOM photolysis 
Humic triplet excited 
state 

Humic" - lO-'o DOM photolysis 

Organoperoxides R O / lO '^ - lO ' " DOM photolysis 

Hydroxyl radicals OH* 10'9-10-'7 NO3-, DOM photolysis 

Dibromide anion Br2- n/a 'OH/Br reactions 

Carbon centred 
radicals 

RHzC lOi3_io-M DOM photolysis 

Carbonate radical CO3 ^ 10-M •OH/HCOy and BrzV HCOy reactions 
Cu^I^^n2^ Fe2+, Cr̂ + < 10-»2 Ligand to metal charge transfer reactions 

Photochemically formed transient species in sunlit natural waters (Mopper and Kieber, 2000). n/a -

data not available. 

that can be oxidised (Achterberg and van den Berg, 1994). This transition from primar)' to 

secondary states is oxygen dependent. The transient species produced include hydroxy 

radicals (OH*), singlet oxygen ('Oj), superoxide radicals, ozone (O3), carbon centred 

radicals, organoperoxy and alkylperoxy radicals (ROj*), hydrated electrons, the relatively 

stable oxidant hydrogen peroxide (HjOj) , halogen radicals, N O and C O j and D O M in 

various excited states (Table 1.3). The formation o f other reactive species such as the 

humic acid radical cation, the carbonate radical (CO3'), and bromine containing radicals, 

particularly B r j *, have been postulated but not studied. 

Superoxide radicals can form from the reduction of dissolved oxygen by excited D O M 

via direct electron transfer or reaction of hydrated electrons with O^. 

(e-'caq)) + O2 ^ ^ Or 

Electrons trapped by COj also form superoxide radicals. 

COr + O2 < • CO2 + O2 • 

The superoxide radicals both oxidise and reduce D O M , although all the radicals 

produced eventually form non-radical (diamagnetic) species through radical to radical 

reactions or disproportion. 

202* + 2H" < > H2O2 + O2 
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The concentration of H j O j in seawater supports this theory. Free radicals are also 
generated by direct photolydc cleavage and by photo-induced charge transfer reactions 
involving the organic and inorganic molecules present in seawater. The free radicals 
degrade D O M by auto-oxidation reactions. The hydroxyl radical is the most reactive of 
these radicals (Zhou and Mopper, 1990). Typical hydroxyl radical reactions are 

OH* + RH > R' + H O H 

R* + O2 > R O O ' 

Ar* + O2 > A r O O * 

ROO* + RH > R O O H + R* 

(from Achterberg and van den Berg, 1994). 

The addition o f a radical to an aromatic ring promotes its complete oxidation, often 

producing more radicals in the process. The decay of excited D O M also results in the 

direct formation o f non-radical species e.g. CO. 

In summary, photochemical induced reactions result in the oxidation of D O M , 

cleavage of humic compounds, oxidation of reduced sulphur, photobleaching, absorbance 

and fluorescence, loss of dissolved oxygen, photo-reduction of trace metals, release o f 

complexed or bound species e.g. phosphate, and the formation o f a variety of relatively 

stable low molecular weight species e.g. hydrogen peroxide, N O and N O j , hydrocarbons, 

organic acids, COj and CO, and NH^. 

1.8.3 Artificial Breakdown of Dissolved Organic Matter 

Historically the artificial digestion of dissolved organic matter (DOM) prior to 

metal analysis has used wet oxidative methods (Gorsuch, 1970) involving H j O j or 

concentrated acids e.g., HNO3, HjSO^ or perchloric acid or sodium persulphate to degrade 

the organic matter. However, these methods are time consuming, often involve high 

temperatures with the addition of large volumes of hazardous reagents and are difficult to 

accomplish in closed systems due to evaporative losses. The use o f additional reagents in 

an open system can introduce contaminants that can degrade the accuraq' of trace metal 

determinations. 

A clean and efficient alternative to wet oxidative digestion o f D O M is UV photo-

oxidation using mercur)' lamps which minimises the use of hazardous hot reagents e.g. 

percholric acid, with added oxidants e.g. hydrogen peroxide. Analytical applications 

include the breakdown the D O M prior to sample analysis to overcome the distortive 

effects during electro-analytical techniques (Golimowski and Golimowska, 1996) for trace 
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metals and the oxidation o f nitrogenous and ammoniacal organic compounds to nitrates 
and nitrites with detection by molecular spectrophotometry. When using electro-analytical 
techniques, D O M can form deposits on the electrode limiting its active area, a particular 
problem with adsorprive voltammetry. The D O M may also form complexes with metals, 
preventing their reduction at the electrodes and/or shifting the electrochemical reduction 
and oxidation potentiak. D O M can also shift the peak potential, distort the signal and 
undergo electrochemical oxidation or reduction resulting in increased background currents. 

During metal preconcentration used with flame atomisation techniques such as 

AAS, D O M can reduce nebuliser performance (Golimowski and Golimowska, 1996). 

Sample acidification can breakdown the weaker organic complexes, the Cu being replaced 

by hydrogen ions, although the more refractory organic complexes are resistant to acid 

digestion. l A ' irradiation is also commonly used for disinfection o f water and air, food 

sterilisation, production of D O M free water for trace analysis, cosmetic and electronic 

industries, swimming pools, for remediation of toxic compounds in urban and industrial 

wastes and as a final treatment in some more advanced sewage treatment works. 

1.8.4 U V Instrumentation 

Mercury vapour lamps in low (L-Hg), medium (M-Hg) and high pressure (H-Hg) 

forms can be used for UV breakdown of D O M . The emission spectrum of mercury is 

characterised by a maximum emission at 254 nm, corresponding to the relaxation of the 

lowest excited state (6 "^q) to the ground state (6 'Sq)- A weaker emission at 184 nm 

corresponds to the transition from 6 *P, to the 6 'Sq ground state. These wavelengths are 

the most efficient for UV degradation o f D O M (Golimowski and Golimowska, 1996; Kolb 

et al.^ 1992; Yokoi, et al.^ 1995). A small number o f atoms can also reach excited states 

higher than 6 'P„ although their emission lines are weak. The spectral output o f the 

medium pressure Hg vapour lamp used for this study is shown in Figure 1.13. 
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MercuT)' lamps, especially H-Hg, can cause the sample to boil unless cooled. This can 
be accomplished by immersive techniques, although they are potentially contaminating. 
High pressure Hg lamps also remove the dissolved oxygen, inhibiting the oxidation of 
D O M by side reactions e.g. the oxidation of chloride to hypochlorite (Yokoi ai., 1995). 
Low pressure Hg lamps have a larger fraction of their output at 254 and 184 nm compared 
with M-Hg and L-Hg lamps. 

9te 

So 
Arbitar)' ^ 

Units A> 
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Figure 1.13 Spectral Output from a Medium Pressure Hg-vapour lamp (Photochemical 

Reactors Ltd.) 

1.9 Research Objectives 
The specific research objectives for this study were; 

o To review CL reaction chemistries and select a reaction with appropriate sensitivit)' and 

selectivit)' for the determination of labile Cu(II) in seawater (Chapter 1). 

• To design, construct and optimise a flow injection manifold incorporating the selected 

CL chemistry, for the determination of dissolved Cu(II) at ambient seawater 

concentrations in UHP water (Chapter 2). 

o To evaluate potential seawater interferences on the selected CL chemistry (Chapters 2 

and 3). 

o To adapt the FI manifold to determine Cu(ll) in a seawater matrix. This will entail the 

selection, characterisation and optimisation of the geometry and of the elurion and 

regeneration phases of a chelating micro-column. This would enable selectivit)^ for 
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Cu(II) by isolation of Cu(II) from the seawater matrix and enhance the sensitivity o f the 
system. Ideally, this phase should not contaminate or alter the sample, be robust enough 
to enable continuous use, and be capable o f regeneration without degradation of 
analytical performance (Chapter 3). 

o To automate the FI-CL manifold to enable near real time, in situ mapping o f Cu(Il) 

without operator error or fatigue and to improve reproducibility and free analytical time 

for other procedures. This will promote the mapping of Cu(II) and continuous 

monitoring during future field deployment (Chapter 4). 

o To validate the FI-CL system with the certified reference material NASS-5, in local field 

trials and by comparison with other laboratory analytical techniques e.g. voltammetry 

(Chapter 4). 

o To deploy the system on-board an oceanographic cruise o f opportunity to investigate 

the distribution of Cu in coastal and remote regions o f the Adantic Ocean and to map 

Cu(II) levels through the upper water column (Chapter 5). 

o To determine total dissolved Cu by the development of an on-line UV photo-oxidation 

stage to breakdown the organically complexed fraction o f Cu(II) and therefore to 

operationally distinguish between labile Cu(II) and total Cu (Chapter 6). 

The development o f a highly sensitive, robust, shipboard FI-CL system with a high 

sampling frequency could potentially fulf i l these research objectives. A shipboard detection 

method for dissolved Cu would ideally be able to determine open ocean trace levels of Cu 

as well as the elevated levels found in coastal and estuarine waters. I t would also enable 

spatial and temporal variations in Cu to be investigated. Shipboard deployment would 

minimise the species alteration and contamination issues that can be a feature of sampling, 

storage, transport and subsequent processing during shore based analysis. 
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Chapter Two 
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Chapter Two 
2.1 Introduction 

This chapter describes the design and construction o f an FI-CL manifold for the 

determination o f Cu(ll) at sub-nanomolar concentrations in UHP water. The Cu(Il) 

catalysed oxidation o f 1,10-phenanthroline by hydrogen peroxide was chosen as the CL 

reaction for this study due to its sensitivity and selectivity for Cu(II). In order to develop a 

robust, portable instrument, the CL reaction was incorporated in an F I manifold and the 

key analytical variables for both were rigorously optimised. The FI-CL manifold minimised 

sample manipulation and the potential for contamination whilst providing reproducible 

experimental conditions, high sensitivity and rapid, near real-time analysis using 

inexpensive instrumentation. Such characteristics are important factors for in-situ mapping 

of Cu(II) and continuous monitoring during field deployment. 

2.2 Experimental 

2.2.1 Reagents and Standards 

Al l reagents were Aristar grade or equivalent unless otherwise stated and were 

used as received, with the exception of the Aristar*^ HNO3 (15.5M) and Aristar® HCl 

(11.3M) acids, which were further purified by secondary distillation in a custom designed, 

quartz sub-boiling still (Figure 2.1). The stock adds were introduced into the still until their 

surface reached the level of the oudet tube. The purification relies upon vaporisation by 

radiative heating of the acid surface, a process which prevents the violent boiling action 

topical of a conventional distillation apparatus that often leads to a significant carry-over of 

raw solvent with the distillate. The surface evaporation process does not generate such a 

spray or droplets and the condensate is therefore of higher purity. 

Heating of the acid was achieved using a high power, infrared lamp (250 W), 

directed onto the acid surface with care taken to prevent it boiling. A n upright, water-

cooled cold finger condensed the acid vapour and led the condensate into a pre-cleaned 

collecting botde. A constant head device was used to feed the still reservoir, which was 

periodically flushed with fresh acid to prevent the build-up of contaminants. The 

distillation still was in continual operation and the typical rate for purification o f 

hydrochloric acid was 250 ml per day. Titration o f the purified acids resulted in 

concentrations of Q-HCl (9.2 M), Q-HNO3 (12.1 M). These acids have been designated by 

a Q-prefLx, e.g. Q-HNO3, throughout the thesis. 
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Figure 2.1 Sub Boiling Reflux Still in Fume Hood 

Stock solutions o f the reagents were prepared as described below, with working 

solutions for immediate use prepared by serial dilution as required. Ultra high punty (L I IP) 

de-ionised water (18.2 Mohm c m E l g a s t a t Maxima), which was low in trace metals and 

fitted with UV treatment (and thus also low in dissolved organic carbon (DOQ) was used 

for solution preparation and labwarc nnsing throughout this work. High density 

polyethylene (HDPE, Nalgene® and Gradplex*^, BDH) labware was used for all reagent 

and standard solutions. A list o f reagents for the 1,10-phenanthroline CL reaction is given 

in Table 2.1. 

Table 2.1 Reagents 

Reagent Supplier Grade Purity 
(%, w / w ) 

[Cu) 
(mg r») 

Hydrochloric acid B D H Aristar* 37 0.02 

Nitric acid B D I I Anstar 69 0.02 

1,10-Phenanthroline monhydrate Aldnch Punss 99.5 
1,10-Phenanthrolme (anhydrous) f'luka Puriss 

Sodium hydroxide B D H AnstiU- * 98 0.5 

Cetylethyldimethylammoniumbro Aldnch Reagent 85 
mide (CED.\B) ' 

Technical Tetraethylenepentamine (TEPA) Aldnch Technical 
Spectrosol Cu ICP standard B D H AnalaR 

30 (v/vy 0.001 Hydrogen peroxide Aldnch Xnst.ir*^ 30 (v/vy 0.001 

Cu(II ) Standards: \ 1 mM Cu(II) stock standard was prepared from an ICP 

standard (1,000 mg 1' in 2.0 % (v/v) HNO3, Spectrosol, BDH) by making up 1.57.3 ^1 o f 
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the ICP standard to 100 tnl with UHP water. A firesh stock solution (1 mM) was prepared 
monthly, a 10 | i M intermediate stock solution prepared weekly, and serial dilutions to 
working standards were prepared daily. A l l Cu(II) standards in UHP water and UHP water 
blanks were acidified to pH 2.0 by inclusion of 50 j i l o f Q - H N O j in 100 ml o f standard. 

Hydrogen Peroxide solutions: Working H j O j solutions were prepared for 

laboratory use by serial dilution o f the reagent with UHP water. A titrimetric method was 

used to establish the concentration of the hydrogen peroxide as supplied. Potassium 

permanganate (0.02 M) in acid solution (H2SO4, 2 M) was titrated against H2O2 (0.05 M), 

the end point o f the titration being when a permanent faint pink coloration occurred. The 

potassium permanganate solution was prepared as a primary standard in UHP water from 

Aristar® grade reagent. The permanganate was warmed to hasten the oxidation of any 

organic matter present, followed by crucible filtration to remove any manganese dioxide 

formed by the reaction. The solution was stored in the dark to prevent decomposition. 

These procedures enhanced the stability of the permanganate solution. 

2KMnO, + 5H2O2 + 3H2SO, • 2MnS04 + 50^ + SH^O + K^SO, 

A t the outset of this study a 12 m M 1,10-phenanthroline monohydrate stock 

solution was prepared by dissolving 1.189 g in 100 ml o f UHP water. 1,10-phenanthroline 

monohydrate has low solubility in cold water (CRC Physical Constants 1977/8, 58th 

Edition) and therefore the solution was warmed to 55° C in a water bath and sonicated for 

10 min. The primary reagent containing the 1,10-phenanthroline was prepared by 

dissolving 1.5 g of sodium hydroxide in 400 ml of UHP water, adding 2.5 ml of the 12 m M 

1,10-phenanthroline monohydrate stock solution and making up to 500 ml with UHP 

water. This produced a primary reagent containing 75 m M NaOH and 60 | i M 1,10-

phenanthroline. The surfactant cetyldimethylammonium bromide (CEDAB) and 

tetraethylenepentaamine (TEPA) were not added to the primary reagent during the initial 

stages o f the research. 

The initial response from the manifold was erratic due to the difficulty of dissolving 

and stabilising the 1,10-phenathroline monohydrate stock solution. A n anhydrous 1,10-

phenanthroline, with improved solubility (CRC Physical Constants 1977/8, 58th Edition), 

was therefore prepared at a 3 m M stock concentration (0.0541 g in 100 ml o f UHP water). 

CEDAB was incorporated into the primary reagent to improve the solubility of the 1,10-

phenanthroline. Its addition altered the preparation of the primary reagent in that the 

CEDAB (3.3396 g in 500 ml) was first added to 400 ml of UHP water with sonication (10 
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min) to promote dissolution. To this, 10 ml o f 3 m M anhydrous 1,10-phcnanthroline stock 
solution, 6.65 ml o f 6 M stock NaOH (24 g in 100 ml o f L HP water) and 30 ^l l o f 4 m M 
stock TEPA (94.5 ^il o f 4.23 M solution (as supplied) m 100 ml o f L H P water) were added. 
The 1,10-phcn.inthroline/NaOH/CEDAB/TEPA solution was made up to 500 ml with 
LHP water and left to equilibrate overnight pnor to use. These volumes represent the final 
reagent concentranons as determined by a ngorous optimisation. This solution is hereafter 
called the 1,10-pnmary reagent. 

2.2.2 Instrumentation 

ITie FI-CL manifold (Figure 2.7) was constructed using chemically inert, 0.75 mm 

i.d. poly(tctrafluoroethylene) (PTFE) tubing (.^nachem), flanged to produce fluid tight 

junctions with standard FI connectors. Î ôr the FI manifold development descnbed in this 

chapter, a volume based sample delivery system utilising an inert carrier stream to displace 

a fixed volume o f sample from a sample loop was used. Sample injection was accomplished 

using a six port rotary valve (Rheodyne Type 5020, HPLC Chromatography, Ingure 2.3), 

that had chemically inert, polyethcrctherketone (PEFK) wetted parts to minimise metal 

contamination and resist acid degradanon. 

(a) Position A - Load (b) Position B - Inject 

Figure 2.2 Operation of a Rhcodyoc 5020 Roury InicctioD Valve - coil represents sample loop 

or micnxolumn a) load position (b) injection/elurion position) 

A multi-channel, variable speed penstaltic pump (Watson Marlow 503S, 6 channel, 

8 roller head) and a single speed penstainc pump (Ismatec Mini-S 820, 4 channel, 8 roller 

head) were used at the outset as reagent and sample pumps respectively. Ml pumps where 

regularly calibrated to ensure accurate and reproducible flow rates. High precision, 

chemical resistant pump tubing (Acu rated poly(vinyl) chlonde, (PVQ Elkay), o f varying 

i.d.s signified by different bndge colours, was used throughout. The CL emission was 
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Figure 2J FI-CL Manifold for Cu(II) in UHP Water. Incorporating Rheodyne 6 port injection valve and sample loop. A - Sample pump, 1̂  L I IP 

water earner stream pump, C - Reagents pump 
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detected by an end-window photomultiplier tube (PMT, model 9789QB, Thorn EMI) 

contained in a |i-metal shield to insulate against electromagnetic fields (MS52D), an 

ambient temperature r f shielded housing (B2F/RFI) and a 1.1 kV power supply (Thorn 

E M I , PM28B). The PMT gave low dark current (0.3 nA, quoted by Thorn EMI) and dark 

voltage signals. Background electronic noise was minimised by using high quality leads and 

a low noise PMT (Section 2.3.2). Injection o f a Cu(II) standard or sample into the FI-CL 

manifold resulted in a sharp, reproducible CL peak superimposed on the background CL 

emission. The transient CL emission was recorded on a flat bed chart recorder (Chessel B D 

40 04), with the peaks measured manually with a ruler. The PMT was left switched on since 

it required a minimum of 2 h after powering up for the dark current to stabilise. 

2.2.3 Flow Cell Design 

In order to monitor the CL emission, a purpose designed flow cell (Figure 2.4) was 

mounted immediately in front o f the end window of the PMT detector. The flow cell was 

constructed firom inert quartz tubing (140 mm length, 160 (il internal volume) tightly coiled 

into a flat spiral which promoted effective mixing o f the sample and reagents. A light tight 

aluminium housing enclosed the flow cell, which was connected through an internal screw 

flange to the reagent/sample FI T junction, also enclosed in a light proof housing. A 

mirror was mounted on the flow cell side o f the internal flange to maximise, by reflection, 

the detection o f the CL emission. J.d. 1.2 mm 
Quartz Tube 

Waste 

10 mm 
< • 

30 mm / 

a) 

Reagents and Sample 

Rat Spiral 

o.d. 2.3 mm 

18 nvn 

Figure 2.4 Purpose Designed Quarte Flow Cell a) single entry flow cell b) flat spiral 

Finn® pipettes were used for all solution delivery in the laminar flow hood and 

Eppendorf pipettes (ceramic piston) used for fieldwork. A l l pipettes were used exclusively 

for trace metal analysis, regularly calibrated to ensure the accurate delivery o f successive 
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volumes and stored in the laminar flow hood to minimise contamination. A calibrated 
four-figure balance (A 200 S, Sartorius) was used for reagent preparation and to verify the 
accuracy o f pipette delivery. A l l pH measurements in the hboratory were performed with a 
pH meter (Hanna Instruments, H I 9021), calibrated daily using standard pH 4, 7 and 10 
buffers (Colourkey, BDH) . A sonic bath (Branson 2210) was used as required to promote 
reagent dissolution and homogeneity o f solutions. Laboratory film (Parafilm, BDH) was 
used where necessar)' to prevent airborne contamination. 

2.2.4 Procedures 

For the manual FI-CL system (Figure 2.5), a UHP water carrier stream displaced a 

sample from a fixed volume PTFE loop. The 1,10-primary reagent and hydrogen peroxide 

were mixed in the reagent mixing coil, prior to merging with the sample at an FI 

junction immediately before the flow cell. A CL reaction was catalysed in the quartz flow 

cell by the Cu(ll) in the sample, the CL emission detected by the PMT and recorded as a 

transient peak, the height of which was direcdy related to the Cu(II) concentration. A l l 

peak measurements were done by hand. Valves were switched manually with stopwatch 

timing used throughout the work described in this chapter. The FI-CL manifold was 

regularly acid cleaned (0.2 M Q-HNOj) and rinsed with UHP water to minimise sample 

carr)' over and contamination. Due to the nature of the analytical method, it is imperative 

to ensure high accuracy and precision in the preparation and delivery o f reagent, standard 

and sample solutions. High precision, variable volume micropipettes (Eppendorf Research 

3110, 10-100 Hi, 100-1000 (ll and 500-5000 |i!) with ceramic pistons were used throughout 

the work reported in this chapter. They were regularly re-calibrated using a five-figure 

analytical balance (Sartorius, A 200 S). Fresh pipette tips were used for each analysis, each 

tip being kept exclusively for each solution, stored in designated 25 ml sterilin vial and 

changed i f memory effects were noted. 

2.2.5 Clean Protocols 

Due to the ubiquitous presence of Cu(II) in reagents, the atmosphere and on new 

labware, rigorous labware cleaning and clean working protocols were employed to enable 

accurate determination of Cu(Il) at trace levels. A l l labware was thoroughly cleaned by first 

soaking in hot 5 % v / v micro detergent (Decon, BDH) for 24 h to remove organic 

contamination, followed by five days in HCl (50 % v / v , Aristar®) and three days in HNO3 

(50 % v /v , Aristar*). After each stage the labware was triple rinsed with UHP water. 
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Sample botdes were stored full o f 0.1 M Q-HCl. A l l labware was immediately closed and 
double bagged in zip lock plastic bags to prevent contamination. 

In order to minimise aerosol contamination, a potentially serious problem with 

metal determination at trace levels, solution preparation and manipulation were conducted 

in a class 100 laminar flow hood (Bassaire, model A3VB) with experimental work 

conducted in a class 1000 clean room whenever possible. Rigorous clean protocob were 

followed. A full body suit (Ty\^ek®), poly-latex boots and polythene gloves were worn at all 

times in the clean room. In the laboratory, a free-standing laminar flow hood and 

polythene gloves were used for sample, standard and reagent preparation. A scalable 

Perspex cube (350 x 350 x 400 mm) containing the reagents and sample was incorporated 

into the FI-CL instrumentation to provide a clean working area when not in the clean 

room e.g. during field deploj^nent, with solutions transferred to the FI-CL analyser via 

PTFE tubes. A l l solution containers were closed and doubly sealed in plastic bags, except 

during solution manipulation. 

2.3 Results and Discussion 
All results presented in this chapter were obtained with the manifold shown in 

Figure 2.3, unless stated otherwise. Initial experimental conditions were 50 ( i M 1,10-

phenandiroline, 50 m M NaOH, CEDAB at 12 mM, TEPA at 0.2 ^ M and H^O^ at 5 % 

(v/v). Reagent flow rates o f 1.5 ml min'' and a UHP carrier flow rate o f 1 ml tnin"' were 

used at the outset. A 100 nM Cu(II) standard was used initially with a 10 nM Cu(II) 

standard used for further refinement once optimisation had raised the sensitivit)\ Blanks 

consited o f acidified UHP water (50 ^1 Q-HNO3 100 ml' '). Error bars on all graphs utilise 

a criterion of three times the standard deviation (3 s) o f the signal (mV) for five replicate 

injections (n=5). Dixons Q-test was used to evaluate possible outliers. 

2.3.1 1,10-PhenanthroUne C L Reaction 

The 1,10-phenanthroline CL reaction was selected for this study due primarily to its 

inherent sensitivity and selectivity for Cu(II). As reported by Federova et al.^ (1982), the 

Cu(II) ion was chelated by one or two 1,10-phenanthroline molecules, each of which had a 

pair of nitrogen atoms with unpaired electrons that formed covalent bonds with the Cu(II) 

[Cu phen fj2+ (where n = l or 2) (Figure 2.5 and I in Figure 2.6). 
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O o o V/ 
2" 

Figure 2.5 Chelation of Cu(II) by 1,10-phenanthroline 

The chelated copper catalysed the decomposition of the hydrogen peroxide to 

produce superoxide radicals, although only a small fraction of them acted as oxidants, the 

majority propagating the catalytic decomposition of the hydrogen peroxide. The 

superoxide radicals oxidised the 1,10-phenanthroline to the excited C L emitter 3,3'-

diformyl-2,2 dipyridyl (designated in Figure 2.6) and finally to 2'-dipyridyl-3,3'-

dicarboxylic acid (y in Figure 2.6). 

(Metal catalyst + 1,10-phenanthroline) + Oxidant in alkaline medium • C L 

The 1,10-phenanthroline underwent oxidative ring cleavage between the fifth and 

SLXth carbon if^^-C^ by the superoxide radical (Oj*), which was reversibly added, 

resulting in the formation of a peroxide radical (I in Figure 2.6). The subsequent addition 

of an H*^ ion produced an uncharged radical (II in Figure 2.6), which then formed a 

dioxetane (III in Figure 2.6). This in turn decomposed to an electronically excited 3.3'-

diformyl-2,2'-dipyridyl (IV in Figure 2.6), which decayed back to the ground state resulting 

in chemiluminescence (CL). Both compounds TV and V in Figure 2.6 have 

photoluminescent spectra similar to the C L spectra previously recorded by (Federova et a/., 

1982) and are therefore possible C L emitters in the 1,10-phenanthroline C L reaction. 

Several aspects of the 1,10-phenathroline reaction were investigated by Federova et 

aL, (1982). The intensity of the C L emission and the time to maximum C L emission were 

reported as dependent on the experimental conditions. The kinetics of the reaction follow; 

dl = - a l 

dt 

3/2 
where I = Intensity of CL, a = coefficient of CL intensity 
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HP, 
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IV 

Figure 2.6 Mechanism of 1,10-phenanthroline C L Reaction 

These authors also observed that when an alcohol was added, the C L quantum 

yield increased to a maximum 10"̂  photons per molecule of 1,10-phenanthroline oxidised, 

compared to a mean of 10"** photons per molecule in an alcohol free system. They 

postulated that the hydroxy! radicals formed from the alcohol did not participate in the 

formation of the excited state compounds. Sunda and Huntsman, (1991), utilising the 1,10-

phenathroline C L reaction in a batch system, reported that the C L peak occurred 0.6-0.7 s 

after the mixing of the reagents and sample, enabling it to be used for near real time 

determination of Cu(II) in an FI manifold. 
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2.3.2 Optimisation of P M T Voltage 

The sensitivity of the P.MT detector was determined in part by the applied high 

voltage, which was optimised using a 10 nM Cu(II) standard in L I IP water. The C L signal 

and PMT noise (measured as peak-to-peak noise on the baseline) are reported in Figure 2.7 

over the applied voltage range of 930 - 1100 V, which was the maximum P.MT operating 

voltage. 
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Figure 2.7 Opdmisation of PMT Volugc. Sensitivity (mV) " 

10 nM in UHP water. 

PMT sensitivity increased with voltage, although a corresponding incrc.i.sc in P.M l 

dark current i.e. noise originaring primanly from the thermionic emission of the cathode 

tube, also occurred. An optimal signal to noise ratio was found at 1075 V which was 

selected for all hiture work. This voltage also represented a balance between sensirivity and 

PMT lifenme, which would have been substantially reduced at higher applied voltages. 

2.3.3 F I - C L Manifold Optimisation 

Preliminary work: This focused on familiarisation with the Cu(II) catalysed 1,10-

phenanthroline C L reaction and optimisation of the F I - C L manifold to enhance its 

sensitivity. In order to simplify the system, and its subsequent optimisation, the 

tetraethylenepentamine (TEPA) and the surfactant cetylethyldimethylammoniumbromide 

(CI^DAB) were not included in the l,10-pnm;ir)' reagent in the initial research. A 10 cm 

reagent mixing coil was used. Typical initial C L signal peaks for a 100 nM Cu(II) standard 

in Ul iP water were small, broad and ragged in profile. Increasing the flow rates of reagent 

and carrier streams from 1.22 to 1.91 ml min ' resulted in a 100 % increase in signal. 
57 



Chapter 2 FI-CL Analyser for Cu(n) in VHP water 

Reducing the distance between the sample/reagent mixing "T* junction and the flow cell 
from 19 to 6 cm, the minimum distance achievable, also increased the C L signal. 

After an initial good response from the F I - C L manifold, a 75 % reduction in 

sensirivit)' occurred with a concomitant decrease in reproducibility. The experimental 

parameters in use were therefore investigated. Fresh reagent solutions and standards were 

prepared, and the reagent/carrier flow rates varied. A full manifold decontamination 

protocol was put in place (0.2 M HCl soak, I M HCl wash with a UHP water rinse), 

together with a full manifold rebuild. Heating of the reagent stream was introduced over 

the temperature range of 10 - 40° C without any effect. The addition of the surfactant 

cet)'lethyldimethylammoniumbromide (CEDAB) to the primary reagent (Section 2.2.1) 

restored the sensitivity and reproducibility of the C L reaction. All subsequent work used 

the 1,10-primar)' reagent incorporating C E D A B . 

The experimental variables were optimised using a univariate approach and 

subsequendy a simplex algorithm (Section 2.3.5). For the univariate method the physical 

operational parameters of reagent mixing coil length (both knitted and coiled), sample loop 

volume ()il) and reagent flow rate (ml min ') were optimised. This was followed by 

univariate optimisation of the concentration of the components of the 1,10 primary 

reagent, namely 1,10-phenandiroline QiM), C E D A B (mM), NaOH (mM) and T E P A (^M), 

and also die H2O2 (% v/v). 

2.3.3.1 Reagent Mixing Coil Length 

Sunda and Huntsman, (1991) reported the use of a water bath to preheat the 

reagents to 40" C to accelerate the production of the superoxide radical from the HjOj and 

increase the acti\at}^ of the mbced reagents. Although a necessity for the generation of a C L 

signal in the early part of this research, the practicalities of using a water bath made it 

unsuitable for field deployment and therefore it was removed, simplifying the system. 

Increasing the reagent mixing coil length from 10 to 450 cm substantially improved nuxing 

and compensated for the loss of sensitivity due to the absence of a water bath. 

Optimisation of the geometry, i.e. both knitted and coiled designs, and of the length of the 

reagent mixing coil (Table 2.2), were therefore important in order to maximise manifold 

sensitivit)'. 
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Table 2.2 Reagem Mixing C 

Knitted Signal RSD Coiled Signal R S D 
Length (cm) (mV) (%) Length (cm) (mV) (%) 

0 14.6 7.7 0 13.9 1.9 
100 16.6 2.1 100 16.7 2.9 
200 17.2 2.9 150 17.0 3.5 
300 15.7 1.4 200 16.6 1.2 
400 16.0 1.8 250 16.2 2.2 
500 15.8 0.0 300 15.9 0.0 
600 16.0 1.8 400 16.2 2.6 
650 15.5 1.3 

Acidified Cu(II) (pH 2, 100 nM) in UHP water 

A C L signal maximum was reached at 200 and 150 cm for the knitted coil and 

coiled reagent mLxing coils respectively with good reproducibility (< 4 %, n =5) seen for 

both types of coil. The 200 cm knitted coil was selected for future use to maximise 

manifold sensitivity, although the incorporation of both types of coil significantly improved 

manifold sensiti\dty compared with their absence. The improved mixing of the uvo reagent 

streams enhanced the migration of the superoxide radicals, produced from the catalytic 

decomposition of the HjOj, to the micellar environment of the 1,10-primar)^ reagent. 

However, provided there was a minimum mixing time for the C L reagents, extending the 

coil length had no significant effect on the signal. The use of a reagent mixing coil, 

particularly the knitted coil, increased the three dimensional disorientated flow due to the 

development of secondary flows which promoted very effective radial dispersion and 

reduced axial dispersion (Section 2.3.4). This occurred without the drawbacks of bead 

reactors such as the possible entrapment of small bubbles and solid particles. More 

efficient reagent mixing occurred with the reagent mixing coil, the dispersion coefficient 

(D) was decreased and the C L signal was enhanced. 

2.3.3.2 Sample Volume 

An efficient FI manifold minimises dispersion of the sample in the reagent stream, 

an important factor that impacts sigtiificandy on sensitivity. Dispersion was strongly 

influenced by the sample injection volume, which was thus optimised over a 10 to 400 \i\ 

range (Figure 2.8). 

The C L signal rose to a signal pbteau (230 - 400 |il) as the sample injection volume 

increased, due to a reduction in the dispersion coefficient (D) of the sample into the 

reagent stream, which improved the stoichiometric ratio between Cu(II) and the C L 
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Figure 2.8 Sample Loop Volume Opdmisation (^il). Cu(II) 100 nM in UHP water. 

reagents. Minimisation of the length of FI lines after reagent/sample mixing also reduced 

the dispersion. At the larger sample volumes used, a stoichiometric limitation of the C L 

reaction occurred due to the binding of the Cu(II) by the 1,10-phenanthroline becoming 

rate limiting. A detenoration in reproducibility was observed at larger sample volumes, 

which was attributed to the stoichiometric limitation of the 1,10-phenanthroline, the 

production of secondary C L emitters (Federova et aL^ 1982) and the vanability in mixing at 

the confluence zone due to the different sample and reagent flow rates causing chiinnciling 

of the streams. A sample volume of 270 ^l was chosen as an optimum balance between 

sensitivity (the priority) and maintaining good reproducibility. 

2.3.3.3 1,10-Phenanthroline Solubility and Concentration 

Ilie 1,10-phenanthroline was central to the selected C L reaction (Section 2.3.1) and 

therefore its role was investigated. At the outset of this study two different forms of 1,10-

phenanthroline were used, initially a monohydrate and then, due to difficult)' in ensunng 

complete dissolution of the monohydrate, an anhydrous form that C R C dara reported had 

improved solubility in both cold and hot water. 

Solubility of 1,10-phenanthroline: In order to investigate their sensitivity at 

different stock concentrations, three monohydrate and anhydrous 1,10-phcnanthroline 

concentrations were prepiu-ed from which appropriate aliquots were included in the 1,10-

pnmar)' reagent to produce a 50 ^M final concentration. The C L responses are shown on 

Figure 2.9. 
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Figure 2.9 Solubility of 1,10-pbcnanthrolinc. Monohydrate 1,10-phenanthroline , 

Xiihydn.us KlO-plun.uithn .line • • . C u f l l ) 100 iiM in L H P w.iic r. 

For the monohydrate l,10-pheniinthr()line, the C L signal was subsrantially 

improved at a 3mM stock concentration, which required a 10 min sonication to achieve 

complete dissolution. The difficulty in dissolving the monohydrate form was very evident 

when preparing the 12 mM 1,10-phenanthroline stock. Heating in a water bath (55 ° Q 

with prolonged sonication (30 min) was required for its complete dissolution. This was an 

observation supported by C R C data, which specified low solubility for the monohydrate in 

either cold or warm water. 

ITie anhydrous 1,10-phenanthroline, in companson with the monohydrate, gave a 

much improved C L signal over the whole concentration range. It was considerably easier to 

prepare, requiring only a little warming, with a 5 min sonication used to ensure 

homogeneity of solution, 'llic anhydrous 3 mM solution (0.0541g in 100 ml of UHP water) 

had good reproducibility with a marginally better resp)onse, and was thus selected for 

subsequent use. It is clearly important to use the anhydrous 1,10-phenanthroline to simplity-

preparation, ensure C L occurs and maximise the sensitivity of the FI-(^L manifold. ITiis is 

not reported in the literamre and the anhydrous reagent is only available from a limited 

number of suppliers. 

Equilibrium Time for the l,iO-Phenantliroline Primary Reagent: ITie C L emission is a 

direct function of the optimum interaction of the C L active components in the 1JO-

pnmary reagent The opnmum nme for equilibration between components ot the 1,10-

pnmary reagent was therefore investigated (Figure 2.10). 
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Figure 2.10 Equilibration Time for 1,10-phcnaiithrolinc/CEDAB. 100 nM Cu(ll) in UUP 

A nse in C L was observed as the time after preparation of the 1,10-primary reagent 

rose. When left to age ovemight (12 h, not shown), the C L increased a further 56 % above 

that observed at 90 min. The ovemight equilibration established a stable micellar 

microenvironmcnt (Section 2.3.3.5), with the uncharged 1,10-phcnanthroline positioned at 

the micellar interface where the polarity was less pronounced, lliis stabilised the active C L 

excited state species e.g. 3.3'-diformyl-2,2'-dipyndyl, promoting the formation of the 

excited species and aiding the resonance energy transfer between them and their decay back 

to ground state with C L emission. For subsequent experiments the 1,10-pheniUithroline 

primary reagent was allowed to equilibrate ovemight prior to use. Subsequent observation 

showed that this reagent, when stored in the dark at 4 ^ C , was stable for 3 weeks without 

any significant reduction in signal. The optimum concentrations of the 1,10-

phenanthroline, NaOH and C E D A B in the 1,10-pnmar)' reagent were then determined by 

a univariate method. 

1,10-Phenanthroline Concentration in the Primary Reagent: 1 he 1,10-phenanthrolinc 

has a cntical role in the C L reaction, binding with (^u(ll) to form a complex which catalyses 

the decomposition of the hydrogen peroxide and is also oxidised to the electronically active 

dioxetane species from which C L is emitted. The concentration of the 1,10-phenanthroline 

wiis therefore investigated over the ranges 20 - 200 îM and 10-90 |iM (Figure 2.11). 
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Figure 2.11 OpdmisatioD of 1,10-phenaiithroline Concentration (20 ^M to 200 fiM) in 1,10-

pnmary reagpnt. (^u(II) 100 nM in UHP water. Two experiments, first over the full range 1,10-

phenanthroline and the second focused on the expenmental maximum observed from the first 

expenment. 

'ITie optimum 1,10-pheniinthroline concentration was found to be 60 ^M in both 

expenments. Below 30 jiM the formation of the l,10-phenanthroline-Cu(ir) complex, an 

essential first step in the C L reaction, was limited. At the lower concentrations of 1,10-

phenanthroline used it was more dispersed at the micelle interface, rt^tncting the 

quantum yield. A rapid quenching of the signal was seen above 180 |i.M due to molecular 

aggregation which bound up the Cu(II) or a reduction of micelle stability. 'l*he quenching 

occurred by dissipation of the C L emission via a non-radiative pathway such as molecular 

collisions, intersystem crossing or internal conversion, rather than C L . 

h'ederova et oLy (1982) reported that the concentration of the 2,2*-dipyndyl-3,3'-

dicarboxylic acid at the cessation of the C L reaction was the same as the concentration of 

the 1,10-phenanthroline at the outset, showing that it was all converted. The same authors 

also found that the C L emission did not remain constant unnl the oxidisation of the 1,10-

phenanthroline was almost complete and that the overall number of photons emitted was 

ahvays proportional to the concentration of the 1,10-phenanthroline. f urthermore, the C L 

intensity was also reported to correlate with the rate of disappearance of the 1,10-

phenanthroline and not with the initial reaction rate. The concentration of the 1,10-

phenanthroline therefore determines the intensity of the C L emission with respect to time 

(Federova tt oL, 1982), demonstrating its central role m the C L reaction and highlighnng 

the importance of its solubility. A concentration of 60 (iM was used for all subsequent 

studies. 
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2.3.3.4 Sodium Hydroxide Concentration 

The 1,10-phenanthroline C L reaction has been reported to be sensitive to pH 

(Coale et oL, 1992), a factor pnncipally influenced by the NaOH concentration in the 1,10-

pnmar\' reagent. Iliis was therefore investigated over the range of 10 to 100 mM NaOH 

(Figure 2.12 and Table 2.3). 

16.0 

140 

12.0 

> 10.0 

10 20 30 40 50 60 70 80 

|NaOH| inl.lO-pninar> Reagent (mM) 

100 

Figure 2.12 Optimum NaOH Concentration (mM) in 1,10-primary Reagent Cu(II) 100 nM 

in r i l l ' w.iR-r 

Table 2.3 Optimal p H Provided by [NaOH] (mM) 

[NaOH] (mM) p H of Waste Signal (mV) RSD (%) 

10 9.4 2.7 2.5 
50 10.3 5.5 5.9 
60 10.4 11.8 4.8 
70 10.5 12.3 2.8 
80 10.5 13.9 2.7 
85 10.5 13.5 4.2 
90 10.6 0.9 6.4 
100 10.7 0.8 6.9 

Cu(ll) 100 nM in UHP water 

The opnmum NaOH concentration in the 1,10-pnmary reagent was 80 mM, with a 

significant reduction in signal at 90 m.M due to a non-radiative decay pathway occurring at 

NaOH concentrations in excess of 85 mM. The alkaline pH of the 1,10-pnmary reagent 

was thus important, the basic C L reaction medium it produced also promoting the catalytic 

decomposition of hydrogen peroxide to produce superoxide radicals. The latter were also 

stabilised in a basic medium (Ixderova et oL^ 1982), which also promoted the formation ot 

the C E D A B micelles. 
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2.3.3.5 C E D A B Concentration 

The significantiy reduced signal reported earlier (Section 2.3.3) and observed again 

m the simplex optimisation (Section Z3.5) was due to the omission of the surfactant 

cetylethyldimethylammoniumhromide (CEDAB) from the 1,10-pnmary reagent. Iliis 

demonstrated the central role of C E D A B in the 1,10-phenanthroline C L reaction, and the 

need to the optimise its concentration in the 1,10-pnmary reagent (iMgure 2.13). 

10 0 • 

10 1 5 20 25 30 35 

[ C E D A B ] ( m M ) 
50 

Figure 2.13 Optimum C E D A B (mM) Concentration in 1,10-primary Reagent. Cu(ll) 100 nM 

in UHP water. 

The optimal C E D A B concentration was 15 mM at which stable micelles are 

formed. Previously reported work (Coale ei oL, 1992) indicated that the C F : D . \ B enhanced 

the C L signal but was not a pnmary requirement for a reproducible C L reaction. 'ITie 

erratic C L emission observed early in this study until the inclusion of C E D A B in the 1,10-

pnmary reagent suggested it was an absolute requirement. 

As an organised assembly, C E D A B promoted the solubilisation, 

compartmentalisation and concentration of the three other components of the 1,10-

primary reagent, i.e. 1,10-phenanthroline, NaOH and T E P A . In the stable micellar 

microenvironment the energy transfer and deactivation processes that resulted m C L 

emission were enhanced. ITie uncharged non-ionic species of 1,10-phenanthroline that is 

thought to be formed in an idkaline medium (Federova tt oL^ 1982), migrated to the apolar 

Stem region at the micelle surface rather than the polar water molecules. The anionic 

superoxide radical was also attracted to the positively charged micelle surface. 

The active C L species were thus brought into close proximity, reducing the 

distances between the energy donor and acceptor molecules (Bowie et al^. 1995 ), enhancing 



Chjpter 2 FI-CL Analyser for Cu(ll) in I HP u .ncr 

the resonance energy transfer that occurs when the excited donor and acceptor are a 
maximum of 10 nm apart. The formation of dioxetane, the electronically excited C L 
emitter was therefore promoted, enhancing the quanmm efficiency of the C L reaction. It is 
unlikely that the C L emitter entered the micelle itself, which is a more hydrophobic 
environment than the Stem region, smce this enclosed environment would restnct non-
emissive energy transfer (\'amada and Suzuki, 1984). 

The wavelength (A, max) for the C L emission was reported as 445- 450 nm by 

Federova et aL (1982). However, when the surfactant (CEDAB) was added, X max was 

reduced to 380 nm due to alteration of the polarity of the microenvironment of the 

emitting species. 

2.3.3.6 Hydrogen Peroxide Concentration 

The ccntTiil role of the hydrogen peroxide to the C L reaction was highlighted by 

the absence of a C L signal when a new batch of Aldrich H2O2 was used. Ilie Aldnch 

hydrogen peroxide was then compared to batches from B D H and Muka. A C L signal was 

not observed using the same bottle of Aldnch hydrogen peroxide, indicating that it was 

faulty, since both Fluka and BDI1 brands resulted in C L . 'llie Huka brand was used for 

the subsequent optimisation of its concentration (Pigure 2.14) and iill subsequent studies. 

i 

5 6 7 8 9 10 
|H202l(%> v/v) 

11 12 13 14 

Figure 2.14 Opdmisation of H2O2 Concentration 

A signal maximum was seen at 10 % (v/v) H202,wi th a reduction in C L at higher 

concentrations due to the formation of an altemative, non-emissive reaction pathway. The 

sequential oxidation of the 1,10-phenanthroline to produce the electronically excited 

dioxetane species occurred when the 1,10-phenanthroline reacted either with the H 2 O 2 
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flow cell. The former required cooling to -20 ^C to reduce its m.igninjdc. 11 .P A w.is .iddcd 
to the l,10-pnmar\' reagent as a final component, in order to reduce the baseline C L *noise* 
catalysed by the trace Cu(II) impunties. Investigation of the T E P A concentration resulted 
in an optimum of 0.4 ^iM. The effect on the noise of the addition of T E P A (0.4 to the 
1,10-pnmary reagent was evaluated 5 and 60 min after its addition (Figure 2.1 S). 

0.040 

0.035 

0.030 

0.025 
•f. 0.020 
z 

/ 
0.015 
0.010 
0.005 
0.000 

- T E P A + T E P A - T E P A + T E P A 
(5 min) (5 mm) (60 min) (60 mm) 

1,10-Pnmary Reagent 

Figure 2.15 Incorporation of T E P A into 1,10-primary Reagent With (+) and without (-) 

TEPA (0.4 jiM), with time (min) after addition of the TEPA to the l,l()-pnmar\' reagent. 

The baseline noise level was substantially reduced after the addition of the TEP.A 

(55 % at 5 min, and 64 % at 60 min), a complexing agent for Cu(II), due to it chelating the 

Cu(II) impunties in the 1,10-pnmary reagent, llie further decrease in the noise at 60 min 

suggested that the kinetics of the T E P A chelation were relatively slow. Ilie TEPA also 

affected the position of the baseline trace on the chart recorder. The noise onginating 

solely from the PMT, without the reagent streams flowing, was recorded as a baseline trace 

(0.0 mV) on the chart paper. With the reagents flowing, but without T E P A , the chart pen 

moved up the chart due to the noise catalysed by Cu(II) impunties in the pnmary reagents, 

stabilising at + 0.75 mV (5 mV full scale). After the addition of T E P A to the 1.10-pnmary 

reagent and with the reagents flowing, the baseline moved down off the chart to the *stop', 

requinng a manual adjustment to retum the pen to the chart. This confirmed the 

scavenging action of the T E P A . The stabilisation of the C L reactive species by the (^ED.\B 

microenvironment may have also enhanced the 'I*EPA action. 
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2.3.4 Flow Rates in the F I - C L Manifold 

2.3.4.1 Pump Tubing Calibration 

.\n important criterion in FI is reproducible dispersion, which requires constant 

flow rates within the FI manifold. A range of pump tubing (Acu Rated, Elkay) of varying 

internal diameters was therefore calibrated (Figure 2.16) using a multi-channel, variable 

speed penstaltic pump (Watson .Marlow 503S, 6 channel, 8 roller head). 

Q 
3 

20 25 30 

Pump Revolulions Per Minute 

Figure 2.16 Calibration of Pump Tubing and Watson Variable Speed (503 S) Pump. I Ik.r. 

.\cu Rated Auto Analysis Pump I'ubing used, i d. signified by the different bridge colours. Bndge 

Colour - Blue/Yellow — , C}rey — " ,Red — • , White , Orangp — . 

The flow rates for the pump tubing were linear over the range of pump speeds 

used. The pump tubing was routtnely replaced after 30 h usage to ensure accurate flow 

rates. All pump tubing was conditioned by acid cleaning (0.2 M I ICl) for 1 h followed by a 

1 h L HP water rinse pnor to use. 

2.3.4.2 Reagent Flow Rates 

C L reactions are typically very fast (0.1-10 s) compared with spectrophotomcmc 

derivatisation reactions and the response is transient. It was therefore important to ensure 

the time for the in-line C L reaction to develop was at its opnmum, i.e. that the mxximum 

C L emission took place in the spiral flow cell in front of the detector window, l l i is 

required optimisation of the flow rates of the l,10-pnmiU7 reagent and the H j O , (Figure 

2.17), to ensure efficient mixing. 

A linear increase in the C L emission (R' = 0.9826) was seen over the flow rate 1.0 - 3.5 ml 

m i n T h e improvement in C L was attributed to increased turbulence that improved the 

mixing of the reagents and their mixing with the sample. In addition, the time for the 

69 



Chapter 2 FI-CL Analyser for Cu(II) in UHP water 
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Figure 2.17 Flow Rate of C L Reagents - 1,10-primary Reagent and H2O2 Cu(ll) 100 nM in 
UHP water. 

C L reaction to reach the flow cell was reduced at higher flow rates, with a greater number 

of molec*ules reacting in front of the detector window. An increased flow rate could be 

used to enhance the sensitivity of the F I - C L analyser if environmental Cu(II) 

concentrations were close to the L O D . At lower flow rates, the maximum reaction rate 

(and therefore the C L emission) occurred before the sample/reagent zone reached the 

detector wmdow. 

A flow rate of 2.6 ml min ' was selected for subsequent work, which represented a 

balance between high sensitivity and low reagent consumption. 'Iliese were important 

factors for shipboard deployment. 

2.3.5 Simplex Optimisation 

A Simplex algonthm is a mathematically based expenmental design that can be 

utilised for investigating and optimising a surface response, which is a graphical 

representation of a response as a function of one or more factors. A simplex program is a 

geometncal figure with f 1 sides for f factors, e.g. a simplex for two factors is a triangle 

(iMgure 2.18). The points or vertices of the simplex are used as the co-ordinates, the worst 

response being rejected each nme .LS it searches the solunon space (.Miller and .Miller, 2(M)0 . 

ITie method works best when the response or the factors vary in a continuous manner 

within a specific range, and this study was so designed i.e. a set range with specifically sized 

steps. 
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L e v e l of Y 

L e v e l of X 

Figure 2.18 Pictorial Depiction of Simplex (Miller and Miller, 2000) 

The aim of the simplex optimisation was to improve the sensitivity of the F L C L 

manifold for the determination of Cu(II). The large number of analytical variables (eight), 

could have resulted in an unacceptably large number of iterations in a one stage simplex 

and therefore a two stage simplex was utilised for this study. The first stage optimised the 

physical operational variables of knitted reagent mixing coil length, reagent flow rates, and 

sample injection volume. The second stage optimised the concentrations of the 1,10-

phenanthroline, the C E D A B , the NaOH and the T E P A in the 1,10-primary reagent, 

together with the concentration of the H2O2. 

2.3.5.1 Simplex for Physical Variables Using 100 nM Cu(II ) 

The range of values used for the simplex optimisation of the key analytical variables 

for the Cu(II)-FI-CL manifold was centred on the univariate optimised conditions for the 

F I - C L manifold, shown in Table 2.4. The values used at the outset of the simplex 

optimisation of the physical variables are shown in Table 2.5. The simplex size (starting 

values), were selected as one third of the total range under investigation. Precision 

regulated the size of the simplex steps, for which values were chosen which enabled the full 

range to be investigated in an acceptable number of iterations, e.g. for sample volimie the 

simplex searched the range 10 - 400 ^1, beginning at 120 1̂ using a possible thirteen 30 |il 

steps. 
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Table 2.4 Summary of Univariate Optimised Parameters 

Experimental Parameter Optimised Value 

Reagent flow rates 3.6 ml min"' 

Knitted reagent mixing coil 200 cm 

Sample injection volume 270^1 
[1,10-phenanthroline] 60 nM 

[NaOH] 80 mM 
[CEDAB] 15 mM 

[TEPA] 0.4 | iM 
8 % (v/v) 

Cu(II) 100 nM in UHP water 

Table 2.5 Simplex Variables and Iteration Parameters for Optimisation of 

Physical Variables 

Variable No Precision Max. Min Simplex Size Units 

Sample volume. 1 30 400 10 120 îl 
RiMC length 2 100 600 0 200 cm 

Flow rate 3 0.33 3.63 0.5 1.3 ml min' 

Reagent concentrations of 1,10-phenanthroline (60 |iM), CEDAB (15 mM), NaOH (80 mM), 

TEPA (0.4 jiM) and hydrogen peroxide (8 %) were used. RMC - reagent mixing coil 

The simplex was concluded after eighteen iterations (Table 2.6). 

Table 2.6 Results of Simplex Algorithm for Physical Parameters 

Iteration Sample Volume Reagent Mixing Flow Rate Signal R S D 
Number (Hi) Coil length (cm) (ml min"*) (mV) (%) 

1 120 0 1.33 7.2 2.2 

2 240 200 1.33 8.8 1.6 
3 180 400 1.33 8.4 1.8 
4 180 300 2.64 9.2 4.6 
5 270 400 2.31 9.2 2.3 
6 270 200 2.97 10.8 1.1 
7 330 100 3.63 11.4 4.3 
8 300 300 3.63 12.2 2.3 
9 270 100 3.63 11.9 1.2 
10 300 0 3.63 11.0 3.3 
11 300 200 3.63 12.5 1.3 
12 390 200 3.63 13.1 2.6 
13 270 500 3.63 12.0 1.7 
14 330 300 3.63 13.0 2.4 

15 390 0 3.63 11.7 2.1 
16 360 100 3.63 13.6 1.5 
17 360 600 3.63 13.1 0.8 
18 300 600 3.63 11.8 0.7 

Cu(ll) lOOnM in UHP water 
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After 18 iterations, a sufficient number that ensured the algorithm was not trapped in a 
local maximum, the simplex reached a plateau in response. The optimum physical variables 
as derived by simplex (100 nM Cu(II)) were a sample injection volume of 360 (il, a 100 cm 
knitted reagent mixing coil and a primary reagent flow rate of 3.6 ml min*' (iteration 16). 
The simplex fitted the C L reagent flow rates to the upper boundary value indicating that, if 
enxdronmental Cu(ll) concentrations were very low, higher reagent flow rates could be 
used to increase manifold sensitivit)'. 

2.3.5.2 Simplex for Physical Variables Using 10 nM Cu(II ) 

Ambient oceanic Cu(II) concentrations are 0.5 - 6 nM (Coale et ai^ 1992) and 

therefore to simulate seawater concentrations of copper a fiirther simplex optimisation of 

the physical parameters was performed (Table 2.7) using a 10 tiM Cu(II) standard prepared 

in UHP water. The simplex starting variables and reagent concentrations were those used 

for 100 nM Cu(II) (Table 2.5). 

The physical operational variables derived by simplex for 10 nM Cu(ll) were in good 

agreement with those derived by simplex for 100 nM (Table 2.8). Comparison of C L 

Table 2:7 Results of Siiiiplex for Physical Variables 

Sample Knitted R M C Reagent Flow Rate Signal R S D 

Volume (^il) Length (cm) (ml min "*) (mV) (%) 

120 200 1.33 1.1 5.6 
240 200 1.33 1.5 3.8 
180 400 1.33 1.4 4.5 

180 300 2.64 1.5 2.5 
180 300 2.31 1.8 4.7 
360 500 2.64 2.2 3.1 
270 600 3.30 1.8 3.3 
390 600 3.63 2.0 4.2 

10 nM Cu(ll) in UHP water. Reagent concentrations of 1,10-phenanthroline (60 îM), CEDAB (15 

mM), NaOH (80 mM), TEPA (0.4 |aM) and hydrogen peroxide (8 %) were used. RMC - Reagent 

Mixing Coil. 

peaks at the outset and upon conclusion of the simplex (10 nM Cu(II)) showed a 48 % 

improvement in the sensitivity of the F I - C L manifold. As with the 100 nM Cu(II), the 

sample volume and reagent flow rates were more influential than the reagent mixing coil 

length. The reduction in optimum flow rate for the reagents to 2.6 ml min*', reduced the 

dispersion of the Cu(II) and so enhanced the stoichiometric ratio of sample to reagent. The 

optimum length for the krutted reagent mixing coil rose to 500 cm for 10 nM Cu(II), which 
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enhanced the mixing of the reagents and resulted in a more efficient migration of the 
superoxide radicals to the C E D A B microenvironment. 

Table 2.8 Summary of Simplex Derived Physical Variables 

[Cu(II) l Sample Injection Knitted R M C Reagent / Carrier 

(nM) Volume (^il) Length (cm) Flow Rate (ml min ') 

100 360 100 3.6 
10 360 500 2.6 

Cu(II) 10 n.M and 100 nM in UUP water 

2.3.5.3 Simplex for Reagent Concentrations Using 10 nM Cu(II ) 

A simplex optimisarion of the reagent concentranons was conducted utilising the 

simplex denved optimum physical parameters for 10 nM Cu(II) (Table 2.8). The starting 

values shown in Table 2.9 and results in lMgure2.19 and Table 2.10. 

Table 2.9 Simplex Variables and Iteration Parameters 

Variable N o Precision Max Min Simplex Size Units 

[l,10Phenan] 1 20 100 20 40 ^iM 

[ C E D . \ l i | 2 10 25 5 15 mM 

[TEPA] 3 0.2 1 0 0.4 n \ i 
[NaOII] 4 20 120 40 80 mM 

5 2 11 1 5 % (v/v) 

6.00 ^ 

^ 4.00 

"3 3.00 
5: 

2.00 

0.00 - ^ - ^ 
1 3 

\ — I — I — I — I — I — H 1 1 * 1 1 1 1 

9 10 12 14 16 18 19a 21 23 25 26a 

Simplex Iteration 

Figure 2.19 Simplex Optimisation of Reagent Concentrations. Cu(ll) l " nM m L I IP w in r 

The simplex denved variables of a sample volume of 360 nl, a knitted reagent mixing coil of 500 

cm and a reagent and carrier flow rate of 2 6 ml mm ' were used. 
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Table 2:10 Sigiiificarit Responses of Simplex Q p t ^ 

of Reagents 

Iteration 1.10 C E D A B T E P A H , 0 , N a O H Signal R S D 
No (^M) (mM) (^M) (%) (mM) (mV) (%) 

5 60 15 0.8 4 80 1.4 6.8 
6 60 15 0.4 4 120 1.0 6.7 
9 60 5 0.6 8 60 4.0 1.6 
12 60 0 0.6 10 60 0.0 0.0 
15 80 15 0.4 10 60 4.2 3.7 
16 40 15 0.4 10 60 4.0 5.2 
18 60 15 0.2 8 80 5.6 2.2 
19a 80 5 0.2 6 60 4.8 1.0 
21 80 15 0.4 8 60 4.6 4.5 
24 60 5 0.2 8 60 4.3 5.9 
27 60 15 0.4 10 80 4.9 2.9 

Due to the time required for C E D A B to dissolve, concentrations of 0, 5, 10, 15, 20 

and 25 mM were first prepared, to which appropriate aliquots of NaOH, 1,10-

phenanthroline and T E P A were added. Each batch of 1,10-primary reagent was allowed to 

stand for 2 h before use to reach equilibradon. The simplex algorithm required 3 days to 

reach conclusion, with day to day correlation of results achieved by repetition of the last 

optimisation upon continuation of the simplex the next day.As can be seen from Figure 

2.19, a clear C L signal maximum was obtained for iteration 18, which utilised a 1,10-

phenanthroline concentration of 60 |iM, C E D A B at 15 mM, NaOH at 80 mM, T E P A at 

0.2 |a.M and hydrogen peroxide at 8 (Vo v/v). These were the reagent concentrations used 

for all subsequent experiments. A good correlation was seen between the optimisations 

repeated on successive days. The omission of C E D A B from the 1,10-primary reagent 

(iteration 12), resulted in no measurable response being observed due to the absence of a 

micellar microenvironment, confirming a conclusion arrived at eaidier in this study (Section 

2.3.3), At lower concentrations of hydrogen peroxide (4 % v/v, iteration 5), a significandy 

reduced signal was seen, showing the essential role of superoxide radicals in the C L 

reaction. At higher NaOH concentrations (120 ^iM, iteration 6), the C L signal was also 

reduced in comparison to iteration 5, highlighting the importance of NaOH and pH in the 

C L reaction. 

The univariate and simplex optimisation of the operational variables of the F I - C L 

manifold were compared (Table 2.11).The optimum reagent concentrations derived by 
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Table 2.11 Comparison of Univariate and Sirnjilex Optimisations 

Reagent Simplex Univ. Physical Parameter Simplex Univ. 

[1,10-Phenan.] (̂ iM) 60 60 Row Rate (ml min ') 2.6 3.6 

[CEDAB] (mM) 15 15 Knitted Reagent Mixing 500 200 [CEDAB] (mM) 
Coil Length (cm) 

[NaOH] (mM) 80 80 Sample Volume (̂ 1) 360 270 

[H,OJ (%) 8 8 

[TEPA] (|iM) 0.2 None 

Univ - Univariate optimisation. Cu(II) 10 nM in UHP water. 

simplex were identical to those determined by the univariate optimisation. The optimum 

physical operational variables were in good agreement, with the simplex derived mixing coil 

length and the sample volume within the signal plateau seen in the univariate optimisation, 

namely 200 - 650 cm and 230 - 370 |il respectively (Sections 2.3.2.1 and 2.3.2.2). 

Federova et aL, (1982) postulated that at 10-̂  moi Cu(II) the rate determining 

step was the reversible addition of the superoxide radical to the 1,10-phenanthroline, which 

could also be rate limiting at 100 nM Cu(II). At 10 nM Cu(II) an alternative rate limiting 

step may be chelation of the Cu(II) by the 1,10-phenanthroline, the first step in the C L 

reaction. 

2.3.6 Interference Studies 

Many C L reactions are unselecrive with respect to the metal ions that catalyse them. 

The enhancement or quenching effect of the seawater matrix ions on the 1,10-

phenanthroline C L reaction was therefore investigated. The experimental parameters used 

(Table 2.12) were those derived by the 10 nM Cu(II) simplex optimisation, with the 

exception of the flow rate of the primary reagents for which 3.6 ml min ' was used to 

increase the sensitiv ît)', as discussed in Section 2.3.4.2. 

Table 2.12 PararnetersTor Seawater Matrix Interference St^ 

Experimental Parameter .... s Experimental Parameter 

1,10-Phenandiroline (^M) 60 Sample injection volume (̂ 1) 360 

C E D A B (mM) 15 Reagent mixing coil length (cm) 500 
NaOH (mM) 80 Reagent Flow rate (ml min"') 3.63 

T E P A (^M) 0.2 
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A total of 24 ions were investigated. These were injected at their typical seawater 
concentration (Practical Handbook of Marine Science, 1994) and then at 1 \xM (200 times 
the upper ambient seawater [Cu(II)] of 5 nM), both in UHP water, to evaluate their effect 
on the C L signal. This was followed by injection of a 10 nM Cu(II) UHP water standard, 
the C L signal was designated as 100 % and to which all other responses were normalised. 
Finally, in order to investigate their effect on a Cu(II) catalysed C L signal, 10 nM and 1 ^M 
Cu(II) additions were made to each ion at their typical seawater concentration in UHP 
water. All lines were acid washed (0.2 M HNOj B D H , Aristar) and UHP water rinsed 
between each series of injections. The ions, at their typical seawater concentration with the 
10 nM Cu(II) addition, for which a significant difference was observed are shown in Table 
2.13. 

Table 2.13 C L Signal Catalysed by Seawater Matrix Ions 

Quenching Normalised C L C L Enhancing Normalised C L 
Species & [M] Signal (%) Species &[M] Signal (%) 

Cu'* (5*10-^ 100 Cu'^ (5*10 )̂ 100 
Sn'" (6.7*10') 97 Sr̂ * (9.1*10-^ 100 
As^" (5.3*10-*) 90 B (4.4*10-^ 122 

Pb'" (2.4*10-'") 97 (0.01) 271 
Ag" (2.7*10 ') 93 Ca'* (0.01) 110 
Ni'" (9.2*10-^ 86 SO^'- (0.03) 117 
Al^" (7.4*10-^ 96 Mg'^ (0.06) 143 

Zn'" (1.9*10'") 89 Cr (0.56) 131 
Mn'* (2.7*10-^ 83 Cr'* (5.8*10') 127 
Fe^" (1.2*10-^ 

BO^'- (4.3*10-^ 
76 Co^* (4.6*10-^ 105 Fe^" (1.2*10-^ 

BO^'- (4.3*10-^ 82 Cd^* (1*10 )̂ 108 
H c o ; 

F (7*10-^ 
19 H c o ; 

F (7*10-^ 80 
Na" (0.48) 51 Typical Blank 4.6 
(Acetate) 

Seawter matrix ions at their seawater concentration in UHP water with a 10 nM Cu(II) 

addition. All data normalised to 10 nM Cu(ll) in UHP water (100 %). All elements added as metal 

ion in nitric acid (4 %, ICP standard Spectrosol solutions) except where indicated. 

The ions at their typical seawater concentrations, in the absence of Cu(II) did not 

generate any C L signal. The need to isolate the Cu(II) from the seawater matrix was clearly 

demonstrated by the quenching seen with some major seawater matrix ions e.g. Na(I), and 

enhancement by others e.g. K(I), Mg(II). This is discussed further in Section 3.3.5.3 in 

relation to the chelating characteristics of the 8 hydroxyquinoline (8HQ) micro-column 

used to separate Cu(II) from the seawater matrix. 
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2.3.7 Analytical Figures of Merit 

In order to determine the linear range of the Cu(ir)-FI-CL manifold, calibrations 

using Cu(II) standards in LTIP water were performed. Three calibration ranges were 

studied using the expenmenral parameters shown in Table 2.14, with typical graphs for 

each calibration range shown in figures 2.20, 2.21 and 2.22. 

Table 2.14 Parameters for Calibration in U H P Water 

E x p e r i m e n t a l Parameter E x p e r i m e n t a l Parameter 

1,10-Phenanthroline (M-M) 60 11'.PA (̂ iM) 0.4 

CI .I) \\^ mM 15 Sample injection volume (|i.l) 360 

NaOH (mM) 80 Reagent mixing coil (cm) 500 
H2O2 (%, v/v) 8 Flow rate (ml min *) 3.6 

At Cu(ll) concentrations greater than 60 nM, the C L signal reached a plateau 

(Figure 2.20), due to broadening of the R peaks. Iliis loss of linearity was attributed to a 

reagent based stochiomctnc limitation of the C L reaction. Doublet peaks were observed at 

500 nM CM{\1) and above due to reagent limitation within the sample zone. The doublets 

were eliminated for Cu(II) concentrations of 500 nM or greater by reduction of the sample 

injection volume from 270 1̂ to 120 1̂. 

100 300 

H 1 • > • ' ' 
400 500 600 700 WO 900 1000 

[(aiai)l(nM) 

Figure 2.20 Calibration Graph for 0.1 nM - 1 JiM Cu(II) in UHP Water 
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y = 0.30l2x-0.0159 
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Figure 2.21 Calibration Graph for 0.1- 60 nM Cu(II) in UHP Water 

4 

y=0.2838x +0.0365 

= 0.9875 

ICuODl (nM] 

Figure 2.22 Calibration Graph for 0.1-10 nM Cu(II) in UHP Water 

Analytical figures of ment are shown in Table 2.15. The Cu(II) F I - C L manifold had 

a wide analytical range in UHP water, with good linciinty seen for all the calibration ranges 

studied. Excellent sensitivity was observed with a O.lnM L O D and a linear range ten nmes 

the ambient range of Cu(ir) found in seawater (0.5 - 6 nM). Typical RSD's were 2-5 %, 

illustrating the very good reproducibility of the F I - C L manifold for replicate injections (n = 

5) at environmentally relevant levels of Cu(II). However, using the I UP A C L O D criterion 

of the blank plus three nmes its standard deviation, the L O D calculated using the equation 

of a straight line from the 0.1-60 nM Cu(II) calibration graph (R' 0.999) was 0.1 nM. 
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Table 2:15 Arialytical Figures of Merit 

Sample Throughput 30 h ' (n=5) 
Linear Range 0.1 -10 nM (R^ = 0.988) Linear Range 

0.1 • 60 nM (R' = 0.999) 
0.1- 100 n M ( R ' = 0.969) 

L O D (Blank + 3s) 0.1 nM 
Limit of Determination 0.55 nM 

R S D (0.1 nM) 5.8%(n=5) 
RSD (1 nM) 3.4 % (n=5) 

R S D (10 nM) 14 % (n=5) 

Blank - acidified (Q-HNOi) in UHP water. 

2.4 Conclusions 
This chapter reported the successful design and construction of an FI manifold 

and the selection and incorporation of the 1,10-phenanthroline C L reaction. The 

stabilisation of the 1,10-primary reagent, by the use of anhydrous 1,10-phenanthroiine and 

the surfactant C E D A B , was an important factor enabling reproducible use of the 1,10-

phenanthroline C L reaction, with its inherent sensitivity and selectivity for Cu(II). The key 

analytical variables for both the physical characteristics e.g. sample volume and flow rates, 

and the concentration of the reagents have been extensively investigated and rigorously 

optimised to produce a highly reproducible C L reaction. 

The F I - C L analyser had a low L O D (0.1 nM), and a highly linear analytical range of 

0 .1-60 nM (R^ 0.999), suitable for the determination of Cu(Il) in UHP water. The F I - C L 

manifold utilised robust, inexpensive instrumentation, had a high sampling frequency and 

minimised sample contamination though controlled sample handling and solution 

manipulation. For higher Cu(II) concentrations e.g. as found in some estuarine systems, or 

polluted waters, reduction of the sample injection volume or sample dilution would be 

required. The use of FI will facihtate full automation of the system, thus reducing operator 

error and &eeing up rime for other analytical tasks as well as enabling continuous, in-situ 

monitoring to map Cu(II) levels in natural waters. 

The analytical 6gures of merit reported in this chapter demonstrated the suitabilit}' 

of the F I - C L analyser for the determination of Cu(II) at typical open ocean concentrations 

and in coastal or estuarine waters where higher levels of Cu(II) can be found. The 

investigation of possible interferents in a seawater matrix to the 1,10-phenanthroline C L 

reaction highlighted the need to separate the Cu(II) from the seawater matrix. Ideally, this 
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reaction highlighted the need to separate the Cu(II) from the seawater matrix. Ideally, this 
stage should also preconcentrate Cu(II) to enable determination of the ultra trace (sub nM) 
levels of Cu(II) present in open ocean waters. The further development of the F I - C L 
analyser for the determination of Cu(II) at trace levels in seawater is described in Chapter 3. 
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Chapter Three 

3.1 Introduction 
This chapter reports the substantial modification of the F I - C L manifold developed for 

the determination of Cu(II) in UHP water (Chapter Two) for use with the complex matrix 

of seawater. The experimental parameters for the Cu(II) catalysed oxidation of the 1,10-

phenanthroline C L reaction were rigorously optimised in Chapter Two and the focus of 

this chapter is on the selection, optimisation and use of a micro-column for matrix 

separation and analyte preconcentration. This enabled the preferential chelation of Cu(II), 

isolating it from potential interferents to the C L reaction in the seawater matrix. It also 

preconcentrated the Cu(II), enabling detection of sub-nanomolar levels of Cu(II) as found 

in the open ocean. 

3.2 Experimental 

3.2.1 Reagents 

The reagents used were as detailed in Chapter Two unless otherwise stated. All Cu(II) 

standards were acidified to pH 2 by the addition of 50 fil of Q nitric acid per 100 ml of 

UHP water. For seawater samples 80 îl per 100 ml was required due to the buffering 

capacity of the seawater matrix. UHP water blanks were acidified as for the seawater 

samples. The immobilisation of the 8-Hydroxyquinoline (8HQ) on Fractogel® required the 

reagents listed in Table 3.1. 

Table 3.1 Reagents for IminobiUsati^^ 

Reagent Formula Supplier Grade 
Fractogel TSK-Gel Toyopearl Anachem HW 75-F 

Sodium hydroxide NaOH B D H Aristar® 
Hydrochloric acid HCI B D H Aristar® 

Acetic acid C H 3 C O O H B D H Anstar 
Acetone (CH3)20 Rathbum Glass distilled 

Dichloromethane CI2CH2 B D H AnalaR 
Triethylamine (Q HO^N Aldrich 

Ethanol C2H5OH B D H AnalaR 
p-Nitrobenzoyl chloride C7H4CINO3 Fluka Puriss 

Sodium nitrite NaNOz B D H AnalaR 
Sodium dithionite NaS204 B D H GPR 

8-Hydroxyquinoline (8HQ) C5H7NO B D H AnalaR 
Whatman glassfibre filters B D H G F / F 

Ultra high purity water (18 MQ) H2O Elgastat 18.2 MQ 
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Two buffers were selected with appropriate pK, values to buffer the acidified sample 
(initially pH 2) to the optimum pH for loading onto the 8HQ micro-column. The tri-
protonated citrate buffer had a p K , l of 3.13, a pK,2 of 4.76, and a pK,3 of 6.4 (Perrin 
1972), and was therefore suitable for loading from pH 2 to 7.5. It was prepared by 
combining appropriate volumes of citric acid (2 M, B D H AnalaR) and sodium hydroxide (2 
M, BDH, Atistar®) (Table 3.2). An ammonium acetate buffer (2 M, pK, ammonia of 9.25) 
was used to investigate column loading at pH 7.5 to 10.5. It was prepared by combining 
NH4OH (25 % m/m, Fluka, Puriss) with acetic acid (BDH, Aristar®) in appropriate 
volumes, (Table 3.2). A working buffer (0.4 M, pH 9.15) was prepared by serial dilution. All 
buffers were made up to 100 ml with UHP water. 

Three buffers (Table 3.2) were used to investigate the buffering of the alkaline reaction 

medium created by the 1,10-primary reagent (pH 12.8) against the effects of the acid eluent 

used to elute the complexed Cu(II) from the 8HQ micro-column. An ammonium acetate 

buffer (pK, 9.25) was prepared as described above. A carbonate buffer (pK,2 10.33) at pH 

10.3 was prepared by combining NajCOj (BDH, AnalaR) and NaHCO, (BDH AnalaR) 

solutions. A phosphate buffer (pK,l of 2.15, pK,2 of 7.2, pl<s3 of 12.33) was prepared by 

combining Na2HP04 (BDH, AnalaR) and NaOH (BDH, Aristar®) solutions, which was 

adjusted to pH 12.8 with aliquots of NaOH solution. For all buffers, fine adjustment of the 

pH was achieved by the addition of aliquots of the appropriate solution. The buffers were 

rmxed in-line with the sample and 1,10-primary reagent solutions using three dimensional 

disorientated reactor coils or 'knitted* coils. 

Table 3i2; Buffer Prep^ration 

Citrate Buffer Acetate BufTer (M) (ml) pH 
Citric Acid (ml) NaOH (ml) pH NH4OH (7M) (90ml) Acetic Add(17M) 

(22.5 ml) 
9.15 

10 6 3.0 Carbonate Buffer (M) (ml) 

10 13 4.0 NaaCOs (0.1 M) 75 NaHCO3(0.1 M)25 10.3 

10 21 5.0 Phosphate Buffer (M) (ml) 

10 28 6.0 Na2HPO4(0.05M) 50 NaOH (0.1 M) 26.9 12.3 

Buffers prepared from Perrin, 1974 and Beynon, 1996 

3.2.2 Preparation o f S H Q Chelating Resin 

The resin for the 8HQ column was prepared by modification of Fractogel T S K 

H\V 75 (F), followed by covalent attachment of the 8HQ after Landing et ai, (1986) as 

shown in Figure 3.1. A three necked round bottom flask, a cooler with a calcium chloride 

dr)'ing tube, a magnetic stirrer and a hearing plate were used for preparing the 8HQ resin. 
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Figiire 3.1 Reaction Scheme for the Immobilisation of 8HQ 

Firsdy, a 50 ml slurry of Fractogel was suspended in 100 ml of UHP water, the 

beads allowed to resetde and the supernatant decanted. The slurry was then vacuum 

filtered onto a Whatman glass fibre filter, remo\'ing the filter cake with caution so as not to 

include particles of the filter. The beads were washed twice with UHP water. Resin cleaning 

was accomplished by a series of rinses - 2 x 50 ml of NaOH (1.0 M), 3 x 50 ml of UHP 

water, 2 x 50 ml of HCl (0.5 M), 3 x 50 ml of UHP water, 2 x 50 ml of ethanol, 2 x of 50 
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ml of acetone and finally 2 x of 50 ml of dichloromethane (CHjClj). The resin was 
thoroughly dried in a desiccator overnight followed by oven drying at 105 °C (3 h). 

After drying, the Fractogel resin was benzoylated in an esterification reaction by the 

attachment of p-nitroben2oyl chloride to the resin. Five grams of the resin were combined 

with 2 g of the p-nitrobenzoylchloride (0.011 M), 5 ml of trietiiylamine (0.036 M) and 95 

ml of dichloromethane in a three necked round bottom flask. The sub-boiling (40 °C) 

reflux reaction was gentiy stirred for 12 h using a magnetic stirrer. The benzoylated product 

was filtered through a G F / F VC^atman filter, rinsed with 3 x 50 ml of dichloromethane and 

filtered to dr̂ n̂ess. The resin was then rehydrated by rinsing thoroughly with UHP water. 

The benzyl-nitro group on the resin was then reduced to an amine. Five grams of 

sodium dithionite (0.03 M) dissolved in 100 ml of UHP water was added to the resin in a 

H O P E bottie and shaken periodically for 3 h. A pH rise &:om 5.0 to 6.5 occurred after 2.5 

h, with a maximum pH of 7.2 obser\'ed. To remove any sulphur, the resin was rinsed 3 x 

with 50 ml of acetone and 3 x with 50 ml of UHP water to remove the acetone. 

The wet resin was ice-cooled and then diazotizated by adding 5 g of sodium nitrite 

(0.073 M) in 100 ml of ice-cooled acetic acid (0.2 M). The reaction continued for 45 min 

with agitation every 10 min, after which the resin was vacuum filtered and rinsed 3 x with 

ice-cooled water. 

The final stage was the attachment of the 8HQ group to the Fractogel resin 

backbone. An ice-cooled solution of 2 g of 8HQ in 100 ml of ethanol (0.014 M) was 

quickly added to the resin. The slurry was shaken periodically and kept for 45 min in a 

cooler. The immobilised 8HQ resin was rinsed 2 x with 0.5 M NaOH during which the 

resin darkened in colour, 3 x with UHP water and 2 x with 1.0 M HCl (when the resin 

lightened in colour) and finally 3 x with UHP water. The resin slurry was allowed to setde 

and the supernatant discarded. The immobilised 8HQ was stored as a slurry, suspended in 

UHP water in a H O P E bottle at room temperature. The overall time for the 

immobihsation was 25 h. 

3.2.3 F I - C L Manifold 

3.2.3.1 F I - C L Instrumentation 

The F I - C L manifold used for the determination of Cu(II) in UHP water (Chapter 

2) required extensive modification to incorporate the 8HQ micro-column. All results 

reported for this chapter were obtained using the modified F I - C L manifold (Figure 3.2). 

The instrumentation used was as described in Chapter 2, with the following alterations 
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Figure 3.2 F I - C L Manifold for the Determination of Cu(II) in Seawater Incorporating an 8HQ Micro-column 
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The single speed sample (Watson Mariow, 503S) and reagent (Ismatec, S 820) pumps were 
replaced by two variable speed peristaltic pumps (Gilson, Minipuls 3), which facilitated 
alterarion o f flow rates and automation via T T L inputs. A single speed pump (Ismatec, S 
820) was used to acid c l t ^ and L I IP water nnse the 8HQ micro-column. A second 6 port 
PTFE rotary valve (Rheodyne 5020, HPLC Technology, V2 m Figure 2.2, and Figure 3.3), 
was used to incorporate the 8HQ column as shown in Figure 3.2. A three port valve 
(Omnifit, I'igure 3.4, and V I in Figure 3.2) was also incorporated to switch between the 
column acid clean and L'l IP water nnse solun* >iis. 

Sample 

8-HQ Column 

Elucnt 

Rhcody ne Six port injection valve (V2) 

To Detector Load Elution 

Figure 3.3 Six Port Rotary Vahre v -̂ith 8HQ Column (load position) (see also Figure 2 2) 

0 
PT̂E Co<J> 

^ 

Figure 3.4 Omnifit I hrec Port Valve 

3.2.3.2 8 H Q Micro-columns 

VClien using the high aspect ratio (column length/column id), push fit 81IQ micro

columns descnbed below, especially at higher tlow rates, increased pressure in the manifold 

caused by restricted tlow through the column resulted in leakage at the junctions with the 

pump tubing. ABS plastic (Butylstyrene) micro-tubes were sourced, tlanged and fitted 

through enhirged FI screw connectors and glued (la)ctite 406 cyanoacrylate) into the pump 

tubing. The /VBS plastic was pre-condirioned by acid cleaning and UUP water rinsing. 
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Push fit 8HQ micro-columns (Figure 3.5) were first used in this study. These were 
prepared by plugging one end o f an acid washed HDPE tube (1.4 mm id) with an acid 
washed (0.2 M HCl) quartz wool plug. The micro-columns were packed by pumping (0.5 
ml mm' ) a slurry o f the 8FIQ resin into the column followed by the insertion o f a second 
quartz wool plug. The column was sleeved down to the FI line size by inserting PVC pump 
tubing and pushing into place. The junctions o f the *push fit* 8HQ micro-column and also 
the pnmary reagent pump tubing to the FI line were shnnk wrapped using two overlapping 
sizes o f wrapping to ensure fluid tight fittings. 

Quartz Wool 

PVC Pump Tubing Plug Tubing 

— ^ 

2.6 mm 
I 10 mm 

Teflon Tube 
8HQ Immobilised 
on Fractogel 

Figure 3.5 Push Fit 8HQ Micro-column 

Columns (1.4 mm id) with resin beds o f 15 and 20 mm length and aspect ratios o f 

10.7 and 14.3 respectively were prepared, as was a wider column (2.6 mm id) with a shorter 

resin bed length o f 10 mm and a reduced aspect ratio o f 3.9. In order to overcome the 

restriction in flow observed with the push fit columns and to improve reproducibility, a 

new column (Section 3.3.1) was designed and machined from a solid acrylic rod (Figure 

3.6), using 2 polycarbonate fibre pads layered between 3 nylon mesh frits to retain the 8HQ 

resin. 

n Screw Connector Resin Bed 

1̂1 Teflon4ubc 
( i d 0 75 mm) 

^ I P 
Pcrspex 

8-Hyclroxyquinoline on Fractogcl 

Nyton Frit Polycarbonate Pad 

Figure 3.6 Machined 8HQ Micro-column 

Standard FI screw unions were used to retain the flanged FI nibing. All columns 

were conditioned by an 8 h acid wash and UHP water rinsing protocol prior to use. 
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3.2.4 Procedures 

The experimental procedures used for this chapter were as described in Section 

2.2.3 with the following alterations. 

3.2.4.1 Trace Metal Clean Up of Sample Buffer 

Copper(II) impurities in the CL reagents degrade the analytical accurac)' of the F I -

CL method for Cu(II), especially at the trace levels of Cu(II) found in open ocean waters. 

In addition, Cu(II) impurities in the citrate buffer and Q-HCl eluent generated a 

background CL emission when the two reagent streams were mixed in front o f the PMT 

end-window. A n elevated background would seriously degrade the detection limit o f the 

FI-CL method. Trace metal clean-up procedures were therefore employed. The clean up of 

the 1,10-phenanthroline primary reagent was accomplished by the addition of 

tetraethylenepentamine (TEPA, Section 2.3.3.7). 

The sample buffer was cleaned by first pumping (0.5 ml min ') through an off-line 

Chelex 100 chelating column, prior to passing through an in-line 8HQ micro-column 

incorporated in the Fl manifold. The Chelex columns were prepared by first washing 5 ml 

pipette tips in micro-detergent (hot 5 % Decon, BDH), followed by an acid clean (0.5 M Q 

HCl) and a UHP water rinse. The tips were then plugged with acid washed (0.2 M Q HCl) 

quartz wool, packed with Chelex 100 and the wide end sleeved with silcone tubing down to 

the size of the PI line. The Chelex 100 columns were used to clean 200 ml of buffer before 

being regenerated, the first 50 ml of the cleaned buffer being discarded. Columns were pre

conditioned and regenerated by washing first with 100 ml of UHP water, regenerating with 

50 ml of 1 M HCl, further washing with 100 ml of UHP water and then with 100 ml of 

1 M ammonia solution to convert the resin into the NH^^ form. Finally, the columns were 

rinsed with UHP water until a neutral eluent was obtained. 

3.2.4.2 Analytical Protocols 

The analytical sequence (Figure 3.7) consisted of firstly a short acid clean and UHP 

water rinse of the manifold, followed by mbdng of the sample and buffer in a 3D dis

orientated flow mixing coil, prior to loading onto the 8HQ column. The 1,10-primar)' 

reagent and hydrogen peroxide were then mLxed in a mixing coil, prior to merging with the 

eluted Cu(II) ions in the eluent stream at the ' T ' junction immediately before the flow ceD 

where the CL emission occurred. This was detected by the PMT and recorded as a 
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transient peak on the chan recorder. Early in this study the 8HQ niicro-column was 
regenerated by acid clean and UHP water equlibradon c)'cles. 

The design and later use in this study of the machined acrylic column substantially 

improved the flow through the column, enabling regeneration of the column's complexing 

sites to be accomplished by the acid eluent that continued to flow after elution o f the 

Cu(II). This enabled the separate acid clean and UHP water equilibration cycles to be 

removed from the analytical cycle. A t first valves were switched manually using stop watch 

timing, although later the manifold was fully automated. In order to overcome possible 

effects on the CL emission due to the seawater sample matrix the method of standard 

additions was used. 

^ Sample Load (90 s) 

UHP Water Rinse (60 s) 

Acid Eluiion (60 s) •Detection 

• 
Acid Wash (60 s) 

UHP Water Rinse (60 s) 

Figure 3.7 Initial Analytical Sequence for FI-CL Manifold with 8HQ Column 

3.3 Results and Discussion 
Unless otherwise stated all results presented here were obtained using optimal 

reagent concentrations and flow rates as determined in Chapter Two, with all Cu(II) 

standards and seawater samples acidified to pH 2 with Q HNO3. The experimental 

variables used at the outset o f the research in this chapter were an acidified 10 n M Cu(II) 

standard in UHP water, which was mixed with a citrate sample buffer (0.2 M , 0.5 ml min ', 

pH 6), and then loaded onto the 8HQ column at 2.0 ml min ', with column elution by an 

aqua regia eluent (0.6 M Q HCl and 0.2 M Q HNO3). Replicate injections (n=4) were used, 

with all error bars in figures expressing + / - 3s. Any changes in signal size were due to 

changes in the sensiti\nty of the PMT due to it nearing the end o f its operational life. When 

a new PMT was obtained before instrument deployment on the A M T cruise, the sensitivity 

of the analyser increased considerably and also stabilised. This illustrated that changes in 

the size of the mV signal can be caused by changes in PMT sensiti\aty. 
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3.3.1 F I - C L Manifold Modifications 

In order to raise the enrichment factor of the 8HQ column, higher flow rates were 

used for column loading during optimisation o f the 8HQ micro-column manifold. 

However, this increased the pressure in the PI manifold causing leaks e.g. at the shrink 

wrapped, push fit junctions of the sample and buffer pump tubing to FI lines, especially 

when using the higher aspect ratio, push fit columns. This restricted in practical terms the 

upper limit of the enrichment factor. Therefore, flanged ABS (butylstyrene) plastic micro-

tubes with modified F I screw connectors were used as described in Section 3.2.3. I t was 

abo important to limit the dispersion of the eluted Cu(II) during transport to the detector 

from the 8HQ micro-column. The use of the minimum length of narrow bore (0.5 mm) 

tubing from the column to the detector achieved this objective. 

8HQ Micro-column Modifications Due to its selectivity and enhancement of sensitivity 

roles, the 8HQ column was central to determination of trace level Cu(II) in seawater. 

Continuous shipboard monitoring also required long-term column stabilit)' and 

reproducible column performance. Variable packing density, due to the non-reproducible 

tamping into place o f the quartz wool plugs, made i t difficult to maintain an even flow 

through the high aspect ratio (10.7 and 14.3), push fit columns originally used (Section 

3.2.3.2). Reproducibility became erratic and manifold sensitivity was reduced due to the 

occurrence o f preferential flow channels through the column and increased manifold 

pressure. With continued use the quartz wool packing of an 8HQ column could also 

become loose, resulting in the resin being washed away. In order to overcome these 

deficiencies a wider HDPE column (2.6 x 10 mm) was then used, which promoted a more 

even flow and reduced the pressure, so reducing leakage, although the column aspect ratio 

was also reduced to 3.9. 

However, it was still difficult to obtain a reproducible flow through the column, 

especially during column bedding in. Therefore, a new column was designed and machined 

from a solid acr)^lic rod (Section 3.2.3.2 Figure 3.6). The flow rate of the new column was 

monitored over a 4 h period and varied by less than 5 %, representing a very reproducible 

and much improved flow through the 8HQ column. 

3.3.2 Selection of Chelating Resin and Support 

The separation and preconcentration stage should promote the preferential 

retention o f Cu(ll) from the seawater matrix. The chelating properties of 8-

hydroxyquinoline (8HQ) and its preference for transition metal cations (e.g. Fe, Co, Mn, 

Cu, A l , Zn, Cd, N i , Pb) relative to alkali and alkaline earth metals has been previously 
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reported (Landing, ei al.y 1986; Nickson, ei al., 1995). Solvent extraction, coprecipitarion and 
evaporation techniques can also be used for separation and preconcentration (Gueguen et 
al 1999), but are time consuming and not easily automated. A solid phase extraction stage 
in the form of a micro-column was selected due to several advantages over alternative 
extraction methods e.g. reduced contamination from trace level metal residues in the extra 
reagents used in the alternative methods, reduced solvent use, lower detection limits (due 
to the whole sample being analysed) and rapid analysis. Micro-columns are also easier to 
incorporate into the FI-CL manifold, facilitate system automation and in-situ deployment. 

In order to achieve an efficient mass transfer coupled with low reagent 

consumption, the column design and the use of fiiUy optimised operational variables e.g. 

loading flow rate, are critical. The selectivity of the chelating ligand for Cu(II), the 

breakthrough capacity o f the 8HQ resin for Cu(II), the 8HQ particle size and the extent o f 

the mattix interference are also imponant factors that were investigated. 

For the in-line solid phase extraction, the chelating resin 8-hydroxyquinoline (8HQ, 

Figure 3.8) was immobilised on Fractogel TSK, a commercial hydrophilic vinyl co-polymer 

(Fractogel TSK gel, Toyopearl HW 75F, 32-63 micron fine, Toso Hass Co.). The 8HQ was 

selective and strongly retained the Cu(II), having a high stability constant for Cu(II) (log K, 

o f 12.1, Sillen, 1964). I t also promoted efficient elution, achievable by a weak acid eluent 

that, upon mLxing with the primary reagents, would not adversely affect the pH of the 

selected CL reaction, an important consideration due to many CL reactions being pH 

sensitive. The 8HQ resin was also robust and therefore should not degrade during long 

term use. 

Figure 3.8 Structure of 8-hydroxyquinoline (Oxine) C9H7ON 

A strong, inert backbone on which to immobilise the 8HQ was an important 

criterion. Fractogel TSK H W 75F is a hydrophilic, semi-rigid spherical gel constructed of 

intertwined \'inyl polymers that form inert vinyl polymer agglomerates. These are 

characterised by high mechanical and chemical stability, good porosity and high 

hydrophilicity. The presence of ether linkages and hydroxyl groups enabled chemical 

modification to immobilise the 8HQ \Ta phenyl-azo linkages. The Fractogel immobilised 
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8HQ resin was resistant to physical degradation, which ensured a long operational lifetime 
for the column, even at higher flow rates. The 8HQ Fractogel resin was also stable in add 
solutions, the resin preserving 88 % of its capacity after 240 h o f acid treatment (2.0 M 
HCl/0.1 M H N O J when used to extract Cu(II) (Landing et aL, 1986). The same author 
also demonstrated that the 8HQ Fractogel resin showed a 32% reduction of breakthrough 
capacit)' after 48 h of base treatment (0.5 M NaOH), due to base catalysed hydrolysis o f the 
benzoylester linkages o f the resin. In comparison, 8HQ immobilised on silica suffered a 
reduction of 38 % of its total exchange capacity after 24 h at pH 12 (0.5 M NaOH) due to 
extensive hydrolysis o f the silica support (Landing €t aL, 1986). 

The resin beads were small and uniform spheres (32-63 ^ m diameter), promoting 

even flow around them, which enhanced the enrichment factor (EF, see section 3.3.5.5) 

through the production of sharp elution peaks (Fang, 1993). Smaller diameter beads could 

have restricted the maximum flow rates and increased the pressure in the manifold, factors 

that would have lowered the maximum EF achievable. I t was also important that the 

column resin did not undergo a volume change when the column conditions were altered. 

Fractogei does not either swell or shrink in strongly alkaline or acidic conditions. The 

polymer backbone itself shows no cation exchange capacity and does not concentrate 

dissolved organic species present in seawater. Chelex 100® was considered as an alternative 

solid phase chelating resin. I t has the iminodiacetic functional group (IDA, Figure 3.10), 

was selective for transition metals and had a log K of 9.01 for Cu(II) (Pesavento and 

Baldini, 1999). However, it has a polymer substrate that would shrink during the acid 

elution stage and was therefore unsuitable as for use as the micro-column resin due the 

development o f preferential flow through the column and thus inefficient retention and 

elution of Cu(II). I t also requires a lengthy regeneration process between each analysis, 

which would severly limit sample throughput. However, Chelex 100® was used for the of f 

line buffer clean up (Section 3.2.4.1 and 3.3.4.2). 

3.3.3 8HQ Chelating Resin Preparation 

The preparation o f the 8HQ resin, as described in Section 3.2.2 (Figure 3.1), 

entailed commercial Fractogel TSK HW 75 (F) first undergoing a benzoylation reaction to 

attach the p-nitrobenzoyl chloride to the resin. The nitro group was then reduced to an 

amino group, which was then diazotised, with the 8HQ subsequendy attached to the two 

nitrogen atoms of the modified resin. 

Firstiy, an initial suspension in UHP water removed the preservative sodium nitrite 

(NaNj) and the fine particles. To prevent the p-nitrobenzoyl chloride reacting with water 
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or ammonia, which could reverse the esterification reaction, after rinsing the resin was 

thoroughly oven dried (105 *^C). The triethylamine used in the esterification reaction 

scavenged the chloride, so minimising the reduction in the reaction that its presence would 

promote. The dichloromethane stabilised the reaction temperature due to its low boiling 

point (42 *^C). The reduction o f the nitro group consumed protons and i f the pH was 

aUowed to become too high the reaction would have stopped (Landing, 1996). Although a 

pH rise was recorded this was limited and it was not necessary to adjust the p H with HCl 

or NH4OH. Ice cooling at the diazotizarion stage and during the attachment of the 8HQ 

was necessary due to the diazonium salt being unstable at room temperature. The colour of 

the slurry turned from orange to brick red after two hours, indicating an efficient 

preparation of the immobilised 8HQ resin (Landing, 1986). 

3.3.4 Buffers for Sample and C L Reaction 

The loading o f Cu(II) onto the 8HQ column was p H sensitive and therefore the 

acidified Cu(II) sample (pH 2) required buffering to the optimum loading pH (see Section 

3.3.5.3). Citrate and ammonium acetate buffers have a range of appropriate pPC, values, e.g. 

citrate has three pK, values, to buffer the acidified sample (pH 2) over the pH range 3 to 

10.5. ITie effect of the individual sample buffers on the optimal pH for column loading 

was investigated by buffering the p H of the acidified (pH 2) Cu(II) standard (10 nM) over 

pH 3 to 10 (Table 3.3,) measiured at the column, immediately prior to loading. 

Table 33' Effect of Gitnc and Amin^^ Acetate Buffers 

Buffer Cu(II ) (lOnM) p H Signal (mV) R S D (%) (n=4) 

Citrate Yes 3.0 0.4 34 
Citrate Yes 5.0 3.1 4.0 
Acetate Yes 7.0 1.7 3.8 
Acetate Yes 10.0 1.2 7.0 

Citrate No 6.0 1.3 2.3 

Acetate No 7.0 1.5 L 4 

Cu(II) 10 nM, acidified to pH 2. Blank - Acidified UHP (Q HNO3) 

As shown above and also later (Section 3.3.5.3), the optimal pH of the citrate 

buffer (0.2 M) for loading Cu(II) in UHP water onto the 8HQ resin was pH 5. This pH 

was used in all future studies for loading all Cu(II) in UHP water. The action o f a buffer is 

described by the Henderson-Hasselbach equation; 

pH = pK, + log .oIAl 

[HA] 
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where pK, is the negative log o f the dissociation constant ( K J o f the weak acid H A and A ' 
represents the corresponding conjugate weak base. This equation enables the pH of a 
particular buffer to be predicted if the dissociation constant and the concentration of the 
acid and base are known. When the concentration o f the acid and base are equal, pH = 
pK,. Furthermore, as the maximum buffering capacity (p) occurs at its pK^ value, the 
buffer should ideally be used within + / - 1 p H unit o f it*s p K , value and the p H change o f 
the buffered solution should ideally be towards the pK, of the buffer (Beyoon, 1996; Perrin 
1974). 

The 1,10-phenanthroline CL reaction has been reported as being pH sensitive, with 

an optimum pH of 10.1 at the waste side of the flow cell (Coale et aL, 1992). The 1,10-

phenanthroline primary reagent (pH 12.8) controlled the p H of the reaction medium, 

which became more acidic upon mixing with the acid eluent. Phosphate, carbonate and 

acetate buffers were therefore prepared to maintain the pH of the reaction medium. The 

phosphate buffer, when run with a UHP water blank, enhanced the CL signal due to direct 

interference with the CL reaction. This factor, together with the possible formation of 

insoluble Cu(II) complexes e.g. orthophosphate (Cu3P04)2.3H20), precluded its use. A 

significant suppression of the CL signal was seen when using the carbonate buffer, possibly 

due to the formation of insoluble CuCO^. The acetate buffer significandy enhanced the CL 

signal when used to buffer a UHP water blank. None of the buffers used maintained the 

pH of the reaction medium as measured at the waste, with a strong CL signal still observed 

over a pH range of 1.8 (aqua regia eluent, no buffer) to 10.4 (0.2 M HCL eluent, with 

buffer) as measured at the waste. This clearly indicated that buffering of the 1,10-

phenanthroline primary reagent was unnecessary for this study and use o f a buffer for the 

primar)' reagent was discontinued. 

3.3.4.1 Buffering Capacity of Citrate Buffer 

The p H buffering capacity o f the citrate buffer was investigated by measuring the 

pH of the buffered sample after in-line mbdng. Both 0.2 M and 0.4 M citrate buffer at pH 

5 and 6 were used to load an acidified UHP water standard (pH 2) and an Irish Sea sample 

(pH 2, Table 3.4). 

The 0.2 M citrate buffer at pH 5.0 buffered an acidified 10 nM Cu(II) standard in 

UHP water (pH 2) to the optimal pH of 5.0. However, when used with an Irish Sea sample 
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Table 3.4 p H of Sample/Buffer Stream at Column 

Citrate buffer Sample with 
10 nM Cu(II ) 

p H at 
Colunin Molarity p H 

Sample with 
10 nM Cu(II ) 

p H at 
Colunin 

0.2 5.0 UHP std 5.0 
0.2 5.0 Irish Sea 4.0 
0.2 6.0 UHP std 6.0 
0.2 6.0 Irish Sea 5.1 
0.4 6.0 UHP std 6.0 
0.4 6.0 Irish Sea 5.5 

the same ciuate buffer resulted in a pH of 6.5. The difference was caused by the increased 

ionic strength o f the seawater matrix, which altered the pK^ of the buffer, which changed 

the pH and reduced its buffering capacity (P). The extra matrix ions (counter ions o f 

opposite charge) caused a differential shielding of the conjugate acid and base ions, which 

reduced the activity coefficient of the buffer. This changed the acid/base equilibrium and 

the pH of the buffered solution was thus altered. 

These factors resulted in the citrate buffer being less efficient in seawater at 

buffering the acidified sample to optimum pH. Whereas an increased buffer concentration 

e.g. 0.4 M (pH 5) would have increased the buffering capacity, this was not used due to 

increased trace Cu(II) impurities in the buffer solution. Subsequent work with acidified 

seawater samples (pH 2) therefore used a 0.2 M citrate buffer at pH 6 to counteract these 

factors and resulted in a pH of 5.1 for column loading. 

33.4.2 Blank Reduction 

A n important factor in the L O D o f the FI manifold was the size o f the blank signal, 

which originated in part firom Cu(II) impurities in the citrate buffer. In order to reduce the 

blank signal the trace metal content o f the buffer was reduced by off-line clean up through 

a Chelex 100® column (0.5 ml min ') and then through an in-line 8HQ column 

incorporated in the buffer stream (Figure. 3.2), prior to mixing with the sample. The 

efficienc)^ o f the buffer clean up was investigated by loading uncleaned (experiment 1) and 

cleaned (experiment 2) citrate buffer (02 M , pH 5) only. The effect o f the buffer clean up 

on the UHP water blank was then evaluated by loading UHP water plus uncleaned 

(experiment 3) and cleaned (experiment 4) citrate buffer. A l l were loaded at the optimum 

pH for column loading (Section 3.3.5.3) and the results shown in Figure 3.9 and Table 3.5. 
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Figure 3.9 Citrate Buffer Cleaned of Trace Meuls by Off-Hoe Chelex lOC^ Column and in 

line 8HQ Micro-column 

Table 3.5 Citrate Buffer Cleaned of Trace Metals by Off - l ine Chelex 

lOO® Column and in-line 8 H Q Micro-column 

Exp. N o Buffer Status Signal (mV) RSD (%) 

1 Citrate buffer only (uncleaned) 2.0 IS 

2 Citrate buffer only (cleaned) 0.17 30 

3 Blank -•- (Jtrate buffer (uncleaned) 3.9 4.9 

4 Bl ink + (.itrate buffer (cleaned) 1.7 21 

Cu(ll) impurities in the citrate buffer alone and with the UHP water blank catalysed 

a CL signal as is shown in higure 3.9 and Table 3.5 (expenmcnt 1 and 3). This ( T . signal 

was significandy reduced after it was cleaned off-line with Chclex* 100 and on-line with 

81IQ column (cxpenments 2 and 4). Chclex 100* is widely used in applications that involve 

removing or concentrating trace metals m natural waters. I t is a macroporous polyst)Tenc 

divinylbenzene polymer on which polyvalent metal ions such as Cu(ll) are preferentially 

chelated over commonly occurring monovalent cations such as Na*, by the paired 

iminodiacetic acid (IDA) functional groups (FMgure 3.10). 'ITie quantity o f metal cations 

^ H ^ — C H 2 - 7 ^ ( f H — C H , 

I D . \ Group 

C H — C R 

C O O H C O O H 

Figure 3.10 Structure of Chelex 100*̂  Showing the Iminodiacetic Acid Group 
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retained is a function o f pH. Below pH 2, the resm acts as an ion exchanger and no metal 
cations are chelated; conversely, effective adsorption occurs in the pH range 4 - 1 4 , when 
the metal cations replace an equivalent amount of resin cations (NH^*). The citrate buffer 
was cleaned using these two protocols for all subsequent studies. 

3.3.5 8HQ Column Parameters 

Within the 8HQ column, the dispersion o f the sample zone during loading and 

elution was influenced by the column geometry, the p H o f column loading, the kinetic 

characteristics of the 8HQ resin in relation to Cu(II), chelation from seawater ions, the 

flow rate o f the sample and the eluent/elution efficiency. These factors were investigated 

and optimised. In addition, the column ennchment factor (EF), breakthrough capacity, the 

efficiency o f the UHP water rinse after column loading, the column regeneration phases 

and the flow rates for column loading and elution and o f the 1,10-pnmary reagent were 

also optimised. 

3.3.5.1 Column Geometry 

The geometry o f the column, principally the aspect ratio (length/i.d.), affected 

column performance, especially its flow charactenstics, and therefore the ennchment 

factor. Four different geometries o f the machined acrylic column were compared to 

ascertain the optimum design, the results being shown in Figure 3.11. 

6.0 

c75 

20* 1 20 • 1.5 20 • 2 5 

I 
10 •2.5 

Column Geometry (L x i d., mm) 

Figure 3.11 Comparison of Diffcrrnt Column Geometries. Length (L) = the length of the 

8HQ resin bed (mm), i.d. = internal diameter of the machined acrylic column. A 5 nM Cu(II) 

standard in UHP water (acidified, Q HNO3) was used with simplex determined optimal reagent 

concentranons with a 0.2 M HQ eluent. Loading was at 1.5 ml min » for 90 s, using a citrate buffer 

(0.2 M, pH5). 
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The 10 X 2.5 mm 8HQ resin bed gave the maximum signal (although the 
differences between the columns were small), with good reproducibility (RSD 4.9 %, n=4) 
and was therefore used for all subsequent smdies. 

3.3.5.2 Column Loading Time 

The enrichment factor (EF) (Section 3.3.5.5) of the 8HQ micro-column was related 

to the volume of sample loaded, a factor governed by the loading time and flow rate. Due 

to its increased flexibility for field work, time based loading was selected for use with the 

8HQ micro-column manifold, instead of sample displacement from a loop by a UHP water 

carrier stream as used for the manifold without a column. An investigation o f the time for 

column loading (10 nM Cu(II)) over the range 30 to 180 s (not shown) found that it was a 

linear process (R^ 0.9986). Ninety seconds was selected as the optimum column loading 

rime, this being a balance between sensitivity at sub-nano molar Cu(II) concentrations and 

minimisation of the analytical cycle time and sample consumption. 

3.3.5.3 Optimal p H for Column Loading 

The loading of Cu(II) in UHP water onto the 8HQ column is a pH sensitive 

process (Section 3.3.4). Therefore, to ensure selective and quantitative separation of Cu(II) 

from a seawater matrix, the optimum pH for retention of Cu(II) by the immobilised 8HQ 

from an acidified seawater sample spiked with Cu(II) (10 nNl) was investigated (Figure 3.12 

and Table 3.6). The seawater sample was buffered by citrate and acetate buffers, prepared 

as described in Section 3.2.1, and used as previously described (Section 3.3.4). The pH was 

measured at the column, after the sample and buffer had mixed, in order to account for the 

alteration in pH due to the effect of the seawater matrix ions (Section 3.3.4.1) and to 

compare with the optimum loading pH observed for Cu(II) in UHP water (Section 3.3.4). 

A CL maximum with the best reproducibility for the acidified (pH 2) seawater 

sample spiked with 10 nM Cu(II) was observed at pH 5.0, as measured at the column, after 

using a citrate buffer (0.2 M , pH 6). These conditions were therefore utilised for all future 

seawater analysis. A t pH 3 Cu(II) retention was substantially reduced due to competitive 

binding from H* ions in the mobile phase. At pH 7 and above the retention was much 

lower due to the competitive loading o f alkali and alkaline earth metal ions f rom the 

seawater matrix (Esser el al., 1994). 
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Figure 3.12 Optimal pH for Loading on 8HQ Column. 10 nM Cu(ll) addition to an open 

ocean. South Atlantic seawater sample. Citrate and acetate buffers (0.2 M) used. Error bars 

rt pn sc nt 3s 

Table 3.6 Optimal p H for Loading on 8HQ Column 

Buffer (0.2 M) p H at Signal (mV) R S D (%) 
Column (n=4) 

Citrate 3.0 2.1 26 
Citrate 4.0 4.2 3.8 
Citrate 5.0 4.7 2 1 
Citrate 6.0 4.4 4.7 
Acetate 7.0 2.4 3.7 
Acetate 8.0 2.2 4.5 
Acetate 9.0 2.4 4.9 
Acetate 10.0 1.8 8.6 

Cu 10 n.M in UHl^ water with citmtc and acetate buffers. 

Iliese results are in good agreement with the literature data. Lan and Yang (1994) 

reported optimum retention o f Cu(II) at p l l 5-6 for 8 H ( j immobilised on silica, in close 

agreement with these results. Daih and Huang (1992), abo using 8 n Q immobilised on 

silica, found a maximum retention at p l l 4 with efficient retention over the pi 1 range o f 2-

8. Beinrohr et oL (1990) reported greater rfian 90 % retention o f Cu(II) over a p H range 2-

12 using a sphcncal cellulose sorbent with chemically bound 8HQ. 

3.3.5.4 Chelating Characteristics of 8HQ Column 

It was important that the 8HQ micro-column was selective for Cu(II) for efficient 

extraction from the seawater matrix. The kinetics o f an in-line V\ micro-column with its 

high tlow rates, are much more important than in batch systems. Daih and Huiing (1992) 

reported that the kinetics o f 81IQ chelation were rapid, which, coupled to its high stability 
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constant for Cu(II) (log K j of 12.29, Sillen, 1964) promoted highly selective separation and 
very strong retention of Cu(II) f rom seawater. The seawater matrix elements that enhance 
or quench the 1,10-phenanthroline CL reaction were identified earlier in this study (Section 
2.3.6, Table 2.13), and these are included in the study o f column loading at p H 5 to 
demonstrate column selectivity for Cu(II) (Table 3.7). 

Table 3.7 8HQ Column in Seawater Matrix 

C L % Group 8HQ Log C L % Group 8 H Q 

Quenching Quenching Enhancing Enhancement L o g K , 
Species Species 

Na(I) 51 la K(I) 335 la 

Ni(II) 86 V I I I 9.9 
A1(III) 96 I l l b Ca(II) 110 Ila 3.27 

B(I1I) 122 I l l b Srai) 100 Ila 
Sn(III) 97 IVb Mgai) 143 lla 4.5 
Pb(I) 97 r / b Cr(II) 127 V I I I 

9.1 As(I) 90 Vb Co(II) 105 VlIT 9.1 

Ag(I) 93 l b Cd(II) 108 V I I I 8.2 
Zn(ll) 89 V I I I 8.5 ci- 131 V l l b 

Mnfl l l ) 83 V I I I 7.3 HCO3- 19 
Fe(III) 76 V I I I 11.3 S04- 117 

P 80 Vl lb 
H3B03^- 82 

All data (%) normaUsed to 10 Cu nM in UHP water (100 %) . Log Ki for Cu is 12.29 (SiUen, 1964) 

The 8HQ resin was selective for transition metals e.g. Cu(II), in preference to the 

alkali metals of Na(I) and K(I) and alkaline earth elements o f Ca(II) and Mg(II), which have 

negligible retention at pH 5 (Beiru:ohr et al.^ 1990). The same authors reported the optimum 

retention o f Ca(II) and Mg(II), the principal seawater matrix ions, at p H 9 to 10. 

The selecti\'it)' o f 8HQ for Cu(II) as a transition metal led to its preferential loading 

relative to Ni( I I ) , A1(III), Sn(lII), Pb(I), As(I), and Ag(I). In support o f this hypodiesis As 

has been shown to exhibit reduced recovery at pH 5 for 8HQ on cellulose (Beinrohr et ai., 

1990), With respect to the transition metals Cd(II), Co(II), Fe(III) and Zn(II) present in 

seawater, 8HQ has a higher stability constant for Cu(II) than for these metals and was 

therefore preferentially retained by the 8HQ. Beiiurohr et al., (1990), also reported 

recoveries o f less dian 50 % at pH 5 for Cd(II) and Mn(III ) with Zn(II) also exhibiting 

reduced recover)^ when using 8HQ immobilised on cellulose. Chloride and the HCO3' are 

anionic 
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and therefore are not chelated by 8HQ. In conclusion at the optimal pH o f 5, the 8HQ 
column was selective for Cu(II) which was strongly retained in preference to the potential 
interferents in the seawater matrix. 

3.3.5.5 Colimin Efficiency - Enrichment Factor 

One indicator o f column performance is the enrichment factor (EF, see also 

Section 3.3.5.2) which can be defined as; 

EF = CJC, 

were C^ = [analyte] in the eluent and Cg = [anaiyte] in the original sample. 

For practical purposes the enrichment factor is not usually defined as a concentration 

increase, but as a response enhancement by comparing the ratio o f the slopes o f the linear 

section o f the calibration graph prior to and after matrix separation. This avoids the 

possible large errors arising from comparison of peak heights before and after 

preconcentration. Using a manifold with and without a column for the calibration studies 

for 0.1 - 10 nM Cu(II), die ratio of die slopes was 1.191 /0.2838 = 4.2. This was a relatively 

low factor that was attributed to the 4.5 fold decrease in volume from sample to eluent and 

the difference in dispersion between the marufolds with and without an 8HQ micro

column. The micro-column enhanced the sensitivnt)' of the FI-CL manifold, thus 

promoting the determination of Cu(II) at trace levels in the open ocean. 

A further indicator o f column performance is the consumptive index (CI) which 

measures the amount of sample required for seawater analysis. The Cu(ll) FI manifold 

incorporating the 8HQ micro-column had a very efficient use o f sample, requiring only 10 

ml for a two point standard addition to a seawater sample at ambient Cu(II) 

concentrations. 

3.3.5.6 Column Breakthrough Capacity 

The 8HQ column was further characterised by investigating the breakthrough 

capacit)' of the 8HQ resin for Cu(II). This can be defined as the amount of metal ion that 

can be chelated per unit mass of 8HQ resin under existing dynamic operating conditions, 

before the analyte is detected in the column eluent. A fresh 8HQ column was incorporated 

direcdy in line with the detector in a modified FI-CL manifold (Figure 3.13). Acidified 

seawater (pH 2), with a 10 | i M Cu(II) addition was buffered (citrate, 0.2 M) in line and then 

103 



Chapter J Development of the FI-CL Anjhser for the Detenniajdoa of Cu(II) ia Sejwjter 

pumped continuously through the 8HQ column and the results shown in Figure 3.14. The 
opnmum analytical variables described in this chapter were used. 

ml min ' 
Cu(II) Standard Mî xi.̂ g 

' ^ Coil 8-HQ Column 

Citrate Buffer 
(0.2 M, pH 5) 

0.9 
8-HQ Clean 
Up Column 

Hydrogen peroxide (8 %) 

IJO-Phenanthroline, 
C E D A B , NaOH, T E P A 

2.6 

2.6 

500 cm Reagent 
Mixing Coil 

Spiral quartz flow cell 

PMT 

- M 4 
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Mixing 
Coil t 

Waste 

Chart 
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Figure 3.B F I - C L Manifold for Determination of 8HQ Micro-column Breakthrough 
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Figure 3.14 Cu(II) Breakthrough Curve for 8HQ Micro-column. Cu(II) 10 îM in aadified 

seawater (pH 2) buffered (0.2 M, pH 6 citrate buffer). Opnmal CL reagent concentrations. 

At first a baseline C L signal was observed indicating efficient retention of Cu(II) 

ions at the 8HQ chelaring sites. As column brciikthrough occurred, the Cu(II) ions nuxed 

with the conrinuously pumped C L reagents, generatmg a C L signal that slowly rose as more 

Cu(ll) ions broke through. 'Ilie plateau reached indicated saturation of the 8HQ chclanng 

sites. The column breakthrough capacity can be interpolated from the Cu(II) breakthrough 
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curve (Figure 3.14), using the ratio of the concentration in the eluent (Q over the total 
concentration in the sample (CJ at the point were C / Q = 0.05 (Landing et oL, 1986) which 
represented 95 % efficiency of retention of cu(II).. 

At 0.05 the column retained 45 nmol of 81IQ resin, much in excess of typical 

seawater concentrarions of Cu(II) (0.1 - 6 nM). Since the dry mass of the resin was 48.4 mg 

this represented a column total exchange capacity of 945.4 nmol of Cu(II) of resin. 

Insufficient column capacity would have resulted in a matrix separation system prone to 

analyte breakthrough and more effected by the seawater matnx. 

3.3.5.7 Role of U H P Water Column Rinse and Carrier Stream 

After s.implc loading, any residual scawatcr matrix ions weakly houiul (e.g. van tier 

Waals forces) or retained in the intershhal pores of the 81 IQ resin, could be co-eluted with 

the Cu(II) and act as interferents to the C L reaction. To remove these, a column UUP 

water rinse (60 s), prior to elurion, was incorporated into the analytical protocol for the 

push fit columns first used in this study (results not shown). Due to a restricted eluent flow 

through the push fit columns (aspect ratios 10.7 and 14.3), it was also necessary to merge 

the slow moving eluent stream with a faster flowing UHP water carrier to efficiently 

transport the eluted Cu{\l) to the detector. However, the improved flow charactensncs 

observed with the wider, push fit column (lower aspect ratio of 3.9), led to a further 

investigarion of the requirement for the UHP water column rinse and earner stream. ITiis 

was undertaken by loading onto the wider column a Cu(II) (10 nM) sfandard m UHP water 

(expenments 1 - 4) and a UHP water blank (expenments 5 - 6, Figure 3.15 and Table 3.8). 

18 00 

15 00 

1 1200 
it 

0.00 * 

Ejcprnment No 

Figure 3.15 UHP Water Rinse After Loading of Column and Prior to Elution and Effect of 

UHP Water Carrier 10 nM Cu(II) in UHP water, blank - acidified UHP water. Error bars are 3s. 
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Table 3:8 U H P Water Column Rinse and U H P Water Carrier Stream 

Expt. No Sample U H P Rinse U H P Carrier Signal (mV) R S D (%) 

1 cuai) No Yes 10.1 4.3 
2 Cu(II) No No 13.1 4.6 
3 Cu(II) Yes Yes 13.5 11.4 
4 Cu(II) Yes No 14.9 2.0 
5 Blank (UHP) No No 0.9 4.4 
6 Blank (UHP) Yes No 1.4 7.4 

Acidified 10 nM Cu(II) in UHP water, blank - acidified UHP water (Q HNO3) widi wider column. 

n=3 

A signal maximum was obser\'ed after rinsing of push 6t column after loading, 

(which removed the seawater matrbc ions), but without the UHP water carrier stream. The 

improved flow through the shorter, wider, push fit column (3.9 aspect ratio) and further 

substantial improvement dirough the machined acrylic column enabled the UHP carrier 

stream to be removed. The manifold without the UHP water carrier stream had improved 

sensitivity and reproducibility due to the eluted Cu(II) no longer undergoing dispersion in 

the carrier stream and therefore the carrier was removed for future work. Due to the 

improved C L signal obser\̂ ed with the column UHP water rinse after loading, it was 

retained in the analytical protocol for all future studies. 

3.3.5.8 Column Regeneration and Equilibration 

Push Fit Column; The 8HQ micro-column had a maximum capacity when all the 8HQ 

chelating sites were free. Early 8HQ column investigations utilised the push fit columns, on 

which the chelating sites were regenerated after elution by a separate acid clean (0.2 M Q-

HCl) followed by column equilibration with a UHP water rinse (pH 5.5) prior to sample 

loading at pH 5.0. The effect of extending the acid regeneration and UHP water 

equilibration c)xles from 30 s to 60 s for the push fit column were investigated using a 10 

nM Cu(II) standard in UHP water and an Irish Sea sample fTable 3.9). 

For both the 10 nM Cu(II) in UHP water and the Irish Sea sample, a distinct 

improvement in C L signal and reproducibility was found for the 60 s acid regeneration and 

60 s UHP water equilibration of the push fit column. This was due to a more efficient 

column regeneration and column equilibration, which minimised sample loss upon 

conmiencement of loading. These column extended times were incorporated into the 

analytical routine for the duration of use of the push fit 8HQ column. 
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Table 3.9 Extending Acid Regeneration of Column and U H P Rinse Times 

Experiment 
No 

Sample Acid Clean 
Time (s) 

UHP Water 
Rinse (s) 

Signal 
(m\0 

RSD 
(%) 

1 Cu(II) in UHP 30 30 4.7 21 

2 Cu(II) in UHP 60 60 16.9 7.4 
3 Irish Sea 30 30 7.0 27 
4 Irish Sea 60 60 18.2 3.2 

10 nM Cu(ll) standard in UHP water with citrate buffer (0.2 M, pH 5). Irish Sea sample collected 

May 94 acidified to pH 2 (HCI) and UV irradiated Sept 97, mean Cu(II) content of 10.6 nM (UoP 

ASV and CSV measurements). Irish Sea sample analysed with citrate buffer (0.2 M, pH 6). Both 

samples eluted with an aqua regia eluent (0.6 M HCL/0.2 M HNO3). Push fit 8HQ columns used. 

Incorporation of Machined Acrylic Column; The machined acrylic column exhibited a 

substantially improved flow through it and therefore the column acid regeneration and 

UHP water equilibration cjxles were further evaluated (Table 3.10). The aim was to reduce 

the total analytical cycle time by shonening or removing these two stages. A 10 nM Cu(II) 

addition was made to an English Channel sample (Eddystone Lighthouse), which had been 

filtered (0.4 |im, Nuclepore) and acidified to pH 2 (Q HCI). 

Table 3.10 Column Regeneration and Equilibration Cycles 

Expt 
No 

U H P Rinse 
Post Loading 

Acid 
Clean 

U H P 
Rinse 

Signal 
(mV) 

RSD (%) 
(n=4) 

1 60 60 60 4.1 9.8 

2 30 60 60 3.9 6.5 

3 30 0 60 3.7 1.5 

4 30 0 0 3.8 2.6 

As Table 3.10 clearly illustrates^ when using the machined column no significant 

difference in signal (/ test, p = 0.05) was seen between the means of the analytical 

protocols. This was in contrast to the substantial differences obser\'̂ ed for the push fit 

columns, reported earlier (Section 3.3.5.7 and 3.3.5.8). Reproducibility was also 

substantially improved (Table 3.10) by removal of the acid clean and UHP water rinse 

cycles, in contrast to the results for the push fit column. The results demonstrate the 

significandy improved flow through the newly designed acrylic column, which enabled the 

modification of the analytical protocols described earlier. 

The machined 8HQ micro-column was regenerated by the continuation of eluent 

flow after elurion of the Cu(II). As timed by the entrapment of an air bubble, the eluted 
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Cu(ll) required 12 s to reach the detector. A typical signal peak required 8 s to complete its 
rise and fall which represented the time required for the acid elution (0.2 M Q HCl) of the 
Cu(II) from the column. The 30 s acid eluent cycle therefore eluted the Cu(II) off the 
column for first 8 s, followed by a further 22 s of acid flow which regenerated the column. 
The buffered sample acted as a colunrn equilibrant very quickly after conrmiencement of 
loading, minimising sample loss. Fang et al., (1993) also found that column cleaning and/or 
equilibration did not enhance the sensitivity or precision of a flow injection flame AAS 
system when compared to a system that excluded these features. 

In conclusion, the manifold without a separate equilibration stage resulted in a 

simpler and more efficient 8HQ solid phase extraction micro-column. The design and 

incorporation of the machined acrylic column enabled the removal of both the column 

regeneration and equilibration cycles for all subsequent studies. This reduced the time for 

processing a single injection from 6 to 2.7 min and therefore a sample analysis (n=4) from 

24 to 10.6 min. The time for a full analytical protocol of sample plus a two point standard 

addition and including sample exchange, column and line rinsing cycles prior to analysis, 

was significandy reduced from 75 to 35 minutes, more than doubling the sampling 

frequency. This was a considerable advantage for field deployment with its inherent time 

constraints. The time saving also halved the amount of eluent required, removed the 

requirement for the acid clean solution and reduced the amount of UHP water required. 

These represented real savings in cruise preparation time, reagent usage, storage and 

transport, all precious commodities prior to and during field deployment. 

3.3.6 Flow Rate 

An important criterion in an FI manifold is reproducible dispersion, which is 

determined in part by the ability' to provide constant flow rates. A range of pump tubing 

(Acu Rated, Elkay) with varj îng internal diameters (signified by the different bridge 

colours) were calibrated using a multi-channel, variable speed peristaltic pump (Watson 

Marlow 503 S, 6 channel, 8 roller head) (Figure 3.16). 

The pump tubing produced a linear and reproducible flow rate for a wide range of 

pump speeds. The pump tubing was routinely replaced after 30 h of usage, or if a pulsating 

flow was observed, to ensure a reproducible flow rate was maintained. All pump tubing 

was conditioned by an acid wash (0.2 M HCl, 1 h) and a UHP water rinse (1 h) prior to use. 

108 



Chapters Developmeat of the FI-CL Analyser for the Determination of Cu(II) in Seawater 

20 25 

Pump RPM 

Figure 3.16 Calibration of Pump Tubing. Gilson Mini Pulse 3 Pump, Hkay Acu Rated Auto 

.\nalysis Tubing. Bndge CxAom - Blue/Yellow—, Grey — , Red,- W i l l 

3.3.6.1 Column Loading Flow Rate 

Dunng column loading it was important to maximise the phase transfer factor, 

which determined the efficiency of loading onto, and elution from the 81IQ column of 

Cu(II). The retention of Cu(Il) on the 8HQ column was mass transfer limited and 

therefore related to the residence time of the sample in the column and its volume through 

the column. These were functions of the sample loading flow rate, which was investigated 

using a column loading time of 90 s (Figure 3.17). 

y = 0.8608% + 3.234 E 4.00 

R = 0.9135 

hlow Rate (ml mm ') 

Figure 3.17 Loading ¥\a^ Rate (mL min ») Cu lOnM in UHP water 

A l int^ relationship (R* = 0.9135) was found between loading flow rate and Cu(ll) 

retention. At flow rates of 0.5 ml min * although a high phase transfer factor occurred, the 

low volume of sample became liminng, requinng an unacceptably long sample loading time 
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to maintain the sensitivity of the F l - C L analyser. At flow rates >3 ml min * sample 
consumption was high, with the maximum flow rate limited by manifold leaks due to 
increased pressure at > 4 ml min"\ Furriiermore, although the kinetics of the 8HQ resin 
were reported as rapid (Daih and Huang, 1992), at flow rates > 4 ml min * an incomplete 
phase transfer may occur. 

Loading for 90 s at 1.5 ml min ' achieved an efficient transfer of Cu(ll) from the 

mobile sample phase to the 8HQ stationery phase, resulting in good sensitivity in a 

relatively short loading time and was selected for all future work. This was in agreement 

with Beinrohr et aL, (1990), who used a loading cycle of 60 s at 2 ml min * for 8HQ 

immobilised on a spherical cellulose sorbent. Daih and Huang (1992) selected a flow rate of 

2 ml min * for 8HQ on silica. Using 90 s at 1.5 ml min * for loading during this study 

resulted in good sampling frequency with efficient sample consumption. These are all 

factors important during field deployment, f̂he integrity of the pump njbing was also 

maintained, as was therefore a reproducible flow rate and thus reproducible mixing. 

3.3.6.2 Primary Reagent Flow Rate 

The 1,10-phenanthroline C L reaction was fast (0.6-0.7s) with a transient response 

compared with spectrophotometric derivatisation reactions. It was therefore important to 

ensure the maximum C L emission took place in the spiral flow cell in front of the detector 

window. This required optimisation of the flow rates of the 1,10-primary reagent, hydrogen 

peroxide and eluent in the streams (Figure 3.18), All changes to the flow rates of the two 

primary reagents were made in parallel to maintain a constant ratio and ensure reproducible 

mixing at the confluence point. 

1 2 3 4 
Flow Rate (ml min*) 

Figure 3.18 Flow Rates of 1,10-primaiy Reagent and Hydrogen Peroxide 

A linear increase in the C L emission (R^ = 0.9336) was seen over the flow rate 

range 1 - 5 ml m i n T h i s response was partly attributed to increased turbulence that 
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improved the mixing of the reagents together, and their mixing with the sample, producing 
a more effective microenvironment for the C L emission. In addition, the time for the C L 
reaction to reach the flow cell was reduced at higher flow rates with a greater number of 
molecules reacting in front of the detector window. For method development and seawater 
analysis a flow rate of 3.6 ml min"' was used as a balance between signal intensity, pump 
tubing integrity and reagent consumption. A flow rate of 4.9 ml min ' maximised manifold 
sensitivity, although due to the high reagent consumption at this flow rate this option was 
reser\'̂ ed for analysis at the limit of instrument detection. 

3.3.6.3 Direction of Eluent Flow 

During column loading the Cu(II) was retained in a zone at the front end of the 

column. The direction of eluent flow was investigated to optimise the C L signal. An eluent 

flow in the reverse direction to that used for sample loading resulted in a more efflcient and 

rapid elution that produced a sharp signal peak. This was in contrast to the significandy 

broader and ragged signal peak obser\'ed when the Cu(II) was eluted in the same direction 

as used for column loading. Reverse elution therefore eluted the Cu(II) in a focused *plug' 

that avoided dispersion of the eluted Cu(II) due to it passing through the length of the 

column. Reverse elution also avoided the progressive compaction of the 8HQ resin due to 

uni-directional flow through the column, which created resistance to flow, raised the 

pressure in the F I - C L manifold and resulted in an irreproducible eluent flow rate. Reverse 

elution of the 8HQ micro-column was therefore incorporated into the analytical protocol 

for all future studies. 

3.3.6.4 Elution Flow Rate 

In order to maximise the sensirivit}' of the manifold and obtain a sharp, well 

defined signal peak an efficient and rapid column elution that did not degrade the column 

with continual use was essential. These factors were determined in part by the eluent used 

(Section 3.3.7) and pardy by the elution flow rate. The eluent flow rate was investigated for 

the push fit and machined acrylic columns, using an aqua regia eluent. 

The wider, shorter push fit column (aspect ratio 3.9, results not shown) had an 

optimal eluent flow rate of 1 ml min ' using reverse elution, with a significant reduction in 

signal size and reproducibility at flow rates < 0.67 or > 1.33 ml min '. This was due to a less 

efficient mass transfer from the 8HQ stationer)' phase to the mobile eluent phase which 

increased the dispersion of the eluted Cu(ll) in the eluent stream. This indicated the non

linear flow through the push fit columns. The machined acrylic column, utilising reverse 
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elution, had an opnmum flow rate of 1.4 ml min * (Figure 3.19) at which the mass transfer 

was most efficient. The small variation in signal strength and reproducibilit)' seen over the 

range of flow rates used, clearly demonstrated the constant and reproducible flow through 

the machined acrylic column and supported its choice for future work. 

0.4 0.8 1.2 1.6 2 2.4 

Eluent Fk)\v Rate (ml min"') 

Figure 3.19 Elucnt Flow Rate (ml min •) for Machined Aciylic Column 

The eluent flow rate also helped define the position of the C L reaction in the flow 

cell, although the influence was small compared to the combined flow rate of the reagents. 

Re-oprimisarion of the flow rate of the reagents to include the new eluent flow rate for the 

machined column produced no significant alterarion in their flow rate. 

C L Peak Shape: Typical peak shapes from the detector for a series of replicate 

injecrions (n=4) using a South Atlantic seawater sample are shown in Figure 3.20. 

+ 4 nM Cu(II) 

Sample 

11 

+ 2 nM Cu(ir) 

C L Eimission 

h 

L . J L U I ".IccrrKMl 

8s 
Durahon 

Figure 3.20 Typical Injection Peaks (a) Detector output for a series of four replicate load, nnse 

and elute cycles using a South Atlantic seawater sample with 2 and 4 nM standard additions of 

(:u(II); (b) Expanded single C:L peak. 
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Upon commencment of reagent flow, the position of the baseline moved up the 
chart paper from that originating from the PMT electronic noise, due to an increased 
background C L signal produced by Cu(ll) impurities in the reagents. This reagent noise 
was stable during the UHP wash and sample load cycles. In order to minimise reagent 
consumption, the reagent and eluent pumps were switched on for 20 s ptior to elution to 
ensure the baseline was stable. The high impedance of the pumps caused a sharp electrical 
spike on the chart upon their start up (Figure 3.19). Copper(Il) ions were then eluted from 
the column by switching the acid eluent stream through the column in the reverse direction 
to sample loading, resulting in a sharp, narrow peak (ca. 8 s for full height, (Figure 3.19 (b). 
Acid eluent flow continued for a further 22 s to regenerate the chelating sites on the 8HQ 
column. 

Optimisation of the push fit column (not shown) demonstrated how the profile of 

the elution peak was related to the dispersion of the Cu(II). At 0.17 ml min ' the peak was 

broad with a slow and eraric rise and fall due to a non-linear and reduced eluent flow 

through the column. This increased the dispersion of the Cu(Il) in the eluent and upon 

mixing with the primary reagents. At > 0.34 ml min"' a sharp signal peak with a smooth 

and rapid rise and fall was seen, together with a much reduced background noise level. The 

sharp elution peaks for the push fit 8HQ column were obtained by selection of an 

appropriate eluent flow rate (1 ml min"') and chart speed. The machined acrylic column had 

a sharp C L signal profile over the whole range of eluent flow rates used, which again 

demonstrated the constant and reproducible flow through the column. 

3.3.7 Selection of Eluent 

The kinetic factors of the elution process were of much greater significance for the 

in-line 8HQ column due to the much shorter residence times, in comparison with batch 

systems. The in-line column therefore required a strong eluent that promoted an efficient 

and rapid elution of the Cu(Il) to maximise the enrichment factor (EF) and promote sharp 

elution peaks. Q-HCI and Q-HNO3 eluents were investigated over the range of 0.2 to 1 M 

using a 10 nM Cu(ll) UHP water standard (Figure 3.20). 

Both eluents exhibited a rapid and efficient elution and / tests (p=0.05) showed that 

the differences between the Q-HCl and Q-HNO3 eluents and between the different 

concentrations of Q-HCl eluents were not significant. However, the Q-HCI was more 

efficient and resulted in a larger C L signal over the range of eluent concentrations used 

(Figure 3.21). Further investigation (not shown) comparing an aqua regia mixture (0.6 M 
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Figure 3.21 Evaluation of Q HCI and Q HNO3 Elucnts 0.2 - 1 M concentration, Cu(ll) 10 

nM in UHP water 

Q-HCI/0.2 M Q-HNO3) with a 0.2 M Q-HCI eluent demonstrated that the former was 

marginally more efficient. However, aqua regia was not used due to poorer reproducibility. 

Although the C L signal was of similar magnitude for the HCI cluent, the 0.2 M-Q-

I K^l was selected due to its subsrantially better reproducibility and the possibility of column 

degradation when using the stronger elucnts, an important factor dunng long term field 

deployment. This was not so vital a requirement in batch systems, where the column could 

be easily changed, or even digested, to release the aniilyte. 

C L Signal from the Eluents: Vhc L O D of the F I - C L analyser was closely related 

to the blank signal, which was catalysed in part by the Cu(II) impunties in the acid eluent 

stream. The size of this eluent C L signal was investigated by eluting acidified UHP water 

bhmks with 0.2 M Q-HCl, 0.2 M Q-HNOj and 0.6 M Q-HCI / 0.2 M Q-HNO^ (Figure 

3.21). 

The results (Figure 3.22) clearly show that the 0.2 M Q-l ICI eluent had the lowest 

l)hmk signal, with optimum reproducibility, and was therefore used for all subsequent 

studies in order to minimise the blank signal. Yhc higher blank signal from the Q-HNO3 

indicated that it was harder to purify dunng the sub-boiling distillation process (Section 

2.2.1). The size of the blank was an important factor during the determination of sub-

nanomolar levels of Cu(II). 
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Figure 3.22 Comparison of Bbnk Signal from FJuents 

3.3.8 Blank Subtraction Protocol 

.\n aspect integral to accurate dctcrmin ition of Cu(II) was the blank subtraction 

protocol. >X'hen analysing a seawater sample, a typical blank for seawater analysis had three 

components, namely the acid used for sample acidification (pH 2, 80̂ 1 of Q - H N O j for a 

UK) ml of seawater sample), the UI IP water used to prepare the citrate buffer iind the citnc 

salt itself Each of these contained Cu(II) as an impunt)-. 

Pnor to Cu(II) determinanon the citrate buffer was cleaned of trace metals using 

Chelex 100 and an in-line 8HQ column (Sections 3.2.4.1 and 3.3.4.2, Figure 3.2). The UHP 

water at pH 5.5 required no buffenng to be loaded onto the column. The blank injection 

protocol (n=4) was run 5 times and the mean values (Table 3.11) used for cilculanon of 

the bliink signal. 

Table 3.11 Blank Determination 

Sample Signal (mV) RSD ( ) 

L HP water only (-\) 3. IS 6.1 

L n P + Buffer (B) 3.73 7.8 

AcKlihed UHP + Buffer (C) I.SO 2.3 

llie optimised reagent Cfwicentrations were used at 3.6 ml min \ with cĉ lumii loading for 90 s at 1.5 

ml mm \ and an 0.2 M Q-HQ eluent at 1.4 ml mm K Due to the FI-CL analyser operating at such 

low Cu(II) levels, the repnxiucibilit)- was higher than reported for other determinations. Signal size 

shown to two decimal places for accuracy of calculations. 
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It was not appropriate to blank subtract the total blank, which comprised the 
acidified UHP water sample blank + citrate buffer stream (value C, Table 3.11) since part 
of this signal originated from the UHP water in the sample stream, which would be 
replaced by seawater during seawater analysis. The fraction of the total blank to be 
subtracted was therefore defined first by determining each of the three components of the 
blank. This was achieved by injecting UHP water only in both the sample and buffer 
streams, followed by a UHP water blank with citrate buffer (0.2 M, pH 5) and finally an 
acidified UHP water blank with citrate buffer. 

The total volume of UHP water loaded in both sample and buffer streams was 

calculated, and from this the proportion (%) of the signal from the UHP water in the 

buffer stream was determined. This was found to be 40 %. This was then converted into a 

mV value (I in Table 3.12) of die obser\̂ ed UHP water value i.e. 40 % of 3.15 mV (Table 

3.11) = 1.26 mV 

The mV value originating from the buffer salt itself, and from the acid used for 

sample acidification was then calculated by subtraction (II & III , Table 3.12) utilising the 

values in Table 3.11. These were then added to the UHP water only value, resulting in the 

true value of the blank (m\^ value to be subtracted (r\^ for this analytical run. Due to the 

day to day variation in PMT sensitivity due to it nearing the end of its effective life, it was 

not appropriate to express this as a mV value and therefore this was expressed as a % of 

the total blank (acid + UHP water + citrate buffer) to be subtracted (V). 

Table 3.12 Blank Subtxaction Protocol 

Component of blank Derivation using Table 3.11 Value (mV) 
UHP water for buffer 40 % of UHP water value (A) (I) 1.26 

Buffer B - A ai) 0.58 
Sample Acidification (Q H N O J C - B (III) 1.07 

Total blank subtraction value (JV) 2.91 
Mean acidified UHP blank + citrate buffer widi 0.2 M Q H C L eluent 4.80 mV 
Percentage of total blank to be subtracted (2.91/4.8) x 100 (V) 60.7 % 

A, B and C refer to mV values in Table 3.11 

ITie blank subtraction protocol therefore consisted of calculating 60.7 % of the 

buffered, acidified UHP water blank signal (mX'), expressed as a mV value, which was then 

subtracted &:om the C L signal of the sample {mV). This blank correction protocol 

accounted for the Cu(ll) impurities in the acid used for sample acidification and in the 

citrate buffer stream and was used for all subsequent analysis. 
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3.3.9 Analytical Figures of Merit 

A series of Cu(II) calibrations with the machined acrylic 8HQ column were 

performed using an open ocean. South Atlantic seawater sample with Cu(II) additions (0.1-

50 nM) to investigate the linear range of the F I - C L analyser and its sensitivity at ambient 

levels of Cu(Il) in seawater (typically 0.1 to 6 nM, Coale and Bruland, 1990). Typical 

calibration graphs over the Cu(II) ranges of 0.1 to 10 nM and 0.1 to 50 nM are shown in 

Figures 3.23 and 3.24. 
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Figure 3.23 Calibration Graph (0.1-10 nM) for Cu(II) in Seawater Using 8HQ Column for 

Cu(II) additions to South Adanric Seawater sample. Sample unfiltered, acidified (pH 2, Q-HQ), low 

in Cu(ll) < 2 nM. Optimised R - C L analyser operational variables used. Error bars are 3s. 

The F I - C L analyser with an 8HQ micro-column, over a Cu(II) calibration range of 

0.1-10 nM, exhibited a good linearity (R^ 0.9849) and reproducibility, typical RSDs being 

<5 % (n = 5). The calibration for the F l - C L preconcentration manifold was linear over the 

range 0.1-50 nM Cu(II) (R' = 0.9891), with good reproducibilit)' (RSDs of 3.4 - 10 %, n = 

4). Any differences in signal (mV) between the calibrations was due to variation in the 

sensitivity of the PMT, which was nearing the end of its operational life. When a new Pi\rr 

was obtained prior to instrument deployment on the AMT cruise, the C L signal stabilised 

and the sensitivity of the analyser rose considerably. Analytical figures of merit are shown 

in Table 3.13. 
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Figure 3.24 Calibration (0.1-50 nM) for Cu(II) additions to South Atlantic Seawater sample 

widi 8HQ Column. Sample unfiltered, acidified (pH 2, Q-HCl), low in Cu(II) < 2 nM. 

Optimised F I - C L analyser operational variables used. Error bars are 3s (n =4). 

Table 3.13 Analytical Figures of Merit 

L O D 0.025 nM 
RSD (0.1-lOnM) < 5% 

Linear Range 0.1 - 50 nM (R^ 0.9891) Linear Range 
0.1 - 10 nM (R^ 0-9849) 

Analytical Time (n=4) 10.6 min 
Full Analytical Cycle (sample + 2 SA, 35 min 

with manifold cleaning) 

LOD defined as a signal that equates to the blank (mV) (acidified UHP water) plus 3s. SA 
- Standard Additions 

The sensitivity and wide linear range of the F I - C L instrument in seawater enabled it 

to be deployed in a range of environmental conditions e.g. open ocean (0.1 - 6 nM), as well 

as coastal and estuarine systems (10 - 20 nM, Tappin et aL, 1995). Analysis of waters 

containing Cu(II) concentrations above the linear range can be conducted by sample 

dilution or by reduction of the column loading time. 

3.3.10 Validation of F I - C L Analyser 

3.3.10.1 N A S S 5 C R M 

The role of the 8HQ micro-column was to increase the sensitivity of the R 

manifold and to selectively retain the Cu(II), thus removing the possible interference 

effects of the seawater matrix on the C L reaction. The analytical accuracy and precision of 

the R - C L analyser was verified by the determination of Cu(II) in the certified reference 

material (CRM) NASS 5 (National Research Council of Canada, Marine vVnalytical 
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Chemistr}^ Standards Programme), an open ocean CRM. The full data set from a t)^ical 
analytical run is shown in Table 3.14, whilst Table 3.15 shows the results from three 
separate experiments. 

Table 3.14 VaHdation of FI-GL Analyser using NASS 5 C R M 

Sample Signal (mV) Blank subtracted signal (mV) R S D (%) 

NASS 5 only 10.3 5.2 2.7 
NASS 5 + 5 nM 15.8 10.7 2.7 

NASS 5 + lOnM 22.0 16.9 3.9 

Blank = 8.4 mV, 60.7% of which - 5.1 mV 
Blank - acidified UHP water. All samples where prepared in a Class 1000 clean room, under a class 

100 laminar flow hood and analysed using a two point standard addition (Cu(II) 5 and 10 nM) with 

blank subtraction. The blank signal varied due to changes in PMT sensitivity that occurred as the 

PMT was reaching the end of its operational life, (Section 3.3.9) with a replacement PMT being 

required before field deployment on AMT 9. 

Table 3.15 Results for eu(II) Using the FI-GL Analyser 

Conditions Cuai) (nM) + / - (nM) R S D (%) R^ 
Certified 4.68 0.7 n/a n/a 

CRM 
SB 4.61 na 2.7 - 3.9 0.9988 
SB 4.43 0.9952 
SB 4.95 0.21 0.9909 
CR 4.41 0.21 1.5-6.8 0.9896 
CR 4.37 1.7-6.2 0.9984 

SB - Shipboard analysis, CR clean room at University, n/a - data not available due to analysis of 

NASS 5 onboard to venfy analytical accurac)' and precision of the FI-CL analyser, with inherent 

time constraints preventing replicate analysis. (n=4) CRM uses 2 s for standard de\'iation. 

A / test was used to compare the certified Cu(II) concentration to that obtained by 

F I - C L in the clean room at the Universit)' of Plymouth and onboard during field 

deployment. The null hypothesis is that the true value (u) of 4.68 nM is not sigruficandy 

different from the observed F I - C L value and that the observed difference between the 

sample mean and u arises solely as a result of random errors. A confidence interval of 95 

% (p = 0.05) was used. A / value of 0.25 was found and therefore the null hypothesis is 

retained. The absence of systematic errors is not proved, only that no evidence was found 

to surest they were present. 

The F I - C L determinations of Cu(II) in die NASS 5 CRM aU exhibited a high 

degree of linearit)' (e.g. r' 0.9988) with very good reproducibility (</= 5 %), with calculated 
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Cu(II) concentrations e.g. 4.37 + / - 0.14 nM, being in excellent agreement with the certified 
value of 4.68 + / - 0.7 nM. This clearly illustrates the good accuracy and precision o f the F I -
CL analyser. 

3.3.10.2 Irish Sea Sample 

The FI-CL analyser was further validated by the determination o f Cu(II) in an Irish 

Sea sample (Table 3.16) that had been filtered (0.4 | im, Nuclepore), acidified (pH 2, Q 

HCl), and batch UV irradiated for an extended period to ensure breakdown of dissolved 

organic material (DOM). 

Table 3;16 Validiation of F I - C L Analyser with Irisli'SearSample 

Irish Sea sample Signal (mV) Blank subtracted 
(60.7 %) data (mV) 

R S D (%) 

Irish Sea only 
+ 10 nM 
+ 20 nM 

9.2 
12.9 
19.0 

6.0 
9.7 
15.8 

1.6 
4.5 
1.3 

Blank 5.2 60.7% of blank = 3.2 mV 2.8 

Blank - acidified L HP water. 

The same sample had been analysed over a 6 month period by voltanunetry (CSV 

and ASV) and used as an in-housc reference material, with an assigned range for total 

Cu(II) of 10.6 to 11.2 nM, which was in good agreement with the 11.4 nM as determined 

by the FI-CL analyser (RSDs < 5 % ) . The good agreement o f Cu(II) levels between the 

two results further validated the accuracy of the FI-CL analyser for Cu(II) in seawater. 

3.4 Conclusions 
This chapter reported the development of the sensitive, rigorously optimised FI-CL 

mediod for the determination o f Cu(Il) in seawater. The FI-CL manifold used for Cu(II) in 

UHP water (Chapter Two) was extensively modified to incorporate a solid phase extraction 

and preconcentration 8HQ micro-column, to selectively retain the Cu(II) in preference to 

the other seawater matrLx ions that were potential interferents to the Cu(II) catalysed 1,10-

phenanthroline CL reaction. The 8HQ micro-column was central to the operational 

success of the FI-CL analyser and was prepared by immobihsing the chelating resin 8HQ 

on an inert Fractogel backbone. This was succcssfiiUy used as a highly selective, solid phase 

extraction resin for Cu(II) in seawater. The 8HQ micro-column also increased the 

sensitivity' of the FI-CL manifold by preconccntrating the Cu(II), enabling its determination 

in seawater at ultra trace levels. The FI-CL analyser was fully automated (Chapter 4). 
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The final form of the micro-column was a custom designed, machined acrylic 
column, which, with its linear and reproducible flow, represented a significant 
improvement in flow characteriscics compared to the push fit column originally used. The 
experimental variables for both columns were rigorously optimised, with the chelating 
capacity o f the column found to be in excess o f that required for Cu(ll) determinarion in 
seawater. 

The new machined acrylic design of column also enabled the time for an analytical 

cycle to be reduced firom 24 to 10.6 minutes (n=4) by removal o f the column acid 

regeneration and UHP water rinse cycles, without any significant reduction in instrumental 

performance. The time saving halved the amount of eluent required, removed the 

requirement for the acid clean solurion and reduced the amount o f UHP water required. 

These were a considerable advantage for in-situ, field deployment with its inherent time 

constraints and represented real savings in cruise preparation time, reagent usage, transport 

and storage, all precious commodities prior to and during field deployment. 

The analytical figures o f merit demonstrated that the Fl-CL analyser had a wide 

linear range for Cu(II) in seawater (0.1 to 50 nM - 0.9891, 0.1 - 10 nM - 0.9849). The 

analyser had good sensitivity enabling the determination o f Cu(Tl) down to sub-nanomolar 

concentrations in open ocean waters (0.1 - 6 nM) as well as in coastal and estuarine waters 

( 1 0 - 2 0 nM). Increased Cu(II) levels in polluted environments could be accommodated by 

sample dilution or a reduction in sample loading time. The FI-CL instrument exhibited 

good precision, RSDs t)'pically being < 5 %. 

The analyser was successfijlly validated by analysis o f the open ocean certified 

reference material (CRM) NASS 5. N o significant differences (/ test, p = 0.05) were found 

between the NASS 5 certified Cu(II) value of 4.68 + / - 0.7 nM and typical FI-CL 

determinations (e.g. 4.37, 4.61 and 4.41 nM (RSDs < 5 %)). The Cu(II) concentration in an 

Irish Sea sample as determined by Fl-CL (11.4 nM) was in good agreement with that 

determined by voltammetric techniques (CSV and ASV, 10.6 - 11.2 nM), further validating 

the FI-CL analyser. The Fl-CL analyser was therefore shown to be accurate, precise, 

sensitive and robust and therefore suitable for field deployment to map Cu(II) levels in the 

worlds oceans to further the understanding of the biogeochetnical cycling of Cu(II) in 

seawater. 
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Chapter Four 

4.1 Introduction 
The deplo>Tnent of FI-CL instrumentation for shipboard analysis requires full 

automation to enable reliable shipboard analyses to be performed under all sea conditions. 

Automation will pro\nde improved precision; reduction in analytical time with increased 

sample throughput; reduction of operator error, particularly during continuous monitoring and 

will free up time to complete other analytical tasks. This chapter therefore describes the 

automation of the manually operated FI-CL instrument described in Chapter 3 and used for 

the determination of Cu(II) in seawater. 

4.2 Experimental 
4.2.1 System Requirements 

The manual R-CL instrumentation for Cu(ll) in seawater comprised two Gilson 

Minipuls 3 peristaltic pumps for the CL reagents and sample/buffer streams and an Ismatec 

S820 peristaltic pump for the eluent stream. Two manual Rheodyne 6 pon injection valves 

were used to incorporate the 8HQ matrix separation column and switch between the 8HQ 

column loading and regeneration cycles. An Omnifit two-way valve switched between column 

add clean and UHP water rinse cycles as required. A PMT detector and a flat bed chart 

recorder completed the system. Manifold automation required the automation of one of the 6 

port valves using an Anachem switching unit and the substitution o f the other by solution 

switching valves. The same valves were also incorporated into the manifold to switch between 

the sample and standard additions. Each o f these components was PC controlled using a 

Quick Basic software program developed for this study. The hardware consisted of a desktop 

PC (486 D X 66, Viglen) with an analogue to digital ( A / D ) converter card. A block diagram 

illustrating the automation of the components and solution streams of the FI-CL manifold for 

Cu(II) (Chapters 2 and 3) is shown in Figure 4.1. 

4.2.2 P C Interface Card 

The FI-CL manifold was controlled by a 12 bit analogue to digital (A /D) interface card 

(Brainboxes®, model A D 1210). The technical specifications o f the A D 1210 card are given in 

Table 4.1, with the card to the ribbon cable connections shown in Figure 4.2. The card was 
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RV - Automated Six Port Injection Valve (Rheodyne) 

\ I 

ON 

L l l P W i r n Pump 1 
nnsc 

V3 

R\' Injection 
Wilvc 

ON: LOAD 

OFF: ELUTE Butter 

Filuent 

Re.igent Detector 

Pnmar\' 
Reagent 

In t t f t . iLf 

A / D card 
Desktop 

PC Relay Box 

Automation Control 

Solution h'low Lines 

30 way in<-
Rihl)' )n 
Connector 

Figure 4.1 Schematic of the Automated FI-CL Manifold for the Determination of Cu(}l) in Scawatcr. Reagent/sample flow Unes aic 

sho>*'n in black. Control lines for automation of components are shown in red dashed lines. 
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Table 4.1 A / D AD 1210 Card Technical Specifications Brainboxes® 

Component AD 1210 
Analog Input 12 bit 

Channels Type (jumper selectable) 16 single ended OR 8 differential of 16 Channels Type (jumper selectable) 
pseudo differential 

Channel select Programmable 
Bipolar Input ± 5V, ± 2.5 V 

Unipolar Input 0 -10 V , 0 - 5 V 
Programmable Gain (low level) 1 - 1 0 - 1 0 0 - 1000 
Throughput (single channel) 100 kHz 

Analog Output Two 12 bit DACs 
Bipolar Output - 10 to + 10 V, - 5 V to + 5 V, - 2.5 V to + Bipolar Output 

2.5 V 
Unipolar Output 0 - 1 0 V , 0 - 5 V 

Throughput 100 kHz per DAC 
Digital I / O 
n L output 8 bit 
TTL input 8 bit 

Throughput 1 MHz 
Timing 

Pacer Clock 0.005 Hz - 600 kHz 
External clock YES (to 1 mHz) 

External Trigger YES (-ve edge) 
8254 counter Yes 

Interrupt A / D done 
DMA capabilities None 

FIFO chip No 

AD Chan 0 lO 0 2 Ch8 / ChO Rtn 
AD Chan 1 30 © 4 Ch9 / C h i Rtn 
AD Chan 2 50 © 6 C h l O / C h 2 Rtn 
AD Chan 3 70 © S C h l l / Ch3 Rtn 
AD Chan 4 90 © 10 C h 1 2 / C h 4 Rtn 
AD Chan 5 l lO ©12 Ch13 / ChS Rtn 
AD Chan 6 I30 O 14 Ch14 / Ch6 Rtn 
AD Chan 7 ISO O 16 C h 1 5 / C h 7 Rtn 
Analog Gnd I70 O 18 Amp Low 
+12 V Out lOO ©20 -12 V Out 
Power Gnd 21© ©22 OACO Output 
DACO Gnd 23 O 0 24 DAC1 Output 
DAC1 Gnd 250 0 26 Digital Gnd 
Digital Gnd 270 ©28 Dig Input 0 
Dig Input 1 29 O 0 30 Dig Input 2 
Dig Input 3 3lO ©32 Digital Gnd 
Dig Input 4 330 ©34 Dig Input 5 
Dig Input 6 350 ©36 Dig Input 7 
Digital Gnd 370 ©38 Dig Output 0 
Dig Output 1 390 OAQ Dig Output 2 
Dig Output 3 4lO ©42 Digital Gnd 
Dig Output 4 430 ©44 Dig Output 5 
Dig Output 6 450 ©46 Dig Output 7 
Digital Gnd 47© ©48 Digital Gnd 
Ext Trig In 49© ©50 Ext Clk In 

Figure 4.2 Pinout Connections from the AD 1210 Card 
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installed m a desktop PC (Vigien 486 DX-66). The A / D card receded commands from the 
software program and then supplied I T L (5 V) signals to a converter/relay box, which 
subsequently supplied 11L, 12 and 240 V signals as required to drive the automated 
components o f the manifold. A standard 30 way IDC nbbon cable was used to directly 
connect the A / D 1210 interface card in the PC to a terminal output at the rear of the PC with 
a second 30 way ribbon cable connecting the terminal output to the relay box. 

4.2.3 Relay Box 

Vhii output from the A / D card provided 8 lines of Tl L output (5 V), each of which 

was used to control a component o f the R-CL system. Due to the power requirements o f the 

automation components, the T F L (5 V) card outputs were fed into a relay box that had the 

external configuration shown in Figure 4.3 (front panel) and Figure 4.4 (rear panel). 

I T L Ouipi i i s 

Reagent Pump 

Figure 4.3 Front Panel of Relay Box - Input and Output Connections 

The relay box was constructed in-house anH included an integrated circuit o f four 

Darlington pair transistors (TIP 141) (Figure 4.5). 
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U i p u I s 

Figure 4.4 Rear Panel of Relay Box - Input and Output Connections 

p + 

Single Darlington 
System 

Diode 
Transistor 1 

Input Voltage 
(Difference) 

TTL 

Iransisto 

Load 
Pump or 

valve 

Output Voltage 
(Difference) 

Figure 4.5 A Schematic of a Single Darlinton Pair System - used to regulate the currents utilised 

dunng the step up conversion of 5V TTL signals to 12 and 240 V outputs (I = input; Z = output, P 

= positive; E = earth). 

Wth in the automation design, the T T I . lines on the D A Q card were used to control 

the Gilson Minipuls 3 reagent and sample/buffer pumps and the Anachem auto switching 

valve. The three 3-way solenoid valves, the Ismatec S820 pump and the flat bed chart recorder 

were not T T I . compatible. Therefore, the T T I . lines f rom the D A Q card were used to switch a 
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12 V signal to control the three 3-way solution valves, and to switch 240 V to control the 
Ismatec S820 pump and the flat bed chart recorder. The signals for each automated 
component, with its individual hexadecimal code notation (0, 2, 4, 8, 16, 32, 64, 128, and 256) 
are described in Table 4.2. 

Table 4.2 Signals Used for Automation of F I - C L Components 

PC Component Model Input signal Hexadecimal code 

TTL 
signals 
(5V) 

Injection 
valve 

Rheodyne 5020 via 
Universal Switching 
Module (Anachem) 

TTL direct 
(0 ~ Column Elute 
1 = Column Load) 

2 - Switch valve position 

TTL 
signals 
(5V) Peristaltic 

pumps 
a) Gilson Minipuls 3 
b) Ismatec Mini S 820 

a) TTL direct 
b) 240 V mains 

4 - Sample/Buffer OFF 
8 - Reagent OFF 

TTL 
(5V) 

to relay 
Box 

3 way solution 
switching 

valves 

Biochem Valve'̂ '*^ Inc 
series 075T3-MP-12-

32 

12 V 
from relay box 

16-Valve 1 O N 
32 - Valve 2 O N 
64 - Valve 3 O N 
128-Valve 4 O N 

NB - Remaining hexadecimal code 0 not used, 256 - no power 

To minimise the effect of power spikes, which can be common during shipboard 

analysis, an electronic smoothing circuit (RS In ]Jne Filter Module, M A 0 5 / 1 / 2 ) was inserted 

into the common power feed to the FLCL instrumentation. A second smoothing circuit (RS 

In Line Filter Module, M A 0 5 / 1 / 2 ) was inserted into the power line of the chart recorder to 

further reduce the risk of erroneous spikes on the recorder trace. 

4.2.4 Solenoid Switching Valves 

Automated switching of solutions streams was accomplished by 3-way solenoid valves 

(Biochem Valve'''^ Inc, series 075T3-MP-12-32, Figure 4.6). The wetted parts were machined 

from a PTFE block to prevent trace metal contamination. The Biochem valves utilised a 12 V 

DC signal to switch each from the rest position (normally open), although they were 

subsequendy held in position (normally closed) by a reduced voltage (5 V) to prevent the 

solenoid overloading. 
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Open 

Solenoid 

^ ^ ^ ^ ^ ^ ' ^ l i v O C supply 

Closed Open 
- • ^ 

Flow pattfirm 

Position 0: OFF Position 1: ON 

PTFE body 'Open 

(a) (b) 

Figure 4.6 Biochem Valve''" Switching Valves (Biochem VaWe"' Inc series 075T3-MP-12-32) 

4.2.5 Software 

4.2.5.1 Driver FiJes 

In order to integrate the Quick BASIC code into the software routines, three files 

located in the Quick BASIC sub-directory were used. 

• AD1200Q.QLB - This was a Quick Library file which enabled access to the to the range 

of Quanta driver routines contained in the Quick BASIC environment. 

• AD1200Q.LIB - This was a Quanta Medium Model Library that provided caUing 

conventions suitable for Quick BASIC, that contained the Quanta Driver routines that 

were used to compile the stand alone EXE. files and the DOS command line. 

• AD1200.INC - This was an include file that pro\nded the on-line HELP facility and for 

each of the Quanta routines contained in the AD1200Q.QLB and AD1200Q.LIB libraries, 

defined their syntax and parameters. 

4.2.5.2 Compilation 

The automation programs were compiled and validated within the Quick BASIC 

environment. The following syntax was included in the command line to enable use of the 

Quanta software driver when Quick BASIC was loaded; 

• QB A N A N L Y l / AD1210Q.QLB 

At the start o f each BASIC program compiled, a meta command was included for the AD1210 

include librar)' definitions. 

• REMSINCLUDE:'AD1210.INC 

Utilising the pull-down Run menu and BAS code, stand-alone .EXE programs were created 

within the Quick Basic Em'irorunent. During the compilation when utilising Quick BASIC, the 

129 



Automation of the FI-CL Instrumentation for the Determination of Cu(II) in Seawater 

BC command line compiler is invoked. The output from this compiler has to be linked to the 
rouones in the AD1210Q.LIB librar)'. 

4.2,5.3 Automation Programs 

'Ilie operating code for the PC AD1210 card was written in Microsoft"'^'^ Quick 

BASIC, version 4.5 with the software routines run in a Microsoft Windows 3.1 environment. A 

sample program, "Quanta", included with the A D 1210 card supplied by Brainboxes®, formed 

the basis for the Quick BASIC code used to generate the T T L signals diat drove the 

automation of the FI-CL manifold. The individual routines written were refined into seven 

programs that each controlled a specific sequence of operations (Table 4.3) of the FI-GL 

manifold and were icon driven from a Cu(lI)-FLCL operating window (Figure 4.7). 

Table 4.3 Soft\\ arc Programs used to Automate the F I - C L Manifold 

Operation Name Description Execution Filename 
ANALTEST Basic system test program - 10 s test of each 

automated component 
ANALTEST.exe 

ANAL3TEST All operations ON for 10 s ANALTEST3.exe 
INSTRCLE Cleaning sequence for Fl-CL manifold INSTOCLE.exe 

ANY2SAMP Scawater analytical sequence (n=4) 
without standard additions. 90 s column loading 
with UHP WATER column equilibration after 
elution, without column regeneration. Reagents 

switched ON/OFF 

ANY2SAMP.exe 

A N A L Y l Seawater analytical sequence (n=4) with two 
standard additions. 60 s column loading. Column 

UHP WATER wash (20 s) only after elution. 

ANALYl.exe 

ANALY2 Seawater analytical sequence (n=4) with two 
standard additions. 90 s column loading, with 

column regeneration. Reagents switched ON/OFF 

ANALY2.exe 

ANYSTOAD Seawater analytical sequence (n=4) with two 
standard additions. 90 s column loading without 
column regeneration or eqilibration. Reagents 

switched ON/OFF 

ANYSTDAD.exe 
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Figure 4.7 PC Operating Screen Shou-ing the Cu-FI-CL Operating Icons 

Individual programs were required to develop the automation o f the Cu(II) analytical 

cycle. The A N ALTEST program was used to test the automated operation of each individual 

component o f the ¥\-CA. instrumentation, the hexadecimal code being changed as required for 

individual components. The ANAL3TEST program ran a full analytical cycle (n=l) without 

any standard additions, with each component O N for 10 s. The INSTRCLE program was used 

to acid clean (0.2 M HCI) and UHP water rinse the manifold at the cessation o f analysis or i f 

contamination of the manifold was present. The ANY2SAMP program was used to run a 

seawater analytical cycle (n=4) utilising a 90 s column loading time without any standard 

additions or column regeneration stage, but incorporating equilibration with UHP water after 

column elution. A N A L Y l analysed a seawater sample as in ANY2SAMP but with a 60 s 

loading cycle and a 20 s UHP water nnse after elution (Chapter 3), whilst ANALY2 reverted to 

a 90 s sample loading with a full column regeneration cycle (60 s acid dean, 60 s UHP 

WA'i I K ccjuilil)r,iri<.ii cvck- with rhc R M I H T U S swirclutl <-n ,is nijuirrd 20 s pri'.r r-- c-luru.n to 

minimise reagent use. ANYSTDAD analysed a sample including two standard additions as 

with A N A L Y 2 but without the column regeneration or equilibration cycles. 
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4.2.6 System Operation 

The logic state of the automated components of the FI-CL manifold is shown in 

Figure 4.8 which represents the OFF (power off ) or O N (power supplied) state o f each 

component. For the solution switching Biochem^** valves, the flow pattern consisted of flow to 

a common oudet port from either the normally open inlet port (valve OFF position) or the 

normally closed inlet port (valve O N position) (Figure 4.6 b). The Anachem injection valve 

was in the column load position (ON) and switched to the reverse elution position in the OFF 

position. 

4.2.7 Tamar Field Deployment 

In order to validate the FI-CL instrumentation prior to oceanic deployment on an 

extended Adantic Ocean cruise (AMT 9; see Chapter 5), it was deployed on local field trials to 

determine Cu(II) in the Tamar Estuar)' (Figure 4.11). These were undertaken on the research 

ship the 'John Dori* utilised for local coastal and estuarine studies, supplied by the University 

of Plymouth, arid the Tamaris' used for estuarine and river research due to its shallow draft, 

supplied by Plymouth Marine Laboratorty (PML). 

Ail samples were collected and analysed utilising trace metal clean protocols (see 

Chapters 3 and 5). Samples were acidified (pH 2, Q-HNO3) and operationally defined by 

vacuum filtration (0.4 ^m, Nuclepore, acid cleaned) utilising a Nalgene filtration unit (acid 

cleaned). A Perspex® cube (Figure 5.6) with double-bagged closed reagent and sample 

containers pro\aded a clean environment in the absence of a clean room or ponable laminar 

flow hood. A calibration utilising an open ocean Adantic seawater (AMT 3) sample was 

performed onboard. Copper(ll) levels were also determined in an unacidified and acidified (Q-

HNO3) Tamar Estuary sample in order to investigate the effect o f acidification on the 

organically complexed copper. This unacidified sample was analysed onboard as soon as 

possible in order to minimise particle exchange and biological processes that can alter die 

concentration of Cu(II) in seawater. ITie abilit)' to perform shipboard analysis with the FI-CL 

instrumentation made this possible. The method of standard additions was used for all 

seawater analysis in this study in order to eliminate the effect of changes in calibration 

sensitivit)' resulting from differences in the sample matrix as occurs in the Tamar Estuary. 
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Figure 4.8 Logic State of Compoocnts During an Analytical Cycle, std addn - standard addition 
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4.3 Results and Discussion 
4.3.1 Philosophy of Automation 

The automation of FI-CL analytical instrumentation for Cu(II) could have taken 

one o f two forms, namely using a text-based programming language such as Quick BASIC 

or Pascal or via a graphical programming approach utilising LabX^EW. The former is the 

more traditional route, although it does require a degree of programming skills to compile 

and modify the lines o f program code, including the diagnostic routine for the data 

acquisition card (DAC) in the PC. The source code written in Quick BASIC enables the PC 

to control the instrumentation via the DAC card. This acts as an interface, supplying T T L 

signals (5 V , 1 mA) to the output. The low power o f the T T L signals makes them 

unsuitable to drive the automated components direcdy. A relay-box controlled by the T T L 

signals is therefore required, from which sufficient power can be drawn (5, 12 or 240 V) to 

drive the automated instrumentation. 

LabXTEW is a more contemporary' approach, in which programs are created in 

block diagram form using the graphical programming language G. The programs are 

known as virtual instruments QJX) that often contain many sub-routines (sub-Vis), which 

are analogous to the lines of source code as found in a Quick BASIC program. Both 

approaches contain a set of libraries and examples for all simple tasks. LabVTEW requires a 

set o f specialised virtual protocols to be written and requires relatively expensive hardware 

and software. Therefore, it was decided to use the traditional Quick BASIC approach to 

automation for this study. 

4.3.2 Automation Programs 

The automation programs written in the Quick BASIC environment were highly 

adaptable. The associated timings for each automated component with their individual 

hexadecimal codes for one analytical cycle are shown in Figure 4.9. The fully annotated 

Quick Basic code for this program including replicate injections is shown in Appendix A. 

By alteration of key lines of program source code it was possible to incorporate changes in 

the analytical q'cle to enhance the analytical performance of the FI-CL mstrumentation. 

For example, changing the hexadecimal code that designated the component(s) to be 

powered up enabled control of the individual phases of the analytical cycle. Alteration to 

the line of code that designates the time O N enabled control of the duration of operation 
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Valve VI 

Valve V2 

Valve V3 

Injection Valve 

Pump A 

Pump B 

Pump C 

Time (s) 
Hex Dec 
Code 

• 1 • • • • _ • 
1 1 1 1 1 

• 
• 1 1 _ 1 1 1 

• U 
1 

m - • • • • _ • c 

1 40 10 1 10 90 20 10 1 30 10 40 10 1 10 90 20 10 1 30 1 10 1 40 10 1 10 90 20 10 30 

1 
OC 

t -t 00 t >o t 
t "t 

rime 

Figure 4.9 Timing Sequence for One Analytical Cycle of the F I - C L Manifold. Single ln,ect.on Sequence Shown for s unpK K I u st Standard 

Addition ( • )> Second Standard Addition, (H). Replicate Injections Not Shown. 
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of that component. Furthermore, the insertion of the REM or ' command at the beginning 
of a line of program code rendered that line inoperative, allowing removal of phases of the 
analytical c)xie. 

The ability to fine-tune the programs in association with the introduction of the 

machined acrylic column (Sections 3.2.3.2 and 3.3.1), enabled the removal of the mini-

column regeneration phase (acid clean and UHP water equilibration cycles). This sequence 

was originally put in place after column elation, when the push fit mini-columns were 

originaDy incorporated into the manifold. The principal aim of this program alteration was 

to reduce the total analytical cycle time by shortening or removing these two stages and the 

results are shown in Table 4.4. 

Table 4.4 Modi f ica t ion of Automation Software Program 

Expt 
N o 

U H P Rinse 
post Loading 

Acid 
Clean 

U H P 
Rinse 

Signal 
(mV) 

RSD 
(%) 

1 60 60 60 4.1 9.8 

2 30 60 60 3.9 6.5 

3 30 0 60 3.7 1.5 

4 30 0 0 3.8 2.6 

VX^ereas the CL signal was not significandy affected by the removal of the column 

regeneration cycles, the time for a single injection was reduced f rom 6 to 2.6 min and thus 

the time for 4 replicate injections (n=4) fell from 24 to 10.4 min. Therefore, the time for a 

fliU analytical protocol, including sample exchange and column and line rinsing phases 

prior to sample analysis, (including a two point standard addition), was significantly 

reduced from 75 to 35 min. ITiis more than doubled the frequency of sample analysis. The 

abilit)' to modify the automation programs also offered other advantages. For example, 

reduction of the column loading time enabled the determination of Cu(II) at 

concentrations in excess o f the linear range, whereas increasing the sample loading time 

would increase the sensitivity of the manifold. For this study these modifications were not 

implemented since the sensitivit)^ of the optimised FI-CL instrument was appropriate for 

the determination o f Cu(II) in seawater (0.1 - 6 nM, Coale and Bruland, 1988). However, 

in other situations such as an estuarine flux study, where the concentrations o f Cu(ll) can 

be considerably higher and more variable, these modifications would be particularly useful. 

The Fl-CL manifold without a separate column equilibration stage resulted in a 

simpler and more efficient manifold. These improvements were a significant benefit during 

field deployment with its inherent time constraints. The time saving also halved the amount 
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brer insrrumenr operation due to the incoq)oration of the machined design o f micro
column. Once the instrument had been set up, samples were collected at 4 different 
locations selected as representadve of differing salinity condidons. 

Although precision prior to automadon was good with tj^pical RSD's of 5 - 8 Vo, 

automation further improved this aspect with t^^pical RSD's falling to 3 % or less (see 

Table 4.4). Onboard calibradons were highly linear (Section 4.3.5) with accurate 

determinadons of Cu(ir) (Section 4.3.5.4). The sampling and analytical time was reduced 

due to the time required to load, secure and set up the Fl-CL instrumentation and the 

power requirements. Analytical time was also was also restricted by the time required for 

stabilisation o f the PMT (2 - 3 h) after the high v-̂ ohage was applied. Future familiarisation 

with protocols reduced the set up time although the latter could not be circumvented. 

In addition, neither vessel had been used for shipboard analysis at trace levels or 

deployed such intricate instrumentation. ITiis highlighted the lack of reliable and adequate 

shipboard power for such purposes, despite the low power consumption of the FI-CL 

instrumentation. ITiis necessitated careful minimisation o f power used onboard for other 

purposes, all other personnel onboard collecting samples for shore based analysis. On the 

second Tamar deployment a portable Honda generator was taken onboard and, after a 

major strip down to overcome starting problems, successfully powered the FI-CL 

instrumentation, highlighting the stand alone capacit)' o f the FI-CL analyser. A further 

potential problem was the lack of trace metal clean facilities onboard. ITiis was overcome 

by the use o f clean protocols and the incorporation o f the Perspex® cube, the latter 

providing a self contained clean space for reagents and samples. 

4.3.5 Onboard Calibration and Cu( I I ) in The Tamar Estuary 

During the Tamar deployments, calibrations were performed using an Adantic 

open ocean sample (South Adantic Gyre, collected by Andrew Bowie on A M T 3, October 

1996) to verif)' the shipboard performance of the Fl-CL instrumentation. This sample had 

been acidified (pH 2, Q-HCl) but not filtered due to the low particle count found in the 

open ocean. This sample had been analysed for Cuf l l ) by Fl-CL in the Universit}' of 

Plymouth clean room and found to be low in Cu(II) (3.7 + / - 0.22 nM) and with Cu(ir) 

additions had been used successfully for shore based calibrations over the range 0.1 to 50 

nM (R^ 0.9676). A typical onboard calibration is shown in Figure 4.10. 
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30.0 n y = 0.6501 X + 7.3867 

R = 0.9793 

20.0 H 

0.0 A 

[Cu] (nM) 

Figure 4.10 Onboard Calibration Using an Open Ocean Atlantic sample (AMT 3). Error 

bars are 3s. 

During the shipboard calibration, the FI-CL instrumentation exhibited good 

sensitivity at 0.5 nM, the lowest Cu(II) addition, and a high degree o f linearity (R^ 0.9793) 

over the Cu(II) concentration range of 0.5 to 30 nM. Reproducibility was also very good 

with typical RSD*s o f < 4 %. 

43.5.1 Description of Tamar Estuary Field Site 

Samples were collected and analysed for Cu(II) by FI-CL from the Tamar Estuary 

in the South West o f England (Figure 4.11), a ria or flooded river system that forms part o f 

the county boundary between Cornwall and Devon. The River Tamar flows southward for 

approximately 100 km, and the estuary is commonly defined as running from die seaward 

entrance at Plymouth Sound to the limit o f the tidal incursion at Gunnislake weir, a 

distance o f 31 km. Apart from a deep water channel (up to 40 m deep) f rom Plymouth 

Sound upstream to Torpoint, the estuary shallows progressively, especially f rom a point 

2 km above the Tamar Bridge, with typical depths being 5 m or less above chart datum. 

The catchment is largely rxiral covering approximately 1700 km^ The Tamar experiences a 

variety o f metal inputs from mine tailings, farming inputs, sewage treatment works effects, 

sedimentary regeneration and from the dockyards and urban areas towards the estuary 

mouth. The sampling sites in the Tamar Estuary and River Tamar represented a dynamic 
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Figure 4.11 Tamar Estuaiy and Field Deployment for the FI-CL Analyser - Sites A, B and C. 
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environment that had a seawater matrix composition with a variable concentration of Cu 
and other trace metals, a variable ionic composition, salinity and dissolved organic carbon 
(DOC) content. The Tamar is representative in length and characteristics o f many U K 
estuarine systems and therefore represents a suiuble local system in which to study 
biogeochemical processes whose trends should be also be found in other U K estuaries. 
The FI-CL instrumentation was deployed at the mouth o f the River Tamar close to Drakes 
Island (Site A, Figure 4.11) which represented a seawater environment at high salinit)' (35) 
and at uvo other sites further upstream that represented a variable but lower salinit)' 
environment (sites B and C Figure 4.11). 

4.3.5.2 Hydrography 

The Tamar system is a partially rmxed tidal estuary that has a dominant freshwater 

input from the River Tamar and collects the Rivers Ta\7 and Lyner enroute along with 

other minor tributaries. The River Tamar has a monthly average ma.vimum flow in January' 

of 38 m^ s ' reducing to a minimum of 5 m^ s ' in June (Uncles et aL, 1985), with an annual 

average of 30 m^ s ' (Ackroyd et ai, 1986) although instantaneous flows can exceed 100 m^ 

s"' (Morris et aL, 1987). The Rivers T a i ^ and Lyncr contribute a further 30 % and 20 % of 

mean flow respectively, although alter the salinit)' by less than 2 units (Morris et (?/., 1982). 

Escuarinc tidal ranges vary at Devonport from 6.5 m at springs to 1.5 m at neaps, reducing 

to 1 — 2 m in the upper reaches. The estuar)' has a flushing time of approximately one 

week, although this can fall to one day in the lower salinity reaches (Miller, 1999). There 

exists a turbidit)' maximum zone (TMZ) at the saltwater/freshwater interface that migrates 

up and down the river with the tide (Millward et aL, 1992) and where the salinit)' is less than 

0.5. ITie 'ITMZ contains particles that are more reactive than from those up- or down-

cstuar)^ due to their smaller particle size and increased specific surface area. ITie particles 

tend to originate from downstream and are relatively depleted in dissolved metals (Morris, 

1986) and therefore tend to remov-e dissolved metals in the T M Z . 

4.3.5.3 Analytical Methodology 

Determination of Cu(Il) in the Tamar samples was by FI-CL, with a comparative 

determination by voltammetry (CS\^ in order to verify the analytical accuracy of the Fl-CL 

instrument developed for this study. For the comparative study the sample was irradiated 

for 120 min to minimise the effect o f the D O C on the voltammetric determination o f 

Cu(ll). In addition, the effect of the acidification (pH 2, Q-HNO3) to stabilise the sample 
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on the organically complexed fraction o f Cu, was investigated utilising the Tamar Estuar)' 
sample (salinit}' 35) collected close to Drakes Island (Figure 4.11, Site C). Sites A and B 
represented lower salinit)' sites further upstream in the Tamar estuar)', due to the influence 
of freshwater from the Tamar River. The FI-CL Cu(ll) data was also correlated to salinity 
and compared to literature values to aid a concise environmental interpretation o f the 
obser\xd Cu(Il) concentrations. 

4.3.5.4 Cu(I I ) Results 

The Cu(ll) concentrations as obtained by Fl-CL and CSV are shown in Table 4.6. 

Table 4.6 Concentration of Cu(II ) iri theTamar Estuary 

by F I - C L and Voltammctr>-(GSV) 

Tamar Site [Cu(II)] (nM) R^ 
F I - C L +/- CSV + /- F I - C L 

A 18.1 0.9 16.2 0.9 1.000 

B 18.4 0.6 18.6 0.5 0.9887 

C 32.2 2.1 na 0.9989 

For CSV analysis the sample was UV irradiated foe 120 inin to minimise the effect of DOC on the 

voltammctric determination. The sample from site B was analysed immediately upon return to 

shore, whereas the site A sample was stored in a fridge at 4 for tv̂ 'O days, na - not analysed. All 

+ / - values quoted are 3s. 

The Cu(II) concentrations for samples from sites A and B as derived by Fl-CL 

were in good agreement with Cu(II) data obtained by voltammetr)' (CSX^. The close 

agteemcnt with an established analytical technique for trace metals fijrther validated the 

analytical accuracy of the Fl-CL analyser The small difference between the Fl-CL and 

voltammetric values was ascribed to storage processes e.g. particle reactivit)' scavenging the 

Cu(ll) , or deposition on the container walls over the storage time. 

'ITie Cu(Il) concentration at site C was found to be 32.2 nM by Fl-CL. ITie increase 

compared to sites A and B can be explained by the inverse correlation with salinit)', this site 

having a salinit)' of 21.8, and the previously reported mid-estuar)' ma.ximum for Cu(ll) (van 

den Berg, 1991; Ackroyd et ai., 1986). These authors reported Cu ranges of 8 - 48 nM and 

0.5 to 170 n M respectively, with the majority o f obser\'adons at 7 - 60 n M Cu, and the 

highest Cu concentrations seen between a salinity of 1 - 10 %, commonly at a mid estuar)' 

sampling site. A t site C fiarthcr upstream, the salinit)' was reduced compared to sites B 

(salinit)' of 34.5) and A (salinit)' of 35.3). A t the latter two sites the increased flocculation of 

Cu(II), that occurred upon mixing with seawatct, lowered the Cu(ll) concentration. The 
142 



Automation of the FI-CL Instrumentation for the Determination of Cu(II) in Seawater 

Cu(II) conccntracion at site C may have been affected by the turbidity maximum as the 
incoming ride re-suspended the sediment, raising the suspended parriculate material (SPNi) 
content of the waters, although data for the SPM content o f the samples was not available. 
A further factor at site C was the presence of the dockyards and the associated release of 
Cu from Cu based anrifouling paint used to protect ships and yachts against marine growth 
on the immersed hull, which may have been transported upstream by the incoming ride. 

Acidified (2 h equilibrarion) and unacidified aliquots of the Tamar sample from Site 

A were analysed by FI-CL for Cu(il)- iTie acidified sample was also analysed by CSV and 

the results compared ("fable 4.7). 

Tabic 4.7 Cu(I I ) Concentrations in Unacidificd and 

Acidified Tamar Estuary Samples by F I - C L and CSV 

Sample [Cu(II)l (nM) 

F I - C L +/- CSV + /- F I - C L 

Unacidified 6.0 0.4 na 0.9523 
Acidified 18.1 0.9 16.2 0.97 1 

na - not analysed 

The difference in Cu(II) concentrarions between the unacidified and acidified 

aliquots was due to the acid (pH 2) digesrion of the dissolved organic carbon (DOC) and 

the release o f organically complcxed Cu(ll) by H N O j , a strong oxidising acid that is more 

effecrive in oxidising DOC than HCi. The Tamar is a freshwater DOC-dominated estuar)' 

with a DOC range of 478 - 110 jaM C that is consistent with the data from other riverine 

and coastal seawaters (Miller, 1999). The brown colorarion of some Tamar tributaries 

tesrificd to the D O C content derived from peat bogs and other organic sources in the 

Tamar catchment. During ridal cycles the DOC concentrarion has been reported as 

showing conser\'arive behaviour with respect to salinity with an inverse correlarion to 

turbidit)' (Miller, 1999). The DOC complexes up to 99 % of Cu in seawater (Buckley and 

van den Berg, 1986; Sunda and Huntsman, 1991) and therefore the difference in Cu(ll) 

conccntrarions between the unacidificd and acidified sample aliquots was attributed to the 

release of a fracrion of the organically bound copper. 

4.4 Conclusions 
The manually operated FI-CL manifold was successfully automated resulting in a 

reliable, robust FI-CL instrument. This was accomplished using a commercially available 
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analogue to digital interface card (AD 1210) installed in a desktop PC, a transformer/relay 
box designed and constructed in house, three 3-way solenoid valves and an automated 
switching valve. Sofuvarc programs were compiled in a Quick BASIC environment to drive 
the automadon. ITie abilit)^ to modifiy key lines of source code enabled analytical protocols 
to be altered, increasing the flexibilic)' of the instrument. For example during instrument 
development the time required prior to automation for one analytical cycle was almost 
halved, significandy increasing sampling frequency, an important consideration during field 
deployment as well as reducing reagent consumption, ' i l ie ability to modify the loading 
time would also facilitate the determination of Cu(II) in waters that contained 
concentrations o f Cu(II) outside of the linear range, enabling a wide range of Cu(ll) 
concentrations in seawater to be determined. 

Automation minimised operator error due to fatigue during sample analysis, freeing 

up time to complete other analytical tasks such as sample preparation prior to analysis, l l i e 

FI-CL analyser demonstrated robusmess and reliability as well as good analytical 

performance throughout the field trials in the Tamar Estuar}'. Onboard calibrations were 

highly linear, with shipboard Cu(ll) determinations being in good agreement with those 

derived by shore based voltammetr)' (CSN^. This validated the accuracy of the FI-CL 

instrumentation. The precision, which was already good for the manual system, was further 

improved by automation, with t)'pical RSD*s falling to < 3 %. 

Instrument automation was achieved using many *off the shelf components e.g. the 

BrainBox D A Q card and the Biochem''"'̂ * solution switching valves. The automated FI-CL 

instrument performed well for long periods (8 - 14 hrs a day for several weeks) without any 

reduction in performance, even under demanding sea conditions. Such conditions were 

experienced during the Tamar Estuar)' deployment when the FI-CL instmmentation was 

strapped on the open deck, with rough seas rolling the boat. Further extreme conditions 

were experienced during the A M T 9 research cruise (Chapter 5) during severe weather (two 

force 9 severe gales and storm force 10) at the outset of the cruise. The reliabilit)' and 

robustness of the automated FI-CL instrumentation is an important aspect when on 

research cruises, enabling continuous shipboard aquisition o f near real time Cu(ll) data and 

the abilit)' to modify the protocols according to the obser\'̂ ed data. This ensures that the 

considerable amount of prc-cruisc preparation, the opportunity for collection of scientific 

data during the limited onboard research time and the financial investment were not lost. 

The FI-CL results presented in this chapter clearly demonstrates the flexibility of the 

FI-CL instrumentation and the successful field deployment o f the FI-CL analyser for 

shipboard Cu(Il) determinations with minimal support. The automation of the FI-CL 
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instrumentation cleariy aided the successful achievement of die research objectives as set 
out in the Introduction (Section 1.9). 
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Chapter Five 

Deployment of FI-CL Analyser on 

Atlantic Meridional Transect 9 
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Chapter 5 

5.1 Introduction 

5.1.1 Overview 

This chapter describes the shipboard validation of the flow injection 

chemiluminescence (Fl-CL) instrumentation (Chapters 2, 3 and 4), on the Adantic 

Meridional Transect 9 ( A M T 9) research cruise, that spanned 50 ° N to 50 °S and N E to 

S\X' through the Adantic Ocean. Seawater samples were collected by daily CTD casts 

through the upper water column (0 to 250 m) at a number o f strategic stations along the 

transect to create a comprehensive Adantic data set for Cu(ll) . This enabled surface 

distributions and vertical profiles for Cu(Il) as determined by Fl-CL to be correlated with 

onboard hydrographic data, namely macro-nutrients (NO3,, N O j ' , PO/ ' and Si(OH)4), 

temperature, salinity, chlorophyll a and irradiance, in order to characterise the different 

water masses. 'iTiis also enabled the investigation of the biogeochemical cycling of Cu(ll) 

through the upper water column (0 - 250 m), including biogenic and lithogenic processes 

and the fingerprinting o f input mechanisms. 

5.1.2 Atlantic Ocean 

The Adantic Ocean (Figure 5.1) lies between Western Europe, Africa, the Americas, the 

Arctic and Southern Oceans and covers an area of 81,500,000 km', it is relatively shallow 

(mean depth of 3,310 m), is divided east to west by the mid-Adantic ridge which runs from 

the North Adantic to the South Adantic. Either side of the ridge lie the Eastern and 

Western Adantic Troughs, which form elongated, deeper water sections (^5000 m), that 

arc further divided into basins by transverse ridges. These consist of several semi-isolated 

areas, which receive water and sediment from riverine sources, and have large areas that are 

subject to significant aerosol deposition. A rmxture of water masses and internal circulatory 

patterns can be found in the Adantic (l^ickard and Emer)', 1990), an ovcn-iew of which is 

presented in Section 5.3.3.1. 

5.1.3 Atlantic Meridional Transect 

5.1.3,1 Rationale and Objectives 

Originally conceived by Plymouth Marine Laborator)' (l^ML), the Adantic 

Meridional Transect 9 (AMT 9, Robins and Aiken, 1996) oceanographic research 

programme was operated in collaboration with the University of Plymouth (UoP) and 

Southampton Oceanography Cenac (SOC). To date all but one of the A M T research 
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Figure 5.1 Atlantic Basin Bottom Topography Based on Typical A M T Transect (Aiken et 

.'//, 2000) 

cruises have utilised the passage of the British Antarctic Survey (13AS) operated NERC 

vessel, the Royal Research Ship, (RRS) ja/nes Clark Ross QCR) enroutc to re-supply Antarctic 

BAS bases and conduct marine research during the austral summer. Funding from the 

NERC Centre for Coastal and Marine Science (CCMS), NASA for SEAwifs validation (sea 

viewing Wide Field of view Scanner) and Universit)' of Plymouth (UoP) supported 

scientific objectives and enabled additional ship time to be purchased for course deviations 

and station work. 

The core scientific objectives of the A M T programme form a holistic strategy' to 

acquire a scries of occanographic, biological, chemical and optical data over broad spatial 

and temporal scales. More specifically, the objectives were to calibrate remotely sensed 

(satellite) measurements (primar)' validation) (NASA SeaWifs and NASDA 

ADEOS/OCTS programmes), secondar)' validation of remotely sensed products (e.g. 

chlorophyll levels) and the development of models to interpret satellite imager^' in terms of 

total water column properties. Further core objectives were to evaluate basin scale remote 

sensing obser\'ations, interpret the interaction between physical processes and biological 

production and to identify', define and quantify latitudinal changes in biogcochemical 

provinces. Additional aims were to characterise phytoplankton communit)' structure and 

photosynthetic parameters, to identify nutrient regimes and their role in biogeochemical 

cycles and to relate partial pressure of CO2 in surface waters with biological production. 
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The A M T programme will enhance our understanding o f biogeochemical 
processes, biogenic gas exchange, air sea exchanges, the role of the world's oceans in global 
carbon cycles and plankton communic)' structure over latitudinal scales in order to predict 
the effects on and responses o f oceanic ecosystems to climatic change. The A M T 
programme also contributes to the implementation of Sensor Intercomparison and Merger 
for Biological Interdisciplinary' Ocean Studies (SIMBIOS), a programme to develop a 
methodolog)' and operational capability' to combine data from the various oceanic satellite 
missions. A longer-term aim is to contribute to the modelling of the global (basin scale) 
primary' production and to ecosystem dynamics models. 

'Vc\Q. A M T 9 transect traversed a range of ecosystems and physio-chemical regimes 

from 50 to 52 °S, 13,500 km). The track crossed the U K continental margin, the 

Porcupine and Iberian Plain, the Canary basins, and the Cape Verde plateau in the N.E. 

Adantic and the Brazil basin, Argentine Basin and the South American Continental Margin 

in the S\V Adantic (Aiken et al.^ 2000). Environmental conditions varied from sub-polar to 

tropical and from eutrophic shelf seas and upwelling zones to oligotrophic mid-ocean 

gyres. The outgoing passage from the UK (September 1999) sur\'eyed the North Atiantic 

during the boreal fall and the South Adanric during the austral spring (BFAS cruises). The 

return passage (April) sur\'eyed the South Adantic during the austral fall and spring in the 

Nordiern Hemisphere (AFBS cruises). 

Commissioned in May 1991, the JCR (Figure 5.2) is a 90 m long, fully equipped 

multi-role vessel, purposely designed for long term operation (55 days) in Antarctic waters. 

It provided an ideal research platform to validate the FI-CL instrumentation and map 

Cu(ll) levels, in conjunction with the ongoing research into the oceanographic responses of 

distinct ecosystems and coupled marine atmosphere to natural and forced environmental 

change. A berth was obtained on A M T 9 (September 1999), a southbound cruise that 

fuiished at Montevideo, Uruguay. 

5.L3.2 A M T 9 Cruise Track 

A M T 9 left Grunsby on 15*̂  September 1999 (0900), stopping at Portsmouth (16'^ 

September) to load a\'iation fuel, steering a course upon departure f rom Portsmouth (17'*' 

September, 1200) to arrive at 47 ° N 20 *^V, a Joint Global Ocean Flux Study QGOFS) 

time series station. Unfortunately, due to a storm force 10 and two violent gales (force 9), a 
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Figure 5.2 RRS James Clark Ross on Station. The CTD was deployed from the remotely 

(operated arm seen on the port side of the vessel. 

more south-westeriy course was required and the JCR reached 20 ^ at 45.57 ^ N . The 

vessel then steamed due south along the 20 longitude, sampling parallel to the Spanish 

and Afncan coasts and the periphery o f the Mauntanian upwelling. A t 13 20 

(29* September, 0248 GiMT) the J(^R altered course to south-southwest toward South 

Amenca, shaping a course to run parallel to its east coast. The ship remained outside 

Brazilian and Uruguayan waters, arriving at a waypoint 200 nautical miles east o f 

Montevideo, Uruguay i n the R. Plate entrance on October 12*, 1999 and docking in 

Montevideo on October 13* (am). All core A M T hydrographic measurements were 

completed en-route (Figure 5.3). 

5.1.3.3 Biogeochemical Oceanic Provinces 

Traditional biophysical partitioning o f oceans into regional ecosystems, designated 

here as biogeochemical provinces, has used physical, e.g. circulation, g\Tes, fronts and 

upwelling zones and biological parameters e.g. productivity, phytoplankton assemblages to 

define their boundaries. Longhurst et aL^ (1995) hirthered this concept by incorporating 

remotely sensed measurements o f ocean colour and using global hydrographic data 
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V 

Figure 5.3 AMT 9 Cruise track with sucions (Peters projcctioii) All stations cit plovc d CTD 

apart from AMT 930 and 939. • CTD stations for surface and vertical Cu(II) profiles. • CTD 

stations for vertical Cu(II) profiles only. 

(emphasising biogeochemical aspects to evaluate basin scale productivity) and identified 

five main biogeochemical provinces along the A M T track (Table 5.1). l l i e large scale 

smoothing required made it difficult to reproduce this methodology for smaller regions 

with higher resolution data. 

Hooker et oL, (2000) identified Atlantic provinces with large-scale resolution 

utilising a more reproducible methodology based on near and sub-surface temperature and 

s.ilinit) (expressed as near surface density) during A M T 1 and 2. ' l l ie province boundaries 

have since been validated by remotely sensed sea surface temperature (SST) coupled with 
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measurements o f climatologically dnven salinity and observations o f bio-opticaJ ocean 
colour (e.g. CSCZ\ and SeaWlF^, Figure 5.4). These are summarised in Table 1, together 
with a simplified classification used on A M T 3 (19%) by Bowie (1999). 

.\long track A X f l ' pigment data has shown that the biological provinces are in 

broad agreement with the geographical boundaries (Aiken et oL, 2000). Each 

biogeochemical province represents an area o f similar chemical, biological and physical 

oceanographic features that have discrete boundanes, distinct flora and fauna and may 

encompass more than one water mass. Although province boundaries can exhibit small-

scale seasonal variation, province assignment for A M T 9 was in agreement with previous 

AM r cruises. 

5.1.3.4 Copper Analytical Objectives 

Cruise objectives for Cu(II) along the . \ M T 9 transect were; 

1. To validate the FI-CL instrumentation through field deployment in contrasting coastal, 

shelf and open ocean waters. 

2. To map Cu(II) levels utilising the F l - Q . instrumentation developed for this study. 

3. To investigate the distribution and vertical profile o f Cu(II) through the upper water 

column through contrasting biogeochemical provinces via daily C T D casts. 

4. To fingerprint Cu(II) inputs (e.g. wet and dry aeolian deposition, benthic regeneration, 

upwelling zones, frontal systems, and fluvial plumes) in conjunction with onboard 

hydrographic data. 

5. To correlate Cu(II) levels with high resolution hydrographic and biological data to 

further define its biogeochemical cycling. 

ITie cruise objectives were underpinned by the scarcity o f high quality, trace metal data 

for the Atlantic Ocean with good temporal (seasonal) and spatial resolution. Ili is 

emphasises the clear need for synoptic field studies to clarify the trace metal input and 

removal mechanisms to oceanic surface waters (0 - 250 m), which have commonly only 

» Coastal Zone Color Scanner, hftp://daat:.psfc.p<:>v/data/data?Ct/QCCS/ 

2 Seavicwing Wide FieU-of-Vicw Sensor, hrtpi/Zda^.p^fr p^^v/data/daraî ct/ScaV '̂̂ ?/ 
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Tabic 5.1 Summary of Biogcochcmical Provinces Encountered on A M T 9 

Hooker er.'*/(2000) Longhurst et ui. (1995) Bowie (PhD Thesis 1999) 

Oceanic Province Latitude Oceanic Province Latitude Oceanic Province Ladtude 

EU Continental Shelf 
Water 

ECSW 50'U7.5 ' ' N 
N . Atlantic Drif t NADR, 

60*'-40 ' ' N 

S.W Approaches - Continental 
Shelf 

SWApp 
50''-47 '^N 

N . Atlantic Dr i f t N A t D 47.5''-37 ^ N 
N . Atlantic Drif t NADR, 

60*'-40 ' ' N 

S.W Approaches - Continental 
Shelf 

SWApp 
50''-47 '^N 

N . Atlantic Subtropical 
Gyre —East 
(NASEfl) 

NASE 37'*-26.7"N 

(35 ' ' - 26 .7° N) 

N.Atlantic Subtropical 
Gyre 

NAST, 
40*^-25 ° N 

N.E. Atlantic Oligotrophic Gyre 
- Open Ocean g)'rc 

N E A O G 
43''-24 '^N 

Canary Current CanC -26.7^-20.5 " N 

N . Atlantic Tropical 
Gyre 

N A T l l , 
25'^-10'^N 

N.W Africa Upwelling -Open 
Ocean Upwclling NWAUp 20 Canary Current Upwclling C C U p 2 0 . 5 ° - 1 5 . 7 ' ' N 

N . Atlantic Tropical 
Gyre 

N A T l l , 
25'^-10'^N 

N.W Africa Upwelling -Open 
Ocean Upwclling NWAUp 20 

North Equatorial Current NEqC i5.7' '-i2.4*^N 
N . Atlantic Tropical 
Gyre 

N A T l l , 
25'^-10'^N S. of Upwelling/N of Equator -

North Equatorial region 
Sup/Neq 
17'*N -3*'S 

Guinea Dome GDom 12.4*^-7.9 '^N 

N . Atlantic Tropical 
Gyre 

N A T l l , 
25'^-10'^N S. of Upwelling/N of Equator -

North Equatorial region 
Sup/Neq 
17'*N -3*'S 

North Equatorial Counter 
Current 

NECC7.9'*-! ' ' N Western Tropical 
Atlantic 

WTlly\, 
l O ^ N - S ' ^ S 

Equator -Equatorial upwclling Eq 2 ' ' N - 3 ' * S 

South Equatorial Current 
(SeqCfl) 

ScqC 1^N-14.6''S 
(ScqCa 7''S-14.6 *̂ S) 

S. Atlantic Tropical 
Gyre 

SATL, 
5^-40 ^S 

South Adantic Oligotrophic 
Gyre 

SAOG 
6"' S - 30 ''S S. Atlantic Tropical Gyre 

(SATGa) 
SATG 14.6*^-30 ''S 
(SATGa 14.6* -̂ 26 *̂ S) 

S. Atlantic Tropical 
Gyre 

SATL, 
5^-40 ^S 

South Adantic Oligotrophic 
Gyre 

SAOG 
6"' S - 30 ''S 

^ ' — 

Brazil Current 3raC 30'*-35' 'S 

S. Atlantic Tropical 
Gyre 

SATL, 
5^-40 ^S 

Brazilian and Fnlklands Currents 
Confluence -SW Atlandc 
mixing zone 

BFCC 
32*̂ ' S - 48 ''S S. American Shelf SASh 35''- 39.6 *̂S 

S. Atlantic Tropical 
Gyre 

SATL, 
5^-40 ^S 

Brazilian and Fnlklands Currents 
Confluence -SW Atlandc 
mixing zone 

BFCC 
32*̂ ' S - 48 ''S 

Sub provinces in parenthesis e.g. (NASEa) represent regions within the principal designated hydrographic boundaries with a distinct pigment signature. 
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Figure 5.4 a) CZCS Composite of Chlorophyll Levels in the Atlantic Ocean for September. Ocean colours represent the diversity of province 

productivity, ranging from higji chlorophyll levels - yellow througji orange, red, blue, to mauve low chlorophyll levels (Aiken et a/, 2000). Typical AMT 

transect shown in white. 

b) SeaWIFS Composite of Chlorophyll Concentration for Atlantic Ocean for A M T 5 Transect (shown in white), September/October 1997 

(Aiken etal., 2000). 
IS4 
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been subjected to discrete sampling protocols. The ability to provide high qualit)', 

shipboard measurements of Cu(ll) by the low cost, sensidve Fl-CL instrumentation would 

nvoid the analytical artefacts chat may occur due to sample preser\^aaon, storage and 

subsequent land based analysis in conjunction with the other advantages discussed in 

Section 1.6. The correlation to the high qualit)' biological and physical oceanographic 

parameters provided on A M T 9, enabled mapping of Cu(ll) distribution to further the 

understanding of oceanic Cu distributions and its biogeochcmical cycling. 

5.1.4 Historical Cu Data for the Atlantic Ocean/Worlds Oceans 

Long distance Adantic transects undertaken by van de Loeff el aL, (1997), Boyle, 

(1981), Hclmers ai, (1993) indicate that Cu has no particular geographical trend and is 

subject to aerosol, fluvial and benthic inputs. Biological uptake of Cu(ll) in surface waters 

leads to fairly constant oceanic surface water values with variation in concentration through 

the upper water column due to biological uptake, regenerative and sink mechanisms. 

Historically riverine fluxes were presumed to be far in excess of atmospheric deposition, 

although more recent ex'idcnce has suggested the aerosol flux to be of much greater 

importance than previously thought (jickells, 1995). Duce et aL, (1991) reported 

atmospheric inputs o f Cu to the global ocean to be 0.03 - 0.11 10^ moles yr ' and riverine 

fluxes to be 0.16 10^ moles yr '. Sedimentar)' regeneration and hydrothermal venting are 

also known to play a role in determining surface concentrations. Table 5.2 summarises the 

previously reported Cu obsen^ations from a ver)' similar surface water transect to A M T 

(van der Loeff et aL, 1997) and also from geographically similar waters where discrete 

samples have been collected for shore based determination for Cu. 

5.2 Experimental 

5.2.1 Sampling 

5.2.1.1 Sampling Equipment 

Al l sample collection whilst on station was performed using a Sea Bird SBE 32 

Carousel Water Sampler (Figure 5.5), with an epox7 coated, liigh qualit)' stainless steel 
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Tabic 5.2 Historical Data for Cu Concentrations in the Atlantic 

Oceanic Province 
(Hooker cr;i/.,2000) 

Latitude AJV1T 
Stations 

Cu(II)(nM) 
Clean Room 

Cu(II) (nM) 
Shipboard 

van dcr I^ocff 
et aL, (1997) 

(nM) 

Kremling & 
Pohl (1989) 
(nniol kg"') 

Boyle ct 
aL, 

(1981) 
(nM) 

Discrete 
Stations with 

Sources 
(nM) 

BU Cent. Shelf Water (ECSWO 50^7.5 t-N 901 
902 

3.0 
4.7 

1.7 
2.8 

1.8-2.8 

(> 38 ON) 

1.8-2 
1.1-1.5 1-2 LeGall 

1.4 
Daniclsson 

N. Atlantic Drift: (NatD) 47.5-38.5 <->N 904 3.7 1.5 

1.8-2.8 

(> 38 ON) 

1-1.3 

N. Atl. Subtropical Gyre East 

(NASE) 

38.5-26.7 905 2.8 1.7 0.9-1.3 

(20-38 ON) 

0.9-1.2 1.4 0.5-1.2 
Land. (1995) 

Canar}' Current (CanC) 26.7-20.5 908 3.9 

0.5-1.0 

(10-20 ON) 

1.0 0.7-1.5 Yeats 

Canary Current Upwclling 
(CCUp) 

20.5-15.7 C'N 910 2.6 0.5-1.0 

(10-20 ON) 

1.0 

N. Equatorial Current (NcqC) 15.7-12.4 ON 

0.5-1.0 

(10-20 ON) 

Guinea Dome (Gdom) 12.4-7.9 O N 914 1.4 0.8 

N. Equatorial Counter Current 
(NECC) 

7.9-1 ON 
918 1.0 

0.5-0.7 

(5-9 ON) 
1.1 

S. Equatorial Current 
(ScqC) 

\o N-I4.6 0S 919 
925 

1.0 
0.9 

0.6 
0.8 

S. Atlantic Tropical Gyre 
(SATG) 

14.6-30 OS 929 
932 

1.1 
1.3 0.6 

(10-35 OS) Brazil Current 
(13raC) 

30-35 OS 936 
938 

0.7 
1.4 

0.6 
(10-35 OS) 

S. Amcncnn Shelf (SASh) 35-39.6 OS 1.1-2.2 
(>35 OS) 

van dcr Loeff et ai, (1997); Boyle et aL, (1981), Kremling and Pohl (1989); Lc Gall et ai, (1999); Oanielsson et a!., (1985); Landing et a!., (1995), Yeats et aL. 

(1995) 
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Figure 5.5 Sea Bird SBE 32 Carousel Water Sampler on the deck of the JCR with conducrn m 

temperature-depth (CTD) instrumentanon fitted. 

carousel frame. The conductivity-temperature-depth (CIT)) carousel was fitted with 12 

grey poly(vinyl) chloride (PVQ, Teflon* lined, free flushing water sampler bottles (Ocean 

Test Equipment Inc., model 110, 12 1 capacity), fitted with latex tubing spring closures, 

silicone *0* rings and seals and H D P E plastic drain valves to minimise metal 

contamination. 

Pnor to first use on A M T 9 each sampler was cleaned with 5% micro-detergent 

(Decon*, Merck, BDH) , UHP water nnsed, followed by 5% Q-HCI, nnsed with UHP 

water and with copious amounts o f seawater. Ten samplers were regularly fired for sample 

collection leaving two bottles to evaluate sample integrity by duplicate sampling. 'ITiis was 

also evaluated by companson of the CTT) lx)ttle fired at 7 m with the all Teflon* pumped 

supply. Any sampler bottles that resulted in outliers to the data were cleaned again using 

the protocol descnbed above. The results are presented in the Section 5.3.1.4. 

I l ie first station was performed on Sunday 19* September (1100 GM' I ) with the 

first expendable bathythtTmographs (XBls , model IT) depk)yed (1224 G M T ) . The 

deployment at stations A M T 901 - 905 was dictated by storms after which and wherever 

possible, stations were timed to coincide with SeaWiFS overpass window (-1300 G M T ) to 

sea-truth the satellite imaging. A full station list is shown in Table 5.3. 
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Table 5.3 Station Lis t for A M T 9 

Biogeochemical Station Date Julian G M T Latitude Longitude 

Province Day ( ^ / ° S ) ( ° W ) 

PumpedJCR supply A900 18/09/99 261 n/a n/a n/a 

50 ""N - S.W. A901 19/09/99 262 11:00:00 48.512^^ 11.475 

Approaches 47^^ A902 20/09/99 263 13:30:00 47.753^^ 16.443 

4 3 ^ ^ - A904 22/09/99 265 13:30:00 43.243 20.984 

N.E. Adanac A905 23/09/99 266 11:00:00 38.78 ^1 20 

Ohgotrophic A906 24/09/99 267 11:30:00 33.763^^ 17.789 

Gyre A907 25/09/99 268 11:30:00 30.024 19.973 

24 ^ N A908 26/09/99 269 11:30:00 25.331 20 

20 ^"N.W.African. Upwell A909 27/09/99 270 09:30:40 20.91 20 

n ' ^ N - N Equat A911 28/09/99 271 09:33:51 16.357^^1 20 

Region (S of Upwell, A913 29/09/99 272 09:30:42 11.729 °N 20.61 

N of Equator) A915 30/09/99 273 09:32:03 7.525*^1 22.543 

3 ° N A917 01/10/99 274 09:37:25 3.506 ° N 24.438 

2 ^ N to 3 "S A919 02/10/99 275 11:30:00 0.842 "S 26.446 
Equat. Upwelling 

A920 03/10/99 276 10:31:31 4.917 ""S 28.341 

6^S A922 04/10/99 277 10:30:43 9.129 "S 30.298 
A924 05/10/99 278 10:31:56 13.209 ""S 32.224 

South Adanuc A926 06/10/99 279 10:33:36 16.606 "̂ S 33.841 
Oligotrophic A928 07/10/99 280 10:30:13 20.245 °S 35.617 

Gyre A931 08/10/99 281 10:28:17 24.094 °S 37.535 

30 ""S A933 09/10/99 282 10:29:42 27.507^^5 40.905 

32 ""S to 48 "S A936 10/10/99 283 16:00:31 30.606 "S 44.554 
Brazilian/Falklands A938 11/10/99 284 16:00:40 33.801 ^S 48.33 
Current Confluence 1 
n/a - data not available 

5.2.1.2 Sample Collection Protocol 

The CTD sampler firing (Table 5.4) was at pre-selected depths in accordance with 

chlorophyll a levels as indicated by fluorescence and the tempcrature/salinit)' profiles 

recorded by die CTD as it descended. Seawater samples were collected by deployment of 

the CTD to the maximum depth (250 m) with samplers open, the closures then being 

tripped electronically after 3 minutes at each of the selected depths. 
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Table 5.4 C T D Deployment Protocol 

Depth (m) 
Comments 

Bottle 
N o 

Depth (m) 
Comments 

Bottle 
N o 

Depth (m) 
Comments 

Bottle 
N o 

250 max. depth 1 C^hlorophyll a max 5 7 m surface 9 

Thermocline 2 Transmissometer 6 2m surface 10 

base minimum 
In thermocline 3 Mixed layer base 7 

Chlorophyll min 4 In mixed layer 8 

The 7 m bottle correlated with the Teflfjn* lined non-toxic underway pumped supply drau-n from 

below the JCR. 10 sampler bottles rcgulariy fired. 

5.2.1.3 Shipboard Procedures 

Wherever possible reagents and stock standards were prepared using trace metal 

clean protocols in the class 1000 clean room at the UoP. Clean protocols were strictly 

adhered to onboard with a designated clean area constructed in the shipboard laboratory. 

A laminar flow hood (class 100) was lined with plastic and used for all sample and 

soluhon manipulation onboard. An initial batch of 1,10-pnmary reagent was prepared, 

which previous work in this study (Section 2.3.3.3) had shown to be stable for 3 weeks. 

The components o f the 1,10-pnmary reagent were also carefully weighed out/prepared 

using clean protocols in the UoP clean room, with the hirthcr stock 1,10-pnmary reagent 

(60 ^ M , Section 2.2.1) prepared in the onboard laminar flow hood. Sample acidification 

(pi I 2) was achieved with Q-HNO3 and elurion o f 8-Hydroxquinoline (8-MQ) micro

column with Q-HCI; both prepared in the UoP clean room. Cu(ll) determinations were 

performed using the FI-CL analyser (Figure 5.6, manifold - Figure 3.2). 

Figure 5.6 FI-CL Instrumentation Onboard the JCR 
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The R - C L analyser was housed in a custom designed wooden box, secured to the 
laboratory bench. A scalable Perspex* cube was incorporated as a clean area that housed 
the reagents and sample in closed HDPE containers, double bagged in plastic bags to 
prevent contamination. All H D P E containers and sample bottles were prepared using 
trace metal clean, acid washing procedures according to Plymouth protocols (Section 
2.2.5). HDPE sample bottles were taken on-board to return samples to the U K for 
subsequent analysis in the UoP clean room. Analysis o f aliquots o f acidified UHP water 
blank in 3 separate bottles was not statistically different (/ test, p=0.05) f rom a 
contamination free blank prepared in the UoP clean room in an identical manner. 
Therefore, the acid cleaning protocols were sufficiendy ngorous for Cu(II) determination 
at sub-nanomolar levels. 

5.2.1.4 Sample Pre-treatment 

(^nce the C M ) had been retneved using clean techniques the HDPE sample 

bottles were nnsed three times with sample, tilled and rcsealed in zip lock plastic bags. 

These were immediately transferred to the dedicated onboard clean facility, vacuum 

filtered (Nalgene, 500 ml, acid cleaned. Figure 5.7) through acid cleaned and UHP nnsed 

polycarbonate membrane filters (Nucleporc, 0.4 ^im) to minimise the exchange o f acid 

leachable Cu(II) from suspended particulate matenal (SPM). 

Nuclepore 

Filter (0.4 ^ M ) 

Vacuum Connection 

Unfiltered Sample 

Chamber 

l iltcred Sample 

Chamber 

Figure 5.7 Nalgenc Vacuum Filtration U n i t Ihe hand vacuum pump is not shown 
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The filter was preconditioned with seawater before first use, and the first 50 ml o f 
the filtrate was discarded to minimise any possible trace metal leaching from the filter and 
the remaining sample acidified to pH 2 (Q-HNO3, 80 j i l lOO ml ') . The filcrarion process 
operationally defined the Cu fraction determined as dissolved Cu(ll) and that associated 
with colloidal species and weakly bound to organic complexes. Samples for shore based 
analysis were also filtered, acidified and stored in the dark at 4 °C. 

5.2.2 Cu( I I ) Determinations 

Al l analyses for Cu(n) were performed using a two point standard addition. In the 

clean facilit)% three 10 ml aliquots were pipetted into acid cleaned, polyst)'rene screw 

capped vials (Stcrilin, Merck BDH). One sub-sample was analysed without further 

creamicnt, sub-samples 2 and 3 had aliquots (20 - 70 | i l) of Cu(II) delivered by pipette to 

achieve standard additions that ranged from 0.5 to 7 nM. Analysis was then performed in 

order o f increasing concentration. A l l results ( m \ ^ were blank subtracted to account for 

the blank signal generated by residual Cu in the UHP water, citrate buffer and acid used 

for acidification and elution (Section 3.3.8). 

Utilising the automated FI-CL analyser, each aliquot required IO.6 min (n=4), 

totalling 31.8 min for the 2 point standard addition at each depth, making a total of 35 

min including cleaning o f the automated analyser between successive depths. A set o f 

Fl-CL peaks from a two point standard addition to an Adantic Ocean sample is shown 

in Figure 5.8. + 4 nM Cu(Il) 

+ 2 n M C u ( I l ) 

CL Emission 

Electrical 
Spike 

Figure 5.8 Detector Output from a Typical Two Point Standard Addition of Cu(II) to an 

Atlantic Ocean Seawater Sample. (n=4) with 2 and 4 nM standard additions of Cu(TI). 
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5.2.3 Ancillary A M T 9 Measurements 

5.2.3.1 Macro-nutrients 

Station depth profiles for nitrate (NOJ , phosphate (PO^) and silicate (Si(OH)^) 

were determined by Vassilis Kiridis (Universit)' of Newcasde) on a 4-channel, 

Technicon® segmented flow Auto-Analyser® using standard colorimetric methodologies 

(Woodward et al., 1999). Near surface nutrient concentrations were below the L O D (0.02 

)iM) at many stations with the exception of the European and South American shelf 

waters and the Brazilian/Falkland Current confluence, although an increase in 

concentration was obser\'ed at depth. 

5.2.3.2 Phytoplankion Abundance and Pigments 

Seawater samples were collected (1.0 - 2.5 1) f rom the underway, all Teflon® non-

to.\ic scawater supply (^ 7m depth) at 2 h inter\^als whilst on passage, and at CTD 

stations from the Ocean Test 110 sampler botdes (2.0 1). This enabled the pigment 

distribution through the North-South surface waters and the vertical station profiles to 

be determined. The phytoplankton were har\'ested by positive filtration (0.7 | im, G F / F 

glass microfibre, Whatman, 25 mm diameter), the filter papers were transferred to a vial 

and stored frozen in liquid nitrogen (-196 '"'C) which has been shown to arrest pigment 

degradation for up to one year (Mantoura et al, 1997). A t PML, analysis by reverse phase 

high performance liquid chromatography (HPLC) identified a range of chemotaxonomic 

pigments e.g. chlorophyll a (CHL^?), generally indicative o f biomass, carotenoids (e.g. 

fucoxanthin), a biomarker for diatoms, and butanoyloxyfucoxanthin, a biomarker for 

chrysophytes. 

Onboard analysis for CVlLa, indicative of phytoplankton biomass, was conducted 

by Hester Wilson (]%0^) on filtered sub-samples to provide near real time data for 

validation of bio-optical models and remote sensing algorithms. The pigment in the 

filtered samples was immediately extracted (90 % acetone for 12-18 h) and analysed by 

fluorescence on a Turner Designs 10-AU fluorimcter (calibrated using CHL^/ pigment 

standards, Sigma Chemical Co.). 

5.2.3,3 Hydrographic Data Acquisi t ion 

On A M T 9, North-South surface water and vertical sampling protocols were 

implemented to produce integrated, high qualit)' hydrographic data over oceanic scales 

along the A M T cruise track with good seasonal/annual resolution provided by 

comparison to previous A M T cruises. High qualit)' vertical resolution (0 - 250 m) was 
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provided by CTD casts even in the tropical and equatorial regions where the thermocline 
can be deep e.g. > 100 m (Hooker ei <?/, 2000). ITie surface water samples (7 m) also 
provided good horizontal resolution ( - 250 miles at an average steaming speed of 12 
knots). 

ITie CTD carousel was fitted with a PC compatible Sea-Bird 911 Plus CTD, 

which enabled teal time data acquisition with high qualit)' vertical resolution of 

conducdvit)', temperature and depth. Also fitted were a Fast Rcpedrion Rate Fluorimeter 

(FRRI^, which recorded verdcal distribudon of chlorophyll a by fluorescence, and 

upwelling and downwelling radiometers which provided measurement of 

photosynthedcally available radiadon (PAR). Transmissometer readings provided a 

measurement light intensit)' and therefore pardcle distribudon through the water column. 

Hydrographic data was also gathered via underway sampling of near-surface water 

at 5 s inter\^als. Salinity^ from a Sea-Bird flow through thermosalinograph (TSG), 

temperature, fluorescence and photosynthedcally available radiadon (PAR) were obtained 

using flow through sensors located in the all Teflon® non-toxic seawater supply (intake 

through hull at 7 m). Al l data was interfaced with the ships Ocean Logger. The 

deployment at 4 h intcr\^als of T 7 XBTs provided verdcal temperature resoludon of the 

mixed layer depth (MLD) down to 760 m. Salinity and temperature data from the CIT) 

and TSG was verified through use of salinity botdes at three depths and from the 

salinomctcr oudet, measured with a precision laborator)' salinometer (Guideline V\utosal*) 

and with ccrdfied ISO reversing digital thermometers. 'ITie X B T data was validated by 

intcrcomparison of temperature with the CIT) data during its deployment as die JCR 

departed stadon. 

5-3 Results and Discussion 
5.3.1 Instrument Analytical Performance 

During A M T 9 and on local field trials the Fl-CL instrumcntadon was ver)' reliable, 

funcdoning well even during the storm force 10 condidons experienced early in the cruise, 

which laid low most of the sciendGc personnel. 

5.3.1,1 Quality Control Procedures 

During A M T analysis only three samples were rejected due to a lack of precision 

(>15 %) during replicate (n=4) sample analysis, or a high degree of scatter on oceanic 

depth profiles. Contaminadon of CTD sampler degraded analydcal accuracy and gave 

abnormally high Cu(ll) values. Rigorous cleaning of die sampler, using the acid washing 
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procedure outlined in Section 5.2.1.1, restored the accuracy of Cu(II) determinations. 
DLxons Q-test (p = 0.05) was applied to replicate injections (n=4) and any possible 
outliers rejected from the data set. During the land based analyses 3 HDPE sample 
botdes were rejected due to possible contamination. 

5.3.1.2 Certified Reference Material 

The precision and accuracy of the FI-CL analyser was validated by determination 

of Cu(ll) in NASS 5, a North Adantic Surface Seawater certified reference material 

(CRM, Newfoundland site, 10 m depth) on 4 separate occasions at sea and again m the 

clean room at UoP prior to shore based Cu(ll) analysis of stored A M T 9 samples. The 

FI-CL results (liable 5.5), show good agreement with the certified Cu(]]) values and 

none were found to be stadstically different (/ test, p = 0.05) from the certified value. 

Table 5.5 NASS 5 C R M Results 

Certified Cu( I I ) value (nM) Shipboard C u ( I I ) value (nM) 

4.68 + / - 0.72 

4.70+/- 0.33 

4.68 + / - 0.72 

4.95 + / - 0.21 

4.68 + / - 0.72 

4.39 + / - 0.20 

4.68 + / - 0.72 

4.24 + / - 0.21 

4.68 + / - 0.72 
Mean C R M 4 .57+/ - 0.64 

4.68 + / - 0.72 Clean room Cu( I I ) value (nM) 4.68 + / - 0.72 

4.41 +/ -0 .21 

4.68 + / - 0.72 

4.63 +/-0.15 

4.68 + / - 0.72 

4.34 + / - 0.14 

4.68 + / - 0.72 

4.37 + / - 0.21 

4.68 + / - 0.72 

Mean C R M 4.41 +/-0.26 

All data mean concentration + / - 2s 

5.3.1.3 Sampling System Validation 

The integrit)^ of the water samples from the Ocean Test water sampler was 

ascertained by comparison of surface (7 m) seawater samples from the CTD with samples 

collected from the non-contaminated, all Teflon® supply. ITie latter were collected after 

CTD retrieval and once die JCR was underway to allow for flushing of the pumped 

supply. Al l samples were filtered and analysed for Cu(ll) by Fl-CL and the results are 

presented in Table 5.6, with a correlation between the two sources presented in Figure 

5.9. 

A good correladon (R^ 0.91) for Cu(ll) was found beuveen samples from the 

Ocean Test Samplers and a / test (p — 0.05) showed that there was no significant 
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Table 5.6 Comparison of Cu(I I ) (nM) from C T D Samplers with Underway Supply 

Sample Ocean Date& G M T Lat Long C u ( I I ) Sample 
Sampler Julian Day O O (nM) 

A901 11 19 Sept 12.02 48.51 11.48 1.7 

Underway n/a 1999-262 12.35 48.42 11.37 1.8 

A902 11 20 Sept 14.32 47.75 16.44 2.8 

Underway n/a 1999 - 263 15.10 47.68 16.35 2.6 

A904 11 22 Sept 14.31 43.24 20.98 1.5 

Underway n/a 1999 - 264 15.06 43.70 20.75 1.3 

A905 11 23 Sept 12.17 38.78 19.99 1.7 

Underway n/a 1999 - 265 12.52 37.95 19.72 1.9 

% 2.5 

3 - -
1 ^ 

S 0.5 -I 
c 

0 
1 

y = 0.8382X + 0.2956 

= 0.907 

1.5 
— I — 

2.5 
Inter Ocean Sampler [Cu(II)] (nM) 

Figure 5.9 Correladoo of Cu(II) from Samples Collected from Inter Ocean Sample Bottles 

on the C T D and the P T F E Uned Underway Supply, Pumped Onboard the JCR. 

difference between the results. This demonstrated that the CTD samplers were 

contamination free and the good reproducibility of the FI-CL analyser. 

On two separate occasions 2 CTD samplers on the same cast were fired at 

identical depdis and analysed for Cu(II) and the results compared (Table 5.7) in order to 

investigate inter-sample reproducibility o f the R - C L analyser. A / test (p =0.05) indicated 

that there was no significant difference between the FI-CL determined Cu(II) values, 

demonstrating good inter-sample reproducibility when using the FI-CL analyser and 

showing that the C T D cleaning protocol was efficient. 

Table 5.7 Comparison of C u ( I I ) (nM) from RepUcate Firing of C T D Samplers 

Sample Ocean 
Sampler 

Date-Julian 
Day 

G M T Lat 
rw) 

Long 
( ^ 

C u ( I I ) 
(nM) 

A901 11 
12 

19 Sept 
1999-262 

12.02 48.51 11.48 1.7 
1.6 

A905 11 
12 

23 Sept 
1999 - 265 

12.17 38.78 19.99 1.7 
2.0 
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5.3.1.4 Replicate Sub-Sample Analyses 

The Fl-CL analyser and the sampling protocols were also validated by replicate 

shipboard analysis o f acidified sub-aliquots taken from the same Inter-Ocean 110 sampler 

at 3 different stations (Table 5.8) and stored in separate acid cleaned HDPE sample 

collection botties. Replicate analysis of sub-aliquots f rom the same HDPE sample 

collection bottles, performed in the UoP clean room provided fijrther validation of the 

analytical performance of the Fl-CL analyser. 

Table 5.8 Comparison o f Cu( I I ) (nM) - Replicate C T D Samplers at Same Depth 

Analysis Shipboard" Clean Room (UoP)** 

Station A902 A904 A905 A902 A904 A905 

Date 

Julian Day 

20 Sept-
1999 
263 

22 Sept-
1999 
264 

23 Sept-
1999 
265 

20 Sept-
1999 
263 

22 Sept-
1999 
264 

23 Sept-
1999 
265 

G M T 13.30 13.30 11.00 13.30 13.30 11.00 

Latitude 47.75 43.24 38.78 47.75 43.24 38.78 

Longitude 16.44 20.98 19.99 16.44 20.98 19.99 

Depth (m) 50 20 7 50 20 7 

Cu( I I ) (nM) 
Replicates 

1 1.70 1.15 1.73 2.66 1.75 2.81 

2 1.62 1.08 1.90 2.42 1.82 2.69 

3 1.79 1.20 1.82 2.53 1.59 2.6 

Mean 
Cu( I I ) 

1.70 1.14 1.82 2.53 1.72 2.7 

Std. Dev. 0.085 0.060 0.085 0.120 0.012 0.105 

R.S.D. (%) 5.0 5.3 4.7 4.7 6.8 3.9 

^ Shipboard replicate analysis of 

different HOPE sample botdes. 

HDPE sample collection botdes 

sub-aliquots from same I 

^ Clean Room replicate 

nter Ocean Sampler botde, collected in 

analysis of sub-aliquots from the same 

5.3.2 Nature of Reported Trace Metal Determinations 

In contrast to open ocean regimes low in suspended particulate matter (SPM), 

shelf areas receive enhanced continental aeolian dust, fluvial and benthic inputs that raise 

nutrient and trace metal levels and leads to increased biomass. Fluvial processes have been 

reported as contributing significant trace metal inputs to the global ocean (Chester, 2000 

and references therein), although atmospheric fluxes can be of a similar magnitude 

Qickells, 1995). Duce et ai, (1991) reported riverine Cu fluxes of 0.16 lO' moles yr ' and 

atmospheric Cu inputs of 0.03 - 0.11 10^ moles yr"', the range of the latter reflecting the 
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variability o f atmosphenc inputs and their possible effect on oceanic Cu chemistry (Buat-
Menard and Chesselet, 1979). 

Yeats etoL, (1995), m a trace metal study in the Eastern central and South Adandc, 

concluded that Cu levels were higher in unfiltered compared with filtered surface layer 

samples. The firacdon of Cu exchangeable with biogenic or lithogenic SPM can therefore 

be important, especially in waters with enhanced SPM e.g. those underlying offshore 

winds or biologically producdve upwelling zones. 

The A M T 9 cruise crossed coastal zones, shelf areas, upwelling zones and open 

ocean waters with varying SPM content and therefore, to enable a valid comparison o f 

Cu(II) levels, an operational definition was made by sample filtration (Section 5.Z1.4) 

prior to acidification (Q -HNO3 p H 2). The filtration approach yielded dissolved Cu(II) 

plus copper associated with colloidal species and weakly organically complexed Cu(II) that 

was released by acidification (Q-HNOj) and the competitive retention dunng matrix 

separation by the 8HQ micro-column during analysis by FI-Cl^ This hypothesis was 

supported by the shore based FI-CL analyses after sample storage (Section 5.3.4.4), which 

resulted in higher Cu(Il) concentrations due to its release after sample acidification over 

storage (up to 9 months). 

The presence of SPM along the A M T 9 track was indicated by the light intensity 

readings f rom the transmissometer, with the majority o f the particulate matter in open 

ocean environments being biogenic in origin (Helmets, 1996). The strong relationship 

between the transmissometer values and chlorophyll a concentration (R^ 0.758) in the 

surface waters (Figure 5.10) support this hypothesis. 

y = - 0 . i l 5 4 x - » - 4 . 3 7 4 8 

R- = 0.758 

0 0.5 1 1.5 2 

CWorophylla ( j i g f ' ) 

2.5 

Figure 5.10 Relationship Between Surface Chlorophyll a and Transmissomctcr Readings 

1 6 -



Chapter 5 Deployment of FI-CL Analyser on Atlantic Meridional Transect 

The presence of such panicles would therefore be expected to affect the 
distribution of micronucrients through the euphotic zone, further supporting the 
adoption of a filtration protocol for this study. 

5.3.3 Water Column Structure 

5.3.3.1 Historical Review 

Tlirough the upper water column (0 - 500 m) of the Atlantic four dominant water 

masses have been identified (Emery and Meincke, 1986), underlain by five intermediate 

waters of varying salinity originating from a variety of latitudes. On a basin scale 

perspective the A M T track traverses 4 major circulatory features; 1) the North Adanric 

Gyre (NAG) (50 - 20 ^ (1); 2) die tropics and equatorial regions (TER) (25 ^ - 15 

*̂ S) (2); 3) die Soudi Adantic Subtropical Gyre (SATG) 1 5 - 3 5 °S; and 4) die Sub 

Antarctic Convergence Zone (SACZ) (35 - 50 °S). 

The A M T 9 track passed through two of the upper water masses; namely Eastern 

Nordi Adantic Central Water (ENACW) which extended from 50 *̂  to - 20 and the 

South Atlantic Central Water (SACW) a stable water mass extending firom - 2 0 - 37 

^S. Each underwent modification through the tropics and equatorial regions (TER). The 

vertical distribution of the water masses encountered as a function of latitude is shown in 

Figure 5.11, with their geographical distribution and the principal Adantic circulatory 

patterns shown in Figure 5.12. 

E S W 

2 0 0 S O 4 0 3 0 2 0 l O O l O 2 0 3 0 4 0 S O 

Figure 5.11 Vertical Distribution of Water Masses as a Function of Latitude During AMT 1 

(Aiken efa/.aOOO) 
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t European Continental • I Canary Current 
Shelf Water ^ Canary Current Upwelling 

• North Atlantic Drift ^ - . . ^ c ^ . T 
•iNorlhAlaallc Subtropical • • North Equaton̂  Current 

Gyre (East) ••Guir>eaDome 

0 North Equatorial Counter • Brazil Current 
Cun-ent • South Anryerican Shelf 

• I South Equatorial Current • " Sub-Antarctic 
• I South Atlantic Tropical Convergence 

Gyre • • Falkland Current 

Figure 5.12 Geographical DistribudoD of Upper Water Masses (0 - 500 m) and Circulatory 

Patterns of the Atlantic Ocean. C>)mpiled from Hooker et al., (2000). 

The upper water column of the north-eastern Atlantic basin was dommated by the 

E N A W mixing with Western North Adantic Water (WNAW). l l ie latter is earned 

northwards from the Sargasso and Caribbean Seas by the Gulf Stream and across the 
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North Atlantic in the North Atlantic Current (NAC) and Azores Current (AC), forming 
E N A W t when mixed with the former (Hooker et ai, 2000). The salinity in ENACW is 
higher than in W N A W due to increased winter convection and Mediterranean outflow. 
Further south on the A M T 9 transect SACW flows northward across the equator, mixing 
with E N A W at a North-South Atlantic transitional front at ca. 1500 km north of the 
equator (15 "̂ N̂) in the Western Atlantic. The SACW had a similar temperature but 
slighdy lower salinity than E N A W due to the mixture of water moving northward and not 
being returned. 

Modification of the hydrographic properties of the SACW surface waters to form 

Equatorial Surface Water (ESW) occurred through the tropical and equatorial region 

(TER) due to precipitation and strong equatorial surface water exchange in the opposing 

eastward and westward currents (Tomczak and Godfrey, 1994). ESW was characterised 

on previous A M T cruises by a salinit)' reduction down to -100 m due to the rain induced 

dilution of SACW and mixing with Amazon Water (AW), which was carried easuvard by 

the North Equatorial Counter Current (NECC). A W was characterised during the Boreal 

Autumn A M T 9 cruise as warm (-25 °C), low salinity ( - 35.0) water down to 22 m 

centred at - 5 * ^ (AMT 916) (Aiken et ai, 2000). The Brazil Current (BC) flowed 

poleward along the Brazilian coast to 44 (but was limited to 50 - 55 ^ with lower 

temperatures west o f its eastern limit (45 *^W), and advected the SACW into the western 

South Atlantic. Here the SACW was characterised by a temperature > 10 °C (up to 26 *̂ C 

in surface waters) and a salinity > 35.0 (up to 37.3). The SACW southern boundary' was 

formed by the Subtropical Front (STF). 

Sub Antarctic Surface Water (SASW) (= /<10 °C, salinity < 34.3) part of die 

circumpolar waters of the Southern Ocean, was advected northward by the Falklands 

Current (FC) along the S. American continental shelf, in the upper 500 m up to 36 *̂ S, the 

southerly limit o f A M T 9 and where its influence was obser\-ed mixing with the SACW 

(Figures 5.14 and 5.15). 

5.3.3.2 Temperature and Salinity ( A M T 9) 

Temperature (T) and salinity (S) characteristics were used to identify the water 

mass types encountered along A M T 9 through the upper water column (0-250 m by CIT) , 

Figure 5.13). Their principal characteristics are shown in Table 5.9, and their vertical 

distribution as a function of latitude shown in Figure 5.14. This enabled correlation of 

Cu(II) levels as determined by FI-CL with the various water masses encountered en-route. 
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Table 5.9 Temperature and Salinity of Principal Waters (< 500 m) on A M T 9 

Water Mass Temperature (̂ *C) Salinity 
Eastern North Atlantic Water (EN AC>X^ 8.0 - 18.0 35.2 - 36.7 

South Atlantic Central Water (SACW) 5.0 - 18.0 34.3 - 35.8 
Sub-.\ntarctic Surface Vt'ater (S.-XSVC) 3.2-15.0 34.0 - 35.5 

Rq>r(xiuced from Bowie (1999) PhD thesis 

30 

25 -

, 20 

10 

ESW* • • 

SASVt 

1 > 

E N A W c 

ENA>X 

34 35 36 
Salinitv 

38 

Figure 5.13 T-S Plot for Water Masses for A M T 9 through the Upper Water Column (0 -

250 m). AW - Amazon Water, ESW - Equatonal Surface Water, ENAW - Eastern Nortli 

Atlantic Water (ENAWt - ENAW with Azores Current influence), SACW - South Atlantic 

(xntnd NX'ater, SASW - Sub-/\ntarctic Surface Water. 

A distinct geographical distribution o f temperature-salinity (T-S) in the near-surface 

layer (0 - 250 m) was identified during AMY 9, reflecting transitions in the structure o f the 

upper water column (Section 5.3.3.1). These were in close agreement with previous A M T 

cruises (Aiken el al, 2000) after allowing for seasonal solar forcing o f the North-South 

distribution and episodic events. The T-S distribution supported the hypothesis that the 

different geographical zones have disnnct physical charactenstics and boundaries and enabled 

Hooker el oL, (2000) to further refine the biogeochemical provinces as described by 

lx)nghurst(f/^., (1995). 

Along A M T 9 the temperature distribution (Figure 5.14) showed a weak thermiil 

stratification and a shallower thermocline (~ .50 m) in the Northern Hemisphere, in 

companson to a deeper thermocline ( - 150 m) in the South Atlantic. Excluding regions 

of aerosol deposition and upwclling zones, the macro-nutnent profile also followed this 

pattern, with a nutrient maximum at 50 - 80 m in the North Atlantic compared to ~ 150 

m in the South Atlantic. Between 2 0 - 9 ^ in the North Atlantic, upwelling o f colder 
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Figure 5.14 Latitudinal Distribution of a) salinity b) temperature through the Upper Water 

Column (0 - 250 m) of the Adanric Ocean during September/October 1999 (AMT 9). The 

biogeocheirucal partitioning as defined by Hooker et al., (2000) (i), and the four major near-surface 

circulatory zones (NAG, TER, SAG and SACZ) (u), are at the head the temperature and salinit\' 

plots. 
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subsurface waters, which also extended towards the equator, reduced the depth of the 
thermoclijie in the upper mbted layer and formed the Guinea Dome centred at 14 22 
^X^. This was a cyclonic, sub-tropical g)Te driven by the North Equatorial Undercurrent 
and a portion of the North Equatorial Counter Current (NECC) which was largely 
prevented from flowing northwards by the east-west orientation of Africa. 

During A M T 9 in both hemispheres, near-surface salinit)' increased from the high 

latitudes to the sub-tropics within the open ocean gyres and was closely related to increased 

temperature and therefore evaporation at lower latitudes (Figure 5.14). Increased 

precipitation in the tropical-equatorial (TER) zone, associated with equatorial weather 

systems, reduced the salinit)' (especially noticeable at the equator, Figure 5.14 a) producing 

the Equatorial Surface Water (ESW). This had a distinct temperature- salinit}^ 0"S) 

relationship (higher T and lower S) distinguishing it from South Adantic Central Water 

(SACWO which had a relatively consistent slope to the T-S relationship. 

Through the TER zone (^25 '^N - ~-15 %) the complex banded current 

distribution (Figures 5.14 and 5.16 b) was evident as fluctuations in the T-S relationship. 

The southern extent of the Canar)' Current (CC) was characterised by a relatively stable 

temperature coupled to a slow reduction in salinity (25 - 20 "̂ ^N); the North Equatorial 

Current (NEC, 2 0 - 1 2 was defined by a slow reduction in salinit)' with a rise in 

temperature; the North Equatorial Counter Current (NECC, 9 - 2 *^N^ as relatively 

constant temperature with a dip in salinity at - 5 '^N; the South Equatorial Current (SEC, 2 

- 15 °S) was characterised by a small decrease in temperature coupled to a nse in 

salinit)' to a surface maximum for the Southern Hemisphere. Differences in near-surface 

temperature and salinit)^ as reported for A M T 1 and 2 through 15 ^ to 10 *̂ S, suggested 

some seasonal variability in latitude for this banded structure. 

In the Southern Adantic Gyre salinities were higher, extended over greater latitudes 

and to a greater depth compared to the Northern Hemisphere. The influence of cold, low 

sahnit)' Sub-Antarctic Surface Water (SASW, 36 - 52 *̂ S) was indicated on A M T 9 by a 

parallel reduction in temperature and salinit)' (33 - 36 °S) as it rruxed with South Adantic 

Central Water (SACW). The confluence o f the southerly flowing, warm Brazilian Current 

(temperature > 15 *̂ C, salinit)' 35 - 36) and the cold Falkland Current (temperature 5 - 10 *̂ C 

and salinit)' ^ 34) at the South Adantic Convergence Zone (SACZ) formed a heterogeneous 

water mass with a number of eddies. The eddies created from the two currents are separated 

by a subset of distinct temperature-salinit)' relationships (Aiken et aL, 2000). 
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5.3.4 Cu(I I ) Determination on A M T 9 

^rhe results of the FI-CL determinadon of Cu(II) on A M T 9 axe now presented. 

Throughout this discussion, the Cu(ll) distribution was correlated wherever possible with 

onboard hydrographical data, namely nutrient, chlorophyll a, temperature and salinit)' 

obser\*auons. Each of the stations presented was selected to represent each of the 

biogeochemical provinces as designated by Hooker ei al., (2000). In order to demonstrate 

oceanographic consistency, the A M T 9 Cu(ll) data was compared with van der Loeff et al., 

(1997) on a geographically very similar Cu(ll) surface transect and with other shorter 

research cruises or from discrete stations in waters close to the A M T transect. 

ITic Cu(n) results are prefaced by a short discussion o f the biogeochemical 

processes encountered on A M T 9, followed by a comparison of the analytical 

methodologies of the authors reported in order to demonstrate oceanographic consistency 

of the FI-CL Cu(Il) data. This is followed by an ovcr\'icw of the distribution of surface 

Cu(Il) along A M T 9, a discussion of the effects of storage on the Cu(II) concentrations as 

shown by comparing shipboard and Universit)' of Plymouth clean room Cu(ll) data and 

then a detailed discussion of Cu(ll) in surface waters at each of the selected stations. An 

ovcr\'ic\v of the vertical profile (0 - 250 m) of Cu(ll) at the selected A M T 9 stations is then 

presented, followed by a detailed discussion of each of selected vertical profiles. A three 

dimensional surfer plot o f the distribution o f A M T 9 Cu(ll) data is then presented. 

5.3.4.1 Characterisation of Biogcochcmical Provinces 

Surface waters on the European and South American Shelves were subject to 

continental and coastal influences and were characterised by increased Cu(ll), NO3' and 

PO^^ and therefore chlorophyll a concentrations, due to inputs from shelf regeneration and 

the anthropogenic/lithogenic aerosol veil over this region (Church et al., 1990; Arimoto el 

ol., 1990; Duce et al., 1991; JickelJs, 1995). Aerosol inputs were fingerprinted by increased 

Cu surface and phosphate concentrations, e.g. o f f the West African coast at 25 - 20 

Increased Si(OH)^ indicated a freshwater input e.g. Si(01-1)4 P^^k at 5 °S in the surface 

waters. Similar trends were also obser\''ed on A M T 3 (Autumn 1996) as reported by Bowie 

(l^hD, 1998). 

The relationship between Cu, biomass and physical oceanography is not fully 

understood due to its complex and dynamic nature (GledhilJ et aL^ 1997; Sunda and 

Huntsman, 1998; 1995, 1996; Gonzalcz-Davila, 1995; Moffct t 1997,1996, 1995, 1990; 

Moffett , 1998, Bruland et al., 1991; plus Section 1.2.5 and references therein). At many 

A M T 9 stations a correlation was found between Cu(Il) and macro-nutrients as also 
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reported by Nolting el qL, (1991) for the Southern Ocean, although for A M T 9 this 
correlation was not strong, in agreement with van der I ^ e f f et aL, (1997) for the same 
waters. This was possibly due to particulate scavenging o f Cu(Il), particularly in areas of 
high SPM (Boyle et ai, 1977; Bruland, 1980). On A M T 9 biolimitation due to surface water 
depletion of Cu(l!) was not obser\'ed, although uptake and organic complexation 
influences were indicated, especially in the open ocean g)'res, by a correlation of reduced 
Cu(ll) concentrations with higher chlorophyll a levels. Cu(Il) is strongly organically 
complcxed in surface waters (Coale and Bruland, 1988; Sunda and Huntsman, 1991) with 
organic complexation in seawater accounting for 98 - 99 % of Cu (Coale and Bruland, 
1988, 1990; Gerringa el ai, 1996; Moffet t et aL, 1990). Xue and Sigg (1990) reported that 
exudation of extracellular ligands by phytoplankton reduces the concentration of Cu(ll) in 
scawater, acting as a Cu(Il) buffering mechanism to reduce the toxicit)' of Cu when above 
the optimum biotic concentrations. 

Evidence of antagonistic interactions of Cu(ll) with other trace metals in biological 

processes has been reported, e.g. Cu uptake inhibited by Co, N i , Cd and Mn (Mierle, 1983 ) 

and of interaction of Cu(ll) with Mn(Il) , (Sunda and Huntsman, 1986, Murphy et ai, 1983) 

and Cu(ll) with Fc(l l l ) (Murphy et al.^ 1983), the latter two interactions inhibiting 

phytoplankton growth. ITiis has been hypothesised (Sunda and Gessner, 1989; Sunda, 

1986) to be the mechanism whereby upwelled waters have been obscr\'ed to inliibit 

phytoplankton growth. The stimulation of phytoplankton growth rates by addition of 

Fe(ni) (Martin and Fitzwater, 1988, 1989; Brand, 1991) may increase the low Fc(in):Cu(n) 

ratios in seawater (Gonzalez-Davila, 1995). Gonzalez-Davila (1995) also reported that 

added Cu(ll) could displace iron from organic ligands, making it available to phytoplankton 

and that the adsorption of Cu onto algal surfaces subsequendy released of Mg, Na and Ca. 

The provinces will therefore be described in relation to the complex nature of these 

influences in conjunction with the physical oceanography of the A M T 9 transect from 

north to south. 

5.3.4.2 Comparison of Methodologies for Cu Data 

The small variation between Cu(II) on A M T 9 and the data used to demonstrate 

occanographic consistency was attributed primarily to storage effects and the use of 

different sampling and analytical methodologies (Table 5.10). Other factors that may also 

have contributed to the differences were the collection of samples at different seasons and 

geographical locations and thus being subject to dynamic manne processes e.g. increased 

biological uptake and organic complexation of Cu(Il) in spring and summer. Samples 
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representative o f surface waters were also collected from different depths e.g. van der 
Loeff ^/£7/., (1997) at 12 m. Landing et ai, (1995) and Yeats et ai, (1995) at 25 m whereas for 
A M T 9, 7 m represented surface water. I t is worth noting that compared to the 7 m values, 
Cu(ll) concentrations at A M T 902, 908 and 910 fell betu'ecn 7 and 20 m (Figures 21, 22 
and 23). On A M T 9 Q-HNO3 (80 ^1 100 mL"') was used for sample acidification, a 

Table 5.10 Comparison of Analytical Methodologies for C u in North East Atlantic 

Research 
Cruise 

Season Depth 
(m) 

Filtrati
on 

Acidifi
cation 

Storage 
(months) 

Extraction Analysis 

AMT 9 Autumn 7 0.4 jim HNO3 9 8HQ FI-CL 

van dcr Lx)cff et 
ai, (1997) 

Autumn 12 No HCl 1 - 4 None DPASV 

Kremling and 
Pohl (1989) 

Spring & 
Summer 

7 0.4 |lm HNO3 5 Dithiocarbam 
-ate freon 

ET/VAS 

Saager et al., 
(1997) 

Spring & 
Summer 

10 Filtered HCl & 
HNO3 

n/a but 
analysed 
ashore 

APDC/DDD 
C freon 

ET/V/\S 

Yeats et a!., 
(1995) 

Spring 25 Filtered & 
Un filtered 

HCl n/a but 
analysed 
ashore 

Dithiocarbam 
-ate 

ET/V\S 

Landing et al., 
(1995) 

Spring 25 Filtered & 
Un filtered 

Acidified 
Ashore 

n/a but 
analysed 
ashore 

8HQ or 
Dithiocarbam 

-ate 

1 

Boyle et al., 
(1981) 

Varied n/a Un filtered HCl 
(after a 

few days) 

n/a but 
analysed 
ashore 

APDC 
coprecipitat-

ion 

ETAAS 

Yeats et al, (1995) vertical profiling at only 2 relevant stations, 

used - ETAAS, hydride generation, X-ray fluorescence, DPASV 

n/a - data not available. 

1 - variet}' of analytical methods 

and Fl/spectrophotmetric analysis. 

stronger oxidant than the HCl used by van der Loeff et al, (1997) and others. The HNO3 

would therefore release a larger proportion of the organically bound and colloidal Cu. 

Differences in the timing of acidification e.g. ashore for Landmg et al, (1995) and 

(Yeats et al., (1995)}, has implications for losses through deposition onto botde walls, 

particulate scavenging, especially in unfiltered samples, and biological uptake as opposed to 

immediate shipboard acidification on A M T 9. Some authors utilised filtration, as on A M T 9 

when all samples were filtered (0.4 |am Nucleporc), and as did Kremling and Pohl (1989) 

on samples from the continental shelf and South West Approaches. There were also 

inconsistencies in the time between sample collection and analysis (1 to 9 months). The use 

of different extraction techniques has implications for Cu losses or contamination e.g. 

dithiocarbamate-freon requires additional chemicals and three steps, as opposed to direct 

extraction by 8HQ. Furthermore, the use of different analytical methods may result in the 
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determination of a different fraction of Cu e.g. van der Loeff et al., (1997) used differential 
pulse anodic stripping voltammetr)' (DPASN^, Landing el al., (1995) and Yeats el al., (1995) 
used ETA AS, whereas on A M T 9 FI-CL was used. 

Saager el al, (1997) reported ^ 15 % interlaborator\^ reproducibility, with up to 25 

% interannual reproducibility being typical o f a large part o f published global trace metal 

dataset (^'cats et al., 1995). Therefore, due to the differences above, it was anticipated that 

the Cu(IQ data from the comparative authors would be lower. These differences should be 

noted in the following discussions on both the surface and vertical distribudon of Cu(II) 

that follow. 

5.3.4.3 Overview of Surface C u ( n ) Concentrations 

The north-south distribudon of surface water 1 m) Cu(ll) concentradons along 

the A M T 9 transect is shown in Figure 5.15 a). Shipboard and UoP clean room 

determinadons are shown for five stadons to show the effects of storage on Cu(ll) 

concentrations, with clean room Cu(II) data for the remaining stations. Also shown is 

hydrographic data collected en-route, namely chlorophyll a (Figure 5.15 b), nitrate and 

silicate (Figure 5.15 c). Figure 5.16 a) illustrates the surface water distributions of nitrite 

and phosphate, widi the surface temperature and salinit)' profiles shown in Figure 5.16 b, 

and a tempcrature-salinit)' plot (Figure 5.16 c) that describes the surface water masses 

encountered during AMT9. The north-south surface distribudons o f Cu(II), temperature, 

salinit)' and nutrients will be discussed by reference to these Figures and to the province 

boundaries shown in Table 5.1. 

Due to the limited number of onboard Cu(II) determinadons, the clean room 

Cu(II) data is discussed for both the surface and verdcal profiles at selected stauons for the 

whole transect. The Cu(ll) clean room concentrations were higher than shipboard data due 

to storage (Section 5.3.4.4) and differences in analytical methodologies (Section 5.3.4.2). 

This effect was more pronounced in regions of higher biomass and D O M e.g. European 

Shelf Waters and North Atiantic Dr i f t due to increased organic and colloidal complcxation 

ofCu( l I ) . 

5.3.4.4 Effect of Storage on Cu( I I ) Concentrations 

The effects of acidification and subsequent storage on the Cu(II) concentrations 

can be seen by the comparison of shipboard with Universit}' clean room data (̂ Fable 5.11). 

The shipboard and clean room Cu(II) concentrations exhibited the same distribution 

profile, although the clean room values were consistendy higher. Sample filtration (0.4 | jm, 
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Table 5.11 Effect of Storage on Cu( l l ) Concentrations (nM) 

A M T Station Surface - Surface -
Shipboard [Cu(ll)] Clean Room [Cu(II)] 

901 1.7 3.0 
902 2.77 4.7 
904 1.5 3.7 
905 1.7 2.8 

A M T Station Vertical Profile - Vertical Profile -
Shipboard [Cu(II)] Clean Room [Cu(II)] 

901 4.0 5 
902 2.0 3.3 
904 2.92 2.67 
905 1.92 2.7 

Data presented for surface Cu(ll) concentration was from 7 m with the mean Cu(II) concentration 

shown for the vertical profile. 

Section 5.2.1.4) on A M T 9 yielded the dissolved Cu(Il), the colloidal and the weakly 

organically complcxed fractions of Cu(ll) . The increase in clean room Cu(Il) 

concentrations compared to shipboard Cu(ll) data was due to sample acidification, (Q-

HNO3) breaking down the colloidal and orgaruc complexes during the storage (up to 9 

months), and after competitive retention of Cu(II) during matrix separation by the 8HQ 

micro-column during Cu(ll) determination by FI-CL. The shipboard and clean room data 

for the vertical Cu(ll) profiles was in better agreement, a factor attributed to the lower 

concentration of D O M below surface waters (7 m). 

5.3.4.5 Overview of Surface Water Distribution of Cu(II ) 

The surface (7 m) distribution of Cu(ll) showed a high degree o f spatial variabilit)' 

along the A M T 9 transect, with enrichments being superimposed on a horizontal gradient 

that decreased with departure south and then south-west away from the European coastal 

regions, through the open ocean g>'res before climbing again at the South American Shelf 

At the outset o f the transect in European Shelf Waters, enhanced surface Cu(II) 

concentrations of 3.0 nM (AMT 901, 48.5 ^ and 4.7 nM (AMT 902, 47.8 ^ were 

obser\^ed. Cu(ll) surface concentrations were lower in the North Adantic Dr i f t (NatD, 47.5 

- 38.5 ^N) at 3.7 nM (AMT 904, 43.2 ^ ) and decreased again to 2.8 nM (AMT 90 5, 38.8 

^ in the Nordi Adantic Subtropical Gyre East (NASE, 38.5 - 26.7 * ^ ) . A distinct Cu(n) 

enrichment to 3.9 nM was obser\^ed at A M T 908 (25.3 °N) o f f the West Coast of Africa, 

the highest open ocean, surface Cu(ll) concentration obser\'ed on A M T 9. 
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Cu(II) concentrations gradually declined through sub-tropical waters to 2.6 nM in 
the Canar>' Current (AMT 910, 20.6 1.4 nM at die Guinea dome (AMT 914, 10.9 *^N^, 
-1.0 nM across and immediately south of die equator (AMT 918, 919 2.8 and 0.8 ^S), 
reaching 0.8 nM (y\MT 925, 13.9 °S) at the northern edge of the open ocean South Adantic 
Tropical Gyre (SATG, -22.5 ^S). ' l l irough the South Adantic Gyre a slight increase in 
surface Cu(II) was obser^^ed between 20 - 26 ^S to 1.1 nM (AMT 929, 20.9 °S) and to 1.3 
nM (AMT 932, 24.8 *̂ S), before falling to 0.6 nM (AMT 936. 30.6 °S), die lowest surface 
Cu(ll) level obser\xd on A N f f 9. At the end of the A M T 9 transect, surface Cu(n) rose 
again to 1.4 nM (AMT 938, 33.8 °S), the highest South Adantic surface concentration 
obser\xd. 

The distribution of surface Cu(II) along A M T 9 was in good agreement, both in 

concentration and distribution profile, with that reported by Rutgers van der Loeff el al,. 

(1997) on a geographically similar Atlantic transect from Bremerhaven, Germany to Punta 

Arenas, Chile during Oct-Nov 1990 (Figure 5.17) and thus subject to the same seasonal 

influences. ITus aspect is discussed further in the individual stations that represent the 

surface Cu(ll) concentrations for each province. 

Is -5S 

Figure 5.17 Surface (12 m) Distribution of Cu from Bremerhaven to Punta Arenas, Chile 

(Oct/Nov 1990, ANT I X / I ) (van der Loeff et al,. 1997). 

Table 5.12 shows the surface water concentrations of Cu(ll) and other onboard 

hydrographic data for each province. 
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I . . h l r .=̂ .12 S n r l . u c W a t e r C u ( I I ) ( 7 m ) a n d H y d r o t r r . i p h u D . i i . i ( 7n i ) Ic.r A M I o 

Oceanic Province 1 . . m i i K i r J. Day Station Cu ( I I ) (nM) Temp SalinitN NO3 NO2 PO4 Si(OH)4 Chlor .1 

(Hooker et aL, 2000) (OC) (PSII) (HM) (^M) (^tM) (^iM) 

I .r C o m . Shclt W atcr ( I -CSW) 50^7.5 O N 262-263 901 3.0 16.3 s 0.34 0.05 0.1 0.92 1.62 

902 
4.8 15.7 1.2̂ ^ 0.06 0.14 1.28 1.20 

N . Ailantic Dnf t (NaiD) 47.5-38.5''N 265-266 904 3.7 18.2 35.8 0.05 n 0.20 1.07 0.58 

N . Atl. Subtropical ( iyre East 38.5-26.7 <»N 267-268 905 2.8 20.4 36.1 n n 0.03 1.02 0.18 N . Atl. Subtropical ( iyre East 

<;o6 
2V6 36.9 n n / a I M U n / a 0.16 

( N A S E ) <;o6 
21 S 37.1 n n 0.68 0.12 

907 

(>anar)' Current (CanC) 26.7-20.5 269 908 3.9 24.9 36.8 # 0.007 0.(K)7 0.69 0.22 

Canan' (Current L'pwclling 20.5-15.7 270 910 2.6 24.0 36.3 0.014 0.(K)3 0.12 0.71 0.77 

( C C U p ) 
N . Equatorial Current (NeqC) 15.7-12.4 <»N 271 912 28.0 35.9 # (MH)7 0.06 1.09 0.43 

Ciuinea Dome (Cidom) 12.4- 7.9 <»N 2'"2 914 1.4 28.1 35.6 ().(K)7 O d l 1.04 0.32 

N . l'A|uatonal (>)untcr Current 7.9-1 <'N 273 916 28.3 35.3 # n n 1.24 0.49 

( N E C C ) 
274 

'MS 1.0 27.6 35.5 n 0.007 1.26 0.26 

S. l '.t|uatorial (hirrent l"N-14.6«'S 275 919 1.0 26.1 36.0 0.02 0.023 0.06 1.39 0.51 

(SeqC) 278 
925 0.9 25.6 37.0 u n 0.08 1.04 0.07 

N \tlantic I'ropical Gyre 14.6-3()<»S 279 927 to 1.1 23.8 37.3 0.021 n 0.07 1.09 0.34 

( S A T G ) 282 9.34 1.3 22.7 37.1 n 0.002 0.05 1.21 0.41 

Brazil (Current 3()-35"S 283 9.36 0.7 19.0 36.3 0.09 0.01 0.05 1.02 0.51 

(HraC:) 284 938 1.4 18.9 36.2 0.022 0.02 0.06 1.25 0.92 

S. American Shelf (SASh) 35- 39.6'>S 285 O K ) 14.8 35.5 1.24 0.13 0.17 1.84 1.69 

Tl ie C:u(Il) data presented in l ahle 5.12 was obtamed in 

Cu(I I ) (Table 9) rejiresents a larger fraction nl total (^u(Il) 

of the organically coinplexed and colloidal (:u releasing 11 

the L'oP clean room after 9 months storage, and which bv telereiu i to the effect of storage on 

than was truK labile in seawilt r S.uiiple aciilification during storage digesteil a substantial traction 

U data below instrumental l . O l ) . n /a - data not available. 
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Ca nary Canary 
Lpwelling Current 

Latitude N . Atlantic N . Adantic Hurvpeart She^ 
Dnft/Azores Dnft 

(Current 
- AMT 9 UoP Qean Room, Figure 5.18 Comparison of Surface Water Cu Concentrations 

AMT 9 Shipboaixi, • van der Loeff et oL, (1997), Kremling and Pohl (1989) 

5.3.4.6 European Shelf Waters 

European Shelf waters (50 - 48 "^N, A M T 901, 902) exhibited higher surface Cu(II) 

concentrations compared to more southerly A . \ f r stations (Table 5.12). The A M I ' 9 

shipboard Cu(II) concentrations compared well with van der Loeff et al,. (1997) and 

Kremling and Pohl (1989) (Figure 5.18, Table 5.13). However, the University o f Plymouth 

clean room values were higher than these authors at the European Continental ShcU, 

Canary Current and African Upwelling (Figure 5.18, Table 5.13, and Figures 5.16 a) and 

5.17). 

In the open-ocean further south, A M T 9 clean room Cu(II) values were in very good 

agreement with reported data e.g. van der Loeff et oL, (1997) due to the lower level o f 

colloidal and dissolved organic material (DOM) and therefore a smaller fraction o f 

organically complexed Cu(II) to be released upon acidification and storage. ' I l ie surface 

Cu(ir) level (7m) found on A M T 9 in the European Shelf and Western Approaches 

originated in part f rom the anthropogenic aerosol present down to latitudes o f -36/37 

that is variable in density and composition (Chester, 2000; Jickells, 1995; Duce et oL^ 1991; 

Church et aL, 1990; Arimoto et oL, 1989). Helmers and Schrems (1995) also reported 

iuithropogenic releases o f Cu (and Pb, Mn , Zn) as heavily influencing the natural 

circulation patterns, global pathways and transport dynamics between the atmosphere and 

hydrosphere o f these elements. Furthermore, (^u in urban generated aerosols has a higher 

solubility in seawater (32 + / - 16 %) than in lithogenic aerosols (25 % + / - 10 % ) 

(unpublished data, Medway, 2001, University o f Plymouth). A Hirther influence on Cu(II) 
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concentrations were a series of deep depressions that crossed direcdy over the A M T 9 
transect at its outset, their ver)^ strong anri-clockwise winds extending this aerosol veil 
further south and westward. 

In European shelf waters, concentradons of NO3, NO2, PO4, Si(OH)^and therefore 

chlorophyll a were also raised. Surface nitrate concentrations were above the L O D (> 0.05 

| iM) only in the European and South American Shelf areas. 

5.3.4.7 North Atlantic Drift (NAD)/Subtropicai Gyre East ( N A S E ) 

This region (48 - 26.7 *^N) was characterised by a sharp fall in surface Cu(II) to 3.7 

nM ( A M T 904, 43.2 ^N) and 2.81 n M (AMT 905, 38.8 ^ and a substantial rcducdon in 

surface macro-nutrients and chlorophyU a. Surface salinit)' concentradons rose through 

both of these provinces, although the dip in temperature between A M T 901 (48.5 *^N) and 

A M T 902 (47.7 ^ ) suggested a permanent frontal system at -47 (also reported by 

Bowie, 1999) resulung in poor lateral mixing of the water masses. Shipboard surface Cu(ll) 

concentradons (AMT 9) through tliis province were in good agreement with previously 

reported data for this region (̂ Fable 5.13), although the clean room Cu(II) data were higher 

due to storage effects (liable 5.11). 

Table 5.D Surface Cii Concentrations in N A D and N A S E Provinces 

Province & 
AMT 
Station 

A M T 9 
(nM) 

Shipboard 

UoP 
Clean 
Room 
(nM) 

van der 
Loeff eta/,, 
(nmol kg) 

(1997) 

Saager et 
a!., 

(1997) 
(nM) 

Kremling 
and Pohl 

(1989) 
(nM) 

Yeats er 
al., 

(1995) 
(nM) 

Landing 
et 3 / , 
1995 
(nM) 

N A D 904 1.5 3.7 1.8-2.8 1.0 1 - 2 n/a 0.8-1.2 

NASE 905 1.7 2.8 0.9- 1.3 1.2 0.7-1.5 

n / a -data not available 

A / test (p = 0.05) showed that the differences were not significant between the 

Cu(ll) as determined by Fl-CL and other reported data, demonstrating the oceanographic 

consistency of the FI-CL Cu(ll) results. The higher A M T 9 surface Cu(ll) values through 

this region compared to stations further south could be attributed to the dynamic nature of 

marine systems coupled to the advecrion south of Cu rich waters in the North Adanric 

Current (NAC, Figure 5.12) (van der Loeff et ai, 1997). Kremling and Pohl (cruise area -

38 - 50 0 - 2 5 *AV, 1989), idendfied the importance of the reladvely high fluvial and 

atmospheric inputs of Cu into North East Adanuc Surface waters, which receive a higher 

atmospheric metal loading than other Adandc shelf areas e.g. the North American shelf. 
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5.3.4.8 Canary Current and Canary Upwelling 

In the Canary Current (26.7 - 20.5 ^ at A M T 908 (25.33 ^ - 650 km west of 

the Mauritanian coast, the highest open ocean, A N f f 9 surface (7 m) Cu(II) concentration 

of 3.9 nM was obser\xd, with raised Cu(II) (2.6 nM) also found further south at A M T 910 

(20.2 in the Canar\' Upwelling section (20.5 - 15.7 of the Guinea Dome (-22 - 9 

'Co

l l i e Cu(II) enrichment at A M T 908 was also obser\'cd by van dcr Loeff et ai, 

(1997) although at a lower concentradon. The enrichment was most probably due to a high 

lithogenic pardculate loading from the episodic and the highly variable (both 

seasonally/daily and in intensity'), dust storms in N . W. Saharan and Southern 

Sahara/Sahel. The dust was transported westward in the North East Trades and the strong 

African Easterly Jet stream rcspecdvely that characterise this region, l l i e subsequent 

release of paruculate exchangeable Cu was superimposed on the Cu(ll) rich waters that 

were advected south. Dust maximums have been recorded at -3000 m between 1 7 - 2 1 

'^N, with the highest aerosol deposition to surface waters occurring north of 20 ° N 

(Helmers and Schrcms, 1995). This aerosol reaches a maximum in the summer months 

(Kremling and Streu, 1993; Husar et al.^ 1997). Saharan dust was present in the air at this 

A M T stadon indicating the high aerosol particulate flux also present on A M T 9. 

Kremling and Strcu (1993), using sediment traps o f f the North African coast, 

identified atmospheric sources as dominating the trace metal fluxes through this region, 

although lithogenic aerosol Cu has reduced solubilit)' in seawater compared to 

anthropogenic origin Qickels, 1995). Mating el ai^ 2000 also reported dust concentrations 

exceeding 4000 | ig m'^ close to the Canary Islands (-27 °N) , with reduced concentrations 

(200 ^ig m""*) further south at the Cape Verde Islands. Chester (2000) also concluded that in 

near coast regions, solubilisation from atmospheric particulates can play a significant role in 

governing the trace metal burden of the surface water. The increase in surface PO^, a 

particulate associated element, seen at this station supports the hypothesis of dr)' 

dcpositional input. Effects on concentration have been reported over a short, but variable 

time scale following deposition (Quetel et al., 1993). l l i i s implies that a non steady state 

behaviour must be taken into account when assessing the impact of pulsed atmospheric 

inputs on particle trace element concentrations and fluxes in the water column. 

In addition to atmospheric deposition, the Cu peak at A M T 908 was due to the 

integrated effect of Cu inputs over a longer time period due to advection south (Canar)' 

Current) o f Cu rich waters from the N A D / S A T G , combined with the slow biological 

removal of Cu compared to other trace metals, Van der Locff et ai, (1997) also found 
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elevated Cu values from 4 0 - 1 5 and ascribed it to Cu having a residence time in 
seawater 25 times longer than A l due to lower pardcle scavenging activit)' in the surface 
waters of the Canar)' and North Equatorial Currents. 

Further soudi, A M T 910 (20.2 ^ was influenced by surface filaments from the 

main upwelling drifting offshore as indicated by a steady increase in onboard fluorescence 

(chlorophyll a) through the afternoon, peaking at 1830 GMT. A corresponding open ocean, 

surface chlorophyll a maximum for A M T 9 was found. At A M T 910, the Canar)' Current 

Upwelling zone was also identified by a significant increase in surface PO^, and a small rise 

in surface N O 3 / N O 2 , although still demonstrating surface depledon. 

Cu(II) surface (7 m) concentrations were still elevated at A M T 910 (2.6 nM) due in 

part to the still raised aerosol particulate level and Cu in the Canar)' Current, although these 

were both reduced compared to A M T 908. This was consistent with the obser\^aaon of 

Helmers (1996), who also reported elevated concentrations of SPM bound Cu (and other 

trace metals) at 20 - 15 and increased particulate organic carbon (POC) over 2 0 - 8 °N . 

5.3.4.9 North Equatorial Current/Guinea Dome 

Both provinces had skies still hazy with Saharan dust although at a lower level as 

the JCR changed course toward Montevideo (0248 G M T on JD 272 - A M T 914, 10.9 ^ t ) , 

departing the African coast. The North Equatorial Current (NEC, 15.7 - 12.4 was 

identified by an A M T 9 surface salinit)^ minimum and a rise in temperature (Section 

5.3.3.2). iTie southern boundar)' of the Guinea Dome (12.4 - 7.9 *^ ' ) was indicated by a 

deepening of its compacted isothermals at ~ 10 ° N , in the north of the Inter Tropical 

Convergence Zone (ITCZ) (~ 1 0 - 0 ^ ) . The ITCZ was characterised by wet deposition 

due to the convergence of the dominant trade winds that transported West African dust 

and induced intense shower activity (up to 2000 mm yr"', Helmers and Schrems, 1995). 

These were often short lived and extended over a small area e.g. on JD 273 /AMT 916 

(coinciding with the salinit)' minima at - 5 (Figure 5.17). 

The concentration of surface Cu(II) (7 m) continued the previously noted 

decreasing trend as the JCR departed coastal influences towards the open ocean. A 

Cu(n)concentration of 1.4 nM was obser\^ed at A M T 914 reflecting reduced dry Saharan 

atmospheric deposition coupled with biological uptake, organic complexation and 

particulate scavenging. Helmers (1996) identified a shift in Cu adsorption towards higher 

particulate concentration in this province. Through the ITCZ, on A M T Cu(II) 

concentrations remained at ^1.0 nM reflecting wet atmospheric scavenging of Cu from 

particulate material solubiliscd in cloud processes or in the surface seawatcr (Spokes el ai, 
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1996). Wet deposition dominates over dry for Cu in the tropical North Adanric with raised 
Cu in the high annual rainfaU (Cu - 0.91 l ' (4 ^ » 20 0.40 ^g l ' (5 ° N 28 '\X0), 
strongly influencing the trace metal budget and surface water chemisti)' in the ITCZ 
(Helmers and Schrems, 1995). Church et aL, (1990) also reported the predominant wet 
scavenging of Cu, Cd, N i , Pb and Zn from the troposphere in the ITCZ. Shelf and riverine 
inputs were also identified beuveen 5 - 9 by van der Loeff et a/., (1997) as contributing 
Cu, Si(OH),, N O 3 , and P O C 

In these provinces, raised onboard surface fluorescence indicated surface filaments 

from the main Mauritanian upwelling advected south in the NEC. Surface and mean water 

column concentrations of chlorophyll a reached a maximum in the NEC, coincident with 

the raised Cu(II) conccntradons, prior to declining slowly through these provinces to reach 

- 0.35 jig r' at 11 * ^ (AMT 914), the southern boundary zone of the Guinea Dome. 

Through these provinces surface PO^^ concentrations were sharply reduced from the 

previous peak obser\'cdat 20 in contrast to increasing surface Si(OH)4 values. 

5.3.4.10 North Equatorial Counter ( N E C C ) and South Equatorial Currents (SeqC) 

Equatorial surface Cu(II) conccntradons were consistendy low at 1.0 nM at both 

A M T 918 (2.8 in the NECC (7.9 - 1 and A M T 919 (0.8 °S) in die SEqC (1 -

14.6 °S), Cu(ll) declining further to 0.85 nM (AMT 925, 13.9 °S). The pronounced rise in 

surface PO4, NO2, and Si(OH)4 between A M T 918 and 919 and further rise in Si(OH)4 at 

A M T 921, the increase in subsurface Cu(Il) (AMT 918 and 919) together widi the lower 

salinit)^ in the NECC (Figures 5.15 and 5.16) suggested a freshwater Cu and nutrient input 

through these provinces. North of the equator, this was due to wet deposition in the 

I T C Z / N E C . South o f the equator the Si(OH)4 signature strongly indicated the surface 

influence (down to - 100m) of lenses of Amazon Water (AW) advected eastward in the 

NECC (Dessier and Donguy, 1994), with the residual freshwater signatures of Si(OH)4 

nutrients, Cu, POC and Cd also reported in this province by van der Loeff et al., (1997). 

The fluctuations in surface chlorophyll a values obser\'ed through the NECC - 0.5 

| ig r ' at A M T 916 (6.7 V ) falling to 0.26 ^ig ' 1 at A M T 918 (3 *^N) and then rising to 0.5 

|.ig r ' at A M T 919 ( - 1 °S, Figure 5.15 b), were a response to the reduced surface macro-

nutrient concentrations obser\'ed between A M T 916 and 918 and the subsequent rise 

nuaicnts at A M T 919. Onboard fluorescence rose (p.m. of JD 274) prior to crossing the 

equator QD 275, 0647 GMT), which indicated the equatorial upwclling and preceded die 

surface chlorophyll a peak at station A M T 919 (0.5 | ig l ') . Surface chlorophyll a 
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concentrauons then declined through the SEC to reach an open ocean minima (0.07 | ig 1"') 
between AATf 925 - 927, despite PO, (0.06 ^iM), N O j (0.025 ^ M ) , and Si(OH), (0.8 | iM) 
being present. Surface Si(OH)4 across the equatorial region continued the rise first 
obser\ ed at 20 rising further through the SEC prior to falling sharply at A M T 923 in 
the SeqC. 

5.3.4.11 South Atlantic Tropical Gyre (SATG) 

The SATG (14.6 to 30 *̂ S, encompassing A M T 927 - 17.2 ^S, 929 - 20.9 °S, 932 -

24.8 % and 934 - 28.0 *̂ S, was the most remote province encountered on A M T 9, with 

much reduced continental influences. In the absence of upwelling or significant wet 

deposidon, this region was dominated by long range dry aerosol deposidon (Chester, 2000) 

as t)'pified by Cu, associated as it often is with pardculates < 1 | i M , that therefore travel 

long distances and contribute to open ocean surface concentradons. Surface Cu(II) at 1.1 

and 1.3 nM at A M T 929 and 932 respecdvely, were higher than the previous NECC/SEqC 

region, probably due to dry aerosol deposidon and reduced biological uptake m this low 

chlorophyll a province. 

Surface Si(OH)4, PO4 and NO2 concentradons fluctuated in the SATG, although 

still raised as obser\^ed in the ScqC and compared to more northerly A M T stauons. 

Si(OH), was consistendy > 1 | i M . Nitrite and P O 4 feU between A M T 927 -932 (-17 - 25 

^S,) before rising at -28 ^S (AMT 934) due to a pulsed input from the Brazilian Current 

(BC). 'ITie BC forms the western boundar)' current (down to - 44 *̂S and to a depth of -

200 m) of the SATG, and advects southwards, along the continental margin into the 

western South Adanuc, both SACW and South American aerosol and fluvial inputs. These 

inputs may have contributed to the rise in Cu(ll) at A M T 932. Surface (and mean upper 

water column) salinit)' values reached a maximum for A M T 9 due to high temperatures and 

lack of rain in this province. N O 3 exhibited surface depledon (<LOD) throughout the 

SATG. Mean chlorophyll a concentradons through this region were correspondingly low 

(-0.35 jig r ' ) , t)'pical of an open ocean g)Te despite raised nutrients suggesting other 

biolimidng influences. Surface concentradons rose furdier south - 24 - 28 ^S (AMT 929 -

934). 

5.3.4.12 Brazil and Falklands Current Confluence ( B F C C ) 

This province encompassed the confluence of the southern extremit)' of the warm, 

saline BC (30 - 35 *̂ S) and the northern limit of the cold, less saline sub-Antarctic waters 
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advected north in the Falkland Current (FC). The BC separates from the South American 
coast at - 33 - 38 ^S, forming the sub-Antarctic front with the FC, which itself separates 
from the South American Shelf break at - 38 °S. 

The BC and FC surface waters undergo transitional rruxing within a 300 km wide 

confluence zone, that is characterised by seasonal variabilit)' and intense eddies that form 

large areas of water that travel long distances into opposing water masses prior to dispersal 

(Olson et al., 1988). The confluence is at its northern extreme during the winter. A M T 936 

(30.6 ^S), 938 (33.8 ''S) and 940 (36.0 ""S) were at the northern and southern boundaries of 

the South American Shelf and in the Sub-Antarctic Convergence zone respectively. 

At A M T 936 surface (7 m) Cu(ll) concentrations fell to the A M T 9 open ocean 

surface minimum of 0.7 nM, probably due to reduced Cu input coupled to increased biotic 

uptake and organic complexation resulting from the nutrient stimulated chlorophyll o 

increase (sec below). Further south at A M T 938, Cu(Il) rose again to 1.4 nM, due to 

upwellcd waters at the South American shelf, shelf regeneration processes, and fluvial and 

aerosol Cu(Ii) inputs advected south in the BC. These may have been combined with the 

influence of Cu(Il) advected north in the FC and Cu(II) in the l l io de la Plata plume, the 

latter indicated by raised Si(OH)^ and a fall in salinit)' that suggested a freshwater input. 

Surface water temperature fell between A M T 938 - 940 signif)Mng mixing of the cold FC 

with the BC and resulting in convergence circulation that concentrated material along the 

front. 

Surface P O 4 , N O j and Si(OH)4 concentrations rose at A M T 934, situated in the BC 

on the BFCC's boundar)^ with the SATG, due to the processes described above. The 

nutrients stimulated sharp increases in chlorophyll 7̂ to — 1.75 j i g l ' at A M T 940 (36 °S), a 

surface level only obser\xd in European Shelf surface waters. A t A M T 936 the raised 

chlorophyll a subsequendy depicted the P O 4 , N O j and Si(OH)4, wliich began to rise again 

by A M T 938 (-34 °S). Al l nutrients rose ver)' sharply to European Shelf concentrations at 

A M T 940 (36 °S), where the increase in surface N03was especially noteworthy. 

The raised chlorophyll a indicated the South Adantic austral bloom, also obser\'ed 

on A M T 3 (1996), particularly the increased diatom population in these temperate waters 

(Maranon and Holligan, 1999). This hypothesis was supported by the reduction between 

A M T 932 - 934 of the previously consistendy elevated Si(OH)4, a prerequisite for diatom 

growth and the depletion of P O 4 and N O j . 

For A M T 936, 938 and 940, a good correlation was found between reduced salinit)' 

and increases in both chlorophyll a and macronutrients (Figures 5.19 & 5.20). This implied 

a conser\^ative mbcing o f the less saline FC with the BC and supported the hypothesis that 
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the PC and the Rio de Plata supplied nutnent rich waters to this province, promoting 
chlorophyll a. A low correlation (0.07, Figure 5.19) was found between salinity and Cu(II) 
for this province suggesting that other influences besides mLxing o f water masses were 
dominant for Cu(II). 
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AMT 932, 936 and 938 

In summary the increased and variable concentration o f nutrients and Cu(II) at the 

southernmost A M T 9 stations in this province were due to strong coastal and internal 

advective and upwelling processes combined with mixing o f the BC with the FC. 

5.3.5 Vertical Profiles of C u ( I I ) 

5.3.5.1 Overview 

The vertical distribution (0 - 250 m) o f Cu(II), the nutrients NO3, N O j , PO4 and 

Si(OH), the hydrographic data for temperature (T), salinity (S) (with a T-S plot describing 

the structure o f the upper water column) and transmissometer readings with biological 
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(chlorophyll o) obser\-aaons are presented for 10 selected A M T 9 stations (Figures 5.22 -

5.31). Each depth profile represents an Adanric biogcochemical province based on the 

designation of Hooker el aL, (2000), as far south as the northern boundary of the South 

American shelf province, the limit of Cu(ll) determinations on A M T 9 and for which no 

vertical profiles are shown. For discussion purposes, the Canar)' Current and Canar>' 

Upwelling are combined under one heading. ITie data is summarised in Table 5.14. 

The range o f diverse input, removal and physical oceanographic processes imposed 

fluctuations in the depth profile of Cu(ll) during A M T 9, with an interpretation of these 

interrelated mechanisms also presented. ITie depth profiles show Cu(n) behaving as a bio-

intermediate element displaying nutrient type surface depletion due to biotic uptake and 

complexation, removal in the upper water column due to these same processes and SPM 

scavenging, with a gradual regeneration of Cu(lT) through the lower water column water 

resulting from biomass degradation and benthic regeneration (Chester, 2000). Precision o f 

the FI-CL analyser during determination of Cu(II) in sub-aliquots from the same Inter-

Ocean sampler botde and the same HDPE sample botde was 7 % r.s.d. (n=4). 

5.3.5.2 European Continental Shelf Waters ( E C S W ) (AMT 901) 

This station (Figure 5.21) was situated close to the steeply shelving continental shelf 

break (500 m) and represented a dynamic transition zone between oceanic and shelf 

regimes. It was a nutrient rich zone with the dominant currents moving up the continental 

slope. In the surface and subsurface water (0 - 40 m), concentrations of all macro-nutrients 

were relatively high (Figure 5.21) in contrast to open ocean provinces further south where 

concentrations were generally < L O D (0.02 | iM) . The significant increase in nutrients 

(nutricline) and decrease in temperature (thcrmocline) and slight rise in salinit}' at 50 m 

suggested a strongly stratified rruxed layer at a shallow depth and also provided evidence of 

upwelled waters. The temperaturc-salinit)' plot indicated litde rruxing o f water masses with 

a front indicated a t 4 7 
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Tabic 5.14 Mean Upper Water Column (0 - 250 m) Paranicicrs Along A M T 9 Transect 

O c e a n i c Province Lutitude J - Day Station T e m p Salinity C i i ( I I ) C h l r ;/ N O j NO2 

( H o o k e r et a/., 2000) ( O Q ( n M ) 

BU Cont. Shelf Water (liCSWO 50-48 *̂ 'N 262-263 901 

902 

14.6 35.6 5.0 
3.3 

1.03 0.32 3.92 2.10 

N. Atlantic Drift (NiuD) 48-37 t'N 265-266 904 

905 

16.3 36.0 2.7 
2.7 

0.35 0.20 2.71 1.86 

N. Atl. Subtropical Gyre East 37-26.7 ON 267-268 906 19.4 36.6 No Data 0.26 0.04 0.51 0.85 

(NASE) 907 

Cannr)' Current (CanC) 26.7-20.5 ON 269 908 20.0 36.7 2.7 0.32 0.16 1.77 1.22 

Can. Current Upwelling (CCUp) 20.5-15.7 ON 270 910 18.7 36,4 2.5 0.43 0.66 6.01 2.56 

N. Equatorial Current (NcqC) 15.7-12.4 ON 271 912 18.2 35.6 No Data 0.77 0.96 8.03 3.78 

Guinea Dome (Gdom) 12.4-7.9 ON 272 914 18.4 35.6 2.6 0.51 0.99 8,8 5.14 

N. Equatorial Counter Current 
( N E C C ) 

7.9-1 ON 273-274 916 
918 

22.5 35.7 
1.6 

0.64 0.44 3.81 3.21 

S. Equatorial Current (SEqC) 
(SeqC) 

I0iv)_i4.6 0s 275-278 919 
925 

22.5 36.3 919-2.8 
925- 2.0 

0.42 
0.32 

0.46 
0.35 

3.55 
1.27 

3.20 
5.27 

S. Atlanric Tropical Gyre S A T G 14.6-30 OS 279-282 927 
934 

22.2 
20.8 

36.8 
36.6 

932- 1.9 0.33 
0.38 

0.22 
0.13 

0.81 
0.88 

1.52 
1.57 

Brazil Current BraC 30- 35 OS 283, 284 936 
938 

17.7 36.1 936- 1.1 
938- 1.2 

0.51 0.11 1.29 1.50 

S. American Shelf SASh 35- 39.6 OS 285 940 1 14.5 35.5 No Data 0.89 0.78 3.13 2.53 

Cu(lT) concnctraions atid the hydrographic data presented are mean values for the upper water (0 — 250 m) colutnn 
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Shipboard and land based dctcrminadon of Cu(ll) gave similar verucal profiles 
although concentrations were higher in the latter due to acidificauon and storage (Secdon 
5.3.4.4). 'iTic clean room values are discussed for all the selected depth profiles. Surface (7 
m) Cu(Il)at 3.0 nM suggested a strong continental anthropogenic contribudon resulting in 
raised Cu concentrations as also reported by van de Loeff (1.8 - 2.8 nM, 1997), with a 
small Cu(Il) peak at 25 m (3.45 nM). ITiis was followed by a reduction in Cu(Il) due to 
biomass uptake and complexation by exudation of organic ligands to reduce the free Cu(ll) 
ion and thus its toxicit)'. 

A lower Cu(II) concentration (2.3 nM) was seen at the nutricline/thermoclinc (50 

m) due to increased SPM scavenging, biomass uptake and organic complcxation. Below the 

stratified layer a slow rise in Cu(ll) occurred due to regenerative release of particulate 

bound and intracellular Cu coupled with a further rise at 250 m due to shelf sedimentar)-

regeneration (Kremling, 1983, Westerlund et al., 1986, Pohl et al., 1993). ITie latter process 

was aided by strong bottom water currents at the European continental margin (Tappin et 

a!., 1993). Mean upper water column Cu(ll) declined to 2.7 nM at A M T 904 and 1.9 nM at 

905 (NAD). 

At this station the chlorophyll a^^^ (1.7 |ag 1'') was found at the surface (8 m), the 

shallowest chlorophyll a^^ observed on A M T 9, with raised subsurface values (^ 1.4 | ig l ') 

in the strongly stratified layer down to 52 m, just below the nutricline/thermocline. 

Chlorophyll a then exhibited rapid reduction with depth, due principally to light limitation. 

A similar chlorophyll a profile was found on the South American Shelf (AMT 938 and 

940). 

5.3.5.3 North Atlantic Subtropical Gyre East ( N A S E ) (AMT 908) 

At this station (Figure 5.22) on the northern boundar)' of the Canar)' upwcUing 

zone, E N A W was overlain to a depth of ^ 90 - 100 m by E N A W t (Section 5.3.3), as 

indicated by the thermocline and halocline at 90 - 120 m. Further significant decreases in 

salinit}^ were obser\'ed at ^ 120 m and 230 m. The sharp disconformit)^ in the tcmperature-

salinit)' plot indicated the presence of two water masses. 

Cu(II) concentrations were higher in ENAWt than in the underlying ENAW. An 

open ocean surface maximum at 3.9 nM (Section 5.3.4.8) identified a surface enrichment 

followed by subsurface depletion to ~~ 2.5 nM due to biological uptake and/or biomass 

complexation o f Cu(ll) . Cu(II) peaked at the thermocline/nutricline (Cu(II),„3j; 4.0 nM) due 

to slow diffusion of seawater elements across the stratified boundarj' and therefore 
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collection of these elements just above the stratified boundary'. A t greater depths Cu(!l) fell 
rapidly to ^ 1.2 nM due to scavenging and transition to ENAW. A t 230 m, close to the 
profile bottom, Cu(II) rose substantially (3.2 nM) due to Cu in a filament of upwelled 
waters as indicated by a change in salinit)' and steadying o f temperature at this depth. At 
this station the mbdng of water masses was vei^' influential in determining Cu(il) 
concentrations (I^e Gall el a/., 1999), with atmospheric inputs and the advection south o f 
Cu rich waters (Section 5.3.4.8) also contributing to the raised concentrations obscr\-ed in 
this profile. 

Mean upper water column Cu(II) concentrations continued to decline to 1.8 nM in 

NASE due to the reduction in aerosol flux with increasing distance from the continental 

anthropogenic source, the absence of shelf inputs (water column > / = to 3 km) in 

conjunction with biological uptake and a small amount of particle scavenging. 

Chlorophyll a concentrations were low in surface and subsurface waters ( -0 2 -0.3 

Mg r ' ) with a deeper chlorophyll f ^ 0 l ') at 92 m, coincident with the rise in 

nutrient concentrations at the thermocline and the change in water masses. Chlorophyll a 

values reduced rapidly below the thermocline to less than the L O D at 230 m. 

This station also exhibited surface water (< 80 m) depletion of macro-nutrients 

widi N O j , N O , and P O „ below the L O D (< = 0.02 ) iM, although a low level of Si(OH), 

was found) in conjunction with elevated surface salinit)' (36.8) and temperature which were 

all t)'pical of an oUgotrophic g)'re. The significant rise in nutrient concentrations at 90 - 120 

m was probably due to slow diffusion of seawater elements through the stratified layer and 

therefore the retention of material at this deep haloclinc. Nutrient concentrations rose 

slowly between 120 and 230 m with a second nutriclinc at 230 m, probably due to a 

filament of upwelled water as indicated by temperature and salinit)' data. 

5.3.5.4 Canary Current/Canaty Upwelling (AMT 910) 

Located o f f the West African coast this station (Figure 5.23) received inputs from 

episodic atmospheric deposition and seasonal upwelling of enriched sub-surface water. ITie 

physical structure of the upper water column was complicated, consisting of a shallow, well 

defined surface layer with a sharp salinit)' discontinuit)' between 45 - 62 m (halocline) and 

weaker thermocline at ^ 30 - 50 m. The tcmperarure-salinit)' plot clearly showed 

Equatorial Surface Water influenced by the North Equatorial Current, overlying ENAW of 

increased salirut)' at 40 m. 

Surface Cu(Il) were higher than at many other A M T 9 stations due in part to the 

advection south of Cu enriched waters. This implied that Cu concentrations were the 
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integrated effect of long term Cu inputs (van der Loeff et a!., 1997). A further Cu(ll) input 
was aeolian Saharan dust (Section 5.3.4.8) as evidenced by ver)' hazy skies on A M T 9. 
Concentrations o f Cu(n) were relatively constant at 2.6 nM in the upper 110 m due to the 
Cu(ll) removal processes of SPM scavenging, a pronounced mixed layer effect retaining 
SPM in the upper 50/60 m, bio-uptake and organic complexation. The Cu(ll) fluctuations 
correlated with the salimt)^ profile. 

Upwelled waters could also have raised Cu(ll) values at A M T 910, since upwelled 

water with lower concentrations of organic ligands may increase the free Cu(ll) 

concentration without significantly affecting total Cu (Saager, 1994, from van der Loeff, 

1997). The upwelled waters had not reccndy passed over shelf sediments (water column > 

3.6 km) and therefore a Cu input from sedimentary regeneration processes was unlikely. 

Below 110 m the Cu(ll) distribution reflected the influence of E N A W with a 

distinct subsurface Cu(ll) maxima (5.1 nM) at 130 m, probably due to the slow diffusion of 

chlorophyll (Vma^ across the stratified boundary and the subsequent release o f intra-cellular 

Cu. Thereafter Cu(II) fell sharply to 1.6 nM and then to consistendy sub-nanomolar values 

at die base of the vertical profile (250 m), due probably to biogenic particle scavenging. 

'ITie Canar)^ Current Upwelling zone was identified by a significant increase in 

surface and mean upper water column (0 - 250 m) of PO4 a small rise in surface 

N O 3 / N O 2 although still demonstrating surface depletion, and a significant rise in mean 

upper water column (0 - 250 m) of N O 3 / N O 2 and Si(OH)^ indicative o f fluvial inputs. 

Strong evidence of upwelled waters was provided by a sharp fall in salinity and temperature 

at the nutricline at 30 - 40 m, which itself indicated nutrients collecting at the stratified 

layer due to a low rate of advcctive rmxing across the halo/thermocline. Macronutricnts 

then declined to low concentrations at 60 m below the stratified layer. Thereafter 

concentrations o f NO3, PO4, and Si(OH)4 (although not N O j ) rose sharply, reaching a 

subsurface maximum at 250 m and also suggesting upwelled, nutrient rich water. 

Mean upper water column chlorophyll a concentrations rose at A M T 910 

compared to A M T 908, with a shallow but elevated chlorophyll ^̂ ^̂ ^ (1.7 \Xg 1"') at ~ 30 m, 

coincident widi the rise in nutrient concentrations through the photic zone, and in contrast 

with the oligotrophic g)'re to the north. Chlorophyll a was also high due to surface 

filaments from the main upwclling drifting offshore, indicated by the rise in onboard 

fluorescence (p.m. of JD 270). Deeper than 30 m chlorophyll a reduced rapidly to low 

concentrations o f 0.1 and 0.2 \xg at 75 to 250 m respectively. The chlorophyll a did not 

rise in correlation with the steady increase in nutrient concentrations in the upwelled waters 

indicating a further bio-limiting aspect, most probably light. 
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5.3.5.5 Guinea Dome (AMT 914) 

Located in the Guinea Dome on the northern boundar)' of the ITCZ ( 1 0 - 0 

A M T 914 (Figure 5.24) exhibited reduced surface salinic)' (0 - 25 m 35.6) compared to 

A M T 910 (36.3) due to shower acdvity of the ITCZ. The shaUow (32 m), weU defined 

halocline and thermocline indicated the Guinea Dome (see also Figure 5.14) which 

consisted of Equatorial Surface Water (0 - 30 m) overlying the markedly less saline and 

colder South Adanuc Central Water. The presence of two water masses was also indicated 

by the change in temperature-salinit)' plot (Figure 5.24, g). 

Surface Cu(Il) concentrations fluctuated between 1.4 nM (7 m) to 2.2 nM (20 m) 

and back to 1.2 nM (30 m) due to biogenic surface depletion followed by particle exchange 

processes. The vertical Cu(ll) profile was generally lower than at A M T 910 due in part to a 

reduction in Saharan aerosol inputs (Section 5.3.4.9), although the skies were still hazy with 

Sflharan dust. lT»e mean upper water column Cu(li) (2.57 nM) was similar to the Canarj' 

Current and Upwelling zone (AMT 910) reflecting similar Cu inputs and regeneration 

mechanisms. 

Cu(II) rose sharply to 6.1 nM beyond the stratified layer (30 to 50 m), the highest 

A M T 9 Cu(ll) concentration and which coincided with the rapid reduction in chlorophyll 

a. This rise in Cu(n) was most probably due to intra and ex tea-cellular regeneration o f 

Cu(ll) from SPM that had slowly diffused across the sharp, stratified boundar\', coupled 

with the transition to SACW with its inhcrcndy higher Cu concentrations. After the 

chlorophyll max, Cu(ll) values fell sharply to - 1 nM at 70 m due to particle scavengiiig, 

with a rise to 4.6 nM at 250 m due to regenerative processes and the influence of upwelled 

waters which became the dominant water mass at > 80 m (Guinea Dome, Figure 5.14). 

The lower concentration of dissolved organic carbon (DOC) in the upwclled waters may 

have contributed to the level of the free Cu(II) ion without altering the total Cu value 

(Saager, 1994, van der Loeff et ai, 1997). 

The mean, upper water column, macronutrient values continued the rise first seen 

at A M T 910, reaching a maximum at the southern boundar)' o f the Guinea Dome. After 

surface depletion, the sharp increases in N O j , PO^, and Si(OH)4 between 30 - 40 m were 

due to the transition to SACW with its raised nutrient concentrations, coupled to upwclled 

nutrient rich waters obser\'ed through the remaining depth profile, l l i i s resulted in a 

nutrient profile that was consistendy raised at depth in contrast to the slow increase with 

depth observed at A M T 910. Surface chlorophyll (/was low, rising sharply to a maximum at 

207 



Chapter 5 Deployment of FI-CL Analyser on Atlantic Meridional Transect 

32 m, correlacing with the well defined nutricline, thermocline and halocline. Chlorophyll a 
thereafter declined sharply limited by light rather than nutrient concentrations. 

5.3.5.6 Equatorial Inter Tropical Convergence Zone ( I T C Z ) (AMT 918) 

Situated close to the equator in the ITCZ, A M T 918 ( - 3 ° N , figure 27) exhibited 

a complex water column structure with salinit)' fluctuations between 65 - 100 m. 

Compacted isotheonals (Figure 5.14) indicated a strongly stratified layer of Equatorial 

Surface Water overlying South Adandc Central Water, with a sharp thermocline and 

halocline, deeper than at previous A M T stations at - 90 m. Reduced surface salinity (35.5) 

due to recent rain events indicated this station's location in the ITCZ (Hebners and 

Schrcms, 1995; Church ef aL, 1990) coupled to the influence o f the freshwater plume of the 

River Amazon (Dessier and Donguy, 1994, van der Locff et a/., 1997), which was also 

indicated by the raised surface Si(OH)4 (Figure 5.15 (c). Mean upper water column (0 — 250 

m) salinjt)' concentrations remained low (35.7) in the North Equatorial Counter Current 

due to rainfall although this value rose in the South Equatorial Current (SeqC - 36.3). The 

tempcrature-salinit)' plot (Figure 5.25, (g)) again indicated a change of water masses. 

Mean upper water column Cu(ll) concentrations fluctuated at this and subsequent 

equatorial stations and south to the South Atiantic Gyre compared to the relatively stable 

mean Cu(il) concentrations (-- 2.6 nM) from 48 ^ to 8 ° N . 'ITirough the ITCZ mean 

upper water column Cu(II) declined to 1.56 nM at A M T 918, rising to 2.75 nM at A M T 

919 in the SEC and then falling to 2 nM at A M T 925 on the northern boundat)' of South 

Atlantic Gyre. 

The complex vertical Cu(ll) distribution ranged from 1 nM (7m), climbing 

steeply to 2.6 nM (40 m) due to Cu inputs from rain events (Helmets and Schrcm, 1995; 

Church el al., 1990) and the Amazon River (Dessier and Donguy, 1994, van de Loeff, 1996) 

(Section 5.3.4.3 - North Equatorial Current/Guinea Dome and N . & S Equatorial 

Currents). A sharp fall in Cu(II) to - 0.7 nM (60 - 80 m) coincided with this station's 

chlorophyll a max at 66 m, and was due to biological uptake and complexation by organic 

exudates and increased particulate scavenging. At 85 m, Cu(ll) rose sharply due to the 

transition to South Adantic Surface Water with its higher Cu(ll) content and due to 

regenerative release o f Cu from material that has diffused across the stratified boundary'. 

Cu(ll) concentrations then varied between - 2 nM and 2.6 nM, before decreasing to 0.5 

nM at the profile base because of particulate processes. 

Surface nutrients were depleted with the equatorial upwelling indicated by the sharp 

nutricline at 90 m, the stratified boundar)'. Although still low, nutrients then rose sharply 
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due to the transition to SACW and the nutrient rich upwelled waters. In the North 
Equatorial Counter Current (NECC) and South Equatorial Current (SeqC) flowing through 
this province, the mean upper water column nutrient and chlorophyll a concentrations fcU 
substantially approaching the oligotrophic SATG, apart from nitrite in the latter part of the 
SeqC. 

Increasing on-board fluorescence concentrations through p.m. of JD 274 indicated 

the equatorial upwelling, the equator being crossed at 0647 on JD 275. Surface (7 m) 

chlorophyll a concentrations of 0.26 | ig 1"' were similar to those in the North Atiantic 

Subtropical Gyre East (37 - 26.7 but lower than found at A M T 910 and 914. At A M T 

918 chlorophyll deepened to 66 m, concentrations remaining raised down to the 

thermocline/nutricline (^ 90 m) suggesting a retention of nutrients at the stratified 

boundar)' which increased the chlorophyll a concentration. Chlorophyll a then fell sharply 

despite raised nutrient concentrations suggesting photo-limitation. 

5.3.5.7 South Equatorial Current (AMT 919) 

At this first South Atiantic station (0.8 "̂ S, Figure 5.26) the vertical distribution of 

nutrients, temperature and salinit)' were similar to A M T 918 and can be explained by the 

same oceanographic processes. However, salinity concentrations rose due to departure 

from the ITC2 and the thermocline, halocline and nutricline were less pronounced. Cu(ll) 

concentrations fluctuated between 1.0 to 0.4 nM (8 — 40 m) in the mixed layer with a sharp 

sub-surface maxima of 3.7 nM at the thermocline/nutricline (70 m) probably due to 

retention of material at the boundar)'. Past the boundar)', Cu(ll) concentrations declined 

sharply to ^ 1 nM, before rising to 3.0 nM (120 m) and then falling to sub-nanomolar 

concentrations at the profile base. 

Onboard fluorescence increased overnight which corresponded to higher surface 

chlorophyll a values ( - 0.5 ^g 1") than just north of the equator (AMT 918). At A M T 919 

thereafter concentrations remained constant at 0.5 pg 1"' from 8 to 71m, a lower level 

than at A M T 918 with no sharp subsurface peak obser\'ed, possibly due to the absence of 

Amazon Water. The chlorophyll maximum (DCM) was deeper at 71 m than at A M T 918. 

5.3.5.8 South Equatorial Current (AMT 925) 

Located in the South Equatorial Current in the northwest of the South Adantic 

Tropical Gyre (SATG), this remote station (Figure 5.27) did not receive any shelf upwelling 

or any significant dr)' deposition. The upper water column (0 - 250m) was characterised by 
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a deep stranfied layer (~150 m) o f Equatorial Surface Water overlying South Atiantic 
Central Water, with a distinct thermocline and halocline. Surface salinity was high (37.0) 
compared with more northerly stations, due to the high water temperature through this 
equatonal region. 

The vertical distribution o f Cu(ir) was complex with 0.85 n M at 7 m, a sub-surface 

maxima of 2.9 n M (60 m) before falling to -1.9 n M at 140 m (thermo/halocline) because 

of SPM scavenging. Long distance dry atmosphenc deposition o f Cu(II), which has a long 

residence time in seawater compared with . \ 1 , was integrated into the anti-clockwise 

circnjlatory pattern o f the SATG, and combined with trace metal nch rain (Cu 0.28 to 0.45 

Hg I ' ) , this region receiving rainfall o f incrt»ased intensity (Helmers and Schrems, 1995). 

A good correlation (R^ 0.7246) was found between Cu(II) and chlorophyll a at 

A M T 925 (Figure 5.31) suggesting a coupling o f biological activity to Cu(ll) concentrations. 
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Figure 531 Rcladonship Bctuccn Cu(n) and Chlorophyll a Through the Upper Water 

Column at AMT 925 in the South Atlantic Oligotrophic Gyre 

The chlorophyll (0.48 ^ig I \ 150 m) coincided with a sharp reduction in Cu(II) 

due to biological uptake, biogenic organic complexation and particle scavenging (see also 

A M T 914, 918) at the stratified boundary. At 160 m, Cu(II) values rose quickly to 2.6 n M 

due to the transition to Cu(ir) nch SACW and Cu(II) regeneration f rom biogenic particles 

that had diffused across the stratified boundary. Sunda and Huntsman, (1995) also reported 

phytoplankton uptake and regeneration as dominating open ocean Cu concentrations, 

llirough the remaining profile Cu(II) concentrations vancd little (2.2 - 2.7 nM), any 

variance being due to particle exchange processes. 

A t A M T 925 macro-nutrients were depleted with only PO4 being > L O D (0.02 

^iM) above 160 m, with a less well defined nutncline due to greater advective mixing across 

the stratified boundary. Nutrients rose steadily through the remaining profile due to the 

higher concentrations in the SACW, although remained lower than at A M T 918 and 919. 
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Surface chlorophyU a concentrations were the lowest yet obser\'ed on A M T 9, with a deep 
but low concentration chlorophyll a max (0.48 jig l ') at the thermocline (150 m). This was 
made possible by light penetrating the clear pristine waters, which, with the low nutrient 
and chlorophyll a levels was characteristic of the oligotrophic South Adantic Tropical Gyre 
(SATG). 

5.3.5.9 South Atlantic Tropical Gyre (AMT 932) 

This station in die west of the SATG, - 400 km east of the South American coast, 

received intensive rainfall (-- lOOO mm a ', Helmers and Schrcms, 1995) and dry continental 

deposition. The upper water column (Figure 5.28) was physically homogenous with steady 

but (compared to other A M T stations) raised temperature (22.5 °C) and salinity (37.1) 

profiles down to 160 m, with a distinct deep-water thermocline/halocline and stratified 

waters. Both parameters then fell quite sharply to 16.8 °C and 35.7 (250 m). This indicated 

the intrusion of colder less saline waters, e.g. Antarctic waters. 

At A M T 932, the mean upper water column Cu(ll) concentration was generally low 

(1.9 nNI). Surface Cu(ll) (1.2 nM, open ocean) was consistent with those encountered 

southwards from 914 (0.9 ^ ^ ) , reaching a subsurface maximum (2.9 nM) at 50 m, probably 

due to episodic wet and dr)' atmospheric Cu deposition and subsequent particulate 

exchange. Reductions in Cu(ll) correlated with two deep chlorophyll a maximums at 72 

and 122 m suggesting biological coupling e.g. uptake or complexation of Cu(ll) . Cu(ll) 

then fell at 160 m, the stratified boundary', rising at the profile base due to particle 

regenerative processes and the possible intrusion o f Antarctic waters witli elevated Cu 

concentrations. 

Down to -160 m NO3 and N O j were below the L O D (< =0.02 | iM) , PO4 was low 

(0.04 f iM) although Si(OH)4 at 1.2 | i M suggested a South American fluvial or rain input. 

ITie low nutrient level and the deep-water stratification were t)'pical of an oligotrophic g)'re. 

At depths greater dian 160 m, PO4, Si(OH)4 and especially NO3 increased sharply, 

indicative of the intrusion of nutrient rich Antarctic waters, was consistendy low ( - 0.43 | ig 

r ') down to the stratified boundar)' (160 m), with the two deep chlorophyll a maximums 

(72 and 122 m). Chlorophyll a then fell sharply after the stratification to 0.08 | ig 1"'. 

5.3.5.10 BraziUan Current (AMT 936) 

Trends similar to A M T 932, but at shallower depths were obser\'ed at A M T 936 

(Figure 5.29) with a more physically homogenous water column (Figure 5.14). Salinit)' and 

temperature were reduced due to increased departure from the tropics, with a stratified 
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boundary' and nutricline at ^ 90 m. Nutrients were generally low in the mixed layer, with 
Si(OH)4 (as at A M T 932) and N O 2 being the highest. In the mixed layer chlorophyll a 
concentrations were slighdy higher than at A M T 932, although consistent at — 0.5 | ig 1"', 
with a broad chlorophyll a maxima at 52 m (-^ 0.7 | ig l ') and raised concentrations down to 
72 m, coincident with the collection of nutrients above the stratified layer. ChlorophyU a 
concentrations declined sharply beyond the stratification (90 m). 

Surface and sub-surface (< 30 m) Cu(II) were sub-nanomolar (0.7, 0.8 nM) rising to 

1.3 nM at 70 m, prior to a significant depletion to 0.14 n M (80 m) the lowest Cu(II) level 

obser\'ed on A M T 9 and which coincided with the raised chlorophyll a concentrations. 

This was probably due to biological uptake, organic complexation through biomass 

exudates (a toxicological response), coupled with biogenic SPM scavenging. A t the 

stratified layer (90 m), Cu(ll) values rose significandy again (2.52 n^I) due to the release of 

intra and extra-cellular Cu from particulate regenerative processes. A t greater depths Cu(ll) 

concentrations feD to 2.2 nM, followed by a sharp fall to 0.4 n M (200 m) prior to rising 

again at 250 m (0.7 nM), possibly due to sedimentary regeneration from the South 

American Shelf 

5.3.5.11 Brazilian Current/Falklands Current/South American Shelf (AMT 938) 

Located in the vicinit}' of the Brazil and Falklands Currents Confluence (Section 

5.3.3.2), an intense mixing zone several degrees of latitude wide, and on the South 

American Shelf, this station (~ 34 ^S, Figure 5.30) had a broadly temperate, non-stratificd, 

homogenous upper water column of South Adantic Central Water. Halo and isothermals 

(Figure 5.14) had a vertical orientation down to 130 m, after which they became compacted 

and horizontally orientated, notably so between 150 m and 220 m. The narrow range of 

mean temperature and salinit)' were reduced due to departure from the sub-tropics and 

mixing with the less saline, colder sub-Antarctic water advected north by the FC. However, 

the range indicated the dominance of the warmer, more saline Brazilian Current (BC). The 

steady subsurface temperature and salinity (< 90 m) fell between 90 - 120 m and between 

120 - 170 m, thereafter showing consistency to 250 m. 

The mean upper water Cu(ll) was 1.2 nM. Surface Cu(ll) (1.5 nNQ was higher than 

at the previous station, probably due to advection south in the BC o f continental fluvial 

and atmospheric inputs coupled to local deposition. Concentrations of Cu(Il) then 

fluctuated between ^ 0.7 - 1.5 nM to past the chlorophyll maximum (small Cu(n) 

repletion) due to biological and particle exchange processes. Deeper than this Cu(il) 

correlated to NO3 and PO^, Cu(ll) rising substantially between 90 - 170 m (3.2 nM) due to 
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mixing with Cu and nutrient rich Antarctic water advected north in the FC, prior to Cu(Il) 
falling back sharply to ^ 1 nM (200 m). Cu(II) then rose to a station maximum o f 3.8 n M 
at 250 m due to Shelf regeneration and further mixing with Antarctic waters. At this station 
Cu(ll) concentrations were no longer dominated by biological processes as found in the 
oligotrophic g)'res (Sunda and Huntsman, 1995), but more influenced by rmxing o f water 
masses as also obser\'ed in the European Shelf waters. 

Nutrients at < 40 m were low, although Si(OH)4 (1.2 pM) and PO4 were higher 

than at A M T 925 and 932 in the South Adantic Tropical Gyre, probably due to advection 

south in the BC of continental fluvial and atmospheric inputs. At depths > 40 m NO3 and 

PO4 rose substantially reaching a maximum at — 160 m,with a smaller rise in Si(OH)4 f rom 

80 m, after which the nutrient profile became complex. A t 200 m NO3, PO4 and Si(OH)4 

fell whilst N O , rose rapidly. A t greater depths, N O j fell in contrast to the other nutrients. 

Chlorophyll a (< 50 m) was raised (~ 0.9 pg l ') compared with the latter A M T stations 

with a maximum at 52 m ( l l p g l ' ) , echoing a trend from A M T 932 (SATG) of higher 

clilorophyll a concentrations at shallower depths as the JCR approached Montevideo. 

Chlorophyll a concentrations then declined quite rapidly to 0.1 pg l ' at 140 m, remaining 

constant to the profile base. 

5.3.6 Latitudinal Distribution through the Upper Water Column 

The good vertical resolution coupled with the large spatial scale of A M T 9 (48 *^N 

to 38 *~'S) obtained through the daily CTD sampling protocol enabled an along track 

latitudinal/depth plot of Cu(ll) through the upper water column (0 - 250 m) of the 

Adantic to be constructed (Figure 5.32). The variation in Cu(II) reflected many of the 

biogeochemical processes described above. Cu inputs were fingerprinted and attributed to 

a variet)' of mechanisms including dry (e.g. Saharan) and wet (e.g. ITCZ) aerosol inputs, 

both lithogenic (African) and anthropogenic (European) in origin, shelf regeneration 

(European and S. American), upwelling (W. African coast) and biogenic influences. 

Onboard hydrographic data enabled idenafication of the water masses o f the upper water 

column as the JCR passed through the provinces along the A M T transect. The 

oceanographic profile o f the Adantic on A M T 9 was found to be ver}' much in agreement 

with previous Autumnal/Boreal Fall A M T cruises. 

Copper(ll) concentrations were higher in the North East Adantic than in the 

South West Adantic leflecting the increased anthropogenic influences in the Northern 

Hemisphere. Copper(lI) enriched waters were found at the European Shelf and to a lesser 
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extent at the Soudi Amencan break, with a decreasing Cu(II) gradient f rom coastal 
provinces to the Adantic Gyres, reflecting the reduced inputs and ongoing particulate 
scavenging o f Cu(II). Ennchment to the upper waters was observed at -45 and 30 
due to anthropogenic and aerosol/fluvial inputs resfxrctively. Raised Cu(II) concentrations 
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Figure 532 Combined Latitudinal and Depth Plot of Cu(II) Concentradons Along the 

AMT 9 Track 

were obser\'ed at mid depth in the North Adantic. ' I l ie elevated concentrations, especially 

in the surface waters o f the North East Atlantic Dr i f t (AMT 904) and Canary Current 

( . \MT 908) provinces, reflected the advection south o f Cu rich waters and Sah;iran dust 

inputs. Copper(II) exhibited less vanation through the equatonal and subtropical regions o f 

11 ° N to 21 °'S. Surface levels declined to 1 nM and upper water column (0 -250 m) 

values ranged between ~ 1 to 4 nM through this region due to hydrographic, biological and 

particulate processes. The Cu(II) nrachcd two subsurface m;L\ima. The lowest Cu(II) 

concentrations were found in the South Adantic Oopen ocean g )Te. The pattern observed 
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on A M T 9 reflected the highly variable nature of Cu fluxes in terms of frequency, duration 
and intensit)^ combined with seasonal influences. 

5.4 Conclusions 
Participation in the A M T 9 validated the FI-CL instrumentation, in adverse weather 

conditions and through a variet)' of water masses ranging from nutrient and SPM rich shelf 

and coastal zones to pristine, open ocean oligotrophic regions. Cu(ll) data along the A M T 

9 transect exhibited good precision with t}^pical RSD's o f 5 - 8 % (n=4). Instrument 

sensitivity^ and linear range easily encompassed the range of Cu(ll) found on A M T 9. 

During determination of Cu(II) all possible precautions were taken to minimise 

contamination and ensure analytical accuracy. 

A trace metal data set must show oceanographic consistency (Boyle et al^ 1977), 

which has been demonstrated for the Cu(II) data obtained by FI-CL on A M T 9. The 

Cu(ll) surface distribution on A M T 9 was in good agreement with pre\nously reported 

trans-Adantic surface Cu data from van de Loeff et ai., (1997) obtained on a geographically 

similar transect and with Boyle (1981) who sampled at many similar locations. The Cu(ll) 

surface distribution on A M T 9 also agreed with that derived by discrete sampling at 

selected locations or over shorter cruises closer to the U K e.g. ICremling and Pohl (1989). 

The small differences can be attributed to the different analytical methodologies used and 

reflected variance due to sampling in a dynamic oceanographic regime, coupled to seasonal 

and episodic events. During A M T 9, Cu(II) data was operationally defined by filtration (0.4 

j iM) to minimise the SPM exchangeable fraction o f Cu determined which otherwise, 

especially for regions underlying high lithogenic input e.g. o f f the African coast, could 

increase the level of Cu(II) obserx-̂ ed. Operational definition also included acidification (Q-

HNO3) to prescr\^e samples and which, as shown in Chapter 6 of this study, can release a 

fraction of the organically complexed and colloidal Cu(n). During A M T 9, the FI-CL 

instrumentation exhibited high sensitivity and it was possible to distinguish beuveen water 

masses of differing Cu(l I) content. 

Surface water concentrations o f Cu(Il) during A M T 9 exhibited a high degree o f 

spatial variability due to a number of oceanographic influences, with higher concentrations 

in the North East Adantic compared to the South West Adanric. Enrichments were 

superimposed on an otherwise decreasing N E - SW gradient of Cu(l!) concentrations. 

Elevated surface Cu(II) concentrations were obserx-̂ ed in European Shelf Waters due to 

anthropogenic, riverine and sedimentar)' regeneration processes. A rapid decline in Cu(ll) 
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concentrations was obser\'ed through the N E A G region although concentrations were still 
higher than stations further south e.g. in the SATG, due to advection south of Cu(ll) rich 
waters and the slow rate of Cu(II) scavenging. Copper(II) enrichment (3.9 nM, 25.3 
was obser\'ed o f f the West Coast of Africa due to enhanced lithogenic aerosol particle 
deposition e.g. Saharan dust and low rate of removal. 

Copper(Il) concentrations gradually declined along the A M T 9 transect largely due 

to reduced inputs coupled to biological uptake and slow scavenging through tropical and 

equatorial waters. Concentrations of 2.6 nM were obser\'̂ ed in the Canar)' Current (20.6 

^ ^ ) , 1.4 nM in the Guinea dome (10.9 °N) and -1.0 nM across the equator. The narrow 

range of surface Cu(ll) obscr\'ed beuveen the equator and - 20 *̂S indicated Cu fluxes 

were in a steady state equilibrium through this region. ITie low concentrations of surface 

Cu(ll) obser\'ed through the oligotrophic SATG were largely governed by long range 

atmospheric fluxes. South of 25 Cu(ll) concentrations fluctuated due to variable South 

American aerosol dust, rain and fluvial inputs, shelf regeneration and Rio de Plata 

influences. ITiis simation was complicated by the intense rruxing zone o f the BC/FC under 

the influence of the coastal and internal advective processes. 

The vertical profiles (0 - 250 m) of Cu(ll) obtained for the A M T 9 transect 

represented a unique Cu(ll) data set and exhibited oceanographic consistency. Copper(ll) 

exliibited significant spatial variation ranging from 0.1 nM to 6.2 nM. In subsurface waters 

the distribution of Cu(Il) was influenced by particle scavenging, both of lithogenic and 

biogenic origin, coupled to biological uptake and/or organic complexation. Through the 

oligotrophic gyres, the biological mechanisms became dominant as illustrated by the high 

degree of correlation of chlorophyll a to Cu(ll) through these regions. Copper (11) did not 

become depleted through the g)'res and thus was not biolimiting due to less than optimum 

levels, although the toxicological response of the biomass to Cu(ll) was not clear. 

Cu(ll) inputs were fmgerptinted by the interpretation of geographical factors e.g. 

European and South American shelf influences, upwelling zones, fluvial inputs, wet and 

dr)' anthropogenic and lithogenic aerosol deposition in conjunction with hydrographic data 

(temperamre, salinit)^ and nutrient (N, P, and Si)). Through careful interpretation, it was 

possible to ascribe much of the subde variations in Cu(ll) concentration to biogeochemical 

responses such as variation of input mecharusms, oceanographic features and/or biological 

activit)', rather than sampling or analytical artefacts. However, the same interpretation was 

not possible with all data points reflecting the uncertainty that still exists regarding the 

complete biogeochemical cycling processes of Cu(Il). This highlights the need to include 
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shipboard trace metal analysis in future research cruises incorporating high resolution 
sampling over a long-term temporal and large spatial scale. 
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Chapter Six 
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Stage for the Determination of Total 

Cu(II) in Sea water by FI-CL 
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Chapter Six 

6.1 In troduc t ion 

Organic complexation o f Cu plays an important but as yet not fully defined role in 

the biogeocheiTiical cycling of Cu. "̂ This chapter describes the development of an on-line 

UV photooxidarion system to break down dissolved organic matter (DOM) in seawater, 

releasing organically complexed Cu and enabling the determination o f total Cu using the 

Fl-CL analyser described in Chapters Two and Three. A new photoojddadon system 

was designed as an on-line stage and fabricated with the aims of enabling near real time 

analysis for total dissolved Cu(Il), whilst promoting reproducible performance and 

maximising operational lifedme. Further objectives were to produce a robust on-line 

system to use in place of fragile convenuonal \jy irradiation systems e.g. silica coils and to 

aid safe Geld deployment by containment o f the ozone commonly produced during the 

operauon of lamps. The oxidant hydrogen peroxide was added to accelerate DOC 

breakdown efficiency, and the effect of heat was investigated. Humic acid (Aldrich) was 

used as a model organic compound, representing a high molecular weight organic 

compound, rich in aromadcs, which is well known for its refractor)' nature (Schnitzer, 

1972). Tamar River and Celdc Sea samples were also collected and analysed for labile 

Cu(ll) and total dissolved Cu(ll) using the newly designed on-line UY photooxidauon unit 

and hydrogen peroxide with Fl-CL dctecdon. The efficiency o f DOC breakdown by the 

new on-line system was verified by comparison with a humic acid sample that had 

undergone 4 h batch XJV irradiation thereby ensuring complete breakdown of the DOC. 

Further verification was supplied by the comparison of Cu(ll) recoveries as determined by 

Ff-CL with those by adsorptive cathodic stripping voltage (AdCSN-^ for an organic rich 

seawater sample from the Tamar Es^uar)^ 

6.2 E x p e r i m e n t a l 

6.2.1 Reagents 

Reagents for the determination of the Cu(ll) in seawater by Fl-CL were as 

described in Chapter Three. All samples were acidified to pH 2.0 by the addition of 80 | i l 

o f Q-HNO3 to 100 mL' ' o f sample. Humic standards were prepared in UHP water by 

adding 0.5 mg L ' of humic acid (Aldrich), resulting in a 194 mg C L * stock solution. A 15 

mg C L ' (76.1 m l L 'o f 194 mg C L * stock) and a 3 mg C L * (15.2 m l L * of 194 mg C L ' 

stock) working humic standard were prepared by serial dilution. ITie humic acid standards 

were refrigerated and found to be stable for 3 months. The humic acid had an elemental 
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ratio o f 36.7 % C, 4.7 % H and 1.7 % N as determined using a CHNS analyser (CE 

instruments EA 1110). A 10 m M HzOzaddition to the samples was achieved by adding 400 

^ll o f 1 M hydrogen peroxide stock solution (2.83 ml o f 8.8 M reagent to 20 ml o f UHP 

water, prepared daily) to a 40 ml sample. 

Total organic carbon ( T O Q analysis was performed on a Shimadzu TOC 5000 A 

analyser for which a 1000 | ig L'* potassium phthalate (C6H,(COOHg(COOH)) standard 

was prepared in low carbon UHP water (0.2125 g per 100 ml) and 10, 5, 2, 0.5 and 0.2 ^g 

L'^ standards were prepared by serial dilution. 

6.2.2 Instrumentation 

6.2.2.1 U V Instrumentation 

The UV irradiation for this study was produced by a 400 W, medium pressure 

mercury vapour lamp (Photochemical Reactors, model 3040, Figure 6.1), with a typical 

spectral output shown in Figure 6.2. l ^ e lamp was encapsulated in a quartz immersion 

chamber, purpose designed for this study and positioned in an in-house designed 

aluminium housing as shown in Figures 6.3 to 6.5. 

Overall Length 380 mm 

Discharge Length 230 mm 

2. 

I f i mm 

H g Deposition 

Quartz Envelope 

Figure 6.1 400 W Medium Pressure Mercury Lamp - Lamp Only - Figure 6.1 shows a 

previously used lamp, with a new lamp used for this UV study. 
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\rbitrar\ 

L 
^ ^ ^ '*a 

Figure 6.2 Spectrum of 400 W Medium Pressure Mercury' Lamp 

The 400 W UV lamp had a radiant output of 5 x 10'^ photons per molecule as 

measured by ferrioxalate actinometr)' (l^hotochemical Reactors). ITie Hg deposiuon at the 

ends of the quartz envelope, caused by unequal cooling can be clearly seen (Secdon 6.3.1). 

The 400 W medium pressure lamp emitted predominately 365 - 366 nm radiadon with 

lower intensiucs at die shorter l A ' wavelengths of 254, 265, 270, 280, 289, 297, 302, 313 

and 334 nm. Also present were the visible bands at 405 - 408, 436, 546 and 577 - 579 nm. 

An cssendal component of the new on-line UV irradiation system was a purpose designed 

quartz immersion well consisdng of a double walled quartz water jacket surrounding the 

UV irradiation system (Figures 6.4 and 6.5), which was fabricated in-house. 

A photoreactor coil was designed using fluoro-ethylene polymer (FEP) tubing (0.8 

mm i.d., 1.6 mm o.d., 9 m length, 3.98 ml volume) wound around the quartz water jacket to 

enable on-line irradiadon o f the sample pumped through it. Both innovative design 

features are fully discussed in the Results and Discussion (Section 6.3). When used in batch 

irradiation mode, 8 quartz UV digestion tubes (30 ml volume, 18 mm i.d.), loosely closed 

with PTFE collars and screw caps, were placed in a ring around the UV lamp, with a 5 cm 

distance between the lamp and digestion mbe centres. A short on-line UV irradiation study 

was also conducted using a quartz, spiral photorcactor coil (1.0 mm i.d., ca. 3.5 m coiled 

length, 2.8 ml volume, consisting of 16 loops, each approximately 7 cm diameter) mounted 

in place of the quartz sample vials. A light-tight lid was fitted over the lamp, immersion 

well, photoreactor coil and batch digestion tubes. Two safet)' micro-switches were 
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Vent for void 

space of jacket 

< -L igh t Tight Casing 

Safety Micro Switches 

UV lamp on/off 

Fan on/off 

Junction & Switch Box 

Quartz sample digestion 
tubes for batch irradiation 

400 W medium pressure 
mercury lamp 

Electric fan 

Plan View Profile View 

Figure 6.3 Schematic of U V Photooxidation System Incorporating a 400W medium pressure Hg lamp and quartz water jacket. 
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Water Supply 

Lamp Support & Lid 
Support Collars 

Ozone Extraction Vent 
for Jacket Void space 

^ ^ f l Fan O n / O f O n / Q f f « 

\ \ ater 
Outlet 

Satety Micro 
Switches 

Voltage Control 
Switch Box 

Mounnng 
for Fan 

400 W UV 
I wimp 

Double Walled 
Quartz Water 

Jacket 

Figure 6.4 UV Photooxidation Lamp incorporating a 400W medium pressure Hg lamp and 

quartz ccx>ling jacket, uith thermocouple, light tight lid, side access plate and fan removed. 

were incorporated for o n / o f f operation o f the UV lamp and fan. Control o f fan operation 

enabled a 180 s lamp bum-in time to be used in batch irradiation mode and the fan ro be 

switched o f f when in on-line mode. Due to the nc^tive voltage-current characteristics o f 

arc sources, conventional low-impedance power supplies were not suitable. High voltage 
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power for the lamp was provided by a 400 W reactive type supply with a large mductance 
(Photochemical Reactors, model 3140). 'Il i is provided the high power required to initiate 
the arc o f the lamp, the power then being reduced for operation. 

Ozone Extraction Vent 
for Jacket Void Space 

Lamp Support & 
Lid support Collars 

Water Supply 

400 w \J\ Lamp 

'EP Photoreactor 
Coil 

Double Walled 
Quartz Water Jacket • | 

Figure 6.5 Double Walled Quartz Water Jacket with F E P Photoreactor Coil and Water 

Supply. 
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6.2.2.2 Organic Carbon Instrumentation 

Analysis for total organic carbon ( T O Q in the humic acid and seawater samples 

was conducted on a TOC-5000A analyser fitted with an .\SI 5000A autosampler (Figure 

6.6). The fraction o f organic carbon measured was operationally defined as dissolved 

organic carbon by filtration (0.4 Nuclepore) The Shimadzu instrument utilises a high 

temperature catalytic oxidation (HTCO) process to fully oxidise the DOC to COj , which 

was precisely measured by an infrared gas analyser (IRGA). The operational parameters for 

the TOC instrument are shown in Table 6.1. 

t 

Figure 6.6 Shimadzu T O C 5000A Analyser with ASI 5000A Auto Analyser and PC. 

Table 6.1 Shimadzu T O C 5000 A Operating Conditions 

Operating mode NPOC Air Sparging lOmin @150 p.s.i. 

Catalyst High Sense TC Carrier air stream 150 ml min^ Catalyst 
0.5 % Pt on M^O^ flow rate 

Syringe injection vol 266^1 Grubbs outiier test yes 

No of injections 5 Bubble removal O f f 

Injection Speed Standard Line wash 3 

No of washes 3 

NPOC - non purgeablc organic carbon m(xie of operation (see below) 
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A carrier air stream was purified by passing it through hydrocarbon and organic 
filters (Fisons, UK) followed by a moismre trap, prior to delivery to the instrument at a 
regulated flow rate o f 150 mL min*'. The instrument was operated in the high scnsidvit)' 
mode using the high sensiovit}^ TC Shimadzu column catalyst (0.5 % Pt on A l j O j housed in 
a quartz tube), which has over 98 % efficiency for converting total hydrocarbons and CO 
to CO2 under net oxidising conditions (Bauer et aL, 1993). 

All high sensitivit)' measurements were conducted in the non-purgeable organic 

carbon (NPOC) mode, during which inorganic C was purged prior to analysis for DOC. 

An aliquot of sample was injected into the TOC-5000 A column catalyst and combusted at 

680 ^C. The combustion products (CO2, H j O and radicals e.g. nitric oxide) were then 

passed through a H3PO4 solution (25 Vo) in the inorganic reaction vessel, which prevented 

the CO2 f rom being absorbed by the water vapour. The gas stream then passed through a 

halogen scrubber to remove the halogens that effect the infrared gas analyser (IRGA) 

during its detection of CO2- The signal count was integrated and recorded in a PC driven 

environment. 

6.2.2.3 Voltammetric Analysis 

Verification of the accuracy of the FI-CL Cu(Il) data for the Celtic Sea samples, 

was achieved by parallel determination of Cu(ll) by adsorprive cathodic stripping 

voltammctr)' (AdCS\Q, using a voltammetric analyser (Autolab PGSTAT 10, Ecochemie) 

connected to a hanging drop mercury' electrode (663 VA Stand, Metrohm). A CHNS 

analyser (CE instruments EA 1110) was used to determine the elemental composition of 

the Aldrich humic acid. 

6.2.3 Procedures 

6.2.3.1 Humic Standards 

Acidified (Q-HNO3, pH 2) and unacidified humic acid standards (3 and 15 mg C L' 

Aldrich) were compared to investigate the effect of sample acidification, commonly used 

to presence metal species, on DOC complexation o f Cu. Aliquots were also compared 

from the batch (4 h) and the on-line UV photo-oxidation system (100 - 600 s sample 

irradiation, achieved by alteration of sample flow rate) utilising a 400 W medium pressure 

mercur)' lamp (Section 6.2.2). The humic standard at 15 mg C L ' represented an organic 

rich aquatic system, the 3 mg C L"' humic acid equating to the maximum D O M level 

fj'picaUy found in surface seawater (0.5 - 2 mg C L"' (40 to 160 \xM C), Mopper and 

Kieber, 2000). 
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6.2.3.2 Hydrogen Peroxide and F E P Photoreactor Coil Temperature 

The effect of adding the oxidant H2O2 (10 ml^I) on the efficienc)' of DOC 

breakdown by \JV irradiation and the release o f Cu(Ii), was investigated utilising batch and 

on-lme UV modes. The temperature of the FEP photoreactor coil and thus the heating 

effect on the sample was regulated by control of the flow rate of the cooling water through 

the jacket. The temperature was monitored during both lamp burn-in time and operation 

using a Comark 2001 thermocouple attached to the mid position of the FEP photoreactor 

coil. 

6.2.3.3 Voltammctric Analysis 

For the voltammetric analysis 100 | i l of iV-hydroxyethylpiperazine-7V-2-

ethancsuiphonic acid (HEPES) pH buffer (1 M ; p H 7.7) (final concentration 10 mM, pH 

7.7) and 25 | i L of salicylaldoxime (SA, 0.1 M) as the AdCSV ligand was added to an aliquot 

of sample (10 mL). Quartz distilled ammonia (Q-NH^) was added for final pH adjustment 

of the sample. Standard solutions of Cu(Il) in the range lO"** - 10'̂  M were prepared by 

serial dilution of an atomic absorption standard solution (Spectrosol, 10,000 mg L' ') and 

acidified to pH 2 (Q-HCl). 

6.2.3.4 Cleaning Protocols 

All UV studies utilised the FEP photoreactor coil or batch UV method as 

indicated, with the exception of a preliminar)' U\'^ study with a Tamar estuarine sample, 

which used an on-line quartz coil, described in Section 6.2.2. Al l glass labwarc used for the 

TOC analysis was rigorously cleaned using a hot Decon™ detergent wash for 24 h, a UHP 

water rinse, followed by an acid clean (50 % Aristar HCl) for 5 days, rinsed again with UHP 

water followed by ashing at 400 °C in a muffle furnace. Al l plastic labware was rigorously 

cleaned using trace metal clean protocols (Section 2.2.5). 

6.2.3.5 Sample Collection 

Samples (35 PSU) from the Tamar Estuar)' were collected using trace metal clean 

sampling protocols. This entailed the use of polythene gloves, sampling upstream of the 

boat into trace metal free, acid cleaned high densit)' polyethylene (HDPE) botties (Section 

2.2.5), ijTimediately vacuum filtered (acid cleaned Nalgene, 500 ml volume) through acid 

cleaned polycarbonate membrane filters (0.4 | im, Nuclepore, 47 mm). The first 50 mL of 

filtrate was discarded to minimise the effects o f leaching from the filter, followed by sample 
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acidification to pH 2 (Q-HNOJ and storage in the dark at 4 *̂ C. The samples were 
analysed using a n\̂ o point standard addition immediately after batch irradiation (4 h) and 
again 50 min later to evaluate the effect on the 1,10-phenanthroline CL reaction of 
photochemical species, e.g. free radicals, produced during \JV irradiation. 

Celtic Sea samples were also collected, using trace metal clean protocols, during the 

PROPHEZE cruise on-board the RRS Discovery from 15'*'-30'** May 2000. A CIT) , 

mounted on a stainless steel rosette frame and fitted with acid cleaned Teflon® lined 

Niskin™ sample botdes was used for sampling. The samples were vacuum fiJcered on 

board (Nalgcne, acid cleaned, 500 ml capacity) through acid cleaned polycarbonate 

membrane filters (0.4 | im, Nuclcpore) into trace metal firee, acid cleaned (Section 2.2.5) 

HDPE sample botdes (250 ml; Nalgene) and stored frozen at - 20 *̂ C. To prevent airborne 

contamination all samples were thawed in a class 1000 clean room (University of 

Plymouth) and processed in a laminar flow hood (Bassaire, model A3\ 'B) . 

6.3 R e s u l t s a n d D i s c u s s i o n 

6.3.1 U V Irradiation System Design 

The \JV lamp was housed in a purpose built aluminium housing (Section 6.2.2). 

Deficiencies in the design of U\'^ instrumentation can reduce \JV lamp efficiency, 

reproducibility of sample irradiation and effective operating life of the U\ ' ' lamp. Fume 

hoods arc required to meet health and safet)' requirements to contain the ozone produced 

from UV photolysis o f the o.xygen in the air. Fans are also commonly used to coo! the 

sample tubes to prevent boiling. However, these can result in uneven cooling of the UV 

lamp, establishing a temperature gradient over its length, which causes Hg deposition at the 

ends of its quartz jacket. The automatic and continuous operation of the fan can also 

prevent the lamp reaching its optimal burn-in and operating temperatures, creating 

inefficient and irreproducible sample irradiation and causing further mercur)' deposition on 

the lamps quartz jacket. 

A quartz well reactor consisting of a double walled quartz water jacket (Figure 6.5) 

was designed and constructed to overcome these deficiencies and promote easier and safer 

use, particularly during shipboard deployment, of the on-line \JV system alongside the 

shipboard FI-CL analyser. The jacket design tather than an immersive design removed the 

contamination aspect that can occur with the latter design. Quartz (vitreous silica) was 

selected because it has a low coefficient of expansion, making it resilient to thermal shock, 

preventing the heat output of the mercur)' vapour UV lamp fracturing the jacket. Quartz 
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also has a transmittance range down to 180 nm, allowing the passage of the full \JW 
spectrum in comparison to ordinary' silicate glass (transmittance down to 380 run) (Skoog et 
aL, 1992), which would effectively filter out a significant portion of the UV spectral output 
of the Hg lamp at wavelengths of ca. 365 nm and below (Section 6.2.2, Figure 6.2). 

For batch irradiation, the new \JV lamp design incorporated a switch to prevent fan 

operation for the first three minutes, thereby allowing the \JV lamp to complete its burn-in 

time and reach the correct operating temperature. When used in on-line mode with die 

water jacket, the cooling water was not flowing for the first 180 s to achieve the burn in 

time, after which the flow through the jacket was regulated to maintain a pre-selected 

optimum temperature over the whole length of the FEP photoreactor coil. These actions 

minimised the deposition of Hg at the lamp ends thereby extending its effective operating 

life, promoted the maximum radiant output o f the spectrum and enabled reproducible 

sample irradiation to take place so removing the need to irradiate for long periods to ensure 

DOC breakdown. 

6,3.2 Photoreactor Temperature 

In the on-line mode the temperature of the FEP photoreactor coil was monitored 

using a Comark 2001 thermocouple fixed to the mid length point of the photorcactor coil 

f fable 6.2). 

Table 6.2 Temperature of F E P Photorcactor Coil 

UV Irradiation 
Time (s) 

F E P Temperature 
(°C) 

U V Irradiation 
Time (s) 

F E P Temperature 
ec) 

0 22 360 96 

30 28 390 96 

60 70 420 96 

90 86 480 96 

120 96 Sample Flowing 

150 106 500 85 
180-Water on 115 540 81 

185 119 600 81 

210 115 660 82 

240 110 720 82 

270 103 780 82 

300 100 840 82 

330 97 

After a 180 s burn in time for the \J\^ lamp an FEP temperature of 119 °C was 

recorded, and the water flow through the jacket was turned on. The water flow was 

regulated to maintain an FEP temperature of 96 °C after 360 s lamp operatiiig time. The 

229 



Chapters On-line UV Photo-oxidation with FI-CL Determination of Cu(Il) 

sample was pumped (1 mL min"', Gilson MiruPuls 3 pump) through the FEP photoreactor 
coil after 480 s lamp operating time, resulting in a 15 ° C drop in the temperature due to the 
cooling action of the sample stream. The temperature stabilised at ca. 82 °C after 540 s. 

Variation of the cooling water flow enabled the FEP photoreactor coil to be 

operated over a range o f temperatures, up to a maximum o f 137 °C, as shown in Table 6.3. 

Again, a 180 s \J\^ lamp bum in time was used. 

Table 6.3 Temperature of F E P Coil (sample on) at 0.5 m L min ' 

UV Irradiation 
Time (s) 

F E P Temperature U V Irradiation 
Time (s) 

F E P Temperature 
(^C) 

180 110 300 132 

210 115 330 133 

240 119 360 135 

270 125 390 137 

At a FEP temperature of 140 °C the water in the quartz jacket boiled. For all 

subsequent studies, the temperature of the FEP photoreactor coil was maintained at 98 

°C, thereby heating the sample during its passage through the FEP coii, which aided 

organic breakdown. Kolb et ol, (1992) reported an optimum temperamre of 94 *̂ C = / - 2 

"̂ C. Heating of the sample increased the reaction rate of the auto-oxidation reactions that 

arc the main pathways for UV degradation o f DOC. 

6.3.3 U V Irradiation time 

Altering the flow rate (Gilson MiniPuls 3 pump) o f the sample through the FEP 

photoreactor coil enabled the residence time and therefore the photooxidation time of the 

sample to be varied (Table 6.4). 

Tabic 6.4 Sample Irradiation Time (s) in F E P Reactor Coil 

Flow Rate U V Irradiation Flow Rate U V Irradiation 
(mL min ') Time (s) (mL min'*) Time (s) 

0.4 600 1.0 300 

0.6 500 1.2 200 

0.8 400 1.4 100 

The FEP photorcactor coil significandy increased the robusmess of the \JV lamp 

for field deployment in comparison to the very fragile silica coil previously used and was 

considerably cheaper. FEP is an inert and corrosion resistant copolymer o f 

tertrafluoroethene and hexafluoropropene and has been used extensively in the food 
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industr}' for irradiation purposes due to it allowing the passage of U \ ' light and being 
resistant to degradation (Badey, 1984). 

6.3.4 Ozone Production 

Oxygen in the air surrounding the XJV light undergoes photolysis at 184 nm to 

produce free oxygen, which combines with oxygen to produce toxic and explosive ozone 

(O'Neill, 1993). O^ ''^J^ 20* 

O* + O2 + M • O3 + M ' 

M = a molecular species 

Due to the continuous and unconfined production of O3, U\'^ lamps commonly 

require a fume hood ducted to the outside to comply with health and safety regulations. 

The water in the quartz jacket of the new design of lamp filtered wavelengths less than 200 

nm, so containing the formation of ozone to the void space between the lamp and the 

inner wall o f the water jacket encapsulating the lamp. 'iTie 400 W \JV lamp had a X max at 

366 nm with lower intensities at 254, 265, 270, 280, 289, 297, 302, 313 and 334 nm (Figure 

6.2) and therefore the amount of effective \JV radiation reaching the sample was not 

reduced by the water jacket. iTie void space was designed with vents to allow ozone 

extraction or flooding with an inert gas to minimise secondary photochemical reactions or 

products. These actions were not required and the vents were scaled, containing the O3 to 

the void space and therefore removing the need for a fume hood. The new design of the 

UV system thus significantiy enhanced the safe use o f the photooxidation system, 

particularly during field deployment, a considerable advantage for shipboard determination 

of total Cu(ll) and promoted its incorporation as an on-line U\'^ stage for the FI-CL 

instrumentation. 

6.3.5 Sample Acidification 

Sample treatment protocols prior to trace metal determination commonly use 

inorganic acidification (pH 2) to preser\'e the metal species in solution. The effect of 

acidification on DOC breakdown was investigated by comparing acidified and unacidificd 

(Q-HNO3, pH2) humic standards (3 and 15 mg C L ' without \JV irradiation or a chemical 

oxidant, e.g. H^Oj. Residual TOC (Figure 6.7) was determined using the Shimadzu TOC-

5000A instrument with the high sense catalyst in non-purgeable organic carbon (NPOC) 

mode. This removed the inorganic C present in the sample prior to TOC determination. 
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LnacKiifjcd Acidified 
15 

Unacidificd Acidified 

(CI (mgr- ) 

Figure 6.7 Acidification Study (Q-HNO5) The effects o f sample acidification on D O C 

breakdown (15 & 3 mg C L ' humic standards), conducted without UV irradiaoon or an added 

oxidant (H2O2). Error bars are 3s. 

The recovery o f DOC was reduced for both o f the 3 and 15 mg C L ' acidified 

aliquots in comparison with the unacidified aliquots. Acidification to pH 2 (Q-HNO3) 

therefore does degrade the weaker DOC complexes. In addition, acidified and unacidified 

aliquots of a filtered (Nuclepore 0.4 ^ m polycarbonate membrane, acid cleaned) Tamar 

Hstuan' sample were analysed for TOC without a Cu(II) addition, UV irradiation or the 

addition o f hydrogen peroxide. A significant reduction in the TOC recovered was seen for 

the acidified Tamar sample, supporting the hypothesis that DOC in seawater is broken 

down through acidification. 

In a further investigation the humic Siimple (3 mg C L *) was also spiked with 10 

and 5 nM Cu(II) additions and allowed to equilibrate for 24 and 40 h respectively to 

promote complexarion o f the Cu(II). After equilibration, acidified (pH 2, Q-HNO3) and 

unacidified aliquots were analysed for Cu(II) using the FI-CL analyser. UV irradiation or 

hydrogen peroxide were not used, l l i e acidified samples had a 40 % (24 h) and 35 % (40 h) 

greater recovery o f Cu(II) indicating acid degradation of the weaker DOC complexes and 

release o f the complexed Cu(II). At pH 2, the H* ions were in stoichiometric excess and 

protonation o f the humic acid also occurred, displacing the organically complexed Cu(II). 

As a control, acidified and unacidified aliquots o f humic acid (3 mg C L \ without 

UV irradiation or a Cu(II) spike) were analysed for Cu(II) and showed no significant 

difference. As a further control expenment, an acidified and unacidified Cu(ll) (10 nM) 

standard in L HP water without L \ ' irradiation showed no significant difference in recovery 

of Cu(II). Ilierefore, the increase in Cu(II) seen with acidified and L T irradiated samples 

containing DOC did not originate f rom the acid used for sample acidification or the humic 
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complex Itself but resulted From breakdown of the DOC releasing the complexed Cu(II). 
l l i e increase in Cu(II) seen with acidification has implicanons for the determination o f 
trace metals that have an operahonaJ definition o f sample preservation by inorganic 
acidification to ca. pH 2. 

Invesngahons o f the direct effect o f UV^ irradiation or the indirect action o f the 

photo-reachve species produced e.g. free radicals, on either the loading o f Cu(ll) onto the 

8HQ micro-column or on the 1,10-phenanthroline CL reaction itself were also conducted. 

For the both 5nM and 10 n M Cu(II) standards in UHP water, analysed for Cu(II), no 

significant difference (/ test, p = 0.05) was seen between irradiated and non-irradiated 

aliquots indicahng that neither column loading nor the reaction were affected by L'V 

photooxidation. 

6.3.6 U V Irradiation 

6.3.6.1 Batch U V study 

To ascertain the efficiency o f batch UV irradiation when combined with sample 

acidification on the breakdown of DOC, acidified and unacidified humic acid standards (15 

and 3 mg C L ' ) were batch UV' irradiated (4 h). These were then analysed for TOC using 

the Shimadzu TOC 5000A in NPOC mode, without the oxidant Hfi^. The results are 

presented as efficiency o f DOC breakdown (Figure 6.8) by subtracting the fraction o f 

D O C recovered in TOC mode from the original VK)C concentration. 

1 

110 
100 

Unacidified 3 Acidified 3 Unacidified 15 Acidified 15 

ICKipgD 

Figure 6.8 Batch UV Irradiation (4 h) and Acidification Study (Q-HNOj) , 3 & 15mg (: 1 ' 

humic standards,) without oxidant (HjOj ) . Error bars are 3s. 
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For both humic standards, batch UV irradiahon (4 h) alone resulted in efficient 
breakdown (ca. 90 %) o f the DOC, with a small but highly refractory component 
remaining. Aadificahon improved the degradation of the DOC for both humic standards, 
breaking down a further fraction o f the refractory component remaining after U V 
irradiation alone. 

6.3.6.2 Effect of H2O2 on Efficiency of U V Photo-oxidation 

Although batch U \ ' photooxidarion (4 h) with acidification was efficient for D O C 

digestion, a refractory V^OC fraction still remained which could retain and re-complex Cu 

released f rom weaker ligands. In order to improve the efficiency o f DOC digestion, an 

oxidant ( H j O j , 10 mM) was added to aadified 3 and 15 mg C humic acid samples which 

were then batch UV irradiated (4 h). The results are expressed as a percentage breakdown 

of the D O C (Figure 6.9). 

110 

- r 100 

90 

Q 80 

70 

3 + H 2 0 2 15 15 + H 2 0 2 

[C] (mgL ) 

Figure 6.9 Effect of an Added Oxidant H2O2 (10 mM) on Acidified (Q-HNO3), 3 & 15 mg 

C L-1, Humic Acid Sundards widi Batch UV Photooxidation (4 h). 1 rror bars are 3s. 

The addition o f the H2O2 improved the efficiency o f D O C breakdown (especially 

for the 3 mg L * humic standard) o f the acidified humic standards to 98 - 99 % after a 4 h 

batch UV irradiation. This compared well with the improved breakdown (88 - 99 %) when 

H2O2 was used (Worsfold e/ aL, 2000). UV irradiahon degrades D O C by auto-oxidation 

reactions (Section 1.8), reduang oxygen in the process, with the hydroxyl radical being the 

most reactive o f the suite o f radicals involved. Wlien exposed to UV light a direct 

photolytic cleavage of the H2O2 occurs, and OH* radicals are produced that iniriate the 
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auto-oxidative chain reactions. The addition o f the OH* radical to aromatic nng structures 
promotes subsequent oxidation reactions, which often produce more radicals in the 
process (Achterberg and van den Berg, 1994). 

O i l ' ^ RU • R* + n o i l 

R* + O, • R O D * 

A r ' -f O2 • A r O O * 

ROO* + R I I • R O O H + R* 

Hydrogen peroxide was selected as the added oxidant for this study due to the 

undesirability o f introducing additional chemicals, it also being present as a CL reagent for 

the V\-CA. analyser. 

6.3.6.3 On-line U V Study 

The efficiency o f UV irradiation using the new on-line UV system incorporanng 

the quart2 water jacket and FEP photoreactor coil (Section 6.2.2) was investigated and 

compared with a batch UV study. The 3 mg L ' humic standard was divided into acidified 

(pH 2, Q-HNO3) and unacidified aliquots, each o f which was analysed for DOC with and 

without H2O2(10 mM) added prior to on-line U \ irradiation (100 to 600 s. Figure 6.10 and 

Table 6.5). An FI IP photoreactor coil temperature o f 96 " C was used. 

110 
105 

^ 100^ 
95 

p 90 
% 851 

3 80 1 75 
70 
651 U 

z 60 
55 

45-1 
40 

\X ith acid and Wfh. 

4^ \Vi thaad /NoH:^)2 

I I 

No ackl/No H A 

100 200 300 400 

O n Lmc V\ Irradiation Ttme (s) 

500 

Figure 6.10 On-Unc UV Study. FEP Photoreactor Coil and Quartz Water Jacket Used. 3 mg 

L1 C humic aid standard, with and without acidification and H2O2 (10 mM). Error bars are 3s. 
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Table 6.5 Eff iciency of On-line U V Breakdown of D O G (%) 

On-line 
Irradiation time (s) 

N o Ac id 
N o H2O2 

W i t h Acid 
No H2O2 

With Ac id 
Wi th H2O2 

With Ac id 
Wi th H2O2 

100 47 64 85 

200 50 69 87 

300 52 82 89 88 

400 63 87 90 90 

500 96 

600 96 

TTie with acid and H2O2 investigation was conducted in two stages, each of which is shown 

to demonstrate the consistency of U \ ' digestion with the new on-line system. 

On-line irradiation alone for 100 s was 47 % efficient at digesting the DOC, 

rising to 63 % after 400 s UV irradiation. Sample acidification increased the breakdown 

efficiency to 87 % (400 s), correlating with the increase seen with sample acidification in 

the batch UV study (Section 6.3.6.1). The addition of the H^Oj enhanced the radical 

driven, auto-oxidative processes at the centre of UV digestion o f DOC, increasing the 

efficiency at 400 s irradiadon time to 90 %. Increasing the irradiadon time in the FEP 

photoreactor coil to 500 s by slowing the flow rate o f the sample stream raised the 

efficiency of DOC degradation to 96 %. Only a small further increase in efficiency (0.3 %) 

was obtained by extending the sample residence time to 600 s, indicating that a small, 

highly refractive DOC fraction remained. F̂he on-line \JV system required a much lower 

irradiation time to achieve efficient DOC breakdown when compared with batch 

irradiation. This can be explained by the increase in the ratio of surface area to volume with 

the F1£P on-line photoreactor coil together with enhancement through diffusive radiative 

transfer and internal reflection o f the UV radiation (Badcy, 1984). 

The determination of total Cu(ll) for the Celtic Sea station 20/06 (Section 6.3.8.2), 

validated by 4 h batch irradiation and adsorptive cathodic stripping voltammetr)' (AdCS\^ 

demonstrated that functional groups involved in organic complexarion of Cu were fully 

digested, releasing the bound Cu. Thus, the new on-line VJV system was suitable for 

digestion of DOC complexes in seawater, enabling determination o f total dissolved Cu(ll) 

by Fl-CL. 

6.3.6.4 On-line U V Study wi th an Organic Rich System 

The D O C breakdown efficiency of the new on-line \JV system utilising the quartz 

water jacket and FEP photoreactor coil was investigated with an organic rich system. A 15 

mg C L ' humic standard, known to be highly refractor}', was acidified (pH 2, Q - H N O J 
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and H2O2 (10 mM) added pnor to 300, 400, 500 and 600s on-line UV irradiation (Figure 
6.11). 

100 

I 90 

With acidification and H : 0 : 

03 
U 80 
O 

70 

• • 

300 400 500 6(X) 

On Line UV Irradiation Time (s) 

Figure 6.11 On-line UV Study. FEP Photorcactor Coil and Quaitz Water Jacket Used, 15 

mg L ' C humic acid standard, with acidification (Q-I INOs) and with H2O2 (10 m?vf). Error bars are 

3s. 

The efficiency o f DOC breakdown with acidification and H j O j addition for the 15 

mg C humic standard rose with increasing L'V photooxidation time, reaching 91 % at 

600 s. Seawater samples rarely contain D O C at as a high a concentration as the humic 

standard used here and therefore the efficiency o f the on-line UV system could be expected 

to be higher with real samples. I l ie new on-line UV irradiation system therefore enabled 

determination o f total dissolved Cu(II) by FI-CL in organic nch aquatic systems. 

6.3.7 Copper Reference Material 

Pnor to determination o f Cu(II) using the Fl-CL instrument, NASS 5, an open 

ocean certified reference seawater was analysed for Cu(II) to verify the accuracy o f the R -

C L method. All samples where prepared in a Class 100 clean room, analysed using a two 

point standard addition (Cu(II) 5 and 10 n M additions to 10 m L of sample) with blank 

subtraction. A typical NASS 5 result is shown in Figure 6.12. 

By calculation, using the equation best f i t straight line the concentration o f Cu(II) 

in NASS 5 was found to be; 

[Cu(II)] = C / M = 273.48/61.67 = 4.43 n M (+/-0.28 nM) 
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Figure 6.12 Determination of Cu(II) in NASS 5 by F I - C L 

The Cu(ll) value o f 4.43 n M ( + / - 0.28 nM) as determined by F l - Q . was in very 

good agreement to the NASS 5 certified value o f 4.68 ( + / - 0,70 nM) with statistically no 

significant difference found (/ test; p = 0.05). This verified the accuracy o f the FI-CL 

method for Cu(II). 

6.3.8 Seawater U V Studies 

6.3.8.1 Tamar Estuary 

Seawater (35 PSU) from the D O C rich Tamar Estuary (ca. 3 mg L"' (Achterberg et 

oL, 2001) was collected using trace metal clean sampling protocols, immediately filtered 

through acid cleaned polycarbonate membrane filters (0.4 ^im, Nuclepore) and acidified to 

p H 2 (Q-HNO3). An aliquot o f this was UV irradiated on-line utilising the quartz 

immersion jacket and FEP photoreactor coil system with H2O2 (10 mM). This was analysed 

for Cu(ll) inunediately, and again 50 min later, to evaluate the effect o f photochemicaily 

produced species e.g. free radicals, on the CL reaction, using the FI-CL analyser with a two 

point standard addition. A n aliquot o f the same Tamar sample was also batch U \ ' 

irradiated (4 h) with H2O2 (10 mM) and analysed using FI-CL and adsorptive cathodic 

stripping voltammetry (AdCSV) (Achterberg et al^ 2001) to fijrther verify the good 

performance o f the new on-line UV system and o f the R - C L analyser with UV irradiated 

seawater samples in D O C rich seawater. 

The Cu(II) concentration as determined by FI-CL analysis immediately after UV 

irradiation was 18.4 n M ( + / - 0.46 n M (3s), ^ 0.9887, RSD < 3 %, n=4) and after 50 

minutes 17.6 n M ( + / - 0.67 n M (3s), r̂  0.9951, RSD < 4 %, n=4). These values were in 

good agreement with the batch irradiated (4 h) AdCSV method, namely 18.6 n M ( + / - 0.48 
238 



Chapter 6 On-line UV Photo-oxidation with FI-CL Determinauon of Cu(II) 

nN'I) verifying the efficiency of digesdon of DOC by the new on-line \SW system. The 
close agreement in Cu(II) concentradons by the two methods also validated the accuracy' of 
the FI-CL method for total dissolved Cu(II). This also showed that, due to their short-lived 
nature or voladlisation, photochemical species produced by the UV irradiation did not 
affect the 1,10-phenanthroline CL reaction. 

6.3.8.2 Celtic Sea 

Seawater samples were also collected using trace metal clean protocols from the 

Celtic Sea, a moderately DOC rich system, south of Ireland during the PROPHEZE cruise 

on-board the RRS Discovery 15^ to 30^ May 2000. This was organised principally by 

Dynamics of Marine Ecosystems (DYIS'IE) group of Plymouth Marine Laborator)' (PML). 

The ranonale underpinning the PROPHEZE cruise was the scarcity of knowledge of the 

scale and dynamics o f biogeochemical cycling within fine spatial scales o f major shelf 

occanograpliic discontinuities. Such features are most prominent at upwellings or fronts at 

the shelf edge and at tidal fronts on the shelf e.g. Central English Channel, Southern Irish 

Sea and within the strongly stratified thermocline o f the Celtic Sea. 

Sampling was thus conducted at an Irish Sea Front and within the oligotrophic, 

stratified Celtic Sea, the core site for the PROPHEZE cruise, to investigate the physical 

controls, including turbulence, on primary productivit)' and biogeochemical cycling. 

Samples were coUected at station 18/06 (18*̂  May, 2000, CTD cast 6, 51° 49* 16" N , 5 ° 41* 

49" W), representative of the Southern Irish Sea front, and at station 20/06 (22"^ May, 

2000, CTD cast 6. 51° 48* 34" N 5° 40* 34'* W), representative of die stratified Celtic Sea, 

to investigate the effect of the on-line U\^ irradiation on the organic complexation of Cu. 

The CTD depth profiles were vacuum filtered onboard (Nalgcnc, acid cleaned 

polysulphone, 500 ml, through acid cleaned polycarbonate membrane filters (0.4 j im, 

Nuclcpore, 47 mm diameter) to remove the suspended particulate material (SPM) and 

enable determination of the dissolved labile and total dissolved complexed Cu(ll) fraction 

by FI-CL as described in Chapter 3. The samples were collected in acid cleaned HDPE 

sample botdcs (500 mL; Nalgene) and immediately frozen at -20 ° C for storage and 

transport back for shore based analysis at the Universit)' of Plymouth. To prevent airborne 

contamination all samples were thawed and analysed in a class lOOO clean room (Univcrsit)' 

of Plymouth) and processed in a laminar flow hood (Bassaire, model A 3 \ ' ^ ) . 
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Station 18/06 

Once defrosted in the clean room, sub-samples o f the depth profile f rom station 

18/06 underwent three different sample creacments prior to determination of Cu(II) using 

the FI-CL analyser. One sub-sample was left unacidified (1), and a second was acidified 

(pH 2, Q-HNOj) to ascertain the effects of acidification on the organic complexes present 

(2). A third sub aliquot was acidified (pH 2, Q-HNO3) and then \JW irradiated with H j O , 

(10 mAf) using the new 400 \V on-line \JV system (600 s, 3) incorporating the quartz 

immersion jacket and FEP photoreactor coil to determine the total dissolved Cu(ll) after 

digestion of the organic complexes. The results are shown in Figure 6.13 and Table 6.6 

along with CTD hydrographic data (temperature (°C), salinit)' O^SU), fluorescence (\^ 

indicative of chlorophyll d) and dissolved oxygen 

Table 6.6 Celtic Sea - Station 18/06 

Depth (m) [Cu] ( n M ) [Cu] ( nM) [Cu] ( n M ) Depth (m) 
Unacidif ied Acidi f ied Ac id + U V 

(1) (2) (3) 
4 1.5 4.0 5.0 
6 2.9 3.0 4.2 
11 2.9 2.6 3.1 
21 0.8 2.7 2.8 
32 0.9 3.0 3.6 
36 1.9 3.8 4.6 
52 1.4 3.0 3.4 

Although the Cu(II) concentration profiles follow each other for most of the 

depths sampled, a divergence was seen at 4 m between the unacidified or labUc fraction, 

and the acidified and acidified/UV'^ irradiated aliquots. The concentration of the labile 

Cu(II) fraction (4 m) fell to 1.4 nM, whilst that of the organically complexed fraction rose 

to 4.0 (acidified) and 5.0 nM (acidified and VN irradiated). These results indicated biomass 

uptake of Cu(n) in surface waters and/or ligand production by the biomass which 

complcxcd the Cu(II) as a protective function against toxicological effects. (Section 1.3.4). 

A convergence of Cu(Il) concentration for all three sample treatments was seen at 6 - 11 

m, where the increase in the labile (unacidified) fraction was complemented by a decrease 

in the both profiles representing the complexed fraction. ITiis suggested biomass use o f the 

complexed fraction of Cu(II). 

Between 11 and 21 m the labile fraction fell to 0.8 nM, whilst both complexed 

fractions remained constant at ca. 2.5 nM, suggesting biomass uptake and regulation of 

Cu(ll) concentration correlating with a chlorophyll a max at 11 m and a transition to 
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Figure 6.13 Celtic Sea Sample - Surion 18/06 (18th May, 2000, CTD cast 6, 510 49' 16" N , 

50 4 r 49" W a) Cu(ll) depth profiles - Liiacidihed , Acidified (Q-HNO3) , 

Acidified with on-line UV/H2O2 (10 mM) , b) Fluorescence (V), c) Temperamre (^Q, d) 

Salinity (PSU), e) Temperature (^ Q/Salmity (PSU), f) Dissolved Oxygpn ( H M ) . 
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different water mass as indicated by the temperature and salinit)' profiles. At depths greater 
than 21 m the Cu(ll) profiles for the three different sample treatment protocols generally 
mirror each other. More specifically at 20 - 30 m the labile Cu(II) concentration fell to ca. 1 
nM whilst the complexed Cu(ll) remains constant at ca. 2.5 (acidified) to 3 nM (acidified 
with U\0 indicating biomass activit}'. A l l Cu(Il) depth profiles showed a significant increase 
in Cu(ll) concentration at 35 m with the labile fraction nsmg to 1.9 nM and the comple.xed 
fraction rising to 3.8 (acidified) and 4.6 nM (acidified with digestion). The thermocline 
and haloclinc at 35 m suggested a stratified layer with colder, less saline water below the 
rruxed layer, l l i e dissolved oxygen also decreased steeply at 35 m, possibly due to biomass 
decay and oxygen uptake. The rise in Cu(ll) in all 3 profiles at this depth was attributed to 
cellular release of Cu(ll) and accumulation of material at the stratified boundar)' due to 
slow diffusion across it. A t 52 m the Cu(ll) levels fell again due to particle scavenging. 

Comparison of the Cu(ll) depth profiles from the different sample treatment 

protocols showed the Cu(ll) concentration to be lowest for the unacidified sub-sample, 

which represented the labile fraction o f Cu(ll) in seawater. A raised Cu(ll) level was found 

with the acidified sub-sample with a further rise in Cu(Il) seen with the U \ ' 

irradiatcd/HjOj treatment. Clearly the Cu(II) levels rose in accordance with more DOC 

destructive sample treatment protocols. Acidification (pH 2, Q-HNO3) resulted in 

digestion of the weak organic complexes, liberating the weakly bound Cu(ll). On-line U \ ' 

treatment with H j O , (10 mlVf) resulted in more efficient digestion of the organic 

complexes, releasing the strongly complexcd fraction o f Cu(II) through the depth profile. 

As shown by the on-line \JV study (Section 6.3.6.3), the new on-line UV digestion 

system (600 s with H j O j (10 mM)) was very efficient (96.3 %) at the breakdown of the 

humic acid (Aldrich) used as a model compound and known for its refractor)' nature. 

Therefore, diese values represent total dissolved Cu(ll) through the depth profile. ITiis 

supposition was supported by the TOC results for the MEMOSEA study (Achterberg ef al.^ 

2001) at the same Celtic Sea station (20/06), which found that the seawater DOC was more 

easily digested than the humic acid (Aldrich). 

Celtic Sea Station 20/06 

Samples from a second Celtic Sea CTD cast (station 20/06, 51^48' 16" N , 5 ° 41 ' 

49" WO situated in a coastal region, away from direct land-derived run-off, were collected, 

filtered and frozen as described above and analysed for Cu(Il) by FI-CL and for DOC. 

Sub-samples were acidified to pH 2 (Q-HCL) and batch U\^ irradiated (4 h, 400 W 

lamp without quartz water jacket and FEP photorcactor coil) with and without H2O2 (15 
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mM) to investigate the enhancement o f the U\^ digestion o f the organically complexed Cu 

with an added oxidant. The samples were analysed for TOC using the Shimadzu TOC 

5000A analyser (Section 6.ZZ2) and for Cu(II) by FI-CL (Figure 6.14, Table 6.7). 
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Table 6.7 Celtic Sea - Station 20/06 

[Cu(II)l (nM) [ C u a i ) ] (nM) 

Depth (m) Without H2O2 With 
7 4.0 6.3 
11 4.6 5.6 

22 8.1 9.7 
32 5.2 10.9 
43 4.1 7.3 

53 6.5 8.1 

The Cu(II) levels ranged from ca. 4 to 11 nM, which compared well with levels 

obscr\^ed in other Irish/Celtic regional coastal seas (5-7 nM - Western Irish Sea (Kremling 

and Hydes, 1988); 7-18 nM, - Irish Sea/Liverpool Bay (Achterberg and van den Berg, 

1996); 3.5-24 nM - Irish Sea/Jjverpool Bay (Laslett, 1995). The ITie Cu(II) concentration 

for both samples have similar profiles although they diverge at 7 m and 32 m, where the 

labile/weakly complexed Cu(II) fraction QJV irradiation without HjOj ) both fell 

correlating with the chlorophyll a max and a reduction in dissolved oxygen at 32 m. The 

rise in the more refractor}' fraction of Cu(ll) (\JV irradiation with H2O2) 32 m suggested 

biogenic exudation of organic ligands from the biomass, in order to complex the Cu(ll) as 

a protective function against its toxicological effects. 

The two Cu(ll) profiles from 11 to 22 m both rose rapidly, coincident with a 

shallow thermoclinc (Figure 6.14, c). The latter indicated a transition to a colder, slighdy 

more saline waters. At 32 m the Cu(II) profiles showed the greatest difference with the 

sample without H2O2 falling to 5.2 nM compared to the H2O2 treated sample continuing to 

rise to 10.9 nM. This indicated ongoing biomass activity (chlorophyll a stiU close to the 

station maximum) with uptake and particle activity reducing the labile fraction coupled to 

biogenic release of organic complexing ligands, which resulted in a rise in the more strongly 

complexed fraction Cu(ll). Dissolved ox)'gen fell at 32 m suggesting some cellular decay 

activit)^ supporting the particle activic)' hypothesis. A t 43 m Cu(ll) concentrations for both 

treatment protocols fell and converged before rising and converging further at 53 m. ^fhis, 

coupled to the reduced dissolved ox^^gen levels suggested cellular decay and particle 

scavenging of Cu(II) at 43 m followed by Cu(II) particulate regenerative activit)\ 

Most o f the DOC in the Celtic Sea is biologically produced in-situ, and it is likely 

that this biogenic DOC is more susceptible to U\'^ breakdown than humic acids, l l i e DOC 

concentrations through the depth profile at station 20/06 ranged beuveen 0.88 and 0.96 

mg L ' C . DOC analysis of station 20/06 of the UV digested samples (4 h, batch \JW 

digestion, with and without added H2O2) conducted for the MEMOSEA study resulted in 
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DOC concentrations below the L O D of the TOC 5000A analyser, indicating the ease of 
breakdown of the organic matter in these seawater samples. 

In further support o f this a 100 % recover)' o f Cu(ll) , as determined by FI-CL, 

added to Celtic Sea station 20/06 was obser\'ed after on-line \JV digestion utilising the 

silica coil and a sample residence time of 11.2 min (0.25 mL min"' flow rate) for the 

MBMOSEA study. This indicated that it was the total dissolved Cu that was involved in 

complocing Cu were more susceptible determined using on-line \JV irradiation despite a 

small highly refractive fraction of DOC remaining after on-line UV digestion, as indicated 

by the Shimadzu TOC 5000A analyser (Sections 6.3.6.3 and 6.3.6.4). This suggested that 

the functional groups of the organic compounds to \JV digestion, releasing the complexed 

copper, than the refractor)^ parts o f the complexes. 

The Q -HNO3 used for acidification o f station 18/06 was a stronger oxidising acid 

than the Q-HCl used for station 22/06. ITiis explained the closer correlation seen between 

the acidified and U V / H ^ O j treated aliquots in station 18/06 in companson to station 

22/06 in which a larger difference was seen for the acidified depth profile, with and 

without the H202(the more destructive treatment). 

6.4 Conclusions 

A new on-line UV photooxidation instrument consisting of a double walled quartz 

water jacket and FEP photoreactor coil has been successfully designed, fabricated and used 

for the determination of Cu(Il) in seawater, using organic rich Celtic Sea samples. The 

digestion efficiency o f the new lamp was improved by heating the sample to a temperature 

of 96 °C (Kolb et ai, 1992) as it passed through the FEP photoreactor coil, ' litis was 

achieved by regulation of the water flow through the cooling jacket and enabled the sample 

to be run up to 137 °C, DOC digestion efficiency was increased from ca. 90 % to ca. 99 % 

by the addition o f the oxidant H j O j , which was used for all subsequent studies. 

Ozone production was limited to the void space surrounding the lamp, thus 

substantially increasing safet)' and removing the need for a fume hood as with many 

conventional UV systems. The water jacket enabled an even temperature to be maintained 

over the length of the lamp, which prevented Hg deposition at either end of its quartz 

jacket, in contrast to previously used lamps. ITiis should therefore extend its effective 

operational lifetime. The even cooling provided by the water jacked in conjunction with the 

provision of a 3 min lamp bum time enabled more efficient and reproducible 

photooxidation of samples. 
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Loading of Cu(ll) onto the 8HQ column and the 1,10-phenandiroline CL reaction, 
both fundamental parts of the analytical protocol of the FI-CL analyser, were not affected 
by the UV irradiation process, enabling U\^ irradiation to be used with the FI-CL 
instrument for determination of total Cu(II). The new on-line UV system was found to be 
ver)' efficient at DOC digestion when using a highly refractory model humic compound 
(96.3 % ) , comparing well with batch systems. 

Investigation of sample acidification found DOC breakdown due to acidification 

(Q-HNOj) and iDustrated the need to define operational parameters for trace metal 

analysis. The recover)' of total Cu(ll) in a Tamar Estuary seawater sample utilising the new-

on-line UV system (600 s, + H2O2 (10 mlvl)) and FI-CL determination (18.4 nM, + / - 0.46 

nM (3s)) was in good agreement with the value obtained by batch UV irradiation (4 h, + 

H2O2 (15 mA'O) and AdCSV (18.6 nM, + / - 0.48 nM). 

Cu(II) depth profiles were also determined by FI-CL for two Celtic Sea CTD 

stations from the PROPHEZE cruise (May 2000) and cleady demonstrated the difference 

between acidified and unacidified sample aliquots, and the digestion of DOC by UV 

photooxidation, with and without H202- The Cu(II) levels were found to increase in 

accordance with increasingly DOC destructive treatment protocols and the total Cu(II) to 

be in good agreement with those determined previously for areas close to the Celtic Sea. 

In summar)' the new UV system promoted a more efficient and reproducible 

digestion of DOC, maximised operational lifetime and promoted near real time analysis for 

total dissolved Cu(Il) as an in-line UV system. It also increased the robusmess of the on

line system in comparison to conventional UV irradiation systems and promoted safe field 

deployment and ease of use, both considerable advantages during shipboard deployment in 

conjunction with the FI-CL analyser. The comparative determination o f Cu(II) validated 

the efficiency of the new on-line UV^ system and the accuracy of the FI-CL analyser for the 

determination of total Cu(II) by digestion. Although the investigation suggested a 

trend, the results are inconclusive and further studies are required to clarify the issue of 

copper and DOC. 
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Conclusions and Future Work 
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Chapter 7 

7.1 General Conclusions 
The conclusions at the end of each chapter summarise the specific achievements 

presented in that chapter, although there are also several general conclusions that can be 

drawn from the work presented in this thesis. The first of these is the sutability of the flow 

injection (Fl) approach coupled with the wet chemistry of the 1,10-phenanthroline 

chemiluminescence (CL) reaction and PMT detection for monitoring Cu(II) in marine 

systems. Fl instrumentation is simple, robust and portable, which coupled with the rapid 

response (minutes) and the high sensitivit)' and thus excellent detection limits (sub-

nanomolar) of the 1,10-phenanthroline CL based Fl analyser, makes it ideally suited to 

shipboard determination of Cu(Il). It has been demonstrated in this study that this 

methodolog)' generates trace metal data at sea with high spatial and temporal resolution, 

validated by CRi^ls and electroanalytical metalog}'. Its use also eliminates the need for 

expensive sampling procedures and minimises the risk o f sample contamination and loss o f 

sample intcgrit)'. 

Copper(ll) concentrations in the surface waters of the North and South Adantic 

were in agreement with previously obsen^ed data (0.1 - 61 nM) but showed spatial 

variabilit)' and inter-province fractionation. Elevated Cu(II) surface concentrations (> 1.5 

nM) were obser\^ed at latitudes greater than ' - 3 8 * ^ in the North Adantic due to 

andiropogenic aerosol deposition, other coastal fluvial influences and upwelled European 

shelf waters. Elevated Cu surface levels (> 1.5 nM) were also obsen-^ed in the Canar)' 

Current, due to high aerosol loadings from the Saharan and Sahel deserts and advccuon 

south of Cu rich waters, and at the South American continental shelf break due to 

upwelling events. Away from strong input mechanisms, Cu(ll) concentrations were often 

bnanomolar. Copper input mechanisms were fingerprinted through correlation with 

board nutrients and hydrographic data e.g. salinit)' and temperature, which indicated the 

structure of the water column. High nutrient, chlorophyll a and suspended particulate 

matter concentrations were indicative o f coastal influences or upwelled waters. Cu(II) 

vertical distributions through the upper mixed layer displayed a strong correlation with 

biological activity' (indicated by chlorophyll a concentrations), especially in the open ocean 

g)Tes. Furthermore, a correlation of Cu(ll) concentrations with the different water masses 

encountered, consistent with stratification of the upper mixed layer (as indicated by 

thermoclines and haloclines), was also obserx^ed. 
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On A M T 9 Cu(ll) levels were above the lower end o f the optimum biotic 
concentration and therefore not biolimidng, although chey were obser\'ed at concentradons 
above those at which marine organisms, e.g. phytoplankton, operate protecdve organic 
cxudadon mechanisms to complex Cu(ll). 

7.2 Suggestions for Future Work 
Future work arising from the research reported in this thesis can be divided into 

two separate areas: (i) the continued development of shipboard analytical monitors for 

trace elements, and (ii) research focussed on furthering the understanding of Cu(ll) and 

total organically complcxcd Cu in marine biogeochemical cycles. 

7.2.1 Analytical Developments 

7.2.1.1 Effect of Sample Treatment Protocols on C u ( I I ) Determinations 

The 1,10-phcnathroline CL reaction reported in this thesis is selective towards 

Cu(II) species. As shown in this work sample acidification does effect the concentration of 

Cu(ll) obser\'ed due to part digestion of organic complexes and the release o f organically 

bound Cu. ITierefore there is a need to conduct more shipboard studies to elucidate the 

true level of labile Cu(II) available to marine organisms. The FI-CL methodology' 

developed for this study could be modified to enable determination of Cu(Il) immediately 

upon retrieval of the sample and before acidification. ITiis would involve modification of 

the FI-CL manifold to remove the buffer stream which could be easily accomplished. 

7.2.1.2 In-line Ultraviolet Digestion of Organic Complexes 

For this study dissolved Cu(Il) and total Cu(II) measurements were performed, the 

latter after in-line \JV digestion of the organic complexes binding die Cu(II). The cycling of 

Cu in marine systems is linked to both labile Cu(]I) and the organically complexed species 

and therefore further Cu shipboard studies involving the \ ] \ ^ digestion of the organic 

complexes would aid the resolution of the understanding of the effect of organic 

complexation of Cu in seawater. Modification of the FI-CL manifold to include extra 

solution switching valves and the compilation o f additional lines o f instrument automaaon 

code would enable this to be accomplished as an automated, on-line method. 

The new design of \JV lamp developed for this study can be operated as a stand

alone unit without the need for a fume hood, which gready facilitates field deployment and 
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increases safety of operation. ITie LTV unit could be automated to run in conjuncdon with 
the FI-CL instrumentarion. A further improvement to the system would be the design 
of a light tight instrument container incorporating 'plug in* sample and coolant water 
supply lines and power lines. A flow meter to monitor the flow rate of the sample would 
enable irradiation times to be varied by alteration of the pump speed, a feature on the 
Gilson Minipuls pump which can be r i L, and therefore PC, driven. 

7.2.1.3 In-line Standard Addition(s) 

A n integral part o f the FI-CL technique reported in this thesis is the utilisation o f 

the internal standard addition method for the determination o f Cu(ll) in natural waters. 

This was adopted in order to overcome any alterations in calibration sensitivit)' that may 

have resulted from changes in the sample matrix. This was especially relevant to analysis in 

an estuarine em^ironment where the full salinity range (0 -35.5) can be experienced or 

during open-ocean analysis where changes in quantity of suspended particulate material 

(e.g. through the chlorophyll a maximum or atmospheric deposition of dust particles) may 

have altered the 8HQ mini-column extraction efficiency and / or scnsitivit)' o f the Cu(Il) 

catalysed CL reaction. Therefore, the inclusion o f a further solution line and mixing loop 

would enable automated in-line standard additions to be performed, reducing both 

operator time and error, and the risk of sample contamination. 

7.2.1.4 Multi-clement F I - C L Technique 

The use of Fl coupled to CL when deployed as a field monitor enables rapid 

analysis with high sensitivit)', a portable and robust instrument, minimal sample handling, 

compatibilit)' to automated operation and data acquisition facilities and low maintenance 

and running costs. CL-based analytical techniques for trace metals are ideally suited to 

marine applications as has been reported more rccendy, although their practical application 

for shipboard and in-situ analysis has yet to be exploited to any great degree. Novel CL 

chemistries can be used with the future generations o f FI-CL monitors for a variet)' of 

trace metal species (e.g. Mn, Co, Cu, Cr) in seawater. The generic nature of FI-CL 

instrumentation would enable the adaptation of the current FI-CL monitor to the 

simultaneous, selective determination of two or more analytes, based on different reaction 

chemistries. However, an essential facet of this is the design of a sophisticated flow 

configuration to eliminate potential cross contamination or interference effects of one CL 

reaction to another. 
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7.2.1.5 F I - C L Instrument Upgrade 

Recent research and development has led to a number of improvements in 

instrumental design for the for FI-CL monitor. Foremost amongst these is the next 

generation o f CL detectors. Although the high voltage (t)'picaUy lOOO \ 0 PMT decector 

used in this study exhibited excellent sensidvit)' and has proved to be successful during 

field deployment reported in this study, they are fragile and have a relatively large power 

supply. ITie latter does not lend itself to scaling down of instrument size. The new 

gcncradon of CL detectors are more robust in design, are considerably smaller and utilise a 

low voltage (t)'pically 12 ITieir use will promote reducdon in the size of the current F I -

CL monitor, a requirement for commercial applicadons. In addition, due to the nature of 

the output signals from such detectors, they will aid the PC acquisition of CL data. This 

would remove the bulky chart recorder from the instrument. The reduction in size would 

be further aided by the use of miniature solenoid pumps as supplied by Biochem® in place 

of the bulk)' Gilson minipuls pumps. 

Instrumental improvements could also include the investigation of the addition of a 

CL sensitiser e.g. fluorescein, to the 1,10-phenanthroline primary reagent to improve the 

CL yield. ITie FI line between the mLxing T and the flow cell could also be further 

shortened using low dead volume connectors more recendy available, which may improve 

sensitivit)' by improving the positioning of the fast CL reaction and also enable a reduction 

m reagent consumption by decreasing flow rates. 

A further suggestion for future work would be the automation of the FI-CL 

analyser in a more flexible and user-friendly PC environment, using graphical programming 

operating and data acquisition systems (e.g. LabVlEW®, National Instruments). Such 

portable analytical monitors may then be easily and rapidly controlled through notebook 

computers, improving the response and flexibilit)' o f the FI-CL monitor to changes in the 

environmental sample matrLx. 

7.2.1.6 Clean Filtration Methods 

Within the Worlds oceans there exists a dynamic Cu cycling mechanism between 

the dissolved and particulate phases, especially in regions which are heavily influenced by 

particle fluxes e.g. from the atmosphere or sediments or of biogenic origin. An important 

aspect of understanding the biogeochemical cycling of Cu is to be able to operationally 

distinguish between dissolved, total dissolvable e.g. the organic fraction and particulate Cu. 
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Such determinations can be performed at the sub-nanomolar level using the Fl-CL 
technique reported in this thesis, although the validity of such a data set is heavily 
dependent on the adoption of trace metal clean sampling, filtradon and lA^ digesdon 
techniques. Surface sampling systems based on a continuous on-line pumped supply from a 
(xace metal clean towed torpedo fish and vertical profiling utilising modified samplers e.g. 
Niskin botdes and Kevlar line, remain expensive, but should be utilised in future 
oceanographic trace metal studies in conjunction with shipboard analytical techniques such 
as Fl-CL reported in this thesis. 

7.2.1.7 In-situ F l - C L Units 

A significant aspect of fumre Fl-CL trace metal monitoring will lie with truly in situ 

(i.e. submersible) units. However, the further modification o f the current generation o f FL 

CL monitors to enable the submersible determination of Cu(Il) and other trace metals will 

pose a considerable research challenge. However, a successful design, based on 

spectrophotometric detection, and submersible deployment of such a monitor has already 

been accomplished for macro-nutrients (David et ai, 1998). The advantages of such a 

monitor are many-fold, including removal o f the necessit)' for costly remote sample 

collection, minimisation of contamination and an increase in the temporal and spatial 

resolution of a real-time data set. It would be a considerable advantage for the monitor to 

possess a multi element capabilic)' by the incorporation of different chemistries in parallel, 

in association with sophisticated automation and communication technologies e.g. 

telemetric transmission of instrument commands from shore based laboratories and data 

transferal back to shorebased research institutions. Deployments could be buoy or CTD 

mounted or on remotely controlled submersible vehicles. One interesting application of 

such a umt would be the in situ deployment at km depths for mapping and tracing of 

species in hydrothermal vent plumes (e.g. Cu(ll), Fe, Mn). 

7.2.2 Biogeochemical Cycling of Cu(II ) in Marine Environments 

The production of truly reliable data sets for Cu(ll) and other trace metals in 

marine environments has only been possible since the 1980's when peer reviewed analytical 

methods for trace metals were first reported. This was gready supported by the 

development o f trace metal clean sampling protocols and later the advent of shipboard 

techniques during the early 1990s. Clearly the late introduction o f such techniques has 

meant that significant areas of marine chemistr)' and substantial oceanic and coastal regions 
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of the \Vorld*s seas remain unresolved from the perspective of trace metal 
biogeochemistr)^ One such area is the Southern Ocean, the worlds largest high nutrient, 
low chlorophyll (HNLC) region, although other areas, e.g. the open ocean gyres, also 
urgendy require further biogeochemical investigation to ascertain the role o f trace metals in 
marine processes that gready influence the worlds oceans e.g. regulation of phytoplankton 
growth. Although, as obser\^ed during this study, Cu(ll) concentrations are generally above 
the lower biolimiting level, Cu may be a co-limiting factor at the higher levels encountered 
in conjunction with other trace metals e.g. Fe as discussed briefly in Chapter 5. Therefore, 
further research to establish the true nature o f these aspects should be an important part o f 
future oceanographic studies. 

7.2.2.1 Effect of Atmospheric Deposition 

One aspect of the biogeochemical cycling of Cu is the strong influence the 

atmospheric deposition of trace elements can have in remote open-ocean regions. 

However, the influence of such inputs on oceanic mechanisms, e.g. productivity, is poorly 

understood and shipboard and shorebased studies are required to investigate the solubilit)% 

mobility and reactivit)' of Cu received through such aerosol inputs. Shipboard studies 

would be focused on the acquisition of a suite of chemical, biological and physical 

measurements in the path of an aerosol plume of anthropogenic origin e.g. close to 

European or American industrialised areas and lithogenic origin e.g o f f the West African 

continent. This aspect could include a sequential leaching protocol of such dusts, w^hich 

may be more convenicndy conducted ashore. 

7.2.2.2 Copper Distributions in Coastal Regions 

The potential for anthropogenic inputs to gready influence Cu concentrations in 

scawater highlights the importance o f the highly productive coastal regions o f the world's 

oceans in modifying, for example, fluvial or atmospheric inputs o f Cu before they reach the 

open-ocean. However, there is a need to reinforce the current database of such inputs (e.g. 

reducing shelf sediments, riverine inputs) and uptake mechanisms of trace elements along 

shelf-slope margins and in upwelling systems. Shipboard research utilising FI-CL could be 

conveniendy performed in these relatively accessible areas and, through a long-term series 

of short expeditions, provide the opportunity' for the obser\'^ation o f seasonal changes. 
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7.2.2.3 Atlantic Meridional Transect Database 

The yXdantic Meridional Transect (AMT) programme provided a unique 

opporainit}' to investigate longterm (decades) changes in trace element levels through 

several contrasting biogeochemical provinces of the Adantic Ocean. Complementary' 

onboard oceanographic data e.g. nutrients, chlorophyll temperature and salinity gready 

aided the interpretation of the Cu(II) measurements reported in Chapter 5 o f this thesis. 

The A M T cruise track enabled European anthropogenic influences on Cu(ll) 

concentrations to be fingerprinted, and also the lithogenic aerosol deposition from the 

West African continent e.g. Saharan and Sahel dust plume to be investigated. 

It is therefore clearly important to continue the shipboard deployment of trace 

metal monitors e.g. on future A M T cruises. Fl-CL has a leading role to play in improving 

the temporal resolution of the trace metal oceanographic database and the obser\^ation of 

seasonal and annual changes. This will provide the baseUne data diat aids modelling 

predictions and the interpretation of marine processes in general. 
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Abstract 
A purpose built UV digestion system was successfully used for the breakdown of Cu complexing organic ligands in 

seawater samples, prior lo total dissolved Cu determination using flow injection with chemiluminescence detection (FI-CL) 
and on-line micro-column preconcentra I ion/matrix removal. Residua) dissolved organic carbon (DOC) was quantified using a 
DOC analyser. Humic acid (1.8-7.2 mg 1"' C) in ultra high purity (UHP) water was completely broken down within 4 h in all 
batch experiments (125 and 400 W lamps; with and without 15 mM H3O2 and, as expected, was more rapid with the 400 W 
lamp, in the presence of H2O2, and for lower humic acid concentrations. U V digestion experiments with seawater showed 
that the residual DOC concentration after batch U V treatment (4 h) was <0.08 mg 1"' C compared with >0.32 mg T ' C after 
on-line irradiation (residence lime 1 l.2min). Therefore, the batch method was more efficient than on-line U V digestion at 
breaking down added humic acid and naturally present organic compounds in seawater. However, the release of Cu from 
metal complexing organic matter in seawater and esluarinc water was the same using both on-line and batch U V digestion 
(sample irradiation residence time: 5.6 min and 8h, respectively). U V digestion is, therefore, a contamination-free approach 
for seawater pretreatment prior lo micro-column preconcentralion and FI-CL determination of loial dissolved Cu and should 
also be applicable to the selective determination of the loial dissolved fractions of other trace metals in seawaier (e.g. Co, Fe, 
Mn). © 2001 Elsevier Science B.V. All rights reser\'ed. 

Keywords: UV digestion: Copper, Seawater. Preconcenlration: Row injection: Chemiluminescence deteciion; DOC 

1. Introduction 

Studies undertaken during the last two decades 
have shown that organic complexation is important 
for a number of trace metals in seawater An impor
tant fraction (30-99.9%) of meials, including Co [ I ] , 
Cu [ 2 ^ ] , Fe [5-7], Ni [8,9], Zn [10-12], is com-
plexed by natural organic ligands in seawater. The 
organic complexation of metals is thought to prevent 

'Corresponding auihor. Tel.: +44-1752233009: 
fax: +44-1752233006. 
E-mail address: p.worsfold@plymouih.ac.uk (P.J. Worsfold). 

metal scavenging by suspended paniculate matter and 
formation of insoluble inorganic metal complexes, 
thereby maintaining enhanced dissolved trace metal 
concentrations in seawater. The metal-organic com
plexes are strong, with reported conditional stability 
constants {\ogK^\t\.\ where Me is the metal and L 
the ligand) forCo(II) (15.6-17.5) [1], Cu(II) (10-13) 
[4], Fe(in) (18.8-21.2) [5], Ni(II) (17.3-18.7) [13], 
and Zn(H) (10-10.5) [12]. For total dissolved u-ace 
metal detetminations, it is necessary to release the 
trace metal from the metal-organic complex prior to 
analysis. Furthermore, the removal of dissolved or
ganic matter (DOM) from samples is often preferable. 

0003-2670/Ol/S - see from matter ® 2001 Elsevier Science B.V. All rights reserved. 
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as enhanced concentrations may inierfere with the 
trace metal analysis. In some cases, DOM may cause 
fouling of the preconceniration column during trace 
metal determination using flow injection methods 
with on-line solid-phase preconceniraiion. In the case 
of stripping voltammetric methods, DOM may inter
fere with the physical and electrochemical processes 
occurring at the electrode surface and within its ma
terial. The nature of DOM in seawaier is complex, 
but is thought to include humic acids, fulvic acids, 
glycollic acid, peptides, proteins, amino-acids. lipids 
and polysaccharides, and in coastal waters may also 
include EDTA, NTA, citric acid, tartaric acid and 
surfactants from anthropogenic sources [14]. 

Traditionally, wet digestion has been used as a 
method for the destruction of DOM in natural waters, 
thereby liberating trace metal ions, followed by total 
dissolved trace metal determination. Wet digestion 
methods use chemical oxidants such as sodium perox-
odisulphate. nitric acid, sulphuric acid, perchloric acid 
or hydrogen peroxide to destroy organic matter [151. 
A serious drawback of this approach is the addition 
of large concentrations of oxidants to the sample, and 
the often used open digestion/evaporation procedures, 
which can introduce contamination. As trace metal 
concentrations in marine waters are low (typically 
I 0 ~ " to I 0 ~ ^ M ) , wet digestion is not considered 
to be an acceptable sample preparation method. A 
preferred approach for the breakdown of dissolved 
metai-organic complexes and the removal of DOM in
volves treatment of the sample with ultra-violet (UV) 
radiation prior to trace metal determination (16-221. 
UV digestion is a clean sample preparation method, 
as it does not require the addition of large amounts of 
oxidants. Funhermore, UV digestion is effective and 
can be readily incorporated in flow injection mani
folds, allowing stand-alone trace metal analysis. A 
commonly used source of UV radiation for UV diges
tion methods is a Hg vapour lamp. The spectrum of a 
medium pressure Hg vapour lamp (used in our study) 
is rich in lines in the UV range (40-400 nm). with 
a pronounced signal at ca. 254 nm arising from with 
the transition of Hg atoms from their lowest excited 
state (6^Po) to the ground stale (6'So). In addition, 
lines are present at ca. I85nm and correspond to the 
6'Pi 6'So transition. A relatively small number 
of Hg atoms are excited to atomic states higher than 
6'P| , but their lines are weak. The main wavelengths 

involved in the breakdown of DOM during UV diges
tion of natural water samples are reponed to be 185 
and 254 nm (16.17,191. 

Photo-degradation of organic matter in natural wa
ters by sunlight is thought to proceed by mechanisms 
which involve singlet oxygen reactions and free rad
ical auto-oxidation [23-26], and similar processes 
can be expected to take place during UV diges
tion of samples. The excited (singlet) 'O2 slate is 
formed by transfer of energy from sensilisers (organic 
molecules, e.g. humic acid), which have been excited 
through UV radiation capture, to molecular oxygen 
in the ground state (triplet; -^02). Singlet oxygen is 
highly reactive and thought to be an important in
termediate product of DOM decomposition. Organic 
reaciants susceptible to singlet oxygen attack include 
molecules with electron-rich cenu-es (e.g. phenols) 
and those containing oxidisable functional groups 
[16]. Singlet oxygen is rapidly quenched by water, 
but the strong UV exposure of samples during UV 
digestion may result in an enhanced concentration of 
this reactive intermediate. The formation of hydroxyl 
radicals, produced by the action of UV radiation on 
H2O, or H2O2 added to samples, and their subsequent 
reaction with organic matter is reported to play an 
important role in DOM breakdown [27]. The greater 
the number of hydroxyl radicals, the faster the UV 
breakdown of DOM proceeds because of their role 
in initiating radical chain reaction involving organic 
molecules. The direct breakdown pathway of DOM 
through exposure to UV radiation is thought to play 
a minor role during UV digestion of samples (27]. 

This paper reports on the effectiveness of batch 
and on-line UV digestion of samples prior to Cu 
analysis using flow injection with chemiluminescence 
detection (FI-CL). The FI-CL method is based on 
breakdown of I JO-phenanthroline, which is catal
ysed by Cu in an alkaline medium [28,29]. The 
FI-CL method uses an on-line micro-column with 
8-hydroxyquinoline (8-HQ) immobilised on a resin 
for preconcenu^tion of trace metals and removal of 
matrix interference. Uncertainties exist about the ex
tent of trace metal binding by the immobilised 8-HQ 
during preconcentration. due to the compeiilion with 
the natural metal complexing organic ligands. Copper 
was chosen as a model metal, because more than 95% 
of dissolved Cu occurs in strong organic complexes in 
seawater [4], and hence, the binding of this element 

i 
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by ihe micro-column may be ihermodynamically or 
kineiically limited. Experiments on UV digestion 
efficiency have been conducted using samples (sea-
water and deionised water) with added DOM (humic 
acid), and natural seawater samples. The UV diges
tion efficiency has been evaluated by determination 
of dissolved organic carbon (DOC), fluorescence and 
Cu in the treated water samples. 

2. Experimental 

2.1. Sample collection and reagents 

Low carbon seawater (LCSW) for UV digestion ef
ficiency experiments involving the addition of humic 
acid was collected in the Western Approaches (coastal 
area near Plymouth, UK) from a depth below the iher-
mocline (>37m depth, salinity S = 34.7). The water 
was filtered on-line (peristaltic pump, Gilson Minipuls 
3) using a filtration unit (47 mM diameter, Swinnex. 
Nalgene) fitted with a 0.45 |xm pore size membrane 
filler (cellulose nitrate, Whatman) and passed through 
a Sep-pak C18 column (Millipore) in order to remove 
hydrophobic compounds. Subsequently, the water was 
UV digested for 12 h (batch UV treatment using 400 W 
Hg lamp; further details below) in the presence of 
H2O2 (15 mM). A seawater sample for UV digestion 
efficiency experiments investigating the release of Cu 
from natural Cu complexing organic ligands was col
lected in the Tamar Estuary (south-west UK. S = 22) 
in an acid-cleaned high density polyethylene (HDPE) 
container (101). The water was vacuum filtered using 
a filtration unit (polysulphone 500 ml. Nalgene) filled 
with 0.45 \x.m pore size, cellulose nitrate membrane 
filters (47 mM diameter, Whatman). The Tamar sam
ple was processed immediately upon sampling. Fur
thermore, seawater samples for similar experiments 
were collected from a coastal region south of Ireland 
(Celtic Sea) during the Propheze cruise on-board the 
RRS Discovery. Samples from different depths were 
collected using acid-cleaned Teflon™ lined Niskin™ 
samplers attached to a stainless steel rosette frame. 
The samples were vacuum filtered on-board ship using 
polycarbonate membrane filters (0.4 ^xm; Nuclepore) 
fitted in a filtration unit (500 ml, Nalgene). and stored 
frozen ( -20°C) in acid-cleaned HDPE sample bottles 
(500 ml; Nalgene). 

Al l reagents and standards were of analytical grade, 
supplied by Merck BDH, unless stated otherwise, and 
prepared in deionised (ultra-high purity; UHP) water. 
UHP water, which is low in carbon and trace met
als, was obtained from an Elgastat Ma.xima system 
(> 18.2 Q m cm" ' ) fitted with UV u-eatment. A humic 
acid (250 m g i " ' HA) stock solution was prepared by 
dissolution of commercial HA (Aldrich) in UHP. HA 
solutions in UHP and LCSW used for the experiments 
were made by dilutions of the stock solution. The 
HA solutions were refrigerated and found to be stable 
for three months. Elemental analysis of the solid HA 
material using a CHNS analyser (CE instruments EA 
i l l O ) , yielded the following composition: 36.7% C, 
4.7% H and 1.7% N. 

Standard solutions for the determination of DOC 
were prepared from potassium phthalate (KPH, 
0.5-12.5 mgl~* C. Shimadzu) in acidified (quanz dis
tilled HCI (Q-HCi). pH 2) UHP Standard solutions 
for the fluorescence determinations were prepared by 
dilution of HA stock solution in acidified (Q-HCI. 
pH 2) UHP and LCSW, respectively (0.5-2.0mg 1"' 
HA). Solutions for FI-CL determination of dissolved 
Cu in seawater included hydrogen peroxide (0.7 M), 
1,10-phenanthroline (60JJLM; Fluka), sodium hydrox
ide (80 mM). cetyldimethylethylammonium bromide 
(CEDAB) (15 mM; Aldrich), teiraethylene pentamine 
(TEPA) (0.4 f i M ) , citrate buffer (0.2 M . resulting in 
final pH 5.2 upon mixing with the acidified sample in 
FI-CL manifold) and 0.2 M Q-HCI for eluting precon-
centrated Cu from the micro-column. Solutions for 
the determination of Cu in seawater using adsorptive 
cathodic stripping voltammetry (AdCSV) included 
N-hydroxyethylpiperazine-A^-2'-eihanesulphonic acid 
(HEPES) pH buffer ( I M , pH 7.7), salicylaldoxime 
(SA; 0.01 M) as AdCSV ligand and quartz distilled 
ammonia (Q-NH3) for sample pH adjustment. Stan
dard solutions of Cu(ll) in the range 10"^ to 10"' M 
were prepared from dilution of an atomic absorption 
standard solution (Spectrosol, lO.OOOmgl"') and 
acidified to pH 2 using 6 M Q-HCl. 

2.2. Labware. instrumentation and methods 

For DOC and fluorescence determinations, quartz 
UV digestion tubes and other glassware were washed 
in a warm Decon solution (5% v/v) and rinsed with 
UHP [301. Vials used in the autosampler of the DOC 
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analyser were ashed (450''C. >4 h) after washing. For 
Cu determinations, quartz UV digestion lubes were 
washed in Decon, followed by a two-step wash in HCI 
(1 M) and rinsed with UHP. High density polyethylene 
(HDPE) bottles (Nalgene) were washed in Decon, fol
lowed by a iwo-siep wash in HCI (6M) and HNO3 
(2 M), and thoroughly rinsed with UHP. 

UV digestion of samples was effected by irradia
tion of solutions using 125 and 400 W medium pres
sure Hg lamps (Photochemical Reactors), positioned 
in a purpose-built aluminium lamp housing, which 
was cooled by a fan (RS. air flow 401min~'). TTie 
power supply for the lamps (Photochemical Reactors) 
switched from a high output during the initiation of the 
Hg arc lamp to a reduced output for continuous opera-
lion. The housing was light tight to prevent exposure to 
harmful UV radiation and the power supply (o the UV 
lamp was cut automatically upon opening the diges
tion unit. Medium pressure UV lamps produce ozone, 
and therefore, all UV digestion experiments were per
formed in a fume cupboard. Batch experiments were 
carried out by placing up to eight quartz glass UV 
digestion tubes (30 ml. l 8 m M i.d.) fitted with PTFE 
caps in the unit. The. centre-io-centre distance between 
the light source and the tubes was ca. 5 cm. For on-line 
UV digestion of samples, a quartz coil was positioned 

in the unit and solutions were pumped through the 
coil using a peristaltic pump (Gilson Minipuls 3). 
The light source was positioned in the centre of the 
coil, which has 16 loops of 7cm diameter (length ca. 
3.5m) and l.OmM i d . , giving a volume of ca. 2.8 ml. 

DOC was determined using a high temperature 
catalytic oxidation method (HTCO. Shimadzu; TOC 
analyser model 5000A, with model ASI autosampler) 
[30]. The analytical performance of the TOC analyser 
was verified by determination of the non-purgeable 
organic carbon concentration in a reference seawater 
(deep sea reference; DSR) prepared by the Bermuda 
Biological Station. During each DOC run a DSR 
sample was analysed in triplicate. The results of these 
analyses (44.4 p.M C, 2a = 5.6 ^lM C, n = 30) 
agreed well with the nominal value (44-45 f i M C). A 
spectrofluorimeter (Hitachi, model F-4500) was used 
to measure fluorescence using excitation and emis
sion wavelengths of 260 and 472 nm, respectively (Ex 
slit width l O j i M . Em slit width 20fxM, PMT voltage 
700 V). DOC and FS were measured within hours of 
irradiation of the samples. 

The FI-CL manifold for dissolved Cu analyses 
is shown in Fig. I . Two peristaltic pumps (Gilson 
Minipuls 3) were used to deliver the sample and buffer, 
UHP water, eluent and reagents. Al l manifold tubing 
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R V - automated six port injection valve 
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rinse ^ ^ 

1.6 
Acid wash" 
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Citrate buffer (0.2 M) 
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8-HQ c o i r 

Eluent(0.2 M H C I ) 
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C E D A B : NaOH, T E P A 
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2.6 

_2.6 

spiral quartz flow cell 

PMT 

500 cm Reagent 
mixing coll ml /min 

Fig. I. F l - C L manifold for the delenninaiion of Cu in seawater. 
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recorder 
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was PTFE (0.75 r.im i.d.. Elkay) except for the peri-
sialiic pump tubing, which was Tygon (Elkay). The 
preconcenlration micro-column containing immo
bilised 8-HQ on a hydrophilic vinyl co-polymer was 
synihesised according to the method of Landing el al. 
[31] using Toyopearl HW-75F resin (TSK; 30-60^m, 
fine, Toso-Haas, Anachem). The micro-column was 
constructed from Perspex® and the TSK-8HQ resin 
sealed inside using polyester pads and nylon frits. The 
column was installed in the six-port rotary injection 
valve and cleaned with 0.5 M quartz-distilled HCI for 
at least 4h. followed by UHP water for 1 h, prior to 
use. A six-port PTFE rotary injection valve (Rheo-
dyne, model 5020) was used to transport the sample 
to the detector. A quartz glass spiral flow cell (1.0 mM 
i.d., nop-l internal volume) positioned behind a mir
ror in a sealed housing enabled the CL reaction to 
be monitored. The detection system consisted of an 
end-window photomultiplier tube (Electron Tubes, 
9798QA) contained in a |x-metal shield for magnetic 
insulation (M552D), an ambient temperature shielded 
housing (B2F/RFI) and a l . l 6 5 k V power supply 
(Electron Tubes, PM28B). Peak detection and quan
tification was achieved using a flatbed chart recorder 
(Kipp and, Zonen BDl 11). Computerised control of 
the FI-CL manifold was undertaken in a QuickBasic 
programming environment using a D/A device con
trol interface card (Brainboxes) housed in a desktop 
PC. The analytical sequence for the FI-CL determi
nation of Cu was as follows: the 8-HQ micro-column 
was loaded with sample (buffered to pH 5.2) for 90 s, 
followed by a 20 s rinse with UHP water to remove 
interfering major seawater ions. Copper was eluted 
(30 s) from the column using 0.2 M HCI and this 
stream was merged with the reagent streams (H2O2, 
1,10-phenanthroline, CEDAB, NaOH, TEPA) and 
a CL signal was obtained. Samples were analysed 
four times and Cu in the samples was quantified by 
the standard addition method. The precision of the 
method was <5% at I.OnM Cu, with a linear range 
of 0.01-50 nM. Further details of this method will be 
described elsewhere. 

Dissolved Cu was determined by AdCSV using 
a voliammetric analyser (Autolab PGSTAT 10. Eco-
chemie) connected to a hanging mercury drop elec
trode (663 VA Stand, Metrohm). To an aliquot (10 ml) 
of sample, lOOjil of HEPES buffer was added (final 
concentration: 10 mM, pH 7.7) and 25 ĴLl SA (final 

concentration: 25 p.M) [32]. In order to neutralise 
the pH value. Q-NH3 (22j i l ) was added to acidified 
samples. The following voltammetric conditions were 
used: sample purge time: 3 min (nitrogen gas); depo
sition lime: 15s; deposition potential: -0.12 V; scan 
form: square wave (50 Hz). Samples were analysed in 
duplicate, and quantification of the dissolved Cu con
centration was undertaken using the standard addition 
method. The analytical precision of the Cu AdCSV 
method was typically below 5%. 

Certified reference seawaiers (SLEW-2 and 
NASS-4) were analysed to verify the accuracy of the 
FI-CL and AdCSV methods for Cu analysis, and in 
alt cases a good agreement (/-test; P = 0.05) was 
obtained between measured and certified values. In 
order to reduce airborne contamination, all sample 
handling which involved waters to be analysed for 
dissolved Cu was performed inside a class-100 lami
nar flow hood (Bassaire, model A3VB). 

2.3. Exper'unents 

Solutions containing H A ( U H P H A and L C S W H A ) 

were irradiated using the 1 2 5 and 400 W lamps. The 
effect of the UV digestion on the H A breakdown was 
assessed by DOC and fluorescence measurements. In 
order to mimic conditions used for UV digestion prior 
to trace metal analysis, the U H P H A and L C S W H A 

solutions were acidified to pH 2 (using Q-HCl) prior 
to UV digestion. Experiments were performed in the 
absence and presence of H2O2 (15 mM; final concen
tration). Batch experiments were carried out by plac
ing the aliquots in quartz glass lubes and irradiating 
for up to 12h. On-line experiments were carried out 
by pumping U H P H A and L C S W H A solutions at spe
cific flow rates (0.25-4 ml min~') through the quartz 
coil. During UV digestion, the sample temperature 
in the quartz tubes was ca. 92°C (400 W ) and 80°C 
( 1 2 5 W ) , and in the coil ca. 70-90°C, depending on 
the flow rate. UV digestion of acidified (pH 2) sea
water samples from the Celtic Sea and Tamar Estuary 
was undertaken to investigate release of Cu from Cu 
complexing ligands in batch and flow modes using the 
400 W Hg lamp. Acidification prior to UV digestion 
is necessary in order to prevent trace metal loss by 
adsorption onto the walls of the quartz tubes and coil. 
The effect of the UV digestion on the breakdown of 
naturally present Cu complexing organic ligands was 
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followed by determination of Cu using FI-CL for the 
Celtic Sea samples, and AdCSV and Fl-CL for the 
Tamar sample aliquots. 

3, Results and discussion 

3.1. UV digestion of UHP HA a^^d LCSWHA 

Fig. 2(a) shows the results of batch UV digestion 
experiments of UHP with 2 0 m g ! - ' of HA (7.2 mgC 
r ' ) , in the presence and absence of H2O2. using 125 

and 400 \V lamps. The results are presented as the 
fraction of DOC remaining. The added HA concen
tration is high but such levels could be encountered 
in upper estuarine regions receiving large amounts of 
soil run-off [141. In the presence of H2O2 (15 mM). 
the fraction of DOC remaining was < I % after 2 h of 
irradiation using 125 and 400 W lamps. For Smgl " ' 
of HA (l.SmgC r ' ) the DOC remaining was < I % 
after 0.5 h with the 400 W lamp and < 1% after 1 h 
with the 125 W lamp. After 4h DOC concentrations 
in all solutions (even without H2O2) were close to 
the limit of detection (LOD) of the TOC analyser 
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(LOD = 0.08 m g l " ' C; 3 s of U H P analysis, M = 20). 
Similar results have been reported by other workers 
[27] and ascribed to an enhanced formation of hy
droxyl radicals (from H2O2) which aid the breakdown 
process. 

Breakdown experiments with U H P H A (16.2mgl~' 
H A or 6.1 m g | - ' C) and L C S W H A ( I 4 . 4 m g l - ' H A 

or 5.4 m g l " ' C) solutions using on-line U V diges
tion (400 W lamp) in the presence of H2O2 (15 mM) 
showed that breakdown of H A was less efficient in 
the L C S W matrix. After a sample residence time of 
5.6 min in the quartz coil (flow rale 0.5mlmin~') . 
20% of the L C S W H A DOC fraction remained, com
pared with 6.7% of the U H P H A fraction. Ruorescence 
measurements, however, indicated that the breakdown 
of both solutions was quantitative, with residual re
sponses of 0.15 and 0.10%, respectively, after a sam
ple residence time of 5.6 min. The conditions used for 
the on-line U V digestion were, therefore, effective at 
destroying fluorescent centres in H A molecules, but 
were not fully effective in completely breaking down 
organic matter into inorganic constituents (includ
ing production of CO2) . A slowing of the phoiolytic 
decomposition rate of organic compounds with in
creasing ionic strength has been observed by other 
workers [19,20], and linked to the absorption of U V 
radiation by chloride and other ions and the scav
enging of hydroxyl radicals by chloride. In addition, 
at low pH, coagulation of H A may have occurred, 
especially at increased ionic strength, and this could 
be linked to the reduced efficiency of DOC break
down in L C S W H A . compared with U H P H A - These 
results also show the limitation of using fluorescence 
spectroscopy for assessing the efficiency of total U V 
digestion of organic matter In order to compare the 
concentration of trace metals released during U V irra
diation with the amount of organic matter destroyed, 
the quantification of residua! dissolved organic carbon 
by HTCO, or similar methods, is required. 

Fig. 2b shows the efficiency of on-line U V digestion 
of acidified (pH 2) and non-acidified (pH 8) L C S W H A 

(6.95 m g r ' H A or 2 .55mgl- ' C) samples, with 8.6 
and 32% residual DOC, respectively. Previous investi
gations ([ 19] and references therein) indicated that the 
photolyiic decomposition rale of some organic com
pounds (e.g. phenylalanine and benzene) increases in 
acidic solutions, while thai of others increases with 
(e.g. trichloroeihylene), or remains unaffected by (e.g. 

2-propanol) pH. The results of this study show that 
the influence of pH (enhanced decomposition of HA 
at higher pH) and ionic strength (lower decomposition 
efficiency at high ionic strength) on sample decompo
sition is more pronounced during on-line UV diges
tion than during batch digestion due to shorter resi
dence limes and depletion of dissolved oxygen during 
on-line UV treatment. 

3.2. UV digestion of estuarine and 
coastal water samples 

Fig. 2c shows the results of on-line digestion 
(400 W lamp) of a sample from the Tamar estuary 
(DOC 2.27mgl" ' C), which receives treated and 
untreated sewage discharges and run-off from agricul
tural fields and moorlands (high in humic and fulvic 
acids). UV digestion was undertaken in the presence 
of H2O2 (15 mM) at pH 2 and the results show a 
broad similarity for batch and on-line digestion ex
periments conducted using L C S W H A solutions, with 
23% of DOC siill remaining after a residence time in 
the UV coil of 11.2 min (flow rate 0.25 ml min" ' ) . 

3.3. Determination of Cu after UV digestion of 
estuarine and coastal water samples 

UV digestion was undertaken using acidified (pH 
2, Q-HCI) samples in the presence of H2O2 (15 mM). 
The Cu available after UV photolysis was deter
mined using FI-CL and AdCSV (as a comparative 
method). Batch and on-line UV digestion of Tamar 
water resulted in an increase in the labile Cu concen
tration with prolonged irtadiation times (Fig. 3). A 
12 h digestion period was assumed to represent 100% 
release of organically complexed Cu, and yielded Cu 
concentrations of 48.6 ± 3.5 nM (FI-CL, n = 4) and 
48.5 ± 0.6 nM (AdCSV. n = 3). For both batch and 
on-line UV digestion, in the initial stages of irradia
tion, the labile Cu concenUations determined by Ad
CSV were slightly higher than those determined by 
FI-CL after preconcentration on an 8-HQ microcol
umn. This difference can be explained by the different 
analytical conditions of ligand competition during 
analysis using the two methods. At pH 2, 8-HQ is a 
stronger ligand for Cu than SA but is also less selec
tive. In its immobilised form on the micro-column, 
the complexation of Cu by 8-HQ may be hindered 
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Fig. 3 . Labile Cu concentrations (nM) during limed digestion 
experiments on Tamar Estuary water, in the presence of Hi02 
(l5mM). using (a) batch and (b) on-line UV digestion with a 
4 0 0 W Hg lanip. T A O methods of Cu determination were used: flow 
injection with chemiluminescence detection (FI-CL) and adsorptivc 
caihodic stripping voliammclry (AdCSV). Error bars represent 
- i - / - 3 5 . 

by non-selective binding of major seawaier cations 
and also kinetically limited. Therefore, it is important 
that quoted values for 'dissolved' Cu concentrations 
in seawater are operationally defined. 

Batch digestion for 8 h released 99% of the Cu in 
the Tamar sample (Fig. 3a, both methods of Cu anal
ysis). On-line UV digestion with a sample residence 
time of 5,6 min (0.5mlmin~' flow rate) resulted in a 
99 and 93% recovery of Cu measured with AdCSV 
and FI-CL. respectively, while 100% recovery was 
achieved with a flow rate of 0.25 ml min" ' (11.2 min 
residence lime) and R-CL detection (Fig. 3b). These 
results indicate that complete release of Cu from com
plexing organic ligands was achieved using on-line 
UV digestion, although the measurement of DOC 
showed that a significant fraction of the organic mat
ter was resistant to UV photolysis using the applied 
method (see Fig. 2c). This suggests that the functional 
groups on organic molecules involved in complexing 
Cu are more susceptible to breakdown than other parts 
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Fig. 4. Depth profiles of dissolved Cu in the Celtic Sea (station 
22/06; 51.2'N. 7.2*W). Cu determination using F I - C L detection 
after batch UV digestion (400 W lamp. 4h digestion) in the pres
ence (15 mM) and absence of H->Ov 

of the molecule and/or non-complexing molecules 
when using on-line UV digestion. 

Fig. 4 shows depth profiles for Cu in the Celtic 
Sea (station 22/06), determined using FI-CL, after 
batch UV digestion (4h. 400 W lamp) of filtered and 
acidified (pH 2, Q-HCI) samples in the absence and 
presence of H2O2 (15 mM). The results show that ad
dition of H2O2 to the samples significantly enhanced 
sample digestion and made 18-52% more Cu avail
able to the 8-HQ preconcentration/mauix removal 
column. Station 22/06 (51.3^N, 7.3°W) is situated in a 
coastal region, away from direct land-derived run-off. 
The DOC concentrations in the samples from this sta
tion ranged between 0.88 and 0.96 mg l~ ' C, which is 
lower than the DOC concentration in the Tamar. Most 
of the DOC in the Celtic Sea is biologically produced 
in situ, and it is likely that this biogenic DOC is more 
susceptible to UV breakdown than humic acids. DOC 
analysis in the UV digested samples (4 h, batch UV 
digestion) resulted in concentrations below the LOD 
of the TOC analyser (samples with and without added 
H2O2), indicating the ease of breakdown of the organic 
matter in these coastal water samples. The Cu concen-
u-ation in the coastal water ranged between ca. 5 and 
10.5 nM, which compares well with levels observed 
in regional coastal seas ( 7 - l 8 n M , Irish Sea/Liverpool 
Bay [33]; 3.5-24 nM, Irish Sea/Liverpool Bay [34]; 
5-7 nM, western Irish Sea [35]). 

Fig. 5 shows depth profiles for Cu from station 
18/06 (51.5**N, 6.4°W) determined using FI-CL with 
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Fig. 5. Depih profiles of dissolved Cu in ihe Celiic Sea (siaiion 
18/06; 51.5"^. 6.4*W). Cu deiermination using acidified (pH 2) 
samples and Fl-CL detection with and without on-line UV diges
tion (400 W lamp). 

and without addition of H1O2 {lOnM) and on-line UV 
digestion (residence time lOmin). All samples were 
filtered (0.45 l̂m) and frozen immediately after collec
tion, stored and thawed and acidified (pH 2. Q-HNO3) 
prior to analysis. The results show that between 5 and 
29% of the total Cu measured was only liberated after 
UV digestion, i.e. acidification to pH 2 alone did not 
release all of the Cu. Clearly further experiments are 
required in order to establish whether the results can 
be extrapolated to other seawaler matrices (and other 
trace metals) but it re-emphasises the point that sam
ple treatment protocols have a significant effect on the 
concentration of Cu measured. 

4. Conclusions 

Batch and on-line UV digestion using a 400 W 
medium pressure Hg vapour lamp, in the presence of 
added H2O2. was effective in breaking down Cu com-
plexing organic ligands prior to the determination of 
Cu using Fl -CL. Batch UV experiments, with DOC 
analyses of treated sample aliquots. indicated that hu-
mic acid was broken down in UHP and LCSW within 
2 h using a 400 W lamp. On-line UV digestion (400 W 
lamp) with a sample residence time of 5.6 min was 
less effective for the breakdown of HA in UHP and 
LCSW, compared with batch UV digestion (400 W 
lamp: digestion time of 2-4 h), in terms of residual 
DOC concentration. Incomplete DOC removal using 
on-line UV digestion was also observed in Tamar 

Estuary water, indicating that on-line UV digestion 
does not fully break down the more residual organic 
matter fraction. However, fluorescence measurements 
indicated that both UV digestion approaches were 
effective at breaking down fluorophores in the sample 
aliquots. Furthermore, on-line UV digestion (400 W 
lamp. 5.6-11.2 min residence time) was effective in 
releasing Cu from complexing organic ligands in an 
estuarine sample, prior to Fl -CL and AdCSV analysis. 
The results using natural water samples (Tamar Estu-
ar>' and Celtic Sea) showed that UV digestion prior 10 
8-HQ micro-column preconceniraiion is necessary to 
obtain accurate total dissolved Cu concentrations. The 
UV digestion of samples, prior to 8-HQ micro-column 
preconceniraiion/matrix removal with F l -CL analysis, 
can also be applied to other metals (e.g. Co. Fe, Mn) 
and is. therefore, a contamination-free approach to the 
preireaimeni of seawaier samples for the determina
tion of total dissolved trace metals. This approach is 
also compatible with detection by inductively coupled 
plasma mass spectrometry and inductively coupled 
plasma atomic emission spectrometry. 
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