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Abstract

Iron speciation analysis is important to enhance our understanding of iron’s role

in limiting phytoplankton productivity in the ocean. In this study, two different

particulate Fe species, crystalline particle goethite (FeO(OH)) and FeCl3 are used

in cyanobacteria Synechococcus sp. PCC 7002 culture to test for a potential re-

duction mechanism. It has been suggested that some photosynthetic prokaryotic

strains may employ cell surface Fe(III) reduction mechanism for iron oxides to

produce bioavailable Fe(II) [53, 51]. Notably, iron is often present in seawater in

the form of insoluble iron oxides to which its bioavailability is poorly understood.

To demonstrate biogenic Fe(III) reduction, Fe(II) and Fe(III) (TFe and dFe) are

determined using in line Flow injection analysis with chemiluminescence detection

and ICP-MS with seaFAST respectively. Our results show that Fe(II) production

is detected in a culture grown with FeO(OH) (0.19±0.19nM n=9) and a culture

with FeCl3 (0.30±0.22nM, n=10). In addition, Fe(II) is detected for abiotic con-

trol samples in FeO(OH) (0.06±0.07nM, n=9) and FeCl3 (0.04±0.22nM, n=10).

Thus, Fe(III) reduction may be photochemically produced under photosyntheti-

cally active radiation (PAR). In addition, dFe concentration increases in culture

with goethite day 1 (7.69±0.52nM, n=3) and day 22 (35.49±3.69nM, n=3). How-

ever, culture growing with FeCl3 shows decrease in dFe concentration from day 8

samples (40.53±2.23nM dFe, n=3) and day 23 (3.26±1.95nM dFe, n=3). This may

infer different reduction rates between amorphous iron oxides and crystalline forms

of iron [3]. This work implicates a biologically mediated reduction of particulate

Fe(III) due to higher Fe(II) and dFe concentrations for Synechococcus sp. PCC

7002 with FeCl3 and FeO(OH) relative to abiotic control.
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Chapter 1

INTRODUCTION

Iron is an essential element required by all aerobic organisms for vital processes such

as photosynthesis, respiration, nitrogen fixation and many other key processes [100,

71]. However, in many areas of the open ocean iron is generally unavailable with

dissolved concentrations at sub-nanomolar levels [116, 112]. The marine chemistry

of iron is complex due to thermodynamic factors that cause low iron solubility

in oxic conditions [28]. As a result, it is reported that marine phytoplankton

are limited by iron supply in 30-40% of the world’s oceans [18, 115, 70]. Marine

phytoplankton are a critical group of organisms provided that they are responsible

for a large amount of absorption of the earth’s atmospheric carbon dioxide [30].

Iron limitation in the ocean has not always been prominent knowledge. Areas in

the ocean known as high nutrient low chlorophyll (HNLC) zones contain sufficient

nutrients but relatively low primary productivity [75, 16]. HNLC zones contain

significantly high levels of nitrate, phosphate and silicate throughout the year but

do not produce phytoplankton biomass blooms in the spring [111]. Oceanogra-

pher John Martin hypothesized that iron is limited in HNLC zones of the ocean

[63]. However, many early studies of iron in the ocean lacked proper techniques

to measure iron accurately. This is due to the ubiquitous nature of iron in the

atmosphere and in our laboratory equipment present as dust which can contami-

nate samples. The development of a clean room driven primarily by scientist Clair

1
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Patterson greatly reduced contamination during elemental analysis [79, 80]. John

Martin and other scientists implemented these clean techniques to study oceanic

iron concentrations [62]. Trace metal clean techniques eventually revealed that iron

is the limiting factor in HNLC regions of the ocean [6, 21].

Iron speciation is a key component in revealing iron availability to marine organ-

isms. In the ocean iron occurs in two main redox states, one as dissolved Fe (II)

which rapidly oxidizes to form insoluble Fe (III) [32, 72, 129]. In addition, iron

often forms inorganic and organic complexes [35, 65], colloids [134] and particulate

fractions [33] of which formations have a strong influence on the fate of iron in the

ocean. Fe(III) in the ocean has extremely low solubility and rapidly hydrolyzes

which results in the formation of particulate Fe(III) oxides or hydroxide phases.

As a result, Fe(III) in the ocean is predominantly in particulate iron oxyhydroxide

form [52, 58]. It is also reported that more than 99% of dissolved iron in seawater is

bound to organic material [35]. The bioavailability of most of these complexes are

not fully understood, therefore elucidating the importance of speciation studies.

However, iron analysis in seawater matrices has many challenges. Analytical steps

should prevent altering iron speciation and the introduction of contamination.

Specifically, Fe(III) analysis in seawater can have interferences due to high salt

concentrations and may require pre-concentration to determine sub-nanomolar iron

concentrations. The pre-concentration process is subject to many analytical pro-

cedures at risk for iron contamination. Moreover, Fe(II) analysis has unique ana-

lytical challenges due to its short-life and highly reactive nature. Factors like pH,

light, temperature, dissolved oxygen, natural organic material (NOM) and reactive

oxygen species (ROS) affect Fe(II) oxidation [76]. For instance, in oxic conditions

Fe(II) easily forms Fe (III) [58, 98]. Fe(II) also oxidizes at a faster rate as tempera-
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ture increases [24]. Hence, few studies report Fe(II) production analysis on marine

phytoplankton [56] [86]. Two leading methods for Fe(II) analysis in water are flow

injection analysis with chemiluminescence FIA-CL [28, 133] and spectrophotomet-

ric methods [39, 15].

Many iron studies aim to understand interactions between photosynthetic organ-

isms and iron. Cyanobacteria, known as the oldest photosynthetic prokaryotes,

evolved about 3.5 billion years ago and account for 25% of global ocean net primary

productivity [121]. In addition, cyanobacteria have higher iron requirements than

their eukaryotic competitors [69], which makes them suitable for iron studies. De-

spite the scarcity of directly bioavailable iron in the ocean, marine photosynthetic

organisms have developed survival methods to obtain iron from various sources

[99] [43] [53]. Some cyanobacteria strains such as Synechocystis sp. PCC 6803

show a reduction method using a protein called pili with capabilities for Fe(III)

reduction to Fe(II) through electron donation to extracellular electron acceptors

[53] [36]. The reduction in Synechocystis sp. PCC 6803 occurs before transport

through the plasma membrane [51]. Some researchers suggest that a similar pili

mechanism may be present in Synechococcus sp. PCC 7002 [123]. Other work

shows the production of organic complexes that bind iron in response to iron stress

in Synechococcus sp. PCC 7002 [131, 37].

This work studies Fe(III) reduction through determination of Fe(II), total and

dissolved iron (TFe and dFe) to follow iron speciation changes in Synechococcus

sp. PCC 7002 culture using FIA-CL and ICP-MS with seaFAST pre-concentration

respectively. Two different forms of Fe(III) salts, FeCl3 and FeO(OH) are use to

give insight into changes in iron uptake by Synechococcus sp. PCC 7002.
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1.1 Hypothesis

Synechococcus sp. PCC 7002 may be able to reduce particulate Fe(III) to solu-

ble and bioavailable Fe(II) by electron flux mechanism. To follow this biogenic

reduction of iron the determination of dissolved Fe(II) and Fe(III) in the culture is

essential. We expect that different species of particulate Fe(III) may have different

response for this biogenic surface reduction mechanism, such as amorphous iron

oxides and crystalline iron oxy hydroxide (FeO(OH)) may have different reduction

and bioavailable potential.

1.2 Objectives

Main objectives:

1. To determine soluble Fe(II) and Fe(III) concentration using in line FIA-CL

and ICP-MS with seaFAST respectively to follow Fe transformation in Syne-

chococcus sp. PCC 7002.

2. To optimize method sensitivity for quantification of iron (II) by FIA-CL

method in cyanobacteria Synechococcus sp. PCC 7002 culture.

Sub-goals:

• Incubation of cyanobacteria culture under constant temperature and light in

synthetic ocean water with nutrients.
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• To improve seaFAST pre-concentration efficiency.

• To implement clean techniques for trace level iron studies in laboratory and

field studies.

1.3 Collaborations

This is a collaboration thesis with master student Ayten Pehlivan, who focuses on

biological studies to unveil complementary information about Synechococcus sp.

PCC 7002 during iron acquisition.
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Chapter 2

THEORETICAL BACKGROUND

2.1 Iron fractions

Iron species are crucial to define and determine in order to understand the pro-

cesses that govern iron biogeochemistry and cycling in the ocean. Speciation refers

to the physical and chemical forms of an element such as oxidation states, com-

plexes, ion pairs, colloidal and particle forms. Specifically, iron can be divided

into multiple fractions such as particulate (PFe), dissolved (dFe), soluble (sFe) and

colloidal (cFe), which can be operationally defined by particle size filtration [124].

Figure 2.1 shows the size scale and examples of these iron fractions. However,

these size definitions are strictly operational and consequently not fully descriptive

of inorganic, organic or reactivity states as demonstrated by overlap and dotted

lines in Fig. 2.1. As mentioned in the introduction, iron in the ocean can exist in

two oxidation states, Fe(II) and Fe(III). These iron oxidation states are predom-

inantly present in the ocean with inorganic and organic complexes. The smallest

fraction of the dissolved iron pool known as soluble Fe, passes through ≤0.02µm

pore size filter [134] and includes organic and inorganic fractions of iron. The

inorganic sFe describes free inorganic iron species such as FeCl– and Fe2+. Frac-

tions of inorganic iron such as FeCl3 rapidly form amorphous iron oxide complexes

(Fe(OH)x) [74]. The organic portion of sFe includes Fe complexes with organic lig-

7
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ands. Organic-iron complexes are widely studied today as they form >99% of the

dissolved iron pool [35] although their bioavailability is yet not fully understood.

It has been widely shown that Fe-binding ligands are released by microorganisms

which increases iron solubility [90, 42, 91, 120].

Figure 2.1: Chemical forms of iron with operationally defined iron size classes. Source:
[124] originally adapted from [119]

In short, dissolved iron is defined operationally by the fraction that goes through

filtration using pore size ≤0.2µm or 0.45µm which includes colloidal and soluble

iron (Fig. 2.1). Colloidal iron concentrations can be obtained from the concentra-

tion difference between dissolved and soluble iron [134]. Therefore, colloidal iron

is a fraction in the dissolved iron pool that is between 0.02-0.45 µm pore size.

The organic composition of colloidal iron includes some larger and weaker iron
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siderophore complexes relative to sFe such as humic substances, smaller biogenic

material like viruses and detrius material. Inorganic colloidal material includes

lithogenic particulates and crystalline and amorphous iron oxides and hydroxides

that are cycling between particulate iron pool. The colloidal portion of the dis-

solved iron pool is not available to all marine organisms and is poorly understood.

Although the bioavailability of colloidal iron shows to be dependent on particle

size and origin of colloid material [126, 26]. In the ocean, colloidal form of iron

comprises 90% of the dissolved iron fraction in coastal waters and less than 10% in

pelagic region [132, 134, 8].

Additionally, particulate iron is the fraction collected that does not go through

a 0.2µm or 0.45µm pore size filter. Particulate iron occurs either as inorganic

or adsorbed to or complexed with organic particles. The inorganic iron forms

include refractory authigenic and large lithogenic iron. Lithogenic iron is present

as oxyhydroxides, silicates and aluminosilicates that either sinks into the deep

ocean [26] or converts to the biogenic particulate iron pool [33]. A large portion

of inorganic particulate (and colloidal) material in the ocean exists as hydroxides

or oxides [52]. In oceanic conditions inorganic Fe(III) readily hydrolyses forming

oxyhydroxides that over time form more refractory iron oxides [20, 52]. As a result

Fe(III) is predominantly in iron (hydr)oxide complexes [68, 52]. A list of common

iron oxides and hydroxides is shown in Figure 2.2. Solubility of these compounds

varies depending on pH, temperature and salinity [57].

In seawater pH 8, particles such as oxides or hydroxides bind positively charged

iron thus forming particles that can be scavenged from water column by sinking to

depth. Therefore, iron that binds to hydroxides or oxides is less bioavailable due to

their adsorption to sinking particles [58]. In addition, particle Fe(III) hydroxides
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Figure 2.2: Different types of iron oxides and oxide-hydroxides. Source: [23]

such as goethite (FeO(OH)) is present in crystalline form which has extremely low

solubility. While other forms of particulate iron goes through recycling and grazing

as it is adsorbed to biogenic and detrial material which includes organisms such as

phytoplankton and bacteria [118]. Finally, Total iron (TFe) is operationally defined

by the total fraction detected after acidification without any filtration [122].
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2.2 Iron cycling in the ocean

Figure 2.3: Major processes in the ocean iron cycle. Source: [115]

Iron cycling is important for the distribution of primary productivity in the ocean.

Iron cycling in the ocean is driven by sources, sinks and iron speciation. Sources of

iron include atmospheric dust, river input, melting of sea ice, upwelling, sediments

and hydrothermal vents [85]. One major source of iron in the ocean is atmospheric

dust as shown in Figure 2.4 where atmospheric dissolved iron estimations accounts

for a relatively large annual global flux (1.8−2.1x10 12g) in the ocean [22, 114, 133].

Although a large fraction of atmospherical iron is highly refractory [1, 89]. In

addition, water mixing through upwelling is an important iron supply in areas

where atmospheric deposition of iron is scarce[41]. Aerosol iron is introduced and

acquired by biological organisms in the photic zone such as diazotrophs[89] and

iron cycles between biological communities (i.e. diatom, flagellate, picoprokaryote,

picoeukaryote, heterotrophic bacterium) [120] as shown in Figure 2.3 [115]. Iron

cycles by being mineralized through the digestive tracts of marine microorganisms
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and released into the photic zone [99]. Organic ligands retain iron in solution and

contribute to the horizontal movement of the dissolved iron pool in the ocean[2,

19, 14]. Although not all dissolved iron may be available to all organisms.

Figure 2.4: Approximations for annual global fluxes of dissolved iron to the ocean.
Source: [133] with original values obained from [136, 109, 17]

A major sink for iron is sinking particulate including scavenging[120]. This can

be seen in Figure 2.4 where a relatively large annual amount of particulate iron

sinks (4.3x10 12g)[117]. Dissolved iron that enters the ocean through fluvial inputs

(0.1x10 12g) is often trapped in coastal areas by forming inorganic and organic

complexes [133]. Overall, retention of iron supply from external sources occurs by

abiotic and biotic mechanisms in which is essential for internal iron cycling.

2.3 Marine Phytoplankton

Marine phytoplankton compose more than 45% of the photosynthetic net primary

production on earth [106]. The term marine phytoplankton represents a large
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diverse group of prokaryotes and eukaryotes that obtain energy through photosyn-

thesis. This photosynthesis originated with the process known as endosymbiosis.

Bacteria and Eukarya are the two main domains in marine plankton. Diatoms,

dinoflagellates and haptophytes dominate the phytoplankton groups of species in

marine phytoplankton[120].

Bacteria have played a vital role in the evolution of phytoplankton. Cyanobacteria

have been credited as the first organisms oxygenating the earth through photo-

synthesis [101, 93]. As a result this lead to the development of aerobic organisms

[49]. Cyanobacteria are the most widely distributed and diverse group of photo-

synthetic bacteria. This is due to their simple nutritional requirements such as

light, carbon source, inorganic salts, sulfur and phosphorus. Nevertheless, these

organisms require relatively high amounts of iron due to their photosynthetic and

cytochrome demands [46, 9]. The greatest requirement for iron in phytoplankton

is in the photosynthetic systems. Photosystem I and II (PSI and PSII) require 12

and 2-3 Fe atoms respectively [84]. In addition, cytochrome c and b6f use iron for

photosynthetic and respiratory electron transfer chains. Iron is also part of the

nitrate assimilation and nitrogen fixing enzymes. In addition, Synechococcus sp.

PCC 7002 is a unicellular photosynthetic cyanobacterium which can grow among

a high range of NaCl conditions [60]. The doubling time can be 2.6 hours under

optimal conditions which include 38◦C, 1% v/v CO2 in air and light conditions of

250µmol photons m– 2s– 1.
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2.3.1 Iron uptake

Two major but not exclusive mechanisms for iron acquisition in cyanobacteria are

reported. Firstly, siderophore production by cyanobacteria under iron limiting

conditions [130, 43, 95]. This involves the synthesis and secretion of chelators that

bind Fe3+ and complex is transported into cell where iron is obtained [53]. However,

many cyanobacteria lack genes for the production of siderophores [29, 36]. In

addition, cyanobacteria show the uptake of siderophores produced by other nearby

organisms [45]. Secondly, some cyanobacteria strains such as Synechocystis sp.

PCC 6803 show a pilA method with capabilities for Fe(III) reduction [53]. Pili are

extracellular appendages protein fibers that have many functions like motility [10],

DNA uptake [11] and with the use of electrically conductive surface structures that

facilitate external electron acceptors [53]. Finally, other mechanisms involve citrate

Fe3+ chelating properties [43] and protein synthesis methods for iron acquisition

[54, 34]

2.4 Flow injection analysis

Figure 2.5: Schematic diagram of flow injection analysis. Source: [132]
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Flow injection analysis (FIA) was first introduced in 1975 [92]. Today FIA is the

most widely used method for iron analysis due to its ability to distinguish between

the two redox species Fe(II) and Fe(III) and low sample consumption. In addition,

FIA has high sensitivity, rapid detection and portability and hence a possibility for

shipboard deployment.

2.4.1 Method overview

Figure 2.6: Stages of flow injection analysis. Source: [104]

Flow injection analysis is based on the flow of a carrier through a moving sample

which can be detected by its reaction with a reagent.The sample enters after in-

jection from valve which creates flow stream between sample and carrier as shown

in phase 1 on Figure 2.6. The sample is dispersed by the carrier during phase 2

and sample mixes with reagent in phase 3 in the mixing coil followed by detection

as shown in Figure 2.5. Once sample enters detection phase the carrier activates

washout step to prepare for next sample. In some set-ups the reagent can serve
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as the carrier and reagent thus requiring fewer channels. In other cases analytes

require several reactions thus more channels and carriers. The basic components

of a flow injection system are reagent, carrier, valve, pump, reaction coil and flow

cell detection system as shown in Figure 2.5.

2.4.2 Chemical reaction

Flow injection luminol based method uses luminol as the reagent and chemilumines-

cence as the detection method. Luminol (5-amino-2,3-dihydro-1,4-phthalazinedione)

is a compound that emits light when oxidized. The first step of the reaction as

shown in Figure 2.7 is the oxidation of luminol to luminol radical intermediate.

This first step is facilitated by the reaction of superoxide with carbon dioxide,

from potassium carbonate, to produce peroxycarbonate radical as shown in this

equation.

CO2 + O −
2 −−→ CO −

4 (2.1)

Superoxide radical is formed by the oxidation of iron II by oxygen as seen in the

reaction below.

Fe2+ + O2 −−→ Fe3+ + O −
2 (2.2)

Superoxide formed by iron (II) oxidation then facilitates the formation of aminoph-

talate and nitrogen. Aminophtalate ion emits light that can be detected by chemi-
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luminescence [87, 24]. The optimal reaction conditions for the oxidation of iron

(II) and thereby production of superoxide are at pH 10.1.

Figure 2.7: Chemiluminescence reaction of luminol (I) where superoxide intermediate
(not shown) is formed by oxidation of iron(II) resulting in aminophthalate iron(III) which
is a light-emitting specie. Source: [44]

2.4.3 Detection

Once signal reaches detector, a graph of time versus detector response is pro-

duced. To calculate iron (II) concentrations of unknown sample, a calibration run

is employed daily with known Fe(II) concentration standards prepared immediately

before analysis. A calibration curve is plotted for response area versus concentra-

tion of standards. Concentration of iron (II) in unknown samples is determined

from slope and intercept of regression line in calibration graph. Alternatively, peak

height can be used for determination of concentrations. It is reported that results

based on peak height are around 4-5% lower than results based on peak area [32].

This is likely due to asymmetry of peaks [127] which affects area. Overall esti-
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mated uncertainties are higher for peak height due to larger uncertainty related to

sensitivity coefficient for peak height compared to peak area [32]. Therefore, peak

area is the preferred method for quantification on FIA-CL.

2.4.4 Fe(II) oxidation

Figure 2.8: Half-life of iron as a function of temperature and oxidant concentrations of
oxygen and H2O2. Source: [24]

Oxidation of Fe(II) occurs more rapidly as a function of temperature in the presence

of saturated oxygen levels as shown in Figure 2.8 [24]. The half-life of iron is higher

at colder temperatures due to slower kinetics for the oxidation step [48]. Hydrogen

peroxide concentrations also have an effect on iron (II) oxidation rates due its

ability to oxidize Fe(II) [66, 96]. In the oceans hydrogen peroxide can be produced
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by photochemical processes [77] or the oxidation of Fe(II) as shown in Haber-Weiss

mechanism in equation 2.3 [88]. Hydrogen peroxide also functions as an oxidant of

Fe(II) as shown in (Eq. 2.4 and 2.5).

Fe(II) + O −
2 −−→ Fe(III) + H2O2 (2.3)

Fe(II) + H2O2 −−→ Fe(III) + OH· + OH− (2.4)

Fe(II) + OH· −−→ Fe(III) + OH− (2.5)

The oxidation rate of Fe(II) (Eq. 2.6) (originally presented by [67]) is described

by kapp which is the sum of the oxidation rates of individual Fe(II) species. [O2]

and [Fe(II)] represents total oxygen and Fe(II) concentration and α1 represents the

fraction of each Fe(II) species in a solution.

(2.6)
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2.4.5 Alternative Fe(II) methods

Other methods for Fe(II) detection include FIA with spectrophotometry as a detec-

tor and ferrozine as a ligand [110, 47]. Ferrozine is a selective ligand for Fe(II) that

is added to a sample which then passes through a C18 resin for pre-concentration

of Fe(II) ions. Sample passes through a chelating resin to form complex with fer-

rozine then ferrozine-Fe(II) complex is eluted with methanol and detected with a

spectrophotometer. A similar method using liquid chromatography is also reported

for freshwater determination of Fe(II) [137].

2.5 SeaFAST

SeaFAST is a pre-concentration instrument used for seawater by allowing seawater

matrix ions such as Na+Cl–Ca2+ etc. to waste while retaining a variety of transi-

tion metals and rare-earth elements in the column. Specifically, concentration can

be achieved for trace metals (Mn, Fe, Ni, Cu, Zn), transition metals (Ti, Nb, V,

Mo, W, Zr), labile cobalt, and rare-earth metals [38]. The acidified sample (pH ≤

2) is introduced by an autosampler probe and fills a 10mL PTFE sample loop. In

addition, the seaFAST system contains a cleaning column for the removal of trace

metals in ammonium acetate buffer and carrier MilliQ water. The ammonium ac-

etate buffer mixes with the sample and water mixture before entering the chelation

column. Sample mixture is then pushed into the chelation column where elements

are chelated and the matrix is removed. The chelation column resin contains imin-

odiacetic and ethylenediaminetriacetic acid functional groups that chelates metals

mentioned above [107]. The pH of the chelation column is maintained at pH 6
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by a continuous flow of ammonium acetate buffer. The sample is concentrated to

a desired volume and dilution. After sample elution, the chelation and cleaning

columns are flushed with 0.1M UP HNO3 and 1.5M UP HNO3 to remove any metal

contamination. Both columns are conditioned with buffer-water mixture prior to

next analysis.

2.6 HR-ICP-MS

ICP-MS is a high sample throughput instrument that offers ultra high sensitivity

detection of elements. The main components are a nebulizer, plasma torch, inter-

face, mass spectrometer separation and detector. Analyte atoms in solution are

aspirated through a nebulizer into the spray chamber where small droplets are sep-

arated from larger droplets resulting in only 1-2 % of the sample [12]. The smaller

droplets continue to become ionized by a plasma. The plasma is produced by the

interaction of an electromagnetic field on a flow of gas such as argon. This results

in a high temperature (∼10000 K) plasma of positively charged ions. Once the

analyte ions are formed they are directed by the interface region. The interface

region consists of two metallic cones that guide the ions into the mass separation

section. This interface region is important for the proper transfer of ions into the

main vacuum chamber of the mass spectrometer. Ions then enter the ionic optic

region. This region contains electrostatic lenses which keeps photons or neutral

species from reaching the detector. Ions enter the mass spectrometer separation

device where analyte ions are separated based on particular mass-to-charge ratio

and filtering out all interfering matrix ions. High resolution ICP-MS (HR-ICP-MS)

refers to a reduction of mass overlap interferences. This is achieved by a magnetic

and electric sector in the mass spectrometer that separates and focuses the ions.
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The magnetic sector disperses ions based on energy and mass. The electric sector

disperses ions based on ion energy which allows for focusing of ions.

2.7 Chelex-100

Chelex resins are chelating agents that bind heavy metals and can be used as clean-

ing agents, separation or pre-concentration methods [108]. In this thesis, chelex-100

analytical grade resin [13] is used as a cleaning agent for removal of trace metal

contaminants in aquil synthetic seawater and luminol reagent. Chelating resin is

composed of styrene divinylbenzene copolymers containing paired iminodiacetate

ions which bind polyvalent metal ions with high affinity for copper, iron and other

metals. Initially, chelex resin slurry is added directly to sample where it binds

with selective metals for a minimum of 1 hour. Chelex resin is then removed from

sample using a filtering column. If initial metals concentration is known a resin

capacity can be calculated. The wet capacity of chelex is 0.40meq/ml and density

of chelex resin is 0.65g/ml. From equations 2.7- 2.9, the total grams of chelex resin

needed can be calculated [13].

Weight of metals =
Total average weight of metals per volume(mg/L)

Average equivalence
(2.7)

Average equivalence =
Average molecular weight of metals

Average valence
(2.8)
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Chelex weight required =
Weight of metals

Chelex resin wet capacity
Density of resin (2.9)
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MATERIALS AND METHODS

3.1 Materials

All solutions and standards were prepared using ≥ 18 MΩ cm-1 deionized water.

Suprapur chemicals are used for HR-ICP-MS samples, preparation of reagents for

FIA-CL and final steps of acid washing. Nalgene, high density polyethylene and

low density polyethylene (LDPE) are preferred material for sampling containers.

3.2 Acid washing procedure

Washing techniques for sampling equipment at trace level concentrations paved the

way for accurate and precise trace elemental analysis. The following cleaning pro-

cedures for trace metal analysis comply with [27] which is based on GEOTRACES

standardization initiative. The process involves a three main step system for clean-

ing containers, tubing and fittings.

The first step involves placing plastic in 5% detergent bath for one week followed by

rinsing three times with deionized water. Then immersing the plastic in 6M reagent

25
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grade hydrochloric acid for two weeks then rinsing three times with deionized water.

The third step is immersing plastic in 3M analytical grade hydrochloric acid for

two weeks then rinsing four times with ultra high purity (UHP) water.

If plastic will not be used the same day, the containers are filled with UHP water

and acidified to pH ≤ 2 with UHP nitric acid until use. Once ready for use, plastic

is rinsed four times with UHP water.

3.3 Aquil preparation

Aquil is a chemically defined phytoplankton culture medium for trace metal studies

composed of synthetic ocean water which contains macro- and micro- nutrients.

This allows for a control environment to isolate the effects of cyanobacteria culture

on different trace metals. The recipe of aquil prepared is modified from [4]. The

original aquil medium is proposed by [73, 83]. Modifications from the sources stated

are based on the requirements observed in Synechococcus sp. PCC 7002 culture

for the present work. The solution includes anhydrous salts, hydrous salts, major

nutrients, metal stock in ethylenediaminetetraacetic acid (EDTA) and vitamin as

seen on Table 3.1.

3.3.1 Synthetic ocean water and major nutrients

The first step for the preparation of aquil medium is the preparation of synthetic

ocean seawater (SOW). To begin with, hydrous and anhydrous salts are dissolved

separately into 6 liters of UHP water respectively then combining both types of
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Table 3.1: Components of aquil medium with final molar concentrations [M].

Synthetic Ocean Water and Aquil Medium

Component Initial
Stock
[g/L
dH2O]

Final
stock
[g/L
dH2O]

Quantity
Per 20
L

Final Mo-
lar concen-
tration [M]

Anhydrous salts [g]

NaCl - 490.80 4.20E-01
Na2SO4 - 81.80 2.88E-02
KCl - 14.00 9.39E-03
NaHCO3 - 4.00 2.38E-03
KBr - 2.00 8.40E-04
H3BO3 - 0.06 4.85E-05
NaF - 0.06 7.15E-05
Hydrous salts [g]

MgCl2x6H2O - 222 5.45E-02
CaCl2x2H2O - 30.8 1.05E-02
SrCl2x6H2O - 0.34 6.38E-05
Major nutrients [mL]

NaH2PO4 H2O 13.8 200 1.00E-03
NaNO3 170.0 200 2.00E-02
Na2SiO3 .9H2O 28.4 20 1.00E-04
Metal/Metalloid
stock

[mL]

EDTA 2.920 20 1.00E-05
ZnSO4x7H2O 0.023 - 7.97E-08
MnCl2x4H2O 0.0240 - 1.21E-07
CoCl2x6H2O 0.0120 - 5.03E-08
Na2MoO4x2H2O 0.0242 - 1.00E-07

Per 1 L [mL]
CuSO4x5H2O 4.90 1 - 1.96E-08
Na2SeO3 1.90 1 - 1.00E-08
Vitamin [mL]

Cyanocobalamin
(B12)

0.005 2 3.70E-10

Iron source [mL]

FeCl3x6H2O 0.270 1 5.00E-08
FeO(OH) 0.089 1 5.00E-08
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salts into an acid washed LDPE translucent container. This is followed by the

preparation of individual stock solutions of major nutrients, amounts shown in

Table 3.1. Major nutrient stock concentrations are 1mM NaH2PO4H2O, 20mM

NaNO3, 0.1mM Na2SiO3.9H2O). All nutrient stocks are filter sterilized through

0.2µM filter, chelexed to remove metal contamination and stored in dark at 4◦C.

The aquil medium is brought up to 18L with UHP water.

3.3.2 Chelex cleaning and microwave sterilization

The pH of the aquil medium is adjusted to 6.01 to ensure the removal of iron

contamination prior to chelex addition [83]. The following step is chelex cleaning

aquil medium for the removal of metal impurities. 1mL chelex slurry is used per

1L aquil. Chelexed slurry is left in aquil medium for 24 hours on shaker. Chelex is

then removed through filtration columns[13]. The aquil medium is then sterilized

by microwave [50].

New chelex filtration columns are rinsed with UHP water and placed in 1M UHP

nitric acid bath for one day then rinsed thoroughly with UHP water. Used chelex

columns are filled up with 0.5M UHP nitric acid for one week and rinsed with UHP

water[13]. The columns are then filled with 0.1M UHP nitric acid for five days then

rinsed thoroughly with UHP water and stored in double plastic bags for future use.

3.3.3 Micronutrients and vitamin

Next is the preparation of the metal/metalloid stock solution. First intermediate

stocks of copper(II) sulfate pentahydrate and sodium selenite are prepared sepa-
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Figure 3.1: Illustration of experimental setup with abiotic and culture for FeC3 and
FeO(OH) in LDPE 20L containers.

rately as shown in Table 3.1. This is followed by the addition of 1mL copper(II)

sulfate pentahydrate and sodium selenite respectively to the final metal/metalloid

stock solution. The final metal/metalloid stock solution contains 2.92 g/L EDTA

concentration. 20mL of the final metal/metalloid stock solution is filter sterilized

and added to the aquil medium as seen in Table 3.1. Lastly, the addition of filter

sterilized cyanocobalamin (vitamin B12) and iron type respectively are added to

the aquil medium. The aquil medium is then brought up to 20L with UHP water.

The pH of Aquil medium is adjusted to 8.1-8.2 using UHP NH4OH and UHP HNO3

prior to addition of cells.



30 CHAPTER 3. MATERIALS AND METHODS

3.4 Experimental design

Starter cultures of Synechococcus sp. PCC 7002 wild type is taken from -80◦C

stocks (NTNU biotechnology group) and grown under constant illumination (75µE

m– 2s– 1) and 38 ◦C in culture flasks containing 40mL modified AA+ prepared

according to [123] until an OD730 of approx. 2. Cultures are washed three times

by centrifuging three times at 2760g (gravitational forces) for 8 minutes followed

by resuspension in iron-free aquil. For the experiments, cell to medium milliliters

ratio of 1:20000 is used. Aeration for both abiotic control and cultures is supplied

by bubbling filtered air through H2O with air pumps As shown in Figure 3.1.

For the final set-up, Synechococcus sp. PCC 7002 is grown photoautrophically in 20

L of liquid aquil medium under constant illumination (195 µE m– 2s– 1) from LED

lights at constant temperature (24-25 ◦C) [95]. A temporary trace metal free clean

lab is used for the experiments. A laminar flow hood is used for sample acidification,

preparation and filtration. 20 L collapsible low density polypropylene containers are

used as container type. Acid washing procedures mentioned in previous sections

are used for all laboratory equipment includingT teflon tubing which is used as

sampling line connected to a peristaltic pump. The initial set-up for FIA-CL

involves a cooler set at 4◦C connected to a peristaltic pump then an inline filter

(0.2µm) and enter the second peristaltic pump for FIA-CL sampling. This set up is

aimed to alleviate fast oxidation during analysis of Fe(II) as a result of temperature

and oxygen as discussed in theoretical section. Some complications to this set-up

are discussed in later sections. As a result, manual filtration of samples is employed

directly to sample vials for FIA-CL within a 30 second window for each analysis.
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[a] [b]

[c] [d]

Figure 3.2: (a) Experimental set-up (b) FIA-CL set-up next to cultures with cooler and
peristaltic pumps (c) Synechococcus sp. PCC 7002 growing with FeCl3 and (d) FeO(OH)
as iron source.
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3.5 FIA-CL

Flow injection with luminol based chemiluminescence (FIA-CL) detection devel-

oped by FeLume Waterville Analytical, (Waterville, ME) with photomultiplier

photon counter detector. Software is Labview run FIA version 2.03 with 5 samples

per second and 5 sampling periods [25, 39]. Sample loop of 80cm (1mm I.D.) is

used in addition to a PTFE 10-port valve (VICI Inc.). Peristaltic pump is run at 14

rpm for reagent, sample and carrier peristaltic teflon tubings. Timing parameters

for loading is 40 seconds and 40 seconds for elution 1. Reagent and sample flow are

3.8 ml/min. Carrier combined flow is 8 ml/min. Ultra high purity water is used

as the carrier and it is stored for 24 hours in the dark prior to analysis. Table 3.2

shows peristaltic tubing with internal diameter (I.D.) used. All sample tubing is

protected from light to prevent any photochemical reactions with reagents.

Table 3.2: FIA-CL peristaltic tubing for Fe(II) analysis.

Type Matrix Sample tubing I.D. [mm] Quantity

Carrier aged UHP water green/green 2.06 2
Reagent Luminol yellow/yellow 1.42 1
Sample green/green 2.06 1

Samples are filtered through 0.2µm pore size acid washed polycarbonate membrane

filters [102]. The preparation of the luminol reagent involves 0.53g/L potassium

carbonate, 0.13g/L luminol, 0.25 M ammonia solution and 11g/L UHP hydrochloric

acid [40]. The final luminol pH should be between 10.0-10.2. All standards for

calibrations are prepared gravimetrically and primary standard is prepared using

ammonium iron (III) sulfate (50µM in 0.1 M HCl) kept for a maximum of one

month. Secondary standard (50µM in 0.01M HCl) is kept for a maximum of 3

days and tertiary standard (1µM no acid) is prepared daily and used for additions
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to standard in calibration curve.

3.5.1 Quality assurance

Calibrations are performed daily prior to analysis of samples. Standards for a

calibration curve are made in aquil medium. Aquil medium is used as instrument

blanks. Abiotic samples are used as a control to test all components in the medium

without cell cultures. The limit of detection (LoD) is calculated by multiplying 3

times standard deviation of aged aquil seawater blank. A limit of detection is

calculated for each calibration day and an average is reported.

LoD−−3 ·STDEV(blank)

3.6 SeaFAST pre-concentration

The system is composed of an autosampler that is housed in a plastic cover supplied

with low particulate air filter. Components are PFA Syringe modules, two 6-port

valves, cleaning column, pre-concentration column and 1.0 bar pressurized Argon

gas. An iminodiacetic and ethylenediaminetriacetic acid resin column is used. After

concentration the samples are diluted up to 3mL with UHP water. A reference

sample, NASS-7, is used to test for accuracy of seaFAST.
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3.7 ICP-MS sampling

HR-ICP-MS Element 2 (Thermo Scientific) is used for the quantification of total

and dissolved iron (56Fe) concentration. Samples for ICP-MS are collected from

tubing connected inside each culture and control container which is attached to a

peristaltic pump. Sampling line is flushed through for first 20ml of sample then

acid clean sampling vials are rinsed three times with sample. All samples for ICP-

MS analysis are acidified with ultra pure nitric acid to pH less than 2 and stored

at room temperature for at least 12 hours prior to analysis to ensure all iron is

released from organic complexes and colloids [31].

3.7.1 Total Fe(III)

Total iron (TFe) samples of 6mL are collected unfiltered and acidified to 0.1M for

direct analysis with ICP-MS. In addition, for ICP-MS with seaFAST 25mL sample

amount is collected unfiltered and acidified (pH ≤ 2).

3.7.2 Dissolved iron

For direct analysis with ICP-MS, dissolved iron (dFe) samples of 6mL are filtered

through a 0.2µm pore size polycarbonate membrane filter then acidified to 0.1M. In

addition, for seaFAST pre-concentration method, 25mL dissolved samples (0.2µm)

and acidified (pH ≤ 2) are collected.
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RESULTS

Results for FIA-CL, ICP-MS both seaFAST and direct mode in Synechococcus sp.

PCC 7002 are shown in this section. In addition to quality assurance data such

as blanks, reference material, limit of detections and calibrations. Three sample

replicates are done for each sampling day for culture and control.

4.1 FIA-CL

4.1.1 Detection limits and blanks

Table 4.1 shows the limit of detection (LoD) for each calibration of the FIA-CL

which is calculated based 3 times standard deviation of blank. An average of all

LoD is used.

4.1.2 Calibrations

All calibrations are shown on Figure 4.1.Regression values are in appendix for each

calibration. Calibrations are divided into two voltages on detector (PMT) from

35
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Table 4.1: Limit of detection for each calibration from blanks runs.

Calibration LoD Fe(II), (nM)

1 0.06
2 0.03
3 0.19
4 0.09
5 0.18
6 0.01
7 0.01
8 0.03
9 0.05
10 0.10
11 0.05
12 0.01
13 0.02
14 0.04
15 0.03
16 0.02

Average 0.06

STDEV 0.05

RSD % 94.0

LoD 0.2 ±0.05

Table 4.2: Blank aquil medium on FIA-CL. Each blank contains three sample replicates.

Sample Fe(II), nM

Blank 1 0.25
Blank 2 0.38
Blank 3 0.22
Blank 4 -0.05
Blank 5 0.13
Blank 6 -0.01
Blank 7 0.31
Blank 8 0.54
Blank 9 0.21
Blank 10 0.35
Blank 11 0.22
Blank 12 0.20
Blank 13 0.19

Average 0.23
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Figure 4.1: Graph represents FIA-CL calibrations for 16 total sampling times labeled (1-
16). Known Fe(II) standards range between 0.33-6.7nM Fe(II) concentrations and plotted
against response area. The dotted lines represent calibrations plotted on response area 1
axis and calibration lines with a solid line are plotted on response area 2 axis.

700V to 800V represented by dotted line for calibration (1-9) are on 700V voltage

settings. The second set of calibrations sampling (10-16), depicted by solid lines

are 900V setting. Individual calibration graphs are found in appendix.

4.1.3 Fe (II) data

First graph (Fig. 4.2a) shows culture and control with FeO(OH) and second graph

(Fig. 4.2b) shows control and culture for Fe(III) chloride as the iron source. The last

graph (Fig. 4.3) shows average Fe(II) concentrations for both culture experiments.

All samples are corrected for blanks and LoD. Initial concentrations of iron added
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are 50nM to both the control and culture which contain the same aquil medium.

For the first graph with goethite, Fe(II) is detected in culture for 6 out of 9 sam-

pling days with the highest concentration on day 26 (0.56nM±0.01) and second

highest concentrations on day 1 (0.37nM±0.01) and 8 (0.30nM±0.12). Lastly, day

11(0.12nM±0.03) and 22 (0.25nM±0.01). In control samples Fe(II) is detected

for day 8 (0.34nM±0.17) and 11(0.20nM±0.20). Overall, average iron concentra-

tions for goethite culture samples are 0.19nM±0.19 and 0.06nM±0.07 for control

samples.

The second graph with FeCl3 shows Fe(II) concentrations in culture for 8 out of 10

sampling days. Highest concentrations are detected on day 19 (0.69nM±0.02).

Other Fe(II) detections include, day 10 (0.38nM±0.02), 15 (0.38nM±0.05), 17

(0.26nM±0.03), 21(0.37nM±0.05), 23 (0.51nM±0.01), 26 (0.19nM±0.04) and day

28 (0.20nM±0.01). In abiotic control samples Fe(II) is detected for day 15 (0.34nM±0.01)

and day 28 (0.10nM±0.03). Finally, average iron concentrations for Fe(III) chloride

culture samples are 0.30nM±0.22 and 0.04nM±0.22 for control samples. Complete

tables can be located in appendix.
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Figure 4.2: (a) Fe(II) for FeO(OH) as iron source for control and culture sample. (b)
Fe(II) in culture and control containing FeCl3 as iron source. Error bars represent stan-
dard deviation, n=3.
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Figure 4.3: Average Fe(II) in cultures growing with FeCl3 or FeO(OH). Error bars
represent standard deviation, FeCl3, (n=10). FeO(OH), (n=9).

4.2 ICP-MS

4.2.1 Certified reference material

Nass-7 results with seaFAST pre-concentration method with ICP-MS presented

in Table 4.3 for total iron (TFe) in µg/L and corrected for concentration from

seaFAST. Observed values are compared to certified reference values for accuracy.
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Table 4.3: Total iron values for NASS-7 analysis on ICP-MS with seaFAST pre-
concentration method. Results are corrected for blanks and concentration from seaFAST.

Sample TFe [µg/L] Certified TFe value [µg/L] Accuracy [%]

NASS-7 0.412 0.351 ±0.9 117.5
NASS-7 0.242 0.351 ±0.9 68.8
NASS-7 0.240 0.351 ±0.9 68.4
NASS-7 0.421 0.351 ±0.9 119.8

Average 0.329 0.351 93.6

4.2.2 Detection limits and Blanks

Blanks (acidified UHP water) for seaFAST with ICP-MS samples are shown on

Table 4.4. Limit of detection (0.12µg L) is calculated based on blank samples and

standard deviation method. In addition, blanks are collected after chelex of aquil

medium used for experiment and after the addition of metals (Figure 4.5).

Table 4.4: Add caption

Sample TFe [nM]

Blank 1 0.03
Blank 2 1.01
Blank 3 0.87
Blank 4 0.50
Blank 5 0.58
Blank 6 0.40
Blank 7 2.21
Blank 8 1.65
Blank 9 1.45

Average 0.97

Stdev 0.69

LoD 2.08
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Table 4.5: ICP-MS results for aquil before the addition of metals and aquil after the
addition of metals with FeO(OH) and EDTA.

Sample TFe [nM]

Aquil before metals 13.23
Aquil before metals 14.68
Aquil before metals 12.29
Aquil after metals 3.57
Aquil after metals 3.35
Aquil after metals 1.29

4.2.3 SeaFAST ICP-MS

Results from ICP-MS seaFAST are shown in Figures 4.5 and 4.4 . Results are

converted from µg/L to nM (nmol/L).

The first set of two graphs (Fig. 4.5) shows TFe and dFe seaFAST ICP-MS results

for culture and control samples with FeCl3. Total and dissolved iron concentrations

in culture with FeCl3 samples are non-detectable with the exception of day 13 and

17 at 1.56±0.04nM and 5.84±8.21nM TFe respectively. Day 17 sample replicates

are 2.31nM, 15.21nM, and nondetect. Therefore a high standard deviation for that

day. Full table can be obtained in Appendix.

The next two graphs (Fig. 4.4) shows TFe and dFe seaFAST ICP-MS results for

culture and control samples with FeO(OH). TFe concentrations for culture samples

have average iron concentrations of 0.72±0.55nM TFe (Fig. 4.4a). Control samples

show TFe concentrations below 1.5nM TFe. Dissolved iron samples shown in Fig-

ure 4.4b, are non-detectable for dissolved iron concentrations in culture except for

day 15 and 22 at 1.46±0.45nM and 0.86±0.25nM respectively. For dFe in control,

day 22 (1.41±0.09nM dFe) is the only day with detectable concentrations.
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Figure 4.4: (a) Shows results for TFe and (b) for dFe using seaFAST pre-concentration
method with ICP-MS for Synechococcus sp. PCC 7002 culture and control using FeO(OH)
as iron source. Three sample replicates are collected for each control and culture sampling
day as shown above.
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Figure 4.5: (a) Shows results for TFe and (b) for dFe using seaFAST pre-concentration
method with ICP-MS for FeCl3 with Synechococcus sp. PCC 7002 culture and control.
Three sample replicates are collected for each control and culture sampling day as shown
above.
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4.2.4 Direct ICP-MS

Certified reference material and blanks are analyzed directly on ICP-MS (Tables 4.6

and 4.7). Blanks are composed of acidified aquil medium. Total iron results for

culture with FeO(OH) are shown on Figure 4.6a. Day 1 shows 19.6±0.22nM TFe

and concentration increases on day 11 to 36.5±2.85nM. Concentration on day 22 is

at a relatively similar value of 37.2±1.56nM TFe from day 11. Control samples TFe

results start at 13.9±1.74nM for day 1 and 17.7±0.56nM on day 11. Day 22 control

samples show 19.7±0.64nM TFe. Dissolved iron results for culture with FeO(OH)

shown on Figure 4.6b. Day 1 starts at 7.69±0.53nM dFe and slightly increases

on day 11 to 12.0±6.04. Day 22 shows the highest concentration at 35.5±3.70nM

dFe. Control samples for day 3 show 8.99±2.65nM dFe and 16.1±3.00nM dFe on

day 8. Day 19 and 23 control samples show 2.67±2.71nM and 5.10±0.59nM dFe

respectively.

Total iron results for culture with FeCl3 shown on Figure 4.7a start at 106±1.41nM

dFe for day 3 then decreases to 79.3±9.27nM on day 8, 95.3±2.57nM for day 19

and 112±4.61nM on day 23. Control samples are 21.5pm12.06nM TFe on day 3

and 29.5±1.54nM on day 8. Additionally, control samples for day 19 and 23 show

12.2±0.79nM and 43.0±3.41nM TFe respectively. Dissolved iron results for culture

with FeCl3 shown on Figure 4.7b start at 14.7±9.5nM dFe for day 3 then increase

to 40.5±2.2nM on day 8, 1.76±1.03nM day 19 and 3.26±1.95nM day 23. Control

samples concentrations for dFe are highest on day 3 (8.99±2.65nM) and day 8

(16.1±2.96nM) then decrease on day 19 (2.67±2.72nM) and day 23(5.10±0.59nM).
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Table 4.6: Certified reference material, NASS-7 is analyzed and calculated for accuracy
against certified values.

Sample TFe Certified TFe value Accuracy [%]
[microg/L] [microg/L]

NASS-7 0.241 0.351 68.7
NASS-7 0.241 0.351 68.7

Average 0.241 0.351 68.7

Table 4.7: Direct ICP-MS blanks of acidified aquil.

Sample microg/L nM

blank 0.06 1.07
blank 0.04 0.72
blank 0.03 0.54
blank 0.07 1.25
blank 0.03 0.54
blank 0.05 0.90
blank 0.08 1.43

Average 0.05 0.92

Stdev 0.02 0.32

LoD 0.06 0.97
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Figure 4.6: (a) Shows results for TFe and (b) for dFe for direct analysis on ICP-MS for
Synechococcus sp. PCC 7002 culture and control using FeO(OH) as iron source. Three
sample replicates are collected for each control and culture sampling day as shown above.
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Figure 4.7: (a) Shows results for TFe and (b) for dFe for direct analysis on ICP-MS
for Synechococcus sp. PCC 7002 culture and control using FeCl3 as iron source. Three
sample replicates are collected for each control and culture sampling day as shown above.
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DISCUSSION

The results presented aim to investigate interactions between Synechococcus sp.

PCC 7002 and Fe(III) salts, goethite and FeCl3. Changes in TFe and dFe and

Fe(II) concentrations are used to determine biogenic Fe(II) production relative to

abiotic control. At seawater pH, FeCl3 quickly produces amorphous iron oxides

(Fe(OH)2) and goethite is in crystalline form [23]. The following sections will

discuss FIA-CL, Fe(II), TFe and dFe results.

5.1 FIA-CL

Sample injection is an important component in FIA-CL since Fe(II) can oxidize

prior to reaching the detector. As mentioned in previous sections, FIA-CL sample

injection occurs through valve switching while sample line is inserted into sample

container. During calibrations each calibration standard is prepared immediately

before sample injection to prevent high amounts of Fe(II) oxidation. Therefore

preparation of standards requires reproducible timing prior during injection to pre-

vent any variations due to Fe(II) oxidation as a function of oxygen, pH, and tem-

perature. This introduces some variability due to timing of sampling line injection

and preparation of standards, which can be solved by the use of an autosampler.

49
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Although autosamplers are not commonly used for FIA due to the requirement

for micro level injection volumes of standard additions to achieve low detection

limits. Another solution for calibrations of Fe(II) standards is the addition of acid

to standards since Fe(II) is thermodynamically more stable in redox state Fe2+ at

low pH [59], however this was not done since standards and samples should have

the same matrix as required by quality assurance standards.

Additionally, uncertainties have been related to the use of peristaltic pumps since

samples, reagents and carrier passes through pump tubing which controls the rate

of reactions [32]. This is a larger issue for low level detections of Fe(II) such as sub-

nanomolar and picomolar levels as peristaltic pump increases variability between

samples which increases limits of detection. The development of piston pumps with

microinjection is proposed to replace pump tubing and alleviate this uncertainty

[76]. As a result, daily calibrations are required to account for systematic variations

such as mentioned here. All of the calibrations in this experiment are plotted on

Figure 4.1 which depict any changes in the system. A second axis is used for the last

set of calibrations due to changes in the photon multiplier detector which increases

sensitivity and results in larger peak areas. Additional check standards every two

hours of measurement is recommended and recalibration as determined by check

standard. In addition, the use of at least five calibrations standards would increase

the certainty of the calibration slope.

5.2 Fe(II)

Fe(II) is an important transient specie in the ocean due to its high availability for

biological uptake [61, 94, 103]. Thus Fe(II) analytical techniques allow for detail
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studies in iron biochemical cycling. In the present work, Fe(II) is detected for

Synechococcus sp. PCC 7002 with goethite (fig. 4.2a.), FeCl3 (fig. 4.2b) as well as

abiotic control samples (fig. 4.2). Fe(II) is detected for 6 out of 9 sampling days in

goethite culture and 2 out of 9 sampling days in control samples. Despite the detec-

tion of Fe(II) in control samples, Fe(II) detection in FeO(OH) culture (0.19±0.19nM

Fe(II), n=9) is three-fold higher compared to control samples (0.06±0.07nM, n=9).

It should be noted the average Fe(II) concentration for goethite has a relatively

high standard deviation (0.19±0.19nM) due to the gap of non-detectable Fe(II)

detection for days 13, 15 and 18. This period of no Fe(II) detection may be due

to several reasons. Firstly, a snapshot is obtained from FIA-CL sampling since

samples are collected between 2-6 days apart depending on rate of culture growth

as provided by biological measurements [82]. A continuous sampling study or in-

crease in sampling days may reveal more information about Fe(II) concentrations

in Synechococcus sp. PCC 7002. However, continuous FIA-CL sampling requires

high volumes of luminol reagent [32, 24] which requires chelex cleaning and an

increase in culture medium from 20 L is recommended.

In addition, Fe(II) is subject oxidation during manual syringe filtration. This

oxidation is accounted for since all samples are prepared the same and sample

timing is recorded. Filtration of samples occurs within 15 ±10 seconds of collection

and it takes an additional 40 seconds for sample to reach the detector. Thus sample

is exposed to oxygen which lowers the half-life of Fe(II) as seen in Figure 2.8.

The oxidation of Fe(II) can be estimated based on first order kinetics and oxidant

concentrations. As seen in Equation 2.3, H2O2 is produced from oxidation of

Fe(II). Using Fig. 2.8, the half-life of Fe(II) at 25±3◦C is around 20 minutes for

10nM H2O2 concentrations and ≤0.5 minutes for 100nM H2O2 concentrations and

saturated O2 levels. Fe(II) concentrations detected are expected to have oxidized
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partly prior to detection. If we assume a linear relationship between half-life of

iron and temperatures between 20-25◦C (seen in figure 2.8) then a time zero Fe(II)

estimation can be obtained [67, 97, 39]. Time zero represents the time just before

the sample has been removed from the culture. For example, at 25◦C, Fe(II)

concentration of 0.3nM after 1 min of sampling is detected which means at time

zero the concentration is 1.2nM Fe(II). In addition, if the sample analysis from

the culture to the detector is 2 minutes then the time zero Fe(II) concentration is

4.8nM. Therefore it is recommended to detect for H2O2 concentrations in addition

to be able to fully estimate Fe(II) concentration at time zero.

To reduce fast oxidation of Fe(II) during analysis, a cooler (4◦C) is employed for

the sampling tubing connected to 20L cultures. Sample flow goes through cooler

then first peristaltic pump, followed by in-line filter (0.2µm, 60mm) and second

peristaltic pump and FIA-CL. However, the flow contains many air gaps in between

peristaltic pumps due to filtration which leads to inconclusive peak integrations.

Particularly, increasing pump speed reduces the size of air gaps but back pressure

begins to occur for pump speeds higher than 15rpm. Pump speed at 15rpm leads

to difficulties in sample uptake and thereby increases Fe(II) oxidation as a function

of time spent in sampling line. To improve this method it is recommended to

test filters with larger volume capacities (≥90mm) and tubing with larger internal

diameter (≥2mm) which will increase the sample flow and reduce back pressure

from filtration time. A notable change in larger sample tubing is the change in

sample flow which will require optimization of flow rates into FIA-CL in order

to maintain sample to reagent ratio (1:1) which affects detector sensitivity. In

addition, sample flow should not be high enough to introduce turbulence which

will interfere with detector response [24]. To reduce oxygen effect during inline

filtration, N2 gas can be used inside the cooler. Nitrogen gas will displace oxygen
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thereby reducing its oxidizing effect.

Moreover, Fe(II) detection in abiotic control samples for both goethite and Fe(III)

chloride samples may be a result of photochemical reduction of iron fractions under

PAR. Photochemical reduction of Fe(III) is an important component in converting

Fe(III) into bioavailable forms [64, 128]. PAR reduction of FeO(OH) has still

to be reported although it is shown in the presence of organic ligands such as

hydrocarboxylic acid [78]. Other sources of light such as UV shows reduction of iron

oxyhydroxides [52]. It is reported that UV reduction of colloidal and particulate

iron can also be induced by organic compounds such as oxalate [105], citrate [125]

and halogenated acetic acids [81, 56]. Organic compounds function mainly as a

substrate for photoreduction [5]. Therefore, EDTA may function in facilitating

Fe(III) reduction by serving as a substrate for photoreduction under PAR. In order

to follow possible photochemical reduction of particulate Fe(III) an increase in

Fe(II) sampling is also recommended.

Average Fe(II) concentrations in culture with FeCl3 (0.30±0.22nM, n=10) are rela-

tively higher than average Fe(II) concentrations with goethite culture (0.19±0.19nM,

n=9) as shown in (Fig. 4.2b). Fe(II) is detected for culture samples with FeCl3 for 8

out of 10 sampling days. Additionally, Fe(II) is detected for more days throughout

the culture growth with FeCl3 compared to goethite culture where Fe(II) detection

is more sporadic.This is likely due to FeCl3 formation of iron oxides and Fe-EDTA

complexes which have higher solubility than crystalline forms (FeO(OH)) [65]. In

addition, a recent study using mediated electrochemical reduction (MER) shows

that thermodynamic stability of goethite strongly governs its reduction rates caus-

ing slower reduction rates compared to Ferrihydrite which is less thermodynam-

ically stable [3]. Thus Fe(OH)2 may have higher bioavailability due to its lower
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thermodynamic stability which results in faster reduction rates. This is supported

by average intracellular iron with FeCl3 (0.39±0.08 pmolar cell–1 Fe) that is rela-

tively higher than average goethite intracellular iron (0.15±0.27 pmolar cell–1 Fe)

[82]. Thus showing that Synechococus sp. PCC 7002 may have more challenges

in iron uptake of FeO(OH) compared to FeCl3. Additionally, direct ICP-MS re-

sults show higher TFe and dFe for FeCl3 (fig. 4.7) compared to goethite (fig. 4.6)

which also shows higher solubility of iron forms in FeCl3 compared to goethite.

Although FeCl3 implications are not confirmed due to probable contamination in

FeCl3 culture which will be discussed further in direct ICP-MS section for FeCl3.

Fe(II) detected in culture relative to control may be due to cell surface iron(II)

from Fe(III) reduction. This cell surface reduction occurs by extracellular protein

appendages known as pili present in some bacteria [53]. Fe(II) detected may come

from iron that is reduced and not rapidly absorbed by cells. It is reported that

loss of Fe(II) back into the solution occurs due to the rate of reaction of Fe(II)

with transporters following Fe(III) reduction at surface[55] [103]. Thus transport

of Fe(II) into the cell becomes the limiting step. In an EDTA buffer medium, Fe(II)

production interacts with EDTA buffer media and with membrane transporters.

This may also explain low Fe(II) detection since Fe(II) is forming complexes with

EDTA at faster rates than analysis.

5.3 SeaFAST with ICP-MS

TFe and dFe are determined to follow changes or transformation of Fe speciation.

However, TFe and dFe results using seaFAST pre-concentration method are in-

conclusive with most samples below detectable limits for iron concentrations or
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falling below 2.3nM (TFe and dFe) in culture and control samples. The high sam-

ple throughput of non-detect iron concentrations in not only culture samples but

also control samples gives a high indication of a pre-concentration issue during

seaFAST process. Interestingly, certified reference material that was analyzed to-

gether with samples have 94% Fe accuracy (see Figure 4.3). However, NASS-7

reference material does not contain EDTA. Significantly, blank samples collected

to test contamination in synthetic seawater before and after metals (with EDTA

addition) are shown in Figure 4.5. Aquil medium samples before metal plus EDTA

addition show an average TFe concentration of 13.4±1.2nM (n=3). After the addi-

tion of metals including EDTA, TFe concentrations decrease to 2.74±1.3nM (n=3).

The lower concentrations of TFe after metal addition coincide with values obtained

on seaFAST for TFe concentrations (Figures 4.5 and 4.4). Blank samples support

that the addition of EDTA may be involved in competing with iminodiacetic and

ethylenediaminetriacetic acid (EDTA analog) resin used for pre-concentration in

seaFAST. Samples are acidified to ≤pH 2 to liberate Fe from complexes, however

refractory forms of iron may be present which will require lower pH for longer peri-

ods to release inorganic iron [135]. In addition UV irradiation treatment may help

destroy some EDTA ligands complex with iron [52]. In the following sections of

the discussion, TFe and dFe refers to direct ICP-MS sample analysis.

5.4 Direct ICP-MS

Initially, samples for direct ICP-MS analysis are collected in addition to seaFAST

pre-concentration ICP-MS samples for comparison between methods. Due to low

values on the majority of seaFAST results, selected samples are analyzed directly

on ICP-MS for verification purposes. Results for direct ICP-MS samples are shown
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in Figures 4.6 and 4.7. Figure 4.6 shows that TFe concentrations for culture grow-

ing with goethite (FeO(OH)) are initially around 20nM TFe in contrast to added

amount of 50nM. This may be due to the low solubility of FeO(OH) [65] as is shown

in Figure 4.6a. In particular, dFe concentrations of goethite culture (Fig. 4.6b) show

an increase from sampling day 11 to 22 from 12.01±6.04nM to 35.49±3.70nM dFe.

This increase in dFe concentration does not appear in control samples hence impli-

cating a biogenic related mechanism for the increase of dFe concentration. Corre-

spondingly, Fe(II) results for day 22 (0.17nM±0.14) (Fig. 4.2) and non-detectable

Fe(II) for control can infer biological activity for the production of Fe(II). Fe(II)

concentrations may have been affected by oxidation during sampling however, any

Fe(II) production in culture will re-oxidize in aquil medium pH (8.00-7.36) and

become part of the Fe dissolved pool. The increase in the dFe pool presented in

culture can be explained by the production of Fe(II) by Synechococcus sp. PCC

7002 which contributes to the dFe fraction. If Fe(II) is produced, cells should also

show an increase in uptake. Intracellular data for day 22 shows 41.6±9nM 56Fe

[82] compared to non-detectable values on days 13 and 15. However, day 11 in-

tracellular concentration (34.7±23nM 56Fe) shows higher values than particulate

concentrations for the same day (30.1±16.1nM PFe) therefore likely due to intro-

duction of iron contamination during analysis. Considering possible analytical or

contamination errors for particulate and intracellular iron on day 11 still have lower

iron concentrations than day 22 particulate and intracellular data. Therefore, from

day 11 to day 22 of goethite culture results show an overall increase in dFe, Fe(II)

and intracellular iron concentrations.

Comparatively, FeCl3 results for direct ICP-MS samples are shown in Figure 4.7.

TFe concentration for FeCl3 culture is above the initial added concentration of

50nM FeCl3 which likely represents iron obtained from contamination. One con-
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tamination source comes from the incomplete chelex removal of iron shown in aquil

blank samples (Fig. 4.5) which is 13.4nM±1.2 TFe. The remaining contamination

may have resulted from improper capping of FeCl3 culture container which led to

atmosphere exposure of culture for 24 hours. Exposure of culture to atmosphere

is a clear risk for contamination as discussed in introduction. Although the lab-

oratory is in a temporary clean lab, air openings are present for the exchange of

air. This contamination is also evident in average TFe particulate sample results

(110nM±19, n=6) [82]. To reduce the risk of air contamination, ISO class 5 HEPA

filtered systems are recommended for the air flow in laboratory [135]. For proper

removal of iron contamination in aquil blanks, pre-chelex aquil blanks can be ana-

lyzed on ICP-MS for TFe to allow for proper calculations of chelex capacity volumes

using Equations 2.7-2.9. In contrast, control samples for TFe (28.25±12.2nM) are

below the added 50nM FeCl3 concentration thus showing no signs of contamina-

tion. It is also considered that cell washing prior to inoculation as described in

methods section may not have removed all iron present on cell surfaces. Although

this contamination source would be present in FeO(OH) culture results. However,

FeO(OH) does not show such levels of contamination observed in FeCl3 cultures.

Culture with FeCl3 dFe results start at 14.7±9.5nM for day 3 then increase on

day 8 (40.5±2.2nM) and decreases again on day 19 (1.76±1.03nM) and day 23

(3.26±1.95nM). The increase in dFe concentration in culture with FeCl3 occur-

ring from day 3 to day 8 may indicate biogenic reduction of Fe(III) as Fe(II) is

detected for day 10 (0.38±0.02nM Fe(II)) and not detected for day 3 or 13. There-

fore a period of Fe(III) reduction may be occurring after formation of amorphous

iron oxides or hydroxide in addition to Fe-EDTA complexes that keep Fe(III) in

solution. Culture (FeCl3) dFe values on day 19 (1.76±1.03nM) are much lower

and indicate a decrease in Fe(III) reduction. Notably, chlorophyll-a values (chl-a)
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for day 8 (1005pgChla ·Cell–1) are one order of magnitude higher than day 10

(145pgChla ·Cell–1), day 11(130pgChla ·Cell–1)), day 12 (94pgChla ·Cell–1)) and

continue at low values until values increase again for day 22 (835pgChla ·Cell–1))

[82]. Thus low chlorophyll-a values may indicate stress and collapse in cells which

is also evident in a decrease of dFe concentration from day 8 sample to day 19

seen in Figure 4.7b. Average Fe(II) concentrations (Fig. 4.2) for days 10,13,15,17

(0.25±0.18nM Fe(II)) is relatively lower than days 21,23,26,28 (0.39±0.21nM Fe(II)))

which coincides with the increase in chlorophyll-a values from day 22. Although

Fe(II) is likely being photochemically produced in addition to biogenic reduction

which explains Fe(II) detection during low chlorophyll-a values period. The con-

trol samples also show an increase in dFe concentration from day 3(9.00±2.65nM

dFe) to day 8(16.1±0.59nM dFe) which shows possible photochemical reduction of

Fe(III) oxides.

5.5 FeCl3 and FeO(OH)

Trends for dFe in FeCl3 and FeO(OH) culture show that Fe(III) reduction (biogenic

and photochemical) occur sooner for FeCl3 culture (between day 3-8) compared

with goethite culture (between day 11-22) (Fig. 4.7a and 4.7b). This indicated

that Synechococcus sp. PCC 7002 may be reducing amorphous salts more eas-

ily than crystalline forms. This is also indicated by average Fe(II) concentrations

which are relatively higher for FeCl3 (0.30±0.22nM, n=10) compared to FeO(OH)

(0.19±0.19nM, n=9) culture. These differences may be due to solubilities [65] and

reduction rates controlled by thermodynamic stabilities of amorphous iron oxides

and crystalline iron oxyhydroxide [3]. Both abiotic control FeCl3 and FeO(OH)

show possibility of photochemical reduction under PAR due to Fe(II) concentra-



5.5. FECL3 AND FEO(OH) 59

tions detected. It should be noted FeCl3 and FeO(OH) reduction efficiencies by

Synechococcus sp. PCC 7002 cannot be directly compared due to contamination

present in FeCl3 culture.

—–
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Chapter 6

CONCLUSION

Results presented in this thesis show Fe(II) detection in goethite culture in addition

to an increase of dFe concentration which have implications for a reduction mech-

anism in Synechococcus sp. PCC 7002. As for FeCl3 culture, Fe(II) is detected

and an increase in dFe concentrations is also observed which indicate a biogenic

Fe(III) reduction may also be present. Due to contamination seen in TFe of FeCl3

it is difficult to compare reduction efficiencies between Fe(III) salts with crystalline

forms and amorphous particles. However, dFe concentrations increase at different

points in the cultures with FeCl3 and FeO(OH) which may be due to thermody-

namic differences between FeO(OH) and Fe(OH)2 which should be studied further

[3].

In addition, photochemical reduction under PAR may be a factor in abiotic re-

duction of Fe(III) oxyhydroxides. Higher sampling resolution is recommended to

enhance methods and understanding particulate iron cycling in Synechococcus sp.

PCC 7002 culture. These results also reveal an interference may be present for

analysis using seaFAST pre-concentration method for synthetic aquil medium with

EDTA. Results show that a reaction may be occurring that is stable at pH≤2.

Therefore higher acid concentrations are recommended in addition to UV treat-

ment of samples prior to using seaFAST method.

61
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Detecting iron fractions such as Fe(II) and dissolved iron is an important task

for enhancing our understanding of biogeochemical cycling of iron in the ocean

and its role in oceanic sequestration of atmospheric carbon dioxide. This is a

growing cause as factors such as climate change continue to impact our environment

which capitalizes the increasing role iron plays for primary production. However,

iron determination continues to be an analytical challenge due to rapid oxidation

of Fe(II) and ultra clean techniques. Despite the challenges, Fe(II) detection in

Synechococcus sp. PCC 7002 with Fe(III) salts with varying solubilities supports

possibilities for a pili reduction mechanism in Synechococcus sp. PCC 7002.
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FURTHER WORK

To further investigate the reduction of FeO(OH) by Synechococcus sp. PCC 7002

it is recommended to test culture with higher sampling resolution for Fe(II), TFe,

DFe, PFe and intracellualr iron from day 15 to day 30. This time period observed

higher Fe(II) production around day 22 and an increase in the dissolved iron pool

in the same time period. It is also recommended to determine H2O2 concentrations

in tandem with Fe(II) using FIA-CL to follow oxidant concentrations in culture.

FIA-CL continuous readings will also more closely follow Fe(II) production in both

cultures and control samples. In addition, Fe(II) analyses should incorporate a

filtration system with cooling and possibly nitrogen purging of samples to reduce

oxidation rates of Fe(II). Culture analysis is recommended without the use of EDTA

to reveal information about responses to Fe(III) particles without the production

of Fe-EDTA complex. In addition, photochemical reduction of amorphous iron

particles and goethite should be analyzed and compared to dark and UV conditions.

Iron isotope fractionation analysis (54Fe56Fe57Fe58Fe) is also an important tool that

can be employed in Synechococcus sp. PCC 7002 to enable estimations of cycling

of particulate iron in the culture [113, 7]. Work is also recommended to confirm

the presence of pili genes in Synechococcus sp. PCC 7002 and additional culture

studies with mutations of these genes to show their role in iron acquisition. For

a deeper understanding of uptake mechanisms present in Synechococcus sp. PCC

7002 it is recommended to incorporate ligand analysis such as cathodic stripping

63
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voltammetry and dissolved organic carbon (DOC) in addition to FIA-CL. These

analyses will compare mechanisms for iron uptake between ligand formation and

pili mediated reduction in Synechococcus sp. PCC 7002 under same iron conditions.

Finally, variable iron types such as hermatite and Ferrihydrite will aid in increasing

understanding of uptake processes of particulate iron types produced naturally in

the ocean which are poorly understood.



Appendix A

ICP-MS DATA

A.1 ICP-MS with seaFAST
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Table B.1: FeCl3 samples on FIA-CL

Culture
day

FeCl3 Area re-
sponse

Area,
Blank
corrected

Fe II, nM

3 Abiotic 0.0 0.0 0.0
0.0 0.0 0.0
0.0 0.0 0.0
0.0 0.0 0.0
0.0 0.0 0.0
0.0 0.0 0.0
0.0 0.0 0.0

3 Culture 0.0 0.0 0.0
0.0 0.0 0.0
0.0 0.0 0.0
0.0 0.0 0.0
0.0 0.0 0.0
0.0 0.0 0.0

10 Abiotic 30.0 -21.0 0.0
15.0 -36.0 0.0
33.0 -18.0 0.0

10 Culture 124.0 73.0 0.4
154.0 103.0 0.4
109.0 58.0 0.4
83.0 32.0 0.4

13 Abiotic 114.0 6.2 0.0
104.0 -3.8 0.0
103.0 -4.8 0.0
100.0 -7.8 0.0
76.0 -31.8 0.0

13 Culture 124.0 16.2 0.0
114.0 6.2 0.0
108.0 0.2 0.0
110.0 2.2 0.0
95.0 -12.8 0.0
98.0 -9.8 0.0

15 Abiotic 108.3 33.3 0.0
203.1 128.1 0.4
207.0 132.0 0.5
251.7 176.7 0.9
214.3 139.3 0.5

15 Culture 190.0 115.0 0.3
141.3 66.3 0.0
189.5 114.5 0.3
146.9 71.9 0.0
116.2 41.2 0.0
208.9 133.9 0.5
146.2 71.2 0.0
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Table B.2: FeCl3 samples on FIA-CL

Culture
day

FeCl3 Area re-
sponse

Area,
Blank
corrected

Fe II, nM

17 Abiotic 87.0 20.2 -0.2
74.0 7.2 -0.3
64.0 -2.8 -0.3
40.0 -26.8 -0.5
84.0 17.2 -0.2

17 Culture 154.0 87.2 0.2
188.0 121.2 0.4
130.0 63.2 0.0
139.0 72.2 0.1
158.0 91.2 0.2
206.0 139.2 0.5

19 Abiotic 10.0 -38.5 0.0
1.0 -47.5 0.0
0.0 -48.5 0.0
0.0 -48.5 0.0

19 Culture 140.0 91.5 0.7
114.0 65.5 0.7
92.0 43.5 0.6

148.0 99.5 0.7
118.0 69.5 0.7
99.0 50.5 0.7

114.0 65.5 0.7
121.0 72.5 0.7

21 Abiotic 27.0 -1.4 0.0
22.0 -6.4 0.0
15.0 -13.4 0.0
22.0 -6.4 0.0
15.0 -13.4 0.0
23.0 -5.4 0.0

21 Culture 166.0 137.6 0.4
132.0 103.6 0.4
140.0 111.6 0.4
167.0 138.6 0.4
100.0 71.6 0.4



84 APPENDIX B. APPENDIX B

Table B.3: FeCl3 samples on FIA-CL

Culture
day

FeCl3 Area re-
sponse

Area,
Blank
corrected

Fe II, nM

23 Abiotic 23.0 -129.0 0.0
22.0 -130.0 0.0
21.0 -131.0 0.0
30.0 -122.0 0.0
45.0 -107.0 0.0
59.0 -93.0 0.0
55.0 -97.0 0.0
65.0 -87.0 0.0

23 Culture 158.0 6.0 0.5
177.0 25.0 0.5
176.0 24.0 0.5
175.0 23.0 0.5
155.0 3.0 0.5
158.0 6.0 0.5
173.1 21.1 0.5
113.2 -38.9 0.5

26 Abiotic 50.0 -8.4 0.0
56.0 -2.4 0.0
52.0 -6.4 0.0
55.0 -3.4 0.0
52.9 -5.5 0.0
55.0 -3.4 0.0
50.0 -8.4 0.0

26 Culture 91.6 33.2 0.2
93.0 34.6 0.2
78.0 19.6 0.1
86.0 27.6 0.2
70.0 11.6 0.1

28 Abiotic 783.0 35.3 0.1
1458.3 710.5 0.4
747.0 -0.8 0.0
750.0 2.3 0.0
730.2 -17.6 0.0

28 Culture 1019.0 271.3 0.2
996.8 249.0 0.2
953.3 205.6 0.2
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Table B.4: FeO(OH) samples on FIA-CL

Culture
day

FeO(OH) Area re-
sponse

Area,
Blank
corrected

Fe II, nM

1 Abiotic 27.00 -1.40 0.00
15.00 -13.40 0.00
28.00 -0.40 0.00
26.00 -2.40 0.00

1 Culture 116.00 87.60 0.28
90.00 61.60 0.37

100.00 71.60 0.35
99.00 70.60 0.36

6 Abiotic 16.00 -42.40 0.00
74.00 15.60 0.00
10.00 -48.40 0.00
16.00 -42.40 0.00

Culture 76.00 17.60 0.13
75.40 17.00 0.13

8 Abiotic 1838.30 1090.55 0.54
1072.25 324.50 0.23
1096.80 349.05 0.24

Culture 1316.00 568.25 0.33
905.00 157.25 0.17

1606.00 858.25 0.45
1104.47 356.72 0.25

11 Abiotic 3181.87 2608.87 0.63
872.95 299.95 0.13
910.30 337.30 0.14

1248.30 675.30 0.21
947.08 374.09 0.15

1084.15 511.15 0.18
419.68 -153.32 0.00

11 Culture 904.00 331.00 0.14
904.60 331.60 0.14
699.09 126.09 0.09

13 Abiotic 682.85 18.59 0.12
681.70 17.44 0.12
522.80 -141.46 0.00
581.15 -83.11 0.00

13 Culture 475.15 -189.11 0.00
486.50 -177.76 0.00
467.00 -197.26 0.00
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Table B.5: FeO(OH) samples on FIA-CL

Culture
day

FeCl3 Area re-
sponse

Area,
Blank
corrected

Fe II, nM

15 Abiotic 1001.01 313.76 0.16
872.34 185.09 0.15

1216.33 529.09 0.18
540.00 -147.25 0.00

15 Culture 504.00 -183.25 0.00
663.00 -24.25 0.00
508.00 -179.25 0.00
751.16 63.91 0.00
621.00 -66.25 0.00
632.00 -55.25 0.00
526.00 -161.25 0.00
581.00 -106.25 0.00

18 Abiotic 1000.00 -1045.67 0.00
1635.00 -410.67 0.00
2106.00 60.33 0.00
1608.00 -437.67 0.00
1456.00 -589.67 0.00

18 Culture 801.00 -1244.67 0.00
987.00 -1058.67 0.00
905.00 -1140.67 0.00
800.00 -1245.67 0.00

1141.00 -904.67 0.00
806.00 -1239.67 0.00

22 Abiotic 330.00 -123.50 0.00
236.00 -217.50 0.00
327.00 -126.50 0.00
292.00 -161.50 0.00
393.00 -60.50 0.00

22 Culture 596.00 142.50 0.25
560.00 106.50 0.25
478.00 24.50 0.24

26 Abiotic 83.00 -256.60 0.00
70.00 -269.60 0.00

200.00 -139.60 0.00
26 Culture 450.00 110.40 0.55

461.00 121.40 0.55
300.00 -39.60 0.00
743.00 403.40 0.57
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