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1. Introduction:

The importance of iron (Fe) in regulating the pniynproduction in the world’s ocean is now
well established. Oceanic iron concentrations ave dnd limit the growth of phytoplankton
in more than 50% of the surface ocean. AtmosplaEposition is a major iron input in open
ocean regions (Jickells et al., 2005). The spexiand fate of atmospheric iron are, however,
poorly documented. Laboratory studies have showhitbn is complexed to organic ligands
in rainwaters (Zhu et al., 1993) but there is sorfa direct measurement of organically
complexed iron in atmospheric inputs. Furthermottee mechanisms underlying the
complexation of atmospheric iron are basically wwn.

In order to quantify the iron organic speciatiormiat inputs we proposed to develop a new
method based on Cathodic Stripping Voltammetry (ESWis approach is commonly used
in seawater (van den Berg, 1995), river and lakag@il et al 2004) but has not yet been
applied to rainwater. Adding an artificial liganthe CSV method measures the natural
organic ligands capacity to bind iron and allowsl&ermine their concentrations. My Short
Term Scientific Mission (STSM) at the IFM- GEOMAKIiél, Germany; April-May 2009)
under the supervision of Peter Croot gave me thgompnity to adapt this method to
rainwater specific conditions. The main challenfi¢hes mission was to find a ligand which
binds iron under low ionic strength and low pH citinds (i.e. rainwater specific conditions).
This report presents the main results of my STSM first part describes the approach used
to identify ligands which bind iron under rainwasgecific conditions. In a second part, the
ligands with appropriate properties are preseniRekults of the first tests conducted on
natural rainwater samples are shown in a third part

Finally, conclusions of these tests and perspexinit be given at the end of this report.



2. Tests on different ligands

2.1 Instrumentation and voltammetry principle
The voltammetric apparatus (Figure 1) consistec @fAutolab voltammeter with a static

mercury drop electrode (Metrohm Model VA663; FiguZA), a double-junction
Ag/saturated AgCl reference electrode with a sadige filled with 3M KCI (Figure 2-B), and
a glassy carbon rod as a counter electrode (F@u@g Dissolved oxygen was removed from
the samples by purging with clean dry nitrogen fgast minutes. During the CSV analyses,
all samples were contained in Teflon sample cupstidhm; Figure 2-D), and stirred using a
Teflon stirring rod (1500 rpm) of the VA663.

Figure 1: Voltammetric apparatus used at the IFM-GEOMAR Laboratory

Figure 2: Voltammeter electrodes A: Working electrale HMDE; B: Ag/saturated AgCI reference
electrode; C: Counter electrode; D: Teflon cell cup



In order to determine the iron concentration, difieial ligand is added to the sample. It must
have the property to bind iron. By applying a dégas potential, the iron complexed formed
in the sample was adsorbed on the mercury drog.i$hhe pre-concentration step. Then the
potential scanned between the reference (Figuredh@ the working electrode (Figure 2-A)
in order to reduce the complex on the mercury draace. During the scan, the reduction
current of the complex is detected and data areggsed by the software. The method is
calibrated using standard additions to each sarapiee the height of the peak is proportional

to Fe concentration in the sample.

2.2 Ligand Preparation
Ten ligands likely to bind iron were tested antklisin Table 1.

Table 1: List of the 10 hypothetic ligands which comigxe iron.

Compound family or Compound names Compound abbrevigons

Pyridazol compounds:

1-(2-Pyridylazo)-2-naphtol PAN
4-(2-Pyridilazo) resorcinol PAR
Thyazol compounds

2-(2-Thiazolylazo)--cresol TAC
4-(2-Thiazolylazo) resorcinol TAR
1-(2-Thiazolylazo)-2-naphtol TAN
N-Benzoyl-N-Phenylhydroxylamine BPA
Salicyloxamine SA
2,3-Dihydroxynaphtaléne DHN

4,5-Dihydroxynaphtaléne-2,7 disulfonic acjdChromotropic acid

1-nitroso-2-naphtol 1-N-2-N

First, all ligands were dissolved in Methanol. Heee three of them (i.e: PAN,
Chromotropic acid and 1-N-2-N) had to be dissolire@:1) Methanol/MilliQ water in order
to solve dissolution problem.

To test the capacity of these ten ligands to biod under rainwater specific conditions, each
ligand (final concentration 10uM) was added in 20 of Milli-Q water buffered to pH 6.15
with MES buffer (final concentration 10 mM MES). lorder to identify the peak of

complexed iron on the voltammogram, iron additiasese performed into the Teflon cell cup.
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2.3 Tests on each ligand
Four voltammetric modes were tested for each lig@nfferential Pulse (DP), Square Wave

(SW), Sample Direct Current (SDC) and Cyclic Voltaairy (CV).

—e
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(b)

Figure 3 :Potential time sequence for the DP strippig mode (a) and for the SW mode (b) with
E=potential, E=Step height, Ew= SW amplitude, =SW period and 1 and 2 correspond to current
measurement times.

Figure 3 (a) and (b) illustrate differences betw&ettammetric modes. Only DP and SW
mode are illustrated in this part because theseemptesent a major interest for the rest of the
study. The main difference lies in the way the ptiéd is applied during the scan (e.g step
height, period and amplitude). Voltammetric modéso adiffer by the time the current
measurements are done. SW mode, SDC or CV canfaster than DP. A scan can be
complete in 2 to 3 s (corresponding to a sweepoh&mV/s) whereas several minutes are
required with DP (corresponding to a sweep rat2 @ 10mV/s). The particularity of the CV

mode lies in the observation of the reduction dredoxidation within the same scan.



The settings of the voltammetric apparatus: stad and potential, deposition potential,
deposition time, and sweep rate (e.g: step heahplitude and period), were optimized in

order to increase the sensitivity and the resatutibthe signal.

Among the ten tested ligands, four of them were ablefficiently bind iron under the tested
conditions (pH 6.15, low ionic strength). Theserfbgands were PAN, DHN, Chromotropic

acid and 1-N-2-N. Further studies on these ligardpresented below.

3. The four ligands which bind iron under rainwater
specific conditions

3.1 PAN
As written above, four voltammetric modes were édstFigure 4 is an example of the

voltammogram obtained under the CV mode. Withoyt Be addition, only the PAN-peak
appears around -0.38V. With Fe additions, a sepaad appears near -0.58V corresponding

to the PAN complexed-iron.

Figure 4: Voltammogram of a Milli-Q sample bufferedat pH 6.15 (in blue) and the same sample with an
addition of iron (143 nM) using the CV mode. Voltamnetric parameters: deposition time 180s; deposition
potential 0 V; start potential 0 V; end potential -10V.

For comparison, Figure 5 represents the same samgkr DP mode. Deposition time,
deposition potential and start potential were taes as in Figure 3. The amplitude of the
PAN peak (near -0.37V) hampered the detection®fribn peak.

Changing the deposition potential from OV to -0/4thproved the detection of PAN

complexed-iron (near -0.54V) (Figure 5). Applyingdeposition potential more negative,



decreased the number of PAN molecules on the medrop. More iron-PAN complexes can

then adsorb on the mercury drop.

Figure 5: Voltammogram of PAN peak using D P mode. dliron peak detected even with an addition of
143 nM. Voltammetric parameters: deposition time 180s¢geposition potential 0 V; start potential -0.2 V;
end potential -0.80V.

Figure 6: Voltammogram of Fe-PAN peak under DP modelron concentration 143 nM. Voltammetric
parameters: deposition time 180s; deposition potential0.42V V; start potential -0.42V; end potential -
1.0v

The two modes selected for PAN investigations aRe dhd SW Mode. Table 2 gives an
overview of the parameters applied to the sampieguBP mode in the presence of PAN

ligand.



Table 2: summary of PAN voltammetric parameters

Voltammetric mode: Differential pulse
Pretreatment:

Deposition potential -0.42V
Deposition time 180s
Equilibration time 10s
Sweep:

Start potential -0.42V
End potential -1.0V
Pulse amplitude 0.05Vv
Pulse time 0.01s
Voltage step 0.002 Vv
Voltage step time 0.1ls
Sweep rate 0.02 V/s

As shown in Figure 5, an Iron-PAN peak is obseraamind -0.55V and the peak height can
be determined. However, the Iron-PAN peak couldb®tetected when iron concentration
was lower than 80 nM. Moreover, the PAN-Fe peaksewet stable (Figure 7).

14 -

12 4

10 A

peak heigth nA

0 T T T T T T )
0 100 200 300 400 500 600 700

Time (s)

Figure 7:Repeatability of iron complexed with PAN,iron concentration 100 nM

PAN-Fe peaks reach a plateau after two minutesvesr@ not stable for more than two
minutes. After four minutes, peak height starteddgorease. This decrease may be due to a re-
precipitation problem. After ten minutes, PAN naglivdissolved was adsorbed on the walls
of the Teflon cell, which may have reduced the fation of Fe-PAN complexes. PAN re-
precipitation caused also problem when depositiore tis regularly increased (Figure 8).
Indeed, the increase of the peak height drops duoten 50s.
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Figure 8: Peak height versus deposition time, iron ezentration 100 nM

Furthermore, the voltammogram changed dependingoonadditions. When iron additions
ranged from O to 75 nM, a single peak of Fe-PAN wlaserved around -0.42V (Fe on Figure
9a). However, upon Fe addition of 100 nM, the FeNRpeak divided in two peaks. (“Fe2”,on
Figure 9b).

(@)

(b)
Figure 9: voltammogram of Fe-PAN peak using DP. Ironconcentration 143 nM. Voltammetric
parameters: deposition time 180s; for Fe additions (dfom 0 to 100 nM, (b) above 100 nM
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This phenomenon has still no explanation. We suggbdbat the division of the peak was

assigned to a change in complex composition.

3.2 DHN
When using DHN as an added ligand at pH 6.15, aysitsuch as bromate, is necessary to

increase the oxidation of the complex Fe-DHN onrtiexcury drop. Bromate was added at a
final concentration of 20puM in the cell. Iron addits triggered an increase in the Fe-DHN
peak at -0.30V (Figure 10).

Figure 10:iron-DHN peak increases after iron additionfrom 0 to 180 nM.

Here again, sensitivity was low even if a higheps! was observed under SW mode (Figure
11).
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Figure 11: Iron additions under two different voltammetric modes. Circles: SW mode; triangles: DP mode
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Sensitivity was also tried to be optimized, by agdiifferent amount of bromate as well as

an electrolyte (KCI final concentration 3mM) butitis not significantly increased.

3.3 Chromotropic acid
Figure 12 represents the increase of the signaksponse to iron additions when using

Chromotropic acid as the added ligand. Here agdein sensitivity was observed. Moreover,
the peak near -0.44V creates a slope in the basédlms slope changes for each iron addition

and leads to a non reproducibility in measuremehtse iron peak.

Figure 12: Iron Chromotropic acid peak climb after three iron additions from 40 nM to 140 nM under DP
mode; deposition time 180s.

3.4 1-N-2-N
The most interesting artificial ligand was 1-N-2H¢cause of its higher sensitivity and its

signal stability. Figure 13 is an example of théaimmogram obtained using DP mode.

Figure 13: Iron 1-N-2-N peak increase under DP modeniresponse to iron additions from 0 to 180 nM
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As shown in Figure 14, sensitivity was differenepdnding on voltammetric modes and
sweep rates. The slope was equal to 1.33 withrarsta at 200 mV/s using SW mode.
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Figure 14: Iron additions under different voltammetric mode and different speed rate: circles correspond
to DP mode at 20 mV/s, triangles to SWhode at 100 mV/s and Square to S\hode at 200 mV/S.

With a faster scan rate, the sensitivity incredsatithe resolution of peak decreased (Figure
15 A and B). A scan rate of 100 mV/s was finallpsén.

A B

Figure 15 A: example of the iron 1-N-2-N peak undeSquare Wave mode at 100mV/s-B: example of the
iron 1-N-2-N peak under Square Wave mode at 1V/s

4. Other 1-N-2-N investigations:
4.1 Calibration of the Complex Stability of Fe-1-N-2-Nagainst EDTA
The calibration of the 1-N-2-N under rainwater specdanditions was tried to determine

against a model ligand: EDTA (van den Berg, 2086fe concentration of 196 nM was
equilibrated for 4 hours with different concentoas of EDTA (from 0 to 100 nM) in Milli-Q
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water. Then 1-N-2-N (10 pM final concentration) veailed just before measurements. Peak

height decreases with increasing of EDTA conceinimat(Figure 16).
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Figure 16: Peak height versus Log [EDTA] in four samfes containing 196 nM of iron and 20 to 100 nM of
EDTA.

Value for the complex stability of Fe-1-N-2-N has lhe calculated from the ratio of the
current in the presence and absence of EDTA (varBaeg, 2006). Because of a problem at
the beginning of the experiment the current meakumethe absence of EDTA was not

coherent. That is why the calibration of the coemptan not be completed.

4.2 Tests with other buffers:

It is known that 1-N-2-N binds iron in Milli-Q buffed to 6.15. The aim of these tests was to
see if this ligand also binds iron at other pH ealuTwo other buffers were tested. The first
one was ammonium acetate at pH 5.7. The sensitivity divided by 10 compare to MES
buffer pH 6.15.

The second one was sodium acetate at pH 5.2. N@omplex peak was detected.

In addition, tests were performed with MES buffepB of 5.0. MES buffer presents a lower
pH than sodium acetate but a signal was obsenatitf/ity was divided by 100 compare to
MES buffer at pH 6.15.

The iron peak in MES at pH 5.00 may be assigneal higher ionic strength than in sodium

acetate buffer. It may result in a better condugtifor the current.
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5. Tests on natural rainwater with 1-N-2-N:

During seven weeks in Kiel, only three rain evemtsurred. Rainwater was collected using

clean PTFE bottle covered by a clean funnel as sedfigure 17.

Figure 17:Rainwater sampler in Kiel

The pH value of collected rainwater was of 6.47tebily after sampling, rainwater was
cleaned-filtered through 0.22um and stored at 8€tause of the short rain event, we only
collected 20mL of rainwater. This volume was ndfisient to carry out any titration of iron
organic ligand in rainwater. However, we tried teasure the Total Dissolved Iron (TDFe) in
this sample. The sample was acidified with Q-HC%230 pH 2.7 during 10 days. Few
minutes before the analysis, pH was increased @ &ith Q-NH3 and rainwater was
buffered to 6.15 with MES. Finally the artificiagand (1-N-2-N, final concentration 10 uM)
was added. Voltammetric measurements were perfomitada deposition time of 180s using
two voltammetric modes: DP (sweep rate: 20mV) avt(Sweep rate: 100mV).

As shown in Figure 18, a peak at -0.14V interfenath the detection of the iron complex
peak, for both modes, and the voltammograms wéfereint from as the ones obtained when

using Milli-Q water.

Figure 18: Voltammogram of the third addition of iron (140nM) in the rainwater sample under SW
mode.
Optimization of the voltammetric parameters (i.epbsition time, start and end potential and

sweep rate) was done in the rainwater sample (withoy iron addition) but no value of the
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iron peak height was obtained. The iron conceotmain our sample was lower than our
detection limit. Only after 70 nM of Fe addition,sanificant peak was observed. Due to

volume sample restriction no duplicates were pdssib

6. Conclusions

During this Short Term Scientific Mission, ten ligts likely to bind iron were tested. Among
the ten ligands, four of them were able to effilieeomplex iron under the tested conditions
(pH 6.15, low ionic strength). These four ligandsre&'PAN, DHN, Chromotropic acid and 1-
N-2-N. PAN presents two major problems: Its low sewity under low pH conditions and
low ionic strength and a division of the iron pdak iron concentrations upper to 100 nM.
The use of DHN and Chromotropic acid are also attarzed by a low sensitivity in this
study. Furthermore, measurement with Chromotropid appeared to be non reproductible
because of the change in the slope of the bas#fitie voltammogram.

1-N-2-N was the most interesting ligand under thesemical constraints. Measurements are
reproducible and sensitivity is higher. Under SWdmosensitivity can be improved by
increasing the scan rate. But near 200 mV/s, teelugon of the peak starts to decrease.
Using this ligand a compromise has to be found betwvoltammetric parameters (scan rate)
under SW mode and quality of the voltammogram.

The first test of 1-N-2-N calibration permits teeify the EDTA concentrations useful to
perform the calibration experiment (from O to 108)n

MES buffer appeared to be the more appropriateebtf determine the iron organic
speciation in rainwater and it appeared to be ttg @ne in these tests which binds iron at pH
5.00

Finally, tests on natural rainwater underline th@tammetric parameters applied in Milli-Q
water needed to be improved for the measuremeamatofal rainwater samples. Larger

volumes of rainwater are needed for further ingadions.
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7. Further works

The work performed during my STSM will allow uscarry on this method development in
Plouzané (France) at the LEMAR.

First of all, sampling has to be more efficienarh currently designing a rainwater
sampler in order to optimize the rainwater collectin iron clean conditions. This future
rainwater sampler will be constituted by a biggefldn funnel connected to a Teflon bottle
fixed onto a stable structure also in Teflon. T8aspler will be placed at the SOMLIT station
in Plouzané where large volume of rainwater willdolected.

Concerning voltammetry processes, preliminary tesabtained during this STSM
pointed out that voltammetric parameters have toabapted from Milli-Q to rainwater
matrix. Working on a large rainwater sample frora #ame rainwater event, could permit us
to work in the same matrix condition. But compasitof rainwater will change in each event
that is why we also have to find a way to idenafycontrol the ionic strength of each sample.
Calibration of the 1-N-2-N has to be made agaiartrer to determine the stability constant of
the iron ligand in rainwater.

The final idea will be to apply this method to saespfrom different oceanic regions.
The first region will be the south west of Atlanticean between Cape town and Tristan Da
cuhna Island. Samples will be collected during3@BCAB Cruise (Sept 2009-Oct 2009) and
stored at -20°C for analyses at the shore-baseddtdry (LEMAR).
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