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Abstract 10 

Iron is an essential micronutrient for phytoplankton and can limit primary production in 11 

the ocean. Fe chemistry is highly controlled by its interaction with organic complexes (> 12 

99%). It is still unknown which organic compounds produced by cells have the ability to 13 

bind Fe. Within the pool of organic ligands, polyphenols are known to be exudated by 14 

marine diatoms and, in this study, the role of three polyphenols ((±) – catechin, sinapic 15 

acid and gallic acid) was studied in terms of dissolved Fe complexation via kinetic and 16 

titration approaches, and also their role as a source of Fe(II) in seawater. The results 17 

demonstrated that these three polyphenols are weak L2-type Fe-binding ligands according 18 

to the conditional stability constant, computed by using the kinetic approach (log K′Fe′L = 19 

8.86 – 9.2), where the formation rate constant (kf) was 3.1•105 – 4.2•105 M-1 s-1 and the 20 

dissociation rate constant (kd) was 2.43•10-4 – 4.4•10-4 s-1. The conditional stability was 21 

also computed from the titration approach with log K′Fe′L from 8.6 to 9.5. These studied 22 

ligands also regenerated Fe(II) in seawater from 0.05% to 11.92%. The results obtained 23 

in this study suggest that polyphenols increase the persistence of dissolved Fe and should 24 

be considered as an important Fe-binding ligands in seawater to better understand the 25 

global biogeochemical cycles.   26 

  27 

Keywords: Fe-binding ligands, complexation, polyphenols, Fe(III), Fe(II) 28 
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INTRODUCTION 29 

Iron is involved in a variety of metabolic processes and is thus an essential micronutrient 30 

for marine microorganisms (Morel and Price, 2003). The low solubility of Fe in seawater 31 

(Liu and Millero, 2002) decreases the dissolved concentration of this metal, limiting the 32 

growth of phytoplankton in some areas of the ocean, in particular in high nutrient low 33 

chlorophyll oceanic regions (Martin et al., 1991). In seawater, the speciation of Fe is 34 

highly dominated by the complexation with organic complexes (> 99%), affecting its 35 

reactivity (Gledhill and van den Berg, 1994; Rue and Bruland, 1995) and increasing its 36 

solubility (Liu and Millero, 2002; Rue and Bruland, 1995), but most of the ligands are 37 

unknown. In general, the ligands are studied as natural ligands, a pool of organic ligands 38 

able to complex Fe in natural waters, participating in the Fe-uptake system of 39 

microorganisms (Shaked and Liss, 2012) by different processes.  Adsorption, reduction 40 

of Fe(III) to Fe(II) in solution or in the cell wall and complexation of Fe in solution (Morel 41 

et al., 2008), and the production of organic ligands by microorganisms can make 42 

dissolved Fe (dFe) more bioavailable (Granger and Price, 1999; Hutchins et al., 1999; 43 

Maldonado and Price, 1999), although these mechanisms depends on the microorganisms 44 

and their environments (Shaked and Liss, 2012). 45 

Fe-binding ligands are produced by cells; rupture of cells after grazing (Chase and Price, 46 

1997; Hutchins et al., 1995; Hutchins and Bruland, 1994; Sato et al., 2007), viral lysis 47 

(Glober et al., 1997; Poorvin et al., 2011), transformation of organic materials (Boyd and 48 

Ellwood, 2010; Gerringa et al., 2006; Gledhill and Buck, 2012) and organic exudates 49 

from phytoplankton (González-Dávila et al., 1995; Rico et al., 2013; Santana-Casiano et 50 

al., 2014; Vasconcelos et al., 2002). In the ocean, the bulk of Fe-binding ligands can be 51 

ranked, according to the conditional stability constant  (K′Fe′L), as strong ligands (L1 - log 52 

K′Fe′L > 11) and weak ligands (L2 < 11) (Gledhill and Buck, 2012), where the ligand 53 
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concentration and the conditional stability constant of the formed complex is measured 54 

by competitive ligand exchange adsorptive cathodic stripping voltammetry (CLE-55 

ACSV). However, this technique does not give any information about the molecular 56 

structure of organic ligands (Luther et al., 2001). In this sense, the identification of 57 

organic functional groups, which form part of the ligands in seawater or cultures, will be 58 

relevant in terms of trace metal chemistry. 59 

There is a necessity of increase our knowledge about organic functional groups and 60 

identify them within the bulk of organic ligands in natural waters. In this sense, 61 

polyphenols have been measured in the exudates of two marine microalgae, the marine 62 

diatom Phaeodactylum tricornutum and the green algae Dunaliella tertiolecta (López et 63 

al., 2015; Rico et al., 2013; Santana-Casiano et al., 2014), as well as the effect of high 64 

metal exposition on the concentration of polyphenols excreted by the cells. The authors 65 

reported that the type of phenolic compounds and their concentrations are directly related 66 

to the metal concentrations in solution as a mechanism to keep Fe in solution or decrease 67 

the free copper concentration due to its toxicity. In addition, polyphenols such as catechol, 68 

(±) – catechin and sinapic acid can reduce Fe(III) to Fe(II) in seawater (Santana-Casiano 69 

et al., 2014). 70 

Polyphenols, as other ligands produced by microorganisms (amino acids or 71 

polysaccharides), can complex Fe due to the hydroxyl and carboxyl groups on their 72 

molecular structures (Andjelković et al., 2006; Brown et al., 1998; Lodovici et al., 2001; 73 

Mira et al., 2002; Re et al., 1999; Sroka and Cisowski, 2003), but these Fe-binding 74 

complexes have never been studied in seawater in terms of Fe complexation. However, 75 

polyphenols have been described as strong dFe-binding ligands in acidic solutions (pH < 76 

3; Hynes and O’Coinceanainn (2001, 2004)). 77 
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The goal of the current investigation is to measure the formation (kf) and dissociation (kd) 78 

rate constants and the conditional stability constants (K′Fe′L and K′Fe3+L) for the Fe-79 

complexes with (±) – catechin (5,7,3′,4′-tetrahydorxyflavan-3-ol), sinapic acid (3,5-80 

dimethoxy-4-hydroxycinnamic acid) and gallic acid (3,4,5-trihydroxybenzoic acid) in 81 

seawater. These three compounds have been selected among a variety of polyphenols due 82 

to their presence in phytoplankton exudates (López et al., 2015; Rico et al., 2013; 83 

Santana-Casiano et al., 2014). These authors reported how these three organic compounds 84 

showed a higher concentration in seawater enriched with phytoplankton exudates than in 85 

natural seawater. These three compounds allow us to understand the role of three different 86 

molecular structures on the chemistry of Fe. In addition, Fe redox experiments were 87 

performed in seawater in order to determine the capability of these three model organic 88 

ligands to reduce Fe(III) to Fe(II) in seawater. These results will increase our knowledge 89 

about Fe biogeochemical cycle and the role of ligands in the chemistry of Fe in the ocean. 90 

 91 

MATERIAL AND METHODS 92 

Chemicals 93 

Fe was determined by differential pulse cathodic stripping voltammetry (DP-CSV; Croot 94 

and Johansson (2000)). A 0.01 M solution of TAC (2-2(2-thiazolylazo)-p-cresol) (Sigma-95 

Aldrich) was prepared in HPLC grade methanol (Sigma-Aldrich) once every two weeks 96 

and kept in the fridge when it was not in use (darkness and 4˚C). An EPPS buffer solution 97 

(N-(2-hydroxyethyl)piperazine-N’;2-propanesulfonic acid; SigmaUltra) was prepared at 98 

1.0 M in 1.0 M NH4OH (ultrapure, VWR) at pH 8.05. The buffer solution was cleaned 99 

three times through an 8HQ (8-Hydroxyquinoline) resin column. Fe(III) stock solutions 100 

(1.0 µM and 100 nM) were prepared weekly from a Fe standard solution for atomic 101 
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absorption spectroscopy (VWR) and acidified at pH 2 with HCl (ultrapure, VWR). The 102 

stock solution of Fe(II) (4•10−4 M) was daily prepared using ammonium Fe(II) sulfate 103 

hexahydrate (Sigma), acidified at a pH of 2 with Suprapur HCl (Sigma). 104 

The selected organic ligands, (±) – catechin, sinapic acid and gallic acid (Sigma-Aldrich) 105 

were prepared weekly in HPLC grade methanol at 10-3 M and the second stock solutions 106 

were prepared, for each experiment, in MQ water (18 MΩ, Millipore) at 10-6 M. The 107 

molecules of these three selected organic ligands are presented in Figure 1. 108 

The reagents were always prepared in 20 mL Teflon (Savilex) vials. These bottles were 109 

washed 5 times with MQ water and 2% HCl (suprapure, VWR). The Teflon vials were 110 

rinsed 5 times with MQ water prior to use.  111 

The seawater used in the current experiments was collected during the oceanographic 112 

cruise “GEOVIDE” (station 77, 53.0 °N, -51.1 °E, 40 m) in the North Atlantic Ocean and 113 

was filtered on board through 0.2 µm-pore size cartridge filters. The GEOVIDE seawater 114 

(GSW) was kept in the clean laboratory (Class 100) facilities (LEMAR-IUEM) with acid-115 

clean carboy (25L) in the dark, at room temperature, until it was used.  116 

 117 

Measurements of labile and dissolved Fe 118 

Dissolved Fe (dFe), labile Fe (Fe´; all the inorganic species predominantly in the form 119 

Fe(OH)3), and dFe-binding ligands (LFe) concentrations were determined by DP-CSV 120 

(Croot and Johansson, 2000) using a µAutolab voltameter (Metrohm), with a static 121 

mercury drop electrode (Metrohm Model VA663), a double-junction Ag/saturated AgCl 122 

reference electrode with a salt bridge filled with 3 M KCl, and a glassy carbon rod as a 123 

counter electrode. The samples were always processed in a Class 100 clean laboratory at 124 

room temperature.  125 
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Labile Fe was measured in 10 mL seawater samples by adding 100 µL of EPPS (final 126 

concentration 10 mM EPPS buffered to pH 8.05) and 10 µL of 0.01 M TAC (final 127 

concentration 10 µM). Samples were purged for 180 sec with dry nitrogen gas. A new Hg 128 

drop was formed at the end of the purging time. The Teflon vials were conditioned 5 129 

times with GSW. The labile Fe concentrations were determined using the method of 130 

standard additions. TAC was added at the beginning of the purging time, then the contact 131 

time was 180 sec. 132 

Dissolved Fe concentrations were measured following the same method, but the samples 133 

were previously UV-irradiated during 4 hours in quartz tubes. These tubes were soaked 134 

for one day in 10% HCl (suprapure, VWR) and washed with MQ water 5 times prior to 135 

use. They were also rinsed one more time with GSW. The Teflon vials were conditioned 136 

5 times with GSW.  The dFe concentration was determined using the method of standard 137 

additions. TAC was also added at the beginning of the purging time, then the contact time 138 

was 180 sec. 139 

The voltammetric analysis was always the same for all the analysis. The deposition 140 

potential of -0.40 V was applied for 180 sec. The sample was stirred during the deposition 141 

time. At the end of the deposition time, the scan as a DP-CSV was applied with a 142 

modulation time of 0.01 sec, interval time 0.1 sec, initial potential -0.4 V, final potential 143 

-0.9 V, step potential 2.55 mV and modulation amplitude 49.95 mV.  144 

 145 

Dissolved Fe organic speciation measured using the kinetic method 146 

The kinetic of formation was prepared with 10 mL of UV-irradiated GSW (4 hours), 100 147 

µL of EPPS (1 M) buffered to pH 8.05, 10 nM of dFe, and 5 nM of the studied ligands in 148 

at least 14 Teflon vials. These experiments were performed with an excess of Fe 149 
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compared to ligand in order to have enough dFe to saturate the binding sites in the 150 

polyphenols and to achieve the maximum complexing capacity. The initial time (t0) 151 

corresponds to the addition of the studied ligand. The addition of TAC (10 µL of 0.01 M) 152 

was performed during the purge, 20 sec before starting the deposition time. This time was 153 

used to purge the sample after the addition of TAC. The Fe measured in the kinetic of 154 

formation experiments has to be considered as labile Fe (Gerringa et al., 2007), because 155 

there is no equilibration time between TAC and the studied ligands due to the short 156 

contact time between FeL and TAC. In irradiated seawater samples, this time was found 157 

to be enough to measure the labile Fe in solution. 158 

The kinetic of dissociation of dFe-ligand complexes was prepared in at least 14 Teflon 159 

vials with 10 mL of UV-irradiated GSW (4 hours), 100 µL of EPPS (1 M) buffered to pH 160 

8.05, 10 nM of Fe and 5 nM of the studied ligand. The times of equilibration for each 161 

ligand were defined, according to the formation results, when the plateau was reached (4 162 

hrs for (±) – catechin, 2 hrs for sinapic acid, and 15 hrs for gallic acid). Then 10 µL of 163 

TAC (0.01 M) was added into the samples, corresponding with the initial time of 164 

dissociation (t0). In this case, as TAC and the studied ligand can compete during the 165 

dissociation, the measured dFe is here called ‘TAC labile Fe’ (Gerringa et al., 2007).  The 166 

addition of TAC will form an electroactive complex which can be detected in the mercury 167 

drop.  168 

All the experiments were carried out in triplicate and the Teflon vials were conditioned 5 169 

times with GSW.  170 

 171 

Dissolved Fe organic speciation measured by DP-CSV 172 
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In a series of 14 Teflon bottles an aliquot of 10mL of  natural seawater, 100 µL of EPPS 173 

(1 M) buffered to pH 8.05, and different concentrations of dFe (from 0 to 15 nM) were 174 

pipetted into the bottles. For GSW titrations, the solution was left to equilibrate for one 175 

hour. Then, 10 µL of TAC (0.01 M) were added and left to equilibrate overnight (Croot 176 

and Johansson, 2000). The samples were measured in a Teflon cell. First, two GSW sub-177 

samples were systematically analysed according to the recommendation of the 178 

GEOTRACES program, where two +0-dFe additions in the titration with at least eight 179 

dFe additions, for a total of 10 or more titration points will provide a better data 180 

interpretation (Garnier et al.,2004;  Gledhill and Buck, 2012; Sander et al., 2011). 181 

The dFe-binding capacities of the studied organic ligands, (±) – catechin, sinapic acid and 182 

gallic acid, were measured following the same method as indicated in the titration 183 

approach. A solution containing 10 mL of UV-irradiated GSW (UV-treatment for 4 184 

hours), 100 µL of EPPS (1 M) buffered to pH 8.05, 0 to 15 nM of Fe(III) and 2 – 11.8 185 

nM of the studied ligand was prepared. These solutions were equilibrated for the same 186 

time as above and, 20 sec before the deposition time, 10 µL of TAC (0.01 M) were 187 

pipetted into the Teflon cell for measurement. This short time was selected in order to 188 

avoid equilibrium between TAC and FeL, and because the interest of this work was to 189 

measure the equilibrium between Fe and polyphenols. 190 

The titration data were processed using the ProMCC program (Omanović et al., 2014) in 191 

order to compute the concentrations of ligands and the conditional stability constants. 192 

 193 

Fe(III) reduction experiments 194 

The Fe(III) reduction experiments were carried out according to Santana-Casiano et al. 195 

(2010, 2014). Briefly, a 100 nM concentration of Fe(II) was used in 100 ml of seawater 196 
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in a 200 ml thermostatted vessel controlled to 25 ± 0.02 °C and pH 8.0 ± 0.01.  The pH 197 

of the solution was determined on the free scale, pHF (Millero, 1986). The pH was 198 

adjusted to the desired value with additions of small amounts of 1 M HCl, automatically 199 

controlled by a 719 titrinoTM (Methrom) to keep it constant. This Fe concentration was 200 

used to reproduce the same experiments as carried out by Santana-Casiano et al. (2010, 201 

2014) and to ensure that the preparation of the polyphenols stock solutions in methanol 202 

and MQ did not have any effect on the Fe(II) reduction process and be able to compare 203 

the current study with the literature. The solution was initially aerated with air for two 204 

hours under oxygen saturation conditions in order to fully oxidize the added Fe(II) 205 

solution. After that time, 10−4 M ferrozine (FZ) was added. Fe(II) was not detected in the 206 

absence of the phenolic compounds. The addition of 100 nM of the polyphenol 207 

corresponds to zero time of reaction. The Fe(II)-FZ complex was recorded over time at 208 

562 nm in a 5-m-long waveguide capillary flow cell (LWCFC) from World Precision 209 

Instruments connected to the UV detector S4000 (Ocean OpticsTM). This technique 210 

allows to measure both Fe(II) and the organic compounds. Every acquisition time, the 211 

absorbance spectrum was analysed to correct the baseline (Santana-Casiano et al., 2010). 212 

These experiments will enable us to detect if Fe(II) is formed during the equilibration 213 

time between dFe and the studied polyphenols. 214 

 215 

RESULTS  216 

Dissolved Fe concentration in the seawater 217 

The dFe in the natural seawater used in the current investigation was 0.36 ± 0.06 nM (n 218 

= 8) and the Fe´ was 0.020 ± 0.004 nM (n = 8). Then, the FeL in the natural seawater 219 

sample was ~95%. Figure 2 shows one of the titrations carried out by additions of Fe (0 220 

– 15 nM) to the GSW and the UV-irradiated GSW. These results show that the natural 221 
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ligand concentration calculated using the ProMCC code was 3.1 ± 0.7 nM (n = 10). This 222 

seawater contained 8 times more ligands than dFe. The conditional stability constant was 223 

log K՛Fe′L=11.5 ± 0.4 in respect to Fe՛ and log K՛Fe3+L = 21.5. Therefore, the ligands in 224 

GSW are ranked as L2-type ligands (Gledhill and Buck, 2012). No significant differences 225 

were observed between linear (van den Berg and Kramer, 1979) and non-linear treatment 226 

(Gerringa et al., 2014; Pižeta et al., 2015). The standard error from the ProMCC for each 227 

analysis in terms of K’Fe’L and ligand concentration was always at least one order of 228 

magnitude lower than the same parameter. 229 

 230 

Dissolved Fe speciation from the kinetic approach 231 

In order to study the Fe-binding capacity of polyphenols in terms of kinetic experiments, 232 

the GSW was UV-irradiated during 4 hours. This was long enough to decompose all the 233 

organic ligands, as demonstrated by the linear dependence of the peak high (nA) and the 234 

Fe concentrations (Figure 2).  The concentration of dFe did not exceed the solubility of 235 

Fe in our seawater samples because the standard additions were linear in the studied range 236 

(15 nM of dFe). However, the linear standard additions can also occur when formation 237 

kinetics are quick and TAC dissolves amorphous Fe oxides rapidly. The height peak (dFe 238 

concentration) after 10 nM of dFe addition was followed in UV-irradiated GSW by more 239 

than 24 h and it was stable. These experiments were also done by triplicate in at least 14 240 

Telfon vials. 241 

The kinetic approach was performed according with Witter and Luther (1998) and Wu 242 

and Luther (1995). The K´Fe´L can be estimated from kf and kd by following Equation 1 243 

where kf and kd where computed from the experimental results showed in Figure 3.  244 

 245 
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𝐾ி௘ᇱ௅
ᇱ = 𝑘௙/𝑘ௗ          (1) 246 

 247 

In addition, the conditional stability constant with respect to Fe3+ (K´Fe3+L) can be 248 

calculated by assuming that the second-order rate constant is kf,Fe3+L = 3.02•1011 M-1 s-1, 249 

previously estimated from encounter theory (Luther and Wu, 1997). 250 

 251 

𝐾ி௘యశ௅
ᇱ = 𝛼ி௘ᇱ𝐾ி௘ᇱ௅

ᇱ          (2) 252 

 253 

where [Fe′] is labile Fe as was described above and Fe3+ is the free inorganic Fe 254 

(Stockdale et al., 2016), αFe′ = 1010 (Hudson et al., 1992; Sunda and Huntsman, 2003), is 255 

commonly used for pH 8 seawater. Then, the dissociation rate constant kd, Fe3+L can be 256 

computed (Equation 3). 257 

 258 

𝑘ௗ,ி௘యశ௅ =
௞
೑,ಷ೐యశಽ

௄
ಷ೐యశಽ
ᇲ        (3) 259 

 260 

The half-life time (t1/2), for Fe′L and Fe3+L, has also been computed according to the 261 

pseudo-first kinetic equation, which can be expressed as: 𝑡ଵ/ଶ = ln 2/𝑘ௗ.  262 

In addition, the presence of organic ligands enhances Fe solubility by favoring the 263 

formation of small Fe soluble species (Kuma et al., 1996).  264 

The results for the kinetic of formation and dissociation experiments are shown in Figure 265 

3 and Table 1. They showed that the dFe – phenolic complexes are rapidly formed with 266 

log kf between 5.50 – 5.62 (kf in M-1 s-1, Table 1). On the other hand, the dissociation rate 267 

constants were also high; log kd -3.36 – 3.61 (kd in s-1, Table 1) for these polyphenol 268 
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groups. Then, the log K´Fe´L determined from the kinetic experiments were equal to 9.2 ± 269 

0.1 ((±) – catechin), 8.86 ± 0.04 (sinapic acid) and 9.01 ± 0.02 (gallic acid)), relative to 270 

the Fe՛ species. These Fe-organic complexes can be defined as weak ligands (L2-type 271 

ligands; Gledhill and Buck (2012)). According to the dissociation rate constants, the 272 

presence of polyphenols will keep dFe in solution from 11.3 min to 20.6 min, in respect 273 

to the complex of Fe՛ with sinapic acid or (±) – catechin, respectively. This half-life time 274 

increased to the order of years (0.32 – 0.54) in terms of Fe3+ (Table 1). This difference is 275 

due to the calculation of half-life time for Fe3+L complexes assumes an upper diffusion 276 

control limit to formation of the complex rather than the activation control for Fe´L 277 

(Witter et al., 2000). 278 

 279 

Conditional stability constants from CLE-CSV 280 

The total amounts of organic ligands in seawater can be computed using Equation (4). 281 

 282 

[𝐿்] = [𝐿´] + [𝐹𝑒𝐿]                            (4) 283 

 284 

where [LT] is the total concentration of ligands, [L´] includes both free ligands and ligands 285 

complexed with other major cations in seawater (as Ca2+, Mg2+ and H+; Rue and Bruland 286 

(1995)), [FeL] the concentration of Fe-binding ligands. In the same sense, the 287 

concentration of Fe in solutions can be considered as Equation 5. 288 

 289 

[𝐹𝑒]் = [𝐹𝑒ᇱ] + [𝐹𝑒𝐿]                (5) 290 

 291 
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where [Fe]T represents the total dissolved Fe in seawater, [Fe′] represents the 292 

concentration of all the inorganic species (predominantly in the form Fe(OH)3 (Stockdale 293 

et al., 2016). The equilibrium system between Fe and the organic ligand is: 294 

 295 

𝐹𝑒ᇱ + 𝐿´ ⟷ 𝐹𝑒𝐿       (6) 296 

 297 

where the conditional stability constant with respect to [Fe′] is expressed as Equation 7: 298 

 299 

𝐾ி௘௅
ᇱ =

[ி௘௅]

[ி௘ᇲ][௅´]
       (7) 300 

 301 

The relationship between Fe′ and Fe3+ can be used as: 𝛼ி௘ᇲ = [𝐹𝑒ᇱ]/[𝐹𝑒ଷା], then 𝐾ி௘´௅
ᇱ =302 

𝛼ி௘ᇲ𝐾ி௘యశ௅
ᇱ , where αFe′ = 1010 (Hudson et al., 1992; Sunda and Huntsman, 2003) is 303 

commonly used for pH 8 seawater and the K´Fe´L can then be calculated from the values 304 

of Fe´measured by CSV and the dFe and L concentrations using Equations 4, 5 and 7. 305 

The complexation of dFe by the three different polyphenols, (±) – catechin, sinapic acid 306 

and gallic acid, was studied in UV-irradiated GSW (Table 2). Two different 307 

concentrations of the studied Fe-binding ligands were used in order to evaluate if the 308 

binding capacity was related to the concentration and to determine if the binding sites 309 

were saturated with those Fe levels in every sample. The ligand (±) – catechin was able 310 

to complex 1.6 ± 0.2 nM and 3.6 ± 0.5 nM of dFe when 5.7 and 11.8 nM of the studied 311 

ligand were present in solution, with a log K՛Fe′L between 9.3 – 9.1, respectively. Sinapic 312 

acid complexed 3.6 ± 0.8 and 6.5 ± 0.7 nM of dFe when 5.0 and 9.9 nM of the ligand 313 

were added, with a log K՛Fe′L = 8.6. Finally, when 2.0 nM of gallic acid was added, 5.5 ± 314 

0.3 nM of dFe was organically complexed and when 5 nM of gallic acid was added to the 315 

UV-seawater, 14 ± 2 nM of dFe were found complexed. The amount of Fe complexed or 316 



15 
 

removed by gallic acid was always over double the added ligand concentration. The log 317 

K՛Fe′L values were 8.8 and 9.5, respectively.  318 

Taking into account the titration approach, the log K՛Fe′L was from 8.6 to 9.5 (Table 2). 319 

Accordingly, the studied ligands formed weak organic complexes with dFe in seawater, 320 

with a conditional stability constant ≥ 18 with respect to Fe3+. Then, they can be classified 321 

as L2-type organic ligands (Gledhill and Buck, 2012). 322 

 323 

Fe(III) reduction by polyphenols in seawater 324 

Fe(III) is reduced by (±) – catechin, sinapic acid and gallic acid in UV-irradiated GSW at 325 

pH 8.0 and 25ºC (Figure 4). The Fe(III) reduction rate constant (pseudo-first order rate 326 

constant) was 8.98 ± 0.02•10-7 sec-1, 1.45 ± 0.02•10-7 sec-1 and 3.90 ± 0.04•10-5 sec-1 for 327 

(±) – catechin, sinapic acid and gallic acid, respectively. This means that 100 nM of 328 

polyphenol are able to reduce from 0.05 nM to 11.92 nM of Fe(III) in one hour of reaction 329 

in UV-irradiated GSW. Then, at equimolar concentration (100 nM of dFe and the studied 330 

organic ligand), the studied polyphenols were able to reduce Fe(III) to Fe(II) in seawater. 331 

 332 

DISCUSSION 333 

Polyphenols as dFe-complexing ligands in seawater 334 

Recent investigations (López et al., 2015; Rico et al., 2013; Santana-Casiano et al., 2010, 335 

2014) demonstrated that polyphenols have to be considered as important organic ligands 336 

within the Fe biogeochemical cycle due to their ability to reduce Fe(III) to Fe(II) in 337 

seawater as well as to be produced in the microalgae exudates as a response to the Fe 338 

exposition.  According to the molecular structure (Figure 1), (±) – catechin is a flavonoid 339 
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type compound with a catechol moiety in the B-ring, a resorcinol group in the A-ring and 340 

a hydroxyl group at position 3 in the C-ring (Figure 1A). Sinapic acid is a 341 

phenylpropanoid compound, with 3,5-dimethoxyl and 4-hydroxyl groups substituting the 342 

phenyl group of the cinnamic acid (Figure 1B). Gallic acid is tri-hydroxybenzoic acid 343 

(gallyol moiety) (Figure 1C). Such acids are generally forming dimers such as ellagic 344 

acid. (±) – catechin, sinapic acid and gallic acid contain –OH groups in their molecules 345 

which at pH ~ 8 (natural seawater pH) should be deprotonated forming anionic ligands 346 

capable of complexing metals, as the organic ligands at the cell surface of microorganisms 347 

(González et al., 2014). Accordingly, polyphenols at natural pH complex dFe in seawater, 348 

as it was previously reported at acidic pH and low ionic strength solutions (Andjelković 349 

et al., 2006; Brown et al., 1998; Hynes and O’Coinceanainn, 2004; Khokhar and Apenten, 350 

2003; Mira et al., 2002). 351 

In general, the dFe complexation by polyphenols is related to the presence of the ortho-352 

di-hydroxy groups, mainly present in molecules bearing catechol or gallyol moieties 353 

(Khokhar and Apenten, 2003; Moran et al., 1997) and to the amount of –OH groups in 354 

each molecule. In fact, Andjelković et al. (2006) demonstrated that polyphenols bearing 355 

gallyol groups form stronger chelates than molecules with catechol moiety in aqueous 356 

solutions. The formation of complexes between dFe and the organic ligands proposed in 357 

this investigation showed that gallic acid is the most important phenolic compound in 358 

terms of dFe-binding capacity, where a stoichiometric ratio 1:1 can be assumed (Table 359 

2). The differences in the complexing capacity could not only be understood as a role of 360 

the hydroxyl groups in the catechol or gallyol moieties in seawater. The presence of major 361 

ions such as Mg2+ and Ca2+ play a key role in the oxidation process of polyphenols, 362 

blocking the reaction to semiquinone and benzoquinone (Santana-Casiano et al., 2010, 363 

2014). Then, some of the –OH groups are occupied by Mg2+ and Ca2+, decreasing their 364 
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capacity to complex dFe (Santana-Casiano et al., 2010, 2014). In addition, the ability of 365 

gallic acid to form dimers in solution can be involved in the higher dFe-binding capacity 366 

compared to that for (±) – catechin and sinapic acid. 367 

The kinetics of formation did not reveal a very strong decrease in the labile Fe in the first 368 

seconds (Figure 3), as it occurs for stronger ligands, L1-type ligands, such as 369 

protoporphyrin IX (Witter et al., 2000), with a decrease of 2 nM of Fe within the first 370 

seconds of the reaction, supporting the experimental results for polyphenols that are 371 

ranked as weak ligands. The polyphenols studied in this manuscript progressively 372 

decreased the labile Fe over time (Figure 3). Other studied ligands have also been 373 

characterized in terms of formation rate constant in seawater (Witter et al., 2000) such as 374 

protoporphyrin IX, phaeophytin, apoferritin, phytic acid, alterobactin A and B, 375 

ferrichrome and desferrioxamine, with kf from 0.93•105 to 19.6•105 M-1 s-1. These authors 376 

(Witter et al., 2000), also reported the dissociation rate constant for the same organic 377 

binding ligands and ranked from 0.05•10-6 to 15.8•10-6 s-1. The data collected from the 378 

literature for natural waters show a high variability (from 0.31•10-6 to 39•10-6; Luther et 379 

al. (1997) and Witter et al. (1998), which proves the huge diversity of ligands in the water.  380 

The dissociation rate constant allows to compute the half-life time of Fe in solution, both 381 

as Fe՛ and Fe3+ (Table 1). In the presence of polyphenols, Fe՛ half-life time is 11 – 21 min, 382 

which increases to 0.3 – 0.5 years when Fe3+ species are considered. It means that Fe 383 

persists in solution longer periods when polyphenols are present. These t1/2 are highly 384 

affected by the presence of organic ligands in the ocean and ranked from minutes to years 385 

(Witter et al., 2000). 386 

The log K՛Fe′L values estimated from the kinetic experiments for (±) – catechin, sinapic 387 

acid and gallic acid are weaker than other model ligands studied by Witter et al. (2000) 388 

which log K՛Fe′L values were 10.8 – 13.0, and also with humic substances (log K′Fe′L= 389 
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11.1; Laglera et al. (2011)) and  fulvic acids (log K′Fe′L= 10.6-10.9; Laglera et al. (2011; 390 

Laglera and van den Berg (2009), exudates from Pseudonana antarctica (log K′Fe′L = 391 

11.9; Norman et al., 2015) and Emiliania huxleyi ( log K′Fe′L = 11.9; Boye and van den 392 

Berg, 2000). 393 

According to the recovery of ligands with respect to the initial addition, a tentative 394 

stoichiometry can be computed. The (±) – catechin and sinapic acid followed the same 395 

trend, the concentration of the recovered ligand was always lower than the added ligand, 396 

and the recovered ligand concentration in the titration approach (Table 2) is comparable 397 

with the FeL formation in the kinetic experiments (Figure 3). However, the addition of a 398 

certain concentration of gallic acid always resulted in a higher concentration of recovered 399 

ligand or FeL formation in both approaches (Table 2 and Figure 3). The addition of (±) – 400 

catechin was increased from 5.7 to 11.8 nM (2.07-fold) and the recovered ligands was 401 

2.25-fold. Attending to sinapic acid, the added level increased by 2.0 (Table 2) and the 402 

recovered ligand increased by 1.8-fold. Then, a tentative stoichiometry of 1:1 ligand-to-403 

metal complexes can be assumed. The gallic acid is the only case where the addition of a 404 

certain level resulted in a higher recovered concentration. Then, in this case, the 405 

relationship between FeL and added L was ~ 3 (Table 2). In the literature, there are 406 

conflicting results for Fe-gallic acid complexes where the stoichiometry can be from 1:1 407 

to 1:3 metal-to-ligand complexes (Andjelković et al., 2006; Fazary et al., 2008; Powell 408 

and Taylor, 1982; Strlič et al., 2002) as well as 1:1 and 2:1 metal-to-ligand complexes 409 

(Hynes and O’Coinceanainn, 2001), demonstrating the complicated nature of these type 410 

of ligands in solution, where the binding capacity is function of the pH, the composition 411 

of the solution, the reactivity of the gallic acid to reduce Fe(III) to Fe(II) and the formation 412 

of other molecules such as quinone, semiquinone or tannic acids (Andjelković et al., 413 

2006; Fazary et al., 2008; Powell and Taylor, 1982; Strlič et al., 2002) which could 414 
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complex Fe in a higher ratio. In addition, Strlič et al. (2002) reported the role of the 415 

Fe:gallic acid complexes in terms of the HO• production that also have an impact on Fe 416 

redox chemistry. Then, further experiments will be carried out in order to elucidate the 417 

Fe:gallic acid stoichiometry in seawater. For this purpose, an evaluation of binding 418 

capacity will be studied by using a combination of UV-Vis absorption spectroscopy 419 

(Andjelković et al., 2006) and voltammetric technique (this study) as a function of dFe 420 

and gallic acid concentration in seawater. 421 

 422 

Polyphenols as a source of Fe(II) in seawater 423 

The complexation of dFe with polyphenols can be considered as a first step in the process 424 

of internalization of Fe by phytoplankton, reducing Fe(III) to Fe(II) both in seawater  425 

(Santana-Casiano et al., 2010, 2014) and at cell surfaces (González et al., 2014).  The 426 

same mechanism was also studied for catechol (Santana-Casiano et al., 2010), (±) – 427 

catechin and sinapic acid (Santana-Casiano et al., 2014) as a function of pH.  Polyphenols 428 

form a complex with Fe(III) and reduce a fraction of Fe(III) to Fe(II), as it has been shown 429 

in the current manuscript. The reduction rate constants (in log k´) for (±) – catechin and 430 

sinapic acid are comparable with those measured by Santana-Casiano et al. (2014), where 431 

k´ was 7.02•10-7 s-1 and 2.67•10-7 s-1, respectively. Gallic acid showed a higher log k´ that 432 

is in the same range as that for catechol (Santana-Casiano et al., 2010). In addition, the 433 

organic exudates excreted by P. tricornutum also retarded the Fe(II) oxidation rate 434 

constant in seawater (González et al., 2012; Santana-Casiano et al., 2014). From the 435 

current results, we can conclude that organic exudates such as polyphenols increase the 436 

persistence of Fe(II) in seawater, either by decreasing their oxidation rate constant to 437 

Fe(III) and/or by reducing Fe(III) to Fe(II). 438 
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 439 

Possible discrepancies between kinetic and titration approaches 440 

The experimental methods used in the current manuscript will allow to determine the 441 

conditional equilibrium constant for Fe-binding ligands as well as the concentration of 442 

these ligands in solution. The calculation of these parameters is highly dependent on the 443 

pH and major ions (Laglera et al., 2001).  444 

In the current manuscript, the comparison between kinetic and titration approaches are in 445 

a good agreement for (±) – catechin and sinapic acid, but there are significant differences 446 

in the determination of FeL concentration when gallic acid was studied. These differences 447 

can be understood as a consequence of the combination of a number of possible factors 448 

acting on the experimental approach, such as Fe(II) production during the formation 449 

reaction time, the oxidation of gallic acid to semiquinone or quinone groups and the 450 

formation of other organic molecules from gallic acid. In the experimental approach, all 451 

non-labile Fe is assumed to be complexed by the organic ligand, which can be the case 452 

for catechin and sinapic acid, while for gallic acid, other processes could be acting. 453 

Therefore, the constant provided in this study should be considered a global complexation 454 

constant for any Fe present in the solution. There is an important discrepancy about the 455 

Fe:gallic acid stoichiometry in the literature because its reaction mechanism dependent 456 

on pH, ionic strength and concentrations of both chemical (Andjelković et al., 2006; 457 

Fazary et al., 2008; Hynes and O’Coinceanainn, 2001; Powell and Taylor, 1982; Strlič et 458 

al., 2002). Further experiments are necessary to properly define the Fe:gallic acid 459 

stoichiometry in seawater by a combination of techniques and physico-chemical 460 

conditions. 461 
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Accordingly, the Fe(II) regeneration during the formation reaction and during the 462 

equilibration between dFe and polyphenols can also invoke a slight discrepancies in terms 463 

of ligand concentration and conditional stability constant. During the equilibration time 464 

between Fe and the studied ligands (> 2 hours), a fraction of Fe(III) can be reduced to 465 

Fe(II) and when TAC is added to the titration vials, this fraction of Fe is not reacting with 466 

TAC as Fe(III). It was determined that during 1 h of equilibration between dFe and the 467 

studied polyphenols, from 0.05% to 11.92% of Fe(II) is formed. Then, the calculation of 468 

the conditional stability constant and ligand concentration from the titration can be 469 

overestimated. 470 

In the case of polyphenols, the interaction with Mg2+ and Ca2+ affects the oxidation of the 471 

semiquinone radical to quinone and it may affect the Fe chemistry, both in terms of 472 

complexation and in terms of redox reactions, and it has been demonstrated for catechol, 473 

(±) – catechin and sinapic acid (Santana-Casiano et al., 2010, 2014). Moreover, during 474 

the equilibration time between Fe and the studied ligands, the competition with the MgL 475 

and CaL could affect the dFe-ligand complexation (Hering and Morel, 1988; Raspor et 476 

al., 1980; Wu and Luther, 1995), which becomes more relevant when weak ligands are in 477 

solution. This competition between Fe with Ca and Mg for the binding sites can introduce 478 

an interference for the calculation of the ligand concentration as well as of the conditional 479 

stability constant. 480 

These artefacts are more relevant for weak ligands than for strong ligands. Therefore, the 481 

kinetic approach seems more consistent for use in future experiments defining the 482 

complexation of dFe and studied ligands in seawater.   483 

 484 

CONCLUSIONS 485 
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Polyphenols as model dFe-binding ligands are excreted by phytoplankton and can play 486 

two different roles in terms of the Fe biogeochemical cycle. On one hand, the polyphenols 487 

can complex dFe in seawater, and on the other hand, these polyphenols can reduce Fe(III) 488 

to Fe(II). Among the pool of binding ligands, (±) – catechin, sinapic acid and gallic acid 489 

have been thermodynamically characterized. The formation rate constant (kf) measured 490 

for the complex between dFe and (±) – catechin, sinapic acid and gallic acid, varied from 491 

3.14•105 to 4.17•105 (M-1s-1). The dissociation rate constant (kd) varied from 2.43•10-4 to 492 

4.4•10-4 (s-1). The conditional stability constants using the kinetic approach were also 493 

calculated (log K′Fe′L = 8.86 – 9.2). These conditional stability constants were compared 494 

with the titration approach, where the log K′Fe′L values were from 8.6 to 9.5 for the three 495 

studied Fe-binding ligands. These polyphenols are within the L2-type ligands. Moreover, 496 

Fe(III) is reduced by (±) – catechin, sinapic acid and gallic acid in seawater, promoting 497 

the formation of Fe(II) from 0.05% to 11.92%. Taking these results into consideration, 498 

polyphenols should be considered as an important dFe-binding ligands in seawater in 499 

order to properly understand the biogeochemical cycle of Fe and organic ligands. 500 
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Table 1. Formation and dissociation constants, conditional stability constant and 

half-life time determined using the kinetic method. The initial concentration of dFe 

= 10.36 nM and the initial concentration of studied ligand was 5 nM. 

 

Studied 

ligand 

kf x 105 

(M-1s-1) 

kdx10-4 

(s-1) 
logK՛Fe′L log K Fe3+L 

Fe′ 

t1/2 (min) 

Fe3+  

t1/2 (years)  

(±)-Catechin 4.2±1.8 2.43±0.03 9.2±0.1 19.20 20.6 0.54 

Sinapic acid 3.2±0.7 4.4±0.3 8.86±0.04 18.86 11.3 0.23 

Gallic acid 3.1±0.4 3.2±0.1 9.01±0.02 19.01 15.9 0.32 
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Table 2. Concentration of studied ligand added and recovered after a titration, 

conditional stability constant determined using DP-CSV and calculated applying the 

ProMCC code. Errors represent the standard deviation from three replicates.  

 

Studied 

ligand 

[L]added 

(nM) 

[𝑳]𝒓𝒆𝒄𝒐𝒗𝒆𝒓𝒆𝒅 

(nM) 
𝑲𝑭𝒆𝑳
ᇱ x 109 log𝑲𝑭𝒆𝑳

ᇱ  Log𝑲
𝑭𝒆𝟑శ𝑳
ᇱ  

(±)-Catechin 5.7 1.6±0.2 2.0 9.3±0.1 19.3 

(±)-Catechin 11.8 3.6±0.5 1.3 9.1±0.2 19.1 

Sinapic acid 5.0 3.6±0.8 0.4 8.6±0.2 18.6 

Sinapic acid 9.9 6.5±0.7 0.4 8.6±0.1 18.6 

Gallic acid 2.0 5.5±0.3 0.6 8.8±0.2 18.8 

Gallic acid 5.0 14±2 3.2 9.5±0.1 19.5 
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Figure 1. Chemical structure of (±)-catechin (A), sinapic acid (B) and gallic acid (C) 

 

Figure 2.  Example of titration of natural seawater (dots) and 4 hours UV-irradiated 

seawater (squares). 

 

Figure 3. Kinetic of formation of Fe complexes with (±) - catechin (A), sinapic acid 

(B) and gallic acid (C), where the concentration of dFe is expressed as labile Fe 

because of Fe(TAC)2 complex was measured after 20 sec. Kinetic of dissociation of 

(±) - catechin (D), sinapic acid (E) and gallic acid (F), where the concentration of dFe 

is expressed as TAC labile Fe due to the interaction between TAC and the studied 

ligands. Dashed lines correspond to the fitting of the results. All the experiments 

were carried out in triplicate in UV-irradiated seawater. The initial concentration 

of dFe was 10.36 nM. X-axis are in different scale for each polyphenol due to their 

reaction time. 

 

Figure 4.  Percentage of Fe(II) reduced from Fe(III) in UV-seawater at pH 8.0 and 

T=25ºC in the presence of  (±) – catechin, sinapic acid and gallic acid.  
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Figure 2.  Example of titration of natural seawater (dots) and 4 hours UV-irradiated 

seawater (squares).
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Figure 3. Kinetic of formation of Fe complexes with (±) - catechin (A), sinapic acid (B) and gallic acid (C), where the concentration of dFe is 

expressed as labile Fe because of Fe(TAC)2 complex was measured after 20 sec. Kinetic of dissociation of (±) - catechin (D), sinapic acid (E) 
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and gallic acid (F), where the concentration of dFe is expressed as TAC labile Fe due to the interaction between TAC and the studied ligands. 

Dashed lines correspond to the fitting of the results. All the experiments were carried out in triplicate in UV-irradiated seawater. The initial 

concentration of dFe was 10.36 nM. X-axis are in different scale for each polyphenol due to their reaction time.
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Figure 4.  Percentage of Fe(II) reduced from Fe(III) in UV-seawater at pH 8.0 and 

T=25ºC in the presence of  (±) – catechin, sinapic acid and gallic acid. 


