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Ocean acidification impacts the iron (Fe) biogeochemistry both by its redox and its
complexation reactions. This has a direct effect on the ecosystems due to Fe being an
essential micronutrient. Polyphenols exudated by marine microorganisms can complex
Fe(III), modifying the Fe(II) oxidation rates as well as promoting the reduction of Fe(III) to
Fe(II) in seawater. The effect of the polyphenol gallic acid (GA; 3,4,5-trihydroxy benzoic
acid) on the oxidation and reduction of Fe was studied. The Fe(II) oxidation rate constant
decreased, increasing the permanence of Fe(II) in solutions at nM levels. At pH = 8.0 and
in the absence of gallic acid, 69.3% of the initial Fe(II) was oxidized after 10 min. With
100 nM of gallic acid (ratio 4:1 GA:Fe), and after 30 min, 37.5% of the initial Fe(II) was
oxidized. Fe(III) is reduced to Fe(II) by gallic acid in a process that depends on the pH and
composition of solution, being faster as pH decreases. At pH > 7.00, the Fe(III) reduction
rate constant in seawater was lower than in NaCl solutions, being the difference at pH
8.0 of 1.577 × 10−5 s−1 . Moreover, the change of the Fe(III) rate constant with pH,
within the studied range, was higher in seawater (slope = 0.91) than in NaCl solutions
(slope = 0.46). The Fe(III) reduction rate constant increased with increasing ligand
concentration, being the effect higher at pH 7.0 [k 0 = 1.078 × 10−4 s−1 ; (GA) = 250 nM]
compared with that at pH 8.0 [k 0 = 3.407 × 10−5 s−1 ; (GA) = 250 nM]. Accordingly,
gallic acid reduces Fe(III) to Fe(II) in seawater, making possible the presence of Fe(II) for
longer periods and favoring its bioavailability.
Keywords: gallic acid, iron, complexation, redox process, seawater, ocean acidification

HIGHLIGHTS
Gallic acid promotes the permanence of Fe(II) in seawater.

INTRODUCTION
The increase in atmospheric carbon dioxide (CO2 ) by human activity and its uptake by seawater
has resulted in substantive changes in ocean chemistry over the last few decades (Orr et al.,
2005; Bates et al., 2014). Ocean acidification results from the decrease in ocean pH and calcium
carbonate saturation state (Caldeira and Wickett, 2003) and future projections of CO2 chemistry
(Orr et al., 2005), raise potential consequences for marine organisms, ecosystems, and chemical
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Fe, by forming strong or weak bonds, modifying its chemical
speciation and bioavailability (Brown et al., 1998; Witter et al.,
2000; Lodovici et al., 2001; Mira et al., 2002; Sroka and Cisowski,
2003; Andjelković et al., 2006; Santana-Casiano et al., 2010, 2014;
González et al., 2019; Arreguin et al., 2021). Polyphenols can
reach the ocean via terrestrial supply and can be considered as
model ligands within the group of humic substances (Krachler
et al., 2005, 2010, 2012, 2015, 2016, 2019; Blazevic et al., 2016;
Orlowska et al., 2016, 2017a,b; Rathgeb et al., 2017). In the ocean,
they are excreted by marine diatoms and green algae, particularly
under metallic stress conditions (Rico et al., 2013; López et al.,
2015). Microalgae cultures are capable of producing polyphenols
with values of 43 nM for a total of 18 individual compounds
(Rico et al., 2013; López et al., 2015). In addition, they are
strongly involved in the transport of dissolved Fe from terrestrial
to aquatic systems (Wan et al., 2018).
Polyphenols react with oxygen (De et al., 2018) and reactive
oxygen species such as superoxide and hydroxyl radicals (Joshi
et al., 2012; Velika and Kron, 2012), acting as free radical
scavengers. Numerous phenolic compounds can form stable
compounds with dissolved Fe(III) (Moran et al., 1997; González
et al., 2019; Arreguin et al., 2021) and Fe(II) (Andjelković et al.,
2006). The Fe(III)-phenol compounds formed can be reduced
to a Fe(II) complex (Strlič et al., 2002; Santana-Casiano et al.,
2010, 2014; Arreguin et al., 2021). Conversely, Fe(II)-phenol
complex can be also oxidized to Fe(III) complex (SantanaCasiano et al., 2000, 2014). Interactions between natural organic
matter, including phenolic compounds, and Fe involve varied
and, in many cases, complex chemistry.
Among the diversity of polyphenols, Gallic acid (GA; 3,4,5trihydroxy benzoic acid), (GA, Figure 1A), is a low molecular
weight triphenolic compound with strong antioxidant activity
(Khan et al., 2000; Zheng and Wang, 2001; Kim et al., 2002;
Schlesier et al., 2002; Abdelwahed et al., 2007; Priscilla and
Prince, 2009; Giftson et al., 2010). GA is a planar molecule
containing an aromatic ring, three hydroxyl groups, and a
carboxylic group (Badhani et al., 2015). The three groups are
bonded to the aromatic ring in an ortho position relative to
each other. Four stable conformers have been described for GA
depending on the orientation of the hydroxyl group (Figure 1B).
GA(I) is the most stable conformer and has the position of the
hydrogen atoms in the same orientation (Cappelli et al., 2005;
Pardeshi et al., 2013). Gallic acid can form both intra- (between
hydroxyl groups) and intermolecular hydrogen bonds (Pardeshi
et al., 2013). In this regard, GA(I), GA(II), GA(III), and GA(IV)
(Figure 1B) can have two, one, one, and two intramolecular
hydrogen bonds, respectively.
Both the antioxidant capacity and antiradical activity of
polyphenols increase with the number of OH− groups attached to
the aromatic ring (Galato et al., 2001; Sroka and Cisowski, 2003;
Palafox-Carlos et al., 2012). Therefore, GA exhibits high oxidative
capacity compared to most polyphenols (Palafox-Carlos et al.,
2012). On the other hand, the high complexation ability of Fe
with polyphenols has been related to the position of the OH−
group in the benzene ring, forming Fe-phenol complexes, those
polyphenols having at least two OH− groups in consecutive
positions (Wu et al., 2016). In this sense, gallic acid forms very

properties (Royal Society, 2005; Gattuso and Hansson, 2011;
Bates, 2017). The organic and inorganic speciation of trace metal
chemistry is affected by ocean acidification (Millero et al., 2009;
Shi et al., 2010; Gledhill et al., 2015; Ivanina and Sokolova, 2015;
Avendaño et al., 2016). According to the present evolution of pH
in the ocean (Orr et al., 2005; Santana-Casiano et al., 2007; Byrne
et al., 2010), it will suffer intense changes out of those in the last
20 million years (Caldeira and Wickett, 2003; Raven et al., 2005).
The pH of surface seawater may decrease from its current value
of 8.1–7.8 by the end of the 21st century (IPCC, 2014, 2021).
Decreasing the pH in the oceans increases the residence time of
the reduced form of essential trace metals, such as Fe and Cu, by
decreasing their oxidation rate (Millero, 1996). In addition, ocean
acidification could change the type and amount of dissolved
organic material released by phytoplankton (Spilling et al., 2016),
as seawater pH/pCO2 conditions regulate inorganic carbon
concentration mechanisms and photosynthetic carbon fixation
rates in autotrophic microorganisms (Riebesell et al., 2007).
Iron is an essential micronutrient required for important
physiological processes in phytoplankton, such as nutrient
assimilation and electron transport during respiration and
photosynthesis (Geider and La Roche, 1994; Morel and
Price, 2003; Behrenfeld and Milligan, 2013). In the marine
environment, Fe(III) is the predominant form which is highly
insoluble (Liu and Millero, 2002), however, the presence of Febinding ligands dominates its speciation (99% of Fe is organically
bound) and increases its solubility (Rue and Bruland, 1995; van
den Berg, 1995; Boye et al., 2010; Caprara et al., 2016). Therefore,
these organic ligands play a key role in Fe biogeochemical
cycles, controlling its speciation, solubility, and mobility in
seawater and determining Fe bioavailability to organisms (Liu
and Millero, 2002; Croot et al., 2011; Croot and Heller, 2012;
Shaked and Lis, 2012).
Numerous studies have reported that, in seawater, the redox
chemistry of inorganic Fe is intimately linked to the pH (Moffett
and Zika, 1987; Miller et al., 1995; King and Farlow, 2000;
González-Dávila et al., 2006; González et al., 2016; Pérez-Almeida
et al., 2019). When the pH decreases the speciation of inorganic
Fe(III) changes, increasing the solubility of Fe oxyhydroxides,
thus also affecting their reactivity. In addition, a change in pH
also affects the oxidation rate constants of Fe(II), which decreases
with decreasing pH. The redox chemistry of Fe is also affected
by the presence of organic ligands in seawater (Santana-Casiano
et al., 2000, 2010, 2014; Rose and Waite, 2002, 2003; Craig et al.,
2009; Roy and Wells, 2011; Gonzaìlez et al., 2012; González et al.,
2014; Lee et al., 2017; Samperio-Ramos et al., 2018; Arreguin
et al., 2021). On other hand, recent investigations studied the
effect of ocean acidification on the organic processes where iron
is involved (Gledhill et al., 2015; Avendaño et al., 2016).
However, there is a lack of information on the functional
groups that form the ligand pool in the ocean and their role in
Fe chemistry. The concentration of dissolved organic compounds
(DOC) in the ocean ranges from nM to µM levels (Benner
et al., 1992; Hopkinson and Vallino, 2005; Hansell and Carlson,
2014). Organic matter in the ocean consists of a pool of
individual compounds. Among all possible organic compounds,
polyphenols are relevant because they form complexes with
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FIGURE 1 | Molecular structure of Gallic acid (A). Conformers of Gallic acid (B).

(Sigma-Aldrich) was prepared weekly in HPLC grade methanol.
The second stock of 10−4 M GA in an aqueous solution was
prepared before each experiment. Experiments in NaCl were
carried out in 0.7 M NaCl with 2 mM NaHCO3 , to reach average
seawater ionic strength. The experiments on the effect exerted
by the major seawater ions (Millero, 1996) were carried out in
final ionic strength of 0.7 M, keeping the amount of NaHCO3
constant (2 mM). All aqueous solutions were prepared with
ultra-pure water (UPW, 18 M) and the reagents used were of
analytical grade.
The seawater used in all the experiments was collected from
the ESTOC Time Series station (29◦ 100 N 15◦ 300 W), an
oligotrophic area situated in the North Atlantic subtropical gyre,
using trace metal clean Teflon pump (PFD2 316F, AstiPure )
and in line filtered by 0.2 µm dual pore-size trace metal clean
filters (AcropackTM) and kept in darkness to remove any reactive
oxygen species (ROS) present in the seawater.

stable complexes with Fe(III), in different media (Li et al., 2000;
Masoud et al., 2014; González et al., 2019; Luther et al., 2021) and
with Fe(II), increasing its permanence and bioavailability in the
medium (Wu et al., 2016). In the pH range 1–3, the formation
of the Fe(III)-gallic acid complex leads to the oxidation of gallic
acid to hydroxyquinone with a simultaneous reduction of Fe(III)
to Fe(II) (Hynes and O’Coinceanainn, 2001). Moreover, Wu et al.
(2016) and, previously, Andjelković et al. (2006) showed, by UVVis spectra, that Fe(II)-GA solutions presented absorption peaks
in the UV region, indicating the chelation abilities of gallic acid,
where the presence of the third hydroxyl group could stabilize the
electronic delocalization process within the benzene ring.
Given the importance that ocean acidification can have on
Fe biogeochemistry and that the presence of organic matter,
including polyphenols, is a major factor in the mechanisms
affecting Fe bioavailability in marine ecosystems, we have
investigated the role of gallic acid in the oxidation and reduction
of Fe in seawater, as well as the different factors that can affect
these redox processes. Changes in temperature of the process,
that affect the oxidation process (Santana-Casiano et al., 2005),
were not considered. To this end, the role of gallic acid on
the redox chemistry of Fe in NaCl and seawater solutions has
been studied as a function of pH (7.0–8.2), organic ligand
concentration (0–500 nM), and the presence of Ca2+ and Mg2+
as major ions in seawater.

R

Oxidation and Reduction Experiments
Fe oxidation and reduction kinetic experiments were performed
in a 200 mL thermostated flask. The temperature was set at
25 ± 0.02 ◦ C using a thermostatic bath (AG-2TM, JulaboTM ).
The pH was measured on the free scale (Millero, 1986) and
was fixed and monitored throughout each experiment (with a
variation interval of ± 0.02 pH units) with small additions of
0.1 M HCl using an automatic titration system (Titrino plus
848 MetrohmTM ). Samples were bubbled with pure air before
and during each experiment and stirred with a Teflon magnetic
stirrer. The initial iron concentration was always set to 25 nM.

EXPERIMENTAL
Chemical

Determination of Fe(II)

Fe(II) stock solution (10−4 M) was prepared from ammonium
iron (II) sulfate hexahydrate (Sigma) in 0.7 M NaCl acidified to
pH 2 with supra pure HCl. Gallic acid (GA, 3 × 10−4 M) stock
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present in the solution is given by, [Fe(III)]t = [Fe(III)]0 - [Fe(II)]t
(subscripts 0 and t indicate, respectively, initial and time Fe(III)
concentration; Santana-Casiano et al., 2010).
For all the experiments in both NaCl and SW solutions using
GA, the plot of ln [Fe(III)] vs. time gave a straight line (R2 values
greater than 0.97). From Equation 1, the pseudo-first-order
constant (k0 , min−1 ) is obtained and the apparent reduction rate
constant (kapp ) is calculated from k0 and the GA concentration.

Santana-Casiano et al., 2005) and the same experimental details
that previous studies (Santana-Casiano et al., 2010, 2014;
Arreguin et al., 2021). A 200 mL reaction vessel is connected to
a 5 m long capillary column (World Precision InstrumentsTM )
by using a peristaltic pump (EXPETEC Perimax 12) with a
flux of 1 mL min−1 . The S4000 UV detector (Ocean Optics) is
connected to the column with a 400 µm fiber optics and the lamp
(HL-2000-FHSA from Mikropack).
Each experiment is always done under darkness and in
continuous flux to avoid photoreactions, where the solution
passes through the capillary column and goes to waste. The
detection limit of this technique was 0.1 nM at pH 8.0–0.2 nM
at pH 7.0, with a limit of quantification that ranged from 0.3 nM
to 0.7 nM at pH 8.0 and 7.0, respectively (Santana-Casiano
et al., 2010, 2014; González et al., 2019; Arreguin et al., 2021).
It has been computed by the preparation of calibration plots at
different pH from 7 to 8 and a range of Fe(II) from 0 to 100 nM.
The accuracy of the Fe(II) determination was carried out by
triplicate and the Fe(II) measured against a standard solution
freshly prepared was always less than 6% (in triplicate). The
linearity of the system was over two orders of magnitude Fe(II)
(González-Dávila et al., 2005; Santana-Casiano et al., 2005).

∂[Fe(III)]
0
= −k [Fe(III)]
∂t

(1)

0

where k = kapp [GA].

RESULTS
Oxidation of Fe(II) in the Presence of
Gallic Acid
The oxidation experiments were carried with an initial
concentration of Fe(II) of 25 nM and with a concentration
of GA from 0 to 100 nM and at fixed temperature and pH of
25◦ C and 8.0, respectively, in ASW. The results obtained are
shown in Figure 2 where it is observed that the presence of GA
decreased the Fe(II) oxidation rate constants.
Figure 2 shows that the concentration of Fe(II) remains
longer in solution when the GA concentration increases at pH
8. The initial concentration of Fe(II) (25 nM) decreased until
5 nM after 11.6 min of reaction when GA is not present in the
solution. However, the addition of GA produced a slowdown of
the reaction time, reaching 5 nM after 13.6 min (25 nM GA) and
16.4 min (50 nM GA), while in the presence of 75 and 100 nM
GA (GA:Fe > 3), Fe(II) did not reach 5 nM after the maximum
period of study of 45 min and 59 min, respectively (Figure 2).

Fe(II) Oxidation Experiments
These studies were performed in artificial seawater (ASW)
(Millero, 1996) by using trace metal grade reagents. An amount
of 200 mL of ASW was introduced into the reaction flask and
purged for 1 h with pure air. The solution was then brought
to the desired pH, GA was added, and the blank was obtained.
Fe(II) blank levels were always below the detection limit. Next,
50 µL of the Fe(II) stock solution (10−4 M) was added (t = 0 of
the reaction time). At set periods, 10 mL aliquots of the reaction
flask were added to a glass flask containing 50 µL of 0.01 M
ferrozine, 2 mL of acetate buffer at pH 5.5 and 50 µL of NaF
7.1 × 10−4 M (to avoid Fe(III) interference), proceeding to the
Fe(II) determination (Viollier et al., 2000; Santana-Casiano et al.,
2005). Each data is the result of at least two replicates.

Fe(III) Reduction Experiments
2.0e-8

Following the method employed in previous studies (SantanaCasiano et al., 2010, 2014; Arreguin et al., 2021), 25 µl of the
Fe(II) stock solution (10−4 M) were added to 100 ml of the
solution (seawater or NaCl with ions) contained in the reaction
flask and bubbled with pure air for 1 h. In the case of natural
seawater and under such conditions, Fe(II) is totally oxidized to
Fe(III) where the equilibrium for the hydrolysis of Fe(III) species
and possible Fe-binding ligands was achieved. Ferrozine (FZ) was
then added; the pH was adjusted to the desired value and a blank
was obtained. The addition of the GA aliquot corresponded to
t = 0 of the reaction time. The Fe(II)-FZ3 complex formed was
followed continuously and the measured solution, once it passes
through the capillary column, does not return to the reaction
flask. The detection limit of this technique was 0.1 nM at pH
8.0 and 0.2 nM at pH 7.0 (Arreguin et al., 2021), as has been
mentioned above. Fe(II) was not detected before GA addition.
In the presence of GA, no interference with the Fe(II)-FZ3 peak
was observed. Under these conditions, the amount of Fe(III)

Frontiers in Marine Science | www.frontiersin.org

GA = 0 nM
GA = 25 nM
GA = 50 nM
GA = 75 nM
GA = 100 nM

1.8e-8
1.6e-8

Fe(II) (nM)

1.4e-8
1.2e-8
1.0e-8
8.0e-9
6.0e-9
4.0e-9
2.0e-9
0.0
0

10

20

30

40

50

60

70

time (min)

FIGURE 2 | Oxidation of Fe(II) in the presence of GA. Experimental conditions
were: [Fe(II)]0 = 25 nM; [GA] = 0–100 nM; pH = 8.0; T = 25◦ C.
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FIGURE 4 | Spectra of GA at 100 nM and of the Fe(II)-FZ3 complex at 25 nM
Fe. Experimental conditions were T = 25◦ C, pH = 8.0 (A). Spectra of GA at
500 nM and of the Fe(II)-FZ3 complex at 25 nM Fe. Experimental conditions
were T = 25◦ C, pH = 7.0 (B).

FIGURE 3 | Spectra of GA at 100 and 500 nM in different reaction media.
Experimental conditions were T = 25◦ C, pH = 8.0 (A). Spectra of GA at
500 nM at different times and in seawater. Experimental conditions were
T = 25◦ C, pH = 7.0 (B).

TABLE 1 | Fe(III) reduction rate constants in the presence of GA 100 nM at
T = 25◦ C, different pH and in NaCl and seawater media.

Analysis of the Spectra to Calculate the
Fe(III) Reduction by Gallic Acid
To properly compute the Fe(II)-FZ3 peak, the analysis of the
spectra should be done. The evolution of the spectra of GA
with the time in NaCl and SW solutions in oxygen saturated
conditions at different pH (7.0 and 8.0) and concentration of
GA (100 and 500 nM) (Figure 3), was initially considered.
The peak observed at wavelengths near 400 nm corresponds to
the presence of the benzoquinone (Hynes and O’Coinceanainn,
2001; Santana-Casiano et al., 2010; Masoud et al., 2014) and the
peak/shoulder above 600 nm corresponds to the semiquinone
radical (Slawiñska et al., 2007). The Fe(II)-FZ3 peak at 562 nm
was determined without interferences (Figure 4). At the
experimental conditions considered in this current investigation
(low Fe and GA levels), the previously reported peak at 690 nm
for Fe(III) and Gallic acid (Dong et al., 2016) was not observed.
This difference was also reported for Fe(III) and Gentisic acid at
high and low levels (Porwal et al., 2015; Arreguin et al., 2021).
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Medium

pH

k0 (s−1 )

% reduction
Fe(III) at
t = 60 min

NaCl

8.2

(2.62 ± 0.03) × 10−5

5.1 ± 1.8

NaCl

8.0

(2.54 ± 0.01) × 10−5

8.6 ± 1.8

NaCl

7.5

(4.97 ± 0.04) × 10−5

13.4 ± 1.0

NaCl

7.0

(7.94 ± 0.02) × 10−5

22.7 ± 3.5

SW

8.2

nd

nd

SW

8.0

(9.65 ± 0.07) × 10−6

2.0 ± 1.1

SW

7.5

(3.66 ± 0.05) × 10−5

10.9 ± 1.4

SW

7.0

(7.88 ± 0.03) × 10−5

24.2 ± 2.1

Initial Fe(III) fitted to 25 nM.

The Effect of pH on the Reduction of
Fe(III) in the Presence of Gallic Acid
In the presence of GA in both NaCl and SW solutions, Fe(III) was
reduced to Fe(II) (Table 1). According to González et al. (2019),
Fe(III) is organically complexed with GA increasing its solubility
(Liu and Millero, 2002). In addition, the current experiments
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FIGURE 5 | pH dependence of the Fe(III) reduction rate constant in SW (filled
symbols) and NaCl-NaHCO3 (unfilled symbols). Experimental conditions were:
[Fe(III)]0 = 25 nM; [GA] = 100 nM; T = 25◦ C.

FIGURE 6 | The Fe(III) reduction rate constant in the presence of 100 nM of
GA at T = 25◦ C in NaCl (+2 mM NaHCO3 ), seawater and NaCl with Ca2+ and
Mg2+ .

demonstrate that the GA-Fe(III) complex is also electron-transfer
reduced to Fe(II). Then, the complex of Fe(III)-GA favors the
Fe(II) regeneration in seawater. The Fe(III) reduction to Fe(II)
in the presence of GA was studied at different pH (7.0–8.2)
in NaCl and SW solutions (Figure 5) with [GA]0 = 100 nM,
[Fe(III)]0 = 25 nM and T = 25◦ C. The Fe(III) reduction to Fe(II)
was a pH-dependent process where the rate constant linearly
decreased with increasing pH in both NaCl and SW solutions (R2
greater than 0.98 and a standard error of estimate of 0.029 in NaCl
and 0.10 in SW, Equations 2, 3).
logk0 NaCl = −0.90 ± 0.24 − (0.46 ± 0.03) pH

4e-4

k' (s-1)

3e-4

2e-4

1e-4

(2)
0

logk0 SW = −2.3 ± 1.1 − (0.91 ± 0.14) pH

(3)
0

At pH 7.0, the reduction rate constant was similar in both
solutions (7.94 × 10−5 s−1 in NaCl and 7.88 × 10−5 s−1 in SW)
and at higher pH, the constants decreased at different rates. In
seawater, the slope was close to 1 and twice that determined in
NaCl. The Fe(III) reduction percentages after 60 min of reaction
are shown in Table 1. At pH 8.2, the amount of Fe reduced in
NaCl was 5.1% of the initial {[Fe(III)0 ] = 25 nM}, increasing to
22.7% at pH 7.0. In seawater, the Fe(III) reduction was quantified
until pH 8.0, because at higher pH the peak was not measurable.
In SW at pH 8.0, the percentage of Fe(III) reduction was 2.0% of
the initial one, increasing to 24.2% at pH 7.0.
The different slope showed by the reduction of Fe(III) to Fe(II)
in NaCl and SW solutions (Equations 2, 3) indicated that major
ions in seawater affect the process. Two of the main major ions
present in seawater, Ca2+ and Mg2+ , were studied at pH 7.0 and
8.0 (Figure 6) with [GA]0 = 100 nM and T = 25◦ C.
At both pH 7.0 and pH 8.0, the Fe(III) reduction rate constants
increased in the presence of NaCl-Mg2+ . When it was compared
with the Fe(III) reduction rate constant in SW, the presence of
Ca2+ provides Fe(III) reduction rate constants similar to those in
SW at both pH values. At pH 7.0, the percentage of Fe(III) that is
reduced after 60 min reached 30 ± 3% in NaCl-Mg2+ , 24 ± 4%
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FIGURE 7 | Dependence of the Fe(III) reduction rate constant on GA
concentration at pH = 7.0 (unfilled symbols) and pH = 8.0 (filled symbols). The
experimental conditions were [Fe(III)]0 = 25 nM; [GA] = 50–500 nM; T = 25◦ C.

in SW, 23 ± 3% in NaCl and 21 ± 3% in NaCl-Ca2+ , decreasing
to 9 ± 3%, 2 ± 1%, 7 ± 2% and 3 ± 1%, respectively, at pH 8.0.

The Fe(III) Reduction at Different Gallic
Acid Concentrations
The Fe(III) reduction at different GA concentrations (50–
500 nM) was performed in SW at pH 7.0 and 8.0 (Figure 7). The
relationship between Fe(III) reduction rate constant (k0 , s−1 ) and
GA concentration (nM) followed a second-degree polynomial
equation (Equations 4, 5) with an R2 greater than 0.97 and an
error of estimation of 1.9 × 10−5 at pH 7.0 and 3.5 × 10−6
at pH 8.0.
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constant has also been reported by natural exudates produced
by phytoplankton species (Gonzaìlez et al., 2012; González et al.,
2014; Santana-Casiano et al., 2014), humic substances (Ghosh
et al., 1967; Theis and Singer, 1974). In this sense, other phenolic
compounds such as catechin and sinapic acid, which are part
of the organic compounds exuded by P. tricornutum, have been
previously shown to decrease the oxidation rate constant of
Fe(II), reducing Fe(III) to Fe(II) (Santana-Casiano et al., 2014).
However, at different experimental conditions in deionized water
at µM levels of Fe and pH lower than 7, catechol and galloyl
groups have been shown to increase the Fe(II) oxidation because
of their strong chelating ability toward ferric ion, even when
catechol partially formed ferrous ions in the presence of ferrozine
(Chvátalová et al., 2008; Perron et al., 2010). These same authors
indicated that the presence of the third hydroxyl in the benzene
ring made the oxidation less effective.
There are various mechanisms by which phenols can inhibit
oxidation processes: metal complexation (Melidou et al., 2005;
Zhao et al., 2005) or free radical scavenging (Hanasaki et al.,
1994; Cos et al., 1998). By scavenging free radical donating one
H atom (Equation 6) or acting as electron donor (Equation 7)
(Wright et al., 2001) their propagation is interrupted by chain
reactions, delaying the onset of the reaction, or slowing down the
rate of the reaction.

FIGURE 8 | Spectrum of the Fe(II)-FZ3 peak in the presence of GA at
pH = 7.0 (black) and 8.0 (gray). Experimental conditions were:
[Fe(III)]0 = 25 nM; [GA] = 350 nM; T = 25◦ C.

0

k(pH ± 7.0) = (2.27 ± 0.37) x10−9 [GA]2 − (6.4 ± 2.1) x10−7
[GA] + (10.0 ± 2.3) x10−5

(4)

R∗ + ArOH → RH + ArO∗

(6)

R∗ + ArOH → R− + ArOH +∗ → RH + ArO∗

(7)

0

k(pH ± 8.0) = (1.63 ± 0.57) x10−9 [GA]2 − (3.9 ± 1.9) x10−7
[GA] + (3.0 ± 1.3) x10−5

(5)

where Ar is the aromatic ring. Galato et al. (2001) studied
the antioxidant activity of various polyphenolic compounds
and determined that this activity increased with increasing the
number and position of OH groups bonded to the aromatic ring.
In this sense, gallic and pyrogallol-derived polyphenols have a
higher chelating capacity than catechol derivatives (Andjelković
et al., 2006; Wan et al., 2018). The three hydroxyl groups are
prone to oxidation generating hydrogen peroxide, quinones, and
semiquinones (Rice-Evans et al., 1996; Pannala et al., 2001; Silva
et al., 2002; Eslami et al., 2010; Severino et al., 2011).
Metal complexation by organic compounds affect the redox
chemistry. In the case of phenols, and according to our results,
the Fe(III) reduction and Fe(III) complexation are occurring
(González et al., 2019). Neither all organic compounds nor all
phenols possess these antioxidant and complexing capacities. In
this sense, Wu et al. (2016) studied the interaction between Fe and
ten phenols at pH = 8.0, finding that only three of them, caffeic
acid, gallic acid, and protocatechuic acid showed protective
effects on Fe(II), protecting 69, 64 and 33% of the initial Fe(II)
content. This behavior was related to the chelating capacity of
the catechol and galloyl groups with Fe(II), which provided high
stability to the Fe(II)-GA complex which is oxidized to a lower
rate. The latter agrees with the results of Andjelković et al. (2006).
Due to the number and position of hydroxyl groups, phenols
with galloyl group (3,4,5-trihydroxy) form more stable complexes
with Fe(II) than those with catechol group (3,4-dihydroxy) (RiceEvans et al., 1997; Wu et al., 2016).

The Fe(III) reduction rate constant increased with the GA
concentration at both pH values. At pH 7.0 and between 50
and 250 nM of GA (GA:Fe(III) ratio from 2 to 10), the Fe(III)
rate constant varied from 1.02 × 10−4 s−1 to 1.08 × 10−4
s−1 (1.4-fold). However, from 250 nM to 500 nM (ratio of
20), this variation on the Fe(III) rate was much pronounced,
k0 = 3.56 × 10−4 s−1 at 500 nM of GA (3.3-fold). That is,
26.9% and 63% of Fe(III) were reduced to Fe(II) when added GA
changed from 50 to 500 nM. At pH 8.0, the Fe(III) reduction
rate is lower than that at pH 7.0. At pH 8, under 50 nM GA
concentration, the Fe(II)-FZ3 peak was not detected, even after
80 min of reaction. The Fe(II)-FZ3 was only detected when GA
was over a 3:1 GA:Fe(III) ratio, between 75 and 250 nM of
GA. Above this GA concentration, it was not possible to detect
Fe(II) because the Fe(II)-FZ3 peak was masked by the GA peaks
observed at 400 nm and 600 nm (Figure 3A) that increased with
the GA concentration. This interference at pH 7.0 (Figure 8)
does not affect as the height of these peaks is lower than at pH
8.0 (Figure 3B).

DISCUSSION
The presence of Gallic acid promoted the permanence of Fe(II)
in seawater according to the current investigation, where the
oxidation rate constant decreases as the GA concentration
increases (Figure 2). The decrease in the Fe(II) oxidation rate
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However, complexes of Fe(II) with oxygen-containing ligands,
such as -OH and carboxyl groups, are weak (Theis and Singer,
1974; Santana-Casiano et al., 2000, 2004; Rose and Waite, 2003),
so that a decrease in the rate of Fe(II) oxidation due to the
formation of a Fe(II)-GA complex could be contributing to the
observed process but unlikely controlling the mechanism. A third
mechanism can be considered: the complexation of Fe(III),
formed both from Fe(III) in solution or from the oxidation
of Fe(II), and the subsequent electron-transfer reduction of
the Fe(III)-phenol complex through semiquinone and quinone
derivatives (Santana-Casiano et al., 2014; González et al., 2019).
Previous studies have reported that GA reduces Fe(III) to Fe(II)
at experimental conditions different from those at this work
and far from the typical conditions of oceanic environments.
They were done in very acidic pH (between 1 and 3; Hynes and
O’Coinceanainn, 2001) or higher GA and Fe(III) concentrations
(Wan et al., 2018). Moreover, it should be considered that
GA is also oxidized in the absence of any transition metal to
semiquinone and quinone (Yoshioka et al., 1991; Guo et al., 1999;
Oniki and Takahama, 2004), being the reaction to semiquinone
radical slow except under strongly alkaline conditions (pH
between 9 and 13; Ferreira-Severino et al., 2011). The electron
transfer process could also imply the reduction of complexed
Fe(III) in the solution. In this sense, Christoforidis et al. (2018)
considering previous studies (Hynes and O’Coinceanainn, 2001;
Dong et al., 2016; Pan et al., 2020) proposed a mechanism that
involved the transformation of GA and Fe(III) in a Fenton system
in which both Fe(III) is reduced to Fe(II) and the generated
oxygen reactive species (H2 O2 , and the superoxide and hydroxyl
radicals) from the reduction of GA and from the oxidation of
Fe(II) react with the semiquinone and GA regenerating oxygen
and producing GA and degradation products.
Fe(III)

GA + O2 + 2H + −→ SQ + 2OH . + Fe (II)

(8)

Fe (II) + O2 →Fe (III) + O.−
2

(9)

+
Fe (II) + O.−
2 + 2H →Fe (III) + H2 O2

(10)

Fe (II) + H2 O2 →Fe (III) + OH − + OH .

(11)

Fe(III)

SQ + O2 + 2H + −→ BQ + 2OH . + Fe (II)

(12)

SQ + H2 O2 → GA + OH .

(13)

.− 
BQ + O.−
2 , HO2 →SQ + O2

(14)

OH . + GA→Degradation Products

(15)

adjacent hydroxyl groups of the GA molecule. Fe(II) represents
also any inorganic and organic complex GA-Fe(II) that is
oxidized to the corresponding Fe(III). SQ and BQ are the
semiquinones and quinones formed from GA. According to our
results, the oxidation of the GA-Fe(II) complex is slower than the
oxidation of inorganic complexed Fe(II).
The different slope shown by Equations 2, 3 indicates that the
Fe(III) to Fe(II) reduction process is pH-dependent, being greater
in SW than in NaCl as observed for other phenolic compounds
(Santana-Casiano et al., 2010, 2014; Arreguin et al., 2021). This
indicates a major role of ionic interaction with organic ligands on
the redox process. In the presence of GA, the amount of Fe(III)
that is reduced is similar at pH = 7.0 in both media and increases
with pH higher for NaCl solutions than for SW. This behavior is
the opposite of that observed with gentisic acid (Arreguin et al.,
2021) and catechol (Santana-Casiano et al., 2010). Moreover, the
amount of Fe(III) being reduced is significantly higher with GA
than with gentisic acid and catechol. In seawater, gentisic acid in a
ratio Fe(III) : gentisic acid of 1 : 10, 4.3% of the initial Fe(III) was
reduced at pH = 7.0, decreasing to 0.43% at pH = 8.0 (Arreguin
et al., 2021). Under the same conditions, 24.2% of the initial
Fe(III) was reduced by GA at pH = 7.0, decreasing to 2.0% at
pH = 8.0. González et al. (2019) found that catechin, sinapic acid
and gallic acid (in ratio Fe(III): organic ligand = 1:1, where100 nM
of Fe(III) and organics was used at pH = 8.0) reduced Fe(III) from
0.05% with sinapic acid to 11.92% with gallic acid.
The combined effects of complexation and reduction ability
seem to control the differences in Fe(III) reduction processes by
the phenols type compounds. In this sense, Fe redox chemistry
by GA can be explained by the Fenton chemistry (Equations
8–15) and the GA antioxidative activity (Equations 6, 7). At
ratios Fe(III):GA > 2:1, prooxidative activity dominates due
to the reduction of Fe(III) to Fe(II), producing HO radicals.
At ratios < 2:1, the antioxidative effect controls due to the
important scavenging of HO radicals by GA (Equation 15)
(Strlič et al., 2002; Yen et al., 2002). The oxidation of GA to
hydroxyquinone is simultaneous with a reduction from Fe(III)
to Fe(II) (Hynes and O’Coinceanainn, 2001). This process is
affected by the composition of seawater, where at pH 8.0
the presence of Mg2+ blocks the semiquinone to quinone
electron transfer and consequently the Fe(III) reduction to Fe(II)
(Santana-Casiano et al., 2010).
Other aspects that may influence Fe(III) reduction by GA are
the acidic species of GA predominant in the medium pH and
the degree of GA oxidation at that pH. The acidity constants
of GA are: pKa1 = 4.39, due to the carboxylic group and
pKa2 = 8.50, pKa3 = 10.3 and pKa4 = 13 due to the three
phenolic groups (Eslami et al., 2010; Jabbari, 2015). In the pH
range of this study (7.0–8.2) the predominance of the acidic
species varies from a practically total predominance of the H3 A−
species (GA that has given up one proton) at pH = 7.0 to a
predominance of approximately 50% for each of the H3 A− and
H2 A2− species (H2 A2− : GA that has given up two protons)
at pH = 8.0. Considering the different predominance of acidic
GA species with increasing pH, the oxidation of GA by oxygen
that increases with increasing pH (Strlič et al., 2002; Pant
et al., 2019) was important above pH = 7.0 (Strlič et al., 2002),

where Fe(III) represents any organic complex formed between
Fe(III) and GA and other organic ligands in solution, a pHdependent reaction that in a 1:1 complex Fe is bound to the
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lowest. The decrease in the signal of the GA spectrum was also
observed when the pH changed from 8.0 to 7.0 (Figures 3A,B)
and was related to the increase in k0 Fe(III) with decreasing pH.
That is, a decrease in the oxidation rate constant of gallic acid
increased the reduction of Fe(III) and, as observed in Figure 9,
Mg2+ decreased such oxidation. All these results demonstrated
that the interaction of Fe with polyphenols and major ions of
seawater is highly complex.
The rate constant of Fe(III) reduction is also affected by the
GA concentration. At pH = 7.0, an increase in the constants
was observed over the entire range of Fe:GA ratios (from 1:2
to 1:20). At pH = 8.0, the Fe(II) was only detected at ratios
lower than 1:10. An increase in Fe(III) reduction rate constant
was also obtained by Arreguin et al. (2021) with gentisic acid.
Wan et al. (2018) for river and peat (pH close to 8) also
found that when the concentration of gallic acid increases, the
amount of Fe(II) produced increases. The amount increased as
the Fe:GA ratio increased from 1:2 to 1:10, with no differences
observed between the ratios 1:10 and 1:20. As reduced Fe(II) is
formed and get back oxidized, it can be again complexed with
excess GA and kept longer in solution, increasing the amount of
reduced Fe(III).
The present study indicates that GA in seawater can promote
the presence of Fe(II) through a redox electron-transfer process
of the Fe(III) complexed through a semiquinone/quinone pair
to Fe(II) increasing the persistence of bioavailable iron in
seawater in a process that can be favored under nowadays ocean
acidification scenario.

FIGURE 9 | Effect of Ca2+ and Mg2+ ions on the GA spectrum in NaCl
(+2 mM NaHCO3 ). Experimental conditions were: [Fe]0 = 0 nM;
[GA] = 100 nM; pH = 8.0; T = 25◦ C.

and may also influence the decrease in the rate of Fe(III)
reduction with increasing pH. The spectrum of GA after 1 h of
bubbling with pure air differs at pH 8.0 and 7.0 (Figures 3A,B,
respectively). At pH 7.0 (Figure 3B) and 500 nM GA, the signals
at wavelengths close to 430 nm typical of benzoquinone (Hynes
and O’Coinceanainn, 2001; Santana-Casiano et al., 2010; Masoud
et al., 2014) and 600 nm typical related with quinone (Slawiñska
et al., 2007) are much smaller than at pH = 8.0 (Figure 3A), even
when compared to the signal with only 100 nM GA.
The different behavior of Fe(III) reduction in NaCl-NaHCO3
and SW can be related to the presence of the major ions in
seawater. Figure 6 showed that, in the studied pH range, Mg2+
considerably increased the rate constant of Fe(III) reduction
(with respect to NaCl) while Ca2+ decreased it, being practically
equal k0 Fe(III) in SW and NaCl-NaHCO3 -Ca2+ at pH = 8.0 [9.65
(±0.07) × 10−6 and 1.01 (±0.01) × 10−5 s−1 , respectively].
Therefore, Ca2+ by own can account for the observed differences
in NaCl-NaHCO3 and SW while the increase observed by Mg2+
should be compensated by other major ions. This behavior is
different from that observed in catechol, catechin, sinapic acid,
and gentisic acid (Santana-Casiano et al., 2010, 2014; Arreguin
et al., 2021). Santana-Casiano et al. (2010) reported that the
presence of Mg2+ blocked Fe(III) reduction by catechol in a pHdependent process, while Ca2+ decreased it. Catechin and sinapic
acid (Santana-Casiano et al., 2014) decreased Fe(III) reduction
in the presence of Mg2+ and Ca2+ . However, Gentisic acid
(Arreguin et al., 2021) increased the Fe(III) reduction with Ca2+
and Mg2+ .
Mg2+ ion has been shown to exert a great influence on the
oxidation of some phenols at slightly basic pH by influencing
the general mechanism of catechol (Nikolić et al., 1988) and GA
(Nikolić et al., 2011) oxidation. In Figure 9, where the spectra of
gallic acid at 100 nM concentration after 60 min of aeration with
pure air in NaCl-NaHCO3 , NaCl-NaHCO3 -Ca2+, and NaClNaHCO3 -Mg2+ are represented, it is observed that with Mg2+
the signals of benzoquinone and semiquinone are by far the
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CONCLUSION
The permanence of Fe(II) in seawater increased by the presence
of GA, a polyphenol produced by marine phytoplankton.
GA promoted the Fe(III) reduction and retard the Fe(II)
oxidation in SW and NaCl-NaHCO3 as a function of pH and
GA concentration.
In this sense, the presence of GA produced a significant
decrease in the Fe(II) oxidation rate constant in SW (Fe:GA ratio
from 1:1 to 1:4), favoring the Fe(II) permanence in SW with
increasing GA concentration. The decrease in Fe(II) oxidation
rate constants is related to the reduction process of Fe(III) present
in the solution mediated by GA oxidation.
The present results demonstrated that Fe(III) is reduced
to Fe(II) in a pH-dependent process when GA is in solution
and both SW and NaCl-NaHCO3 . The Fe(III) reduction rate
increased with the pH decreasing, with a slope of 0.46 ± 0.03
in NaCl-NaHCO3 and 0.91 ± 0.14 in SW. The addition of
major ions of SW such as Ca2+ and Mg2+ to the NaClNaHCO3 solution affected the electron transfer redox process to
the semiquinone/quinone, retarding the processes the presence
of Ca2+ . The Fe(III) reduction rate increased with the GA
concentration. At pH = 7.0, it was observed over the entire range
of Fe: GA ratios. At pH = 8.0, Fe(II) was only detected at ratios
from 1:3 to 1:10, because the Fe(II)-FZ3 peak is masked by the
characteristic GA peaks at 400 and 600 nm, which increase with
higher GA levels and pH.
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The results of this study show that the presence of GA
significantly increases the residence time of Fe(II) in SW because
it can reduce Fe(III) to Fe(II). Likewise, a decrease in pH favors
this reduction, showing that ocean acidification may contribute
to a higher amount of bioavailable Fe in the global ocean through
this redox process.
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