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Iron chelating agents have important roles to play, both in human physiology and in the environment. In the

latter case, persistence in the environment has given cause for concern in the case of synthetic iron

chelating agents such as ethylenediaminetetraacetic acid (EDTA) and diethylenetriaminepentaacetic acid

(DTPA), which do not readily biodegrade. Due to their long lifespan in the environment synthetic iron

chelators can also participate in mobilization reactions, particularly with radionuclides such as 60Co.

There is an eminent need to explore alternative iron chelating compounds, preferably, renewable in

origin, to overcome the drawbacks of synthetic compounds, making plant biomass a potential source of

iron chelating agents. Twelve biomass model compounds, representative of the biomass constituents,

cellulose, hemicellulose, lignin and extractives (tannins), were tested for their iron complexation ability by

measurement of the binding strengths with Fe(II) and Fe(III) in dimethylsulfoxide (DMSO), to ensure

solubility, using spectrophotometric titration. The flavonols, kaempferol, quercetin and myricetin

displayed the strongest binding affinity to Fe(II) and Fe(III) along with the greatest positive cooperativity as

determined by the calculation of Hill coefficients. The lignin-representative compound, p-coumaric acid,

showed the highest binding affinity to Fe(II) only. Carbohydrate model compounds did not show any

evidence of binding to iron, despite some contrary evidence in literature about their ability to do so. This

study points to the potential role that the flavonols class of compounds, and therefore by extension,

plant tissues that are rich in extractives, may play in the exploration of biomass-derived iron chelants.
Environmental signicance

The present work details binding constants and cooperativity of several biomass model compounds towards Fe(II) and Fe(III) in the neutral solvent, dime-
thylsulfoxide. We address the issues faced with occurrence of iron in waters (for human consumption) and some of the drawbacks associated with common
chelants such as ethylenediamminetetraoixde (EDTA) by proposing research into naturally-occurring, renewable, and biodegradable source of sorbents for Fe
abatement. While experiments were conducted in DMSO to ensure solubility of all the model compounds studied, we believe these can inform further research
into sourcing biomass types that are abundant in certain phenolic groups for the purpose of iron chelation from water.
Introduction

Chelation of metal ions, such as Fe(II) and Fe(III), by the biomass
tissues of certain plants is a well-known phenomenon that has
sparked investigations into their health benets. Iron absorp-
tion in the human body and its bioavailability have been topics
of interest to researchers due to the importance of the metal in
human physiology. On the one hand, the low bioavailability of
iron from some foods has encouraged research into exploring
how iron absorption may be augmented. This has been a cause
for concern as it is estimated that around 30% of the global
population is anemic, and cultural values oen dictate diets
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containing foods with low iron bioavailability. For example, one
of the strategies to address iron decient anemia (IDA) has been
to fortify foods with iron, which has led to investigations into
the bioavailability of iron in vegetables and their extracts.1 The
discoloration of food due to the complexation of catechol
groups in food phenolics with iron (and the consequent
reduction in iron bioavailability) was investigated.2

On the other hand, excess iron in the body can pose prob-
lems, as well. In vivo, higher concentrations of iron (even those
below 10−18 M) have been toxic as iron, in the presence of
hydrogen peroxide, is responsible for catalyzing Fenton-type
reactions which release hydroxyl radicals that cause damage
to cells.3,4 The ability of iron to undergo redox reactions, while
essential for physiological function, is also responsible in
generating free radicals which can oxidize a wide variety of
organic substrates.3 These Fenton-type reactions are thought to
play a role in causing age-related degenerative effects to the
human body, and are even implicated in diseases such as Alz-
heimer's and Parkinson's.5 Here, accumulation of iron in the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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brain is thought to promote these diseases through oxidative
stress and the generation of a-synuclein and b-amyloid
peptides, the toxic redox coupling of iron and dopamine,6

requiring the use of iron chelators that are permeable through
barriers in the brain.7 This has driven interest in discovering
iron chelators which can quench the free radical formation
activity of iron in the human body.

Some of the most widely-researched synthetic iron chelators
are compounds that prevent Fenton-type reactions by stabilizing
iron and preventing either its oxidation by hydrogen peroxide, or
reduction. Iron-transport compounds such as transferritin and
lactoferrin prevent iron reduction by reducing agents, whereas
1,10-phenanthroline and bipyridine prevent iron oxidation by
hydrogen peroxide.3 These chelators, however, can be indis-
criminate in chelating iron from labile cellular pools, and also
adversely impacting the levels of metals such as copper, zinc and
calcium.8 Other popular metal chelators such as ethyl-
enediaminetetraacetic acid (EDTA) and diethylene-
triaminepentaacetic acid (DTPA) were shown to have either
a prooxidant, or anti-oxidant effect depending on the ligand–
metal ratio employed, which can lead to unwanted adverse
outcomes unless carefully monitored.5

Besides human health effects, chelation of iron from the
environment can have applications in drinking water treatment by
removal of excess iron. Excess iron concentrations present in
water, a common occurrence in aquifers in several regions of the
world such as India, Bangladesh, Cambodia, Pakistan, etc., can
have adverse effects on taste and cause the clogging of pipes and
irrigation systems.9 The permissible level of iron in water is
0.3 mg L−1, according to standards from the World Health Orga-
nization (WHO),10 and the EPA regards the secondary maximum
contaminant load (SCML) for iron as 0.3 mg L−1, with noticeable
impacts above this concentration including brown color, sedi-
ment, metallic taste, and reddish staining.11,12 There are several
ways of abating high quantities of iron from drinking water over
a range of expenses, including ltration, aeration, ion-exchange,
etc.11 Water soening applications have typically employed che-
lants such as citric acid or EDTA to remove metals that adversely
impact water quality. Excess iron present in drinking water
impacts its potability and would need to be removed using cost-
effective means. EDTA, in particular, has been regarded as
a strong chelant that can form octahedral complexes with metals,
and prevent the metal ligands from being available for other
chemistries, as evidenced by the chelation of manganese in the
bleaching of pulp. Here, EDTA is used to encapsulate Mn and
prevent its interference with peroxide in bleaching operations.

Even though EDTA is a very effective metal chelant, its high
stability at natural conditions has led to concerns regarding its
environmental persistence,13–18 and therefore, sustainability.
EDTA is primarily degraded by photolytic means, but this is
nearly impossible when dealing with subsoil or subsurface
regimes. Additionally, EDTA displays high stability in environ-
mental systems, as evidenced by thermal stability up to 250 °C,19

and low rates of biodegradation to 14CO2.20,21 Biodegradation of
EDTA under laboratory conditions showed that 60–72% (light vs.
dark) of the original chelant persisted over a 173 days period.22

Persistence of EDTA in the environment has been documented
© 2024 The Author(s). Published by the Royal Society of Chemistry
for several decades now,15 and it is important to nd alternate
metal chelants that have a limited lifespan in the environment
once their role is performed. Compounds that originate from
plants can serve as iron chelators that will naturally biodegrade
and not remain an environmental threat that persist on decadal
timescales. Persistence of chelates in the environment is not
a trivial issue, and has been associated with unintentional
migration of toxic metals, such as the leaching of the radionu-
clide 60Co at Oak Ridge, TN, USA.23 Other strong iron complex-
ation agents include synthetic chelators such as ferrozine,24–26

organic ligands such as siderophores,27–29 and organic carbon,30

have been studied both for applications and better under-
standing of iron cycling in the environment, although these can
be expensive and/or hard to produce; underutilized biomass
residues can offer the potential to produce effective iron chela-
tors for a diverse array of applications.

With the goal of nding natural iron chelators that are
derived from plants, the scope of this study is invested in
detecting plant compounds that are able to strongly complex
with iron, with an emphasis on compiling the chemical func-
tionality that allows for chelation by studying pertinent model
compounds pertaining to individual biomass constituents.

Lignocellulosic biomass in iron complexation

It is estimated that annual terrestrial biomass production
accounts for ∼100 billion tons with another ∼50 billion tons
produced aquatically.31 The amount of aboveground biomass in
forests is estimated to be∼420 (109) tons; in forestry operations, it
is estimated that about 34% on a volumetric basis is le as
unused residues on the forest oor.32 Additionally, forest thinning
operations such as precommercial thinning (PCT) have been
proposed to reduce overstocked forests and mitigate wildre
risks.33,34 In the United States alone, it is predicted that by the year
2030, ∼102 and ∼265 million dry tons of forest and agricultural
waste biomass and waste potential will be available annually.35

This sizeable availability, coupled with the renewable nature of
the resource, make biomass resources an ideal candidate for
consideration towards applications as iron chelating agents.

Lignocellulosic biomass is broadly comprised of cellulose,
hemicellulose, lignin, extractives (tannins and other poly-
phenols), and other minor constituents. All constituents play
vital roles in the growth and development of the plant: cellulose
is a structural polymer accounting for the majority of the
lignocellulosic plant material (40–45% by dry weight in the
secondary cell walls), hemicellulose aids in structure and
promotes cross-linking of cellulose microbrils, lignin acts as
the hydrophobic matrix to hold the cell wall together and repel
water (∼15–36% of dry weight of wood), extractives and plant
polyphenols are present in small amounts, and primarily have
roles in plant defense against microbial pests. The subsequent
sections review the research undertaken in iron chelation using
various biomass constituents.

Polyphenols

Plant polyphenols are broadly considered for their antioxidant
(and prooxidant) capabilities, and one way of categorizing these
Environ. Sci.: Adv., 2024, 3, 1616–1627 | 1617
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is by virtue of their interactions with iron.36 Iron oxides interact
with plant polyphenols, particularly those found in the
constituent referred to as tannins. Tannins have been known to
play a vital role in plant defense against microbial toxicity by
complexation with metals such as Fe(III), thus depriving
microorganisms of this necessary element. The presence of two
o-dihydroxyphenol groups in most tannins is postulated to
chelate metals such as cupric and ferric ions.37 Plant poly-
phenols such as tannins have been known to chelate metal
cations (such as ions of Ca, Mg, Mn, Fe, and Cu), the nature of
the chelation being typied by the presence of adjacent hydroxy
groups on the phenyl ring.38 In particular, the presence of o-
dihydroxyphenyl chelating functional groups in most tannin
molecules enables the formation of stable complexes withmetal
ions. This property enables the uptake of important micro- and
macronutrients that plants need from the soil. The complexa-
tion between Fe(III) and tannins forms the basis for tanning
leather, clothes, hair, etc., and also as one of the primary
components in writing inks.39 Studying the iron-binding ability
of several isolated polyphenolics, researchers have determined
that the presence of an o-catechol moiety (30,40-dihydroxy group
on the avonoid ring B) was necessary for iron-binding, whereas
the presence of a galloyl group (30,40,50 trihydroxy group on rings
B or C) was detrimental for iron binding.40

Alternately, Fazary, et al.41 have reported on the complexa-
tion ability of gallic acid to form binary complexes with Fe(III)
and tertiary complexes with Fe(III) and glycine in a stepwise
manner. Khokhar and Owusu Apenten40 studied the interaction
of Fe(III) with catechol and galloyl groups by interacting model
compounds with ferric ammonium sulfate (FAS) reagent and
measuring the absorbance at 587 and 680 nm. Andjelković,
et al.,42 studied the iron-chelating properties of seven phenolic
acids and hydroxytyrosol in Tris buffer by measuring the
complex formation using absorbance.

Plant polyphenols, particularly avonoids, have been studied
for their antioxidant properties in vivo. Besides playing a role in
scavenging free radicals, they are also known to chelate transi-
tion metals such as iron and copper,43 which are centrally
implicated in reducing dioxygen to generate oxygen radicals
which are then able to attack biomolecules such as DNA,
proteins and phospholipids in the body.44 El Hajji, et al.45 have
studied the binding and subsequent autoxidation of quercetin
in the presence of metal ions such as Cu(I), Cu(II), Fe(II) and
Fe(III). It was observed that free quercetin underwent slow
autoxidation at neutral pH, which accelerated in the presence of
Cu ions. Autoxidation was, however, inhibited in the presence
of both Fe(II) and Fe(III) ions, with the former ion being rapidly
oxidized in the presence of quercetin.
Carbohydrates

Stable carbohydrate iron complexes are known to form in
aqueous solutions using soluble carbohydrate species.46 In
alkaline solutions, it has been shown that materials such as
cotton, viscose, modal and lyocell show a tendency to complex
ferric ions by ligand–exchange reactions when treated with
ferric-sugar acid complexes such as Fe(III)–D-gluconic acid
1618 | Environ. Sci.: Adv., 2024, 3, 1616–1627
(Fe(III)–DGL) and Fe(III)–hepta-D-gluconic acid (Fe(III)–HDGL).47

The iron–sugar acid complexes were employed as the dissolved
iron system from which iron complexation with the insoluble,
or partially soluble ligands was studied.

There have long been contributions to the literature per-
taining to the complexation of carbohydrates and their deriva-
tives with ferric ions.48 The carbohydrate–metal complexes are
not very stable in neutral or acidic solutions, but are most stable
in alkaline systems due to deprotonation of the alcoholic
hydroxy groups and substitution of the water molecules in the
rst coordination sphere of the metal cations by the electron-
donating oxygen atoms. Study of the complex formation
phenomenon is compounded by the existence of multiple
carbohydrate isomers in solution and the varying interactions
of these with the metal ions. Fe(III)–carbohydrate complexes
that were precipitated from alkaline solutions were obtained as
brownish amorphous solids, with the ferric ion in a coordina-
tion number of 6, and the average Fe–O distance of 195 pm as
determined by EXAFS, which is consistent with octahedral
oxygen coordination of Fe(III) irrespective of the ligand
involved.48

Study of this interaction is important from several perspec-
tives. From a clinical standpoint, binding of iron to water-
soluble carbohydrates has been investigated as the basis for
potential treatment strategies to treat either iron deciency or
iron overload in the human body. Examples of such complexes
used in treatment applications are the Fe(III)–D-sorbitol–D-glu-
conic acid mixed ligand complex and the Fe(III)–lactobionic
acid–acetate–cyclodextrin complex. A commercial variant titled
‘Nifrex’, which is a ferric chloride–D-glucose complex, has been
used in the treatment of anemia.
Lignin

Interactions of metal ions, particularly Fe, with lignin has been
studied from the perspective of organic matter transformation
and the fate and mobility of metals in soils. Although biomass
lignin does not persist as long as it was previously thought to,
there is still scope for interactions between metals and lignin
structures in the soil which impacts the bioavailability and
persistence of either component.

The ability of lignin model compounds to form complexes
with metal cations, in particular iron, has been studied for both
monomeric49 and polymeric lignins.50 Merdy, et al.49 report on
the complexation of Fe(III), Cu(II) and Mn(II) by coniferyl alcohol,
sinapic acid, ferulic acid and p-coumaric acid between pH 5–9.
These investigations were extended to a dimeric and a poly-
meric lignin model compound prepared by condensation of
lignin monomers.50
Choice of model compounds

The biomass-origin model compounds used in this study were
selected for their chemical functionality as a determinant of
their iron complexation ability, but only if they were ubiqui-
tously found in lignocellulosic biomass sources; in cases where
their occurrence was rare, selection in this study was justied
© 2024 The Author(s). Published by the Royal Society of Chemistry
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based on literature on the use of the particular model
compound(s) for binding iron.

To measure the strength of binding, it is imperative to esti-
mate the binding constant for the complexation reaction
between the model compound (receptor) and Fe(II) or Fe(III)
(ligand). A simple method for studying the complexation of iron
to the model compounds is by determining the equilibrium
constant by measuring the ultraviolet absorbance for the model
compound by titrating with iron and observing the red shi
caused as a result in comparison to the unbound molecule.51

This approach is used in this study to estimate the binding
constants for complex formation between the ligand and the
receptor, and is described in the Methods section.

No effort has yet been made to quantify and compare the
iron-complexation ability of lignocellulosic biomass model
compounds. While phenolic acids and their derivatives have
received the most attention in light of the interest in the anti-
oxidant properties of polyphenols, other moieties such as
carbohydrates are also known to chelate iron in solution. This
Fig. 1 Examples of polyphenolic model compounds containing the catec
containing either moiety (kaempferol) used in this study.

Fig. 2 Lignin representative model compounds of the C6-C3 type, caff

© 2024 The Author(s). Published by the Royal Society of Chemistry
study aims to develop a comprehensive understanding of the
iron-chelating ability of biomass model compounds and inform
the science on biomass chemical functionality as it relates to
iron complexation.
Materials and methods

Quercetin and kaempferol were purchased from Santa Cruz
Biotechnology (Dallas, TX). Myricetin glucose, fructose, arabi-
nose, xylose, p-coumaric acid, tannic acid, caffeic acid, vanillic
acid and syringic acid were purchased fromMillipore Sigma (St.
Louis, MI). Iron(II) chloride tetrahydrate and iron(III) chloride
hexahydrate (Millipore Sigma) were used as the Fe(II) and Fe(III)
sources, respectively to interact with the biomass model
compounds (also purchased from Sigma-Aldrich, St. Louis,
MO). Dimethyl sulfoxide (DMSO) was purchased from Sigma-
Aldrich (St. Louis, MO). The structures for the model
compounds considered in this study are depicted in Fig. 1–4.
hol and galloyl moieties (quercetin andmyricetin, respectively) and not

eic acid, and p-coumaric acid.

Environ. Sci.: Adv., 2024, 3, 1616–1627 | 1619
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Fig. 3 Lignin representative compounds of the C6-C1 type, gallic acid, syringic acid, and vanillic acid.

Fig. 4 Examples of carbohydrate model compounds, showing glucose, xylose, arabinose, and fructose.
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Model compound chelation titrations

Chelation experiments with model compounds and Fe(II) and
Fe(III) were performed in DMSO at a model compound–ligand
molar ratio of at least 1 : 10. Fe(II) was prepared in DMSO using
FeCl2$4H2O and Fe(III) using FeCl3$6H2O. Increasing amounts
of 0.2 mM Fe(II) or Fe(III) were added to the model compound
and the subsequent absorbance spectrum was obtained (see
Fig. 5 as example for quercetin). Evidence of complexation was
determined by observing bathochromic shis in the absor-
bance spectra with increasing ligand concentration. When
complexation did not occur, these shis were not observed, and
were determined as non-evidence of binding.

Analytical

Calculation of binding constants. When complexation was
evident for any model compound, the characteristic wavelength
1620 | Environ. Sci.: Adv., 2024, 3, 1616–1627
of the model compound (wavelength at maximum absorbance)
and that of the complex (shied new peak wavelength) were
recorded (Fig. 5A), and the absorbance at the shied wavelength
was used to estimate the equilibrium binding constant as
follows:

L + R # LR (1)

Where L denotes the receptor (Fe(II) or Fe(III), and R the receptor/
model compound.

The equilibrium dissociation constant, Kd, is given by

Kd ¼ ½L�½R�
½L� R� (2)

The fractional occupancy of the receptor (Y) may be dened
as:
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Sequence showing the progression of the quantitation of Fe binding from recording the absorbance for titration with 0.02 mM Fe(II) with
quercetin to calculation of the fractional occupancy (Y)–(A) absorbance curves showing the UV spectra between 260 and 560 nm, along with the
change in absorbance with increasing [Fe(II)] (B) absorbance at 438 nm as a function of the Fe(II) concentration, (C) fractional occupancy as
a function of the Fe(II) concentration, following (B), and (D) dose response curves.
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Y ¼ ½L� R�
½Total R� ¼

½L� R�
½R� þ ½L� R� (3)

Combining eqn (2) and (3),

Y ¼ ½L�
½L� þ Kd

(4)

At Y = 0.5, eqn (4) yields Kd = [L], which may be obtained
graphically; this enables the determination of Kd as the ligand
concentration when fractional occupancy of the receptor is 0.5.

Absorbance of the ligand–receptor complex may be used to
calculate the fractional yield, Y:

Y ¼ Ai � A

Ai � Af

(5)

where Ai and Af refer to the absorbance of the initial and nal
chelation, respectively, at the characteristic wavelength of the
ligand–receptor complex, and A is the absorbance of the current
chelation. A plot of Y vs. [L] was created and the resulting equation
was solved for Y = 0.5 to estimate the Kd (see Fig. 5B as example
for quercetin). A set of approximately 15 different chelation runs
were performed for each experiment (conducted in triplicate
unless noted otherwise) to estimate an average binding constant
for each model compound-ligand interaction. In most analyses,
the rst ten data points yielded a region where the fractional
© 2024 The Author(s). Published by the Royal Society of Chemistry
occupancy varied linearly with the Fe concentration, which was
used to calculate the dissociation constant (Fig. 5C). In some
situations, where the absorbance of the complex decreased aer
initially increasing with added Fe, the fractional occupancy was
calculated usingmaximumabsorbance of the complex, which was
at times attained within the rst ve or six titrations; care was
taken to pick the absorbance in the linear region, however. For
example, the interaction of kaempferol with Fe(II) yielded, on
average, ve titrations before saturation, so the fractional occu-
pancy calculation was based on the maximum absorbance of the
complex rather than that of the nal titration.

Lastly, the equilibrium binding constant is obtained as the
inverse of the dissociation constant.

Kb = 1/Kd (6)

To ascertain the complexation cooperativity, the Hill–Lang-
muir treatment was employed, and the Hill coefficient was
determined using eqn (7):

log

�
Y

1� Y

�
¼ n log½L� � log Kd (7)

Upon rearrangement, a log–log plot between
Y

1� Y
and [L]

linearizes the Hill equation and the slope of the curve yields the
Hill coefficient, n (see Fig. 5D and 6).
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Fig. 6 Hill plot for Fe(II) complexation with quercetin showing calcu-
lation of the Hill coefficient by determining the slope of the relation-
ship between log[L] and log(Y/1 − Y).
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Where n denotes the Hill coefficient which describes the
cooperativity of the complexation for the following scenarios:

For n = 1, the binding is non-cooperative, where the bound
ligands do not impact further binding of ligand molecules to
the receptor.

For n < 1, the binding is negatively-cooperative, where bound
ligand molecules reduce the receptor's affinity for further
binding, and.

When n > 1, the binding is positively-cooperative, where
bound ligands increase the receptor's affinity for further
binding.

Despite its relative simplicity and widespread appeal, the
Hill equation may not be reliably employed to estimate the
number of ligands bound to a receptor molecule, and the Hill
coefficient is best thought of as an interaction coefficient,
particularly in positively-cooperative systems.52 With this
caveat, the Hill coefficient is used in this study to glean into the
cooperativity of ligand binding to the model compound recep-
tors, and not necessarily as a representation of the number of
ligands that could be bound to the receptor molecule.
Table 1 Compilation of equilibrium binding constants (Kb) and the Hil
standard deviation for triplicate experiments

Model compound

0.2 mM Fe(II)

Average Kb (M−1) Averag

Myricetin 0.055 � 0.01 2.61 �
Quercetin 0.050 � 0 1.83 �
Kaempferol 0.160 � 0.03 2.97 �
Syringic acid 0 N/A
Gallic acid 0 N/A
Vanillic acid 0 N/A
Caffeic acid 0.050 � 0.01 1.43 �
p-Coumaric acid 0.253 � 0.04 2.68 �
Fructose 0 N/A
Arabinose 0 N/A
Xylose 0 N/A
Glucose 0 N/A

1622 | Environ. Sci.: Adv., 2024, 3, 1616–1627
Results and discussion
Model compound binding constants with Fe(II) and Fe(III)

Binding constants of the model compounds with Fe(II) and
Fe(III) were calculated and are listed in Table 1; in general, the
model compounds showed stronger binding to Fe(II) than Fe(III).
The highest binding constant was measured for p-coumaric
acid with Fe(II) at ∼0.25 M−1, followed by kaempferol at ∼0.18
M−1 (Fig. 7). The latter compound also showed a high binding
affinity for Fe(III) at ∼0.1 M−1 compared to the other avonols,
myricetin and quercetin, which were measured at ∼0.05 and
∼0.03 M−1 for Fe(II) and Fe(III), respectively.

It is counter-intuitive to note that the C6-C3 type lignin
representative model compound p-coumaric acid, with just one
benzylic hydroxyl group showed stronger binding to Fe(II) than
caffeic acid (∼0.05 M−1), with two such hydroxyl groups. Neither
compound showed any evidence of complexation with Fe(III),
however. A similar trend is reected in the case of the avonols,
where kaempferol, with just one hydroxyl group on the B ring,
showed stronger binding to Fe(II) and Fe(III) than quercetin and
myricetin, with two and three hydroxyl groups, respectively.

Single-factor Analysis of variance (ANOVA) was performed in
MS Excel to test for signicance. This analysis led to a compu-
tation of the p-value for the binding constants for Fe(II) as 1.71
× 10−16 and for Fe(III) as 1.19 × 10−14, indicating high con-
dence that the null hypothesis was rejected.
Model compound binding cooperativity with Fe(II) and Fe(III)

Estimated Hill coefficients for the binding of the model
compounds with Fe(II) and Fe(III) are shown in Fig. 8 (and Table
1). All model compounds that could form iron complexes showed
positive cooperativity in binding with iron, with kaempferol
showing the largest Hill coefficient with Fe(II) at 2.9 ± 0.72 (and
also for Fe(III) at 0.103 ± 0.02). Caffeic acid showed the smallest
Hill coefficient for binding with Fe(II) at 1.43 ± 0.15.

Single-factor ANOVA performed on interaction of model
compounds with Fe(II) and Fe(III) resulted in p-values of 4.96 ×

10−11 and 1.11 × 10−14, respectively, indicating that the calcu-
lated results are statistically signicant.
l coefficients (n) for the model compounds tested in this study with

0.2 mM Fe(III)

e Hill n Average Kb (M−1) Average Hill n

0.32 0.037 � 0.01 2.09 � 0.31
0.21 0.047 � 0.02 2.23 � 0.45
0.72 0.103 � 0.02 1.77 � 0.14

0.018 � 0 1.68 � 0.11
0 N/A
0 N/A

0.15 0 N/A
0.33 0 N/A

0 N/A
0 N/A
0 N/A
0 N/A

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Calculated binding constant values for the model compounds chosen (with error bars showing standard deviation for triplicate
experiments).

Fig. 8 Averages (with standard deviation for triplicate estimations) of the Hill coefficients for model compounds that showed binding to Fe(II)
and/or Fe(III).
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Inuence of structure on iron complexation

In a study exploring the binding of several phenolic acids with
Fe(III), it was reported42 that vanillic acid and syringic acid did
© 2024 The Author(s). Published by the Royal Society of Chemistry
not exhibit complexation, whereas gallic acid and caffeic acid
did show complexation, among others. Our results show some
divergence from this set of data wherein gallic acid showed no
Environ. Sci.: Adv., 2024, 3, 1616–1627 | 1623
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complexation with either Fe species and caffeic acid could form
complexes with Fe(II) and syringic acid with Fe(III). The
complexation and analytical methods used in this study were
similar to what were used in the current study, although the
authors report their results in Tris buffer, which could have led
to some of the differences observed.

For the lignin representative model compounds, both the
C6-C3 type compounds showed complexation with Fe(II),
whereas none of the C6-C1 type compounds did; only syringic
acid evidenced complexation with Fe(III) at the lowest binding
strength recorded. This observation leads to the notion that for
the smaller phenolic acids (in comparison to the avonols),
binding is not merely a product of the positioning of the
phenolic groups, or the presence or absence thereof.

Fe(II) and Fe(III) complexation

For the model compounds that showed complexation with both
Fe(II) and Fe(III), the calculated binding constants were greater
with Fe(II) than with Fe(III). This is possibly due to the fact that
complexation between the ligands and the iron ions occurs via
coordination and formation of coordinate bonds is easier with
Fe2+ than with Fe3+ due to the fewer amounts of electrons
required.

Much of the literature surveyed has focused on the
complexation of catechol moieties with Fe(III), and this has been
attributed to the formation of coordination complexes between
the ions and the catechol and substituted catechol ligands
(including avonols and avonoids).43,53–55 This is due to the
insolubility of Fe(III) in biological environments, and the
interest in studying the interactions with classes of compounds
such as siderophores which can make iron biologically avail-
able. There has been much less focus on Fe(II) complexation. In
this study, it was shown that while compounds such as p-cou-
maric acid and caffeic acid show strong complexation with
Fe(II), the same is not seen for their interaction with Fe(III).
Daugherty, et al.56 report that the majority of Fe(II) was bound by
carboxyl groups in reduced natural organic matter (NOM) at
neutral pH, so this is potentially a factor that is in play with the
C6-C3 compounds tested in the current study.

As mentioned earlier, the Hill coefficient is a measure of the
cooperativity of the complexation, with positive values indi-
cating cooperative binding, i.e., the promotion of multimeric
complexation. All of the model compounds studied showed
a positive binding coefficient to the respective iron species in
DMSO. In similar work Davies, et al.57 report a Hill coefficient of
1.86 for the binding of uric acid with Fe(III), which is along
similar lines to what was found in the present study.

Implications for biomass constituents and bioprocessing

From the model compound analysis, it is clear that the model
compounds that showed strongest complexation with either
form of iron were the avonols myricetin, quercetin and
kaempferol (and the lignin model compound p-coumaric acid,
with Fe(II) only). Syringic acid and caffeic acid showed
complexation with Fe(III) and Fe(II), respectively, but with lower
binding constants, particularly for the former. From these
1624 | Environ. Sci.: Adv., 2024, 3, 1616–1627
observations, the obvious choice of biomass constituent to
explore for iron binding are the tannins fraction, and tannin-
rich biomass feedstock would make ideal iron-complexation
candidates and may be considered being employed in envi-
ronmental remediation applications. Consequently, since the
carbohydrate model compounds did not show any evidence for
Fe complexation, it precludes the biomass constituents of
cellulose and hemicellulose from being suitable candidates as
iron-chelating entities.

Additionally, identication of the role played by hydroxyl
groups in iron binding can expand the scope for implementa-
tion of this strategy towards other biomass constituents,
particularly the lignin fraction. The amount of catechol groups
in lignin can be increased, which portends to be a potential
route that can be pursued using technical lignins for iron
complexation. For example, the catalytic hydrogenation depo-
lymerization of ethanol/methanol organosolv lignin using Cu-
doped metal catalyst58 can be utilized for the generation of
catechol products, which can serve as a precursor for
complexation with iron. Demethylation of lignin aromatic
methoxy groups (in native wood59 or in technical lignins60) via
fungal activity is another strategy of generating catechol moie-
ties in the lignin structure. Use of lignin in this scheme vastly
expands the raw material available in terms of renewable and
biodegradable iron chelants, owing to the vastly greater quan-
tities of technical lignins generated, their inexpensiveness and
under-utilized stature.

From a biorening perspective, this analysis suggests the use
of tannin-rich biomass wastes generated as byproducts from
biomass processing applications where the primary components
utilized arise from the polysaccharide fractions. Bark tissue
wastes generated in lumber manufacture and wood pulping that
are rich in tannins, may be employed in iron complexation
schema. Similarly, regiospecic agricultural operations such as
viniculture and polyphenol-rich fruit production, e.g., cran-
berries, could be considered as potential sources for tannin-rich
feedstock to aid in the environmental remediation of iron. As
biomass processing continues to be explored for meeting the
needs of society in more sustainable ways, all components of
lignocellulosic biomass will need to be valorized to maximize
resource utilization, and the application of tannins and lignin for
iron complexation is one step in this direction.
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