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Abstract: Bioinspired porous microstructures of iron-tannate (Fe(III)-TA) coordination polymer
framework were synthesized by catenating natural tannic acid with iron(II), using a scalable aqueous
synthesis method in ambient conditions. The chemical composition, morphology, physiochemical
properties, and colloidal stability of microstructures were elucidated. The surface area (SBET) and
the desorption pore volume were measured to be 70.47 m2/g and 0. 44 cm3/g, respectively, and
the porous structure was confirmed with an average pore dimension of ~27 nm. Microstructures
were thermally stable up to 180 ◦C, with an initial weight loss of 13.7% at 180 ◦C. They exhibited
high chemical stability with pH-responsive amphoteric properties in aqueous media at pH levels
ranging from 2 to 12. Supporting their amphoteric sorption, microstructures exhibited rapid re-
moval of Pb+2 from water, with 99% removal efficiency, yielding a maximum sorption capacity of
166.66 mg/g. Amphoteric microstructures of bioinspired metal–phenolate coordination polymers
remain largely unexplored. Additionally, natural polyphenols have seldomly been used as polytopic
linkers to construct both porous and pH-responsive amphoteric coordination polymer frameworks
with a robust structure in both acidic and basic media. Thus, this de novo porous microstructure
of Fe(III)-TA and its physiochemical surface properties have opened new avenues to design ther-
mally and chemically stable, eco-friendly, low-cost amphoteric sorbents with multifunctionality for
adsorption, ion exchange, separation, storage, and sensing of both anions and cations present in
heterogeneous media.
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1. Introduction

Bioinspired metal–organic coordination polymers with outstanding physiochemical
properties are expected to be of intense interest in the development of advanced multi-
functional hybrid materials—for example, environmentally benign hybrid materials with
amphoteric natures that display cationic behavior below the isoelectric point and anionic
behavior at higher pH and offer unique properties, such as high surface activities and selec-
tivity for analytes, a wide isoelectric range, bioactivity, and high interface interactions [1].
Because of these physiochemical properties, amphoteric materials have been attractive
as mixed-mode ion-exchange sorbents in the fields of cosmetics, chromatography, oil re-
covery, electrochemistry, nanoscience, polymer chemistry, and wastewater treatment [1,2].
Specifically, amphoteric sorbents are intended to enhance the sensitivity and selectivity of
solid-phase, extraction-based methods, thereby enabling increasingly complex matrixes
to be handled. These sorbents are either silica-based or organic polymer-based, with the
ion selectivity arising from the presence of ionizable functional groups able to interact
with anionic and cationic species [3,4]. To date, however, no bio-based amphoteric porous
microstructures with robust coordination polymer frameworks have been developed from
low-cost, readily available biomass precursors or biopolymers.
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Considering the potential stability of metal–phenolate coordination bonds—together
with the growing global demand to broaden the use of renewable resources—synthesis
of natural polyphenol-based sorbents with amphoteric characteristics has appeal for the
solid-phase extraction of acidic and basic analytes [5,6]. They have the ability to act as
multifunctional rigid spacers between cations, contributing to the porosity of the resulting
coordination polymer framework, with additional functionalities, such as phenolic, car-
bonyls, esters, and cyclic ether groups. Therefore, they show great promise as a rich supply
of precursors for green chemistry and strong ion exchangers that could charge across the
entire pH range of operation, providing opportunities for the development of bioinspired
sorbents for environmental remediation.

Coordination polymers (CPs) and their subclass, metal–organic frameworks (MOFs)
are highly porous self-assembled nanostructures with high surface areas and defined pore
dimensions. They have been used in a wide range of applications, such as gas storage
and separation, drug delivery and storage, chemical separation, sensing, catalysis, and
bio-imaging [7]. The MOFs precisely position metal-based nodes by connecting them with
functional organic ligands via coordination bonds. Compared with traditional porous
solids, such as zeolites, activated carbon and mesoporous silica, MOFs allow for designed
framework structures and tailored pore environments at the molecular level. Their size,
shape, and self-assembly can be carefully controlled via an effective covalent synthesis
method to yield three-dimensional (3-D) hierarchical architectures. They offer a new
method for fine-tuning structural nodes with known geometries and coordination environ-
ments. Their porous structures and the geometric arrangement of inorganic and organic
components enable rational design for high surface area platforms [8]. Exploring the poten-
tial design and synthesis of naturally abundant and environmentally friendly novel classes
of coordination polymer frameworks similar to MOFs’ robust metal–carboxylate frame-
work, herein, for the first time, we developed a de novo bio-based coordination polymer
framework with amphoteric properties by coordinating Fe+3 metal nodes with a highly
branched polytopic organic ligand (tannic acid) to yield a porous and robust structure of
iron-tannate coordination polymer framework (Fe(II)-TA). Its amphoteric properties were
revealed for the first time, and its potential applicability for heavy metal adsorption from
water was demonstrated.

Tannic acid (TA) is a natural polyphenol and one of the cheapest natural abundant
functional materials [9,10]. Its five pyrogallol and five catechol groups provide multiple
bonding sites with diverse interactions, such as ionic, coordination, hydrogen bonding, and
hydrophobic interactions [11–13]. Its oxygen-rich functional groups, which include catechol
and pyrogallol groups, can coordinate with variety of transition metal ions, forming
coordination complexes. They possess metal–phenolic coordination and have been explored
in the past [14–18]. A variety of metal–tannate coordination complexes and polymers
have been applied as either thin films or particles with tailored properties [14] or in the
formation of novel metallogels [17]. The use of TA as either porogen or an additive
component in materials science has attracted great attention. This is due not only to its
cheap, environmentally friendly, and nontoxic nature, but also its ability to be used as
a non-surfactant template. For example, past research has demonstrated that TA can be
used as a porogen to tune the porosity of other inorganic particles and make mesoporous
materials with tunable mesopore sizes ranging from 6 to 13 nm [19–23]. The coordination
complex formation between tannic acid and iron(III) was demonstrated recently, albeit
in a very few literature reports [24–28]. A supramolecular assembly of iron(III)-tannic
acid metal–organic complex was developed as an antimicrobial spray nanocoating. It
has demonstrated its utility as an antimicrobial coating in shoe insoles and fruits [24].
Additionally, a molecular nanoparticle-based Fe(III)-tannic acid complex was previously
synthesized using a low-cost, reproducible method and its physicochemical properties
(including its capability of inducing autophagy effect in two selected liver cell lines) were
studied [25–28]. Furthermore, a self-assembly of metal ions with tannic acid on various
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substrates was demonstrated using coordination programming to prepare multifunctional
thin films and capsules [29–33].

Despite the aforementioned research advances in bio-based metal–tannic acid co-
ordination materials, very few studies have reported using iron-tannate coordination
complexes either as an adsorbent or an adsorptive catalyst for removing the fluorides,
organic dyes, and nitrogen compounds present in water resources [34–36]. In all these
prior studies, metal–tannate was a catenated organometallic complex with no robust coor-
dination framework where the metal nodes precisely coordinated onto the catechol units
to make a robust metal–phenolate coordination geometry that controlled the porosity of
hierarchical microstructures of Fe(III)-TA coordination polymer frameworks. Thus, our
microstructure of Fe(III)-TA coordination polymer frameworks was de novo and possessed
porous hierarchical coordination geometry with a robust structural framework similar to
MOFs architectures, but constructed from a polytopic organic ligand and metal nodes [7,8].
Additionally, the porous microstructures of iron-tannate coordination polymer frameworks
with tailored amphoteric surface properties were not reported, nor were their potential
applicability as sorbents to remove heavy metals from water demonstrated. Thus, the work
described herein contributed to the first synthesis of a de novo bioinspired sorbent with
amphoteric properties.

2. Materials and Methods
2.1. Materials

Tannic acid (C76H52O46, Molar Mass = 1701.19 g mol−1), iron(II) acetate hexahydrate,
and anhydrous ethanol were obtained from Sigma-Aldrich (St Louis, MO, USA). Unless
otherwise stated, all chemicals were used as received.

2.2. Procedure for the Preparation of Fe(III)-TA Microstructures

The self-assembled microstructures were prepared at room temperature by dissolving
1:10 molar ratio of tannic acid (0.10 g, 0.05 mmol) to iron(II) acetate (0.10 g, 0.50 mmol) in
DI water (each 10 mL in volume). Initial pH of both solutions were recorded. The initial pH
of the tannic acid and Fe+2 solutions were 3.28 and 5.51, respectively. The iron(II) acetate
solution was added into the tannic acid solution in a 50 mL beaker dropwise (0.5 mL/min)
with rapid stirring at room temperature. Initially, light purple (Lilac color),) precipitate
was formed; gradually, it turned dark purple on complete addition of Fe+2 solution. The
nanostructure formation was monitored using UV-visible spectroscopy by taking an aliquot
from the reaction mixture just after the addition of the ion solution after stirring for one
hour. The darker purple suspension that resulted was imaged under TEM. The suspension
was transferred into a 50 mL falcon tube and sonicated for one additional hour to break
any aggregation. After sonication, 1 mL of sample was taken for morphology analysis
using TEM, SEM, and UV-vis. The dark purple precipitate was collected by centrifugation
at 10,000 RPM for 10 min. The sample was dried under vacuum at −25 Torr at room
temperature to yield dark purple powder (80% yield). The structural composition was
analyzed by FT-IR and micro-elemental analysis and oxidation states of each element were
confirmed by elemental analyzer and XPS, respectively. FT-IR stretching (cm−1): 3421
(broad peak, −OH), 1689 (sharp peak, metal ion-coordinated carbonyls in pyrogallol units),
1608–1446 (weak multiple peaks, C=C aromatic), 1330 (sharp peak, C-O-C=O), 1106, and
1036 (sharp peaks, C-O-C); elemental composition by XPS: C (45.33%), Fe (11.62%), and O
(39.05%); micro-elemental analysis (experimental): C (45.79%), and H (3.19); calculated for
empirical formula of Fe4C72H40O46—C (46.38%), Fe (11.98%), H (2.16%), and O (39.47%).

2.3. Characterization

The chemical composition and functional groups were analyzed using Fourier transform
infrared spectroscopy (FTIR-Varian 670-IR spectrometer, Agilent Technologies, Santa Clara,
CA, USA). The morphology of the microstructures was analyzed using transmission elec-
tron microscopy (TEM Carl Zeiss Libra 120 and HR-TEM JEOL2100PLUS with STEM/EDS
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capability at 120 kV and 200 kV, respectively) and scanning electron microcopy (Carl Zeiss
Auriga FIB-FESEM, Carl Zeiss, Jena, Germany). Bulk elemental analysis was also obtained
using energy dispersive X-ray spectroscopy (EDS) from JEOL IT800 SEM/EDS. The ther-
mal stability of the microstructures was analyzed using the thermogravimetric analyzer
(Q500). Samples were heated up to 700 ◦C at increments of 10 ◦C/min in nitrogen gas
flow. The elemental compositions for C and H were obtained from the micro-elemental
analyzer. Chemical oxidation states of each element were obtained from X-ray photon
spectroscopy (XPS-Escalab Xi+-Thermo Scientific, Thermo Fisher Scientific, Waltham, MA,
USA). Elemental compositions for Fe, C, O were also obtained from XPS elemental survey
analysis. Full N2-isotherm with micropore analysis (Physi-13) for single point BET, BET
surface area, micropore volume area using t-plot, and micropore volume distribution using
DFT were conducted using Micromeritics 3Flex Gas Analyzer by Micromeritics Instrument
Corp (Norcross, GA, USA). The sample was degassed under vacuum at 180 ◦C for 12 h,
prior to collection of the N2-isotherms. The Zeta potential of the microstructures was
measured using the Zeta sizer dip cell kit (Malvern Nano ZS, Horiba, London, UK). Zeta
potential measurements: microstructures (0.050 g) were dispersed in ethanol (99.5%) and DI
water, respectively, and ultrasonicated for 15 min to get a colloidal suspension. The natural
pH of sorbents was measured to be 6.22 in ethanol and 3.8 in water. The zeta potential
measurements were performed for six different pH solutions (pH = 2, 4, 6, 7, 10 and 12) in
ethanol and water at 20 ◦C using the Zeta sizer dip cell kit (Malvern Nano ZS, UK). The
pH of each solution was adjusted by dropwise addition of appropriate amounts of 0.1 M
NaOH or 0.1 M HCl. Three measurements of zeta potentials were taken for one sample
and the median was recorded. The level of lead(II) ions in aqueous solutions, before and
after being soaked with Fe(III)-TA sorbents, was analyzed using a simultaneous inductively
coupled plasma optical emission spectrometer (ICP-OES) with trace element analysis capa-
bility for wavelengths from 177 to 785 nm (Varian 710-ES ICP Spectrophotometer, Agilent
Technologies, Santa Clara, CA, USA) in 3% (v/v) nitric acid solution.

2.4. Lead (Pb+2) Adsorption Experiments

The Pb+2 ions adsorption was studied using a series of experiments at varied initial
heavy metal ion concentrations ranging from 20 to 500 mg/L. In each test, the microstruc-
tures (20.0 mg) were dispersed and soaked in 10 mL of heavy metal ion solutions for 15 min
to reach equilibrium. The initial and equilibrium pH were 5.88 and 3.72, respectively. The
suspensions were filtered through 0.45 µm membrane filters and analyzed for heavy metal
ion concentration using an ICP-OES in 2.5% (v/v) nitric acid solution. The amount of heavy
metal ions adsorbed onto the sorbent at equilibrium (qe) was calculated by mass balance
equation of heavy metal ions before and after the sorption, using Equation (1):

qe =
(Ci − Ct)V

W
(1)

where qe is the equilibrium sorption capacity, and Ci and Ct are initial and final heavy metal
concentration, respectively, at equilibrium.

3. Results
3.1. Synthesis

The chemistry for the formation of Fe(III)-TA coordination polymers with hexacoor-
dinated Fe(III)-phenolate coordination framework is depicted in Scheme 1. As described
in the experimental procedure for the preparation of iron-tannate microstructures, our
synthesis followed green chemistry principles. We utilized a renewable feedstock, a nat-
ural polyphenol as the precursor, water as the solvent, preventing toxic and hazardous
chemicals, and room temperature chemical synthesis, providing an energy efficient syn-
thesis approach, to produce bio-based Fe(III)-TA sorbent. In our synthesis, dropwise slow
addition of aqueous solution of Fe+2 at a rate of 0.5 mL/min into the tannic acid aqueous
solution while the reaction was stirring at room temperature yielded a lilac-colored pre-
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cipitate which gradually turned to dark purple upon complete addition of iron acetate
solution (Figure 1a,b). The gradual color change from the initial yellow color to purple
and eventually dark purple during and after the addition of Fe+2 demonstrated that the
complex formation was very rapid. Product formation was successful within an hour
(Figure 1a,b). The final pH of the reaction mixture was 4.99.
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Figure 1. (a) Color changes during the reaction progress. (b) Images taken before addition of Fe+3

solution and after 1 h of reaction time. (c) Respective UV-visible spectral traces collected during
the reaction progress. (d) A comparison of UV-visible spectra of tannic acid (TA) and purified and
redispersed Fe(III)-TA microstructures in ethanol.

The product formation was monitored by collecting UV-visible spectra at the initial
stage, during the reaction, and after one hour of reaction time, and comparing them with
the UV-visible spectra taken for washed and purified nanoparticles after redispersal in
ethanol (Figure 1c,d). The UV-visible spectrum of TA typically exhibited two absorption
vibrionic peaks at 214 nm and 276 nm, which corresponded to outer gallic acid units
(catechol) and inner gallic acid units bonded to glucose moiety (pyrogallols), respectively.
With the addition of Fe+2 solution, two characteristic vibrational peaks corresponding to
TA showed a gradual red shift, to 241 nm and 326 nm, with an additional broader peak at
577 nm, demonstrating the formation of an oxidized Fe(III)-TA coordination framework.
The broader peak at 577 nm corresponded to the charge transfer (CT) band, arising due
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to complex formations between Fe(III) and TA and confirming the coordination bonding
between Fe(III) and hydroxy groups of gallic acids [25].

3.2. Characterization

As depicted in Figure 2a, the FT-IR spectra confirmed the formation of Fe-O bonds from
the presence of ν(Fe-O) stretch at 660 cm−1 and the shift of ester carbonyl of the catechol units,
ν(C=O) from 1720 cm−1 to 1693 cm−1. The chemical composition and monomer empirical
formulae of Fe(III)-TA were deduced by combining surface analysis data obtained from the
XPS elemental survey and micro-elemental analysis, supporting the presence of Fe, C, H,
and O with the empirical formula Fe4C72H40O46. Since iron composition was obtained from
the XPS elemental survey, a surface analysis method, EDS analysis (Figure S1) on the bulk
sample was also performed to support the iron content present in Fe-TA microstructures.
The iron content obtained from the EDS analysis closely agreed with both XPS elemental
analysis and theoretical elemental composition. Table 1 summarizes the XPS elemental
survey and micro-elemental analysis, along with the bonding type and oxidation states of
each element.

Table 1. XPS survey analysis and elemental compositions and binding energies of Fe(III)-TA.

Elemental
Transition Peak

Binding Energy (eV) Chemical and
Oxidation State

Elemental Analysis
Experimental Theoretical

C 1s 284.1, 287.9 C-C (sp3),
O-C=O (sp2)

45.79 46.28

Fe 2p
2p3/2 & 2p1/2

701.9, 714.8, 729.9,
735.5, 723.6 Fe+3, Fe+2 11.78 a/12.20 b 11.96

O 1s 530.2, 531.0, 532.4 Fe-O-C, C-O (sp3),
C=O (sp2)

39.24 a 39.39

H - - 3.19 2.16
a Obtained from XPS elemental survey analysis; b Obtained from EDS bulk elemental analysis.

Figure 2b–d represents the binding energy spectra for each element, confirming their
oxidation states. The binding energy spectrum of Fe 2p, depicted in Figure 2b, showed that
the oxidation state of Fe was +3 state from the corresponding two peaks, at 710.9 eV for Fe
2p3/2 and 725.9 eV for Fe 2p1/2, confirming that the metal–phenolate bonds were indeed
Fe(III)-O in [Fe(-CO)6] metal oxide clusters. The accompanied two (less intense) satellite
peaks at 714.8 and 735.5 of Fe 2p3/2 and Fe 2p1/2 were consistent with the presence of tri-
valent Fe, rather than di-valent Fe [25,26]. The presence of two well-resolved characteristic
binding energy peaks for C 1s at 284.1 eV and 287.6 eV corresponded to C-C and O-C=O
bonding, confirming the presence of tannic acid (Figure 2c). In the O 1s spectrum depicted
in Figure 2d, Fe(III)-O bonding was confirmed from the peak at 530.2 eV, with a larger
FWHM (4.44 eV), which further supported the oxygen chemical bonding state of O−2,
corresponding to the phenolate form. The binding energies of 531.0 eV and 532.4 eV, which
corresponded to sp3 C-O and sp2 C=O, further supported the presence of glucose core
units of the tannic acid. The bulk elemental distribution mapping obtained from the EDS
analysis further supported the distribution of iron and the chemical composition of the
microstructure (Figure 2e–h) and Figures S1 and S2 in the Supplementary Materials).
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3.3. Morphology and Surface Properties of Fe(III)-TA Microstructures

Morphologies of Fe(III)-TA microstructures were studied using scanning electron
microscopy (SEM) and transmission electron microscopy (TEM), and are depicted in
Figure 3. The SEM image (Figure 3a) of particles exhibited raspberry-like particles with
aggregative clusters in a wide size distribution, ranging from an average size of ~50 nm
in diameter for small particles to 100–300 nm in diameter for large particles and clus-
ters. The TEM images of microstructures showed large cavities (10–25 nm in diameter,
Figure 3b,c) along with nanopores <2 nm (in Figure 3d). The porosity, pore volume distribu-
tion and the N2-adsorption Brunauer−Emmett−Teller Surface area (SBET) were analyzed,
utilizing Barret–Joyner–Halenda (BJH) and Brunauer−Emmett−Teller analyses. The BET
adsorption-desorption linear isotherm and BJH desorption pore volume plots for BJH
desorption cumulative pore volume and BJH desorption dV/dw are depicted in Figure S3
in the Supplementary Materials. Type II N2 isotherm (Figure S3a in the Supplementary
Materials), typical for microporous materials, was observed, with a SBET of 70.47 m2/g and
the micropore area of 7.04 m2/g. The BJH desorption average pore diameter was 27.2 nm,
with a BJH desorption cumulative pore volume of 0.44 cm3/g (Figure S3b,c).

Sustain. Chem. 2022, 3, FOR PEER REVIEW 8 
 

 

Morphologies of Fe(III)-TA microstructures were studied using scanning electron 
microscopy (SEM) and transmission electron microscopy (TEM), and are depicted in Fig-
ure 3. The SEM image (Figure 3a) of particles exhibited raspberry-like particles with ag-
gregative clusters in a wide size distribution, ranging from an average size of ~50 nm in 
diameter for small particles to 100–300 nm in diameter for large particles and clusters. The 
TEM images of microstructures showed large cavities (10–25 nm in diameter, Figure 3b,c) 
along with nanopores <2 nm (in Figure 3d). The porosity, pore volume distribution and 
the N2-adsorption Brunauer−Emmett−Teller Surface area (SBET) were analyzed, utilizing 
Barret–Joyner–Halenda (BJH) and Brunauer−Emmett−Teller analyses. The BET adsorp-
tion-desorption linear isotherm and BJH desorption pore volume plots for BJH desorption 
cumulative pore volume and BJH desorption dV/dw are depicted in Figure S3 in the Sup-
plementary Materials. Type II N2 isotherm (Figure S3a in the Supplementary Materials), 
typical for microporous materials, was observed, with a SBET of 70.47 m2/g and the mi-
cropore area of 7.04 m2/g. The BJH desorption average pore diameter was 27.2 nm, with a 
BJH desorption cumulative pore volume of 0.44 cm3/g (Figure S3 b,c). 

  
(a) (b) 

  
(c) (d) 

Figure 3. Morphology of Fe(III)-TA microstructure: (a) SEM image; (b–d) HR-TEM images repre-
senting pore distribution. 

3.4. Thermal and Physiochemical Properties 
The thermal stability of Fe(III)-TA, obtained from thermogravimetric analysis of the 

powder samples, exhibited three distinct weight losses at 180 °C, 350 °C, and 390 °C (Fig-
ure S4 in the Supplementary Materials). The initial weight loss of 13.7% at 180 °C could 
be ascribed to the decomposition of residual hydroxyl groups of peripheral pyrogallol 
units in the framework. The second and third weight losses at 350 °C and 390 °C demon-
strated further decomposition of the pyrogallol and glucose units of the tannic acid, con-
tributing to the partial decomposition of organic content of the framework at 350 °C and 

Figure 3. Morphology of Fe(III)-TA microstructure: (a) SEM image; (b–d) HR-TEM images represent-
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3.4. Thermal and Physiochemical Properties

The thermal stability of Fe(III)-TA, obtained from thermogravimetric analysis of the
powder samples, exhibited three distinct weight losses at 180 ◦C, 350 ◦C, and 390 ◦C
(Figure S4 in the Supplementary Materials). The initial weight loss of 13.7% at 180 ◦C could
be ascribed to the decomposition of residual hydroxyl groups of peripheral pyrogallol units
in the framework. The second and third weight losses at 350 ◦C and 390 ◦C demonstrated
further decomposition of the pyrogallol and glucose units of the tannic acid, contributing to
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the partial decomposition of organic content of the framework at 350 ◦C and the collapsing
of the framework and complete decomposition of the organic content at 390 ◦C, respectively.
The experimental weight loss of organic content was ~85%, comparable to the theoretical
weight loss of organic content. There was no further weight loss after 390 ◦C, confirming the
formation of carbonaceous products, which included iron oxide and char, contributing to
the experimental weight loss of 14.98%. This weight loss was comparable to the theoretical
weight loss for iron oxide and char yielded from organic content.

The pH-dependent surface properties and chemical stability of the microstructures in
a colloidal solution of water and ethanol were evaluated by soaking the microstructures in
a series of aqueous solutions of HCl and NaOH. The structure of microstructures remained
intact over a large pH range: 2 < pH < 12. The interfacial surface properties of the colloidal
solution of Fe(III)-TA in water exhibited negative zeta potentials at all pH levels, reflecting
negatively charged particles’ surfaces. These contributed to the deprotonation of hydroxyl
groups in peripheral pyrogallol units of tannic acid (Table 2 and Figure 4). The magnitude
of the zeta potential gradually increased as the pH increased from 2 to 7, and colloids
became very stable at pH = 7, exhibiting the highest zeta potential of −45.0 mV. This was
evidence of the surface charge stabilization via electrostatic repulsions between particles,
thereby avoiding flocculation and providing very good colloidal stability in water at pH 7
and above. In an aqueous solution of alcohol (70% ethanol), the colloidal solution of Fe(III)-
TA exhibited amphoteric surface properties, with a positively charged particle surface at
pH < 4 and a negatively charged surface at pH > 4.

Table 2. The physiochemical properties of a colloidal solution of microstructures.

pH of the Solution Zeta Potential (eV)
in Water in Ethanol

2 −2.0 8.0
4 −20.9 −4.5
6 −22.4 −19.0
7 −45.0 −23.8
10 −35.2 −8.4
12 −33.8 −10.1
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3.5. Heavy Metal Adsorption Studies

To demonstrate the heavy metal sorption properties of our bio-based sorbent, Pb+2 ions
adsorption efficiency was investigated using water samples with Pb+2 ion concentrations
ranging from 20 ppm to 500 ppm. The equilibrium sorption capacity, with respect to the
Pb+2 ion concentration, was calculated using Equation (1), and the respective equilibrium
sorption curve and adsorption isotherm are depicted in Figure 5. The equilibrium sorption
plot shown in Figure 5a exhibited excellent Pb+2 adsorption with 99% efficiency removing
lead from water. The adsorption isotherm shown in Figure 5b, which was established using
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the Langmuir model, exhibited a linear adsorption relationship, as stated by its linear form,
Equation (2):

1
qe

=
1

qm
+

1
qmklce

(2)

where qe is the equilibrium sorption capacity, qm is the maximum sorption capacity of
the sorbent (saturation point), Ce is the concentration of heavy metal ion in solution at
equilibrium [mg/L], and kl is the Langmuir adsorption constant [L/mg].
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The experimental sorption data fit very well to the Langmuir equation, with the
highest average regression coefficients (R2 = 0.99), denoting homogeneous adsorption and
supporting the clear concept of monomolecular adsorption on homogenous charged sur-
faces [37]. The Langmuir adsorption constant (kl), which was related to the apparent energy
of sorption, was calculated to be 3.19 × 10−3, and the maximum adsorption capacity (qm)
for Pb+2 was 166.66 mg/g. This initial study demonstrated that the porous microstructures
of Fe(III)-TA showed energetically favorable adsorption of heavy metals. However, further
investigation will be necessary to understand the heavy metal ion–sorbent interactions.
Thus, future studies will focus on understanding the host–guest chemistry of heavy metal
ion interactions with Fe(III)-TA by investigating the pH-dependent kinetic adsorption
isotherms to reveal its adsorption mechanism.

4. Discussion

In summary, as the first bioinspired coordination polymer with a rigid framework
synthesized from a polytopic natural polyphenol, the porous microstructure of the Fe(III)-
TA coordination polymer demonstrated the use of biomass building blocks to construct
environmentally benign, bioinspired porous microstructures using green synthesis, on a
large scale, under ambient conditions in water. In a recent work, we reported the crystal
structure (CCDC 2108217–2108218) of a dimer of iron(III)-tannate, confirming that Fe+3

coordinated to phenolate groups of each catechol unit by catenating up to four catechol
units per one tannic acid molecule, supporting our empirical formula for the monomer
unit of the coordination polymer framework [38]. In the dimer form, the coordination
number for Fe+3 was six in its slightly disordered FeO6 octahedral clusters, resulting in an
overall charge-neutral coordination complex. In its dimer form, all three phenolate groups
in four catechol units were presumed to be deprotonated, constructing metal–phenolate
FeO6 clusters, supporting the coordination geometry and stoichiometry of the metal–
phenolate coordination nodes in the coordination polymer of iron(III)-tannate, constructing
a robust framework. Microporosity, amphoteric surface properties, and colloidal stability
in water at a wider range of pH, as well as Pb+2 adsorption, highlighted the potential of
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microstructures of Fe(III)-TA and their potential utility as an amphoteric sorbent material
for separation, extraction, and upcycling of toxic heavy metals, valuable minerals, and
organic contaminants from water resources. For instance, the physiochemical surface
properties of microstructures could provide greater insight into interfacial interactions with
a variety of impurities present in water, enabling their use as sorbents for contaminant
removal and separation from aqueous environments. Thus, our future work will focus
on studying the absorption/desorption kinetics of microstructures for the purpose of
removing a variety of heavy metal contaminants and other valuable minerals from a variety
of water resources.

5. Conclusions

For the first time, we demonstrated a versatile green synthesis method to make porous
iron-tannate microstructures (Fe(III)-TA) and their physiochemical properties. The Fe(III)-
TA microstructures were synthesized by catenating the peripheral catechol groups in tannic
acid with iron(II)acetate, using an environmentally friendly aqueous synthesis method
under ambient conditions. This environmentally benign synthesis method facilitated
a cost-effective, easy scale-up process. The structural and chemical compositions were
analyzed, confirming the formation of an iron-tannate coordination polymer network
with the empirical formula of [Fe4C76H40O46]n. The surface area, porosity distribution,
adsorption/desorption pore volume, and pH-responsive amphoteric behaviors of the
iron-tannate microstructures were assessed, confirming their potential as a bioinspired
porous material with amphoteric characteristics. Given the oxygen-rich functionality
and highly porous robust framework, Fe(III)-TA microstructures have demonstrated the
ability to extract Pb+2 present in water, with 99% extraction efficiency. The maximum
adsorption capacity of the sorbent for Pb+2 was found to be 166.66 mg/g. The adsorption
was energetically favorable and followed the linear form of the Langmuir isotherm model.
Moreover, future studies on understanding and controlling the properties of highly porous,
natural, polyphenol-based coordination polymer frameworks, including Fe(III)-TA, have
great potential for the development of safe and innovative bio-based sorbents and will
advance the host−guest chemistry of natural, amphoteric, polyphenol-based coordination
polymer frameworks.
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(c) BHJ desorption dV/dw pore volume; Figure S4. TGA curve for Fe(III)-TA.
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