Journal of Cleaner Production xxx (xxxx) 135006

ELSEVIER

Contents lists available at ScienceDirect
Journal of Cleaner Production

journal homepage: www.elsevier.com/locate/jclepro

Jourrallef,

Cleaner;
0

Selective and efficient extraction of iron from water systems with a

recyclable phytate-polyaniline hydrogel

Chaoyun Tang® ¢, Maricely Ramirez-Hernandez ¢, Belvin Thomas®, Tewodros Asefab ¢ "

a Hoffmann Institute of Advanced Materials, Shenzhen Polytechnic, 7098 Liuxian Boulevard, Shenzhen, 518060, China
b Department of Chemistry and Chemical Biology, Rutgers, The State University of New Jersey, 610 Taylor Road, Piscataway, NJ, 08854, USA
¢ Department of Chemical and Biochemical Engineering, Rutgers, The State University of New Jersey, 98 Brett Road, Piscataway, NJ, 08854, USA

ARTICLE INFO ABSTRACT

Handling Editor: Zhen Leng

Keywords:
Hydrogel
Phytate-polyaniline
Iron extraction
Water treatment
Adsorption

Iron is an essential element for various physiological processes in our body. However consuming excess iron can
affect our health. Thus, any excess iron that may be present in domestic water sources needs to be removed to
make such water useable in the community. In this work, phytate-polyaniline hydrogel is synthesized with a sim-
ple method and then shown to selectively and efficiently adsorb and extract Fe ions (both in 2+ and 3+ forms)
from aqueous solutions. the hydrogel can adsorb 99.94% of Fe from an aqueous solution containing 29.08 mg/L
of Fe3+ ions at pH = 7, and its maximum adsorption capacity for Fe is 0.841 mmol/g. Moreover, the hydrogel
can do so even in the presence of many other common metal ions in water and in a wide pH range. In addition,
the Fe adsorbed in the hydrogel can easily be removed via a simple procedure, and the hydrogel can be recycled

and reused multiple times to remove Fe from aqueous solutions with nearly similar performances as the original

material.

1. Introduction

Iron is the fourth most abundant element on earth. Iron also ac-
counts for over 90% of global metal production and is the most widely
used metal for industrial, commercial, and household purposes (Khadse
et al., 2015; Mao et al., 2021). As a result, a lot of iron makes it into
many water systems worldwide by leaching from iron-bearing rocks,
soil, minerals, and iron-based waste materials (Ma et al., 2018). Fur-
thermore, due to its non-degradability and environmental persistence,
iron can remain or accumulate in water systems beyond acceptable lim-
its for an extended length of time. According to the World Health Orga-
nization (WHO) standard, the permissible limit of iron in drinking wa-
ter is 0.3 mg/L; however, elevated concentrations of iron in fresh
groundwater in the range of 0.5-50 mg/L in some parts of the world
(Ramakrishnaiah et al., 2009; Maneechakr and Karnjanakom, 2017;
Wang et al., 2021a; Prakash and Somashekar, 2006; Wotowiec et al.,
2019) and up to 80 mg/L in many developing countries (Chaturvedi
and Dave, 2012; Chakraborti et al., 2011) are commonly found.

Although the human body needs some iron for various metabolic
processes, including oxygen transport, deoxyribonucleic acid (DNA)
synthesis, and electron transport (Abbaspour et al., 2014), the continu-

ous consumption of excessive iron, if present in drinking water sources,
can cause various health issues, including eye disorder, cancer, skin cell
damage, heart diseases, diabetes, central nervous system disorder, in-
fertility, and hematopoiesis (Lynch et al., 2018). Other problems associ-
ated with excessive iron in domestic indoor and outdoor water supplies
are metallic taste, odor, discoloration, and turbidity. Hence, the treat-
ment of water possessing excess iron is essential to produce a safe and
clean supply of water for household consumption (Das et al., 2007;
Abinandan et al., 2020).

Various methods involving oxidation-precipitation-filtration
processes, adsorption using calcium carbonate-based minerals, separa-
tion through filtration systems, and electrocoagulation have been de-
veloped to remove excess iron present in various water systems (Zhang
et al., 2018; Khatri et al., 2017; Tian et al., 2022). However, many of
these existing methods have limited capabilities in removing small con-
centrations of iron from aqueous solutions. Some of them also exhibit a
low efficiency to remove iron, an insufficient durability, inadaptability
to different pH's, and toxicity (Alimohammadi et al., 2017). Thus, new
methods, especially involving nanomembranes (Le and Nunes, 2016;
Peng et al., 2015; Lu et al., 2021a, 2021b; Zhang et al., 2021), nanopar-
ticles (Qu et al., 2008), nanotubes (Alimohammadi et al., 2017), and
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nanocomposites (Nandeshwar et al., 2016; Li et al., 2021), are currently
being explored to remove iron more effectively from water systems to
acceptable levels. Methods such as dielectric barrier discharge plasma
and ozone oxidation were also recently reported to remove metal ions,
such as iron, from tap water (Khanom and Hayashi, 2021;
Nasrollahzadeh et al., 2021). In other reports, nanoporous membranes
made from graphene and carbon nanomaterials were shown to remove
various pollutants from water and other systems via various adsorbate-
adsorbate interactions (Han et al, 2013; Yap et al, 2021;
Muthusaravanan et al., 2018; Yin et al., 2020; Zhu et al., 2020). The
practical application of such nanomaterials for water treatment is, how-
ever, limited by their inherent susceptibility to aggregate and thereby
lose their adsorption properties (Saleem and Zaidi, 2020). Moreover,
nanomaterials are inherently difficult to remove or recover from aque-
ous systems after their use (Alonso et al., 2013). Besides, the possible
toxicity associated with some of the nanomaterials themselves cannot
be ignored. These issues thus beg for environmentally friendly materi-
als that are easier to use as adsorbents to separate iron from water sys-
tems (Luo et al., 2021).

Phytate, which is a major form of inorganic phosphate ester in plant
seeds, has an excellent binding affinity to iron (Bretti et al., 2012;
Marolt et al., 2020; Yu et al., 2012). Thus, by coupling phytate with
polymers, such as polyaniline (PANI), it is possible to make polymers
possessing the metal-binding properties of phytate (Kim et al., 2017).
Besides, phytate can tailor the structural and surface properties of the
polymer; for example, it can help the polymer behave as a hydrogel and
make it suitable as an adsorbent in aqueous media (Pan et al., 2012; Hu
et al., 2019). However, the potential application of such polymer hy-
drogels for adsorption and extraction of Fe, especially for water treat-
ment, has not been demonstrated before.

We show here, for the first time, that phytate-bound polyaniline hy-
drogel synthesized by a simple synthetic route can effectively remove
iron ions (in form of both Fe2+ and Fe3+) from aqueous solutions in a
wide pH range. The hydrogel's unique, strong affinity to iron ions fur-
ther enables it to selectively remove iron ions even in the presence of
other metal ions that are common in water systems. In other words, the
hydrogel has a much better affinity to iron ions than to other metal
ions, and thus adsorbs the former much more than other ions even
when they co-exist in solutions. Furthermore, the iron ions adsorbed by
the hydrogel can easily be removed via a simple treatment, and the hy-
drogel can be fully recycled and reused as an adsorbent multiple times
without losing its adsorption performance to remove iron.

2. Experimental
2.1. Chemicals

All chemicals and reagents used for the experiments in this work
were purchased from Sigma-Aldrich. They were all used as received and
without further purification.

2.2. Synthesis of hydrogel

Phytate-polyaniline-based hydrogel (also named Hgel) was synthe-
sized via a one-step template-free synthetic method as described else-
where (Pan et al., 2012), with a minor modification. In a typical synthe-
sis, aniline (0.5 mL) and phytic acid solution (1 mL, 50% wt./wt. in wa-
ter) were dissolved in deionized (DI) water (2 mL). This ratio was cho-
sen because it was optimal to produce the hydrogel (Pan et al., 2012).
After ultrasonication for 30 min, a homogenous solution was obtained.
Ammonium persulfate (0.286 g) was dissolved in DI water (1 mL) in a
separate flask to obtain a second solution. The second solution was
poured into the first solution, and the mixture was cooled quickly to
~4 °C in a fridge. The solution was then kept there for 24 h to let the
polymerization and cross-linking reactions involving aniline and phy-

Journal of Cleaner Production xxx (xxxx) 135006

tate occur. The resulting phytate-polyaniline hydrogel was washed with
DI water five times under vacuum filtration to remove any residual acid
or reaction by-products and then dried in an oven at 80 °C. Finally, a
black-green colored powder product (phytate-polyaniline) was ob-
tained. Note that the resulting dried material(s) are called hydrogel as
they can take up a lot of water, besides the Fe ions, and become a gel
again. Such a definition has also been previously used for cross-linked
polymers in dried powder form as long as they can adsorb lots of water
and swell when kept in aqueous solutions.

2.3. Adsorption of iron and other common metal ions by phytate-
polyaniline hydrogel

First, the adsorption properties of phytate-polyaniline toward sev-
eral common metal ions in water systems were studied. For this, solu-
tions containing different types of metal nitrates (0.4 mmol in each
case), namely, iron(IIl) nitrate nonahydrate (Fe(NO3)3+9H,0), cobalt
(ID) nitrate hexahydrate (Co(NOs3),6H,0), nickel(II) nitrate hexahy-
drate (Ni(NO3),6H,0), zinc(I) nitrate hexahydrate (Zn(NO3),6H,0),
copper(II) nitrate hexahydrate (Cu(NO3),-6H,0), manganese(Il) nitrate
hexahydrate (Mn(NO3),6H,0), or magnesium(Il) nitrate hexahydrate
(Mg(NO3)y6H,0), were prepared by dissolving each salt in DI water
(6 mL). Into each of these aqueous solutions, as-synthesized phytate-
polyaniline (100 mg) was dropped, and the mixtures were shaken for a
brief period. The mixtures were then kept under static condition at
room temperature for 6 h, and then filtered. The solid materials were
washed with DI water three times and then ethanol three times under
vacuum filtration to remove any residual ions. The residues were then
dried in an oven at 80 °C overnight. The products were denoted as
Hgel + M,, where M represents Fe, Co, Ni, Zn, Cu, Mn, and Mg, and x
stands for the amount of metal ions in millimole used in each solution
for the adsorption studies.

2.4. Detailed investigation of the adsorption properties of the hydrogel
toward iron ions

To investigate the adsorption properties of phytate-polyaniline hy-
drogel toward Fe in its 2+ oxidation state, a solution of iron(II) nitrate
hexahydrate (Fe(NO3),+6H,0) (0.4 mmol in in 6 mL DI water) was pre-
pared and mixed with the hydrogel with the same procedure as what
was applied for the other metal ions, including Fe(NO5)3+6H,0, above.

The adsorption properties of phytate-polyaniline hydrogel toward
different concentrations of Fe3+ ions in aqueous solutions were investi-
gated by preparing solutions of Fe(NO3)3+9H,0 containing 0.025, 0.05,
0.1,0.2,0.4,0.8,1.2, 1.6, 2.0, 3.0, or 4.0 mmol in 6 mL DI water. These
solutions correspond to initial concentrations of 4.2, 8.3, 16.7, 33.3,
66.7, 133.3, 200, 266.7, 333.3, 500, and 666.7 pmol/mL (or 233, 465,
931, 1862, 3723, 7446, 11169, 14892, 18615, 27922, and 37230 mg/
L), respectively. Each solution was mixed with the hydrogel using the
same procedure as above. The final concentrations of Fe3* ions in the
solutions after the adsorption process (6 h) were determined based on
their intensities at the absorption maximum at 510 nm corresponding
to Fe3* ions in the filtrate, which were measured with a UV-Vis spec-
trophotometer (Lambda 850 UV/Vis, PerkinElmer).

To investigate the effect of pH of the solution on the absorption
properties of the hydrogel toward Fe ions, aqueous solutions of
Fe(NO3)3¢9H,0 (0.025 mmol in 6 mL DI water or ca. 4.17 mmol/L) at
different pH's (namely, 1, 2, 3, 4, 5, 6, 7, and 8) were prepared and used
for the experiments with otherwise the same procedure.
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2.5. Investigation of the recyclability of the hydrogel for extraction of Fe
ions from solutions

2.5.1. Removal of iron from hydrogel

Dried phytate-polyaniline (100 mg) was dropped into an aqueous
solution containing Fe(NO3)3¢9H,0 (0.4 mmol) in DI water (6 mL), and
the mixture was shaken briefly. After keeping it under static condition
at room temperature for 6 h, the mixture was filtered. The solid product
on the filter paper was washed with DI water three times, followed by
ethanol three times, to remove any residual Fe3+ ions. This was fol-
lowed by washing the material over the filter paper under vacuum fil-
tration with an aqueous NaOH solution (1 M, 10 mL), then with DI wa-
ter (10 mL), and finally with an aqueous HCl solution (1 M, 10 mL),
three times in each case. Finally, the solid material was washed with DI
water and dried in an oven at 80 °C overnight. This gave a hydrogel de-
noted as Hgel + Fej 4-Re, where “Re” represents the removal of iron
from the hydrogel.

2.5.2. Recovery of hydrogel

First, Hgel + Fe0.4-Re (100 mg) was taken and dropped into DI wa-
ter (6 mL). Then, phytic acid solution (10 pL, 50% wt./wt. in water)
was added into the solution. After shaking it well, the mixture was kept
under static condition at room temperature for one day6 h. It was then
filtered, and the solid product was rinsed under vacuum filtration with
DI water three times, followed by ethanol three times, to remove any
residual phytic acid on it. Finally, the material was dried in an oven at
80 °C overnight, and the product was denoted as Hgel + Feg4-RC,
where “RC” means recycled (Re-Cycled).

2.5.3. Adsorption of iron with the recovered hydrogel

Hgel + Feg4-RC (100 mg) was dropped into an aqueous solution
prepared from Fe(NO3)329H,0 (0.4 mmol) and DI water (6 mL). The
mixture was shaken well and kept under static condition at room tem-
perature for one day. It was then filtered, and the solid product was
washed with DI water three times, followed by ethanol three times, to
remove any residual ions on it. The solid material was dried in an oven
at 80 °C overnight. The resulting material was named Hgel + Feg 4-
RC + Feo'4.

To evaluate the recyclability of the hydrogel, the above steps (i.e.,
the removal of the adsorbed Fe3+ ions, the recovery of the hydrogel,
and the reloading of Fe3* ions on the recovered hydrogel) were re-
peated three times using the same procedure. The Fe-reloaded hydro-
gels successively were named as “-RL1st”, “-RL2nd”, and “-RL3rd”.

3. Results and discussions
3.1. Synthesis and characterization of phytate-polyaniline hydrogel

Phytate-polyaniline hydrogel, which has a strong ability to effi-
ciently adsorb Fe2+ and Fe3* ions, is synthesized by following a proce-
dure schematically illustrated in Scheme 1. Aniline is polymerized in an
aqueous solution containing phytic acid using sodium persulfate as a
polymerization initiating agent. In the synthesis, the phytate ions
formed from the deprotonation of phytic acid cross-links polyaniline
chains via both electrostatic and hydrogen-bonding interactions. The
process finally produces phytate-polyaniline hydrogel (which is also
called Hgel). As illustrated in Scheme 1, besides serving as a cross-
linker for polyaniline (polymer) chains, phytate has a second important
function: It serve as a chelating agent or ligand for the Fe ions helping
the hydrogel to adsorb these metal ions effectively from solutions, due
to its strong binding affinity for Fe ions than to other metal ions.

The hydrogel is then characterized by various methods, and its ad-
sorption properties toward various metal ions, mainly Fe, in solution
are studied. Its powder X-ray diffraction (XRD) pattern shows an amor-
phous structure (Fig. 1a). The thermogravimetric analysis (TGA) curve
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of the hydrogel (Fig. 1b) shows that the polymer decomposes in air al-
most completely by around 650 °C. N, adsorption/desorption measure-
ments show that the hydrogel has largely microporous and microporous
structures a Brunauer-Emmett-Teller (BET) surface area of 38 m2/g.
Field emission scanning electron microscope (FESEM) images (Fig. 1d
and e) reveal that the polymer has coral-like dendritic/branched
nanofibers with visible macropores and micropores in its structures.
Contact angle measurements using water as a probe liquid on the hy-
drogel (Fig. 1f) show that the drops of water placed on it get quickly
sucked in, indicating its strong hydrophilicity. The presence of phytate
groups in the polymer is evidenced with elemental mapping of phos-
phorus atoms with energy-dispersive X-ray spectroscopy (EDS) in a
transmission electron microscope (TEM) (Fig. 1g).

3.2. Adsorption of Fe and other ions by phytate-polyaniline hydrogel

The ability of the phytate-polyaniline hydrogel to adsorb various
metal ions in aqueous solutions under oxic condition (which means, in
the presence of dissolved oxygen) is then tested. The oxic condition is
applied in the adsorption experiments as it mimics real conditions. Met-
als such as Fe2* ions can undergo oxidation in many real conditions
where there is (dissolved) oxygen. This may in turn affect the adsorp-
tion properties of the hydrogel toward the metal ions. It turns out that
the Fe2* ions tested for the hydrogel's adsorption remains unchanged
even under oxic (real) conditions, as confirmed with Fe2*-specific test
we performed using the FerroZine® assay. As shown in Fig. S1, first, the
hydrogel is immersed in a series of solutions containing several com-
mon metal ions in water systems, namely, Fe3*, Co2*, Ni2*, Zn2+,
Cu?*, Mn2+, and Mg?* ions in deionized (DI) water, containing the
same concentration of metal ion and ionic strength. After 6 h, thor-
oughly washing the materials with DI water and then ethanol under
vacuum filtration, dried in an oven at 80 °C overnight before being ana-
lyzed. The resulting phytate-polyaniline materials containing metals,
(i.e., Hgel + M,, where M represents Fe, Co, Ni, Zn, Cu, Mn, or Mg, and
x is the amount of metal ions in millimole used in the solutions) are
characterized.

The powder X-ray diffraction (XRD) patterns of all dried metal-
loaded hydrogels are like that of pristine hydrogel (see Fig. S2). No-
tably, they all show no crystalline peaks. These results suggest that the
hydrogel largely maintains its overall structures after adsorbing metals
and that the metal ions adsorbed in it do not form crystallites. This is
true even for those Hgel + M, hydrogels obtained by stirring Hgel with
a high concentrations of metal ions or those containing the largest
amount of Fe3+ ions. However, as the species forming from the metals
such as Fe can also form poorly crystalline metal oxides, hydroxides, or
other phases, the absence of XRD peaks does not necessarily rule out the
presence of such materials.

Thermogravimetric analysis (TGA) of the metal-loaded materials is
performed in an air atmosphere, and the results are displayed in Fig. 2a.
The TGA curve of Hgel + Fe, 4 shows that the weight of the residue of
this metal-doped hydrogel at 800 °C is 20.63%. However, the TGA
curves of pristine hydrogel (Hgel-Pristine) and the hydrogels containing
other metal ions (Hgel + M,) show that they all have residues with
weight percent of ca. 0.002%. Note that this weight percent corre-
sponds to the mass of non-decomposable, non-gaseous material (i.e., Fe
species and/or carbon). The results thus show that the amount for
Hgel + Fey, is much larger than those of Hgel-Pristine Hgel + M,.
These results indicate that Hgel hydrogel has a much greater preference
to adsorb Fe ions to many other metal ions.

For further comparison, two more hydrogels are prepared, one by
mixing Hgel with all metal ions together in the same solution and an-
other by mixing Hgel with all metal ions except Fe ions. The two hydro-
gels are analyzed by TGA (Fig. S3). While the residue of the former at
800 °C has a weight of 26.05%, that of the latter has a weight of only
1.39%. This substantial difference in the weights of residue of these two
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Scheme 1. A schematic of the synthetic procedure leading to phytate-polyaniline hydrogel (Hgel) and its selective and efficient adsorption of Fe2* and Fe3* ions
from aqueous solutions are shown. The recyclability and reuse of the hydrogel as an adsorbent in multiple cycles for the treatment of water containing excessive

iron ions is also illustrated.

materials is obviously caused by Fe, which is also confirmed by ICP-OES
analysis (see below). So, this result clearly corroborates the remarkable
ability of the Hgel hydrogel to adsorb and extract Fe from aqueous solu-
tions even in the presence of many other common metal ions.

Inductively coupled plasma optical emission spectroscopy (ICP-
OES) is used to determine the exact amounts of each metal adsorbed by
the hydrogels. The results, along with the final weights of the residues
of the hydrogels in the TGA curves at 800 °C, are provided in Fig. 2. The
values obtained by ICP-OES are expectedly much lower than the
weights of the residues of each material at 800 °C because the residues
of the materials in the TGA involve the transformation of metals to
metal oxides as well as the formation of carbon black via the carboniza-
tion of the polymer, especially in the presence of metals (Zhang et al.,
2014; Wang et al., 2016; Yan et al., 2002). The Fourier transform in-
frared (FTIR) spectra of all metal-loaded hydrogels (Fig. S4) largely
show similar bands to that of pristine hydrogel, except for the peak at
ca. 1384 cm™! in the former. The peak at ca. 1384 cm™! relates to
O=P-0-M metal-polymer conjugate bonds, implying the phytate is the
main site through which the metal ions bind or get adsorbed (Tang et
al., 2022; Wang et al., 2021b).

The TGA curves of hydrogels loaded with Fe2* or Fe3+ jons (Fig. S5)
look similar, indicating that phytate-polyaniline hydrogel appears to
possess similar adsorption properties toward both types of Fe ions. In
other words, this hydrogel is very effective to adsorb and remove iron

in both of its oxidation forms from aqueous solutions. For convenience,
all discussions hereafter thus focus only on Fe3* ions, unless mentioned
otherwise. It is worth adding that even if the Fe2* ions tested in the ex-
periments are performed in oxic condition, they remain not oxidized, as
confirmed with Fe?*-specific test we performed using the FerroZine®
assay.

To investigate the adsorption capacity of the hydrogels for Fe ions in
a wide concentration range, solutions of Fe3+ ions with concentrations
in the range of 3.125 pmol-4 mmol of Fe3+ in 6 mL are prepared and
used for the test in two different ranges. The first range tested is be-
tween 0.025 and 4.0 mmol in 6 mL, and the TGA curves of the hydro-
gels (Fig. 3) show that the ones mixed with solutions with larger
amounts of Fe ions give higher amounts of residues at 800 °C. However,
after reaching a maximum weight of 24.85%, which is for the hydrogel
stirred with a solution of 1.6 mmol Fe3* in 6 mL DI water, the final
weights of the residues start to decrease even if the amount of Fe in the
solution is increased.

Meanwhile, the ICP-OES results show that the amount of Fe in the
hydrogels increases until it reaches a maximum value of 4.26 wt%,
which corresponds to the hydrogel mixed with a solution of 0.8 mmol
Fe3* in 6 mL DI water. Fig. S6 also shows that the amount of Fe3* ions
adsorbed in the hydrogel increases at first, due to the increased concen-
tration gradient (Gongming et al., 2014). It then reaches a maximum
value (0.841 mmol/g) when the concentration of Fe3* ions is increased
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Fig. 1. (a) Powder X-ray diffraction (XRD) pattern, (b) thermogravimetric analysis (TGA) curve, (c) N, gas adsorption-desorption isotherm, (d,e) field emission
scanning electron microscopy (FESEM) images, (f) contact-angle measurement using water drops, and (g) TEM and elemental mapping images obtained with
energy-dispersive X-ray spectroscopy in TEM of phytate-polyaniline hydrogel (Hgel).
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mined by ICP-OES, are displayed.

to 0.8 mmol in 6 mL DI water. Thereafter though, the adsorption of
Fe3* ions in the hydrogel decreases, indicating that excess amount of
Fe3* ions in solution makes the hydrogel's ability to adsorb the metal
ions decrease. Nevertheless, this drop in the adsorption capacity of the
hydrogel for Fe, when the amount of Fe ions increases from 3.0 to
4.0 mmol in 6 mL DI water, is very small, i.e., from 0.697 to

0.691 mmol/g. And this is only because the hydrogel gets statured by
Fe species more when the amount of Fe3+ in the solution is increased.

The second range of concentrations of Fe3+ ions used for the studies
is 29 to 3723 mg/L (which correspond to 3.125 pmol to 0.4 mmol of
Fe3+ jons in 6 mL). This entails an important range especially given
that the concentrations of Fe ions in water systems that are subjected to
treatment are usually <1000 mg/L (Khatri et al., 2017). The digital im-
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ages of solutions containing different concentrations of Fe3* ions be-
fore and after being mixed with the hydrogel are provided in Fig. 4a.
And the efficiency of the hydrogel to remove Fe from the solutions is
provided in Fig. 4b. Notably, the hydrogel's efficiency to remove Fe
from a solution with an initial concentration of Fe3* ions of 29.08 mg/L
is found to be 99.94%. It is evident that the percentage of Fe that the
hydrogel removes expectedly decreases as the initial concentration of
Fe in the solution is increased, because the polymer gets saturated more
quickly.

As pH is one of the most critical parameters that can affect the ad-
sorption of metal ions from solutions, the effects of the initial pH of the
solution in the range of 1-8 on the phytate-polyaniline-based hydrogel's
ability to remove Fe3* ions from aqueous solutions are then studied
(Fig. S7). The initial concentration of Fe3* ions is kept as 232.69 mg/L,
which is chosen based on a previous report (Khatri et al., 2017). The pH
is adjusted with 0.1 M HNOs, 0.1 M NaOH, and 0.1 M NH,OH solu-
tions, and without using a buffer. And the adjustment is done after addi-
tion of Fe3* jons into the solution, and higher pH's, such as pH 11, are
not used to avoid the formation of precipitates. Graphs of final concen-
trations of Fe in the solutions in mg/L or the efficiency of the hydrogel
to remove Fe ions versus the initial pH of the solutions are shown in Fig.
S7. When the initial pH of the solution is between 5 and 8, the efficiency

of the hydrogel to remove Fe is >99%. When the initial pH of the solu-
tion is set at 3, the hydrogel's adsorption capacity is dropped slightly (to
98-99%), which suggests that lower pH slightly reduces the hydrogel's
ability to remove Fe ions. Nevertheless, phytate-polyaniline hydrogel
still has a very high adsorption capacity for Fe (>98%) in a wide pH
range, making it a unique adsorbent for Fe in solutions compared with
many adsorbents previously reported for Fe ions (see Table S1).

3.3. Recyclability of phytate-polyaniline hydrogel as an adsorbent

Finally, we have developed a straightforward method to recycle the
hydrogel and reuse it as an adsorbent to extract Fe in water systems
many times. The method involves washing the Fe-loaded hydrogel with
an alkaline solution, followed by an acidic solution, while the sample is
on a filter paper. The XRD pattern of the Fe-loaded hydrogel washed
with NaOH solution (1 M) under vacuum filtration (Fig. 5a) shows
peaks that are typical of Fe(OH)3 (JCPSD card No. 22-0346) (Huo et al.,
2019; Mizukoshi et al., 2009). This indicates that the Fe ions in the hy-
drogel transform to Fe(OH); after being treated with an alkaline solu-
tion. After the hydrogel is subsequently washed with an aqueous HCI
solution (1 M) and dried, though, its XRD pattern no longer shows the
XRD peaks associated with Fe(OH);. The TGA curve of the base- and
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Fig. 4. (a) Digital images of different concentrations of Fe3* ions in aqueous solutions and their mixtures with phytate-polyaniline hydrogel (100 mg), right after
mixing and after keeping the mixtures under static condition for 6 h, are shown. In the latter case, the solutions are visibly clearer indicating the removal of the
Fe3* ions from the solutions by the hydrogel. (b) The corresponding initial and final concentrations of Fe3* ions in the solutions (in mg/L) before and after being
mixed with the hydrogel. The efficiency of the hydrogel to remove Fe3* ions from the solutions with different initial concentrations, which is also given in mmol in

6 mL solution as shown in (a), are also displayed.
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Fig. 5. (a) XRD patterns of phytate-polyaniline hydrogel mixed with 0.4 mmol Fe3+ ions in 6 mL DI water, before and after successive treatments with NaOH and
HCI solutions. (b) TGA curves of phytate-polyaniline hydrogel after three cycles of adsorption of Fe3* ions and then washing. Note that, in the names of the hydro-
gels, “RC” represents the recycled hydrogel, and RL represents the Fe-“reloaded” hydrogel in the names of the materials. (c) FTIR spectra of phytate-polyaniline hy-
drogel after recycling and re-adsorbing Fe3* ions. (d) FTIR spectrum showing only the region between 1300 and 1500 cm™1.

then acid-treated hydrogel in air atmosphere (Fig. 5b) shows a final
residue at 800 °C of only 0.01 wt%. These results indicate that the Fe
adsorbed in the hydrogel can be removed by converting it to Fe(OH);
with an alkaline solution, and then dissolving and washing off the
Fe(OH); with an acidic solution via the following reactions: Fe3*
(aqQ) + OH- — Fe(OH);(s) and Fe(OH);(s) + 3H*(aq) — Fed+
(aq) + 3H,0(1). This is corroborated by the disappearance of the peak
at ca. 1384 cm! in FTIR spectra of the acid-washed hydrogel, the peak
corresponding to Fe-O bonds that is seen in the FTIR spectrum of the
original Fe-loaded hydrogel (Fig. 5¢ and d) (Hernandez-Alvarado et al.,
2016). ICP-OES analysis of the recycled hydrogel recovered using a fil-
ter paper also shows only 0.049 wt% Fe, which is small, further con-
firming the near-complete removal of Fe from the hydrogel with such a
simple washing procedure involving an alkaline solution, followed by
an acidic solution.

The recycled hydrogel is mixed with Fe3* ions by stirring it with a
fresh solution containing 0.4 mmol Fe3* ions in 6 mL DI water. The
TGA curve of the resulting material gives a residue at 800 °C with
weight of 20.95 wt%. The FTIR spectrum of the material shows, once
again, the peak at ca. 1384 cm~! corresponding to Fe-polymer conju-
gate. ICP-OES analysis indicates that Fe adsorbed by the recycled hy-
drogel is 4.24 wt%, which is similar to the amount adsorbed by the
same hydrogel in the first cycle. Even after recycling it three times with
the same procedure, the hydrogel shows a similar TGA curve to the
other ones (Fig. 5b). Similarly, ICP-OES analysis of the hydrogel that is

recycled and reloaded with Fe three times shows that it possesses
4.19 wt% Fe. These results collectively indicate that the recycled hy-
drogel has similar structural and compositional features and adsorption
properties as the original one. The results also demonstrate the recovery
and recyclability of the hydrogel, along with its unique adsorption
properties for Fe.

The hydrogels recovered after a few cycles are characterized further
by FESEM to investigate the possible changes in their structures and
morphologies during the recycling process (Fig. 6). While the pristine
hydrogel shows coral-like micro-structures with some nanoparticles on
its surfaces, the one treated with a solution of 0.4 mmol Fe3* ions in
6 mL DI water shows expanded structures and surfaces with less visible
nanoparticles. After subsequent recycling, the structures shrink and
more nanoparticles are visible on the surfaces of the hydrogel. After re-
adsorption with Fe3* ions in the second cycle, the hydrogel shows simi-
lar structures as the first case. Overall, phytate-polyaniline hydrogel
largely maintains its structural features during the recycling process, af-
ter it adsorbs and extracts Fe3* ions from aqueous solutions and then
recovered and recycled using via filtration over a filter paper. Even af-
ter three cycles, the hydrogel still retains the typical microstructures of
the pristine one (Fig. S8), further proving its excellent recyclability.



C. Tang et al. Journal of Cleaner Production xxx (xxxx) 135006




C. Tang et al.

Journal of Cleaner Production xxx (xxxx) 135006

Fig. 6. FESEM images of phytate-polyaniline hydrogel before and after being subjected to multiple recycling steps as an adsorbent: (a,b) Hgel-pristine, (c,d)
Hgel + Feg 4, (e,f) Hgel-RC, and (g,h) Hgel-RC + Feq 4. The yellow circled areas in b and f show some nanoparticles.

4. Conclusions

In conclusion, phytate-polyaniline-based hydrogel is synthesized by
a simple method and demonstrated to efficiently adsorb and extract
both Fe2+ and Fe®* ions from aqueous solutions. Furthermore, the hy-
drogel could do so selectively to iron ions even if various other common
metal ions were co-present in the solutions. The hydrogel could adsorb
as high as >99.94% Fe(III) ions from solutions, and the adsorption ca-
pacity of the hydrogel for Fe was found to be at least 0.841 mmol/g. A
simple method has also been developed to recycle the hydrogel and
reuse it many times as an adsorbent for Fe ions in solutions. Even after
three cycles, the recovered hydrogel could adsorb Fe ions as effectively
and selectively as the original one. The high adsorption capacity, recy-
clability, and selectivity to iron ions would all make this phytate-
polyaniline hydrogel a promising cost-effective adsorbent for treating
water sources containing excess Fe ions.
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