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Soybean hulls are one of the by-products of soybean crushing and find application
mainly in the animal feed sector. Nevertheless, soybean hulls have been already exploited
as source of peroxidase (soybean peroxidase, SBP), an enzyme adopted in a wide
range of applications such as bioremediation and wastewater treatment, biocatalysis,
diagnostic tests, therapeutics and biosensors. In this work, the soybean hulls after the
SBP extraction, destined to become a putrescible waste, were recovered and employed
as adsorbents for water remediation due to their cellulose-based composition. They were
studied from a physicochemical point of view using different characterization techniques
and applied for the adsorption of five inorganic ions [Fe(lll), Al(ll), Cr(Ill), Ni(ll), and Mn(1l)] in
different aqgueous matrixes. The behavior of the exhausted soybean hulls was compared
to pristine hulls, demonstrating better performances as pollutant adsorbents despite
significant changes in their features, especially in terms of surface morphology, charge
and composition. Overall, this work evidences that these kinds of double-recovered
scraps are an effective and sustainable alternative for metal contaminants removal
from water.

Keywords: soybean hulls, adsorption, wastewater treatments, scrap reuse, metals

INTRODUCTION

The origin and early history of soybeans are unknown, but some agronomic publications recorded
origins of soybeans back to 2800 B.C. in China. Soybean (Glycine max) is an annual crop and
today represents one of the major industrial and food crops grown in every continent (Bekabil,
2015), reaching a global production of over 360 million metric tons in 2018-2019 (USDA, 2019).
Soybean hulls are one of the by-products of soybean crushing, a necessary step to produce soybean
oil and meal (Poore et al., 2002; Scapini et al., 2018). Hulls represent around 8% (w/w) of the seed
(Middelbos and Fahey, 2008; Robles Barros et al., 2020) and find application mainly in the animal
feedstuff sector, due to their low nutrient value (Li et al., 2011; Balint et al., 2020; Robles Barros
et al., 2020). When such use is not possible, hulls are burnt to recover heat or disposed in landfill as
putrescible waste (Robles Barros et al., 2020). According to previous works, they are constituted
by variable amounts of cellulose (38-51%), hemicellulose (20-25%), lignin (4-8%), pectin
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(4-8%), proteins (11-15%), minor components (fatty acids,
waxes, terpenes, essential oils, aromatic compounds, residual
sucrose), and a little fraction of ashes (Wartelle and Marshall,
2000; Rojas et al., 2014).

One of the potential uses of soybean hulls in bio-chemistry
field is their treatment to extract the soybean peroxidase
(SBP). This enzyme is quite similar in structure and properties
to the well-known horseradish peroxidase (HRP), adopted
in a wide range of applications such as bioremediation and
wastewater treatment, biocatalysis, diagnostic tests, therapeutics,
and biosensors (Lopes et al., 2014; Krainer and Glieder, 2015).
Respect to HRP, SBP shows a higher stability and a lower
susceptibility both to thermal and chemical inactivation, making
it suitable for biotechnological applications (Ryan et al., 2006;
Steevensz et al.,, 2014; Al-Maqdi et al., 2018; Bilal et al., 2018;
Donadelli et al., 2018; Sadraei et al., 2019; Yang et al., 2019). In a
previous study regarding the prospects for a large-scale soybean
peroxidase commercialization, Hailu et al. (2010) suggested that
investments in an SBP extraction facility can be economically
advantageous, estimating that, in a 0.5 ha plant, 6.2 metric tons
of hulls can generate 0.56 billion units of crude SBP with a total
annual revenue of 5.1 millions of CADS.

Another possible way to valorize the soybean hulls is
their application as adsorbents of metal ions or organic
molecules (among others, those indicated as Contaminants of
Emerging Concerns) in polluted waters. The presence of these
species in water bodies represents one of the most concerning
environmental issues for their detrimental repercussions on
aquatic organism, plants, human health, and climate changes
(Inyinbor Adejumoke et al, 2018). Within the scientific
community, many efforts have been devoted to the development
of different methods to solve this problem. Adsorption on
biomasses results one of the most convenient solutions for
two aspects: the adsorption does not favor secondary pollution
if used with organic contaminants (i.e., transformation of the
toxic substances into other kinds of polluting products) and
it is a suitable method for capturing metal ions. In addition,
the employment of residual biomasses is a key factor in a
perspective of recycle and reuse. Carbon-based compounds,
such as activated carbons, graphene, or graphene-oxides (De
Gisi et al,, 2016; Wang et al, 2018; Ali et al, 2019), and
(hydro)oxide-based materials like SiO,, Al,O3, zeolites, clays,
etc. (Chen et al,, 2017; Shi et al., 2020) have been widely
described in the literature. More recently, supported humic-like
substances, natural polysaccharides (as chitosan, alginate, starch,
cellulose), but especially various types of agricultural/domestic
scraps have been exploited for adsorption purposes (Dai et al.,
2018; Singh et al., 2018; Tummino et al., 2019, 2020). In
this context, soybean hulls, rich of hemicellulose and cellulose,
containing oxygenated functional groups including carbonyl
groups, hydroxyl groups, and ethers, can bind heavy metal
ions and organic pollutants by different kinds of interaction
(chelation, complexation, coordination, formation of hydrogen
bonds). A short, but representative, list of substances removed by
soybean hulls-based adsorbents, as reported in the literature, is
shown in Table 1.

TABLE 1 | Inorganic ions and organic substances removed by adsorption with
soybean hulls.

Substrates References Hulls
pretreatments
Zn(ll), Cu(lly, Ni(lny (Marshall and Different washings
Johns, 1996; and/or citric
Marshall et al., acid-modification
1999)
Po(ll) (Lietal, 2011) Citric
acid-modification
Cr(VI) (Sheng-quan No treatments
etal, 2012)
Hag(ll) (Rizzuti et al., No treatments
2015)
Safranin T, Remazol brilliant (Rizzuti and No treatments

blue R, direct violet 51
BF-4B reactive red dye

Lancaster, 2013)

(Mddenes et al.,
2019)

(Honorio et al.,
2016)

(Fieira et al., 2019)

No treatments
BF-5G reactive blue dye No treatments

Methylene blue No treatments

Hormones (Honorio et al., No treatments
2019)

Herbicides (Diuron and (Takeshita et al., No treatments

Hexazinone) 2020)

Moreover, in a previous paper, Marshall and Wartelle (2006)
carried out modifications to make hulls act as dual-functional
ion exchange resins and enhance their adsorbing properties,
imparting a specific surface charge by reaction with citric acid
(negatively charged) or choline chloride (positively charged).

Soybean hulls have been also considered as source of carbon
(obtained by either thermal or chemical transformations) for
the production of micro-mesoporous adsorbents (Girgis et al.,
2011), biofillers (Balint et al., 2020), and can potentially be
employed in those fields where carbons are required as active
substrates for electrochemistry, electronics and biomedicine
(Thiha et al, 2019; Sun et al, 2020; Wang C. et al., 2020).
Finally, also cellulose and other polysaccharides, constituting the
lignocellulosic hull biomass and obtained after proper extraction
processes (Camiscia et al., 2018; Wang S. et al., 2020), can find
outlet in different branches of biotechnology (food, medicine,
bioremediation, paper industry, etc.) and of biorefinery, since
they can be converted to biopolymers, bioethanol or even to fuels
with high commercial value (Cassales et al., 2011; Camiscia et al.,
2018; Dall Cortivo et al., 2020; Wang S. et al., 2020).

Given the benefits of promoting soybean hulls revalorization,
this study is framed in the context of circular economy,
aiming to (i) recover and reuse soybean hulls at the very end
of their lifecycle after being subjected to the treatments for
SBP extraction; (ii) study the physicochemical properties and
adsorbing features of the treated hulls, also in comparison
with the untreated ones. For these purposes, soybean hulls
were characterized and tested toward solutions of the following
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inorganic ions, Fe(III), AI(III), Cr(III), Ni(II) and Mn(II), in
different aqueous matrixes, namely pure water, potable waters
and landfill leachate.

MATERIALS AND METHODS

All the reagents were purchased from Merck Life Science S.r.l
(Italy) and used without further purification. All the experiments
were performed in triplicate.

Preparation

For the extraction of soybean peroxidase (SBP) (Tolardo et al.,
2019), the seeds were peeled, and the obtained hulls were stored
at —12°C until use. SBP was extracted and purified by a process
based on a previously published method (Calza et al., 2016):
100 g of soybean hulls were ground in a mortar, added to 600 mL
of phosphate buffer (0.025M, pH 7) and left under stirring for
2h at room temperature. Then, the hulls were separated from
the solution by filtration with a cotton gauze and subjected to
the same treatment until the filtrate gave a negative response
to enzymatic activity test for SBP. The hulls were successively
dried at room temperature, cooled by N; at 77K to favor their
grinding and, then, homogenized in a mortar. Hulls not subjected
to SBP extraction were homogenized in the same way and used as
reference samples. In this paper, treated and untreated hulls were
labeled SBH-A and SBH-B, respectively, where A and B stands for
“After” and “Before” the extraction.

Characterization

¢-potential measurements were performed on a Zetasizer
(Malvern Instrument, Malvern, UK). The ¢-potential values were
measured using principles of laser Doppler velocimetry and
phase analysis light scattering (M3-PALS technique). All the
suspensions were prepared by dispersing 10 mg of powder in
20 mL of double distilled water. The pH values were adjusted
in a range of 2-10 by addition of 0.1 M HCI or 0.1 M NaOH
aqueous solutions.

Attenuated total reflectance Fourier transform infrared
(ATR-FTIR) spectra (16 scans/spectrum, 4 cm™! resolution)
were collected using a Universal ATR Sampling Accessory
assembled in a Perkin-Elmer Spectrum 100 Fourier transform
infrared spectroscope.

Scanning Electron Microscopy (SEM) analysis was carried
out using a ZEISS EVO 50 XVP with LaBg source, equipped
with detectors for secondary electrons collection and an Energy
Dispersive X-ray Spectrometry (EDS) probe for elemental
analyses. Samples were covered with a gold layer of ~15nm of
thickness before the analysis to prevent charging (Bal-tec SCD050
sputter coater).

Surface area and pore volumes were obtained by N
adsorption at 77K in an ASAP2020 gas-volumetric apparatus
(Micromeritics, Norcross, GA, USA). The samples were
previously outgassed overnight at 100°C until a standard
residual pressure of 1072 mbar was stably present in the
outgassing system. The specific surface area of soybean hulls
was calculated by the Brunauer-Emmett-Teller (BET) method
(Brunauer et al., 1938).

The release of substances from SBH-A and SBH-B
(1,600 mg L) in MilliQ® water at pH 5 and 7 was monitored.
After stirring for 24h, hulls were separated by filtration in a
Biichner funnel and the amount of each metal ion in solution was
determined by Inductively Coupled Plasma Optical Emission
Spectrometry (ICP-OES), model Optima 7000 DV (Perkin Elmer,
Waltham, MA, USA), equipped with a crossflow nebulizer, a
Scott spray chamber and a double monochromator (prism and
Echelle grating). The instrumental conditions were: plasma
power 1.3 kW, sample aspiration rate 1.5mL min~!, argon
nebulizer flow 0.8L min~!, argon auxiliary flow 0.2L min~!
and argon plasma flow 15L min~!. Moreover, in order to
follow the simultaneous loss of organic substances, UV-visible
spectra of the same solutions were recorded by an UV-visible
spectrophotometer CARY 100 SCAN (Varian, Palo Alto, CA,
USA) with a sample quartz cell of 1 cm path length.

Adsorption/Desorption Experiments
Following a previously reported procedure for the adsorption
of metallic ions (Tummino et al, 2019), aqueous solutions
(75mL) of Iron, Aluminum, Nickel, Manganese and Chromium
ions, prepared by concentrated commercial standards Tritisol®
in MilliQ® water [respectively, FeCls, AI(NO3)3-9H,0, NiCl,,
MnCl,, CrCl3], were put in contact at 25 £ 1°C with
soybean hulls in a beaker and left under mechanical stirring
throughout the measurement. During the experiments, pH and
temperature were continuously monitored by means of a pH
electrode and a thermometer introduced in the beaker. At
different times, 10 mL of suspension were withdrawn and filtered
with a cellulose filter (0.45 wm, Minisart, Sartorius, Gottingen,
Germany) supported on syringes with plungers devoid of rubbery
parts (BD DiscarditTM) to remove the adsorbent. After filtration,
10 wL of ultrapure HNOj3 (65%, Suprapur®, Merck) were added
to each sample and the solutions were stored at 4°C until
further analysis. Inorganic ions concentration was determined
by Inductively Coupled Plasma Optical Emission Spectrometry
(ICP-OES), adopting the conditions previously described.

Initial tests were carried out by adding SBH-A or SBH-B at
different concentrations (800 and 1,600 mg L) for 1 or 24h
to a solution containing all the metallic species: Fe(III), AI(III),
Ni(IT), Mn(II), and Cr(III) (1 x 10> M for each ion). The pH
was modulated by adding NaOH or HNO3 solutions (0.2 M) in
order to reach the stable pH value of 5, chosen after preliminary
tests (not shown) to ensure the adsorption process without
incurring precipitation problems. Then, for the most efficient
system, namely SBH-A, the adsorption properties were studied
more deeply in presence of: (i) solutions of a single inorganic
ion (1 x 10~* M) at pH 5; (ii) solutions of Cr(III) at different
concentrations (from 1 x 1073 to 2 x 107! mM) to construct
the adsorption isotherm at pH 5 and 25°C; (iii) potable waters
tested without any modification (pH 7.5); (iv) a landfill leachate
tested without any modification (pH 5.6).

The experiments with potable waters and landfill leachate
were performed for 6h of contact time in order to optimize
adsorption while maintaining the manipulation of the leachate
within a typical working day (for safety reasons), in accordance
with a previous procedure with similar samples (Tummino et al.,
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2019). The potable waters, obtained from different municipal
wells, and the landfill leachate were supplied by Acea Pinerolese
Industriale S.p.A., a waste treatment facility connected with a
water depuration plant located in Pinerolo, Italy.

The desorption tests were performed on SBH-A, recovered by
filtration in a Biichner funnel after a 24 h-adsorption experiment
in presence of the mixed ions solution (ions concentration: 1
x 107> M for each ion and hulls concentration: 1,600 mg L™1).
The desorption was conducted with two different solutions: (i)
MilliQ® water at pH 5 and (i) MilliQ® water at pH 5 containing
NaCl salt in a 1:1 concentration ratio. The obtained suspensions
were left under stirring for 24 h, then the hulls were separated
from the solution by filtration. The ion concentrations in filtered
solutions have been determined by ICP-OES.

RESULTS AND DISCUSSION

Hulls Characterization

The treatment employed for SBP extraction clearly modified
the macroscopic aspects of hulls. The most visible effect was
the adhesion of the SBH-A hulls to each other, not observable
in SBH-B. This characteristic was assessed by measuring the
hulls thickness by a digital thickness gauge on a casual and
representative set of samples before grinding: the thickness values
were 100 & 30 wm for SBH-B and 533 4 160 wm for SBH-A.

In order to better define the surface and structural
modification induced by the SBP extraction process, SBH-
A samples were characterized by means of g-potential
measurements, ATR-FTIR analysis and electron microscopy,
whose relative results were compared with SBH-B properties.

¢-Potential

¢-potential of SBH-A and SBH-B samples suspended in double
distilled water were measured at different pH values. These
measurements indicated that the surface of both the samples
was always negatively charged also at acidic pH, approaching the
point of zero charge at pH close to 2 (Figure 1). Moreover, the
process for SBP extraction clearly influenced the surface of the
hulls since the ¢-potential values of SBH-A are less negative than
those recorded for SBH-B in the whole pH range, suggesting
that the phosphate buffer is able in removing substances with
a low pKa, which are negatively charged in a large range of
pH values and therefore resulting more soluble than other not-
charged substances (see release of organic matter in paragraph
Release From SBH-A and SBH-B). The strong impact of this kind
of pretreatment has been already ascertained by Giri et al. (2017)
who observed the modification of physical structure and thermal
stability of soybean hulls subjected to pyrolysis.

ATR-FTIR Measurements

ATR-FTIR spectrum of pure SBP enzyme (Figure 2) displayed
absorbance bands between 3,000 and 3,500 cm ™! attributed to
the N-H and O-H stretching modes, respectively, whereas the
C-H asymmetric stretching was observed around 2,930 cm™!.
Bands at 1,645 and 1,530 cm™! were ascribed to the amide I
and amide II absorbance bands, respectively (Torres et al., 2017).
The amide I band is mainly associated with the C=0 stretching

—a— SBH-B
—e— SBH-A

-5

A
o
L

s

&
[$)]
1

¢ potential (mV)

-25

-30 4

FIGURE 1 | ¢-potentials of SBH-B and SBH-A at different pH values.
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FIGURE 2 | ATR-FTIR spectra of SBP commercial sample, SBH-B and
SBH-A. Main vibrational modes observed in the spectra are indicated in the
figure.

vibrations of the peptide bonds and it is closely correlated to the
protein secondary structure, whereas amide II results from the
N-H bending vibration and the C-N stretching vibration (Barth,
2007). The region between 1,200 and 1,400 cm~! involved mainly
C-H bending modes (Torres et al., 2017), whereas the signal at ca.
1,050 cm ™! was associated to O-H™ -0 stretching or bending of
hydrated protons in proteins (Barth, 2007).

In general, ATR-FTIR spectra of hulls showed a broad band
between 3,000 and 3,500 cm ™! of the N-H and O-H stretching

Frontiers in Chemistry | www.frontiersin.org

August 2020 | Volume 8 | Article 763


https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Tummino et al.

Adsorbing Properties of Soybean Hulls

modes, the peaks at 2,920 and 2,850 cm™! were attributed
to -CH, asymmetric and symmetric stretching vibrations,
respectively (Chandane and Singh, 2016). The peak at 1,740 cm ™!
represents the carbonyl group (-C=0) stretching (Chandane and
Singh, 2016), typical of ligno-cellulosic materials (Widiarto et al.,
2019). The signal at 1,640 cm~! (for SBH-B) and 1,620 cm™!
(for SBH-A) was associated to C=0 stretching vibrations of the
peptide bonds, if present, (Torres et al., 2017), to olefinic C=C
stretching vibration (Qin et al., 2011) and to Sgon vibrations
of molecularly adsorbed water (Widiarto et al., 2019). The peak
at 1,540 cm™! was due to N-H bending vibration and C-N
stretching related to proteins (Torres et al, 2017) and/or to
aromatic ~-C=C- stretching, which are vibrations mainly related
to the ligno-cellulosic backbone (Chandane and Singh, 2016).
At 1,420 and 1,370 cm™! there are the regions of CH, bending
vibration and deformation of C-H in aromatic ring (Widiarto
etal., 2019). The broad band centered at 1,010 cm ™! was assigned
to ether (-C-O-C-) stretch (Chandane and Singh, 2016) and the
peak at 870 cm™! was attributed to glycoside bond of cellulose
(Widiarto et al., 2019). The most remarkable differences between
spectra of SBH-B and SBH-A concerned: (i) the peaks between
2,920 and 2,850 cm™!, sharper in the case of SBH-A; (ii) the
intensity of the peak at 1,740 cm™! of the carbonyl group
(-C=0), stronger for SBH-A; (iii) the shift of the peak at 1,640
to 1,620 cm~! and the decrease of the signal at 1,540 cm™! in
the case of SBH-A. These evidences suggested that the peptidic
portion on the surface hulls was almost completely lost after the
SBP extraction treatment, whereas the ligno-cellulosic backbone
signals became prevailing.

Morphological Characterization

Nitrogen adsorption at 77 K revealed a very low surface area,
<1 m? gL, for both treated and untreated samples. On the
other hand, SEM micrographs (Figure 3) confirmed the surface
modifications highlighted before showing evident morphological
differences between SBH-A and SBH-B. Indeed, SBH-B had a
rough surface with some cavities (Chandane and Singh, 2016)
and scales with a diameter comprised between 5 and 10 pm. After
the SBP extraction, the hull surface structure seemed to collapse,
the section appeared more compact and the order constituted by
the scales was lost.

Release From SBH-A and SBH-B

The release of the metal ions involved in this study was
detected at pH 5 and 7 after the hulls were soaked in pure
water for 24h (Table 2), in order to probe the metal content
which could interfere in the adsorption/desorption tests. The
reproducibility of the results is confirmed by low percent relative
standard deviation (RSD %) which was always <5%. SBH-B
released a higher content of metals than SBH-A, confirming
that SBP extraction procedure resulted in the removal of
impurities present in the ligno-cellulosic structure of the hulls.
Relevant amounts of iron, aluminum and, to a lesser extent,
manganese were found in solution, in accordance to their
ubiquitous presence as essential elements for living matter and
their widespread diffusion in soils (Spehar, 1994; Noya et al.,
2014). At increasing pH, the release process became less favorite.

Nevertheless, in all cases, the amount of metals detected in
the solution was lower than the concentration used in the
adsorption tests to evaluate hulls’ sequestrating capacity. The
aqueous solutions were further analyzed by means of UV-vis
technique, in order to follow the simultaneous loss of organic
matter. The UV-visible spectra in Figure 4 show a non-negligible
shoulder centered at 275nm, indicating the release of water
soluble organic substances (Khan et al., 2014), in particular in the
case of SBH-B. A similar behavior have been already evidenced
by Fieira et al. (2019), who evaluated such release in terms of
Chemical Oxygen Demand (COD).

An overall view of the characterization outcomes for SBH
assesses a sort of cleaning effect of the protein extraction
with phosphate buffer from inorganic and organic substances
present in the main lignocellulosic structure. It is reasonable
to image that, together with the loss of a part of hulls’ mass,
the interactions keeping together the lignocellulosic matter
components were subjected to changes: in particular, several
functional groups, initially interacting each other in the non-
modified structure, remained isolated, and available to form
other interactions with other substrates (in this case, metal ions).
Simultaneously, the changes induced in the surface morphology
can be ascribable to the swelling of the lignocellulosic matter
and subsequent drying that, probably, caused a partial structure
collapse (Fidale et al., 2008).

Adsorption/Desorption Experiments
Adsorption of Metal lons Mixture

SBH-A and SBH-B were tested for their adsorbing capability
and the correspondent results are shown in Figure 5. Adsorption
% was calculated by the following equation, where Cj is the
starting concentration of each ion (1 x 10~> M) and C;,y, is the
concentration of each ion left in the solution at the end of the
experiment. The error was calculated with respect to the total
amount of the adsorbed ions. To highlight the differences in the
adsorption of different metal ions, the contribute of each ion was
indicated in a proper color in Figure 5.

Adsorption % =

[Co = Crean] + [Co = Caran ) + [Co — Ceramy] + [Co — Crnian] + [Co — Caman)
5x107%

x 100

Figure 5, left panel, displays the different performances of SBH-
A and SBH-B (800 mg L) in contact with a solution containing
the five metal ions (1 x 107> M for each ion) for two different
contact times: 1 and 24h. Many differences are highlighted
from the experimental data, both concerning the adsorption
properties of the sample before and after the SBP extraction,
and the behavior toward the metal ions. Observing the trends
related to iron adsorption, the use of SBH-A was evidently
advantageous with respect to SBH-B sample, particularly after
a longer contact time. Similarly, 1 day-contact favored the
removal of Cr(III), mostly for SBH-A. In the cases of Ni(II) and
Mn(II), the adsorption levels resulted comparable for SBH-A and
SBH-B both after 1 and 24 h, whereas a peculiar behavior was
demonstrated toward AI(III), which was captured significantly
only by SBH-A after 24 h.
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FIGURE 3 | Micrographs of SBH-B (a,c) and SBH-A (b,d) surfaces at different magnifications and, at the bottom, pictures of SBH-B (e) and SBH-A (f) sections.

In the right panel of Figure5, the degrees of adsorption
reached after 24h with 1,600 mg L™! of hulls are represented.
In general, the hull increment did not significantly affect the
adsorption in the presence of the trivalent cations, whereas
the adsorption observed for the two divalent cations, Mn(II)
and Ni(II), almost doubled. A better adsorptive activity was

once more achieved by SBH-A than SBH-B toward iron and
aluminum ions.

From the interpretation of the two graphs of Figure5,
it can be noticed that, although the adsorption is generally
a fast process, involving the adsorbent surface and multiple
interactions, the simultaneous presence of different ions slowed
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down the process, establishing a certain selectivity, as well. The
equilibria varied over time, favoring the species with a higher
positive charge, Fe(III), AI(III) and Cr(III), possibly due to their
electrostatic affinity with the negatively charged hulls surface.
Nevertheless, the description of the adsorption phenomenon
cannot be associated only to the electrostatic forces. Indeed,
the hulls behavior toward aluminum resulted very peculiar:
AI(TIT) has the lowest ionic radius (then, less steric hindrance)
and a strong positive charge (3+), but it was not sequestrated
by SBH-B and 1h was not a sufficient contact time to allow
an efficient adsorption. This occurrence can be justified by
taking into account the solvation degree: smaller ions with high
density charge are more solvated and less rapidly attracted by
the adsorbent surface (Zhu et al.,, 2016). In general, a complex
frame of factors connected to the adsorbate nature influences the
adsorption effectiveness, as valence, electronegativity, hydration
radii, hydration enthalpies, solubility of the cations (Zhu et al,,
2016) and hard—soft, acid-bases affinity [according to Pearson’s
principle (Alfarra et al., 2004)]. Moreover, it is worth to underline
that the modifications induced by SBP extraction, including a
lowering of the surface’s negative charge, did not compromise
the adsorptive properties of hulls, but rather improved them in
some cases. The most probable reasons are the lower competition

TABLE 2 | Species released from SBH-A and SBH-B (1,600 mg L~ in MilliQ®
water at pH 5 and 7.

Species released (nM)

Fe Al Ni Mn Cr

pH 5 SBH-B 994 320 8.0 30 2.9
SBH-A 103 19 1.1 6.3 3.2

pH 7 SBH-B 572 188 13 19 1.8
SBH-A 64 16 1.7 5.7 1.6

Average errors (4-5%) are not shown in the table.

with intrinsically present metal ions, which were mostly released
during the SBP extraction treatment, and the exposure of a higher
number of active sites on the surface of ligno-cellulosic matter
after the same procedure. In particular, the SBH functionalities
capable of positive ion attraction are mainly hydroxyl and
carboxylic groups (Dai et al., 2018), which are present to a
different extent in SBH-A and SBH-B, according to FTIR results.

Desorption Tests

Taking into account the adsorption capacity of SBH-A for most
of the metals considered, the desorption tests were conducted
on this material only. The hulls were recovered by filtration
after 24-h adsorption experiment, the sample was divided in
two aliquots and each successively added to a different solution,
namely ultrapure water at pH 5 with or without NaCl. The intense
interaction already found for hulls toward AI(III), Fe(III) and
Cr(III) was responsible for the extremely reduced desorption
observed for these ions, namely 1-3% maximum. Ni(II) and
Mn(II) were slightly released, but always <20%. In general,
the adsorption on SBH-A was not reversible in the adopted
conditions, without any advantage provided by the presence of
other metal ions (Na™) in the washing solution.

Adsorption of Metal lons Separately

Deepening the behavior of SBH-A, the hulls underwent
adsorption of the same metal ions separately, using a
concentration 10 times higher than the previous ones. As
shown in Figure 6, high levels of metals removal were already
reached in 1h. Except for manganese, the entity of metals
removal was ~90%, despite of different kinetic trends. In the
absence of competition among different ions, the adsorption was
favored for all the ions tested but the highly charged metal ions
showed faster adsorption kinetic as confirmed by the first order
kapp» reported in Table 3. In particular, aluminum and iron ions
show the highest k;p, values and were almost totally adsorbed
in few minutes, supporting the hypothesis that the present trials
were mainly driven by charge interactions.

1.0 —— MilliQ water (pH 5)
—— SBH-B + MilliQ water (pH 5)
0.8 —— SBH-A + MilliQ water (pH 5)

Absorbance
o
T

0.0-\
300 400 500 600 700 800
Wavelength (nm)

FIGURE 4 | UV-visible spectra of the solutions obtained after the release tests of SBH-A and SBH-B (1,600mg L~") in MiliQ® water at pH 5 (A) and 7 (B).

1.0+ — MilliQ water (pH 7)
—— SBH-B + MilliQ water (pH 7)
0.8 —— SBH-A + MilliQ water (pH 7)

Absorbance

300 400 500 600 700 800
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TABLE 3 | First order kinetic constants calculated on the basis of single ion
adsorption reported in Figure 6 (ion concentration 1 x 10~* M at pH 5, in
presence of SBH-A 800mg L~).

lon Kapp (min~) R?

Fe(lll) 0.828 + 0.281 0.998
Al 0.765 + 0.081 0.999
Cr(lll) 0.047 + 0.009 0.992
Mn(l) 0.082 £ 0.012 0.992
NI 0.012 + 0.006 0.993

To get some preliminary information on the adsorption
mechanism of SBH-A, Cr(III) was chosen as a representative
ion to obtain an adsorption isotherm. In this case, the amount
of adsorbed Cr(III) by SBH-A was measured after 24h of
contact between SBH-A and variable concentrations of Cr(III).
Preliminary measurements confirmed that the equilibrium
was reached at all the Cr(III) concentrations considered in
the experiment.

The experimental data were fitted both with the Langmuir and
Freundlich equations reported below:

L o1 1 1
angmuir . — = —— —_—
& de qdm bC, dm

. 1
Freundlich: Log q, = Log Ky + —LogC,
n

TABLE 4 | Values of Langmuir and Freundlich constants, related to adsorption of
Cr(lll) ions on SBH-A (800mg L~") at pH 5, time of contact 24 h.

Langmuir Freundlich
gm (mmol g~ 0.27 Ke(Lg™") 11.2
b (L mmol~T) 129 1/n 0.94
R? 0.98 R? 0.88

In both the equations, g, is the concentration of adsorbate on
the solid and C, is the concentration of Cr(III) at equilibrium.
In the Langmuir equation, gy, is the sorption capacity (namely
the amount of adsorbate at complete monolayer coverage) and
b the Langmuir isotherm constant that relates to the energy of
adsorption. In Freundlich equation, the value of Ky is indicative
of the adsorption capacity and 1/n represents the adsorption
intensity (Islam et al., 2013).

The parameters determined by fitting the experimental data
with the two equations are reported in Table 4. The highest value
of R? obtained using the Langmuir model showed that it could
be the most suitable model describing the system under study,
indicating a homogenous distribution of adsorption sites and the
presence of a single layer of Cr(III) ions on the surface of the
hulls, rich of negatively charged functional groups (Saruchi and
Kumar, 2019). On the other hand, from the Freundlich model,
the value of 1/n value obtained in the range between 0 and
1, indicated that the interaction between Cr(III) and the hulls
occurred easily (Saruchi and Kumar, 2019).
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Tests on Potable Waters and Landfill Leachate

On the basis of previous results, final trials were carried out
on real potable waters and a landfill leachate. Such experiments
were performed as described above and in accordance to a
previously reported procedure with similar samples (Tummino
et al.,, 2019). Other metal ions (zinc and lead) were also followed,
albeit not considered in the previous tests, but present in the real
water samples.

Potable waters from two different urban well-sources were
tested: in both cases the presence of iron, aluminum and
chromium species were negligible, whereas low concentrations
of nickel, zinc, and lead (respectively, 0.03, 0.61, and 0.006 wM)
were observed. Adsorption test with SBH-A led to the removal of
63% of Ni, 85% of Zn and 41% of Pb.

In the case of the landfill leachate, it is important to note
that the matrix was constituted also by organic molecules,
creating a competition among the multiple components and
then influencing SBH-A performances toward metallic ions.
Nevertheless, the results showed in Figure7 are encouraging
since SBH-A hulls maintained their sequestrating ability, in
particular toward Fe and Al, since more than 75% of these ions
was removed from the solution. Moreover, it is also interesting to
consider that, in the case of Fe, this percentage corresponds to a
concentration of 1.7 x 10~* M, confirming the good adsorption
levels reached by SBH-A toward iron ions in ultrapure water, as
previously discussed.

CONCLUSIONS

Soybean hulls were recovered after the extraction of soybean
peroxidase, an enzyme employed as green biocatalyst. The results
of hull physicochemical characterization evidenced a remarkable
impact of the enzyme extraction procedure, which varied the hull
surface morphology and decreased the content of intrinsically
adsorbed metallic/organic substances. Such treated hulls were
applied as adsorbents of metal ions [Fe(III), AI(III), Ni(II),
Mn(II), Cr(II)] in different aqueous matrixes, revealing an
improvement of their sequestrating capability with respect to
untreated samples. In conclusion, such residual hulls deriving
from agro-industrial scraps, not only can be successfully

REFERENCES

Alfarra, A., Frackowiak, E., and Béguin, F. (2004). The HSAB concept as a means
to interpret the adsorption of metal ions onto activated carbons. Appl. Surf. Sci.
228, 84-92. doi: 10.1016/j.apsusc.2003.12.033

Ali, I, Basheer, A. A., Mbianda, X. Y., Burakov, A., Galunin, E., Burakova, L, et al.
(2019). Graphene based adsorbents for remediation of noxious pollutants from
wastewater. Environ. Int. 127, 160-180. doi: 10.1016/j.envint.2019.03.029

Al-Maqdi, K. A. Hisaindee, S., Rauf, M. A., and Ashraf, S. S. (2018).
Detoxification and degradation of sulfamethoxazole by soybean peroxidase
and UV + H,0;, remediation approaches. Chem. Eng. ]. 352, 450-458.
doi: 10.1016/j.cej.2018.07.036

Balint, T. Chang, B. P., Mohanty, M. (2020).
Underutilized agricultural co-product biofiller for
polyamide 6,6: effect of carbonization temperature. Molecules 25:1455.
doi: 10.3390/molecules25061455

A. K,
as a

and Misra,
sustainable

processed to obtain a high-value enzyme, but it is also possible
to extend their exploitation in water remediation field, further
decreasing their environmental impact as waste and giving them
an additional technological and economical value.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/supplementary material, further inquiries can be
directed to the corresponding author.

AUTHOR CONTRIBUTIONS

MT, MM, GM, and EL contributed conception and design of the
study. MT, VT, and RS performed the experiments. MT wrote
the first draft of the manuscript. GM and EL wrote sections of
the manuscript. All authors contributed to manuscript revision,
read, and approved the submitted version.

FUNDING

This work was realized with the financial support for academic
interchange by the Marie Sklodowska-Curie Research and
Innovation Staff Exchange project funded by the European
Commission H2020-MSCA-RISE-2014 within the framework of
the research project Mat4treaT (Project number: 645551); and
by Compagnia di San Paolo and University of Torino under
the pluriannual convention (Project Torino_call2014_12_126,
project acronym: Microbusters, and Ex-post Projects, call 2018).

ACKNOWLEDGMENTS

MT work was supported by Bando Talenti della Societa Civile—
edizione 2016, promoted by Fondazione CRT (Italy), and
managed by Fondazione Giovanni Goria (Italy). Furthermore, we
thank P. Bracco, Universita di Torino, for her help in ATR-FTIR
measurements; Roberta Gamberini and Raffaella Giordanino,
Acea Pinerolese Industriale S.p.A., for the supply of samples
of potable waters and landfill leachate and for their precious
contribution in the discussion of results.

Barth, A. (2007). Infrared spectroscopy of proteins. Biochim. Biophys. Acta 1767,
1073-1101. doi: 10.1016/j.bbabio.2007.06.004

Bekabil, U. T. (2015). Empirical review of production, productivity and
marketability of soya bean in Ethiopia. Int. . U E Serv. Sci. Technol. 8, 61-66.
doi: 10.14257/ijunesst.2015.8.1.06

Bilal, M., Rasheed, T., Igbal, H. M. N., and Yan, Y. (2018). Peroxidases-assisted
removal of environmentally-related hazardous pollutants with reference to
the reaction mechanisms of industrial dyes. Sci. Total Environ. 644, 1-13.
doi: 10.1016/j.scitotenv.2018.06.274

Brunauer, S., Emmett, P. H.,, and Teller, E. (1938). Adsorption of gases in
multimolecular layers. J. Am. Chem. Soc. 60, 309-319. doi: 10.1021/ja012
692023

Calza, P., Zacchigna, D., and Laurenti, E. (2016). Degradation of orange
dyes and carbamazepine by soybean peroxidase immobilized on silica
monoliths and titanium dioxide. Environ. Sci. Pollut. Res. 23, 23742-23749.
doi: 10.1007/s11356-016-7399-1

Frontiers in Chemistry | www.frontiersin.org

10

August 2020 | Volume 8 | Article 763


https://doi.org/10.1016/j.apsusc.2003.12.033
https://doi.org/10.1016/j.envint.2019.03.029
https://doi.org/10.1016/j.cej.2018.07.036
https://doi.org/10.3390/molecules25061455
https://doi.org/10.1016/j.bbabio.2007.06.004
https://doi.org/10.14257/ijunesst.2015.8.1.06
https://doi.org/10.1016/j.scitotenv.2018.06.274
https://doi.org/10.1021/ja01269a023
https://doi.org/10.1007/s11356-016-7399-1
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Tummino et al.

Adsorbing Properties of Soybean Hulls

Camiscia, P., Giordano, E. D. V., Brassesco, M. E., Fuciios, P., Pastrana, L.,
Cerqueira, M. F., et al. (2018). Comparison of soybean hull pre-treatments to
obtain cellulose and chemical derivatives: physical chemistry characterization.
Carbohydr. Polym. 198, 601-610. doi: 10.1016/j.carbpol.2018.06.125

Cassales, A., de Souza-Cruz, P. B, Rech, R, and Zachia Ayub, M. A. (2011).
Optimization of soybean hull acid hydrolysis and its characterization as
a potential substrate for bioprocessing. Biomass Bioenergy 35, 4675-4683.
doi: 10.1016/j.biombioe.2011.09.021

Chandane, V., and Singh, V. K. (2016). Adsorption of safranin dye from aqueous
solutions using a low-cost agro-waste material soybean hull. Desalin. Water
Treat. 57, 4122-4134. doi: 10.1080/19443994.2014.991758

Chen, G., Shah, K. 7., Shi, L., and Chiang, P. C. (2017). Removal of Cd(II) and Pb(II)
ions from aqueous solutions by synthetic mineral adsorbent: performance and
mechanisms. Appl. Surf. Sci. 409, 296-305. doi: 10.1016/j.apsusc.2017.03.022

Dai, Y., Sun, Q.,, Wang, W,, Lu, L., Liu, M,, Li, J,, et al. (2018). Utilizations of
agricultural waste as adsorbent for the removal of contaminants: a review.
Chemosphere 211, 235-253. doi: 10.1016/j.chemosphere.2018.06.179

Dall Cortivo, P. R, Hickert, L. R., Rosa, C. A., and Zachia Ayub, M. A. (2020).
Conversion of fermentable sugars from hydrolysates of soybean and oat hulls
into ethanol and xylitol by Spathaspora hagerdaliae UFMG-CM-Y303. Ind.
Crops Prod. 146:112218. doi: 10.1016/j.indcrop.2020.112218

De Gisi, S., Lofrano, G., Grassi, M., and Notarnicola, M. (2016). Characteristics and
adsorption capacities of low-cost sorbents for wastewater treatment: a review.
Sustain. Mater. Technol. 9, 10-40. doi: 10.1016/j.susmat.2016.06.002

Donadelli, J. A., Garcia Einschlag, F. S., Laurenti, E., Magnacca, G., and Carlos, L.
(2018). Soybean peroxidase immobilized onto silica-coated superparamagnetic
iron oxide nanoparticles: effect of silica layer on the enzymatic activity. Colloids
Surf. B Biointerfaces 161, 654-661. doi: 10.1016/j.colsurfb.2017.11.043

Fidale, L. C,, Ruiz, N., Heinze, T., and El Seoud, O. A. (2008). Cellulose swelling by
aprotic and protic solvents: what are the similarities and differences? Macromol.
Chem. Phys. 209, 1240-1254. doi: 10.1002/macp.200800021

Fieira, C., Batistella, E. P., Vincoski, J. V. A., Rosa, M. P. S., Pokrywiecki,
J. C., Gomes, E. M. V., et al. (2019). Treatment of effluent containing
thiamethoxam and efficiency evaluation of toxicity reduction. Environ. Technol.
doi: 10.1080/09593330.2019.1703827. [Epub ahead of print].

Girgis, B. S., Soliman, A. M. and Fathy, N. A. (2011). Development
of micro-mesoporous carbons from several seed hulls under varying
conditions of activation. Microporous Mesoporous Mater. 142, 518-525.
doi: 10.1016/j.micromeso.2010.12.044

Giri, G. F., Viarengo, G., Furldn, R. L. E,, Sudrez, A. G., Eleonora, G. V., and
Spanevello, R. A. (2017). Soybean hulls, an alternative source of bioactive
compounds: combining pyrolysis with bioguided fractionation. Ind. Crops
Prod. 105, 113-123. doi: 10.1016/j.indcrop.2017.05.005

Hailu, G., Weersink, A., and Cahlik, F. (2010). Examining the Prospects for
Commercialization of Soybean Peroxidase. Available online at: http://www.
agbioforum.org/v13n3/v13n3a05-hailu.htm (accessed July 2, 2020).

Honorio, J. F., Veit, M. T., Da Cunha Gongalves, G., De Campos, E. A., and
Fagundes-Klen, M. R. (2016). Adsorption of reactive blue BF-5G dye by
soybean hulls: kinetics, equilibrium and influencing factors. Water Sci. Technol.
73, 1166-1174. doi: 10.2166/wst.2015.589

Honorio, J. F., Veit, M. T., and Tavares, C. R. G. (2019). Alternative adsorbents
applied to the removal of natural hormones from pig farming effluents and
characterization of the biofertilizer. Environ. Sci. Pollut. Res. 26, 28429-28435.
doi: 10.1007/s11356-018-3558-x

Inyinbor Adejumoke, A., Adebesin Babatunde, O., Oluyori Abimbola, P.,
Adelani-Akande Tabitha, A., Dada Adewumi, O., and Oreofe Toyin, A.
(2018). “Water pollution: effects, prevention, and climatic impact, in
Water Challenges of an Urbanizing World, ed M. Glavan (InTech), 33-54.
doi: 10.5772/intechopen.72018

Islam, M., Mishra, P. C., and Patel, R. (2013). Microwave assisted synthesis
of polycinnamamide Mg/Al mixed oxide nanocomposite and its application
towards the removal of arsenate from aqueous medium. Chem. Eng. J. 230,
48-58. doi: 10.1016/j.cej.2013.06.037

Khan, S., Yaoguo, W., Xiaoyan, Z., Youning, X., Jianghua, Z., and Sihai, H. (2014).
Estimation of concentration of dissolved organic matter from sediment by
using UV-visible spectrophotometer. Int. J. Environ. Pollut. Rem. 1, 24-29.
doi: 10.11159/ijepr.2014.003

Krainer, F. W., and Glieder, A. (2015). An updated view on horseradish
peroxidases: recombinant production and biotechnological applications. Appl.
Microbiol. Biotechnol. 99, 1611-1625. doi: 10.1007/s00253-014-6346-7

Li, J., Chen, E., Su, H, and Tan, T. (2011). Biosorption of Pb*t with
modified soybean hulls as absorbent. Chinese J. Chem. Eng. 19, 334-339.
doi: 10.1016/S1004-9541(11)60173-0

Lopes, G. R, Pinto, D. C. G. A, and Silva, A. M. S. (2014). Horseradish
peroxidase (HRP) as a tool in green chemistry. RSC Adv. 4, 37244-37265.
doi: 10.1039/C4RA06094F

Marshall, W. E., and Johns, M. M. (1996). Agricultural by-
products as metal adsorbents: sorption properties and resistance
to  mechanical abrasion. J. Chem.  Technol.  Biotechnol. 66,

192-198. doi: 10.1002/(SICI)1097-4660(199606)66:2andlt;192:: AID-
JCTB489andgt;3.0.CO;2-C

Marshall, W. E., and Wartelle, L. H. (2006). Chromate (CrOif) and copper (Cu?t)
adsorption by dual-functional ion exchange resins made from agricultural
by-products. Water Res. 40, 2541-2548. doi: 10.1016/j.watres.2006.04.030

Marshall, W. E., Wartelle, L. H., Boler, D. E., Johns, M. M., and Toles, C. A.
(1999). Enhanced metal adsorption by soybean hulls modified with citric acid.
Bioresour. Technol. 69, 263-268. doi: 10.1016/S0960-8524(98)00185-0

Middelbos, I. S., and Fahey, G. C. (2008). “Soybean carbohydrates, in
Soybeans: Chemistry, Production, Processing, and Utilization, eds L. A.
Johnson, P. J. White, and R. Galloway (Urbana, IL: AOCS Press), 269-296.
doi: 10.1016/B978-1-893997-64-6.50012-3

Modenes, A. N., Hinterholz, C. L., Neves, C. V., Sanderson, K., Trigueros, D. E.
G., Espinoza-Quinones, F. R,, et al. (2019). A new alternative to use soybean
hulls on the adsorptive removal of aqueous dyestuff. Bioresour. Technol. Rep. 6,
175-182. doi: 10.1016/j.biteb.2019.03.004

Noya, A. I, Ghulamahdi, M., Sopandie, D., Sutandi, A., and Melati, M. (2014).
Interactive effects of aluminum and iron on several soybean genotypes grown
in nutrient solution. Asian J. Plant Sci. 13, 18-25. doi: 10.3923/ajps.2014.18.25

Poore, M. H., Johns, J. T. and Burris, W. R. (2002). Soybean hulls,
wheat middlings, and corn gluten feed as supplements for cattle on
forage-based diets. Vet. Clin. North Am. Food Anim. Pract. 18, 213-231.
doi: 10.1016/S0749-0720(02)00021-X

Qin, L., Qiu, J., Liu, M., Ding, S., Shao, L., Lii, S., et al. (2011). Mechanical
and thermal properties of poly(lactic acid) composites with rice straw
fiber modified by poly(butyl acrylate). Chem. Eng. ]. 166, 772-778.
doi: 10.1016/j.cej.2010.11.039

Rizzuti, A. M., Ellis, F. L., and Cosme, L. W. (2015). Biosorption of mercury from
dilute aqueous solutions using soybean hulls and rice hulls. Waste Biomass
Valorization 6, 561-568. doi: 10.1007/s12649-015-9391-2

Rizzuti, A. M., and Lancaster, D. J. (2013). Utilizing soybean hulls and rice hulls
to remove textile dyes from contaminated water. Waste Biomass Valorization 4,
647-653. doi: 10.1007/s12649-012-9167-x

Robles Barros, P. J., Ramirez Ascheri, D. P., Siqueira Santos, M. L., Morais, C. C.,
Ramirez Ascheri, J. L., Signini, R., et al. (2020). Soybean hulls: optimization of
the pulping and bleaching processes and carboxymethyl cellulose synthesis. Int.
J. Biol. Macromol. 144, 208-218. doi: 10.1016/j.ijbiomac.2019.12.074

Rojas, M. J., Siqueira, P. F., Miranda, L. C., Tardioli, P. W., and Giordano,
R. L. C. (2014). Sequential proteolysis and cellulolytic hydrolysis of soybean
hulls for oligopeptides and ethanol production. Ind. Crops Prod. 61, 202-210.
doi: 10.1016/j.indcrop.2014.07.002

Ryan, B. J., Carolan, N., and O’F4gdin, C. (2006). Horseradish and soybean
peroxidases: comparable tools for alternative niches? Trends Biotechnol. 24,
355-363. doi: 10.1016/j.tibtech.2006.06.007

Sadraei, R., Murphy, R. S., Laurenti, E., and Magnacca, G. (2019). Characterization
methodology to evaluate the activity of supported soybean peroxidase. Ind. Eng.
Chem. Res. 58, 19082-19089. doi: 10.1021/acs.iecr.9b03495

Saruchi, and Kumar, V. (2019). Adsorption kinetics and isotherms for the removal
of rhodamine B dye and Pb*? ions from aqueous solutions by a hybrid
ion-exchanger. Arab. J. Chem. 12, 316-329. doi: 10.1016/j.arabjc.2016.11.009

Scapini, L. B., Rorig, A., Ferrarini, A., Fiilber, L. M., Canavese, M., Silva,
A. M, et al. (2018). Nutritional evaluation of soybean hulls with or
without f-mannanase supplement on performance, intestinal morphometric
and carcass yield of broilers chickens. Braz. J. Poult. Sci. 20, 633-642.
doi: 10.1590/1806-9061-2017-0581

Frontiers in Chemistry | www.frontiersin.org

August 2020 | Volume 8 | Article 763


https://doi.org/10.1016/j.carbpol.2018.06.125
https://doi.org/10.1016/j.biombioe.2011.09.021
https://doi.org/10.1080/19443994.2014.991758
https://doi.org/10.1016/j.apsusc.2017.03.022
https://doi.org/10.1016/j.chemosphere.2018.06.179
https://doi.org/10.1016/j.indcrop.2020.112218
https://doi.org/10.1016/j.susmat.2016.06.002
https://doi.org/10.1016/j.colsurfb.2017.11.043
https://doi.org/10.1002/macp.200800021
https://doi.org/10.1080/09593330.2019.1703827
https://doi.org/10.1016/j.micromeso.2010.12.044
https://doi.org/10.1016/j.indcrop.2017.05.005
http://www.agbioforum.org/v13n3/v13n3a05-hailu.htm
http://www.agbioforum.org/v13n3/v13n3a05-hailu.htm
https://doi.org/10.2166/wst.2015.589
https://doi.org/10.1007/s11356-018-3558-x
https://doi.org/10.5772/intechopen.72018
https://doi.org/10.1016/j.cej.2013.06.037
https://doi.org/10.11159/ijepr.2014.003
https://doi.org/10.1007/s00253-014-6346-7
https://doi.org/10.1016/S1004-9541(11)60173-0
https://doi.org/10.1039/C4RA06094F
https://doi.org/10.1002/(SICI)1097-4660(199606)66:2andlt
https://doi.org/10.1016/j.watres.2006.04.030
https://doi.org/10.1016/S0960-8524(98)00185-0
https://doi.org/10.1016/B978-1-893997-64-6.50012-3
https://doi.org/10.1016/j.biteb.2019.03.004
https://doi.org/10.3923/ajps.2014.18.25
https://doi.org/10.1016/S0749-0720(02)00021-X
https://doi.org/10.1016/j.cej.2010.11.039
https://doi.org/10.1007/s12649-015-9391-2
https://doi.org/10.1007/s12649-012-9167-x
https://doi.org/10.1016/j.ijbiomac.2019.12.074
https://doi.org/10.1016/j.indcrop.2014.07.002
https://doi.org/10.1016/j.tibtech.2006.06.007
https://doi.org/10.1021/acs.iecr.9b03495
https://doi.org/10.1016/j.arabjc.2016.11.009
https://doi.org/10.1590/1806-9061-2017-0581
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Tummino et al.

Adsorbing Properties of Soybean Hulls

Sheng-quan, Y., Si-yuan, G., Yi-gang, Y., Hui, W., and Han-Rui. (2012). Removal of
the heavy metal ion Cr(VI) by soybean hulls in dyehouse wastewater treatment.
Desalin. Water Treat. 42, 197-201. doi: 10.1080/19443994.2012.683144

Shi, X., Wang, C., Zhang, J., Guo, L., Lin, J., Pan, D., et al. (2020). Zwitterionic
glycine modified Fe/Mg-layered double hydroxides for highly selective and
efficient removal of oxyanions from polluted water. J. Mater. Sci. Technol. 51,
8-15. doi: 10.1016/j.jmst.2019.12.034

Singh, N. B., Nagpal, G., Agrawal, S., and Rachna. (2018). Water purification
by using adsorbents: a review. Environ. Technol. Innov. 11, 187-240.
doi: 10.1016/j.ti.2018.05.006

Spehar, C. R. (1994). Seed quality of soya bean based on mineral composition
of seeds of 45 varieties grown in a Brazilian savanna acid soil. Euphytica 76,
127-132. doi: 10.1007/BF00024030

Steevensz, A., Cordova Villegas, L. G., Feng, W., Taylor, K. E., Bewtra, J. K., and
Biswas, N. (2014). Soybean peroxidase for industrial wastewater treatment: a
mini review. J. Environ. Eng. Sci. 9, 181-186. doi: 10.1680/jees.13.00013

Sun, K., Wang, L., Wang, Z., Wu, X,, Fan, G., Wang, Z., et al. (2020). Flexible silver
nanowire/carbon fiber felt metacomposites with weakly negative permittivity
behavior. Phys. Chem. Chem. Phys. 22, 5114-5122. doi: 10.1039/C9CP06196G

Takeshita, V., Mendes, K. F., Pimpinato, R. F.,, and Tornisielo, V. L.
(2020). Adsorption isotherms of diuron and hexazinone in drinking
water using four agro-industrial residues. Planta Daninha 38:€020216260.
doi: 10.1590/s0100-83582020380100013

Thiha, A., Ibrahim, F., Muniandy, S., and Madou, M. J. (2019). Microplasma direct
writing for site-selective surface functionalization of carbon microelectrodes.
Microsyst. Nanoeng. 5, 1-12. doi: 10.1038/s41378-019-0103-0

Tolardo, V., Garcia-Ballesteros, S., Santos-Juanes, L., Vercher, R., Amat, A. M.,
Arques, A., et al. (2019). Pentachlorophenol removal from water by soybean
peroxidase and iron(II) salts concerted action. Water Air Soil Pollut. 230:140.
doi: 10.1007/s11270-019-4189-7

Torres, J. A., Nogueira, F. G. E,, Silva, M. C,, Lopes, J. H., Tavares, T. S.,
Ramalho, T. C,, et al. (2017). Novel eco-friendly biocatalyst: soybean peroxidase
immobilized onto activated carbon obtained from agricultural waste. RSC Adv.
7, 16460-16466. doi: 10.1039/C7RA01309D

Tummino, M. L., Magnacca, G., Cimino, D., Laurenti, E., and Nistico, R. (2020).
The innovation comes from the sea: chitosan and alginate hybrid gels and films
as sustainable materials for wastewater remediation. Int. J. Mol. Sci. 21:550.
doi: 10.3390/ijms21020550

Tummino, M. L., Testa, M. L., Malandrino, M., Gamberini, R., Prevot, A. B.,
Magnacca, G., et al. (2019). Green waste-derived substances immobilized
on SBA-15 silica: surface properties, adsorbing and photosensitizing

activities towards organic and inorganic substrates. Nanomaterials 9:162.
doi: 10.3390/nan09020162

USDA (2019). World Agricultural Production Report. 33. Available online
at:  https://apps.fas.usda.gov/psdonline/circulars/production.pdf ~ (accessed
February 26, 2020).

Wang, B., Wu, T., Angaiah, S., Murugadoss, V., Ryu, J.-E., Wujcik, E. K,, et al.
(2018). Development of nanocomposite adsorbents for heavy metal removal
from wastewater. ES Mater. Manuf. 2, 35-44. doi: 10.30919/esmm5f175

Wang, C., Makvandi, P., Zare, E. N,, Tay, F. R,, and Niu, L. (2020). Advances
in antimicrobial organic and inorganic nanocompounds in biomedicine. Ady.
Therap. 3:2000024. doi: 10.1002/adtp.202000024

Wang, S., Shao, G., Yang, J., Liu, J.,, Wang, J., Zhao, H., et al. (2020).
The production of gel beads of soybean hull polysaccharides loaded with
soy isoflavone and their pH-dependent release. Food Chem. 313:126095.
doi: 10.1016/j.foodchem.2019.126095

Wartelle, L. H., and Marshall, W. E. (2000). Citric acid modified agricultural
by-products as copper ion adsorbents. Adv. Environ. Res. 4, 1-7.
doi: 10.1016/S1093-0191(00)00002-2

Widiarto, S., Pramono, E., Suharso, Rochliadi, A., and Arcana, 1. M. (2019).
Cellulose nanofibers preparation from cassava peels via mechanical disruption.
Fibers 7:44. doi: 10.3390/1ib7050044

Yang, H., Bever, C. S, Zhang, H., Mari, G. M., Li, H.,, Zhang, X,, et al
(2019). Comparison of soybean peroxidase with horseradish peroxidase and
alkaline phosphatase used in immunoassays. Anal. Biochem. 581:113336.
doi: 10.1016/.ab.2019.06.007

Zhu, C., Dong, X., Chen, Z., and Naidu, R. (2016). Adsorption of aqueous
Pb(II), Cu(Il), Zn(II) ions by amorphous tin(VI) hydrogen phosphate: an
excellent inorganic adsorbent. Int. J. Environ. Sci. Technol. 13, 1257-1268.
doi: 10.1007/s13762-016-0964-9

Conlflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Tummino, Tolardo, Malandrino, Sadraei, Magnacca and
Laurenti. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Chemistry | www.frontiersin.org

12

August 2020 | Volume 8 | Article 763


https://doi.org/10.1080/19443994.2012.683144
https://doi.org/10.1016/j.jmst.2019.12.034
https://doi.org/10.1016/j.eti.2018.05.006
https://doi.org/10.1007/BF00024030
https://doi.org/10.1680/jees.13.00013
https://doi.org/10.1039/C9CP06196G
https://doi.org/10.1590/s0100-83582020380100013
https://doi.org/10.1038/s41378-019-0103-0
https://doi.org/10.1007/s11270-019-4189-7
https://doi.org/10.1039/C7RA01309D
https://doi.org/10.3390/ijms21020550
https://doi.org/10.3390/nano9020162
https://apps.fas.usda.gov/psdonline/circulars/production.pdf
https://doi.org/10.30919/esmm5f175
https://doi.org/10.1002/adtp.202000024
https://doi.org/10.1016/j.foodchem.2019.126095
https://doi.org/10.1016/S1093-0191(00)00002-2
https://doi.org/10.3390/fib7050044
https://doi.org/10.1016/j.ab.2019.06.007
https://doi.org/10.1007/s13762-016-0964-9
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

	A Way to Close the Loop: Physicochemical and Adsorbing Properties of Soybean Hulls Recovered After Soybean Peroxidase Extraction
	Introduction
	Materials and Methods
	Preparation
	Characterization
	Adsorption/Desorption Experiments

	Results and Discussion
	Hulls Characterization
	ζ-Potential
	ATR-FTIR Measurements
	Morphological Characterization
	Release From SBH-A and SBH-B

	Adsorption/Desorption Experiments
	Adsorption of Metal Ions Mixture
	Desorption Tests
	Adsorption of Metal Ions Separately
	Tests on Potable Waters and Landfill Leachate


	Conclusions
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	References


