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ARTICLE INFO ABSTRACT

Keywords: The heavy metals pollution from agricultural waste is a significant concern. Among these, zinc and copper are
Waste valorisation prevalent pollutants that can be found in pig manure.

Leather industry waste The application of sorbents has emerged as a pivotal strategy for the effective removal of these pollutants from
éjfﬁ;ptmn manure. One of the most well-known and widely used sorbents are clays and organoclays. In this work, both
Zn(D) pristine Ca-montmorillonite (STx) and protein-functionalized Ca-montmorillonite (STx-HY) are tested as sorbents

Swine manure for Zn and Cu capture. Protein-functionalized organoclay was obtained by treating Ca-montmorillonite with two

Water polluted streams remediation types of collagen hydrolysate (HY), the by-product of the leather tanning process (supplied by Ilsa Group). The
synthesis of STx-HY was accomplished via a solid/liquid adsorption process in mild conditions. An uptake
plateau was found corresponding to a loading of 0.42-0.44 mmolyy/gstx. The metal uptake efficiencies of clay
and organoclays were tested in solutions simulating the concentration of Cu and Zn in weaning pig’s manure. The
results obtained demonstrated near-total capture at 0.06 mmolc,/gsty, irrespective of the sorbent used.
Furthermore, an increase in HY loadings resulted in enhanced Cu capture at 0.38 mmolc,/gsty, Suggesting a
saturation point of 2.00 mmolc,/gstx for both hydrolysates, corresponding to a maximum Cu capture of 0.45
mmolc,/gstx and 0.6 mmolc,/gstx. In case of zinc, a maximum metal capture of 0.4-0.5 mmolz,/gsrx Was ob-
tained by both pristine and modified STx.

1. Introduction required for the formulation of animal diets [7], their inorganic salts

have relatively limited bioavailability, and as a result, they are excreted

Despite the considerable progress made in recent years by modern in considerable amounts in manure [8,9]. A study on the animal rearing

pig farming systems to comply with European regulations on animal system in northern Italy indicated an average concentration in pig faeces

welfare and reduction of antibiotics use, the presence of heavy metals in during weaning of 3385 mg/kg of zinc and 205.72 mg/kg of copper
manure remains a significant issue [1-4], contributing to environmental [10].

problems [1,5,6]. Although, zinc and copper are essential nutrients Their accumulation in agricultural soils can compromise land
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suitability for crops due to their potential hazardous effects on human
consumers because of excessive accumulation of heavy metals [11-14].

Pig slurry, composed of manure particles suspended in water, can be
purified using various wastewater treatment methods, including metal
ion capture via filtration through a material such as charcoal, zeolites
[15], or clays such as montmorillonite. However, sorbents are prone to
some limitations, such as low binding capacity and low selectivity to-
wards metals [16], and these properties can be improved via solids
modification [17]. Among others, organoclays have successfully been
applied for removing organic compounds, metallic cations and anions,
inorganic anions and pharmaceutical compounds from water solution
[18,19]. Different natural and synthetic organo-modifiers have been
proposed in the literature [20]. In the context of a more responsible
consumption of natural resources, a greener and environmentally
friendly chemistry, studies have identified the potential of modified
natural and eco-friendly materials to remediate wastewater from pol-
lutants. For instance, clays such as natural calcium montmorillonite and
Layered Double Hydroxides (LDH) modified with amino acids have been
recently proposed for remediation of mining wastewaters [21]. Exten-
sive research has been performed on the adsorption of specific types of
amino acids such as pure arginine and glycine into Montmorillonite
[22-24]. 1t is reported that smectites can interact with either the amide
or carboxyl groups of non-charged amino acids, leading to the expansion
of interlayer space to accommodate them [25,26]. In this respect, a
waste-aminoacidic resource, such as flesh residue from leather tanning,
could be of high interest. This residue is the conversion of animal hides
into leather via a complex sequence of chemical reactions and processes
including trimming, fleshing, splitting, and shaving [27]. As a matter of
fact, the leather industry incurs a significant amount of animal waste
by-product. While steps have been taken to reduce waste generation,
according to one metric, for each ton of wet salted hide only 200 Kg of
leather is obtained, with over 600 Kg of solid waste, constituted mostly
of animal flesh and chromium-containing tannery wastes [28]. The flesh
waste is mostly present in the form of collagen, free fatty acids and
fleshing, which are undesired meat trimmings from the skins [29], and
constitutes around 50-60 % of tannery solid waste [7]. The solid waste
generated in this industry can pose a major problem to the environment
without proper treatment [30] and an estimated 979,800 tons of flesh-
ing waste is generated worldwide each year [31]. Despite being
considered waste, these fleshing contain large amounts of valuable
biomolecules such as lipids (7-15 %) and proteins (50-60 %) [31].

In this scenario, within the optic of a circular economy and the
growing global consciousness regarding sustainable practices, an ideal
organoclay would utilize waste biomaterial as its protein resource. The
use of waste material in production processes can lead to a lengthening
of the availability of remaining resources, and it is necessary considering
the notable global decrease in abundance of materials [32].

This study proposes the preparation, characterization and testing
towards Cu and Zn capture of an innovative organoclays, functionalized
via the use of two hydrolysed amino acid solutions, obtained from waste
in the leather industry (provided by ILSA S.p.A) with the aim to improve
the clay’s ability to capture copper and zinc ions in aqueous streams
with concentrations similar to those of pig farming wastewater, pro-
moting their circular reuse within the agricultural industry.

The functionalization was performed according to a previously
developed [33] simple and environmentally friendly solid/liquid
adsorption procedure, which is performed without any modification of
the waste-derived hydrolysates, in aqueous solution and room
temperature.

The solids were fully characterized with the attempt to find a cor-
relation between the preparation process and the heavy metals removal
capability.

The final goal of this paper is to demonstrate the potential use of
waste-derived materials for environmental preservation. Indeed, it
proposes an approach that involves the use of one type of waste (the
hydrolysates, in this case) to treat another waste (water polluted by
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heavy metals), thereby achieving a double valorisation of waste mate-
rials and promoting the responsible use of natural resources, including
water.

2. Experimental
2.1. Materials

As support, the Ca-montmorillonite (STx-1b which stands for “State
of Texas”, STx), supplied by the US Clay Minerals Society Source Clay
Repository, was used. The clay has a white colour, and a crystal formula
XM(Cag.14Na,02Ko.01) ' (Aly 21Fed hsMgd 56Tio.02)  Sis.0010(0H)2. It is
supplied as dry powder, pre-processed by sieving to select the <44 pm
fraction. It is characterized by a surface area of 83.79 + 0.22 m?/g [34].

For all the experiments, the pristine powder, without any treatment,
was used; however, in-depth investigations were carried out on the <2
pm fraction, separated by gravity setting, according to the procedure
described in [35].

As clay modifiers two hydrolysed amino acid mixtures (HY, here-
after) obtained from waste of leather tanning process [28], (supplied by
ILSA S.p.A (Arzignano (VI), Italy) were applied, namely.

- A3001 (A, hereafter) is a brown-coloured liquid, characterized by a
molecular weight of 1327 g/mol, a degree of hydrolysis of 11 %, a
free amino acids content of 0.9 %, and a Ca content of 0.695 mg/g
(0.017 mmol/g)

- DE5032 (DE, hereafter) is a dark brown-coloured liquid, character-
ized by a molecular weight of 1937 g/mmol, a degree of hydrolysis of
23.7 %, a free amino acids content of 10.3 %, and a Ca content of
0.5126 mg/g (0.013 mmol/g).

The total amount of amino acids in the two collagen hydrolysate of
high molecular weight is provided in Table S1. Glycine, proline, hy-
droxyproline, glutamic acid, arginine, and alanine are the main
component.

2.2. Methods

2.2.1. Organoclay preparation

Organoclays (STx-HY, in the following) were prepared via solid/
liquid adsorption (Fig. 1), according to a procedure developed elsewhere
[33,36]. Typically, a fixed amount of STx (2.5 g) was contacted with 50
mL of the HY solution (0.3-7.2 mmolyy,g srx, corresponding to a molar
concentration of 15-360 mM), at room temperature, stirring for 90 min
at 500 rpm. pH was monitored during the experiment (glass electrode,
pH-meter Fiveeasy F20-std-kit Mettler Toledo), but no pH correction
was done. The measured pH during the organoclay preparation was
5.2-6.6 for A hydrolysate and 5.6-6.2 for DE.

Finally, the solids and the liquids were separated by centrifugation
(12 min at 1008 RFC) and fully characterized.

Adsorbed HY was determined before and after the contacting ex-
periments by Chemical Oxygen Demand (COD, hereafter). Analyses
were performed by HI80 Spectrophotometer (Hanna Instrument), ac-
cording to O’Dell [37]). The adsorbed HY was calculated according to
Eq. (1):

HY,4, (mmolyy / gery ) = [HYini (mmolyy / 8gry) — HYres (mmolyy / 8gry )]
(@)

where: “HY,qs” is the amount of adsorbed hydrolysate, “HY;,;” and
“HYyes” are the amount of hydrolysate in solution before and after the
uptake reaction, respectively. Analyses were performed in duplicate on
selected samples with an error between +£0.007 and + 0.16 mmol/g,
depending on the initial HY amount.

The solids were dried at room temperature overnight, ground up, and
characterized by physio-chemical analysis.
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Fig. 1. Scheme of the organoclays preparation procedure.

In the following, the synthetized organoclays are identified with a
label indicating the type and the amount of HY loaded on STx. For
example, STx-A 0.3 represents the organoclay prepared with A hydro-
lysate (25 mM) which loaded 0.3 mmol of HY per gram of clay.

2.2.2. Metal ions uptake experiments

The obtained organoclays were then tested for metal capture in
simulated solutions containing Cu(II) and Zn(II) ions.

For this purpose, simulated solutions were prepared by dissolving Cu
(NO3)2+3H20 and Zn(NOg3),+ 6H50 (both supplied by Sigma Aldrich) in
distilled water. Three copper solutions 3.3, 19 and 100 mM, (corre-
sponding to 0.06, 0.38 and 2 mmolc,/gsrx, respectively), and one zinc
solution 52 mM (corresponding to 1.03 mmol ,,/gsTx) have been tested.
The concentrations of Cu (3.3 mM) and Zn (52 mM) correspond to Cu
and Zn in weaning pig manure, respectively [10,38].

The contacting reaction was performed by following the same pro-
cedure shown of Fig. 1. In a typical experiment (Fig. S1), 1g of orga-
noclay was contacted with 50 mL of the metal ions solution. All
adsorption reactions were performed at room temperature, stirring time
of 90 min at 500 rpm, monitoring the pH during the experiment, but
without correction. The pH of the copper suspensions varied between
4.7 and 3.3, while that of the Zn suspensions between 4.9 and 5.5.

Finally, the solids and the liquids were separated by centrifugation
(12 min, 1008 RFC).

Copper solutions were analysed spectrophotometrically (H1801
Spectrophotometer, Hanna Instruments), while zinc solutions were
analysed by Inductively Coupled Plasma Optical Emission Spectroscopy
(ICP, PerkinElmer OPTIMA 7000 DV spectrometer PerkinElmer, Wal-
tham, MA, United States). Analyses were performed in duplicate on
selected samples, and the analytical error was +0.002-0.16 mmol/g
STx)-

The adsorbed ions were calculated according to Eq. (2):

metal ion, “M(ID;iy;”", and “M(II),es” are the amount of metal ion in so-
lution before and after the uptake reaction, respectively. An analytical
error of +3 % was found.

The solids, after metal adsorption, were dried at room temperature
overnight, ground up into a fine powder, and fully characterized by
physical-chemical analyses.

Hereafter, the organoclays are identified with a label indicating the
organoclay composition and the amount of heavy metal captured per
gram of carrier. For example, the label STx-A0.4-Cu0.45 identifies the
organoclay loaded with 0.4 mmol per gram of HY which captured 0.45
mmol of Cu per gram of sorbent.

2.2.3. Solids characterization

The pristine clay and the organoclays were fully characterized before
and after metal uptake.

X-ray powder diffraction analysis (XRPD) was performed by means of
a PANalytical Empyrean diffractometer equipped with a 1.8 kW CuKa
ceramic X-ray tube and a Real Time Multiple Strip (RTMS) PIXcel3D
detector. Operating conditions were: 40 mA and 40 kV; step size
0.0263°; counting time 297 s per step. The incident beam pathway
included a 0.063° divergence slit, a 0.125° antiscatter slit and 0.02 rad
Soller slits, whereas a Ni filter, 0.02 rad Soller slits and an antiscatter slit
(7.5 mm) were mounted in the diffracted pathway. Patterns were
collected on side-loaded mounts in the 20 range 4-80°. Small-angle X-ray
scattering (SAXS) was also employed for measurements at small angle
(0.5-7° 20 range) of the <2 pm fraction. In this case, the sample was
loaded in a 0.5 mm capillary and the instrument operated in trans-
mission geometry to measure the intensity of X-rays scattered from the
sample in the immediate vicinity of the direct beam. A focusing X-ray
mirror with 0.031° divergence slit and a 0.125° antiscatter slit was
mounted on the incident beam pathway, whereas an antiscatter slit (0.1
mm) was used in the diffracted pathway. The data were collected with a

M(H)ads (mmOlCU/gCarrier) = [M(H)ini (mmOICu/gCarrier) - M(H)res (mmOIC“/gCarrier) ] (2)

where: “M(II)” is Cu(Il) or Zn(Il), “M(Il)ads” the amount of captured

step size of 0.02° and a counting time of 35 s per step.
Fourier Transform-InfraRed (FT-IR) in Attenuated Total Reflectance
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mode (FTIR-ATR). Spectra of pristine and synthesized organoclay have
been collected in the MID-IR region using a Thermonicolet Nexus FT IR
instrument equipped with ATR accessory (diamond window). Applied
analysis parameters: 100 scans, 4 cem! resolution, DTGS detector,
background air.

Scanning electron microscopy and energy dispersive X-ray spectroscopy
(SEM-EDX) analysis were performed by a Zeiss EVO 50 EP (Zeiss, Jena,
Germany) combined with a spectrometer Oxford INCA energy 2000
(Oxford Instruments, Abingdon, UK). The SEM-EDX equipment was
operated at an electron high tension (EHT) voltage of 15 and 20 kV, a
current probe of 120 and 300 pA, and at high vacuum (about 10~* Pa) to
acquire images from both secondary and electrons chemical mapping.

Thermogravimetric analysis (TG-DTG). Thermal decomposition was
analysed by thermogravimetric and differential thermogravimetric
Analysis (TG-DTG) with a DTA-TG SEIKO 6300 instrument (Seiko In-
struments Inc., Chiba, Japan), from room temperature up to 800 °C in
air, heating rate of 10 °C/min.

Electron Paramagnetic Resonance (EPR) analyses were conducted to
evaluate the Cu?" adsorption in the organoclay contacted with Cu
(initial amount corresponding to 2 mmolcy/gclay). EPR measurements
were performed at 123 K by using a Bruker EMX spectrometer operating
at the X-band frequency and equipped with an Oxford cryostat. Spectra
were recorded at a power of 2 mW, modulation amplitude 2 or 10 G, and
at 130 K.

3. Results and discussion
3.1. Carrier characterization

STx clay has been widely characterized in literature [38,39]; how-
ever, for sake of completeness, the analysis of the pristine carrier was
also performed, by means of XRPD, TG, FTIR and SEM-EDX.

In the XRPD pattern (Fig. S2), the characteristic, well-defined basal
reflection at 5.79 26° was observed. The sharpness and intensity of the
basal reflection confirmed the degree of the stacking order. A calculated
d001 spacing of 15.25 A was found, in line with literature [38].

The two intense phenomena in TG-DTG analysis (Fig. S3a and b), in
the range 100-110 °C, are related to water release, physisorbed and
coordinated, respectively, whereas the broad phenomenon between 550
and 750 °C is consistent with de-hydroxylation and clay collapse [40].

FT-IR spectra recorded in ATR mode are reported in Fig. S4. The
main features of the spectra correspond to stretching modes of structural
hydroxyl groups (3620 crn_l), stretching modes of Si-O (989-800 cm_l),
deformation bands of Al-Al-OH groups (917 cm™') and of Al-Mg-OH
groups (842 cm™1). Moreover, coupled out-of-plane vibration bands of
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Al-O and Si-O (625 cm’l), and Al-O-Si deformation bands (525 cm™ 1)
can be recognized, in accordance with literature [41].

STx was also investigated in terms of morphology and elemental
composition by SEM-EDX analysis (Fig. S5 a,b). Morphologically, it
presented agglomerates of different size in the range of 20-100 pm
(Fig. S5a), with some irregularities on their surface. From EDX analysis
(Fig. S4b), STx components were Silicon (Si), Aluminium (Al), Oxygen
(0), Magnesium (Mg) and Calcium (Ca), as evidenced by the EDX
spectra (Fig. S5b).

3.2. Organoclay synthesis

The uptake, (analysis error in the range + 0.007 and + 0.16 mmol/
g), of A and DE hydrolysates by STx as function of the initial HY con-
centration is plotted in Fig. 2a and b.

Considering the adsorption curve of A hydrolysate, an increasing
linear trend was observed with the initial concentration range of 0.3-0.8
mmol/gsrx. A further increase in A initial content (1.4-1.8 mmol/gsrx)
did not result in a higher A loading, but in reaching an adsorption
plateau of 0.42-0.44 + 0.06 mmolyy/gstx. Moreover, when A initial
content is further increased up to 8 mmolyy/gstx, an almost linear
behaviour occurred. On the contrary, DE adsorption trend was always
linear for all the investigated initial concentration range (0.5-3.6
mmolpg/gsrx, Fig. 2a).

The presence of a threshold value in A hydrolysate adsorption can be
better evidenced when the adsorption efficiency is considered (Fig. 2b).
It is evident that a progressive decrease in A loading efficiency from 80
to 20 % (w/w) occurred on increasing A content in the contacting so-
lution, while for DE constant loading efficiency at about 30-40 % (w/w)
was calculated. Accordingly, a sites saturation mechanism can be hy-
pothesized for the adsorption of both the hydrolysates, where the
saturation of the adsorption sites is immediately reached for DE, but not
for A.

The amount of amino acids and peptides loaded by the clay can vary
considerably depending on the peptide nature. For example, Sippy Kalra
et al. [42] observed that an increasing in the chain length of glycine
polymers resulted in an increased adsorption when Ca/Mg and neutral
montmorillonite were used. Moreover, the adsorption showed a typical
Langmuir-type asymptotic trend, explained by considering the pepti-
de/polypeptide equilibrium concentration in solution. Therefore, the
amount of the adsorbed molecule increases up to a certain limit, which
corresponds to the saturation point; once exceeded this threshold value,
the adsorption process becomes independent on the molecule’s initial
concentration. This behaviour was demonstrated both for small pep-

tides, such as di-amino acids and for larger molecules, as
16 100
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Fig. 2. HY uptake as function of HY initial content: a) absolute values and b) capture efficiency (black square A, red triangle DE).
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betalactoglobuline [43]. Furthermore, regarding A adsorption behav-
iour, the presence of a two steps process consisting of a plateau followed
by an almost linear trend was also observed by Anita Parbhakar et al.
[44] in the adsorption of L-lysine on Na-montmorillonite. In this case the
adsorbate binds to the substrate, whereby a concentration is reached
that allows for an attractive interaction between the adsorbing mole-
cules, thus promoting an enhanced adsorption process.

Additionally, in case of A, the role of pH during adsorption cannot be
discarded. Indeed, in the range 0.3-1.8 mmol,/gstx the measured pH
was about 6-6.6; in this pH range, the main constituent amino acids of
the A hydrolysed, such as glycine, proline, hydroxyproline, are neutral
or, at least, negatively charged, because, being their isoelectric points
(IP) in the range 6-6.3, (Table S1), pH is higher than IP. When the A
concentrations is increased, the pH value is 5.3, thus resulting in amino
acids positively charged. Considering the negative charged STx surface
[45,46], the further and large linear adsorption observed after the
plateau can be explained with a Coulombic attraction interaction.
Similar considerations can be applied to DE, which constant adsorption
efficiency could be related to a constancy in pH, stable at 5.7-6
throughout the experiment.

Accordingly, the different behaviour of A and DE can be explained
considering a possible different polypeptide distribution in the hydro-
lysate, being them obtained by the hydrolysis of different wastes.

Regarding the adsorption mechanism, it is reported in the literature
that the organic molecule can interact with montmorillonite in different
ways, such as [47]: 1) intercalation with or without ion exchange; 2)
surface adsorption. The knowledge of the adsorption mechanism is of
paramount importance to understand the clay-molecule interaction
strength, fundamental in the adsorption process.

To investigate the interaction mechanism, the synthesized organo-
clays were analysed by XRPD. The obtained patterns are plotted in
Fig. 3, where pristine STx is reported for comparison.

By increasing the A initial content, a progressive shift and broad-
ening of the (001) reflection towards lower angles (20 = 4.97°, d =
17.85 A for the STx-A0.4 sample) occurred. A similar behaviour was
observed for DE-based organoclays (26 = 4.83°, d = 18.28 A for the STx-
DEOQ.55 sample). These results indicate an interlayer expansion up to
maximum values of 2.60 and 3.03 A for STx-A0.4 and STx-DEO0.55,
respectively. Moreover, by increasing the initial content of hydroly-
sates, a progressive increase of calcium release, up to 0.4 mmol/g was
measured (Fig. S6). This value is in line with the cation exchange

—~
=) - STx-DEO.55
=) " __STx-DE0.55
>
2 N STx-DE0.15
(2] } | T
[ H :
[} ﬁ '
= AN
N el \\ STx-A0.9
= / i
E il : e STx-A0.4
[ : § o i
[n'd g |
—ee /\ STx-A0.3
bt N STX]
T L : T ¥ T o T ~ T i T %
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20°

Fig. 3. XRPD patterns of the organoclays with different HY loadings, (pristine
STx for sake of comparison).
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capacity (CEC) of 84.4 meq/100g, (corresponding to 0.422 mmol/g of
ca®h) reported on the technical data sheet of the STx-1b [34]. The cal-
cium release was calculated by the difference between the total Ca
present in the solution after the contacting reaction and the Ca present in
the pristine hydrolysed solution.

The adsorption behaviour of the STx fraction <2 pm was also tested
using the A hydrolysate. The HY loading of this clay fraction increases as
a function of the HY initial content. In addition, a better HY loading
capacity of the STx <2 pm with respect to the bulk STx was observed
(Table S2). In this case, by increasing the HY content, a constant Ca ions
release (0.16-0.17 mmolc,/gstx) of the <2 pm clay fraction was found
(Table S2). The small-angle X-ray diffraction pattern of the STx <2 pm
evidences a broad (001) reflection at 20 ~ 4.8° and no additional peaks
at lower Bragg’s angles (Fig. S7). The interlayer expansion of the STx
fraction <2 pm is similar to that of the bulk sample (d ~ 18.6 and 17.85
A, respectively). Thus, it appears that the high reactivity and extent of
uptake of the <2 pum fraction may be ascribed to its high specific surface
area if compared with the bulk sample.

Therefore, all the studied organoclays, including the fraction <2 pm
show a maximum interlayer expansion of about 3 A. The same expansion
was calculated for tyrosine [48]. A constant d-spacing was observed
when Na-montmorillonite was contacted with arginine solutions of
different concentrations [48], as well as in the cases of adsorption of
glycine and cysteine, despite their different molecular structure [21] or
of larger molecules such as beta-lactoglobulin (18.4 KDa) [43] and
tryptone oligomers [25].

During our experiments, the concentration of A in solution was about
1-22 times the CEC of the used montmorillonite, while DE concentra-
tions were about 1 and 6 times of CEC. Zhang et al. reported [49] that
both intercalation and surface adsorption occur when the adsorption
with molecular concentrations largely exceeds the CEC of the clay
minerals.

In addition, given the dimensions and steric hindrance of the used
HY, only free amino acids and/or parts of the polypeptides may be
intercalated. On the other hand, the total HY loading higher than the
CEC of the montmorillonite evidence the occurrence of surface adsorp-
tion. Both mechanisms suffer from site saturation, limited number of
molecules allocable in the interlayer and limited number of surface sites.

The intercalation process can be also evaluated based on the water
molecules release. Accordingly, the organoclays were characterized by
TG-DTG measurements, and the obtained data were compared to those
of the pristine clay (Fig. S8 and Fig. 4a and b). Thermal decomposition
(TG, Fig. S3) of pristine STx is quite simple, the total weight loss occurs
within 200 °C and it is associated with water release both physi- and
chemi-sorbed water molecules; while the modulation of the curve at
about 600 °C is associated with dehydroxylation of the layer [50,51].

When the clay is loaded with HY, a more complex situation appears,
showing at least three decomposition phenomena, with associated
weight losses (Fig. S8).

1) from room temperature up to 150 °C, with an associate weight loss of
15 %,

2) between 300 and 400 °C, with an associate weight loss in the range
10-16 %,

3) between 450 and 600 °C, with an associate weight loss in the range
14-22 %.

As in the samples the HY loading is very close, TG curves (Fig. S8) are
almost overlapped, and for a better analysis of the phenomena, DTG
curves were considered (Fig. 4)

All the samples of organoclay, regardless of the HY nature or con-
centration, showed a very similar DTG pattern. The two intense phe-
nomena below 100 °C and around 110 °C in pristine STx, are related to
water release, physisorbed and coordinated, respectively, as observed
for the pristine sample [39]. The phenomena between 300 and 500 °C
with a maximum at about 370 °C, the barely evident shoulders at about
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Fig. 4. DTG of the Organoclays: a) A-based and b) DE-based samples.

450 °C and 500 °C, as well as the shoulder at about 600 °C, not present in
pristine STx, can be associated either with the decomposition of free
amino acids [52,53] and/or collagen peptides when bonded to
carbon-based materials, such as chitosan and functionalized multiwalled
carbon nanotube [54]. All these molecules are HYs components, in
particular collagen peptides, given the HYs animal origin. The presence
of free amino acids and/or small peptides are also consistent with the
decomposition temperature, as decomposition of free collagen is re-
ported at about 300-350 °C, without any additional phenomena at
higher temperature [55]. On the contrary, the high temperature shoul-
der (at about 600 °C) is an indication of collagen peptides interacting
with C-based materials, for instance chitosan and functionalized multi-
walled carbon nanotube [52,54,56].

Moreover, no coordinated water evolution (T 110-120 °C)
occurred in the organoclays (Fig. 4a and b), as expected in case of
intercalation.

Once more, materials characterization points out the presence of
small molecules (amino acids or peptides) interacting with the carrier,
and partially intercalated.

Materials were also characterized by means of FTIR — ATR mode. In
Fig. 5, the subtraction spectra of hybrid hydrolysate samples are re-
ported. The spectrum of STx matrix has been subtracted to enhance the
intensity of the hydrolysate IR bands. The reference spectra of both pure
hydrolysate materials are also reported in Supporting Information

=0.01a.u.
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Fig. 5. FTIR-ATR spectra of the organoclays upon the pristine STx spectrum
subtraction.

(Fig. S9).

No spectroscopic differences are evident comparing the hybrid ma-
terials based on the two hydrolysates A and DE.

In all the analysed spectra, the two broad bands at 1650 and 1540
cm ™! are attributable to the vibration of the peptide bond, namely to the
amide I band associated to the carbonyl stretching mode, and to the
amide II band, associated to N-H bending and C-N stretching modes.

The weaker and broad band at 1235 cm ™! can be due to the amide III
band (C-N stretching and N-H bending modes), thus confirming the
presence of peptides or polypeptides. Other broad bands at 1450 and
1410 cm™ !, also detectable, are likely due to C-H deformation modes in
the amino acid chain/molecules, although, according to some literature,
they could correspond to the vibrations of the pyrrolidinic rings of
proline and hydroxyproline (common amino acids in the collagen
structure) and/or to the C-H deformation modes and COO™~ symmetric
stretching modes of glycine, a component of the hydrolysates.

The hydrolysation process can explain the widening of the amide I
band due to the denaturation of the collagen, thus leading to less defined
amide I and amide II bands. This effect is indeed to be expected, due to
the complex nature of the mixture. Moreover, the interaction of the
peptide’s chains with the STx matrix leads to a further broadening of the
amide bands that are shifted to higher (amide I) or lower (amide II)
frequencies in comparison to the same bands in the spectrum of refer-
ence hydrolysates. This effect points out a significant interaction of the
peptide bond with the inorganic matrix.

In the low frequency region of the spectrum, a strong and complex
absorption is also observed, growing between 1150 and 1080 cm™?,
Bands around these positions have been attributed to C-N stretching
vibrations as well as peptide skeletal stretching mode. However, in this
region the perturbation of Si-O vibrational modes can appear as positive
band, too, suggesting a modification of these sites caused by the inter-
action with the hydrolysates [57-60]. Accordingly, the presence of free
amino acids and/or small peptides interacting with the carrier is further
confirmed.

To get further information about HYs location onto the carrier,
samples were investigated by SEM-EDX analysis. Results are reported in
Fig. 6. Considering SEM images (Fig, 6 a,b), no other features than those
of the carrier are distinguishable. However, if EDX analysis is performed,
using Nitrogen (N) as tracers, a homogeneous distribution of the organic
molecules on all the material is evident (Fig. 6¢ and d). Nitrogen atoms,
indeed, are key component of amino acids and peptides or polypeptides

in general, and no evidence of N was found in pristine STx (Fig. S5).
Accordingly, no preferential adsorption sites can be inferred in this case.
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Fig. 6. SEM-EDX analysis (magnification 5000x) of a,c) STx-A0.4, b,d) STx-DE0.55. Dark yellow spots: Nitrogen.

Table 1

Copper capture as a function of initial Cu content for A-based and DE-based organoclays.

A-BASED Initial Cu content (mmol/g) DE-BASED Initial Cu content (mmol/g)
0.06 0.38 2 0.06 0.38 2
Cu uptake (mmol/g) Cu uptake (mmol/g)
STx 0.059 0.1 0.54 STx 0.059 0.1 0.54
STx-A0.3 0.057 0.22 0.32 STx-DE0.15 0.058 0.12 0.6
STx-A0.4 0.05 0.21 0.45 STx-DEO0.55 0.053 0.21 0.51
STx-A0.9 0.055 0.2 0.45

3.3. Metal ions capture

3.3.1. Copper uptake

Copper adsorption was performed on pristine STx, and on the syn-
thetized organoclays, namely STx-A0.3, STx-A0.4, STx-A0.9 and on STx-
DEO0.15 and STx-DEOQ.55.

Results on copper uptake for the different A and DE loadings in the
carrier, are plotted in Table 1, respectively.

Both pristine and organoclay systems are able to capture Cu ions, at
any tested initial concentration (Table 1). Except for the lowest Cu
content (0.06 mmolc,/gsorbent), Where a total metal capture was found
for all the samples, and in both systems Cu capture almost linearly
increased with the initial Cu content in solution. Moreover, the presence
of the organoclay generally largely improved the metal capture. This
phenomenon is particularly relevant at initial Cu content of 0.38
mmolcy/gsorbent- HOwever, in case of the A-based system, a plateau trend
is observed for the sorbents at the higher HY loading (Table 1). On the
contrary, no plateau trend was observed in the pristine carrier and in
DE-containing materials. In case of DE, only a slight lower adsorption
was found when STx-DE0.55 was contacted with the highest initial
metal content (Table 1).

The improved metal capture observed in presence of the hydroly-
sates suggests that metal ions may mainly be captured in the organoclays
by their organic part [61]. Therefore, the formation of complexes be-
tween the organic part of the organoclay and Cu ions can be hypothe-
sized [21,62]. For instance, the occurrence of metal-hydrolysed
interaction in STx-A was immediately evidenced by a change in the
sorbent colour already at low Cu initial content, thus irrespective of the
captured Cu(Il). Indeed, the sorbent colour passes from the light beige of
the organoclay (Fig. S10a) to a bright blue tint (Fig. S10b). On the
contrary, no special colour changes were found in pristine STx. Such an
effect is possibly due to the formation of coordination bonds between the
hydrolysate and Cu ions, in particular, via copper glycinate (Cu
(HaNCH,COO)3 x (H20)x) [63] or similar copper-amino-acid complexes
formation. The presence of glycine can be inferred considering that the
hydrolysate mixture is mainly collagen, where glycine is one the main
constituent [30]. Regarding the extent of the phenomenon, little can be
said, because it is known that Cu-ammonia complexes are generally
highly coloured (due to electrons delocalization) irrespective of Cu
content [64].

The presence of the threshold in metal capture, corresponding to a
maximum of 0.45 mmolc,/gsorbent, in case of the A-based systems, could
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suggest a possible adsorption sites’ saturation phenomenon when initial
metal concentration is high. This data could be explained considering
that the metal and the hydrolysate adsorption sites are the same, which
in the organoclays with the higher A loading are partially occupied by
the hydrolysate. As a matter of fact, on increasing the A loading, both
cluttered interlayers and partially occupied surfaces, may hinder Cu
adsorption, thus, resulting in a constant metal capture observed at the
highest Cu content, and this phenomenon becomes more and more
evident on increasing A loading. Sites competition is not present in case
of STx, where all the sites are free for Cu adsorption, and in DE-based, at
the tested Cu concentration, suggesting for the presence of lower hin-
drance effect in this case.

An alternative explanation for the different adsorption behaviours
could be found in the pH of the contacting solution. Indeed, pH may
affect the capture mechanism due to the competition between a target
ion and the protons in solution for the occupation of sorbent sites in the
clay mineral [65]. Specifically, the weakly acid sorbent sites are
deprotonated when the pH increase, thus favouring Cu capture [66,67].

In our study, the used pH (3.3-4.7) favours the occurrence of cu®t
and Cu(OH)™ [68], and positively charged amino acids of the hydroly-
sate (i.e. pH < IP) in solution. At the same time, the pristine STx is
negatively charged [45].

Yuting Chu et al. [65], studying Cu uptake by tyrosine-modified
Na-Montmorillonite observed an increase in Cu uptake on increasing
pH, reaching a maximum at pH = 5 close to that of our experimental
conditions.

A pH range 3.3-3.5 induces the protonation of the amino acids.
Intercalated hydrolysates may hamper cation exchange mechanisms,
thus contributing to explain the lower extent of the Cu capture with
respect to the STx pristine. The higher Cu adsorption by STx (Table 1)
may be favoured by the pH value (4.4-4.8) of the solution as also re-
ported in the literature.

In Fig. 7, the XRPD patterns of the adsorbent (pristine STx and A-,
DE-organoclays) before and after Cu uptake are compared. The pattern
of the STx-Cu0.54 sample shows a broad reflection which is shifted to-
ward higher 26 angles with respect to the pristine pattern. This suggests
a shrinkage of the interlayer site when the montmorillonite is contacted
with the Cu solution. The observed interlayer contraction is due to the
Ca-Cu exchange mechanism coherently with the Ca concentrations
found into the reaction solution (0.22 mmolc,/gsrx). There are no sig-
nificant changes in the Bragg peak positions of the organoclay before
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Fig. 7. XRPD patterns of the pristine STx and of the synthetized organoclays
before and after Cu capture.

Results in Surfaces and Interfaces 21 (2025) 100645

and after the Cu uptake (compare the STx-A0.4 with STx-A0.4-Cu0.45
and STX-DE0.55 with STx-DE0.55-Cu0.51). This finding points to no
variation in the interlayer site population occurs when the organoclays
are contacted with the Cu solutions and only surface adsorption mech-
anisms are active.

FT-IR data about DE-based hybrids have been recorded after Cu
adsorption. Two spectra as examples of each adsorption process are
reported in Supporting info (Fig. S12). Very similar features are reported
in the spectra of samples STx-A and STx-DE after Cu ions adsorption.
Namely, the main bands of the peptide linkage are still evident and
slightly broader than in the spectrum of the pristine hybrid system
before adsorption. Apparently, a new component is evident at lower
frequencies (around 1610 cm ). Moreover, the amide II band decreases
in relative intensity. These observations can be explained by the stronger
interaction of N-containing groups with the metal ions but also by the
treatment in acidic pH.

Bands of OH groups are also detected as negative features, followed
by a broad positive absorption, suggesting that also exposed surface/
edges of STx participate to the adsorption process.

Samples were also characterized by SEM-EDX analysis to investigate
the possible Cu(II) distribution in organoclays due to the presence of
residual amino acids. STx-A0.4 and STx-DE0.55 were analysed and
compared with pristine STx (Fig. 8a-h). Nitrogen distribution was
considered, being nitrogen one of the main elements, different than
carbon, present in the hydrolysates, thus considered as probe; nitrogen
was not present in pristine STx.

No difference in the morphology of the samples was appreciable;
they are all characterized by a quite similar complex structure
(Fig. 8a—c), and they are not distinguishable, in principle by a simple
microscopic inspection. Also, EDX, despite being more informative was
unable to definitively demonstrate the preferential interaction of Cu
with the amino acids. Indeed, in the case of STx-Cu, a homogeneous
copper distribution was evident (Blue spots in Fig. 8 d), but also an
homogenous copper distribution was observed in the organoclays
(Fig. 8e and f); however, in this case, Cu distribution apparently closely
resembles the nitrogen distribution (the yellow spots in Fig. 8g-h). Also
in this case, such evidence may suggest for a preferential interaction Cu-
amino acids, but it was not conclusive.

For this reason, both pristine and organoclays before and after being
contacted with the higher copper solution concentration (e.g., 2
mmolcy/gsorbent) Were analysed by EPR (Fig. 9a and b).

EPR spectra performed on the samples before Cu?* contact did not
show any signals due to Cu(Il). In fact, no great differences emerged
among pristine STx, STx-A0.4 and STx-DE0.55 (Fig. S11); all the samples
showed small signals due the presence of paramagnetic metal traces
such as Fe(IIl) centers at g = 4.3 and Mn(II) evidence by the sextet at g =
2 due to the >®Mn(I = 5/2) hyperfine coupling. Instead, only in STx-
DEO.55 a very small signal at about g = 2.02 was detected, not pre-
sent in the pristine STx neither in the STx-A0.4, which may be ascribed
to trace of carbon centred radicals.

Copper adsorption by STx was confirmed by the presence of the
typical EPR signal of Cu(Il) at g|| = 2,34, g = 2.09, and resolved parallel
hyperfine structures Aj| = 176 G upon metal capture and absent in
pristine STx (Fig. 9) [69], which can be assigned to Cu(Il) centers with
tetragonally distorted octahedral symmetry [70]. The preferential
interaction of copper with the hydrolysates are suggested by the EPR
spectra of STx-A0.3-Cu0.32, 0 STx-A0.4-Cu0.45, STx-DE0.15-Cu0.6,
STx-DE055-Cu0.51, obtained after Cu capture. All spectra showed a
main Cu(ll) signal at g| = 2.32, g1 = 2.09, and A|| = 168, overlapped to
other less detectable and slightly different Cu(I) signals with similar
features. Also in this case, they can be attributed to Cu(II) centers with
tetragonally distorted octahedral symmetry. Moreover, the modifica-
tions of g and A values, compared to STx, evidenced a different coor-
dination of the metal, probably due to its interaction with the functional
groups of the hydrolysates on the clay surface, thus confirming the hy-
pothesis of Cu-hydrolysate preferential interaction.
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Fig. 8. SEM-EDX analysis (magnification 5000x) of a) STx-Cu0.54, b) STx-A0.4-Cu0.45, c¢) STx-DE0.55-Cu0.51, d-f) EDX analysis of copper, g-h) EDX analysis

of nitrogen.

3.3.2. Zinc uptake

Zinc uptake was performed using a concentration of 52 mM (1.04
mmoly,/gstx), i-€., at the Zn concentration in weaning pig manure [10].
Zn solution was contacted with pristine STx, as well as STx-A and
STx-DE samples, and results are reported in Table 2. During the exper-
iments, the pH of the Zn suspensions varied between 3.5 and 4.9, as
shown in Fig. S13.

Given data of Tables 2 and it is evident that STx-DE samples were
always better performing than STx-A. A slight improvement in Zn (II)
capture over pristine STx is only observed for the sample STx-DE-0.15.
Zn capture is only slightly higher than in pristine STx: 46 % and 45 %,
respectively, and a higher HY loading entailed a worsening of the cap-
ture performances. Accordingly, functionalization did not make
improvement and is potentially detrimental for zinc capture. However,
the higher affinity of copper ions for the sorbents here proposed, could
have a positive effect when Zn and Cu are co-present, as in real manure,
thus pointing out for a possible selective metal capture. However, this
point need for further confirmation using mixed solutions first, and real
manure, second. In the case of Zn, no broadening of the d001 reflection

was manifests when Zn is contacted with pristine STx (Fig. S14), and
calcium release up to 0.15 mmolc,,gstx was detected during the ex-
periments, suggesting a possible ion exchange mechanism.

FT-IR spectra of A-based and DE-based hybrids have been recorded
after Zn adsorption (Fig. S15). Comparable results to copper samples
were obtained.

Also in this case, samples were characterized by SEM-EDX analysis
(Fig. 10a-h) to investigate Zn (II) distribution in the pristine STx and in
the organoclays, STx-A0.4 and STx-DE0.55 (Fig. 10a—c). The samples
showed the characteristic complex structure of STx, and no other feature
related to Zinc phase were detected. Considering EDX analysis, a ho-
mogenous distribution of Zn (II) is evident in all the studied samples
(Fig. 10d-f). In this case there is no evident correlation between nitrogen
(Fig. 10g-h), and zinc distribution, as in the case of copper. Indeed, in
the presence of the organoclay, zinc seems to be equally distributed
between the inorganic component (i.e., STx) and the organic one (i.e.
the hydrolysed).
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Fig. 9. EPR spectra of a) STx—Cu0.54, STx-A0.4-Cu0.45, STx-A0.3-Cu0.32, b) STx-Cu 0.54, STx-DE0.55-Cu0.51, STx-DE0.15-Cu0.6, normalized by sample weight.

Table 2
Zn Capture by the different sorbents.

A-BASED Initial Zn content (mmol/g) DE-BASED Initial Zn content (mmol/g)
1.04 1.04
Zn uptake (mmol/g) Zn uptake (mmol/g)

STx 0.45 STx 0.45

STx-A0.3 0.34 STx-DE0.15 0.47

STx-A0.4 0.29 STx-DE0.55 0.32

4. Conclusions and final considerations

In this study two hydrolysed leather flashings, a mixture of amino
acids in single amino acids or in peptides, namely A and DE hydrolysates
were used to modify Ca-Montmorillonite clay (STx). The experiments
verified that STx can load the two hydrolysed amino acid solutions (A
and DE) within 90 min contact time and without pH modifications. A
nonlinear adsorption phenomenon was verified for A hydrolysate, with
an adsorption plateau at 0.44 mmolyy/gstx, for an initial contacting
content set at 1.8 mmolyy/gsrx. Increasing A initial content an almost
linear adsorption is present. Instead, DE adsorption follows a linear
adsorption behaviour. According to XRPD analysis, a shift of the d001
reflection towards lower angles is manifested, compatible with an
maxium interlayer expansion of 3.03 A in the STx-A0.4 sample, corre-
sponding to an A loading of 0.44 mmola/gstx. No further expansion was
observed by increasing the HY content. This testifies for concomitant
intercalation of amino acids and surface adsorption phenomena. The
same trend in the peak positions was observed for STx-DE samples
although a lower interlayer increment was measured with respect to A-
organoclay.

The TG-DTG analysis further confirms the presence of organic li-
gands in the organoclays, as it indicates decompositions, that are not
present in pristine STx, occurring at high temperatures in the range of
350-500 °C, in line with the decomposition of collagen which is a main
component of HY. FT-IR data suggest in both cases a strong interaction
between the clay matrix and the HYs through the amide group. Never-
theless, features due to the peptidic chain are still well evident thus the
molecular structure of the organic molecule is not affected.

The resultant organoclays HY-STx were tested for the capture of Cu
and Zn, which are present in pig manure. Three different Cu stock
concentrations were used, corresponding to 0.06, 0.38 and 2.00
mmolc,/gsTx. For the lowest copper content (0.06 mmolc,/gstx-A) @ near
total Cu capture (capture efficiency in the range of 83-98 %) is observed
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for all tested sorbent solids, independent on HYs nature or loading
concentration. At 0.38 mmolc,/gstx, @ larger Cu capture occurs upon
increase of A and DE loadings (capture efficiency in the range of 32-58
%) compared to the pristine clay (capture efficiency of 26 %). Con-
cerning 2.00 mmolc,/gsrx, a site saturation is reached for both A and DE
hydrolysates, corresponding to a maximum Cu capture of 0.45 mmolc,/
gstxa and 0.6 mmolc,/gstxpE, €qual to a capture efficiency of 22 % and
30 % respectively. In case of Zn, only one concentration was tested,
corresponding to the initial absolute content set at 1.04 mmolz,/gsTx.
However, HY loading was detrimental to the adsorption of Zn compared
to pristine clay (capture efficiency of 28 %), indicating site hindrance.

It is undeniable that the preliminary results here reported demon-
strated how protein hydrolysates derived from leather tanning wastes
are effective clay modifiers to obtain sorbents to treat streams contam-
inated by Cu, but not Zn. Therefore, the interaction between the hy-
drolysate and the clay, and between the organoclay and the metal ions,
are necessary to better explain the interaction and the capture mecha-
nism to tune the capture capacity of the system. Moreover, the capture
capability towards other typical water pollutants, such as for instance
Pb, Cr or Cd, has to be assessed to more generalize utilisation of these
new materials. Similarly, the possibility of reuse the spent sorbents or to
dispose them in a safer manner has to be considered and study to
possibly “close the circle”.

However, the authors believe that the value of this study does not lie
in the development of an adsorbent with outstanding properties, capable
of replacing the existing commercial alternatives, but rather in the
adoption of a circular approach to the problem. The reduction of haz-
ardous waste through its re-use, together with the possibility of pro-
ducing a material without the use of natural resources and with minimal
carbon dioxide emissions, represents a highly promising strategy in
terms of both cost-efficiency and low environmental impact.
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Fig. 10. SEM-EDX analysis (magnification of 5000x) of a) STx- Zn0.45, b) STx-A0.4-Zn0.29, c) STx-DE0.55-Zn0.32, d-f) EDX analysis of zinc, g-h) EDX analysis

of nitrogen.
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