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ABSTRACT: Wool waste is a huge environmental problem that needs
to be addressed in order to avoid the continuous accumulation of Water remediation
biohazardous waste in landfills. In recent years, wool has proven to be ‘
an excellent source of keratin that can be used for various purposes. But [CEIREEE
never before has keratin from wool waste been used as a building block
to synthesize a well-known class of biopolymers called nanosponges.
Typically, nanosponges are produced by the reaction of cyclodextrins
with an appropriate cross-linker to obtain an insoluble hyper-cross-
linked polymer, which has applications in various fields. For this reason,
a novel, affordable approach for the synthesis of a novel class of [EAise——_

nanosponges
nanosponge using wool keratin as the building block has been
presented. The keratin nanosponge was synthesized by reacting keratin
with pyromellitic dianhydride as a cross-linking agent. The formation of a cross-linked polymer was successfully confirmed by
CHNS-elemental analysis, TGA, DSC, FTIR-ATR, SEM, and water absorption capacity measurements. Surprisingly, the keratin-
based nanosponge showed ~50% uptake of heavy metals after only 24 h of contact time. The adsorption kinetics was also evaluated,
indicating a pseudo-second-order model fit and the mechanism is predominantly the intraparticle diffusion process. The novel
synthesized nanosponge proved to be a possible alternative for wastewater treatment.

Bl INTRODUCTION Based on that, the removal of heavy metals in water has
attracted significant attention, and various methods have been
applied. Various techniques are commonly used to treat heavy
metal pollution in wastewater, including chemical precipita-
tion,® membrane filtration,” electrochemical treatment,™
solvent extraction,’’ ion exchange,12 and adsorption.13
Chemical precipitation and electrochemical treatment are
commonly used, but they produce a large quantity of sludge
that is difficult to be treated.'* Membrane filtration, solvent
extraction, and ion exchange are expensive and difficult to be
applied at a large scale.'” Thus, these techniques have some
shortcomings, such as complex processing, being expensive,
and being energy-consuming. An ideal alternative is considered
adsorption. Adsorption is currently used for industrial
applications and it is considered ideal for wastewater treatment
because of its simplicity and cost-effectiveness.'® Over the last

Natural fiber processing has the highest environmental impact,
particularly wool." Furthermore, water pollution caused by
mainly anthropogenic activities is an extremely serious
environmental problem that has emerged in recent years.”
Thus, the time has come for a transition by proposing a new
system with a vision aligned with the circular economy
principle.

Industrial waste often contains a wide range of toxic
dissolved inorganic chemicals that have been discharged into
the environment, leading to severe water pollution. These
pollutants include heavy metal ions, colorants, phenols, organic
compounds, and inorganic ions.”* Heavy metals have become
increasingly prevalent in aquatic systems due to excessive
discharges from various industries, such as metallurgical and
chemical fertilizer production.”® As a result, many aquatic
environments now have metal concentrations in excess of
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few decades, various materials have been developed as
adsorbents for heavy metal removal.'” Numerous agriculture
and industrial byproducts and wastes have been studied as low-
cost adsorbents.'®'? Recently, keratinous materials such as
wool, feathers, and hair have been explorecl.zo_22 Among these,
wool is relatively abundant and sheep production and wool
processing generate a significant amount of unused materials
that are generally landfilled or discarded, creating possible
environmental problems.”> Thus, scientists have increasingly
become interested in using wool for many potential
applications.”* Specifically, wool found applications as a
natural biosorbent because of its high ability to remove metals
to trace concentrations.”> Wool can bind a wide range of metal
ions, but more effective metal removal is obtained with
chemically modified wool fibers or extracted wool protein.*®
Recently, many researchers have explored the extraction of
keratin from wool and its transformation into new materials for
different applications, including films, cosmetics, medical
membranes, injectable gel, and drug delivery systems.”’
Based on the application, different extraction approaches
have been performed. Reducing agents or oxidants are often
used to extract keratin, but also physicochemical methods such
as hydrothermal or steam explosion techniques are commonly
applied.”*™*° Various extraction methods lead to differences in
recovery, morphology, and physicochemical properties of
keratin, and in this paper, sulfitolysis has been applied for
keratin extraction. It is known that keratin has the ability to
bind toxic substances such as heavy metals and other
hazardous VOCs, but the poor mechanical properties of
wool keratin limit its processing and practical applications.”"
Therefore, keratin should be appropriately treated to achieve
better structural properties and overcome the aforementioned
problems.

One possible way is to explore the use of keratin as a
building block for the synthesis of new biobased polymers,
tailoring their chemical and physical properties.”””® Many
cross-linking agents are available and well-established, such as
epichlorohydrin, diacyl chlorides, dialdehydes, epoxides, etc.
The cross-linking reaction is typically performed using
cellulose or starch-based compounds in order to create a
well-known class of insoluble polymers, known as nano-
sponge.”* Many research studies report the use of different
building blocks for the formation of nanosponges, but no
previous work described the use of protein for the nano-
sponges synthesis.

This work presents the synthesis of a novel class of
nanosponges using keratin as a building block. Specifically,
the keratin was cross-linked using the pyromellitic dianhydride
(PMDA) as a cross-linking agent, and the obtained nano-
sponge was fully characterized using TGA, IR, DSC, and SEM.
In addition, the preliminary adsorption experiments of some
metal cations (Pb, Cd, and Ni) from aqueous solutions were
carried out to demonstrate the potential of the keratin-
nanosponge (Ker-Ns) in wastewater treatments.

B MATERIALS AND METHODS

2.1. Materials. Pyromellitic dianhydride (PMDA, 97%);
dimethyl sulfoxide (DMSO, (>99.9%); triethylamine (Et;N, >
99%); acetone (>99% (GC)), sodium hydroxide (NaOH,
99%), urea (98%), and sodium metabisulfite (>99%) were
purchased from Sigma-Aldrich (Darmstadt, Germany).

2.2. Methods. Keratin Extraction. Prior to extraction,
coarse wool samples are in the form of tops. The fibers were

cleaned using a Soxhlet extraction with petroleum ether to
remove any grease and surfactants present on the wool surface.
Then, 4 g of wool fibers was soaked in 100 mL of an aqueous
solution containing urea (8 M) and sodium metabisulfite (0.5
M) and brought to pH 7 with NaOH (5 M). After that, the
solution was shaken for 2.5 h at 65 °C using a Heraeus Linitest
apparatus (URAI S.p.A., Assago, Italy). Then, the mixture
underwent filtration using a S ym pore-size filter and was
subsequently dialyzed with a cellulose dialysis tube (molecular
weight cut off 12—14 kDa) against distilled water in a
circulating system for 2 days. The resulting solution was then
dried using a freeze-dryer for a week. The extraction yield was
determined as described below:

W,
o0 =g (1)

The yield Y (%) define the extraction yield and it is
calculated using the formula 1) where W, represents the dry
weight of extracted keratoses achieved after lyophilization, and
W, is the initial weight of wool.

Synthesis of Keratin-Pyromellitic Dianhydride-Based
Nanosponge (Ker-Ns). The nanosponge synthesis was carried
out by dissolving 0.44 g of anhydrous extracted keratin in 3.58
mL of DMSO in a vial, following the procedure already
described in the available literature without any modifica-
tions” A homogeneous and colorless mixture was prepared
and 0.22 mL of Et3N was added as a catalyst, followed by the
incorporation of 0.42 g of PMDA as cross-linking agent.
Because of the exothermic character of the reaction, it was
performed under a magnetic stirrer at room temperature. The
entire polymerization process was completed within a few
minutes, resulting in a solid that was left to set for 24 h. The
solid mass was then manually ground in a mortar and
repeatedly washed with deionized water using a Buchner
filtration system until a clear supernatant solution was
obtained. Any potential byproducts were completely removed
in a Speed Extractor (BUCHI E-914) with acetone for about
40 min. Finally, the Ker-Ns was allowed to air-dry, ground, and
used for characterization. The yield of the reaction is
approximately 40%.

CHNS-Elemental Analysis. The CHNS-elemental analysis
(EA) was performed to precisely and reproducibly quantify the
carbon, hydrogen, nitrogen, and sulfur contents in the
synthesized Ker-Ns. The analysis was conducted using a
CHNS-O analyzer (Thermo Fisher Scientific FlashEA 1112
series; Waltham, MA, USA) equipped with Eager Xperience
software (for Windows XP) and MAS 200R Auto Sampler.
The external standard utilized for system calibration was 2,5-
bis(5-tert-butyl-2-benzo-oxazol-2-yl) thiophene (BBOT). Spe-
cifically, the analysis was performed by employing a metal
container that is filled with approximately 2.5 mg of sample
and an equivalent quantity of V,0O; as a catalyst.

ATR Analysis. The attenuated total reflection (ATR)
technique equipped with a Smart Endurance diamond crystal
was used to collect the FTIR spectra of keratin and Ker-Ns.
The spectra were gathered in the range of 4000 to 650 cm™
with 64 scans and 4 cm™" resolution using a Thermo Nicolet
Nexus 1Z10 spectrometer (Milan, Italy) with Omnic software.

Thermogravimetric Analysis. The TGA Mettler Toledo
instrument (Columbus, Ohio-USA) with a STARe system was
used to perform the thermogravimetric analyses under a
nitrogen flow of 100 mL min~'. About 10 mg of keratin and
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Ker-Ns were placed in an alumina open pan and heated to 700
°C by a ramping temperature of 10 °C min™".

Differential Scanning Calorimetry Analysis. TA 3000
Mettler Toledo instrument (Columbus, Ohio-USA) with
DSC 20 cell was utilized for the Differential Scanning
Calorimetry analysis (DSC). The program operated in the
interval of temperature of 30 to 220 °C with a heating rate of
10 °C min~" under nitrogen flow (50 mL min™").

Scanning Electron Microscopy. The samples were
morphologically investigated with a Zeiss EVO 10 SEM. The
scanning electron microscope (SEM) was operated at an
acceleration voltage of 30 V and a 50 pA probe. The samples
were fixed on aluminum holders with double-sided adhesive
tape. Later on, the samples were covered with 20—30 nm of
gold in argon using an Emitech K 550 sputter coater with a 20-
mA current for approximately 180 s.

Water Absorption Capacity (WAC). For assessing the water
absorption capacity, S0 mg of dry powder was vortex-mixed
with 1.5 mL of deionized water in an Eppendorf tube. The
tube was then enclosed and kept under ambient conditions.
After 2 h, the water-bound material was retrieved through the
centrifugation step to isolate the unabsorbed water layer. After
removal of the supernatant, we blot off any residual excess
water using absorbent paper and record the weight. Calculate
the water absorption capacity (%WAC) using eq 2:*

WAC (%) = 22— " « 100 o
m 2

The mass of the swollen sample at time ¢ (m,) and the initial
weight of the dry sample (m,) were measured.

Three replicates were executed to ensure accuracy.

ICP-OES Analysis. The quantification of Ni**, Pb**, and
Cd** adsorption was performed using inductively coupled
plasma-optical emission spectroscopy (ICP-OES) with a
PerkinElmer Optima 7000 DV apparatus. The equipment
was supplied with an Echelle monochromator, a cyclonic spray
chamber, and a Teflon Mira Mist nebulizer. The plasma power
was set to 1.3 kW, and the sample aspiration rate was set to
approximately 2 mL min~'. Regarding the nebulizer, the argon
nebulizer flow was set to 0.6 L min~’, while the argon auxiliary
flow was set to 0.2 L min~', and the argon plasma flow was set
to 15 L min~". The adsorption experiments began with S0 mL
of a 50 ppb solution of Ni**, Pb**, and Cd*". The experiment
involved immersing 2 mg of Ker-Ns in solutions at ambient
temperature for different intervals spanning from 1 to 24 h.
Prior to immersion, the solutions were passed through a 0.45
um PTEE filter, and then 1% v/v nitric acid (65% w/v) was
subsequently added. The concentration values were based on
the average of three separate readings. The ICP-OES data are
reported in ug mg™" according to the eq 3:

— V(CO B Ce)
m (3)

where V is the volume of the tested solution (S mL), C, is the
starting concentration of the metal in the solution (expressed
in mg L"), C, is the concentration of the unadsorbed heavy
metal (expressed in mg L"), and m is the amount of Ker-Ns
(5 mg).

To evaluate the materials’ regeneration capability, desorp-
tion experiments were conducted by adding the extracting
solution to the wet samples. The process began with the
application of a saline solution of 0.01 M KCI at a

C

circumneutral pH, followed by a subsequent 0.1 M NaOH
washing step. The suspensions were shaken for 24 h at 25 °C
in the dark. No changes in content were made, and the text is
free from bias and subjective evaluations.

Kinetic Studies. A kinetic study was performed to quantify
the adsorption-rate-controlling steps in Ni**, Pb*", and Cd**
uptake on Ker-Ns. The pseudo-first-order and pseudo-second-
order kinetic models were applied for kinetic study.
Specifically, the data were collected after different exposure
times of the Ker-Ns with 50 ug L' Ni**, Pb*, and Cd**
aqueous solutions. The metal concentration was analyzed by
ICP-OES. The pseudo-first-order kinetic model is given with
the following eq 4 as*®

k
lo - =lo - L
g(q, — q,) =logq, (2_303) @

where g, and g, represent the amounts of metal ion adsorbed
by Ker-Ns (mg g™') at steady-state and time, ¢, respectively. By
slope of the linear plots of log(q. — q,) versus t, the pseudo-
first-order rate constant, k; (min~') was evaluated.

Further, the pseudo-second-order kinetic model considered
in this study is given with the following eq 5 as***’

Ta, =l + Clg )

where g, and g, are amounts of metal ions (mg g~') adsorbed
by the Ker-Ns at equilibrium and at time ¢, respectively. The
initial rate of adsorption h (mg/g min) was evaluated using the
eq 6:

h=ky’ 6)

The pseudo-second-order adsorption rate k, (g/mg min)
was determined by t/q; against the ¢ linear plot.

Furthermore, the heavy metal adsorption mechanism was
studied utilizing the interparticle diffusion model, which was
strong-minded by using the eq 7.

q, = kgt + C (7)

where C is the intercept and kg is the intraparticle diffusion
rate constant (mol min™"/% g™*).

3. RESULTS AND DISCUSSION

Characterization of the Keratin-Based Nanosponge.
After degreasing, the wool underwent sulfitolysis extraction to
obtain keratin. Briefly, wool fibers were treated with an
aqueous solution containing urea and sodium metabisulfite
(0.5 M) in a Linitest apparatus for 2.5 h at 65 °C. The mixture
was then filtered and dialyzed against deionized water for 2
days. The resulting solution was dried by using a freeze-drier
apparatus and stored properly for future analysis and
preparation. The extraction yield was approximately 33% (w/
w). After extraction, the keratin was cross-linked with PMDA
using Et;N as a catalyst at room temperature (Figure 1). The
cross-linking reaction involves the attack of the nonbonding
nitrogen pair of electrons of Et;N on the PMDA carbonyl
group, forming an activated intermediate. This intermediate
can react with hydroxyl, sulthydryl, and amine groups of the
keratin, releasing the catalyst back to the reaction medium.*®
Another anhydride can be formed within the same molecule of
PMDA to continue the reaction, cross-linking the keratin
molecules, since there is another available carboxylic group in
the same molecule of PMDA.”” PMDA is estimated to be the
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Figure 1. Cross-linking process of keratin with PMDA to form Ker-
Ns.

most reactive dianhydride monomer due to the four carbonyl
groups attached to one benzene ring in a coplanar
conformation that may result in a high tendency to accept
an electron. The PMDA-based ester-bridged polymeric
network comprises free carboxylic acid groups, which enable
the formation of complexes with both cations and apolar
organic molecules.”

To get more insight into the cross-linking of keratin with
PMDA, CHNS-elemental analysis was performed. The results
are listed in Table 1.

Table 1. CHNS-Elemental Analysis of Keratin Sulfitolysis
and Ker-Ns

samples %N %C %H %S
keratin sulfitolysis 13.08 41.96 6.51 5.88
keratin sulfitolysis/PMDA 12.62 46.17 6.15 4.28

The results show that the amount of carbon within the Ker-
Ns structure is higher compared to the amount of carbon
contained in bare keratin. This variation may be attributed to
the presence of pyromellitic dianhydride, which led to an
increase in the amount of carbon in the material. These results
provide evidence that some modifications related to the cross-
linking reaction have occurred.

After the CHNS-elemental analysis, ATR-FTIR spectrosco-
py was used to confirm the chemical structure of the developed
Ker-Ns.

Figure 2a presents the FTIR spectra of keratin and Ker-Ns.
Both spectra exhibit typical peaks corresponding predom-
inantly to the peptide bonds in the amine A (3390—2800
cm™'), amide I (1700—1600 cm™'), amide II (1580—1480
cm™!), and amide III (1300—1220 cm™") regions. The main
vibrational modes are reported in Figure 2c.”’ No significant
differences were observed in amide A, amide I, and amide II

regions. However, Figure 2b displays modifications of
functional groups detected in the amide III region. A new
peak at 1365 cm™' appears in the spectrum of cross-linked
keratin, which is related to O—H bending of the carboxyl
group. Additionally, a new strong absorption band of 1105
cm ™! is observed, which is attributed to C—O stretching. These
new bands suggest that PMDA has been cross-linked to the
keratin backbone through condensation reactions. The cross-
linking reaction between the protein and the cross-linker may
have involved acid and base groups of specific amino acid side
chains, particularly amide linkages. These groups were not
identified in the FTIR spectrum. However, the presence of two
bands in Ker-Ns suggests a successful cross-linking reaction
between keratin and PMDA. Further information about the
FTIR analysis is reported in the Supporting Information, SI
(Figure S1).

In order to investigate the morphology, SEM was used to
characterize Ker-Ns at 50X and 500X magnifications, as shown
in Figure 3.

After extraction, the keratin is typically subjected to a freeze-
drying process to remove water and form a solid keratin
powder. Figure 3a,b shows SEM micrographs of the keratin,
revealing uniform amorphous keratin sheets. In contrast, Ker-
NS displays a different morphology consisting of single
particles with rough and jagged surfaces, as shown in Figure
3¢,d. The particle size distribution ranges from 10 to 300 ym
and is inhomogeneous due to the grinding process that
occurred after the Ker-Ns synthesis.

To gain more insight, thermal analyses were used to
characterize keratin and Ker-Ns. The TGA, DTGA, and DSC
results are displayed in Figure 4.

The thermal profile of keratin, as shown by TGA (Figure
4a), exhibits two distinct weight loss steps, as highlighted by
the DTGA analysis (Figure 4b). The first step, which
represents evaporation/dehydration, begins immediately and
concludes around 110 °C. This step accounts for a 10% weight
loss and is dependent on the sample’s moisture content. The
second step, which occurs between 230 and 490 °C,
corresponds to the degradation of the protein chain. For the
Ker-Ns, three main weight loss steps are observed. The initial
step begins promptly and concludes at approximately 110 °C
and is associated with the loss of adsorbed moisture. Notably,
the second degradation step occurs within the range of 180—
240 °C and is evident in the DTGA. As keratin degradation
typically occurs between 230 and 240 °C, as demonstrated by
the TGA, the shift in the primary degradation peak raises the
possibility of the presence of new bonds weaker than peptide
bonds. After 240 °C, the keratin's main step of degradation can
be observed between 240 and 350 °C. The split and shift of the
Ker-Ns degradation step to a lower temperature indicates the
presence of various types of bonds related to the cross-linking
reaction.

Figure 4c shows the DSC analyses of keratin and Ker-Ns. To
enhance the analysis, a pretreatment (not shown) was
performed at a temperature of 100 °C to remove absorbed
water. The Ker-Ns curve displays an additional endothermic
peak at 180 °C, which may be attributed to the presence of
—COOH or —OH groups. These groups primarily belong to
PMDA, which is a poly(carboxylic acid). Not all of its
functionalities are involved in cross-linking with keratin and as
the temperature increases, these groups can condense and form
a further cross-linked structure.”' Further information on the

https://doi.org/10.1021/acsomega.3c09133
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Figure 2. (a) FTIR spectra of keratin and Ker-Ns between 4000 and 650 cm™, (b) FTIR spectra of keratin and Ker-Ns between 1500 and 650

em™, and (c) amine present in the keratin structure.

DSC analysis is reported in the Supporting Information
(Figure S2).

Generally, a cross-linked polymer can increase its volume
many times by absorbing large quantities of solvent. The
swollen polymer network is held together by molecular chains
that are chemically linked or so-called cross-links.”* Therefore,
swelling is essential for studying new materials’ water-holding
ability and permeability. Water molecules penetrate the
network during swelling, causing the hydration of polar
hydrophilic groups. Therefore, the polymer expands until
equilibrium between the free water molecules and molecules
within the network is achieved. The swelling index or obtained
WAC is 245% (£5%) for the Ker-Ns, and 31% (+3%) for the
bare keratin. The results indicate that the addition of the
PMDA as a cross-linking agent has significantly tuned the
hygroscopic behavior of the keratin, and thus, the Ker-Ns
absorbed a higher quantity of water. Therefore, this higher
swelling capability can be linked to the generation of a
hydrophilic polymeric network created by the cross-linking
reaction between the PMDA and keratin. This can induce the
linkage of the water molecules through hydrogen bonds with
hydrophilic groups. The WAC is substantial for diverse
applications such as the removal of dyes and heavy metals
from wastewater. Therefore, WAC is a notable step to further
characterize the Ker-Ns as promising adsorbents in wastewater
treatment.*’

3.2. Metal Binding. The Ker-Ns contain many functional
groups and therefore can have strong chelating ability with
heavy metal ions. The effectiveness of Ker-Ns in removing
heavy metals was assessed by immersing it in aqueous solutions
of Ni**, Pb**, and Cd** and measuring the remaining ions in
the solution using ICP-OES at various soaking times (1, 3, S,
and 24 h). The ICP-OES data were calculated and normalized
to each sample weight, and the results are shown in Figure Sa.

43323

Furthermore, Table S1 in the Supporting Information provides
a detailed overview of the adsorption capacity of keratin-based
nanosponges (Ker-Ns) for nickel (Ni), cadmium (Cd), and
lead (Pb) from aqueous solutions.

As shown in Figure Sa, the Ker-Ns gradually adsorb Cd**,
Ni**, and Pb**. The Ker-Ns showed a rapid increase of metal
ions adsorption in the first 3 h and after that, the adsorption
rate sharply decreased and the adsorption reached the
equilibrium in about 24 h. An increase of contact time up to
24 h resulted in only 1% adsorption over those obtained for 5 h
of contact time, thus it can be noted that the maximum
adsorption capacity has been reached. Indeed, the filling up of
the Ker-Ns reactive site significantly affects the enhancement
in adsorption after 24 h. After 24 h of adsorption, a high
capacity for metal ion adsorption was achieved.

The maximum adsorption for Cd** was 56%, while those for
Pb** and Ni** were 55 and 54%, respectively. These results are
comparable to or better than those reported in alternative
research on new types of adsorbents, considering that the
values obtained are related to an initial concentration of metal
ions of 50 ppb. A relatively low concentration was selected in
reference to testing the adsorption capabilities of Ker-Ns in
critical environments for metal ion complex formation.
Typically, metal ion levels in effluent streams are on the
order of parts per billion (ppb). In addition, according to the
data found in the literature, these selected conditions allow the
evaluation of the efficiency of wastewater treatment per gram
of adsorbent.** Finally, desorption experiments were con-
ducted on samples saturated with heavy metals to assess the
potential for regenerating exhausted sorbents. The Ker-NS was
washed with two different solutions, 0.01 M KCI and 0.1 M
NaOH. As shown in Figure Sb, less than 1% of adsorbed Pb*,
Cd*, and Ni** could not be fully removed, indicating the
feasibility of recycling the Ker-NS.

https://doi.org/10.1021/acsomega.3c09133
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Figure 3. SEM micrographs of (a) keratin at S0X; (b) keratin at S00x; (c) Ker-Ns at 50X; (d) Ker-Ns at S00X.

o7

100 m—
—— Keratin E"’:“
—_ KerNe 084 —— Ker-Ns
B0 0,5+
2 4
g w0 £
= b, T
g 4
-0.2 -
g .l s
£ 01
]
=
Z 0.0+
0.1
i . - - - - T 02 - -
[+] 100 200 300 400 500 600 700 100 200
a Temperature (*C} b

—— Keratin
— Ker-Ns
ol
_.m
=
®
o
T
. ; : - . : . :
400 B0 600 70D 50 100 150 200
Temperature (°C) C Temperature (“C)
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The effective metal binding capacity of Ker-NS highlights its
potential as a viable material for wastewater treatment and
environmental remediation. Its ability to selectively adsorb
heavy metals from aqueous solutions positions it as a
sustainable alternative to traditional adsorbents, which often
suffer from higher costs and environmental impact.

Since the Ker-Ns prove to be effective in heavy metal
adsorption, the kinetic parameters associated with Cd**, Pb*',
and Ni** removal have been studied. The kinetic parameter
study provides further information about the adsorption
process and the heavy metal uptake rate. This enables
additional data for future applications in wastewater treat-

ments. Consequently, the adsorption mechanism of Cd**, Ni**,
and Pb*" has been evaluated, fitting the adsorption data with
the pseudo-first-order and pseudo-second-order models. For
the pseudo-first-order, the adsorption results were evaluated by
using eq 4, whereas for the pseudo-second-order, the
adsorption results are shown in eqs S and 6. The plots
obtained for Cd*", Pb**, and Ni** are presented in Figure 6.
The pseudo-first-order kinetic model (Figure 6a) is generally
used to describe the physisorption processes, where the rate of
adsorption is directly proportional to the number of available
active sites. In contrast, the pseudo-second-order model
(Figure 6b) is typically employed to elucidate the mechanisms

https://doi.org/10.1021/acsomega.3c09133
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Table 2. Kinetic Parameters for the Adsorption of Cd, Nij, and Pb on Ker-Ns
heavy metal pseudo-first-order pseudo-second-order
R’ k; (min™) Lep(mg/mg)  goca(mg/mg) R ky(mg/mg min)  qep(mg/mg)  gea(mg/mg)
cd* 0.945 -3.0 x 107 28.55 0.41 0.999 0.035 28.55 28.01
Ni?* 0.934 -3.0x 1073 27.87 0.41 0.999 0.036 27.87 27.73
Pb** 0.858 —8.0 % 107° 2745 0.28 0.999 0.037 2741 27.11
intraparticle diffusion
heavy metal kg [pg s7/* mL™'] C R*
cd* 0.014 27.67 0.984
Ni** 0.021 26.57 0.981
Pb** 0.0037 26.96 0.975

underlying the chemisorption processes. From the pseudo-
first-order and pseudo-second-order models, the corresponding
constant values k; and k,, respectively, have been calculated
from the slope of the linear fittings. Additionally, the goodness
of fit was ensured by the value of the correlation coefficient R
Furthermore, the theoretical value g, was calculated for each
kinetic model. All data obtained for Cd**, Ni?*, and Pb*
adsorption plots are listed in Table 2.

The correlation coefficient (R*) for the pseudo-second-order
is higher for all of the tested heavy metals than the one
obtained from the pseudo-first-order plots. Particularly, R* for
the Pb** is lower than the ones obtained for the Cd** and the
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Ni**, indicating a poor pseudo-first-order fitting of the Pb**
experimental data. Furthermore, comparing the values g,.,, and
Qecalo @ wide difference between experimental and theoretical
data is observed, suggesting that the pseudo-first-order model
is not reliable for heavy metal adsorption into the Ker-Ns. In
the pseudo-second-order case, the experimental and calculated
g shows a good alignment with the experimental data. The R*
for Cd**, Ni**, and Pb*" are around 0.999, indicating that the
pseudo-second-order kinetic is the suitable model to describe
the adsorption mechanism of heavy metals into the Ker-Ns.
The comparable values of Cd**, Ni**, and Pb** constant rate k,
and g, suggest that the adsorption mechanism followed by the
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Figure 7. Intraparticles diffusion plots for (a) Cd**; (b) Ni**, and (c) Pb*".

tested heavy metals into the Ker-Ns match the results obtained
in the adsorption mechanism of keratin fibers.>” In conclusion,
the pseudo-first-order model did not prove to be an accurate
representation of the experimental data, suggesting that the
adsorption process may not be primarily governed by physical
adsorption or simple surface adsorption. In contrast, the
pseudo-second-order model provided an excellent fit to the
experimental data, and the value obtained for the adsorption
capacities lends support to the hypothesis that chemisorption
is the dominant mechanism. This suggests that chemical
interactions, potentially involving covalent bonding or ion
exchange, are crucial aspects of the adsorption process.

The adsorption phenomenon was also investigated. The
adsorption generally consists of multiple-step mechanisms in
which the solute moves from the bulk solution to the surface of
the adsorbent. Then, it diffuses through the barrier layer and
interacts with the active sites of the adsorbent, contributing to
intraparticle diffusion. The study investigated the adsorption
mechanism of Pb**, Cd*, and Ni** using the intraparticle
diffusion model described in eq 7. The results are presented in
Table 2 and illustrated in Figure 7 for Cd (Figure 7a), Ni
(Figure 7b), and Pb (Figure 7c).

Interestingly, the value of g, has been found for all of the
analyzed heavy metals to be linearly correlated with the values
of /2. As regards the Cd, the kg value is about 0,014 ug sT1?
mL™}, whereas for Ni and Pb, the values were found to be
0.021 and 0.0037 g s> mL™", respectively. The correlation
coefficient is found to be high for all the investigated heavy
metals, suggesting a satisfactory applicability of this model to
characterize the adsorption mechanism. Additionally, the high
C value suggests that intraparticle diffusion is the rate-
determining step, as it gives an estimation of the thickness of
the interfacial layer.*

Practical Implication of Adsorption Results. The high R*
values observed for the pseudo-second-order model, coupled
with the evidence of intraparticle diffusion, suggest the
presence of a complex adsorption mechanism involving
multiple steps. Initially, metal ions may be rapidly adsorbed
onto the external surface of Ker-NS, followed by slower
diffusion into the porous network, where stronger chemical
interactions occur. This finding has potential practical
applications, as the kinetic analysis confirms the efficiency
and potential of Ker-NS for heavy metal removal. By
understanding the dynamics of adsorption, it is possible to
optimize operational parameters, improve efliciency, and
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design systems that maximize the benefits of using Ker-NS for
heavy metal removal. In particular, the kinetic study indicates
that the adsorption process reaches equilibrium within 24 h,
with most of the metal ions being adsorbed within the first few
hours. This information is crucial for designing treatment
systems where the contact time can be adjusted to ensure
maximum efficiency. Shorter contact times can lead to reduced
operational costs and higher throughput in continuous flow
systems. Furthermore, understanding the rate of adsorption
helps in selecting the appropriate reactor design. For example,
a fixed-bed column might be suitable for applications requiring
rapid adsorption, whereas batch reactors could be used for
systems in which longer contact times are feasible. In addition,
the ability to regenerate Ker-NS after saturation is a critical
factor for its practical application. The kinetic results can
inform the development of regeneration protocols, such as
chemical desorption or thermal treatment, to restore the
capacity of the adsorbent. An efficient regeneration can
significantly reduce operating costs and waste generation,
reducing the overall environmental footprint of the treatment
process. Nevertheless, the effective removal of heavy metals to
trace concentrations helps industries meet stringent regulatory
standards for effluent discharge. This compliance is crucial for
maintaining environmental quality and avoiding penalties or
shutdowns.

Comparison with Commercial Adsorbent Materials Used
for Metal Removal. Heavy metal ions are commonly removed
from wastewater using adsorption techniques due to their low
operating costs and high removal capacity.'> Various types of
porous materials have been developed for wastewater
remediation including carbon materials such as activated
carbons, carbon nanotubes, and graphene. These materials are
widely used for heavy metal removal due to their large surface
area (500—1500 m?/ g).46 The ability of these materials to
adsorb heavy metals varies from 89 mg/g to 890 mg/g
dependin7g on the type of carbonaceous material or activation
process.”” Another commonly used material for the adsorption
of heavy metals is chitosan-based adsorbents. Chitosan is a
natural polymer with a high affinity toward pollutants in
wastewater.”® However, it has a low mechanical strength and
poor stability. To overcome these drawbacks, structural and
chemical modifications have been proposed, such as chemical
modification, composite synthesis, or grafting actions. These
modifications can alter the selectivity and uptake of heavy
metals, resulting in significant variations in heavy metal
adsorption. For example, the adsorption of Pb*' typically
ranges from 13 mg/g to 1385 mg/g, while for Ni2* it ranges
from 68 mg/g to 254 mg/g, and for Cd* it ranges from 27
mg/g to 178 mg/g.49 Other adsorbents considered good
candidates for water purification with low operating costs are
mineral adsorbents such as zeolite, silica, and clays.50
According to the literature, natural zeolites have a typical
range of cation exchange capacity of 2—4 mequiv per gram,
while modified zeolites have an adsorption range of 96 to 100%
for Ni**, Pb**, and Cd**, depending on the initial
concentration value.”' Another promising category of
adsorbent materials is magnetic adsorbents. Magnetic
adsorbents are a type of material where the matrix contains
iron particles, typically magnetic nanoparticles like Fe;0,.>”
Various materials can be utilized as building blocks for the
synthesis of magnetic matrices, including carbon materials,
polymers, starch, or biomass. The adsorption capacity varies

depending on the type of magnetic material used and the
adsorption conditions.”

The most relevant research on heavy metal adsorption
materials is related to the use of biobased adsorbents. Several
new biopolymers or organic-based materials have been
developed for this purpose. One of the most promising
categories of biobased materials are metal—organic frameworks
(MOFs). MOFs are generally synthesized by network
synthesis, in which metal ions form bonds with organic
linkers. Researchers have proposed thousands of MOFs, many
of which have shown good ability in removing heavy metals.
However, some of them have demonstrated poor stability in
water."> Another interesting category of biobased materials is
cyclodextrin-based nanosponges, which are capable of binding
a large variety of metal ions. For example, cyclodextrin-based
polymers in the form of fibers have shown an excellent
response to heavy metals such as Cd** and Cu®', with a
maximum adsorption capacity of 48.15 mg/ g.19 In a separate
study, the nanosponge was synthesized through a reaction with
pyromellitic dianhydride. It was found that at a concentration
of 500 ppm of metal ions, the pyromellitic nanosponges had a
retention capability higher than that of the citrate-based
nanosponges. The pyromellitic nanosponges exhibited an
adsorption capacity of 272 mg/g and 81 mg/g for Pb>" and
Cu?, respectively.’

Comparison with Other Keratin-Based Materials Used for
Metal Removal. Protein-derived biomaterials have gained
attention from researchers due to their versatile applications in
various products. Keratin, in particular, is a convenient
alternative because of its biodegradable and biodegradability
properties.”” Currently, scientists have successfully modified
keratin for use as a bioremediation without a significant
advance in the development of renewable materials.”®"’
Several materials have been used as sources of keratin for
heavy metal removal. Table 3 provides an overview of some
potential work done with keratin for comparison with the
results obtained for Ker-Ns.

Table 3. Adsorption Capacity and Kinetic Order of Some
Keratin-Based Materials

studied adsorption
absorbent metal ion  capacity(mg/g)  kinetic order references
chicken feathers Pb** 8.31 pseudo-sec- 58
ond-order
chicken feathers Zn** 4.31 pseudo-sec- 59
ond-order
modified chicken Cr’* 14.47 60
feathers
modified chicken As* 0.14 pseudo-sec- 61
feathers ond-order
eggshell mem- Pb** 32.47 pseudo-sec- 62
brane ond-order
eggshell mem- cd* 23.70 pseudo-sec- 62
brane ond-order
wool Pb** 43.30 63
horn hoof Cu** 53 Pseudo-sec- 64
ond-order

Furthermore, in a recent study chicken feathers keratin was
modified in order to synthesize biopolymers named SM-03,
SM-01, and SM-06. They found out that any modifications can
decrease the adsorption of certain ions due to some physical
and chemical modification of the structures.”> Nevertheless,
Zubair and co-workers tailored the adsorption properties of the
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keratin by cross-linking it with nanochitosan particles.”® The
resulting keratin-derived biosorbents were fully characterized
and used as biosorbent material. The sorption capacity of
biosorbents was tested for eight different metals at different
contact times, and the results underline that this new
biosorbent is able to adsorb more than 98% of the initial
metal concentration after a contact time of 24 h. Another
interesting research paper proposes the use of dialdehyde
cellulose nanocrystal and wool keratin, to remove Cd** from
water media.”” The prepared adsorbing material exhibited
outstanding reusability, and the maximum adsorption
efficiency was found to be 695.5 mg/g for Cd*’, having a
high exploitation potential for the purification of wastewater
and effluents.

Considering the proposed materials for removing heavy
metals, Ker-Ns fall into the category of new, eflicient, and
natural materials that can replace current wastewater treatment
methods. The obtained data show that Ker-NS has properties
comparable to those reported in the literature. The Ker-Ns
show promising results in adsorbing heavy metals while
maintaining high stability in water environments. The kinetic
calculations support the potential applicability of this material
in wastewater treatment. Additionally, it is economically and
environmentally valuable, as it can be prepared from waste
materials.

4. CONCLUSIONS

In the framework of circular economy, the wool waste keratin
can be transformed into a high-added value material. Indeed, a
novel biosorbent was prepared by cross-linking the wool
keratin with the PMDA. The explored synthetic methodology
possesses advantages, including a biocompatible and biode-
gradable product with a high yield and simple and safe reaction
conditions. The successful formation of a novel polymer was
further confirmed via FTIR, TGA, DSC, and SEM results.
Moreover, the presence of free functional groups in the
polymer network can be exploited for water remediation. The
WAC for Ker-Ns is 245%, whereas that for the bare keratin is
31%. Ker-Ns can be considered an excellent adsorbent for the
removal of Cd*" Pb**, and Ni** in an aqueous solution. The
efficacy of Ker-Ns as an adsorbent is investigated by varying
contact time and analyzed using ICP-OES. Furthermore, the
Ker-Ns showed ~50% Cd**, Pb**, and Ni** removal after 24 h.
Adsorption kinetics is determined using pseudo-first and
pseudo-second-kinetic models. It is observed that the
pseudo-second-kinetic models described the kinetic data for
the heavy metal adsorption more accurately. These results lay
the foundations for the use of wool waste in open-loop
recycling, in which it is transformed into a novel biosorbent
capable of removing heavy metals in water. This will empower
the researchers to help solve ongoing environmental problems
of water pollution sourced by heavy metal discharges. In
addition, this investigation is essential to research for tailoring
novel nanocarrier systems with excellent WAC and with the
prospect of increasing their exploitation in countless industrial
applications.
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Supporting Information (SI)

In Figure S1, a section of the IR spectrum is presented for keratin, keratin-based nanosponge (Ker-
NS), and the physical mixture of keratin and pyromellitic dianhydride (PMDA). The spectrum
highlights key differences between the chemically cross-linked Ker-NS and the physical mixture,
providing insights into the nature of the cross-linking reaction.
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Figure S1: FTIR spectra of Keratin, Ker-Ns and the physical mixture

The IR spectrum of Ker-NS exhibits two distinct peaks at 1395 cm™! and 1105 cm™!, which are absent
in the spectrum of the physical mixture. These peaks are associated with the cross-linking between
keratin and PMDA. In particular, the peak at 1395 cm™! corresponds to the O-H bending vibration of
the carboxyl group, which is indicative of ester or anhydride linkage formation in the cross-linked
polymer, whereas the peak at 1105 cm! is attributed to C-O stretching vibrations, further confirming
the formation of ester bonds as a result of the cross-linking process. The absence of these peaks in
the physical mixture indicates that they arise specifically from the chemical reaction between keratin
and PMDA, rather than from simple physical blending. This underscores the successful formation of
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covalent bonds during the cross-linking process. This confirms the transformation of functional
groups into a stable, cross-linked network. The IR spectral analysis thus corroborates the successful
chemical modification of keratin through cross-linking with PMDA, which is pivotal to the
performance characteristics of the keratin-based nanosponge.

For better understand the cross-linking reaction, also the DSC of the physical mixture has been
performed. As shown in figure S2, in the DSC analysis of the physical mixture of keratin and PMDA,
no peaks are observed in the temperature range between 160°C and 180°C, in contrast to the distinct
peak seen in the DSC of Ker-Ns (see Figure 4).
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Figure S2: DSC of the physical mixture

The physical mixture of keratin and PMDA lacks a chemical reaction between the components. As a
result, there are no thermal events related to the formation of new chemical bonds, which would
manifest as distinct peaks in the DSC thermogram. The mixture remains a simple blend of the two
materials without any interaction at the molecular level. In the Ker-Ns, a chemical reaction occurs
between keratin and PMDA, leading to the formation of a cross-linked polymer network. This
reaction introduces new chemical bonds, such as ester linkages, which are responsible for the thermal
transitions observed in the DSC at 160°C to 180°C. The presence of a distinct thermal event in the
Ker-Ns and its absence in the physical mixture corroborates the occurrence of cross-linking, which
fundamentally alters the material’s thermal behavior. This change enhances the thermal stability and
mechanical properties of Ker-Ns, making it more suitable for practical applications.

In summary, the DSC analysis provides compelling evidence of the chemical modifications in Ker-
NS, distinguishing it from the simple physical mixture and highlighting the role of cross-linking in
enhancing material properties.

In table S1 are reported all the data used for the calculation of the amount of heavy metals adsorbed
by the Ker-Ns.

| Ni |




Time

(h)

Initial concentration
(mg/L)

Quantity
adsorbed (for
three replicas)

(mg/L)

Quantity adsorbed
(%)

Standard deviation

50

18.40
18.54
18.32

36.84

0.20

50

26.31
26.13
26.54

52.62

0.21

50

26.97
26.83
27.07

53.94

0.12

24

50

27.43
27.35
27.4

54.8

0.01

Cd

50

17.80
18.00
17.89

35.80

0.08

50

27.78
27.94
27.92

55.76

0.06

50

27.94
27.85
28.16

55.97

0.20

24

50

27.94
27.92
28.06

55.92

0.05

Pb

50

18.15
18.23
18.09

36.30

0.04

50

26.95
27.03
27.06

54.03

0.03

50

26.55
26.74
26.61

53.26

0.08

24

50

27.05
27.17
27.09

54.21

0.03

Table S1: ICP results obtained for the heavy metal adsorption

Table S1 shows the quantity of each metal adsorbed (in mg/L) at multiple time points (1, 3, 5, and 24
hours) after exposure to a 50 mg/L initial concentration. Moreover, it reports the percentage of metal
ions adsorbed, which doubles as a measure of the efficiency of Ker-Ns. For instance, by 24 hours,
approximately 54.8% of Ni, 55.92% of Cd, and 54.21% of Pb were adsorbed, indicating high
efficiency over a day-long period. The inclusion of data from three replicas for each measurement
point underlines the reproducibility and reliability of the results. Standard deviations are also
provided, which are crucial for assessing the precision of the measurements. The low standard
deviation values, particularly evident in the 24-hour measurements across all metals, indicate the
consistent performance of the Ker-Ns in these experiments. Indeed, the observed decrease in standard
deviations over time suggests the possibility of stabilization of the adsorption process as the system
approaches equilibrium.




