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The analysis of thermodynamics and mechanism of the adsorption of cadmium, chromium, copper, and lead ions from aqueous
solution with two keratin-based biomaterials, namely, human hair and sheep fur, is reported in this paper. The effect of initial ion
concentration, temperature, pH, contact time, and biomaterial amount on the removal of these heavy metal ions using these
keratinous adsorbents was studied. The adsorption of heavy metal ions was highly dependent on the operating parameters
where pH and temperature showed the highest impact. Maximum adsorption capacities of these biomaterials were up to 1.33
and 1.40 mmol/g for chromium ions using human hair and sheep fur, respectively. Adsorption kinetic rates of tested heavy
metal ions were calculated via a pseudo-second-order model, and they ranged from 0.054 to 0.261 g/mmol-min. A detailed
thermodynamic analysis of lead ion adsorption was performed showing an endothermic removal of this adsorbate with both
human hair and sheep fur with adsorption enthalpies of 84.5 and 97.1kJ/mol, respectively. Statistical physics calculations
demonstrated that this heavy metal ion was adsorbed via a multi-interaction mechanism especially for human hair. These
keratinous biomaterials showed competitive adsorption capacities especially for chromium ion removal and can outperform
commercial activated carbons and other adsorbents reported in literature.

1. Introduction

The earth is made up of about 70% water with only about
3% being freshwater mostly found as polar ice and under-
ground aquifers. The surface freshwater in rivers, lakes,
and other reservoirs is estimated less than 0.25% of the
total available amount worldwide [1]. In the last decades,
the rapid industrialization in metallurgy, power plants,
oil processing, mining, paints, and other important indus-
trial sectors has generated an increment of the discharges

of harmful heavy metals into the water bodies [2]. Natural
sources (e.g., weathering of rocks and minerals, volcanic
activities, and soil erosion) also contribute to the heavy
metal pollution. Several studies have confirmed that heavy
metals are toxic to different life forms (e.g., plants, aquatic
organisms, and humans) and can generate a significant
environmental impact. Mercury, copper, arsenic, chro-
mium, cadmium, and lead are examples of toxic heavy
metals in the context of environmental protection [3].
These metals are nonbiodegradable and toxic if a chronic
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exposure occurs even at low concentrations and can per-
sist in nature thus causing their bioaccumulation via food
and/or drinking water [4-6]. For instance, copper and zinc
are required by humans at low dose, but they are toxic at
concentrations higher than 1 mg/L, as stated by the World
Health Organization [7-10].

The detoxification of wastewaters polluted by heavy
metals is fundamental to protect the environment and public
health [11], and consequently, it is a current research topic
[12]. Different treatment technologies have been applied to
face the pollution caused by heavy metals such as coagula-
tion and flocculation [13, 14], ion exchange [15, 16],
advanced oxidation [17-19], membrane filtration [20-23],
electrochemical degradation [24-26], and biodegradation.
These techniques could imply economical and/or technical
disadvantages including low removal effectiveness at high
metal concentrations, colateral generation of toxic residues,
high sensitivity to operating conditions, long processing
time, application of expensive chemicals and supplies, high
energy consumption, and capital investment [27]. Different
studies have been performed to overcome these deficiencies
and to achieve an effective reduction of the concentration
of these pollutants in treated effluents.

Adsorption is a cost-effective method to detoxify fluids
polluted by heavy metals [28, 29]. This separation process
implies the transfer of adsorbate (i.e., pollutant) from the fluid
(i.e., water or industrial effluent) to the surface of a solid
matrix (i.e., adsorbent) that should have a tailored surface
chemistry and porosity to reach an effective separation. It also
offers the possibility to recover the adsorbate(s) loaded on the
adsorbent surface via desorption thus facilitating the adsor-
bent recycling [30]. The effectiveness of adsorption of heavy
metal ions is affected by several operating variables like contact
time, adsorbent amount, temperature, initial metal concentra-
tion, and pH [31]. Also, textural parameters and surface func-
tionalities of the material used as an adsorbent are paramount
to achieve a successful removal of these pollutants. Therefore,
it is important to characterize, assess, and model the perfor-
mance of low-cost materials as adsorbents for the removal of
heavy metal ions at different operating conditions with the
aim of identifying the best alternatives for real-life and indus-
trial applications.

In particular, a large number of low-cost adsorbents have
been studied and, in less extent, some of them have been
commercialized for removing heavy metal ions from water
[32]. These adsorbents can be obtained from mineral,
organic, or biological sources [33]. Keratinous materials
from biological origin like human hair (HH), sheep fur
(SF), and chicken feathers can be employed as alternative
adsorbents of these pollutants in their native forms or after
an activation procedure that implies their surface functiona-
lization. These biomaterials can be effective in the removal of
heavy metal ions due to their high stability, water insolubil-
ity, intricate networks, and surface rich in functional groups
like hydroxyl, carboxyl, amino, and sulphur [34]. Therefore,
the utilization and valorization of biomaterials are an alter-
native to reduce the operational costs of wastewater treat-
ment and to develop effective and sustainable adsorption
processes.
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In this manuscript, the study of mechanism and ther-
modynamics of the adsorption of copper (Cu®"), chro-
mium (Cr®"), cadmium (Cd*"), and lead (Pb*') ions on
HH and SF is reported. These biomaterials have been
studied in their native form to analyze and characterize
the adsorption properties of these ions and to calculate
kinetic and thermodynamic parameters that allowed the
interpretation and understanding of the corresponding
adsorption mechanisms. These findings are the main con-
tribution and novelty of this paper. As stated, these bio-
materials are low-cost and renewable and offer the
possibility to be used as raw adsorbents and feedstock to
prepare composites and new materials for the removal of
water pollutants. Finally, statistical physics calculations
were also performed to interpret and explain the adsorp-
tion mechanism of these heavy metal ions using these
keratin-based biomaterials where Pb>" ion was utilized as
a representative adsorbate of this type of relevant inor-
ganic pollutants.

2. Methodology

2.1. Description of Keratin-Based Biomaterials and Their
Characterization. HH and SF were the keratin-containing
biomaterials utilized as adsorbents. The HH sample was
washed with deionized water and detergent and dried at
298 K. The experimental tests of adsorption of heavy metal
ions were done with a HH sample length < 2mm. SF was
collected from a Fulani settlement in Kwali Area Council
of the Federal Capital Territory Abuja FCT, and these sam-
ples were handled in the same way as the case of HH.

Specific moisture content, ignition mass loss, pH, and
bulk density were quantified for these biomaterials using
standard procedures [4]. Functional groups of the surfaces
of both HH and SF were analyzed via FTIR at room temper-
ature, and results were used to identify their role for the
removal of heavy metal ions. Absorption spectra were
recorded at 4000-400 cm™ wavenumber with 4cm™ resolu-
tion and 45 scans using a Shimadzu FTIR-8400S equipment.
SEM micrographs of both HH and SF were recorded before
and after the adsorption at different magnifications to ana-
lyze their surface morphology with a JEOL JSM 6100
equipment.

2.2. Adsorption Experiments. The adsorption of heavy metal
ions on HH and SF was assessed at different conditions of
pH (1-5), adsorbent dosage W/V (0.2-4g/L), initial metal
ion concentration C; (mmol/L), and contact time t (10-
360 min) at 298 K. Equilibrium studies were also performed
at 293-323K and pH4 to analyze the adsorption thermody-
namics. All removal tests were done with batch adsorbers
properly stirred at 270 rpm. Double-distilled water and analyt-
ical grade reagents were utilized to prepare all the required
solutions, while pH adjustment was done with HNO,
(0.1M) and NaOH (0.1 M). The concentrations of Cu®*,
Cr®", Cd**, and Pb>" ions were quantified with atomic absorp-
tion spectroscopy, and the biomaterial performance was ana-
lyzed considering the adsorption capacity (g, mmol/g)
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NCRE <1>

where Cy is the residual concentration (mmol/L) quantified
for the heavy metal ion in the aqueous solution after adsorp-
tion at given operating conditions. Adsorption capacities of
both kinetic and equilibrium studies for all heavy metal jons
and two biomaterials were calculated with equation (1).

2.3.  Adsorption Modeling and  Statistical ~ Physics
Calculations. The rates of adsorption of these heavy metal
ions on SF and HH were calculated with the pseudo-second-
and pseudo-first-order models [35]. The pseudo-first-order
model is described with the following expression:

9,24 (1-¢*), 2)

where g, and g, (mmol/g) are the adsorption capacities at
equilibrium and at time ¢ (min), respectively, and k, is the
adsorption rate constant (min™'). The pseudo-second-order
equation is given by the following expression:

2
" @
q. 2t
where k, is the corresponding adsorption rate constant (g/
mmol-min). Interested readers can found the explanation
and fundaments of these kinetic models in the review [35].
A nonlinear regression was performed, and a comparison
of the performance of these models was also done.
Thermodynamic parameters for the adsorption of Pb**
ions with both keratin-based biomaterials were calculated
using the van’t Hoff equation [36]. In particular, the changes
of entropy (AS°), enthalpy (AH®), and free energy (AG®) of
the adsorption of Pb*" ion on HH and SF were calculated
using the next equations [36-39]:

AG® = AH® - TAS®,

0 _
AG’ =—-RT In K, (4)
AS°  AH°
and:—S——,
R RT

where T is the adsorption temperature (K), R is the universal
gas constant (8.314 J/mol K), and K is the adsorption equi-
librium constant calculated from the experimental Pb** ion
adsorption studies. AS” and AH? were obtained from the lin-
ear regression of In K; versus 1/T [36, 38] where K; was
obtained from the distribution coefficient according to the
procedure reported in [39] using the experimental Pb** ion
adsorption data.

Recent studies have shown that a proper interpretation
of adsorption mechanisms cannot be achieved using the
traditional adsorption models (e.g., Sips and Langmuir)
due to their parameters usually do not correspond to
physicochemical variables for understanding this surface
phenomenon [40]. Also, the complex composition of bio-
materials could imply the presence of different interaction

TaBLE 1: Main properties of keratin-based biomaterials used in
heavy metal removal.

Property HH SF
pH 7.9 8.5
Moisture (%) 7.5 8.0
Loss of mass (%) 76.6 97.9

Bulk density (g/cm?) 0.0725 0.0298

Transmittance (%)

4000 3000

2000 1500 1000 500

Wavenumber (cm™)

Ficure 1: FTIR spectra of keratinous biomaterials applied to
remove heavy metals from aqueous solutions. Black line: virgin
adsorbent; blue line: metal-loaded adsorbent.

forces during the adsorption of heavy metal ions thus
causing that the fundaments and theory of traditional
adsorption models are not satisfied. Considering this fact,
statistical physics modeling was implemented to analyze
some physicochemical parameters associated with the
adsorption mechanism of heavy metal ions on the surfaces
of these keratinous biomaterials. This modeling analysis is
useful to provide an understanding at macroscopic and
microscopic scales of the adsorption system under analysis
[41]. The adsorption orientation of heavy metal ions on
the surfaces of the keratin-based materials was estimated
with a statistical physics model. This statistical physics
model assumed that each adsorption site (ie., carboxyl
or amino groups of keratin) of both biomaterials can
accept a variable number of heavy metal ions where a
monolayer of the adsorbed metal ions was formed on
the keratin surface of HH and SF. This model is defined
as [41]

B nD (5>
=13 c e

where D represents the density of functional groups of the
keratin surface involved in the adsorption (mmol/g), C, is
the heavy metal ion concentration at equilibrium (mmol/
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TaBLE 2: Interpretation of infrared spectra of keratinous biomaterials applied in the heavy metal removal.
Descrinti Wavenumber (cm™)
escription Literature SF HH
NH stretching 3295 3308 3422
. . . 2958 2926 2963

C-H stretching, -CH; and -CH,- asymmetric and symmetric modes

2847 2853 2930
Amide I (C=0 stretch and small contribution from N-H bending) 1637 1649 1655
Amide II (C-H stretching/N-H bending) 1518 1533 1541
Amide III (complex vibration containing O=C=N, C-O, and N-H in-plane bending plus C-N stretching) 1241 1238 1236

1175 1154 1177
Sulphonate (S-O asymmetric stretching)

1040 1036 1009
Cystine monoxide (R-SO-S-R) 1075 1076 1078

L), n is the number of heavy metal ions adsorbed per
functional group available on the keratin surface of HH
and SF, and Ci, is the heavy metal ion concentration at
half-saturation (mmol/L), respectively. Herein, it is conve-
nient to indicate that this statistical physics model has
been used to analyze and interpret the adsorption of heavy
metal ions in both natural and synthetic adsorbents [42,
43]. Interested readers are referred to the review [41] to
understand the fundamentals and formulation of this sta-
tistical physics model.

Pb>" ion adsorption data were correlated with the statis-
tical physics model, which was selected as an adsorbate rep-
resentative of tested heavy metal ions. This modeling
approach has been proven to be helpful to provide insights
and interpret the adsorption of heavy metal ions using dif-
ferent adsorbents [42-45]. Finally, the adsorption energy
(AE, kJ/mol) of the Pb** ion adsorbent surface was calcu-
lated with the results of statistical physics models using the
next expression [41]:

C
AE=RT In ( S°l>,
Chs
where C, is the water solubility of the lead nitrate salt
(mmol/L) used in the adsorption experiments.

(6)

3. Results and Discussion

3.1. Characterization of Keratin-Based Biomaterials. Table 1
displays the main physical properties determined for the two
keratin-based biomaterials. pH of these adsorbents was 7.9
and 8.5 for HH and SF, respectively, while their moisture
content ranged from 7.5 to 8.0%. Ignition mass losses were
76.6 and 97.9% for HH and SF, and they showed a bulk den-
sity of 0.0725 and 0.0298 g/cm’, respectively.

FTIR spectra of raw and metal-loaded HH and SF are
shown in Figure 1, and Table 2 reports the interpretation
of their main absorption bands. In general, the absorption
spectra of both keratinous biomaterials after and before the
adsorption of heavy metal ions were similar. In particular,
the absorption band of N-H stretching was observed at
3308-3421cm™. The bands appearing in the region of
2926-2962 cm™ were related to symmetrical CH, stretching

FiGUurRe 2: SEM images (x5000) of HH and SF used in the
adsorption of heavy metal ions.

vibration [46]. The band identified at 1649-1655cm™ was
associated with C=0 stretching of amide I [47]. The absorp-
tion bands of amide II, which were the result of C-H stretch-
ing/N-H bending, can be observed at 1533-1541cm™ [46,
48]. The absorption band of -CO stretching from the
-COO- group was identified at ~1390cm™ [48], and the
changes in this band were associated with the interaction
of carboxyl groups with heavy metal ions during adsorption.
A weak band at 1236-1238 cm™ was identified and linked to
the complex vibration containing N-H in-plane, C-O, and
O=C=N bending plus C-N stretching, thus showing the
presence of amide III [48-50]. The presence of C-S and S-
S bonds in these biomaterials can be confirmed with bands
at 914-930cm™ [51]. The absorption band related to the
C-S bond was also identified at 640 cm™ [52]. These results
proved the protein nature of tested keratinous materials
where some changes in the backbone structure of proteins
were identified by amides I, II, and III [51].

SEM micrographs of HH and SF at 5000x magnifications
are reported in Figure 2. The surface morphology of these
keratinous biomaterials did not present significant differ-
ences before and after the removal of heavy metal ions. In
general, these biomaterials showed a layer-like surface.

3.2. Adsorption of Heavy Metal Ions using HH and SF at
Different Operating Conditions. Adsorption capacities of
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FIGURE 3: Adsorption of heavy metal ions on SF and HH at 298 K and pH 1-5.
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FIGURE 4: Adsorption of heavy metal ions at different biomaterial doses using (a) HH and (b) SF. Experimental conditions: 298 K and pH 4.

HH and SF can be affected by different operating param-
eters. In particular, the solution pH was relevant for heavy
metal ion removal because it determined the biomaterial
surface charge, metal ion solubility, ionization, and specia-
tion [53]. Both SF and HH showed similar adsorption
capacities for tested heavy metal ions at different pH con-

ditions where pH5 corresponded to the maximum
removal (see Figure 3). Adsorption capacities of HH
ranged from 0.026 to 0.388 mmol/g for Pb>*, 0.088 to
1264 mmol/g for Cu’**, 0.035 to 1.331 mmol/g for Cr°",
and 0 to 0.125mmol/g for Cd** at pH1-5, while the SF
adsorption capacities were 0.028-0.386 mmol/g for Pb*",
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FiGure 5: Kinetics of the adsorption of heavy metal ions from aqueous solutions using SF and HH at 298K and pH 4. Initial metal

concentration of 0.48 mmol/L.

0.098-1.196 mmol/g for Cu", 0.038-1.402 mmol/g for Cr®*,
and 0-0.186 mmol/g for Cd** at the same operating condi-
tions. All adsorption capacities decreased with solution pH
until reaching a minimum value at pH 1 due to the metal

ions competed with H" for the functional groups on the
keratin surface and the presence of repulsive electrostatic
forces generated by the positively charged surfaces of HH
and SF.
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TaBLE 3: Adsorption kinetic parameters calculated for the removal of Pb*" on HH and SF at 298 K and pH 4.
Adsorbent Metal . 71Pseudo—ﬁrst—order kinetic Pse.udo—second-order kinetic
k, (min™) q, (mmol/g) R? k, (gfmmol-min) g, (mmol/g) R?

Pb** 0.039 0.287 0.940 0.128 0.343 0.955

SE cda* 0.035 0.268 0.901 0.117 0.322 0.839
Cu** 0.028 0.876 0.951 0.026 1.086 0.940
Cr* 0.031 0.873 0.938 0.029 1.070 0.905
Pb** 0.032 0.327 0.880 0.092 0.391 0.910

HH cd* 0.042 0.171 0.654 0.261 0.201 0.977
Cu** 0.042 0.802 0.833 0.054 0.940 0.916
Cré 0.059 0.846 0.492 0.071 1.003 0.927

The impact of a biomaterial dose on the removal of
heavy metal ions is reported in Figure 4. Results showed
that the adsorption of these ions depended on this oper-
ating parameter where the pollutant removal increased
with the biomaterial amount. Note that significant incre-
ments in the adsorption capacities were observed from
0.2 to 0.8g/L where the biomaterial dose impact was less
significant at >0.8g/L. The increment of biomaterial
amount increased the number of available functional
groups of the keratin surface for the heavy metal ion
removal thus generating better adsorption capacities
[54, 55].

The adsorption kinetics of Cd**, Pb**, Cu®*, and Cr®*
ions on tested keratinous materials, using initial concen-
trations of 0.48 mmol/L at 298K and pH4, are reported
in Figure 5. Overall, the adsorption capacities of all heavy
metal ions for both biomaterials increased with the
adsorption time until obtaining the solid-liquid equilib-
rium. The adsorption of these pollutants implied two
stages: (1) a high and rapid initial adsorption of these
adsorbates on keratin surface at <50min and 2) a slower
adsorption until reaching the equilibrium and biomaterial
saturation at >100 min. The operating time to achieve this
adsorption equilibrium was ~100 and 200 min for SF and
HH, respectively. Both biomaterials were almost saturated
at 100min of contact time (see Figure 5). Adsorption
kinetic modeling is reported in Table 3. The pseudo-first-
order model fitted satisfactorily the kinetics of adsorption
of heavy metal ions on SF where the adsorption rates
ranged from 0.028 to 0.039 min™'. Heavy metal ion kinetic
data of HH were correlated satisfactorily with the pseudo-
second order model where the calculated adsorption rates
were 0.054-0.261 g/mmol-min.

Figure 6 reports the adsorption isotherms of all tested
heavy metal ions for both SF and HH at pH4 and 298 K.
These results showed that the initial metal ion concentration
increased the metal ion adsorption due to the mass transfer
phenomena and a high probability of heavy metal ion-
keratin surface interactions. Maximum adsorption capacities
were 0.0704-1.4848 mmol/g for HH and 0.0926-
1.5658 mmol/g for SF. The highest adsorption was obtained
for Cr®" ion using both biomaterials, while Cd** ion was the
pollutant with the lowest adsorption capacities (see
Figure 6). It could be expected that the electrostatic forces

for the adsorption of Cr®" ion were strongest than those
for the other divalent heavy metal ions thus explaining the
highest adsorption capacities obtained with both
biomaterials.

Pb** ion was selected as a representative adsorbate of tested
heavy metal ions to calculate its corresponding adsorption ther-
modynamic parameters at 20-50°C using both keratin-based
biomaterials. Note that lead is a naturally occurring metal with
several industrial applications, and consequently, it has been
widely used as an adsorbate to study the removal of this type
of pollutants with several materials [3, 4, 8]. Figure 7 shows that
the adsorption of this heavy metal ion was endothermic for
both HS and SF. The solution temperature is a relevant operat-
ing parameter that affected the transport and kinetic processes
of heavy metal ion adsorption. Metal ion mobility and swelling
effect within the internal structure of the biomaterials were
associated with this parameter, and consequently, they affected
the adsorption capacities [56]. For instance, the swelling effect
can increase the number of functional groups of the keratin sur-
face due to the expanding of microfibrous structure, thus
enabling that metal ions can penetrate the biomaterial structure
and enhance their removal.

Thermodynamic calculations of Pb** ion adsorption are
reported in Table 4. Note that these thermodynamic param-
eters were obtained via a data correlation with R* > 0.97. All
calculated AG values were negative indicating that Pb** ion
adsorption on SF and HH was a thermodynamically sponta-
neous process. Note that the spontaneity degree of adsorp-
tion of Pb®" ions increased with temperature. AH® values
corresponded to an endothermic adsorption for both
keratin-based biomaterials where the presence of both
chemical and physical attraction forces could be expected
[57]. Note that energy was required for the adsorbate to
transfer through solution to the adsorption sites of keratin
and get stripped out of their hydration shell [58]. AS® for
Pb** ion adsorption was 0.34 and 0.29kJ/mol for SF and
HH, respectively. These positive values were an indication
of increased disorderliness at the biomaterial-liquid interface
during the removal of these heavy metal ions, which could
imply a dehydration of adsorbate before getting into the
functional groups of biomaterials [59].

Finally, a comparison of the performance of these kerati-
nous biomaterials with respect to other adsorbents used in
the removal of heavy metal ions is provided in Table 5.
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FIGURE 6: Isotherms of the adsorption of heavy metal ions from aqueous solutions using (a) SF and (b) HH at pH 4 and 298 K.
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FIGURE 7: Isotherms of Pb*" adsorption on HH and SF at pH 4 and their statistical physics modeling.

TasLE 4: Thermodynamic parameters for the Pb** adsorption on
SF and HH at pH 4.

AG® (kJ/mol)

0 0

Adsorbent AR (K7 AS” (K] 293K 303K 313K 323K
mol) mol)

SF 97.1 0.34 -0.39 -6.11 -7.86 -10.89

HH 84.5 0.29 -0.43 -1.59 -425 -9.28

Opverall, HH and SF showed a competitive performance for
the heavy metal ion removal, and they can outperform the
adsorption capacities reported for different adsorbents. For
instance, the Pb** and Cr®" adsorption capacities of HH
and SF were higher than those of a cysteine-modified bio-
mass [60] and surfactant-modified coconut coir [61]. As
stated, HH and SF are renewable and low-cost biomaterials
thus offering additional advantages for their application in
the water treatment.

Herein, it is convenient to remark that these biomaterials
can be regenerated using acidic solutions to desorb the heavy
metal ions loaded in their surfaces. This approach will allow
the recovery of the adsorption properties of these adsorbents
thus offering the possibility of reducing the costs of their
application in water treatment. The spent biomaterial after
reaching its lifetime should be properly disposed to avoid
additional environmental pollution, or alternatively, they
could be employed as a feedstock in other industrial pro-
cesses (e.g., the manufacturing of polymer-based materials).
Further studies in this direction are required to establish the
best alternative for the final disposal of these biomaterials
used in the adsorption of heavy metal ions.

3.3. Statistical Physics Calculations and Interpretation of the
Adsorption Mechanism. Figure 7 also shows the results of
statistical physics calculations for the Pb** ion adsorption
isotherms of both HH and SF where R*=0.998 was
obtained. Table 6 reports the physicochemical parameters

calculated with the statistical physics model, which were uti-
lized to complement the analysis of the Pb>* ion adsorption
mechanism.

Statistical physics calculations indicated the parameter
n>1 for the Pb>" ion adsorption on HH. This result sug-
gested that the adsorption of this metal ion on this kerati-
nous biomaterial could be a multi-ionic process where
Pb** ions interacted with one functional group from the ker-
atin surface. For the case of SF, the values of this parameter
ranged from 0.5 to 1 indicating that this heavy metal could
be adsorbed on the SF surface via the interaction with one
and two functional groups from keratin at the same time.
The calculated density of functional groups of HH and SF
surfaces that could be involved in the adsorption was
0.092-0.700 mmol/g at tested conditions. The calculated
adsorption capacities of Pb** ion to achieve the biomaterial
saturation (g,,,) were 0.224-0.421 mmol/g for HH and
0.264-0.511 mg/g for SF. On the other hand, calculated
adsorption energies ranged from 23.6 to 30.4kJ/mol and
from 23.3 to 30.0 kJ/mol for HH and SF, respectively. These
calculations confirmed the endothermic nature of this
adsorption process [41]. These adsorption energy values
were consistent with the typical values of electrostatic inter-
actions (10-50kJ/mol) and coordination exchange (40KkJ/
mol), which were the expected forces related to the adsorp-
tion mechanism of heavy metal ions with these biomaterials
[36]. In particular, the adsorption of heavy metal ions on SF
and HH surfaces can be represented by the next expressions:

BE=Keratin - (NH;eOH), + M** & B = Keratin - (NH,),M(OH), + 2H",
E=Keratin - [COOH], + M*" < B = Keratin - (COO),M + 2H",

(7)

where carboxyl and amino groups of keratin are
expected to be involved in the adsorption of heavy metal
ions [36, 41].
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TaBLE 5: Adsorption capacities of different materials reported for the heavy metal removal.
Adsorbent Metal Experimental conditions (mmol/g) Reference
pH Temperature (°C) 9 &
cd* 6 25 0.75 57
Dried activated sludge ot [57]
Pb 25 0.64
Cd* <6 25 0.10 58
Cystine modified biomass ot [58]
Pb <6 25 0.22
Green algae spirogyra Pb** 5 25 0.68 [59]
Protonated rice bran Ni** 6 30 0.77 [60]
Surfactant modified coconut coir Crot 2 32 147 [61]
Coffee powder Fe** 5.5-6 25 1.53 [62]
Tea powder Fe3* 5.5-6 25 5.10 [62]
Dried activated sludge Fe’* 7 20 0.06 [63]
cd* NR 25 0.40 [64]
Non living cells of Chlorella vulgaris Cu** NR 25 0.90
Pb** NR 25 0.30
This work: SF Pb** 4 30 0.28
This work: HH Pb** 4 30 0.26

Nomenclature: NR - not reported

TasLE 6: Calculated statistical physics parameters for the Pb**
adsorption on HH and SF at pH 4.

Adsorbent  T/(K)  n (mnll)ol/g) (m?r‘lné’f/g) (k]/Ariol)
293 2 0.112 0.224 23.6
303 1.58 0.174 0.275 24.5

HH 313 2.65 0.151 0.399 26.8
323 4.57 0.092 0.421 304
293 1.71 0.154 0.264 23.3

SE 303 0.96 0.337 0.324 26.6
313 0.81 0.574 0.465 27.7
323 0.73 0.700 0.511 30.0

4. Conclusions

The thermodynamics and mechanism interpretation of the
adsorption of heavy metal ions on human hair and sheep
were analyzed and discussed. These keratin-based biomate-
rials achieved adsorption capacities up to 1.4 mmol/g for
the heavy metal ion removal from aqueous solutions. Both
biomaterials showed the highest adsorption capacities for
chromium ijons (1.48 and 1.57 mmol/g with HH and SF,
respectively), while the lowest adsorption capacities were
obtained for cadmium ions (0.07 and 0.09 mmol/g with
HH and SF, respectively). Adsorption of heavy metal ions
with both keratinous materials was highly pH dependent,
and the adsorption capacities were reduced up to 98% at
pH1. A detailed analysis of lead ion adsorption was per-
formed, and results indicated that the removal of this heavy
metal ion was endothermic for both biomaterials with
adsorption enthalpies of 85-97kJ/mol. Statistical physics
calculations suggested the occurrence of a multi-ion process

in lead ion adsorption especially for human hair and con-
firmed the endothermic nature of this removal process.
These biomaterials showed competitive adsorption capaci-
ties and can outperform commercial activated carbons and
other adsorbents reported in literature. Therefore, they are
an alternative to prepare composites and functionalized
materials for achieving the goal of a low-cost and sustainable
wastewater treatment.
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