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ABSTRACT

In this study, a biosorbent was produced from a blend of sericin, a protein obtained from
industrial waste in the silk industry, and polyethylene glycol-diglycidyl ether. For the first time,
it was applied to remove Cu(Il) ions from aqueous solutions. The biosorbents were characterized
using scanning electron microscopy, physical adsorption of nitrogen gas, Fourier-transform infra-
red spectroscopy, and point-of-zero charge. A batch biosorption system determined the kinetics,
equilibrium, and thermodynamic parameters. The Lagergren pseudo-first-order, pseudo-second-
order, Weber-Morris diffusion, homogeneous solid diffusion, and external liquid diffusion
models were used to describe the kinetics. The Langmuir, Freundlich, and Temkin models were
adjusted for equilibrium modeling. The kinetic results indicated a rapid biosorption process lim-
ited to a monolayer surface. The maximum biosorption capacity was 36.17 mg g at 20°C and a
pH value of 4.77. The thermodynamic parameters indicated a spontaneous and exothermic pro-
cess governed by physical interactions. The effective removal of Cu(Il) ions reveals that the bio-
sorbent is a viable alternative to conventional water treatment adsorbents and is environmentally
sustainable, as it reduces the disposal of agro-industrial waste.
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1. Introduction

The release of contaminated effluents is a critical
environmental issue that is receiving increasing interest
worldwide. Every day, large volumes of effluent contam-
inated with heavy metal ions are produced by industrial
activities, agricultural practices, and inappropriate waste
disposal [1,2]. The main characteristics of heavy metals are

* Corresponding author.

non-biodegradation, bioaccumulation, toxicity, and car-
cinogenesis [3].

Cu is a micronutrient that plays a fundamental role
in the functioning of the body. However, it causes severe
toxic effects at high concentrations, is considered a prior-
ity pollutant, and is a widely distributed heavy metal [4,5].
The World Health Organization establishes a maximum
contaminant level of 2.0 mg L for Cu in drinking water,
and the United States Environmental Protection Agency
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limits its concentration to 1.3 mg L™ in industrial effluents.
Excessive intake of Cu ions leads to kidney or liver damage
and gastrointestinal issues [1,4].

Common treatments for removing heavy metal ions
from polluted water include reverse osmosis, membrane
filtration, distillation, ion exchange, electrochemical separa-
tion, precipitation, adsorption, and coagulation/flocculation.
Among these techniques, adsorption is preferred because
of its low cost, effectiveness, rapid response, and simplicity
[6]. This process also enables the development of novel and
inexpensive adsorbents of biological origin, such as agri-
cultural waste [7,8], biomass [9], industrial waste [10], and
polymer blends [11]. When an adsorption process utilizes
biological sources as adsorbents, it is called biosorption [12].

Biosorbents derived from different materials have been
used to remove Cu(ll) ions from wastewater, providing suit-
able biosorption capacities: fruit peels [13], pequi bark [14],
wood sawdust [15], almond shell [16], chitosan [17], coconut
husk [18], sugarcane bagasse [19], sericin-alginate particles
[20], sericin powder [21], and others.

Sericin is a hydrophilic globular protein obtained from
silkworm cocoons (Bombyx mori) and is primarily com-
posed of amino acids with strongly polar side groups. This
represents 25%-30% of the total cocoon mass. In the silk
thread industry, processing 400,000 tons of dry cocoons
generates approximately 50,000 tons of sericin, which goes
to waste. Typically, sericin is discarded in silk-processing
wastewater during degumming, where partial hydrolysis
of the silk cocoon occurs [22,23]. This disposal generates
a high load of organic matter and, consequently, high bio-
logical demand, chemical oxygen demand, and nitrogen,
increasing the treatment costs [24].

Sericin recovery has attracted significant attention
because it exhibits beneficial properties, such as biocom-
patibility, biodegradability, and ultraviolet and oxidation
resistance, supporting its applications for different purposes
[25]. In the biosorption field, silk sericin has demonstrated
potential for removing dyes, metals, and pharmaceutical
contaminants. However, its broad molecular weight range
(24-400 kDa), gelatinous characteristics, weak structural
properties, and high water solubility form a fragile three-
dimensional structure that limits the applicability of sericin
biosorbents in large-scale processes [23,26].

Blending sericin with other polymers may overcome
these limitations. Adsorbents from polymer blends exhibit
improved characteristics compared to the components alone,
such as enhanced chemical and mechanical properties,
reduced costs, and superior removal efficiency [3].

Polyethylene glycol-diglycidyl ether (PEG-DE) is a
synthetic polymer with amphiphilic properties. The intro-
duction of PEG-DE into proteins occurs by cross-linking
and improves stabilization and mechanical properties. In
addition, it generates macroporous networks via selective
dissolution, promoting the diffusion of adsorbates [3,27].

To the best of our knowledge, this is the first time a
blend of sericin/PEG-DE has been employed to remove
Cu(Il) ions from aqueous solutions. The biosorbents pro-
duced were characterized. Batch experiments were per-
formed to evaluate the effectiveness of the proposed method.
Furthermore, the kinetics, equilibrium, and thermodynamics
of biosorption were investigated.

2. Materials and methods
2.1. Materials

Silkworm cocoons (Bombyx mori) were provided by
producers in the northwest region of Parana (Brazil).
Polyethylene glycol-diglycidyl ether (PEG-DE, average M,
500) was supplied by Sigma-Aldrich (United Kingdom).

Batch biosorption experiments were performed by dilut-
ing CuSO,'5H,0 (Vetec) with distilled water. Complexation
with cuprizone (oxalic acid bis[cyclohexylidene hydrazide],
98%, Across), anhydrous ethanol (99.5%, Sigma-Aldrich), and
phosphate buffer prepared with K,;HPO,-3H,O (98%, Vetec)
and KH,PO, (98%, Vetec) was applied to quantify Cu(II) ions.

2.2. Sericin extraction

Sericin extraction via degumming was conducted as
described by Silva et al. [28]. Silkworm cocoons (7.5 g)
were cut into 1.0 cm? pieces and placed in 250 mL distilled
water in Erlenmeyer flasks. Degumming was performed
in an autoclave (Phoenix, Brazil, Model AV - 30) at 120°C
for over 20 min. The suspension was then vacuum-filtered
while hot. Because the obtained sericin solution was diluted,
it was heated in a bath (Quimis, Brazil, Model G215M1)
until its concentration reached 3% w/w.

2.3. Biosorbent preparation

Three formulations were prepared following the tech-
nique described by Tao et al. [25], with modifications to
produce a material with suitable structural characteristics
as a biosorbent. Different PEG-DE proportions were added
to the sericin solution under heat and constant mechan-
ical stirring (Fisatom, 715 W), depending on the mass of
the sericin (1:0.5, 1:1, and 1:2). The mixed solutions were
poured into stainless steel dishes and frozen at —20°C. Next,
they were dried via sublimation in a freeze-dryer (Liotop
L101, Liobras) at -50°C for 24 h. Spongy materials were
obtained and cut into pellets of approximately 8 mm?®.

2.4. Biosorbent characterization

The biosorbent with the most suitable mechanical prop-
erties, particularly stiffness and fragility, was characterized
using scanning electron microscopy (SEM), nitrogen adsorp-
tion-desorption isotherms, Fourier-transform infrared spec-
troscopy (FTIR), and the point-of-zero charge (pH,,.).

Surface and cross-sectional morphologies were examined
using a scanning electron microscope (JSM-6360LV, JEOL,
Japan). The biosorbent samples were placed on aluminum
stubs using double-sided adhesive tape and coated with a
thin layer of Au. SEM images were captured at an accelera-
tion potential of 15 kV and amplification of 50x.

Nitrogen adsorption—-desorption  isotherms  were
obtained at 77 K and pressures ranging from 1.2 x 107 to
0.092 MPa (Micromeritics ASAP 2020). The specific area
was determined using the Brunauer-Emmett-Teller (BET)
equation [29], and the pore volume was calculated using sin-
gle-point adsorption based on P/P =1.

Information about functional groups and chemical
properties was obtained using a transformed infrared
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spectrophotometer (Vertex 70v, Bruker, Germany) and the
KBr pellet method (P.A., Vetec, Brazil) with compression of
eight tons. All analyses were performed with a 4 cm™ scan
resolution recorded between 4,000-400 cm™.

Additionally, the pH,,. value of the biosorbent was
determined as described by Hameed et al. [30], with modi-
fications. This experiment was performed by adding 30 mg
biosorbent to a 30 mL KCl (P.A., Vetec, Brazil) solution
(0.1 mol L) under 11 initial pH conditions (2, 3, 4, 5, 6, 7,
8,9, 10, 11, 12) adjusted with 0.1 mol L™ HCI (P.A., ISOFAR,
Brazil) or 0.1 mol L' NaOH (P.A., Exodo Cientifica, Brazil).
The solutions were maintained under agitation in a tem-
perature-controlled orbital shaker (TE-421, Tecnal, Brazil)
at 25°C for 24 h. The final pH of each solution was then
measured. A graph of the initial pH vs. final pH was plot-
ted, and pH,, . was defined as the range where the final
pH remained constant, despite the initial pH.

2.5. Batch biosorption

Batch biosorption experiments were conducted by add-
ing 60 mg of the biosorbent to 60 mL Cu(II) ion solution in
Erlenmeyer flasks. The flasks were subjected to constant
agitation (150 rpm) in an incubator shaker (TE-421, Tecnal,
Brazil) at different temperatures at a specific time. The
samples were then filtered, and Cu(Il) concentrations were
determined using an ultraviolet-visible spectrophotome-
ter (UV 1800, Shimadzu) through the complexation of the
Cu(Il) with hydroalcoholic solution (50% v/v) of cuprizone
in slightly alkaline medium (phosphate buffer, pH 8-9.5)
[31]. Absorbance was measured at a wavelength of 600 nm
using 10 mm quartz cuvettes [32]. A calibration curve of
Cu(Il) concentration vs. absorbance was obtained with a
correlation coefficient of 0.99.

The biosorption uptake g (mg g™') was calculated using

Eq. (1):

C -C)-V
q=i( =) 1)

w

where C, (mg L) is the initial concentration of Cu(Il) ions,
C (mg L) is the liquid-phase concentration of Cu(Il) ions
at time ¢ (min), V (mL) is the volume of the solution, and
w (g) is the mass of the biosorbent.

The effect of the pH solution on the amount of adsorbed
Cu(Il) ions was evaluated by varying the pH solution
(2, 3,4,4.77, and 5) at a fixed initial concentration of Cu(II)
(25 mg L), temperature (20°C), and time (2 h). The pH
was adjusted using aqueous solutions of HCl or NaOH
(0.1 mol L.

A kinetic study was conducted to evaluate the effect of
the contact time on biosorption and the mechanism con-
trolling the process. Tests were performed at 20°C, 40°C,
and 60°C and an initial concentration of 25 mg L™ Cu(II)
solution. Samples were collected at 2, 5, 10, 30, 60, 120, and
180 min.

In addition, equilibrium isotherms were obtained at
20°C, 40°C, and 60°C by varying the initial concentration of
the Cu(II) solution (25, 40, 60, 80, and 100 mg L™). The flasks
were agitated for 72 h.

2.6. Biosorption kinetic models

Biosorption data can be described using several mathe-
matical models, classified as adsorption reaction and adsorp-
tion diffusion [33]. The following models were applied for
kinetic data fitting to clarify the mechanisms and evaluate
Cu(II) biosorption: Lagergren pseudo-first-order, pseudo-
second-order, Weber-Morris intraparticle diffusion, homo-
geneous solid diffusion model (HSDM), and external
liquid-film diffusion.

The Lagergren pseudo-first-order model describes the
physical adsorption between the adsorbate and adsorbent,
representing their reversible interactions. This model is
expressed by Eq. (2):

- =K '(qEQiq) 2)

where g(t) and g, (g g') are the amounts of Cu(II) adsorbed
at time ¢ (min) and equilibrium, respectively, and K, (min™)
is the kinetic constant for the pseudo-first-order model.

The pseudo-second-order model describes strong
interaction forces between the adsorbate and adsorbent
during adsorption, as by chemical linkages. It is expressed

by Eq. (3):

%:Kz'(qm_q)z ®)

where K, (g mg” min™) is the kinetic constant for the
pseudo-second-order model.

The Weber-Morris intraparticle diffusion model can
be applied to identify successive mass transfer steps and
predict the limiting step of the process [9]. This model is
expressed by Eq. (4):

9(t) =Ky Nt @
where K, is the Weber-Morris intraparticle diffusion
model constant (mg g™ min™?).

HSDM provides the exact solution to the differential
mass balance in an amorphous and homogeneous sphere,
considering the diffusive effect of the solute and neglect-
ing the external film resistance [33]. The HSDM solu-

tion, in terms of the average adsorption quantity of the
solute in the solid (§), is written as follows:

_ 6&1

q(t):qEQ .{l—zzzexp(—nz.KD.t)} (5)
T =1 n

where K, is the diffusion constant.

2.7. Biosorption equilibrium

Equilibrium data provide information about the maxi-
mum biosorption capacity of the biosorbent, which is criti-
cal for assessing its performance. They can be described by
adsorption isotherms, in which the parameters express the
biosorbent surface properties and affinity between the adsor-
bent and adsorbate [22].
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Fig. 1. Morphology of sericin/PEG-DE material: (a) surface and (b) cross-section.

The Langmuir isotherm assumes adsorption as a
monolayer process on a homogeneous surface with a finite
number of identical sites [9]. This model is expressed by

Eq. (6):

= M T ©
+K,-Cyy

where ¢,, (mg g) is the amount adsorbed at equilibrium,

q,, is the maximum adsorption capacity, C,, is the equi-

librium concentration of the Cu(ll) solution (mg L), and

K, is the Langmuir equilibrium constant (L mg™).

The empirical Freundlich isotherm model is based on
heterogeneous surfaces or surfaces with different affini-
ties. This model suggests that the stronger binding sites are
occupied first, and as the number of occupied sites increases,
the binding strength decreases [30]. The model is expressed

by Eq. (7):

1

Irq = Ki - Crp" (7)

where K, is the Freundlich constant (mg g[L/mg]"") related
to the adsorption capacity, and 7 is the heterogeneity factor
related to the adsorption intensity.

The Temkin isotherm [Eq. (8)] considers the adsor-
bent-adsorbate interactions, and the heat of adsorption of
all molecules in the layer decreases linearly with coverage.
The Temkin isotherm assumes a uniform distribution of
binding energies up to the maximum binding energy [30]:

Teq :%'IH(KT 'CEQ) 8

where R is the ideal gas constant (8.314 ] mol™ K™), T is
the adsorption temperature, b is the heat of adsorption
(J g mg?), and K, (L mg™) is the Temkin constant.

Data fitting was performed via nonlinear regression
analysis, and the suitability of the kinetic and isotherm

models was based on the coefficient of determination (R?)
and mean relative percentage error (MRE) at a 95% confi-
dence level. Statistica software (version 12, USA) was used
for all data analyses.

2.8. Estimation of thermodynamic parameters

Thermodynamic analysis was conducted to predict the
Cu(Il) biosorption nature. The parameters were estimated
from the equilibrium constant (K,,) at each temperature.
K, values were calculated from a graph, In(q,,/C;) vs. C,
extrapolating C,, to zero [34].

After K, was known, the standard Gibbs free energy of
biosorption (AG) was calculated using Eq. (9):

AG=-R-T-InKy, )

where R is the universal constant of gases (8.314 ] mol” K™),
and T is the temperature (K).

The enthalpy (AH) and entropy (AS) of biosorption
were determined using Eq. (10) by plotting In(K) vs. 1/T.
The slope of the equation corresponds to AH/R, and the lin-
ear coefficient corresponds to AS/R.

InK —A—S——AH

= 10
R RT (10)

3. Results and discussion
3.1. Biosorbent characterization

The 1:0.5 ratio (mass of sericin to the mass of added
PEG-DE) resulted in brittle materials, whereas the 1:2
ratio formed materials with a rubbery appearance. The 1:1
ratio yielded less brittle biosorbents with suitable stiffness;
then, these biosorbents were characterized.

Surface and cross-sectional micrographs of the biosor-
bent (Fig. 1) show a porous structure with a heterogeneous
pore distribution and irregular morphology, as observed
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by Tao et al. [25]. Pores are formed after ice sublima-
tion during the freeze-drying process, and their sizes are
determined by the size of the ice crystals formed during
freezing. A higher freezing temperature favors larger pore
formation [25,35].

Nitrogen adsorption—desorption isotherms indicated
a BET surface area of 1.86 m? g, pore volume of 8.7 x
10* ecm® g, and average pore width of 1.87 nm. The surface
area value is close to that obtained for commercial pow-
dered sericin (1.5 m? g™) [36]. This similarity suggests that
chemical cross-linking with PEG-DE did not damage the
sericin surface area, enabling the application of the sericin/
PEG-DE material as a biosorbent.

Fig. 2 shows the FTIR spectra of the biosorbent. The
spectra presented characteristic amide absorption bands of
protein. The absorption peak at approximately 1,652 cm™
represents the C=O stretching vibration of the amide
group and is attributed to amide I; the absorption peak at
approximately 1,519 cm™ refers to amide II and represents
N-H bending and C-N stretching vibration; the peak at
approximately 1,247 cm™ was associated with amide III
from the C-N stretching vibration to the N-H in-plane
bending vibration [37]. The absorption peak at approxi-
mately 3,300 cm™ represents the stretching vibration of the
O-H groups in a polymeric association. The 3,000-2,800 cm™
range was assigned to —CH,- stretching [23]. Moreover,
the peak at approximately 1,114 cm™ was assigned to the
stretching of the C—O-C bond of PEG-DE, confirming that
the PEG-DE chains were introduced into the sericin. In
cross-linking, aliphatic and aromatic hydroxyl groups of ser-
ine and tyrosine residues of sericin are the reaction sites [27].

Considering the functional groups identified in the FTIR
spectra and that Cu(Il) ions preferentially bind to oxygen
[2], the -C=0O and -OH groups are likely to participate in
Cu bonding. These bonds were abundant in sericin and
PEG-DE.

3.2. Biosorption studies

pH,,. was determined to reveal the biosorbent sur-
face charge under the experimental conditions. From the

constant zone of the initial pH vs. final pH graph (Fig. 3),
the pH,,,. value was found to be 5.68. Above this value, the
biosorbent surface is negatively charged, whereas, below
this value, it is positively charged [1]. Because Cu exists in
its predominantly cationic form (Cu®), a negatively charged
surface favors Cu uptake.

The acidity of the solution is also a fundamental factor
in metal ion biosorption because it results in protonation or
deprotonation of the functional groups of the biosorbent.
The biosorption of the Cu(Il) ions onto the developed bio-
sorbent over a range of the pH values of the solution was
investigated (Fig. 4).

The pH of the solution significantly influenced Cu(II)
removal, and the highest removal capacities occurred
at pH = 4.77 (13.40 mg g™) and pH =5 (13.52 mg g). At
lower pH values, the removal capacity decreases once
fewer functional groups are ionized, and a high concentra-
tion of H' leads to competition with Cu(Il) for the active
sites. Conversely, higher pH values increase the number
of negatively charged sites and the electrostatic attraction
between the surface and ions, facilitating biosorption [3,36].

It is important to note that for pH > 6, Cu(Il) ions pre-
cipitate as Cu(OH), [10], and the results for pH = 4.77 and
pH = 5 were statistically equal. Thus, the pH value was
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Fig. 2. FTIR spectra of sericin/PEG-DE material.
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fixed at 4.77 (obtained directly by dissolving CuSO,-5H,0 in
distilled water) to conduct kinetic and equilibrium studies.

3.3. Biosorption kinetics

Biosorption kinetics provide essential information regard-
ing the biosorption mechanism, which is related to the
rate-limiting steps of the process and crucial for metal
removal studies [3,38]. Fig. 5 shows the biosorption capac-
ity as a function of time at a pH value of 4.77 and an initial
Cu(II) concentration of 25 mg L. At all applied temperatures
(20°C, 40°C, and 60°C), Cu(Il) biosorption occurred rap-
idly, and most ions were adsorbed within 10 min of contact
between the biosorbent and solution. As the available sites
were filled, the biosorption rate decreased until the material
reached saturation. After 180 min, the Cu(Il) removal value
ranged between 61.3% and 66.8%.

The kinetic data were adjusted to different models.
The kinetic parameters are listed in Table 1. Coefficients

i
ci

7
7
7

C

o

Fig. 4. Effect of pH of the solution on Cu(Il) biosorption.
*Means with the same letters represent no statistical differences
according to Tukey’s test (p < 0.05).

Table 1

of determination (R?) exceeding 98.45% and minor mean
errors (0.17%-0.47%) indicate that the pseudo-second-
order model best fits the experimental data. In this
model, the variation in the adsorbed mass over time was
delimited by the quadratic concentration gradient, lead-
ing to an improved fit of the initial transient biosorp-
tion. It is also assumed that the rate-limiting step in the
biosorption process may be chemical sorption involv-
ing valence forces by sharing or exchanging electrons
between active sites and metal ions [3]. As the interac-
tion between the negatively charged functional groups
of the biosorbent and the cationic ion Cu*" is specific, the
process is rapid and limited by the availability of active
sites (-C=0, -OH) in the biosorbent. Thus, the adsorption
reaction models described the biosorption process.

The intraparticle diffusion Weber-Morris model pre-
sented a poor fit to the experimental data, with the lowest
R? values (26.91%-31.02%) and the highest mean relative
error (49.1%). This suggests that internal mass transfer is not
an important resistance mechanism. As the Van der Waals
radius of Cu is 0.14 nm [1], significantly smaller than the
average pore width of the biosorbent (1.86 nm), Cu(Il) ions
may not have access resistance to biosorption.

Although the HSDM approached the Lagergren pseudo-
first-order and pseudo-second-order models, it was not
predictive because it did not describe the initial transient
biosorption, only an equilibrium region. The resistance
related to the Cu(Il) ion diffusion from the solution to
the biosorbent interface might be reduced by the favorable
conditions of the balanced charge applied.

3.4. Biosorption equilibrium

Experimental isotherms express the relationship
between the adsorbate equilibrium concentration in the
solution (C,,) and solid phase (q,,) at an established tem-
perature, which helps clarify the performance of the bio-
sorption system [39]. Thus, the Langmuir, Freundlich, and

Kinetic parameters of Cu(Il) biosorption onto sericin/PEG-DE biosorbent

Kinetic models Parameters 20°C 40°C 60°C

K, (min™) 1.13 £ 0.09 1.03 £ 0.04 1.27 £ 0.08
Lagergren pseudo-first-order q,.. (mgg™) 16.44 +0.12 16.07 +0.15 15.16 +0.07
model R? 85.08 83.89 88.10

MRE (%) 1.38 1.77 0.88

K, (g mg™? min™) 0.234 + 0.005 0.19 +£0.01 0.35+0.01

T (Mg g7 16.68 +0.02 16.35 +0.05 15.32 +£0.02
Pseudo-second-order model 4 9970 98.45 99 38

MRE (%) 0.17 0.47 0.25

K, (mg g’ min®° 1.80 £ 0.46 1.76 £ 0.44 1.66 +0.43
Intraparticle .chffuswn R‘Z"'M (mg 8 ) 28.83 31.00 26.91
Weber-Morris

MRE (%) 48.9 484 49.1

K. 0.80 +0.08 0.66 +0.08 0.95+0.08
Homogeneous solid q,.. (mggm 16.71 16.51 15.32
diffusion model (HSDM) R? 92.34 80.76 89.03

MRE (%) 1.46 2.40 0.96
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Fig. 5. Kinetics of Cu(Il) ions biosorption onto sericin/PEG-DE. (a) Lagergren pseudo-first-order model, (b) pseudo-second-
order model, (c) intraparticle diffusion Weber-Morris model, and (d) Homogeneous solid diffusion model. Experimental data:

O 20°C; 4 40°C; + 60°C. Modeling data: --- 20°C; — 40°C; - 60°C.

Temkin models were adjusted to equilibrium data at 20°C,
30°C, and 40°C. Fig. 6 shows the curves, and Table 2 lists
the isotherm parameters.

The Langmuir isotherm showed the best fit to the
experimental data for all temperatures, with R? rang-
ing from 99.01% to 99.53% and the smallest mean errors
(0.66%—-2.99%). This suggests that monolayer adsorp-
tion was the primary biosorption mechanism for Cu(II)
removal and the sericin/PEG-DE surface had binding sites
of equal affinity and energy. Therefore, it could reach
saturation [3]. The maximum biosorption capacity was
36.17 £ 1.81 mg g at 20°C. As the temperature increased,
the maximum biosorption capacity decreased, indicating
an exothermic process. Similar maximum biosorption
capacity values have been reported for Cu(Il) ions bio-
sorption onto various biosorbents, such as black tea waste
(43.2 mg g') [40], peanut shells (25.4 mg g™') [41], rice

straw (18.4 mg g™) [8], and chitosan/glutaraldehyde beads
(31.20 mg g) [42].

Although the Freundlich and Temkin isotherms indi-
cated an acceptable fit to the multilayer biosorption process,
these models showed lower variable R* values (90.50%—
99.20%) and mean errors ranged from 1.62% to 14.09%,
suggesting a higher modeling predictive deviation than
the Langmuir isotherm model. The adsorbed mass curves
in equilibrium revealed that the biosorption capacity of
the biosorbent was limited to the surface, regardless of the
concentration in the solution.

These results indicate that Cu(Il) biosorption onto the
porous biosorbent is a surface phenomenon that occurs
through electrostatic interactions between the Cu(Il) ions and
the negatively charged functional groups of the biosorbent at
pH =4.77. Thus, biosorption occurs while functional groups
are available. When the sites are tightly bound, equilibrium
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Isotherm parameters for Cu(II) ions biosorption onto sericin/PEG-DE

Isotherm models Parameters 20°C 40°C 60°C
T (Mg g7 36.17 +1.81 24.36 +0.84 18.76 +0.18
. K, (Lmg™) 0.049 £ 0.002 0.23 +0.05 0.150 = 0.007
Langmuir :
MRE (%) 0.67 2.99 0.66
R? 99.01 99.30 99.53
K, (mg g™(L/mg)"") 439 £0.64 8.07+1.10 5.35+1.26
. N 229 £0.20 3.81+£0.73 3.48 £0.81
Freundlich
MRE (%) 2.90 7.52 6.09
R? 98.04 90.50 94.13
K, (Lmg™) 6.91 +1.01 10.23 +1.44 10.13 £ 1.08
i B 618.90 +94.4 73,269 + 43.52 1,057.29 + 21.04
Temkin MRE (%) 14.09 3.64 1.62
R? 91.48 98.60 99.20
Table 3

Thermodynamic data for Cu(II) ions biosorption onto sericin/PEG-DE

Temperature (K) Kig AG (kJ mol™) AH (k] mol™?) AS (k] K™ mol™)
293.15 1.17 —0.385

313.15 2.67 —2.555 -20.1 +0.071

333.15 3.11 -3.146

between the solution concentration and the retained Cu(II)
mass is reached.

3.5. Thermodynamic study

The effect of the temperature (at 20°C, 40°C, and 60°C)
on Cu(Il) biosorption onto the biosorbent was evaluated.
The thermodynamic parameters are listed in Table 3.

The AG values were negative at all temperatures, so
biosorption was spontaneous at the investigated pH val-
ues. In addition, the decrease in the Gibbs free energy with
increasing temperature reveals that the process becomes
more spontaneous, indicating that the increased tempera-
ture favors biosorption. The same trend was observed
for Cu(Ill) biosorption onto hazelnut shells, which was
attributed to an increase in pore size and kinetic energy of
the ions as the temperature increased, facilitating contact
with the biosorbent [41].

The AH value of —20.1 k] mol™ reveals an exothermic
biosorption process, and the interactions between the Cu(II)
ions and biosorbent were predominantly physical [43].
The positive value of AS suggests increased randomness at
the solid-solution interface, attributed to adsorbate species
that gain translational entropy by displacing biod water
molecules, which maintains randomness in the system [3].

4. Conclusions

This study demonstrates that the biosorbent prepared
from a blend of sericin and polyethylene glycol-diglyc-
idyl ether is a viable material for removing Cu(Il) ions

from solutions. Biosorption depended on the pH of the
solution, and the removal capacity was higher at pH val-
ues > 4. The kinetic data indicated a rapid process and
fitted appropriately to the pseudo-second-order model
described by the adsorption reaction. The Langmuir model
satisfactorily described the equilibrium data, revealing
that monolayer adsorption is the primary biosorption
mechanism. Thermodynamic parameters showed exother-
mic biosorption, as biosorption capacity decreased with
increasing temperature: 36.17 mg g™ (20°C), 24.36 mg g™
(40°C), and 18.76 mg g™ (60°C). In addition, biosorption
occurred spontaneously, and the interactions between
Cu(I) ions and the biosorbent were predominantly
physical. The spongy biosorbent obtained by introduc-
ing PEG-DE into sericin exhibited improved structural
properties and has potential for application in fixed-bed
column studies for scale-up. Finally, sericin as a novel
biosorbent may reduce waste generation in the silk indus-
try and promote residue valorization in polluted water
treatment.
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