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ABSTRACT: Adsorption stands out as a leading wastewater
treatment method for ion removal or recovery. Polymeric fibers,
notably electrospun ones, are gaining prominence due to their high
capacity and easy recovery. Electrospinning offers a cost-effective
means to produce fibers with a large surface area and high adsorption
capacity. These fibers can be further functionalized with chemical
substances acting as specific ligands for metal ions, bolstering their
adsorption capabilities. In this study, dithioester-functionalized
electrospun fibers were synthesized as an alternative to conventional
sorbents for palladium recovery from acidic chloride solutions,
similar to those used in hydrometallurgical processes for platinum
group metal recovery (Pd, Pt, Rh···) from spent catalysts. Fibers with
identical chemical composition but varying morphology were
examined to assess their impact on palladium adsorption efficiency
(i.e., beads-free and beads-on-string morphologies). Experimental investigations involved model solutions with varying palladium
concentration, temperature, acidity (adjusted with HCl content), and salinity (adjusted with NaCl), utilizing both pure and
dithioester-functionalized fibers. Experimental results demonstrate enhanced adsorption efficiency at lower temperatures and in 0.1
M HCl, with a negligible influence from solution salinity. Moreover, both pure polymeric and dithioester-functionalized electrospun
fibers exhibit highly efficient palladium recovery. Furthermore, under optimal conditions, starting from an 80 mg/L palladium
solution, a 95% recovery of palladium can be achieved with a sorbent dosage below 4 g/L of functionalized electrospun fibers. The
adsorption data are well described by the Langmuir isotherm model for the pure polymeric fibers. At the same time, the contribution
of dithioesters has been separately accounted for to describe the behavior of functionalized electrospun fibers. Thermal recovery of
palladium from the spent sorbents has also been investigated.
KEYWORDS: electrospinning, polymeric fibers, palladium recovery, adsorption, dithioesters

1. INTRODUCTION
Electrospinning is a highly versatile electrohydrodynamic
process employed in the fabrication of nano- and microfibers
at a laboratory and industrial scale.1 Electrospun fibers (EFs)
are successfully adopted in several fields including biomedicine,
packaging,2−5 optoelectronics, air filtration, wastewater treat-
ment, and desalination.6,7 Owing to their unique physicochem-
ical properties such as high porosity, large surface areas,
mechanical and chemical resistance, fibers’ interconnectivity,
and small diameters,8,9 combined with their tunable chemical
composition and possibility of surface functionalization,10,11

EFs attract considerable attention as adsorbents for the
removal of hazardous heavy metal ions from aqueous
solutions.12

In nature, the existence of hazardous metal ions in water at
concentration levels that can be harmful to humans and the
environment is rare. On the other hand, such metal ions are

present in several process waters derived from tanning, dyeing,
steel manufacturing, mining activities, etc. They can also be
found in natural waters that come into contact with polluted
sediments or with solid waste in land disposal facilities.
Restrictive regulations occurring in several countries impose
treatment of such waters before their release into the
environment or the remediation of polluted natural water to
restore pristine environmental quality.

Adsorption is one of the most powerful methods to remove
heavy metal ions that are present in water streams at
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concentrations ranging from a few ppb to hundreds of
ppm.13,14 Adsorption is used not only to treat wastewater or
polluted natural waters but also to separate heavy metals from
waters derived from industrial processes.

Ion adsorption from water streams relies on physicochemical
interactions developed between the solvated metal ions and the
functional groups that are present on the surface of the
sorbent. To ensure appreciable adsorption, sorbent−metal ion
interactions must be stronger than solvent−metal ion
interactions. A useful guide to identifying the preferred
functional groups is reported by Pearson and Alfarra and co-
workers, and it is based on the hard soft acid base (HSAB)
theory.15,16

The possibility of using different polymers as pristine
materials for generating cost-effective adsorbents, further
doping them with specific chemical moieties, and producing
micro- and nanofibers characterized by high (largely
accessible) surface areas renders electrospinning a valuable
technique to produce highly efficient (nano)fibrous functional
sorbents capable of selectively capturing metal ions from
aqueous media.17 Several literature examples exist on electro-
spun (nano)fibrous metal ion sorbents either in the form of
pure polymeric fibers18,19 or as functionalized analogues.20,21

One of the most interesting applications of EFs deals with
the treatment of process water streams containing precious or
rare-earth metals. For this kind of application, the fabrication
of sorbents that demonstrate high adsorption capacity and
selectivity toward the targeted metals is desirable owing to the
high value of such metals. Consequently, higher unit costs of
such sorbents can be acceptable.

Several reports available in the literature focus on the
fabrication of EFs for use as adsorbents for the removal of
precious metal ions from aqueous media. In one such example,
we have developed magnetically functionalized fibrous
adsorbents via electrospinning, consisting of random copoly-
mers of the type poly(methyl methacrylate)-random-poly(2-
(acetoacetoxy)-ethyl-methacrylate) (PMMA-co-PAEMA) bear-
ing β-ketoester metal ion binding moieties, combined with
poly(ethylene oxide) (PEO) and preformed oleic acid-coated
magnetite nanoparticles that were successfully employed in the
recovery of Eu(III).22 In other studies of our group, pristine
and magnetically functionalized polyvinylpyrrolidone (PVP)/
chitosan blended nanofibers have been successfully used as
sorbents for U(VI) ions,23,24 while the introduction of
magnetic nanoparticles onto the fibers’ surfaces resulted in
an enhancement in the adsorption capacity of the nano-
composite fibrous adsorbents compared to that of the pristine
fibrous analogues, reaching 183 mg/g. Thiourea-grafted
electrospun polyacrylonitrile (PAN) fibers have been used
for efficient Au(III) recovery from aqueous media.25 By
combining carbonized PAN-EFs and magnetite particles,
adsorption capacities of 226, 191, and 171 mg/g for Ge(IV),
Ga(III), and In(III) metal ions, respectively, were achieved.26

PAN-based EFs functionalized with natural keratin could
recover up to 99% of Au(III) and 37% of Pt(IV). The higher
selectivity toward Au(III) was attributed to the difference in
electronegativity of the two precious metals.27 Moreover,
lignosulfonate-activated carbon EFs (LACF) were further
activated with CO2 to recover Cu(II) and Au(III) from
aqueous solutions.28

One of the most interesting applications requiring the use of
highly effective adsorbents is the hydrometallurgical treatment
of spent catalysts or Waste of Electric and Electronic

Equipment (WEEE), in which selective leaching processes
are applied to dissolve precious metals from the waste
materials.29−31 These process waters are often acidic (thus
promoting oxidation) and contain strong oxidants that
transform the elemental (insoluble) metallic nanoparticles
(e.g., Pd(0) and Au(0)) that are present on the waste material
into solvated metal ions (e.g., Pd(II) and Au(III) ions).32−34

Ligands are also present to promote metal ion solvation in the
acidic environment (e.g., forming PdCl4−2 and Au(CN)2−),
favoring metal dissolution. Chlorides, cyanides, and thiols are
widely used as ligands for platinum group metals, gold, copper,
nickel, etc., while oxidants include among others nitric acid,
hydrogen peroxides, and hydrofluoric acid.35−38

One typical example of such a process involves the use of
diluted aqua regia.39 In these solutions, the ions must be
recovered after the solid waste is removed at the end of the
leaching step.40 At this stage, adsorption can be employed as a
valid option in refining the process water to recover the metals
and, possibly, in restoring the pristine leaching solution.41

Herein, we describe the development of functionalized EFs
that can be potentially used in the recovery of precious metals
(particularly palladium) from spent catalysts and WEEE, in
line with the development of sustainable hydrometallurgical
processes. To this end, model aqueous solutions containing
palladium were prepared, resembling those derived from
hydrometallurgical treatments of spent catalysts. The prepared
solutions were based on leaching with hydrogen peroxides and
hydrochloric acid/chloride salts, and they were similar to those
adopted in a former publication of our group dealing with
platinum recovery.42

According to previous literature findings, activated carbons
can be used in the associated refining process, exhibiting
adsorption capacities in a range of 5−50 mg/g.43,44 2-
Thionicotinic acid-modified PAN EFs were used as adsorbents
for Pd(II) from spent catalyst leaching solutions, achieving a
maximum uptake capacity of 348.4 mg/g.45 In such solutions,
palladium ions are mostly found in the form of PdCl4−2 anions,
which are electrostatically attracted by positively charged
sorbents. The Pd(II) ions are soft acids15,16 that interact
preferentially with R-SHx and R-NHx rather than with R-OHx
surface functional groups. Therefore, the sorbent material
should have a pHPZC higher than the solution pH and should
incorporate R-SHx or R-NHx groups to favor the conversion of
PdCl4−2 anions into Pd−S or Pd−N bonded surface sites. The
sorbent can also benefit from the presence of C=C bonds,
which can react with Pd(II). In addition, the sorbent must be
stable in an acidic environment, while it is not necessary to
have a high thermal stability since adsorption is commonly
preferred at lower temperatures and treatment of acid−water
mixtures at temperatures above 60 °C is unreliable due to the
evaporation of acid gases.

To this end, we designed a new sorbent based on
poly(ethylene oxide) (PEO) and poly(methyl-methacrylate)
(PMMA) doped with different amounts of a dithioester,
namely, 2-cyano-2-propyl benzodithioate (DTE). The sorbent
has been produced in the form of electrospun fibers and tested
in the model aqueous solutions, as a function of pH, salinity,
and temperature. Different characterization methods were used
for obtaining information on the morphological characteristics
and Pd(II) adsorption efficiency of the produced EF sorbents,
as a function of various physicochemical parameters. More-
over, comparative studies were carried out using EFs having
the same chemical composition but different morphology (i.e.,

ACS Applied Polymer Materials pubs.acs.org/acsapm Article

https://doi.org/10.1021/acsapm.4c00324
ACS Appl. Polym. Mater. 2024, 6, 9406−9419

9407

pubs.acs.org/acsapm?ref=pdf
https://doi.org/10.1021/acsapm.4c00324?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


beads-free and beads-on-string) as Pd(II) sorbents. The beads-
on-string morphology derives from an undesired effect of jet
instability during electrospinning, which gives rise to a more or
less regular sequence of beads connected with tiny fibers. In
most studies, electrospun fibers characterized by a beads-on-
string morphology are discarded and optimization of the
electrospinning processing parameters is carried out to obtain
beads-free fibers. Only recently, it has been demonstrated that
beads-on-string fibers may present an equal or even better
performance in comparison to their beads-free counterparts,
and consequently, they could be used in biomedical
applications, water and air filtration, thermal energy storage,
etc.46−48 Experimental tests have been carried out in batch
mode, and experimental results have been interpreted by using
a standard theory for heavy metal adsorption. The properties
of spent sorbents have been investigated, and a preliminary
assessment of the thermal recovery of the adsorbed palladium
has also been exhibited.

2. MATERIALS AND METHODS
2.1. Electrospun Fiber Production. Poly(ethylene oxide) (PEO,

average molar mass 600,000 g/mol), poly(methyl methacrylate)
(PMMA, average molar mass 350,000 g/mol), and the dithioester 2-
cyano-2-propyl benzodithioate (DTE, grade >97%, HPLC grade)
were obtained from Sigma-Aldrich Chemie GmbH, (Tauflirchen,
Germany). Chloroform (CHCl3, ACS reagent grade) was purchased
from Scharlau Chemicals (Barcelona, Spain) and used as received by
the manufacturer.

The electrospinning process was used in the fabrication of pristine
PMMA/PEO and dithioester-functionalized fibers of the type
PMMA/PEO/DTE, as described in the following. First, PMMA
and PEO were dissolved in chloroform (10 mL) at two different
concentrations, i.e., 3 and 4% w/v. Subsequently, the DTE was added
to the PMMA/PEO solution at a dosage equivalent to 5 and 10 wt %
concerning the total polymer mass to obtain DTE-functionalized
fibers thereinafter indicated as β, containing 5% wt DTE, and γ,
containing 10% wt DTE, respectively. The DTE-free (namely, α
fibers) fibers were also fabricated for comparison purposes. The
mixtures were left to stir for 48 h at room temperature to obtain
highly homogeneous solutions, which were then loaded into a glass
syringe (10 mL volume) to be electrospun.

The electrospinning equipment included a spinneret with a metallic
needle, a controlled-flow, four-channel volumetric microdialysis pump
(KD Scientific, model: 789252), a high-voltage power source (10−50
kV, ES50P-20W Gamma High Voltage Research), and a custom-
designed, grounded target collector, inside an interlocked safety
cabinet. All electrospinning experiments were performed at 22 °C and
10−30% humidity, following specific electrospinning conditions
(applied voltage: 10 kV, needle-to-collector distance: 30 cm, needle
diameter: 18 G, and flow rate: 4.5 mL/h) that were found to be the
optimum ones for these systems through a series of preliminary
experiments. Depending on the polymer solution concentration,
either “beads-on-string” (3 w/v%) or “beads-free” (4 w/v%) fiber
morphologies were obtained, abbreviated in the following as α*, β*,
and γ* and α, β, and γ, respectively.

2.2. EF Characterization. The morphological characterization of
the DTE-free (α, α*) and the DTE-loaded (β, γ, β*, γ*) electrospun
fibers before and after adsorption was carried out by scanning electron
microscopy (SEM) using a Vega TS5136LS-Tescan. The samples
were gold-sputtered (sputtering system K575X Turbo Sputter Coater,
Emitech) before SEM inspection. Fiber average diameters were
determined from the acquired SEM images using the software ImageJ.

Attenuated total reflectance spectroscopy (ATR) has been carried
out using a Nicolet Instrument Nexus (Thermo Scientific, Waltham,
MA, United States) for investigating the chemical stability of the
produced EFs under acidic environments. For this purpose, the ATR
spectra were recorded in the range of 4000−400 cm−1 for the as-

prepared EFs and the corresponding materials after being immersed
in acidic aqueous solutions (1 M HCl) at 25 and 50 °C.

Various material characterization methods were employed in this
study to obtain information on the spent sorbents concerning their
thermal stability, chemical composition, and morphology. More
precisely, thermogravimetric analysis (TGA) was carried out to study
the thermal stability of the material by using a Simultaneous Thermal
Analyzer (STA) 6000 (PerkinElmer). During the test, the temper-
ature was constantly increased with a specific heating rate. TGA was
used to measure the variation in the mass of the exhausted sorbents
over time and temperature. The temperature rose from 30 to 750 °C
with a heating rate of 10 °C/min using an airflow rate of 40 mL/min.

Scanning electron microscopy (FEI INSPECT 12000x Electron
Scanning Microscope) coupled with energy-dispersive X-ray spec-
troscopy (SEM-EDX) analysis was performed to observe the
morphology of the fibers after the adsorption tests. Moreover, it
was used to analyze the morphology of the ashes obtained after the
TGA analyses and to qualitatively characterize their composition in
terms of elemental constituents.

2.3. Adsorption Tests. The adsorption tests were designed to
simulate acidic solutions derived from the hydrometallurgical
treatment of palladium-loaded spent automotive catalysts carried
out using hydrogen peroxide and hydrochloric acids, following a
previously reported methodology.42 The treatment of spent catalysts
with such leaching solutions results in the complete consumption of
hydrogen peroxides. The solutions are sometimes heated to favor the
dissolution of the metal; however, the temperature is retained below
certain levels to promote selective extraction of the desired metal ion
(herein palladium). The spent solutions can be partially neutralized to
favor the following refining step (e.g. adsorption) using sodium
hydroxides. The residual solutions contain essentially chloride ions of
the desired precious metal (herein palladium, with the dominant
species being PdCl4−2), sodium chloride, and residual hydrochloric
acid, usually above 0.01 M. The experiments were carried out in batch
mode using PYREX-capped glass vials immersed in a water
thermostatic bath to ensure constant temperature during the whole
test duration. The test solutions were prepared by dissolving
powdered palladium(II) nitrate dihydrate, Pd(NO3)2·2H2O (MW
266.46 g/mol, 40 wt % of Pd(II), CAS number 32916-07-7,
purchased from Sigma-Aldrich, Italy), in aqueous solutions containing
hydrochloric acid and sodium chloride. The sample solutions were
prepared using hydrochloric acid at different concentrations, obtained
by dilution of hydrochloric acid (MW 36.46 g/mol, purity 37% w/w,
CAS number 7647-01-0, purchased from Sigma-Aldrich, Italy) in
deionized water. Sodium chloride, NaCl (MW: 58.44 g/mol, CAS
number 7647-14-5, purchased by Honeywell, Germany), was also
added to simulate the neutralization of the leaching solution and to
test the effect of salinity on the adsorption process.

Equilibrium tests were performed for palladium in acidic conditions
at three different HCl molarities equal to 1, 0.1, and 0.01 M. In
particular, for each acid matrix, four different concentrations of Pd(II)
from 10 to 80 mg/L were prepared (solution volume: 20 mL), in
which the EF sorbents (m = 5 mg, beads-free or beads-on-string
fibers) were immersed.

Adsorption tests in pure hydrochloric acid solutions have been
carried out for both beads-free and beads-on-string morphologies at
20 and 50 °C. The effect of salinity has been investigated on beads-
free fibers only, by adding NaCl to the acidic aqueous solutions. In
particular, two sets of experiments were performed on α, β, and γ
fibrous sorbents for a fixed Pd(II) concentration (60 mg/L) and fixed
sorbent loading (m/V = 0.25 g/L) at 20 °C. In the first set, the HCl
content was retained at 0.1 M and the total concentration of chloride
ions was varied by adding NaCl up to 0.5M. The second set was
carried out by keeping the total concentration of chloride ions at 0.5
M while varying the HCl and NaCl concentrations. A summary of the
salinity effect tests is provided in Table 1.

Flame atomic absorption spectrophotometry (F-AAS) was used for
the detection of palladium by operating at a wavelength of 340.5 nm
and a gap amplitude of 1 mm (AAS, model SpectrAA 220, Varian Inc.,
Palo Alto, CA, United States). Calibration was carried out by
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preparing diluted samples starting from a standard palladium solution
for atomic absorption spectroscopy (Sigma-Aldrich) having a
calibrated concentration of 1000 ± 4 mg/L in 5% HCl. The solution
pH of the test samples was measured using a pH meter, pH 50 V by
XS instruments, or using standard acid−base titration methods, both
at the beginning and the end of each test, after reaching equilibrium.

The uptake capacity of the sorbents in any matrix can be calculated
from the mass balance according to eq 1:

q c c V
m

( )0 eq= ·
(1)

where q is the uptake capacity of the sorbent, [mg/g], c0 is the initial
palladium concentration, [mg/L], and ceq is the palladium
concentration after reaching equilibrium [mg/L].

3. RESULTS
3.1. EF Characterization. SEM images of selected samples

of the as-prepared EFs are shown in Figure 1. As known from a
previous study,49 the polymer solution concentration is one of
the most critical influencing parameters in electrospinning: by
gradually increasing polymer solution concentration, the
morphology of the produced materials changes gradually
from collapsed particles and aggregates (electrospraying) to
beads-on-string and finally to “beads-free” fibers.50

In our experiments, we noticed that 3% w/v polymer
solutions gave rise to “beads-on-string” morphologies, whereas
upon increasing the concentration to 4% w/v, homogeneous
“beads-free” fibers with a regular morphology were obtained, in
line with a recent publication of our group.48 It is also clear
that the “beads-on-string” morphology is characterized by
much lower fiber diameters. More precisely, for the beads-free
EFs, the average fiber diameters determined by using ImageJ
were 4.390 ± 0.422 μm for α, 3.776 ± 0.272 μm for β, and
2.865 ± 0.307 μm for γ, whereas for the beads-on-strings EFs,
average diameters of 0.528 ± 0.068 μm for α*, 0.553 ± 0.130
μm for β*, and 0.518 ± 0.117 μm for γ* were recorded. SEM
analysis also revealed that the diameter of the beads-free fibers
decreased upon increasing the DTE content, while negligible

Table 1. Salinity Effect Tests Performed at a Defined HCl
Concentration while Varying [Cl−] Ions by Adding NaCl
and at a Retained [Cl−] = 0.5 M while Varying HCl and
NaCl Concentrations

Pd [mg/L] HCl [M] NaCl [M] Cl− [M]

60 0.1 0 0.1
60 0.1 0.05 0.15
60 0.1 0.1 0.2
60 0.1 0.25 0.35
60 0.1 0.35 0.45
60 0.1 0.4 0.5
60 0.1 0.5 0.6
60 0.2 0.3 0.5
60 0.3 0.2 0.5
60 0.4 0.1 0.5
60 0.5 0 0.5

Figure 1. SEM images of the as-prepared electrospun fibrous adsorbents: α*, β*, and γ* (beads-on-string) and α, β, and γ (beads-free).
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variations were observed in the case of the beads-on-string
fibers.

To verify the chemical stability of the produced fibers upon
immersion in acidic aqueous environments, the α-EFs (“beads-
free”, DTE-free) were analyzed by ATR before and after
immersion in 1 M HCl at 25 and 50 °C for 48 h.

As seen in Figure 2, characteristic peaks corresponding to
both polymers (PEO and PMMA) can be visualized. More

precisely, the signals present between 3750 and 3000 cm−1 are
attributed to the stretching vibrations of the −OH groups that
are present in PEO, whereas the strong peak present at around
2884 cm−1 is associated with the −CH stretching modes.
Moreover, the peaks present at around 1963 and 1342 cm−1

correspond to the −CH asymmetric bending and the −CH2
wagging of PEO. Finally, the bands present at around 1100
cm−1 are attributed to the stretching vibrations of C−O−C,
while the peaks at 960 and 840 cm−1 are associated with the
−CH2−CH2 rocking and C−O−C vibration modes, respec-
tively.51,52 In the same spectrum, the broad signal present
between 3100 and 2800 cm−1 corresponds to the stretching

vibrations of the −CH bonds that are present in PMMA, while
at 1724 cm−1, the characteristic signal corresponding to the
stretching mode of the C=O bonds of the ester groups can be
seen. Additionally, the peak present at 1445 cm−1 can be
assigned to the asymmetric stretching vibration of the −CH3
group that is present in PMMA, while the stretching and
bending of the C−O−C bonds are correlated to the peaks
present at 1265 and 1145 cm−1, respectively.53,54 After the
immersion of the EF in 1 M HCl at 25 and 50 °C, the
characteristic signals corresponding to PEO (e.g., shown at
∼2884, 1963, 1100, and 1342 cm−1) are diminished,
suggesting its partial dissolution in the acidic solutions. In
contrast, the characteristic signals of PMMA are retained after
acid treatment at both temperatures, demonstrating the
robustness and chemical stability of this polymer under test
conditions.

In addition, the pHPZC of each fibrous sorbent type was
measured by immersing the EFs in deionized water (pH ≈ 5.4)
and measuring the solution pH. The α membrane reached a
value of pHPZC = 8.5, the β membrane a value of pHPZC = 6.15,
while for the γ membrane, a pHPZC = 5 was recorded. This
demonstrates that the dithioester functional groups influence
the solution pH. However, in the model solutions tested
herein, any pH variations were recorded after adsorption.

EF TGA and SEM-EDX analysis were performed on the
best-behaved γ fibers at [HCl] = 0.1 M and T = 20 °C. These
tests are also useful to study a possible thermal recovery of
Pd(II) from spent EFs, which is preferred here to chemical
regeneration. The TGA curve of the γ fibrous membrane that
adsorbed 80 mg/L palladium in 0.1 M HCl solution, for an
adsorption time of 48 h, is shown in Figure 3a.

The main weight loss (90%) of the sample occurs in the
range 200−350 °C, and the sample shows a total weight loss of
94% at the final temperature of 750 °C. The SEM-EDX
analysis of the residual material, i.e., the ashes collected after
the thermal treatment, is shown in Figure 3b, which indicates
that metallic palladium is by far the dominant component of
the ashes. The presence of silicon and oxygen also detected in
the EDX is probably derived from the glass vials. This result
suggests that thermal treatment of moderate severity (up to
400 °C) can be a useful strategy for the recovery of this
precious metal from the adsorbent.

The TGA curve for the γ sample (100 mg/L), 0.1 M HCl,
and 1 M NaCl solution (Figure 4a) shows a similar thermal

Figure 2. ATR spectra of the as-prepared α fibers (black line) and
after immersion in 1 M HCl solution for 48 h at 25 °C (red line) and
50 °C (blue line).

Figure 3. (a) TGA curve of γ that adsorbed 80 mg/L palladium in 0.1 M HCl. (b) EDX results of γ in 0.1 M HCl.
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behavior, with a prevalent weight loss (57%) within 200−350
°C. Nevertheless, the total weight loss was only 55% at 750 °C.

The lower weight loss is attributed to the presence of NaCl.
Water residues containing a large amount of NaCl remain over
the spent EF, and upon heating, NaCl precipitates over the
fibers. This is confirmed by EDX analysis of the ashes (Figure

4b). This problem could be overcome by repeated fiber rinsing
to remove residual NaCl before the thermal recovery of Pd.

3.2. Adsorption Tests. Figures 5 and 6 depict the
adsorption isotherms for the beads-free fibers (α, β, and γ)
recorded at 20 and 50 °C for different HCl concentrations. It is
noteworthy to mention that the solution pH is dominated by
the high concentration of hydrochloric acid, so no alteration of

Figure 4. (a) TGA curve of γ in 0.1 M HCl−NaCl. (b) EDX results of γ in 0.1 M HCl−NaCl.

Figure 5. Adsorption isotherms for “beads-free” fibers at temperature = 20 °C for different concentrations of [HCl]: (a) 1 M, (b) 0.1 M, and (c)
0.01 M. The lines are only included for visualization purposes.
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the pH is observed before and after the tests due to palladium
adsorption and EF hydrolysis.

As seen in Figure 5, for all HCl concentrations, the α fibers
appear to have the lowest adsorption capacity, with the γ fibers
being the most effective. Furthermore, at T = 20 °C, the
isotherm for the α fibers showed a linear trend, while the
others show a tendency toward saturation, which is however
not achieved within the investigated concentration range.

The experiments also revealed that while in the case of the β
and γ fibers, a pronounced effect of the HCl concentration on
the adsorption efficiency was observed, this did not apply to
the case of the α fibers, which showed an almost constant
adsorption capability throughout the three different HCl
concentrations.

Figure 6 shows that the adsorption capacity for the α fibers
at 50 °C was negligible, while for the β and γ fibers, it was
lower than that recorded at 20 °C for a high palladium
concentration but higher for a palladium concentration below
∼10 mg/L. Furthermore, the tendency to attain a saturation of
adsorption capacity was more pronounced, especially as the
HCl concentration increased.

Figures 7−9 compare the adsorption isotherms for the
“beads-free” fibers (α, β, and γ) and the “beads-on-string”
fibers (α*, β*, and γ*) for the HCl concentration levels at 20
°C. The experiments indicated that the adsorption capacity of
the beads-free and the beads-on-string fibers do not differ

significantly. At 0.1 M HCl, there is only a minor increase in
the uptake capacity of the α* fibers compared to the α fibers
and at 1 M HCl for the β*and γ* compared to the β and γ
fibers. Furthermore, for the beads-on-string fibers, the
adsorption capacity rises from α to γ, while asymptotic
adsorption capacity is not reached for any of the three systems.

The effect of NaCl content on the adsorption performance
of beads-free EFs can be seen in Figure 10. At a constant HCl
content, the NaCl content has the sole effect of slightly
reducing the adsorption capacity, with a more pronounced
effect appearing from 0.2 to 0.35 M total chlorides (Figure
10a). At constant total chloride conditions (Figure 10b), a
slight increase in adsorption capacity can be observed at an
increased HCl concentration.

Table 2 summarizes the adsorption capacities of the EFs
prepared in this study (recorded at T = 20 °C) and of other
conventional sorbents at a reference Pd(II) concentration
equal to 10 mg/L. As seen, for the majority of the sorbents
listed in the literature, adsorption capacities less than 6 mg/g at
c0 = 10 mg/L have been reported, while only a handful of them
reach 15 mg/g. Instead, the EFs developed in the present study
show far better adsorption performances (especially the
dithioester-functionalized β and γ fibers), reaching adsorption
uptake values that are two or three times higher, comparable to
that exhibited by the nanostructured magnetic composite
Fe3O4@SiO2−NH2 proposed by Geng et al.55 These findings

Figure 6. Adsorption isotherms for “beads-free” fibers at temperature = 50 °C for different concentrations of [HCl]: (a) 1 M, (b) 0.1 M, and (c)
0.01 M. The lines are guides for the eye.
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demonstrate that the proposed EFs can be a suitable option for
palladium recovery in hydrometallurgical refining processes.

3.3. Adsorption Process Modeling. Several classical
models (e.g., Henry, Freundlich, Temkin and Langmuir) can
be used for the interpretation of the adsorption isotherms
provided in Figures 3−7. Considering the chemical character-
istics of the α sorbent and the shape of the corresponding
adsorption isotherms, it is expected that Pd(II) adsorption
takes place on a dominant kind of active site for the α fibers.
This can be recognized in the esther group of PMMA, which
can interact directly with Pd(II) ions or through geminal diols
forming by its hydrolysis in acidic solutions.

In the DTE-loaded fibers, DTE functional groups further
contribute to the adsorption process, and consequently,
multiple adsorption sites are required to describe the
adsorption isotherms. Besides, it is also worth remembering
that palladium speciation in the conditions investigated herein
indicates the predominance of PdCl4−2 anion: the concen-
tration of this ion reflects the total concentration of palladium
in solution. Among the classical adsorption models, Langmuir’s
model is the one that assures more flexibility in describing this
kind of situation.

The adsorption of a single ion on a sorbent characterized by
a single active site as described by Langmuir’s model is given
by eq 2:

q q
K c

K c1eq MAX
eq

eq
=

·
+ · (2)

where qMAX is the maximum uptake capacity of the sorbent,
[mg/g], proportional to the concentration of the active sites; K
is the thermodynamic equilibrium constant for the ion-active
site interaction, a known function of the standard Gibbs free
energy ΔG0, universal gas constant R, and temperature, T [K],
as shown in eq 363,64

i
k
jjjj

y
{
zzzzK G

RT
exp

0
=

(3)

While the existence of a single active site is not always
common, the existence of a “dominant” class of active sites
over the many available on the sorbent surface is more
frequent. In this case, Langmuir’s model provides information
on the overall concentration of the dominant active sites and
their average standard Gibbs free energy of interaction with the
ion. When multiple distinct classes of active sites are relevant,
the adsorption isotherm can be well described under the

Figure 7. Comparison between “beads-free” α and “beads-on-string” α* fiber adsorption isotherms at temperature = 20 °C for different
concentrations of [HCl]: (a) 1 M, (b) 0.1 M, and (c) 0.01 M. The lines are only included for visualization purposes.
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Langmuir model as the summation of the adsorption isotherms
of each single class of active sites.

An almost linear trend of the adsorption isotherms, as that
observed for the α fibers, can be seen as the first part of the
Langmuir isotherm, at low ion concentrations, i.e.,

q H c q K ceq eq MAX, eq= · · (4)

Before testing Langmuir’s model, it is also worth observing
that the α and α* fibers have the same chemical composition
but different morphology. The different surface areas of the α
and α* fibers are responsible for the different tendencies of
these two sorbents to approach different saturation conditions
(q = qMAX).

Since the chemistry of α and α* fibers is the same, the
equilibrium constants for the two fibers, K, and the
corresponding value of the Gibbs free energy, ΔG0, are
thought to be the same, while different values of qMAX (qMAX,α
and qMAX,α*) are expected. Global fitting of the experimental
data has been carried out (using SigmaPlot 14.0 software),
assuming that the value of the parameter ΔG0 is the same for
both α and α*. The best fitting is obtained with ΔG0 =
−13850 ± 73.77 J/mol, qMAX,α = 234.02 ± 9.24 mg/g, and
qMAX,α* = 299.28 ± 10.39 mg/g. The determination factor R2

of the overall fitting is 92.25%.

The model analysis revealed that the α* fibers can
potentially lead to a higher maximum adsorption capacity,
qMAX, compared to the α fibers. This result can be explained by
considering the morphology of the fibers, as shown in Figure 1.
While, on the one hand, the beads-on-string configuration is
characterized by the presence of spherules within the fibrous
mat that accumulate a large mass of polymer in a limited
surface area, on the other hand, the fibers’ diameters are much
smaller than those achieved with the beads-free configuration.
Overall, the surface area of the beads-free α fibers can be
estimated as around 0.79 ± 0.08 m2/g, considering the average
fiber diameter derived from image analysis (4.39 ± 0.42 μm)
and the polymer density (nearly 1034 kg/m3). In the case of
the α* mat, a surface area of around 7.34 ± 0.8 m2/g was
calculated for the single fibers, while that of the α* beads was
found to be nearly 0.30 ± 0.08 m2/g. Assuming that the total
surface area of the fibers is proportional to the value of qMAX,
the surface area of α* can be determined by multiplying
qMAX,α*/qMAX,α with the value of the surface area of the α fibers.

This corresponds to nearly 88% of the α* fiber mass
accumulated in the beads or, equivalently, nearly 74% of the
surface area concentrated in the fibers. This is consistent with
the image analysis of the α* fibers, from which it appears that
the beads represent 15−35% of the observed area of the
fibrous mat, as shown in Figure 1.

Figure 8. Comparison between “beads-free” β and “beads-on-string” β* fiber adsorption isotherms at temperature = 20 °C for different
concentrations of [HCl]: (a) 1 M, (b) 0.1 M, and (c) 0.01 M. The lines are only included for visualization purposes.
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In contrast, Langmuir’s adsorption model cannot be used to
describe β (β*) and γ (γ*) fibers. Indeed, the experiments
indicate that the presence of DTE increases the adsorption
capacity in proportion to the amount of DTE added to the
fibers. However, the increase in adsorption capacities is not
linear: doubling the quantity of DTE does not result in

doubled adsorption capacities. Figures 3 and 4 demonstrate
that the difference in β (β*) and γ (γ*) uptake capacities
lowers at concentration levels of 10−20 mg/L while reaching
an almost constant value for higher concentrations. This
suggests that the active sites of β and γ attain saturation
adsorption capacity at palladium concentrations below 20 mg/

Figure 9. Comparison between “beads-free” γ and “beads-on-string” γ* fiber adsorption isotherms at temperature = 20 °C for different
concentrations of [HCl]: (a) 1 M, (b) 0.1 M, and (c) 0.01 M. The lines are only included for visualization purposes.

Figure 10. (a) Effect of [Cl−] on the adsorption capacity of “beads-free” fibers at [HCl] = 0.1 M. (b) Effect of [HCl] on the adsorption capacity of
“beads-free” fibers by retaining the chloride ion concentration at 0.5 M.
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L. At 50 °C, the β and γ behavior depends more on pH, and
while a saturation can be given at 0.1 and 1 M HCl, an increase
in the adsorption capacity can be seen at 0.01 M. The average
value of this DTE saturation adsorption capacity (qMAX

DTE) can be
estimated as the average increase in the capture capacities of β
and γ fibers over α fibers at a concentration above 20 mg/L, as
shown in Table 3, which also reports a comparison of the ratio
between qMAX

DTE(γ) and qMAX
DTE(β) at 20 and 50 °C.

At T = 20 °C, the average increase in the adsorption capacity
for γ is almost 50% greater than that of β, while at T = 50 °C, it
increases with the HCl content from 50 to 150%. Moreover, it
can be noticed that in most of the operating conditions, the
average increase in the capture capacity passing from α to β
and γ fibers is scarcely affected by the temperature, while for γ
fibers at [HCl] = 1 M, it highly increased passing from 20 to 50
°C.

Finally, Table 4 shows the ratio between the maximum
amount of adsorbed Pd(II) ions (molPd) and the moles of
DTE present on the fiber (molDTE). The experimental results
indicate that not all of the DTE functional groups are

accessible to Pd(II). Given the DTE saturation effect observed
from the adsorption isotherm, this result can be considered as
a clear indication of the fraction of DTE, which effectively
resides over the surfaces of the fibers. For β fibers, this fraction
is around 40−60% on average, while for γ, this is below 35%.
Higher HCl concentrations correspond to lower DTE
saturation (see Table 4) and a lower fraction of used DTE.
The overall exothermic nature of adsorption processes can
explain why these values slightly reduce with the temperature.

4. CONCLUSIONS
In this work, the recovery of palladium from hydrochloric acid
model solutions was meticulously pursued, employing
adsorption, utilizing electrospun fibers (EFs) comprised of
PMMA and PEO with two different morphologies: “beads-
free” (α, β, and γ) and “beads-on-string” (α*, β*, and γ*). The
β and the β* fibers were produced by doping 5% wt DTE in
the PMMA−PEO matrix, while the γ and γ* fibers were
produced with 10% wt DTE. Based on the HSAB principle,
where soft acids rich in S or N donor atoms exhibit strong
affinity with Pd (II) ions, the incorporation of dithioester
functionalities facilitates complexation with soft species such as
the PdCl42− dissolved in solution.

A meticulous construction of adsorption isotherms ensued
for each thermodynamic trial run on palladium solutions,
unraveling several noteworthy revelations.

A nearly 25% difference in the adsorption capacity of “beads-
on-string” and “beads-free” α fibers was observed, with the
performances of the α* being slightly higher due to the higher
surface area of these fibers. Both the α and the α* fibers are
scarcely affected by the HCl content, whereas β and γ fibers
exhibited enhanced adsorption capacities at HCl concen-
trations of 0.1 and 0.01 M, compared to 1 M HCl. Notably, at
20 °C and 0.1 M HCl, γ demonstrated a maximum adsorption
capacity (q = 100 mg/g at 80 mg/L), surpassing β (q = 70 mg/
g) and α (q = 50 mg/g). None of the fibers achieved an
asymptotic adsorption capacity within the investigated
concentration range (10−80 mg/L).

At 50 °C, β and γ have superior performance compared to α,
exhibiting a propensity to attain a qMAX asymptotic value at low
concentration levels (10 mg/L). This maximum adsorption
capacity at 50 °C is almost 20−30 mg/g lower than the
corresponding adsorption capacities shown at 20 °C,
confirming the exothermic nature of adsorption processes.

The introduction of chloride ions upon NaCl addition either
at constant acidity or constant total chloride concentration
marginally affects the performance of all three fibers. The
comparison with other conventional sorbents available in the
pertinent literature for palladium recovery indicated that γ
emerged as the preeminent fibrous adsorbent, particularly in
0.1 M HCl solution, thereby corroborating the substantial
enhancements conferred by DTE functionalization.

Table 2. Adsorption Capacities of Different Sorbent Pd(II)
Concentrations of 10 mg/L

sorbent solvent
Τ

[°C]
q [mg/g] at
10 mg/L ref

Fe3O4@SiO2-NH2 [HCl]: 0.25 M 25 50 55
γ [HCl]: 0.01 M 20 37 this

work
β [HCl]: 0.01 M 20 30 this

work
MOF-802 [HCl]: 0.1 M 25 17.3 56
beads (sericin, alginate,

and PEGDE)
[HNO3],

[NaOH]:
pH = 2.5

55 16 57

α [HCl]: 1, 0.1,
0.01 M

20 8 this
work

MOF-808 [HCl]: 0.1 M 25 2.61 56
CA (Norit GF 40) [HCl]: 0.1 M 21 5 58
silk fibroin fiber water: pH ≈ 7 25 3 59
UiO-66 [HCl]: 0.1 M 25 5.63 56
Aspergillus sp. [HNO3],

[NaOH]:
pH = 3.5

25 1.7 60

Ch-DB18C6 [HCl]: 0.1 M 25 1 61
Lewatit TP-214 resin [HCl]: 0.0032 M 25 0.5 62

Table 3. Average Increase in Capture Capacity for β and γ
Fibers

EF
T

[°C] qMAX
DTE [HCl] = 1 M [HCl] = 0.1 M

[HCl] =
0.01 M

β 20 mean 13.08 26.54 34.40
std error 1.451 2.082 4.099

50 mean 13.00 22.44 30.99
std error 0.784 0.619 3.030

γ 20 mean 21.65 43.65 44.14
std error 2.965 4.990 2.914

50 mean 34.89 43.02 46.90
std error 3.149 2.952 4.570

qMAX
DTE(γ)/qMAX

DTE(β) at
20 °C

1.656 1.645 1.283

qMAX
DTE(γ)/qMAX

DTE(β) at
50 °C

2.684 1.917 1.514

Table 4. Ratio between the Moles of Pd(II) Adsorbed on
the Fibers and the Moles of the DTE Functional Groups
Present on the Fibers

% DTE saturation (molPd/molDTE)

EF T [°C] [HCl] = 1 M [HCl] = 0.1 M [HCl] = 0.01 M

β 20 46.6% 59.2% 65.1%
50 31.1% 41.5% 48.2%

γ 20 28.6% 38.5% 34.8%
50 30.4% 34.6% 32.6%
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Experiments of the thermal treatment of the Pd-loaded fibers
also revealed the absence of chlorides associated with the
adsorbed palladium ions, suggesting that the overall process
involves chemical reactions either consisting in the reduction
of Pd(II) to Pd(0) or the transformation of PdCl4−2 ions into
new Pd(II) complexes with the surface functional groups. The
low temperatures required for the thermal recovery is another
noticeable advantage of the fibers since this provides a valuable
route to recover solid palladium from a hydrometallurgic
process.

Finally, the β and γ fibers show adsorption capacities that
mirror the presence of two distinct contributions: the intrinsic
adsorption capacity of the polymeric PEO−PMMA matrix (as
for the α fibers) and the complexation with the DTE present
on the fibers, which is completed already at concentrations
close to 10−20 mg/L. The appreciable performances of the
proposed materials and the possibilities offered by electro-
spinning in producing fibers with tailored chemical structures
and morphology and an easy thermal recovery of the metal
indicate that this new method to produce sorbents is worth
further research efforts.
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