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In this study, electrospinning was successfully employed to fabricate membranes based on polylactic
acid (PLA), a polymer known for its biodegradability, containing varying amounts of opalized tuff (0, 2, 5,
and 10 wt%). The addition of tuff introduced active mineral sites within the fibrous network, while the PLA
matrix ensured mechanical stability, environmental sustainability, and prevention of secondary pollution.
The electrospun membranes exhibited a uniform fibrous morphology with well-developed surface porosity,
as confirmed by scanning electron microscopy. X-ray powder diffraction and Fourier-transform infrared
spectroscopy verified the preservation of the characteristic structural features of both PLA and tuff, indicat-
ing successful incorporation of the filler without chemical alteration of the polymer matrix. Scanning elec-
tron microscopy combined with energy dispersive X-ray spectroscopy analysis demonstrated effective ad-
sorption of nickel (Ni%*) and lead (Pb?*) ions from aqueous solutions, attributed to the high surface activity
of the silicate mineral phase. These findings highlight the synergistic combination of a renewable, environ-
mentally friendly polymer and a naturally occurring mineral filler to produce efficient and eco-friendly ad-
sorptive membranes for heavy metal removal from aqueous solution.

Keywords: electrospinning; polylactic acid (PLA); opalized tuff; heavy metal adsorption;
biodegradable composites.

EJEKTPO®OPMUPAILE KOMIIO3UTHU MEMBPAHU OJI PLA/TY®
N HUBHA KAPAKTEPU3ALINJA KAKO ITIOTEHIIMJAJIHU ATCOPBEHTHU 3A METAJIN

Bo oBOj Tpyn ycmemHo Oemre mpUMeHeTa ITOCTamKaTa Ha eleKTpodopMHUpame 3a 100MBame
MeMOpanu on moiumiiedHa kucenuHa (PLA), no6po mo3Har OwopasrpajiuB MOJUMEp, CO JOJATOK Ha
pa3IuYHM KONMWYuHU onann3upad Tyd. Co BHeCyBameTo Ha Ty(OT BO mosmMepHaTa (pudpo3Ha MemOpaHa
ce co3/aBaaT aKTMBHM MHHEpalHM IEHTPH, J0JAeKa MHOoJMMepHaTa MaTpuua obe3belyBa MeXaHHUKa
CTaOMJIHOCT, eKOJIOIIKa OJPXKJIMBOCT U CIpedyBa CEKyHIapHO 3arajyBame. lcnuryBamara co
CKEHMpayKa eJIEKTPOHCKa MMKPOCKONMja IIOKaXkaa JeKa NOOWeHHTe MEeMOpaHH HMaaT paMHOMEpHa
¢ubpo3na mopdoisoruja co 100po M3pa3eHa IMOBPIIMHCKA IOPO3HOCT. AHAJIM3MTE CO PEHATCHCKA
mappakuuja u FTIR-criekTpockonuja moTepauja Aeka CTPYKTYPHUTE CBOjCTBA Ha IOJUMEPOT U Ha Ty(oT
ce 33/Ip’)KaHu M BO KOMITO3UTHUTE MEMOpaHH, IITO yKa)KyBa Ha YCIICIIHO BrpajlyBame Ha MOJHUIOTO 0e3
NIpeAN3BUKYBamke XeMUCKH nHTepakin co PLA. Kako pe3ynrar Ha BUcOKaTa MOBPIIMHCKA aKTHBHOCT Ha
CUJIMKaTHaTa MUHepaiHa ¢asza, MeMOpaHHUTe MoKaxkaa epUKacCHH aTCOPILMOHHU CBOjCTBA CIIPEMa jOHUTE
Ha Hukenl (Ni*') m omoBo (Pb?"), miro Oemre mMOTBpIEHO CO KOMOWHHpaHaTa aHalM3a CO CKEHHpadKa
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eNleKTpoHcKa Mukpockonuja u EDX. JloOueHute pe3ynTaTH IIOKaKyBaaT JieKa CHHepreTcKara
KOMOMHAIMja Ha EKOJOIIKM NOJUMEpP M NPHPOAHO MHHEPAIHO MOJHWIO OBO3MOXYBa JOOMBame
e(MKacHH U eKO-OPKIIMBH aTCOPOSHTH 332 OTCTPAHYBAME TEIIKH METAJIN Of BOJHH PACTBOPH.

Kayunu 360poBu: enekrpodopmupame, monumiedna kuceianaa (PLA), omanmsupan Tyd,
aTCOPIIIHja Ha TEIIKH METalli, OMOpa3TrpayInBH KOMITO3UTH

1. INTRODUCTION

Heavy metal contamination of water re-
sources, especially from industrial discharges, rep-
resents a severe environmental and health risk.!
Lead (Pb(Il)), chromium (Cr(lll)), cadmium
(Cd(l1)), and nickel (Ni(Il)) are particularly haz-
ardous due to their toxicity, persistence, and ten-
dency to bioaccumulate.? Pb(Il) is associated with
neurological and developmental disorders, Cr(l1)
compounds are carcinogenic, Cd(Il) causes kidney
and bone damage, and Ni(ll) induces systemic tox-
icity.® Therefore, it is essential to develop effective
and sustainable methods for their removal from
contaminated water.3*

Compared with ion exchange, membrane
separation, or chemical precipitation, adsorption is
considered to be a more effective and economical
strategy for heavy metal removal.>® Traditional
adsorbents such as activated carbon, clay minerals,
and zeolites provide good uptake but are difficult
to separate and regenerate, and often risk second-
ary pollution.”® Embedding these materials in pol-
ymer membranes addresses these issues by stabi-
lizing the adsorbent, preventing particle leaching,
and improving accessibility of active sites.10!

Electrospinning has emerged as a versatile
method for producing nanofibrous membranes
with fiber diameters in the submicron to microme-
ter range.’?*® The resulting mats are highly porous
and have a large surface area, enabling rapid mass
transfer and efficient adsorption.®” When com-
bined with suitable fillers, electrospun membranes
can act as multifunctional platforms for wastewater
treatment.’®1° Polylactic acid (PLA) is an attractive
polymer for such applications due to its biodegra-
dability, mechanical stability, and derivation from
renewable resources.? Its use ensures environmen-
tal safety during both service and disposal, while
providing compatibility with various inorganic ad-
ditives.?!

Opalized tuff, a volcanic rock composed
mainly of hydrated amorphous silica and alumino-
silicates, has demonstrated ion-exchange capacity,
a high surface area, and an affinity for heavy met-
als.222* However, its direct use can result in sec-
ondary pollution if particles are released into treat-

ed water. Incorporating tuff into electrospun PLA
membranes combines the mineral’s adsorption
properties with the structural integrity and envi-
ronmental sustainability of PLA, yielding hybrid
membranes with improved performance and re-
duced environmental impact.

In this study, PLA-based electrospun mem-
branes containing 0, 2, 5, and 10 wt% opalized tuff
were fabricated and systematically characterized to
evaluate the influence of mineral loading on mor-
phology, structure, and adsorption performance.
The incorporation of opalized tuff was expected to
enhance the adsorption capacity of the membranes
by introducing active silanol and aluminosilicate
sites, while maintaining the mechanical integrity of
the PLA matrix and its potential for biodegradabil-
ity, as reported in previous studies. The mem-
branes were characterized using scanning electron
microscopy with energy-dispersive X-ray spectros-
copy (SEM-EDX) to assess fiber morphology and
to confirm mineral incorporation and metal adsorp-
tion. Additionally, X-ray powder diffraction
(XRPD) and Fourier — transform infrared (FTIR)
spectroscopy were employed to evaluate structural
and compositional features. Adsorption tests were
performed using aqueous solutions of Pb?*, Ni%*,
Cd?*, and Cr3* ions to determine the affinity of the
electrospun membranes toward different heavy
metals.

2. MATERIALS AND METHODS

2.1. Materials

The PLA used in this study was provided by
Esun (China), with a number-average molecular
weight (M,) of 60,520, a weight-average molecular
weight (My) of 160,780, and a polydispersity (Q)
of 2.6 (determined using gel permeation chroma-
tography). The white opalized tuff with a primary
particle size of 40 pm and a specific surface area
of 39.3 m? g! was obtained as an industrial prod-
uct from the mining company AD Strmos
(Probistip, North Macedonia) and subsequently
processed at the company Nemetali Cesinovo
(North Macedonia). Opalized tuff is classified as a
pyroclastic rock. It is lightweight, highly hydroscop-
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ic, brittle, and friable, exhibiting high porosity and
notable thermal stability. It is composed of the min-
erals tridymite, cristobalite, quartz, feldspar, and
limonite. The chemical composition of the opalized
tuff is presented in Table 1.22° Chloroform, with
the commercial name Chromasolv®, amylene stabi-
lized, was purchased from Sigma-Aldrich.

Table 1

Average chemical composition
of white opalized tuff®

Chemical composition wit%
SiO2 94.51

Al20s3 3.04

Fe203 0.42

CaO 0.25

MgO 0.07

TiO2 0.06

K20 0.13

Na20 0.25

Loss of ignition 143

2.2. Sample preparation
2.2.1. Preparation of the polymer solutions

PLA solutions (9 wt%) were prepared in
chloroform with the addition of varying amounts
of opalized white tuff (2, 5, and 10 wt% relative to
the polymer). The control solution (without tuff)
was obtained by dissolving 1 g of PLA in 10 g of
chloroform, followed by homogenization by mag-
netic stirring at 200 rpm for 20 h at 25 °C using a
hot plate (Witeg, Germany).

For the solutions containing opalized white
tuff, 1 g of PLA was dissolved in 7 g of chloroform
and homogenized at 25 °C on a magnetic stirrer

High voltage power supply

o}

Polymer solution or
polymer solution + tuff

Magnetic stirring

Syringe pump

overnight. The required amounts of tuff (0.02,
0.05, and 0.10 g) were separately dispersed in 3 g
of chloroform using an ultrasonic bath at a fre-
quency of 45 kHz for 10 min. The resulting tuff
dispersion was then added to the pre-homogenized
polymer solution. The polymer solutions with in-
corporated filler were further homogenized for 2 h
at 25 °C on a magnetic stirrer.

Prior to electrospinning, all PLA/tuff solu-
tions were sonicated for another 5 min in an ultra-
sonic bath to ensure uniform dispersion of the fill-
er.

2.2.2. Samples preparation by electrospinning

Electrospinning was performed using the E-
Fiber EF100 System (SKE Technologies, Italy).
The polymer solution was loaded into a 10 ml sy-
ringe with a stainless-steel blunt needle (inner di-
ameter: 0.6 mm; outer diameter: 0.91 mm) and
mounted onto a syringe pump. A rotating drum
collector covered with aluminum foil was used to
collect the fibers. A high voltage (15 kV) was ap-
plied to the needle, while the drum was grounded.
The distance between the needle tip and the collec-
tor was maintained at 12 cm. Electrospinning was
conducted at a flow rate of 2 ml/h, a collector rota-
tion speed of 300 rpm, a temperature of 25 °C, and
a relative humidity of 40 %. The electrospinning
parameters were selected based on preliminary
optimization experiments to ensure the formation
of uniform, bead-free fibers. Following this pro-
cess, four distinct samples were obtained, desig-
nated PLA-TUFF-0, PLA-TUFF-2, PLA-TUFF-5,
and PLA-TUFF-10, corresponding to the different
tuff loadings. Figure 1 shows a schematic represen-
tation of the electrospinning setup used for sample
fabrication.

ﬁ ﬁ + Collector — rotating drum

Polymer

fip fisre &
%/ ers -
=
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/

Polymer
jet

L g

Fig. 1. A schematic illustration of the electrospinning process for sample fabrication
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2.2.3. Preparation of metal ion solutions
and the adsorption procedure

The ability of the electrospun membranes to
adsorb selected metal ions from aqueous solutions
was evaluated in controlled adsorption experi-
ments. Single-component aqueous solutions of the
following metal ions were prepared: Pb?*, Cr®,
Cd?*, and Ni?*, with concentrations of 600, 120,
50, and 250 pg I, respectively. The selected con-
centrations were based on toxicity levels reported
in previous studies.?? The pH of the Pb?, Cr¥,
Cd?*, and Ni?* aqueous solutions was measured
prior to the adsorption experiments; it was 6.2, 6.5,
5.9, and 6.0, respectively. Accurately weighed
membrane samples (10 mg each) were immersed
in 70 ml of the metal ion solutions at room temper-
ature and subjected to agitation using a horizontal
bench shaker to ensure uniform contact. After ex-
posure for 6 h, the membranes were removed,
thoroughly rinsed with deionized water to elimi-
nate residual ions, and dried under ambient condi-
tions. The dried samples were subsequently exam-
ined with SEM-EDX to evaluate surface morphol-
ogy and confirm metal ion adsorption.

2.3. Methods of characterisation

2.3.1. SEM-EDX

SEM and EDX analyses were conducted to
examine the surface morphology, structural uni-
formity, and elemental composition of the electro-
spun PLA/tuff fibers. The morphology of the elec-
trospun fibers was evaluated using a VEGA3 LMU
scanning electron microscope (Tescan, Czech Re-
public), equipped with an EDX system with a sili-
con drift detector (SDD). The samples were
mounted to the holder using double-stick carbon
tape, and the specimens were coated with a layer of
gold (5 nm) using a sputter coater (Q150R ES,
Quorum Technologies Ltd, UK). Prepared samples
were placed into the chamber with a five axes (x, Y,
z, rotation, and tilt) motorized stage and analyzed
using 10 keV acceleration voltage and high-
vacuum mode (< 0.018 Pa). The average fiber di-
ameters were determined by measuring 30 random-
ly selected fibers at three different locations on
each sample, resulting in a total of 90 measure-
ments per sample. SEM-EDX spectra were ac-
quired from specific points on the micrographs
where metal particles or surface deposits were vis-

ible, to confirm the localized adsorption of metal
ions on the membrane surface.

2.3.2. FTIR spectroscopy

FTIR spectroscopy was used to identify the
characteristic functional groups and to examine the
possible interactions between PLA and tuff in the
composite fibers. FTIR spectra were recorded us-
ing a Cary 630 FTIR spectrometer (Agilent, USA)
equipped with a diamond attenuated total reflec-
tance (ATR) accessory. Spectral acquisition was
performed over the range of 4000-500 cm™ with a
spectral resolution of 2 cm™. Each spectrum repre-
sents the average of 32 co-added scans to improve
the signal-to-noise ratio. Peak deconvolution and
curve fitting (using Gaussian function with a linear
baseline) were performed using Grams AI™ Spec-
troscopy Software.

2.3.3. XRPD

XRPD analysis was conducted to assess the
crystalline structure and phase composition of the
composite fibers. XRPD patterns were recorded on
an Ultima IV diffractometer (Rigaku, Japan)
equipped by a high-speed position-sensitive linear
(1D) D/teX Ultra detector. The X-ray beam was
Ni-filtered CuKa (A = 0.154178 nm), and the radia-
tion was generated by setting the tube voltage at 40
kV and the tube current to 40 mA. The following
optical components were used: a 2/3° divergence
slit, a 10 mm divergence height slit, and an 8 mm
scattering slit. Diffraction data were collected over
a 20 range from 5° to 70° at a constant scanning
rate of 5°/min.

3. RESULTS AND DISCUSSION

3.1. Morphology of the electrospun
PLA/tuff fibers

SEM micrographs of the electrospun fibers
reveal clear morphological features as a function of
opalized tuff loading (Fig. 2). The neat PLA fibers
(PLA-TUFF-0) display a relatively smooth surface
and uniform cylindrical morphology, with an aver-
age fiber diameter of 5.92 = 2.21 um. The fibrous
mat is randomly oriented and shows no evidence of
bead formation, confirming the stability of the
electrospinning process under the chosen condi-
tions.
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Fig. 2. SEM micrographs at different magnifications and the corresponding fiber diameter distributions
of the PLA/tuff electrospun membranes: (a) PLA-TUFF-0, (b) PLA-TUFF-2, (c) PLA-TUFF-5, and (d) PLA-TUFF-10

Incorporation of 2 wt% tuff (PLA-TUFF-2)
induces noticeable morphological changes. The
fibers exhibit a rougher surface texture, discrete
pores appear along the fiber length, and a predom-
inantly continuous fibrous network is maintained.
The pore formation is likely related to phase sepa-
ration phenomena and rapid solvent evaporation,
promoted by the presence of inorganic particles
that modify the solution conductivity and jet solidi-
fication dynamics.?62¢ The average diameter in-
creases slightly to 6.16 + 2.42 um, but the distribu-
tion broadens, suggesting heterogeneity introduced
by the mineral filler.

With 5 wt% tuff loading (PLA-TUFF-5), the
porous structure becomes significantly more pro-
nounced, with many fibers displaying uniformly
distributed nanoscale to submicron pores on their
surfaces. Such a “breath figure” morphology
(characterized by nanoscale pores formed via con-
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densation of water droplets during solvent evapora-
tion) is often associated with solvent-nonsolvent
exchange and vapor-induced phase separation dur-
ing electrospinning.®=3! The increased filler con-
tent appears to enhance this effect, possibly by act-
ing as nucleation sites for pore formation. Fiber
diameters further increase (6.68 &+ 3.12 um) and the
diameter distribution broadens, reflecting reduced
jet stability at higher mineral loadings. Neverthe-
less, the fibrous network remains interconnected,
indicating good spinnability of PLA even in the
presence of a substantial amount of inorganic filler.

At the highest tuff concentration (PLA-
TUFF-10), the fibers show the largest average di-
ameter (8.62 £ 3.51 pum), accompanied by a wide
distribution and increased structural heterogeneity.
The porous character of the fibers is particularly
evident at this loading, with well-developed sur-
face porosity contributing to a highly porous over-
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all membrane architecture. This high porosity is
expected to be beneficial for adsorption applica-
tions, as it increases the accessible surface area and
facilitates mass transfer within the fibrous network.

Overall, the addition of opalized tuff pro-
motes pore nucleation and increases fiber rough-
ness without compromising structural integrity.
The observed porosity arises from the combined
effects of enhanced conductivity and localized
phase separation during solvent evaporation, con-
sistent with reports on PLA composites containing
silica and mineral fillers.*>*®* These morphological
features make the PLA/tuff membranes well-suited
for applications requiring high permeability and a
large active surface area, such as heavy metal ad-
sorption.

3.2. XRPD analysis

The XRPD spectrum of the opalized tuff
(Fig. 3) reveals a multiphase mineralogical compo-
sition dominated by silica polymorphs. The most
intense reflections are attributed to tridymite, with
characteristic peaks observed at 26 = 21.6°, 20.5°,
and 35.9°, consistent with standard references for
these silica polymorphs.3+® Cristobalite is also
detected, with reflection at 20 = 22.0°, overlapping
with that of tridymite but distinguishable by its
slightly shifted position.*® A sharp and well-
defined peak at 26 = 26.6°, along with secondary
reflections at 26 = 20.8° and 50.1°, corresponds to
a-quartz, confirming the presence of stable crystal-
line silica domains.®

Intensity (a.u.)

——TUFF

——PLA-TUFF-0
PLA-TUFF-2

——PLA-TUFF-5
PLA-TUFF-10

M
10 20 30 40 50 60 70
26(°)

Fig. 3. The XRPD patterns of opalized tuff and the PLA/tuff electrospun membranes with varying filler contents

Peak deconvolution and curve fitting were
carried out to resolve the overlapping diffraction
reflections of tridymite, cristobalite, and a-quartz
(Fig. 4). The analysis was performed in the 26
range of 20°-23° resulting in the identification
and separation of three distinct peaks with maxima
at 20.7° (a-quartz), 21.7° (tridymite), and 21.9°
(cristobalite). The fitting quality is high, with a
correlation coefficient (R?) of 0.990, confirming
the reliability of the deconvolution. This result
highlights the multiphase siliceous nature of
opalized tuff, consistent with previous reports on
volcanic-derived silica polymorphs.®3° The pres-
ence of surface silanol groups (Si—-OH) and alumi-
nosilicates is expected to enhance metal ion bind-
ing via ion exchange and complexation.

The XRPD patterns of the electrospun PLA
and PLA/tuff membranes show that the polymer
retains its broad amorphous halo centered at 20 =
16°-19° (Fig. 3), typical of the a-form of PLA
with low crystallinity.®* The absence of sharp
reflections confirms that electrospinning favors the
formation of an amorphous or poorly ordered PLA
structure, in agreement with previous studies on
electrospun biopolymer fibers.4243

Weak reflections near 26 = 22.5° (Fig. 3)
appear in the composites, corresponding to the
crystalline tuff phases.®*" The intensity of this
peak becomes more pronounced as the filler con-
tent increases, confirming the successful incorpora-
tion and the rising contribution of the mineral
phase within the PLA matrix.
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Fig. 4. Peak deconvolution of the XRPD spectrum of opalized tuff in the 26 range of 20°-23°,
showing resolved contribution bands from a-quartz, tridymite, and cristobalite.

Importantly, the incorporation of tuff does not
significantly alter the crystallinity of the PLA matrix
itself. Instead, the results indicate a composite struc-
ture in which the amorphous polymer phase coexists
with dispersed crystalline mineral domains. This
composite structure (PLA/TUFF) increases the avail-
ability of active adsorption sites and, consequently,
improves the adsorption performance, without affect-
ing the structural characteristics of PLA, which is
known for its biodegradability.

3.3. FTIR spectroscopy analysis

The FTIR spectrum of opalized tuff (Fig.
5) shows characteristic silicate vibrations for
quartz, tridymite, and cristobalite: a strong Si—
O-Si asymmetric stretch represented by band at
~1080 cm and a symmetric stretch manifested
by band near 790 cm™.%44¢ The absence of
bands in the 3600-3700 cm™ region indicates
minimal hydroxylation, consistent with a dehy-
drated siliceous structure.

TUFF

PLA-TUFF-0

PLA-TUFF-2

Absorbance

PLA-TUFF-5

PLA-TUFF-10

3000 2500 2000

1500 1000

Wavenumber (cm™)

Fig. 5. The FTIR spectra of opalized tuff and the PLA/tuff electrospun membranes with varying filler contents
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Neat PLA (PLA-TUFF-0) shows its charac-
teristic vibrational profile: a strong C=0 stretching
band at ~1750 cm™, C-O-C and C-O stretching
bands between 1180 and 1080 cm™, and CHs
stretching and bending bands at 2995 and 1450-
1380 cm?, respectively.***® These features domi-
nate the spectra of all composites regardless of the
filler loading, confirming that the PLA backbone
remains intact after electrospinning and mineral
incorporation.

In the composite membranes (2, 5, and 10
wt% tuff), the PLA signals largely mask the tuff
contributions, because the Si—O bands of the filler
overlap with the region of polymer spectral C-O
stretching bands. As a result, no systematic chang-
es with increasing tuff concentration can be re-
solved in the FTIR spectra. This indicates that the
mineral is physically embedded in the fibrous ma-

>

50 um

Fig. 6. SEM-EDX analysis of the electrospun PLA-TUFF-0 and PLA-TUFF-10 membranes after exposure to Pb?" and Ni?* solutions

trix without generating new covalent bonding, as
corroborated by the XRPD results.

3.4. SEM-EDX analysis

The adsorption of metal ions onto the electro-
spun membranes was investigated using SEM-EDX
after immersing the PLA-TUFF-0 and PLA-TUFF-
10 membranes in individual aqueous metal ion solu-
tions of Pb?*, Ni?*, Cd?*, and Cr®* for 6 h. The SEM—
EDX analysis revealed detectable metal adsorption
only for Pb?* and Ni®*, and exclusively for the PLA-
TUFF-10 membrane. Thus, SEM micrographs are
presented only for exposure to Pb?* and Ni?*, show-
ing both the PLA-TUFF-0 and PLA-TUFF-10 mem-
branes, together with the EDX spectra and elemental
composition tables for PLA-TUFF-10, which con-
firmed the presence of Pb and Ni (Fig. 6).

Element Weight% Atomic%

CK 26.82 36.83
OK 56.47 S8.21
AlK 0.85 0.52
SiK 0.35 0.21
CIK 0.32 0.15
FeK 1335 3.94
PbM 1.83 0.15

100.00

T
0
[Full Scale 386 cts Cursor: 5.051 (6 cts)

Element Weight% Atomic%
CK 18.33 52.28
FeK 2.15 1.32
NiK 79.51 46.39

100.00

T T T T T T
0 1 2 3 4 S
[Full Scale 386 cts Cursor: 5.051 (9 cts)

for 6 h. (a) Pb?" solution: from left to right — micrographs of the PLA-TUFF-0 and PLA-TUFF-10 membranes and the EDX spectrum
and elemental composition table of PLA-TUFF-10 membrane, confirming the presence of Pb. (b) Ni?* solution: from left to right —
micrographs of the PLA-TUFF-0 and PLA-TUFF-10 membranes and the EDX spectrum and elemental composition table of
PLA-TUFF-10, confirming the presence of Ni

The surface morphology of the PLA-TUFF-
0 and PLA-TUFF-10 membranes exhibited distinct
differences following metal exposure. After im-
mersion in the Pb?* solution, the PLA-TUFF-10
fibers showed visible surface deposits and agglom-
erates, while the PLA-TUFF-0 membrane re-
mained smooth and unchanged. The corresponding
EDX spectrum of the PLA-TUFF-10 membrane
confirmed the presence of Pb, with a weight per-
centage of 1.83 wt%, along with Si, Al, Fe, and O

peaks originating from the mineral filler. There
was no Pb signal on the PLA-TUFF-0 membrane,
indicating that the polymer itself has limited affini-
ty for Pb? ions. The observed adsorption can
therefore be attributed to the presence of active
sites — particularly surface silanol (Si-OH) and
aluminosilicate groups - introduced by the
opalized tuff filler.*’

There was a similar trend for the Ni?* solu-
tion. Surface deposits were clearly visible on the
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PLA-TUFF-10 membrane, while the PLA-TUFF-0
fibers showed no detectable changes. The EDX
analysis revealed a strong Ni signal, corresponding
to 79.5 wt% of the detected elements, demonstrat-
ing a substantially higher adsorption capacity com-
pared to Pb?*. The enhanced Ni?" uptake can be
ascribed to the smaller ionic radius of Ni?* (0.69
A)*® and its higher charge density, which favor
inner-sphere complexation with oxygen donor at-
oms on SiO, and Fe,Os surfaces.**® In contrast,
Pb? ions (ionic radius 1.19 A) exhibit weaker co-
ordination with silicate surfaces and a greater ten-
dency to form insoluble hydroxides (Pb(OH),) at
near-neutral pH, which limits their availability for
adsorption.5152

For the Cd?* and Cr®* solutions, neither SEM
nor EDX analyses revealed evidence of metal ad-
sorption. The absence of Cd and Cr signals can be
explained by their physicochemical properties.
Cd?®*, with a larger ionic radius (0.97 A) and higher
hydration energy (—1800 kJ mol ), remains strong-
ly hydrated in aqueous environments, hindering
dehydration and surface complexation with silicate
surfaces.>*5* Cr* typically hydrolyzes to Cr(OH).*
and Cr(OH)s at near-neutral pH, leading to low
solubility and limited interaction with negatively
charged silanol sites.>>*® These effects collectively
suppress the adsorption of Cd?* and Cr®** onto both
neat and composite membranes.

Overall, the results confirm that embedding
opalized tuff within the PLA matrix enhances the
adsorption performance toward transition metal
ions, particularly Ni?* and Pb?*. The high content
of amorphous to microcrystalline silica and iron
oxides in the tuff provides abundant active sites for
metal binding through electrostatic attraction and
surface complexation mechanisms.>”%® Meanwhile,
the PLA matrix ensures mechanical stability and
processability, contributing to an efficient and en-
vironmentally sustainable adsorptive membrane
system.>®

4. CONCLUSIONS

This study demonstrated that incorporating
opalized tuff into electrospun PLA membranes
enhances their morphological and functional char-
acteristics without altering the intrinsic structure of
the polymer. The addition of tuff induces surface
porosity and introduces active mineral sites that
improve adsorption performance. Structural anal-
yses (XRPD and FTIR spectroscopy) confirmed
the coexistence of amorphous PLA and crystalline
silica phases, while SEM-EDX revealed selective
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adsorption of Pb?* and Ni?* ions on the PLA-
TUFF-10 membrane. In contrast, Cd®* and Cr®*
showed minimal interaction, indicating selective
adsorption governed by the properties of the metal
ions and the membrane surface chemistry.

This study represents a promising prelimi-
nary investigation. Additional studies are needed to
systematically investigate the influence of opera-
tional parameters, such as pH, contact time, tem-
perature, and the initial ion concentration, on ad-
sorption efficiency, and to explore adsorption ki-
netics, equilibrium behavior, and membrane reusa-
bility, to optimize the performance of PLA/TUFF
composites  for  efficient and sustainable
wastewater treatment applications.
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