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ABSTRACT

Gold recovery from aqueous solutions requires environmentally sustainable alternatives to
conventional cyanide-based extraction processes. This study aimed to develop the polymer
inclusion membrane (PIM) by incorporating functionalized chitosan into a poly (vinylidene
fluoride-co-hexafluoropropylene) (PVDF-co-HFP) membrane to enhance the transport and
extraction efficiency of Au(lll). The membrane consisted of PVDF-co-HFP as the base polymer,
Aliquat-336 as the carrier, and dioctyl phthalate (DOP) as the plasticizer, while functionalized
chitosan was incorporated at concentrations ranging from 0.5 to 2.5 wt.%. The fabricated
membranes were prepared using the solvent-casting techniques and characterized using scanning
electron microscopy (SEM), Fourier transform infrared spectroscopy (FTIR), thermogravimetric
analysis (TGA), contact angle, and ion exchange capacity (IEC). The membrane containing 2.0 wt.%
functionalized chitosan (M5) exhibited the highest Au(lll) extraction efficiency of 98.19%.The
improved extraction performance was attributed to enhanced membrane hydrophilicity,
increased ion exchange capacity, and more efficient carrier-mediated transport. These findings
demonstrate that the developed PIM system is a promising and sustainable membrane-based
technology for high-efficiency gold recovery.
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Introduction

Gold is one of the most valuable metals because
of its wide range of applications in the jewellery,
electronics, aerospace, medical,
industries. The high global demand for gold has
increased the need for efficient methods to extract
gold from low-grade ores and secondary resources.
Cyanide leaching has been the most widely used
hydrometallurgical process for gold extraction
because of its high recovery efficiency. However, the
use of cyanide raises environmental concerns
because of its high toxicity and the risk of
environmental contamination. These concerns have
develop more
environmentally

encouraged researchers
sustainable and

and reduced secondary generation [2]. Among these
technologies, polymer inclusion membranes (PIMs)
have gained attention for metal ion separation and
recovery. A typical PIM consists of a base polymer, a
carrier, and a plasticizer. The carrier selectively binds
with the target metal ion and transports it across the
membrane, while the polymer provides mechanical
support and the plasticizer improves membrane
flexibility and transport performance [3].

Compared with conventional solvent extraction,
PIMs combine extraction and stripping into a single
membrane system. This reduces solvent loss and
simplifies the overall separation process. Previous
studies have successfully applied PIMs for the
recovery of various metal ions, including Pb(ll),
Cd(l1), Zn(I1), Cr(VI), As(V), and Au(lll). The results
showed that PIMs have potential as an

and financial

friendly

alternatives for gold recovery [1].

Membrane-based separation technologies have
emerged as a promising alternative because they
offer high selectivity, lower chemical consumption,

environmentally friendly technology for
hydrometallurgical applications [2].

The selection of membrane materials is
important because it directly affects the membrane
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performance  during metal ion transport.
Poly(vinylidene fluoride-co-hexafluoropropylene)
(PVDF-co-HFP) is commonly used as the base
polymer due to its good chemical resistance,
thermal stability, and mechanical strength. It is also
compatible with hydrophobic carriers such as
Aliquat-336. Aliquat-336, a quaternary ammonium
salt, has been widely used as a carrier for Au(lll)
extraction because of its strong affinity for anionic
metal complexes and good transport performance
[4]. Dioctyl phthalate (DOP) is added as a plasticizer
to improve membrane flexibility and enhance carrier
mobility within the polymer matrix [5].

Chitosan is a natural biopolymer derived from
chitin and has been widely studied for membrane
application because of its biodegradability,
biocompatibility, and the presence of hydroxyl and
amino groups. These functional groups provide
active sites for metal ion binding and help improve
membrane hydrophilicity. However, the use of
native chitosan is limited because of its poor stability
in acidic media and relatively weak mechanical
properties [4]. To overcome these limitations,
chitosan can be functionalized to improve its
stability and introduce additional active sites.
Compared with native chitosan, functionalized
chitosan has better compatibility with the polymer
matrix and can enhance ion exchange capacity and
metal transport. For these reasons, functionalized
chitosan has become a promising additive for PIMs
used in metal separation.

In this study, functionalized chitosan was
incorporated into a PVDF-co-HFP-based membrane
that consisted of Aliquat-336 as the carrier and DOP
as the plasticizer for Au(lll) extraction. The
membrane was prepared using the solvent-casting
method and characterized using Fourier transform
infrared spectroscopy (FTIR), scanning electron
microscopy (SEM), thermogravimetric analysis
(TGA), contact angle measurement, and ion
exchange capacity (IEC). The effects of
functionalized chitosan concentration on the PIMs'
properties and Au(lll) extraction performance were
then evaluated.

Experimental part

Materials

Poly(vinylidenefluoride-co-
hexafluoropropylene) (PVDF-co-HFP) pellets (Sigma-
Aldrich, USA) were used as the base polymer.
Aliquat-336 (tricaprylmethylammonium chloride,

Sigma-Aldrich, USA) was employed as the ionic
carrier. Dioctyl phthalate (DOP, purity > 99.5%,
Sigma-Aldrich, USA) served as the plasticizer.
Chitosan (Sigma-Aldrich, USA) was used as the
membrane additive and was functionalized via the
ionic gelation method.

Functionalized Chitosan Preparation

0.3 g chitosan was dissolved in 1 wt.% dilute
acetic acid solution under continuous magnetic
stirring until a clear and homogeneous solution was
obtained. Magnesium sulphate was then added
dropwise as an ionic crosslinking agent to induce the
functionalization process through ionic gelation.
Upon completion of the reaction, the resulting
functionalized chitosan was separated by
centrifugation (6000 rpm, 50 mins) and repeatedly
washed with distilled water to remove residual
reactants. The purified product was subsequently
dried in a laboratory oven at 50 °C until a constant
weight was achieved [6].

Membrane Fabrication

50 wt.% of PVDF-co-HFP was dissolved in THF
under continuous magnetic stirring until a clear and
homogeneous polymer solution was obtained.
Subsequently, the specific amount of DOP and
Aliquat-336 was added according to the membrane
compositions listed in Table 1 below. Functionalized
chitosan was then incorporated into the casting
solution at 0.5-2.5 wt.% and stirred continuously to
ensure its uniform dispersion throughout the
polymer matrix.

The prepared casting solution was uniformly
cast onto a clean glass plate using a casting knife
with a controlled thickness of 200 um. Solvent
evaporation was carried out at ambient conditions
for 24 h, resulting in the formation of self-supporting
membranes. The dried membranes were carefully
peeled from the casting plate, cut into circular discs,
and stored in a desiccator before physicochemical
characterization and Au(lll) transport experiments
[4].

Membrane Characterization

The fabricated PIMs were characterized using
various microscopic methods. The surface
morphology of the fabricated PIMs was
characterized using a JEOL JSM-IT100 scanning
electron microscope (SEM, JEOL Ltd., Japan). The
fabricated PIMs were cut into 5 x 5 mm sections and
sputter-coated with Au-Pt under vacuum conditions.
SEM micrographs were obtained at an accelerating
voltage of 20.0 kV [7].
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Table 1 — Membrane formulation with different functionalized chitosan concentrations

Acronyms PVDF-co-HFP Aliquat-336 DOP Functionalized
(wt.%) (wt.%) (wt.%) Chitosan (wt.%)
M1 50 20 10 0.0
M2 50 20 10 0.5
M3 50 20 10 1.0
M4 50 20 10 1.5
M5 50 20 10 2.0
M6 50 20 10 2.5

The functional groups of the fabricated PIMs
were characterized using FTIR-ATR (Thermo
Scientific Nicolet iZ10, Thermo Fisher Scientific, USA)
over the spectral range of 4000-400 cm™? [8].

The thermal stability was examined using a
TGA/DSC 2 HT thermogravimetric analyzer
(METTLER TOLEDO, Switzerland). Approximately 5-
10 mg of each membrane sample was heated from
room temperature to 800 °C under a nitrogen
atmosphre at a heating rate of 10 °C min~! [9].

The membrane hydrophilicity was determined
using a DataPhysics OCA15plus contact angle
goniometer (DataPhysics Instruments GmbH,
Germany). A 5 uL droplet of deionized water was
deposited onto the membrane surface, and the
contact angle was measured in triplicate [10].

2.5 Rate of Performance

The membrane that showed the best overall
properties was selected for Au(lll) extraction
experiments. A standard Au(lll) (Sigma-Aldrich, USA)
feed solution was prepared by diluting a 1000 mg/L
solution with 0.1 M hydrochloric acid (HCI, Mer,
Germany) to obtain the 50 mg L™1. The receiving
solution was prepared by dissolving 1 g of thiourea
(Thermo Fisher Scientific, USA) in 1% HCl to produce
a 1.0 M thiourea solution.

The transport performance of the fabricated
PIMs was evaluated using H-cell compartments. The
fabricated PIMs were positioned between the feed
and receiving compartments, each containing 100
mL of solution. Continuous stirring at 400 rpm was
maintained throughout the experiment. Samples
were collected at4 h,8 h, 12 h, 16 h, 20 h, and 24 h,
and the Au(lll) concentration was analyzed using
inductively coupled plasma optical emission
spectrometry (ICP-OES, Agilent Technologies Inc.,
USA).

Results and Discussion

Figure 1 shows the FTIR spectra of the fabricated
PIMs. The spectra confirmed the successful

incorporation of functionalized chitosan into the
fabricated PIMs. An absorption band at 3200-3500
cm™! was observed. This band corresponds to the
stretching vibration of hydroxyl (-OH) and amino (-
NH,) groups [11]. Also, the additional peaks at 1550-
1650 cm™~! were assigned to the amide and amino
groups of chitosan [12]. The increase in intensity at
1100-1130 cm™! were attribute to the asymmetric
stretching vibration of sulphate groups, indicating
the presence of magnesium sulphate in the
membrane [13].

No additional absorption peaks were observed
in the functionalized chitosan matrix membrane
(M2-M6) compared with the pure PIMs (M1). This
indicates that no new chemical bonds were formed
during the preparation process [14]. Instead, the
small shifts in peak position and changes in intensity.
This is due to the membrane interacting mainly
through hydrogen bonding [11]. These interactions
help improve membrane properties while
maintaining the chemical stability of PVDF-co-HFP
and Aliquat-336 [15].

Figure 2 shows the SEM images of the fabricated
PIMs, illustrating the effect of functionalized
chitosan on the membrane surface morphology. M1
has a smooth and compact surface with a dense
polymer matrix.
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Figure 1 — FTIR spectra of PVDF-co-HFP-based PIMs with
different functionalized chitosan (M1-M6)
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After the addition of functionalized chitosan, the
membrane surface became slightly rougher while
maintaining a uniform structure. No obvious cracks,
pinholes, or large particle agglomeration were
observed, suggesting the functionalized chitosan
was well distributed throughout the PVDF-co-HFP
matrix. During solvent evaporation, the interaction
between PVDF-co-HFP and functionalized chitosan
promoted the formation of microstructural
irregularities that increased the effective surface
area available for ion exchange [16]. A uniform
membrane structure was beneficial because it helps
reduce transport resistance and provides
continuous pathways for ion movement [4].

Among the fabricated membranes, M5 showed
the most suitable surface morphology, which could
facilitate the carrier-mediated transport of Au(lll)
[17].

Figure 2 — SEM images of the surface morphology of
PVDF-co-HFP-based PIMs with different functionalized
chitosan: (a) M1, (b) M2, (c) M3, (d) M4,

(e) M5, and (f) M6

Figure 3 shows the TGA curves of the fabricated
PIMs. All membranes exhibited a similar thermal
degradation pattern. The initial weight loss below
approximately 160-200 °C was relatively small and
can be attributed to the evaporation of residual
moisture and solvent trapped within the membrane
during fabrication [13]. This indicates that most of
the solvent had been successfully removed during
the membrane preparation process.

The second degradation stage was observed at
around 250 °C, which is mainly associated with
functionalized chitosan and DOP. Membranes with
higher functionalized chitosan showed slightly
greater weight loss. This is due to the thermal
decomposition of the hydroxyl and amino groups
[14]. However, all membrane maintained at high
degradation temperatures. This means that the
functionalized chitosan did not significantly affect
the thermal stability of the membrane.

The largest weight loss occurred at
approximately 450 °C. This corresponds to the
degradation of the PVDF-co-HFP polymer backbone
[18]. Similar degradation profiles were observed for
all membrane formulations. This is due to the
membrane structure remaining stable after the
addition of the functionalized chitosan [19].
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Figure 3 — Thermogravimetric analysis curves of PVDF-
co-HFP-based PIMs with different functionalized
chitosan (M1-M6), showing the thermal behaviour
of the fabricated PIMs

Figure 4 shows the contact angle of fabricated
PIMs. M1 exhibited the highest contact angle value
of 57.41°. This behaviour was attributed to the
hydrophobicity of the fluorinated polymer
backbone, where the presence of C-F bonds in the
PVDF-co-HFP-based limits surface interaction with
water molecules [4].

The contact angle values decreased with the
increasingly functionalized chitosan concentration.
This enhancement in the membrane surface
hydrophilicity is due to the introduction of the
hydroxyl and amino groups. These polar groups
promote stronger interaction with water through
hydrogen bonding. This can affect the affinity of the
membrane surface [4].
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The reduction in contact angle confirmed that
functionalized chitosan successfully modified the
membrane surface by increasing the surface free
energy and wettability [20]. Enhanced surface
wettability facilitates the adsorption and diffusion of
water molecules at the membrane-solution
interface. This can contribute to improved hydration
of the membrane surface. As a result, the interfacial
mass transfer resistance between the feed phase
and the interfacial membrane surface was reduced.
This can allow a greater accessibility of Au(lll) to
Aliquat-336. Therefore, the modified PIMs were
expected to promote more efficient Au(lll) transport
during the extraction process.
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Figure 4 — Contact angle of PVDF-co-HFP-based PIMs
with different functionalized chitosan (M1-M6), showing
changes in surface hydrophilicity

Contact Angle (®)

Figure 5 shows the ion exchange capacity of
fabricated PIMs. M1 exhibited the lowest IEC
because PVDF-co-HFP is hydrophobic and contains
limited availability of ionizable functional groups
within the structure.
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Figure 5 - lon exchange capacity of PVDF-co-HFP-based
PIMs with different functionalized chitosan
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Following the addition of functionalized
chitosan, the IEC increased because of the amino
and hydroxyl groups that provide additional active
sites for ion interaction and facilitate ion exchange
for Au(lll) transport [4]. The increased IEC is due to
the higher density of available sites, which can
enhance the movement of Au(lll) complexes within
the membrane [4].

Rate of Performance

Figure 6 shows the Au(lll) extraction efficiency of
fabricated PIMs with different concentrations of
functionalized chitosan. The extraction efficiency
increased with the increasing functionalized
chitosan up to 2.0 wt.%, achieving a maximum
extraction of 98.19%. This is due to the enhanced
membrane hydrophilicity and higher ion exchange
capacity by the additional hydroxyl and amino
groups. This can increase the membrane’s affinity
and surface wettability, and provide more active
sites for ion interaction. Therefore, it can promote
the transport of Au(lll).

Au(lll) diffused toward the membrane surface
under the concentration gradient between the feed
and receiving phase. As demonstrated by SEM
images, the addition of functionalized chitosan
produced a more homogeneous membrane with
increased surface roughness. It provides a larger
effective contact area between the membrane and
the solution. At the membrane interface, Au(lll) was
selectively extracted into the membrane via an ion-
exchange reaction with quaternary ammonium
groups of Aliquat-336 [21].

Upon reaching the receiving solution interface,
Au(lll) encounters thiourea in the receiving phase,
where Au(lll) preferentially forms a stable Au-
thiourea complex. The receiving reaction releases
Au(lll) into the receiving phase while simultaneously
regenerating Aliquat-336, allowing the carrier to
diffuse back toward the feed phase and participate

in transport cycles [22].
However, when the functionalized chitosan

concentration was increased to 2.5 wt.%, the
extraction decreased slightly. This is because the
excessive functionalized chitosan affected the
memrbane structure by increasing the density of the
polymer matrix and restricting carrier mobility. It
may reduce the free volume available for carrier
diffusion, increase membrane viscosity during
casting, and promote stronger intermolecular
interactions  that restrict carrier mobility.
Consequently, the diffusion of Au(lll)-complexes
through the membrane becomes slower. Therefore,
M5 was selected for subsequent optimization
experiments.
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Figure 6 — Receiving phase Au(lll) concentration
over time of fabricated PIMs

Conclusions

Functionalized chitosan was successfully
incorporated into PVDF-co-HFP to enhance Au(lll)
extraction. Membrane characterization
demonstrated that the addition of functionalized
chitosan improved membrane morphology,
increased surface hydrophilicity, and enhanced ion
exchange  capacity. These  physicochemical
improvements facilitated carrier-mediated
transport and reduced mass transfer resistance.

Among the fabricated membranes, M5 (2.0 wt.%
functionalized chitosan) achieved 98.19% Au(lll)

extraction. However, further increasing the
functionalized chitosan resulted in a decline in
extraction percentages. It is indicated that the
excessive loading of functionalized chitosan can
increase the membrane hydration and diffusion
resistance, thereby limiting the Au(lll) transport.

Overall, functionalized chitosan is effective for
improving the transport and extraction of Au(lll) in
PVDF-co-HFP. The membrane offers a promising and
environmentally friendly alternative that can
contribute to the advancement of sustainable
separation technologies for metals.
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dyYHKUMOHaNAAHAbIPbINFAH XUTO3aH-MmoauduKaumananFad PVDF-co-HFP
nonumepni MHKNO3UBTI membpaHa Au(lll) aKCTpaKUUACDIH KYLLUEeMTY YLliH

Nor’Azmi N.Z., Shoparwe N.F.

Manatizus yHusepcumemi KenaHmaH, Manatizus

TYWIHAEME

Makana kengi: 19 winde 2026
CapantamapgaH eTTi: 25 winde 2026
KabbingaHapl: 5 mameiz 2026

(DOP),

coHAaam-akK,
YHKLMOHANAAHABIPbINFAH XWUTO3aH KOCbIIAbI.

Cynbl epiTiHginepaeH anTblHAbl any ASCTYPAi UMaHWA, Heri3iHgeri aKcTpaKuuAa npouecTtepiHe
3KONOMMANBIK TYPFbIAAH TYpaKTbl banamanapapbl KaxeT eteni. byn septreyain, makcatol Au(lll)
TacbiManAay »KoHe IKCTPaKUMA TUIMAINITIH apTTbipy YWiH noau (BUHWUAMAEHPTOPUA NeH-
rekcaptopnponuieH) (PVDF-neH-HFP) membpaHacbiHa yHKUMOHANAAHFaH XMTO3aHAbl Kocy
apKblbl noanmepnik membpaHaHbl (PIM) asipney 6onabl. MembpaHa Herisri noanmep peTtiHae
PVDF-ko-HFP, Tacbimangaywbl petiHae Aliquat-336 »kaHe nnacTudukaTop peTiHae AMokTuadTanat

0,5-TeH 2,5 canmakTblk % -fa  AeWiHri  KOHUeHTpauuaaa

[aviblHganfaH membpaHanap epiTiHai Kyt

a4icTepiH KoagaHa OTbIpbIN AalbiHAANAbI AHE CKaHep/ieyLwi 3/1eKTPOHAbI MUKpocKkonusa (SEM),
Ddypbe TypneHAipyiHiH, nHbpakbi3bin cnekTpockonua (FTIR), TepmorpaBMMeTpuAnbIK Tanaay
(TGA), *kaHacy bypbllblH ©/Ley KaHe MOH anmacy cbivibimapbinbifbl (IEC) apKbiabl cunaTrangbl.
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KypambiHaa 2,0% canmakTblik% GpyHKLUMOHANAAHAbIPbIIFAH XUTO3aH (M5) 6ap membpaHa Au(lll)
3KCTPAKLMACIHbIH, €H, 0Ffapbl TMIMAiNIriH KepceTTi, 01 98,19% Kypaabl. IKCTPAKLUA OHIMAINITIHIH,
YKaKcapybl MembpaHaHbIH rMApPodUAbAINIFiHIH, XOFapbliayblHa, MOH anmacy KabineTiHiH apTybliHa
JKOHE TacbiMangaylbl apKblbl TacbiMangayablH, TMiMaipek 6onybiHa 6ainaHbicTbl 6ongpl. byn
3epTTeynep a3ipsieHreH PIM KyMeciHiH, *KoFapbl TUIMAI anTblH any YWiH NepcrneKkTUBabl KaHe
TYPaKTbl MeMbpaHaiblK TEXHOI0TUA eKEHIH KepceTesi.

TyliiH ce30ep: 3KCTPaKLMA, XMTO3aH, membpaHa, pvdf-co-hfp, aliquat-336.
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PYHKUMOHANN3NPOBAHHAA XUTO3aH-MOAUPULMPOBAHHAA NOAMMEPHAA membpaHa
Ha ocHoBe PVDF-co-HFP ansa nosblweHusa apPpeKktusHoctn ussneueHusa Au(lll)

Nor’Azmi N.Z., Shoparwe N.F.

YHusepcumem Manalizuu KenaHmaH, Manatizus

AHHOTALUMUA
[lnAa n3BneyeHna 30/10Ta M3 BOJHbIX PacTBOPOB HEOHXOAMMbI 3KOJOTMHECKU YCTOMUMBbIE

anbTepHaTVBbl TPAAULMOHHBIM MPOLLECCaM SKCTPAKLUMM Ha OCHOBe UMaHuga. Llenbto gaHHoro
uccnepoBaHua 6bino paspabotaTb NosvmepHylo membpaHy ¢ BkAtoveHusamu (PIM) nytem
BK/IIOYEHUA GYHKLMOHANM3MPOBAHHOIO XMTO3aHa B MembpaHy u3 noau(suHnangeHbTopmuaa-co-
rekcapTopnponuneHa) (PVDF-co-HFP) ans nosblweHUs 3¢PpeKTUBHOCTM NepeHoca U IKCTPaKLMmK

Noctynuna: 19 utons 2026 Au(lll). MembpaHa cocTtosna u3 PVDF-co-HFP B KauectBe 6a3oBoro nosnumepa, Aliquat-336 8
PeueHsunposaHue: 25 utona 2026 KayecTBe HocuTenss W auoktundTtanata (DOP) B KauectBe nnactudukatopa, npu 3Tom
MpuHaTa B nevatb: 5 aszycma 2026 YHKLMOHANM3MPOBAHHDbIW XUTO3aH Obln BKAOYEH B KOHUEHTpauuax ot 0,5 go 2,5 mac.%.

M3rotoBneHHble MembpaHbl BblNM NOAyYeHbl METOLOM JINTbA U3 PAacTBOPA M OXapaKTEPU30BaHbI
C NMOMOLLbIO CKaHUPYIOLLEN 3N1eKTPOHHOW MUKpocKkonuu (SEM), MHdpaKpacHol cnekTpockonuu ¢
npeobpasosaHnem ®ypbe (FTIR), Tepmorpasumerpuyeckoro aHanmsza (TGA), wusmepeHwus
KpaeBoro yrna cMaunsaHuna n noHoobmeHHon emkoctu (IEC). MembpaHa, cogepskaian 2,0 mac.%
dYHKLMOHANN3MpPOBaHHOrO xuTo3aHa (M5), npoaemMoHCTpupoBana HamebicWwyo 3GpdeKTUBHOCTL
nssneveHna Au(lll) — 98,19%. VYnydyweHne 3ddEKTUBHOCTM WU3BNEYEHUA ObBbBACHAETCA
NOBbIWEHHOM TMAPODUNBHOCTEIO MEMBPaHbI, YBENNYEHHOW MOHOOBMEHHON eMKOCTbO U bonee
3pdEKTUBHBIM TPAHCMOPTOM C MNOMOLLBIO HOCUTENA. ITU pe3ynbTaTbl MOKasbIBalOT, YTO
paspaboTaHHas cuctema PIM aBnaeTca NnepcnekTMBHOM M YCTOMYMBOM MeMBpaHHOM TeEXHOOreNn
ON1A BbICOKO3hPEKTUBHOMO U3BEYEHMS 30/10Ta.

Kniouesble cno6a: sKCTpakuuA, xMTo3aH, membpaHa, PVDF-CO-HFP, anvnkeaTta-336.
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