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ABSTRACT
Contamination of water bodies is one of the pressing issues of modern society. In this context, to achieve sustainable removal
of pollutants from wastewater, the authors prepared hybrid membranes based on biomass-derived poly(3-hydroxybutirate)
doped with hydrophobic imidazolium-based ionic liquids differing for the alkyl chain length. Membranes were easily prepared,
without synthetic steps, andwere characterized by surface roughness, hydrophobicity/hydrophilicity andmorphology. Then, these
materials were investigated for their ability to remove cationic, neutral and anionic dye pollutants from water. The materials
showed fast and thorough removal of most dyes, particularly cationic and neutral ones. Adsorption process was investigated in
terms of mechanism and kinetics determining the adsorption isotherms and rate. The best results were obtained for methyl violet
with maximum adsorption capacity of 132 mg/g, and the performance of the systems proved comparable to the one of related
systems reported in the literature. The best-performing membrane was reused nine times without significant loss in removal
efficiency or intermediate washing. To minimize the waste generated by the adsorption process, the membranes were further
doped with a photocatalyst like TiO2 and employed to degrade dyes in water solution, finding that they are effective and recyclable
catalysts, especially toward cationic dyes.
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Introduction

ater pollution resulting from human activities is a constant
ource of concern in present-day society, given that water is
n essential and limited resource. Consequently, preservation of
xisting water sources and remediation of polluted water bodies
re mandatory to ensure acceptable standards of living. This has
riven research to develop efficient strategies and methodologies
o remove pollutants from contaminated water bodies. Among
he different methodologies that can be used to tackle this
ssue, such as advanced oxidation [1], membrane filtration [2],
r biological treatments [3], adsorption-based methodologies [4]
ll rights reserved, including rights for text and data mining and training of artificial inte
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have risen to a certain prominence, due to beneficial character-
istics, like low cost and energy demand, simplicity of process,
removal efficiency, and selectivity, often coupled with recyclabil-
ity. Another advantage of adsorption methods is the possibility
to employ a wide range of different materials, depending on the
nature of the pollutant to be removed.

Among the various sorbents that can be successfully used, poly-
mer membranes have recently emerged as sustainable materials
for water treatment [5]. This arises from the peculiar advantages
of polymer membranes over other kinds of sorbents, such as
high adsorption capacity and selectivity toward some pollutants
lligence technologies or similar technologies.
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6, 7], coupled with easy separation and scalability to treat larger
olumes of liquid phase [8]. Compared with other sorbents,
embranes present the peculiar possibility of dual use, both as
dsorption material or ultrafiltration [9]. Recent developments
n the field include the use of nanowoven polyethylene tereph-
halate fibers to obtain adsorptive membrane for the removal of
yes from water or polymer [10] membranes for the fractionation
f dyes and inorganic salts [11]. In both cases, the porosity of
he membranes exerts a critical role [10]. Finally, to address the
ssue of sustainability, the judicious choice of the polymer and
omponent used, coupled with their recyclability, makes easy to
esignmembranes that are composed by environmentally benign
omponents [12, 13].

urthermore, polymer membrane-based adsorbents can be fur-
her modified in a straightforward way by doping them with
elatively small amounts of different components, giving rise to
ybrid polymer membranes. Such treatments often improve the
haracteristic of the parent membrane, in terms of mechanical
esistance, adsorption or filtration efficiency, resistance to fouling
s well as overall long-term stability [14]. Examples of such mod-
fiers include biopolymers like chitosan or cellulose, transition
etal oxides or nanomaterials like carbon nanotubes or graphene
15].

nother kind of dopant that can be used is constituted by ionic
iquids (ILs). These are low melting organic salts, conventionally
ower than 100 ◦C, which in many cases are liquid at room tem-
erature, providing a class of nonconventional solvents entirely
onstituted by ions and possessing beneficial characteristics
rom a sustainability point of view, like negligible volatility and
lammability [16, 17].

onsequently, ILs endowed with suitable ions can be success-
ully used as dopants for polymer membranes to enhance their
roperties. In this context, protic imidazolium-based ILs were
sed as dopants for polyimidemembranes enhancing their proton
onductivity and water sorption ability [18]. In another example,
ydrophobic ILs embedded in poly(vinyl chloride) membranes
mproved the removal ability and selectivity for metal ions in
astewaters [19].

ased on these considerations, we prepared two hydrophobic IL-
oped poly(3-hydroxybutirate) (PHB)membranes by solvent cast-
ng. In particular, we considered hydrophobic imidazolium-based
ocusate ILs [C1C8Im][Docusate] and [C1C10Im][Docusate],
eported in Figure 1a. These ILs were chosen for their relatively
ong alkyl chains, to enhance hydrophobicity, with the docusate
nion used not only for its hydrophobicity but also on the grounds
f its low toxicity, which enables its use in pharmaceutical
ormulations [20].

e chose to use PHB (Figure 1b) as it is a natural biodegradable
olymer that can be produced from lignocellulosic feedstocks,
hich is beneficial from the standpoint of sustainable chemistry
21, 22] and fulfills the sixth principle of Green Chemistry. This
olymer is generally claimed as a sustainable alternative for non-
iodegradable plastics, like polypropylene, and finds application
n different areas, like pharmacology, biomedical, packaging,
nd agricultural industries [23–25]. Consequently, its reuse in a
econd life, like the production of membranes for environmental
of 15
remediation, can represent a way to address concerns due to its
production cost and extraction [26].

We characterized the morphology of the membranes by scanning
electron microscopy (SEM), and the surface roughness was
investigated by optical profilometry. In addition, hydrophobic-
ity/hydrophilicity of the surface was investigated by contact
angle measurements. Then, we employed both membranes as
sorbents for the removal of dyes from aqueous solutions. In
particular, we considered anionic, cationic and neutral dyes,
namely, rhodamine B (RhB), methylene blue (MB), eosin yellow
(EY), bromocresol green (BG),methyl orange (MO),methyl violet
(MV), and bromothymol blue (BB), reported in Figure 1c.

After optimizing parameters, such as the amount of IL dopant
and the surface of membrane exposed to the aqueous phase, we
studied the adsorption process in terms of adsorption kinetics,
by time-dependent adsorption tests and obtained mechanistic
information, by determining the adsorption isotherms as well
as the maximum adsorption capacities. We also evaluated the
recycling of the materials, finding that the best membrane
was reusable nine times without loss in efficiency or need of
intermediate washing.

Considering that the adsorption process generates a polluted
material, we also evaluated the possibility of degrading the
dyes, using a low-impacting methodology like photocataly-
sis [27, 28]. To this aim, the best-performing membrane,
PHB/[C1C10Im][Docusate], was further doped with a photocata-
lyst like TiO2 and employed as catalyst for the photodegradation
of cationic dyes in aqueous solution, such as RhB and MB. TiO2
nanoparticles have been recently used for the degradation of
emerging pollutants [29, 30], and the system proposed herein
could represent a viable strategy to further address this issue.
Interestingly, [C1C10Im][Docusate]/PHB/TiO2 hybrid membrane
enables almost thorough and fast degradation of the dye, with a
good degree of recyclability.

2 Results and Discussion

2.1 Membrane Preparation and IL Content
Optimization

The IL-doped polymer membranes were prepared by solvent
casting, dissolving 500 mg of PHB and the suitable amount
of IL (see later), in 12 mL of chloroform, heating at 50◦C for
30 min, until obtaining a clear solution, which was subsequently
poured in a Petri dish and left to cool at room temperature
overnight. Different volumes of chloroform were tested, and
12 mL was the minimum one allowing dissolution of the mix-
ture. The membranes obtained were uniform opaque solids. A
schematic depiction of the preparation of the membranes and a
representative picture of a membrane are reported in Figure 2.

Subsequently, we ran preliminary adsorption tests aimed at
optimizing the amount of IL in the membranes. Initially, we
assessed the resistance of the membranes, with 60 wt.% of IL,
when put in contact with water, looking for the possible leaching
of ILs in the aqueous phase. To such aim, we put 30 mg of
each material in contact with 1 mL of D2O for 24 h, at 25◦C.
Advanced Sustainable Systems, 2026
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FIGURE 1 Structures of (a) hydrophobic ionic liquids, (b) polymer, and (c) dyes.
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ubsequently, we recorded the 1H-NMR spectra of the aqueous
hases, reported in Figure S2. In both cases, no significant
mount of IL was leached in the aqueous phase, prompting us
o conduct static dye adsorption tests.

ubsequently, we ran a preliminary adsorption test to compare
he sorption ability of the hybrid membranes with the pristine
dvanced Sustainable Systems, 2026
PHB film, devoid of IL. In particular, we put into contact, at
25 ◦C, 300 mg of each solid with a 1.0 × 10−4 m solution of
RhB for 4 h, after which we measured the removal efficiency,
RE%. The results obtained, showed that RE% was 12% in the
presence of the PHB pristine film, while it increased to 50% and
52%when thehybridmembranes dopedwith [C1C8Im][Docusate]
and [C1C10Im][Docusate] were used, respectively. These findings
3 of 15
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FIGURE 2 Schematic depiction of (a) membrane preparation and (b) representative picture of an IL-doped PHB membrane.
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learly show that the presence of ILs is beneficial for the removal
f dyes, and ILs actively assist the adsorption process, due to their
ffinity with this kind of pollutants [31–33]. To evaluate the effect
f the amount of IL doping on the membrane, and to obtain a
irst indication of their removal ability, we prepared membranes
sing 500 mg of PHB and variable amount of both ILs, ranging
rom 30 to 80 wt.%, with respect to the polymer. The membranes,
rectangular sections 2 cm × 1 cm) were then put in contact with
0mL of dye aqueous solutions (1.0 × 10−4 m) for 4 h at 25 ◦C. The
lots of removal efficiency in the presence of eachdye are reported
n Figure S3, while their values are summarized on Table S1.

xamination of the results reported in Figure S3 shows clearly
hat both membranes have much higher affinity for the cationic
RhB, MV and MB) and neutral (BB and BG) dyes compared to
he anionic ones (EY and MO). We also encountered this higher
ffinity for cationic over anionic dyes in other IL-based sorbent
aterials [32, 34]. In addition, for both membranes, and for all
he dyes considered, increasing the amount of IL improves the
dsorption ability up to 60 wt.%, after which the RE% plateaus.
herefore, for the rest of the study, and the following characteriza-
ion, membranes were prepared with this amount of ILs. A closer
nspection of the plots reported in Figure S3 reveals that, going
rom the [C1C8Im][Docusate]/PHB to [C1C10Im][Docusate]/PHB,
lightly improves the removal efficiency for the anionic dyes,
hich approaches 30% compared with the negligible adsorption
n the presence of the former membrane. Hence, not only the
resence of ILs is beneficial for the adsorption of dyes, but a
ather subtle structural variation, as a longer alkyl side chain
n the imidazolium cation, is able to significantly modulate the
erformance of the ensuing material.

.2 Membrane Characterization

nitially, we set out to characterize the materials obtained,
robing their surface by SEM, obtaining the images reported in
igure 3.

he SEM images reported in Figure 3 show that in both cases
he materials obtained exhibit a uniform surface characterized
y a significant roughness. To better analyze these features, we
arried out a surface scanning with a profilometer, able to probe
he heterogeneity and roughness of the surface. The images of
he surface scan are reported in Figure 4, while the values of the
arameters extracted are reported in Table 1.

xamining the magnitude of the profile parameters reported in
able 1 shows a marked difference in roughness as a function
f the IL present in the membrane, with [C1C10Im][Docusate]
nducing a significantly higher surface roughness, as exemplified
of 15
by the values of the average roughness, Ra increasing for more
than one order onmagnitude on going from [C8C10Im][Docusate]
to [C1C10Im][Docusate]. The values of the other parameters are
consistent with this observation. This shows the potential of ILs
to modulate the surface properties of the material obtained, by a
subtle structural variation, such as the lengthening of the alkyl
side chain in the imidazolium cation.

To further probe the features of themembrane surface, in terms of
hydrophilicity/hydrophobicity,we carried out staticwater contact
angle measurements. Images pertaining to the contact angle
measurements are reported in Figure 5.

Also in this case, a significant effect of the ILs on the prop-
erties of the membrane surface can be detected, consisting in
an increased surface hydrophobicity on going from the mem-
brane doped with [C1C8Im][Docusate] to the one doped with
[C1C10Im][Docusate], since the water contact angle are equal to
(72 ± 3)◦ and (86.7 ± 0.2)◦ for [C8C1Im][Docusate]/PHB and
[C1C10Im][Docusate]/PHB, respectively. Therefore, this further
supports the observation that ILs can effectively modulate the
surface features of the materials, and the trend observed is in
line with the higher hydrophobicity of the [C1C10Im][Docusate]
ILs, because of its longer alkyl chain. In this latter case, the
[C1C10Im][Docusate]/PHB membrane can be considered having
an actual hydrophobic surface, given the closeness of the water
contact angle to 90◦ [35].

2.3 Dye Adsorption Tests: Optimization of
Experimental Conditions

After characterizing the IL-doped PHBmembranes, we set out to
systematically investigate their ability to act as sorbents for the
removal of dye pollutants from aqueous solutions.

As a further experimental parameter, we investigated the effect of
the surface area of the membrane exposed to the dye solution.
More specifically, we employed rectangular sections of each
membrane, immersed for a height of 2 cm in the solution, at
different widths, ranging from 1 to 1.6 cm. The results obtained
after 4 h are reported in Figure S4 and Table S2.

As can be seen from the plots reported in Figure S4, increasing
the membrane width does not induce any improvement in the
removal efficiency of each dye. For this reason, in the following
experimentswe used only rectangular sectionswith awidth equal
to 1 cm.

Finally, we wanted to preliminary assess the performance of
our membranes as a function of the initial concentration of dye
Advanced Sustainable Systems, 2026
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FIGURE 3 SEM images at 2000×magnification of (a) [C1C10Im][Docusate]/PHBand (b) [C1C8Im][Docusate]/PHBmembrane, containing 60wt.%
of IL.

FIGURE 4 Surface profiles of (a) [C1C10Im][Docusate]/PHB and (b) [C1C8Im][Docusate]/PHB membrane., containing 60 wt.% of IL.

TABLE 1 Amplitude parameters in roughness profile for the two IL-doped PHB membranes, containing 60 wt.% of IL.

Amplitude Parameter [C1C8Im][Docusate]/PHB [C1C10Im][Docusate]/PHB

Ra Average roughness (µm) 1.72 30.87
Rq Root mean square roughness (µm) 2.09 34.23
Rv Maximum valley depth (µm) 3.97 63.42
Rp Maximum peak height (µm) 4.17 49.29
Rz Maximum peak to valley height (µm) 8.13 112.72
Rsk Skewness of profile 0.16 −0.41

FIGURE 5 Pictures relevant to static water contact angle measurements for [C1C8Im][Docusate]/PHB (left) and to [C1C10Im][Docusate]/PHB
(right) membranes. Measurements were carried out in triplicate, with membranes, containing 60 wt.% of IL.

Advanced Sustainable Systems, 2026 5 of 15
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FIGURE 6 Representative plots relevant to adsorption kinetic experiments, for [C1C8Im][Docusate]/PHB, fitted by (a) pseudo-first order and (b)
pseudo-second order models. Content of IL = 60 wt.%, section 2 cm × 1 cm, T = 25 ◦C, 10 mL of dye solution 1 × 10−4 m.
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olutions. To this purpose,we contacted sections ofmembranes as
lready described, for 4 h, at 25 ◦C, with aqueous solution of dyes
ith concentrations ranging from 5.0 × 10−5 m to 2.0 × 10−4 m,
btaining the removal efficiencies reported in Figure S5 and
able S3.

erusal of the results reported in Figure S5 shows that, in general,
oth membranes keep their performance constant within the
ange of initial concentrations considered, except for the anionic
yes EY and MO. In these cases, in which both membranes have
ow affinity for these dyes, the magnitudes of RE%, regularly
ecrease on increasing the initial concentration, suggesting sat-
ration of the membranes occurring already at the lowest dye
oncentration, 5 × 10−5 m.

ummarizing the evidences obtained in the optimization study,
e found that in general, our membranes work better with
ationic and neutral dye, compared to the anionic ones. The
est performances were obtained using membranes doped with
0 wt.% of ILs, using a section exposed to the solution of size 2 cm
1 cm. Therefore, we used these experimental conditions for all
he experiments described in the following section.

.4 Adsorption Kinetics

o draw information about the rate of adsorption by the IL-doped
embranes, we carried out kinetic tests, ran by determining
dsorption capacity as a function of time. More specifically, these
xperiments were conducted by contacting 10 mL of 10−4 m dye
olutions with sections (2 cm × 1 cm) of membrane, at 25 ◦C.
e did not carry out kinetic tests in the presence of anionic
yes, given the low removal efficiency displayed by both hybrid
embranes. Representative plots are reported in Figure 6, while
he other ones are reported in Figures S6 and S7 and Table S4.

o gain insight on the rate of adsorption, we firstly fitted
ur results with by different model such as pseudo-first order
36], and the pseudo-second order model [37]. The equations
escribing eachmodel, together with the meaning of the relevant
arameters, are reported in the Supporting Information.
of 15
In most cases, the pseudo-first- and pseudo-second-order models
gave good fits, withR2 values close to unity as reported in Table S4.
Given that comparing the values R2 was undecisive, we based our
assessment of model selection on further statistical parameters
such as Akaike Information Criterion (AIC) [38] and Bayesian
Information criterion (BIC) [39] which have been previously
employed to elucidate adsorption kinetics models [40].

According to this criterion, a significantly lower value of AIC
or BIC indicates the model that better describes the results. The
values of AIC and BIC, obtained for pseudo-first- and pseudo-
second-order models, reported in Table S4, allow us to draw some
comments.

In general, we can observe different kinetic behaviors as a func-
tion of the dye. In particular, BG and BB (neutral dyes) exhibit
pseudo-second-order kinetics in the presence of bothmembranes,
whereas the uptake of MV and MB for both membranes follows
a pseudo-first-order kinetics. Another different situation is found
for RhB, in which case, the pseudo-first order is found in the pres-
ence of [C1C10Im][Docusate]/PHB and the pseudo-second order
in the presence of [C1C8Im][Docusate]/PHB. Finding different
kinetic law for adsorption on the same sorbent is rarely reported
in the literature. For instance, a paper reported that adsorption of
anionic and cationic dyes onto the same activated carbon sorbent
followed different kinetic laws [41].

The values of the kinetic constants obtained by fitting the results
with the respective kinetic models, as a function of the hybrid
film, are reported in Figure 7.

Analyzing the results reported in Figure 7 shows that in two cases
out of four, dyes adsorb faster onto the [C1C10Im][Docusate]/PHB
membrane. Given that the difference between the two sorbents is
constituted by the alkyl chain length of the ILs, this result hints
at a certain relevance of van der Waals interactions between the
IL embedded in the membrane and the organic dye, assisting the
adsorption process. The exceptions are constituted byBGandMV.
More specifically, for BG we found no significant difference as a
function of the sorbent. Conversely, MV is the only dye in which
adsorption occurs much faster onto [C1C8Im][Docusate]/PHB.
Advanced Sustainable Systems, 2026

ive C
om

m
ons L

icense



FIGURE 7 Adsorption kinetic constants, found for dyes following (a) pseudo-first- and (b) pseudo-second-order kinetic laws. Content of IL =
60 wt.%, sections (2 cm × 1 cm), T = 25 ◦C, 10 mL of dye solution 1 × 10−4 m.
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bviously, a meaningful explanation of these findings requires
omparison between dyes following the same kinetic law and
ith similar charges. In particular, among the neutral dyes, BB
s characterized by a less polar substituent on the phenyl ring
han BG (isopropyl vs. bromine). This is therefore consistent
ith the rate enhancement occurring for BB on going from
C1C8Im][Docusate]/PHB to [C1C10Im][Docusate]/PHB and not
ith BG, devoid of apolar moieties. Conversely, MV is steri-
ally bulkier than MB. Hence, we hypothesize that the rate
nhancement for MV in [C1C8Im][Docusate]/PHB can be due
o steric factors. Indeed, steric factors have been shown in the
iterature to influence both adsorption thermodynamics and
inetics [42].

inally, to evaluate the performance of our materials in the
resence of mixtures of dyes, we conducted kinetic measure-
ents, under the same experimental condition described, but
ith solutions containing both MB and BB. The choice of this
ouple of dyes is due to the necessity to avoid overlapping of
dsorption peaks. The plots relevant to these kinetic tests are
eported in Figure S8. Analysis of the results reported in Figure
8 hints at a synergistic effect occurring, since the pseudo-first-
rder kinetic constant increases on going from the single dye
olutions to the binary mixture (k1 = 1.00 × 10−3 and 3.3 ×
0−2 min−1 for [C1C8Im][Docusate]/PHB; k1 = 1.1 × 10−2 and 8.0 ×
0−2 min−1 for [C1C8Im][Docusate]/PHB). This synergistic effect
lso influences the adsorption kinetics of BB, which now follows
pseudo-first-order kinetic trend.

.5 Adsorption Isotherms

o obtain information about the mechanism of adsorption by
he membranes and to determine their maximum adsorption
apacity, we conducted static adsorption experiments by varying
hemass of sorbent and the volumes of solution. Each experiment
as carried out for a suitable time, after which the amount
f adsorbed dye did not change significantly, ensuring that
quilibrium was reached. Representative plots of equilibrium
dsorption capacity, qe (mg/g) as a function of residual dye
oncentration in solution, Ce (mg/L), are reported in Figure 8,
hile the other ones are reported in Figure S9. It is worth noting
hat, due to the very limited extent of adsorption, we did not
etermine the adsorption isotherm in the presence of the anionic
yes, EY and MO. In addition, it was not possible to obtain
dvanced Sustainable Systems, 2026
an acceptable isotherm for MB, due to precipitation of the dye
occurring at higher concentrations.

The plots of qe as a function of Ce describe typical hyperbolic
trends. To obtain mechanistic insights on the adsorption process,
we fitted the curve according to two of the most widely accepted
adsorption models, namely, the Langmuir and the Freundlich
isotherms [43]. In particular, the Langmuir model assumes
monolayer coverage of the adsorbate on the surface of the
sorbent, which is treated as homogeneous and qe is expressed by
Equation (1):

𝑞𝑒 =
𝐾𝐿

∗
𝑞max∗𝐶𝑒

1 + 𝐾𝐿
∗
𝐶𝑒

(1)

where qmax is the maximum adsorption capacity and KL is the
Langmuir constant. On the other hand, the Freundlich model
is based in multilayer adsorption, and treats the surface of the
adsorbent as heterogeneous, with qe expressed by Equation (2):

𝑞𝑒 = 𝐾𝐹
∗
(𝐶𝐸)

1∕𝑛 (2)

where KF is the Freundlich constant, related to the adsorption
capacity and affinity of the sorbent toward the dye, andn is related
to the adsorption intensity [44, 45]. The results of the nonlinear
fitting based on the two models are summarized in Table 2.

Inspection of the results reported in Table 2 shows that the
adsorption process is, in all cases, best described by the Lang-
muir model, suggesting monolayer adsorption on the membrane
surface, with the only exception of RhB, for which both models
can successfully account for the adsorption outcome. Hence, for
a meaningful comparison, we report the values of the maximum
adsorption capacity qmax, for both membranes in Figure 9.

The results reported in Figure 9 confirm the findings of
the preliminary adsorption tests, with both membranes
showing the highest efficiency with the cationic dye
MV. In addition, regardless of the dye considered, the
[C1C10Im][Docusate]/PHB showed higher adsorption ability
compared with [C1C8Im][Docusate]/PHB. The higher affinity
of neutral dyes toward [C1C10Im][Docusate]/PHB, can be once
again explained with the higher importance of van der Waals
interactions on assisting the adsorption process, which makes
7 of 15
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FIGURE 8 Plots of adsorption isotherms for (a) [C1C8Im][Docusate]/PHB in the presence of MV, (b) [C1C8Im][Docusate]/PHB in the presence
of BB, (c) [C1C10Im][Docusate]/PHB in the presence of MV, and (d) [C1C10Im][Docusate]/PHB in the presence of BB. Fitting of curves according to
Langmuir model. Content of IL = 60 wt.%, sections (2 cm × 1 cm), T = 25 ◦C.

TABLE 2 Results of nonlinear fitting according to mono- and multilayer adsorption models for [C1C8Im][Docusate]/PHB and
[C1C10Im][Docusate]/PHB in contact with of different dye solutions.a)

[C1C8Im][Docusate]/PHB

qmax (mg/g) KL R2 KF (L/g) n R2

RhB 12.8 ± 0.3 0.078 ± 0.006 0.989 2.4±0.1 2.62±0.08 0.994
BG 51 ± 2 0.025 ± 0.003 0.989 3.3±0.5 1.8±0.1 0.969
MV 80 ± 3 0.54 ± 0.07 0.968 27 ± 3 2.6 ± 0.3 0.900
BB 21 ± 1 0.26 ± 0.06 0.946 7.5 ± 0.7 3.9 ± 0.4 0.925

[C1C10Im][Docusate]/PHB

qmax (mg/g) KL R2 KF (L/g) n R2

RhB 20 ± 2 0.020 ± 0.003 0.979 0.8 ± 0.1 1.5 ± 0.1 0.967
BG 89 ± 6 0.031± 0.005 0.987 5.1 ± 0.9 1.7 ± 0.1 0.974
MV 132 ± 7 0.22 ± 0.03 0.980 26 ± 3 1.9 ± 0.2 0.938
BB 90 ± 13 0.10 ± 0.03 0.977 14 ± 1 2.1 ± 0.2 0.980

a)content of IL = 60 wt.%. Sections (2 cm × 1 cm), T = 25 ◦C.

8 of 15 Advanced Sustainable Systems, 2026
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FIGURE 9 Plot of qmax for adsorption of dyes on
[C1C8Im][Docusate]/PHB and [C1C10Im][Docusate]/PHB. Content
of IL = 60 wt.%, sections (2 cm × 1 cm), T = 25 ◦C.
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FIGURE 10 Plots of removal efficiencies after 4 h for MB upon
reusing [C1C8Im][Docusate]/PHB (red) and [C1C10Im][Docusate]/PHB
membranes (blue). Content of IL = 60 wt.%, sections (2 cm × 1 cm), 1 ×
10−4 m 10 mL of 1 × 10−4 m dye solution. Measurements were carried out
in triplicate and RE% are reproducible within ± 3%.
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his system not only the most efficient sorbent, but also the one
hich in most cases, gives rise to the fastest adsorption.

o better understand if the influence of interfering ions, we
arried out, as a representative case, the adsorption of MB from
aCl or KCl 0.5 m solution as well as a solution with the same
onic strength but containing a divalent anion, that is, Na2SO4
.17 m, obtaining the results reported in Figure S10, expressed
n terms of q/q0, where q is the adsorption capacity observed
n the presence of the interferent, while q0 is the adsorption
apacity obtained in water. Perusal of the results reported in
igure S10, shows that in both cases, the presence of the Na+
ation induces a distinct decrease in adsorption capacity, in the
ase of [C1C10Im][Docusate]/PHB, with q/q0 equal to 0.37 and
.28 in the presence of Na2SO4 and NaCl, respectively, while in
he presence of KCl it is close to unity, that is, 0.92.

n general, the performance of [C1C8Im][Docusate]/PHB appears
ore tolerant of the presence of interfering ions, with q/q0 equal
o 0.92 with Na2SO4 and KCl, respectively, while it decreases
o 0.56 in the presence of NaCl. Such results suggest that the
odium cation competes more efficiently for the adsorption sites.
ogether with efficiency and rate, in adsorption processes, a
esirable feature of any sorbent system is the possibility of
eusing, particularly when no intermediate washing and regen-
ration step are required in between each adsorption runs. This
llows reducing the amount ofmaterials employed in the process,
nd, consequently, the amount of pollutant-laden membrane
roduced at the end.

o illustrate the extent of reuse of our membranes, we chose
he cationic dye MB. To this aim, for both membranes we
arried out static adsorption runs, under the same experimental
onditions already described. Then, after determining the RE%,
he supernatant was removed and replaced with a fresh batch of
ye solution. The results obtained are displayed in Figure 10.

he plot reported in Figure 10 reveals a markedly
ifferent behavior of the two membranes, with the
C1C8Im][Docusate]/PHB that is practically non-recyclable,
ue to saturation of the materials already at the first cycle.
onversely, the [C1C10Im][Docusate]/PHB membrane maintains
ts removal efficiency for nine reuses, after which the removal
fficiency abruptly plummets to 9%, due to saturation of the
ctive sites.
dvanced Sustainable Systems, 2026

t

2.6 Comparison with Literature Systems

To better evaluate the performance of our materials, we report
below a comparison between the best-performing membrane,
[C1C10Im][Docusate]/PHB, with similar systems available in the
literature for the adsorption of dyes. It is important to note thatwe
limit our discussion to works providing themaximum adsorption
capacity values (qmax), and not only RE%, for a meaningful
comparison. Furthermore, we compare the values obtained for
a cationic dye, MV and a neutral one, BG, to have information
about the performance of our system in the presence of dyes of
different classes. The results are reported in Table 3.

Looking at the results reported in Table 3 shows that the
performance of our material is higher or full in line with most
of similar membrane-based systems reported in the literature.
In particular, despite the simple preparation, the adsorption
capacity of [C1C10Im][Docusate]/PHB forMV is comparable with
the ones of a cellulose-based membrane [48] and MOF-doped
membrane [49] toward cationic dyes as MB or crystal violet
(entries 1, 5, and 6), while it is significantly higher compared
with a polyethylene-based membrane (entries 1 and 4). On the
other hand, a cross-linked IL polymer [50], reported by Reddy
et al., outperforms our materials, although with a lower degree of
reusability, given that it was reused for three times as opposed to
[C1C10Im][Docusate]/PHB, which could be reused for nine cycles
with the same dye.

In addition, our material shows a significantly higher values
of qmax for BB, compared with a chitosan/polymethacrylate
composite [46] for the same dye (entries 2 and 3).

2.7 Photocatalytic Tests

With the aim to reduce the amount of pollutedmaterial generated
at the end of the adsorption process, we verified the possibility to
degrade organic dyes directly in the same aqueous phase. To this
purpose, the best performing system, [C1C10Im][Docusate]/PHB,
was coupled with TiO2 nanoparticles to obtain hybrid nanocom-
posites. The polymeric part was used as a support, while the
9 of 15
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TABLE 3 Comparison of qmax values of for [C1C10Im][Docusate]/PHB and membrane-based systems previously reported in literature.

Entry Sorbent Dye qmax (mg/g)

1 [C1C10Im][Docusate]/PHB a) MV 132
2 [C1C10Im][Docusate]/PHB a) BG 89
3 Chitosan/poly(methacrylate) composite [46] BG 40
4 Polyethylene-based membrane [47] MB 43
5 Cellulose-based membrane [48] MB 126
6 MOF-doped membrane [49] Crystal violet 157
7 Cross-linked ionic liquid polymer [50] MB 1212

a)This work.

FIGURE 11 Plan-view SEM images of (a) [C1C10Im][Docusate]/PHB and (b) [C1C10Im][Docusate]/PHB/TiO2 membranes at magnifications of
50.000×. Both samples were sputter-coated with a thin Au layer to avoid surface charging during the SEM analyses. Content of IL = 60 wt.%, content of
TiO2 = 5 wt.%.
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iO2 was used for its widely studied photocatalytic properties. In
articular, themembranes were prepared by incorporating 5 wt.%
f commercial TiO2.

he SEM images in plan-view of both the membranes, namely,
C1C10Im][Docusate]/PHB and [C1C10Im][Docusate]/PHB/TiO2,
re reported in Figures 11 and S11, to evaluate if any change
n morphology occurred upon incorporation of TiO2 on the
embrane surfaces.

comparison of the images reported in Figure 11 clearly shows
he presence of aggregates of TiO2 nanoparticles, in agreement
ith the seller’s specifications. In particular, as shown in Figure
12, at lowermagnification, it is possible to observe a non-uniform
istribution of these aggregates over the surface. However, the
nclusion of TiO2 preserves the integrity of the membrane
urface morphology; indeed, the surface structure of the two
amples remains the same. The distribution of the photocatalyst
ithin the thickness of the membranes was further examined
hrough cross-sectional SEM analyses. As shown in Figure S12,
he amount of TiO2 progressively decreases along the cross-
ection, with the nanoparticles being primarily concentrated at
he bottom of the membrane (i.e., the membrane side in contact
ith the Petri dishes).

he photocatalytic performance of the hybrid membranes was
nitially evaluated through the degradation of RhB dye. Prior to
he photocatalytic test, the adsorption capacity of the sampleswas
0 of 15
assessed bymonitoring the adsorption of RhB onto their surfaces.
Once the adsorption equilibrium was reached, the photocatalytic
experimentwas performed as detailed in Supporting Information.

Figure 12 shows C/C0 as a function of time t, where C is the
concentration of the RhB in the aqueous solution at time t, C0
is the starting concentration of the dye (i.e., 1.5 × 10−5 m).

The investigated samples checked were:
[C1C10Im][Docusate]/PHB membrane (green squares) and
[C1C10Im][Docusate]/PHB/TiO2 (orange squares); a solution of
RhB alone was also checked as a reference (magenta squares).

The RhB was not degraded in the absence of any sam-
ples (magenta squares), as expected; indeed, its concentration
remained constant. The polymeric membranes without TiO2
(green squares) surprisingly showed a slight degradation of the
RhB dye. Although the PHB was a non-conductive polymer and
thus lacks a conventional electron transfer mechanism typical of
semiconductors, it can still promote minor degradation through
UV-induced photodegradation processes. The UV irradiation
provides sufficient energy to break the C–C bonds of the polymer
chain, generating polymeric radicals on the material’s surface.
These radicals react with oxygen, initiating a chain of reactions
that lead to the formation of highly reactive oxidizing species,
such as hydroxyl radicals. These oxidizing species can attack and
degrade pollutant molecules adsorbed at the PHB surface, in a
analogous manner to traditional photocatalytic processes using
Advanced Sustainable Systems, 2026
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FIGURE 12 Photodegradation of RhB as a function of
irradiation time for [C1C10Im][Docusate]/PHB (green squares),
[C1C10Im][Docusate]/PHB/TiO2 (orange squares), and pure RhB as
control (magenta squares). Content of IL = 60 wt.%, content of TiO2 =
5 wt.%, section 1 cm2, 2 mL of dye solution 1.5 × 10−5 m.
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FIGURE 13 RhB degradation (%) after 4 h UV-light irradiation for
[C1C10Im][Docusate]/PHB and [C1C10Im][Docusate]/PHB/TiO2, during
the first photocatalytic test (Test 1), the second photocatalytic test (Test 2),
and the third photocatalytic test (Test 3). Content of IL= 60 wt.%, content
of TiO2 = 5 wt.%, T = 25 ◦C.
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reat
norganic semiconductors [51]. In the presence of the membrane
ontaining TiO2 (orange squares), with the bottom side exposed,
he RhB concentration decreased significantly over the time.
o quantitatively evaluate the photocatalytic efficiency of the
amples, the degradation rate constant was calculated using the
angmuir–Hinshelwoodmodel. Thismodel assumes a first-order
egradation mechanism for the pollutant [52], described by the
ollowing equation:

ln
𝐶

𝐶0
= − 𝑘𝑡 (3)

here k is the pseudo-first-order rate constant, C is the RhB con-
entration at the time t, and C0 is the initial RhB concentration.
n detail, the kinetic constant was estimated to be (5.4 ± 0.3) ×
0−3 min−1 for the [C1C10Im][Docusate]/PHB/TiO2 membranes,
ersus (1.1 ± 0.1) × 10−3 min−1 for the [C1C10Im][Docusate]/PHB
eference samples. The obtained results indicate that the mem-
rane containing 5 wt.% TiO2 exhibited excellent photocatalytic
roperties, as it effectively degrades the RhB previously adsorbed
n its surface.

o confirm the hypothesis that the bottom side exhibits superior
hotocatalytic performance due to a higher concentration of
iO2 nanoparticles (the reader can refer to Figure S12), a pho-
odegradation experiment with RhB was carried out using two
C1C10Im][Docusate]/PHB/TiO2 membranes, exposing either the
ottom side (i.e., the side in contact with the Petri dishes) or the
op side (i.e., the side in contactwith the air) of thematerial toUV-
ight. The comparison of their performances was shown in Figure
13. In particular, the sample exposing the bottom side exhibited
he highest degradation efficiency. This is further confirmed by
he obtained degradation rate constants, which are (5.4 ± 0.3)
10−3 min−1 for the membrane with TiO2 exposing the bottom
ide, versus (4.2 ± 0.2) × 10−3 min−1 for the membrane with TiO2
xposing the top side. Since the bottom side performed better than
dvanced Sustainable Systems, 2026
the top, all tests were correctly conducted with the bottom side
facing UV-light.

To evaluate the stability and reusability of the films, two
additional adsorption–photodegradation tests were performed
without bleaching the material at the end of each test. This
means that the solution used in the previous test was removed,
and the wells were refilled with a fresh RhB solution at a
concentration of 1.5 × 10−5 m, without any cleaning of the
composites. The results of the second and third photocatalytic
tests (Test 2 and Test 3) are reported in Figure 13, in comparison
with the first test (Test 1). Figure 13 shows that RhB degradation
capacity (expressed as %) of the [C1C10Im][Docusate]/PHB/TiO2
nanocomposites is comparable within the experimental error for
the three different tests. Indeed, the membranes show similar
degradation percentages across the three tests: 70% in Test 1, 75%
in Test 2, and 65% in Test 3. This confirms that the photocat-
alytic properties of the membranes containing 5 wt.% TiO2 are
maintained, demonstrating the stability of thematerials. Another
observation concerns the slight degradation of the dye induced
by the membrane without TiO2 also in the second photocatalytic
test (Test 2), which is not observed in the third photocatalytic test
(Test 3). This suggests that the marginal photoinduced activity
associated with the polymer surface diminishes upon repeated
irradiation, becoming practically irrelevant after multiple reuse
cycles. Similar trends have been reported in the literature, where
the surface reactivity of PHB under UV exposure progressively
decreases with cycling [51].

To demonstrate that the hybrid membranes are active in the
degradation of another water pollutant, the photocatalytic pro-
prieties of the materials were evaluated for the photodegradation
of the MB (another cationic dye). The adsorption capacity
of the samples was evaluated by monitoring the adsorption
of MB onto their surfaces in the dark, until the equilibrium
was reached. Once the adsorption equilibrium was achieved,
11 of 15
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FIGURE 14 Photodegradation of MB as a function of the
irradiation time for [C1C10Im][Docusate]/PHB (red squares),
[C1C10Im][Docusate]/PHB/TiO2 (teal squares), and pure MB as
control (blue squares). Content of IL = 60 wt.%, content of TiO2 = 5 wt.%,
T = 25 ◦C.
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FIGURE 15 Plot of ζ-potential as a function of pH for
PHB, [C1C8Im][Docusate]/PHB, [C1C10Im][Docusate]/PHB, and
[C1C10Im][Docusate]/PHB/TiO2. Content of IL = 60 wt.%, content of
TiO2 = 5 wt.%, T = 25 ◦C. Lines are drawn as mere visual guides.
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he solution in contact with the hybrid membranes was
eplaced with a fresh dye solution at a concentration of 1.5
10−5 m for the photocatalysis test (Figure 14). The investi-

ated samples were: [C1C10Im][Docusate]/PHB (red squares),
C1C10Im][Docusate]/PHB/TiO2 (teal squares); a solution of MB
lone was also checked as a reference (blue squares).

imilarly to what was observed in the RhB test (Figure 12), MB
as not degraded in the absence of any samples. In contrast, in
he presence of the membrane containing TiO2, the MB concen-
ration decreased significantly over time, as also confirmed by the
alculated degradation rate constants: (4.2 ± 0.2) × 10−3 min−1

or the [C1C10Im][Docusate]/PHB/TiO2 membrane, (9.2 ± 0.5) ×
0−4 min−1 for the [C1C10Im][Docusate]/PHB reference sample.
or the same reasons discussed previously for the RhB pho-
odegradation (Figure 12), the pure PHB membrane also induced
slight degradation of MB.

he results obtained with RhB and subsequently with MB
onfirm that the polymeric film nanocomposites incorporating
wt.% of TiO2 P25 nanoparticles exhibit excellent photocat-
lytic properties for the degradation of cationic dyes in aqueous
olution.

inally, another important property of the surface of sorbent
aterials is their ζ-potential. Consequently, to gain information
n such properties, we have measured the ζ-potential as a func-
ion of pH for the pristine PHB film, both IL-doped membranes,
C1C8Im][Docusate]/PHBand [C1C10Im][Docusate]/PHB, aswell
s the hybridmembrane [C1C10Im][Docusate]/PHB/TiO2, obtain-
ng the results reported in Figure 15 and Table S5.

nalysis of the plot reported in Figure 15 shows a descending
rend for the pristine PHB film surface on increasing pH. The ζ-
otential values decrease from +10 to −38 mV, as pH increases
rom 2.5 to 8, with an isoelectric point of 3.5. This is consistent
2 of 15
with the presence of acidic group on the polymer surface, that
is, the terminal carboxylic acid groups, which are deprotonated
as pH exceeds their pKa. Conversely, all the IL-doped mem-
branes maintain consistent, stable negative values of ζ-potential
through the whole pH-range considered, due to the presence
of permanently ionized sulfonate groups form the docusate
anions. This suggests high stability of the membrane surface
regardless of pH of the aqueous environment in which they are
placed. The rather flat appearance of the curve also hints at
uniformly distributed IL within the surface. The negative values
of the ζ-potential are also consistent with the high adsorption
ability of the membranes toward cationic dyes, rather than
anionic. Similar conclusions hold true for the hybrid membrane
[C1C10Im][Docusate]/PHB/TiO2.

3 Conclusions

In this work, we prepared and characterized IL-doped
membranes based on the bio-derived polymer PHB, namely,
[C1C8Im][Docusate]/PHB and [C1C10Im][Docusate]/PHB,
employing them as sorbents to remove dyes from aqueous
solution. The ILs comprised imidazolium cations and the
hydrophobic docusate anion, well-known for its ability to give
low toxic salts, and differed for the alkyl chain length. This
latter affects hydrophobicity and relevance of van der Waals
interactions, which in turn can significantly influence the
adsorption process.

The preparation of the materials was straightforward, with
no synthetic or purification steps required, and the mem-
branes obtained were characterized in terms of morphology,
surface roughness and water contact angle, which showed their
hydrophobic character. Subsequently, we studied the ability
of such materials to act as sorbents for the removal of dif-
ferent dyes from aqueous phases, considering either cationic,
anionic or neutral dyes. The adsorption process was studied in
terms of adsorption kinetics finding that adsorption rate could
Advanced Sustainable Systems, 2026
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e described by both pseudo-first and pseudo-second models,
epending on the dye.

dsorption isotherms suggested monolayer adsorption, accord-
ng to the Langmuirmodel. Bothmembranes exhibited selectivity
oward neutral and cationic dyes over anionic ones, and the
C1C10Im][Docusate]/PHB membrane showed larger adsorption
apacity than [C1C8Im][Docusate]/PHB, achieving the highest
alues for MV and BB, equal to 132 and 90 mg/g, respectively.
n general, van der Waals interactions were hypothesized to
xert a significant effect on the affinity between surface and
dsorbates. The same membrane could be reused nine times
ithout significant loss in efficiency or need for intermediate
ashing, overall showing a performance superior or comparable
o most related systems reported in the literature. Finally, to
educe the environmental impact of the adsorption process, we
valuated the possibility to directly degrade the pollutants in the
ame aqueous phase. To this aim, we further doped the best-
erforming membrane with a photocatalyst like TiO2, which
nabled almost thorough and fast photodegradation of cationic
yes like RhB and MB. Such photocatalyst also showed a good
egree of recyclability and could be reused three times with no
oss in efficiency and without intermediate bleaching. Therefore,
n our view, the present system uses a safe, bio-derived polymer
ource to obtain, in a straightforward way, an effective and recy-
lable sorbent for dyes, with no need for intermediate washing,
hich, suitably doped with TiO2, provide also an efficient and
ecyclable photocatalyst, to degrade dyes in solution. The systems
erein investigated could provide a useful tool to reuse spent PHB,
ltimately reducing the costs deriving from its production.

Experimental Section

.1 Materials

oly-(3-hydroxybutirate), 1-decyl-3-methylimidazolium chloride,
-octyl-3-methylimidazolium chloride, sodium docusate,
hloroform, methanol, methylene blue, rhodamine B, eosin
ellow, methyl violet, bromocresol green, chloroform, and
ichloromethane were obtained from commercial sources and
sed without further purification. ILs, [C1C8Im][docusate] and
C1C10Im][docusate], were prepared by metathesis from the
elevant chlorides and sodium docusate, following a published
rocedure [53].

ommercial TiO2 P25 (3-99 nm particle size) was purchased from
vonik (Essen, Germany).

ther experimental details are reported in the Supporting Infor-
ation.

.2 1-Decyl-3-methylimidazolium docusate
C1C10Im][docusate]

ale yellow oil. Yield: 79%. 1H-NMR (400 MHz, CDCl3) δ: 9.55
s, 1H), 7.43 (t, J = 4.0 Hz, 1H), 7.28 (t, J = 4.0 Hz, 1H), 4.22
t, J = 8.0 Hz, 2H), 4.02 (m, 2H), 3.99 (s, 3H), 3.96 (m, 2H),
.17 (m, 2H), 1.87 (m, 3H), 1.57 (m, 2H), 1.24 (m, 29H), 0.86 (m,
4H). 13C-NMR (400 MHz, CDCl3) δ: 171.57, 169.29, 123.56, 121.37,
dvanced Sustainable Systems, 2026
67.63, 67.56, 67.05, 62.33, 49.94, 30.26, 29.43, 29.36, 29.21, 29.00
(2C, overlapped), 28.84, 22.91, 22.60, 14.04, 14.00, 10.91, 10.86,
10.81 ppm.

4.3 1-Octyl-3-methylimidazolium docusate
[C1C8Im][docusate]

Pale yellow oil. Yield: 79%. 1H-NMR (400 MHz, CDCl3) δ: 9.57 (s,
1H), 7.42 (t, J = 4.0 Hz, 1H), 7.28 (t, J = 4.0 Hz, 1H), 4.22 (t, J =
8.0 Hz, 2H), 4.14 (dd, J1 = 8.0 Hz, J2 = 4.0 Hz, 1H), 4.03 (m, 2H),
3.99 (s, 3H), 3.94 (m, 2H), 3.17 (m, 2H), 1.85 (m, 4H), 1.25 (m, 26H),
0.86 (m, 15H). 13CNMR (400MHz, CDCl3) δ: 171.57, 169.00, 137.88,
123.87, 122.02, 67.04, 61.98, 50.08, 31.64, 30.25, 29.00, 28.93, 28.83,
26.21, 22.90, 22.53, 13.99, 10.90, 10.86, 10.73 ppm.
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