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ABSTRACT
Enhancement of alkaline water electrolysis requires the development of anion exchange membranes (AEMs) combining high
permselectivity with a low resistance to ion transport and stability during prolonged contact with a concentrated alkaline solution.
We now report that CytroCell@PIL, a mixedmatrix membrane obtained by a synergic combination of CytroCell micronized citrus
cellulose mixed at a 1 wt% load with a polymerizable ionic liquid (triethyl(4-vinylbenzyl)phosphonium tetrafluoroborate), shows
vastly enhanced chemical and physical stability along with promising ionic conductivity. These findings establish the proof of
concept toward the development of technical and economically viable large-area AEMs using polymeric membranes chemically
and physically stabilized by CytroCell sustainably sourced via cavitation of industrial citrus processing waste conducted in water
only.

1 Introduction

Hydrogen is today recognized as a strategic energy vector for
applications ranging from small- to large-scale power supply [1].
Alkaline water electrolysis (AWE) is already used to produce
approximately 1%–2% of the 55 million tons of H2 globally

produced every year. Alkaline water electrolysis market is rapidly
expanding, driven by the need to produce “green” hydrogen using
electricity sourced from renewable energy sources (sun and wind
in particular) [1]. Remarkably, indeed, as of late 2023, the installed
capacity of electrolytic hydrogen stood at 860,000 tons for 1.1 GW
installed power [2].
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The main advantage of AWE with respect to the polymer
electrolyte water electrolysis (PEMWE) is the possibility to use
platinum-free catalysts [3–5]. The key difference between con-
ventional AWE and AEM-based electrolysis is that the latter uses
a non-porous polymeric membrane possessing intrinsic anionic
conductivity, whereas in conventional AWE the porous electrode
separator has no ionic conductivity, with conductivity being
provided by KOH filling the pores of a separator. This allows
to operate the cells at higher current densities with AEM-based
AWE due to lower ohmic resistance, as well as to pressurize
hydrogen electrochemically, easing storage and final utilization
(reducing chemical risk) thanks to the non-porous nature of the
polymeric membrane [4, 5].

The main bottlenecks to the development of AEM alkaline
water electrolysis have been the materials used for making the
membrane, and the lack of durability studies showing that AEM
AWE technology can have comparable durability to conventional
alkaline water electrolyzers [6]. In other words, the stability and
durability of AEMs need to be significantly improved and current
AEMs often require dilute KOH to prevent rapid degradation,
indicating a limitation in their long-term usability in alkaline
water electrolysis.

Polymeric ionic liquids (PILs) combine the unique conductivity
properties of ionic liquidswith the advantages ofmacromolecular
crosslinked polymers stable in an aqueous environment. On the
other hand, conventional ionic liquids are readily leached in
water, which makes them unsuitable for application in water
electrolysis. Merging good permselectivity with a low resistance
to ion transport, PILs such as phosphonium ionic liquid–
polyacrylate copolymers were recently shown to be suitable
materials to make membranes for improved CO2 separation
[7].

The stability of polymeric materials in concentrated alkaline
solution, however, in general is too low for long-term appli-
cations in AWE electrolyzers. State-of-the-art anion exchange
membranes show poor chemical stability in alkaline solution,
with degradation driven by the high nucleophilicity and basicity
of OH− ions [8].

Nanocellulose is well-known for its unique ability to impart
great mechanical robustness to widely different polymers when
added in small amounts [9]. The resulting composites, fur-
thermore, are generally chemically stable due to the large
number of hydroxyl groups at the surface of the cellulose
nanofibrils readily forming molecular composites with many
polymers. Nanocellulose-based membranes, for example, are
promising for water purification based on pressure-driven fil-
tration techniques, such as nanofiltration, ultrafiltration, and
reverse osmosis [10]. In the field of AWE, (bacterial) nanocel-
lulose has been used to produce flexible cathodes for hydro-
gen evolution via subsequent electrodeposition of Ni and Mo
[11].

More recently, the first use of cellulose nanocrystals incorporated
at 5 wt% loads along with 80 wt% zirconia into the hydrophobic
polymer network of 15 wt% polysulfone resulted in a composite
porous separator showing excellent stable performance in AWE
for 300 h in 10% KOH electrolyte [12].

CytroCell is a new micronized cellulose reproducibly produced
at low cost and in large amount (directly on a semi-industrial
scale) from lemon (or any otherCitrus fruit) industrial processing
waste via hydrodynamic cavitation in water only [13]. The
biomaterial consists of submicron long cellulose (partly esterified
with citric acid) microfibrils whose section varies between about
110 and 420 nm, that dispersed in water show a large negative
zeta-potential (−25 mV) [14]. Added in 1 wt% amount, for
example, to pectin, CytroCell micronized cellulose enhances
the structural and thermal properties of the resulting compos-
ite CytroCell@IntegroPectin cross-linked films [15]. Aiming to
obtain a similar enhancement of the polymer properties, we chose
to investigate the use of CytroCell as a functional additive of the
aforementioned PILmembrane. The outcome is a new generation
of AEMs that is promising toward the efficient implementation of
AEM-based AWE.

2 Methods andMaterials

2.1 Membrane Preparation and Characterization

The PIL used in this work was synthesized as previously reported
[7]. The membranes were readily prepared via a green chemistry
route based on photopolymerization of acrylic monomers in
the presence of a small amount of CytroCell followed by cast-
ing. In detail, the monomeric styrene precursor functionalized
with a triethylphosphonium group with the BF4− as a counter
ion (triethyl(4-vinylbenzyl)phosphonium tetrafluoroborate, PIL4
(Figure 1a), with and without added CytroCell underwent pho-
topolymerization by brief irradiation (3 min) with UV light
using a low-pressure Hg lamp (Helios Italquarz, Cambiago,
Italy). CytroCell (Figure 1b) was obtained as previously described
directly on a semi-industrial scale processing about 30 kg of
lemon processing waste kindly donated by a company (OPAC
Campisi, Siracusa, Italy) in 180 L water [16]. Samples used were
stored under N2 in a refrigerator at 4◦C for more than 3 years
without any degradation. CytroCell was previously dispersed
in water or in dihydrolevoglucosenone (CAS 53716-82-8; in the
following reported with its Cyrene commercial name) according
to the optimized procedure described in Section 2.2 (24 h stirring
at room temperature followed by 30 min sonication).

The composition of the solutions employed before casting and
photopolymerization are displayed in Table 1. Two composite
membranes were prepared: one with water as the dispersing
medium of CytroCell (MPIL4_CY_1) and another with Cyrene
as solvent (MPIL4_CY_2). MPIL4 indicates the polymeric mem-
brane prepared without CytroCell.

The five-step optimized and highly reproducible CytroCell@PIL
membrane preparation route is outlined in Figure S1.

In detail, the procedure comprises five consecutive steps:

∙ CytroCell powder, previously ground in a mortar, is dispersed
in the selected solvent (water or Cyrene) by stirring at room
temperature for 24 h followed by 30 min sonication.

∙ The resulting CytroCell dispersion is added to a solution con-
taining: 2-hydroxylmethacrylate (HEMA), dodecyltrimethy-
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FIGURE 1 Chemical structure of monomeric PIL4 (a), and CytroCell (b).

lammonium bromide (DTAB), and the polymerizable ionic
liquid MPIL4. The resulting mixture is added with ethy-
lene glycol dimethacrylate (EGDMA) and 2,2-dimethoxy-2-
phenylacetophenone (DMPA) used as a photoinitiator.

∙ The solution is cast at a controlled thickness on a glass
plate and then covered with a second glass plate spaced
from the first one using a spacer. The reaction solution is
photopolymerized via 3 min irradiation with UV-Vis light
using the aforementioned lamp.

∙ The polymerized film is removed from the glass plate by
immersion in water.

∙ Themembrane thereby obtainedwas stored inwater until use.

All the membranes were prepared in duplicate.

2.2 Membrane Characterization

The resulting membranes were characterized by scanning elec-
tron microscopy (SEM) using an EVO MA10 microscope (Carl

TABLE 1 Composition (wt%) of the casting solutions used to pre-
pare the polymeric (MPIL4) and composite membranes (MPIL4_CY_1
and MPIL4_CY_2.a

Components MPIL4 MPIL4_CY_1 MPIL4_CY_2

HEMA 50 50 50
H2O 8.1 8 0
Cyrene 0 0 8.0
PIL 26 26 26
DTBA 13 13 13
EGDMA 2.3 2.3 2.3
DMPA 0.6 0.6 0.6
CytroCell 0 0.1 0.1

aMPIL4_CY_1: composite membrane prepared with water as dispersing
medium of CytroCell; MPIL4_CY_2: composite membrane with Cyrene as
solvent; MPIL4: triethyl(4-vinylbenzyl)phosphonium tetrafluoroborate.

Zeiss, Oberkochen, Germany). In detail, in the SEM experiments,
the membrane samples were coated with a thin gold layer before
the analysis using a Sputtering QuorumQ 150R S device. Sections
were fractured in liquid nitrogen.

The membranes were also characterized via electrochemical
impedance spectroscopy (EIS). EIS experiments were carried out
with an Autolab PGSTAT302N potentiostat/galvanostat equipped
with a frequency response analyzer module in the frequency
range 100000–1 Hz with a 10 mV signal amplitude (Metrohm
Autolab, Utrecht, the Netherlands).

A four-electrode configuration was used to measure the in-plane
conductivity with a BT-112 BekkTech conductivity cell (Scribner,
Southern Pines, NC, USA). The four-electrode cells were placed
in the Faraday cage during the measurements. The latter were
conducted in water at temperatures between 25 and 70◦C. The
EIS spectra were processed with the Metrohm Autolab Nova
1.9.16 software to assess the ionic resistance of the membrane and
calculate the conductivity as previously described [17].

EIS tests were carried out on the PIL-based membranes and
on a commercial anion exchange membrane, Fumasep FAS-50
(FuMA-Tech, Germany). The membranes were conditioned in
distilled water for at least 24 h before the in-plane conductivity
test. Moreover, the test was carried out on the membrane treated
as follows: (i) immersion in KOH 5 wt% for 24 h; (ii) rinsing in
distilled water until neutrality to remove excess KOH.

Fourier transform infrared (FT-IR) analysis with an attenuated
total reflectance method (ATR), was performed on the mem-
branes using a Perkin Elmer Spectrum One spectrophotometer.
The test was carried out on the pristine membrane and after
treatment in KOH 5 wt%, as described above.

The mechanical properties of the membranes were measured in
stress–strain elongation experiments using the ZWICK/ROELL Z
2.5 instrument.

The scanning transmission electron microscopy (STEM) samples
of lemon CytroCell were prepared by suspending a small amount
of powder in distilled water, treating them in an ultrasonic
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FIGURE 2 FE-SEM images of lemon CytroCell.

bath, and drop casting them on carbon film-supported 200-mesh
copper grids. All samples were dried at room temperature before
analysis. The samples were then mounted on a grid and analyzed
by using a Tescan MAGNA ultra-high resolution field emission
scanning electron microscope (UHR FE-SEM) equipped with a
STEM detector. The STEM analysis was performed in a bright
field and at an accelerating voltage of 30 keV.

The samples for FE-SEM analysis were prepared by applying the
water dispersions on silicon substrates and drying at room tem-
perature. Theywere coatedwith a fewnanometers of a conductive
graphite layer. The FE-SEM images were recorded with a Zeiss
high-spatial-resolution LEOGemini 1530 field emission scanning
electron microscope (FE-SEM). Images were all recorded in the
secondary electron Inlens mode at an acceleration voltage of
10 keV.

The electron microscopy images taken on the same lemon
CytroCell sample more than 2 years after the first TEM inves-
tigation [14] confirm that the lemon CytroCell fully retains its
nanostructure after more than 2 years of storage at −20◦C. The
field emission scanning electron microscopy (FE-SEM) images
in Figure 2 show the presence of microfibers with nanorod-
like morphology. In agreement with the FE-SEM photographs,
the STEM image in Figure 3 shows that the material is chiefly
composed of elongated microfibers with a rod-like structure
having a length of about 0.5–1.5 µm and a section of about
0.1–0.3 µm.

2.3 Study of CytroCell Dispersion

As summarized in Table 2, CytroCell was dispersed in dif-
ferent solvents at 0.5% w/w load): water, dichloromethane
(DCM), methanol (MeOH), ethanol (EtOH), isopropanol (i-
PrOH), acetone, N,N-dimethylformamide (DMF), dimethylsul-
foxide (DMSO), dimethylcarbonate (DMC) and cyrene (dihy-
droglucolevosenone). Aprotic polar solvent Cyrene [18] (Figure 4)
is a green solvent suitable as alternative to conventional and
highly toxic aprotic solvents N,N-dimethylacetamide, DMF, and
N-methyl-2-pyrrolidinone (NMP).

Dispersions were obtained via one of three different procedures:
stirring at room temperature (RT), stirring at 80◦C, or via soni-
cation using the compact ultrasound processor UP100H (100 W,
30 kHz) obtained by Hielscher (Teltow, Germany). Results in
Table 2 show that DMSO was the most effective solvent for
micronized CytroCell cellulose. However, its use raises concerns
about its petrochemical origin, whichmay limit the sustainability
of the membrane fabrication processes. Biobased Cyrene was
selected due to its excellent sustainability profile, largely superior
to that of DMSO, whose use should be reconsidered due to
significant changes in cardiac and hepatic microtissues lately
discovered [19]. Furthermore, Cyrene does not interfere with the
photopolymerization reaction.

The dispersions of CytroCell in Cyrene remained stable for all 7
days of observation, whereas that in water required sonication
(15 min) before use after 2 or 3 days. In each case, further
reduction in size of the CytroCell particles grinding (using a
pestle in a mortar) had a positive effect on improving CytroCell

FIGURE 3 STEM image of lemon CytroCell.

4 of 8 Nano Select, 2025

 26884011, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/nano.70001 by C

ochraneItalia, W
iley O

nline L
ibrary on [23/03/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



TABLE 2 Dispersion of CytroCell in different solvents at different temperatures and under sonication.

Solvent Stirring at RT Stirring at 80◦C Sonication

Water Dispersed in 48 h Dispersed in 24 h Dispersed in 24 h
Cyrene Dispersed in 48 h Dispersed in 24 h Dispersed in 24 h
DMC Not dispersed Limited dispersion Limited dispersion
MeOH Not dispersed — Limited dispersion
EtOH Not dispersed — Limited dispersion
i-PrOH Not dispersed — Limited dispersion
Acetone Not dispersed — Limited dispersion
DMF Limited dispersion Dispersed in 24 h Limited dispersion
DMSO Dispersed in 24 h Dispersed in 1 h Dispersed in 1–2 h

dispersion. The optimized dispersion procedure with both water
and Cyrene consists of merging mechanical stirring at room
temperature for 24 h with 30 min sonication.

3 Results and Discussion

The SEM photographs unveil a dense microstructure for all the
membranes (Figure 5) showing evidence of the excellent solvent
power of cellulose-derived Cyrene for the CytroCell cellulose
nanorods. The SEM images of both the surface and the cross-
section (Figure 6c,f) of the MPIL4_CY_2 membrane employing
Cyrene as the only CytroCell solvent are homogeneous and
devoid of aggregates.

On the other hand, the aggregates unveiled in the SEM images of
MPIL4_CY_1 (Figure 6b,e) are likely due to undissolvedCytroCell
nanorods that in water are not sufficiently dispersed.

Compared to conventional cellulose nanocrystals extracted from
cellulosic biomass using concentrated H2SO4 at high temper-
atures [20], lemon CytroCell, has a low crystallinity index of
just 0.33 (due to the extreme pressure and temperature values
of the imploding cavitation bubbles) and an open, mesoporous
structure with 1.64 nm pore size and good water holding capacity
(8 gwater/gcell) [13].

Showing evidence of the remarkable stabilization effect of the
CytroCell nanocellulose, Figure 6 displays a photograph of
the unmodified MPIL4 membrane and of the corresponding
membrane functionalized with CytroCell dispersed in water
(MPIL4_CY_1) after immersion in a KOH 5 or 30 wt% aqueous
solution for 24 h after washingwithwater till neutrality to remove
the large base excess.

FIGURE 4 Chemical structure of cyrene.

The unmodified MPIL4 membrane darkens especially in the
more concentrated KOH solution because of the formation
of a complex between the phosphonium groups and base, as
confirmed by the FTIR spectra (Figures S2 and S3) showing an
increase in the intensity of the phosphonium group (P-C stretch-
ing at 1237 cm−1) with respect to the signal of the carbonyl group in
hydroxylmethacrylate (C═Ostretching at 1713 cm−1). On the other
hand, themembranemodifiedwith 1wt%CytroCell only retained
its clear and transparent original appearancewithout any relevant
change in the relative absorbance of the phosphonium group
(Table 3).

We partly ascribe this exceptional stabilization effect to the
antioxidant activity of the citric acid groups chemically bound to
the C6 groups of the cellulose chain [13]. Such groups are formed
via esterification reaction of the primary hydroxyl group of the
cellulose fibrils with citric acid abundant inwet lemon processing
waste under the extreme conditions created in the imploding
cavitation bubbles eventually affording partly esterified nanocel-
lulose fibrils. Citric acid indeed is a powerful antioxidant widely
employed by the food and beverage industries to protect widely
different foodstuffs and beverages from oxidative degradation
preserving for example, the aspect (texture and color) and the
organoleptic qualities of foodstuff, due to its ideally suited safety
and health profile [21].

Along with the aforementioned high stability in concentrated
KOH aqueous solution and improved mechanical stability, the
other result that potentially opens the route to the use of
CytroCell@PILmembranes as AEM in alkaline water electrolysis
is shown in Figure 7.

The impedancemeasurements indeed show that the conductivity
of themembranes increases with the temperature. The composite
membranes preparedwithwater or Cyrene as dispersingmedium
of the CytroCell (MPIL4_CY_1 and MPIL4_CY_2, respectively)
are less conductive than the polymeric MPIL4 membrane, due to
the presence of acid groups in the bound citric acid groups that
following contact with concentrated base deprotonate forming
cation exchange centers in the CytroCell structure molecularly
intertwined in the PIL polymeric structure. Said groups may
interfere with the phosphonium anion exchange groups in PIL
slightly lowering the conductivity.
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FIGURE 5 Top: SEM photographs of the membrane surface: (a) unmodified polymeric membrane (MPIL4), (b) membrane modified with
CytroCell dispersed in water (MPIL4_CY_1), (c) membrane modified with CytroCell dissolved in Cyrene (MPIL4_CY_2). Bottom: SEM photographs
of membrane cross-section: (d) MPIL4, (e) MPIL4_CY_1, (f) MPIL4_CY_2.

FIGURE 6 Image of the polymeric membrane MPIL4 (on the left in each photo) and the membrane modified with CytroCell MPIL4_CY_1 (on
the right in each photo): (a) as prepared, (b) after immersion in KOH 5 wt% and (c) KOH 30 wt% for 24 h.

However, the reinforcing effect of the CytroCell in a strong
basic medium vastly exceeds the slight detrimental effect on
conductivity. Whereas in the case of the unmodified MPIL4
membrane, the conductivity of the membrane following 24 h
treatment with KOH 5 wt% significantly decreases (green curve
in Figure 7), in the CytroCell@PIL membrane MPIL4_CY_1
functionalized with CytroCell the treatment with concentrated
base leads to a significant increase in the conductivity (purple
curve in Figure 8) at all investigated temperatures. Eventually,
the composite membrane modified with CytroCell MPIL4_CY_1
becomes nearly as conductive as the MPIL4 membrane, not in
contact with the concentrated base (grey curve in Figure 7).

Finally, a comparison of themechanical properties of the unmod-
ified polymeric membrane (MPIL4) and membrane modified
with CytroCell (MPIL4_CY_1), clearly shows that the addition
of CytroCell nanocellulose at modest 1 wt% load results in >60%
higher elastic modulus (Table 4).

Further highlighting the reinforcing action of the cellulose
nanofibers on the PIL membrane, a nearly 10% reduction in the

TABLE 3 Ratio of the FTIR signals at 1237 and 1713 cm−1 in the
unmodified polymeric membrane (MPIL4) andmembranemodified with
CytroCell dispersed in water (MPIL4_CY_1) before and after treatment
with concentrated KOH (5 wt%) for 24 h.

Membrane
Absorbance@1237 cm−1/
Absorbance@1713 cm−1

MPIL4 (pristine) 0.61
MPIL4 (treated) 0.83
MPIL4_CY1 (pristine) 0.70
MPIL4_CY1 (treated) 0.70

elongation at break was observed for the composite MPIL4_CY_1
membrane. The reinforcing effect of nanocellulose in composites
with polymer is due to long nanofibers reaching the percolation
threshold at low loading levels (between 1 and 6 vol.%, depending
on the cellulose source) [22], when the rigid cellulose nanofibril
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FIGURE 7 Conductivity versus temperature plots for the unmodi-
fied polymeric membrane (MPIL4) andmembranes modified with Cytro-
Cell (MPIL4_CY_1 andMPIL4_CY_2), andmembraneMPIL4_CY_1 after
treatment with KOH 5 wt% (MPIL4_CY_1_KOH).

TABLE 4 Mechanical properties of the unmodified polymeric
membrane (MPIL4) and membrane modified with 1 wt% CytroCell
(MPIL4_CY_1).

Membrane
Elastic modulus

(MPa)
Elongation at
break (%)

MPIL 4 13 ± 2 46 ± 8
MPIL 4 CY_1 21 ± 3 42 ± 2

form a network within the nanocomposite due to percolation of
the nanofibrils [9].

4 Conclusions

In conclusion, we have discovered that citrus-derivedmicronized
cellulose CytroCell sourced from waste lemon peel via hydro-
dynamic cavitation can be dispersed in water only and used as
an additive at 1 wt% load to form composite membrane based
on PIL such as phosphonium ionic liquid-polyacrylate copoly-
mer. This composite membrane, dubbed herein CytroCell@PIL,
shows exceptional stability in aqueous KOH, and good hydroxide
conductivity. Furthermore, the addition of said small amount of
CytroCell dispersed in water to the PIL precursor vastly improves
also the mechanical stability of the resulting composite mem-
brane. The latter result is important from a practical viewpoint
because technologically mature AEMs employed in commercial
electrolyzers will afford pressurized H2 ready for storage and
distribution as clean fuel [5].

Besides the development of new generation AEMs for alkaline
water electrolysis, these findings are general and of relevance
even to other key areas of contemporary research in renewable
energy storage and utilization science and technology such as
Li-based rechargeable batteries and fuel cells.

Finally, concerning practical feasibility, besides being waste-
free and economically and environmentally sustainable, the
production of CytroCell (and by-product IntegroPectin) from
low-cost and abundant citrus processing waste via cavitation
(hydrodynamic or acoustic) is intrinsically scalable [23]. Concern-
ing membranes functionalized with CytroCell, we have not yet
carried out an economic analysis of the membrane production
method proposed. However, the solution casting technique is one
of the most used at the industrial level for polymeric and mixed
matrix membrane fabrication.
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