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Influence of surfactants on selective mechanical
separation of fine active materials used in high
temperature electrolyzers contributing to circular
economy†
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As one of the promising hydrogen production technologies, the development of water electrolysis systems

including recycling of their functional components is actively investigated. However, the focus lies on

energy and chemical intensive metallurgical operations and less on mechanical separation processes in

most studies. Here, an innovative surfactant-based separation process (using CTAB and SDS) is investigated

to contribute to developing a selective physical separation process for ultrafine particles used in high

temperature water electrolyzers (composed of NiO, LSM, ZrO2, and YSZ). Their different surface charge in

alkaline solutions influences the adsorption of surfactants on particle surfaces as well as the modification of

particulate wettability, which is a key separation feature. Through the observations of changes in surface

charge and wetting behavior in the presence of surfactants, a feasibility of liquid–liquid particle separation

(LLPS) is evaluated. The performance of LLPS with model particle mixtures shows the potential of selective

separation with recovery of NiO in the organic phase, while the rest of the particles remain in the aqueous

phase. Perovskite LSM is not considered in this system because it shows a high possibility of being

recovered by magnetic separation. The proposed process can be further optimized by increasing the phase

separation stages, and further research is needed on the NiO phase, which showed exceptional behavior in

the presence of the surfactants.

Keywords: Fine particle separation; Solid oxide electrolyzer; Recycling; Particle surface modification.

1 Introduction

The utilization of hydrogen as an alternative energy source is
becoming increasingly crucial in order to facilitate the
transition from fossil-based to renewable sources and to
achieve carbon neutrality by 2050.1,2 Green hydrogen based
on electrolysis and renewable energy is the cleanest hydrogen
with no carbon emissions in the production processes, but
due to yet high prices it occupies a tiny percentage of the
overall global hydrogen market.3,4 Consequently, water
electrolysis technology is being developed and scaled up
globally.5

Four major types of water electrolyzers have been
developed including high temperature electrolyzers (HTELs)
and performance development studies have been carried

out for all four types.4–7 The other three types are polymer
electrolyte membrane electrolyzers (PEMs), anion exchange
membrane electrolyzers (AEMs), and alkaline water
electrolyzers (AWEs). In contrast to HTELs, the other three
electrolysis systems operate at low temperatures (below 200
°C). The aim of this study lies into investigating the
recycling aspect of HTELs, which are also commonly
referred to as solid oxide electrolysis cells (SOECs). The
operating temperature is between 800 °C and 1000 °C under
high-pressure conditions. High temperature increases the
efficiency of the cells up to 90% and in this respect, non-
noble catalysts based on critical raw materials like nickel
and rare earth elements (REEs) are required.8 However, the
degradation of the electrolyte is inevitable due to the
extreme conditions. Currently the reported lifetime of
HTELs is 20 000 h, which is shorter than those of other
electrolyzer types (PEM: 50 000 h, AEM: 30 000 h, AWE:
60 000).9–11 Since the lifetime of electrolyzers is limited,
studies on long-term operation, development of alternative
materials, and research in recycling have attracted attention.
An understanding of the structure and materials used in
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electrolyzers is crucial in order to develop efficient recycling
processes.

The electrolysis system commonly consists of repeating
units of stacks comprising membrane electrode assemblies
(MEAs) and separating plates like end plates, cell frames, and
interconnects. Mainly, HTEL MEAs (i.e. cells) are structured
with the solid electrolyte layer, the hydrogen electrode (fuel
side), the oxygen electrode (air side), and the barrier layer
(see Fig. 1). The most typical oxygen-ion conducting
electrolyte material is yttrium stabilized zirconia (YSZ, 3 to
8% (n/n) of Y2O3 doped on ZrO2) for high temperature
operating conditions (over 700 °C).8,12 Other materials under
consideration for the intermediate temperature range are
scandium stabilized zirconia (ScSZ), ceria-based materials or
lanthanum containing materials. The catalysts used for the
oxygen evolution reaction (OER) are perovskite type materials
such as lanthanum strontium manganite (LSM) and
lanthanum strontium cobalt ferrite (LSCF).13 As an interlayer,
gadolinium-doped ceria (GDC) is applied to prevent the
interaction between the electrolytes and air-electrode
materials. The nickel-based cermet is used on the fuel-side
electrode for the hydrogen evolution reaction (HER).14,15

However, alternative materials are currently being
investigated due to the depletion of active materials such as
nickel after long-term operation.16

Intending to scale up the hydrogen electrolyzer capacity,
recycling strategies are becoming increasingly important as
the amount of (critical) materials needed for the system
increases. A study by Férriz et al. classified the common
materials used in the electrolyzers by cost value, criticality,
and environmental hazardousness and emphasized on the
importance of recycling strategies.17 The dominant materials
used in the MEAs such as nickel, rare earth elements (e.g. La,
Ce, Gd, and Y) or cobalt are on the list of critical raw
materials in the EU.18 A number of studies have highlighted
the lack of literature on the recycling of solid oxide cells
(SOCs) and have proposed potential recycling strategies based
on state-of-the-art materials. However, a significant
proportion of the reported methodologies are constrained to
hydrometallurgical treatments.19–21 Chemical processes are

typically considered to be responsible for recovery of critical
raw materials, still they consume high energy and discharge
more wastewater as well as waste gas compared to physical
recycling processes. Conversely, mechanical process
approaches offer the advantages of low energy consumption
and environmentally friendly short recovery routes. Many
studies have presented a probability of mechanical processes
for the recovery of valuable components from spent LIBs and
fine fractions from the black mass.22,23 Consequently, an
investigation of the mechanical processes for recycling the
critical raw materials used in electrolyzer cells should be also
considered. In particular, ultra-fine particles (below 10 μm)
containing active materials are generated following the
previous separation processes such as de-coating,
disassembly, and milling processes, and also essential to be
recovered.24,25

Given the above, we investigate potential mechanical
separation processes, with a particular focus on wet chemical
methods for ultra-fine particles in HTELs. To develop
effective separation processes, physicochemical surface
properties of the pristine materials are characterized. Since
the materials have similar chemical and physical properties,
it is challenging to recover them selectively. Therefore, the
introduction of modifying reagents helps to enhance the
selective recovery of the targeted particles, with surfactants in
particular modifying the surface properties.26,27 The
molecular characteristics of surfactants such as alkyl chain
length, molecular size, and functional groups influence both
the reduction of interfacial tension and their adsorption
ability. Surfactants are divided into four categories by the
head groups: non-ionic, cationic, anionic and amphoteric.
Based on the particle surface charge, respective surfactants
adsorb on the surface through electrostatic interactions
resulting in a change of wettability. Therefore, a study on
surfactant-based methods provides a potential way for the
selective separation of HTEL particles. The surfactants
considered in this paper are sodium dodecyl sulfate (SDS)
and cetyltrimethylammonium bromide (CTAB). SDS is one of
the most extensively studied anionic surfactants and is used
in mineral processing to recover hydrophilic particles by
selectively adsorbing on the particulate surface.28,29 The
cationic surfactant, CTAB, is widely used and can
hydrophobize negatively charged particles and is also quite
active in the liquid–gas interface.30,31 The influence of the
two respective surfactants on the particle surface properties
and their wetting behaviour are studied. Here, a new method,
liquid–liquid particle phase transfer is introduced to
investigate the wettability of sub-micron particles as well as
to separate them. A conventional liquid–liquid extraction is
one of the well-known methods to separate target
compounds, which are usually liquids or dissolved
components, exploiting the difference in solubility of two
immiscible phases.32,33 In mineral processing, this method
has been developed further to recover ultrafine particles,
which are only inefficiently recovered by conventional
flotation.34 Parameters such as solution pH, the

Fig. 1 Cross sectional back scattered electron scanning electron
microscopy (BSE-SEM) images of the HTEL MEA. (a) Magnification of
400; (b) magnification of 4000. FE: fuel side electrode including its
substrate layer, AE1: solid electrolyte, AE2: barrier, AE3: air side
electrode.
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concentration of reagents, the interfacial tension of oil and
water, etc. play an important role.35–38 However, to the best of
our knowledge, this method has not been studied in the field
of recycling HTEL cells. In our previous work, selective
separation of ultrafine active materials was accomplished
with over 97% of recovery through surfactant based liquid–
liquid particle separation (LLPS) of ultrafine particles in PEM
water electrolyzer recycling.39 Ultimately, this method is
applied to separate the HTEL model particle mixture in this
study.

2 Results and discussion
2.1 Influence of surfactants

2.1.1 Interfacial tension. The surface tension of water is 72
mN m−1 due to the strong cohesion forces between water
molecules and that of cyclohexane is 25 mN m−1 at 20 °C.40,41

Upon addition of surfactants in the liquid–liquid system, the
polar ends of the surfactant are oriented to the polar phase
(water) and the alkyl chain to the non-polar phase
(cyclohexane) so that the presence of the surfactant reduces
the interfacial tension. Table 1 presents the interfacial
tensions between water and cyclohexane at different
concentrations of CTAB and SDS.

The interfacial tension between water and cyclohexane is
approximately 46.4 mN m−1, which is consistent with a
former study with 48.9 mN m−1.41 At higher concentrations
of CTAB this value decreases to 6.8 mN m−1. At
concentrations above 5 × 10−4 M, the cyclohexane droplets
could no longer remain adhered to the tip and directly
disappeared after expelling the drop, resulting in no possible
measurement. However, with the same concentrations of
SDS, the interfacial tension decreases much less. The critical
micelle concentration (CMC) of SDS is reported to be 8.0–8.2
mM, while that of CTAB is reported to be 0.9–1 mM.42 These
concentrations are above the considered concentrations in
this study. However, this emphasizes the strong presence of
surfactants in the liquid–liquid interface which may affect
the effective particle mitigation through the interface during
micro-particle separation.

2.1.2 Zeta potential in the presence of the surfactant. The
solid electrolyte materials are negatively charged at pH 10
with initial zeta potentials of −25 mV and −28 mV whereas
electrode materials show positive zeta potentials of +12 mV

and +30 mV, respectively (see Fig. 2). The surfactant
adsorption depends on the particle surface charge and the
functional chemical group of the surfactant. When the
amphiphiles are added to the suspension of oppositely
charged particles, the ionic terminal group is attracted to the
particle surface. Once the surfactant is fully adsorbed
forming a single layer on the particle surface, most likely in
the form of hemimicelles, the charge is compensated and an
isoelectric point is reached. With an excessive amount of
surfactant, hydrophobic interactions between the alkyl tail
part of the molecules contribute to the conversion of the
electric charge to the opposite due to bilayer formation.27

Consequently, identifying the concentration of the surfactant
that causes such an iso-electric point is vital to render the
particle surface hydrophobic.

An isoelectric point for YSZ is shown at a CTAB
concentration of 2 × 10−5 M, while it was at 5 × 10−5 M for
ZrO2. The obtained values are close to the result of the
calculation based on their specific surface area and head-
group area for each surfactant. (Table S1 in the ESI†). Further
increasing the concentration of surfactant causes the
adsorption of the surfactant bilayer and increases the
repulsive electrostatic force between the particles.

Concerning the electrode material, the surface charge of
LSM converted to negative in the presence of 2 × 10−3 M SDS.
The zeta potential of NiO exhibits a different behaviour, with
an initial decline observed until 1 × 10−4 M of SDS, followed
by an unexpected increase and even reversal to positive
values. We lack studies with respect to the surface charge of
NiO, particularly upon adsorption of surfactants. Indeed,
further adsorption of SDS in bilayer formation would result
in a more negative surface charge, so the positive zeta
potentials must somehow come about due to disassociation
of NiO and adsorption of ionic Ni2+ species. The
measurement is repeated several times and the behavior is
quite reproducible. Further investigation on this interesting
phenomenon is required, in addition to the identification of
other unexpected behaviour of NiO exhibited below.

Table 1 Interfacial tension between water and cyclohexane with
different concentrations of CTAB and SDS at room temperature, errors
account for the 95% confidence interval

Concentration
(M)

Interfacial tension (mN m−1)

CTAB SDS

0 46.4 ± 0.2
1 × 10−6 29.9 ± 0.3 45.1 ± 0.1
1 × 10−5 19.6 ± 0.1 42.2 ± 0.1
1 × 10−4 6.8 ± 0.0 34.8 ± 0.3
5 × 10−4 — 26.8 ± 0.1
1 × 10−3 — 23.5 ± 0.1

Fig. 2 Zeta potential of representative materials in the presence of
oppositely charged surfactants: SDS (for LSM and NiO) and CTAB (for
YSZ and ZrO2) at pH 10. The lines are guides for the eye and error bars
indicate 95% of confidence interval.
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2.1.3 Single droplet attachment. In Fig. 3, the changes of
particle surface wettability in the presence of corresponding
surfactants are shown with a box plot representation. The
amount of attached particles on the cyclohexane droplet
surface increased by adding the corresponding surfactant.
The droplet coverage angle of NiO is increased from 75° to
170° by adding the surfactant concentration where charge
compensation occurred, i.e. statistical monolayer coverage.
Without surfactant, only a few particles of YSZ and ZrO2 are
attached to the cyclohexane droplet surface with a slight
coverage angle of 32° and 64°, respectively. After conditioning
with CTAB, more particles are attached on the cyclohexane
surface, showing the coverage angle of 100° for both types of
materials.

Unlike other particles, the coverage angle of LSM could
not be quantified. After mixing the suspension, the particles
attached to the end of the steel capillary most likely due to
magnetic interactions. The morphology of the attached
particle assembly appears like aligning with a magnetic field.
Following the addition of the corresponding surfactant,
observations of hydrophobized particle behavior are detected
but quantification remains impossible. It is however quite
remarkable to showcase the competing magnetic and
hydrophobic interactions in this case. Fundamentally, the
presence of sufficient manganese lattice ions may result in
magnetic properties by double exchange mechanisms.43 The
magnetic properties of LSM (La1−xSrxMnO3, with x as a
doping level) are influenced strongly by the x value and the
material used in this study has an x-value of 0.2, which was

confirmed as a superparamagnetic material with S-shaped
magnetic hysteresis loops in a study by Turky et al.44,45

Accordingly, the liquid–liquid separation model particle
mixture may exclude LSM, depending on the degree of the
impact of the surfactant on LSM hydrophobicity. As
previously outlined by Boelens et al., high-gradient magnetic
separation may be employed to facilitate the separation of
LSM from particle mixtures.46

2.1.4 Liquid–liquid particle separation (LLPS) – single
system. The investigation of single particle behaviour in LLPS
allows the surfactant adsorption on the particle surface to be
identified, as well as the possibility of a selective separation
process. To ascertain the selective adsorption of target
surfactants on the particle, demonstrations for both types of
surfactants are compared. The electrostatic repulsive force
between similarly charged particles and the surfactant is
expected to prevent adsorption, thereby serving as a reference
to highlight the selective adsorption behavior.47

Fig. 4 depicts the recovered amount (in % (w/w)) of the
particles in the aqueous phase, which represents the degree
of hydrophilic behavior. Since all pristine particle fractions
have a strong affinity for water (by means of contact angles),
large amounts of particles are expected to be recovered in the
aqueous phase. Theoretically, solid electrolyte materials
should be hydrophobized by electrostatic attractive force only
with CTAB whereas the anionic surfactant SDS adsorbs
exclusively on the electrode functional particles at pH 10.

However, NiO demonstrated an unexpected transfer
behaviour, whereby even in the absence of a surfactant, 85%

Fig. 3 Images of particles attached on the cyclohexane droplet at pH 10. (a) Box plot of the measured coverage angle. Black boxes present
inherent attachment of the particles on the cyclohexane droplet. Red boxes indicate the degree of the coverage angle in the presence of the
respective surfactant; (b) first images show the reference result of each particle wettability (without surfactant) and second images represent the
change of wetting behavior of the particles after adding the surfactant at the concentration where charge compensation occurred, i.e. statistically
monolayer coverage is achieved.
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(w/w) of the particles are recovered in the organic phase,
rather than in the aqueous phase. When individual
surfactants are added to the particle suspension, no clear
tendency is demonstrated for the effect of the target
surfactant on the particle surface. Presuming that the particle
surface is hydrophobic, hydrophobic interactions are
recognized as a driving force for the surfactant adsorption.48

The tails of the SDS will be adsorbed on the surface and the
heads will be directed to the outer layer. If it is assumed that
this effect would result in more particles recovered in the
aqueous phase, the same result would be expected when
CTAB is added. However, CTAB does not show to affect the
wettability of the particles, which could be due to repulsion
of the positively charged CTAB from the NiO surface avoiding
such hydrophobic adsorption. So while it is recognized that
there is electrostatic adsorption between NiO and the
surfactants, it is difficult to define the exact mechanism.

Partial transfer occurs in the presence of target
surfactant SDS in the LSM suspension. At the highest
concentration (0.01 M), nearly 50% of the particles are
transferred to cyclohexane. Nevertheless, the addition of the
surfactant above the CMC provokes the formation of stable
emulsions and suppresses the effective separation
processes. The unexpected transfer of LSM to the organic
phase at a low CTAB concentration of 1 × 10−4 M, as
opposed to the expected repulsion between similarly
charged systems, will require further investigation. At
higher CTAB concentrations, LSM sustained its rather
hydrophilic nature as expected.

In the alkaline solution, approximately 95% of the solid
electrolyte particles are recovered in the aqueous phase. The
addition of the cationic surfactant results in an increase in

the number of transferred particles to the organic phase.
With increasing surfactant concentration in the YSZ
suspension, the surfactant changes the wetting properties
and enables up to 97% of particles to be recovered with the
cyclohexane phase. In the case of ZrO2, 2 × 10−5 M of CTAB
contributes to 70% transfer. When a higher amount of CTAB
is added, the surfactant bilayer is formed so that more
particles are recovered in the aqueous phase again. Surface
modification by the addition of the anionic surfactant is
insignificant for both ZrO2 and YSZ, as they remain highly
affine to the aqueous phase.

2.2 Separation processes

2.2.1 Investigation of NiO wetting behavior. As previously
described in the context of single particle LLPS, the transfer
of NiO fractions to the organic phase at pH 10 in the absence
of surfactants was observed to be greater than 80%, despite
the low water contact angle of 32° (cf. Table 2). Common
metal oxides including NiO are hydrophilic in nature due to
many polar sites on their surfaces.49 A possible hypothesis of
its high affinity with organic solvent is that the outer layer of
nickel particles becomes hydroxylated when they are
immersed in water at high pH. OH-groups terminate their
surface and evolve to Ni(OH)2 under alkaline conditions and
this is confirmed by a few studies.50–52 A study by Micale
et al. explained that the polar site concentration of particle
surfaces is related to the crystallographic characteristics,
particularly a ratio of the edge area to basal area of the
particle. According to their study, the surface of Ni(OH)2
became partially hydrophobic with a higher ratio of the basal
face plane to crystal edge, which was consistent with a study

Fig. 4 Phase separation of the single particle system: (a) NiO; (b) LSM; (c) YSZ; (d) ZrO2. The recovered particles in the aqueous phase (AP)
subsequent to the surfactant concentration at pH 10 in % (w/w), error bars indicate 95% of confidence interval.

Table 2 Physical properties of the representative materials used in HTELs, errors account for the 95% confidence interval

Applications

NiO LSM ZrO2 YSZ

Air side electrode Fuel side electrode Electrolyte Electrolyte

d50.3 (μm) 1.1 ± 0.1 1.0 ±0.1 2.2 ± 0.2 0.9 ± 0.1
Water contact angle (degree) 32 ± 2 36 ± 4 32 ± 1 34 ± 3
Iso-electric point, IEP N/A N/A pH 8.2 pH 8
BET surface area (m2 g−1) 80.3 ± 1.8 5.3 ± 0.1 23.5 ± 0.2 7.9 ± 0.1

Industrial Chemistry & Materials Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
Ju

ly
 2

02
4.

 D
ow

nl
oa

de
d 

on
 7

/1
5/

20
25

 5
:3

5:
18

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4im00044g


474 | Ind. Chem. Mater., 2024, 2, 469–480 © 2024 The Author(s). Co‐published by the Institute of Process Engineering,
Chinese Academy of Sciences and the Royal Society of Chemistry

from Chang et al., which also revealed that the
hydrophobicity changes depending on the degree of
disorder.53,54 In addition, Azimi et al. found that metals and
ceramics can also have hydrophobic surfaces, as their
electronic structure may hinder hydrogen bonding with
water.55 A paper from Eslamibidgoli et al. supports the
argument that water adsorption is related to the electronic
structure and addresses that Ni(OH)2 is naturally
hydrophobic.56

To confirm its wetting behavior, particles were dispersed
in two immiscible component systems at different pH values.
As seen in Fig. 5, NiO particles partially transferred to the
organic phase (top) even under acidic conditions due to the
change of the outer layer of particles, which supports the
previous studies. Unlike the well-known hypothesis that
metal oxides are hydrophilic, each particle transferred to the
organic phase like hydrophobic particles and forms a stable
emulsion layer at pH 9 and 11 even without any addition of
surfactant. According to the pH of the dispersion through
this preliminary test, different particle wetting behaviors have
been confirmed. Consequently, the design of the separation
process needs to be changed considering the special behavior
of NiO in the alkaline solution.

2.2.2 Model mixture with different types of surfactants
and dispersants. Due to the hydrophobic behavior of the Ni
phase in alkaline solutions, further considerations have been
taken into account, as the application of reagent mixtures
allows a combination of desired properties.57 The aim of this
test was to observe which cases the particles could be
separated most effectively, and therefore the results are only
visually observed and not quantified. The considered
parameters are: dispersant, surfactant, and pH. Three types
of dispersants, sodium oleate (NaOL, C18H33O2Na), citric acid
(C6H8O7) and sodium hexametaphosphate (SHMP, (NaPO3)6)
have been tested to stabilize particles expected to be
found in the aqueous phase. The effectiveness of CTAB,
SDS and polyethylene glycol (PEG) as a surfactant has
been investigated. In Fig. 6, five examples of the
combination are shown and further images can be found
in the ESI† (Fig. S4 to S6). The pH of the suspension is
either 8 or 11. At pH 8, hetero-coagulation of the
oppositely charged particles is prevented, however at pH
11 the hydrophobic behaviour of NiO is prominently

observed. Additionally, the influence on the order of
adding reagents is considered for efficient separation.58

But no significant differences have been found in the
separation method between adding the surfactant first and
dispersant later and vice versa.

The glass bottle on the left end in Fig. 6, S1 represents a
reference, which contains the particle mixture without any
types of reagents at pH 8. As expected, particles of NiO are
partially transferred to the organic phase. The S2 is prepared
with the following steps: the pH is adjusted to 4 to avoid
hetero-coagulation between solid electrolyte particles and
NiO, and CTAB is added later. By adjusting the pH to 11,
CTAB is adsorbed on the negatively charged solid electrolyte
particles. Citric acid is added to make a stable dispersion of
the NiO particle in the aqueous phase. This is because in a
single-particle system, CTAB has been shown to not change
the hydrophobicity of the Ni phase in the alkaline solution
(Fig. 4), while citric acid stabilizes them in the aqueous
solutions (Fig. S4†). Interestingly, most of the particles are
transferred to the organic phase despite considering the
aforementioned parameters, and after the ultrasonic
treatment, entrapped NiO particles moved to the aqueous
phase. The pH set up for S3 is 8, aiming to recover NiO
particles in water and solid electrolyte particles in
cyclohexane by adding citric acid first, and then the
surfactant (PEG). The second S3 bottle is prepared with the
identical procedure but the surfactant (CTAB) is added after
adjusting the pH to 11. However, most of the particles rather
stabilized in water despite being in the presence of the
surfactant. The most effective configuration is the addition of
SDS at pH 8, which shows the closest in color to white in the
aqueous phase representing YSZ and ZrO2, and gray NiO
particles in the organic phase. This method is chosen for the
separation process studied further.

In addition, considerable amounts of particles are
influenced by sonication treatment. For instance, the
particles in the organic phase moves to the aqueous phase.
In sonication, most importantly cavitation effects show great
potential to stabilize particle dispersion by breaking down
the clusters of particles.59 The ultrasonic bath is used in this
study because ultrasonic probes provide a stronger power,

Fig. 6 Five different combinations of surfactants and dispersants in
two immiscible liquid systems (top: cyclohexane, bottom: DI water,
from left to right: S1–S4) S1: reference mixture at pH 8, S2: CTAB +
citric acid and ultrasonic treatment included in the process, S3: PEG
and CTAB as a surfactant, S4: SDS as a surfactant.

Fig. 5 NiO particle suspensions in two immiscible liquid systems (top:
cyclohexane, bottom: DI water at different pH values). From left to
right, pH 3, 5, 7, 9, and 11.
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which likely causes the formation of macro-emulsions, and it
is not desirable for effective separation. Including an
ultrasonic treatment for 10 min (Bandelin, RK 103H,
Germany, ultrasonic peak power 560 W, nominal ultrasonic
power 140 W, ultrasound frequency 35 kHz) during the
process may lead to the phase transfer of the particles.

2.2.3 Liquid–liquid particle separation – mixture system.
As aforementioned, LSM has the potential to be recovered by
magnetic separation rather than by the application of
surfactants in LLPS stemming from only partial recovery
despite the use of a high concentration of surfactant. Hence,
particle mixtures for the liquid–liquid mixed microparticle
selective separation contain only NiO, YSZ and ZrO2 in this
study. Since the preference of pristine NiO particles is in the
organic phase and not the aqueous phase under alkaline pH
conditions, the experiment is designed to recover electrode
materials in the organic phase and solid electrolyte materials
in the aqueous phase. The particulate dispersion is prepared
with DI water at pH 8 to avoid hetero-coagulation due to
attractive double layer interactions and the corresponding
concentration of SDS is added. An ultrasound bath
sonication step is included after the agitation of the two-
liquid dispersion.

Although the pH is adjusted to avoid hetero-coagulation
between different particles, over 95% of the particles attract
each other and are transferred to the organic phase. (Fig. 7)
The stability of these heteroaggregates depends on the
relative particle sizes. For instance, irregular unstable clusters
are formed between similar sized particles but when the
smaller particles (i.e. NiO) fully cover the surface of the larger
ones (i.e. ZrO2) the surface properties of the entire stable
cluster is defined by the smaller particles.60 Another
hypothesis is the reduction of the electrostatic repulsion on
hydrophobic surfaces causing an attractive interaction
between the particles.61 The degree of hetero-coagulation is

attributed to the hydrophobicity of the particles and is higher
with increasing hydrophobicity.62 Hence, even for solid
electrolyte particles which are hydrophilic, most of them
form emulsions and are entrapped between cyclohexane
droplets.

By increasing the surfactant concentration, de-
agglomeration of the particles takes place by selective
adsorption of SDS on NiO particle surfaces. The recovery of
electrolyte particles thus increases to 60% with 2 × 10−3 M of
SDS. Simultaneously, the transfer of NiO particles to the
aqueous phase occurs and this can be explained by the
direction of the surfactant heading outwards when the alkyl
tails hydrophobically interact with the NiO surface. However,
it is not clear how the surfactant and NiO physicochemically
interact, and further investigation is needed.

When sonication is included as part of the experiment in
the mixing step, the large clusters in the suspensions break
down into smaller agglomerates or even primary particles,
and they cause better stabilization of hydrophilic particles in
the AP. Common ultrasonic processes have been utilized for
effective stabilization of nanoparticles.59 The first hypothesis
for this behavior is that ultrasonic treatment is well known to
reduce the hydrophobicity of a solid surface, not only protein
but also alumina.63,64 To determine whether ultrasound
affects the hydrophobicity of NiO, the samples were
sonicated in an ultrasonic bath, when the wettability of
individual NiO phases as a function of pH was tested (cf.
Fig. 5). However, there was no observed particle transfer. This
implies that the effect of ultrasound on the particle surface is
negligible in this setup which also supports the idea that the
effect of sonication on the suspension is a physical change
and not a result of sonochemical reactions. The physical
effects of ultrasound are typically most robust near system
boundaries and interfaces.65 The lower frequencies of
ultrasound responsible for cavitation might cause entrapped

Fig. 7 Mass percentage of the recovered particles in the target phases (NiO in the organic phase (OP) and YSZ and ZrO2 in the aqueous phase
(AP)) by means of LLPS. (a) Without sonication treatment; (b) including a sonication process during experiments. The lines are guides for the eye
and the error bars indicate 95% of confidence interval.
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electrolyte particles to be released, hence higher AP
recoveries as seen in Fig. 7. A combination of surfactants and
ultrasonic treatment increases the recovery rate to 80–90% of
solid electrolyte particles in the target AP. As stated before,
the surfactants decrease the interfacial tension between oil
and water. Thus, the transfer of large amounts of particles is
possible. However, the high concentration of SDS results in
the transfer of more NiO particles to the undesired aqueous
phase. Many studies have already demonstrated that
sonication and surfactants influence the physicochemical
properties of particles but most of these studies aim to
improve the dispersion.31,64

According to a study from de Aguiar et al., hydrophobic
chains of the surfactant were not oriented to the oil phase in
parallel but along the interface surface, which is different
from the alignment at the water–vapor interface.66,67 They
have found the gauche defects of the SDS alkyl chain while
the surfactant comes into contact with the oil phase by
analyzing the molecular structures of SDS and the oil phases.
These defects cause the conformational disorder of the tail
chain and the larger surfactant surface area (i.e. hundreds of
squared angstroms while the head-group area per SDS is 60
Å2).68 A size reduction of oil droplets by acoustic cavitation
leads to an increase in the contact area between SDS and
cyclohexane.69 The results of their studies indicate that
micro-droplets may contribute to an increase in the number
of defects in SDS chains. This could potentially explain the
observed increase in particles transferring to the AP
compared to previous experiments. The defect of the SDS
chain observed in their study, however, occurred at the
interface between water and oil, suggesting that further
research is necessary to gain a deeper understanding of the
molecular structure of surfactants at the interface between
particles, oil, and water.

3 Conclusions and outlook

The functional layer of HTELs relies on the use of critical raw
materials with analogous physical surface properties, which
are defined by their wettability. This presents a challenge for
the development of a mechanical separation process for
recycling. Pivoting on the particle surface charge, different
types of surfactants are studied: cationic CTAB for negatively
charged solid electrolyte particles and anionic SDS for
positively charged electrode particles. This study investigates
the influence of surfactants on particle–liquid interfacial
behaviour for ultrafine particle selective separation. This
method has demonstrated significant potential in the context
of recycling HTEL cells. The presence of surfactants decreases
the interfacial tension between two immiscible liquids and
changes the wettability of the particulates from hydrophilic
to hydrophobic. Meanwhile, the air side active material (i.e.
LSM) exhibited magnetic characteristics, suggesting that high
gradient magnetic separation could be a potential future
separation process for this fraction. In individual LLPS
investigations the surfactant-based separation potential was

demonstrated, and a particle mixture separation procedure
was concluded.

In consideration of both the distinct NiO behavior with
hydrophobic pH-dependent surface properties and the
physical effects of sonication, particle mixtures (NiO, YSZ
and ZrO2) have been separated by LLPS. We investigated the
impact of pH, with focus on the surfactant concentration as a
primary influencing parameter of surfactant adsorption.
Temperature is not considered a significant influencing
parameter. The surfactant and ultrasonic treatment facilitate
the breakdown of hetero-coagulated particles and direct them
towards the desired phases. Remarkably, the recovery of
hydrophilic particles increases to over 80% in the target
phase. However, the simultaneous application of these two
parameters has an unfavourable impact on the recovery of
NiO within the organic phase. Consequently, a more detailed
examination of the adsorption process of the Ni phase with
surfactants is required, in addition to fundamental studies
on the natural hydrophobicity of NiO. Furthermore, the
specific mechanism underlying hetero-coagulation in a range
of particle dispersions is required to be identified.
Conducting LLPS with only two types of particles could
provide better understanding of the particle interactions and
their stability. The further consideration of adding different
types of salts has the potential to enhance the effectiveness
of particle separation processes by the interactions between
surfactants and ions.70 In addition, future studies should
investigate the potential benefits of applying ultrasonic
treatment prior to the addition of organic solvents or by
increasing the number of separation stages with appropriate
surfactant washing (multi-stage liquid–liquid separation) in
order to enhance the efficiency of the separation process and
facilitate process scale-up.36 Our method can be scaled up for
industrial applications, providing a feasible solution for
large-scale recycling operations. The process may also lead to
a potential reduction in the overall cost of the water
electrolysis system. This could make the technology more
economically viable and competitive in the energy market.
The removal or degradation of the remaining surfactant must
be taken into account for industrial applications in order to
minimize the environmental impact of contamination and
for considerations of water recirculation.71

4 Experimental section
4.1 Materials

Pristine single particle fractions used to make HTEL
membranes are used in this study. As electrode materials,
nickel oxide (Ni(II)O, Product No. GF63811795) and
lanthanum strontium manganite (LSM, La0.8Sr0.2MnO3,
Product No. 704296) are selected and for the solid electrolyte
powder, zirconium(IV) oxide (ZrO2, Product No. 544760) and
yttrium-stabilized zirconia (YSZ, Product No. 464228) are
chosen. All the fine particles are purchased from Sigma
Aldrich, Germany, and used as received. In addition, two
types of surfactants are considered for further investigations.
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A cationic surfactant, cetrimonium bromide (CTAB, [(C16H33)
N(CH3)3]Br, Product No. 9161) and an anionic surfactant,
sodium dodecyl sulfate (SDS, CH3(CH2)11OSO3Na, Product
No. 0183) are purchased from Carl Roth GmbH, Germany.
Cyclohexane (C6H12, 99.5%, Product No. 6570) from Carl
Roth is used as an organic liquid for the particle separation
experiments. All materials were used as received.

4.2 Characterization of particle physical properties

Understanding the surface properties of ultrafine particulates
in HTELs plays an essential role in developing mechanical
separation processes, therefore physical properties such as
the particle size distribution, static water contact angle,
particle charge, and specific surface area are determined. All
measurements are repeated at least three times.

Particle size distributions are determined by using a
HELOS laser diffractometer from Sympatec, Germany, with a
RODOS dry dispersing unit at 3 bar. The estimated average
particle sizes (d50.3) are approximately 1 μm for NiO, LSM
and YSZ, while that of ZrO2 is 2.2 μm. Additionally, 90% of
all types of particles have a size smaller than 10 μm
confirming that all fractions are ultrafine (cf. Fig. S1 in the
ESI†). More detailed information can be found in Table 2.

For determining the wettability of the particles, a water
contact angle is measured by means of a static sessile drop
on a particle bed adhered to adhesive carbon patches. After
the attachment of dry powders on the surface of the patches,
a water droplet is gently placed on three different positions
of the substrate and the contact angles are measured using
an optical contour analysis device (OCA 50 Pro) from
Dataphysics, Germany. All model particles used in this study
are known to be intrinsically hydrophilic, attributed to the
presence of superficial oxygen layers and metal cations on
the surface resulting in a relatively high surface energy. The
average values of the water contact angles are summarized
below. As expected, the measured apparent contact angle of
all particles is below 40°s, as shown in Table 2 and the
images of a captive bubble can be found in Fig. S2 in the
ESI.†

The specific surface area of each particle fraction is
determined by the Brunauer–Emmett–Teller (BET) method
using a Gemini VII from Micromeritics Instrument Corp.
Prior to measurements, all samples were degassed at 200 °C
for 4 hours and the analysis was carried out with N2 gas. As
shown in the table, the surface areas are in order from largest
to smallest: NiO, ZrO2, YSZ and LSM.

In order to characterize the particle surface charge, the
double layer potential at a shear plane through
electrokinetic phenomena, i.e. the zeta potential, is
determined by measuring the electroacoustic response and
by ultrasonic attenuation measurements with an
AcoustoSizer II from Colloidal Dynamics, USA. 10 mM KCl
is used as an indifferent electrolyte in all experiments. The
range of pH values is between 4 and 11 and adjusted with 1
M hydrochloric acid and 1 M sodium hydroxide. The solid

electrolyte materials, YSZ and ZrO2 show an iso-electric
point (IEP) at around pH 8, which is consistent with a
previous study on zirconia powders.72 The electrode
materials, NiO and LSM have positively charged surfaces
throughout the observed pH range not resulting in an IEP.
The effect of pH on zeta potentials of the used materials
can be found in Fig. S3 in the ESI.† By comparing the IEP
of electrode particles with other studies, the value is
different from each other, and it is derived from the sample
preparation processes.72

On account of the similar physical properties of the used
materials, surface charge plays an important role in the
separation processes. The four materials can be categorized
into two groups with regard to the surface charge between
pH 9 and pH 11. In this range, cationic surfactants may be
attached to the negatively charged particle surface and render
it hydrophobic, while positively charged particles may be
altered in their wettability by adding anionic surfactants.

4.3 Methods determining separability

Prior to designing a mechanical separation process, the
investigation of surfactant characteristics is carried out. The
influence of surfactants on the interface between two
immiscible liquids is identified by measuring the interfacial
tension. Surface property changes of the respective particles
in accordance with different surfactants are evaluated by
assessing the zeta potential changes upon adsorption, by
measuring the attachment of the particles to a single droplet
as a method to quantify their hydrophobicity, and by the
LLPS method.

The inverted pendant drop method is used with the OCA
50 Pro system to determine the interfacial tension between
cyclohexane and water. The aqueous phase is filled in a
cuvette, and the inverted tip is immersed in the solution. A
constant volume of a cyclohexane droplet (30 μl) is generated
at the end of the needle and its shape is optically analyzed
with the Young–Laplace-equation. Interfacial tensions with
recorded droplet profiles are measured continuously for 20
min at 20 °C. The measurements are conducted in triplicates
after they reach equilibrium and are averaged.

To indirectly assess the adsorption of surfactants on the
particle surface, zeta potentials of the particle are determined
in the presence of the corresponding surfactant at pH 10. For
the positively charged electrode materials, NiO and LSM, the
adsorption of the anionic surfactant is anticipated. In
contrast, catalyst materials, YSZ and ZrO2 are negatively
charged so that the cationic surfactant, CTAB, may interact
and be adsorbed on the particle surface. The measurement
procedure is equivalent to the method described in the
characterization section. When on average the particle
surface is fully covered by the surfactant, an iso-electric point
is observed due to the charge compensation. By adding an
excess amount of surfactant, a bilayer or so called admicelle
may be formed, and the zeta potential will change depending
on the charged head group.
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Particle attachment to a single droplet is observed with
the OCA 50 Pro and after a given time of collision the surface
coverage of the droplet with particles is determined as
described by Yang et al.73 Based on this method, change in
wettability of the particle surface after the conditioning can
be evaluated visually as well as quantitatively. A single
cyclohexane droplet is generated at the end of a silanized
syringe. The images of droplets are taken with a high
resolution camera (OCA 50, Dataphysics Instruments) after
the mixing step for collision and attachment is stopped and
the particles are allowed to settle.

Within two immiscible liquids (water and an insoluble
organic solvent) it is possible to separate particles by means
of phase transfer, which is dependent on their surface
properties. Upon adsorption of surfactant molecules on the
particle surface, they may transfer to the organic phase. For
the experiment, individual particle fractions are prepared at
pH 10 in DI water and conditioned in the presence of each
type of surfactant. After conditioning, an equivalent amount
of cyclohexane is added and the suspension is manually
agitated. The surfactant adsorbed particles can penetrate the
interface and be transferred to the organic phase.

In compliance with the results of investigations as
mentioned earlier, selective separation of a model particle
mixture is carried out with LLPS. The principle of the method
is the same as phase separation. After the preliminary tests
with various reagents under different pH conditions, the
most reasonable combination is determined (cf. Fig. 6). The
quantification of the recovered particle mixture from each
liquid phase is analyzed by X-ray fluorescence (XRF). The
data from XRF are validated with standard samples before
the experiments, showing a good linear correlation between
the known value and the measured value. (R2 (Ni) = 0.98 and
R2 (Y) = 0.97, R2 (Zr) = 0.95). Elemental analysis in mass
fraction of the recovered particles in each phase is obtained
by XRF. These values are converted using the determined
calibration curves. The weight percentage of each material is
calculated based on their stoichiometry and converted to the
normalized value. The recovery rate is calculated based on
the ratio of the final concentration and the initial
concentration of each element.
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