Siileyman Demirel Universitesi Fen Edebiyat Fakiiltesi Fen Dergisi https://dergipark.org.tr/sdufeffd

Stileyman Demirel University Faculty of Arts and Sciences Journal of Science e-ISSN: 1306-7575
Research Article, 2024, 19(1): 127-143, DOI: 10.29233/sdufeffd.1451712

Electric Field Responsive Smart Fluids from Olive Pulp Powder
Ozlem Erol”

Chemistry Department, Science Faculty, Gazi University, 06560, Ankara, TURKIYE
https://orcid.org/0000-0003-2156-537X
*corresponding author: oerol@gazi.edu.tr

(Received: 12.03.2024, Accepted: 12.08.2024, Published: 25.11.2024)

Abstract: This study aims to evaluate one of the wastes of the olive oil industry, olive pulp
powder (OP), due to its consisting of mainly polarizable lignocellulosic biomass, as a dispersed
phase in electric field-responsive (ER) fluid whose rheological properties can be tuned by an
externally applied electric field (E). The supplied OP was extracted with n-hexane, and
structural and thermal analysis revealed the removal of residual oil and soluble small
molecules. The OP and n-hexane treated-OP (h-OP) were dispersed in silicon oil (SO), and
their rheological and dielectric properties, and dispersion stabilities were investigated.
According to the flow test results, the yield stresses (t,) of both dispersions increased with
increasing concentration and the E. The ty of the OP/SO and h-OP/SO dispersions (25 wt%)
under E=3.5 kV/mm increased 29 and 130 times greater than their 1, values under no E,
respectively. The dielectric spectrum analysis showed that enhanced interfacial polarization
and decreased nonpolarized forces after the n-hexane extraction improved the ER response of
the h-OP/SQO dispersion. The enhanced dispersion stability (90%) was determined for h-OP/SO
dispersion at 25 wt%. As a result, the h-OP could be a sustainable candidate for evaluation as
a dispersing phase of ER fluids for vibration-damping systems.

Key words: Sustainability, Agricultural industry waste, Olive pulp powder, Electric field
responsive fluids, Upcycling

1. Introduction

With the advancement of technology, the rise in productivity of agricultural products
leads to significant increases in waste production. Due to the high amount of waste
generated in the agricultural industry, its high cost and environmental effects lead to a
substantial problem. Both academic and industrial studies on transforming bio-based
products obtained from raw biomass and renewable agricultural resources into eco-
friendly products capable of rivaling petroleum-based alternatives in the market have
recently attracted attention [1]. The significant rise in the world population leads to a rapid
increase in food consumption and, therefore, to a rise in agricultural industry-related
wastes released. For this reason, it is essential to encourage producers and consumers to
reduce solid waste production by recycling, reusing, and upcycling. Recently, increasing
awareness of environmentally friendly products and choosing biodegradable materials
have come to the fore to overcome and reduce environmental problems.

Smart materials with rheological characteristics that can be manipulated using an external
electric field (E) are promising for applications such as hydraulic control systems, robotic
systems, the automotive industry, microfluidics, and drug release [2] and one of them is
called electric-field responsive or electrorheological (ER) fluids. The suitable particles
that can be polarized by the E effect are dispersed in an insulating carrier fluid like silicone
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oil (SO) to obtain an ER fluid. In the ER fluid, fibrillar or columnar-like structures
perpendicular to the electrodes are formed by aligning the dispersed particles in the
applied E direction. These reversibly formed structures allow the dispersion to transform
from a liquid-like state to a solid-like state. Many ER-active materials have been
developed and reported in the literature to date. The first studies were mostly on materials
such as silica, alumina, zeolite, cellulose, and starch, which derive their polarizability
from the water adsorbed into their structure. Subsequently, interest has turned to
intrinsically polarizable materials, such as various conductive polymers, carbon
nanotubes, graphene oxide, and poly(ionic) liquids, whose polarizability does not depend
on the water in their structure [3].

Considering sustainability and green chemistry principles, priority should be given to
studies on developing ecological products in ER fluids or using green strategies to prepare
ER active materials. In this respect, because of their biodegradability and natural
abundance, the use of biologically sourced materials such as cellulose [4], chitin, chitosan
[5, 6, 7], porous chitosan [7], starch [8, 9, 10], alginate [11], etc., and their modified forms
or composites have been reported as ER active materials. In addition to environmentally
friendly materials, there have been limited studies in the literature on using agricultural
wastes as ER active materials. In a study, the ER performance of microcrystalline
cellulose obtained from rice husk waste by applying alkaline, bleaching, and hydrolysis
processes were examined, and its electric field response was reported to be lower
compared to previously prepared microcrystalline cellulose using different sources but
exhibited viscoelastic properties with similar trends [12]. In another study,
microcrystalline cellulose obtained from rice husk waste was used to prepare
phosphatized microcrystalline cellulose via the esterification reaction of cellulose in the
presence of urea and phosphoric acid, and its dispersions in SO displayed a higher ER
response [13]. Also, waste rice husk was utilized to prepare nano-silica particles by
applying acid and heat treatments, and it was reported that its dispersion in SO responded
strongly to the E [14]. In another study, the dispersion of organic waste spent coffee
grounds obtained after extracting coffee from roasting coffee grounds (containing trace
metals and hemicellulose, cellulose, lignin, and some residual acids released during
roasting of coffee) in SO was reported to show higher ER activity at a particular threshold
concentration value (40% by volume) than pre-waste state ground coffee dispersion in
SO [15]. It was suggested that the ER activity of spent coffee grounds was due to some
functional groups remaining on the grain surfaces after the extraction process.

In the olive oil production process, olive pulp (OP) is obtained by processing the residual
solid waste, mostly consisting of seeds, shell, and pulp, remaining after the extraction of
crude olive oil [16]. High amounts of organic matter, fat, carbohydrates, proteins, and
water-soluble phenolic species remained in the OP, and its composition mainly consists
of lignocellulosic biomass (30-41.6% lignin, 35.3-49.0% cellulose, pectic polymers,
hemicelluloses, oils, and minerals) [16]. The utilization of agro-industrial residue, OP, is
increasingly gaining attention and becoming more commonplace as a fuel, an additive in
animal feed, and a filler in polymer composites [17]. Since this agricultural industry waste
comprises polarizable structures such as cellulose, hemicellulose, and lignin, OP can be
evaluated as a dispersed phase in electric field-responsive smart fluids.

This study aimed to evaluate one of the agro-industrial wastes, the OP, as an electric field-
responsive material. The supplied OP particles were washed with n-hexane using a
Soxhlet apparatus to remove residual oil and soluble small fatty acid molecules. After
ball-milling, OP and n-hexane treated OP (h-OP) were used as the dispersed phase for
preparing ER fluid. OP and h-OP dispersions were prepared in SO. Their dielectric
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properties and dispersion stabilities were investigated, and their rheological properties
under E were explored via steady shear, oscillatory shear, and creep-recovery tests.

2. Materials and Methods
2.1. Materials

Olive pulp (OP) particles, approximately 150 pum size were kindly supplied under the
brand name MOROVA by the Senol Food Industry Incorporated Company (Aydin,
Tiirkiye). The supplied OP particles comprised the pulp-rich part obtained by processing
the solid waste pulp remaining after the oil was taken from the olive fruit after drying and
granulating. The extraction solvent, n-hexane, was purchased from Merck and used as
received. Silicone oil (SO, polydimethylsiloxane with viscosity of 1.0 Pa s and density
of 0.967 g/mL) was provided from Sigma Aldrich and vacuum dried before preparing ER
fluids as a dispersing medium.

2.2. Preparation of ER fluids

Before using the OP particles for the preparation of ER fluids as a dispersing phase and
for further characterization studies, the residual oil, soluble small molecules, and fatty
acids were extracted via the Soxhlet extraction at 100°C using n-hexane for 24 h. After
vacuum drying at 60°C for 24 h, to obtain fine-grade powder form for further uses, the
OP particles and n-hexane extracted OP particles (h-OP) were grounded using a ball-
miller at 20 Hz for 20 min (Retsch, MM400, Germany). The ER dispersions were
prepared by dispersing OP and h-OP at mass percent concentration series of 5-25 wt% in
SO with 5% increments. The dispersions were mixed mechanically and then thoroughly
using a probe sonicator (Sonics, Vibracell, USA) to make uniform dispersion, and utilized
for the rheological, dielectric, and dispersion stability measurements.

2.3. Characterization methods

The primary functional groups present in OP and h-OP were determined via attenuated
total reflectance Fourier transform infrared spectroscopy (ATR-FTIR, Thermo Scientific,
Nicolet 1S50, USA), operating with a resolution of 4 cm™ and conducting 64 scans.
Elemental analysis of the samples was conducted using Thermo Scientific Flash 2000
organic elemental analyzer (USA). The thermal analysis of the samples was conducted
using a Hitachi STA 7300 (Japan) thermogravimetric analyzer device in the range of an
ambient temperature to 800°C under an inert Ar atmosphere, and the heating rate was
adjusted to 10°C/min. The degradation temperature at which the most significant mass
loss occurred (Tmax) was measured from the maximum value of the mass loss derivative.
After coating with a thin layer of gold using a sputter coater (Leica EM ACEZ200,
Germany), the morphologies of the samples were investigated via scanning electron
microscopy (SEM) with an accelerating voltage of 5 kV (SEM, Hitachi SU5000, Japan).
The four-probe technique was employed to measure the electrical conductivities of the
OP and h-OP by using their compressed disc-shaped pellets with defined dimensions at
25°C (Entek Electronic, FPP 470-A, Tiirkiye), and the average electrical conductivity
values of the samples were derived by collecting measurements from at least five distinct
locations on the pellet. The apparent densities of OP and h-OP were determined using the
calculated volume and measured mass of the prepared pellets as mentioned earlier.

2.4. Dielectric measurements

An impedance analyzer (Agilent E4980A precision LCR meter, Japan) equipped with a
parallel plate capacitor for liquids (Agilent 16452A, Japan) was used to measure the
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dielectric characteristics of the OP and h-OP dispersions within the frequency range from
20 Hz to 1 MHz.

2.5. Dispersion stability measurements

The dispersion stabilities of the OP and h-OP dispersions were determined by taking the
percentage ratios of the height of the dispersion occupied by the particle-rich part to the
entire height of the dispersion.

2.6. The rheological measurements

The rheological measurements of all the OP and h-OP dispersions were conducted at
25°C using a torque rheometer (Thermo-Haake RS600, Germany) connected to the DC
electric field generator (HCL 14, FuG Electronik, Germany). During measurements, the
gap between the measuring geometries of 35.0 mm parallel plates was adjusted to 1.0
mm. After pre-shearing (60 s ) for 60 s, the dispersions were allowed to reach
equilibrium without shearing for 60 s under a particular E application before initiating
each measurement. The flow curves were generated by measuring shear stresses (1) and
viscosities (1) as a function of shear rates (y) under various E values. The elastic and loss
moduli were determined via dynamic oscillatory rheological measurements to display the
viscoelastic properties of the ER fluids. Firstly, elastic, and viscous modulus values of the
dispersions were measured as a function of shear stress at a constant frequency of 1 Hz
as a function of the E to determine the linear viscoelastic regions (LVER). The LVER
was determined by observing the limit of the plateau region of elastic modulus (G') versus
the stress curve after where the G' became stress-dependent. Secondly, the viscoelastic
moduli were measured over a 1-100 Hz frequency range at constant stress levels within
the predefined LVER at various E values. The creep-recovery tests were conducted
through measurement of the strain values over a specified period of 100 s during the
application of the applied stress (1 > 0) instantaneously and recovered strain values after
releasing the applied stress (t = 0) for another 100 s.

3. Results
3.1. Characterizations

The OP and h-OP samples displayed the specific FTIR spectrum of a lignocellulosic
compound dominantly (Figure 1). Both materials exhibited similar peaks without any
significant peak shifts but with a decrease in peak intensity for several peaks, as discussed
below. The OP presented a broad band with a maximum of around 3300 cm™, assigned
to the stretching vibration of the O—H involved in hydrogen bonding. The two peaks
around 2922 and 2852 cm?, identified as the asymmetric and symmetric C—H stretching
vibrations in methyl and methylene groups found in cellulose, lignin, hemicellulose, and
fatty acids, were notably observed in OP [18, 19].

The peaks observed at various wavenumbers corresponded to specific molecular
vibrations are given as following: The band observed at 1740 cm™ was assigned to the
stretching vibration of C=0 bonds in carbonyl, carboxyl, and acetyl groups; 1635 cm™
represented a composite signal encompassing bands associated with conjugated C-O
bonds in quinones coupled with C=0 stretching in various groups, as well as contributions
from adsorbed water molecules and C=C stretching in the aromatic skeleton of lignin;
C=0 stretching vibrations in the amide bond of residual proteins; 1514 cm™* indicated the
stretching vibration of C=C bonds in the aromatic skeleton of lignin and N-H bending
and C-N stretching vibrations in the residual proteins; the signals at 1455 and 1416 cm™*
were linked to the deformation of C—H bonds in lignin and carbohydrates; 1373 cm™
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corresponded to the bending vibration of C—H bonds in cellulose and hemicellulose, along
with the stretching vibration of C—O bonds in the guaiacyl unit of lignin; 1232 cm™
represented the stretching vibration of C—H bonds in the syringyl unit of lignin and C-N
stretching vibrations found in residual proteins; 1030 cm ™ was designated as representing
the skeletal vibration of the C—O-C pyranose ring in cellulose [19, 20] and ~600-750
cm™ may be corresponded to the stretching of the C-S bonds in the residual sulfur
containing amino acids [22]. All peaks were retained for h-OP after Soxhlet extraction of
OP with n-hexane. However, the reductions of the broad peak spanning from 3600 and
3000 cm 2, the peaks around 2922 and 2852 cm™, and the peak at 1740 cm™ can be
ascribed to the successful removal of the excess oil, fatty acids, and non-polar soluble
molecules in the OP after Soxhlet extraction for h-OP.
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Figure 1. ATR-FTIR spectra of the OP and h-OP

The elemental composition of the OP depends on the origin of the compound [21]. As a
lignocellulosic material, the main substances in OP are carbon sources constituting
hemicellulose, cellulose, and lignin. Additionally, protein and extractives as nitrogen,
sulfur sources, and fat are other constituents of the OP [22]. The removal of the excess
olive oil, fatty acids, and soluble extractive molecules was also revealed by elemental
analysis. According to the elemental analysis results, the decrease in C and H content of
the OP after Soxhlet extraction revealed the successful removal of excess olive oil, fatty
acids, and small soluble non-polar molecules. On the other hand, n-hexane extraction
could not effectively remove the most polar compounds, including proteins and amino
acids (which were sources of N and S). The elemental analysis results were in good
agreement with the ATR-FTIR results.

Table 1. The % composition obtained from elemental analysis (N, C, H, S) of the OP and h-OP
N C H S

(%) (%) (%) (%)
OP 1.8343+0.0335 51.0651+0.071 6.4708+0.0247 0.1409+0.0077

h-OP  3.9993+0.2572 48.2369+0.037 5.8969+0.2877 0.1572+0.0079

Sample

A comparison of the thermogravimetry (TG)/differential TG (DTG) curves of the OP and
h-OP is presented in Figure 2a-b. The OP and h-OP exhibited two main decomposition
steps in an inert atmosphere during the thermal degradation (Figure 2a). A slight mass
loss of 6% and 5% occurred between 40°C and 130°C, corresponding to the evaporation
of moisture adsorbed to the OP and the h-OP, respectively. The second decomposition
step occurred within the 150-550°C temperature range for both samples. According to
the previous studies, the primary constituents of the OP, i.e. hemicellulose, cellulose, and
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lignin, showed consecutive pyrolysis steps involving primary pyrolysis of hemicellulose
occurred between 150-315°C giving a shoulder at lower temperatures, and cellulose
occurred between 300-400°C with a well-defined sharp peak followed by mainly lignin
pyrolysis occurred over a broad temperature span from 100°C to 900°C as a wide shoulder
on the main degradation domain [23, 24]. Besides, the decomposition temperature
intervals of these components can partially overlap [19]. The OP studied in this work
showed a Tmax at 320°C followed by decay with a long tail and a shoulder around 366°C
which disappeared for h-OP (Figure 2b) due to the removal of remaining olive oil [25] in
the OP after the Soxhlet extraction process, corresponding to approximately 4% mass loss
difference, which was consistent with the elemental analysis results by considering the
difference in C and H content between OP and h-OP. Hemicellulose, composed of various
saccharides, has random and amorphous structures and, thus, has weaker thermal stability
than cellulose, with an ordered and long unbranched linear polymeric structure consisting
of glucose units with a glycosidic bond. For that reason, the shoulder is usually observed
for hemicellulose content of the OP at lower temperatures of the main decomposition
peak. However, this shoulder did not appear in the DTG curve of the OP and h-OP due
to the superposition of its decomposition with cellulose and lignin [19]. Additional broad
peaks with insignificant intensity observed above 600°C were detected, likely indicating
the decomposition of mineral matter in the samples [26].

The SEM images in Figure 2c-d indicated that both samples demonstrated approximately
the same size, irregular, particulate-like, and slightly porous structures with cavities on
the surfaces. In previous studies, spherical-like with a low aspect ratio and porous
structures were reported for olive pulp powder [24, 27].

'
5
'
=

1
'
N
1
'
N

TG (%)

TR
DTG (%/min)

w
DTG (%/min)
TG (%)

L
'
ES

15

1-5

1 (a) (b)
1 3119C 1 1 1 -6 0 1 1 1 1 1 1 1 -6
100 200 300 400 500 600 700 800 100 200 300 400 500 600 700 800

Temperature (°C) Temperature (°C)

s e
£

o0 SR TR ¢
YBU-MERLAB 5.0kV §:7mm S525.0k SE(L) = 4"

Figure 2. TG/DTG curves of (a) OP and (b) h-OP, and SEM image of (c) OP and (d) h-OP

Various critical key factors affect the electric field response of the ER fluid including
particle size distribution, shape, wettability, electrical conductivity, dielectric
characteristics of the particles, the concentration of the dispersion, the E, temperature,
properties of carrier fluid, and dispersion stability [2]. Therefore, developing ER fluids
with the desired high performance is challenging given the complexity of these variables.
The conductivity of the dispersed particles is recommended to be in the semiconducting
range of 10°-107? S/cm [28]. The conductivities of OP and h-OP were measured as
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(8.05+0.83)x10~" S/cm and (5.44+1.00)x10~" S/cm, respectively, indicating their being
in the desired range as an ER active material. Additionally, Soxhlet extracting with n-
hexane may lead to a relative decrease in the conductivity of OP due to the removal of
the fatty acid molecules.

3.2. Dielectric properties

The strength of the electric field response of an ER fluid has a strong relationship with its
dielectric properties, and thus, so does the polarizability of the dispersed particles. A good
ER response requires larger interfacial polarizability and dielectric loss peaks in the 102
to 10° Hz range. The dielectric analysis was conducted to explore the correlation between
the intensity of the ER phenomenon and the dielectric characteristics of ER fluids. The
spectra of dielectric permittivity (&') and loss (¢") of the OP/SO and h-OP/SO dispersions
are shown in Figure 3 for 25 wt%.
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Figure 3. Dielectric spectra of the OP/SO and h-OP/SO dispersions (25 wt%). The solid lines show the
fitted the €' and &" spectra using the Equation 1

The Havriliak—Negami (HN) dielectric relaxation equation (Equation 1), combined with
the conductivity term, was applied to fit the experimental complex dielectric permittivity,
ex(w) [29, 30]. The first two terms indicate the HN function for a single relaxation
process, and the last term corresponds to the contribution of conductivity to the dielectric
loss spectrum in Equation 1 [31]. Additionally, the o is the angular frequency (f), where
o = 2xf. The thn IS the average relaxation time of the polarization process and is equal to
1/2nfmax Where fmax represents the frequency at which the dielectric loss peak occurs. The
Ag i1s the dielectric relaxation strength, which displays the difference in the €' at low
frequency (&s) with the €' at the high-frequency limit, g(c0). The exponents o and P related
to the broadness and asymmetry of the respective relaxation loss peak, respectively (0<
a, B< 1), and describe the distribution of the relaxation times. The ¢ is the conductivity of
the dispersion, £(0) is the vacuum permittivity (8.854x10722 F/m), and the N denotes the
exponent that defines the conduction process. The relevant dielectric parameters obtained
are tabulated in Table 2.

e (w) = &' (w) — ie" (w) = g(0) + fe — i( id )N (1)

[1+ (iwtyy)t—*]8 Eow

Table 2. Dielectric parameters obtained from the fitted dielectric spectra according to the Equation 1 for
the OP/SO and h-OP/SO dispersions (25 wt%)

Sample £ g(@)  Ac=gsg(0) fmax(H2) THN (S) a B G
OP/SO 2.755 2.556 0.199 1.0x10° 1.6x10°° 0.196 0.72 1.8x10™¢
h-OP/SO  2.866 2,578 0.288 8.0x10° 2.0x107  0.178 0.99 1.1x10™¢
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The Ae relates to the degree of interfacial polarization, whereas the relaxation time tHn
denotes the rate of polarization. Maximizing the strength of the relaxation process is
crucial for achieving a high ER response [31]. Although the Ag values were relatively
low, both dispersions exhibited the required polarization response to the E at the desired
rate of 102-10° Hz range. The h-OP/SO exhibited a relatively higher magnitude of
interfacial polarization and shorter relaxation time than OP/SO, consistent with the ER
performance discussed in section 3.4. At lower frequencies, the dispersions exhibited
pronounced electrode polarization traits attributed to the abundant polar hydroxyl groups
in cellulose [32]. Comparable rises in dielectric loss were reported in low-frequency
regions for nanocellulose and microcellulose particles dispersed in olive oil, attributed to
the connection of the cellulose particles in the large agglomerates leading to the
conductivity through the dielectric oil medium [31]. The observed difference in dielectric
properties of OP/SO and h-OP/SO can be associated with an increase in interphase
boundaries after removing the excess fatty acids and extractive molecules, which may
ease the polarizability of the particles.

3.3. Dispersion stabilities

The dispersion stability is one of the essential criteria to assess the long-term usage of ER
fluids and possible industrial applications. The dispersion stability is desired to be
maintained during application, and ER activity is weakened drastically if there is a
sedimentation tendency of the dispersed phase. The nature, morphology, size, and surface
properties of the dispersed particles, type, and viscosity of the medium, the presence of
any stabilizer such as surfactants, and density mismatch between the dispersed phase and
carrier fluid are the main factors affecting the dispersion stability. Numerous attempts
have been undertaken in the literature to enhance the dispersion stability [33]. The
apparent densities of the dispersed particles were determined to evaluate the effect of the
density on the dispersion stability. The apparent density of the OP and h-OP were
determined as 1.197+0.002 g/cm® and 1.235+0.010 g/cm?, respectively. The density of
carrier fluid, SO, is known as 0.970 gcm®. The relatively slight density contrast between
the dispersed OP and h-OP and the SO may lead to improved dispersion stability.

The OP/SO and h-OP/SO dispersions with various concentrations were allowed to settle
undisturbed for one month. Their dispersion stabilities were assessed by measuring the
change in anti-sedimentation ratio with time at 25°C. Initially, all the dispersions were in
a well-dispersed state (Figure 4). Throughout the settling process, dispersed particles in
the fluid gradually settled to the bottom of the container, leaving a relatively clearer
carrier fluid above the sediment enriched with particles. Over time, the anti-sedimentation
ratio reached an equilibrium value faster at lower and slower at higher concentrations for
both samples.

The anti-sedimentation ratios of the dispersions enhanced as the dispersion concentration
rose, attributed to the heightened interactions between the dispersed phase and dispersing
medium, along with the increase in dispersion viscosity [34]. On the other hand, the effect
of gravitational forces on dispersed particles became prominent at lower concentrations,
resulting in lower dispersion stability. When the results of SEM analysis and density
measurement were evaluated, it was concluded that both samples had similar particle size,
morphology, and density values. Thus, the anti-sedimentation ratio improvement from 74
% to 90 % reached at the end of 30 days for 25 wt% was attributed to the improved
interfacial adhesion between the carrier fluid and h-OP after Soxhlet extraction by n-
hexane of OP.
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Figure 4. The visual appearance of the OP/SO and h-OP/SO dispersions at the initial of the dispersion
stability test and after 30 days of observation for 5-25 wt%, and the change in the anti-sedimentation
ratio with time for the OP/SO and h-OP/SO dispersions

3.4. Electrorheological properties
3.4.1. The flow behavior

The steady shear rheological measurements were carried out under appropriate
controllable E values to understand the behavior of dispersions to the E. Various
rheological models, including Bingham [35], de Kee—Turcotte [36], Herschel-Bulkley
[37], Cho—Choi—Jhon (CClJ) [38], or Seo—Seo [39] can be utilized to depict the
rheological characteristics of the ER fluids. In this study, the CCJ model (Equation 2) was
selected to demonstrate the flow behavior of both dispersions over the shear range
examined since the successful fitting curves of shear stress were observed for both
dispersions studied. The flow behavior of both ER dispersions across a broad spectrum
of shear rates was examined using the CCJ model, and the best-fitting curves (solid
curves) are depicted in Figure 5 for 25 wt% concentration.

Ty

TSt s Tt

L @

The CCJ model equation comprises six parameters where t is the shear stress, ty is the
dynamic yield stress, 1« IS the viscosity at a high shear rate, y is the shear rate, t; and t2
are time constants, and the exponent a is associated with the reduction of shear stress
while the exponent B has the range of 0 < < 1 [38]. When subjected to an E, randomly
distributed particles were drawn towards each other and linked due to the electric field
polarization effect, resulting in the formation of chain/columnar-like structures. In the
low shear rate region, the shear stress increased rapidly, and the mechanical shear force
was insufficient to break the linking force between electric field-induced particles
forming fibrillar or columnar- like structures. Thus, the curve maintained high shear stress
at low shear rate values. The shear stress and viscosity values were raised with the
increase of the E for both dispersions.
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The rates at which fibrillar-like structures, formed through induced electrostatic
interactions, are broken down and rebuilt between the dispersed particles under shear
force are mainly dependent on the race between electrostatic forces arising from
interfacial polarization of dispersed particles and hydrodynamic forces resulting from
shear flow within the dispersion [40, 41]. At low y, electrostatic forces prevailed, while
at high y, hydrodynamic forces disrupted aligned structures and facilitated flow. The
electrical-induced structures were then completely broken down, and the shear stress
values raised gradually with rising y, showing Newtonian fluid behavior beyond the
critical y because there was not enough time for the chain-like structure to reform
adequately during swift shear deformation. These changes in the microstructure of
dispersed particles led to a significant decrease in viscosity, displaying a shear-thinning
behavior. At low E range (0.5-1.5 kV/mm), the breakage of the aligned dispersed
particles was not substantial, and a wide plateau emerged in the shear stress until reaching
the critical y. As the E increased to a higher range, the flow curve displayed a decline in
shear stress at a moderate y values, range due to the apparent destruction rate against the
reformation rate of the fibrillar-like structures [39]. Similar behaviors were observed for
the dispersions of porous chitosan particles in carrier fluid olive oil [42].
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Figure 5. The change in shear stress and viscosity (flow curves) of (a) OP/SO and (b) h-OP/SO
dispersions under various E for 25 wt% concentration. The solid curves in the shear stress-shear rate
graph shows the best-fitted curves using the Equation 2

The flow curves were obtained for the OP/SO and h-OP/SO dispersions with a series of
concentrations between 5-25 wt% to explore how the particle concentration influences
the ER performance and to determine the optimum concentration value for further
rheological measurements. Therefore, the ty values of the dispersions determined
according to the Equation 2 were compared. The dependence of the ty on the E as a
function of OP and h-OP particle mass percentages are shown in Figure 6a and Figure 6b,
respectively. The ty was increased with increasing particle mass percentage and the E.
With increasing E, the shear resistance related to the yield stress was strengthened due to
the increased electrostatic forces between the particles arranged in the direction of E. This
observation was more pronounced as the particle concertation increased due to the
decrease in interparticle distance and the increase in the number of denser
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fibrillar/columnar-like structures [43]. On the other hand, the ty values displayed two
distinct linear trends on the log-log scale with the E, intercepting at E=2.0 k\V/mm for all
dispersions (the dotted lines in Figure 6). After that point, the slope was changed, and the
increase in the 1y with the E was observed to be insignificant. This observation could be
attributed to the saturation of the interfacial polarization above this electric field strength
[44].

The power law equation describes the correlation between ty and E as tyxE®, where a
serves as the index parameter indicating the slope of the fitted curve on a log-log scale
used to evaluate the mechanism of the ER effect. In the case of a is equal to 2 and 1.5,
the ER mechanism corresponds to the polarization model and the conduction model,
respectively [45]. However, the dispersed particle size and shape, surface characteristics
and concentration, as well as the dielectric properties of the dispersion on the 1y affect
this relationship in certain instances [43]. The slope of the ty curve was approached from
0.5to 1.5and 0.7 to 2.0 as the dispersion mass percentage was increased from 5% to 25%
for OP/SO and h-OP/SO dispersion for up to 2 kV/mm, respectively. With increasing the
dispersed particle concentration, the behavior approached the conduction and polarization
model for the OP/SO and h-OP/SO dispersion, respectively. Therefore, the response of
OP particles dispersed in SO under an E indicated that it was primarily influenced by the
significant impact of the conductivity mismatch between the particles and the carrier
medium [46]. A similar index parameter value of <1.5 was previously reported for various
biomaterial-based ER fluids, including a-chitin nanorods [47], porous chitosan [7],
phosphorylated potato starch [9], and polypyrrole—silica—methylcellulose composite [48].
The decrease in the index o value (<1.5) was attributed the formation of the non-
polarization forces such as hydrogen bonding interactions of the dispersed particles with
the carrier fluid and surface polarization saturation [43, 47, 49]. In another study,
poly(ionic liquid) based ER fluid whose ER response originated from local ion motion
tended to follow the conduction model, whereas its composite with polyaniline led to
incline to polarization model [50]. On the other hand, h-OP/SO dispersion was consistent
with the polarization model, whose o value was 2.0, indicating that the removal of fatty
acids and extractives contributes to the enhancement of polarization of OP particles by
decreasing the non-polarization forces. In a study, nanocellulose particles dispersed in
castor oil containing ricinoleic acid were reported to exhibit the index parameter
approaching 1.5 with increasing concentration, due to the hindering of the electrostatic
forces because of H-bonding or van der Waals interactions between the hydroxyl groups
in the nanocellulose particles and the carrier fluid castor oil [44].
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Figure 6. The yield stress as a function of the E for (a) OP/SO and (b) h-OP/SO dispersions for
concentrations between 5 to 25 wt%, the dotted lines show the trendlines of a power-law scaling
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3.4.2. Oscillation rheology results

The viscoelastic characteristics of the OP/SO and h-OP/SO dispersions (25 wt%) were
examined by the dynamic oscillation experiments. The shear stress sweep test was
conducted firstly to determine the LVER of the dispersions at a constant frequency of 1
Hz, as shown in Figure 7a. The elastic modulus (G') values were independent of the
applied shear stress in the LVER and increased with the E. Furthermore, the enhanced
polarization forces between the particles led to a shift of the LVER to higher shear stresses
with increasing E. At the end of the plateau region, the electrical-induced fibrillar
structures became broken, and the G' values began to decrease by the applied oscillatory
shear deformation. The G' was increased by around 12 and 35 times for OP/SO and h-
OP/SO dispersions, respectively, under 3.0 kV/mm in the LVER compared to off-field
conditions, indicating h-OP/SO dispersion showed significantly greater elastic dominant
character than OP/SO dispersion.

10° 10°
OP/SO OP/SO
105' 105,
g 104_ AM&MMM.‘“‘“.“‘ o.‘ % g 104_
© 3 LS = E=0.0 kV/Imm t_>5
1074 3
4 E=1.0 kV/mm O 1071 —=— —0— E=0 kV/mm
e E=2.0kV/Imm —A— —4— E=1 kV/mm
) + E=3.0 kV/mm : 0 Ejg x:m
10 T T T T 102 T T — T
10 10° 10’ 10° 10° 10° 10 10°
Shear stress (Pa) Frequency (Hz)
10°; 6
§ h-OP/SO 10
105'; U — 10°-
E *, %, ©
E 4 ] ° ¢ % 4
g__/ 10 — % .. ED 104
o = i = E=0.0 kV/mm %
10°5 —\"'-. “u Estokvimm| O 1073 —=——o—E=0 kV/mm
] e E=2.0 kv/mm o Ef; mm
2] ¢ E=3.0kvimm 2 h-OP/SO > — E;S KV/mm
e e 10' 10°
Shear stress (Pa) Frequency (Hz)
(a) (b)

Figure 7. (a) The shear stress dependence of G' and (b) the frequency dependence of the G' and G" for
OP/SO and h-OP/SO dispersions

Secondly, the change in G' and viscous modulus (G") values of both dispersions were
determined as a function of the frequency in the range of 1-100 Hz at constant stress
values in the previously determined LVER at various E values, as shown in Figure 7b. In
the off-field, the G' slightly exceeded the G™ within the studied frequency range and both
moduli values increased with frequency for both dispersions. Thus, the OP/SO and h-
OP/SO dispersions behaved like weak gel and confirmed the presence of the low yield
stress values at 25 wt% concentrations obtained from the steady shear flow curve tests.
The main reason for such gel-like formation without the E could be attributed to the
percolation network formation and the structural organization of the dispersed particles
due to the restricted motions through dominant attraction forces between them. The
formation of similar percolation networks for various particles such as clay [51],
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detonation nanodiamond [52], and porous chitosan particles [7] were reported, and the
reasons were attributed to the particle anisotropy.

With the E, the G' values dramatically exceeded the G" and reached about 65 kPa and
100 kPa at the electric field of 3 kV/mm for OP/SO and h-OP/SO, respectively,
demonstrating that the predominant behavior was solid-like, characterized by a stable
plateau region, rather than viscous. The G' values of h-OP/SO dispersion were 1.5 times
greater than that of OP/SO dispersion under E, indicating the enhanced polarization
ability and higher solidification of h-OP dispersion. The moduli values were increasing
with E, indicating that the electrical-induced fibrillar structures of the OP/SO and h-
OP/SO dispersions were not broken in the studied frequency range, and the elastic and
solid-like properties of the dispersions were strengthened with E. The increased gap
between the values of G' and G" with increasing the E demonstrated the increase in the
elastic component of the dispersions.

3.4.3. Creep and recovery results

In a creep recovery test, the deformation behavior of a material is evaluated by initially
measuring the strain under a constant shear stress load, followed by unloading, over a
specified duration at a constant temperature. After the stress is removed, there is only a
partial recovery that is controlled by the retardation and the corresponding creep for
viscoelastic materials, and the recovery ratio () was defined to evaluate the contribution
of the elastic character of the ER fluid and calculated using the following Equation 3 [53]:

Yi— Y

Yi

where vi denotes the achieved strain prior to the removal of the applied shear stress (7o),
while yr represents the strain following the removal of the to. A creep-recovery test was
conducted to monitor the deformation and recovery of the electrically induced structures
over time, and the recorded strain as a function of time under various E for the optimum
dispersion, h-OP/SO, is presented in Figure 8.
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Figure 8. Changes in strain over time at different levels of E during the creep-recovery test for h-

OP/SO. The creep-recovery curve of h-OP/SO for off-field is displayed in the inset figure (to = 5 Pa for
the first 100 s and then 10 = 0 Pa, 25 wt%).

Upon stress loading, an instantaneous strain appeared and subsequently escalated over
time, reaching a maximum value indicating time-dependent nonlinear deformation under
constant stress. After the removal of the stress loading, subsequent time-dependent
reformations were observed under E. In contrast, almost no recovery was observed
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without the presence of the E, as shown in the inset figure in Figure 8. The strain values
obtained during the creep-recovery test decreased as E increased, suggesting the
formation of a more robust solid-like structure with increasing E [33]. For the h-OP/SO
dispersion, the recovery ratios with increasing E were observed to enhance as following:
YE=1kvimm=0.27 < yE=2kv/imm=0.42 < ye=3kv/imm=0.48, suggesting increased elastic response
among particles at higher E.

4. Conclusion

By considering environmental issues, the utilization of nontoxic and eco-friendly
products as a component of ER fluids is highly desired. With this respect, the agricultural
organic waste, the olive pulp (OP), discarded after the olive oil extraction process
consisting of sustainable biomass sources, was upcycled as an electric field-responsive
smart fluid. The OP was further subjected to Soxhlet extraction by n-hexane to remove
excess residual fatty acids and small molecules that existed in the raw OP. Structural,
thermal, morphological, and electrical characterizations of the OP and n-hexane treated
OP (h-OP) samples were performed. Successful removal of the excess oil, fatty acid, and
residual small molecules in the OP was revealed by ATR-FTIR, elemental analysis, and
TG/DTG analysis. The conductivities of the OP and h-OP were determined to be in the
desired semiconducting range for the ER fluids, and relatively lower conductivity was
obtained for h-OP compared to OP. Also, the h-OP dispersion showed a relatively higher
magnitude of interfacial polarization and shorter relaxation time than that of the OP
dispersion due to the improved polarization resulting from the increase in interphase
boundaries after the Soxhlet extraction process and decreased nonpolarized forces. The
enhanced dispersion stability was determined for h-OP dispersion. Both control shear rate
flow curve and oscillation rheological analysis results under the E indicated that Soxhlet
extraction led the OP to display stronger electric field response and higher ER activity.
This study suggests that OP, an agricultural industrial waste that occurs in high amounts
in the olive oil production process, is a good candidate for upcycling in the field of electric
field responsive smart fluids due to its higher dispersion stability and ER activity after
being subjected to the pre-washing process by n-hexane.
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