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ABSTRACT KEYWORDS

Oil spills remain one of the greatest man-made ecological threats, despite Chicken feather fibers;
numerous advanced cleanup approaches. They still pose a major challenge composites; sepiolite; surface
in the search for materials and technologies that work as efficiently and properties; oil adsorption;
sustainably as possible. Promising natural materials include poultry feathers, ~ ©il-sPill management
which are produced in large quantities every day as a byproduct of the meat P

industry. In this study, the influence of different forms of absorbents (loose L Y, AR W
feathers, pillows, and sheets) based on chicken feathers and the addition of Ay AR R bR
an inorganic absorbent, sepiolite, on their absorption capacity was investi- i

gated. The chemical and physical surface properties, like morphology, che-

mical composition, zeta potential, surface free energies and oil absorption

capacities were analyzed. The Gibbs free energy of immersion wetting with

oil and the work of adhesion of the adsorbents, calculated based on contact

angle measurements, were confirmed by the tests of adsorption capacities

according to the ASTM 726-12 standard. The results showed that pure loose

feathers have the highest oil adsorption capacity, while feather pillows have

only half, and composite sheets have only a quarter of this capacity. The

addition of inorganic adsorbent sepiolite did not increase the absorption

capacity of the composites.
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Introduction

Despite the continuous and successful reduction in their numbers due to technological advancements
at all levels, oil spills remain one of the most problematic events from an environmental perspective.
The most concerning spills in terms of consequences are those occurring in seas and lakes. These spills
have severe and significant impacts on the environment, nature, and society (Hoang et al. 2021).
Despite numerous solutions for managing oil spills, they still pose a significant challenge in the search
for materials and technologies that will operate as efficiently and sustainably as possible (Bhardwaj and
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Bhaskarwar 2018). Materials play a pivotal role in managing oil spills. These can be either inorganic
(mostly organo-clay materials) or organic, synthetic, or natural, and in current successful solutions,
they often appear in various combinations of both inorganic and organic materials (Bhardwaj and
Bhaskarwar 2018). Currently, three main forms of absorbents are used to manage oil spills in water,
namely: 1) enclosed sorbents surrounded by fabrics or nets (booms, pillows), 2) continuous absorbents
such as sheets, rolls, mats, and 3) loose fiber absorbents in bundles or strands (Hoang et al. 2021). The
shape of the absorbent itself has a great influence on the absorption capacity due to the different
surface to volume ratio. Synthetic materials such as polypropylene, polyethylene, polyester, polystyr-
ene, or polyurethane in the form of textiles or foam have proven to be highly effective oil absorbers
with high sorption capacities (Hoang et al. 2021). However, from both an economic and environ-
mental perspective, synthetic materials are not an optimal solution. In line with the green transition,
there is a growing effort to find efficient natural and biodegradable materials (Zamparas et al. 2020).
Research reports focus on the use of cotton and kapok fibers (Cao et al. 2017; Thilagavathi, Praba
Karan, and Das 2018), chicken feathers (Okoya et al. 2020), human hair (Ifelebuegu et al. 2015), wool
(Radetic et al. 2008), rice husks (Ali et al. 2012), banana fibers, milkweed (Panahi, Moghaddam, and
Moezzi 2020) and similar (Madasamy, Ramasubbu, and Nambirajan 2022). Among all these materials,
chicken feathers represent the most promising solution from environmental point of view. Thus, the
successful advancement of an oil absorbent utilizing waste chicken feathers holds the potential for
a twofold environmental solution: 1. reuse of substantial amounts of problematic waste feathers, and 2.
alleviating environmental catastrophes stemming from oil spills.

Poultry feather waste is one of the most complex wastes in the meat industry because it is produced
in large quantities. The poultry meat production in EU was 13.6 Mt in 2020 and reached a new high. In
comparison to 2019 is this number by about 2.3% higher and compared to 2010 is this a rise of 29.5%
(Eurostat 2021). The main poultry meat producers in EU are Poland (19.8%), Spain (12.6%), France
(12.3%), Germany (11.9%) and Italy (10.2%). Feathers are one of the main wastes in chicken meat
industries, as it was estimated, that there is nearly 10 Mt of waste feathers produced in the world
per year (Lasekan, Bakar, and Hashim 2013). Currently, only about one-third of the discarded feathers
are processed into feather meal, which serves as a raw material for producing pet-food. This represents
only a partial solution, as it is a relatively inexpensive semi-product that merely only reduces the
substantial waste disposal costs in the company’s budget. Approaches to researching the utilization of
poultry feathers can be in general categorized into three main groups: 1) studies on accelerated feather
biodegradation processes (Jagadeesan et al. 2023; Kshetri et al. 2022; Li 2022; Mozejko and Bohacz
2022; Shen et al. 2021), 2) investigations into environmentally friendlier methods of keratin extraction
from feathers and its application in various high-value-added products (Ke et al. 2023; Rouse and Van
Dyke 2010; Wang et al. 2017), and 3) exploration of potential uses of feathers in their natural form
(Jung, Persi, and Bhattacharyya 2019; Reddy and Yang 2010; Safari¢ et al. 2020). And there are three
crucial principles in all these types of reuses: 1) maximizing the amounts of recycled waste feathers
through a single process or product, 2) developing products with high added value, and, of course, 3)
ensuring these new processes and products have a minimal carbon footprint.

It is important to note that majority of the processes of high-value products production are
associated with significant additional environmental burdens, including energy consumption, water,
and chemicals usage, etc.

This is why the reutilization of large quantities of feathers in their native form appears to be the
most suitable solution. Due to its specific amino acid composition, feathers have a predominant
hydrophobic character, with a 60:40 ratio in favor of non-hydrophilic amino acids and the
presence of disulfide bonds of cysteine (Amieva et al. 2014; Saravanan and Dhurai 2012).
Additionally, the unique morphology of feathers, where thicker parts (barbs) branch into thinner
ones and further into very fine hooks, and therefore large accessible hydrophobic surface,
contributes to their hydrophobic nature. All these properties as well as its low density make
feathers a promising material for oil spills management (Kelle and Eboatu 2018; Okoya et al.
2020). Due to the relevance of the issue, there is currently a wide range of mostly synthetic
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materials and products for managing oil spills and in the future environmentally friendly solutions
have to be investigated to reduce the cost and minimize the environmental burden (Hoang et al.
2021). In research for more environmentally friendly solutions and materials, waste chicken
feathers are being researched primarily as a source of keratin for manufacturing foams or gels
in combination with other biopolymers (Guiza et al. 2021) and there are only a few reports on
waste feather application in their original form (Ifelebuegu and Chinonyere 2016; Kelle and
Eboatu 2018).

In our current study, we aimed to investigate how different compositions and structures of oil
absorbers based on waste chicken feathers affect their oil absorption capacity. To this end, we analyzed
loose chicken feathers and those prepared in the form of pillows and flat sheets in combination with
the inorganic absorbent sepiolite. Chemical properties as well as the surface morphology and zeta
potential of the absorbents were studied thoroughly. In addition, the surface free energies and Gibbs
free energies of immersion wetting with oil and their influence on the oil absorption capacity were
investigated.

Materials and methods
Materials

Grid-washed chicken feathers were obtained from the Perutnina Ptuj d.d. poultry meat production
plant, Slovenia. Sepiolite powder with particle size distribution: 88.2% 200-450 mm, 3.2% 150-200
mm and 7.9% < 150 mm was provided by the Department of Materials Science, Faculty of Technology
and Metallurgy, University of Belgrade. Polylactide fibers (PLA) Ingeo (NatureWorks LLC) with the
average fiber diameter 19 + 1 ym, tenacity 2.5 + 0.5 cN/dtex and melting temperature 170°C were used
as thermoplastic adhesive component to produce the composite sheets. Polyethylene terephthalate
(PET) fabric from Bema Trade d.o.o. was used to manufacture the composite pillows. The fabric was
plain weave with a weave density of 40 threads/cm. The thickness of the fabric was 0.35 + 0.1 mm and
weight per unit area of 120 + 1.4 g/m> The light mineral hydraulic oil Kiperol 20 (INA Maziva d.0.0.)
with a density of 0.86 g/cm’ and a kinematic viscosity at 40°C of 10 mm®/s was used for the oil
adsorption tests.

Methods
Waste feather cleaning

Prior to the preparation of the composite, the waste feathers were washed thoroughly at 60°C with
anonionic detergent (Sandoclean PC, Sandoz) and then rinsed with warm and cold water. The cleaned
feathers (Figure 1) were dried in a ventilated dryer at 40°C for 72 h (Strnad et al. 2019).

Figure 1. Waste chicken feathers after washing and drying.
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Figure 2. Composite pillows made from loose feathers and sepiolite in PET fabric.

Figure 3. Composite sample (FS-sheet) prepared from feathers and sepiolite.

Composite samples preparation

Pillows. To allow the largest accessible active surface area in the second approach of the composite
preparation, we tried to keep the feathers as loose as possible. Therefore, feathers (F-Pillow) and/or
feathers and sepiolite (FS-Pillow) were distributed between two layers of PET fabric and composite
pillows were prepared (Figure 2).

Sheets. The composite sheet specimens were prepared by thermal compression, using small
quantities of PLA fibers as spot adhesives. A device with two electronically controlled heating
plates (Roaches Ltd.) was used for thermal compression. The base composite (F-sheet) was
prepared from layers of feathers (0.5g) bonded by thermal compression between two hot
plates at 170°C for 30 s. PLA fibers were used in small quantities as a thermoplastic point
bonding agent. In the next step, sepiolite particles were uniformly distributed between two
base composite layers and thermally compressed again under the same conditions. The sample
was designated as FS-sheet (Figure 3).

The samples’ designations and descriptions are represented in Table 1.
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Table 1. Designations and composition of the samples.

Sample designation Sample composition

F Loose feathers

S Sepiolite particles

F-pillow Pillow composites made from feathers and PET fabric

FS-pillow Pillow composites made from feathers, sepiolite, and PET fabric

F-sheet Thermally compressed composite sample composed from feathers bonded with PLA

FS-sheet Thermally compressed composite sample composed from feathers and sepiolite bonded with PLA
Microscopy

The surface morphology of feathers and sepiolite samples was studied using a Zeiss Supra 35 VP and
Quanta 200 3D field emission scanning electron microscopes.

FTIR spectroscopy

FT-IR spectra were recorded on a Perkin Elmer spectrum GX FT-IR spectrometer with a Golden Gate
ATR attachment and diamond crystal. The absorbance measurements were carried out within the

range of 400-4000 cm™ !, with 16 scans and a resolution of 4 cm™".

Zeta potential determination

The Zeta Potential (ZP) measurements of sepiolite samples were performed with Litesizer 500 from
Anton Paar via electrophoretic light scattering (ELS), using patented cmPALS technology. A unique
Q-shaped cuvette, which creates a stable electric field exactly at the measurement position, was used
for the prepared dispersions in aqueous media. The change of ZP as a function of pH was measured
with an accessory titration system from Metrohm. The pH was automatically adjusted with 0.05 M
NaOH and 0.05M HCI in the range of 9-2. During the measurements the data were recorded using
the manufacturer’s Anton Paar Kalliope software.

The Zeta Potential measurements of the feather samples were performed with SurPASS 3 (Anton
Paar GmbH, Austria) using the cylindrical cell. The sample was fixed by placing the support discs and
filters. The permeability index of the sample, by rotating the micrometer, was set to around 100. 1 mM
KCl electrolyte solution was used, and the pH was automatically adjusted with 0.05 M NaOH and 0.05
M HCI. The pH dependence of the Zeta Potential was determined in the range of pH 3-9. A pressure
gradient of 200-600 mbar was applied to generate the streaming potential.

Contact angles and surface free energies determination

Powder contact angle method. To determine the contact angles between solid samples and solvents
(test liquids), the Powder Contact Angle method was employed. The solid samples in a form of
powders (ground chicken feathers and sepiolite) were placed in a glass tube with a perforated
lower surface on a Kruss K12 tensiometer (Kruss GmbH, Hamburg). Upon contact of the sample’s
lower surface with the test liquid, the sample wets, which leads to an increase in its mass over time
(m?/t). The evaluation of the measured data is based on modifications of the Washburn equation
for a single capillary (Washburn 1921), obtained by combining the expression for Laplace pressure
and the Hagen-Poiseuille equation for steady-state flow conditions (Grundke, Boerner, and
Jacobasch 1991). If the wetting height of a single capillary is replaced with the change in mass
due to the penetration of liquid through n capillaries, the modified Washburn equation is as
follows:
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2
cos = m.o_1 (1)
t oprey-c

where 0 = contact angle between solid and liquid phases/®, m = sample mass/kg, ¢ = time/s, n = liquid
viscosity/mPa s, p = liquid density/gcm >, y = surface tension of the liquid/mN m™

Three different test liquids, n-heptane, water and diiodomethane were applied for contact angles
determination. The n-heptane (= 0,4/mPas, p = 0,6836/gcm >, y; = 20,4) was used to calculate the
constant c to be used in equation 1, as:

1
c=-m'rn; (2)

where ny = number of capillaries and r = capillary radius/m.

Determination of the surface tensions of test liquids and oil. A Kriiss K12 tensiometer was applied
using a standard Du Nouy ring (for water) and Wilhelmy Pt plate method (for n-heptane, diiodo-
methane and oil) for surface tensions (SFT - y;) and their dispersive (y1d) and polar (y*) components
determination of liquid samples. The standard PTFE plate was applied for the determination of
dispersive (y1d) components of surface tensions of the test liquids and oil. The PTFE surface is assumed
to have a surface energy of 18.0 mJ/m* and does not form polar interactions with the liquid test
sample. From the above, it is assumed that the polar contribution for PTFE is zero. The known values
are taken into account in the following equation (Rulison 2000):

2
y;i = (?7/[2) (COS GPTFE + 1)2 (3)

where ¢ is dispersive component of a liquid (mN/m), y, is the surface tension of liquid sample (mN/
m) and 6 is the angle between PTFE plate and sample liquid (°).

Based on the result obtained and the measured contact angle between the PTFE plate and the
measured liquid sample, one can calculate the missing polar contribution to the SFT in the relation:

Y=y (4)

where y‘; is the polar contribution (mN/m) to the surface tension.

The total surface free energy (SFE) with associated dispersive and polar components for the solid
(feather and sepiolite) samples (y,) were calculated from the measured contact angles using a two-
component Owens, Wendt, Rabel and Kaelble (OWRK) model. The model assumes that the inter-
molecular interactions between the solid and liquid phases consist of two main components — the
dispersive (due to London forces) and the polar component (due to Keesom and Debye forces).
Therefore, the SEE of the solid phase (y;) is according to (Gindl et al. 2001; Wu 1971; Zhao, Liu, and
Abel 2004) derived from the contributions of the interactions as the sum of the two components, the
dispersion (y) and the polar (y?) component as:

b=y, ®

where i stands for material (solid (s) or liquid (/) phase)
According to (Owens and Wendt 1969) in the geometric mean model, the energy between the solid/
liquid phases can be evaluated as the following relation:

Yo = Yo+ v = 20\/vi + AN (6)

Considering Young’s equation:
Vs = Ya tyy-cost )

the relationship changes to:
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yi(1 4 cos ) = 24/ ydyf +24/98Y] (®)

Work of adhesion (Wa). The driving force for the adsorption is a reduction in surface energy in the
case of a solid surface and/or surface tension in the case of a liquid (Van Oss, Chaudhury, and Good

1988):
6G°
- ( 0A ) Tn (9)

where: y - surface tension (usually for liquids and gases) or surface free energy (usually for solid
surfaces); G° - interfacial Gibbs free energy; A - interfacial area; T - absolute temperature; n - number
of moles

Based on that, the Gibbs free energy of immersion wetting can be calculated (Rulison 2000):

AGp =7y, —2 [(Yj : Y?j)é + (- Vf)%] (10)

Accordingly, the work of adhesion is defined as the work required for the separation of two phases and
is described by the Young-Dupré equation:

Wy = y,(cosf + 1) (11)

Oil adsorption testing

Adsorption tests were conducted in accordance with ASTM F726-12 Standard Test Method for
Sorbent Performance of Adsorbents (ASTM 2012). This test method covers laboratory tests of the
performance of adsorbents for removing non-emulsified oils and other floating, immiscible liquids
from the water surface. According to the definitions in this standard test method, our samples were
categorized as follows: loose feathers and sepiolite were the Type II (unconsolidated particulate
material without sufficient form and strength), composite pillows were Type III (pillows, adsorbent
material contained in an outer fabric or netting that is permeable to oil but whose openings are small
enough to retain the adsorbent material within the fabric or mesh), and thermally bonded composites
were Type I (sheet, pad, a material whose length and width are much greater than its thickness). Based
on this categorization, oil adsorption tests performance were chosen. The objective of adsorption tests
is to determine the optimum adsorbent without the competing presence of water and can be used to
compare the oil capacities of adsorbents with each other. The data refer only to oil layer thicknesses
equal to or greater than the thickness of the adsorbent.

Prior to testing, all specimens were conditioned for at least 24 h at 23 +4°C and 70 + 2% relative
humidity. All samples were first tested with the so-called Dynamic Degradation Test, in which the
buoyancy of the samples on water is tested after a defined shaking process. Pure sepiolite, of course,
did not pass this test, but the composite samples containing sepiolite did. Thus, the standard test
method was appropriate for chicken feathers as well as for all prepared composite samples. In this
study, sepiolite was tested as an additional oil adsorbing component that could improve the adsorption
capacity of the chicken feather composites. Samples with the defined dimensions and weights were
allowed to float freely in a defined initial layer (minimum thickness 2.5 cm) of the test liquid (light oil)
for a short (15 + 2 min) or long (24 h +30 min) period. After this time, the adsorbent samples were
taken and allowed to drain for 30 + 3 s. The tared weighing pan was then placed under the adsorbent to
collect any additional drops, the sample was then placed in a pan and its weight was determined. For
the loose feathers (adsorbent type II), a basket with an appropriate perforation was used to lower the
sample into the test liquid and allow it to collect and drain. All tests were performed in triplicates and
the average of the three runs was used for the calculations. Oil adsorption capacity was calculated as
the ratio of weight of oil adsorbed to dry adsorbent weight:
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oil adsorption capacity,, = (SSTS;SO) [g/g} (12)
0

Where:
So — initial dry adsorbent weight [g]
Sst — weight of adsorbent sample at the end of oil test (Short Test — ST or Long Test - LT) [g].

Results and discussion
Microstructure and surface morphology

The electron microscopy images of the feathers and sepiolite used in this investigation are represented
in Figures 4, 5, and 6.

Figure 4 shows all three main structural levels of chicken feathers. The main stem of a feather is
called the rachis, from which the barbs branch off. The barbs consist of a central shaft, the ramus, and
tiny branches, the barbules. The barbules consist of a series of cells, starting with the short cells at the
base and ending with a series of longer, distal cells called the pennulum (Prum 1999). The thicknesses
of barbules were about 4 to 7 ym.

Feathers cross sections (Figure 5) show the porous internal structure of barbes and barbules. The
interior of the cross-sections of feather barbs consists of honeycomb-shaped hollow cells. The cell
walls are thin and consist of a meshwork of randomly arranged fibrils.

200PM  EuT= 300KV SignalA=SE2  MixSignal =0.0000 Chamber=304e-004Pa Mag= 200X Date:24un2011
WD = 42mm Aperure Size =30.00m  File Name = Pero(T)o7of N

10PM  EnT= 300KV SignalA=SE2  MixSignal=00000 Chamber=323.004Pa Mag= 500KX  Date:2Jun 2011
WD 4.1mm Aperture Size =3000m File Nems = Pero(TY03.if N

T0UM 7= 300Ky SignalA=SE2  MxSignel=00000 Chamber=2660.004Pa Mag= 300KX  Dato 2n 2011 TUM - 300kv SgnAA=SE2  MixSignal=00000 Chamber=2762.004Pa Meg= 3000KX Date 2 4n 2011

WD = 42mm Aperturs Size = 30,00 um  File Name = Puh(koncilo2.f

WD = 42mm Apeture Sizo =3000pm  File Name = Pulkoncios sf N

(c) (d)

Figure 4. Scanning electron micrographs of chicken feathers: whole feather (a), rachis and barb (b), barbules (c and d).
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EMT= 090kv SignalA=SE2  MixSignal=00000 Chamber = 1406.003 Pa Datesgdm2010
WD=35mm  Apefture Size=30.00um  File Name = prerez_puh_041f N

A0 EWT= 090KV SignalA=SE2  MixSignal=00000 Chamber = 1.260.003 Pa Date 9 Jun 2011
— WD=35mm  Apertrs Size=30.00m  File Name = prerez_puh_05 tf N

(2) (b)

EHT= 000KV Signal A=SE2  MixSignal =00000 Chamber = 1.17e-003 Pa Dete:9Jn 2011 EHT= 000KV SignalA=SE2  MixSignal =05000 Chamber = 3 966004 Pa
WD= 35mm  Aperture Sizo=3000um  File Name = prerez_pun_06.if N WD=43mm  Aperture Size =30.00pm  File Name = prerez_debela vi_06 fif

(c) (d)

Figure 5. Scanning electron micrographs of cross-sections of a barb (a) and barbule (b) showing the details of the walls of the
internal “honeycomb” structure (c and d).

1412016

e ”
:59:20 PM_ UCEM MARIBOR X 500 ) :06: UCEM MARIBOR

Figure 6. Scanning electron micrographs of the sepiolite specimen at 50x (a) and 2500x (b) magnification.
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The sepiolite particles are shown in Figure 6. The layered microfibrous surface morphology is
clearly visible.

Surface chemical structure

The FTIR spectrum of feathers (Figure 7) shows typical peaks for keratin. The peak at 3278 cm ™" is
typical of the N-H stretching vibration of amides and depends not on the conformation of the
backbone but on the strength of the hydrogen bonds. The strongest adsorption band in proteins is
amide I, whose transmission band is found between 1600 and 1700 cm™!. In feathers, this band
appears at 1628 cm ™' and is dominated mainly by C=0 and C-N bonds. The second characteristic
band for proteins is the amide II at 1528 cm™" and the band typical of C-N vibrations appears at
1235cm ™.

In the FTIR spectrum of the sepiolite sample (Figure 8) the bands in the region from ~3200
to ~3700 cm™" and the band at ~1661 cm™' are attributed to the presence of different kinds of
water molecules in the sepiolite structure, such as OH-groups in the octahedral Mg ions and
OH stretching vibrations in the external surface as well as the zeolitic or interior or channel
water (Alkan, Tekin, and Namli 2005; Perraki and Orfanoudaki 2008). However, in the
applied sepiolite sample the week peaks at that wavenumbers indicate low amounts of
hydrophilic OH groups as well as in the inner structure kept water molecules
(Sanguanwong et al. 2021). On the other hand, the distinct bands at 1209 cm™" and 785
cm™" are characteristic for Si-O-Si. The bands at ~971 and ~416 cm™" are also assigned to Si-
O-Si and the band at ~370cm™" is attributed to Si-O-Mg bonds (Perraki and Orfanoudaki
2008).

Zeta potential

The zeta potential of cleaned chicken feathers shows a typical amphoteric character of feathers with the
point of zero charge at pH 4.3 (Figure 9). Below this point feathers have positive zeta potential owing
to protonated surface amino groups of the keratin and above the isoelectric point of the main protein
feathers show negative zeta potential, which at about pH 6.1 riches the plateau value of —31.2 mV. The
negative charge is likely a result of the presence of weak acids, most probably caused by deprotonated
carboxyl groups that are also found in keratin. It can be observed that at pH below 3 and pH higher
than 5, the zeta potential is greater than +20 mV, which theoretically indicates the stability of colloidal
solutions due to strong repulsive forces among same ionizing groups.

The pH dependence of zeta potential function of sepiolite shows an acidic characteristic of the
sepiolite surface, as the isoelectric point is very low (at the pH 2.2.) and above it the surface has
negative potential in the whole measured pH region (until pH 9). Above IEP sepiolite is negatively
charged reaching a plateau at pH 4.3 with ZP of —18.9 mV. Most clay minerals have IEP around 2
(Padilla et al. 2011; Sabah et al. 2007). Negative charge of sepiolite could be the consequence of crystal
lattice imperfections and substitutions of Si*" with AI>* and AI’* with Mg>" in the crystal lattice, which
can lead to an excess of negative charge in the layers (Padilla et al. 2011). On the other hand, breaking
of siloxane group (Si-O-Si) bonds during grinding leads to negative surface charge (Alkan, Tekin, and
Namli 2005; Chen et al. 2012) due to forming of siloxide (-SiO-) groups. It was also found (Padilla et al.
2011) that sepiolite is stable at large pH range from 2 to 12 and that at pH below 2 mostly Mg* ions are
released.

Below the isoelectric point (IEP), sepiolite becomes positively charged due to the adsorption of
specific ions, such as H;O", which are relatively abundant in such an acidic environment. These ions
can interact with the surface and specifically attach to surface functional groups, particularly the
silanol groups, turning the surface charge into a positive one.

In comparison to feather dispersions, sepiolite exhibits lower stability and a greater tendency to
agglomeration.
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Figure 9. Zeta potential as a function of pH for feather marked as x) and sepiolite (marked as o) samples.

Table 2. Viscosity (n), Density (o), Surface tension (SFT) of test liquids and their corresponding dispersive (Dis) and polar (Pol)
contributions, and polarity.

SFE Dis Pol Polarity
n p Y V;j Vf )’7/ 14
Test liquid (mPas) (g/cm3) (mN/m) (mN/m) (mN/m) (%)
n-heptane 0.409 0.684 204 £ 0.1 20.4 £0.1 0.0 0.0 1.0
Water 1.002 0.998 72.8 £ 0.1 22.1+£00 50.7 £ 0.1 0.70
Diiodomethane 2.762 3.325 50.8 £ 0.0 49.0 £ 0.0 1.8+ 0.0 0.04

Surface free energy

Before measuring the contact angles (CA) and determining the surface free energies (SFE) of solid
surfaces, the surface tensions, the polar and dispersive components, and the polarity of the test liquids
had to be determined. The density and viscosity data of the test liquids were taken from the Kriiss
database. The results are summarized in Table 2.

The same technique was used to determine the surface tension and its dispersive and polar
components for the test oil. Results are represented in Table 3.

The SFE of solid samples was evaluated upon the results of CA obtained by capillary rise method.
OWRK mathematical model was used to evaluate total SFE and corresponding dispersive and polar
contributions. The results are presented in Table 4.

Based on surface tension of oil sample and surface energies of solid samples determination and by
knowing their polar contributions, the Gibbs free energy of immersion wetting (AG) was calculated
according to equation (10). It is well known that a negative AG means the wetting is thermodynami-
cally favorable or spontaneous. It is clear from the results in Table 5, that this is the case for oil and
feathers. Thus, the work of adhesion (W) in the case of oil and feathers is about 35% higher than that
of sepiolite and oil. The same analyses were performed on polyester fabric used as a barrier material for
the pillow samples with feathers or feathers and sepiolite. The system PET/oil has the highest positive

Table 3. The surface tension (y,) and its dispersive (y¢) and polar (/)
contributions of sample diesel oil.
Sample Y V7 Vf
Diesel oil 30.68 + 0.19 0.608 30.97
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Table 4. The total surface free energies (SFE) and their dispersive and polar con-
tributions estimated by OWRK model for sepiolite (S), feathers (F) and polyester

fabric (PET).

SFE Dis Pol

2 v 4
Sample (mN/m) (mN/m) (mN/m)
S 41.82 + 6.64 38.78 £ 6.22 3.04+1.74
F 18.86 + 4.34 9.20 + 3.03 9.66 + 3.11
PET 19.94 + 3.35 17.18 £ 4.05 275+ 0.74

Table 5. Gibbs free energy of wetting (G) and work of
adhesion (W) for the solid/liquid systems (feathers/oil
(F/oil) and sepiolite/oil (S/oil)).

Samples G (m)) W, (mJ/m?)
S/oil 413 29,11
F/oil -6,08 39,32
PET/oil 8.32 24.92

Gibbs free energy of immersion wetting with oil and the lowest work of adhesion among all three
samples (Table 5). It is therefore to be expected that the wrapping with polyester fabric reduces the oil
adhesion capacity.

Oil adsorption capacity

The results of the test method for the oil sorption performance of the adsorbents are shown in
Figure 10. The oil adsorption capacity is shown as the weight ratio between the adsorbed oil and
the dry adsorbent (calculated according to Equation 6 - Oil adsorption capacity,,). Loose chicken
feather fibers exhibited the highest oil adsorption capacity,, as they adsorbed about 18.9+0.5¢
of oil per g of feathers in the 15-minute test and about 20.5+ 1.9 g/g in the 24-h test. There is
no significant difference between the results of the short-term and long-term tests, which is
consistent with the results of the oil adsorption kinetics of chicken feathers obtained by (Kelle
and Eboatu 2015). When feathers were processed into a pillow composite using PET fabric, the

25
W 15 min test 24 h test
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Figure 10. The oil adsorption capacity as mass ratio of oil adsorbed to dry adsorbent weight of loose feathers (F), pillow composites
(F-pillow, FS-pillow) and sheet composites (F-sheet, FS-sheet).
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oil adsorption capacity,, decreased to 9.9 g/g and 10 g/g (after 15 min and 24 h). When sepiolite
was added to the pillow composite, the oil adsorption capacity,, decreased to about 5.3 g/g.
Similar results (about 6g/g) were obtained for thermally compressed feather sheet composite
(F-sheet), and for the sheet composite with sepiolite addition (FS-sheet), the oil adsorption
capacity,, dropped to 2.5 g/g.

Different structures and/or the addition of sepiolite to the feathers in the composites had
a significant effect on the weight of the sorbents, but at the same time did not significantly
increase the adsorption capacity of the composites. Thus, the oil adsorption capacity weight
ratio (oil adsorption capacity,,) of the sample F-pillow was about 50% lower than that of the
loose feathers and that with added sepiolite (FS-pillow) was even about 70% lower. The oil
adsorption capacity of sepiolite alone determined for these tests was 0.9 g/g, which is con-
sistent with the studies of (Zadaka-Amir, Bleiman, and Mishael 2013). In addition, the density
of sepiolite is 2.5 g/cm®, while the density of feathers is 1.5g/cm’. Thermal bonding of the
feathers in the F-sheet samples reduced the accessible oleophilic surface area of the feathers,
resulting in an approximately 70% decrease in oil adsorption capacity compared to lose
feathers (F).

Conclusion

The objective of this study was to determine how different combinations of chicken feathers with
inorganic solid adsorbent, sepiolite, and various forms of composites based on chicken feathers affect
their oil adsorption capacity. The surface chemical structure of the feathers indicates the presence of
amides I and II as well as C=0O, C-N and hydrogen bonds, while the chemical structure of the sepiolite
contains OH groups, typical Si-O-Si and Si-O-Mg bonds. The functional dependence of the zeta
potential on pH shows the typical amphoteric character of feathers with an isoelectric point at pH 4.3,
while the zeta potential of sepiolite is mostly negative in the pH range, since its isoelectric point is at
pH 2.2. Moreover, above pH 6, the zeta potential of feathers reaches a value of about —30 mV, which
theoretically indicates the stability of colloidal solutions due to strong repulsive forces among same
ionizing groups, while that of sepiolite is about —20 mV.

To analyze the surface properties of the samples and their hydrophobic (oleophilic) properties, the
contact angles of solid feathers and sepiolite samples were measured with test solvents and the surface free
energies were calculated. Based on the determination of the surface tension and its polar/dispersive
components of the test oil, the Gibbs free energy of wetting and the work of adhesion were determined
for the solid/liquid feather/oil and sepiolite/oil systems. The results showed that the Gibbs free energy of
wetting of feathers with oil was —6.08 mJ, which indicates a spontaneous wetting process of feathers and oil,
while the Gibbs free energy for the sepiolite/oil system was 4.13 m]J. Therefore, also the work of adhesion of
the system feathers/oil was 35% greater than for the sepiolite/oil system.

To determine the behavior of the adsorbents and their oil absorption capacity in the real conditions, an
absorption test was performed in accordance with the ASTM F726-12 standard. The results proved all the
surface and interface analyses because they showed that loose feathers in their natural form had the highest
absorption capacity, absorbing about 20 g of oil per g of feathers. When the feathers were formed into pads
using PET fabric, their absorption capacity decreased by half compared to lose feathers, while thermal
compression of the feathers into sheets further reduced their absorption capacity to one-quarter. The
addition of sepiolite in small amounts, which does not affect buoyancy, reduced the absorption capacity of
the samples to about 5 g/g for pads and even to about 2.5 g/g for sheets.

This study has clearly shown that the maximum adsorption capacity for oil can only be achieved
with loose feathers. In this form, feathers absorb 100% more oil than the next most effective form of
absorption, feather-filled PET pillows. This is most likely attributed to the greater accessibility of the
active hydrophobic surface in the case of loose feathers. Contrary to expectations, the addition of
sepiolite did not improve the absorption performance of any of feather composite forms investigated.
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Highlights

® Waste poultry feathers are among the most promising natural materials for oil adsorption.

® The form and composition of feather-based oil adsorbents have a significant influence on their oil absorption
capacity.

® The addition of inorganic sepiolite did not improve the absorption performance of any of feather composite forms
investigated.

® The surface free energies and Gibbs free energies of wetting of feather-based adsorbents with oil are excellent
indicators of oil adsorption ability.

® Chicken feathers in loose form are excellent oil adsorbents with more than 100% higher oil adsorption capacity
compared to other adsorbents based on feather fibers.
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