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ABSTRACT

Global warming is the major consequence of pollution. The pollutants that contribute to global warming are
commonly known as greenhouse gases. The world has seen an increase in the carbon dioxide concentration over the
past few years. The largest sources of carbon emission are the combustion of fossil fuels. The concept of “Green Clean
Energy” raised on a mission to reduce the release of these hazardous emissions. Hydrogen is one of those clean energy
fuel which helps in solving the present crisis. Materials such as chicken feathers can be used as a medium to store
hydrogen. Several research studies are reviewed where chicken feathers are thermally treated by the method of
pyrolysis to make them a novel material for hydrogen storage. The uniqueness in the structure and properties of
chicken feather is it contains 90% of keratin fibre when heated increases its micropore volume that results in higher
hydrogen uptake.
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1 INTRODUCTION

The requirement for energy is rising exponentially day by day, but there is no sufficient conventional source of energy
that can support this demand. The conventional energy sources like oil, gas and coal are fossil fuels [1] which
deteriorate the environment drastically, burning of them will produce large amounts of greenhouse gases and other
pollutants. Carbon dioxide, a major greenhouse gas concentration in the atmosphere has steadily increased to 405.25
ppm in 2016 [2], making 2016, one of the hottest year ever recorded is shown in Figurel [2, 3]. People are trying to
find various solutions to this crisis, one being usage of more clean energy fuels like solar, wind, bio, hydro,
geothermal, ocean and hydrogen energy [4].

1.1 Hydrogen as Energy

Hydrogen can be generated from clean and green sources and its energy content is very high (120 MJ/kg). This makes
hydrogen one of the most potential fuel for the future. Hydrogen can be generated from numerous sources like water
(by thermochemical spitting, photovoltaic cell and photo chemical reaction), glycerol, biomass and other sources
(urea, electrohydrogenesis from organic material, cheese whey, hydrogen sulphide) [5]. There are also several
disadvantages of hydrogen like, its low energy density (high pressure has to be applied to store large mass of hydrogen
in a small space), its difficulty in liquefaction (temperature less than 22 Kelvin), its high flammability, hydrogen
embrittlement (when stored in a high pressure steel tank) [6]. The liquefied hydrogen or pressurized hydrogen (above
35 MPa) has densities that are 10 and 30 times lower than the ambient gasoline density [8]. Hydrogen can be stored
in numerous ways like compression, liquefaction, physio sorption in microporous carbon, metallic hydride and
complex hydrides [7].
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Figure 1: Concentration change in CO2 over a timespan [2]. Figure 2: Parts of chicken feather [12]

The various microporous carbon materials are carbon nanotubes, activated carbon, graphite, carbon nanofibers and
metal organic framework. One of the prominent methods in physio sorption is usage of chicken feathers as carbon
source. This material is highly porous and has high surface area which contributes to higher physio sorption [8]. Major
component of chicken feather is keratin which helps in trapping the hydrogen gas. Keratin when heated hardens and
it attains a structure comparable to carbon nanotubes. The amount of hydrogen stored in keratin is similar to that of
expensive carbon nanotubes [9]. Several tons of keratin waste are produced annually from poultry farm making their
disposal very tedious. Various reducing agents are used to chemically treat these waste chicken feathers, they are also
degraded chemically and physically by NaOH and heat treatment [10].

1.2 Structure of Chicken Feather

Poultry feathers are a cheap and renewable source of fibre that contain about 90% keratin protein [12]. Statistics
show that every year the world produces more than 4 billion pounds of chicken feather [14]. The uniqueness in the
structure and properties of chicken feather makes them preferable for several applications like textile products, films,
composites and energy storage source [16]. The density of chicken feathers is about 0.8 g/cm? which is lower than
other sources of fibre such as cellulose (1.5 g/cm3) fibre and wool (1.3 g/cm3). Their low density, high mechanical
strength, hydrophobicity, high flexibility and structural interaction with other fibres helps to develop new products
of very rare and unique properties contrary to natural or synthetic fibres [12, 13].

The chicken feather consists of three primary units. The rachis (about 7 cm in length) forms the central axis. This
central axis is attached to the Calamus (present at the base). The secondary structure consists of barbs which are
attached to the rachis. Their length varies along the central axis (from 1 to 4.5 cm). Barbs are usually longer at the
base and shorter toward the tip, as shown in Figure 2. The keratin has 8-pleated and a-helix sheet structure as shown
in Figure 3 that includes about 20 amino acids, mainly of cysteine. lts structure consists of a central carbon linked to
functional groups (amine, -NH2, and carboxylic acid, -COOH), the hydrogen atoms and the group R (sulphur) [15].

By “slow pyrolysis” and other chemical treatment methods, the properties of chicken feathers can be improved
and modified. Slow pyrolysis is one of the heat treatments well known and commonly used to obtain carbon in a
controlled monitored environment, time, and temperature. During this process volatile components from
carbonaceous material are released. These organic substances are a waste in the form of CO; are returned to the
environment [17].
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Figure 3: (a) a-helix and (b) B-pleated Sheet structure [16].
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2 MATERIALS, EQUIPMENT AND SAMPLES PREPARATION

There are several thermo-chemical processes such as gasification, combustion, hydrogenation, liquefaction and
pyrolysis which are used to convert the raw material into energy products. Pyrolysis method of conversion is
important since they convert the raw materials directly into solid, liquid, gaseous products by thermal decomposition
in the absence of oxygen. There are three broad methods of pyrolysis- slow, intermediate and fast. Slow pyrolysis is
incorporated to process the chicken feather because it leads to less liquid and gaseous product and more of char
production [18]. The keratin fibres present in the chicken feathers forms cross-links when heated which strengthens
its structure and enhances its porosity thereby increasing the surface area. Chicken feathers are obtained from various
sources like poultry farms and they are separated into rachis and ramus. The general process of pyrolysis of chicken
feather proposed by Richard P. Wool et al. [19].is as shown in Figure 4.

lliana Giraldo et al. (2013) [9], cleaned the rachis chicken feather and dried them at temperature 50°C and
chopped into fine lengths. The chopped pieces were heated at 250°C, 350°C and 450°C for 24 hours in nitrogen
atmosphere. The resulting activated carbon was filtered using the mesh of size 0.27-0.55 mm and dried for 24 hours
at 105°C. The sample was again heated at a rate of 5°C/min in nitrogen atmosphere from room temperature to final
activation temperature. Distilled water was used to wash the activated carbon till a constant pH value is obtained.

Erman Senoz et al. (2009) [20], obtained chicken feathers that were already separated from the quill. The
pyrolysis was conducted in a Thermolyne Type F6000 box furnace with a capacity of 861 in3 with a constant nitrogen
flow for 3 hours to get pyrolysed chicken feather fibre (PCFF). The samples were heated in a two different ways. The
first five samples were isothermally heated at a rate of 3°C/min to 215 °C for 2, 4, 10, 15 and 24 hours respectively
as shown in Table 1 and the variation in residue fraction is as shown in Figure 5.

The next six samples were pyrolysed in a two-step process, Firstly, heated at a low temperature at 215°C or 220°C
for a desired time and a constant rate (3°C/min). Later these samples were again heated to a higher temperature
(400°C, 450°C or 500°C) for an hour. There were two more samples that were heated at 400°C for 1 hour and
220°C for 24 hours respectively as shown in Table 2. The graph generated from the available data of residue fraction
is shown in the Figure 6.
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Figure 4: (a) Overall pyrolysis process proposed by Richard P. Wool et al. [19], (b) Thermolyne Type F6000 box
furnace [21], (c) Pyrolysed chicken feather [22].

Table 1: Single step pyrolysis at Constant Temperature and varying time [20].

Sample PCFE- Temggriature OCR/Erlr:?n I\l::: Residue fraction
1 215 3 2 0.767 = 0.019
2 215 3 4 0.722 + 0.012
3 215 3 10 0.638 + 0.016
4 215 3 15 0.626 + 0.011
5 215 3 24 0.601 = 0.015
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Table 2: The pyrolysis parameter with adsorption capacity [20].

Sample Rate-1°C/min T ti Rate-2 °C T» ta Residue fraction ~ Adsorption
PCFF- oC hour /min oC hour capacity
6 3 215 24 3 400 1 0.176 + 0.015 Best
7 3 220 24 2 450 1 0.101 = 0.020 Best
8 3 220 32 2 450 1 0.063 + 0.010 Best
9 3 400 1 - - - 0.209 + 0.007  Medium
10 3 220 5 3 400 1 0.212 = 0.018 Best
1 3 215 24 3 Low
12 3 220 26 2 0.004 =+ 0.001 Medium
13 3 220 24 - 0.617 + 0.022 Low
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Figure 5: Residue mass fraction of PCFF samples prepared at various time duration.
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Figure 6: Residue fractions for different samples.
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Erman Senoz et al. (2010) [8], prepared PCFF in two step pyrolysis similar to that described earlier. All the samples
were heated to 215°C at a rate of 3°C/min for 15 hours. The samples were further heated immediately to various
isothermal temperatures of 350°C, 400°C, 420°C, 450°C, 500°C at a rate of 3°C/min for 0.5, 1, 1.5 or 2 hours. The
residue fractions of various samples are shown in Figure 7. The cooled fibres, were washed with toluene and water
to clean the materials from depositions.
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Figure 7: Residue mass fractions of PCFF samples prepared at (a) 400°C, (b) 420°C and (c) 4500C versus the
pyrolysistime at the 2nd step.
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Figure 8: Hydrogen uptake isotherms at -196°C of activated carbons obtained from rachis chicken feathers (a)
CFAC-450 (b) CFAC-350 (c) CFAC-250.

3. Hydrogen Uptake

Liliana Giraldo et al. (2013)[9] subjected the samples (treated at 250°C, 350°C and 450°C) at a constant temperature
of -196°C for pressures varying from 20-80 bar and its hydrogen uptake was measured and plotted as shown in Figure
8. It is understood from the observation that the samples treated at a lower temperature of250°C and 350°C showed
less hydrogen adsorption capacities which was due to the result of less porosity and surface area. The sample that
was treated at 450°C showed highest hydrogen uptake with a maximum uptake of 3.5 wt% at 80 bar. There was
an increase in the micropore volume (V;;(N2) cm?3/g) with increase in pressure. The sample prepared at 450°C showed
highest micropore volume.

Erman Senoz et al. (2009) [20], performed nitrogen adsorption, BET analysis and t-plot method on the samples
and concluded that the samples that were heated up to 400°C and 450°C (PCFF-6, 7, 8 and 10) in second pyrolysis
step showed higher surface areas and degree of microporosity. Specific surface area (Sger) obtained by BET method
[23] in the relative pressure range of 0.01-0.05 and micropore volume (Vmic) calculated by t-plot are tabulated in

Table 3: Variation of specific surface area, micropore volume and adsorption capacity for different samples.

Sample  Sger (m?/g) Vmic(cm3/g) Adsorption Residue fraction
PCFF- capacity
6 436 + 4 0.178 Best 0.176 + 0.015
7 460 + 2 0.196 Best 0.101 = 0.020
8 419 + 6 0.176 Best 0.063 + 0.010
9 376 = 0 0.133 Best 0.209 + 0.007
10 189 + 6 0.072 Medium 0.212 + 0.018
11 114 =0 0.041 Medium
12 14+0 0.002 Low 0.004 + 0.001
13 <1 <0.001 Low 0.617 + 0.022
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Erman Senoz et al. (2010) [8], performed nitrogen adsorption, BET analysis and t-plot method on the samples. It is
found that, after the second step of pyrolysis the complex nature of the protein resulted in numerous degradations
and rearrangement reactions at high temperatures. This is due to the side chain of various amino acids such as cysteine
(thiol), serine (hydroxyl), glutamic acid (carboxyl), proline (nonpolar hydrocarbon), arginine (amine), etc. This meant
that the evolution of the structure of these fibres during pyrolysis have high sensitivity to the reaction conditions.

There were two divisions of pyrolysis reactions within temperature range 400-450°C which are micropore-
formation and micropore-destroying reaction. From the experimental data as shown in Table 4, it is observed that
the maximum specific surface area and microporosity occurs at 1 hour which are plotted in Figure 9 and Figure
10respectively. When the fibre was pyrolysed for a longer time (>1 hour) micropore-destroying reaction
predominates decreasing the micropore volume. When hydrogen storage uptake is measured at room temperature
and pressure 5.4 MPa it was evident that pyrolyzing for 1 hour leads to highest hydrogen storage uptake as shown
in Figure 11.

Table 4: Variation of hydrogen storage uptake (22°C and 5.4 MPa), specific surface area and micropore volume
according to pyrolysis temperature and time.

Temperature Pyrolysis Specific surface area  Micropore  Hydrogen storage uptake
of Pyrolysis time m?/g Volume at room temperature
°C h cm?/g wit%
400 0.5 <10 0.002 0.04
400 1 414 0.178 0.35
400 1.5 226 0.092 0.18
400 2 51 0.020 0.22
420 0.5 221 0.082 0.14
420 1 315 0.120 0.25
420 1.5 163 0.077 0.19
420 2 237 0.092 0.24
450 0.5 336 0.136 0.26
450 1 430 0.173 0.37
450 1.5 29 0.009 0.15
450 2 89 0.032 0.20
500
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Figure 9: Plot of specific surface area against time for the samples prepared at (a) 400°C, (b) 420°C and (c) 450°C
at the second step.
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Figure 10: Plot of micropore volume against time for the samples prepared at (a) 400°C, (b) 420°C and (c) 450°C at
the second step.

0.40

o
W
a
!

o
W
o
|

o
N
a
|

©
[y
a
]

Hydrogen storage uptake (wt%)
| |

o
0
@
|

0.00 T T T T T T T T T T T T T T T T T T
0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2

Time (h)

Figure 11: Plot of hydrogen storage uptake at room temperature (22°C) and pressure 5.4 MPa against time for the
samples prepared at (a) 400°C, (b) 420°C and (c) 450°C at the second step.

4. Conclusions
1. When the chicken feathers were treated less than an hour, the pyrolysed substance showed lesser micropore
volume that led to the decrease in hydrogen uptake.
2. Research studies and experiments have shown highest hydrogen uptake for one hour of treatment in the
temperature range 400-450°C.
3. Hydrogen storage increases with increase in microporosity.
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