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Atmospheric-pressure dielectric barrier discharge plasma was used
as a methodology for a crustacean shell waste pre-treatment
process, resulting in intensified protein removal. This renewable
electricity-based separation operation can serve as a scalable
green alternative to the conventional chemical purification in the
production of the chitin biopolymer, which applies unrecyclable
mineral bases.

Over 10 million tons of shrimps are collected every year from
the sea worldwide while 50% of their total body mass remains
as waste after the utilization in the food industry." Shrimp
shell waste consists of proteins (30-40%), calcium carbonate
(30-50%), chitin (20-30%) and pigments (astaxanthin,
canthaxanthin, lutein or B-carotene)” and the production of
chitin is the best way to utilize this biomass.

Chitin, a polysaccharide consisting of acetyl-glucosamine
and N-acetyl-glucosamine monomer units, is a bio-renewable,
biocompatible, environmentally friendly, biodegradable and
bio-functional polysaccharide. It is easily functionalized and
as such has been used for various applications in the bio-
medical, pharmaceutical, tissue engineering, cosmetics, and
wastewater treatment sectors.””® For chitin as a by-product of
the crustacean processing industry to be of use, the removal of
minerals (demineralization), proteins (deproteinization), and
pigments (decolourization) is required.” For the development
of efficient procedures for chitin extraction from shrimp waste,
it is important to understand the structural features of the
shrimp shell (exoskeleton). The crustacean exoskeleton is very
rigid and it is made out of a 3-layered cuticle. Predominantly,
chitin is located in the inner layers of the cuticle of the shell,
wrapped together with proteins, which assist with the scleroti-
zation of the shell. The middle layer consists of chitin with
minerals while the outer layers of the cuticle are made of
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calcium carbonate and proteins.® Thus for the successful iso-
lation of chitin, exfoliation of the outer and middle layers is
necessary. The conventional process for chitin recovery and
purification from crustacean shells requires the use of strong
alkali and acid solutions and relatively high temperatures.®"°

Due to the large amount of acidic, alkaline and organic
waste generated during the process, this process is also envir-
onmentally hazardous and the effluent treatment of acid and
alkaline reagents adds additional cost."* Furthermore, the con-
tinuous hydrolysis of the polymer during alkaline treatment
causes a decrease in the molecular weight of chitin and there-
fore affects its mechanical properties.**

Thus, some commercially available crude enzymes for the
chitin extraction process could be of interest in decreasing
costs of this process as well as in preserving the environment.
However, it must be noted that the efficiency of enzymatic
methods is inferior to chemical methods with approximately
5%-10% residual protein typically still associated with the iso-
lated chitin.'” As an alternative, researchers investigated new
technologies and one of the most prospective is the lactic-acid
fermentation process for chitin isolation, where a mixture of
bacteria consume proteins and degrade calcium carbonate.
However, the process time for the completion of this fermenta-
tion step is relatively high, of the order of a few hours or
days.">'* The combination of enzymatic deproteinization and
lactic acid demineralization with microwave radiation under
eco-friendly conditions was also proposed as an option.'®
Another attractive way for chitin isolation is the use of ionic
liquids which dissolve chitin, leaving proteins and minerals
undissolved."® A major drawback of this method is a higher
cost associated with the complete recovery of the ionic liquids
(recycling of the solvents).

Due to these facts, the development of efficient and greener
routes for the removal of protein from crustacean shell waste
remains a challenge. Lately, non-equilibrium plasmas have
attracted great interest, especially for the precise and efficient
surface modification of various heat-sensitive materials such
as polymers or polymer composites, without affecting the bulk
properties.’”'® Plasma surface modifications have already
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been used for the surface modification of biopolymers such as
chitin or chitosan with the purpose of improving their physical
and chemical characteristics for various applications.'*™!
Furthermore, it is well known that various gas plasma treat-
ments are used for the degradation of human tissues, blood
proteins and microorganisms as an efficient technique for
sterilizing surgical devices.>” Plasma generation by the dielec-
tric barrier discharge (DBD) method provides thermally non-
equilibrium plasmas (low temperature plasmas or cold
plasmas) with a much higher electron temperature compared
to that of ions.>?

Herein, we present the method of DBD plasma assisted
faster removal of outer layers from the surface of shrimp shell
waste, forming gaseous products (Scheme 1). Several plasma
gas compositions have been tested and extensive surface
characterization (XPS, FT-IR and SEM) on the treated shrimp
shell surface was performed. Furthermore, DBD plasma is a
potential scalable, efficient and sustainable pre-treatment
method for the removal of low value added compounds, while
releasing only gaseous products, exposing the desirable bio-
polymer, chitin.

For our experiments, plasma was generated in a reactor
made from a quartz tube, bearing an inner steel electrode,
which was connected to a high voltage source with a frequency
of 3 kHz. The outer electrode was made out of aluminum foil,
wrapped around the reactor tube and connected to the
ground. Shrimp shell parts [Fig. SI1A ESIf] were washed with
demineralized water, dried and inserted into the gap between
the electrode (in a volume of 3.1 cm®) and the quartz tube
[Fig. SI2 ESIf]. The plasma was generated at a power intro-
duced into the plasma of 20 W with pure N, and N,/O, mix-
tures at the inlet (5% and 10% O, in N, plasma).

The plasma generated with N, or N,/O, gas mixtures con-
sists of various excited atomic and ionic species, excited mole-
cules and electrons. Pure N, DBD plasmas are known to
contain excited molecular, atomic and ionic species (N,*, N,",
etc.), which can break various carbon-carbon or carbon-hydro-
gen bonds.>* Additionally, the breakage of the surface bonds
can yield various excited radical species such as atomic H or
OH radicals. The experimental and theoretical studies on the

Gaseous product

Cco,N,

DBD Plasma reactive species
+ =

HOOCH-CH,-NH,

S

Ny
~QRee
Protein degradation

Shrimp shell > a-Chitin

Scheme 1 Solvent-less DBD plasma-based removal of proteins from
shrimp shell waste, exposing the a-chitin biopolymer and forming only
gaseous products.
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generation and detection of such species in various plasmas
can be found elsewhere.>*** The effects of various plasma feed
gas compositions on etching rates were measured in terms of
percentage of mass removed from the sample and are pre-
sented in Fig. 1A. It was observed that by increasing the O,
content in the feed gas mixture, the etch rate tended to
increase, which is attributed to higher concentrations of
excited O* species.”® It is already well established that atomic
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Fig. 1 Shrimp shell treatment with N, plasma, 5% O, in N, plasma and
10% O, in N, plasma for 1.5, 3 and 6 minutes. (A) Mass removed, (B)
chitin content and (C) protein content. (The composition of the non-
treated shrimp shell was: chitin 25.5%, protein 37.4% and mineral (ash)
content 37.1%.)
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O species can react with much higher reaction kinetics with
various carbonaceous materials compared to that of excited
atomic or molecular nitrogen species. In order to determine
the plasma selectivity towards the shrimp shell content, chitin,
ash (minerals) and total nitrogen were assessed in all the
samples following the protocols described in the ESL{ The
protein content in waste crustacean biomass was calculated
with eqn (1).

Protein (%) = (Ngjeldaht (%) — Cenitin (%) - Neniein (%)) -f (1)

where Nyjieqan i the total nitrogen content in the sample,
Cehitin 1S the chitin content in the sample, Ncpitin S the nitro-
gen content in the chitin at complete acetylation (6.33%), and
fis the remaining nitrogen to protein conversion factor (6.25).

Chitin concentration was estimated by completely isolating
chitin from the samples following the protocol described in
the ESL.}

The chitin concentration in the non-treated samples was
25.6% and was increased by 52% (37.6% in the sample) in the
case of pure N, plasma, while in the 5% and 10% O, in N,
plasma, a lower increase in the chitin content, 42.9% (35.3%
in the sample) and 34.4% (33.2% in the sample), was observed
(Fig. 1B). The determination of the protein content in shrimp
shells using eqn (1) showed that the protein content was
decreased by 42% in the sample treated with pure N, plasma,
while with the 5% O, and 10% O, in N, plasma, the values are
lower, 33.7% and 26.2%, respectively (Fig. 1C). The increased
values of chitin in the treated sample are in parallel with the
protein removal values in the samples treated with pure N,
plasma, which makes this type of plasma less aggressive and
more selective towards the outer layer of proteins. On the other
hand, we assume that treatment with 5 and 10% O, in N,
plasma also causes the decomposition of the polysaccharide
chain. This behaviour of the samples treated with O, plasma
may be attributed to its more aggressive influence on the
shrimp shell and the chitin chain itself. The plasma generated
reactive species are removed from the shrimp shell surface
layers into volatile molecules such as CO, CO, and H,, which
were then detected using in-line micro-GC measurements of
the outlet gas composition. The amount of CO,/CO and H,
released from the surface increases with the O, content in the
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inlet gas [Fig. SI3, ESIf], which confirms higher material
removal from the shrimp shell in that case (Fig. 1A).

During plasma treatment, the inorganic minerals were inert
towards the interacting plasma reactive species. However, a
slight loss of minerals was observed, which could be further
explained by the chitin biopolymer matrix decomposition
releasing minerals, which then additionally contribute to a
higher loss of mass. Furthermore, the X-ray photoelectron
spectroscopy (XPS) elemental analysis of the shrimp shell
surface after plasma treatment revealed a higher mineral
content in the case of 5 and 10% O, in N, plasma [Fig. SI4,
ESIT]. This could not be explained just by the removal of pro-
teins, since the minerals in the shrimp shells are embedded in
the chitin matrix, serving as a protection against mechanical
damage of chitin in the bulk of the shell.® For example, when
we conducted the 10% O, in N, plasma treatments on a demi-
neralized sample, the sample became charred in a short time
(data not shown), providing another solid argument for the
mineral’s protective role.

Our next objective was to study the influence of plasma
treatments on surface chemistry and morphology, treated
under various conditions. Since plasma is a surface sensitive
technique, XPS is one of the most suitable surface analytical
techniques for comparing the changes in surface chemistry
before and after plasma exposure, which can collect signals
from a depth of ~5 nm. The XPS survey spectrum revealed that
the surface oxygen content increased after exposure to various
plasmas. Furthermore, to elucidate the surface chemistry, a
high resolution C 1s peak located at around 285 eV was decon-
voluted. The comparison of C 1s peaks for the samples treated
with various gas plasmas is presented in Fig. 2.

The C 1s peak for the non-treated sample was deconvoluted
mainly to 3 peaks. The lower binding energy peak at around
284.7 eV was assigned to C-C or C-H bond types on the
surface whereas the peaks at around 286 eV and 288 eV were
assigned to C-N/C-O and C=N/C=O0 bonds, respectively.>” It
should be noted that a clear distinction between carbon-nitro-
gen and carbon-oxygen bond types cannot be made by using
XPS analysis due to their very similar binding energy values.
After plasma treatment, the relative intensity of the lower
binding energy peak corresponding to C-C/C-H bonds signifi-
cantly decreased along with the appearance of new O-C=O
bonds, confirmed by the presence of a peak above 289.5 eV.?®
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Fig. 2 XPS deconvolution of the HR C 1s spectrum for (A) the non-treated sample and the samples treated for 3 minutes with (B) pure N, plasma,

(C) 5% O, in N, plasma and (D) 10% O, in N, plasma.
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Fig. 3 FTIR spectra of the non-treated shrimp shell and shrimp shells treated for 3 and 6 minutes with (A) pure N, plasma, (B) 5% O, in N, plasma

and (C) 10% O, in N, plasma.

The relative intensities of other oxidised carbon states (peaks
at 286 eV and 288 eV) were relatively higher for the samples
treated with N,/O, mixture compared to that of the N, plasma
treated samples. This is a further confirmation of the higher
carbon oxidation and increased etching rates in N, plasma
after O, addition. Furthermore, the effects of plasma treat-
ments were compared by using the FT-IR spectra of shrimp
shells using the diamond ATR mode of operation (Fig. 3). It is
already well established that the IR absorption peaks corres-
ponding to -CH; deformation (1410 em™'), -C-O stretching
(1020 em™") and -NH stretching (3280 cm™") are characteristic
peaks for chitin.?”

The FT-IR spectra showed that shrimp shells after plasma
treatment exhibited absorption bands at around 3280 cm™,
1410 em™" and 1020 em™" corresponding to -NH stretching,
-CH; deformation and -C-O stretching, respectively. All
samples treated for 6 minutes showed an increase in intensity
of the broad peak detected at 1020 cm™" due to the asymmetric
vibration of -C-O of the glycosidic linkage. The samples
treated for 3 minutes showed the same or lower intensity of
the -C-O band, compared to the non-treated samples.
Particularly in the sample treated with 5% O, in N, plasma for
3 minutes, a broad peak at 1020 cm™" in the polysaccharide
region was replaced with a few distinct peaks which may be
assigned to a clear form of the chitin polysaccharide chain.*
On the other hand, from the protein removal point of view, the

FT-IR spectrum showed decreased intensity of bands at
around 1640 cm™" and 1520 cm™' which represent amide I
and amide II, respectively. The amide I band corresponds pri-
marily to the C=O stretching vibrations and the amide II band
corresponds to -NH bending. The above-mentioned bands
refer to proteins and also occur in the IR spectrum of chitin
because of the presence of the C=0 and -NH groups in chitin.
The spectra after plasma treatment showed that the intensity
of a peak detected at 1640 cm ™" was reduced (the band was
broader), which indicated the removal of proteins from the
sample. Also, after plasma treatment, a peak detected at
1520 em™" was reduced in the samples treated with pure N,
plasma, and was absent in the samples treated with a higher
concentration of oxygen, which is also a confirmation of
protein removal. Also, our research provided a comparison of
the FT-IR spectra of the plasma treated samples with the con-
ventionally deproteinized samples (1 M NaOH, at 80 °C for
1 hour) [Fig. SI5, ESI{]. All plasma treated samples showed
good matching with the deproteinized samples regarding
peaks related to protein removal.*"

In order to visually observe the surface changes and mor-
phology of shrimp shells after plasma treatment and compar-
ing them to deproteinized shrimp shells, scanning electronic
microscopy (SEM) images were obtained (Fig. 4). The changes
on the surface are clearly visible when compared to raw
shrimp shell (Fig. 4A). The plasma treated samples exhibit

C) Deproteinized sample #

Fig. 4 SEM images of (A) the non-treated shrimp shell, (B) the shrimp shell treated with pure N, plasma for 6 minutes and (C) the deproteinized

shrimp shell (1 M NaOH, 4 h at 80 °C).
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lamellar organization of fibers that form a network of strings
which correlate to chitin.®*> A comparison of the SEM images
of the N, plasma treated shrimp shell (Fig. 4B) and alkali
deproteinized shell (Fig. 4C) reveals the same porous and
fibrous surface on both samples. There the plasma treatment
lasted only 6 min while producing only gaseous waste.

The estimated thickness of the sample before and after
plasma treatment was determined using a scanning electron
microscope at low electron energies. The shrimp shells before
plasma treatment had an average characteristic thickness of 80
+ 10 pm, while after 10% O, in N, plasma and pure N, plasma
treatment, it reduced to 35 + 5 pm and 44 + 8 um, respectively.
Since the typical crustacean shell composition from the outer
surface to inside consists of epicuticle, exocuticle, endocuticle
and inner membrane layer which could be visible as distinct
layers under the SEM,*® we can take into account that the
outer side of the shell is more protected from the plasma influ-
ence (minerals are inert to plasma). The epicuticle consists of
tanned lipoprotein impregnated with calcium salts, and the
exocuticle contains chitin-protein fibers stacked in layers.*®
The exocuticle and endocuticle layers consist of a hard minera-
lized fibrous chitin-protein tissue and this section is therefore
more accessible to the DBD plasma treatment, which could
further explain the reduction of the thickness and exposed
characteristic chitin fibrous structure (Fig. SI1B ESIT).
Furthermore, we have determined the characteristic thickness
of the deproteinized shrimp shells and the results revealed
almost the same thickness as that of the plasma treated
shrimp shells (40 + 10 um).

Further examination of the plasma treatment on shrimp
shells in combination with the consecutive removal of min-
erals is envisioned in the future.

Conclusions

The establishment of a profitable and sustainable industry
from shrimp shell waste is in need of new approaches. The
development of a sustainable fractionation method to separate
proteins, calcium carbonate and chitin, one that avoids corros-
ive or hazardous reagents and minimizes waste, is being envi-
sioned as a solution."* The DBD plasma treatment process
showed an efficient and fast protein removal capability
without a significant influence on the chitin biopolymer.
Furthermore, the plasma based process does not require any
solvents and therefore no (solid and liquid) waste is formed.
Using relatively cheap gaseous O,/N, mixture and working
under atmospheric pressure without using any expensive
vacuum components enables a straightforward scale-up of this
technology. Examples can be found in the cited reference for
the industrial-scale plasma processing for various commercial
applications.>® With this in mind, after an initial investment
to build a new plasma system, the day-to-day expenses for the
operation are mostly limited to the cost for electricity, which
makes it even more appealing to be embraced for the chitin
isolation process in the future. For complete chitin isolation,

This journal is © The Royal Society of Chemistry 2018
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the demineralization and complete deproteinization should be
performed. However, any protocol for further isolation of the
chitin from the plasma pre-treated shrimp shell should be
able to isolate chitin in an intensified way saving costs on the
chemicals and waste removal.
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