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Abstract

Waste and low-cost lignocellulosic biomasses are well studied and widely used as raw materials for porous carbon adsorbents.
Much less attention is given to the exploration of the potential of marine biomasses, though these materials contain also nitro-
gen, which—if preserved during the processing—has a beneficial influence on the sorption properties of the porous carbon
obtained. Here, we report a multi-technique investigation into the conversion of crab shell to porous carbon adsorbent. Ther-
mogravimetry and pyrolysis-GC/MS studies were used to reveal the thermal degradation of this natural polymer and follow
the decomposition process through the identification of the products. Almost 40 various volatile degradation products were
distinguished released at 500 °C pyrolysis temperature. Based on the TGA/DTG results, two temperatures, 350 and 500 °C,
were selected to obtain pyrolytic samples in macroscopic quantities in order to characterize the morphology and surface
chemistry of the solid fraction. More than 50% of the nitrogen atoms were still in the carbonaceous matrix after the 500 °C
pyrolysis in the C—-N=C, C-NH and 3C-N-type bonds. The ash content < 1% included hydroxylapatite-type crystalline matter.
Based on these results, we may conclude that crab shells have a high potential as precursor of nitrogen-containing biochar.
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Introduction

The continuously growing demand by the water treatment
and energy sectors for carbon materials calls for new carbon
sources [1, 2]. An obvious solution is the sustainable source
represented by the renewable biomass. The estimated carbon
content in the overall biomass composition of the biosphere
is = 550 gigatons and is distributed among all of the seg-
ments of life [3]. While biomass of terrestrial lignocellulosic
origin has been considered as raw materials for long, the
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potential of the enormous amount of marine biomass is far
from being fully explored [4, 5]. Food processing indus-
try produces 6—8 million tonnes of crab, lobster and shrimp
shells worldwide on a yearly basis and, as their potential
value is ignored, most typically end up in landfills [6]. The
crustacean waste from crab shells, etc. is rich in chitin and
inorganic components, such as CaCO;, silica and phosphates
providing numerous options for being converted to substan-
tially more valuable products. Even their use as natural
biosorbents was reported to be effective for the removal of
heavy metals from wastewater [7]. They are often used as
chitosan to be used in composites or anti-corrosive layers
[8, 9]. Chitosan can be processed in enzymatic conditions
[10] or in acidic aqueous medium. The latter, with the help
of microwave treatment, may provide such valuable platform
molecules like levulinic acid [11]. In materials science, they
could serve as templates for nanostructures, carbon source
for high value or precursors for a calcium-rich biochar [12].
The conversion to porous carbon, also to biochars, is most
often performed by thermal (e.g., pyrolytic, microwave
assisted) or hydrothermal treatments [13—15]. Marine bio-
mass such as algae [16, 17] and crab shell [12, 13] can only
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be contemplated as green precursor if its upgrading to more
valued products takes place in a conservational, green way
as well. Therefore, here we focus on the pyrolytic route in
order to reveal the thermal fractionation and the intermedi-
ates formed during the thermal transition of this biomass.
The thermal decomposition of lignocellulosic biomass has
been widely studied [18-20]; however, the utilization of
marine biomass by pyrolysis [21] received much less atten-
tion. Understanding the pyrolytic process helps to optimize
the macroscopic pyrolysis in a way that the nitrogen content
of the crab shells can be at least partially retained in the
product. Nitrogen, already at low concentration (1-1.5%),
affects the physico-chemical behavior of carbons by perturb-
ing the electron distribution. Due to their electron donor
character, they also enhance the uptake of acidic gases and
the adsorption capacities toward heavy metal ions [22, 23].
Nitrogen functionalities on porous carbon surfaces also have
an important role in (electro)catalytic reactions [24].

Materials and methods
Materials and their characterization

As-received crab shell flakes were used for these stud-
ies. The raw material was analyzed by elemental analysis
using Vario EL III instrument (Elementar Analysensysteme
GmbH, Germany) in carbon, nitrogen and hydrogen modes.
Chars were prepared in a static macroscopic pyrolytic pro-
cess. Based on the thermogravimetric results, samples were
obtained at 350 and 500 °C in dried argon flow (4 dm> h™!,
heating rate 5 °C min~!, hold for 30 min) and labeled as
C350 and C500, respectively. The precursor biomass as well
as C350 and C500 was characterized by scanning electron
microscopy (SEM), powder X-ray diffraction (XRD) and
X-ray photoelectron spectroscopy (XPS). The microscopic
images were taken by a JEOL JSM 6380LA (JEOL, Tokyo,
Japan) instrument. X-ray diffractograms were recorded with
a copper anode diffractometer (X’pert Pro MPD, PANalyti-
cal Bv., The Netherlands) using a ‘zero-background Si-single
crystal’ sample holder. Phase identification was assisted by
the Search Match algorithm of High Score Plus (PANalytical
Bv.) software, based on the international Powder Diffraction
File (PDF4+, Release 2019, International Centre of Diffrac-
tion Data, ICDD, Pennsylvania, USA). Photoelectron spectra
were obtained on a Kratos XSAM 800 spectrometer (UK)
operating in fixed analyzer transmission mode, Mg Ka, ,
(1253.6 eV) excitation. Spectra were acquired and processed
by the Kratos Vision 2 software package. The assignment of
the chemical states is based on the information given in the
Supplement of [25].
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Thermogravimetric analysis (TGA)

The thermal behavior of crab shell biomass was analyzed
by a modified thermobalance (PerkinElmer TGS-2, USA).
Approximately 3 mg crab shell sample was measured under
an argon atmosphere at a flow rate of 140 cm® min~!. The
sample was heated at a rate of 20 °C min~! from 25 to
900 °C in a platinum sample pan. The carbonaceous residue
was heated in a synthetic air atmosphere at a heating rate
of 10 °C min™"! from 25 to 900 °C. To avoid the ignition of
the carbonaceous residue, lower heating rate was applied in
oxidative atmosphere than in argon.

Pyrolysis-gas chromatography/mass spectrometry
(Py-GC/MS)

Approximately 0.5 mg crab shell biomass sample was
pyrolyzed at 320 and 500 °C for 20 s in a helium atmos-
phere using a Pyroprobe 2000 (USA) pyrolyzer interfaced
to an Agilent 6890A/5973 GC/MS (USA). The interface
and the GC injector were heated to 280 °C. The injec-
tor was operated in a split mode with the split ratio of
1:20. The pyrolysis products were separated on a DB-1701
capillary column (30 m X 0.25 mm, 0.25 pm film thick-
ness). The GC oven was programmed to hold at 40 °C
for 4 min, and then increase the temperature at a rate of
6 °C min~! to 280 °C (hold for 10 min). The mass range of
m/z 14-500 was scanned by the mass spectrometer in
electron impact mode at 70 eV electron energy. The
identification of the molecules was based on NIST 2011 mass
spectral library. Three replicates were carried out at both
pyrolysis temperatures.

Results and discussion
Characterization of the samples

The apparent and matrix densities of the precursor flakes
were 0.075 and 1.32 g cm™>, respectively. Based on the
elemental analysis, the crab shell contained 43.8% carbon,
6.2% nitrogen and 6.7% hydrogen, leaving more than 43%
for oxygen and the ash content. From independent measure-
ment, the latter was only 0.69% (sample size>1 g, 16 h,
600 °C in air). The low ash content was also confirmed by
the TGA measurement in synthetic air. Based on XRD,
the ash contains hydroxylapatite-type crystalline matter
[Cas(PO,4);0H]. The ash, and consequently the Ca content,
is certainly below the values reported by Dai et al. [12] and
in different chemical forms like in the sample used for an in
situ templating by Gao et al. [26].
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Fig.1 SEM images of the precursor (a), C350 (b) and C500 (c) samples
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Fig.2 Powder X-ray diffractograms of the precursor, the pyrolyzed
C350, C500 samples and the ash remained at 600 °C

According to Fig. 1 the integrity of the matrix is retained
after the pyrolytic treatments in spite of the respective 30
and 24% yield at 350 and 500 °C. XRD, however, revealed
that the orthorhombically ordered chitin (poly (N-acetyl-f-
p-glucosamine), (CgH;505N),) structure [27] of the biopol-
ymer gradually disappeared (Fig. 2). The appearing low-
intensity hump above 26 =20° indicates the presence of a
developing colloidal size layered carbon structure as seen
in the case of several precursors [28]. The small amount of
the inorganic impurities does not allow the identification of
the calcium compound in the crab shell itself.

The residual nitrogen- and oxygen-containing groups
may play significant roles in determining the properties of
the chars. Therefore, XPS technique was applied that pro-
vides important information on the elemental composition
and the chemical state of the atoms present on the surface
of the material. Results of the XPS analysis of the crab
shell samples show that the alteration of the oxygen con-
tent is the most significant (presented in Table 1) during
pyrolysis. Similar changes were observed by Wang et al.
in the case of seaweed sample [21]. Indeed, it is shown
in Table 2 that the majority of the released compounds

Table 1 Results of the XPS analysis. Surface composition of the crab
shell and the pyrolyzed samples and the distribution of the identified
species

Assignation  Energy/eV Chemical Precursor C350 C500
state®

Total O, at % 25.6 149 107
O1 530.9 0=C 72 73 64
02 5323 o-C 13.6 48 22
03 533.6 0-C=0 4.8 25 2
Total N, at % 6.4 8.1 8.2
N1 398.3 C-N=C 0.2 07 1.7
N2 399.5 C-NH 5.4 34 26
N3 400.7 3C-N 0.6 36 33
Total C, at % 66.5 74.8 78.1
Cl 284.7 c-C 37 413 546
C2 286.3 c-0 20.2 20.7 13.6
C3 287.9 C=0 9.4 74 5
C4 289.1 C=00H 0.1 43 3.6
Csat 291.5 Cn—r* 0 21 22
Ca 350.4 Ca-O 0.9 1.3 1.7
P 132.8 P-04 0.5 08 1.1

The italics numbers refer to the sum of the identified species of O, N,
and C atoms

#For the assignment of the chemical states, see the Supplement of
[25]

contain oxygen. During the degradation of the precursor,
C-N species might be released as well, in spite of the
slight increase in the N-content of the carbonized samples.
The Si content of the crab shell, if any, was below the
detection limit of this technique. The Ca/P atomic ratio,
close to 1.5, implies on average a Ca;(PO,),-type com-
pound in the precursor flakes. Although it is slightly below
the Ca/P ratio in hydroxylapatite (1.66), this difference is
may be due to the well-known fact that natural materi-
als typically contain a mixture of various phosphates. If
we presume that no volatile Ca and P compounds form
during the pyrolysis (as confirmed by the Py-GC/MS
analysis below), the relative N/P intensity data indicate
that 84 and 59% of the initial N-content is retained in the
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Table 2 The main decomposition products released in the Py-GC/MS experiments from crab shell biomass. Peak numbers refer to Fig. 4

Peak # Ret. time/min Compounds Characteristic MS ions m/z M/g mol~!
1 2.07-2.28 Carbon dioxide 44,28 44
Water 18, 17 18
Methyl iodide 142, 127 142
Acetonitrile 41, 40, 39 41
2 3.81 Hydroxyacetaldehyde 31,32, 60 60
3 474 Acetic acid 43, 45, 60 60
4 8.28 3-Hydroxypropanal 43,73,74 74
5 11.31 Acetamide 59, 44, 43 59
6 12.62 2-Pyridinaldehyde 79, 52, 107 107
7 14.30 Unidentified + 2(3H)-Furanone 97, 68, 125+55, 84 ui.+84
8 16.47 Pyrrole-2-carboxaldehyde 95, 94, 66 95
9 16.72 Unidentified 97, 68, 43, 56, 139 u.i.
10 16.98 N-Methyl-N-vinylacetamide 56, 57,99, 43 99
11 18.45 Acetamidoacetaldehyde 43,73,72 101
12 18.75 Unidentified 85, 56,43, 127 u.i.
13 18.87 2-Pyrimidinamine 95, 68, 41 95
14 19.72 2-(Acetoxymethyl)-pyridine 108, 107, 92, 43 151
15 19.94 4-Methoxybenzamine (p-anisylamine) 108, 123, 80, 53 123
16 20.30 Acetylpyridone (isomer 1) [29] 109, 95, 81, 68, 137 137
17 20.83 Acetylpyridone (isomer 2) [29] 109, 137, 95, 81, 68 137
18 22.32 2-(N-methyl-N-ethylamino)phenol 136, 151, 109 151
19 23.73 3-Acetamido-5-methylfuran 97, 69, 139 139
20 24.02 Unidentified 83, 125, 54, 55 u.i.
21 24.08 3-Acetamido-4-pyranone 111, 82, 83, 153 153
22 25.15 N-Hydroxyphenylacetamide [29] 109, 80, 81, 151 151
23 26.61 Unidentified 43,79, 122 u.i.
24 27.10 Unidentified 84, 56, 55, 102 u.i.
25 28.64 3-Acetamido-6-methyl-4-pyranone 125,167, 43, 69, 97 167
26 29.19 Unidentified 84, 55, 83, 125, 167 u.i.
27 29.71 N-3-pyridylacetamide 94, 136, 67, 43 136
28 32.24 Dianhydro-2-acetamido-2-deoxyglucose [30] 97,69, 81, 111, 84 185
29 33.47 3-Acetamido-5-acetylfuran 110, 125, 167, 43 167
30 35.55 Unidentified 96,97, 111, 139 u.i.
31 36.30 Unidentified 72,114, 43, 156 u.i.
32 37.06 Unidentified 59,43,101, 114 u.i.
33 37.57 1,6-Anhydro-2-acetamido-2-deoxyglucose [30] 59, 43,101, 114 203
34 37.76 Unidentified 43, 114,72, 96, 156 u.i.
35 38.60 Unidentified 101, 43, 59, 143 u.i.
36 39.45 Unidentified 43,72, 114, 156, 97 u.i.

u.i.: unidentified

macroscopic pyrolysis chars after 350 and 500 °C pyroly-
sis, respectively.

Thermogravimetric analysis
TGA experiments were carried out to characterize the ther-

mal decomposition process of crab shell sample and to
determine the temperatures suitable for the pyrolysis studies.

@ Springer

Figure 3a illustrates the thermogravimetric (TG) and deriva-
tive thermogravimetric (DTG) curves of crab shell biomass
in argon atmosphere. The sample contained only minor
amount of moisture (0.4%), which evaporated between 50
and 150 °C. The main decomposition process occurred
in the temperature range 250—-600 °C using 20 °C min™!
heating rate. The initial mass loss and the shoulder on the
DTG curve at about 320 °C can be attributed to the cleavage
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Fig.3 (a) TG (O) and DTG (@) plots of crab shell biomass measured
in inert (Ar) atmosphere, and (b) TG () and DTG (H) plots of the
carbonaceous residue of crab sample in synthetic air

of the hydroxyl and acetamide functional groups of N-acetyl-
glucosamine chains. The thermal decomposition reactions
of polymer chains, mainly the depolymerization of chitin,
are represented by the main peak of the DTG curve with the
highest decomposition rate (0.41% s at 417 °C. The ther-
mal decomposition of the main part of crab sample ended at
about 450 °C. Above this temperature, only slow charring
processes took place. The carbonaceous residue (char) of the
sample was 18% at 500 °C, and it reduced to 15% by 900 °C,
as can be seen on the TG curve shown in Fig. 3a.

After the thermogravimetric measurement, the argon
atmosphere was substituted by synthetic air to burn the car-
bon content of the char (Fig. 3b). In oxidative atmosphere,
the degradation of the char took place between 300 and
600 °C using 10 °C min~! heating rate. The solid residue of
the char was 1.8% at 900 °C, so the ash content of the crab
shell biomass was calculated to be around 0.3%.

Pyrolysis-gas chromatography/mass spectrometry

For the better understanding of the whole char formation
process, the release of volatile products from crab shell
biomass was monitored by pyrolysis-gas chromatography/
mass spectrometry. As the DTG curve shows in Fig. 3a,
the first decomposition event occurs at around 320 °C, and
the main decomposition step terminates by about 500 °C.
On the basis of these data, the pyrolysis experiments were
performed at 320 °C and 500 °C. It is noted that the lower-
temperature macroscopic pyrolysis experiment was carried
out at 350 °C because the higher sample size required higher
temperature to achieve similar decomposition level than in
Py-GC/MS at 320 °C. The chromatograms of the volatile
pyrolysis products (pyrograms) are illustrated in Fig. 4. The
most intensive compounds are listed in Table 2.

The first group of unresolved compounds (peak #1) in
the chromatograms at low retention time (between 2.07 and
2.28 min) corresponds to smaller molecular mass products
and methyl iodide. The evolution of methyl iodide indicates
the marine source of the crab. The smaller compounds rep-
resent mainly carbon dioxide, water and acetonitrile formed
by the fragmentation of chitin, as well as a part of water is
derived from the moisture content of the sample.

The main decomposition product originating from the
crab shell biomass sample at 320 °C pyrolysis temperature
is the simplest amide, acetamide (peak #5). The presence of
acetamide indicates the scission of the C—N bond between
the polysaccharide chain and the acetamide side groups of
chitin. The peak #33 refers to the 1,6-anhydro-2-acetamido-
2-deoxyglucose, which is the main decomposition product
of the chitin formed by depolymerization reaction pathway.
The presence of peak #33 in the first chromatogram indicates
that the depolymerization of chitin has already started at
320 °C (Fig. 4a).

The peak of acetic acid (peak #3) can be found at lower
retention time in the chromatogram of the crab shell bio-
mass at 500 °C pyrolysis temperature. Acetic acid originates
from the acetamide functional group of the chitin. The main
decomposition products during the 500 °C pyrolysis process
of crab shell are heterocyclic aromatic compounds (Fig. 4b).
Oxygen-containing heterocyclic aromatic molecules (peaks
#19, #20, #21 and #25) originate from the glucose rings of
chitin. Dianhydro-2-acetamido-2-deoxyglucose (peak #28)
is formed by dehydration reaction from 1,6-anhydro-2-aceta-
mido-2-deoxyglucose (peak #33) under severe pyrolysis
condition.

Among the pyrolysis products, several heterocyclic
aromatic rings contain one nitrogen atom (peaks #6, #8,
#14, #16, #17 and #27). Some N-containing heterocy-
cles are also released at lower temperature. Acetyl pyri-
done isomers (16 and 17) could be formed from the
N-acetylglucosamine unit by opening the sugar ring and
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Fig.4 Pyrograms of crab shell biomass pyrolyzed at 320 °C (a) and 500 °C (b). Numbered peak identities are given in Table 2

replacing the ether group by an amido group. Beside the
rearrangement, dehydration and decarboxylation reac-
tions also take place leading to aromatic pyridone seg-
ments. Molecule of 2-pyrimidineamine (peak #13)
has two nitrogen atoms in the aromatic ring and one more in
the amine functional group. The formation of this compound
indicates that very profound bond scission and rearrange-
ment reactions occur at a pyrolysis temperature of 500 °C.
The evolution of N-containing heterocycles proves the aro-
matization reactions during pyrolysis. XPS results show
(Table 1) that the amount of C—N=C units increases in the
char samples with increasing pyrolysis temperatures imply-
ing that the carbonaceous residue contains nitrogen atoms
probably also in aromatic structures.
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Conclusions

The main decomposition process of the crab shell investi-
gated occurs at 300-500 °C in argon atmosphere resulting in
about 18% char at 500 °C in the TGA experiment. The mac-
roscopic pyrolysis leads to 24% char formation at 500 °C.
Considering the different conditions (samples size, heating
rate and gas flow), the agreement is acceptable. The complex
degradation mechanism of this biomass is reflected by the
high number of volatile degradation species. The analysis
of the volatile pyrolysis products demonstrates that aceta-
mide groups start to be cleaved from the chitin chains at
about 320 °C. Depolymerization of chitin polymer occurs
already at 320 °C forming 1,6-anhydro-2-acetamido-2-de-
oxyglucose monomer and furan derivatives by dehydration.
N-containing heterocycles are also released at lower tem-
perature (320 °C), but their formation becomes significant
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only at 500 °C. XPS measurements of the precursor and two
typical char samples show that the amount of C-NH groups
decreases, while that of C—-N=C and 3C-N increases dur-
ing macroscopic pyrolysis. Assuming that the phosphorus
content was unchanged during pyrolysis, the relative N/P
intensity data indicate that 84 and 59% of the initial N-con-
tent is retained in the char after 350 and 500 °C pyrolysis,
respectively.

Based on these results, the carbonaceous residue of the
crab shell still contains a significant amount of nitrogen and
is a potential support of transition metal catalysts. Other
applications are also possible as referred to in the introduc-
tion. Nevertheless, during the biomass-to-carbon conversion
special care has to be taken to prevent the release of the
volatile components to the environment.
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