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Abstract: Fossil gases account for more than one-third of all CO2 emissions caused by human activity.
Previously, irreversible materials were used to capture CO2. Such sorbents cannot be reused, resulting
in an increase in solid waste. For successful carbon sequestration, reversible sorbents are needed, yet
very few examples of such sorbents are known. Chitin and Chitosan both have amino- groups with
the potential to capture CO2 in an “acid-base’ reaction on the surface of the sorbent. In our study, CO:
sorption-desorption data for natural chitosan and its blends with pure and modified polysulfone has
shown reversibility of the process and high sorption capacity. Blends show higher sorption capacity
than pure chitosan, due to slower swelling in water, and slower loss of sorbent’s surface. Pure chitin
derived from shells has a much lower sorption capacity than chitosan due to much higher molecular
weight. Hydrolysis is required to convert chitin into an effective sorbent.
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1. Introduction

Chitin is a high molecular weight natural polymer with incredible properties such as
biocompatibility, non-toxicity, biodegradability, and antimicrobial properties. Chitosan, the most
popular derivative of chitin, has numerous applications, and the market for a wide range of products
is expanding. As a result, experts worldwide are researching new sources and technologies for chitin
and chitosan from various raw materials [1-3]. According to Silva et al. (2017) [4], it was shown that
chitin has a strong enough bonding potential to capture COz, yet the process is reversible and the
sorbent can be reused.

Chitosan is the second most abundant polymer in nature after cellulose. Chitosan is obtained
through the deacetylation of chitin [5]. D-glucosamine (deacetylated unit) and N-acetyl-D-
glucosamine (acetylated unit) are repeating units in the linear copolymer chitosan, and they are
joined by a (1-4) glycosidic bond. Chitosan is a molecule that is created when the acetyl-d-
glucosamine units of chitin lose their acetyl groups (deacetylation), and the degree of deacetylation
is at least 50 percent [6-9]. Chitosan can be processed chemically and industrially considerably more
easily than chitin because of these different degrees of deacetylation (DDAs). Chitosan has an amino
pKa of 6.3 and acts as a strong base as a result of the primary amines that are created during the
deacetylation of chitin [10].

Chitosan has received remarkable attention from the scientific community since it can be easily
biodegraded. Current major applications of chitosan include drug delivery systems, scaffolds, or
membranes, textile industry, wastewater treatments, agriculture, food, packaging, personal care, and
biotechnology [11-12]. In the previous year, several efforts have been undertaken to produce
biopolymer-based antimicrobial packaging materials in order to boost food shelf life and quality [13-
15].

Amines have filled the role of CO: capturing group since the conception of carbon capture by
Bottoms in the 1930s [16]. According to Robinson et al. (2012), incorporation of post-combustion CO2
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capture (PCC) technology into both existing and new coal-fired power plants was crucial, to reduce
CO: emissions in the number of coal-fired power plants [17]. The most common type of PCC is
aqueous amine-based PCC. CO:2 reduction technology is both promising and close to completion
Coal-fired power plants emit a significant amount of pollution. Separation is one of the components
of PCC to chemical absorption and re-release of CO: from a flue gas stream via a two-step heating
process for storage or industrial use. PCC has been proven in the industry with absorbents such as
aqueous monoethanolamine (MEA), which has been used for decades to remove CO: from gas
streams in small-scale commercial operations such as ammonia manufacturing and natural gas
processing [18-19].

The CO: sorption properties of amino-functionalized activated carbon (AC) were also recently
explored [20]. In this study, activated carbon was oxidized by a refluxing H2504/HNOs mixture. The
carboxylated AC was then stirred into solutions of triethylenetetramine (TETA) and chitosan. The
amine loading greatly increased the CO:z sorption capacity of the materials despite reducing the mean
pore size and diameter [21].

The attempt to use chitosan as a solid-state CO2 sorbent has been explored by Gao et al. (2015)
[22]. Pohako (2016) [23] prepared chitosan ion-gels for the preparation of inverse supported ionic
liquid phase (SILP) materials for CO: absorption. The SILPs prepared were characterized by a COz
absorption efficiency of 0.1 to 0.8 mol kg-1 at 1 bar. This study showed that chitosan as a renewable
and environmentally friendly polyamine increases the absorption efficiency of the prepared reverse
SILP materials.

Several attempts were made to create silica-based or composite materials with different types of
matrixes covered by chitosan [24]. This produces sorbents with high sorption capacity. However,
because of matrixes used, these sorbents are not reversible and cannot be reused.

Lopes et al. (2022) [25] combined ionic liquids (ILs) with chitin and chitosan biopolymers for
COzsorption. Four acetate-based ILs were chosen for this study to investigate the solubility of chitin,
chitosan, and carboxymethyl-chitosan. Several Nuclear Magnetic Resonance (NMR) techniques,
including 1H, 13C, nuclear Overhauser effect spectroscopy, and spin-lattice relaxation, were carried
out to analyze the dissolution using carboxymethyl-chitosan and biopolymer monomer units as
models. ILs have received a lot of interest as more environmentally friendly alternatives to
conventional solvents in various fields [26-28]. In comparison to volatile organic solvents, one of their
key characteristics that contributes to less air pollution is their low vapor pressure [29]. Moreover,
ILs are significantly effective at dissolving biopolymers like chitin and chitosan [30-34].

Despite the increased interest in using biopolymers to capture COg, the regeneration of the
materials is still an energy-intensive process, and because of their limited solubility, chitin-based
products are only occasionally used [35]. The energy cost associated with the CO:2 capture materials'
regeneration is still a deal-breaker for the majority of CO:z capture methods [36]. Using amine-based
materials in direct air capture methods results in a contribution of total regeneration energy that is
estimated to be between 60 and 70 percent of the cost [37]. An ideal sorbent in this context should be
recycled with minimal energy expenditure, preferably at room temperature, in order to generate a
competitive material.

Smit et al. (2014) [38], who used pure water as a model for the kinetics of carbon capture, have
shown that carbon dioxide reacts with water to form carbonic acid as the rate-determining step and
then further dissociates to form the carbamate and bicarbonate forms. The formation of carbamate is
an indication of reversible sorption, whereas bicarbonates and carbonates are formed in the
irreversible carbon capturing [39].

Several methods to effectively evaluate the efficacy of a particular sorbent, including
spectroscopic studied such as Fourier-Transform Infrared Spectroscopy (FTIR), NMR, as well as
thermogravimetric analysis (TGA), and Intelligent Gravimetric Analyzer (IGA) by Hidden Isochema
have been used to study the gravimetric mass transfer in materials as a function of time and/or
temperature during the sorption and desorption processes.
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Earlier tests by our research group in 2012, for chitosan of molecular weight of approximately
11,000 Daltons demonstrated that it is a biocompatible, biodegradable, and most importantly,
reversible sorbent [39]. By using IGA, it was shown that pure chitosan has a COz capacity of up to
0.66g CO2/g chitosan. The moist reaction conditions like fossil gases on power plants, however,
shown fast loss of sorption capacity due to swelling in water vapors and reduce of sorption surface
over time. In attempt to solve the problem, this study probes polysulfone blends that contain both
pure and modified chitosan with functional groups in reversible carbon sequestration. Additionally,
chitin's capacity to capture carbon dioxide was enhance through hydrolysis. Seafood waste products
offer a substantial untapped source of chitin because the Delmarva Peninsula generates the most
seafood waste. Utilizing this waste as potential source of sorbent would resolve additional ecological
challenges. A comprehensive analysis was also carried out to evaluate and pinpoint the most
concentrated sources of chitin in this region. Chitin can be recovered from shrimp shells and other
crustaceans using alkaline reagents [40-43]. Pure chitin was separated from these biological structures
through a standard procedure consisting of decalcification and deproteinization.

2. Materials and Methods

General procedures. Polysulfone (PSf) with a molecular weight of 35,000 Dalton, Chitin with
molecular weight of 210,000 Dalton, and chitosan with a molecular weight of 11,000 Dalton (75-85
percent deacetylated) were obtained from Sigma-Aldrich and dried in a vacuum at 120 °C for 8 hours
before to usage. Airgas provided high-quality nitrogen and carbon dioxide gas tanks. All of the
remaining reagents and solvents were obtained from Fisher Scientific and utilized as is. All sorption
and desorption investigations for chitosan and blends were conducted using the Hidden Isochema
IGA-003 (Intelligent Gravimetric Analyzer) with a seven-channel MS gas analyzer and a combination
of nitrogen and moist carbon dioxide at various ratios. Experiments with solutions of hydrolyzed
chitin were conducted using the custom system described below. To make blends containing 2.5 - 5
wt. % chitosan, low molecular weight chitosan was dissolved in a minimum amount of 1 % acetic
acid water solution.

Preparation of polymeric blends with Chitosan. All blends were prepared in the lab of Prof. Arun
Isloor (NITK, India), as previously described in the literature by him [44], and sent to our lab for tests.

A homogeneous solution was obtained by dissolving 3.9 g of polysulfone in 15.6 ml of N-Methyl-
2-pyrrolidone (NMP) at 60 °C. Subsequently, 5 ml of chitosan solution (11,000 Dalton) and a further
5 ml of NMP were added while vigorously stirring at the same temperature. The product precipitated
in the homogenous polysulfone solution after each addition. For 12 hours, the resulting turbid
solution was agitated at 70 °C to create a homogenous solution. After filtering the homogenous
viscous solution with a G4 sand filter at about 50 °C, it was cast over a glass plate and placed in a
coagulation bath with distilled water at 20 °C. After repeatedly washing the prepared sample with
distilled water, it was dried for 24 hours at 30 °C.

The same procedure was used to create a sample with greater chitosan concentrations, but a
larger volume of chitosan solution was added to the NMP solution (instead of using 5 ml of chitosan
solution to create a sample with 5% chitosan, 10 ml volumes were used).

Chemical modification of Chitosan. Due to poor solubility in only a limited number of organic
solvents, chitosan needs chemical modifications to be blended with PSf.

Synthesis of N-Succinyl Chitosan (NSCS). NSCS is an amphiprotic derivative obtained from the N-
acylation of chitosan. The synthesis was performed as described in the literature [45]. 1 g chitosan
was dissolved under magnetic stirring and room temperature in 100 mL of 1% (w/w) glacial acetic
acid solution. Subsequently, a solution of succinic anhydride (1.8 g) in 99.9% acetone (20 mL) was
added dropwise and under stirring. The mixture was then exposed to ultrasonic bath at 50 °C for
60 min. The resulting solution was then cooled to room temperature; 95% hydrated ethyl alcohol
(100 mL) was added, and the mixture was transferred to a freezer (-20 °C), where it remained for
24 h. After this period, 1 mol/ L aqueous sodium hydroxide solution was added until pH 10. Then,
acetone was added until precipitation occurred. The mixture was again placed in the freezer for 48 h.
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After this period, the product was vacuum filtered using 95% ethyl alcohol (about 1000 mL) to wash
the retained solid. The final product was obtained as a yellowish-white powder and dried in vacuum
[46].

Synthesis of N-propyl-phosphonic chitosan (NPPCS). 2g of chitosan was mixed with 100 mL of
deionized water at 30 °C, propyl-phosphonic anhydride (0.5 mL, 50% solution in EtOAc) was added
dropwise over a period of 10 min at the same temperature, and the clear homogeneous solution was
observed once the addition was completed. The reaction mass was stirred at 30 °C for 6 hours. The
product was precipitated by adding excess of acetone, filtered to remove the solvent, and then
washed with 80% acetone in water, 90% acetone in water, and with pure acetone, respectively.
Finally, the product was dried at 40 °C under vacuum for 24 hours to get desired N-propyl-
phosphonic chitosan as white powder. This has yielded approximately 2.4g of product [47].

IGA Analysis. The typical TGA (thermogravimetric analyzer) instrument consists of an analytical
balance, a furnace, a way of controlling the gaseous environment of the sample, and a computerized
control unit for the whole system and for data collection. The advanced modification of TGA
instruments that has been proven useful for CO: sorption studies is Intelligent Gravimetric Analyzer
(IGA). This instrument allows you to control flow, mixture of gases composition and wetness,
pressure, and temperature inside the reactor with TGA balance built-in, while also measuring the
intensity of Mass spectrometer channels tuned for up to seven different gases, along with a general
ESI-MS function. An overview of the research literature has revealed that there are two different
types of measurement which are typically made when studying gas sorption with an IGA apparatus:
these are sorption cycling and isotherm modelling. Sorption cycling experiments are conducted to
determine the stability of a sorbent over a specific lifetime by measuring sorption and desorption as
a function of time. This second function was utilized in this project [48-49].

The IGA design incorporates precise computer control and measurement of weight change,
pressure, and temperature to enable fully automatic and reproducible determination of gas
adsorption-desorption isotherms and isobars. The fully automated instrument designed for this
study employs the Hiden IGA (Hiden Isochema Ltd, IGA-003) gravimetric method [50] to
continuously weigh the sample in the presence of a carrier gas flow that is regulated upstream in the
balance chamber at a constant total pressure. The vapors are introduced from a thermostatic vapor
generator and fed into a reactor with a separate isothermal jacket that houses the sample (Figure 1).
An independent heating element at the sample position is used for controlled ramp desorption rate.
A Hidden HPR-20 series DSMS mass spectrometer was used for gas analysis. Figure 1 illustrates the
general scheme of IGA and the example of output.
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Figure 1. Scheme of IGA machine and the example of output.
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To imitate the fossil gases of power plant, a mixture of nitrogen and carbon dioxide gases were
flown through the system at two ratios: 25% of carbon dioxide for the first 220 min. of the experiment,
and 40% of carbon dioxide for the next 220 min. Carbon dioxide was moisturized by passing through
vapor generator filled with water. A sample of solid sorbent in form of powder to increase the surface
was placed on the sample holder of built-in precise balance. Then the reactor was sealed, and initial
weight of the sample was recorded, after the balance was steady for at least 2 min with the flow of
nitrogen through the reactor at the same flow as during the experiment.

All experiments were carried out at atmospheric pressure and room temperature, with a gas
mixture kept at roughly 15% humidity. The flow of gas was 250 ml/min, while the composition of
gases varied at different steps of the experiment, as described above.

FTIR analysis of chitosan samples. Each sample for FTIR measurement was dried under vacuum
in a round bottom flask at room temperature for approximately 24 hours or until the mass of the
sample becomes constant. The spectrum of each sample was then measured using a Cary 630 FTIR
with diamond ATR attachment. The 32 scans spectra were compared with a chitosan standard
obtained from Tokyo Chemical Industries (TCI) and dried similarly to the samples above.

Carbon Sorption/Desorption experiments with chitin and chitosan samples

The aim of this procedure was to characterize the ability of pure chitin to react with atmospheric
carbon dioxide, since it also has amine groups to capture CO2. This experiment was conducted for
pure chitin at atmospheric pressure and room temperature. Also, Chitin was purchased from TCI.
Samples were treated at 24, 30, 48, and 72 hours and dried under vacuum for 10 — 12 hours. An FTIR
scan was taken of the samples before and after COz exposer.

Since chitin is a polymer with a high molecular weight (200,000 Dalton), it is insoluble in the
majority of solvents. The long chain polymer was then treated with an acid to initiate a hydrolysis
reaction [51], which resulted in the formation of smaller oligomers and short chain structures with
more exposed amine binding sites and greater solubility. Reagent grade chitin obtained from Tokyo
TCI and chitin extracted from shell waste was used for hydrolysis. This reaction is usually catalyzed
by a weak acid or a base [52].

Hydrolysis of Chitin

In a conical flask, 20g of chitin was added to be dissolved in 350mL of 11M HCI. Stir with a
magnetic stir bar for one to one and a half hours at 4°C. Secondly, the chitin paste was heated in HCI
constantly for two hours at 40°C in a water bath. Third, used an ice bath to chill the hydrolysate to
4°C. Next, while stirring added 50% NaOH dropwise to the hydrolystate until the acid is neutralized
(confirm with a pH paper). Ultimately, the precipitate was extracted from the solution using a
Buchner funnel and Whatmann filter paper [51]. The hydrolysis process was carried out at various
temperatures and periods of time, and the outcomes were evaluated using Matrix-Assisted Laser
Desorption/Ionization-Time of Flight (MALDI-TOEF).

Preparation of Charcoal-Celite Column

To prepare the slurry, 300g of activated charcoal was mixed with 300g of celite into 2500mL of
deionized water. This solution was boiled until thickening occurred giving the slurry consistency.
The slurry was cooled in a flask covered with parafilm at room temperature until it was able to be
added into the column. Two inches of sand was added into the bottom of the column (5cm x 70cm).
Then, the slurry was added into the column in 5 parts to allow even layers of the slurry throughout.
Water was continuously running throughout to prevent cracking of the column (Figure 2).
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-=—— Charcoal-Celite Slurry

Fraction Collection

Figure 2. Charcoal-Celite Column to separate hydrolysis products under pressure.

Separation of chitin oligomers on charcoal-celite column

To isolate the individual pieces and assess their respective sorbance capacities, the hydroslate
was filtered through a charcoal-celite column using 5 percent, 10 percent, 15 percent, and 20 percent
ethanol in water solutions. 50ml fractions were collected and concentrated using a rotary evaporator
to ~25ml and freeze dry. Dry Fraction of chitin was used for MALDI. Samples for CO:z sorption (1
gram) was dissolved in deionized water with the gas flow rate 5 PSI as shown in Figure 3. The 10 and
20% fractions were utilized for FTIR and CO: sorption because they produced a larger yield of
hydrolyzed chitin.

= To the

exhust

Figure 3. Apparatus for CO2 sorption.

Isolation of raw chitin from samples of typical Delmarva Peninsula waste.

In this study, the method used 25% HCl and 20% KOH for demineralization [52] and
deproteination [53] respectively. Seven types of shells were tested in this project: whelk (1), hard clam
(2), blue crab (3), eastern oyster (4), scallop shell (5), shrimp shell (6), and horseshoe shell (7) as these
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were all readily-available products in the Delmarva region at the time of testing. Reagent grade chitin
was obtained from TCI for comparison.

Decalcification of shell samples

The purpose of the decalcification procedure was to remove the calcium carbonate layer by
adding 25% (v/v) HC], thus isolating the underlying chitin and protein matrix which can be filtered
from the suspension, dried, and calculated as a weight fraction of the original raw shell. Samples
were prepared by drying about 5g of the raw material in the oven at 50°C until constant mass
measurements were achieved indicating that all water had been desorbed. This shell aliquot of
known mass was then transferred to a 400mL Erlenmeyer flask with about 10mL of deionized water.
The shell portions were then treated with 25% (v/v) HCI until visible effervescence ceased. After this,
base solution was added until neutral pH was reached as indicated by phenolphthalein. The
suspension was then vacuum filtered and dried in an incubator at 50°C until a constant mass was
observed

Deproteination of shell samples

Decalcification by the above procedure simply removed the inorganic CaCO:s layers in the shell
samples while leaving the organic material intact—namely a mixture of chitin, proteins, and a small
amount of pigments. Additional treatment of this organic material with a diluted base (20% w/v
KOH) decomposes the amino acid polymers while leaving the chitin in the sample [54]. For this
procedure, approximately 1g of dry, decalcified sample was measured into a 250 mL conical flask
and combined with 20% (w/v) KOH to determine optimal conditions. These mixtures were stirred
for 1 days and then filtered with a vacuum. The resulting filter cake was dried in an incubator at 50°C
until constant mass was attained.

3. Results

For the blends the capacity increases with the increasing concentration of chitosan in the blend.
Chitosan has amino-groups capable of CO:z capturing, whereas polysulfone does not. In pure chitosan
the concentration of amino groups per weight unit of the sample is the highest and as a result the
sorption capacity is the best. In this respect pure chitosan is a better absorbent than the blends.
However, in the atmosphere of wet fossil gases, swelling of pure chitosan sample complicates its
handling due to fast and significant decrease of sorption surface.

The issue of swelling may be resolved by combining chitosan with the nonpolar polymer
polysulfone. However, due to solubility restrictions, only a small amount of chitosan can be mixed
with polysulfone. Up to 20% of chitosan can be added to the blend because of the increased solubility
of chitosan transformed into NPPCS and NSCS. At room temperature and atmospheric pressure, the
sorption rates for a 20% chitosan in polysulfone mix were approximately 0.53g CO2/g blend per hour.

Preparation of NPPCS. Enhancing chitosan's solubility at neutral pH is the purpose of this
modification. Figure 4 displays the reaction product. The cyclic anhydride group in propyl-
phosphonic anhydride instantly cleaves in water to produce an open hydrated intermediate with a
phosphonic acid group. As a result, water becomes somewhat acidic instead of neutral, which
increases the solubility of more chitosan [47].
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Chitosan (Sample 1) Blending with Polysulfone (Samples 2-3)
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Figure 4. Chemical modification of Chitosan [44, 46-47].

IGA Analysis of chitosan and blends samples. The example of IGA output for sample 1 of pure
chitosan is presented in Figure 1. The amount of chitosan was roughly 42 mg, as seen in the first
channel Figure 1 (an output example). An external heater regulates the temperature in the IGA
system. Using MS channels with signal intensities of m/z = 18 for water and 44 for CO, the
experiment's emissions of carbon dioxide and water were measured. To clean the image for gases of
interest, the nitrogen signal at m/z = 28 was automatically eliminated from the spectrum.

As a mixture of carbon dioxide and nitrogen passes through the sorbent, the experiment was
designed to begin at room temperature and atmospheric pressure. During the whole experiment the
mass gain and lost as a function of time was recorded and at the same time the intensity of COz and
water peaks in gas analyzed was recorded as well. The weight of the sample increases as 25% CO:
flows through it, and it increases once more when the concentration is raised to 40%. The replica fossil
gas mixture was allowed to flow for 400 minutes before the flow was stopped and a room-
temperature vacuum was used to clear the system of gases and ensure that there was no more carbon
dioxide in the pipes.

Throughout the whole vacuumizing process, the mass of the sorbent containing the adsorbed
carbon dioxide remained constant, suggesting that the sorbent retained all of the carbon dioxide that
had been absorbed and that the bonds between the carbon dioxide and chitosan are stable and
chemical in nature. The system was only filled with dry nitrogen following the application of
vacuum, and the nitrogen flow continued into the stage of desorption at atmospheric pressure.

The experiment's desorption process involved raising the system's temperature from ambient
temperature to about 90 °C at a rate of 2 °C per minute. While the total release of all absorbed carbon
dioxide was recorded at about 80°C, a point at which the weight of sorbent decreased back, the
majority of sorbent samples began releasing carbon dioxide above 50°C, as demonstrated by
increasing the intensity of the MS channel at m/z = 44. After being taken out of the instrument sample
holder, the sorbent was vacuum-dried in an oven once more, making it reusable.

Carbon dioxide sorption and desorption results for pure chitosan (sample 1) and its blends with
polysulfone (sample 2 with 2.5 % of chitosan and sample 3 with 5 % of chitosan) are shown in Table
1. While the sorption capacity is the best for pure chitosan (table 1, sample 1). Swelling causes the loss
of surface and sorption stops after the first 20 min of the run. Sample 9 has only 20 % of chitosan in
it, yet shows sorption capacity compatible with the sample of pure chitosan. The sorbent keeps
absorbing CO:2 (sample 9 of modified chitosan blended with polysulfone) for first three hours of the
experiment, as compared to 20 minutes for the sample of pure chitosan. The amount of CO:z adsorbed
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per gram of sample per hour was used to determine the sorption capacity for both 25% and 40% of
COn.

Table 1. Carbon dioxide sorption-desorption data for pure chitosan, and its blends with polysulfone.

Temperature at

Sorption Sorption capacity Temperature at which full

capacity with with 40% of which the release was
Entry Sample description 25%o0f CO2, CO, . recorded
desorption starts,
gCO2/g gCO2/g o (sorbent comes
C . ..
sample/hour sorbent/hour to its original
weight), °C
1 Pure chitosan 11,000 Daltons 0.54 0.66 38 80
Bllend of.2.5 %o (Ww) of 0.06 0.08 45 80
chitosan in polysulfone
3 Blend of 5% (ww) of 0.17 0.23 48 80
chitosan in polysulfone
4 NPPCS 0.28 0.31 41 77
5 NPPCS 10% in polysulfone 0.12 0.16 44 80
6 NPPCS 20% in polysulfone 0.42 0.46 45 80
7 NSCS 0.36 0.41 44 75
8 NSCS 10% in polysulfone 0.20 0.29 48 80
9 NSCS 20% in polysulfone 0.48 0.53 50 80

In the same table, sample 4 is a modified chitosan into N-Propylphosphonyl Chitosan (NPPCS,
Figure 4), followed by samples 5 and 6 with 10 and 20 % ww of NPPCS in polysulfone respectively.
Sample 7 is another type of modified chitosan into N-Succinyl Chitosan (NSCS, Figure 4), followed
by samples 8 and 9 with 10 and 20 % ww of NSCS in polysulfone respectively.

The need to modify chitosan into samples 4 — 9 is due to fast swelling of pure low molecular
weight chitosan in the presence of water vapors. This results in a significant decrease in sorption
surface and low sorption capacity. Blending of pure chitosan with polysulfone has a limitation related
to the solubility of these polymers, not allowing to incorporate more than 5% ww of chitosan into the
blend (samples 2 and 3 in the table 1). Those blends solved the problem of swelling, yet, because no
more than 5 % of chitosan can be incorporated, the sorption capacity is reduced. However, when in
5% of chitosan in polysulfone sample 3 the concentration of chitosan is reduced 20 times as compared
to pure chitosan (compare entries 1 and 3 of the table 1), sorption capacity is only reduced about 3.2
times, due to larger sorption surface with no swelling. With chitosan modified into NPPCS and NSCS,
the solubility increases allowing to incorporate up to 20% of chitosan into the blend (samples 4 - 9).
As a result, the sorption capacity can be increase to almost match the one for pure chitosan (sample
9) without swelling problem, yet sorption does not stop after the first 20 min.

FTIR Analysis of Chitosan. As has been shown on Figure 5, two products are possible when
primary amine of chitosan reacts with carbon dioxide. The formation of carbamate is an indicator for
the reversible carbon sequestration, while the formation of bicarbonate or carbonate points on the
irreversible capturing [56].

FTIR analysis of the absorbents after prolonged CO: capturing did not show the presence of
amino groups -NHoz. Therefore, the formation of carbamates was the most likely process during CO:
sorption. Figure 5 presents the FTIR difference between carbamate and bicarbonate adsorption
product from literature, that was studied for liquid amines. The clear difference between bicarbonate
and carbamate can be seen in peaks between 1000 and 1800 cm-1[56-57].
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Figure 6 has a typical example of FTIR for chitosan samples after CO:z sorption, confirming the
carbamate formation and reversibility.

=S

s o

E = 4 *e

o

=

=

s <
1500 1000

Wavenumber cm-1

Transrmitanca %)
40 a0

Wiavanumiber ome1

Figure 6. FTIR of chitosan after CO2 absorption.

FTIR Analysis of Chitin

The FTIR spectra of pure chitin samples exposed to CO: for varying time lengths can be seen in
Figure 7. These reveal that no change occurs over the course of 48 hours. Exposure for a longer time
at 72 hours a more noticeable change begins to take place in the lower wavenumber region between
650 and 1650 cm. Carbon-oxygen stretching vibration was observed in 1260-1300 cm-'. NCOO-
moiety was found at 1350-1450 cm-'. Double bonded carbon and oxygen were present at 1550-1600
cm-'. Also, NH stretching occurred between 1600-1650 cm-!'. To overcome this drawback, it was
discovered that hydrolysis is a chemical reaction that has the potential to boost productivity.
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MALDI Analysis of 30, 40, and 50 degree Celsius products of chitin hydrolysis

Partial hydrolysis is typically completed with hydrochloric acid. The products consist of chitin
monomers, and small oligomers. So, acid hydrolysis of chitin leads to cleavage of glycoside bonds.
MALDI was used to test samples of hydrolysis and separation products, obtained at various
temperatures and times, and the results are shown in Figure 8. The majority of the samples have
higher concentrations of monomer, dimer, and trimer. Only 20% fraction at 30 degree Celsius for 3
hours and 50 degrees Celsius for one hour had a higher chain polymer of chitin.

(6) 30°C 3h 10%
(7) 30°C3h 15%
(8) 30°C 3h 20%
(9) 40°C 1h 5%
(10) 40°C 1h 10%
(11) 40°C 1h 15%
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(14) 50°C 1h 10%
(15) 50°C 1h 15%
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(22) 50°C 3h 10%
(23) 50°C3h 15%
(24) 50°C 3h 20%
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Figure 8. MALDI Results for 30, 40, and 50 degree Celsius.

FTIR spectra for this experiment and the Absorption capacity of samples can be seen below in
Figures 9, 10, and Table 2. According to the literature, the formation of carbamate shows peaks
between 1000 to 1600 cm-1 region. Pure chitin spectra of 10 % fraction after COzsorption confirms the
formation of carbamate (Figure 9). Peaks were upside down to match the peaks from the chitosan
sample, which was measured in Transmittance instead of Absorbance. The same results were
obtained for all 10 and 20 % fractions of shrimp and crab chitin; however, spectra were measured in
Absorbance to match the literature (Figure 10).
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Furthermore, Table 2 shows the sorption capacity of 10 and 20 % fractions of pure, shrimp, and
crab chitin samples. Which indicate that chitin after hydrolysis can capture COzalmost as effectively
as Chitosan. Although, chitin has benefit over chitosan, which swells after absorbing water vapors.
On the other hand, chitin can be dissolved in water so CO2 can be bubbled through it.

Samples* Absorption Capacity mg CO2/g sample/hour
10 % Pure Chitin 0.15
20 % Pure Chitin 0.20
10 % Shrimp Chitin 0.28
20 % Shrimp Chitin 0.30
10 % Crab Chitin 0.23
20 % Crab Chitin 0.28

*Chitin obtained from the separation column after hydrolysis using. 10 and 20 % fractions of ethanol

Percent Chitin Content from shell waste of Delmarva Peninsula

The protein and mineral content were used to calculate the total chitin concentration in each
shell type as a final metric of the shell’s industrial feasibility. Below are the concentrations of chitin
in the dry raw shell. The highest concentration was found in shrimp shells at about 50% of the dry

shell mass as shown in Figure 11.
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and deproteinization treatments.

4. Conclusions

Qualitative carbon sorption experiments were conducted in this study by subjecting pure and
modified chitosan and its blends with polysulfone to a steady flow of wet carbon dioxide and
nitrogen mixture imitating compositions of fossil gases and recording changes in infrared spectrum.
Chitosan has a hydrophilic nature that leads to swelling during the sorption of wet carbon dioxide.
Blending pure and modified chitosan with polysulfone helps prevent the swelling and prolong the
sorption ability.

Furthermore, it can be concluded from Table 1, the sorption capacity is the best for pure chitosan.
For the blends the capacity increases with the increasing concentration of chitosan in the blend. The
blend that has 20% of NSCS in polysulfone has sorption capacity almost same as pure chitosan, but
much longer sorption ability. Further modifications of chitosan that would increase its amount in the
blend to 30% and more would produce sorbents with higher sorption capacity than pure chitosan.

FTIR spectra determined the formation of carbamate which is a reversible way of absorbing
carbon dioxide. For all chitosan samples the sorption was reversible, and CO: can be easily released
at ambient temperatures and atmospheric pressure.

Pure chitin was subjected to a continuous carbon dioxide flow in order to perform carbon
sorption studies, and changes in the chitin's infrared spectrum were recorded. Nevertheless, these
spectra showed minimal COz sorption. Chitin is a long-chain polymer that has the ability to hydrolyze
into smaller oligomers, potentially boosting the number of carbon sorption reaction sites, according
to published research.

Hydrolysis is a procedure that involves the addition of water to break chemical bonds, lowering
the molecular weight of the polymer, and dividing it into fractions. chitin was subjected to an acid
hydrolysis reaction in which the long chain polymer fractured into smaller oligomers and samples of
hydrolysis and separation products collected at various temperatures and times were evaluated
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using MALDI; the findings are shown in Figure 8. The monomer, dimer, and trimer concentrations
are higher in most of the samples. A longer chain polymer of chitin was present in only 20% of the
samples that were heated to 30 degrees Celsius for three hours and to 50 degrees Celsius for one hour.
Additionally, the synthesis of carbamate,

a reversible method of carbon dioxide absorptionwas identified by FTIR spectra. = Using  more
sophisticated instruments like IGA/MS, CO: may be readily released at room temperature, and the
sorption was reversible for all samples.

Different types of shell waste from the Delmarva Peninsula were explored as prospective
sources of chitin in this study. It was shown that shrimp, crab, and horseshoe shells offer the best
source of chitin on the bases of ease of processing, purity, and yield. Furthermore, Shrimp shell had
a greater and very promising chitin yield across all treatments, which makes it the highest potential
source of chitin. Therefore, this research is crucial to the development of reusable, reversible, and
environmentally acceptable sorbents for efficient carbon sequestration.
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