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Abstract

Chitosan (CT) and chitosan nanoparticles (CTNP),

extracted from three-spot swimming crab (Portunus

sanguinolentus) shells by deacetylation and then ionic gelation, were used to removed pollutants from wastewater. Chitin
deacetylation yield to form chitosan was ~75%, measured from FT-IR spectral peak area. After forming CTNP, the FT-IR spectra
showed overlapped peaks for COO~ of gum arabic, used for gelation, and NHs* at 1,417 cm™* and the amino group at 1,554 cm!
of chitosan. Adsorption and kinetics for Cu?* removal by both CT and CTNP were compared. CTNP adsorption matched a
Langmuir isotherm. Cu?* adsorption by CTNP followed a second-order reaction, indicating bonding of Cu?* to the nanoparticles.
CTNP was much more effective and faster in adsorbing Cu?* than CT by 52%, after only a 5-minute reaction time. When using
CTNP, the optimum loading was 0.5 g/100 L, at pH 5, 300 rpm and 30 min.

Keywords: chitosan, chitosan nanoparticles, cupric ions, three-spot swimming crab shells

1. Introduction

Chitosan is a natural polymer; it is a derivative of
chitin, that can be extracted from shrimp shells, crabs, squid,
insect shells, seashells and cell walls of some mushrooms,
fungi or algae (Adekanmi, Adekanmi, Adekanmi, Ahmad, &
Emmanuel, 2023; Eulalio, Rodrigues, Kleilton, Peniche, &
Marcus, 2019; Ghormade, Pathan, & Deshpande, 2017; Kou,
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Peters, & Mucalo, 2021). By removing the chitin acetyl group
in a deacetylation reaction, the N-acetyl glucosamine structure
of chitin becomes glucosamine. The chitosan powder thus
formed is soluble in weak acids, including acetic, propionic,
lactic, pyruvic, malic, tartaric and citric acids (Roy et al.,
2017) as well as in strong acids, e.g. nitric or hydrochloric and
slightly soluble in phosphoric acid (0.09 M), but insoluble in
sulfuric acid (Ardean et al., 2021; Choi, Nam, & Nah, 2016;
Roy et al., 2017).

A key property of chitosan-chitin polymers, i.e.
natural chitin from which some acetyl groups have been
removed, is the degree of acetyl group removal, which affects
the properties and function of the polymers (Khor, & Lim,
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2003). For example, the molecular weight (determined by the
length of the chitosan chain) affects its viscosity: high
molecular weight chitosan, with longer chains, is more
viscous (Zargar, Asghari, & Dashti, 2015). Therefore,
chitosan use must consider both the fraction of deacetylation
and the molecular weight. Figure 1 shows the structures of
chitin and chitosan.

Chitosan contains three reactive functional groups:
an amino (-NH2) at C-2, primary alcohol (-CH2-OH) at C-6,
and secondary alcohol groups (-CHOH) at C-3 (Aranaz et al.,
2021). Altering these groups produces materials for different
applications, e.g. chitosan acts as a flocculant and coagulant,
encouraging suspended solids to coagulate and precipitate
(Renault, Sancey, Badot, & Crini, 2009). Chitosan performs
these functions well because its amino groups can dissociate
to provide more positive charge (Renault et al., 2009), causing
negative groups in proteins, dyes, free fatty acids and
cholesterol to attach to the chitosan positive charges. Also
positively charged heavy metal ions bind to the negatively
charged chitosan amino group forming complexes (Piekarska
et al., 2023). Further, the chitosan amino group form
ligands to heavy metals in water better than the chiun acetyl
group (Maruca, Suder, & Wightman, 1982).

The large surface area relative to their size allows
10 to 1,000 nm nanoparticle dispersions to efficiently absorb
pollutants (Divya, & Jisha, 2018). They can be readily
prepared, e.g. by solvent evaporation, emulsion
polymerization, or interfacial polymerization (Nagavarma et
al., 2012). However, these techniques are complicated and
involve harsh conditions, e.g. organic solvents, heat, radiation,
or high shear forces (Kumar, Dilbaghi, Saharan, & Bhanjana,
2012).

Complex coacervation or ionic gelation is a non-
aggressive method to synthesize nanoparticles, using a simple,
uncomplicated method, i.e. stirring at room temperature.
Generally, a water-soluble polymer with an oppositely
charged polymer is used in a process that is easily upgraded
from laboratory to industrial scale (Hoang et al., 2022;
Gadzinski et al,, 2023). Nanoparticles prepared by ionic
gelation use oppositely charged polymers, that is, positively
(e.g. chitosan) and negatively (e.g. acacia or sodium
carboxymethycellulose) charged ones. However, chitosan
alone can use intramolecular and intermolecular cross links to
form nanoparticles (Abreu et al., 2018; Wang et al., 2022).

Currently, heavy metals in the environment are a
major problem; they accumulate through food chains in the
ecosystem and affect all living organisms, including humans.
One problematic metal is copper (Abreu et al., 2018): it has a
high density, boiling and melting points, and is found
naturally in soil, rock, water and air, as the free metal or in
many Cu compounds (Islam et al.,, 2013). In excess, it
becomes toxic, causing nausea and vomiting or
inflammations. Therefore, it is necessary to remove copper
from wastewater before releasing it into natural water sources.
Many techniques - chemical sedimentation, adsorption,
membrane separation, and ion exchange processes, etc. — have
been studied. Here we show the effectiveness of nano-
chitosan, prepared from crab shells, from which chitosan
nanoparticles were formed, together with gum arabic and
using sodium pyrophosphate as a crosslinker.

The three-spot swimming crab  (Portunus
sanguinolentus) is extensively harvested in estuaries of the

Indian and Western Pacific Oceans, but the shells are waste
and thus any use of them is beneficial as reduction of waste.
Thus, use of these shells to absorb copper from waste water
may add value to the shells without leading to toxic side
effects.

The key contribution of this paper is the efficient
and cost effective production and use of nanoparticles to
reduce heavy metal pollution in waste water. Additionally, we
show that these nanoparticles can be formed from readily
available sources, that have not been hitherto exploited, and
that might otherwise be waste and incur further costs to
manage them.
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Figure 1. Structures of (a) chitin; and (b) chitosan (Zargar, Asghari,
& Dashti, 2015)

2. Materials and Methods

Materials used included hydrochloric acid, sodium
hydroxide, methanol, acetone, acetic acid, copper sulfate
(CuS04.5H20) and ammonium hydroxide (all AR grade from
Carlo Erba); sodium pyrophosphate, NasP207 (AR grade from
Acros Organics) and Gum Arabic (AR grade from SD Fine
Chemicals, Mumbai). These AR grade chemicals were used
without further processing.

2.1 Chitin extraction and chitosan preparation from
crab shells

Shells were removed from the crabs, washed
thoroughly, separated from the flesh, washed again and heated
(100 °C, 4 h). Then they were ground and sifted through a 1
mm sieve.

2.1.1 Extraction of chitin from crab shells

Firstly, limestone was removed from the shell, by
soaking in 1 M hydrochloric acid at a ratio of 1:10 shell:acid
(w/v) at room temperature for 1 hour, followed by discarding
the acid and repeating until no more bubbles formed.
Typically five cycles sufficed and then they were rinsed until
the pH was neutral. Protein was eliminated by boiling in 1 M
NaOH at a ratio of 1:20 (w/v) at 90 °C for 2 hours. Samples
were washed and pigments removed, by immersion in
methanol at a ratio of 1:10 (w/v) shells:methanol for 1 hour,
and then the methanol was discarded, followed by immersion
in acetone at a ratio of 1:10 (w/v) shells:acetone, for 1 h, and
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finally rinsed and dried (70 °C, 18 h) to obtain chitin. The
chitin yield was typically 63% of the shell dry mass.

2.1.2 Chitosan preparation

To form chitosan, the prepared chitin was boiled
(12.5 M NaOH, 100 °C, 1:20 (w/v) chitin:NaOH, 2 h) allowed
to cool and washed until the pH was neutral. The samples
were dried at 70 °C for 18 hours to obtain chitosan. Chitosan
yield was typically 85% (dry basis).

2.2 Degree of acetyl group degradation

Acetyl group removal from chitosan powder
(deacetylation) was measured from a Fourier Transform
Infrared (FTIR) spectrum. The ratio between the areas under
the peaks of C=0O and O-H function group vibrations were
converted from % transmission to absorbance and used to
calculate the degree of deacetylation (%DD) (Czechowska-
Biskup, et al., 2012):

[(A655/Az450)] X 100 ()

%DD = 1.33

where Auess is the absorbance of the C=0 group at 1,655 cm'?,
and Aaaso is the absorbance of the O-H group at 3,450 cm'L.

2.3 Preparation of chitosan nanoparticles
2.3.1 Preparation of chitosan solution

2 g chitosan powder was dissolved in 100 mL 0.35
M acetic acid and stirred until the chitosan powder dissolved
completely. The chitosan solution was viscous and light
yellow. This solution was diluted with distilled water to obtain
0.2% w/v chitosan solution.

2.3.2 Preparation of 30 mM sodium pyrophosphate
solution

13 g sodium pyrophosphate (NasP207¢10H20) was
dissolved in 1 L deionized water. The solution was clear and
colorless.

2.3.3 Preparation of 0.3%w/v gum arabic solution

2 g Gum Arabic (GA) powder was dissolve in 100
mL deionized water and stirred until the powder dissolved
completely. The solution was viscous and pale yellow. This
solution was then diluted with distilled water to obtain 0.3%
w/v GA solution.

2.3.4 Generation of chitosan nanoparticles using
ionic gelation method

To 200 mL 0.2%w/v chitosan in acetic acid, 152 mL
30 mM sodium pyrophosphate solution was added, while
stirring at 600 rpm, to form an opaque colloid. After that,
0.3% w/v GA solution was added and rested for 10 min. The
suspension was centrifuged to separate the chitosan
nanoparticles (4,000 rpm, 15 min). The particles were washed
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three times with distilled water. After that, chitosan
nanoparticles were loaded into a vial and refrigerated for 24 h.
Nanochitosan was obtained in cold distilled water, and the
nanoparticles were dried in a freezer (-54 °C, 18 h). The dried
chitosan nanoparticles were stored in the dark at room
temperature (Gadzinski et al., 2023).

2.4 Preparation of cupric ion reference solution

The maximum absorption wavelength of CuSOs in
water was at 638 nm. Cupric ion reference solutions were
prepared at CuSO4.5H20 concentrations from 100 to 350
mg/L. Absorbances were measured at 638 nm to create a
calibration curve:

Absorbance = 0.0005[Cu?"] + 0.0023, R? = 0.99, for
determining [Cu?'] in the synthetic wastewater.

2.5 Factors affecting the adsorption efficiency

To find the optimum adsorption conditions for Cu?*
in the synthetic water samples, Cu?" reference solutions were
prepared from CuSO4+5H20 (150 ppm) and amounts of
chitosan and the adsorption times were measured.

2.5.1 Influence of sorbent quantity

Chitosan nanoparticles (0.05, 0.1 and 0.5 g) were
weighed into a 250 mL beaker, 100 mL copper reference
solution (150 ppm) was added and stirred at pH 5 for 60 min.
pH was checked with a pH meter. A 9 mL sample of the
solution was drawn through a 0.45 p filter attached to a
syringe. The solution was placed in a test tube and 3 mL
0.34 M NH4OH added and let stand for 15 min. The
absorbance was measured at 638 nm and converted to Cu?"
content using the calibration curve to calculate Cu?* remaining
in the synthetic sample.

2.5.2 Influence of adsorption time

To determine the chitosan nanoparticle absorption
dynamics, we took 100 mL 150 ppm Cu?* reference solution,
to which varying numbers of chitosan nanoparticles were
added. At pH 5, each flask was stirred for 5 to 80 min. 9 mL
of the solution was dropped into a test tube, 3 mL 0.34 M
NHsOH was added and it was let stand for 15 min. The
absorbance of the solution was measured at 638 nm and
compared with the calibration curve to calculate the remaining
Cu?" content in the sample.

2.6 Cupric ion adsorption behavior

To determine cupric ion adsorption capacity, 0.5 g
chitosan nanoparticles were added to 100 mL cupric ion
solutions, with CuSQO4.5H20 concentrations from 250 to 350
ppm, and stirred at 300 rpm with a magnetic stirrer at pH 5 for
30 min. The remaining Cu?* ion content was analyzed by
optical absorption at 638 nm. Then, the concentrations were
normalized to plot either Langmuir or Freundlich isotherms.

The Langmuir adsorption equation can be written as
(Sarvestani, Esmaeili, & Ramavandi, 2016):
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where ge is the amount of sorbent (mg) to the amount of
sorbent (@) at equilibrium, b is the maximum amount absorbed
(mg/g) absorbed, Kv is the energy constant of adsorption or
Langmuir's constant (L/mg) and Ce is the equilibrium sorbent
concentration (mg/L).

The Freundlich adsorption equation can be written
as (Foroutan et al., 2019):

log ge = log ks + % log Ce (3)

where Ce is the equilibrium sorbent concentration (mg/L), Qe
is the amount of sorbent (mg) to the amount of sorbent (g) at
equilibrium, ke is the multilayer adsorption capacity constant
(mg/L), and n is a constant related to the energy of adsorption.

Commonly used equations describing the adsorption
kinetics between the sorbent solution and sorbent solid phase
follow pseudo-first order and pseudo-second order Kinetics
(Sarvestani, Esmaeili, & Ramavandi, 2016; Foroutan et al.,
2019).

Pseudo-first order
log (ge — qr) = log e — kat 4)
Pseudo-second order

t 1 t
q  kege? * Qe ©®)

where ki is the first-order reaction rate constant (min), k2 is
the rate constant of the second order reaction (L/mg), t is the
adsorption time (min), g is the adsorption capacity at time, t
(mg/g) and ge is the amount of sorbent (mg) to the amount of
sorbent (g) at equilibrium.

2.7 Cupric ion adsorption efficiency - chitosan versus
chitosan nanoparticles

0.5 g chitosan powder or chitosan nanoparticles
were weighed into a set of 250 mL beakers and 100 mL of
150 ppm copper reference solution was added and stirred at
pH 5. The beakers were stirred for 5, 10, 20, 30, 50 or 60 min.
9 mL solution was transferred to a test tube, 3 mL 0.34 M
NH4OH was added and left for 15 min. The absorbance was
measured at 638 nm and the calibration curve used to
calculate the remaining Cu?* content in the sample.

3. Results and Discussion

In brief, we took crab shell samples to extract chitin
and prepared chitosan from them. The degree of deacetylation
(%DD) of the prepared chitosan (CT) was analyzed. This
chitosan was then used to generate chitosan nanoparticles
(CTNP) using ionic crosslinking or ionic gelation techniques.
CT or CTNP were then used to adsorb Cu?" in the synthetic
wastewater and adsorption capacity was measured optically.
Details follow in the next section.
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3.1 Chitosan and chitosan nanoparticles

The constituents of the crab shells are minerals
(16.8%), proteins (18.3%), pigments (1.8%) and chitin
extracted from the shells (63.0%). The yield of chitosan
produced from the crab shells was 85%.

The CT prepared from crab shells was analyzed by
FTIR spectroscopy - see spectra in Figure 2. Peaks for O-H
stretching  (3,600-3,200 cm™), C-H stretching (2,921-
2,877 cm), C=0 stretching of amide (1,645 cm™) and N-H
(amide 11) (1,573 cm™) were observed.

—— Chitin
——— Chitosan
WNT  yemian —

105 o cH

100
(=
2 95
Q
o
S %
8 N
=
2

137371

g o oron

80

\ 101460
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s T T T 1
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(a) Chitin and chitosan prepared from crab shells

——— Chitosan
—— Chitosan nanoparticles

Transmittance (%T)

7 T T T T T
4000 3500 3000 2500 2000 1500

T T 1
1000 500 0
Wave number (cm’)

(b) Chitosan and chitosan nanoparticles

Figure 2. FTIR spectra: Chitin,
nanoparticles (CTNP)

chitosan (CT) and chitosan

The acetyl group removal in chitosan, %DD,
computed from FTIR spectral peak areas, was 75%. FTIR
analysis of the of chitosan nanoparticles (CTNP) showed the
spectrum in Figure 2(b). When chitosan (CT) was analyzed by
FTIR, acetyl-glucosamine vibrations at 1,428 and 3,362 cm,
and amine and amide Il bending vibrations at 1,651 and 1,556
cmt were found. The acetyl-glucosamine at 1,351 cm™ and
carboxyl COO™ bond stretching at 1,621 cm™ were derived
from crosslinking of gum arabic (GA), confirming that
crosslinking occurred. Overlaps between the GA COO™ group
and the chitosan NHs" group at 1,417 cm™ and the amino
group at 1,554 cm? were observed. Scanning Electron
Microscopy (SEM) images of the chitosan nanoparticles,
taken before absorbing copper ions, are shown in Figure 3.
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Figure 3.

3.2 Cupric ion adsorption efficiency

In this section, the optimum factors for Cu?
adsorption in our synthetic wastewater using chitosan
nanoparticles (CTNP) as adsorbent were studied including
amount of chitosan (CT) and adsorption time.

3.2.1 Influence of sorbent content

To measure the influence of sorbent content, 0.05,

0.1 and 0.5 g CTNP were added to the reference 150 ppm

Cu?* solution and stirred at pH 5 and 300 rpm for 60 min.

Samples were taken and analyzed at the times shown in Figure
4.
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Figure 4. Adsorption of Cu?" with various CTNP loadings

As expected, Figure 4 shows that increased
adsorbent loading resulted in higher Cu?* absorption fractions
because the adsorbent surface area was larger.

3.2.2 Influence of adsorption time

Adsorption times from 5 to 80 min were measured,
using 0.5 g CTNP, which was able to adsorb most of the Cu?".
The adsorption fractions from Cu?" solutions, at
concentrations of 250, 300 and 350 ppm, stirred at 300 rpm
over up to 80 min, are shown in Figure 5.

From Figure 5, copper absorption increased rapidly
up to about 30 min and leveled off after that, consistent with
the adsorption experiments using chitosan powder. It was
found that during 5 — 30 min copper ions diffuse into the
pores of adsorbent. It was found that the slope of the graph
increased. But when the adsorption time was increased to 60 —
80 min, the percentage of adsorption tended to change to
unstable due to ion elution occurring or adsorption to
equilibrium.

SEM images of chitosan nanoparticles (CTNP) before copper ion adsorption at (a) 1,900x, (b) 8,000x and (c) 25,000x magnification

——250 ppm 300 ppm —4—350 ppm

%Adsorption

70 T T T T ]
0 20 40 60 80 100

Adsorption time (min)

Figure 5. Adsorption by CTNP - fraction of Cu?" ions in wastewater
samples

3.3 Cupric ion adsorption behavior

The Cu?" adsorption model was determined, using a
loading of 0.5 g CTNP in 100 mL, and concentrations ranging
from 250 to 350 ppm, under stirring at 300 rpm at pH 5 for 30
min. The remaining Cu?" adsorption was analyzed — see
Langmuir or Freundlich models in Figure 6.
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Figure 6. Adsorption isotherms of Cu?" adsorption with 0.5 g CTNP
atpH5
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Adsorption isotherm parameters derived from linear
equation fits using the Langmuir model were K = 3.28 x 1072
and gm = 84.03 (R? = 0.9888) and using the Freundlich model
gave k = 1.066 and n = 2.63 (R? = 0.9696). The correlation
coefficient, R?, showed that Cu?" adsorption with CTNP was
consistent with Langmuir model. This indicated that chitosan
nanoparticles adsorbed a monolayer of Cu?* ions.

For determining kinetics of Cu?" adsorption by
CTNP, Cu?" concentrations from 250 — 350 ppm and 0.5
9/100 mL CTNP loadings were used (Figure 7).
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Figure 7. Cu?" adsorption fitted using (a) pseudo-first, and (b)
pseudo-second order kinetics

Figure 7 shows plots of data points derived from
assuming pseudo-first (a) or pseudo-second (b) order
reactions. The correlation coefficient (R?) indicated a second-
order reaction, consistent with Abreu et al. (2018). Thus, Cu?
was absorbed on chitosan nanoparticles using chemical forces
resulting from sharing of electrons of Cu?* ions with -OH and
-NH: functional groups in the nanoparticles. Cu?" is a metal
group that has properties on borderline between the strong and
weak acids and thus can form coordination bonds with both

hard and soft ligands (including -OH and -NH2), within the
chitosan chain (Lone, Yoon, Lee, & Cheong, 2019).

3.4 Adsorption efficiency

We compared the Cu?" adsorption efficiency for
chitosan (CT) and chitosan nanoparticles (CTNP). 0.5 g CT or
CTNP was loaded to 100 mL of our reference 150 ppm Cu?"
solution and absorption monitored for 50 min: residual Cu?*
concentrations are shown in Figure 8.
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Figure 8. Remaining Cu?" concentration after adsorption by CT and
CTNP

Figure 8 shows that, after 5 minutes, the amount of
Cu?* remaining after adsorption with CTNP was considerably
less than that remaining with CT. The CNTP polymer chain
had hydroxyl (-OH) and amino (-NH2) groups that were cross-
linked with sodium pyrophosphate making the base CT chain
longer: further, gum arabic added a carboxyl group (COO-),
that can bind to heavy metals. Thus, the nanoparticles (CTNP)
were much more effective at adsorbing Cu?" than chitosan
alone (Lone, Yoon, Lee, & Cheong, 2019).

When the nanoparticles after Cu?" adsorption were
examined by SEM, CTNP had a smoother surface than the CT
images, indicating that metal ions attached to the CTNP — see
Figure 9.

4. Conclusions

Chitin was simply extracted from waste crab shells
by demineralization with hydrochloric acid and protein
removal with sodium hydroxide. Chitosan was then extracted
from chitin by removing the acetyl groups in concentrated
sodium hydroxide, at ratio of 50% mass per volume. The
chitosan yield was 85%. The extracted chitosan was
synthesized into chitosan nanoparticles by ionic gelation with
gum arabic and sodium pyrophosphate as crosslinking agents.
SEM images showed rough surfaces with many pores.

Figure 9. SEM images of CTNP after metal ion adsorption at (a) 1,000x, (b) 1,900x and (c) 19,000x magnification
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This project showed that one readily available, high
volume waste — crab shells - could be transformed by simple,
inexpensive steps into an absorbent that, rather than
presenting a further challenge as waste in the environment,
could be used to remove another troublesome and toxic
pollutant — copper - from water sources. Further, although the
chitosan alone was effective in removing a heavy metal, its
removal efficiency was improved by several factors on
transforming it into nanoparticles by a further simple and
inexpensive process.

Although this project focused on waste that is
plentiful in our region, other chitin sources, e.g. prawn shells
(16-40% chitin) (Zhao et al., 2019), fish scales (20-30%
chitin) (Sumathi, Vignesh, & Madhusudhanan, 2017) and
other marine products (Coppola et al., 2021) are expected to
be similarly effective. Chitin has also been used to remove
other toxic metals (Maruca, Suder, & Wightman, 1982;
Foroutan et al., 2019) and the nanoparticles described here
would be expected to enhance removal of many similar
pollutants.
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