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ABSTRACT

This study systematically investigates the utilization of crab shell waste (Portunus pelagicus Linn) as a basic material
for selective adsorbents of Ni(II) and Zn(II) metals in a seawater medium. The process began with the isolation of
chitin and chitosan through the stages of deproteinization, demineralization, and deacetylation, followed by the
optimization of reaction conditions by varying the concentrations of HCI and NaOH, temperature, and reflux time.
The optimized chitosan product was converted into chitosan beads and several chitosan derivatives, which were then
tested as heavy metal adsorbents using batch and solid-phase extraction (SPE) systems. The results showed that
increasing the concentration of NaOH, temperature, and reflux time affected the degree of deacetylation of chitosan.
The optimum adsorption process occurred at pH 5-6, with a mechanism dominated by chemisorption based on
desorption efficiency and the stability of the adsorbent against variations in pH and salinity. Chitosan and its
derivatives demonstrated high selectivity and could concentrate Ni(Il) and Zn(II) metals from pg/L levels to mg/L in
the SPE system. Additionally, the flow rate and HCI concentration as the eluent had an impact on the adsorption-
desorption efficiency. Overall, this study showed that crab shell chitosan derivatives had great potential as stable and
selective adsorbents for applications involving the separation of heavy metals in marine environments.
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INTRODUCTION

Heavy metal pollution in waters, especially in marine waters, is a very important environmental issue
worldwide that requires special attention due to its effects on human health and ecosystems. Although heavy
metals such as zinc (Zn) and nickel (Ni) are often found in low concentrations (pg/L) in seawater, they are
still dangerous when accumulated.! However, heavy metal detection methods such as AAS or
spectrophotometry remain generally limited to detection at the mg/L level, which necessitates reliable and
economical preconcentration techniques.> One promising solution is the solid phase extraction (SPE)
technique, which relies on adsorption using natural materials that have been chemically modified. Crab
shells (Portunus pelagicus Linn), which are rich in chitin, have the potential to develop into chitosan-based
adsorbents with active functional groups focused on certain heavy metals.>  Several studies have shown
that modifications to chitosan, such as the addition of glutaraldehyde groups, thiols, and phosphates,
enhance the adsorption capacity and preference for metal ions. For example, Sutirman et al.,* found that at
neutral pH, porous chitin cross-linked with poly(ethylene imine) showed different levels of preference for
heavy metals. However, there are still some unresolved issues. Some of these include the instability of the
binding groups that can detach during the adsorption-desorption process and poor selectivity towards target
metals in complex matrices such as seawater.>
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In this situation, using crab shell chitosan as the preferred adsorbent for Ni(Il) and Zn(II) metals becomes
crucial, particularly in SPE systems that enable efficient reuse.” Research has so far only employed crab
shell chitosan derivatives as adsorbents for Ni(Il) and Zn(II) in complex seawater media. This research
primarily uses the Hard-Soft Acid Base (HSAB) method. There are no systematic reports that combine the
preparation of adsorbents, selectivity evaluation towards target metals, the main components of seawater,
and applications in SPE columns.® As a result, this research offers a new approach by creating adsorbents
derived from chitin modified with active groups such as glutaraldehyde and thiourea. The chemical
properties of this adsorbent work with heavy metals. This discovery aims to address the issue of selectivity
in seawater adsorption and opens up new opportunities for the use of marine biomass waste in water
purification technology.’
In this situation, using crab shell chitosan as the preferred adsorbent for Ni(Il) and Zn(II) metals becomes
crucial, particularly in SPE systems that enable efficient reuse.” Research has so far only employed crab
shell chitosan derivatives as adsorbents for Ni(Il) and Zn(II) in complex seawater media. This research
primarily uses the Hard-Soft Acid Base (HSAB) method. There are no systematic reports that combine the
preparation of adsorbents, selectivity evaluation towards target metals, the main components of seawater,
and applications in SPE columns.® As a result, this research offers a new approach by creating adsorbents
derived from chitin modified with active groups such as glutaraldehyde and thiourea. The chemical
properties of this adsorbent work with heavy metals. This discovery aims to address the issue of selectivity
in seawater adsorption and opens up new opportunities for the use of marine biomass waste in water
purification technology.’

EXPERIMENTAL
Equipment and Setup Experiment
This research used crab shells as the main adsorbent material. The material preparation process was carried
out in an environmental chemistry laboratory, with the main equipment including a hotplate stirrer, water
bath, drying oven, Fourier Transform Infrared Spectrophotometer (FTIR), and UV-Vis Spectrophotometer.
Additional equipment included a pH meter, analytical balance, orbital shaker, and SPE column. The crab
shells were washed thoroughly, dried, and then ground to a uniform size (<100 mesh). The series of
adsorption experiments involved an SPE column filled with 0.1 g of adsorbent, a solution of Ni(Il) and
Zn(Il) metals at 100 ppm in artificial seawater, and variations in pH, contact time, and leaching
concentration (HCl) as testing variables.

Strategy and Analysis

Based on the modification of the method by Iber et al.,'® the preparation of the adsorbent began with three
main stages. Deproteinization was carried out with a 3.5% (w/v) NaOH solution for two hours at 65°C;
demineralization was performed with 1 M HCI for 30 min at 60°C; and deacetylation was conducted with
50% NaOH for 30 min at 100°C. The resulting product was oven-dried at 60°C until completely dry.
Characterization of functional groups was performed using IR spectroscopy with the KBr pellet method.
For the adsorption capacity test, Ni(II) and Zn(II) metal solutions were prepared with an initial
concentration of 100 ppm. Every 10 mL of the solution was tested with 0.1 g of adsorbent in a shaker for
60-90 min at various pH levels (3—7), then filtered and analyzed using UV-Vis. Efficiency was calculated
using the formula in eqn.-1."!

Adsorption(%) = (%) x 100 (1)
(0]
Where C, = initial concentration and Cr= final concentration.

Conversion of Chitin-Chitosan from Crab Shells

Dried crab shells that had been ground and sieved to a 100 mesh size were processed into chitosan through
three stages: deproteinization, demineralization, and deacetylation, based on the method by Fitriyana et al.
The deproteinization process was done by refluxing 90 g of shell powder in 900 mL of 3.5% NaOH for two
hours at 65°C, then washing it until it was free of H* ions. The residue was then demineralized with 900 mL
of 1 M HCI for 30 min at room temperature, filtered, washed until neutral, and dried at 60°C. For evaluation,
the order of the process was also reversed to compare its effects. The final deacetylation stage was
performed by refluxing 40 g of powder from the previous two stages in 400 mL of 50% NaOH at 100°C for
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30 min; the residue was then washed until neutral and dried. The product attained is chitosan powder that
was derived from deacetylating crab shells.

Characterization of the Adsorbent using FTIR and XRD

The functional groups and the degree of deacetylation (DD) were calculated through IR spectroscopy on
the crab shell powder, which Boulaiche et al.,” modified using a logic-enhancing spectrum baseline shift to
get more reasonable outcomes. The analyzed samples included crab shells before and after the
deproteinization, demineralization, and deacetylation stages, including products processed using the
reversed sequence, as shown in Fig.-1. Each sample was mixed with KBr, pressed into pellets, and then
analyzed using IR spectroscopy. The DD values from each spectrum were used to evaluate the success of
chitin and chitosan conversion. In addition, crystal structure characterization was performed using a
Siemens D5005 X-ray diffractometer to observe changes in the degree of structural order resulting from
the treatment of crab shells.!>!*

Fig.-1: Adsorbent Characterization Process Using FTIR and XRD

Testing the Adsorption of Ni(II) and Zn(II) Metals in Seawater Medium

Chitosan was synthesized from crab shells through a demineralization process using HCI (0.2—-1 M) and
deacetylation with NaOH (50—70%) at various temperatures and durations, which resulted in a high-quality
adsorbent. To identify the functional groups and determine the degree of deacetylation, the synthesized
chitosan was analyzed using infrared spectroscopy. Then, the synthesized adsorbent was tested for its ability
to adsorb Ni(Il) and Zn(Il) metals from a 100 ppm metal solution under various conditions, including pH
(2-10) and contact time (30—1380 min), as well as in a seawater medium. The adsorbent-metal solution
mixture was shaken and filtered. Using UV-Vis spectroscopy and atomic absorption spectroscopy (AAS),
the difference between the initial and residual metal concentrations was measured to estimate adsorption.
This evaluation was used to compare the adsorptive capacity of chitosan under different synthesis and
environmental conditions. '

Experiment on Selectivity and Desorption

Chitosan was chemically modified by the reaction of several compounds in acetic acid with glutaraldehyde,
thiourea, thiocyanate, sulfate, molybdate, and chitosan phosphate. The resultant solution was neutralized
with NaOH, and the precipitate obtained was dried. The absorbent, either as a powder or granules, was
analyzed using XRD and IR spectroscopy. The ability of the synthesized absorbent to adsorb Zn(II) and
Ni(II) ions was also investigated. The competitive selectivity test is done using Ni(I) ions added to a solution
with Zn(I) to observe how other ions in the solution affect adsorption effectiveness. Subsequently,
desorption tests were carried out by dissolving the adsorbed metals using HCI at various concentrations
(0.1-5 M), to evaluate the strength of interaction between the metals and the adsorbent, as well as assess
the regeneration potential of the chitosan-derived materials.

RESULTS AND DISCUSSION
Conversion of Chitin to Chitosan
The preparation process of crab shells involved the stages of deproteinization, demineralization, and
deacetylation, which resulted in adsorbents with enhanced structure and surface properties. IR spectra
showed the presence of key functional groups such as —OH, —CH methylene, and —C=0 carbonyl, as well
as the presence of SiO: identified from characteristic absorption bands in the spectrum, indicating resistance
to degradation during the chemical process.'® Following demineralization and deacetylation, the X-ray
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diffractogram displayed an increase in crystalline intensity, signifying that the adsorbent structure had been
successfully modified. A high degree of chitosanization and the ability to bind heavy metal ions were
indicated by the DD value, which was 70.63%. According to the adsorption results, monolayer adsorption
on the adsorbent surface was supported by the significant adsorption of Ni(II) and Zn(II) metals at an
optimal pH of 5-6 with a Langmuir isotherm pattern.'’
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Fig.-2: IR Spectrum of Crab Shell: (a) Raw Material; (b) Demineralized at -C=0 Carbonyl; (c) Demineralized at
Si0>—CaCQOs; (d) Deacetylated

Figure-2(a) and Fig.-2(b) show the IR spectra before and after treatment, displaying intensified -OH and —
C=0 group intensities post-deacetylation. Figure-2(c) and Fig.-2(d) showed X-ray diffractograms with
sharper intensity peaks on the deacetylated adsorbent, indicating an increase in crystallinity. The processes
of deproteinization, demineralization, and deacetylation were carried out sequentially to remove proteins
and metal impurities from the crab shell. It was clear from the IR spectra that the bands at 2931.6 cm™
(Fig.-2(a)) and 2927.7 cm™ (Fig.-2(b)) represented the symmetric stretching vibration of -CH2—, while the
absorption bands at 3440.8 cm™ (Fig.-2(a)) and 3448.5 cm™ (Fig.-2(b)) indicated the presence of —OH
groups.’ The absorption bands at 1639.4 cm™ (Fig.-2(c)) and 1635.5 cm™ (Fig.-2(b)) indicated the presence
of the —C=0 carbonyl group from acetamide, and the band at 1419.5 cm™ that appeared in all images
indicated the presence of the -C=0 carbonate group from CaCOs. Additionally, the bands at 1072.5 cm™*
and 1076.2 cm™ (Fig.-2(a) and Fig.-2(b)) as well as 952.6 cm™ (Fig.-2(b)) showed the presence of silicon
metal impurities in the form of SiO2. Thus, the IR spectrum of the Si0-—CaCOs (1:1) mixture (Fig.-2(c))
confirmed the presence of carbonate and silicate groups, indicating that silicon metal was very difficult to
remove through the demineralization process. This was demonstrated by the characteristic absorption bands
at 1419.5; 1087.8; and 948.9 cm™ that also appeared in the demineralized shell spectrum (Fig.-2(c)). In the
final stage, the deacetylation process using high-concentration NaOH produced the IR spectrum of the
deacetylated shell (Fig.-2(d)), which showed a decrease in the intensity of the 1639.4 cm™ band, indicating
the degradation of the carbonyl group from acetamide. However, the carbonate band at 1419.5 cm™
remained, indicating that CaCOs had not been eliminated. Additionally, the bands at 1072.5; 1076.2; and
952.6 cm™ still appeared in Fig.-2(d), confirming that neither demineralization nor deacetylation was
effective in removing silica impurities (SiOz). Additional data from the X-ray diffractogram in Fig.-2(c)
showed that the demineralized shell had higher intensity peaks compared to the deacetylated shell,
indicating higher crystallinity. These findings were consistent with the research results of Frenchibai et
al.,'® and Chang et al.,"” and supported the success of the crab shell preparation process according to the
designed stages.

The Connection between Nitrogen Content and DD Value
Table-1 compares nitrogen levels as a measure of the DD, which increased following deproteinization. In
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general, the data shown in Table-1 indicate an increase in nitrogen content after chitin was converted into
chitosan, both in terms of experimental results and theoretical calculations. From the data, the nitrogen
content of chitosan calculated theoretically slightly differed from the experimental results (Kjeldahl
method), but overall, the differences were not too significant, and some even showed relatively small value
gaps. This fact indicated a correlation between the DD value and the nitrogen content calculated
theoretically and confirmed by experimental data.?

Table-1: The Nitrogen Content is Based on Experimental and Theoretical Findings

Nitrogen (%)
Formula Demineralized Crab Shell (Chitin) Deacetylated Crab Shell (Chitosan)
Experiment Calculation Experiment Calculation

1 4.99 4.99 7.10 6.00
2 4.99 4.99 7.10 5.67
3 4.99 4.99 7.10 -

4 4.99 4.99 7.10 6.21
5 4.99 4.99 7.10 5.98
6 4.99 4.99 7.10 5.53
7 4.99 4.99 7.10 6.20
8 4.99 4.99 7.10 5.85

The increase in nitrogen content along with the increase in DD was very relevant and quite realistic due to
the release of several acetyl groups (—COCH3) at the chitin acetamide sites, leaving amine groups (—NH-)
on the chitosan structure.?

The Adsorption Capacity of Chitin and Chitosan Towards Ni(Il) or Zn(II) Metals
Table-2 showed the correlation between the DD and the adsorption capacity towards Ni(Il) or Zn(II) ions,
as an indicator of the ability of the -NH: group to bind metals.

Table-2: The Adsorption Capacity of Chitin and Chitosan Adsorbents in Adsorbing Ni(Il) or Zn(II) Adsorbates.

Adsorbent Degree? of Adsprption Capacity of Remarks :
Deacetylation (%) Ni(II) or Zn(IT) (%) NaOH (%) | Refluks Time (min) [Temperature (°C)
A 47.00 11.40 30 30 100
B 53.00 21.70 40 120 120
C 75.60 27.00 50 30 100
D 82.40 31.00 50 120 100
E 91.00 39.40 50 1380 100
F 96.00 56.30 60 240 120

From Table-2, a correlational relationship was observed between the ability to adsorb Ni(II) or Zn(II) metals
and the DD of chitin and chitosan. It appeared that the higher the degree of deacetylation of the chitosan
adsorbent, the greater the increase in adsorption capacity for Ni(Il) or Zn(Il) metals. The increasing
adsorption capacity for metal ions due to the influence of increased DD of the adsorbent showed quite
significant linearity, as presented in Table-2. The increasing degree of deacetylation of chitosan allowed
for the presence of more amine groups, which indirectly meant it also had a higher content of nitrogen
atoms. The abundance of nitrogen atoms was what caused the high adsorption capacity for Ni(Il) or Zn(II)
metals, due to the increasing chelating ability as the degree of deacetylation of chitosan increased.?!

The Adsorption Capacity of Phosphate Chitosan, Thiocyanate Chitosan, and Molybdate Chitosan
Towards Ni(II) and Zn(II) Adsorbates

Table-3 presents the adsorption efficiency of Ni(I) and Zn(II) using various chitosan derivatives, showing
that the bead form had the highest efficiency compared to the powder form. From the data presented in
Table-3, it was generally shown that the new active sites generated from the interaction process between
chitosan active sites and conversion solutions were capable of enhancing the adsorption capacity for Ni(II)
metal. It also appeared that there was a slight improvement in adsorption capacity when the chitosan
derivative adsorbent was used in the form of beads.
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Table-3: Adsorption of Ni(Il) by Several Chitosan-Derived Adsorbents

Adsorbents Adsorption Capacity (%)
KFb 57.60
KFs 49.20
KTn 33.30
KMb 60.00
KMs 48.90
Ks 32.00

The IR spectra of phosphate chitosan (KFs and KFb) before and after interaction with Ni(II) showed
changes in the absorption bands around the 1600—1500 cm™ region. In that absorption region, the
absorption intensity appeared to weaken somewhat after both adsorbents interacted with Ni(Il). This
indicated the occurrence of an adsorption process between Ni(Il) metal and the main active sites, resulting
from the conversion previously identified around the adsorption area. The appearance of a sharp absorption
band in the 1380 cm™ region also supported the adsorption process of Ni(Il) by the KFs and KFb adsorbents.
The fact that the absorption band around the 1380 cm™ region in the IR spectrum of the chitosan phosphate
adsorbents (KFs/KFb + Ni**) sharpened yielded results identical to the absorption band pattern observed
during the adsorption process of Cu(II) by the chitosan adsorbent.?? This indicated that both the active sites
of chitosan and those of the KM and KMb adsorbents were capable of adsorbing Ni(Il), resulting in IR
spectra that differed from the IR spectrum of chitosan before conversion. This fact was reinforced by the
spectral changes in the absorption region around 3400s—2800s, which initially showed prominent and broad
spectra, but weakened during the adsorption process with Ni(Il). There was a tendency that the presence of
the —NH group from the —-NH: group in chitosan, which possibly overlapped with the —OH group spectrum
in the absorption region, experienced a change in absorption intensity after adsorbing Cu(Il). Alternatively,
the change in the absorption band was also caused by the role of the —OH groups present in both adsorbents
(KMs and KMD) in adsorbing Ni(II).?

Surface Chemistry and Adsorption Performance

The presence of the -C=0 amide functionality and the -OH hydroxyl group was impactful, as indicated by
the IR spectrum. It was demonstrated that these functional groups were instrumental in the adsorption
process of Ni(Il) and Zn(II) metals through both electrostatic forces and coordination bond interactions.
The Influence of Adsorption on pH reveals that the most favorable adsorption condition was at levels 5-6,
which corresponds to the mildly acidic natural state of seawater. At lower pH levels, H ions, along with
the metals, competed for active site binding, while at higher pH levels, the metals precipitated out as
hydroxides, which lowers adsorption efficacy.?

Adsorption Mechanism and Kinetics

Experimental procedures over adopting different analytic techniques revealed that the majority of the
adsorption processes were completed within 30 min, achieving equilibrium after 90 min. This comported
with the pseudo-second-order kinetic model, which fitted best, implying the process of adsorption was
dominated by the chemical bond formation between the functional groups and the metal ions. The Langmuir
isotherm model indicated that adsorption was monolayer in nature, with a maximum capacity of 42.5 mg/g
for Ni(Il) and 38.7 mg/g for Zn(II). The presence of amine groups (—-NH:) and newly introduced active
groups such as —C=S in chitosan derivatives enhanced adsorption capacity, particularly toward borderline
metals like Cu(Il), by the Hard and Soft Acids and Bases (HSAB) theory.?*

Implication and Selectivity Toward Ni(II) and Zn(II)

The amine functionalities of the carbonyl grouping, together with a crystalline structure, synergistically
made the adsorbent more selective toward two metals, Ni(II) and Zn(II). Despite Cu(Il) having stronger
interactions and higher adsorption capacity, the results showed that crab shell-based adsorbents continued
to perform well in seawater relative to the target metals. The influence of initial adsorbate concentration on
adsorption capacity showed an increasing trend until a saturation point was reached, in accordance with the
Langmuir isotherm model. This study demonstrated that adsorbents derived from crab shell waste possessed
high potential as environmentally friendly and cost-effective alternatives for treating seawater contaminated
with heavy metals.?*%’
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CONCLUSION
Using the shells of crab species Portunus pelagicus Lin as a source for biomaterials has precipitated great
promise in removing heavy metals like Ni(Il) and Zn(II) from seawater mediums. This evaluation was
performed through the optimization stages of chitin conversion to chitosan, modifying the structure into
beads and derivatives of chitosan, and subsequent adsorption-desorption processing using SPE techniques.
Results showcase that a further increase in the degree of deacetylation (DD) of chitosan, as well as the
chitosan conversion to its derivatives with covalent and electrostatic ionic bonds, significantly boosts the
selectivity and capture capability towards Ni(Il) and Zn(II) metals. Chitosan bead adsorbent derivatives
KGb and KTb maintain high calculated adsorption, especially when pH is within the range of 5-6, and at
low pH due to other newly formed active sites resulting from deprotonation, sustaining their effectiveness.
As proposed, bonding is primarily chemical, following the Langmuir isotherm, and as for the governing
interphase, both soft and hard base-acid characters influence the process. The set SPE technique effectively
showed the ability to enrich Ni(II) and Zn(II) metals from concentration levels of pg/L to mg/L, proving
promise to serve as a method for the preconcentration of trace metals. In the future, research can aim at
improving the structural stability of the adsorbents in actual oceanic conditions, designing SPE-based
continuous column systems, and studying field-scale reuse and regeneration of the adsorbents to promote
ecologically safe seawater and industrial wastewater treatment.
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