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Abstract

Chitosan, a biopolymer derived from chitin, is a promising sustainable material for
environmental remediation due to its biocompatibility and non-toxicity. Chitosan
microparticles (ChMPs) offer enhanced functionality over bulk chitosan, yet their
properties are highly sensitive to synthesis conditions. This study systematically
evaluates the effects of bulk chitosan concentration (3, 6, and 9% w/v), degree of
deacetylation (DD; 79.9%, 81.1%, and 82.6%), and stirring time (2, 4, and 6 h) on the
morphology, size, and adsorption performance of ChMPs produced via ionic gelation
followed by spray drying. SEM and FTIR analyses confirmed successful ionic cross-
linking and revealed that longer stirring times and lower chitosan concentrations
yielded smaller particles with more porous and irregular morphologies. Higher DD
increased charge density and cross-linking intensity, resulting in structurally stable
particles with enhanced surface accessibility. ChMPs synthesized under optimized
conditions exhibited significantly improved Cr(VI) adsorption compared to bulk
chitosan. These findings provide a reproducible framework for tailoring ChMP
properties and demonstrate their potential as efficient, scalable, and sustainable
adsorbents for heavy-metal removal.

Keywords Adsorption, Chitosan microparticles, Chromium(VI), Degree of
deacetylation, lonic gelation

1 Introduction

Chitosan is a linear polysaccharide composed of B-(1—4)-linked D-glucosamine and
N-acetyl-D-glucosamine units derived from chitin, a structural polymer abundant in
crustacean shells and fungal cell walls [5, 34]. Its backbone of glucopyranose units bear-
ing amino groups (-NH,) imparts a cationic nature under slightly acidic pH conditions
[1, 30]. Chitosan is a gel- and film-forming polymer with the capacity to bind metal ions
and organic compounds. It is also biodegradable, biocompatible, mucoadhesive, anti-
microbial, and exhibits diverse bioactive properties [1, 9, 30, 33, 35, 42]. Recognizing
these attributes, both the U.S. Food and Drug Administration (FDA) and the European
Medicines Agency (EMA) have approved chitosan for clinical use in oral and parenteral
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applications [46]. Consequently, chitosan is widely regarded as a versatile biopolymer
with extensive applications in food, pharmaceuticals, healthcare, biomedicine, agricul-
ture, and environmental remediation [1, 15, 26, 30, 39].

Chitosan nano- and microparticles have been extensively developed for the encap-
sulation and delivery of various drugs and bioactive compounds [10, 11, 15, 24, 27, 31,
44, 47]. They hold great promise as novel oral drug delivery systems with high efficacy,
improved targeting ability, and potential applications in cancer therapy [27, 46]. Recently,
chitosan microparticles (ChMPs) have been explored as carrier systems capable of deliv-
ering bioactive compounds to specific sites within the gastrointestinal tract, owing to
their relatively larger particle size (> 300 nm), which prevents penetration across the
extracellular space [11]. Beyond pharmaceutical applications, chitosan particles are con-
sidered excellent food-grade candidates for stabilizing Pickering emulsions, offering a
natural and safe alternative to synthetic stabilizers [2, 39]. Furthermore, chitosan nano-
and microparticles have been widely employed as efficient adsorbents for heavy metals
and dyes, highlighting their potential role in environmental remediation [13, 28, 37, 49].

One of the most widely used techniques to produce chitosan nano- and microparticles
is the crosslinking reaction via ionic (or ionotropic) gelation. This method is particularly
attractive because it is simple, non-toxic, convenient, and does not require organic sol-
vents, while also offering good controllability [33, 35, 43]. Among various crosslinkers,
tripolyphosphate (TPP) is the most extensively employed due to its safety, biocompat-
ibility, and multivalent properties. Unlike synthetic alternatives, polyphosphates such
as TPP can hydrolyze into nutritionally beneficial simpler phosphates [3]. The result-
ing ionic gelation process is driven by electrostatic interactions between the positively
charged amino groups of chitosan and the negatively charged phosphate groups of TPP
under mechanical agitation. This interaction facilitates the formation of both inter- and
intramolecular linkages [31], leading to the self-assembly of chitosan into spherical par-
ticles with tunable sizes and surface charges [11, 12, 44]. This crosslinking process is par-
ticularly advantageous due to its mild processing requirements, as it is carried out in
an aqueous environment with low toxicity and simple conditions. Beyond its common
use for encapsulating bioactive compounds, this method enables precise controllability
of chitosan particle properties while avoiding undesirable side reactions [35, 44]. Such
versatility is critical when engineering the surface architecture of micro-adsorbents for
industrial wastewater treatment.

As a versatile industrial technique, spray drying offers a simple, continuous, and cost-
effective route for converting liquid feed into powder with excellent flowability and sta-
bility [17]. The process involves atomizing the feed into fine droplets that are rapidly
dried by hot air, producing spherical particles with precisely controlled size and mor-
phology [38, 40]. While nanotechnology offers unique advantages, microparticles pro-
vide several practical benefits, particularly for adsorption purposes. Their larger size
makes them more efficient and convenient in industrial settings, as they can be easily
recovered using simple techniques such as filtration, sedimentation, or low-speed cen-
trifugation. Moreover, microparticles reduce issues of clogging in membranes, filtration
systems, or adsorption columns, making them more suitable for large-scale processes.

Heavy metals pose a significant threat to both the environment and human health due
to their high toxicity, persistence, and non-degradable nature, causing organ damage
even at low levels of exposure [7]. Humans and animals can be exposed to hexavalent
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chromium, Cr(VI) through direct contact, ingestion of contaminated food and water,
inhalation, or dermal absorption [19]. Potassium dichromate, a common source of
Cr(VI), has historically been misused as a milk stabilizer to extend shelf life. However,
its presence in food or drinking water presents severe health risks, including cancers of
the prostate, stomach, kidney, urinary tract, and bones, as well as skin irritation, rhinitis,
allergic contact dermatitis, gastrointestinal pain, and liver and kidney damage, even at
trace levels [37, 41, 45].

Cr(VI), is a highly toxic pollutant released from diverse industrial activities, including
metallurgy, leather tanning, and textile production [4, 28]. In the textile sector alone,
Cr(VI) accounts for approximately 54% of dye effluents discharged into wastewater.
Consequently, regulatory agencies have established a stringent maximum contaminant
level of 0.05 mg/L for chromium in drinking water to mitigate its severe ecological and
public health impacts [45]. Efficient wastewater management and potable water purifica-
tion strategies are therefore paramount to support sustainable industrial development
and public health risk reduction.

Chitosan nano- and microparticles have attracted considerable attention as adsorbents
for heavy-metal remediation due to the high density of amino (-NH,) and hydroxyl (-
OH) functional groups that enable strong electrostatic and coordination interactions
with metal ions. Their enhanced surface-area-to-volume ratio generally affords higher
adsorption capacities than bulk chitosan [29, 37]. Among available treatment technolo-
gies, adsorption remains the most practical approach for Cr(VI) removal because of its
cost-effectiveness and operational simplicity [26].

Despite these advantages, many reported chitosan-based adsorbents, particularly
highly porous microspheres and chemically modified or magnetic derivatives, suffer
from intrinsic limitations. Adsorption kinetics are often governed by slow intra-particle
diffusion through complex internal pore networks [16, 37], while magnetic or chemi-
cally functionalized systems typically require multistep synthesis, specialized reagents,
and external separation equipment [13, 22, 48, 50]. These factors limit scalability, pro-
cess simplicity, and practical deployment.

To address these challenges, this study explores spray drying as a rapid, one-step route
to fabricate chitosan microparticles (ChMPs) with highly textured, “brain-like” surface
morphologies. The rapid solvent evaporation intrinsic to spray drying promotes surface
wrinkling and dimple formation, maximizing active site accessibility while minimizing
diffusion path lengths. This morphology enables efficient Cr(VI) sequestration without
sacrificing microscale particle size, thereby facilitating straightforward post-adsorption
recovery and offering a scalable alternative for practical water-treatment applications.

The formation and performance of chitosan nano- and microparticles are governed
by multiple interdependent factors, including chitosan concentration, molecular weight,
degree of deacetylation (DD), chitosan/TPP ratio, temperature, and hydrodynamic con-
ditions [2, 3, 15, 24, 33, 42, 47]. While these parameters have been widely reported, most
studies evaluate them in isolation or across broad compositional ranges, often overlook-
ing subtle but critical interactions that arise within narrow processing windows.

In particular, the influence of DD is frequently treated as a secondary or categorical
variable, despite its direct control over charge density, ionic cross-linking efficiency, and
network shrinkage during drying. Systematic investigations probing small DD intervals,
where minor changes can produce disproportionate effects on morphology, porosity,
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and adsorption performance, remain scarce, especially for systems combining ionic
gelation with spray drying. Furthermore, the coupled effects of DD with key process
variables such as stirring time and bulk chitosan concentration have not been compre-
hensively resolved for this synthesis route.

The primary objective of this study was therefore to elucidate the combined influence
of stirring time (2, 4, and 6 h), bulk chitosan concentration (3, 6, and 9% w/v), and nar-
rowly spaced degrees of deacetylation (79.9%, 81.1%, and 82.6%) on the physicochemical
characteristics of chitosan microparticles prepared via ionic gelation followed by spray
drying. The resulting materials were systematically characterized by SEM and FTIR
to resolve morphology, size, and cross-linking behavior, while Cr(VI) adsorption per-
formance was employed as an indirect but functional probe of porosity and active-site
accessibility.

Although chitosan-based adsorption has been extensively reported, the quantitative
linkage between tightly controlled synthesis inputs and emergent microparticle struc-
ture remains insufficiently defined for reproducible, scalable production. By explicitly
correlating narrow DD variations and processing conditions with structural and func-
tional outcomes, this study establishes a mechanistic framework for tailoring chitosan
microparticles with predictable performance. This structural-functional perspective
provides essential technical guidance for the rational design of chitosan-based adsor-

bents in environmental bioremediation applications.

2 Materials and methods

2.1 Materials

Bulk chitosan derived from black shrimp shell with different degree of deacetylation
(79.9%; 81.1%; and 82.6%) determined from FTIR spectra [43] were obtained from PT.
Biotech Surindo, Indonesia. Other chemicals used were polysorbate/ Tween® 80 (Sigma
Aldrich, Germany), acetic acid glacial 100% (Merck, Germany), potassium dichromate
powder K,Cr,O, (Merck, Germany), Sodium tripolyphosphate powder, STPP (Merck,

Germany).

2.2 Methods

2.2.1 Synthesis of chitosan microparticles

Bulk chitosan was obtained in different physical forms: flakes (DD =79.9%), powder
(DD =81.1%), and semi-powder (DD =82.6%). The flake and semi-powder types were
ground using a blender (Miyako BL-102GS, Japan), and all chitosan powders were sub-
sequently sieved through a 140-mesh screen to ensure uniform particle size. A 3% w/v
bulk chitosan solution (DD =81.1%) was prepared by dissolving 3 g of chitosan powder
in 100 mL of 1% acetic acid solution under magnetic stirring at 300 rpm for 60 min. Sub-
sequently, 25 mL of 0.2% (v/v) Tween 80 solution was added and stirred for 30 min prior
to the dropwise addition of 10 mL of 0.1% (w/v) STPP solution. The mixture was then
stirred for 2, 4, or 6 h at 300 rpm. The mixture was aged at room temperature for 5 days
before spray drying. Spray drying was carried out using a BUCHI B-290 mini spray dryer
(Biichi Labortechnik AG, Switzerland), with approximately 150 mL of the chitosan solu-
tion at flow rate of 5 ml/min was atomized through a 0.7 mm two-fluid nozzle into the
drying chamber. Hot air entered at 180 °C and aspiration rate of 100% while air pressure
at nozzle was maintained at 1 bar. Experimental variations were performed sequentially:
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first by varying stirring time, followed by bulk chitosan concentration (3%, 6%, and 9%
w/v), and finally by chitosan DD (79.9%, 81.1%, and 82.6%).

2.2.2 Characterization of chitosan and chitosan microparticles

2.2.2.1 Determination of viscosity of bulk chitosan solution Bulk chitosan solution 1%
w/v was prepared by dissolving 1 g of chitosan in 100 mL of 1% acetic acid solution. The
viscosity of the solution was measured at room temperature using a Brookfield RVT vis-
cometer (Brookfield, USA). Approximately 16 mL of the sample was transferred into the
UL adapter chamber and sheared at 10 rpm. The dial reading was recorded after 30 s of
measurement.

2.2.2.2 Determination of morphology and size of bulk chitosan and chitosan micropar-
ticles The morphology of chitosan microparticles was examined using scanning electron
microscopy (SEM, FEI Inspect S50, FEI, USA). Samples were mounted on aluminum
stubs with double-sided adhesive tape, sputter-coated with gold to improve conductiv-
ity, and analyzed at 20 kV with magnifications of 25,000x. The particle diameters were
measured using digital image analysis based on the calibrated scale bars provided by the
SEM instrumentation. To ensure representativeness, particles were selected from mul-
tiple micrographs at different locations. For comparison, the morphology of bulk chi-
tosan powder (DD =81.1%) was also analyzed by SEM (ThermoFisher Scientific™ Axia™
ChemiSEM™, USA) at 20 kV with magnifications of 100-500x.

2.2.2.3 Determination of chemical composition of bulk chitosan and chitosan micropar-
ticles The functional groups of bulk chitosan and chitosan microparticles were charac-
terized by FTIR (IR-Tracer 100, Shimadzu, Japan). Samples were prepared as KBr pellets
under dry conditions at 25 °C by thoroughly mixing 12.5 mg of sample with 250 mg of
KBr and pressing the mixture at 10 tons using a hydraulic press (Specac, 15 Ton, Eng-
land). Spectra were collected in the range of 4000-400 cm™ with a resolution of 4 cm™,

averaging 45 scans per sample.

2.2.2.4 Evaluation of adsorption performance of chitosan microparticles towards Cr(VI)
ion Potassium dichromate (K,Cr,O;) solution with the concentration of 50 ppm and ini-
tial pH of ~4 was prepared to simulate chromium-contaminated water. The adsorption
capacity of chitosan microparticles was evaluated by monitoring the decrease in solu-
tion color intensity after adsorption and compared with bulk chitosan. Standard solutions
of 10, 20, 30, 40, and 50 ppm were prepared to generate a calibration curve. The maxi-
mum absorption wavelength was determined by scanning the solutions between 300 and
600 nm using a UV-vis spectrophotometer (Lambda 950, PerkinElmer, USA), with the
highest absorbance observed at 362 nm.

For the adsorption test, 25 mg of chitosan microparticles was dispersed into 30 mL
of 50 ppm K,Cr,0, solution and stirred for 40 min with a magnetic stirrer. The mixture
was then left undisturbed at room temperature for 24 h to allow equilibrium adsorption.
Afterward, it was centrifuged (DSC-158, Digisystem, Taiwan) at 2500 rpm for 15 min.
The supernatant (5 mL) was collected, and its absorbance at 362 nm was recorded using
a UV-vis spectrophotometer (Lambda 950, PerkinElmer, USA). All analytical measure-
ments were performed in duplicate to ensure instrumental precision, and the results are
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Table 1 The properties of bulk chitosan

Bulk chitosan Initial form DD (%) Viscosity (cP)
1 flake 799 39.64
2 powder 81.1 20.78
3 semi powder 826 70.33

Fig. 1 SEM images of bulk chitosan (DD 81.1%) at different magnifications. A 100x; B 500x

presented as the mean values. The adsorption efficiency of K,Cr,O; by chitosan particles
was calculated using Eq. (1):
(C

—C
0D 1100% )

Adsorption efficiency (%) = c
0

Whereas, Cj is the initial concentration of K,Cr,O, solution and C} is the concentra-
tion after adsorption.

3 Results and discussion
3.1 Formation and physical characteristics of ChMPs
3.1.1 Properties of bulk chitosan
The characteristics of the produced ChMPs were strongly influenced by the properties
of the bulk chitosan used as precursors (Table 1). Three types of bulk chitosan with dif-
ferent degrees of deacetylation (%DD) were employed. The viscosity of each bulk chito-
san, which is positively correlated with its molecular weight, was determined. Chitosan
with a DD of 81.1% exhibited the lowest viscosity (~ 20 cP), whereas that with a DD of
82.6% showed the highest viscosity (~ 70 cP), and the chitosan with a DD of 79.9% had
an intermediate viscosity (~ 40 cP). All samples fell within the viscosity range of low
molecular weight chitosan based on previous investigation [32]. Furthermore, accord-
ing to the standard specification provided by Sigma-Aldrich (CAS No. 9012-76-4; prod-
uct code 448869; batch BCCG9965), low-molecular-weight chitosan is characterised by
a viscosity range of 20-300 cP. These findings indicated the distribution of molecular
weights among the bulk chitosan samples.

SEM imaging of the bulk chitosan powder (Fig. 1) revealed large flake-like particles
ranging from approximately 10 to 100 pm in size, with surfaces that appeared relatively
smooth and showed minimal porosity.

3.1.2 lonic gelation process
The synthesis of ChMPs was achieved through ionic gelation by mixing bulk chitosan
with STPP. Initially, bulk chitosan was dissolved in 1% acetic acid, and then Tween 80,
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a non-ionic surfactant, was added to improve polymer chain dispersion. This facilitated
more uniform crosslinking in solution, enabling better control over particle size and
morphology [33]. The addition of surfactant also enhanced suspension stability after
nanoparticle formation [12] and coated the chitosan particles [21].

Upon the introduction of STPP, spontaneous electrostatic interactions occurred
between the positively charged ammonium groups of chitosan and the negatively
charged phosphate ions of STPP [11, 36]. In this mechanism, phosphate polyanions
establish inter- and intramolecular linkages with chitosan amino groups [31]. STPP thus
acts as a crosslinker, inducing chitosan chains to fold primarily through intramolecular
interactions [36], leading to the formation of spherical particles. Gelation generates a
three-dimensional network in which water becomes entrapped. Depending on process
parameters, this ionic interaction can be tuned to produce particles ranging from the
nano- to microscale [24, 42, 47].

3.1.3 Particle size and growth

The overall characteristics of the chitosan particles obtained from spray drying in this
study are summarized in Table 2. The process predominantly yielded microparticles,
categorized as entities larger than 100 nm. The formation of these micrometer-sized
particles is highly dependent on the precursor concentration [24, 47]. In our study, the
relatively high concentration of the chitosan solution likely shifted the viscous mixture
into a semi-dilute regime. This state is characterized by significant polymer chain over-
lap, which, as suggested by Marsili’s findings, enhances the probability of forming larger
aggregates during the atomization and drying stages. Moreover, particle growth can
result from the aggregation of smaller primary particles that tend to fuse into larger enti-
ties [36, 43].

3.1.4 Effect of aging and aggregation
The evolution of particle size over storage is not merely a physical enlargement but a
complex structural rearrangement. This can be attributed to several factors, includ-
ing aggregation that allows more efficient structural rearrangement and interactions
between free polymer chains and the particle network, leading to the reorganization of
intermolecular entanglements. In the presence of TPP, this process is further influenced
by syneresis and swelling driven by osmotic water inflow ([36]; [43]). At room tempera-
ture, the increased kinetic energy promotes Brownian motion, which increases the fre-
quency of particle collisions and further promotes size enlargement over time [43].

The aging process was strategically employed to optimize the feed properties for spray
drying and to ensure the formation of micro-sized adsorbents. Particle growth and
agglomeration were likely promoted during this aging process. The evolution of particle

Table 2 Estimated average particle size of ChMPs

Bulk chitosan (%DD) [Chitosan solution] (%w/v) Stirring time (h) D,,q ChMPs (hm)
81.1 3 2 1565+782
3 4 1204 +432
3 6 932+580
6 6 1000+278
9 6 1225+860
79.9 9 6 850+533
826 9 6 821+614
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Fig.2 SEM micrographs of ChMPs synthesized using 3% bulk chitosan (DD 81.1%) with different stirring time dur-
ing STPP crosslinking. A 2 h; B 4 h; C 6 h. (Magnification: 25,000x)

Fig. 3 SEM micrographs of ChMPs synthesized using bulk chitosan (DD 81.1%) under different concentrations
with 6 h stirring during crosslinking. A 3%; B 6%; C 9%. (Magnification: 25,000x)

size over storage can be attributed to several factors, including aggregation that allows
more efficient structural rearrangement, interactions between free polymer chains and
the particle network leading to reorganization of intermolecular entanglements, as well
as syneresis and swelling driven by the presence of TPP, which induces osmotic water
inflow [36, 43].

From a process standpoint, this intentional aggregation is critical; without sufficient
aging, the high viscosity of the chitosan solution would hinder atomization during the
spray-drying process. Aggregation was particularly favored when the solution was left
at room temperature, especially at higher chitosan concentrations, which enhanced
particle rearrangement and led to the formation of larger aggregates [18, 36]. In addi-
tion, protonation of chitosan molecules contributed to molecular reorganization, while
Brownian motion increased particle collisions, further promoting size enlargement over
time [43].

This controlled enlargement to the micrometer scale is functionally beneficial, as it
facilitates more efficient separation of the adsorbent from the aqueous phase via filtra-
tion or centrifugation after the adsorption process. While these mechanisms drive the
formation of larger entities, the resulting microparticles maintain high site accessibility
due to the textured surface morphology, thus balancing processability with adsorption

performance.

3.1.5 Spray drying and porous structure development

Ultimately, spray drying of the mixtures resulted in the formation of micro-aggregated
particles with porous structures, as observed in the SEM images (Figs. 2, 3 and 4). The
formation of chitosan microparticles (ChMPs) occurs via ionic gelation between the pos-
itively charged protonated amino groups (—NH;*) of chitosan and the negatively charged
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Fig. 4 SEM micrographs of ChMPs synthesized using 9% bulk chitosan at different DD values, stirred for 6 h during
crosslinking. A 79.9%; B 81.1%; C 82.6%. (Magnification: 25,000x)

phosphate ions (—P;0;,°") of TPP, leading to the development of a three-dimensional
crosslinked network that stabilises the particles during the rapid spray-drying process.

Partial destabilisation of the ionic crosslinks between ammonium and phosphate ions
may occur over time, creating interstitial voids within the aggregated structures and con-
tributing to pore formation. During spray drying, these micro-aggregated structures are
converted into dried powders, yielding spherical microparticles with highly porous mor-
phologies. The porosity is further enhanced by the removal of water initially entrapped
within the aggregates during atomisation and solvent evaporation in the spray-drying
chamber.

Interestingly, surface dimples and a textured topography were observed across all
samples, a characteristic feature of spray-dried particles. This morphology is attributed
to the rapid solvent evaporation at 180 °C, which induces the formation of a solidified
surface “skin” that subsequently collapses or wrinkles as the particle core shrinks during
drying.

SEM analysis (Figs. 2, 3 and 4) indicates that the morphology of chitosan microparti-
cles (ChMPs) is primarily dictated by chitosan concentration and degree of deacetylation
(DD), rather than stirring time. As shown in Fig. 2, varying the stirring time (2—6 h) pro-
duced no significant morphological changes, indicating that ionic gelation occurs rapidly
and reaches structural saturation early.

In contrast, Fig. 3 demonstrates that increasing chitosan concentration stabilises par-
ticle morphology. Higher solid content (9% w/v) resulted in less pronounced dimpling
and wrinkling, as the more rigid matrix resisted collapse during solvent evaporation in
spray drying.

Most pronounced morphological differences were observed with changes in DD
(Fig. 4). Particles at 79% DD exhibited noticeable surface dimpling, 81% DD particles
displayed a comparatively smoother and more homogeneous surface, while 82.6% DD
particles showed a more irregular and dimpled morphology. The irregular surface of DD
79% may result from uneven ionic interactions due to the higher presence of residual
acetyl groups, which hinder uniform gelation. The smoother morphology at 81% DD
suggests a more homogeneous cross-linking network, where TPP ions are distributed
uniformly within the chitosan matrix, leading to a stable and well-defined spherical
structure. Furthermore, the markedly wrinkled surfaces observed at higher DD (82.6%)
arise from increased charge density and stronger ionic cross-linking with TPP. Dur-
ing spray drying, this dense ionic network undergoes significant volumetric shrinkage,
resulting in surface collapse and pronounced wrinkle formation.
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The observed surface topographies are in good agreement with previous reports
showing that spray drying commonly produces dimpled, hollow, or wrinkled particles
(6, 8, 20, 23]. Kaspar et al. [20], reported a transition from brain-like structures at low
cross-linking ratios to smoother surfaces at moderate cross-linking, followed by highly
irregular morphologies at excessive cross-linking due to skin formation and buckling.
Similar hollow and irregular particle morphologies were also described by Cerchiara et
al. [8], and Khlibsuwan et al. [23], while Aranaz et al. [6], observed agglomerated brain-
like structures in spray-dried chitosan systems.

Such highly porous and textured structures are particularly advantageous for adsorp-
tion applications, as they enhance the accessibility of active binding sites throughout the
microparticle matrix.

3.2 Effect of bulk chitosan properties and process parameters

The characteristics of chitosan microparticles (ChMPs) are strongly influenced by both
the intrinsic properties of the bulk chitosan (e.g. DD) and the synthesis conditions,
including chitosan concentration and stirring time, as reported in previous studies by
[2, 3, 27]. In this study, three key parameters, stirring time, bulk chitosan concentration,
and DD were systematically evaluated for their effects on particle size and morphology,
as discussed in Sects. 3.2.1, 3.2.2, 3.2.3.

3.2.1 Effect of stirring time
The impact of stirring duration on ChMP formation is quantitatively summarized in
Table 2 and visually supported by Fig. 2. As the stirring time increased from 2 to 6 h, the
average particle sizes exhibited a noticeable reduction from approximately 1500 nm to
900 nm. This trend suggests that longer stirring durations facilitate the mechanical sep-
aration of initial agglomerates into smaller, more discrete fragments through attrition,
driven by continual particle collisions and shear forces within the mixing environment.
Despite this reduction, the ChMPs produced in this study remained within the mic-
roparticle range, as detailed in Table 2. This can be attributed to the relatively low stir-
ring speed of 300 rpm used during ionic gelation. At this moderate intensity, localized
concentration gradients likely persisted in the suspension, leading to non-uniform
cross-linking between chitosan and TPP and the formation of larger entities. This is in
contrast to studies employing higher energy inputs; for instance, stirring at 1200 rpm
yielded nanoparticles of 299-377 nm [44], while high-speed homogenization at 3000
rpm combined with sonication produced highly stable particles < 200 nm [27]. Thus, the
300 rpm/6 h condition in this work was specifically chosen to maintain the micro-scale
dimensions that facilitate easier post-adsorption recovery.

3.2.2 Effect of bulk chitosan concentration

An increase in bulk chitosan concentration resulted in larger ChMPs sizes. Particle size
increased from ~ 932 nm at 3% w/v to ~ 1225 nm at 9% w/v (Table 2; Fig. 3). This agrees
with previous reports showing that higher chitosan concentrations promote particle
growth due to increased molecular proximity and crosslinking rates, which favor aggre-
gate formation [2, 42]. Elevated chitosan concentration also raises solution viscosity,
which may hinder diffusion and efficient interaction with the crosslinker (STPP), further
promoting agglomeration and growth of micrometer-sized particles. Although Tween
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80 was added as a surfactant to stabilize the suspension, its effect was not sufficient to
prevent all agglomeration at higher concentrations.

An increase in bulk chitosan concentration also modifies the morphology of ChMPs.
Higher concentrations lead to smoother particle surfaces due to increased viscosity,
which enhances structural rigidity and resists collapse during spray drying, as discussed
in the SEM analysis section.

3.2.3 Effect of degree of deacetylation (DD)
The average size of ChMPs generally decreased with increasing DD of bulk chitosan
(Table 2; Fig. 4), consistent with prior findings [3]. Chitosan with higher DD contains
more amine groups, which are protonated under acidic conditions and readily cross-
linked with phosphate ions of STPP. This enhances electrostatic stabilisation, leading
to smaller, more uniform particles. Notably, chitosan with 81.1% DD yielded the larg-
est ChMPs among all samples. This behavior is likely associated with the lower viscosity
of its bulk chitosan, indicative of reduced molecular weight and weaker chain entangle-
ment, which favors particle growth. Moreover, the smoother surface morphology at this
DD suggests a balanced cross-linking interaction that limits structural collapse during
spray drying, resulting in the formation of larger and more stable particles. Conversely,
the chitosan with 82.6% DD exhibited the highest viscosity, reflecting higher molecu-
lar weight and stronger intermolecular interactions, which hindered agglomeration and
yielded smaller ChMPs [3]. Larger ChMPs prepared from higher molecular weight chi-
tosan also exhibit stronger intermolecular entanglements and more extensive hydrogen
bonding, producing a stable gel network that resists size changes during synthesis [36].
Nevertheless, previous reports indicate that DD alone may exert limited control over
particle formation [42]. DD may dictate the morphology of ChMPs, as evidenced by Fig.
4, where all particles are spherical with porous or dimpled surfaces, while those derived
from 81.1% DD chitosan exhibit comparatively smoother and less porous morphologies.
Overall, the results demonstrate that both the intrinsic properties of bulk chitosan
and the applied process conditions significantly influence ChMPs characteristics. Stir-
ring time primarily affected particle fragmentation, whereas bulk chitosan concentration
strongly governed particle growth, aggregation, and morphology. The degree of deacety-
lation (DD) had a pronounced effect on the development of brain-like surface morphol-
ogies, as discussed in the SEM analysis section.

3.3 FTIR analysis of chitosan and ChMPs

The FTIR spectra of bulk chitosan and ChMPs are shown in Fig. 5. A broad band
between 3700 and 3300 cm™ was attributed to overlapping O—H and N-H stretching
vibrations in the chitosan matrix [9, 35, 36]. In ChMPs, this band appeared narrower
and sharper, suggesting a weakening of hydrogen bonding interactions. In bulk chitosan,
strong intermolecular hydrogen bonds dominate, whereas in ChMPs, these interactions
are partially replaced by ionic interactions between protonated amine groups (—-NHs")
and phosphate ions from STPP during crosslinking.

Both bulk chitosan and ChMPs exhibited doublet peaks around 2900 cm™ cor-
responding to C—H stretching. Notably, the N—H vibrational modes were shifted to
lower frequencies upon crosslinking. The N-H bending band shifted from 1651 to 1640
cm™, while the N-H stretching band shifted from 1597 to 1559 ¢cm™, confirming ionic
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DD 81.1%. The arrow indicates phosphate-related vibrations

complexation between chitosan ammonium ions and phosphate groups [9, 35]. In addi-
tion, the CH, deformation band at 1412 cm™ became more intense, reflecting increased
polarization of the carbonyl group after crosslinking [9].

In the bulk chitosan spectrum, bands at ~ 1321 cm™ and 1153 cm™ were assigned to
amide type I C-N stretching and asymmetric C—-O-C stretching, respectively. In con-
trast, the ChMP spectra showed distinct phosphate-related vibrations, with peaks at
1257, 1154, and 1075 cm™ corresponding to P = O, PO,, and PO; stretching, respectively,
along with an antisymmetric P-O-P stretching band at 899 cm™ [9]. These new absorp-
tion bands provide clear evidence of STPP crosslinking within the ChMP structure.

3.4 Adsorption efficiency of chitosan microparticles towards Cr(VI) ion

The adsorption test of Cr(VI) ions was carried out by dispersing ChMPs into K,Cr,O,
solution as a simple evaluation of their performance and potential applications. Adsorp-
tion was primarily facilitated by hydroxyl (—-OH) and amine (—-NH,) groups present in
the chitosan microparticles [28, 37, 50]. At acidic pH, these groups become protonated:
amines yield ammonium ions (—-NHj;*), while hydroxyl groups form —OH,* [13, 25]. At
pH ~ 4, Cr(VI) exists mainly as HCrO,", enabling strong electrostatic attraction between

negatively charged chromate anions and the positively charged chitosan surface [25].
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Fig. 6 Adsorption efficiency of bulk chitosan and ChMPs with different DD values toward Cr(V1) ion. (Note: the
data represents the mean of duplicate measurements with a Relative Standard Deviation (RSD) < 0.5%)

Thus, the binding mechanism is dominated by physical electrostatic interactions rather
than chemisorption [26]. In addition, partial reduction of Cr(VI) to the less toxic Cr(III)
may also occur, as chromate anions oxidize reactive groups on the sorbent surface [13].

The smaller particle size and porous structure of ChMPs compared to bulk chitosan
enhanced the accessibility of functional groups, thereby facilitating the adsorption pro-
cess. The internal pores and cavities created within aggregated ChMPs allowed not only
surface adsorption but also entrapment of Cr(VI) ions within the porous matrix, pre-
venting desorption and enhancing binding stability. As shown in Fig. 6, ChMPs exhib-
ited higher adsorption efficiency than bulk chitosan. Beyond better performance, the
microparticles could also be more easily separated from suspension after adsorption, an
advantage for practical applications.

Microparticles derived from high-viscosity, high-molecular-weight chitosan formed
more coherent internal networks that, upon drying, developed into porous structures
conducive to adsorbate diffusion. An increased degree of deacetylation (DD) further
enhanced adsorption performance. Although a portion of amine groups was consumed
during ionic cross-linking with TPP, chitosan with higher DD retained a greater num-
ber of free amine groups that, upon protonation, provided additional binding sites for
Cr(VI). The resulting higher positive charge density strengthened electrostatic interac-
tions and improved microparticle stability.

It turned out that the enhanced adsorption observed at 81% DD is primarily driven by
chemical functionality rather than surface morphology. Despite exhibiting smoother and
less porous surfaces than the 79% DD samples, the 81% DD ChMPs showed significantly
higher Cr(VI) adsorption, confirming that adsorption efficiency is mainly governed by
the density of protonated amine groups (—-NH;*). At higher DD, increased surface irreg-
ularity and wrinkling further enhanced adsorption by increasing the surface-to-volume
ratio and improving access to active binding sites.
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Overall adsorption efficiency was strongly dependent on the properties of the precur-
sor chitosan. ChMPs prepared from 82.6% DD chitosan exhibited the greatest enhance-
ment, achieving up to 35% higher adsorption compared to bulk chitosan, while 79%
DD samples showed an intermediate improvement of approximately 30%. In contrast,
ChMPs derived from 81.1% DD chitosan displayed only a~15% increase, which can be
attributed to their smoother, less porous morphology (Fig. 4) and lower viscosity. These
features promoted particle agglomeration into larger, irregular structures (Table 2),
reducing accessibility to internal active sites and trapping functional groups within the
particle interior.

In this study, the adsorption capacity of the prepared ChMPs ranged from 26 to 48
mg/g at an adsorbent dose of 0.83 g/L. This performance is comparable to that of con-
ventional chitosan microspheres, which exhibited an adsorption capacity of 39.11 mg/g
[16]. Significantly higher adsorption capacities of 704.44 mg/g, have been reported for
highly engineered or modified chitosan-based systems, such as highly porous frozen chi-
tosan microspheres [37] and modified magnetic chitosan adsorbents, which achieved
153.85 mg/g at pH 4 for 0.5 g/L dose [50], 78 mg/ g at pH 5 for 0.5 g/L dose [13], 299.50
mg/g under visible light irradiation [48], and 188.68 mg/g at pH 5 [22].

It should be noted that these higher adsorption capacities were generally obtained
under optimized conditions, including lower adsorbent dosages, controlled pH envi-
ronments, additional functionalization, or external energy input (e.g., light irradiation).
In contrast, the present study employed a simple ionic gelation—spray drying approach
without chemical modification, highlighting that the achieved adsorption capacity is
competitive for a non-modified, scalable, and environmentally benign system.

Collectively, these results indicate that optimal Cr(VI) adsorption is governed by a syn-
ergy between chemical charge density and particle morphology. Higher DD enhanced
the density of protonated amine groups, while porous and irregular (“brain-like”) sur-
faces increased active-site accessibility, together maximizing adsorption efficiency.
The broad particle size distribution observed is advantageous for Cr(VI) removal: sub-
micron particles provide high surface area for rapid adsorption kinetics, whereas larger
microparticles allow facile recovery by conventional filtration.

Overall, the porous ChMPs clearly outperformed bulk chitosan, highlighting their
potential as effective adsorbents for heavy metal remediation. Although their adsorp-
tion capacity (25-50 mg g™') is lower than that of some chemically modified magnetic
chitosan systems (up to ~300 mg g™*), this study emphasizes process efficiency and scal-
ability. Unlike magnetic adsorbents requiring complex functionalization and external
separation, these ChMPs are produced via a rapid, one-step spray-drying process. Their
brain-like morphology ensures high site accessibility, while their micrometer-scale size
enables straightforward recovery, making them a cost-effective and practical candidate
for industrial Cr(VI) removal.

4 Conclusion

This work establishes a robust and reproducible strategy for producing chitosan mic-
roparticles (ChMPs) via ionic gelation with STPP and elucidates the direct relationship
between synthesis parameters, morphology, and Cr(VI) adsorption performance. FTIR
analysis confirmed stable ionic cross-linking between chitosan ammonium groups and

STPP phosphate groups, validating the structural integrity of the ChMP framework.
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Beyond confirming known processing trends, this study provides new mechanistic
insight into the dominant role of degree of deacetylation (DD) in governing particle sta-
bility and adsorption efficiency. A higher DD (82.6%) supplied sufficient charge density
to promote strong ionic cross-linking, suppress particle agglomeration, and preserve
a highly porous architecture. Controlled stirring time (6 h) was identified as a critical
threshold for achieving porous, micro-aggregated structures that maximize the acces-
sibility of protonated amine sites (—NH;*), which are central to Cr(VI) sequestration.

Morphological analysis revealed that adsorption performance is governed by a synergy
between chemical functionality and particle architecture. While smoother particles at
intermediate DD (81.1%) exhibited enhanced chemical activity, their reduced porosity
limited overall adsorption gains. In contrast, highly porous and irregular morphologies
at elevated DD combined high surface-to-volume ratios with increased charge density,
yielding superior Cr(VI) uptake.

By explicitly linking bulk chitosan properties, process control, and functional perfor-
mance, this work delivers a scalable design framework for chitosan-based adsorbents.
The one-step spray-drying approach offers a practical alternative to chemically modi-
fied systems, balancing adsorption efficiency with operational simplicity. These findings
advance the rational engineering of biopolymer adsorbents and support the transla-
tion of ChMPs from laboratory studies to predictable, large-scale applications in water
remediation.
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