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• Chitosan aerogels were produced using 
supercritical CO2 drying at 200 bar/35 
◦C.

• 50 mg of 3 % w/w nanostructured chi
tosan aerogels were used for dye 
adsorption.

• Crystal Violet removal was enhanced 
with respect to Methyl Orange.

• The system dye-aerogel behaves differ
ently at low and large driving forces.

• Both dyes follow Freundlich isotherm 
and a pseudo-second order kinetics.
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A B S T R A C T

Background: Dyes abundance in wastewaters poses environmental threats, and a cost-effective strategy to 
remediate dyed water is adsorption: this process could be enhanced using nanostructured sorbents, that expose 
high surface areas.
Methods: In this work, chitosan aerogel adsorbents were produced by supercritical CO2 assisted drying, working 
at 200 bar, 35 ◦C, and CO2 mass flow rate of 0.8 kg/h. FESEM images proved that the delicate biopolymeric 
network was intact thanks to near-zero surface tension at the interface between CO2 and the liquid, and large 
supercritical fluid diffusivity. Methyl Orange (MO) and Crystal Violet (CV) were used as model anionic and 
cationic dyes, respectively.
Significant findings: Changing dye initial concentration, chitosan aerogel showed different behavior at low and 
large driving forces, for both CV and MO. Adsorption experiments proved that MO could be not completely 
removed by aqueous solutions: whereas, CV removal was successful with removal efficiencies up to 89.0 ± 1.1 % 
from a 10 ppm solution, using 50 mg of aerogel. FT-IR analysis proved that chitosan active sites were more 
effectively involved with CV rather than MO. Kinetic analysis, carried out for both dyes, showed that the process 
follows a pseudo-second order kinetics, related to internal mass transfer resistances and diffusion phenomena.
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1. Introduction

Process intensification is leading to water contamination from in
dustrial activities [1–3]. Emerging contaminants are a specific category 
of compounds detected in water bodies, suspected of being toxic, thus, 
detrimental to environmental and human well-being [4,5]; their envi
ronmental control is not yet perfectly regulated. Such family of com
pounds is wide, and involves dyes, drugs, pesticides, herbicides, 
antibiotics, nanomaterials, chlorinated and fluorinated compounds, 
polymers, flame retardants, etc. [6–8]. Synthetic dyes are extensively 
used by industry, for their ability to fix color to different fabrics (i.e., 
cotton, leather, nylon, polyester, etc.) and paper. Moreover, they are 
resilient and resistant to chemical detergents and sunlight [9–11]. 
However, if not properly disposed of, they could result in severe 
physico-chemical alterations of water bodies, posing a threat from both 
an environmental and hygienic point of view [12,13]. From a chemical 
perspective, dyes can fall into different categories, on the basis of their 
specific properties: they can be non-ionic, anionic, cationic, acidic, 
basic, disperse, azo, diazo, etc. [14–16].

In this work, Crystal Violet (CV) and Methyl Orange (MO) were used 
as reference dyes. CV is cationic. On the other hand, MO is a linear 
anionic dye.

The abundance of such contaminants in wastewaters is pushing re
searchers towards the individuation of an efficient and cost-effective 
strategy to eliminate these synthetic dyes. Currently, several tech
niques have been explored in the scientific literature, such as: 

• Biological treatments: they employ microorganisms (bacteria, fungi, 
yeasts, algae, etc.) or enzymes to biodegrade dyes using either aer
obic or anaerobic processes [17].

• Chemical treatments: they are based on the utilization of reactive 
species to alter dyes structural stability. The most widespread 
chemical treatments are the Advanced Oxidation Processes (AOP), 
like Fenton and photo-Fenton processes or photocatalysis [18].

• Physical treatments: they are driven by mass transfer phenomena 
(coagulation, flocculation, membrane filtration, adsorption, etc. 
[19]).

Biological and chemical treatments, although appealing for their 
simplicity, suffer from low productivity or from slow kinetics, poor 
scalability, and tendency to generate reaction intermediates that are 
potentially more dangerous than dyes themselves. Physical treatments 
are the most widespread techniques to remediate water bodies, and they 
are massively employed from industries. Although, techniques like 
coagulation and sedimentation (and relative post-treatments) are not 
effective towards cationic and persistent water-soluble dyes, and low 
removal rates are obtained [20,21].

Adsorption is recommended for its scalability, simplicity, flexibility, 
and cost-effectiveness [22]. However, numerous parameters drive 
adsorption processes. For instance, chemical affinity between phases 
plays a pivotal role in adsorption efficiency, as well as solute stability in 
water: the solid phase could interact weakly with the solute (i.e., 
physical adsorption), or set strong chemical bonds with it (i.e., chemical 
adsorption) [23–25]. In addition, being adsorption a surface phenome
non, solid-fluid interfaces are involved: the higher is the adsorbent 
surface area, the higher it is the number of active sites offered by the 
solid phase (i.e., more dye could be adsorbed).

In light of these considerations, the choice of the adsorbent defines 
the outcome of the process: basically, the adsorbent should be compat
ible with the dye to remove, and it should possess high surface areas. 
Some adsorbents are used in the scientific literature, like metalorganic 
frameworks (MOFs), zeolites, etc., but they production can depend on 
the utilization of toxic organic solvents and time-consuming processes, 
defeating the purpose of intensive and sustainable production.

Chitosan (CH) – poly(β-(1− 4)-N-acetyl-D-glucosamine) – is a natural 
biopolymer, obtained by the deacetylation of chitin, that is extracted by 

the exoskeleton of mollusks and crustaceans [26,27]. It is interesting for 
adsorption purposes, since it offers reactive functional groups, namely, 
amine and hydroxyl, employable for adsorbent-adsorbate interactions. 
Nevertheless, it should be noted that chitosan performance as adsorbent 
material strictly depends on how it is processed, thus, on its morpho
logical architecture, structural openness, grafting active groups, filler 
loading, etc. For example, an effective strategy to fully exploit chitosan 
properties is to produce nanostructured devices: the sol-gel route, 
combined with supercritical CO2 (SC-CO2) assisted drying, is known to 
keep intact the chitosan delicate architecture and nanopores are wide 
open, thus, leading to higher surface areas, thanks to SC-CO2 near-zero 
surface tension and gas-like diffusivity [28–30].

Several chitosan-based devices have been produced, and their per
formances have been studied towards dye removal from wastewater. As 
far as MO adsorption is concerned, different solutions have been tested. 
Zhai et al. [31] produced CH microspheres (d= 440 μm) by microfluidic 
technique followed by air drying: they tested different initial concen
trations, ranging from 20 to 60 mg/L, using 50 mg of microspheres. 
Monitoring MO concentration with time, up to 300 h, they pointed out 
that adsorption efficiency was a function of contact time, and of 
adsorbent dosage. Using the Langmuir equation to extrapolate the 
saturation capacity (qmax) of chitosan beads, they obtained a value of 
about 207 mg/g. But, from a kinetic point of view, the authors observed 
that MO adsorption happened mainly on the surface; whereas, much 
longer times were needed for diffusion phenomena to complete. Jiang 
et al. [32] synthetized CH/β-cyclodextrin composites for MO removal, 
using maleic anhydride as a bridge between the two species. Varying 
solution pH, they noted that electrostatic attraction between MO and 
chitosan was higher in acidic conditions, when the aminic group gets 
protonated. Analyzing adsorption kinetics, it was highlighted that most 
of MO was captured in the first 50 minutes, thanks to the synergistic 
effect of CH and β-cyclodextrin, that hosted MO molecules. Again, a 
rate-limiting step was observed, and intraparticle diffusion only 
partially contributed to the process. The composite resulted in high 
saturation capacities (392 mg/g). Habiba et al. [33] produced CH/po
lyvinyl alcohol/zeolite electrospun fibers, aiming at clearing MO dyed 
water. Adsorption capacities were about 20 mg/g, and Langmuir model 
suggested that saturation capacity was 153 mg/g. In this case, adsorp
tion was mainly a surface phenomenon, and intraparticle diffusion did 
not affect the outcome: as a proof of this observation, it was noted that 
equilibrium was reached in few-minutes. Overall, MO dye can be 
adsorbed by CH-based materials, but kinetics is influenced by 
morphology, architecture, and textural properties. Indeed, MO is a 
linear molecule that could find some obstruction in the tortuosity of 
nanostructures.

Also CV removal by CH-based systems has been explored. Vithalkar 
et al. [34] produced CH/bentonite spheres by pH-induced gelation and 
air drying. CV was almost completely removed from the starting solution 
using 50 mg of composite, in less than an hour. Massoudinejad and 
coworkers [35] evaluated the efficiency of chitosan adsorbents loaded 
with a Fe3O4 nanopowder. In this case, the optimal combination of 
adsorption parameters were: initial concentration 77 mg/L, contact time 
140 min, and adsorbent dosage 1 g/L, processing 100 mL solutions. Such 
conditions led to a CV removal of 71.5 %. Under the assumption that 
monolayer adsorption took place, the saturation capacity was evaluated 
to be about 333 mg/g. The same authors suggested that CV could be 
adsorbed onto CH surface thanks to -OH and -NH2 functional groups, 
which bonded with the cationic part of CV. Other porous devices were 
proposed for CV removal, like chitosan/graphene oxide/polyurethane 
foams [36]. CV initial concentrations ranged from 100 to 300 mg/L, 
when adsorbent dose was set at 50 mg/mL to treat 10 mL solutions. 
Almost all CV was removed from the starting solution; but, it is note
worthy that saturation capacity was estimated to be around 64.9 mg/g. 
It is possible that the produced composite did not show high chemical 
affinity with the dye, or that foams, being structurally closed, did not 
offer an open network for the solute to move through.
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The scientific literature does not report any attempt to use nano
structured chitosan aerogels for MO or CV removal. Consequently, the 
scope of the present work was to assess, for the first time, the comparison 
between MO and CV removal using chitosan aerogels produced via SC- 
CO2 assisted drying. Moreover, the aim was also to explore the features 
of nanostructured sorbents for wastewater treatment. Different chitosan 
concentrations and molecular weight were considered to find the best 
candidate for adsorption purposes; then, once the optimal combination 
was chosen, the effect of initial concentration on dye uptake was stud
ied, and the related thermodynamical and kinetic analyses are 
presented.

2. Materials and methods

2.1. Materials

Chitosan, both medium and low molecular weight (MMW and LMW, 
deacetylation degree ≥75 %, viscosity 200–800 and 20–300 cps, 
respectively) were purchased from Sigma Aldrich (St. Louis, MO). Also 
glacial acetic acid (purity ≥99 %) and sodium hydroxide (NaOH, re
agent grade, purity ≥97.0 %, pellets, anhydrous) were obtained from 
Sigma Aldrich. Distilled water was produced using a lab-scale distilla
tion column.

CO2 (99.9 % pure) was supplied by Morlando Group Srl (Napoli, 
Italy). Methyl orange (dye content 85 %) and crystal violet (≥90.0 % 
anhydrous basis) were bought from Sigma Aldrich (St. Louis, MO). 
Chemical formula and structure of the dyes used in this work are re
ported in Table 1.

2.2. Chitosan hydro- and solvo-gels preparation

MMW and LMW chitosan hydrogels were produced using three CH 
concentrations: 1, 3 and 5 % w/w. Chitosan powder was solubilized in 
acidic water (3 % v/v acetic acid) and stirred at 200 rpm for half an hour 
until complete solubilization. Once the polymeric solution was obtained, 
sol-gel transition was induced by solution basification: NaOH 1 M 
aqueous solution was added dropwise until pH increased up to 12–13. 
pH was monitored using a pH-meter (Hanna Instrument, mod. HI 2210). 
Chitosan hydrogels were rinsed using distilled water to remove residual 
salts. Since SC-CO2 and water are immiscible, water had to be swapped 
with ethanol: 10, 30, 50, 70, and 90 % v/v ethanol/water solutions were 
prepared and put in contact with the hydrogel for 1 hour each. In the 

end, the contact with pure ethanol was prolonged overnight, to ensure 
complete water substitution: the solvogel was obtained.

2.3. Aerogel production using supercritical drying

Supercritical drying was performed in a lab-scale apparatus: the 
200 mL steel high-pressure vessel where solvogels were located was set 
at 200 bar and 35 ◦C for every experiment. CO2 mass flow rate was set at 
0.8 kg/h. Such operating conditions were chosen based on previous 
drying experiments carried out on chitosan structures [28,30]. A 
refrigerating bath (Julabo, mod. ED-F35) was used to bring CO2 to the 
liquid state before entering the high-pressure pump (Gilson, mod. 
146562), that was used to reach the desired pressure. CO2 was 
pre-heated and sent to the drying vessel, whose temperature was 
controlled using heating bands regulated by a PID controller (Watlow, 
mod. 93). The mixture CO2-ethanol was separated in a vessel down the 
line, operating at atmospheric conditions: ethanol was collected at the 
bottom of the vessel, while CO2 was released. Pressure was regulated 
manually using a micro-metering valve (Milli-Mite 1300 Series HOKE), 
and CO2 flow rate was monitored by a calibrated rotameter. Pressure 
and temperature were continuously monitored along the line, using test 
gauges and thermocouples, respectively. Each drying lasted about 
6 hours, and once it was over, the system was slowly brought to atmo
spheric conditions. Then, the aerogels were collected. Each experiment 
was replicated at least three times.

2.4. Point of zero charge (PZC) measurement

The point of zero charge is the point at which the solid bears no 
charge on its surface. It was measured using the procedure suggested by 
Kumar and Jiang [37] with slight modifications: a 0.01 M NaCl solution 
has been prepared, and 0.1 M HCl and NaOH solutions were used to 
adjust initial pH. 20 mg of aerogel were located in 40 mL of solution 
stirred at 300 rpm, and an equilibration time of 24 h was waited before 
pH measurement. Final pH was measured on the filtrate, and pH vari
ation calculated as pHi-pHf. The plot of pHi-pHf vs. pHi was obtained, 
and PZC calculated as the pHi value at which pHi-pHf was equal to zero.

2.5. Characterizations

Morphological analyses were carried out by field emission scanning 
electronic microscopy (FESEM, Carl Zeiss Supra 35). Aerogel sections 

Table 1 
MO and CV chemical formula and structure.

Dye Chemical formula Structure

Methyl Orange C14H14N3NaO3S

Crystal Violet C25N3H30Cl
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were obtained by cryofracturing the sample in liquid nitrogen, to avoid 
structure deformation. At least three sections were investigated from 
each analyzed aerogel, to check morphological homogeneity. Samples 
were coated with gold, using an Agar Auto Sputter Coater (mod. 108 A, 
Stansted, UK). Fourier Transform-Infrared Spectroscopy (FT-IR, 
IRTracer-100, Shimadzu) was carried out once a solid mixture of sample 
and KBr (1:100 w/w) was finely grinded and shaped as a thin semi- 
transparent disk, using a hydraulic press. Scans resolution was 
32 cm− 1. Brunauer-Emmett-Teller (BET) Specific Surface Area (SSA) 
and Barrett-Joyner-Halenda (BJH) measurements were carried out using 
77 K nitrogen adsorption on 200 mg samples, by the instrument Nova 
1200e Surface Area (Quantachrome Instruments, Boynton Beach, FL, 
USA). The applied method was the one proposed by Tabernero and co- 
workers [30]. Pore size distribution was evaluated using ImageJ as 
analysis software.

2.6. Adsorption experiments

Adsorption experiments were performed batch-wise, using 50 mg of 
chitosan aerogel in a 50 mL dye solution of different initial concentra
tion. The investigation of the effect of the driving force on adsorption 
was divided in two steps: firstly, low initial concentrations, like 1, 5, and 
10 ppm were tested; then, a high-concentration range was analyzed, 
using dye solutions of 25, 50, and 100 ppm. Larger dyes initial con
centrations were not tested due to MO and CV solubilization issues. 
Dynamic Light Scattering (DLS, mod. Zetasizer Nano S, Worcestershire, 
United Kingdom) analysis was performed to check dye clustering in 
solution.

Aerogels were loaded into a teabag to avoid material dispersion and 
inefficient contact between the solution and the adsorbent. The system 
was stirred at 200 rpm to guarantee composition homogeneity. MO or 
CV concentration was monitored using a UV-Vis spectrophotometer 
(Model Cary 60, Varian, Palo Alto, CA, USA). Prior to batch experiments, 
calibration curves were obtained reading the absorbance of test solu
tions at a wavelength of 460 nm for MO and at 590 nm for CV. The 
calibration curves used in this work were Eq. (1) and Eq. (2), respec
tively, for MO and CV, where A is the absorbance and C the 
concentration. 

A=0.75⋅C                                                                                      (1)

A=0.18⋅C                                                                                      (2)

The results were collected using the following nomenclature: “Ceq” is 
referred to as the dye (MO or CV) plateau value the solution reached 
after equilibrium; “C0” is the initial concentration; “q” is the amount of 
dye the adsorbent took up after the experiment, calculated as reported in 
Eq. (3): 

q =
C0 − Ceq

mchitosan
• Vsolution(mg

/

g) (3) 

Consequently, qeq is the mass of dye taken up per unit of adsorbent, 
after equilibrium was reached. Removal efficiency was named “η”, and it 
was calculated as indicated in Eq. (4). 

η =
C0 − Ceq

C0
• 100 (4) 

All experiments were carried out at room conditions and sponta
neous pH (i.e., about 7), and performed in triplicate.

2.7. Isotherm and kinetic analysis

In this work, attempts to describe thermodynamical behavior and 
kinetics analysis have been carried out. As far as isotherms are con
cerned, the most frequent models used to fit adsorption equilibrium 
points are Langmuir and Freundlich isotherms [38]. Langmuir isotherm 
can be expressed in the linearized form (Eq. (5)). 

Ceq

qeq
=

1
qmax • K

+
Ceq

qmax
(5) 

On the other hand, Freundlich isotherm follows Eq. (6): 

qeq = kf • Ceq
1
n (6) 

Freundlich isotherm was linearized in a semi-logarithmic scale. A 
linear regression analysis was carried out as the result of an in-built 
statistic calculus on the software Origin 2018.

The same logic applies to kinetics analysis and, although several 
kinetic models are proposed in the scientific literature, the most frequent 
ones are the pseudo-first order, also known as Lagergren kinetics, and 
the pseudo-second order kinetics (Blanchard model) [38,39]. Lagergren 
model was used in its linearized form in a semilogarithmic scale (Eq. 
(7)). 

ln
[
qeq − q(t)

]
= − k1t+ lnqeq (7) 

On the other hand, the pseudo-second order kinetics was used in the 
following form, indicated in Eq. (8): 

t
q(t)

=

(
1

qeq

)

t+
1

k2qeq
2 (8) 

Linear regression was carried out the same way of the isotherm 
analysis.

3. Results and discussion

3.1. Chitosan aerogels

Prior to adsorption experiments, different combinations of chitosan 
concentrations and molecular weights were tested, to produce a CH 
aerogel that meets the need for structural openness (to guarantee solute 
diffusion and adsorption) and mechanical stability. Namely, 1, 3 and 
5 % w/w aerogels were produced, using both LMW and MMW chitosan. 
All dried gels did not undergo significant shrinkage after supercritical 
drying. Overall, hydrogels, solvogels, and aerogels showed approxi
mately the same volume.

However, 1 % w/w LMW chitosan aerogels could not be produced: 
the gelation phase failed. This result could be related to the fact that 
chitosan could not rearrange in a stable configuration, due to chains 
length. Fewer entanglements and less intense interactions were formed 
in the polymeric solution: consequently, a strong gel and an inter
connected network could not be formed.

In Fig. 1, it is reported a collection of the most representative FESEM 
images of LMW chitosan aerogel section, on both the microscale and 
nanoscale.

FESEM images reported in Fig. 1 show that at all concentration 
tested, the landscape of aerogels cross-section at a microscopic level was 
fiber-like, open and interconnected.

5 % w/w LMW CH aerogels were morphologically more compact and 
closed than 3 % w/w ones, although regular on every scale. It is note
worthy that during gelation, 5 % w/w CH solutions were extremely 
viscous, and NaOH could not diffuse uniformly in the inner core of the 
solution itself: longer times were needed to ensure sample gelation. 
Structural closure on the microscale means larger mass transfer re
sistances towards water diffusion, while on the nanoscale could result in 
active sites unavailability for adsorption. It must be highlighted that 
supercritical drying allowed to keep intact chitosan network in each 
case, even though structural stability was compromised by chains 
length.

Fig. 2 shows some FESEM images of MMW CH aerogels cross sec
tions. Differently from LMW CH gels, in this case 1 % w/w MMW CH was 
successfully produced: this result represents a further indication of the 
connection between chains length and gelation properties of the system.
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Looking at Fig. 2, the same considerations performed for LMW aer
ogels can be applied to MMW ones. Also in this case, nanostructure was 
not disturbed during solvent extraction, thanks to SC-CO2 gas-like 
properties. Increasing polymer concentration, aerogels cross section 
became more clustered. This trend is amplified for 5 % w/w MMW CH 
aerogels, where polymer aggregation phenomena are more evident. 
Wider voids were formed, but there are regions in which chitosan con
centration is higher and the corresponding configuration is more 
compact, compromising active sites availability for adsorption. There
fore, polymer clustering can show a negative effect on process thermo
dynamics, meaning that the maximum adsorption capacity could be 
lowered due to active sites unavailability. On the other hand, also ki
netics can be affected by polymer aggregation: wider pores are present 
in high-concentration systems, that can lead to faster solution diffusion 
rates and shorter process times – but, it is also associated with smaller 
dye uptakes. Also, for 5 % w/w MMW CH gels, viscosity was extremely 
high, and compromised system processability and fast and complete 
gelation. In contrast, 1 % w/w MMW CH aerogels were easy to handle, 
and from a morphological perspective, they were extremely open and 
regular also on the microscale. However, these samples should be dis
carded for adsorption experiments due to the lack of mechanical resis
tance. Low concentration aerogels were extremely fragile, and they 
flaked when handled. Other indication of the differences between MMW 
CH aerogels is related to fibrils’ thickness at all magnitudes. It can be 

seen that polymer concentration does not affect only samples openness 
and regularity, but also fibrils are progressively thinner decreasing CH 
concentration. However, for adsorption experiments, it should be found 
a compromise between aerogel bulk stability and morphological open
ness. Moreover, SSA measurements were carried out. The results are 
synthetized in Table 2.

As reported in Table 2, the sample that offers the largest SSA is 3 % 
w/w MMW aerogel. Therefore, it is the aerogel richer in active sites 
available for adsorption. Being the most promising candidate for this 
purpose, 3 % w/w MMW chitosan aerogels were further characterized, 
and their BJH pore size evaluated: the value was estimated to be 12 ±
1 nm.

Looking at the combinations of CH molecular weights and concen
trations analyzed, the following considerations were carried out: 

• Fixing CH concentration, fibrils are thicker and pores more closed 
when molecular weight is increased. Chains arrangement affects not 
only morphological configuration, system interconnection and voids 
width, but also mechanical resistance. Low molecular weight sam
ples were broken more easily when handled, with respect to high 
molecular weight samples at the same concentration.

• Hydrogels processability and overall structural compactness allows 
to discard high-concentration systems, for both LMW and MMW 
samples: polymer clustering could compromise active sites 

Fig. 1. FESEM images of LMW chitosan aerogel cross section: (a) 3 % w/w; (b) 5 % w/w.
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availability, causing an obstacle for solute interactions with the 
functional groups of chitosan. 5 % w/w gels were not further 
considered in the present work.

• When low CH concentrations (1 % w/w) were processed, sample 
either could not undergo gelation, namely, for LMW solutions, or, 
after SC-CO2 drying did not form a stable structure (MMW samples).

Fig. 2. FESEM images of MMW CH aerogel: (a) 1 % w/w; (b) 3 % w/w; (c) 5 % w/w.
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• 3 % w/w CH aerogels (both LMW and MMW) were the most prom
ising candidates for adsorption. They both showed hierarchical 
regularity and a highly interconnected architecture, crucial for ho
mogeneous solute diffusion in the network. However, in this first- 
basis analysis, the choice fell on MMW aerogels, due to their more 
stable bulk configuration, although compact: see comparison be
tween Figs. 1a and 2b). Indeed, 3 % w/w LMW aerogels could be 
compounded with stabilizing fillers, thus, improving mechanical 
toughness, but it was not the focus of the present study.

Overall, 3 % w/w MMW CH aerogels were selected since they filled 
the gap between mechanical resistance and morphological regularity 
and network interconnection, and showed the largest SSA. To further 
characterize this aerogel sample, Image analysis was carried out to 
determine pore size distribution: pores of the prepared 3 % w/w MMW 
chitosan aerogel result to have a mean diameter of about 270 ± 48 nm.

3.2. Point of zero charge

The PZC was measured accordingly to the procedure described in 
Materials and Methods section. Fig. 3 reports the plot pHi-pHf vs. pHi.

The PZC parameter is essential for understanding adsorption phe
nomena. Namely, it is the point above which the solid surface is nega
tively charged; whereas, below the PZC value, it bears an excess of 
positive charge. Looking at Fig. 3, it can be seen that PZC for the pro
duced chitosan aerogels is about 7, coherently with literature data [37, 
40,41]. At pH>7, chitosan surface strongly interacts with cationic dyes 
such as CV, which are positively charged. On the other hand, at pH<7, 
chitosan surface interacts more effectively with anionic dyes. Conse
quently, chitosan aerogels can adsorb cationic and anionic dyes on the 
basis of solution pH.

3.3. Methyl Orange adsorption

3.3.1. MO adsorption experiments
MO adsorption experiments were carried out considering two ranges 

of initial concentration, namely: low initial concentration (1, 5, and 
10 ppm), and high initial concentration (25, 50, and 100 ppm). In both 
cases, performing DLS analysis on the prepared solutions, there was no 
evidence of MO clustering. The reason behind this approach, is related to 
the effect of the driving force on dye uptake: even though nanostructures 
offer higher surface areas and more abundant active sites for adsorption, 
tortuosity could represent a consistent obstacle for dye removal. 
Potentially, such mechanism is valid also if MO steric hindrance does not 
allow effective diffusion in the nanostructure. This effect could be 
enhanced for low driving forces, since the solute is adsorbed first on the 
solid surface, and later on in the inner structure. The results of the MO 
adsorption experiments are graphically reported in Fig. 4.

Looking at the experimental points collected at low concentrations 
(Fig. 4a), it can be pointed out that the plateau value was reached in 
about 1–2 hours; whereas, higher concentrations (Fig. 4b) needed 
longer times to balance the driving force between the liquid bulk and 
chitosan surface. MO uptake was unsatisfying for low concentrations: 
the potentiality of the nanostructure was not fully employed. Experi
ments at larger C0 were crucial to understand whether CH aerogel and 
MO were non-compatible from a chemical perspective, or the kinetic 
effect was dominant for nanostructured devices. Indeed, also the 
adsorption experiments carried out at 25, 50 and 100 ppm showed some 
improvements, but MO was not satisfyingly removed from the dyed 
solution.

Table 3 reports a brief summary of the results on these experiments, 
collected once plateau values were reached.

From the data reported in Table 3, it can be observed that q increased 
by increasing MO initial concentration: the effect of the driving force on 
the adsorption capacity followed the expected trend. However, it is 
worth to focus the attention on η: at first, for low concentrations, 
removal efficiency decreases, as if the aerogel reached its saturation 
capacity. However, increasing the driving force using higher C0, removal 
efficiency increases up to about 29.2 ± 1.3 %, although there were not 
significant changes when moving from 25 to 100 ppm. If η decreased, it 
could have been the effect of reaching the adsorbent saturation capacity: 
however, being overall constant, it could mean that MO did not diffuse 
efficiently in CH nanostructure, although active sites were available for 
adsorption.

This first set of adsorption experiments led to the conclusion that the 
partial inefficiency of the process, using 50 mg of aerogel, could be 
related to the difficulty for the MO dye to diffuse inside the aerogel, and 
not to the unavailability of active sites. Indeed, from a chemical 
perspective, it was proved by previous studies, that chitosan works as an 
efficient adsorbent towards methyl orange. It was also pointed out that 
MO adsorption takes place mainly on the external surface: diffusion 
inside the adsorbent structure can be eased using, for instance, β-cy
clodextrins [32], which could provide a preferential route for the dye to 
follow.

3.3.2. MO adsorption isotherm
To further understand the mechanisms behind MO adsorption on CH 

nanostructures, equilibrium points were collected (Fig. 5), to obtain the 
adsorption isotherm.

Fig. 5 graphically reports data in Table 3: the system behaves 
differently at low and high concentrations. Employing this kind of 
nanostructured adsorbent, the system reached a point at which, for low 
concentrations, MO could not diffuse further in the chitosan network; 
however, larger initial concentrations pushed more efficiently the dye in 
the adsorbent, improving the adsorption capacity. Moreover, the equi
librium values did not seem to approach the plateau value. In the range 
of concentrations tested, the system did not reach the maximum satu
ration efficiency, meaning that the nanostructure could still host MO 
molecules. However, as mentioned in the Materials and Methods section, 
it was not possible to test larger MO initial concentration due to its low 
solubility at concentration higher than 100 ppm. Therefore, plateau 
equilibrium values could not be obtained. Table 4 reports the results of 

Table 2 
Chitosan aerogels SSA.

SSA, m2/g

Chitosan concentration LMW chitosan aerogels MMW chitosan aerogels

1 % w/w N.A. 57.9 ± 6.1
3 % w/w 84.0 ± 3.0 118.2 ± 10.2
5 % w/w 103.0 ± 7.0 74.7 ± 5.3

Fig. 3. Chitosan aerogel PZC.
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the attempts to fit the equilibrium points using Langmuir and Freundlich 
isotherms. Since the system behaved differently at low and high con
centrations, it was chosen to separate the analysis in the respective 
ranges of C0. To obtain the correlation coefficients of the mentioned 
models, the mean values of Ceq and qeq have been considered.

The values of R2 reported in Table 4 show that this system is more 
correctly described by the Freundlich isotherm, in all ranges of con
centration tested. However, it is worth to mention that even though 
Langmuir isotherm does not show the highest R2, for high concentra
tions it extrapolates a saturation capacity of 356.8 mg/g. For both 
models, it can be highlighted the gap between the parameters of low and 
high driving forces scenarios, proving that the system behaves differ
ently in such cases. For instance, focusing the attention on the Freund
lich isotherm, that is the best-fitting model in this case – see the 
linearized equation in Materials and Methods section – it can be pointed 
out that the higher is kf, the larger is the amount of dye adsorbed per 
mass unit of adsorbent: indeed, kf is higher for high concentrations than 
it is for low ones. On the other hand, the effect of “n” could be different 
depending on the values of Ceq: if Ceq falls between 0 and 1, the decrease 
of n, thus an increase of 1/n, determines a drastic reduction of qeq, 
meaning that adsorption was overall compromised. On the other hand, 
for larger Ceq, the higher n is, the lower is its inverse and the lower is the 
amount of MO adsorbed at equilibrium conditions.

Although the results obtained in this work for MO adsorption seem to 
be improvable, they can be compared with others mentioned in the 
Introduction. Indeed, maximum monolayer capacity for chitosan aero
gels (356.8 mg/g) is much higher than the one calculated for chitosan 
microspheres [31] (i.e., 207 mg/g). Although adsorption efficiency is 
larger for the latter case (MO was almost completely removed from the 
starting solution), it is worth noting that the plateau value was achieved 
in 300 hours rather than the 1–2 hours needed in the present work. It 
can be also pointed out that other systems result in faster adsorption 
rates and larger monolayer capacities [32], their fabrication employs 
toxic crosslinkers and organic solvents, that weigh negatively on the 
whole process sustainability: different aspects must be taken into ac
count when it comes to the choice of the most eligible adsorbent for dye 
removal. Also, the adsorbents produced by Habiba et al. [33] have lower 
adsorption capacities, but the process takes place in a few minutes 
timespan. Indeed, by comparing the outcomes of this work with others 
reported in the literature, it can be stated that, although improvable, the 
formers are also promising with respect to other chitosan-based 
composites.

Fig. 4. MO adsorption at: (a) C0=1, 5 and 10 ppm; (b) 25, 50 and 100 ppm.

Table 3 
Results of MO adsorption experiments.

C0, ppm Ceq, ppm qeq, mg/gads η

1.0 ± 0.1 0.3 ± 0.1 0.7 ± 0.2 70.0 ± 13.0 %
5.0 ± 0.1 3.7 ± 0.1 1.3 ± 0.2 26.0 ± 3.4 %
10.0 ± 0.1 8.3 ± 0.1 1.7 ± 0.2 17.0 ± 1.8 %
25.0 ± 0.2 17.7 ± 0.2 7.3 ± 0.4 29.2 ± 1.3 %
50.0 ± 0.2 35.5 ± 0.3 14.5 ± 0.5 29.0 ± 0.8 %
100.0 ± 0.3 72.0 ± 0.3 28 ± 0.7 28.0 ± 0.5 %

Fig. 5. MO adsorption equilibrium points.

Table 4 
Langmuir and Freundlich parameters for MO adsorption.

Langmuir Freundlich

K, L/ 
mg

qmax, 
mg/g

R2 kf, (mg/g) 
(L/g)1/n

n R2

Low 
concentration

3.92 1.81 0.98 0.95 3.81 0.99

High 
concentration

0.001 356.8 0.97 1.02 1.08 0.99
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3.4. CV adsorption

3.4.1. CV adsorption experiments
Coherently with MO results, also CV adsorption experiments were 

carried out separating low-concentration (1, 5 and 10 ppm) steps and 
high-concentration (25, 50, 100 ppm) ones. Also in this case, DLS 
analysis was performed on the prepared solution, and no particle size 
distribution was recorded, meaning that CV did not cluster in the range 
of concentrations tested. Fig. 6 reports the results obtained for these 
experiments.

Notably, the system is much more efficient for CV than for MO. 
Moreover, experimental points reached their plateau value in a 
maximum of three hours for both concentration ranges, apart from 5 and 
1 ppm (Fig. 6a), which reached the plateau, respectively, in 1 and half 
hours. 1 ppm solution was completely cleared after adsorption; whereas, 
the other samples were not completely decolored, but a significant 
reduction was detected. Equilibrium points were collected for these 
adsorption experiments and reported in Table 5.

The values of qeq were overall linear with the initial concentration: 
there is a direct dependency between the driving force and the amount 
of CV adsorbed during the process. Also, removal efficiencies were high 
for all the experiments, and it should be remarked that such results were 
accomplished using only 50 mg of chitosan aerogels: the process was 
fast and effective, especially when compared with MO adsorption. The 
mechanism that could stand behind these results is that CV is much more 
compatible with chitosan than MO, from both a chemical and a steric 
point of view. However, from a chemical point of view, PZC proved that 
chitosan aerogels can interact with CV and MO at their spontaneous pH. 
CV solution pH is basic; whereas, MO is acidic. For this reason, the in
efficiency of MO removal can be attributed to its linear structure, that 
may be an obstacle to dye diffusion in the chitosan internal nano
structure. On the other hand, CV is not a linear dye, and this difference in 
steric disposition affects adsorption process. Indeed, the adsorbent 
nanostructures were better employed for CV adsorption rather than MO.

3.4.2. CV adsorption isotherm
Also for CV adsorption, an attempt to extrapolate isotherm curves 

was carried out. Both Langmuir and Freundlich models were tested for 
the two separate concentration ranges. The qeq vs. Ceq points are re
ported in Fig. 7, taking into account the data collected in Table 4. 
Similarly to MO, also CV adsorption could not be assessed at concen
trations larger than 100 ppm due to scarce solubilization.

Once again, the qeq vs. Ceq points seem to behave differently in the 
low and high concentration range: at first, adsorption happened 

efficiently. Indeed, CV adsorption on CH aerogels did not suffer from 
kinetic limitations or steric hindrance, and the adsorbent was employed 
correctly, even at small driving forces. However, the trend reversed for 
high concentrations, from 25 to 100 ppm, as if the adsorbent begun to 
saturate for larger driving forces. Furthermore, the system did not 
approach to the equilibrium value in the range of concentrations tested.

As far as the isotherm fitting was concerned, the linearization of qeq 
vs. Ceq points was not possible through the Langmuir model for the high 
concentration data. The isotherm parameters did not have physical 
meaning: namely, negative slope was obtained. Consequently, the value 
of qmax was negative, and it was not acceptable from a phenomenolog
ical perspective. Table 6 collects the most relevant results of the fittings.

Looking at the different parameters of the two models, it can be 

Fig. 6. CV adsorption at: (a) C0=1, 5 and 10 ppm; (b) 25, 50 and 100 ppm.

Table 5 
Results of CV adsorption experiments.

C0, ppm Ceq, ppm qeq, mg/gads η

1 ± 0.1 0.0 ± 0.0 1.0 ± 0.1 100.0 ± 0.0 %
5 ± 0.1 0.7 ± 0.1 4.3 ± 0.2 86.0 ± 2.2 %
10 ± 0.1 1.1 ± 0.1 8.9 ± 0.2 89.0 ± 1.1 %
25 ± 0.2 6.5 ± 0.1 18.5 ± 0.4 74.0 ± 0.6 %
50 ± 0.2 11 ± 0.2 39.0 ± 0.5 78.0 ± 0.5 %
100 ± 0.3 22 ± 0.3 78.0 ± 0.9 78.0 ± 0.4 %

Fig. 7. CV adsorption equilibrium points.
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pointed out that Langmuir model was not a good fit for the system CV- 
chitosan: for this reason, it was not possible to extrapolate saturation 
capacity at high concentration, even though at low concentrations it 
provided a value of qmax consistent with the experimental data. On the 
other hand, Freundlich was much more accurate (R2= 0.99). Indeed, it 
could be the sign of an energetically heterogenous adsorption, possibly 
coherent with the fact that the adsorbent hosted differently dye mole
cules: adsorption on the outer surface was facilitated by lower mass 
transfer resistances; whereas, solute capture on the inner nanostructure 
was hindered by biopolymer tortuosity. The results related to CV 
removal using nanostructured chitosan aerogels are promising when 
compared to some representative literature data. It is important to 
mention that maximum adsorption capacity can’t be used as a quanti
tative reference result for comparison purposes, due to Langmuir poor fit 
to this system at high concentrations. However, being this value large for 
MO capture (i.e., 356.8 mg/g), it can be expected to be much larger for 
CV due to the overall better results. Indeed, the monolayer capacity of 
the systems reported in the state of the art (see Introduction) are gener
ally low: among these works, the maximum value reported is 333 mg/g 
[35] - obtained using magnetic chitosan nanocomposites. The results 
obtained in this latter work are comparable to the ones reported in the 
present paper: but, confronting the Freundlich isotherm parameters for 
both systems, the value of 1/n is greater in this work (i.e., 0.85) than in 
the case of the magnetic composites (i.e., 0.74). This means that, 
although the aerogel produced in this work are not compounded with 
nanofillers, adsorption can be more favorable thanks to the 3D-nano
structured network.

3.5. FT-IR analysis

FT-IR analysis is useful to check the hypothesis formulated after the 
adsorption experiments: the study of the characteristic bands of the 
observed species led to understand whether all the active sites of the 

adsorption were employed. FT-IR spectra of the chitosan aerogel, of the 
dyes, and of the aerogel post-adsorption experiments, are reported in 
Fig. 8. Enlargements are also provided in Fig. 9.

First of all, the spectrum of the chitosan aerogel was used as refer
ence, since there were not significant changes in the characteristic bands 
of the chitosan powder and chitosan aerogel. Previous works proved that 
supercritical drying does not modify the material chemistry [29]. As far 
as chitosan (Fig. 8a) is concerned, the broad band around 3400 cm− 1 can 
be associated with -OH and -NH2 stretching vibrations; the one present 
at around 2800 cm− 1, was, instead, related to C-H stretching, typical of 
polysaccharides. The bands at 1650 and 1640 cm− 1 were related to 
carbonylic residues of the deacetylation process and aminic group; 
whereas, the one at 1376 cm− 1 was associated with methyl groups. At 
last, the bands behind these regions were associated with C-O-C and C-O 
vibrations [28].

On the other hand, MO and CV spectra (Fig. 8b and Fig. 8c) did not 
show any sign of residual humidity, by looking at the left side of the 
graphs; but, they responded to the analysis with characteristic sharp 
bands in the region 2000–1250 cm− 1, typical of C-N vibrations 
(1296 cm− 1) of the azo dyes, and C––C stretching vibrations of aromatic 
nuclei (1588 cm− 1). Even though these two dyes shared some chemical 
bonds, they differed for some of them. For instance, MO possesses 
double-bonded nitrogen atoms (-N––N-), whose band can be found at 
1607 cm− 1; moreover, also S––O stretching vibrations were detectable 
at 624 cm− 1, although in the fingerprint region [42,43].

Once the most relevant bands of the dyes and of the adsorbents were 
highlighted, it was possible to characterize the post-adsorption samples: 
chitosan aerogels underwent partial modification from a chemical 
perspective. Indeed, looking at Fig. 8d and Fig. 8e, it is possible to 
subdivide the spectra in different regions: moving from the right to the 
left of the spectra, there were not significant changes in the chitosan 
chemistry. Indeed, the fingerprint region was virtually identical, as well 
as the region between 2000 and 1250 cm− 1. Small changes were 
detected in the third region (3000–2000 cm− 1): after both MO and CV 
adsorption, C––O groups signals were a bit weaker, meaning that they 
were partially involved in the adsorption process. Nevertheless, the most 
significant variation in the chitosan spectrum was the one related to the 
broad band of -OH and -NH2 groups (the last region on the left). It is 
noteworthy that, after MO adsorption, chitosan aerogel only partially 
weakened this band. Biopolymer active sites were not effectively 
involved in bonding with the dye; otherwise, the spectrum would have 
flattened. The aminic group of chitosan, notably the most reactive one, 
could bond more efficiently with MO if it was charged positively (i.e., if 
chitosan was protonated). On the other hand, if protonated, chitosan 
could solubilize in aqueous solution and break down. In this work, 
chitosan was not used in its protonated form, and MO did not bond 
effectively with chitosan itself, justifying the low removal efficiencies 
detected in the adsorption experiments. In contrast, looking at the same 
region in the post CV adsorption chitosan spectrum (Fig. 8e), the -OH 
and -NH2 band was virtually flat: available active sites were employed 
for adsorption, in accordance with the experimental data obtained in the 
first part of the work.

3.6. Kinetics analysis

A short kinetic analysis was carried out, to have a comparative un
derstanding of the mechanisms laying behind the adsorption of MO and 
CV. As a reference, the dataset obtained for 10 ppm adsorption experi
ments were considered for this analysis, taking into account the mean 
values obtained during the experiments. It should be noted that the 
pseudo-second order model could be easily linearized, and the value of 
the equilibrium capacity qeq is, in both cases, coherent with the value 
experimentally obtained. On the other hand, the determination of qeq for 
the Lagergren model is bound to a trial-and-error procedure, by setting 
qeq, thus calculating the fitting parameters until the error between qeq 
hypothesized and the one calculated fell below 10 %. The results of the 

Table 6 
Langmuir and Freundlich parameters for CV adsorption.

Langmuir Freundlich

K, L/ 
mg

qmax, 
mg/g

R2 kf, (mg/g) 
(L/g)1/n

n R2

Low 
concentration

0.03 8.14 0.703 0.26 1.28 0.999

High 
concentration

N.A. N.A. N.A. 0.53 1.18 0.99

Fig. 8. FT-IR spectra of: (I) CH aerogel; (II) MO; (III) CV; (IV) CH post MO 
adsorption; (V) CH post CV adsorption.

A. Zanotti et al.                                                                                                                                                                                                                                 The Journal of Supercritical Fluids 216 (2025) 106442 

10 



kinetic analysis are reported in Table 7.
For both MO and CV adsorption, the pseudo-first order model could 

not be applied reliably to the experimental data. Contrarily, the second- 
order kinetic model was much more effective in the description of the 
considered data: indeed, the calculated values of qeq were virtually 
identical to the ones obtained experimentally, that is consistent with 
several data reported in the scientific literature [44]. From a physical 
perspective, the Blanchard model is reported to be describing accurately 
diffusion-limited phenomena, which could be the case of nanostructured 
adsorbents. Indeed, the differential form of this model depends on the 
square of the difference between qeq and q(t): the deceleration rate of 
adsorption is amplified. The fact that mathematically this term is slowed 
down, could mean that adsorption is hindered by internal diffusion 
phenomena. Initially, when the difference between qeq and q(t) reaches 

its maximum value, adsorption rate is amplified: adsorption takes place 
faster on the surface; secondly, when this “driving force” becomes 
smaller, adsorption rate is compromised due to internal diffusion [45].

4. Conclusions

MO and CV adsorption was carried out using chitosan nano
structured adsorbents obtained by a supercritical fluid assisted drying. 
Collecting experimental datapoints at different initial concentrations 
and by FT-IR analysis, it was understood that CV adsorption is favored 
with respect to MO: CV was almost completely removed from the dye 
solutions using small amounts of adsorbents (50 mg), leading to large 
adsorption capacities. On the other hand, MO removal could be 
improved using fillers to intensify chemical interactions between the 
adsorbent and the dye itself.

The best-fitting adsorption isotherm was the Freundlich model for 
both dyes, meaning that adsorption was energetically non-homogenous. 
Kinetic analysis led to believe that the pseudo-second order model was 
more appropriate to describe the system dynamics; adsorption was 
limited by an internal diffusion step, coherently with the fact that the 
adsorbent was nanostructured.

In perspective, chitosan performance could be improved with respect 
to MO adsorption. It could be useful to check whether this system 

Fig. 9. FT-IR spectra enlargements of the regions: (a) 4000–3000 cm− 1; (b) 3000–2000 cm− 1; (c) 2000–1300 cm− 1; (d) 1300–500 cm− 1.

Table 7 
Kinetic parameters.

Pseudo-first order Pseudo-second order

qeq, mg/ 
g

k1, 
min¡1

R2 qeq, mg/ 
g

k2, g (mg 
min)¡1

R2

MO 9.94 2.9 E− 5 0.26 1.70 0.066 0.999
CV 48.7 3.8 E− 5 0.822 9.03 0.003 0.998
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behaves the same way for other anionic dyes, or there is a steric limi
tation regarding only methyl orange. As far as CV removal is concerned, 
chitosan is a highly performant adsorbent, and its uptake could be 
further explored and accelerated using composite nanostructured ma
terials. Moreover, further studies will be carried out to investigate the 
effect of pH on adsorption, as well as desorption experiments and 
reusability.

CRediT authorship contribution statement

Alessandra Zanotti: Writing – original draft, Investigation. Ernesto 
Reverchon: Funding acquisition. Stefano Cardea: Writing – review & 
editing, Supervision. Lucia Baldino: Methodology, Data curation.

Declaration of Competing Interest

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper.

Acknowledgements

The authors thank Alessandra Paolillo for her help provided during 
the development of the experiments, carried out during the development 
of her Master Thesis in Chemical Engineering at the Department of In
dustrial Engineering, University of Salerno.

Data availability

Data will be made available on request. 

References

[1] A. Das, A. Dey, P-Nitrophenol -Bioremediation using potent Pseudomonas strain 
from the textile dye industry effluent, J. Environ. Chem. Eng. 8 (2020) 103830, 
https://doi.org/10.1016/j.jece.2020.103830.

[2] G. Mao, Y. Han, X. Liu, J. Crittenden, N. Huang, U.M. Ahmad, Technology status 
and trends of industrial wastewater treatment: A patent analysis, Chemosphere 288 
(2022) 132483, https://doi.org/10.1016/j.chemosphere.2021.132483.

[3] A. Gholipour, H. Zahabi, A.I. Stefanakis, A novel pilot and full-scale constructed 
wetland study for glass industry wastewater treatment, Chemosphere 247 (2020) 
125966, https://doi.org/10.1016/j.chemosphere.2020.125966.

[4] R. Gondi, S. Kavitha, R. Yukesh Kannah, O. Parthiba Karthikeyan, G. Kumar, 
V. Kumar Tyagi, J. Rajesh Banu, Algal-based system for removal of emerging 
pollutants from wastewater: A review, Bioresour. Technol. 344 (2022) 126245, 
https://doi.org/10.1016/j.biortech.2021.126245.

[5] V.K. Parida, D. Saidulu, A. Majumder, A. Srivastava, B. Gupta, A.K. Gupta, 
Emerging contaminants in wastewater: A critical review on occurrence, existing 
legislations, risk assessment, and sustainable treatment alternatives, J. Environ. 
Chem. Eng. 9 (2021) 105966, https://doi.org/10.1016/j.jece.2021.105966.

[6] E. Wanda, H. Nyoni, B. Mamba, T. Msagati, Occurrence of emerging 
micropollutants in water systems in Gauteng, Mpumalanga, and North West 
Provinces, South Africa, IJERPH 14 (2017) 79, https://doi.org/10.3390/ 
ijerph14010079.

[7] N. Morin-Crini, E. Lichtfouse, M. Fourmentin, A.R.L. Ribeiro, C. Noutsopoulos, 
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