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A B S T R A C T

Durian shell waste was subjected to hydrothermal treatment followed by freeze-drying to create highly porous 
3D aerogels, whose surfaces were judiciously functionalized to enable strong interactions with RhB dye. The 
aerogels were tailored to be superhydrophilic/oleophobic to enhance affinity to the dye, magnetic to enable 
directional mobility, and highly porous (up to 97 %) to augment the specific surface area. The durian shell waste 
– derived, surface-modified aerogels exhibited RhB removal efficiency of over 99 %. Density Functional Theory 
(DFT) simulations suggest that the strong adsorption of RhB onto the aerogel was governed by π–π interactions, 
hydrogen bonding, and electrostatic interactions.

1. Introduction

Water pollution is a pressing global environmental issue with far- 
reaching consequences, as it severely threatens human health, un
dermines sustainability efforts, and disrupts the delicate balance of 
ecosystems. A wide variety of pollutants contaminate water sources, 
posing significant challenges to water treatment processes. To ensure the 
safety and quality of water, treatment strategies must be comprehensive, 
adaptable, and capable of effectively addressing this diverse array of 
contaminants. This study addresses the treatment of dye-contaminated 
wastewater, which is generated in substantial volumes by industries 
such as textiles, dyeing, printing, ink manufacturing, and associated 
sectors [1].

Dyes are well-characterized pollutants known for their adverse 
impact on human health and the environment. They are not only toxic 
and potentially carcinogenic, but also disrupt aquatic ecosystems by 
limiting light penetration and thus photosynthesis [2]. For example, 
Rhodamine dye is a highly toxic, non-biodegradable pollutant in in
dustrial effluents, posing severe environmental risks due to its carcino
genic and mutagenic nature [3–5]. Therefore, to ensure that effluent 
contaminated with Rhodamine dye is treated effectively before disposal, 
much attention has been dedicated to removing Rhodamine from 
wastewater utilizing safe, economical, and biodegradable materials 
[6–8]. Rhodamine dyes encompass several different synthetic 

compounds, including Rhodamine B, Rhodamine 6G, Rhodamine 123, 
Rhodamine 101, etc., with each variant possessing unique chemical 
properties and thus requiring different treatments [9,10]. To remove 
Rhodamine B from aqueous solution, Jethave et al. used lead-iron oxide 
nanoparticles [11], Kooh et al. used Casuarina equisetifolia [12], Suc 
et al. used activated rice husk ash [13], while Zhang et al. developed an 
aerogel composite made of co-hybridized 3-dimensional graphene with 
g-C3N4 and TiO2 [14]. To remove malachite green and Rhodamine B via 
adsorption, Datta et al. used a composite made of Fe3O4 and activated 
carbon [15].

Multiple remediation techniques have been applied to eliminate 
Rhodamine dye from contaminated water, such as membrane separation 
[16–18], chemical precipitation [17,19], photocatalysis [20], ion ex
change [21], and adsorption [22]. Adsorption-based approaches are 
considered among the most effective and practical for dye removal from 
water, because it is economical, simple, adaptable, and highly effective 
[23]. Carbon-based materials, including carbon nanotubes [24], biochar 
[25] and graphene (modified graphene oxide or graphene oxide) [26], 
are especially advantageous for this purpose due to their high surface 
area and amenability for customization of surface chemistry through 
different functional groups. Unfortunately, despite their excellent 
adsorption capacity, the practical use of carbon-based systems is limited 
in powdered form due to challenges in regeneration and reusability. 
These drawbacks can be mitigated through the incorporation of 
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carbon-based materials into porous, environmentally friendly 
biomaterials.

As potential scaffolding materials for developing these eco-friendly 
porous materials, a variety of green and sustainable polymers have 
been studied, including gelatin [27], cellulose [28], chitosan [29] and 
starch [30]. Among naturally occurring polymers, cellulose is the most 
abundant. However, natural cellulose has a low adsorption capacity for 
contaminants due to the presence of only hydroxyl groups on the sur
face, and poor water solubility due to strong hydrogen bonds between 
native cellulose molecules. Incorporating carboxylic groups onto the 
cellulose surface can increase its capacity for adsorption and water 
solubility. Adsorbents with exceptional wettability are known to be 
advantageous for the separation of pollutants from water [18,31], and 
such surface wettability to polar or non-polar solvents is related to the 
chemical composition and porous structure of the material [32]. A 
number of super-wetting materials have been developed for the sepa
ration of pollutants from water [33]. For example, Wu et al. designed 
PU@Fe3O4@SiO2@fluoro sponges for the targeted absorption of 
non-polar solvents [33]. Unfortunately, the pollutants often cause 
clogging of the pores and fouling of the material surfaces, limiting the 
effectiveness of three-dimensional porous structures [34]. The fouling 
by non-polar solvents may destroy the fine surface architectures of ad
sorbents, lowering the overall efficiency of pollutant removal. On the 
other hand, when superhydrophobic adsorbents are used for filtration, 
their surfaces are in contact with non-polar liquids rather than water, 
reducing the efficiency of continuous pollutant filtration [35].

Collectively, the past studies suggest that superhydrophilic adsor
bents, which can selectively bind to the hydrophilic dye pollutants and 
repel non-polar liquids, may be more beneficial for removing dye pol
lutants from water. To this end, long-chain hydrophilic fluorinated 
groups have been reported to confer superhydrophilic surface properties 
[35], as well as play a key role in absorbing smaller dye molecules from 
water. A variety of hydrophilic synthetic material-based aerogels have 
been fabricated, including activated carbon [36], silica [37], fluorinated 
melamine sponge [38], and graphene sponge [39]. However, synthetic 
aerogels are disadvantageous in terms of biodegradability and costs. 
This drives the urgent need for economical and environmentally friendly 
aerogels, like those made from renewable sources (e.g., biomass waste). 
For example, large quantities of durian shells are discarded after con
sumption, leading to the requirement for waste treatment and resource 
waste. Durian shell waste, an inexpensive and widely available biomass, 
possesses a high content of lignin, cellulose, hemicellulose, and phenolic 
compounds, as well as amidogen, carboxyl, and hydroxyl functional 
groups, making it a promising material for fabricating sustainable 
porous adsorbents [40].

In this study, to effectively remove Rhodamine B (RhB) dye from 
aqueous solution, we explore the possibility of using durian shell waste 
as the raw material and via a straightforward modification process using 
long-chain sodium perfluoro butanoic acid (NAPFBA) and iron oxide 
particles to fabricate superhydrophilic aerogels with tunable charac
teristics. The prepared three-dimensional superhydrophilic aerogels 
were thoroughly characterized, then the effectiveness of RhB removal 
was examined under the influence of various factors, including initial 
dye concentration, adsorbent dosage, and solution pH. Density func
tional theory (DFT) was employed to assess the molecular-level binding 
interactions underlying the adsorption behavior. This study provides 
valuable insights for advancing the development of green adsorbents for 
the efficient removal of RhB contaminants from wastewater.

2. Experimental

2.1. Materials

Durian shell waste was collected from a fruit store in Gothenburg, 
Sweden. Chitosan (95 % deacetylation; viscosity = 80–200 mPa ⋅  s) was 
purchased from Nordic BioLabs. Sodium hydroxide (NaOH, Product No. 

S5881), iron oxide (Fe3O4, Product No. 310069), silicon oil (5 mPa ⋅ s, 
Product No. 317667), Rhodamine B (RhB, Product No. R6626) dye, and 
acetic acid (Product No. A6283) were purchased from Sigma-Aldrich. 
Perfluorobutanoate was purchased from Fischer Scientific. All reagents 
were analytically pure and utilized without additional treatment.

2.2. Aerogel preparation and surface functionalization

In this study, durian shell was used as the precursor for making the 
superhydrophilic/oleophobic aerogels. Fig. 1 overviews the preparation 
procedure of the aerogel. Firstly, the inner layer of the waste durian shell 
was peeled off, cut into smaller pieces (approximate dimensions of 2 cm 
by 3 cm by 1 cm), and washed using ethanol. For the hydrotreatment 
step, they were placed in a Teflon-lined autoclave (KH200, Germany) for 
12 h at 200 ◦C, then washed using deionized water to remove water- 
soluble impurities. Subsequently, the hydrothermally pretreated sam
ples were freeze-dried for 24 h at − 80 ◦C (Triad freeze dryer, USA), 
resulting in the aerogels with slightly reduced volumes but still retaining 
the original cuboid shapes.

To prepare the 0.10 mol/L sodium perfluorobutanoate (NaPFBA) 
solution, 1.07 g of perfluorobutanoic acid (PFBA) was dissolved in 50 
mL of distilled under continuous stirring, then 0.2 g of sodium hydroxide 
(NaOH) was gradually added. To create a stable chitosan suspension, 
0.05 g of chitosan was dissolved in 25 mL of 1 % (v/v) acetic acid so
lution, which was prepared by diluting 0.25 mL of acetic acid in distilled 
water. Then, 5 mL of the prepared NaPFBA solution was added to the 
chitosan suspension under continuous stirring, after which 0.1 g of 
Fe3O4 particles were dispersed using an ultrasonic bath for at least 15 
minutes to ensure uniform distribution and avoid aggregation [38]. The 
prepared aerogels were repeatedly immersed and squeezed in this 
formulation, then dried in a heated oven at 80 ◦C for 48 h. The resulting 
aerogel had an exceptionally low density of just 0.02 g/cm3, allowing it 
to be easily be supported on a Lunaria annua flower, as depicted in 
Fig. 1.

2.3. Materials characterizations

The surface morphology of the aerogel was analyzed using a scan
ning electron microscope (SEM, JEOL JSM-7800F Prime, Japan). Before 
observation, the sample was coated with gold for 5 min using a sput
tering coater (Desk-II; Denton Vacuum, Japan). To identify the chemical 
functional groups, present on the samples, a Nicolet Impact 420 FTIR 
spectrometer (Nicolet, USA) equipped with an attenuated total reflec
tion (ATR) system was used to collect spectra in the range of 600–4000 
cm− 1. The crystalline structures of the samples were characterized via 
powder X-ray diffraction (XRD; Bruker AXS D8 Discover) using Cu Kα 
radiation (λ = 1.5406 Å) with a scanning rate of 2◦/min over a 2θ range. 
The crystallinity of the samples was evaluated using the Segal method, 
which is an empirical approach to determine the Crystallinity Index (CI) 
with the following equation [41]: 

CI (%)=
I002 − Iam

I002
× 100 (1) 

where I002 is the maximum intensity of the crystalline peak at approx
imately 2θ ≈ 22◦, and Iam is the minimum intensity at approximately 2θ 
≈ 18◦, representing the amorphous region.

Additionally, the crystalline-to-amorphous (C:A) ratio was estimated 
using the CI values to quantify the relative amount of crystalline and 
amorphous regions in the samples. The C:A ratio was calculated as fol
lows: 

C : A=
CI

100 − CI
(2) 

The XPS measurements were conducted using a PHI 5700 spec
trometer (Japan) with Al Kα radiation (1486.6 eV) as the source. XPS 
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Peak 4.1 software was utilized for peak-fitting and data analysis of the 
XPS spectra. The oil and water contact angles were measured at ambient 
conditions using a contact angle goniometer (KSVCM20, Finland); 3 μL 
droplets of oil and water were analyzed. To analyze the textural char
acteristics, nitrogen adsorption–desorption experiments were conducted 
using a surface area analyzer (Quanta Chrome, USA) at 77 K. A 3000D 
digital camera (Nikon, Japan) was used to capture all the optical images.

2.4. Adsorption of dye-rich water from oil medium

The phenomenon of selective absorption of RhB-rich (5 ppm) water 
by the durian shell waste – derived, surface-modified aerogel in a silicon 
oil medium is presented in Fig. 2 and Supplementary Video S1. The 
absorption capacity was determined by measuring the change in mass at 
room temperature after immersing an aerogel sample in the RhB-rich 
water until saturation was reached. The mass-based absorbency Qw 
was calculated using Equation (3): 

Fig. 1. Overview of preparation procedure of durian shell waste – derived, surface-modified aerogel.

Fig. 2. Removal of RhB-rich water from the silicon oil medium.
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Qw =( ms − mo ) /mo (3) 

where ms and m0 represent the masses of the aerogel before and after 
saturation.

2.5. RhB dye adsorption experiments

To investigate the adsorption behavior, a typical dye, RhB (λmax =

554 nm), was used. For each test, 0.39 g of aerogel was added to 50 mL 
of 15 mg/L RhB solution at 25 ◦C. Samples were collected using a syringe 
and filtered through with a 0.45μm Whatman® filter paper before RhB 
concentration was determined using a UV–vis spectrophotometer. The 
absorption capacity (Qt; mg/g) and removal efficiency (RE; %) were 
calculated using Equations (4) and (5): 

Qt =
(Co − Ct)V

m
(4) 

RE (%)=
Co − Ct

Co
× 100 (5) 

where C0 and Ct (mg/L) are the concentrations of the solution at 0 and t 
(min), respectively, V (L) is the volume of the dye solution, and m (g) is 
the mass of the aerogel.

To further understand the adsorption behavior, adsorption kinetics 
were examined using the pseudo-first-order and pseudo-second-order 
models, as described by Equations (6) and (7), respectively [42]: 

ln(Qe − Qt)= ln Qe − (k1t) /2.303 (6) 

t
Qt

=
1

k2Q2
e
+

t
Qe

(7) 

where k1 (/min) and k2 (g/mg min) are the kinetic rate constants of 
respectively the pseudo-first-order and pseudo-second-order models, Qe 
(mg/g) and Qt (mg/g) are the adsorption amounts respectively at 
equilibrium and at t (min). For the pseudo-first-order model, parameters 
k1 and Qe were determined using the slope and intercept of the linear 
plot of log (Qe - Qt) versus time (t). For the pseudo-second-order model, 
Qe and k2 were obtained from the linear relationship between t/Qt and t.

Furthermore, to understand the adsorption mechanisms, isotherm 
data were collected from adsorption experiments over a range of initial 
RhB concentrations of 5–20 mg/L, and fitted to Langmuir and Freund
lich models, as defined by Equations (8) and (9), respectively: 

Ce

Qe
=

1
QmkL

+ Ce

/

Qm (8) 

ln Qe = ln kF +
1
n

ln Ce (9) 

where Ce (mg/L) is the concentration of the solution when the adsorp
tion reaches equilibrium, Qe (mg/g) is the amount of dye adsorbed at 
equilibrium, Qm (mg/g) is the theoretical saturation capacity, kL (L/mg) 
represents the Langmuir characteristic constant, and kF (mg/g) and n are 
Freundlich characteristic constants, which relates to adsorption capacity 
and intensity, respectively.

2.6. Reusability

To determine the potential for repeated use, post-adsorption aerogel 
was washed with deionized water for multiple times at room tempera
ture followed by freeze-drying at − 60 ◦C, then reused for adsorption. 
The absorption capacity was examined through nine successive 
adsorption-regeneration cycles.

2.7. Density functional theory (DFT)

Computational simulations were performed by the Vienna ab initio 
simulation package (VASP) with the projector augmented wave pseudo- 
potentials (PAW) to describe the interaction between atomic cores and 
valence electrons with density functional theory (DFT) [43–45]. The 
Perdew-Burke-Ernzerhof (PBE) function within the generalized gradient 
approximation (GGA) was used to implement DFT calculations [46]. All 
calculations were spin-polarized. OGCOOH and OGOH slab models were 
employed to simulate the surface properties. The vacuum layer was set 
around 15 Å in the z-direction to avoid interaction between planes. The 
DFT-D3 method was employed for the consideration of van der Waals 
interaction. An energy cutoff for the plane wave basis expansion was set 
to 450 eV, and the force on each atom less than 0.03 eV/Å was set for the 
convergence criterion of geometry relaxation. The k-points in the Bril
louin zone were sampled by a 2 × 2 × 1 grid [47]. The electronic energy 
was considered self-consistent with the energy change less than 10− 5 eV. 
VASPsol solvation was used to simulate the solvent effect in the exper
imental environment [48].

The adsorption energy (Eads) of adsorbate RhB was calculated using 

Eads =ERhB/surf − Esurf – ERhB(g) (10) 

where ERhB/surf, Esurf, and ERhB(g) are the energy of RhB adsorption on the 
surface, the energy of a clean surface, and the energy of isolated RhB 
molecules in a cubic periodic box, respectively.

All geometry optimizations, including the implicit solvent effect with 
SMD, were implemented by the Gaussian package, and the harmonic 
frequency calculations were carried out to verify that all structures have 
no imaginary frequency [49]. The highest occupied molecular orbital 
(HOMO) and lowest unoccupied molecular orbital (LUMO) maps of 
different pollutants were rendered by using Visual Molecular Dynamics 
(VMD) software based on the files exported from Multifn 3.7 (dev) code 
with 0.02 isovalue [50,51].

3. Results and discussion

3.1. Characterization of aerogels

The surface morphologies of the raw durian shell and the durian 
shell–derived, surface-modified aerogel are depicted in the SEM images 
in Fig. 3. Compared to the raw durian shell (Fig. 3(a)), the aerogel (Fig. 3
(c)) exhibited significantly greater surface porosity due to the hydro
thermal synthesis procedure. Fig. 3(c) further shows the surface 
morphology of the aerogel at a greater magnification, indicating 3D, 
irregular, interconnected porous structures. These pores markedly 
enhance the surface area available for surface modification with 
NaPFBA–Fe3O4, thus augmenting the aerogel’s capacity for adsorption.

Nitrogen adsorption-desorption tests were conducted to investigate 
the surface area and porosity of the aerogel. Fig. 4(a) shows the N2 
adsorption-desorption isotherm, indicating a clear hysteresis loop 
within the relative pressure range (P/P0) of 0.01–1.0. The observed 
adsorption isotherm follows a Langmuir Type IV pattern with an H3 
hysteresis loop [52]. Fig. 4(b) shows the pore size distribution analyzed 
using the Barrett-Joyner-Halenda (BJH) method. The pores were in the 
2–50 nm range (i.e., mesopores), with an average pore diameter of 6.14 
nm. Furthermore, BET results indicated a high specific surface area of 
116.2 m2/g and a pore volume of 0.0065 cm3/g.nm. The mesoporous 
structure and the high specific area of the aerogels are advantageous for 
dye adsorption.

To determine the crystallinity and identify the phases of the durian 
shell – derived, surface-modified aerogels, XRD analysis was performed. 
Fig. 5(a) shows that the aerogel exhibits peaks corresponding to 
NaPFBA, Chitosan and Fe3O4, which are absent in the raw durian shell, 
thereby affirming successful deposition of the NaPFBA-chitosan-Fe3O4 
particles onto the surface of the aerogels [53,54]. The XRD spectra 
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reveal the more crystalline structure of the raw durian shell, with a 
pronounced peak at around 2θ ≈ 12◦–20◦. In contrast, the 
surface-modified aerogel exhibited a broader, less intense peaks, indi
cating a more amorphous structure. Quantitatively, the Crystallinity 
Index (CI) of the raw durian shell was 27.03 %, while that of the 
modified aerogel decreased to 9.66 %, reflecting a significant reduction 
in crystallinity upon the hydrothermal and freeze-drying process. The 
crystalline-to-amorphous (C:A) ratio, derived from the CI values, further 

confirmed the structural changes. The raw durian shell and 
surface-modified aerogel had C:A ratios of 0.37 and 0.11, respectively, 
indicating a marked decrease in crystallinity after modification.

Furthermore, the surface functional groups were characterized using 
the FTIR, as presented in Fig. 5(b). The FTIR spectrum of the raw durian 
shell exhibits characteristic peaks at 3480, 1548, 1261, and 810 cm− 1, 
corresponding to the stretching vibrations of C––C/C–N, –N–H, –C–O–, 
and triazine ring bending, respectively [55]. Additionally, the peak 

Fig. 3. SEM images of (a) raw durian shell, (b) durian shell – derived, surface-modified aerogel, and (c) zoomed in image of (b) to show the 3D interconnected 
pore structures.

Fig. 4. (a) N2 adsorption-desorption isotherm, and (b) pore size distribution curve of the durian shell – derived, surface-modified aerogel.

Fig. 5. (a) XRD and (b) FTIR spectra of the raw durian shell and durian shell – derived, surface-modified aerogel.
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observed at 2895 cm− 1 corresponds to the –C–H stretching vibration, 
while the bands at 1480 and 1339 cm− 1 are attributed to –C–H bending 
vibrations. Regarding the durian shell–derived, surface-modified aero
gel, the FTIR spectrum reveals a distinct new peak at 1665 cm− 1, indi
cating the presence of >C––O stretching vibration. The emergence of 
new distinctive bands in the spectral region of 1150–1198 cm− 1 is 
attributed to –C–F– groups, affirming the successful surface deposition 
of NaPFBA -chitosan-Fe3O4 onto the aerogels [55]. The oleophobicity of 
the aerogel is attributed to the reduced surface free energy induced by 
–C–F bonds, as well as an increased concentration of >C––O functional 
groups [54,56,57].

Fig. 6(a) displays the XPS survey spectrum of the durian shell – 
derived, surface-modified aerogel, indicating peaks characteristic of the 
elements Fe, F, N, O, and C. The significantly higher fluorine amounts 
(39.55 atomic %) compared to other elements provide strong evidence 
of the successful deposition of NaPFBA onto the aerogel surface. This 
observation was further confirmed by the presence of aliphatic –F–C– 
bonds, as reflected in the FTIR spectrum in Fig. 5(b). Chemical modifi
cations with respect to the O/C and F/C ratios enabled tailoring of the 
wetting characteristics of the aerogels [58]. The high-resolution C1s 
spectrum of the aerogels presented in Fig 6(a) shows well-defined peaks 
for the CO–, –CH2–, –CO3–, –CO–, –COO–, –CF3– and –CF2– groups, 
corresponding to binding energies of 294, 292, 290, 288, 286, and 285 
eV respectively. Additionally, the full width at half minimum (FWHM) 
of these peaks was measured to be approximately 1.7 [59]. After 
applying the NaPFBA coating, the distribution of functional oleophobic 
CF2– and CF3– groups amounted to 30.11 % and 2.70 %, respectively, 
signifying the presence of low surface energy species. Nonetheless, the 
raw durian shell contributed to 22.34 % COO– and 4.37 % CO– groups, 
denoting polar functionalities and hydrophilic characteristics. The 
excellent dye adsorption behavior was tailored through 
surface-modification of the aerogels with hydrophilic and oleophobic 
groups via intercalated pathways, while the induced alignment of hy
drophilic and oleophobic groups confer a 3D capillary effect. The durian 
shell–derived, surface-modified aerogel can thus effectively block the 
permeation of non-polar liquid droplets via oleophobic fluorinated 
groups, giving excellent superhydrophilic/oleophobic characteristics. 
Moreover, the introduction of fluorination and the attachment of Fe3O4 
particles were to significantly enhance the permeation of dye molecules 
through the aerogel.

As presented in Fig. 7, chitosan effectively adheres to 1, (7 or 8),16- 
hexadecanetriol derivatives by forming ionic or covalent bonds on the 
raw durian shell surface. Subsequently, the long chains of NaPFBA and 

Fe3O4 particles, exhibiting superhydrophilic/oleophobic properties, 
likely attaches to the poly-aromatic cyclic framework of chitosan via 
ionic or covalent bonds [60]. Therefore, the results provide compelling 
evidence that the significant porosity of the aerogels, combined with the 
superhydrophilic/oleophobic design of NaPFBA, chitosan and Fe3O4 on 
the surface, can synergistically contribute to remarkable adsorption of 
dyes by these durian shell – derived, surface-modified aerogels.

The physical properties of the durian shell – derived, surface- 
modified aerogels were investigated through a series of analytical 
tests. Despite the exceptionally low density of 0.02 g/cm3 that allows the 
aerogels to be supportable by flower (Lunaria annua) petals, the me
chanical properties are outstanding. As presented in Fig. 8(a) and Sup
plementary Video S2, a 0.02 g aerogel withstood a 1 kg weight without 
any observable deformation. Additionally, the superior super
hydrophilic/oleophobic properties of B-MA are illustrated in Fig. 8(b) 
and Supplementary Video S3, where the aerogel simply floats on the oil 
surface due to the unfavorable interactions. Fig. 8(c) and Supplementary 
Video S4 further show that, when an aerogel sample was intentionally 
immersed in the oil and subjected to a mechanical force through a 
tweezer, a significant number of air bubbles formed on the aerogel 

Fig. 6. (a) XPS survey analysis and (b) high-resolution C1s fitted spectra of the durian shell – derived, surface-modified aerogel.

Fig. 7. Surface modifications of the durian shell – derived, surface-modified 
aerogel to enhance adsorption.
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surface, evidencing its superhydrophilic/oleophobic property. The oil 
and water contact angles were quantified as 142.5◦ and 0◦, respectively, 
with the oil contact angle demonstrated to remain constant over a 
minute (Fig. 8(f)). As shown in Fig. 8(d) and Supplementary Video S5, 
the oil droplet remained as a droplet, while the water droplet dispersed 
onto the aerogel surface. The wettability of the aerogels in this study is 
superior to that of previously reported biomass-derived porous aerogels 
[61,62], though pales in comparison to aerogels made from synthetic 
materials [63–65]. The differences in contact angles are likely a result of 
distinct surface energy levels and geometric compositional arrange
ments [65]. Furthermore, the presence of iron oxide on the aerogel 
surface conferred the ability to control the directional mobility of the 
aerogel by using a magnet, as shown in Fig. 8(e) and Supplementary 
Video S6. This allows for the possibility of directing the aerogels spe
cifically to the contaminated regions in wastewater treatment 
applications.

3.2. Dye adsorption

The dye separation capability of the durian shell waste – derived, 
surface-modified aerogels was assessed. Fig. 9 shows the redness of the 
RhB-rich (15 mg/L) solution was significantly reduced after adsorption 
by the aerogels. Under a high-resolution optical microscope, Fig. 9(a) 
shows a dense distribution of dye particles in the RhB-rich solution, 
while Fig. 9(b) shows that the dye particles have largely disappeared 
after adsorption by the aerogels. The adsorption capacity (Qt) and 
removal efficiency (RE) for the initial RhB concentration of 15 mg/L 
were calculated to evaluate the performance of the aerogels. The 
adsorption capacity, which represents the amount of dye adsorbed per 
gram of aerogel, was observed to increase with time, reaching a 
maximum equilibrium value of 14.42 mg/g at 60 minutes. The removal 
efficiency of the dye was also significant at 96.1 %. These results high
light the superior adsorption performance of the aerogels. The adsorp
tion performance of the modified aerogel was further analyzed using 
both kinetic (Fig. 10(a) and (b)) and isotherm (Fig. 10(c) and (d)) 
models to quantify its efficacy in removing RhB from water. The results 

Fig. 8. Physical characteristics of durian shell – derived, surface-modified aerogel: (a) withstood a 1 kg weight without mechanical deformation; (b) floated on oil 
medium; (c) formation of air bubbles when immersed and slight mechanical force applied; (d) oil and water contact angles; (e) directional mobility induced by 
magnet; and (f) oil contact angles over time.

Fig. 9. Optical images: (a) before adsorption and (b) after adsorption by durian shell waste – derived, surface-modified aerogels.
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from the kinetic and isotherm studies are summarized in Tables 1 and 2, 
respectively.

The kinetics of adsorption was assessed using pseudo-first-order and 
pseudo-second-order models (Fig. 10(a) and (b)). The pseudo-first-order 
model, which assumes that the rate of adsorption is proportional to the 
number of unoccupied sites, gives a moderate fit with an R2 value of 
0.8887. The rate constant (K1 = 0.021) and equilibrium adsorption ca
pacity (qe = 2.884 mg/g) indicate a partial contribution of physical 
adsorption. However, the pseudo-second-order model demonstrates a 
better correlation with an R2 value of 0.9245, suggesting that adsorption 
is predominantly governed by chemical interactions between the 
adsorbent and adsorbate, rather than being limited by physical diffu
sion. The rate constant (K2 = 0.2965 min− 1) and the equilibrium 
adsorption capacity (qe = 2.884 mg/g) reveal that chemisorption plays a 
dominant role in the adsorption. These findings suggest that the 
adsorption of dye molecules onto the aerogel surface is primarily gov
erned by adsorbent-adsorbate chemical interactions.

The equilibrium adsorption behavior was analyzed using the Lang
muir and Freundlich isotherm models. The Langmuir model, which as
sumes monolayer adsorption onto a homogeneous surface, shows a poor 
fit with an R2 value of 0.00, indicating that the adsorption mechanism of 

the aerogel is not via monolayer. In contrast, the Freundlich model, 
which accounts for multilayer adsorption on heterogeneous surfaces, 
exhibits an excellent fit with an R2 value of 0.9999. The Freundlich 
constant (KF = 24.85) suggests a high adsorption capacity, while the 
adsorption intensity constant (n = 1.0) indicates a favorable and rela
tively uniform adsorption process, across different energy sites. These 
results confirm the heterogeneous nature of the adsorption sites on the 
aerogels and the strong affinity for dye molecules. Furthermore, BET 
results (Fig. S1 and Table S1) after the adsorption tests indicate negli
gible changes in pore diameter, pore volume and surface area, reflecting 
the stability of the porous structure during adsorption.

Overall, the adsorption results demonstrate that the durian shell 
waste–derived, surface-modified aerogels exhibit exceptional perfor
mance in RhB dye removal, driven by chemisorption mechanisms and 
heterogeneous surface properties (based on adherence to the Freundlich 
isotherm and pseudo-second-order kinetic model). This underscores the 
potential of the aerogels as efficient adsorbents for environmental 
remediation applications.

Fig. 10. Modelling dye adsorption by durian shell waste – derived, surface-modified aerogels: (a) pseudo-first-order kinetic model; (b) pseudo-second-order kinetic 
model; (c) Langmuir isotherm; and (d) Freundlich isotherm.

Table 1 
Pseudo-first-order and pseudo-second-order model parameters, calculated 
through data-fitting.

Kinetic Model qe (mg/g) K1 or K2 (1/min) R2

Pseudo-First-Order 2.884 ± 0.05 K1 = 0.021 ± 0.001 0.8887
Pseudo-Second-Order 2.884 ± 0.05 K2 = 0.2965 ± 0.004 0.9245

Table 2 
Adsorption isotherm constants for the Langmuir and Freundlich models, ob
tained through data-fitting.

lsotherm Model qmax or KF (mg/g) KL (L/mg) or n R2

Langmuir qmax = 0.04 – 0.00
Freundlich KF = 24.85 ± 0.3 n = 1.0 ± 0.01 0.9999
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3.3. Reusability

For sustainable applications, the reusability of the adsorbents is vital. 
Fig. 11(a) shows the adsorption capacities of RhB by the aerogels over 
nine adsorption-regeneration cycles, indicating only slight decreases 
with each reuse and the removal rate remaining at above 96 % at the end 
of nine cycles. Fig. 11(b) and (c) show the images of the aerogels after 
adsorption and after regeneration, indicating the porous structures 
remain intact. The high reusability performance is due to retention of 
the integrity of the porous structure and chemical interaction sites on the 
aerogels over repeated use. The excellent reusability makes such aero
gels promising for practical implementation in dye removal 
applications.

3.4. DFT insights

To explore the adsorption mechanism, density functional theory 
(DFT) calculations of the interactions between the hydrophilic/oleo
phobic molecular sites of the aerogels and RhB molecules were con
ducted. Fig. 12 depicts the frontier molecular orbitals - highest occupied 
molecular orbital (HOMO) and lowest unoccupied molecular orbital 
(LUMO) - and the optimized geometries of the active sites and RhB 
molecule, while Table 3 lists the corresponding energies. The orbitals 
highlight the functional regions responsible for donor-acceptor in
teractions in each molecule. The HOMO distribution is primarily local
ized around oxygen-containing functional groups, such as hydroxyl, 
methoxy, carboxyl, and aromatic rings. The lone pairs and π-electrons 
within these regions act as electron-donating sites, contributing to the 
filling of vacant orbitals in RhB dye molecules. On the other hand, the 
LUMO is predominantly distributed over residual carboxylic acid 
groups, highlighting their potential as charge acceptors from RhB. In 
RhB molecules, the HOMO is mainly concentrated around the chlorine 
atom, nitrogen atom, and aromatic benzene rings, whereas the LUMO is 
distributed around the sulfur atom, nitrogen heteroatom, and benzene 
rings, where delocalized π-electrons contribute to its electronic charac
teristics. The geometry of the aerogels combined with NaPFBA supports 
both HOMO and LUMO distributions, highlighting that the carboxyl 
group can act as both an electron donor and an acceptor. The surface of 
the aerogel is predominantly characterized by HOMO and LUMO dis
tributions, with electron-donating characteristics attributed to benzene 
rings near hydroxyl and epoxy groups. Furthermore, the presence of 
electron-withdrawing groups significantly influences the positions of the 
HOMO and LUMO within the molecular structure.

DFT calculations reveal that the adsorption mechanism of RhB on the 
aerogel is primarily driven by electronic interactions between RhB and 

the active sites, namely, OGCOOH and OGOH. OGCOOH. The small 
HOMO-LUMO gap and strong adsorption energy (− 2.225 eV) exhibited 
by OGCOOH gives the highest reactivity and adsorption capacity for 
RhB, making it the dominant active site for RhB removal. The relatively 
small energy gap of OGOH (0.0159 eV) also indicates significant reac
tivity, though its interaction with RhB is less exothermic (− 1.825 eV) 
compared to OGCOOH, suggesting a weaker adsorption strength. In 
contrast, NaPFBA and chitosan, with larger energy gaps (2.8563 eV and 
4.2125 eV, respectively), exhibit weaker electronic reactivity and 
adsorption potential, making them play less significant roles in RhB 
adsorption. These findings suggest that OGCOOH plays a crucial role in 
facilitating RhB removal from aqueous solutions by the aerogel, with 
OGOH also contributing, albeit to a lesser extent. These results provide 
valuable insights into the design of effective aerogel materials for 
organic pollutant removal based on the electronic properties of the 
active sites.

4. Conclusion

This study presents a novel 3D porous carbon aerogel with super
oleophobic/hydrophilic properties, derived from waste durian shells 
through a simple and green synthesis route. The aerogel was compre
hensively characterized using a wide range of analytical techniques to 
assess its porosity, physicochemical properties, and functional perfor
mance. The Rhodamine B dye removal efficiency was experimentally 
investigated, while the underlying mechanisms were verified using DFT 
calculations. The exceptional high specific surface area and super
hydrophilic/oleophobic properties conferred by surface functional 
groups of the aerogels enabled efficient removal of RhB from water. 
Moreover, DFT revealed that RhB exhibited a strong binding affinity to 
the aerogel surface via electrostatic interactions and hydrogen bonding. 
This study offers valuable insights for the strategic design and devel
opment of renewable, eco-friendly, cost-effective, and high-performance 
3D porous adsorbent materials from biomass waste for environmental 
remediation.

4.1. Future recommendations

(1) For applicability to more complex wastewaters, examine the ef
ficacy of such aerogels to remove a wider spectrum of contami
nants, e.g., heavy metals, industrial dyes, pharmaceutical 
compounds, per- and polyfluoroalkyl substances.

(2) For enhancing binding with specific contaminants, identify 
means to customize surface chemistry of aerogels for optimal 
interactions under different physiochemical conditions.

Fig. 11. Reusability of durian shell – derived, surface-modified aerogels: (a) adsorption capacity over nine adsorption-regeneration cycles; images of aerogels (b) 
after adsorption, and (c) after regeneration.
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(3) For practical environmental remediation, assess the scalability 
and cost of the synthesis process, as well as long-term application 
in industrial-scale continuous-flow systems.

(4) Evaluate potential for incorporation into composite materials 
and/or hybrid separation systems.
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