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Functional porous protein nanofibrils/
polysaccharides aerogel beads for efficient
dyes removal from water†

Mandana Dilamian,a Majid Montazer,b Hossein Yousefi,cd Daniel E. Otzen e and
Dina Morshedi *a

The rational design and fabrication of functional and feasible adsorbents with enhanced adsorption

properties for pollutant removal remain challenging. Here, to achieve efficient adsorption of dyes, a

radial-freezing technique was employed to develop freeze-dried bio-nanocomposites in the form of

aerogel beads composed of cellulose nanofibers, protein nanofibers, and chitosan (CPCs). This strategy

led to the formation of a spherical aerogel with a dandelion-like structure in the radial cross-section.

FE-SEM micrographs of the aerogel beads revealed a highly porous morphology with a network of

interconnected pores, allowing for the effective adsorption of liquids. The characterization results of the

functional aerogel beads showed a remarkable ability to adsorb various cationic and anionic azo dyes.

The maximum adsorption capacity of 1349.7 � 34.36 mg g�1 and removal efficiency of nearly 100% in

the initial 1000 mg L�1 Congo Red (CR) solution were obtained for CPCs aerogel beads. The resulting

adsorption experimental data were fit by the sip isotherm and pseudo-second-order models. The

porous structure of the CPCs aerogel bead enhanced the diffusion of dye molecules into the pores and

inner surface. Furthermore, combined with the analysis results of FT-IR spectroscopy and XPS, multiple

adsorption mechanisms (strong electrostatic interactions, hydrogen bonds, CH–p and p–p bonds) were

ascribed between the CPCs composite and dye cations. It is believed that our CPCs aerogel beads can

be regarded as a sustainable green bio-adsorbent for water remediation.

Introduction

Freshwater contamination caused by dyes is becoming a sig-
nificant environmental problem. Dyes have extensive applica-
tions in various modern industries, including textiles, leather,
food additives, paper printing, and cosmetics.1,2 Due to their
complex chemical structures, most dyes are biologically non-
degradable and threaten aquatic ecosystems and human
health.3 The release of these intensely colored waste effluents

without appropriate treatment also creates visual disturbances
and hinders the penetration of light, thus impacting various
biological processes within the watercourse. More than 60% of
the annual production of dyes consists of azo dyes, which are
soluble in water, exhibit high reactivity, and offer the most
comprehensive range of colors.4 Several water remediation
approaches, including membrane separation,5 photocatalytic
degradation,6 ion exchange,7 electrochemical oxidation,8 ozo-
nation, coagulation,4 and adsorption,9,10 have been utilized to
remove harmful dyes.11–13

Adsorption is an up-and-coming and straightforward tech-
nology for removing hazardous and detrimental contaminants
from liquid waste, offering a high ratio of removal efficiency to
cost.14 In particular, porous materials such as aerogels are
widely used absorbents for wastewater treatment.14 Aerogels
are solid materials with a highly interconnected porous struc-
ture. They are known for their exceptional properties such as
extremely low density, high porosity, significantly high specific
surface area, and excellent adsorption capacity.15 The effective-
ness of wastewater treatment processes is significantly influ-
enced by the structural characteristics of aerogel composites,
such as pore geometry (lamellar, dendritic, and cellular) and
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the type of structural framework (organic or inorganic).16–19

The pore size and its fine distribution in porous aerogels are
essential for flow dynamics, mechanical stability, and the
ability to adsorb liquids or gases.20 The potential use of ice-
templating for developing porous aerogels with various pore
morphologies has been reported in previous literature.16

This is known as directional freezing or freeze-casting, which
can provide a variety of pore morphologies with extensive
potential to eliminate contaminants from water. The freezing
direction refers to the nucleation and growth of ice crystals,
which are highly dependent on the solidification rate. The
freezing-direction technique is classified into four groups:
non-directional, unidirectional, bidirectional, and radial
freezing.16,18 Integrating radial freezing with spraying can
facilitate the development of colloidal particles with micro-
porous 3D networks, providing a radial diffusion channel for
mass transfer. In a recent study, Liao et al. prepared graphene
oxide aerogel microspheres with dandelion-like structures
through a radial-directional freezing–thawing process. The
obtained aerogel microspheres with a highly porous and hydro-
phobic structure revealed excellent absorptivity for oils and
organic solvents (60–214 g g�1).21 In another report, graphene/
chitosan composite aerogel microspheres with microchannel
structures were developed via electrospraying and freeze-drying
methods. The fabricated microspheres demonstrated a remark-
able Young’s modulus of 197 kPa. Results revealed that the oil
adsorption kinetics of the microspheres followed the pseudo-
second-order kinetic equation, while the isotherms aligned
with the Langmuir model.22

Porous biocompatibility, cost-effectiveness, renewability,
non-toxicity, and biodegradability of the bio-adsorbents have
generated interest in using them in wastewater treatment. A
variety of micro/nano-biopolymer-based aerogels have been
designed and developed for the removal of contaminants from
water.23–26 Polysaccharides, including cellulose nanofibers
(CNFs) and chitosan (Cs), are produced from abundant and
cheap raw materials, offering promising alternatives in bioma-
terials. CNFs generally provide advantages such as exceptional
strength, stiffness, safety, and the ability to tailor their surface
chemistry, making them highly appropriate for fabricating
structural materials such as aerogels.27 Hence, cellulose-
derived materials are more likely to be utilized as cost-
effective adsorbents for removing contaminants such as heavy
metals, pesticides, dyes, and nitroarenes in water/waste-
water.27–29 However, the limited functionality of CNFs hinders
their effectiveness as a dye adsorbent. This can be improved by
attaching functional moieties such as carbonyl, carboxyl, and
amino groups to the surface of CNFs.30 Cs demonstrates
significant promise within sewage disposal due to its hydroxyl
and amine functional groups, which exhibit a strong capacity
for the adsorption of anionic organic pollutants.22,31,32 How-
ever, pure Cs is limited by restricted surface area and inade-
quate mechanical properties. Incorporating Cs into CNFs
matrix composite aerogels is a practical solution to
enhance adsorption efficiency, improve stability, and increase
surface area.33 In this regard, various reports considered the

preparation of hybrid aerogels made from Cs and CNFs using
the freeze-casting method. For instance, Kim et al. reported
that cellulose–chitosan foam exhibited a higher adsorption
capacity (1170.2 mg g�1) of CR compared to cellulose
(623.2 mg g�1).34 In addition, Wang et al. prepared cellulose/
chitosan porous aerogel to eliminate CR, for which the adsorp-
tion capacity of the dye reached 381.7 mg g�1 at pH 7.0.35

Incorporating functionalized active fillers such as whey
protein fibrils into the composite materials can further
enhance adsorption capacities.36,37 Proteins with an abundance
of amino and carboxyl groups can actively participate in the
adsorption process.38,39 Proteins can form polyelectrolyte
complex (PEC) hydrogels with chitosan, eliminating the
requirement for additional auxiliaries.40 For instance, Tan
et al. fabricated the chitosan-quinoa bran aerogel using the
ice-templated assembly method that efficiently adsorbed CR
and Cu2+ with a maximum adsorption capacity of 182.48 and
96.25 mg g�1, respectively.41 In this study quinoa bran was used
as the by-product of quinoa processing, which was directly
mixed with the chitosan–acetic acid solution.

Under appropriate denaturation and hydrolysis conditions,
whey protein, a by-product generated from the cheese-making
process, can undergo self-assembly to form protein nanofibrils
(PNFs).38,42–44 The environmentally friendly characteristics of
the process contribute to developing a cost-efficient technology
with a minimal ecological footprint. PNFs are bundles of
elongated supramolecular filaments that exhibit a well-
organized structure, primarily stabilized by b-sheet secondary
structures. The structure of PNFs (several mm lengths and
B10 nm width) provides an exceptionally high surface-to-
volume ratio, ensuring that most amino acids are exposed on
the surface.45 Consequently, PNFs exhibit exceptional
efficacy in removing heavy metals, dyes, and radioactive
pollutants.46–48 Notably, the flexible structure of PNFs pro-
motes the formation of entangled networks even at low con-
centrations, making them exceptionally suitable for developing
low-density and three-dimensional porous aerogels.43 None-
theless, PNFs-based adsorbents suffer from weak mechanical
properties.49–53 Hence, it is imperative to investigate effective
modification techniques to enhance the characteristics of PNFs
aerogel. We need to enhance the structural integrity of fibrillar
networks of functional protein fibrils while maintaining func-
tional surfaces.

In this study, we focused on creating a ternary bead compo-
site using CNFs, Cs, and PNFs through the radial freeze-casting
technique. Our work emphasizes the importance of integrating
functional biomaterials (PNFs and Cs) into the fibrous struc-
ture of CNF. We used a simple chemical process with a
homogenizer to prepare a Cs hydrogel with a neutral pH.
Additionally, we formed spherical aerogels to increase the
surface area and achieve the best adsorption efficiency.

We examined the impact of the CNFs/Cs/PNFs aerogel beads
composite (CPCs) on the adsorption capabilities of various
dyes. Specifically, we investigated the adsorption efficiency of
CR, a commonly used azo dye, by analyzing dosage, dye
concentrations, contact time, pH value, adsorption time, and
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initial concentrations. We measured CR adsorption isotherms
and removal kinetics in the presence of CPCs aerogel beads.
Meanwhile, the physical and chemical characteristics of the
CPCs, including surface morphology, pore distribution, surface
area, chemical composition, crystalline phase, and zero-charge
point, were evaluated and analyzed. Finally, the adsorption
mechanism was analyzed by using field emission scanning
electron microscopy- energy dispersive X-ray spectroscopy (FE-
SEM-EDX), Fourier transform infrared spectroscopy (FTIR), and
X-ray photoelectron spectroscopy (XPS).

Experimental
Materials

Whey protein isolate (WPI) was provided by a dairy company,
(Iran). Cellulose nanofibers with 3 wt% solid mass were
mechanically prepared from wood pulp in Nanonovin Polymer
Co. (Iran) (Fig. 1A). The polyamide-amine-epichlorohydrin
(PAE) resin (20 wt%) as a wet strength agent for crosslinking
was kindly provided from Solenis (Kymene GHP20, Solenis
Denmark ApS). Chitosan (Mw: 100 000–300 000 g mol�1, DD
485%) was purchased from Sigma-Aldrich Acros-Organics.
Citric acid (CAS Number 77-92-9) was obtained from Sigma-
Aldrich. Thioflavin-T (CAS Number 2390–54-7), Crystal Violet
(CV, CAS Number 548-62-9, C.I. 42555), malachite Green (MG,
CAS Number 569-64-2, C.I. 42000), Bismarck Brown-R (BB, 40%,
CAS Number 5421–66-9, C.I. 21010), chrysoidine-G (CG, dye
content: 90%, CAS Number 532–82-1, C.I. 11270), acid red-88
(AR, 75%, CAS Number 1658–56-6, C.I. 16250), reactive black-5
(RB, 50%, CAS Number 17095-24-8, C.I. 20505), Congo Red
(CR, Z37%, CAS Number 573–58-0, C.I. 22120), direct violet-51

(DV, 50%, CAS number 5489–77-0, C.I. 42520), and reactive
orange-16 (RO, Z70%, CAS Number 12225-83-1, CI 21260),
sodium hydroxide (NaOH), acetic acid (CH3COOH), and hydro-
chloric acid (HCl, 37%w/v) were from Merck (Germany). All
solutions were prepared using deionized water.

Preparation of chitosan hydrogel

Fig. 1B illustrates the procedure for preparing Cs beads. Initially,
Cs powder (3% w/v) was dissolved in acetic acid (1% v/v) and
stirred overnight to ensure complete dissolution. To create sphe-
rical Cs beads, the viscous chitosan–acetic acid solution was
added drop-wise through a needle into a 200 mL bath containing
NaOH 4M. The distance between the needle and the surface of the
NaOH solution was 5 cm. This process consisted of two primary
stages. First, droplets of the initial solution were dispersed and
then underwent gelation when they encountered the liquid con-
taining the cross-linking agent. Gelation occurred as sodium
hydroxide diffused into the droplets, resulting in the formation
of polymer cross-links. Thus, gel particles with a spherical shape
were generated. These gel particles were subsequently filtered and
rinsed with deionized water to eliminate any remaining alkalinity
and form neutral Cs beads. Afterward, the resulting beads were
added to 100 mL deionized water, and the dispersion was mixed
vigorously using a mechanical mixer (Bead-Beater; Hamilton
Beach Commercial) for 15 min to ensure homogenous hydrogel
particles throughout the suspension. The weight fraction of the Cs
hydrogel suspension was determined using gravimetric analysis.

b-Lactoglobulin monomer purification

b-Lactoglobulin (bLG) monomers were purified from WPI
according to the Usuelliet et al. protocol.53 Briefly, 10 g of

Fig. 1 Schematic illustration of fabricating composite aerogel beads. The preparation process of: (A) CNFs suspension, (B) chitosan hydrogel, and (C)
protein nanofibrils from bLG monomers. (D) The schematic processes of producing the CPCs aerogels: The dispersion of CNF, PNF, and Cs at a ratio of
1 : 1.25 : 1.25 (CNFs : PNFs : Cs) were prepared with agitating for 15 min.1 Next, the dispersion was frozen through the radial-directional freezing
technique.2 Afterwards, the frozen aerogel beads were freeze-dried to obtain CPCs aerogel beads.3 The CPCs aerogel beads were dry-crosslinked in
a vacuum oven (120 1C for 3 h).4,5
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WPI was dissolved in 90 g of Milli-Q water, and the pH was
adjusted to 4.2 with HCl. Subsequently, the WPI solution
was incubated in a shaking bath at 60 1C for 3 h. During this
process, the WPI solution became cloudy as a sign of
a-lactalbumin agglomeration. The turbid solution was then
transferred to plastic Falcon tubes and centrifuged at 12 000 r
for 20 minutes to separate the a-lactalbumin fraction. The
resulting solution was transferred into a Schott bottle.

Preparation of protein nanofibrils

The fibrillation of bLG (Fig. 1C) was followed according to the
previously described procedures.49,54 Initially, the bLG mono-
mer was dispersed in Milli-Q water at a concentration of 2 wt%.
The pH of the solution was then lowered to pH 2 using HCl 2M.
The bLG solution was incubated at 90 1C for 5 h, during which
the protein solution underwent magnetic stirring at 150 rpm
(PNFs). Subsequently, the protein solution was quenched in
mixtures of ice and water to stop fibrillation. To enhance the
interactions between protein fibrils, PNF-C1 and PNF-C1.5
samples were prepared by incorporating CA at 1 and 1.5wt%
into the bLG dispersions. The same procedure was employed
for their preparation. The as-prepared fibril solutions were kept
at 4 1C for future usage. Notably, the bLG monomer underwent
unfolding, hydrolysis, and self-assembly throughout the incu-
bation process, ultimately forming PNFs.55 CA acts as a cross-
linking agent in protein fibril formation. This contains carboxyl
groups that can form covalent bonds with amino groups in the
amyloidogenic proteins. These crosslinking interactions can
stabilize the protein aggregates and promote the formation
of PNFs.

Fabrication of cellulose nanofibers/chitosan/protein
nanofibrils aerogel beads

The schematic production of the CPCs aerogels is shown in
Fig. 1D. Initially, a certain amount of CNFs suspension was
dispersed in deionized water and stirred for 10 min at 300 rpm
in an ice bath. Next, a weighed amount of PAE as a cross-linking
agent (CNFs to the cross-linker ratio of 10 : 1) was injected drop-
wise into the CNFs dispersion. Then, the mixture was sonicated
with an ultrasonic bath (at 250 Watt) for 10 min. In our
previous study, the optimum component ratio for preparing
CPCs composite aerogels was determined.56 We discovered that
the best ratio of components, specifically 1 : 1.25 : 1.25 (CNFs :
PNFs : Cs), exhibited exceptional mechanical stress resistance
in wet conditions. Furthermore, this optimal ratio not only
showcased excellent performance in wet conditions but also led
to the creation of a cylindrical composite aerogel. Herein, the
resultant CNFs/PAE dispersion was progressively mixed with an
equal amount of PNFs and Cs solutions (1.6 wt%) at a ratio of
1 : 1.25 : 1.25 (CNFs : PNFs : Cs), and the mixture was stirred for
15 minutes in an ice bath (Fig. 1D-1). Afterward, the mixture
was frozen via radial-directional freezing technique using
liquid nitrogen (Fig. 1D-2) and further lyophilized in a freeze-
dryer (Christ Freeze Dryer, Alpha 1–2 LD plus) at�80 1C for 24 h
to obtain CPCs aerogel beads (Fig. 1D-3). Finally, the spherical
aerogel beads were dry-crosslinked in a vacuum oven at 120 1C

for 3 h to ensure covalent cross-linking (Fig. 1D-4,5). The CNFs
and CNFs/Cs (CCs) aerogel beads were also formed as control
samples following a similar protocol. The cross-linked pure
CNFs aerogel beads were prepared from the aqueous solution
of CNFs/PAE (1.6 wt%, 10 : 1). CCs aerogel beads were formed
from the uniform mixture of CNFs and Cs suspensions
(1.6 wt%) at a mass ratio of 3 : 7.

Material characterization

Thioflavin T fluorescence assay. To monitor the progress of
fibril formation, 10 mL aliquots of protein solutions (namely,
PNFs, PNF-C1, and PNF-C1.5) were collected at the end of the
fibrillation process and diluted with 490 mM of 12 mM thioflavin
T (ThT) solution in 10 mM Tris buffer 10 mM (pH 8).36,57 ThT
fluorescence intensity of different samples was measured in the
range of 450 to 550 nm using a Varian Cary Eclipse fluorescence
spectrophotometer with excitation at 440 nm (slit-width of
5 nm) and measuring emission intensity at 480 nm (slit-width
of 5 nm). All measurements were performed in triplicate.

Analysis of structure and morphology of the aerogels. The
morphological features and surface characteristics of freeze-
dried CNFs, Cs, PNFs, and composite aerogel (CPCs) were
observed with a field emission scanning electron microscope
(FE-SEM) (MIRA3, TESCAN) with an acceleration voltage of
15 kV. The composition of elements on CPC aerogel beads
before and after CR adsorption was recorded using an energy-
dispersive X-ray spectroscopy (EDX) on the FE-SEM. The sample
was scanned at 1500 magnification with a 15 kV accelerating
voltage.

Specific surface area and pore size distribution. Nitrogen
adsorption–desorption isotherms of CPCs aerogel beads were
determined from an ASAP 2020 instrument (Micrometrics, USA)
at 77 K. The determination of Brunauer–Emmett–Teller (BET)
analysis followed a multipoint BET method,58 using a relative
vapor pressure (P/P0) range of 0.05–0.20 at �196 1C. The pore
size distribution was obtained from the N2 adsorption branch
of the isotherm, employing the Barrett–Joyner–Halenda (BJH)
method. Total pore volume measurement was based on the
amount adsorbed at a relative pressure of P/P0 = 0.98.

Fourier transform infrared spectroscopy (FTIR)

The chemical structure and functional groups of the freeze-
dried PNFs, CNFs, Cs, and composite aerogel beads were
investigated by FTIR (Bruker Tensor 27 spectrometer, Karls-
ruhe) in the range of 4000 to 400 cm�1. Each dry sample was
grounded, blended with KBr (1 : 100, w/w), and then pressed to
prepare transparent pellets.

Wide-angle X-ray diffraction (XRD)

The XRD patterns of the freeze-dried PNFs, CNFs, Cs, and
composite aerogel beads were recorded using an X-ray diffract-
ometer (Equinox 3000 INEL) equipped with CuKa (l =
1.54056 nm) radiation (operating at 40 kV and 40 mA). Mea-
surements were performed in the 2y range 5–401 with a step
size of 0.0261 at 25 1C.

Paper Materials Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
Ju

ne
 2

02
4.

 D
ow

nl
oa

de
d 

on
 1

1/
6/

20
25

 1
0:

48
:5

1 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ma00380b


© 2024 The Author(s). Published by the Royal Society of Chemistry Mater. Adv., 2024, 5, 7199–7221 |  7203

Zeta potential

The surface area and the surface charges of the composite
aerogel beads (CPCs) were calculated using zeta potential
(Malvern, UK) at 25 1C. The dry CPCs aerogel beads (15 mg)
were added into 20 mL of deionized water and the pH of the
suspension was adjusted with NaOH 0.1 N and hydrochloric
acid to 7.4. After 24 h, the supernatant was collected for zeta
potential measurements.

X-ray photon spectroscopy (XPS)

A high-resolution X-ray photoelectron spectrometer (UIVAC-
PHI) (XPS, Bes Tek instrument, Germany) was utilized to record
the surface composition of CPCs aerogel for C 1s, N 1s, S 2p,
and O 1s elements. The instrument was equipped with an Al-Ka
source (1486.6 eV, 45 W), and the CPCs aerogel beads were
conditioned and investigated at 10�10 mbar. The XPS data were
analyzed using CasaXPS v2.3.2PR1.0 software.

Adsorption experiments

The developed aerogel composite beads (0.0025–0.075 mg) were
added to 25 mL�1 of dye solution (50–2000 mg L�1), while the
pH medium was adjusted in the range of 4–10 using NaOH
0.1 M and HCl. The mixture of adsorbent and dye was agitated
using a rotator shaker at a speed of 100 rpm and a temperature
of 28 1C. At specific time intervals (1–180 min), the residual dye
concentration was estimated using an EPOCH12 plate reader
(BioTek, Winooski, Vermont, USA) at their maximum absor-
bance wavelength (lMax: at 497 nm for CR, 590 nm for CV,
620 nm for MG, 580 nm for BB, 470 nm for Chr, 500 nm for AR,
590 nm for DV, 554 nm for RB, and 493 nm for RO). The dye
adsorption capacity at equilibrium (qe, mg g�1, eqn (1)) and the
removal efficiency (Z, %, eqn (2)) onto aerogel beads were
calculated according to the following equations:

qt ¼
c0 � ctð ÞV

m
(1)

Z %ð Þ ¼ c0 � ctð Þ
c0

� 100% (2)

where C0 (mg L�1) and Ct (mg L�1) are the initial and equili-
brium concentration of dye at the time (t) in minutes, respec-
tively; and V (L) is the volume of the dye solution, and m (g) is
the dosage of adsorbent. All measurements were performed in
triplicate.

Results and discussion
Preparation of spherical composite aerogel

Tunable physicochemical properties, such as porosity, pore
size, surface area, surface roughness, permeability, and func-
tion ability, directly influence the performance of an adsorbent
to remove various contaminants efficiently. Hydrophilic com-
posite sorbents, such as Cs and CNF-based aerogels, demon-
strate strong molecular interactions with water, enabling
efficient molecular transport in wastewater treatment pro-
cesses. Furthermore, the polysaccharide polymer chains

contain a large number of hydroxyl and amine groups, which
enables them to be easily modified for various applications.
Incorporating functional PNFs within the surface pores of
polysaccharide-based aerogels enhances accessibility and affi-
nity toward the targeted pollutants,20,53 further suggesting that
the functional PNFs can be blended with polycationic moieties
such as Cs to form polyelectrolyte complexed hydrogels.40 In
this study, porous cross-linked CNFs aerogel beads with the
ability to support functional biopolymers such as Cs and PNFs
were developed. The covalent cross-linking between native
nanofibrils and cross-linkers (PAE) led to a cross-linked fibrous
CNFs aerogel with high stability in aqueous solution.17,26

The schematic diagram in Fig. 1A–D shows the preparation
procedure of the functional composite spherical aerogel using
an ice-templating technique (Fig. 1D) from as-prepared pre-
cursors, namely, a natural CNFs suspension (Fig. 1A), a Cs
hydrogel (Fig. 1B), and a PNFs solution (Fig. 1D). In the
hydrogel state (Fig. 1B), Cs polymeric chains are physically
interconnected by interactions such as hydrogen bonding and
electrostatic attractions, which are the dominant interactions
for forming the 3D network of Cs beads. In fact, at low pH
(diluted acidic solution), Cs is positively charged, and through
neutralizing the cationic amine sites (–NH3

+) are deprotonated
to –NH2, resulting in a significant reduction in ionic repulsion
within polymer chains, enabling the emergence of hydrogen
bonding between polymeric chains.40 The PNFs of bLG are
semi-flexible colloids obtained from the protein aggregates. At
specific fibril concentrations, these fibrils are self-assembled
and create physical hydrogels. However, the elastic moduli of
PNFs gels are often low (10–50 Pa), resulting in a weak fibril
network59 that restricts further applications. One approach to
boost the strength and mechanical properties of PNFs gels is
using low molecular weight ions to form an ionic cross-linked
matrix. Nyström et al. prepared the first cross-linked PNFs
aerogel with high water stability only by adding butane tetra-
carboxylic acid to the fibril dispersion. However, in this inves-
tigation, citric acid (CA, cheap non-toxic polycarboxylic acid)
was added to the protein solution to strengthen the PNFs
network (Fig. 1C). As a hypothesis, CA is assumed to be
uniformly distributed within the PNFs gel network, enhancing
the electrostatic interaction between the amino group of the
PNFs polymeric chain and the carboxylic group of citrate,
resulting in a cross-linked PNFs gel (Fig. 1C). This hypothesis
was further validated using analytical approaches (Fig. S1A and
B, ESI†).

FE-SEM analysis

The surface morphological features of pristine CNFs, Cs, and
PNFs, as well as an aerogel bead composite (CPCs), were
investigated by FE-SEM. The CNFs aerogel bead with a concen-
tration of 1.6 wt% (Fig. S2A, ESI†) exhibited a porous structure
with a wide range of pore sizes classified into small and large
pores (Fig. S2B–D, ESI†). The tiny pores were formed due
to nanofiber network entanglement in cellulose platelets,
whereas the large pores were those created as a result of ice
crystal sublimation during the freeze-drying.17 The surface
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morphology of the freeze-dried Cs gel, on the other hand,
revealed an uneven porous structure (Fig. S2E, ESI†). The crack
in Fig. S2F (ESI†) resulted from the growth of ice lamella within
the Cs gel and the formation of interstitial space between
accumulated Cs during the freeze-drying. However, high-
magnification FE-SEM images (Fig. S2G and H, ESI†) revealed
the high porosity and the fibrillar interconnected structure of
freeze-dried Cs gel. These features are highly beneficial for
developing a bio-based composite aerogel. The surface mor-
phology analysis of pristine PNFs derived from bLG indicated
smooth, compact layered sheets (Fig. S2I and J, ESI†). The
surface of PNFs contained multiple cracks extending several
micrometers, as illustrated in Fig. S2J and K (ESI†). However,
high magnification FE-SEM micrographs (Fig. S2L, ESI†)
revealed smooth, homogeneous, and paper-like accumulating
layers of the PNFs.

To obtain a porous aerogel with superior pore geometry and
rational pore size distribution for waste-water applications, two
distinct freezing mechanisms of unidirectional freeze-casting
and radial freezing were employed. In unidirectional freeze-
casting, the CPCs dispersion was cast into a cylindrical mold
placed directly with liquid nitrogen from the bottom for a
defined period. The ice nucleated and grew unidirectionally
from the bottom to the top of the mold along the imposed
thermal gradient. Subsequently, the ice crystals were subli-
mated using a freeze-drying process and formed a 3D monolith
aerogel (Fig. 2A).

Unlike unidirectional freezing, radial freezing consists of
two steps: spraying and ice-templating.19,60 In radial freezing,
the CPCs dispersion was dropped into liquid nitrogen via an
electric nozzle tube. Ice crystals immediately started to nucleate
and grow from the surface of droplets into the interior along
radial directions. Finally, the frozen spherical samples were
freeze-dried to sublimate the ice crystals inside the structure
and translated to porous aerogels in 3D spherical shapes
(Fig. 2E).

Fig. 2A shows an ultra-light cylindrical composite aerogel
(supported by a dandelion) generated by an initial gel with a
concentration of 1.6 wt%. FE-SEM images in Fig. 2B and C
revealed a hierarchical porous structure of the cylindrical
composite aerogel prepared by the unidirectional freezing
technique. The lamellar walls observed in Fig. 2B resulted from
the pushing forces applied by the growing ice crystals, which
constrained the solid polymers into the space between the
ice.17,60 Specifically, fractions of the solid polymer were trapped
in ice crystals, causing the formation of inter-layer bridges
formation between the lamellar walls (Fig. 2C). While the
cylindrical composite aerogel was macro-porous, mesoporous
structures (diameters between 2 and 50 nm) were difficult to
detect on the walls of aerogel at higher magnification (Fig. 2D).

The technique of radial-freezing successfully created an
open porous aerogel with uniform pore size distribution
(Fig. 2F–H). Unlike the cylindrical composite aerogel (Fig. 2B),
the surface morphology of CPCs spherical aerogel displayed a
hierarchical porous structure with cellular interconnected
pores (Fig. 2G). Interestingly, the composite spherical aerogel
presented superior pore geometry, in which the interlinked
pores provide pathways for rapid diffusion of fluids from the
surface to the interior fractions (Fig. 2G). Considerably, fine-
scaled pores were observed inside the thin walls of the channel
(Fig. 2H). As shown in Fig. 2H, these pores facilitate superior
mass transport and uniform fluid dispersion inside the porous
structure. As a result, the radial freezing approach was chosen
for creating spherical composite aerogels due to the enhanced
pore morphology, as well as the simplicity, accessibility, and
reproducibility of the process.16,19,61

The CPCs aerogel beads had a well-preserved spherical
shape that can sit firmly on top of a feather without disrupting
its barbs (Fig. 3A). The surface (left) and the cross-section
(right) of a perfectly spherical aerogel prepared through a
radial-directional freezing mechanism are depicted in Fig. 3B.
The inner structure of the CPCs aerogel sphere revealed a
radial-patterned-like shape, indicating that the CPCs spherical
droplets uniformly cooled from the surface to the interior;
hence, the ice crystals nucleate and grow along the radial
directions and form dandelion-like structure (Fig. 3C).19,21,62

The FE-SEM image of the lyophilized spherical aerogel revealed
a radial-center-diverging microchannel structure (Fig. 3D) and a
highly porous morphology.63 Fig. 3E shows the external surface
of the porous CPCs aerogel bead, which had an average
diameter of 2.2 mm. The surface morphology of the CPCs
aerogel (Fig. 3F) revealed a network of interconnected pores
with ultra-thin and uniform film-like walls of assembled com-
posite. Smaller pores were also observed in Fig. 3G and H. The
obtained aerogel bead exhibited a dandelion-like structure in
the radial cross-section (Fig. 3J), in which the channels/pores of
the aerogel were radially aligned using a radial freezing tech-
nique. The pore channels of CPCs aerogel are essential factors
affecting the structure and physicochemical properties of the
CPCs aerogel.

These cellular interconnected pore channels of CPCs aerogel
provide abundant transport pathways between multiple porous

Fig. 2 Comparing two distinct freeze-casting techniques: (A) the digital
photo of cylindrical CPCs aerogel prepared through unidirectional freezing
technique, standing on top of a feather. (B) FE-SEM image, (C) and (D)
high-resolution FE-SEM images of the cylindrical composite aerogel. (E)
Digital photo of highly porous CPCs aerogel beads prepared by radial-
freezing technique. (F) FE-SEM image, (G) and (H) high-resolution FESEM
images of the CPCs aerogel bead.
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layers, capable of taking up, separating and removing dye
molecules which can furthermore interact with functional

groups (–COOH, –OH, and –NH2) within the pore channels.
As shown in Fig. 3K, the thin layers of open cells in the aerogel
contained a multitude of pores, creating a highly porous
structure that allows for effective diffusion and adsorption of
liquids. Additionally, the interconnected network of pores
contributes to the mechanical stability of the aerogel, prevent-
ing collapse or deformation. High magnification FE-SEM
images of CPCs aerogel in Fig. 3H and L revealed that the
porous platelets of the aerogel were composed of intercon-
nected fibrils with different size distributions. According to the
statistics obtained from Digimizer software, the individual
fibrils on the surface of the CPCs composite aerogel had a
mean diameter of B45 nm (Fig. 3I), while fibrils with a mean
diameter of B14 nm were observed within the interior walls of
the porous aerogel (Fig. 3M).

Specific surface and pore structure of CPC

Brunauer–Emmett–Teller (BET) analysis was used to investigate
the surface area of as-prepared aerogel beads. The results
shown in Fig. 4, demonstrated accurate information about
the specific surface area and porosity characteristic (pore
volume and pore size) of CPCs aerogel. According to the

Fig. 3 Assessing the topology of the fabricated beads. (A) Photo of CPCs aerogel beads, representing the CPCs aerogel sitting on top of a feather. (B)
Surface (left) and cross-section (right) of a perfectly spherical CPCs aerogel. (C) Inner structure of the CPCs aerogel sphere illustrating a radial-patterned-
like shape. (D) FESEM image of the spherical aerogel revealing a center-diverging microchannel structure. (E) FE-SEM images of CPCs aerogel bead,
(Morphology evaluations from the *surface and ** cross sections of the aerogel bead). (F) Network of interconnected pores on the surface of CPCs
aerogel, (G) and, (H) high-resolution FE-SEM images from the surface of aerogel. (I) Fiber diameter distribution extracted from the FE-SEM images (G) and
(H). (J) Cross-section of the CPCs aerogel with dandelion-like structure, (K) and, (L) high-resolution FE-SEM images from the cross-section of aerogel
bead, (M) Fiber diameter distribution extracted from the FE-SEM images (K) and (L).

Fig. 4 Surface and pore characteristics of CPCs aerogel: N2 adsorption/
desorption isotherms (inset shows the pore size distribution for CPCs
aerogel).
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isotherm classification proposed by IUPAC,64 the BET isotherm
of CPCs aerogel revealed a typical class IV hysteresis loop with a
sharp capillary condensation step at a relative pressure (P/P0) of
0.5–1, indicating the presence of mesopores and macropores of
aerogel beads.65 Based on the nitrogen adsorption–desorption
isotherms, the calculated specific surface area and the total
pore volume were 29.61 m2 g�1 and 0.2 cm3 g�1, respectively.
The Barrett–Joyner–Halender (BJH) pore-size distribution curve
of CPCs aerogel in the inset to Fig. 4 showed a bimodal
distribution with a sharp peak at 5 nm followed by a broader
peak centered at 12 nm, demonstrating that the CPCs aerogel
beads were mostly mesoporous.64 Expectedly, the results of BET
were consistent with the high-resolution FE-SEM observations,
implying that the CPCs aerogel has a porous structure consist-
ing of mesoporous and flexible thin walls, which could endow
the CPCs aerogel with enhanced adsorption capacity and rapid
mass transportation of liquid.

Chemical structure analysis

FTIR analysis. The functional groups of various aerogel
beads, namely, CNFs, CCs, PNFs, and CPCs composite aerogel,
were shown in Fig. 5A. Overall, the FTIR spectrum of all
samples exhibited a broad band at approximately 3400 cm�1

attributed to the stretching of hydroxyl (–OH) groups over-
lapped with amine (–NH2) groups. Bands with similar intensi-
ties around 2900 cm�1 and 2870 cm�1 are ascribed to the
stretching vibration of both asymmetric and symmetric C–H
groups. The spectrum of pure PNFs (the image in Fig. S3, ESI†)
revealed a characteristic sharp band at 1639 cm�1 due to the
CQO backbone stretching vibrations of the amide I group of
polypeptide chains. In addition, the bands at 1540 cm�1 and
1217 cm�1 are associated with a combination of C–N stretching
and N–H in-plane bending (amid II) and amid III regions in
protein, respectively.12,43,54 The wide amide band at 3286 cm�1

(N–H stretching) represented the strength of intermolecular

hydrogen bonding in PNFs.66 No specific band attributed to a
backbone C–C stretching vibration in the 850–960 cm�1 range
was detected. In conjunction with the absorption peak of the
amide II region, this result indicated that the protein might
have the structure of random-coil.66 Upon cross-linking with CA
(Fig. S3 and Fig. 5A, PNF-C1, ESI†), a new intense peak arose at
1720 cm�1, attributing to the carbonyl ester groups, resulting
from chemical cross-linking interactions within the –COO�

group of CA and –N–H group of PNFs.3 The amide I and amid
II peak positions remained unchanged for cross-linked protein
fibrils (PNFs-C), while the peak intensities were moderately
reduced. After cross-linking, the peak position of the amide III
at 1235 cm�1 shifted to a lower wavelength (1217 cm�1) and
merged with the C–C and C–O stretching vibrations peaks in
CA. These findings confirm the occurrence of the cross-linking
between PNFs and are consistent with previous results that
investigated the FTIR spectra of amyloid fibrils after cross-
linking with 1,2,3,4 butanetetracarboxylic acid (BTCA).59,67

The spectrum of CNFs aerogel beads exhibited a strong peak
in the 898–1160 cm�1 region, referred to as C–O stretching in
the glycoside linkage,17,68 which represents the prominent
feature peak of polysaccharides (Fig. 5A, CNFs). Notably, the
detected peaks at 1640 cm�1 (carbonyl group of amide I) and
1550 cm�1 (N–H bending of amide II) confirmed the presence
of PAE as a crosslinker and suggested the formation of self-
crosslinking through its epichlorohydrin groups and the exter-
nal covalent crosslinking between CNFs chains after heat
treatment.17

The characteristic peaks of CCs aerogel beads (Fig. 5A, CCs)
were entirely similar to that of the CNFs (Fig. 1B), even though
the peaks at 3367 cm�1 and 1060 cm�1 became sharper.69,70

Moreover, the adsorption peaks of carbonyl (amide I) and N–H
groups in Cs merged with the functional groups of the bonded
PAE, and thus, a broader peak in the 1520–1690 cm�1 range
appeared. These results also indicated that the CCs aerobead
structure was effectively crosslinked via intermolecular interac-
tions between CNFs, PAE, and Cs. Compared with CNFs, CCs,
and PNFs-C1 aerogel beads, the FTIR spectrum of CPCs com-
posite aerogel revealed the functional groups of its original
components (Fig. 5A, CPCs). However, the characteristic bands
of Cs and PNFs-C1 were merged with that of the CNFs (the
major component of the composite aerogel), making them
challenging to recognize individually. Nevertheless, after the
incorporation of PNFs into the CCs hybrid composite, the peak
intensities of amide I (1645 cm�1) and amide II (1546 cm�1)
increased significantly, suggesting an interaction of PNFs with
the CNFs and Cs in CPCs aerogels.71 Moreover, in comparison
with the spectrum of PNFs (crosslinked with CA), a weak
shoulder at 1730 cm�1 was observed, which was attributed to
the formation of an intermolecular carbonyl band as a result of
the cross-linking reaction between PNFs and CA59 (Fig. S3,
ESI†).

XRD analysis. The XRD profiles of composite aerogel
beads and their counterparts (PNFs, Cs, and CNFs) are exhib-
ited in Fig. 5B. The patterns of CNFs (Fig. S4, CNFs, ESI†)
revealed three characteristic peaks near the 2y value of

Fig. 5 FTIR spectra of CCs and CPCs composite aerogel beads and their
counterparts (CNFs, Cs, and PNFs).
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B131 and 161, corresponding to cellulose Ib phase.72 Conver-
sely, no diffraction peaks were detected for the XRD pattern of
PNFs, implying the amorphous nature of Blg (Fig. S4, PNFs,
ESI†).54 The XRD patterns of Cs showed two peaks at 2y =
10.451, and 19.831 corresponding to its crystalline and amor-
phous phases, respectively (Fig. S4, Cs, ESI†).68,73 Representing
two peaks with equal intensity in the 19.8–22.61 region, the
hybrid CCs aerogel beads (Fig. S4, CCs, ESI†) exhibited the
same characteristic peak as for Cs and CNFs. However, the peak
intensity of the CCs aerogel composite decreased significantly
compared to pure CNFs, while the peak related to the Cs shifted
slightly to 2y = 20.71. The diffraction pattern of CPCs was
similar to that of a CCs hybrid aerogel, except for the char-
acteristic peak of Cs, which disappeared or weakened after
incorporating PNF (Fig. S4, CPCs, ESI†). These findings sug-
gested that PNFs and Cs are well distributed into the CNFs
structure, and new intermolecular and intramolecular hydro-
gen bonds between functional groups of CNFs, Cs, and PNFs
were formed.

Adsorption studies. Initially, the adsorption properties of
aerogel beads (CPCs) (1 g L�1) for removing various dyes
(100 mg L�1) were evaluated. As depicted in Fig. S5 (ESI†), the
highest adsorption capacity (Z162 mg g�1) and the maximum
dye removal (Z90%) were obtained for the five anionic dyes
(AR, RB, CR, DV, and RO). In contrast, the CPCs aerogel
exhibited the lowest tendency for adsorption of cationic dyes
(CV, MG, BB, CG), with very low values for adsorption capacity
(r31 mg g�1) and removal efficiency (r15%). These results can
be explained by the electrostatic interactions (attraction or
repulsion) between the ionic groups of CPCs and dye mole-
cules. Most anionic dyes (e.g., acid, direct, and reactive dyes)
contain anionic functional groups, such as hydroxyl, carboxyl,
and sulfonic groups, that can be adsorbed to the positively
charged groups of CPCs through attractive electrostatic inter-
actions. By contrast, the electrostatic repulsive interactions
between the positive groups of cationic dye and the positive
surface domain of CPCs were expected to hinder cationic dye
adsorption. To further confirm these results, the surface-active
charge of CPCs was evaluated at specified pH (7.4) by zeta
potential measurements. According to previous reports, CNF
suspensions exhibited a negative zeta potential,74 while the
zeta potentials of Cs, and PNF were reported as +4.7 mV,75

and +48.7 � 2.2 mV,76 respectively. Herein, the Zeta potential of
CPCs composite aerogel bead at pH 7.4 was positive (around
47.3 � 1.34), pointing out a positively charged surface, attribut-
ing to the presence of protonated amine groups (–NH3

+) on the
surface of whey PNFs (e.g., protonated histidine, lysine, argi-
nine) and Cs molecules. In light of the above results, incorpor-
ating PNFs and Cs in CPCs favours the complete adsorption of
anionic dyes from water.74,75 Remarkably, CPCs aerogel bead
demonstrated rapid adsorption in less than 360 min with
excellent removal capacity (186 mg g�1), and the highest
efficiency (nearly 100%) towards CR of all tested anionic dyes.
Thus, to evaluate the capability and performance of aerogel
beads in removing dye, the adsorption process of CR as an
anionic dye model was investigated in more detail.

The effect of pH. pH directly affects both the adsorbent and
the aqueous chemistry and surface charge of the adsorbate.
Therefore, we explored the effect of pH on the adsorption
capability of CPCs aerogel (1 g L�1) for CR removal (initial
concentration of 100 mg L�1) between pH 4 and 10. As the pH
of CR solution increased from 4 to 7, the adsorption capacity
and removal efficiency increased sharply from 51 mg g�1 and
62.54% to 159.77 mg g�1 and 95.35%, respectively (Fig. 6A).
Notably, the highest adsorption capacity (B180 mg g�1) with
absolute removal efficiency (99.24%) was achieved at pH 7.4,
demonstrating the complete discoloration of CR solution.76 CR
(Table S1, ESI†) contains functional groups of –NH2 and –SO3H,
and it has a dissociation constant (pKa) of 3.7;5.5.77 When the
pH value is lower than 4, CR is protonated predominantly,
while, at higher pH, it is negatively charged. Additionally, over
the pH range of 4 to 7.4, the CPCs aerogel beads positively
charged due to the protonated groups (–NH3

+ and –NH2
+),

providing favourable sites for the adsorption of anionic sul-
fated groups (–SO3

�1) of CR via electrostatic interactions.78–80

Zeta potential measurements also confirmed the ionic interac-
tions. By contrast, at higher pH values (10 Z pH Z 7.4), the
number of positively charged sites on the aerogel for CR
adsorption declined; thus, the adsorption capacity for CR was
reduced. Noticeably, when the pH of the dye solution was
adjusted at pH Z8, the amino and carbocyclic acid groups of
CPCs were deprotonated. Thus, the interionic repulsion
between the negative charge of the adsorbent and anionic
sulfonate groups of CR hindered the electrostatic attraction,
which caused a gradual drop in the adsorption capacity of CR
up to nearly 163.28 mg g�1.69,75,81 Nevertheless, these results
suggested that the CPCs composite aerogel has the potential to
be applied in acidic or alkaline medium.

The effect of dosage. The influence of sorbent dosage on the
adsorption process was investigated by varying the dosage of
aerogels from 1 to 3 g L�1 for a fixed CR dye concentration of
1000 mg L�1, at room temperature (28 1C), pH of 7.4, and the
shaking speed of 100 rpm. According to Fig. 6B, for both
investigated aerogels (CCs or CPCs), the removal efficiency of
CR (%) increased from 62% to 100% as the solid content of
aerogels increased from 1 to 3 g L�1. Interestingly, the highest
adsorption capacity (994 mg g�1) was obtained for 5 mg CPCs
aerogel, which was significantly (B2 times) higher than that of
the hybrid composite aerogel of CCs. This result could be
ascribed to the presence of PNFs in the composite structure
of CPCs, which enhanced the chemical properties of aerogel by
introducing a variety of functional groups, particularly addi-
tional amino groups. Furthermore, the pores and the active free
surface represented a higher affinity to adsorb more CR dyes. As
the nanofibers contents of CPCs aerogel increased from 2 to
3 g L�1, even though the surface functional groups of aerogels
increased, the adsorption capacity decreased to 461 and
323 mg g�1, respectively. Compared with CCs, the dense
structure of CPCs beads consisted of tightly assembled nano-
fibers, which possibly blocked the partial pores, reduced the
porosity, and hindered the flow of CR molecules inside the
aerogel core at higher dosages. Thus, the adsorption capacity
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for 2 and 3 g L�1 hybrid aerogel of CCs was slightly higher (473
and 343 mg g�1, respectively) than that of the CPCs aerogel (461
and 323 mg g�1, respectively).

The effect of initial CR concentration. Next, we investigated
the effect of initial CR concentrations (50–2000 mg L�1) on the
adsorption capacity and removal efficiency of the dye on CPCs
aerogel. Time-dependent adsorption profiles of CPCs in Fig. 6C
and D revealed a rapid adsorption for all CR dye concentrations
for the first 6 h, indicating the accessibility of active sites and
the large surface area of CPCs aerogel.69,82 Then, adsorption
attained an equilibrium state after 24–30 h. Notably, the
adsorption equilibrium time for CR dye with a lower concen-
tration (Z500 mg L�1) was shorter than 3 h. As shown in
Fig. 6C, realized that the adsorption capacity increased from 50
to 1323.83 mg g�1 as the initial concentration raised from 50 to
2000 mg L�1. In fact, at lower concentrations, higher accessible
sites led to the removal of more than 94.8% of the dye. In
contrast, the saturation of these active sites at higher dye
concentrations resulted in a lower tendency of CPCs aerogel
to adsorb more CR molecules (67% of the CR) Fig. 6D.

Effect of contact time. The obtained optimized values (pH
7.4, dye concentration 1000 mg L�1, and adsorbent dosage of
1 g L�1) were used to investigate the equilibrium adsorption
time of CR dye by various aerogels (CPCs, CCs, and CNFs).
The presented results in Fig. 7A and B showed that the
adsorption performance of CR was highly dependent on the
composition of aerogels. As shown in Fig. 7A and B, the dye
uptake of CR increased in the order of CPCs (994 mg g�1) 4
CCs (656 mg g�1) 4 CNFs (226 mg g�1) within the equilibrium
time. Surprisingly, the adsorption capacity of CPCs aerogel
enhanced significantly, indicating that the functional surface
groups of CPCs were highly active and accessible for the
adsorption of CR. As illustrated in Fig. 7A (CPCs), the uptake
of CR with a concentration of 1000 mg L�1 climbed sharply
within the initial 600 min. Then, it rose gradually with increas-
ing time until the equilibrium was achieved at almost 60 h. In
contrast, the CNFs and CCs aerogels were saturated after
approximately 600 and 1440 min, respectively, far shorter than
the CPCs. According to the maximum removal efficiency of
various aerogels in Fig. 7B, it can be concluded that the lower

Fig. 6 Evaluating the effect of operational factors on adsorption of CR: (A) Effect of pH (4–10). The inset in (A) illustrating the residual CR dyes after 24 h
adsorption process at various Ph. (B) Effect of adsorbent dosage (CPCs and CCs aerogel, 1–3 g L�1). The inset images show the adequate performance of
CPCs aerogel bead in CR removal comparing to CCs aerogel beads. (C) Effect of initial CR concentration over time. (D) The equilibrium adsorption
capacity and removal efficiency of CR with various concentration (50–2000 mg L�1) onto the CPCs aerogel (1 g L�1) at pH 7.4. The inset pictures exhibit
the residual solutions at various dye concentrations in the equilibrium state.
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values of the CNFs (22%) and CCs (62%) aerogels could be
attributed to lower affinity and occupation of active surface
sites that led to saturation of aerogels and hindered the
adsorption of more CR dye compared to CPCs aerogel with
the highest removal efficiency of almost 95%. These results
were also confirmed by the remaining CR solutions at equili-
brium time. As exhibited in the inset image of Fig. 7B, the color
of the CR solution adsorbed by CPCs was nearly colorless,
showing that most of the dye molecules were removed from
the solution (Inset of Fig. 7B).

Adsorption isotherms. Herein, to understand the adsorption
mechanism and to calculate the theoretical maximum adsorp-
tion capacity of the adsorbents, the equilibrium adsorption
data were analyzed using various isotherm models (i.e. Lang-
muir, Freundlich, Redlich–Peterson, Toth, Temkin, and
Sip).83–87 The non-linear form of all adsorption isotherms and
their parameters are presented in Table 1.

The Langmuir model hypothesizes that the adsorbent is
homogenous, and the adsorption of a solute from solution
occurs at energetically equivalent sites.88 As presented in
Table 1, the Langmuir equation contains two parameters: qm

(mg g�1), the maximum adsorption capacity, and KL (L mg�1),
the Langmuir constant attributed to the apparent energy of
sorption. The qe (mg g�1) and Ce are the equilibrium adsorption
capacities and adsorbate concentration.

The Freundlich isotherm model describes multilayer
adsorption onto heterogeneous surfaces.89 The two parameters
of the Freundlich equation are KF (Freundlich constant) and nF

(surface heterogeneity). The 1/nF factor represents the adsorp-
tion intensity, indicating the site energy distribution and
heterogeneity of the adsorbate. Notably, the adsorption is
favorable when 1/nF values are between 0 and 1 (0 o 1/nF o 1).

The Toth isotherm is a modified variant of the Langmuir
equation, aiming to improve the fitting by minimizing the
error between the experimental data and estimated value.90

Fig. 7 (A) The effect of contact time on the removal of CR by various
aerogel beads, including CNFs, CCs, and CPCs. (B) The equilibrium
adsorption and removal efficiency of CNFs, CCs, and CPCs aerogel beads
(CR concentration:1000 mg L�1, adsorbent dosage:1 g L�1, pH:7.4). In
Fig. 7B, the inset images show the successful removal of CR dye by CPCs
aerogel.

Table 1 Adsorption isotherm constants for CR adsorption on CPCs aerogel bead

Isotherm model Formula Parameter Values

Two-parameter models
Langmuir

qe ¼
qmKLCe

1þ KLCe

qm [mg g�1] 1286.61 � 52.07
KL [L mg�1] 0.078 � 0.015
R2 0.9829

Freundlich
qe ¼ KFC

1
nF
e

KF [L mg�1] 347.24 � 53.9
1/nF 0.23
R2 0.9558

Three-parameter models
Toth

qe ¼
qmKtCe

1þ KtCeð ÞnT½ �
1
nT

qm [mg g�1] 794.73 � 15.13
KT [L mg�1] 0.2 � 0.084
nT 0.91 � 0.03
R2 0.9926

Redlich–Peterson
qe ¼

KRPCe

1þ aRPC
nRP
e½ �

KRP [L g�1] 173.60 � 46.97
aRP [L mg�1] 0.23 � 0.099
nRP 0.91 � 0.03
R2 0.9926

Sip
qe ¼

qmðKSCeÞnS
1þ KSCeð ÞnS

qm [mg g�1] 1349.77 � 34.36
KS [L g�1] 0.02 � 0.0057
nS 0.86 � 0.059
R2 0.9964

Materials Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
Ju

ne
 2

02
4.

 D
ow

nl
oa

de
d 

on
 1

1/
6/

20
25

 1
0:

48
:5

1 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ma00380b


7210 |  Mater. Adv., 2024, 5, 7199–7221 © 2024 The Author(s). Published by the Royal Society of Chemistry

The KT (L mg�1), nT, and qm (mg g�1) are the Toth constants
and maximum adsorption capacity, respectively.

As a hybrid isotherm model, the Redlich–Peterson contains
three parameters (KRP (L g�1), nRP, and aRP (L mg�1)), which
comprise the feature of both Langmuir and Freundlich
isotherms.91,92 The nRP is an exponent which lies between zero
and one. When nRP is close to 1, the Redlich–Peterson
approaches the Langmuir condition.

Sip isotherm is the combined form of the Langmuir and
Freundlich isotherm models, developed to overcome the lim-
itations of increasing adsorbate concentration primarily experi-
enced in the Freundlich isotherm model.93 The parameters qm

(mg g�1), KS (L g�1), and nS are the Sips maximum adsorption
capacity and the Sip isotherm constant and exponent,
respectively.

The nonlinear fitting of adsorption isotherm models to the
equilibrium experimental data, derived from the adsorption of
CR onto CPCs composite aerogel, is shown in Fig. 8. The
adsorption profile of all isotherm models demonstrated a
similar pattern. The predicted isotherm parameters for non-
linear models (i.e., two and three-parameter models) are all
fully presented in Table 1. Overall, comparison of the value of
the correlation coefficient (R2) (Table 1) that three-parameter
models estimated a higher correlation coefficient (40.992)
than two-parameter models.92 Furthermore, according to the
presented data, the non-linearized Sip, Redlich–Peterson, and
Langmuir isotherms provided a much better fit to the equili-
brium experimental data than Toth and Freundlich isotherms.
Among two-parameter models, the correlation coefficient (R2)
value of the Langmuir model (0.982) was higher than that
of the Freundlich isotherm (0.955), revealing that the
Langmuir isotherm model yielded a better fit. In addition,
the maximum adsorption capacity (qm) obtained by applying
the Langmuir model equation was 1286.61 � 52.07 mg g�1,
which was far from the value predicted by Freundlich isotherm

(347.24 � 53.9). Notably, the constant parameter of 1/nF from
the Freundlich equation is less than one (0.23), demonstrating
that the CR dye is favorably adsorbed by porous CPCs aerogel
bead. According to the R2 value of three-parameter models
(Table 1), the correlation coefficient of Sip isotherm was higher
(0.996) than the Redlich–Peterson and Toth models, which had
equal values (0.9926), suggesting that the adsorption phenom-
ena of CPCs composite bead aerogel are well described by Sip
isotherm assumption.94–96 As shown in Fig. 8, the Sip isotherm
curve acceptably fit the experimental data, and the shape of the
curve was highly correlated with the characteristic of the
Langmuir isotherm model.

Moreover, the Sip isotherm is identified by the heterogeneity
factor, nS, and when nS = 1, the Sip model reduces to Langmuir
isotherm.75,85,97 Herein, the nS value was 0.9, approximately,
demonstrating that the adsorption process of CR dye onto CPCs
aerogel bead was homogeneous and referred explicitly to
monolayer adsorption. The maximum adsorption capacity cal-
culated from Sip isotherm was 1349.77 � 34.36 mg g�1. This
high adsorption capacity is resulted from the impregnation of
functional biomaterials (PNFs and Cs) into the CPCs composite
aerogel, indicating that CPCs have the best capability to remove
anionic dye from an aqueous solution. The extent of adsorption
obtained from the two parameters of qm (794.73 � 15.13) and
the ratio of KRP/aRP (754.8 � 10.8) related to Toth and Redlich–
Peterson equations, respectively, were comparable.92,98 Conse-
quently, adsorption mechanism follows the monolayer adsorp-
tion of CR dye on a homogeneous surface of CPCs composite
aerogel beads, in which all active sites have a similar affinity for
the adsorbate.

Adsorption kinetic. The study of adsorption kinetic provides
specific information about the rate and mechanism of adsorp-
tion, which is crucial for evaluating the adsorption perfor-
mance of adsorbent.99 In this study, the experimental
kinetic data was analyzed with four well-known kinetic models:
(i) nonlinear pseudo-first-order (eqn (1)),83 (ii) non-linear
pseudo-second-order (eqn (2))100,101 (iii) non-linear Evolich
(eqn (3)), and (iv) intraparticle diffusion (Weber and Moris
model) (eqn (4)).102 The kinetic equations are expressed as
follows:

qt = qe(1 � e�k1t) (3)

qt ¼
k2q

2
et

1þ k2qet
and h ¼ k2q

2
e (4)

qt ¼
1

b
ln abtþ 1ð Þ (5)

qt = kidt1/2 + Ci (6)

where qe,cal, and qt (mg L�1) are the amount of adsorbed
CR onto aerogel at equilibrium and at a given time (t) in
minutes, respectively; h represents the initial adsorption rate
(mg g�1min�1), k1 (min�1) and k2 (g mg�1min�1) are the rate
constants for pseudo-first-order (PFO) and pseudo-second-

Fig. 8 Nonlinear fitting of adsorption isotherm models to the equilibrium
experimental data obtained from the adsorption of the CR onto the CPCs
aerogel bead.
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order model (PSO), respectively. In fact, in the PFO model, the
penetration of adsorbent into the boundary layer is the con-
trolling step. In contrast, chemical adsorption is the governing
mechanism in the PSO model and controls the adsorption
process. In the Elovich model (eqn (3)), a (mg g�1 min�1) is
the initial adsorption rate constant, and b (g mg�1) is asso-
ciated with the extent of surface coverage and activation energy
for chemical adsorption. The kid (mg g�1min�0.5) is attributed
to the rate constant for interparticle diffusion, and Ci (mg g�1)
is the intercept related to the thickness of the boundary layer.

Fig. 9 presented the non-linear fitting of PFO, PSO, and the
Elovich kinetic models for CR adsorption at the initial concen-
tration of 1000 mg L�1 onto aerogels with various composi-
tions, i.e., single-component (CNFs), hybrid (CCs), and three-
component (CPCs) aerogel composite beads. Rate constants
and other parameters of these kinetic models are summarized
in Table 2. The coefficient of determination (R2) was used to
assess the validity of adsorption kinetic models. Among non-
linear kinetic models exhibited in Fig. 9A–C, the PSO kinetic

model (Fig. 9B) was fitted well to the experimental data. More-
over, the R2 value from the non-linear form of the PSO model
(R2

Z 0.978) (Table 2) was higher than those of the PFO (R2
Z

0.965) and the Elovich models (R2
Z 0.869), suggesting that CR

adsorption onto the aerogel beads (CNFs, CCs, and CPCs) was
well expounded by PSO model which means that chemisorption
might be the dominating mechanism of adsorption98,103,104

Furthermore, the theoretical adsorption capacity (qe,cal) of all
types of aerogels calculated from PSO equation correlated
strongly with the experimental adsorption capacity (qe,exp,
994 mg g�1) (Table 1). In the case of CPCs aerogel composite
bead, for instance, qe,exp was 994 mg g�1; however, the qe,cal

value obtained from PFO and PSO equation were 833.74 mg g�1

and 962.41 mg g�1, respectively, revealing an insignificant
difference between qe,exp and qe,cal in PSO kinetic model.
Similarly, the qe,cal values for CCs (679.36 mg g�1) and CNFs
(234.41 mg g�1) aerogel beads from PSO were close to their
values of qe,exp, which were 656 mg g�1 and 226 mg g�1,
respectively. Notably, the plot of Qt vs. time for all aerogel

Fig. 9 Kinetic modelling of the adsorption of CR dye (initial concentration of 1000 mg L�1) onto the aerogels with various compositions, i.e., single-
component (CNFs), hybrid (CCs), and three-component (CPCs) aerogel composite beads: (A) Pseudo-first-order, (B) Pseudo-second-order, (C) Elovich,
(D) intraparticle diffusion models.

Materials Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
Ju

ne
 2

02
4.

 D
ow

nl
oa

de
d 

on
 1

1/
6/

20
25

 1
0:

48
:5

1 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ma00380b


7212 |  Mater. Adv., 2024, 5, 7199–7221 © 2024 The Author(s). Published by the Royal Society of Chemistry

beads (Fig. 9A–C) exhibited the rapid adsorption of CR on the
outer surface of aerogel beads for the first 60 min. Concerning
the PSO initial adsorption rate constant, h, the values reported
in Table 2 increased as biomaterials such as Cs and PNFs with
various functional groups were impregnated in the porous
matrix of CNFs aerogel beads (CPCs).105 In the case of CNFs
aerogel beads, for instance, the adsorption rate was around
0.021 (mg g�1 min�1); however, the mass transfer rate
increased incredibly by almost 313.42% by the addition of Cs
and PNFs to the aerogel structure (CPCs). The presence of
accessible active sites on the surface of aerogels and the highly
porous structure of CPCs aerogel beads provided an excellent
affinity for adsorbing higher amounts of CR molecules. Conse-
quently, the adsorption capacity of composite aerogel is
enhanced to a greater extent. Thus, these results uncovered
the outstanding performance of functionalized CNFs compo-
site aerogel beads complexed with Cs and PNFs.

Overall, adsorption kinetics are governed by multiple sub-
sequent steps, i.e., film diffusion, surface diffusion, and intra-
particle diffusion, of which intraparticle diffusion is considered
the most rate-limiting step.87,106 The intraparticle diffusion
model (eqn (4)) was used to study the diffusion mechanism,
and the calculated results are presented in Fig. 9 and Table 2.
The diffusion mechanism includes an initial portion attributed
to boundary layer diffusion in which the dye molecules migrate
from the bulk solution to the adsorbent and pass a boundary
layer, rapid adsorption on the exterior surface of the adsorbent
called surface adsorption, followed by a steady adsorption stage
where dye molecules enter the pores of the sorbent and are
known as the intra-particle diffusion. Lastly, a plateau to
equilibrium was attained at the final stage, where the inter-
particle diffusion tended to reduce as the adsorbate concen-
tration in the solution and accessible adsorption sites
decreased.85,86,107 As shown in Fig. 9, the intra-particle diffu-
sion curve of Qt versus t0.5 exhibited three linear regions for all
aerogel beads (i.e., CNFs, CCs, and CPCs) that did not pass

through the origin, expounding three steps governed the
adsorption of CR onto the aerogels.

Furthermore, the negative intercept value (C) of the initial
line implied minimum boundary-layer resistance. Overall, the
ki value of all aerogels in each step followed the order of k1d 4
k2d 4 k3d, in which the initial sharp slope (k1d) corresponded to
the accelerated migration of CR molecules from the aqueous
solution to the exterior surface of aerogels (film or surface
diffusion), the second moderate slope (k2d) demonstrated the
steady adsorption of CR into the interior surface of porous
aerogel beads which was also the rate-controlling step, and k3d

represented the final step where the slow diffusion of CR
molecules from larger pores into the macro and micro-pores
caused a reduction in adsorption rate. According to Table 3, the
highest and lowest values of k1d were observed for the CCs
(30.3 mg g�1min�0.5) and CNFs (8.14 mg g�1min�0.5) aerogel
beads, respectively. Surprisingly, the value of k1d for CCs hybrid
aerogel beads was higher than that (26.5 mg g�1min�0.5) of
the CPCs composite aerogel beads, indicating that the mass
transfer of CR molecule from the solution to the outer surface
of hybrid aerogel bead was faster than surface adsorption
process of CPCs composite aerogel. In addition, the kid

values of CCs aerogel in the second and third stages were
about 23 mg g�1min�0.5 and 19 mg g�1min�0.5, respectively,
which were approximately close to the k2d and k3d values
obtained for CPCs composite aerogels. Comparing the value
of R2 in the second and third steps, we propose that the
mixture of pore diffusion and intra-particle diffusion is the
rate-limiting step of the CR adsorption onto the composite
aerogel beads108.

Upon comparing the outcomes of this study to the results of
previous research on the adsorption capacities of different
adsorbents for CR dye in aqueous solutions, it can be con-
cluded that our results are highly favorable (Table S2, ESI†). All
of the data collected were successfully fitted to the pseudo-
second-order kinetic model.

Table 3 Intraparticle diffusion model for CR adsorption on CNFs, CCs, and CPCs aerogel beads

Aerogel

First stage Second stage Third stage

C
k1d

(mg g�1min�0.5) R2
k2d

(mg g�1min�0.5) R2
k3d

(mg g�1min�0.5) R2

CNFs 8.14 � 1.88 0.946 7.89 � 0.59 0.954 6.4 � 1.7 0.937
CCs 30.27 � 1.79 0.989 23.38 � 1.6 0.97 18.814 � 1.47 0.9939
CPCs 26.49 � 6.49 0.943 22.34 � 1.84 0.942 19.59 � 1.67 0.9927

Table 2 Kinetic parameters for the adsorption of CR dye using CNFs, CCs, and CPCs composite aerogel beads

Kinetic model

Pseudo-first order Pseudo-second order Elovich

qt = qe � (1 � eK1t)
qt ¼

k2q
2
e t

1þ k2qet
and h ¼ k2q

2
e qt ¼

1

b
ln abtþ 1ð Þ

qe,cal
[mg g�1]

K1
[10�1 min�1] R2

qe,cal
[mg g�1]

K2
[10�6g mg�1 min�1]

h mg
[g min�1] R2

a
[mg g�1 min�1]

b
[g mg�1] R2

Adsorbate CNFs 209 0.07 0.965 234.41 0.4 0.021 0.978 6.89 0.025 0.869
CCs 588.5 0.03 0.964 679.36 4.81 2.21 0.993 3.944 0.006 0.983
CPCs 833.74 0.03 0.967 962.41 3.46 3.2 0.981 4.44 0.004 0.971
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Study on adsorption mechanism. To better elucidate the
intra-particle diffusion process, a morphology study of CPCs
aerogel beads was conducted. The FE-SEM micrograph of CPCs
aerogel after CR adsorption is shown in Fig. 10A–I. The com-
posite aerogel retained good stability after dye adsorption
(Fig. 10A), and the spherical shape of the composite beads
remained almost unchanged. Furthermore, the surface mor-
phology of the aerogel bead did not alter much during the dye
desorption process (Fig. 10B and C). At low magnification
(Fig. 10C and D), the surface morphology of CPCs beads
demonstrated porous microstructure containing cellular inter-
connected pores (Fig. 10D), while FE-SEM images under higher
magnification presented assembled fibrils (Fig. 10E). The cross-
section of the CPCs beads shown in Fig. 10F–I, demonstrating
an integrated robust structure with a porous configuration
(Fig. 10G). Notably, the open porous network structure of CPCs
beads was well preserved after dye adsorption (Fig. 10H). The
morphological results at higher magnification revealed the thin
wall of CPCs composite aerogel consisting of a network of
entangled individual nanofibrils (Fig. 10I). The FE-SEM -EDX
mapping images of CPCs aerogel beads before and after CR
adsorption (Fig. S6A and D, ESI†) and their EDX analysis (from
the surface (CPCs-Surface) and cross-section (CPCs-Cross)) are
presented in Fig. S6G and H (ESI†). The results showed that
carbon with content of 55% to 58 wt% was the main element in
CPCs aerogel. The elemental mapping of CPCs-Control revealed
that Cs and PNFs were uniformly dispersed and combined with
CNFs in the aerogel. Furthermore, the atomic percentages of
CPCs-Control (Fig. S6B and C, and C-Mapping, ESI†) and CPCs-
Cross (Fig. S6E and F, and F-Mapping, ESI†) demonstrated that
after dye adsorption, the C, N, and S contents increased by
5.45%, 33.3%, and 300 wt%, respectively. In contrast, the

oxygen content decreased by 17.07 wt% (Fig. S6G and H, ESI†).
These findings demonstrate a significant rise in the sulfur
content of the aerogel are good evidence that CPCs effectively
adsorbed the CR dye.

The FTIR spectra of CPCs before and after adsorption of
1000 mg L�1 CR (Fig. 11A, red line), reveal new peaks at 1040,
1175, 1228, and 1373 cm�1, ascribed to SQO stretching of the
–SO3 group, while other peaks at 835 and 1459 cm�1 are
attributed to aromatic backbone vibration of CR.69,70,109,110 A
weak shoulder was observed at 1586 cm�1, attributed to the –N
= N- stretching vibration, and the adsorption band of amide I
was shifted to a lower wavelength (1618 cm�1).111 These find-
ings indicated that CR was strongly adsorbed by CPCs compo-
site aerogel.

To verify the above-obtained results, the elemental composi-
tion of CPCs aerogel beads was characterized by XPS. As shown
in Fig. 11B, the XPS survey spectra of CPCs aerogels before
(CPCs-W, Inset image of white aerogel bead) and after adsorp-
tion of CR (CPCs-R, Inset image of red aerogel bead) showed
similar characteristic peaks of C 1s (285 eV), O 1s (532 eV), and
N 1s (399 eV), while the additional peaks at 230 eV (S 2s)112–115

and 167 eV (S 2p)116 were only detected for CPCs-R, implying that
CR dye molecule was successfully adsorbed on the surface of
CPCs aerogel. To obtain detailed information on the elemental
composition of the aerogel composite and to compare the
changes of the peaks before and after the adsorption of dye, the
core peaks of the contained elements (C 1s, O 1s, N 1s, and S p)
were separately deconvoluted and shown in Fig. 11B.

The high-resolution C 1s XPS spectrum of CPCs aerogel from
Fig. 11B was deconvoluted (Fig. 12A) into five main peak
components at 284 eV, 285 eV, 286 eV, 287 eV, and 288 eV,
corresponding to the C–C/C–H/CQC, C–N/C–S, C–O, CQO, and

Fig. 10 FE-SEM micrograph of CPCs aerogel after CR adsorption: (A) spherical aerogel (investigating morphologies of aerogel from the *surface and
**cross-section directions). (B) Highly porous surface of CPCs aerogel. (C)–(E) High-resolution FESEM images of CPCs porous microstructure containing
cellular interconnected pores. (F) The cross-section of CPCs- aerogel bead with integrated robust structure, and (G)–(I) high-resolution FESEM images of
CPCs consisting of a network of entangled individual nanofibrils.
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N–CQO, respectively.82,117 The other weak peaks observed in
the spectrum of CPCs-W aerogel at 287.5 eV (CQN) and 290 eV
(COOH) disappeared after the adsorption of CR, and instead,
new small peaks at 285.6 eV (CQC–N) and 286.47 eV (C–NH3

+,
C–N) arose in the spectrum of CPCs-R. The strong peak at 283
eV in the CPCs-R spectra (Fig. 12A) can be related to the C–C/C–
H/CQC linkages of adsorbed CR dye. Furthermore, owing to
the chemical structure of CR, the dye-adsorbed CPCs composite
aerogel had a higher content of the C–N/C–NH3

+ linkages, which
might result in overlapping with the C–O functional groups of
CPCs-W aerogel and thus weakening of the peak intensity at
286 eV.118 In Fig. 12A (CPCs-W), the binding energy at B289 eV
was assigned to the side-chains protonated carboxylic acid groups
in glutamic acid and aspartic acid, referring to the incorporation
of PNFs into the CNFs/Cs composite aerogel.119 However, this
peak disappeared in the spectrum of CPCs-R, suggesting the
formation of hydrogen-bonding interaction between the car-
boxylic groups of CPCs aerogel and the amine group of CR dye.

A deconvoluted O 1s spectrum of CPCs-W aerogel (Fig. 12B)
revealed four peaks at 530.6, 531.9, 533.2, and 535.1 eV,
attributed to the COO�1, �OQC–O/OQC–N, OQC–�O, and O–H
(H2O), respectively.117 Notably, after the adsorption of dye by
CPCs aerogel, the spectrum of CPCs-R changed distinctly. In
detail, the intensity of characteristic peaks at 530.6 and
535.1 eV decreased, and their peak position shifted to the lower
binding energies by 0.3 eV and 0.6 eV. Besides, the carboxylic
peak of CPCs-W at 533.2 eV disappeared or might overlap with
the critical energy peak of the carbonyl group at 532 eV. These
results might be related to the significant contribution of
aliphatic carbon, aromatic, and amine groups of CR dye
molecules in forming new chemical bonds with active compo-
nents of CPCs composite aerogel.

The N 1s narrow region spectra of CPCs aerogels (Fig. 12C)
were fitted into three sub-peaks at 398.5, 399.7, and 401.1 eV,

which were attributed to NQC–NH, C–N/NQC–NH/OQC–NH,
and C–NH+/QN+–, respectively.47,96 The high-resolution spec-
trum of N 1s verified the amino acid sequences of the nanofi-
bril protein (including His, Glu, Asp, Ala, Tyr, and Cys). His’
imidazole group was verified by lower N 1s binding energies at
398.5 eV for CQ�N and at 399.7 eV for C–�NH.120 In addition, His
revealed a third N 1s signal at 401.4 eV, which could be related
to the a-amine nitrogen, in line with the data of protonated a-
nitrogen for other amino acids sequences such as Gly, Glu
and Asp.

A comparison of the changes in N 1s spectrum before and
after CR dye adsorption (Fig. 12C) reveals that the intensity of
the peak component belonging to C–NH+ (amine) and OQC–
NH (amide) decreased, and the oxidation state (–NQ) at
397.7 eV increased. These results proved the presence of active
functional groups in the structure of CPCs composite aerogel.
They verified the formation of a chemical bond between the
sulfite (–SO3

�2) groups of dye molecule and protonated amine
(–NH3

+/QN+–) groups of CPCs composite aerogel47.
The deconvolution of the high-resolution S 2P spectra of

CPCs composite aerogel bead before adsorption of CR
(Fig. 12D) gave rise to peaks at 163 eV and 164.23 eV, account-
ing for the unbound thiols (S–H bonds), and disulfides (–S–S–),
respectively.121,122 Protein nanofibrils have cysteine residues
containing thiol groups at the C-terminus, which can either
interact to form intra- and inter-molecular disulfide linkages
(sulfur-sulfur) or may remain as free thiols.121 Moreover, owing
to the oxidation phenomenon of the surface, thiosulfate
(–S2O3

2�) species with an S 2p2/3 binding energy of 168.7 eV
was also observed in the spectrum of CPCs-W. Interestingly,
after the dye adsorption, a new strengthened peak with an S
2p1/2 binding energy at 167 eV arose in the CPCs-R aerogel
spectrum (Fig. 12D). This characteristic peak was assigned to
the sulfonate moieties (–SO3

�) of the CR dye molecule. These

Fig. 11 (A) FTIR and, (B) XPS survey spectra of CPCs aerogel before (blue line) and after (red line) CR adsorption (initial concentration of 1000 mg L�1) at
pH = 7.4.
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Fig. 12 High-resolution XPS spectra of (A) C1s, (B) O1s, (C) N1s, and (D) S1p of CPCs aerogel before and after CR adsorption at pH = 7.4, (CPCs-W, the inset
image indicates the white CPCs aerogel bead as control sample) (CPCs-R, the inset image represents the aerogel bead after adsorption), (E) schematic
representation of the binding of CR on to the CPCs aerogel surface.
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results suggested that the sulfur element with the S 2p1/2
photoemission signal at 167 eV was the predominant element
involved in the solid electrostatic interactions with the proto-
nated amine (–NH3

+) groups of CPCs aerogel96.
Adsorption mechanism. Based on our data, we propose

multiple adsorption mechanisms for the adsorption of CR by
the CPCs aerogel (Fig. 12E). The CPCs aerogel is composed of a
variety of biopolymers (i.e., crosslinked CNFs, Cs, and cross-
linked PNFs) with a large number of binding sites provided by
inter alia hydroxyl, carboxyl, guanidine, amine, amide and thiol
groups. When the dye is below its isoelectric point, it primarily
exists in its molecular form. However, above the isoelectric
point, it predominantly takes on its dissociated form. In the
case of CR (with an isoelectric point of 3), it becomes negatively
charged within the pH range of 5.0–10.0.81 The calculated zeta-
potential value for CPCs (47.3 � 1.3) revealed that the adsor-
bent surface had a positive charge under neutral conditions.
Adding Cs and PNFs to the matrix of CNFs, the chemical
composition of the aerogel was enriched with amine groups.
The amine groups were positively charged NH3+ with the
ionized H+ in the aqueous solution. Besides, CR is an acidic
diazo dye containing sulfonic groups (–SO3H), forming
negatively charged (–SO3

�) in an aqueous solution,81 and thus
attracted electrostatically to the positively surface amine groups
of CPCs aerogel.123,124 Additionally, specific molecular compo-
nents of CR, such as N, S, O, benzene ring, and CH2OH groups
in the chitosan molecule, have the potential for hydrogen bond
formation (Table S1 and Fig. 12E, ESI†). Moreover, the electro-
negative hydrogen atoms of the CR can form hydrogen bonds
with the electronegative oxygen (from carboxyl and hydroxyl
groups) and nitrogen (from amine groups) of the CPCs aerogel.
Apart from this, the aromatic backbone of CR dye can interact
with the carbohydrate C–H bonds and form CH–p
interactions.125 Consequently, the physical structure of CPCs
aerogel bead, investigated through FE-SEM and BET analysis,
demonstrated that the increased specific surface area, high
porosity, and the microchannel orientation of the aerogel bead
enhanced the diffusion of CR molecule into the pore and inner
surface. In brief, strong electrostatic interactions, hydrogen
bonds, CH–p and p–p bonds, and the mesoporous structure
of the aerogel bead make CPC aerogels a high-performance
adsorbent for removing pollutants from water.

Conclusions

We have developed a green porous aerogel composed of whey
protein nanofibers/cellulose nanofibers/chitosan through the
facile procedure of ice-templating. Zeta potential analysis
revealed a positively charged surface at pH 7.4, nearly 47.3 �
1.34, which may be attributed to protonated amine groups
(–NH3+) on the surface of Cs molecules and whey PNFs.
Morphological studies revealed that the spherical CPCs aerogel
had a specified center-diverging microchannel structure. The
results of BET were consistent with the FE-SEM observations,
implying that the CPCs aerogel has a porous structure

consisting of mesoporous and flexible thin walls, which
endowed the CPCs aerogel with enhanced adsorption capacity
and rapid mass transportation of liquid. The maximum adsorp-
tion capacity calculated from Sip isotherm was 1349.77 � 34.36
mg g�1, demonstrating that the adsorption process of CR dye
onto CPCs aerogel bead was homogeneous and referred expli-
citly to monolayer adsorption. The interconnected pore chan-
nels found in CPCs aerogel provided abundant transport
pathways, allowing for efficient separation and elimination of
dye molecules. In contrast, the inclusion of functional groups
within these channels facilitates their interaction with specific
moieties. Our adsorption studies suggest that the mixture of
pore diffusion and intra-particle diffusion might be the rate-
limiting step of the CR adsorption onto the composite aerogel
beads. Consequently, CPCs composite aerogel beads with
homogeneous surface and active sites have a high potential
to remove pollutants from wastewater.

Abbreviation

bLG b-Lactoglobulin
CA Citric acid
CCs CNFs/Cs aerogel beads
CNFs Cellulose nanofibers
CR Congo red
Cs Chitosan
CPCs CNFs/Cs/PNFs aerogel beads
PAE Polyamideamine-epichlorohydrin
PNFs Protein nanofibrils
PNFs-C Cross-linked protein fibrils
ThT thioflavin T
WPI Whey protein isolate
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