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This study explores the preparation of hierarchical porous adsorbent starting from asphaltenes fibers. Solid
or agueous KOH, Fe(NOs)z, and Al(NOs3)s activation agents were mixed with the fibers followed by treatment
at 573 K for 24 h under air atmosphere. The resulting structures were characterized and assessed as
adsorbents for methyl orange from aqueous solutions. Asphaltenes fibers modified with solid A(NOs3)s
exhibited the highest adsorption capacity (6.32 mg g™) and removal efficiency (79%) at 298 K and pH =
3. The intraparticle diffusion kinetic model fitted the experimental data across two time zones
corresponding to initial diffusion into the mesopores followed by diffusion into micropores. The second
zone could equally be modeled by a pseudo-second order model corresponding to chemisorption onto
active sites. The equilibrium uptake was best described by Langmuir isotherm, indicating monolayer

Received 1st May 2025 chemisorption of endothermic nature (AH® = 8.41 kJ mol™). The modified fibers retained significant
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adsorption capacity with 76.22% of initial adsorption capacity over five cycles, demonstrating their

DOI: 10.1039/d5ra030619 stability and reusability. This study highlights the potential of chemically activated asphaltenes fibers as
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1. Introduction

The quality of natural waters is increasingly compromised by
calcitrant pollutants from industrial, agricultural, and domestic
sources. Contaminants such as heavy metals and organic
compounds that pose serious health and environmental risks*
continue to find their way into the different water bodies.
Methyl orange (MO) is a synthetic organic azo dye widely used in
textiles, printing, and as a pH indicator.> MO wide use, resis-
tance to biodegradation as well as its potential toxicity to
aquatic ecosystems make it a significant water contamination.?

Among the different water treatment methods, adsorption
has proven highly effective due to its adaptability and afford-
ability. The performance of the adsorption process depends
largely on the adsorbent material, which must effectively
capture pollutants and contribute to no or little back contami-
nation.** Carbon-based adsorbents, including graphene oxide
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effective adsorbents for wastewater treatment.

(GO), carbon nanotubes (CNTs), and activated carbon, are
widely used due to their high surface area, stability, and reus-
ability. However, materials such as GO and CNTs are relatively
costly and can complicate post-treatment due to their nanoscale
size and mechanical stability, raising additional environmental
concerns.® As a result, there is a growing need to develop cost-
effective, reusable, and eco-friendly adsorbents for sustainable
water treatment.

Asphaltenes particles, a by-product of the petroleum
industry, present a promising alternative. Asphaltenes are
abundant, inexpensive, and can be chemically modified.
Asphaltenes pose challenges during oil production and pro-
cessing, leading to significant losses.” On the other hand, the
use of asphaltenes particles as adsorbents has been successfully
demonstrated, especially when chemically activated with KOH.
KOH-activated asphaltenes particles exhibited remarkable
adsorption for CO, (7.15 mmol g~ ') and H,S (12.86 mmol g™ )
under atmospheric pressure at 298 K, alongside a stable cyclic
adsorption-desorption performance.® Moreover, asphaltenes
particles mixed with KOH in a 1 : 2 mass ratio and heated to 873
K displayed high surface area (970 m*> g~ ') and significant
adsorption for methylene blue (218.15 mg g ').°> Nevertheless,
KOH activation has some drawbacks, including the corrosive-
ness of KOH, which requires careful handling and disposal.*
The alkaline by-products from KOH activation must be
neutralized before disposal.’ In addition, excessive KOH reac-
tivity may damage the carbon structure." Alternative activation
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agents such as Fe(NO3); and Al(NO;); address these shortcom-
ings and proved effective at creating porous structures. For
example, iron-containing carbon foam (Fe-CF) with hierarchical
porous structure was synthesized by first carbonizing a mixture
of epoxy resin and nano-magnesium oxide, followed by
Fe(NO3); activation.> Hierarchical porous carbon was also
created using glucose and Fe(NO3);-9H,0 in ZnCl,-KCIl molten
salt.”® The impact of different amounts of Fe(NO3);-9H,O0 on the
surface area and adsorption capabilities for methylene blue and
methyl orange was examined.” Lastly, Al(NO;); activation
contributed to stable hierarchical micropores and mesopores
structure on zeolite."

Asphaltenes fibers offer significant handling advantages over
asphaltenes particles due to their larger size and fibrous
structure, which make them easier to separate from treated
water, hence reducing back contamination. Asphaltenes fibers
robustness also allows for multiple reuse cycles, contributing to
cost-effectiveness.*® While KOH activation of asphaltenes-based
carbon fibers has been studied,'® Fe(NOs); and Al(NO;); acti-
vation has not been explored. This study explores the use of
Fe(NOs); and Al(NO;); as activation agents and aims at estab-
lishing hierarchical porous carbons (HPCs) starting from
asphaltenes fibers. KOH activation is compared, together with
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the solid and wet impregnation techniques. MO removal from
aqueous solution was used to assess the performance of the
hierarchical adsorbent, and adsorption isotherms and kinetics
were established.

2. Experimental methods

2.1. Asphaltenes fibers modification

The as-received asphaltenes fibers (AsphF) used in this study
was provided by InnoTech Alberta (Edmonton, AB, Canada).
MO has a chemical formula of C,;,H,,N;NaO;S and molar mass
of 327.33 g mol™' (85% pure, ACS, Canada). The chemical
structure of MO is shown in Fig. 1. Chemical reagents such as
KOH (=85% pure), Fe(NO3);-9H,O (=98% pure), and
Al(NO3)3-9H,0 (=98% pure) were all obtained from Sigma-
Aldrich (Canada) and used as received. Double-distilled water
was used for all experiments.

Solid or aqueous solution of KOH, Fe(NO;);-9H,O, or
Al(NO3)3-9H,0 is used to synthesize chemically activated AsphF
following Scheme 1. The AsphF are mixed with the different
reagents at 1 g fiber:2 g reagent using solid mixing or
impregnation. Impregnation involves dissolving 0.6 g of the
chemical reagent in 10 mL of water before mixing with AsphF.
The mixture is then placed in an oven at 573 K for 24 h under air
atmosphere. The activated AsphF were collected and left to cool
to room temperature naturally. The fibers are then washed with
distilled water to ensure a neutral pH and left to dry in the oven
at 343 K for 3 h. Control samples exposed only to the heat
treatment step were collected for comparison.

The modified samples were given short names as follows:
AsphF-T for the heat-treated sample without chemicals; AsphF/
KOHs-T and AsphF/KOHagq-T for samples treated with solid and

(573 K) under air atmosphere for 24 h \ }

\
O~Na'
Fig. 1 Chemical structure of MO.
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Scheme 1 The synthesis steps of different chemically activated AsphF.
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Washing many times with distilled water to ensure the
neutralization of pH and dry the modified fibers (343 K for 3 h)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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aqueous KOH; AsphF/Fe(NO;);s-T and AsphF/Fe(NO;)zaq-T for
samples treated with solid and aqueous Fe(NO3)s; and AsphF/
AI(NO3);s-T and AsphF/Al(NO;);aq-T for samples treated with
solid and aqueous Al(NOj3);. These names are also explained in
the Abbreviations section.

The preparation of chemically activated AsphF potentially
offers a cost-effective strategy for developing functional adsor-
bents suitable for water treatment applications. Asphaltenes are
an abundant and low-cost byproduct of the petroleum industry.”
The activating agents used in this work, including KOH, Fe(NO3)s,
and Al(NO3)s, are widely available and reasonably priced."”** The
thermal activation process relies on heating in air, which helps
reduce operational complexity and energy requirements. We note
that the preparation of asphaltenes fibers through electro-
spinning has also been reported as cost-effective, with the raw
asphaltenes valued at approximately $0.04 USD per kg.** A recent
techno-economic analysis further indicates that the production
cost of asphaltenes-based carbon fibers can be kept below $9 USD
per kg.** Asphaltenes fibers could be less expensive in compar-
ison with some conventional carbon fiber precursors such as
polyacrylonitrile (PAN), which typically cost ~$25 USD per kg.**
These economic and material advantages support the feasibility
of using asphaltene-based adsorbents in large-scale water treat-
ment systems, especially where affordability and material avail-
ability are key considerations.

2.2. Modified AsphF characterization tests

The morphology of the modified AsphF was examined using
scanning electron microscopy (SEM) (Phenom, Thermo Fisher
Scientific, USA) operating at 15 kV accelerating voltage under
low vacuum of 50 Pa. Elemental composition of carbon and
oxygen for the untreated and chemically treated AsphF was
studied using energy-dispersive X-ray spectroscopy (EDX) anal-
ysis was performed with Phenom, Thermo Fisher Scientific
(USA). Nitrogen adsorption/desorption isotherms were estab-
lished using a Gemini VII 2390 surface area analyzer (Micro-
meritics, USA) at 77 K after degassing the samples in N,
environment at 393 K for 24 h. The specific surface area and
pore size distribution of the asphaltenes samples were calcu-
lated using the adsorption/desorption isotherms of N, at 77 K
using the multi-point Brunauer-Emmett-Teller (BET) and Bar-
rett-Joyner-Halenda (BJH) equations. Additionally, Fourier-
transform infrared spectroscopy (FTIR) was performed on an
Agilent Cary 630 spectrometer (Agilent, USA) over a wavelength
range of 650-4000 cm™". Each sample was scanned 64 times to
identify the functional groups.

Table 1 Batch adsorption experimental parameters
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2.3. Batch adsorption experiments

Batch adsorption experiments were carried out in an incubator
shaker (Orbital Shaker - Incubator ES-20, Grant-bio, Canada) to
assess the effectiveness of the AsphF in adsorbing MO before
and after modification. The effect of solution pH (3 to 11) and
temperature (298 K, 313 K, and 333 K) on the adsorption was
evaluated. Detailed conditions for the batch adsorption exper-
iments are summarized in Table 1.

To investigate the performance of the different adsorbents,
a specified amount of the modified/unmodified AsphF was
mixed with 10 mL of 20 mg per L MO solution to achieve 2.5 g
L' adsorbent dosage at pH ~ 7.0, 200 rpm and 298 K.
Preliminary tests from the kinetics study showed that MO
adsorption after 24 h is sufficiently close to equilibrium, while
still preserving the chemistry of the mixture from external
variable, e.g. CO, dissolution. The modified AsphF with the
optimal adsorption performance; namely AsphF/Al(NO;);s-T,
was selected to carry out further studies. Detailed kinetics
study was conducted by varying contact time 0-72 h at 298 K,
2.5 g L™ " adsorbent, and pH ~ 7.0 for MO initial concentrations,
Cj, of 20, 25, and 30 mg L. The adsorption isotherms were
established by varying C; between 5-30 mg L' and the ther-
modynamic parameters were obtained for 298 K, 313 K, and 333
K at pH ~ 7.0. The effect of solution pH on MO removal was
examined within a pH range of 3-11 at 298 K, 2.5 g L™ " adsor-
bent, and C; = 20 mg L. The pH was adjusted as needed with
0.1 M HCI or 0.1 M NaOH solution and was measured by pH
meter (Mettler Toledo Biotechnology S210, Canada). MO
concentration was determined by measuring its maximum
absorbance at Apyax = 464 nm using UV-vis spectrophotometer
(Shimadzu, model UV-2600, Japan). A calibration curve corre-
lating absorbance at 464 nm with MO concentration (1.25-
35 mg L™ ') was establish based on Beer-Lambert law.>* Doubled
distilled water was used as a blank. MO uptake by modified/
unmodified AsphF at a given time, g, (mg g '), and the
percent removal (%) of MO were calculated per eqn (1) and (2),
respectively.

g = GG (1)
(Ci - C,)

Removal (%) = x 100 (2)

i
Since relatively low concentration of MO was used, the solution
volume in eqn (1) is assumed to be time independent. At
equilibrium, g, and C; are replaced with the equilibrium uptake

Study Adsorbent Ci (mg L) t (h) T (K) pH

Adsorption performance Modified/unmodified AsphF included in 20 24 298 7
this study

Kinetics AsphF/Al(NO;);s-T 20-30 0-72 298 7

Isotherms AsphF/Al(NO;);5-T 5-30 24 298-333 7

Thermodynamics AsphF/Al(NO;);s-T 20 24 298-333 7

Impact of pH AsphF/Al(NO;);s-T 20 24 298 3-11

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Kinetics models, isotherms and thermodynamic relations used to describe the adsorption of MO onto AsphF/Al(NOsz)ss-T
Kinetic model (rate equation) Integral equation Equation number Reference
Pseudo-first order g = qe(1 — e (3) 22
k 4
log(ge — q1) = 10g ¢e — ﬁf @
Pseudo-second order gkt (5)
U= Yot + 1
_ 11, (6)
kg’ ge
Elovich 1 1 (7)
= (= )In(aB) + (—)lnt
“ (ﬂ) D+ 5
. o {
Intraparticle diffusion G =ki2+1 (8)
Bangham G _ ko ©)
log(m) = log<2v303 V) + o log(?)
Isotherm models
Langmuir Ce 1 Ce (10) 23
—_—= 4
qe qmax-LKL Jmax-L
1 (11)
R, = ———
Y e
i 1
Freundlich In g = In Ky + ﬁln C, (12)
Temkin ge=BIlnA+BInC, (13)
p- RT (14)
by
Dubinin-Radushkevich (D-R) In ge = In gmaxp-r — B’ (15)
1 16
s:RT1n<l+a> (16)
1 (17)
E=—
V28
Thermodynamic relation
AS? AH (18) 24
In K= (7) N (RT)
K =Ky, x 1000 x M x C° (19)
AG® = —RTInK (20)

(ge; mg g ') and the equilibrium concentration (C., mg L™ %).
The equations used to analyze adsorption kinetics, isotherms,
and thermodynamic properties are summarized in Table 2.

2.4. Adsorbent regeneration

To evaluate the reusability of the adsorbents, regeneration tests
were conducted. The tests involved mixing 2.5 g per L AsphF/
Al(NO;);s-T with 10 mL of 20 mg per L MO solution at pH = 7 at
room temperature. Following equilibrium, the adsorbent was
recovered using Whatman filter paper (no. 1, 11 pm), mixed into
20 mL ethanol for 1 h at 298 K, then washed repeatedly with
distilled water to remove residual MO or ethanol. After washing,
the regenerated adsorbent was dried at 343 K for 3 h and reused.

3. Results and discussion

3.1. Characterization of the modified AsphF

The SEM images in Fig. 2 and S1f capture the structural
changes in AsphF under various treatment conditions. The
control samples (AsphF and AsphF/W) in Fig. 2a and Siat
depict a destroyed structure likely due to thermal stress/

25044 | RSC Adv, 2025, 15, 25041-25054

hydrolysis during heat treatment at 573 K under air atmo-
sphere. Fig. 2b shows the samples treated with KOH, where
solid mixing resulted in the formation of small pores, whereas
the impregnation method caused significant destruction of the
fiber structure. Fig. 2c and Slct reveal that both solid
Al(NO3);-9H,0 mixing and impregnation produced pores;
nevertheless, solid mixing generated larger and more abundant
pores. Similarly, the samples treated with solid and aqueous
Fe(NO;)3-9H,0 in Fig. 2d and S1d,} respectively, depict the
formation of pores and ash in both treatments. Again, solid
mixing exhibits a higher extent of pores and a more preserved
structure which qualifies as hierarchical structure. Further-
more, the intact nature of the product and the ease of sepa-
rating the fibers after treatment highlight the structural
integrity achieved through solid mixing. These observations
underscore the effectiveness of activating AsphF using solid
mixing in preserving fiber structure and increasing porosity,
rendering it a superior method compared to impregnation.
Therefore, the rest of the characterization tests were performed
on samples modified by solid mixing. The oxidizing agents
Al(NO3);-9H,0 and Fe(NO;);-9H,O help in conserving the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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i 20 um

Fig.2 SEMimages of AsphF with and without solid activation under air atmosphere at 573 K for 24 h: (a) AsphF and AsphF-T (b) AsphF/KOHs-T (c)

AsphF/AU(NO3)ss-T (d) AsphF/Fe(NOsz)ss-T.

structure of AsphF during heat treatment by virtue of NO;™
(nitrate ions). Nitrate ions act as mild oxidizing agents, facili-
tating controlled oxidation away from excessive degradation or
fragmentation of the fiber structure, while incorporating
oxygen-containing functional groups. This explanation draws
from previous research on acid oxidizing agents, e.g. HNO3, to
stabilize asphaltenes-derived carbon fibers.*

Activation time is also one of the factors that affect the
morphology of AsphF.*® As the activation time increased, the

© 2025 The Author(s). Published by the Royal Society of Chemistry

surface of the AsphF became rougher, as evident in the SEM
images of Fig. S2.}

The hierarchical porous structures in Fig. 2 dictated the
nitrogen adsorption-desorption isotherms in Fig. 3. The
untreated AsphF exhibit minimal nitrogen adsorption, sug-
gesting very low porosity, while chemically modified fibers,
especially AsphF/KOHs-T, AsphF/Fe(NO;);s-T, and AsphF/
Al(NO3);s-T, displayed significant adsorption and distinct
hysteresis loops, confirming the presence of mesopores.”” The

RSC Adv, 2025, 15, 25041-25054 | 25045
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Relative Pressure (P/Po)

Fig. 3
distribution.

pore size distribution for the chemically modified fibers in
Table 3 showed substantial mesopores (30-50 A) volume (Vipeso)
of range 0.075-0.101 cm® g~ ! with a small contribution from
micropores (<20 A) volume (Vpicro) Of range 0.0004-0.00009 cm®
g~ '. The untreated AsphF show the lowest specific surface area
(Sger) of 1.27 m* ¢! and minimal total pore volume (Vioal)-
AsphF-T exhibit a slight increase in Sggr (2.12 m”* g7 ') and pore
volumes. Significantly enhanced properties are observed in
AsphF/KOHs-T showing an Sggr of 66.57 m* g ' and a notable
increase in mesopore volume (0.075 cm?® g '). The highest
surface area is achieved with AsphF/Al(NO;);s-T and AsphF/
Fe(NO3);s-T, with Sger values of 110.2 m* g~ " and 91.80 m* g,
respectively, and corresponding increase in Vot and Vipeso-
These results suggest that Fe(NO;); and Al(NO;); are superior
chemical activation agents to the more widely used KOH.

The FTIR spectra in Fig. 4 display the structural changes in
untreated and chemically modified asphaltenes fibers. For
AsphF, peaks at 2922 cm™ ' and 2847 cm ™' correspond to the
asymmetric and symmetric stretching vibrations of aliphatic
C-H bonds, indicating the presence of long aliphatic chains.?®?*®
The peak at 2105 cm ™' suggests the presence of weak C=C
stretching vibrations or carbonaceous materials, which are

View Article Online
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(a) Nitrogen adsorption—desorption isotherms of the modified and unmodified AsphF (dashed lines indicate desorption); (b) pore size
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Fig. 4 FTIR spectra of AsphF before and after chemical modification.

Table 3 Specific surface area, micropore and mesopore volume of the modified and unmodified AsphF obtained from N, adsorption—

desorption isotherms at 77 K

Type of isotherm Seer” (m* g™")

Vtotalbye (cm3 gil) Vmicroc (Cl’l’l3 gil) Vmesod (01’1'13 gil)

AsphF I 1.27
AsphF-T I 1.94
AsphF/KOHs-T v 66.57
AsphF/AI(NO3);s-T v 110.2

AsphF/Fe(NO;);s-T v 91.80

0.002 0.002 N/Df
0.003 0.003 N/D/
0.075 0.0004 0.075
0.081 0.0053 0.076
0.101 0.00009 0.101

“ Sger = specific surface area based on BET. b Viora = total pore volume at P/P, ~ 0.99. ¢ Viicro = T-plot micropore volume. 4 Y eso = Viotal — Vinicro-
¢ Cumulative volume of pores using BJH method./ N/D = not determined.
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Fig. 5 Elemental composition of carbon (C) and oxygen (O) for the
untreated and chemically treated AsphF.

common in asphaltenes structures.* The band at 1565 cm ™" is

attributed to the stretching vibrations of aromatic C=C bonds,
confirming the aromatic nature of asphaltenes.>**' The peak at
1438 cm ™' corresponds to aliphatic C-H bending vibrations,
further validating the presence of aliphatic hydrocarbons.*” The
peak at 1032 em ™" can be attributed to the ester linkages found
in the asphaltenes molecule.’” For the modified AsphF, distinct
changes are observed. In AsphF-T and AsphF/KOHs-T, the peak
at 2922 cm™ ' and 2847 cm ™' disappeared, likely due to thermal
oxidation. AsphF/Fe(NO;);s-T display additional peak at
835 cm ' attributed to Fe-O stretching and nitrate group
vibrations, confirming the incorporation of iron species.****
These modifications also show a decrease in the intensity of the
aliphatic C-H peaks, suggesting partial surface oxidation.
Similarly, AsphF/Al(NO3);s-T exhibit enhanced reduction in the
intensity of the aromatic functional groups. These results
confirm that chemical treatment introduces oxygen-containing
and metal-oxygen functional groups while preserving the
aromatic backbone of AsphF, which aligns with the gentle
oxidizing nature of nitrate ions (NO; ) discussed earlier.
Incorporating functional groups into the fibers while main-
taining their structural integrity, ultimately increases the
number of active binding sites.

The oxygen versus carbon composition of the untreated and
chemically treated AsphF is given in Fig. 5. AsphF-T show no
significant change in oxygen content, indicating a limited
oxygenated functional group. In contrast, treatments with KOH,
Fe(NO3)ss, and Al(NO3);s result in a substantial reduction in
carbon content relative to oxygen, suggesting successful surface
functionalization through oxidation and/or formation of
oxygenated species and metal complexes. This observation
aligns with literature interpretation, where also the slight
decrease in carbon content was attributed to partial oxidation.*

© 2025 The Author(s). Published by the Royal Society of Chemistry
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This transformation is critical for the stabilization process as it
facilitates the cross-linking of asphaltenes structures, pore
creation, enhancing the thermal stability and structural integ-
rity of the resulting carbon fibers.

3.2. Adsorption study

3.2.1. Adsorbent performance. MO adsorption by AsphF
improves significantly with chemical modification, as shown in
Fig. 6. AsphF and AsphF-T exhibited negligible adsorption
capacity and removal efficiency, suggesting that the none
chemically modified fibers have limited active sites for MO
adsorption. In contrast, for AsphF/KOHs-T, AsphF/Fe(NO3);s-T
and AsphF/Al(NO;);s-T the adsorption capacity and removal
percentage increased, demonstrating the role of surface func-
tionalization and increased porosity. Notably, AsphF/Al(NO;);s-
T achieved the highest removal efficiency (~43%) and adsorp-
tion capacity of approximately 3.2 mg g ', highlighting the
superior effect of AI(NO;);. Due to its outstanding adsorption
performance, AsphF/AI(NO;);s-T was selected for further in-
depth studies, including the evaluation of adsorption
isotherms, kinetics, thermodynamics, reusability, and potential
for wastewater treatment.

3.2.2. Adsorption kinetics. The kinetics of MO adsorption
onto AsphF/Al(NO;);s-T were evaluated using five widely
applied models: pseudo-first-order (PFO), pseudo-second-order
(PSO), Elovich model, intraparticle diffusion and Bangham
model to describe the adsorption mechanism and the rate-
controlling steps.”” Detailed fitting of the different models to
the kinetic data of MO adsorption onto AsphF/Al(NO;);s-T can
be found in the ESL}

Generally, PSO displayed a higher correlation coefficient (R
~ 0.9830) across all concentrations (Table S1 and Fig. S6t)
compared to the other models. PSO assumes chemical inter-
actions, via electron transfer or valency forces, govern the rate of
adsorption. It is noted that the adsorption of MO on different
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Fig. 6 Adsorption onto untreated and chemically treated AsphF: pH =
7,298 K, 24 h, 200 rpm, C; = 20 mg L~ and 2.5 g adsorbent per L.
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Fig. 7 PSO model for AsphF/AlNO3)zs-T for different C;.

adsorbents has been previously described wusing PSO
kinetics.>***" Nevertheless, a closer look at MO adsorption data
for the different initial concentrations reveals two distinct
adsorption zones; t = 18 h (zone 1) and ¢ = 18 h (zone 2). Fig. 7
and Table 4 show R” based on the linearized form of PSO for the
two zones for different MO initial concentrations. For example,
for 20 mg L~ " initial concentration of MO, the first zone exhibits
low R? value (~0.5970), whereas the second zone displays high
R* value (~0.9987). To thoroughly investigate these zones,
Weber and Morris intraparticle diffusion model was applied.*
The intraparticle diffusion model (Fig. 8) was fitted to the two
adsorption zones. The fit appears excellent for the two zones (R

= 0.9488). Physically, zone 1 describes diffusion into

mesopores. As evidenced by the higher k; ; value and negative
intercept, I, the initial adsorption into mesopores represents
rapid molecular diffusion into the larger pores. Conversely,
zone 2 describes diffusion into micropores, as reflected by lower
k; » value and positive I. It is noted that zone 2 could be equally
described by the pore diffusion model and the chemisorption
model, which suggests diffusion into micropore or chemisorp-
tion mechanism.>**3¢-3%

3.2.3. Adsorption isotherms. Several adsorption isotherms,
including Langmuir, Freundlich, Temkin and Dubinin-
Radushkevich (D-R), were fit to the equilibrium uptake for
different C; and temperatures, as shown in Fig. S10-S14.7
Langmuir isotherm (Fig. 9), which assumes monolayer

Table 4 Parameters of the best fit kinetic model (PSO and intraparticle diffusion)

Zone 1 Zone 2

20mg 7" 25 mg L 30mg L " 20mg 7" 25 mg L~ 30mg L "
PSO
R 0.5970 0.8035 0.7554 0.9987 0.9997 0.9997
Gee (mgg™) 10.67 9.24 9.75 4.02 4.29 4.20
k> (g mg™" min™") 0.00005 0.00075
Intraparticle diffusion
R 0.9940 0.9967 0.9959 0.9831 0.9492 0.9488
I(mgg™) —0.621 —0.630 —0.645 2.623 2.731 3.166
ki (g mg ™! min~*?) 0.122 0.016

25048 | RSC Adv, 2025, 15, 25041-25054
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Fig. 9 Langmuir isotherms fit for uptake by AsphF/Al(NOz)3s-T at
different temperatures.

adsorption onto a homogeneous surface with finite adsorption
sites, displayed the best fit (R* > 0.9782) across all temperatures
(Table S27).

© 2025 The Author(s). Published by the Royal Society of Chemistry

As the temperature increased from 298 K to 333 K, the
adsorption capacity of the maximum uptake (gmaxr) also
increased from 3.95 mg g~ ' to 5.14 mg g~ . The thermodynamic
analysis discussed in the next section shows a positive AH°
value, indicating an endothermic reaction that further supports
a shift of the equilibrium toward more adsorption at higher
temperatures. The separation factor (Ry) values extracted from
Langmuir isotherm (Table 5), decreased from 0.09 to 0.07 with
increasing temperature while 0 < Ry, < 1, which imply favorable
adsorption of MO onto the AsphF/Al(NO;);s-T adsorbent
surface.”

3.2.4. Adsorption thermodynamics. Thermodynamics
analysis is extremely important to study the heat interaction,
spontaneity and feasibility of adsorption onto the surface of
adsorbent. Thermodynamics parameters, including AH° and
AS°, can be evaluated using van't Hoff equation (eqn (18)). A
plot of van't Hoff equation is presented in Fig. $15.1 AG® values
were subsequently calculated using eqn (20) at different
temperatures.

The calculated values of AH’, AS® and AG® in Table 6 provide
valuable insight into the adsorption of MO onto AsphF/

RSC Adv, 2025, 15, 25041-25054 | 25049
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Table 5 Langmuir isotherm parameter fit

298 K 313 K 333 K
R? 0.9917 0.9893 0.9782
Gmaxt, (Mg g™ 3.95 4.31 5.14
K, (L mg™) 0.48 0.57 0.69
):3 0.09 0.08 0.07

Table 6 Thermodynamic parameters for the adsorption of MO dye
onto AsphF/Al(NO3)ss-T

AG° AH® AS°
T (K) (k] mol™) (kJ mol ™) (k] K™ mol™) R*
298 —29.65 8.41 0.13 0.9995
313 —31.59
333 —34.13

Al(NO;);s-T. As reported in the literature,® AG° values for
physical adsorption typically range from —20 to 0 kJ mol ",
while those for chemical adsorption are generally between —400
and —80 k] mol~". Based on Table 6, AG® values ranged from
—29.65 to —34.13 k] mol !, suggesting that the adsorption
process was not a single physical or chemical adsorption but
features both. This finding aligns with the results from the
kinetic model, which point to multiple mechanisms influencing
the adsorption process. It suggests that the adsorption of MO
on AsphF/Al(NO3);s-T is more complex than the PSO model
suggests, highlighting that chemisorption is not the only factor
affecting the adsorption rate. The negative values of AG® indi-
cate that the adsorption process is spontaneous and becomes
more favorable at higher temperatures. While reflecting an
endothermic adsorption process, the positive AH° value of
8.41 kJ mol ', in principle, contributes to more positive AG°.
The spontaneity of the adsorption process can be explained by
the steps involved during adsorption. Specifically, water mole-
cules initially adsorbed onto the surface must be desorbed
before any MO dye molecules are adsorbed. Since desorption of
water molecules is an endothermic reaction, and adsorption is
typically exothermic, it appears that the heat absorbed during
water desorption exceeds the heat released during dye adsorp-
tion. This results in an overall endothermic process. Addition-
ally, the molar volume of water molecules is much smaller than
that of MO dyes, meaning numerous water molecules must be
displaced to accommodate a single dye molecule.* The positive
entropy change indicates an increase in the overall randomness
at the solid-liquid interface during adsorption. While adsorp-
tion decreases randomness by organizing dye molecules onto
the adsorbent surface, desorption of water molecules increases
the system disorder, which in turn dominates the overall
change in entropy contributing positive AS°. This results agree
with results obtained by ref. 40.

3.2.5. Impact of pH. The solution pH plays a crucial role in
dye adsorption from aqueous solutions. The pH of the solution
influences the surface charge on the adsorbent as well as the
ionization of MO molecules.** Fig. 10 shows that the adsorption

25050 | RSC Adv, 2025, 15, 25041-25054
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Initial pH

Fig.10 pH effect on the adsorption of MO (298 K, 24 h, 200 rpm, C; =
20 mg L™, 2.5 g adsorbent per L).

of MO onto AsphF/Al(NO;);s-T is significantly influenced by the
pH of the solution. At lower pH, the uptake increases, peaking at
6.32 mg g ' at pH = 3. This increase is largely due to the
protonation of oxygen-containing functional groups on the
surface of the modified AsphF. The protonation increases the
positive charge density on the adsorbent surface, which in turn
strengthens the electrostatic attraction between with the
anionic sulfonate group (SO;) on MO.> However, increasing
the pH from 3 to 11 results in a 57% reduction in uptake. This
decline is attributed in part to the decreased protonation of the
adsorbent surface, subsequently decreased electrostatic inter-
action with the dye. Additionally, at higher pH, the increased
concentration of OH™ can compete with MO molecules for the
positively charged adsorption sites due to protonation of func-
tional groups or metal functionalization.**

3.2.6. Adsorption mechanisms. The adsorption mecha-
nism of MO onto AsphF/Al(NOj3);s-T shown in Fig. 11 involves
a combination of electrostatic interactions, 7-7 interactions,
hydrogen bonding, van der Waals forces, and pore-filling
effects, which synergistically enhance the adsorption process.
The electrostatic aspect of the adsorption was discussed while
discussing the effect of pH. The m-7 interaction between the
aromatic structures of MO and the m-electron-rich surfaces of
AsphF/Al(NO3);s-T further enhance the adsorption. The other
van der Waals forces play a supplementary role in stabilizing the
interaction between the dye molecules and the adsorbent
surface. Hydrogen bonding occurs between the hydroxyl groups
on the adsorbent surface and the nitrogen or oxygen atoms in
MO, contributing to the stability of the adsorption process.*
The hierarchical structure of AsphF/Al(NOj3);s-T provides a high
surface area and pore volume, facilitating the physical and
chemical entrapment of MO molecules at the surface of the
pores.

Although this study used pure methyl orange, the main
adsorption mechanisms are expected to apply to other similar
anionic dyes. Nevertheless, real wastewater may contain

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Adsorption mechanisms of MO into AsphF/Al(NOs)ss-T. Note: micropores are not visible in this magnification.
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Fig. 12 Regeneration performance of AsphF/Al(NO3)ss-T toward MO
adsorption experiments (298 K, 24 h, 200 rpm, C; = 20 mg L% 25 g
adsorbent per L).

a combination of contaminants that may compete on adsorp-
tion sites, and/or alter the chemistry of a given contaminant,
and/or adsorbent. Wastewaters belonging to certain industries
may be considered in future work.

3.2.7. Regeneration of modified AsphF. The regeneration
results of AsphF/Al(NOj;);s-T demonstrate its stability and
reusability over multiple adsorption-desorption cycles as
shown in Fig. 12. After the first cycle, a 8.54% decrease in
adsorption capacity occurs, which continues to decline across
the subsequent cycles. This reduction could be attributed to
partial loss of surface functionality, irreversible adsorption of
some MO molecules, or structural changes in the adsorbent
during repeated cycles. However, the decline in performance
remains minimal, with the adsorbent retaining a significant
portion of its initial capacity, highlighting its practical potential
for repeated use in wastewater treatment. These results under-
score the adsorbent durability and efficiency for cyclic applica-
tions of dye removal from water.

The comparison of various adsorbents used for MO removal
is shown in Table 7, highlighting their maximum uptake (gmax),
pH conditions, and contact times. Among the adsorbents,
AsphF/Al(NO;);s-T from this study demonstrate a good
adsorption capacity of 6.32 mg g~ ' at pH = 3 with a contact time
of 24 h.

Although the results are promising, there are some limita-
tions to consider. The adsorption capacity of the modified
fibers, while improved, is still lower than some advanced
materials such as nanostructured adsorbents. In addition, the

Table 7 Summary of literature results on the adsorption of MO using different adsorbents at T = 298 K in comparison to current results

Adsorbent Gmax (Mg g7) pH Contact time Reference
Chitosan beads 5.60 8 24 h 44
Functionalized multiwalled carbon nanotubes 52.86 2.3 2h 45
Rice husk 1.30 2 35 min 46
Graphene oxide 16.83 3 100 min 47
Bottom ash 3.62 3 4h 48
Modified asphaltenes particles 7.80 3 120 h 23
Modified asphaltenes fibers (AsphF/Al(NO;);s-T) 6.32 3 24 h This study

© 2025 The Author(s). Published by the Royal Society of Chemistry
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use of Fe(NOs);, and Al(NOs); may lead to small amounts of
metal leaching, which should be evaluated before applying the
adsorbent on a larger scale. The experiments in this study were
performed using a single dye under controlled conditions, but
real wastewater usually contains a variety of contaminants that
could affect adsorption. Moreover, while batch adsorption
experiments do not capture the adsorbent performance in an
industrial setting, column adsorption may be considered in
a future study.

4. Conclusions

This study successfully developed hierarchical porous asphal-
tenes fibers chemically activated using KOH, Fe(NO;);, and
Al(NO3); via solid and impregnation mixing methods. Among
the synthesized adsorbents, Al(NO;);-modified asphaltenes
fibers prepared through solid mixing exhibited the highest
adsorption performance for MO dye, with a maximum uptake of
6.32 mg g and 79% removal efficiency at pH = 3 and 298 K.
The adsorption process followed the pseudo second order
kinetic model and/or intraparticle diffusion. Initially, adsorp-
tion is driven by diffusion into mesopores, while in the second
zone, it proceeds through either diffusion into micropores or
chemisorption at active sites. Isotherm studies revealed that the
Langmuir model best described the equilibrium uptake, con-
firming monolayer adsorption on a homogenous surface.
Thermodynamic parameters demonstrated the endothermic
and spontaneous nature of the adsorption, with positive
entropy changes (AS° = 0.13 k] K~ " mol ") suggesting increased
randomness at the solid-liquid interface. Regeneration experi-
ments highlighted the adsorbent stability and reusability, with
a 23.78% decline in adsorption capacity over five cycles. These
findings underline the durability and cost-effectiveness of
modified asphaltenes fibers.

Abbreviations

Symbol

AsphF As-received asphaltenes fibers

AsphF-T Heat treated asphaltenes fibers

AsphF/W-T Heat treated impregnated asphaltenes fibers

AsphF/KOHs-T Heat treated asphaltenes fibers solid mixed
with KOH

Greek symbol
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q: Adsorption uptake at a specific time (mg g ™)

qe Equilibrium adsorption capacity (mg g )

1% Volume of the solution containing the
adsorbate (L)

m Mass of the adsorbent used in the adsorption
process (g)

ky Rate constant of the pseudo-first-order
adsorption process (min ")

ks Rate constant of the pseudo-second-order
adsorption process (g mg~" min~")

ki Intraparticle diffusion rate constant
(g mg ' min~?)

I Intercept of the intraparticle diffusion model
related to the boundary layer thickness
(mgg™

ko Bangham constant (mL g~ " L")

Imax-L Langmuir maximum adsorption uptake
(mgg

K, Langmuir isotherm constant (L mg™")

Ry, Separation factor constant (unitless)

Ky Freundlich isotherm constant
(mg g™ (Lmg )"

1/n Adsorption intensity factor (unitless)

B Amount of adsorption heat (J mol ™)

A Temkin equilibrium binding constant
(L mg™)

R Universal gas constant 8.314 (J mol™* K1)

T Absolute temperature (K)

1/by Adsorption potential of adsorbent

@max-D-R Dubinin-Radushkevich maximum adsorption
uptake (mg g7 )

E Mean adsorption energy (J mol ™)

K Thermodynamic equilibrium constant
(unitless)

AS° Standard entropy change of the adsorption
gmol K1)

AH° Standard enthalpy change of the adsorption
(J mol™)

MW Molar mass (g mol™")

c® Standard concentration of the adsorbate
(mol L™

AG° Standard Gibbs free energy change (J mol™")

AsphF/ Heat treated asphaltenes fibers solid mixed

Fe(NO3);s-T  with Fe(NO3);

AsphF/ Heat treated asphaltenes fibers solid mixed

AI(NO;);s-T  with Al(NO,),

AsphF/KOH,,- Heat treated asphaltenes fibers impregnated

T with KOH

AsphF/ Heat treated asphaltenes fibers impregnated

Fe(NO;3);aq-T  with Fe(NOj3)3

AsphF/ Heat treated asphaltenes fibers impregnated

Al(NOz);aq-T  with Al(NO;);

C; Initial concentration of MO (mg L™%)

Ct Concentration of MO after a specific time
(mg L")

Ce Equilibrium MO concentration (mg L")
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OElovien  Initial adsorption rate constant (mg g~ " min ™)
Opangham Constant in Bangham model (unitless)

Briovien ~ Desorption constant (g mg ")

Bb-r Activity coefficient related to adsorption mean free
energy (mol®> J7?)

e Constant related to Polanyi potential (J* mol~?)

Data availability

All data generated or analyzed during this study are either
included in this published article or are available from the
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corresponding author upon reasonable request. The core
datasets supporting the adsorption experiments, material
characterization (including FTIR spectra, BET surface area data,
and SEM images), and kinetic and isotherm modeling results
are available for academic and non-commercial use. Due to the
file size and formatting of certain raw data outputs, they have
not been uploaded publicly but can be shared in a suitable
format upon request. Researchers interested in reproducing or
further developing the study findings are encouraged to contact
the corresponding author to obtain access to the original
experimental datasets and supporting documentation.
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