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Eco-engineered electrospun La/Rb-MOF/
chitosan—PCL nanofibrous membrane for high-

performance, recyclable, and sustainable Cr(vi)
removal from water

Naoufel Ben Hamadi,® Ahlem Guesmi,? Wesam Abd El-Fattah,® Mohamed A. El-

Bindary,” Mohamed G. El-Desouky

¢ and Ashraf A. El-Bindary*¢

This research presents the development of a novel electrospun nanofibrous membrane that combines

chitosan (CS), polycaprolactone (PCL), and a bimetallic lanthanum-rubidium metal-organic framework
(La/Rb-MOF) for the effective extraction of hexavalent chromium [Cr(v)] from water. The La/Rb-MOF/
CS—-PCL membrane was created under optimized electrospinning parameters to improve both
mechanical durability and adsorption capabilities. Detailed structural and surface analyses conducted
through methods such as XRD, FTIR, XPS, SEM, and EDX confirmed the successful integration of La—Rb-
MOF into the nanofibrous network, resulting in a porous and chemically reactive structure. Batch

adsorption tests indicated that factors such as pH, adsorbent dosage, temperature, and initial Cr(vi)

concentration significantly affected the removal efficiency. The adsorption kinetics were best modeled
by the pseudo-second-order model, while the equilibrium data adhered to the Langmuir isotherm,

achieving a maximum adsorption capacity of 449.2 mg g~

1 at pH 4. Thermodynamic assessments

revealed that the adsorption process is spontaneous and endothermic, with the capacity for adsorption

enhancing at elevated temperatures. The Box—Behnken design and response surface methodology

(RSM) were utilized for optimization, identifying key parameters that influence adsorption effectiveness.
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Notably, the membrane exhibited excellent recyclability, sustaining a high efficiency for Cr(vi) removal

even after five consecutive adsorption—desorption cycles. These results underscore the potential of the
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1. Introduction

The ongoing pollution of water resources with heavy metals,
especially chromium(vi), represents a significant risk to public
health and environmental integrity. Cr(vi) is commonly utilized
across several industrial applications, including electroplating,
tanning, pigment production, and textile
manufacturing, and is known for its extreme toxicity, carcino-
genic effects, and lasting presence in the environment. Due to
its high mobility and solubility in water, Cr(vi) can readily seep
into both surface and groundwater, highlighting the urgent
requirement for effective and sustainable remediation
methods." The WHO has established the permissible limit for
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La—Rb-MOF/CS-PCL nanofibrous membrane as a durable, reusable, and eco-friendly solution for
advanced water purification technologies.

Cr(vi) in drinking water at a meager 0.05 mg L', highlighting
the critical need for novel materials that can eliminate pollut-
ants at trace levels. Traditional methods for the elimination of
Cr(v), such as ion exchange, chemical precipitation, electro-
chemical treatment, membrane filtration, and photocatalysis,
have been widely researched. These methods, however,
frequently encounter notable limitations, including high oper-
ational expenses, insufficient removal efficiency, production of
hazardous sludge, restricted selectivity, and difficulties associ-
ated with post-treatment regeneration. Among these various
techniques, adsorption stands out as particularly beneficial
because of its straightforward operation, low energy consump-
tion, cost-effectiveness, and ability to regenerate adsorbents.
The effectiveness of adsorption-based systems is principally
subjective by the properties of the adsorbent, which include
surface area, pore structure, availability of active sites, and
mechanical stability.>?

In recent years, electrospun nanofiber membranes have
gained recognition as a valuable category of materials for water
purification applications, attributable to their elevated surface-
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to-volume ratio, interconnected porous framework, and
adjustable chemical properties. The electrospinning technique,
known for its versatility and scalability, facilitates the integra-
tion*® of diverse functional nanomaterials and polymeric
combinations, enabling the development of highly tailored
adsorbent systems.*” The strategic amalgamation of biopoly-
mers with synthetic polymers yields significant advantages,
such as biocompatibility, biodegradability, and improved
mechanical strength, which are essential for sustainable envi-
ronmental applications over extended periods.?

Chitosan is a natural polysaccharide that is obtained from
chitin and is characterized by its abundance of amine and
hydroxyl functional groups. These features allow it to interact
effectively with metal ions and anionic pollutants. However,
chitosan-based membranes typically face challenges such as
limited mechanical strength and issues with solubility, espe-
cially in acidic environments. To address these challenges,
chitosan is often combined with polycaprolactone (PCL),
a biodegradable and hydrophobic polyester known for its
superior mechanical properties, flexibility, and resistance to
degradation in various environmental conditions.>'® This
combination leads to the formation of nanofibrous membranes
that utilize the strong mechanical structure and durability of
PCL while preserving the bioactive surface functionality of
chitosan, which enhances its ability to bind contaminants. As
a result, the combination of chitosan and polycaprolactone
represents an effective strategy for developing membranes that
are structurally stable, flexible, and equipped with multifunc-
tional surface properties, thereby significantly enhancing the
performance and durability of adsorbents used in environ-
mental remediation effort.™

Metal-organic frameworks (MOFs) have gained significant
recognition as sophisticated adsorbents, attributed to their
adjustable structural characteristics, substantial porosity, and
diverse surface functionalities."””™* These crystalline entities are
formed from clusters of metal ions integrated with organic
ligands, which collectively provide an extensive surface area and
targeted binding sites. Recent findings indicate that the incor-
poration of bimetallic nodes within MOFs can lead to notable
enhancements in their adsorption capabilities, mechanical
integrity, and chemical durability. In particular, MOFs based on
lanthanum (La) and rubidium (Rb) have demonstrated
a pronounced affinity for oxyanions, such as chromium(vi),
through mechanisms of surface complexation and electrostatic
interactions. The simultaneous doping of La and Rb yields
synergistic effects that optimize the coordination environment
and fortify the structural stability of the framework in aqueous
conditions."

Despite the potential advantages of bimetallic metal-organic
frameworks (MOFs), limited research has addressed their
incorporation into biodegradable nanofibrous membranes
aimed at Cr(vi) removal.***® There also exists a notable gap in
the optimization of such composites using statistical modeling
and assessments of their long-term reuse capabilities. To
address these shortcomings, the study presents a new electro-
spun  nanofiber ~membrane made from chitosan/
polycaprolactone (CS/PCL) infused with a bimetallic La-Rb-
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MOF. This membrane is engineered to synergize the high
adsorption capacity characteristic of MOFs with the robust
mechanical properties and eco-friendliness offered by poly-
meric fibers. A variety of advanced characterization tech-
niques—namely FTIR, XRD, SEM, XPS, and EDX were utilized to
validate the successful integration and structural stability of the
membrane. The adsorption properties were rigorously exam-
ined through kinetic, equilibrium, and thermodynamic anal-
yses, complemented by statistical optimization via the Box-
Behnken design to enhance removal efficiency.”

This manuscript introduces an innovative approach that
combines a bimetallic lanthanum-rubidium to form bi-metal-
organic framework (La-Rb-MOF) with an electrospun chitosan/
polycaprolactone (CS/PCL) nanofibrous matrix. This represents
the first documented use of such a composite for the effective
removal of hexavalent chromium (Cr(vi)). The research outlines
an eco-friendly and efficient method for creating strong nano-
fibrous membranes that exhibit outstanding adsorption prop-
erties while thoroughly evaluating their reusability and practical
use in actual water treatment situations. By integrating careful
experimental design with cutting-edge material engineering,
this study presents a thorough and sustainable approach to
tackle pressing water purification issues and substantially
decrease Cr(vi) levels in aquatic ecosystems.

2. Experimental

2.1. Resources and apparatuses

As informative visual aids, the extra materials more especially,
Tables S1 and S2 provide thorough explanations of the mate-
rials used for every part and instrument.

2.2. Synthesis of the adsorbent

2.2.1. Synthesis of La-Rb-MOF. The bimetallic La-Rb
metal-organic framework (La-Rb-MOF) was created by means
of a hydrothermal synthesis method, incorporating lanthanum
nitrate hexahydrate [La(NO;);-6H,0], rubidium chloride
(RbCl), and benzene-1,3,5-tricarboxylic acid (BTC) as the
organic linker. The process began with the dissolution of
210.1 mg (1 mmol) of BTC in 12 mL of N,N-dimethylformamide
(DMF) while subjecting it to ultrasonic agitation for 15 min,
resulting in a clear ligand solution. Concurrently, another
solution was prepared by dissolving 217.5 mg (0.5 mmol) of
La(NO3);-6H,0 and 67.5 mg (0.5 mmol) of RbCl in 10 mL of
deionized water with continuous stirring. These two solutions
were then combined, and the pH was adjusted to around 5.0
using dilute nitric acid to improve solubility and coordination
conditions. After 30 min of stirring, the mixture was moved to
a 100 mL stainless-steel autoclave lined with Teflon. For twenty-
four hours, this autoclave was sealed and heated to 120 °C.
Vacuum filtering after naturally cooling to room temperature
collected the resultant precipitate. It was then extensively
cleaned many times with ethanol and DMF to get rid of any
leftover solvents and unreacted components. The precipitate
was subsequently dried at 70 °C under for 12 hours. The final
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Fig. 1 Schematic diagram of production of La—Rb-MOF/CS—-PCL.

product was obtained as a crystalline powder, which was stored
in a desiccator pending further characterization (Fig. 1).

2.2.2. Synthesis of La-Rb-MOF/CS-PCL  nanofiber
membrane. The electrospinning method was employed to
create nanofiber membrane structures using a blend of poly-
caprolactone (PCL) in addition to chitosan (CS) in an 8:2
weight/weight ratio. The polymer solution was prepared at
a concentration of 15% weight/volume in 90% acetic acid,
supplemented with 5% weight/weight of La-Rb-MOF.** The
polymer solution was placed in a glass syringe fitted with
a blunt-tip, 20-gauge needle. The solution was dispensed using
a syringe pump operation at a flow rate equal to 1 mL per hour.**
An electrospinning process was facilitated by employing a high-
voltage power source that provided a voltage range of 27 to 28.5
kV to the blunt-tip needle. The needle was positioned 15 cm
from the beached collection plate (Fig. 1).

2.3. Removal and batch studies of the Cr(vi) via La-Rb-MOF/
CS-PCL
An in-depth examination was performed regarding the

adsorption effectiveness of La-Rb-MOF/CS-PCL, paying partic-
ular attention to the impact of several factors. These factors
encompass pH levels, dosage quantities, initial concentrations
of Cr(vi), duration of equilibrium, and fluctuations in temper-
ature.”” To perform a batch adsorption analysis of Cr(vi) ions,
a 25 mL sample was carefully created by diluting a standard
solution of Cr(vi). The adsorption isotherm was examined using
concentrations ranging from 50 to 500 mg L', with an inter-
action time of 100 min at a temperature of 25 °C (volume of 25
mL, pH of 4, and an adsorbent amount of 0.02 g). Additionally,
the effect of interaction time was assessed using a attention of
400 mg L', with times varying from 5 to 100 min, at the same
temperature, volume, pH, and adsorbent dose. The influence of
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a contact time of 100 min, with temperatures reaching from 20
to 45 °C, while retaining the volume, pH, and adsorbent dose
constant. To maintain the desired pH levels throughout the
experiment, 0.1 N HCI and/or NaOH were employed for pH
adjustment.”® The collected data was subsequently utilized to
examine isotherm and kinetic behaviors, in addition to assess
the influence of temperature on the thermodynamic belongings
of adsorption processes. Before and after the adsorption
process, the concentration of Cr(vi) ions in the solutions was
measured. A PerkinElmer flame atomic adsorption spectro-
photometer was used to do the measurement. Eqn (1) and (2)
established the essential basis for evaluating the adsorption
capacity (g.) as well as the proportion of metal ions successfully
retained by the La-Rb-MOF/CS-PCL, as showed in Fig. 2.
Subsequently, the percent removal (% R) and sorption capacity

Water bath
shaking

La-Rb-MOF/CS-PCL §

—_—
Washing & BT .
desorption

Centrifugation

Fig.2 Schematic figure of adsorption and removal of Cr(vi) via La—Rb-
MOF/CS-PCL.
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(ge, mg g~ ) were calculated according to the designated eqn (1)
and (2) respectively.

0 _ (CO - Ce)
(G -C)V
o= "—p — )

2.4. Investigational design

Response surface methodology (RSM) serves as a sophisticated
statistical technique designed to construct detailed models in
contexts characterized by numerous potential outcomes. The
primary aim of this practice is to elucidate the relationships
among the response adjustable and a multitude of experimental
factors. Moreover, the utilization of these models facilitates
enhancements in the procedures being studied. In the case of
each sample evaluated, the sorption capabilities were deter-
mined by averaging the results obtained from three separate
investigational trials. Eqn (1) and (2) were employed to calculate
the elimination percentage (% RE) and the quantity of Cr(vi)
absorbed (g.). RSM systematically conducts a sequence of
structured investigates designed to influence the fundamental
characteristics of the procedure to classify the best solution
within the broader framework of the methodology. Central
composite design (CCD) is a commonly used method for
process setting optimization. Eqn (1) quantifies the amount of
Cr(v1) that is absorbed per g of the adsorbent over various time
intervals (¢), specifically focusing on the La-Rb-MOF/CS-PCL
composite. In addition, eqn (2) offers an approach for evalu-
ating the effectiveness of the removal process. The procedure is
significantly influenced by three primary factors: the “weight of
adsorbent”, “contact time”, as well as “solution pH”. These
factors were identified based on their detrimental effects on the
adsorption capacity, as evidenced by the data presented in
Table S3.

The extreme values for each parameter under analysis are
shown in Table S3, which summarizes the thorough analysis
carried out with Design Expert Software. The table aims to
depict the various permutations of limits and their consequent
outcomes. Notably, it highlights center runs (P), axial runs (2 x
n), and factorial runs (2n), in addition to other investigational
designs and mixtures utilized in the investigation. This array of
methodologies underscores the complex nature of the investi-
gational approaches employed. Eqn (3) serves as an analytical
tool for figuring out how many experimental trials are required,
avariable that depends on how many input variables are used in
the study.

Ny=R"+Q2xm+Pl=[2>+2x3)+3]=17 (3)

P represents the aggregate count of noteworthy investigational
trials undertaken, while N denotes the quantity of procedure
components that influence the outcomes. The designated
parameter “m” for the purposes of this analysis is established at
avalue of 3. Determining the model's coefficients, setting up the
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experimental setup, and predicting the model's output are the
three essential stages of the central composite design. It is
imperative to conduct a comprehensive and detailed analysis of
the results generated in each of these phases. Following the
completion of the previous assignments, a systematic empirical
model has been developed to evaluate the function's perfor-
mance with respect to different input variable combination. A
quadratic model for regression has thus been developed, as
shown by eqn (4):

Y =80+ 38 X, + 36 X7 D6 XX (4)

In this investigative framework, the resistance constant is
denoted by the symbol “i”, while the speed coefficient is rep-
resented by “j”. The parameters @, 6;, 8;, and §; correspond to
the various constants tied to resistance, interaction, speed, and
the constant term, individually. To assess the validity of the
proposed polynomial perfect equation, the metrics R RAde,
and Rp..q> were employed (Table 1). A substantial R* value
suggests enhanced predictive accuracy for the model, reflecting
a more vigorous relationship among the model as well as the

experimental data obtained from experiments.

3. Results and discussion

3.1. Characteristics of La-Rb-MOF/CS-PCL

3.1.1. X-ray diffraction (XRD). Fig. S1 represented the XRD
pattern of La-Rb MOF, while the accompanying figure illus-
trates the outcomes of a whole-pattern profile fitting for the La-
Rb metal-organic framework (MOF) employing the Pawley/Le
Bail approach. This method allows for a direct comparison of
the experimental X-ray diffraction (XRD) pattern (represented in
black) with the calculated pattern (shown in red), without
requiring a complete atomic structure model. Significantly,
structural validation arises from the exceptional similarity in
peak positions and relative intensities observed between the

Table 1 It is necessary to closely examine the Cr(vi) adsorption and
surface interactions in the central composite structure

Real variables Yield (mg g ")

Run pH Time (min) Dose (g) Investigational Predicted Residue
1 8 52.5 0.02 310.796 314.13 —3.33
2 2 52.5 0.02 242.809 246.17 —3.37
3 5 52.5 0.26 298.842 298.84 0.0000
4 8 100 0.26 308.828 329.00 —20.17
5 2 52.5 0.5 184.998 181.67 3.33

6 5 52.5 0.26 298.842 298.84 0.0000
7 5 100 0.02 447.8 424.30 23.50

8 5 5 0.02 61.341 78.15 —16.81
9 5 52.5 0.26 298.842 298.84 0.0000
10 5 5 0.5 38.338 61.84 —23.50
11 2 5 0.26 31.7828 11.61 20.17
12 5 52.5 0.26 298.842 298.84 0.0000
13 2 100 0.26 232.021 252.16 —20.14
14 5 100 0.5 279.875 263.07 16.81
15 8 52.5 0.5 204.471 201.11 3.37
16 5 52.5 0.26 298.842 298.84 0.0000
17 8 5 0.26 42.3034 22.17 20.14
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experimental and calculated patterns. This is evidenced by
a nearly flat “difference” line and low refinement statistics, such
as R, and goodness of fit (GoF) values. The brackets indicating
Bragg reflections highlight the expected patterns from
lanthanum dioxicarbonate and rubidium chloride, the primary
phases identified, confirming that all anticipated characteris-
tics of the MOF framework are present. Additionally, the
quantitative phase analysis indicates that the rubidium phase
constitutes 80% of the composition, while the lanthanum phase
accounts for 20%, aligning with the desired stoichiometric
ratio. The absence of unidentified peaks or significant
discrepancies further supports the conclusion of high phase
purity and proper unit cell identification, strongly affirming
that the synthesized powder corresponds to the intended La-Rb
MOF structure based on the refined cell parameters. This
analysis furnishes compelling proof of successful synthesis and
accurate phase indexing, highlighting the importance of
Pawley/Le Bail refinement in verifying phase formation and
sample integrity, even without atomic coordinates being
resolved Fig. S2.

The XRD spectrum of the La-Rb-MOF/CS-PCL composite
provides valuable insights into its structural features and phase
makeup, underscoring its semi-crystalline nature largely due to
the presence of polycaprolactone (PCL). A pronounced and
sharp diffraction peak appears around 26 = 19.8°, which aligns
with the (110) crystalline plane of PCL, indicating that the
ordered structure of PCL is maintained within the composite
framework. Additionally, the spectrum reveals several smaller
peaks located between 20° and 30°, which imply slight alter-
ations in crystallinity, potentially linked to the incorporation of
La’>" and Rb" ions. These ions might lead to localized structural
ordering or coordination interactions that delicately affect the
polymer matrix while not creating distinct crystalline metal
phases. The broad peak ranging from approximately 10° to 35°
signifies the amorphous characteristics of chitosan, thus con-
firming its effective dispersion within the composite. The lack
of sharp peaks at higher angles further reinforces the idea that
the La and Rb elements are either amorphous or highly
dispersed in nanometric domains.**** The overall findings from
the XRD analysis indicate that the La-Rb-MOF/CS-PCL exhibits
a semi-crystalline configuration primarily dominated by PCL,
with homogenous incorporation of chitosan and metal ions,
making it structurally stable and suitable for functional appli-
cations like ion adsorption (Fig. 3(a)).

3.1.2. The isotherm of N, adsorption/desorption. The
isotherm of nitrogen adsorption-desorption for La-Rb-MOF/
CS-PCL and Cr@La-Rb-MOF/CS-PCL, as shown in the accom-
panying figure, exhibit a typical Type IV isotherm as confiden-
tial by the International Union of Pure and Applied Chemistry
(IUPAC). This pattern is characteristic of mesoporous materials
that possess well-defined pore structures. Both isotherms
demonstrate a steady rise in nitrogen uptake at low comparative
pressures (P/P, < 0.2), followed by a linear increase in the mid-
range (P/P, = 0.2-0.9), and a sharp increase near saturation (P/
P, = 1.0). These observations confirm the occurrence of
multilayer adsorption and capillary condensation within the
mesopores. Moreover, the presence of a significant hysteresis
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loop reinforces the mesoporous nature of the materials, which
is likely related to the formation of slit-shaped or ink-bottle
pores due to the polymer-metal coordination framework.
Compared to Cr@La-Rb-MOF/CS-PCL, the La-Rb-MOF/CS-
PCL sample exhibits a greater nitrogen uptake, corresponding
to its larger specific surface area of 74.82 m> g~ prior to chro-
mium adsorption. Following the adsorption process, the
surface area decreases to 68.74 m> g~ ', a change attributed to
the partial blockage or filling of pores by Cr(vi) ions, which
occupy internal mesopores and limit accessible surface area.”®
This reduction in both adsorption volume and surface area
confirms the effective capture of Cr(vi) species within the
composite's porous structure, demonstrating its capability for
metal ion adsorption while maintaining structural integrity.
Overall, the findings suggest that La-Rb-MOF/CS-PCL
successfully retains its mesoporous characteristics after the
adsorption process, while efficiently integrating Cr(vi) ions into
its framework (Fig. 3(b)).

The pore radius and pore size distribution profiles of La-Rb-
MOF/CS-PCL and Cr@La-Rb-MOF/CS-PCL, as shown in the
accompanying images, demonstrate significant alterations in
the material's porosity following the adsorption of chromium.
The original La-Rb-MOF/CS-PCL composite is characterized by
a prominent mesoporous structure, with a peak in the pore
radius distribution curve occurring between 1.2 and 1.5 nm,
resulting in an average pore radius of 2.38 nm and a whole pore
volume of 0.42 cm® g '. This indicates that the material
possesses well-developed porosity, making it suitable for
adsorption purposes (Fig. 3(c)). After chromium adsorption, the
distribution curves exhibit a slight shift towards smaller pore
dimensions and a marked reduction in intensity, which corre-
sponds to a decrease in average pore radius to 2.11 nm and pore
volume to 0.31 cm® g~ . This contraction in both pore size and
volume implies that chromium ions have been successfully
absorbed into the internal mesopores, which may lead to partial
blockage or filling of these pores. The pore size distribution,
assessed by half-pore width, further validates this observation,
revealing that La-Rb-MOF/CS-PCL has sharper peaks compared
to Cr@La-Rb-MOF/CS-PCL, indicating a decrease in the
accessibility of mesopores post-adsorption. While there is
a reduction in porosity, the overall mesoporous structure
remains intact, indicating that chromium adsorption takes
place primarily within the internal porous network without
compromising the stability of the composite.”” These findings
affirm that La-Rb-MOF/CS-PCL serves as an effective meso-
porous adsorbent, where chromium uptake leads to a notable
reduction in accessible pore volume and size due to the occu-
pation of internal pores (Fig. 3(d)).

3.1.3. FT-IR. The FT-IR spectrum analysis of La-Rb-MOF/
CS-PCL before and after chromium adsorption shows notable
alterations in functional group interactions, signaling effective
coordination with Cr ions. In the initial La-Rb-MOF/CS-PCL
spectrum, there is a broad peak located around 3400 cm ™ * that
corresponds to O-H stretching vibrations, which exhibits
a slight shift and a decrease in intensity following Cr adsorp-
tion, implying the occurrence of hydrogen bonding or chelation
involving hydroxyl groups. Meanwhile, the peaks around 2920

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(c) pore radius supply of La—Rb-MOF/CS—-PCL and Cr@La—Rb-MOF/CS—-PCL, (d) pore size supply of La—Rb-MOF/CS—PCL and Cr@La—Rb-MOF/
CS—-PCL, (e) FT-IR of La-Rb-MOF/CS—PCL and Cr@La—Rb-MOF/CS-PCL, (f) asynchronous map, (g) synchronous map of La—Rb-MOF/CS-PCL
and Cr@ La—Rb-MOF/CS-PCL, (h) EDX of La—Rb-MOF/CS—PCL, and (i) EDX analysis of Cr@La—Rb-MOF/CS-PCL.
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and 2850 cm ', related to C-H stretching of ~CH, groups,
display minimal alterations, suggesting they have limited
participation in the adsorption process. Of particular interest,
the adsorption band near 1650 cm™ ", linked to C=0 stretching
in addition to N-H bending (amide I), shifts to a lower wave-
number and shows a decline in intensity in the Cr@La-Rb-
MOF/CS-PCL spectrum, indicating a complex formation
between Cr ions and amide or amino groups. Similarly, signif-
icant changes occur in the band around 1550 cm™* (amide II,
N-H bending or C-N stretching), further supporting the inter-
action between nitrogen sites and Cr(w). Variations in the
region around 1400 cm ', associated with COO~ symmetric
stretching and C-H bending, also imply potential electrostatic
interactions or coordination. Additionally, strong adsorption
bands within the range of 1200-1000 cm ™", primarily resulting
from C-O-C and C-O stretching vibrations from chitosan,
display intensity reductions and shifts, indicating that ether
and hydroxyl functionalities are involved in Cr binding. Most
importantly, the fingerprint region (<1000 cm™") reveals the
appearance and enhancement of new peaks in the chromium-
loaded sample, denoting the formation of Cr-O bonds and
affirming the effective restriction of Cr ions inside the
composite matrix.”® These spectral modifications collectively
illustrate the crucial involvement of O- and N-containing func-
tional groups in the chelation and stabilization of Cr(ur) within
the La-Rb-MOF/CS-PCL (Fig. 3(e)).

The asynchronous 2D correlation map for the La-Rb-MOF/
CS-PCL membrane and its chromium-loaded variant (Cr@La-
Rb-MOF/CS-PCL) provides insights into the sequential inter-
action mechanisms of functional groups during adsorption.
Cross-peaks off the diagonal indicate out-of-phase reactions
among specific vibrational bands, revealing the chemistry of the
membrane in relation to chromium binding. In the unmodified
membrane, asynchronous peaks appear between hydroxyl,
amine, and MOF-coordination groups, showing that these
functional groups are influenced sequentially rather than
simultaneously. After Cr(vi) adsorption, new signals arise,
especially in the fingerprint region (820-1230 cm™ "), amide/
carbonyl band (~1640 cm '), and N-H/O-H stretching (2870~
3690 cm ). This suggests that Cr(vi) binding triggers sequential
processes starting with electrostatic interactions or surface
complexation, followed by hydrogen bonding, chelation, and
contributions from the biopolymer matrix. The interactions
illustrate a multi-stage adsorption mechanism where electro-
static attraction and coordination precede molecular rear-
rangements and stabilization from secondary functional
groups, leading to effective Cr(vi) capture by the composite
membrane Fig. 3(f).

The synchronous 2D correlation map of La-Rb-MOF/CS-PCL
and its chromium-loaded variant (Cr@La-Rb-MOF/CS-PCL)
shows changes in vibrational modes of functional groups due to
Cr(vi) adsorption. It reveals notable cross-peaks in areas linked
to fingerprint and stretching vibrations, primarily at 820-
1230 cm ™' (C-O/C-N), 1640 cm ' (amide/carbonyl), and 2870~
3690 cm™' (O-H/N-H). These results imply coordinated
changes in functional groups during chromium interaction.
The original membrane's synchronous map indicates the
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coupling and stability of the nanofibrous matrix, reflecting
interconnected responses of polymeric functional groups and
MOF centers. Upon Cr(vi) adsorption, the synchronous map
shows increased new cross-peaks, suggesting that important
sites, like amine, hydroxyl, carboxyl, and La-Rb coordination
centers, bind to chromium concurrently via surface complexa-
tion, electrostatic attraction, and chelation. The intensified
signals in the Cr-loaded membrane's map indicate significant
chemical structural reactions, showcasing network reorganiza-
tion and strong binding of the metal ion, providing evidence for
cooperative interactions that enhance efficient and selective
Cr(vi) adsorption within the La-Rb-MOF/CS-PCL nanofiber
Fig. 3(g).

3.1.4. EDX. The Energy Dispersive X-ray (EDX) spectrum of
the La-Rb-MOF/CS-PCL, depicted in the attached image,
substantiates the effective integration of both organic and
inorganic elements within the hybrid matrix. Distinct peaks
indicative of carbon (C), nitrogen (N), oxygen (O), lanthanum
(La), and rubidium (Rb) are clearly discernible, thereby affirm-
ing the elemental composition of the synthesized material.*
The quantitative analysis reveals that oxygen is the predomi-
nant element, constituting 34.1%; this prevalence is related
with the hydroxyl and ether groups found in the chitosan,
cellulose, and polycaprolactone components, as well as metal-
oxygen bonds in the La-Rb framework. Carbon comprises
23.9%, derived from the polysaccharide chains and the organic
backbone of the composite, while nitrogen, at 15.1%, reflects
the presence of amine groups in chitosan that act as active
coordination sites. The concentrations of rubidium (18.5%) and
lanthanum (8.5%) validate the effective combination of the
bimetallic components into the polymeric matrix. The signifi-
cant peaks of La and Rb at lower energy levels further corrob-
orate their robust integration. The accompanying pie chart
visually delineates the elemental distribution, underscoring
a well-balanced amalgamation of functional organic moieties
and metallic constituents crucial for the material's applications
in adsorption or catalytic systems (Fig. 3(h)).

The accompanying EDX spectrum provide a detailed repre-
sentation of the elemental makeup of the Cr@La-Rb-MOF/CS-
PCL following chromium adsorption, which demonstrates the
effective integration of chromium into the material's structure.
The spectrum discloses significant peaks corresponding to C, N,
O, La, Rb, and significantly Cr, suggesting successful attach-
ment of Cr ions to the La-Rb-MOF/CS-PCL. Elemental analysis
indicates a notable rise in oxygen content, reaching 52.7%,
which underscores the active participation of oxygen-containing
functional groups, likely via Cr-O bonding. Carbon and
nitrogen are present at 17.7% and 14.3%, indicating that the
biopolymeric backbone remains stable after adsorption and
that amine groups may show a role in chromium binding.
Chromium constitutes 6.5% of the composite, confirming
effective immobilization. Additionally, lanthanum and
rubidium are found at 3.4% and 5.4%, respectively, suggesting
that the La-Rb component retains its structural integrity during
the adsorption phase Fig. 3(i). The heightened intensity of
chromium peaks in the spectrum, along with new signals
emerging in the 1.5-6.0 keV range, provides clear evidence of
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the presence of Cr ions and their interaction with functional
sites. In summary, the EDX analysis confirms that the Cr@La-
Rb-MOF/CS-PCL possesses an effective metal-binding capa-
bility, characterized by a high oxygen content and a detectable
chromium signal, which signifies its potential use in applica-
tions related to heavy metal adsorption and water purification.*

3.1.5. SEM analysis. The SEM-EDS analysis of the La-Rb-
MOF/CS-PCL, illustrated in the accompanying image, demon-
strates a distinct, interconnected fibrous structure with
a consistent and porous nanostructure typical of electrospun
biopolymer networks. This intricate fiber arrangement offers an
extensive surface area and open porosity, creation it appropriate
for requests in adsorption and ion-exchange processes. The EDS
elemental charting verifies the effective incorporation and
uniform distribution of essential elements during the fiber. The
elements C, N, and O, sourced from chitosan and poly-
caprolactone, are evenly distributed, with oxygen being the
most prevalent at 38%, indicating the existence of hydroxyl and
ether groups that are vital for binding metal ions. Nitrogen,

H
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which represents 15%, emphasizes the significance of amine
groups in potential coordination interactions, while carbon,
constituting 18%, serves as the polymeric backbone.** Notably,
La and Rb are uniformly dispersed throughout the network, as
demonstrated by the yellow and pink elemental maps, con-
firming their successful integration into the composite without
any visible aggregation. Quantitatively, La comprises 21% and
Rb 8%, supporting the establishment of a stable hybrid
organic-inorganic framework. In summary, the SEM
morphology and EDS mapping corroborate the structural
integrity, elemental uniformity, and functional capabilities of
the La-Rb-MOF/CS-PCL for advanced remediation of the envi-
ronment applications (Fig. 4(a)).

The SEM-EDS analysis conducted on the Cr@La-Rb-MOF/
CS-PCL, illustrated in the accompanying image, reveals a well-
maintained nanofibrous architecture comprised of uniform
and interwoven fibers. This finding indicates successful fabri-
cation and structural integrity of the material following chro-
mium adsorption. Elemental mapping from the analysis
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Fig. 4
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(a) SEM mapping of La—Rb-MOF/CS—PCL, and (b) SEM mapping of Cr@La—Rb-MOF/CS—PCL.
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confirms the detection and even distribution of essential
elements, including C, N, O, La, Rb, and Cr within the fiber
matrix. The carbon content, comprising 9%, and nitrogen
content, at 7%, are derived from the chitosan and poly-
caprolactone backbone, with nitrogen signifying the presence
of amine groups that engage in metal coordination. The oxygen
percentage reaches 30%, largely attributable to hydroxyl and
ether functionalities that are critical for metal ion chelation.
Lanthanum, at 18%, and rubidium, at 3%, are distributed
adequately within the structure, indicating the La-Rb frame-
work's stability during the adsorption process. Remarkably, the
chromium concentration is substantial at 34%, with a strong
and evenly spread signal that confirms the effective and wide-
spread adsorption of Cr(vi) ions onto the composite.*> The
chromium mapping displays significant interactions with the
functional groups throughout the matrix, emphasizing the
material's high affinity and capacity for chromium binding. In
summary, the SEM morphology and EDS mapping collectively
affirm the structural resilience and effective metal uptake of the
La-Rb-MOF/CS-PCL, underscoring its potential applications in
environmental remediation and heavy metal removal (Fig. 4(b)).

3.1.6. XPS. The high-resolution C 1s XPS spectra of the La-
Rb-MOF/CS-PCL and Cr@La-Rb-MOF/CS-PCL composites
prove notable modifications in the surface chemical environ-
ment after chromium adsorption. In the La-Rb-MOF/CS-PCL
spectrum, three primary peaks can be identified: a predominant
peak located at 284.53 eV (66.8%) conforming to C-C/C-H
bonds. A highest at 285.98 eV (20.68%) related to C-O or C-N
functional groups, and a peak at 288.48 eV (12.52%) indicative
of O-C=0 groups. Following chromium loading (Cr@La-Rb-
MOF/CS-PCL), there is a substantial shift and redistribution of
these peaks. The C-C/C-H component becomes more
pronounced at 285.63 eV, rising to 81.12%, suggesting a relative
decrease in oxygenated carbon species, likely due to their
participation in chromium coordination.®® A new peak at
287.46 eV (10.91%) is associated with carbonyl or ether groups
interacting with chromium, which may lead to the formation of
Cr-O-C or Cr-O coordination bonds. Also, the O-C=0O peak
shifts to 289.44 eV and diminishes to 7.97%, indicating that
chromium likely binds with carboxylic groups, resulting in
changes to their electronic environment. These spectral alter-
ations provide evidence for the successful adsorption of chro-
mium onto the composite via chemisorption involving oxygen-
containing functional groups, thereby underscoring the mate-
rial's potential efficacy as an adsorbent for chromium ions
(Fig. 5).

The O 1s XPS spectra with excellent resolution for La-Rb-
MOF/CS-PCL and Cr@La-Rb-MOF/CS-PCL give important
information about the surface oxygen functionalities and their
interaction with chromium ions after adsorption. In the spec-
tral data for La-Rb/CS-PCL (top panel), two significant peaks
are identified: the first at 533.09 eV explanations for 51.21% of
the signal, which is linked to chemisorbed oxygen species such
as hydroxyl (-OH) groups and potentially adsorbed water
molecules.** The second peak appears at 531.73 eV, represent-
ing 48.79% and corresponds to lattice oxygen or double-bonded
oxygen within carbonyl or metal-oxygen (M-O) structures,
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including those from the PCL matrix and interactions with La
and Rb species. Following the incorporation of chromium
(Cr@La-Rb-MOF/CS-PCL, bottom panel), the O 1s spectrum
shows significant alterations. Three distinct peaks are now
visible: one at 530.95 eV (40.3%) linked to metal-oxygen bonds
likely associated with Cr-O, a second at 532.55 eV (33.78%)
attributed to oxygen in hydroxyl and ether groups, and a third at
533.66 eV (25.92%) that corresponds to adsorbed water or
oxygen in highly oxidized environments such as carboxylates or
coordinated water. The observed shifts and changes in binding
energies and peak contributions indicate a strong contact
among chromium ions and the oxygen-containing useful
groups on the composite surface. Specifically, the emergence of
the lower binding energy peak at 530.95 eV provides evidence of
Cr-O bond formation, indicating successful coordination of
chromium with oxygen donor sites. These spectral changes
demonstrate that chromium adsorption occurs primarily
through surface complexation mechanisms involving hydroxyl
and carboxyl oxygen groups, thereby enhancing the material's
efficiency as an adsorbent for chromium species (Fig. 5).

The N 1s XPS spectra analyses of La-Rb-MOF/CS-PCL and
Cr@La-Rb-MOF/CS-PCL show notable changes in the chemical
state of nitrogen following chromium adsorption. In the anal-
ysis of La-Rb/CS-PCL, two prominent peaks are identified: one
peak at 399.68 eV accounts for 68.42% of the spectrum and is
related with neutral amine groups (-NH,) derived from chito-
san. The another peak appears at 403.01 eV, covering 31.58% of
the total area, and corresponds to protonated or oxidized
nitrogen species such as N* or N-O. This indicates that nitrogen
is in a more electron-deficient state, likely due to partial
oxidation or electrostatic interactions. Upon the addition of
chromium ions, the N 1s spectrum of Cr@La-Rb-MOF/CS-PCL
simplifies significantly, revealing a single peak at 400.61 eV that
represents the entirety of the signal.®* This change indicates
a shift in the nitrogen-bonding environment, signifying the
creation of coordination bonds between metal and nitrogen (N-
Cr), where nitrogen directly interacts with Cr** ions, resulting in
a consistent and stabilized nitrogen environment.*® The
removal of the oxidized nitrogen peak and the adjustment in
binding energy highlight the effective involvement of amine
groups in chelating chromium ions.*” These spectral changes
provide strong evidence supporting the notion that nitrogen
functionalities act as key binding sites, playing an essential role
in the chemisorption mechanism of chromium by establishing
stable Cr-N coordination complexes on the surface of the La-
Rb-MOF/CS-PCL.*

The high-resolution La 3d XPS spectra of the La-Rb-MOF/
CS-PCL and the Cr@La-Rb-MOF/CS-PCL variant provide crit-
ical insights into the chemical state and stability of adsorbent
before and after the adsorption of chromium. In the spectrum
for La-Rb-MOF/CS-PCL, several peaks appear within the La 3d
region, notably in the ranges of approximately 835-840 eV and
850-855 eV. These peaks correspond to the spin-orbit split
doublets of La 3d;,, and La 3ds,, which are indicative of La*"
species. This observation suggests that lanthanum primarily
exists in a trivalent oxidation state and is likely coordinated with
oxygen in La-O environments. Following chromium adsorption

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 XPS pattern of La-~Rb-MOF/CS—PCL and Cr@La—Rb-MOF/CS-PCL.

(Cr@La-Rb-MOF/CS-PCL), the La 3d peaks continue to be intensity and slight shifts in binding energy. Such spectral
distinctly observable, maintaining the overall multiplet pattern alterations imply a subtle change in the electronic environment
typical of La*". However, there are minor variations in peak surrounding the La atoms, potentially due to charge
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redistribution or changes in the coordination sphere resulting
from chromium’s interaction with adjacent oxygen-containing
functional groups.* Notably, despite these modifications, the
La*" state remains chemically stable, indicating that lanthanum
does not experience redox transformation during chromium
uptake. This stability underscores lanthanum's structural role
within the composite, suggesting it may contribute to chro-
mium adsorption indirectly through electronic or spatial
interactions with other active sites, including nitrogen and
oxygen atoms.

The high-resolution Rb 3d XPS spectra of La-Rb-MOF/CS-
PCL and Cr@La-Rb-MOF/CS-PCL show significant alterations
in the electronic environment of rubidium following chromium
adsorption. In the spectrum of La-Rb-MOF/CS-PCL, two closely
spaced peaks are observed at 109.67 eV and 109.63 eV. The peak
at 109.67 eV accounts for the majority of the signal (98.62%),
while the peak at 109.63 eV constitutes a smaller portion
(1.38%). These peaks are indicative of the Rb 3d core level,
specifically signifying the existence of rubidium in its mono-
valent ionic state (Rb"), which is stably integrated within the
polymer matrix and exhibits a consistent electronic environ-
ment. In contrast, after chromium adsorption, the Rb 3d
spectral profile exhibits significant changes, with the emer-
gence of two new peaks at 107.98 eV (17.53%) and 111.3 eV
(82.47%).* The appearance of the lower binding energy peak at
107.98 eV suggests a transformation in the local electron
density surrounding the Rb atoms, potentially due to charge
redistribution or electronic interactions influenced by the
chromium ions. Concurrently, the predominant peak at
111.3 eV indicates a stronger binding energy environment,
which could suggest modifications in coordination or polari-
zation effects caused by the nearby chromium species. These
spectral modifications demonstrate that although rubidium
does not engage directly in chromium binding, its chemical
environment is profoundly affected by the adsorption of chro-
mium, potentially through devices such as electrostatic inter-
actions or structural rearrangements within the matrix. Overall,
the Rb 3d XPS data affirm the presence of rubidium in its ionic
form while illustrating its responsive electronic behavior to
chromium incorporation, emphasizing its significance in the
overall composite structure and charge balance.

The high-resolution Cr 2p XPS spectrum of Cr@La-Rb-MOF/
CS-PCL demonstrates the presence of several chromium
oxidation states, signifying effective adsorption and a degree of
redox transformation on the surface of the composite. In the Cr
2ps, region, two prominent peaks are observed at 580.43 eV
(34.31%) and 579.51 eV (31.74%), which are attributed to Cr(v)
and Cr(m) species, respectively. The related Cr 2p,,, spin-orbit
components are found at 589.64 eV (18.92%) and 587.4 eV
(15.03%). These binding energy values are consistent with those
reported in existing literature, affirming the existence of both
hexavalent and trivalent chromium forms. The notable amount
of Cr(m) suggests a strong interaction with electron-donating
functional groups, such as ~-OH or -NH,, within the La-Rb/
CS-PCL framework, potentially promoting the partial reduction
of the more hazardous Cr(vi) to the comparatively less harmful
Cr(m). This redox activity indicates that the composite not only
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adsorbs chromium but also contributes to its detoxification.
The relatively equal distribution of peaks for Cr(vi) and Cr(m)
further indicates stable immobilization of both species via
chemisorption and complexation methods. In summary, the Cr
2p spectrum corroborates the composite's efficiency in
capturing chromium ions from aqueous environments through
a combination of adsorption and redox conversion
mechanisms.*

The XPS analysis of La-Rb-MOF/CS-PCL and Cr@La-Rb-
MOF/CS-PCL provides detailed visions into the elemental
makeup of the composite and confirms the effective adsorption
of chromium onto its surface. In the spectrum of La-Rb-MOF/
CS-PCL (represented by the blue line), significant peaks are
detected corresponding to C 1s (approximately 285 eV), O 1s
(around 532 eV), La 3d (between 850 and 855 eV), and Rb 3d
(approximately 310 eV). These peaks indicate the presence of
carbon and oxygen from the CS/PCL polymer matrix, along with
lanthanum and rubidium species in their oxidized states. These
findings underscore the structural integrity and functional
makeup of the composite material. Following the adsorption of
chromium, the spectrum of Cr@La-Rb-MOF/CS-PCL (shown by
the red line) reveals a new peak for Cr 2p in the range of
approximately 580 to 590 eV, which was not observable in the
original sample. This peak confirms the successful binding of
chromium to the surface. Additionally, the original peaks for La
3d, C 1s, and O 1s remain prominent, indicating that the
underlying structure of the composite remains unaffected after
chromium incorporation. The distinct presence of the Cr 2p
peak, without interference from other elemental signals,
suggests the coexistence of both Cr(vi) and Cr(m) species inter-
acting with the surface functional groups. In summary, the XPS
results confirm the successful chromium adsorption onto La-
Rb-MOF/CS-PCL while also highlighting the chemical stability
and effectiveness of the composite for applications in heavy
metal removal.*

3.1.7. Zero point of charge. Fig. 6(a) demonstrates the
process for determining the zero point of charge (pH,;.) of the
La-Rb-MOF/CS-PCL nanofiber membrane, utilizing the
method of ApH relative to the initial pH. The data reveals that
the curve interconnects the zero line (ApH = 0) at a pH of 3.34,
which signifies that the La-Rb-MOF/CS-PCL membrane ach-
ieves electrical neutrality at this specific pH level. Once the pH is
below this pH,,., the membrane surface exhibits a positive
charge; equally, when the pH is above 3.34, the surface acquires
a negative charge. This property is essential for the membrane's
ability to adsorb and eliminate Cr(vi) from water.**

3.2. Batch experiments

3.2.1. Effect of pH. The graph in Fig. 6(b) demonstrates the
influence of pH on the removal efficiency of Cr(vi) ions utilizing
the La-Rb-MOF/CS-PCL nanofiber membrane. The perfor-
mance of removal was assessed over a pH scale ranging from 2
to 8. Findings indicate that the optimal adsorption capacity is
obtained at pH 4, highlighting conditions that are particularly
conducive for the uptake of Cr(vi). At lower pH levels (pH 2-3),
although the efficiency is slightly reduced, it remains

© 2025 The Author(s). Published by the Royal Society of Chemistry
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considerable due to the strong electrostatic attraction among
the positively charged surface of the membrane—confirmed by
a pH,, of 3.34 and the anionic species of Cr(vi) such as HCrO, ™~
and Cr,0,%". As pH levels increase past 4, a gradual decline in
removal efficiency occurs, attributable to the deprotonation of
the membrane's functional groups, leading to a more negatively
charged surface that generates electrostatic repulsion against
the anionic Cr(vi) species. Furthermore, at elevated pH levels,
a transition of Cr(vi) species toward chromate ions (CrO,*")
occurs, which are less adsorbable due to both the repulsion and
a diminished affinity for the surface. Overall, the results
underscore the significant pH dependency of Cr(vi) adsorption
on La-Rb-MOF/CS-PCL, indicating that optimal removal is
achieved in slightly acidic conditions (approximately pH 4),
thereby positioning this membrane as particularly effective for
treating acidic wastewater containing hexavalent chromium.**

3.2.2. Effect of dose. Fig. 6(c) illustrates the adsorbent
dosage effect on the adsorption characteristics of Cr(vi) utilizing
the La-Rb-MOF/CS-PCL nanofiber membrane. It displays both
the adsorption capacity (g., dignified in mg g~') and the
removal efficiency (%) across varying adsorbent quantities,
reaching from 0.05 g to 0.5 g. There is a marked improvement in
removal efficiency as the adsorbent dose increases, with values
rising from approximately 66% at 0.05 g to nearly 99% at 0.5 g.
This enhancement indicates that a greater number of active
places available on the membrane facilitates the capture of
Cr(vi) ions from the solution. Conversely, the adsorption
capacity demonstrates a steep decrease from over 250 mg g~ ' to
below 50 mg g ' as the dosage increases. This inverse rela-
tionship arises from the fixed initial concentration of Cr(vi); at
lower dosages, the limited number of adsorption sites leads to
a greater uptake per gram, while at higher dosages, an abun-
dance of available sites results in underutilization, thus
lowering ¢.. This trend highlights the requirement of opti-
mizing the adsorbent dosage to attain an effective balance
among maximizing elimination efficacy and sustaining a high
adsorption capability per unit mass. For practical applications,
a moderate dosage of adsorbent (approximately 0.3-0.4 g) could
serve as an effective balance between efficiency and cost-
effectiveness.*

3.2.3. Effect of Cr(vi) initial concentration. Fig. 6(d) pres-
ents the influence of the Cr(vi) initial concentration on its
adsorption characteristics onto the La-Rb-MOF/CS-PCL nano-
fiber membrane, elucidating both the adsorption capacity (ge,
dignified in mg g ') and the removal efficacy (%) across
a concentration spectrum reaching from 25 to 500 mg L™". With
an rise in the original Cr(vi) concentration, the adsorption
capacity (as represented by the blue line) exhibits a consistent
upward trajectory, culminating in a peak of nearly 475 mg g~ ' at
the maximum concentration of 500 mg L™ . This phenomenon
can be attributed to the intensified driving force for mass
transfer and the heightened availability of Cr(v) ions at elevated
concentrations, thereby facilitating enhanced interactions with
the active sites on the membrane. In contrast, the removal
efficiency (indicated by the red line) progressively diminishes as
the concentration escalates, declining from approximately 98%
at lower concentrations to about 70% at the highest
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concentration tested. This decrease is ascribed to the fullness of
obtainable adsorption places at increased concentrations,
wherein the fixed mass of the adsorbent proves inadequate to
capture all present Cr(vi) ions. These findings suggest that while
the La-Rb-MOF/CS-PCL membrane can achieve substantial
adsorption capacity under high pollutant loads, the removal
percentage is constrained by the saturation of adsorption sites.
Consequently, at lower concentrations, the membrane demon-
strates near-complete efficiency, rendering it highly effective for
the elimination of trace-level Cr(vi), whereas at higher concen-
trations, the material's robust uptake capacity is particularly
beneficial for scenarios involving concentrated industrial
effluents.*®

3.2.4. Effect of connection time. Fig. 6(e) validates how
contact time influences the adsorption of Cr(vi) ions on the La-
Rb-MOF/CS-PCL nanofiber membrane. In this illustration, the
adsorption capability (g., measured in mg g ') is graphed
against time (min). The adsorption process shows a rapid initial
rate during the first 30 minutes, driven by the high obtainability
of active places on the membrane surface, which enhances
strong electrostatic interactions with Cr(vi) anions. As time
continues beyond this initial phase, a gradual decline in the rate
of adsorption is observed, indicating that the remaining active
sites become either occupied or less accessible. At this stage,
intraparticle diffusion starts to play a noteworthy character in
the adsorption dynamics. An equilibrium state seems to be
achieved around the 90 to 100 min mark, where the adsorption
capacity stabilizes at approximately 430 mg g . This kinetic
profile indicates that La-Rb-MOF/CS-PCL shows a strong
affinity for Cr(vi), featuring a rapid initial adsorption phase that
is followed by slower saturation, making it particularly effective
for the swift elimination of Cr(vi) from water. Additionally, the
shape of the curve suggests that the adsorption procedure may
align with pseudo-second-order kinetics, which is typical for
chemisorption that involves electron sharing or exchanges
between the membrane's functional groups and Cr(vi) ions.*”

3.2.5. Effect of temperature. Fig. 6(f) illustrates the influ-
ence of temperature on the elimination efficacy of chromium(vi)
ions using the La-Rb-MOF/CS-PCL nanofiber membrane
within a temperature variety of 20 to 45 °C. The data indicates
a consistent increase in removal efficiency with rising temper-
ature, beginning at 60% at 20 °C and peaking at 96.6% at 45 °C.
This trend suggests that the adsorption process of Cr(vi) onto
the La-Rb-MOF/CS-PCL is characterized by endothermic
behavior. The improved removal efficiency at higher tempera-
tures can be credited to various factors, with enhanced mobility
of Cr(vi) ions, better diffusion through the external borderline
layer and internal pores, as well as the activation of additional
adsorption sites on the membrane due to increased thermal
energy. Furthermore, elevated temperatures may strengthen the
interactions between Cr(vi) anions and the useful groups
present on the surface of the La-Rb-MOF/CS-PCL membrane,
resulting in more effective binding. These findings emphasize
the favorable thermal characteristics of the adsorption process
and indicate that operating at slightly higher temperatures can
markedly enhance Cr(vi) removal efficiency, making this
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material well-suited for thermally regulated wastewater treat-
ment applications.*®

3.3. Adsorption isotherm

Employing various adsorption isotherm models namely Lang-
muir,* Freundlich,* Dubinin-Radushkevich (D-R),** Temkin,*>
Jossens,* and Toth affords significant aids for a thorough
assessment of the adsorption characteristics of Cr(vi) ions on
La-Rb-MOF/CS-PCL nanofiber membranes.”® Each model
presents distinct perspectives on the adsorption phenomena.
The Langmuir model posits a monolayer adsorption process
occurring on a uniform surface and delivers essential limits
such as maximum adsorption capacity (ge max) and affinity
constant (Kp), which are instrumental in evaluating the
membrane's saturation potential. Conversely, the Freundlich
model is more applicable to heterogeneous surfaces, yielding
empirical constants (Ky and n) that represent the intensity and
favorability of adsorption, particularly in systems exhibiting
varied surface energy. The Dubinin-Radushkevich (D-R) model
provides insights into the mean adsorption energy (E,), facili-
tating the distinction between physical and chemical adsorp-
tion processes, especially in microporous structures. The
Temkin model emphasizes the thermodynamic dynamics by
positing a linear reduction in adsorption heat, reflecting the
interactions among adsorbate as well as adsorbent throughout
the adsorption procedure. The Jossens isotherm serves as
a versatile model adept at fitting a wide spectrum of adsorption
data by merging elements from both the Langmuir and
Freundlich models, thus enhancing its adaptability to diverse
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concentration ranges. Lastly, the Toth model refines the foun-
dational assumptions of Langmuir by incorporating surface
heterogeneity, which improves fitting accuracy across both low
and high concentration domains. By combining these models,
researchers can gain deeper insights into surface properties,
adsorption mechanisms, energy interactions, and optimize
operational parameters, ultimately boosting the scientific rigor,
predictive capabilities, and practical applicability of the La-Rb-
MOF/CS-PCL membrane in effectively removing Cr(vi) within
environmental remediation contexts (Table S4).

The utilization of the Langmuir isotherm model in assessing
the adsorption of Cr(vi) onto La-Rb-MOF/CS/PCL plays a crucial
role in gaining visions into the substance's adsorption proper-
ties and effectiveness.* This model is premised on the notion of
monolayer adsorption occurring on a surface considered by
a limited amount of identical, energetically equivalent sites,
making it particularly fitting for analyzing materials like La-Rb-
MOF/CS-PCL with consistent active centers. The data indicates
a strong correlation between the experimental maximum
adsorption capacity (g., exp = 449.2 mg ¢~ ') and the capacity
derived from the Langmuir model (g. = 451.8 mg g '), sup-
porting the model's relevance and suggesting that the surface
interactions largely adhere to a monolayer adsorption mecha-
nism (Fig. 7(a)). Furthermore, the Langmuir constant (K, =
0.064 L mg ') indicates a moderate affinity among Cr(vi) ions
and the adsorbent, while the dimensionless separation factor
(Ry, = 0.075) being below 1 implies that the adsorption proce-
dure is very favorable. These parameters collectively provide
essential quantitative information concerning the adsorption
capabilities and surface connections of the material, aiding in
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the prediction of performance across varying concentrations.
Consequently, the application of the Langmuir model not only
verifies the effective Cr(vi) uptake capacity of La-Rb-MOF/CS-
PCL but also supports the optimization and scaling of processes
for practical wastewater treatment solutions (Table S5).

The request of the Freundlich isotherm model for examining
the adsorption of Cr(vi) onto La-Rb-MOF/CS-PCL provides
important information regarding the material's surface
heterogeneity and multilayer adsorption characteristics.”®
Unlike the Langmuir model, which operates on the assumption
of uniform surface energy, the Freundlich model is empirical
and is chiefly effective in portraying adsorption happening
surfaces that exhibit heterogeneity and a non-uniform distri-
bution of adsorption energy. The data reveals a Freundlich
constant of Ky = 92.66 (mg g~ *)(L mg™*)"", indicating note-
worthy adsorption capacity. Furthermore, the heterogeneity
factor of n = 2.96, which exceeds 1, proposes that the adsorption
procedure is both favorable and effective. This factor also
reflects a considerable degree of surface heterogeneity, indi-
cating that the membrane contains various binding sites with
differing affinities for Cr(vi) ions. The advantage of the
Freundlich model lies in its ability to more accurately represent
real-world adsorption phenomena, particularly in complex
systems such as La-Rb-MOF/CS-PCL, which may incorporate
interactions, including electrostatic forces and
complexation, alongside multilayer coverage. Consequently, the
Freundlich model not only affirms the heterogeneous charac-
teristics of the La-Rb-MOF/CS-PCL membrane surface but also
substantiates its substantial potential for efficient Cr(vi)
removal across fluctuating concentration conditions, thus
making it well-suited for practical requests in wastewater
behavior (Table S6).

The application of the model of Dubinin-Radushkevich (D-
R) isotherm to the adsorption of Cr(vi) on La-Rb-MOF/CS-PCL
offers respected visions into the underlying adsorption devices,
specifically in differentiating between physical besides chem-
ical adsorption procedures. Unlike the Langmuir and Freund-
lich models, which rely on the statement of a uniform surface
and consistent adsorption possible, the D-R model emphasizes
the porous characteristics and energy properties of the adsor-
bent. According to the findings, the maximum adsorption
capability, signified as Qpg, is measured at 387.04 mg g’l,
highlighting the substantial adsorption potential of the La-Rb-
MOF/CS-PCL material.** Additionally, the computed mean free
energy of adsorption, or E,, is found to be 31.4 k] mol*, indi-
cating that chemisorption is the primary adsorption mecha-
nism. This conclusion is drawn from the general understanding
that values exceeding 16 k] mol~" indicate a chemical binding
process involving electron sharing or transfer between Cr(vi)
ions and the practical groups on the surface of La-Rb-MOF/CS-
PCL. This finding underscores that the adsorption process is
not simply a weak van der Waals interaction but entails stronger
and more stable coordination or redox interactions. Therefore,
the D-R model enhances comprehension of the mechanism of
Cr(v1) binding, which is vital for the design and optimization of
adsorbents aimed at providing effective and durable wastewater

various
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treatment solutions, where factors like chemical stability and
bonding strength are essential (Fig. 7(a)).

The request of the Temkin isotherm model in analyzing the
adsorption of Cr(vi) on La-Rb-MOF/CS-PCL proposals respected
visions into the energetics of adsorbate-adsorbent interactions.
Unlike traditional isotherm models that consider a uniform
adsorption energy, the Temkin model accounts for the effect of
indirect connections among adsorbed particles. It postulates
that the heat of adsorption decreases linearly as surface
coverage increases, reflecting these interactions. The data
indicates a Temkin binding energy constant of (by = 25.2 ]
mol ') and a Temkin equilibrium binding constant of (Ky =
0.807 L mol '), which imply that the adsorption procedure is
moderately favorable and energetically efficient.>” This suggests
the presence of strong interactions that are appropriately mild,
making them suitable for reversible adsorption applications.
The Temkin model is particularly relevant for systems like La-
Rb-MOF/CS-PCL, characterized by various functional groups
and metal coordination sites that can influence their adsorp-
tion affinities. By utilizing the Temkin model, researchers can
better comprehend how variations in surface coverage affects
interaction strengths, leading to an improved understanding of
adsorption thermodynamics and the development of effective
regeneration methods. Therefore, the Temkin model serves as
an excellent framework for evaluating realistic adsorption
processes, facilitating the advancement of effective, reusable
materials for the remediation of Cr(vi) in wastewater.

The request of the Jossens isotherm model to the adsorption
of Cr(vi) on La-Rb-MOF/CS-PCL presents a comprehensive and
adaptable framework for analyzing complex adsorption
phenomena that traditional models, such as Langmuir or
Freundlich, may not fully explain. The Jossens model effectively
considers surface heterogeneity and the energetic distribution
of adsorption places, making it chiefly relevant for hybrid
materials like La-Rb/CS-PCL, which have various functional
groups and coordinated metal centers. The reported isotherm
constant value, K = 35.16, suggests a strong attraction between
Cr(v1) ions as well as the adsorbent surface.**** Additionally, the
heterogeneity factor, J = 0.092, being below 1, indicates notable
surface heterogeneity and energy variation among the adsorp-
tion sites. A key advantage of the Jossens model is its capability
to simultaneously represent monolayer, multilayer, and ener-
getically diverse interactions, leading to a more precise corre-
lation with experimental data over a broad concentration range.
This improved understanding of the connections between Cr(vi)
ions and various active sites on the La-Rb-MOF/CS-PCL mate-
rial aids in the development of more effective adsorbents
designed with specific surface properties for environmental
cleanup applications.*

The Toth isotherm model offers noteworthy benefits when
evaluating the adsorption of Cr(vi) onto La-Rb-MOF/CS-PCL, as
it effectively addresses systems characterized by moderately
heterogeneous surfaces. This model serves to bridge the
discrepancy between the idealistic nature of monolayer
adsorption represented by the Langmuir model and the
empirical multilayer behavior suggested by the Freundlich
model. It is especially pertinent to materials like La-Rb-MOF/
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CS-PCL, which have many active sites because of the contri-
butions of bimetallic coordination centers, PCL and chitosan.
The analysis indicates a high theoretical maximum adsorption
capacity of g,, = 528.62 mg g ', highlighting the material's
exceptional uptake capability. Additionally, the Toth constant,
Ky = 9.2 L mg ', signifies a strong affinity for Cr(vi). The
heterogeneity index, measured at ¢ = 0.844 (which is under 1),
suggests a moderately heterogeneous surface where the distri-
bution of site energy plays a crucial character in influencing
adsorption efficacy. One of the key strengths of the Toth model
is its capacity to provide accurate fittings across various
concentration levels, thus addressing issues of overestimation
or underestimation often seen with simpler models. By
employing the Toth model, researchers are equipped with
a deeper insight into parameters such as adsorption intensity,
binding strength, and surface heterogeneity Fig. S3. This
understanding is instrumental in the optimized design of La-
Rb-MOF/CS-PCL membranes aimed at effective and scalable
elimination of Cr(vi) from water sources.>

3.4. Adsorption kinetics

Utilizing various adsorption kinetic models counting the
pseudo-first-order,* pseudo-second-order,* intraparticle diffu-
sion,*® as well as Elovich models facilitates a thorough exami-
nation of Cr(vi) adsorption mechanisms onto La-Rb-MOF/CS-
PCL nanofiber membranes.*® The pseudo-first-order model is
instrumental in assessing whether initial adsorption behavior is
primarily influenced by physisorption, which involves weak
interactions among Cr(vi) ions besides the adsorbent surface.
Conversely, the pseudo-second-order model, which generally
provides a more accurate representation of chemisorption
procedures, is especially useful for materials such as La-Rb-
MOF/CS-PCL. This model suggests that the adsorption rate is
contingent upon the presence of chemically active sites and the
exchange of electrons, aligning with the functional groups and
bimetallic coordination characteristic of the composite. The
intraparticle diffusion model assesses the role of pore diffusion
during the adsorption procedure, clarifying if the rate-limiting
factor stems from external boundary layer resistance or
internal diffusion throughout the membrane's porous struc-
ture. Additionally, the Elovich model is effective in describing
adsorption-arranged surfaces with heterogeneity, indicating
a chemisorption process marked by variable energy distribu-
tion. Collectively, the application of these kinetic models not
only corroborates the experimental findings but also yields
significant mechanistic and kinetic insights, allowing for the
precise optimization of La-Rb-MOF/CS-PCL membranes for the
effective and rapid elimination of Cr(vi) in environmental
contexts (Table S7).

The utilization of the model of pseudo-first-order kinetic to
investigate the adsorption of Cr(vi) onto La-Rb-MOF/CS-PCL
offers important visions into the initial dynamics of adsorption
and the characteristics of physisorption involved (Fig. 7(b)).
This model, which is rooted in the Lagergren equation, posits
that the degree of adsorption is relative to the number of
obtainable active places. It is particularly useful in determining
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whether the process is influenced primarily by physical forces
like van der Waals interactions during the initial adsorption
phase. The given data indicates that the rate constant K; = 0.969
x 107> min~" signifies a moderate initial adsorption rate,
implying that Cr(vi) ions are rapidly attracted to and secured on
the surface of the La-Rb-MOF/CS-PCL membrane.*® Factors
such as surface polarity, electrostatic attraction, or weak inter-
actions likely contribute to this before the onset of chemisorp-
tion. The simplicity of this model is advantageous, as it
effectively differentiates between surface-limited and diffusion-
controlled steps in the early phases of adsorption.®®® This
feature is crucial as it aids in evaluating the speed at which the
adsorbent can begin to eliminate contaminants upon exposure,
which is vital for the design of rapid-response treatment
systems. Therefore, although the pseudo-first-order model may
not provide a complete depiction of the whole adsorption
mechanism by itself, it delivers valuable supplementary infor-
mation for understanding initial kinetics and assessing the
efficiency of La-Rb-MOF/CS-PCL in the preliminary phases of
Cr(vi) removal.

The use of the pseudo-second-order kinetic model to analyze
the Cr(vi) adsorption onto La-Rb-MOF/CS-PCL presents
important benefits for comprehending both the nature and the
speed of the adsorption process, particularly when chemisorp-
tion is the chief device at play.’” This model postulates that the
adsorption rate is determined by the availability of active sites,
involving electron sharing or exchange among the adsorbent
and the adsorbate. This assumption is consistent with the
chemically active functionalities present in La-Rb-MOF/CS-
PCL, which include hydroxyl, amine, and coordinated metal
centers.”® The provided data shows a rate constant (K, = 3.97
107° (g mg~" min™") x 1072 and an equilibrium adsorption
capacity (g. = 452.4 mg g~ '), representative a good fit among the
model and the experimental data, as well as a reliable predic-
tion of adsorption behavior over time. The close alignment
among investigational and theoretical (g.) values further
substantiates that chemisorption is the dominant mechanism,
characterized by strong interactions such as complexation or
ion exchange between Cr(vi) ions and the La-Rb-MOF/CS-PCL
263 The pseudo-second-order model shows to be
particularly advantageous for optimizing the design of adsorp-
tion systems by providing precise kinetic parameters that aid in
the scaling up of processes and estimating the necessary
contact times for effective treatment. Overall, this model serves
as a valuable instrument for validating the chemical nature of
Cr(vi) adsorption, thereby enhancing the reliability of La-Rb-
MOF/CS-PCL as a highly actual adsorbent for wastewater
treatment.

The model of intraparticle diffusion kinetic is a valued tool
for analyzing the adsorption of Cr(vi) onto La-Rb-MOF/CS-PCL,
offering visions into the devices and rate-limiting influences
that influence the overall adsorption process. This model is
actual in determining whether the adsorption procedure is
predominantly controlled by surface interactions or if the
internal diffusion inside the adsorbent's holes is also a signifi-
cant factor. Based on the data provided, the intraparticle
diffusion rate constant (K;) of 48.72 mg g * min“* and an
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intercept (X) of 68.6 mg g~ ' indicate that while diffusion does
contribute to the kinetics, the notably high intercept suggests
that intraparticle diffusion is not the sole factor controlling the
rate. This implies that the adsorption procedure is likely multi-
staged, beginning with rapid adsorption on the external surface
followed by a slower diffusion phase into the La-Rb-MOF/CS-
PCL matrix. The utility of this model lies in its capacity to
differentiate between film diffusion, pore diffusion, and
chemical interaction steps, which aids researchers in opti-
mizing the morphology, particle size, and operational condi-
tions of adsorbents to improve Cr(vi) adsorption. Consequently,
the intraparticle diffusion model is essential for understanding
the mass transfer dynamics of Cr(vi) within the La-Rb-MOF/CS—
PCL framework and for devising efficient, high-capacity adsor-
bents suited for practical water treatment scenarios.”®

The utilization of the Elovich kinetic model in analyzing the
adsorption of Cr(vi) onto La-Rb-MOF/CS-PCL provides essential
understanding of the chemisorption dynamics occurring on
heterogeneous surfaces. This is especially relevant to composite
adsorbents characterized by intricate surface structures.
Rendering to the Elovich model, the rate of adsorption dimin-
ishes exponentially over time in response to increasing surface
coverage; making it, an effective framework for systems in
which the adsorbent contains sites with differing activation
energies.®*® The data indicates that the Elovich parameters
initial adsorption rate « = 0.00179 mg g ' min " and desorp-
tion constant 8 = 142.05 g mg™~ ' point to a gradual initial uptake
followed by a consistent adsorption process, indicative of strong
chemical interactions among Cr(vi) ions as well as the active
sites within the La-Rb-MOF/CS-PCL membrane.*® The elevated
@ value hints at significant surface variation and robust bonding
forces, which align with the presence of functional groups (-
OH, -NH,) that facilitate the capture of Cr(vi). The Elovich
model proves particularly beneficial in portraying adsorption
mechanisms that involve valence forces, particularly in envi-
ronments with a not-uniform energy distribution Fig. S4.
Consequently, the application of this model substantiates the
chemisorptive characteristics of the process and reinforces the
design of La-Rb-MOF/CS-PCL as an efficient, stable, and
surface-active solution for the elimination of Cr(vi) in water
treatment applications (Fig. 7(c)).

3.5. Diffusion mechanism

The intraparticle diffusion process underlying the adsorption of
Cr(vi) onto La-Rb-MOF/CS-PCL is illustrated in Fig. 7(c). It
presents a multi-linear plot depicting the association among
adsorption capacity (g, and the square root of time (¢t*/%), which
is categorized into three distinct phases. In Stage I, noted in the
initial segment (approximately 2-4.5 min'/?), there is a signifi-
cant increase in g, indicating a rapid adsorption process on the
external surface. This is determined by a strong concentration
grade and abundant active sites existing on the surface of the
La-Rb-MOF/CS-PCL membrane, facilitating immediate elec-
trostatic and surface interactions with Cr(vi) ions. Stage II,
occurring between 4.5 and 8.5 min*’?, signifies the intraparticle
diffusion phase where the rate of adsorption decreases as Cr(vi)
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ions start to migrate into the internal pores of the composite
structure. This phase is dictated by internal mass transfer
resistance, indicating the gradual association of ions into the
body of the adsorbent. Finally, Stage III, from 8.5 to 10 min /2,
reflects the equilibrium phase where the curve starts to level off
as most active sites reach saturation, resulting in a notable
reduction in the adsorption rate due to lower concentration
gradients. The presence of multiple linear segments and a non-
zero intercept supports the conclusion that while intraparticle
diffusion plays a role, it is not the only rate-limiting factor.>®
This underscores that the adsorption of Cr(vi) onto La-Rb-MOF/
CS-PCL occurs through a combination of surface adsorption,
pore diffusion, and stabilization at equilibrium, thereby high-
lighting the effective and staged adsorption characteristics of
the composite (Fig. 7(c)).

3.6. Adsorption thermodynamics

The impact of temperature on the adsorption of Cr(vi) onto the
La-Rb-MOF/CS-PCL nanofiber membrane was extensively
explored using thermodynamic and kinetic modeling. A linear
relationship between In K. and 1/T is shown in the Van't Hoff
plot (Fig. 8(a)), indicating that the adsorption process is
temperature-dependent. The positive value of enthalpy change
(AH® = 90.8 k] mol ") indicates that the adsorption is an
endothermic process, with higher temperatures leading to
increased uptake of Cr(vi) ions.®® Furthermore, the positive
value of entropy change (AS® = 311.75 ] mol ' K) signifies a rise
in predictability at the solid-liquid boundary during the
adsorption process, potentially resulting from the displacement
of water molecules and the formation of more structured
surface complexes. The Arrhenius plot illustrated in Fig. 8(b),
displaying In k, against 1/T, was employed to determine the
activation energy (E,), which was calculated to be 44.6 k] mol .
This intermediate value designates that the adsorption mech-
anism is predominantly subjective by chemisorption, where
distinct interactions like surface complexation or electron
transfer occur between Cr(vi) species and the useful groups
present on the La-Rb-MOF/CS-PCL membrane.®” Additionally,
the observed increase in adsorption kinetics at elevated
temperatures corroborates the significant role of temperature in
surmounting energy barriers and facilitating more robust
bonding interactions. The values of Gibbs free energy change
(AG°) shown in the table and Fig. 8(c) exhibit a trend of
becoming increasingly negative as the temperature rises.
Specifically, these values vary from —0.5582 k] mol " at 293 K to
—8.35 k] mol " at 318 K. This trend signifies that the adsorption
process transitions to a state that is both spontaneous and more
thermodynamically advantageous with higher temperatures. In
summary, the process of Cr(vi) adsorption onto La-Rb-MOF/CS-
PCL is characterized as a spontaneous and endothermic reac-
tion, driven primarily by chemisorption. Further analysis
reveals that the adsorption capacity and kinetics enhance at
higher temperatures, demonstrating the membrane's effec-
tiveness and stability in response to the thermally fluctuating
conditions typically present in wastewater treatment scenarios
(Table S8).
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3.7. Interaction mechanism

The mechanisms over which Cr(vi) interacts with the La-Rb-
MOF/CS-PCL nanofiber membrane involve six distinct
processes that collectively enhance its adsorption efficiency.
Initially, under acidic conditions (pH approximately 4), elec-
trostatic attraction is significant, as protonated amine groups (-
NH;") on chitosan attract negatively charged Cr(vi) oxyanions,
including HCrO,  and Cr,0,” . Following this, surface
complexation occurs, where Cr(vi) species coordinate with La**
and Rb' ions within the metal-organic framework (MOF),
resulting in stable La-O-Cr or Rb-O-Cr inner-sphere
complexes. The third mechanism involves hydrogen bonding
between the polymeric matrix's hydroxyl (-OH) and amine (-
NH,) groups and the oxygen atoms associated with chromate
ions, which helps in stabilizing the adsorbed ions. The fourth
mechanism is ion exchange, where Rb" ions in the MOF
framework are replaced by Cr(vi) ions, facilitating their inte-
gration into the porous structure. Redox-coupled adsorption is
the fifth mechanism, which occurs when Cr(vi) is partially
reduced to Cr(m) through electron-donating functional groups
in chitosan or at La sites, followed by the chelation of Cr(m)
within the polymer matrix. Finally, pore filling or physical
entrapment is significant, with Cr(vi) species moving into and
occupying the mesopores of the nanofibrous membrane.*® This
phenomenon is supported by a reduction in BET surface area
(from 74.82 to 68.74 m”> g~ '), pore radius (from 2.38 to 2.11 nm),
and pore volume (from 0.42 to 0.31 cm® g™'), demonstrating
that Cr species effectively block or fill the mesopores while
maintaining the integrity of the overall structure. Together,
these six mechanisms elucidate how La-Rb-MOF/CS-PCL

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

nanofibers achieve high-capacity, selective, and stable adsorp-
tion of Cr(vi) ions (Fig. 9).

3.8. Effect of salinity

The experimental results illustrated in the accompanying figure
reveal that the addition of common anions and cations at
concentrations of 50 mg L '—when introduced into
a 200 mg L' Cr(vi) solution and treated with 0.8 ¢ L™" of the
adsorbent in a 25 mL batch system—significantly affects the
removal efficiency of Cr(vi). In the absence of other ions, the
removal efficiency was almost complete at 98.8%, demon-
strating the strong affinity and capacity of the adsorbent under
optimal laboratory conditions. However, the introduction of
various ions, which simulate real water environments, dimin-
ished performance to different extents. Monovalent ions, such
as chloride (Cl7), and divalent cations like magnesium (Mg>")
and calcium (Ca®") moderately reduced removal efficiency to

—NH;'+HCrO — > —NH,'

Electrostatic interaction

La*'+ CrO,> ———>»La-O-Cr
Surface complexation

HCrO,

-~
4 N

= \
a3+ 3+ 2 {cr(vi)r
La*'/Rb¥'<—» Cro, ! V!
/7
N
Ton exchange Pore filling =~
Cr(VI) + 3¢ + 6H'—» Cr(IIl) + 3H,0 -OH - O=Cr

Hydrogen bonding
distribution

Redox-Coupled Adsorption

Fig. 9 Representation drawing of the mechanism of contact among
Cr(vi) and La—Rb-MOF/CS—-PCL.
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approximately 91-93%, indicating some competition for avail-
able binding sites but not a substantial effect. In contrast,
phosphate (PO,*”) and carbonate (CO;>") presented signifi-
cantly greater interference, with removal efficiencies dropping
to 78.8% and 64.8%, respectively. This likely stems from their
strong capacity to either compete with chromate for adsorption
or to alter the speciation and pH of the solution. The effects of
nitrate (NO®7) and sulfate (SO,>”) were less pronounced,
leading to removal efficiencies of 87.6% and 94.2%, respec-
tively. This suggests that while multivalent and multicharged
ions can influence the process, their effects are somewhat ion-
specific and dependent on adsorption mechanisms and
competitive equilibria. These findings emphasize the signifi-
cance of matrix effects in practical applications of real waste-
water treatment and highlight the necessity for thorough
interference studies before any practical implementation of
Cr(vi) adsorbent technologies Fig. 10(a). Furthermore, experi-
ments involving varying concentrations of NaCl, ranging start-
ing 10 to 40 g L™, were conducted to investigate the impact of
ionic strength happening the adsorption characteristics of
Cr(vi) ions by La-Rb-MOF/CS-PCL. As the ionic strength
increased, a significant decrease in Cr(vi) removal efficiency was
observed, as shown in Fig. 10(b). Notably, alterations in
adsorption capability were particularly pronounced at a Na*
concentration of 40 g L™". These results suggest that the addi-
tion of NaCl negatively influences the electrostatic connections
between Cr(vi) and La-Rb-MOF/CS-PCL, further supporting the
idea of chemical connections among Cr(vi) ions and the
adsorbent.*

3.9. Effect on real water samples

Fig. 11 presents a bar graph that demonstrates how different real
water matrices specifically tap water, saline water, and industrial
wastewater—affect the adsorption efficiency of Cr(vi) using an
adsorbent made from La-Rb-MOF/CS-PCL, under controlled
experimental conditions. These conditions included an initial
concentration of Cr(vi) (100 mg L"), an adsorbent amount of
0.02 g, a solution volume of 25 mL, and a contact time of 100 min.
Among the samples evaluated, tap water achieved the highest
removal efficiency of 95.9%, suggesting limited interference from
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competing ions and ideal conditions for adsorption. In contrast,
saline water demonstrated a lower removal efficiency of 83.8%,
likely due to its high ionic strength and the presence of competing
anions like chloride and sulfate, which can compete for adsorp-
tion sites with Cr(vi) ions. Although industrial wastewater is more
complex and may contain various organic and inorganic pollut-
ants, it still achieved a relatively high removal efficiency of 91.2%.”°
This indicates the adsorbent's strong performance and selectivity
even in more difficult treatment circumstances. These findings
highlight the practical effectiveness of the adsorbent for removing
Cr(v1) from real environmental water samples.

3.10. Reusability

In this investigation, 0.02 g of La-Rb-MOF/CS-PCL was added to
a 50 mL solution that contained 100 mg L™" of Cr(vi) ions. This
process was carried out under controlled conditions, specifi-
cally at a pH of 6, over a period of 100 min to optimize the
adsorption of Cr(vi) ions. Following the filtration procedure, the
absorbent which was now saturated with Cr(vi) was put in
a 50 mL solution of 0.05 mol L™ " of EDTA. The combination was
continuously agitated for four hours at a stable temperature of
298 K to promote effective communication among the absor-
bent and EDTA. The La-Rb-MOF/CS-PCL was separated from
the resultant composite mixture by centrifugation before and
then distilled water was utilized for washing. Once the
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membrane was dried at a temperature of 333 K, it was readied
for reuse in succeeding cycles. The adsorption and reactivation
procedures were repeated five times. The significant reac-
tivation capacity of the sorbent is a vital aspect that enhances its
viability for commercial applications. Throughout five consec-
utive cycles of adsorption-desorption, the preservation capac-
ities showed a gradual decline, demonstrating values of 97.4,
96.1,94.2, 92.2, and 88.4% of the original capacity, individually.
This decrease in adsorption is attributed to the reduction of
active sites and modifications in the specific geometric struc-
ture of the measurable, with the reduction becoming more
pronounced as the number of cycle's increases. The results
indicate that La-Rb-MOF/CS-PCL has substantial possible for
actual reusing. To evaluate the stability of La-Rb-MOF/CS-PCL,
X-ray diffraction (XRD) analysis was performed before then after
the renewal procedure, as exemplified in Fig. 12(a). The results
confirm that the structural reliability of the adsorbent was
maintained, even after undergoing five renewal cycles.”*
Fig. 12(b) demonstrates that the La-Rb-MOF/CS-PCL exhibits
effective performance for up to five cycles. This finding indi-
cates that the adsorbent maintains its stability consistently over
the duration of the testing.

3.11. In contrast to alternative adsorbents

Table S9 deals a relative assessment of the effectiveness of Cr(vi)
removal through adsorption using the synthesized materials
La-Rb-MOF/CS-PCL alongside other adsorbents documented
in scholarly literature. Notably, the produced nanosphere
demonstrated superior adsorption capacity compared to most
alternative adsorbents. However, the maximum adsorption
capacity identified in this study remains inferior to values re-
ported in prior research. These results underscore the signifi-
cant contribution of the La-Rb-MOF/CS-PCL composite sponge
adsorbent in the remediation of the Cr(vi) pollutant from water
solutions.

3.12. Statistical analysis

3.12.1. ANOVA. The study of alteration (ANOVA) conducted
on the adsorption of Cr(vi) onto the La-Rb-MOF/CS-PCL
nanofiber membrane indicates a highly effective model, as
demonstrated by an F-value of 52.53 and a P-value less than

View Article Online

RSC Advances

0.0001. This suggests that the model successfully signifies the
association among the independent variables and the adsorp-
tion response. Among the variables assessed, contact time (B)
was found to have the greatest impact on the removal of Cr(vi),
exhibiting a significant F-value of 314.05 and a P-value under
0.0001.”* The factors of dose (C) and pH (A) also demonstrated
substantial effects, with P-values of 0.0007 and 0.0254, indi-
vidually. Notable quadratic effects were identified for pH (A%)
and time (B?), suggesting a nonlinear association between these
variables and the efficiency of adsorption. Additionally, the
interaction between contact time and dose (BC) was found to be
statistically significant (P = 0.0128), indicating a synergistic
effect when both parameters are varied together. Conversely,
the interactions AB, AC, and the quadratic term C* were deemed
statistically insignificant, pointing to minimal or absent inter-
active or nonlinear effects in those scenarios.” The model
demonstrated a high R* value of 0.9854, with an adjusted R* of
0.9666 and a predicted R* of 0.7665, signifying a strong fit and
reasonable prediction capability. Moreover, the adequate
precision value of 24.64 which exceeds the threshold of 4 further
endorses the model's reliability in exploring the design space.
Although the lack of fit was statistically significant, this issue is
likely due to the lack of pure error, as identical replicate
responses diminish the reliability of this assessment. Addi-
tional statistical indicators, including the AIC (194.68), BIC
(166.34), and —2 log likelihood (138.01), further substantiate
the adequacy and robustness of the model in characterizing the
Cr(vi) adsorption process utilizing La-Rb-MOF/CS-PCL, as
shown in Table 2.

The amount of squares table for evaluating different models
in the adsorption of Cr(vi) onto the La-Rb-MOF/CS-PCL nano-
fiber membrane reveals important information about which
model types Linear, Two-Factor Interaction (2FI), Quadratic,
and Cubic best fit the experimental data. The analysis indicates
that the quadratic model attitudes out as the most appropriate
choice, as demonstrated by its lowest p-value of 0.0001 and
highest adjusted R* (0.9666) and predicted R*> (0.7665) values.
These metrics demonstrate excellent fitting and predictive
capabilities, which are vital for effective optimization and reli-
able predictions in adsorption processes. In contrast, while the
linear model is statistically significant with a p-value of 0.0004,
it has noticeably lower adjusted R* (0.6802) and predicted R*
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Table 2 An analysis of variance has been performed on the models that have been utilized

Source Sum of squares df Mean squares F-value P-value
Model 2.255 x 10° 9 25057.12 52.53 <0.0001 significant
A-pH 3818.84 1 3818.84 8.01 0.0254
B-time 1.498 x 10° 1 1.498 x 10° 314.05 <0.0001
C-dose 15758.87 1 15758.87 33.03 0.0007
AB 1098.47 1 1098.47 2.30 0.1729
AC 588.38 1 588.38 1.23 0.3034
BC 5250.60 1 5250.60 11.01 0.0128
A? 14 207.87 1 14 207.87 29.78 0.0009
B> 31 883.65 1 31883.65 66.84 <0.0001
c? 104.61 1 104.61 0.2193 0.6538
Residual 3339.27 7 477.04

Lack of fit 3339.27 3 1113.09

Pure error 0.0000 4 0.0000

Cor total 2.289 x 10° 16

Std. Dev. 21.84

Mean 228.21

C.V.% 9.57

R 0.9854

Adjusted R 0.9666

Predicted R 0.7665

Adeq precision 24.6358

PRESS 53428.32

—2 log likelihood 138.01

BIC 166.34

AICc 194.68

(0.5612) values, indicating that it is less effective in capturing
the complexity of the system.”*”® The 2FI model performs
poorly, evidenced by a high p-value of 0.7293, an adjusted R* of
0.6328, and a predicted R*> of only 0.2577, suggesting that
modeling interactions without accounting for curvature fails to
adequately describe the adsorption behavior. Furthermore, the
cubic model is aliased, meaning it cannot be independently
assessed due to confusion with other terms, rendering it
unsuitable for this evaluation.” In conclusion, based on the
statistical analysis and significance levels, the quadratic model
is recommended as the optimal choice for accurately charac-
terizing and forecasting the adsorption of Cr(vi) onto La-Rb-
MOF/CS-PCL, taking into consideration both individual and
interactive effects along with curvature (Table 3).

Predictions about the response that corresponds to specific
values of each element are made easier by the equation written
in terms of coded factors. Characteristically, high factor levels
are characterized by the code +1, while low factor levels are
signified by —1.” This implied equation helps a appreciated
purpose in discerning the relative effect of the factors, allowing
for a comparison of the coefficients associated with each factor,
as illustrated in eqn (5).

Table 3 Amount of squares for models that follow

ge = 298.842 + 21.8485 x A + 136.845 x B + —44.3831 x C
+16.5716 x AB — 12.1283 x AC - 36.2305 x BC
— 58.0893 x A%+ —87.0194 x B> — 4.98445 x > (5)

Forecasting the reaction based on predetermined values for
each variable is possible using the equation expressed in terms
of the actual variables. The original units that correspond to
each variable should be used to indicate these values. None-
theless the intercept does not match the midway of the design
space as shown in eqn (6) and the coefficients are modified
based on the units of the variables, this equation is not suitable
for evaluating the relative contribution of every variable.

ge = —149.005 + 70.1009 x pH + 7.17545 x time + 111.144
x dose + 0.116292 x pH time — 16.8448
x pH C — 3.17811 x time dose — 6.45437 x pH?
— 0.0385681 x time* — 86.5356 x dose’ (6)

Fig. 13 delineates the separate influences of three pivotal
adsorption variables solution pH, contact duration, and
adsorbent quantity on the efficacy of Cr(vi) removal via the La-
Rb-MOF/CS-PCL nanofiber membrane. These response surface

Source Sum of squares df Mean square Sequential p-value Adjusted R* Predicted R*

Linear 59463.74 9 6607.08 0.0004 0.6802 0.5612

2FI 52526.29 6 8754.38 0.7293 0.6328 0.2577

Quadratic 3339.27 3 1113.09 0.0001 0.9666 0.7665 Suggested
Cubic 0.0000 0 1.0000 Aliased
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charts are grounded in the established quadratic model and
underscore the observed trends throughout the evaluated
experimental spectrum.”

The analysis of pH's impact (A) on adsorption capacity (g.)
reveals a positive correlation as pH increases from acidic to
near-neutral conditions, with peak adsorption noted around pH
5. This trend indicates the attendance of favorable electrostatic
connections among the negatively charged Cr(vi) species
primarily in the forms of Cr,0,*>~ or HCrO, and the positively
charged active sites on the adsorbent surface in mildly acidic
environments. However, a slight decline in adsorption capacity
occurs as pH exceeds 5, which can be credited to the deproto-
nation of practical groups on the La-Rb-MOF/CS-PCL surface.
This deprotonation diminishes the electrostatic attraction and
leads to heightened competition from OH™ ions in the
solution.®

The analysis of contact time (B) reveals a significant corre-
lation between the duration of contact and the adsorption
capacity, exhibiting a pronounced increase that levels off
between 60 to 80 min. This pattern proposes that the initial
uptake of Cr(vi) is primarily influenced by surface adsorption
processes coupled with rapid diffusion into the pores of the
adsorbent. As the system nears equilibrium, the saturation of
active sites occurs, resulting in a reduction in the rate of
adsorption. Therefore, the optimal contact time is identified
within this time frame, as further extension yields negligible
improvements in Cr(vi) removal efficacy.®

Impact of adsorbent dose (C): notably, the adsorption
capacity (g.) exhibits a decrease as the adsorbent dose escalates.
This negative correlation can be clarified by the affinity of
adsorbent particles to aggregate at elevated dosages, causing in
a reduction of the effective surface area and the availability of
active places for interaction with Cr(vi) ions per unit mass.
Furthermore, an increased dosage may reduce the concentra-
tion gradient between the solution and the adsorbent, which
subsequently hinders mass transfer and the uptake of Cr(vi)
ions per gram of adsorbent.®

In summary, the findings designate that the optimal elimi-
nation of Cr(vi) takes place within a pH range that is moderately
set at about 5, alongside a suitable exposure time of roughly 60
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to 80 min. Furthermore, employing a lower amount of the
adsorbent is advantageous, as it strikes a pleasing balance
among the obtainability of active places and the maintenance of
a substantial adsorption capability. These insights are sup-
ported by the ANOVA analysis, which demonstrates the statis-
tical importance and impact of each variable on the overall
efficiency of the adsorption method (Fig. 13).

3.12.2. Experimental design modeling and response
surface analysis. Fig. 14(a) presents a normal probability plot of
externally studentized residuals related to the adsorption of
Cr(v1) onto La-Rb-MOF/CS-PCL nanofiber membrane. The plot
shows that the residuals align closely with a straight red refer-
ence line, suggesting that they follow a normal distribution and
that the errors in the model are both random and unbiased.
Furthermore, the data points are symmetrically distributed
around zero, indicating that prediction errors are uniformly
spread without any systematic bias towards overestimation or
underestimation. The absence of notable deviations or extreme
outliers implies that the residuals do not demonstrate skewness
or heteroscedasticity. This finding supports the critical statis-
tical assumptions necessary for the validity of the regression
model and ANOVA analysis. As a result, it affirms the adequacy
of the model and its dependability in accurately predicting
Cr(vi) adsorption behavior, showcasing the robustness of the
established quadratic model for optimizing and interpreting
the adsorption process.*

Fig. 14(b) presents a comparison between the predicted and
actual adsorption capacities of Cr(vi) onto the La-Rb-MOF/CS-
PCL nanofiber membrane. This figure is a crucial validation tool
for assessing the predictive model's accuracy. The data points’
closeness to the reference diagonal line shows a strong
connection between the experimental and predicted values,
pointing to few differences and validating the high accuracy of
the model. The concentrated grouping of the orange square
markers near the line illustrates that the model effectively
captures the dynamics of the adsorption process, accurately
accounting for factors such as pH, interaction time, and
adsorbent amount on the uptake of Cr(vi). The absence of
significant scattering or systematic bias further underscores the
model's strong predictive capabilities and general applicability,
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making it a valuable tool for simulation and optimization
purposes. This strong correlation reinforces the statistical
integrity of the model and affirms its suitability for accurately
describing the adsorption behavior of Cr(vi) on La-Rb-MOF/CS-
PCL with considerable confidence.®?

44788 | RSC Adv, 2025, 15, 44766-44796

Fig. 14(c) presents a Box-Cox plot for evaluating power
transformations intended to enhance the model fit concerning
the adsorption of Cr(vi) onto the La-Rb-MOF/CS-PCL nanofiber
membrane. On the x-axis, various lambda (1) values signify
different power transformations, whereas the y-axis illustrates

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the usual logarithm of the residual amount of squares (Ln
(Residual SS)), which indicates the model's error. The curve
exhibits a minimum at a lambda value approximately equal to
zero, implying that applying a logarithmic transformation may
slightly decrease model error. Nevertheless, the current model
is depicted by a green vertical line at A = 1, which lies
comfortably in the 95% confidence interval delineated by the
blue lines. This positioning signifies that the original untrans-
formed data is statistically sound and does not necessitate
transformation. Additionally, the minor difference between the
optimal lambda and one, alongside a relatively low residual
error at A = 1, substantiates that the existing quadratic model
effectively fits the data without requiring any transformations.
This further affirms the model's capacity to precisely define the
Cr(vi) adsorption process on the La-Rb-MOF/CS-PCL
membrane.*?

The residuals vs. predicted plot serves as an important
indicative tool for evaluating the regression model created to
examine the Cr(vi) adsorption onto the La-Rb-MOF/CS-PCL
nanofiber membrane. In this plot, the predicted adsorption
capacities are compared to externally studentized residuals to
measure the model's accuracy and error characteristics. The
residuals exhibit a random distribution about the zero line,
showing no systematic trends, which suggests that the model
meets the assumptions of linearity and homoscedasticity,
indicating uniform variance across the predicted value range.*
Additionally, all residuals fall within the red control limits of
approximately +4.82, highlighting the lack of significant
outliers or influential observations that may skew the model's
performance. This consistent distribution indicates that the
model does not show bias in either over-predicting or under-
predicting outcomes, and the prediction errors appear to be
randomly spread. Overall, this plot demonstrates the strength
and reliability of the reversion model in accurately character-
izing the Cr(vi) adsorption process by La-Rb-MOF/CS-PCL, thus
affirming its suitability for predictive and optimization appli-
cations (Fig. 14(d)).

Fig. 14(e) presents a perturbation plot that elucidates the
individual belongings of pH (A), communication time (B), and
adsorbent dose (C) on the adsorption capacity (g.) of Cr(vi) onto
the La-Rb-MOF/CS-PCL nanofiber membrane, while keeping
all other variables constant at a baseline level (coded as 0). The
curvature and slope of each plotted line depict the under-
standing of the adsorption procedure in response to variations
in each parameter. The blue line, representing contact time (B),
displays a steep upward trajectory, highlighting that contact
time exerts the most substantial and nonlinear effect on the
uptake of Cr(vi); an increase in communication time signifi-
cantly elevates the adsorption capacity, indicating enhanced
interaction and diffusion of Cr(vi) ions towards available active
sites. The green line associated with pH (A) also reveals a posi-
tive but less pronounced curve, suggesting a moderate effect,
where increased pH correlates with improved adsorption up to
an optimal level. Reduced competition with H' ions and
increased electrostatic attraction could be the cause of these
phenomena. In contrast, the gray line depicting adsorbent dose
(C) appears relatively flat and linear, suggesting a minimal
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influence on g.. This limited effect may be due to the over-
lapping of active sites or particle aggregation at higher doses,
which restricts adsorption efficiency per gram. Overall, the plot
demonstrates that contact time is the most pivotal factor for
maximizing Cr(vi) removal, followed by pH, while the adsorbent
dose shows a comparatively minor impact under the tested
conditions.®*

The 3D cube plot shown in Fig. 14(f) depicts the combined
effects of pH (A), communication time (B), and adsorbent dose
(C) on the adsorption capability (g.) of Cr(vi) onto a La-Rb-MOF/
CS-PCL nanofiber membrane. Each corner of the cube signifies
a distinct pairing of low and high levels for the three variables
considered. The optimal adsorption capacity of 416.756 mg g~ *
is achieved under situations of high pH (8), extended commu-
nication time (100 min), and a low adsorbent amount (0.02 g).
This finding highlights the crucial role of alkaline conditions
and sufficient interaction time in enhancing Cr(vi) uptake.
Conversely, the lowest adsorption capacity of —3.09959 mg g~
is noted under situations of low pH (2), short communication
time (5 min), and a high adsorbent quantity (0.5 g). This
reduction in capacity is likely due to increased competition
from protons, insufficient time for ion diffusion, and particle
aggregation resulting from excessive dosages. Intermediate
values at other points in the cube illustrate the interplay of
individual and combined effects, such as an adsorption capa-
bility of 315.659 mg g~ perceived at high contact time and low
pH, or 231.272 mg g~ ' at high dose and high pH. In conclusion,
the plot compellingly indicates that maximizing Cr(vi) removal
is predominantly dependent on high contact time and optimal
pH, while proper management of adsorbent dose is essential to
prevent diminished adsorption efficiency caused by overlapping
surface sites or saturation effects.®

3.12.3. Model adequacy checking. Fig. 15(a) includes 3D
surface, contour, and desirability plots that depict the inter-
acting effects of adsorbent amount (A) and interaction time (B)
on the adsorption capability (g.) of Cr(vi) onto La-Rb-MOF/CS-
PCL nanofiber membranes, highlighting the importance of
process optimization. The 3D surface plot indicates a signifi-
cant increase in g, with longer contact times, while an increase
in adsorbent dose leads to a decrease in g.. The maximum
adsorption capacity is approximately 447.8 mg g~ ' at a connec-
tion time of 100 min and the lowest dose of 0.02 g. This pattern
implies that longer contact times facilitate the diffusion of Cr(vi)
ions and enhance surface interactions, while higher dosages
may lead to particle agglomeration or overlap of active sites,
which reduces the adsorption efficiency per unit mass. The
contour plot corroborates this observation, indicating that the
highest adsorption capacities are predominantly found in the
upper-left section, where contact time is high and adsorbent
dosage is low, with iso-response lines exceeding 400 mg g~ .
Furthermore, the desirability plot underscores that optimal
operational conditions, achieving a desirability score of 0.968,
are aligned with extended contact times and minimal adsorbent
dosages. Conversely, shorter contact times and higher dosages
result in lower adsorption performance and desirability. Over-
all, these plots illustrate that optimizing for low adsorbent
doses in conjunction with extended contact times is vital for

RSC Adv, 2025, 15, 44766-44796 | 44789
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Fig. 15 Contour and 3D interaction between Cr(v)) and La—Rb-MOF/CS—-PCL between: (a) dose and time, (b) pH and dose, and (c) pH and time.

enhancing the effectiveness of Cr(vi) removal using the La-Rb-
MOF/CS-PCL system.®*

Fig. 15(b) presents 3D surface, contour, and desirability plots
that depict the relationship between solution pH (A) and
adsorbent amount (B) about the adsorption capability (g.) of
Cr(vi) on a La-Rb-MOF/CS-PCL nanofiber membrane. These
visuals highlight the optimal conditions for achieving
maximum removal efficiency. The 3D surface plot designates
that the adsorption capacity increases as pH rises, peaking
around pH 5, after which it begins to plateau or slightly
decrease. Conversely, an increase in adsorbent dose typically
leads to a minor reduction in g., which could be attributed to
particle aggregation or a diminished effective surface area per
unit mass. The contour plot, which reveals that the highest g,
values, nearing 300 mg g ', occur within a moderate pH range

44790 | RSC Adv, 2025, 15, 44766-44796

(approximately 4) and a low adsorbent dose (around 0.02 g)
corroborate this observation. These conditions appear to be
optimal for maximizing the electrostatic connections among
Cr(vi) species and the composite’s functional groups. The
desirability plot further confirms this finding, indicating
a maximum desirability score of 0.956 at these same parame-
ters, which suggests an ideal balance between effectiveness and
resource utilization. As pH levels decrease excessively or when
the adsorbent dose exceeds 0.3 g, both desirability and
adsorption performance diminish. Overall, the plots support
the conclusion that a slightly acidic pH and a low adsorbent
dose represent the most effective conditions for optimizing
Cr(vi) removal using the La-Rb-MOF/CS-PCL adsorbent.®

Fig. 15(c) presents 3D surface, contour, and desirability plots
that illustrate the interactive effects of pH (A) and contact time

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(B) on the adsorption capacity (g.) of Cr(vi) using La—Rb-MOF/
CS-PCL nanofiber membranes. These visualizations provide
insight into the ideal conditions necessary for achieving
maximum removal efficiency. The 3D surface plot indicates that
the adsorption capacity increases significantly with higher pH
levels and longer contact durations, peaking at approximately
447.8 mg g~ ' when the pH is between 5.5 and 6 and the contact
time is 100 minutes. This suggests that slightly acidic condi-
tions, coupled with extended exposure, bolster ion-exchange
interactions and promote the diffusion of Cr(vi) into the
accessible binding sites. The curvature of the surface indicates
a strong synergistic effect, emphasizing that neither pH nor
contact time alone can reach optimal performance without the
contribution of the other factor. The contour plot, which depicts
iso-response lines transitioning from blue to yellow as both pH,
further supports this observation and contact time increase,
with the best performance located at the intersection of
moderate pH and extended contact time. The desirability plot
corroborates this trend, showing a peak desirability score of
0.971 in the same range, thereby identifying the most advan-
tageous combination of conditions for achieving high adsorp-
tion efficiency. Conversely, lower desirability values are noted at
lower pH levels and shorter contact times, attributable to
reduced surface reactivity and inadequate Cr(vi) binding. Over-
all, these visual representations indicate that maintaining
a moderate pH (5-6) and a prolonged contact time (approxi-
mately 100 min) is crucial for optimizing the removal of Cr(vi)
on La-Rb-MOF/CS-PCL membranes.*

3.12.4. The validation of models and the desirability
approach. Fig. 16(a) displays the optimization summary plot for
Cr(vi) adsorption onto the La-Rb-MOF/CS-PCL nanofiber
membrane. It illustrates the specific levels of input factors that
contribute to the highest predicted adsorption capacity (ge),
which is associated with a desirability score of 0.971. This score
signifies an advantageous and optimized arrangement of
operational conditions necessary for effective Cr(vi) removal.
The optimization involved three distinct input variables.®®

The optimal pH level is established at 4.00, which suggests
that slightly acidic conditions create the most favorable envi-
ronment for the binding of Cr(vi). This preference can be
credited to increased electrostatic interactions while simulta-
neously reducing competition from protons, contact time (B)
was established at the upper experimental threshold of
99.9996 min. This duration ensures that the maximum expo-
sure time facilitates a greater interaction and binding of Cr(vi)
ions to the active sites current on the La-Rb-MOF/CS-PCL
membrane, and the adsorbent dosage (C) is established at its
minimal tested level of 0.0200002 g, indicating that a relatively
small mass of adsorbent can achieve significant efficiency. This
efficiency may be attributed to improved material dispersion
and decreased agglomeration, which in turn increases the
active surface area available per gram of the adsorbent.

The optimized configuration yields a predicted maximum
adsorption capacity of 400.993 mg g, which closely approxi-
mates the experimentally determined upper limit of 447.8 mg g™
This proximity underscores the model's strong predictive capa-
bility and its practical applicability. In the graphical
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representation, the red and blue dots on the individual factor lines
illustrate the optimal set points along with their contributions
towards attaining the highest desirability. Collectively, this anal-
ysis reveals that a low dosage, a slightly acidic pH, and an extended
contact time constitute the most effective operational conditions
for enhancing Cr(vi) adsorption onto the La-Rb-MOF/CS-PCL
system.*®

Fig. 16(b) illustrates a profile depicting both desirability and
response predictions concerning the adsorption of Cr(vi) onto the
La-Rb-MOF/CS-PCL nanofiber membrane. It effectively highlights
the impact of three critical process limits pH (A), interaction time
(B), and adsorbent dose (C) on two distinct outcomes: the desir-
ability index (displayed in the upper section) and the estimated
adsorption capability (g., mg g~ ') presented in the lower section.
This graphical representation helps as a appreciated tool for
elucidating the optimal levels of each parameter aimed at maxi-
mizing the efficiency of Cr(vi) removal.*”**

The desirability curves exhibit a unimodal distribution, sug-
gesting the presence of distinct optimal values for each variable
under consideration. In the case of pH, the peak desirability
occurs at pH 4, which highlights that slightly acidic conditions are
preferred for the Cr(vi) adsorption.*® This preference can be
accredited to the increased electrostatic attraction that exists
among the Cr(vi) anions and the protonated useful groups present
on the surface of the La-Rb-MOF/CS-PCL material.* The desir-
ability curve for contact time attains its peak at the upper
threshold of 100 min, indicating that prolonged interaction
duration is critical for optimizing adsorption. This phenomenon
can be credited to the enhanced diffusion of molecules and
improved engagement with available active sites during extended
contact periods. Conversely, the optimal effectiveness of the
adsorbent dose occurs at the minimal level of 0.02 g, suggesting
that a lower quantity can achieve superior efficiency. This
phenomenon may be attributed to enhanced surface exposure and
diminished particle clustering, thereby increasing the adsorption
capacity of the material on a per gram basis. In the bottom row:
the response prediction curves for g. (mg g ') demonstrate
consistent patterns, showing that the uptake of Cr(vi) increases
with both pH and time, while it decreases with higher doses. The
red crosshairs mark the precise optimum values at which the
predicted adsorption capacity reaches its peak. The blue dashed
confidence intervals surrounding the response curves indicate
that the predictions are statistically sound, exhibiting low uncer-
tainty at the optimal parameters. In summary, this figure indicates
that the optimal conditions for enhancing Cr(vi) adsorption onto
La-Rb-MOF/CS-PCL include a pH of approximately 4, a interac-
tion time of around 100 min, and an adsorbent dose of roughly
0.02 g. These conditions yield high desirability and efficiency in
adsorption while reducing material consumption.

Fig. 16(c) illustrates a bar chart that summarizes the results of
the desirability function optimization for the adsorption of Cr(vi)
onto a La-Rb-MOF/CS-PCL nanofiber membrane. The objective is
to concurrently optimize three essential parameters: pH (A),
contact time (B), and adsorbent dose (C), in order to maximize the
adsorption capability (g.). Each bar in the chart displays the
desirability scores for each parameter, both individually and in
combination, with values normalized on a scale from
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0 (representative undesirable) to 1 (representative fully desirable).
From this chart:

The parameters pH, contact time, and dose exhibit exception-
ally high desirability scores of 0.999998, 0.999995, and 1.000000,
respectively, suggesting a strong alignment with the optimization
objectives. These scores underscore that the identified pH of
approximately 4, a peak contact time of around 100 min, and
a minimum adsorbent dosage of about 0.02 g represent the
optimal conditions as predicted by the model. The response

44792 | RSC Adv, 2025, 15, 44766-44796

(a) The growing interest in the best numerical answers, (b) desirability of every answer, and (c) an individual desirability bar graph is

desirability for g. is calculated at 0.887488. While this figure is
marginally below the input values, it nonetheless indicates
a significant potential for effective adsorption performance. This
translates to an estimated capacity of approximately 400.993 mg
g, as derived from prior optimization analyses. The cumulative
desirability score stands at 0.970599, reflecting the integration of
individual desirability assessments for each factor alongside the
response. This elevated figure indicates that the model effectively
determined an ideal equilibrium among the experimental

© 2025 The Author(s). Published by the Royal Society of Chemistry
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variables, aimed at optimizing Cr(vi) removal while minimizing
resource expenditure.” In conclusion, this figure demonstrates
that the La-Rb-MOF/CS-PCL system functions with optimal effi-
ciency when subjected to specific conditions, characterized by
a low dosage, a mildly acidic pH, and an extended contact dura-
tion. Under these parameters, the system achieves a notable
adsorption efficiency and exhibits a strong alignment with the
model, as evidenced by a combined desirability score that
surpasses 0.97.

4. Conclusion

In this work, a novel electrospun La-Rb-MOF/CS-PCL nano-
fibrous membrane was successfully developed and optimized
for the highly efficient and reusable adsorption of Cr(vi) from
aqueous media. The mixing of La-Rb-MOF into a chitosan/
polycaprolactone (CS-PCL) matrix resulted in a structurally
robust and highly porous membrane, as confirmed by FTIR,
XPS, XRD, SEM, and EDX analyses. Batch adsorption experi-
ments, supported by Box-Behnken design and response surface
methodology (RSM), shown that pH, contact time, and adsor-
bent dose significantly influenced adsorption performance,
with pH 4.0, 100 min contact time, and 0.02 g dose identified as
the optimal conditions. Under these conditions, the membrane
achieved an experimental maximum adsorption capability of
449.2 mg g~ ', with a predicted capacity of 400.99 mg g~ ' and
a high overall desirability score of 0.971. Kinetic studies
confirmed pseudo-second-order behavior, while equilibrium
data fit well to the Langmuir isotherm, indicating monolayer
chemisorption. Thermodynamic analysis further revealed that
the Cr(vi) adsorption procedure is spontaneous and endo-
thermic, favoring higher temperatures. Importantly, the La-Rb-
MOF/CS-PCL membrane demonstrated excellent reusability,
maintaining high Cr(vi) removal efficiency over five consecutive
adsorption-desorption cycles. These findings highlight the
membrane's potential as a high-performance, low-dose, and
sustainable adsorbent for practical request in the treatment of
Cr(vi) polluted wastewater.
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