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Abstract
Efficient treatment of multicomponent dye effluents requires low-cost adsorbents that combine high adsorption
capacity, selectivity, and reusability. In this study, a carboxyl-functionalized pomelo peel biosorbent (CPP) was
prepared through alkali treatment, oxidative bleaching and esterification grafting. The modification introduced
abundant carboxylate groups, converted the compact biomass matrix into a porous nanoparticulate architecture,
increased the specific surface area from 8.19 to 17.41 m2·g-1 and produced a superhydrophilic, negatively charged
surface. CPP preferentially adsorbed cationic dyes, achieving removal efficiencies exceeding 90% for methylene
blue (MB) and methyl violet (MV), while exhibiting limited affinity for anionic dyes. The maximum adsorption
capacities estimated using the Langmuir model were 954.20 mg·g-1 for MB and 1170.96 mg·g-1 for MV. The
adsorption process followed the pseudo-second-order kinetic model and was thermodynamically spontaneous and
endothermic. Competitive adsorption and column separation experiments further demonstrated the effective
separation of cationic dyes from mixed-dye systems. After six adsorption-desorption cycles, CPP retained
adsorption capacities of 566.37 mg·g-1 for MB and 809.10 mg·g-1 for MV. Mechanistic analyses indicated that
electrostatic attraction was the predominant driving force, with hydrogen bonding providing an additional
contribution. These findings demonstrate the potential of CPP as a reusable biosorbent for the selective treatment
of dye-contaminated water.

Introduction
The rapid development of textile dyeing and printing industries has led to the discharge of large volumes of dye-
containing wastewater, posing serious risks to aquatic ecosystems and human health. Synthetic dyes usually
possess complex aromatic structures, high chromaticity, and strong resistance to biodegradation, making them
difficult to remove by conventional biological treatment processes[1–3]. Among them, cationic dyes such as
methylene blue (MB) and methyl violet (MV) are widely used in textile, leather, paper, and printing industries. Their
high water solubility and strong color intensity can cause persistent contamination even at low concentrations[4–7].
Therefore, the development of efficient, low-cost, and selective treatment technologies for cationic dye wastewater
is of considerable environmental importance.

Adsorption is regarded as one of the most practical methods for dye removal because of its operational simplicity,
high efficiency, low energy consumption, and broad applicability. Various adsorbents, including activated carbon,
clay minerals, metal–organic frameworks, carbon-based nanomaterials, and polymeric materials, have been
investigated for dye adsorption[8–12]. Dahlan et al.[13] fabricated industrial waste-modified metal-organic
frameworks (MOF-5) adsorbents, among which MOF-5@RHA900 was applied to efficiently adsorb brilliant green
(BG) dye with a maximum adsorption capacity of 30.22 mg·g− 1. And Hussain et al.[14] synthesized a novel
Myrrh/GO-TiO2 nano-adsorbent for the removal of methyl red, with the maximum adsorption capacity of 775.19

mg·g− 1. Li et al.[15] prepared FGA-PC composite adsorbents composed of foaming gelatin aerogel and porous
carbon via 3D printing technology, which achieved highly selective adsorption of the anionic dyes Orange-G (OG)
and Methyl-Orange (MO) with prominent removal efficiencies. However, many of these materials suffer from high
preparation costs, complicated synthesis procedures, limited regenerability, or insufficient selectivity in
multicomponent wastewater systems. In actual dyeing wastewater, anionic and cationic dyes, inorganic salts, and
other dissolved species often coexist, which can seriously interfere with adsorption performance[16–20]. Thus,
adsorbents with high capacity, good selectivity, salt tolerance, and reusability are highly desirable for practical
wastewater treatment.
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Biomass-derived adsorbents have attracted increasing attention owing to their abundant availability, low cost,
biodegradability, and environmental compatibility. Agricultural and food-processing wastes contain cellulose,
hemicellulose, lignin, pectin, and other oxygen-rich components, which provide abundant hydroxyl, carboxyl, and
ether groups for further functional modification[21–25]. Pomelo peel is a typical fruit-processing waste with a
naturally porous lignocellulosic structure and rich surface functional groups. Argun et al.[26] adopted pomelo peel
as a low-cost and abundant adsorbent to remove reactive blue 114 dye from water with a maximum adsorption
capacity of 16 mg·g− 1. However, unmodified pomelo peel adsorbents suffer from a dense biomass matrix, low
specific surface area, poor dispersion, and insufficient density of effective adsorption sites, which result in low
adsorption capacity and thus limit their practical applications. Therefore, rational chemical modification is required
to improve its interfacial activity and adsorption performance.

Carboxyl functionalization is an effective strategy for enhancing the adsorption selectivity of biomass materials
toward cationic dyes. Carboxyl groups can dissociate in aqueous media to form negatively charged carboxylate
sites, which interact strongly with positively charged dye molecules through electrostatic attraction[27–29].
Meanwhile, residual hydroxyl and carboxyl groups on the biomass skeleton may further stabilize dye molecules
through hydrogen bonding. Compared with unmodified biomass, carboxyl-functionalized biomass adsorbents are
expected to exhibit improved hydrophilicity, stronger negative surface charge, more accessible active sites, and
enhanced affinity toward cationic pollutants. Nevertheless, achieving high adsorption capacity, selectivity, and
cyclic stability simultaneously remains challenging, particularly under complex water conditions and continuous-
flow operation.

In this work, a carboxyl-functionalized pomelo-peel biosorbent, denoted as CPP, was prepared through alkaline
treatment, oxidative bleaching, and esterification grafting. The modification process introduced abundant
carboxylate groups onto the pomelo-peel matrix and reconstructed the native compact biomass into a porous
nanoparticulate structure. The morphology, surface chemistry, pore structure, wettability, thermal stability, and
surface charge of the adsorbent were systematically characterized. The selective adsorption performance of CPP
toward representative cationic dyes, including MB and MV, was evaluated in comparison with anionic dyes such as
methyl orange and tartrazine. Adsorption kinetics, isotherms, and thermodynamics were analyzed to clarify the
adsorption behavior and interfacial mechanism. In addition, competitive adsorption, salt-interference, regeneration,
and fixed-bed column experiments were conducted to assess the practical applicability of CPP in complex dyeing
wastewater systems. This study provides a simple and sustainable route for converting pomelo-peel waste into a
high-performance selective biosorbent for efficient removal of cationic dyes from water.

Experimental Section

2.1. Materials and Characterization
Fresh pomelo peel was obtained from a local fresh-produce market. Absolute ethanol, sodium hydroxide,
concentrated hydrochloric acid, and acetone were of analytical grade and purchased from Tianjin Fuyu Fine
Chemical Co., Ltd. Hydrogen peroxide and N,N-dimethylformamide (DMF) were of analytical grade and supplied by
Sinopharm Chemical Reagent Co., Ltd. Succinic anhydride and the dye probes methyl orange (MO), methylene blue
(MB), tartrazine (TTZ), and methyl violet (MV) were of analytical grade and obtained from Aladdin Reagent Co., Ltd.
(Shanghai, China). All chemicals were used as received without further purification.
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The morphology of the samples was examined using an S-4800 field-emission scanning electron microscope
(Hitachi, JPN). Surface functional groups were analyzed by Fourier-transform infrared spectroscopy using a Nicolet
Nexus 470 FTIR spectrometer (Thermo Fisher Scientific, USA). The absorbance of aqueous dye solutions was
measured using a UV1600 UV-vis spectrophotometer (Shanghai Mapada Instruments Co., Ltd., CHN). The pH of the
adsorption systems was adjusted using a pB-10 precision pH meter (Sartorius Group, GER). The specific surface
area and pore structure were determined by low-temperature nitrogen adsorption-desorption analysis using a
Tristar 3000 analyzer (Micromeritics Ltd., UK). Thermogravimetric analysis was performed on a TA Q500 thermal
analyzer under a high-purity nitrogen atmosphere at a heating rate of 20°C•min− 1 over the temperature range of
20–800°C (TA Instruments, USA). The zeta potential and hydrodynamic particle-size distribution were measured
using a 3000HS nanoparticle size and zeta-potential analyzer (Malvern, UK).

2.2. Preparation of Pomelo-Peel-Based Biosorbents
Fresh pomelo peel was thoroughly rinsed several times with deionized water to remove surface dust, soluble
impurities, and loosely attached contaminants. The cleaned peel was dried in a forced-air oven at 80°C for 24 h,
pulverized using a multifunctional grinder, and passed through a 100-mesh sieve to obtain a homogeneous
pomelo-peel powder.

For alkaline treatment, 100 g of the pretreated pomelo-peel powder was slowly added to 2.0 L of 2.0 mol•L− 1 NaOH
solution in a 5 L three-necked flask. The suspension was stirred at 250 rpm and reacted at 80°C for 4 h. After the
reaction, the solid product was separated by vacuum filtration and washed three times with deionized water to
remove residual alkali and soluble by-products, affording an alkalized pomelo-peel intermediate.

The alkalized pomelo peel was then transferred to a clean three-necked flask containing 1.0 L of 1.0 mol•L− 1 NaOH
solution. The mixture was heated to 50°C and maintained for 30 min, after which 250 mL of hydrogen peroxide was
added dropwise under mechanical stirring at 50 rpm. Oxidative bleaching was conducted at 50°C for 1 h. During
the reaction, a small amount of absolute ethanol was continuously added as an antifoaming agent to suppress
excessive foaming and maintain homogeneous mixing. The bleached solid was collected by vacuum filtration,
washed five times with deionized water to remove residual oxidant, alkali, and trace organic impurities, and then
dried at 80°C for 24 h. The obtained pretreated and bleached pomelo-peel material was denoted as PP.

Succinic anhydride functionalization was carried out by dispersing 10.0 g of PP in molten succinic anhydride. The
mixture was heated under reflux in an oil bath at 125°C for 6 h. Under these conditions, the surface hydroxyl groups
of PP reacted with succinic anhydride through esterification, thereby introducing carboxyl-rich oxygen-containing
functional groups onto the pomelo-peel matrix. After the reaction, 100 mL of DMF was added to quench the
residual reactive species, and the hot mixture was immediately filtered to recover the solid intermediate. The solid
was sequentially washed with acetone, deionized water, and saturated sodium bicarbonate solution to remove
unreacted succinic anhydride, esterification by-products, and residual organic species. After washing, the product
was vacuum-dried, ground, and sieved to obtain the succinic-anhydride-functionalized pomelo-peel biosorbent,
denoted as CPP. The overall preparation procedure for the pomelo-peel-derived adsorbent is illustrated in Figure S1.

2.3. Adsorption Experiments
Batch adsorption experiments were performed using single-component simulated dye wastewater containing MB
or MV at predetermined initial concentrations. A specified amount of CPP was added to a sealed conical flask
containing a known volume of dye solution. The initial pH was adjusted using dilute HCl or NaOH solution. The
flasks were placed in a thermostatic reciprocating shaker and agitated at 200 rpm.
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At predetermined time intervals, aliquots were withdrawn and centrifuged to achieve complete solid-liquid
separation. The supernatant was diluted, if necessary, to fall within the linear detection range. The residual dye
concentration was determined from the absorbance at the corresponding characteristic wavelength using a UV-vis
spectrophotometer and calculated according to the Beer-Lambert law.

The effects of key adsorption parameters on the adsorption performance of CPP were systematically investigated,
including dye molecular structure, initial solution pH, adsorbent dosage, and coexisting inorganic ions in water,
namely Zn2+, Fe3+, Sn4+, Cu2+, Cl−, NO3

−, and SO4
2−. All adsorption experiments were conducted in triplicate with

corresponding blank controls, and the results are reported as mean values to minimize random experimental
errors.

The dye removal efficiency (RE) and equilibrium adsorption capacity (Qe) were calculated according to Equations
(1) and (2), respectively:

1

2

where C0 and Ce are the initial and equilibrium dye concentrations, respectively, V is the volume of the dye solution,

and m is the mass of the adsorbent.

Adsorption kinetics, isotherms, and thermodynamics were analyzed to elucidate the solid–liquid interfacial
adsorption mechanism between the modified pomelo-peel adsorbent and dye molecules. These analyses provide
information on the time-dependent adsorption behavior, equilibrium distribution between the solid and liquid
phases, and interfacial energy changes during adsorption.

Based on the experimental data obtained under the optimized adsorption conditions, the kinetic behavior was fitted
using the pseudo-first-order, pseudo-second-order, and intraparticle diffusion models. The equilibrium adsorption
data were analyzed using the Langmuir, Freundlich, and Temkin isotherm models. All fittings were performed by
nonlinear regression. The most suitable model was selected by comparing the coefficient of determination (R2) and
other fitting parameters. These analyses were used to identify the rate-controlling steps, the distribution
characteristics of active adsorption sites, and the thermodynamic driving forces of the adsorption process, thereby
providing a theoretical basis for adsorption-mechanism interpretation and process optimization in practical
wastewater treatment.

To simulate the complex composition of actual dyeing wastewater, several binary dye systems containing
coexisting anionic and cationic dyes were prepared, including TTZ/MV, MO/MB, and MO/MV. A predetermined
amount of CPP was added to each binary dye solution, and adsorption was conducted in sealed flasks under
constant conditions at room temperature for 2.0 h.

Qe = V
(C0 − Ce)

m

RE = V × 100\%
(C0 − Ce)

C0
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After adsorption, the suspensions were immediately centrifuged to separate the solid and liquid phases. The
clarified supernatants were collected and analyzed by full-wavelength UV-vis spectroscopy. Changes in the
characteristic absorption peak intensity and peak position before and after adsorption were compared to evaluate
the simultaneous adsorption-separation performance of CPP toward coexisting anionic/cationic dyes and to clarify
the competitive adsorption behavior at the solid-liquid interface.

2.4. Reusability Experiments
The reusability and cyclic stability of CPP were evaluated through successive adsorption-desorption cycles. Briefly,
200 mg of dried CPP was added to a single-component MB or MV dye solution with a predetermined concentration.
Adsorption was performed under the optimized conditions for 2.0 h with constant shaking. After centrifugation, the
absorbance of the supernatant was measured at the corresponding characteristic wavelength, and the adsorption
capacity of CPP in each cycle was calculated using Eq. (1).

The dye-loaded CPP was regenerated using 0.5 mol•L− 1 HCl as the desorption solution at a solid-to-liquid ratio of

1:100 g•mL− 1. Each desorption step was conducted for 30 min, and the process was repeated three times to
ensure sufficient dye removal. After desorption, the regenerated adsorbent was separated, dried at low temperature
to constant weight, cooled to room temperature, and reused directly in the next adsorption–desorption cycle.
Multiple consecutive cycles were performed to assess the structural stability and long-term reuse potential of CPP.

Results and Discussion
The surface morphologies of PP and CPP are shown in Fig. 1a,b. The unmodified bleached pomelo peel, PP,
exhibited a compact, stacked, lamellar aggregate structure with a particle size of approximately 100 µm. Its
surface was rough and irregular, with disordered wrinkles and pores. The overall structure was dense, and obvious
aggregation of the native biomass matrix was observed, resulting in poor interfacial dispersion and a limited
number of exposed adsorption sites available for pollutant binding. After succinic anhydride grafting, the
morphology of CPP was markedly reconstructed. The original large lamellar aggregates were effectively
disassembled, forming well-dispersed micro-/nanoscale particles. The modified material showed a more regular
nanoparticulate morphology with an effective particle size of 100–200 nm, which agreed well with the particle-size
distribution results shown in Figure S2. This morphological evolution can be attributed to the successful covalent
anchoring of abundant polar carboxyl groups onto the pomelo-peel biomass skeleton during esterification. The
steric effects and electrostatic repulsion generated by these highly polar functional groups promoted fibrillation,
interlayer exfoliation, and disintegration of the original compact matrix, thereby producing uniformly dispersed
functional nanoparticles. Compared with the conventional bulk biomass matrix, the loose and porous nanoparticle-
assembled structure of CPP can shorten the diffusion pathway of aqueous dye molecules toward internal active
sites, reduce interfacial mass-transfer resistance, and improve the adsorption kinetics at the solid-liquid interface.

Furthermore, the water contact angle of CPP approached 0°, as shown in Figure S3, indicating a superhydrophilic
surface. This result confirms that the grafted carboxyl groups significantly improved the surface wettability of
CPP[30, 31]. The enhanced hydrophilicity enables rapid dispersion of the adsorbent in aqueous dyeing wastewater
and facilitates sufficient contact with pollutant molecules, thereby providing a favorable interfacial and structural
basis for efficient adsorption.

Figure 1c shows the FT-IR spectra of PP and CPP, which were used to evaluate the evolution of surface functional
groups before and after modification. Both PP and CPP exhibited a broad and intense absorption band at 3436
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cm− 1, corresponding to the overlapping stretching vibrations of adsorbed water and hydrogen-bonded hydroxyl
groups (-OH) on the biomass skeleton. The absorption band near 2921 cm− 1 was assigned to the symmetric C-H
stretching vibrations of aliphatic methylene (-CH2-) and methyl (-CH3) groups in the natural cellulose structure of
pomelo peel. These bands are typical features of lignocellulosic biomass materials. Compared with PP, CPP
displayed a new sharp and intense absorption band at 1724 cm− 1, which was attributed to the C = O stretching
vibration of carboxyl and ester groups introduced through succinic anhydride grafting. In addition, the
characteristic band at 1413 cm− 1 was associated with the coupled symmetric and asymmetric stretching

vibrations of carboxylate groups (-COO−)[32, 33]. The appearance, shift, and intensity variation of these characteristic
FT-IR bands confirm that succinic anhydride was successfully covalently anchored onto the pomelo-peel matrix
through esterification, thereby achieving targeted carboxyl functionalization.

The thermal stability of PP and CPP was evaluated by TGA, and the corresponding derivative thermogravimetric
curves are shown in Fig. 1d. The main thermal degradation of unmodified PP occurred within 200–400°C, where
rapid cleavage and decomposition of the lignocellulosic backbone led to substantial mass loss. At 800°C, the
residual char yield of PP was only 15.03 wt%, indicating the relatively poor thermal resistance of the native biomass
matrix. After esterification with succinic anhydride, CPP exhibited a higher initial decomposition temperature, and
its main degradation region shifted to 260–390°C. Throughout the heating process, CPP retained a higher residual
mass than PP at the same temperature. At 800°C, the char yield of CPP increased to 21.49 wt%, demonstrating
improved thermal stability and char-forming ability. This enhancement is mainly ascribed to the grafted anhydride-
derived functional groups, which can promote in situ crosslinking and cyclization reactions within the pomelo-peel
macromolecular framework. Under high-temperature conditions, these reactions facilitate the formation of a
compact and continuous carbonaceous protective layer, which inhibits heat and oxygen transfer into the interior of
the material and suppresses thermal decomposition of the biomass skeleton. These TGA results are consistent
with the FT-IR analysis, further confirming the successful functionalization of CPP.

The pore structure and specific surface area of an adsorbent are critical physicochemical parameters that directly
affect adsorption capacity and mass-transfer efficiency at the solid-liquid interface. The nitrogen adsorption-
desorption isotherms of PP and CPP are shown in Fig. 1e. The unmodified PP exhibited a compact structure with
limited porosity, giving a low specific surface area of 8.19 m2•g− 1. After succinic anhydride-induced carboxylation
and structural disintegration, the specific surface area of CPP increased markedly to 17.41 m2•g− 1. The improved
pore structure can be attributed to the in situ grafting of highly polar carboxyl groups, which promoted the
disassembly of dense native fiber bundles, interlayer exfoliation, and pore formation within the pomelo-peel matrix.
This structural evolution agrees well with the SEM observations and DLS particle-size analysis, which revealed
fragmentation of the original bulk structure and formation of smaller dispersed particles. The enlarged surface
area and hierarchical porous structure expose more accessible adsorption sites and shorten the diffusion pathway
of dye molecules, providing a favorable structural basis for the enhanced adsorption performance of CPP.

Figure 1f presents the zeta potentials of PP and CPP over a pH range of 4.0–10.0, providing insight into the surface
charge characteristics before and after modification. For both samples, the absolute value of the zeta potential
increased gradually with increasing pH, indicating enhanced surface negativity due to the deprotonation of oxygen-
containing functional groups. At the same pH, CPP consistently showed a higher absolute zeta potential than PP,
suggesting a stronger negatively charged surface. This result further confirms that succinic anhydride modification
effectively introduced abundant dissociable carboxyl groups onto the pomelo-peel matrix. From the perspective of
interfacial electrostatic interactions, the strongly negatively charged CPP surface can efficiently capture cationic
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dye molecules through electrostatic attraction[34]. This provides a direct electrochemical basis for the superior
adsorption potential of CPP toward cationic dyes.

Adsorption Performance
To evaluate the selective adsorption behavior of the adsorbents toward typical pollutants in dyeing wastewater, two
cationic dyes, MB and MV, and two anionic dyes, TTZ and MO, were selected as representative target pollutants.
The adsorption removal efficiencies of PP and CPP are compared in Figure 2a.

The unmodified PP showed weak adsorption toward all four dyes, with removal efficiencies below 40% and no
obvious adsorption selectivity. This indicates that the native biomass matrix has limited broad-spectrum
adsorption ability. In contrast, the carboxyl-functionalized CPP exhibited excellent selective removal of the cationic
dyes MB and MV, with removal efficiencies above 90% in single-component systems. However, CPP showed much
lower removal efficiencies toward the anionic dyes TTZ and MO, indicating pronounced charge-selective adsorption
behavior.

This selective adsorption can be rationally explained by interfacial electrostatic interactions. After succinic
anhydride grafting, abundant negatively charged carboxylate sites (-COO-) were introduced onto the CPP surface.
These sites can strongly interact with positively charged functional groups on cationic dye molecules, thereby
enabling efficient dye capture and enrichment. In contrast, the anionic dyes TTZ and MO contain negatively
charged sulfonate groups (-SO3

-), which experience strong electrostatic repulsion from the negatively charged CPP

surface[35]. This repulsive interaction hinders the approach of anionic dye molecules to the adsorption interface,
resulting in low adsorption capacities.

The initial solution pH is a key parameter governing solid-liquid interfacial adsorption because it determines both
the speciation of dye molecules and the dissociation state of surface functional groups on the adsorbent.
Therefore, the adsorption performance of CPP toward MB and MV was evaluated over a pH range of 4.0-10.0, and
the results are shown in Figure 2b.

As the pH increased from weakly acidic to weakly alkaline conditions, the equilibrium adsorption capacity of CPP
increased from 204.5 to 670.2 mg�g-1 for MB and from 372.5 to 987.2 mg�g-1 for MV, indicating a clear positive
correlation between pH and adsorption capacity. This trend is consistent with the zeta-potential results, which
showed that CPP maintained a negatively charged surface throughout the tested pH range. Under acidic
conditions, abundant H+ ions compete with cationic dye molecules for the limited active adsorption sites on CPP.
Meanwhile, protonation of surface carboxylate groups decreases the density of negatively charged -COO- sites,
thereby weakening electrostatic attraction between CPP and the cationic dyes. With increasing pH, the carboxyl
groups are progressively deprotonated, leading to a higher surface negative-charge density and reduced
competition from H+. Consequently, electrostatic attraction is enhanced, resulting in improved adsorption of
cationic dyes.

Figure 2c shows the effect of initial dye concentration on the removal of MB and MV by CPP. Under standard
adsorption conditions at room temperature, when the initial dye concentration increased from 10 to 500 mg�L-1, the
removal efficiencies of MB and MV decreased by 22.83% and 24.89%, respectively. At low dye concentrations, the
abundant available adsorption sites on CPP are sufficient to capture most dye molecules, resulting in high removal
efficiency. At higher concentrations, the limited active sites become progressively saturated, leading to a higher
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fraction of residual dye molecules in solution and a gradual decrease in removal efficiency. Nevertheless, the
adsorption capacity per unit mass of CPP continues to increase as the concentration gradient provides a stronger
driving force for dye transfer.

Because practical dyeing wastewater generally contains various soluble inorganic ions that may disturb
electrostatic adsorption equilibria, the influence of coexisting ions on the adsorption performance of CPP was
further investigated[36]. As shown in Figure 2d, the removal efficiencies of CPP toward MB and MV showed no
obvious decrease in the presence of different interfering anions and cations. This result indicates that the salt-
interference effect was negligible under the tested conditions. The excellent salt tolerance of CPP can be attributed
to the strong and specific electrostatic interaction between the densely distributed negatively charged carboxylate
groups on CPP and the positively charged sites of cationic dye molecules. These results demonstrate that the
carboxyl-functionalized pomelo-peel adsorbent has good adaptability to complex aqueous environments and
shows potential for practical treatment of industrial dyeing wastewater.

Adsorption kinetics directly reflect the rate of pollutant transfer and enrichment at the solid-liquid interface and are
important for determining the optimal hydraulic retention time in water-treatment processes. The effect of contact
time on the adsorption of MB and MV by CPP was therefore investigated, and the kinetic curves are shown in
Figure 3a. The adsorption process can be divided into three stages: rapid uptake, gradual approach to equilibrium,
and dynamic equilibrium. During the first 30 min, dye molecules rapidly diffuse across the liquid-film boundary and
bind to active sites on the CPP surface under strong electrostatic attraction, resulting in a sharp increase in
adsorption capacity. As the available active sites are gradually occupied, the mass-transfer driving force decreases
and the adsorption rate slows. After approximately 50 min, the distribution of dye molecules between the solid and
liquid phases reaches dynamic equilibrium, and the adsorption capacity remains nearly constant. This rapid
adsorption equilibrium is mainly attributed to the strong directional electrostatic interaction between the high-
density negatively charged carboxylate sites on CPP and the cationic dye molecules, highlighting the practical
advantages of CPP for rapid treatment of dye-containing wastewater and continuous water-treatment processes.

To further clarify the microscopic adsorption mechanism and identify the rate-controlling step, the kinetic data for
MB and MV adsorption were fitted using the pseudo-first-order, pseudo-second-order, and intraparticle diffusion
models. The fitted curves are shown in Figure 3b and Figure S4, and the corresponding kinetic parameters are
summarized in Table 1.

The pseudo-second-order model provided the best fit for the adsorption of both dyes, outperforming the pseudo-
first-order and intraparticle diffusion models. The correlation coefficients (R²) for MB and MV were both close to
0.99, and the calculated equilibrium adsorption capacities agreed well with the experimental values, with negligible
deviations. These results indicate that the adsorption of MB and MV onto CPP follows pseudo-second-order
kinetics. The rate-controlling step is therefore mainly governed by interfacial interactions between the active
functional groups on CPP and dye molecules, including electrostatic binding and possible electron-sharing
interactions, rather than by physical pore diffusion. This confirms that the strong electrostatic/chemical coupling
between grafted carboxylate groups and cationic dye molecules is the primary driving force responsible for the
efficient and selective adsorption of cationic dyes by CPP[37, 38].

Table 1. Kinetic parameters for the adsorption of MV and MB onto CPP.
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Dye Qe-

exp (mg·g-1)
Pseudo-Second-Order Pseudo-First-Order Intraparticle Diffusion

t/Qt = 1/K2Qe
2 + t/Qe

ln(Qe – Qt) = lnQe –
K1t

Qt = Kit0.5 + C

Qe-cal

(mg·g-1)

K2

(g·mg-1·min-1)

R2 Qe-cal

(mg·g-1)

K1

(min-1)

R2 Ki C R2

MV 676.31 680.27 0.0002 0.99 368.71 0.035 0.88 42.59 186.07 0.73

MB 1086.03 1092.90 0.0007 0.99 119.10 0.024 0.84 19.48 861.91 0.61

Figure 3c shows the equilibrium adsorption capacities of CPP toward MB and MV at different initial dye
concentrations, together with the corresponding nonlinear isotherm fitting curves. As the initial dye concentration
increased, the equilibrium adsorption capacity of CPP for both cationic dyes first increased rapidly and then
gradually approached a saturation plateau.

This trend can be explained by the balance between dye concentration and available adsorption sites. At low dye
concentrations, abundant negatively charged carboxylate sites on the CPP surface remain unoccupied, allowing
dye molecules to rapidly bind to accessible active sites. Consequently, the adsorption capacity increases markedly
with increasing initial concentration. When the dye concentration exceeds a critical level, the finite interfacial active
sites become progressively occupied. As the adsorption surface approaches saturation, the additional mass-
transfer driving force becomes less effective, and the increase in adsorption capacity slows until dynamic
equilibrium is reached.

To clarify the equilibrium distribution behavior and microscopic adsorption configuration at the solid-liquid
interface, the experimental isotherm data were fitted using the Langmuir, Freundlich, and Temkin models. The
nonlinear fitting curves are shown in Figure 3d and Figure S5, and the corresponding isotherm parameters are
summarized in Table 2.

Among the three models, the Langmuir model provided the best fit for both MB and MV adsorption, with correlation
coefficients closer to unity than those obtained from the Freundlich and Temkin models. This result indicates that
the adsorption of cationic dyes onto CPP follows a monolayer adsorption mechanism on a relatively homogeneous
surface. In this model, dye molecules are uniformly adsorbed onto energetically equivalent active sites, and no
significant lateral stacking or interaction between adsorbed dye molecules occurs after surface saturation[39, 40].

Based on the Langmuir model, the theoretical maximum monolayer adsorption capacities of CPP were calculated
to be 954.20 mg�g-1 for MB and 1170.96 mg�g-1 for MV. These results further demonstrate that succinic anhydride-
mediated carboxyl functionalization effectively enhances the adsorption performance of the native pomelo-peel
biomass matrix and enables efficient, selective removal of typical cationic dyes from dyeing wastewater. This green
modification strategy therefore shows promising potential for the controllable preparation of high-performance
biomass adsorbents and for practical wastewater-treatment applications. 

Table 2. Isotherm parameters for the adsorption of MB and MV on CPP.
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Isotherm Model Parameters MB MV

Langmuir: Ce/Qe = Ce/Qm + 1/QmKL Qm/(mg·g−1) 954.20 1170.96

KL/(L·mg−1) 0.03 0.12

R2 0.99 0.99

Freundlich: lnQe = lnKF + bFlnCe KF/(mg·g−1) 80.64 186.79

bF 0.48 0.37

R2 0.92 0.86

Temkin: Qe = BlnKT + BlnCe KT/(L·mg−1) 0.26 1.94

B/(KJ−2·mol−2) 240.29 195.22

R2 0.98 0.95

To further elucidate the interfacial adsorption mechanism of CPP toward the cationic dyes MB and MV from an
energetic perspective, temperature-dependent adsorption experiments were performed, and the corresponding
thermodynamic parameters were calculated. The results are shown in Figure 4 and Table 3.

The equilibrium adsorption capacities of CPP toward both MB and MV increased gradually with increasing
temperature, indicating that moderate heating favored dye uptake at the solid-liquid interface. The equilibrium data
obtained at different temperatures were analyzed using the classical van’t Hoff equation. A good linear relationship
was observed between ln(Qe/Ce) and 1/T, with correlation coefficients (R2) of approximately 0.99 for both dye
systems. This confirms the reliability of the thermodynamic fitting and supports the quantitative calculation of the
thermodynamic parameters.

The calculated thermodynamic parameters provide insight into the energetic nature of the adsorption process. The
positive standard enthalpy change (ΔH0) indicates that the adsorption of MB and MV onto CPP is endothermic.
Increasing temperature can supply additional activation energy, reduce the diffusion and mass-transfer barriers,
and strengthen the interfacial interactions between dye molecules and active sites, thereby enhancing the
adsorption capacity.

The standard Gibbs free energy change (ΔG0) remained negative over the entire temperature range, confirming that

the adsorption process is spontaneous. Moreover, as the temperature increased from 25 to 45 °C, the absolute
value of ΔG0 gradually increased, suggesting that higher temperature enhances the spontaneity of adsorption and
strengthens the driving force for dye transfer from the liquid phase to the CPP surface.

The positive standard entropy change (ΔS0) indicates increased randomness at the solid–liquid interface after
adsorption. This may arise from the redistribution of water molecules, counterions, and dye molecules during
interfacial binding, which increases the overall disorder of the adsorption system[41].

Overall, the thermodynamic results are consistent with the temperature-dependent adsorption behavior. Moderate
heating promotes CPP adsorption through several cooperative effects: it supplies the activation energy required for
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the endothermic adsorption process, enhances the spontaneity of interfacial binding, facilitates dye diffusion and
mass transfer, and increases interfacial disorder. These effects collectively contribute to the efficient capture of MB
and MV cationic dyes by CPP.

Table 3 Thermodynamic parameters for MB and MV adsorption by CPP

Dye ∆H0 

(KJ�mol-1)

∆S0 

(J�mol-1�K-1)

∆G0 (kJ·mol-1)

298K 308K 318K

MB 10.72 44.56 -2.56 -3.01 -3.45

MV 46.72 177.25 -6.11 -7.88 -9.65

To systematically evaluate the engineering applicability of CPP for continuous-flow treatment of dyeing
wastewater, dynamic adsorption experiments were performed using a laboratory-made fixed-bed column. A single-
component MB solution and a binary dye mixture containing MB and TTZ were used to assess the continuous
decolorization and enrichment performance of CPP. The breakthrough behavior and visual decolorization results
are shown in Figure 5 and Figure S6.

The fixed-bed column experiments showed that, when a concentrated cationic MB solution passed through the
CPP-packed column, the effluent became clear and colorless, indicating efficient in situ removal of MB. For the
binary MB/TTZ dye mixture, the cationic MB component was selectively retained by the CPP adsorbent bed,
whereas the intrinsic color of the anionic TTZ remained in the effluent. This result demonstrates that CPP can
selectively separate and remove cationic dyes from multicomponent dye systems.

These dynamic-flow experiments directly confirm that the CPP-packed fixed bed can recognize and capture
cationic dye molecules with high selectivity. More importantly, CPP retained its selective decolorization ability
under continuous-flow conditions, indicating its promising applicability for integrated and continuous treatment of
practical dyeing wastewater.

High selectivity is a key prerequisite for the advanced industrial application of functional adsorbents, and the
development of high-performance selective adsorption materials has become a major focus in the field of water
pollution control. Based on batch competitive adsorption experiments in multicomponent systems, the selective
recognition and adsorption performance of CPP toward typical mixed anionic/cationic dye systems was further
quantitatively evaluated. The photographic images of the binary dye mixtures before and after adsorption, together
with the corresponding full-scan UV-vis spectra, are presented in Figure 6.

Comparison of the solution color before and after adsorption, as well as the evolution of the characteristic UV-vis
absorption peaks, showed that after equilibrium adsorption by CPP, the characteristic absorption peaks of the
cationic dyes MB and MV in the MO/MV, MO/MB, and TTZ/MB binary systems were almost completely
extinguished, with their intensities decreasing to nearly baseline levels. In contrast, the characteristic absorption
peaks of the anionic dyes MO and TTZ remained essentially unchanged in both shape and intensity. These spectral
results were further supported by the photographic observations, which showed that after adsorption the mixed
solutions retained only the characteristic color of the anionic dyes, whereas the cationic dyes were almost
completely removed.
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Taken together, the spectroscopic and visual results clearly demonstrate that carboxyl-functionalized CPP exhibits
excellent selectivity toward the cationic dyes MB and MV in aqueous media, together with strong resistance to
interference from coexisting anionic dyes.

The recyclability and long-term structural stability of an adsorbent are critical techno-economic factors for reducing
operating costs in practical water treatment, improving solid-waste valorization, and promoting large-scale
engineering application. To evaluate the long-term reusability of CPP, 0.5 mol�L-1 HCl, a low-cost and readily
available eluent, was used to regenerate MB- and MV-loaded CPP through stepwise offline desorption. The
adsorption-desorption cycling results are shown in Figure 7.

As the number of adsorption-desorption cycles increased, the equilibrium adsorption capacities of CPP toward
both cationic dyes decreased only slightly. No abrupt performance deterioration, framework collapse, or structural
failure was observed. Even after six consecutive adsorption-regeneration cycles, CPP retained high equilibrium
adsorption capacities of 566.37 mg�g-1 for MB and 809.10 mg�g-1 for MV, indicating excellent retention of
adsorption performance.

These recycling results confirm that the carboxyl-functionalized interfacial structure formed by succinic anhydride
grafting has high physicochemical stability. Under repeated adsorption and acid-regeneration conditions, the CPP
framework remained stable, and the loss of active sites was limited. Therefore, CPP exhibits good fatigue
resistance, efficient regeneration capability, and strong reuse potential.

Overall, these findings provide experimental evidence for the long-term and cost-effective application of modified
biomass adsorbents in scalable treatment of dyeing wastewater, highlighting the practical advantages of CPP in
low-cost and environmentally sustainable water purification.

3.10. Adsorption Mechanism

To elucidate the selective adsorption mechanism of CPP toward cationic dyes from the perspectives of elemental
composition and interfacial chemical interactions, energy-dispersive X-ray spectroscopy (EDS) and Fourier-
transform infrared spectroscopy (FTIR) were performed on CPP before and after adsorption.

Figure 8a shows the elemental distribution and relative composition of CPP before and after MB adsorption. The
pristine CPP mainly contained the intrinsic biomass elements C and O, with no detectable signals from other
elements. After saturated adsorption of MB, a new sulfur signal was observed on the CPP surface, with a sulfur
content of 5.77 wt%. Considering the molecular structure of MB, this sulfur signal can be attributed to MB
molecules immobilized on the CPP surface. This result provides direct elemental evidence that MB was
successfully captured and enriched by the functionalized CPP interface.

FT-IR analysis was further used to identify the interfacial interactions between CPP and dye molecules. As shown in
Figure 8b, compared with pristine CPP, the MB-loaded CPP sample displayed a new absorption band at 1570 cm-1,
which is assigned to the stretching vibration of the aromatic heterocyclic conjugated framework of MB. This
characteristic MB fingerprint band further confirms that MB molecules were firmly anchored onto the porous CPP
surface after adsorption.

Based on the morphology, zeta-potential, thermodynamic, EDS, and FTIR results, the adsorption mechanism of CPP
toward the cationic dyes MB and MV can be proposed as follows. The dominant driving force is the strong
electrostatic attraction between the high-density negatively charged carboxylate sites (-COO-) on CPP and the
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positively charged functional groups of the cationic dye molecules. In addition, residual hydroxyl and carboxyl
groups on the pomelo-peel biomass skeleton may form hydrogen bonds with heteroatom-containing sites in the
dye molecules, further stabilizing the adsorbed species at the solid-liquid interface. These cooperative interactions
contribute to the efficient and selective enrichment of cationic dyes by CPP. The proposed adsorption pathway and
interfacial mechanism are illustrated in Figure S1.

Conclusions
A carboxyl-functionalized pomelo peel adsorbent (CPP) was prepared through succinic anhydride-mediated
esterification for the selective removal of cationic dyes. The modification introduced abundant carboxyl groups,
increased surface area and negative charge, and improved the porosity, hydrophilicity, and thermal stability of the
biomass. CPP showed strong selectivity toward methylene blue (MB) and methyl violet (MV), with maximum
Langmuir adsorption capacities of 954.20 and 1170.96 mg·g− 1, respectively, while exhibiting limited adsorption of
anionic dyes. The adsorption process followed the pseudo-second-order kinetic model and was spontaneous and
endothermic. Competitive adsorption and column separation experiments confirmed efficient separation of
cationic dyes from mixed-dye systems. CPP also showed good salt tolerance and regeneration cycles. Electrostatic
attraction between negatively charged carboxylate groups and cationic dye molecules was the main adsorption
mechanism, with hydrogen bonding providing an additional contribution. These results demonstrate that CPP is a
promising low-cost and sustainable adsorbent for the selective treatment of cationic dye-contaminated
wastewater.
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Figures

Figure 1

SEM images of CP (a) and CCP (b), FT-IR curve (c), TGA curve (d), N2 adsorption-desorption curve (e), Zeta
potential curve at different pH (f) of PP and CPP.
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Figure 2

Removal efficiencies and visual removal performance of PP and CPP toward different dyes (a), adsorption
capacities for MB and MV at different pH values (b), effects of initial dye concentration on the adsorption of MB
and MV by CPP (c), and effects of coexisting ions (d).
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Figure 3

Effect of contact time on the adsorption of MB and MV by CCP (a), Pseudo-second-order kinetic model (b),
adsorption isotherms of MB and MV on CCP (c) and Langmuir isotherm model (d).
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Figure 4

The adsorption capacity of CPP for MB and MV at different temperature(a), Plot of lnQe/Ce versus 1/T(b).

Figure 5

Video snapshots showing the MB solution passing through a rapidly packed CPP powder column (MB: 10 mg.L-1).
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Figure 6

The photographs of MB/MO (a), MV/MO (c), MV/TTZ (e) mixed solutions before and after adsorption, and full-scan
UV-vis spectra of MB/MO (b), MV/MO (d), MV/TTZ (f) systems before and after adsorption by CPP.
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Figure 7

Removal rate of MB and MV by CPP after 6 consecutive adsorption-desorption cycles.
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Figure 8

EDS curves (a) and FT-IR curves (b) of CPP before and after adsorbing MB.
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