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Statement of Novelty  

This study presents the first systematic comparative evaluation of biosorption of a pure reactive 

dye (Procion MX Magenta) and a commercial blended dye (Black Azabache) using banana and 

carrot peel wastes. While biosorption studies predominantly address individual dyes, the 

adsorption of commercial dye blends remains largely unexplored. This work demonstrates that 

dye complexity influences functional group interactions and adsorption behavior, revealing 

distinct mechanisms for pure and blended dyes. By collectively analyzing four dye–biosorbent 

systems, the study provides new mechanistic insights into dye-biosorbent interactions and 

reusability, thereby advancing the existing understanding of dye removal processes using 

sustainable waste-derived materials. 
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Abstract 

The textile industry generates large volumes of toxic dye-laden wastewater, necessitating 

sustainable treatment strategies. This study presents the first comparative evaluation of the 

adsorption of a pure dye, Procion MX Magenta (PM), and a blended dye, Black Azabache (RB), 

using banana and carrot peel waste as low-cost biosorbents. Optimal biosorption occurred at a 

dye concentration of 100 mg L⁻¹ using 2% biosorbent at pH 2 within 60 min, resulting in >70% 

dye removal.	Adsorption capacities of biosorbents ranged from 8.7 to 36.6 mg g⁻¹. Kinetic 

studies demonstrated that dye uptake followed a pseudo-second-order model (R²>0.9). Isotherm 

analysis revealed that adsorption on banana followed the Freundlich model, whereas RB-carrot 

peel data did not conform to any conventional isotherm model, indicating more complex 

adsorption behavior in the blended dye system. FTIR, SEM, and BET analyses confirmed pore-

filling and surface binding of the dye mediated by weak interactions involving hydroxyl, 

carboxyl, amine, and aromatic functional groups. Acidic regeneration of immobilized 

biosorbent enabled its effective reuse over five successive cycles, highlighting a sustainable and 

efficient approach for dye removal coupled with domestic waste valorization. 
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Introduction 

The textile industry is a major consumer of water and chemical dyes. More than 10,000 types 

of dyes and pigments are used in these industries for dyeing and finishing processes (Singh et 

al., 2024). A daily production of 50,000 meters of fabric can use up to 1–2 million litres of 

water, thereby producing large volumes of wastewater contaminated with residual colorants, 

diluted solids, suspended particles, and toxic metals (Islam et al. 2022; Kumari et al. 2024). 

The dye concentration in these wastewaters ranges from 10 to 7000 mg L-1, depending on the 

nature of the textile industry and the treatment procedures (Yaseen and Scholz 2019).  

Synthetic dyes, such as acid, reactive, direct, and azo dyes, are an excellent choice for 

fabric dyeing nowadays as they resist fading and degradation. However, these same properties 

make them environmentally persistent, posing serious health risks. Their release into water 

bodies harms aquatic ecosystems by hindering photosynthesis and reducing dissolved oxygen 

levels, which disrupts food chains (Mehra et al. 2021; Singha et al. 2021). Moreover, synthetic 

dyes contain aromatic amines, naphthol derivatives, sulphur and heavy metals like mercury, 

lead, and chromium. Such hazardous compounds are reported to be toxic, mutagenic, 

endocrine-disrupting, and potentially carcinogenic (Hemashenpagam and Selvajeyanthi 2023; 

Girija and Mareeswaran 2023; Singha et al. 2021). Exposure to these dyes through 

contaminated water has also been linked to skin irritation, respiratory issues, genetic mutations, 

and other health problems in humans (Pokharia and Ahluwalia 2015; Islam et al. 2022). 

Conventional wastewater treatment methods include coagulation, flocculation, 

oxidation, membrane filtration, chemical treatment, and activated carbon adsorption 

(Bouchelkia et al. 2016; Kumari et al. 2024). Although effective to varying degrees, these 

methods often suffer from limitations, including high operational and maintenance costs, 

energy-intensive processes, membrane fouling, and generation of secondary pollutants, such 
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as toxic sludge (Peng and Guo 2020; Shamshad and Rehman 2025). Therefore, there is a need 

for low-cost, efficient, and sustainable alternatives for large-scale dye removal.  

Biosorption has emerged as an environmentally friendly and economically viable 

approach. It primarily relies on physicochemical interactions between dye molecules and 

diverse functional groups present on biomass surfaces. The process is non-destructive, can be 

carried out under mild conditions, and often exhibits excellent dye removal efficiencies owing 

to high surface area and abundant functional groups (Aksu 2005). Domestic, agricultural, and 

agro-industrial wastes are particularly promising for biosorption due to their abundance, low 

cost, easy availability, and biodegradability (Akpomie and Conradie 2020; Vievard et al. 2023). 

Utilizing these waste materials not only provides an efficient route for dye removal but also 

supports waste valorization and circular-economy objectives. Numerous studies have reported 

the potential of phytobiomass, such as orange peel, potato peel, cactus fruit, rice straw, 

artichoke, aloe vera leaves, etc., in removing individual synthetic dyes (Akkari et al. 2024; 

Chahal et al. 2024; Djama et al. 2023; Gupta et al. 2025; Kumari et al. 2023; Yarik et al. 2025) 

or heavy metals (Gómez-Aguilar et al. 2022; Hastuti et al. 2018; Raji et al. 2025).  

Banana and carrot peels are among the most commonly generated household food 

wastes and possess a rich biochemical composition. Banana peels have lignin, cellulose, 

hemicellulose, and pectin, which provide numerous hydroxyl and carboxyl groups capable of 

binding dye molecules (Khawas et al. 2017). Similarly, carrot peels are reported to contain 

carotenoids, phenolics, and pectin, which facilitate the binding through both physical and 

chemical adsorption mechanisms (Hastuti et al. 2018; Jayesree et al. 2021). Their natural 

porosity and surface functionality make them suitable candidates for removing both cationic 

and anionic dyes from aqueous solutions (Akpomie and Conradie 2020). Application of these 

peel wastes has been reported in the effective removal of dyes, such as methylene blue (Hashem 
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et al. 2020), malachite green, rhodamine B (Nasra et al. 2021), congo red (Daffalla et al. 2024), 

and reactive dyes (Akter et al. 2021; Kapoor et al. 2022; Yasmeen et al. 2025). While both 

materials have been individually explored for the removal of selected individual dyes, a direct 

comparative study evaluating their relative performance, mechanisms, and suitability for 

different dye systems is not available.  

Another critical gap in existing literature is the lack of studies addressing commercial 

dye blends. Since most modern fabrics are blends, the textile industry relies heavily on 

binary/ternary dye blends or proprietary dye mixtures. Due to the presence of multiple 

chromophores and functional groups, these dye blends provide uniform and water-fast color to 

the fabric (Ibrahim 2011; Elsisi et al. 2025). Despite this, most adsorption studies are based on 

individual pure dyes (Akter et al. 2021; Kapoor et al. 2022; Munagapati et al. 2018; Yasmeen 

et al. 2025).  Furthermore, the blended dyes may exhibit adsorption behavior that differs from 

that of single-component systems due to synergistic or competitive interactions (Meretoudi et 

al. 2025). Hence, adsorption studies on dye blends are critical for accurately reflecting 

treatment efficiency and removal mechanisms. 

In this context, the present study focuses on the removal of two commercial textile dyes, 

Procion MX Magenta and Black Azabache, with contrasting characteristics. Procion MX 

Magenta is a pure fibre-reactive monoazo dye widely used in the textile industry. The dye binds 

to cotton and cellulosic fibres through covalent bonds. However, its reactive groups and 

sulfonated structure make it resistant to degradation, leading to persistence in wastewater (Aksu 

2005). Black Azabache, on the other hand, is a proprietary commercial all-purpose dye blend 

powder suitable for a wide range of fabrics, such as cotton, linen, hemp, silk, wool, rayon, and 

nylon. The dye is also commonly available for household dyeing (Rit 2025). Due to its easy 

consumer accessibility, its discharge into domestic wastewater also contributes to dye pollution. 
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Hence, removal of these dyes is crucial to mitigate their adverse impacts on human health and 

the environment. Despite numerous reports on biosorption-based dye removal, no prior study 

has investigated the comparative biosorption of Procion MX Magenta and Black Azabache 

using banana and carrot peel waste as biosorbents. Furthermore, differences in adsorption 

behavior between pure dyes and commercial blends, as well as between distinct biosorbents, 

remain poorly understood. Addressing these gaps is essential to advance the application of 

waste-derived biosorbents in wastewater treatment. 

In view of this, the primary objective of this study is to evaluate and compare the 

biosorption of the reactive dye Procion MX Magenta and the commercial dye blend Black 

Azabache using banana and carrot peel powders. In addition, it investigates the influence of 

key operational parameters on dye uptake and adsorption mechanisms through various 

adsorption models and physicochemical characterization. It further assesses the reusability of 

the biosorbent via immobilization and sorption–desorption cycles. The comparative evaluation, 

mechanistic insights, and reusability assessment demonstrate the practical potential of 

domestic waste materials for sustainable dye removal, thereby enhancing the environmental 

relevance of the study. 

Materials and methods 

Chemicals 

Calcium chloride (CaCl2, 98%), sodium alginate (91%), hydrochloric acid (HCl, 37%), and 

sodium hydroxide (NaOH, 97%), were procured from Loba Chemie, India. Textile dyes, 

Jacquard® Procion MX 034 Magenta (PM) and Rit® Black Azabache (RB), were purchased 

from a local dyeing market in Mumbai, India. The exact chemical composition and purity are 

not disclosed by the manufacturers, as is typical for commercial dyes. The dyes were used as 

received. 
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Preparation of biosorbent 

Fresh carrot (Daucus carota sativus) and banana (Musa paradisiaca Linn) peels were collected 

from domestic waste. The peels were thoroughly washed with tap water, followed by distilled 

water. The washed material was then cut into small pieces and dried in a hot air oven at 50°C 

overnight. The dried material was ground using an electric blender and filtered through a sieve 

(mesh size 0.3 mm) to obtain a fine powder of ≤300 µm. The powdered biosorbent was stored 

in airtight bottles to protect it from moisture. 

Absorbance maxima of dyes 

Appropriate weights of both the dyes, RB and PM, were dissolved in distilled water to obtain 

a stock solution of 100 mg L-1. UV-Visible spectra of the dyes were recorded over the range 

400-800 nm using a UV-Visible Spectrophotometer (Equip-Tronics EQ-825A, India) to 

determine their absorbance maxima (λmax). Standard calibration curves were prepared by 

making a series of concentrations of each dye ranging from 1 to 100 mg L-1 and recording the 

absorbance at their corresponding λmax. The linearity of the calibration curves was confirmed 

with correlation coefficients (R²). The regression equations thus obtained were used to estimate 

residual dye concentrations in subsequent experiments.  

Effect of operational parameters 

In a typical experiment, 0.5 g of banana and carrot peel powder was suspended in 50 ml 

(equivalent to 1% w/v) of 100 mg L-1 of dye solution in Erlenmeyer flasks to make four separate 

systems: banana with PM (BPM), banana with RB (BRB), carrot with PM (CPM), and carrot 

with RB (CRB). The initial pH of the dye solution was maintained at natural pH (6.8±0.2). The 

reaction mixture was agitated continuously at 150 rpm in an orbital shaker (Labline, India) at 

25±2ºC. To optimize the operational parameters, a series of batch biosorption studies was 
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conducted by varying contact time (10–60 min), biosorbent concentration (1–3%, w/v), pH (2–

10), and initial dye concentration (up to 150 mg L⁻¹). At a pre-determined time interval, aliquots 

were withdrawn, followed by centrifugation (Remi R-8C, India) at 2,000 rpm for 5 min to 

separate the biosorbent. The supernatant was further filtered through Whatman No. 1 paper 

(pre-wetted with distilled water to minimize dye retention) to remove any remaining fine 

suspended particles. The absorbance of the filtrate was recorded at the corresponding λmax of 

the respective dye solution. The residual dye concentration in the supernatant was determined 

from the respective calibration curves. Percentage biosorption was calculated using Equation 

(1):  

Biosorption	(%) 	= 		 .!!"	!"
!!

/	× 	100,  (1) 

where, Ci and Cf are the initial and final dye concentration (mg L-1). Suitable controls were 

maintained. All experiments were performed in triplicate, and values were expressed as mean 

± s.d. 

Characterization of biosorbent  

Point of zero charge (pHPZC)   

pHPZC of both the banana and carrot peel biosorbents was determined using the pH drift method 

(Daffalla et al. 2024). A 2% (w/v) biosorbent suspension was prepared by adding 1 g of the 

biosorbent to 50 ml of aqueous solution, with the initial pH adjusted between 2 and 10 using 

1N HCl and 1N NaOH. The suspensions were incubated on the shaker at 150 rpm / 25±2ºC for 

60 min, after which the final pH was recorded using a calibrated pH meter (HM Digital pH-80, 

India). The pHPZC was determined from the point where the difference between the initial and 

final pH values (ΔpH) approached zero. 
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Fourier Transform Infrared Spectroscopy (FTIR)  

The infrared spectra of the dried biosorbents, before and after biosorption at optimized 

conditions, were recorded using an FTIR spectrometer (Bruker Vertex 80, Germany) to identify 

the functional groups involved in dye biosorption. Spectra were collected over the range of 

4000–400 cm⁻¹ at a resolution of 0.2 cm⁻¹ with 32 scans per sample. Samples were prepared 

using the KBr pellet method, and baseline correction was applied prior to analysis. 

Scanning Electron Microscope (SEM) and Energy Dispersive X-ray (EDX) 

Dried biosorbent samples, before and after dye adsorption, were mounted on aluminium stubs 

using double-sided carbon adhesive tape, followed by sputter-coating (Mascotek Scientific SC-

180RLite, India) with a thin conductive layer of gold. The surface morphology of the samples 

was examined using SEM (Zeiss Evo 80, India). Images were recorded using a secondary 

electron detector at an accelerating voltage of 20.00 kV. Micrographs were acquired at different 

magnifications, with representative images recorded at 3.00 to 5.00 K X. EDX was carried out 

in conjunction with SEM and the corresponding spectra were collected from selected regions 

of the SEM micrographs for elemental confirmation. 

Surface area and pore size analysis 

Specific surface area and pore structure of the biosorbents were determined by nitrogen 

adsorption-desorption, measurements recorded at 77.35 K, using a surface area analyzer 

(Quantachrome NOVAtouch 2LX, India). Prior to analysis, all samples were degassed at 120°C 

for 3 h under vacuum to remove physically adsorbed moisture and volatile impurities. 

Brunauer- Emmett-Teller (BET) surface area was obtained from the adsorption branch using 

the multi-point method (P/P₀ ≈ 0.15–0.30), while pore size distribution and pore volume were 
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evaluated by Barrett–Joyner–Halenda (BJH) desorption analysis and Density Functional 

Theory (DFT) modelling. 

Adsorption studies 

Adsorption kinetics  

For the kinetics study, the optimized concentration of biosorbent i.e. 2% (w/v) was added to 

100 mg L-1 dye solution. The solution was agitated at 150 rpm at 25±2ºC for various contact 

times, ranging from 10 to 60 min. The adsorption capacity at equilibrium, qe (mg g-1), was 

calculated using Equation (2): 

Experimental	q$	(mg	g"%) 	= 		
(!#"	!$)	(

)
  (2) 

where Co and Ce are the initial and equilibrium dye concentration (mg L-1), V is the volume of 

dye solution (L), and M is the biosorbent mass (g). 

The experimental data were analyzed using the pseudo-first-order (PSO), pseudo-second-order 

(PSO), Weber-Morris intraparticle diffusion, and Elovich kinetic models to evaluate the 

adsorption rate and mechanism. The PFO model describes adsorption processes where the rate 

is proportional to the number of unoccupied sites. This model is generally associated with 

systems dominated by surface-controlled adsorption and is often used as an initial approach to 

evaluate adsorption kinetics (Nizam et al. 2021). The PFO kinetic equation is given by 

Equation (3):  

ln(q$ − q*) 	= 	 ln(q$) −	k%t  (3) 

where qe and qt (mg g⁻¹) are the amount of dye adsorbed on the biosorbent at equilibrium and 

at time t (min), respectively. k1 (min-1) is the PFO rate constant. The PSO model assumes that 
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the adsorption rate is governed by interactions between the adsorbate molecules and functional 

groups present on the adsorbent surface. The model is frequently applied to adsorption 

processes involving heterogeneous adsorbents (Wang et al. 2019). The linear form of PSO 

kinetic equation is described by Equation (4): 

!
"!
	= 	 #

$""#"
	+ 	 !

"#
   (4) 

where qe and qt (mg g⁻¹) are the amount of dye adsorbed on the biosorbent at equilibrium and 

at time t (min), respectively. k2 (g mg-1min-1) is the PSO rate constant. The Weber-Morris model 

assumes that the adsorption depends upon the diffusion of dye molecules from the solution to 

adsorption sites and is given by Equation (5): 

q* =	k+,	t
%
& + C   (5) 

where qt (mg g⁻¹) is the amount of dye adsorbed on the biosorbent at time t (min), C is the 

intercept related to boundary-layer thickness, and kID (mg g-1min-1/2) is the intraparticle 

diffusion rate constant (Nizam et al. 2019). The Elovich kinetic model describes chemical 

adsorption on an energetically heterogeneous surface and shows that adsorption decreases 

exponentially with an increase in surface coverage. The linear form of the model is described 

by Equation (6): 

q* =	
%
-
	ln(𝛼𝛽) +	 %

-
	 ln t   (6) 

where qt (mg g⁻¹) is the amount of dye adsorbed on the biosorbent at time t (min), α (mg g⁻¹ 

min⁻¹) is the initial adsorption rate, and β (g.mg⁻¹) is the surface heterogeneity constant. Model 

fitting was evaluated using the root mean square error (RMSE) and coefficient of determination 

(R²) for linearity. 



 

 12 

Adsorption isotherm 

For the isotherm study, dye solutions of varying concentrations were treated with the same 

biosorbent dosage (2%, w/v) at pH 2. The mixture was agitated at 25±2ºC for 60 min. The 

equilibrium adsorption data were evaluated using the Langmuir, Freundlich, Temkin, and 

Dubinin-Radushkevich (D-R) isotherm models. These isotherms describe the relationship 

between the concentration of dye in a solution and the amount adsorbed onto biosorbent at a 

constant temperature. The Langmuir isotherm assumes monolayer adsorption onto a 

homogenous surface and is described by the linear equation (7): 

#
"#
=	 #

"$%&
+ #

%'&#
   (7) 

where qe (mg g⁻¹) is the amount of adsorbate adsorbed per unit mass of adsorbent at equilibrium, 

qmax is the maximum monolayer adsorption capacity of the adsorbent, KL is the Langmuir 

adsorption constant, and Ce is the equilibrium concentration of the adsorbate in the solution 

(Michalak et al. 2013). The feasibility is indicated by the Langmuir separation factor, RL, which 

is given by Equation (8): 

R' 	= 	
#

#(	%'&(
   (8) 

The Freundlich isotherm model assumes multi-layer adsorption of the dye onto a 

heterogeneous surface. The linear mathematical form of the Freundlich isotherm is described 

by Equation (9): 

log	𝑞. 	= log𝐾/	 +	
%
0
log 𝐶.  (9) 

where KF and n are the Freundlich isotherm constants related to the adsorption capacity and 

intensity, respectively (Michalak et al. 2013). Unlike the Langmuir model, which assumes a 
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constant adsorption energy for all sites, the Temkin model describes that the heat of adsorption 

decreases linearly with increasing coverage of the heterogeneous surface and is expressed by 

the linear Equation (10):  

𝑞. =
12
3'
ln 𝐶. +

12
3'
ln𝐾2  (10) 

where bt is the Temkin heat constant (J mol-1), KT is the Temkin equilibrium constant (L g-1), 

R is the universal gas constant (8.314 J mol⁻¹K⁻¹), and T is absolute temperature (K). The slope 

of the linear plot, RT/ bt, is denoted as the Temkin constant B and reflects the degree to which 

the adsorption energy decreases with increasing surface coverage due to adsorbate–adsorbent 

interactions. The D-R isotherm describes that adsorption follows a pore-filling mechanism 

rather than layer-by-layer coverage of the surface. It assumes that the surface is heterogeneous 

with varying adsorption energies (Nizam et al. 2021). The linear mathematical form is given 

by Equation (11): 

ln q$ = ln q4 − 	βε5  (11) 

where qm is the theoretical maximum adsorption capacity (mg g-1), β is the activity coefficient 

(mol2 J-2), and the Polanyi potential, 𝜀 (J mol-1), 

= RT ln .1 +	 %
!$
/           (12) 

The mean adsorption energy provides an insight into the nature of adsorption interactions and 

is given by Equation (13):  

E (J mol-1) = 
#

*+,
                     (13) 

Model fitting was evaluated using the root mean square error (RMSE) and coefficient of 

determination (R²) for linearity. 
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Immobilization of biosorbent  

To minimize material loss during separation and improve recovery and reusability, 

immobilization of the biosorbent was carried out. Initially, different ratios of sodium alginate 

and biosorbent were tested to obtain uniformly shaped beads with mechanical integrity. For 

each combination, the mechanical stability of beads was assessed by the bead-collapse method, 

where 50 beads of test and control each were centrifuged at 10,000 rpm for 30 min, and the 

number of broken beads was recorded. Based on the uniformity and bead integrity, 

immobilization was ultimately carried out by mixing 1.2% (w/v) sodium alginate and 15% 

(w/v) banana peel powder, which was then extruded dropwise into 3.5% (w/v) chilled CaCl₂ 

solution. Beads were allowed to cure in the same CaCl₂ solution for 3 h at 4°C and then washed 

thoroughly with distilled water to remove excess calcium ions. Control alginate beads, without 

biosorbent, were prepared similarly. Beads were stored in the refrigerator for further use. 

Regeneration of immobilized biosorbent 

Reusability of the immobilized banana peel biosorbent was evaluated through successive 

sorption–desorption cycles. After each biosorption cycle with 100 mg L-1 PM, dye-loaded 

beads were separated and treated with 0.1 N HCl or 0.1 N NaOH under constant agitation (150 

rpm) for 3 h at 25±2ºC to facilitate desorption of the bound dye. The beads were then washed 

repeatedly with distilled water until a neutral pH was attained and reused for the subsequent 

sorption cycle under identical experimental conditions. Sorption–desorption experiments were 

performed for five consecutive cycles. After each cycle, percentage biosorption was calculated. 

Blank alginate beads were used as controls to account for any dye uptake by the alginate matrix. 

Desorption efficiency was calculated using Equation (14): 

Desorption	(%) = 	 64789*	7:	;<$	=$>$?@$;	(4A	B(%)
64789*	7:	;<$	C9C*C?>><	?;@7=D$;	(4A	B(%)

	× 	100 (14) 
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Results and discussion 

Absorbance maxima of dyes  

The UV-Visible spectra of aqueous solutions of both RB and PM dyes were studied between 

400 to 800 nm (Figure 1). The absorbance maxima (λmax) for RB was observed at 505 nm. Rit 

dyes, including RB, are proprietary commercial blends, as evidenced by the UV-Vis spectrum, 

where a broad peak is seen. Such broad spectral features are characteristic of overlapping 

chromophores and are commonly reported for commercial dye mixtures. Moreover, RB is 

marketed as an all-purpose dye capable of coloring a wide range of fabrics, including cotton, 

silk, and wool, which often requires the presence of multiple dye components with different 

affinities toward cellulosic and protein fibres (Lee et al. 2009). In this context, black textile 

dyes belonging to acid, direct, or reactive classes are well documented to possess aromatic 

backbones with diverse functional groups such as azo linkages, amines, and sulfonates (Kapoor 

et al. 2022; Munagapati et al. 2020).	The peak at 505 nm is consistent with the C.I. Direct 

Black family of azo dyes, which have λmax around 515±10 nm (Işık and Sponza 2004).   

In contrast, PM is a fibre-reactive monoazo dye, belonging to the C.I. Reactive Red 

category, exhibiting a sharp λmax at 560 nm. The result is in agreement with the previously 

reported λmax values for Reactive Red dyes, which range from 525 to 570 nm (Karmaker et al. 

2019; Manogaran et al. 2021; Oueslati et al. 2024). The standard graphs of the dyes showed a 

linear relationship between absorbance and dye concentration with R2 values of 0.9981 and 

0.9770 for RB and PM, respectively. 	

Effect of operational parameters 

Contact time 
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A preliminary study was conducted to determine the effect of contact time, one of the key 

parameters that profoundly affects the adsorption process, using 1% (w/v) biosorbent in a 100 

mg L-1 textile dye solution. A dye-dependent behavior of the biosorbent was observed, where 

banana peel showed higher biosorption efficiency for PM, and carrot peel was more effective 

for RB biosorption. A rapid biosorption of BRB and CRB, ranging from 65 to 70%, was 

observed within the first 10 min. Comparatively lower biosorption (15-25%) was seen for BPM 

and CPM, indicating a slower uptake during the early contact period (Figure 2a). With 

increasing contact time, the adsorption rate of both dyes slowed considerably, attaining 

equilibrium within 60 min. The availability of unoccupied adsorption sites at the initial stage 

facilitated rapid dye uptake, whereas at equilibrium, saturation of these sites led to repulsive 

interactions between the adsorbent surface and incoming dye molecules (Gupta et al. 2013). A 

similar pattern was also reported by Munagapati et al. (2020), where banana peel powder 

exhibited rapid biosorption of 100 mg L-1 Reactive Black 5 dye, reaching equilibrium in 180 

min with an overall biosorption efficiency of ~50%. For further studies, 60 min was selected 

as the optimal contact time.  

Biosorbent concentration  

Increasing the biosorbent concentration enhances the surface area and the number of available 

binding sites, leading to a concentration-dependent increase in dye uptake. A similar trend has 

been reported previously (Kushwaha et al. 2014; Munagapati et al. 2020; Sharma and Bhalerao 

2018). In the present study, comparable results were obtained (Figure 2b). BRB and CRB 

exhibited 70-80% biosorption at 1% biosorbent concentration, which increased to near-

complete removal (~98%) at 2% concentration. Beyond 2%, the adsorption efficiency remains 

constant, indicating a plateau. This can be attributed to the excess concentration of biosorbent 

relative to the dye molecules in solution, resulting in unutilized sites (Nizam et al. 2021). Both 
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banana and carrot peel powder were equally effective in removing RB. However, for PM, 

banana peel powder was more effective, exhibiting an increase in dye uptake from 25% to ~70% 

at a concentration of 3%. CPM showed the lowest biosorption efficiency, increasing slightly to 

33% at the highest tested concentration. This observation indicated differences in biosorbent–

dye interactions, which were further examined through pH optimization and physicochemical 

analysis. For further studies, 2% was chosen as the optimal biosorbent concentration. 

pH  

pH is one of the most critical aspects that determine the sorption process as it affects the degree 

of ionization, the surface charge of the biosorbent, and the nature of the dye solution 

(Munagapati et al. 2020). However, the efficiency of dye removal has also been reported to be 

affected by hydrophobic interactions, hydrogen bonds, van der Waals forces, π-π interactions, 

and n-π interactions in aqueous solutions (Hu et al. 2013; Nizam et al. 2021; Olusegun and 

Mohallem 2020). Firstly, the effect of pH on the surface charge of both biosorbents was 

determined using the pH drift method (Daffalla et al. 2024). The point of zero charge (pHPZC) 

is the pH at which the biosorbent is neutral, i.e., it has an overall zero surface charge. The 

surface of the biosorbents is positively charged at pH < pHPZC, allowing biosorption of anionic 

dye species. At pH > pHPZC, the surface becomes negatively charged and favors cationic dye 

biosorption. pHPZC values for banana and carrot peel powder were 5.3 and 4.8, respectively 

(Figure 2c), which aligns with the previously reported values of ranging between 4.5 to 6.5 

(Afolabi et al. 2021; Kushwaha et al. 2014; Mondal and Kar 2018). 

The effect of pH on biosorption using banana and carrot peel powder revealed 

contrasting behaviors between the tested dyes (Figure 2d). The removal was consistently high 

across acidic pH (2–6) for both BRB and CRB, achieving nearly 100% adsorption. The sorption 

decreased slightly in the alkaline range. RB is a blend of multiple dye components designed 
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for a wide range of fabric dyeing. This is also supported by the broad UV–Vis absorption profile 

observed in this study. Moreover, aromatic rings with functional groups, such as azo, amine, 

and sulphonate moieties, are well-reported in black textile dyes (Kapoor et al. 2022; 

Munagapati et al. 2020). The presence of chemically diverse groups in RB enables 

multicomponent interactions with the biosorbent surface, thereby explaining its relatively 

stable biosorption behavior across a wide pH range and absence of sharp pH-dependent 

variation.  

In contrast, BPM and CPM exhibited strong pH-dependent biosorption, with maximum 

removal at pH 2 (banana ~90% and carrot ~70%). Sorption declined steeply with increasing 

pH, reaching a minimum (~40%) at pH 8. However, an increase was observed at pH 10. Unlike 

RB, PM belongs to the C.I. Reactive Red monoazo dyes with prominent anionic moieties, like 

dichlorotriazine and sulfonic acids (Li et al. 2024). These anionic groups make the dye-

biosorbent interactions highly sensitive to pH. For pH values less than pHPZC, protonation of 

hydroxyl, amine, and carboxyl functional groups in both banana and carrot peels occurs, 

imparting an overall positive charge on the biosorbent surface (Jayesree et al. 2021; Khawas et 

al. 2017; Zaini et al. 2022). This favored electrostatic attraction with anionic dye molecules 

resulted in the highest uptake at pH 2, making it the optimal pH for further studies. As shown 

in Figure 2d, banana peel consistently showed higher uptake of PM than carrot peel across the 

acidic pH range, reflecting its higher biosorption efficiency. 

Deprotonation at pH > pHPZC rendered a negative charge on the surface of biosorbents, 

leading to electrostatic repulsion between dye and biosorbent and, thereby, a reduction in 

biosorption. This also explains the lower PM uptake observed at the native pH (~6.8) during 

optimization of contact time and biosorbent concentration. The mechanism has been previously 

observed for anionic reactive dyes with banana peel and related biosorbents (Akter et al. 2021; 
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Munagapati et al. 2018; Tashager et al. 2022). The increase in biosorption of PM at pH 10 

might be due to higher ionization or hydrolysis of the dye, which may expose additional 

moieties capable of interacting with the biosorbent (Ismail and Sakai 2024). Although the 

surface of biosorbent is negatively charged (pH > pHPZC), adsorption can still occur through 

secondary mechanisms, such as hydrogen bonding, van der Waals forces, π-π interactions, and 

n-π interactions in aqueous solutions (Mondal and Kar 2018). Researchers have also reported 

that exposure to additional adsorbing sites on biomass, due to high deprotonation, increases 

biosorption (Achak et al. 2009; Zaini et al. 2022).  

Although pH 2 yielded the highest dye removal efficiency under laboratory conditions, 

this value represents a mechanistic optimum, highlighting the role of surface protonation and 

electrostatic interactions in biosorption. Textile effluents are generally reported to exhibit pH 

in the range of 6–9, rather than highly acidic conditions, owing to the extensive use of alkaline 

chemicals during dyeing and finishing processes (Castillo-Suárez et al. 2023). However, in our 

study, appreciable dye removal (>50%) was also observed at near-neutral pH, indicating that 

the biosorbents retain practical applicability without extensive pH adjustment for textile 

effluents. 

Initial dye concentration  

Biosorption usually decreases with increasing initial dye concentration due to saturation of 

active sites on biosorbents (Akter et al. 2021; Daffalla et al. 2024; Nizam et al. 2021). In our 

study, BRB and CRB exhibited consistently high biosorption (>90%) at all the tested initial 

dye concentrations ranging from 50 to 150 mg L-1 (Figure 2e). The highest uptake of 99% was 

observed at a dye concentration of 100 mg L-1. A slight decrease (up to 92%) due to biosorbent 

saturation was observed at dye concentrations above 100 mg L-1.  
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Unlike RB, BPM and CPM exhibited distinct biosorption patterns associated with 

concentration gradients and mass-transfer concepts (Figure 2f). At low initial concentration, 

the driving force, i.e., the concentration gradient for adsorption, is weak, resulting in slow 

diffusion of dye molecules to the biosorbent sites in a fixed contact time. This leads to lower 

biosorption efficiency of 40% with carrot and 65% with banana. Increasing the initial dye 

concentration to 100 mg L-1 led to a larger concentration gradient and faster diffusion of dye 

molecules, creating a stronger driving force for adsorption. This resulted in an increase in dye 

removal to 72% and 90% with carrot and banana, respectively, indicating the higher efficiency 

of banana peel powder. Similar observations have also been reported for other dyes, including 

congo red, tartrazine azo-anionic dyes and methylene blue (Enniya and Jourani 2017; Kabbout 

and Taha 2014; Villabona-Ortíz et al. 2022). Beyond 100 mg L-1, the percentage biosorption 

declined to 60-70% due to biosorbent saturation.  

Compared with RB, PM exhibited lower biosorption with both banana and carrot peel 

powders. However, after optimizing biosorbent conditions, the efficiency for PM improved 

significantly, from ~20% pre-optimization to 90% post-optimization, indicating the influence 

of biosorbent concentration, pH, and contact time on dye removal efficiency. 

Characterization of biosorbent before and after biosorption 

FTIR analysis 

The FTIR analysis of both biosorbents, before and after dye biosorption, was conducted to 

identify the functional groups involved in biosorption. The prominent FTIR peaks of the raw 

biosorbents, along with their corresponding functional groups, have been summarized in Table 

1. 
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Banana peel biosorbent. The FTIR spectrum of raw banana peel powder (Figure 3) indicated 

the presence of important functional groups. A broad, intense band at 3433 cm⁻¹ reflected O–

H stretching vibrations of hydroxyl groups of alcohols and phenols. Dual peaks at 2918 and 

2840 cm⁻¹ attributed to aliphatic C–H stretching. Sharp peaks at 1737, 1454, and 1258 cm-1 

correspond to C=O stretching of carbonyl groups, symmetric stretching of carboxylates (-

COO-), and C-O symmetric stretching of acidic functional groups, respectively. Presence of 

aromatic groups was evidenced by the C=C bending vibration at 1626 cm-1, while the amide 

group was observed as an unresolved shoulder near 1546 cm-1. A well-defined 𝛽-glycosidic 

linkage marker was present at 1151 cm-1. The fingerprint region (below 1000 cm-1) displayed 

seven distinct peaks, corresponding to C-H stretching and glycosidic linkages of 

polysaccharides, reflecting high chemical diversity and vibrational freedom of the native 

biomass (Akter et al. 2021; El Din et al. 2018).  

After the adsorption of both PM and RB dyes onto the banana biosorbent, the spectra 

showed significant changes (Figure 3a,b). BRB exhibited a more pronounced increase in 

intensity (lower %T) across the major peaks compared to raw biosorbent, suggesting additive 

IR contributions from the multicomponent dye blend. Conversely, BPM showed lower intensity 

than banana, consistent with site-specific binding. Major chemical interactions were confirmed 

by significant shifts (>17 cm-1) in the C-O stretching peak (from 1258 to 1234 cm-1 in BPM 

and 1241 cm-1 in BRB), alongside movement of the carboxylate peaks (from 1454 to 1447 cm-

1 in BPM and 1442 cm-1 in BRB). The aromatic region showed significant positive shifts 

(>10cm-1) from 1626 cm-1 to 1637 cm-1 (BPM) and 1638 cm-1 (BRB), confirming π–π stacking 

interaction. Minor shifts were also observed in the regions corresponding to hydroxyl and 

amine groups. Additionally, new sharp peaks at ~618 cm⁻¹, attributed to sulfonate (–SO₃⁻) 

groups, confirmed the successful loading of PM and RB onto the biosorbent. Moreover, the 

seven peaks observed in raw biosorbent were consolidated to fewer broader signals in the 
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fingerprint area, indicating restricted vibrational freedom due to dye uptake. These FTIR 

changes confirm that dye biosorption onto banana peel occurs via a multi-modal mechanism 

involving: (i) hydrogen bonding, electrostatic interactions, and chemical complexation 

involving hydroxyl, amine, and carboxylated sites, (ii) π–π stacking interactions between the 

dye and aromatic rings, and (iii) surface coating.  

Carrot peel biosorbent. The FTIR profile of the raw carrot biosorbent closely matched that of 

the banana. Intense bands observed at 3432, 2918, 2850, 1740, and 1424 cm-1 were attributed 

to hydroxyl stretching vibrations, aliphatic –CH stretching, carbonyl stretching and carboxylate 

vibrations. The aromatic and polyene skeletal framework was evidenced by C=C bending at 

1638 cm-1. Unlike raw banana peel, carrot exhibited a resolved N–H bending peak 

corresponding to amide of structural proteins at 1542 cm-1. The O-H/C-H bending was 

indicated by the peak at 1383 cm-1, consistent with phenolics, hydroxyl, and methyl groups. 

The fingerprint region (below 1000 cm-1) exhibited five distinct peaks, primarily representing 

the polysaccharide backbone and out-of-plane aromatic vibrations (Hastuti et al. 2018; 

Jayesree et al. 2021). 

Following biosorption (Figure 3c,d), CRB also exhibited a general increase in relative 

intensity (lower %T) across major bands, suggesting additive IR contributions and extensive 

surface loading by the dye blend. In contrast, CPM showed an attenuation in certain native 

bands, reflecting site-specific binding. The significant shifts were observed in the O-H/C-H 

bending region (from 1383 to 1377 cm-1 in CPM and 1376 cm-1 in CRB). The aromatic region 

exhibited a shift from 1638 cm-1 to 1639 cm-1 in both CPM and CRB,  reflecting π–π stacking 

interactions. A shift in the carboxylate symmetric stretch (from 1424 cm⁻¹ to 1423 cm⁻¹ in CRB 

and CPM) further indicated involvement of oxygenated groups. Minor shifts were also 

observed for regions belonging to hydroxyl and amine groups. New sulfonate peaks near 618 
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cm⁻¹ and reduced resolution in the fingerprint region confirmed dye loading. These changes in 

FTIR spectra indicate that carrot peel biosorption involves similar interaction pathways to those 

of banana peel, including π–π stacking, electrostatic interactions, hydrogen bonding, and 

surface adsorption.  

Overall, both biosorbents are rich in functional groups characteristic of lignocellulosic 

biomass, as previously reported in banana and carrot peels. This includes cellulose, 

hemicellulose, lignin, pectin, carotenoids, lipids, and proteins (Akter et al. 2021; Memon et al. 

2008; Oyekanmi et al. 2019). These groups provide appropriate binding sites for dye 

biosorption through a multi-modal mechanism, such as surface loading, chemical complexation, 

π–π stacking, electrostatic interactions, and hydrogen bonding (El Din et al. 2018; Hastuti et 

al. 2018; Jayesree et al. 2021). Moreover, a higher diversity of peaks in the fingerprint region, 

together with the greater magnitude of functional group shifts observed after biosorption, 

confirms a large number of accessible and chemically diverse binding sites in banana peel 

powder. This could be the plausible explanation for its higher biosorption efficiency compared 

to carrot, as observed during optimization studies. These results are consistent with earlier 

studies on fruit peel biosorbents (Shakoor and Nasar 2018). 

SEM analysis 

To understand the surface morphology and texture of biosorbents before and after dye 

biosorption, SEM imaging was performed (Figure 4).  

Banana peel biosorbent. Raw banana peel powder exhibited a clear, non-uniform, and 

heterogeneous surface morphology with distinct edges. The presence of multiple depressions, 

irregular folds, cavities, and layers indicates the availability of extensive accessible surface for 

adsorption. These observations are similar to those reported by Tolkou et al. (2024). For BPM, 

the surface was observed to be grainy and rough, clearly showing deposition of dye molecules. 
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The edges were observed to be comparatively smoother. The features appeared covered with 

dye molecules, with partial masking of the cavities and cracks. Similar results were obtained 

by Hashem et al. (2020), where the adsorption of methylene blue on lignocellulosic fibres of 

banana peel waste was reported. In contrast, the BRB micrograph revealed a significant change 

in texture compared to the untreated banana peel. The surface appeared extensively coated with 

irregular clusters distributed non-uniformly across the biosorbent surface. Unlike PM, the dye 

accumulation was more evident within surface folds and cavities.  

Carrot peel biosorbent. Untreated carrot peel powder exhibited a highly irregular, flaky, and 

porous surface morphology with overlapping layers, as also reported in an earlier study 

(Kushwaha et al. 2014). Compared with the banana peel, the surface of the carrot peel appeared 

denser, with closely packed layers available for dye uptake. Following adsorption, CPM 

showed localized and non-uniform changes in texture. The sharp, flaky edges of the raw 

biomass were covered with dye, attenuating the surface features. On the other hand, CRB 

showed pronounced surface loading, in which the original biosorbent structure is largely 

masked by unevenly distributed dye aggregates. Similar changes in surface morphology have 

been reported earlier in fruit peel biosorbent after the uptake of various basic and reactive dyes 

(Michael-Igolima et al., 2023; Tolkou et al. 2024). 

EDX analysis  

EDX analysis was performed to determine the elemental composition of the biosorbents before 

and after dye adsorption (Figure S1). The spectra of both banana and carrot biosorbents were 

dominated by carbon and oxygen peaks, reflecting the lignocellulosic nature of the biomass. 

Other minor peaks of inorganic elements, such as K, Ca and Cl, were attributed to the mineral 

constituents of plant biomass. After adsorption of PM and RB dyes, additional peaks 

corresponding to Al, Na, and Si were observed, indicating a dye-laden biosorbent surface. Since 
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dyes are deposited on the biosorbent, little variation was observed in the carbon and oxygen 

peaks (Tolkou et al. 2024). These observations are consistent with our SEM results. 

Surface area and pore size analysis 

Table 2 summarizes the surface area, total pore volume, and average pore size of biosorbents 

before and after adsorption. The surface areas of banana and carrot were found to be 4.391 and 

13.288 m2 g-1, respectively, which are comparable to earlier reports on fruit peel waste (Akmese 

2025). Carrot showed higher total pore volume and lower pore size compared to banana. The 

N₂ adsorption–desorption isotherms of banana and carrot peel biosorbents (Figure 5) exhibited 

characteristics consistent with Type IV isotherms, indicating predominantly mesoporous 

structures typical of lignocellulosic materials (Praipipat et al. 2025). A gradual increase in 

nitrogen uptake across the entire relative pressure range, without a distinct knee at low P/P₀, 

reflected multilayer adsorption on heterogeneous surfaces. A more pronounced rise in 

adsorption at intermediate to high relative pressures (P/P₀ > 0.4) indicated capillary 

condensation within mesopores. Absence of a clear plateau further suggested the contribution 

of interparticle voids or external surface adsorption (Feng and Pandey 2026). Overall, the N2 

isotherm profiles of untreated biosorbents confirm that adsorption is governed by a 

combination of pore structure and surface heterogeneity.  

Following dye adsorption, notable changes in the isotherm profiles and pore parameters 

were observed. Both BPM and CPM exhibited lower adsorption volumes, suggesting pore 

blockage and surface coverage by dye molecules, limiting accessibility of internal adsorption 

sites. The reduced pore size and total pore volume in BPM and CPM further confirmed this 

observation (Hashem et al. 2020). A slight increase in the surface area of BPM resulted from 

the surface roughness and grainy texture caused by PM deposition. In contrast, RB-loaded 

systems exhibited increased nitrogen uptake at higher relative pressures. This behavior could 
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be attributed to the dye’s blended nature and its extensive loading on the biosorbent surface, 

resulting in multicomponent interactions and possible self-assembly of the molecules. This 

may lead to the formation of additional interparticle voids or a secondary mesoporous network 

on the biosorbent surface (Ramezani et al. 2024), contributing to increased pore volume and 

surface area (BRB) or increased average pore size (CRB).   

Adsorption kinetics 

The adsorption kinetics of RB and PM dyes onto banana and carrot peel biosorbents were 

evaluated using PFO, PSO, Weber–Morris intraparticle diffusion, and Elovich kinetic models 

(Table 3).  

Adsorption kinetics for banana peel  

For both BPM and BRB, the PSO model provided the best overall description, with a high 

correlation coefficient (R² > 0.91) and low RMSE (< 0.38 mg g⁻¹). Additionally, the PSO-model 

predicted equilibrium adsorption capacities (qe) were close to the experimental values (Exp.qe). 

Among all four systems, BPM exhibited the highest PSO rate constant (k₂ = 4.780 g mg⁻¹min⁻¹), 

indicating that the system approaches equilibrium rapidly. These results conclusively indicate 

that the adsorption rate is governed by the availability of adsorption sites on the banana rather 

than by dye concentration alone (Muntean et al. 2017; Mondal and Kar 2018). The PFO model 

showed very poor agreement with the experimental data, as reflected by a low R² value (<0.3) 

and a high RMSE (>2 mg g⁻¹), confirming that first-order kinetics are not suitable for 

describing PM and RB adsorption onto banana peel.  

Weber–Morris analysis revealed a relatively high intraparticle diffusion rate constant, 

kID (0.10 – 0.22 mg g⁻¹min⁻¹/²), suggesting that the diffusion process contributes to the 

adsorption rate. However, the non-zero intercept values (C) indicate the boundary-layer 
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resistance during the early stages of adsorption, demonstrating that intraparticle diffusion is not 

the sole rate-limiting step. The Elovich model showed poor applicability with an unrealistically 

large α value for BRB, suggesting that the energetically heterogeneous chemisorption 

mechanism is not applicable to these systems. Overall, these observations confirm that dye 

adsorption on banana peel is dominated by PSO, with contributions from diffusion and 

boundary-layer effects. 

Adsorption kinetics for carrot peel  

For CPM, the PSO model outperformed the PFO model as reflected by higher correlation 

coefficients and lower RMSE values. The PSO rate constant for CPM (k₂ = 0.172 g mg⁻¹min⁻¹) 

was the lowest among the four systems, indicating slower adsorption kinetics. Weber–Morris 

analysis showed moderate correlation (R² = 0.777) with a non-zero intercept (C = 0.901 mg 

g⁻¹), suggesting that both diffusion and surface adsorption processes influence the adsorption 

rate. The Elovich model failed to adequately describe the kinetics (R² = 0.316). For CRB, PSO 

model again demonstrated superior performance. This system showed the highest adsorption 

capacity among all four systems, indicating strong and efficient dye uptake. Moreover, the PSO 

rate constant (k₂ = 3.188 g mg⁻¹min⁻¹) was substantially higher than BRB, suggesting a faster 

approach to equilibrium. The PFO, Weber–Morris and the Elovich analysis failed to describe 

the adsorption behavior, as evidenced by a low R² value and high RMSE.  

These findings collectively indicate that adsorption of dyes proceeds via multistep 

mechanisms involving rapid initial uptake followed by diffusion-influenced stages, with 

system-specific variations depending on the dye–biosorbent combination (Agha et al. 2025; 

Michalak et al. 2013; Nizam et al. 2021). 

Adsorption isotherm 
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The adsorption behavior of BPM, CPM, BRB and CRB was analysed using Langmuir, 

Freundlich, Temkin and D-R isotherm models. The parameters derived from the linear 

regression analysis of the models, along with their respective R2 and RMSE values, are 

summarized in Table 4.  

Adsorption isotherm for banana peel  

BPM and BRB exhibited favorable, relatively consistent isotherm behavior. Both Freundlich 

(R² > 0.97; RMSE < 0.39 mg g⁻¹) and Langmuir (R² > 0.96; RMSE < 0.85 mg g⁻¹) models 

described the equilibrium data well, indicating dye adsorption on a heterogeneous surface with 

favorable intensity (n > 1.0) and a finite adsorption capacity. The separation factor, RL, further 

confirmed the favorable adsorption. This suggests that although the surface is heterogeneous, 

adsorption on banana peel can still approach quasi-monolayer behavior under the studied 

conditions (Ngugi et al. 2016). The estimated energy value, E (0.1 to 0.5 kJ mol⁻¹) in the D-R 

model provided an indication of physisorption (Nizam et al. 2021). Temkin fitting (R² = 0.839; 

RMSE = 0.718 mg g⁻¹) suggested that adsorbate–adsorbent interactions influence PM 

adsorption on banana peel, with the Temkin constant B (2.273) indicating moderate interaction 

effects. However, the model fails to describe the adsorption of BRB well enough, owing to 

very high RMSE values compared to the best-fit Freundlich model (Esvandi et al. 2020).  

Adsorption isotherm for carrot peel  

For CPM, the Freundlich model provided an excellent fit (R² = 0.989; RMSE = 0.155 mg g⁻¹), 

confirming adsorption on a heterogeneous surface, although a weaker adsorption is suggested 

by the Freundlich adsorption capacity and intensity parameter. Langmuir fitting was moderate 

(R² = 0.740). Furthermore, the Temkin model showed strong conformity (R² = 0.928; RMSE = 

0.321 mg g⁻¹), indicating a gradual and systematic decrease in adsorption energy with 
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increasing surface coverage. The Temkin constant (B = 2.033) reflects moderate interaction 

effects. The D–R model further supported these findings by yielding a low mean adsorption 

energy (E = 0.075 kJ.mol⁻¹), typically associated with physical adsorption. Thus, CPM 

adsorption occurs by orderly surface interactions at energetically diverse sites (Esvandi et al. 

2020; Wang et al. 2019). 

In contrast, CRB exhibited high biosorption efficiency in batch experiments but poor 

conformity to all classical adsorption isotherm models, indicating highly non-ideal equilibrium 

behavior. The consistently low correlation coefficients (R² < 0.56) and high RMSE values (~ 

5–21 mg g⁻¹) demonstrate that the Langmuir, Freundlich, Temkin and D-R models lack 

predictive capability for this system and do not adequately represent a single dominant 

adsorption mechanism under the studied conditions. This behavior is attributed to highly 

irregular and multicomponent interactions between the dye blend and the non-uniform surface 

of carrot peel. Although studies on the uptake of dye blends via biosorption are limited, prior 

studies on multicomponent systems revealed both synergistic and antagonistic behavior 

between the components depending upon the type of adsorbate and its concentration (Wang et 

al. 2021; Zhong et al. 2022). None of the tested models account for the interaction between the 

adsorbate molecules. Moreover, the present study highlights the limitations of conventional 

adsorption isotherm models for adequately capturing multicomponent adsorption (Acharya et 

al. 2023). 

 

Comparative analysis of the dye-biosorbent systems 
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A comparative evaluation of all four dye-biosorbent systems (BPM, BRB, CPM, and CRB) 

revealed distinct adsorption behaviors and mechanism dictated by both biosorbent properties 

and dye characteristics. 

Structure and property of biosorbents 

The differences in biosorbent performance across four dye-biosorbent systems highlight the 

role of the structural and chemical properties of the adsorbing material. Both banana and carrot 

peel biosorbents exhibit lignocellulosic characteristics, with FTIR confirming the presence of 

hydroxyl, carboxyl, amine, and aromatic functional groups, providing appropriate binding sites 

for dye molecules (Akter et al. 2021; Oyekanmi et al. 2019). Besides this, SEM and BET 

analyses revealed heterogeneous, mesoporous structures suitable for dye adsorption (Praipipat 

et al. 2025).   

Although carrot peel exhibited a higher surface area and pore volume, banana peel 

powder demonstrated more consistent and predictable adsorption behavior, as reflected by 

better conformity to isotherm models. Untreated banana displayed a more heterogeneous and 

accessible surface morphology, characterized by folds, cavities, and irregular structures, as 

observed in SEM micrographs. FTIR further indicated a higher diversity of functional groups, 

particularly reflected in the richer fingerprint region. In contrast, carrot peel showed a 

comparatively denser and more compact layered structure, which may limit accessibility of 

internal binding sites. This suggests that adsorption is influenced not only by the surface area 

but also by the diversity and accessibility of functional groups (Shakoor and Nasar 2018).  

Dye-dependent adsorption behavior: pure vs. blended systems  

The adsorption behavior across all systems is strongly influenced by dye characteristics, which 

in turn dictate the dominant adsorption mechanisms and their conformity to kinetic and 

isotherm models. PM, a single-component reactive monoazo dye, exhibited pH-dependent and 
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site-specific adsorption, primarily governed by electrostatic interactions, supported by 

hydrogen bonding. Under acidic conditions, protonation of biosorbent surfaces enhances 

attraction to anionic dye molecules, leading to controlled biosorption (Afolabi et al. 2021). This 

is supported by moderate FTIR peak shifts, partial pore blocking in BET, and localized dye 

deposition in SEM, indicating adsorption at accessible active sites. Correspondingly, PM 

systems (BPM and CPM) followed PSO kinetics, indicating that the rate is governed by the 

availability of active sites (Mondal and Kar 2018), while the good fit to Freundlich and 

Langmuir isotherms suggests adsorption on a heterogeneous surface with quasi-monolayer 

characteristics (Esvandi et al. 2020; Ngugi et al. 2016). The low adsorption energy values 

further confirm that the process is predominantly physical in nature, involving weak 

interactions (Nizam et al. 2021). 

 In contrast, RB, a commercial dye blend, exhibited complex and less pH-sensitive 

adsorption behavior due to its multicomponent nature. The presence of diverse chromophores 

enables simultaneous interactions through electrostatic attraction, hydrogen bonding, π–π 

interactions, and van der Waals forces. This resulted in surface aggregation and clustering, as 

evidenced by increased FTIR band intensity (additive IR contributions), extensive surface 

coating and clustering in SEM, and structural modifications in BET analysis. These features 

are further reflected in the adsorption model behavior. While BRB conformed reasonably to 

isotherm models, CRB showed poor agreement with all classical models, indicating that 

multicomponent interactions do not align well with ideal adsorption assumptions. Such 

deviations from ideal behavior for blended systems do not reflect poor biosorbent performance.  

Overall, the adsorption performance across systems is governed by an interplay of dye 

complexity, biosorbent surface chemistry, and pore structure, where multicomponent dye 

systems introduce additional interaction pathways and complexity beyond those observed in 

single-dye systems. Figure 6 illustrates the proposed adsorption mechanism of interactions 
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between the dye molecules and the biosorbent surface based on the characterization and 

adsorption studies. 

Comparison with other biosorption studies 

Although this is the first study on the biosorption of PM and RB using banana and carrot peel 

powders, both biosorbents have been investigated for the removal of other dyes. In the absence 

of comparative literature data for these specific dyes, previously reported adsorption capacities, 

optimal parameters, and percentage biosorption of banana- and carrot-derived biosorbents 

across various dye systems were considered for evaluation. For untreated banana peel powder, 

the reported adsorption capacities (qmax) for different dyes range from 1.7 to 24.1 mg g⁻¹ (Table 

5). The majority of these studies reported >90% biosorption of the dyes at acidic pH (2-3) 

within 120 min. In this context, the present study demonstrates comparable performance, with 

banana peel achieving qmax values of 8.7 and 10.6 mg g⁻¹ for RB and PM, respectively. 

Additionally, 90-100 % dye uptake was observed at pH 2 within 60 min. Importantly, these 

results were obtained at relatively moderate dye concentrations (100 mg L-1) and short contact 

times, indicating the rapid and effective adsorption capacity of untreated banana peel.  

Several studies have also reported substantially higher qmax values, up to 991 mg g⁻¹, 

for banana-based adsorbents. However, these were achieved only after extensive modification, 

such as conversion to biochar, chemical activation, or combined mechanical and biological 

treatments (Daffalla et al. 2024; Hashem et al. 2020; Munagapati et al. 2020). Though these 

modified biosorbents were effective at removing higher dye concentrations, they also require 

longer contact times.  In contrast, the present work demonstrates effective dye uptake using 

untreated banana peel, highlighting its practical relevance as a low-cost biosorbent. 

Compared to banana peel, literature on dye biosorption using carrot peel–derived 

materials is relatively limited, with most studies focusing on heavy-metal removal, like lead, 
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rather than organic dyes (Hastuti et al. 2018). Available reports indicate that the dye adsorption 

capacities of carrot-based biosorbents range from 2.3 to 66.6 mg g⁻¹, depending on the nature 

of the dye, biomass fraction used (peel, leaves, or flower), and the treatment applied to the 

biomass. The adsorption capacities obtained in the present study for both dyes are within the 

reported range, confirming the suitability of carrot peel as a biosorbent. Also, the optimal 

conditions closely match those reported previously (Table 5).  

The comparative evaluation suggests that both banana and carrot peel powders exhibit 

adsorption performance comparable to previously reported biosorption from banana and carrot 

wastes. The ability to achieve high dye removal using untreated materials in relatively short 

contact times supports the practical applicability of these biosorbents. Moreover, it also 

highlights the application of these biosorbents towards unreported pure reactive dye, PM and 

a commercial dye blend, RB, thereby reinforcing their potential for sustainable dye 

remediation. 

Biosorption through immobilized biosorbent 

Owing to its comparatively higher biosorption activity, banana peel powder was immobilized 

using sodium alginate. Beads of 4±1 mm size were formed using 15% biosorbent mixed with 

1.2% alginate.  None of the beads collapsed at 10,000 rpm for 30 min, indicating their good 

mechanical strength, stability, and structural integrity under high centrifugal force. Figure 7 

shows the sorption-desorption efficiency of immobilized banana beads regenerated using 0.1 

N HCl and 0.1 N NaOH across successive cycles. Blank alginate beads without the biosorbent 

served as a control and showed negligible dye sorption. 

With HCl as the desorbing agent, the biosorption efficiency increased progressively 

from 55% during the first cycle to 90% in the third cycle. Most studies report a gradual decrease 

in dye uptake due to incomplete desorption or structural degradation of beads (Atiba-Oyewo 
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et al. 2019; Ramírez-Rodríguez et al. 2023). In the present study, the increase in biosorption 

during initial HCl regeneration cycles is atypical and has been previously attributed to a 

surface-cleaning or conditioning effect. Mild acid treatment facilitates the removal of 

impurities, pore-blocking substances, and residual calcium ions, thereby improving the 

accessibility of the binding sites on the immobilized biosorbent (Hu and Hu 2013). The decline 

in biosorption in the fourth and fifth cycles may result from partial exhaustion of binding sites 

or weakening of the alginate-biosorbent matrix after repeated acid washing.  

Desorption efficiency with HCl remained consistently low (2-15%) across all cycles, 

comparable to the findings of Reyes-Ledezma et al. (2020), where a maximum of 12% 

desorption of anionic dye was observed under acidic pH. This suggests dye-biosorbent 

interactions, predominantly through electrostatic attractions and hydrogen bonding with 

diverse functional groups of biosorbent. Our FTIR data confirmed the involvement of 

hydroxyl, amine, carbonyl and carboxyl functional groups for dye adsorption (Figure 3). The 

results are also consistent with our pH-optimization studies, which demonstrate improved 

uptake of anionic PM under acidic conditions. A similar trend has been reported for anionic 

dye Acid Orange II adsorption systems, operated under acidic conditions, where adsorption 

capacity increased over the initial cycles and reached a maximum before declining (Wang et 

al. 2021). In this study, adsorption was favored at pH 2, while desorption required alkaline 

conditions (pH 11). This behavior supports the present observations, where acidic conditions 

enhanced PM adsorption but limited its release during HCl regeneration, resulting in low 

desorption efficiencies. 

On the contrary, regeneration with NaOH was observed to be 47% during the first cycle, 

which is much higher than that with HCl. This indicates successful disruption of dye-biosorbent 

interactions and effective regeneration of the immobilized biosorbent. A similar observation 
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was reported by Reyes-Ledezma et al. (2020), where alkaline conditions were proposed to 

promote electrostatic repulsion by rendering negative charges on the biosorbent surface, 

leading to the elution of anionic dyes. However, a steep decline in sorption efficiency was 

observed in the second cycle due to matrix degradation. At high pH, the alginate matrix swells 

due to the exchange of gel cations with the sodium ions in solution. This results in loss of cross-

linkages and release of encapsulated material (Abka-Khajouei et al. 2022; Ching et al. 2017), 

thereby compromising the integrity of the beads. Therefore, although alkaline treatment is 

effective for desorption, it is not suitable for repeated regeneration as  it adversely affects the 

stability and integrity of the alginate-biosorbent matrix. These contrasting behaviors observed 

with HCl and NaOH regeneration demonstrate that regeneration efficiency alone does not 

guarantee biosorbent reusability, highlighting the importance of balancing desorption 

efficiency with structural and functional stability. Overall, our results indicate that the banana 

peel alginate beads are reusable and maintain their adsorption efficiency over multiple cycles. 

Conclusions 

This study represents the first comparative investigation of the removal of pure (PM) vs. 

blended (RB) commercial textile dyes using banana and carrot peel waste as effective 

biosorbents, highlighting distinct adsorption behaviors in single-component and blended-dye 

systems. Optimization of operational parameters significantly enhanced biosorption efficiency, 

achieving 70–100% dye removal. The maximum adsorption capacity of BRB, BPM, CRB, and 

CPM reached 8.7, 10.6, 36.6 and 11.4 mg g-1, respectively, reflecting the differences in dye-

biosorbent affinity. The dye removal is driven by functional group-mediated interactions 

between dye and biosorbent, prominently with aromatic rings, hydroxyl, carboxyl and amine 

groups. The FTIR band intensification after RB biosorption is attributed to extensive surface 

loading of the dye blend, as also confirmed by SEM. While pure PM systems follow more 
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predictable and model-conforming adsorption pathways, blended RB systems introduce 

additional mechanistic complexity, leading to deviations from ideal adsorption behavior. This 

highlights the limitations of conventional adsorption models in describing multi-component 

blended dyes. Immobilized banana peel maintained high biosorption efficiency over multiple 

regeneration cycles, demonstrating its potential for repeated application.  

Overall, this work presents a sustainable, low-cost, and eco-friendly biosorption 

approach that not only effectively removes textile dyes but also promotes waste valorization 

by utilizing domestic fruit and vegetable residues. The study demonstrates strong adsorption 

performance under optimized conditions; however, it is important to note that the experiments 

were conducted at a constant temperature with synthetic dye solutions, which may not fully 

capture the complexity and variability of real textile effluents. Future studies incorporating 

temperature-dependent experiments for thermodynamic evaluation, post-regeneration 

characterization of immobilized biosorbents with FTIR, SEM-EDX, and mass-loss 

measurements are warranted to provide an in-depth understanding of adsorption, long-term 

biosorbent stability, and practical applicability. Moreover, phytotoxicity assessment of 

untreated and treated effluents could provide valuable insights into the environmental safety 

and sustainability of the biosorption process.  
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Table 1. FTIR peaks of raw biosorbent and their corresponding functional groups 

Functional groups 
Wavenumber (cm-1) 

Banana Carrot 

-OH stretching (hydroxyl) 3433 3432 

-CH stretching (aliphatic) 2918, 2840 2918, 2850 

C=O stretching (carbonyl) 1737 1740 

C=C bending (aromatic) 1626 1638 

N-H bending (amide) Unresolved 1542 

COO- stretching (carboxylate) 1454 1424 

C-H or O-H bending (phenolics) 1383 1383 

C-O stretching (ester/acid) 1258 1258 

C-O-C stretching (glycosidic) 1151 Unresolved 

C-O stretching 1033 1032 

Fingerprint region (𝛽-linkages, 
out of plane C-H vibrations) 

< 1000 < 1000 
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Table 2. Surface analysis of biosorbent before and after dye uptake 
 
Parameters Banana BPM BRB Carrot CPM CRB 

BET surface area (m2/g) 4.391 5.187 11.312 13.288 7.397 8.537 

Total pore volume (x10-3 cc/g) 3.365 2.728 7.316 7.477 2.415 8.135 

Average pore radius (nm) 1.532 1.052 1.293 1.125 0.652 1.906 
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Table 3. Parameter values for adsorption kinetic models for RB and PM  

Model Parameter BPM BRB CPM CRB 

 Exp. qe (mg g⁻¹) 2.555 7.097 1.774 8.207 

Pseudo-first- 
order 

qe (mg g⁻¹) 0.772 0.294 0.713 0.458 

k1 (min-1) 0.013 0.035 0.024 0.023 

RMSE (mg g⁻¹) 2.009 7.419 1.446 9.559 

R2 0.159 0.295 0.963 0.240 

Pseudo-
second- order 

qe (mg g⁻¹) 2.089 7.153 1.730 8.084 

k2 (g.mg-1min-1) 4.780 0.205 0.172 3.188 

RMSE (mg g⁻¹) 0.375 0.070 0.154 0.236 

R2 0.924 0.999 0.966 0.998 

Weber-Morris 
intraparticle 
diffusion 

kID (mg g⁻¹min⁻½) 0.214 0.106 0.101 0.065 

C 0.879 6.304 0.901 7.669 

RMSE (mg g⁻¹) 0.202 0.035 0.081 0.237 

R2 0.763 0.952 0.777 0.175 

Elovich  𝛼	(mg g⁻¹min⁻¹) 4.511 5.392×1011 34.401 1.890×1015 

β	 2.882 4.587 5.618 5.000 

RMSE (mg g⁻¹) 0.274 0.089 0.159 0.206 

R2 0.289 0.688 0.316 0.256 
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Table 4. Parameter values for adsorption isotherm models for RB and PM  

Model Parameter BPM BRB CPM CRB 

Langmuir qm (mg g⁻¹) 10.616 8.696 11.428 36.630 

KL 0.011 0.014 0.004 0.104 

RL 0.468 0.410 0.729 0.088 

RMSE (mg g⁻¹) 0.805 0.438 0.505 6.732 

R2 0.964 0.982 0.740 0.526 

Freundlich KF 0.128 0.129 0.005 7.610 

n 1.104 1.199 0.651 2.559 

RMSE (mg g⁻¹) 0.381 0.205 0.155 6.967 

R2 0.977 0.996 0.989 0.379 

Temkin KT 0.143 0.578 0.064 1.686 

 B 2.273 4.475 2.033 7.171 

 RMSE (mg g⁻¹) 0.718 6.347 0.321 20.790 

 R2 0.839 0.816 0.928 0.300 

Dubinin-
Radushkevich 

qm (mg g⁻¹) 3.589 7.972 2.667 27.248 

E (kJ mol-1) 0.158 0.500 0.075 0.354 

RMSE (mg g⁻¹) 1.260 1.257 0.618 5.804 

R2 0.692 0.745 0.878 0.554 
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Table 5. Comparative assessment of banana and carrot-based biosorbents for dye removal  

Adsorbent Dyes qmax  
(mg g-1) 

Optimal dye conc. 
(mg L-1), pH, time (min) 

Removal 
(%) 

Reference 

I. Based on Banana 
Banana peel Congo red 1.7 20-50, 10, 90 75 Mondal and Kar 2018 
Banana peel 
(biochar) 

Reactive black 5 7.6 75, 3, 120 96 Kapoor et al. 2022 

Banana peel Malachite green 8.1 100, 3, -- -- Nasra et al. 2021 
Banana peel Black azabache 8.7 100, 2, 60 ~100 Present study 
Banana peel Rhodamine B 9.5 200, 2, 60 ~90 Oyekanmi et al. 2019 
Banana peel Procion magenta 10.6 100, 2, 60 90 Present study 
Banana peel Rhodamine B 16.9 100, 3, -- -- Nasra et al. 2021 
Banana peel Reactive black 5 21.2 150, 3, 180 -- Munagapati et al. 2018 
Banana peel Eurozol navy blue 24.1 50, 7, 60 68-72 Ahmed et al. 2020 
Banana peel 
(biochar) 

Congo red 35.5 20-100, 3, 120 66-89 Daffalla et al. 2024 

Banana peel 
(chemically 
modified) 

Reactive black 5 211.8 400, 3, 180 -- Munagapati et al. 2020 

Banana peel 
(pretreated & 
activated) 

Methylene blue 991.0 -- -- Hashem et al. 2020 

II. Based on Carrot 
Carrot peel 
(carbon black) 

Acridine orange 2.3 40, 6, 180 92 Homdi et al. 2024 

Carrot peel Procion magenta 11.4 100, 2, 60 70 Present study 
Carrot flower 
activated carbon 

Methylene blue 21.0 5-10, 6, 30 60-90 Swamy et al. 2017 

Carrot peel Black azabache 36.6 100, 2, 60 ~100 Present study 
Carrot waste 
(PAC coated 
with 
nanoparticles) 

Acid Red 18 41.0 100, 3, 80 99.7 Moradi et al. 2021 

Carrot waste 
(leaves) 

Malachite green 52.6 10, 7, 30 75 Kushwaha et al. 2014 

Carrot + potato 
peels (biochar) 

Methyl orange 56.4 100, 2, 120 -- Thabede and Shooto 
2025 

Carrot waste 
(leaves) 

Methylene blue 66.6 10, 7, 30 87 Kushwaha et al. 2014 

Note: --  (Not reported) 
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Figure legends 

Figure 1. (a) UV-Visible spectrum of PM and RB showing absorbance maxima at 505 and 

560 nm, respectively. Calibration graphs of (b) PM and (c) RB recorded at their respective 

λmax with regression equation and correlation coefficient (R2) value for linearity. The 

experiments were conducted in triplicate and the values are expressed as mean ± s.d. 

Figure 2. Effect of key parameters on biosorption of PM and RB. (a) contact time (min), (b) 

biosorbent concentration (%, w/v), (c)  Point of zero charge (pHPZC) of biosorbents, (d) pH, 

and (e,f) initial concentration (mg L-1). The optimization experiments were conducted in 

triplicate and the values are expressed as mean ± s.d. 

Figure 3. FTIR spectra of biosorbent before and after dye biosorption. (a) BPM, (b) BRB, (c) 

CPM, (d) CRB. Peak shifts observed after biosorption are highlighted in red. 

Figure 4. SEM micrographs of (a) untreated banana, (b) BPM, (c) BRB, (d) untreated carrot, 

(e) CPM and (f) CRB, illustrating surface morphology before and after biosorption. Dye 

deposition and morphological changes after biosorption are indicated by the arrow. 

Figure 5. N₂ adsorption–desorption isotherms of (a) banana and (b) carrot peel biosorbents 

before and after adsorption of PM and RB dyes. 

Figure 6. Proposed adsorption mechanism of PM and RB dyes on banana and carrot peel 

biosorbents illustrating (a) π–π stacking interactions between aromatic rings, (b) electrostatic 

attraction, (c) hydrogen bonding, (d) surface deposition and dye aggregation and (e) pore 

diffusion and filling within the biosorbent matrix. 
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Figure 7. Biosorption-desorption efficiency of immobilized banana peel beads regenerated 

using (a) 0.1 N HCl, and (b) 0.1 N NaOH. The experiments were conducted in triplicate and 

the values are expressed as mean ± s.d. 
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