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Abstract: The possibility of using nutraceutical fennel seed spent (NIFSS) as an affordable biosorbent to extract brilliant green (BG) from aqueous solutions. Various factors were examined to assess their impact on the adsorption route. Several isotherm models were recycled to assess experimental equilibrium data. The Brouers–Sotolongo isotherm model demonstrated a maximum adsorption ability. The pseudo-second order model provided an exceptional fit. The adsorption practice was both spontaneous and endothermic. Potential interactions occurring in the BG-NIFSS system were discussed. Overall, this investigation highlights NIFSS as an effective and reasonably priced biosorbent for removing dangerous BG from water-based systems.
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1. Introduction
Environmental pollution, particularly in aquatic environments, threatens all living organisms significantly (Nandi et al. 2009). Textiles, pulp and paper, paint, and leather industries employ many dyes and pigments in their manufacturing processes. Textile industries, in particular, consume substantial amounts of water and organic chemicals for colouring purposes (Waghmare et al. 2023). When this coloured wastewater discharges into ecosystems, it contributes to aesthetic pollution and disrupts aquatic life. Coloured waste in rivers and streams hinders sunlight penetration, subsequently reducing photosynthesis (Namasivayam 2001, Gupta et al. 2022). Synthetic dyes are extensively used in industries like paper, textiles, food, and pharmaceuticals. Unfortunately, due to improper processing and dyeing methods, around 40,000-50,000 tons of these dyes continuously enter water systems. These dyes possess aromatic structures that make them exceedingly stable and deterioration-resistant (Waghmare et. al. 2024). The primary contributors to dye consumption are textile dyes. A 12% or more loss of synthetic dyes occurs during production and processing, and 20% find their way into industrial wastewater (Filipkowska et al. 2002). Moreover, these dyes have been identified as carcinogenic, mutagenic, or teratogenic to various microorganisms. They can also inflict severe harm on human health, leading to kidney dysfunction, reproductive issues, liver problems, and damage to the brain and central nervous system (Kadirvelu et al. 2003). Over 10,000 distinct compounds comprise more than 7 × 105 tons of dyes and pigments shaped yearly globally (Zollinger 2002). Therefore, removing these colours from textile effluents is crucial before releasing them into natural water bodies.
Brilliant green (BG) is a hazardous cationic dye containing triphenyl nitrogen. It finds application in various manufacturing sectors, such as paper, green ink, and textiles. However, BG dye is known to be toxic, mutagenic, and carcinogenic, posing risks to aquatic life and humans (Bhattacharyya & Sarma 2003). One particularly concerning effect is its potential to produce eye burns, which could lead to long-term harm to people's and animals' eyes (Mittal et al. 2008). BG dye is utilised per ton of paper produced in the paper industry, and 0.8-1.0 kilograms of BG are consumed. Unfortunately, exposure to BG can cause intestinal irritation in humans, which can result in symptoms including both diarrhoea and vomiting. Additionally, it might irritate the respiratory system, causing coughing and shortness of breath (Mane et al. 2007).
The efficacy has been highlighted by numerous research published in the literature on colour removal methods, with adsorption emerging as the most economically viable and commonly employed technique. A growing number are interested in utilising easily accessible, affordable adsorbents for this purpose, as indicated by research by Salman and Hameed (2010) and Garg et al. (2003). But because regeneration is expensive and complicated, scientists have been looking for cheaper alternatives to adsorbents for a while now. Consequently, eliminating colour from wastewater remains a significant environmental challenge confronting our society. In addressing this issue, the adsorption process is an attractive alternative and highly effective wastewater treatment and management method.
The Nutraceutical Industry, which falls under the agro-industrial sector, is experiencing significant growth. Following the research "Emerging Indian Nutraceutical Market" touched 6.1 billion US$ by the year 2020 (www.ibef.org). However, a significant challenge this industry faces pertains to waste management, which accounts for a substantial portion of the total waste. To extract the active ingredient(s), the volume of managed herbs, shrubs, seeds, and/or roots ranges from 50% to 95%.
Fennel, scientifically known as Foeniculum vulgare, is an herbaceous herb belonging to the Umbelliferae family. It can grow up to 2 meters in height. India is the leading manufacturer of fennel seeds, churning out a whopping 11 x 104 tons annually. Fennel seeds are notably rich in dietary fibre, containing approximately  1-3% impulsive oil (www.spices.res.in). The critical nutrients in fennel include vitamins, minerals, essential oils, fibre, protein, and antioxidants. These components are necessary for protecting against oxidative stress-related harm and enhancing the immune system. However, a substantial amount of waste, known as spent, is generated during the industrial processes involved in extracting principal components from fennel seed  production. This spent has undergone thermal, mechanical, and chemical treatments, rendering it devoid of commercial, feed, or fertiliser value. In the present study, this fennel seed spent, referred to as Nutraceutical Industrial Fennel Seed Spent (NIFSS), has been repurposed in a readily usable form for efficient adsorption of Brilliant Green (BG) from aqueous solutions. This research investigates the adsorption capacity of NIFSS, which is renewable, cost-effective, and abundantly available, owing to its unique pore structure that enhances its adsorption capabilities.
To effectively manage the substantial volume of wastewater and textile effluent produced by the textile industry, Nutraceutical Industrial Spent (NIS), available in abundant quantities, appears to be a viable solution. What sets NIS apart is its unique set of properties that other adsorbents have not been reported. Before being discarded as used in the business, nutritional supplements undergo heat, mechanical, and chemical processing to extract their essential ingredients. Therefore, Brilliant Green (BG) from water or industrial effluents can be remedied with NIS without requiring extra chemical treatment. This property benefits from lowering the E-factor (Sheldon 1992). Furthermore, the fibril structure of NIFSS can capture moisture content, cause a decline in calorific value, and cause a rise in harmful emissions. It's interesting to note that this same ability can be used to improve the sorption of harmful dyes onto NIFSS.
The objective of the existing study is to ascertain whether NIFSS, a by-product from the nutraceutical industry, can be employed as a biosorbent that effectively and affordably removes harmful BG dye from aqueous solutions.



2. Materials and Methods
2.1. Adsorbate
Brilliant Green (BG) was sourced from Sigma Aldrich Private Ltd, Mumbai, India. Double-distilled water was used to dissolve the dye in precisely the right amounts to prepare BG solutions for experimentation.
2.2. Preparation of adsorbent
The local industry provided the Nutraceutical Industrial Fennel Seed Spent (NIFSS) used in this investigation. The following steps were followed to prepare it for use in the research:
1. Drying: The NIFSS was dried for 24 hours at 60°C in an oven.
2. Grinding: The time spent after drying, the material was finely ground to a powder-like consistency.
3. Sieving: The ground material was obtained from particles smaller than ≤ 177 µm after being sieved with an ASTM 80 mesh sieve.
4. Storage: Finally, plastic containers were used to store the processed NIFSS for later use. Notably, the substrate underwent no extra physical or chemical changes before being used in the adsorption process. This procedure outlines the preparation of NIFSS for its role as an adsorbent in the research, ensuring its suitability for the intended purpose.
2.3. Characterisation of spent
This study scrutinised Nutraceutical Industrial Fennel Seed Spent (NIFSS) morphology using a Zeiss scanning electron microscope, specifically the Evo/LS15 model. Fourier-transform infrared Spectroscopy (FTIR) was employed to analyse the functional groups in the dye-adsorbed and unabsorbed materials. A Perkin Elmer Spectrophotometer equipped with FTIR capabilities was utilised for the FTIR analysis. The spectral analysis covered a range of 400 to 4000 cm-1. By equating the FTIR spectra of the absorbed and unabsorbed spent materials, insights into the changes in functional groups due to the adsorption process could be obtained. These analytical techniques provide valuable information about the structural and chemical characteristics of NIFSS and how they are affected by the adsorption of target substances of the adsorption method.
3. Results and Discussion
3.1. Exterior description of spent
3.1.1. Scanning electron microscopy
As shown in Fig. 1a, the NIFSS SEM examination indicated a fibrous and porous structure (Haris & Sathasivam 2009). This particular building plays a crucial role in facilitating dye adsorption. In Fig. 1b, you can observe the pores and empty spaces filled with the dye.
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Fig. 1a. NIFSS earlier adsorption	Fig. 1b. NIFSS later adsorption




3.1.2. FTIR Spectroscopy
[image: C:\Users\prajwal\Desktop\b.tif]
Fig. 2. FTIR spectra

As shown in Fig. 2, the spectral study provided valuable information regarding chemical interactions during adsorption. Here's a breakdown of the key findings from the FTIR analysis:
· C=C stretching in olefins was identified by a band at 1742 cm-1, whereas a band indicated the occurrence of methyl groups at 1411 cm-1.
· A wide band around 3284 cm-1 was identified, credited to surface hydroxyl groups, typically joined in cellulose, and absorbed water bands at 2925 cm-1, indicating stretching vibrations in the -CH bonds of alkane and alkyl groups. The band is 1056 cm-1 in the suggested size of the adsorbent that included cellulose.
· Following the adsorption process shifts in certain bands were observed. For instance, the shift from 2925 to 2967 cm-1 confirmed the involvement of BG. The band at 2881 cm-1 in alkane and alkyl groups having carbon and hydrogen is linked to the stretching vibrations of the -CH bonds, further supporting the interaction of BG during adsorption.
· Notably, a decrease in occurrence from 1569 cm-1 to 1467 cm-1 was observed, attributed to stretch vibrations of C=C bonds in the quinoid structure assembly of BG.
· The dye molecule's C-N stretching and C-H distortion were responsible for the bands at 1467 cm-1 and 1385 cm-1, respectively, and they did not undergo any substantial post-adsorption changes.
· The analysis revealed shifts in specific peaks, some disappearance, and new peaks' appearance. These spectral changes showed the participation of particular functional groups in the adsorption method.
· Importantly, absorption groups of 1000 cm-1 and 800 cm-1 were detected, indicating changes in the chemical transformation. This FTIR spectroscopy technique allowed for identifying adsorbent and adsorbate groups responsible for the dye adsorption process.

In conclusion, the FTIR analysis offered insightful information about the chemical transformations and interactions occurring during the dye's adsorption, shedding light on the mechanisms and including functional groups in the method.
3.2. Batch adsorption studies
3.2.1. Result of initial dye concentration and contact time
Taking up of the dye exhibited an increase, reaching up to 150 mg g-1 for pepper seed spent, when the solution's initial dye concentration improved from 25 to 300 mg L-1. The higher driving force caused by the gradient of concentrations that develops as the initial dye concentration grows can be used to explain these phenomena. Fig. 3a illustrates the uptake of Brilliant Green (BG) over time, and it's evident that the uptake rises with longer contact times. The longest period of BG removal from the aqueous solution during contact time was achieved after 180 minutes. The subsequent, relatively delayed process for dye molecules to permeate holes (interior surface) caused the process to slow down.
The adsorption of BG continued to increase with increasing concentration until it reached a plateau after reaching equilibrium. At this point, the biosorption rates levelled off to a constant value as all available adsorption sites became occupied, leaving no active sites for further binding of dye molecules to the biosorbent's surface. Early on, there are a lot of open surface areas that are suitable for adsorption. The remaining open surface areas are still available for use, but it becomes more progressively challenging because of the antagonistic interactions that arise between the bulk and solid phases of solute molecules. This behaviour is consistent with prior research findings (Nandi et al. 2009a, Asadullah et al. 2010).
In summary, the uptake of BG was influenced by both initial concentration and contact time, with adsorption being most effective when equilibrium was achieved and all available adsorption sites were utilised.
3.2.2. Outcome of adsorbent dosage
The significant aspect inspected in the batch tests was the effect of the adsorbent dose. This parameter was studied within the series of 0.025 to 0.2 g. As depicted in Fig. 3b, the results clearly illustrate that the yield of BG adsorption onto NIFSS increased as the adsorbent dosage was elevated. This effect is brought about by the larger adsorbent's increased surface area and better adsorption site disposal. Nevertheless, it's interesting to observe that further increases in the adsorbent dose had no discernible impact on the adsorption yield. Since almost all of the dye molecules are attached, a balance among the molecules of the adsorbent surface is established for the dye in the solution and on the adsorbent. This observation aligns with previous research findings (Hiroyuki et al. 1994).
In summary, the dye's sorption directly correlated with the adsorbent dosage, reaching an equilibrium value after a certain level of adsorbent dosage was attained. Beyond this point, additional adsorbent did not significantly enhance the adsorption yield.
3.2.3. Outcome of temperature
Every adsorption process is influenced by temperature, and in this study, adsorption studies were executed in the 30°C to 50°C range, with the results depicted in Fig. 3c. Notably, higher temperatures accelerated the adsorption rate. This discovery is explicable given that greater temperatures promote the ions in the solution moving thermally, which raises the adsorbent's capacity. Additionally, a rise in temperature accelerates the pace at which adsorbate molecules move through the adsorbent's external border level. It was fascinating to observe that when the temperature rose, the adsorption capability fell and also showed a modest rise. The adsorption process may be exothermic, according to this indication. In summary, the study indicates that higher temperatures enhance the adsorption rate by increasing thermal motion and mass transfer, and it also suggests that the adsorption process releases heat, classifying it as exothermic.
3.2.4. Outcome of pH
A solution's pH significantly impacts the adsorbent's outward charge and the ionisation state of the chemicals in it. It is regarded as one of the most crucial adsorption process parameters because it directly affects adsorption capacity, external characteristics of the adsorbent, and the development of ionic dye in the mixture. The pH value also has consequences for the structural stability of Brilliant Green (BG). Notably, BG solution exhibits stability within the initial pH range of 3 to 4. However, deviations from this range, whether towards higher or lower pH values, cause the ability for adsorption to decline. At a pH level of 9, the BG solution begins to decolourise spontaneously, and at even higher pH values, instability in the solution causes turbidity and, eventually, precipitation. This instability of BG in response to changes in pH alone may be attributed to structural alterations occurring within BG molecules, as depicted in Fig. 3d (Sudamalla et al. 2012). In conclusion, the pH of the solution affects both the dye solution's stability and the adsorbent's surface characteristics, which is particularly significant given the changes to the BG molecule's structures. 
3.2.5. Outcome of particle size
The results, as illustrated in Fig. 3e, reveal that a fall in the proportion of dye removal results from a decrease in dye adsorption as particle size increases. Because smaller particles have more surface area accessible for adsorption, this phenomenon can be explained. Larger particles, on the other hand, possess more excellent mass transfer diffusion resistance, and most of the inner surface might not be efficiently utilised for adsorption. As a result, in the case of bigger particles, the quantity of dye adsorbed is decreased (Wang et al. 2006). In conclusion, particle size affects adsorption significantly, with smaller particles offering a greater surface area and better adsorption capacity. In comparison, larger particles exhibit decreased adsorption due to higher mass transfer resistance.

Fig. 3a. Outcome of initial concentration


Fig. 3b. Outcome of adsorbent dosage


Fig. 3c. Outcome of temperature


Fig. 3d. Outcome of pH on BG


Fig. 3e. Outcome of particle size
3.3. Adsorption isotherms
Adsorption isotherms provide crucial insights into the equilibrium between the adsorbent material and the adsorbate when temperature, pressure, and concentration are constant. They clarify the exchanges between adsorbate molecules and the adsorbent's surface. This work inspected the adsorption of BG onto NIFSS using various adsorption isotherm models.
The Langmuir model suggests monolayer adsorption on the adsorbent's surface based on the notion that there is a fixed sum of identical adsorption spots with a homogeneous amount of energy (Langmuir 1916). This study shows RL values of 0.222 to 0.774, representing favourable BG adsorption to NIFSS. The fact that RL falls off as the initial concentration rises demonstrates that adsorption is more advantageous at upper concentrations. The significant discrepancy between Qm 227.8 mg g-1 and qe 150 mg g-1 suggests the need to investigate further adsorption isotherm models.
The empirical Freundlich isotherm model agrees that adsorption is heterogeneous (Freundlich 1906). In this study, nF was found to be 1.831, and 1/nF was 0.546, suggesting that adsorption is physisorption, favouring a typical Langmuir Isotherm.
Overall, the Langmuir and Freundlich isotherms exhibited correlation coefficients (R2) of 0.99 and 0.94, respectively, indicating a linear process. Under the investigational circumstances, it was determined that the adsorption of BG onto NIFSS was favourable and was primarily characterised as physisorption.
In summary, the study provides valuable insights into the favourable adsorption behaviour of BG onto NIFSS, indicating that it is largely physisorption as determined by the Langmuir and Freundlich isotherm models.
The Jovanovic isotherm, an extended method of the Langmuir isotherm (Jovanović 1969), posits a monolayer adsorption process with no lateral interactions. An additional exponential term is introduced in this model to account for deviations observed in experimental results from the Langmuir isotherm. Notably, the maximum adsorption capacity (Qm) designed from the Jovanovic isotherm (163.38 mg g-1) is nearer to qe value.
On the other hand, the Dubinin-Radushkevich isotherm (Dubinin 1947), an empirical model that was first developed for pore-filling-based adsorption processes, produces a Qs value of 136.17 mg g-1, which is less than the observed value. The Dubinin-Radushkevich isotherm, despite this disagreement, showed a satisfactory match to the trial data with an R2 value of 0.94, indicating a linear relationship. In summary, the Jovanovic isotherm, an extension of the Langmuir model, offers a healthier fit to the trial records by incorporating an additional exponential term. The Dubinin-Radushkevich isotherm, while yielding a lower Qs value, also demonstrates a linear relationship with the experimental data.
In summary, the investigation involved three complementary two-parameter models: Langmuir, Freundlich, Jovanovic, and Dubinin-Radushkevich, with results presented in Table 1 and Fig. 4a. These models collectively imply that the relationship between BG and NIFSS is linear, advantageous, and physical. Notably, Jovanovic offers a better fit, particularly in terms of Qm, the maximum adsorption capacity, compared to the other three models.
For academic exploration, six three-parameter isotherm models were also examined. The Sips isotherm (Sips 1948) combines elements of both Langmuir and Freundlich isotherms. The Freundlich equation describes low adsorbate deliberations and high adsorbate concentrations are characterised by an approach to the Langmuir isotherm, as shown in Fig. 4b. The 'g' value of 1.482 found in this investigation indicates that the adsorption is more likely to follow the Langmuir isotherm (Redlich & Peterson 1969). The Toth isotherm (Toth 1971) is another realistic comparison designed to rally the fitting of the Langmuir isotherm and label the heterogeneous adsorption systems. As indicated in Table 2 and Fig. 4c, the Qm value of 164.5 mg g-1 closely approximates the experimental qe value of 150 mg g-1, in contrast to the Langmuir isotherm rate of 227.8 mg g-1.
Overall, this comprehensive analysis provides insights into BG's adsorption behaviour on NIFSS, with various isotherm models shedding light on different aspects of the adsorption process.
The Vieth-Sladek isotherm model (Vieth & Sladek 1965) was initially used to describe solutes that were undergoing following particular adsorption following a particular isotherm that incorporated both a non-linear (Langmuir equation) and a linear (Henry's law) component. The non-linear component denotes solute adhesion to locations on the exterior of permeable adsorbents, whereas the linear component indicates solute dissolution in the amorphous portions of adsorbent polymers. This model predicts the highest Qm value among the models examined, 227.7 mg g-1. Transient adsorption is used to estimate diffusion rates within solid materials using the Vieth-Sladek isotherm model.
The Brouers-Sotolongo isotherm (Brouers et al. 2005) shares similarities with the Vieth-Sladek isotherm. It employs a mathematical equation comprising the KBS and α variable, describing the adsorbent-adsorbate system's active site circulation and adsorption capacity. The Qm value attained for this isotherm is 154.5 mg g-1, which closely approximates the investigational value of qm (188 mg g-1). Moreover, the high R2 value of 0.99 indicates a good match of the investigational data to this isotherm, as shown in Fig. 4d.
The Radke-Prausnitz isotherm model (Radke & Prausnitz 1972) appears to be well-suited for describing the BG-NIFSS system, as it yields the maximum Qm value and demonstrates a good χ2 value of 1.664.
In summary, these various isotherm models, including Vieth-Sladek, Brouers-Sotolongo, and Radke-Prausnitz, contribute to a comprehensive understanding of the adsorption process between BG and NIFSS. Each model provides valuable insights into different aspects of the adsorption behaviour.
In short, among all the models, both the Jovanovich and Brouers-Sotolongo models yield adsorption capacities very near the investigational qe value of 150 mg g-1. These two models demonstrate a better fit compared to the others.
In conclusion, the models utilised to comprehend the adsorption mechanism use higher-order equations. In isolation, the R2 value – only applicable to linear models – cannot be used to assess the quality of data fitting. Therefore, χ2 values are also reflected, as they offer a more robust statistical assessment. A small χ2 value designates that the model data closely resemble the investigational data, while a larger value suggests the opposite. All nine isotherm models provided parameter values (Qm, χ2, and R2) as presented in Table 3. The scientific community, especially mathematical modelling specialists, finds all models and the experimental values (qe) fascinating and may explore developing new models to enhance our understanding of the adsorption process in the BG-NIFSS system.

Fig. 4a. Langmuir and Freundlich adsorption isotherm


Fig. 4b. Jovanovic and Dubinin-Radushkevich adsorption isotherm


Fig. 4c. Sips, Redlich-Petersen and Toth adsorption isotherm

Fig. 4d. Vieth-Sladek, Brouers-Sotolongo and Radke-Prausnitz adsorption isotherm

Table 1. Intended factors of 2-parameter isotherms
	Langmuir
	Freundlich
	Jovanovic
	Dubinin-Radushkevich

	Qm
	227.85
	KF
	9.96
	Qm
	163.38
	Qs
	136.17

	KS
	0.013
	nF
	1.831
	KJ
	0.016
	Kad
	0.0001



Table 2. Intended factors of 3-parameter isotherms
	Redlich-Peterson
	Toth
	Radke-Prausnitz
	Sips
	Vieth-Sladek
	Brouers-Sotolongo

	ARP
	2.2
	Qm
	164.5
	Qm
	6233.9
	Qm
	195.4
	Qm
	227.8
	Qm
	154.5

	BRP
	0.001
	nT0
	2.004
	Krp
	0.0003
	Ks
	0.046
	KVS
	1E-07
	KBS
	0.011

	g
	1.482
	bT0
	6008.399
	mrp
	15.795
	ms
	2.126
	βVS
	0.013
	α
	1.125



Table 3. Statistical factors of three-parameter isotherms
	Isotherms
	Langmuir
	Freundlich
	Jovanovic
	Dubinin-Radushkevich
	Redlich-Peterson
	Toth
	Radke-Prausnitz
	Sips
	Vieth-Sladek
	Brouers-Sotolongo

	SSE
	185.5
	920.0
	83.8
	1222.5
	50.3
	44.7
	59.8
	32.4
	185.5
	40.7

	χ2
	4.925
	23.304
	2.607
	28.390
	1.236
	0.967
	1.664
	0.357
	4.925
	0.715

	R2
	0.99
	0.94
	0.99
	0.94
	0.99
	0.99
	0.99
	0.99
	0.99
	0.99



3.4. Adsorption kinetics
The kinetic studies were conducted at 50, 100, and 200 ppm BG concentrations, a methodology in line with previous studies (Hameed & El-Khaiary 2008, Ahmad & Kumar 2010). Examining kinetics at unlike temperatures (303 K, 313 K, and 323 K) allowed us to observe variations in the adsorption rate under different temperature conditions. These adsorption kinetics were assessed through non-linear analyses using various models, including the pseudo-first-order model (Largegren 1898), pseudo-second-order model (Ho & McKay 1998), intra-particle diffusion via the Weber-Morris model (Alkan et al. 2007), the Dumwald-Wagner model (Wang et al. 2004), and the Film Diffusion model (Boyd et al. 1947).
For all initial BG concentrations of 50, 100, and 200 ppm, the pseudo-second-order model revealed a healthier fit with the trial documents founded on the factors of purpose (R2) and chi-square values (χ2) (as shown in Figs. 5a, 5b, and 5c). After obtaining maximum adsorption, the adsorption rate steadily drops until it reaches a constant level. In addition, as the temperature rose, the adsorption capacity (qe) increased (see Table 4). These results demonstrated the non-rate-limiting nature of the adsorption processes.
During the adsorption process, the solute molecules transfer from the solution to the solid surface, subsequently diffusing into the NIFSS's pores. The data were analysed to look into the impacts of diffusion and learn more about the movement of solutes.
The Dumwald-Wagner model (seen in Fig. 5d) was applied to determine the real absorption rate constant (K) while considering detected diffusion possessions. The Weber-Morris model (depicted in Fig. 5e) links solute approval to t1/2 rather than the time of contact (t), and explains molecular diffusion. Multiple mechanisms often govern adsorption kinetics. In our experimental data, we observe various levels of linearity at all solute concentrations. The adsorption rate is initially great and follows a divergent linear trajectory before eventually stabilising over time at lesser initial concentrations (50 ppm) and lesser temperatures. The larger temperatures cause the rate to behave almost linearly, whereas larger solute concentrations (>200 ppm) do not significantly alter the adsorption rate. When applying the liquid film diffusion model to the upper-temperature data, this pattern becomes especially clear (Boyd et al. 1947), as shown in Fig. 5f. This model fits well with high R2 and χ2 values and provides a diffusion constant R|. Diffusion constraints barely affect the adsorption rate at higher temperatures. Diffusion is, hence, the rate-limiting process, it might be said. The solute first quickly forms a coating on the particle surfaces, preventing further diffusion. This elucidates the noticeable variations in absorption rates. The results are summarised in Table 5.


Fig. 5a. 50 ppm Kinetic model

Fig. 5b. 100 ppm Kinetic model

Fig. 5c. 200 ppm Kinetic model
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Fig. 5d. Kinetics data of BG: A) 50 ppm, B) 100 ppm, C) 200 ppm
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Fig. 5e. Kinetics data of BG: A) 50 ppm, B) 100 ppm, C) 200 ppm
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Fig. 5f. Kinetics data of BG: A) 50 ppm, B) 100 ppm, C) 200 ppm



Table 4. Parameters for models of absorption kinetics that have been experimentally determined and predicted
	Initial Concentration
	Temp
	Qeexpt [mg.g-1]
	Pseudo First order
	Pseudo Second order

	[ppm]
	[K]
	
	Qepred
[mg.g-1]
	k1
	R2
	χ2
	Qepred
[mg.g-1]
	k2
	R2
	χ2

	50
	303
	38
	32.45
	4.89E-02
	0.96
	1.73
	39.84
	1.33E-03
	0.98
	1.73

	
	313
	40
	33.82
	4.87E-02
	0.96
	2.49
	41.29
	1.30E-03
	0.97
	1.22

	
	323
	42
	37.67
	6.68E-02
	0.95
	2.07
	44.51
	1.82E-03
	0.98
	0.58

	100
	303
	75
	66.92
	4.35E-02
	0.99
	1.16
	84.71
	5.08E-04
	0.99
	0.90

	
	313
	80
	70.00
	7.00E+01
	0.98
	1.79
	65.88
	1.71E-03
	0.76
	1.65

	
	323
	82
	70.20
	4.42E-02
	0.97
	4.04
	87.34
	5.27E-04
	0.98
	1.94

	200
	303
	122
	112.96
	3.23E-02
	0.97
	6.64
	149.32
	1.95E-04
	0.97
	5.09

	
	313
	130
	120.07
	4.21E-02
	0.97
	8.21
	150.29
	2.87E-04
	0.97
	4.99

	
	323
	138
	133.24
	3.98E-02
	0.97
	6.86
	170.41
	2.26E-04
	0.97
	5.74



Table 5. Calculated parameters for diffusion models
	Initial 
Concentration
	Temp
	Film diffusion model
	Weber-Morris model
	Dumwald-Wagner

	[ppm]
	[K]
	R| [min-1]
	R2
	kist [mg g-1 s-0.5]
	R2
	K [min-1]
	R2

	50
	303
	0.0210
	0.96
	3.19
	0.95
	0.017
	0.97

	
	313
	0.0194
	0.95
	3.25
	0.95
	0.015
	0.97

	
	323
	0.0281
	0.97
	3.33
	0.92
	0.025
	0.98

	100
	303
	0.0211
	0.92
	6.92
	0.91
	0.017
	0.94

	
	313
	0.0199
	0.87
	6.87
	0.87
	0.016
	0.89

	
	323
	0.0200
	0.96
	6.99
	0.96
	0.016
	0.96

	200
	303
	0.0231
	0.99
	11.72
	0.96
	0.018
	0.99

	
	313
	0.0263
	0.97
	11.94
	0.95
	0.022
	0.97

	
	323
	0.0288
	0.96
	13.67
	0.92
	0.032
	0.95


3.5. Effect of adsorption thermodynamics
The standard enthalpy alteration for a typical chemical reaction is >200 kJ mol-1; the positive values of ∆Ho show that the adsorption method is endothermic and, therefore, physical in this instance. Additionally, as temperature rises, the adsorption capacity rises as well. The positive value of So shows increased randomisation at the solid solution's surface, which also shows that BG has a significant affinity for the adsorbent.
The negative Go values, which show a decline in Gibbs free energy, confirm the viability and spontaneity of the adsorption process. The ∆Go value is negative for all temperatures, demonstrating that the adsorption of BG onto NIFSS proceeds naturally and advantageously. Interestingly, the ∆Go value lowers as the temperature rises, indicating a greater adsorption capability. Table 6 provides a summary of the thermodynamic variables.


Table 6. Calculated thermodynamic parameters
	Concentration (mg L-1)
	∆H0
(kJ mol-1)
	∆S0
(J mol-1 K-1)
	∆G0
(kJ mol-1)

	
	
	
	303 K
	313 K
	323 K

	50
	20.45
	90.27
	6.92
	7.82
	8.70

	100
	17.07
	79.03
	6.86
	7.65
	8.44

	150
	15.70
	69.11
	5.23
	5.92
	6.16

	200
	14.27
	64.16
	5.16
	5.80
	6.44


3.6. Cost analysis and adsorbent regeneration
Due to the high process cost and associated solvent costs, which would probably exceed the cost of the sorbents utilised in the method, it is not recommended to regenerate dye-loaded NIFSS for reuse and recovery of the adsorbed material. Additionally, this strategy would result in an unwanted rise in the E-factor as it would contribute to a greater environmental load of toxic substances. An alternative and more beneficial approach would involve repurposing waste process materials, such as the ongoing development of methods to produce thermosets and thermoplastics.
4. Conclusion
The first-ever study focused on utilising fennel seed spent, a Nutraceutical Industrial Spent was made to progress an efficient and environmentally friendly biosorbent to eliminate the hazardous colour brilliant green. The study revealed that the maximum adsorption capacity is closely aligned with the Brouers-Sotolongo model, with the highest fitting isotherm achieved using the Redlich-Peterson model. The experimental data fitted to the kinetic model of pseudo-second order, which the Avrami kinetic model further validated. Additionally, significant effects of film and intra-particle diffusion were observed in the adsorption method. The adsorption process was determined to be spontaneous and endothermic, with a low ΔH0 value specifying a predominantly physical mechanism. FTIR spectra confirmed the adsorption of brilliant green on NIFSS.
In conclusion, NIFSS is an adsorbent for the quick and current elimination of brilliant green from aqueous solutions. It is potentially used in alternative structural materials or as fillers to produce thermoplastics and thermosets.
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25	50	75	100	125	150	175	200	300	18	40	63	80	95	105	120	130	150	Concentartion (mg L-1)
qe(mg g-1)
2.5000000000000001E-2	0.05	7.4999999999999997E-2	0.1	0.15	0.2	178	100	70.66	65	47.3	38.5	Adsorbent (mg L-1)
qe(mg g-1)
303 K	50	100	150	200	38	75	92	122	313 K	50	100	150	200	40	80	100	130	323 K	50	100	150	200	42	82	105	138	Concentartion (mg L-1)
qe(mg g-1)
2	4	6	7	8	10	12	170	121	124	116	170	190	pH
qe(mg g-1)
<	90	>	90	>	125	>	177	>	350	>	500	53	45	65	40	37	15	Particle size (microns)
qe(mg g-1)
Qe (experimental)	10	20	31	41	53	68	83	95	170	18	40	63	80	95	105	120	130	150	Qe (Langmuir)	10	20	31	41	53	68	83	95	170	25.660733873770976	46.126670111833761	64.333288358831808	77.983270409087609	91.628984711546394	105.54878577437623	116.88756336628974	124.54934438759881	155.69032135965594	Qe (Freundlich)	10	20	31	41	53	68	83	95	170	35.038987792493209	51.16425890207411	65.00116681802146	75.724939318790462	87.123058491314367	99.826839939252721	111.30874029224861	119.82846499248406	164.66159246933006	Ce [mg/L]
Qe [mg/g]
Qe (experimental)	10	20	31	41	53	68	83	95	170	18	40	63	80	95	105	120	130	150	Qe (Jovanovic)	10	20	31	41	53	68	83	95	170	23.809538535237358	44.14932890810308	63.116766256506708	77.728340563699817	92.479655270871007	107.39928383480941	119.17944556258352	126.79202443200262	152.15327602075365	Qe (Dubinin-Radushkevich)	10	20	31	41	53	68	83	95	170	0.14348298979367563	22.588826720302169	63.640208415916504	87.856820843638801	104.61235039064222	115.94334863612124	122.20491796325591	125.3604205038929	132.68541487153036	Ce [mg/L]
Qe [mg/g]
Qe (Sips)	10	20	31	41	53	68	83	95	170	18	40	63	80	95	105	120	130	150	Qe (experimental)	10	20	31	41	53	68	83	95	170	18	40	63	80	95	105	120	130	150	Qe (Redlich-Petersen)	10	20	31	41	53	68	83	95	21.79255845126136	41.898043158331859	61.548575641574089	77.075056795649743	92.893853609931639	108.79490295462728	121.05052252247056	128.69414194254088	Qe (Toth)	10	20	31	41	53	68	83	95	170	21.238388964204574	41.459769174054784	61.59052964592339	77.504251996236846	93.485746329523479	109.11948735831535	120.82293305049068	128.01177385820944	149.98715247838484	Ce [mg/L]
Qe [mg/g]
Qe (experimental)	10	20	31	41	53	68	83	95	170	18	40	63	80	95	105	120	130	150	Qe (Vieth-Sladek)	10	20	31	41	53	68	83	95	170	25.66077706594654	46.126719479821048	64.333322193426895	77.983279656969103	91.628958345869705	105.54871178192728	116.88744221745789	124.54918716984496	155.68998371635297	Qe (Brouers-Sotolongo)	10	20	31	41	53	68	83	95	20.441576982325927	41.133648719314692	61.434871279949803	77.337993984668941	93.345934479713549	109.19436049522353	121.2178102918061	128.6280830733854	Qe (Radke-Prausnitz)	10	20	31	41	53	68	83	95	22.549160424241776	42.456897979792068	61.597324584843093	76.732714137756659	92.341725813047731	108.38887508538369	121.0944028957212	129.17545132214008	Ce [mg/L]
Qe [mg/g]
50 ppm
Experimental 303K	5	10	15	20	25	30	40	50	60	100	10	15	17	20	22	24	26	28	32	34	qt(Pseudo 1st order fitted)	5	10	15	20	25	30	40	50	60	100	7.0419636967538475	12.555716788247803	16.872903650198456	20.253196908116056	22.899916374958948	24.972258447575616	27.865353521082302	29.63901106599052	30.726379785884255	32.205852455078592	qt(Pseudo 2nd order fitted)	5	10	15	20	25	30	40	50	60	100	8.3221535358445866	13.76827558905876	17.609587516700017	20.464334744769587	22.669334231492233	24.423747503166943	27.039534403487675	28.896420927170727	30.282829875792579	33.497117451767075	Experimental 313K	5	10	15	20	25	30	40	50	60	100	12	15	18	20	22	25	28	30	33	35	Experimental 323K	5	10	15	20	25	30	40	50	60	100	15	20	25	26	28	31	34	36	38	40	qt(Pseudo 1st order fitted)	5	10	15	20	25	30	40	50	60	100	7.3161476565407835	13.04978212495655	17.54320759430377	21.0646864328662	23.824454742152202	25.987273679905208	29.010624212087784	30.867503121841359	32.007959462839473	33.565099091567198	qt(Pseudo 2nd order fitted)	5	10	15	20	25	30	40	50	60	100	8.7188528352563299	14.397672711369347	18.390388481492831	21.350864654268783	23.633578090765049	25.447370506827543	28.147660594056795	30.061612552928626	31.489049795606363	34.793278498300772	qt(Pseudo 1st order fitted)	5	10	15	20	25	30	40	50	60	100	10.702596759939897	18.364375541899356	23.849292466305076	27.775836748485258	30.58677266828359	32.599066476116398	35.070897841603575	36.337673559211169	36.986876713247504	37.622254798097273	qt(Pseudo 2nd order fitted)	5	10	15	20	25	30	40	50	60	100	12.821349588491913	19.907678933475434	24.403619748239223	27.510047860910753	29.784907268490997	31.522688941406649	34.002507577788904	35.68695478432771	36.905803673854962	39.611584306357784	time [minute]
qt [mg.g-1]
100 ppm
Experimental 303K	5	10	15	20	25	30	40	50	60	100	17	25	30	38	44	49	55	59	63	66	qt(Pseudo 1st order fitted)	5	10	15	20	25	30	40	50	60	100	13.092980107083216	23.624366349865916	32.095325236809543	38.90897187458863	44.38955336767966	48.797879055699553	55.195851517497914	59.335242339177334	62.013365209651148	66.061647914688521	qt(Pseudo 2nd order fitted)	5	10	15	20	25	30	40	50	60	100	15.001367002818418	25.48880806852069	33.233253008933637	39.18639248482225	43.905299238092461	47.737752058032257	53.584419907437486	57.834368806776098	61.063106864824135	68.738027116000666	Experimental 313K	5	10	15	20	25	30	40	50	60	100	21	29	34	46	52	58	60	64	68	70	qt(Pseudo 1st order fitted)	5	10	15	20	25	30	40	50	60	100	16.299501045624762	28.803580320237216	38.396021099138352	45.754813224164863	51.400073152009405	55.730805575411338	61.601789943107022	65.056930668171873	67.090320076545865	69.649626169607103	qt(Pseudo 2nd order fitted)	5	10	15	20	25	30	40	50	60	100	18.907892856190681	31.009567440754285	39.419492156609152	45.603410187669979	50.341822929689805	54.088527654637815	59.636618356703039	63.547628968840684	66.452984021699393	73.140888977718689	Experimental 323K	5	10	15	20	25	30	40	50	60	100	22	28	35	40	46	50	54	60	68	72	qt(Pseudo 1st order fitted)	5	10	15	20	25	30	40	50	60	100	13.927855914993268	25.092381543613087	34.041830279504119	41.215680323882822	46.966216024795855	51.575827410998066	58.232817964197189	62.510317390870078	65.258856869628104	69.35749827244058	qt(Pseudo 2nd order fitted)	5	10	15	20	25	30	40	50	60	100	16.341950093989631	27.532558276469835	35.67592025425509	41.867545762539798	46.734013222571939	50.659621901584849	56.602847572979044	60.888816947392066	64.125893371169155	71.755469737002969	time [minute]
qt[mg.g-1]
200 ppm
Experimental 303K	5	10	15	20	25	30	40	50	60	100	29	35	42	50	58	75	81	89	95	111	qt(Pseudo 1st order fitted)	5	10	15	20	25	30	40	50	60	100	16.857413568129456	31.199222219676969	43.400825660579358	53.781603297922665	62.613274059712069	70.127008692082825	81.958014314285123	90.52144181315839	96.71975604528437	108.50523439466693	qt(Pseudo 2nd order fitted)	5	10	15	20	25	30	40	50	60	100	18.947081541178161	33.627337763799574	45.33621730341018	54.892949685137673	62.840955445557583	69.554905577816911	80.275770592644761	88.456313952284887	94.903793625732618	111.09964621547289	Experimental 313K	5	10	15	20	25	30	40	50	60	100	39	45	58	65	74	85	91	105	114	121	qt(Pseudo 1st order fitted)	5	10	15	20	25	30	40	50	60	100	22.773337975663924	41.227212296732866	56.180904101672589	68.298299869444804	78.117365429183067	86.074029576677844	97.746134207712942	105.41040615388205	110.4430087839722	118.27784631526636	qt(Pseudo 2nd order fitted)	5	10	15	20	25	30	40	50	60	100	26.632533923933853	45.247048465685836	58.990674638991216	69.554072777681782	77.926615033602928	84.725839930714841	95.097618837317029	102.63619189371434	108.36295315180881	121.97450381508519	Experimental 323K	5	10	15	20	25	30	40	50	60	100	38	48	54	68	80	94	109	117	121	130	qt(Pseudo 1st order fitted)	5	10	15	20	25	30	40	50	60	100	24.041066265613789	43.744345736616012	59.892515606589356	73.12703276061373	83.973614491578289	92.863121670215307	106.1196766316309	115.0239864090122	121.00493189917459	130.75064047570302	qt(Pseudo 2nd order fitted)	5	10	15	20	25	30	40	50	60	100	27.475486653940663	47.321296081379103	62.3280020818937	74.07318441008249	83.515901568979032	91.272760486745355	103.26123882079527	112.09532491808544	118.87524314470494	135.23410917860389	time [minute]
qt [mg.g-1]
A.
5	10	15	20	25	30	40	50	60	100	-3.1167924515813877E-2	-7.3563487615238399E-2	-9.6985209005457221E-2	-0.14086669456737697	-0.17729596019405192	-0.22104746805712838	-0.27420597320210827	-0.34002325769175157	-0.53631790283571967	-0.70017470547438954	5	10	15	20	25	30	40	50	60	100	-4.0958607678906384E-2	-6.581728448964333E-2	-9.8269308270781272E-2	-0.12493873660829995	-0.15645578805436483	-0.21511536695738798	-0.29242982390206362	-0.35902194264166792	-0.49569908252121192	-0.63008871492820595	5	10	15	20	25	30	40	50	60	100	-5.9259960964322206E-2	-0.11168421047534079	-0.18997485671670059	-0.20986968543363985	-0.25527250510330607	-0.34178303551712003	-0.46259500152306599	-0.57625272772167679	-0.74134860247589507	-1.0316547327481027	t [minute]
log(1-F2)
B.
5	10	15	20	25	30	40	50	60	100	-2.2906705874907528E-2	-5.1152522447381311E-2	-7.5720713938118356E-2	-0.12884235923298537	-0.18321387155659669	-0.24172749365034699	-0.33514917881258205	-0.41889774576266764	-0.53106219433453861	-0.6466609046886953	5	10	15	20	25	30	40	50	60	100	-3.1006588559100382E-2	-6.1183299945327146E-2	-8.6517290965840515E-2	-0.17433051182406911	-0.23844801143581815	-0.32387820676044443	-0.35902194264166792	-0.4436974992327129	-0.55673701254130481	-0.63008871492820595	5	10	15	20	25	30	40	50	60	100	-3.2443115085009411E-2	-5.3841259786239853E-2	-8.7343985085554271E-2	-0.11801858369478467	-0.16411523435227776	-0.20190379524167754	-0.24693076505499673	-0.33291667956217069	-0.505408410033514	-0.64010698393097043	t [minute]
log(1-F2)
C.
5	10	15	20	25	30	40	50	60	100	-2.5259765502391913E-2	-3.7300756321644174E-2	-5.4785826309854985E-2	-7.9858718010679078E-2	-0.1112671822623032	-0.20615557725218608	-0.252439766716548	-0.32992326617391632	-0.40489616334197964	-0.76397105516525243	5	10	15	20	25	30	40	50	60	100	-4.0958607678906384E-2	-5.5429730213086364E-2	-9.6396358918725222E-2	-0.12493873660829995	-0.17006851018157432	-0.24223573092272455	-0.29242982390206362	-0.45887883366989973	-0.63637689561901922	-0.87397047369331049	5	10	15	20	25	30	40	50	60	100	-0.32307766230279639	-0.38697027999358541	-0.42659832728534741	-0.52573144617311529	-0.62230587647561131	-0.75776633297268015	-0.95365278586907587	-1.1011362230909068	-1.1964212431759158	-1.5313835616951403	t [minute]
log(1-F2)
A.
303 K	2.2360679774997898	3.1622776601683795	3.872983346207417	4.4721359549995796	5	5.4772255750516612	6.324555320336759	7.0710678118654755	7.745966692414834	10	10	15	17	20	22	24	26	28	32	34	313 K	2.2360679774997898	3.1622776601683795	3.872983346207417	4.4721359549995796	5	5.4772255750516612	6.324555320336759	7.0710678118654755	7.745966692414834	10	12	15	18	20	22	25	28	30	33	35	323 K	2.2360679774997898	3.1622776601683795	3.872983346207417	4.4721359549995796	5	5.4772255750516612	6.324555320336759	7.0710678118654755	7.745966692414834	10	15	20	25	26	28	31	34	36	38	40	t0.5 [minute0.5]
qt [mg.g-1]
B.
303 K	2.2360679774997898	3.1622776601683795	3.872983346207417	4.4721359549995796	5	5.4772255750516612	6.324555320336759	7.0710678118654755	7.745966692414834	10	17	25	30	38	44	49	55	59	63	66	313 K	2.2360679774997898	3.1622776601683795	3.872983346207417	4.4721359549995796	5	5.4772255750516612	6.324555320336759	7.0710678118654755	7.745966692414834	10	21	29	34	46	52	58	60	64	68	70	323 K	2.2360679774997898	3.1622776601683795	3.872983346207417	4.4721359549995796	5	5.4772255750516612	6.324555320336759	7.0710678118654755	7.745966692414834	10	22	28	35	40	46	50	54	60	68	72	t0.5 [minute0.5]
qt [mg.g-1]
C.
303 K	2.2360679774997898	3.1622776601683795	3.872983346207417	4.4721359549995796	5	5.4772255750516612	6.324555320336759	7.0710678118654755	7.745966692414834	10	29	35	42	50	58	75	81	89	95	111	313 K	2.2360679774997898	3.1622776601683795	3.872983346207417	4.4721359549995796	5	5.4772255750516612	6.324555320336759	7.0710678118654755	7.745966692414834	10	39	45	58	65	74	85	91	105	114	121	323 K	2.2360679774997898	3.1622776601683795	3.872983346207417	4.4721359549995796	5	5.4772255750516612	6.324555320336759	7.0710678118654755	7.745966692414834	10	38	48	54	68	80	94	109	117	121	130	t0.5 [minute0.5]
qt [mg/g-1]
A.
303 K	5	10	15	20	25	30	40	50	60	100	-0.30538164955118174	-0.5020919437972361	-0.59306372200296287	-0.74721440183022103	-0.86499743748660463	-0.99852883011112703	-1.1526795099383855	-1.33500106673234	-1.8458266904983305	-2.2512917986064953	313 K	5	10	15	20	25	30	40	50	60	100	-0.35667494393873245	-0.47000362924573558	-0.59783700075562041	-0.69314718055994529	-0.79850769621777173	-0.98082925301172619	-1.2039728043259359	-1.3862943611198906	-1.7429693050586228	-2.0794415416798357	323 K	5	10	15	20	25	30	40	50	60	100	-0.44183275227903934	-0.64662716492505246	-0.90445627422715225	-0.96508089604358716	-1.0986122886681096	-1.339774345484998	-1.6582280766035324	-1.945910149055313	-2.3513752571634776	-3.0445224377234217	t [minute]
Ln(1-qt/qe)
B.
303 K	5	10	15	20	25	30	40	50	60	100	-0.25704510298989114	-0.40546510810816427	-0.51082562376599072	-0.70657020089208611	-0.88350090905116418	-1.0593915755148284	-1.3217558399823193	-1.544899391296529	-1.83258146374831	-2.120263536200091	313 K	5	10	15	20	25	30	40	50	60	100	-0.30448919076816211	-0.45020100194955592	-0.55338523818478669	-0.85566611005772009	-1.0498221244986778	-1.2909841813155656	-1.3862943611198906	-1.6094379124341005	-1.8971199848858811	-2.0794415416798357	323 K	5	10	15	20	25	30	40	50	60	100	-0.31237468504215243	-0.41773520069997883	-0.55657164555419436	-0.66904962898088483	-0.82320030880814321	-0.94098334446452658	-1.0745147370890493	-1.3156767939059373	-1.7676619176489943	-2.1041341542702074	t [minute]
ln (1-qt/qe)
C.
303 K	5	10	15	20	25	30	40	50	60	100	-0.27142155158000053	-0.33811292607867283	-0.42199441005937482	-0.52735492571720122	-0.6451379613735847	-0.95387344302319799	-1.0904489780289486	-1.3075134832667765	-1.5081841787289274	-2.4061257719348861	313 K	5	10	15	20	25	30	40	50	60	100	-0.35667494393873245	-0.42488319396526597	-0.59086833143952711	-0.69314718055994529	-0.84218275972043311	-1.0608719606852628	-1.2039728043259359	-1.6486586255873819	-2.0949457282158011	-2.6703098731193635	323 K	5	10	15	20	25	30	40	50	60	100	-0.32208349916911333	-0.42744401482693961	-0.49643688631389099	-0.67875844310784561	-0.86681067461078543	-1.1430640512389436	-1.5599578551707305	-1.8827312474337816	-2.0940403411009885	-2.847812143477368	t [minute]
ln(1-qt/qe)
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