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Abstract

:

Patent Blue (PB) dye removal from an aqueous medium was investigated using pineapple fruit peel biochar (PFPB). The presence of functional groups and surface characteristics of PFPB was studied using Fourier transform infrared spectra (FTIR) and scanning electron microscopy (SEM). A study was conducted to assess the pH effect, contact time, concentration of dye, biochar dose, speed of agitation, and temperature on removal of PB (Patent Blue) dye from an aqueous medium by PFPB. The highest 95% elimination of PB dye was reported at pH 2 by PFPB with 600 mg/L concentration of PB dye. Equilibrium studies divulged the favorable adsorption that followed the Langmuir isotherm with a monolayer uptake potential of 10.29 mg/g. Findings of kinetics disclosed that adsorption results were properly explained by the pseudo second-order model. The adsorption phenomenon was exothermic and spontaneous, as observed by thermodynamic variables. PFPB reflected a 37% uptake capacity of PB dye for up to five consecutive cycles in the adsorption and desorption study. A phytotoxicity study exhibited that PFPB-treated PB dye solution enhanced the growth of seedlings and biochemical constituents of lentils. The findings of the present study indicate the immense potential of pineapple fruit peel biochar for anionic dye removal from wastewater systems. Thus, pineapple fruit peel biochar can be utilized as a promising green sorbent for the elimination of Patent Blue dye in industrial effluents, as it is widely available and converts wastewater into reusable assets.
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1. Introduction


The expanding population, intensive agricultural practices, industrialization, climate change, and depletion of freshwater reservoirs are responsible for water paucity all over the globe [1]. Water is the core of sustainable development as it promotes socio-economic development, energy and food production, and healthy ecosystems, and serves as the crucial link between the environment and society. Over 8 × 105 tons of dyes are generated every year as they are used in textile, food, paper, cosmetics, electroplating, distilleries, and pharmaceutical industries, and approximately 50 percent of coloring is exuded into water bodies during the processing of materials [2,3]. Industries utilize huge amounts of water and release contaminated water without adequate treatment into water bodies. This water then enters animals and human beings via the food chain [4]. Colorants are considered a major threat to water bodies; industries use over 1000 dyes, and the ratio of azo dye is more than 60% [5,6]. The World Health Organization reported that poor water quality is responsible for more than two million deaths every year [7]. Dye causes deleterious effects in aquatic flora and fauna and human health due to its recalcitrant chemical structure [8]. The aquatic system has a lower dissolved oxygen concentration, inhibiting photosynthesis and creating anoxic conditions in the presence of dye [9].



Patent Blue (PB), an anionic azo dye, is used as a coloring material in the textile and food industries. Patent Blue dye shows adverse effects on the skin and mucous membranes, causing eye irritation, asthma, headaches, and allergic reactions in human beings [10]. Industrial effluent can be reutilized after the proper removal of contaminants [11]. Hence, the development of novel adsorption technologies in wastewater treatment for the removal of contaminants is required for the safe release of wastewater and its reutilization in the current scenario of surging industrial activities. Various methods have been proposed for dye elimination from contaminated water, such as sedimentation, flocculation, coagulation, ultrasound irradiation, mineralization, ion exchange, photocatalysis, reverse osmosis, ozonation, and microbial degradation [12,13]. Various sorbents such as zeolite, chitosan, activated carbon, and polymeric materials are also available commercially, which can remove contaminants from wastewater [14,15]. The techniques stated above can remove dyes easily, but these methods are expensive and labor-intensive processes. The exhaustion of time and energy, chemical utilization, and the production of hazardous intermediates inhibit their use at the industrial level [16]. Most of these strategies require pre- and post-treatment steps for the removal of dyes which also makes the process complicated. The presence of inorganic and organic contaminants enhances the osmotic pressure of industrial effluents and inhibits microbial activity for dye degradation [17,18]. Adsorption is considered the best, most convenient, easy to maneuver method, which can be conducted using readily available materials for the removal of coloring materials [19]. Adsorption by biochar is one of the most promising and affordable techniques for the elimination of pollutants, which serves as an alternative to energy-intensive technologies [4]. Furthermore, at extremely low concentrations, the adsorption approach can successfully eliminate particular or target contaminants [20].



Biochar, carbon-rich material, can be generated from agrowastes by pyrolysis with the supply of very little or no oxygen [21,22]. It has excellent adsorption ability for inorganic and organic pollutants due to more surface area with porosity, high efficiency, flexibility, feasibility, low content of ash, and mechanical properties [4,23]. Biochar can efficiently remove target pollutants from contaminated solutions [24]. Hassan and Carr [25] reported that biomasses have more potential for dye adsorption in comparison to commercially available activated carbon. Agricultural residues such as corn straw, mango and date stone, coconut waste, soybean dreg, banana peel, and nutmeg seed shells have been used for dye removal from polluted water [26,27,28,29]. Agricultural wastes are a burden on the ecosystem if not properly recycled; however, the rate of application of agrowastes as biochar is <30% [30]. Biochar is a sustainable option for the feasible routing of agricultural wastes, wastewater treatment, and carbon sequestration [31,32].



Ananas comosus (family: Bromeliaceae), commonly known as pineapple, is a herbaceous perennial plant widely grown in tropical countries [33]. India is the fifth largest producer of pineapple, as it produces more than one million tons of pineapple annually. Pineapple fruits are a rich source of antioxidants, calcium, manganese, and vitamin C [34,35]. Pineapple is used in food processing industries in the preparation of many commercial products such as juice, jam, candy, and canned and frozen food products [36]. The processing of pineapple generates a huge amount of waste, among which peels alone contribute to 30–40% of total solid waste. With an increasing interest in eco-friendly green products, lignocellulosic substances have been allured to because of their availability at zero price, exceptional mechanical and thermal features, and renewability [37]. Utilization of pineapple fruit peel as feedstock for biochar preparation is a feasible approach to overcome its disposal problem. As per our information, the potential mechanism of pineapple fruit peel biochar in relation to its physicochemical properties for PB dye adsorption and its effect on the development of lentil seeds have not been reported earlier. The present investigation was intended to analyze the adsorption potential of pineapple fruit peel for PB dye elimination from an aqueous medium and reutilization of PFPB-treated PB dye water in agriculture. Therefore, this study was executed to evaluate the potential of pineapple fruit peel biochar for the removal of PB dye and the feasibility of PFPB-treated contaminated water on lentil growth.




2. Materials and Methods


2.1. Ananas Comosus Fruit Peel Biochar


Fresh fruits of Ananas comosus were purchased from fruit vendors in the local market of Noida, Uttar Pradesh, India. Pineapple fruits were rinsed with deionized water for dirt removal and cleaning of the fruit surface, and the peel was chopped into pieces [38]. The pieces of pineapple fruit peel were kept in the shade for 10 days to reduce moisture content. A stainless-steel pyrolysis reactor was used for biochar preparation; nitrogen was provided to the reactor to create non-reactive conditions, and the temperature (at the rate of 10 °C min−1) was also regulated. Peels of pineapple fruit were macerated and kept at 500 °C in the reactor for up to 4 h. Prepared biochar was crushed and sieved to 210 μm particle size. The prepared PFPB was cleansed with Milli-Q water and placed at 75 °C in an oven for up to two hours to restrict the activities of micro-organisms [39]. The composition of moisture, volatile matter, fixed carbon, and ash was assessed by proximate analysis to determine the performance of PFPB under thermochemical alterations.




2.2. Materials and Preparation of Reagents


Patent Blue dye, also known as Acid Blue 3 or Food Blue 5, was procured from Sigma Aldrich (New Delhi, India). Lentil (Lens culinaris variety HUL-57) seeds were purchased from the seed agency of Ghaziabad. Patent Blue dye solution was prepared and diluted to the desired concentration with deionized water. Deionized water is demineralized water which has gone through filtration to remove all microbes and has been treated with UV-irradiation. It restricts the presence of any unintended/interfering species, which may affect the efficiency of the sorption process. Solution pH was adjusted by adding either 1 N sulphuric acid or sodium hydroxide. Analytical grade reagents were used for the experiment. Dye solution optical density was analyzed with a UV-vis spectrophotometer (Shimadzu 1800, Kyoto, Japan). The characteristics of the dye are listed in Table 1.



Instrumentations


In the present investigation, different equipment such as a stainless-steel pyrolysis reactor, UV-visible spectrophotometer (Shimadzu 1800, Kyoto, Japan), Fourier-transform infrared spectrometer (Perkin Elmer 2000, Waltham, MA, USA), and scanning electron microscope (Quanta FEG 650, Thermofisher, Beverly, CA, USA) were used for different analyses.





2.3. Batch Study


Batch experiments were executed to analyze PFPB potential as a sorbent for PB dye elimination. Various operational variables such as pH (2–10), time of contact (60–360 min), biochar amount (2–4.5 g), dye concentration (200–1200 mg/L), speed of agitation (50–300 rpm), and temperature (25–50 °C) were used for PB removal from aqueous solution with PFPB. Six flasks were arranged in triplicate containing 100 mL of different PB dye concentrations (200, 400, 600, 800, 1000, and 1200 mg/L) and PFPB amounts (2, 2.5, 3, 3.5, 4, and 4.5 g, respectively). In the control flasks, PFPB was not added to the PB dye solution, but in the treatment investigations, different doses of PFPB were mixed in the PB dye solution to determine their dye removal performance. Removal of Patent Blue dye by PFPB treatment was calculated using the following formula:


  P e r c e n t a g e   r e m o v a l   o f   P B   d y e =      C 0  −  C t       C 0    × 100 .  



(1)







   C 0    and    C t    are the initial and final concentrations of PB (mg/L), respectively.




2.4. Point Zero of Charge


Point zero of charge was estimated by the method of Rivera-Utrilla et al. [40]. A NaCl (0.01 M) solution (100 mL) was prepared, and its pH, in the range of 2–10, was maintained by 0.10 M NaOH or HCl. Then, PFPB (1 g) was added into each solution and stirred at room temperature for 24 h before determining the final pH. The pHPZC was calculated on the basis of curve pHfinal − pHinitial = f (pHinitial).




2.5. Depiction of Pineapple Fruit Peel Biochar


FTIR (Perkin Elmer 2000, Waltham, MA, USA) was utilized by the KBr pellet procedure at room temperature at a wavelength in the range of 400–4000 cm−1 for the recognition of functional groups present on PFPB prior to and after uptake of PB dye. Using this method, precise measurements can be performed even with very small amounts of powdered biochar samples. SEM (Quanta FEG 650, Thermofisher, Beverly, CA, USA) was used to observe the surface of PFPB.




2.6. Adsorption Isotherm


Three isotherm models were utilized for the determination of equilibrium adsorption. A solution of Patent Blue (600 mg/L) was obtained with various doses of PFPB to estimate isotherm feasibility by analyzing its uptake potential.



2.6.1. Langmuir Isotherm


The Langmuir isotherm shows that the adsorption energy was consistent on the dye layer at the PFPB surface at a constant temperature [41]. The equation is denoted as


     C e     q e    =  1   q m   K L    +    C e     q m    .    



(2)




   q e    is the dye amount uptake at equilibrium (mg/g),    q m    is the maximum uptake of PB (mg/g),    C e    is the concentration of PB at equilibrium (mg/L), and    K L    is the Langmuir constant associated with PB attachment on PFPB.




2.6.2. Freundlich Isotherm


This reflects Patent Blue dye dispensation between PFPB and the solution at equilibrium. It describes variability in the augmentation of active site energy for uptake and decrease in adsorption heat [42]. It is described as


  ln  q e  = ln  K F  +    1 n    ln  C e  .  



(3)







   K F    and n are the adsorption ability and intensity, respectively. The process can be explained by n as n < 1 shows chemisorption, n > 1 reflects physisorption, and n = 1 describes linear uptake.




2.6.3. Temkin Isotherm


This isotherm explains that the adsorption heat of molecules in the layer reduces with coverage because of the interaction between the dye and biochar; adsorption denotes the consistent dispersal of binding energies to their highest level. The Temkin isotherm is presented as [43]


   q e  =  R T  /  b T     ln  (  A T  ) + R T /  b T  ln  C e  .  



(4)







   A T    is the Temkin isotherm constant (L/g),    b T    is the Temkin constant for adsorption heat (J/mol), R is the gas constant (J/mol·K), and T is the absolute temperature.





2.7. Kinetics of Adsorption Process


Adsorption modeling was executed to assess the equilibrium time and rate of the adsorption process. Rate constants for the adsorption phenomenon were analyzed by pseudo first-, second-order, and Weber–Morris intraparticle diffusion models.



The mechanism of pseudo first-order can be depicted as Lagergren as follows [44]:


  ln    q e  −  q t    = ln  q e  −  k 1  t .  



(5)




   q e    and    q t    are the PB dye adsorption at equilibrium and time, and    k 1    is the pseudo first-order uptake rate constant (min−1).



It can be expressed with the given equation [45]:


   t   q t    =  1   k 2     q e 2  +  t   q e    .  



(6)




   q e    is the PB uptake on the PFPB at equilibrium, and    k 2    is the pseudo second-order uptake rate constant (g/mg·min).



In the first stage of the adsorption process, dye molecules were transferred from the solution to the biochar surface.



Then dye molecule penetrated the surface of the biochar into the second stage, which was the slowest step in this process and determined the rate. This possibility was tested by the graphical relationship between    q t    and    t  1 / 2     of the Weber and Morris [46] intraparticle diffusion model. Intraparticle kinetics can be denoted as


   q t  =  K  d i f f    t  1 / 2   + C .  



(7)




kdiff is the intraparticle diffusion rate constant (mg/g min0.5),    q t    is the adsorption ability in time t (mg/g), and  C  is the boundary layer thickness.




2.8. Thermodynamic Variables


Changes in free energy, entropy, and enthalpy were examined for PB dye uptake by PFPB. Thermodynamic values were calculated by the following equations:


  Δ  G 0  = − R T   l n    K d  ,  



(8)






   K d  =    q e     C e    ,  



(9)






  Δ  G 0  = Δ  H 0  − T   Δ  S 0  .    



(10)







Alterations in   Δ  G 0   ,   Δ  H 0   , and   Δ  S 0    were studied after the rearrangement of the equation and with the use of a curve fitting procedure for the adsorption mechanism.




2.9. Reusability Study


Pineapple fruit peel biochar (3.5 g) was added in PB dye solution (600 mg/L concentration) and kept for 240 min at 28 ± 2 °C in a shaking incubator at 200 rpm. After centrifugation, PFPB containing dye was separated, and the absorbance of the supernatant was determined to analyze the uptake of dye content by the biochar. Samples of the control (without PFPB) were utilized for comparison with samples containing PFPB for PB dye removal. PFPB containing Patent Blue dye was kept at 50 °C for up to six hours to enhance uptake capacity and PFPB microstructure. Pineapple fruit peel biochar was drenched with 1N hydrochloric acid and sodium hydroxide and kept for 45 min at 180 rpm, and the optical density of the desorbing solution was calculated [47]. PFPB was separated and cleansed four times with deionized water for the elimination of desorbing solution, and PFPB was kept at 50 °C for up to 9 h. PFPB feasibility was examined for five successive cycles. Desorption (%) of the dye was assessed with the following formula:


   Percentage   desorption  =    Amount   of   PB   dye   desorbed     Amount   of   PB   dye   adsorbed    × 100 .  



(11)








2.10. Estimation of Phytotoxicity


The impact of Patent Blue prior to and after PFPB treatment was tested on lentil seeds. After cleaning the lentil (Lens culinaris variety HUL-57) seeds with deionized water, the surface of the seeds was treated with HgCl2 (0.1% w/v) for 5 min to inhibit the action of microbes, again cleaned with Milli-Q water. For four hours, 10 lentil seeds were placed in deionized water (10 mL), PB (600 mg/L) solution, and PFPB-treated PB solution, respectively, in test tubes. After that, the lentil seeds were transferred to sterilized Petri dishes in a seed germinator with 85% relative humidity at 26 ± 2 °C for a 12 h photoperiod of up to 10 days. The ISTA [48] method was used to estimate germination, the length of the seedlings, and the vigor index in treatment and compared with the control.


Germination = lentil seeds germinated/lentil seeds used for germination × 100.



(12)






Vigor index (VI) = length (Radicle + plumule) × germination (%).



(13)








2.11. Estimation of Biochemical Constituents


The pigment amount was estimated using the Lichtenthaler [49] procedure. Contents of protein and sugar were measured in lentil seedlings by the procedure of Lowry et al. [50] and Hedge and Hofreiter [51].




2.12. Statistical Analysis


The treatment was arranged with three replicates in RBD. ANOVA and SPSS software were used for the analysis of results. DMRT at p < 0.05 was used to determine the treatment mean.





3. Results and Discussion


Pineapple fruit peel biochar is freely accessible in huge amounts and may be an alternative compared to activated carbon in the conversion of biomass to an economical sorbent for contaminated effluent treatment.



3.1. Proximate Assessment of Adsorbent


Proximate estimation was executed to analyze fixed carbon, ash, volatile matter, and moisture in PFPB. PFPB showed 18.76% fixed carbon, 73.45% volatile material, 4.23% moisture, and 3.56% ash content. During pyrolysis, organic substances become unstable due to heat treatment and breakage of linkages in molecules with the release of gas and liquid, leaving the material with high carbon content. Fixed carbon refers to the high quality of an adsorbent due to improved adsorption ability and high surface area.




3.2. Properties of Biochar Prepared from Pineapple Fruit Peel


The FTIR spectra of PFPB are shown in Figure 1. The broadest band in the region of 3406 cm−1 shows O-H stretching vibrations of cellulose, hemicellulose, pectin, and lignin. The spectrum at 2923 cm−1 is due to the C-H stretching vibration of methyl, methylene, and methoxy groups, while the band at 2359.79 cm−1 reflects the presence of C=C stretching vibrations. The 1605 cm−1 band indicates C=O stretching arising from groups such as lactone, quinine, and carboxylic acids on PFPB. The band at 1422 and 1043 cm−1 shows C-H bending vibration and C-O-C bond stretching, respectively, which indicates stable binding for the dye uptake process (Figure 1b). The peaks at 1331 and 1372 cm−1 are attributed to the stretching vibrations of C-H, C-O, and -OH functional groups. The FTIR spectra reflect that carboxyl, hydroxyl, and carbonyl groups are the main functional groups on the surface of PFPB and could play a significant role in PB dye adsorption [52].



SEM analysis was executed to identify changes in the morphological and pore structure available on PFPB after pyrolysis. The SEM micrograph of the pineapple peel biochar before and after the adsorption process was observed at the resolution of 25.00 KX magnifications using 100 nm particle size. Significant transformations were recorded in PFPB after the adsorption of PB dye in comparison to raw biochar (Figure 2a,b). During pyrolysis, volatilization of organic matter resulted in channels with pores visible in the figures [53]. The tightly bound and disordered surface was reflected before adsorption, whereas heterogeneous, porous structures were observed because of chemical alterations in the peel surface after dye uptake; lignin was oxidized and produced hydroxyl, carboxyl, and carbonyl groups [54]. The formation of a honeycomb-like porous structure may be because the arrangement of multi-layered carbon showed aromatic moieties in biochar with increasing temperature.




3.3. Effect of Different Variables on Uptake of Patent Blue Dye by Pineapple Fruit Peel Biochar


The optimization of the adsorption processes was executed by batch experiments. The effects of pH, contact time, the concentration of PB, amount of biochar, speed of agitation, and temperature were assessed on PB removal from aqueous solution by PFPB.



3.3.1. pH


pH influences the characteristics of the biochar surface and alters the speciation of dye molecules in an aqueous medium [55]. The impact of pH (2–10) on PB dye uptake (200–1200 mg/L dye concentration) on PFPB was examined at 25 ± 2 °C (Figure 3a). The attachment of dye molecules on PFPB in an aqueous solution depends on the availability of charges on the biochar surface and the pH of the solution. Maximum 95% PB uptake was observed at pH 2, whereas 86, 73, 69, and 64% PB dye elimination were recorded at pH 4, 6, 8, and 10, respectively. Patent Blue, an anionic dye, has negatively charged ions in an aqueous medium and electrostatic interactions between the PB dye (negatively charged) and PFPB surface (positively charged) promote PB binding to the biochar. PFPB surface protonation was decreased, and the generation of negative charge reflected electrostatic repulsion between PFPB and PB with the increase in pH and reduced uptake capacity. With the increase in pH, the interaction between the biochar and dye converted into Vander Waals force which displayed minimal impact in comparison to electrostatic attraction and decreased adsorption.




3.3.2. Contact Time


The contact period between PFPB and PB dye indicates an important function in adsorption kinetics. The removal of PB dye (600 mg/L) by 73, 84, 88, and 94% was recorded after 60, 120, 180, and 240 min, respectively. Patent Blue uptake was increased up to 240 min; after this, duration reduction was observed (Figure 3b). There were many vacant spaces available initially, but with time, PB dye molecules attached to sites, and finally, there was no uptake as all the sites were filled [56]. Thus, adsorption capacity became constant. After 240 min, PB uptake was not increased; thus, this time was the equilibrium time for the adsorption process (Figure 3b). Between PB dye and PFPB, the driving force of the concentration gradient was greater, and the rate of adsorption was faster. Less adsorption rate was observed because of no availability of vacant adsorption sites at later stages and loss of concentration gradient force for PB dye to overcome mass transfer impediment to attach to PFPB [57]. The uptake of dye at equilibrium time showed the maximum adsorption ability of biochar.




3.3.3. Adsorbent Amount


The rate of Patent Blue dye removal was directly related to the sorbent amount and conversely to the initial dye concentration [58]. An appropriate dose of biochar is crucial as it shows a direct impact on the dye elimination rate. Pineapple peel contains cellulose, hemicellulose, and lignin, which may provide more sorption sites to attach with dye molecules [59]. The amount of PFPB for PB dye removal was reported by changing the sorbent amount (2–4.5 g) with various dye concentrations. Patent Blue dye elimination was enhanced to 66–93% with a rise in the dose of PFPB (Figure 3c). The highest removal, 93% of PB dye, was recorded with 3.5 g of PFSB. When PFPB was increased but PB dye concentration was constant, PB dye was adsorbed on PFPB. Slowly, the concentration of PB dye decreased in the solution and the strain produced by the concentration gradient was not sufficient to cross-transfer resistance and dye binding on available spaces. Thus, there was no change in PB elimination efficacy. The reduced sorption ability of PB dye with more dosage of PFPB was due to the sorption site aggregation after saturation which resulted decreased external surface and diffusional path length.




3.3.4. Concentration of Dye


Initial dye concentration plays a pivotal role in the dye adsorption process by biochar. More PB dye elimination was reported with the rise in dye concentration. At more PB concentration, the dye adsorption rate was decreased (Figure 3d). The highest PB dye adsorption, 92%, was observed with 600 mg/L Patent Blue. The concentration gradient pressure was unable to compel molecules of PB to pull through transfer resistance between PB and PFPB at low initial dye concentrations, and spaces for uptake were vacant on PFPB, whereas results were reversed with the increase in PB concentration. The rise in initial dye concentration enhanced its exposure to vacant spaces, and PFPB adsorption ability was increased with the rise in initial dye concentration.




3.3.5. Agitation Speed


Patent Blue dye elimination was increased with the rise in agitation speed (50–300 rpm), as observed in Figure 3e. Increasing agitation speed reduces boundary layer obstruction for the transfer of PB dye molecules from solution to PFPB. Due to this, adsorbate is forced towards the adsorbent surface and leads to increased diffusion of PB dye on PFPB [56]. With the increase in agitation speed, PB dye and PFPB particle interaction escalated due to the increased dispersion degree of PFPB in the aqueous medium. More agitation speed consumes high energy; at 250 and 300 rpm, no significant rise in PB dye removal was observed, and 150 rpm was considered the optimum agitation speed as it reflected a maximum of 91% PB adsorption.




3.3.6. Temperature


Patent Blue dye uptake on the PFPB surface was observed at varied temperatures such as 25, 30, 35, 40, 45, and 50 °C. Patent Blue dye showed 58, 64, and 81% adsorption at 25, 30, and 35 °C, respectively. PB dye uptake was enhanced to 92% at 40 °C (Figure 3f). More removal of PB dye was observed at high temperatures because of an increase in dye molecules’ mobility with the rise in temperature and availability of active sites or due to the weakening of the bonds between dye molecules and active sites of PFPB. At 45 and 50 °C, dye uptake capacity was reduced, which suggested that the adsorption process was kinetically regulated by an exothermic process. The reduction in sorption capacity of PFPB with rise in temperature suggested that the process was kinetically regulated by an exothermic process.





3.4. Point of Zero Charge


The point of zero charge of the adsorbent is an important parameter in the determination of the adsorption mechanism. The pHpzc of pineapple fruit peel biochar was 6.13 (Figure 4). The point of zero charge is related to the pH value for which the net electric charge on the surface of the material is neutral. The curve indicates the pHPZC of PFPB for the values of pH < pHPZC (pH < 6.13). If the value of pH < pHpzc, it shows a positively charged PFPB surface which will attract negatively charged dye molecules, whereas pH > pHPZC indicates a negatively charged adsorbent surface to attract positively charged dye molecules. Thus, the pHpzc value of 6.13 confirms that PFPB can adsorb anionic dye PB as the solution pH was less than the point of zero charge.




3.5. Equilibrium Modelling


An isotherm is a mathematical relation that provides information regarding the properties of the biochar surface, how the analyte is attached to the biochar (physical or chemical), and the presence or absence of interaction or competition between dye molecules for adsorption onto the biochar surface and dye content remaining in solution at equilibrium. Equilibrium modeling describes the feasibility of the adsorption phenomenon. The Langmuir, Freundlich, and Temkin isotherms were used for data analyses. The Langmuir isotherm is best described as the monolayer sorption of dye on a homogenous surface of PFPB with no interaction between the adsorbed dye molecules, whereas the Freundlich isotherm is applied to investigate the heterogenous surface of an adsorbent possessing multilayer adsorption. The adsorption heat of all the molecules was reduced linearly with coverage of the surface due to indirect dye molecule interaction on the heterogeneous surface, and sorption was characterized by the uniform distribution of the bonding energies up to the maximum binding energy. All the above mentioned models explained the adsorption process mechanism, characteristics of biochar surface, and sorbent ability (Table 2; Figure 5a–c). Patent Blue dye formed a homogenous monolayer covering PFPB.



The Langmuir isotherm reflected the best fit compared to the Freundlich and Temkin isotherms, as it showed a high value of R2 = 0.81. It depicted a monolayer PB on PFPB. The Langmuir constants reflected the following parameters: qm = 10.29 mg/g, k = 0.03 mg−1. The Freundlich constants were Kf = 2.92, n = 1.07, and R2 = 0.19. The Temkin constants were bT = 3.71 (J/mole), AT = 1.19 (L/mole), and R2 = 0.17.




3.6. Adsorption Kinetics


The adsorption rate and mechanism were investigated based on a kinetic study of the adsorption process [60]. Adsorption kinetic models are used to study the interaction of an adsorbent with an adsorbate. Kinetics parameters provide information about the rate-limiting step of the sorption process and its commercial application. To understand the uptake mechanism, the pseudo first-order, second-order, and Weber–Morris intraparticle diffusion models were utilized. These were used to analyze Patent Blue uptake by PFPB as it describes the mechanism of the reaction and adsorption potential. Pseudo first-order, second-order, and Weber–Morris intraparticle diffusion models were applied to reveal adsorption kinetics (Table 3 and Figure 6a–c). For the solid–liquid sorption process, solute transfer is characterized by external mass transfer or intraparticle diffusion or both. Solute transport occurs from the solution through the liquid film to the adsorbent surface and then via diffusion into adsorbent pores. The intraparticle transport mechanism takes place by surface diffusion, solute sorption on the pores’ interior surfaces, and via the adsorbent’s capillary spaces. The low R2 values and disparity between the measured experimental equilibrium sorption reflected that the pseudo first order and Weber–Morris intraparticle diffusion models were unable to describe the adsorption kinetics. The pseudo second-order kinetic model was best obeyed due to its high correlation coefficient value (R2 = 0.99). Experimental results illustrated the compliance between experimental and calculated equilibrium sorption for the pseudo second-order model. There was chemical interaction between PB and PFPB, as observed by the pseudo second-order kinetic model [61].




3.7. Thermodynamic Analysis


The impact of adsorption temperature on PB elimination ability was tested by thermodynamic variables. Gibb’s free energy, enthalpy, and entropy were estimated to analyze the sorption procedure. Adsorption investigation was executed at different temperatures such as 25, 30, 35, 40, 45, and 50 °C (Table 4). The nature of the dye uptake phenomenon was recognized by ΔH0 [62]. ΔG0 showed a negative value which reflected that PB adsorption on PFPB was a spontaneous and feasible phenomenon [63]. Free energy was increased with the rise in temperature during the adsorption process, and the reflected increase in temperature promoted PB dye adsorption.



Using the plot of the natural log of kd and 1/T, the calculation of entropy and enthalpy values was carried out. ΔH0 (−34.17 kJ/mol) showed the exothermic nature of the process. ΔS0 (97.15 J/K) indicated a positive value because of the rise in dye concentration on biochar in comparison to the solution [26]. There was an increase in the degree of randomness, indicated by the positive value of ΔS0 at the interface of PB and PFPB.




3.8. Regeneration Analysis


In addition to high adsorption ability, sorbents require recyclability to obtain the maximum reuse of the adsorbent. Studies on the reuse of prepared pineapple fruit peel biochar after the uptake of dye are important when determining its commercial use. The reusability of biochar reduces expenditure on the adsorption process in real samples and restricts secondary pollution. Birniwa et al. [64] observed that gum arabic magnetic nanoparticles showed good reusability performance with less decline from 96 to 83% after seven repeated experimental cycles. They also stated that a good adsorbent material should be easily regenerated and reused. Baloo et al. [65] found that oil palm waste-derived active carbon showed 27 and 60% methylene blue and acid orange 10 dye removal efficiency after five adsorption regeneration cycles. PB dye solution contains both positive and negative functional groups; due to this, acidic and basic media are required to desorb dye from the biochar surface. In an acidic medium, the solution consists of H+ that binds with dye molecules having negative functional groups and desorbs from the adsorbent surface. In basic medium, the dye molecules containing positive functional groups are removed. Therefore, in this study, for maximum recovery, PFPB was washed first with 1N HCl. After that, the same biochar was rinsed with 1N NaOH. The reduction in the dye removal efficiency with progression in the number of cycles might be because of the blockage of adsorption sites present in the micropores of PFPB. Both acidic and alkaline media were used to desorb PB dye from the PFPB surface, as positive and negative binding sites were available in the Patent Blue dye solution. Regenerated biochar exhibited 85, 72, 59, 48, and 37% dye uptake efficiency for up to five cycles, respectively (Figure 7). Hence, PFPB can be applied successfully for PB dye adsorption as it shows a significant dye uptake capacity.




3.9. Estimation of Phytotoxicity


The impact of Patent Blue dye was analyzed before and after PFPB treatment on the development of lentils (Lens culinaris variety HUL-57). Experiments were conducted in three sets, i.e., lentil seeds were irrigated with deionized water in the control and PB dye (600 mg/L) and PFPB-treated PB dye solution was used in the second and third set, respectively, to water the lentil seeds. The highest germination, 96%, was reported in the control; only 13% of lentil seeds were germinated after the application of PB dye solution (600 mg/L). Lentil showed 78% germination with PFPB-treated PB dye solution. In the control, the length of the radicle and plumule were 3.44 and 9.13 cm, decreasing to 0.61 and 2.31 with PB dye. The length of the lentil seedlings and the vigor index reflected the following order: control (deionized water) > PFPB-treated PB dye solution > PB dye solution (Table 5). Patent Blue dye solution showed 81, 62, and 78% decrease in pigment, sugar, and protein contents, respectively, in lentil seedlings compared to the control. Lentil seedlings had maximum pigment, sugar, and protein contents in the control. The reduction in biochemical constituents was due to the negative impacts of Patent Blue on the physiological phenomenon of lentils (Table 6).




3.10. Pineapple Fruit Peel Biochar Performance


Pineapple fruit peel biochar capacity for PB dye uptake was compared with earlier studies (Table 7). Biochar generated from different biomasses reflected the difference in uptake efficiency due to variations in surface area, size of pores, and availability of functional groups on the PFPB surface. Adsorption capacity (qmax) was utilized for comparison. The present study indicated that the adsorption capacity of PFPB is better than other biosorbents, and it can be a promising alternative for PB dye adsorption.





4. Conclusions


The present study highlights that pineapple fruit peel biochar can successfully remove PB dye and act as a substitute for other precious techniques. FTIR spectra analysis clearly reflected the presence of various binding sites on the PFPB surface, which may be utilized for PB dye uptake. Adsorption of PB dye was appropriately explained by the Langmuir model compared to the Freundlich and Temkin models. During adsorption kinetics, curves and fitting values reflected that the pseudo second-order model explained the PB uptake rate. The negative value of enthalpy reflected that the adsorption procedure was exothermic. Thermodynamic parameters indicated that the adsorption procedure could eliminate PB dye at lower temperatures as it was a spontaneous process. Regenerated PFPB showed a high sorption capacity of up to five continuous cycles for the removal of PB dye which reflected the cost-effective nature of the adsorbent. In the phytotoxicity study, Lens culinaris variety HUL-57 showed an increase in growth and biochemical variables with PFPB-treated dye solution. Hence, PFPB can be applied as a reliable and economically feasible sorbent for the elimination of PB dye from contaminated wastewater. The development of PFPB is a sustainable option for PB dye uptake and environment protection. Pineapple fruit peel biochar can be used in rural areas of developing nations for aquatic contaminants immobilization and reutilization of contaminated water; however, further investigation is required to determine the optimal dosage. The promising results of the present investigation encourage us to utilize pineapple fruit peel biochar for the removal of pollutants for environmental restoration. Future investigations are required with the use of PFPB for the removal of other recalcitrant pharmaceutical compounds and pesticide residues present in different matrices.
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Figure 1. FTIR of PFPB (a) prior to and (b) after PB dye adsorption. 
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Figure 2. Scanning electron micrographs of pineapple fruit peel biochar (a) prior to (b) after PB dye uptake. 
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Figure 3. Impact of (a) pH, (b) contact time, (c) biochar amount, (d) dye concentration, (e) agitation speed, and (f) temperature on PB dye elimination with PFPB. 
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Figure 4. A graphical plot and calculation of the point zero of charge of PFPB. 
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Figure 5. (a) Langmuir, (b) Freundlich, and (c) Temkin isotherms for PB dye uptake on PFPB. 
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Figure 6. (a) Pseudo first-order, (b) pseudo second-order, and (c) Weber–Morris intraparticle diffusion models for adsorption of PB dye by PFPB. 
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Figure 7. Patent Blue dye elimination by pineapple fruit peel biochar for up to five successive cycles. 
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Table 1. Features of Patent Blue.






Table 1. Features of Patent Blue.





	Dye Stuff
	Acid Blue 3 or Sulphan Blue or Food Blue 5





	C.I. Number
	42,051



	Color
	Blue color solid



	Type

Melting point
	Anionic dye

200 °C



	Solubility
	Water soluble



	IUPAC name
	calcium;4-[[4-(diethylamino)phenyl]-(4-diethylazaniumylidenecyclohexa-2,5-dien-1-ylidene)methyl]-6-hydroxybenzene-1,3-disulfonate



	Formula
	C54H62CaN4O14S4



	Molecular weight

Application
	1159.4 g/mol

Utilized in textiles, printing, and food industries



	Structure
	 [image: Separations 09 00426 i001]



	λmax
	635 nm










[image: Table] 





Table 2. Isotherm constants for PB dye uptake onto pineapple fruit peel biochar.
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Isotherm

	
Equation

	
Parameters

	
Value






	
Langmuir

	
      C e     q e    =  1   q m   K L    +    C e     q m      

	
qm (mg/g)

	
10.29




	
KL (L/mg)

	
0.03




	
R2

	
0.81




	
Freundlich

	
   ln  q e  = ln  K F  +    1 n    ln  C e    

	
n

	
1.07




	
KF (mg/g)

	
2.92




	
R2

	
0.19




	
Temkin

	
qe = RT/bT In(AT) + RT/bT

In(Ce)

	
bT (J/mole)

	
3.71




	
AT (L/mole)

	
1.19




	
R2

	
0.17
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Table 3. Kinetic model used for PB dye uptake on PFPB.






Table 3. Kinetic model used for PB dye uptake on PFPB.





	
Model

	
Equation

	
Parameters

	
Value






	
Pseudo first-order

	
   ln    q e  −  q t    = ln  q e  −  k 1  t   

	
K1 (min−1)

	
0.003




	
qe (mg/g)

	
2.73




	
R2

	
0.43




	
Pseudo second-order

	
    t   q t    =  1   k 2   q e    +  t   q e      

	
K2 (g/mg min)

	
0.04




	
qe (mg/g)

	
15.04




	
R2

	
0.99




	
Weber–Morris intraparticle diffusion

	
qt = kdiff t1/2 + C

	
Kdiff

	
0.03




	
C

	
7.19




	
R2

	
0.46
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Table 4. Thermodynamic variables for PB dye adsorption by PFPB.






Table 4. Thermodynamic variables for PB dye adsorption by PFPB.





	
S.No.

	
Temperature (°C)

	
(∆G0) (KJ mol−1)

	
ΔH0 (KJ mol−1)

	
ΔS0 (J/K)






	
1.

	
25

	
−5875.19

	
−34.17

	
97.15




	
2.

	
30

	
−5331.57




	
3.

	
35

	
−4185.83




	
4.

	
40

	
−1150.56




	
5.

	
45

	
−2739.12




	
6.

	
50

	
−4637.64
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Table 5. Impact of Patent Blue before and after PFPB treatment on the development of Lens culinaris variety HUL-57.






Table 5. Impact of Patent Blue before and after PFPB treatment on the development of Lens culinaris variety HUL-57.





	Treatment
	Germination (%)
	Plumule

Length
	Radicle

Length
	Vigor Index





	Control
	96 ± 0.71 a
	9.13 ± 0.08 a
	3.44 ± 0.10 a
	12,067.2



	PB dye solution

(600 mg/L)
	13 ± 0.82 c
	2.31 ± 0.19 c
	0.61 ± 0.02 c
	379.6



	PFPB treated PB dye solution
	78 ± 0.82 b
	7.24 ± 0.17 b
	1.89 ± 0.06 b
	7304







Values are mean ± sem of three replicates. Letters indicate significant variation among treatments at p < 0.05 significance level as per ANOVA.
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Table 6. Impact of Patent Blue before and after PFPB treatment on biochemical variables of Lens culinaris variety HUL-57.






Table 6. Impact of Patent Blue before and after PFPB treatment on biochemical variables of Lens culinaris variety HUL-57.





	Treatment
	Chlorophyll

(mg/g FW)
	Sugar

(mg/g DW)
	Protein

(mg/g FW)





	Control
	3.27 ± 0.11 a
	3.36 ± 0.22 a
	23.37 ± 0.58 a



	PB dye solution

(600 mg/L)
	0.62 ± 0.03 c
	1.27 ± 0.09 c
	5.25 ± 0.16 d



	PFPB treated PB dye solution
	2.16 ± 0.08 b
	2.44 ± 0.12 b
	17.43 ± 0.15 b







Values are mean ± sem of three replicates. Letters indicate significant variation among treatments at p < 0.05 significance level as per ANOVA.
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Table 7. Uptake capacity of dye with different biochar.






Table 7. Uptake capacity of dye with different biochar.





	
Biochar

	
Dye

	
Experimental Conditions

	
qmax (mg/g)

	
References






	
Yellow passion fruit peel

	
Methylene Blue

	
pH = 9

	
0.01

	
Pavan et al. [66]




	
Exposure time = 56 h




	
Adsorbent dose = 1 g/50 mL




	
Potato peel

	
Reactive Black5

	
pH = 3

	
3.61

	
Samarghandy et al. [67]




	
Exposure time = 60 min




	
Adsorbent dose = 1 g/50 mL




	
Cashew nut shell

	
Congo Red

	
pH = 3

	
5.18

	
Senthilkumar et al. [68]




	
Exposure time = 90 min




	
Adsorbent dose = 30 g/L




	
Banana peel

	
Reactive Black 5

	
pH = 3

	
7.58

	
Kapoor et al. [27]




	
Exposure time = 120 min




	
Adsorbent dose = 0.8 g/100 mL




	
Pineapple fruit peel

	
Patent Blue

	
pH = 2

	
10.29

	
This study




	
Exposure time = 240 min




	
Adsorbent dose = 3.5 g/100 mL
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