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Abstract

:

This research focused on the removal of Fe(III) ions from an aqueous solution of wastewater through an adsorption process using biosorbents of natural palmyra palm fruit fibres (N–PPF) and chemically modified palmyra palm fruit fibres (C–PPF). BET was used to determine the pore volume and pore size of the biosorbents; the C–PPF was more than N–PPF at 0.01069 cm3/g and 450.2094 Å, respectively. The initial concentration of Fe(III), the adsorbent dosage, solution pH, and contact time for optimal adsorption were investigated for adsorption, and it was found that the dosage of the adsorbent was 2.0 g, pH 4, and 300 min for adsorbent dosage, solution pH, and contact time, respectively. The adsorption data were consistent with the three models, though the Freundlich model provided the best fit. The characteristics for both before/after adsorption were examined by FT–IR, which showed that hydroxyl groups were involved in adsorption. SEM–EDX analysis confirmed the successful increase of containing functional groups during adsorption. Adsorption proceeded according to a pseudo–first–order kinetic model for N–PPF, while the adsorption of C-PPF was according to both kinetic models. It was revealed that Fe(III) adsorption is an exothermic process that occurs on the surface of heterogeneous adsorbents and physisorption. The intra-particle diffusion model is appropriate to explain the rate-controlling step in the Fe(III) adsorption process of natural fibres.
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1. Introduction


Heavy metals are becoming an increasingly serious pollutant, as they are prevalent components in wastewater discharges. These discharges tend to accumulate more heavy metals, which have negative direct effects on humans and other forms of life [1]. They are able to penetrate aquatic animals, and discharges occur as a result of industrial activity, such as of the metal plating, fertiliser, battery manufacture, tannery, paper, and chemical industries [2]. Heavy metals are not biodegradable, and toxicity depends on concentration level, which will then be accumulated in the food chain. Humans are the last link in the chain, and thus may suffer a variety of illnesses and other problems. The most dangerous heavy metals are lead and cadmium. In humans, ingestion can cause significant damage to the kidneys, neurological system, bones, and brain [3].



Iron is an essential element in the world. Iron ions are produced by dissolving rocks and soil into groundwater. It can also occur through waste contamination of industrial processes and can be found in municipal waste effluent [3,4]. Iron ions are essential elements for good health, but, like all heavy metals, when adding iron excessively they can be harmful [3,5]. Iron ions that are in heavy metals can cause serious problems in the environment, humans and animals, including diarrhoea, anorexia, metabolic acidosis, hypothermia, oliguria, diphasic shock, and even death [6]. In addition, receiving a large amount of iron will cause acute toxicity to the liver, kidney, heart, brain, spleen, adrenal glands and thymus gland, and the iron storage of the liver can become cirrhotic and become cancer of the liver [5,7]. Thus, the World Health Organisation and the Thai Ministry of Public Health has set a guideline for iron intake in drinking water at 0.3 mg/L [8].



However, successful decontamination of heavy-metal-containing water through treatment is extremely difficult. The chemical precipitation/coagulation, ion exchange, solvent extraction, electrolysis and adsorption are currently being used for pollutant removal from aqueous medium [3,4,9,10,11]. Adsorption is a wastewater treatment method in which pollutants, such as ions, atoms, and molecules, are removed onto the surface of adsorbents. Because of its low cost, adsorption has become the most commonly utilised technology. However, commercial adsorbent materials are exorbitantly expensive. Therefore, they tend to only be used in limited circumstances [5,6,7].



Many studies have concentrated on the use of natural sorbents as an alternative to conventional ones, taking into consideration both environmental and economic concerns. Previously, activated carbon was typically utilised as an adsorbent, despite the fact that it was more expensive than alternative materials. Since then, a significant amount of studies have been performed on the use of low-cost agricultural products and byproducts as adsorbents for heavy metal removal. Fruit peels, peat, rice husk, sawdust, sugar beet pulp, and soya bean hulls have been found to be effective agricultural waste adsorbents. Furthermore, related minerals outperformed other adsorbents developed utilising physical and chemical methods for the removal of heavy metals [8,9,10,11,12,13,14].



The major elements of agricultural waste are lignin and cellulose, although it also contains hemicellulose, fatty sugars, starches, water, hydrocarbons, ash, and other substances. When left untreated, agricultural waste is a biosorbent, which can impact a number of problems, including low adsorption capacity, increased chemical oxygen demand, and biological oxygen demand [15,16,17]. Previously, agricultural waste was employed as an adsorbent for Fe(III) adsorption. Rice straw was crushed and microwave-treated with distilled water (0.75 mg/g−1), oxalic acid (0.81 mg/g−1), sulfuric acid (0.86 mg/g−1), and sodium hydroxide (0.59 mg/g−1) to be used as an adsorbent for Fe(III) adsorption [10]. Carbonised rice straw was produced by drying rice straw in an oven at 500 °C. After that, the carbonised rice straw was employed in the Fe(III) adsorption procedure. It is the Langmuir model and the qmax was 58.82 mg/g−1 [3]. Waste from the sugar cane industry was chemically treated and turned into powder for use as an adsorbent in the removal of Fe(III) from sample water as well as to study adsorption. Its sorption fitted well with the Langmuir model and qmax was 18.54 mg/g [18]. Coconut husk is an agricultural waste product that was cut and blended to a particle size range of 0.15–0.5 mm, after which it was treated for use as an adsorbent and in the adsorption process of Fe(III). The Freundlich model was utilized for adsorption [19]. Previous research found that agricultural waste can be crushed and treated, either chemically or by heat until carbonised, for use as an adsorbent. However, the amount of qmax is the same or less, except for rice straw charcoal and sugar cane. This study compares the adsorption of Fe(III) by the fibre of palmyra palms that have been untreated and chemically treated.



Palmyra palms, also known as toddy palms, are mostly grown in Africa, South Asia, and Southeast Asia. The edible mesocarp, or ripe pulp, has a delicate orange-yellow hue that is rich in carotenoids and is considered delicious [20]. The fibre is derived from palm fruit. The chemical components of the fibre include α-cellulase (53.4%), hemicellulose (29.6%) and lignin (17%). Strong alkalis can reduce the quantity of hemicellulose and lignin [21]. The goal of this work was to investigate the removal of Fe(III) by adsorption on natural palmyra palm fruit (Borassus flabellifer L.). First, the equilibrium adsorption was calculated. The adsorption rate was then determined using the batch contact time approach. Certain parameters, such as solution pH and adsorbent dose, have an impact on the adsorption process. The equilibrium adsorption data were simulated using three distinct isotherm models: Langmuir, Freundlich, and Temkin. The results revealed that a simple chemical modification technique could be used to boost the adsorption capacity of biosorbents, resulting in low-cost and locally available natural adsorbents for the removal of Fe(III) ions.




2. Materials and Methods


2.1. Adsorbent Preparations


Ripe palmyra palm fruits were gathered from Chainat Province in Thailand, consisting of black peel, fibre, the meat of toddy palm and seed. It was washed gently with tap water to eliminate dirt and water-soluble impurities, after which palmyra palm fruits were extracted by peeling off the black outer skin and removing seeds. Subsequently, water was added, followed by stirring or manual squeezing to remove the meat of the toddy palm from the fibres. After the natural fibres were washed with water, they were dried in an oven at 60 °C for 24 h. The fibres were then divided into two groups: untreated fibres and chemically treated fibres. In this work, the untreated and chemically treated samples are referred to as N–PPF and C–PPF, respectively. The C–PPF sample was produced by soaking natural fibres in 10% w/v 2.5 M KOH for 24 h. The fibres were then filtered and washed several times with DI water to remove the base, the pH of the washing water was measured at 7.87, followed by drying in an oven at 60 °C for 24 h. Both biosorbents were stored in a desiccator. The physical appearance of the biosorbents during the preparation and adsorption processes is shown in Figure 1.




2.2. Synthetic Wastewater


Iron solution was prepared as a 200 mg/L stock solution. A total of 1.404 g of ferrous ammonium sulphate [Fe(NH4)2(SO4)26H2O] was dissolved in 50 mL of DI water, which was mixed with 20 mL of concentrated sulphuric acid. Then, the potassium permanganate (KMnO4) was added to the ferrous ammonium sulphate solution until the mixture became a pink colour. The total stock solution had a volume of 1000 mL [15,16].




2.3. Characterisation of the Biosorbents


The surface areas (m2/g) of the biosorbents were measured and calculated based on nitrogen adsorption at 77 K using the Brunauer–Emmett–Teller (BET) method. The PerkinElmer FT–IR (model Spectrum 2), operating in attenuated total reflection (ATR) mode, was used to record the FT-IR spectra at wavenumbers 4000–400 cm−1. The morphology and elemental analysis on the samples were investigated by a scanning electron microscope (SEM, Helios Nano Lab G3 CX, FEI) coupled with energy dispersive X-ray (EDX) elemental mapping images of C, O and Fe elements. The concentration of Fe(III) ions was estimated by measuring absorbance at 510 nm using a UV-Vis spectrophotometer and calculating the adsorption capacity.




2.4. Variation in Optimal Operating Conditions


Metal ion adsorption tests were performed on both biosorbents at various masses, namely 0.5, 1.0, 2.0, and 3.0 g. In four independently labeled flasks, a solution of Fe(III) (4 mg/L) was evenly agitated of the biosorbents for 300 min at 30 °C and an initial solution pH of 4. The metal ion solutions were measured into three labeled beakers. A similar approach was used to investigate the influence of starting solution pH and contact duration variation on metal ion adsorption at pH values of 2, 4, 8, and 12 at time intervals ranging from 15 to 720 min. The pH of the working solution was changed to 4 by adding HCl or NaOH solutions. The amounts of remaining metal ions in the filtrate were measured using UV-Vis, and the amount of adsorbed metal ions was estimated.




2.5. Effect of Initial Concentration of Fe(III)


Adsorption study in Section 2.6 was performed by shaking 2.0 g of biosorbent with 100 mL of Fe(III) solutions in initial concentrations of 0.10, 0.30, 0.50, 0.80, 1.00, 2.00, 3.00, and 5.00 mg/L at time, temperature, and pH constant (5 h, 30 °C and pH 4).




2.6. Equilibrium Adsorption Isotherm


The effect of Fe(III) concentration on batch adsorption was investigated in a single system by placing a fixed amount of the fibre of palmyra palm fruit (2.0 g) in a series of flasks, each containing 100 mL of Fe(III) solutions of various concentrations ranging 0.1–5 mg/L (0.10, 0.30, 0.50, 0.80, 1.00, 2.00, 3.00, and 5.00 mg/L) at a constant (temperature 30 °C, pH 4) and contact time (5 h). Following the adsorption experiment, the quantity of adsorbed Fe(III) ions was estimated using the equilibrium equation, qe (mg/g).




2.7. Adsorption Kinetic Study


The kinetics of adsorption were investigated at an initial Fe(III) concentration of 4 mg/L at a constant temperature 30 °C and pH 4. The solution was collected at various intervals ranging from 15 to 720 min to measure the residual Fe(III) ion content. The adsorption kinetic data were evaluated to derive the adsorption kinetic parameters.





3. Results


3.1. Physical Characteristics of the Biosorbents


The pore volume and pore size of the N–PPF and C–PPF samples were determined using the BET method. As shown in Table 1, the pore volumes of N–PPF and C–PPF were 0.00314 and 0.01069 cm3/g, respectively. The pore sizes of N–PPF and C–PPF were 30.1640 and 450.2094 Å, respectively. Figure 2 depicts images for comparison of untreated and chemically treated (KOH) materials analysed by SEM. Figure 2a shows the fibres in the presence of lignin and hemicellulose components. KOH treatment created many pores and increased the pore size of the C–PPF sample. The increase in pore volume and pore size after chemical treatment are consistent with the results of previous studies. This shows that KOH can be used in the modification process to provide a developed pore structure and more active adsorption sites, as shown in Figure 2b [5,6,14,15,16,22,23,24].



The functional groups of cellulose, hemicellulose and lignin were studied in the literature and are shown in Table 2 [25].



The comparison of FT–IR spectra between N–PPF before adsorption and C–PPF before adsorption were analyzed by the PerkinElmer FT–IR (model Spectrum 2), operating in attenuated total reflection (ATR) mode used to recorded the FT–IR spectra at wavenumbers 4000–400 cm−1, which are shown in Figure 3.



In Figure 3, it was found that the FT–IR spectra of the adsorbent shown at 1636–1640 cm−1 corresponded to the peak of –C–OH group stretching [14,15], 1270–1232 cm−1 may be attributed to the C–O–C stretching of lignin [15], and 1000–1100 cm−1 corresponded to the peak of the –C–OH group of hemicellulose [21].



The treated fibres showed a reduction in the amount of hemicellulose and lignin, as can be seen from Figure 2, when comparing the fibre spectra before treatment (Figure 3a) and after treatment (Figure 3b).




3.2. Adsorption Behaviours of the Biosorbents


The influence of adsorbent dose, pH value, contact time, adsorption kinetics and adsorption isotherms were studied. The effects of these factors on the adsorption capacity of the biosorbents were also investigated.



3.2.1. Effect of Adsorbent Dosages


The mass of the adsorbent is a parameter of the adsorption study in which the Fe(III) contact time and concentration were fixed. Equation (1) was used to estimate the efficiency of the adsorbent dosage on Fe(III) removal (%) over a range of 0.5–5.0 g [3,16]:


    R e m o v a l   o f   I r o n  (  I I I  )   (  % R  )  =    C 0  −  C e     C 0    × 100  



(1)




where the initial Fe(III) concentration (mg/L) and the equilibrium concentration of Fe(III) are C0 and Ce, respectively.



Figure 4 shows that the removal % increases as the adsorbent mass increases. Because the adsorbent increases the number of active sites on the surface area, Fe(III) may readily travel to an adsorption site [10,13,16,17]. It is obvious that raising the adsorbent amount increases the fraction of metal recovered from the aqueous phase. This trend implies that adsorbent metal adsorption capabilities improve with adsorbent dosage due to an increase in the number of active sites available for metal absorption [9,26,27]. This impact is caused by a rise in the adsorbents’ surface areas, pore volumes, and pore diameters, a phenomenon that has been validated in previous research [5,6,10,16]. As a consequence, 2.0 g of each adsorbent was chosen to explore the influence of contact time and solute concentration in the following stage, owing to the rate of percentage removal of the 2.0 g adsorbent was maximized as compared to the rate of percentage removal of other adsorbents (0.5, 1.0 and 3.0) [5].




3.2.2. Effect of pH


The solution pH is the most essential component in the adsorption process. It can be influenced by adsorbate species dissociation and adsorbent surface chemistry. The influence of pH on the adsorption of Fe(III) onto N–PPF and C–PPF was studied at pH 2, 4, 7, and 12. The two adsorbents showed similar characteristics of adsorption behaviour. The highest percentages of Fe(III) removal for C–PPF and N–PPF were observed at pH 2, at 92.00% and 91.20%, respectively (Figure 5). Because the adsorbent is a fibre with a negative surface charge, the efficiency of Fe(III) removal decreased as the pH of the solution increased. This could be due to hydrogen bonding between Fe(III) and the surface of the adsorbent. However, pH 4 was chosen for subsequent experiments because the removal efficiency of Fe(III) at this pH was comparable to that at pH 2. At a pH greater than 4, however, Fe3+ ions reacted with OH− and formed the sediment Fe(OH)3, resulting in decreased adsorption of Fe3+. Therefore, pH values of 2–4 are the most suitable for adsorption as there is no conflict with OH−, yet Fe3+ ions have sufficient opportunity to completely bind to the active site of adsorbents [4,10,28].




3.2.3. Effect of Contact Time


Regarding the minimum time needed to attain equilibrium in optimisation of the batch adsorption experiment, the effect of time on the adsorption of Fe(III) on both biosorbents was investigated throughout a time range of 15–720 min. Adsorption was examined at fixed conditions of pH 4, 30 °C, starting concentration of 4 mg/L, and constant shaking speed. Equation (2) was used to compute the quantity of Fe(III) adsorbed on the adsorbent. Figure 6 shows that the adsorption of Fe(III) on N–PPF and C–PPF increased during the first 15 min of contact time, and then steadily increased with time until the adsorption equilibrium time was reached at 300 min (0.376 mg/g for C–PPF and 0.249 mg/g for N–PPF). This might mean that the adsorbents’ surfaces have a higher affinity for metal ions. Normally, the monomolecular layer that covers the surface exhausts the adsorbents’ capacity. In addition, after 300 min, the Fe(III) adsorption rates slowly increased to 720 min. The fast adsorption rate in the initial stage is probably attributable to the large vacant area with many unoccupied active sites on the surface at the beginning [5,14,16,18], while the slower adsorption rate in the second stage can be explained by adsorption site saturation [29]:


   q t  =    (   C 0  −  C t   )  V  w   



(2)




where qt is the quantity of Fe(III) adsorbed onto the adsorbent over time, C0 denotes the starting Fe(III) concentration (mg/L), Ct denotes the Fe(III) concentration at a certain time, w is the weight of the adsorbent (g), and V is the volume of the Fe(III) solution (L).




3.2.4. Effect of Initial Concentration of Fe(III)


The removal of Fe(III) on N–PPF and C–PPF at initial concentrations varying from 0.1–5 mg/L are shown in Figure 7. The percentage removal of Fe(III) decreases gradually as the initial concentration of Fe(III) increases. It can be observed that the percentage removal limit of the adsorption process is at high concentrations [27]. At a high concentration, the position of the adsorption sites will be decreased. This behaviour is connected to competitive diffusion Fe(III) ions processing through pores in both biosorbents. This is because it will prevent the metal ions from passing inside the pores of the adsorbent, which is the adsorption that occurs on the surface of both biosorbents [19].





3.3. Adsorption Mechanism


The mechanism of adsorption can be divided into physisorption and chemisorption [28]. The physisorption mechanism is adsorption between the surface and adsorbate, which involves diffusion, van der Waals interactions, hydrogen bonding, electrostatic interactions and exothermal phenomenon. The chemisorption mechanism involves electronics, valence forces between absorbent and adsorbate, a chemical bond to the surface of the adsorbent, complex formation, chelation, proton displacement, redox reaction, and covalent bonding [29,30].



Researchers previously verified an ion-exchange process utilizing low-cost adsorbents for heavy metal ion removal [31]. However, as shown in Figure 8, the current study proposes a mechanism based on ion exchange between celluloses, hydroxyl and ether functional groups and positively charged Fe(III) ions [32]. The FT–IR spectra of both biosorbents, before and after adsorption, were compared to determine the effect of Fe(III) adsorption on these functional groups, which confirmed the results in Figure 9 and Figure 10, showing that the spectra have similar characteristics that are shifted. The wavenumber of –C–OH was shifted from 1640 cm−1 to 1628 cm−1, 1640 cm−1 to 1649.5 cm−1 for N–PPF and C–PPF, respectively, related to the bending modes of hydroxyl groups to confirm the presence of the lignin structure. The band at 1242 cm−1 and 1020 cm−1 shifted to 1235 cm−1 and 1038 cm−1 for N–PPF and C–PPF, respectively, can be assigned to stretching vibration of the C–O-C group. The band at 1263.7 cm−1 and 1021.7 cm−1 shifted to 1271.3 cm−1 and 1035.9 cm−1 for N–PPF and C–PPF, respectively, related to bending modes of hydroxyl groups, confirming the presence of hemicellulose. This discovery implies that ion exchange between the hydroxyl and ether functional groups of cellulose and positively charged ions of Fe(III) is a chemisorption mechanism [18,21,22]. In particular, the hydroxyl groups at the active sites may efficiently adsorb Fe(III) ions. As a consequence, the adsorbents have more metal-binding active sites and negative surfaces, which improves Fe(III) retention on surfaces and the percentage of Fe(III) removal. The hydrogen bond is formed during this physisorption adsorption process.



The mechanism between Fe(III) and adsorbent can be chemisorption and physisorption [30]. As a result of this research, the kinetic analysis findings indicate the validity of the hypothesized mechanism of interaction between the metal ions and adsorbents. Adsorption of metal ions is generally performed by ion exchange, complex formation, and electrostatic interaction [33,34].




3.4. SEM-EDX Analysis


The morphology and elemental analysis on the samples were investigated by a scanning electron microscope (SEM, Helios NanoLab G3 CX, FEI) coupled with energy dispersive X-ray (EDX) elemental mapping images of C, O and Fe elements. Figure 11 depicts SEM–EDX images of N–PPF and C–PPF. The SEM–EDX micrographs of untreated adsorbent (Figure 11a) and chemical-treated adsorbent (Figure 11e) before adsorption showed that the fibres contain the presence of lignin and hemicellulose components. On the other hand, the used adsorbents had a surface partially covered by heavy metals, indicating that the matrix layers of their surfaces shrunk after metal ions were adsorbed, as shown in Figure 11b–d for N–PPF and Figure 11f–h for C–PPF.




3.5. Adsorption Isotherms


The equilibrium adsorption data were analysed in linear form using Equations (3)–(6), which correspond to three different isotherm models of Langmuir, Freundlich, and Temkin. The mass balance relationship was used to calculate the amount of adsorbed Fe(III) (qe) [10,18,19,35]:


   q e  =    (   C 0  −  C e   )  V  w   



(3)




where C0 represents the initial Fe(III) concentration (mg/L), Ce represents the equilibrium Fe(III) concentration, V represents the volume of the Fe(III) solution (L), and w represents the quantity of adsorbent (g).



As seen in Figure 12 depicting the findings, the isotherm is connected to the quantity of adsorption per weight at equilibrium (qe) and the equilibrium concentration in the bulk fluid phase (Ce). As the concentration of Fe(III) grew, so did its adsorption.


     C e     q e    =  1   q m  b   +    C e     q m     



(4)







The slope and intercept for the plot of Ce versus      C e     q e      are parameters qm and b, respectively, where qm (mg/g) is the maximum adsorption capacity of the adsorbent, and b (L/mg) is the Langmuir constant:


  l o g  q e  = l g  K f  +  1 n  l o g  C e   



(5)







The Kf and    1 n    values can be calculated from the intercept and slope for the plot of logqe versus logCe, where qe (mg/g) and Kf (mg/L) are the equilibrium adsorbed amount and the Freundlich constant, respectively:


   q e  = B l n  A T  + B l n  C e   



(6)




where:


  B =   R T    b T     



(7)







The slope and intercept were used to calculate the B and A constants and display qe against lnCe. The Temkin isotherm equilibrium binding constant (L/g) is denoted by AT. The Temkin isotherm constant is denoted by bT. R (8.314 J/(mol/K)) is the universal gas constant. B is a constant that is proportional to the heat of sorption (J/mol).



The results of the adsorption data are given in Table 3 and Figure 13. The best-fit adsorption linear square model was determined according to the coefficient (R2). The Fe(III) adsorption data are consistent with the Freundlich model. In addition, the Freundlich models of N–PPF and C–PPF have higher R2 values (0.9369 and 0.9768, respectively) than the Langmuir model, and may be used for heterogeneous systems where there is an interaction between the molecules adsorbed and the occurrence of multilayer coverage of Fe(III) on the adsorbent surface [23,24]. As a result, on the biosorption surface, the adsorbed Fe(III) ions formed a monolayer. The N–PPF and C–PPF had qmax values of 0.0833 and 0.4147 mg/g, respectively [36]. The Temkin model has an R2 of 0.9325 and assumes that the sorption heat of all molecules reduces as the layer is covered, taking into account the influence of indirect contact between adsorbate molecules for C–PPF. Furthermore, the adsorption has the greatest energy distribution of a uniform bond due to the interactions between the adsorbent and the adsorbate [20,27]. The B is +0.0163 and +0.0495 J/mol for N–PPF and C–PPF, respectively, implying that the heat of sorption, which is an indication of the heat of sorption, specifies a physisorption process of N–PPF and C–PPF [20,36,37,38]. The values of n are measures of either adsorption intensity or surface heterogeneity, and they reflect the favourability of sorption, where n < 1, 1 < n < 2, and 2 < n < 10 represent poor, moderate, and favourable adsorption, respectively, and grow more heterogeneous as they approach 10 [39]. When the adsorbent surface is fairly heterogeneous, the value of n is 1.19 for C–PPF.




3.6. Kinetic Models of the Fe(III) Adsorption Process


The kinetics of the Fe(III) adsorption process on N–PPF and C–PPF were studied using three kinetic models. Time-dependent experimental data on Fe(III) included pseudo-first order, pseudo–second–order, and intra-particle diffusion. Equations (8)–(10) are used to present them and integrate them into a linear form.


  l o g (  q e  −  q t  ) = l o g  q e  −    k 1    2.303   t  



(8)







The k1 values can be calculated from the slope for the plot of log(qe − qt) versus t.


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



(9)







qe and k2 can be determined from the slope and intercept for the plot of    t   q t      against t. The initial sorption rate is    k 2   q e 2   , represented as h [29,31].



Adsorbate molecules or ions were transferred through the boundary layer from the bulk of the solution to the solid surface, allowing for diffusion within the porous particle and adsorption on the surface. The intra-particle diffusion process is a rate-limiting phase in many adsorption processes, and it was predicted by the model shown below [39]:


   q t  =  k  i d    t  1 / 2   + C  



(10)







The slope and intercept for the plot of qt vs. t1/2 may be used to calculate kid and c, where k1 (1/min) and k2 (mg/(g·min−1)) represent the pseudo–first–order rate constant and the pseudo–second–order rate constant, respectively. The kid (mg/(g·min1/2)) represents the intra-particle diffusion rate constant. The equilibrium adsorbed quantities and adsorbed amounts at any moment are represented by the qe (mg/g) and qt (mg/g) values, respectively. The thickness of the boundary layer is represented by parameter c (mg/g). The border is effective if the intercept value exceeds c.



The experimental data are shown in Table 4 and Figure 14 and Figure 15. Both the pseudo–first–order and pseudo–second–order reaction models agree well with the kinetic data of Fe(III) sorption. The initial Fe(III) sorption rate from C–PPF was determined to be 0.0090 mg/(g·min). The Fe(III) removal from C–PPF was discovered to be sluggish. On the other hand, the adsorption of Fe(III) onto C-PPF is better suited to the pseudo–first–order model (R2 = 0.9870) and the pseudo–second–order model (R2 = 0.9890). Both models exhibit a good match, but N–PPF is more suited to the pseudo–first–order model (R2 = 0.9616). Based on the experimental data for C–PPF and the pseudo–first–order model for N–PPF, the adsorption capacities were computed using the pseudo–first–order and pseudo–second–order models. The physisorption process was demonstrated by fitting the adsorption process using a pseudo–first–order model. The adsorption process was ideally suited to the pseudo–second–order model, proving chemisorption [40]. Similar behaviour has been observed for Fe(III) adsorption on other natural adsorbent materials [26,27,28]. The initial sorption rates of N–PPF and C–PPF were 0.0025 and 0.0090 mg/(g·min), respectively, indicating that the initial sorption rate of C–PPF is faster than that of N–PPF.



The results of the intra-particle diffusion parameters are shown in Table 5 and Figure 16. The internal diffusion model was utilised to investigate the adsorption rate determination technique. The internal diffusion model parameters may be utilised to visualise the data between qt and t(1/2). The fact that the plot from this model is a straight line that passes through the origin indicates that the adsorption process is controlled by intra-particle diffusion. However, the presence of two or more linear zones in the plot shows that the adsorption process occurs in stages [26,27]. The intra-particle adsorption plots were found to be nonlinear and may be divided into three linear stages where the plots do not pass through the origin (c ≠ 0). This illustrates that, in addition to intra-particle diffusion being a rate-controlling step, the rate of adsorption may be regulated by other kinetic models, such as boundary layer diffusion or other processes with some control over the border layer [25,26,41]. The initial stage is characterised by a high diffusion rate (kid1) due to the bulk diffusion or external diffusion, where ions are carried to the exterior surface of the adsorbent. Subsequently, the rate of diffusion lowers in the second stage (kid2), which is the gradual diffusion of ions within the porous particle of adsorbent throughout the interparticle diffusion. Following that, the lowest rate of diffusion (kid3) in the third stage indicates an equilibrium state, whereas the first stage is the high diffusion rate (kid1), which is the transfer of ions to the exterior surface of the adsorbent. The rate of diffusion lowers in the third stage (kid3), which is diffusion within the porous particle and is due to the reduced concentration of ions and the saturation of all active sites on the adsorbent surface [29,32]. The R2 and kid values indicate that intra-particle diffusion of Fe(III) on N–PPF and C–PPF, which might be related to adsorbed on the surface of the adsorbent and within its pore structure [26,30,31].




3.7. Comparison of Adsorption Capacities with Other Biosorbents


Interestingly, it was found that the physical characteristics such as shades and surface characteristics of cocoon adsorbents still remained after the repeated experiment process three times. It is found that the effect of all parameters can still maintain the adsorbent material very well. For this reason, they can be used to remove heavy metals in wastewater repeatedly. Therefore, it is a material that is suitable for application and is considered as the most efficient use of natural adsorbent materials. The adsorption capacities of the C–PPF and N–PPF adsorbents were compared to those of other similar natural materials under various experimental conditions are in Table 6. It should be emphasized that adsorption capabilities vary depending on the features of the adsorbent, the level of surface alteration, and the analytical method employed for decontamination. Additionally, the heat treatment temperature, pH, adsorbent particle size, and starting concentration of the employed adsorbate are all critical. With the exception of rice straw charcoal, many researchers are interested in investigating the adsorption capacities of various heavy metals by employing natural adsorbents such as fruit peels and agricultural wastes [3], as well as sugar cane [18]. Both the adsorbents in this study have reasonable adsorption capacities for Fe(III) ions. The qmax value is somewhat lower than in other natural adsorbents. Rice straw charcoal is an amorphous substance mostly comprised of carbon. It is graphite with a porous structure and a large surface area [11]. In a previous investigation, the adsorbent was cut into small pieces and then ground into a powder which had a high surface area with porosity. However, this study used adsorbents in original form (fibres). Therefore, the adsorption capacity of this study was lower than the previous research.





4. Conclusions


Natural fibres from palmyra palm fruits were studied as a biosorbent in this work. The untreated and chemically treated samples are referred to as N–PPF and C–PPF, respectively. In this work, the starting concentration, an adsorbent dose of 2.0 g, pH 4, and a contact period of 300 min were used. The adsorption capacity values correlated to the Langmuir, Freundlich, and Temkin models, with the Freundlich model providing the greatest fit. The N–PPF and C–PPF Langmuir adsorption capacities were determined to be 0.0833 and 0.4147 mg/g, respectively. Iron ions absorbed in C–PPF were greater than in N-PPF due to their pore size and greater pore volume than in N–PPF. The Temkin model was used to calculate the sorption heat of all the molecules on the surface, which were +0.0163, +0.0495 J/mol, which is an indication of the physisorption process of N–PPF and C-PPF, respectively, and n = 1.19 showed that the adsorbent surface is fairly heterogeneous. Adsorption occurred according to the pseudo–first–order kinetic model, which suited the adsorption process perfectly. It represents the physisorption of N–PPF. The pseudo–first–order and pseudo–second–order kinetic models completely fit the adsorption process, verifying the C–PPF physisorption and chemisorption processes. As a result, it can be inferred that these adsorbents can be used as inexpensive, easily accessible, and efficient biosorbents for iron removal from wastewater.
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Figure 1. Physical appearance of biosorbents during the preparation and adsorption processes. 
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Figure 2. The SEM images show the surface morphology of N–PPF (a) and C–PPF (b). 
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Figure 3. The functional group characteristic of FT–IR spectra between (a) N–PPF before adsorption and (b) C–PPF before adsorption. 
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Figure 4. Variation in percentages of Fe(III) removal with adsorbent dosages (at concentration of Fe(III) is 4 mg/L, pH4, 30 °C and 300 min). 
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Figure 5. Variation in percentages of Fe(III) removal with pH values (at concentration of Fe(III) is 1 mg/L, 30 °C, 300 min and 2 g of adsorbent). 
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Figure 6. Variation in percentages of Fe(III) removal with contact time. 
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Figure 7. Impact of initial concentration of Fe(III) on adsorption onto both biosorbents. 
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Figure 8. Schematic mechanism of interaction between Fe(III) ions and cellulose of C–PPF. 
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Figure 9. The comparison of FT–IR spectra between (a) N–PPF before adsorption and (b) N–PPF after adsorption. 
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Figure 10. The comparison of FT–IR spectra between (a) C–PPF before adsorption and (b) C–PPF after adsorption. 
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Figure 11. The SEM, elemental mapping analysis and EDX images of N–PPF (a–d) and C–PPF after adsorption (e–h). 
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Figure 12. Adsorption isotherms of Fe(III) for adsorbents (a) N–PPF adsorbent; (b) C–PPF adsorbent. 
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Figure 13. Adsorption isotherms of Freundlich, Langmuir, and Temkin for N–PPF and C–PPF. Freundlich isotherm for (a) N–PPF and (b) C–PPF; Langmuir isotherm for (c) N–PPF and (d) C–PPF; Temkin isotherm for (e) N–PPF and (f) C–PPF. 
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Figure 14. Pseudo–first–order model for Fe(III) adsorption of C–PPF and N–PPF. 
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Figure 15. Pseudo–second–order model for Fe(III) adsorption of C–PPF and N–PPF. 
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Figure 16. Intra-particle diffusion model for Fe(III) adsorption of C–PPF and N–PPF. 
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Table 1. Specific surface area, pore volume, and pore size of the biosorbents.
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	Biosorbent
	Pore Volume (cm3/g)
	Pore Size (Å)





	N–PPF
	0.00314
	30.1640



	C–PPF
	0.01069
	450.2094
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Table 2. The FT-IR bands for functional groups of cellulose, hemicellulose and lignin.
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	Fibre

Component
	Wave

Number (cm−1)
	Functional

Group
	Compounds





	Cellulose
	4000–2995
	OH
	Acid, methanol



	
	2890
	H–C–H
	Alkyl, aliphatic



	
	1640
	Fibre–OH
	Adsorbed water



	
	1270–1232
	C–O–C
	Aryl–alkyl ether



	
	1170–1082
	C–O–C
	Pyranose ring skeletal



	
	
	
	C–OH



	
	1108
	OH
	



	Hemicellulose
	4000–2995
	OH
	Acid, methanol alkyl, aliphatic



	
	2890
	H–C–H
	Ketone and carbonyl



	
	1765–1715
	C=O
	C–OH



	
	1108
	OH
	



	Lignin
	4000–29,995
	
	Acid, methanol



	
	2890
	H–C–H
	Alkyl, aliphatic



	
	1730–1700
	
	Aromatic



	
	1632
	C=C
	Benzene



	
	
	
	stretching



	
	
	
	ring



	
	1613–1450
	C=C
	Aromatic



	
	
	
	stretching mode



	
	1430
	O–CH3
	Methyl–O–CH3



	
	1270–1232
	C–O–C
	Aryl–alkyl ether



	
	1215
	C–O
	Phenol



	
	1108
	OH
	C–OH



	
	900–700
	C–H
	Aromatic



	
	
	
	Hydrogen










[image: Table] 





Table 3. Comparison of isotherm parameters for Fe(III) adsorption on C–PPF and N–PPF sorbents.
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Biosorbent

	
Langmuir Isotherm

	
Freundlich Isotherm

	
Temkin Isotherm






	

	
qm 

(mg/g)

	
b

(L/mg)

	
R2

	
Kf (mg/g)/(mg/L)1/n

	
N

	
R2

	
AT

	
B

	
R2




	
N–PPF

	
0.0833

	
0.9103

	
0.6516

	
36.9

	
1.66

	
0.9369

	
12.0709

	
0.0163

	
0.7781




	
C–PPF

	
0.4147

	
0.2579

	
0.6570

	
82.0

	
1.19

	
0.9768

	
6.7197

	
0.0495

	
0.9325
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Table 4. Kinetic parameters of Fe(III) adsorption on C–PPF and N–PPF at 303 K.






Table 4. Kinetic parameters of Fe(III) adsorption on C–PPF and N–PPF at 303 K.





	
Biosorbent

	
Pseudo-First Order

	
Pseudo-Second Order






	

	
qe (mg/g)

experimental

	
qe (mg/g)

calculated

	
k1

(1/min)

	
R2

	
qe (mg/g)

calculated

	
k2

(g/(mg·min−1))

	
h

(mg/(g·min))

	
R2




	
N–PPF

	
0.249

	
0.1972

	
−0.0037

	
0.9616

	
0.2655

	
0.0348

	
0.0025

	
0.8157




	
C–PPF

	
0.3760

	
0.2997

	
0.0122

	
0.9870

	
0.4311

	
0.0484

	
0.0090

	
0.9890
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Table 5. Intra-particle diffusion constants of Fe(III) adsorption on different biosorbents at 303 K.
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Biosorbent

	
Intra-Particle Diffusion






	

	
kid1

mg/(g·min1/2)

	
kid2

mg/(g·min1/2)

	
kid3

mg/(g·min1/2)

	
C1

	
C2

	
C3

	
R12

	
R22

	
R32




	
N–PPF

	
0.0390

	
0.0094

	
0.0024

	
0.0557

	
0.0228

	
0.2229

	
0.9719

	
0.9339

	
0.9832




	
C–PPF

	
0.0222

	
0.0093

	
0.0012

	
0.0570

	
0.2163

	
0.3529

	
0.9413

	
0.9674

	
0.7745
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Table 6. Adsorption capacities of Fe(III) ions in aqueous solutions using different natural adsorbents.
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	Biosorbents
	pH
	qmax (mg/g)
	References





	Natural palmyra palm fruit (N–PPF)
	4
	0.0833
	This study



	Palmyra palm fruit (C–PPF)
	4
	0.4147
	This study



	Coconut husk

Sugar cane bagasse
	2

2
	0.712

18.54
	[19]

[18,34]



	Rice straw(untreated)

Rice straw

Rice straw

Rice straw
	7

7

7

7
	0.75

0.81

0.86

0.59
	[10]

[17]

[17]

[17]



	Rice straw
	1
	58.82
	[3]
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