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Abstract:
							                           
—The removal of heavy metals present in water is an issue of environmental interest, due to bioaccumulation, biomagnification and the carcinogenic and mutagenic effects on living beings. The objective of the present study was to use plantain peel residues in Chromium (VI) and Nickel (II) removal in continuous system, evaluating the effect of bed height, temperature and adsorbent particle size on the process; obtaining a 98.7% 99.71% removal yield for Cr (VI) and Ni (II), respectively. The FTIR showed that the bioadsorbent has a heterogeneous structure with the presence of hydroxyl groups, saturated and unsaturated hydrocarbons, carbonyls, carboxyl, among others, and it was established that the process is controlled by electrostatic reactions between the active centers and the metal. The breakage curve was carried out under the optimal conditions established by the Response Surface Methodology (RSM) and it was established that the bioadsorbent has an extensive useful life, as it was not saturated throughout the process. The thermodynamic parameters established that the process is exothermic and irreversible, being favored at room temperature. Taking into account the behavior of plantain peels during the breakage curve, it is recommended to use it as a filler in a packed bed to remove Cr (VI) and Ni (II).
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Resumen:
						                           
—La remoción de metales pesados presentes en aguas es un tema de interés ambiental, debido a la bioacumulación, biomagnificación y los efectos cancerígenos y mutagénicos para los seres vivos. El objetivo del presente estudio fue usar residuos de cáscara de plátano en la remoción de Cromo (VI) y Níquel (II) en sistema continuo, evaluando el efecto de la altura del lecho, temperatura y tamaño de partícula del adsorbente sobre el proceso; Obteniendo un rendimiento en la remoción del 98,7% 99,71% para Cr (VI) y Ni (II), respectivamente. El FTIR mostró que el bioadsorbente tiene una estructura heterogénea con presencia de grupos hidroxilo, hidrocarburos saturados e insaturados, carbonilos, carboxilo, entre otros, y se estableció que el proceso es controlado por reacciones electrotáticas entre los centros activos y el metal. La curva de ruptura se realizó a las condiciones óptimas establecidas por la Metodología Superficie Respuesta (RSM) y se estableció que el bioadsorbente tiene una vida útil extensa, en tanto no se saturó a lo largo del proceso. Los parámetros termodinámicos establecieron que el proceso es exotérmico e irreversible, viéndose favorecido a temperatura ambiente. Teniendo en cuenta el comportamiento de las cáscaras de plátano durante la curva de ruptura, se recomienda su uso como relleno en un lecho empacado para remover Cr (VI) y Ni (II)



Palabras clave: — Adsorción, Biomasa lignocelulósica, Metales pesados, lecho empacado, cáscaras de plátano.
                                







I. Introduction

CONTAMINATION of water sources by Cr(VI) and Ni(II) is an environmental problem, due to its harmful effects on health and ecosystems [1], [2]. Chromium causes respiratory problems, lung cancer and affects the male reproductive system [3], [4]. For its part, chromium is dumped into the environment in effluents from the fertilizer, textile, photographic, pigment, tannery, electroplating, and electronic manufacturing industries, among others [5], and in its oxidation +6 state it crosses biological barriers, with carcinogenic and mutagenic effects [6], [7]. Nickel is widely used in production of batteries, steel, alloys, and prolonged exposure to it can cause stomach aches and carcinogenic effects on the blood, kidneys, or chronic bronchitis and alteration of the lung [3].


These metals are bioaccumulative, are magnified in the food chain and are resistant to degradation [8]; therefore, different techniques have been implemented for the removal of heavy metals in solution such as: oxidative techniques, filtration and ultrafiltration, membrane extraction, ion exchange, among others [9],
[10]. However, the application of these technologies is expensive due to operational and energy costs, labor; in addition, they generate toxic waste sludge and have little efficiency at trace concentration levels [11].


Bioadsorption is presented as an alternative for the removal of heavy metals present in wastewater, due to the high adsorption capacity that lignocellulosic adsorbents present, the low cost, availability, and reuse of the raw material [12], [13]. Thus, different agricultural and agroindustrial biomasses have been used in the removal of heavy metals such as: lychee [14], grapefruit [15], pineapple and orange [16], lime [17], coffee waste [8], yucca and yam [18], bagasse [19], among others [20]–[23]. So, the objective of this research was to establish the effect of temperature, bed height and particle size in Ni (II) and Cr (VI) biosorption on plantain peel in a continuous system, determining the optimal operating conditions through the Response Surface Methodology and the bed saturation time.




II. MATERIALS AND METHODS


A. Materials and reactives

To prepare the solutions, Merck brand Nickel Sulfate (NiSO4) and Potassium Dichromate (HCrO7) were used. To adjust the pH, solutions of 1M Sodium Hydroxide (NaOH) and Hydrochloric Acid (HCl) were used. The FTIR in a NICOLET 6700. The solutions were prepared using deionized water.




B. Design of experiments

An experimental design known as central star composite response surface was used with the objective of not making replicas (Table I), in which the effect of three factors was analyzed: temperature, particle size and bed height; which were worked with five levels of variation each.




Tabla I .




Ranges And Levels Of Variation.









	
Independent variables

	
Indicator

	
Range and level




	-α
	-1
	0
	+1
	+ α



	

Particle size

	mm
	0.1351
	1
	0.5
	0.355
	1.2189



	
Bed height

	mm
	6.1373
	30
	65
	100
	123.863



	
Temperature

	°C
	29
	40
	55
	70
	80

























C. Preparation and characterization of the adsorbent

The plantain peel, collected in sufficient quantity to perform all the experiments, was washed, dried by sun for three days and at 90 °C in an oven for 24 hours [4]. It was then reduced in size and sized in a shaker-type sieve, selecting mesh sizes of 0.1351, 0.355, 0.6775, 1 and 1.2198 mm [5]. The prepared adsorbent was characterized by FTIR analysis to identify the groups involved in the adsorption process [4].





D. Adsorption tests in continuous system

Adsorption tests of Cr (VI) and Ni (II) were performed at pH 2 and 6, respectively, and 100 ppm, following the proposed experimental design; a continuous system equipment with acrylic columns of 4.1 cm internal diameter and height of 15 cm was used, with a flow rate between 11-15 mL/min [5]. The variation and control of the temperature was made by means of an Arduino nano controller. Samples to measure the final ion concentration in the solution were taken at the bottom outlet of the column. The final concentration of Ni (II) was determined by atomic absorption and the Cr (VI) concentration by UV-VIS spectrophotometry using the 1.5-diphenylcarbazide colorimetric method at 540 nm in a UV-Vis spectrophotometer model BK-UV 1900.




E. Statistical analysis.

The analysis of the results was carried out in the STATGRAPHICS Centurion 18.1.02 software, in order to optimize the process using the Response Surface Method (RSM) and to determine the incidence of the variables studied on the adsorption of Chromium (VI) and Nickel (II), using analysis of variance, Pareto diagram for each of the biomasses under study.




F. Breakage curve and fit to models

The breakage curve was made by placing Cr (VI) and Ni (II) contaminated solution in contact with the bioadsorbent, at the optimal conditions of temperature, particle diameter and bed height found by RSM for each contaminant. Adams-Bohart, Thomas, Yoon-Nelson and dose-response models were used to predict the column behavior, calculating the process constants and evaluating the adsorption capacity of the adsorbent.




G. Adsorption models used in the breakage curve

Adams-Bohart model

The Adams-Bohart model is used only for the initial description of the breakage curve above the breakage point or saturation points; it only describes between 10-50% of the behavior. It assumes that the adsorption rate is proportional to the adsorption capacity and the concentration of the adsorbed species [6].


This model is described according to (1):
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Where KAB is the kinetic constant of AB in (L/mg.min), NO is the maximum volumetric adsorption capacity in mg/L and v is the linear flow rate in (cm/min), L is the column bed depth in cm, C0 is the internal concentration mg/L, Ct is the effluent concentration and t is the residence time of the solution in the column [7].


Thomas model

Thomas' model is of a dynamic type and follows Langmuir's adsorption kinetics. In this model the axial dispersion is considered to be negligible in the bed, due to the fact that the driving force obeys a second-order kinetics with a reversible reaction [8].

Given by (2):
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Where Kth, is the Thomas constant (mL/min-1 mg-1); qo, is the maximum solute concentration in the solid phase (mg/g); X, is the amount of adsorbent in the column (g), Q is the flow rate (mL/min) and V (L) is the volume of the effluent at the time of operation [9].

Dose-Response Model

The Dose-Response model has been commonly used in pharmacology to describe different types of processes, and is currently being applied to describe columnar bioadsorption [24]. The DR model can be represented by (3):
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Where a is the model constant, q0, maximum solute concentration in the solid phase (mg/g), X, is the amount of adsorbent in the column (g) and Q is the flow rate (mL/min) [25].





H. Calculation method of the total amount of metal removed

The amount of metal removed for PP-Cr(VI) was resolved by calculating the area under the breakage curve using the following integral shown in (4) and (5):
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And for PP-Ni(II) was used:
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The numerical integration was done by the Simpson 1/3 method and the different integrals are done for the reason that the separation of all the points are not equidistant so it is done by intervals which certainly are. The total amount that passes through the column, the percentage retained, the biosorption capacity and the metal in solution at the end are calculated by (6) to (9):
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III. RESULTS AND DISCUSSION


A. Adsorbent characterization

The adsorption process is a complex multi-step phenomenon that involves many factors; among these, the surface chemistry and pore structure of the biomasses studied are influential. In Fig. 1a, it is shown the spectrogram obtained and the chemical composition in % of atomic weight for unsaturated PP, and after the removal of Chromium (VI) (Fig. 1b) and Nickel (II) (Fig. 1c). It was obtained that carbon and oxygen are the most present in all the materials studied, with 75.18 and 23.34%, respectively, which can be attributed to their organic nature; as well as elements in small proportions: Al, Cl and K [2], [26]. De igual forma, después del proceso de remoción, se evidencia la presencia de los iones metálicos removidos.


Fig. 2a shows the scanning electron microscopy (SEM) images of the PP, which has a cylindrical agglomerated appearance.
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Fig. 1.



EDS analysis of unsaturated plantain peel (a) and after the adsorption process of Chromium (b) and Nickel (c).















From SEM micrographs after the adsorption experiments it was found that Cr (VI) and Ni (II) ions were adsorbed on the plantain peel biomass surface according to an electrostatic attraction mechanism, suggesting that the process is dominated by chemisorption [26], [27].
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Fig. 2



SEM microphotographs of unsaturated plantain peel (a) and after the adsorption process of Chromium (b) and Nickel (c).















FTIR analysis of biomass provides information regarding the organic functional groups present inside the structure of the lignocellulosic material, which have been reported as participants in ion exchange to capture the contaminant within the pores of the biosorbent [28]–[30]. Fig. 3 shows the IR spectrum of the PP before and after the Cr (VI) and Ni (II) removal process, and shows the representative peaks corresponding to the vibration and stretching of the OH, C-H, C=O, COOH groups [31], [32].
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Fig. 3.



FTIR plantain peel (PP) before and after the adsorption process of Cr (VI) and Ni (II).















From the spectrum of Fig. 3, a broadband at 3387 cm-1 is identified due to the characteristic vibration of the O-H hydroxyl present in the hydrocarbon chains of cellulose, hemicellulose and lignin present in the material [33]–[35]. The fluctuation in 2931 cm-1 is due to the C-H bond or aliphatic group resulting from the organic compound structure in the material structure attributed to the possible presence of methyl, methylene or methoxy groups [36], [37]. The peak at 1652 cm-1 is an indication of carbonyl groups, possibly a result of the carboxylic groups of pectin, hemicellulose and lignin [38]. The frequency observed between 1010-1419 cm-1 can be attributed to the vibration of carboxylic acids and alcohols [30].

After the adsorption process a noticeable change in the spectrum of both biomaterial samples is observed, showing stretching of the bands at certain frequencies compared to the unused biomaterial. The vibrations of the hydroxyl, carbonyl, alcoholic, aliphatic and carboxyl groups are much more pronounced; these changes can be attributed to the metal presence, both Ni (II) and Cr (VI), in the structure of the biomaterial which is the result of the union of the metals to the different functional groups [33].





B. Adsorption tests of Cr (VI) and Ni (II)


Table II presents the results obtained in each adsorption test, according to the experimental design previously raised. From the results, it is observed that the PP showed a good performance in the removal of Cr (VI), reaching percentages between 90 % - 98.7 %; good results were also obtained in the removal of Ni (II), reaching percentages of removal higher than 70 % below all the conditions evaluated. This is due to the presence of carbonate compounds in the structure of the biomaterial, which suggests high presence of lignin and cellulose. The high removal efficiencies are also attributed to the presence of H- ions at the pH worked, which could contribute to the selectivity of the active centers by the metal [31].




Tabla II.




Removal Percentages Of Cr (VI) And Ni (II) Using PP.









	
Temperature (°C)

	
Bed height (mm)

	
Particle size (mm)

	
Cr(VI) (%)

	
PP-Ni(II) (%)




	55
	65
	0,6775
	98,07
	84,773



	80,22
	65
	0,6775
	97,45
	90,836



	55
	6,13
	0,6775
	98,7
	81,329



	55
	65
	0,135122
	89,32
	99,354



	40
	100
	0,355
	97,75
	99,714



	40
	100
	1
	97,82
	92,329



	55
	65
	1,219
	98,7
	85,419



	70
	30
	0,355
	98,7
	94,854



	55
	65
	0,677
	98,07
	84,773



	40
	30
	1
	97,82
	74,698



	29,77
	65
	0,677
	98,7
	85,978



	70
	30
	1
	90,57
	73,388



	70
	100
	1
	96,95
	77,255



	55
	123,8
	0,677
	93,07
	75,706



	70
	100
	0,355
	97,82
	98,962



	40
	30
	0,355
	98,7
	94,406

























C. Effect of particle size, bed height and temperature on the % removal of Cr(VI) and Ni(II)

From Fig. 4a it can be said that none of the variables and their possible combinations in the experimental range established in the design of experiments reach 95% reliability, so they do not have a significant effect on the Cr (VI) removal, presenting the combination of temperature-particle size a negative effect on the system as well as the temperature and height of the bed, as evidenced in the effects graph (Fig. 5a). The Pareto diagram for the removal of Ni (II) (Fig. 4b), shows that the variable that has the greatest influence within the system is the particle size, which determines the internal surface area and the number of sites available in the bioadsorbent [11], with temperature being the variable that has the least influence on the process.
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Fig. 4.



Standardized Pareto diagram for the removal process of (a) Cr(VI) and (b) Ni(II).
















Fig. 5 relates the variables together with the removal percentage. This graph allows us to understand the behavior and effect that the controllable variables have on the system.
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Fig. 5.



Effect of temperature, bed height and particle size on the % removal of (a) Cr (VI) and (b) Ni (II).















From Fig. 5, is established that increasing the solution temperature of the biomaterial throughout the evaluated range reduces the removal of Cr (VI), while for Ni (II) the decrease occurs from 40 to 50, which would imply a process of exothermic nature, which releases energy when the bonds between the contaminants with the functional groups are formed, and would indicate that the increase of energy in the system would cause a weakening of the interaction forces between the adsorbate and the adsorbent [39]–[41]. A temperature increase favors the desorption of the sorbate molecules over the biosorbent structure, because by gaining more energy than the bonds formed between the compounds support, the interaction forces are reduced, causing the release of what is not desired and this is a result of the temperature [42].


The increase of the bed height favors the adsorption due to the increase in the amount of active sites that allow the union of the ions with the functional groups, this effect is evident in the adsorption of Cr(IV) with bed heights between 30 and 56 mm; however for the heights of 56 to 100 mm when performing the experiment at high heights with low particle sizes the solution tended to seek the least tortuous path to descend along the bed, thus leaving areas without contact with the contaminated solution [43]. In contrast, the increase in the height of the bed favors proportionally the efficiency of NI (II) removal due to the fact that there is a greater biomass surface area because of the greater amount of particles; likewise, the diffusion phenomenon predominates over the axial dispersion phenomena in the mass transfer, causing an expansion of the mass transfer zone [44]. The good performance of Ni (II) removal can also be attributed to the availability of active contact sites between the metal and the particles, expanding the mass transfer zone by the higher mass transfer resistance and slower adsorption kinetics; in turn the increase in mass transfer resistance is caused by the repulsive forces between the adsorbed metals and the metals present in the solution bulk [45].




D. Optimization by Response Surface Methodology.

The optimal operating conditions for the adsorption system were obtained using the Response Surface Methodology (RSM), and are shown in Table III:





Table III.




Selected Optimal Values For Ni(II) And Cr (VI) Adsorption









	
Conditions

	
Ni (II)

	
Cr (VI)




	
Temperature (°C)

	29
	29.8



	
Particle size (mm)

	0.5
	56.6



	
Bed height (mm)

	110
	1.0817






















The predictions provided by the RSM for Cr (VI) are shown in the function graph as an estimated area (Fig. 6).
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Fig. 6.



Estimated response area for Cr (VI).















The temperature selected will be the ambient temperature because the system's behavior is more efficient when it is not supplied with energy.

The predictions for Ni (II) are shown in Fig. 7:
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Fig. 7.



Estimated response area for Ni (II).


















E. Breakage curve modeling

The breakage curve of a bed makes it possible to establish its service life and saturation time [46]. Thus, the optimal bed height, particle size and temperature values, previously determined by the RSM, were used to achieve maximum removal in the adsorption tests. Fig. 8 shows the time vs C/Ci graph for Cr (VI) adsorption and Fig. 9 for Ni (II) adsorption, adjusted to Thomas, Response Dose, Yoon-Nelson, Adams-Bohart and BDST models [47].


The Cr (VI) breakage curve was made for approximately 17 hours, identifying the breakage time around of 300 min, where the output concentration was 7.3 ppm and therefore the removal percentage was 92.7%. The saturation point was determined at 1000 min with an output concentration of 69.4 ppm, which corresponds to 30% removal; and at 1020 min the system is considered to be in equilibrium, because the output concentration is 70 ppm. The behavior observed in the breaking curve, it can be said that the very low slope of the curve is due to the low concentration difference between the absorbent solution and the solute of the dissolution, creating a very low concentration gradient, resulting in a very weak driving force responsible for the transport of the contaminant from the fluid to the particle structure, which decreases the diffusion coefficient, causing the saturation time of the biomaterial to be much longer [48], [49].




[image: 84966670009_gf26.png]


Fig. 8.



Adjustment of Cr (VI) adsorption breakage curve to models.















The values of the system performance during the Cr (VI) and Ni (II) adsorption process are presented in Table IV, determining the amount of metal removed by calculating the area under the breakage curve using the x-equations, described in the methodology.




Tabla IV.




System performance.









	
Parameters

	
Value




	
Cr (VI)

	
Ni (II)




	Total amount of metal (mg)
	1530
	354



	Amount of metal removed (mg)
	1054.1906
	344.55



	Percentage withheld (5)
	68.901
	97.33



	Biosorption capacity (mg/g)
	31.9452
	5.8696



	Metal in the solution (ppm)
	31.098
	12.304






















Regarding the behavior of the Ni (II) breakage Curve, it can be seen that after 720 minutes of operation, it still presents a high removal capacity without reaching the breakage point. This could be due to the low volume of liquid that circulated through the column, which is represented by the value associated with the amount of metal fed into the column, which means that there would not be enough contaminant in the bed to come into contact with all the active sites of the biomass, causing the adsorption capacity of the biosorbent to be low in comparison with Cr (VI) [50], [51].

The adjustment parameters of the modeling of the breakage curves are presented in Table V.





Tabla V.




Setting parameters of Cr (VI) and Ni (II) breakage curve models.









	
Model

	
Parameter

	
Cr (VI)

	
Ni (II)




	Thomas
	KTh (mL/min.mg)
	0.0544444
	0.0011



	q0 (mg/g)
	10.7506
	366.4779



	R2

	0.9406
	0,2015



	Yoon-Nelson
	KYN (1/min)
	0.0037
	0.00042



	Τ (min)
	793.7435
	9726.4186



	R2

	0.9843
	0,1808



	D-R
	A
	2.3117
	1.9549



	q0 (mg/g)
	25.7574
	52.3808



	R2

	0,9798
	0.0724



	Adams-Bohart
	KAB (L/min.mg)
	2.1948e-05
	1.8283e-07



	N0 (mg/L)
	20711.2999
	1210425.44



	R2

	0,9768
	0.20



	BDST
	No (mg/L)
	13534.1924
	1665816.8



	KBDST (L/mg.min)
	3.723e-05
	2.4175e-07



	R2

	0.9843
	0.20






















Observing the previous table, the models of best adjustment to the experimental data of Cr (IV) adsorption are Yoon-Nelson and BDST with an R2 of 0.9843; nevertheless, the other models evaluated, also presented high R2 values which indicate us that they are not so far from predicting the behavior of the breakage curve. However, when observing Fig. 8, the Thomas model moves considerably away from the experimental values at the beginning of the test, so this model is discarded from the analysis. With regard to Ni (II), the models evaluated did not adequately fit the experimental data due to the behavior that occurred in the bed. This behavior suggests the need to develop our own equations to describe the process and perform a correct industrial scaling
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Fig. 9.



Adjustment of Ni (II) adsorption breakage curve to models.


















F. Thermodynamic parameters

Thermodynamic parameters reflected the feasibility and spontaneous nature of the process; thus, free energy change, enthalpy change and surface entropy change were estimated using the change of the equilibrium constant with absolute temperature [28]. For this, the Van't hoff graphical method was used, which expresses the change in free energy as a function of the change in enthalpy and adsorption entropy with temperature, obtaining the regression line -ΔS° and intercepting ΔH° as expressed in the equation [39]. The thermodynamic parameters for Cr and NI(II) adsorption are shown in Table VI:




Tabla VI.




Thermodynamic parameters for adsorption of Cr(VI) and Ni(II).









	
T (K)

	
Cr (VI)

	
Ni (II)




	
ΔG° (KJ/mol)

	
Δ
H° (KJ/mol)

	
ΔS° (KJ/molK)

	
ΔG° (KJ/mol)

	
Δ
H° (KJ/mol)


	
ΔS° (KJ/molK)




	303.15
	393.6003
	-225.6712
	-2.0428
	434.5156
	-976.9138
	1.7892



	328.15
	670.3412
	
	
	-587.1284
	
	



	353.37
	721.8604
	
	
	-632.2522
	
	






















It is observed that Gibbs' energy in the Cr (VI) removal process increased proportionally with temperature, which corroborates the non-spontaneous increase of the removal. The negative direction of Entalpy in the removal of Cr(VI) and Ni(II) indicates the exothermic nature of the process, which is consistent with the results found above. On the other hand, the negative value of the Entropy of adsorption of both metals indicates a low reversibility in the process and a low randomness in the liquid-solid interface in the adsorption process [52], [53]. The decrease in the free energy of Gibss during Ni(II) removal indicates that the spontaneity of the process is inversely proportional to the temperature increase, so the system does not need energy additions to react [54],
 [55].






IV. CONCLUSIONS

The use of plantain peel as a bioadsorbent for the removal of Cr(VI) and Ni(II) proved to be efficient. It was found in the FTIR analysis the presence of functional groups such as hydroxyl, carbonyl and carboxyl, which are attributed with affinity with the ions of heavy metals, participating in the adsorption, and the SEM-EDS analysis established that the adsorption is given by electrostatic forces inside the pores of the adsorbent. The behavior obtained in the breakage curve shows in turn the efficiency of the biomass and that the service time of the biomass is extensive, so it is recommended for implementation in packed beds to remove the metals under study. The thermodynamic parameters established that the adsorption process is exothermic, irreversible, and does not require the addition of energy for its operation.
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