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Abstract

:

The growing interest in using low-cost methods that use natural sources makes the study of adsorption processes increasingly frequent and common. Thus, the use of uçá crab shell (Ucides cordatus) in the adsorption of reactive dye (reactive blue 222) was studied in two systems (S1 and S2) in a finite bath, with a scale-up of 12 times and considering different forms of agitation. The biosorbent material was previously characterized from FTIR and EDX spectroscopies, SEM, physical adsorption of N2, and point of zero charge. The kinetic study allowed modeling the experimental data and defining the equilibrium time for the S1 system as 400 min, and the S2 system as 360 min. The equilibrium adsorption capacities are 3.623 mg·g−1 (S1) and 4.191 mg·g−1 (S2). The pseudo-second-order (PSO) model best described the experimental data. The favorable multilayer adsorption was confirmed for the isothermal analysis, and the Freundlich and Sips models represented the experimental data of S1 and S2, respectively. The results obtained are positive indications of the scale-up of the S2 system.
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1. Introduction


Although water covers 70% of the world’s surface—10% being concentrated in Brazilian territory freshwater—availability is becoming increasingly scarce. In addition to the fact that access and distribution of this resource are not homogeneously conducted, the degradation process arises due to natural and anthropogenic pollution, which interferes with its availability. The accelerated use of substances that are infused with pollutants (pesticides, heavy metals, anions, pharmaceuticals, phenolics, dyes, and hydrocarbons), from activities carried out by man, which include the inappropriate use of the soil, discharge of waste and sewage into the bodies of water, inadequate disposal of household waste, pesticides, among others, aggravate this problem [1,2].



Each year, industrial activity increases a growing need to dispose of waste and wastewater correctly. In the textile industry, the effluents that are generated are highly complex, with varied composition and concentration; more often, organic salts, acids, bases, and dyes are present [3]. The excessive volume of water that is used in the processes, combined with the presence of dyes—which have a high degree of toxicity—demands the use of methodologies that ensure the necessary efficiency in the degradation of recalcitrant pollutants, without the formation of toxic intermediates and within a perspective of economic viability. The problem regarding the incorrect disposal of this type of effluent transcends the visual aspect, since it directly affects the development of aquatic life, limiting the sunlight penetration and promoting a delay in the photosynthesis process [1,3,4].



Different methods have been developed for wastewater treatment, including biological [5,6], membrane technology [7,8], electrochemistry [9,10], and adsorption. Adsorption has become a competitive method in the field of wastewater treatment, because most of these methods are not widely used due to their high costs, additional environmental effects, and very low efficiency [11]. It consists of a mass transfer operation that studies the ability of certain solids to concentrate certain substances in fluids on their surface, enabling the separation of the components of these fluids [2,12]. The reuse of waste represents an essential strategy for reducing the extraction of natural resources, and reducing its accumulation in garbage and landfills. Materials without commercial importance, which would typically be discarded, can be used as an efficient raw material in the treatment of industrial effluents containing dyes, through adsorption processes, including macroalgae [13], microalgae [14,15], sludge [16], bacteria [17,18], chitosan [3,19,20].



The uçá crab (Ucides cordatus) is a species of mangrove that is found in tropical and sub-tropical regions, being the most important crustacean that inhabits the mangrove forests of the Brazilian coast [21]. This crustacean is commonly used in human consumption, and the shells have been used as an adsorbent material for water pollutants [22,23]. Crab shell is a highly resistant material, consisting mainly of calcium carbonate and chitin, associated with protein and mineral salts [24]. Due to its versatility, this biopolymer may be used as an agent in the treatment of effluents, especially in the production of chitosan. Chitosan is a cationic polysaccharide that is composed of glucosamine and N-acetyl glucosamine, obtained by partial N-deacetylation of chitin [21,25]. Porpino et al. [26] confirmed the deacetylation of chitin in cooked crab shells, to produce chitosan by FTIR analyses. The low cost, combined with its primary composition of chitin and calcium carbonate [27,28], enhance the use of crab shells as an economically viable bioadsorbent.



The present work aims to study Ucides cordatus crab shell usage in reactive blue 222 dye biosorption, which is present in an aqueous solution. For this, the following two different systems were evaluated at 25 °C: one on a smaller scale (tests carried out in Dubnoff shaker bath—system S1) and another on a larger scale (tests carried out in a mixing reactor that was developed in the laboratory—system S2). The kinetics and isotherms studies were carried out.




2. Materials and Methods


2.1. Preparation of Materials


The second most common portion of biomass comes from a polysaccharide, chitin, which is produced by a variety of marine animals, insects, and fungi. Chitosan is a partially acetylated glucosamine biopolymer, which mainly results from deacetylation of chitin [29], and it is a widely used sorbent for transition metals and organic species because it has amino (-NH2) and hydroxy (-OH) groups in its structure. Therefore, the boiled uçá crab shell was studied as a potential material for reactive dye adsorption, since the possible deacetylation of chitin to obtain chitosan can be observed in other references through FTIR spectroscopy [21,26,29]. The crustacean powder was obtained from the shells of the uçá crab (Ucides cordatus), provided by several commercial points in the city of João Pessoa-PB. The largest carapaces were selected and washed with boiling water to eliminate residues and then washed at least three times with deionized water and oven-dried at 100 °C for 24 h. The husks underwent a grinding procedure in the SOLAB brand knife mill, model SL-31. Subsequently, the particle size analysis was performed on sieves with diameters ranging from 24 to 200 mesh.



The dye used for the synthetic preparation of the effluent was the reactive dye blue quimifix bf 115% (reactive blue 222), provided by the company Matesa Têxtil—João Pessoa/PB. Reactive dyes proved attractive to dyers due to the bright colors and the excellent fastness properties of this dye class. They are water soluble anionic dyes and various physical forms of these dyes are available [30]. In Table 1, it is possible to observe the properties and chemical structure of reactive blue 222. The pH adjustment of the aqueous solutions was made using a LUCADERMA brand pH meter, model LUCA-210.




2.2. Characterization and Analysis of Materials


2.2.1. Particle Size Analysis


The granulometric analysis of the crab shells was conducted after the milling step. For this, sieves with diameters ranging from 24 to 200 mesh were used, and the retained material was weighed.




2.2.2. Fourier Transform Infrared Spectroscopy (FT-IR) and Data Analysis


Functional groups present in adsorbent materials are essential in discovering the adsorption mechanisms. FT-IR analysis allows identifying the covalent bonds of compounds through absorption in the infrared range. A Shimadzu model IR Prestige-21 was used, in transmittance mode, with a resolution of 4 cm−1, with accumulations of 20 scans and a wavelength in the range of 4000 to 500 cm−1.




2.2.3. Energy-Dispersive X-ray Spectroscopy (EDX) Analysis


Energy-dispersive X-ray spectroscopy (EDX or EDS) is a semi-quantitative method used for the elemental analysis or chemical characterization of a sample, allowing the identification of its global chemical composition from its excitation by X-ray irradiation [31]. The tablets prepared for analysis were supported in boric acid, and the elements analyzed were from Na to U in the EDX 8000 equipment of the Shimadzu brand.




2.2.4. Scanning Electron Microscopy (SEM)


The analyses were performed in the Rapid Solidification Laboratory of the Technology Center of the Federal University of Paraíba, using a scanning electron microscope, model Zeiss LEO 1430, at 15 kV, and backscattered electron diffraction. The adsorbent used was deposited in a sample holder with graphite adhesive tape and covered with a gold film so as not to be discharged during the analysis.




2.2.5. Point of Zero Charge (PCZ)—Salt Addition Method


The point of zero charge gives the pH value at which a solid has zero electrical charges on its surface. That is, the number of positive charges is equal to the number of negative charges. The method of determining the pH of the zero-charge point was the salt addition method, which the experimental procedure consists of adding 20 mg of the adsorbent to 20 mL of 0.1 mol·L−1 NaCl aqueous solution under 12 different initial pH conditions, adjusted with 0.1 mol·L−1 HCl or NaOH solutions. After 24 h of equilibrium in a thermostatic bath, under stirring at 100 rpm, at 25 °C, the final pH of the solution is noted [32,33,34,35].




2.2.6. Physical Adsorption of N2


Analyses of specific surface area and pore size for uçá crab shells were performed by determining the volume of N2 adsorbed at various relative pressures, at 77 K, in the analyzer ASAP® 2020 (Micromeritics, Brazil). Brunauer–Emmett–Teller (BET) method was employed to assess the textural properties by the N2 adsorption–desorption isotherm. In this context, pores can be classified according to their size in macropores (pores with widths exceeding about 50 nm), mesopores (pores of widths between 2 nm and 50 nm) and micropores (pores with widths not exceeding about 2 nm) [36].




2.2.7. Spectrophotometric Method


The spectrophotometric method studies the interaction of light with the sample. It is based on the quantitative measurement of light absorption by solutions, with the solution concentration being proportional to the amount of light absorbed. For this purpose, synthetic solutions containing dye were prepared at concentrations ranging from 10 to 100 mg·L−1, using an EDUTEC spectrophotometer, model EEQ-9005, with a characteristic wavelength (λ = 614 nm). Two standard curves were obtained, as the experiments were carried out firstly in Dubnoff shaker bath and, secondly, with scale-up in the developed reactor. Individualized calibration curves were used for each system. The very stable electronic arrangement of the reactive dyes provides good resistance to the degrading effect of sunlight. There are, however, some reactive dyes with only fair light fastness. Reactive dyes with azo chromophore show lower light fastness [30]. So, as the experiments were carried out at different time intervals, as well as the preparation of the solutions, two calibration curves were adapted in order to minimize the experimental errors.





2.3. Description of Systems


Finite bath tests were performed in duplicate. The two systems used were Dubnoff shaker bath—system 1 (S1), and a mixing reactor immersed in a thermostated bath, model SL-154/10, from the Solab brand—system 2 (S2). In Figure 1, it is possible to observe the schematic representation used to develop the experiments.



In Figure 2, there is a demonstration of the operation scheme of the mixing reactor developed for the tests immersed in a thermostatized bath.



System S2 was made to simulate a mixing reactor and guarantee the homogeneity of the system on a larger scale. The agitation works on the basis of direct current motors with a voltage of 9 V. The motors were powered through USB cables and 5 V and 1.2 A. Bronze connectors were used to extend the motor shaft. The extension was produced from semi-flexible wires with a diameter of 1.7 mm composed of a metallic alloy of copper and zinc. The wires were mounted on aluminum pins to ensure shaft stability and provide rotational strength. This technique allowed the forces imposed by the engine, in contrast to the resistance suffered by the liquid of the mixture to which the agitator would be subjected, which did not cause structural damage to the shaft. The impeller was molded from 0.6-mm-thick polyethylene (PE) plates. The shape of the manufactured impeller was of the naval type with 4 equidistant blades, providing low shear, which is compensated by the impeller speed provided by the engine. The total impeller diameter was 8 cm.




2.4. Adsorption Kinetics


The study of adsorption kinetics provides information about the adsorption rate, the adsorbent’s performance, and the mass transfer mechanisms. Knowing the adsorption kinetics is essential for the design of adsorption systems [37].



Experimentally, a fixed amount of solution and adsorbent was used and analyzed at different time intervals. Table 2 shows the experimental conditions for the kinetic assay.



The tests were analyzed at time intervals ranging from 2 to 600 min, and the adsorption capacity was obtained through Equation (1), as follows:


  q =  V m   (   C 0  −  C f   )   



(1)




where V is the volume of solution used (L), m is the mass of adsorbent (uçá crab) (g), C0 is the initial concentration of the solutions (mg·L−1), and Cf is the final concentration (mg·L−1).



Modeling was performed with the kinetic test results to determine the model that best fits the experimental data. Equation (2) represents the integrated model of the pseudo-first-order (PFO) [38], as follows:


   q t  =  q e   (  1 −  e  −  k 1  t    )   



(2)




where qe and qt (mg·g−1) are the adsorption capacities of the solute at equilibrium and at time t (min), respectively, and k1 (min−1) is the rate constant of the pseudo-adsorption reaction of the first order.



The pseudo-second-order model was initially applied to lead adsorption studies [39] and started to be used in other adsorption processes [37]. Equation (3) describes the integrated form of the PSO model, as follows:


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



(3)




where qe and qt (mg·g−1) are the adsorption capacities of the solute at equilibrium and at a time t (min), respectively, k2 (g·mg−1·min−1) is the pseudo adsorption kinetic constant of the second order.




2.5. Adsorption Isotherms


The adsorption isotherm is the equilibrium ratio between the fluid phase concentration and the concentration of the adsorbent particles at a given temperature. For liquids, the concentration is usually expressed in mass units, such as mg·L−1 [40]. Obtaining an adsorption isotherm is a simple process in which a mass of adsorbent is added into a given volume of a series of solutions with different and known initial concentrations. Table 3 contains the parameters used for the adsorption tests at 25 °C in both systems.



The initial concentrations of the synthetic dye solution ranged from 10 to 100 mg·L−1. For the experimental data analysis, Langmuir, Freundlich, and Sips models were used.



The Langmuir model considers that adsorption occurs in a monolayer on a uniform surface and that all adsorption sites are equivalent [41]. Equation (4) describes this model, as follows:


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



(4)




where q is the adsorption capacity (mg·g−1), Ce is the equilibrium adsorbate concentration (mg·L−1), qmax is the maximum adsorption capacity (mg·g−1), KL is the Langmuir equilibrium constant (L·mg−1).



Furthermore, Chakravorti and Weber [42] defined the separation factor (RL) as a dimensionless constant. When RL = 0, the adsorption is reversible, 0 < RL < 1 the adsorption is favorable, RL = 1 the adsorption is linear, and RL > 1 the adsorption is unfavorable. Equation (5) shows the formula for obtaining this parameter, as follows:


   R L  =  1  1 +  C 0   K L     



(5)







The empirical model proposed by Freundlich can be applied to non-ideal systems, formed by heterogeneous surfaces and multilayer adsorption, and is represented in Equation (6), as follows:


  q =  K F   C e     1 /  n F     



(6)




where nF is the heterogeneity constant of the adsorbent surface, Ce is the equilibrium concentration of the adsorbate (mg·L−1), and KF is the Freundlich adsorption capacity constant.



Further, 1/nF is the adsorption intensity or surface heterogeneity, indicating the adsorption sites’ relative energy distribution and heterogeneity. Table 4 shows the physical meaning of this heterogeneity parameter.



The Sips model is considered a hybrid because it combines the Langmuir and Freundlich equations and is a 3-parameter model. At low concentrations, it is effectively reduced to the Freundlich isotherm, not obeying Henry’s law; at high concentrations, the model predicts a monolayer adsorption capacity, characteristic of the Langmuir isotherm [43]. Equation (7) describes this model, as follows:


  q =    q   max     K S   C e      n s      1 +  K S   C e      n s       



(7)




where    q   max      is the maximum adsorption capacity (mg·g−1), Ce is the equilibrium adsorbate concentration (mg·L−1), and KS and ns are the constants of the Sips isotherm.





3. Results


3.1. Characterization and Analysis of Materials


The particle size analysis was performed, obtaining a majority mass in the mesh of 42, corresponding to 52% of the total mass, as shown in Table 5. Therefore, this was the chosen range for the adsorption tests.



The IR spectrum is shown in Figure 3, and shows characteristic bands, due to axial deformation, in the ranges 3700–3000, 3000–2880, 1630–1400, and 1100–1000 cm−1. The wavelength range from 3700 cm−1 to 3000 cm−1 indicates NH2 and OH groups in the sample structure, since the uçá crab shell is mainly formed by proteins, chitin, and calcium carbonate. Amino groups are capable of making covalent bonds, where the electronegativity of the bonds generates sites of high polarity, making the rearrangement of molecules and water around these sites favorable [44]. In the CH axial strain region, corresponding to the 3000–2880 cm−1 interval, the uçá crab shells spectrum presents characteristic bands at 2922 cm−1. The presence of carbonate ions (CO3)2- can be verified in the range of 2517 cm−1. In the spectrum of chitosan, there are two amide-type adsorption bands at 1654 and 1596 cm−1, corresponding to the symmetric and asymmetric deformation of amide I and II, respectively, which are present in this characterization of the uçá crab shells. The band whose absorption is centered at 1420 cm−1 corresponds to the angular deformation of the glucosamine group [45]. The CO connections are confirmed by the axial deformation existing in the range of 1100–1000 cm−1. The polysaccharide bands, which are typical of chitosan, can be observed in the region between 890 and 1150 cm−1. The carbonyl amide group gives rise to strong absorption in the region of 1700–1600 cm−1, which also appear in the chitin spectrum, which is indicative of the partial deacetylation of chitin’s acetamido groups. The deacetylation of chitin in crab shells, to produce chitosan, was possible, and was confirmed by the absence of characteristic bands in this range [21,26,46].



Table 6 shows the results for the EDX analysis, which allows the identification of chemical elements that are present in various types of samples, and determines their concentrations with great precision. Chitin is present in the skin or shell of arthropods, as a composite with proteins, lipids, and calcium carbonate. On a dry basis, the shells of crustaceans contain 15–20% chitin, 25–40% proteins, and 40–55% calcium carbonate [29]. It can be observed that, for the most part, the shells of the uçá crab present calcium oxide in their composition, possibly coming from CaCO3, which forms the exoskeleton of many arthropods. The calcination process decreases the carbon content and increases the oxide content (CaCO3 → CaO + CO2) [47].



Analysis by scanning electron microscopy (SEM) allows information about the morphology to be obtained, by observing and analyzing the microstructural characteristics of solid surfaces. In arthropods, the exoskeleton consists of the following two layers: the procuticle, known as flexible chitin, which is the inner part, composed of proteins and chitin, where there is a disposition of amorphous calcite, and calcium carbonate, arranged in parallel lamellae and the epicuticle, also called rigid chitin, which is an outer layer that is formed by a complex of proteins and lipids, providing protection and waterproofing to the procuticle [48,49,50]. Through the SEM images in Figure 4, it was possible to observe successive parallel fibrous layers and channels (pores) crossing these lamellae, which can favor the diffusion of the dye into the adsorbent.



Figure 5 graphically represents the results that were obtained, to determine the zero-charge point of the material under study, which is the uçá crab biosorbent. When the pH of the solution is lower than the pH of PCZ of the solid material, its surface will be positively charged. In comparison, if the pH of the solution is higher than the pH of PCZ of the solid material, its surface will be negatively charged. It is possible to infer that this point occurs around pH = 8. In its structure, the reactive dye molecule has, in addition to the chromophore group, a sulfonate group, which is responsible for the solubility and anionic character, and a reactive group that chemically reacts [30,51]. The interaction between the dye’s anionic group and the adsorbent’s surface’s cationic group is part of the adsorptive process. In an acidic medium, the surface of the material presents positive charges, due to the protonation of the amino groups (NH3+)−; a substrate with a high density of negative sites immersed in this solution will behave as an adequate support for attraction [29]. Thus, pH = 5 was chosen for the adsorption study, because, since it is a value that is lower than that found for the zero-charge point, it favors the adsorption of the anionic dye, reactive blue 222, on the positively charged adsorbent surface.



Brunauer–Emmett–Teller (BET) method was employed to assess the textural properties by the N2 adsorption–desorption isotherm. Figure 6 shows the N2 adsorption–desorption isotherms for the uçá crab shells.



The BET plots were tracible to type V isotherms, since they showed a hysteresis cycle between the adsorption and desorption processes. Therefore, at the same partial pressure, during the desorption, more nitrogen was desorbed than gas adsorbed in the adsorption process. In the low P/P0 range, the type V isotherm shape is very similar to that of type III, and this can be attributed to relatively weak adsorbent–adsorbate interactions. At higher P/P0, molecular clustering is followed by pore filling. Type V isotherms are observed for adsorption on microporous and mesoporous adsorbents. The average pore size found by this characterization was 29,765 nm, which was classified as a mesoporous [36]. The BET isotherms made it possible to determine the BET surface area. The surface area of BET found was 11,048 m2·g−1.



The spectrophotometric method studies the interaction of light with matter. It is based on the quantitative measurement of light absorption by the solutions, in which the solution concentration is proportional to the amount of light absorbed. This relationship is expressed through the calibration curve. The graphs in Figure 7 were obtained for each system individually, by plotting the experimental data of absorbance versus concentration.




3.2. Adsorption Kinetics


Kinetic curves allow the modeling of experimental data to determine adsorption rate factors, and thus assist in evaluating the mechanisms or limiting stages of adsorption [52]. Figure 8 shows that the adsorption capacity increased over time, until it reached an equilibrium state. At this point, the amount of dye adsorbed inside the crab was in dynamic equilibrium with the amount of dye desorbed. The time required to reach this point is called the equilibrium time, and the amount of dye removed by the biosorbent at that moment indicates the maximum adsorption capacity. Kinetic data were fitted to the models from the Solver tool in the Excel software.



For system S1, the time of 400 min corresponds to the equilibrium adsorption capacity point of 3.623 mg·g−1. In this time, the dye removal percentage reaches 75%. As for the S2 system, the time required to obtain the equilibrium adsorption capacity of 4.191 mg·g−1 occurred in 360 min. For that time, approximately 84% of the dye has been removed from the aqueous solution. The difference in time and adsorption capacity observed between the two processes may be explained by the better homogeneity of the S2 system. The stirrer that was immersed in the solution promoted more effective contact between the adsorbent and its various points, increasing the probability of the dye molecules binding to the active sites of the adsorbent materials. A more effective agitation allows the process of mass transfer to be facilitated, since there is a decrease in the boundary layer [53].



Figure 8 shows the kinetic curves for pseudo-first-order, pseudo-second-order models, and experimental data for both systems. The analysis of the experimental curve allows us to say that there was no significant difference in the adsorption capacity after 300 min. The adsorption tests for the study of isotherms were carried out in this period to minimize the operating time.



The coefficient of determination (R2) measures the agreement between the observed and predicted values, and may be conclusive for the adequacy of the experimental values to the model. According to Table 7, the pseudo-second-order model best described the two systems under study, with the best results for the coefficient of determination.



The PSO model could represent the following three conditions [52]: low initial concentration values [54], the final stage of the adsorption process, and the abundance of active sites in the adsorbent material. The concentration that was used for the adsorption tests in this work (100 mg·L−1) can be considered low compared to those used in other studies [37]. It can also be observed, by analyzing the experimental curves and models in Figure 8, that in the initial time intervals, both systems present data that better fit the PFO model. In contrast, in the final adsorption intervals, both systems (S1 and S2) fit the curve of the PSO model better. The fraction of active adsorbent sites that are occupied increases with time. A similar result was obtained in dye adsorption on chitosan-based polymer [20].




3.3. Adsorption Isotherms


The adsorption isotherm is an indication of the presence of adsorbate in the liquid and the solid (adsorbent) phases at a certain temperature. Investigating the adsorption isotherms will allow us to understand the type of adsorption, whether it is monolayer adsorption (Langmuir) or multilayer adsorption (Freundlich). The tangent of the angle, relative to the y-axis, of any portion of these curves, represents the increment of concentration of solute in the external phase, which is necessary to maintain a constant increment of concentration, at equilibrium, in the substrate. The complement of this angle, i.e., the slope of the isotherm at any point, may thus be regarded as a measure of the ease with which bombarding solute molecules can find vacant sites in the surface. The isotherms shown in Figure 9 were classified as L-type, which corresponds to the Langmuir isotherm. This type of isotherm is characterized by a decreasing slope, with the increase in concentration, as the vacant sites of the adsorbent decrease as it becomes covered by the adsorbate. This adsorption behavior could also be explained by the high affinity of the adsorbent at low concentrations, which decreases further as the concentration increases.



Table 8 shows the constants and values of R2 obtained by the non-linear analysis of the models. Values close to R2 for S1 do not allow a model that best fits the experimental data to be stated. In S2, the Sips model better describes the data.



In Table 9, the values of 1/nF between zero and one, obtained for both systems, characterize the adsorption of the system as being favorable, and the RL values obtained to corroborate the favorable adsorption of the reactive dye on the uçá crab shell (Ucides cordatus).





4. Conclusions


Through the results of this study, it was possible to see that the 12 times scale-up of the S1 system concerning the S2 system, as well as the use of a more effective stirring sys-tem, made it possible to replicate the results that were obtained on a smaller scale, and characterize the adsorption of reactive blue 222 dye in uçá crab shell (Ucides cordatus) as favorable. The results of the physical adsorption characterizations of N2 and SEM point out the porosity of the adsorbent, allowing the classification of the pore as mesoporous. The presence of the characteristic functional groups of chitosan in the FTIR spectrum demonstrates a possible interaction between the amino groups present on the shell surfaces and the anionic groups of the reactive dye molecule. The zero-charge point study allowed the identification of the pH range that favors the adsorption of the reactive dye on the surface of crab shells, by the interaction between the anionic group of the dye and the cationic group of the biosorbent. An average time of 400 min was enough to guarantee the adsorption equilibrium, with an adsorption capacity of 3.623 mg·g−1 for the S1 system and 4.191 mg·g−1 for the S2 system. The studies of the kinetic models showed better adequacy to the pseudo-second-order (PSO). The isotherm data that were obtained experimentally could confirm an L-type isotherm, but it was not possible to adapt them to a single isotherm model that was capable of describing these data.
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Figure 1. Experimental scheme of (a) system 1—(S1) (b) system 2—(S2). 






Figure 1. Experimental scheme of (a) system 1—(S1) (b) system 2—(S2).



[image: Energies 14 05876 g001a][image: Energies 14 05876 g001b]







[image: Energies 14 05876 g002 550] 





Figure 2. System 2 (S2) in operation. 
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Figure 3. FTIR spectrum of the uçá crab shells (Ucides cordatus). 
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Figure 4. SEM images for uçá crab shell (Ucides cordatus) enlarged (a) 1 KX; (b) 5 KX; and (c) 10 KX. 
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Figure 5. Zero-charge point for uçá crab shell (Ucides cordatus). 
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Figure 6. N2 adsorption–desorption isotherms for the uçá crab shells (Ucides cordatus). 
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Figure 7. Blue reactive 222 dye solution calibration curves for (a) system 1—S1; (b) system 2—S2. 
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Figure 8. Experimental and model-calculated data for the adsorption kinetics of blue reactive 222 dye for (a) system 1—S1; (b) system 2—S2. 
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Figure 9. Experimental and model-calculated data for the adsorption isotherms of blue reactive 222 dye for (a) system 1—S1 and (b) system 2—S2. 






Figure 9. Experimental and model-calculated data for the adsorption isotherms of blue reactive 222 dye for (a) system 1—S1 and (b) system 2—S2.



[image: Energies 14 05876 g009]







[image: Table] 





Table 1. Properties and chemical structure of reactive blue 222.
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	Chemical Structure
	 [image: Energies 14 05876 i001]



	Chemical Formula
	C37H24N10Na6O22S7



	Molecular Weight (g/mol)
	1,323,006



	CAS Number
	93051-44-6



	Maximum Wavelength (nm)
	614
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Table 2. Experimental conditions of the kinetic assay.
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	Experimental Conditions
	Dubnoff Shaker Bath

(System 1—S1)
	Mixing Reactor

(System 2—S2)





	Volume of solution (mL)
	25
	300



	Adsorbent material mass (g)
	0.5
	6



	Mesh
	42
	42



	pH
	5
	5



	Concentration (mg·L−1)
	100
	100
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Table 3. Experimental conditions of adsorption isotherm tests.
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	Experimental Conditions
	Dubnoff Shaker Bath

(System 1—S1)
	Mixing Reactor

(System 2—S2)





	Volume of solution (mL)
	25
	300



	Adsorbent material mass (g)
	0.5
	6



	Mesh
	42
	42



	pH
	5
	5



	Temperature (°C)
	25
	25



	Time (min)
	300
	300
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Table 4. Freundlich isotherm heterogeneity coefficient (1/nF).
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	1/nF
	Meaning





	0 < 1/nF < 1
	Favorable adsorption



	1/nF > 1
	Unfavorable adsorption



	1/nF = 1
	Irreversible and unfavorable adsorption










[image: Table] 





Table 5. Grain grading data for uçá crab (Ucides cordatus).
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	Mesh
	Retained Material Mass (g)
	Retained Material Fraction (%)





	24
	200,231
	20,174



	42
	523,112
	52,704



	60
	123,023
	12,395



	80
	70,853
	7139



	100
	30,344
	3057



	200
	10,071
	1015



	tray
	34,9032
	3517
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Table 6. Chemical composition of the uçá crab (Ucides cordatus).
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	Composition
	(%)





	(CaO)
	84.3



	MgO
	8.47



	P2O5
	4.02



	SO3
	1.51



	SrO
	1.45



	Fe2O3
	0.16



	TiO2
	0.09



	CuO
	0.02



	Br
	0.02
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Table 7. Kinetic parameters of the PFO and PSO models for the S1 and S2 systems and the respective coefficients of determination.
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Systems

	
Kinetic Models




	
Pseudo-First-Order (PFO)

	
Pseudo-Second-Order (PSO)




	
k1 (min−1)

	
qeexp 1 (mg/g)

	
qecalc 2 (mg/g)

	
R2

	
k2 (g.mg−1.min−1)

	
qeexp 1 (mg/g)

	
qecalc 2 (mg/g)

	
R2






	
System 1 (S1)

	
0.01283

	
3.623

	
3.633

	
0.9689

	
0.003746

	
3.623

	
4.179

	
0.9839




	
System 2 (S2)

	
0.02551

	
4.191

	
4.042

	
0.8441

	
0.01174

	
4.191

	
4.240

	
0.8987








1 qeexp = experimental adsorption capabilities. 2 qecalc = adsorption capacities calculated by the model.
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Table 8. Parameters obtained for the Langmuir, Freundlich, and Sips models for the S1 and S2 systems.
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Models

	
Parameters

	
System 1—S1

	
System 2—S2






	
Langmuir

	
   q   max      (mg·g−1)

	
40.12

	
19.67




	
KL (L.mg−1)

	
0.002147

	
0.006399




	
R2

	
0.9392

	
0.8424




	
Freundlich

	
nF

	
1.066

	
1.091




	
KF

	
0.09979

	
0.1407




	
R2

	
0.9406

	
0.8397




	
Sips

	
   q   max      (mg·g−1)

	
66.94

	
2.953




	
KS

	
0.001436

	
2.004 × 10−7




	
nS

	
0.9595

	
6.681




	
R2

	
0.9398

	
0.9457
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Table 9. Separation factor (RL) and heterogeneity coefficient (nF) of systems S1 and S2.
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Systems

	
Initial Concent. (mg·L−1)

	
RL

	
nF






	
System 1—S1

	
10

	
0.978980004

	
0.938




	
20

	
0.958825495




	
30

	
0.939484099




	
40

	
0.920907582




	
50

	
0.903051451




	
60

	
0.885874599




	
70

	
0.869338989




	
80

	
0.853409371




	
90

	
0.83805303




	
100

	
0.823239569




	
System 2—S2

	
16

	
0.90713

	
0.917




	
28

	
0.8480604




	
40

	
0.7962135




	
52

	
0.7503407




	
76

	
0.6728141




	
88

	
0.6397633




	
100

	
0.6098076
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