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Abstract

:

The removal of metal ions by biosorption on inexpensive materials is still a challenge for environmental engineering research. In this study, marine green algae biomass (Ulva lactuca sp.) and the biochars obtained from this biomass, at 320 °C (BC-320) and 550 °C (BC-550), were used as biosorbents for the removal of Cu(II) ions from aqueous solution. In addition to comparing the biosorption capacities, the determination of the thermodynamic parameters allows the choice of the most suitable material for the biosorption processes. The experimental results, obtained for Cu(II) ions biosorption on each biosorbent (algae biomass (AB), BC-320 and BC-550), at three different temperatures (10, 30 and 50 °C) were analyzed using Langmuir and Freundlich isotherm models, while pseudo-first order, pseudo-second order and intra-particle diffusions models were used to model the kinetic data. The biosorption of Cu(II) ions is best described by the Langmuir model and the pseudo-second kinetic model, regardless of the type of biosorbent. Such behavior is characteristic for the retention of metal ions on low-cost materials, and is explained in the literature using the concepts of molecular symmetry. The maximum biosorption capacity (qmax, mg/g) depends on the temperature, but also on the type of biosorbent, and follow the order: BC-320 < AB < BC-550. Using the experimental isotherms, the thermodynamic parameters (ΔG0, ΔH0 and ΔS0) for the biosorption of Cu(II) ions on each biosorbent were calculated. The analysis of the obtained values constitutes the main arguments in choosing BC-550 as the most effective biosorbent for the removal of Cu(II) ions from aqueous media.
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1. Introduction


One of the main problems generated by the development of industrial activities is environmental pollution. The discharge of wastewater, the storage of solid waste, as well as industrial emissions into the air have recently reached alarming levels, precisely due to the intensification and diversification of industrial activities [1,2]. This causes many chemical compounds (such as heavy metal ions, organic molecules and macromolecules, etc.) to reach the environment and contribute significantly to the deterioration of natural ecosystems.



Unlike organic pollutants, the presence of heavy metal ions in the environment has particularly serious consequences for the health of living organisms, due to the fact that these pollutants are non-biodegradable (they accumulate over time), persistent (they are not destroyed in the environment) and have high mobility (they can contaminate natural ecosystems over quite large distance) [3,4]. Since the elimination of heavy metal ions from industrial processes is practically impossible, due to their economic importance (ex. alloys and electroplating industry, painting and dyeing industry, textile industry, chemical fertilizers manufacturing, etc.) [5,6], the only viable solution is the development of methods for their removal from industrial effluents, thus limiting the negative consequences on the environment.



Various treatment methods are reported in the literature for the treatment of industrial effluents containing heavy metal ions before their discharging into water sources, such as precipitation, coagulation-flocculation, ultra- and nano-filtration, ion exchange, solvent extraction, etc. [7,8,9,10]. Unfortunately, most of these methods require a large consumption of materials, energy and time, which makes them inaccessible to small companies that generate various amounts of effluents in which the concentration of metal ions can vary significantly. Compared to these, biosorption, which involves the retention of metal ions on the surface of a solid material called a biosorbent [8,9], is considered an effective, cheap and ecological method, which can be easily adapted to treat variable volumes of effluent [9]. Therefore, biosorption offers a viable alternative for metal ions removal on an industrial scale, which, due to its technological and environmental performance, may become an important method in environmental decontamination processes.



Two aspects must be considered to highlight the practical applicability of biosorption processes in the treatment of industrial effluents. The first is related to the nature of the solid material used as biosorbent. In general, the biosorbent must be a material available in large quantities, easy to prepare and stable over time. Algae biomass fully meets these conditions. Numerous studies in the literature have shown that algae biomass (regardless of their nature) can retain various metal ions from aqueous media, which can then be quantitatively recovered by desorption [10,11,12,13,14,15]. Unfortunately, in many cases, the biosorption capacity of algae biomass is quite modest [16,17], and this makes efficient removal of metal ions require two or more biosorption steps. A solution to this problem can be the transformation of algae biomass into biochar, through pyrolysis. In the case of algae biomass, pyrolysis can be carried out at relatively low temperatures (up to 600 °C, in an oxygen-poor atmosphere), and the obtained biochar, in addition to a porous structure, also presents numerous superficial functional groups, which can interact with metal ions in aqueous solution [18,19,20].



The second important aspect in determining the applicability of biosorption processes is to establish the mechanism by which the retention of metal ions occurs. It is well known that the retention of metal ions from aqueous solution by biosorption can be achieved by three distinct mechanisms: ion exchange, superficial complexation and superficial precipitation [21,22,23]. Establishing the predominant mechanism by which the biosorption of metal ions occurs is a key point from a practical point of view, as it allows the development of an effective strategy for the retention and then recovery of metal ions from industrial effluents. For example, if in the case of the ion exchange mechanism the retention of metal ions requires a short contact time (10–60 min) and their desorption is achieved by using mineral acids (HCl, HNO3, HClO4, etc.) as elluents [24], in the case of the superficial complexation mechanism or the superficial precipitation mechanism, the contact time is much longer (120–240 min) and the desorption of metal ions is achieved, in most of cases, by treatment with a selective complexing agent (such as EDTA) [25]. Determining the thermodynamic parameters of a given biosorption process is a useful tool in establishing the biosorption mechanism in metal ions removal. Thus, based on the Gibbs free energy value (ΔG0), it can be established whether the biosorption process is favorable or not. This is important in determining its efficiency, especially when treating effluents with high metal ion content [26]. The enthalpy values (ΔH0) can be correlated with the nature of the interactions that take place during the biosorption process, and allow establishing the temperature regime that can increase the biosorption efficiency [26,27]. Also, the entropy change (ΔS0) shows whether the biosorption process occurs spontaneously or not [27]. Therefore, the thermodynamic parameters (ΔG0, ΔH0 and ΔS0) are indicators of the possible nature of metal ions biosorption [28].



Based on these considerations, this study examined the biosorption of Cu(II) ions from aqueous solution onto algae biomass (AB) and biochars obtained from it at 320 °C (BC-320) and 550 °C (BC-550). Batch experiments were performed at different values of contact time, initial metal ion concentration and temperature for all biosorbents. The modeling of the experimental data and the determination of the thermodynamic parameters characteristic of the biosorption processes allow the choice of the most suitable biosorbent for the removal of Cu(II) ions from aqueous media.




2. Materials and Methods


2.1. Materials


Marine green algae (Ulva lactuca sp.) were collected from the Romanian coast of the Black Sea, in August 2021. After repeated washing with tap water (to remove sand and shell impurities) and distilled water (to remove the salts from the surface of the algae leaves), the algae biomass (AB) was air-dried (70 °C, 24 h), ground, sieved and stored in desiccators (to kept its moisture constant). The two biochars were obtained under oxygen-poor atmosphere, at two temperatures of 320 and 550 °C, in a muffle furnace (Nabertherm, Germany). For the preparation of biochars, the algae biomass was transferred into porcelain crucible and placed in the muffle furnace. The pyrolysis time of the algae biomass was 6 h, timed after reaching the desired temperature values (320 and 550 °C). The obtained biochar samples (BC-320 and BC-550) were then cooled in air (to room temperature), mortared and stored in desiccators. The detailed characterization of these biosorbents has been reported in a previous study [29].



A stock solution of Cu(II) ions (650 mg Cu(II)/L) was obtained by dissolving CuSO4 solid salt in distilled water. All working solutions were prepared by diluting the stock solution with distilled water. Fresh solutions were prepared for each experiment.




2.2. Biosorbents Characterization


For the characterization of the biosorbents (AB, BC-320 and BC-550), two instrumental methods were used. The first method is FTIR spectrometry (Bio-Rad Spectrometer, (Berlin, Germany), resolution of 4 cm−1, spectral range of 400–4000 cm−1, KBr pellet technique), which is useful in identifying the nature of the functional groups on the biosorbent surface. The second method is SEM microscopy (SEM Hitachi S3000N (Tokyo, Japan), 20 kV), which allows the morphological analysis of the biosorbent surface. In each case, biosorbent samples were used that were previously dried at 105 °C for 4 h, to obtain constant moisture content.




2.3. Biosorption Experiments


All biosorption experiments were performed in batch systems, with intermittent stirring. For kinetic study, 25 mL of Cu(II) ions solution (25.47 mg/L and pH of 5.0) were mixed with 4.0 g/L of each biosorbent, at 25 °C, and a contact time between 5 and 180 min. The experimental conditions: pH of 5.0 and 4.0 g biosorbent/L were established as optimal in a previous study [29]. For isotherm experiments, 25 mL of Cu(II) ions solution (c0 = 12.73–152.83 mg/L) and initial pH of 5.0, were mixed with 4.0 g/L biosorbent (AB, BC-320 and BC-550), for a contact time of 3 h. The same set of experiments was prepared for each temperature value (10, 30 and 50 °C). At the end of biosorption procedure, the samples were filtered (on quantitative filter paper), and Cu(II) ions concentration in the final solutions was analyzed spectrophotometrically (Digital Spectrophotometer S 104D (Haryana, India), rubeanic acid, λ = 390 nm, blank solution), using a prepared calibration graph. The obtained results were used to calculate the characteristic parameters of the biosorption process, namely: biosorption capacity (q, mg/g) and removal percent (R, %), according to the equations:


  q =   (  c 0  − c ) ⋅ V  m   



(1)






  R =    c 0  − c    c 0    ⋅ 100  



(2)




where: co and c are the initial and final concentration of Cu(II) ions in solution (mg/L); V is volume of solution (L), and m is the mass of biosorbent used for each experiment (g).



The initial and final pH of aqueous solutions was measured with a pH/ion meter (MM-473 type), equipped with a combined glass electrode.



All the experiments were performed in triplicate, and the mean value of the experimental results was used for calculations and in the graphical representations. All results were analyzed by ANOVA, and p-values less than 0.05 were considered significant.




2.4. Modeling of Experimental Data


The experimental kinetic data were analyzed using pseudo-first order (Equation (3), pseudo-second order (Equation (4)) and intra-particle diffusion (Equation (5)) models, and the mathematical equations of these models are [30,31,32]:


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



(3)






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



(4)






   q t  =  k  d i f f   ⋅  t  1 / 2   + c  



(5)




where: qe and qt are biosorption capacity at equilibrium and at time t, (mg/g); k1 is the rate constant of pseudo-first order model, (1/min); k2 is the rate constant of pseudo-second order model, (g/mg min); kdiff is the intra-particle diffusion rate constant, (mg/g min1/2), c is the concentration of Cu(II) ions in solution, (mmol/L).



These models are useful in establishing the rate-determining step of the biosorption process [32] and allow determining the elementary process controlling the retention of Cu(II) ions on the three biosorbents.



To model the equilibrium experimental data, two isotherm models (Langmuir (Equation (6)) and Freundlich (Equation (7)) models) were selected to highlight how Cu(II) ions binding occurs on the surface of the three biosorbents. The mathematical equations of these models are [33,34]:


   1 q  =  1   q  max   ⋅  K L    ⋅  1 c   



(6)






  log q = log  K F  +  1 n  ⋅ log c  



(7)




where: q is biosorption capacity, (mg/g); qmax is maximum biosorption capacity, (mg/g); KL is Langmuir constant, (L/g); c is equilibrium concentration of Cu(II) ions in solution, (mg/L); KF is Freundlich constant, (L/g); n is the heterogeneity factor.



The isotherm and kinetic model, which best describe the experimental data, was selected using the regression coefficients (R2), obtained from the statistical analysis.



The maximum biosorption capacity (qmax, mg/g), obtained from the Langmuir model, was then used to calculate the specific surface area occupied by Cu(II) ions retained on each biosorbent (S, m2/g), according with the equation [35]:


  S =    q  m a x   · N · M  A   



(8)




where: N is the Avogadro number (6.023 1023), A is the cross-sectional area of Cu(II) ions (51.4457 10−20 m2), and M is the molecular weight of Cu(II) ions (63.456 g/mol).



The thermodynamic parameters: variation of free Gibbs energy (ΔG0, kJ/mol), variation of enthalpy (ΔH0, kJ/mol) and variation of entropy (ΔS0, J/mol K), were calculated using the van’t Hoff equations [36,37]:


ΔG0 = −RT lnKe



(9)






  ln  K e  =   Δ  H 0    R T   +   Δ  S 0   R   



(10)






ΔS0 = (ΔH0 − ΔG0)/T



(11)




where: R is the universal gas constant (8.314 J/K mol); T is the temperature (K); Ke is the thermodynamic equilibrium constant of biosorption (Ke = qe/ce).





3. Results and Discussion


Although the use of marine algae biomass in metal ions removal processes is well known, their weak mechanical resistance and rather modest biosorption capacity limit the possibility of their large-scale use. Therefore, the transformation of algae biomass into biochar can represent a solution to minimize these disadvantages.



3.1. Structural Particularities of the Biosorbents


Since the biosorption process of Cu(II) ions from aqueous media, the nature and number of functional groups on the biosorbents surface are of particular importance, FTIR spectra were recorded for each biosorbent (Figure 1).



It can be seen (Figure 1) that compared with AB (spectrum a), the number of absorption bands in the case of BC-320 (spectrum b) and BC-550 (spectrum c) is much smaller, and their intensity decrease with the increasing of pyrolysis temperature. However, the presence of absorption bands at 3429–3372 cm−1 (characteristic of the O–H bond in alcohols/phenols and of the N–H bond in amines), at 1635–1614 cm−1 (attributable to the C=O bond in carbonyl compounds) and at 1114–1082 cm−1 (indicating the presence of C–O–C bonds) [38], show that on the surface of each biosorbent there is a fairly large number of functional groups that can bind Cu(II) ions from aqueous media. On the other hand, increasing the pyrolysis temperature causes both the shift of the absorption bands to lower wave numbers and the appearance of two new absorption bands (Figure 1). The bands at 2215–2213 cm−1 and 1323–1321 cm−1 (Figure 1, spectra b and c) indicate the presence of multiple bonds (double conjugate or triple) in hydrocarbon radicals and oxygenated compounds [38]. All these observations show that after pyrolysis in the oxygen-limited atmosphere of AB, the degradation of organic molecules from the biomass composition takes place, so that on the surface of the obtained biochars (BC-320 and BC-550), enough functional groups remain that function as binding centers in the biosorption processes.



The morphological changes of the AB surface after pyrolysis at the two values of temperature (320 and 550 °C) were highlighted with the help of SEM images (Figure 2).



The SEM images illustrated in Figure 2 shows that for both AB and BCs (BC-320 and BC-550), their surface is heterogeneous, irregular and cracked. In addition, the surfaces of BC-320 and BC-550 have a sponge-like appearance (Figure 2b,c), in which the diameter of the free spaces is larger as the pyrolysis temperature is higher. Thus, if in the case of BC-320, the diameter of the free spaces varies between 4.33 and 7.98 μm (Figure 2b), in the case of BC-550, their diameter can reach up to 13.95 μm (Figure 2c). All these characteristics are particularly important in examining the efficiency of the biosorption process.




3.2. Kinetics of Cu(II) Ions Biosorption


In evaluating the applicability of a certain biosorption process, it is necessary to known the elementary processes responsible for the binding of metal ions from aqueous solution to the surface of the solid material. Such useful information is obtained by examining the kinetic curves (q = f(t, min)) and modeling the experimental data.



In this study, the kinetic curves were obtained by measuring the biosorption capacity (q, mg/g) of each biosorbent (AB, BC-320 and BC-550) for Cu(II) ions (25.47 mg/L) as a function of contact time (5–180 min), at a pH of 5.0, biosorbent dose of 4.0 g/L and room temperature (25 °C). The obtained results are presented in Figure 3a. It can be observed that in the first 30 min all biosorption processes reach equilibrium, regardless of the nature of the biosorbent (Figure 3a). At higher values of the contact time, the ratio of biosorption processes is much slower, which suggest that the binding centers have been occupied and the biosorbents reach saturation.



But in this 30 min interval, not all three biosorbents (AB, BC-320 and BC-550) behave the same. The experimental data show that BC-550 reach equilibrium in a much shorter time (10 min), compared with AB and BC-320, which need 30 min to reach saturation. In addition, in the first 10 min BC-550 allows the removal of more than 92% of initial concentration of Cu(II) ions, while in the case of AB and BC-320, after 30 min of contact time, the removal percent of Cu(II) ions is no higher than 80% (79.38% for AB and 72.31% for BC-320). These differences between the removal percent values are maintained over the entire contact time interval, so that after 180 min, the removal percents follow the order: 99.73% (BC-550) > 87.54% (AB) > 74.35% (BC-320). Since the difference between the removal percents at 30 min and at 180 min is at least 8%, a contact time of 180 min (3 h) was selected to obtain the biosorption isotherms.



All these observations show that among the three biosorbents, BC-550 shows the highest efficiency in the removal of Cu(II) ions from aqueous media (Figure 3a), at least at this value of initial Cu(II) ions concentration (25.47 mg/L). To determine whether the biosorption of Cu(II) ions occurs through chemical interactions with the functional groups of the biosorbents, or only through diffusion within the biosorbent particles, all experimental kinetic curves were modeled using the kinetic models presented in Section 2.4. The linear representations of the three kinetic models (pseudo-first order (PFO), pseudo-second order (PSO) and intra-particle diffusion (IPD) models) for Cu(II) ions biosorption onto the three biosorbents (AB, BC-320 and BC-550) are shown in Figure 3b–d, and the characteristic parameters of these models are summarized in Table 1.



It is evident from Table 1 that the highest regression coefficients (R2) were obtained in the case of the pseudo-second order kinetic model (PSO), regardless of the nature of the biosorbent. The good agreement between the experimental data and the pseudo-second order kinetic model (Figure 3c) show that in the studied biosorption processes, the rate-limiting step is the chemical interaction between the Cu(II) ions and the functional groups on the biosorbent surface. Such behavior is characteristic for the retention of metal ions on low-cost materials, and is explained in the literature using the concepts of molecular symmetry [39]. Moreover, for retention on the biosorbents surface, Cu(II) ions need two functional groups, which are geometrically favorable. Since all studied biosorbents (AB, BC-320 and BC-550) have a large number of functional groups on their surface (Figure 1), at this low value of the initial concentration, the retention of Cu(II) ions is rather little influenced by the nature of the biosorbent. However, the rate constants characteristic of the pseudo-second order model (Table 1) increase in the order: BC-320 < AB < BC-550, and this variation can be determined by the surface morphology and the biosorbents (Figure 2).



The pseudo-first order model and the intra-particle diffusion model also describe the experimental data to some extent (R2 = 0.72–0.98). However, it is much more important to emphasize that in the case of the pseudo-first order model, the rate constants have lower values that those obtained for the pseudo-second order model, and their values practically do not depend on the nature of the biosorbent (Figure 3b, Table 1). This suggest that the retention of Cu(II) ions on the surface of biosorbents is dome trough two successive elementary steps: the first—the binding of Cu(II) ions to a functional groups with highest availability, and the second—when the stabilization of the complex formed in the first step takes place, trough chemical interaction with another superficial functional group. The linear representations of the intra-particle diffusion model (Figure 3d) do not pass through the origin and consist of two regions, for all studied biosorbents. This means that elementary diffusion steps contribute to biosorption processes, but are not the rate-limiting steps [34]. And in this case, the values of the kinetic parameters (Table 1) suggest the importance that the morphology of the biosorbent surface has in achieving the biosorption of Cu(II) ions on AB, BC-320 and BC-550.




3.3. Isotherms of Cu(II) Ions Biosorption


The variation of the biosorption capacity as a function of the initial metal ions concentration plays an essential role in determining the performance of biosorption processes. These dependencies allow the evaluation of the concentration range in which the biosorbent can retain the metal ions, before reaching saturation [40,41].



Figure 4 shows the dependencies between the biosorption capacity (q, mg/g) and the initial concentration of Cu(II) ions (c0, mg/L), at three different temperatures (10, 30 and 50 °C), for each biosorbent. The other experimental conditions (pH = 5.0, biosorbent dose = 4.0 g/L and contact time = 3 h) were kept the same.



It can be seen (Figure 4) that for all biosorbents, the biosorption capacity increases with increasing of initial Cu(II) ions concentration and with the increase in temperature. However, if in the case of AB, the variation of the biosorption capacity as a function of the initial Cu(II) ions concentration is almost linear (Figure 4a), in the case of BC-550, saturation of the biosorbents occurs at concentrations higher than 130 mg/L (Figure 4b), while in the case of BC-320, this saturation is observed at much lower Cu(II) ions concentrations (>75 mg/L) (Figure 4c). Also, increasing the temperature from 10 to 50 °C, increases the biosorption capacity (Figure 4), but this improvement is significant only at high concentrations of Cu(II) ions (higher than 100 mg/L). At low initial Cu(II) ions concentrations (up to 50 mg/L), the influence of temperature is less important, regardless of the nature of the biosorbent.



This observation has a particular important practical consequence, namely, in large-scale wastewater treatment increasing temperatures can improve the efficiency of biosorption processes only if the industrial effluent has a high Cu(II) content. If the concentration of Cu(II) in the effluent is low, biosorption can also be carried out at ambient temperature, which significantly reduces the cost of the treatment process.



On the other hand, among the three studied biosorbents, BC-550 has the highest efficiency (compared with AB and BC-320), over entire range of initial Cu(II) ions concentration and at the three temperatures (Figure 4). For example, for the highest initial concentration of Cu(II) ions (153 mg/L) and a temperature of 50 °C, the removal percents increase in the order: BC-320 (35%) < AB (75%) < BC-550 (97%), which shows that BC-550 allows quantitative removal of Cu(II) ions even at high concentrations.



To perform quantitative evaluation of biosorption processes, experimental equilibrium data were analyzed using Langmuir and Freundlich models (Equations (6) and (7)). The linear representations of these models for each biosorbent are illustrated in Figure 5, while the characteristic parameters are summarized in Table 2.



The isotherm experimental data of Cu(II) ions biosorption on AB, BC-320 and BC-550 are best described by the Langmuir isotherm model (Figure 5, Table 2), at all studied temperatures. However, the rather high values of R2 calculated in the case of Freundlich model (Table 3) suggest that the surface of the biosorbents has a high degree of heterogeneity.



Therefore, the retention of Cu(II) ions occurs only on the surface of the biosorbents until a monolayer is formed on their outer surface. The maximum biosorption capacities (qmax, mg/g) increase with the increasing temperature and follow the order: BC-320 < AB < BC-550 (Table 2). This increase in the maximum biosorption capacity (qmax, mg/g) is also supported by the values of the specific surface area occupied by Cu(II) ions (Table 4), and indicate that BC-550 is the most effective in retaining Cu(II) ions from aqueous media by biosorption.



For a given biosorbent, the values of the Langmuir constant also increase with increasing temperature (Table 2). The Langmuir constant (KL, L/g) is a measure of the strength of the interactions that occurs between the metal ion and the functional groups of the biosorbent during the biosorption [34], and the variation of this parameter shows that all studied biosorption processes are endothermic (being favored by increasing of temperature). On the other hand, the values of the Langmuir constants also depend by the nature of the biosorbent and increase in the order: AB < BC-320 < BC-550 (Table 2). This variation indicates that the Cu(II) ions interact most strongly with the functional groups of BC-550, while in the case of AB, the chemical interactions causing the retention of metal ions are much weaker.



The somewhat different order of the variation of maximum biosorption capacities (qmax, mg/g) and Langmuir constants (KL, g/L) can be explained if the availability of the superficial functional groups of the biosorbents is taken into account. This in the case of AB, the large number of superficial functional groups and the slightly porous morphology (Figure 1 and Figure 2) make Cu(II) ions to be retained in rather large amounts, but many of these interactions are of a physical nature (most likely hydrogen binds, in which water molecules that hydrate the Cu(II) ions are involved). Consequently, for this biosorbents qmax values are high, but KL values are low. When pyrolysis is carried out at low temperature (the case of BC-320), the partial degradation of the polysaccharides in the cell walls of algae biomass take place, which leads to a decrease in the number of functional groups and to obtaining a surface with a slightly higher porosity (Figure 1 and Figure 2). Therefore, in this case small values of qmax but slightly higher values of KL are obtained, compared with AB. In the case of BC-550 (biochar obtained at high pyrolysis temperature), the advanced degradation of cell walls allows obtaining a materials with a high degree of porosity (Figure 1 and Figure 2). In these cavities Cu(II) ions can easily penetrate and bind through strong (chemical) interactions. Thus, in the case of BC-550, both qmax and KL have the highest values (compared to AB and BC-320).



Regarding the Freundlich isotherm, the values obtained for parameter n were greater than 1.0, indicating favorable conditions for biosorption and a high affinity between the biosorbent and Cu(II) ions, which facilitates chemisorptions.




3.4. Thermodynamic Parameters of Cu(II) Ions Biosorption


As shown in the previous section, increasing of temperature (from 10 to 50 °C) causes an increase in biosorption capacity of 91% for AB, 81% for BC-320 and 79.97% for BC-550 (Figure 4), which indicate that the biosorption processes are endothermic, regardless the nature of the biosorbent. Therefore, for the thermodynamic characterization of the retention of Cu(II) ions on the three biosorbents (AB, BC-320 and BC-550), the thermodynamic parameters were calculated (using Equations (9)–(11)). The values of the thermodynamic parameters (ΔG0, ΔH0 and ΔS0) obtained for the biosorption of Cu(II) ions on AB, BC-320 and BC-550, are presented in Table 5, and the linear dependencies ln Ke vs. 1/T (required to calculate ΔH0 and ΔS0) are illustrated in Figure 6.



The negative values of the Gibbs free energy (ΔG0) indicate that the biosorption of Cu(II) ions is a spontaneous process regardless the nature of the biosorbent, in the studied temperature range. However, the values of ΔG0 (Table 5) increase in the order: BC-550 < AB < BC-320, which show that BC-550 has the highest affinity for Cu(II) ions in aqueous media. This observation is consistent with the experimental results presented in the previous sections.



On the other hand, increasing the temperature in the range 10–50 °C causes an insignificant increase in the ΔG0 values (2.71 kJ/mol for AB, 0.93 kJ/mol for BC-320 and 2.16 kJ/mol for BC-550) (Table 5). However, such behavior shows that increasing the temperature requires less energy to carry out the biosorption process, and this is characteristic of endothermic processes [42]. Therefore, the nature of interactions occurring in the biosorption process of Cu(II) ions does not change with the temperature variation, and that they are predominantly chemical in nature.



The endothermic nature of the biosorption processes of Cu(II) ions on AB, BC-320 and BC-550 is also demonstrated by the positive values of the ΔH0. The variation of this parameters for the biosorption of Cu(II) ions follow the order: BC-550 < BC-320 < AB (Table 5), which show that the energy consumed for the retention of metal ions is the lowest in the case of BC-550. Therefore in the case of this biosorbent, the functional groups have the highest availability to interact with Cu(II) ions in aqueous media. This observation is also consistent with the experimental results presented above. According to the literature studies, a ΔH0 value between 2 and 20 kJ/mol indicates a physical biosorption process, while a ΔH0 value between 80 and 200 kJ/mol is chemical in nature [43]. In the case of Cu(II) ions biosorption on AB, BC-320 and BC-550, the ΔH0 values varied between 11.47 and 7.98 kJ/mol. However, biosorption processes cannot be considered physical in nature (taking into account the observations presented above). Most likely, the interactions between metal ions and functional groups of the biosorbents are electrostatic (ion-exchange type), which explains the values obtained for both ΔH0 and ΔG0.



The existence of predominantly electrostatic interactions in Cu(II) ions biosorption processes is also supported by the small and positive ΔS0 values (Table 5). These positive values indicate the affinity of Cu(II) ions for the functional groups of the biosorbents. However, the low values of this parameter show that during of the biosorption processes, the randomness at the liquid/solid interface varies a quite little. This behavior is characteristic of ion exchange processes [44], where the binding of a metal ion (Cu(II) in this case) occurs simultaneously with the release of another mobile ion into solution, according to the equilibrium:


Biosorbent − M + Cu2+ ⇆ Biosorbent − Cu + M2+



(12)




where: M is the mobile ion.



Most likely, the mobile ion in ion exchange processes is Ca(II). This observation is based on: (i) in the chemical composition of each biosorbent, the Ca(II) content is significant (2.96% for AB, 5.79% for BC-320, and 7.62% for BC-550 [29]), (ii) the ionic radius of Ca(II) ion (174 pm) is higher than the ionic radius of Cu(II) ions (138 pm), and (iii) the pH measured in aqueous solution after biosorption increase slightly (from 5.0 to 5.31 for AB, from 5.0 to 5.42 for BC-320, and from 5.0 to 6.20 for BC-550), suggesting the formation of a basic compound in solution.



All the discussions included in this study show that the transformation of marine algae biomass into biochar can represent a solution for obtaining biosorbents with high efficiency in metal ion biosorption processes. However, the temperature at which pyrolysis is performed must be carefully chosen so that obtained biochar has a porous structure that facilitates interactions between metal ions and surface functional groups. Precisely for this reason, the pyrolysis of algae biomass at 550 °C, although it is more expensive (compared to pyrolysis at 320 °C), allows obtaining a biosorbent with better kinetic, equilibrium and thermodynamic characteristics in the biosorption process of Cu(II) ions from aqueous media.





4. Conclusions


In this study, marine green algae biomass (Ulva lactuca sp.) (AB) and the biochars obtained at two different temperatures (BC-320 and BC-550) were used as biosorbents for the removal of Cu(II) ions from aqueous solution. The obtained experimental results showed that BC-550 has better biosorption performance for Cu(II) ions compared with the other biosorbents (AB and BC-320). The kinetic data are best described by the pseudo-second order kinetic model, while the equilibrium data follow the Langmuir model. In addition, the thermodynamic parameters calculated for each case indicate that the biosorption process is spontaneous and feasible regardless the nature of the biosorbent. This indicates that the retention of Cu(II) ions is achieved through electrostatic interactions that take place on the surface of the biosorbent until a monolayer coverage is formed. Therefore, the superficial functional groups and the surface morphology of the biosorbent play an important role in the development of the biosorption processes. All these observations show that the transformation of marine algae biomass into biochar can represent a solution for obtaining biosorbents with high efficiency in metal ion biosorption processes, which can be used for large-scale applications.
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Figure 1. FTIR spectra of AB (a), BC-320 (b) and BC-550 (c). 
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Figure 2. SEM images of AB (a), BC-320 (b) and BC-550 (c). 
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Figure 3. Experimental kinetic curves (a) and linear representations of pseudo-first order model (b), pseudo-second order model (c) and intra-particle diffusion model (d) for the biosorption of Cu(II) ions on the three biosorbents under mentioned conditions. 
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Figure 4. Variation of the biosorption capacity (q, mg/g) as a function of initial concentration for the biosorption of Cu(II) ions on AB (a), BC-320 (b) and BC-550 (c). 
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Figure 5. Linear representations of Langmuir (1) and Freundlich (2) models for the biosorption of Cu(II) ions on AB (a), BC-320 (b) and BC-550 (c). 
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Figure 6. lnKe vs. 1/T dependencies for the biosorption of Cu(II) ions on the three biosorbents. 






Figure 6. lnKe vs. 1/T dependencies for the biosorption of Cu(II) ions on the three biosorbents.



[image: Symmetry 15 01500 g006]







[image: Table] 





Table 1. Kinetic parameters calculated for the biosorption of Cu(II) ions on AB, BC-320 and BC-550, under mentioned experimental conditions.
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	Kinetic Model
	Parameter
	AB
	BC-320
	BC-550





	PFO
	R2
	0.9069
	0.8331
	0.8802



	
	qe, mg/g
	1.50
	2.29
	1.37



	
	k1, 1/min
	0.0139
	0.0142
	0.0137



	PSO
	R2
	0.9999
	0.9994
	0.9998



	
	qe, mg/g
	5.67
	4.62
	5.93



	
	k2, g/mg min
	0.0529
	0.0299
	0.0609



	IPD
	R21
	0.9777
	0.9869
	0.9046



	
	c1, mg/L
	2.38
	2.21
	5.09



	
	kdiff,1, mg/g min1/2
	0.5251
	0.7321
	0.1852



	
	R22
	0.7273
	0.9068
	0.9416



	
	c2, mg/L
	5.27
	3.44
	5.81



	
	kdiff,2, mg/g min1/2
	0.0201
	0.0789
	0.0201
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Table 2. Langmuir parameters calculated for the biosorption of Cu(II) ions on AB, BC-320 and BC-550, under mentioned experimental conditions.






Table 2. Langmuir parameters calculated for the biosorption of Cu(II) ions on AB, BC-320 and BC-550, under mentioned experimental conditions.












	Biosorbent
	Parameter
	10 °C
	30 °C
	50 °C





	
	R2
	0.9637
	0.9962
	0.9879



	AB
	qmax, mg/g
	18.46
	26.98
	37.18



	
	KL, L/g
	0.0063
	0.0123
	0.0323



	
	R2
	0.9669
	0.9791
	0.9804



	BC-320
	qmax, mg/g
	7.73
	14.84
	32.31



	
	KL, L/g
	0.0173
	0.0182
	0.0330



	
	R2
	0.9874
	0.9887
	0.9855



	BC-550
	qmax, mg/g
	20.12
	25.77
	55.56



	
	KL, L/g
	0.1056
	0.1934
	0.6135
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Table 3. Freundlich parameters calculated for the biosorption of Cu(II) ions on AB, BC-320 and BC-550, under mentioned experimental conditions.
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	Biosorbent
	Parameter
	10 °C
	30 °C
	50 °C





	
	R2
	0.9698
	0.9879
	0.7862



	AB
	n
	1.90
	1.81
	1.12



	
	KF, L/g
	0.3277
	0.1516
	0.7409



	
	R2
	0.8721
	0.8877
	0.8764



	BC-320
	n
	2.07
	1.69
	1.68



	
	KF, L/g
	0.6745
	0.6350
	0.9084



	
	R2
	0.7993
	0.8470
	0.8599



	BC-550
	n
	4.31
	2.94
	2.51



	
	KF, L/g
	6.6420
	3.9319
	2.1101
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Table 4. Specific surface area (S, m2/g) occupied by Cu(II) ions after biosorption on AB, BC-320 and BC-550.
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	Biosorbent
	10 °C
	30 °C
	50 °C





	AB
	13.73
	20.07
	27.66



	BC-320
	5.75
	11.04
	24.03



	BC-550
	14.97
	22.17
	41.33
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Table 5. Thermodynamic parameters for Cu(II) ions biosorption on AB, BC-320 and BC-550.
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	Biosorbent
	Temperature, °C
	ΔG0, kJ/mol
	ΔH0, kJ/mol
	ΔS0, kJ/mol K





	
	10
	−11.93
	
	



	AB
	30
	−11.09
	11.47
	0.96



	
	50
	−9.22
	
	



	
	10
	−10.09
	
	



	BC-320
	30
	−9.55
	10.02
	1.16



	
	50
	−9.16
	
	



	
	10
	−15.29
	
	



	BC-550
	30
	−14.14
	7.98
	1.41



	
	50
	−13.13
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