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Abstract:



The objective of this study was to investigate the adsorption of two rare earth elements (REEs), namely scandium (Sc) and neodymium (Nd), on biochar produced after low temperature pyrolysis (350 °C) of wood sawdust. The biochar was characterized with the use of several analytical techniques, namely X-ray diffraction (XRD), scanning electron microscopy (SEM), Fourier transform infrared spectroscopy (FTIR) and thermogravimetric (TG) analysis, while the pH at point of zero charge (pHPZC) was also determined. The experimental conditions were: absorbent concentration 1–10 g·L−1, REE concentration in solution 20 mg·L−1, contact time for equilibrium 24 h, temperature 25 °C and stirring speed 350 rpm. The efficiency of biochar was compared to that of a commercial activated carbon. Geochemical modelling was carried out to determine speciation of Nd and Sc species in aqueous solutions using PHREEQC-3 equipped with the llnl database. The experimental results indicated the potential of low temperature produced biochar, even though inferior to that of activated carbon, to adsorb efficiently both REEs. The equilibrium adsorption data were very well fitted into the Freundlich isotherm model, while kinetic data suggested that the removal of both REEs follows the pseudo-second order kinetic reaction. Finally, the most probable adsorption mechanisms are discussed.
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1. Introduction


The rare earth elements (REEs) are a group of 17 chemical elements that are more abundant in the Earth’s crust compared to gold, silver and platinum. However, since they are not present in concentrated forms, their extraction is challenging and their economic value high. Today, REEs are regarded both by the European Union (EU) and the United States (U.S.) as some of the most critical elements [1,2,3,4].



REEs are used in small quantities, but they are essential for the production of several components that are used in numerous devices, including mobile phones, hard drives in computers, fluorescent light bulbs, catalysts, magnets, refrigerators and other everyday products; they are also used in airplanes, hybrid cars, electric vehicles and wind turbines [5]. The need for the production of more sophisticated devices in several high-tech sectors, clean energy and more efficient transport and communication systems indicates that the demand for these elements is likely to increase rapidly in the coming years [6].



By taking into account that exploration of new deposits progresses slowly, despite the strong interest shown in the last few years, the today’s supply of REEs to satisfy the increasing demand still depends heavily on China. It has to be underlined though that until the late 1990s, most REEs were produced in the United States, but soon after that period, production declined quickly due to rising production costs [7,8].



Biochar is a solid, porous and rich in carbon material, which is produced after thermal treatment of biomass, involving slow or fast pyrolysis, conventional or flash carbonization and gasification, under a low or oxygen-free atmosphere [9]. The sources of biochar include agricultural and animal wastes (e.g., waste wood, rice husk, wheat straw, nutshells, manure, poultry litter), energy crop residues (e.g., oilseed rape, corn, cereals, wood pellets), sewage sludge and others [10,11,12,13].



Biochar has beneficial physical and chemical properties that mainly depend on the composition of the raw material, the type of thermal treatment and the temperature used. It can be used as soil amendment to improve among others aggregate stability, cation exchange capacity, water retention and aeration. Furthermore, it is considered as a renewable energy source, and due to the high stability of carbon, it contributes to carbon sequestration in soils and the mitigation of global warming. It can also be used as slow release fertilizer and adsorbent to inhibit mobilization of organic and inorganic contaminants in soils and prevent groundwater contamination [14,15,16,17,18,19]. Therefore, through its numerous uses, biochar can contribute to agricultural waste valorization, preservation of resources, improvement of the economy especially in degraded areas and overall to the development of sustainable agriculture [20,21,22]. Beyond that, it can also be considered as an alternative energy source to replace fossil fuels and reduce the carbon footprint of ferronickel and steel production [23,24].



The use of biochar for the adsorption of inorganic and organic contaminants present in waters and wastewaters has been so far sufficiently investigated, as indicated by the increasing number of publications produced over the last few years. In these studies, emphasis is given indicatively to the type of feedstock and the effect of pyrolysis temperature on biochar properties [25,26,27], solution pH and the presence of other ions [28], surface area before and after modification [29,30,31] and the way these factors affect adsorption kinetics and cost efficiency [32,33,34].



The number of available publications in international literature investigating the adsorption of REEs from waters and wastewaters is rather modest. The most recent and indicative ones involve the use of adsorbents such as modified silica gel [35], carbon black derived from recycled tires [36], carbonized polydopamine nano carbon shells [37], EDTA-β-cyclodextrin [38], chitosan benzoyl thiourea derivatives [39], glutamic acid crosslinked with polyvinyl alcohol [40], cell surface display of lanthanide binding tags [41], polyamidoamine dendrimer functionalized soy hull [42] and sponge biomass [43]. A very good review of recent literature that assesses the efficiency of various materials to adsorb REEs has been recently published [44].



On the other hand, the number of studies investigating the adsorption of REEs on biochar is extremely limited. Wang et al. [45] assessed the efficiency of ammonium citrate-modified biochar as adsorbent for La(III) ions from aqueous solution, as well as its regeneration, while Hadjittofi et al. [46] investigated the removal of trivalent samarium from aqueous solutions by activated biochar derived from cactus fibers. Thus, the present study has a sufficient innovation potential since it investigates the adsorption of scandium (Sc) and neodymium (Nd) on biochar derived after low-temperature pyrolysis sawdust, compares its efficiency with a commercial activated carbon, uses several analytical techniques for its characterization, determines the speciation of Sc and Nd species in solution through geochemical modelling, provides kinetics and equilibrium data and discusses potential adsorption mechanisms.




2. Materials and Methods


2.1. Adsorbents


Pine wood sawdust (Sd), used as feedstock in the present study, was obtained from a carpentry workshop located in the area of Akrotiri, City of Chania, region of Crete, Greece, and subjected to slow pyrolysis at 350 and 550 °C for the production of biochar (Sd350 and Sd550, respectively). Pyrolysis was carried out using small quantities of feedstock, e.g., 50 g in porcelain capsules placed in a modified laboratory furnace, Ν-8L SELECTA. The retention time was 60 min, and the heating rate was maintained at 10 °C·min−1. N2 gas was fed to the furnace for 60 min at a rate of 100 mL·min−1 to remove air. The overall biochar production route followed was based on previous studies carried out in our laboratory. Activated carbon (AC) with a particle size of 1.5–4.0 mm was purchased from Donau Chemie, Vienna, Austria, and used as a reference material.



Prior to use, both adsorbents were pulverized (FRITSCH pulverizer) to a grain size <100 μm; the particle size distribution was determined with the use of a Mastersizer S particle size analyzer (Malvern Instruments, Worcestershire, UK).



After thermal treatment, pyrolysis yield (yP), pH (Hanna 211 pH/Eh meter, Bedfordshire, UK), electrical conductivity (EC) (Hanna EC215 conductivity meter, Bedfordshire, UK), surface area (NOVA Surface Area Analyzer, Quantachrome instruments, Boynton Beach, FL, USA), porosity (Micromeritics AutoPore 9400 porosimeter, Communications Dr. Norcross, GA, USA) and volatile matter (VM) content were determined for the produced biochars; pH and EC were measured in solution using a solid:liquid ratio of 1:10. The char fraction, consisting of partially or fully ashed inorganic material and/or any unconverted organic and carbonaceous materials, was calculated as the difference between 100% and %VM. The fixed carbon (FC) content consisting of the elemental carbon of the feedstock and the carbonaceous residue remaining after heating, was calculated as the % difference between char and ash content.



The elemental C, H, S and N content was determined using a Flash 2000 Elemental Analyzer (Thermo Scientific, Waltham, MA, USA) calibrated using 2,5-bis(5-tert-butyl-2-benzo-oxazol-2-yl)thiophene (BBOT) carbon containing standards; the oxygen content was subsequently calculated as % difference. The produced biochar was also subjected to thermogravimetric (TG) analysis using a differential thermogravimetric analyzer TGA-6/DTG of Perkin Elmer (Akron, OH, USA).



X-ray diffraction (XRD) analysis was performed using a Bruker AXS (D8 Advance type) diffractometer (Bruker, Karlsruhe, Germany). Scanning electron microscopy (SEM) analysis was performed with a JEOL 6380LV scanning electron microscope equipped with an EDS INCA microanalysis system (JEOL Ltd., Freising, Germany), while Fourier transform infrared spectroscopy (FTIR) analysis was carried out using a Perkin-Elmer Spectrum 1000 spectrometer (Akron, OH, USA). Further details on the analytical techniques used are provided in other recent publications of our group [26,30].



For the determination of the pH at the point of zero charge (pHPZC) of sawdust and activated carbon, different experimental methods may be used [47]. The approach followed in this study is quite similar to the one reported in [48]. More specifically, 5 mg of pulverized (<100 μm) feedstocks were added in a 20 mL 0.005 M CaCl2 solution, which was first boiled to remove dissolved CO2 and then cooled at room temperature. The initial suspension pH was adjusted to values ranging between pH 1 and pH 7 using 0.5 M HCl and 0.5 M NaOH solutions. After pH adjustment, the solution was agitated on an orbital shaker for 24 h at room temperature (~25 °C) to reach equilibrium. The final suspension pH was again measured, and then initial and final pH values were plotted to determine the pHPZC. All tests were carried out in triplicate, and average values are given.




2.2. Geochemical Modelling


Geochemical modelling was carried out to determine speciation of Nd and Sc species in aqueous solutions using PHREEQC-3 [49] equipped with the llnl database. The database was extended by additional solubility data obtained from other sources in order to increase reliability where appropriate [50,51,52,53]. Aqueous geochemical modelling enabled the calculation of the dominant Nd and Sc species and the determination of the solubility-controlling phases through the use of the Saturation Index (SI) at the specific conditions (pH, concentration and composition) prevailing in the adsorption experiments conducted in this study. Phase saturation indices were calculated as SI = log (IAP/Ksp), where IAP is the ion activity product for the relevant reaction at various pH values and Ksp is the solubility product constant [54]. Saturation indices greater than zero indicate supersaturation, below zero indicate under-saturation, while values close to zero indicate equilibrium with a mineral phase.




2.3. Kinetic and Equilibrium Experiments


Kinetic and equilibrium experiments were carried out in 500-mL conical flasks, with an operating volume of 250 mL. Two solutions with concentration of Nd and Sc 20 mg·L−1 were prepared by dissolving the required quantities of Nd2(SO4)3·8H2O, 99.9% (Alfa Aesar) and Sc2(SO4)3·xH2O (in our case, x equals zero), 99.9% (Alfa Aesar), respectively, in distilled water. The pH of the initial solutions was 5.44 and 4.13, respectively and was adjusted to 3 using 0.5 Μ H2SO4, 95%–97% (Merck). Experiments were carried out at this pH based on geochemical modelling data and the pHPZC of the adsorbents (data are shown later in the text).



For the kinetic experiments, the concentration of both adsorbents used (Sd350 and AC) was 10 g·L−1, while the concentration of Nd and Sc in each solution was 20 mg·L−1. Agitation took place with a Vibromatic (Spain) rocking mixer at 350 rpm and room temperature. At various time intervals (15 min, 2 h, 6 h, 24 h and 48 h), 10 mL of liquid samples were withdrawn and filtered through Whatman filters (0.45 μm) for the determination of Nd and Sc concentrations through a inductively-coupled plasma mass spectrometry (ICP-MS) analyzer, Agilent Technologies 7500cx (Santa Clara, CA, USA). After each sampling, an equal volume of distilled water was added in the flasks to keep the volume constant. The adsorbed Nd and Sc mass was calculated as the difference between the initial and the final concentration. All tests were carried out in triplicate.



The kinetics of Sc and Nd adsorption on Sd350 and AC was studied using the pseudo-first and pseudo-second order Lagergren kinetic models [55,56].



The pseudo-first order Lagergren kinetic model is described by Equation (1):
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The pseudo-second order kinetic model of Lagergren is described by Equation (2):
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(2)




where qt and qe (mg·g−1) are the adsorbed REE per unit weight of adsorbent at time t, while k1 and k2 (h−1) are the rate constants for the pseudo-first and pseudo-second order kinetics, respectively.



Plotting log(qe − qt) and t values from Equation (1) determines k1 and qe values for the pseudo-first order model, while plotting of t/qt and t values from Equation (2) determines k2 and qe for the pseudo-second order model.



Equilibrium experiments were carried out using varying concentrations of the adsorbents (Sd350 and AC), namely 1, 2, 5 and 10 g·L−1, while the concentration of Nd or Sc was kept constant at 20 mg·L−1. Contact time to reach equilibrium, as indicated by kinetic experiments, was 24 h. Furthermore, in this series, all tests were carried out in triplicate.



The Freundlich and Langmuir models were used to describe adsorption. The Freundlich model assumes a heterogeneous energetic distribution of active sites on the adsorbent and multilayer sorption accompanied by interactions between adsorbed ions (Equation (3)):
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(3)




where Kf (L·g−1) is a constant related to the adsorption capacity of the adsorbent and 1/n is a constant related to the adsorption intensity.



The Langmuir model assumes that the number of adsorption sites on the adsorbent is constant and that uptake occurs by monolayer sorption on a homogenous surface (Equation (4)):
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where qmax is the maximum adsorption capacity of the adsorbent (mg·g−1) and b (L·mg−1) is the Langmuir constant, which is related to the energy of the adsorption; qe and Ce have been explained before. Finally, the Gibbs free energy change [image: ] (kJ·mol−1) that indicates the spontaneity of adsorption of REEs was calculated using the following two equations:
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where R is the universal gas constant (J mol−1 K−1), T is the absolute temperature (K), Kc is the distribution coefficient for adsorption and [image: ] and Ce the equilibrium concentration of each REE on the adsorbent and in solution, respectively.





3. Results and Discussion


3.1. Characterization of Biochar


3.1.1. Properties


Table 1 shows the properties of the raw materials used (Sd and AC) and the produced biochar after pyrolysis at 350 °C (Sd350). First of all, it is seen that pyrolysis results in a relatively low yield (yP), 30.2%, due to the condensation of aliphatic compounds and the loss of CH4, H2 and CO. Other studies show that the further increase of temperature results in even lower yields [25,26]. Pyrolysis results also in the decrease of pH, EC and VM content for the produced biochar. On the other hand, it results in a substantial increase of the char content. The surface area of the produced biochar increases after pyrolysis to 4.71 m2·g−1 at 350 °C, but it is still much smaller than the surface area of AC. Finally, pyrolysis results in increased total carbon content and decreased hydrogen, nitrogen and oxygen content. The properties of the produced biochar are in general similar to those mentioned in other studies; differences, such as a higher pH, are noticed when different feedstocks and pyrolysis temperatures are used [57,58]. Based on the objectives of each study, it is deduced that a balance among the desired properties of biochar, yield and cost, which mainly depend on the pyrolysis temperature, needs to be reached.



Table 1. Characterization of the raw materials and biochar sawdust subjected to slow pyrolysis at 350 °C (Sd350). AC, activated carbon; EC, electrical conductivity; VM, volatile matter; FC, fixed carbon.







	
Parameter

	
Sd

	
Sd350

	
AC






	
yP, %

	
-

	
30.20

	
-




	
pH

	
5.4

	
3.7

	
10.2




	
EC, mS·cm−1

	
0.34

	
0.24

	
-




	
Surface area, m2·g−1

	
-

	
4.71

	
912.10




	
Porosity, %

	
10.4

	
20.41

	
-




	
VM, %

	
87.9

	
42.11

	
-




	
Char, %

	
12.1

	
54.17

	
-




	
FC, %

	
10.5

	
52.46

	
-




	
Ash, %

	
1.6

	
1.71

	
-




	
% C

	
46.7

	
62.23

	
78.91




	
% H

	
5.8

	
2.24

	
-




	
% N

	
0.51

	
0.34

	
-




	
% O

	
47

	
35.19

	
-











3.1.2. Mineralogical Analysis


Figure 1 shows the XRD patterns of the feedstock (Sd) and biochar Sd350. The feedstock is characterized by the characteristic peaks of cellulose, (C6H10O5)n, which is the main structural component of the primary cell wall in wood products. The elevated background shown between 16 and 26° 2θ indicates the presence of organic matter.


Figure 1. XRD patterns of Sd and biochar Sd350 (Ce: cellulose, C: calcite, Q: quartz).



[image: Minerals 07 00200 g001]






After pyrolysis (350 °C), the content of cellulose drops, due to the decomposition of organic matter, and some residual inorganic phases such as calcite (CaCO3) and quartz (SiO2) appear [26].




3.1.3. Morphology


SEM backscattered electron images (BSI) of Sd and biochar Sd350 are shown in Figure 2. It is seen that the feedstock (Sd) has pores on its surface that are well arranged in rows (Figure 2a). However, it is observed that the fiber structure of Sd is modified after pyrolysis due to the release of high molecular weight volatiles, which affects the number and diameter of pores; smaller pores with a size of 9–16 μm and larger pores with a size of 21–48 μm are observed. It is also shown that several well-oriented cellular pores with sharp and curvy edges are formed (Figure 2b,c). The porosity increases (Table 1) due to the transformation of aliphatic C structures to aromatic C structures [26,30,59].


Figure 2. SEM-BSI images of the Sd (×200) (a), Sd350 (×300 and ×2000) (b) and Sd350 (×500 and ×1000) (c).
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3.1.4. Thermogravimetric Analysis


Figure 3 shows the TG (weight loss) and DTG (weight loss rate) vs. temperature evolution for Sd and biochar Sd350. It is seen that the total weight loss differs substantially between the two materials and accounts for 89% and 49% for Sd and Sd350, respectively (Figure 3a). The weight loss observed for Sd is sharp between 275°C and 350 °C, whereas the biochar produced at 350 °C exhibits gradual weight loss.


Figure 3. TG (a) and DTG curves (b) versus temperature evolution, for Sd and biochar Sd350.



[image: Minerals 07 00200 g003]






DTG curves (Figure 3b) indicate that the major weight loss of Sd is initiated at around 300 °C and is completed at 380 °C; the distinct peak shown in the region 275–350 °C is due to the decomposition of cellulose. Lignin decomposes gradually in the region 275–500 °C, and this is indicated by the flat section of the curves [26].




3.1.5. FTIR Analysis


Figure 4 shows the FTIR spectra of Sd and biochar Sd350. It is seen that the spectrum of the feedstock is typical of an oxygenated hydrocarbon containing cellulose; after pyrolysis, major bands disappear, indicating loss of chemical diversity.


Figure 4. FTIR spectra of Sd and biochar Sd350.
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The broad band seen for Sd at around 3400 cm−1 indicates the presence of free and intermolecular bonded hydroxyl group (−OH) stretching. In biochar produced after pyrolysis at 350 °C, this band disappears, indicating the absence of hydroxyl groups and the increase of hydrophobicity. The band at 2900 cm−1, present only in Sd, is the result of aliphatic C−H deforming vibrations. The small peak at 2398 cm−1 is due to minor carbonation with atmospheric carbon dioxide.



The band at 1746 cm−1, present in both materials, is assigned to ν(C=O) vibration in the carbonyl group or the presence of carboxylic bonds. The band at around 1580 cm−1 is due to the presence of aromatic C=O ring stretching (likely –COOH) or C=C stretching of lignin aromatic groups, indicating the presence of residual lignin after decomposition. This band reflects the degree of charring of cellulose in biochars.



The characteristic peaks, which appear between 1400 cm−1 and 1500 cm−1 only in the feedstock and disappear in biochar, are attributed to C6 ring modes. The band shown at 1020 cm−1 only for Sd is characteristic of a C−C−O or C−O−C asymmetric stretching. This band disappears in biochar Sd350, indicating the decomposition of organic matter [26,60].




3.1.6. pHPZC


It is known that solution pH influences the surface charge of adsorbents, the dissociation of functional groups on the adsorbent active sites and the degree of ionization of ions present in solution. Our experimental studies indicated that the pHPZC for Sd350 is 2.8, while the respective value for AC is higher and reaches a value of six. The pHPZC values determined in this study for both adsorbents are within the ranges indicated in other studies. It is mentioned though that in the literature, pHpZC values for biochars vary greatly, while those of commercial activated carbons fall within a much narrower range [48,61,62,63]. This is due to the fact that biochar is amphoteric in nature as a result of the presence of functional groups on its surface. Thus, pHPZC values, which indicate its electrokinetic behavior, usually vary and depend on the properties of the raw material, the type of the thermal treatment carried out and the pyrolysis temperature [64].



By taking into account that the pHPZC of the Sd350 surface is 2.8, it is understood that a negative charge develops on its surface at pH above pHPZC and a positive charge below that value. Therefore, it is anticipated that the adsorption of Sc and Nd on the surface of biochar will be favored for solution pH values higher than 2.8 where increased electrostatic interactions may take place.





3.2. Speciation Studies: Identification of Potential Solubility-Controlling Phases


The Nd and Sc speciation diagrams obtained with the use of PHREEQC software are shown as a function of pH in Figure 5a,b, respectively. PHREEQC-3 simulations indicated that under highly acidic conditions, Nd is predominantly present with its positively-charged species of Nd3+ and NdSO4+. In the pH range 3.5–7.8, the free ionic form (Nd3+) represents the most abundant species, accounting for 50%–65% of the total REE concentration, while the percentage of NdSO4+ species remains almost stable (30%–35%) until neutral conditions are reached and then decreases as pH increases to the value of 9.5. Similar speciation modeling results for Nd in aqueous solutions at 25 °C were also reported by [65]. Complexes, i.e., NdOH2+ and NdO+, represent up to 45% and 35% of the total species content, respectively. The uncharged NdO2H0 species is dominantly present (52%–70%) in the pH range 9.5–10.8, whereas the presence of the only negatively-charged Nd species (NdO2−) is predicted by PHREEQC-3 under highly alkaline conditions, reaching up to 66% of the total speciation at pH 11.


Figure 5. PHREEQC-3 calculated speciation diagrams of (a) Nd; and (b) Sc in aqueous solutions as a function of pH.
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Regarding Sc, ScSO4+ is the only inorganic complex present in solution under extremely high acidic conditions, accounting for up to 75% of the total species content. On the other hand, with the exception of solution pH values below 1.9, Sc is predominantly present in its free ionic form (Sc3+) accounting for 50%–70% of the total concentration. The speciation of Sc is quite complex in terms of ion and charge balance diversity under acidic and neutral conditions. It is dominated by the presence of ScOH2+ and ScO+ species over the pH range 4.6–6.6 and by ScO2H0 species at pH > 6.6; for example, at pH 6, the PHREEQC-3 calculated values are approximately 12%, 77% and 11%, respectively. Under alkaline conditions (pH > 8), ScO2H0 and ScO2− are the only prevalent species in solution reaching distributions even 100% of the total speciation at pH values of 8.6 and 10.4, respectively.



Potential solubility-controlling phases were also predicted by PHREEQC-3 for Nd and Sc and are shown in Figure 6a,b, respectively. It is seen that only Nd(OH)3 and Sc(OH)3 exhibited positive SI values (above dashed lines equal to zero), implying that possible precipitation of these phases may occur at pH values over 6.7 and 4.8, respectively. On the other hand, PHREEQC-3 predicted under-saturation with respect to the corresponding REE oxides (Nd2O3 and Sc2O3) over the entire pH range.


Figure 6. PHREEC-3 calculated saturation index (SI) values of potential solubility-controlling phases as a function of pH for (a) Nd and (b) Sc.
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The determination of the pHPZC and the results of geochemical modelling provide useful insights regarding the selection of the most appropriate pH for adsorption experiments. In the present study, we investigated adsorption at pH 3 since some reliability problems were encountered during the ICP determination of Sc and Nd concentrations in solution at pH higher than 4. Based on the results of our speciation studies, hydrolysis of Sc and Nd is not expected to occur at low pH. It has to be mentioned though that Bruque et al. [66] reported that the tendency for hydrolysis of lanthanides increases with increasing atomic number and some precipitation as hydroxides may occur at pH lower than 6; based on these results, the recovery of REEs adsorbed on clay minerals through leaching with ammonium sulfate was investigated at pH 3–4 [67].




3.3. Morphology of the Adsorbents


In order to evaluate the surface physical morphology and the porous structure of the adsorbents after adsorption, SEM analysis was carried out, and SEM images along with the corresponding EDS spectra of Sd350 and AC are shown in Figure 7a–d and Figure 8a–d, respectively. SEM images show that the initial surface of biochar Sd350, which was smooth and porous (Figure 2b), after adsorption became uneven with a rough texture; besides, several bright spots, associated with Sc and Nd, were observed in micro-caves and pores (Figure 7a,c). The EDS spectrum analysis identified the presence of Nd and Sc on the Sd350 surface. Apart from Sc, residual Ca appears due to the presence of calcite in Sd350 biochar (Figure 1).


Figure 7. SEM micrographs at 2000× and corresponding EDS spectra of Sd350 biochar after Nd (a,b) and Sc (c,d) adsorption, respectively.
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Figure 8. SEM micrographs at 2000× and corresponding EDS spectra of AC after Nd (a,b) and Sc (c,d) adsorption, respectively.
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The surface morphology of AC was also altered after adsorption. Figure 8a,c indicates the presence of several bright spots of different shapes and sizes, which are widely distributed in its pores. It is important to note that in all experiments, EDS spectra showed higher Nd loading compared to Sc for both studied absorbents. This result is in agreement with the higher tendency for adsorption exhibited by Nd as seen in the kinetic studies (see the next section).




3.4. Determination of Adsorbents Efficiency


3.4.1. Kinetic Studies


Table 2 shows the parameters for the pseudo-first and pseudo-second order of Lagergren kinetic models. It is seen that for both adsorbents, Sd350 and AC, the pseudo-second order Lagergren model fits the data very well for both Sc and Nd (R2 values are either 0.999 or 1.000), indicating that the reaction rate depends on the number of active sites existing on their surface. By taking into account that adsorption is affected by both surface or pore diffusion, the accurate determination of which type of diffusion is the rate limiting step requires additional studies [45,68,69,70]. The pseudo-first order model fits the data well only in the case of biochar Sd350 during the adsorption of both REEs.



Table 2. Parameters of the pseudo-first and pseudo-second order of Lagergren kinetic models for Sc and Nd adsorption on biochar Sd350 and activated carbon (AC).







	
Adsorbent-REE

	
Pseudo-First Order

	
Pseudo-Second Order




	
k1 (min−1)

	
qe (mg·g−1)

	
R2

	
k2 (g·mg−1·min−1)

	
qe (mg·g−1)

	
R2






	
Sd350-Sc

	
0.287

	
0.361

	
0.989

	
2.723

	
1.059

	
0.999




	
AC-Sc

	
0.519

	
0.166

	
0.774

	
13.799

	
1.539

	
0.999




	
Sd350-Nd

	
0.187

	
0.688

	
0.991

	
0.875

	
1.611

	
0.999




	
AC-Nd

	
0.179

	
0.331

	
0.719

	
2.258

	
1.772

	
1.000










Table 3 provides data on Sc and Nd adsorption, as % and rate (mg·g−1), on biochar Sd350 and AC for different adsorbent concentrations, ranging from 1–10 g·L−1. As mentioned earlier, the initial concentration of each REE in solution was 20 mg·L−1. Solution pH was kept constant at 3, and equilibrium was reached after 24 h.



Table 3. % Sc and Nd adsorption (initial concentration 20 mg·L−1) on biochar Sd350 and AC for different adsorbent concentrations (1–10 g·L−1).







	
Adsorbent

	
Adsorbent Conc. (g·L−1)

	
% Nd Adsorbed

	
Nd Adsorption Rate (mg·g−1)

	
% Sc Adsorbed

	
Sc Adsorption Rate (mg·g−1)






	
Sd350

	
1

	
40.2

	
8.0

	
37.9

	
7.5




	
2

	
47.1

	
4.7

	
39.7

	
4.0




	
5

	
61.5

	
2.5

	
47.9

	
1.9




	
10

	
78.6

	
1.6

	
52.3

	
1.1




	
AC

	
1

	
44.2

	
8.8

	
42.6

	
8.5




	
2

	
55.0

	
5.5

	
46.3

	
4.6




	
5

	
68.5

	
2.7

	
62.0

	
2.5




	
10

	
87.9

	
1.8

	
76.8

	
1.5










It is shown that for all adsorbent concentrations considered (1, 2, 5 and 10 g·L−1), AC exhibited the highest adsorption efficiency for both Nd and Sc, which reached almost 88% and 77% at its highest concentration (10 g·L−1) when the number of available adsorption sites was maximum. This was anticipated since AC apart from being an established commercial adsorbent has a much larger specific surface area (912.10 m2·g−1) compared to biochar Sd350 (4.71 m2·g−1); the adsorption percentages calculated though are not proportional to the surface area of each adsorbent. For both adsorbents, Nd exhibited the highest tendency for adsorption compared to Sc, and this may be the result of its larger ionic radius (112.3 pm (porometers) for Nd and 88.5 pm for Sc) [26,71]. Finally, both adsorbents exhibit quite similar adsorption rates for Nd and Sc, which decrease with increasing adsorbent concentration.




3.4.2. Isotherm Models


The Freundlich and Langmuir isotherms for Nd and Sc adsorption on biochar Sd350 and AC are presented in Figure 9 and Figure 10, respectively. The respective equations and the correlation coefficients R2, which were determined using the equilibrium concentration of Nd and Sc in solution for four different Sd350 and AC concentrations, are also shown in these figures.


Figure 9. Freundlich isotherms for Nd and Sc adsorption on biochar Sd350 (a,b) and AC (c,d).
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Figure 10. Langmuir isotherms for Nd and Sc adsorption on biochar Sd350 (a,b) and AC (c,d).
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It is shown that for both adsorbents, the Freundlich model (Figure 9a–d) gives a much better fit compared to the Langmuir model (Figure 10a–d), while the highest R2 values correspond to the Sd350 biochar for both Nd (Figure 10a) and Sc (Figure 10b). It is believed that the Freundlich model describes sorption much better as a result of the surface heterogeneity of Sd350, the pore size distribution and the presence of functional groups [72]. In the only similar available study in the literature [45] in which ammonium citrate-modified biochar was used to adsorb La(III) ions from solution, it was found that (i) adsorption followed also the pseudo-second-order kinetic model; and (ii) the Langmuir equation fitted the experimental results better; this indicates that the modification of biochar resulted in a more homogeneous surface that favors monolayer adsorption.



Table 4 presents the [image: ] (kJ·mol−1) values of adsorption of REEs on Sd350 and AC. It is seen from this data that the negative values of [image: ] confirm that adsorption of both REEs on each adsorbent is feasible and spontaneous in nature at room temperature and that AC is a more efficient adsorbent.



Table 4. [image: ] (kJ·mol−1) values of adsorption of REEs on Sd350 and AC.







	
Adsorbent

	
Nd

	
Sc






	
Sd350

	
−3.23

	
−0.23




	
AC

	
−4.92

	
−2.96











3.4.3. Adsorption Mechanism


The most important factors that define the adsorption efficiency of a carbon-rich material are the pore structure, the pore size distribution and the presence of surface functional groups [73]. The degree to which each factor contributes to adsorption depends on the characteristics of the initial raw material and the type of treatment applied, namely chemical or thermal, that defines the physico-chemical properties of the produced biochar or a commercial adsorbent. The increase of porosity and the development of micropores (0–2 nm) and mesopores (2–50 mn) that will increase the adsorption capacity of biochars can be accomplished through activation. Another issue that needs to be considered is potential blocking of pores as a result of mineralogical transformations occurring during pyrolysis or due to competition of ions present in solution [74,75,76].



Sd350 as deduced from the analyses carried out in the frame of the present study, mainly FTIR and SEM, is characterized by the presence of various active groups, such as the carbonyl, and quite well distributed adsorption sites, which enable adsorption of several metal and other ions present in aqueous solutions. Adsorption may be implemented through the involvement of several mechanisms, namely electrostatic interaction, chelation and complexation. In the present study, the results of speciation analysis indicate that the main species present in solution at pH 3 are Nd3+ and NdSO4+ for Nd and Sc3+, ScSO4+ and some ScOH2+ for Sc. It is thus believed that the main adsorption mechanism is cation exchange between –COOH and Sc or Nd as indicated in earlier studies [40,77]. Chemical adsorption and ion exchange were also proposed as potential mechanisms during the adsorption of light REEs (Y, La, Ce, Nd and Sm) on carbon black derived from recycled tires [36].



Furthermore, it is anticipated that electrostatic interactions may occur above the pHPZC between the previously mentioned positively-charged species of Nd and Sc and the carboxylic groups present in Sd350 and result in the formation of inner sphere chelated complexes [46]. It has been mentioned in a recent study, investigating sorption of Sc(III) onto carbon-based materials in acidic solutions, that competition between hydrogen and metal ions for the same sites may reduce sorption efficiency. Increase of pH charges the carbon surface more negatively, enhances electrostatic interactions between Sc and the sorbents and results in higher metal retention [78]. Finally, in a study investigating the adsorption of Eu3+ on Fe3O4@cyclodextrin magnetic composite at low pH, it was mentioned that at higher pH, precipitation of REE may also take place [79]. As our speciation analysis shows though, precipitation of Nd and Sc species is not probable at the studied acidic pH.






4. Conclusions


The results of the present study indicate that biochar produced after low-temperature pyrolysis of sawdust may be used as an alternative adsorbent, even though inferior to activation carbon, for the adsorption of REEs, such as Nd and Sc, from aqueous solutions. Kinetic data indicate that adsorption follows the pseudo-second-order kinetic reaction, while equilibrium data show that it obeys the Freundlich isotherm model. The main adsorption mechanisms include chemical adsorption and ion exchange.



The selection of the most efficient biochar and the optimum experimental conditions to enable maximum adsorption efficiency should be based on the results of geochemical modelling and speciation analysis, as well as the determination of pHPZC.



The development of inexpensive and efficient adsorbents from agricultural and other wastes is an intriguing research issue since their production contributes to waste valorization and is in line with the principles of circular economy. Based on the results of the present study, it is proposed that further investigations are required to (i) assess the adsorption efficiency of biochars produced from different agricultural wastes; (ii) optimize biochar production through different types of pyrolysis in order to balance yield and process economics and at the same time improve its properties (e.g., structure, porosity, surface area, presence of specific functional groups and available active sorption sites); and (iii) determine the effect of surface modification that may affect pHPZC and enable adsorption of REEs over a much wider pH range.
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