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Abstract:



Two kinds of algal beads were prepared using a carrageenan-based alga (Chrondrus crispus) and an alginate-based alga (Laminara digitata) ionotropically gelled with K(I) and Ca(II), respectively: the process consists of biopolymer partial extraction followed by hydrogel formation. The beads were modified with branched polyethylenimine (bPEI) and glutaraldehyde (GA) using the impregnation method to improve their sorption capacity for Pd(II) in acid solution. SEM-EDX and FTIR techniques were used for characterizing the beads. The impacts of pH and presence of anions, cations, and Pt(IV) were studied in batch experiments. The beads were also applied for Pd(II) recovery from synthesized leaching liquors of a spent catalyst and a car catalytic converter via the sorption-desorption process. Results show that Pd is concentrated in the outer layer of L. digitata-bPEI-GA composite (LD/PEI) beads, while in the case of the C. crispus-bPEI-GA composite (CC/PEI), it is homogenously distributed in the whole mass of the sorbents. The difference is attributed to the repulsive force of the outer Ca(II)-alginate barrier of LD/PEI beads that makes it difficult for the branched polymer PEI to penetrate through the layer and be immobilized in the inner compartment. As a result, LD/PEI beads possess a lower maximum sorption capacity, but a slightly faster uptake at pH 1 than CC/PEI beads. In addition, CC/PEI beads present a better recovery performance compared to LD/PEI beads when applied for the treatment of synthesized leaching liquors.
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1. Introduction


Palladium (Pd), one of the precious platinum group metals (PGMs), has been widely applied in electronic devices and automotive catalysts [1,2]. As one of the most extensively exploited precious metals, Pd is in short supply due to its rare source and increasing global demand [3]. However, waste electronic devices and catalysts are constantly produced due to the limitation of their lifetime [4]. Palladium, along with other PGMs, remains in the matrix of the supports. Therefore, efficient and economical methods for recovering such metal from its main waste streams, electronic devices, and catalysts, are highly needed for sustainably recycling Pd. The conventional methods for Pd recovery generally can be classified as pyrometallurgy and hydrometallurgy. The former category consists of separating Pd from the support by melting the crushed wastes at high temperatures and dissolving the metal in an acid matrix, while the later treatment, hydrometallurgy, refers to leaching the wastes using oxidant-acid solutions containing HNO3, HCl, H2O2, or AlCl3 [5]. These leachates are treated by conventional precipitation, solvent extraction, and/or adsorption for recovering Pd(II). Precipitation is not generally applicable (poorly selective), while solvent extraction can be used but is suffering from a high cost; this method is specially tailored for large-scale recovery with a high target metal concentration (higher than 0.5 g L−1 [6,7]). For those leaching liquors containing low metal concentrations, base metals, and a relatively high acidity, the recovery process is rather challenging [8].



Sorption is a physiochemical process that involves the passive sorption and/or complexation of metals by sorbents and is well-known for its low operating cost, high efficiency in recovering metal ions from low-concentration effluents, and small-occupied space. Polyethylenimine (PEI), which has a unique branched/linear conformation, is a superior ligand to chelate PGMs. To make this material stable, several studies previously incorporated its crosslinked products into biopolymers, such as chitosan [9], carrageenan [10,11], and alginate [12,13]. However, very few studies were conducted on the direct use of the raw natural materials as supports for PEI. Very recently, glutaraldehyde (GA) crosslinked PEI (branched) was incorporated in brown algal biomass (Laminara digitata) beads through a green and convenient process, during which alginate is simultaneously extracted and used for immobilizing PEI-GA via calcium gelation. Theoretically, beads can also be prepared through this process using a kind of red algae, Chrondrus crispus, taking advantage of 60% carrageenan inside this material to gel with potassium. Moreover, the pKa of carboxyl groups on alginate and sulfate groups on kappa-carrageenan beads is approximately 4 and 2 [14], respectively, while that of tertiary amine groups on PEI was reported as 11.6 [15]. Therefore, when adjusting the PEI solution pH between 4 and 11, PEI can be loaded through electrostatic interaction between the positively charged amino groups and the negatively charged carboxyl groups on L. digitata (LD) beads or sulfate groups on C. crispus (CC) beads [16].



Based on the discussion above, this study aims to develop two algal-based sorbents modified with PEI by the impregnation method for recovering palladium from the leaching liquors. To improve their stability, the loaded PEI was crosslinked with GA as a post-treatment [17]. The beads were characterized using FTIR and SEM-EDX and compared for Pd(II) sorption by evaluating the impact of parameters such as solution pH, the presence of co-existing anions and metals, and by investigating the sorption isotherms and kinetics. At the end, the sorbents were applied for Pd(II) recovery from synthesized leaching liquors to assess their feasibility for practical applications.




2. Materials and Methods


2.1. Materials


The brown algae, L. digitata, and red algae, C. crispus, were supplied by SETALG (Pleubian, France). The biomasses were washed, dried, grinded, and sieved (<250 μm). Branched polyethyleneimine (bPEI, 50% (w/w) in water) and glutaraldehyde (GA, 50% (w/w) in water) were purchased from Sigma-Aldrich (Taufkirchen, Germany). Other reagents such as sodium carbonate, formic acid, and calcium chloride were supplied by Chem-Lab NV (Zedelgem, Belgium). Palladium(II) chloride was obtained from R.D. H (Seelze, Germany). The stock solution was prepared by dissolving 1 g of palladium(II) in 1 L of 1.1 M HCl solution.




2.2. Preparation of LD/PEI and CC/PEI Beads


Supplementary Materials Figure S1 shows the preparation process of the beads. CC beads were prepared by adding 10 g of C. Crispus (dry) to 200 mL of NaOH solution (1%, w/w), while LD beads were obtained by the contact of 10 g of L. digitata (dry) with 2 g of Na2CO3 (in 388 mL of Milli-Q water). These two suspensions were heated at 50 °C for 24 h. Thereafter, for CC beads, the mixture was cooled below 10 °C and dropped wisely into 1 L of a cold 0.3 M KCl solution (in an ice water bath); for LD beads, the suspension was distributed dropwise into a solution containing both CaCl2 (1%, w/w) and formic acid, HCOOH (1%, v/w). The beads were kept in the solutions overnight and rinsed two times with deionized water (1 L for each time). A schematic representation of modifications of the beads using bPEI and GA is shown in Figure 1. Both types of beads were further modified using bPEI followed by reaction with a crosslinker (GA). Specifically, the beads were firstly maintained in 250 mL of bPEI solution (1%, w/w) with a pH of 7.5 and gently stirred for 3 h. Thereafter, the beads were rinsed twice and soaked in 1% (w/w) GA solution for 5 h. After this step, the hardened beads were thoroughly washed with deionized water and freeze-dried (−52 °C, 0.1 mbar, two days). The LD beads and CC beads impregnated with bPEI and GA solutions were marked as LD/PEI and CC/PEI beads, respectively.


Figure 1. A schematic representation of modifications using bPEI and GA solutions. bPEI: branched polyethylenimine; GA: glutaraldehyde; LD/PEI: L. digitata-bPEI-GA composite; CC/PEI: C. crispus-bPEI-GA composite.
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2.3. Characterization


Scanning electron microscopy (SEM) and SEM-EDX (SEM coupled with energy dispersive X-ray diffraction analysis) were performed using an environmental scanning electron microscope Quanta FEG 200 (FEI France, Thermo Fisher Scientific, Mérignac, France), equipped with an Oxford Inca 350 energy dispersive X-ray micro-analyzer (Oxford Instruments France, Saclay, France). FT-IR spectrometry analysis was performed in the range 4000–400 cm−1 using an FTIR-ATR (Attenuated Total Reflectance tool) Bruker VERTEX70 spectrometer (Bruker, Bremen, Germany). The Pd(II)-loaded beads for characterization of the metal-sorbent interaction were prepared by the contact of a Pd(II) solution (pH = 1; V = 20 mL; C0 = 1.5 mmol Pd L−1) with 10 mg of beads for 72 h.




2.4. Sorption in Mono-Metal System


The experiments to investigate the effect of pH were conducted within the initial pH range of 0.3–4 with a sorbent dosage of 0.25 g L−1 and contact time of 72 h at 20 °C. The pH of the solution was adjusted using H2SO4 or NaOH. The initial and final values of pH were measured using a pH-meter cyber scan pH 6000 (Eutech instruments, Nijkerk, The Netherlands). Sorption isotherms were carried out by the contact of the solutions containing different concentrations of Pd(II) with sorbents for 72 h at 20 °C. The sorbent dosage (SD) was 0.5 g L−1 (dry weight) and initial Pd(II) concentration (C0, mmol Pd L−1) varied between 0.05 and 2 mmol Pd L−1. The residual metal concentration (Ceq, mmol Pd L−1), after filtration, was analyzed by inductively coupled plasma atomic emission spectrometry (ICP-AES, JY Activa M, Jobin-Yvon, Horiba, Longjumeau, France). The sorption capacity (q, mmol Pd g−1) was calculated at equilibrium by the mass balance equation: qeq = (C0-Ceq) · V/SD. Uptake kinetics was studied with the sorbent dosage of 0.2 g L−1, a Pd(II) concentration of 0.5 mmol L−1, and initial solution pH of 1 adjusted by H2SO4. Samples were collected, filtrated, and analyzed for residual concentration using ICP-AES. The speciation of palladium under different conditions was calculated by Visual MINTEQ (version 3.0, 2011, KTH, Stockholm, Sweden).




2.5. Sorption in Complex System


The experiments for exploring the influence of anions or cations were carried out by contacting 20 mL of the solutions containing different concentrations of salts such as NaCl, Na2SO4, or NaNO3 or Fe2(SO4)3, Al2(SO4)3, or CuSO4 with a Pd(II) concentration of 0.75 ± 0.05 mmol L−1 with 5 mg sorbents for 72 h at 20 °C. The initial pH of the solution was adjusted to 1 using H2SO4 or NaOH. Palladium usually co-exists with other platinum group metals (such as platinum) in natural resources (ores, rocks, soils, and minerals) or in waste catalysts. The experiment for investigating the effect of Pt(IV) was conducted by contact of 20 mL of the solutions containing different concentrations of Pt(IV) with a fixed Pd(II) concentration of 0.5 mmol L−1 with 5 mg sorbents for 72 h at 20 °C. The initial pH of the solution was adjusted to 1 using H2SO4 or NaOH. To test the application potential of the beads for Pd(II) recovery, two kinds of leaching liquors were synthesized according to previous studies. One solution was simulated as the leaching liquor from spent catalyst containing 0.5 mmol L−1 of Pd(II), 2 M of NaCl, and 0.5 M of HCl [18,19], while the other one was an effluent coming from the dilution of a leaching solution of a car catalyst converter containing 0.4 mmol L−1 of Pd(II), 0.1 mmol L−1 of Pt(IV), 3.0 mmol L−1 of Fe(III), 91 mmol L−1 of Al(III), 2.5 mmol L−1 of Ce(III), 0.6 mmol L−1 of Zn(II), and 2 M H2SO4 [18,19]. The synthesized leaching liquors were treated by the sorption/desorption process. For the former liquor, a volume of 100 mL of the solution was treated with 100 mg of the beads for 72 h at 20 °C with a shaking speed of 150 rpm; for the latter one, the sorbent mass decreased to 50 mg while the other conditions remained the same. For the desorption process, 20 mL of 0.1 HCl/0.2 M thiourea solution was added to the well rinsed Pd-loaded beads, sealed, and placed in an oven at 50 °C for 24 h without shaking.




2.6. Modeling


Uptake kinetics have been modeled using the pseudo-first order rate equation (PFORE, Equation (1)) [20], the pseudo-second order rate equation (PSORE, Equation (2)) [21], and the resistance to the intraparticle diffusion equation (IPDE, Equation (3)) [22].
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where qt and qeq (mmol g−1) are the sorption capacities sorbed at t and at equilibrium, respectively. The parameters k1, k2, and kid are the apparent rate constants of PFORE (h−1), PSORE (g mmol−1 h−1), and IPDE (mmol g−1 h−1/2), respectively. C is a constant of IPDE associated with the thickness of the boundary layer; a higher C value indicates a greater effect of the resistance to film diffusion (larger boundary layer). The parameters were also obtained by non-linear regression analysis using Origin 9.0 (Origin software Inc., San Clemente, CA, USA).



Sorption isotherms describe the distribution of metal ions between the liquid and the solid phases (when varying the metal concentration in the system). They plot the sorption capacity (i.e., qeq) vs. residual metal concentration (i.e., Ceq). Langmuir (Equation (4)) [23], Freundlich (Equation (5)) [24], and Sips (Equation (6)) [25] equations were used to fit the experimental data.
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(6)




where b (L mmol−1) is the affinity coefficient and qmL (mmol g−1) is the sorption capacity at saturation of the monolayer in the Langmuir equation; KF [(mmol g−1)/(mmol L−1)n] is the Freundlich constant and n is the intensity parameter; 1/n is the heterogeneity factor, qmL (mmol g−1) is the maximum sorption capacity in the Sips equation, and Ks (L mmol−1) is the affinity coefficient in the Sips equation. qeq (mmol g−1) is the amount of palladium uptake at equilibrium and Ceq (mmol L−1) is the palladium concentration at equilibrium. The parameters were also obtained by non-linear regression analysis using Origin 9.0. The objectives of the modeling of sorption isotherms may consist of:

	(a)

	
the determination of the sorption capacities in function of the residual metal concentration (principle of the sorption isotherms); this may be helpful for predicting the sorption capacity under selected experimental conditions, where a good fit is of great importance;




	(b)

	
an approach of binding mechanism (the hypotheses attached to the model are indicative of mechanisms possibly involved in metal binding; however, the mathematical fit does not necessarily mean that the hypothesized mechanisms are fulfilled; this should be confirmed by physico-chemical analyses);




	(c)

	
the determination of maximum sorption capacities (saturation level) and the affinity (correlated to the initial slope of the curve) between the sorbent and the solute under selected experimental conditions (for the comparison of sorbents).










2.7. Statistical Analysis


Selected experiments were duplicated. Average values and standard deviations were calculated. In addition, the sorption capacities of the beads prepared at two different times were compared (shown in Supplementary Materials Figure S2) to evaluate the reproducibility of their synthesis. Data were tested for statistical significance with one way analysis of variance (ANOVA). The value of p = 0.045 (p < 0.05) indicates that the synthesis of the sorbents is reproducible.





3. Results and Discussion


3.1. Characterization


The SEM micrographs shown in Figure 2 clearly illustrate the porous structure of the beads. LD/PEI beads are characterized as more opened scaffolds with larger holes in the core of the beads compared to CC/PEI: the drying of the beads caused a more irregular surface for LD/PEI materials. The results of EDX analysis of the sorbents before and after Pd(II) sorption are shown in Supplementary Materials Figure S3. O and Ca elements in LD/PEI, and S and K in CC/PEI beads are associated with the embedding matrices. S in LD/PEI could be associated with fucoidan residues in the brown algae, while Na is due to the extraction process of the polymers (alginate or carrageenan), using Na2CO3 and NaOH, respectively. EDX spectra of the beads after metal sorption suggest that Pd(II) has been successfully loaded. Moreover, Ca in LD/PEI beads is not detectable. However, no Ca-Pd ion exchange should occur since chloro-palladium complex anions are predominant (discussed in Section 3.2). Hence, the disappearance of the Ca peak is probably due to the Ca(II)-Na(I) or Ca(II)-H(I) exchange reaction (the pH of the initial solution (pH < 1) was adjusted to 1 using NaOH solution). Similarly, for CC/PEI beads after Pd(II) sorption, K is replaced by Na. The element cartographies of the cross-sections of the beads after Pd(II) sorption (shown in Figure 2) show that Pd is concentrated in the outer layer of LD/PEI beads, while for CC/PEI, it is homogeneously distributed in the whole mass of the beads. This phenomenon is probably due to the repulsive force of the outer Ca(II)-alginate barrier (“egg box” junctions) of LD/PEI beads; it is difficult for the branched polymer PEI to penetrate through the layer and get access to the internal compartment, resulting in a lower amount of loaded PEI inside LD/PEI. As a result, the metal uptake of LD/PEI beads is expected to be lower than that of CC/PEI (see next section). The distribution of Cl element is consistent with Pd distribution, confirming that Pd(II) is sorbed under the form of chloro-palladium complexes. The specific surface areas of dried beads (prepared by relatively similar procedures) were previously determined and showed values that did not exceed a few m2 g−1, two orders of magnitude lower than the values reached with activated carbon or some synthetic resins.


Figure 2. SEM (Scanning electron microscopy) micrographs of the raw beads and element cartographies of Pd-loaded beads.
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The FTIR spectrophotometric analysis of raw sorbents, blank beads, and Pd-loaded beads was performed to identify the functional groups of the materials and to understand the binding mechanism. The spectra are shown in Supplementary Materials Figure S4, while the assignments of the main bands are reported in Supplementary Materials Table S1. The band observed in the spectrum of L. digitata at 3278 cm−1 corresponds to O–H vibration [26]. The band at 2935 cm−1 is assigned to the C–H stretching [27]. The peaks at 1605, 1416, 1250, and 1022 cm−1 represent COO– asymmetric stretching [28], COO– symmetric stretching [29,30], CH3 symmetric bending [31], and C–O–C anti-symmetric stretching [32,33], respectively. For C. crispus biomass, the main bands relate to –OH overlapping (3283 cm−1) [26], C–H stretching (2924 cm−1) [27], C=C stretching (1644 cm−1) [34], N–H bending and C–N stretching (1531 cm−1) [35], COO− symmetric stretching (1416 cm−1) [29,30], S–O stretching (1152 and 1221 cm−1) [36,37], C−O−C antisym. stretching (1152 and 1034 cm−1) [32,33], and CH bending (696 cm−1) [38]. In a word, the main functional groups on L. digitata are hydroxyl and carboxyl groups, while for C. crispus, besides these two reactive groups, sulfate groups are also identified. Indeed, brown algae (L. digitata) contain 31% of alginate which can provide a certain amount of carboxyl groups, while the carrageenan on red algae (C. crispus) bears ester sulfate groups. Both carboxyl and ester sulfate groups can be involved in metal binding.



After the incorporation of PEI-GA, the peaks appear at 2856 cm−1 and 2854 cm−1 for LD/PEI and CC/PEI beads, respectively, and the (CH2)n band around 2947 cm−1 appears more distinct because of the number of C–H groups present in PEI and GA [39]. The peaks at 1599 cm−1 for LD/PEI beads and 1610 cm−1 for CC/PEI beads correspond to C=N vibration, which is due to the reaction between primary amine groups of PEI and GA, forming “Schiff’s base” [40]. The peak at 1605 cm−1 (COO− asymmetric stretching) on LD beads disappears, which could be attributed to the overlapping with C=N vibration. Other changes on LD beads include band shift from 1416 cm−1 to 1397 cm−1 (COO− symmetric stretching) and the disappearance of the peak at 1250 cm−1 (C−O stretching), confirming the ionic crosslinking reaction between positively charged amino groups of PEI and the negatively charged carboxylate groups on L. digitata. At the same time, for CC beads, there are some changes in the wave number for C=C stretching and COO− symmetric stretching. Moreover, a decrease in the intensity of S−O stretching mode (1221 cm−1) of the sulfate ester group is also observed. This is probably because some of the negatively charged sulfate ester reacted with the positively charged amine groups on PEI and this resulted in physicochemical changes of carrageenan. Indeed, a previous study [16] showed that protonated amine groups of PEI interact with sulfate groups of κ-carrageenan (κC), enabling the formation of the PEI-κC polyelectrolyte complex.



After Pd(II) sorption, the main change is the shift of the C=N vibration peak from 1599 cm−1 to 1608 cm−1 for LD/PEI, and from 1610 cm−1 to 1621 cm−1 for CC/PEI beads, confirming the contribution to Pd(II) sorption through the incorporation of PEI-GA into the beads. For LD/PEI beads, a new peak began appearing at 1711 cm−1, assigned to the carboxylic acid C=O stretching, while the COO– peak at 1397 cm−1 disappeared; this means that a part of the carboxyl groups are converted to the anhydride form, which could be due to the excess of protons in acid solution (sorption was performed at pH 1) [41].




3.2. Pd(II) Sorption in Mono Metal System


3.2.1. pH Effect


The pH effect was studied within the pH range of 0.3–4.0 adjusted by H2SO4 or NaOH. The data shown in Figure 3 indicate that Pd(II) binding onto both L. digitata-based and C crispus-based beads is pH-dependent. The sorption of Pd(II) onto functionalized sorbents can be mainly attributed to: (1) coordination (i.e., via a ligand exchange mechanism on amine, carboxyl groups); and (2) electrostatic attraction between positively charged amine groups and anionic chloro-metal complexes. For the former one, a low pH is not favorable to metal sorption due to the increased competition between protons and Pd(II), while for the latter one, a low pH is usually required to positively charge the amine groups. It is noteworthy that, in this study, the concentration of HCl in the initial solution was around 0.09 M (diluted from stock solution), resulting in the predominance of chloroanionic species: PdCl42− (96%), PdCl3− (3 ~ 4%), and PdCl2(aq) (0.1%) throughout the pH range. Therefore, Pd(II) binding occurs mainly through electrostatic attraction. Figure S5 shows the pH before and after the sorption process. The pH does not change after sorption for CC/PEI beads. However, for LD/PEI beads, due to a relatively higher pHPZC value of LD/PEI (7.79) than that of CC/PEI beads (6.80), the solution pH increases significantly after sorption when the initial pH is higher than 3. The pKa values of primary, secondary, and tertiary amine groups on bPEI were reported as 4.5, 6.7, and 11.6, respectively [15]. Thus, in acidic media, the protonation of amino groups leads to the improvement of the sorption of chloro-anionic palladium species through electrostatic attraction. In addition, the encapsulating matrix is made of alginate (i.e., guluronic and mannuronic acid groups with pKa of 3.65 and 3.38, respectively [42]) for L. digitata and κ-carrageenan (i.e., sulfonate groups of carrageenan with pKa close to 4.9 [43]) for C. crispus. Indeed, Sekkal et al. [44] reported that κ-carrageenan is the predominant carrageenan type in C. crispus. At a pH below 4, most of these groups are protonated and poorly active for binding palladium chloro-anions. When the pHeq is lower than 4, the maximum binding for both beads is observed at pH 1 with a sorption capacity of 0.88 ± 0.03 mmol g−1 for LD/PEI and 1.37 ± 0.02 mmol g−1 for CC/PEI beads. Ricoux et al. [45] reported that a decrease of pH (below 4) reduced the amount of palladium sorbed on functionalized macroreticular Amberlite XAD resins with sulfur and nitrogen ligands. In their case, the Pd binding was mainly attributed to a coordination mechanism; the competition from protons for the active binding sites when decreasing the solution pH would reduce the coordination between Pd(II) and the above ligands. While the pH continues decreasing (a greater amount of acid added), the sorption capacity decreases gradually. This could be due to the competition of a huge amount of SO42− in the solution (due to the effect of different anions will be discussed in the next section below). The dramatic increase in Pd(II) binding onto LD/PEI as pHeq increases to 4.7 could be attributed to the metal precipitation effect (the formation of low soluble Pd(II) species). Indeed, Natale et al. [5] reported that the Pd(II) sorption onto activated carbon could be accompanied by microprecipitation phenomena when the pH > 3 (C0: 50 mg L−1, chloride concentration: 0.1 M, pH controlled by NaOH).


Figure 3. Effect of pH on Pd(II) sorption onto LD/PEI and CC/PEI (C0: 0.8 mmol−1; contact time: 72 h; temperature: 20 °C; SD: 0.25 g L−1; *: the “negative values of pH correspond to HCl concentrations ranging between 0.1 M and 1 M”).
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3.2.2. Uptake Kinetics


The kinetics of Pd(II) sorption onto LD/PEI and CC/PEI beads at two different stirring speeds are shown in Figure 4a. In a solid-liquid sorption process, adsorbate transfer can be controlled by resistances to film diffusion (so called external diffusion), surface diffusion, and pore diffusion, or combined surface and pore diffusion. A higher agitation speed is supposed to decrease the boundary layer (resistance to film diffusion) and thus increase the speed at which the sorption system reaches equilibrium [46,47]. In this study, the kinetic behaviors obtained from 60 rpm and 150 rpm are almost overlapped, even during the first few hours, suggesting that the external film diffusion should not be the main controlling factor. In general, LD/PEI beads present slightly faster kinetics than CC/PEI beads. The plots of qt/qeq against t in Supplementary Materials in Figure S6 confirm this phenomenon more clearly: LD/PEI beads reach the equilibrium at 24 h, while more than 48 h are required for CC/PEI beads. As discussed in the SEM-EDX analysis section, the PEI-GA particles are mostly distributed in the outer layer of LD/PEI beads and over the whole mass of CC/PEI beads. Hence, for LD/PEI beads, the reaction rate was mainly controlled by surface diffusion, pore diffusion, and sorption itself, whereas for CC/PEI beads, the internal diffusion proceeded in parallel with the sorption reaction and this is expected to require more time for reaching equilibrium. Another reason could be the smaller size of LD/PEI beads (2.48 ± 0.18 mm) compared to CC/PEI beads (3.33 ± 0.17 mm). Three models including the Pseudo-second order rate equation (PSORE), the Pseudo-first order rate equation (PFORE), and Intraparticle diffusion model equation (IPDE) were used to fit the experimental data. The parameters for the PFORE and PSORE were obtained by non-linear regression analysis and the data before equilibrium time (24 h for LD/PEI and 48 h for CC/PEI beads) were used for modeling. The PSORE fits the experimental data better compared to the PFORE, regardless of the sorbent. The solid lines in Figure 4a represent the fit of the experimental data with the PSORE and the modeling parameters are reported in Table 1. The predicted equilibrium sorption capacities (qe,cal) from PSORE for both beads are in agreement with those obtained from the experiment (qe,exp). However, although the PSORE can adequately predict the sorption kinetics, it does not show the sorption mechanisms, while the intraparticle diffusion model helps in identifying the reaction pathways and sorption mechanisms and reveals the rate-controlling step. As shown in Figure 4b, the plot of qt against t0.5 presents multiple linear regions, indicating that the sorption process is controlled by a multistep mechanism [47]. Two main stages before achieving equilibrium can be identified in the plots of Pd(II) sorption onto both LD/PEI and CC/PEI sorbents. The first step represents the mass transfer controlled by the resistance to surface diffusion. During this step, a large amount of Pd(II) is bound to the sorption sites that are readily accessible. The second stage refers to the step controlled by the resistance to intraparticle diffusion including pore diffusion and along pore-wall surfaces [22,47]. At this stage, the sorption rate is far slower than that for the first stage (kid,2<<kid,1, shown in Table 1). The same trend was observed in previous studies, for the sorption of dye onto ZnO nanoparticles [48] and Pb(II) binding on the Cu/ZnO composite [49]. The values of intercept C are non-zero, suggesting that the sorption process is not only controlled by intraparticle diffusion: the resistance to film diffusion plays a role in the overall uptake kinetics.


Figure 4. Uptake kinetics for Pd(II) sorption using LD/PEI and CC/PEI beads: (a) Modeling with PSORE (pseudo-second order rate equation); (b) Modeling with IPDE (intraparticle diffusion equation) at an agitation speed of 60 rpm (C0: 0.5 mmol L−1; SD: 0.2 g L−1; pH: 1, adjusted by H2SO4 or NaOH; room temperature).
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Table 1. Uptake kinetics—Modeling parameters for PFORE, PSORE, and IPDE (agitation speed: 60 rpm). LD/PEI: L. digitata-bPEI-GA composite; CC/PEI: C. crispus-bPEI-GA composite; PFORE: pseudo-first order rate equation; PSORE: pseudo-second order rate equation; IPDE: intraparticle diffusion equation.







	
Model

	
Parameter

	
LD/PEI

	
CC/PEI






	
Experiment

	
qeq,exp (mmol g−1)

	
0.81

	
1.36




	
PFORE

	
qeq,calc (mmol g−1)

	
0.77 (0.041)

	
1.30 (0.038)




	
k1 × 103 (min−1)

	
7.51 (1.07)

	
3.03 (0.32)




	
R2

	
0.94

	
0.97




	
PSORE

	
qeq,calc (mmol g−1)

	
0.82 (0.037)

	
1.42 (0.032)




	
k2 × 103 (g mmol−1 min−1)

	
14.42 (2.13)

	
3.08 (0.42)




	
R2

	
0.97

	
0.99




	
IPDE

	
kid,1 (mmol g−1 h−0.5)

	
0.267 (0.008)

	
0.319 (0.006)




	
C1

	
0.047 (0.008)

	
0.022 (0.01)




	
R12

	
0.99

	
0.99




	
kid,2 (mmol g−1 h−0.5)

	
0.105 (0.001)

	
0.041 (0.003)




	
C2

	
0.400 (0.001)

	
1.047 (0.02)




	
R22

	
0.99

	
0.99








into parenthesis: standard error.









3.2.3. Sorption Isotherms


The sorption isotherms were conducted at pH 1 to compare the sorption capacities of LD/PEI beads and CC/PEI beads, as well as the corresponding blank beads (i.e., LD and CC beads, respectively). As mentioned above, due to the amount of hydrochloric acid (1.1 M) in the mother solution, the predominant palladium species in those diluted working solutions is PdCl42− (96%). Therefore, the complexation of free Pd(II) onto carboxylate groups in L. digitata or sulfate groups in C. crispus should be limited. The protein in those algae (8–15% in L. digitata, and around 10% in C. crispus [50]) should play the main role in Pd(II) sorption; indeed, proteins bear a certain amount of amino-acid moieties that can bind the anion complex through electrostatic attraction. Figure 5 shows that the sorption capacities of the two blank beads are quite low: 0.11 mmol g−1 for LD beads and 0.04 mmol g−1 for CC beads, while those of LD/PEI and CC/PEI beads are significantly improved due to the loading of PEI-GA. Moreover, CC/PEI beads show a much higher sorption capacity when compared to LD/PEI beads. Although the same amount of PEI was used for modifying both beads during the synthesis procedure, as mentioned above, the repulsive force of the outer Ca(II)-alginate barrier decreases the amount of PEI penetrating into the core of LD/PEI beads and thus results in a lower metal binding. To have a better understanding of the sorption mechanism and the relationship between the amount of adsorbate adsorbed on the sorbents and the concentration of adsorbate in the liquid at the equilibrium, several models (i.e., Langmuir, Freundlich, and Sips models) were applied to simulate the experimental data. While the Langmuir isotherm describes monolayer adsorption, the Freundlich equation assumes non-ideal and reversible adsorption (not restricted to the formation of a monolayer). As a combined form of these two models, the Sips isotherm predicts the heterogeneous sorption systems and circumvents the limitation of the rising adsorbate concentration associated with the Freundlich isotherm model; at low metal concentrations, it reduces to the Freundlich isotherm, while at high concentrations, it represents the monolayer sorption characteristic of the Langmuir isotherm [51]. The determination coefficients (R2, shown in Table 2) show that the Sips equation with a greater number of parameters can describe all the experimental isotherms well, but it overestimates the maximum sorption capacity for CC and CC/PEI beads. Conversely, although the Langmuir model presents a slightly lower R2 for CC-based beads, it predicts more precisely maximum sorption capacities.


Figure 5. Pd(II) sorption isotherms using raw algal biomass, LD/PEI, and CC/PEI beads (SD: 0.5 g L−1; pH: 1, adjusted by H2SO4 or NaOH; Contact time: 72 h; T: 20 °C). Note: CC beads were degraded after the sorption process.
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Table 2. Sorption isotherms—Modeling parameters for the Langmuir, Freundlich, and Sips equations.







	
Model

	
Parameter

	
LD

	
CC

	
LD/PEI

	
CC/PEI






	

	
qeq,exp (mmol Pd g−1)

	
0.11

	
0.04

	
0.85

	
1.34




	
Langmuir

	
qeq,cal (mmol Pd g−1)

	
0.11 (0.01)

	
0.04 (0.00)

	
0.81 (0.03)

	
1.31 (0.05)




	
b (L mmol−1)

	
112.67 (30.47)

	
26.79 (7.69)

	
262.71 (102.8)

	
129.01 (32.3)




	
R2

	
0.95

	
0.91

	
0.88

	
0.96




	
Freundlich

	
KF (mmol g−1)/(mmol L−1)n

	
0.14 (0.03)

	
0.05 (0.01)

	
0.90 (0.04)

	
1.47 (0.09)




	
n

	
0.16 (0.04)

	
0.24 (0.03)

	
0.16 (0.03)

	
0.16 (0.03)




	
R2

	
0.77

	
0.97

	
0.90

	
0.89




	
Sips

	
qeq,cal (mmol Pd g−1)

	
0.11 (0.01)

	
0.08 (0.01)

	
0.88 (0.08)

	
1.44 (0.05)




	
b (L mmol−1)

	
382.54 (93.44)

	
1.18 (0.43)

	
16.64 (5.72)

	
15.66 (5.69)




	
n

	
0.80 (0.02)

	
2.66 (1.07)

	
1.72 (0.07)

	
1.71 (0.06)




	
R2

	
0.96

	
0.96

	
0.95

	
0.99








into parenthesis: standard error.








In Supplementary Materials, Table S2 compares the Pd(II) sorption capacity of a variety of sorbents. Both LD/PEI and CC/PEI beads show a much higher sorption capacity than unmodified biosorbents such as R. lanuginosum biomass [52], raw alginate beads, and algal beads [53], and comparable sorption levels compared to chemically modified alginate beads [54]. While modified XAD-7 resins [55,56,57] shown in the table present lower sorption capacities than CC/PEI beads, p-Sulfonatothiacalix [6] arene-impregnated IRA-411 or IRA-400 resins [57] show a much higher sorption capacity. However, the beads are environmentally friendly and low-cost; these properties also make them attractive for practical application.





3.3. Pd(II) Sorption in Complex Systems


3.3.1. Effect of Anions and Cations


The effect of anions was studied by adding different concentrations of NaCl, NaNO3, or Na2SO4 into initial solution containing a Pd(II) concentration of 0.8 mmol L−1 and chloride concentration of 0.09 M (diluted from mother solution). Figure 6 shows that with the increasing concentration of the salts, the sorption capacity decreases, regardless of the sorbent. The addition of NO3− and Cl− may influence Pd(II) sorption through different mechanisms [45], depending on the main functional groups on the sorbents and the speciation of Pd(II):


Figure 6. Influence of anions on Pd(II) sorption using (a) LD/PEI and (b) CC/PEI beads (C0: 0.8 mmol L−1; SD: 0.25 g L−1; pH: 1, adjusted by H2SO4 or NaOH; Contact time: 72 h; T: 20 °C).
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(1) If Pd(II) sorption occurs through metal-ligand coordination, such as Pd(II) bound onto carboxyl group-based alginate beads [53], chloride or nitrate anions in the solution may compete with the ligands on the sorbents for coordinating Pd(II). Thus, increasing such anions will reduce the amount of palladium bound to the sorbents, such as Pd(II) sorption onto calcium alginate beads reported by Cataldo et al. [58];



(2) If Pd(II) sorption occurs via electrostatic attraction between positively charged amine groups and negatively charged anionic palladium complexes, at the beginning, the addition of NaCl or NaNO3 can promote the formation of PdCl3−, PdCl42−, or Pd(NO3)3−, and consequentially increase the sorption capacity. However, when the concentration of these anions increases, anions may compete with chloro-anionic palladium species for binding on amine groups and the sorption capacity decreases. For example, Nagireddi et al. [59] reported an increase of palladium sorption onto chitosan (amine group-based sorbent) when the concentration of chloride increased from 0 to 33 mg L−1, followed by a significant decrease of metal binding when the chloride concentration continued growing up to 500 mg L−1. Similarly, Sharma et al. [60] observed that a maximum Pd(II) sorption capacity could be achieved for amine-functionalized resin when the concentration of chloride was 0.1 M;



(3) If the bond between Pd(II) and the sorbents is not ionic, Pd(II) sorption could be almost independent on salinity variation, such as Pd(II) sorption onto activated carbon [5].



It is noted that, in this study, due to the high chloride concentration diluted from the mother solution, the predominant palladium species in the experiments are PdCl42− and PdCl3−. Therefore, Cl−, NO3−, and SO42− will compete with the chloro-palladium complexes for the binding sites; the sorption capacity decreases gradually when the concentration of these salts increases. Interestingly, the effect of SO42− on Pd(II) binding is slightly less marked compared to the other two anions. Similarly, Su et al. [61] studied the effect of a series of anions on As removal and concluded that sulfate anions have a lower impact on As removal compared to other anions such as nitrate. It is probably due to the lower affinity of the functional groups (i.e., amine groups in this study) for sulfate than for other anions.



The influence of different cations on Pd(II) sorption was investigated by adding Fe2(SO4)3, CuSO4, and Al2(SO4)3 salt to palladium solution. The results in Figure 7 show that the trends of those salts are similar but Cu(II) exhibits a slightly higher inhibition on Pd(II) sorption. As discussed above, Pd(II) sorption occurs mainly through electrostatic attraction. Thus, the influence of metal cations should be limited. However, those cations may influence the sorption by forming metal sulfate complexes. The free sulfate anions in the solution are thus reduced and this leads to less competition between these anions and PdCl3− or PdCl42− for the sorption sites. Indeed, as shown in Supplementary Materials Table S3, the addition of the salts does not significantly change palladium speciation in the solution. While a certain amount of SO42− are captured by Fe3+ and Al3+ to form FeSO4+ and AlSO4+, respectively, most of the SO42− in the solution added with CuSO4 exists as SO42− (19.6%) and HSO4− (74.6%); These anions are likely to compete with chloro-palladium complexes for the sorption sites.


Figure 7. Influence of metal ions on Pd(II) sorption using LD/PEI and CC/PEI beads (C0: 0.8 mmol L−1; SD: 0.25 g L−1; pH: 1, adjusted by H2SO4 or NaOH; Contact time: 72 h; T: 20 °C).
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The influence of platinum on palladium sorption has been carried out at pH 1 with different concentrations of platinum, while the concentration of palladium was fixed at 0.5 mmol L−1. The results in Figure 8 show that with the increase of Pt(IV) concentration from 0 to 0.5 mmol L−1, the sorption capacity of LD/PEI for Pd(II) decreases from 0.80 to 0.57 mmol g−1, while in the case of CC/PEI, it decreases from 1.35 to 1.09 mmol g−1. However, the sorption capacity for Pt(IV) rises from 0 to 0.22 mmol g−1 for LD/PEI and to 0.35 mmol g−1 for CC/PEI beads. The molar ratio of Pd(II) to Pt(IV) loaded on LD/PEI and CC/PEI beads is 2.59 and 3.11, respectively, when the initial solution contains an equal amount (0.5 mmol L−1) of Pd(II) and Pt(IV). Therefore, although the presence of Pt(IV) affected the sorption of Pd(II), the sorbents maintain a preference for Pd(II) over Pt(IV).


Figure 8. Influence of different concentrations of Pt(IV) on Pd(II) sorption using LD/PEI and CC/PEI beads (C0: 0.8 mmol L−1; SD: 0.25 g L−1; pH: 1, adjusted by H2SO4 or NaOH; Contact time: 72 h; T: 20 °C).
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3.3.2. Application to the Treatment of “Synthesized” Wastewaters


To evaluate the application potential of the beads for recovering Pd(II) from industrial effluents, the sorbents were applied to two different synthesized leaching liquors from a spent catalyst and a car catalytic converter, respectively.



Figure 9 shows the results of Pd(II) recovery from the spent catalyst leachate. Due to the presence of a high concentration of chloride ions, the sorption capacities of the beads are much less than those in a single-metal system. The sorption efficiencies of LD/PEI and CC/PEI beads are 81.2% and 97.4%, respectively, with a sorbent dose of 1 g L−1. Using acidic thiourea as the desorption agent, more than 90% of the loaded Pd(II) was desorbed, contributing to a Pd(II) recovery percentage of 75% and 88% for LD/PEI and CC/PEI beads, respectively. The concentration factor (CF) was calculated as the ratio of the Pd(II) concentration in desorption agent to the initial concentration in synthesized leachate. The concentration factor is 3.76 for LD/PEI and 4.39 for CC/PEI. The photo on the right shows the sorbents after the sorption process. The sorbents are stable in the background electrolyte (2 M NaCl, 0.5 M HCl): the beads are not damaged after sorption and desorption processes.


Figure 9. Pd(II) recovery from synthesized leachate of spent catalysts (Sorption step: V: 100 mL; mass: 100 mg (dry weight); time: 72 h; temperature: 20 °C—desorption step: 0.1 M HCl/0.2 M Thiourea solution; V: 20 mL; time: 24 h; temperature: 50 °C). CF: concentration factor.



[image: Applsci 08 00264 g009]






The results of Pd(II) recovery from the leachate of the car catalyst converter are presented in Figure 10. The initial solution contains 0.38 mmol L−1 of Pd(II), 0.07 mmol L−1 of Pt(IV), 2.93 mmol L−1 of Fe(III), 91.03 mmol L−1 of Al(III), 2.47 mmol L−1 of Ce(III), and 0.61 mmol L−1 of Zn(II), while in the desorption solution, the concentration of Pd(II) and Pt(IV) increases to 1.37 and 0.17 mmol L−1, respectively, for LD/PEI and 1.70 and 0.20 mmol L−1, respectively, for CC/PEI beads. The concentration of other base metals is negligible, except for Al(III), which is close to 0.5 mmol L−1 for both LD/PEI and CC/PEI beads. The recovery efficiency is close to 72% and 89% for LD/PEI and CC/PEI beads, respectively, with a sorbent dosage of 0.5 g L−1. The enrichment factor (EF, calculated as the molar percentage of metal in the initial solution divided by its molar percentage in the desorption solution) of Pd(II) is 167.7 for LD/PEI and 177.5 for CC/PEI.


Figure 10. Treatment of the synthesized leaching liquor of the autocatalytic converter using LD/PEI and CC/PEI beads: (a) composition of the initial leachate; and (b) composition of the eluate after the sorption-desorption process (Sorption step: V: 100 mL; mass: 50 mg (dry weight); time: 72 h; temperature: 20 °C—desorption step: 0.1 M HCl/0.2 M Thiourea solution; V: 20 mL; time: 24 h; temperature: 50 °C).
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4. Perspectives


The feasibility of applying these two kinds of beads for the recovery of Pd(II) from acid liquors (HCl or H2SO4) with a large amount of NaCl or base metals has been confirmed. The repulsive force of the outer Ca(II)-alginate barrier of LD beads makes it difficult for PEI to penetrate through the layer and get access to the inner compartment, resulting in a lower recovery efficiency of LD/PEI compared to CC/PEI beads. Therefore, CC/PEI beads seem to be more promising for practical applications related to the recovery of Pd(II) from the leaching liquors. However, their high stability allows their implementation not only as sorbents for Pd(II) recovery, but also as catalysts after the reduction of loaded Pd(II). It was reported that when applied as supported catalysts, even loaded with a small amount of Pd such as 5% (w/w) [62], the catalyst can be effective. This means that the sorption capacity of LD/PEI for Pd(II) is enough to be applied as supported catalysts. Therefore, future studies will focus on the test of these materials for catalytic hydrogenation. The effect of metal distribution will be compared: the outer layer for the LD/PEI-Pd catalyst versus uniform dispersion for the CC/PEI-Pd catalyst.




5. Conclusions


Two kinds of beads, alginate-based and carrageenan-based algal beads (LD and CC beads, respectively) gelled by Ca-alginate and K-carrageenan, respectively, and then modified with polyethyleneimine (PEI) and glutaraldehyde (GA) by using the impregnation method, were compared for Pd(II) recovery. Results show that due to the Ca-alginate barrier, functional material-PEI can hardly get access to the sites in the core of LD beads: a lower amount of PEI is incorporated in LD/PEI beads compared to CC/PEI beads, where the PEI diffusion barrier is negligible. This phenomenon leads to a lower sorption efficiency but faster sorption kinetics of LD/PEI compared to the CC/PEI composite. Moreover, when applied to treat synthesized leaching liquors from a spent catalyst and a waste car catalytic converter, the two sorbents are stable, but CC/PEI beads have a higher Pd recovery efficiency.
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