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Abstract

:

Antisolvent crystallization is a separation technology that separates the solute from the solvent by the addition of another solvent, in which the solute is sparingly soluble. High yields are achieved by using higher antisolvent-to-aqueous ratios, but this generates higher supersaturation, which causes excessive nucleation. This results in the production of smaller particles, which are difficult to handle in downstream processes. In this work, the effect of varying the organic (antisolvent)-to-aqueous (O/A) ratio and seed loading on the yield, particle size distribution, and morphology of neodymium sulphate product, during its recovery from an aqueous leach solution using antisolvent crystallization, was investigated. A batch crystallizer was used for the experiments, while ethanol was used as an antisolvent. Neodymium sulphate octahydrate [Nd2(SO4)3.8H2O] seeds were used to investigate the effect of seed loading. It was found that particle sizes increased as the O/A ratio increased. This was attributed to the agglomeration of smaller particles that formed at high supersaturation. An O/A ratio of 1.4 resulted in higher yields and particles with a plate-like morphology. The increase in yield was attributed to the increased interaction of ethanol molecules with the solvent, which reduced the solubility of neodymium sulphate. Increasing the seed loading resulted in smaller particle sizes with narrow particle size distribution and improved filtration performance. This was attributed to the promotion of crystal growth and suppression of agglomeration in the presence of seeds.
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1. Introduction


Rare Earth Elements (REEs) consist of 15 lanthanides, from lanthanum (La) to lutetium (Lu), including yttrium (Y) and scandium (Sc) [1]. REEs, such as neodymium (Nd), praseodymium (Pr), and dysprosium (Dy), are used in applications, such as Hybrid Electric Vehicles (HEVs), magnets for wind turbines, and fuel cells [2,3,4,5]. The use of REES in these applications has increased their demand significantly. There has been an impetus to develop strategies and ways of recycling REEs due to concerns about the future availability of these elements. One such strategy is to recover REEs from spent Nickel Metal Hydride (NiMH) batteries.



As of 2016, the production of NiMH batteries was one billion cells per year due to their use in HEVs [6], which therefore presents a major source for recycling REEs at the end of life of the NiMH batteries. To recover the REEs from the NiMH battery, the battery is dismantled, and the anode material is leached using a strong acid. The residue is then separated from the leach solution using filtration [7]. Crystallization and precipitation methods have been employed to recover the REEs from the leach solution. Antisolvent crystallization is a potentially novel method in metallurgy that could be used. It involves the addition of a solvent, in which the solute is sparingly soluble, to induce the crystallization or precipitation of the solute [8]. This method has the advantage that the antisolvent can be recovered and recycled. The process can be carried out at ambient temperatures, which, aside from convenience and economic considerations, is important for heat-sensitive compounds [9]. The antisolvent crystallization stage requires less energy than the equivalent in processes, such as evaporative crystallization [10]. The main disadvantage of this method is that the solvent–antisolvent mixture must be subsequently separated to recover and recycle one or both solvents. However, the added cost of the separation operation can be absorbed if invaluable products are recovered [11].



The achievement of high yields in antisolvent crystallization often requires the use of large quantities of the antisolvent. This is necessary to reduce the solubility of the solute significantly. Increasing the amount of antisolvent enhances the interaction between the antisolvent molecules and species in the aqueous phase [12,13,14]. This can potentially increase the degree of supersaturation in the crystallizer, resulting in excessive nucleation and smaller final particle sizes [10,15,16].



In the recovery of scandium using antisolvent crystallization, Peters et al. [17] and Kaya et al. [18] found that using higher quantities of the antisolvent produced smaller crystals of ammonium scandium hexafluoride. This was attributed to a high degree of supersaturation under these conditions. It was recommended, from the study, that controlling supersaturation and seeding can be implemented to control the rate of nucleation and enhance the rate of crystal growth in the antisolvent crystallization of REEs. Therefore, crystal engineering in antisolvent crystallization, through supersaturation control and seeding, offers several options to obtain the desired product. The supersaturation ratio (S) can be calculated using Equation (1):


   S =    Π    (   γ i   C i   )     ν i       K  sp      



(1)




where γi and νi are the activity coefficient and units of species i, respectively. KSP is the solubility product constant. In order to control the degree of supersaturation in antisolvent crystallization, a suitable antisolvent-to-aqueous (O/A) ratio should be selected. It is, therefore, important to understand the effect of varying the O/A ratio on the yield, particle size, and morphology of the product.



Seeding can also be used in crystal engineering to control spontaneous homogeneous nucleation by promoting either secondary nucleation or crystal growth during crystallization. It has the potential to produce crystals that are easy to handle in downstream processes, such as filtration and drying [19,20,21]. Seeding can induce crystallization at lower supersaturation, within the metastable zone, by providing a sufficient surface area for the consumption of supersaturation [22]. The advantages of seeding include the recovery of products of consistent size and the reduction of batch time of operation at an industrial scale [7].



Seed characteristics, such as size, size distribution, and morphology, as well as the amount of seeds (seed loading) and timing of seed addition, can potentially affect the characteristics of the product crystals [19,23]. In their studies of batch cooling crystallization, Doki et al. [24] concluded that there is a minimum mass of seeds required to minimize secondary nucleation. This quantity of seeds is called the critical seed loading and is calculated as shown in Equation (2).


CS* = 2.17 × 10−6 LS2



(2)




where CS* is the critical seed loading ratio (-), and LS is the initial mean size of the seeds (µm).



The total surface area of the provided seeds must be sufficient to suppress primary nucleation in the crystallizer resulting in a product with a narrow particle size distribution (PSD) [25,26]. Beckmann [27] highlighted that small crystals are recovered when the total surface area of the seeds, in a batch crystallizer, is low and insufficient to consume the supersaturation in a reasonable time (e.g., 20 min).



Eder et al. [28] found that a higher seed loading resulted in smaller final particle sizes and attributed this to the availability of a higher number of individual seed particles, which provided crystallization sites. Sander et al. [29] found that higher seed loadings and bigger seed sizes (greater than 180 µm) broadened the particle size distribution (PSD) of the product. The broader PSD was attributed to increased rates of secondary nucleation (contact breeding) and breakage, which generated smaller particles, and the use of bigger seed sizes, which shifted the PSD to coarser fractions. Loï Mi Lung-Somarriba et al. [19] recommended using smaller seeds as they produced larger bipyramidal crystals, which were easy to filter. The authors also found that using very large seed crystals results in attrition and limited crystal growth, due to secondary nucleation, which agrees with the findings of Sander et al. [29]. The available literature mainly focuses on cooling crystallization and antisolvent crystallization in pharmaceutical industries.



The aim of this study was to investigate and understand the effect of varying the O/A ratios and seed loading on yield, PSD, and morphology of neodymium sulphate crystals. The product was recovered from an aqueous leach solution using antisolvent crystallization.




2. Materials and Methods


2.1. Experimental Design


A 3.5 g/L neodymium sulphate synthetic aqueous solution, mimicking the concentration of neodymium sulphate in leach solutions from NiMH batteries, was used for all the experiments. Ethanol was used as the antisolvent. Experiments were conducted in three phases, and all experiments were conducted in triplicate and randomised. Thermodynamic modelling, to predict theoretical yield of Nd2(SO4)3.8H2O and activity coefficients for neodymium and sulphate ions, was conducted using OLI Stream Analyzer (11.0, OLI Systems, New Jersey, NJ, USA) [30]. The first set of experiments was aimed at investigating the effect of varying the O/A ratios on product yield, PSD, and morphology of Nd2(SO4)3.8H2O in batch antisolvent crystallization. Ethanol and the neodymium sulphate aqueous leach solution were pumped into the crystallizer, simultaneously, to ensure a constant O/A ratio. Table 1 represents the flow rates and the O/A ratios that were used in the experiments.



The second set of experiments was conducted at an O/A ratio of 0.8 and 1.4 to determine the evolution of moments of PSDs at different batch times of 0.25 h, 0.5 h, 1.0 h, and 2.5 h. The aim of these tests was to determine the phenomena causing size enlargement at the O/A ratios of 0.8 and 1.4. The evolution of moments was calculated using Equation (3), where mj is the respective moment. The number density function was calculated using Equation (4), where vol% is the volume of the solids in a size range (L); conc. (vol%) is the total concentration of solids (vol%) as measured by the instrument, and n(L) is the number density function [31].


   m j   =    ∫  0 ∞     n ( L ) L   j  dL   for   j = 0 ,   1 ,   2 …  



(3)






  where   n ( L ) dL =  ∑ i    Vol  % i  × Conc ( Vol % )   100   ×   1    K v     L -   3     



(4)




A volume shape factor (kv) equal to π/6 was used. The total surface area and total volume were obtained by multiplying the second and third moments with the area and volume shape factors (ka and kv), respectively.



The third set of experiments aimed to investigate the effect of seed loading on the product PSD and morphology of Nd2(SO4)3.8H2O in batch antisolvent crystallization. The PSD of the Nd2(SO4)3.8H2O seeds used in the experiments is shown in Figure 1. Nd2(SO)4.8H2O product recovered from experiments conducted at an O/A ratio of 0.4 was used as seeding material. The effect of seed loading on the PSD and crystal morphology of the product was investigated at the O/A ratio of 1.4. This O/A ratio was selected because maximum yield of the product was obtained at this ratio while the filtration of the product was poor.



The mean size of the seeds was 117.2 µm. The critical seed loading was quantified using Equation (2) and was found to be 2.98% of the theoretical yield. Seeding was then conducted at seed loadings between 0.64% and 20% of the theoretical yield by weight (0.64%, 5%, 10%, and 20%). This range of seed loading covered values below and above the estimated critical seed loading.




2.2. Experimental Equipment


All experiments were conducted in a 500 mL baffled glass batch crystallizer, shown in Figure 2. The crystallizer had 3 baffles, and its diameter was 0.08 m. Two Watson Marlow 520S peristaltic pumps (Watson-Marlow Bredel S.A. (Pty) Ltd., Johannesburg, South Africa) were used to pump the aqueous leach solution and ethanol. A digital overhead stirrer (IKA RW 20, IKA, Staufen, Germany), which was connected to a stainless steel six-blade Rushton turbine impeller, was used to provide mixing at a Reynolds number of 11,000. The impeller diameter was 0.03 m and was placed a third from the bottom of the crystallizer. Glass conical flasks (250 mL) were used for the storage of ethanol and the aqueous solutions as represented in Figure 2.



A laser diffraction particle size analyser (Malvern Mastersizer 2000, Malvern Panalytical, Malvern, UK) was used to measure the PSD. Crystal morphology was determined from images that were acquired using the Tescan MIRA3 Rise Scanning Electron Microscope (SEM, Wirsam Scientific, Johannesburg, South Africa).




2.3. Experimental Procedure


Nd2(SO4)3.8H2O, with 99.9% purity (ThermoFisher GmbH, Kandel, Germany) was weighed on a digital scale (Radwag AS220.R2 Plus, Radwag Electronics, Radom, Poland) and dissolved in deionised water. Nd2(SO4)3.8H2O did not dissolve fully; hence, the aqueous leach solution was filtered through a 0.22 µm nylon membrane filter, which was supported by a Merck Millipore glass holder. A Vacutec oil-less piston vacuum pump, connected to a filter flask, was used for filtration. The residue was left to dry for five days at room temperature (22 ± 2 °C). After five days, the final weight was constant, and it was assumed that drying had been completed.



The filtrate, that is Nd2(SO4)3 aqueous solution, was used as the synthetic leach solution. The synthetic aqueous leach solution and ethanol were then pumped simultaneously into the crystallizer. The O/A ratios adopted in the experiments were between 0.6 and 1.4 (0.6, 0.8, 1.0, 1.2, and 1.4). The stirrer was started before ethanol and the aqueous solution were fed into the crystallizer. The fluid motion was turbulent, and the stirrer rotational speed was enough to suspend seeds and the products at all the O/A ratios. Experiments to determine the effect of varying the O/A ratios on product characteristics were run for batch times between 0.25 h and 2.5 h.



After every experimental run, a sample of the product slurry was collected for PSD measurement. The vacuum pump, connected to the filter flask, was started, and the remaining slurry from the crystallizer was poured into the filter funnel, connected to the filter flask, for filtration. At the same time, a stopwatch was started to measure the duration of filtration. At the end of the filtration, the duration was recorded, and the product was harvested for drying. The recovered product was dried for five days, and its mass was weighed to determine the yield. Equation (5) was used for calculating the yield.


   %   Yield =     weight   of   dry   precipitate     weight   of   dissolved    Nd 2    (  SO 4  )  3    . 8  H 2  O       × 100   



(5)







A sample of the dried product was collected for image analysis, and images were obtained at different magnifications of 10,000; 5000; 1000; and 500. At least 30 images were acquired at each set of conditions including repeats (e.g., at an O/A ratio of 0.8) to improve the representativeness of the analysed sample.



Independent experiments were conducted at different batch times to calculate the evolution of moments. The batch times used were 0.25 h, 0.5 h, 1.0 h, and 2.5 h. After every batch cycle, the experiment was stopped, and the procedure described above for PSD analysis was followed.



The effect of seed loading on the size and morphology of the Nd2(SO4)3.8H2O product, recovered using antisolvent crystallization, was investigated by adding Nd2(SO4)3.8H2O seeds before the aqueous leach solution and ethanol were fed into the crystallizer. This was to ensure that the seeds were available in the reactor before the initiation of crystallization. The batch time for these experiments was set at 2.5 h. The procedure in these tests was the same as described above except for the seed addition step.





3. Results and Discussion


3.1. Effect of Varying the O/A Ratios on the Yield of Nd2(SO4)3.8H2O Product


The effect of increasing the amount of ethanol on the yield of the Nd2(SO4)3.8H2O recovered from a synthetic leach solution is shown in Figure 3. The theoretical yield of the solute, when ethanol was added to the aqueous solution, was predicted from thermodynamic modelling using an OLI Stream Analyzer (11.0). The increase in the theoretical yield as the O/A ratio was increased from 0.6 to 1.4 was insignificant.



Increasing the amount of ethanol from an O/A ratio of 0.6 to 1.4 increased the actual yield of Nd2(SO4)3.8H2O. This was due to the reduction in the solubility of neodymium sulphate, which caused its crystallization. A further reduction in solubility occurred as the amount of ethanol increased, causing more Nd2(SO4)3.8H2O to crystallize.



The significant difference between the theoretical yield and actual yield at an O/A ratio of 0.6 can be attributed to the batch time of 2.5 h used in the experiments. The yield increased to more than 80% when the batch time was increased to more than 24 h. The crystallization rate of Nd2(SO4)3.8H2O was faster at a higher O/A ratio resulting in a smaller difference between the theoretical and actual yields. The current study showed that for the antisolvent crystallization of neodymium sulphate, higher yields are obtained at higher O/A ratios. This corroborates findings by Peters et al. [17] and Kaya et al. [18] who found that the yield of ammonium scandium hexafluoride increased with an increase in the O/A ratio. They observed that the optimum ethanol-to-strip liquor ratio was 0.8 and that any further increase above this ratio did not result in any significant increase in yield. This was supported by Korkmaz et al. [7], who also found that at a lower O/A ratio the recovery of REEs was very low. However, the yield of neodymium sulphate increased at O/A ratios higher than 0.8 in this study.



The theoretical yield obtained in this study was higher than the actual yield. This observation supports the work by Peters et al. [17], which showed that the calculated yield was higher than the one obtained through weighing.




3.2. Effect of Varying the O/A Ratio on the Quality of Nd2(SO4)3.8H2O Product


3.2.1. Effect of Varying the O/A ratios on the PSD of Nd2(SO4)3.8H2O Product


The effect of varying the O/A ratio, by increasing the amount of ethanol, on the particle size of the Nd2(SO4)3.8H2O product recovered from a synthetic leach solution was investigated. The results obtained at O/A ratios of 0.8, 1.0, 1.2, and 1.4 are shown in Figure 4. The PSD at the O/A ratio of 0.6 could not be measured as the yield was insufficient for analysis with laser diffraction.



The peaks of the PSDs in Figure 4 shifted to the right as the O/A ratio increased from 0.8 to 1.4. This showed that increasing the amount of ethanol (i.e., O/A ratio from 0.8 to 1.4) increased particle sizes. However, the increase in the particle sizes, when the O/A ratio was increased from 1.0 to 1.2, was insignificant. This behaviour can be attributed to the supersaturations, which were in the same order of magnitude at these O/A ratios.



The increase in particle sizes as the O/A ratio was increased suggests that size enlargement mechanisms became predominant at higher O/A ratios. This was unexpected as higher O/A ratios increased the degree of supersaturation, which would cause excessive nucleation and produce smaller particles as explained by Kumar et al. [12]. When the O/A ratio was increased from 0.8 to 1.4, the degree of supersaturation, calculated using Equation (1), increased from 901 to 4.62 × 105. The increase in supersaturation was expected to enhance the rate of nucleation of Nd2(SO4)3.8H2O but it appeared as if these conditions promoted size enlargement of the particles.



It was unclear which size enlargement mechanism occurred at the higher supersaturations. Therefore, it was important to determine the mechanism that caused the increase in particle sizes as the O/A increased. The evolution of moments was explored in Section 3.2.3 to identify the mechanisms that influenced the sizes of particles at high O/A ratios.




3.2.2. Effect of Varying the O/A Ratios on Nd2(SO4)3.8H2O Crystal Morphology


SEM micrographs of the Nd2(SO4)3.8H2O product obtained at different O/A ratios were acquired, and these are presented in Figure 5 and Figure 6. The SEM micrographs show that the product consisted of tabular, plate-like crystals, which became thinner and asymmetric as the O/A ratio was increased from 0.8 to 1.4. For the O/A ratios of 0.6 and 0.8, the crystals were well faceted with more defined morphology than at the O/A ratios of 1.2 and 1.4. At the O/A ratio of 0.6, crystal twinning was evident as crystals were embedded into each other showing that intergrowth occurred. The particles were also clustered together, showing that agglomeration possibly occurred as well. As the O/A ratio was increased, the edges of the crystals became rounded especially at the O/A ratio of 1, and the twinning disappeared. During filtration, the product obtained at the O/A ratio of 1.4 formed a multilayered filter cake shown in Figure 5e.



From the micrographs, it was evident that the plates became thinner and pronounced at higher O/A ratios. This means that preferential growth of crystal faces occurred normal to the c-axis when the O/A ratio increased from 0.6 to 1.2. The observed change in morphology can be attributed to either higher supersaturation or enhanced physical interactions between ethanol and the growing Nd2(SO4)3.8H2O crystals at the higher O/A ratios. Higher supersaturation increases the nucleation rate thereby reducing the growth rate of crystals at the O/A ratio of 1.4 [31].



At higher supersaturations, the crystal surfaces possibly became rough thereby altering the growth mechanism of the crystals. This possibly led to the transition from layered growth at the lower O/A ratio of 0.6 to rough growth at the O/A ratios of 1.0 and above. The occurrence of kinetic roughening at high supersaturation agrees with the findings by Sleutel et al. [32].



However, it was not obvious if this behaviour was caused solely by higher supersaturation because preferential growth was promoted at high O/A ratios. Preferential adsorption of ethanol on the c-axis possibly occurred at high O/A ratios, thereby inhibiting growth along this direction. Increasing the amount of ethanol possibly enhanced the interaction between ethanol and the crystal faces as explained by Kumar et al. [12]. Thus, in addition to reducing the solubility of neodymium sulphate, ethanol possibly acted as an additive that modified the morphology of the recovered product at high O/A ratios. Zhou et al. [14] suggested that the functional groups of different antisolvents influenced the crystal morphology. Different crystal habits, such as clusters, rods, and needles, were observed when different antisolvents were used in the antisolvent crystallization of 2,6-dimaino-3,5-dinitropyrazine-1-oxid, at a constant O/A ratio.



Overall, it was observed in this study that increasing the organic-to-antisolvent ratio resulted in crystals with different crystal morphology. This observation agrees with the findings by Lindenberg et al. [33] that the O/A ratio affects crystal morphology. In their study, acetylsalicylic crystals became elongated at higher O/A ratios in a combined cooling/antisolvent crystallization process.




3.2.3. Evolution of Moments


The evolution of normalized zeroth, first, second, and third moments of the PSDs was analysed at the O/A ratios of 0.8 and 1.4 to investigate the cause of the increase in particle size as the O/A ratio increased from 0.8 to 1.4.



The zeroth moment (m0) represents the total number of particles; the first moment (m1) represents the total length; the second moment (m2) represents the total area of particles, and the third moment (m3) represents the total volume of particles per unit volume of solids-free liquid [31]. The particles were assumed to be spherical, and a shape factor of π/6 was used for computational purposes. However, it must be noted that the actual particles were not spherical as shown in the images; hence, this was an approximation.



Figure 7 shows that the total number of particles increased significantly between 0.25 h and 0.5 h at the O/A ratio of 0.8. The increase in the total number of particles concurred with a slight increase in the total length of particles at the O/A ratio of 0.8 in the same period. However, the total surface area and total volume remained almost constant. This was probably due to the nucleation of more particles between 0.25 h and 0.5 h. At the O/A ratio of 1.4, the total length remained constant between 0.25 h and 0.5 h as the total number of particles increased, while the total surface area and the total volume increased significantly. This was also attributed to the nucleation of more particles within the crystallizer.



The total number of particles, the total length, the total surface area, and the total volume all decreased for the O/A ratio of 0.8 between 0.5 h and 1.0 h. This suggests that redissolution of the product occurred under these conditions. Since the solution was still supersaturated at this point, redissolution was potentially an intermediate step of the recrystallization process. However, since the total number of particles decreased, it is possible that the recrystallization step was slower than or lagged the dissolution step. The total number of particles decreased only slightly at the O/A ratio of 1.4, while the total length, the total surface area, and the total volume increased significantly between 0.5 h and 1.0 h. This was probably due to the particles agglomerating to form bigger particles.



At the O/A ratio of 0.8, the total number of particles, the total length, and the total surface area all decreased, while the total volume remained constant between the batch times of 1 h and 2.5 h. This was attributed to redissolution and recrystallization, which occurred in the crystallizer. At the O/A ratio of 1.4, the total number of particles remained almost constant. The total length, the total surface area, and the total volume all decreased at the O/A ratio of 1.4 as the batch time was increased from 1.0 h to 2.5 h. This was attributed to particle size reduction due to bigger particles dissolving and becoming smaller.



Overall, there was a greater number of particles with a higher total length at an O/A ratio of 0.8 than at an O/A ratio of 1.4 with a minimal difference in total surface area between these two O/A ratios. The total volume at an O/A ratio of 1.4 was higher than the total volume at an O/A ratio of 0.8. However, it was expected that the total number of particles for the O/A ratio of 1.4 would be more than for the O/A ratio of 0.8 because of higher supersaturation at the O/A ratio of 1.4 leading to a faster nucleation rate as highlighted by Raj et al. [10].



As noted by Palosaari et al. [34], the degree of supersaturation is the main parameter that determines the rate of nucleation, growth, and agglomeration. Therefore, it determines the size, morphology, and purity of the crystals. Since the supersaturation at the O/A ratio of 1.4 was higher than at 0.8, a faster nucleation rate was expected at the O/A ratio of 1.4. However, the results show that fewer particles of more volume were obtained at the O/A ratio of 1.4 than at 0.8. This suggests that the smaller particles produced at the O/A of 1.4 possibly agglomerated resulting in larger mean particle sizes, hence the shift of the PSD in Figure 4 to the right for this amount of ethanol. Yu et al. [16] in their study, produced fine particles (<2 µm) with defined morphology. The fine particles were attributed to high supersaturation at higher O/A ratios, and these particles agglomerated.





3.3. Effect of Seed Loading on the Quality of Nd2(SO4)3.8H2O Product


The effect of seed loading on the properties of Nd2(SO4)3.8H2O was investigated at the O/A ratio of 1.4.



3.3.1. Effect of Seed Loading on the PSD of Nd2(SO4)3.8H2O Particles


The effect of seed loading on the PSD of Nd2(SO4)3.8H2O particles was investigated at the O/A ratio of 1.4. The results are shown in Figure 8.



The PSD curves shifted to the left and became narrower as the seed loading (CS) was increased. The mean particle sizes of the Nd2(SO4)3.8H2O product, therefore, decreased as the seed loading increased. The span of PSDs for seed loadings of 0 and 0.64% were broader (1.54 and 1.37, respectively) than for the cases where the seed loading was above the critical seed loading (average of 1.28).



For the unseeded case (0%), uncontrolled primary nucleation occurred but, unexpectedly, produced the biggest particles across the range of seed loadings tested. Since primary nucleation tends to produce smaller particles, the smaller particles formed agglomerates as discussed earlier. Introducing seeds into the crystallizer would promote crystal growth, by providing growth sites and sufficient surface area to consume the supersaturation, leading to the formation of bigger particles. It was expected that the PSDs would shift to the right when seeding was conducted because bigger particles were expected. However, it is possible that the introduction of seeds inhibited agglomeration and promoted crystal growth. This is one potential reason for the smaller particles obtained in cases where the seed loading was higher than the critical value.



At seed loadings less than the critical seed loading of 2.98%, the final PSD was almost identical to the final PSD of the unseeded case as expected. This was because, at a seed loading of 0.64%, the amount of seeds was insufficient to suppress primary nucleation and promote growth of the particles into larger sizes. This behaviour is consistent with findings by Doki et al. [24].



Figure 9 represents the different particle sizes at different seed loadings. It can be noted that the particle sizes decreased as the seed loading was increased as shown in the PSDs in Figure 8.



Increasing the seed loading in the antisolvent crystallization of neodymium sulphate resulted in particles with narrower PSDs. This agrees with Zhang et al. [26] and Yu et al. [16], who found that higher seed loadings result in unimodal PSDs.



Peters et al. [25] showed that there is an optimum seed loading between 10 and 20%, above which the modal crystal size became smaller due to competition between the rate of generation and consumption of supersaturation. The optimal seed surface area was between 5 and 10%. In the current study, well-defined crystals were obtained at a seed loading of 5%.



The filtration time was reduced by 32% when the system was seeded at seed loadings above the critical seed loading (i.e., 5%, 10%, and 20%). At the seeding loading of 0.64%, which was below the critical seed loading, the filtration time was the same as in the unseeded case. This shows that the narrow PSD of the recovered Nd2(SO4)3.8H2O product at higher seed loadings improves the filtration kinetics.




3.3.2. Effect of Seed Loading on the Morphology of Nd2(SO4)3.8H2O Particles


The morphology of crystals obtained at different seed loadings were analysed, and the micrographs are presented in Figure 10. At the seed loading below the critical value, the morphology was the same as for the unseeded system. The morphology was neither well defined nor distinct. As the seed loading was increased, the crystals became flat, well defined, and plate-like, with rounded edges. At a 5% seed loading, the morphology of the individual crystals was more distinct than at other seed loadings.



The results show that seeding at a seed loading more than the critical seed loading had an impact on the crystal morphology of Nd2(SO4)3.8H2O recovered from antisolvent crystallization. This was because the seeds provided surfaces for the integration of the solute, thus allowing the seeds to grow into well-faceted crystals. Below the critical seed loading, the surface area of the seeds was insufficient to suppress nucleation, and hence, the crystal morphology was the same as in the unseeded case. At the seed loading of 5%, the seeds grew into well-faceted, individual crystals.



Table 2 is the summary of the comparison of the findings in this study to selected previous and related studies.






4. Conclusions and Recommendations


This study aimed to investigate and understand the effect of varying the amount of ethanol and seed loading on the yield, PSD, and morphology of Nd2(SO4)3.8H2O during its recovery from the aqueous leach solution, using antisolvent crystallization. The leach solution mimicked the concentration of neodymium sulphate in the leach solution from NiMH batteries.



The results show that increasing the O/A ratio increased both the particle size and yield. The increase in particle size was attributed to agglomeration at higher O/A ratios. At these higher O/A ratios, supersaturation was higher, which caused excessive nucleation and, subsequently, the formation of smaller particles that agglomerated. Therefore, it is recommended that lower O/A ratio of 0.8, or less, should be selected to recover a product that is easier to handle in downstream processes. Furthermore, batch times longer than 2.5 h should be adopted to obtain higher yields at these ratios. The use of ultrasonication, to distinguish between agglomeration and crystal twinning at the lower O/A ratios, is also recommended in future studies.



Increasing the seed loading resulted in progressively smaller particles of Nd2(SO4)3.8H2O compared to the unseeded case. However, seeding with Nd2(SO4)3.8H2O crystals above the critical seed loading (i.e., 2.98%) produced Nd2(SO4)3.8H2O crystals with narrower PSDs and improved the filtration performance compared to the unseeded case. Seeding promoted crystal growth and inhibited agglomeration, thus resulting in smaller particles.



The use of actual leach solutions from NiMH batteries in future studies is recommended. This will allow the development of more insight and increase the chances of industrial implementation of antisolvent crystallization in the recovery of the multiple REEs from these secondary sources. It is also recommended that further investigations be conducted on the filterability of Nd2(SO4)3.8H2O. Finally, the use of various seed sizes, with narrow size distributions, should be considered in future investigations.
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Figure 1. PSD of Nd2(SO4)3.8H2O seeds. 
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Figure 2. Baffled batch crystallizer with an overhead stirrer held on a stand. 
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Figure 3. Yield of Nd2(SO4)3.8H2O crystals at different O/A ratios. 
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Figure 4. Effect of varying the O/A ratios on the PSD of Nd2(SO4)3.8 H2O. 
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Figure 5. SEM micrographs of Nd2(SO4)3.8H2O product at a magnification of 1000 ×. (a) O/A= 0.6; (b) O/A = 0.8; (c) O/A =1.0; (d) O/A =1.2; and (e) O/A = 1.4. 
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Figure 6. SEM micrographs of Nd2(SO4)3.8H2O product at a magnification of 500×. Scale bar of 100 µm (a) O/A ratio = 0.6; (b) O/A ratio = 0.8; (c) O/A ratio = 1.0; (d) O/A ratio = 1.2; and (e) O/A ratio = 1.4. 
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Figure 7. Evolution of moments at the O/A ratio of 0.8 and 1.4 (a) total number (NT); (b) total length (LT); (c) total surface area (AT); and (d) total volume (VT). 
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Figure 8. Effect of seed loading on the PSD of Nd2(SO4)3.8H2O product. 
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Figure 9. Effect of seed loading on the particle size of Nd2(SO4)3.8H2O product. 
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Figure 10. SEM micrographs of Nd2(SO4)3.8H2O crystals at a magnification of 1000×. Scale bar of 50 µm (a) Nd2(SO4)3.8H2O seeds; (b) Unseeded; (c) CS = 0.64%; (d) CS = 5%; (e) CS = 10%; and (f) CS = 20%. 
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Table 1. Flowrates of reagents at different O/A ratios.
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O/A Ratio

	
Ethanol Flowrate (mL/min)

	
Nd2(SO4)3 Aqueous Leach Solution Flowrate (mL/min)






	
0.6

	
60

	
100




	
0.8

	
80




	
1.0

	
100




	
1.2

	
120




	
1.4

	
140
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Table 2. Comparison of yield, filterability, and physical properties of the product obtained in this study versus previous studies.
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	Research Output
	Selected Studies
	Current Study/Research





	Yield and filterability
	Peters et al. [17]

Kaya et al. [18]

Korkmaz et al. [7]
	Higher yields obtained at high solvent-to-antisolvent ratios in this study corroborate the findings Peters et al. [17], Kaya et al. [18], and Korkmaz et al. [7]. However, this study showed that an increase in yield has a negative impact on product filterability.



	Particle size and morphology
	Zhang et al. [26]

Peters et al. [25]

Lindenberg et al. [33]

Zhou et al. [14]

Yu et al. [16]
	It was found that increasing the seed loading increased particle sizes and narrowed the PSD of Nd2(SO4)3.8H2O. Varying the O/A ratio in this study altered the morphology of Nd2(SO4)3.8H2O. Although these findings corroborate the results from previous studies, an inorganic product was recovered unlike in Zhang et al. [26], Lindenberg et al. [33], Zhou et al. [14], and Yu et al. [16]. Results in this study support the findings by Peters et al. [25].
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