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Abstract 

Antisolvent crystallization is a separation technology that separates a 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-solvent ratios, but this generates higher 

supersaturation, which causes excessive nucleation. This results in the production of smaller 

or finer particles, which are difficult to handle in downstream processes such as drying and 

filtration.  

 
Therefore, this study aimed at investigating the effect of varying the organic (antisolvent)-to-

aqueous ratio and seed loading on the yield, particle size distribution, and morphology of 

neodymium sulfate octahydrate product, during its recovery from an aqueous leach solution 

using antisolvent crystallization. A batch crystallizer was used for the experiments, while 

ethanol was used as the antisolvent. Neodymium sulfate octahydrate [Nd2(SO4)3.8H2O] seeds 

obtained from antisolvent crystallization at a lower organic-to-aqueous ratio of 0.4 were used 

to investigate the effect of seed loading. The crystals exhibited a plate-like morphology, with 

the plates becoming thinner, rounded, and layered at higher organic-to-aqueous ratios. This 

was attributed to enhanced physical interactions between the ethanol and the growing 

crystals, which possibly caused the ethanol to be adsorbed onto the crystalline surfaces, 

thereby inhibiting growth from one plane to another. 

 
The final particle size distribution curves shifted showing an increase in the particle sizes as 

the organic-to-aqueous ratio was increased from 0.8 to 1.4. The mean particle size increased 

from 106.1µm at an organic-to-aqueous ratio of 0.8 to 141.4 µm at an organic-to-aqueous 

ratio of 1.4. This was attributed to the agglomeration of smaller or fine particles that formed 

at high supersaturation into bigger particle sizes. The total number of particles decreased 

while the total volume increased as the organic-to-aqueous increased from 0.8 to 1.4. As the 

organic-to-aqueous ratio increased from 0.8 to 1.4, the final product yield increased from 44% 

to 90%. The increase in yield was attributed to the increased interaction of ethanol molecules 

with the solvent molecules, which reduced the solubility of neodymium sulfate. 

 
Increasing the seed loading above the critical seed loading of 2.98% to 20% resulted in smaller 

final particle sizes of 101.5 µm compared with 165.8 µm obtained when the system was not 

seeded. These smaller sizes obtained at seed loadings above the critical seed loading had 
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narrow particle size distributions. The span of the particle size distribution for the unseeded 

case was 1.54 while for PSDs obtained at seed loadings above the critical seed loading was 

less than 1.30. Seeding improved the filtration performance by 47%. This was due to the 

narrow particle size distribution and improved crystal morphology. 

 
It is recommended that to obtain higher yields and particles with unimodal particle size 

distribution, higher organic-to-aqueous ratios above 1.2 be used, and seeding be conducted 

at seeding loadings above the critical seed loading. In addition, if crystals of well-defined or 

faceted morphology are required it will be reasonable to use a lower organic-to-aqueous ratio 

such as 0.6 to 0.8 at batch times greater than 2.5 h. The filterability of neodymium sulfate at 

higher organic-to-aqueous ratios needs to be investigated for future studies. 
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1 Introduction 

1.1 Background 

Rare earth elements (REEs) consist of 15 lanthanides, from lanthanum (La) to lutetium (Lu), 

including yttrium (Y) and scandium (Sc) (IUPAC, 1990). REEs such as neodymium (Nd), 

praseodymium (Pr), and dysprosium (Dy) are used in applications, such as hybrid electric 

vehicles, magnets for wind turbines, and fuel cells (Alonso et al., 2012; Alves Dias et al., 2020; 

Lucas et al., 2014; Yoon et al., 2014). The use of REEs in these applications has significantly 

increased their demand. Deposits of these REEs are found in many places around the globe 

but their chemical properties make it difficult to separate them from their ores. 

 
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 part of the circular economy, efficient 

recycling of REEs contributes to the goals of sustainability by focusing on waste reduction in 

the extraction of REEs. As of 2016, the production of NiMH batteries was one billion cells per 

year due to their use in HEV (Gras, 2018), 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 liquor using filtration (Korkmaz et al., 2020). 

Crystallization and precipitation methods have been employed to recover the REEs from the 

leach solution. 

 
Antisolvent crystallization is a potentially novel crystallization method that could be used for 

recovery. It involves the addition of a solvent in which the solute is sparingly soluble to induce 

its crystallization or precipitation (Genck, 2010). Increasing the amount of the antisolvent 

helps in decreasing the solubility of the solute, resulting in a higher yield. However, increasing 

the amount of antisolvent results in increased molecules interacting with the aqueous phase 

(Kumar et al., 2014; Norouzi et al., 2020). This has the potential to increase the degree of 

supersaturation in the crystallizer, resulting in excessive nucleation and smaller final particle 

sizes (Kakran et al., 2012; Raj & Kurup, 2016).  
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In the recovery of scandium using antisolvent crystallization, Peters et al. (2019) 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 through supersaturation 

control offers several options through the knowledge of the antisolvent crystallization process 

to obtain the desired product. 

 
Varying the antisolvent-to-solvent ratio maybe be a viable option to control supersaturation 

within the crystallizing system. 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 (Loï Mi Lung-Somarriba et al., 2004). 

Seeding can induce crystallization at lower supersaturation, within the metastable zone by 

providing sufficient surface area for the supersaturation to be distributed (He et al., 2020; 

Mersmann, 2001). 

1.2 Problem statement 

The achievement of high yields in antisolvent crystallization often requires the use of large 

quantities of antisolvent. This is necessary to significantly reduce the solubility of the solute. 

Increasing the amount of antisolvent enhances the interaction between the antisolvent 

molecules and species in the aqueous phase (Kumar et al., 2014; Norouzi et al., 2020). This 

can potentially increase the degree of supersaturation in the crystallizer, resulting in excessive 

nucleation and the production of smaller or finer final particle sizes. These smaller particles 

are difficult to handle for downstream separation processes such as drying, washing, and 

filtration. 

1.3 Project aim and objectives 

This project aimed to investigate the effect of crystal engineering on product characteristics 

in batch antisolvent crystallization of neodymium sulfate. The objectives of this study were: 



3 
 

• To investigate the effect of varying the organic–to–aqueous (O/A) ratios on yield, 

particle size distribution (PSD), and morphology of the product in batch antisolvent 

crystallization of neodymium sulfate. 

• To investigate the effect of seed loading on PSD and morphology of the product in 

batch antisolvent crystallization of neodymium sulfate. 

1.4 Scope 

The project presents an investigation into how crystal engineering influences final product 

characteristics in antisolvent crystallization. This was achieved using neodymium sulfate 

octahydrate which was chosen because of the high demand for neodymium. Eight-five 

percent of carmakers in 2021 were using neodymium-incorporated permanent magnet 

motors and, as of 2022, the projection for automotive demand for REEs was expected to rise 

by 25% (MordorIntelligence, 2022). The aqueous solution was limited to a synthetic leach 

solution mimicking the concentration of neodymium in the leach solutions from NiMH 

batteries as actual leach solution was not available. The project also involved thermodynamic 

modelling to predict theoretical yield and activity coefficients for neodymium and sulfate ions 

using OLI Stream Analyzer (11.0) (OLI-Systems-Inc, 2022).  

1.5 Thesis outline 

This thesis is presented in six chapters. The first chapter introduces the project, the problem 

statement, the aims, the objectives, and the scope of the project. Chapter 2 is a review of the 

theories of crystallization, with a particular focus on the fundamentals of antisolvent 

crystallization. Chapter 3 is a review of the existing literature on antisolvent crystallization 

and seeding. Chapter 4 presents the methodology used to investigate the problem. A 

discussion of results and key findings is done in Chapter 5. Chapter 6 provides the conclusions 

and recommendations for future work. 
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2 Theory  

This chapter details the theory of antisolvent crystallization. Crystallization fundamentals 

such as supersaturation, nucleation, and growth, which are necessary to understand the 

antisolvent crystallization of REEs are presented. 

2.1 Crystallization 

Crystallization is a unit operation that involves a phase change of a compound from a fluid to 

a crystalline solid product (Lewis et al., 2015; Myerson et al., 2019). There are different types 

of crystallization which include antisolvent crystallization, melt crystallization, membrane, 

eutectic freeze crystallization, cooling crystallization, and evaporative crystallization. The 

selection of these processes is influenced by the final product characteristics desired (Lewis 

et al., 2015). 

2.1.1 Antisolvent crystallization 

Antisolvent crystallization occurs when a reduction in solubility is achieved by the addition of 

another solvent in which the solute is sparingly soluble to induce its crystallization or 

precipitation (Beckmann, 2013; Kaneko et al., 2002; Lewis et al., 2015). There are different 

terms used for antisolvent crystallization or precipitation which include salting out and 

drowning out.  

 
The advantage of antisolvent crystallization is that it can be conducted at ambient 

temperatures, which is essential for heat-sensitive substances. This also makes the process 

convenient and economically viable (Myerson, 2002; Raj & Kurup, 2016). However, the 

downside of the process is that the binary solvent mixture must be separated later to recover 

and reuse one or both solvents. The added cost incurred during the separation process may 

be fully absorbed by the invaluable products recovered (Myerson et al., 2019). 

 
At the point of antisolvent addition, there is bound to be high supersaturation that can result 

in excessive nucleation. Figure 2.1. shows different configurations for mixing the antisolvent 

and solvent for a compound that can form two polyforms. By adding the antisolvent to the 

solvent, the starting point for the mixing will be 100% solvent and 0% antisolvent. A relatively 

low supersaturation will be generated in the system as the solubilities are high. If the anti-

solvent is added slowly, mild conditions will prevail and there will be a reduced chance of the 

formation of the undesirable metastable polymorph (Lewis et al., 2015). 
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Figure 2.1: Effect of the addition configuration in anti-solvent crystallization (Lewis et al., 

2015). 

 
When the solvent is added to the antisolvent when solubilities are low, high supersaturation 

will be generated, leading to the formation of polymorphs. Polymorphism can be controlled 

by seeding in the metastable region or by seeding when the polymorphs start to form (He et 

al., 2020). When both the antisolvent and the solvent are added at the same time into the 

crystallizer, there is bound to be high supersaturation, leading to the formation of 

concomitant polymorphs (Lewis et al., 2015). 

2.1.2 Supersaturation 

Supersaturation is the driving force in antisolvent crystallization. Supersaturation control is 

extremely important to control the crystal size and crystal size distribution (CSD) (Mullin, 

2001). Supersaturation in antisolvent crystallization is generated by physiochemical 

interactions between the antisolvent, solvent, and solute (Borissova et al., 2004). Primary 

nucleation is dominant at higher supersaturation, and this results in the production of smaller 

crystals. Faster crystal growth occurs at low supersaturation, resulting in the formation of 

larger crystal sizes.  

 
Supersaturation ratio (S) can be calculated using equation 2.1; 

 

𝑆 =  
Π(γiCi)

υi

Ksp
  , 2.1 

 
where ϒi and νi are the activity coefficient and units of species i, respectively. KSP is the 

solubility product constant, which is calculated using equation 2.2: 
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Ksp = Π(γi, eqci, eq)
υi

 , 2.2 

 
where the subscript “eq” indicates equilibrium conditions. 

 
Assumptions such as a low supersaturation or an activity coefficient ratio of one at 

supersaturated conditions do not apply to antisolvent crystallization (Myerson et al., 2019).  

2.2 Nucleation 

Nucleation can be primary or secondary. It is the formation of stable nuclei from a 

supersaturated solution (Mullin, 2001; Myerson et al., 2019). Primary nucleation occurs in a 

crystal-free environment while secondary nucleation occurs when there is a pre-existing 

crystal (Lewis et al., 2015). 

2.2.1 Primary nucleation 

Primary nucleation can be homogeneous or heterogeneous, depending on the action of 

foreign materials within the crystallizer. Homogeneous nucleation occurs spontaneously 

when there is no pre-existing foreign material. Heterogeneous nucleation occurs in the 

presence of foreign materials, such as surfaces or dust (Mullin, 2001). 

 
The free energy change for a cluster formation resulting from homogeneous nucleation is 

calculated using equation 2.3 (Lewis et al., 2015; Mullin, 2001; Myerson et al., 2019; Randolph 

& Larson, 1988): 

 
∆G = ∆Gsurface+∆Gvolume 

= 4πr2+ 
4

3
πr3∆Gvolume , 2.3 

 
where Gsurface is the excess free energy between the surface of a particle and the bulk. It is a 

positive quantity. Gvolume is the excess free energy between a very large particle and the solute 

in solution, which results when the solute changes from a liquid to a solid state. It is a negative 

quantity because the solid state is more stable than the liquid state. The radius of a cluster is 

represented by r. 

 
Clusters that continuously decay and reassemble until they reach a critical size (rc) are formed. 

At this critical size, the cluster becomes stable and grows into a crystal nucleus. Figure 2.2 

shows the competition between the Gibbs surface free energy and the volume free energy. 
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Figure 2.2: Gibbs free energy ΔG as a function of the radius of the cluster (Mullin, 2001). 

 
The Gibbs free energy for the formation of stable nuclei as a function of supersaturation ratio 

(S) is given by equation 2.4 (Myerson et al., 2019): 

 

∆Gcritical= 
16π𝜎3ν2

3(kTlnS)2
 , 2.4 

 
where:  σ = interfacial free energy (Jm−2); 

  ν = molecular volume (m3mol−1); 

  k = Boltzmann constant (JK−1); 

  T = temperature (K); 

  S= supersaturation ratio (-). 

2.2.1.1 Homogeneous nucleation 

Homogeneous nucleation occurs at high supersaturations and the system must be free of 

foreign particles or surfaces, which is usually uncommon in practice (Mullin, 2001; Myerson 

et al., 2019; Ulrich & Jones, 2006). Homogeneous nucleation (J) is defined by equation 2.6, 

which shows that the nucleation rate decreases with an increase in surface tension and 

increases with an increase in supersaturation: 

 

𝐽=A exp [-
ΔGcritical

kT
] . 2.5 

 
Substituting for ΔGcritical by equation 2.4 gives the expression for homogeneous nucleation: 
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𝐽 =  𝐴 exp [−
16πσ3ν2

3k3T3(lnS)2
] , 2.6 

 
where A is the pre-exponential factor (nuclei/s). 

2.2.1.2 Heterogeneous nucleation 

Heterogeneous nucleation is initiated in the presence of foreign particles or impurities, such 

as dirt, dust, or surfaces, within the crystallizing system (Mullin, 2001). These foreign particles 

and surfaces reduce the activation energy barrier by reducing the surface energy of pre-

nucleation clusters, which depends on the contact or wetting angle between the foreign 

particle or surface and the cluster (Myerson et al., 2019). Therefore, heterogeneous 

nucleation occurs at lower supersaturation than homogeneous nucleation (Myerson et al., 

2019). 

 
The rate of primary heterogeneous nucleation is calculated using equation 2.7: 

 

𝐽het = Ahetexp [-
16πσ3ν2f(ϕ)

3k3T3(lnS)2
] , 2.7 

 
where f(ɸ) is the correction factor for the reduced energy barrier. The relationship between 

the critical Gibbs free energy for homogeneous and heterogeneous primary nucleation is 

given by equation 2.8: 

 

ΔGhet
* = ϕΔGhom

*  , 2.8 

 
where ɸ is less than unity. The factor ɸ is related to the wetting angle, as expressed in 

equation 2.9 (Mullin, 2001): 

 

ϕ= 
(2+ cos θ)(1- cos θ)2

4
 , 2.9 

 
where θ is the contact or wetting angle. The contact angle indicates the measure or extent of 

the wettability of a solid by a liquid. It also indicates if the nucleation barrier will be lowered 

by the introduction of a foreign substance (Lewis et al., 2015). The relationship between the 

contact angle and the interfacial tension (σ) can be obtained using equation 2.10:  
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cos θ  = 
σsl - σcs

σcl
 , 2.10 

 
where:  σsl is the interfacial tension between the liquid, l, and a foreign solid surface, s;  

σcs is the interfacial tension between the solid crystalline phase, c, and foreign 

solid surface; 

σcl is the interfacial tension between the liquid and the solid crystalline phase. 

 
The contact angle ranges from 0 to 180o, for a contact angle of 0o, there is complete wetting, 

with the liquid spread over the foreign particle and no nucleation is necessary. The value of ϕ 

becomes zero and this happens when the substrate to be crystallized is identical to the foreign 

particle. This occurs when seeding is conducted in a supersaturated solution (Mullin, 2001). 

For a contact angle of 180o, the liquid is not spread and foreign particles do not aid nucleation 

(Beckmann, 2013). 

2.2.2 Secondary nucleation 

Secondary nucleation occurs when there is already an existing crystal of the same solute to 

be crystallized from the supersaturated system and occurs at low supersaturations (Lewis et 

al., 2015; Mullin, 2001; Myerson et al., 2019). This can be categorised as contact, initial 

breeding, needle, and nucleation due to fluid shear breeding. 

 
Initial or dust breeding usually occurs through the introduction of dry seed crystals to a 

solution. Crystals are formed from small fragments that are liberated from the surfaces of the 

seed crystals as these fragments act as new nuclei for crystallization (Myerson et al., 2019). 

Contact or attrition nucleation is the most common and important form of secondary 

nucleation. It results from collisions between the crystals and the impeller, between the 

crystals themselves, or between the crystals and the surfaces of the crystallizer (Lewis et al., 

2015). The boundary layer between the solution and the crystal can also be a source of 

secondary nuclei due to turbulent fluid shear forces. A layer is removed from the adsorbed 

molecules into the solution, which then grows into crystals (Myerson et al., 2019).  

 
At high supersaturations, needle or dendritic breeding occurs. Edges and corners of crystals 

are subjected to high supersaturation compared with the middle of the crystal-forming 

dendrites, and these protruding crystals break, resulting in secondary nuclei. Crystals also 

grow as bundles that can easily break (Lewis et al., 2015). Irregular polycrystalline aggregates 
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form very high supersaturations and they fragment, forming nucleation sites and leading to a 

phenomenon called polycrystalline breeding (Myerson et al., 2019). 

2.3 Crystal growth 

The growth stage, which immediately follows nucleation, is influenced by diffusion of growth 

units to the surface of already-formed nuclei and their integration into the crystal lattice 

structure (Khamskii, 1969). It includes a two-step process, i.e., mass transfer and a surface 

integration mechanism, as shown in Figure 2.3, where cb is the bulk concentration, ci is the 

concentration at the crystal and solution interface, and ceq is the equilibrium concentration at 

the growth site. Growth involves the diffusion of growth units of the solute to the crystal 

surface, followed by the integration or arrangement of these growth units into the crystal 

lattice. 

 

 

Figure 2.3: Concentration profile perpendicular to the crystal surface during growth (Nyvlt, 

1984). 

 
The rate of crystal growth is mainly affected by agitation rate, density, viscosity of the solvent, 

temperature, and trace impurities (Dhanaraj et al., 2010). Crystal growth happens on three 

sites of the crystal surface. At a terrace site, the growth units will attach only to the surface 

of the growing layer. At a step site, attachment of the molecule occurs at the surface and the 

growing step; for a kink site, the molecule attaches at all three surfaces (Myerson, 2002). At 

low supersaturations, a spiral growth mechanism is dominant and there are screw 

dislocations on kink sites, leading to smooth growth, as shown in Figure 2.4. Growth proceeds 

from layer upon layer. When supersaturation is increased, two-dimensional nucleation and 

growth become predominant due to the formation of 2 dimensional nuclei. Growth units 
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attach at any site on the crystal surface as the supersaturation is elevated, leading to rough 

growth of the crystal surface. 

 

 

Figure 2.4: Progression of growth mechanisms (Lovette et al., 2008). 

2.4 Agglomeration 

Agglomeration is the process whereby particles stick or cluster together to form one bigger 

cluster. This can be termed aggregation, coagulation, or coalescence (Lewis et al., 2015). This 

phenomenon usually happens when there are small particles in the system and is hardly 

present for larger particles (Myerson et al., 2019). Unlike in crystal growth, where the number 

of particles remains the same, in agglomeration the number of particles is reduced (Mullin, 

2001). 

2.5 Seeding 

Seeding is a process conducted to control spontaneous nucleation by promoting crystal 

growth conditions, mainly in batch crystallization processes (Mersmann, 2001; Palosaari et 

al., 2006). It is conducted in the metastable zone width, where supersaturation is low, to 

control the final product size, size distribution, and morphology to improve handling of the 

product in downstream processes, such as filtration, drying, and washing (Beckmann, 2013; 

Mullin, 2001). Supersaturation is consumed by crystal growth if the seeds provide sufficient 

crystal surface area to suppress secondary nucleation at lower supersaturation (Beckmann, 

2013). Seeding has the advantage that it reduces the amount of antisolvent used, produces a 

consistent product, and greatly reduces the batch time of operation at an industrial scale 

(Korkmaz et al., 2020). 
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2.6 Morphology 

Morphology refers to the external appearance or form of a crystal, and is also known as the 

crystal habit (Myerson et al., 2019). The final crystal morphology is often a result of the rate 

of growth, and is mainly determined by crystal faces that have the lowest growth rate because 

fast-growing faces grow out of existence (Mersmann, 2001; Myerson et al., 2019). 

Morphology is also influenced by parameters such as the type of crystallizer, properties of the 

crystalline solid, and mode of operation.  

 
In antisolvent crystallization, changes in the solvent, supersaturation, or presence of 

impurities or additives affect crystal morphology to a high degree. Crystal morphology also 

affects downstream processes, such as filtration, drying, and milling, hence there is a need to 

control the crystallization process. Control of crystal morphology can be accomplished by 

choice of solvent, antisolvent, and additives into a solution; however, it is very difficult to 

achieve (Palosaari et al., 2006). 

2.7 Additives and impurities 

Impurities influence morphology, nucleation, and crystal growth. Soluble impurities can also 

affect the induction time of crystallization. Impurities are incorporated into the crystal surface 

and are deposited onto kink sites, steps, or terraces, thereby competing with regular growth 

units. The impact of surface-adsorbed impurities or additives is reduced when volume 

diffusion is the rate-controlling step. Rough growth, which occurs at higher supersaturation, 

is usually difficult to inhibit (Lewis et al., 2015). 

2.8 Population balance equation 

A population balance equation describes the evolution in time of the mass distribution of 

particles as a function of their sizes (Lewis et al., 2015). The population balance equation for 

characterizing the CSD in a batch crystallizer is calculated using equation 2.11 (Randolph & 

Larson, 1988): 

 
∂n

∂t
+ G'

∂n

∂L
= 0 , 2.11 

 
where n is the population density per unit suspension volume, G’ is the linear growth rate 

(ms−1), L is the crystal size (m), and t is the batch time (s). Through the introduction of 
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moments, it becomes easy to solve the batch conversion equations because they are difficult 

to simultaneously solve. The moments of the CSD are defined as: 

 

mj= ∫ n(L)LjdL
∞

0
  for j = 0, 1, 2… 2.12 

 
where: 

 

n(L)dL= ∑
Vol %i x Conc (vol%)

100
 x 

1

kvL̅
3

i

 , 2.13 

 
Where:  mj is the respective moment; 

vol% is the volume of the solids in a size range; 

conc. (vol%) is the total concentration of solids (vol%); 

n(L) is the number density function;  

KV is the volume shape factor. 

 
The respective moments are calculated as (Lewis et al., 2015): 

Total number  NT = m0 

Total length  LT = m1 

Total surface area  AT = kam2, where ka is the area shape factor 

Total volume   VT = kvm3, where Kv is the volume shape factor 

Total mass  MT = ρcrystalkvm3 

 
Examples of volume and surface shape factors for different crystal morphologies are 

presented in Table 2.1. 

Table 2.1: Examples of shape factors (Mersmann, 2001). 

Geometric shape kV ka 

Sphere 0.524 3.142 

Octahedron 0.471 3.464 

Tetrahedron 0.118 1.732 

Hexagonal prism 0.867 5.384 

Cube 1.000 6.000 

Needle 5 × 1 x 1 0.040 0.880 

Plate 10 × 10 × 1 0.010 2.400 
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3 Literature Review 

This section reviews previous work related to antisolvent crystallization, and the effects of 

varying O/A ratio and seeding on product quality. Section 3.4 summarises the hypothesis and 

research questions. 

3.1 Antisolvent Crystallization 

Antisolvent crystallization has mainly been used in the pharmaceutical industry more than in 

hydrometallurgy at an industrial scale (Peters et al., 2022; Vedantam & Ranade, 2013). 

However, it has been identified as an effective separation process in hydrometallurgy because 

it can produce high yields by the use of different organic solvents. Peters et al. (2019) reported 

the recovery of scandium as a salt from ammonium scandium hexafluoride using ethanol as 

an antisolvent. Kaya et al. (2018) investigated the recovery of scandium from an ammonium 

fluoride strip liquor using different organic antisolvents, such as methanol, isopropanol, 

ethanol, and acetone. The recovery of scandium from these studies was greater than 98% at 

an O/A ratio of 0.8. 

 
Korkmaz et al. (2020) investigated the selective recovery of valuable metals from NiMH 

battery leach liquor by antisolvent crystallization using 2-propanol and ethanol as 

antisolvents. They observed that the total recovery exceeded 80%. Ma et al. (2020) reviewed 

the use of precipitation and crystallization in the production of metal salts for lithium-ion 

battery materials. The authors observed that if selective precipitation is conducted, further 

purification should be performed to obtain pure metal compounds. Nowee et al. (2008) noted 

that the yield and recovery of the final products are dependent on the purity of the 

antisolvent used. These studies prove that antisolvent crystallization can be used in 

hydrometallurgy to recover valuable metals; however, the selection of an antisolvent and the 

amount used are important and greatly influence the final product characteristics. 

3.1.1 Effect of antisolvent addition method 

An antisolvent can be introduced into a crystallizer through normal addition, where the 

antisolvent is added to the solvent, or by reverse addition, where the solvent is added to the 

antisolvent. At the point of antisolvent addition, there is bound to be high supersaturation 

that can result in excessive nucleation (Beckmann, 2013). The configuration of the antisolvent 

addition system is important in producing desired crystals.  
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Takiyama et al. (1998) found that poor mixing results in high local supersaturation at the point 

of addition and generates increased primary nucleation. Primary nucleation consequently 

leads to the formation of smaller or finer particles, which may agglomerate. O’Grady et al. 

(2007) confirmed that the addition of antisolvent close to the impeller improves 

homogeneous mixing and the incorporation of the antisolvent into the solution. The authors 

noted that the metastable zone width became wider when the antisolvent was added near 

the wall of the crystallizer. This was supported by Zhang et al. (2015) who noted that the 

increase in the metastable zone width was due to mixing efficiency differences between the 

two antisolvent addition locations. 

 
Besides the addition point influencing the final product size, the rate at which the antisolvent 

is fed into the crystallizer also influences the crystallization process. Nowee et al. (2008) 

reported that higher antisolvent feed rates resulted in crystals of smaller sizes than those 

produced at lower feed rates. This was attributed to higher supersaturation levels generated 

at higher feed rates, resulting in higher nucleation rates. Yu et al. (2005) confirmed that, as 

the feeding rate increased the final product size was reduced. They deduced that at a higher 

feeding rate, the resulting particles exhibited a higher degree of agglomeration. The product 

obtained at a high feed rate had a smaller mean size compared with the lower feed rate, 

which had particles with sizes larger than 780 µm. 

 
Waval et al. (2020) deduced that slow and simultaneous feeding of the antisolvent and the 

solvent to the crystallizer increased the average final crystal size. This observation agrees with 

those made by Peters et al. (2022), who reported that the final particle size increased at a 

lower feed rate. They noted that adding the antisolvent at a controlled low rate resulted in 

low generation of supersaturation, allowing crystal growth to be dominant. Ferguson et al. 

(2013) reported that a faster feed rate of antisolvent widens the metastable region, resulting 

in higher supersaturation at the point of addition, leading to a decrease in the mean particle 

size of the final product. 

 
According to Lewis et al. (2015), adding an antisolvent to a solvent slowly can create low 

supersaturation and reduce the chances of forming undesirable polymorphs. Therefore, it is 

important to understand the effect of antisolvent addition location and feed rate on the final 

product crystals. 
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3.1.2 Effect of antisolvent-to-solvent ratio on particle size 

Understanding the effects of the O/A ratio on solubility, supersaturation, nucleation, and 

crystal growth are essential in determining the resultant product obtained. Waval et al. (2020) 

noted that when the ratio of the antisolvent to solvent was increased from 0.1 to 0.4, the final 

average crystal size decreased from 320 to 220 µm. This was attributed to an increase in the 

nucleation rate due to higher levels of supersaturation. Hash and Okorafor (2008) agreed with 

these findings, in their study of batch antisolvent crystallization of sodium sulfate, they 

observed that as the quantity of methanol antisolvent increased, the mean crystal size 

decreased. 

 
Peters et al. (2019) observed in the antisolvent crystallization of ammonium scandium 

hexafluoride, using ethanol as an antisolvent, that as the O/A ratio was increased, the product 

crystal size decreased due to increased supersaturation. Raj and Kurup (2016) also concluded 

that as the O/A ratio increased, the final particle size decreased significantly. An increased 

amount of antisolvent due led to an increased nucleation rate because of high 

supersaturation levels. These authors indicated that the critical size of the particle was 

inversely proportional to the logarithm of the supersaturation ratio. 

 
However, from their study, Kumar et al. (2014) observed that although increasing the 

antisolvent-to-solvent ratio in the crystallization of cyclotrimethylenetrinitramine resulted in 

a decrease in particle size, at higher ratios (above 1:250) the particle size increased. Vorobei 

et al. (2016) concluded that an increase in the antisolvent-to-solvent ratio resulted in a 

decreased particle size until a certain threshold value, at which the particle size would start 

to increase. The decrease in particle size was attributed to high supersaturation levels. The 

increase in particle size after a certain threshold was attributed to smaller particles forming 

bridges between themselves because growth of the particles was assumed not to take place 

in isolation. 

 
These observations are in agreement with the findings of Zhao et al. (2013), who observed 

that the mean particle size in the antisolvent precipitation of Genipin (A natural iridoid 

compound and the aglycone of geniposide isolated from the fruit of Gardenia jasminoides 

Ellis, used for the treatment of diseases in China) was reduced when the antisolvent-to-



17 
 

solvent ratio was increased. The mean particle size then increased when the ratio was 

increased beyond a certain threshold value. This can be observed in Figure 3.1.  

 

 

Figure 3.1: Effect of antisolvent-to-solvent volume ratio on the mean particle size of 

micronized Genipin (Zhao et al., 2013). 

 
Norouzi et al. (2020) observed that the sphericity and particle size in the antisolvent 

crystallization of ammonium perchlorate initially decreased. This was due to increased 

interactions between the antisolvent and solvent molecules, resulting in higher 

supersaturation and production of smaller particles. However, they observed that as the O/A 

ratio was increased further to 1:4, the particle size increased. They deduced that the effect of 

the type of organic solvent used in the crystallization process was higher than the antisolvent-

to-solvent ratio. 

 
The findings indicate that varying the antisolvent-to-solvent ratio greatly influences the final 

product size. Therefore, it is important to know the behaviour or change in particle size as the 

amount of antisolvent is varied. 

3.1.3 Effect of antisolvent and solvent on crystal morphology 

Antisolvent crystallization has been found to influence the final crystal morphology or habit. 

Crystal morphology or habit is mainly influenced by external conditions or environment within 

the crystallizer and the internal structure of the crystal. It greatly influences downstream 

processes, such as drying, filtration, drying, and packaging (Yazdanpanah & Nagy, 2020). 
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Crystal morphologies can also be heavily influenced by changes in the roughness of the crystal 

surfaces. High supersaturations lead to rough growth or kinetic roughening on crystal 

surfaces, thereby influencing the resultant crystal morphology (Sleutel et al., 2008).  

 
Peters et al. (2019) practically deduced that crystals of well-defined shapes and sizes finer 

than 2 µm were obtained during the antisolvent crystallization of ammonium scandium 

hexafluoride using ethanol. There was no significant change in crystal morphology as the O/A 

ratio was increased; however, the particle size was reduced. 

 
Zhou et al. (2019) highlighted that the antisolvent influence is a result of interactions between 

the crystallizing solute and the antisolvent, which are mostly due to hydrogen bonds. In their 

study of antisolvent crystallization of 2,6-diamino-3,5-dinitropyrazine-1-oxide, the authors 

used dimethyl sulfoxide (DMSO) as the solvent and observed, that different crystal 

morphologies, such as needles, spherical clusters, and dendrites, were produced by varying 

different antisolvents, as shown in Figure 3.2.  

 

 

Figure 3.2: Scanning electron microscopy images of 2,6-diamino-3,5-dinitropyrazine-1-oxide 

crystals obtained by varying the antisolvent. (a) water, (b) methanol, (c) acetic acid, (d) 

nitromethane, (e) ethyl acetate, (f) ethanol, (g) methylene chloride, (h) o-dichlorobenzene, 

and (i) toluene (Zhou et al., 2019). 
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Zhou et al. (2019) observed that, intermolecular interactions between the antisolvent and 

solute molecules cause adsorption of the antisolvent onto different surfaces of the crystals 

affecting the nucleation, growth, and resultant morphology of the final crystals. However, the 

crystalline structure was not affected and did not change. It was observed that ethanol 

produced needle-like crystals because its polarity was medium compared with other 

antisolvents, such as methanol. Intermolecular interactions were influenced by the 

antisolvent polarity. The higher the polarity, the stronger the interactions. For example, the 

stronger polarity of methanol inhibited the growth of the crystal in the needle direction, 

resulting in spherical particles. Competition between the functional groups of the different 

antisolvents and the ion–dipole interactions of the solvent greatly influenced the 

supersaturation, thereby affecting the crystallization kinetics and final crystal morphology. 

 
El Bazi et al. (2017) observed that an increase in the O/A ratio resulted in a reduced number 

of molecules of the solvent and therefore increased the resultant collisions between the 

solute molecules. Hence the nucleation kinetics were increased, and the growth rate was 

reduced in a water–alcohol mixture, causing a smoother crystal surface. Integration of solute 

growth units into the crystal lattice was also retarded by the adsorption of alcohol onto the 

crystal surface. 

 
Xu et al. (2005) observed that ethanol molecules affected the morphology through interaction 

with hydrogen bonds on the crystal surfaces of ammonium dihydrogen phosphate and 

potassium dihydrogen phosphate. They concluded that the morphologies of these 

compounds changed from tetragonal prism and bipyramid to sharp needles as crystal 

development along the hydrogen bonds was inhibited by the suspension of a normal diffusion 

process.  

 
Granberg et al. (1999) observed that the crystal morphology of paracetamol changed from 

rounded faces to rectangular due to an increase in acetone–water ratio. These findings 

indicate the influence of O/A ratio on the final crystal morphology. The literature highlights 

that using different antisolvents results in various crystal morphologies. 

3.2 Seeding 

Bergfors (2007) defined seeding as an optimization process conducted to control crystal 

growth conditions in crystallization. Seeding is a highly efficient method for stabilizing batch 
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crystallization and decreasing variations from batch to batch (Li et al., 2019; Parambil & Heng, 

2017). Korkmaz et al. (2020) reported that seeding has the advantage of producing a 

consistent product in antisolvent crystallization of REE sulfates and that it has a direct impact 

on the time of operation at an industrial scale.  

 
Seeding is normally done in the metastable zone width, where supersaturation is low, to 

control crystal size and CSD before spontaneous homogenous nucleation starts (Beckmann, 

2013; Loï Mi Lung-Somarriba et al., 2004). 

 
Kaya et al. (2018) and Peters et al. (2019) concluded that using a higher O/A ratio produces 

higher product yields. However, the final product sizes were minute (< 2 µm) and filtration 

and washing efficiencies were greatly reduced. Therefore, the authors recommended seeding 

to obtain a larger product size with a narrow PSD that is easier to handle and improve the 

effectiveness of downstream processes. 

3.2.1 Factors affecting seeding. 

Zhang et al. (2021) postulated that many factors affect seeding and, if not addressed, may 

lead to seeding failure in the crystallization process. The variables that need to be controlled 

to have a successful seeding include seed preparation, seed loading, seeding condition 

quality, and seeding mode. 

3.2.1.1 Seed preparation, type, and quality 

Seed quality entails the physical or chemical properties of the seeds used in the crystallization 

process. Rough surfaces on seeds can result in increased surface area for crystal growth. The 

quality and properties of the seeds are greatly influenced by the method of preparation used 

such as grinding, sieving milling, or washing (Kalbasenka et al., 2007).  

 
Aamir et al. (2010) practically deduced the effect of seed preparation on seed quality, final 

product CSD, and morphology during batch cooling crystallization of potassium dichromate in 

water. They concluded that crystallized and sieved seeds produced final crystals with uniform 

and larger sizes. Milled, washed, and sieved seeds had fines from milling that led to initial 

breeding, production of crystals with no distinct shape, and agglomeration. Milling and sieving 

seeds resulted in the worst seed particles, with a lot of dust that led to initial breeding, Oswald 

ripening, large quantities of agglomeration, and less growth. Adi et al. (2007) concluded that 

wet sieving is an effective and preferable method used to produce particles with a narrow 
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distribution compared with milling, which produced very fine particles. However, both milling 

and sieving did not affect the crystallinity of the final lactose product. 

 
Parambil and Heng (2017) demonstrated that milled seeds showed fractured edges and faces 

that had the potential to result in multiple crystal growth areas, resulting in agglomeration or 

other undesired growth effects. Seeds can also be washed and thereafter suspended in a 

slightly saturated solution before adding them to avoid initial breeding from dust particles 

and dissolution of the seeds (Aamir et al., 2010; Lakerveld et al., 2007; Lewis et al., 2015).  

 
Seeds can be internally generated if seeding is to be conducted with the same material to be 

crystallized. This is called homogeneous seeding. Heterogeneous seeding is the use of a 

material that is different from the crystallized solute (Parambil & Heng, 2017). Warstat and 

Ulrich (2006) observed that using recrystallized seeds resulted in a process that is dominated 

by growth and that produced a narrow CSD. 

 
Regy et al. (2002) investigated the recovery of struvite precipitation by seeding with sand and 

struvite, and concluded that sand seeding was not desired because the struvite did not coat 

the sand. These findings were supported by Ali and Schneider (2005), who also investigated 

the crystallization of struvite with different seed materials and realized that struvite seeds 

were more effective due to the similar structures and that the diffusion integration process 

was supported by the parent crystals. Borosilicate and silica had less–effective crystal growth 

and the final CSD showed smaller crystal sizes. 

 
Wang et al. (2006) concluded in their findings that struvite powder produced the desired 

results when used as seeds to remove phosphorus in struvite precipitation compared with 

granite and sand. The solute coated onto the surface of the struvite powder and crystallized 

out, while for the granite and sand, there was no coating, and the product size was smaller. 

This was most probably because the contact angle was lower, and it reduced the nucleation 

barrier for heterogeneous nucleation, allowing the solute to spread onto the surface of the 

seed. However, when sand and granite were used, the contact angle was higher and therefore 

no wetting occurred. These findings agree with observations made by Ali and Schneider 

(2005) and Regy et al. (2002). 
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Jagadesh et al. (1996) investigated the effect of seed quality on the final product CSD using 

seeds of size 165 µm and 327.5 µm. The results of the products are shown in Figure 3.3. These 

authors concluded that the quality of seeds has no significant influence on the final product 

mean size, except for very large sizes of seeds that were ground.  

 

 

Figure 3.3: Effect of seed quality on crystal size distribution (Jagadesh et al., 1996). 

 
These ground seeds resulted in improved performance of producing larger product mean size 

after the seeds were washed. Washing of the seeds removed dust particles, which possibly 

eliminated initial breeding. Initial breeding creates many nuclei within the system, thereby 

resulting in smaller final product crystals. 

3.2.1.2 Seeding time 

The timing of seed addition is very important in the crystallization process. If seeds are added 

too early, they can dissolve, and if added too late, heterogeneous primary nucleation will 

occur, resulting in excess nuclei and smaller product crystals. Therefore, seeds should be 

added at the beginning of batch crystallization (Lewis et al., 2015). According to He et al. 

(2020), the timing of seeding depends on the solubility properties of the solute to be 

crystallized, and seeding at lower supersaturation levels is effective to enhance secondary 

nucleation. Seeding should be conducted when the supersaturation is low because at higher 

supersaturation the dominant mechanism is nucleation, which results in smaller product 

crystals (Warstat & Ulrich, 2006). 
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3.2.1.3 Seed loading 

Seed loading is a measure of the mass of seeds available per unit volume of the solution 

(Parambil & Heng, 2017). Important parameters to consider include seed mass, seed size, and 

seed size distribution. According to Parambil and Heng (2017), seed loading can be 

determined in terms of surface area and mass. At a lower seed mass, partial dissolution of the 

seeds may occur, resulting in the production of high levels of supersaturation (Lakerveld et 

al., 2007). In industrial processes, the seed mass used is between 2% and 6% of the theoretical 

mass to be crystallized out (Loï Mi Lung-Somarriba et al., 2004). The seed surface will provide 

an area for crystal growth, thereby minimising excessive primary nucleation within the 

system, and affecting the resultant crystal size and CSD. Loï Mi Lung-Somarriba et al. (2004) 

proposed an expression for the calculation of seed surface area, as shown in equation 3.1: 

 

Sa = 
WS ka

ρkvL
S

 3.1 

 
where:  Sa is the seed surface area (cm2); 

  WS is the seed mass (g); 

  LS is the initial seed mean size (cm); 

  ka is the surface shape factor (dimensionless); 

  kv is the volume shape factor (dimensionless); 

  ρ is the crystal density (g/cm3). 

 
Smaller seed sizes provide a larger specific surface area, leading to a unimodal CSD 

(Kalbasenka et al., 2007). However, low seed loading is not desirable because it leads to a low 

surface area being available for crystal growth, which may lead to primary or secondary 

nucleation. The seed surface area available for crystal growth at a given seed loading ratio 

decreases with an increase in the available seed size (Jagadesh et al., 1996). 

 
When the total surface area of seeds is insufficient for the supersaturation to be consumed, 

it leads to an increased number of smaller product crystals. These smaller product crystals are 

a result of excessive nucleation and the smaller particles may agglomerate (Palosaari et al., 

2006). Therefore, enough seeds should be added to provide enough surface area to consume 

supersaturation and promote crystal growth (Beckmann, 2013).  
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The amount of seeds added to the crystallizer affects the final product crystals. Lewis et al. 

(2015) reported that very high seed loading is not desirable because a larger volume 

crystallizer is needed. Eder et al. (2011) observed that increasing seed loading resulted in the 

PSDs of product shifting to smaller particle sizes as shown in Figure 3.4. They concluded that 

an increase in seed loading resulted in an increased number of individual particles, which 

acted as crystallization sites where the solute was distributed, resulting in smaller sizes. Ward 

et al. (2011) substantiated this conclusion when they observed that an increased mass of 

seeds resulted in reduced growth as crystallization occurred on many nuclei within the 

crystallizer, which led to the solute being distributed on many seed crystals. This reduced the 

growth of individual seed crystals into larger product crystals. 

 

 

Figure 3.4: Product volume-density distributions of experiments with different seed loadings 

(Eder et al., 2011). 

 
This was supported by Peters et al. (2022). In their study, the authors observed that increasing 

the seed loading beyond 20% of the theoretical yield (the amount expected to crystallize 

based on the starting point and final equilibrium value) resulted in smaller crystal sizes due to 

increased secondary nucleation. They attributed this decrease in size to the availability of a 

larger surface area on which the solute would be deposited. The optimal seed surface area 

observed was between a seed loading of 5% and 10%.  

 

0

1

2

3

4

5

6

7

8

0 100 200 300 400 500 600

P
ro

b
ab

ili
ty

 ×
 1

0
 −3

 (1
/µ

m
)

Average diameter of product (µm)

0.05 g(seed)/ml(slurry)

0.04 g(seed)/ml(slurry)

0.02 g(seed)/ml(slurry)



25 
 

Seeding has the positive effect of producing a CSD or PSD that is unimodal. Yu et al. (2006) 

reported that increasing seed loading shortened the batch time and improved the PSD 

compared with low seed loading. They noted that when seed loading was doubled 

(corresponding to a seed loading ratio of 0.108), secondary nucleation was suppressed and 

the PSD was refined from multimodal to unimodal. Hojjati and Rohani (2005) observed that 

increasing seed loading decreased the supersaturation and promoted crystal growth, 

resulting in an improved CSD. At a low seed loading ratio (CS) of up to 0.035, the final CSD was 

bimodal due to secondary nucleation. Warstat and Ulrich (2006) also observed that increasing 

the seed loading caused the CSD to become unimodal. 

 
Kubota et al. (2001) concluded that at a high seed loading ratio (CS = 0.33) above a critical 

point, unimodal grown seeds were obtained in a batch cooling crystallization of potassium 

alum. At a low seed loading ratio (CS = 0.051), the CSDs obtained were bimodal. Loï Mi Lung-

Somarriba et al. (2004) corroborated this conclusion when they observed that there is a 

critical seed mass beyond which a unimodal CSD can be obtained. Using a seed mass below 

the critical mass resulted in a bimodal final CSD. Doki et al. (2022) agreed with these findings, 

in their study of batch-cooling crystallization of sucrose. The authors observed that at high 

seed loading ratios (CS = 0.15) and seed size of 328 µm, the CSD became unimodal. 

 
Doki et al. (1999), developed a correlation to determine the critical seed loading CS*, shown 

in equation 3.2. They defined CS* as the lowest value of seed loading that is required to 

suppress nucleation: 

 

CS
*=2.17 X 10-6Lseed

2  , 3.2 

 
where: Lseed is the seed size (µm). 

 
Doki et al. (2001) confirmed that seed loading below the critical seed loading resulted in 

bimodal CSDs as the number of particles was too low to suppress nucleation however; at high 

seed loading, the CSDs were unimodal. Kubota et al. (2001) also concluded that at seed 

loadings above the critical point, unimodal CSDs were obtained.  

 
Wang and Ward (2015) observed that it was not possible to entirely suppress the nucleation 

of barium sulfate by seeding. A critical seed loading ratio of 0.0162 using a small seed size (5 
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µm) and larger mass (0.290 kg/m3) was insufficient to suppress nucleation. The authors 

observed a bimodal CSD, with peaks at smaller crystal sizes showing nucleated crystals. 

However, they deduced that at larger seed sizes (50 µm) and lower mass (9.9 g/m3), which 

gave a seed loading ratio of 0.011, nucleation was greatly suppressed at the calculated critical 

seed loading. Warstat and Ulrich (2006) reported that the use of smaller seed sizes resulted 

in a decreased total number of product crystals. This indicated that agglomeration might have 

occurred during crystallization. 

 
Larger seed sizes are often not advisable to use as they result in attrition and uncontrolled 

nucleation (Loï Mi Lung-Somarriba et al., 2004). Yu et al. (2006) observed that larger seed 

crystal sizes of 212–250 µm caused secondary nucleation due to attrition which gave rise to 

new nuclei within the crystallizer. They concluded that using finer seed particles of size 150 – 

180 µm can greatly reduce secondary nucleation. However, Loï Mi Lung-Somarriba et al. 

(2004) found that using smaller seeds of size between 250 µm and 1600 µm resulted in faster 

production of large crystals of well-defined morphology for batch–cooling crystallization of 

glycine. Beckmann (2013) postulated that smaller seed particles tend to agglomerate, leading 

to reduced surface area available for crystal growth. The resultant effect is an agglomeration 

of product crystals. 

 
Gao et al. (2018) reported that using a uniform seed size distribution resulted in a narrow final 

CSD. A wider seed size distribution leads to a wider CSD, which is undesired. This observation 

agrees with the conclusion by Yu et al. (2006) that undersized seeds obtained from an existing 

production unit produced a unimodal PSD of the product because the undersized seeds were 

not in a narrow range. 

3.3 Critical synthesis/gap analysis 

Numerous studies have been conducted to understand batch antisolvent crystallization and 

the characteristics of the product crystal (Hash & Okorafor, 2008; Kumar et al., 2014; Waval 

et al., 2020). However, the literature reviewed showed that most work on antisolvent 

crystallization has been carried out in the pharmaceutical industry and not in 

hydrometallurgy. Therefore, this work aimed at understanding the antisolvent crystallization 

of REEs, exemplified by neodymium sulfate. 
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The main challenge in batch antisolvent crystallization is to produce a consistent product of 

uniform CSD and size (Aamir et al., 2010). It is, therefore, important to control the rate of 

supersaturation in antisolvent crystallization (Peters et al., 2019). Crystal engineering 

provides a pathway for achieving this by seeding and controlling the O/A ratio. 

 
It has been presented in the literature that the antisolvent feed rate and location of addition 

into the crystallizer greatly influence the final product crystal characteristics. Higher feed 

rates result in smaller final product crystals (Nowee et al., 2008; Yu et al., 2005), while slow 

addition of the reagents results in the formation of particles with a larger final size (Lewis et 

al., 2015; Waval et al., 2020). It was also highlighted that the antisolvent should be added 

closer to the impeller to improve the mixing efficiency within the system (O’Grady et al., 2007; 

Zhang et al., 2015). 

 
An analysis of previous studies has shown that varying the antisolvent-to-solvent ratio results 

in two possible scenarios: the product crystal size increases with an increase in the O/A ratio 

(Hash & Okorafor, 2008; Raj & Kurup, 2016; Waval et al., 2020); however Kumar et al. (2014); 

Vorobei et al. (2016), and Zhao et al. (2020) found that the product crystal size became smaller 

as the antisolvent-to-solvent ratio was increased. 

 
The literature also shows that different crystal morphologies are obtained due to interaction 

of the antisolvent and solvent. The morphologies vary from needles to prisms, platelets, 

spherical clusters, and squares as a result of the change in the antisolvent–to–solvent ratio 

(Charmolue & Rousseau, 1991; Garg & Sarkar, 2016; Holmbäck & Rasmuson, 1999; Xu et al., 

2005; Zhou et al., 2019). It is important to investigate how varying the antisolvent-to-solvent 

ratio would affect the size and CSD of product crystals in batch antisolvent crystallization of 

neodymium sulfate. The influence of this approach on the morphology of the product crystals 

is currently limited. 

 
The effectiveness of seeding in controlling crystal size and CSD has been reported mainly in 

batch–cooling crystallization of organic compounds (Aamir et al., 2010; Kubota et al., 2001; 

Warstat & Ulrich, 2006). Different seed sizes and seed loadings have been used in the 

reviewed literature; however, there is no agreement on a particular seed size to use or seed 

loading. It has been noted that there is a critical seed loading above which the desired results 

of a unimodal CSD and final crystal size are obtained (Doki et al., 1999; Kubota et al., 2001; 
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Loï Mi Lung-Somarriba et al., 2004). Therefore, critical seed loading provides a basis on which 

seeding can be conducted to inhibit nucleation and promote crystal growth (Doki et al., 1999). 

 
It is, therefore, imperative that an investigation into how crystal engineering can be used to 

control supersaturation and achieve desired product crystals that are easier to handle for 

downstream processes be conducted. This is because at a higher O/A ratio the product yield 

is high; however, there is a downside of producing fine crystals. 

3.4 Hypothesis and key questions 

3.4.1 Hypothesis 1 

Increasing the O/A ratio will result in smaller product particle sizes of neodymium sulfate. This 

is because as the O/A ratio is increased, the degree of supersaturation within the crystallizer 

increases which leads to high nucleation rates resulting in smaller particles. 

i. How does varying the antisolvent-to-solvent ratio influence the characteristics of the 

product particles in the antisolvent crystallization of neodymium sulfate? 

ii. How does batch time affect product characteristics at different O/A ratios? 

3.4.2 Hypothesis 2 

Introducing seeds will help in providing a surface area for crystal growth, thereby controlling 

primary nucleation, and producing larger product particle sizes with a narrow PSD. 

 
Increasing seed loading decreases the mean product particle size and results in a wider PSD. 

This is because, with an increase in the number of seed particles, the solute is distributed on 

a higher number of seed particles, hence limiting linear growth rate of crystals. An increase in 

the total number of particles within the system leads to a higher number of collisions, 

resulting in breakages and the formation of many nuclei, leading to the formation of a wider 

PSD.  

i. What is the effect of seed loading on particle size, PSD, and morphology in the 

antisolvent crystallization of neodymium sulfate? 

ii. What is the effect of seed loading on the filterability of the neodymium sulfate 

product? 
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4 Materials and Methods 

Section 4.1 details the thermodynamic modelling conducted. This is followed by section 4.2 

that describes the experimental design. Preparation of the solution and seeds used in the 

experiments are described as is the analytical equipment used. The experimental procedure 

used is explained and the method used to harvest the product is outlined. 

4.1 Thermodynamic modelling 

Thermodynamic modelling, to predict the theoretical yield of neodymium sulfate octahydrate 

[Nd2(SO4)3.8H2O] and activity coefficients for neodymium and sulfate ions, was conducted 

using OLI Stream Analyzer 11.0 (OLI-Systems-Inc, 2022). The software calculates or predicts 

speciation, chemical and phase equilibria in multi–component systems. The Mixed Solvent 

Electrolyte (H3O+ ion) thermodynamic framework was used because it has better predictions 

for multi–component systems with competing solid phases (OLI-Systems-Inc, 2022). 

 
It was assumed that the NiMH battery leach solution was an ideal solution which was very 

dilute. It was further assumed that the leach solution contained a single component, 

neodymium sulfate at a concentration of 3.5 g/L. A temperature of 25°C, pressure of 1 atm 

and 1 L of leach solution were assumed.  

 
The activity coefficient model covers a wide range of chemistries (electrolyte, non-electrolyte, 

and mixed systems). To calculate activity coefficients in the mixed solvent electrolyte the 

excess Gibbs energy is constructed as a sum of three terms: 

 

Gex

RT
 =  

GLR
ex

RT
+ 

GMR
ex

RT
+ 

GSR
ex

RT
  , 4.1 

 
Where GLR

ex, GMR
ex, GLR

ex represent the long, middle, and short-range contributions 

respectively. The long–range term is calculated from Pitzer–Debye–Hückel formula and the 

short–range term from UNIQUAC equation. The middle term, which is key to representing 

electrolyte properties, is calculated from an ionic strength–dependent, symmetrical second 

virial coefficient–type expression (OLI-Systems-Inc, 2022). The activity coefficient (ϒ) will be 

given by the following expression: 

 

ln 𝛾𝑖 = 𝑙𝑛(𝛾𝑖
𝐿𝑅) + 𝑙𝑛(𝛾𝑖

𝑀𝑅) + 𝑙𝑛(𝛾𝑖
𝑆𝑅)   , 4.2 
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4.2 Experimental Design 

Table 4.1 summarises the experimental plan. The first set of experiments was conducted to 

investigate the effect of varying the organic to aqueous (O/A) ratios on product yield, PSD, 

and morphology of Nd2(SO4)3.8H2O product. The second set of experiments was conducted 

to determine the evolution of moments of PSDs at different batch times. The third set of 

experiments was conducted to investigate the effect of seed loading on the PSD and 

morphology of the Nd2(SO4)3.8H2O product. 

 
Table 4.1: Summary of Experimental plan. 

Aim Controlled Variables Measured Variables 

1 To investigate the effect of varying O/A 

ratios on Nd2(SO4)3.8H2O product yield, 

PSD, and morphology in batch antisolvent 

crystallization. 

O/A ratio (0.6; 0.8; 1.0; 1.2; 

1.4.). 

• Yield 

• PSD 

• Crystal morphology. 

2 To determine the phenomena causing size 

enlargement between O/A ratios of 0.8 and 

1.4. Evolution of moments was conducted. 

• O/A ratio (0.8 and 1.4) 

• Batch time (0.25 h, 0.5 

h, 1.0 h, and 2.5 h) 

• PSD 

• Crystal morphology 

3 To investigate the effect of seed loading on 

the PSD and morphology of Nd2(SO4)3.8H2O 

product in batch antisolvent crystallization. 

Seed loading (0.64%, 5%, 

10%, and 20%). 

• PSD 

• Crystal Morphology 

• Filtration time 

 

4.3 Synthetic solution preparation 

Nd2(SO4)3.8H2O, with 99.9% purity (ThermoFisher (Kandel) GmbH, Germany), was weighed on 

a digital scale (Radwag AS220.R2 Plus, Radwag Electronics, Radom, Poland) and dissolved in 

deionised water to make a 3.5 g/L Nd2(SO4)3 synthetic leach solution. The synthetic leach 

solution mimicked the concentration of Nd2(SO4)3 in leach solutions from NiMH batteries 

(Korkmaz et al., 2020). The aqueous solution was filtered through a 0.22 µm nylon membrane 

filter 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 mass was constant, and it was assumed that 

drying had been completed. 
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4.4 Seed preparation 

Nd2(SO)4.8H2O product was recovered from experiments conducted at an O/A ratio of 0.4 and 

was used as seeding material. The product obtained at O/A = 0.4 was granular and had well-

defined morphology, hence it was used as seeds. The PSD of the Nd2(SO4)3.8H2O seeds used 

in the experiments is shown in Figure 4.1. The seeds were chosen to take into consideration 

the studies by Regy et al. (2002) and Ali and Schneider (2005), who concluded that seeding 

with the same material to be crystallized produced desired results.  

 

Figure 4.1: Particle size distribution of Nd2(SO4)3 .8H2O seeds. 

The mean particle size of the seeds was 117.2 µm. The seed surface area was calculated using 

equation 3.1 showing that the surface area increased from 18.7cm2 to 598 cm2 when the seed 

loading was increased from 0.64% to 20%, as presented in Appendix A1. The morphology of 

the seeds used is shown in Figure 4.2. 
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(a) (b) 

Figure 4.2: Scanning electron microscope micrograph of seeds used (a) scale bar 50µm, (b) 

scale bar 100 µm. 

4.5 Experimental Equipment 

All experiments were conducted with a 500 mL baffled glass batch crystallizer, as shown in 

Figure 4.3. The crystallizer had three baffles, and a diameter of 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 the antisolvent, which was ethanol (99.9 

% from KIMIX Chemical and Lab Supplies). A digital overhead stirrer (IKARW 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 and 

it was placed centrally at a clearance from the bottom of the crystallizer that was equal to 

one third of the total height of the crystallizer. Glass conical flasks were used for the storage 

of ethanol and the aqueous solutions. 
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Figure 4.3: Baffled batch crystallizer with an overhead stirrer held on a stand. 

4.6 Analytical Equipment 

A laser diffraction particle size analyzer (Malvern Mastersizer 2000, Malvern Panalytical, 

Malvern, UK) was used to measure the PSD and particle size. Crystal morphology was 

determined using images that were obtained from a Tescan MIRA3 Rise Scanning Electron 

Microscope (SEM, Wirsam Scientific, Johannesburg, South Africa). 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 

representativeness of the analysed sample. 

4.7 Experimental Procedure 

Experiments were conducted in three phases. All experiments were conducted in triplicate 

and randomised. For each set of experiments the filtrate from the Nd2(SO4)3 aqueous solution 

was used as the synthetic leach solution. The aqueous synthetic leach solution and ethanol 

(antisolvent) were stored in separate conical flasks. These were then simultaneously pumped 

into the crystallizer close to the impeller to ensure constant O/A ratios and mixing at any given 

time. The stirrer was started before ethanol and the aqueous solution were fed into the 

crystallizer and the fluid motion was turbulent at a Reynold’s number of 11 000. Table 4.2 

shows the flowrates used in the experiments. 
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Table 4.2: Flowrates of reagents at different organic–to–ratios. 

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 
 

4.7.1 Varying organic–to–aqueous ratio 

For the first set of experiments, O/A ratios of between 0.6 and 1.4 (0.6, 0.8, 1.0, 1.2, and 1.4) 

were used. Experiments to determine the effect of varying the O/A ratios on product 

characteristics were run for a batch time of 2.5 h at each O/A ratio. 

4.7.2 Evolution of moments 

For the second set of experiments, different batch times were used to calculate the evolution 

of moments. The batch times used were 0.25 h, 0.5 h, 1.0 h, and 2.5 h. 

4.7.3 Effect of seed loading on product characteristics 

The effect of seed loading on the PSD and crystal morphology of the precipitate was 

investigated at an O/A ratio of 1.4. This O/A ratio was selected because maximum yield of the 

product was obtained at this O/A ratio but filtration of the precipitate was poor.  

 
The critical seed loading was quantified using equation 3.2 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 mass (0.64, 5, 10, and 20%). This range of seed loading covered values 

below and above the estimated critical seed loading. 

 
Nd2(SO4)3.8H2O seeds were added to the crystallizer before the aqueous solution and ethanol 

were added. This was to ensure that the seeds were available in the reactor before the 

initiation of crystallization. The stirrer rotational speed was enough to suspend the seeds and 

products at O/A ratios, The batch time for seeding experiments was set at 2.5 h. 

4.8 Harvesting 

After each experimental run, a sample of the product slurry was collected for PSD 

measurement using laser diffraction. The vacuum pump, connected to the filter flask, was 
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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 at room 

temperature (22 ± 2°C). After five days, the final mass was constant, and it was assumed that 

drying had been completed to determine the yield. Equation 4.3 was used for calculating 

yield. 

 

Yield (%) = 
mass of the dry precipitate

mass of dissolved Nd2(SO4)3.8H2O
 × 100 4.3 

 
A sample of dried precipitate was collected for image analysis.  
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5 Results and Discussion 

This chapter presents the results obtained from the investigations conducted and the 

interpretation of the results. Section 5.1 focuses on the effect of varying the O/A ratios on the 

product characteristics. Section 5.2 focuses on the effect of seed loading on the final product 

characteristics. The product characteristics considered in these investigations include yield, 

particle size, PSD, and morphology. 

5.1 Effect of varying organic–to–aqueous ratios on the yield of Nd2(SO4)3.8H20 

product 

The effect of varying the O/A ratios by increasing the amount of ethanol on the yield of 

Nd2(SO4)3.8H2O product recovered from the synthetic leach solution is shown in Figure 5.1. 

The theoretical yield (the amount expected to crystallize based on the starting point and final 

equilibrium/solubility value) of the solute when ethanol was added to the aqueous solution 

was predicted from thermodynamic modelling using OLI Stream Analyzer (11.0). There was a 

significant increase in the theoretical yield as the O/A ratio was increased from 0.6 to 1.4. 

 

 

Figure 5.1: Yield of Nd2(SO4)3.8H2O product at different organic–to–aqueous ratios. 

 
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 product. This was due to the reduction in the solubility of neodymium sulfate 

as the amount of ethanol was increased, which caused its crystallization. These results are in 
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agreement with the work carried out by Peters et al. (2019) and Korkmaz et al. (2020), who 

concluded that increasing the amount of antisolvent results in an increased product yield. In 

their studies, they observed that the optimal O/A ratio for maximum yield was 0.8. This is 

supported by the theoretical yield curve in Figure 5.1 which shows the curve approaching a 

constant value between 0/A of 0.8 and 1.4. However, the actual yield shows that increasing 

the O/A beyond 0.8 results in a further increase in the product yield, and the curve shows that 

it may approach a maximum value beyond an O/A ratio of 1.4.  

 
The significant difference between the theoretical yield and actual yield can be attributed to 

difference in the final solubilities between the model and the actual experiment. The solubility 

for the model in predicting the theoretical yield was very low compared with the experimental 

solubility. The difference can also be attributed to the batch time of 2.5 h used in the 

experiments compared with that used by Korkmaz et al. (2020) of between seven and ten 

days. A single experiment was conducted for a longer batch time of more than 24 h at an O/A 

ratio of 0.6. It was noted that the actual yield increased to more than 80%, as more solute 

crystallized out. This shows that at higher O/A ratios the yield will possibly approximate a 

maximum.  

5.2  Effect of varying organic–to–aqueous ratio on the characteristics of 

Nd2(SO4)3.8H2O product 

5.2.1 Effect of varying organic–to–aqueous ratio on the particle size distribution and 

particle size of Nd2(SO4)3.8H2O product 

The effect of varying the O/A ratio by increasing the amount of ethanol on the particle size 

and PSD of the Nd2(SO4)3.8H2O product recovered from the 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 

5.2. 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 5.2 shifted to lower particle size 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 the particle sizes.  
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Figure 5.2: Effect of varying organic–to–ratio on the particle size dostribution of Nd2(SO4)3.8 

H2O. 

 
A summary of the particle sizes obtained is presented in Table 5.1. The mean, mode, D10, D50, 

and D90 all increased as the O/A ratio increased. These results substantiate the PSDs results 

that the particle sizes increased as the O/A ratio increased. However, there was an 

insignificant increase in the particle sizes when the O/A ratio was increased from 1.0 to 1.2. It 

is not clear what caused this behaviour; however, it can be attributed to the supersaturations 

at these O/A ratios being in the same range. 

 
Table 5.1: Summary of particle sizes of Nd2(SO4)3.8 H2O product obtained at different organic–

to–ratios. 

O/A ratio Mean (µm) Mode (µm) D10 (µm) D50 (µm) D90 (µm) 

0.8 106.1 100.2 31.5 86.7 181.7 

1.0 120.8 112.5 39.9 100.8 205.4 

1.2 123.7 112.5 39.1 101.1 213.6 

1.4 141.4 141.6 49.9 119.2 238.4 

 
The increase in particle sizes as the O/A ratio increased was unexpected because higher O/A 

ratios are expected to increase the degree of supersaturation, which would cause excessive 

nucleation and produce smaller particles (Peters et al., 2019; Raj & Kurup, 2016; Waval et al., 
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2020). When the O/A ratio was increased from 0.8 to 1.4, the degree of supersaturation, 

calculated using equation 2.1, increased from 5.20 × 105 to 4.23 × 1011 (see Appendix A2). 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 the size-enlargement of the particles.  

 
However, a possible explanation can be that the smaller particles agglomerated to form 

bigger particles, as highlighted by Vorobei et al. (2016). 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 size as the O/A increased. The 

evolution of moments is explored in Section 5.2.3 to identify the mechanisms that influenced 

the sizes of particles at high O/A ratios. 

5.2.2 Effect of varying organic–to–aqueous ratio on Nd2(SO4)3.8H2O product crystal 

morphology 

SEM micrographs of the Nd2(SO4)3.8H2O products obtained at different O/A ratios are 

presented in Figure 5.3 and Figure 5.4. The micrographs represent the same sample taken at 

different magnifications of 1000 x and 500 x respectively. The micrographs show that the 

precipitate consisted of tabular, plate-like crystals, which became thinner, smaller, and 

asymmetric as the O/A ratio 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 morphologies 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. 

 
As the O/A ratio increased, the edges of the crystals became rounded, especially at the O/A 

ratio of 1, and the twinning disappeared. During filtration, the precipitate obtained at an O/A 

ratio of 1.4 formed a multi-layered filter cake, which is shown in Figure 5.3 (e). 

 
From the micrographs, it was evident that the plates became thinner at higher O/A ratios. 

This means that preferential growth of crystal faces occurred normal/perpendicular 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. However, other 

methods with high resolution/magnifications could be used to evaluate the changes in 

morphology at high O/A ratios to gain more insight. 
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(a) (b) (c) 

     

(d)                                                             (e) 

Figure 5.3: Scaning electrone microscope micrographs of Nd2(SO4)3.8H2O product. Scale bar 

50 µm at organic–to–aqueous ratio: (a) 0.6, (b) 0.8, (c) 1.0, (d) 1.2, and (e) 1.4. 

 
Higher supersaturation increased the nucleation rate and interfacial energies, thereby 

reducing the growth rate of crystals on other crystal faces at the O/A ratio of 1.4. At higher 

supersaturations, the crystal surfaces possibly became rough, thereby altering the growth 

mechanism of the crystals by offering more favorable sites for growth across the crystal 

surfaces. 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 or elevated supersaturations and the rounding of edges as the O/A ratio was increased 

agrees with the findings by Sleutel et al. (2008). 
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(a) (b) (c) 

     

(d)                                                              (e) 

Figure 5.4: Scanning electron microscope micrographs of Nd2(SO4)3.8H2O product. Scale bar 

of 100 µm at organic–to–aqueous ratio (a) 0.6, (b) 0.8, (c) 1.0, (d) 1.2, and (e) 1.4. 

 
However, it was not obvious if the change in crystal morphology was solely caused by higher 

supersaturation. Increasing the amount of ethanol possibly enhanced the interaction 

between ethanol and the solute molecules, as highlighted by Kumar et al. (2014). There is a 

possibility that alcohol molecules were adsorbed onto the crystalline surfaces, thereby 

limiting the solute molecules from accessing kink sites, resulting in slow integration through 

adsorption (El Bazi et al., 2017; Myerson, 2002). 

 
The hydrogen bonds between the water molecules and ethanol may have inhibited growth 

from one plane to another (Zhou et al., 2019). Thus, in addition to reducing the solubility of 
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neodymium sulfate, ethanol possibly acted as an additive that modified the shape of the 

recovered product at high O/A ratios. Overall, it was observed in this study that increasing the 

O/A ratio resulted in crystals with different crystal morphology. 

5.2.3 Evolution of moments 

The evolution of moments was calculated using equations 2.12 and 2.13. A volume shape 

factor (kv) of 0.1 and an area shape factor (ka) of 2.4 were used because the crystals have a 

plate-like morphology (Mersmann, 2001). A summary of the calculation for the evolution of 

moments is presented in Appendix A3. 

 
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 particle length, the second 

moment (m2) represents the total surface area of particles, and the third moment (m3) 

represents the total volume of particles per unit volume of solids-free liquid (Randolph & 

Larson, 1988). 

 
Figure 5.5 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 is also attributed to the nucleation of more particles within the crystallizer. 

 
The total number of particles, total length, total surface area, and 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. The solution was still supersaturated at this point, 

so redissolution was potentially an intermediate step of the recrystallization process. 

However, because the total number of particles decreased, there is a possibility 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 total length, total surface area, 
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and total volume increased significantly between 0.5 h and 1.0 h. This was due to the particles 

agglomerating to form bigger particles within the crystallizing system. 

 

  

(a) (b) 

  

(c) (d) 

Figure 5.5: Evolution of moments at the organic–to–aqueous ratio of 0.8 and 1.4 (a) Total 

number (NT), (b) total length (LT), (c) total surface area (AT), (d) total volume (VT). 
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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 of 

the latter leading to a faster nucleation rate, as highlighted by Raj and Kurup (2016). 

 
As noted by Palosaari et al. (2006), the degree of supersaturation is the main parameter that 

determines the rates of nucleation, crystal growth, and agglomeration. Therefore, it 

determines the size, morphology, and purity of the crystals. Because the supersaturation at 

the O/A ratio of 1.4 was higher than at 0.8, a faster nucleation rate was expected at. 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 and the PSD curves in Figure 5.2 shifting 

to the right as the O/A ratio increased. This agrees with observations made by Yu et al. (2006). 

 
To further determine the mechanism of size enlargement that occurred as the O/A ratio was 

increased, SEM images at different batch times, corresponding to the results presented in 

Figure 5.5, were obtained. Figure 5.6 is a comparison of the SEM images at different batch 

times at an O/A ratio of 0.8. The crystals were well-defined and plate-like. There was no 

evidence of agglomeration as the batch time increased. 
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(a) (b) 

  

(c) (d) 

Figure 5.6: Scanning electron microscope micrographs at organic–to–aqueous ratio of 0.8 at 

different batch times (a) 0.25 h, (b) 0.5 h, (c) 1 h, and (d) 2.5 h. 

 
Figure 5.7 is a comparison of SEM micrographs at different batch times for an O/A ratio of 

1.4. It was observed that at all batch times agglomeration was predominant as the images 

show that the particles are clustered together. This observation supports the conclusions 

from the evolution of moments that the increase in the particle size at higher O/A ratio was 

due to agglomeration of the smaller particles. 
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(a) (b) 

  

(c) (b) 

Figure 5.7: Scanning electron microscope micrographs at organic–to–ratio of 1.4 at different 

batch times (a) 0.25 h, (b) 0.5 h, (c) 1 h, and (d) 2.5 h. 

 
The PSDs in Figure 5.8 show that the particle size at an O/A ratio of 1.4 was bigger than at an 

O/A ratio of 0.8 at all batch times. 
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(a) (b) 

  

(c) (b) 

Figure 5.8: Particle size distribution for organic–to–aqueous ratios of 0.8 and 1.4 at different 

batch times (a) 0.25 h, (b) 0.5 h, (c) 1 h, and (d) 2.5 h. 

5.3 Effect of seed loading on quality of Nd2(SO4)3.8H2O product 

The effect of seed loading on the PSD and morphology of Nd2(SO4)3.8H2O product from the 

synthetic leach solution was investigated at an O/A ratio of 1.4. 

5.3.1 Effect of seed loading on particle size distribution and size of Nd2(SO4)3.8H2O product 

The effect of seed loading on the PSD of Nd2(SO4)3.8H2O product recovered from the synthetic 

leach solution was investigated at an O/A ratio of 1.4. The results are shown in Figure 5.9. 

 
The PSD curves shifted to the lower particle size and became narrower as the seed loading 

(CS) increased.  
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Figure 5.9: Effect of seed loading on particle size distribution of Nd2(SO4)3.8H2O precipitate 

produced at organic–to–aqueous ratio of 1.4. 

 
 

Table 5.2 represents the particle sizes obtained 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 

5.9. 

 
Table 5.2: Summary of particle sizes of Nd2(SO4)3.8 H2O obtained at different seed loading. 

Seed Loading Mean (µm) Mode (µm) D10 (µm) D50 (µm) D90 (µm) 

0 165.8 158.9 63.2 138.1 277.3 

0.64 150.0 141.6 63.0 128.8 239.7 

5 116 112.5 52.5 100.9 180.1 

10 108.8 100.2 48.5 94.1 169.9 

20 101.5 100.2 45.7 88.0 157.8 

 
For the unseeded case (0%), uncontrolled primary nucleation occurred but, unexpectedly, 

produced the biggest particles across the range of seed loadings tested. Because primary 

nucleation tends to produce smaller particles, the smaller particles formed agglomerates as 

discussed in Section 5.2.1. Introducing seeds into the crystallizer would promote crystal 

growth by providing growth sites and sufficient surface area to consume the supersaturation, 

leading to bigger particles being formed. 
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It was expected that bigger particles would be produced, and the PSDs would shift to the right 

when seeding was conducted. 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. The 

decrease in particle size as the seed loading was increased from 5% to 20% may be attributed 

to an increase in the number of crystallization sites on which the solute was distributed. This 

observation agrees with findings by Eder et al. (2011) and Ward et al. (2011). 

 
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 seed loading of 

0.64%, there were insufficient seeds to provide enough surface area to suppress primary 

nucleation and provide sufficient surface area for the particles to grow into larger sizes. This 

behaviour is consistent with findings by Doki et al. (2002). 

 
The width of PSDs is indicated by the span whose value is calculated as follows: 

 

Span = 
D90- D10

𝐷50
 

 

5.1 

Where D90 signifies the point in the size distribution, up to and including which, 90% of the 

total volume of material in the sample is contained. While D50 is the size point below which 

50% of the material is contained and D10 is that size below which 10% of the material is 

contained. 

 
The span of PSDs for seed loadings of 0% and 0.64% were broader than for the cases where 

the seed loading was above the critical seed loading as shown in Table 5.3. Increasing the seed 

loading in the antisolvent crystallization of Nd2(SO4)3 resulted in particles with narrower PSDs. 

This agrees with Zhang et al. (2010), Kubota et al. (2001), and Yu et al. (2006), who found that 

higher seed loadings result in unimodal PSDs as the seeds provide enough surface area to 

limit the nucleation rate. 
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Table 5.3: PSD span at different seed loadings. 

Seed loading (%) Span 

0 1.54 

0.64 1.37 

5 1.26 

10 1.29 

20 1.27 

 

5.3.2 Effect of seed loading on morphology of Nd2(SO4)3.8H2O product 

The morphologies of crystals obtained at different seed loadings were analysed and the 

micrographs are presented in Figure 5.10. At a 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 increased, the crystals became flat, well-defined, and 

plate-like, with rounded edges. At 5% seed loading, the morphology for individual crystals was 

more distinct, well-defined, and with more rounded edges than at other seed loadings. 

 

 

   

(a) (b) (c) 
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(d) (e) (f) 

Figure 5.10: Scanning electron microscope micrographs of Nd2(SO4)3.8H2O product crystals. 

Scale bar of 50 µm (a) Nd2(SO4)3.8H2O seeds, (b) Unseeded, (c) CS = 0.64 %, (d) CS = 5%, (e) CS 

= 10%, (f) CS = 20%. 

 
The results show that seed loading above the critical seed loading has an impact on the crystal 

morphology in antisolvent crystallization of Nd2(SO4)3.8H2O. This was because the seeds 

provided a surface on which the solute grew into well-faceted crystals. Below the critical seed 

loading, the seeds were not enough to suppress nucleation and, hence, the crystal 

morphology was the same as in the unseeded case. At seed loading of 5% (c), there were 

fewer seeds for the solute to be distributed leading to the growth of individual crystals into 

well-faceted crystals. Peters et al. (2022) showed that there is an optimal 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 for crystal growth was between 5 and 10%. This agrees with observations in the 

current study that well-faceted crystals were obtained at a seed loading of 5%, showing that 

enough seed surface was provided, resulting in distinct crystals with well–defined faces and 

edges. 

 
The filtration time was reduced by 54 % when the system was seeded at 20% seed loading, 

while at 5% and 10% seed loading, filtration was reduced by approximately 40%, as shown in 

Figure 5.11. At the seeding loading of 0.64%, which was below the critical seed loading, the 

filtration time was almost the same as in the unseeded case.  
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Figure 5.11: Effect of seed loading on filtration time of Nd2(SO4)3.8H2O product. 

 
The improvement in filtration shows that a narrow PSD and distinct crystals with well–defined 

morphology of the recovered Nd2(SO4)3.8H2O product positively influenced the filtration 

kinetics. 
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6 Conclusions and Recommendations 

6.1 Conclusions 

This study aimed to investigate and understand the effect of varying the amount of ethanol 

(antisolvent) and seed loading on the yield, PSD, and morphology of Nd2(SO4)3.8H2O product 

during its recovery from aqueous leach solution, using batch antisolvent crystallization. The 

leach solution mimicked the concentration of neodymium sulfate in a leach solution from 

NiMH batteries. 

 
The results showed that increasing the O/A ratio at a batch time of 2.5 h increased both the 

particle size and yield. Increasing the batch time at an O/A ratio of 0.6 to 24 h improved the 

yield from 50% to 80%. The increase in yield as the O/A ratio increased was attributed to 

increased interactions between the antisolvent molecules and the solute, which led to a 

decrease in the solubility of the solute. The increase in particle size was attributed to 

agglomeration at higher O/A ratios. At these higher O/A ratios, higher supersaturation caused 

excessive nucleation and, subsequently, the formation of smaller particles that agglomerated 

into bigger particles. However, the results show that an increase in the O/A ratio resulted in 

a change of crystal morphology from well-defined plate-like to layered undefined crystals. 

 
Increasing the seed loading above the critical seed loading of 2.98% resulted in progressively 

smaller particles of Nd2(SO4)3.8H2O compared with the unseeded case. However, seeding with 

Nd2(SO4)3.8H2O crystals above the critical seed loading produced Nd2(SO4)3.8H2O crystals with 

narrower PSDs and improved crystal morphology. Seeding promoted crystal growth and 

inhibited agglomeration, thus resulting in smaller particles. The seeds also provided enough 

surface for the solute to grow, resulting in crystals with a well-defined morphology and a 

narrower PSD. However, even though seeding resulted in smaller particle sizes, there was 

improved filtration performance compared with the unseeded case. Filtration time was 

reduced by an average of 47% at seed loadings greater than the critical seed loading. This was 

attributed to a narrow particle size distribution and distinct crystals with well–defined 

morphology. 
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6.2 Recommendations 

It is recommended that an actual leach solution from a NiMH battery be used for future 

studies to gain more insight and increase the chances of industrial implementation of 

antisolvent crystallization in the recovery of multiple REEs from secondary sources.  

 
To obtain a product that is easier to handle for downstream processes at an industrial scale, 

an O/A ratio of 0.8 or less must be used and the batch time increased to more than 2.5 h to 

obtain higher yields. If higher O/A ratios are to be used; it is recommended that seeding be 

conducted at seed loading higher than the critical seed loading. However, it is recommended 

that experiments be conducted at an upscaled antisolvent crystallization of neodymium 

sulfate to obtain the actual mechanisms at an industrial scale. 

 
It will be beneficial to investigate the filterability of Nd2(SO4)3.8H2O at higher O/A ratios as 

this influences the final product morphology. Inline measurement of particle size distribution 

and morphology is also an alternative that can be employed to obtain results in real-time and 

have a true representation of the mechanisms occurring with the crystallizer at any given 

timeframe. For future experiments, it is recommended that various seed types with a narrow 

seed size distribution be used for seeding. It is also recommended that future studies be 

conducted to determine the surface adsorption/integration mechanisms on seeds in the 

antisolvent crystallization of REEs. 
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8 Appendix 

A1 Seed surface area calculations 

The calculations were conducted using equation 3.1. 

 

Sa = 
𝑊S 𝑘a

ρ𝑘v𝐿S
 

A volume shape factor (kv) of 0.01 and surface shape factor (ka) of 2.4 were used as the seed 

crystals morphology was plate-like (Mersmann, 2001). From Section 4.4, the seed mean size 

(LS) was 117.2 µm. The density of the neodymium particles obtained from OLI Stream Analyser 

was 2.850 g/cm3. The table presents the seed mass used in the experiments for each seed 

loading. 

 
Table 8.1: Seed mass used for the seed loading experiments. 

Seed loading (%) WS [Seed mass (g)] Seed surface area (cm2) 

0.64 0.0026 18.7 

5 0.0217 156 

10 0.0426 306 

20 0.0833 597 
 
For example, calculation at 0.64% seed loading the seed surface area was calculated as:  

Sa  = 
0.0026 g × 2.4

2.85 g/cm3 × 0.01 × 0.0117 cm 
 

 
 = 18.7 cm2 
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A2 Supersaturation calculation 

Table 8.2: Data from OLI Stream Analyser. 

O/A 

ratio 

Activity 

coefficient 

(SO4
2−) 

Activity 

coefficient 

(Nd+3) 

Solubility of 

Nd2(SO4)3.8H2O 
[Nd3+] [SO4

2−] Ksp Supersaturation 

0.0 0.617 0.304 0.00607 0.0121 0.0182 8.89 × 10−10 1.93 × 10−2 

0.6 62.9 1.45 0.00354 0.00709 0.0106 6.07 × 10−11 5.20 × 105 

0.8 202 2.06 0.00311 0.00621 0.00932 3.12 × 10−11 3.55 × 107 

1.0 560 2.66 0.00276 0.00552 0.00823 1.73 × 10−11 1.24 × 109 

1.2 1375 3.24 0.00248 0.00496 0.00744 1.02 × 10−11 2.72 × 1010 

1.4 3068 3.83 0.00225 0.00451 0.00676 6.27 × 10−12 4.23 × 1011 

*The numbers highlighted in bold are used in the calculations. 

 

[Nd3+]  = 2 × solubility of Nd2(SO4)3.8H2O 

 = 2 × 0.00225 

 = 0.00451 mol 

[SO4
2-]  = 3 × solubility of Nd2(SO4)3.8H20 

 = 3 × 0.00225 

 = 0.00676 mol 

Ksp  = [Nd3+]2 × [SO4
2−]3 

 = (0.00225)3 x (0.00676)2 

 = 6.27 × 10−12 mol5 

Supersaturation S = 
Π(γiCi)

υi

Ksp
 

   = 
(3068 × 0.00676)3 ( 3.83 × 0.00451)2

6.27 × 10-12   

   = 4.23 × 1011 
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A3 Evolution of moments calculations 

The PSD was measured using laser diffraction and an average of three runs was done per 

experiment. The target obscuration was 12 ± 0.5%, with a weighted residual of less than 1%. 

Figure 8.1 shows the report from the laser diffraction.  

 

 

Figure 8.1: Laser diffraction report. 

Method of moments was used on an MS Excel spreadsheet using data from the laser 

diffraction (Mastersizer 2000) report. 
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Table 8.3: Calculation of evolution of moments. 

Particle size (μm) Delta L (m) 𝐥𝐛𝐚𝐫 (𝐦) Volume (%) Number 

7.96     

8.93 9.72E−07 8.45E−06 0 0.00E+00 

10.0 1.09E−06 9.48E−06 0 0.00E+00 

11.2 1.22E−06 1.06E−05 0 0.00E+00 

12.6 1.37E−06 1.19E−05 0 0.00E+00 

14.2 1.54E−06 1.34E−05 0.0141 2.33E+10 

15.9 1.73E−06 1.50E−05 0.0576 6.74E+10 

17.8 1.94E−06 1.69E−05 0.0630 5.22E+10 

20.0 2.17E−06 1.89E−05 0.0773 4.54E+10 

22.4 2.44E−06 2.12E−05 0.0976 4.06E+10 

25.2 2.74E−06 2.38E−05 0.135 3.99E+10 

28.3 3.07E−06 2.67E−05 0.199 4.15E+10 

31.7 3.45E−06 3.00E−05 0.306 4.51E+10 

35.6 3.87E−06 3.36E−05 0.474 4.95E+10 

39.9 4.34E−06 3.77E−05 0.723 5.34E+10 

44.8 4.87E−06 4.23E−05 1.08 5.63E+10 

50.2 5.46E−06 4.75E−05 1.54 5.70E+10 

56.4 6.13E−06 5.33E−05 2.13 5.60E+10 

63.2 6.88E−06 5.98E−05 2.83444 5.26E+10 

71.0 7.72E−06 6.71E−05 3.64 4.79E+10 

79.6 8.66E−06 7.53E−05 4.50 4.19E+10 

89.3 9.72E−06 8.45E−05 5.38 3.54E+10 

100 1.09E−05 9.48E−05 6.20 2.89E+10 

112 1.22E−05 1.06E−04 6.91 2.28E+10 

126 1.37E−05 1.19E−04 7.44 1.74E+10 

142 1.54E−05 1.34E−04 7.75 1.28E+10 

159 1.73E−05 1.50E−04 7.81 9.15E+09 

178 1.94E−05 1.69E−04 7.61 6.31E+09 

200 2.17E−05 1.89E−04 7.15 4.20E+09 
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224 2.44E−05 2.12E−04 6.45 2.68E+09 

252 2.74E−05 2.38E−04 5.58 1.64E+09 

283 3.07E−05 2.67E−04 4.56 9.55E+08 

317 3.45E−05 3.00E−04 3.57 5.26E+08 

356 3.87E−05 3.36E−04 2.57 2.68E+08 

399 4.34E−05 3.77E−04 1.69 1.25E+08 

448 4.87E−05 4.23E−04 0.979 5.12E+07 

502 5.46E−05 4.75E−04 0.430 1.59E+07 

564 6.13E−05 5.33E−04 0.016 4.28E+05 

  Zeroth moment m0 9.13E+11 

  First moment m1 4.53E+07 

  Second moment m2 3499 

  Third moment m3 0.397 

  Fourth moment m4 0.0000623 

 
*The numbers highlighted in bold are used in the calculations. 

Delta L = 
15.9 - 14.2

1 000 000
 

 
 = 1.73 × 10−6 

L̅  = 14.2 × 10−6 + 
Delta L

2
 

 = (14.2 + 
1.73

2
) × 10−6 

 = 1.50 × 10−5 

The number of particles is calculated using the following equation. 

 

N = 
Vol %i × Conc (vol%)

100
 × 

1

kvL̅
3 

 
Where: N is the number of particles in a size range.  

vol% is the volume of the solids in a size range (measured by the instrument). 

conc. (vol%) is the total concentration of solids (vol%) (measured by the instrument). 

KV is the volume shape factor (π/6). 
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The conversion to moments was calculated as: 

m0 = sum (N) 

m1 = sum (L̅ × N) 

m2 = sum (L̅
2
 × N) 

m3 = sum (L̅
3
 × N) 

m4 = sum (L̅
3
 × N) 

 
The ratio of these moments gives the surface-weighted mean (m3 to m2) and the volume-

weighted mean averages (m4 to m3). 

 

D3,2 =  
m3

m2
  = 

0.397

34985
 = 1.14 × 10−4 m = 113.6 µm 

 

D4,3= 
m4

m3
  = 

0.0000623

0.397
 = 1.57 × 10−4 m = 156.8 µm 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


