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Hydrolysis-based precipitation is widely used in hydrometallurgy for impurity removal 

and metal recovery; however, the resulting hydroxide precipitates frequently exhibit 

poor filterability, leading to low filtration rates, high cake moisture, and significant 

operational constraints. Despite extensive research on precipitation chemistry, the link 

between formation mechanisms and solid–liquid separation performance remains 

insufficiently addressed. This review critically examines how supersaturation, 

nucleation and growth kinetics, solution chemistry, and hydrodynamic conditions 

govern the evolution of hydroxide structure—from primary particles to aggregated 

networks—and ultimately determine cake permeability and compressibility. Evidence 

from both laboratory and industrial systems shows that filterability is not an intrinsic 

property of the solid but a consequence of its formation history and structural 

organization. Strategies such as controlled supersaturation, seeded precipitation, 

temperature optimization, and selective flocculation are evaluated, highlighting trade-

offs between filtration performance, product purity, and process stability. The review 

identifies key gaps, including the lack of standardized metrics, limited coupling 

between precipitation and filtration studies, and insufficient scale-up validation. A 

process-integrated framework is proposed to connect reaction pathways with filtration 

behavior, providing a basis for designing hydrolysis systems with improved solid–

liquid separation performance. 

Keywords: Hydrometallurgy, Hydrolysis, Hydroxide Precipitation, Filterability, 

Solid–Liquid Separation, Cake Permeability. 

Highlights 

 Hydroxide filterability depends on formation history, not intrinsic particle size  

 Supersaturation control governs structure, permeability, and filtration 

performance  

 Precipitation and filtration are strongly coupled but often treated independently  

 Process-integrated design is essential to improve industrial solid–liquid 

separation. 
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Introduction 

Hydrolysis-based precipitation is a cornerstone of 

hydrometallurgical processing. It is widely used for impurity 

removal and, in some cases, for selective metal recovery from 

aqueous solutions (Binnemans et al., 2020; Deblonde et al., 

2023; Faris et al., 2021). The approach is attractive for its 

simplicity, low reagent costs, and compatibility with large-

scale operations. Typical applications include removing iron 

and aluminum, separating rare earths, and purification steps 

in base metal circuits (Hedwig et al., 2023; Jenssen et al., 

2021). In practice, hydrolysis is often treated as a purely 

chemical operation, with performance evaluated primarily by 

precipitation efficiency and selectivity. 

This perspective is incomplete. A recurring issue in industrial 

systems is the formation of poorly filterable hydroxide 

precipitates (Dobre et al., 2024; Siddig et al., 2024). These 

solids often display colloidal or gel-like behavior. They form 

fine, highly hydrated networks rather than discrete, well-

defined particles. Consequently, downstream solid–liquid 

separation becomes the limiting step, not the precipitation 

reaction itself. 

The consequences are well known yet still underestimated. 

Low permeability of the filter cake reduces filtration rates and 

constrains plant throughput (Barros et al., 2025). High 

moisture retention increases drying requirements and causes 

metal losses in the retained liquor (Dittmer et al., 2025). Filter 

media clogging and rapid pressure build-up further 

compromise operational stability. In extreme cases, the 

filtration unit dictates overall plant capacity. These effects are 

routinely reported in practice, yet they are rarely addressed in 

precipitation design. 

The root of the problem lies in how hydroxides form and 

evolve. Rapid nucleation under high supersaturation tends to 

generate very fine primary particles (Dobre et al., 2024). 

These particles can aggregate into dense or gel-like structures 

with poor drainage characteristics. In systems containing 

aluminum, iron, or silica, polymerization and network 

formation can dominate (Deblonde et al., 2023; Hedwig et al., 

2023). The resulting solids exhibit high compressibility and 

low permeability. Importantly, these properties are not fixed. 

They depend strongly on solution chemistry, mixing 

conditions, and time-dependent structural rearrangement 

(Faris et al., 2021). 

Despite this, most studies remain focused on chemical yield. 

Precipitation is typically optimized to maximize metal 

removal or recovery (Binnemans et al., 2020; Jenssen et al., 

2021). Filtration behavior is treated as a secondary constraint, 

often addressed ex post through flocculants or equipment 

changes. This separation between reaction design and solid–

liquid separation is a fundamental limitation in the current  

 
literature (Siddig et al., 2024). It prevents a mechanistic 

understanding of why certain precipitates filter well while 

others do not. 

Another limitation is the reliance on simplified descriptors 

such as particle size distribution. While particle size is 

relevant, it does not capture the internal structure of 

aggregates, their porosity, or their response to compression 

(Barros et al., 2025). Two precipitates with similar size 

distributions can exhibit markedly different filtration 

behavior. Structural features such as fractal dimension, 

degree of aggregation, and pore connectivity are rarely 

quantified, yet they control cake permeability and resistance 

(Dittmer et al., 2025). 

This review takes a different approach. It treats hydrolysis 

and filtration as intrinsically coupled processes. The central 

premise is that filterability is not an intrinsic property of 

hydroxide precipitates. It is the outcome of their formation 

history and structural evolution. Nucleation, growth, 

aggregation, and aging must be considered as a continuum 

that defines the final cake structure (Dobre et al., 2024; Faris 

et al., 2021). 

This article critically analyzes the relationships among 

precipitation conditions, particle structure, and filtration 

performance in hydrometallurgical hydrolysis systems. It 

emphasizes identifying the mechanisms that govern the 

transition from dispersed particles to filter cakes with distinct 

permeability and compressibility. Process strategies to 

improve filterability are evaluated for their underlying 

physicochemical basis and trade-offs with product quality and 

process stability. Finally, key gaps in the current literature are 

highlighted, with a focus on the need for integrated 

approaches linking reaction engineering and solid–liquid 

separation design. 

Methodology 

This review adheres to the Preferred Reporting Items for 

Systematic Reviews and Meta-Analyses (PRISMA 2020) 

framework to ensure transparency, reproducibility, and 

methodological rigor in identifying, screening, and 

synthesizing the literature (Page et al., 2021). The 

methodology was designed to capture both fundamental and 

applied studies on hydroxide precipitation and its effects on 

solid–liquid separation performance in hydrometallurgical 

systems. 

The literature search was conducted using Scopus, Web of 

Science, and ScienceDirect, covering 2000–2026, with an 

emphasis on recent developments (2015–2026). Search 

strings combined three core domains: (i) 

hydrolysis/precipitation, (ii) structure/aggregation, and (iii) 



IKR Publishers  

 

© IKR Journal of Engineering and Technology (IKRJET). Published by IKR Publishers  Page 23 

 

filtration/solid–liquid separation. Representative queries 

included: “hydroxide precipitation AND filterability”, “metal 

hydrolysis AND cake permeability”, and “aggregation AND 

filtration performance hydrometallurgy”. The initial search 

returned approximately 1,150–1,300 records, depending on 

database overlap. 

After removing duplicates (≈25–30%), titles and abstracts 

were screened for relevance to: (i) hydroxide precipitation 

mechanisms, (ii) particle aggregation and structure, and (iii) 

filtration or dewatering performance. Studies focused solely 

on precipitation yield, without structural or separation 

analysis, were excluded at this stage. The screening process 

reduced the dataset to approximately 400–500 records. 

Full-text assessment was then conducted using stricter 

eligibility criteria. Included studies were required to report at 

least one of the following: (i) filtration parameters (e.g., 

specific cake resistance typically in the range of 10¹⁰–10¹³ 

m/kg), (ii) structural descriptors (e.g., particle size, porosity, 

or aggregation behavior), or (iii) process variables directly 

influencing filterability (e.g., pH typically 3–7 for Fe/Al 

systems, temperature 25–90 °C, ionic strength 0.01–1.0 M). 

Studies lacking experimental validation or presenting purely 

qualitative observations without measurable parameters were 

excluded. This step yielded a final dataset of 112 references, 

which forms the basis of this review. 

The analysis used a process-integrated approach, grouping 

the literature into four interconnected domains: (i) 

precipitation chemistry and kinetics, (ii) particle structure and 

aggregation, (iii) cake formation and filtration behavior, and 

(iv) process strategies to improve filterability. This structure 

reflects the review’s central premise that precipitation and 

solid–liquid separation must be analyzed as a coupled system. 

The workflow for the literature selection is summarized in 

Figure 1. The PRISMA 2020 flow diagram for the literature 

selection process used in this review details the identification, 

screening, eligibility, and inclusion stages.  

 
Figure 1. PRISMA 2020 flow diagram of the literature selection process used in this review, including identification, screening, 

eligibility, and inclusion stages. Adapted from Page et al. (2021). 

Figure 1 shows the progressive reduction from the initial 

dataset to the final corpus of 112 studies. A substantial share 

of excluded records lacked quantitative filtration data or any 

description of cake structure. In practical terms, more than 

50% of screened studies focused exclusively on precipitation 

yield or solution chemistry. This imbalance underscores a 
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structural limitation in the literature. Precipitation is often 

optimized in isolation, while filtration performance is treated 

as an operational constraint rather than a design variable. This 

methodological gap directly supports the need for integrated 

experimental approaches that evaluate precipitation 

conditions and solid–liquid separation metrics 

simultaneously. 

Fundamentals of Hydroxide Formation 

in Hydrolysis 

Hydrolysis Reactions 

Hydrolysis of metal ions in aqueous systems proceeds via 

stepwise deprotonation, forming hydroxo-complexes before 

precipitation. In hydrometallurgy, the most relevant ions are 

Fe³⁺, Al³⁺, REE³⁺, and Zn²⁺, each with distinct hydrolysis 

constants and stability fields (Chen et al., 2020; Faris et al., 

2021). These reactions are governed by pH, temperature, 

ionic strength, and complexing species, which determine both 

equilibrium and kinetic pathways. 

For Fe³⁺ and Al³⁺, hydrolysis begins at low pH and proceeds 

rapidly. Bulk precipitation typically occurs at pH 2.5–4.5 for 

Fe³⁺ and 4.5–6.5 for Al³⁺, though sulfate and chloride ions can 

shift these thresholds. REE³⁺ precipitation generally requires 

pH 6–8, reflecting weaker hydrolysis tendencies. Zn²⁺ 

remains soluble until pH 7–9, when Zn(OH)₂ forms with 

slower kinetics (Balinski et al., 2020; Emil-Kaya et al., 2023). 

Supersaturation is the primary driver of precipitation. In 

industrial systems, local supersaturation often exceeds 

equilibrium by 10–100× due to imperfect mixing. This leads 

to rapid nucleation and the formation of highly dispersed 

solids. Hydrolysis reaction times are typically short (seconds 

to minutes), whereas structural evolution continues over 

longer timescales (minutes to hours). This temporal mismatch 

is rarely considered in reactor design. 

To provide a quantitative overview, Table 1, Typical 

hydrolysis conditions and precipitation characteristics of key 

metal ions, summarizes the key physicochemical parameters 

relevant to hydroxide formation. 

Table 1. Typical hydrolysis conditions and precipitation characteristics of key metal ions in hydrometallurgical systems, including 

pH range, dominant species, and structural tendencies. Adapted from Chen et al. (2020), Faris et al. (2021), and Emil-Kaya et al. 

(2023). 

Metal ion Typical precipitation pH Dominant species before precipitation Kinetic behavior Structural tendency 

Fe³⁺ 2.5–4.5 Fe(OH)²⁺, Fe(OH)₂⁺ Very fast Amorphous/gel-like 

Al³⁺ 4.5–6.5 Al(OH)²⁺, Al(OH)₂⁺ Fast Polymeric/gel-like 

REE³⁺ 6–8 REE(OH)²⁺ Moderate Crystalline/amorphous 

Zn²⁺ 7–9 Zn(OH)⁺ Slower More crystalline 

Table 1 shows that metals with high charge density (Fe³⁺, 

Al³⁺) tend to form amorphous or polymeric structures under 

typical process conditions. In contrast, divalent ions such as 

Zn²⁺ favor more crystalline precipitates. This distinction has 

direct implications for downstream filtration. 

Nucleation vs Growth 

The balance between nucleation and growth determines 

particle size and initial structure. At high supersaturation, 

nucleation dominates, yielding particles typically below 1 

µm. These particles have high surface energy and a strong 

tendency to aggregate. At lower supersaturation, growth 

dominates, producing larger particles in the range of 5–50 

µm, depending on residence time and temperature (Lin et al., 

2021; Liao et al., 2024). 

In practice, supersaturation is not uniform. Reagent addition 

and mixing generate local gradients, resulting in simultaneous 

nucleation and growth. This produces broad particle size 

distributions and heterogeneous structures. Such 

heterogeneity is a key factor in filtration but is rarely 

quantified. 

Classical models, such as the LaMer framework, assume a 

clear separation between nucleation and growth. This 

assumption does not hold in continuous or semi-batch 

hydrometallurgical reactors. Continuous addition of  

 

neutralizing agents sustains nucleation over time. More 

importantly, these models neglect aggregation dynamics, 

which dominate as solids concentration increases (Zhu et al., 

2022). 

From a design perspective, reducing supersaturation through 

staged neutralization or controlled dosing can promote 

growth. However, this approach requires longer residence 

times (30–120 min) and larger reactor volumes. This trade-off 

between particle size and capital cost is often overlooked. 

Polymerization and Gel Formation 

Polymerization is critical in systems containing Fe³⁺ and Al³⁺. 

Hydrolyzed species can form polynuclear complexes that 

evolve into extended networks. This results in amorphous, 

highly hydrated structures commonly described as gels (Deng 

et al., 2021; Wang et al., 2022). 

Gel formation typically occurs near the precipitation 

threshold, where partially hydrolyzed species coexist with 

solids. Under these conditions, the system transitions from 

discrete particles to a continuous network. Water content in 

these structures can reach 70–90 wt%, resulting in extremely 

low permeability and high compressibility (Han et al., 2024). 

The presence of impurities strongly influences this behavior. 

Silica is particularly critical, as it promotes the formation of 
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mixed silicate–hydroxide gels. These structures are more 

resistant to dewatering and often require chemical 

conditioning. 

A key limitation of current models is their neglect of time-

dependent evolution. After precipitation, solids undergo 

aging processes such as densification and partial 

crystallization. These changes can improve filterability, but 

they require time scales often longer than industrial residence 

times. As a result, many systems operate with metastable, 

poorly structured solids. 

The sequence of hydroxide formation mechanisms is 

summarized in Figure 2. The conceptual scheme of hydroxide 

formation during hydrolysis illustrates the transition from 

dissolved species to structured aggregates and gels. 

 
Figure 2. Conceptual scheme of hydroxide formation during hydrolysis, illustrating the interplay between supersaturation, 

nucleation, growth, aggregation, and polymerization leading to distinct particle structures. Adapted from Zhu et al. (2022) and Deng 

et al. (2021). 

Figure 2 highlights that hydroxide formation is governed by 

coupled mechanisms rather than isolated steps. The transition 

from particles to aggregates and gels defines the internal 

structure of the solids. This structure, rather than particle size 

alone, controls permeability and filtration behavior. The lack 

of integration between formation mechanisms and separation 

performance remains a central limitation in current 

hydrometallurgical practice. 

Definition and Metrics of Filterability 

Filterability is the ability of a suspension to form a permeable 

cake that allows liquid flow under an applied pressure 

gradient. In hydrometallurgical systems, it is a process-

limiting property. It directly affects filtration rate, cake 

moisture, and equipment sizing. Typical industrial filtration 

fluxes range from 50 to 500 L·m⁻²·h⁻¹, depending on cake 

structure and operating pressure (Audet et al., 2022; Guo et 

al., 2022). Poorly filterable hydroxides often operate at the 

lower end of this range, increasing CAPEX because larger 

filter areas are required. 

 

 

Key Parameters 

Filterability is quantified using a set of interrelated 

parameters that describe cake structure and flow resistance 

(Gafiullina et al., 2020; Fan et al., 2026). 

 Specific cake resistance (α) [m/kg]: 

Measures resistance to flow per unit mass, with typical 

hydroxide values from 10¹⁰ to 10¹³ m/kg, reaching gel-like 

precipitates at the upper end. 

 Permeability (k) [m²]: 

Describes fluid flow through the cake, with values 

typically from 10⁻¹⁴ to 10⁻¹¹ m².  

 Porosity (ε) [-]: 

Fraction of void volume. Hydroxide cakes often exhibit ε 

= 0.6–0.9, but high porosity does not necessarily imply 

high permeability due to pore connectivity.  

 Compressibility index (s) [-]: 

Defines how α varies with pressure. Highly compressible 

cakes (s ≈ 0.5–1.0) exhibit a strong reduction in 

permeability under pressure.  

To consolidate these parameters, Table 2, Key filterability 

parameters and typical ranges for hydroxide precipitates, 

summarizes their definitions and industrial relevance. 
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Table 2. Key filterability parameters and typical ranges for hydroxide precipitates in hydrometallurgical systems, including 

definitions, units, and operational implications. Adapted from Audet et al. (2022) and Guo et al. (2022). 

Parameter Symbol Typical range Unit Operational implication 

Specific cake resistance α 10¹⁰–10¹³ m/kg Controls filtration rate 

Permeability k 10⁻¹⁴–10⁻¹¹ m² Governs fluid flow 

Porosity ε 0.6–0.9 – Indicates void fraction 

Compressibility s 0.2–1.0 – Affects pressure response 

Table 2 shows that high porosity does not necessarily imply 

high permeability. In many hydroxide systems, the pore 

structure is poorly connected, leading to high resistance 

despite a high void fraction. This distinction is critical for 

interpreting filtration data. 

Classical Filtration Models 

Filtration behavior is commonly described using Darcy’s law 

and its extensions. For incompressible cakes, the filtration 

rate is given by Equation 1: 

𝑑𝑉

𝑑𝑡
=

Δ𝑃

𝜇(𝑅𝑚+𝛼𝐶𝑉)
 Equation 1 

where ΔP is pressure drop, μ is viscosity, Rₘ is medium 

resistance, and C is solids concentration (Audet et al., 2022). 

The Kozeny–Carman equation establishes a relationship 

between permeability and the structural properties of porous 

media: 

𝑘 =
𝜀3

𝐾(1−𝜀)2𝑆2 Equation 2 

where S is specific surface area, and K is a constant (Raponi 

et al., 2025). 

These models provide a useful framework for interpreting 

filtration data, estimating cake resistance, and scaling 

filtration equipment. In industrial practice, filtration pressures 

typically range from 1 to 7 bar, depending on equipment type 

(pressure vs vacuum filters). 

The relationship between structure and filtration behavior is 

illustrated in Figure 3. This relationship links cake structure 

to filtration performance and connects particle size, porosity, 

and permeability. 

 
Figure 3.  Relationship between cake structure and filtration performance, showing the influence of particle size, porosity, and 

aggregation on permeability and specific resistance. Adapted from Raponi et al. (2025). 

Figure 3 highlights that permeability is controlled not only by 

porosity but also by pore connectivity and particle 

arrangement. Systems with similar porosity can exhibit 

orders-of-magnitude differences in permeability. 

Limitations of Current Metrics and Models 

Despite their widespread use, classical models have important 

limitations. They assume homogeneous, isotropic media with 

constant structure. These assumptions do not hold for 

hydroxide precipitates. 

Hydroxide cakes are heterogeneous and evolve dynamically, 

with aggregation, restructuring, and compression during 

filtration. Increased pressure causes pore collapse, reducing 

permeability, which isn't reflected by constant α or k values 

(Jenssen et al., 2021; Siddig et al., 2024). 

Another limitation is the neglect of flocculation dynamics. In 

many systems, particle aggregation continues during 

filtration, altering the cake structure in real time. Similarly, 

structural collapse under pressure leads to nonlinear filtration 

behavior. These effects are particularly pronounced in gel-

like systems. 

A critical issue is the overreliance on particle size distribution 

(PSD) as a predictor of filterability. Although PSD influences 
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permeability, it does not capture aggregate structure or pore 

connectivity. Two systems with similar PSD can differ by 

one to two orders of magnitude in α (Barros et al., 2025; 

Dittmer et al., 2025). 

The central limitation can be summarized as follows: 

→filterability is a structural property, not a size-based 

property. 

This limitation explains why many precipitation processes 

optimized for particle size still exhibit poor filtration 

performance. It also reinforces the need to link precipitation 

mechanisms with structural descriptors, rather than relying 

solely on classical filtration metrics. 

The next section examines the physicochemical factors that 

control these structural properties and, consequently, 

filterability in hydrometallurgical systems. 

Physicochemical Factors Controlling 

Filterability 

Filterability is highly sensitive to the chemical environment 

during precipitation. Small variations in solution chemistry 

can shift the system from well-drained particulate cakes to 

gel-like, poorly permeable structures. This section examines 

the main physicochemical variables controlling this transition 

and quantifies their operational impact. 

pH and Supersaturation 

pH directly controls the extent of hydrolysis and 

supersaturation. It determines both the onset of precipitation 

and the dominant formation mechanism. At low 

supersaturation, particle growth dominates. At high 

supersaturation, nucleation prevails, producing fine particles 

with high specific resistance (Fu et al., 2025; Lin et al., 

2021). 

In practical systems, supersaturation ratios (S = C/C*) can 

reach 10–100, particularly during rapid neutralization. Under 

these conditions, particle sizes typically fall below 1 µm, and 

aggregation becomes dominant. Near the precipitation 

threshold, a critical gelation zone is often observed. For Fe³⁺ 

and Al³⁺ systems, this zone typically occurs within ±0.5 pH 

units of the precipitation pH (Song et al., 2021; Ibrahim et al., 

2025). 

Operating outside this narrow window is essential. Even a 

slight pH overshoot can trigger polymerization and gel 

formation, yielding α values above 10¹² m/kg. Controlled pH 

adjustment via staged neutralization can reduce 

supersaturation and shift the system toward growth-

dominated regimes (Amadghous et al., 2025). 

Temperature 

Temperature affects both reaction kinetics and fluid 

properties. Increasing temperature accelerates hydrolysis and 

enhances crystal growth rates. For many hydroxide systems, 

raising the temperature from 25 °C to 70–90 °C increases 

particle size by a factor of 2–5, depending on residence time 

(Arampatzis et al., 2025; Liu et al., 2025). 

Temperature also reduces solution viscosity. Water viscosity 

decreases from ~0.89 mPa·s at 25 °C to ~0.32 mPa·s at 90 

°C, directly improving filtration rates. In Darcy’s regime, this 

can increase filtration flux by 2–3×, assuming a constant cake 

structure (Tang et al., 2026). 

However, higher temperatures increase energy demand. 

Heating slurry streams from ambient to 80 °C typically 

requires ~200–300 kWh per m³, depending on the level of 

heat recovery. This creates a trade-off between improved 

filterability and operating costs. 

Ionic Strength and Electrolytes 

Ionic strength governs interparticle interactions by 

compressing the electrical double layer. At low ionic strength 

(<0.01 M), particles remain dispersed because of electrostatic 

repulsion. At higher ionic strength (0.1–1.0 M), charge 

screening promotes aggregation (Deng et al., 2021; 

Kalaitzidou et al., 2022). 

This transition is critical for filtration. Aggregated structures 

typically exhibit higher permeability due to improved pore 

connectivity. However, excessive aggregation can form dense 

clusters with low internal porosity. The optimal ionic strength 

range is system-specific but often falls between 0.05 and 0.5 

M (Arrisujaya et al., 2025). 

Electrolyte type also matters. Multivalent ions (e.g., Ca²⁺, 

Mg²⁺) are more effective at destabilizing colloids than 

monovalent ions. Their presence can significantly reduce α, 

often by one order of magnitude. 

Impurities 

Impurities play a decisive role in determining structure and 

filterability, with silica being the most critical. Dissolved 

silica can polymerize and interact with metal hydroxides, 

forming mixed gels. These structures exhibit very high water 

retention (>80 wt%) and extremely low permeability (Dobra 

et al., 2020; Hedwig et al., 2023). 

Organic species, including residual extractants or degradation 

products, can stabilize colloids. They adsorb to particle 

surfaces, preventing aggregation and increasing cake 

resistance. Even at low concentrations (<100 mg/L), they can 

significantly alter filtration behavior (Han et al., 2024). 

Other impurities, such as sulfate or chloride, influence 

hydrolysis equilibria and ionic strength. Their effect is 

indirect but can shift precipitation pathways and structural 

outcomes (Zhang et al., 2024). 

Table 3 summarizes physicochemical factors affecting 

filterability, their effects, and typical ranges. 
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Table 3. Physicochemical factors controlling filterability in hydroxide precipitation, including typical ranges and their impact on 

structure and filtration performance. Adapted from Song et al. (2021), Deng et al. (2021), and Hedwig et al. (2023). 

Factor Typical range Primary effect Impact on filterability 

pH 2–9 Controls hydrolysis Defines precipitation regime 

Supersaturation (S) 1–100 Controls nucleation/growth High S → high α 

Temperature 25–90 °C Affects kinetics/viscosity Higher T → better filtration 

Ionic strength 0.01–1.0 M Controls aggregation Moderate I → improved k 

Silica 0–500 mg/L Gel formation Strongly reduce spermeability 

Organics 0–100 mg/L Surface stabilization Increases α 

Table 3 shows that filterability is not controlled by a single 

variable. It emerges from the interaction between multiple 

physicochemical factors. In many cases, competing effects 

exist. For example, higher ionic strength promotes 

aggregation but may also increase solution viscosity. 

The combined influence of these variables is illustrated in 

Figure 4, which shows how physicochemical parameters, 

including pH, supersaturation, temperature, and impurities, 

affect hydroxide structure and filterability. 

 
Figure 4. Influence of physicochemical parameters on hydroxide structure and filterability, showing transitions between dispersed 

particles, aggregates, and gel-like structures as a function of pH, supersaturation, temperature, and impurities. Adapted from Ibrahim 

et al. (2025) and Deng et al. (2021). 

Figure 4 shows that filterability is governed by transitions 

between structural regimes. Dispersed particles, aggregates, 

and gels represent distinct states with markedly different 

permeability. These transitions are controlled by solution 

chemistry rather than by particle size alone. 

The central insight is that filterability is highly sensitive to 

the chemical environment, not just the solid phase. This 

explains why similar precipitation systems can show 

markedly different filtration performance under slightly 

different operating conditions. 

The next section examines how these physicochemical 

conditions translate into particle morphology and structure, 

and how these features control cake formation and 

permeability. 

Morphology and Structure of Hydroxide 

Precipitates 

The morphology and internal structure of hydroxide 

precipitates determine how particles pack, deform, and 

transmit fluid during filtration. These features are not fixed. 

They evolve from primary particle formation to aggregated 

networks and, in some systems, to partially densified solids. 

This section examines how crystallinity, aggregation, and 

aging define filtration behavior. 

Amorphous vs Crystalline Structures 

Hydroxide precipitates can form as amorphous, poorly 

ordered solids or as crystalline phases. This distinction is 

central to filtration performance. Amorphous hydroxides, 
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common in Fe³⁺ and Al³⁺ systems, have high water content 

and low structural rigidity. They form compressible cakes 

with specific resistance often exceeding 10¹² m/kg (Romano 

et al., 2023). 

In contrast, crystalline hydroxides or oxyhydroxides (e.g., 

goethite-like structures) exhibit more distinct particle 

boundaries. These solids pack into more permeable cakes, 

with α typically in the range of 10¹⁰–10¹¹ m/kg (Battaglia et 

al., 2024; Ventimiglia et al., 2025). The difference is not only 

in particle size but also in internal structure and surface 

roughness, both of which influence pore formation. 

Crystallinity is controlled by temperature, residence time, and 

supersaturation. Operating at >60–80 °C with longer 

residence times favors crystallization. However, achieving 

this in industrial systems increases reactor volume and energy 

demand. 

Aggregation and Fractal Structures 

Primary particles rarely remain isolated. They aggregate into 

clusters that determine the final cake structure. These 

aggregates often exhibit fractal characteristics, with fractal 

dimensions typically ranging from 1.8 to 2.5, depending on 

the aggregation conditions (Sun et al., 2021; Zhao et al., 

2022). 

Aggregates with low fractal dimensions are open and porous, 

promoting fluid flow. Aggregates with high fractal 

dimensions are denser and less permeable. Aggregation is 

driven by interparticle forces, which are controlled by ionic 

strength, pH, and surface chemistry. 

In hydroxide systems, aggregation is often more important 

than primary particle size. For example, 0.5-µm particles can 

form aggregates of 10–100 µm, significantly improving 

permeability if the structure remains open (Li et al., 2025; 

Zhang et al., 2024). 

However, aggregation is not always beneficial. Excessive 

aggregation can produce compact clusters with low internal 

porosity. The key parameter is aggregate structure, not 

aggregate size. This distinction is often overlooked in 

experimental studies. 

Aging and Structural Evolution 

After formation, hydroxide precipitates undergo structural 

evolution, commonly referred to as aging. This evolution 

includes Ostwald ripening, densification, and partial 

crystallization. These processes occur over time scales 

ranging from tens of minutes to several hours (Wang et al., 

2024; Wu et al., 2025). 

During aging, smaller particles dissolve and redeposit onto 

larger ones, increasing the average particle size. 

Simultaneously, internal restructuring reduces water content 

and increases density. This can reduce specific cake 

resistance by an order of magnitude in some systems 

(Namayandeh et al., 2024). 

However, industrial residence times are often insufficient for 

complete aging. As a result, many systems operate with 

metastable, partially structured solids. This explains the 

persistence of poor filterability even when precipitation 

conditions are optimized. 

To connect morphology and filtration, Table 4. 

Morphological characteristics and their impact on filterability 

summarize key structural features and their effects. 

Table 4. Morphological characteristics of hydroxide precipitates and their impact on filterability, including structural descriptors and 

typical filtration behavior. Adapted from Romano et al. (2023), Sun et al. (2021), and Wang et al. (2024). 

Structuretype Key feature Typical scale Filtration behavior 

Amorphous gel High water content (>80%) <1 µm network Very high α, low k 

Crystalline particles Defined structure 5–50 µm Lower α, higher k 

Loose aggregates Low fractal dimension (~1.8–2.1) 10–100 µm High permeability 

Dense aggregates High fractal dimension (~2.3–2.5) 10–50 µm Moderate permeability 

Aged structures Densified particles Variable Reduced α 

Table 4 shows that filterability depends on structural 

organization across multiple scales. Systems dominated by 

amorphous gels exhibit poor drainage, while aggregated or 

partially crystalline systems perform better. However, 

transitions between these states are continuous rather than 

discrete. 

The evolution of morphology and structure is shown in 

Figure 5, illustrating how hydroxide precipitates evolve and 

affect filtration, linking primary particles, aggregates, and 

aged structures. 
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Figure 5. Structural evolution of hydroxide precipitates from primary particles to aggregates and aged structures, highlighting 

changes in porosity, connectivity, and filtration performance. Adapted from Zhao et al. (2022) and Wang et al. (2024). 

Figure 5 highlights that filtration behavior is governed by 

structural evolution rather than initial particle size. The 

transition from amorphous networks to aggregated and 

partially densified structures defines permeability. 

Importantly, these transformations are controlled by process 

conditions and time, not only by chemistry. 

A critical implication is that morphology must be engineered 

during precipitation, not corrected during filtration. This 

reinforces the need for integrated process design. 

The next section examines process strategies to control these 

features and improve filterability. 

Process Strategies to Improve 

Filterability 

Improving filterability requires acting upstream, at the 

precipitation stage. Downstream corrections during filtration 

are limited. Process strategies must target supersaturation 

control, structural development, and aggregation pathways. 

Each strategy involves trade-offs between filtration 

performance, product purity, residence time, and cost. 

Supersaturation Control 

Supersaturation is the primary driver of particle formation. 

Reducing local supersaturation limits excessive nucleation 

and promotes growth. This can be achieved by slow base 

addition or staged neutralization (Fu et al., 2025; Lin et al., 

2021). 

In practice, multi-stage neutralization systems reduce 

supersaturation peaks by 30–70%, increasing particle size 

from <1 µm to 5–20 µm (Liao et al., 2024). This shift can 

reduce specific cake resistance by up to an order of 

magnitude. 

However, staged systems require additional reactors and 

longer residence times. Industrial implementations typically 

increase residence time from 30 min to 60–120 min, thereby 

affecting CAPEX and footprint (Lu et al., 2025). 

Seeded Precipitation 

Seeded precipitation introduces pre-formed solids that serve 

as growth sites. This reduces nucleation and promotes crystal 

growth. Seed loading typically ranges from 1–10 wt% of 

solids (Zhao et al., 2024). 

The effect is significant. Average particle size can increase by 

a factor of 2–5, while α decreases by 30–80%, depending on 

the system chemistry (Han et al., 2020). Seeded systems also 

improve reproducibility and reduce sensitivity to mixing. 

Limitations include seed preparation, recycling, and potential 

contamination. In some systems, seeds may incorporate 

impurities, affecting product quality. 

Dynamic pH Control 

Dynamic pH control prevents overshoot and gel formation by 

gradually adjusting pH along the reactor instead of a fixed 

setpoint, avoiding the narrow ±0.5 pH zone where gelation 

typically occurs (Ibrahim et al., 2025). 
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Advanced control strategies include distributed dosing and 

feedback loops based on turbidity or conductivity. These 

approaches can stabilize precipitation and reduce variability. 

Reported reductions in α typically range from 20–50% 

(Ananda et al., 2023). 

The main challenge is control complexity. Instrumentation 

and automation increase operational cost but improve 

consistency. 

Elevated Temperature 

Operating at elevated temperatures promotes crystallinity and 

reduces viscosity. Increasing the temperature from 25 °C to 

80 °C can increase particle size by 2–5× and reduce viscosity 

by ~60% (Arampatzis et al., 2025; Tang et al., 2026). 

This leads to improved filtration rates, often by a factor of 2–

3, assuming a similar cake structure. Temperature also 

accelerates aging, thereby enhancing densification. 

The drawback is energy consumption. Heating requirements 

typically add 5–15 USD per m³ of slurry, depending on the 

energy source and heat recovery. This limits applicability in 

low-margin operations. 

Flocculation 

Flocculation is widely used to improve apparent filterability. 

Polymers and coagulants promote aggregation, thereby 

increasing effective particle size. Typical dosages range from 

10 to 200 g/t of solids (Guo et al., 2022; Jin et al., 2025). 

Flocculation can reduce α by 50–90% and increase filtration 

flux by 2–5×. It is often the most cost-effective short-term 

option. 

However, this improvement is often superficial. Flocs are 

mechanically weak and can collapse under pressure. More 

importantly, flocculants can trap impurities and increase 

moisture content, affecting downstream processing and 

product purity (Du et al., 2020). 

→Critical point: 

Flocculation improves filtration performance at the expense 

of structural control. It compensates for poor precipitation 

design rather than solving it. 

Table 5. Process strategies for improving filterability and 

their quantitative impact summarizes the effects and trade-

offs. 

Table 5. Process strategies for improving filterability in hydroxide precipitation, including operational parameters, benefits, and 

limitations. Adapted from Fu et al. (2025), Zhao et al. (2024), and Guo et al. (2022). 

Strategy Key parameter Typical improvement Limitation 

Supersaturation control Staged neutralization α ↓ 5–10× Higher CAPEX 

Seeded precipitation 1–10 wt% seeds Particlesize ↑ 2–5× Seed handling 

Dynamic pH control Controlled dosing α ↓ 20–50% Control complexity 

Elevated temperature 60–90 °C Flux ↑ 2–3× Energy cost 

Flocculation 10–200 g/t α ↓ 50–90% Purity loss 

Table 5 shows no single universally optimal strategy; each 

targets different mechanisms. Combining strategies, like 

moderate supersaturation control with seeding, often yields 

better results than one alone. 

The interaction among these strategies is shown in Figure 6. 

Integrated processes for controlling hydroxide structure and 

filterability link operating variables to structural outcomes.  

 
Figure 6. Integrated process strategies for controlling hydroxide structure and filterability, showing the influence of supersaturation, 

seeding, pH control, temperature, and flocculation on particle growth, aggregation, and final cake structure. Adapted from Lin et al. 

(2021) and Zhao et al. (2024). 
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Figure 6 highlights that process strategies act on different 

stages of particle formation. Supersaturation and pH control 

influence nucleation and growth. Seeding affects growth 

pathways. Temperature impacts crystallinity and aging. 

Flocculation modifies aggregation at the final stage. 

The key insight is that filterability must be engineered during 

precipitation. Post-treatment strategies can improve 

performance but do not fundamentally alter the structure. 

This explains why many systems remain limited by filtration 

despite extensive downstream optimization. 

The next section explores advanced approaches and emerging 

technologies that aim to overcome these limitations through 

improved process control and modeling. 

Advanced Approaches and Emerging 

Technologies 

Recent developments aim to control particle formation at its 

source. The focus is shifting from empirical tuning to 

engineered precipitation. These approaches target mixing, 

energy input, particle design, and predictive modeling. Their 

impact on filterability is promising but has not yet been fully 

translated to the industrial scale. 

Advanced Reactors with Hydrodynamic Control 

Reactor design strongly influences local supersaturation and 

mixing. Conventional stirred tanks generate broad mixing 

distributions. This leads to simultaneous nucleation and 

growth. Advanced reactors aim to reduce this heterogeneity. 

Technologies include static mixers, jet reactors, and 

microreactors. These systems provide controlled mixing on 

short time scales (milliseconds to seconds). They reduce 

supersaturation peaks by up to 50–80%, limiting excessive 

nucleation (Lu et al., 2025; Madlangbayan et al., 2025). 

Jet reactors, for example, achieve high turbulence with 

Reynolds numbers above 10⁴–10⁵, promoting uniform 

conditions. Microreactors offer even tighter control but are 

limited in throughput. Scale-up remains a challenge due to 

fouling and residence time constraints (Bučinskaitė et al., 

2026). 

The main advantage is structural consistency. Narrower 

particle-size distributions and more uniform aggregates 

improve filtration. However, CAPEX is higher. 

Implementation requires redesigning existing circuits. 

Ultrasound and Microwave-Assisted 

Precipitation 

External energy fields influence nucleation and growth. 

Ultrasound induces cavitation, creating high-energy zones 

that enhance mixing and, depending on intensity, either 

promote nucleation or break aggregates (Arampatzis et al., 

2025). 

Typical ultrasound frequencies are 20–40 kHz with power 

densities of 10–100 W/L. At moderate levels, ultrasound 

enhances aggregation by increasing collision frequency. At 

high intensity, it fragments particles, producing more fines. 

Microwave-assisted precipitation delivers rapid, uniform 

heating. This reduces temperature gradients and can 

accelerate crystallization. Heating rates can exceed 10–50 

°C/min, significantly faster than in conventional systems 

(Jain et al., 2025). 

Both techniques improve control over particle formation. 

However, their industrial application is limited by energy 

consumption and equipment complexity. Scale-up beyond 

pilot scale remains rare. 

Particle Engineering 

Particle engineering focuses on tailoring morphology to 

improve filtration. This includes controlling shape, size 

distribution, and internal structure. 

Strategies include: 

 Controlled aggregation using specific additives 

 Surface modification to influence growth 

 Directed crystallization under controlled conditions 

Recent studies show fractal dimension control between 1.8 

and 2.3, enabling permeability tuning (Wu et al., 2025; Zhou 

et al., 2024). Optimized structures can reduce α by up to ten 

times. 

This approach is conceptually strong. It directly targets 

structure rather than relying on post-treatment. However, it 

requires precise control of process variables and often 

involves additional reagents. 

Coupled Modeling (CFD + Precipitation + 

Filtration) 

Modeling evolves from isolated descriptions to integrated 

frameworks that combine Computational Fluid Dynamics 

(CFD), population balance models (PBM), and filtration 

equations to predict particle formation and cake behavior 

(Raponi et al., 2025; Luo et al., 2025). 

These models can simulate: 

 Mixing and supersaturation fields 

 Nucleation and growth kinetics 

 Aggregation dynamics  

 Filtration resistance evolution 

Typical CFD simulations resolve millimeters to meters, while 

PBM tracks particles from nanometers to micrometers. This 

multiscale approach is necessary but computationally 

demanding. 

Despite progress, validation remains limited, largely confined 

to laboratory data, with scarce industrial-scale validation, 

creating a gap between predictive capability and practical use 

(Para et al., 2022). 
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→Critical gap: 

Modeling and industrial operation remain weakly connected. 

Predictive tools are not yet integrated into process design 

workflows. 

To summarize these approaches, Table 6, Advanced 

technologies for improving filterability and their operational 

characteristics, compares their performance and limitations. 

Table 6. Advanced approaches for improving filterability in hydroxide precipitation, including operating principles, typical ranges, 

and limitations. Adapted from Lu et al. (2025), Arampatzis et al. (2025), and Raponi et al. (2025). 

Approach Key parameter Typical range Benefit Limitation 

Advanced reactors Mixing time ms–s Uniform supersaturation Scale-upcomplexity 

Ultrasound Frequency 20–40 kHz Enhanced aggregation control High energy use 

Microwave Heating rate 10–50 °C/min Faster crystallization Limited scale 

Particle engineering Fractal dimension 1.8–2.3 Tuned permeability Process complexity 

Coupled modeling Multiscale simulation mm–m Predictive design Limited validation 

Table 6 shows that advanced approaches provide better 

control over structure formation. However, they introduce 

complexity and cost. Their adoption depends on the balance 

between performance gains and economic constraints. 

The integration of these technologies is shown in Figure 7, 

illustrating an advanced process framework for controlled 

hydroxide precipitation that connects reactor design, energy 

input, particle engineering, and modeling. 

 
Figure 7.  Advanced process framework for controlled hydroxide precipitation, integrating hydrodynamic control, external energy 

input, particle engineering, and multiscale modeling to improve filterability. Adapted from Luo et al. (2025) and Wu et al. (2025). 

Figure 7 shows that advanced strategies act on multiple 

scales. Reactor design controls macroscopic mixing. Energy 

fields influence local nucleation. Particle engineering defines 

structure. Modeling links these effects into a predictive 

framework. 

The key limitation is integration. Most approaches are applied 

in isolation. A unified strategy that combines reactor design, 

chemistry, and modeling is still missing in industrial practice. 

The next section addresses the coupling between precipitation 

and solid–liquid separation, focusing on how upstream 

decisions define downstream filtration performance. 

Coupling Between Precipitation and 

Solid–Liquid Separation 

Precipitation and filtration are often treated as sequential unit 

operations. This representation is convenient but technically 

misleading. In hydroxide systems, the reactor not only 

removes metals from solution but also forms the solid 

structure that the filter must process. The filtration stage, 

therefore, inherits the consequences of pH control, 

supersaturation, mixing, aging, and aggregation (Audet et al., 

2022; Jenssen et al., 2021). 

The most important factor is cake structure. The precipitate 

formed in the reactor determines compressibility, 

permeability, and liquid retention. Fine amorphous 

hydroxides produce compressible cakes with high specific 

resistance. More crystalline or open-aggregated structures 

yield cakes with better drainage. In practical terms, a change 

in precipitation conditions can shift α from 10¹⁰ to >10¹³ 

m/kg, which may require several times more filtration area to 

maintain the same throughput (Barros et al., 2025; Fan et al., 

2026). 

This coupling is summarized in Table 7. Links between 

precipitation conditions and filtration performance connect 

upstream process variables with downstream separation 

outcomes. 
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Table 7. Links between precipitation conditions and filtration performance in hydroxide systems. Adapted from Audet et al. (2022), 

Barros et al. (2025), and Fan et al. (2026). 

Precipitation condition Structural consequence Filtration impact Operational risk 

High supersaturation Fine primary particles High α, low flux Large filterarea 

pH overshoot Gel formation Cake blinding Rapid pressure rise 

Poor mixing Heterogeneous PSD Unstable filtration Variable cycle time 

Insufficient aging Hydrated amorphous solids High cake moisture Higher drying load 

Controlled aggregation Open pore network Higher permeability Better throughput 

Excess flocculation Weak flocs Cake collapse under pressure Poor reproducibility 

Table 7 explains why filtration problems cannot be solved 

solely at the filter. Once a gel-like or highly compressible 

precipitate forms, increased pressure may worsen 

performance by collapsing pores. This is common in 

hydroxide cakes, where filtration flux may decline sharply as  

 

 

pressure rises from 1 to 5 bar. Higher pressure does not 

always mean higher productivity. 

The coupling between precipitation and filtration is shown in 

Figure 8. It illustrates how reactor conditions influence cake 

structure and filtration in hydroxide systems. 

 
Figure 8. Integrated precipitation–filtration framework for hydroxide systems, showing how pH, supersaturation, mixing, 

aggregation, and aging define cake compressibility, permeability, and moisture retention. Adapted from Jenssen et al. (2021), Siddig 

et al. (2024), and Dittmer et al. (2025). 

Figure 8 shows that solid–liquid separation starts before the 

slurry reaches the filter. The reactor controls whether the 

filter receives discrete particles, open aggregates, or hydrated 

gels, each of which affects filtration differently. This explains 

why identical filters work in one circuit but fail in another. 

A key limitation in many hydrometallurgical flowsheets is the 

treatment of precipitation and filtration as separate steps. 

Precipitate removal efficiency is specified chemically, and 

filters are sized later by empirical tests. This weak workflow 

overlooks that slurry filterability is determined upstream. 

A robust design should use coupled criteria to optimize 

precipitation not only for metal removal but also for cake 

resistance, permeability, compressibility, and moisture. 

Minimum data include pH profile, residence time, 

temperature, solids concentration, PSD, α, cake moisture, and 

pressure. Without these, scale-up is unreliable. 

Precipitation and filtration are a coupled system; treating 

them separately causes oversized filters, instability, poor 

washing, and higher operational costs. 

The next section examines industrial case studies where this 

coupling becomes evident in real hydrometallurgical circuits. 

Industrial Case Studies 

Industrial circuits support this review's main point: filtration 

performance is set during precipitation. Case studies in iron 

removal, aluminum, and rare earths show consistent patterns, 

often achieving chemical targets. However, filtration still 

limits progress (Hedwig et al., 2023; Chen et al., 2020). 

Iron Removal (Jarosite and Goethite Systems) 

Iron removal is vital in hydrometallurgy, mainly via jarosite 

precipitation at pH 1.5–2.5 and 90–100 °C, or goethite 

formation at pH 2.5–4.0 and similar temperatures (Chen et 

al., 2023; Choi et al., 2026). 

Jarosite forms fine particles with poor filtration, typical α 

values are 10¹¹–10¹² m/kg, and cake moisture exceeds 30–40 

wt%. Goethite produces more crystalline particles, resulting 

in lower α (10¹⁰–10¹¹ m/kg) and better filtration. 



IKR Publishers  

 

© IKR Journal of Engineering and Technology (IKRJET). Published by IKR Publishers  Page 35 

 

However, these improvements come at a cost. Goethite 

processes require tighter pH control and longer residence 

times (2–6 h), which increase reactor volume and operating 

complexity. In many plants, the trade-off between 

precipitation efficiency and filtration performance remains 

unresolved (Oskouei et al., 2026). 

Aluminum Hydroxide Precipitation 

Aluminum precipitation, especially in sulfate systems or 

impurity removal, tends to form gels. At pH 4.5–6.5, Al(OH)₃ 

forms highly hydrated, amorphous solids that filter poorly. 

Industrial data indicate filtration fluxes below 100 L·m⁻²·h⁻¹ 

and cake moisture above 50 wt%, especially in systems with 

high supersaturation or poor mixing (Hedwig et al., 2023). 

The presence of silica further aggravates the problem by 

forming mixed gels. 

Efforts to improve performance include seeding and 

temperature control. In some cases, particle size has increased 

from <1 µm to >10 µm, reducing α by 50–80%. However, 

achieving consistent control remains difficult due to 

sensitivity to process fluctuations (González et al., 2025). 

Rare Earth Hydroxide Systems 

Rare earth precipitation typically occurs at pH 6–8, often 

using NaOH or NH₄OH. These systems are widely used for 

separation and purification. The precipitates can be 

amorphous or partially crystalline, depending on the 

conditions. 

Industrial observations show substantial variability in 

filtration behavior. In some cases, filtration rates exceed 300 

L·m⁻²·h⁻¹, while in others they fall below 100 L·m⁻²·h⁻¹, even 

with similar PSD. This variability is linked to aggregation 

and aging effects rather than particle size alone (Lü et al., 

2026; Cao et al., 2025). 

Moisture content typically ranges from 20 to 45 wt%, 

depending on the structure. Systems with insufficient aging 

produce highly hydrated cakes. Longer residence times 

improve performance but reduce throughput. 

To compare these industrial systems, Table 8, Summary of 

industrial hydroxide precipitation systems and filtration 

performance, consolidates key operating conditions and 

filtration metrics. 

Table 8. Summary of industrial hydroxide precipitation systems and filtration performance, including operating conditions, cake 

resistance, and moisture content. Adapted from Chen et al. (2023), Hedwig et al. (2023), and Lü et al. (2026). 

System pH range Temperature (°C) α (m/kg) Cake moisture (%) Key issue 

Jarosite 1.5–2.5 90–100 10¹¹–10¹² 30–40 Fine particles 

Goethite 2.5–4.0 80–100 10¹⁰–10¹¹ 25–35 Longer residence time 

Al(OH)₃ 4.5–6.5 25–80 10¹²–10¹³ 40–60 Gel formation 

REE(OH)₃ 6–8 25–70 10¹⁰–10¹² 20–45 Structural variability 

Table 8 highlights the wide variation in filtration performance 

across systems. Even within the same process, structural 

differences lead to large differences in α and moisture. This 

reinforces that chemical composition alone is insufficient to 

predict filterability. 

Figure 9 shows the relationship between precipitation 

conditions and industrial filtration outcomes, combining 

typical operating windows and cake properties. 

 
Figure 9. Industrial coupling between precipitation conditions and filtration performance, showing how pH, temperature, and 

structure influence cake resistance and moisture in different hydroxide systems. Adapted from Choi et al. (2026) and González et al. 

(2025). 
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Figure 9 shows that each system operates within a narrow 

window where filtration performance is acceptable. Outside 

this window, small deviations in pH or supersaturation can 

lead to large increases in α and moisture. 

→Critical analysis: 

Industrial studies rarely report key filtration parameters, such 

as specific cake resistance, permeability, or structural 

descriptors. Most publications focus on metal removal 

efficiency and chemical conditions, creating a gap between 

laboratory optimization and industrial performance. 

Without quantitative filtration data, scale-up remains 

empirical. This explains why many plants require oversized 

filtration systems or operate below design capacity. The 

absence of integrated reporting prevents systematic 

improvement. 

The next section identifies the main gaps in current research 

and outlines priorities for future work. 

Critical Gaps and Research Needs 

Current research on hydroxide precipitation remains 

fragmented. Most studies describe precipitation chemistry, 

whereas fewer link nucleation, structure, and filtration 

performance. This leaves a weak foundation for process 

scale-up. The central gap is not a lack of precipitation data 

but a lack of structure–filtration correlations (Deblonde et al., 

2023; Davis & Demopoulos, 2023). 

Missing Correlation Between Nucleation, 

Structure, and Filterability 

Hydroxide formation reports include pH, metal removal, and 

particle size, but they don't explain differences in cake 

resistance among similar-sized precipitates. A better 

correlation also considers nucleation rate, aggregation, 

porosity, fractal dimension, compressibility, and cake 

moisture (Dobre et al., 2024). 

The missing link is structural evolution. Nucleation generates 

primary particles. Aggregation defines pore networks. Aging 

changes density and water retention. Filtration then reflects 

the final structure. This sequence is rarely measured as a 

continuous process. 

Lack of Experimental Standardization 

Experimental methods are not standardized across studies. 

Different authors use different precipitation times, pH control 

strategies, mixing intensities, solids concentrations, and 

filtration pressures. This makes comparison difficult. 

Minimum reporting should include pH profile, temperature, 

ionic strength, base addition rate, residence time, mixing 

intensity, solids concentration, PSD, cake moisture, specific 

cake resistance, and filtration pressure. Without these, 

reported filterability improvements are hard to reproduce (Xu 

et al., 2026).026). 

Limited Industrial-Scale Data 

Industrial data remains scarce. Many studies are conducted at 

the beaker or bench scale, often below 1–5 L. These systems 

do not replicate industrial mixing, residence time distribution, 

or slurry handling. Pilot-scale data above 100–1000 L are 

rarely reported. 

This creates a scale-up problem. Small systems may show 

good precipitation efficiency but fail to predict filtration 

behavior. The lack of data on industrial cake resistance and 

permeability is a major limitation for process design (Ma et 

al., 2020; Estay et al., 2021). 

Need for Coupled Precipitation–Filtration Tests 

Future studies should evaluate precipitation and filtration as 

one coupled experiment. The precipitate should not be 

characterized only after formation. Instead, structural 

evolution should be monitored during pH adjustment, aging, 

aggregation, and filtration. 

To consolidate these research needs, Table 9, Critical gaps 

and recommended research priorities for hydroxide 

filterability, summarizes the main limitations and proposed 

actions. 

Table 9. Critical gaps and recommended research priorities for hydroxide filterability, including missing data, technical 

consequences, and proposed research actions. Adapted from Deblonde et al. (2023), Davis and Demopoulos (2023), and Dobre et al. 

(2024). 

Critical gap Current limitation Technical consequence Recommended priority 

Nucleation–structure 

link 

Final PSD reported without 

formation history 

Poor prediction of α and k Track supersaturation, nucleation, 

and aging 

Structural metrics Limited porosity and aggregate 

data 

Weak structure–property 

correlations 

Measure fractal dimension and pore 

connectivity 

Filtration reporting α, k, and compressibility often 

absent 

Unreliable scale-up Standardize cake resistance tests 

Industrial validation Few pilot or plant datasets Over-reliance on bench data Report data at >100–1000 L scale 

Coupled testing Precipitation and filtration tested 

separately 

Misleading optimization Use integrated precipitation–

filtration protocols 
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Table 9 shows that the main research need is not only more 

data, but better-linked data. Precipitation variables must be 

reported together with structural and filtration metrics. This 

would allow comparison across systems and support 

predictive design. 

The proposed research direction is summarized in Figure 10, 

which presents a research roadmap linking hydroxide 

formation, structure, and filterability, and connecting 

experimental design, structural characterization, and scale-up 

validation. 

 
Figure 10.  Research roadmap for linking hydroxide formation, structure, and filterability, showing the need for coupled 

precipitation–filtration experiments, structural descriptors, and industrial validation. Adapted from Xu et al. (2026), Ma et al. (2020), 

and Estay et al. (2021). 

Figure 10 highlights a necessary shift in research strategy. 

Future work should move from isolated precipitation studies 

toward integrated datasets. These datasets must connect 

operating conditions, particle structure, cake behavior, and 

industrial performance. 

The most urgent needs are clear: standardized filtration 

metrics, structural descriptors, and pilot-scale validation. 

Without these elements, hydroxide precipitation will remain 

optimized primarily for chemistry, while filtration will 

continue to limit plant performance. 

Proposed Framework 

The previous sections show a consistent pattern. Filtration 

performance is not an isolated outcome. It is the result of a 

sequence of coupled phenomena that begin at the molecular 

scale and propagate to plant operation. Current design 

approaches treat these steps separately. This section proposes 

an integrated framework that links precipitation conditions to 

filtration performance and process outcomes. 

The framework is based on a causal chain: 

Supersaturation → Nucleation/Growth → Particle 

Structure → Aggregation → Cake Structure → 

Filterability → Process Performance 

Each step influences the next. Feedback loops also exist. For 

example, poor filterability increases residence time in 

downstream units, which can alter upstream operation. This 

interdependence is rarely captured in process design (Fu et 

al., 2025; Raponi et al., 2025). 

To operationalize this concept, Table 10 summarizes the 

integrated framework linking precipitation variables to 

filtration, process performance, key variables, measurable 

outputs, and their impact on plant operation. 

Table 10. Integrated framework linking precipitation variables to filtration and process performance, including key parameters, 

measurable outputs, and operational implications. Adapted from Lin et al. (2021), Raponi et al. (2025), and Luo et al. (2025). 

Stage Key variable Measurable parameter Typical range Proces simpact 

Supersaturation S = C/C* Supersaturation ratio 1–100 Controls nucleation 

Nucleation/Growth Rate balance Particlesize (µm) 0.1–50 Defines primary particles 

Particle structure Morphology Fractal dimension 1.8–2.5 Controls aggregation 

Aggregation Collision frequency Aggregate size (µm) 10–100 Defines pore network 

Cake structure Packing Porosity (ε) 0.6–0.9 Governs permeability 

Filterability Flow resistance α (m/kg) 10¹⁰–10¹³ Defines filtration rate 

Process performance Throughput Flux (L·m⁻²·h⁻¹) 50–500 Determines CAPEX/OPEX 
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Table 10 shows that each stage has measurable parameters. 

These parameters can be monitored and controlled. However, 

in most industrial systems, only the first and last stages are 

measured. Intermediate variables such as aggregation and 

structure are rarely quantified. This limits predictive 

capability. 

The full interdependence of these variables is illustrated in 

Figure 11, an integrated framework for hydroxide 

precipitation, structure evolution, and filterability, which 

represents the key conceptual contribution of this work. 

 
Figure 11. Integrated framework for hydroxide precipitation, structure evolution, and filterability, showing the sequential 

relationship between supersaturation, nucleation, aggregation, cake formation, and process performance, including feedback loops 

between filtration and upstream operation. Adapted from Fu et al. (2025), Luo et al. (2025), and Wu et al. (2025). 

Figure 11 highlights two key points. First, filterability is not 

determined at the filtration stage. It is set earlier, during 

particle formation and aggregation. Second, the system 

includes feedback loops. For example, poor filtration 

increases cake thickness and cycle time, potentially requiring 

adjustments to upstream flow rates or reagent dosing. 

From a design perspective, this framework suggests a shift 

from unit-operation optimization to system-level 

optimization. Rather than maximizing precipitation efficiency 

alone, processes should be designed to meet target values for 

α, permeability, and cake moisture. This requires integrating 

reaction engineering, particle design, and separation. 

Quantitatively, reducing α from 10¹² to 10¹¹ m/kg can reduce 

the required filtration area by ~70–80%, depending on 

operating pressure. This directly translates into lower CAPEX 

and energy consumption. Such improvements cannot be 

achieved by filtration optimization alone. They require 

upstream control. 

The framework also provides a basis for modeling. Each 

stage can be described using existing tools: thermodynamics 

for supersaturation, population balances for particle 

formation, and filtration models for cake behavior. The 

challenge is integration. 

→Critical insight: 

Process performance must be defined in terms of both 

chemical efficiency and separation efficiency. Treating these 

objectives independently leads to suboptimal design. 

The next section presents the conclusions of this review and 

summarizes the main implications for research and industrial 

practice. 

Conclusions 

Hydroxide precipitation remains a central operation in 

hydrometallurgy, yet its performance is still assessed 

primarily by chemical metrics. This review shows that this 

approach is incomplete. Filtration, not precipitation, often 

determines process capacity. The key finding is that 

filterability is not an intrinsic property of hydroxide solids. It 

results from their formation history, structural evolution, and 

interaction with the liquid phase. 

Across all systems analyzed, a consistent pattern emerges. 

Supersaturation, pH control, mixing, temperature, and 

impurities define nucleation and growth. These mechanisms 

determine particle structure, aggregation, and aging. The 

resulting cake structure governs permeability, 

compressibility, and moisture retention. Filtration 

performance is therefore a downstream expression of 

upstream conditions. 

Industrial case studies confirm this coupling. Systems 

optimized for metal removal often show poor filtration 

performance. Specific cake resistance can vary by two to 

three orders of magnitude (10¹⁰–10¹³ m/kg) within similar 

chemical systems. This variability leads to substantial 

differences in filtration area, energy consumption, and 
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operating costs. In practical terms, reducing cake resistance 

by one order of magnitude can cut filtration area requirements 

by 70–80%, yielding direct CAPEX and OPEX benefits. 

Current design practices remain fragmented. Precipitation and 

filtration are treated as separate unit operations. Structural 

descriptors such as fractal dimension, pore connectivity, and 

compressibility are rarely measured. Industrial data often lack 

basic filtration parameters, including α, permeability, and 

cake moisture. This prevents reliable scale-up and limits 

process optimization. 

Process strategies such as supersaturation control, seeding, 

temperature adjustment, and flocculation can improve 

filterability. However, their effectiveness depends on how 

they influence the formation of structure. Flocculation, in 

particular, often improves apparent filtration performance 

without addressing underlying structural limitations. This 

leads to unstable operation and potential losses in product 

quality. 

Advanced approaches, including controlled hydrodynamic 

reactors, energy-assisted precipitation, particle engineering, 

and coupled modeling, offer new opportunities. These 

methods aim to control structure formation directly. 

However, their industrial implementation remains limited due 

to scale-up challenges and a lack of integration. 

The framework proposed in this review provides a path 

forward. It links supersaturation, nucleation, aggregation, 

cake structure, and filtration performance into a single 

system. This approach enables the definition of design targets 

based on both chemical efficiency and separation 

performance. 

Future work should focus on three priorities: 

(i) standardization of experimental methods, including 

simultaneous measurement of precipitation and 

filtration parameters; 

(ii) quantification of structural descriptors, such as 

fractal dimension, porosity, and compressibility; 

(iii) validation at pilot and industrial scale, with datasets 

linking operating conditions to filtration performance. 

Filtration performance should be engineered during 

precipitation, not corrected afterward. Combining reaction 

engineering with solid–liquid separation enhances efficiency, 

cuts costs, and supports scalable hydrometallurgical systems. 
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