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Attrition scrubbing is a common mechanical beneficiation method that promotes strong
particle—particle interactions in water-based suspensions. It helps remove surface
coatings, clays, oxide films, weathered layers, and loosely attached impurities from
mineral particles. Unlike traditional grinding, attrition scrubbing primarily cleans
surfaces rather than reducing particle size, thereby improving mineral liberation and
boosting downstream separation processes such as flotation, leaching, gravity
separation, and magnetic separation. This review carefully explores the basic
mechanisms behind attrition scrubbing, including interparticle abrasion, hydrodynamic
shear, and effects of slurry rheology, and assesses its industrial use across various
mineral systems such as silica sands, phosphate ores, iron ores, heavy mineral sands,
lithium pegmatites, rare earth minerals, and recycled industrial materials. Special focus
is given to operational factors like pulp density, impeller design, residence time, energy
input, and particle size distribution, as these significantly affect scrubbing effectiveness
and cost efficiency. The review also discusses limitations related to energy use,
equipment wear, and the creation of very fine particles that can hinder downstream
processing. Emerging advances in process optimization, such as staged scrubbing,
hybrid washing—attrition systems, and integration with modern beneficiation circuits,
are highlighted to demonstrate potential for improved cleaning performance with lower
energy consumption. Finally, the review highlights key research gaps in scale-up,
numerical modeling of surface-cleaning mechanisms, and the lack of standardized
performance metrics, providing a foundation for future improvements in the design and
optimization of attrition-based mineral beneficiation systems.

Keywords: Attrition Scrubbing, Mineral Beneficiation, Surface Cleaning, Slurry
Rheology, Particle—Particle Abrasion, Process Optimization.

Highlights

e  Attrition scrubbing enhances mineral beneficiation by removing surface coatings
and weathered layers without significant particle size reduction.

e Process efficiency is strongly controlled by slurry density, particle interactions,
residence time, and energy input.

e Industrial applications include silica sand cleaning, phosphate beneficiation, iron
ore upgrading, and rare earth mineral processing.

e  Current research gaps include scale-up modeling, energy efficiency optimization,
and standardized performance metrics.
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Introduction

Beneficiation of complex mineral resources requires
pretreatment to improve mineral surfaces prior to separation.
Surface coatings such as clay minerals, iron oxides, and
weathering products reduce efficiency by masking reactive
surfaces and altering interfacial properties (Rao et al., 2023;
Mweene et al., 2024).

Surface contamination mechanisms such as organic
adsorption, oxide films, and particle attachment are well
studied in mineral and environmental systems, illustrating
complex particle-surface interactions (Guan et al., 2020; Jin
et al., 2022; Vidal et al., 2021).

Attrition scrubbing is a common mechanical surface-cleaning
method in mineral processing, using particle—particle
abrasion and hydrodynamic shear in high-solids slurry to
remove coatings and slimes (Abdullah, 2020; Hussein & EI-
Midany, 2022). Unlike grinding, which reduces particle size
to promote mineral liberation, attrition scrubbing primarily
removes surface coatings without significantly altering
particle size (Behera & Dwari, 2026; Wang et al., 2021).

Surface cleaning before beneficiation is crucial and has
shown benefits in mineral systems like silica sand, phosphate,
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lithium clay, and recycling. However, benefits vary by ore,
and while improved cleanliness often is assumed to enhance
performance, direct quantitative Links between scrubbing and
recovery are limited. Confusion arises from the overlap
between attrition scrubbing and mechanical activation.
Mechanical activation applies high energy to modify solids
by defect generation, amorphization, or refinement, aiming to
increase mineral reactivity (Pereira, 2026b). Attrition
scrubbing, however, is a beneficiation pretreatment focused
on surface cleaning and slime removal.

Despite widespread industrial use, the details of attrition
scrubbing remain poorly documented, with limited data on
energy, wear, and economics. Literature often reports
cleaning efficiency without showing effects on downstream
processing, making it hard to assess its true contribution in
beneficiation across ore types. (Beeks & Keller, 2020)

This review uses a structured method to differentiate
mechanistic evidence from application claims and identify
descriptive rather than quantitative literature.

Mechanical operations on mineral particles include grinding
for size reduction, attrition scrubbing to remove surface
coatings, and mechanical activation to alter structure. Figure
1 illustrates these differences and effects.

MECHANICAL ACTIVATION

Energy

tructural
Shyetna % Increase

Defects .

Structural & Energetic Changes

Figure 1. Conceptual comparison between grinding, attrition scrubbing, and mechanical activation. Adapted from Wills and Finch
(2016); Wang et al. (2021); Sahoo et al. (2021); and Pereira (2026a).
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Figure 1 shows that these operations mainly differ in energy
use and purpose. Grinding fractures particles to reduce size
and free mineral phases. Attrition scrubbing involves fewer
fractures but encourages particle interactions changes.
Mechanical activation uses high-energy impacts to change
internal structures and boost reactivity.

The distinction matters as their roles in mineral processing
differ: attrition scrubbing conditions surfaces before
beneficiation, while grinding and activation enhance
liberation or reactions.

Methodology

A structured review evaluated evidence, applications, and
outcomes of attrition scrubbing in mineral beneficiation,
guided by PRISMA principles (Page et al., 2021), tailored to
mineral processing literature.

Relevant publications were identified in databases such as
Scopus, Web of Science, and Google Scholar using keywords
including attrition scrubbing, scrubber, mineral beneficiation,
scrubbing flotation, and surface cleaning. Additional terms
included studies on clay removal, slime detachment, and
mineral surface conditioning prior to flotation or magnetic
separation.

The literature covered peer-reviewed articles, conference
proceedings, theses, and reports on attrition scrubbing in
mineral processing, including primary ore beneficiation and
emerging, such as recycling industrial materials and batteries
(Widijatmoko et al., 2020; Bedekovic & Tenjer, 2021; Chen
& Tien, 2023). It also reviewed slurry hydrodynamics,

flotation, and mineral surface interactions for understanding
scrubbing mechanisms (Han et al., 2020; Zeng et al., 2023).

To facilitate comparison across studies, the literature was
categorized into three main themes:

o fundamental mechanisms of attrition scrubbing

¢ mineralogical controls affecting surface cleaning

¢ industrial applications and process optimization

Each publication was examined by ore type, experimental
scale, and reported performance indicators.

A major issue is the inconsistent reporting of operational
parameters and performance metrics. Many studies report
qualitative improvements but omit key variables such as
energy use, equipment wear, and circuit economics. This
hampers cross-study comparisons and limits understanding of
industrial relevance.

Techno-economic assessments in mineral processing are
often case-specific and not transferable across ore types,
limiting generalization of performance improvements (Uysal,
2022).

Despite limitations, studies reveal key patterns for attrition
scrubbing. Next, examine the physical mechanisms of surface
cleaning during these operations.

A literature survey identified studies on attrition scrubbing,
operational  parameters, and mineral  beneficiation
applications, using a multi-step screening process to
distinguish mechanistic from application reports. It focused
on parameters, mineralogy, and metallurgical performance,
summarized in Figure 2.

Database Search

Web of Science

lNitle relevance

Abstract relevance

Full-text analysis
- Relevance to review scope

n[%h.\, e 85 References Included

Figure 2. Literature selection workflow used in this review. Adapted from Page et al. (2021); Wills and Finch (2016); Wang et al.
(2021); and Behera and Dwari (2026).
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Fundamentals of Attrition Mechanisms

Attrition scrubbing is a surface-conditioning process using
mechanical interactions in high-solids slurries to remove
loosely attached coatings and fines. Unlike grinding, which
reduces particle size and liberates minerals, attrition
scrubbing mainly cleans surfaces while maintaining the
overall particle size.

Despite widespread use, the mechanisms behind coating
removal are not well understood. Most studies focus on
surface cleanliness, with few linking operating conditions to
the stresses needed for detachment.

Physical Mechanisms

Attrition scrubbing operates through a combination of
particle—particle abrasion and hydrodynamic shear generated
within a dense slurry environment (Abdullah, 2020; Wang et
al., 2022). These mechanisms act simultaneously but are
rarely isolated experimentally.

Particle—particle abrasion occurs through repeated collisions
between mineral grains at high solids concentration. It

effectively removes weakly bonded clay coatings and slimes.
Higher solids increase collision frequency, but the link
between collision intensity and cleaning efficiency is not well
understood.

Hydrodynamic shear, caused by turbulence from the impeller
in the attrition scrubber, acts at the particle—fluid interface to
detach surface films, especially in systems with fine clay
minerals like kaolinite and montmorillonite (Sahoo et al.,
2021). Its effectiveness depends on slurry rheology and
turbulence, which are rarely characterized in detail.

Turbulence enhances if excessive.

Though these mechanisms are often cited, their specific
impacts are unclear. Most studies involved in coating removal
(Cho et al., 2021; Chiu & Gani, 2024). As a result, predictive
models for attrition scrubbing are limited.

As illustrated in Figure 3, attrition scrubbing involves the
combined action of particle collisions, shear forces, and
turbulence-induced dispersion. The dominance of each
mechanism depends on slurry conditions and mineralogical
characteristics rather than on a single operating parameter.

Attrition Scrubber

~
Particle—Particle
Abrasion

Turbulence

Figure 3. Mechanisms of attrition scrubbing in mineral processing. Adapted from Wills and Finch (2016); Abdullah (2020); Wang
et al. (2021); Wang et al. (2022); and Behera and Dwari (2026).

Figure 3 shows that attrition scrubbing involves particles,
fluid dynamics, and turbulence. Collisions cause abrasion;

shear detaches coatings, and turbulence increases collisions

and disperses slimes.

Each mechanism's contribution depends on slurry density,
agitation, particle size, and mineralogy, but these are rarely
quantified separately, limiting scrubbing models.
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Operational Parameters

Attrition scrubbing effectiveness depends on variables such
as solids concentration, residence time, impeller speed, and
energy input, which influence particle interactions in the
slurry.

Solids concentration affects collision frequency—higher
values enhance cleaning but xcessively high values increase
slurry viscosity, reducing mixing efficiency. Thus, the
optimal range is system-dependent.

Residence time affects particle exposure to abrasion and
shear. Too short leads to incomplete cleaning, too long causes
fines. This trade-off is rarely quantified.

Impeller speed controls turbulence intensity and shear forces.
Increasing rotational speed enhances cleaning efficiency but
also increases energy consumption and accelerates equipment
wear. The relationship between impeller speed and cleaning
performance is often reported qualitatively rather than
quantitatively.

Specific energy consumption (kWh/t) provides a useful
metric for comparing operating conditions; however, it is

rarely linked to downstream metallurgical performance. Most
studies report energy input independently of recovery or
grade improvement, limiting process optimization.

Typical operating ranges are summarized in Table 1. These
values provide general guidance but should not be interpreted
as universally applicable, since optimal conditions depend
strongly on mineralogy and coating characteristics.

Importantly, increasing scrubbing intensity does not
guarantee improved beneficiation performance. Excessive
abrasion may generate ultrafine particles, which can reduce
flotation selectivity, increase entrainment, or lead to losses
during classification (Hussein & El-Midany, 2022).

Process optimization balances cleaning efficiency, fines, and
Costs.

Attrition  scrubbing depends on variables like solids
concentration, residence time, and agitation, which affect
particle collisions and shear forces. Energy input impacts cost
and cleaning, with parameters summarized in Table 1.

Table 1. Typical operating ranges reported for attrition scrubbing in mineral beneficiation. Adapted from Wills and Finch (2016);
Abdullah (2020); Wang et al. (2021); Sahoo et al. (2021); and Behera and Dwari (2026).

Parameter Typical Range Effect on Process
Solids concentration 50-75 wt% Higher collision frequency
Residence time 2-10 min Controls cleaning intensity

Impeller speed

300-1200 rpm

Controls turbulence intensity

Specific energy consumption

0.5-10 kWhtt

Determines process cost

Table 1 shows that attrition scrubbing occurs at high solids to
enhance particle interactions, causing surface abrasion.
Residence time and impeller speed control mechanical
intensity, while specific energy indicates cleaning costs.

Increasing scrubbing intensity does not always improve
metallurgical performance. Excessive residence time or
agitation can produce ultrafine particles and slimes, thereby
hindering downstream processes such as flotation.
Optimization should balance cleaning efficiency, fines, and
costs.

Distinction Between Attrition Scrubbing and
Mechanical Activation

Although attrition scrubbing and mechanical activation both
use mechanical energy on particulates, they differ in purpose,
intensity, and results.

Attrition scrubbing is a surface-cleaning process that removes
loose coatings, clay films, and slimes via particle abrasion
and shear. It works at moderate energy levels and minimally
alters mineral internal structure (Abdullah, 2020; Wang et al.,
2021; Wang et al., 2022).

Mechanical activation is a high-energy process that modifies
solids, promotes defects, induces lattice distortion, and
induces partial amorphization, thereby increasing surface
reactivity and improving dissolution or reduction (Pereira,
2026h).

The distinction is critical for interpreting process outcomes.
In beneficiation circuits, attrition scrubbing acts as a
pretreatment step that improves surface condition prior to
separation. Mechanical activation, in contrast, is a process-
intensification strategy aimed at modifying reaction
pathways.

Confusion often arises in high-intensity milling studies,
where surface cleaning and structural modification occur
simultaneously (EIl-Mofty et al., 2023), yet their roles in
process design remain distinct.

As summarized in Table 2, the two processes differ in energy
demand and Dominant attrition scrubbing focuses on surface
cleaning and beneficiation, while mechanical activation aims
to boost reactivity in downstream chemical processes.
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Table 2. Comparison between attrition scrubbing and mechanical activation. Adapted from Balaz (2008); Wills and Finch (2016);

Wang et al. (2021); and Pereira (2026b).
Aspect Attrition scrubbing
Main objective Surface cleaning

Mechanical activation
Structural modification

Dominant mechanism

Particle—particle abrasion and hydrodynamic shear ~ High-energy impact and fracture

Structural effects Minimal

Defect formation and amorphization

Particle size reduction Limited

Often significant

Typical energy level Moderate

High

Role in flowsheet Beneficiation pretreatment

Reaction intensification

Table 2 shows that attrition scrubbing and mechanical
activation differ mainly in energy used and effects. Attrition
scrubbing, a surface-conditioning step, removes coatings and
slimes via particle abrasion without altering internal structure.
Mechanical activation uses high-energy collisions to create
lattice defects, amorphization, and increased surface free
energy.

This distinction is important because the two processes serve
different roles: attrition scrubbing is a beneficiation
pretreatment, while mechanical activation enhances chemical
reactivity in hydrometallurgical or pyrometallurgical systems.

The effectiveness of attrition scrubbing depends on the ore's
mineralogy, which affects the nature and adhesion of surface
coatings. Understanding these factors is key to predicting ore
responses to scrubbing.

Different ores respond variably to attrition scrubbing based
on mineralogy. This section analyzes how mineralogy
influences cleaning effectiveness and beneficiation outcomes.

Mineralogical Controls

An ore's response to attrition scrubbing depends on
mineralogy, not equipment. Surface coatings and adhesion
influence contaminant removal. Similar-sized ores may
respond differently under the same conditions. Clay coatings
like kaolinite and smectite form thin films on mineral grains,
hindering flotation and magnetic separation (Arthur et al.,
2025; Mweene et al., 2024). Attrition scrubbing can remove
these layers, depending on clay dispersion and coating
adhesion.

Clay Coatings

—— Kaolinite
- Smectites

Keamtite
Smectites

Iron Oxide Films

Desliming

Hematite
Goethite

Iron oxides, such as hematite and goethite, cause surface
contamination by adhering minerals. In silica sand
beneficiation, attrition scrubbing removes these coatings prior
to magnetic separation or flotation to reduce the iron content
(Othman et al., 2023; lIbrahim et al., 2021). However,
scrubbing is less effective when iron phases are discrete
inclusions instead of surface films.

Thin silica films and weathering products cover mineral
surfaces, impacting surface charge, reagent adsorption, and
wettability during flotation (Liu et al., 2023). Attrition
scrubbing can remove these layers, depending on
cementation. Adhered slimes are ultrafine particles attached
to larger grains, decreasing beneficiation by raising pulp
viscosity, promoting entrainment, and masking mineral
surfaces (Gerber & Grobler, 2023). Attrition scrubbing
disperses these fines, detaching them to expose clean mineral
surfaces.

Despite mineralogical controls' importance, many studies
report surface cleaning success without detailing coating
thickness, mineral composition, or adhesion strength, making
removal mechanisms inferred and complicating performance
comparisons across ore systems (Guo et al., 2024; Jadeppa et
al., 2024; Ismail et al., 2020)..

Attrition scrubbing's effectiveness depends on mineralogical
traits on that affect coating adhesion to mineral grains.
Certain ores have coatings hide clay, iron oxide, or
weathering products that hinder reagent adsorption, reduce
magnetic response, or obscure reactive surfaces. Removing
these coatings is a primary goal of attrition scrubbing in
beneficiation. Figure 4 illustrates the key mineralogical
factors influencing ore response.

Adhered Slimes  Silica Weathering
Layers

Dispersed

TS Quartz
# <5 Dissolution

Figure 4. Mineralogical factors controlling attrition scrubbing efficiency. Adapted from Wills and Finch (2016); Sahoo et al. (2021);
Wang et al. (2022); Gerber and Grobler (2023); and Mweene et al. (2024).
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As shown in Figure 4, attrition scrubbing efficiency depends
on the surface coatings on mineral particles. Clay minerals
like kaolinite, smectite, and montmorillonite have weakly
bonded layers that particle abrasion can remove. Conversely,
iron oxide films or silica weathering layers adhere more
strongly and require greater mechanical force for removal.

Adhered slimes complicate beneficiation by changing slurry
rheology and promoting entrainment during flotation.
Although mineralogical factors are critical, many studies only
note improved surface cleanliness without quantifying

coating thickness, adhesion, or mineral distribution. This
limits the ability to predict scrubbing performance across ore

types.

The effectiveness of attrition scrubbing depends on mineral
particles' surface coating and bond strength. Coatings react
differently: clay is weak and easily removed, whereas iron
oxide and silica are more adhesive and require greater
scrubbing force. Table 3 summarizes coating types and
responses.

Table 3. Common surface coatings in mineral ores and their expected response to attrition scrubbing. Adapted from Wills and Finch
(2016); Sahoo et al. (2021); Wang et al. (2022); Gerber and Grabler (2023); and Mweene et al. (2024).
Coating type

Typical minerals

Adhesion strength

Expected response to attrition scrubbing

Clay coatings Kaolinite, montmorillonite

Weak to moderate

Usually removable

Iron oxide films Hematite, goethite

Moderate

Partially removable

Silica weathering films ~ Secondary silica

Moderate to strong

Variable

Adhered slimes Ultrafine gangue particles

Weak

Readily removable

As shown in Table 3, the response of mineral particles to
attrition depends on the adhesion of surface coatings. Clay
coatings and slimes are usually removed by abrasion and
shear in the scrubber. However, iron oxide films and silica
weathering layers bond more strongly, limiting scrubbing
unless higher mechanical intensity or longer durations are
applied.

Mineralogical characterization of surface coatings is crucial
for assessing the benefits of attrition scrubbing, as it prevents
attributing improvements to scrubbing intensity rather than to
the natural ease of coating removal in some ore systems.

Because mineralogical conditions vary widely, the benefits of
attrition scrubbing can't be generalized. The next section
explores how these factors affect its application across
mineral commodities.

Applications for Mineral Processing

Attrition scrubbing is used in mineral beneficiation circuits to
remove surface coatings or slimes that hinder separation. Its
success varies by commodity and ore type, influenced by
mineralogy, particle size, and coating adhesion. Therefore,
reported improvements are not universally applicable.

lron Ore

In iron ore beneficiation, attrition scrubbing removes clay
coatings and slimes from ore particles before magnetic
separation or pelletization (Sahoo et al., 2021; Rao et al.,
2023). These coatings can mask magnetic response or
increase gangue entrainment during classification.

Attrition scrubbing disperses clay particles and removes
surface coatings, enhancing magnetic separation efficiency
and iron concentrate grade. The extent of improvement
depends on the clay type and degree of weathering (EI-Wekil
et al., 2024)..

Many studies show improved concentrate grade but lack data
on energy use or costs of the scrubbing stage.

Phosphate Ores

Attrition scrubbing in phosphate beneficiation removes clay
coatings from apatite before flotation (Ahmed et al., 2025;
Rizk, 2022). Clay minerals can reduce flotation efficiency by
increasing pulp viscosity and hindering reagent adsorption.

Pre-scrubbing disperses clay and reveals cleaner apatite
surfaces. Studies show it improves phosphate recovery and
concentrate grade (Aarab et al., 2023; Farid et al., 2025).

The improvement depends on ore mineralogy; phosphate
deposits with cemented clay phases or fine intergrowths may
respond poorly to mechanical scrubbing (Aleksandrova et al.,
2022).

Bauxite

In bauxite beneficiation, attrition scrubbing disaggregates
clay-rich matrices and removes impurities before processing
(Datta & Nandi, 2021). It enhances the separation of bauxite
minerals and clay during classification or washing.

Nevertheless, the effectiveness of attrition scrubbing in
bauxite systems depends on ore texture. Highly cemented
lateritic ores may require additional size reduction before clay
dispersion (Tinesha et al., 2025).

Alluvial Gold Deposits

Attrition scrubbing helps treat alluvial deposits by dispersing
clay and releasing trapped gold particles for gravity
separation (Phengsaart et al., 2023).

In these systems, scrubbing is usually a pretreatment before
classification or gravity concentration. However, excessive
scrubbing can create ultrafine particles, increasing later
losses.
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Industrial Silica Sands

Attrition scrubbing purifies silica sand for glass, foundry, and
high-purity applications by removing iron oxide coatings and
surface contaminants prior to magnetic separation or flotation
(Othman et al., 2023; Ibrahim et al., 2025b).

The process works best when iron is on surface films rather
than within the quartz matrix. When iron minerals are
embedded in the grain, attrition scrubbing alone cannot
greatly reduce impurities (Fawzy et al. 2022).

Although attrition scrubbing is used in many mineral systems,
literature mainly highlights concentrate grade or recovery,

Iron Ore Phosphate Ores

Magnetic Flotation
separation

Magnetic Flotation
Separation

* ||

with little focus on overall circuit performance. Operational
factors like energy use, wear, and water demand are seldom
reported (Elshwehy et al. 2025).

Attrition scrubbing is used in mineral beneficiation to remove
surface coatings or slimes that hinder separation. It's
especially useful in ores containing clay minerals, weathering
products, or fine particles, which can reduce the efficiency of
flotation, magnetic separation, or gravity concentration.
While the mechanism stays the same, the process goal varies
by mineral and method. Figure 5 highlights key sectors
employing attrition scrubbing.

Alluvial Deposits  Industrial
Silica Sands

v

Grauining
onspeeting

Gravity Magnetic Separatiom"j"
Separation Flotation

Figure 5. Major industrial applications of attrition scrubbing in mineral processing. Adapted from Wills and Finch (2016); Sahoo et
al. (2021); Rao et al. (2023); Othman et al. (2023); and Ibrahim et al. (2025a).

As shown in Figure 5, attrition scrubbing has various roles in
mineral processing. In iron ore, it removes slimes before
magnetic separation; in phosphate processing, it detaches clay
from apatite before flotation; and in bauxite beneficiation, it
disperses clay-rich matrices and enhances classification.

Attrition scrubbing is common in industrial silica sands to
remove iron oxide coatings for high-purity quartz and in
alluvial deposits to release fine particles trapped in clay,
aiding gravity separation.

Despite its widespread applications, the effectiveness of
attrition scrubbing depends on mineralogy and circuit setup.

Attrition scrubbing is used in mineral beneficiation to remove
surface coatings, disperse clay, or release fine particles
hindering separation. Table 4 summarizes common
applications and their downstream processes.

Table 4. Main mineral commodities where attrition scrubbing is applied and the primary purpose of the operation. Adapted from
Wills and Finch (2016); Sahoo et al. (2021); Rao et al. (2023); Othman et al. (2023); and Ibrahim et al. (2025a).
Primary Objective

Typical Downstream Process

Iron ore Removal of slimes Magnetic separation
Phosphate ore Clay removal Flotation

Bauxite Clay dispersion Classification

Alluvial deposits Release of fine particles Gravity separation

Silica sand Removal of iron coatings Magnetic separation/flotation

Table 4 shows that attrition scrubbing varies across circuits,
primarily by removing coatings or particles that hinder
separation. In iron ore, it eliminates slimes, reducing
magnetic separation efficiency. In phosphate beneficiation, it
removes clay from apatite to improve flotation.

In bauxite processing, attrition scrubbing disperses clay
aggregates, aiding classification and washing. In alluvial
deposits, it releases fine clay particles, improving separation.
The impact on metallurgical performance varies by circuit
type and is rarely accounted for in full-circuit economics.
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Studies show that mineral beneficiation improves liberation.
Benefits vary by mineralogy, coating strength, and circuit.

Table 5 summarizes these improvements and limitations
across ore types.

Table 5. Reported beneficiation improvements following attrition scrubbing. Adapted from Wills and Finch (2016); Sahoo et al.
(2021); Phengsaart et al. (2023); Othman et al. (2023); and Ibrahim et al. (2025b).
Reported Improvement

Main Limitation

Iron ore Improved magnetic separation Limited data on energy consumption
Phosphate Increased flotation recovery Mineralogical variability

Bauxite Better clay dispersion Requires prior disaggregation
Alluvial gold Liberation of fine particles Risk of ultrafine losses

Silica sand Reduced iron contamination Ineffective for locked inclusions

As shown in Table 5, attrition scrubbing enhances separation
by removing surface coatings and fine particles. In iron ore, it
improves magnetic separation; in phosphate processing, it
boosts flotation by removing clay coatings. Similar benefits
are observed in silica sand purification, which reduces
surface-related iron contamination.

These improvements often face operational limitations:
mineralogical variability can affect flotation consistency,
excessive scrubbing in alluvial deposits note that they can
create ultrafine particles that are lost during gravity
separation, and many studies report concentrate grade
improvements without detailed energy or cost data, limiting
assessment of industrial benefits.

Though attrition scrubbing can improve surface cleanliness,
cleaner particles do not necessarily enhance metallurgical
results (Anticoi et al., 2022; Li et al., 2023).

Reported improvements in concentrate grade are often
emphasized across different commodities; however, these
results are rarely accompanied by complete circuit-level
evaluations. In several cases, the absence of energy
consumption data, wear rates, and mass balance closure limits
the interpretation of industrial relevance.

The value of attrition scrubbing depends on how surface
cleaning improves subsequent separation methods. The next
section explores its effect on flotation, magnetic separation,
leaching, and classification.

Influence on Downstream Processes

Attrition scrubbing's practical value hinges on its capacity to
enhance downstream beneficiation performance. Removing
coatings and slimes exposes cleaner mineral surfaces,
affecting flotation, magnetic separation, or leaching.
However, better surface cleanliness does not always mean
higher metallurgical recovery (Fish 2025).

In several reported cases, improvements in surface
cleanliness do not translate into proportional gains in
recovery, particularly when mineral locking or inclusion-
dominated systems control separation efficiency (Bilal et al.,
2022).

Several studies show improved concentrate quality after
scrubbing pretreatment, especially where clay coatings hinder
reagent adsorption or magnetic response (Han et al., 2020;
Severov et al., 2022). However, the extent of improvement
varies by ore type. Sometimes, benefits are offset by ultrafine
particles, altered pulp rheology, or reagent redistribution.

Many studies report improvements in concentrate grade or
recovery but lack a full evaluation of the beneficiation circuit,
rarely measuring variables such as energy use, slime losses,
and stability. This leaves the link between scrubbing intensity
and overall metallurgical performance poorly documented.

Flotation

Attrition scrubbing improves flotation by removing clay
coatings, exposing clean mineral surfaces for collector
adsorption. Clay minerals and slimes reduce efficiency by
masking surfaces or increasing viscosity.

Several studies show flotation recovery improves after
attrition pretreatment, especially in phosphate and graphite
systems (Aarab et al., 2023; Wang et al., 2021). However,
flotation depends on surface cleaning and the creation of
fines. Excessive scrubbing can generate ultrafine particles,
increasing entrainment or reducing bubble—particle
attachment.

Improvements in flotation depend on the efficiency of
cleaning and the resulting from scrubbing.

Magnetic Separation

In magnetic separation, attrition scrubbing can improve
efficiency by removing non-magnetic coatings from particles.
Clay films and gangue attached to minerals can lower
magnetic response and reduce separation selectivity (Ahmed
et al., 2025).

Scrubbing pretreatment can boost concentrate grade by
exposing cleaner mineral surfaces. Its effectiveness depends
on whether contaminants are surface films or inclusions
within mineral grains. When impurities are locked in the
mineral matrix, attrition scrubbing has limited impact on
separation.
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Leaching

Surface cleaning can impact hydrometallurgical processes by
exposing reactive mineral surfaces and enhancing mass
transfer, as seen in lithium-bearing clay systems and other
applications (Arthur et al., 2026).

However, the link between attrition scrubbing and leaching
kinetics is rarely described in detail. Few studies report
changes in reaction rate constants or diffusion coefficients
after scrubbing. Thus, the mechanistic connection between
surface cleaning and leaching efficiency remains poorly
understood.

Hydraulic Classification and Desliming

Attrition scrubbing typically occurs before hydraulic
classification or desliming. It disperses clay aggregates and
detaches slimes, aiding the removal of fine particles during
classification.

This step can enhance downstream flotation or gravity
separation but excessive fines from scrubbing increase slime
losses and reduce recovery (Wang et al., 2022).

Therefore, the optimal scrubbing intensity balances cleaning
efficiency and control of ultrafine particles.

Recycling and Secondary Resource Processing

Attrition scrubbing recycles secondary resources such as
lithium-ion batteries and industrial residues by liberating
active materials from composite particles or by separating
loosely attached phases (Widijatmoko et al., 2020; Bedekovic
& Tenjer, 2021).

However, reported benefits often rely on the mechanical
stability of composite materials. In some recycling systems,
attrition can cause excessive fragmentation of active materials
instead of selective liberation.

Attrition scrubbing boosts beneficiation by removing coatings
such as clays, oxides, and gangue, thereby improving mineral
liberation and process selectivity. Effectiveness varies with
ore mineralogy, particle size, and impurities. See Table 6 for
details.

Table 6. Reported influence of attrition scrubbing on downstream beneficiation performance. Adapted from: Abdullah (2020); Alali
(2023); Ahmed et al. (2025); Arthur et al. (2025, 2026); Bedekovic & Tenjer (2021); Ibrahim et al. (2025a); Liu et al. (2023); Ma et

al. (2021); Othman et al. (2023).
Downstream Process

Typical Improvement

Main Limitation

Iron ore Magnetic separation Fe grade increase 2-6% Limited energy reporting
Phosphate ore Flotation Recovery increase 8-18% Strong mineralogical variability
Silica sand Magnetic separation Fe20s reduction 40-70% Ineffective for locked impurities

Graphite Flotation

Carbon grade increase 3-10%

Fine particle generation

Lithium claystone Leaching

Li recovery increase 10-20%

Limited Kinetic data

Table 6 shows that attrition scrubbing can greatly improve
beneficiation, especially when surface contamination limits
performance. For instance, silica sand and iron ore achieve
better impurity removal and again benefit from improved
surface conditions for flotation.

However, the results highlight key limitations. In ores with
complex mineral intergrowths, such as lithium claystones,
improvements are limited by mineralogical factors rather than
by surface cleanliness. Also, fine particles from scrubbing
may harm downstream processes by increasing entrainment
or lowering separation efficiency.

Overall, attrition scrubbing should be viewed as a conditional
pre-treatment step whose success depends on balancing
surface cleaning, particle integrity, and downstream process
needs. Its best use requires careful adjustment of operating

parameters such as residence time, pulp density, and
scrubbing intensity, as well as integration with the overall
beneficiation flowsheet.

While attrition scrubbing improves beneficiation, its
effectiveness depends on scrubbing intensity. The
relationship is non-linear, balancing cleaning, particle
liberation, and degradation.

At low intensities, energy can't remove coatings such as clays
and oxides, leading to poor liberation and limited selectivity.
Increasing scrubbing removes surface contaminants, exposing
minerals and boosting performance. Nevertheless, exceeding
hurts the optimal point leads to particle breakage and ultrafine
particle production, which reduces selectivity and efficiency.
Figure 6 shows this trade-off between scrubbing intensity and
metallurgical response.
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Figure 6. Conceptual relationship between attrition scrubbing intensity and downstream metallurgical response. Adapted from:
Abdullah (2020); Bedekovic & Tenjer (2021); Wang et al. (2021, 2022); Widijatmoko et al. (2020); Sahoo et al. (2021); Liu et al.
(2023); Arthur et al. (2025, 2026); Othman et al. (2023).

Figure 6 shows optimizing attrition scrubbing for
beneficiation by tailoring intensity to the ore's traits rather
than applying it indiscriminately. The ideal region depends on
factors like particle hardness, coating, and mineral
intergrowth. Moderate scrubbing improves separation of
surface-contaminated ores, but higher intensity yields little
additional benefit and increases fines in mineral-locked ores.

Process optimization should identify the surface-cleaning
threshold that maximizes cleaning while minimizing particle
degradation. This balance is essential for maintaining
flotation selectivity and minimizing losses in fine fractions
during later beneficiation stages.

Although attrition scrubbing effectively removes surface
contaminants, its impact on beneficiation performance isn't
always proportional to the degree of cleaning. In several ore
systems, surface improvements do not necessarily lead to
better recovery, grade, or efficiency.

This discrepancy stems from mineralogical constraints such
as locked particles and inclusions, which surface cleaning
can't address. Table 7 shows cases in which attrition
scrubbing improved the surface but yielded limited
downstream benefits.

Table 7. Cases where attrition scrubbing improved surface cleaning but did not significantly improve overall beneficiation
performance. Adapted from: Sahoo et al. (2021); Wang et al. (2021, 2022); Liu et al. (2023); Othman et al. (2023); Widijatmoko et

al. (2020).
Ore Type Observed Cleaning Effect Limited Process Benefit
Iron ore Clay removal Limited change in recovery
Phosphate Reduced slimes Minor flotation improvement
Silica sand Surface iron removal Persistent inclusions

Table 7 shows that surface cleaning alone isn't enough for
beneficiation. Removing clay from iron ore improves the feed
but does not guarantee better magnetic separation if iron
minerals remain in the gangue. In silica sand, surface iron
removal has a limited effect if iron inclusions in quartz
remain. Reducing slimes in phosphate ores can remain the
same if mineralogy and particle liberation don't change
significantly.

These findings highlight the need to integrate attrition
scrubbing into a broader mineral processing strategy. Its use
should be guided by mineralogical characterization to address
system limitations, rather than used as a generic pre-
treatment.

Overall, attrition scrubbing can improve downstream
beneficiation performance when surface coatings are the
dominant factor limiting separation efficiency. However, its
effectiveness depends on a balance between surface cleaning
and particle breakage. Excessive scrubbing intensity may
generate ultrafine particles that reduce separation selectivity
or increase slime losses.

Downstream performance depends on scrubbing intensity and
circuit configuration, making equipment design crucial for
translating lab results into industrial applications.
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Process Design and Equipment

Attrition scrubbing effectiveness in beneficiation relies on
surface-cleaning mechanisms and equipment setup that create
particle abrasion and shear. Usually, attrition scrubbers are
mechanically agitated tanks with impellers that operate at
high solids concentrations to promote collisions (Behera &
Dwari, 2026).

Translating and overlook factors such as slurry circulation,
equipment wear, and residence time. Hence, similar cleaning
results may require different equipment at scale (Li et al.,
2020).

Single-Stage  and
Systems

Industrial attrition scrubbing circuits can be single-cell or
multi-stage. Single-stage units are cheaper and suitable for
light cleaning, such as removing loose slime, but less
effective against stubborn coatings. Multi-stage systems, used

Multi-Stage  Scrubbing

Single-Stage Attrition Scrubber

Ore Feed

Product
=) Discharge

Short Residence Time

Limited Slime Removal

in large plants, improve cleaning by passing material through
several scrubbers, but consume more energy and cause more
wear.

Literature shows that multi-stage systems improve cleaning,
but the incremental benefit is rarely measured. Sometimes,
extra stages mainly produce fines rather than improved
cleaning.

Attrition scrubbing can be performed using single- or multi-
stage scrubbers, depending on cleaning needs, throughput,
ore characteristics, residence time, energy requirements, and
slime removal.

Single-stage scrubbers suit moderate cleaning, offering
simplicity and lower costs. Multi-stage systems improve
cleaning with longer residence times and staged removal of
fine particles, providing more control. Figure 7 compares
these setups, showing their operation differences and
implications for downstream processing.

Multi-Stage Attrition Scrubber

Ore Feed

Intermediate
Overflow— Intermediate

Extended Residence Time

Progressive Slime Removal

Figure 7. Comparison between single-stage and multi-stage attrition scrubber configurations. Adapted from: Sahoo et al. (2021);
Wang et al. (2021, 2022); Liu et al. (2023); Othman et al. (2023); Arthur et al. (2025, 2026).

Figure 7 highlights the benefits of multi-stage scrubbing for
persistent surface contamination or high fines removal before
downstream processing. Removing slimes between stages
reduces re-coating and fine buildup, boosting efficiency.

However, these benefits entail higher capital and operating
costs and add process complexity, requiring additional
equipment, pumps, and control systems to ensure stable
multi-stage operation.

Single-stage systems are simpler and cheaper for ores with
less complex surface where characteristics or for which
downstream processes are less sensitive to fines. The decision
between single-stage and multi-stage setups should consider
ore mineralogy, product needs, and economic factors.

Solids Concentration and Residence Time
Control

Effective attrition scrubbing usually requires a high solids
concentration, which efficiency.

Industrial systems usually operate between 40-70 wt% solids,
depending on particle size and mineralogy. High solids
increase slurry viscosity and hinder mixing, while low solids
decrease particle collisions and cleaning efficiency.

Residence time affects cleaning; too long can cause slimes,
harming separation.

Integration with Classification Circuits

Attrition scrubbing circuits are often combined with
hydrocyclones, screens, or classifiers to remove slimes and
maintain an appropriate solids concentration.

This integration enables the beneficiation circuit to
continuously remove detached fine particles and recycle
coarser material for further scrubbing if needed. It's common
in silica sand purification, phosphate beneficiation, and iron
ore processing (Rao et al., 2023).

Despite these advantages, the effectiveness relies heavily on
classification efficiency. Poor hydrocyclone performance can
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cause slimes to be recycled to the scrubber, reducing cleaning
effectiveness.

In industrial mineral processing circuits, attrition scrubbing is
rarely applied as a standalone operation. Instead, it is
typically integrated within a broader process flowsheet that
includes classification, slime rejection, and downstream
separation stages. This integration is essential to maximize
the benefits of surface cleaning while preventing the negative
effects associated with the accumulation of fines and particle
recoating (Khalifa & Hagrass 2023).

Ore Feed Reagents

Feed
Condltlonlng

Hydrocyclone classification plays a critical role in this
context by enabling the efficient removal of liberated fines
immediately after scrubbing. This step not only improves
pulp quality but also enhances the performance of subsequent
separation processes by reducing entrainment and stabilizing
operating conditions. Figure 8 illustrates a generic industrial
configuration in which attrition scrubbing is combined with
hydrocyclones and downstream beneficiation processes.

Overflow (Fines Removal)
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Figure 8. Generic attrition scrubbing circuit integrated with hydrocyclones and downstream separation processes. Adapted from:
Maranhao et al. (2020); Bedekovic and Tenjer (2021); Hussein and EI-Midany (2022); Ahmed et al. (2025); Arthur et al. (2025).

Figure 8 highlights an integrated circuit that couples attrition
scrubbing with classification for optimized performance.
Removing slimes after scrubbing prevents interference in
downstream separation, especially in flotation systems where
fine particles increase entrainment and reduce selectivity.

The downstream stage's flexibility allows it to adapt to
various ore types and processing goals. Flotation is used for
fine particles via surface chemistry, magnetic separation suits
magnetic ores, and leaching benefits from increased surface
exposure during scrubbing.

Overall, the efficiency of integrated circuits depends on
balancing scrubbing intensity, classification, and downstream
needs. Optimizing these is key to high recovery, better
quality, and lower operational losses.

Equipment Wear and Maintenance

Attrition scrubbers experience intense particle abrasion and
turbulent flow, resulting in significant equipment wear.

Wear rates depend on mineral hardness, particle size,
impeller design, and solids concentration. Highly abrasive

minerals like quartz can cause rapid damage to impellers and
tank liners.

Laboratory studies show improvements in cleaning efficiency
but rarely evaluate equipment wear or maintenance costs. In
industrial systems, downtime due to wear and replacement
costs can offset some of the metallurgical benefits of
scrubbing pretreatment.

Attrition scrubbing performance depends on equipment
design and operating conditions, affecting particle
interactions, abrasion, and cleaning efficiency. These must be
controlled to balance contaminant removal with the
avoidance of particle damage.

Key design variables such as impeller speed, solids
concentration, residence time, and circuit setup are crucial to
scrubbing efficiency. Adding classification systems, such as
hydrocyclones, can improve performance by continuously
removing fine particles. Table 8 lists key equipment
variables, effects, and limitations.
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Table 8. Main equipment design variables affecting attrition scrubbing performance. Adapted from: Sahoo et al. (2021); Wang et al.
(2021, 2022); Liu et al. (2023); Othman et al. (2023); BedekovicandTenjer (2021).

Design Variable Operational Effect Potential Limitation

Impeller speed Increases particle collisions Higher energy consumption

Solids concentration Enhances abrasion efficiency Increased slurry viscosity

Residence time Improves surface cleaning Slime generation

Multi-stage configuration Higher cumulative abrasion Capital and operating cost

Continuous slime removal

Hydrocyclone integration

Classification inefficiency

Variables in Table 8 show trade-offs in attrition scrubbing.
Higher impeller speed boosts particle impact and cleaning but
increases energy use and wear.

Higher solids concentration promotes interparticle contact
and abrasion efficiency but may increase slurry viscosity,
negatively impacting mixing and mass transfer. Longer
residence time improves cleaning but also increases the risk
of generating ultrafine particles.

Multi-stage setups increase abrasion and cleaning costs in
complex ores. Hydrocyclones enable continuous slime
removal, aiding downstream processing, but depend on
classification and design.

Optimizing attrition scrubbing requires a holistic approach
considering equipment design, operating parameters, and ore
characteristics.

Equipment setup alone does not ensure process viability;
energy demand and operating costs determine if attrition
scrubbing is justified beyond lab results. The next section
covers energy use and economic impact in mineral
beneficiation.

Energy and Process Efficiency

Attrition scrubbing is often described as a low-energy
alternative to grinding. However, this characterization can be
misleading when high solids concentration, multi-stage
operation, and wear-intensive conditions are considered.
These conditions can lead to high energy costs affecting
beneficiation expenses (Leon & Bengtsson, 2022; Behera &
Dwari, 2026).

The key question isn't whether attrition scrubbing uses less
energy than grinding, but whether its higher operating costs

are offset by better metallurgical performance, such as higher
recovery, better concentrate grade, lower reagent use,
improved classification, or less recirculation in the circuit.

Despite its importance, few studies connect energy use,
cleaning efficiency, and metallurgical response. Most reports
describe qualitative improvements in mineral surfaces but
lack details on energy or costs (Baritto & Kumar, 2025).

Specific Energy Consumption

Reported specific energy consumption of attrition scrubbing
ranges from 0.5 to 5 kWh/t, depending on equipment, solids
concentration, and residence time. These are usually lower
than fine grinding but can approach the energy use of light
milling with multiple stages.

Energy consumption increases with:
e Higher impeller speed
e Increased solids concentration
e Longer residence time
e multi-stage scrubbing circuits

The energy needed for attrition scrubbing should be assessed
alongside the additional metallurgical gains in downstream
separation.

Attrition scrubbing's energy demand is measured in specific
energy consumption (kWh/t), indicating the mechanical
intensity needed for effective cleaning. Values vary by ore
type, solids concentration, equipment setup, and number of
scrubbing stages.

Although attrition scrubbing is usually less energy-intensive
than grinding, its total energy use can become significant in
multi-stage circuits or high-intensity operations. Typical
energy consumption ranges for different mineral systems are
summarized in Table 9.

Table 9. Reported ranges of specific energy consumption for attrition scrubbing operations. Adapted from Abdullah (2020); Wang et

al. (2021); Behera and Dwari (2026); and Baritto and Kumar (2025).

System Typical Specific Energy (KWh/t) Notes

Silica sand scrubbing 05-15 Surface iron removal

Phosphate ore scrubbing 1-3 Clay dispersion prior to flotation

Iron ore scrubbing 1-4 Slime removal before magnetic separation
Multi-stage scrubbing systems 2-5 Higher cumulative residence time

Table 9 shows that energy use for attrition scrubbing varies
across mineral systems but remains moderate compared with

fine grinding. Lower energy is typical in silica sand
scrubbing, which focuses on removing surface iron. Higher
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energy is required in multi-stage systems that need more
residence time and repeated interactions for effective
cleaning.

However, these values should be interpreted with caution.
Most studies report energy consumption separately from
downstream metallurgical performance, making it difficult to
determine whether higher energy input improves recovery or
concentrate grade in proportion. Consequently, the link
between energy use and process efficiency is not well
quantified in current literature.

Capital and Operating Cost Implications

Introducing attrition scrubbing into a beneficiation circuit
demands extra power, equipment, and maintenance. Industrial
systems typically involve:

Attrition scrubbers

slurry pumps

classification equipment (hydrocyclones or screens)
slurry circulation pipelines

These components increase CAPEX and OPEX, with wear-
related maintenance essential for processing abrasive
minerals such as quartz-rich ores.

Impeller blades and tank liners may require frequent
replacement in abrasive conditions. Excessive scrubbing
creates slimes, increasing downstream handling costs in
classification and tailings management.

Water Demand and Slurry Circulation

Attrition scrubbing requires controlled solids levels in the
slurry, often necessitating substantial water circulation
through the scrubbing and classification stages to achieve the
desired rheology.

Water demand may increase with the addition of scrubbing
circuits in  beneficiation  plants, especially when
hydrocyclones or desliming stages are used to remove fines.
More pumping energy might also be needed to circulate
slurry.

Although water consumption is rarely quantified in
experimental studies, it can become an important operational
parameter in large-scale mineral processing plants.

Residence Time and Throughput Trade-Off

Another key operational factor is the link between residence
time and plant throughput. Longer residence time in the
scrubber can boost cleaning efficiency but decrease
equipment capacity.

Industrial circuits must therefore balance:
e Scrubbing intensity
e residence time
e plant throughput
e downstream process stability

Excessive scrubbing may clean surfaces but also generate
fines and increase energy use, making economic benefits
uncertain.

Integrating attrition scrubbing in mineral beneficiation
circuits affects costs and performance. Higher scrubbing
boosts surface cleaning and can improve recovery or
concentrate grade, but increases energy use, wear, and
operational complexity.

Attrition scrubbing isn't always beneficial; its effectiveness
depends on whether the metallurgical benefits outweigh the
extra costs, as shown in Figure 9.

Metallurgical Improvement
(Recovery & Grade)

Optimal

Limited Opt?rating Excessive

Efficiency - W”’?dow Cost

Gain ‘ %g £ Increase
> : 4

y

Low

Scrubbing Intensity

High

Figure 9. Conceptual cost—benefit framework for the integration of attrition scrubbing into mineral beneficiation circuits. Adapted
from Wills and Finch (2016); Abdullah (2020); Wang et al. (2021, 2022); Sahoo et al. (2021); Behera and Dwari (2026); and Baritto
and Kumar (2025).

As shown in Figure 9, the link between scrubbing intensity
and process performance is non-linear. Low intensity limits
surface cleaning, with little downstream effect. As intensity
rises, recovery and concentrate grade improve, especially
where surface coatings hinder separation.

Further increases in intensity may cause diminishing returns,
the formation of ultrafine particles, higher slurry viscosity,
and issues with flotation or classification. Operating costs
also rise due to more energy use and equipment wear.
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This framework stresses that the justification for attrition
scrubbing depends not just on technical performance but also
on balancing metallurgical gains and costs. Although
important, this balance is seldom quantified; most studies
report process improvements without integrated economic
analysis.

Table 10 shows that each attrition scrubbing factor involves a
trade-off between cost and metallurgical performance. Higher
energy use and equipment wear increase operating costs,
while multi-stage setups can raise capital expenses. These
factors may also contribute to improved surface cleaning,
higher recovery, and better process stability.

Table 10. Conceptual framework for evaluating the economic impact of attrition scrubbing. Adapted from Abdullah, 2020; Wang et
al., 2021, 2022; Sahoo et al., 2021; Behera & Dwari, 2026; Baritto & Kumar, 2025.

Factor Potential Cost Penalty
Specific energy consumption Increased operating cost

Potential Metallurgical Benefit
Improved downstream recovery

Equipment wear

Maintenance and replacement cost

Stable long-term cleaning performance

Slime generation Lossof fine particles

Improved classification efficiency

Additional water circulation Pumping energy

Better slurry rheology control

Multi-stage scrubbing

Higher CAPEX and OPEX

Greater surface cleaning

However, these benefits are not always proportional to costs.
For example, slime generation may improve classification
efficiency in some systems but cause mineral losses in others.
Similarly, extra water circulation may improve slurry control
but increase pumping and handling needs.

This framework demonstrates that the economic justification
for attrition scrubbing depends on the overall process
response, not on individual performance metrics. However,
few studies provide comprehensive techno-economic
analyses that quantify these trade-offs in industrial
environments, leaving a notable gap in the existing literature.

A complete attrition scrubbing assessment must consider
water use, fines, reagents, and tailings, not just energy, as
these impact sustainability and environmental footprints.

Environmental and
Aspects

Sustainability

The environmental impact of attrition scrubbing mainly
depends on its effects on reagent use, water consumption, and
fine-particle production in beneficiation circuits. It can
improve mineral surface cleanliness, boost the selectivity of
downstream separation, reduce reagent requirements in
flotation, and reduce the number of repeated cleaning stages
(Radland et al., 2022).

The environmental benefits of attrition scrubbing depend on
trade-offs such as increased water use, fines, and complex
tailings management, which should be evaluated at the circuit
level rather than just the scrubbing step (Silin et al.,2024).

Reagent Consumption

In flotation circuits, surface coatings such as clay and iron
oxide reduce collector adsorption and increase reagent
consumption. Attrition scrubbing can before flotation.

Several studies show reduced reagent use with scrubbing
pretreatment, especially in phosphate and graphite flotation
(Farid et al., 2025). The extent of reduction depends on
mineralogy and coating features.

In ore systems with impurities locked in inclusions, attrition
scrubbing offers little benefit, and reagent demand remains
largely unchanged.

Water Demand

Attrition scrubbing requires maintaining controlled solids
concentration in slurry, often increasing water circulation in
beneficiation plants, especially when integrated with
hydraulic classification or desliming circuits.

Additional water handling may raise pumping energy and
water treatment needs, posing a major constraint in water-
scarce mining areas.

Water use in attrition scrubbing is rarely quantified; most data
focus on cleaning efficiency rather than the overall water
balance.

Fines Generation and Tailings Management

Attrition scrubbing can produce fine particles (slimes) by
mechanical abrasion. While primarily intended to remove
surface coatings, excessive scrubbing may break mineral
grains and increase the number of ultrafine particles.

These slimes must be managed in the tailings system.
Increased fines may affect sedimentation, thickening, and
storage design (Bouabdallah et al., 2023).

The environmental impact of attrition scrubbing depends on
how effectively fine particles are removed and managed in
the beneficiation circuit.

Selectivity and Resource Efficiency

Under favorable mineralogical conditions, attrition scrubbing
can improve separation Selectivity by removing surface
coatings that interfere with downstream processes. Higher
selectivity can lower recirculation loads in beneficiation
circuits and boost overall resource efficiency.

In such cases, the operation can indirectly reduce the
environmental footprint by lowering reagent use and
improving recovery.
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However, these benefits are not universal. In systems where
surface coatings do not primarily limit separation, attrition
scrubbing may impose environmental burdens without
providing significant metallurgical advantages.

The environmental impact of attrition scrubbing depends on
how it is integrated. While it can improve separation and
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reduce reagent use, it also affects the slurry, water demand,
and the presence of fine particles. These effects make the
environmental assessment of attrition scrubbing context-
dependent. The main trade-offs are shown in Figure 10.
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Figure 10. Environmental trade-offs associated with attrition scrubbing in mineral beneficiation circuits. Source: Author’s own
elaboration based on the reviewed literature on attrition scrubbing, flotation performance, and tailings management.

As shown in Figure 10, attrition scrubbing offers
environmental benefits but also presents operational
challenges. Better surface cleanliness can lower reagent use,
improve separation, and reduce chemical discharge,
especially in systems affected by clay coatings or surface
contamination.

However, these benefits may be offset by increased water
circulation and the presence of fine particles during
scrubbing. Slimes can complicate solid—liquid separation,
burden tailings systems, and cause losses of valuable
material. Higher water demand may also raise pumping
energy and water treatment needs.

These observations suggest that the environmental
performance of attrition scrubbing varies and should be
assessed at the circuit level, accounting for process efficiency
and waste management.

The environmental impact of attrition scrubbing depends on
the mineral system and its role in beneficiation. While it can
improve surface cleaning, by reducing reagent use and
boosting selectivity, it also poses challenges for water use,
fines, and tailings management. These effects vary by
application and should be evaluated in specific mineral
processing routes. Table 11 summarizes reported
environmental benefits and limitations for attrition scrubbing
applications.

Table 11. Environmental implications of attrition scrubbing across different mineral processing applications. Source: Author’s own

elaboration based on published studies on attrition scrubbing, flotation performance, and waste management in mineral processing

systems.
Application

Potential Environmental Benefit

Potential Environmental Limitation

Phosphate flotation

Reduced reagent consumption

Increased slime generation

Iron ore processing

Improved separation selectivity

Additional water circulation

Silica sand purification

Reduced chemical treatment

Fine particle disposal

Recycling of secondary materials

Improved liberation of components

Increased fines handling

Table 11 shows that the environmental impact of attrition
scrubbing depends on the balance between process
improvements and side effects. In phosphate flotation, lower
reagent use can reduce chemical discharge, but more slime
makes solid-liquid separation harder. In iron ore processing,
better separation improves efficiency, but extra water
circulation raises pumping and water management needs.

In silica sand purification, attrition scrubbing can reduce
chemical use but can create fine particles that require proper
disposal or processing. In recycling, better liberation of
valuable parts can boost recovery, but managing fines
remains a key operational challenge.

These observations show that the environmental performance
of attrition scrubbing is conditional and should be assessed at
the circuit level rather than assumed as an inherent benefit.
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A balance between improved separation efficiency and
additional material handling requirements, therefore,
determines the environmental profile of attrition scrubbing.
When surface coatings represent the primary limitation to
beneficiation performance, scrubbing may contribute to more
efficient resource utilization. In other cases, the
environmental benefit may be marginal or uncertain.

These trade-offs have stimulated interest in more controlled,
data-rich scrubbing systems, including digitally monitored
units and advanced hydrodynamic modeling approaches to
improve process predictability and operational efficiency.

Emerging Trends

Recent studies have explored several approaches to improve
the control and predictability of attrition scrubbing, including
high-intensity ~ operation,  digital ~ monitoring,  and
hydrodynamic modeling.

Although these approaches offer promising opportunities to
improve the predictability and efficiency of attrition-based
circuits, their industrial implementation remains uneven
across commodities and processing scales. Many of the
proposed technologies have been demonstrated primarily at
laboratory or pilot scales, while their performance and
economic viability in full-scale beneficiation plants remain
insufficiently documented (Gungoren et al., 2024).

High-Intensity Attrition Systems

One emerging direction is through higher impeller speeds,
rotor modifications, or increased slurry turbulence.

These systems improve surface cleaning and reduce residence
time but may accelerate equipment wear, increase energy use,
and increase ultrafine particle formation.

Consequently, the operational advantage of high-intensity
systems depends on whether the increased cleaning efficiency
outweighs the additional energy and maintenance costs.

Digital Torque Monitoring and Process Sensors

Another emerging trend is the use of digital torque-
monitoring systems integrated with attrition scrubbers. These
systems measure the torque needed to keep the impeller
spinning and can give indirect insights into slurry rheology,
solids concentration, and particle interaction strength.

Additionally, online slurry sensors that can measure variables
such as density, viscosity, and particle-size distribution are
increasingly being suggested as tools for process monitoring.

Despite these advances, most industrial attrition circuits still
rely on conventional operational control based on feed rate,
solids concentration, and residence time. The adoption of
sensor-based monitoring remains limited, partly due to the
abrasive nature of mineral slurries and challenges in sensor
durability.

Hydrodynamic Modeling and CFD

The use of computational fluid dynamics (CFD) modeling
has attracted attention as a tool for analyzing slurry flow
patterns, turbulence levels, and particle interaction
mechanisms inside attrition scrubbers (Karthik & Buwa,
2022).

CFD simulations can provide insights into impeller design,
residence time distribution, and energy dissipation within the
scrubber. These models may help optimize equipment design
and operating conditions before industrial implementation.

However, CFD models of attrition scrubbing remain
challenging due to the complex interactions between solid
particles, turbulent flow, and slurry rheology. Validation
against industrial-scale data is still limited.

Hybrid Scrubbing and Cleaning Systems

Another emerging concept involves hybrid scrubbing systems
that combine attrition with methods such as hydraulic
washing, ultrasonic agitation, or chemical dispersion.

These hybrid systems aim to improve the removal of strongly
adhered surface coatings while limiting mechanical
fragmentation of mineral particles. Although promising, these
approaches remain largely experimental and have not yet
been widely adopted in industrial mineral processing circuits.

Data-Driven Optimization

Recent studies explore data-driven methods like machine
learning and advanced process control to enhance scrubbing
performance.

These approaches correlate operational parameters like solids
concentration, impeller speed, and residence time with
metallurgical response. They could enable dynamic scrubbing
adjustments based on ore variability.

The industrial use of these approaches is limited by the
scarcity of reliable datasets linking scrubbing conditions to
beneficiation outcomes, hindering the development of robust
predictive models.

Digital monitoring, CFD-assisted design, and hybrid cleaning
are often discussed but rarely adopted in industry, with many
innovations still in pilot testing. Their long-term impact on
industrial scrubbing circuits is uncertain.

Recent developments in attrition scrubbing enhance process
control, energy efficiency, and performance prediction across
mineral systems. They include equipment innovations and
data-driven methods to better understand interactions
between slurry and particles.

The maturity of these technologies varies; some are tested on
pilot or industrial scales, while others are still conceptual or
limited to labs. The main directions in attrition scrubbing are
summarized in Figure 11.
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Figure 11. Emerging technology roadmap for attrition scrubbing systems in mineral beneficiation. Source: Author’s own elaboration
based on recent studies on process intensification, slurry hydrodynamics, and digital monitoring in mineral processing systems.

Figure 11 shows innovation efforts in attrition scrubbing fall
into two categories: equipment-focused developments and
data-driven approaches. High-intensity scrubbers aim to boost
particle interaction efficiency, while CFD modeling improves
understanding of slurry flow and shear distribution.

At the same time, digital technologies such as torque
monitoring and online slurry sensors are being explored to
enable real-time control of operating conditions. Data-driven
approaches, including advanced process control and machine
learning, have also been proposed to optimize scrubbing
performance under variable feed conditions.

Despite these developments, industrial adoption remains
uneven. Many of these technologies lack long-term
operational validation, and their economic benefits have not
yet been consistently demonstrated across mineral
commodities. Their role in future beneficiation circuits
depends on technical performance, cost-effectiveness, and
ease of integration.

The roadmap illustrates key innovation areas, including:
¢ high-intensity scrubber design
o digital torque monitoring
e online slurry sensors
e CFD-based equipment optimization
e Hybrid scrubbing systems
o data-driven process control

Emerging attrition scrubbing technologies aim to boost
efficiency, monitoring, and predictive control through
equipment redesign, digital tools, and data-driven methods.
Their industrial maturity varies, with many still at the pilot or
lab stage.

To assess their relevance, consider benefits, limitations, and
deployment readiness. Table 12 summarizes emerging
technologies and their maturity levels.

Table 12. Emerging technological approaches in attrition scrubbing and their current level of industrial maturity. Source: Author’s
own elaboration based on reported developments in process intensification, slurry hydrodynamics, and digitalization in mineral

processing systems.

Technology Potential Benefit

Limitation Technology Readiness

Level (TRL)

High-intensitys
crubbers
Digital
monitoring
Online slurry sensors

Increased cleaning efficiency

torque Real-time process control

Improved monitoring of  solids

concentration and rheology

CFD-based scrubber Improved hydrodynamic understanding

design

Hybrid scrubbing  Enhanced removal of strong coatings
systems

Data-driven Adaptive process control
optimization

As shown in Table 12, most emerging technologies in
attrition scrubbing are at intermediate or low maturity. High-

Higher wear TRL 6-7

consumption

and energy

Sensor durability in abrasive TRL 5-6
slurries

Calibration challenges TRL 4-6
Limited industrial validation ~ TRL 4-5
Limited industrial TRL 3-5
implementation

Scarcity of reliable datasets TRL 3-4

intensity scrubbers are the most advanced, with some
operating at pilot or industrial scale. In contrast, digital
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monitoring and data-driven optimization are still developing
and face challenges with sensors, data, and process
integration.

CFD-based design and hybrid scrubbing systems offer
promising avenues for improving process understanding and
performance, but their industrial validation remains limited.
Similarly, data-driven approaches depend on the availability
of high-quality datasets, which are often scarce in mineral
processing operations.

These observations suggest that, although technological
innovation in attrition scrubbing is progressing, its translation
into industrial practice is uneven and constrained by both
technical and economic factors.

Techno-Economic Considerations

From an industrial perspective, attrition scrubbing should be
viewed as a circuit-level investment rather than a simple
cleaning step. It alters mineral surface condition and impacts
capital costs, energy use, water flow, and maintenance
(Uysal, 2022).

Most studies focus on technical outcomes but provide limited
data on the incremental cost of achieving these
improvements.

Capital Investment (CAPEX)

Adding attrition scrubbing to a beneficiation circuit needs
extra capital for equipment and installation.

Typical CAPEX components include:
e Attrition scrubber units
e electric motors and power supply systems
e slurry pumps and pipelines
e structural supports and foundations
e hydrocyclones or classification equipment
e instrumentation and process control systems

The magnitude of these investments depends strongly on
plant throughput and circuit configuration. Multi-stage
scrubbing circuits or high-capacity units may require
substantial structural and electrical infrastructure.

As a result, the economic feasibility of attrition scrubbing
cannot be assessed solely based on laboratory-scale cleaning
performance.

Operating Costs (OPEX)

Beyond capital investment, attrition scrubbing also adds
operating costs.

The most relevant operational expenditures include:
o specific energy consumption associated with impeller
agitation
e water handling and pumping energy
o wear-related replacement costs for impellers and
liners
e routine maintenance and downtime

Highly abrasive minerals such as quartz-rich ores may
accelerate equipment wear and increase maintenance
frequency. In such cases, the cost associated with
replacement parts may represent a significant fraction of the
scrubbing operating cost.

Potential Metallurgical Value

Although attrition scrubbing increases capital and operating
costs, it may also generate economic value through
improvements in downstream beneficiation performance.

Potential benefits include:
e Higher mineral recovery
¢ Increased concentrate grade
e reduced reagent consumption in flotation circuits
e improved process stability and lower recirculation
loads

For example, removing clay coatings can significantly
improve flotation selectivity in certain ore systems,
decreasing reagent usage and enhancing concentrate quality.
In magnetic separation circuits, surface cleaning might boost
separation efficiency by revealing magnetically responsive
mineral surfaces.

However, the magnitude of these benefits varies widely
between ore types. In systems where surface coatings are not
the primary factor limiting separation efficiency, attrition
scrubbing may provide little economic advantage.

Circuit-Level Economic Evaluation

A realistic assessment of attrition scrubbing requires a circuit-
level techno-economic analysis comparing the scrubbing
costs with the benefits of improved metallurgical
performance.

Such assessments should ideally include:
e incremental energy consumption (kWh/t)
e changes in reagent consumption
e variations in recovery and concentrate grade
e impacts on throughput and recirculation load
e maintenance and wear costs

However, very few studies provide integrated datasets that
allow such evaluations. As a result, the economic justification
for attrition scrubbing often remains based on empirical plant
experience rather than systematic techno-economic analysis.

Deciding to implement attrition scrubbing in mineral
beneficiation needs a circuit-level evaluation, not just surface
cleaning or metallurgical indicators. It must weigh the
process costs against the value from better downstream
performance.

Attrition scrubbing adds CAPEX and OPEX, such as
equipment, energy, water, and maintenance costs. These costs
must be balanced against gains in recovery, concentrate
grade, and process stability. The economic viability depends
on this trade-off, as shown in Figure 12.
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Figure 12. Decision framework for the economic justification of attrition scrubbing in mineral beneficiation circuits—source:
Author’s own elaboration based on techno-economic evaluation principles applied to mineral processing systems.

As illustrated in Figure 12, the economic justification of
attrition scrubbing depends on the interaction between cost
and performance variables. The introduction of the process
increases capital and operating expenditures, which are
typically associated with equipment installation, energy
demand, wear, and water management. At the same time,
improved surface cleaning may enhance downstream
recovery, increase concentrate grade, and stabilize process
performance.

However, these benefits are not guaranteed and may vary
significantly depending on mineralogical characteristics and
circuit configuration. In some cases, improvements in
recovery or grade may not be sufficient to offset the
additional operating cost, particularly when energy
consumption or wear rates are high. Conversely, in systems

where surface contamination strongly limits separation
efficiency, even moderate improvements may justify the
added cost.

This framework reinforces that attrition scrubbing should be
evaluated as part of an integrated beneficiation strategy,
rather than as an isolated unit operation.

A thorough techno-economic evaluation of attrition scrubbing
must consider both costs and metallurgical performance.
Analyzing individual variables like energy or recovery alone
is insufficient to assess economic viability.

A structured framework is needed to link operational
variables to economic outcomes by quantifying the cost
penalties of scrubbing and the value of better beneficiation.
Main parameters and metrics are summarized in Table 13.

Table 13. Framework for techno-economic evaluation of attrition scrubbing integration. Source: Author’s own elaboration based on
techno-economic analysis approaches applied to mineral processing systems.

Parameter

Specific energy consumption
Equipment wear

Water handling

Recovery improvement
Concentrate grade improvement

Table 13 shows the economic evaluation of attrition
scrubbing, including cost drivers such as energy, wear, and
water, and value factors such as recovery and concentrate
grade, which impact costs and revenue.

The relationship between these parameters isn't linear.
Additional energy input yields only marginal improvements
in recovery, while slight increases in scrubbing can
significantly enhance product quality. This variability

Economic Impact

Increased operating cost
Maintenance and replacement cost
Pumping and treatment cost
Increased metal production
Higher product value

Evaluation Metric
kWh/t processed
Component lifetime
m?3/t processed

% recovery increase
% grade increase

highlights the need for evaluation frameworks that consider
both costs and metallurgical results.

Despite its importance, such integrated techno-economic
analysis is rarely reported in the literature, where studies
often focus on either process performance or operational cost
in isolation.

The industrial feasibility of attrition scrubbing depends on
whether it addresses a critical limitation in the beneficiation
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circuit. It is not always required and offers limited value if
surface coatings do not impact downstream separation.

A simplified feasibility matrix assesses whether scrubbing is
likely to generate economic benefit under specific conditions,
highlighting the relationship  between  mineralogical
constraints and expected economic outcomes.

As shown in Table 14, the economic viability of attrition
scrubbing is primarily determined by the extent to which
surface coatings limit downstream process performance.
When coatings strongly interfere  with  separation
mechanisms—such as flotation selectivity or magnetic
response—scrubbing is more likely to be justified, as
improvements in recovery or concentrate quality may offset
the additional operating cost.

Table 14. Industrial feasibility matrix for the implementation of attrition scrubbing. Source: Author’s own elaboration based on
synthesis of mineralogical, operational, and techno-economic considerations in attrition scrubbing applications.

Condition Economic Outcome

Surface coatings strongly limit separation

Scrubbing likely economically justified

Coatings weakly affect separation

Limitede conomic benefit

High abrasive mineral content

Increased maintenance cost

Low downstream sensitivity to surface condition

Scrubbing often unnecessary

In contrast, when surface coatings have a limited effect on
separation, introducing scrubbing may not provide sufficient
economic benefit to justify implementation. Similarly, ores
with high abrasive content may increase equipment wear,
raising maintenance costs and reducing overall process
viability.

These observations reinforce that attrition scrubbing should
be applied selectively, based on  mineralogical

characterization and circuit sensitivity, rather than as a
standard step in beneficiation flowsheets.

=The justification for attrition scrubbing depends on the
overall metallurgical and economic response of the complete
beneficiation circuit, not just the cleaning efficiency of the
scrubbing stage.

Critical Synthesis and Research Gaps

Despite its widespread use, attrition scrubbing remains
insufficiently understood from both mechanistic and
economic perspectives.

Key gaps

e Lack of standardized performance metrics
e Limited quantitative modeling
o Insufficient mineralogical integration

b Lack of Quantitative

-
=

e scarce industrial data
o limited energy analysis
e confusion with mechanical activation

Future research

e mechanistic modeling of surface cleaning
e integration with digital monitoring

e machine learning optimization

o lifecycle assessment (LCA)

Despite the widespread application of attrition scrubbing in
mineral beneficiation, several fundamental and applied
aspects remain insufficiently understood. Much of the
existing literature focuses on qualitative improvements in
surface cleaning, while quantitative relationships between
operating parameters, mineralogical characteristics, and
downstream metallurgical performance are rarely established.

In addition, the lack of standardized evaluation criteria and
the scarcity of industrial-scale data limit the ability to
generalize results across different mineral systems. These
limitations highlight the need for a more structured research
agenda.

The main research gaps and future directions are summarized
in Figure 13.

Energy—Performance
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=l s Agenda for i
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Figure 13. Research gaps and future research agenda for attrition scrubbing in mineral beneficiation—source: Author’s own
elaboration based on critical synthesis of the reviewed literature.
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Figure 13 shows that research on attrition scrubbing has
limitations. Most studies note improvements in surface
cleanliness but don't measure effects on recovery, grade, or
circuit performance. Energy use and equipment wear are
discussed qualitatively with inconsistent operational data.

A significant gap exists in integrated models linking
scrubbing intensity, mineralogy, and metallurgical response.
Limited industrial data also hampers the validation of lab
results and scale-up.

Future research should create quantitative frameworks that
combine process variables, mineralogy, and performance
metrics. Using real-time monitoring, digital control, and data
tools can improve predictability. Including life cycle

assessment (LCA) provides a comprehensive view of the
environmental and economic impacts of attrition scrubbing.

In addition to the general research gaps identified in the
literature, several fundamental questions remain unresolved
regarding the role of attrition scrubbing in mineral
beneficiation. These questions are not only scientific but also
operational, as they directly affect process design, scale-up,
and economic justification.

Rather than focusing solely on reported improvements, a
critical review must also identify where the current
understanding remains incomplete. The main unresolved
questions are summarized in Table 15.

Table 15. Major unresolved questions in attrition scrubbing for mineral beneficiation. source: Author’s own elaboration based on

critical analysis of the reviewed literature.
Topic Unresolved Question
Mechanistic understanding

What is the quantitative contribution of particle—particle abrasion versus hydrodynamic shear?

Energy—performance
relationship

How does specific energy consumption correlate with actual metallurgical improvement?

Mineralogical dependence

How do coating thickness and adhesion strength affect scrubbing efficiency?

Fines generation
particles?

At what point does scrubbing intensity become detrimental due to the production of ultrafine

Scale-up How do laboratory results translate to industrial-scale scrubbers?

Process integration
isolated steps?

Under which conditions does scrubbing improve overall circuit performance rather than

Economic evaluation
gains?

What is the threshold at which additional CAPEX and OPEX are justified by metallurgical

Data availability

Why are industrial datasets on energy, wear, and performance still scarce?

Table 15 shows that knowledge of attrition scrubbing has
unresolved issues that hinder science and industry. Many
studies focus on operational variables without identifying the
mechanisms behind surface cleaning. Also, the link between
energy input and metallurgical performance is not well
quantified, complicating process optimization.

The lack of detailed mineralogical characterization further
complicates the interpretation of results, as coating properties
such as thickness and adhesion strength are rarely measured
systematically. In addition, the generation of ultrafine
particles introduces a critical trade-off that is not consistently
addressed in experimental studies.

Perhaps the most significant limitation is the scarcity of
industrial-scale  data, particularly regarding energy
consumption, equipment wear, and long-term performance.
This gap restricts the validation of laboratory findings and
limits the development of predictive models for process
design and scale-up.

Conclusions

Attrition scrubbing plays a well-established role in mineral
beneficiation circuits where surface coatings, adhered slimes,
or weathering products interfere with downstream separation

processes. By promoting particle—particle abrasion in high-
solids slurries, the process can remove surface contaminants
without substantial particle-size reduction, thereby increasing
the exposure of mineral surfaces for flotation, magnetic
separation, classification, or leaching.

The effectiveness of attrition scrubbing depends on the nature
of the impurities. It works best with surface films or loose
particles. When contaminants are embedded within mineral
grains, it is less effective. Many studies report clearer
surfaces, but few measure impacts on recovery, grade, or
circuit performance.

Operational parameters such as solids concentration,
residence time, impeller speed, and specific energy
consumption strongly influence scrubbing efficiency.
Excessive scrubbing intensity may generate ultrafine particles
that reduce downstream separation efficiency and increase
slime losses. Consequently, the optimal operating window for
attrition scrubbing often represents a balance between
effective surface cleaning and controlled fines generation.

From an engineering perspective, the addition of attrition
scrubbing should be evaluated as a circuit-level modification
rather than an isolated unit operation. The process introduces
additional capital investment, energy consumption, water
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handling requirements, and equipment wear. Its economic
justification therefore depends on whether these costs are
offset by improved metallurgical performance, reduced
reagent consumption, or increased process stability in
downstream operations.

Environmental implications are similarly conditional. While
improved surface cleanliness may enhance separation
selectivity and reduce reagent demand, attrition scrubbing
may also increase fines generation and water circulation
within the beneficiation circuit. The overall sustainability
profile of scrubbing operations must therefore be assessed in
the context of the complete mineral processing flowsheet.

Emerging technologies like high-intensity scrubbers, digital
torque monitoring, slurry sensors, and CFD modeling may
enhance process understanding and control. However,
industrial adoption is limited, and their economic benefits
vary across mineral commodities.

Several important research gaps remain. In particular, the
literature lacks systematic datasets linking specific energy
consumption, scrubbing intensity, mineralogical
characteristics, and downstream metallurgical response.
Quantitative studies addressing these relationships would
significantly improve the ability to evaluate attrition
scrubbing as a process-intensification strategy in modern
beneficiation circuits.

Attrition scrubbing is valuable but context-dependent in
mineral processing. It needs careful integration with
classification, separation, and economic factors. Future
research should focus on quantitative metrics, scale-up
validation, and techno-economic evaluation to define its role
in complex flowsheets.
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