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ABSTRACT 

The application of chemical additives, known as grinding aids (GAs), dates to 1930 in 
the cement industry. Unlike the cement industry, where the use of GAs is in the final 
processing step, it could be one of the first processing steps in ore beneficiation. 
Further to grinding performance, the successful application of GAs requires 
understanding the effect on ground products and possible interaction of the GAs in 
view of downstream processes. Understanding and controlling any GA-separation 
reagent interactions is critical to ensure that the required downstream process 
efficiency and integrity of the entire value chain are maintained. In this thesis, the effect 
of selected chemical additives on dry grinding performance and product properties is 
investigated. Second, the effect of the additives on surface properties and pulp 
chemistry, together with the resulting behavior in subsequent froth flotation 
separation, is investigated.  

The use of environmentally benign and sustainable alternatives to conventional 
surfactants is growing within mineral processing. To this end, a polysaccharide-based 
grinding aid (PGA) (natural polymer) together with a polyacrylic acid-based grinding 
aid (AAG) (synthetic polymer) were used as grinding aids. The effect of PGA and AAG 
at varying concentrations was investigated with respect to energy consumption, 
particle size distribution, BET surface area, roughness, and rheology. The resulting 
grinding parameters were correlated with the measured rheology indices from the 
automated FT4 powder rheometer. Moreover, the effect of the GAs on the flotation of 
quartz from magnetite was investigated using an artificial mixture ore. Zeta potentials, 
stability measurement, adsorption test, and FTIR analyzes were performed to 
understand the mechanisms of surface interaction and adsorption. 

The grinding results indicated that the application of GAs reduced energy 
consumption by up to 31.1 % and gave a finer-uniform product size, higher specific 
surface area, and increased surface roughness compared to grinding without. Further 
studies on powder rheology indicated that the GAs used resulted in improved 
material flowability compared to grinding without additives. There was a strong 
correlation (r > 0.93) between the grinding and the flow parameters. Flotation tests on 
pure samples illustrated that PGA has beneficial effects on magnetite depression (with 
negligible impact on quartz floatability) through reverse flotation separation. The 
benefits were further confirmed by the flotation of the artificial mixture in the presence 
of PGA. The PGA adsorption mechanism was mainly through physical interaction 
based on UV-Vis spectra, zeta potential tests, Fourier transform infrared spectroscopy 
(FT-IR), and stability analyses. Additionally, single mineral flotation tests indicated 
that AAG enhanced quartz collection with minimal effect on magnetite.  Mixed 
mineral flotation revealed that, by using AAG, comparable metallurgical performance 
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could be achieved at a lower collector dosage. The zeta potentials and stability 
measurements showed that AAG shifts the potential, thus improving the stability and 
dispersion of the suspension. Adsorption tests revealed that AAG adsorbed on both 
quartz and magnetite, with the former having a higher capacity. Fourier transform 
infrared spectroscopy showed that the interaction between AAG and the minerals 
occurs via a physical interaction.  

The findings illustrate that GAs improved grinding efficacy at optimum dosage and 
enhanced product properties. Furthermore, the predominant mechanism of GAs is 
based on the alteration of rheological properties. Importantly, the feasibility of using 
GAs to improve grinding performance has been demonstrated with secondary 
beneficial effects on flotation. 

Keywords: Energy; Grinding aid; Flowability; Dry grinding; FT4 Powder Rheometer; 
Surface properties; Rheology; Flotation; Polymers; Surface chemistry; Green 
Chemistry. 
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“Two things we have total control of in our lives are  
our ATTITUDE and our EFFORT”
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NOTATION 
GA Grinding aid  

PGA Polysaccharide-based grinding aid  

AAG Polyacrylic acid-based grinding aid  

SSA Specific surface area [𝑚𝑚2/𝑔𝑔] 

BFE Basic flow energy [mJ] 

SI Stability index [-] 

SE Specific energy [mJ/g] 

AE Aerated energy [mJ] 

ABFE Aerated basic flow energy [mJ] 

FRI Flow rate index [-] 

TE Total energy [mJ] 

BET Brunauer–Emmett–Teller  

𝑊𝑊𝑖𝑖 Work index of material used in Bond’s law [kWh/t] 

𝐸𝐸𝐶𝐶 Energy consumption  

𝐹𝐹80 Particle size, which 80% of the mill feed, in μm  

𝑃𝑃80 Particle size, which 80% of the mill product, in μm  

𝐷𝐷50 Particle size which d0% of the mill product, in μm  

𝐴𝐴𝐵𝐵 BET surface area measurement, [𝑚𝑚2/𝑔𝑔] 
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ρ Bulk density of solid [𝑔𝑔/𝑐𝑐𝑐𝑐3] 

D Average particle diameter [µm] 

𝑅𝑅𝑠𝑠 Surface roughness described in Jaycock & Parfitt's 

equation 

[-] 

FTIR Fourier transform infrared  

ICP-OES Inductively coupled plasma optical emission 
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SEM Scanning electron microscope  

XRD X-ray diffraction  

CRMs Critical raw materials  
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1. INTRODUCTION 

This chapter presents the context of the thesis work and the importance of mineral processing 
in the green transition that is highly dependent on raw materials. This chapter briefly describes 
the current challenges in sourcing raw materials coupled with the ever-declining ore grades. 
To deal with some of these challenges, the use of chemical additives (grinding aids) is 
introduced. The chapter concludes with the aim and objectives of this research. 

1.1. Background 

The world is seized by the urgent need to decarbonize society and the economy by 
reducing and ultimately eliminating the use of fossils evident to global climate change. 
Among many set targets, the reduction of global greenhouse gas emissions by 
replacing fossil-based energy sources with greener and renewable ones such as solar, 
wind and water is key (Beylot et al., 2019; Chazel et al., 2020; Pommeret et al., 2022; 
Valero et al., 2018). However, this green transition requires material and metals, which 
require more mining to source these much needed raw materials (Chazel et al., 2020; 
Valero et al., 2018). In other words, the mining industry is now faced with the challenge 
of securing these materials. Despite the increased demand for critical raw materials, 
ore grades have declined over time, and maintaining or increasing metal production 
means more volumes must be processed. According to Mudd (2009), this will also 
translate into more energy and water use per metal produced from these lean ores, 
Figure 1. In addition to lean ores and high demand, environmental guidelines are 
becoming stricter and stricter for better use of resources. All this presents a greater 
challenge to the primary resource production and even recycling industries, 
threatening the supply of critical raw materials (CRMs). 

Within the mining value chain for the production of CRMs, grinding is central in 
mineral processing to achieve particle size reduction and mineral liberation, which is 
highly energy intensive. It accounts for 50% of the power consumption in a 
concentrator plant (Singh et al., 2018; Somani et al., 2017). Grinding generally has poor 
energy efficiency and accounts for about 2-3% of the world’s generated electricity 
(Napier-Munn, 2015). As a result of the depleting resources, the processing of more 
complex and finely disseminated ores is becoming common. Such processes require 
fine grinding or ultrafine grinding to liberate the valuable minerals from the gangue 
material; thus increasing energy requirements (Chipakwe et al., 2020a; Singh et al., 
2018). Within mineral processing, wet grinding is preferred to dry grinding due to the 
ease of material handling and higher energy efficiency (Chelgani et al., 2019; Feng and 
Aldrich, 2000). However, water scarcity is a major threat to mining activities, especially 
in arid regions such as South Africa, Australia, Chile, and China. In these regions, high 
levels of water consumption have pronounced negative environmental impacts 
(Franks et al., 2015; Gunson et al., 2012; Kökkiliç et al., 2015; Nguyen et al., 2014; Rivas-
Perez et al., 2017). In addition to arid areas, countries such as Sweden have established 
guidelines that highlight the need to conserve and recycle water in mining operations 
for better resource utilization and environmental benefits (Ranängen and Lindman, 
2017; SIP STRIM, 2019). These two aspects (energy and water usage) continue to be 
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pertinent within the mineral beneficiation industry and are key to achieving 
sustainability targets (Gunson et al., 2012; Jeswiet and Szekeres, 2016).  

 
Figure 1. Average ore grades for commodities and an anticipated corresponding 
increase in milled tonnages. Modified after (Mudd, 2009) Mudd, (2009). 

Current efforts to address the high energy consumption and poor energy efficiency 
associated with grinding in the minerals industry can be divided into three strategies 
(Napier-Munn, 2015; Prziwara et al., 2018a): (i) development of alternative equipment, 
(ii) development of alternative flowsheet configuration, (iii) alteration of material 
properties of ores. Considerable investments have been made in the development of 
alternative equipment. The use of stirred media mills and high pressure grinding rolls 
(HPGR) improves grinding efficiencies compared to conventional tumbling mills, ball 
mills and rod mills (Morrell, 2009; Prziwara et al., 2018c; Xiao et al., 2012). The 
development of new approaches to mineral processing, such as the geometallurgical 
approach, which provides a holistic and integrated mine to mill view, has made strides 
in addressing these challenges (Napier-Munn, 2015). Investigations have shown the 
potential to improve grinding efficiencies by exploiting the material properties of the 
ore, such as thermal, electrical, magnetic, microwave and bulk and surface properties 
(Adewuyi et al., 2020; Singh et al., 2018; Somani et al., 2017). The authors summarize 
the application of various pretreatment processes that exploit these material 
properties, such as microwave treatment, shock wave treatment, ultrasonic treatment, 
electrical disintegration, thermal treatment, and chemical additive treatment. 
However, little has been discussed about the industrial application of chemical 
additives for mineral processing despite the empirical evidence presented in the 
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cement industry (El-Shall and Somasundaran, 1984a; Hao et al., 2017; Weibel and 
Mishra, 2014a).  

Grinding aid (GA) refers to any substance added to the mill (amount should not exceed 
0.25 wt.% of the material), which increases grinding efficiency and energy 
consumption reduction during grinding (Fuerstenau, 1995; Klimpel and Manfroy, 
1978). Studies have shown that GAs can also improve mill throughput (Csoke et al., 
2010; Gokcen et al., 2015; Noaparast and Rafiei, 2003). The reduction in energy 
consumption is explained by the reduction in agglomeration and improved rheology 
in the mill (Choi et al., 2009; Prziwara et al., 2018c). It was reported that the narrow 
particle size distribution of products in the presence of GAs could help minimize 
energy consumption in downstream processes such as classification (Kotake et al., 
2011). However, there has been little discussion on applying GAs in dry mineral 
processing that addresses some of the shortcomings mentioned above. The application 
of GAs goes back to 1930 in the cement industry. Despite the evident benefits of GAs 
in the literature, there is a lack of scientific understanding of the mechanism behind 
the effect on grinding processes. Surprisingly, the aspect of energy expended to 
characterize the effects is neglected, which is the basis for their application in the 
industry. Properties such as zeta potential, surface tension, pH, ionic strength, 
temperature, and chemical composition to address these gaps. Another approach is 
required to look at machine characteristics such as mill speed, size, stress loading 
mechanism, and mill filling. Unlike the cement industry, where chemical additives are 
used in grinding in the final process step, grinding is one of the first processing steps 
in ore beneficiation. This further requires a better understanding of the properties of 
the effects of GA on the grinding product and downstream separation processes. 

Despite the lack of understanding of the mechanism of the effect of these GAs, there is 
a consensus that adsorption of these chemical additives is a prerequisite for their 
applications (Chipakwe et al., 2020b; Prziwara and Kwade, 2020). It can be postulated 
that these chemicals will remain on the surface of the particles after milling.  Grinding 
as a step prior to the flotation separation process influences the surface properties of 
the particles, the solution/pulp chemistry the surface chemistry, and even the crystal 
structure (Bruckard et al., 2011; Bulejko et al., 2022; Chelgani et al., 2019; Grano, 2009; 
Tong et al., 2021). Froth flotation remains the most versatile separation technique, yet 
very complex, using differences in natural or imparted wettability of the mineral 
surface (Farrokhpay et al., 2020; Mesa and Brito-Parada, 2019; Zhang et al., 2021). In 
flotation, solution and surface chemistry are important in understanding the 
physicochemical processes occurring at the solid-water and the air-water interface 
(Sun et al., 2022; Xie et al., 2021). A better understanding of these aspects will pave the 
way for the application of GAs as an energy-efficient technology, ultimately reducing 
environmental impacts. 

1.2. Research aims and hypothesis 

This research aims to understand how chemical additives used as grinding aids affect 
the grinding process and how the resulting products affect downstream processes. 
Consequently, this should provide the knowledge of the formulation, synthesis, and 
optimization of GAs for the size reduction process. The main hypothesis is that the use 
of chemical additives as grinding aids addresses some of the challenges associated 
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with dry grinding without adversely affecting downstream separation processes such 
as flotation. Various materials and process conditions are also believed to respond 
differently to grinding aid types and dosages, indicating that each application needs 
to be tailor-made. This hypothesis forms the basis of this research, in which the 
objectives are to: 

• Review the existing literature on the application of grinding aids in mineral 
processing 

• Evaluate and compare the performance of a natural polymer and a synthetic 
polymer  

• Compare grinding characteristics and products from grinding with and 
without grinding aids. 

• Investigate the influence of grinding aids on powder rheology as a probable 
mechanism of effect. 

• Investigate the effect of the grinding aids on surface and solution chemistry in 
the context of froth flotation 

• Investigate the overall effect of the grinding aids on the reverse flotation of 
quartz from magnetite  
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2. LITERATURE REVIEW  
 
This chapter aims to present the state of art to better understand the challenges and limitations 
of size reduction units, especially in dry grinding systems. In addition, an overview of the use 
and mechanisms of chemical additives (grinding aids) is presented, which highlights knowledge 
gaps within the area. A brief introduction to the importance and growing trend in the use of 
sustainable reagents in mineral processing is discussed. The chapter ends with a presentation 
of the research questions and a clarification of the scope of the research undertaken. 
 
2.1. Grinding and grinding environments (dry vs. wet) 

Although mining is not the largest consumer of fresh water in the world (about 1%), 
the specific situation around the location of mining operations may result in high 
consumption on a local scale (Kinnunen et al., 2021). For example, in Chile, the 
Antofagasta mining region accounts for 65 % of the country's water consumption 
(Donoso et al., 2013). In addition to looking for alternative water sources such as 
seawater, efforts are being made to recycle process water, and importantly reduce 
usage (Gunson et al., 2012; Moran et al., 2014). Among efforts, a balance of water intake 
and effluent volume and quality is a common practice (Kinnunen et al., 2021). This has 
also led to the use of dry methods such as filtered and stacked tailings, considering 
that tailings account for 50 % of water loss in a processing plant (Donoso et al., 2013). 
In some cases, ore sorting can also help reduce the amount of material to be 
comminuted by removing gangue materials (Kinnunen et al., 2021). In the case of 
comminution, dry grinding has been investigated as a possible way to reduce water 
usage; however, there is an extensive gap in our knowledge about improving its 
efficiency, especially in terms of energy use (Chelgani et al., 2019; Gunson et al., 2012; 
Kökkiliç et al., 2015). To address the high energy consumption in dry grinding and the 
scarcity of potable water for mineral processing, chemical additives employed as 
grinding aids have become a promising alternative. 

In mineral beneficiation, wet grinding is much preferred compared to dry grinding, 
but the growing scarcity of water poses a threat to mining activities, especially in arid 
regions. Sweden, as the largest iron ore producer in Europe, has set goals to improve 
resource efficiency and reduce water use in mining activities through dry beneficiation 
and look for possible strategies (SIP STRIM, 2019). Among other drawbacks, high 
energy consumption remains the main problem for dry grinding; see Figure 2. This 
necessitates the need for energy-efficient technologies and strategies. 
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Figure 2. Comparison of dry and wet grinding breakage rates with varying a) mill 
critical speed, b) mill ball load, c) mill diameter, and d) mill interstitial filling after 
(Ozkan et al., 2009). Reused with permission from Elsevier. Copyright © 2022. 

Due to the current processing of finely disseminated ores, grinding is a prerequisite to 
ensure size reduction and mineral liberation before any subsequent separation stage. 
As such, for any dry beneficiation technique such as classification, sorting, magnetic 
separation, gravity, or electrostatic separation, an efficient dry grinding process is 
required. Dry grinding has many merits, such as less wear of the grinding media 
compared to wet grinding, smaller fractions of fine products (gives a higher 
proportion of middlings and coarser material +100 µm), and the potential for 
improving the efficiency of downstream processes (Bruckard et al., 2011; Kanda et al., 
1988; Koleini et al., 2012; Ogonowski et al., 2018; Routray and Swain, 2019). However, 
one of the main drawbacks of dry grinding is the high energy consumption (Figure 2), 
that is, approximately 20%-25 % higher compared to wet grinding (Bruckard et al., 
2011; Feng and Aldrich, 2000; Kanda et al., 1988; Ogonowski et al., 2018). Furthermore, 
dry grinding is characterized by low material transport in the pneumatic pumping 
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system, resulting in lower throughputs (Feng and Aldrich, 2000; Kanda et al., 1988; 
Ogonowski et al., 2018). Bruckard et al. (2011) reported that particle agglomeration 
increases in dry grinding, which affects the downstream separation process. From any 
operational point of view, dry grinding has the risk of high noise and dust pollution 
(Kanda et al., 1988; Ogonowski et al., 2018). Considerable work has been done to 
reduce energy consumption; however, few of them examined GAs as one of the 
promising alternatives to address the limitations of dry grinding (Fuerstenau, 1995; 
Prziwara et al., 2018c). The use of chemical additives (grinding aids) in mineral 
processing can be considered a promising alternative to reduce energy consumption. 
Chemicals that can be used as GAs range from organic (such as polyols, alcohols, 
esters, and amines) to inorganic (such as calcium oxide, sodium silicate, sodium 
carbonate, and sodium chloride). They could also be used as modifiers, flocculants, 
surfactants, and dispersants in downstream processes. 

2.2. Grinding aids and associated mechanisms 

Although GAs date to 1930 (National Materials Advisory Board - Commission on 
Sociotechnical Systems, 1981), no agreed mechanism for their effect exists (Fuerstenau, 
1995; Hao et al., 2017; Weibel and Mishra, 2014a). Some mechanisms have been 
proposed for the effect of GAs, which are mainly based on two principles, namely (i) 
the chemical-physical effect on individual particles, such as the surface energy 
reduction (Rehbinder and Kalinkovaskaya, 1932) and (ii) the effect on the particle 
arrangement and material flow properties Figure 3 (Klimpel and Manfroy, 1978; 
Locher and Seebach, 1972). Although it is difficult to determine the mechanism of 
adsorption experimentally, it was reported that for all these proposed mechanisms, 
the adsorption of the GA onto the particle surface is a prerequisite (Snow and Luckie, 
1974). This adsorption has been agreed to occur in the following ways; hydrogen 
bonding, especially for particles with near-neutral surface charges, chelating bonding 
with metal ions, hydrophobic bonding through the hydrocarbon tail, and electrostatic 
bonding (Klimpel, 1999; Mishra et al., 2017).  

 
Figure 3. Effect of grinding additives on particle surfaces (Mishra et al., 2015). Reused 
with permission from Taylor & Taylor & Francis Group. Copyright © 2022 
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In general, the impact of GAs on rheology is accepted as the main mechanism; 
however, no scientific knowledge substantiates this. During grinding, the material 
flow plays a pivotal role in the product particles' properties (El-Shall and 
Somasundaran, 1984a; He et al., 2004). To understand the mechanism of effectiveness 
of GA, the grinding process can be simply described as a process that simultaneously 
involves the transportation and capture of particles in the grinding zone and the 
application of mechanical stress to produce breakage (El-Shall and Somasundaran, 
1984a; Prziwara et al., 2018c; Routray and Swain, 2019). All of these scenarios have 
emphasized the importance of flow characterization studies when GAs are considered. 
The application of grinding aids has indicated that an optimum dosage exists for given 
conditions, which depend on both the material properties and the processing 
conditions. This shows the complexity of the process, which could be due to the 
dynamic nature of the grinding process (Prziwara et al., 2018b, 2018c). 

During grinding, mass flow plays a pivotal role in particles' movement to and from 
the grinding zone (El-Shall and Somasundaran, 1984b; Fuerstenau, 1995; He et al., 
2004). Although quite complex, estimating the flow properties during grinding 
provides a better understanding of the mill charge's material movement. The flow 
behavior of cohesive powders depends on; (i) intrinsic properties such as porosity, 
particle size, density, shape, and roughness, (ii) bulk properties such as particle size 
distribution (PSD), bulk density, and cohesive/adhesive forces, and (iii) 
environmental factors such as state of compaction, bed void humidity, and 
temperature Figure 4 (Divya and Ganesh, 2019; Leturia et al., 2014).  

 
Figure 4. Physical and external variables affecting powder flow behavior after 
(Freeman and Technology, 2007). 

There are several empirical techniques available to analyze flow characteristics, such 
as shear cell testers, angle of repose, bulk density, uniaxial compression test, 
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Hall/Carnell method, tapped density, and bed collapse (Divya and Ganesh, 2019; 
Hare et al., 2015; Leturia et al., 2014). These empirical techniques have poor 
reproducibility and sensitivity and are largely user-dependent. Previous studies on the 
influence of GAs on flow behavior have been carried out using empirical techniques 
(Csoke et al., 2010; Prziwara et al., 2018b; Rajendran Nair and Paramasivam, 1999). 
Recent advances in automated powder rheometers have addressed these limitations 
and provide a correlation between the different empirical tests and the dynamic, shear, 
and bulk properties (Freeman, 2007; Hare et al., 2015; Leturia et al., 2014). Shi et al. 
(2018) highlighted the importance of carefully interpreting these results from 
automated powder rheometers. The FT4 powder rheometer is an advanced system 
that can measure flow behavior while the powder is in motion (more representative of 
the process conditions) and can fill the gap.  In general, considering that flowability is 
not an inherent property and that a single characteristic is inadequate Figure 4. 
Therefore, a multivariate method that correlates the results of different empirical tests, 
such as the FT4 powder rheometer, is needed. The stability and variable flow rate test 
method of the FT4 powder rheometer measures flow properties in a dynamic, 
constrained forced flow environment that closely simulates a grinding process in a 
tumbling mill. 

2.3. Effect of grinding aids on the grinding process 

To date, some studies on the effect of GAs on efficiency in regard to power 
consumption (Table 1), grindability, reduction ratio, and mill operating parameters 
such as mill filling have been performed (Choi et al., 2010; Diler, 2018; Noaparast and 
Rafiei, 2003; Prziwara et al., 2018b). Prziwara et al. (2018b) investigated their effects on 
bulk properties such as particle size distribution, specific surface area, powder 
flowability, specific surface energy, and product fineness. GAs have been applied to 
address the problem of over-grinding and under-grinding (selective grinding) 
associated with polymetallic sulfide ores due to their effect on producing a narrow 
particle size distribution (Enustun et al., 1987; Ma et al., 2010). Several investigations 
reported improved material fluidity, which allowed grinding at high solid 
concentrations (reducing the amount of processing water) (Han et al., 2010; Ma et al., 
2010; Rajendran and Paramasivam, 1999; Zheng et al., 1996). Yusupov and Kirillova 
(2010) reported that the use of GA decreased the amount of slime in the flotation feed 
compared to grinding without GA, which is beneficial for flotation performance (Feng 
and Aldrich, 2000). Reducing excess fines by using GA can also improve the 
dewatering processes such as thickening, decanting, filtration, and tailings storage 
facility (TSF) draining and help in water recycling (Mwale et al., 2005). Moreover, 
using GAs reduces energy consumption in downstream processes such as dewatering, 
classification, and pumping due to improved flow properties (Kotake et al., 2011; 
Melorie and Raj Kaushal, 2018). 
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Table 1. Effect of GAs on energy consumption 

Grinding aid Material Reduction in power 
consumed (%) 

Reference 

Triethylamine (TEA) Limestone 98.5 (Csoke et al., 
2010) 

BMA-1923™ (Amine 
based) 

Feldspar 60.0 (Gokcen et al., 
2015) 

TIPA Cement 20.6 (Altun et al., 
2015) 

Propylene glycol Clinker 10.0 (Noaparast and 
Rafiei, 2003) 

Sodium polyphosphate Copper ore 15.7 (Noaparast and 
Rafiei, 2003) 

Alcohol Coal 2.37 (Noaparast and 
Rafiei, 2003) 

Diethylamine (DEA) Coal 1.05 (Noaparast and 
Rafiei, 2003) 

Sodium polyphosphate Talc 33.7 (Diler, 2018) 
Sodium polycarboxylic 
acid 

Talc 20.7 (Diler, 2018) 

Polyacrylic acid Calcite 37.2 (Choi et al., 2010) 
Triethylamine (TEA) Cement 17.34 (Toprak et al., 

2014) 
Polyacrylic acid Limestone 100 (Zheng et al., 

1996) 
Aluminum chloride  Coal 25.0 (Enustun et al., 

1987) 
Sodium silicate Chromite 4.67 (Routray and 

Swain, 2019) 
 

2.4. Effect of grinding aids on downstream processes 

Grinding as a step before the flotation separation process influences the surface 
properties of the particles, the solution/pulp chemistry, surface chemistry, and even 
the crystal structure (Bruckard et al., 2011; Bulejko et al., 2022; Chelgani et al., 2019; 
Tong et al., 2021). Although understanding the mechanism of the effect of these GAs 
remains unsatisfactory, there is consensus that the adsorption of these chemical 
additives is a prerequisite for their applications (Chipakwe et al., 2020a; Prziwara and 
Kwade, 2020). It can be postulated that these chemicals will remain on the surface of 
the particles after milling. Ersoy et al. (2022) investigated the effect of triethanolamine 
(TEA) and monoethyl glycol (MEG) (the most typical GAs) on the surface of calcium 
carbonate. Both GAs have been reported to adsorb on particle surfaces, resulting in 
changes in product properties such as rheology, dispersion, and color properties 
(Ersoy et al., 2022). Bulejko et al. (2022) examined the effect of 0.1 wt. % TEA in ultrafine 
wet grinding of corundum. TEA affected zeta potentials, turbidity, viscosity, and 
improved grinding performance. They considered only one concentration of TEA (0.1 
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wt.%) and reported relatively unstable suspensions based on zeta potentials and 
turbidity measurements (Bulejko et al., 2022). Although several studies have discussed 
the effects of GAs on the final product (centered on the cement and aggregate industry, 
where grinding is usually the final step), few investigations addressed their effects on 
products in view of downstream processes such as flotation (Chipakwe et al., 2020a; 
Mao et al., 2022; Prziwara and Kwade, 2020). In addition to the change in the properties 
of the product during grinding, froth flotation involves the use of surfactants that can 
potentially interact with these grinding aids. The opposing effects of grinding aids 
have been reported in the literature without actual understanding Table 2.  

Table 2. Downstream effects of grinding aids 

Grinding Aid Effects Reference 

Triethanolamine (TEA)   2.13 % increase in quartz recovery 
in flotation. 

 

(Mao et al., 
2022) 

Triisopropanolamine (TIPA) 2.63 % increase in quartz recovery 
in flotation. 

 

(Mao et al., 
2022) 

Calcium Oxide 2.9 % increase in dense media 
separation efficiency of magnetite 
(65.0 - 67.9%) 

(Bhima. Rao 
et al., 1991) 

ZALTA™ 4 % increase in copper recovery 
through flotation by maintaining 
high throughput without 
comprising the mineral liberation 

(Solenis, 
2016) 

Benzyl arsenic acid 6.4 % increase in flotation recovery 
of cassiterite (51.6 – 58%) 

(Yang, 1994) 

Sodium hexa-metaphosphate 42 % decrease in flotation recovery 
of cassiterite (51.6 – 9.6%) 

(Yang, 1994) 

Hydroxylamine based GA 7% reduction in recycled fines in 
an air classifier underflow (22.6-
15.5 %) 

(Toprak et 
al., 2014) 

Ammonium chloride Increased dissolution of chromite 
in HCl 

(Anoshin et 
al., 1994) 

Potassium ethyl xanthate (PEX) 6% increase in recovery of 
chromite ore 

(Camalan 
and Hoşten, 
2019) 
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2.5. Sustainable reagents in mineral processing 

To address current environmental issues, a few investigations have been conducted 
on the use of sustainable and eco-friendly benign materials as a surfactant in mineral 
processing. Sustainable reagents can be defined as materials derived from renewable, 
waste or recycled material or their combinations, which are also biodegradable or 
recyclable at the end of life (Mohanty et al., 2022; Zhu et al., 2016). Among such 
reagents, natural biopolymers have become popular, namely starch, cellulose, lignin, 
chitins, lipids, and their derivatives (Lapointe and Barbeau, 2020; Mohanty et al., 2022). 
Despite being environmentally friendly, the application of biopolymers remains 
limited due to several drawbacks. The dosage tends to be higher than that of synthetic 
polymers, coupled with a low efficiency and less productive synthesis route. Such 
drawbacks have led to the trade-off of modification and blending with some synthetic 
polymers, reducing their biodegradability (Lapointe and Barbeau, 2020; Mohanty et 
al., 2022; Zhu et al., 2016). Biopolymers are advantageous because of their low cost, 
abundance, and nontoxicity. The design and selection of GAs are based almost 
exclusively on their grinding performance with little focus on creating sustainable 
chemistries. Within the cement industry, many chemicals have been used as GAs, 
ranging from pure chemicals such as triethanolamine (TEA) to, more recently, high-
charge polymers (Cheng et al., 2019; Chipakwe et al., 2020a; Fuerstenau, 1995; Weibel 
and Mishra, 2014b). These are mainly based on ethylene glycol, propylene glycol, 
triisopropanol amine (TIPA), triethanolamine (TEA), and tetraethylenepentamine 
(TEPA) (Chipakwe et al., 2020a; El-Shall and Somasundaran, 1984b; Fuerstenau, 1995). 
Some of these GAs, such as TEPA (amine-based), are not biodegradable and raise 
environmental concerns (Ervanne and Hakanen, 2007). Waste streams containing 
alkanolamines can increase the concentration of ammonia, nitrite, and nitrate, which 
could infiltrate the subsoils and water sources (Ervanne and Hakanen, 2007). 

In addition to the demonstrated merits of natural polymers, some investigations on 
chemical additives have explored the utilization of waste streams from other 
industries, such as waste cooking oil, glycerine, lignin and cane molasses as GAs (Gao 
et al., 2011; Zhang et al., 2016). This has also been motivated by the high cost of 
triethanolamine-based GAs and the concepts of ‘circular economy’, which are 
emerging in the production of raw materials to reduce waste generation and reuse 
‘waste’ from other processes. Zhang et al., (2016) demonstrated that a mixture of lignin, 
cane molasses, and waste glycerine could be used as GAs in cement production. 
Polysaccharide-based chemistries are a promising alternative to less toxic and cheaper 
reagent development options (Lapointe and Barbeau, 2020; Nuorivaara and Serna-
Guerrero, 2020). Since low environmental impact practices are in high demand within 
the mineral processing value chain (Aznar-Sánchez et al., 2019; Nuorivaara and Serna-
Guerrero, 2020), the best scenario would be the development of chemicals that 
improve grinding performance and ensure that they do not have adverse impacts on 
downstream processes. Some studies have focused on the mineral industry, with 
further discussion of downstream effects (Bhima. Rao et al., 1991; Yang, 1994); 
however, they were not in-depth. Understanding and controlling any GA-separation 
reagent interactions is critical to ensure that the required downstream process 
efficiency and integrity of the entire value chain are maintained. 
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2.6. Research questions and limitations of the work 

In this thesis, limitations are reported concerning the commercial reagents utilized in 
the study. Limited information was available due to confidentiality and intellectual 
property on proprietary ingredients and/or formulations. Therefore, limited 
knowledge is available about the molecular structure or chemical composition of 
commercial reagents. However, the thesis focuses on the application of the reagents 
and analyses of the resulting effects. From the concise literature review, the following 
questions were identified, which form the scope of this thesis and can be formulated 
as follows. 

RQ1: How effective are grinding aids in reducing energy consumption during dry 
grinding? – Paper I & II 

RQ2: What is the relationship between particle arrangement (dispersion/ flowability) 
and milling rate during dry grinding with grinding aids? – Paper I & III 

RQ3: What are the differences and similarities between dry ground products with and 
without grinding aids? – Paper II & III 

RQ4: What are the changes in the surface and solution chemistry with and without 
grinding aids? – Paper IV & V 

RQ5: How do these changes, if any, affect overall flotation performance? – Paper IV 
& V. 
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3. EXPERIMENTAL METHODOLOGY 
 
This chapter aims to introduce the methodological approach applied in the work summarized in 
Table 6. Experimental work focuses mainly on grinding and flotation experiments. Further 
analyzes were carried out on the different samples/streams around the tests. The material, 
characterization, and equipment, instrumentation and analysis performed in the work are 
presented. Further statistical analysis was applied in the analysis of the data.  
 
3.1. Materials 

Two polymers were used as GAs, namely, Zalta™ GR20-587 (synthetic polymer) and 
Zalta™ VM1122 (natural polymer) from Solenis (Sweden) were considered for the 
experiments (Table 3). Polyacrylic-based polymer (Zalta™ GR20-587: AAG) with a 
typical chemical structure and a medium-molecular weight polysaccharide (Zalta™ 
VM1122: PGA) that mainly comprises dextran, shown in Figure 5. Other reagents used 
in the study as collector and depressant are presented in Table 4. 

Table 3. Chemical and physical properties of grinding aids 

Chemical and physical 
properties 

Zalta™ GR20-587 

(AAG) 

Zalta™ VM1122 

(PGA) 

Description Grinding aid Grinding aid 

Classification Polyacrylic acid-based Polysaccharide-based 

Charge Anionic Non-ionic 

pH 8 4-7 

Appearance Aqueous solution Liquid 

Color Yellow White 

Boiling point °C 100 98.9 – 103.3 

Flashpoint °C - 207 

Water solubility Soluble - 

Dynamic viscosity (mPa·s) 150 2.0-3.0 

Density at 20°C (g/cm3) 1.20 1.06 
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Figure 5. Typical chemical structure of dextran (top) and polyacrylic acid (bottom). 

 

Table 4. Chemical properties of other reagents used 

Chemical  Description Classification Charge Source 

Lilaflot 822M Collector Ether diamine Cationic Nouryon 

Starch Depressant Corn starch - Merck 

Sodium 

hydroxide 

pH modifier Alkaline Neutral Merck 

Hydrochloric 

acid 

pH modifier Acidic Neutral Merck 

 

For the study, samples of pure quartz (99.9 % SiO2) and magnetite (96.0 % Fe3O4) were 
obtained from VWR, Sweden. Magnetite ore from a mine in Malmberget, north of 
Sweden, was received from LKAB (Luossavaara Kiirunavaara Aktiebolag). X-ray 
diffraction (XRD) analysis was performed using a D/MAX-2500 pc powder 
diffractometer equipped with Co-Kα (λ = 1.54) for mineral identification. (Figure 6). 
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Figure 6. X-ray diffraction pattern of the a) pure quartz, b) pure magnetite, and c) 
magnetite ore. 

3.2. Grinding test protocol 

A laboratory scale ball mill (CAPCO, UK) (Figure 7) was used for the grinding 
experiments with the parameters summarized in Table 5. The feed (magnetite ore) had 
a top size of 2.8 mm and an F80 of 2594 µm. The mill conditions were kept constant for 
all runs. For the first run, the ball mill was run with the ore for 30 minutes, and the 
energy was read from an energy meter before and after the operation. The same 
conditions were applied through the grinding process with GAs.  

Table 5. Grinding parameters were considered for the experiments. 

CAPCO Jar mill Ø 115 x 132 mm 

Grinding media  Steel balls (graded 10 – 36 mm), 19 vol.% 
filling 

Mill speed 114 rpm, 91 % of critical speed 

Mass of sample 220g, Ore: Ball ratio – 0.16 w/w, top size < 2.8 
mm 

Grinding time 30 minutes 

0 10 20 30 40 50 60 70 80 90
0

20000

40000

60000

80000

100000

120000
In

te
ns

ity

2 Theta (o)

o - Pure quartz
oa)

ooo
o

oo o
0 10 20 30 40 50 60 70 80 90

0

10000

20000

30000

40000

50000

In
te

ns
ity

2 Theta (o)

*

*

*

*

* *

**

*

* - Pure magnetite

b)

0 10 20 30 40 50 60 70 80 90
0

5000

10000

15000

20000

25000

In
te

ns
ity

2 Theta (o)

*

**

***

* 

*

*

*
o

O

oo

o

o

Magnetite

Quartz

c)

5773292_Inlaga_20dec.indd   305773292_Inlaga_20dec.indd   30 2022-12-20   06:522022-12-20   06:52



-Application of Chemical Additives in Minerals Beneficiation: Implications on Grinding and Flotation Performance- 

17 
 

 
Figure 7. The CAPCO variable speed mill used in the experiments 

The GAs were added in the supplied form (no solutions were prepared) just before the 
grinding procedure. No pretreatment was done to represent the industrial-scale mill 
conditions for adsorbing GAs during grinding. The grinding products were subjected 
to particle size distribution (PSD). The grinding energy was determined using the 
work index according to Equation 1. 

 𝑊𝑊 = 10. 𝑊𝑊𝑖𝑖 ( 1
√𝑃𝑃 − 1

√𝐹𝐹)                    (1) 

where: Wi: work index (kWh/t), W: specific grinding energy (kWh/t), P: 80% passing 
size of the mill product, in μm, F: 80% passing size of the mill feed, in μm (Bond, 1961). 
The ground material was collected after grinding and analyzed for particle size 
distribution. The particle size was determined using a combination of dry and wet 
sieve analysis, from which the P80 was determined.   

3.3. Powder Flow & Bulk Properties measurements 

The flowability of the ground material was measured using an FT4 powder rheometer 
(Figure 8) (Freeman Technology Ltd, UK, now part of Micromeritics, USA). The 
instrument comprises a twisted blade, piston, or shear head that can rotate and moved 
axially in the sample while measuring the rotational and axial force. There are different 
measurement modes: stability and variable flow rate test, shear test (rotational) and 
aeration test based on force, velocity, and torque. A 40 cm3 volume of each ground 
sample was measured and preconditioned to homogenize the sample for rheometry. 
All tests were carried out in 25 mm diameter glass vessels: a 25 cm3 vessel for the 
stability and variable flow rate test, a 10 cm3 vessel for the shear test and a 35 cm3 vessel 
for the aeration test (although the sample volume for the aeration tests was 25 cm3), 
following the operating procedures (Leturia et al., 2014). 
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Figure 8. The FT4 Powder Rheometer was used in the experiments. Modified after 
(Freeman and Technology, 2007) 

3.3.1 Stability and variable flow rate tests 

The test procedure involves lowering the rotating blade into the powder at a defined 
axial and rotational speed and then, bringing it up out of the powder at the same speed, 
measuring the torque and axial force at all times. The first seven test cycles use an axial 
speed of 100 mm/s at the tip of the blade to assess the constant resistance to blade 
motion. The remaining four cycles use decreasing axial speeds, starting at 100 mm/s 
and then 70, 40, and 10 mm/s, to measure the resistance dependence on blade speed. 
In between each test cycle, the powder is conditioned (the blade moves through it in a 
predefined way) to remove the effect of the previous test and restore it to a consistent 
starting condition. During both downward and upward movement, the torque and 
axial force required to move the powder bed were measured and used for different 
calculations. This standard test produces data that are then used to determine: 

• Basic Flowability Energy, BFE (energy required to move the blade downwards 
during the seventh test cycle),  

• Specific Energy, SE (the energy required to move the blade out of the powder 
during the seventh cycle divided by the mass of the sample), 

• Stability Index, SI (the ratio of the total energy consumed by the seventh test 
cycle to that consumed during the first test cycle), and 

• Flow Rate Index, FRI (the ratio of the energy consumed during the cycle at a 
blade speed of 100 mm/s to that at 10 mm/s). 

3.3.2 Aerated tests 

An aeration test was also conducted on the different mixtures to assess the flow 
behavior in an aerated environment. Different airflow rates (0, 2, 4, 6, and 10 mm/s) 
from the cell bottom. The torque and axial force were recorded during the downward 
movement (tip speed = 100 mm/s) to give the total energy consumption (TE). The 
successive increase in the airflow rate reduces the energy to give a minimum, which 
implies total fluidization of the bed. The corresponding total energy (TE) value gives 
the aerated energy (AE), while the reduction in energy as the airflow increases gives 
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the aeration ratio (AR) (the ratio of the energy consumed during the test cycle without 
airflow to the aeration energy). The basic flow energy in the aerated environment (A-
BFE) is also determined.  

3.4. Surface morphology 

For each product ground with and without GAs, the Micromeritics Flowsorb II 2300 
instrument measured the BET-specific area. Furthermore, the density of the selected 
materials was measured using an automated Micromeritics AccuPyc II 1340 gas 
pycnometer. The specific surface area (area per unit mass or volume) is a useful 
measurement for particle characterization and roughness. When a solid surface is 
exposed to a gas, e.g. nitrogen, the gas molecules are attracted and adsorbed on the 
surface to form adsorbed layers. Under fixed conditions assuming a monolayer of 
molecules, the amount of adsorbed gas is proportional to the total surface area of the 
solid, which increases with increasing roughness (Allen, 1997). The BET technique 
measured the particle surface area, which can be used to characterize the surface 
roughness of the particles. The surface roughness (𝑅𝑅𝑆𝑆) values (dimensionless) was 
calculated using the following Equation 2 described by Jaycock and Parfitt (1981). 

 𝑅𝑅𝑆𝑆 =  𝐴𝐴𝐵𝐵𝜌𝜌 (𝐷𝐷
6)                                                                         

         
(2) 

 

where: 𝐴𝐴𝐵𝐵 is the BET surface area measurement, ρ is the solid density, and D is the 
average particle diameter. Surface morphology under different grinding conditions 
was also characterized using scanning electron microscopy (SEM). Secondary imaging 
(SE) was performed using the Zeiss Sigma 300 VP instrument (QanTmin). 

3.5. Flotation tests protocol 

3.5.1 Single mineral flotation tests 

Single mineral flotation for pure magnetite and pure quartz was performed using a 
mini flotation cell (Clausthal cell). In each flotation, 7.5 g of the sample (-106 + 38 µm) 
was added together with deionized water to the 150 cm3 capacity. Before the flotation 
stage, the slurry was agitated with a predetermined amount of PGA for 10 min to allow 
adsorption on the particle surface. The predetermined amount of reagents (depressant 
and collector) were added to the slurry and conditioned, adjusting pH and reagent 
doses for (5+5) - 10 min, Figure 9. Caustic starch was used as a depressant. For each 
set of experiments, a fresh 1% alkaline starch solution was prepared in 1: 4 ratio. A 
cationic ether diamine collector, Lilaflot 822M, was recommended and supplied by 
Nouryon (Sweden). The pH was adjusted by adding 1.0M NaOH or 1.0M HCl. The 
flotation was conducted for 2 min scraping every 10 s. The froth products and tails 
were collected, weighed, and dried, and recovery was calculated based on the dry 
weight. Each experiment was performed in duplicate and the average was reported. 

3.5.2  Mixed mineral flotation 

The mini mixed mineral flotation of the model ore was also performed using a 
Clausthal cell. The model ore consisted of 5.0 g magnetite and 2.5 g quartz (ratio 2:1). 
For each test, 7.5 g of the mixture (-106 + 38 µm) was used together with deionized 
water. Before the flotation stage, the slurry was agitated with a predetermined amount 
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of GA for 10 min to allow adsorption on the surface of the particle. For PGA, the 
collector was fixed at 300 g/t, and the depressant was varied together with GA. While 
for AAG the depressant was fixed at 1000 g/t and the collector was varied. 
Conditioning was performed for 10 min, followed by flotation for 2 min. The froth 
products and tails were collected, weighed, dried, and recovery was calculated based 
on dry weight and chemical analyses using induction plasma (ICP OES). Each 
experiment was performed in duplicate, and the average was reported. A further 
evaluation of the selectivity of the process was calculated using Equation 3. 

𝑆𝑆 =  𝑅𝑅1 −  𝑅𝑅2                              (3) 

Where 𝑅𝑅1 is the recovery of magnetite and 𝑅𝑅2 is the recovery of quartz. A higher 
selectivity index S extrapolates better selectivity for flotation separation (Chipakwe et 
al., 2021; FAN et al., 2010). To better assess the observed effect of GA on the separation 
of quartz from magnetite, surface analysis of the mineral surfaces was considered. 
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Figure 9. Schematic flowsheet for the flotation tests. 

3.6. Zeta potential measurements 

The zeta potential measurements for the ground samples were performed using a 
CAD ZetaCompact instrument. The instrument's principle is based on 
microelectrophoresis, i.e., the observation of particle motion under an electric field 
using a CCD camera. Image analysis is performed by Zeta4 software based on the 
Smoluchowski equation to evaluate electrophoretic mobility data (Forbes et al., 2014). 
The suspension was prepared by adding 30 mg of a pure sample with samples of -5 
µm samples (obtained by ultrasound bath sieving) mixed with various GAs 
concentrations and flotation reagents and 10-2 M KCl solution as the electrolyte. The 
suspension was stirred uniformly in a beaker to form a suspension containing 0.01 
wt.%. The reported values are the calculated mean measurements. 

3.7. Adsorption measurements 

Adsorption measurements to determine the amount of adsorbed GA were performed 
using the solution depletion method on the UV-VIS spectrometer (DU Series 730 – 
Beckman Coulter, USA). Standard solutions with GA concentrations ranging from 0 to 
5 mg/ml and 0 to 100 mg/l for PGA and AAG respectively were used to obtain the 
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calibration curve Figure 10. 1.0 g of the sample (-106 +38 µm) with 40 ml and the 
predetermined reagent concentration were added to a 100 ml flask. The suspension 
was stirred for 2 hours at pH 10 and 20±1 °C to ensure maximum adsorption. After 
vacuum filtration, the solution was passed through a 0.22 µm millipore membrane and 
the concentration of the remaining GA in the solution was analyzed using UV 
absorbance at wavelengths of 220 and 210 nm for PGA and AAG, respectively. 
Measurements were corrected for blanks and performed in triplicate. The 
concentration that was depleted from the solution was assumed to be adsorbed onto 
the surface of the sample particle. The adsorption density was calculated using 
Equation 4; 

𝑄𝑄𝑒𝑒 =
(𝐶𝐶1−𝐶𝐶0)𝑉𝑉

𝑚𝑚      (4) 

Where 𝑄𝑄𝑒𝑒 is the amount of GA (mg/g) adsorbed on the sample particle surface, 𝐶𝐶0 and 
𝐶𝐶1 are the initial and final concentrations, i.e., before and after adsorption (mg/L), 
respectively, m is the mass (g) of the sample, and V is the volume (L) of the GA 
solution. Furthermore, the experimental data for the adsorption isotherms were fitted 
to the Langmuir (Equation 5) and Freundlich (Equation 6) models. 

𝑄𝑄𝑒𝑒 =
𝐾𝐾𝐿𝐿𝐶𝐶𝑒𝑒𝑄𝑄0
1+𝐾𝐾𝐿𝐿𝐶𝐶𝑒𝑒

      (5) 

𝑄𝑄𝑒𝑒 = 𝐾𝐾𝐹𝐹𝐶𝐶𝑒𝑒
1
𝑛𝑛      (6) 

Where 𝑄𝑄𝑒𝑒 is the amount of GA (mg/g) adsorbed, 𝐶𝐶𝑒𝑒 is the equilibrium concentration 
of GA. 𝑄𝑄𝑚𝑚 and 𝐾𝐾𝐿𝐿 are Langmuir constants whilst  𝐾𝐾𝐹𝐹  and  1 𝑛𝑛⁄    are the Freundlich 
constants related to the maximum monolayer adsorption capacity and energy of 
adsorption, respectively (Zhang et al., 2018). 

 
Figure 10. Standard curve of a) PGA and b) AAG adsorption 

3.8. Stability measurements 

The suspension stability measurements were performed using Turbiscan LAB Expert 
(Formulaction, France). Measurements were carried out to determine the behavior of 
coagulation and dispersion in the presence and absence of GA. 50 mg of quartz and 
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magnetite particles were added separately to 40 ml of deionized water. A 
predetermined amount of reagents was then added and stirred for 20 min at pH 10. 20 
ml of suspension was transferred to a measuring vial and scanned at a height of 40 
mm at 30 ° C. The suspension stability was scanned over 100 times in 60 min at 30 s 
intervals. Transmission intensities (T) and backscattering (BS) of pulsed near-infrared 
light (λ = 880 nm) were recorded as a function of time. The data was then analyzed 
using TLab EXPERT 1.13 and Turbiscan Easy Soft software to calculate the Turbiscan 
Stability Index (TSI) Equation 7. The values of the TSI coefficients vary from 0 to 100, 
that is, from extremely stable to an unstable system (Ataie et al., 2020; Bastrzyk and 
Feder-Kubis, 2018). 

𝑇𝑇𝑇𝑇𝑇𝑇 =  √∑ (𝑥𝑥𝑖𝑖−𝑋𝑋𝐵𝐵𝐵𝐵)2𝑛𝑛
𝑖𝑖=1

𝑛𝑛−1      (7) 

Where 𝑥𝑥𝑖𝑖 is the average backscattering for a minute of measurement, 𝑥𝑥𝐵𝐵𝐵𝐵 is the average 
𝑥𝑥𝑖𝑖, and 𝑛𝑛 is the number of scans. 

3.9. FT-IR spectroscopy measurements 

The samples were ground to approximately -2 µm using an agate mortar and pestle. 
A 2.0 g aliquot was treated with predetermined reagents and conditioned for 40 min 
at pH 10. The solid samples were thoroughly washed using deionized water. After 
washing and vacuum drying at 35 °C for 24 hours, the samples were subjected to FTIR 
analysis. The samples were analyzed by diffuse reflectance (DR) and attenuated total 
reflectance (ATR) FTIR spectroscopy, using an IFS 66V/S instrument and a Vertex 80v 
instrument, respectively (Bruker Optics, Ettlingen, Germany) under vacuum 
conditions (below 7 mbar), according to the protocol by András and Björn (2014). 

3.9.1 Diffuse reflectance - IR 

For diffuse reflectance measurements, powder from dry samples (approx. 10 mg) was 
mixed with infrared spectroscopy grade potassium bromide (KBr, Merck/Sigma-
Aldrich, ca. 390 mg) and manually ground using an agate mortar and pestle until a 
homogeneous mixture was achieved. Spectra were recorded in the range of 400-4000 
cm-1 at 4 cm-1 spectral resolution, and 128 scans were co-added, using pure KBr as the 
background under the same parameters. Spectra were processed using the built-in 
functions of OPUS (version 7, Bruker Optics, Ettlingen, Germany). The spectra were 
the first baseline corrected (64-point rubberband) over the entire spectral range, then 
vector normalized, and finally offset corrected. After these steps, no smoothing, 
derivatization, or other processing was applied.  

3.9.2 Attenuated total reflectance - IR 

ATR measurements were performed using a Bruker platinum accessory with a 
diamond internal reflection element. Spectra were recorded in the range of 400-4000 
cm-1 at 4 cm-1 spectral resolution, and 100 scans were co-added, using the empty 
diamond crystal as the background under the same parameters. The spectra were 
processed using the built-in functions of OPUS (version 7, Bruker Optics, Ettlingen, 
Germany) in the same way as the DR spectra.  
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3.10. Statistical analysis 

All measurements were performed in duplicate and were based on a series of different 
batches and mean values were reported. Statistical analyzes were performed using 
analysis of variance (ANOVA) at a 95 % significance level using Origin Pro 9.0 
(OriginLab, USA). The association between the parameters was assessed using 
Pearson’s correlation analysis ‘r’. ‘r’ is a linear factor that determines the relationships 
among variables to show their dependence. It ranges from -1 to +1. The sign of the r-
value indicates the magnitude of a relationship, and its absolute value shows its 
strength. 

Table 6. Overview of the analytical and experimental procedures 

Method  Paper I Paper II Paper 
III 

Paper IV Paper 
V 

Literature survey  X X X X X 

Particle size distribution    X X X X 

Grinding   X X X X 

Powder rheology and 
bulk properties 

   X   

Surface area (BET - 
method) 

  X  X X 

Microscopy (SEM)      X 

Flotation     X X 

Zeta potentials   X  X X 

Adsorption test     X X 

Stability test     X X 

Spectroscopy     X X 
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4. RESULTS & DISCUSSION 

 
This chapter summarizes, discusses, and presents the results of the work. The findings of the 
application of grinding aids are discussed, highlighting the implications on grinding and 
flotation performance. The effect of grinding aids on product properties, rheology, surface 
chemistry, and slurry chemistry is presented. The results are also discussed on how the 
knowledge gained in the work helps in the general understanding and application of grinding 
aids in mineral processing. 
  
4.1. Grinding 

4.1.1 Energy consumption 

Work index calculations (Figure 11) indicate that the GAs reduce energy consumption 
for all the additives compared to the reference test (reference line). The extent of energy 
reduction is affected by both the type of grinding aid and the dosage. In terms of GA 
type, PGA and AAG had a 31.1 and 26.6% reduction, respectively, compared to the 
reference test. The difference in the work index of the selected GAs can be attributed 
to the change in the material flowability. As the flowability increases to an optimum, 
the energy is transferred more efficiently to allow for the successful breakage of all 
particles, after which the efficiency drops again.  

 
Figure 11. Effect of grinding aids on work index.  

Compared to the reference test, the work index drops off when using AAG and, 
interestingly, begins to increase with dosage increments. This sudden increase in the 
work index after 0.05 wt.% dosage implies that an optimal flowability improvement 
exists, allowing for effective particle breakage. High powder flowability affects particle 
capture, with particles more easily pushed out of the active grinding zone, resulting in 
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poor size reduction (Prziwara et al., 2018c; Schönert, 1996). Accordingly, less mass is 
captured in the case of high flowability (above optimum), resulting in less effective 
reduction in particle size for the given energy and higher amounts of energy 
consumption per given mass. 

4.1.2 Product fineness 

The effect of GA types and their dosage on the product fineness was analyzed using a 
combination of dry and wet sieving, as well as specific surface area measurements. 
GAs resulted in an increase in product fineness, expressed by P80, compared to dry 
grinding without additive (reference line) (Figure 12). Thus, both the type of GA and 
the dosage affect the fineness of the product. The finest product size was achieved from 
the investigated dosage ranges by grinding with PGA and, lastly, AAG. A decrease in 
product fineness for AAG was achieved, which is more drastic at high dosages. These 
results correspond to those of Gamal (2017) during the wet grinding of quartz 
separately conditioned with various GA, namely sodium silicate, isoamyl alcohol, and 
ethylene glycol ether in a ball mill. As observed for the work index, a similar trend can 
be seen for the increase in fineness when the dosage reaches a maximum, which 
follows a sudden decrease in fineness for AAG. 

 
Figure 12. Effect of grinding aids on product fineness. 

4.1.3 Particle size distribution 

The results (Figure 13) indicate that the middling size fraction (+38 -150 µm) has the 
highest frequency within the particle size distribution of dry ground samples, which 
can be considered an optimum condition for downstream separation processes such 
as flotation. Grinding in the presence of PGA produces particle size distributions of 
23.2; 58.8; and 18.5 %, while the reference test results in 24.9; 53.2 and 21.9 % for the 
size fractions of -38, +38 -150, and +150 µm size fractions, respectively, that is, the use 
of GA reduces the production of fine particles (-38 µm). This corroborates the findings 
of Zhao et al. (2015) on the grinding of ultrafine fly ash in a ball mill using a mixture 
of triethanolamine and ethylene glycol. The resulting narrow particle size distribution 
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can be attributed to the improvement in flowability as a result of the use of GAs. This 
allows all particles to be ground under the optimum particle bed thickness. Differences 
in particle size distribution between GAs can be attributed to differences in material 
flowability. Differences in flowability result in various captured masses, which 
consequently has a selective impact on particle breakage behavior within a particle bed 
(Prziwara et al., 2018c). In the case of high captured mass and comparatively low stress 
intensity, the particle breakage will be poor and will lead to excessive fines generation. 
Therefore, it strengthens the position that the best GA balances the captured mass and 
the stress intensity, resulting in a narrow particle size distribution – with no under or 
overgrinding. 

 
Figure 13. Particle size distribution of products for different grinding aids at 0.1 
wt.% dosage 

This can be explained using the mass-capturing concept by Schönert (1996). Some 
scholars believe that the grinding aid performance is influenced by the number of 
polar groups and the length and structure of the nonpolar groups (Yang et al., 2019, 
2022; Yoshioka et al., 1997). In addition to this, some studies found no correlation 
between the functional group and grinding performance (Prziwara et al., 2019; Weibel 
and Mishra, 2014b). Also, to the different functional groups (hydroxyl for PGA and 
carboxyl for AAG), findings suggest that the carbon chain and the anionicity of the GA 
play a role. Huang et al. 2019 investigated the effect of anionicity, nonpolar chain, and 
polar part on grinding efficiency. It was found that there exists an optimum molar ratio 
of the polar head: nonpolar chain and that shorter chains were more desirable than 
longer ones (Yang et al., 2019, 2022). The difference in the performance of the GAs can 
thus be attributed to the probable mechanism of stabilization (reduction in 
interparticle forces). Stabilization of the particle-particle interaction can be described 
as electrostatic, steric, or electrosteric (Mende et al., 2003). The nature of the GAs could 
explain the difference in performance with PGA (non-ionic), it can be inferred that it 
is mainly via steric stabilization while AAG (anionic) would be electrosteric. 
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4.2. Powder Flow & Bulk Properties  

Flow characterization of different GAs and dosages was performed using stability and 
variable flow rate and aeration tests. The application of GAs generally improves 
flowability, as shown in Figure 14. Stability and variable flow rate and aeration tests 
show that flowability increases with increasing GA dosage for the examined range. 

 
 Figure 14. Effect of GAs on normalized flow indexes a) Basic flow rate, b) Specific 
energy, c) Aerated basic flow energy, and d) Aerated energy 
4.2.1 Basic flow energy (BFE) and stability indices (SI)  

The experimental results show that all grinding aids significantly reduce BFE, 
indicating improved flowability in the presence of GA of varying magnitude 
depending on the type and dosage (Figure 15). The higher BFE for the reference test 
(indicated by dashed lines) compared to the tests that included GAs indicates that the 
high resistance to flow is inherent in the ore powder. The BFE data for the different 
GAs with varying dosages show that AAG has an initial decrease in BFE followed by 
a sudden increase after 0.05 wt.%. On the contrary, increasing the concentration of 
PGA results in even lower basic flow energy for the investigated ranges. AAG reduces 
the flow energy requirement by 62.9 % at 0.05 wt.% dosage, whereas PGA has a 38.8 
% reduction at 0.1 wt.%.  
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Figure 15. The basic flow energies for different GAs at varying concentrations 
4.2.2 Specific energy 

Specific energy (SE) measures the powder flowability when it is unconfined or at low-
stress levels (i.e., the blade lifting the powder during its upward movement). SE is an 
accurate measurement for assessing the influence of cohesive/adhesive forces on 
interparticle interactions, as opposed to the compressibility of the BFE. Both BFE and 
SE depend on physical properties such as particle size, shape, and texture (Gnagne et 
al., 2017; Nan et al., 2017). Exploring the effect of GAs and their different 
concentrations on SE values shows that the reference test gives a value of 8.02 mJ/g, 
indicating that it has moderate cohesion forces (Figure 16). PGA demonstrated the 
lowest SE at 0.1 wt.% (6.38 mJ/g). The magnitude of cohesion is only reduced at certain 
concentrations and is greater than the reference test for some concentrations. While 
AAG decreases SE with increasing concentration, PGA increases at low concentrations 
but then decreases with increasing dosage. The fact that the SE decreases with an 
increase in the GA concentration agrees with the finding that GAs reduce interparticle 
forces, decrease the degree of cohesion, and improve flowability. These trends agree 
with the results reported by other investigations, which documented a decrease in SE 
when reduced cohesion (Katsioti et al., 2009; Prziwara et al., 2018b). 

 
Figure 16. Influence of GAs on specific energy in different conditions. 
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4.2.3 Aerated tests 

Since grinding is a dynamic process and, on an industrial scale, the dry milling process 
is air flow-assisted, the aeration test is considered adequate and informative to explore 
the potential effects of GA (Zhang et al., 2019). Generally, the GA experiments' A-BFE 
measurements are low compared to the reference test (except for PGA - 0.03 wt.%). 
This shows that the use of GAs can improve powder fluidization and facilitate 
transportation (Figure 17). Like the other energy measurements, A-BFE depends on 
cohesion, particle shape, texture, and density. In general, particles with more cohesive 
forces are difficult to fluidize (low AR and higher AE). For all GAs, 2 < AR < 20, which 
implies an average sensitivity to aeration, is typical for powders with moderate 
cohesion (Freeman and Technology, 2013). (Table 7). 

 
Figure 17. Influence of GAs on the aerated basic flow energy in different dosages. 

Several studies have concluded that material transport (flowability) plays an 
important role in mill throughput and energy consumption in ball milling (He et al., 
2004; Orumwense and Forssberg, 1992). As the particle size decreases during grinding, 
surface forces become more significant, leading to agglomeration and coating of 
grinding media, which reduces impact (Hasegawa et al., 2000; Prziwara et al., 2018b; 
Sohoni et al., 1991). The grinding process can be improved by improving the grinding 
rate or reducing the agglomeration rate. The influence of grinding aids on BFE, SE, A-
BFE, and AE has been illustrated, which are a measure of surface forces and are known 
to retard size reduction in comminution (Kojima and Elliott, 2014, 2012; Prziwara et 
al., 2018a). However, an upper limit exists in terms of the GA concentration for each 
additive. This result agrees with the established knowledge of grinding performance 
that there is an optimum dosage for each GA. It shows that an optimum amount of GA 
molecules is required to adsorb on the particle surface to ensure the 
stabilization/neutralization of electrostatic charges. 

Consequently, GA molecules continue to be beneficial as long as interparticle forces 
exist, after which negative effects begin to appear (Liu et al., 1989). It appears that 
excess GA results in less compressibility at higher dosages, creating a large flow zone, 
an increased volume fraction, and consequently, a high flow energy. On a mesoscopic 
scale, it can be concluded that grinding aids reduce particle-particle interactions via 
stabilization, thus aiding flowability. This phenomenon confirms the difficulties in 
determining the optimum GA dose as it depends on GA type, process conditions, and 
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particle surface properties, which are equally complex as determining bulk flow 
properties. These facts generate a need for a particle-scale-based study investigating 
the influence on breakage mechanisms.  The study's findings support the conceptual 
premise that the main mechanism of grinding aids is based on the material 
arrangement properties, although inconclusive, to disprove other mechanisms. This 
term is supported by the good correlation between grinding efficiency (energy 
consumption and fineness) and flow indices (BFE, SE, A-BFE and AE). The grinding 
efficiency increases when the flowability to a maximum, after which it starts to 
decrease. 

Table 7: Aeration test results for various conditions in the presence and absence of 
GAs. 

Type of grinding 
aid Dosage (wt.%) Aerated energy (AR)(mJ) Aeration 

ratio 

Reference 0 106.7 7.6 

  0.03 119.5 6.4 

AAG 0.05 109.0 7.9 

  0.1 65.3 9.6 

  0.03 107.2 9.4 

PGA 0.05 83.2 8.1 

  0.1 65.8 9.6 

 

Generally, powders with a stability index between 0.9 and 1.1 can be considered 
normal stable powders (Bian et al., 2015). All experiments show SI values outside this 
range, except for the tests using PGA at 0.05 wt.% (SI = 0.95) Table 8. In general, all 
experiments with AAG have low stability, indicating high chances of segregation or 
disintegrating during flow Table 8 (Freeman and Technology, 2007). However, the 
samples that contained PGA (0.95-1.35) indicated the minimum deviation from the SI 
range, suggesting a low tendency to agglomerate compared to the other GAs 
examined. The observed phenomena can be attributed to factors such as PSD, particle 
shape, and bulk density (Y. Liu et al., 2017). The different mixtures in addition to the 
PSD varied with GA and resulted in a narrower PSD compared to the reference test 
(Figure 13). Liu et al. (2017) used coal powders with different PSDs and showed that a 
small difference could significantly affect the flowability of the material. The wide PSD 
has a high isostatic tensile strength (a measure of cohesion) and compressibility, giving 
a denseer packing than a narrow PSD. Moreover, the high packing density implies 
efficient packing of the bed, which means that high values of BFE will be needed to 
move the bed. In the stability and variable flow rate testing, compressibility influences 
the measurements due to the flow zone, which depends on the material bed. The 
narrow PSD (better uniform particle size) in GA-containing samples may be related to 
improved flowability (Yun et al., 2018). From these results, it can be concluded that 
powders with GA require less energy compared to grinding without GA, resulting in 
improved flowability. 
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4.3. Correlating the flow properties and grinding parameters  

As discussed, all GAs reduce the work index and increase product fineness during 
grinding; however, the value varies depending on the type and dosage of the GA. 
Table 8 shows a summary of the grinding parameters and flow indices of different 
blends. Although the flow properties depend on several factors and are not intrinsic 
properties, some correlations have been established between the grinding parameters 
and the flow indices. Pearson’s correlation evaluations show that all sample work 
indexes correlate well with BFE and SE when r > 0.70 (Figure 18 & Figure 19). These 
indices reflect the ease of material movement (flowability) as the GAs reduce the 
cohesive forces. The linear correlation between the work index and BFE suggests that 
low BFE values would lower energy consumption. The SE also has a considerable 
correlation with the work index. This relationship implies that high SE values would 
result in lower energy consumption and finer particle size. These findings illustrate 
that too high flowability affects the size reduction efficacy. Taking into account the 
aeration test indices, significant correlations can be observed between the work index 
and fineness and the A-BFE and AE results, especially for the PGA case. This relation 
implies that the increase in fluidization results in improved transport, which also 
affects the grindability. 

 
Figure 18. Pearson correlation of grinding parameters and flow indices for AAG  

The results show that the use of an optimal grinding aid dosage reduces energy 
consumption and increases product fineness. The observed phenomena point to an 
optimum dosage; thus, flowability controls effective particle breakage. High dosages 
of GA result in high flowability, which affects particle capture. The particles are easily 
pushed out of the active grinding zone, resulting in a poor grinding efficiency 
illustrated in Figure 20. A significant correlation was found between grinding 
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efficiency (including work index) and flow indices. Grinding aids increase grinding 
efficiency by altering the flow properties, that is, reducing the flow energy and 
cohesive forces. In this regard, the main mechanism of GAs is based on the properties 
of the particle arrangement, although it is not conclusive to disprove other 
mechanisms. The predominant GA mechanism is based on the alteration of rheological 
properties. 

 
Figure 19. Pearson correlation of grinding parameters and flow indices for PGA 

 

 
Figure 20. A schematic illustration of the particle-capturing concept concerning 
material flowability 
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4.4. Surface area and morphology  

The effect of GAs on the specific surface area (SSA) was investigated using BET 
methods at 0.1 wt.% dosages Figure 21. For all size fractions, GAs generally increase 
the SSA which also increases with a decrease in particle size as expected. When 
comparing the two GAs, PGA has superior performance compared to AAG in all size 
fractions. The superior surface area with the application of grinding aids compared to 
blank conditions has been widely reported in the literature (Chipakwe et al., 2020a; 
Kapeluszna and Kotwica, 2022; Liu et al., 2021). Liu et al. (2021), during cobalt 
aluminate using sodium polyacrylate, the specific surface area was greater (39.56 
m2/g) compared to the blank condition (20.18 m2/g). The observed increase in SSA 
supports the improved grinding performance with the generation of new surfaces 
(higher SSA) according to Rittinger’s law (Wills and Finch, 2016). The increase in the 
SSA at a given energy is attributed to the reduced particle-particle interaction as a 
result of the enhanced stabilization and neutralization of surface charges. 

 
Figure 21. Variation of specific surface area with and without GAs at 0.1 wt.% 
dosage 

The surface roughness of magnetite ore with different GAs was quantitatively 
determined from BET surface area measurements, bulk density, and mean particle size 
using Equation 2. GAs result in high surface roughness compared to the reference test, 
except for AAG at coarser size fraction, Table 9. The increase in surface area can explain 
the differences in surface roughness for various GAs compared to the reference sample 
of each size fraction. The surface morphology affects hydrophobicity, ultimately 
affecting downstream separation processes, especially flotation separation (Zhang et 
al., 2020). The resulting high surface roughness from using GAs improves the flotation 
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kinetics due to improved particle-bubble attachment (Ahmed, 2010; Feng and Aldrich, 
2000; Hicyilmaz et al., 2006; Ulusoy and Yekeler, 2005). 

Table 9. Specific surface area and roughness of ground magnetite ore under 
different conditions 

Size 
fraction 

(µm) 

Arithmetic mean 
size (µm) 

Sample type Specific 
surface area 
(𝑨𝑨𝑩𝑩) (𝒎𝒎𝟐𝟐/𝒈𝒈) 

Surface 
roughness 

(𝑹𝑹𝑺𝑺) 
-106  +75 90.5 Reference 0.677 45.667 

AAG 0.624 42.092 

PGA 0.766 51.671 

-75  +53 64.0 Reference 0.690 32.915 

AAG 0.743 35.444 

PGA 0.850 40.548 

-53  +38 45.5 Reference 0.885 30.014 

AAG 1.008 34.185 

PGA 1.056 35.813 

 

SEM images were analyzed to further characterize the effect of GAs on morphological 
features. Figure 22 shows differences in the particle surface of the reference ground 
sample (Figure 22a) compared to the ground in the presence of GAs at 0.1 wt.% (Figure 
22b and Figure 22c), with the latter showing roughening of the surfaces. The reference 
particle shows smoother surfaces with some fragmented smaller particles on the 
surface. Smaller particles on the surface suggest an attraction that points to 
agglomeration tendencies in the absence of GA. Cayirli (2022a) reported similar 
findings were reported by Cayirli, (2022a) on the effect of different grinding aids on 
the fine dry grinding of calcite.  SEM analysis of ground samples showed more 
agglomerates in the blank compared to particles with grinding aids (Cayirli, 2022a). 
Certain grinding mechanisms, such as abrasion and impact, have been reported to 
influence particle shape and roughness (Semsari Parapari et al., 2020; Tong et al., 2021). 
The observed roughening for the GAs is consistent with the calculated roughness and 
the measured SSA, which are superior to the reference. The observed roughening 
could be attributed to the reduced contribution of abrasion as a result of the improved 
flowability with the introduction of GAs. Looking closely at the zoomed-out images, 
the GAs generally resulted in a more uniform and finer particle size distribution than 
the reference, consistent with the particle production (Figure 13). 
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Figure 22. SEM images showing the effect of GAs on the ground product a) reference 
b) AAG and c) PGA at 0.1 wt.%. 

 

4.5. Effect of Polysaccharide-based grinding aid (PGA) on flotation 
4.5.1 Single mineral flotation 

Single mineral flotation experiments were carried out to assess the effect of Lilaflot 
822M (collector) and starch (depressant) in the absence and presence of PGA (fixed 
dosage at 100 mg/L). Figure 23a presents the single mineral flotation performance for 
magnetite and quartz as a function of the collector. With an increase in the Lilaflot 
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822M concentration, the recoveries of magnetite and quartz increased. As expected, 
the floatability of quartz under both conditions with and without PGA was markedly 
enhanced by increasing collector dosages (Lilaflot 822M is a silicate collector). In 
general, the floatability of quartz is comparable, although the presence of PGA resulted 
in lower floatability at lower collector concentrations. However, at high Lilaflot 822M 
concentrations, PGA significantly decreased magnetite floatability compared to 
quartz. In other words, these findings suggested that PGA has a depressive effect on 
magnetite, which may be beneficial considering that magnetite depression is the key 
to reverse flotation separation. To further explore the impacts of PGA through 
additional experiments, the Lilaflot 822M concentration (collector) was fixed at 50 
mg/L, where quartz showed its highest floatability (recovery). 

 
Figure 23. Floatability of magnetite and quartz as a function of a) collector 
concentration in the presence and absence of 100 mg/L PGA at pH 10 and b) 
depressant concentration in the presence and absence of 100 mg/L PGA at pH 10 and 
collector concentration of 50 mg/L. 

Furthermore, the floatability of magnetite and quartz as depressant functions with 
fixed collector and PGA doses was investigated (Figure 23b). As expected, starch and 
PGA do not affect the floatability of quartz. The floatability of magnetite decreased 
significantly with increasing starch concentration, confirming the effectiveness of 
starch as a depressant. For the reference test, the floatability of magnetite continued to 
decrease with starch addition to a minimum of 2.3 % at 100 mg/L. The depressing 
impact of PGA and its floatability could be detected (Figure 23b). A significant 
decrease in magnetite recovery to 21.3 % without starch compared to 73.0 % for the 
reference test could confirm the depressing effect of PGA. It can also be seen that the 
maximum depression effect of starch was observed at 100 mg/L, while with the 
addition of PGA, a comparable depression effect was achieved at 50 mg/L. Generally, 
single-mineral flotation tests indicated that increasing PGA has a favorable outcome 
in magnetite depression without changing quartz floatability. 

4.5.2 Mixed mineral flotation 

Subsequently, mixed mineral flotation experiments were carried out to assess the effect 
of PGA on the model ore (magnetite: quartz 2:1 mass ratio) Figure 24. Based on the 
results of the single mineral flotation, 30 mg/L (which translates to 300 g/t) were 
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considered for the dosages of starch and PGA dosages varied at pH 10. The variation 
in magnetite metallurgical recovery (as Fe) as a function of PGA and starch dosage is 
presented in Figure 24a. The results indicated that the recovery of Fe (magnetite 
hydrophilicity as sinks) improved with increasing the PGA dosage without starch. 
However, the improvement was negligible after 300 g/t PGA. In the presence of starch, 
recovery variations were not significant. Higher grades of Fe without starch were 
reported, although recovery is generally lower (Figure 24b). In other words, no 
obvious changes could be achieved by increasing the starch concentration from 500 to 
1000 g/t. It could be translated as PGA that improves grinding performance and 
further reduces depressant consumption. 

 
Figure 24. Effect of PGA and starch on magnetite flotation at a fixed amount of 
collector (300 g/t) at pH 10. 

Furthermore, the selectivity of the process was calculated using Equation 3 to better 
understand the interaction of PGA and starch and their resulting synergistic effects on 
separation (Figure 25). The flotation results indicated that PGA dosages below 300 g/t 
could improve selectivity with/without starch. In the absence of PGA starch dosage 
above 500 g/t is required for better process selectivity. The results also suggest that 
PGA can give an acceptable selectivity (> 64 %) without starch. It can be observed that 
high doses of both PGA and starch were not desirable. The highest selectivity can be 
observed when starch and PGA were 500 and 300 g/t, respectively. The observed 
improvements in flotation separation corroborate findings reported elsewhere on the 
beneficial effects of a narrow particle size distribution (Cayirli, 2022b; Prziwara et al., 
2019) and surface roughness (Tong et al., 2021; Zhu et al., 2020). In addition to the 
superior properties observed from the use of PGA, surface analyses were considered 
to assess the interaction of PGA with mineral surfaces. 
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Figure 25. Effect of PGA on selectivity with varying depressant concentration.  
4.5.3 Zeta potential measurements 

Zeta potential measurements were performed to further explore the interaction 
mechanism between PGA, Lilaflot 822M, and mineral particles to understand the 
observed flotation behavior. It is important to assess how these surfactants change the 
surface properties that affect flotation behavior. The zeta potential indicated (Figure 
26) that the addition of PGA slightly affects the electrical charge on the surface of 
quartz and magnetite, implying a change in the solution, the surface chemistry, or 
both. These negligible effects could be due to the non-ionic composition of the PGA. 
The zeta potentials for quartz decreased (absolute value) after PGA treatment. 
Evaluations illustrated that the zeta potentials decreased sharply from 0 to 15 mg/L 
(PGA concentration) for both minerals, with quartz changing from -59.5 to -51.6 mV 
(Δζ ~ +7.9 mV) while magnetite changed from -44.9 to -35.6 mV (Δζ ~ +9.3 mV). The ζ 
measurements demonstrated that the addition of PGA to both minerals above 30 mg/L 
has almost no further effect in the investigated ranges. Adding Lilaflot 822M to the 
system gives more positive zeta potentials, especially for quartz. This illustrated that 
PGA had an insignificant effect on quartz, evident from the marked effect of Lilaflot 
822M adsorption on the surface as a collector. A similar behavior could be observed 
with the addition of PGA, where the zeta potentials decreased with increasing PGA 
concentration. The relatively smaller change in magnetite zeta potentials compared to 
quartz after Lilaflot 822M indicated that the presence of PGA reduced the interaction 
between Lilaflot 822M and magnetite. This highlighted that PGA adsorbed on 
magnetite rather than on the quartz surface based on the impact of the collector. 
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Figure 26. Zeta potentials at varying PGA concentrations with fixed Lilaflot 822M 
(50 mg/L) and pH 

4.5.4 Stability measurements 

The Turbiscan stability index (TSI) evaluations (Figure 27) showed that treatment of 
both particle surfaces results in decreased stability compared to the reference (without 
PGA treatment). Observations are expected for any suspension since destabilization 
illustrated the effect of flocculation, coagulation, sedimentation, coalescence, and even 
a combination (Ataie et al., 2020; Bastrzyk and Feder-Kubis, 2018). Figure 27 shows the 
destabilization kinetics of magnetite and quartz suspensions as a function of time. TSI 
values demonstrated that a relatively stable system was in agreement with the zeta 
potential results (Figure 26) for both quartz and magnetite, which are all below -30 mV 
at pH 10, showing high stability (Tucker et al., 2015; Uskoković, 2012). The TSI values 
for magnetite are higher than those for quartz and generally show less stability. After 
PGA treatment, the stability variation was more pronounced for magnetite compared 
to quartz for the total investigated time of 60 min. In other words, these results 
suggested that the destabilizing effect of PGA was more pronounced on magnetite 
than on quartz, pointing to increased adsorption. This is consistent with the zeta 
potentials, which showed a higher absolute value for quartz relative to magnetite, 
indicating better suspension stability. When magnetite particles, the increase in TSI 
values (reduced dispersion) could help explain the depression effect of PGA, which 
might be due to aggregation/flocculation, thus hindering flotation. Similar 
observations have been reported in which polysaccharides interact with iron oxides 
from aggregations (Engwayu and Pawlik, 2020; Tohry et al., 2021). 
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Figure 27. Stability of magnetite and quartz suspensions in the absence and 
presence of PGA (100 mg/L and pH 10). 

4.5.5 Adsorption measurements 

Figure 28 shows an increase in adsorbed PGA per unit mass of magnetite and quartz. 
Furthermore, it could be observed that the adsorption capacity of magnetite was more 
than double that of quartz. For magnetite, a trend of continued increase can be 
demonstrated based on the still high slope beyond 3 mg/ml, while for quartz, the 
curve started plateauing after 2 mg/ml. The results of the adsorption isotherms using 
the depletion method were fitted to the Langmuir and Freundlich models and are 
summarized in Table 10. The Langmuir model gave the best fit with R2 of 0.9651 and 
0.9721, while the Freundlich model had R2 of 0.9085 and 0.8506 for magnetite and 
quartz, respectively. The trends observed in Figure 27 were also supported by the 
calculated parameters of the Langmuir and Freundlich models (Table 10). The 
obtained values of the parameters n and Qm (which highlighted the strength and 
capacity of adsorption, respectively) were higher for magnetite than those of quartz, 
which suggested that the adsorption of PGA on magnetite was much stronger. The 
findings from the adsorption studies showed that PGA fairly adsorbs on both 
magnetite and quartz, further confirming the effect of PGA on single-mineral flotation, 
possibly reducing the surface areas available for collector adsorption, especially for 
magnetite. These results corroborated the zeta potentials and stability measurement 
findings that magnetite had a higher and stronger adsorption capability for PGA than 
quartz. 
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Figure 28. Adsorption of PGA as a function of initial concentration at pH 10 

Table 10. Langmuir and Freundlich parameters for PGA adsorption on magnetite 
and quartz 

Particles Langmuir equation Freundlich equation 

𝑄𝑄𝑚𝑚 𝐾𝐾𝐿𝐿 𝑅𝑅2 𝑛𝑛 𝐾𝐾𝐹𝐹 𝑅𝑅2 

Magnetite 12.10 9 × 10−1 0.9651 6.00 3.43 0.9085 

Quartz 5.85 6.6 × 10−3 0.9721 5.18 1.25 0.8506 

 

4.5.6 FTIR Spectra Analysis 

The adsorption mechanism of PGA was investigated together with the collector on 
both magnetite and quartz surfaces. Figure 29a shows the spectra for pure quartz, 
quartz + PGA, quartz + PGA + Lilaflot 822M, together with the respective pure 
reagents. For PGA, the main characteristic peaks showed a broad peak between 3000 
and 3600 cm-1, demonstrating a hydroxyl group (İspirli et al., 2019; Yilmaz et al., 2021) 
- OH stretching vibration and appearing at 3308 cm-1. A distinct characteristic peak 
appeared at 2928 cm-1, related to the C-H stretch vibration (Kavitake et al., 2016; Yilmaz 
et al., 2021). Furthermore, the C-O stretching vibration was illustrated at 1643 cm-1 
(Wang et al., 2010). A peak emerged at 1346 cm-1 that could be assigned to the 
symmetric CH3 bending (İspirli et al., 2019). Strong characteristic peaks emerged at 
1006 cm-1 and 918 cm-1 in the region 950-1100 cm-1, which was attributed to the C-O-C 
and C-O groups of polysaccharides (İspirli et al., 2019). The peak in the region 950-
1100 cm-1 was due to the presence of the (1→6)- and  (1→3)-linked α-D-glucose units, 
respectively (Das and Goyal, 2014; Miao et al., 2014). For Lilaflot 822M, characteristic 
peaks emerged at 2964 cm-1 and 2869 cm-1, which were attributed to the CH2 stretching 
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bond of the acyclic compounds (X. Liu et al., 2017). The peak at 1587, 1464, and 653 cm-

1 could be attributed to the bending of the NH2 or NH bonds (Huang et al., 2014; Liu 
et al., 2016; X. Liu et al., 2017). It is evident from Figure 29a that the presence or absence 
of PGA on the quartz surface had no effect, as there is no observable change in the 
spectra. After treatment with Lilaflot 822M, a characteristic peak was observed on the 
quartz surface. After treatment of quartz with Lilaflot 822M, the characteristic peak of 
OH at 2964 cm-1 shifted to 2960 cm-1 as observed in quartz + PGA + Lilaflot 822M, 
which was consistent with the findings reported by (X. Liu et al., 2017). Furthermore, 
the characteristic stretching of CH at 2869 cm-1 also changed to 2856 cm-1 after 
treatment. This indicated that Lilaflot 822M was adsorbed on the quartz surface 
through the OH and CH bonds. Compared to Lilaflot 822M, PGA did not show a 
characteristic peak, given the water washing in the procedure, which meant that 
Lilaflot 822M was chemically adsorbed and collaborated with the finding documented 
by (Huang et al., 2014) and (X. Liu et al., 2017) on the adsorption of amines on the 
quartz surface. In contrast, the absence of a characteristic PGA peak on the quartz 
surface suggested that PGA did not chemically adsorb on the quartz surface. This 
points to the slightly weak physisorption of PGA on the quartz surface. 

 
Figure 29. FTIR spectra of a) quartz and b) magnetite in the presence and absence of 
PGA and Lilaflot 822M (at 100 mg/L). 

 FTIR spectra for magnetite in the presence and absence of PGA and Lilaflot 822M 
(Figure 29b) indicated that there was no characteristic peak in magnetite treated with 
PGA, and therefore there was no impact from PGA. Furthermore, Lilaflot 822M had a 
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negligible impact on the magnetite surface, as evidenced by the relatively weak 
characteristic shifted peak at 2920 cm-1. Negligible characteristic peaks on magnetite 
meant weak adsorption, especially compared to Lilaflot 822M adsorption on the 
quartz surface. The absence of a characteristic peak on magnetite in the presence of 
PGA suggested that PGA did not adsorb chemically but possibly had a physical 
interaction. From the IR analysis, it can be said that the interaction mechanism was not 
chemical for both quartz and magnetite with PGA. However, considering that the 
particles were subjected to a thorough washing with water before analysis, the 
interaction could be physical, probably due to hydrogen bonding. Shrimali and Miller 
(2016), in their concise review of the interaction of polysaccharides and iron ores, 
outline that polysaccharide adsorption may be due to hydrogen bonding, hydrophobic 
interaction, or chemical complexing (acid-base reaction). The hydrophobic interaction 
might play a major role in reducing the surface charge, allowing 
flocculation/aggregation of the particles, thus leading to magnetite depression. This is 
consistent with observations suggesting that the mechanism of nonionic polymer 
adsorption would be due to the hydrophobic chain interaction leading to the bridging 
and/or charge neutralization (Chimonyo et al., 2020; Filippov et al., 1997; 
Hanumantha Rao and Forssberg, 1997). 

4.6. Effect of Polyacrylic-based grinding aid (AAG) on flotation 

4.6.1 Single mineral flotation 

The flotation experiments were conducted on single minerals to study the effect of 
AAG in the ether-amine (Lilaflot 822M) system for quartz and magnetite at pH 10 
(Figure 30a). The results demonstrated that by increasing the Lilaflot 822M concentrate 
as a collector, both the quartz and magnetite recoveries increase, in addition to the 
absence or presence of AAG. Further analyzes reveal that the addition of AAG 
increases the floatability of quartz and magnetite (Figure 30a). The observed increase 
in the floatability of quartz in the presence of Lilaflot 822M (an ether amine) 
corroborates the literature findings showing the efficacy at pH 10 (Tohry et al., 2021; 
Vieira and Peres, 2007). Quartz recovery reached a maximum of 90 % at 20 mg/L of 
the collector in the absence of AAG, while it would be 92 % at 10 mg/L of the collector 
in the presence of AAG. In other words, higher recoveries were achieved in the 
presence of AAG at a lower collector concentration. Similar behavior is observed for 
magnetite floatability, which at 20 mg/L collectors, its recovery increases from 15 to 
80 % in the absence and presence of AAG, respectively. Generally, in both scenarios, 
the presence of AAG enhances the floatability of both quartz and magnetite.  

In addition to the system, the effect of AAG on the flotation behavior of quartz and 
magnetite in the presence of a depressant was investigated. Starch was utilized as a 
depressant to address the undesirable floatability of magnetite in the reverse flotation 
setup. The floatability was investigated as a function of starch concentration at a fixed 
collector concentration of 20 mg/L and pH 10. As expected, a minimum effect was 
observed on quartz floatability with some decreases at concentrations above 80 mg/L 
(Figure 30b). For the reference sample, starch was effective in depressing magnetite, 
giving the lowest floatability of 3 % at 50 mg/L. In the presence of AAG, magnetite 
floatability was found to be quite high, with the lowest floatability of 2 % achieved 
only at 100 mg/L starch concentration. Evidently, the presence of AAG results in 
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increased starch dosages. The single mineral flotation test showed that the application 
of AAG improved the collection of quartz and magnetite even at a lower collector dose. 
However, it was also observed that the addition of AAG increases the amount of 
depressant to counteract the improved magnetite collection. Artificial mixtures were 
used in subsequent flotation tests to gain a complete understanding of the behaviors 
observed in single-mineral flotation. 

 
Figure 30. Single mineral flotation of magnetite and quartz as a function of a) 
varying collector concentration and b) varying depressant concentration in the 
presence and absence of 100 mg/L AAG at pH 10 and collector concentration of 50 
mg/L. 

4.6.2 Mixed mineral flotation 

Mixed mineral flotation of magnetite and quartz mixture with a mass ratio of 2:1 to 
determine the effect of improved separation of quartz from magnetite. As shown in 
Figure 31, the addition of AAG influences both recovery and grade. The result of the 
reference sample test shows that the recovery initially increases with increasing 
collector concentration to a maximum of 93.3 % at 200 g/t, which starts to decrease. 
The addition of AAG improves recovery, especially at lower collector doses, 
supporting the findings of single-mineral flotation. At 500 g/t of AAG, a comparable 
maximum recovery of 92.1 % is achieved at a collector dose of 100 g/t. Adding AAG 
to all investigated collector concentrations, less than 200 g/t, results in higher 
recoveries than the reference sample. Figure 30b agrees with the findings on the grades 
that increase with increasing collector and AAG concentrations. As in reverse flotation, 
the observed increase in grade is accompanied by a decrease in the mass recovery, thus 
ultimately decreasing the metallurgical recovery. The results indicate that AAG 
enhances the collection of quartz and, to a lesser extent, the collection of magnetite.  
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Figure 31. Flotation results of the mixture in the presence and absence of AAG and 
varying collector dosage at pH 10 

Further evaluation of the selectivity of the process based on Equation 3 is presented in 
Figure 32. It can be observed that at lower collector dosages (below 300 g/t) the 
presence of AAG increases the process selectivity. However, it should be noted that, 
above 300 g/t collector, the presence of AAG becomes detrimental to the process 
selectivity. For all scenarios, the best selectivity is reported between 200 and 300 g/t 
collector with a maximum of 76.2 % at 300 g/t AAG and 200 g/t collector. The results 
indicate that AAG enhances the collection of quartz and, to a lesser extent, the 
collection of magnetite. The selectivity variations at different AAG and collector 
dosages suggest synergistic interactions in the system. To better assess the observed 
effect of AAG on the separation of quartz from magnetite, surface analysis of the 
mineral surfaces was considered. 

 
Figure 32. Effect of AAG on selectivity with varying collector concentration. 
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4.6.3 Zeta potential measurements 

The effect of AAG on the colloidal stability of quartz and magnetite particles was 
carried out using zeta potentials from electrophoresis measurements. The change in 
zeta potential as a function of AAG concentration at pH 10 and 50 mg/L Lilaflot 822M 
is presented in Figure 33. For all conditions, it can be observed that the zeta potentials 
decreased (more negative and increase in magnitude) when the AAG concentration 
was increased. For the reference test, quartz and magnetite have zeta potentials of -
43.2 and -46.5 mV compared to -83.5 and -74.6 mV at 100 mg/L AAG respectively. The 
trend shows that the presence of AAG enhances the stability of the suspension 
regardless of the type of mineral. A similar shift in the zeta potentials is observed for 
both minerals as Lilaflot 822M (a collector); however, the results show a more 
pronounced change for quartz, indicating increased adsorption of Lilaflot 822M as a 
collector on its surface. From these observations, it could be considered that the 
addition of AAG results in an increased negative charge, especially on quartz, which 
could promote the interaction with the collector and improve its floatability.  

 
Figure 33. Variation of zeta potentials as a function of AAG concentration at pH 10 
4.6.4 Stability measurements 

To further understand the effect of AAG on mineral suspensions, stability studies were 
conducted based on the Turbiscan stability index. The variation in the Turbiscan 
stability index as a function of AAG in quartz and magnetite suspensions is presented 
in Figure 34. A similar behavior can be observed as the presence of AAG results in 
stabilization of the suspension (reduction in TSI), which corroborates the findings from 
the zeta potentials. The change is more pronounced for quartz surfaces than for 
magnetite surfaces. These findings corroborate the claim in the literature that PAA-
derived polymers impart stability as a dispersant (Wu et al., 2010). The observed 
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decrease in stability also points to increased dispersibility with the introduction of 
AAG, which can also increase the quartz recovery. 

 
Figure 34. Stability of quartz and magnetite suspensions in the absence and 
presence of AAG (100 mg/L and pH 10). 
4.6.5 Adsorption measurements 

The flotation and suspension stability results showed a pronounced effect of AAG on 
quartz relative to magnetite. To better understand the phenomenon, adsorption 
measurements were performed on both mineral surfaces after treatment with varying 
concentrations of AAG at pH 10. Figure 35 shows how the amount of AAG adsorbed 
per unit of mass increases with the AAG concentration. It is evident that quartz has a 
high adsorption capacity with respect to magnetite in the investigated concentration.  
Furthermore, the adsorption isotherms are fitted to the Langmuir and Freundlich 
models (Table 11). From the Langmuir model, the adsorption capacity (Qm) is higher 
for quartz compared to magnetite, with 3.45 and 3.19, respectively. Similarly, the 
Freundlich model shows stronger adsorption (n) for quartz compared to magnetite, 
with 5.20 and 4.72, respectively. The Langmuir model gave the best fit with R2 of 0.9711 
and 0.9701, while the Freundlich model had R2 of 0.8851 and 0.8365 for quartz and 
magnetite, respectively. These findings show that AAG adsorbs on both quartz and 
magnetite, supporting the observed effects on the flotation behavior. The superior 
adsorption of AAG on quartz in comparison to magnetite particles further explains its 
pronounced effect.   
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Figure 35. Adsorption of AAG as a function of initial concentration at pH 10  

 

Table 11. Langmuir and Freundlich parameters for AAG adsorption on quartz and 
magnetite. 

Particles Langmuir equation Freundlich equation 

𝑄𝑄𝑚𝑚 𝐾𝐾𝐿𝐿 𝑅𝑅2 𝑛𝑛 𝐾𝐾𝐹𝐹 𝑅𝑅2 

Quartz 3.45 0.718 0.9711 5.20 1.70 0.8851 

Magnetite 3.19 0.315 0.9701 4.72 1.33 0.8365 

 

4.6.6 FTIR Spectra Analysis 

The adsorption results showed that AAG has stronger adsorption on quartz surfaces 
than on magnetite surfaces. Fourier transform infrared (FTIR) spectra were performed 
to better understand the adsorption mechanism. Figure 36a shows the spectra for pure 
quartz, quartz + AAG, quartz + AAG + Lilaflot 822M, together with the respective 
pure reagents. For Lilaflot 822M, characteristic peaks emerge at 2964 cm-1 and 2869 cm-

1, which are attributed to the CH2 stretching bond of the acyclic compounds (X. Liu et 
al., 2017). The peak at 1587, 1464, and 653 cm-1 can be attributed to the bending of the 
NH2 or NH bonds (Huang et al., 2014; Liu et al., 2016; X. Liu et al., 2017). A 
characteristic peak is observed at 1548 cm-1 and 1168 cm-1 for AAG, which could be 
due to the deprotonated C=O and C-O bond, respectively, since this was at pH 10 (Zhu 
et al., 2022). It is evident from Figure 36a that the introduction of AAG on the quartz 
surface has no new effect since no observable functional group is generated. After 
treatment with Lilaflot 822M, a characteristic peak is observed on the quartz surface. 
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The characteristic peak of OH at 2964 cm-1, changes to 2960 cm-1 as observed in quartz 
+ AAG + Lilaflot 822M, which is consistent with the findings in the literature (Liu et 
al., 2016). A similar effect is observed for magnetite + AAG + Lilaflot 822M with a 
characteristic peak from the introduction of the collector Figure 35b. Furthermore, the 
characteristic stretching of CH at 2869 cm-1 also changes to 2856 cm-1 and 2920 cm-1 for 
quartz and magnetite, respectively, after treatment. The spectra suggest a weaker 
Lilaflot 822M-magnetite interaction than the Lilaflot 822M-quartz interaction. The 
absence of a characteristic peak after treatment with AAG on both minerals implies 
that the interaction between AAG and the minerals is not chemical and thus physical 
adsorption.  

 
Figure 36. FTIR spectra of a) quartz and b) magnetite in the presence and absence of 
AAG and Lilaflot 822M (at 100 mg/L). 

Some interactions are evident from the observed behavior when AAG is added to both 
quartz and magnetite. The introduction of AAG markedly enhances the floatability of 
quartz with a minimal effect on magnetite. Mixed mineral flotation showed that at 500 
g/t of AAG, a comparable maximum recovery of 92.1 % is achieved at a collector 
dosage of 100 g/t. Surface analyzes revealed that AAG adsorbs on mineral surfaces, 
increases the zeta potential (more negative), and increases the suspension stability. 
This is consistent with observations reported elsewhere suggesting that AAG increases 
dispersion and anionicity due to its anionic nature, thus increasing collector 
adsorption and ultimately improving flotation (Somasundaran and Lee, 1981; Zhu et 
al., 2022).
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5. CONCLUSIONS & FUTURE WORK 

The main hypothesis of this research work was that the use of chemical additives as grinding 
aids could address the drawbacks associated with dry grinding without adverse effects on 
downstream processes. The research work carried out can be divided into the investigation of 
grinding performance, the characterization of the mill product, and the effects on flotation 
separation. The conclusions of the present study are presented together with recommendations 
for future work. 

 

In general, grinding aids have some additional benefits, in addition to reducing energy 
consumption, such as improving grinding efficiency, improving material flowability, 
and narrowing the particle size distribution. These effects can mainly improve the 
grinding efficiency under selected conditions. The results showed that such additives 
address the shortcomings of dry grinding in size reduction units. These results 
highlighted that the selection of suitable grinding aids (ecofriendly) could potentially 
reduce energy consumption (thereby reducing CO2 emissions) and improve the 
distribution of suitable particles for downstream processes, without negative chemical 
impacts (even positive effects) on subsequent separation stages. 

5.1. Answers to Research Questions 
RQ1: How effective are grinding aids at reducing energy consumption during dry 
grinding? 

Work index calculations indicate that using the GAs reduces the energy consumption 
for all the additives compared to the reference test. The extent of energy reduction is 
affected by both the type of grinding aid and the dosage. In terms of type of GA, PGA 
and AAG had a reduction of 31.1% and 26.6%, respectively, compared to the reference. 
Grinding tests showed that PGA resulted in the highest energy reduction. The effect 
of GA types and their dosage on the product fineness was analyzed using a 
combination of dry and wet sieving, as well as specific surface area measurements. All 
GAs used GAs resulted in an increased product fineness, expressed by the P80, 
compared to dry grinding without additives. Thus, both the type of GA and the dosage 
affect the fineness of the product.  

RQ2: What is the relationship between particle arrangement (dispersion/ flowability) 
and the milling rate during dry grinding with grinding aids? 

The results indicate that all chemical additives are satisfactorily effective grinding aids 
and improve material flowability compared to grinding without additives (within the 
examined dosage range). There is an upper limit for the dosage at which GAs benefit 
from each additive. PGA results in a maximum reduction of the basic flow energy 
(BFE), a 20.4% reduction of the specific energy (SE), a 24.6% reduction of the aerated 
basic flow energy (A-BFE), and a 38.3% reduction of the aerated energy (AE).  A 
significant correlation was found between grinding efficiency (including work index) 
and flow indices. Grinding aids increase grinding efficiency by altering the flow 
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properties, that is, reducing the flow energy and cohesive forces. The predominant GA 
mechanism is based on the alteration of rheological properties. 

RQ3: What are the differences and similarities between dry ground products with and 
without grinding aids? 

Grinding tests showed that GAS resulted in a narrower particle size distribution, and 
rough surfaces. In general, the calculations from the BET measurements showed that 
GAs results in rougher surfaces compared to the reference sample.  

RQ4: What are the changes in the surface and solution chemistry with and without 
grinding aids?  

Both GAs influenced the surface chemistry in combination with the solution chemistry 
in comparison to that of the reference. PGA had minimal effect on the zeta potentials, 
while AAG resulted in more negative zeta potentials. The zeta potential measurement 
results showed a large negative shift for both quartz and magnetite; the former was 
more pronounced in the presence of AAG. For PGA, the zeta potentials decreased 
(absolute value) after treatment. The suspension stability test revealed that both GAs 
change the system compared to the reference. AAG results in a more stable suspension 
with improved dispersion than in the reference test. In contrast, PGA results in a less 
stable colloid system, suggesting the onset of flocculation, coagulation, sedimentation, 
coalescence, and even a combination. On the basis of UV-vis spectra, zeta potential 
tests, Fourier transform infrared (FT-IR) spectroscopy, and stability measurements, the 
adsorption mechanism for both GAs is mainly via physical interaction. The adsorption 
results showed superior adsorption of AAG on the quartz surface and PGA on 
magnetite. 

RQ5: How do these changes, if any, affect overall flotation performance? 

• According to single-mineral flotation tests, PGA has a depressing effect (positive 
effects) on magnetite particles with a negligible effect on quartz particles. Through 
mixed mineral flotation separation (magnetite + quartz at 2:1), comparable results 
of 86 % recovery and Fe grade of 62 % could be achieved using PGA only without 
starch. For the best balance in recovery, grade, and separation efficiency, 500 g/t 
starch and 300 g/t PGA could be recommended.  

• For AAG, single mineral flotation indicated that AAG could enhance the quartz 
collection, thus improving its floatability. The results of artificial mixture flotation 
revealed that under specific conditions of 500 g/t AAG, pH 10, 1000 g/t starch Fe 
recovery of 92.1% and 64.5 % could be achieved with 100 g/t Lilaflot 822M 
compared to the reference with 93.0% recover and 65.1% grade at 200 g/t Lilaflot 
822M.  

In general, the feasibility of using PGA, a natural green polymer, was beneficial for the 
grinding and reverse flotation separation performance. These findings highlighted 
that the selection of suitable grinding aids (ecofriendly) could potentially reduce 
energy consumption (decrease CO2 emissions), improve the distribution of suitable 
particles for downstream processes, and has no negative chemical impacts (even 
positive effects) on the separation stages. In general, these results have addressed the 
long-standing question of the effect of polyacrylic-based grinding aids on the resulting 
products and subsequent flotation separation processes. The presence of AAG not only 
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improved grinding efficiency, but could potentially decrease the amount of collector 
required to achieve comparable metallurgical performance. Both cases show that GAs 
and flotation reagents have synergistic interactions rather than competitive 
adsorption. This paves the way for future research on the application of grinding aids 
in mineral processing with the approach of having grinding aids with a secondary 
beneficial function in view of downstream processes.  

5.2. Recommendation & Future work 

Despite the obvious advantages of GAs in the grinding and downstream separation 
processes, further work is still required to address some limitations. Lack of complete 
understanding of the dominant mechanism of effect limits the control of the process 
and the development of new grinding aid chemistries. Findings from the current work 
help to approve that the predominant GA mechanism is based on the alteration of 
rheological properties on a meso-scale and macroscale. However, this work does not 
exclusively disprove the mechanisms suggested on the Rehbinder effect. Rather 
further work is required on the nano and micro-scale to study the influence of GAs on 
fracture mechanics.  There is still a gap in the selection and design of GAs and 
optimum dosages, which remains empirical. Future use of new methods, such as 
molecular simulations, could help to understand the effects of additive molecules on 
the microscale. To address the question of the lack of correlation between GA 
effectiveness and the functional group, an understanding of the role of the functional 
group (polar part) together with the hydrocarbon chain (nonpolar part) is needed for 
better designing and application of GAs.  
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a b s t r a c t

Grinding aids (GAs) have been an important advent in the comminution circuits. Over the

last few decades, in order to address the high energy consumption and scarcity of potable

water for mineral processing, chemical additives have become a promising alternative. Using

GAs can have some advantages such as enhancing grinding efficiency, reducing water usage,

improving material flowability, and narrowing the particle size distribution of the grinding

products. A study on the effect of GAs on size reduction units is crucial for the beneficiation

value chain of minerals and the impact on downstream processes. However, our under-

standing of the effects of these materials on the particle size reduction is quite limited.

This article analyses the literature, which used GAs and provides a comprehensive review

of their applications in the ore beneficiation processes. The outcomes of this investigation

indicated that the current understanding on the mechanism of GA effects focuses only on

their impacts on the product fineness and size distribution, and neglecting the aspect of

energy expended and physicochemical environment. The application of GAs is mainly for

rationalisation of energy where the type of reagent, pH, and ionic strength of the grind-

ing environment is important. Gaps in knowledge of GAs are discussed in the context of

addressing their use in the mineral industry, considering the mechanism of their effect,

effect on grinding efficiency, and effect on the downstream processes. Addressing these

gaps will pave the way for the application of GAs in improving size reduction efficiencies,

which ultimately reduces environmental impacts.

© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the
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1. Introduction

The term chemical additives or grinding aids (GAs) refers to
any substance which results in increased grinding efficiency
and reduction in power consumption when added to the mill
charge (amounts not exceeding 0.25 wt.% of the feed) dur-
ing grinding [1–3]. The use of grinding aids to increase mill
throughput is quite common in the cement industry [2,4,5]. In
mineral beneficiation, wet grinding is much preferred com-
pared to dry grinding, but the growing scarcity of portable
water poses a threat to mining activities, especially in arid
regions. The use of GAs improves material flowability, which
presents an opportunity for the application of dry grinding.
This ultimately reduces the environmental impacts such as
CO2 emissions due to the energy intensive nature of grinding
[6].

GAs range from organic (e.g. polyols, alcohols, esters,
amines) to inorganic (e.g. calcium oxide, sodium silicate,
sodium carbonate, sodium chloride) chemicals [7,8]. Despite
the empirical evidence of the benefits for GAs in the cement
industry, there is no agreed mechanism on their effects [2–4,7].
However, suggested mechanisms are mainly based on two
principles; (1) The chemical-physical effect on the individ-
ual particle such as surface energy reduction (2) The effect
on the particle arrangement and material flow properties
[1,9–12].

To date, some studies on the effect of GAs on efficiency
regarding power consumption, grindability, reduction ratio
and mill operating parameters such as mill filling have been
done [9,13–15]. Prziwara et al. [14] investigated their effects
on bulk properties such as particle size distribution, specific
surface area, powder flowability, specific surface energy, and
product fineness. GAs have been applied to address the prob-
lem of over-grinding and under-grinding (selective grinding)
associated with poly-metallic sulphide ores due to their effect
on producing a narrow particle side distribution [16,17]. Sev-
eral investigations reported the improved material fluidity
which allowed grinding at high solid concentrations (reducing
the amount of processing water) [17–20]. Yusupov and Kirillova
[21] reported that using GAs decreased amount of slime in
the flotation feed compared to grinding without GA which is
beneficial to froth flotation performance [22]. The reduction
of excess fines by using GAs can also improve the dewatering
processes such as thickening, decanting, filtration and tailings
storage facility (TSF) draining and assists in water recy-
cling [23]. Moreover, using GAs reduces energy consumption
in downstream processes such as dewatering, classification,
pumping due to improved flow properties [24,25].

Grinding, which is central in mineral processing to achieve
particle size reduction and mineral liberation, is highly
energy-intensive. It accounts for 50% of power consumption
in a concentrator [26,27]. In general, grinding has poor energy
efficiency and accounts for about 2-3% of the world gen-
erated electricity [28]. Due to the depleting resources, the
processing of refractory ores is becoming common. Such pro-
cesses require fine grinding or ultrafine grinding to liberate
the valuable minerals from gangue material; thus, energy-
efficient technologies and strategies are required [26,29].
Current efforts in addressing the high energy consump-

tion and poor energy efficiency associated with grinding in
the minerals industry can be divided into three strategies
[11,28]:(1) Development of alternative equipment,(2) Develop-
ment of alternative flowsheet configuration,(3) Alteration of
material properties of ores.

Considerable investments have been made on the devel-
opment of alternative equipment. It is reported that the use
of stirred media mills and high pressure grinding rolls (HPGR)
improved grinding efficiencies compared to the conventional
tumbling mills – balls mills and rod mills [11,30,31]. The devel-
opment of new approaches to mineral processing, such as
geometallurgical approach, which provides a holistic mine-to-
mill view, has made strides in addressing these challenges [28].
Investigations have shown the potential to improve grinding
efficiencies by exploiting material properties of the ore such as
thermal, electrical, magnetic, microwave and bulk properties
[26,27]. Singh et al. [26] and Somani et al. [27] summarised the
application of various pre-treatment processes which exploit
these material properties such as microwave treatment, shock
wave treatment, ultrasonic treatment, electrical disintegra-
tion, thermal, and chemical additives treatment. However,
there has been little discussion about the industrial appli-
cation of GAs despite empirical evidence presented in the
cement industry [2–4,7].

Whilst some studies on the use, effects, and mechanism
of GAs exists, few investigations in mineral beneficiation have
addressed their applications. Hence, this article provides a lit-
erature review of the application, effects, and mechanism of
grinding aids to develop an understanding of the current sta-
tus, challenges, and prospects on the use of GAs for improving
grinding efficiencies in the mineral industry.

2. Grinding aids

As mentioned, GAs can be grouped into organic or inorganic-
based additives. However, they are mostly used as a mixture
of various individual additives.

2.1. Organic GAs

The most common organic grinding aids used in the process
industry are based on triethanolamine (TEA), triisopropanol
amine (TIPA), n-methyl-diisopropanolamine (MDIPA), glycer-
ine, poly-carboxylate ether (PCE), diethyl glycol (DEG) and
propylene glycol (Table 1) [32]. These materials have a num-
ber of different functional groups. However, there is no clear
understanding of the relationship between these functional
groups and their observed effects [32]. Jeknavorian et al. [33]
suggested that the polarity of GAs due to their functional
groups (-OH, -NH2) results in the electrostatic bonding with
the covalent bonds on the fractured particles. This reduces the
agglomeration of ground particles and consequently improves
grinding efficiencies. Dombrowe et al. [34] suggested that polar
molecules with asymmetrical arrangements were more effec-
tive than those with symmetrical arrangements. This is due to
the better grinding performance of alcohol (asymmetrical) to
glycols (symmetrical); however, this hypothesis failed to hold
for the case of amines and alcohol. On the grinding of quartz,
the use of alcohol resulted in the doubling of the specific sur-
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Table 1 – Organic grinding aids used in various investigations.

Grinding aid Dry or Wet Material Reference

Methanol – Quartz [44]
Triethanol amine (TEA) Dry

Dry
Wet
Dry

Quartzite
Limestone
Cassiterite
Fly ash

[10]
[5]
[36]
[45]

Polyacrylamides (PAM) Wet Cassiterite [17]
Triisopropanol amine (TIPA), Dry Fly ash [45]
Oleic acid –

Wet
Limestone-Zinc blend
Limestone

[7]
[38]

Steric acid – Limestone [7]
Sodium Oleate –

Wet
Quartz
Limestone

[7]
[38]

Caprylic acid Dry Chrome-ore [7]
Marine oil Dry Chrome-ore [7]
Polyacrylic acid (PAA) Wet

Wet
Dry

Calcite
Limestone
Gypsum ore

[9]
[38]
[46]

Citric acid Wet Hematite ore [47]
Sodium sulphonapthenate Wet Quartzite [7]
Heptanoic acid (HepAc) Dry Limestone [48]
Amyl-acetate – Quartz [7]
Acetone Dry Cement clinker [7]
Aryl-alkyl sulphonic acid (RDA) – Graphite [7]

face area. This phenomenon expended more energy compared
to grinding in water as a GA [3]. It has been reported that polar
GAs are more effective in improving grindability compared to
non-polar ones [3]. The operating pH environment is crucial
in the application of GAs with non-ionic compounds contain-
ing –O− and −OH functional groups, which are less sensitive to
pH being preferred for industrial application [35]. Typically, the
grinding efficiency increases with an increase in the molecu-
lar weight of the GAs, up to a maximum, and the efficiency
drops [36,37]. Ma et al. [36] used polyacrylamides (PAM) in the
laboratory grinding of cassiterite. They found that high molec-
ular weight PAM improves the grindability of cassiterite more
than their low molecular weight counterparts. Zheng et al.
[38] reported the same outcomes when using polyacrylic acid
(PAA) for limestone grinding. Prziwara et al. [14] used different
organic GAs, heptanoic acid, (HepAc), triethanolamine (TEA),
1-Hexanol (HexOH) and diethylene glycol (DEG) with molar
masses of 130.18, 149.19, 102.18 and 106.12 g/mol, respec-
tively) for dry grinding of limestone and extrapolated the
following effectiveness based on product fineness: Carboxylic
acid > Amines > Alcohols > Glycols

2.2. Inorganic grinding aids

The most common inorganic GAs are presented in Table 2.
Generally, multivalent inorganic salts have been found to
increase grinding efficiency more than the monovalent ones.
This has been attributed to the ability of multivalent ions
to increase electrical repulsion between particles and pro-
motes deagglomeration [7,39]. Kukolev and Melnishenko [40]
reported an improvement in the grinding efficiency of magne-
site (MgCO3) when using sodium hydroxide as a GA. However,
no effect yielded on dolomite (MgCO3.CaCO3). Somasundaran
and Lin [41] later argued these findings after they observed
improved grinding efficiency in their independent investiga-

tion on grinding of limestone (CaCO3) with sodium hydroxide.
The observations were attributed to the different degree of
adsorption of sodium hydroxide on the respective mineral
surfaces. Fuerstenau [3] examined the effect of aluminium
chloride on grinding efficiency of quartz at different pH condi-
tions where improvement was only materialized in the acidic
to neutral conditions. Water was also considered as a GA to
explain the better grinding efficiencies observed in wet grind-
ing compared to dry grinding systems [3,39]. Fuerstenau [3]
claimed this could be attributed to the reduction in the sur-
face energy of wet grinding compared to dry grinding. Water
reduces the cushioning effect during grinding; thus, allowing
for un-dampened collision with grinding media, which leads
to improving the grinding efficiency [3,39]. In other exper-
iments reported, the use of non-polar liquids like carbon
tetrachloride (CCl4) and methyl-cyclohexane (as an organic
GA) resulted in a lower yield of fineness compared to water [3].
The observed contradicting effects can be explained by the dis-
persion/flocculation effect of the particles [42] and the point
of zero charges; the further away the better the effect [43].
Mallikarjunan et al. [43] improved grindability of calcite and
lowered grindability of quartz by decreasing pH range from
8–4, and attributed it to their respective point of zero charges
(10.5 for calcite and 2 for quartz).

3. Mechanisms

Grinding involves numerous and simultaneous sub-processes
[3,7,53] which can be divided into (1) The transportation of
material to the grinding zone (2) The loading or stressing
of material leading to fracture (3) Prevention of agglomera-
tion of the material (4) The transportation of the material
away from the grinding zone. The application of GAs for
grinding has been reported to affect some of these processes
[10,14,19,32,53–55]. For understanding the mechanism of GAs
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Table 2 – Inorganic grinding aids are used in various investigations.

Grinding aid Dry or Wet Material Reference

Sodium hydroxide Wet
Wet
Wet
–

Magnesite
Limestone
Iron ore concentrate
Chromite ore

[7]
[20]
[49]
[50]

Sodium silicate –
Wet

Clay slip
Chromite ore

[7]
[50]

Sodium carbonate – Limestone [38]
Carbon dioxide –

–
–

Magnesite
Dolomite
Quartzite

[7]
[7]
[7]

Sodium chloride –
Wet

Quartzite
Chromite ore

[7]
[51]

Calcium oxide Wet
Wet

Magnetite ore
Iron ore

[52]
[24]

Calcium chloride Wet
Wet

Magnetite ore
Chromite ore

[52]
[50]

Aluminium chloride –
–
–
Wet
Wet
Wet

Carbon black
Graphite
Talc
Cassiterite
Chromite ore
Coal

[7]
[7]
[7]
[17]
[51]
[16]

Ferric sulphate Wet Cassiterite [36]
Copper sulphate – Cassiterite [29]
Ammonium carbonate –

–
Mina
Vermiculite

[7]
[7]

Sodium polymetaphosphate –
Dry
–
Wet
Wet

Lead-zinc ore
Talc
Cassiterite
Iron ore
Chromite ore

[7]
[15]
[29]
[24]
[50]

Fig. 1 – A schematic illustration of the particle capturing
between grinding media in relation to the material
flowability.

effectiveness, the grinding process can be simply described as
a process that simultaneously involves the transportation and
capturing of particles in the grinding zone and application of
mechanical stress to yield breakage (Fig.1) [7,48,50].

The mechanisms of GA during grinding can be broadly
divided into two groups (1) The alteration of surface and
mechanical properties of individual particles such as surface
energy (i.e. Rehbinder effect) and surface hardness; (2) The
alteration of the particle arrangement and material flow char-
acteristics by flocculation/ dispersion or the prevention of
agglomeration or control of material flowability [1,3].

Although it is difficult to determine the mechanism of
adsorption experimentally, it was reported that for all these
proposed mechanisms, the adsorption of the GA onto the
particle surface is a prerequisite [56]. This adsorption has
been agreed to occur through the following ways; hydrogen
bonding, especially for particles with near-neutral surface
charges, chelating bonding with metal ions, hydrophobic
bonding through the hydrocarbon tail, and electrostatic bond-
ing [32,35].

3.1. Surface energy

The grinding process involves the application of mechanical
stress for initiating and/or propagating a crack that results in
fractures [7]. According to Griffith’s theory of fracture mechan-
ics, a successful fracture will occur if the loss in the elastic
strain energy exceeds the increase in surface energy (i.e. the
energy associated with the creation of new surfaces). This is
the basis of Rehbinder’s suggested mechanism that the reduc-
tion in the surface energy translates to the reduction in energy
required for successful fracture, which promotes grinding [57].
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Some studies have proven that application of GAs result in the
reduction of the surface energy [14,55,57,58]. However, from a
thermodynamic point of view, the energy associated with new
surfaces is less than 1% of the input energy [7], which cannot
account for the realised energy reduction in actual grinding.
The mechanism assumes the existence of crack and ignores
crack initiation, making pre-existing cracks a prerequisite for
the effect of GAs [7]. On the other hand, Westwood and Gold-
heim [59] supported the effect of GAs on the surface and
mechanical properties but questioned Rehbinder’s explana-
tion of the effect. They postulated that when GAs adsorbed on
the particles, they immobilize the near-surface dislocations,
which imparts brittleness; thus, resulting in improved grind-
ability. These mechanisms assume that the material transport
of GAs is faster than the crack propagation to allow for adsorp-
tion of GAs on the surface, which has been dismissed by
other studies [35,39,60]. Schönert [60] found that the crack
propagation velocities are significantly higher than the dif-
fusion transport of GAs. Enustun et al. [16] dismissed these
suggested mechanisms in their work were improved grinding
efficiency of coal was reported at 43% solids concentration.
However, no effect was reported at a lower density (16% solids)
using the same ratio of coal to Aquard TM (an ammonium
chloride based GA). Besides such limitations to these pro-
posed mechanisms, the explanations were followed in some
other investigations [16,51,61]. Anoshin et al. [51] reported an
increased degree of Cr3+ leaching from chromite with a fac-
tor greater than the reduction in surface area. They attribute
the phenomena to inter-granular fracturing, which substanti-
ates the effect of GAs on the fracture behaviour. Oettel and
Husemann [62] found this speculative as they did not find
direct evidence of the influence on fracture behaviour dur-
ing communication of confined and unconfined particle beds
of limestone using a single compressive load together with
caproic acid. In a study on chromite ore, Camalan and Hoşten
[61] reported an improved liberation after application of dif-
ferent GAs namely sodium oleate, potassium ethyl xanthate
(PEX), sodium isopropyl xanthate (SIPX) and sodium lauryl
dodecyl-sulphate (SLS) relative to the blank (without grinding
aid). They related this improvement to the effect of the GAs on
the fracture behaviour. Mishra et al. [32] performed molecular
simulations to establish a correlation between experimental
findings and the structure of the GA at the atomic scale. They
did not succeed and concluded that at a molecular scale, the
effect of GAs was to keep the cleaved surfaces apart rather
than affecting crack propagation. The suggested mechanisms
are likely to be relevant in a dominant abrasion process such
as stirred media mill, which has a slower mechanism com-
pared to fracture dominant process in the case of tumbling
mills [16].

3.2. Particle arrangement

The material flowability in grinding is pivotal as it ensures the
transportation of the material to and from the grinding zone.
Mishra et al. [32] observed that N-methyl-diisopropanolamine
(MDIPA) yielded the highest grinding efficiency (increase in
surface area) compared to triisopropanol amine (TIPA) and
triethanolamine (TEA). They ascribed it to the high disper-
sion of ground particles, which reduces agglomeration caused

by MDIPA and consequently supporting the mechanism on
particle arrangement (dispersion/ flocculation effect). Parti-
cle arrangement also depends on particle size, shape and
concentration which affect the flow dynamics and particle
breakage [63]. Several investigations have proven that the
application of GAs alters the particle arrangement and flow
properties [1,5,14,17,44,47,49,58]. The dispersion and floccu-
lation effect is also supported by Somasundaran et al. [20]’s
findings were the zeta potential of a particle decreases with
the adsorption of oppositely charged surfactants. Vieira and
Peres [49] researched on the grinding of iron ore concentrate
using sodium hydroxide. Their work showed a strong correla-
tion between grinding efficiency (quantified by surface area
and specific power) and the degree of dispersion at vary-
ing pH and pulp density, which corroborates the mechanism
on particle arrangement. Klimpel and Manfroy [1], suggested
that GAs neutralise the particle charges. This reduces the
particle-particle interaction and tendency of agglomeration
and, therefore, improves material flowability. Weibel and
Mishra [2] found agglomeration to be inversely proportional to
grinding, which supports Klimpel and Manfroy [1] proposed
mechanism. In the grinding of limestone with polyacrylic
acid as a GA, Zheng et al. [20] observed a drop in the mill
power draw and improved material transport. Rajendran and
Paramasivam [12] investigated the effects of GAs on grinding
efficiency and found a reduction in agglomeration accompa-
nied by improved material flowability.

The theories based on surface and mechanical properties
have failed to explain the effect of GAs in grinding. There-
fore, it is the prevailing mechanism of effect is one based
on the particle arrangement and material flow properties.
The mechanism based on the material flow properties can
be illustrated using Fig. 1. At low flowability (adding a low
GA ratio), too much material is captured in the grinding zone
relative to the stress-energy, which results in low grinding effi-
ciency. At high flow-ability (using a high GA ratio), the material
captured in the grinding zone is too low. Regardless of the
stress-energy this results in the low efficiency, which sug-
gests that an optimum flow-ability exists. Despite the lack
of support on the surface and mechanical properties mecha-
nism, the commonly reported reduction in the surface energy
remains a point of discussion on its role in grinding when GAs
adding to the process.

4. Grinding efficiency

Few studies have been conducted to investigate the effect
of GAs on grinding efficiency. Grinding efficiency is mostly
described in terms of mill throughput and specific energy con-
sumption based on the final product. Kokolev [64] studied the
effect of organosilicon (0.005 wt. %) in the context of wet grind-
ing of alumina in a ball mill where the grinding time decreased
four-fold compared to grinding without any additive. Similarly,
Orlova [65] reported a four-fold decrease in grinding time in
the wet grinding of zircon using TEA (0.2 wt.%). Melnik [66]
discussed the results of the ball mill test where organosili-
con (0.05 wt. %) was used in grinding of cement clinker, and
the grinding time was reduced by 70% in comparison with the
absence of GAs. Schneider [67] observed the same outcomes
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where the grinding of cement clinker using glycol resulted in
a 50% decrease in time for the same production.

During grinding, higher energy is required for further size
reduction due to the significance of particle-particle interac-
tion, which decreases grinding efficiency [10,48,53]. Grinding
efficiency is mainly evaluated based on energy consumed per
given mass of material as a function of time [39,68]. It is
shown that GAs reduce energy consumption (Table 3). The
reduction in the energy consumption increases by increasing
GAs dosage to a maximum, after which further addition gives
no effect [5,10,20]. During the grinding of calcite using poly-
acrylic acid as a GA, Choi et al. [9] observed 31.6% and 37.2%
of energy reduction at 60 and 70 wt.% solids. This evidences
that GAs are more effective at a high solid percentage. The
reduction in energy consumption is attributed to the reduction
in particle-particle interaction, which prevents agglomeration
[9,14]. This is in agreement with Zheng et al. [20]’s com-
ments that the reduction in energy consumption represents
an improvement in the material flowability, which points to
a reduction in particle-particle interaction. Zheng et al. [38],
studied the grinding of limestone using polyacrylic acid and
attributed the decrease in energy consumption based on the
increased particle flocculation.

Various materials respond differently to GAs with some
showing positive and negative effects or no response at all.
This phenomena has been reported in many studies suggest-
ing that GAs are solid-specific although there is no correlation
of global surface chemical properties (such as functional
groups, molar masses) with their effectiveness [2,70]. From
rheology studies, the observations can be attributed to the
varying degree of flow properties such as flow index, bulk
density, internal friction factor and shearing cohesion [12].

5. Product properties

5.1. Particle size distribution

It has been observed that by increasing the GA dosage, the par-
ticle size distribution (PSD) gets narrower and shifts to the finer
size range (Fig. 2) [5,10,15,45,48,58,71]. In a study on the grind-
ing of cement using triethanolamine, Altun et al. [5] observed
a coarser and wider particle size distribution in the blank
compared to the run with the GA. Zhao et al. [45] reported
a similar trend on the grinding of ultrafine fly ash using a
blend of triethanolamine and ethylene glycol. Ma et al. [36]
found that the use of polyacrylamide on the grinding of cassi-
terite polymetallic sulphide ore resulted in a narrow particle
size distribution. Yusupov and Kirillova [21], reported the use
of GA for controlling the particle size distribution by reduc-
ing slimes in the flotation feed, thus reducing the detrimental
effects. The resulting narrow particle size distribution due to
the use of GA can be attributed to the improved flowabil-
ity. This allows all particles to be ground under an optimum
particle-bed thickness. This supported Schönert’s [72] finding
that the particle size distribution became wider as the particle
bed height increased. Prziwara et al. [48]’s results also confirm
this phenomenon when they compared the effect of diethyl
glycol (DEG) (low flowability) and heptanoic acid (HepAc) (high
flowability) on the particle size distribution of calcite where

the latter gave a narrower and fine particle size distribution.
Moothedath and Ahluwalia [73] attribute the phenomenon to
the reduction of the abrasion component due to the use of
GA. This promotes fine and course material generation due
to the roundness of particles from the nipping. This nipping
action inhibits further breakage, although it highly depends
on the main breakage mechanism of the process. The higher
the viscosity of the GA, the narrower the product particle size
distribution [3].

5.2. Specific surface area

Specific surface area in the section, is defined as the surface
area per unit mass which is a function of porosity, pore size
distribution, shape, size, and roughness [75]. The effect of
GA on the specific surface area (SSA) follows a similar pro-
file as for the energy consumption. The SSA increases with
an increase in dosage up to a maximum and starts decreas-
ing (Fig. 3) [20,32,44]. This phenomenon of a decrease after an
initial increase in the SSA is attributed to the agglomeration
of particles [44]. A strong correlation was established between
the SSA and the applied energy, confirming the significance of
agglomeration as particle size decreases [49]. The use of GA
increases the SSA without necessarily increasing the energy
consumption (Table 4) [5,13,32,49]. The increase in the SSA at
a given energy is attributed to the reduced particle-particle
interaction due to enhanced dispersion of particles [37,44].

5.3. Surface properties

The grinding physico-chemical environment including the
presence or absence of GAs affects material surface proper-
ties such as surface roughness, surface area, surface defects
[21,76,77]. Yusupov and Kirillova [21] observed that during the
fine grinding of a Norilsk Ore (a silicate ore) with oleic acid
as a GA, less defects on the mineral structure were generated
compared to grinding without the GA. The reduced defects
can be attributed to the differences in the flowability which
affects the captured mass (Fig. 1), this phenomenon conse-
quently leads to more defects in case of low captured mass and
high stress intensity. Moreover, several studies have shown
that GAs increase the specific surface area compared to grind-
ing without GAs [10,15]. This increase in the surface area can
lead to increase in surface roughness based on Jaycock and
Parfitt’s relation where the surface roughness is directly pro-
portional to the SSA for a given density and particle diameter
[78].

6. Material flowability

It was well documented that the grinding efficiency can be
improved by controlling the rheological or flow characteristics
of the material [7,35,79]. These material flow characteris-
tics are influenced mainly by the solids content, particle
size distribution, and the chemical environment - floccu-
lation/dispersion state [3,7,35]. Some other properties, such
as particle shape, temperature, and shear rate (stirring) are
also reported as effective features [35,79]. GAs improve mate-
rial flowability by narrowing the particle size distribution,
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Table 3 – Effect of grinding aids on energy consumption.

Grinding aid Material Reduction in power
consumed (%)

Reference

Triethylamine (TEA) Limestone 98.5 [10]
BMA-1923TM (Amine based) Feldspar 60.0 [69]
TIPA Cement 20.6 [5]
Propylene glycol Clinker 10.0 [13]
Sodium polyphosphate Copper ore 15.7 [13]
Alcohol Coal 2.37 [13]
Diethylamine (DEA) Coal 1.05 [13]
Sodium polyphosphate Talc 33.7 [15]
Sodium polycarboxylic acid Talc 20.7 [15]
Polyacrylic acid Calcite 37.2 [9]
Triethylamine (TEA) Cement 17.34 [68]
Polyacrylic acid Limestone 100 [20]
Aluminium chloride Coal 25.0 [16]
Sodium silicate Chromite 4.67 [50]

Fig. 2 – Effect of grinding aids on the particle size distribution [74].

Fig. 3 – Effect of GA dosage on specific surface area. *TEA – triethanolamine, EG- Ethylene glycol, MDBS – Sorbitol based on
[58].
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Table 4 – Effect of GA on the specific surface area.

Grinding aid Material Specific surface area (cm2/g) Reference

Without With % Change

Triethylamine (TEA) Cement 3520 3580 1.7 [32]
Triethylamine (TEA)) Limestone – – 34 [10]
Triethylamine (TEA) Quartz – – 17.5 [10]
Triethylamine (TEA) Clinker – – 54.0 [10]
TIPA Cement – – 6.8 [5]
TEA: Ethylene glycol Fly Ash 7500 8540 13.8 [45]
Sodium polyphosphate Talc 3360 4030 19.9 [15]
Sodium polycarboxylic acid Talc 3360 3830 14.0 [15]
TIPA:TEA:NaOH Cement – – 10.6 [58]
Amine based blend Cement 4512 4543 0.7 [68]
Triethylamine (TEA) Cement 3950 3980 0.8 [55]

thus minimising the number of fines generated [9,35,48].
This improvement reduces material retention time in a mill;
thus, increases the grinding efficiency [3,5,7,9,11,45]. The
use of additives in grinding of metal powders also follows
the principle of reducing abrasion thereby improving mate-
rial flowability (tribology) where materials like graphite and
molybdenum disulphide [80,81].

6.1. Wet systems

It is approved that viscosity influences grinding processes
[49,79]. In wet grinding systems, a critical viscosity or slurry
yield value exists, where the grinding efficiency starts decreas-
ing due to high solids content and excessive fines [35,82].
According to Fuerstenau et al., [82] the grinding media starts
centrifuging (stick to the mill walls) above this critical vis-
cosity, which affects the cataracting and cascading motion
in the case of tumbling mills. As such, GAs work by reducing
the slurry yield point and eliminating the centrifuging effect
[49,82,83]. A reduction in material flow properties normally
results in the deviation from the Newtonian slurries (shear
stress is directly proportional to the rate of shear) resulting
in an increase in viscosity [3]. An increase in viscosity has
been found to be inversely proportional to grinding efficiency
[13,47]. GAs reduce the pulp viscosity, thus increasing material
transport [13,37,49].

6.2. Dry systems

The particle-particle interaction increases by increasing grind-
ing time leading to agglomeration, which in turn decreases
material flowability [14,53]. Poor material flowability results in
the accumulation of material in the mill, thus allowing for the
re-agglomeration of ground particles [13]. These conditions
are increased extensively during dry grinding. GAs change the
grinding environment by neutralizing the surface charges on
the particles, which reduces inter-particle interaction, thus
fluidizing the material [1,5,50].

7. Grinding environment

As mentioned earlier, rheological properties affect the grind-
ing efficiency, which depends mainly on the grinding

environment. Grinding in liquids, particularly water, is gen-
erally believed to be more efficient compared to a dry system
[3,7]. In the case of water, several researchers attributed this
to the physicochemical interaction of water with a broken
surface bond, which promotes crack propagation [60,84–86].
Grinding in organic liquids has been found to be more effective
compared to water, although the economics of the application
is prohibitive [3,67,84]. According to Engelhardt [87], alcohol
resulted in less energy consumption for the same specific sur-
face area compared to water in the grinding of quartz. The
observations are attributed to the difference in surface tension
and viscosity of the medium with alcohol having a lower sur-
face tension [3,7]. GAs are influenced by the solids percentage,
slurry pH, degree of mixing, and temperature [1,7,79].

The effect of GA depends on the dosage as well as the
pH environment [7]. Gamal [88] showed a strong effect of pH
on product fineness and grindability during the grinding of
a quartz sample using sodium silicate, isoamyl alcohol, and
ethylene glycol, respectively (Fig. 4). Ryncarz and Laskowski
[89] correlated the observed effects to the zeta potential val-
ues of quartz in amine solutions where grinding efficiency was
low at pH conditions close to the point of zero charge (PZC)
values. Halasyamani et al. [42] investigated the effect of pH on
the grinding of quartz and calcite with HCl and NaOH in a ball
mill. The maximum grinding efficiency for quartz was at pH 7
and was attributed to the dispersion effect since its PZC was
at pH 2. In a similar setup, Mallikarjunan et al. [43] confirmed
an increase in surface area of calcite by decreasing pH from
8 to 4, whilst for quartz, the surface area decreased. Vieira
and Peres [49] studied the effect of degree of dispersion on
the regrinding of iron ore concentrate with sodium hydroxide.
They reported an increase in the degree of dispersion from 3 to
28% with an increase in pulp pH from 7.3 to 10.This resulted in
17.4% decrease in the specific power consumption. Basically,
this can be explained by the increase in dispersion of particles
since the pH change is way from the point of zero charge given
its 2.0 and 10.5 for quartz and calcite, respectively [3,90]. As
such non-ionic chemicals that contain the –O and −OH func-
tional groups are usually preferred in industry; as these are
less sensitive to pH changes [35].

Dombrowe et al., [34] found no influence of tempera-
ture on the efficiency of using GAs in a tumbling mill. In
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Fig. 4 – Effect of pH on product fineness and grinding energy for a quartz sample based on [88].

contrast, Scheibe et al. [91], showed a decrease in specific
surface area and increase in agglomeration with an increase
in temperature during ball milling of a cement clinker with
trimethylamine as a GA. The effect of temperature is often
overlooked in wet laboratory grinding considering the rel-
atively lower and narrow temperatures experienced in the
set ups. Many grinding aids used commercially can with-
stand grinding temperatures minimizing losses in GAs due
to volatilization or decomposition [2]. It should be highlighted
that temperature correlates with inter-molecular interaction
which affect the adsorption strength of GAs on particle surface
[2].

8. Process parameters

Prziwara et al., [48] gave a global overview on the effects of
process parameters on the performance of GAs. They empha-
sized on the importance of mill “machine related parameters”
as well as material properties. There is no published study
on the effect of direct machine related parameters or grind-
ing force (loading mechanism) on the efficiency of using GAs.
However, few investigations addressed the stress conditions
which are machine related factors [34,48,73,92]. Prziwara et al.
[48], used a modern stirred media mill and they found that

the efficiency in the presence of GAs depends on the stirrer
tip speed but independent of the grinding media type.

8.1. Mill feed and solids content

In the grinding of a taconite ore with sodium hydroxide, Hart-
ley et al. [93] reported an increase of grinding efficiency for a
feed with a narrow (uniform) size compared to a feed with a
wide range size. From their observations, the application of
GAs is more effective on narrow PSD feed compared to the
feed with a widespread PSD. It has been reported that GAs are
more effective at a high slurry concentration or solids con-
tent [3,20,48]. In the grinding of calcite with polyacrylic acid,
grinding efficiency was 31.61 and 37.27% for 60 and 70 wt. %
solid percentage, respectively. This confirms that GAs are more
effective at higher solid concentrations (Fig. 5). This observa-
tion is mainly attributed to the increase in material to media
ratio resulting in the full utilization of grinding media [9,48].

8.2. Grinding media

The effect of GA on grinding media with a focus on the mate-
rial and size was addressed in some investigations [2,48]. The
use of GA in grinding reduces the coating of the grinding
media, thereby reducing the cushioning effect of fines and pro-
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Fig. 5 – Effect of solids concentration on the product
fineness of a tarconite ore using a polycarboxylate (XFS
4272) as a GA, where blank 1 and GA1 at a lower viscosity
whilst, blank 2 and GA2 at a higher viscosity based on [3].

motes grinding impact [14]. The effect of GAs on the different
grinding media, made by alumina, steel, and zirconia, utiliz-
ing grinding balls of different sizes with a density of 3.62, 7.86,
and 6.07 kg/l, respectively was studied [48]. Regarding the GA
choice, the grindability proved to be independent of the grind-
ing media size and material. Based on the product fineness
and specific energy, the alumina grinding media was found to
be the best option as it resulted in less stress-energy with less
energy (heat) dissipation due to its low density. It can be stated
that as long as the critical size (a size that allows for mini-
mum mass capturing based on particle size) is exceeded, the
effect of material flowability (due to the use of GAs) becomes
critical on mass capturing. The material of grinding media
is believed to affect grinding due to properties such as sur-
face roughness, which may influence flowability. However, no
investigations have been reported [94]. The choice of mate-
rial for grinding media is also important to ensure that the
GAs do not corrode the media [21,37]. The use of oleic acid
as a GA for fine quartz grinding by metallic balls showed no
increase in grinding efficiency. This was attributed to the oleic
acid-metal reaction, which used up the grinding aid due to
side reactions reducing the amount of oleic acid available for
grinding [21]. Routray and Swain [50] reported a beneficial
effect on the wear of steel balls from the GAs-grinding media
interaction. The use of sodium silicate, sodium hydroxide and
sodium hexa-metaphosphate resulted in 0.37, 0.44 and 0.50%
ball wear, respectively, compared to 0.55% observed for the
blank (without GA). This observation can be attributed to the
improved fluidity of the slurry which reduces the frictional
wear on the grinding media [50].

8.3. Shear rate

Studies on the effect of stirrer speed on the application of
GAs in the case of stirred media mills have been conducted by
[48]. It was reported that the range 2−3 m/s was the optimum,

whereas low speeds (1 m/s) and high speed (4 m/s) were less
effective, showing the importance of optimum stress inten-
sity. The use of heptanoic acid (high flowability) improved
grindability for the low speeds (1 m/s) whereas diethylene gly-
col (low flowability) improved grindability for the high speed
(4 m/s). Basically, the observation was explained using the
particle capturing model with low speeds resulting in too low-
stress intensity relative to the captured mass and vice versa,
i.e. too much stress intensity relative to captured mass at
high speeds resulting in high dissipation of energy as heat
[48,95–98]. Grinding aids help in controlling the flowability to
give the optimum mass capturing conditions.

8.4. Dosage strategy

A number of studies have been done to determine the effect of
the GA dosage strategy in grinding, comparing continuous and
once-off addition [16,48]. Although not conclusive, stage-wise
addition has been reported to be more effective compared to
single-stage addition [48]. At the onset of grinding the mate-
rial is coarse (low specific surface area) with too much GA
(high flowability) which is detrimental but rather continuous
addition the total amount of GA increases with an increas-
ing fineness (specific surface area) which ensures optimum
flowability [16,48,83,93].

9. Downstream performances

Considering that grinding is one of the first steps in ore benefi-
ciation, the application of GAs has to be economical and, most
importantly, have no detrimental effects on the downstream
processes. GAs such as sodium hexametaphosphate (SHMP)
and sodium silicate (they are typically dispersant and depres-
sant) are mainly used for complex minerals. The use of these
GAs should be assessed since they are effective in flotation
[24,35]. From an environmental point of view, sodium hexam-
etaphosphate is harmful due to the phosphate group, which
was reported in effluent water [35]. Sodium hydroxide is com-
monly used as a GA. It is primarily used as a dispersant for
mineral oxides but also acts as a pH modifier, and as such, the
downstream process pH should be considered [35,50]. Citric
acid is a general-purpose dispersant for a number of minerals
and is more effective at pH < 6, although it has a tendency of
forming insoluble salts with Ca2+ ions and other metals which
increases its consumption [35]. Some reported effects of GA on
downstream processes are listed in Table 5.

Selective grinding of materials is a promising solution to
problems of over-grinding/under-grinding and high energy
consumption associated with the beneficiation of com-
plex minerals such as cassiterite or polymetallic sulphides
[16,29,36,100]. The concept of selective grinding recognizes
that soft minerals have a slower grinding rate compared to
brittle ones due to the effect that Tanaka [101], described it
as the shielding effect [83,100]. The GAs increase the grind-
ing rates of both minerals, which reduce the differences in
the grinding rate [83,101]. The aspects are not well under-
stood regarding the effect on individual grinding rates (i.e. the
soft and hard mineral), and it is believed GAs equally increase
the grinding rates of all components [83]. Depending on the
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Table 5 – Downstream effects of grinding aids.

Grinding Aid Effects Reference

Calcium Oxide 2.9 % increase in dense media separation efficiency of magnetite (65.0–67.9 %) [8]
ZALTATM 4 % increase of copper recovery through flotation by maintaining high

throughput without comprising the mineral liberation
[99]

Benzyl arsenic acid 6.4 % increase in flotation recovery of cassiterite (51.6–58%) [29]
Sodium hexa-metaphosphate 42 % decrease in flotation recovery of cassiterite (51.6 – 9.6%) [29]
Hydroxylamine based GA 7% reduction in recycled fines in an air classifier underflow (22.6−15.5 %) [68]
Ammonium chloride Increased dissolution of chromite in HCl [51]
Potassium ethyl xanthate (PEX) 6% increase in recovery of chromite ore [61]

downstream process, the preferential grinding of the gangue
is usually preferred for physical separation whilst the reverse
is desired for chemical separation.

During grinding, fracture occurs either as intra-granular
(within the particle itself) or inter-granular (along grain bound-
ary) with both sufficient for size reduction. The latter is more
beneficial for mineral liberation [7,61]. Anoshin et al. [51] con-
ducted a study to understand the effect of inorganic GA on
the structural properties of chromite. The observed increase
in the dissolution in hydrochloric acid was more than the
rate in the increase of the specific surface area after grinding
with ammonium chloride. Although dissolution is related to
the surface area, they attributed the differences in the rates
to the effect of the GA. The observations suggest that GAs
increase the degree of amorphisation of the mineral structure;
thus, improving its dissolution [21,50,51]. Camalan and Hoşten
[61] assessed the GAs’ effect on promoting the liberation of
chromite. In their work, they pre-treated chromite ore prior to
a drop weight test and analysed the progenies using a scan-
ning electron microscope and X-ray diffraction. They reported
that the use of potassium ethyl xanthate enhanced liberation
by promoting fracturing of particles along grain boundaries.
The non-random liberation is attributed to the hydrolysis of
the grain boundary due to the GA, thus resulting in its weak-
ening [61].

The use of CaO as GA in the grinding of magnetite ore
improved its recovery [52]. The authors observed a 67.9%
recovery after using the GA and 65.0% for the run without GA
in the heavy liquid separation giving a 2.9% increase. Enustun
et al. [16] investigated the effect of Aquard TM, (an ammonium
chloride-based GA) on the grinding of coal. The GA resulted
in selective grinding of the inorganic matter (pyrite), which
presents an opportunity of simplifying coal washing to a mere
separation by size process [16]. This is all attributed to the
preferential grinding effect of GA, which favours the grinding
of gangue material and promoting the separation via gravity
methods.

Toprak et al. [54] developed a GA specific model for an air
classifier using different types of GAs. The model is based
on Whiten’s partition function [54], together with the relation
between GA type and dosage with the model parameters.
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where, Eoa is the actual efficiency to overflow, C is the fraction
subjected to real classification, � (fish-hook) is a parameter
that controls the rise of the curve in fine sizes, ˇ∗ is a param-

eter that represents the definition of d50c (i.e. d50c = d when
E = 1/2C), d is the particle, and � is the corrected cut size i.e.
sharpness of separation. GAs were found to mainly affect the
� (fish-hook) and C (fraction subjected to real classification)
parameters. This substantiates the finding reported in those
studies that GAs result in the reduction of the fines recir-
culated back into the mill, which is often referred to as the
bypass fraction [14,32,68]. Basically, this is explained by the
effect of GA on the reduction of agglomeration which improves
the feed dispersion and consequently improves classification
[14,32,54,55,83].

Several investigations were carried out to address prob-
lems in the beneficiation of cassiterite using GAs [29,36,100].
In the study they wanted to ensure that the feed was not
over-ground for the use of gravity methods and, at the same
time, avoid under-grinding for the flotation feed. The use of
benzyl arsenic acid improved grinding efficiency (i.e. energy
consumption and narrow PSD) and flotation recoveries whilst
SHMP only improved grinding efficiency but had low flotation
recoveries. This observation is attributed to the depressant
nature of SHMP, which reduces the floatability of cassiterite
whilst benzyl arsenic acid acts as a collector [29,102].

10. Summary

In mineral beneficiation, wet grinding is much preferred com-
pared to dry grinding, but the growing scarcity of potable water
poses a threat to mining activities, especially in arid regions.
For dry grinding, the high energy consumption remains the
major problem coupled with low throughputs. This neces-
sitates energy-efficient technologies and strategies. As such,
the use of additives (grinding aids) in mineral processing can
be considered as a promising alternative for reducing energy
consumption. Chemicals that can be employed as GAs range
from organic (such as polyols, alcohols, esters, amines) and
inorganic (such as calcium oxide, sodium silicate, sodium
carbonate, sodium chloride) with some also employed as mod-
ifiers, flocculants, surfactants, and dispersants in downstream
processes.

1 GAs have some additional benefits besides reduction in
energy consumption such as enhancing grinding efficiency,
reducing water usage, improving material flowability,
improved liberation, and narrowing the particle size distri-
bution of the products. These effects can mainly improve
grinding efficiencies under selected conditions. Thus, it
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is necessary to understand and establish such conditions
based on the mechanisms involved.

2 There is no established correlation between grinding effi-
ciency and the GA’s structure at the atomic scale. The wide
range of chemicals, which act as GA, makes it difficult to
relate the atomic structure to resulting effects.

3 The effectiveness of grinding aids depends on the GA type,
dosage, grinding environment as well as various process
parameters.

4 There is a lack of scientific understanding on the mech-
anism of GAs’ effect in grinding processes. Surprisingly,
the aspect of energy expended to characterise the effects
is neglected, which is the basis of their application in the
industry. Moreover, there is a lack of understanding on the
effects of the physicochemical environment, which could
explain the many contradicting effects of GAs reported.
For addressing the lack in understanding on the mecha-
nism of effect, the understanding of GA is required looking
at properties such as the zeta potential, surface tension,
pH ionic strength, temperature, and chemical composition
are required. Another approach is required looking at the
machine characteristics such as speed, size, mechanism of
stress loading, and mill filling. A better understanding of
the aspects will pave the way for the application of GAs
as an energy-efficient technology, which ultimately reduces
environmental impacts.

5 There is a general acceptance on the state of disper-
sion/flocculation and particle arrangement (flowability) as
the effective mechanism, although no outright scientific
explanation exists. To fill this gap in scientific knowl-
edge, further studies on the effect on fracture behaviour
(Rehbinder’s effect) are required. A better understanding of
the effect of GAs on fracture behaviour could open up the
potential for improving mineral liberation. Most research
work and industrial applications that exist in literature are
in the cement industry and few in mineral industrial. Cur-
rently, few studies show some positive effects of GAs on
classification and separation efficiency of downstream pro-
cesses such as froth flotation together with some negative
effects. The successful application of GA in beneficiation
plants requires an understanding of possible effects on
downstream processes.

Therefore, more research work is required in the applica-
tion of GAs in the mineral industry to explore possible benefits.
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A B S T R A C T

Dry grinding as an alternative to wet grinding is one of Sweden's strategic research areas to promote dry ben-
eficiation. However, dry grinding has remained unpopular due to its higher specific energy consumption (Ec),
wider particle size distribution (PSD), difficult material handling, and purported effects on downstream pro-
cesses. In this work, the effects of the new additives (Zalta™ GR20–587, Zalta™ VM1122, and Sodium hydroxide)
employed as grinding aids (GA) on dry grinding and product characteristics of a magnetite ore were studied in
light of possible downstream effects. The grinding efficiency of Magnetite increased after using GAs in com-
parison without the GAs; however, an optimal dosage exists for each of the chemical additives investigated.
Comparing to grinding without GA, Zalta™ VM1122, a viscosity modifier was selected as the most effective GA
where by using this GA; the Ec decreased by 31.1% from 18.0 to 12.4 kWh/t, the PSD became narrower and finer
(the P80 decreasing from 181 to 142 µm), and the proportion of the particles (38–150 µm) increased from 52.5 to
58.3%. Zalta™ VM1122 resulted in increased surface roughness and minimum microstructural defects. Further, it
was found that Zalta™ VM1122 resulted in similar zeta potentials and pH values for the product compared to
grinding without GA. These comparable product properties are advantageous as they minimize any potential
negative effects on all possible downstream processes such as flotation.

1. Introduction

Beneficiation of Magnetite as a source of iron, which is essential for
the steel industry mainly involves comminution, magnetic separation
and flotation to produce a concentrate which is further processed to
produce iron and steel products. However, water scarcity is a big threat
to mining activities, especially in arid regions like South Africa,
Australia, Chile, and China (Chehreh Chelgani et al., 2019). Sweden as
a leading producer of iron ore in Europe has set targets on improving
resource efficiency and reduction of water usage in mining activities
through dry beneficiation and looking for the possible strategies
(SIP STRIM, 2019).

Due to the current processing of finely disseminated ores, grinding
is a prerequisite to ensure size reduction and mineral liberation before
any subsequent separation stage. As such, for any dry beneficiation
techniques like classification, sorting, magnetic separation, gravity, or
electrostatic separation, an efficient dry grinding process is required.
Dry grinding has some merits, such as less wear of grinding media in
comparison with wet grinding (Bruckard et al., 2011; Kanda et al.,
1988; Koleini et al., 2012; Ogonowski et al., 2018). However, this
process remains a challenge due to the higher energy consumption, i.e.,

about 20–25%, wider particle size distribution, difficult material
handling, and purported effects on downstream processes (Chehreh
Chelgani et al., 2019; Feng and Aldrich, 2000). Moreover, dry grinding
is characterized by low material transport in the pneumatic and hy-
draulic pumping system resulting in lower throughputs (Feng and
Aldrich, 2000; Kanda et al., 1988; Ogonowski et al., 2018). These
problems become pronounced as grinding products get finer due to the
increase in particle-particle interaction leading to agglomeration
(Prziwara et al., 2018a). Using chemical additives (grinding aids: GA) in
dry grinding is one promising alternative to address some of these
limitations (Fuerstenau, 1995). GA refers to any substance added to the
mill, which results in a grinding efficiency increment and energy con-
sumption reduction during grinding (Their amounts should not exceed
0.25 wt.% of the material) (Fuerstenau, 1995; Klimpel and
Manfroy, 1978). These GAs can either be inorganic or organic, although
the latter is more common commercially (Chipakwe et al., 2020). GAs
improve the material flow properties during dry grinding, which re-
duces material retention time in a mill; thus, it increases the grinding
efficiency (El-Shall and Somasundaran, 1984; Fuerstenau, 1995;
Prziwara et al., 2018a). This is attributed to the neutralising the surface
charges on the particles, which reduces inter-particle interaction, and as
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a result, reducing agglomeration (Altun et al., 2015; Assaad and
Issa, 2014). GAs also give a narrow particle size distribution (Ma et al.,
2010). A narrow particle size distribution is beneficial for downstream
processes such as classification, as it also reduces energy consumption
(Kotake et al., 2011).

In efforts to understand the effectiveness of GAs,
Mishra et al. (2017) carried out a simulation to relate the functional
group to the grinding performance of cement clinker. Their findings
were inconclusive as no correlation could be established.
Prziwara et al. (2018a), (2018b) gave an overview of the influence of
GAs on grinding performance, process parameters, surface properties,
and material bulk properties during the grinding of limestone. Their
findings indicated that process parameters, grinding aid type, dosage,
and the material itself all influence on the grinding performance. Most
literature on dry grinding with GAs is within the cement industry, fo-
cusing mainly on their effect on fineness, energy consumption, and
product properties (setting time and compressive strength) (Altun et al.,
2015; Guo and Sun, 2017). There has been little discussion about the
application of GAs in dry grinding that addresses some of the above
mentioned shortcomings. Despite some positive effects of GAs, many
contradicting results exist in the literature, further complicating their
application (Chipakwe et al., 2020). Moreover, a few studies have been
explored the possible changes on the surface of minerals and the slurry
in the presence of GAs. These parameters potentially can effect on se-
paration efficiency; therefore, GAs with minimum negative effects on
the downstream processes will be essential.

Accordingly, this study seeks to investigate the use of new GAs in
dry grinding regarding energy reduction as well as their effects on
product surface properties to improve dry grinding. The goal is to
perform a comparative interpretation of the application and effects of
GAs on dry grinding of magnetite ore (as one the most important ores
within Sweden) and the resulting product surface properties. Three
different industrial additives employed as GAs, at varying dosages, and
compared with a blank condition (without GAs) as the reference case.
The energy consumption, particle size distributions, zeta potential, and
pH of the slurry from the dry ground products were assessed on the
different conditions to determine their variations. Finally, the surface
roughness was quantified using a combination of Brunauer – Emmett –
Teller (BET) surface area, and the bulk density measurements together
with optical microscopic images for microstructural analysis were
considered. Outcomes of this investigation would be a step forward for
filling the existing gap on improving the efficiency of dry processing
and the application of GAs with negligible effects on the downstream
processes.

2. Materials and methods

2.1. Materials

In this study a magnetite ore containing 54–57% (Fe3O4) was col-
lected from LKAB‘s mine in Malmberget, Sweden. An XRD analysis was
done using a D/MAX-2500 pc powder diffractometer equipped with Co-
Kα (λ = 1.54 Å) for mineral identification. The XRD patterns showed
that Magnetite is the dominant valuable mineral together with ilmenite,
actinolite, albite, biotite, quartz, apatite, and diopside as gangue mi-
nerals (Fig. 1).

A randomized regular 3-level experimental design in duplicate was
chosen for the three different GAs namely Zalta™ GR20–587
(Commercial GA) and Zalta™ VM1122 (Commercial viscosity aid) from
Solenis (Sweden) as well as sodium hydroxide (analytical grade) from
Kebo Lab (Sweden) together with three levels of dosages (0.03, 0.05,
and 0.1 wt.%) (Table 1). The ore sample was initially crushed in a la-
boratory scale jaw crusher to minus 3.35 mm. Hartley et al. (1978)
reported that GAs are more effective for more uniform particle size.
Therefore, a narrow size range was selected in this study (size range of
+1.00–3.35 mm). The sample was carefully split by a riffle splitter to

reach the required mass range for the grinding experiments.

2.2. Grinding tests

A 115 mm internal diameter CAPCO Jar mill was operated at 91%
critical speed, with steel grinding media (graded charge: top-size
36 mm). The test procedure and parameters used were developed by
Mwanga et al. (2017) to carter for a small amount of samples for batch
grindability tests. The feed had a top size of 2.8 mm and a F80 of
2594 µm. The mill conditions were kept constant for all the runs. For
the first run, the ball mill was run with the ore continuously for 30 min
and the energy was read from an energy meter before and after the
operation. The same conditions were applied in the grinding process
with the GAs. The GAs were added in the supplied form (no solutions
were prepared) just before the grinding procedure. No pre-treatment
was done for representing the industrial-scale mill conditions of ad-
sorbing the GAs during grinding. The grinding energy was determined
using the work index according to Eq. (1).

⎜ ⎟= ⎛

⎝√
−
√

⎞

⎠
W W

P F
10. 1 1

i
(1)

Where: Wi: work index (kWh/t), W: grinding energy (kWh/t), P: 80%
passing size of the mill product, in μm, F: 80% passing size of the mill
feed, in μm (Bond, 1961). The ground material was collected after the
grinding process and analysed for particle size distribution. The particle
size was determined via a combination of dry and wet sieve analysis
from which the P80 was determined. For measuring the pH of the

Fig. 1. XRD analysis of the magnetite ore.

Table 1
Chemicals employed as GAs.

Chemical and physical
properties

Zalta™
GR20–587

Zalta™
VM1122

Sodium
hydroxide

Description Grinding aid Viscosity aid pH modifier
pH 8 4–7 14
Appearance Aqueous

solution
Liquid Crystalline solid

Colour Yellow White White
Boiling point °C 100 98.9 – 103.3 1388
Flash point °C – 207 –
Water solubility Soluble – Soluble
Dynamic viscosity

(mPa.s)
150 2.0–3.0 0.997

Density at (g/cm3) 1.20 1.06 2.13

*Physical properties at 20 °C.
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grinding environment, a pulp was prepared for the respective grinding
products.

2.3. Characterisation of grinding products

2.3.1. Surface morphology analysis
Surface morphology analyses were performed based on microscopic

analysis. Representative samples were collected, molded, and polished.
Microscopic analyses were performed with a Zeiss Axioscope 7 optical
microscopy. The analysis was carried out on +150 −1000 µm size
fraction. The criterion for topology studies and the microstructural
defects of the particle surfaces was based on randomly selected particle
surfaces of the samples treated with and without GAs.

2.3.2. Surface roughness
Specific surface area (area per unit mass or volume) is a useful

measurement for particle characterization and roughness. When a solid
surface is exposed to a gas, e.g., nitrogen, the gas molecules are at-
tracted and adsorb to the surface to form adsorbed layers. Under fixed
conditions assuming a monolayer of molecules, the amount of adsorbed
gas is proportional to the total surface area of the solid, which increases
with increasing roughness (Allen, 1997). The surface area of the par-
ticles was measured by the BET technique, which characterises the
surface roughness of particles. The surface roughness (RS) values (di-
mensionless) was calculated using the following equation described by
Jaycock and Parfitt (1981).

= ⎛
⎝

⎞
⎠

R A ρ D
6S B (2)

Where: AB is the BET surface area measurement, ρ is the density of solid,
and D is the average particle diameter. For each product ground with
and without GAs, the BET specific area was measured by Micromeritics
Flowsorb II 2300 instrument. In addition, the density of the selected
materials was measured using an automated Micromeritics AccuPy II
1340 gas pycnometer.

2.4. Zeta potential measurement

The zeta potential measurements for the ground samples were car-
ried out using a CAD ZetaCompact instrument. The principle of the
instrument is based on micro-electrophoresis i.e., observation of par-
ticle motion under an electric field using a CCD camera. The image
analysis is done by Zeta4 software based on Smoluchowski equation to
evaluate the electrophoretic mobility data (Forbes et al., 2014). The
suspension was prepared by adding 30 mg of a pure sample with
−5 µm samples ground with various grinding conditions, deionized
water, and

10−2 M KCl solution as the electrolyte. The suspension was stirred
uniformly in a beaker to form a suspension containing 0.01 wt.%. The
reported values are the mean calculated measurements.

3. Results and discussion

3.1. Energy consumption

Work index calculations (Fig. 2) indicate that the GAs results in a
reduction in energy consumption for all the additives compared to the
blank test (reference line). The extent of energy reduction is affected by
both the type of grinding aid and the dosage. In terms of GA type,
Zalta™ VM1122, sodium hydroxide, and Zalta™ GR20–587 had a
31.1%, 28.8%, and 26.6% reduction, respectively, compared to the
blank sample. Considering dosages of 0.03 and 0.05 wt.%, sodium
hydroxide is the most effective; however, the lowest work index
(12.4 kWh/t) is reported for Zalta™ VM1122 at 0.1 wt.%.

The difference in the work index of the selected GAs can be at-
tributed to the change in material flowability. As the flowability

increases to an optimum, the energy is transferred efficiently to allow
for successful breakage of all particles, after which the efficiency drops
again. In comparison with the blank test, the work index drops off when
using sodium hydroxide and Zalta™ GR20–587, and interestingly starts
to increase with dosage increment. The difference in the work index of
the selected GAs can be attributed to the change in material flowability.
As the flowability increases to an optimum, the energy is transferred
efficiently to allow for the successful breakage of all particles, after
which the efficiency drops again. In comparison with the blank test, the
work index drops off when using sodium hydroxide and Zalta™
GR20–587, and interestingly starts to increase with dosage increment.
This sudden increase in the work index after 0.05 wt.% dosage implies
that an optimal improvement in flowability exists, which allows for
effective particle breakage. High powder flowability affects particle
capturing with particles more easily pushed out of the active grinding
zone, resulting in poor size reduction (Prziwara et al., 2018b;
Schönert, 1996). Accordingly, in the case of high flowability, less mass
is captured, resulting in less effective particle size reduction for the
given energy and higher amounts of energy consumption per given
mass.

3.2. Product fineness

The effect of GA types and its dosage on the product fineness was
analyzed using a combination of dry and wet sieving as well as specific
surface area measurements. All the used GAs result in an increased
product fineness, expressed by the P80, compared to the dry grinding
without additive (reference line) (Fig. 3). Thereby, both the GA type
and dosage affect product fineness. From the investigated dosage
ranges, the finest product size was achieved by grinding with Zalta™
VM1122, followed by sodium hydroxide and, lastly, Zalta™ GR20–587.
A decrease in product fineness was achieved for both sodium hydroxide
and Zalta™ GR20–587, which is more drastic at high dosages. These
results correspond to those of Gamal (2017) during wet grinding of
quartz conditioned with various GAs separately, namely sodium sili-
cate, isoamyl alcohol, and ethylene glycol ether in a ball mill. A similar
trend, as observed for the work index, can be seen for fineness incre-
ment when raising the dosage to a maximum, which follows a sudden
decrease of fineness for both sodium hydroxide and Zalta™ GR20–587.

3.3. Particle size distribution

The results (Fig. 4) indicate that the middling size fraction (+38
−150 µm) has the highest frequency within the particle size

Fig. 2. Effect of grinding aids on work index.
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distribution of dry ground samples, which can be considered as an
optimum condition for downstream separation processes such as flo-
tation. Grinding in the presence of Zalta™ VM1122 produces particle
size distributions with 23.2; 58.8; and 18.5%, whereas the blank test
results in 24.9; 53.2 and 21.9% for −38, +38 −150, and +150 µm
size fractions, respectively. I.e., using GAs reduces the production of
fine particles (−38 µm). This corroborates with Zhao et al., al.(2015)’s

finding on the grinding of ultrafine fly ash in a ball mill using a blend of
triethanolamine and ethylene glycol. The resulting narrow particle size
distribution can be attributed to the improvement in flowability due to
the use of GAs. This allows all particles to be ground under the optimum
particle bed thickness. The differences in the particle size distribution
between GAs can be attributed to the difference in material flow-
abilities. Differences in the flowability result in the various captured
mass, which consequently has a selective impact on particle breakage
behavior within a particle bed (Prziwara et al., 2018b). In the case of
high captured mass and comparatively low-stress intensity, the particle
breakage will be poor and will lead to excessive fines generation.
Therefore, it strengthens the position that the best GA brings a balance
on the captured mass and the stress intensity, which consequently will
have a narrow particle size distribution – with no under or over-
grinding.

These outcomes indicate a relationship between the physical prop-
erties of the chemicals (Table 1) and the observed energy reduction.
Zalta™ VM1122, a polysaccharide, which illustrates to be the best GA,
has a dynamic viscosity ranging from 2.0–3.0 compared to 150 and
0.997 mPa.s for Zalta™ GR20–587 and sodium hydroxide, respectively.
Using the mass capturing concept by (Schönert, 1996), Zalta™
GR20–587 has too low flowability whilst sodium hydroxide has too
high flowability. The respective densities of the GAs show a correlation
with low density, resulting in improved grindability. These corroborate
with Prziwara et al. (2018b)’s findings during the grinding of limestone.
They found heptanoic acid (density = 0.918 kg/L) to be an effective GA
compared to diethylene glycol (density = 1.12 kg/L). Studies have
shown that the number of molecules per surface area influence flow-
ability due to the thickness of the adsorbed layer (Prziwara et al.,
2018a). It can be postulated GAs with a lower density that is larger
volume relative to the mass results in a lower number of molecules, thus
resulting in a thinner adsorption layer and reduced flowability. This can
account for Zalta™ VM1122’s superiority compared to sodium hydro-
xide (with lower dynamic viscosity).

3.4. Surface morphology

The surface roughness of Magnetite from using different GAs was
determined quantitatively from BET measurements and qualitatively
from optical microscope imaging. The density measurements with a
pycnometer show that the magnetite sample had a bulk density of 4.48
gcm−3. The GAs results in high surface roughness compared to the
blank test except for Zalta™ GR20–587, compare Table 2. In general, for
all size fraction, Zalta™ VM1122 indicates the highest specific surface
area and surface roughness (Table 2). The differences in surface
roughness for various GAs can be explained by the increase in surface
area compared to the blank sample of each size fraction. Surface mor-
phology affects the hydrophobicity, which finally affects the down-
stream separation processes, especially flotation separation. The re-
sulting high surface roughness from the use of GAs improves the

Fig. 3. Effect of grinding aids on product fineness.

Fig. 4. Particle size distribution of products for different GAs.

Table 2
Specific surface area and roughness of magnetite particle ground by different grinding aids.

Size fraction (µm) Arithmetic mean size (µm) Sample type Specific surface area (AB) (m2/g) Surface roughness (RS)

−106 + 75 90.5 Blank 0.677 45.667
Zalta™ GR20–587 0.624 42.092
Zalta™ VM1122 0.766 51.671
NaOH 0.693 46.747

−75 + 53 64.0 Blank 0.690 32.915
Zalta™ GR20–587 0.743 35.444
Zalta™ VM1122 0.850 40.548
NaOH 0.769 36.684

−53 + 38 45.5 Blank 0.885 30.014
Zalta™ GR20–587 1.008 34.185
Zalta™ VM1122 1.056 35.813
NaOH 0.904 30.658
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flotation kinetics due to the improved particle-bubble attachment
(Feng and Aldrich, 2000; Ahmed 2010; Hicyilmaz et al., 2006;
Ulusoy and Yekeler, 2005). The topographies demonstrate the differ-
ence in the degree of microstructural defects with GAs, reducing the
defects except for sodium hydroxide (Fig. 5). The other considerable
observation is the degree of micro-defects on the surfaces for sodium
hydroxide treated sample and the blank sample (Fig. 5). The resulting
high surface roughness from the use of GAs improves the flotation ki-
netics (Feng and Aldrich, 2000; Hicyilmaz et al., 2006; Ulusoy and
Yekeler, 2005). This could be attributed to the change in the particle
shape, which is not within the scope of this study. Surface roughness
was found to be more effective than shape in pyrite flotation of the ball
and autogenous products (Ahmed, 2010; Hicyilmaz et al., 2006).

3.5. Zeta potentials

Zeta potentials are influenced by many factors, such as a crystalline
structure (Carlson and Kawatra, 2013). The difference in zeta potentials
can be attributed to the varying degree of hydration/hydroxylation due
to the adsorption of the grinding aids on the particle surface. The high
degree of hydration leads to high hydrogen bond formation, which in
turn leads to oxygen atoms being less free and a reduction of the oxi-
dation degree (Morimoto and Kittaka, 1973). Therefore, it would be
essential to minimize zeta potential variation by adding GAs to the
system for promoting possible reactions during flotation. Zeta potential
measurements indicate that adding Zalta™ VM1122 generates the
lowest difference compared to the blank test (Fig. 6). There is good
agreement between zeta potential measurement (Fig. 6) and surface
morphology results (Fig. 5) since using Zalta™ VM1122 generated the
lowest microstructural defects and zeta potential variation. The

observed minimum microstructural defects point to the optimum
flowability that Zalta™ VM1122 imparts on the flow behavior.The ad-
sorption of flotation reagents is controlled by the electrical double layer
at the surface-water interface, and zeta potentials are key in ascer-
taining the adsorption conditions (Fuerstenau and Pradip, 2005).
Therefore both the pH and zeta potential can either prevent enhancing
flotation. In other words, using Zalta™ VM1122 results in similar zeta
potential and pH with grinding without GAs; thus, minimizing the po-
tential of negative.

From the pH values (Table 3), Zalta™ VM1122 shows the minimum
change relative to the grinding without GA, which results in minimum
effect on downstream processes. Sodium hydroxide has the maximum
change, which is expected since it is a strong alkali pH modifier, fol-
lowed by Zalta™ GR20–587. These results help to understand how GAs
can affect surface properties since the pH has a direct impact on zeta
potentials (Carlson and Kawatra, 2013). From a practical point of view,
the addition of sodium hydroxide during grinding can serve as both
grinding aid and pH regulator for minimizing any possible negative
effects on the downstream processes.

4. Conclusions

The dry grinding of a uniform sized magnetite feed (−3.35 mm
+1.0 mm) was carried out with three different GAs, namely Zalta™
GR20–587, Zalta™ VM1122, and sodium hydroxide, using a laboratory
scale ball mill. Generally, assessments indicated that all selected ad-
ditives had a positive effect on the product compared to grinding
without grinding aids. The grinding tests showed that Zalta™ VM1122
resulted in the highest energy reduction, narrower particle size dis-
tribution, rough surfaces, minimum microstructural defects, minimum

Fig. 5. Optical microscope images at 20X magnification for a) grinding without GA, b) grinding with Zalta™ GR20–587, c) grinding with Zalta™ VM1122, and d)
grinding with sodium hydroxide all conditioned at 0.1 wt.% dosage.
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pH modification, and zeta potential variation. In general, the calcula-
tions from BET measurements showed that GAs results in rougher
surfaces compared to the blank sample. The resulting high surface
roughness from the use of GAs may improve the flotation kinetics. The
samples ground with GAs showed less microstructural defects com-
pared to the black samples, whereas this is not applicable for sodium
hydroxide. Considering that Zalta™ VM1122 is a commercial viscosity
modifier, these findings substantiate for the conceptual premise. In this
regard, the main mechanism of GAs is based on the particle arrange-
ment properties, although inconclusive to disprove other mechanisms.
These outcomes indicated that chemicals employed as grinding aids as a
mono-component and potentially mixtures could improve grinding ef-
ficiencies, which presents an opportunity for the application of dry
grinding for water usage reduction in mineral processing.
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ABSTRACT
It is well documented that chemical additives (grinding aid “GA”) during grinding can increase mill 
throughput, reduce water and energy consumption, narrow the particle size distribution of products, 
and improve material flowability. These advantages have been linked to their effects on the rheology, 
although there is a gap in understanding GA effectiveness mechanism on the flow properties. The present 
study aims to fill this gap using different GAs (Zalta™ GR20-587, Zalta™ VM1122, and sodium hydroxide) 
through batch grinding experiments of magnetite ore and addressing the mechanisms of their effects on 
the rheology by an FT4 Powder Rheometer as a unique system. Experimental results showed that GA 
improved grinding efficiency (energy consumption and product fineness), which were well-correlated 
with basic flow energy, specific energy, aerated basic flow energy, and aerated energy. Moreover, the 
rheometry measurement showed strong linear correlations between basic flow energy, specific energy, 
and the resulting work index when GAs was considered for grinding, which confirmed the effect of GA on 
ground particles’ flowability. Zalta™ VM1122, a polysaccharide-based grinding aid, showed the best 
performance with 38.8% reduction of basic flow energy, 20.4% reduction of specific energy, 24.6% 
reduction of aerated basic flow energy, and 38.3% reduction of aerated energy. It also showed the 
strongest correlation between the grinding parameters and flow parameters (r > 0.93). The present 
investigation shows a strong indication that the predominant mechanism of GAs is based on the 
alteration of rheological properties and identify Zalta™ VM1122 as the best GA.

KEYWORDS 
Energy; flowability; dry 
grinding; FT4 Powder 
Rheometer; grinding aid

1. Introduction

Grinding is an indispensable step in mineral processing to 
reduce particles’ size and liberate minerals before they are 
subjected to further separation processes. Grinding is charac-
terized by high energy consumption and low energy efficiency 
(~ 1%) (Cheng et al. 2019; Liu et al. 1989; Napier-Munn 2015). 
Moreover, grinding efficiency decreases as the particle size get 
finer due to the increase in the inter-particle forces by the 
electrostatic phenomenon (Choi, Lee and Kim 2009; 
Prziwara, Breitung-Faes and Kwade 2018a). As a solution, the 
use of chemical additives employed as grinding aids (GAs) in 
grinding circuits (mostly in the cement industry) significantly 
reduces the energy consumption (Ec), increases the through-
put, improves classification, and enhances material flowability 
(Chipakwe et al. 2020a; Fuerstenau 1995; Hartley, Prisbrey and 
Wick 1978; Orumwense and Forssberg 1992; Singh et al. 2018; 
Toprak, Altun and Benzer 2018).

Although using GAs dates back to 1930, no agreed mechanism 
on their effect exists (Fuerstenau 1995; Hao, Liu and Yan 2017; 
Weibel and Mishra 2014). During grinding, the material flow plays 
a pivotal role in the product particles’ properties (El-Shall and 
Somasundaran 1984; Fuerstenau 1995; He, Wang and Forssberg 
2004). Some mechanisms have been proposed for the effect of 
GAs, which are mainly based on two principles, namely: the 
chemico-physical effect on individual particles such as the surface 

energy reduction (Rehbinder and Kalinkovaskaya 1932), and the 
effect on the particle arrangement and material flow properties 
(Klimpel and Manfroy 1978; Locher and Seebach 1972). In gen-
eral, the impact of GAs on rheology is accepted as the main 
mechanism; however, no scientific knowledge substantiates this. 
All these scenarios have been emphasized the importance of flow 
characterization studies when GAs are considered.

There are several empirical techniques available for flow char-
acteristics such as shear cell testers, angle of repose, bulk density, 
uniaxial compression test, Hall/Carnell method, tapped density, 
and bed collapse (Divya and Ganesh 2019; Hare et al. 2015; Leturia 
et al. 2014). These empirical techniques have poor reproducibility, 
sensitivity and are largely user-dependent. Previous studies on the 
influence of GAs on the flow behavior have been carried out using 
empirical techniques (Csoke, Racz and Mucsi 2010; Prziwara, 
Breitung-Faes and Kwade 2018b; Rajendran Nair and 
Paramasivam 1999). Recent advances in the automated powder 
rheometers have addressed these limitations and provide 
a correlation between these different empirical tests and dynamic, 
shear, and bulk properties (Freeman 2007; Hare et al. 2015; Leturia 
et al. 2014). Hao Shi et al. (2018) highlighted the importance of 
careful interpretation of these outputs from the automated powder 
rheometers.

To fill this gap, the FT4 Powder Rheometer as an advanced 
system can measure the flow behavior while the powder is in 
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motion, which is more representative of the process condi-
tions. In general, considering that flowability is not an inherent 
property and a single characteristic is inadequate. There is 
a need for a multivariate method that correlates results from 
different empirical tests, such as the FT4 Powder Rheometer. 
The stability and variable flow rate test method on the FT4 
Powder Rheometer measures flow properties in a dynamic, 
constrained forced flow environment that closely simulates 
a grinding process in a tumbling mill.

For the first time, this investigation correlates the energy 
expended (grinding parameter) to flow indices. Most of the 
studies have focused mainly on particle properties such as 
fineness, specific surface area, surface energy, and particle size 
distribution as grinding parameters, not including energy 
reduction (Chipakwe et al. 2020a; Hasegawa et al. 2000). 
A recent investigation showed the effectiveness of additives as 
GAs during the dry grinding of magnetite and suggested that 
Zalta™ GR20-587, Zalta™ VM1122, and sodium hydroxide can 
reduce energy consumption compared to dry grinding without 
additive (Chipakwe et al. 2020b). This current study reports the 
findings on the characterization of dry ground magnetite ore 
flow properties using these additives. The ground materials in 
the presence of these GAs at varying dosages were character-
ized using the FT4 Powder Rheometer. This investigation aims 
to explore the probable mechanism for increasing the grinding 
efficiency by modifying rheological properties at a mesoscopic 
scale and correlating grinding performance with material flow 
properties using Pearson correlation analysis. These findings 
will provide a systematic way to design and optimize GAs.

2. Materials and methods

2.1. Materials and chemicals

For the study, a magnetite ore was received from LKAB 
(Luossavaara Kiirunavaara Aktiebolag), mine in Malmberget, 
Sweden. The sample contained magnetite of high purity 

(54–57% Fe3O4) (Figure 1), with quartz, ilmenite, actinolite, 
albite, biotite, apatite, and diopside as gangue minerals with 
a bulk density of 4.48 gcm−3.

The sample was initially crushed in a laboratory scale jaw 
crusher to obtain the −2.8 + 1 mm size range and prepared for 
milling (Figure 2). A narrow feed of −2.8 + 1.0 mm was used as 
the mill feed to assess the grinding efficiency considering that 
GAs are more effective on a narrow feed size (Hartley, Prisbrey 
and Wick 1978). Zalta™ GR20-587 (Commercial GA) and 
Zalta™ VM1122 (Commercial viscosity aid) were obtained 
from Solenis (Sweden), and sodium hydroxide (NaOH, analy-
tical reagent grade) was obtained from Kebo Lab (Sweden), 
Table 1.

2.2. Grinding tests

For the grinding experiments, a laboratory scale ball mill 
(CAPCO, UK) was used with the parameters summarized in 
Table 2. The GA dosages and variables’ selection criteria were 
based on a randomized 3-level experimental design as described 
elsewhere (Chipakwe et al. 2020b) and mill parameters from the 
initial work of Mwanga et al. (2017). The procedure was devel-
oped for the Bond ball mill work index to carter for smaller 
amounts of sample (220 g) than conventional procedures.

In control tests, no additives were used (referred to as 
“reference test”), and for the other tests, one of the additives 
was combined with the ore at three different dosages. The mill 
conditions were kept constant for all the runs with replicates. 
The grinding performance was quantified in terms of energy 
consumption expressed as work index, material fineness, and 
the particle size distribution. The grinding products were sub-
jected to particle size distribution after grinding. The recorded 
energy, together with the P80 from the PSDs were used to 
calculate the work index based on Bond’s third theory, equa-
tion 1 (Bond 1961). Where is the work index (kWh/t), W is the 
energy input (kWh/t), while and are the 80% of the mill 
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Figure 1. X-ray diffraction pattern of the magnetite ore.
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product and feed sizes (μm) respectively. The resulting pro-
ducts were prepared for analysis of flow characteristics using 
the FT4 Powder Rheometer (Figure 2). 

W ¼ 10:Wi
1p
P
�

1p
F

� �
(1) 

2.3. Flow characterization

The ground material’s flowability was measured by an FT4 
Powder Rheometer (Freeman Technology Ltd, UK, now part 
of Micromeritics, USA). The instrument comprises a twisted 
blade, piston, or shear head, which can be rotated and moved 
axially in the sample whilst measuring the rotational and axial 
force. There are different modes, namely stability and variable 
flow rate test, shear test (rotational), and aeration test based on 
force, velocity, and torque. A 40 cm3 volume of each ground 
sample was measured and pre-conditioned to homogenize the 
sample for rheometry. All test were carried out in 25 mm 
diameter glass vessels: a 25 cm3 vessel for the stability and 
variable flow rate test, a 10 cm3 vessel for the shear test, and 
a 35 cm3 vessel for the aeration test (although the sample 

Figure 2. A simplified flow chart of the experiments.

Table 1. Chemical and physical properties of the grinding aids.

Chemical and physical properties Zalta™ GR20-587 Zalta™ VM1122 Sodium hydroxide

Description Grinding aid Viscosity aid pH modifier
Classification Glycol-based Polysaccharide-based Alkaline
pH 8 4–7 14
Appearance Aqueous solution Liquid Crystalline solid
Color Yellow White White
Boiling point °C 100 98.9–103.3 1388
Flash point °C - 207 -
Water solubility Soluble - Soluble
Dynamic viscosity (mPa.s) 150 2.0–3.0 0.997
Density at 20°C (g/cm3) 1.20 1.06 2.13

Table 2. Grinding parameters considered for the milling experiments.

CAPCO Jar mill Ø 115 × 132 mm

Grinding media Steel balls (graded 10–36 mm), 19 vol.% filling
Mill speed 114 rpm, 91% of critical speed
Mass of sample 220 g, ore:balls ratio – 0.16 w/w, top size < 2.8 mm
Grinding time 30 minutes
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volume for aeration tests was 25 cm3), following the FT4 
Powder Rheometer operating procedures (Leturia et al. 2014).

2.3.1. Stability and variable flow rate tests
The test procedure lowers a rotating blade into the powder at 
a defined axial and rotational speed and then bringing it up out 
of the powder at the same speed, measuring the torque and 
axial force at all times. The first seven test cycles use an axial 
speed of 100 mm/s blade tip speed to assess the constant blade 
motion’s resistance. The remaining four cycles use decreasing 
axial speeds, starting at 100 mm/s and then 70, 40, and 10 mm/ 
s, to measure the resistance’s dependence on blade speed. In 
between each test cycle, the powder is conditioned (the blade 
moves through it in a pre-defined way) to remove the previous 
test’s effect and restore the powder to a consistent starting 
condition. During both the downward and upward movement, 
the torque and axial force required to move the powder bed 
were measured and used for different calculations. This stan-
dard test produces data that are then used to determine: Basic 
Flowability Energy, BFE (energy required to move the blade 
downwards during the seventh test cycle), Specific Energy, SE 
(the energy required to move the blade out of the powder 
during the seventh cycle divided by the mass of the sample), 
Stability Index, SI (the ratio of the total energy consumed by 
the seventh test cycle to that consumed during the first test 
cycle), and Flow Rate Index, FRI (the ratio of the energy 
consumed during the cycle at a blade speed of 100 mm/s to 
that at 10 mm/s).

2.3.2. Aerated tests
An aeration test was also conducted on the different blends to 
assess the flow behavior in an aerated environment. Different 
airflow rates were used successively (0, 2, 4, 6, and 10 mm/s) 
from the cell’s bottom. The blade’s torque and axial forces are 
recorded during the blade’s downward movement (tip 
speed = 100 mm/s) to give the total energy (TE) consumption. 
The successive increment of the airflow rate reduces the energy 
to give a minimum, which implies total fluidization of the bed. 
The corresponding total energy (TE) value gives the aerated 
energy (AE), while the reduction in energy as the airflow 
increases gives the aeration ratio (AR) (the ratio of the energy 
consumed during the test cycle with no airflow to the aeration 
energy). The basic flow energy in the aerated environment 
(A-BFE) is also determined.

2.4. Statistical analysis

All the measurements were performed in duplicate and based 
on a series of different batches, and the mean values are 
reported. Statistical analyses were conducted using analysis of 
variance (ANOVA) at a 95% significance level using Origin Pro 
9.0 (OriginLab, USA. The association between the parameters 
was assessed using Pearson correlation “r” analysis. “r” is 
a linear factor determining relationships among variables to 
show their dependency. It ranges from −1 to +1. The sign of the 
r-value indicates the magnitude of a relationship, and its abso-
lute value shows its strength.

3. Results

3.1. Grinding tests

Table 3 shows both grinding parameters and flow indices of the 
ground products from different blends. It can be observed that 
GAs reduce the number of coarse particles (+150 µm) for certain 
dosages compared to grinding without additives. The results 
showed interesting phenomena for sodium hydroxide and 
Zalta™ GR20-587 with an initial increase in grinding perfor-
mance and a decrease after 0.05 wt. % dosage. It was shown 
that using an optimum grinding aid dosage makes it possible to 
reduce energy consumption and increase the product fineness. 
The observed phenomena point to an optimum dosage; thus, the 
flowability allows effective particle breakage. High GA dosages 
result in high flowability, which affects particles’ capturing, with 
the particles being easily pushed out of the active grinding zone 
resulting in a poor grinding efficiency (Prziwara, Breitung-Faes 
and Kwade 2018a; Schönert 1996; Chipakwe et al. 2020a). It was 
reported that grinding performance depends on the type and 
dosage of GAs while Zalta™ VM1122 showed the best perfor-
mance in terms of reducing the work index and increasing the 
fineness production, followed by sodium hydroxide and lastly, 
Zalta™ GR20-587 (Chipakwe et al. 2020b).

3.2. Effect of GAs on flow properties

Flow characterization of different GAs and dosages were car-
ried out using the stability and variable flow rate and aeration 
tests. The application of GAs generally improving flowability, 
as depicted in Figure 3. Both the stability and variable flow rate 
and aeration tests show that flowability increases with increas-
ing GA dosage for the examined range.

Table 3. Effect of grinding aids on the grinding parameters and flow indices.

Grinding parameters Flow indices

Dosage Work index Fineness Size range, µm BFE SE SI A-BFE AE
Condition wt.% kWh/t P80 µm +150 −150 + 38 −38 mJ mJ/g [-] mJ mJ

Reference 0 18.0 181 21.9 53.2 24.9 1237 8.0 1.3 831 106.7
Zalta GR20-587 0.03 17.2 160 23.4 55.8 20.8 903 8.7 1.3 768 119.5

0.05 13.2 156 25.0 53.6 21.4 458 7.4 0.4 855 109.0
0.1 14.9 180 22.5 53.7 23.8 743 7.1 1.2 620 65.3

Zalta VM1122 0.03 14.4 146 24.7 56.7 18.6 961 9.3 1.1 985 107.2
0.05 14.3 144 25.3 56.3 18.4 881 10.5 0.9 677 83.2
0.1 12.4 143 23.2 58.3 18.5 757 6.4 1.4 627 65.8

Sodium hydroxide 0.03 13.2 157 24.5 55.0 20.5 886 8.0 1.5 670 98.8
0.05 12.8 150 25.0 54.9 20.0 928 8.2 1.1 848 116.9
0.1 13.8 167 23.5 54.7 21.8 980 6.9 1.0 516 62.9

MINERAL PROCESSING AND EXTRACTIVE METALLURGY REVIEW 383

5773292_Inlaga_20dec.indd   1215773292_Inlaga_20dec.indd   121 2022-12-20   06:542022-12-20   06:54



3.2.1. Basic flow energy (BFE) and stability indices (SI)
The experimental results show that all grinding aids signifi-
cantly reduce the BFE, which indicates improved flowability in 
the presence of GAs with varying magnitude depending on the 
type and dosage (Figure 4). The higher BFE for the reference 
test (indicated by dashed lines) compared to tests that included 
GAs indicates that the high resistance to flow is inherent in the 
ore powder. The BFE data for the different GAs with varying 
dosages shows both Zalta™ GR20-587 and sodium hydroxide 
have a similar profile of an initial decrease in BFE then sudden 
increase after 0.05 wt.% and 0.03 wt.%, respectively. 
Conversely, increasing the concentration of Zalta™ VM1122 
results in improved flowability for the ranges investigated. 
Zalta™ GR20-587 reduces the flow energy requirement by 
62.9% at 0.05 wt.% dosage, whereas Zalta™ VM1122 has 
a 38.8% reduction at 0.1 wt.% and sodium hydroxide gives 
a 28.3% reduction at 0.03 wt.% dosage. The stability indices 
(Figure 5) show that Zalta™ VM1122 results in higher stability 
compared to Zalta™ GR20-587 and sodium hydroxide. 

Generally, powders with a stability index between 0.9 and 1.1 
can be considered normal stable powders (Bian et al. 2015). All 
the experiments show SI values out of this range except for the 
tests that used Zalta™ VM1122 at 0.05 wt.% (SI = 0.95). In 
general, all the experiments with Zalta™ GR20-587 and sodium 
hydroxide have low stability, which indicates high chances of 
segregation or disintegrating during flow (Freeman, 
Technology 2007). However, the samples that contained 
Zalta™ VM1122 (0.95–1.35) indicate the minimum deviation 
from the SI range, suggesting a low tendency to agglomerate 
compared to the other examined GAs.

The observed phenomena can be attributed to factors such 
as PSD, particle shapes, and bulk density (Liu et al. 2017). The 
different blends besides the PSD varied with GAs, which often 
resulted in a narrower PSD compared to the reference test 
(Table 3). Liu et al. (2017) used coal powders with different 
PSDs and showed that a small difference could significantly 
affect material flowability. The wide PSD had high isostatic 
tensile strength (a measure of cohesion) and compressibility, 
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which gives a denser packing compared to a narrow PSD. 
Moreover, high packing density implies the bed’s efficient 
packing, which means that high values of BFE will be needed 
to move the bed. In the stability and variable flow rate testing, 
the material’s compressibility influences the measurements due 
to the blade’s flow zone, which depends on the material bed. 
The narrow PSD (better uniform particle size) in samples that 
contain GAs can be linked with improved flowability (Yun 
et al. 2018). From these outcomes, it can be concluded that 
powders with GAs require less energy compared to grinding 
without GAs, which results in improving flowability.

3.2.2. Specific energy
Specific energy (SE) measures the powder flowability when it is 
unconfined or at low-stress levels (i.e., the blade lifting the powder 

during its upward movement). SE is an accurate measurement for 
assessing the influence of cohesive/adhesive forces from inter- 
particle interactions as opposed to compressibility for the BFE. 
Both BFE and SE depend on physical properties such as particle 
size, shape, and texture (Gnagne et al. 2017; Nan, Ghadiri and 
Wang 2017). Exploring the effect of GAs and their different 
concentrations on the SE values shows that the reference test’s 
SE gives a value of 8.02 mJ/g, indicating that it has moderate 
cohesion forces (Figure 6). Zalta™ VM1122 demonstrated the 
lowest SE at 0.1 wt. % (6.38 mJ/g). The cohesion magnitude is 
only reduced at certain concentrations, and it is higher than the 
reference test for some concentrations. While Zalta™ GR20-587 
decreases the SE with increasing concentration, Zalta™ VM1122 
and sodium hydroxide give an increase at low concentrations but 
then a decrease with increasing dosage. The fact that the SE 
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decreases with an increase in the GA concentration, which agrees 
with findings that GAs reduce the inter-particle forces, decreases 
the degree of cohesion and improves flowability. These trends 
agree with reported results by other investigations, which docu-
mented a decrease in SE when reduced cohesion (Katsioti et al. 
2009; Prziwara, Breitung-Faes and Kwade 2018a).

3.3. Aerated tests

Considering that grinding is a dynamic process and, on the 
industrial scale, the dry milling process is airflow assisted, the 
aeration test is regarded adequate and informative for explor-
ing the potential effects of GAs (Zhang et al. 2019). Generally, 
the GA experiments’ A-BFE measurements are low compared 
to the reference test (except for Zalta™ VM1122 – 0.03 wt.%). 
This shows that using GAs can improve the powder’s fluidiza-
tion and facilitate transportation (Figure 7). Like the other 
energy measurements, A-BFE depends on cohesion, particle 
shape, texture, and density. In general, particles with more 
cohesive forces are difficult to fluidize (low AR and higher 
AE). For all the GAs, 2 < AR < 20, which implies an average 

sensitivity to aeration, is typical of powders with moderate 
cohesion (Freeman, Technology 2013). (Table 4).

3.4. Correlating the flow properties and the grinding 
parameters

As discussed, all GAs reduce work index and increase product 
fineness during grinding, varying with GA type and dosage. 
Although the flow properties depend on several factors and are 
not an intrinsic property, some correlations have been established 
between the grinding parameters and flow indices. Pearson cor-
relation assessments show that all samples’ work index is well 
correlated to the BFE and SE when r > 0.70 (Figure 8). These 
indices reflect the ease of material movement (flowability) as the 
GAs reduce the cohesive forces. The linear correlation between 
the work index and BFE suggests that low BFE values would lower 
energy consumption. The SE also has a considerable correlation 
with the work index. This relationship implies that high SE values 
would result in lower energy consumption and finer particle size. 
These findings point out too high flowability in sodium hydro-
xide, affecting the efficacy concerning size reduction. By 
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considering the aeration test indices, significant correlations can 
be observed for work index and fineness with A-BFE and AE 
results, especially for the Zalta™ VM1122 case. This relation 
implies that the increase in fluidization results in improved trans-
port, which also affects grindability.

4. Discussion

In general, all these outcomes demonstrate that flow properties 
influence the grinding process, which is evident from the grinding 
parameters (Table 3). Several studies have concluded that material 
transport (flowability) plays an important role in throughput and 
energy consumption in ball milling (He, Wang and Forssberg 
2004; Orumwense and Forssberg 1992). As particle size decreases 
during grinding, particle-particle forces become more significant, 
leading to agglomeration and coating of grinding media, which 
reduces impact (Hasegawa et al. 2000; Prziwara, Breitung-Faes and 
Kwade 2018a; Sohoni, Sridhar and Mandal 1991). The grinding 
process can enhance by improving the grinding rate or reducing 
the agglomeration rate. The influence of grinding aids on BFE, SE, 
A-BFE, and AE has been illustrated, which are a measure of inter- 
particle forces and are known to retard size reduction in commi-
nution (Kojima and Elliott 2014, 2012; Prziwara, Breitung-Faes 
and Kwade 2018a). However, it is clear that an upper limit exists in 

Table 4. Aeration test results for various conditions in the presence and absence 
of GAs.

Type of grinding aid Dosage (wt.%) Aerated energy (mJ) Aeration ratio

Reference 0 106.7 7.6
0.03 119.5 6.4

Zalta™ GR20-584 0.05 109.0 7.9
0.1 65.3 9.6
0.03 107.2 9.4

Zalta™ VM1122 0.05 83.2 8.1
0.1 65.8 9.6
0.03 98.8 6.8

Sodium hydroxide 0.05 116.9 7.3
0.1 62.9 8.4

1 0.864 0.937 0.949 0.641 0.839

0.864 1 0.986 0.662 0.94 0.999

0.937 0.986 1 0.779 0.869 0.977
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Figure 8. Pearson correlation of grinding parameters and flow properties.
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terms of the GA concentration for each additive. This result agrees 
with established knowledge of grinding performance that an opti-
mum dosage exists for each GA. It shows an optimum amount of 
GA molecules required to form the particle coating to ensure the 
neutralization of electrostatic charges.

Consequently, GA molecules continue to be beneficial as 
long as the inter-particle forces exist, after which negative 
effects start appearing (Liu et al. 1989). It appears that at higher 
dosages, the excess GA results in more packing and less com-
pressibility, creating a large flow zone, increase volume frac-
tion, and, consequently, high flow energy. On a mesoscopic 
scale, it can be agreed that grinding aids reduce particle- 
particle interactions by forming a film around the particles, 
and aiding flowability. This phenomenon confirms the noted 
difficulties in determining the optimum GA dosage as it 
depends on GA type, process conditions, particle surface prop-
erties, equally complex like determining flow properties. These 
facts generate a need for a particle scale based study that will 
investigate the influence on breakage mechanisms. The study’s 
findings support the conceptual premise that the main 
mechanism of grinding aids is based on the material arrange-
ment properties, although inconclusive to disprove other 
mechanisms. This term is supported by the good correlation 
between grinding efficiency (energy consumption and fine-
ness) and the flow indices (BFE, SE, A-BFE and AE). The 
grinding efficiency increases by increasing flowability to 
a maximum, after which it starts to decrease.

Despite the obvious advantages of GAs in mineral processing, 
further work is still required to address some limitations. 
Considering that the processes supporting the improved grinding 
efficiency associated with GAs have no sound scientific backing, 
making trial and error the main criteria in the design and devel-
opment of such chemistries. This fact generates a need for 
a particle scale based study together with molecular modeling 
that will investigate the influence on breakage mechanisms and 
link them to chemistries of the GAs. On the other hand, the 
application of GAs in mineral processing is limited by the high 
cost of the chemical additives making their economic justification 
difficult, although potential revenue can be saved. Research of 
cheaper alternatives such as Zalta™ VM1122 – a polysaccharide- 
based grinding aid containing dextrin, a starch derivative, presents 
an opportunity for a cheaper, biodegradable, and less toxic alter-
native for use in grinding circuits (Caballero et al 2003).

5. Conclusions

Results indicated that all the used chemical additives are satis-
factorily effective grinding aids and resulted in improved mate-
rial flowability compared to grinding without additives (in the 
examined dosage range). There exist an upper limit to the 
dosage at which GAs are beneficial for each additive. Zalta™ 
VM1122 results in a 38.8% reduction of the basic flow energy 
(BFE), 20.4% reduction of specific energy (SE), 24.6% reduc-
tion of the aerated basic flow energy (A-BFE), and 38.3% 
reduction of the aerated energy (AE). A significant correlation 
was found between grinding efficiency (including work index) 
and flow indices. Grinding aids increased grinding efficiency by 
altering the flow properties, i.e., decreased flow energy and 

cohesive forces. The predominant GA mechanism is based on 
the alteration of rheological properties.
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Beneficial effects 
of a polysaccharide‑based grinding 
aid on magnetite flotation: a green 
approach
Vitalis Chipakwe*, Tommy Karlkvist, Jan Rosenkranz & Saeed Chehreh Chelgani*

Grinding is the most energy‑intensive step in mineral beneficiation processes. The use of grinding aids 
(GAs) could be an innovative solution to reduce the high energy consumption associated with size 
reduction. Surprisingly, little is known about the effects of GAs on downstream mineral beneficiation 
processes, such as flotation separation. The use of ecofriendly GAs such as polysaccharide‑based 
materials would help multiply the reduction of environmental issues in mineral processing plants. As a 
practical approach, this work explored the effects of a novel polysaccharide‑based grinding aid (PGA) 
on magnetite’s grinding and its reverse flotation. Batch grinding tests indicated that PGA improved 
grinding performance by reducing energy consumption, narrowing particle size distribution of 
products, and increasing their surface area compared to grinding without PGA. Flotation tests on pure 
samples illustrated that PGA has beneficial effects on magnetite depression (with negligible effect 
on quartz floatability) through reverse flotation separation. Flotation of the artificial mixture ground 
sample in the presence of PGA confirmed the benefits, giving a maximum Fe recovery and grade of 
84.4 and 62.5%, respectively. In the absence of starch (depressant), PGA resulted in a separation 
efficiency of 56.1% compared to 43.7% without PGA. The PGA adsorption mechanism was mainly 
via physical interaction based on UV–vis spectra, zeta potential tests, Fourier transform infrared 
spectroscopy (FT‑IR), and stability analyses. In general, the feasibility of using PGA, a natural green 
polymer, was beneficial for both grinding and reverse flotation separation performance.

Size reduction units (crushing and grinding) in cement and mineral processing plants consume up to 4% of 
the global electrical energy produced  yearly1. Grinding, especially in a ball mill as the most popular grinding 
machine, is a fairly random process, and only 1–2% of the input energy serves to generate the required product 
 sizes2. In the cement industry, the use of grinding aids (GAs) has been examined as a promising alternative to 
address these  issues3,4. Chemical additives or GAs would be considered as any substance (less than 0.25 wt.%) 
added to the mill to reduce energy  consumption5–7. GAs have been mostly examined in the cement industry 
and are still not widely practiced in mineral beneficiation plants. Based on the cement industry grinding process 
outcomes, GAs can improve grindability, reduce energy consumption, and increase specific surface  area8–12. How-
ever, the grinding in cement plants is carried out in the last stage of production, and the reduction of the size is 
the initial step of mineral processing. Thus, the main concerns in the mineral processing plants include the high 
cost of GAs, potential contamination of the grinding products (purported negative effects on the downstream 
process), and environmental issues.

The design and selection of GAs are almost exclusively based on their grinding performance. Within the 
cement industry, many chemicals have been used as GAs. They range from pure chemicals such as triethanola-
mine (TEA) to more recently high-charge  polymers6,7,9,13. Polymers are the most commercially existing GAs. They 
are mainly based on ethylene glycol, propylene glycol, triisopropanol amine (TIPA), triethanolamine (TEA), and 
tetraethylenepentamine (TEPA)6,7,14. Some of these GAs, such as TEPA (amine-based), are nonbiodegradable 
and raise environmental  concerns15. Waste streams containing alkanolamines can increase the concentration of 
ammonia, nitrite, and nitrate, which could infiltrate the subsoils and water  sources15.

To address current environmental issues, a few investigations have been conducted on using ecofriendly 
benign materials as GAs. These studies have reported that natural polymers are advantageous because of their low 
cost, abundance, and nontoxicity. On the other hand, some investigations have explored the utilization of waste 
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streams from other industries such as waste cooking oil, glycerine, lignin, and cane molasses as  GAs16,17. This 
has also been motivated by the high cost of triethanolamine-based GAs and the concepts of ‘circular economy’, 
which are emerging in the production of raw materials to reduce waste generation and reuse of ‘waste’ from 
other processes. Zhang et al.17 demonstrated that a mixture of lignin, cane molasses, and waste glycerine could 
be used as GAs in cement production. Polysaccharide-based chemistries are a promising alternative to less toxic 
and cheaper reagent development  options18,19. They are also organic polymers that are already used as depres-
sants in flotation  separation20–23.

Since low environmental impact practices are in high demand within the mineral processing value  chain18,24, 
the best scenario would be the development of chemicals that improve grinding performance and ensure they do 
not have adverse impacts on downstream processes. Some studies have focused on the mineral industry with fur-
ther discussion on downstream  effects25,26; however, they were not in-depth. Understanding and controlling any 
GA-separation reagent interactions is critical to ensure that the required downstream process efficiency and integ-
rity of the whole value chain are maintained. Such an understanding would be essential, particularly for flotation 
separation, where the separation could be efficient in the specific particle size range (mainly −100 + 25 µm)27,28.

Previous studies demonstrated the benefits of polysaccharide-based GA (PGA) as a green chemical additive 
in improving mineral grinding  performance10 and material  rheology5. However, the high cost and purported 
effects on downstream processes as a result of the potential synergistic interaction of the GAs and flotation rea-
gents limit their applications. Moreover, their potential effects on the downstream beneficiation processes such 
as mineral flotation separation have not been addressed. This study aims to enhance the theoretical insights for 
using PGA on grinding magnetite and its possible effects on magnetite-quartz flotation separation as a strate-
gic approach. While the new PGA—Zalta™ VM1122 is commercially available, this current work focuses on 
investigating the interaction of Zalta™ VM1122 with magnetite and flotation reagents through adsorption tests, 
stability measurements, Fourier transform infrared (FTIR) studies, and zeta potential measurements. Reverse 
flotation experiments on artificially mixed ore (magnetite + quartz) are presented. Flotation outcomes were 
used to evaluate the effect of PGA on the process recovery and grade and compare with conventional flotation 
(without GAs) as a benchmark.

Materials and methods
Chemicals. A polysaccharide-based grinding aid (PGA) with the trade name Zalta™ VM1122 was provided 
by Solenis (Sweden). PGA is a medium-molecular weight polysaccharide that mainly comprises dextran (Fig. 1). 
For all experiments, the PGA stock solution was freshly prepared daily to avoid any degradation. For the flota-
tion tests, a collector, depressant, and pH modifiers were used (Table 1). Deionized water was used in all experi-
ments unless otherwise noted.

Figure 1.  Typical chemical structure of a dextran.

Table 1.  Materials used for various experiments.

Chemical Description Classification Charge Source

Zalta™ VM1122 (PGA) Grinding aid Polysaccharide-based Non-ionic Solenis

Lilaflot 822M Collector Ether-amine Cationic Nouryon

Starch Depressant Corn-starch – Merck

Sodium hydroxide pH modifier Alkaline Neutral Merck

Hydrochloric acid pH modifier Acidic Neutral Merck
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Minerals. For the experiments, a pure quartz sample (−2 mm) was obtained from VWR, Sweden (Fig. 2a). 
Magnetite ore from a mine in Malmberget, north of Sweden (Fig. 2b), was received from LKAB (Luossavaara 
Kiirunavaara Aktiebolag). Semi-quantitative X-ray diffraction (XRD) analyses shows > 99%  SiO2 for quartz 
and > 96%  Fe3O4 for magnetite. Magnetite was crushed to −2.8 mm for grinding experiments using a laboratory 
jaw crusher to obtain mill feed. The pure minerals (magnetite and quartz) were ground using a laboratory ball 
mill to give −106 µm particle size for flotation and surface analyses. The resulting −106 + 38 µm fraction was used 
as flotation feed, while −38 µm material was further ground using a mortar and pestle to obtain −5 µm material 
for surface analyses.

Grinding. For the grinding experiments, a laboratory-scale ball mill (CAPCO, UK) of 115  mm internal 
diameter was operated at 91% critical speed, with steel grinding media (graded charge: top size 36 mm). In the 
control tests, no additives (referred to as ‘reference’) were used, and for the other experiments, PGA was com-
bined with ore at three different concentrations (0.03, 0.05, and 0.1 wt.%). Mill conditions were kept constant 
for all runs and replicates. The particle size distribution (PSD) was determined using a combination of dry and 
wet sieve analysis using standard sieves and a RO-TAP® sieve shaker (model RX-29-10, W.S. Tyler, Mentor, OH, 
USA) from which the  P80 was determined. Energy consumption was characterized using the work index accord-
ing to Bond’s  Eqiuation29. Surface area was measured using the Brunner Emmet Teller (BET) technique by the 
Micromeritics Flowsorb II 2300 instrument, which characterizes the surface area of the particles using nitrogen 
gas. Furthermore, the surface area was used to calculate the surface roughness ( RS ) values (dimensionless) using 
the following Eq. (1) described by Jaycock and  Parfitt30.

where AB is the BET surface area measurement, ρ is the solid density, and D is the average particle diameter. Addi-
tionally, the density was measured using an automated Micromeritics AccuPyc II 1340 gas pycnometer. The same 
grinding protocol was used for the single minerals and the model ore to prepare the flotation feed. After grinding 
and sieving, the samples were thoroughly washed with dilute HCl solution (2%) to clean the particle surfaces.

Single mineral flotation. Single mineral flotation experiments for pure magnetite and quartz were per-
formed using a mini flotation cell (Clausthal cell). In each flotation, 7.5 g of the sample (−106 + 38 µm) was 
added to the 150  cm3 capacity with deionized water. Before the test was performed, the slurry was conditioned 
with a predetermined amount of PGA for 10 min. Subsequently, reagents (depressant and collector) were added 
to the suspension and conditioned for 10 (5 + 5) min. Caustic starch was used as a depressant. A fresh 1% alkaline 
starch solution (1:4 ratio) was prepared for each set of experiments. Lilaflot 822M, recommended and supplied 
by Nouryon (Sweden), was used as a cationic collector. The pH was adjusted by adding 1.0 M NaOH or 1.0 M 
HCl. The flotation was carried out for 2 min, scraping every 10 s. The froth products and tails were collected, 
weighed, dried, and recovery was calculated based on the dry weight. Each experiment was performed in dupli-
cate and the average was reported.

Mixed mineral flotation. The mixed mineral flotation on the model ore was carried out using the same 
cell. The model ore consisted of 5.0 g magnetite and 2.5 g quartz (ratio 2:1). 7.5 g of the mixture (−106 + 38 µm) 
was used with deionized water was used for each test. The same procedure, such as the single mineral flotation, 
was also considered for the reverse flotation. The collector was fixed at 300 g/t, and the depressant was varied 
together with GAs. Conditioning was performed for 10 min followed by flotation for 2 min. The froth products 
and tails were collected, weighed, dried, and recovery was calculated based on the dry weight and chemical 
analyses using induction plasma (ICP OES). Each experiment was performed in duplicate and the average was 
reported. The separation efficiency (S.E) for each test was calculated using Eq. (2)31. Where f, c, and t are the feed, 

(1)RS = ABρ
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Figure 2.  XRD pattern for the examined samples (a) pure quartz; (b) pure magnetite.
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concentrate, and tail grades of iron, respectively, a higher S.E value extrapolates a better separation efficiency of 
the process.

Zeta potential measurements. Zeta potentials of the samples were measured using a CAD ZetaCom-
pact instrument. 20 mg of finely ground samples (−5 µm) was mixed with 50 ml of deionized water together 
with predetermined reagents in a beaker. The background electrolyte was a  10–2 M KCl solution. The pH was 
adjusted by using an HCl or NaOH solution. The mixture was stirred with a magnetic stirrer for 10 min and left 
to stand. The suspension supernatant was then transferred to an electrophoresis cell using a syringe. The par-
ticles in the suspension were illuminated by a laser and their electrophoresis was observed by a camera. Video 
analysis is done with Zeta4 software based on the Smoluchowski  Eqiuation32,33 to calculate the zeta potential 
from electrophoretic mobility  data34. The reported result for each data point is an average of three measurements 
with different aliquots.

Adsorption measurements. Adsorption measurements to determine the amount of adsorbed PGA were 
carried out using the solution depletion method on the UV–VIS spectrometer (DU Series 730 – Beckman Coul-
ter, USA). Standard solutions with PGA concentrations ranging from 0.5 to 5 mg/ml were used to obtain the 
calibration curve (Fig. 3). For the measurements, the maximum absorbance at 220 nm was used. 1.0 g of the 
sample (−106 + 38 µm) with 40 ml and the predetermined reagent concentration were added to a 100 ml flask. 
The suspension was stirred for 2 h at pH 10 and 20 ± 1 °C to ensure maximum adsorption. After vacuum filtra-
tion, the solution was passed through a 0.22 µm millipore membrane. The concentration of the remaining PGA 
in the solution was analyzed using UV absorbance at a wavelength of 220 nm. The measurements were corrected 
for the blanks and performed in triplicate. The concentration that was depleted from the solution was assumed 
to be adsorbed onto the surface of the sample particle. The adsorption density was calculated using Eq. (3);

where Qe is the amount of PGA (mg/g) adsorbed on the sample particle surface, C0 and C1 are the initial and 
final concentrations, i.e., before and after adsorption (mg/L), respectively. m is the mass (g) of the sample, and 
V is the volume (L) of the PGA solution. Furthermore, the experimental data for the adsorption isotherms were 
fitted to the Langmuir (Eq. 4) and Freundlich (Eq. 5) models:

where Qe is the amount of PGA (mg/g) adsorbed, Ce is the equilibrium concentration of PGA. Qm and KL are 
Langmuir constants whilst KF and 1/n  are the Freundlich constants related to maximum monolayer adsorption 
capacity and energy of adsorption,  respectively35.

(2)S.E(%) =
c(f − t)(c − f )(100 − t)

f (c − t)2(100 − f )
× 100

(3)Qe =
(C1 − C0)V
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Figure 3.  Standard curve of PGA adsorption.
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Stability measurements. Stability measurements of suspensions were performed using Turbiscan LAB 
EXPERT (Formulaction, France). Measurements were carried out to determine the behavior of coagulation and 
dispersion in the presence and absence of PGA. 50 mg of quartz and magnetite were added separately to 40 mL 
of deionized water. A predetermined amount of reagents was then added and stirred for 20 min at pH 10. 20 mL 
of suspension was transferred to a measuring vial and scanned at the height of 40 mm at 30° C. The suspension 
was scanned over 100 times in 60 min at 30 s intervals. The intensities of transmission (T) and backscattering 
(BS) of pulsed near-infrared light (λ = 880 nm) were recorded as a function of time. The data was then analyzed 
using TLab EXPERT 1.13 and Turbiscan Easy Soft software to calculate the Turbiscan Stability Index (TSI) 
Eq. (6). Where xi is the average backscattering for a minute of measurement, xBS is the average xi , and n is the 
number of scans. The TSI coefficient values vary from 0 to 100, translating into an extremely stable to an unstable 
 system36,37.

FT‑IR spectroscopy measurements. PGA characterization was performed using Fourier transform 
infrared (FTIR) spectroscopy with attenuated total reflection (ATR) attachment. The samples were ground to 
approximately −2 µm using an agate mortar and pestle. A 2.0 g mineral sample was treated with predetermined 
reagents and conditioned for 40 min at pH 10. The solid samples were thoroughly washed using deionized water. 
After washing and vacuum drying at 35 °C for 24 h, the samples were subjected to FTIR analysis. The samples 
were analyzed by diffuse reflectance (DR) and ATR-FTIR spectroscopy, using an IFS 66 V/S instrument and 
a Vertex 80v instrument, respectively (Bruker Optics, Ettlingen, Germany) under vacuum conditions (below 
7 mbar), according to the protocol by András and Björn38. For diffuse reflectance measurements, powder from 
dry samples (ca. 10 mg) was mixed with infrared spectroscopy grade potassium bromide (KBr, Merck/Sigma-
Aldrich, ca. 390 mg) and manually ground using an agate mortar and pestle until a homogeneous mixture was 
achieved. Spectra were recorded in the range of 400–4000  cm−1 at 4  cm−1 spectral resolution, and 128 scans were 
co-added, using pure KBr as the background under the same parameters. Spectra were processed using the built-
in functions of OPUS (version 7, Bruker Optics, Ettlingen, Germany). Spectra were the first baseline corrected 
(64-point rubberband) over the entire spectral range, then vector normalized, and finally offset corrected. After 
these steps, no smoothing, derivatization, or other processing was applied. ATR measurements were done using 
a Bruker Platinum accessory with a diamond internal reflection element. Spectra were recorded in the range of 
400–4000  cm−1 at 4  cm−1 spectral resolution, and 100 scans were recorded, using the empty diamond crystal as 
the background under the same parameters. The spectra were processed using the built-in functions of OPUS 
(version 7, Bruker Optics, Ettlingen, Germany) in the same way as the DR spectra.

Results and discussion
Grinding. Exploring the  d80 of ground samples with and without PGA indicated that PGA (in various doses) 
could provide finer particles (Fig. 4). Further, the introduction of PGA (at 0.1 wt.%) reduced the particle size to 
a  d80 = 140 µm compared to 181 µm for the reference, which translates to a finer product. Further size analyses 
of ground products (Table 2) revealed that the use of PGA could narrow their PSD, for example, the use of PGA 
(0.1 wt.%) resulted in 56.3% of particles being in + 38–106 µm, while without PGA, 51.2% of the particles were in 
this size range. This size range mostly favors flotation separation. In other words, the use of PGA could improve 
the grinding performance expressed by decreasing the distribution of ultrafine (−38 µm) and coarse particles 
(+ 106 µm) Table 2. Analysis of ground products showed that PGA (0.1%) generated a significantly higher spe-
cific surface area (0.89  m2/g) than the reference (0.75  m2/g). The high specific surface area also translated into 
a higher surface roughness ( Rs ) of 47.85 for PGA compared to 40.32 for the reference. Similar evidence of the 
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Figure 4.  The particle size distribution and d80 of grinding products with and without PGA.
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increased surface area and surface roughness with the addition of GAs has been reported by Chipakwe et al.10. 
Evidently, PGA reduced the energy consumption with increasing concentration with a maximum reduction of 
31.1% at 0.1 wt.% compared to the reference Table 2. In general, the grinding performance assessment indicated 
that PGA improved grinding efficiency compared to the reference (without PGA) based on the generation of 
new surfaces (higher specific surface area), lower energy consumption, and narrowing of the particle size dis-
tribution.

Flotation. Single mineral. Single mineral flotation experiments were carried out to assess the effect of Li-
laflot 822M (collector) and starch (depressant) in the absence and presence of PGA (fixed dosage at 100 mg/L). 
Figure 5a presents the single mineral flotation performance for magnetite and quartz as a function of the collec-
tor. With an increase in Lilaflot 822M concentration, the recoveries of magnetite and quartz increased. As ex-
pected, the floatability of quartz for both conditions with and without PGA was markedly enhanced by increas-
ing collector dosages (Lilaflot 822M is a silicate collector). In general, the floatability of quartz is comparable, 
although the presence of PGA resulted in lower floatability at lower collector concentrations. However, in high 
Lilaflot 822M concentrations, PGA indicated a significant effect on decreasing the floatability of magnetite com-
pared to that of quartz. In other words, these findings suggested that PGA has a depressive effect on magnetite, 
which may be beneficial considering that magnetite depression is the key in reverse flotation separation. To fur-
ther explore the impacts of PGA through additional experiments, the concentration of Lilaflot 822M (collector) 
was fixed at 50 mg/L, where quartz showed its highest floatability (recovery).

Furthermore, the floatability of magnetite and quartz as a depressant function with fixed collector and PGA 
doses was investigated (Fig. 5b). As anticipated, overly starch and PGA do not affect the floatability of quartz. The 
floatability of magnetite decreased significantly with increasing starch concentration, confirming the effectiveness 
of starch as a depressant. For the reference test, the floatability of magnetite continued to decrease with starch 
addition to a minimum of 2.3% at 100 mg/L. The depressing impact of PGA and reducing its floatability could 
be detected (Fig. 5b). A significant decrease in magnetite recovery to 21.3% without starch compared to 73.0% 
for the reference test could confirm the depressing effect of PGA. It can also be seen that the maximum depres-
sion effect of starch was observed at 100 mg /L, whilst with the addition of PGA, a comparable depression effect 
was achieved at 50 mg/L. Generally, single-mineral flotation tests indicated that increasing PGA has a favorable 
outcome in magnetite depression without changing quartz floatability.

Mixed mineral flotation. Subsequently, mixed mineral flotation experiments were carried out to assess the 
effect of PGA on the model ore (magnetite: quartz 2:1 mass ratio). Based on the results of the single mineral 

Table 2.  Summary of the grinding test with and without PGA (Ec expressed as work index).

Size range (µm)

Reference PGA (wt.%)

– 0.03 0.05 0.1

 + 106 23.9 21.1 20.0 20.5

 + 38 −106 51.2 54.2 54.7 56.3

−38 24.9 24.7 25.3 23.2

Energy consumption, Ec, (kWh/t) 18.0 14.4 14.3 12.4

0 10 20 30 40 50
0

10

20

30

40

50

60

70

80

90

100

R
ec

ov
er

y 
(%

)

Lilaflot 822M (mg/L)

 Magnetite
 Magnetite + PGA
 Quartz
 Quartz + PGA

a)

0 20 40 60 80 100 120 140 160
0

10

20

30

40

50

60

70

80

90

100

R
ec

ov
er

y 
(%

)
Starch (mg/L)

 Magnetite
 Magnetite + PGA
 Quartz
 Quartz + PGA

b)

Figure 5.  Single mineral flotation of magnetite and quartz as a function of (a) collector concentration in the 
presence and absence of 100 mg/L PGA at pH 10 and (b) depressant concentration in the presence and absence 
of 100 mg/L PGA at pH 10 and collector concentration of 50 mg/L.
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flotation, 30 mg/L (which translates to 300 g/t) was considered for the doses of collector, while the starch and 
PGA dosages varied at pH 10. The variation in magnetite metallurgical recovery (as Fe) as a function of PGA and 
starch dosage was presented in Fig. 6. The results indicated that Fe recovery (magnetite hydrophilicity) improved 
by increasing PGA dosage in the absence of starch. However, the improvement was negligible after 300 g/t PGA. 
In the presence of starch, the recovery variations were insignificant. In other words, no obvious changes could 
be realized by increasing starch concentration from 500 to 1000 g/t. It could be translated as PGA improving 
grinding performance and reducing depressant consumption.

Higher Fe grades were reported in the absence of starch, although the recoveries are generally lower (Fig. 6). 
Therefore, the separation efficiency (SE) was calculated to better understand the interaction of PGA and starch 
and their resulting synergistic effects on separation (Table 3). Flotation outcomes indicated that PGA (in all 
dosages) could enhance the S.E in the absence of starch. 300 g/t PGA (in the absence of starch) provided results 
similar to those of 1000 g/t starch (in the absence of PGA). In general, the presence of both PGA and starch could 
improve the S.E compared to the reference conditions. It can be observed that high doses of both PGA and starch 
were not desirable. The highest S.E can be observed when starch and PGA were 50 and 300 g/t, respectively. The 
observed improvements in flotation separation corroborate findings reported elsewhere on the beneficial effects 
of a narrow particle size  distribution27,28 and surface  roughness39,40. Besides the superior properties observed 
from using PGA, surface analyses were considered to assess PGA interaction with mineral surfaces.

Zeta potential measurements. Zeta potential measurements were carried out to further explore the 
interaction mechanism between PGA, Lilaflot 822M, and mineral particles to understand the observed flotation 
behavior. It is important to assess how these surfactants change the surface properties that affect the flotation 
behavior. Zeta potential measurement results indicated (Fig.  7) that the addition of PGA slightly affects the 
electrical charge on the surface of both quartz and magnetite implying a change in either solution or surface 
chemistry or both. These negligible effects could be due to the nonionic PGA composition. The zeta potentials 
for quartz decreased (absolute value) after PGA treatment. The evaluations illustrated that the zeta potentials 
decreased rapidly from 0 to 15 mg/L (PGA concentration) for both minerals, with quartz changing from −59.5 
to −51.6 mV (Δζ ~  + 7.9 mV) while magnetite changed from −44.9 to −35.6 mV (Δζ ~  + 9.3 mV). The ζ meas-
urements demonstrated that the addition of PGA to both minerals above 30 mg/L has almost no further effect 
in the investigated ranges. The addition of Lilaflot 822M to the treated minerals results in a behavior change 
to give more positive zeta potentials, especially for quartz. This illustrated that PGA had an insignificant effect 
on quartz, evident from the marked effect of Lilaflot 822M adsorption on the surface as a collector. A similar 
behavior could be observed with the addition of PGA, where the zeta potentials decreased with increasing PGA 
concentration. The relatively smaller change in magnetite zeta potentials, compared to quartz after Lilaflot 822M 
treatment, indicated that the presence of PGA reduced the interaction between Lilaflot 822M and magnetite. 
This highlighted that PGA adsorbed on magnetite rather than the quartz surface based on the collector impact.
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Figure 6.  Effect of PGA and starch on magnetite flotation at a fixed amount of collector (300 g/t) at pH 10.

Table 3.  Variation of Separation Efficiency with and Without PGA and Starch.

Separation efficiency (%)

PGA (g/t) No starch 500 (g/t) starch 1000 (g/t) starch

0 43.7 58.0 56.8

300 56.1 60.6 50.8

500 53.1 52.9 43.7

1000 47.0 48.5 37.6
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Stability measurements. The Turbiscan stability index (TSI) assessments (Fig. 8) showed that treatment 
of both particle surfaces results in decreased stability compared to the reference (without PGA treatment). The 
observations are expected for any suspension, as the destabilization illustrated the effect of flocculation, coagu-
lation, sedimentation, coalescence, and even a  combination36,37. Figure  8 showed the destabilization kinetics 
of magnetite and quartz suspensions as a function of time. TSI values demonstrated that a relatively stable 
system was in agreement with the zeta potential results (Fig. 7) for both quartz and magnetite, which are all 
below −30 mV at pH 10, showing high  stability41,42. The TSI values for magnetite are higher compared to those 
of quartz, generally showing less stability. After PGA treatment, the stability variation was more pronounced 
for magnetite compared to quartz for the total investigated time of 60 min. In other words, these outcomes 
suggested that the destabilizing effect of PGA was more pronounced on magnetite than on quartz, pointing to 
increased adsorption. This is consistent with the zeta potentials, which showed a higher absolute value for quartz 
relative to magnetite, indicating better suspension stability. When examining magnetite particles, the increase in 
TSI values (reduced dispersion) could help explain the depression effect of PGA, which might be due to aggrega-
tion/flocculation, thus hindering flotation. Similar observations have been reported in which polysaccharides 
interact with iron oxides from  aggregations43,44.
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Adsorption test. Figure 9a showed an increase in adsorbed PGA per unit mass of magnetite and quartz. 
Furthermore, it could be observed that the adsorption capacity of magnetite was more than double that of 
quartz. For magnetite, a trend of continued increase can be demonstrated based on the still high slope beyond 
5 mg/ml, while for quartz, the curve started plateauing after 2 mg/ml. The adsorption isotherms of PGA in 
magnetite and quartz particles are shown in Fig. 9b. The results of the adsorption isotherms using the depletion 
method were fitted to the Langmuir (Eq. 2) and Freundlich (Eq. 3) models and are summarized in Table 4. The 
Langmuir model gave the best fit with  R2 of 0.9651 and 0.9721, whilst the Freundlich model had  R2 of 0.9085 and 
0.8506 for magnetite and quartz, respectively. The trends observed in Fig. 9a were also supported by the calcu-
lated parameters from the Langmuir and Freundlich models (Table 4). The obtained parameters n and Qm values 
(highlighted the strength and capacity of the adsorption, respectively) were higher for magnetite compared to 
quartz, which suggested that the adsorption of PGA on magnetite was much stronger. The findings from the 
adsorption studies showed that PGA fairly adsorbs on both magnetite and quartz, further confirming the effect 
of PGA on single-mineral flotation, possibly reducing the surface areas available for collector adsorption, espe-
cially for magnetite. These outcomes corroborated the zeta potentials and stability measurement findings that 
magnetite had a higher and stronger adsorption capability for PGA compared to that of quartz.

FTIR spectra analysis. FTIR was used to characterize the functional groups in PGA, which is mainly a 
dextran (Fig. 10). The main characteristic peaks showed a broad peak between 3000 and 3600  cm−1, demonstrat-
ing a hydroxyl  group45,46—OH stretching vibration and appearing at 3308  cm−1. A distinct characteristic peak 
appeared at 2928  cm−1, which was related to the C-H stretch vibration in the sugar  ring45,47. Furthermore, the 
C–O stretching vibration was illustrated at 1643  cm−148. A peak emerged at 1346  cm−1 that could be assigned 
to the symmetric  CH3  bending46. Strong characteristic peaks emerged at 1006  cm−1 and 918  cm−1 in the region 
950–1100  cm−1

, which was attributed to the C–O–C and C–O groups of  polysaccharides46. The peak in the region 
950–1100  cm−1 was due to the presence of the (1 → 6)- and (1 → 3)-linked α-D-glucose units,  respectively49,50.

The adsorption mechanism of PGA was investigated together with the collector on both magnetite and quartz 
surfaces. Figure 11a showed the spectra for pure quartz, quartz + PGA, quartz + PGA + Lilaflot 822M together 
with the respective pure reagents. For Lilaflot 822M, characteristic peaks emerged at 2964  cm−1, 2869  cm−1, 
which were attributed to the  CH2 stretching bond of the acyclic  compounds51. The peak at 1587, 1464 and 
653  cm−1 could be attributed to the bending of the  NH2 or NH  bonds51–53. It is evident from Fig. 11a that the 
presence or absence of PGA on the quartz surface had no effect, as no observable change in the spectra exists. 
After treatment with Lilaflot 822M, a characteristic peak was observed on the quartz surface. After treatment 
of quartz with Lilaflot 822M, the characteristic peak of OH at 2964  cm−1 shifted to 2960  cm−1 as observed in 
quartz + PGA + Lilaflot 822M, which was consistent with the findings reported by Liu et al.51. Furthermore, the 
characteristic stretching of CH at 2869  cm−1 also changed to 2856  cm−1 after treatment. This indicated that Lilaflot 
822M adsorbed onto the quartz surface through the OH and CH bonds. Compared to Lilaflot 822M, PGA did 
not show a characteristic peak and, given the water washing in the procedure, which meant that Lilaflot 822M 
adsorbed chemically and collaborated with the finding documented by Huang et al.52 and Liu et al.51 on the 
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Figure 9.  Adsorption of PGA as a function of initial concentration at pH 10.

Table 4.  Langmuir and Freundlich parameters for PGA adsorption on magnetite and quartz.

Particles

Langmuir equation Freundlich equation

Qm KL R2 n KF R2

Magnetite 12.10 9 × 10
−1 0.9651 6.00 3.43 0.9085

Quartz 5.85 6.6 × 10
−3 0.9721 5.18 1.25 0.8506
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adsorption of amines on the quartz surface. In contrast, the absence of a characteristic PGA peak on the quartz 
surface suggested that PGA did not chemically adsorb on the quartz surface. This points to the slightly weak 
physisorption of PGA on the quartz surface.

The FTIR spectra for magnetite in the presence and absence of PGA and Lilaflot 822M (Fig. 11b) indicated 
that there was no characteristic peak in magnetite treated with PGA, and therefore there was no impact from 
PGA. Moreover, Lilaflot 822M had a negligible impact on the magnetite surface, evident from the relatively weak 
characteristic shifted peak at 2920  cm−1. Negligible characteristic peaks on magnetite meant weak adsorption, 
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Figure 10.  FT-IR spectra of the examined PGA using ATIR.
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Figure 11.  FTIR spectra of (a) quartz and (b) magnetite in the presence and absence of PGA and Lilaflot 822M 
(at 100 mg/L).
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especially compared to Lilaflot 822M adsorption on the quartz surface. The absence of a characteristic peak on 
magnetite in the presence of PGA suggested that PGA did not adsorb chemically but rather possibly a physical 
interaction. From the IR analysis, it can be said that for both quartz and magnetite PGAs, the interaction mecha-
nism was not chemical. However, considering that the particles were subjected to thorough washing with water 
before analysis, the interaction could be physical and probably due to hydrogen bonding. Shrimali and  Miller22, 
in their concise review of the interaction of polysaccharides and iron ores, outline that polysaccharide adsorp-
tion may be due to hydrogen bonding, hydrophobic interaction, or chemical complexing (acid–base reaction). 
The hydrophobic interaction might play a major role in reducing the surface charge, allowing for flocculation/
aggregation of the particles; thus, leading to magnetite depression. This is consistent with observations suggested 
that the mechanism of nonionic polymer adsorption would be due to the hydrophobic chain interaction leading 
to the bridging and/or charge  neutralization23,54,55.

Conclusions
In this study, a novel polysaccharide-based grinding aid was first used to improve grinding performance, and 
its secondary effects on reverse flotation of magnetite quartz from magnetite were explored. Empirical observa-
tions on batch dry grinding indicate that PGA improved grinding efficiency by reducing energy consumption, 
a narrower PSD, increased specific surface area, rougher surfaces, and a finer PSD. According to the single 
mineral flotation tests, PGA has a depressing effect (positive effects) on magnetite particles with a negligible 
effect on quartz particles. Through mixed mineral flotation separation (magnetite + quartz at 2:1) comparable 
results of 86% recovery and Fe grade of 62% could be achieved using PGA only without starch. For the best 
balance in recovery, grade and separation efficiency, 500 g/t starch could be recommended along with 300 g/t 
PGA. Based on UV–vis spectra, zeta potential tests, Fourier transform infrared spectroscopy (FT-IR), and stabil-
ity measurements, the adsorption mechanism is mainly via physical interaction. In other words, the improved 
flotation separation efficiency in the presence of PGA could also be attributed to the narrowing of the particle 
size distribution and the increase in surface roughness. These results highlighted that the selection of suitable 
grinding aids (ecofriendly) could potentially reduce energy consumption (decrease  CO2 emissions), improve the 
distribution of suitable particles for downstream processes, and has no negative chemical impacts (even positive 
effects) on the separation stages.
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A B S T R A C T   

It is well documented that the use of grinding aids (GAs) can reduce milling energy consumption. However, the 
impact of GAs on downstream processes must be addressed in view of complex processes such as froth flotation 
separation. This study investigates the effects of polyacrylic-based grinding aids (Zalta™ GR20-587: AAG) on the 
grinding performance and quartz flotation from magnetite. Various AAG dosages and conditions were examined. 
The grinding results showed lower energy consumption and a finer, more uniform product size with roughened 
surfaces for AAG compared to grinding without the grinding aid. Flotation tests of single pure minerals showed 
that AAG enhanced quartz collection with minimal effect on magnetite. Mixed mineral flotation showed that by 
using AAG, Fe recovery of 92.1 % and 64.5 % Fe grade could be achieved with a lower collector dosage of 100 g/t 
compared to 200 g/t in the absence of AAG. Zeta potentials and stability measurements showed that AAG shifts 
the potential, thus improving the stability and dispersion of the suspension. Adsorption tests illustrated that AAG 
adsorbed on both quartz and magnetite, the former having a higher capacity. FTIR indicated the physisorption 
interaction between AAG and the minerals. Therefore, the presence of AAG not only improved grinding effi-
ciency but could potentially decrease the amount of collector required to achieve comparable metallurgical 
performance.   

1. Introduction 

Minerals’ size reduction and liberation are associated with high en-
ergy consumption coupled with low efficiency [1–3]. Among many ef-
forts to address these challenges, the use of grinding aids has been 
proposed as one of the potential solutions [4–6]. It is well documented 
that grinding aid (GA) can improve grinding performance, prevent 
agglomeration, generate narrow-size products, and reduce energy con-
sumption [7–10]. Although understanding of the mechanism of the ef-
fect of these GAs remains unsatisfactory, there is a consensus that the 
adsorption of these chemical additives is a prerequisite for their appli-
cations [5,6]. It can be postulated that these chemicals will remain on 
the surface of the particles after milling. 

Since size reduction is usually followed by the subsequent concen-
tration or separation processes, it is paramount to ensure that the 
integrity and performance of these downstream processes are not 
compromised. Grinding as a step prior to the flotation separation process 
influences the surface properties of the particles, the solution/pulp 
chemistry, the surface chemistry, and even the crystal structure [11–15]. 

Ersoy et al. [16] investigated the effect of triethanolamine (TEA) and 
monoethyl glycol (MEG) (the most typical GAs) on the surface of cal-
cium carbonate. Both GAs have been reported to adsorb on particle 
surfaces, resulting in changes in product properties, such as rheology, 
dispersion, and color properties [16]. Bulejko et al. [12] examined the 
effect of 0.1 wt% TEA in ultrafine wet grinding of corundum. TEA 
affected zeta potentials, turbidity, viscosity, and improved grinding 
performance. They considered only one TEA concentration (0.1 wt%) 
and reported relatively unstable suspensions based on zeta potentials 
and turbidity measurements [12]. Although several studies have dis-
cussed the effects of GAs on the final product (centered on the cement 
and aggregate industry, where grinding is usually the final step), few 
investigations have addressed their effects on products in view of 
downstream processes such as flotation [5,6]. In addition to the change 
in product properties during grinding, froth flotation involves using 
surfactants that can potentially interact with these grinding aids. 

Polyacrylic acid (PAA) and its derivatives are widely used in mineral 
processing in different applications, as flocculants, dispersants, de-
pressants, and viscosity modifiers [3,17–23]. Zhang et al. [21] examined 
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the effect of PAA as a depressant in the flotation of calcite and fluorite. 
PAA was selectively adsorbed on calcite, selectively depressed, and 
improved fluorite recovery with sodium oleate at pH 7. Quezada et al. 
[24] reported that applying PAA could improve the sedimentation and 
storage of quartz, montmorillonite, and kaolinite flotation tailings. 
Through molecular dynamics simulation, PAA was reported to adsorb on 
quartz and clay mineral surfaces, ultimately preventing agglomeration 
of the tailings and allowing easy dewatering. Chen et al. [25], during the 
flotation separation of chalcopyrite and magnesium silicates with po-
tassium xanthate (a collector) and gum Arabic (a depressant), found that 
the presence of a PAA-based polymer (sodium polyacrylate) improved 
the process. The synergism between sodium polyacrylate and gum 
Arabia allowed selective depression of magnesium silicate minerals, 
namely talc and serpentine. The improved flotation separation was 
attributed to the PAA dispersion effect in removing serpentine particles 
from the surface of the talc, which allowed gum Arabia to adsorb on the 
talc surface [25]. In size reduction units, using these GAs, such as PAA, 
makes it inevitable that these additives can directly or indirectly enter 
downstream separation processes, such as flotation. Froth flotation re-
mains the most versatile separation technique, yet very complex, uti-
lizing differences in natural or imparted wettability of the mineral 
surface [26–29]. In flotation, solution and surface chemistry are 
important in understanding the physicochemical processes occurring at 
the solid-water and the air–water interface [30,31]. 

GA polymers used primarily in solid–liquid separation units have 
been reported to enhance or depress flotation depending on their types, 
particle type, polymer concentration, and contact time [32]. From this 
detailed review of the literature, it is evident that more research is 
required in designing and selecting chemical additives used as GAs to 
ensure compatibility with the specifications of the product and down-
stream processes. Although some studies have been reported on 
polymer-surfactant interactions, mostly in flocculants, this study, as a 
practical approach, focuses on their interaction through GA-surfactant. 
This study first investigates the effect of a polyacrylic acid-based 
grinding aid (Zalta™ GR20-587: AAG) on the grinding performance 
and the surface of the ground particle. The effect of AAG on surface 
properties and pulp chemistry was then explored together with the 
resulting flotation behavior. The results of this study will aid in the 
development and selection of future multifunctional additives to further 
improve beneficiation performance. 

2. Materials and methods 

2.1. Materials 

For the study, samples of pure quartz (99.9 % SiO2) and magnetite 
(96.0 % Fe3O4) were obtained from VWR, Sweden (Fig. 1). For grinding 
experiments, a narrow particle size range of the mixture (�2.8 + 2 mm) 
was used as the grinding feed. The pure minerals were ground separately 
for flotation tests and subsequent surface analysis. From the resulting 
product, samples with a size fraction of �106 + 38 µm were used for 
flotation and adsorption tests. The �38 µm size fraction was further 
ground and used for subsequent surface analysis. 

For all experiments, the anionic polyacrylic-based polymer (Zalta™ 
GR20-587: AAG) provided by Solenis with a typical chemical structure 
shown in Fig. 2 was used as GA. For grinding tests, AAG was used as 
received (aqueous form), and no stock solution was prepared to elimi-
nate the effect of water. A cationic ether amine collector, Lilaflot 822 M, 
was obtained from Nouryon, Sweden. Analytical grade corn starch used 
as a magnetite depressant was purchased from Merck. Analytical grade 
HCl and NaOH (Merck) were prepared in an appropriate solution for pH 
adjustments. 

2.2. Grinding test 

A laboratory scale ball mill (CAPCO, UK) with a 115 mm internal 

diameter and a total volume of 1.4 L was used for the grinding experi-
ments. The total grinding time of 30 min and the set parameters (19 vol 
% mill filling; 0.16 w/w feed: ball ratio; 10–36 mm graded steel balls) 
were predetermined as optimal for dry grinding in a natural atmosphere. 
Optimal parameters were adopted for all tests to reduce grinding energy, 
study the effect of GAs, and generate material for subsequent flotation 
tests. In the reference (blank), no additives were added, and for the other 
tests, AAG was combined with ore at three levels (300, 500, and 1000 g/ 
t). The grinding products were subjected to particle size distribution 
(PSD) using a particle size analyzer (Mastersizer 3000, Malvern In-
struments, UK), from which P80, X10, X50, and X90 were determined. For 
a better assessment of the particle size distribution, the uniformity of the 
product was calculated using Eq. (1), which is a measure of the PSD 

Fig. 1. XRD pattern for (a) pure quartz and (b) pure magnetite.  

Fig. 2. Chemical structure of typical polyacrylic acid.  
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span. The smaller the value, the narrower the PSD [33,34]. 

Uniformity[ � ] =
X90 � X10

X50
(1) 

Here, X10, X50, and X90 are the diameters corresponding to 10, 50, 
and 90 vol% on a relative cumulative particle size distribution curve. 
Energy consumption was characterized using the work index according 
to the Bond equation (Eq. (2)) [35]. Where: Wi: work index (kWh/t), W: 
grinding energy (kWh/t), P: 80 % passing size of the mill product, in μm, 
F: 80 % passing size of the mill feed, in μm. The same grinding protocol 
was used for single minerals and the artificial mixture (magnetite: quartz 
2:1). After grinding and wet sieving, the samples were thoroughly 
washed with a 2 % HCl solution to eliminate possible contamination the 
mineral surfaces. 

W = 10.Wi

(
1

√P
�

1
√F

)
(2)  

2.3. Surface area and morphology 

A sample was taken from the ground product for the surface area and 
morphology study. A Micromeritics Flowsorb II 2300 instrument was 
used to measure surface area based on the BET (Brunner Emmet Teller) 
method. Further, the surface roughness (RS) was calculated using Eq. (3) 
[36]. 

RS = ABρ
(

D
6

)
(3)  

where AB is the BET surface area (m2/g), ρ is the density of the sample, 
and D is the average particle diameter. Surface morphology under 
different grinding conditions was characterized by scanning electron 
microscopy (SEM). Secondary imaging (SE) was performed using the 
Zeiss Sigma 300 VP instrument (QanTmin). 

2.4. Flotation test 

Quartz and magnetite flotation tests were carried out using a 150 ml 
mini flotation cell (Clausthal cell, Germany) operated at 310 rpm and an 
airflow rate of 2 L/min. 7.5 g of the sample was added to the flotation 
cell with deionized water for each test. Before the flotation stage, the 
pulp was agitated with the required amount of AAG for 10 min to allow 
adsorption on the particle’s surface. The required amount of depressant 
and collector was added to the pulp together with the corresponding pH 
adjustments for 10 min. An alkaline starch solution was prepared as a 
depressant together with Lilaflot 822 M as a collector. The total flotation 
time was 2 min, and afterward, the floats and sinks were collected, 
filtered, weighed, assayed, and recovery was calculated. In addition to 
single-pure mineral flotation, experiments were also carried out on the 
magnetite-quartz artificial mixture (at a 2:1 ratio). The selectivity S was 
calculated using equation (4) to assess the flotation performance under 
varying conditions. Where R1 is the recovery of magnetite and R2 is the 
recovery of quartz. A higher selectivity index S extrapolates better 
selectivity for the flotation separation [37,38]. 

S = R1 �R2 (4)  

2.5. Zeta potential measurements 

The zeta potential measurements were carried out using the CAD 
ZetaCompact instrument (CAD Instruments, France). For the measure-
ments, 20 mg of each mineral sample (�5 µm) was dispersed in 50 ml of 
potassium chloride solution (background electrolyte) together with 
predetermined reagents. The required pH adjustments were made using 
0.1 M NaOH or HCl. Measurements were done in triplicate, and the 
average was reported. 

2.6. Stability measurements 

Stability measurements of the suspension were done using a turbi-
dimeter (Turbiscan LAB Expert, Formulaction, France). The suspension 
(50 mg sample in 40 ml water) was mixed with varying reagent con-
centrations. Measurements were made using 20 ml aliquots and scanned 
at the height of 40 mm at 30◦ C. The measurements were conducted for 
60 min at 30-second intervals. The light transmission and backscattering 
data obtained were used to calculate the Turbiscan stability index (TSI) 
(Eq. (5)). The values of the TSI coefficient range from 0 to 100 where the 
lower the stability of the value, the higher the suspension [22,39]. 

TSI =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑n

i=1
(xi � XBS)2

n � 1

√√√√√
(5)  

where xi is the average backscattering for a measurement per minute, 
xBS is the average xi, and n is the number of scans. 

2.7. Adsorption measurements 

The adsorption of AAG on quartz and magnetite was measured using 
an ultra-violet visible spectrometer (DU Series 730 – Beckman Coulter, 
USA) at wavelength 210 nm in triplicate. For magnetite and quartz, 1.0 g 
particles were mixed with predetermined reagents at pH 10 in a 100 ml 
flask. To maximize adsorption, the mixture was stirred for 2 h. The 
adsorption capacity was calculated based on the depletion method using 
equation (6); 

Qe =
(C1 � C0)V

m
(6)  

where Qe represents the adsorbed AAG on the sample particle surface in 
mg/g, C0 and C1 are the initial and residual AAG concentrations in mg/ 
L, whilst V and m are AAG solution volume (L) and mass of mineral 
sample (g), respectively. The experimental data of the adsorption 
isotherm were fitted to the Langmuir (Eq. (7)), and Freundlich models 
(Eq. (8)) models, and the curve parameters are summarized in Table 4. 

Qe =
KLCeQ0

1 + KLCe
(7)  

Qe = KFC
1
n
e (8)  

where Qe represents the amount of AAG (mg/g) adsorbed, Ce is the 
concentration of AAG at equilibrium. From Langmuir and Freundlich 
equations, the constants Qm and KL and KF and 1/n respectively relate to 
the maximum adsorption capacity and the adsorption energy, respec-
tively [40]. 

2.8. FT-IR measurements 

FTIR spectra were obtained using an IFS 66 V/S instrument and a 
Vertex 80v instrument for diffuse reflectance (DR) and attenuated total 
reflectance (ATR), respectively (Bruker Optics, Ettlingen, Germany). For 
conditioning, 2.0 g pure samples were mixed with predetermined re-
agents (100 mg/L AAG and 50 mg/L Lilaflot 822 M) and conditioned for 
40 min at pH 10. The solid samples were thoroughly washed with 
deionized water and dried at 35 ◦C for 24 h. The samples were mixed 
with potassium bromide. The scanning range was 400–4000 cm�1 at a 
resolution of 4 cm�1. 

3. Results and discussion 

3.1. Grinding performance 

To determine the optimal dose of GA to improve grinding perfor-
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mance, a series of experiments using AAG were conducted. Grinding 
performance was first evaluated based on energy consumption (Ec) 
relative to the reference test (without AAG). The introduction of AAG 
decreases Ec to give a minimum of 16.69 kWh/t at 500 g/t compared to 
19.41 kWh/t as reference (Table 1). Further the d80 of the product 
showed that 500 g/t is the optimal dosage with 184 µm whilst the 
reference had 207 µm (Table 1). The positive effect of grinding aids on 
improving product fineness has been observed in the literature 
[10,41–43]. The improvement in fineness points to better grinding due 
to improved material flowability resulting from the reduction in 
agglomeration [5,6,41,44,45]. In terms of uniformity, which generally 
measures PSD, the introduction of AAG results in a narrow PSD width 
(lower number uniformity). Furthermore, the specific surface area in-
creases with the addition of AAG, with the highest of 0.6510 m2/g at 
500 g/t together with a corresponding maximum roughness of 0.3180 
compared to 0.2389 for the reference (Table 1). The superior surface 
area result of the application of grinding aids compared to blank con-
ditions has been widely reported in the literature [17,19]. Liu et al. 2021 
[17], during cobalt aluminate using sodium polyacrylate, the specific 
surface area was greater (39.56 m2/g) compared to the blank condition 
(20.18 m2/g). In summary, the addition of an optimum amount of AAG 
improves the grinding performance evident from the reduction in Ec, the 
generation of new surfaces (higher SSA), and improved uniformity of the 
particles. 

3.2. Surface morphology of ground products 

Given downstream separation processes, the grinding stage goes 
beyond size reduction, as it involves a change in particle properties such 
as shape, roughness, and physicochemical properties [14,15]. These 
morphological characteristics have been shown to influence flotation 
performance [14,15,46]. SEM images were provided and analyzed to 
further characterize the effect of AAG on the morphological character-
istic. Fig. 3 shows differences in the particle surface of the reference 
ground sample (Fig. 3a) compared to the ground in the presence of AAG 
at 1000 g/t (Fig. 3b), with the latter showing roughening of the surfaces. 
The reference particle shows smoother surfaces with some fragmented 
smaller particles on the surface. Smaller particles on the surface suggest 
an interparticle attraction that points to agglomeration tendencies in the 
absence of AAG. Similar findings have been reported in [41] on the ef-
fect of different grinding aids on fine dry grinding of calcite. SEM 
analysis of ground samples showed more agglomerates in the blank 
compared to particles with grinding aids [41]. Grinding mechanisms, 
such as abrasion and impact, have been reported to influence particle 
shape and roughness [14,47]. The observed roughening for AAG is 
consistent with the calculated roughness and the measured SSA, which is 
superior to the reference. The observed roughening could be attributed 
to the reduced contribution of abrasion due to the improved flowability 
with the introduction of AAG. Looking closely at the zoomed-out images, 
AAG generally resulted in a more uniform and overall finer particle size 
distribution than the reference, consistent with the findings from the 
Mastersizer particle analyzer. 

3.3. Single mineral flotation 

The flotation experiments were carried out on single minerals to 
study the effect of AAG in the ether-amine system (Lilaflot 822 M) for 
quartz and magnetite at pH 10 (Fig. 4a). The results demonstrated that 
by increasing the Lilaflot 822 M concentrate as a collector, both the 
quartz and magnetite recoveries increase, in addition to the absence or 
presence of AAG. Further analyses reveal that the addition of AAG in-
creases the floatability of quartz and magnetite (Fig. 4a). The observed 
increase in the floatability of quartz in the presence of Lilaflot 822 M (an 
ether amine) corroborates with the literature findings showing amine’s 
efficacy at pH 10 [48,49]. Quartz recovery reached a maximum of 90 % 
at 20 mg/L of the collector in the absence of AAG, while it would be 92 
% at 10 mg/L of the collector in the presence of AAG. In other words, 
higher recoveries were achieved in the presence of AAG at a lower 
collector concentration. Similar behavior is observed for magnetite 
floatability, which at 20 mg/L collectors, its recovery increases from 15 
to 80 % in the absence and presence of AAG, respectively. Generally, in 
both scenarios, the presence of AAG enhances the floatability of both 
quartz and magnetite. 

In addition to the system, the effect of AAG on the floatability of 
quartz and magnetite in the presence of a depressant was investigated. 
Starch was utilized as a depressant to address the undesirable float-
ability of magnetite in the reverse flotation setup. The floatability was 
investigated at different starch concentrations at a fixed collector dosage 
of 20 mg/L and pH 10. As expected, a minimum effect was observed on 
quartz floatability with some decreases at concentrations above 80 mg/L 
(Fig. 4b). For the reference sample, starch was effective in depressing 
magnetite, giving the lowest floatability of 3 % at 50 mg/L starch con-
centration. In the presence of AAG, magnetite floatability was found to 
be quite high, with the lowest floatability of 2 % achieved only at 100 
mg/L starch concentration. Evidently, the presence of AAG results in 
increased starch dosages. The single mineral flotation test showed that 
the application of AAG improved the collection of quartz and magnetite 
even at a lower collector dose. However, it was also observed that the 
addition of AAG increases the amount of depressant to counter the 
improved collection of magnetite. To gain a complete understanding of 
the behaviors observed in single mineral flotation, artificial mixtures 
were used in subsequent flotation tests. 

3.4. Flotation of artificial mixture 

Flotation tests on the artificial mixture were performed on the 
magnetite and quartz mixture with a mass ratio of 2:1 to determine the 
effect of improved quartz collection separation from magnetite. The 
flotation feed of the mixture had a Fe grade of 58.7 %. As shown in 
Fig. 5, the addition of AAG influences both recovery and grade. The 
result of the reference sample test shows that the recovery initially in-
creases with increasing collector concentration to a maximum of 93.3 % 
at 200 g/t, after which it starts to decrease. Adding AAG improves re-
covery, especially at lower collector doses, supporting the findings from 
single-mineral flotation. At 500 g/t of AAG, a comparable maximum 
recovery of 92.1 % is achieved at a collector dose of 100 g/t. Adding 
AAG to all investigated collector concentrations, less than 200 g/t, re-
sults in higher recoveries than the reference sample. Fig. 5b agrees with 
the findings on the grades that increase with increasing collector and 
AAG concentrations. As in reverse flotation, the observed increase in 

Table 1 
Effect of AAG on grinding performance and product (Ec expressed as work 
index).  

Conditions Ec (kWh/ 
t) 

D80 

(µm) 
Uniformity 
(–) 

SSA (m2/ 
g) 

Roughness 
(–) 

Reference  19.41 207  2.056  0.4891  0.2389 
300 g/t  17.28 187  1.848  0.5857  0.2861 
500 g/t  16.69 184  1.797  0.6510  0.3180 
1000 g/t  17.80 192  1.813  0.5628  0.2749  

Table 2 
Summary of the adsorption parameters of AAG on quartz and magnetite.  

Mineral Langmuir Freundlich 

Qm KL R2 n KF R2 

Quartz  3.45  0.718  0.9711  5.20  1.70  0.8851 
Magnetite  3.19  0.315  0.9701  4.72  1.33  0.8365  
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grade is accompanied by a decrease in mass recovery, thus ultimately 
decreasing the metallurgical recovery. 

Further evaluation of the selectivity of the process based on Eq. (4) is 
presented in Fig. 6. It can be observed that at lower collector dosages 
(below 300 g/t) the presence of AAG increases the process selectivity. 
However, it must be noted that above 300 g/t collector, the presence of 
AAG becomes detrimental to the process selectivity. For all scenarios, 
the best selectivity is reported between 200 and 300 g/t collector with a 
maximum of 76.2 % at 300 g/t AAG and 200 g/t collector. The results 
indicate that AAG enhances the collection of quartz and, to a lesser 
extent, the collection of magnetite. The selectivity variations at different 

AAG and collector dosages suggest synergistic interactions in the system. 
To better assess the observed effect of AAG on the separation of quartz 
from magnetite, surface analysis of the mineral surfaces was considered. 

3.5. Zeta potential measurements 

The effect of AAG on the colloidal stability of quartz and magnetite 
particles was carried out using zeta potentials from electrophoresis 
measurements. The change in zeta potential with varying AAG dosage at 
a fixed pH of 10 and 20 mg/L Lilaflot 822 M is presented in Fig. 7. For all 
conditions, it can be observed that the zeta potentials decreased (to a 

Fig. 3. SEM images showing the effect of AAG on the ground product (a) without AAG, (b) added 1000 g/t AAG.  

Fig. 4. Effect of AAG (100 mg/L) on magnetite and quartz single mineral flotation at pH 10 with varying (a) collector dosage and (b) depressant dosage (fixed 
collector − 20 mg/L). 
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greater negative magnitude) when the AAG concentration was 
increased. For the reference test, quartz and magnetite have zeta po-
tentials of −43.2 and −46.5 mV compared to −83.5 and −74.6 mV at 
100 mg/L. The trend shows that the presence of AAG enhances the 
stability of the suspension regardless of the type of mineral. A similar 
shift in the zeta potentials is observed for both minerals as Lilaflot 822 M 
(a collector); however, the results show a more pronounced change for 
quartz, indicating increased adsorption of Lilaflot 822 M as a collector 
on its surface. From these observations, it could be considered that 
adding AAG results in an increased negative charge, especially on 
quartz, which could promote the interaction with the collector and 
improve its floatability. 

3.6. Suspension stability measurements 

To further understand the effect of AAG on mineral suspensions, 
stability studies were conducted based on the Turbiscan stability index. 
The variation in the Turbiscan stability index as a function of time with 
100 mg/L AAG and pH 10 in quartz and magnetite suspensions is pre-
sented in Fig. 8. Similar behavior can be observed as the presence of 
AAG stabilizes the suspension (reduction in TSI), which corroborates the 
findings from the zeta potentials. The change is more pronounced for 
quartz than for magnetite surfaces. These findings corroborate the claim 
in the literature that PAA-derived polymers impart stability as a 
dispersant [50]. The observed decrease in stability also points to 

Fig. 5. Synergistic effect of AAG and collector on mixed mineral flotation (a) Fe recovery and (b) Fe grade.  

Fig. 6. Effect of AAG on selectivity with varying collector concentration.  

Fig. 7. Variation of zeta potentials at different concentrations of AAG at pH 10.  

Fig. 8. Suspension stability of magnetite and quartz with and without AAG.  
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increased dispersibility with the introduction of AAG, which can also 
increase the quartz recovery. 

3.7. Adsorption measurements 

The flotation and suspension stability results showed a pronounced 
effect of AAG on quartz relative to magnetite. To better understand the 
phenomenon, adsorption measurements were performed on both min-
eral surfaces after treatment with varying concentrations of AAG at pH 
10. Fig. 9 shows how the amount of AAG adsorbed per unit of mass 
increases with the AAG concentration. It is evident that quartz has a high 
adsorption capacity concerning magnetite in the investigated concen-
tration. Furthermore, data fitting using the Langmuir and Freundlich 
models is summarized in Table 2. From the Langmuir model, the 
adsorption capacity (Qm) is higher for quartz compared to magnetite, 
with 3.45 and 3.19, respectively. Similarly, the Freundlich model shows 
stronger adsorption (n) for quartz compared to magnetite, with 5.20 and 
4.72, respectively. Langmuir has the best fit of the two models with an 
R2 of 0.8851 compared to 0.8365 for the Freundlich model. These 
findings show that AAG adsorbs on both quartz and magnetite, sup-
porting the observed effects on the flotation behavior. The superior 
adsorption of AAG on quartz compared to magnetite particles further 
explains its pronounced effect. 

3.8. FTIR spectra analysis 

The adsorption results showed that AAG has stronger adsorption on 
quartz surfaces than on magnetite surfaces. Fourier transform infrared 
(FTIR) spectra were performed to better understand the adsorption 
mechanism. Fig. 10 shows the spectra of bare and treated pure minerals 
of AAG, Lilaflot 822 M. For the collector (Lilaflot 822 M), characteristic 
peaks emerge at 2964 cm�1 and 2869 cm�1, which are attributed to the 
CH2 stretching bond of acyclic compounds [51]. Peaks at 1587, 1467, 
and 653 cm�1 can be attributed to the bending of the NH2 or NH bonds 
[51–53]. A characteristic peak is observed at 1548 cm�1 and 1168 cm�1 

for AAG, possibly due to the deprotonated C––O and C–O bond, 
respectively, since this was at pH 10 [54]. Fig. 10a shows that the sur-
face of the introduction of AAG on the quartz mineral has no effect, and 
no new functional group is generated. The presence of Lilaflot 822 M is 
evident, with a characteristic peak showing. The characteristic OH peak 
at 2964 cm�1 changes to 2960 cm�1 as observed in quartz + AAG +
Lilaflot 822 M, typical for an amine system [51]. A similar effect is 

observed for magnetite + AAG + Lilaflot 822 M with a characteristic 
peak from the introduction of the collector Fig. 10b. The CH peak at 
2869 cm�1 also shifts to 2856 cm�1 and 2920 cm�1 for quartz and 
magnetite, respectively, after treatment. The spectra suggest a weaker 
Lilaflot 822 M-magnetite interaction than the Lilaflot 822 M-quartz 
interaction. The absence of a characteristic peak after treatment with 
AAG in both minerals implies that the interaction between AAG and the 
minerals is not chemical and thus physical adsorption. 

Some interactions are evident from the observed behavior when AAG 
is added to both quartz and magnetite. The introduction of AAG mark-
edly enhances the floatability of quartz with a minimal effect on 
magnetite. Mixed mineral flotation showed that at 500 g/t of AAG, a 
comparable maximum recovery of 92.1 % is achieved at a collector dose 
of 100 g/t. Surface analyses revealed that AAG adsorbs on mineral 
surfaces, increases the zeta potential (more negative), and increases the 
suspension stability. This is consistent with observations reported else-
where suggesting that AAG increases dispersion and anionicity due to its 
anionic nature, thus increasing collector adsorption and ultimately 
improving flotation [32,54]. 

4. Conclusions 

In this paper, the effect of AAG, a polyacrylic-based grinding aid, on 
the grinding and flotation separation behavior of a magnetite-quartz 
mixture was investigated. The grinding results illustrated that AAG 
improved the grinding efficacy at an optimum dosage and improved the 
product properties. The experimental results showed that the energy 
consumption decreased by 18 %, the specific surface area increased by 6 
%, and the uniformity improved relative to the test without AAG 
(reference test). Further results from a single mineral flotation indicated 
that AAG could enhance the quartz collection, thus improving its 
floatability. The results of artificial mixture flotation revealed that under 
specific conditions of 500 g/t AAG, pH 10, 1000 g/t starch Fe recovery of 
92.1 % and 64.5 % could be achieved with 100 g/t Lilaflot 822 M 
compared to the reference with a recovery of 93.0 % and 65.1 % grade at 
200 g/t Lilaflot 822 M. The zeta potential measurement results showed a 
large negative shift for both quartz and magnetite; the former was more 
pronounced in the presence of AAG. The suspension stability results 
revealed that AAG results in a more stable suspension with improved 
dispersion compared to the reference test. The adsorption results 
showed superior adsorption of AAG on the quartz surface compared to 
magnetite. FTIR results illustrated that the adsorption mechanism of 
AAG on both quartz and magnetite was physical adsorption. In general, 
these results have addressed the long-standing question of the effect of 
polyacrylic-based grinding aids on the resulting products and subse-
quent flotation separation processes. The presence of AAG not only 
improved grinding efficiency but also could potentially decrease the 
amount of collector required to achieve comparable metallurgical per-
formance. This paves the way for future research on the application of 
grinding aids in mineral processing with an approach to having grinding 
aids with a secondary beneficial function in view of downstream 
processes. 
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