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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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