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A B S T R A C T   

Mineral surface properties and mineral-aqueous interfacial reactions are essential factors affecting the 
geochemical cycle, related environmental impacts, and bioavailability of chemical elements. Compared to 
macroscopic analytical instruments, an atomic force microscope (AFM) provides necessary and vital information 
for analyzing mineral structure, especially the mineral-aqueous interfaces, and has excellent application pros
pects in mineralogical research. This paper presents recent advances in the study of properties of minerals such as 
surface roughness, crystal structure and adhesion by atomic force microscopy, as well as the progress of appli
cation and main contributions in mineral-aqueous interfaces analysis, such as mineral dissolution, redox and 
adsorption processes. It describes the principles, range of applications, strengths and weaknesses of using AFM in 
combination with IR and Raman spectroscopy instruments to characterization of minerals. Finally, according to 
the limitations of the AFM structure and function, this research proposes some ideas and suggestions for 
developing and designing AFM techniques.   

1. Introduction 

In the history of modern instrument development, the microscopic 
technique has continuously improved with the advancement of science 
and technology and has significantly contributed to microscopic 
research. For example, in 1982, Binnig and Rohrer (1982) developed a 
scanning tunneling microscope (STM) at the IBM Zurich Laboratory, 
which can use the current between the probe and the sample to char
acterize various physical, chemical, and mechanical properties of the 
sample’s surface. It was the first time humans had directly observed the 
sample’s arrangement sequence of individual atoms. Even in the envi
ronment of a low temperature of 4 K or a high temperature of 1000 K, 
the atoms can be accurately manipulated by the probe tip. However, 
STM can only directly observe the surface structure of metal conductors 
and semiconductors because the changes in tunnel current between the 
probe tip and the sample must be monitored when it works. When an 
insulation material is observed, it is necessary to cover a conductive film 
on its surface, but the structural details of the sample surface could be 
covered by it. As a result, the applications of STM are limited to a certain 
extent (Couto et al., 2006). Then in 1986, Binning from IBM, Quate and 
Gerber from Stanford University co-developed atomic force microscope 

(AFM) (Binnig et al., 1986). The arrival of AFM solves the limitation of 
STM that can only test conductor and semiconductor samples and re
alizes the manipulation and processing of the atomic structure of 
non-conductor samples (Gross et al., 2018). The AFM can in situ detect 
the crystal structure and degree of surface defect of conductor and 
non-conductor samples and observe the three-dimensional morphology 
of nano-scale samples in real-time. Also, AFM can be equipped with a 
fluid cell; in addition to studying solid samples, it can explore the surface 
reaction process of samples in a liquid environment (Feng et al., 2020; 
Tadesse et al., 2019). In addition, AFM can be utilized to investigate the 
acting forces on the samples’ surface. Due to its broad application sce
narios and simple sample preparation process, AFM has been widely 
used in many fields, including earth science, physics, materials science, 
biological science, and environmental science (Wang et al., 2021b; 
Fukuma and Garcia, 2018; Hong et al., 2020; Strahlendorff et al., 2019). 

The AFM does not have any measuring lens, and its main structure 
consists of five components, including a cantilever, a probe tip, a laser 
photodiode system, a three-dimensional piezoelectric scanner, and a 
feedback controller (Zhu and Sun, 2005). The probe tip and cantilever 
constituting the core components of the instrument, which determine 
whether the high quality AFM images of samples can be obtained 
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(Fig. 1). During the imaging process, there is a very weak interaction 
between the probe tip and the sample surface, which deflects the 
cantilever of the probe, and the deflection of the cantilever deflects the 
reflected path of the irradiated laser. The detector converts and am
plifies the reflected laser signal, and the feedback system adjusts the 
interaction between the probe tip and the sample surface by adjusting 
the distance between the two, while the signal acquisition system re
cords the movement of the scanner in real time to obtain information 
about the sample surface (Hirsekorn et al., 1997; Sader et al., 2005; 
Stark, 2000). AFM is imaged by the probe on the surface of the samples. 
Some properties can be obtained by changing the interaction force be
tween the probe and samples, include the atomic resolution 
morphology, wettability, adhesion and surface charge, etc. The use of 
magnetic probes can also detect the magnetic force distribution on the 
sample surface, etc (Bian et al., 2021). AFM can also detect the magnetic 
field force distribution on the sample’s surface if a magnetic probe is 
employed. The AFM imaging modes consist primarily of tapping mode, 
contact mode, non-contact mode, torsional resonance mode, and peak 
force mode, with contact mode, non-contact mode, and tapping mode 
constituting the basic imaging modes of AFM (Vijayraghavan et al., 
2013). Under the contact mode, the probe tip is directly in contact with 
the sample’s surface, resulting in a higher imaging resolution. However, 
since the cantilever and probe tip are usually silicon nitride, the force 
between the probe and the sample should be adequately controlled to 
avoid damaging the probe when handling samples with too high hard
ness (Xing et al., 2018; Kolchuzhin et al., 2016). Under the non-contact 
mode, the probe tip does not directly contact the sample’s surface but 
generates the sample’s surface morphological images through the in
teractions of capillary pressure or van der Waals forces between the 
probe tip and the sample surface (Alvim and Miranda, 2016). The 
cantilever is bent due to the interaction between the sample’s surface 
and the probe tip, and it is deflected as a result of the stress exerted, thus 
generating the image of the sample surface as a feedback loop (Shinato 
et al., 2020; Zhang et al., 2018; Sokolov et al., 2000). Under the tapping 
mode, the cantilever resonates under the drive of external force. The 
cantilever drives the probe back and forth across the force distance 
curve. The probe vibrates in both the long-range attractive and 
short-range repulsive regions of the force curve, but high-resolution 
imaging of the sample is usually in the short-range repulsive region of 
the force curve. Unlike the contact mode, the probe intermittently 
contacts the sample surface for short periods of time, thus avoiding the 
problems of lateral forces and drag across the surface, improving both 
the resolution of some samples with soft surfaces and the lifetime of the 
probe (Paulo and García, 2002; Hansma et al., 1994). 

Minerals are an essential part of earth’s evolution, which not only 
directly participate in the geological process of earth’s evolution but also 
record important information about earth’s evolution. In addition, 
mineral surface properties critically influence the geochemical cycle of 

related elements, ecological effects, and mineral exploitation and utili
zation (Zhang et al., 2019a; Xie and van Zyl, 2020). As one of the 
important instruments for studying mineral surface properties, AFM 
cannot only be utilized to detect the nano-scale three-dimensional 
morphology of mineral surfaces, mineral roughness, and mineral crystal 
structure (Toca-Herrera, 2019), but also provide powerful help for 
exploring the mineral-aqueous interfacial reactions. AFM has been 
widely applied in the research on ore weathering, production and 
treatment of acid mine wastewater, and migration and transformation of 
related pollutants (López et al., 2018; El-Nagar and Abdel-Halim, 2021). 
However, as far as we know, there are relatively few reviews on the 
application of AFM to mineral surfaces, the recent being a review of 
mineral surface research published in 2014 (Jupille, 2014). AFM has 
made some progress in mineralogy in recent years, so there is an urgent 
need to review the content and results of research on mineral surface 
properties. Accordingly, this study mainly reviews the research progress 
of using AFM to explore mineral surface properties and mineral-aqueous 
interfacial reactions in the past ten years, introduces the principles, 
strengths, and weaknesses of the combination of AFM with other spec
tral instruments, and puts forward some ideas and suggestions for the 
applications of AFM in the field of mineral research. It is believed that 
this work can provide some help for further promoting the research on 
mineral surface properties. 

2. Applications of AFM in mineralogical research 

2.1. Applications of AFM in researching mineral surface properties 

2.1.1. Roughness 
Surface roughness is one of the indices that reflect the shape char

acteristics of microcosmic geometry on mineral surfaces, and it is also an 
important parameter that affects the utilization rate of the mineral in
dustry. Generally, with the increase in mineral roughness, the wetta
bility of minerals becomes worse, and the flotation performance is 
enhanced (Li et al., 2019; Alnoush et al., 2021). In the mineral surface 
treatment and film manufacturing process, there are optical cutting 
methods (Perec et al., 2017), comparison methods (Fava et al., 2018), 
and white light interferometer (Deng et al., 2018), which can be utilized 
to treat and measure surface roughness. Compared to traditional 
methods, AFM can detect mineral surface roughness more intuitively 
(Misumi et al., 2019). By measuring the sample’s three-dimensional 
surface roughness map, AFM can calculate the average roughness (Ra), 
root mean square roughness (Rq), surface skewness (Rsk), and surface 
kurtosis (Rku) relying on the relevant parameters, such as amplitude 
threshold, scanning rate, and integral gain (Eqs. (1–4)). In this study, the 
transverse resolution of roughness can reach 0.1 nm, while the longi
tudinal resolution can achieve 0.01 nm (Gan, 2009). 

Ra is the average difference between an individual’s height and its 
mean (Abouelatta and Mádl, 2001). It is obtained from the arithmetic 
mean value of the absolute values of the surface height deviation 
measured on the sample plane (Chen and Huang, 2004; Chang et al., 
2001), which can be calculated as follows: 

Ra =
1

NxNy

∑Nx

i=1

∑NY

j=1
Z(i，j) − Zmean (1)  

Zmean =
1

NxNy

∑Nx

i=1

∑Ny

J=1
Z(i，j) (2)  

where Nx and Ny are the numbers of scanning points in the X and Y 
directions, respectively; Z(i，j) is the deviation values of the height; 
Zmean is the average height of the baseline; the same below. 

Rq is a commonly utilized parameter representing surface top
ography’s standard deviation. It is obtained from the root mean square 
mean value of the height deviation values of the image data on the 

Fig. 1. Schematic diagram of AFM (Zhao et al., 2019). Copyright (2019), with 
permission from Elsevier. 
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sample plane, which can be calculated as follows: 

Rq =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1
NxNy

∑Nx

i=1

∑Ny

j=1
(Z(i，j) − Zmean )

2

√
√
√
√ (3) 

Rsk describes the symmetry of the surface height data distribution. If 
the value is zero, it indicates that the sample surface is smooth; if there 
are many peaks on the surface, it means positive asymmetry; if there are 
many deep depressions on the surface, it demonstrates negative asym
metry. The calculation formula is as follows: 

Rsk =
1

NxNY R3
q

∑Nx

i=1

∑Ny

j=1
(Z(i，j) − Zmean )

3 (4) 

Rku is the surface excessive kurtosis equal to zero under the normal 
distribution. When the surface data are more concentrated on the mean 
value as opposed to following a normal distribution, the kurtosis is 
positive; when they are not concentrated, the kurtosis is negative. The 
calculation formula is as follows: 

Rku =
1

NxNyR4
q

∑Nx

i=1

∑Ny

j=1
(Z(i，j) − Zmean )

4
− 3 (5) 

Through AFM observation, it is indicated that the treatments such as 
grinding and calcination can increase the roughness of mineral surfaces. 
For example, previous detections by AFM have shown that grinding 
treatment on graphite (Tong et al., 2021), quartz (Zhu et al., 2020c), 
magnesite (Zhu et al., 2020a), and magnetite (Zhu et al., 2020b) by ball, 
rod, and high-pressure roll mills can increase the minerals’ surface 
roughness, which enhanced the flotation capacity of minerals. By using 
the method of hydrochloric acid leaching - precipitation - calcination, 
Altiner and Mahmut (Altiner, 2019) prepared MgO particles with 
different surface roughness from dolomite. They demonstrated that the 
surface roughness of the prepared MgO particles rose with the increase 
in calcination temperature and time, which improved the utilization rate 
of dolomite in industry. In addition, it is indicated that some chemical 
treatments can change the minerals’ surface roughness. After fluoride 
ion treatment, the surface topography of calcite became more uneven, 
and the roughness increased significantly (Wang et al., 2022). Under the 
impact of hydrolytic products (H2 and O2), the surface of galena, chal
copyrite, and sphalerite became rougher; of course, this can also be 
attributed to the air oxidation effect in the polishing process, producing 
multiple scratches on the surface (Koporulina et al., 2018). Sun et al. 
(2022) found that adding calcium dioleate colloid will increase the 
surface roughness of scheelite and fluorite, and improve the flotation 
capacity of scheelite and fluorite. On the other hand, AFM also detects 
that some treatments can reduce the surface roughness of minerals. For 
example, after microwave irradiation, the surface roughness of chalco
pyrite decreased and the wettability of the mineral surfaces enhanced 
(Azghdi and Barani, 2018). To sum up, the measurement precision of 
mineral surface roughness by AFM can achieve nanometer resolution, 
making AFM one of the first-choice instruments for measuring mineral 
surface roughness. 

2.1.2. Crystal structure 
With the help of crystal growth theory, mineral crystal models such 

as calcite in the tripartite crystal system and pyrite in the orthogonal 
crystal system have been developed, most of that are obtained from 
indirect analysis based on the theories, like crystal layer growth and 
crystal spiral growth (He et al., 2020). Although the transmission elec
tron microscope (TEM) technique can directly observe the sample’s 
crystal structure, it can cause irreversible damage to the sample due to 
the irradiation of electron beams. This problem was not solved until 
AFM’s appearance (Liu et al., 2003). As early as the around 2000, some 
scholars employed AFM to observe the minerals’ crystal structure, such 
as silicate and carbonate (Wu et al., 1998; Liu, 2003). In recent years, the 

applications of AFM to the research on mineral crystal structure have 
made some progress, including observing the dynamic process of the 
growth interface of mineral crystals and the atomic-resolution imaging 
of mineral interface in a liquid environment. The progress has essential 
theoretical and practical significance for developing crystal growth 
theories and guiding crystal production practice. 

In the study of mineral crystal structure, the fine crystal structure and 
diverse types of clay minerals have been widely concerned. The common 
instruments and technical methods for investigating the surface 
composition and structure of clay minerals include low-energy electron 
diffractometer (LEED), scanning electron microscopy (SEM), X-ray 
photoelectron spectroscopy (XPS), and Derjaguin-Landau-Verwey- 
Overbeek (DLVO) theoretical calculation (Muneer et al., 2020). Due to 
the particular crystal structure of natural clay minerals, these methods 
have a certain limitation of insufficient spatial resolution when 
observing the zones of lattice defects and atomic steps on the sample 
surface. Fortunately, AFM has high resolution and can measure samples 
even in environments such as liquid and vacuum. During in-situ char
acterization of minerals, physical changes and chemical reactions, such 
as hole potential and electronic band gap at the defects on the minerals’ 
surface, can be intuitively learned by AFM. For example, in the liquid 
environment of ultra-pure water, Siretanu et al. (2016) characterized 
the morphology and atomic structure of nano-scale clay minerals by 
AFM. They obtained atomic-resolution images (Fig. 2) of the (001) 
crystal face of bauxite, kaolinite, illite, and sodium montmorillonite 
minerals. It was observed that there were a large number of defects on 
the mineral surfaces and that some organic and inorganic substances 
were adsorbed on the minerals’ surface defects in the water environ
ment. However, the specific characteristics of these adsorbed substances 
are still unclear. Reischl et al. (2019) conducted an atomic molecular 
dynamics simulation of the structure and dynamics of the hydration 
layer on the surface of dolomite, calcite, and magnesite and performed 
AFM simulation imaging on the surface of these three minerals by SiO2 
tip model. In the process of atomic simulation, it was indicated that the 
AFM technique could distinguish Ca2+ and Mg2+ of dolomite. AFM can 
also achieve ion exchange on the mineral surfaces in a liquid environ
ment, laying a foundation for AFM to detect the hydration structure of 
minerals. In addition, Zhai et al. (2021) examined the mineral crystal 
growth process by AFM based on dynamic force spectrum (DFS) tech
nique, and enumerated the dynamic processes of mineral growth of the 
interfaces between alginate (C6H8O6)n and hematite (Fe2O3), between 
natural organic matter (NOM) and calcium arsenate (Ca3(AsO4)2), and 
between calcium phosphate (Ca3(PO4)2) and hydroxyapatite (HAP). 
They revealed that the crystal nucleation rate, nucleus size, growth 
orientation, and structure of organically modified minerals improved 
the basic understanding of the interaction between organics and min
erals, providing a reference value for investigating the crystal nucleation 
and growth in the process of biomineralization and geological miner
alization. The research on the growth of clay minerals and mineral 
crystals by AFM has brought new impacts and challenges to the previous 
crystal structure models and theories, and some breakthroughs have 
been made in studying mineral crystal structure. In the future, the ap
plications of the AFM technique in investigating mineral crystal struc
ture will be more and more extensive. 

2.1.3. Three-dimensional morphologies 
The surface morphological characteristic images of the samples 

measured by AFM differ from those of other microscopes. For example, 
SEM and TEM have a higher resolution for imaging two-dimensional 
morphology on the sample surface, while AFM has a special probe to 
scan the sample, which can directly analyze the three-dimensional im
ages of the sample surface. Therefore, the AFM’s three-dimensional 
characterization performance for mineral morphology and particle 
size can be greatly improved. Bai et al., (2022) used AFM to characterize 
Muscovite for the first time and obtained two-dimensional (2D) images, 
three-dimensional (3D) structural images, and surface roughness of 
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Muscovite (Fig. 3). Montmorillonite (MMT) is a two-dimensional 
nano-mineral whose structure is perceived in layers connected by cat
ions (Na+ and Ca2+), which can be employed to adsorb dyes and heavy 
metal ions in water pollution treatment. Zhang et al. (2017b) examined 
MMT’s morphology, thickness distribution, and particle size through 
3D-AFM and found that Na-MMT is easier to exfoliate than Ca-MMT. 
This phenomenon was suggested to be attributed to the higher inter
layer binding energy (IBE) of Ca-MMT or the weak interaction between 
MMT and the Na+-water layer. Hence, Ca-MMT had a better water 
pollution removal effect. Ismail et al. (2020) treated HAP by laser and 
observed the surface changes of minerals using 3D-AFM. They demon
strated that there are very fine particles on the HAP surface without laser 
treatment, while spherical grains are uniformly distributed on the sur
face of HAP samples treated by laser with a power of 60 J/cm2; more
over, the microhardness of HAP increases after laser treatment, 

improving the wear resistance (Garcia et al., 2016). So far, AFM is uti
lized to obtain atomic-resolution images of various substances, 
including insulators and conductors, e.g., layered minerals such as 
graphite, molybdenum disulfide (MoS2), and boron nitride (BN). In 
addition, the 3D-AFM technique can provide intuitive characteristic 
images for characterizing the changes in the modified mineral surfaces, 
for example, whether there is an agglomeration phenomenon on the 
modified mineral surfaces or whether some new substances are formed. 
Moreover, the AFM 3D image technique can meet the measurement 
requirements in various atmospheres and environments, contributing to 
the mineral field and showing extensive application prospects in the 
materials preparation field. 

2.1.4. Adhesion forces 
The various forces exerted on the mineral surfaces can be measured 

using the instruments such as the surface force apparatus (SFA) (Zhang 
et al., 2012), micro-hardness tester (MHT) (Qudoos et al., 2018), and 
nano-indentor (Jin et al., 2015). There are also force interactions when 
the AFM technique is utilized to measure mineral surface properties, and 
the most common acting force is the van der Waals force. Due to the 
contact between the tip and the sample, the deformation force will be 
generated. If there is liquid, there will be surface tension. Sometimes, 
some special samples can produce magnetic force. Generally, the acting 
force, such as the electrostatic force and van der Waals force between the 
probe tip and the sample, is called the adhesion force. Using 
Lennard-Jones interaction to analyze the interaction between the atoms 
on the mineral surface and the tip of the probe, when the distance be
tween the mineral sample and probe tip is less than δ(δ ≈ 0.3nm,

depends on the size of the sample atom), the adhesion force between the 

Fig. 2. Atomic-resolution AFM images on the clay cardinal plane: (a) gibbsite, (b) Na-Montmorillonite, and (c) illite; (d-f) high-resolution non-contacted AM-AFM 
morphological maps of the cardinal plane of kaolinite clay particles (when kaolinite clay is exposed in the ultra-pure water, it shows a periodic hexagonal structure, 
and the transverse period of the crystal lattice is about 0.5 nm (Siretanu et al., 2016)). Copyright (2016), with permission from Royal Society of Chemistry. 

Fig. 3. AFM 3D height image structural image of the muscovite sample (Bai 
et al., 2022). Copyright (2022), with permission from MDPI. 
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mineral sample and probe tip is repulsive. If the distance between the 
mineral sample and the probe tip is more than 2 (1/6)δ, the adhesion 
force between them is attractive (Muller and Derjaguin, 1980). Thus, 
when the probe tip touches and then leaves away from the sample, there 
will be a certain point with maximum attractive force on the 
force-distance curve. Depending on the measurement method, the 
adhesion force between the probe tip and the sample is also different. A 
colloidal probe technique usually measures the adhesion force, i.e., a 
small number of droplets or particles are fixed on the probe to determine 
the adhesion force between the probe tip and the sample. Abed et al. 
(2018) investigated the adhesion force on the carbonate surface by AFM 
colloidal probe technique under the force volume (FV) mode and drew 
the adhesion force diagrams between crude oil and natural mineral 
calcite and between crude oil and dolomite (Fig. 4). As can be seen, the 
adhesion force measured in the dolomite zone is at least twice that in the 
calcite zone, and dolomite areas are more oil-friendly than calcite areas. 
Due to the different composition of carbonate minerals, the adhesion 
and wettability of carbonate rocks are different, and the oil-affinity of 
minerals is also different. Tessarolo et al. (2021) used the AFM to 
explore carbonate rock oil reservoirs. Therefore, using AFM colloid 
probe to study the change of carbonate surface adhesion can provide an 
innovative method for oil reservoir development. 

The salt solution type and concentration significantly influence the 
adhesion force between the probe tip and the mineral. Ding et al. 2020) 
modified the probe to explore the effects of salt solution (Ca2+, Mg2+, 
and Na+) on the surface adhesion of calcite. By fixing the crude oil 
droplets on the cantilever without an AFM tip, they used the "soft tip" 
method to detect the changes in the surface adhesion of calcite in 
different salt solutions. Combing the force behavior of the adhesion 
force-distance curve and the adhesion values on the contraction curve 
revealed that the attractive force between the crude oil tip and calcite 
was strongest in the salt solution containing Mg2+, then Na+, and the 
weakest in the solution containing Ca2+. Zou et al. (2020) studied the 
interaction force between the polymer and the surface of SiO2 or Al2O3 
in a KCl solution using the AFM colloidal probe technique. They 
discovered that the adhesion force between Al2O3 and the polymer 

decreased, while that between SiO2 and the polymer increased as KCl 
concentration rose. Zhang et al. soaked the fluorite colloidal probe and 
the sample in Ca(OH)2 solution for 30 min before each separation test of 
scheelite and fluorite, and the measurement results showed that Ca 
(OH)2 solution will raise the hydrophilicity of scheelite and fluorite and 
lead to the increase in adhesion force between scheelite and fluorite. 
These findings provide good guidance for separating scheelite from 
other calcium-containing minerals (Zhang et al., 2019b). 

In addition to the types of salt solution, the pH value of solution also 
affects the adhesion force between the probe tip and the mineral. Al 
Maskari et al. (2019) analyzed the adhesion force between petroleum 
and Muscovite rock based on the force-distance curve at pH = 7 and 11. 
They indicated that the lamella-charged Muscovite rock will increase 
the pH value due to ion exchange, decreasing adhesion force. In order to 
improve the quality of iron and steel smelted from iron ore pellets, 
Dobryden et al. (2014) used fine SiO2 particles as a probe to contact 
magnetite (Fe3O4) and bentonite and tested the adhesion force of four 
systems, including SiO2 and Fe3O4, Fe3O4 and Fe3O4, SiO2 and 
bentonite, and Fe3O4 and bentonite. The adhesion force of the Fe3O4-
bentonite system increases under alkaline conditions, whereas the 
SiO2-Fe3O4 system decreases in the presence of SiO2. Hence, the 
agglomeration of Fe3O4 and bentonite binder can be affected by SiO2 
particles on the Fe3O4 surface under alkaline conditions, which is not 
conducive to producing high-quality iron ore pellets. When studying the 
adhesion force between non-polar oil base (– CH3) and calcite, Maskari 
et al. (2019) also indicated that the adhesion force between them re
duces with the increase in pH value. Shao et al. (2019) used AFM force 
measurement and classical DLVO theory for the first time to investigate 
the interaction force between illite lamellae or end face and Si/Si3N4 
probe in 10 mM KCl solution at different pH values. They discovered 
that the interaction between illite lamellae and the probe tip was 
attractive when the pH value was 3.0 and repulsive when the pH value 
ranged within 5.0–10.0. For the interaction between the illite end face 
and probe tip, there was only a slight attractive force at pH = 3.0; at pH 
= 5.0, the interaction became a repulsive force; when the pH value 
ranged from 6.0 to 10.0, the repulsive force increased. The above studies 

Fig. 4. Adhesion diagrams in the (a1) dolomite-rich zone and (a2) natural mineral calcite-rich zone; ESEM images of (b) AFM probe tip and (c) tip length before the 
wet epoxy resin droplet is attached; ESEM images of (d) AFM probe tip and (e) tip length after the wet epoxy resin droplet is attached (Abed et al., 2018). Adapted 
with permission from (COMPLETE REFERENCE CITATION). Copyright (2018) American Chemical Society. 
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show that, in general, the adhesion force between the probe tip and 
minerals decreases in an alkaline environment and increases in an acidic 
environment. Therefore, when utilizing the force-distance curve of AFM 
to investigate the changes in adhesion force on mineral surfaces, great 
care must be taken to maintain a clean, contamination-free test envi
ronment. Otherwise, the wear and contamination of the probe tip will 
affect the measurement accuracy of the adhesion force. 

2.2. Applications of AFM in the research of mineral-aqueous interfaces 

The interface refers to the transition zone where two different phases 
contact each other and transform from one phase to another. Mineral- 
aqueous interfaces are ubiquitous in nature and affect almost all 
geochemical processes (Brantley et al., 2008; Gordon and Brown, 2012; 
Putnis and Ruiz-Agudo, 2013). The AFM has ultra-high atomic scanning 
resolution, is not limited by the working environment, and has broad 
applicability. It can conduct research on the mineral-aqueous interfaces 
at the atomic scale and observe in-situ reaction processes such as 
dissolution, adsorption, and oxidation at the mineral-aqueous interfaces 
(Hernández-Muñoz et al., 2020), thereby providing strong support for 
the research on the mineral-aqueous interfaces. 

2.2.1. Dissolution 
Mineral dissolution plays a decisive role in the transformation of 

minerals in the natural environment (He et al., 2019) and is an essential 
factor affecting the geochemical cycle of chemical elements and the 
historical changes of the crust. Mineral dissolution usually occurs pref
erentially at active sites with excessive surface energy, such as defects, 
dislocations, and grain boundaries, and it is a surface reaction-controlled 
process. By combining AFM observation with other auxiliary means, the 
morphology, locations, and dissolution rate of mineral dissolution can 
be investigated in depth. 

The AFM can directly observe the changes of mineral dissolution 
morphology in different solutions. Bibi et al. (2018) studied the changes 
in mineral surface topography and dissolution rate on the surface of 
calcite by using AFM, and a diamond-shaped dissolution morphology 
was directly observed on the calcite’s surface in Na2CO3 solution 
(Fig. 5). The calcite dissolution rate in Pb2+-rich solutions was 50 % 
slower than in lead-free solutions, and there were few rounded edges at 

the corners. In contrast, in Pb2+-free solutions, rounded corners and 
edges were observed, and the dissolution rate at acute angles/edges was 
faster than that at obtuse angles/edges (Yuan et al., 2019). De Ruiter 
et al., (2019) observed the in-situ dissolution of quartz in solutions with 
high pH values and rich Mg2+ ions by AFM. They indicated that soft 
precipitates are formed after the presence of Mg2+ ions for 30 min and 
that the present time and MgCl2 concentration are positively correlated 
with the number of solid precipitates. Surface defects generated by 
mineral dissolution can be observed through 3D-AFM images, the 
observable that enables the imaging of the hydration layers is the 
amplitude of the tip’s oscillation. For example, Songen et al. (2018) used 
calcite, which is ubiquitous in nature, to conduct defect experiments, 
and showed the hydration structure at calcite defects by the 
high-resolution 3D-AFM technique. They demonstrated that the hydra
tion structure at calcite defects is vertically disturbed; even in the fifth 
hydration layer, the defects of calcite also cause a change in its hydration 
structure. 

In order to investigate the dissolution rate of minerals, most re
searchers calculate the dissolution rate indirectly by measuring the 
content of minerals in an aqueous solution; however, it is difficult to 
describe the specific reaction crystal planes and sites of minerals in 
macroscopic studies (Qian et al., 2019). Fortunately, the AFM technique 
can accurately analyze mineral dissolution’s location and reaction rate. 
For example, Dong et al. (2020b) used AFM for the first time to inves
tigate calcite dissolution in seawater, and they found that although 
calcite dissolves into diamond-shaped morphology in seawater and 
water with low ionic strength, the volume dissolution rate of calcite in 
seawater is 2–4 orders of magnitude lower than that in water with low 
ionic strength. Lange et al. (2021) measured in situ the dissolution rate 
of alkaline feldspar crystals and demonstrated that the dissolution rate 
of alkaline feldspar also varies according to different surface textures. 
They indicated that this phenomenon is related to the mineral geometry 
and the internal twinned structure in minerals. In order to understand 
the dissolution rate of a single dolomite crystal, Saldi et al. (2017) 
estimated the dissolution rate of dolomite single crystal through 
observing the dissolution rate of carbonate rock surface by AFM, and 
proposed the mechanisms of surface reaction distribution and reaction 
rate control. The AFM technique can observe the real time changes of 
mineral dissolution morphology and estimate the dissolution rate of 

Fig. 5. Morphological images of the dissolution process of calcite (0.75–5.25 h) (Bibi et al., 2018). Copyright (2018), with permission from MDPI.  
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minerals, which greatly improves people’s understanding on mineral 
dissolution. 

2.2.2. Adsorption 
The adsorption capacity of minerals for molecules, ions, or other 

particles in the surrounding environmental media has an important in
fluence on the diagenesis, mineralization, and environmental effects of 
related elements. Previous studies have shown that many factors, 
including mineral structure, mineral morphology, and electron-hole 
pairs, can affect the adsorption capacity of minerals. For example, 
Songen et al. (2020) revealed the transverse and longitudinal solvation 
structures of the calcite-ethanol interface and magnesite-ethanol inter
face by combing 3D-AFM and MD simulations and discovered that the 
transverse ordered solvation layers of magnesite are similar to those of 
calcite. Di Iorio et al. (2018) studied arsenate adsorption on hematite, 
and they discovered that the changes in the morphology of hematite will 
change its adsorption capacity for nitrate. This is because the hematite 
lattice has different atomic arrangement periodicity and degrees of 
density in different directions, which can produce various physical and 
chemical properties of crystals in different directions. In addition, the 
electron-hole pairs generated by mineral anisotropy at mineral defects 
and edges also affect the adsorption capacity of minerals. Yuan et al. 
(2020) observed through AFM images that the S electron-hole pairs 
generated at the edges of MoS2 had a strong affinity for Pb2+ particles 
and deduced the adsorption mechanism of MoS2 for Pb2+ ions. On this 
basis, they used heat treatment to generate a large number of S 
electron-hole pairs at the edges of MoS2, which enhanced the adsorption 
capacity of MoS2 for Pb2+ ions. Dong et al. (2021) also confirmed the 
citric acid’s strong adsorption and dissolution behaviors on fluorite 
surfaces through AFM in-situ reaction. 

The adsorption properties of minerals will affect their flotation per
formance. Previous studies examined the adsorption mechanism of 
rutile surfaces with styrene phosphoric acid (SPA) and Pb2+ ionic hy
droxyl compounds. They indicated that SPA shows single- and double- 
layer adsorption on the surface of Pb2+ activated rutile surface (the 
activation of rutile referred to soaking rutile in Pb2+ solution for 10 min 
and then putting it into SPA solution for 10 min) in the form of multi
molecular association. In contrast, no adsorption occurs on the surface 
of the unactivated rutile (the rutile was only put in Pb2+ solution or SPA 
solution for 10 min). These findings help understand the activation 
process of metal ions on mineral surfaces and enhance the activation 
effect of rutile flotation (Xiao et al., 2018). The flotation capacity of 
minerals can be improved by changing the surface properties of minerals 
to make the adsorption of the flotation agent easier. For example, so
dium oleate (NaOL) must be added to the scheelite flotation process. 
Through AFM technology, it has been observed that adding Pb2+ can 
increase the active sites on the surface of scheelite, which can increase 
the adsorption capacity of scheelite to NaOL and thus improve the 
flotation capacity of scheelite (Dong et al., 2019). In addition, AFM 3D 
height imaging can also be employed to study the adsorption capacity of 
minerals. For example, Liu et al. (2021) observed calcite and fluorite 

adsorption reactions with SPA, respectively, through AFM 3D height 
images. They reported that the amount of hill-like substances on the 
surface of calcite is much less than that on the surface of fluorite, i.e., the 
adsorption amount of SPA on calcite is much less than that on fluorite; 
their work explained the adsorption capacity of different minerals for 
SPA. Dong et al. (2020a) observed the adsorption morphology and 
adsorption height of the sodium polyacrylate (PAAS) inhibitor on the 
surface of calcite using AFM, and they demonstrated that PAAS exhibits 
a uniform, dense, and punctiform adsorption morphology on the surface 
of calcite, with an adsorption height of about 4–5 nm (Fig. 6). 

The AFM technology can also be applied to the research of mineral 
adsorption in the field of ecological environment. For example, Qiu et al. 
(2018) used X-ray scattering and AFM techniques to explore the ag
gregation process of ZrO2 nanoparticles on the dolomite’s surface. They 
indicated that with the increase of ionic strength, the number of charges 
on the surface of nano-ions decreases, leading to the decrease of elec
trostatic repulsion on the edges of minerals, thus making ZrO2 nano
particles aggregate in the lamellae form on the surface of dolomite. Their 
findings have significant environmental implications for the migration 
of nano-pollutants. The 3D-AFM imaging technique can also be utilized 
to detect the adsorption between cells and minerals directly. Abu Quba 
et al. (2021) utilized a sharp nitride lever (SNL) probe to image bacterial 
cells on montmorillonite particles, and the distribution of cells on the 
surface of montmorillonite was clearly observed. In their study, the role 
of the probe tip between cells and minerals was entirely played, and the 
detection of cell-mineral adsorption at the single-cell level was realized. 
In investigating the ion exchange of clay minerals, AFM can be used to 
explore the adsorption rules of heavy metals on the surface of clay 
minerals. For example, Araki et al. (2017) observed the atomic scale 
changes during the exchange of Mg2+ ions with Cs+ ions on the mont
morillonite’s surface using FM-AFM, confirming the number of adsorbed 
Cs+ ions depends on the proportion of Mg2+ ions in the octahedral layer 
of montmorillonite. In view of the adsorption of organic compounds on 
minerals, Moro et al. (2015) used AFM to measure the adsorption of 
glycine with punctiform, cloddy, and filamentous structures on the 
(001) crystal plane of brucite. The AFM observation results showed that 
glycine can be stably and selectively adsorbed on the surface of the 
hydrophobic layer of brucite to form a single layer with different pat
terns. In that case, hydrogen bonding mainly adsorbed glycine mole
cules on the brucite’s surface. In addition, Lan et al. (2020) explored the 
adsorption behaviors of polycyclic aromatic hydrocarbons (PAH) on 
quartz surface by AFM. They found that with the increase of tempera
ture, the adsorption rate of PAH on quartz surface rises, but the total 
adsorption amount is basically unchanged; the total thickness of 
adsorption layer gradually decreases with the increase of temperature, 
and the distribution of PAH on mineral surfaces is more uniform. The 
AFM technique is widely used in the research on the adsorption be
haviors of mineral-aqueous interfaces. No matter for the adsorption of 
heavy metals in water pollution or mineral flotation, AFM technique can 
be utilized to study the surface properties and morphologic changes of 
minerals, and in-situ observe the adsorption process and products of 

Fig. 6. AFM 3D height images (2 ×2 µm) of the calcite surface (a) before and (b) after the PAAS adsorption reaction (Dong et al., 2020a). Copyright (2020), with 
permission from Elsevier. 
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minerals and other substances (heavy metal ions, nanoparticles and 
organic matter, and others). The AFM technique cannot only improve 
the utilization rate and extraction rate of minerals, but also play a 
certain role in the prevention and control of environmental pollution. 

2.2.3. Oxidation 
Using AFM to study mineral oxidation can directly explore the de

gree of mineral oxidation and indirectly calculate the rate of mineral 
oxidation. Among easily oxidized minerals, sulfide minerals can release 
many pollutants, such as acids and heavy metals, in the oxidation pro
cess. Since the release rates of pollutants are controlled by the oxidation 
kinetics of sulfide minerals, the oxidation of sulfide minerals has been 
widely concerned (Lu et al., 2002). Jia et al. (2018), for example, studied 
the oxidation of molybdenite at high temperatures. They indicated, 
using AFM 3D height images, that the molybdenite’s surface was smooth 
before heat treatment. After heat treatment at 300 ℃ for two hours in 
the air, no significant changes occurred on the surface. When the tem
perature was increased to 400 ℃, some equilateral triangle pits 
appeared on the molybdenite surface. In contrast, etching defects can 
hardly be observed on the molybdenite surface after low-temperature 
heat treatment in the air. Their work provides guiding significance for 
preparing the future adsorbent, catalyst, and other materials from 
molybdenite. Some researchers also conducted in-depth studies on the 
oxidation of molybdenite in water (Zhang et al., 2017a; Yi et al., 2019). 
Through AFM observation, they found that the surface of untreated 
molybdenite is very smooth. After soaking in pure water for one hour, 
some needle-like protrusions were observed on the surface of molyb
denite due to the oxidation of mineral surfaces (Fig. 7), and the 
following reactions can occur on the surface of molybdenite in a weakly 
acidic water environment: 

MoS2 +O2 +H2O→MoO3 • H2O+Mo(VI)xO
a−
y + SO2−

4 +H+ (7)  

where Mo(VI)xOa−
y is molybdate species containing Mo(VI). 

The hydrophobic or hydrophilic products produced by mineral 
oxidation can affect the physical and chemical properties of mineral 
surfaces, whereas the flotation performance of minerals is closely related 
to their surface’s physical and chemical properties. Through studying 
the changes in mineral surface properties during oxidation by AFM, the 
key factors affecting the flotation process during mineral surface 
oxidation can be determined, which are very important for optimizing 
the flotation process. For example, Suyantara et al. (2018) conducted 
oxidation treatment on chalcopyrite by adding FeSO4 or H2O2 aqueous 
solutions. Based on the AFM images, without adding FeSO4 solution, the 
surface of chalcopyrite treated with 10 mM H2O2 solution was covered 
with unevenly distributed mountainous features; after treatment with a 

mixture of 0.1 mM FeSO4 and 10 mM H2O2 solutions, the chalcopyrite 
surface was strongly oxidized and completely covered with "moun
tainous" substances. The authors considered that the appearance of these 
"mountainous" substances was attributed to the formation of hydrophilic 
substances (CuO, Cu(OH)2, FeOOH, and Fe2(SO4)3) on the chalcopyrite 
surface. Their study also demonstrated that the mixture of FeSO4 and 
H2O2 aqueous solution can be utilized to replace NaHS reagents, thus 
reducing the reagent cost of the copper flotation process. Niu (2019) 
investigated the oxidation products of pyrite, galena, and chalcopyrite 
under flotation conditions by AFM, analyzed the influences of such 
factors as pH value and dissolved oxygen on mineral oxidation and 
flotation capacity, and established the relationship between surface 
oxidation and floatability of sulfide minerals, providing a reference for 
efficient flotation separation technique of sulfide ores. In addition, some 
researchers also used AFM to analyze the influences of salt ions in 
seawater on pyrite’s oxidation and flotation properties. Pyrite was 
oxidized in seawater salt solution (MgCl2, NaCl, CaCl2) for 5 min, dried, 
and then put into sulfonate (PAX) solution for 10 min. After drying, the 
oxidized pyrite was observed by AFM. It was indicated that pyrite will 
form interconnected columnar structures after oxidation and that PAX 
solution was adsorbed on the top and edges of these columns and 
oxidized into disulfonate. The pyrite oxidized columnar structure 
significantly improved pyrite flotation capacity (Paredes et al., 2019). 

3. Combination of AFM with other instruments 

The AFM is an ideal tool that has nano-scale image resolution and 
mechanical characterization. In addition to those above advances, AFM 
can also be used with other instruments to provide powerful support for 
the in-depth study of mineral surface properties. For example, AFM can 
be combined with Fourier infrared and Raman spectroscopy, which can 
not only realize real-time observation of sample surface topography but 
also determine the surface chemical composition of minerals. At present, 
AFM-Fourier infrared spectroscopy technique and AFM tip enhancement 
Raman scattering technique have made particular progress in mineral 
processing and studying the surface properties of mineral materials and 
have shown certain potential in studying mineral surfaces. Hence, this 
paper focuses on these two instruments combined with AFM. 

3.1. Combination of AFM with Fourier infrared spectroscopy 

The resolution of most infrared instruments is limited by optical 
diffraction. In order to overcome this limitation, scientists have devel
oped AFM-IR, a new device that combines AFM with Fourier infrared 
spectroscopy. The resolution of AFM-IR is determined by the radius of 

Fig. 7. Schematic diagram of molybdenite oxidation in water: (a) before oxidation, (b) after oxidation (Zhang et al., 2017a). Adapted with permission from 
(COMPLETE REFERENCE CITATION). Copyright (2017) American Chemical Society. 
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the AFM tip (in the nanometer range), thus overcoming the limitation of 
traditional optical diffraction. The AFM tip is used as an infrared de
tector to measure the mineral surface that absorbs infrared radiation 
(Zhou et al., 2020). After absorbing infrared light of a specific wave
length, the sample will undergo thermal expansion, which the AFM tip 
vibration can measure. By measuring the relationship between the 
cantilever response to infrared absorption and the wavelength, the 
infrared absorption spectra at the nano-scale can be obtained, and the 
oscillation spectrum at the AFM tip is proportional to the infrared ab
sorption spectrum (Fig. 8) (Kurouski et al., 2020; Dalby et al., 2018; 
Dazzi et al., 2012). The contact mode, tapping mode, and peak force 
mode are generally used in AFM-IR. The metal AFM probe usually has a 
better effect in achieving local electromagnetic field enhancement at the 
probe tip (Qian et al., 2018). The AFM-IR technique can improve the 
spatial resolution of infrared spectra. The operation of AFM-IR is simple. 
It has low requirements for sample preparation and requires no 
modeling or data post-processing in subsequent data processing 
(Mathurin et al., 2022). However, the infrared absorption spectra of 
water phases are so strong that it is difficult for the probe tip-enhanced 
infrared spectroscopy to work in the water medium (Xing et al., 2018). 
On the other hand, the AFM-IR analysis can be affected by the samples’ 
geometric shape. For example, the local shadow generated from the 
sample thickness, flatness, and adhesion force to the substrate can cause 
errors in the AFM-IR data analysis (Gr, 2021). 

The AFM-IR can cover the infrared spectra of most silicates, so it is 
widely used in minerals and materials research (Wang et al., 2021a). 
Yang et al. (2017) measured the chemical and mechanical in
homogeneity of nano-scale solid organic matter (OM) in shale by optical 
mapping and point spectroscopy, which had a spatial resolution of one 
or more orders of magnitude smaller than that of traditional infrared 
microscopes. Jubb et al. (2019) used AFM-IR with a spatial resolution of 
50 nm to evaluate the relationship between the petroleum molecules 
and the surface of carbonate rocks. They found that petroleum mole
cules are distributed from the organic-rich "source stratum" to the car
bonate "reservoir stratum" beyond 150 µm. The organic matter 
immediately began to change after it was discharged from the organic 
"source stratum"; the carbonyl groups were lost, and the length of alkyl 
chains decreased. The authors suggested that this phenomenon was due 
to the interaction of granular mineral surfaces and that the fractionation 
effect was enhanced by increasing the distance from the organic-rich 
"source stratum" to the carbonate "reservoir stratum". The AFM-IR 
combines the existing infrared spectroscopy technique with the AFM 
technique, which can obtain infrared absorption spectra and absorption 
images with a spatial resolution of 50–100 nm. This is improves the 
spatial resolution of traditional infrared spectra and retain the advan
tages of infrared spectrum measurement on the sample non-destructive. 
However, AFM-IR still has some shortcomings. For example, it cannot be 
applied in liquid environment measurement, and its application field is 
not comprehensive enough. 

3.2. Combination of AFM with Raman scattering spectroscopy 

Scanning probe microscopy (SPM) techniques include scanning 
tunneling microscopy (STM), scanning shear-force microscopy (SFM), 
and AFM. By combining SPM with the Raman technique, a novel surface 
analysis technique at the nano-scale, namely tip-enhanced Raman 
scattering (TERS) (Cao and Sun, 2022; Shao and Zenobi, 2019; Jiang 
et al., 2016), can be developed. The TERS technique has attracted more 
and more attention due to its simple operation, wide application range, 
and high spatial resolution and sensitivity (Kumar et al., 2019). The 
basic principles of TERS are as follows. By controlling the contact be
tween the metal or metalized probe tip and the sample, a localized solid 
electromagnetic field can be generated between the probe and the 
sample under the surface plasmon resonance effect when an incident 
light with an appropriate wavelength irradiates on the probe tip. In this 
case, Raman signals of the sample under the probe tip will be enhanced, 
and the physicochemical information of the sample can be obtained 
utilizing non-metric spatial resolution. Fig. 9 indicates that a laser beam 
(λ1) focuses on the sample’s surface, and a sharp metal tip is placed 
where the laser is focused. The enhanced field of the tip interacts locally 
with the sample’s surface to excite the spectral response (λ2), which is 
collected by the same objective lens and directed to the detector (Lan
geluddecke et al., 2015; Xiao and Schultz, 2018). The probe tip, usually 
Au or Ag tip, is an essential part of TERS. It determines the intensity of 
TERS signals and affects samples’ spatial resolution and imaging quality. 
Hence, the stability, resolution, and quality of the TERS tip are crucial 
(Huang et al., 2018). 

As one of the tools to identify chemical substances, TERS solves the 
deficiency that AFM-IR cannot be applied in liquid environment mea
surement. It can obtain the properties of substances generated at the 
mineral-aqueous interfaces and break through the spatial resolution of 
the optical diffraction limit. Under the directional imaging mode of 
AFM, the complementarity of these two methods by confocal Raman 
spectroscopy can achieve mechanical and chemical characterization 
with high sensitivity and sub-nano lateral resolution (Casdorff et al., 
2018). Nowadays, the TERS technique has become an advanced tool. It 
can image the morphology and roughness of samples with 
sub-nanometer resolution and the chemical composition and functional 
groups by Raman spectroscopy. Therefore, TERS has great application 
prospects in characterizing one- and two-dimensional nanomaterials, 
semiconductors, organic compounds, and polymers (Kurouski, 2017). 

In investigating the mineral surface properties, TERS is involved the 
surface properties of cassiterite, magnesite, chalcopyrite, and other 
minerals. For example, Babel and Rudolph (Babel and Rudolph, 2019) 
utilized the colloid probe AFM Raman (CP-AFM Raman) for the first 
time to measure the wettability of cassiterite and obtained the Raman 
spectra of cassiterite with a spatial resolution of 1 µm. Borromeo et al. 
(2018) used TERS to study the high-resolution topographic maps and 

Fig. 8. Schematic diagram of AFM-IR (Dazzi and Prater, 2017). Adapted with 
permission from (COMPLETE REFERENCE CITATION). Copyright (2017) 
American Chemical Society. 

Fig. 9. Schematic diagram of TERS (Xiao and Schultz, 2018). Adapted with 
permission from (COMPLETE REFERENCE CITATION). Copyright (2018) 
American Chemical Society. 
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mineralogical diagrams of chalk cores in a mixed solution of magnesium 
chloride (0.219 M) and calcium chloride (0.13 M) under specific tem
perature, pressure, and pH conditions (i.e., hydrocarbon reservoir con
ditions in the chalk of the Norwegian continental shelf). They indicated 
that the secondary growth of magnesite was not widespread on the 
718th day of the experiment, but an almost pure magnesite composition 
was detected on the 1072nd day. Qian et al. (2020) studied the reactivity 
of the (112) surface of chalcopyrite under industry-related leaching 
conditions by TERS. They demonstrated no leaching of S element from 
chalcopyrite in Fe3+ and Fe2+ solutions within 42 days, indicating that 
the (112) surface of chalcopyrite is relatively inert. The TERS technique 
can reveal the chemical information of minerals and observe and 
analyze the changes in minerals and the composition of grown materials 
at the nano-scale. As gold probes are soft, they are easily damaged 
during use. Silver probes have a high enhancement factor but oxidizes 
rapidly in air, which makes the reproducibility of the enhanced Raman 
signal difficult, so protection of the probes is also extremely important 
(Festy et al., 2004; Hu et al., 2003; Krug et al., 2002; Richards et al., 
2003). In the next few years, the complementary characterization of 
chemical components based on spectroscopy and the development of 
force sensors for simultaneous measurement of force and displacement 
will be hot topics, which can provide new ideas for understanding the 
mineral surface properties. 

To sum up, both AFM-IR and TERS can be employed to examine 
mineral surface properties, and both have strengths and weaknesses. 
When measuring mineral surface properties, the test instrument should 
be selected according to specific demands and conditions. Table 1 
summarizes the strengths and weaknesses and the application scopes of 
AFM-IR and TERS. 

4. Summary and prospects 

This study reviews the applications of AFM and its combined tech
niques in mineralogical research. First, AFM can be applied in 2D and 3D 

imaging of mineral surfaces. Through the imaging of minerals by AFM 
technique, the changes of mineral surfaces, such as the dissolution, 
adsorption, and oxidation of minerals, can be in-situ observed, and the 
interaction mechanism and behaviors of mineral-aqueous interfaces can 
be intuitively understood. Second, the AFM technique can be used for 
the mechanical measurement of mineral surfaces. The force interactions 
between the AFM probe and minerals can be explored by measuring the 
adhesion force between minerals and other substances (minerals, 
flotation agents, and others). Third, AFM can be combined with other 
instruments. The extremely high spatial resolution of AFM, coupled with 
the chemical recognition of the Fourier infrared spectrum and Raman 
spectrum, can realize the dual research of physical and chemical prop
erties of mineral surfaces. 

In recent years, AFM has been applied more and more widely in 
mineralogy research, but there are still some deficiencies in AFM. In 
order to solve these problems, this provides corresponding suggestions. 
(1) AFM tip is vulnerable to contamination in the scanning process, 
especially in the multi-dimensional and multi-component test environ
ment. If there is an intelligent AFM probe with automatic cleaning and 
high environmental adaptability in the future, the wear and loss of the 
AFM probe will be significantly reduced. (2) The sensitivity of the AFM 
probe determines the success or failure of the nano-scale technological 
operation. It is necessary to improve the sensitivity of AFM during the 
operations of nano-etching, nanomanipulation, and monomolecular 
stretching techniques. By changing the tip of the probe or adjusting the 
length and elasticity of the cantilever, it can be possible to improve the 
sensitivity of the AFM probe. (3) In the research process of mineral- 
aqueous interfaces, the oxidation of minerals, for example, the pyrite 
that has a very fast oxidation rate, can be completed in the scanning 
process of the AFM tip. Hence, the test procedure should be as simple as 
possible to improve the AFM imaging speed and obtain more accurate 
experimental data. (4) As AFM does not have the capability to test the 
composition of samples, it is possible to combine AFM with an instru
ment for elemental analysis (e.g. XRD, XPS and EDS) to enhance the 
ability to analysis structural changes in samples and to detect the 
composition and morphology of samples at the same time, providing 
some assistance in the exploitation of minerals. (5) Developing envi
ronmental cells in AFM with a wider range of temperatures, pressures 
and more complex chemical conditions will provide new opportunities 
to study more complex reactions in mineral-aqueous interfaces (e.g. 
studies of mineral transformations deep in the Earth). More complex 
environmental cells in AFM for surface study are important to simulate 
and monitor the dynamic process so that it is comparable to real 
conditions. 

Although AFM technology has been used in many fields and 
impressive progress has been made, the technology of AFM is not perfect 
at present. If AFM can further optimize the structure, such as improving 
the probe tip size, developing intelligent probes or even multi-probe 
systems, increasing the scanning speed and selecting better mechani
cal properties of probe materials, will increase the range of uses for the 
AFM. In addition, the AFM could be expanded in terms of function, such 
as combining with other inspection techniques, developing more scan
ning modes, further development towards improving spatial and tem
poral resolution, I believe AFM can be better used for us. It will be 
possible to study mineralogy more extensively, conveniently and 
comprehensively through the continuous improvement and updating of 
atomic force microscopy techniques. This will provide more in-depth 
investigations of the geochemical cycle, provide more guiding advices 
on ecological and environmental issues and geological research, and 
have a profound impact on future mineralogy-related research and 
practice. 
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Table 1 
Strengths, weaknesses, and application scopes of AFM-IR and TERS.   

Strengths Weaknesses Application 
scopes 

Literature 

AFM- 
IR 

Simple 
operation, low 
requirements for 
sample 
preparation, 
high reliability, 
simple data 
processing; 
Traditional 
optical 
diffraction 
limitations can 
be overcome 

Samples cannot 
be tested in a 
liquid 
environment 

The relationship 
between 
petroleum 
molecules and 
minerals; 
Polymer 
composites 

(Wang 
et al., 
2021a; 
Yang et al., 
2017; Jubb 
et al., 
2019) 

TERS Samples can be 
tested in a liquid 
environment 
with high 
resolution (up to 
0.5 nm); 
Morphology and 
spectral 
information of 
samples can be 
obtained 
simultaneously; 
High detection 
sensitivity and 
low 
requirements for 
sample 
preparation 

Complex 
operation; 
tough 
preparation 
process of tip; 
Low 
reproducibility 
of Raman signal 
enhancement 

Nanomaterials, 
semiconductors, 
organic 
compounds, and 
polymers 

(Babel and 
Rudolph, 
2019; 
Borromeo 
et al., 2018; 
Qian et al., 
2020)  
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the work reported in this paper. 
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Abouelatta, O.B., Mádl, J., 2001. Surface roughness prediction based on cutting 
parameters and tool vibrations in turning operations. J. Mater. Process. Technol. 118 
(1–3), 269–277. https://doi.org/10.1016/S0924-0136(01)00959-1. 

Abu Quba, A.A., Schaumann, G.E., Karagulyan, M., Diehl, D., 2021. Quality control of 
direct cell-mineral adhesion measurements in air and liquid using inverse AFM 
imaging. RSC Adv. 11, 5384–5392. https://doi.org/10.1039/d1ra00110h. 

Al Maskari, N.S., Xie, Q., Saeedi, A., 2019. Role of basal-charged clays in low salinity 
effect in sandstone reservoirs: adhesion force on muscovite using atomic force 
microscope. Energy Fuels 33, 756–764. https://doi.org/10.1021/acs. 
energyfuels.8b03452. 

Alnoush, W., Sayed, A., Solling, T.I., Alyafei, N., 2021. Impact of calcite surface 
roughness in wettability assessment: interferometry and atomic force microscopy 
analysis. J. Pet. Sci. Eng. 203, 108679 https://doi.org/10.1016/j. 
petrol.2021.108679. 

Altiner, M., 2019. Effect of base types on the properties of MgO particles obtained from 
dolomite ore. Min. Metall. Explor. 36, 1013–1020. https://doi.org/10.1007/s42461- 
019-00122-7. 

Alvim, R.D.S., Miranda, C.R., 2016. Noncontact AFM first-principles simulations of 
functionalized silicon tips on the montmorillonite (001) surface. J. Phys. Chem. C 
120, 13503–13513. https://doi.org/10.1021/acs.jpcc.6b01319. 

Araki, Y., Satoh, H., Okumura, M., Onishi, H., 2017. Localization of cesium on 
montmorillonite surface investigated by frequency modulation atomic force 
microscopy. Surf. Sci. 665, 32–36. https://doi.org/10.1016/j.susc.2017.08.004. 

Azghdi, S.M.S., Barani, K., 2018. Effect of microwave treatment on the surface properties 
of chalcopyrite. Miner. Metall. Process. 35, 141–147. https://doi.org/10.19150/ 
mmp.8463. 

Babel, B., Rudolph, M., 2019. Co-localized (colloidal probe) atomic force microscopy/ 
Raman spectroscopy measurements for hydrophobicity characterization. Miner. Eng. 
141, 105838 https://doi.org/10.1016/j.mineng.2019.105838. 

Bai, T.A., Yang, F., Wang, H., Zheng, H., 2022W. Adhesion forces of shale oil droplet on 
mica surface with different roughness: an experimental investigation using atomic 
force microscopy. Energies 15, 6460. https://doi.org/10.3390/en15176460. 

Bian, K., Gerber, C., Heinrich, A.J., Müller, D.J., Scheuring, S., Jiang, Y., 2021. Scanning 
probe microscopy. Nat. Rev. Methods Prim. 1. https://doi.org/10.1038/s43586-021- 
00033-2. 

Bibi, I., Arvidson, R., Fischer, C., Lüttge, A., 2018. Temporal evolution of calcite surface 
dissolution kinetics. Minerals 8, 256. https://doi.org/10.3390/min8060256. 

Binnig, G., Rohrer, H., 1982. Scanning tunneling microscope. Surf. Sci. 126, 236–244. 
Binnig, G., Quate, C.F., Gerber, C., 1986. Atomic force microscope. Phys. Rev. Lett. 56, 

930–933. https://doi.org/10.1103/PhysRevLett.56.930. 
Borromeo, L., Toccafondi, C., Minde, M.W., Zimmermann, U., Andò, S., Madland, M.V., 
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