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ABSTRACT: Fluorite and calcite have been attracting research attention for a long
time. This paper reports on an investigation of the use of diethylene triamine
pentamethylphosphonic acid (DTPMPA) as a chelating inhibitor. DTPMPA was
used as a chelating inhibitor to study the flotation, separation, and adsorption
behaviors of fluorite and calcite minerals. The microflotation experiment showed that
the maximum separation of fluorite and calcite can be achieved with a DTPMPA
dosage of 1.5 × 10−4 mol/L under weakly alkaline conditions (pH = 8). Zeta
potential measurement, Fourier transform infrared spectroscopy, and X-ray
photoelectron spectroscopy were used to confirm that DTPMPA was adsorbed on
the surface of calcite, inhibiting NaOl adsorption. Additionally, density functional
theory calculations showed that oxygen in the DTPMPA phosphate group formed
the most stable bidentate binuclear adsorption configuration by chelating with
calcium on the calcite surface. Through detection analysis and simulation
calculations, the results showed that DTPMPA exhibited significantly weaker
adsorption on fluorite compared to that on calcite, highlighting its selective inhibition ability on calcite.

1. INTRODUCTION
Fluorite (CaF2) has been considered to be a significant
strategic mineral resource in recent years.1 It has been applied
in diverse ways in different industries, including chemical,
metallurgy, glass/ceramics, and construction. However, natural
deposits of fluorite often contain gangue minerals, such as
barite (BaSO4), calcite (CaCO3), and quartz (SiO2).2 Among
these, calcite is the primary gangue mineral associated with
fluorite.3 The similarities in their surface physical and chemical
properties as well as their floatability make it difficult to
separate fluorite from calcite effectively. Foam flotation, a
physicochemical technique that employs mechanical agitation,
has shown fluorite to be highly effective in selectively
separating complex minerals based on their surface character-
istics. Its remarkable performance in fluorite flotation is
notable.2,4

In the foam flotation process, the addition of surfactants,
such as collectors and inhibitors, is necessary. These
surfactants serve to induce or inhibit the hydrophobicity of
particles and facilitate the formation of stable foams.2 Sodium
oleate (NaOl) is a frequently used fatty acid as it possesses
excellent harvesting capabilities and is readily available.5,6

However, sodium oleate is not selective for fluorite and calcite.
Given that fluorite and calcite have similar surface properties,
introducing inhibitors in the fluorite−calcite system becomes
necessary to achieve effective separation.7 Flotation inhibitors

are of two kinds: inorganic and organic. The commonly used
inorganic inhibitors are water glass (Na2SiO3) and sodium
hexametaphosphate (NaPO3)6. The disadvantages of inorganic
inhibitors are the large amount of use and the reduction of the
floatability of fluorite.7,8 The use of large quantities of
inorganic inhibitors increases the pollution of tailings and
tailwater, making subsequent waste disposal more difficult.

Organic inhibitors have many advantages: they have a wide
range of sources and are environmentally friendly and cheap.9

In practical applications, organic inhibitors can be classified
into two categories: small-molecule and large-molecule. Small-
molecule organic inhibitors include citric, salicylic, tartaric, and
lactic acid. These inhibitors commonly exhibit limited
selectivity and inhibition ability, necessitating their combina-
tion to achieve the desired inhibitory effect.10,11 On the other
hand, macromolecules such as starch, dextrin, sodium
lignosulfonate, sodium carboxymethyl cellulose, and tannin12,13

offer good selectivity but are characterized by poor stability.
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Recently, significant progress has been made in solving the
problems of a large dosage and poor selectivity of these
inhibitors. These improvements are achieved using chelating
agents to form chelating compounds with specific metal ions
through coordination chemical bonds. Chelates with five-
membered or six-membered rings are considered to be stable,
and the stability of the chelate increases with the number of
atoms forming the ring.14−17 Zhang et al. introduced
pentasodium diethyltriamine pentaacetate (PD) as a new
inhibitor, which effectively improved the recovery and
separation of scheelite by flotation using fluorite and NaOl.
The inhibitory effect was achieved through the chelation of PD
with surface calcium in fluorite, enabling the separation of
scheelite through flotation.18 Chen and Tang used amino-
trimethylenephosphonic acid (ATMP) as an inhibitor and
NaOl as a collector for effective separation of calcite and
magnesite.19 These small-molecule chelating inhibitors, con-
taining one or more phosphoric and carboxylic acid groups,
exhibit high selectivity for calcite and possess strong chelating
abilities. They address the issues associated with inorganic
inhibitors like water glass, namely, the need for large quantities.
In addition, they solve the problems associated with organic
macromolecules and small molecules: those of instability and
limited inhibition effectiveness. Further research is required to
enhance our understanding of this class of chelating inhibitors.

Diethylenetriamine pentamethylene phosphonic acid
(DTPMPA) is an organic compound belonging to the
pentaphosphonic acid family. It is used as a water quality
stabilizer and an organic phosphonic scale inhibitor. With its
molecule containing multiple coordinate atoms, DTPMPA can
form multicomponent ring chelates with various metal ions.
These chelates disperse in water, disrupting the crystallization
growth of the calcium salts. As a result, DTPMPA exhibits
excellent scale-inhibition properties and finds wide applications
in controlling the precipitation of carbonate,20 phosphate,
sulfate,21 water, and iron oxide. DTPMPA is an environ-
mentally friendly, cost-effective, and selectively advantageous
scale inhibitor. Its exceptional calcium chelation ability makes
DTPMPA a good candidate for use as an inhibitor with great
potential for selectively separating fluorite and calcite.
Therefore, our study of DTPMPA as an inhibitor for
fluorite-calcite flotation separation is an important contribution
to the field.

In this study, DTPMPA and NaOl were utilized as an
inhibitor and a collector to perform flotation experiments on
fluorite and calcite. The aim was to investigate the interaction
of DTPMPA with these two minerals. The study of how the
selective separation mechanism of the inhibitor affects both
minerals was conducted with calculations of zeta potential
measurements, Fourier transform infrared spectroscopy, X-ray
photoelectron spectroscopy, and density functional theory.

2. MATERIALS AND METHODS
2.1. Minerals and Reagents. Fluorite and calcite were

acquired from Hunan Shizhuyuan Nonferrous Metals Co.,
Ltd., China. Only pure minerals of −74 to +38 μm size were
selected for the flotation experiments. The samples underwent
repeated washing with ultrapure water and were dried at 100
°C before use. An X-ray diffraction (XRD) analysis was
performed on the two samples. The XRD patterns, shown in
Figure 1, display a high level of conformity with their
respective standard reference specifications, showing that
both minerals were very pure.

The reagents used in this study were DTPMPA (DM),
NaOl, HCl, and NaOH. All reagents were of analytical purity.
In the flotation experiment, DM (shown in Figure 2) was used

as an inhibitor, the organic molecular structure is shown in
Figure 3, and NaOl served as the collector. The pulp pH was
modified using HCl and NaOH, and ultrapure water with a
resistance exceeding 18 MΩ × cm was utilized.

2.2. Microflotation Experiment. The flotation experi-
ment was performed using an XFG II hanging tank flotation
machine (1500 r/min) manufactured by Wuhan Prospecting
Machinery Factory. A 40 mL plexiglass tank was used for the

Figure 1. Fluorite and calcite XRD patterns.

Figure 2. Three-dimensional structure of DTPMPA (DM).
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experiment. The experimental procedure was as described
here: First, 2 g of pure ore samples was weighed and added to
the flotation cell, along with 35 mL of ultrapure water. After
the ore sample and water were thoroughly stirred, a pH meter
was used to measure the pH of the initial pulp. Once the pH
value stabilized, HCl or NaOH was added to adjust the pulp
pH as desired for the experiment. The adjusted pH value was
recorded for reference. Subsequently, an appropriate quantity
of inhibitor DTPMPA (DM) was added and stirred for 2 min
and the flotation collector NaOl was added for 2 min. After a 4
min interval, the foam floating on the liquid surface was
carefully scooped. The collected foam was then filtered, dried,
and weighed to determine its recovery rate. Each test was
performed three times, with the mean value recorded as the
representative value.

2.3. Zeta Potential Measurements. The ζ potential was
measured at 25 °C with a Nano ZS90 analyzer (Malvern
Zetasizer, UK). For the preparation of samples, 0.02 g of pure
ore sample was put in a beaker, which contained 35 mL of a 1
× 10−2 mol/L KCl background electrolyte. The suspension’s
pH was regulated to a specific value using HCl or NaOH
(concentrations of NaOl and NaOl + DTPMPA (DM)). After
5 min of stirring, the mineral suspension was allowed to settle
for 5 min. The liquid phase was then separated and transferred
to a test container to measure the ζ potential.

2.4. FTIR Measurements. The FTIR data detection was
performed with a Bruker Alpha instrument (Thermo Fisher
IS50, Thermo Fisher Scientific, Waltham, Massachusetts,
USA) at an ambient temperature of 25 ± 1 °C. The sample
was prepared as follows: At 25 °C, 0.2 g of pure fluorite/calcite
ore sample was put in 35 mL of ultrapure water with a pH of 8.
An inhibitor solution was also added with or without a 1.5 ×
10−4 mol/L concentration. After 30 min of stirring and
subsequent filtration of the supernatant from the minerals, the
resulting mixture was placed in a vacuum oven to dry at 35 °C.
Then, the dried sample was ground with KBr in a 1:100 ratio
to prepare a tablet. Finally, the prepared semitransparent flake
was subjected to infrared testing.

2.5. XPS Analysis. An America Thermo ESCALAB 250XI
spectrometer was used to examine the fluorite and calcite XPS
spectra pre- and post-treatment with DTPMPA (DM). The X-
ray source used was monochrome Al Ka and rated 150 W. The
collected spectra were of high resolution. A step size of 0.05 eV
was used to collect the spectra. For sample preparation, a 0.2 g
mineral sample was added to a 35 mL aqueous solution with or
without DM (1.5 × 10−4 mol/L) at pH 8. The mixture was
stirred at 25 °C for 0.5 h and then filtered. Deionized water
was subsequently used to wash the mixture, which was then
dried in vacuum at room temperature for 24 h. For the
calibration of all elements, C 1s was utilized (284.80 eV).

2.6. DFT Calculations. All properties were calculated by
using the CASTEP and DMol3 modules within Materials
Studio 2020 software. The molecular structure optimization of
DTPMPA (DM) and the crystal and surface optimization of
fluorite and calcite minerals were performed in the CASTEP
module. The adsorption model of DM on the mineral surfaces
and the corresponding property calculations were conducted
with the CASTEP module. The molecular properties of DM
were calculated by using the DMol3 module. Considering the
fluorite and calcite surface stabilities, two study surfaces were
used: fluorite (111) surface3,22,23 and calcite (104) surface.3,24

The calculation of fluorite and calcite unit cell models was
performed using the Build Crystals module in Materials Studio
2020 (Figure 4). The parameters for the unit cell models were

obtained from the American Mineralogist Crystal Structure
Database.25 The parameters for the fluorite unit cell are as
follows: a = b = c = 0.54631 nm, α = β = γ = 90°, space group
Fm3̅m, and Z = 4, belonging to the cubic crystal system.26 The
parameters of the calcite unit cell are a, b = 0.4990 nm, c =
1.70615 nm, α, β = 90°, and γ = 120°. The space group is R-
3C, and calcite belongs to the trigonal crystal system.27 The
calculations of the DFT were within the generalized gradient
approximation and performed using the PBE functional.28,29

The adsorption energy of the agent interacting with the
mineral surface was obtained as follows:

=E E E Eads complex surf DTPMPA

where Eads represents adsorption of mineral surface adsorbent,
Ecomplex represents the total energy of complex formed through
adsorption of mineral surface adsorbent, and Esurf and EDTPMPA
represent mineral surface total energy and adsorbent total
energy,30 respectively.

3. RESULTS AND DISCUSSION
3.1. Microflotation Results. In single-mineral flotation,

the mineral flotation recovery depends on the slurry pH and
reagent dosage.31 DTPMPA (DM) was used as the inhibitor,
and NaOl was used as the collector. Flotation tests were
conducted for pH, DM, and NaOl dosage, and the results were
as shown in Figures 5 and 6, respectively.

For fluorite and calcite without DM, Figure 5 illustrates the
flotation mechanism. In Figure 5a, the flotation recovery
change of fluorite and calcite with pH is illustrated at a
concentration of 3 × 10−4 mol/L NaOl. The recovery rate of
both minerals gradually increased with increasing pH.
Specifically, the recovery rate of fluorite shows a significant

Figure 3. Molecular structure of the organic depressant DTPMPA
(DM) for mineral flotation.

Figure 4. (a) Fluorite and (b) calcite cells.
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increase between pH 4 and 8, reaching a stabilization point
when the pH exceeds 8. On the other hand, the recovery rate
of calcite exhibits a rapid rise between pH 6 and 8 and it rises
slightly in the pH range of 8−12. Clearly, the optimal flotation
conditions for both minerals were pH 8.

As Figure 5b illustrates, the floatability of fluorite and calcite
was considerably enhanced at a NaOl concentration range of
1.0 × 10−4 to 3.0 × 10−4 mol/L, with an optimal pH of 8.
Specifically, when NaOl reached a concentration of 3 × 10−4

mol/L, both minerals exhibited the greatest flotation recovery
disparity with subsequent changes being minimal. Notably,
higher concentrations of NaOl did not yield a significant
increase in floatability. Therefore, the ideal flotation condition
requires a NaOl concentration of 3.0 × 10−4 mol/L and pH of
8. These flotation results indicate the difficulty of separating
the two minerals without the addition of inhibitors under the
optimum pH of 8.

Figure 6 illustrates how the DM dosage affects the recovery
rates of flotation for both minerals. The floatability of fluorite
and calcite was examined using varying concentrations of DM
while maintaining a fixed NaOl collector concentration and
pH. Increasing the DM dosage dropped the calcite recovery
rate. However, the decrease in recovery rate was more
prominent for calcite than for fluorite. At a DM concentration
of 1.5 × 10−4 mol/L, the recovery rate of calcite was only
20.34% whereas the recovery rate of fluorite reached 81.73%.
This observation suggests that DM effectively separates fluorite
from calcite under these experimental conditions.

3.2. Zeta Potential Results. In flotation, the surface
structure properties of minerals have a vital influence on the
adsorption of various flotation agents, thereby influencing the
effectiveness of mineral separation using flotation techniques.
The characterization of mineral surface properties is usually
performed through a zeta potential measurement, which
reflects the electrical charge distribution at the mineral surface.
This potential value varies with the adsorption of different
agents, enabling us to infer the adsorption strength of these
agents on mineral surfaces.32 Figure 7a,b illustrates the change
in zeta potential with different pH values when two agents
(DTPMPA (DM) and NaOl) were added to the fluorite and
calcite mixture and when only one agent (either DM or NaOl)
was added. As indicated by both data graphs, the potential
differences are obvious in the flotation trends of the two
minerals.

Figure 7a illustrates that the isoelectric point measurement
of raw fluorite, which was determined to be 8.3, is consistent
with previous research findings.33 As Figure 7a shows, the
surface of raw fluorite exhibited a positive charge within a pH
range of 2−8 and a negative charge within a pH range of 8−13.
Adding NaOl lowered the surface potential of fluorite by
approximately −39.72 mV. The result indicates that NaOl at
pH = 8 had stronger adsorption activity on fluorite. When both
DM and NaOl were added, the negative potential decreased by
approximately 6 mV compared to that when only NaOl was
added, indicating that NaOl adsorption was slightly impacted
by the inhibitor introduced. The inhibitor had some
adsorption activity but was only slightly less than the value
when only NaOl was added, which suggests that the adsorption
activity of DM on fluorite was small. This phenomenon may be
caused by the adsorption of NaOl on fluorite, which inhibits
subsequent DM adsorption.

The effect of an inhibitor DM on the surface potential
change of calcite with NaOl was investigated. The investigation

Figure 5. (a) Effect of pH and (b) NaOl dosage on the flotation
recovery of fluorite and calcite.

Figure 6. Influence of DTPMPA (DM) dosage on the flotation
behavior of fluorite and calcite (NaOl: 3 × 10−4 mol/L; pH: 8).
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was based on whether the inhibitor DM was present. As shown
in Figure 7b, the measured isoelectric point of pure calcite is
10.2. In the range of the isoelectric point of calcite, the surface
of calcite is positively charged in the range of pH 6−10.2 and
negatively charged in the range of pH 10.2−13. Figure 7b
illustrates the results. When only DM was added, the zeta
potential on the calcite surface reduced from 8.7 to −30.2 mV,
indicating a reduction of 21.5 mV. In contrast, when NaOl and
DM were simultaneously added, the zeta potential on the
calcite surface showed a smaller reduction of 1.31 mV (from
−21.52 to −22.83 mV), suggesting that both potentials
remained relatively unchanged. Thus, NaOl adsorption on
calcite was significantly hindered after treatments with the
inhibitor DM and collector NaOl. One explanation is that
inhibitor DM occupies the active site on the surface of calcite
and prevents the adsorption of NaOl. It is also possible that
DM forms a film on the calcite surface, consequently inhibiting
the subsequent adsorption of NaOl. Notably, the NaOl
adsorption on the calcite surface was considerably weaker
than that of fluorite because of the inhibitor, further supporting
the NaOl adsorption hindrance. To further confirm these
findings, FTIR and XPS analyses were conducted.

3.3. FTIR Results. The zeta potential measurements
indicate selective adsorption of DTPMPA (DM) on the

calcite surface. Thus, FTIR was also used to investigate how
DM interacts with fluorite and calcite surfaces.

Figure 8a shows the CaF2 FTIR spectra pre- and
postaddition of DM. Upon adding DM, the peaks were at

3646, 3493, and 3333 cm−1, corresponding to the tensile
vibration of free �OH, intramolecular hydrogen bonding �
OH, and intermolecular hydrogen bonding �OH, respec-
tively. While the peaks at 1697 and 1641 cm−1 indicate −OH
stretching and deformation vibrations on organic phosphate
groups, the peak at 1183 cm−1 represents the stretching
vibration of P−O.31 Similarly, the peaks at 1029 and 999 cm−1

correspond to P−O stretching vibration while that at 947 cm−1

represents the expansion vibration of P−C. Figure 8a also
shows the characteristic peaks of fluorite at 3447, 1635, and
1080 cm−1, respectively.7 The corresponding peaks at 3449,
1637, and 1079 cm−1 suggest that the peak frequencies on the
surface of fluorite remained largely unchanged after treatment
with DM, no new peaks were found, and only slight movement
of the original peaks on the fluorite showed the action of the
agent, indicating that DM did not interact with the fluorite
surface.

Figure 8b depicts CaCO3 FTIR spectra pre- and post-DM
treatment. The figure shows the characteristic peaks of calcite

Figure 7. Effects of adding different reagents on the zeta potentials of
(a) fluorite and (b) calcite (NaOl = 3 × 10−4 mol/L; DTPMPA
(DM) = 1.5 × 10−4 mol/L).

Figure 8. FTIR spectra of (a) fluorite and (b) calcite before and after
the interaction with DTPMPA (DM).
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Figure 9. Fluorite high-resolution (a) Ca 2p and (b) F 1s XPS spectra recorded for fluorite pre-DTPMPA (DM) and post-DTPMPA (DM)
processing.

Figure 10. Calcite high-resolution (a) Ca 2p, (b) C 1s, and (c) O 1s XPS spectra recorded for fluorite pre- and post-DTPMPA (DM) processing.
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at 3451, 2981, 2871, 2513, 1802, 1447, 876, and 711 cm−1.34,35

Notably, after treatment with DM, four new peaks emerged in
the calcite spectrum: 2363, 2339, 1159, and 1009 cm−1,
respectively. The calcite surface, which appears as peaks at
2363 and 2339 cm−1, corresponds to the tensile vibrations of
O�C�O. These characteristic peaks did not appear when the
inhibitor DM was used, which was mostly attributed to the
error caused by atmospheric CO2 pollution.36 The peak at
1159 cm−1 indicates the P�O vibration on the organic
phosphate group, while the peak at 1009 cm−1 represents the
P−O vibration. Comparisons between DM-treated calcite and
pure DM revealed changes in peak values. The peak at 1183
cm−1 reduced by 24 to 1159 cm−1, and the peak at 1029 cm−1

reduced by 20 to 1009 cm−1. Moreover, the peak at 3451 cm−1

of DM-treated calcite reduced by 17 to 3434 cm−1, indicating
the interaction between �OH on DM and Ca on the calcite
surface. These results demonstrate the chemical adsorption of
DM onto calcite, whereas no significant interaction between
fluorite and DM was observed.

3.4. XPS Results. XPS is a widely used technique for
determining the composition and chemical state of elements
on mineral surfaces, making it a crucial method for surface
analysis.31 Figure 9 displays the Ca 2p narrow-scan spectrum of
fluorite before and after DTPMPA (DM) treatment. The
interaction of DM with both minerals was studied by selecting
Ca 2p 3/2. The choice was based on the fixed energy
difference between Ca 2p 3/2 and Ca 2p 1/2.37

Figure 9a shows that the Ca 2p 3/2 binding energy of
fluorite increased from 347.78 to 347.88 eV after DM
treatment, indicating a minimal increase of 0.1 eV. This
increase can be attributed to instrument error (±0.1 eV) and
can be disregarded.31 The change in the chemical state of the
Ca sites on fluorite was not significant. Therefore, the impact
of DM on the chemical state of Ca atoms on fluorite is deemed
to be weak and negligible. As Figure 9b illustrates, the broken
chemical bond on fluorite is the Ca−F bond. The F 1s binding
energy of fluorite shows a negligible increase of 0.1 eV (from
684.78 to 684.88 eV) after DM treatment. Therefore, it can be
concluded that DM does not chemically adsorb on fluorite,
which aligns with the findings of the FTIR analysis (Figure 7).
Conversely, when comparing bare calcite (Figure 10a) to
calcite treated with DM, a significant chemical reduction in the
Ca 2p 3/2 peak binding energy is observed, measuring 0.36
and 0.42 eV (from 346.68 to 346.32 eV and from 347.05 to
346.63 eV), respectively. This suggests a stronger interaction
between the Ca sites in DM and calcite compared with that in
DM and fluorite.

The chemical bond broken by calcite is the Ca−O bond.
Hence, aside from the role of Ca active sites in calcite minerals,
researchers have also used the O active site of the active site to
examine how DM adsorbs on calcite minerals. Figure 10c
shows the XPS narrow-scan spectrum of calcite at the O 1s
pre- and post-treatment of DM. Upon addition of DM, the two
peak binding energies of the experimental O 1s of calcite in
Figure 10c reduced by 0.5 and 0.4 eV, respectively (from
531.18 to 530.68 eV and 531.48 to 531.08 eV). This result
indicates a stronger chemical interaction between DM and
calcite than with DM and fluorite. Peak fitting analysis of the
calcite C 1s spectrum also revealed a slight increase of 0.54 eV
in the peak chemical state before and after the action of DM on
calcite (from 285.09 to 285.63 eV), suggesting the presence of
a C−O chemical structure in this energy range. The strong
force exerted during DM’s interaction with the Ca active site

on the calcite surface changes the C−O binding energy of
calcite.

The results demonstrate that robust calcite surface DM
chemisorption impeded NaOl adsorption on calcite. DM
exhibited significant chemical adsorption on calcite, consistent
with the FTIR analysis. A microsimulation study was
subsequently performed to determine how DM adsorbs on
fluorite and calcite surfaces, further elucidating the adsorption
mechanism on these mineral surfaces.

3.5. Computational Results. DFT is commonly used in
the field of flotation for investigating surface adsorption at the
molecular and atomic levels.38 It enables researchers to explore
the interactions between molecules, ions, and mineral surfaces,
offering insights into the mechanisms underlying the
adsorption of reagents onto minerals.38−42 In the context of
mineral flotation, DFT is frequently used for calculating and
optimizing the structures and electronic properties of flotation
reagent molecules. This usage enables a detailed examination
of the binding affinity between reagents and metal ions on the
mineral surface at a microscopic level. Leveraging DFT and
quantum chemical calculation methods can yield a compre-
hensive understanding of the inhibitory mechanism of
DTPMPA (DM) on mineral surfaces.
3.5.1. Frontier Molecular Orbital Analysis and Mulliken

Population Analysis. DM was investigated to determine how
it adorbs on mineral surfaces. According to Kenichi Fukui’s
frontier molecular orbital theory proposed in 1952,43 the
highest occupied molecular orbital (HOMO) of DM
molecules corresponds to the central atom of the molecule.
The activity of electrons is directly related to their energy, with
higher HOMO values indicating stronger electron-providing
abilities of the inhibitor molecules to the mineral surface,
which then results in stronger interactions between the agents
and the mineral surface. Moreover, molecular reactivity
primarily relies on the HOMO and the lowest unoccupied
molecular orbital (LUMO).44

The molecular structure diagrams of HOMO (Figure 11a)
and LUMO (Figure 11b) of DM were obtained using the
Dmol3 module of Materials Studio 2020. According to the
results, phosphate group oxygen atoms, specifically those in
P�O and P−O bonds, are the primary electron-donating
atoms in the HOMO of the DM inhibitor. Additionally, the O
atoms in the �OH and P�O groups serve as the chemical
reaction centers, actively participating in the inhibitor
adsorption reaction on the mineral surface. They act by
transferring electrons to the metal atoms on the surface.
Notably, the 2p orbital of the O atom in DM, particularly in
the HOMO, makes a considerable contribution to electron
transfer for the formation of new covalent bonds with the
mineral metal atoms.45

Since the HOMO orbital on DM is limited by steric
hindrance during the optimization process, its adsorption
occurs on the phosphoric acid group marked with a black circle
in the HOMO diagram in Figure 11a, which is used as the
active group adsorbed by the agent. During the inhibitor−
mineral reaction, the HOMO of the inhibitor donates its
electrons to the LUMO of the mineral, facilitating the
formation of stable covalent bonds.46 Furthermore, LUMO
also receives a contribution from the oxygen atoms in the �
OH group of the phosphoric acid and the P�O group. The �
OH presence in the functional phosphoric acid group increases
the contribution of the LUMO. The metal atoms on the
mineral surface have abundant d-orbital electrons, which
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greatly increase the probability of forming covalent bonds with
DM. However, in this study, the calcium atoms interacting
with the fluorite and calcite surfaces do not have abundant d-
orbital electrons, indicating that the LUMO orbital of the
inhibitor DM molecules has little effect on mineral interaction.

The DFT method was used to conduct the Mulliken charge
analysis after optimizing the DM, as presented in Table 1. The

Mulliken charge of a pharmaceutical molecule indicates the
charge distribution of its constituent atoms.31 As observed
from the table and in conjunction with the previous analysis of
the HOMO orbital, the negative charge is primarily localized
on the phosphate group on the HOMO orbital. As Figure 11a

illustrates, the negative charge is concentrated on the O atom
of the No. 2 phosphate group and the O atom of the No. 3
phosphate group. The N atom charge on the HOMO orbital of
the drug molecule and the H connected with the 2O on the
phosphate group is weakly negative, and its electron donor
capacity is weak.46 Conversely, the phosphorus atom carries a
positive charge and does not contribute electrons. It can
therefore be inferred that the negative charge mainly resides on
the 2O and 3O atoms of the HOMO orbital phosphate group,
signifying them to be the primary electron-donating centers in
DM molecules. Since all phosphate groups in DM are
equivalent, the charge distribution among atoms in the
molecule will be transferred during the optimization process.
Notably, the O atom in the phosphate group readily donates
electrons, activating the calcite surface. Given the high density
of Ca and the presence of empty orbitals on the calcite (104)
surface, Ca readily accepts the donated electrons from the
phosphate group O atom in DM. As shown in Table 1, the O
atom in the inhibitor phosphate group exhibits a strong
electron-donating ability to the metal present on the mineral
surface.31 Furthermore, the interaction between the atom of
the phosphate group of DM and the Ca atom on the calcite
(104) surface enables the inhibitor molecule to exert its effects
specifically on the calcite (104) surface.
3.5.2. Equilibrium Configurations and Adsorption En-

ergies. The adsorption of DM on the calcite (104) surface and
the fluorite (111) surface was investigated using DFT. An
ultrasoft pseudopotential was utilized for the calculations.47

Figure 12 illustrates a 3 × 3 × 1 supercell model of the calcite
(104) surface composed of six atomic layers. During the
surface optimization process, the three layers of atoms at the
bottom were kept fixed, unlike the other layers. A 25 Å vacuum
layer was added. The layer was in the z-direction. A 400 eV
cutoff energy was used for the plane wave basis expansion, with
a 1.0 × 10−5 eV/atom energy convergence tolerance, 4.0 ×
10−2 eV/Å force convergence tolerance, and 1.0 × 10−3 Å
maximum displacement convergence tolerance. The Mon-
khorst−Pack scheme at a setting of 1 × 2 × 1 was used to
conduct the K-point grid sampling. Additionally, the DFT-D
correction method was used to account for remote van der
Waals interactions.48 The optimized surface structure of calcite
(104), as depicted in Figure 12b, was obtained. The surface
construction and optimization parameters for the fluorite
(111) surface agreed with those of the calcite (104) surface.
For the molecular optimization of DM, an ultrasoft
pseudopotential was used. A 400 eV plane wave expansion
cutoff energy was used. The convergence criteria were 1.0 ×

Figure 11. (a) HOMO and (b) LUMO of DTPMPA (DM).

Table 1. Mulliken Charge after DTPMPA (DM)
Optimization Calculation

atomic type N P 1O 2O 3O

electronic (e) −0.296 1.572 −0.606 −0.701 −0.715

Figure 12. (a) Optimized calcite (104) crystal face main view and (b) calcite (104) crystal face top view.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c10400
ACS Omega 2024, 9, 17354−17367

17361

https://pubs.acs.org/doi/10.1021/acsomega.3c10400?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c10400?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c10400?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c10400?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c10400?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c10400?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c10400?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c10400?fig=fig12&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c10400?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


10−5 eV/atom, 4.0 × 10−2 eV/Å, and 1.0 × 10−3 Å for energy,
force, and maximum displacement, respectively, to obtain the
optimal structure of the DM inhibitor (Figure 13). Figures 13
and 14 illustrate the optimization of the adsorption
configuration of DTPMPA on the calcite (104) surface and
fluorite (111) surface in the absence of water.

DM on the calcite surface has three adsorption models: the
coordination of a single oxygen and a single calcium atom (see
Figure 14a), the coordination of double oxygen atoms and a
single calcium atom (see Figure 14b), and the coordination of
double oxygen atoms and double calcium atoms (see Figure
14c).49−51 The adsorption model after optimization is
displayed in Figure 14, and Table 2 presents the corresponding
adsorption energies. As Table 2 shows, the interaction energy
for all three models is negative, indicating their plausibility.

The organic molecules are bridged with the mineral surface
(the active coordination atoms of the pharmaceutical
molecules are bridged with the metal ions on the mineral
surface and form a ring structure) and the geometric structure
of the monodentate conformation. Figure 14 shows that DM
exhibits three adsorption configurations on the calcite surface.
These configurations include a monodentate mononuclear
structure where one oxygen atom from the phosphate group of
the chemical molecule is adsorbed onto a calcium atom on the
calcite surface (Figure 14a); a bidentate mononuclear structure
where two oxygen atoms from the phosphate group of the
chemical molecule are adsorbed onto a calcium atom on the
calcite surface (Figure 14b); and a bidentate binuclear complex
structure where two oxygen atoms from the phosphate group
of the pharmaceutical molecule are adsorbed onto two Ca
atoms on the calcite surface (104) (Figure 14c).52

In these three adsorption models, both the P�O and P−O
bonds in the drug molecules as well as the Ca−O bonds on the
calcite surface are elongated. This indicates the activation of
the phosphoric acid groups of the DM drug molecules during
the adsorption process along with the activation of the calcite
surface. Figure 14a shows that the length of the Ca−O bond
formed by the adsorption of DM and Ca atoms on the calcite
surface is 0.2241 nm, which is less than the sum of atomic radii
(0.2630 nm), thus confirming chemical adsorption. Table 2
demonstrates the spontaneous reactivity of DM on the calcite
surface. Figure 14b shows that the phosphate groups P�O
and P−O are adsorbed onto the Ca surface of calcite, forming
a stable bidentate mononuclear four-membered ring adsorp-
tion structure. The length of the Ca−O bond formed by the
adsorption of P−O and Ca was 0.2490 nm, falling within the
range of the calcite Ca−O bonds (0.2356, 0.2420, 0.2447, and
0.2663 nm), which indicates relative stability. However, the

length of the Ca−O bond formed by O and Ca on P�O was
0.2736 nm, exceeding the sum of atomic radii for Ca−O
(0.2630 nm), rendering it unstable. In Figure 14c, this is
caused by the bidentate binuclear pentacyclic ring config-
uration formed by the combination of P�O of the phosphate
group on the pharmaceutical molecule and P−OH with two
Ca atoms on calcite. The length of the O−Ca bond formed by
the P�O of the phosphate group on the pharmaceutical
molecule and O on P−OH with two Ca atoms on calcite was
0.2347 and 0.2510 nm, respectively. All the Ca−O bonds on
the calcite surface were in the range of 0.2316−0.2571 nm, and
the Ca−O bonds formed were shorter than the sum of the
atomic radii (0.2630 nm).

Furthermore, the adsorption energy of these three
adsorption configurations of DM on the upper surface of
calcite was calculated using Materials Studio for comparison. A
higher adsorption energy negativity corresponds to a more
stable adsorption structure.53−55 As Table 1 shows, the
adsorption energy ΔEads of the bidentate binuclear config-
uration was −192.39 kJ/mol. The adsorption energy ΔEads of
the bidentate mononuclear configuration was −138.80 kJ/mol,
and the adsorption energy ΔEads of the monodentate
mononuclear configuration was −95.50 kJ/mol. By comparing
the three configurations, we observe that ΔEads of the bidentate
binuclear configuration <ΔEads of the bidentate mononuclear
<ΔEads of the monodentate mononuclear configuration.
Therefore, the bidentate binuclear configuration exhibits the
most stable adsorption, followed by the mononuclear
configuration. This conclusion is consistent with previous
analyses.

Figure 15 shows the bidentate binuclear configuration of
DM adsorbed on the fluorite surface. When chelating inhibitor
molecules are adsorbed on the surface of calcite, the most
stable adsorption configuration is the bidentate binuclear
model. The bidentate binuclear adsorption configurations of
the chelating inhibitor DM on the fluorite and calcite surfaces
were compared. As Table 2 shows, the adsorption energy ΔEads
of DM acting on the surface of fluorite in the bidentate
binuclear configuration was −138.13 kJ/mol. This means that
the agent was adsorbed on fluorite. In terms of the adsorption
energy, the adsorption strength of DM on fluorite was not as
strong as that on calcite. The lengths of the O−Ca bonds
formed by the chelating inhibitor DM during adsorption on
the surface of fluorite were 0.2403 and 0.2323 nm, respectively,
indicating that the adsorption was relatively stable. This may
be because the density of the Ca2+ site on the surface of fluorite
(12.87 μmol/m2) was higher than that on the surface of calcite
(8.22 μmol/m2). Furthermore, DM adsorption on the calcite
mineral surfaces was affected. In general, DM also had an
adsorption effect on the surface of fluorite, which was reflected
in the experimental and simulation calculations. Upon the
simultaneous addition of DM and NaOl, NaOl exhibited
preferential adsorption on fluorite, occupying the active sites
and hindering the adsorption of DM. The capacity of DM to
be adsorbed on fluorite was lower than that of calcite; thus,
DM was adsorbed first on the calcite surface.

The above data prove that the oxygen−calcium interaction
peaks in the bidentate binuclear adsorption model. This model
is a five-membered ring structure, which is also the most stable
adsorption structure for DM and calcite. In conclusion, the
simulated data confirmed that the adsorption of DM on calcite
can be classified as a strong chemical adsorption, aligning with
previous analyses conducted by using FTIR and XPS.

Figure 13. Molecular structure of EDTMPA (DM) after optimiza-
tion.
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3.5.3. Density of States Analysis. To investigate the
interaction between the inhibitor DM and the surfaces of

calcite (104) minerals, the total density of states (TDOS) and
partial density of states (PDOS) prior to and following the

Figure 14. Three adsorption models: (a) optimally balanced by DTPMPA (DM) on the calcite (104) plane (monodentate mononuclear
equilibrium configuration), (b) bidentate mononuclear equilibrium configuration, and (c) bidentate binuclear equilibrium configuration.
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inhibitor’s adsorption onto the mineral surfaces were obtained
using DFT.56,57 The TDOS and PDOS of the inhibitor DM
before and after its adsorption onto the calcite (104) surfaces
were compared.

Figure 16a presents the total surface density and surface
atomic density of CaCO3. As the figure illustrates, certain DOS
exhibit orbital contributions from Ca 4s, O 2p, and the C 2p.
The valence band primarily consists of O 2p states with
negligible input from Ca 4s. Previous research results have
indicated that the surface of calcite is predominantly composed
of Ca, and the valence state of Ca in the unoptimized structure
is 3s23p64s2, with no contribution from the 3d orbitals.
Nevertheless, the optimized structure introduces 3d orbitals
into the conduction band, although their contribution is
minimal. These 3d orbitals mainly aid in transferring charges
from the 4s orbital state to the inhibitor’s C and O orbitals.
Therefore, the dominant orbitals are the 4s orbitals of Ca.58 As
Figure 16a illustrates, the optimized structure demonstrates
noticeable contribution of the Ca 4s orbital in the conduction
band within the energy range of 4.2−10 eV. This indicates that
the Ca 4s orbital on the surface of calcite carries a
predominantly positive charge, facilitating easy transfer of
atoms, which aligns with findings in the literature and
highlights the strong reactivity of Ca on the calcite surface.

Figure 16b illustrates the distribution of the TDOS for the
adsorbed reagent and mineral is presented, while the partial
density of states diagram is shown in Figure 16c. A Fermi level
(Ef) of 0 eV was used, as depicted in the figures.59 Figure 16b
shows that when the inhibitor acts on the surface of CaCO3,
the peak of the TDOS reduces and the Fermi level increases.
This suggests that because of the action of the inhibitor DM,
calcite becomes more prone to electron acceptance, thereby
enhancing the oxidation capacity of the calcite surface.60 These

findings indicate an increased activity of Ca on the calcite
(104) surface. The emergence of new TDOS peaks within the
ranges of −10 to −9 eV, −9.8 to 8.5 eV, −6 to −4.3 eV, and
−1.9 to 0.2 eV (indicated by orange dashed boxes) further
confirms the interaction of the inhibitor DM with the calcite
surface.

In Figure 16c, the purple dotted line indicates that the O 2p
and C 2p orbits overlap significantly at −9.8 to −8.5 eV and
−6 to −4.3 eV, where the roles of C and O are unclear. The
black dotted line denotes partial overlap between the O 2p and
Ca 4s orbitals, specifically at −9 to −8.5 eV, with notable
overlaps observed between higher energy levels of 3 to 5 eV.
This indicates a strong interaction between the O atoms and
Ca atoms, suggesting that the overlap between carbon and
oxygen may be a product of the Ca−O interaction. This
finding aligns with previous findings57 and supports the
conclusion that there is a strong bond between O and Ca.
The above observation indicates a strong interaction between
the phosphate group of the O atom and the calcite surface Ca
atom, which agrees with the XPS analyses presented in Figure
10. The interaction between the O atom in DM phosphoric
acid and the Ca atom on the calcite surface forms a stable
chemical bond, which plays a leading role in the calcite surface
adsorption, as is similarly shown in Figure 14c. Specifically,
DM has a higher tendency to be adsorbed on the calcite
surface to form stable chelating compounds than on the surface
of two minerals.

4. CONCLUSIONS
In this study, diethylene triamine penta methyl phosphonic
acid (DTPMPA) was used as a novel inhibitor for calcite, while
sodium oleate was used as the flotation collector. At a dosage
of 1.5 × 10−4 mol/L and a pH = 8, DTPMPA exhibited
selective inhibition toward calcite, with a recovery rate of only
20.34% compared to a considerably higher recovery rate of
81.73% for fluorite. The interaction between DTPMPA and
the calcite surface was further examined by using zeta potential
measurements, Fourier transform infrared spectroscopy, and
X-ray photoelectron spectroscopy. The findings revealed the
strong chemisorption of DTPMPA on the calcite surface;
however, DTPMPA exhibited physical adsorption on the
fluorite surface. Furthermore, the frontier molecular orbital

Table 2. Adsorption Energy of DTPMPA (DM) in Different
Adsorption Models on the Calcite Surface

minerals adsorption models
adsorption energy/

(kJ/mol)

calcite monooxygen and monocalcium −95.50
double oxygen and single calcium −138.80
double oxygen and double calcium −192.39

fluorite double oxygen and double calcium −138.13

Figure 15. DTPMPA (DM) adsorption on the fluorite (111) surface of the bidentate binuclear equilibrium configuration.
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analysis and Mulliken population analysis showed that the O
atom in the phosphoric acid group serves as the reactive center
for DTPMPA. Comparing the three adsorption configurations
showed that the lowest adsorption energy of the inhibitor on
calcite is the bidentate binuclear structure and that chelation is
most stable with a five-membered ring structure. The TDOS
and PDOS results confirmed that the phosphate group of

DTPMPA and Ca on the surface of calcite formed a stable
chemical bond through charge transfer, which realized the
effective separation of fluorite and calcite. This work provides
significant guidance for the application of calcite flotation
chelate inhibitors.
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