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Abstract: A novel collector, tert-butyl benzohydroxamic acid (TBHA), was first introduced in
rhodochrosite flotation. The performance of TBHA was investigated by the density functional theory
(DFT) calculation along with the micro flotation test, zeta potential determination and XPS analysis,
compared with benzohydroxamic acid (BHA). TBHA has stronger affinity to the mineral than BHA in
terms of frontier molecular orbital, atomic net charge and bond population. The substitution of tert-
butyl group on the benzene ring improves the affinity of the hydroxamic acid to the mineral. TBHA
exhibits excellent collecting ability to rhodochrosite with a recovery of about 99% at a concentration of
3.89x10#* mol/dm? and pH 6.5. The hydroxamic acid molecules are adhered on mineral surfaces by
chemical adsorption, resulting in negative shifts for the zeta potential of rhodochrosite with the
presence of the collector. Chemical adsorption can be also confirmed from XPS analyses that the
atomic concentration ratios of C and O to Mn on the treated mineral surfaces were increased and the
binding energy of Mn3s was decreased. The experimental data achieve excellent agreement with the
computational analyses.
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1. Introduction

Rhodochrosite (MnCOs), an important manganese ore, is one of the resources for electrolytic
manganese production. More than 90% of the resources are classified as low-grade manganese ores
with complicated composition and finely disseminated grain in China. So the beneficiation for
rhodochrosite ores is very necessary before further mineral processing. Froth flotation, regarded as an
effective and favorable mineral beneficiation method, shows various advantages over the other
techniques in terms of applicability, operability, efficiency and economy (Nagaraj and Farinato, 2016;
Sousa et al., 2017). In froth flotation, collectors play a critical role upon the improvement of mineral
floatability. Traditional collectors, including oleic acid, oxidized paraffin wax soap and other anionic
organic compounds, have been used for rhodochrosite flotation but the results from these collectors
are far from satisfactory (Fuerstenau and Shibata, 1999). So these problems are desiderated to be
solved by the development of novel collectors with high efficiency.

As widely considered, computational methods such as density functional theory (DFT) are
valuable tools for understanding the chemical reactivity systems to elucidate the possible interaction
mechanisms hidden in experimental findings (Parr and Yang, 1984; Ayers and Parr, 2000; Yang et al.,
2003). As a result, the theoretical calculation based on DFT method was adopted to study the
structure-activity relationship of the collectors. Hydroxamic acids are a kind of effective organic
ligands containing -C(=O)NHOH group, in which both O and N atoms are recommended as
coordination atoms in all kinds of complexes. The characteristic structure of hydroxamic acids
determines its strong chelating ability to metal ions, such as Cu, Ni, Co, Fe and Zn, etc (Farkas et al.,
2007; Griffith et al., 2011; Ali and Fridgen, 2011). In the light of these advantages, hydroxamic acids
have attracted more and more attention used as chelating collector in various kinds of oxidized ores
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such as scheelite (Han et al., 2017), cassiterite (Wu and Zhu, 2006), rare earth (Jordens et al., 2016), etc.
However investigations on the interaction of hydroxamic acid with rhodochrosite were not
systematically clarified and very limited information was available in the references. In the
development of novel hydroxamic acids, Zhou et al. have done some meaningful work that they
designed a novel linoleate hydroxamic acid (LHA) and tested its performance on rhodochrosite
flotation (Zhou et al., 2015a and 2015b). The novel collector achieved superior flotation indices
compared with oleic acid that 97% rhodochrosite could be collected by LHA. The FT-IR spectra show
that the collector-mineral complexes with five-membered chelate ring were formed on mineral
surfaces. Aromatic hydroxamic acids are also an important category of commonly used collectors in
the flotation practice, such as benzohydroxamic acid (BHA), which is the most widely applied phenyl
hydroxamic acid.

In our previous work, we have studied a naphthenic hydroxamic acid (cyclohexyl hydroxamic
acid, CHA) as the collector in the flotation of tungsten ore. The performance of CHA was approved to
be better in the flotation of scheelite compared with benzohydroxamic acid (BHA) that the collecting
ability of CHA to scheelite is stronger from both experimental and computational results (Zhao et al,
2013). In this work, a novel aromatic collector, tert-butyl benzohydroxamic acid (TBHA), was
introduced as the collector for rhodochrosite flotation. The alkyl group is generally recognized to be
electron-donating group. The substitution of tert-butyl on phenyl group is supposed not only to
increase the hydrophobicity of the collector but also improve the electron donating ability of the
functional group. On the other hand, the novel hydroxamic acid can be easily synthesized from 4-tert-
butyl benzoic acid (one of the important chemical intermediates) through esterification and oximation
reactions. The collecting performance of TBHA would be investigated by DFT calculations, micro
flotation, zeta potential and X-ray photoelectron spectroscopy (XPS). Additionally, the flotation
efficiency of TBHA and BHA would be analyzed contrastively from the structure characteristics and
electronic properties.

2. Material and methods
2.1 Computational

All the calculations were performed on Gaussian 09 package (Frisch et al., 2009). Molecular structures
were optimized with DFT method at B3LYP/6-311+G** level (Gece and Bilgig, 2010; Liu et al., 2012).
Energies were calculated with the same basis set. To optimize the molecular structure in aqueous
solution, IEF-PCM (the integral equation formalism for the polarizable continuum) model was
adopted. The atom net charge and bond order were obtained from natural population analysis. For
free Mn?* ion (3d%), the d-electrons are well-distributed in the five d-orbitals. So the spin multiplicity
of the free Mn?* ion is 6 in the calculation settings. For Mn?* ion in the complexes, the d-orbitals split
owing to the influence by ligands (collectors). Based on the crystal field theory, the Crystal Field
Stabilization Energies (CFSE) of square configuration complexes formed by metal ions with d° electron
configuration in low spin state is the largest compared with tetrahedron and octahedron
configurations, that is, the square configuration is most stable. In low spin state, there is one single
electron for Mn?* in the complexes, so the spin multiplicity of the complexes is 2 in the calculation
settings

2.2 Materials

The single mineral was characterized by chemical analysis and X-ray diffraction (XRD) to analyze the
compositions. The concentration of Mn in mineral sample is 42.7% and the mineral purity is 89.3%.
The ores were ground to 0.037 ~ 0.076 mm, washed by distilled water and then dried for flotation
tests. The X-ray diffraction pattern of the mineral sample is shown in Fig. 1.

2.3 Micro flotation

Flotation tests were carried out in a laboratory flotation cell (XFG, Jilin Prospecting Machinery
Factory, China) with a volume of 40 cm3 (Gao et al, 2016a, b). In each test one sample (2.0 g single
mineral) was dispersed with distilled water. The pH was adjusted by diluent hydrochloric acid or
sodium hydroxide. Then the collector was introduced and the pulp was conditioned for 3 min,
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followed by scraping for 5 min. The floated and unfloated particles were collected, respectively. The
flotation recovery was calculated based on solid weight distributions between the two products. Each
test under the same condition was carried out for three times and the average data were reported.
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Fig. 1. XRD of rhodochrosite sample used in this study

2.4 Zeta potential measurement

The zeta potential was measured by analyzing finely ground mineral powders (-5 pm) in distilled
water using Zeta Potential Analyzer (ZetaPALS, Brookhaven Instruments Corporation, USA). The pH
was adjusted with dilute nitric acid or sodium hydroxide. The concentration of TBHA is 3.11x10+
mol/dm?3. The zeta potential was obtained from the Smoluchowski equation. The reported zeta
potential was averaged from five runs including ten cycles.

2.5 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) were recorded on a Thermo Scientific ESCALAB 250Xi using
Al Ka X-ray source operated at 200 W with 20 eV pass energy. The vacuum pressure is ranged from
109 to 108 Torr and the takeoff angle is 90°. The data were collected and processed under Thermo
Scientific Avantage 5.52 software. The carbon contamination peak at 284.0 eV was used to account for
charging a sample. For rhodochrosite treated by TBHA, the sample was cleaned using distilled water
several times to wash off the residual collector.

3. Results and discussion
3.1 DFT study on collector reactivity

The mainly reported two tautomers for hydroxamic acids, amide form and oxime form, are shown in
Fig. 2, on which the atom numbers are labeled, where R represents the alkyl group. There are also E-Z
configurations for hydroxamic acid molecules in stereochemistry. The possible conformers for BHA
and TBHA molecules are shown in Table 1 and the Gibbs energies of each conformer are listed below.
The order of stabilities is Z-amide > E-amide > Z-oxime > E-oxime for both BHA and TBHA
molecules. The Z-amide form is found to be the most stable one in the aqueous phase, in agreement
with the results reported by Arora et al. (2017).

3.2 Molecular geometry

The optimized molecular geometries of the Z-amide conformer for BHA and TBHA are shown in Fig.
3, labeled with the element symbols for C, N, and O taking BHA molecule for example.

As shown in Fig. 3, the conjugate -C(=0)-NH-OH group improves the electron delocalization itself,
which may result in a stronger ability to accept the back donation electron from mineral metals, such
as manganese. The dihedral angles of O-C-N-O atoms in the molecules (anions) are 7.816° (1.632°) and
7.970° (1.619°) for BHA and TBHA, respectively. The dihedral angles of O-C-N-O for anions are much
smaller that the four atoms are almost in a plane for both BHA and TBHA. Such a planar
configuration favors the formation of conjugated 1 or r* bond which is convenient to donate electrons
to the empty d-orbitals of metal atoms in mineral surfaces.
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Fig. 2. Two tautomers of hydroxamic acids: (a) amide and (b) oxime

Table 1. Various conformers for BHA and TBHA and the Gibbs energies (a.u.)

Species Z-amide E-amide Z-oxime E-oxime
o ol OH OH
OH OH
N NH \N - S
BHA H | |
OH OH
-476.261851 -476.259033 -476.257484 -476.247683
o o OH OH
OH OH
N NH S SN
TBHA OH (l)H
-633.561876 -633.555733 -633.554108 -633.544634

4

{ Sl ! /
5 I' 9

Jr‘/ f

ave ‘1 8

© (d)
Fig. 3. The optimized geometries of BHA molecule (a), TBHA molecule (b), BHA anion (c) and TBHA anion (d)
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3.3 Charge population

Molecular electrostatic potential (MEP) simultaneously and visually displays a molecular size and
shape as well as positive, negative and neutral electrostatic potential regions in terms of color grading.
It describes the electron density in the target molecule. In the majority of the MEP maps, red and blue
represent the regions with the most negative and most positive electrostatic potentials, respectively.
The color coding of these maps is in the range between -0.05 a.u. (deepest red) and 0.05 a.u. (deepest
blue), as shown in Fig. 4. The negative charge covers the oxygen atoms, and the positive region is
mainly over the hydrogen atom adjacent to the nitrogen atom for both BHA and TBHA. The value of
the electrostatic potential is largely responsible for the binding sites of a substrate to its receptor
because the receptor and corresponding ligand recognize each other at their molecular surfaces.
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Consequently, the higher electronegativity in the two oxygen atoms makes them the most reactive
parts in the molecule for denoting electrons to the receptor (such as minerals) forming five-membered
chelate rings (Liu et al., 2006).

BHA TBHA

Fig. 4. MEP plots of BHA and TBHA molecules
The atomic net charge in hydroxamic group obtained from natural charge population is listed in
Table 2. More negative charge in the oxygen atoms enables TBHA stronger affinity to metal atoms on

mineral surfaces, compared with BHA.

Table 2. Natural charge assigned to the heavy atoms in hydroxamic groups

Natural charge of the atoms in hydroxamic groups

Species

0O1 N2 C3 o4 01+04
BHA -0.554 -0.310 0.640 -0.682 -1.236
TBHA -0.563 -0.312 0.635 -0.689 -1.252

3.4 Frontier molecular orbitals

Frontier molecular orbital (FMO) theory supposes that the occupied orbitals of one molecule and the
unoccupied orbitals of the other interact with each other causing attraction, especially for the highest
occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) (Fukui,
1982).
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LUMO LUMO
BHA 5.796 ev 5.306 ev TBHA

-7.320 ev

HOMO HOMO

Fig. 5. Pictorial representations of the HOMO and the LUMO for BHA and TBHA
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The energy gap between HOMO and LUMO serves as a stability index (Arjunan et al., 2014; El-
Gammal et al., 2014). The large HOMO-LUMO energy gap of BHA (5.796 eV) and TBHA (5.306 eV)
implies that they are kinetically stable molecules (Fig. 5). The highest occupied molecular orbital
(electron donator) is mainly delocalized over the CO-NH-OH moiety for both BHA and TBHA, as
shown in Fig. 5. The LUMO represents a n* orbital, as evident from the presence of nodes in the
benzene ring, as well as in the C-O and C-N bonds. The higher HOMO energy enables TBHA (-6.939
eV) stronger electron donating ability compared with BHA (-7.320 eV), i.e. stronger affinity to the
mineral.

3.5 Binding model

Generally, the (O, O) chelation configuration is considered to be the most stable complex form when
hydroxamic acids chelating metal ions (Kakkar et al., 2006). According to the above analysis, we also
believe that the two oxygen atoms are the active center which donates electrons to the metal atoms on
mineral surfaces during the flotation process. The diagrammatic sketch of the possible adsorption on
rhodochrosite surface is shown in Fig. 6.

Fig. 6. Possible adsorption form of hydroxamic acid molecule on rhodochrosite surface, and R represents the alkyl
group

The affinity of a collector to the metal ion can reflect its collecting ability to the corresponding
mineral to a certain degree (Bag et al, 2011). The binding model between collectors and Mn?* is
simulated to discuss the collecting ability of collectors to rhodochrosite. The optimized geometries of
the binding model are shown in Fig. 7, where the dashed lines represent the coordination bonds
between oxygen atoms and Mn?*. The complex in the binding model can be regarded as the simplified
square configuration (only half square) that such configuration is the most stable configuration for the
complex formed by the metal ion with d° electron configuration in low spin state based on the crystal
field theory.

@) (b)
Fig. 7. Optimized geometries of the complexes of BHA-Mn (a) and TBHA-Mn (b)

To analyze the binding ability between the collectors and Mn?*, bond order is used to compare the
concerned bond strength in the collectors and the complexes. Bond order is the number of chemical
bonds between a pair of atoms, which gives an indication of the stability and strength of a bond. There
are many different quantum-chemical definitions of bond order among which the Wiberg bond index
is very useful and extensively used in bond order analysis and is provided by the Gaussian package
(Wiberg, 1968). The calculated results from natural bond orbital (NBO) analysis are listed in Table 3,
the atom numbers are in accordance with that labeled in Fig. 2. The Wiberg bond indices of O-Mn in
the complexes are 0.119 (0.287) for BHA and 0.198 (0.323) for TBHA, respectively, confirming that new
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bonds form between oxygen atoms and manganese ions. The O-Mn bonds are regarded as
coordination bonds owing to their smaller bond orders than that in hydroxamic groups. Furthermore,
the bond strength of O-Mn in TBHA-Mn complex is stronger than the corresponding bond in BHA-
Mn complex. Meanwhile the Wiberg bond indices of N2-O1 and C3-O4 become smaller and that of
N2-C3 becomes bigger slightly, indicating that the electrons are better distributed in the functional

group after oxygen atoms interacting with Mn2*. The electron delocalization is favorable for the
stability of collector-Mn complexes.

Table 3. Wiberg bond indices of the selected bonds in BHA, TBHA and the complexes (A)

O1-N2 N2-C3 C3-04 O1-Mn 0O4-Mn
BHA 1.008 1.225 1.590 - -
BHA+Mn2* 0.991 1.256 1.406 0.119 0.287
TBHA 1.010 1.205 1.564 - -
TBHA+Mn2* 0.973 1.229 1.399 0.198 0.323

Energies involved in the chelation reaction were calculated, including System energy (energy of the
binding model, Es), collector energy (Ec) and binding energy (Ez), as shown in Table 4. The binding
energy of the collector and Mn?* is calculated according to the equation: Eg = Es — (Emn + Ec), where
Ewmn = -1150.560861 a.u.

Table 4. Calculated energies in the binding models

Energies BHA TBHA

Ec/(a.u) -475.798711 -633.082483

Es/(a.u) -1626.476194 -1783.773271
Eg/(kJ/mol) -306.191061 -341.123338

The binding energy of BHA or TBHA with Mn?* is negative indicating that the reaction between
them is feasible. The absolute values of the binding energy follow the sequence: TBHA > BHA,
revealing that the combination between TBHA and Mn?* is stronger, i.e. the conclusion could be
drawn that the collecting ability of TBHA to rhodochrosite is stronger than that of BHA.

3.6 Micro flotation
Compared with BHA, the micro flotation of rhodochrosite using TBHA as the collector was carried

out by investigating the effects of pH and collector dosage on the mineral recovery. The results are
shown in Fig. 8 and Fig. 9, respectively.
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Fig. 8. Effect of pH on the recovery of rhodochrosite.
BHA dosage =7.3x10- mol/dm3, TBHA dosage = 3.11x10-* mol/dm?3
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Fig. 9. Effect of collector dosage on the recovery of rhodochrosite: pH=6.5

Considering the solubility of MnCOjs in the acid environment, only the flotation responses at pH >
5 were studied, as shown in Fig. 8. The mineral recovery by TBHA is much stronger than that by BHA
around pH =5 ~ 12. For both BHA and TBHA the highest mineral recovery appears at about pH = 6.5,
especially for the latter, the corresponding recovery can reach above 90%. Fig. 9 shows the flotation
recovery of rhodochrosite at different collector dosages from 3.65 x10-4~ 2.55 x10-3 mol/dm? for BHA
and 0.26 ~ 4.66 x10+ mol/dm? for TBHA. The mineral recovery increases obviously with the increase
of TBHA dosage and almost 99% mineral can be recovered when the dosage is above 3.89 x10-
mol/dm3. Meanwhile, the mineral recovery increases slowly with the increase of BHA dosage that the
recovery is only about 60% when the dosage is 2.55 x10-3 mol/dm3. The micro flotation data indicate
that TBHA exhibits very strong collecting ability to rhodochrosite.

3.7 Electrokinetic property

Zeta potential reflects the electrokinetic change on mineral surfaces in aqueous solution. The zeta
potentials of rhodochrosite in distilled water and in TBHA solution are displayed in Fig. 10. For
rhodochrosite in water, the point of zero charge is located at pH = 6.52, i.e. the zeta potential is
positive at pH < 6.5 and it is negative at pH > 6.5. This may be due to H* / OH- ions adsorbed on
mineral surfaces through O / Mn atoms of MnCO;s at acid / alkaline environment, respectively. With
the presence of TBHA, negative shifts can be observed in the zeta potential curve, that is, the anionic
collectors can be adsorbed on mineral surfaces even that there are already H* or OH- ions, indicating
that the collector is probably chemically adsorbed on rhodochrosite surfaces.
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Fig. 10. Zeta potential of rhodochrosite in water and TBHA solution
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3.8 XPS analysis

X-ray photoelectron spectroscopy was used to identify the elemental composition and analyze
the surface chemistry of rhodochrosite in its as-received state, and after treatment by the collector. Fig.
11 shows the typical survey scan spectra over a binding energy range of 0 ~ 1300 eV.

Ols

Mn 2p

Cls

Intensity
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Fig. 11. The survey scan XPS of rhodochrosite before (a) and after (b) treatment

The XPS spectra in Fig. 11 show the expected elements from rhodochrosite, including Mn, C and O.
In Fig. 11 (b), the signal of N 1s (400.75 eV) attributed to TBHA was detected for the treated
rhodochrosite, confirming that TBHA is adsorbed on rhodochrosite surfaces.

The atomic concentrations of elements including Mn, C, O and N determined by microscopic
analysis are summarized in Table 5, along with the atomic concentration ratio of these elements to Mn.
The atomic concentration of N is 2.28% on the treated rhodochrosite surface. Meanwhile, the carbon
concentration is increased, and the concentrations of manganese and oxygen are decreased.
Considering the chemical formula of TBHA to be C1:HisNOy, the atomic concentration of C is much
larger than O, so it would be anticipated that the atomic concentration of Mn and O are decreased due
to the occupation of carbon on mineral surfaces. Actually, the adsorption of TBHA increases the
atomic concentration ratio of C (O) to Mn from 1.98 (3.33) to 4.50 (4.01), and the extra C or O elements
must be derived from the collector, making the chemical adsorption between TBHA and
rhodochrosite more evident.

Table 5. Atomic compositions of elements on rhodochrosite surfaces

. Atomic concentration / % Atomic concentration ratio to Mn
Rhodochrosite
Mn 2p Cls O1ls N 1s Mn 2p Cls O1ls N1s
Before treatment 15.83 31.42 52.75 - 1.00 1.98 3.33 -
After treatment 10.28 46.24 41.20 2.28 1.00 4.50 4.01 0.22
A -5.55 14.82 -11.55 2.28 0.00 2.52 0.68 0.22

A is defined as the value of before treatment minus that of after treatment by TBHA.

The valence states of surface species were further characterized by high-resolution XPS spectra for
rhodochrosite before and after treatment by TBHA, as shown in Fig. 12.

In the XPS spectra for rhodochrosite, the peak for Mn 3s is located at 83.5 eV. After treated by
TBHA, the binding energy of Mn 3s is decreased by 0.2 eV. The change of the binding energy of Mn 3s
confirms that the chemical adsorption occurs between TBHA and rhodochrosite probably through Mn
3s accepting electrons donated from the collector.



Physicochem. Probl. Miner. Process., 54(2), 2018, 428-439 437

v - -data 83.5 @ ve--data 83.3 (b)
— N 3 d

Mn 3s

Intensity
Intensity

.....
“eas

86 8 84 83 82 81 80 86 85 8|4 83 82 81 80
Binding energy / ev Binding energy / ev

Fig. 12 Comparison of Mn 3s XPS spectra for rhodochrosite (a) and treated rhodochrosite (b)

4. Conclusions

Density functional calculations have been performed to study the structure and electronic property of
the novel collector (TBHA) in the flotation of rhodochrosite. Experimental methods including micro
flotation test, zeta potential measurement and X-ray photoelectron spectroscopy were carried out to
discuss the collecting ability of TBHA to rhodochrosite and the adsorption mechanism. Compared
with BHA, TBHA has larger HOMO energy and higher electron density on the oxygen atoms in the
functional group, i.e. TBHA has stronger electron donating ability. The bond orders of the new formed
bonds in TBHA-Mn?* complex are bigger than the corresponding ones in BHA-Mn?* complex,
indicating a firmer combination of TBHA and Mn?*. Meanwhile, the binding energy of TBHA and
Mn?* is larger than that of BHA and Mn?*. TBHA exhibits excellent performance on the flotation of
rhodochrosite that the mineral recovery is up to 99% when the dosage is 3.89 x10+# mol/dm3 at
pH=6.5. The electrokinetic property of rhodochrosite surfaces is changed by the adsorption of
collector molecules as negative shifts occur for the zeta potential with the presence of TBHA. The
chemical adsorption is confirmed between the collector and rhodochrosite from the XPS analyses. The
atomic concentration ratios of C and O to Mn on the treated mineral surfaces were increased. Besides,
the binding energy of Mn3s orbital was decreased by 0.2eV.

In summary, TBHA was proved to have stronger collecting ability to rhodochrosite than BHA by
both theoretical and experimental investigations, i.e. the substitution of tert-butyl group on benzene
ring significantly enhances the affinity of the hydroxamic acid to rhodochrosite. Consequently, TBHA
is believed to be a justified candidate collector in the flotation of rhodochrosite or other oxidized ores.
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