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Abstract: In order to improve the utilization efficiency of copper oxide mineral resources, a novel collector,
5-hydroxyoctan-4-one oxime (HOO), was synthesized from a commodity chemical butyraldehyde and hydroxylamine
hydrochloride. Its flotation performance and adsorption mechanism to malachite were investigated by flotation tests,
Fourier transform infrared spectrum (FTIR), X-ray photoelectron spectroscopy (XPS) analysis and density functional
theory (DFT) calculation. Flotation results of malachite showed that HOO exhibited better collecting ability and less
dosage compared to benzohydroxamic acid (BHA). FTIR and XPS data gave clear evidence for the formation of
Cu—oxime complex (five-membered and six-membered ring chelates) on malachite surfaces after HOO adsorption
through the linkage among C—OH, C=NOH and Cu species. Moreover, DFT results showed that HOO coordinated
with Cu atoms preferably through the oxime and hydroxyl groups to form bidentate chelates.
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1 Introduction

Copper is one of the important materials for
the development of national economy and is widely
used in various fields [1]. The rapid consumption of
copper metal has led to the over-exploitation of
high-quality copper sulfide resources. In order to
ensure the safe use of copper, an alternative method
is finding other oxide copper minerals for a
supplement. Malachite is a significant oxide copper
mineral found in the oxidized area of copper
bearing ores [2]. Due to the uneven distribution,
fine particle size, high mud content and many
associated useful components, copper oxide is
usually difficult to be separated [3,4]. In industry,
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many mines use chemical beneficiation methods to
process this type of copper oxide ore including
heap leaching. Unfortunately, those methods have
disadvantages such as unsatisfactory leaching rate,
high consumption of chemicals, long treatment
cycles and serious environmental pollution [5,6].
Flotation is the most common mineral
processing method to recover copper oxide ores [7,8],
and collector plays a key role in the flotation.
The main function of collector is to create a
hydrophobic surface on minerals. Depending on the
reaction characteristics of the collector itself, there
are great differences in the treatment of minerals
during flotation. When using xanthate as collector,
sulfurizing agents had to be used to the active
copper oxide minerals surface [9—11]. Sulphidization
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pretreatment is difficult to be controlled and
excessive sulfurizing agents have negative effects
on the flotation of copper oxide. Meanwhile, the
application of alkyl hydroxamates would enable
the sulphidization unnecessary due to the selective
chelating ability towards copper oxide ores;
however, the collecting ability was still not
satisfactory [12—14]. Other collectors, such as oleic
acid and amines, showed strong capture capacity
for copper oxide and also enabled non-sulfidation
flotation but exhibited lack of selectivity [15,16].

Similar to the hydroxamic acids,
compounds have been accepted as potential chelating
reagents in mineral engineering. Salicylaldoxime,
o-benzoinoxime, 2-hydroxy-5-nonylphenyl(phenyl)
methanone 2-hydroxy-1-naphthaldehyde
oxime, tert-butyl salicylaldoxime and 1-(2-hydroxy-
phenyl)hex-2-en-1-one oxime have been proven to
have a good collecting ability for malachite or other
oxide ores [17—22]. The traditional view is that the
phenolic hydroxyl groups in aromatic hydroxime
compounds are more acidic and easier to ionize in
an alkaline environment compared with straight-
chain hydroxime compounds. The phenolic
hydroxyl groups of aromatic hydroxime (AHO)
compounds are believed to be more active and
easier to form bidentate chelates with transition
metals [23,24]. To date, saturated hydroxyoximes
(SHO) have not received enough attention in the
collector development [25]. Moreover, the flotation
performance of a collector is not solely determined
by the chelating groups. Hydrophobic groups also
play an important role in flotation bubbles [26].
Moreover, the hydrophobic value of linear alkanes
as hydrophobic chains is much higher than that of
aromatic compounds, which means that SHO
probably has stronger collecting ability than AHO
considering the collector hydrophobicity. As one of
the saturated hydroxyoximes, 5-hydroxyoctan-4-
one oxime (HOO) has been not yet reported in
public literature, especially as flotation collector for
malachite.

In this work, HOO was introduced as collector
for the malachite flotation, and its flotation
performance was compared with that of the classic
benzohydroxamic acid (BHA). Moreover, the
adsorption mechanism of collectors on malachite
was investigated by XPS, FTIR analysis and DFT
calculation.

oxime

oxime,

2 Experimental

2.1 Materials

Natural malachite sample used in the present
study was obtained from China. The X-ray
diffraction (XRD) analysis of the sample showed
that most of minerals were pure and suitable for
single mineral flotation, as illustrated in Fig. 1.
Because the recovery of malachite with small
particle size is poor, the fraction with a particle size
less than 37 pm was selected as single mineral
flotation tests. For FTIR and XPS measurements,
the finer malachite samples less than 5 um were
used. HOO was synthesized based on Scheme 1 in
our laboratory with a purity of 96.5%. BHA was
prepared according Song’s method [27]. Other
chemicals employed in the experiment were of
analytical grade. All of the experiments were
carried out with distilled water.
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Fig. 1 XRD pattern (a) and particle size distribution (b)
of malachite sample

2.2 Flotation experiments

An XFG-Cy flotation machine with a 40 mL
cell was used for the micro-flotation experiments.
In each test, 2.00 g malachite single mineral was
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Scheme 1 Synthetic route of HOO

dispersed in distilled water before adjusting pulp
pH with 1 wt.% NaOH or H,SO4 solution, and then
the collector was added in the flotation cell. For
BHA used as the collector, methyl isobutyl carbinol
(MIBC) should be introduced as the frother,
otherwise the malachite recovery was extremely
low. After that, the flotation was conducted for
4 min. The floated and unfloated minerals were
separately filtered, dried and weighed to calculate
the flotation recovery of malachite.

The batch-flotation tests were carried out using
an XFG-IV flotation machine with a 500 mL
flotation cell. The copper oxide ore was ground to
be less than 74 um (>70%) in an XMB—70 rod mill.
The pulp pH was adjusted to 9.0, then 200 g/t
Na,Si0; and 400 g/t collector were added, and the
pulp was conditioned for 2 min before flotation for
4 min. The concentrates and tailings were filtrated,
dried and weighed, respectively, and the grade of
Cu was determined by chemical analysis.

2.3 FTIR spectrum measurements

HOO ethanol solutions were mixed with
mineral samples or Cu(Il) aqueous solutions at
(298+1) K, respectively. After 30 min stirring, the
solid product in the mixture was filtrated and rinsed
three times, and then dried in a vacuum oven
and prepared for FTIR measurements. The FTIR
spectra of HOO, malachite before and after
HOO adsorption, and Cu(Il)~HOO complex were
recorded with a resolution of 4 cm™ ranging from
4000 to 400 cm™ through KBr disks on a Nicolet
model Nexus 670 instrument.

2.4 X-ray photoelectron spectroscopy measurements

The XPS data of malachite, malachite before
and after HPA adsorption, and Cu—HOO complex
were recorded on a Thermo Scientific ESCALAB
250Xi using Al K, X-ray source operated at 200 W
with 20 eV pass energy. The vacuum pressure was
107*~1072Pa. Binding energies were calibrated
using characteristic carbon (C Is, 284.8 eV). The

C;H, NH,OH
7 NaOH

OH
yd
N
L o
CsHy
OH

data were collected and processed using Thermo
Scientific Avantage 4.52 software.

2.5 Computational methods

All the structure optimization and property
computations were performed using Gaussian 09
software package. The molecular structures of HOO
configurations were drawn in GaussView 5.0.8.
The molecular geometries were pre-optimized
successively by MM2 and PM6 methods, and the
obtained configurations were further optimized by
DFT methods. The B3LYP function with a basis set
of 6-31+g* was adopted to describe molecular
structures and electronic properties. The integral
equation formalism for the polarizable continuum
(IEF-PCM) model was employed to optimize
molecular structures and calculate molecular
properties in aqueous solution. The coordination
compounds of cooper ion and HOO were optimized
and calculated with the same parameter setting
using DFT method.

3 Results and discussion

3.1 Preparation and characterization of HOO
HOO was prepared by using butyraldehyde
and NH>OH-HCI as the starting materials. Firstly,
20.00 g butyraldehyde was added to the round-
bottomed flask (100 mL) using 2.00 g NaxCOs
(5mL) and 1.00g 3-ethyl-5-(2-hydroxethyl)-4-
methyl thiazolium bromide (EMTB) as the catalyst,
and the mixture was stirred at 115 °C for 6 h. Next,
9.00 g NH,OH-HCI in H,O (20mL) and ethanol
(20 mL) were added to the mixture. Thereafter,
NaOH was added to adjust the solution pH to 7-8,
and the reaction was conditioned for 4 h at 55 °C.
Finally, the light-yellow mixture was obtained after
removing solvent. Product characterization: HOO,
yield 76.8%. FTIR (KBr): (3361 (—OH), 2971 and
2905 (CHs— and —CH,—), 1328, 1681 (C=N),
1460 (— CHz) em™!); MS (ESI"): calculated for
CsH7NO,, 159.13, and found 160.13 [M+H]. "H-NMR
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(500 MHz, (CD;),SO) 6: 10.28 (s, 1H, N—OH),
3.96 (s, 1H, C—OH), 0.85 (t, 3H, CH3), 0.89 (t, 3H,
CH;), 1.23 (m, 2H, CH,), 1.32(m, 2H, CHa),
1.46 (m, 2H, CH,), and 2.25 (t, 2H, CH,); '*C-HMR:
14.25, 15.34, 18.93, 19.80, 26.72, 39.72, 72.04
(C—OH), and 161.0 (C=N—O0OH).

3.2 Flotation results

The effect of pH on flotation recovery of
malachite using 1.40x10*mol/L HOO is presented
in Fig. 2(a). For HOO, it was indicated that the
flotation recovery of malachite increased with
increasing pH values ranging from 5 to 9 and
reached 84.5% at pH 9. When the pH values were
more than 9, the recovery decreased. As for BHA,
the same trend on the flotation performance to
malachite was shown, but the recovery was much
lower compared with that of the HOO.
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Fig. 2 Effect of pH (a) and dosage (b) on flotation

recovery of malachite with HOO and BHA

The effect of HOO dosage on flotation
recovery of malachite at pH 9 is shown in Fig. 2(b).
For HOO, it was shown that the recovery of
malachite increased rapidly with dosage ranging
from 0.35x10* to 2.79x10*mol/L. When the

collector dosage was more than 4.18x10™* mol/L,
the recovery increased slowly. As for BHA, it was
indicated the recovery of malachite increased
rapidly with the dosage ranging from 0.35x107* to
5.58x107* mol/L, but the maximum recovery was
also not as high as HOO. Micro flotation
experiments indicated that HOO was a potential
collector for malachite. The results of batch
flotation are presented in Table 1, indicating that
when taking HOO as the collector, the copper
concentrate grade and recovery were 3.50% and
69.99%, respectively. While for BHA, the copper
concentrate grade and recovery were only 3.28%
and 51.28%, respectively. This indicated that
reasonable modification of hydroxyl and oxime
group made oximes more effective.

Table 1 Rougher flotation results using HOO and BHA
as collectors (400 g/t)

Collector  Product  Yield/% gra((:iz 1% recoS;lry %
Concentrate  13.35 3.28 51.28
BHA Tailing 86.65 0.48 49.72
Feed 100.00  0.86 100.00
Concentrate 17.24 3.50 69.99
HOO Tailing 82.76 0.31 30.01
Feed 100.00  0.85 100.00

3.3 FTIR and XPS analysis results

The FTIR results of HOO, Cu(l)-HOO
complex, malachite and malachite—HOO product
are shown in Fig. 3.

The characteristic peaks of HOO, which were
related to —OH, C=N, benzene ring, —CH3 and
—CH,— groups, were found in Fig. 3(a). The
stretching vibration of — OH was found at
3344 cm™!. The vibration of —CH3 and —CH,—
could be seen at 2964 and 2876 cm ™!, respectively.
And the stretching vibration of —CH3 was detected
at 1465 cm™!. The stretching vibration of C=N
stood at 1622 cm™' [28]. As for Cu(Il)-HOO
complex, the peak around 3333 cm™! was due to
—OH. It was clear that the peak around 3344 cm™!
is weakened after reaction [29]. The peaks at 2959,
2868 and 1454 cm ' were attached to —CHj; and
—CH,;— groups. The peak of C=N moved to
lower wavenumbers (blue shift) [30]. These
findings implied that there may be two chelation
modes between HOO and copper ions (Scheme 2).
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Fig. 3 FTIR spectra of HOO, Cu(II)~HOO complex (a), malachite and malachite—HOO products (b)
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Scheme 2 Possible reaction between HOO and Cu(II) ions

The chelating mode of the six-membered ring
caused the —OH groups to disappear completely,
while the chelating mode of the five-membered
ring had one —OH group retained. This may be
a reasonable explanation for the weakening
rather than disappearing of the —OH group in the
FTIR spectra.

The characteristic peaks of malachite were
detected around 1388, 1495, 3314 and 3402 cm .
After HOO interaction, the peaks around 2956,
2865 and 1611 cm™ were traced on the malachite
surface, which was similar to FTIR spectra of
Cu(I)-HOO complex. The result of malachite—
HOO product showed that the peak similar to
Cu(II)-HOO complex was traced on malachite after
adsorption, further implying a chemisorption of
HOO on malachite surface.

HOO, Cu(l)-HOO complex, malachite and
HOO—malachite product were investigated by XPS.
The survey and high-resolution XPS spectra
of Cu, N and O are shown in Figs. 4(a, b, c, d),
respectively. Figures 4(a, ¢) showed that N 1s peak
was found on Cu(Il)-HOO and malachite—HOO,
while the malachite had no obvious peak without
any treatment. Results of XPS analysis offered clear
evidence for the adsorption of HOO on malachite.
The N 1s peak indicated that numerous HOO was

C3H,

C3H;
QH7

\/

fixed on mineral surface.

Figure 4(b) presented Cu2ps» XPS peaks
of malachite, Cu(Il)~HOO and malachite—HOO
products. The Cu2ps;» peak of malachite was
composed of single peak. After HOO modification,
The Cu 2p3» peak of malachite was composed of
three features, which appeared at 934.6, 934.4 and
932.8 eV. The Cu 2ps» peaks of Cu(Il)-HOO were
centered at 934.4 and 932.8eV. The binding
energy of Cu 2ps» of malachite—HOO product or
Cu(I)-HOO complex decreased, which indicated
that copper atom received electron to form electro-
negative HOO. And —OH and C=N—OH are the
only groups in the HOO molecule with lone pair
electrons. Therefore, it can be speculated that
copper ions bonded with HOO through N—O—Cu
and C—O—=Cu linkage.

Figure 4(c) exhibited that the peaks of N 1s of
Cu(Il)-HOO and malachite—HOO stood at 400.6
and 400.1 eV, respectively. While for malachite,
there was no signal of N peak from 369 to 405 eV.
Figure 4(d) showed that the O 1s peaks of three
detected objects were assigned to 533.3, 531.6
and 531.1eV. The O 1s peak of malachite was
composed of two features, which appeared at 533.3
and 531.6eV. The O 1s peaks of Cu(I)-HOO
complex were found at 533.3, 531.6 and 531.1 eV.
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After HOO modification, the significant changes
of O1ls at 533.3 eV on malachite surface were
observed. The O 1s peak of malachite was
composed of four features, which included similar
O 1s peak of Cu(I)~HOO complex. The changes of
O 1s XPS are important evidence showing the
adsorption mechanism of HOO. There were three
different types of oxygen from the O s spectrum of
Cu(I)-HOO complex, which further verified the
speculation of the infrared data. The decrease of
the relative peak intensity ratio of —OH to CO3~
after HOO treatment indicated that the — OH
groups on malachite reacted with HOO, which
agreed with the finding of FTIR result.

Fang-xu LI, et al/Trans. Nonferrous Met. Soc. China 33(2023) 3825—-3834

3.4 Molecular structure and theoretical studies
In order to provide further explain of adsorption
model, the binding models of HOO and Cu(II) ion
were calculated by DFT methods. The optimized
results of HOO are given in Fig. 5. There were
probably three configurations for HOO structure,
and the computational energies for each configuration
are also listed in Fig. 5. The relative molecular
energies followed the sequence: B < C < A, which
indicated that B and C configurations were more
stable than A. The sequence was probably
due to the intermolecular hydrogen bond for B and
C configurations as shown in the molecular
electrostatic potential (MEP) maps in Fig. 6.
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Fig. 5 Probable configurations for structure of HOO
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The MEP maps could intuitively display the
electron density and help to predict the reactive
sites for electrophilic or nucleophilic attacks in
various reactions [31,32]. In the majority of MEP
maps, red and blue represent the regions with the
most negative and the most positive electrostatic
potentials, respectively. The negative charge mainly
covers the O and N atoms in hydroxyl and oxime
groups, respectively, while the positive charge
covers the H atoms adjacent to O—N=—C group.
Compared with HOO molecules, the O atoms
connected to the N=—C groups become more
negative after ionization.

The frontier molecular orbital (FMO) theory
was adopted to further study the reactive center for
HOO [33]. The FMO distributions for B and C
configurations are shown in Fig. 7, where HOMO
and LUMO represented the highest occupied
molecular orbital and the lowest unoccupied
molecular orbital, respectively.

The HOMOs mainly located at C—OH groups
for both B and C molecules but C=N—O groups
for the relative anions. As for the LUMOs, they
all spread in the C—C=N—O groups for the
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molecules and anions of B and C configurations. It
is not difficult to find that the hydroxyl and oxime
groups in HOO were the main electron donors for
Cu(I)-HOO complex. In addition, AErumo-tomo
followed the order as: Bunion < Canion < Bmolecule <
Cholecule- It indicated that the B configuration would
be more active than C configuration, and anion
configuration was the most possible form chelating
copper ions than molecule configuration.

The optimized geometries for the complexes
of HOO anion and Cu(Il) ion are shown in Fig. 8.
Five-membered and six-membered ring complexes
formed through the attachment of the N and O
atoms in B configuration and two O atoms in C
configuration to Cu(Il) species, respectively. The
bond length and Wiberg bond indices of Cu—N and
Cu—O are shown in Table 2, and the atom net
charges in HOO anion and the complexes are
shown in Table 3.

The Wiberg bond of B-Cu showed the Cu—N
and Cu— O; indices were 0.210 and 0.132,
respectively. And the Wiberg bond of C-Cu
showed Cu—O; and Cu—O0: indices were 0.215
and 0.131, respectively. The Wiberg bond indices

)
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Fig. 6 MEP maps of HOO molecule and anion for B and C configurations
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Table 2 Bond lengths (A) and Cu—0O/Cu—N Wiberg bond indices for HOO and complexes

) Bond length Bond length (Wiberg bond index)
Species C—N N—O;, C—C C—0, O,—H Cu—N Cu—O;y Cu—0;
B anion 1.298 1.344 1.527 1.435 0.989 - - -
B-Cu 1.295 1.277 1.513 1.458 0.973 1.942(0.210) - 2.013(0.132)
C anion 1.295 1.378 1.529 1.433 1.017 - - -
C-Cu 1.281 1.285 1.536 1.457 0.974 - 1.929(0.215)  2.002(0.131)

Table 3 Atom net charges in HOO anion and complexes (e)

Species O N C C 0, Cu

B anion —0.789 -0.212 0.100 0.053 —0.835 -
B-Cu —-0.339 —-0.158 0.222 0.049 —0.829 1.078

C anion —0.798 -0.214 0.124 0.032 —0.864 -
C-Cu —0.484 0.034 0.186 0.041 —0.825 1.055

indicated a covalent character of the Cu—N and
Cu—0O bonds compared with single bond [34-36].
The bond indices of Cu—N or Cu—O; were larger
than that of Cu—Q,; therefore, the oxime group
performed the major role in the chelation.

From Table 3,
observed by comparing the atom net charges in B or
C anions and the complexes. The negative charges
on O1, N and O, decreased both in B-Cu and C-Cu
complexes, indicating the loss of electron,
especially for the O atoms in the oxime groups.
Consequently, similar finding could be acquired
that the binding of the O—N=—C group dominates
in the chelation of HOO and Cu(Il) species. The
calculated binding energies between B or C anions
and Cu(ll) were —7.1650 and -7.0129¢V,
respectively. These results also revealed that HOO
chelated Cu(Il) species mainly through the B
configuration.

the evident transfer was

4 Conclusions

(1) The micro and batch flotation results
indicated that HOO was a special collector for
malachite flotation. Compared with classic BHA,
HOO showed an excellent collecting power and less
dosage for malachite. HOO provided a good
demonstration of saturated hydroxime compounds
in the field of copper oxide flotation.

(2) The FTIR and XPS analysis results offered
clear evidence that OH groups on malachite surface
were replaced and coupled by HOO. Detailed
results of FTIR and XPS implied that the —OH
and OH or N in oxime groups were fixed with Cu
species though C—0O—Cu, N—Cu and N—O—Cu
bonds, and five-membered or six-membered ring
chelates formed on malachite surface. Due to the
strong adsorption of HOO, the modified malachite
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was recovered in flotation pulp.

(3) DFT calculations were used to explain the
binding details between HOO and Cu(Il) species.
DFT results indicated that the hydroxyl and oxime
groups in HOO were the electron donors for
Cu(I)>HOO complex, and the O—N=C group
dominated in the chelation of HOO and Cu(Il)
species. The computational results were in good
agreement with FTIR and XPS analysis results.
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