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Abstract: The surface hydrophobization and flotation of a xanthate—hydroxamate collector toward copper oxide
mineral were compared with the combined collectors of xanthate and hydroxamate through water contact angle (WCA)
and micro-flotation experiments. The results showed that S-[(2-hydroxyamino)-2-oxoethyl]-O-octyl-dithiocarbonate
ester (HAOODE) exhibited stronger hydrophobization and better flotation performance to malachite (Cuy(OH),CO3)
than octyl-hydroxamic acid (OHA) and its combination with S-allyl-O-ethyl xanthate ester (AEXE). To understand the
hydrophobic intensification mechanism of HAOODE to malachite, zeta potential, atomic force microscopy (AFM) and
XPS measurements were carried out. The results recommended that malachite chemisorbed HAOODE to form
Cu—HAOODE complexes in which the hydroxamate—(0,0)—Cu and —O—C(—S—Cu)—S— configurations
co-existed. The co-adsorption of HAOODE’s hetero-difunctional groups was more stable than the single-functional-
group adsorption of OHA and AEXE, which produced the “loop” structure and intensified the self-assembly alignment
of HAOODE on malachite surfaces. In addition, the “h” shape steric orientation of the double hydrophobic groups in
HAOODE facilitated stronger hydrophobization toward malachite than the “line” or “V” hydrophobic carbon chains of
OHA or AEXE. Thus, HAOODE achieved the preferable flotation recovery of malachite particles in comparison with
OHA and AEXE.

Key words: S-[(2-hydroxyamino)-2-oxoethyl]-O-octyl-dithiocarbonate ester; atomic force microscopy (AFM); hetero-
difunctional co-adsorption; hydrophobization; malachite flotation

been widely used in froth flotation to enhance the
surface hydrophobicity of transition metal minerals.
For example, carboxylic acids are common
surfactants used in beneficiation of non-sulfide

1 Introduction

Surface modification has a wide range of

the technological and industrial applications in
the anticorrosion [1], biosensors [2], nano-
fabrication [3], and froth flotation [4,5]. In the
flotation process, the surface hydrophobicity of
valuable minerals is improved by the selective
adsorption of surfactants, thus, these minerals can
more easily attach gas bubbles to be floated out
from their pulp [6].

Organic surfactants such as thiols [7],
carboxylic acids [8], phosphonic acids [9,10],
sulfonic acids [11], and hydroxamic acids [12] have

minerals by formation of hydrophobic layers on
mineral surfaces. Compared to carboxylic acids,
hydroxamic acids exhibit strong affinity to
transition-metal-containing minerals and good
selectivity against Ca/Mg-containing minerals [13].
Therefore, hydroxamic acids have been considered
as effective collectors for separation and recovery
of Cu oxide minerals [14,15], and they anchor onto
the surfaces of Cu oxide minerals mainly via
generating the five-membered chelating rings
with copper atoms [16]. Xanthates chemisorb on to
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copper minerals surfaces through forming Cu—S
bonds [17], they are traditional collectors for
beneficiation of copper oxide or sulfide minerals.

Malachite with a chemical formula of
Cu,CO3(OH), is an essential constituent of copper
resources and exhibits the hydration and
hydrophilicity in water. To enrich malachite by
flotation technology, its surface hydrophobicity
needs to be improved by surfactant modification. It
is known that xanthates and hydroxamates can
effectively hydrophobize malachite surfaces [18,19].
While, xanthates prefer to the surface-presulfidized
malachite [20]. Nevertheless, in the presence of
hydroxamates, xanthates exhibited the preferable
flotation efficiency for recovery of malachite [21].
Thus, it is of interest to investigate malachite
floatability by using novel surfactants containing
both dithiocarbonate and hydroxamate groups. And
the understanding of their hydrophobization
mechanism can be deeply explored through
comparison with that of single-polar-group
collector, which is instructive in developing new
flotation reagents.

In this work, a S-[(2-hydro-
xyamino)-2-oxoethyl]-O-octyl-dithiocarbonate ester
(HAOODE) was introduced as a flotation collector
in beneficiation of malachite. The role of its
dithiocarbonate and hydroxamate groups in
interaction with malachite surfaces would be
analyzed through zeta potential, AFM and XPS.
And its hydrophobic flotation characteristics would
be compared with those of the single-functional-
group collectors including octyl-hydroxamic acid
(OHA) and S-allyl-O-ethyl xanthate ester (AEXE)
via water contact angle (WCA) and micro-flotation
experiments.

surfactant

2 Experimental

2.1 Materials

HAOODE, OHA and AEXE were prepared
following the reported approaches [22—24], and
their chemical structures are shown in Fig. 1.

Other chemicals of analytical grade were used
without further purification. Milli-Q water was used
in AFM measurements and in other experiments,
distilled water was adopted. The chunk mineral of
malachite, quartz or calcite was sequentially
processed by crushing, grinding and screening. The
fraction with the particle size of 38—76 pm was

collected for micro-flotation and its specific surface
area (SSA) was detected through Brunauer—
Emmett—Teller (B.E.T) approach on Quantachrome
Nova-1000 surface area analyzer (USA) [6,25]. The
—5 um malachite particles were adopted in the XPS
and zeta potential tests. The chemical compositions,
XRD spectra, and SSAs of three minerals were
reported in our previous studies [6,25]. The
polishing and preparation procedures of malachite
slices for AFM and WCA measurements were same
as our previous investigations [26].
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N
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Fig. 1 Chemical structures of HAOODE (a), OHA (b)
and AEXE (c)
2.2 Contact angle and micro-flotation
experiments

The water angle (WCA) and
micro-flotation experiments were conducted in line
with our previous approaches [26]. The static WCA
was measured through the sessile drop method [27].
The presented WCA was the average value of four
independent measurements on two different areas
of a mineral surface. The recovery was calculated
according to Eq. (1) for pure mineral, and Egs. (2)
and (3) for mineral in the artificially mixed
minerals, respectively:

contact

m

&= x100% (1)
my + m,
EMalachite — e x100% (2)
mlal + mzaz
1-—
8 Caloite/ Quartz = m(1-e) x100%  (3)

my(1-ay)+my(1-a,)

where m and a are the mass and copper grade, the
subscripts 1 and 2 identify the froth and underflow
products, respectively. The presented flotation
recovery was the average three
independent tests.

value of

2.3 Zeta potential and AFM measurements
The {-potential of malachite in the presence or
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absence of HAOODE was recorded on Brookhaven
ZetaPlus analyzer (USA) in accordance with the
reported operation [6]. The morphologies of
malachite surfaces before/after HAOODE treatment
were characterized on Bruker Dimension Icon AFM
(Bruker, USA) through PeakForce Tapping of
ScanAsyst Mode. After recording the AFM images
of freshly-polished malachite, the malachite slice
was soaked in 5%10° mol/L HAOODE solution,
washed with Milli-Q water, dried by N, flow and its
AFM images were then re-measured.

2.4 XPS measurements

The survey and high-resolution XPS of
HAOODE, malachite and HAOODE-treated
malachite were recorded on an ESCALAB
250Xi XPS (Thermo Fisher Scientific, USA) [6]
under the pressure of the vacuum chamber less than
1.5x10°Pa. The XPS binding energy was
calibrated by setting the C 1s binding energy at
284.80 eV. And the high-resolution XPS adsorption
bands for N, O, S and Cu were fitted by the Thermo
Avantage software [6]. The detailed processes for
preparing were described as follows: 50 mg of
malachite particles (<5 um) were put into 300 mL
of 1.0x10™* mol/L HAOODE solution in a 500 mL
conical flask. After stirring the suspension at 25 °C
for 4 h in a constant temperature shaker bath,
malachite  particles were filtered, washed
thoroughly with distilled water, dried in a silica gel
desiccator under vacuum for 3 d. The HAOODE
and malachite with or without HAOODE treatment
were pressed into a disk on a double-sided
conductive adhesive carbon tape for XPS
detection [22].

3 Results

3.1 Wettability

Figure 2(a) presented the influence of collector
dose on the WCA of malachite. As seen from
Fig. 2(a), after 1.50x10”° mol/L OHA, OHA +
AEXE (1.50x10”° mol/L OHA +1.50x10~ mol/L
AEXE) or HAOODE treatment for 5 min at pH 9.7,
the WCA of malachite increased from ~47.5° to
~94.5°, ~96.5° or ~110.0°, respectively. The
influence of pH on malachite’s WCA was shown in
Fig. 2(b). It displayed that under pH 6.0—10.5,
HAOODE provided the higher malachite WCA
than OHA and OHA+AEXE. Therefore, Fig. 2

demonstrated that HAOODE possessed stronger
hydrophobization toward malachite than OHA and
its combination with AEXE.

3.2 Micro-flotation
3.2.1 Single mineral flotation

Under 1.50x10° mol/L HAOODE, OHA or
OHA + AEXE (1.50x10”° mol/L AEXE), the
flotation responses of malachite, calcite or quartz to
pH were shown in Figs. 3(a—c). As observed from
Figs. 3(a—c), flotation recovery of malachite
reached around 83.7% for OHA and 85.2% for
OHA+AEXE at their preferable pH ~9.7. And,
HAOODE enriched over 89.8% malachite particles
in pH range of 7.5-10.5. While, the flotation
recoveries of calcite and quartz were respectively
below 35.0% and 20.0% by using any of the three
collectors at pH>7.5.

(@) (A)) (47.5£1)° (B)) (84.0£1)° (C,) (94.5+0.8)°

(A,) (48.0£1)° (B,) (87.0£0.9)° (C,) (96.5+1)°

AEXE

(A;) (47.0£1)° (B3) (100.04£1)° (C) (110.0+0.8)°
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Fig. 2 WCA of malachite surfaces without/with collector
immersion for 5 min at pH 9.7+0.1 (a) and as function of
pH at 1.50x107° mol/L collector(s) (b) (A;, By, C;—
0mol/L; A, B, C,— 1.00x10°mol/L; A;, B,
C;—1.50x107° mol/L)

Figures 3(d—f) displayed the relationship of
collector concentration with the flotation recovery
of malachite, calcite and quartz at pH around 9.7.
It was elucidated that with increasing the collector
concentration, the malachite recovery was increased
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Fig. 3 Flotation recovery of malachite (a, d), calcite (b, ¢) and quartz (c, f) as function of pH at 1.50x107> mol/L
collector(s) (a—c) and as function of collector concentration at pH 9.7+0.1 (d—f)

rapidly, and 7.50x10"° mol/L HAOODE, OHA and
OHA+AEXE (7.50x10°mol/L AEXE) returned
86.4%, 70.6% and 73.6% malachite recovery,
respectively. Subsequently, the malachite recovery
increased gently with further increasing the
collector concentration. Figures 3(d—f) also showed
that HAOODE, OHA and OHA+AEXE possessed
a good flotation selectivity against calcite and
quartz. And among the three collectors,
HAOODE exhibited the weakest collecting power
toward calcite. Therefore, in comparison with OHA

and OHA+AEXE, HAOODE exhibited the
preferable flotation characteristics for recovering
malachite versus quartz and calcite from pH 7.5 to
10.5.
3.2.2 Separation of malachite from its artificial
mixture with calcite or quartz

The flotation separation results of malachite
from its mixture with calcite or quartz (the mass
ratio of malachite to calcite or quartz was 1:1) with
HAOODE collector were presented in Fig. 4.
Figure 4(a) demonstrated that at 1.50x10~> mol/L
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Fig. 4 Flotation results of artificially mixed minerals as function of pH at 1.50x10> mol/L HAOODE (a, c) and as
function of initial HAOODE concentration at pH 9.7+0.1 (b, d)

HAOODE, the preferred pH values for
beneficiation of malachite from its mixture with
calcite were 8.5—10.5 where more than 80.0%
malachite particles were floated out with less than
15.0% calcite particles. Figure 4(b) indicated that at
pH ~9.7, HAOODE exhibited a good selectivity for
flotation enrichment of malachite, especially under
its concentration ranging from 7.50x10° to
1.75%10"° mol/L.

Comparing the flotation results in Figs. 4(a)
and (b) with those in Fig. 3, it was easy to conclude
that in the presence of calcite, the floatability of
malachite decreased, especially at pH<8.5 or
pH>10.5, which might be caused by the competitive
adsorption of malachite and calcite to HAOODE at
pH<8.5, or the cover effect of Ca(OH)" species on
malachite particles at pH>10.5 [28].

Figures 4(c) and (d) showed the flotation
results of malachite and quartz from their mixtures,
which showed that HAOODE held an excellent

flotation selectivity to malachite against quartz
under pH 6.0—11.6. In contrast to the flotation
results displayed in Fig. 3, in the presence of quartz,
malachite still maintained an admirable floatability,
and at pH around 9.7, 1.75x10~° mol/L HAOODE
floated out 99.0% malachite and 12.1% quartz from
their mixtures. Thus, quartz had an insignificant
influence on malachite flotation.

3.3 Zeta potential

The {-potential of fine malachite particles in
the presence and absence of 8.0x10~° mol/L
HAOODE was shown in Fig. 5. As observed from
Fig. 5, the isoelectric point (IEP) of malachite
occurred at pH about 8.7, near to the reported
values [29]. In the presence of HAOODE, the
IEP of malachite moved to lower pH at about
7.4, which might be owed to the anchor of
HAOODE species with the surface copper sites on
malachite.
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Fig. 5 Effect of pH on {-potential of malachite in the
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3.4 AFM results

The morphologies of malachite surfaces with
or without HAOODE modification were illustrated
in Fig. 6. The newly-polished malachite surfaces
displayed a smooth appearance with 0.35 nm root-
mean-square (RMS) roughness despite showing
distinct scratches. After immersing in 5x107° mol/L
HAOODE solution for 5 min, the whole malachite
surfaces featured plenty of small aggregates with a
RMS roughness increasing to 0.83 nm, and the
previous scratches dramatically weakened. With
extending the immersing time to 30 min, the
roughness of malachite surfaces significantly
increased to 2.06 nm RMS, and the scratches
originated from polishing operation were invisible.
Therefore, AFM images clearly demonstrated that
HAOODE aggregated on the whole malachite
surfaces, which was the reason why HAOODE
realized the surface hydrophobization and flotation
recovery of malachite particles.

3.5 XPS spectra
3.5.1 Survey XPS

The XPS-detected elements and their atomic
compositions of HAOODE, malachite, and
HAOODE-modified malachite were shown in
Fig. 7 and Table 1. As illustrated from Fig. 7 and
Table 1, the mole ratio of C to O to S and to N for
HAOODE was measured to be about 11:3:2:1,
which was in good agreement with its molecular
formula of C;;H»0;S,N except the undetected H.
And the mole ratio of copper to HAOODE in
Cu—HAOODE compounds was 1:1 [22]. As we
have known, the chelating proportion of cupric ion
to hydroxamate group is 1:2 in their five-membered

Fig. 6 AFM topographic images (5 um X 5 pm) of
newly-polished malachite surface (a) and after
HAOODE treatment for 5 min (b) and 30 min (c)

Cu 2p;,, Cu2p,

0 200 400 600 800 1000 1200
Binding energy/eV

Fig. 7 XPS survey spectra of malachite before (a) and
after treatment of HAOODE (b) and HAOODE (c)
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hydroxamate—(0,0)—Cu(é —Cu(Ill)—O —N=—C -)
structure [23]. Thus, besides —C(=—0)—NH—OH,
the C(=S)—S— group might attend the bonding
interaction with copper atom(s) in the Cu—
HAOODE complexes [22]. For HAOODE-
modified malachite, the appearing sulfur and
nitrogen XPS peaks meant that HAOODE anchored
on malachite surfaces.
3.5.2 High-resolution XPS

Figure 8 (S 2p) and Table 2 (S 2p) displayed
that the S 2p;, XPS bands [6] of HAOODE were
composed of two nearly equal compositions
separately at about 161.92 and 163.36 eV, which
were attributed to the S atoms in the C=S
and C—S—C groups [30], respectively. After
HAOODE adsorption on malachite, the XPS band
of S related to C=S shifted from 161.92 to
162.58 eV [22], which inferred the electron
donation of thiocarbonyl S atom to surface
copper atom(s) with forming Cu—S bond(s) on
malachite [30]. Meanwhile, the thioether S further
delocalized its electron(s) to the —O—C(=S)—
S— group to compensate the electron loss of
thiocarbonyl S atom, leading to its binding energy
increasing from 163.36 to 163.85 eV [22].

Table 1 Mole fraction of elements as determined by XPS

As observed from Fig. 8(N 1s) and Table 2
(N 1s), the N 1s XPS of HAOODE appeared at
about 400.29 eV. After HAOODE interaction, the
N 1s peak arose at around 399.84 eV on malachite,
which was very close to that at about 399.93 eV for
Cu—HAOODE precipitates [22]. Figure 8(O 1s)
and Table 2 (O 1s) showed that the O 1s XPS bands
of HAOODE included three compositions with
similar peak area, being assigned to the O atoms of
OH (530.83 eV) [31], C==0 (532.43 V) [32] and
C—0—C (533.00 eV) groups, respectively. For the
Cu—HAOODE complex [22], its O 1s XPS bands
contained two characteristic peaks at about 532.00
and 533.30 eV, being attributed to the two O atoms
in —C(—O0 )=N—0 group [32] and the ether O
atom in C—O—C(—S)—S— group [33,35],
respectively.

Figure 8(Cu 2p) and Table 2 (Cu 2p) elucidated
that Cu 2p;,, binding energy of malachite was about
934.88 eV, being identical to cupric oxide
species [6,36]. After HAOODE treatment, the
Cu 2p;, XPS bands of malachite changed into two
Gaussian—Lorentzian compositions at about 934.92
and 932.89 eV, respectively, with proportions of
59.52% and 40.48%, which were identical to Cu(Il)

Mole fraction/%

Mole fraction ratio to Cu/%

Species
Cls Nl1s Ols S2p Cu2p Cls NIl1s Ols S2p Cu2p
HAOODE 6543 591 17.16 11.50 - - - - - -
Malachite [6] 26.32 040 49.78 - 23.50 .12 0.02 212 - 1.00
Malachite treated by HAOODE 41.94 3.18 3321 6.59 15.09 278 021 220 044 1.00

DB

| HA

. | Mal-HA

Mal

L))

L L L ) L L )Y
930 933 936 939 530 532 534 536 398
Binding energy/eV

400 402 160 162 164 166

Fig. 8 XPS spectra of Cu 2p;,, O 1s, N Is and S 2p (HAOODE(HA), malachite (Mal) before/after HAOODE

adsorption)



Sheng LIU, et al/Trans. Nonferrous Met. Soc. China 30(2020) 2536—2546 2543
Table 2 Results of deconvolution with Gaussian—Lorentzian bands of S 2p, N 1s, O 1s and Cu 2p
Band Species Binding energy/eV. ~ FWHM?®eV  Mole fraction/% Assignment
161.92/163.10° 1.08/1.08 36.36/18.55 Sc—s[22,30]
HAOODE b
- 163.36/164.54 1.22/1.22 29.82/15.27 Sc—s—c[22,30]
P 162.58/163.76° 1.70/1.70 33.67/17.17 Ss—cu[30]
Malachite adsorbed HAOODE b
163.85/165.03 1.44/1.44 32.66/16.50 Sc—s—c[22,30]
N HAOODE 400.29 1.43 100.00 Ne—n~-0[30]
S
Malachite adsorbed HAOODE 399.84 1.52 100.00 Ne—~n-0[22]
530.83 1.42 34.01 On-—0[31]
Ols HAOODE 532.43 1.22 33.33 Oc—o [32]
533.00 1.24 32.66 Oc-—0[33]
Malachite [6] 934.88 2.83 100.00 Cu(Il) [6]
Cu?2p ) 932.89 2.06 40.48 Cu(D)—S [34]
Malachite treated by HAOODE
934.92 2.50 59.52 Cu(ID)—O [6]
*FWHM: Full width of half maximum; b(S 2p32)/(S 2pir)
oxide [6] and Cu sulfide species [34]. This implied was easy to conclude from the XPS

the bonding interaction of interface Cu(Il) on
malachite ~ with  both  hydroxamate  and
dithiocarbonate groups of HAOODE, being
consistent to the interaction of HAOODE with
cupric ion [22]. By comparing the Cu 2p, S 2p and
N 1s XPS peaks of HAOODE-treated malachite
with those of Cu—HAOODE complexes, it was
easy to conclude that malachite chemisorbed
HAOODE via forming Ca—HAOQODE complexes.

4 Discussion

HAOODE  exhibited  stronger  hydro-
phobization toward malachite than OHA and
OHA+AEXE, and it also achieved higher flotation
recovery of malachite than OHA and OHA+AEXE
at pH 6.0-10.5. AFM images clearly showed that
HAOODE aggregated on the whole surface of
malachite, which realized the surface
hydrophobization and flotation recovery of
malachite particles. The existence of HAOODE
led to a negative move of malachite’s {-potential at
pH 6.5-10.6. At pH>9.5, malachite particles
were negatively charged (see Fig.5) and the
—C(=0)—NH—OH of HAOODE was ionized to
—C(=0)—NH—O anion [37]. Nevertheless,
HAOODE anions did adsorb onto malachite
surfaces (see Fig. 5), implying that there existed a
strong chemisorption between them enough to
overcome their electrostatic repulsion [38]. It

observation that malachite adsorbed HAOODE
via forming Cu — HAOODE complexes in
which the five-membered hydroxamate—(0,0)—
Cu(0—Cu(l)—O0—N—C—) and —O—C(—S—
Cu)—S— configurations co-existed [32,39].

Based on the findings and discussion
mentioned above, a potential self-assembly model
of HAOODE on the malachite surfaces was
proposed as presented in Fig. 9(a). HAOODE
self-assembled on malachite surfaces by bonding
surface copper atoms through both —O—C(=S)
—S— and —C(=0)—NH—OH groups to build
Cu—S and O — Cu(Il) —O bonds. For the
hydroxamate — (O,0) — Cu configuration, its
valence electrons could readily delocalize in the
five-membered ring, leading to an increasing
electron density around its N atom thus to lower the
N 1s binding energy as shown in Fig. 8(N 1s) and
Table 2(N 1s). In the —O—C(—S—Cu)—S—
structure, the S atom of C=S group in HAOODE
molecule donated its valence electrons to Cu
atom to form Cu—S bond(s). To compensate the
withdrawal of electrons from —O—C(=S)—S—
group, the ether O and thioether S atoms
contributed part electron(s) to the C—S—Cu group,
causing increasing O 1s and S 2p binding energies
of the ether O and thioether S atoms in the —O—
C(—S—Cu)—S— group. As a comparison, the
adsorption models of OHA or OHA+AEXE on
malachite surfaces were also recommended and
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Fig. 9 Potential hydrophobicity model of HAOODE (a),
OHA (b) and OHA+AEXE (c¢) on malachite surfaces

presented in Figs. 9(b) and (c) [40,41].

In contrast with a single-functional-group
chelator, a difunctional group molecule commonly
forms preferably stable complexes with metal
atoms [16,42]. Thus, the hetero-difunctional-group
HAOODE should generate more stable Cu
complexes on malachite surfaces than the single-
functional-group OHA and AEXE. Furthermore, the
—O0—C(=S)—S— and —C(=0)—NH—OH
groups in HAOODE molecule are connected
through the —CH,— group which is stable enough
to conquer the potential repulsive interaction
between the two hetero-difunctional groups during
HAOODE approach to malachite. As a result,
HAOODE might align closer on malachite
surfaces than OHA and OHA+AEXE as shown in
Fig. 9 [43,44]. Figure 9(c) showed that the
co-adsorption of AEXE with OHA decreased the
hydrated region of malachite surfaces, while the
steric hindrance between their hydrophobic carbon
chains would weaken their close alignment. In
addition, the co-adsorption of HAOODE’s hetero-
difunctional groups formed the “loop” structure on
malachite surfaces [6], which caused the “h” shape
steric  orientation of HAOODE’s  double

hydrophobic  groups to  display  stronger
hydrophobization toward malachite than the “line”
or “V” hydrophobic carbon chains of OHA or
AEXE. Therefore, HAOODE achieved the
preferable flotation recovery of malachite particles
in comparison with OHA and AEXE.

5 Conclusions

(1) The hydrophobization of HAOODE toward
malachite was stronger than that of OHA and
OHA+AEXE. And HAOODE achieved higher
flotation recovery of malachite than OHA and
OHA-+AEXE at pH 6.0-10.5.

(2) AFM images clearly demonstrated that
HAOODE aggregated on the whole surface of
malachite, which  realized the surface
hydrophobization and flotation recovery of
malachite particles. The existence of HAOODE led
to a negative move of malachite’s {-potential at pH
6.5-10.6. XPS recommended that malachite
chemisorbed HAOODE to form Cu—HAOODE
complexes in which the hydroxamate—(0,0)—
Cu(0—Cu(l)—0—N—C—) and —O—C(—S—
Cu)—S— configurations co-existed.

(3) The co-adsorption of HAOODE’s hetero-
difunctional groups on to malachite was more stable
than the single-functional-group adsorption of OHA
and AEXE, which produced the “loop” structure
and intensified the self-assembly alignment of
HAOODE on malachite surfaces. In addition, the
“h” shape steric orientation of the double
hydrophobic groups in HAOODE facilitated
stronger hydrophobization toward malachite than
the “line” or “V” hydrophobic carbon chains of
OHA or AEXE. Thus, HAOODE achieved the
preferable flotation recovery of malachite particles
in comparison with OHA and AEXE.
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