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Abstract: Mechanical activation (MA) of malachite was carried out by dry planetary grinding (DPG) and wet Isa grinding (WIG) methods. When
the rotational speed was increased to 400 r/min in DPG, the specific surface area of malachite reached the maximum and the particle size reached
the minimum of 0.7–100 μm. Agglomeration occurred between mineral particles when the rotational speed was increased to 580 r/min in DPG.
However, no agglomeration was observed among particles with sizes 0.4–3 μm in WIG. X-ray diffraction analysis showed that, at a 580 r/min ro-
tational speed in DPG, the amorphization degree of malachite was 53.12%, whereas that in WIG was 71.40%, indicating that MA led to amorph-
ization and distortion of crystal structures. In addition, in the Fourier transform infrared (FT-IR) spectra of activated malachite, the bands associ-
ated with –OH, and metal lattice vibrations of Cu–O and Cu–OH were weakened, and a new H–O–H bending mode and peaks of gaseous
CO2 appeared, indicating that MA decreased the band energy, enhanced dihydroxylation, and increased the chemical reactivity of the malachite.
Furthermore, the leaching behavior of copper ore was greatly improved by MA.
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1. Introduction

According to their proportion of oxide minerals and sulf-
ide  minerals,  copper  ores  can be  categorized as  sulfide  ores
containing less  than  10wt%  copper  oxide,  mixed  ores  con-
taining 10wt%–30wt% copper  oxide,  or  oxide ores  contain-
ing more than 30wt% copper oxide [1]. With the continuous
consumption  of  copper  sulfide  ores,  the  development  and
utilization of copper oxide ores is becoming increasingly im-
portant. Malachite (Cu2(OH)2CO3) is one of the most import-
ant minerals in copper oxide ores. At present, complex cop-
per oxide ores rich in malachite are used to produce copper
through various hydrometallurgical processes, including acid
leaching  [2–4],  ammonia  leaching  [5–7],  and  biological
leaching [8]. Such hydrometallurgical processes can achieve
substantial  copper  leaching  rates  but  with  the  disadvantages
of long leaching times, the generation of environmental pol-
lution, and high consumption of reagents.

Overcoming the  aforementioned  shortcomings  associ-
ated with leaching malachite-rich complex copper oxide ores
necessitates  pretreatment  before  leaching.  At  present,  the
common  pretreatment  methods  are  mechanical  activation
(MA) and electromagnetic wave activation (microwaves, ul-
trasound, etc.) [9]. MA is a process that can increase the in-
ternal energy and reaction activity of minerals through mech-
anical  forces  such  as  friction,  impact,  collision,  and  shear,
which lead to lattice distortion, lattice defects, and amorphiz-
ation  [10–11].  MA leads  to  changes  in  certain  properties  of
mineral particles, such as an increase in their specific surface
area  and  structural  disorder  [12],  an  enhancement  of  strain
[13],  an  increase  in  amorphization  [10],  alteration  of  their
microtopography  [14],  and  the  formation  of  new  phases
more  amenable  to  being  leached  [15].  Recent  studies  have
shown that the process of MA generally includes two grind-
ing  modes:  dry  and  wet  grinding  modes.  The  dry  grinding
mode  mainly  produces  the  milling  effects  of  rubbing  and 
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crushing that  cannot  reduce small  particles  to  finer  particles
[16]. However, the wet grinding mode relies on high-energy
agitation to effectively drive small grinding media and form a
large  number  of  compressed  rotating  media  layers  that  can
create  pressure  and  torsional  forces.  These  two  forces  are
much  more  effective  for  grinding  small  particles  than  the
rubbing  and  crushing  forces  generated  by  the  dry  grinding
mode  [17]. For  example,  the  X-ray  diffraction  (XRD)  ana-
lysis  of  activated  realgar  revealed  broadened  diffraction
peaks with diminished intensity after  activation;  in  addition,
the peak of an obviously amorphous phase appeared at 2θ =
16° [18].  In addition, Kleiv and Thornhill  [19] reported that
the specific  surface  area  of  olivine  was  substantially  in-
creased by MA, and that it was higher after combined activa-
tion by dry and wet modes (64.44 ± 2.13 m2/g) than after dry
activation alone (26.28 ± 1.28 m2/g). Tkáčová and Stevulová
[20]  investigated  the  effects  of  activation  of  carbonates  and
quartz by dry and wet  grinding in  air  and aqueous environ-
ments.  Their  results  showed  that  the  content  of  the  X-ray-
amorphous phase  in  the  ground  material  increased  with  in-
creasing  grinding  work  although  it  remained  unaffected  by
the grinding environment; in addition, the use of an aqueous
environment  resulted  only  in  an  enlarged  specific  surface
area of  the  ground  products.  Dry  grinding  experiments  in-
volving quartz-based malachite mixtures were carried out for
different grinding times by Tunç and Yildiz [21]. Their  res-
ults showed obvious effects of the MA phenomenon, such as
broadening of the XRD peaks, a reduction in XRD peak in-
tensity,  a  shift  of  the  XRD  angles,  and  the  generation  of

amorphous silicon.  However,  research  on  the  characteriza-
tion of activated malachite with regard to specific phases and
crystal  structures  as  well  as  the  leaching  effect  have  rarely
been reported.

In this work, the mechanism of MA and its effect on the
physicochemical  properties  of  malachite  by  dry  planetary
grinding (DPG)  and  wet  Isa  grinding  (WIG)  were  investig-
ated using XRD, scanning electron microscopy with energy-
dispersive  X-ray  spectroscopy  (SEM-EDS),  and  Fourier
transform infrared  (FT-IR)  spectroscopy.  The  results  of  this
study  not  only  reveal  a  convenient  method  for  obtaining
malachite but also provide a theoretical basis and significant
guidance  for  the  leaching of  malachite-rich  complex copper
oxide ores.

2. Experimental

2.1. Materials

The elements of malachite samples were analyzed by X-
ray fluorescence (XRF) spectroscopy; the results are presen-
ted in Table 1. The main elements were Cu, Co, Fe, and Si.
The quantitative analysis indicated that the sample contained
53.5wt% Cu with 5.3wt% C. Fig. 1 shows the XRD pattern,
confirming the  presence  of  malachite.  In  addition,  the  com-
plex copper ores rich in malachite were obtained by open-pit
mining  from  the  Luanshya  mining  area,  Zambia.  The  main
Cu-bearing  minerals  were  malachite,  chrysocolla,  and
pseudo-malachite [22].

2.2. Mechanical activation

In  this  study,  the  MA  of  malachite  was  performed  in  a
dry  planetary  mill  (QM3SP2  Planetary  mill,  China)  and  a
wet  Isa  mill  (ALC-1.5L  mill,  China).  The  dry  planetary
milling was conducted as follows: 15 g of malachite sample
was  combined  with  180  g  of  zirconia  grinding  balls,  where
the  mass  ratio  of  grinding balls  5,  10,  and 20 mm diameter
was 3:4:5,  respectively.  The samples were mechanically ac-
tivated at different rotation speeds from 200 to 580 r/min for
10 min (580 r/min was the rated speed). The conditions used
for  the  wet  Isa  milling  were  as  follows:  100 g  of  malachite
sample and 3600 g of ceramic grinding balls  (1 mm in dia-
meter),  and  800  mL  of  water  were  combined,  and  the
samples were mechanically activated at 2000 r/min for 10 min.

Table 1.    XRF analysis results for the malachite sample wt%

CuO Co2O3 Fe2O3 SiO2 HfO2 MgO Al2O3 P2O5 MnO Others
91.23 3.99 1.47 1.38 0.49 0.38 0.34 0.32 0.18 0.22
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Fig. 1.    XRD pattern of the malachite sample.
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2.3. Characterization

The  Brunauer–Emmett–Teller  (BET)  specific  surface
area was  determined  via  the  low-temperature  nitrogen  ad-
sorption method using a NOVA 1200e surface area and pore
size  analyzer.  The  values  were  calculated  according  to  the
BET  theory.  The  micro-morphologies  of  the  particles  were
characterized  by  SEM  using  an  electron  microscope  (Shi-
madzu  SSX-550)  equipped  with  an  EDS  detector.  The
particle  size  distribution  (PSD)  was  estimated  using  a  laser
particle  sizer  (Malvern  Instruments  Mastersizer  2000).  The
crystal structure  analysis  of  malachite  samples  was  conduc-
ted  through  XRD  (SmartLab)  analysis.  The  measurement
conditions were as follows: Cu Kα1 radiation, curved height
0.42,  scan  range  10°  ≤  2θ ≤  40°,  step  scan  with  a  speed  of
1°/min, U = 40 kV, I = 200 mA, T = 23.0°C. The chemical
bonds  of  malachite  samples  were  evaluated  using  FT-IR
spectroscopy  (VERTEX70)  over  the  mid-infrared  spectral
range from 450 to 3500 cm−1.

2.4. Leaching tests

In this  experiment,  the  leaching of  nonactivated  and ac-
tivated copper ores rich in malachite were carried out in sul-
furic acid. The leaching conditions were as follows: sulfuric
acid  0.5  mol/L,  temperature  30°C,  solid-to-liquid  ratio
50 g/L, stirring speed 300 r/min, and leaching time 120 min.

3. Results and discussion

3.1. Specific surface area

The  BET  specific  surface  area  (SBET)  of  nonactivated
malachite  samples  and  samples  mechanically  activated  by
different  grinding  methods  are  presented  in Fig.  2. Com-
pared with the BET specific surface area of the nonactivated
malachite, that of activated malachite was greater, indicating
that the particles  were further  refined.  For the malachite  ac-
tivated  by  DPG,  with  increasing  rotational  speed,  the  BET
specific  surface  area  increased,  reaching  a  maximum  of
14.158 m2/g  at  a  rotation speed of  400 r/min,  which is  1.43
times greater  than the BET surface area of  the nonactivated
sample. However, the BET specific surface area of malachite
decreased unexpectedly  when  the  rotational  speed  was  in-
creased  to  580  r/min.  The  mineral  samples  adhered  to  the
balls  and  sunk  to  the  bottom  at  the  highest  grinding  speed
(580  r/min)  in  DPG,  leading  to  agglomeration  between  the
small  mineral  particles  and  to  adsorption  of  the  small
particles onto the surface of the large particles [23]. In addi-
tion,  a  BET  specific  surface  area  of  25.280  m2/g  was
achieved in WIG, which is 2.56 times greater than that of the

nonactivated  sample.  Although  the  rotational  speed  (2000
r/min) of the Isa mill was almost 3.45 times greater than that
of the planetary mill (580 r/min), no agglomeration was ob-
served  between  particles  and  the  grains  were  much  finer  in
the  sample  subjected  to  WIG.  This  result  was  attributed  to
the high-strength wet agitation of the Isa mill effectively dis-
persing the particles rather than inducing their agglomeration
[24].

3.2. Particle micromorphology and size distribution

3.2.1. Particle micromorphology
Fig. 3 shows the SEM-EDS images of malachite samples

activated  by  different  grinding  methods.  As  shown  in Fig.
3(a),  the  nonactivated  malachite  consisted  of  compact
particles with different sizes and patterns. The patterns were
irregular  in  shape,  with  a  clear  rhombus  angle  and  smooth
surface.  Additionally,  the  uneven  sizes  of  the  malachite
particles  indicated  that  they  lacked  homogeneity.  When  the
DPG rotational  speed  was  increased  to  200  r/min,  the  mor-
phological features of the malachite samples were obviously
changed.  These  changes  were  reflected  by  a  sharp  decrease
in  particle  size  and  a  roughened  surface,  as  shown  in Fig.
3(b).  As  the  rotational  speed  was  increased  to  580  r/min  in
DPG,  the  malachite  samples  were  substantially  transformed
from  angular  shapes  to  sphere-like  structures.  Nevertheless,
serious  agglomeration of  the  malachite  particles  is  appeared
at rotational speed of 580 r/min in Fig. 3(c), consistent with
the  results  of  the  BET  specific  surface  area  shown  in Fig.
2(d).

Compared with the particles of malachite samples activ-
ated  by  DPG,  those  of  the  samples  activated  by  WIG were
extremely small and dispersed uniformly, with no agglomer-
ation  (Fig.  3(d)).  This  phenomenon  is  attributed  to  the  fact
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Fig. 2.      BET specific  surface  area  of  malachite  samples  activ-
ated  by  different  grinding  methods:  (a)  nonactivated;  (b)  200
r/min in DPG; (c) 400 r/min in DPG; (d) 580 r/min in DPG; (e)
WIG.
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that the high-strength wet agitation in WIG paves no way for
the  particles  to  mutually  agglomerate.  In  addition,  the  EDS
spectrogram  reveals  that  no  phase  transformation  of
malachite occurred during either DPG or WIG.
3.2.2. Particle size distribution

The  PSD  curves  of  the  malachite  samples  activated  by
different grinding methods are presented in Fig. 4. The PSD
curve  of  the  nonactivated  malachite  shows  a  single,  broad
peak  corresponding  to  a  size  range  from  0.5  to  300  μm.
However, the PSD curves for the samples activated by DPG
show broad distributions with multiple peaks. When the rota-
tional  speed  was  200  r/min,  the  particle  size  range  was
0.4–250  μm.  As  the  rotational  speed  was  increased  to  400
r/min, the particle size range still was 0.4–250 μm while the
distribution  of  large  particle  decreased.  As  the  rotational
speed  was  increased  further  to  580  r/min,  the  particle  size
range  increased  to  0.4–500  μm.  The  abnormal  PSD  of  the
sample  activated  by  DPG  at  580  r/min  is  attributed  to  the

higher grinding speed causing the mineral samples adhere to
the  balls  and  sink  to  the  bottom,  leading  to  agglomeration
among  the  small  mineral  particles  and  to  adsorption  of  the
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Fig. 3.    SEM images and EDS analyses of malachite samples activated by different grinding methods: (a) nonactivated; (b) 200 r/min
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small  particles  onto the surface of  the large particles,  which
led to larger particles.  This result  is consistent with the ana-
lysis of  the  BET  specific  surface  area  and  the  aforemen-
tioned particle micromorphology.

The results in Fig. 4 also show that the peak in the PSD
curve of  the  sample  subjected  to  WIG  was  single  and  nar-
row, corresponding to small,  0.4–3 μm particles.  This result
differs substantially from the single peak in the curve of the
nonactivated  malachite  sample,  which  contained  large,
10–300 μm particles, indicating that the micro refinement ef-
fect of WIG was remarkable.

3.3. XRD crystal structure analysis

Fig. 5 represents the XRD patterns of malachite samples
activated by different grinding methods. In addition, the cor-
responding  crystal  lattice  parameters  are  presented  in
Table 2, which also includes the average apparent crystallite
size D and  the  average  maximum  strain ε.  The  results  in
Table 2 indicate that the parameters a, b, c, V, and D gradu-
ally  decreased  as  the  rotational  speed  was  increased  to  400
r/min in DPG. At this speed, the parameters a, b, c, V, and D
reached their minimum values, in accordance with the max-
imum  specific  surface  area  as  well  as  the  smallest  particle
size,  as  previously  discussed.  However,  when  the  rotational

speed was increased to 580 r/min, the values of parameters a,
b, c, V,  and D did  not  continue  their  previous  decreasing
trend  but  instead  increased  because  of  agglomeration  of  the
mineral particles. Unexpectedly, the average maximum strain
ε gradually  increased  from  0.022%  for  the  nonactivated
sample to 0.034% for the sample activated at 580 r/min, in-
dicating that greater surface energy was produced at high ro-
tational  speeds  in  DPG,  leading  to  a  continuous  increase  in
the  particle  lattice  distortion.  Moreover,  the  smallest  values
of parameters a, c, V, and D and the highest average maxim-
um strain ε of 0.045% were achieved in WIG, which indic-
ates that the effects of reducing the particle crystallinity and
increasing the amorphization in WIG were far more signific-
ant than those in DPG.

The  XRD patterns  in Fig.  5 clearly  show that  the  XRD
diffraction peak characteristics  changed,  but  no phase  trans-
ition was observed for the malachite samples activated by the
different grinding methods. With increasing rotational speed
in DPG, the XRD diffraction peaks of the activated samples
generally  broadened  and  their  intensities  decreased.  This
phenomenon  was  more  evident  in  WIG,  indicating  that  the
distortion of the crystal structure and increase in the amorph-
ization  degree  in  WIG  were  more  obvious  than  those  in
DPG.  Additionally,  the  amorphization  degree  of  malachite
was calculated by the equation [25−26].

Fig. 6 shows the amorphization degrees of malachite ac-
tivated by different grinding methods. These results indicate
that the amorphization degrees of malachite increased gradu-
ally with increasing rotational speed during DPG. When the
rotational speed was at 580 r/min in DPG, the amorphization
degrees was  53.12%,  whereas  it  was  71.40%  in  WIG,  fur-
ther indicating that the effect of MA by WIG was better than
that by DPG.

3.4. FT-IR bonding analysis

Fig. 7 shows the FT-IR spectra of malachite samples ac-
tivated  by  different  grinding  methods.  The  main  absorption
peaks  in  the  FT-IR  spectra  are  shown  in Table  3 [27].  The
spectra in Fig.  7 show that  the intensive bands of malachite

Table 2.    Crystallographic data and microstructural parameters of malachite samples activated by different grinding methods

Grinding methods a / nm b / nm c / nm β / (°) V / nm3 D / nm ε / %
Nonactivated 0.95081 1.19644 0.32446 98.6251 0.36492 75.8 0.022

200 r·min–1 in DPG 0.95009 1.19615 0.32444 98.6933 0.36450 75.5 0.023
400 r·min–1 in DPG 0.94950 1.19581 0.32440 98.6181 0.36448 74.0 0.032
580 r·min–1 in DPG 0.95023 1.19572 0.32437 98.6946 0.36458 74.5 0.034

WIG 0.94901 1.19603 0.32435 98.6693 0.36436 59.9 0.045
Note: a, b, c, and β are unit-cell parameters; V is the unit-cell volume; D is the average apparent crystallite size; ε is the average
maximum strain.

 

0
2
4
6

0
2
4
6

0
2
4
6

0
2
4
6

12 16 20 24 28 32 36 40
0
2
4
6

In
te

n
si

ty
 /

 (
1
0

4
 c

o
u
n
ts

)

2θ / (°)

(e)

(d)

(c)

(b)

(a)

Fig. 5.    XRD patterns of malachite samples activated by differ-
ent grinding methods: (a) nonactivated; (b) 200 r/min in DPG;
(c) 400 r/min in DPG; (d) 580 r/min in DPG; (e) WIG.

296 Int. J. Miner. Metall. Mater., Vol. 27, No. 3, Mar. 2020



samples  can  be  divided  into  four  regions:  2800–3500  cm−1,
1000–1500  cm−1,  650–950  cm−1,  and  <650  cm−1, respect-
ively.  The  centered  bands  of  3404.40,  3313.24,  1490.92,
1386.69,  1096.27,  1046.17,  819.73,  748.04,  712.03,  569.98,
and  523.53  cm−1 were  determined  for  a  nonactivated
malachite  sample.  However,  some bands clearly  changed in
intensity, number, and position in the spectra of the activated
samples,  especially  the  sample  activated  by  DPG  at  580
r/min and that activated by WIG.

Fig. 7 shows that, as the rotational speed was increased to
400 r/min in DPG, the intensity and area of most of the ab-
sorption  bands  remained  unchanged;  however,  the  bands
changed  when  the  rotational  speed  was  increased  to  580
r/min.  This  observation  was  attributed  to  the  activity  of  the
mineral  group  being  enhanced  by  the  high-energy  grinding,
resulting  in  instability  of  the  chemical  bonds  [28]. In  addi-
tion, the intensity and area of the absorption bands increased
substantially  in  the  spectra  of  the  sample  activated  by  WIG
compared with those in the spectra of the samples activated
by DPG and the nonactivated samples.  That  is,  the intensit-
ies  of  these  bands  were  enhanced  with  increasing  mineral
disorder induced by grinding [29].

Goldsmith and Ross [27] have reported that the symmet-
rical vibration bands ν(–OH) groups appear at 3400 and 3320
cm−1 [27].  Tunç  and Yildiz  [21] mechanically  activated  im-

pure  malachite  containing  quartz  and  showed  that  the  two
–OH  bands  disappeared  after  activation.  However,  because
of  the  high  purity  of  malachite  samples  used  in  the  present
study,  the  two  bands  were  still  present  at  3404.40  and
3313.24  cm−1 in  the  spectra  of  the  activated  malachite.  We
also found  that  the  position  of  the  –OH  symmetrical  vibra-
tion band remained almost unchanged in the spectra of DPG
and WIG compared with that  in the spectrum of the nonac-
tivated malachite.  Nevertheless,  the positions of  the two de-
formation  vibration  bands δ(–OH)  at  1046.17  and  870.15
cm−1 slightly shifted to 1047.40 and 876.42 cm−1 in the spec-
trum  of  the  sample  activated  by  DPG  at  580  r/min  and  to
1048.21 and 878.48 cm−1 in the spectrum of  the sample ac-
tivated  by  WIG,  respectively.  The  center-shift  of  a  band  to
higher frequency indicates a decrease in bond strength [30],
suggesting  that  the  –OH  bond  was  weakened  and  that  the
free  –OH  content  was  increased.  In  the  meantime,  a  new
band  attributed  to  the  H–O–H  bending  mode  gradually
emerged  at  1780.78  cm−1, whereas  no  such  band  was  ob-
served  in  the  spectrum  of  the  nonactivated  malachite  [31],
confirming  that  the  structure  of  –OH was  converted  to  free
water via DPG and WIG [32]. Dehydroxylation is mediated
by the interaction of two hydroxyl groups in a two-step pro-
ton  transfer  process  that  results  in  the  formation  of  a  water
molecule and in a chemically bonded oxygen atom being left

Table 3.    Assignment of main absorption peaks in the infrared spectra of malachite samples

Grinding methods ν(–OH) δ(–OH) CO2−
3ν1( ) CO2−

3ν2( ) CO2−
3ν3( ) CO2−

3ν4( ) Cu–O Cu–OH

Nonactivated 3404.40 3313.24 1046.17 870.15 1096.27 819.73 1490.92 1386.69 748.04 712.03 569.98 523.52
200 r·min–1 in DPG 3404.49 3313.95 1046.85 872.77 1096.38 820.69 1491.35 1387.41 748.36 711.92 571.59 523.66
400 r·min–1 in DPG 3404.51 3314.68 1047.37 874.94 1096.40 820.92 1492.93 1388.36 748.86 712.09 571.24 524.13
580 r·min–1 in DP 3404.29 3315.77 1047.40 876.42 1096.77 821.01 1493.06 1389.24 749.34 712.40 572.52 524.41

WIG 3404.77 3317.31 1048.21 878.48 1096.92 821.17 1494.79 1389.58 750.25 712.86 583.76 524.89
Ref. [27] 3400 3320 1045 875 1095 820 1500 1400 748 710 570, 580 522
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in the form of a superoxide anion in the lattice. This reaction
process is represented chemically in Eqs. (1) and (2) [33]:
OH−⇌ H++O2− (1)

H++OH−⇌ H2O (2)

CO2−
3

CO2−
3

CO2−
3
CO2−

3

CO2−
3

CO2−
3

CO2−
3

The  position  of  the  symmetric  stretching  vibration
ν1( )  at  1096.27  cm−1 was  unchanged  in  the  spectra  of
the  samples  activated  by  WIG  and  by  DPG  at  580  r/min.
However,  the  unsymmetrical  stretching  vibrations ν3( )
shifted from 1386.69 and 1490.92 cm−1 in the spectra of non-
activated malachite to 1389.24 and 1493.06 cm−1 in the spec-
trum  of  the  sample  activated  by  DPG  at  580  r/min  and  to
1389.58 and 1494.79 cm−1 in the spectrum of the sample ac-
tivated by WIG [34]. In addition, the peak positions of the in-
plane bending vibration ν2( ) at 819.73 cm−1 and the out-
of-plane  bending  vibrations ν4( )  at  748.04  and  712.03
cm−1 shifted to 821.17 and to 750.25 and 712.86 cm−1 in the
spectrum of the sample activated by WIG, respectively. The
shift of  a  band  center  to  higher  frequencies  indicates  a  de-
crease in bond strength [30]. Therefore, in combination with
the results showing that the bands of  shifted to a high-
er  position and the intensity increased,  these results  indicate
that  the  absorption  bands  associated  with  groups be-
came  gradually  weaker.  Moreover,  we  observed  that  a  new
band at 2366.71 cm−1 appeared in the spectra of the samples
activated by DPG at 200, 400, and 580 r/min. The new band
was attributed to  gaseous CO2, which was generated by de-
composition  of  the  atmosphere  or  groups  [35],  as
shown  in  Eq.  (3).  However,  the  new  band  of  gaseous  CO2

nearly  disappeared  in  the  spectrum  of  the  sample  activated
by  WIG,  leading  to  the  presumption  that  the  gaseous  CO2

was dissolved in water, as shown in Eq. (4):
Cu2(OH)2CO3 = 2CuO+H2O+CO2 ↑ (3)

CO2+H2O = H2CO3 (4)

The absorption bands of metal lattice vibrations of Cu–O
and Cu–OH appear at 569.98 and 523.52 cm−1, respectively.
Their  positions  shifted  to  572.52  and  524.41  cm−1 in  the
spectrum of the sample activated by DPG at 580 r/min and to
583.76 and 524.89 cm−1 in the spectrum of the sample activ-
ated  by  WIG,  thereby  demonstrating  that  the  effect  of  MA
was more remarkable in WIG than in DPG.

4. Leaching tests of samples activated by differ-
ent grinding methods

Fig. 8 shows the leaching results for malachite-rich com-
plex copper ore activated by different grinding methods and
leached in sulfuric acid.  The copper leaching rate obviously

increased rapidly before 40 min and then increased slowly at
200  r/min  in  DPG,  similar  to  the  nonactivated  ore.  For  the
ores activated at 400 and 580 r/min, the leaching rate of cop-
per  increased  rapidly  before  10  min  and  then  increased
slowly.  However,  we found that  the leaching rate of  copper
was extremely high before 2 min and then increased slowly
in  WIG.  Although  agglomerated  particles  were  observed  in
the aforementioned analysis of the samples activated by DPG
at 580 r/min,  the leaching rate of  ore activated at  580 r/min
was  slightly  greater  than  that  of  the  ore  activated  at  400
r/min,  which  is  a  consequence  of  a  more  distorted  crystal
structure  and  a  greater  amorphization  degree  of  samples
ground  at  higher  speeds.  Therefore,  the  order  of  copper
leaching rate with respect to different grinding methods was
achieved as follows: WIG > DPG > nonactivated, which well
matches  the  results  of  the  analyses  of  the  specific  surface
area,  PSD,  and  amorphization  degree  of  the  activated
malachite.

5. Conclusions

(1)  The  malachite  samples  were  mechanically  activated
in DPG and WIG. The samples activated by WIG exhibited
remarkable  improvements  in  specific  surface  area,  particle
micromorphology,  PSD,  crystal  structure,  and  chemical
bonding.

(2)  Agglomeration  occurred  between  the  mineral
particles  when  the  rotational  speed  was  increased  to  580
r/min in  DPG. However,  no particle  agglomeration was ob-
served for the samples activated by WIG, which exhibited a
particle size of 0.4–3 μm.

(3) XRD analysis indicated that no phase transformation
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of  the  activated  malachite  occurred  in  either  DPG  or  WIG;
however,  the  amorphization  of  the  samples  gradually
changed.  When  the  rotational  speed  was  at  580  r/min  in
DPG,  the  amorphization  degree  of  malachite  was  53.12%,
whereas  it  was  71.40% in  WIG,  showing  that  MA leads  to
amorphization  and  to  distortion  of  the  malachite  crystal
structure.

CO2−
3

(4) In  the  FT-IR  analysis,  the  absorption  bands  associ-
ated with –OH vibrations,  vibrations, and metal lattice
vibrations  of  Cu–O  and  Cu–OH  weakened  and  a  new
H–O–H bending mode as well  as gaseous CO2 appeared on
the activated malachite minerals, indicating that MA can de-
crease the  band  energy,  enhance  dihydroxylation,  and  in-
crease  chemical  reactivity,  especially  when  conducted  by
WIG.

(5) The leaching properties of malachite-rich copper ore
with respect  to  different  grinding  methods  were  greatly  im-
proved,  especially  the  WIG,  which  well  matches  the  results
of  the  analyses  of  the  specific  surface  area,  PSD,  and
amorphization degree of the activated malachite.
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