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Molecular-scale visualization of hydration structures at solid-liquid interfaces

Hirofumi YAMADA

Department of Electronic Science & Engineering, Kyoto University

Abstract

Solid-liquid interfaces play essentially important roles in various physical,
chemical and biochemical processes such as crystal growth, microscopic electrode
reactions and specific ligand bindings. Investigations of atomic-scale structures and
interactions at the solid-liquid interfaces are significantly crucial for understanding
these processes. Frequency-modulation atomic force microscopy (FM-AFM) is a
powerful technique, which is capable of atomic-scale imaging of a wide variety of
material surface even in liquid environments. In addition, since three-dimensional
(3D) force mapping method based on FM-AFM has been developed to analyze the 3D
nanoscopic space over a sample surface, the method allows us to visualize the
hydration structure and the electric double layers at the solid-liquid interface. Here,
we report the molecular-scale hydration layers and the surface charge densities on
silicate crystal surfaces as well as DNA molecules investigated by 3D force mapping

method.
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Fig. 1 Schematic of hydration structure at a
solid-water interface. Left curve shows the number
density n(z) of water molecules, where n- denotes
the density of bulk water.
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Fig. 2 Typical DLVO force (solid curve) between a sphere
(AFM tip) and a flat sample surface having charge densities of
o, and o, respectively, as a function of tip-to-surface
distance (o,= 0.049 C/m?, o= 0.0018 C/m?). The dotted
curve shows the electric double layer force r, A
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Fig. 3 Schematic of frequency modulation atomic force
microscopy (FM-AFM). Right: a typical cantilever
resonance curve (fp) when the tip is far from the sample
surface and the one (f ’g) when it is brought down into the
proximity of the sample.
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Fig. 4 Schematic of three-dimensional (3D) force/
frequency shift (Af) mapping method.
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Fig. 5 (a) Three z-x 2D cross sections of the 3D frequency shift map at three different y-positions, respectively. (b) Three x-y

2D cross sections at three different z-positions, respectively.
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Fig. 6 (a) and (b) 2D x-y force maps at two different
tip-sample separations each corresponding to the z-position
indicated by the triangle in (c). (d) Site-specific interaction
force versus distance curves on the locations indicated by
the dots in (a).
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Fig. 7 Crystal structure of clinochlore crystal, which is
composed of negatively charged talc-like layer  (T:
oxygen octahedral layer) and positively charged
brucite-like layer (B: silicate tetrahedral layer).
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Fig. 8 (a) 2D (110) z-x force map of the 3D force map on the clinochlore (001) surface. (b) and (d) 2D z-x force maps along on the T
region and the B region. (c) and (e) Theoretical z-x 2D-normalised water (oxygen) density maps on the T region and the B region.
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Fig. 9. Representations of 3D-Af map of plasmid DNA
molecule on a PL layer obtained in 100 mM KCI solution.
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from the 3D-Af data in 100 mM solution. The arrows
indicate the helical periodicity of the DNA molecules,
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Mechanochemical activation of refractory copper sulfide minerals: a

route towards the enhancement of leachability

Giuseppe GRANATA, Masaya MINAGAWA,
Tatsuya KATO and Chiharu TOKORO

Department of Resources and Environmental Engineering, Faculty of Science and Engineering, Waseda
University

Abstract

We studied the mechanochemical activation of chalcopyrite by vertically stirred
ball milling (VSBM) to enhance copper dissolution. VSBM produced a dramatic
decrease of particle size from 100 to 13 um and the partial oxidation of the mineral.
Leaching after VSBM determined an increase of copper extraction from +10% to
+40%, depending on grinding conditions. Leaching kinetics was found to be
controlled by surface chemical reaction. Upon VSBM, copper extraction and
dissolution rate increased while leaching activation energy decreased from 68 to 56

kJ/mol.

Key words: chalcopyrite, mechanochemistry, activation, copper, kinetics

1. Introduction

The leaching of chalcopyrite in sulfate media is slow and/or
incomplete due to the formation of a protective layer of
elemental sulfur during oxidizing leaching'. Therefore, the
development of new technologies to enhance the extraction of
copper from chalcopyrite is highly required. Most of the
recent technological innovation are based on the addition of
strong oxidizing/reducing agents and/or chemical species like
pyrite or silver to create galvanic interactions’.

In this study, we investigated the mechanochemical
activation of chalcopyrite by vertical stirred ball milling
(VSBM). The mechanochemical activation method® is based
on  high-intensity  grinding  operations to  induce
physical-chemical modifications to the mineral/ore*. Possible
transformation are: (i) dramatic decrease of particle size®, (ii)
lattice distortions® and change of phase composition due to
redox reactions’ in the milling chamber. The second and third
phenomena are referred as “mechanochemical reaction” .
Mechanochemical activation methods do not require any toxic
or expensive chemicals and could be directly integrated

within the mineral processing section as dry or wet operation®.
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We investigated the effect of media milling/sample ratio and
quartz sand percentage (as dispersing agent to increase the
grinding surface area) on sample’s particle size, phase
composition and leaching performances in sulfuric acid-ferric
sulfate media. In addition, we studied the leaching kinetics on
activated and non-activated samples.

2. Material and methods

Vertical stirred media milling was performed using a
Powder Lab mill (Nippon coke, Japan) equipped with 80
zirconium balls and set at 700 rpm for 30 minutes. To
increase the grinding surface, quartz sand was mixed with
chalcopyrite prior to grinding. The effect of quartz sand
percentage and Zr balls/concentrate weight ratio on particle
size distribution and copper dissolution were thoroughly
investigated by mixing the 80 Zr balls with quartz sand and
copper concentrate up to the desired ratios.

Leaching was carried out in sulfuric acid-ferric sulfate
media for 24 hours, under magnetic stirring at 500 rpm and
controlled temperature. The concentrations of sulfuric acid
and ferric ion were set at 1 M and 23 g/L respectively, whilst
the suspension concentration was 15 g/L. Redox potential and
pH during leaching were continuously monitored through a
pH-OPR meter (Thermo Orion 9179BNMD). In the kinetic
study, sampling was performed at 2, 5, 15, 30, 60, 120, 240,

480 and 1440 minutes. During leaching, samples were taken
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by syringe, filtered by 0.1 pm syringe filters and stored for
analysis. After leaching, the suspension was filtered with 0.1
um membrane filters. The solid residues were vacuum-freeze
at -45° C and stored for analysis.

The particle size distribution of solid sample before and
after grinding was determined by laser diffraction particle size
analyzer (SALD-2300, Shimadzu, JAPAN). The phase
composition of was determined through x-ray diffraction by
using a Rigaku RINT Utimalll X-ray diffactometer with Cu
Ka radiation (k = 0.15406 nm) operated at 40 kV and 20 mA
emission). The concentration of dissolved metals was
determined by inductively-coupled plasma spectrometry
(ICP-AES, Thermofisher 5100).

3. Results and discussion

The cumulative particle size distribution of chalcopyrite
samples before and after VSBM under different operating
conditions is shown in Fig. 1. The P80% diameter of the
chalcopyrite concentrate before grinding was 110 pm. After
VSBM the P80% dramatically decreased between 15 and 30
um depending on the specific operating condition. The
ZrB/concentrate weight ratio was found to be the main factor
affecting the particle size as the P80% decreased from 23.7
pum to 19.5 and 12.2 pm by decreasing the weight ratio from
85to 61 and 8.5.

100 T 0%

90 1—m— 85-30%

80 {—=&— 85-60%
- —0—51-10%
& 70 1—o—51-30% &
50 60 4—2—51-60% K
£ 50 |—*—8510% X
2 —8—8.5-30% X
& 40 1—a—8.5-60% X
E- 30 {— > - NAC At
= 4
S 20

10 -

0

0.01 0.1 1 10 100 1000
Particle Size (um)

Fig. 1 - Cumulative particle size distribution of
chalcopyrite samples ground by VSBM under different

grinding conditions (NAC: non-activated sample).

In addition to a dramatic decrease of particle size, VSBM
induced also a change in the phase composition of the
chalcopyrite concentrate. As it can be observed in Fig. 2, the

XRD spectra of the sample after activation exhibited the [111]
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peak of CuO. This is likely to be the result of an oxidation
process induced by the large energy transfer in the air

atmosphere within the mill, as in reaction (1):

2CuFeS,,) + 0, — 2CuO(, + 2FeSy )
1t 4 Chakopyrite
i ] £ o ce o8 o 20C 5160 qute | o B
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x
s Jooo op o ac
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The dissolution of Cu from samples mechanochemically
activated by VSBM exhibited a significantly higher
dissolution of copper. The copper extractions obtained by
leaching the activated chalcopyrite samples for 24 hours at
298 K are shown in Fig. 3 for different grinding conditions.
As a comparison, the Fig. 3 shows also the copper extraction
of the sample non-ground by VSBM. The dissolution of
copper from the non-activated (NAC) chalcopyrite sample
was the lowest, accounting for about 20%. Clearly, grinding
by VSBM produced an increased of copper extraction from
+20 to +50%, depending upon grinding conditions. The
largest dissolution of Cu was obtained for ZrB/conc. = 61 and
Q% = 30%. Since this condition was not the one determining
the higher comminution (Fig. 1), it is reasonable to think that
the partial oxidation of chalcopyrite due to VSBM might

played a significant role in activating chalcopyrite.

70 ©85-10%
60 - 085-30%
Es0 = § A85-60%
= ®61-10%
£40 A W61-30%
£30 4 = A61-60%
520 ©8.5-10%
o x X 08.5-30%

10 A 8.5-60%

ol | xNAC

0 4 8 12 16 20 2

time (hours)

Fig. 3 Cu extraction from activated and non-activated (NAC)

chalcopyrite samples (temperature: 298 K, Zr/C: 61, Q: 30%)

In order to distinguish the leaching improvement due to
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size reduction from the one due to mechanochemical reaction,
we performed leaching experiments on activated and
non-activated chalcopyrite samples of the same size. For this

purpose, we sieved the samples obtained by grinding at Zr/C

61 and 30% of quartz sand and selected the fraction 35-43 pm.

This choice was performed because the 35-43 pum size
fraction can be found in the cumulative size distribution
curves of both activated (head of the curve) and non-activated
sample (tail of the curve).

The extracted fractions of copper at different temperatures
are shown in Fig. 4. Temperature played a great role in the
enhancement Cu dissolution. More importantly, the
dissolution of Cu upon activation was significantly higher
even though activated and non-activated samples exhibited
the same the particle size. In addition, the mechanochemical
activation determined a dramatic increase of copper
dissolution that cannot be considered as a consequence of the
size reduction. This result along with the XRD results
showing the presence of tenorite in the grinded sample
highlighted that the activation of chalcopyrite is a
consequence of an occurred mechanochemical reaction. From
this point of view, in 2 minutes the extraction of copper from
the activated samples was always higher than the one of
non-activated samples leached under the same conditions.
This evidence supports the presence of larger portions of

oxidized and more soluble copper as a consequence of the

activation.
1.0 ° @
=
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= o.
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£ 0.4 o m . 0348K NAC
n
;’ A A O|0323K NAC
502 e R N
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0.0 +

0 300 600 900 12001500
time (min)

Fig. 4 Extraction of Cu at different temperatures for activated
(ACT) and non-activated (NAC) chalcopyrite samples of the

same size (35-43 pm)
To quantify the improvement from the kinetic point of view,

the experimental results in Fig. 4 were used to fit the

unreacted shrinking-core model. According to the model’, if
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the experimental copper extraction (Xp) plotted as
1= (/R =1=(1=X0%? vs time fits a straight line

passing through the origin, the leaching kinetics is controlled
by the chemical reaction on the surface of the solid sample

particle. Accordingly, the slope of the straight line gives the
apparent rate constant (1) T= @gR/BE,Crgs that is

proportional to solid particle radius (R), density (pg), and

intrinsic rate constant (t;) The data in Fig. 4, plotted as
1= (r /Ry =1- (1= X;)%? vs time are shown in Fig. 5.

Table 1 shows the fitting parameters from Fig. 5.

0.12
4 ©348K ACT
011 ¢ m323K ACT
©008 | A298K ACT
< 0348K NAC
70001, . 0323K NAC
T004 ¢ ' m A298K NAC
Pg.
0.02 o'
0 E—lﬁ‘

0 300 600 900 1200 1500
time (min)

Fig. 5 Plotof 1— (B} =1—(1— XzI*2 vs time.

Table 1 Fitting parameters for the fitting curves in Fig. 6
(ACT: activated sample; NAC: non-activated sample)

Condition T (x10%) R?

298 K ACT 0.0192 0.9818
323 K ACT 0.0805 0.9695
348 K ACT 0.5185 0.9705
298 K NAC 0.0024 0.9886
323 KNAC 0.0092 0.9917
348 K NAC 0.1302 0.9920

Clearly, the experimental points well fit the shrinking-core
model, thereby confirming that the leaching of both activated
and non-activated samples was kinetically controlled by the
chemical reaction on the surface of chalcopyrite'’. Fig. 5 also
confirms as the leaching of activated samples resulted into
larger slopes, namely accelerated kinetics. It is important to
remark that for the purpose of fitting the shrinking-core model,
we considered 15 minutes as time 0. Accordingly, we
subtracted the copper extraction up to 15 minutes to the total

copper extraction. We did this operation in order to exclude
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the soluble copper from the otherwise difficult fitting of the
shrinking-core model.

The apparent rate constants determined from the straight
lines in Fig. 5 were plotted vs the inverse of temperature in

order to determine the activation energy of leaching from the
Arrhenius model (It = In& — (E,#E)1¢T). The Arrhenius

plot is shown in Fig. 6. From the slopes of the straight lines,
the activation energy of leaching for the non-activated
chalcopyrite sample was found to be 68 kJ/mol, in agreement
with previously reported results'!. On the other hand, the
leaching of the activated sample exhibited an activation
energy of 56 kJ/mol. Leaching reaction with activation
energies of this magnitude are usually referred as chemically
controlled reactions'?, in agreement with the model fitted in
this work. More importantly, the vertical stirred ball milling
seems to have determined a relatively slight decrease of
activation energy. This result could be taken as a further
evidence of an occurred mechanochemical reaction inducing

modifications to the chalcopyrite sample.

4| ® AC
) ONAC

_14 T T
2.8 3 32 3.4
1T (103 x K1)

Fig. 6 Arrhenius plot for activated (AC) and non-activated
(NAC) chalcopyrite samples (size fraction: 35-43 um)

As described above, the rate constants were determined by
cutting out the copper extraction up to 15 minutes, which cuts
out the soluble copper oxide from the kinetic consideration.
Therefore, the decrease of activation energy might be due to
some additional/alternative phenomena to the partial
oxidation of chalcopyrite. At the present time we cannot
provide any further details on this aspect but we can formulate
two hypothesis: (i) the large amount of energy transferred to
the chalcopyrite sample determined a partial rupture of the
crystal structure; (ii) the oxidation of chalcopyrite resulted

also in the formation of covellite. The next experimental
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campaign will fully reveal the real nature of the activation.

4. Conclusions

High-intensity grinding by VSBM was able of enhance the
dissolution of copper from chalcopyrite. Grinding with Zr
balls in the presence of quartz silica produced a decrease of
particle size (P80% diameter) of the chalcopyrite sample and
a partial oxidation of chalcopyrite. The obtained results
suggest an activation mechanism involving both increase of
specific surface area and mechanochemical reaction. In
leaching, the mechanochemical activation resulted into a
significant increase of copper dissolution. Copper extraction
from activated and non-activated chalcopyrite samples having
the same size (35-43 pm) highlighted the great role of
mechanochemical reaction in leaching enhancement.
Leaching chalcopyrite after VSBM determined a decrease of

activation energy from 68 to 56 kJ/mol,
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Combination of Mineral Processing and Hydrometallurgical Technology
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Abstract

The aim of this study was to develop a hydromellurgical processing for removal
of arsenic from high-arsenic copper concentrates. In this study, two different high
arsenic copper concentrate samples used to determine optimum conditions for the
extraction of copper and removal of arsenic. High pressure oxidative leaching process
was preformed using various leaching reagents such as ferric sulfate (Fe2(SO4)3), p
sodium chloride (NaCl) solutions. Results show that under the typical leaching
conditions, more than 90% of copper was leached and lower than 2% arsenic leaching
rate as a with the formation of arsenic-iron precipitates in a solution of
Fe2(S04);—NaCl.

Key words: Arsenic containing copper ore, High pressure leaching, Stability
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Table 1 Chemical composition of concentrate samples.

As Cu Fe
D1 conc. 1.40 22.7 24.6
D2 conc. 5.76 30.8 12.9

® : Enargite (Cu;AsS,) M : Pyrite (FeS,) A : Quartz (SiO,)
O : Chalcopyrite (CuFeS,) A\ : Tennantite (Cu,,As,S;;)

Intensity (cps)
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Fig. 1 XRD pattern of concentrate samples.
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Fig. 2 Leaching behaviors of D1 and D2 concentrate as a
function of leaching time. (Conditions: Fe;(SO.); 0.1
mol/L, NaCl 0.34 mol/L, temperature 160°C, pulp
density 100 g/L, stirring speed 750 rpm, Total
pressure 1 MPa (O, gas + vapor pressure))
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Fig. 3 XRD pattern of leaching residues which are obtained
from investigating of leaching reagent effect for D1

and D2 concentrate treatment.
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Fig. 4 Leaching behaviors of D1 and D2 concentrate as a
function of leaching time. (Conditions: Fe,(SO,); 0.1
mol/L, NaCl 0.34 mol/L, temperature 160°C, pulp
density 100 g/L, stirring speed 750 rpm, Total

pressure 1 MPa (O, gas + vapor pressure))
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Fig. 5 XRD pattern of leaching residues which are obtained
from investigating of time effect for DI and D2

concentrate treatment.
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Separation of Materials Utilizing Magneto-Archimedes Method
by Superconducting Magnet

Yoko AKIYAMA

Graduate School of Engineering, Osaka University

Abstract

As a physical sorting process for material recycling, magneto-Archimedes method
was studied that has a possibility to separate several kinds of materials with high
accuracy. This method utilizes the differences in the forces acting on each separation
objects under magnetic field, which depends on the differences in the specific gravity
and the magnetic susceptibility. The experimental result showed that the mixed
plastics as an example of industrial waste were successfully separated continuously by
magneto-Archimedes method using a superconducting magnet.

Key words: Superconducting magnet, Magnetic separation, Magneto-Archimedes method,

Material recycle, Magnetic susceptibility
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Direct Measurement of Interaction Forces between Liquid-Gas and Solid-Liquid Interfaces by
Atomic Force Microscopy

Naoyuki ISHIDA

Graduate School of Natural Science and Technology, Okayama University

Abstract

The interaction forces between surfaces are critical to understand the behavior of colloidal
particles in liquids. The interaction forces between solid surfaces in liquids, therefore, have been
measured directly in a large variety of systems over a past few decades. Recently, much effort has
been paid to enable direct measurements of the surface forces adopting atomic force microscopy
techniques between “soft” interface, such as oil droplets and bubbles, which are important to
mineral processing. It is the purpose of this paper to illustrate how the interactions between
various interfaces can be measured quantitively, particularly focusing on hydrophobic attraction,
and to summarize the literature describing such experiments.

Key words: Interaction Force, Atomic Force Microscope, Liquid-Gas Interface, Solid-Liquid Interface,
Hydrophobic attraction
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Fig.1 (a) Schematic drawing of the atomic force
microscope and (b) scanning electron microscope
image of a colloid probe
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Fig.2 Typical approaching and retracting force
curves between the silica surfaces hydrophobized
with octadecyltrichlorosilane (OTS) measured in
water.

150nm

Onm
Fig.3 AFM image (3 x 3 pm?) of the silica

substrate hydrophobized with OTS obtained in
water.
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Fig.4 Approaching and separating force curves
between the hydrophobic (OTS-coated) silica
surfaces in 1 mM NaNO; solution obtained after
the nanobubble-removing process.
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Fig.5 Approaching force curves for air
bubble-silica interaction in aqueous solutions with
10 M (open and closed triangle) and 102 M (open
circle) sodium chloride. The solid and dashed lines
correspond to fits to DLVO theory at constant
charge and constant potential conditions,
respectively. Adapted with permission from ref.17.
Copyright (1996) American Chemical Society.
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measured in a 1x10~° M KNO; solution.
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Fig.7 (a) Measured and calculated
time-dependent forces between the two identical
bubbles (radii 74 pm). Curve JKLM is first
measured with initial separation of 2.45 ym and
then curve EFGH with initial separation of 2.05
um. (b) Corresponding calculated water film
thicknesses in the interaction zone. Adapted with
permission from ref. 21. Copyright (2010) National
Academy of Sciences.
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A superconductive magnetic separation was applied for purification of soil
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Magnetic separation by a superconducting magnet
Takefumi NIKI,Yasuhiro NODA,
Koushi FUKUNISHI and Yoshiyuki KAKIHARA
MS-Engineering Co.,LTD.

Abstract:

contaminated.

and iron powder and a superconducting magnet with high gradient filters.

This system mainly consists of a tank mixing contaminated soil

Arsenic,

lead and VOC components in soil were absorbed on iron powder and effectively

removed by the high gradient filters.

Superconductive high gradient magnetic

separation (HGMS) system for purification of water and soil is reported.

Key words:
Pb and VOC from soil
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