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Environmental impact statement

Mechanochemistry has been introduced to recover metal from waste since 1990s and
has successfully achieved the recovery of Pb, Li, Co, In, Cu, Au, Mo, Ni and rare
earth up to now. Considering its being highly-efficient, environmentally-friendly and
second-pollution-free, mechanochemistry is promising to expand its utilization to
11 many other metals’ recycling in order to relieve the shortage of metal resources.
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Application of mechanochemistry to the metal
recovery from second-hand resources: a technical
overview

Zhiyuan Ou,” Jinhui Li*" and Zhishi Wang”

In the context of huge imbalance between increasing demand on metal and the finiteness of
metal resource in nature, recycling metal from second-hand resources, especially e-waste, is of
great importance, to embrace the sustainability challenge. Inspired by hundreds’ use in
extractive metallurgy, mechanochemistry has been introduced to recover metal from waste
since 1990s. The mechanochemical recycling process is technically feasible to recover metals
from waste to a high yield, such as Pb recovery from cathode ray tube (CRT) funnel glass, Li
and Co recovery from lithium-ion batteries, rare earth recovery from fluorescent lamps, In
recovery from LCD screens, Cu recovery from waste printed circuit boards Au, Mo and Ni
recovery from waste. Particle size reduction, specific surface area increase, crystalline
structure decomposition and bond breakage have been identified as the main changes induced
by the mechanochemical processes in the studies. Also, the activation energy required
decreases and reaction activity increases, subsequently. This paper presents a technical
overview of the applications of mechanochemistry to metal recycling from wastes. The current
application pattern, reaction mechanisms, equipments used, method procedures, and the future
research direction are discussed in detail. This work presents the limitation of current
mechanochemical application in metal recovery and gives a perspective of the future
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development of mechanochemistry as well.

Introduction

The past decades have witnessed a huge upsurge in mining
metal from virgin ores to meet the demand in the burgeoning
global market where consumption of new high-tech products
containing various kinds of metal, no matter base, precious or
specialty, as essential components, prevails." > But metal in
nature is finite anyway. It was estimated that, based on the
comparison of the global mine production and the reserve base,
copper in minerals would be drained in 61 years, lead in 43,
zinc in 46, tin in 53, mercury in 80, nickel in 100.3 At the same
time, metal recycling is often inefficient or essentially non-
existent: end-of-life recycling rates (EOL-RRs) for the
commonly used “base metal” (iron, copper, zinc, etc.) are
merely above 50% (these rates are the highest among sixty
tested metallic elements).” * In view of the big imbalance
between, the issue on metal sustainability has been brought to
the forefront more and more.

The quantity of metal-containing waste is enormous. Set waste
electronic and electrical equipment (WEEE), one of the most
typical metal-rich second-hand resources, as an example.

This journal is © The Royal Society of Chemistry 2013

According to the 2004-2013 data from China’s National
Statistics Bureau (CNSB) (as shown in Fig. 1 (a)), the past
decade witnessed an enormous increase in the production of
five types of electronic and electrical equipments (EEEs),
including computers, cell phones, air conditioners, domestic
refrigerators and colour TV sets, from 448.65 to 2,143.16
million units. It is widely accepted that WEEE or e-waste has
been recognized as the fastest-growing component of solid-
waste stream.” > The e-waste world map, which was portrayed
by StEP (Solving the E-waste Problem), shows that almost 48.9
million metric tons of WEEE were produced in 2012. It was
also predicted that the total annual volume would be 33 percent
higher, up to 65.4 million tonnes by 2017.° The 2012’s e-waste
generation in countries of the top 10 highest GDP in the same
year is depicted in Fig. 1 (b) on the basis of data from the e-
waste world map.” E-waste contains various kinds of metal, the
fraction of which reaches over 60%, including iron, copper,
aluminium, gold and many other metals.” Many metals in e-
waste are recoverable, reusable and recyclable: 20% copper in
PCBs (Printed Circuit Boards)® and 19~28% PbO in CRT
(Cathode Ray Tube) glass.” Some of them are very scarce. The
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content of gold in cell phones was estimated to be 341g/t.'"° So
the emerging terminology, urban mining, was coined (metal in
e-waste is the main target of urban mining).'" Extracting metals
from second-hand resources is conceptually and logically
similar to mining raw ores. So it is feasible to refer to the
methods of extractive metallurgy when extracting metals from
e-waste.

Mechanochemistry, as a recently high-profile branch of
chemistry (Chem. Soc. Rev. issued the mechanochemistry--
themed collection in 2013’s September'?), has been used in the
extractive metallurgy for around 300 years."* Inspired by the
similarity between extractive metallurgy and metal recovery
from second-hand resources, many studies on recycling metal
via mechanochemistry, such as extracting lead in CRT glass'?,
have been conducted successfully. Due to the emergency of
metal sustainability and the feasibility of mechanochemistry,
more waste, especially e-waste, should be added onto the ore
list for mechanochemistry. This paper reviews the status quo of
the application of mechanochemistry to the metal recovery
from second-hand resources, analyses the mechanochemical
process to enlighten future research and discusses the
perspective of mechanochemical research in metal recovery
from waste.
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Fig. 1 (a) the 2004-2013 production of five types of EEEs in
China; (b) the e-waste generation of 2012 in countries of the
top 10 highest GDP in the same year.

Application oriented mechanochemistry
Brief introduction of mechanochemistry and its apparatus

Mechanochemistry means a chemical reaction that is induced
by the direct adsorption of mechanical energy (from the IUPAC
Compendium of Chemical Terminology)."> Throughout the
history of mechanochemistry, practical applications have
always been essential.'* '® The earliest documented
mechanochemical reaction, milling of cinnabar (as illustrated in
Eq. (1)), was done by Theophrastus of Eresus (371-286 BC),
student and successor of Aristotle'’. Matthew Carey Lea (an
American chemist, 1823-1897) first founded mechanochemistry
as a separate branch of chemistry at the end of the 19th century
and found the decomposition of silver and mercuric halides by
trituration in a porcelain mortar'®. In the early stage of its
development, mechanochemistry was limited to the field of
mineral engineering and focused on countless types of minerals.
Later, the gradual recognition of its benefits of time, simplicity,

This journal is © The Royal Society of Chemistry 2012
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cost and less waste'” broadens the mechanochemical
applications, such as extractive metallurgy, chemical
engineering, building industry, coal industry, materials

engineering, agriculture, pharmacy and waste management'®. It
is worth mentioning that mechanochemistry has some
successful environmental applications, such as the degradation

of persistent organic pollutants (POPs)**?!,  fly-ash
modification®” and contaminated site remediation®.
HgS + Cu—"i"e_5 Hg 4 CuS (1

The apparatus that mechanochemistry depends on plays the
core role in whatever mechanochemical research and, also, its
development reflects the history of mechanochemistry to some
extent. Fig. 2 (a) depicts several important and typical
equipments of mechanochemistry. The planetary ball mill has
been all the rage in current mechanochemistry research, as
shown in Fig. 2 (b).

Mechanochemistry in extractive metallurgy

Cenger

ol
Rotation

Reactor
Spnngs

from 120-180°C when sodium hydroxide was added. Metal
recovery via mechnochemistry can refer to these courses.

Metal recovery from second-hand resource via
mechanochemistry

Lead recovery from CRT glass and leaded ceramic

The CRT glass , which comprises panel glass, funnel glass and
neck glass, is the main component of old-style personal
computers or TV sets and the lead in funnel glass reaches about
20 wt.%.%® Sasai’’ developed a novel non-heating method to
simultaneously recover both lead and SiO, glass matrix from
spent lead-glass powder. After the powder was co-milled with
water and sodium ethylenediaminetetraacetate (Na,EDTA) (one
common metal chelate reagent), more than 99% of lead was
extracted as a lead-EDTA species from the solid silica glass
network matrix. By adding ferric sulfate (Fe,(SO,4);-14H,0)
and continually adjusting pH, 100% lead was recovered as
sulfate (PbSO,) and 100% iron ions were collected as iron

=

-

(b) l&l J

Fig. 2 (a) five important and typical equipments of mechanochemistry (the picture of vibration ball mill refers to
the General Kinematics VIBRA-DRUM® grinding mills; the ones of stirring ball mill and ball mill refer to
Balaz’s book'®); (b) a planetary ball mill’s real image (Planetary Mono Mill PULVERISETTE 6 classic line,

FRITSCH, Germany).

Mechanochemical process helps to decompose various minerals,
such as tungsten concentrate, molybdenite, monazite, rutile and
so forth, and enhances the leaching of targeted metal.'®
Generally, there are two courses of mechanochemical
application in extractive metallurgy: milling and leaching as
separated processes (dry milling, DM) and simultaneous
milling/leaching (wet milling, WM).'® For example, Maurice®*
mechanically activated a complex ore concentrate containing
both pentlandite and chalcopyrite through a horizontal ball mill
and then used a concentrated (~5 M Cl ) ferric chloride
solution for the leaching. It was found that the kinetics both of
copper extraction from the chalcopyrite and of nickel extraction
from the pentlandite accelerated. Pawlek® resorted to the latter
course and after mechanochemical process, the copper
concentrates (suspended only in water) could be completely
dissolved under oxygen over-pressure and temperatures ranging

This journal is © The Royal Society of Chemistry 2012

hydrous oxide precipitate and, also, Na,EDTA was recycled.

Different from Sasai’s WT, Yuan took use of DM to recover
lead from CRT funnel glass.'* *® By comparing the pH values in
the distilled water leaching before and after ball milling, Yuan
confirmed that great changes could happen to the cations
surrounding the silica network after mechanochemical process.
When diluted in weak nitric acid, the lead leaching ratio of the
500-rpm mechanically activated powder went up to 92.5%.
Following the acid leaching was the sulfurization that treated
the activated glass sample with sulfur to form lead sulfide,
which is the final product. Sasai paid more attention to the
optimization of his experiment’s parameters and, as a result,
both a higher leaching ratio and an integrated process route (as
shown in Fig. 3) were presented in Sasai’s work. In comparison,
more discussions on the mechanism behind mechanical
activation were made in Yuan’s work, by virtue of as many

J. Name., 2012, 00, 1-3 | 3
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;‘ instruments as possible, such as SEM, ESR and XRD. The ESR relation between the two processes. Saeki deduced Eq. (4)
3 results indicated scissions of chemical bonds, =Si—O—Si= and based on the analysis of solid remains.
4 =Si—0—A, took place to generate E’ center (=Si-) and non-
5 bridging oxygen hole center (NBOHC) when CRT funnel glass ~ Li€002+3[-CH2CHCI-]s s LiCl+ CoCla + CiHL0- @)
6 with the framework structure of a SiO, tetrahedron was i ) o )
7 mechanically activated. Eq. (2) and (3) were provided in Zhang et al.. .experilmenteq on the real 11.th1u.m-1on batt.ery
8 Yuan’s paper'. His further works® * focused on the SCraps, contalmng ‘L1C09'2N10‘802 and.polyvmyhdene. ﬂl‘lorlde
9 sulfurization mentioned above and the development of a (PVDF). After milling with some alumina, the amorphization of
10 complete process route. raw materials could be easily observed and it was easy to
11 extract Co, Ni and Li with dilute nitric acid solution at room
12 =S O—Sj = mehmnechenisty i 4 ()_Gj= ?) temperature. It took 30 minutes’ grinding to obtain 100% Li
) ) ) yield, 60 min for over 90% Co and 60 min for 100% Ni. Zhang
13 =Si-0-A— SRS =SI-0 A ©) concluded alumina played a big role in breaking the structure of
14
15 Zhang®' evaluated the efficiency of lead extraction from CRT LiCog,Nip3O, as well as the PVDF binder during the grinding.
16 funnel glass in strong alkaline solution after mechanochemical Fig. 4 is the experiment procedure proposed by Zhang. Lee®
17 process and found that the WM was more effective than the subjected lithium-ion secondary battery scrap (containing
18 DM. More than 97% of Pb in the CRT funnel glass could be LiCoO,, graphite and PVDF (poly vinyliden fluorine)) to DM
19 extracted with a stirring ball mill leaching process in 5 M using a planetary ball mill with and without quartz powder as a
20 sodium hydroxide at 70°C. Kamiya co-milled lead zirconate grinding aid and used room temperature leaching in 1M HCl
21 titanate (PZT) ceramics™ and PLZT solution. Co and Li in the scrap could be easily extracted from
22 ((PbgoLag ) (Zrys5:Tig4s)03)" with aqueous H,SO4 solution, the ground product, and the former yield reached about 90 mass%
23 respectively, and more than 99 wt% of lead in PZT was after 4 hours’ grinding with 50 wt% additive.
24 recovered as PbSO, by the WM for more than 48h.
25 Rare earth recovery from fluorescent lamps
g? Lithium and Cobalt recovery from lithium-ion batteries Rare earth elements (REEs), which are extensively used in
28 i ferric sulfate treatment } pH adjustment pH adjustment
29 s + { i with NaOH i i withHCl
30 :
Pb-EDTA(lq) |V Y -
31 _x|é Ba- EDTA(I Fe-EDTA(lq) re-EDTA(lq) |——>| drainag:
- q)

5

: e v
33 : By [ Ly[ Fe,0,7H,0() | [ HEDTAG) |

: . BaSO4(s) Akl
34 : .

s i Dissolusiond in NaOHagq. & . .....
gg evaporated the water ] >
37 wet ball milling iz 'N—aﬁlj:),'[‘A(s)
38 treatment i 1 >
39 Fig. 3 Schematic diagram of a novel material recycling system for spent lead-glass powder.45
40 Due to its many advantages, e.g. a higher energy density, higher fluorescent materials, battery alloys and permanent magnet
41 cell voltage, less memory effect, low self-discharge, very good materials in EEEs, now encounter a great imbalance between
42 cycle life and environmental soundness, the annual production supply and demand*” *'. In 2010, REEs’ global consumption
43 of the more and more widely-used lithium-ion battery increased mounted to 134,000 tonnes in contrast with the production of
44 by 800% (2000-2010), all over the world*. LiCoO,, the main 133,400 tonnes*’. The REEs content from fluorescent lamp is
45 component of cathodes, accounts for 27.5 wt% in a typical about 8,700 g/t, approximately 40 times of natural minerals
46 lithium-ion battery®® and recovery of lithium and cobalt is the (150-220 g/t)***. Zhang*® based his research of rare earth
47 primary objective in the recycling of spent lithium-ion battery recovery from waste on his past experience in the
48 in consideration of both being rare and precious®. Saeki et al.*’  hydrometallurgy*’. The raw material selected was mish metal
49 CO'grinded L1C002 with PVC (pOlyVlnyl Cthride) and both (MmNi3‘55C00'75A10'40Mn0'30, Mm:LaO'34Ceo'47Pr0‘04Nd0'14),
50 soluble Li of amorphous state and Co-chlorides of a crystal which shared a great similarity with fluorescent lamp phosphor.
o1 form were detected in the ground product. When the ground Zhang co-grinded mish metal with PVC (polyvinyl chloride)
52 product was dispersed in water, Li in amorphous LiCoO, and found dechlorination of PVC contributed to the
53 tended to be LiOH and Co-chloride was also easily soluble. corresponding chlorides’ formation of four rare earth elements,
54 Through 30 hours’ grinding, the Co and Li yields exhibited the but no chlorides formation of nickel and cobalt were observed.
55 highest value (100% and 90%, respectively) and so did the After 36 hours’ co-grinding, high dechlorination, high chlorides
56 dechlorination ratio of PVC (90%). This implied a close yield and a high-efficiency separating rate between rare earth
g; elements and Ni/Co could be achieved at the same time.
59
60

4| J. Name., 2012, 00, 1-3
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Besides, Zhang® extracted the rare earths from fluorescent
powder by using 1M HCI solution at room temperature for
leaching, after dry grinding of the powder using a planetary ball
mill. The dry mechanochemical treatment of the powder caused
the structural change of the crystals in the powder into a
disordered system and led to easy extraction of the REEs. Only
3 minutes’ grinding enabled to extract Y and Eu to above 70-
80 % yield. More than 80 % of the other rare earths could be
extracted from the powder ground for 2 hours.

(Sample) or (Sample + Al203)
Mechanochemical XRD analysis
Treatment Size analysis

3 Room temperature
Leaching In HNO:
Filtration

Filtrate

Fig. 4 Synchronized-experiment procedure of decomposing
LiCoy,Nig 30, of and degrading PVDF proposed by Zhang.38

Hattori* developed an environmentally friendly process for
leaching and effective separation of rare earth elements from
waste fluorescent powder. Leaching of fluorescent powder with
sulfuric acid at 50°C extracted more than 90% of Y**and Eu®".
The mechanochemical treatment with NaOH of the leaching
residue of the previous step removed more than 90% of the
phosphates of La*", Ce**and Tb*". Each rare earth element was
then extracted from the leaching solutions by solvent extraction
and precipitation. Todorovsky™ investigated the influence of
mechanochemical process on the overall solubility of
phosphogypsum in water and in diluted acids (10% HCI, 7%
H,SO,) as well as on the leaching of rare earths from
phosphogypsum. The mechanochemical process was performed
in a centrifugal ball mill in air and in suspension with the acids
mentioned above. A dissolved fraction, considerably enriched
in rare earths (compared to the initial phosphogypsum) was
obtained as a result of H,SO, treatment of the samples activated
in water solution.

Much attention was paid to the mill itself in Mio’s study of
yttrium extraction from fluorescent powder.”! Mio used a small-
scale planetary ball mill to activate red fluorescent powder
(Y,0;) and the yield increased with increasing milling time and
rotational speed. Then the Discrete Element Method (DEM)
was employed to simulate the three-dimensional motion of each
ball during milling and the impact energy of balls could be

This journal is © The Royal Society of Chemistry 2012

calculated, as given in Eq. (5). Here V; is the relative velocity
between two colliding balls or a ball colliding against the mill
wall, Vy and Vi are normal component and tangential
component respectively, m is the mass of milling media, n
denotes number of collision within a second and W is the mass
of the sample charged into the mill pot. Mio found that the Y
extraction yield and rate were proportional to the specific
normal impact energy of balls, irrespective of milling
conditions. Further, this relation was applied to estimate the
extraction rate using the large-scale mill and designed
experiments proved the estimation.

LS|
Ew= Z—mvf, Vi=V W +vr’ (%)
2W

=

Indium recovery from LCD screens

The largest end use of indium is in indium-tin oxide (ITO) thin
films, mainly in liquid crystal display (LCD) screens®® and
indium has emerged as an important strategic element in
electronic and energy-related industries due to its specific
applications and increasing scarcity and demand.” Zhang™
ground the model specimen of indium oxide with tin doping to
recover indium. After adding up alumina powder (a-Al,O;), the
leaching yield exceeded 80%. Murakami et al.® followed
Zhang’s footstep and investigated the structural explanation
behind the change. By grinding with alumina for 15 minutes,
sub-nanometric fine particles of indium oxide, which shared the
same crystal structure to Zhang’s, were produced. When the
grinding extended to 30 minutes, the agglomerations of fine
particles of indium oxide were observed and, subsequently, the
yield decreased. So Murakami concluded that
mechanochemical process helped to enlarge the effective
surface area that enhanced the indium leaching.

Hasegawa’s study® focused on the comparison between DM
and WT. EDTA and NTA were selected from five
aminopolycarboxylate chelants (IDSA, HIDA, NTA, EDTA,
DTPA), based on their reactive activity with In,O3 and ITO-
glass. The contrast of extraction yields achieved via the chelant
washing of a 6 hours’ dry milled sample and a wet milled
sample at different time intervals (up to 6 hours) indicated the
chelant-induced (EDTA or NTA) dissolution of indium from
the dry milled sample occurred promptly and, after 60 minute,
decelerated proceeding to the equilibrium with time, but a
different trend was observed for WT. The high dynamic range
(HDR) images of wet-grinded samples looked bigger than dry-
grinded ones’. Hasegawa  attributed this to the
mechanochemical effect as well as the crush extent. No further
discussion was given.

Kano®® proposed a non-thermal process of milling indium(III)
oxide (In,O3) and/or indium tin oxide (ITO) with lithium nitride
(Li3N) for indium recovery, under (NH;) or nitrogen (N,) gas
environment, as shown in Fig 5. Milling operation caused
mechanochemical reaction in the systems of In,O3/ITO and
Li;N, to form In and LiOH. The latter is soluble in water, so

J. Name., 2012, 00, 1-3 | 5
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that the milled sample was subjected to washing with water,
enabling to recover indium-metal. As a result, the yield of In
from the starting oxide sample was more than 97% and this
process could be applied to recover indium-metal from electric
device wastes containing ITO. Lee®” first crushed ITO glass to
micron size particles in seconds via high energy ball milling
(HEBM) and leached the particles in the HCI acid solution. The
results showed that by crushing ITO glass to micron size
particles by HEBM, it was possible to extract higher amount
(86%) of indium at room temperature than that by conventional
methods using only conventional shredding machines.

/l Mechnochemistry‘|/l Water ‘
: *4’{ 98% In recovered
o Lior < In]

Fig. 5 The experimental route of In recovery by Kano™.

Cooper recovery from waste printed circuit boards

Waste printed circuit boards (WPCBs) seem the most common
type of e-waste as printed circuit boards are the essential part of
almost all EEEs®™. WPCBs contain a large amount of metals
(~40%): copper (the largest ratio), alumina, lead, zinc, nickel,
iron, tin, antimony, chromium, molybdenum, aurum, platinum,
silver, palladium, etc. The averaged content of copper reaches
17.6% (5.8~26.8% for different sources)® while typical copper
ores contain from 0.5% Cu (open pit mines) to 1 or 2% Cu
(underground pit mines).” Ou® verified that copper and sulfur
could form into copper sulfide by the aid of mechanochemistry
in the model experiment. Based on this, the synergistic route of
mechanical activation and sulfurization was proposed. The
model experiment, where copper and sulfur were mixed and
groud, not only verified the feasibility of this route, but also
determined the optimal ball milling time (20 minutes). In the
practical experiment, WPCB fragments and sulfur were mixed
and ground for 20 minutes, no copper was detected but copper
sulfide was left. After leaching in sulfuric acid (3M) and
hydrogen peroxide (30 wt%), the yield of copper reached nearly
90% and, also, resin was conserved for further utilization.

Environmental Science: Processes & Impacts

Au, Mo and Ni recovery from waste

Ficeriova® enhanced the gold leaching from a gold-containing
waste using WM (in water and in thiourea solution) as the pre-
treatment steps. The leaching of the sample in an acid thiourea
solution resulted in 78 % Au dissolution. After leaching again,
up to 99 % of the gold was extracted during 120 min. The
mechanochemical process resulted in an increase of the specific
surface area of the waste from 0.6 m*g 'to a maximum value of
20.5 m’g”'. The activation was performed in an attritor using
variable milling times. The physico-chemical changes in the
waste as a consequence of mechanochemistry had a pronounced
influence on the subsequent gold extraction.

Ferella® focused on physico-mechanical pre-treatments of
spent hydro-treating catalysts aimed at concentration of at least
one of the valuable metals contained in such secondary raw
material. In particular, dry Ni-Mo and Co-Mo as well as wet
Ni-Mo catalysts were used. Flotation, grain size separation and
attrition processes were tested. After that, a rods vibrating mill
and a ball mill were used to ground the catalysts in order to
understand the best mechanical pre-treatment before leaching
extraction. The results showed that flotation is not able to
concentrate any metals due to the presence of coke or other
depressant compounds. The particle size separation produces
two fractions enriched in Mo and Co when dry Co-Mo catalyst
was used, whereas attrition was not suitable as metals are
uniformly distributed in rings’ volume. Roasting at 550°C and
vibrating grinding were the most suitable pre-treatments
conditions that were able to produce fractions easily leached by
NaOH and H,SO, after grain size separation.

Discussion and conclusion

As reviewed above, mechanochemistry has been successfully
applied to recover a wide variety of metals, including indium,
lead, REEs, gold, copper, lithium, cobalt, molybdenum and
nickel. Table 1 gives a summary on the current studies that
applied mechanochemical process to metal recovery from
second-hand resources and attempts to conclude some patterns
of mechanochemical application in metal recovery.

Generally, the current applications can be divided to two types

Table 1. Summary of all the specific types of milling in current metal recovery from e-waste.

Type of - . . s
Metal Waste mill Milling method Yield Leaching condition Ref.
14, 28-
CRT funnel glass planetary DM 92.5% 3 M HNO3, 95 °C, 1h, L:S=150 30
Pb spent lead-glass powder planetary WM, +Na,EDTA >99% - 7
CRT funnel glass stirring mill DM ~40% 5M NaOH, 70°C, 2h 3
PZT ceramic pot mill WM, 4.5 M H,SO,4 99.9% - 2
PLZT ceramic apparatus WM, 4.5 M H,S04 99% - s
1M HCI, ambient t ture,2h,
lithium-ion battery scrap planetary DM, +quartz powder C0>90%, Li 100% am;::;r)nera ure %
o . DM, +PVDF/quartz Li100%, Co>90%, Dilute HNO3;, ambient 38
. lithium-ion battery scrap planetary .
Li & Co powder Ni100% temerature
. planetary DM Li 60% Water, ambient temperature, 1h, @
LiO2 powder o
planetary DM, +PVC Co >90%, Li 100% L:S=250 &
6 | J. Name., 2012 Muigh metal planetary DM, +PVC high  This journal is © The R@eKociety of Chemistr‘\t/62012
phosphogypsum waste planetary WM, +water (La, Ce, Pr, Nd) 70% 7% H2SOq4, L:S=5 50

REEs

Y 100%, (Eu, La, 1M HCI, ambient temperature,



©CoO~NOUTA,WNPE

e
[Ny

U OO AR DMBEMDRAMDIMBAEADIAEMDIMNDMNWOWWWWWWWWWWNDNNDNNNNNNNRPRPRERREREREPR
QOO NOURRWNRPOOO~NOUORRWNPRPOOONOUOPRARWNRPOOONOODURAWNRPOOO~NOOODWN

Environmental Science: Processes & Impacts

of milling, the WT and the DM, which just follow the types in
extractive metallurgy. The biggest difference between the two
lies in the combination or separation of ball milling and
leaching. Ball milling contributes to the structural breakage
which makes it easier for the leachant to extract metal. For
instance, the decomposition of crystal structure of CRT glass
after DM raised the Pb leaching yield from negligible 1.2-2.8%
to a high of 92%." The WT integrates mechanochemical
process and leaching into one step, where the targeted metal
dissolves into liquid phase during ball milling. Liquid are often
selected from acid, water or chelate reagents. Ball milling leads
to bond breakage and thus promotes chemical reactions, which
result in the formation of the corresponding metal compounds
so that enhanced leaching or dissolving can be fulfilled. Lead
recovery from PZT and PLZT ceramics did follow this route.’*
3 Also, the reduction of particle size and the rise of specific
surface area enhance the metal leaching with the ball milling. In
Ou’s paper®, the average particle size dropped to around 10 pm
after 20 minutes’ milling. These physical and chemical changes
help to decrease activation energy in order to make metal
extraction easier.

Except the additive liquid in WT, it is an effective method to
add up grinding aids. Some grinding aids purely enhance the
milling efficiency, such as Al,O; and quartz. Some others
participate in solid-solid reaction that makes the following
leaching easier or more efficient. It was confirmed that Li and
Co could be transformed to easily leachable LiCl and CoCl, by
co-milling LiCoO, in batteries with PVC. These innovated dry-
milling methods give a reference when it comes to recovery
method option in the future. Xiao’s work® verified that zinc
can be chlorinated by co-milling with PVC. So possible Zn
recovery can be done as shown in Fig. 6. Water is used as the
leachant after co-milling Zn-rich waste with PVC, and ZnCl, is
much leachable. The process not only achieves both Zn
recovery and PVC degradation, but also never involves acid

which is commonly employed so that it seems more sustainable.

This journal is © The Royal Society of Chemistry 2012

Zn-rich waste + PVC
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Fig. 6 Possible schematic route of Zn recovery from Zn-rich
waste.

Ou’s work® provides another interesting alternative route.
Second-hand resource is like synthetic materials, not natural
minerals, so that there exists great difference between the states
of metal being present in second-hand resources and in natural
minerals. It is not easy to take direct use of traditional methods
in mineral extractive processing to deal with them. If it is
difficult to directly leach the targeted metal from scraps, it
seems an alternative method to transform the targeted metal
into its corresponding compound that exists in natural minerals
and, then, methods in traditional mineral engineering can be
taken into use. Mechanochemistry helps to achieve this
transform. As shown in Fig 7, WPCB was co-milled with sulfur

WPCBs 4, S powder

. W
Cu,SO xidat
uZ 4 O\e ac“\ “%
/o
\L \
) S—
A

= |l
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powder to obtain copper sulfides which is the most commonly
present copper minerals in the crust. Then the oxidative
leaching (dilute sulfuric acid and peroxide hydrogen) was taken
use of to finally get a high copper leaching yield. This route
was environmentally-friendly because it avoided strong acid
involvement which is commonly used in copper extraction.
based on the
mechanochemical process and geochemical one in metal

This pathway is similarity between
sulfurization. So this pathway can be generalized to some other
metal, e.g. lead, that is commonly present as corresponding
sulfides in nature. Yuan’s work'® actually followed the
analogous route. Yuan did not directly aim at enhanced
leaching. After DM, Yuan mixed sulfur with activated powder
to easily get PbS, which is the main component in galena. And
in mining industry lead separation from galena has been well

studied. Such thinking was also embodied in Wang’s research®,

where two kinds of waste containing nonferrous metals (in
oxide or metal) and iron/aluminium metals were ground with
sulfur sample. The products, including nonferrous metal
sulfides and iron/aluminium oxides, appealed to the well-
developed mineral processing technologies.

Fig. 7 Copper recovery from WPCBs via mechanochemistry.

What is worth mentioning is the mechanochemical apparatus
because mechanochemical research totally depends on it. The
planetary ball mill is the most often used apparatus in these
studies, which can provide a high energy density, producing
high mechanical and mechanochemical activation in a
relatively short milling time.®> The attritor and the stirring mill
are also involved in some studies. However, proper milling
apparatus that can generate sufficient rotational speed
(representing impact energy) for industrial applications should
be developed, in view of the need of high efficiency.

In the near future, mechanochemistry will be probably
embracing a rapid development and prosperity. It is a
reasonable inference that more researches on applications of
mechanochemistry to the metal recovery from second-hand
resources will be done. However, current mechanochemical
application in metal recovery is still limited on the laboratory
scale. The scalability of mechanochemical method need to be
paid more attention, as well as the balance between energy
consumption and productivity. After that, wide use of
mechanochemistry in metal recycling can be expected in term
of its environmental and economic benefits.
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