"’

Y

" & Science
ELSEVIER Press

Available online at www.sciencedirect.com

“s.¢ ScienceDirect

Trans. Nonferrous Met. Soc. China 33(2023) 3860—3870

Transactions of
Nonferrous Metals
Society of China

www.tnmsc.cn

All-metal recovery from spent Ni-MH batteries based on
electrolysis of sodium sulfate solution

Jia-hu FANG', Yu-lin HE?, Xiang-qun ZHUGE!', Zhi-hong LUQO?,
Kun LUO!, Zheng-ping DING!, Xiao-teng LIU!, Yi-bing LI

1. Changzhou Key Laboratory of Intelligent Manufacturing and Advanced Technology for Power Battery,

School of Materials Science and Engineering, Changzhou University, Changzhou 213164, China;

2. Key Laboratory of New Processing Technology for Nonferrous Metal & Materials, Ministry of Education,
Guilin University of Technology, Guilin 541004, China

Received 5 June 2022; accepted 30 August 2022

Abstract: A sustainable strategy for all-metal recycling from spent nickel metal hydride (Ni-MH) batteries was
proposed, where H>SO4 and NaOH solutions by the electrolysis of Na>SO4 solution were used as the leaching agent and
precipitation agent, respectively. The leaching of electrode materials was performed in mild condition, and more than
99% of the rare earths were firstly precipitated at pH 1.0 in the form of double sulphates, which were converted to
hydroxides by reacting with NaOH. In the following purification steps, Al** and Fe*" were deposited at pH 5.5, and Zn?*
and Mn?" were extracted by saponified D2EHPA—kerosene from the leaching solution, and two hydroxide byproducts
with industrial application were obtained. Ni** and Co?" were precipitated at pH 9.5 with a total recovery rate of 97.5%.
The recovery efficiency of Na,SOs4 was up to 97% in total. This metal recovery approach produces considerable
economic profit, without solid or liquid waste in the closed-loop process.
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1 Introduction

Nickel metal hydride (Ni-MH) batteries have
been widely used in various technical fields by
replacing nickel-cadmium batteries due to the
advantages of high-energy density, long life,
non-cadmium pollution, etc [1,2]. Ni-MH batteries
have occupied a considerable share of the battery
market, including hybrid electric vehicles (HEVs)
and high-tech electronic product power supplies,
although new battery technologies are coming from
laboratory to production [3—6]. Statistics shows that
the number of HEVs worldwide reached about
5x10° in 2021, with the consumption of Ni-MH
batteries of 3.146x10°kW-h [4]. As reported by

LARSSON et al [7], rare earth metals, nickel,
cobalt and iron can account for 10 wt.%, 50 wt.%,
3.7 wt.% and 30 wt.% in the electrode materials of
Ni-MH batteries, respectively. Therefore, several
strategies have so far been developed for the
recovery of valuable elements in spent Ni-MH
batteries [8—11], including mechanical recycling,
as well as pyrometallurgical, hydrometallurgical
and biometallurgical methods [12,13], among
which hydrometallurgical recovery combining with
separation technology exhibits the significant
advantages of low reaction temperature, low energy
consumption and high recovery rate [14—16].

The metal elements in the electrode materials
of spent Ni-MH batteries can be simply dissolved in
hydrochloric acid, sulfuric acid (H,SO4) and nitric
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acid, among which the low-cost H,SO4 is the most
frequently used [17,18]. RABAH et al [19] utilized
3.0 mol/L H2SOs to leach the electrode material of
spent Ni-MH batteries, and the optimized leaching
rates of nickel and cobalt reached as high as 99.9%
and 99.4%, respectively. DHIMAN and GUPTA [20]
studied cobalt and recycling of valuable metals
from spent Li-ion batteries via solvent extraction
and chemical precipitation MESHRAM et al [21]
and BERTUOL et al [22] indicated that rare earth
could be easily precipitated as double sulfate salts
in the H,SO. leaching solution, when the pH
value was adjusted to 1.8 by sodium hydroxide
(NaOH) solution, in which Ni**, Co?", Mn?*' and
Zn*" still remained in the solution. Other studies
also reported that double sulfate precipitation was
an effective method to separate rare earths [22—25].
After rare metals were precipitated, TANONG
et al [17] employed NaOH to adjust the pH value of
the leachate to 5—7, where Fe*', Zn*' and Mn?**
were effective removed, resulting in a purified
solution for the recovery of Ni and Co. Although
these technologies can effectively extract valuable
metals, the waste water containing untreated acid
and sodium salt after metal recovery brings the
secondary pollution to the environment [26,27].

In order to avoid this secondary pollution, a
mild hydrometallurgical strategy was proposed to
realize all-metal recovery in spent Ni-MH batteries
instead of only recycling valuable elements.
Sodium sulfate (Na,SO4) solution was employed to
produce H>SO4 and NaOH by electrolysis, which
can avoid environmental impact and
corrosion to equipment and tube lines caused by
strong inorganic acids and alkalis. The metallic
elements in the electrode materials were dissolved
by the electrolyzed low-concentration H>SOs
solution enhanced by adding hydrogen peroxide
(H20;), and the NaOH was to neutralize the
leaching solution and to prepare the hydroxide
products, resulting in the regeneration of Na>SOs
available for recycling. The rare earths were firstly
separated by double sulphates precipitation,
followed by the purification of the leaching solution
by the precipitation of AI** and Fe*" and the
extraction of Zn’>* and Mn*', leading to two
hydroxide by-products after the neutralization of
NaOH solution. Thereafter, nickel and cobalt
hydroxides were precipitated by adjusting the pH
value with the electrolyzed NaOH solution. As a

serious

result, all the metal elements in the electrode
materials were recovered in the form of hydroxides
with high purities, and the overall recycled Na,SO4
in the process was up to 97%. The closed-loop
process only needs Na,SO4, H>O,, electricity and
water, which produces nearly zero solid waste and
sewage, and hence a considerable economic profit
could be expected due to the maximal output.

2 Experimental

2.1 Chemicals and materials

Sodium sulfate (Na,SO4, GR, >99%), phenol-
phthalein, methyl red, potassium hydrogen phthalate
(AR, >99.8%), hydrogen peroxide (H>O,, 30%),
nitric acid (AR, >99%), and hydrochloric acid
(GR >299%) were purchased from Xilong Science
Co., Ltd.,, and di-(2-ethylhexyl)phosphoric acid
(D2EHPA, >95%) and sulfonated kerosene (aromatic
hydrocarbons <50 mg/kg) were purchased from
Shanghai Titan Technology Co., Ltd.,, and
Zhengzhou Hecheng New Material Technology Co.,
Ltd., respectively. Homogeneous anion exchange
membrane (HMED-0510-2) was bought from
Hangzhou Huamo Technology Co., Ltd., and spent
Ni-MH batteries (AAA750) were obtained from a
local waste recycling station.

2.2 Electrolysis of Na,;SOj solution

A home-made electrolytic cell was used, where
the anode was a titanium mesh coated with
ruthenium, and the cathode was a titanium plate,
which were separated by an anion exchange
membrane with the anode—cathode distance of
2mm. The geometric areas of the anode and
cathode were 21.25 cm?. Two containers were both
filled with 200 mL of 1.5 mol/L. Na>SOs electrolyte
solutions, cycled between the
electrolytic cell and the containers. H.SOs and
NaOH solutions were produced after electrolyzing
at 55 °C with a current density of 100 mA/cm? for
3h, and Fig. S1 in the Supporting Information
shows the structure and operation of the electrolytic
cell.

which were

2.3 Battery disassembly and metal recovery from
electrode materials

Spent Ni-MH batteries were firstly discharged

and then dismantled, where the metal shells, nickel
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foams, membrane and other plastics were collected
and weighed separately. The cathode and anode
materials were mixed after drying at room
temperature and ground into powders to pass
through a screen with hole size of 0.85 mm.
Scheme 1 is a brief description of the all-metal
recovery from the electrode materials of spent
Ni-MH batteries, where the employed H>SO, and
NaOH were produced by the electrolysis of Na,SO4
solution. The metal elements in the electrode
materials were leached at the beginning, followed
by the separation of the rare earths, the removal of
AI** and Fe** and the extraction of Zn*" and Mn?*".
Ni?* and Co*" remained in the purified leaching
solution were finally recovered by precipitation. All
the metals in the electrode materials of spent
Ni-MH batteries were recovered in the form of
hydroxides with high purities, and the overall
recycled Na,SO,4 in the process was up to 97%.
There are nearly zero solid waste and sewage
generated in the closed-loop process.

The leaching efficiency is calculated from the
metal contents in the electrode materials and in the
filter residue as follows:

Wy —m, Wy

R x100%

(D

myw,

where R represents the leaching efficiency of the
examined element, %; m; and m» are the masses of
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the raw material and filter residue, respectively, g;
w; and w, are the mass fractions of the examined
element in the raw material and filter residue,
respectively, %. Similarly, the purity of the product
is estimated based on the mass fraction of the
examined materials:

mS

x100%

p= (2)

mt
where p represents the purity of the product, %; m;
and m, are the mass of the examined compound and
the total mass of the product, g.

2.4 Characterization

Field emission scanning electron microscope
(SEM, S—4800, Hitachi) and X-ray diffractometer
(XRD, X’Pert PRO, PANalytical B.V., CuK,=
0.15406 nm) were employed to characterize the
morphology and structure of the raw materials
and products in the recovery process. The
concentrations of acid and alkali produced by
electrolysis were determined by titration method,
where the acidic solution was titrated with the
standard NaOH titrant indicated with phenol-
phthalein, and the alkaline solution with the
standard H,SOy titrant indicated with methyl red.

Inductively coupled plasma optical emission
spectroscopy (ICP-OES, Optima 8000, Perkin
Elmer) was used to analyze the content of metal
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Scheme 1 Diagram of all-metal recovery strategy for electrode materials of spent Ni-MH batteries
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elements. 1.0 g of the specimen (the electrode
materials or the filter residue after leaching) was
dissolved in 15 mL of aqua regia, which was used
for ICP-OES analysis.

3 Results and discussion

3.1 Electrolysis of Na,SQOy solution

The reaction agents used in the chemical
recycling of spent Ni-MH batteries were prepared
by the electrolysis of Na,SOs solution in the
home-made electrolytic cell and corresponding
operating system (see Fig. S1), where H.SO4 was
generated in the anode chamber with the evolution
of oxygen, and NaOH was produced in the
cathode chamber with the generation of hydrogen.
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These gases are potentially applied in industry.
Figure 1 displays the factors that influence the
concentrations of acid (cy*) and alkali (con) as well
as current efficiency, including the concentration of
NaySOs, electrolyte flow rate, current density,
temperature, electrolytic time and volume of
electrolyte. The optimized conditions were
determined by these curves, where the Na>SOs
concentration was 1.5 mol/L, the electrolyte flow
rate was 50—60 mL/min, the current density was
100 mA/cm?, the electrolyte temperature was
55 °C, the electrolytic time was 3 h, and the volume
of electrolyte was 200 mL. Under the optimized
conditions, the cy* was determined as 0.82 mol/L
with a current efficiency of 69.17%, and the cow
was 0.87 mol/L with a current efficiency of 73.73%.
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Fig. 1 Dependence of Na>SOs concentration (a), electrolyte flow rate (b), current density (c), temperature (d),
electrolytic time (e) and volume of electrolyte (f) on concentrations of acid (cu*) and alkali (con) as well as current

efficiency
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3.2 Leaching of electrode materials

Table S1 shows the components in spent
Ni-MH batteries, where the cathode and anode
materials account for 28.78% and 34.22%,
respectively. Table S2 further presents that the
valuable elements of nickel, cobalt and rare earths
occupy a mass fraction of up to 79.16% in the
electrode material, highlighting the importance of
resource recycling and economic gains of the
process. Figure S2(a) illustrates the XRD analysis
results of the electrode material, which is basically
composed of Ni(OH),, Zn(OH),, MnAlQO4, AlLaNia,
CeNiy, LaNis, CeCos, EuZns and CosEu, together
with metallic Ni attributed to Ni foam fragments
produced in battery disassembly.

In this study, a mild leaching condition (pH =
0.1) was adopted, where the electrolyzed H,SOs
solution (cp=0.82 mol/L) was used with the
addition of H,O, solution. Considering the excellent
solubility of rare earths and the tiny amount of Fe in
the electrode materials (Table S2), the leaching
efficiencies of Ni, Co, Zn, Al and Mn were
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investigated at different values of H,SO4 dosage,
temperature, leaching time and H>O, dosage. The
results are show in Fig. 2. It is seen that the increase
of H>SOs; dosage leads to the improvement of
leaching efficiency (Fig.2(a)). For example, the
leaching efficiency of Ni increases from 72.7% to
94.82% as the H»>SOs dosage rises from 20 to
80 mL/g, and the Ileaching efficiency of Co
simultaneously grows from 82.64% to 98.46%.
Figure 2(b) illustrates that temperature plays an
important role in leaching except for Zn, whose
efficiency appears high enough at low temperature,
in agreement with previous literature [28]. When
the temperature reaches 90 °C, the leaching
efficiencies of Co, Al, Mn and Zn are all higher
than 97%, but the efficiency of Ni is a bit low
(about 92.1%). Figures 2(c) and (d) depict that the
leaching efficiencies of Co, Al, Mn and Zn are all
higher than 97% when the H,O, dosage is higher
than 4 mL/g and the leaching time is longer than
50 min. Thereby, the optimized conditions were
settled, where the H>SO4 dosage was 60 mL/g, the
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Fig. 2 Effects of H,SO4 dosage (a), leaching temperature (b), leaching time (c) and H,O, dosage (d) on leaching

efficiencies of Ni, Co, Zn, Al and Mn in electrode materials
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H>O, dosage was 4 ml/g, the temperature was
90 °C, and the leaching time was 50 min. The low
leaching efficiency of Ni was caused by the partly
dissolution of Ni foam fragments which were mixed
with the electrode materials in battery dismantling,
and the undissolved Ni was recovered with the
separation of the rare earths.

3.3 Separation of rare earths

Rare earths could be precipitated as sodium
double sulfate salts from the leaching solution at
pH=1, which were neutralized with the electrolyzed
NaOH and formed the RE(OH)s; product. The
corresponding reactions can be expressed as

follows:
RE»(SO4)3+Na,SO4+xH,0—
RE2(S04)3-Na,SO4-xH,O 3)
NaRE(SO4)2 -H,O+3NaOH=
2Na;SO4+RE(OH); | +H,O 4)

Figure 3(a) illustrates that temperature exerts
little effect on the separation of La**, Ce*" and Eu’".
Therefore, the precipitation temperature remained
the same as the leaching temperature at 90 °C,
where more than 99% of La*", Ce*" and Eu*" could
be precipitated. Figure 3(b) illustrates that pH value
has an important effect on the precipitation, where
the recovery efficiencies decrease sharply when the
pH is higher than 3. Figure 3(c) indicates that the
precipitation of rare earths is a fast process.
Therefore, the optimal conditions were set up
according to the above results, where the electrolyte
temperature was 90 °C, the pH value was 1.0, and
the time of precipitation was 4 min. The recovery
efficiencies of La, Ce and Eu elements were all over
99%.

It is worthy of mentioning that the undissolved
Ni foam fragments mixed with the double sulfate
salts of rare earths were successfully separated by
magnetic selection. The inset of Fig. S2(b) displays
the morphology of the separated Ni foam fragments,
and the XRD pattern indicates that the solid is
mainly Ni but with a small amount of Cu. When the
part of recovered solid Ni is taken into account, the
total recovery efficiency of Ni will also be higher
than 97.5%.

Figure S3(a) displays the XRD pattern and
SEM image (inset) of the double sulfate salts,
which contain NaLa(SOs),, NaCe(SO4), and
NaEu(S04), crystals. ICP-OES analysis results in

101 T
(@) i

|

100 +
=~ L)
5 99 .
5 !
2 I
2 98r |
g .
& —0— La** !
97 + —p— Ce** |
_*_ Eu3+ |

96 L. . . |

40 50 60 70 80 90
Temperature/°C

100 [

\O
(9}

oo
W

Recovery efficiency/%
\O
S

[}
(=]

~
W

pH
101

100 [ge

A |
(A =
CBJ7 b =

99 10—

98 r —0—- La3+

—p— Ce?*
_*_ Eu3+

Recovery efficiency/%

971

96 L .
0 2

B E— U -

6
Time/min
Fig. 3 Effects of temperature (a), pH value (b) and

time (c) on recovery efficiency of rare earths

Table S3 further indicate that the recovered sodium
sulfate double salts have a purity of 98.5%. The
sodium sulfate double salts were then converted to
yellowish rare earth hydroxides by reacting with the
electrolyzed NaOH solution (0.87 mol/L), by which
Na,SO, was regenerated available for electrolysis.
After rinsing with deionized water, XRD pattern
and SEM image in Fig. S3(b) indicate that the
RE(OH); product contains La(OH)s;, Ce(OH); and
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La(OH);, with total content of La(OH); and
Ce(OH)3 up to 99.4%.

3.4 Recovery of Ni and Co elements

The leaching solution was purified before the
recovery of Ni and Co elements, in which AI**, Fe**,
Zn** and Mn?>* were removed in sequence
from the solution. The precipitation of AI** and
Fe** was carried out by adjusting the pH value
of the leaching solution. Figure 4(a) shows that the
contents of AI’* and Fe*" in the leaching solution

(@)
100 -
X
2
= 95+
2
=
=
(5]
2 90
()
3 —— FeX*
3 —%— AP
~ o ogsl
80 Lo . . L \
4.0 4.5 5.0 5.5 6.0
pH
105
(b)
100 +
N
E‘ 95+
5
‘s 90t
=
[}
» 85t
()
3 | —p— Fe3t
g %0 —%— AP
[
75
70 +
10 20 30 40 50
Time/min
102.5
(©)
s 100.0}
3 o sy
5
5 97.5¢
=
(9]
&3 —b— Feii
92.5| —*— Al
90.0

25 30 35 40 45 50 55
Temperature/°C
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recovery efficiencies of A" and Fe’* from leachate
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vary obvious from pH 4 to 5, where higher pH
value is in favor of the precipitation. Figure 4(b)
illustrates that the recovery efficiencies are also
dependent on reaction time, which reach a plateau
after 30 min. In comparison, Fig. 4(c) displays that
the temperature has a weak influence on the
precipitation of AI** and Fe*'. Therefore, the
reaction was allowed to perform at 25°C for
30 min with the pH value of 5.5, where more than
99% of AP’* and Fe’" were separated from the
leaching solution. However, the ICP-OES analysis
results in Table S4 indicate that the deposit not only
has an Al and Fe hydroxides, but also contains a
considerable amount of Ni, Co, Mn and Zn, and
hence it has economic value for further treatment.
Table S5 shows the concentrations of the leaching
solution before and after removal of AI** and Fe’”,
where the decrease of Ni**, Co*", Zn?>" and Mn?" in
the leaching solution also manifests the loss in the
precipitation process.

Zn** and Mn?* were extracted from the
leaching solution with saponified D2EHPA-
kerosene. The organic extractant was rinsed twice
with 0.04 mol/L H>SO4 solution at an organic-to-
aqueous (O/A) ratio of 5:1 (v/v), which was sent
back to the raffinate solution to minimize the loss of
Ni?* and Co*" in the extraction. Figure 5 illustrates
the effects of pH value (Fig.5(a)), D2EHPA
concentration (Fig. 5(b)), saponification rate of
extractant (Fig. 5(c)), O/A ratio v/v ((Fig. 5(d)) and
extraction time (Fig. 5(e)) on the separation of Zn**
and Mn?*’, from which the optimal extraction
conditions were obtained as follows: 10% of
D2EHPA, saponification rate of 65%, leaching
solution pH value of 3.3, O/A ratio of 1:1 (v/v), and
extraction time of 4 min. The extraction operation
was repeated twice, and Table S6 demonstrated that
nearly 100% of Zn®** and 99.3% of Mn*" were
removed from the leaching solution (i.e. the
raffinate solution), where the loss of Ni** and Co**
in the extraction was only 0.3% and 2.5%,
respectively. The extractant D2ZEHPA—kerosene was
regenerated by rinsing with the electrolyzed H>SO4
solution (cy*=0.82 mol/L) at the O/A ratio of 5:1
(v/v), where Zn>" and Mn?>* were transferred into
the H>SO; solution (Table S7) and were precipitated
by neutralizing with the NaOH solution from
electrolysis, leading to Zn and Mn hydroxides
with a total content of 99% (Table S4). The resulted
Na»S0O; in the process was returned for recycling.



Jia-hu FANG, et al/Trans. Nonferrous Met. Soc. China 33(2023) 3860—3870

100

80

60

40

Extraction rate/%

20

100

80

60

40

Extraction rate/%

20

Saponification rate/%

3867

100

80

60

40

Extraction rate/%

20

100

Zn2+

Extraction rate/%

3:1 2:1 1:1 1:2 1:3
O/A ratio

100 [-(e)
Zn2+
80

60 fMn*"

40

Extraction rate/%

20+

Time/min

Fig. S5 Effects of pH value (a), D2EHPA concentration (b), saponification rate (c), O/A ratio (d) and time (e) on

extraction rates of Zn>*, Mn?*, Co?" and Ni**

Cobalt and nickel hydroxides were then
yielded in the form of a greenish-green precipitate
by adjusting the purified leaching solution to pH 9.5
with NaOH. Figure S4(a) presents the EDS analysis
data of the yielded precipitate, where the content of
Ni is 29.25 at.%, and that of Co is just 1.43 at.%.
Table S4 indicates that the nickel and cobalt
hydroxides exhibit a total content of up to 99.9%,
highlighting the effect of purification of the

leaching solution. XRD pattern (Fig. S4(b)) also
indicates that the recovered precipitate contains
Ni(OH), and Co(OH)..

In this process, all the metals in the electrode
materials of spent Ni-MH batteries were recovered.
For the rare earth elements of La, Ce and Eu, the
recovery efficiencies were 99.08%, 99.46% and
99.86%, respectively; for Ni and Co, the recovery
efficiencies were 97.7% and 95.1%, respectively;
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for Zn and Mn, the efficiencies were 96% and 97%,
respectively; for Al and Fe, the efficiencies were
99.8% and 99.6%, respectively. Table S8 shows that
the concentration of Na,SO4 is up to 206670 mg/L,
followed by 95, 5 and 3.7 mg/L of Ni**, Mn*" and
Co?" in the recycled solution, respectively. It is
estimated that about 97% of Na,SO4 was recycled
for electrolysis when the volume of the recycled
H,SO, solution is considered. Therefore, the mild
recovery strategy allows to recover all metal
elements from the electrode materials of spent
Ni-MH batteries in a closed-loop process at high
recovery efficiencies, which only needs the
chemicals of Na,SO; and H»0,, and produces
nearly zero solid waste and sewage with maximal
output.

Table 1 lists the amounts and values of the
recyclable materials from 1t of spent Ni-MH
batteries, including about 15.1 kg of plastics,
181 kg of steel, 364 kg of Ni, 18.9kg of Co,
18.4 kg of Mn, 23 kg of Zn, 5.8 kg of Al, 80.4 kg of
La, 17.5 kg of Ce and 5 kg of Eu. The metal prices
came from CBC Metal Network, and the values of
other materials were taken from China Reagent
Network based on the exchange rate of RMB to
USD on October 20, 2021. Recycling 1t of spent
Ni-MH batteries is estimated to make a value
of US$ 10933, in which the value of electrode
materials accounts for about 98%, highlighting the
importance of the recovery of electrode materials.
On the other hand, Table 2 shows the consumptions
and costs of power, chemicals and water in the
recovery process, where 3340 kg of H,O,, 600 kg of
sodium sulfate, 100 kg of extractant and 3000 kg of
water are needed. In addition, the electricity for the
entire Na,SO4 electrolysis and recycling process is
calculated as 16535 kW-h. Therefore, the total cost
of recycling 1t of spent Ni-MH batteries is
estimated to be US$ 4674, where the cost of labor is
not considered owing to the huge wage difference
around the world. Therefore, recycling 1 t of spent
Ni-MH batteries is expected to obtain an economic
benefit of US$ 6259. Besides, the closed-loop
strategy avoids using strong acid and alkali with
serious environmental impact, and saves the cost of
wastewater treatment [29], and hence allows the
green and sustainable process to be applied in the
regions with protection
regulations.

strict environmental

Table 1 Estimated amounts and values of recycled
materials in 1 t of spent Ni-MH batteries

Category  Plastic  Steel Ni Co Mn
Amount’kg  15.1 181 364 189 184
Value/US$ 6.6 90 9093 1148 48

Category Zn Al La Ce Eu
Amount’kg 23 5.8 804 175 5
Value/USS$ 92 20 352 79 4.3

Table 2 Consumptions and costs for recycling 1t of
spent Ni-MH batteries

Consumption Consumption Cost/US$
amount/kg
Water 3000 188
Extractant 100 628
Electrolysis 10675" 1216
Power .
Others 5860 782
Sodium sulfate 600 480
Hydrogen peroxide 3340 1380
*kW-h

4 Conclusions

(1) A novel strategy to recover all-metal
elements from spent Ni-MH batteries was proposed
based on the electrolysis of Na,SO4 solution, where
0.41 mol/L of H,SO4 and 0.87 mol/LL of NaOH
solutions were produced. Metal elements in the
electrode materials were successfully leached by
using the electrolyzed H>SO4 solution with the
addition of H,O,, from which the rare earths of La,
Ce and Eu were firstly precipitated at pH 1.0 in the
form of sodium double sulfates, which were
converted to hydroxides with a purity of 99.4%.
The recovery efficiencies of La, Ce and Eu in the
process were 99.08%, 99.46% and 99.86%,
respectively.

(2) In the following purification steps, AI** and
Fe** were removed at pH 5.5, leading to the
byproduct of Al and Fe hydroxides together with
considerable amounts of Ni, Co, Zn and Mn; Zn*>*
and Mn?* were extracted by sulfonated D2EHPA-
kerosene, resulting in the byproduct of Zn and Mn
hydroxides with a purity of 99.0% after the
regeneration of the extractant. Ni*" and Co** in the
purified leaching solution were precipitated at pH
9.5, in the form of Co and Ni hydroxides with a
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purity of 99.97%, and the total recovery rate in the
process was 97.5%. It is estimated that the
recycling can make an economic profit of
US$ 6259 with 1 t of spent Ni-MH batteries.

(3) Na;SO4 was recycled in the process and the
recovery efficiency was accounted for up to 97%.
The method allows to recover all-metal elements
from the electrode materials of spent Ni-MH
batteries in a mild and sustainable way at low cost,
which brings about nearly zero solid waste and
sewage.
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