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Abstract
This study investigated heterotrophic bioleaching of rare earth elements (REEs) and base metals from spent nickel-metal-
hydride (NiMH) batteries. Furthermore, the impacts of phosphorous source [Ca3(PO4)2, KH2PO4 and K2HPO4] and its 
concentration on organic acid production by Gluconobacter oxydans and Streptomyces pilosus were evaluated. Phosphorous 
source affected microbial acid production and metal leaching. Among the studied phosphorous sources, use of K2HPO4 
resulted in highest organic acid production by both bacteria. Increasing K2HPO4 concentration from 2.7 to 27 mM enhanced 
pyruvic acid production by S. pilosus from 2.2 to 10.7 mM. However, no metal was leached from the spent NiMH batteries 
with S. pilosus using either one-step, two-step or spent-medium bioleaching. With G. oxydans, highest gluconic acid con-
centration of 45.0 mM was produced at the lowest K2HPO4 concentration of 2.7 mM. When using two-step bioleaching with 
G. oxydans, higher leaching efficiencies were obtained for base metals (88.0% vs. 68.0% Fe, 41.5% vs. 35.5% Co, 18.5% vs 
16.5% Ni), while more REEs were leached using spent-medium bioleaching (9.0% vs. 6.0% total REEs). With both bioleach-
ing methods, base metals leaching was faster than that of REEs. Surplus of phosphorous should be avoided in bioleaching 
cultures as precipitation especially with REEs is possible.
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Statement of Novelty

Bioleaching is considered as an alternative green tech-
nology to the common physico-chemical routs for metal 
recycling from waste materials. While several studies have 
investigated hydrometallurgical treatment of spent NiMH 
batteries, no report exists on heterotrophic bioleaching of 
REEs and major base metals from spent NiMH batter-
ies. Developing efficient bioleaching processes requires 
optimized medium composition for enhanced production 
of microbial leaching agents. Here, role of factors such 
as phosphorus source also has not been delineated. This 
study investigates phosphorous source effects on microbial 
acid production and metal leaching using heterotrophic 
microorganisms Gluconobacter oxydans and Streptomyces 
pilosus. The results demonstrate potential for developing 
efficient heterotrophic bioleaching processes using G. oxy-
dans to recycle elements with high supply risk from spent 
NiMH batteries.

Introduction

Nickel-metal-hydride (NiMH) batteries are used widely 
as power source in many electronic devices such as com-
puters, cell phones and hybrid electric vehicles [1, 2]. It 
is expected that the rising production of hybrid electric 
vehicles will lead to considerable increases in the use of 
NiMH batteries and thus in battery waste production [3]. 
Essentially, NiMH batteries consist of two main parts: 
the cathode and the anode. While the cathode is made of 
nickel coated with nickel hydroxide, the anode consists of 
a mixture of rare earth elements (REEs) and base metals 
including Ni, Co, Mn and Al [1, 4]. Development of NiMH 
battery recycling procedures is of great importance from 
economic and environmental management point of views 
[1, 5]. Typically, NiMH batteries are recycled by using 
them as a cheap nickel source in stainless steel production, 
but this approach results in loss of the valuable shares of 
cobalt and REEs to the smelter slags [6, 7]. The existing 
physicochemical recycling routes for recovery of base met-
als and REEs from spent NiMH batteries have mainly been 
studied in laboratory and pilot scale while their scale up 
and commercialization has been hindered by the complex-
ity and high costs of the processes as well as generation of 
remarkable amounts of hazardous waste [3, 8, 9].

An alternative process option for metal recovery from 
NiMH battery waste could be bioleaching, which takes 
advantage of microbial activity and metabolites pro-
duced by microorganisms to solubilize metals from solid 
materials. Due to mild operation conditions and relative 

simplicity of the process, bioleaching could be more cost-
efficient and environmentally friendly process compared 
to the currently applied physicochemical methods [10–12]. 
Acidophilic bioleaching, which is commercially utilized 
to leach metals from sulfidic minerals [13], would require 
addition of sulfur source and pH adjustment to a pH of 
2.0 or below [14], while spent NiMH batteries as a non-
sulfidic secondary metal source with alkaline nature could 
be more amenable to heterotrophic bioleaching [15, 16]. 
Heterotrophic microorganisms such as G. oxydans and S. 
pilosus can utilize organic carbon sources such as glucose 
to produce organic acids such as gluconic acid and pyruvic 
acid, respectively [17, 18]. G. oxydans produces gluconic 
acid through oxidization of glucose by membrane-bound 
glucose dehydrogenase [19], while Streptomycetes mostly 
use Embden–Meyerhof–Parnas (glycolysis) pathway for 
glucose usage [20]. Organic acids can mediate metal mobi-
lization from solid materials via complexation and/or pro-
ton promoted dissolution [5, 16]. Detailed information on 
complexation and protonation promoted REE bioleaching 
mechanisms can be found in the review by Rasoulnia et al. 
[5].

In order to enable as high metal dissolution as possi-
ble, microbial production of the leaching agents as well 
as the leaching conditions have to be optimized. Since the 
optimal conditions for microbial leaching agent produc-
tion might be different from those required for efficient 
metal leaching [5], each step needs to be studied sepa-
rately to maximize the overall process efficiency. Factors 
to consider for optimum leaching agent production include 
medium composition and growth conditions such as pH, 
temperature, cultivation duration, stirring and aeration [5, 
21]. Both microorganisms used in this study are reported 
to grow at pH of 5–7 and temperature of 25–30 °C [5, 17, 
22]. Previous studies have focused on medium composi-
tion optimization via evaluating the effects of e.g. nitro-
gen and organic carbon sources [5, 12, 21], while the role 
of other factors, such as the phosphorus source, has not 
been delineated. Furthermore, while several studies have 
investigated hydrometallurgical treatment of spent NiMH 
batteries [1–4], no report exists on simultaneous mobiliza-
tion of REEs and major base metals from spent NiMH bat-
teries by means of heterotrophic bioleaching. Therefore, 
the present study aimed at:

(1)	 Investigating the impacts of phosphorus source (type 
and concentration) on organic acid production by the 
two heterotrophic bioleaching microorganisms Glu-
conobacter oxydans and Streptomyces pilosus; and

(2)	 Evaluating and comparing the efficiency of one-step, 
two-step and spent-medium bioleaching methods in 
mobilizing REEs and base metals from spent NiMH 
batteries.
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Materials and Methods

Spent NiMH Battery Powder Composition

A sample of spent NiMH battery powder was obtained 
from AkkuSer Oy, Finland. The NiMH battery powder 
was homogenized and screened through 630 µm sieve 
prior to the bioleaching experiments. To analyze the metal 
content of the spent NiMH battery, 50 mg of the sample 
was chemically digested using 5 ml of aqua regia solution 
comprised of concentrated HCl (35%) and HNO3 (65%) 
at a 4:1 volume ratio (~ 3:1 molar ratio). The spent NiMH 
battery contained a wide variety of REEs and base metals 
in different quantities (Table 1). The detected base met-
als included high levels of Ni and Co along with lower 
amounts of Cu, Zn, Fe and Mn. The major REEs present 
in the spent NiMH battery were La, Ce, Nd, Pr, Sm, Y, 
Yb, Gd and Er in a descending order. The sample also 
contained 29.3 ± 3.29  wt% C, 4.99 ± 0.65  wt% N and 
0.65 ± 0.20 wt% H.

Microorganisms and Growth Media Used 
for Inoculum Preparation

Gluconobacter oxydans (DSM 3503) and Streptomyces pilo-
sus (DSM 40097) were purchased from German Collection 
of Microorganisms and Cell Cultures (DSMZ). G. oxydans 
stock culture was maintained on glucose-yeast extract (GY) 
medium containing 100 g/l glucose (= 555 mM glucose), 
10 g/l yeast extract, 20 g/l CaCO3 and 15 g/l agar. S. pilo-
sus stock culture was maintained on glucose-yeast and malt 
extract (GYM) medium with the following composition: 
4 g/l glucose (= 22.2 mM glucose), 10 g/l malt extract, 4 g/l 
yeast extract, 2 g/l CaCO3 and 12 g/l agar. The incubation 
temperature was 27 ± 1 °C and the cultures were transferred 
to fresh agar plates once a month.

In order to study acid production and bioleaching of spent 
NiMH battery powder, S. pilosus inoculum was prepared 
as follows: the surface of GYM agar culture incubated for 
4 days was washed using 10 ml of sterilized ultrapure water 
and subsequently 1 ml of the well mixed suspension (freeze 
dried weight: 4 mg/ml) was inoculated into the media using 
cut tip micropipettes. In case of G. oxydans, 1 ml of bacte-
rial culture (107 cells, OD600: 1.22, pH: 2.55) incubated for 
7 days in GY broth (excluding agar and CaCO3 used in the 
agar medium) was used to inoculate the flasks. The same 
inoculation procedure was followed in all the acid produc-
tion and bioleaching experiments. In the first set of experi-
ments, the cultivation media were optimized for organic acid 
production by the bacteria through evaluating initial medium 
pH and phosphorous source effect, and then the efficiency of 
one-step, two-step and spent-medium bioleaching in mobi-
lization of valuable elements from the spent NiMH battery 
was evaluated using the optimized media (Fig. 1).

Medium Optimization Experiments

Based on previous studies G. oxydans and Streptomyces sp. 
have shown good growth in Pikovskaya (PVK) and GYM 
medium, respectively [17, 18, 23]. Thus, prior to medium 
optimization via analyzing the effects of initial medium pH 
and phosphorus source, the growth of both bacteria was 
compared in GYM and PVK broth media through measure-
ment of optical density (OD) at 600 nm, pH and production 
of organic acids (Online Resource 1). The composition of 
PVK medium was as follows: 10 g/l glucose (= 55.5 mM 
glucose), 5  g/l Ca3(PO4)2 (= 32.2  mM PO4

3−), 0.5  g/l 
(NH4)2SO4, 0.2 g/l NaCl, 0.2 g/l KCl, 0.1 g/l MgSO4, and 
0.5 g/l yeast extract.

Since both bacteria produced higher quantities of organic 
acids in PVK medium (Online Resource 1), it was used as 
the basis for medium optimization with the aim to fur-
ther increase organic acid production. In PVK medium, 
Ca3(PO4)2 acts as a buffer, preventing medium pH from 

Table 1   Spent NiMH battery composition

a Limit of detection (mg/g battery): Eu = 0.0070, Ho = 0.0020, 
Tm = 0.0017, Lu = 0.0023 (the detection limit values were converted 
to equivalent mg/g battery values based on procedures used only in 
this study)

Element Spent NiMH 
battery content 
(mg/g)

Ni 435.21
Co 90.84
Mn 22.00
Cu 12.31
Zn 8.78
Fe 4.86
La 102.27
Ce 59.51
Nd 29.56
Pr 9.88
Sm 2.96
Y 1.54
Yb 0.48
Gd 0.37
Er 0.24
Tb 0.02
Dy 0.01
Eu, Ho, Tm, Lu < LODa
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reaching low values. Since acidolysis plays an important 
role in metal bioleaching alongside complexolysis [24], PVK 
medium was modified via replacing the insoluble buffer-
ing compound Ca3(PO4)2 with 2.7 mM of soluble phospho-
rous sources of either K2HPO4 or KH2PO4 in combination 
with 0.3 mM CaCl2·2H2O [18]. The phosphorous source 
affects medium pH and thus bacterial activity and organic 
acid production. More specifically, KH2PO4 and K2HPO4 
have pKa values of ~ 7.0 and 12.0 [25, 26], providing differ-
ent pH ranges for bacterial cultivation. Choosing the right 
phosphorous source can help to provide the required opti-
mum pH range for bacterial growth without the need for 
further pH adjustment, thus lowering the operational costs 
in potential commercial applications. The effect of initial 
medium pH on bacterial growth and organic acid excretion 
was also evaluated by manual adjustment of initial pH of 
KH2PO4 and K2HPO4 containing media using H2SO4 and 
NaOH (Table 2). Moreover, to ensure that phosphorous con-
centration was not a limiting factor in organic acid produc-
tion, five times (5×P) and ten times (10×P) higher K2HPO4 
concentrations of 13.5 and 27 mM were studied.

Bioleaching of Metals from Spent NiMH Battery 
Powder

Bioleaching of the spent NiMH battery powder was carried 
out in 250 ml Erlenmeyer flasks with 100 ml initial working 
volume using PVK

K
2
HPO

4
 and PVK

K
2
HPO

4
-10×P media for 

G. oxydans and S. pilosus, respectively. These media were 
chosen based on the results of growth studies described in 
“Optimization of PVK Medium to Enhance Organic Acid 
Production” section. The flasks were inoculated with 1% 
(v/v) bacterial inoculum and incubated at 27 ± 1 °C, mixing 
at 150 rpm for 14 days. To avoid bacterial contamination, 
the NiMH battery sample was autoclaved for 1 h at 121 °C 
in a nitrogen atmosphere to avoid oxidation reactions. Metal 
leaching efficiencies of three different bioleaching methods 
were investigated with both bacteria using a pulp density of 
1% (w/v) of the spent NiMH battery. In one-step bioleach-
ing, the spent NiMH battery sample was added simul-
taneously with the bacterial inoculum to the medium. In 

Investigating initial 
medium pH and 

phosphorous source 
effect

PVKK2HPO4 

selected 

Evaluating the effect of 
increase in K2HPO4

concentration  

PVKK2HPO4-10XP 
selected for 

bioleaching by        
S. pilosus

PVKK2HPO4 

selected for 
bioleaching by 

G. oxydans

Investigating efficiency of 
one-step, two-step and spent-
medium bioleaching methods  

Fig. 1   Overall experimental design used in the study to optimize 
organic acid production with Gluconobacter oxydans and Streptomy-
ces pilosus, and to investigate spent NiMH battery bioleaching with 
the two microorganisms (PVK: Pikovskaya medium, PVK

K
2
HPO

4
 : 

PVK medium with 2.7  mM K2HPO4, PVK
K

2
HPO

4
-10×P: PVK 

medium with 27 mM K2HPO4)

Table 2   Used media for 
evaluation of organic 
acid production by both 
Gluconobacter oxydans and 
Streptomyces pilosus, modified 
by substitution of calcium 
phosphate in PVK medium and/
or adjustment of initial medium 
pH

Medium Substituted phosphorous source (mM) Initial pH PO4
3− con-

centration 
(mM)

PVK Ca3(PO4)2 (16.1) 6.5 32.2
PVK

KH
2
PO

4
KH2PO4 (2.7), CaCl2·2H2O (0.3) 5.3 2.7

PVK
K

2
HPO

4
K2HPO4 (2.7), CaCl2·2H2O (0.3) 6.9 2.7

PVK
KH

2
PO

4
-pH adj KH2PO4 (2.7), CaCl2·2H2O (0.3) 6.5 2.7

PVK
K

2
HPO

4
-pH adj K2HPO4 (2.7), CaCl2·2H2O (0.3) 6.5 2.7

PVK
K

2
HPO

4
-5×P K2HPO4 (13.5), CaCl2·2H2O (0.3) 7.0 13.5

PVK
K

2
HPO

4
-10×P K2HPO4 (27), CaCl2·2H2O (0.3) 7.0 27
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two-step bioleaching, the spent NiMH battery sample was 
added at the beginning of the logarithmic growth phase of 
the bacteria (1 day for G. oxydans and 2 days for S. pilo-
sus). Spent-medium bioleaching experiments were carried 
out using cell-free microbial culture supernatant. To obtain 
the cell-free medium, the cells were removed after 6 days of 
growth by centrifugation at 10,000 rpm for 10 min (SIGMA, 
4-16KS, Germany). Duration of the leaching phase with all 
the studied methods was 14 days. Control flasks contain-
ing respective sterile media without bacteria were incubated 
both in the presence and absence of the spent NiMH battery 
powder. In addition, pure cultures of the bacteria (without 
battery sample) were also included as controls. All bioleach-
ing experiments were performed as triplicates.

Analytical Methods

During the experiments, pH variations were monitored using 
a pH meter (pH 3110, WTW 82362 Wellhelm, Germany) 
with Hamilton Slimtrode electrode. Ultrospec 500 pro spec-
trophotometer (Amersham Biosciences, England) was used 
to measure optical density at 600 nm (OD600) of G. oxydans 
cultures. Ultrapure water was used as the blank for the OD 
measurements. The concentrations of microbially produced 
organic acids were analyzed using high performance liquid 
chromatography (HPLC, Agilent 1100 series, Germany) 
equipped with Aminex HPX-87H column (300 × 7.8 mm) 
and a diode array detector at 210 nm. Sample injection vol-
ume was 20 µl and mobile phase flow rate was 0.6 ml/min. 
The mobile phase was 20 mM sulfuric acid and the col-
umn temperature 70 °C. d-Gluconic acid (Sigma Aldrich) 
and pyruvic acid (Acros Organics) sodium salts were used 
as the organic acid standards. A Shimadzu HPLC (SIL-20 
series) equipped with a Rezex™ RHM-Monosaccharide H+ 
(300 × 7.8 mm) column and a refractive index (RI) detec-
tor was utilized for glucose determination under the fol-
lowing conditions: column temperature of 70 °C, injection 
volume of 2 µl and mobile phase of 5 mM sulfuric acid at 
flow rate of 0.8 ml/min. The concentration of phosphate in 
spent-medium leaching samples was monitored using ion-
chromatography equipped with Dionex IonPac AS22 anion 
exchange column (Thermo Scientific). The eluent was a 
mixture of 4.5 mM Na2CO3 and 1.4 mM NaHCO3 at a flow 
rate of 1.2 ml/min. The sample injection volume was 10 µl, 
the column temperature was 30 °C and K2HPO4 was used 
as the standard. Metal concentrations were measured using 
inductively coupled plasma mass spectrometry (iCAP RQ 
ICP-MS, Thermo Scientific, USA) in kinetic energy dis-
crimination mode to reduce interferences. Rhodium and 
germanium were used as internal standards and the samples 
were 100-fold diluted using 2% ultrapure nitric acid. All 
samples were filtered through 0.2 µm disposable syringe fil-
ters (CHROMAFIL® Xtra PET-20/25, Germany) prior to 

use in HPLC and ICP-MS analyses. The carbon, hydrogen 
and nitrogen content of the spent NiMH battery powder was 
determined using a Flash Smart elemental analyzer (Flash 
2000, Thermo Scientific, USA) using cystine as a standard. 
The bioleached battery residues were collected at the end of 
spent-medium experiments and dried at room temperature 
prior to scanning electron microscope (SEM) analysis. Jeol 
JSM-IT500 SEM equipped with energy-dispersive X-ray 
spectrometer (EDS) was used for the characterization of the 
samples before and after bioleaching. Both the morphology 
and the cross-sections of the samples were studied. In the 
preparation of the cross-section specimen, the sample pow-
der was mixed with a small amount of epoxy resin and cured 
in a mold in a vacuum. Then the mold was filled with epoxy. 
The samples were metallurgically ground with sandpaper 
and polished with a diamond paste. Before the analyses, all 
samples were carbon coated using a carbon evaporator.

Results and Discussion

Optimization of PVK Medium to Enhance Organic 
Acid Production

High acid production enables increased metal leaching 
yields due to a decrease of pH and thus increase of proton 
promoted leaching. In theory, high organic acid concentra-
tion also leads to increased availability of the complexation 
agent. However, any occurring complexation mediated con-
tribution to the overall leaching process will be diminished 
with decreasing pH and might not be compensated by the 
increased concentration of the complexing agent [5, 27]. In 
order to compare the effect of different phosphorus sources 
on organic acid production, the PVK medium was modified 
by substitution of calcium phosphate (= 32.2 mM PO4

3−) 
with either KH2PO4 or K2HPO4 (= 2.7 mM PO4

3−). As a 
result, the initial pH of the PVK medium changed from 6.5 
to 5.3 when KH2PO4 was used ( PVK

KH
2
PO

4
 ) and to 6.9 when 

K2HPO4 was used ( PVK
K

2
HPO

4
 ) as the phosphorus source. 

Therefore, to delineate how both the phosphorus source 
and the change in initial pH of the medium affect the bac-
terial growth and organic acid production, PVK

KH
2
PO

4
 and 

PVK
K

2
HPO

4
 media with initial pH adjusted ( PVK

KH
2
PO

4
-pH 

adj and PVK
K

2
HPO

4
-pH adj) to 6.5 (same initial pH as in the 

original PVK medium) were also investigated (Table 2).
In PVK medium containing Ca3(PO4)2, 28.0  mM of 

gluconic acid was produced by G. oxydans within 2 days 
of incubation (Online Resource 1). During the following 
days, the concentration of gluconic acid in PVK medium 
decreased possibly due to conversion of gluconic acid to 
2-keto-gluconic and 5-keto-gluconic acid [28, 29]. Substitu-
tion of Ca3(PO4)2 by KH2PO4 and K2HPO4 improved G. oxy-
dans growth and enhanced production of gluconic acid from 
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28.0 to 33 mM and 41 mM, respectively (Fig. 2a, b). No 
decrease in gluconic acid concentration was observed after 
it had reached the highest value, indicating that conversion 
of gluconic acid to 2-keto-gluconic acid and 5-keto-gluconic 
acid was negligible when Ca3(PO4)2 was eliminated from 
the medium [29]. Also previous studies have shown that 
presence of buffering agents such as CaCO3 can increase the 
conversion degree of gluconic acid to 2-keto-gluconic acid 
and 5-keto-gluconic acid by G. oxydans [28].

The highest gluconic acid concentrations obtained with G. 
oxydans in PVK

KH
2
PO

4
 and PVK

K
2
HPO

4
 media were obtained 

by day 4 and 2, respectively. The lower and slower gluconic 
acid production in PVK

KH
2
PO

4
 compared to PVK

K
2
HPO

4
 could 

have been a result of the lower initial pH (5.3 vs. 6.9). This 
was confirmed by adjusting the initial pH of PVK

KH
2
PO

4
 to 

6.5 which resulted in increase of gluconic acid production 
to 42 mM. Adjusting the initial pH of PVK

K
2
HPO

4
 to 6.5 

led to only slightly higher production of gluconic acid than 
without pH adjustment (45 mM vs. 41 mM). As the use of 
PVK

K
2
HPO

4
 enabled production of more than 40 mM glu-

conic acid without the need to adjust the initial medium pH, 
this medium was selected to study the effect of K2HPO4 
concentration on acid production.

Increasing the amount of K2HPO4 from 2.7 to 13.5 mM 
( PVK

K
2
HPO

4
-5×P) slowed down bacterial growth and 

reduced gluconic acid production to 26.0 mM. In pres-
ence of 27.0 mM K2HPO4 ( PVK

K
2
HPO

4
-10×P), a negli-

gible amount of gluconic acid was produced (Fig. 2a). 
Increasing the K2HPO4 concentration five- and ten-
times, increased the initial medium pH to 8.2 and 8.4 

Fig. 2   Organic acid production and pH variations in G. oxydans cultures (a, b); and S. pilosus cultures (c, d) with the different media formula-
tions. Error bars indicate standard deviations of triplicate experiments (error bars not visible fall within the symbols)
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respectively. Under these alkaline conditions, Maillard 
type reactions are enhanced during autoclaving, result-
ing in sugar and amino acid degradation and formation of 
toxic substances that can inhibit bacterial growth [30, 31]. 
This could explain the reduced gluconic acid production 
at the higher K2HPO4 concentrations. Thus, PVK

K
2
HPO

4
 

medium containing 2.7 mM of K2HPO4 was selected for 
conducting the bioleaching experiments with G. oxydans.

Similar medium modifications were also applied to 
S. pilosus (Fig. 2c, d). In PVK medium with Ca3(PO4)2, 
5.5 mM of puryvic acid was produced by S. pilosus within 
4 days (Online Resource 1). In PVK

KH
2
PO

4
 with initial 

pH of 5.3, negligible amount of pyruvic acid was pro-
duced. However, medium pH decreased to 3.3 likely as a 
result of production of other, unidentified metabolites. By 
adjusting initial medium pH to 6.5, production of approxi-
mately 2 mM of pyruvic acid was observed. Utilization 
of PVK

K
2
HPO

4
 medium which had a higher initial pH of 

6.9, enabled production of 2.2 mM pyruvic acid without 
requiring pH adjustment. Increasing the concentration of 
K2HPO4 to 13.5 mM in PVK

K
2
HPO

4
-5×P and to 27.0 mM in 

PVK
K

2
HPO

4
-10×P, with both media having an initial pH of 

7.0, further improved pyruvic acid production to 5.5 and 
10.7 mM, respectively. The higher pyruvic acid produc-
tion in PVK

K
2
HPO

4
-10×P medium was most likely due to 

the higher buffering capacity of the medium allowing for 
increased acid production, while still maintaining favora-
ble pH conditions for growth. The results showed that 
pyruvic acid production by S. pilosus is highly affected 
by the initial medium pH which it is also dependent on the 
type and concentration of the utilized phosphorous source.

Despite the possible occurrence of Maillard type reac-
tions during autoclaving and detection of only 11.1 mM 
glucose on the initial day of S. pilosus cultivation (instead 
of 55.5 mM initial glucose content of medium before 
autoclaving), 10.7 mM pyruvic acid was produced after 
4 days. In the same time glucose concentration decreased 
by 7.2 mM. This indicates a 74% conversion efficiency of 
measured glucose into pyruvic acid. Considering the same 
conversion efficiency, theoretically 82.1 mM pyruvic acid 
could be produced from 55.5 mM glucose in absence of 
Maillard type reactions and presence of favorable micro-
bial growth conditions. S. pilosus growth in PVK

K
2
HPO

4

-10×P decreased medium pH from 7 to 4.4 within 4 days. 
From day 4 onwards, medium pH and pyruvic acid con-
centration remained constant. When lower phosphate con-
centrations were used, buffering capacity of the medium 
was reduced. Thus, the lower pyruvic acid production may 
have been caused by the faster pH decrease, and there-
fore, PVK

K
2
HPO

4
-10×P medium was chosen for studying 

bioleaching with S. pilosus.

Bioleaching of Spent NiMH Battery

Organic Acid Production and pH Variations 
in the Bioleaching Experiments

Acid production was negligible in one-step bioleaching by 
both bacteria presumably due to toxicity of the spent NiMH 
battery powder and metals present in the powder. The con-
stant medium pH during the process confirmed the lack of 
excretion of microbial metabolites and thus the interaction 
with the metals in the NiMH battery waste (Fig. 3a–d). 
Reduced bacterial growth due to presence of hazardous com-
ponents has been reported for other solid waste materials 
such as waste electrical and electronic equipment shredding 
dusts [32], printed circuit boards [33] and spent lithium-ion 
batteries [34].

The two-step bioleaching method enabled bacteria to 
grow and enter logarithmic growth phase prior to the addi-
tion of the spent NiMH battery sample. In G. oxydans cul-
tures, medium pH decreased from 7.0 to 2.7 within 1 day 
due to production of 35 mM gluconic acid (Fig. 3a, b). After 
addition of the spent NiMH battery powder, medium pH 
instantly increased to 3.2. Gluconic acid production contin-
ued to increase to 40 mM by day 2 and then gluconic acid 
concentration remained stable until the end of the experi-
ment (day 14). The medium pH continued to increase reach-
ing 6.5 within 14 days, respectively. The increase of medium 
pH during the bioleaching process, despite acid production 
by G. oxydans, was likely due to the fast proton consump-
tion and release of alkaline compounds by the spent NiMH 
battery [35]. In case of two-step bioleaching with S. pilosus, 
acid production decreased medium pH from 7.0 to 6.7 within 
2 days (Fig. 3c, d). The addition of the spent NiMH battery 
led to an increase of pH from 6.7 to 7.0. The pH gradually 
continued to increase to 7.5 within 14 days. No production 
of pyruvic acid was observed from day 2 onwards, which 
may indicate inhibition of S. pilosus growth by addition of 
the battery waste.

Spent-medium bioleaching experiments were con-
ducted using cell-free culture supernatants. In G. oxy-
dans cultures, the medium pH decreased from 7.0 to 2.6 
by production of 42 mM gluconic acid during the 6-day 
incubation without the battery sample (Fig. 3a, b). The 
addition of the spent NiMH battery to cell-free superna-
tant of G. oxydans caused an increase in the medium pH 
from 2.6 to 3.1, similarly as in the two-step bioleaching. 
The increase in pH was due to the alkaline nature of the 
spent NiMH battery material. Concentration of gluconic 
acid in the cell-free supernatant remained almost stable 
(39–42 mM) during the 14-day leaching period. In S. pilo-
sus cultures, production of 10 mM pyruvic acid within 
the growth period decreased medium pH from 7.0 to 4.6, 
while the addition of the spent NiMH battery sample to 
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the filtered supernatant caused an increase in pH from 4.6 
to 5.9. The pH later increased gradually to 6.9 during the 
14-day leaching experiment, while at the same time pyru-
vic acid concentration in the medium decreased from 10.0 
to 5.3 mM (Fig. 3c, d). The gradual pH increase during 
spent-medium leaching is an indication of slow, chemical 
reactions that take place between the microbial metabo-
lites and the spent NiMH battery sample. The constant pH 
of the sterile control media (Fig. 3b, d) verified that the 
interactions of the biogenic metabolites with the NiMH 
battery powder were responsible for the pH variations.

Bioleaching of REEs and Base Metals

With G. oxydans, no metals were leached when one-step 
bioleaching method was utilized as no bacterial activ-
ity was detected likely due to the toxicity of the spent 
NiMH battery sample. Application of two-step bioleaching 
method with G. oxydans enabled extraction of 34% Mn, 
88% Fe, 41.5% Co, 18.5% Ni, 21% Cu, 12% Zn and 6.5% 
of total REEs. In spent-medium bioleaching experiments 
using filtered culture supernatant of G. oxydans, 35% Mn, 
68% Fe, 35.5% Co, 16.5% Ni, 20% Cu, 9% Zn and 9% 
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Fig. 3   Organic aid production and pH variation with different 
bioleaching methods: G. oxydans (time of NiMH battery addition was 
day 0 in one-step and spent-medium, and day 1 in two-step bioleach-
ing) (a, b); and S. pilosus (time of NiMH battery addition was day 0 

in one-step and spent medium, and day 2 in two-step bioleaching) (c, 
d). Error bars indicate standard deviations of triplicate experiments 
(error bars not visible fall within the symbols)
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of total REEs were solubilized. Surprisingly, despite the 
production of similar level of gluconic acid with both 
methods, two-step bioleaching resulted in higher leach-
ing efficiencies of base metals (especially Fe, Co, Ni and 
Zn), while spent-medium bioleaching method was more 
efficient at extracting REEs (9% vs. 6.5% leaching of total 

REEs) from the spent NiMH battery powder (Fig. 4a, 
b). The lower REE leaching efficiency in the two-step 
bioleaching could be at least partly due to adsorption of 
REEs on the microbial cells, while this was not the case in 
spent-medium bioleaching as the cells had been removed 
from the leaching solution. Preferential biosorption of 
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Fig. 4   Comparison of base metal (a) and REE (b) leaching effi-
ciency in two-step and spent-medium bioleaching by G. oxydans after 
14 days of leaching; and base metal and REE bioleaching kinetics in 

two-step bioleaching (c, e) and spent-medium bioleaching (d, f) by G. 
oxydans. Error bars indicate standard deviations of triplicate experi-
ments (error bars not visible fall within the symbols)



5554	 Waste and Biomass Valorization (2021) 12:5545–5559

1 3

REEs over base metals onto the cell surfaces has been 
reported for other microorganisms such as Penidiella 
sp. [36]. The total REE recovery yield of 9% obtained 
in this study is comparable with bioleaching efficiencies 
reported for other high-grade secondary REE sources such 
as fluorescent phosphors (Table 3). However, the obtained 
leaching yields are low in comparison to low-grade REE-
containing waste materials such as fluid catalytic cracking 
(FCC) catalysts and combustion ashes (Table 3). Although 
the efficiency of a bioleaching process is highly depend-
ent on REE bonding within the solid material as well as 
the applied microorganisms and growth conditions [5], it 
seems that there is an inverse relationship between REE 
extraction yields and original REE concentration within 
the material [37]. This could be due to the fact that under 
batch leaching conditions, solubility limits can constrain 
the attainable total REE recovery.

When S. pilosus was employed, no metals were leached 
from the spent NiMH battery powder using any of the 
studied bioleaching methods. Even with the spent-medium 
bioleaching, during which S. pilosus was allowed to grow 
and produce 10 mM pyruvic acid, no considerable leach-
ing was observed for any of the target elements. This 
could be due to four different reasons: (1) concentrations 
higher than 10 mM pyruvic acid are needed; (2) K2HPO4 
buffering impedes achieving low pH necessary for pro-
ton promoted leaching, (3) absence of metal complexa-
tion promoted leaching under these conditions, and/or (4) 

precipitation of leached metals with phosphorous in the 
medium [41].

Leaching Kinetics

During the 14-day two-step and spent-medium bioleaching 
by G. oxydans the leaching kinetics were also monitored 
(Fig. 4c–f). With both methods, the leaching rates of base 
metals were higher than the leaching rates of REEs. Both 
base metal and REE leaching kinetics followed a biphasic 
pattern. The majority of the base metals were leached out 
within the first 4 days of the leaching and although mobili-
zation of the base metals continued up to day 14, the leach-
ing rates became substantially slower. For example, in the 
spent-medium experiments the leaching rates of Ni, Co and 
Mn decreased from 151, 71 and 16 mg/l day until day 4 to 
12, 3 and 1 mg/l day for the following 10 days. Similarly, 
in the two-step experiments, leaching rates of Ni, Co and 
Mn decreased from 176, 88 and 16 mg/l day during the first 
4 days to 10, 2 and 1 mg/l day from day 4 to 14.

During the spent-medium bioleaching experiments, the 
leaching rates of La, Ce and Nd (the three most abundant 
REEs in the spent NiMH battery powder) decreased from 
9, 5 and 4 mg/l day during the first 4 days to 2, 2 and 1 mg/l 
day from day 4 to 14. A similar trend was observed in the 
two-step bioleaching experiments: the REE leaching rates 
were higher within the four initial days of the leaching 
compared to the following days. However, the decrease in 
the REE leaching rates was lower compared to those of the 

Table 3   Comparison of REE leaching efficiencies obtained using various waste materials and microorganisms

a Microorganism growth period
b Leaching period by biolixiviants in the presence of microbial cells in case of two-step leaching and without the microorganisms in the case of 
spent-medium

Waste material Microorganism Experiment type Pulp 
density (% 
w/v)

Time (day) Tem-
perature 
(°C)

Total REE 
recovery yield 
(%)

References

Ash slag waste Acidophilic chemolitho-
autotrophs

Batch, shake flask, one-
step

3 19 45 15–30 [38]

FCC catalyst Gluconobacter oxydans Batch, shake flask, spent-
medium

1.5 4a + 1b 30 49 [18]

Fluorescent phosphors Gluconobacter oxydans Batch, shake flask, spent-
medium

1.5 4a + 1b 30 2 [18]

Fluorescent phosphors Symbiotic mixed culture 
of Kombucha

Batch, shake flask, one-
step

2.85 14 25 6.5 [16]

Fluorescent phosphors Komagataeibacter xylinus Batch, shake flask, one-
step

2.85 14 25 12.6 [39]

Municipal solid waste 
incinerator fly ash

Acidophilic mixed culture Batch, stirred bioreactor, 
two-step

5 4a + 21b 30 40.75 [40]

Spent NiMH battery Gluconobacter oxydans Batch, shake flask, spent-
medium

1 6a + 14b 27 9 This study

Spent NiMH battery Gluconobacter oxydans Batch, shake flask, two-
step

1 2a + 14b 27 6.5 This study
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base metals from day 4 onwards. Although the obtained REE 
leaching rates are comparable to previously reported leach-
ing rates (Table 3), further improvement of leaching kinetics 
to shorten leaching duration is desirable for industrial-scale 
recycling of spent NiMH batteries.

The faster leaching rate of the base metals compared to 
the REEs in this study is in contradiction with the results 
reported for spent NiMH battery leaching using HCl and 
H2SO4 [42]. Both, the use of different leaching agents as 
well as the differences in pH could explain this contradic-
tion. The pH during HCl and H2SO4 leaching of spent NiMH 
battery was 3, while in this study the pH during bioleaching 
was varying from 3.1 to 6.4. Thus, comprehensive investiga-
tions of the leaching kinetics using various leaching agents 
are required to clarify the leaching behavior of different ele-
ments from spent NiMH batteries.

SEM–EDS Analysis of the Spent NiMH Battery

The scanning electron microscope characterization of the 
spent NiMH battery was conducted using the bioleached 
residue from the spent-medium bioleaching experiments, 
as the obtained REE leaching efficiencies were the high-
est using this method. Secondary electron (SE) imaging of 
the spent NiMH battery was conducted to visualize changes 
in the particle morphology during the bioleaching process. 
Figure 5a, b show that during spent-medium bioleaching, 
the rough surface of the spent NiMH battery particles trans-
formed into a smoother, but slightly cracked surface after 
bioleaching due to exposure to the microbially produced 
leaching agents.

The analysis of the cross-sectional samples was done 
using backscattered secondary electron (BSE) imaging that 
highlights the elemental contrast (Fig. 5c, d). The cross-
sectional BSE images revealed a core–shell structure for 
the predominant particles of the spent NiMH battery before 
bioleaching similar to the structures observed by Zielinski 
et al. [42]. The EDS point analyses indicated that while both 
shell and core of the particles contained a mixture of the 
REEs and base metals, their oxygen content differed greatly. 
The shell contained 10–30 wt% oxygen, while the core had 
only traces of oxygen indicating an oxidation of the parti-
cle surface. The EDS analysis maps in Fig. 5e illustrate the 
oxidation of the surfaces of the particles and reveal the dis-
tribution of metals including Ni, Co, La and Ce throughout 
the particles. A slightly different distribution pattern was 
observed for Y, detecting more of it on the exterior of the 
particles. Comparison of the cross-sectional BSE images 
of the spent NiMH battery before and after bioleaching 
(Fig. 5c, d) shows formation of cracks in the shell of the par-
ticle. This indicates that metals were predominantly leached 
from the shell rather than the core. However, once the cracks 

formed, they might allow for access of the leaching agent 
and metal release from the core of the particle as well.

Impacts of Phosphorous Source and Possible 
Approaches for Process Improvement

In this study, after addition of the spent NiMH battery pow-
der to the cell-free culture supernatants of G. oxydans and 
S. pilosus, the soluble phosphate level decreased by up to 
200 mg/l and 400 mg/l, respectively, after 2 days of leaching. 
The reductions in phosphate level indicate occurrence of a 
chemical reaction between the elements present within the 
spent battery material and the unutilized phosphorous. REEs 
have the potential to precipitate with phosphate ions at pH 
range of 4–6 [41] which resembles the pH range (3.1–6.4) 
observed during the bioleaching processes in this study. Nev-
ertheless, because of complexity of the bioleaching medium 
(presence of numerous bacterial metabolites) and hydrolysis 
and complexation reactions of the solubilized metals, it is 
hard to make exact predictions about the reaction behavior of 
the elements in solution [41]. The results of this study indi-
cate that phosphate content of the culture medium plays an 
important role in both microbial acid production and metal 
leaching. Although increases in phosphate concentration 
might lead to higher acid production, it does not necessar-
ily lead to improved bioleaching efficiencies. Thus, a care-
ful optimization of the medium phosphate concentration to 
ensure both optimal microbial growth and no interference 
in the leaching process is critical. However, providing no 
additional phosphorous source can also lead to a reduction of 
leaching efficiency as observed during fluorescent phosphor 
leaching [39]. Alternatively, the use of organic phosphorous 
sources [43, 44] could be investigated as such compounds 
might not precipitate with REEs in solution as easily as read-
ily soluble phosphate. Further studies are required to investi-
gate the effects of surpluses of phosphate on metal leaching.

Another option to increase bioleaching efficiency of G. 
oxydans could be utilization of higher glucose concentra-
tions than the 55.5 mM used in this study. Previous studies 
have used up to 555 mM glucose or 292 mM sucrose in REE 
bioleaching with bacteria and fungi [12, 15, 16]. However, 
considering economics of the process, the influencing fac-
tor is the conversion efficiency of the carbon source into 
the leaching agent and not the absolute amount of organic 
carbon source used [12].

In addition, removing easily soluble, acid consuming 
compounds from the spent NiMH batteries via a washing 
step could improve the leaching yields by increasing the rate 
of reactions between the target elements and the microbial 
metabolites [4, 45]. Furthermore, use of higher temperatures 
could accelerate leaching rates of REEs in spent-medium 
bioleaching. The increased temperature of the leaching 
step can enhance mineral dissolution, making up for the 
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decreased solubility of REE salts at elevated temperatures 
as reviewed by Rasoulnia et al. [5]. Several methods such as 
solvent extraction, ion exchange, precipitation, liquid mem-
brane processes, nanofiltration, and biosorption/adsorption 
can be applied to recover REEs from the leach solutions 
[46–49].

Conclusions

This study demonstrated that phosphorous source type and 
concentration are important factors affecting medium pH, 
bacterial activity, organic acid production and metal leach-
ing. Use of K2HPO4 enabled achievement of favorable pH 

Fig. 5   Secondary electron 
images of surface morphol-
ogy of the spent NiMH battery 
before (a) and after bioleaching 
(b); cross-sectional backscat-
tered secondary electron images 
of the spent NiMH battery 
before (c), and after bioleaching 
(d); and EDS analysis maps of 
the spent NiMH battery before 
bioleaching (e)
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conditions for microbial growth and organic acid production 
without requiring additional pH adjustment. While increas-
ing phosphate concentration hindered gluconic acid produc-
tion by G. oxydans, it improved pyruvic acid production by 
S. pilosus. Potential for leaching of different metals from the 
spent NiMH battery powder was demonstrated with G. oxy-
dans but not with S. pilosus. With G. oxydans, solubilization 
of base metals was more efficient when two-step bioleaching 
was used, while spent-medium leaching resulted in higher 
REE leaching yields. The SEM–EDS analysis demonstrated 
that the metals were predominantly leached from the shell 
rather than the core of the particles. The findings of this 
study provide a basic understanding for developing an effi-
cient heterotrophic bioleaching process using G. oxydans 
to recycle elements with high risk of supply disruption and 
high economic importance from spent NiMH batteries and 
thus mitigating the impacts on the environment.
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