Fundamental Research 4 (2024) 868-881

journal homepage: http://www.keaipublishing.com/en/journals/fundamental-research/

Fundamental
ese: ch

&

Contents lists available at ScienceDirect

Fundamental Research

Article

A primary battery for efficient cadmium contamination remediation and )

electricity generation

Check for
updates

Chaowen Chen®‘®, Jia Zhang**"®, Guilong Zhang‘®, Dongfang Wang"®, Jun Wang*@,
Dongqing Cai®*®, Zhengyan Wu»%*®

aKey Laboratory of High Magnetic Field and Ion Beam Physical Biology, Hefei Institutes of Physical Science, Chinese Academy of Sciences, Hefei 230031, China

b College of Environmental Science and Engineering, Donghua University, Shanghai 201620, China

¢ School of Pharmacy, Binzhou Medical University, Yanta 264003, China

4 Key Laboratory of Environmental Toxicology and Pollution Control Technology of Anhui Province, Hefei Institutes of Physical Science, Chinese Academy of Sciences,

Hefei 230031, China

ARTICLE INFO

Article history:

Received 18 October 2022

Received in revised form 9 December 2022
Accepted 6 March 2023

Available online 25 March 2023

Keywords:

Primary battery
Electrolyte

KCl

Cd?* removal
Electricity production

ABSTRACT

In this work, two kinds of primary batteries, both of which included a Zn anode, C rod cathode, copper wire
and electrolyte composed of Cd?*-contaminated water or soil, were constructed in the first attempt to both
remove Cd** and generate electricity. Unlike traditional technologies such as electrokinetic remediation with
high energy consumption, this technology could realize Cd?* migration to aggregation and solidification and
generate energy at the same time through simultaneous galvanic reactions. The passive surface of Zn and C was
proven via electrochemical measurements to be porous to maintain the relatively active galvanic reactions for
continuous Cd?* precipitation. Cd?>* RE (removal efficiency) and electricity generation were investigated under
different conditions, based on which two empirical models were established to predict them successfully. In soil,
KCl was added to desorb Cd** from soil colloids to promote Cd** removal. These systems were also proven to
remove Cd?* efficiently when their effects on plants, zebrafish, and the soil bacterial community were tested.
LEDs could be lit for days by utilizing the electricity produced herein. This work provides a novel, green, and
low-cost route to remediate Cd** contamination and generate electricity simultaneously, which is of extensive
practical significance in the environmental and energy fields.

1. Introduction

Pollution by heavy metal ions, especially Cd%**, has become an im-
portant environmental issue worldwide [1-3]. Many toxic Cd?* ions can
be discharged into water and soil by a wide range of industries, includ-
ing electronics, alloy manufacturing, mining, and refining [4]. Owing
to its high solubility and migration, Cd%>* tends to be widely contami-
nated and enter the human body through the food chain [5]. Exposure
to Cd?*, even at a very minute concentration, can increase the possi-
bility of human cancer and teratogenesis of the kidney, lung, liver, and
reproductive organs [6,7]. Moreover, Cd%* possesses the characteristics
of persistence, nonbiodegradability, and bioaccumulation, so its toxicity
can last for a long time. Therefore, remediation of Cd?*-contaminated
water and soil is of great significance.

In the past few decades, a variety of conventional methods have
been developed to remove Cd** from the environment, such as pre-
cipitation [8-10], ion exchange [11-13], adsorption [14-16], reverse

osmosis [17], evaporation recovery [18], and electrokinetic remedi-
ation [19,20]. These technologies can remove Cd** to different ex-
tents; nevertheless, they have some disadvantages. Precipitation, ion
exchange and adsorption are ineffective at low Cd?* concentrations
[18], restricting their large-scale application. Reverse osmosis and evap-
oration recovery possess relatively high costs and may produce toxic
substances [18,21,22]. Electrokinetic remediation generally exhibits
high energy consumption and complex operation [23]. For electroki-
netic treatment in both water and soil, electrolysis can introduce H*
and OH~ at the anode and cathode, respectively, resulting in a sub-
stantial pH change [24]. For soil, a chelate such as ethylene diamine
tetraacetic acid, which may be used to desorb Cd** on the soil sur-
face, has low biodegradability [24]. These disadvantages greatly re-
strict the wide application of conventional methods in Cd** removal.
Therefore, developing an economical and environmentally friendly ap-
proach to efficiently remove Cd?* from the environment is urgently
needed.

Abbreviations: CWBPB, Cd?*-contaminated water based primary battery; CSBPB, Cd?*-contaminated soil based primary battery; RE, removal efficiency.
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Until now, primary battery systems have been widely used in the
energy generation field owing to the advantages of low cost and easy
manufacturing [25-271; they work by deriving electrical energy from
spontaneous redox reactions within the battery. Generally, a primary
battery consists of an anode, cathode, and electrolyte containing ions
such as Zn?* and NH,* [28-30]. We hypothesized that if Cd**-
contaminated water or soil was used as an electrolyte, the Cd%>* therein
may be removed through electric field force and precipitation via gal-
vanic reactions. Importantly, the system could generate electricity at the
same time and show little influence on media pH without water elec-
trolysis.

Herein, we developed a novel primary battery consisting of a Zn
anode, C cathode, copper wire, and the electrolyte composed of Cd%*-
contaminated water or soil. The influence of environmental factors on
Cd?+ RE and output current in water was investigated. Two empirical
models were established to reveal the relationship among them. In soil,
a certain amount of KCl was added for Cd** desorption from the soil
colloid surface, enhancing Cd?* RE. To elucidate the mechanism, the
interactions among the Zn anode, C cathode, and electrolyte were stud-
ied via elementary, XRD, XPS, and electrochemical analyses. The pro-
moting effects of this technology on plants, zebrafish, and soil bacterial
communities were investigated to evaluate its applicability. This work
provides an economical and green approach to remove Cd** and gener-
ate electricity simultaneously.

2. Materials and methods
2.1. Materials

Zn sheet (60 mm x 35 mm x 2 mm), C rods (diameter: length =
8 mm: 200 mm, 12 mm: 200 mm, 14 mm: 60 mm, 16 mm: 350 mm,
and 20 mm: 200 mm), cuboid tanks (80 mm X 50 mm X 80 mm,
300 mm x 180 mm x 200 mm), LEDs (5 mm, emitting wavelengths
of 645 and 467 nm), and copper wires were provided by Jinming
Educational Instrument Co. (Jiangsu, China). Cd(NO3),-4H,0, KCl,
HCI and other chemicals of analytical reagent grade were purchased
from Sinopharm Chemical Reagent Company (Shanghai, China). Water
spinach was purchased from a supermarket on Dongpu Island (Hefei,
China). Adult zebrafish (Danio rerio of both sexes) with a mean mass
of 0.52 g was provided by China Zebrafish Resource Center. N. ben-
thamiana seedlings (20 d after sprouting, length of 3 cm) and Arabidop-
sis seedlings (14 d after sprouting, length of 3 cm) were purchased from
Miaoling biotechnology Co. Ltd. (Wuhan, China). Soil and sand (20-50
mesh) were taken from Dongpu Island (Hefei, China). Deionized water
was used in all the experiments except pot experiments and fish tests.

2.2. Construction of a Cd?*-contaminated water based primary battery
(CWBPB) for removal of Cd**

Cd(NO3),4H,0 with given amounts were dissolved in 150 mL of
deionized water to obtain Cd®* aqueous solutions with a given concen-
tration (50, 100, 200, 400 and 800 mg/L). Then the resulting aqueous
solution with a given pH (5.5, 6.5, 7.5 and 8.5) was added to a tank
(80 mm x 50 mm x 80 mm) at a certain temperature (20, 30 and 40
°C). Zn sheet and C rod (diameter of 8, 12, 14, 16 and 20 mm) with a
given spacing (2, 4 and 6 cm) were inserted parallel in the middle of the
tank with immersion depth of 2.4 cm. Subsequently, the Zn anode and C
cathode were connected together with a copper wire (length of 40 cm,
diameter of 1 mm) to obtain the CWBPB. After different intervals, the
resulting solution was stirred (120 rpm) for 1 min and then 1 mL of the
solution was taken out to measure Cd2*concentration. After that, the RE
of Cd?* was calculated according to the following equation:

RE(%) = (Cy — C,)/Cy X 100%
where Cy and C, (mg/L) are the initial and residual concentrations of

Cd?*. Additionally, the influence of coexisting ion (50,2~ and CI~) on
Cd?* RE was investigated.
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2.3. Electrochemical analyses

To be consistent with the application conditions of Cd%* removal,
Zn sheet and C rod (diameter of 14 mm) were prepared at its pris-
tine form without treatment. 150 mL of Cd?*-contaminated aque-
ous solution with concentration of 100 mg/L was added into a tank
(80 mm x 50 mm x 80 mm), used as the electrolyte and the saturated
calomel (SCE) was served as a reference electrode. For voltametric study
of Zn, Zn sheet acted as a working electrode and C rod served as a
counter electrode. While for voltametric study of C, the opposite is the
case. The voltametric study included OCP and polarization curves at
given intervals (1 h, 1 d, 3 d and 5 d) were conducted in a CHI-660E
electrochemical workstation.

EIS spectra of Zn in the electrolyte for 1 h, 1 d, 3 d and 5 d were also
investigated using a CHI-660E electrochemical workstation. The ampli-
tude of applied potential was 10 mV and the frequency range analyzed
was 0.01 Hz to 100 kHz. The experimental data was fitted using the
equivalent circuit simulation program ZsimpWin.

2.4. Construction of a CSBPB for removal of Cd?* and Cd

Dry soil (50-100 mesh) was evenly mixed with dry sand (20-50
mesh) at a weight ratio of 3:7. Cd(NO3),-4H,0 (20.6, 41.2, 206, 412
and 824 mg) and KCl (0, 37.3, 74.6, 186.4 and 372.8 mg) were evenly
mixed with soil-sand of given amount to obtain 150 g of mixture. After
that, deionized water with a given volume (7.9, 26.5 and 50 mL) was
evenly added to the system to obtain Cd?*-contaminated soil. Then the
resulting soil with a given pH (5.2, 4.8 and 4.4) was placed in a tank
(80 mm x 50 mm x 80 mm and 300 mm x 180 mm x 200 mm) at a cer-
tain temperature (5, 20 and 40 °C). Zn sheet and C rod (diameter of 8,
12, 14, 16 and 20 mm) with a spacing of 4 cm were inserted parallel in
the tank with immersion depth of 2.4 cm. Afterward, the Zn anode and C
cathode were connected with a copper wire (length of 40 cm, diameter
of 1 mm) to obtain the CSBPB. After 120 h, 5 g of the resulting soil from
the middle part of the tank was taken out and put in 25 mL of 0.1 mol/L
CaCl, aqueous solution. The resulting system was shaken (160 rpm) for
2 h at 20 °C. Then, the resulting suspension was centrifuged at 4,800 rpm
for 5 min, and the Cd?*concentration in the supernatant was measured.
The RE of Cd?* was can be calculated.

To determine the concentration of total Cd, another 0.2 g of the re-
sulting soil was taken out from different locations in the tank and put in
10 mL of aqua regia. The resulting system was kept steadily for 72 h and
then centrifuged at 4,800 rpm for 5 min. After that, the Cd concentration
in the supernatant was measured to calculate the Cd RE.

2.5. Effect of K* on Cd?* leaching in a soil-sand column

A certain amount of dry soil-sand mixture (with weight ratio of 3:7)
were prepared to construct 4 different soil-sand columns: (I) 3 g of soil-
sand was mixed evenly with KCI (with K* weight of 74.55 mg), and the
resulting mixture was placed in a polyvinyl chloride tube (cylindrical,
diameter of 2 cm, height of 10 cm); (II) 3 g of soil-sand without treat-
ment was placed in that tube; (III) the mixture of soil-sand (3 g), Cd**
(6 mg), and K* (74.55 mg) was placed in the tube; (IV) the mixture of
soil-sand (3 g) and K* (74.55 mg) was placed in the tube. Subsequently,
15 mL of Cd(II)-contaminated water (50 ppm) was added on (I) and (II),
and deionized water was added on (III) and (IV) to collect the leachate,
respectively. After 24 h, the content of Cd?* and K* in the leachate was
measured.

2.6. Water spinaches pot experiments

Water spinaches (length of 5-10 cm, diameter of approximately
1 cm) with certain amount were cultivated in plastic pots (trapezoidal
shape, height of 6.5 cm, width of 7.8 cm (bottom) and 11.3 cm (top),
and length of 13.4 cm (bottom) and 17.2 cm (top)). The pots contained
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the mixture of 450 mL of tap water and 50 mL of Cd?>* aqueous solu-
tion after treatment with CWBPB (C; = 50 mg/L, 20 °C, pH = 6.5, tank
size of 80 mm x 50 mm x 80 mm, electrode spacing of 6 cm, and C rod
diameter of 14 mm) for 0, 1 and 5 d respectively. The pot with 500 mL
of tap water was set as the control. The systems were placed in a green-
house (30 °C, humidity of 30%) for 7 d. The plant height, root length,
chlorophyll content in leaves and Cd content in water spinaches were
measured.

2.7. N. benthamiana and Arabidopsis pot experiments

As for N. benthamiana, 75 g of Cd?*+ (37.5 mg/kg)-contaminated soil
after treatment with CSBPB (moisture of 25%, pH = 5.2, 20 °C, KCl
amount of 372.8 mg, tank size of 80 mm x 50 mm x 80 mm, C rod di-
ameter of 14 mm, electrode spacing of 4 cm) for 0 and 5 d was evenly
mixed with 175 g of soil-sand mixture. As for Arabidopsis, 50 g of Cd**
(37.5 mg/kg)-contaminated soil after treatment with the same CSBPB
for 0 and 5 d was evenly mixed with 200 g of soil-sand mixture. Then
the resulting system was placed in a circular pot with height of 6 cm,
diameters of 7 cm (top) and 6.5 cm (bottom), respectively. After that, N.
benthamiana and Arabidopsis with certain amounts were planted in the
pots respectively. The systems were placed in a greenhouse (25 °C, hu-
midity of 30%) for 20 d. Finally, the plant height, root length, biomass,
and Cd content of these two plants were measured.

2.8. Effect of CWBPB treatment on zebrafish

Six zebrafish were placed in a tank (8 cm X 5 cm X 8 cm) con-
taining 200 mL of tap water or Cd?* - contaminated water after treat-
ment with CSBPB (C, = 12 mg/L, 20 °C, pH = 6.5, tank size of
80 mm x 50 mm x 80 mm, electrode spacing of 6 cm, and C rod di-
ameter of 14 mm) for 0 and 5 d, respectively. After 2 d, the zebrafish
viability was calculated via counting the number of zebrafish alive. Ad-
ditionally, the expression levels of 5 genes in zebrafish were analyzed
using qRT-PCR.

2.9. Electricity generation from primary battery

Cd?*-contaminated water (80 mL, 800 mg/L) or soil-sand mixture
(80 g, 800 mg/kg) was added to a bottle. A Zn sheet (cylindrical,
157 mm x 60 mm) was placed in a plastic bottle (cylindrical, diameter
of 5 cm and height of 8 cm) along the inner surface. Then a C rod (diam-
eter of 14 mm) was inserted in the middle of the bottle with immersion
depth of 5 cm. Afterward, four bottles were connected in series to form
a primary battery, wherein the Zn sheet of one bottle was connected to
the C rod in the next bottle with a copper wire (length of 10 cm, diam-
eter of 1 mm). Subsequently, the primary battery, a multimeter and a
certain number of LEDs were connected in series to form a circuit. After
certain intervals, the emission spectrum of LEDs was measured. Mean-
while, the current and voltage of the circuit were measured to calculate
the output power.

Fundamental Research 4 (2024) 868-881

2.10. Characterization

The morphologies and elemental mapping of precipitates were ob-
served by a scanning electron microscope (SEM) (Sirion 200, FEI Co.,
USA) with an energy dispersive X-ray spectroscope (EDX). The structure
and chemical states analyses were conducted on a TTR-III X-ray diffrac-
tometer (XRD) (Rigaku Co., Japan) and an X-ray photoelectron spectro-
scope (XPS) (ESCALAB 250, Thermo-VG Scientific Co., USA). Cd?* con-
centration was measured using an inductively coupled plasma-optical
emission spectrometer (ICAP7200, Thermo Fisher Scientific, USA). The
current and voltage were determined using a multimeter (VC 97, Victor
Co., China).

3. Results and discussion
3.1. Structure and mechanism of the primary battery

To remove Cd?* and generate electricity simultaneously, two kinds
of primary batteries, namely, CWBPB and CSBPB, were constructed us-
ing Cd?*-contaminated water and soil as the electrolyte, respectively.
The structure and mechanism of these two primary batteries are shown
in Fig. 1a and 1b, respectively. CWBPB consisted of a Zn sheet (anode),
a C rod (cathode), Cd%*-contaminated water (electrolyte), and a copper
wire. Therein, the Zn anode and C cathode were connected with the
copper wire. Galvanic reactions in CWBPB can be divided into anodic
and cathodic parts. The anodic reactions involve the spontaneous disso-
lution and passivation of Zn to form Zn?* and ZnO [31,32], as shown in
reactions (1) and (2), respectively. The generation of ZnO is attributed
to the migration of OH™ from the C rod to Zn forced via the derived elec-
tric field, resulting from the redox of dissolved O, [31] at the cathode
through the electrons donated by Zn (reaction (3)). Subsequently, Cd%*
in water migrates toward the cathode under the electric field, which
could react with OH™ to give Cd(OH), precipitate on the C rod surface
and in the water bottom (reaction (4)). As a result, Cd2t could be effi-
ciently removed from water when the C rod was removed or the solution
was filtered. Notably, spontaneous galvanic reactions in the electrolyte
result in electricity production, which could be conveniently applied,
such as to power LED lights.

anode: Zn - 2e~ = Zn** (¢’ 2,120 = —0.7618 V) 1)

Zn + 20H - 2e~ = ZnO + H,0 (¢’ 7,20 = —1.249 V) o)
cathode: O, + 2H,0 + 4e” = 40H™ (¢’ o) 00 = 0.401 V) A3)

Cd?* + 20H- = Cd(OH), “

For CSBPB, the structure and mechanism are similar to those of
CWBPB. Herein, Cd?* tends to be adsorbed by negatively charged soil

A Zincanode
=

Carbon cathode

b Zinc anode Carbon cathode

0 0, Lv @
i, @ ©
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Fig. 1. Mechanism of primary battery based on Cd?*-contaminated (a) water and (b) soil.
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colloidal particles, which greatly limits Cd%* migration. This is unfavor-
able for Cd%* removal and electricity generation. To solve this problem,
KCl, which is capable of enhancing soil fertility [33], was added to the
soil to desorb Cd?* from soil colloidal particles through ion exchange
(rectangular inset of Fig. 1b). Similar to that in water, a Cd(OH), pre-
cipitate is formed in the soil around the C cathode, and thus, the soil
could be removed to realize Cd>* removal. It can also be learned from
reactions (2) and (4) that the generated OH™ can react with Zn®* and
Cd?*, resulting in a relatively stable pH in this system. As a result, this
technology may impose little impact on the surroundings compared with
traditional electrokinetic remediation.

3.2. Removal performance of the primary battery for Cd?* in water

The RE of CWBPB on Cd%* in water was investigated. Fig. 2a shows
that after 4 d, the RE of Cd2* decreased from 92.5% to 22.6% as the
Cd2* initial concentration increased (Cp) from 50 to 800 mg/L. As

Fundamental Research 4 (2024) 868-881

shown in Fig. 2b, Cd%2* RE increased with increasing pH from 5.5 to
8.5, likely because high pH could facilitate the formation of Cd(OH),
precipitates via reaction (4). Considering the convenience of applica-
tion, 6.5 was selected as the optimal pH. As illustrated in Fig. 2¢, with
increasing temperature, RE increased slowly because reaction (4) was
slightly accelerated at higher temperatures. Meanwhile, the influence
of coexisting ions, including Cl~ (NaCl) and SO42‘ (Na,SO,), on the
removal performance of CWBPB for Cd** was investigated. Fig. 2d
shows that they could increase Cd?*RE significantly, particularly for
S0,2~. This was because both Cl~ and SO,2~ could increase the elec-
tric conductivity of the electrolyte, wherein SO42‘, with more charges,
showed a higher effect than Cl-. Therefore, Cl~ and especially SO,%~
greatly accelerated the migration of Cd2* in the electrolyte and elec-
trons in copper wires, promoted the galvanic reactions and formation
of Cd(OH), around the C rod, and thus increased Cd2*RE. As a result,
they both, especially SO42-, could effectively increase output currents
(Fig. Sla).
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& g0 £ 3o
> >
2 2
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L o
% 401 E 40-
E E
O 204 0 20-
£ £
Q [)
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Fig. 2. Effects of (a) C, on RE of Cd?* (pH = 6.5, 20 °C), (b) pH on RE of Cd?* (C, = 100 mg/L, 20 °C), (¢) temperature on RE of Cd?* (C, = 100 mg/L, pH = 6.5),
(d) coexisting SO42~ and Cl~ (200 mg/L) on RE of Cd?* (C, = 100 mg/L, pH = 6.5, 20 °C) from aqueous solution by CWBPB (tank size of 80 mm x 50 mm X 80 mm,
electrode spacing of 4 cm, C rod diameter of 14 mm) for 4 d; Effects of (e) electrode spacing (C rod diameter of 14 mm) and (f) C rod diameter (electrode spacing of
4 cm) on RE of Cd?* (C, = 100 mg/L, 20 °C, pH = 6.5, tank size of 80 mm x 50 mm x 80 mm) from aqueous solution by CWBPB for 4 d; (g) Cd*>* RE and (h) Cd**
and Zn?*concentrations with time in aqueous solution treated by CWBPB (C, = 50 mg/L, 20 °C, pH = 6.5, tank size of 80 mm x 50 mm x 80 mm, electrode spacing

of 4 cm, and C rod diameter of 14 mm).
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Fig. 3. SEM images of C rod surface (a) before and (b) after CWBPB treatment, (c-f) distribution maps of C, O, Zn and Cd on C rod surface, and (g) XRD and XPS
(h-j: O 1s, Zn 2p, Cd 3d) spectra of precipitates on C rod after CWBPB treatment for 4 d (C, = 50 mg/L, 20 °C, pH = 6.5, tank size of 80 mm x 50 mm X 80 mm,

electrode spacing of 4 cm and C rod diameter of 14 mm).

Additionally, the influence of the electrode spacing and diameter
of the C rod on the Cd?* RE was studied. As the electrode spacing in-
creased, the electrolyte possessed a lower conductivity, resulting in a
lower current, as shown in Fig. S1b. In that case, the migration of Cd?* -
ions in the electrolyte and electrons in the copper wire was inhibited,
which was unfavorable for reactions (1-4) and resulted in a lower Cd2+ -
RE (Fig. 2e). As illustrated in Fig. 2f, Cd%>* RE decreased from 94.0% to
80.4% as the C rod diameter decreased from 20 to 8 mm. This was be-
cause the C rod with a larger diameter possessed a higher conductivity,
promoting the migration of electrons and Cd?+ and thus reactions (1-4).

The removal performance of CWBPB on Cd%* in water over time was
investigated. As displayed in Fig. 2g, the RE of Cd%* increased rapidly
within the initial 48 h and slowly afterward, and thus, the Cd2* con-
centration decreased correspondingly (Fig. 2h). In addition, the con-
centration of Zn?* increased slowly within the initial 72 h because of
the oxidation of the Zn anode, as shown in Eq. 1. Interestingly, the
Zn?*concentration decreased afterward, likely because some Zn2* re-
acted with OH~ to obtain ZnO via reaction (5) [31]

Zn%** 4+ 20H- = ZnO + H,0 Q)

The reuse performance of primary batteries in water has been inves-
tigated. To maintain the reactivity of the anode and cathode, both the
Zn sheet and C rod were polished using emery papers (500 mesh) be-
fore reuse. As shown in Fig. S2, the removal efficiency of Cd?* in 96 h
does not decrease after three cycles, even though the output current re-
mains stable. These results imply that the primary battery can be used
to remove Cd2* at least 3 times.

Additionally, the morphologies of the C rod surfaces before and after
CWBPB treatment were observed. The raw C rod consisted of abundant
micro flakes with a smooth surface (Fig. 3a). After Cd%* removal for 4 d,
plenty of micronano particles appeared and were distributed evenly on
the C rod surface (Fig. 3b). Moreover, Zn, Cd and O were found in the
EDX spectrum of the C rod (Fig. S3) and distributed uniformly on the C
rod surface (Fig. 3c-f), confirming that the micro/nanoparticles mainly
consisted of these three elements.

XRD measurements were carried out to study the crystal structure
and components of the micro/nanoparticles on the C rod. Fig. 3g shows
that characteristic peaks of Cd(OH), (18.9° (001), 29.5° (001), and 49.0°
(102)) and ZnO (31.8° (100), 34.4° (002), 36.3° (101), 47.5° (102), and

872

56.6° (110)) were found in the XRD spectrum, which well matched the
standard JCPDS card (No. 31-0228 and No. 36-1451). This result indi-
cated that the micronano particles were mainly composed of Cd(OH),
and ZnO, which were generated via reactions (4) and (5), respectively.
Additionally, the XRD peaks proved that Cd(OH), and ZnO possessed
crystal structures, which could also be confirmed by the TEM images in
Fig. S4.

XPS analysis was conducted to further investigate the chemical states
of the particles. The O 1s peak in Fig. 3h could be deconvoluted into
three peaks at 530.5, 531.9 and 534.1 eV, ascribed to O atoms in ZnO,
Cd(OH), and -OH, respectively [34-36]. In addition, the Zn 2p; , peak
at 1,021.9 eV in Fig. 3i was attributed to ZnO. For Cd 3d (Fig. 3j), the
3d3,, and 3ds,, peaks at 406 and 412.7 eV were ascribed to Cd(OH),.
This result demonstrated that the particles mainly consisted of Cd(OH),
and ZnO, which was consistent with the XRD result.

Based on the preceding analyses, CWBPB exhibited outstanding re-
moval performance for Cd%*. Importantly, after Cd%>* removal, only a
small amount of Zn?* remained in the water because most Zn** was
transformed to ZnO via reaction (5). In other words, this technology did
not introduce secondary pollution, displaying its environmental friend-
liness.

3.3. Electrochemical investigation

To further demonstrate the mechanism of Cd** removal via the
primary battery, electrochemical measurements were conducted on
CWBPB, which covered the galvanic reactions and precipitation pro-
cesses. Fig. 4a and 4b describe the open circuit potential (OCP) curves
of the anode (Zn sheet) and cathode (C rod) during immersion in Cd%*
solution (100 ppm) for 30 min, respectively. Remarkably, the Cd%* solu-
tion applied in the OCP investigation was initially prepared without aer-
ation to simulate the practical conditions during Cd** removal, except
when specifically mentioned. In Fig. 4a, the OCP of Zn shifts gradually
toward the anodic direction with an increment of approximately only
45 mV in 30 min, which may be attributed to the slight formation of a
passive layer. As illustrated in reactions (2) and (5), the migrated OH~
from the cathode may assist in forming ZnO. The passivation of zinc in
Cd?* solution can be consolidated according to the obtained results. For
the C rod in Cd?* solution, the OCP exhibits a relatively fast variation
toward the cathodic direction (Fig. 4b), which can contribute to the for-
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mation of Cd(OH), and ZnO (reactions (4) and (5)) and the consumption
of dissolved O,. As shown in Fig. 4b, the OCP of C in solution with 15-
min aeration of air increases globally. Simultaneously, the dissolved O,
in the electrolyte shows obvious consumption, whose content decreases
from 5.85 to 4.50 mg/L (Fig. 4c) in a fluctuating way as the galvanic re-
actions in the primary battery continue. It is likely that its supply, such
as dissolution in solution and diffusion toward the cathode, cannot meet
the demand of free electrons at the cathode to generate OH™ (reaction
(3)). Initially, we can confirm the passivation and consumption of O, in
Cd?+ solution at the C cathode, and the supply of O, toward C seems to
be the rate-determining step of O, reduction.

The anodic polarization curves for the Zn sheet and the cathodic po-
larization curves for the C rod in Cd?* solution at different times were
measured, as displayed in Fig. 4d and 4e, respectively. The curves for Zn
comprise two regions of active and gradual dissolution at any time (1 h,
1d, 3dand 5 d). In the active dissolution process, Zn dissolves rapidly
as the current density increases fast because a less passivation layer is
formed. While the current density continues to increase gradually, even
Zn is covered with a more passivation layer, indicating sustained re-
actions at the Zn anode. This also proves that the formed passivation
layer is not compact enough to completely prevent galvanic reactions
and is thus deemed a pseudopassive layer [32]. The layer shows some
constraints on reactions at the anode, because the current density pos-
sesses the lowest value at 5 d (Fig. 4d) and the OCP of Zn keeps shifting
to the anodic direction over time (Fig. 4f). In addition, the increase in
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current density at 1 d and 3 d may results from the enhancement of the
conductivity of the solution with more dissolved ions. Similarly, the ca-
thodic polarization curves (Fig. 4e) consist of active and gradual regions,
having a porous passive layer to let the ions pass through. In gradual re-
gions, the current density at a higher cathodic potential decreases, and
the OCP of Zn shifts toward the cathodic direction with time, controlled
by the O, supply and passive processes.

EIS diagrams were recorded with AC frequencies from 100 kHz to 10
mHz at OCPs for different times. Fig. S5 shows the Nyquist impedance
plots obtained from Zn between 100 kHz and 1 kHz, and Fig. 5 displays
the Nyquist impedance plots from 10 kHz to 10 mHz under immersion
in Cd2* solution for 1 h, 1 d, 3 d and 5 d. All the EIS spectra of Zn
with higher frequency (Fig. S5) have less pronounced capacitive loops,
which correspond to the stray capacitances related to the parameters of
the primary battery instead of galvanic reactions [32]. The generation
of capacitive loops over 10 kHz may be attributed to the high resistivity
of the electrolyte with a low Cd?* content of 100 mg/L, which exists in
the actual polluted medium.

The impedance data at 1 h in Fig. 5a indicates merely one capac-
itive loop at high frequencies followed by a poorly defined inductive
loop. The model (A) {Ry(Q; (R;(Q3R5)(LR)))} [37] in Fig. 5b is applied
to obtain a satisfactory fit to the EIS spectra. In the model, the constant
phase elements (CPEs) Q; and Q, with parameter values (n) from O to
1 take the place of pure capacitance (n = 1), which can be affected by
the complexity of the space charge layer and the surface properties of
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the Zn anode [32]. The R;-Q; parallel network on the left of model (A)
can be attributed to the faradic charge transfer process, while the R,-
Q, network may be relevant to the diffusion process. Table S1 shows
the numerical data of the components in model (A). A large internal
resistance (R,) and relatively small charge transfer resistance (R;) were
recorded, which implies a low ion concentration in the electrolyte and
an active reaction rate with less oxidation of Zn for the first time. Ac-
cording to the high C, value and relatively low R, value for Zn at 1 h,
the passive layer on Zn is demonstrated to be porous. The inductance
with a value of 580.4 H works at very low frequency and reflects the
surface properties of Zn, such as adsorption and pitting corrosion.

Electrochemical impedance spectroscopy (EIS) spectra of Zn in Cd**
solution at 1 d, 3 d and 5 d consist of two well-pronounced capacitive
loops, as shown in Fig. 5a, which exhibit a satisfactory match with simu-
lated curves based on model (B) {R;(Q;R;)(Q,R,)} [32] in Fig. 5b. The
first loop at high frequency (R;-Q;) corresponds to the charge transfer
process, and the latter (R,-Q,) is related to the adsorption process to
form a passive layer. The values of the components in model (B) are
displayed in Table S1. In comparison to the EIS spectra at 1 h, R, de-
creases with time, indicating that more dissolved ions are generated
via galvanic reactions. In addition, the reaction rate of Zn can be eval-
uated by calculating the polarization resistance R,,, which equals the
sum of R; and R,. From 1 h to 5 d, R, shows a fluctuating increase,
implying a weakening of the reaction activity owing to the formation
of a passive layer in Zn and C. As a result, the gradient of the Cd%*
RE curve (Fig. 2g) displays a sustained reduction. In addition, the value
of n; in the EIS spectra, especially for 3 d and 5 d, approaches 0.5,
suggesting the diffusion process across the passive layer. The capabil-
ity of diffusion of active species helps to maintain the relatively active
galvanic reactions to obtain continuous Cd?* precipitation for a long
time.

3.4. Effect of the primary battery on water spinach and zebrafish in water

A pot experiment was conducted to study the effect of CWBPB on
water spinach, a widely consumed vegetable in Southeast Asia [38].
Cd?* in water could pose an adverse impact on the growth of water
spinach because Cd?* uptake and accumulation induced the generation
of toxic substances harmful to metabolism [39]. Fig. 6a-e show that wa-
ter spinach could grow well in tap water and possess high plant height,
root length, and chlorophyll content. However, these three parameters
significantly decreased in Cd?*-aqueous solution, showing that Cd%*
negatively affected the growth of water spinach. When water spinach
was planted in water treated by CWBPB for 1 d, these three parameters
increased to a certain extent. Notably, after CWBPB treatment for 5 d,
these parameters increased dramatically to tap-water levels.

Additionally, Fig. 6f shows that the Cd content of water spinach
in Cd®* -aqueous solution was significantly higher than that of water
spinach in tap water, showing that water spinach had a high uptake
of Cd%*. After the Cd2* -aqueous solution was treated with CWBPB,
the Cd content in water spinach substantially decreased with treatment
time. In other words, CWBPB could efficiently inhibit Cd?* -uptake
by water spinach, which was attributed to the high removal ability of
CWBPB on Cd?*. These results indicated that CWBPB exhibited signifi-
cant remediation ability against Cd%* contamination and a positive ef-
fect on the growth of water spinach, which was beneficial to ensure food
safety.

To further evaluate the remediation performance of CWBPB on Cd2+
in water, the effect of CWBPB on the growth of zebrafish was investi-
gated, as it is a kind of model fish sensitive to Cd2* [40]. It can be
seen from Fig. 7a and 7b that all zebrafish lived normally in tap wa-
ter within 24 h, while in Cd?*-contaminated water, they floated to the
top layer (above the yellow dashed line) after 6 h and died 24 h later.
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This result proved that Cd?*+ at a certain concentration had a severely
harmful effect on zebrafish. In the water after CWBPB treatment for 5
d, all zebrafish were still alive after 48 h, suggesting that CWBPB could
effectively inhibit the negative impact of Cd?* on zebrafish.

The effect of CWBPB on the expression of five genes (antioxidant
system-related genes Mn-SOD and Cu/Zn-SOD, apoptosis-related gene
p53, immune system-related genes INF-y and IL-1p) in zebrafish was in-
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vestigated. The expression levels of these genes, analyzed by qRT-PCR
with the primers listed in Table S2, may be used to evaluate the ex-
tent of exposure to Cd?+ ions [41-43]. Fig. 7c shows that exposure to
Cd?*-contaminated water could cause significant upregulation of the ex-
pression of all these genes compared with tap water, demonstrating that
Cd?* exposure could induce oxidative stress, apoptosis, and immunotox-
icity in zebrafish. After treatment with CWBPB for 5 d, the Cd%* concen-
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tration in water greatly decreased, and the gene expression of zebrafish
was downregulated to a normal level. All animal experiments were ap-
proved by the Research Institute Ethics Committee of Hefei Institutes
of Physical Science and were conducted according to the guidelines on
the use and care of laboratory animals at Hefei Institutes of Physical
Science.

3.5. Removal performance of the primary battery for Cd in soil

Generally, Cd in soil exists as soluble (Cd?+) and insoluble (Cd(OH),,
CdCO; etc.) forms, wherein the latter could be transformed to the for-
mer under certain conditions [44-46]. To substantially remediate Cd+-
contaminated soil, the RE of CSBPB on total Cd was examined herein.
Notably, the concept of CSBPB on efficient total Cd removal is to drive
soluble Cd?+ aggregate together to precipitate followed by collection
methods. Nevertheless, Cd?* tends to be adsorbed via the negatively
charged soil colloidal particles, resulting in a poor migration rate. As
shown in Fig. 8, pristine soil-sand mixtures are capable of maintaining
most Cd** after the addition of water containing Cd%*, and the Cd**-
included soil-sand keeps Cd?* in after the addition of deionized water.
Both mixtures display a significant increase in Cd2* in leachates after
the addition of K*, also showing a higher K* content (I and III in Fig. 8).
These results indicate that more K* in soil may contribute to the des-
orption of Cd%* from soil colloidal particles through ion exchange, ben-
efitting the migration of Cd%* under an electric field.

According to the potential favorable effect of Kt on the RE of the total
Cd, the removal performances of the primary battery with KCl addition
under different conditions were studied. As shown in Fig. 9a, at a Cd**
addition amount of 15 mg, CSBPB could remove approximately 84% of
total Cd in the middle part between the two electrodes within 120 h, and
the RE decreased with increasing Cd?* addition amount. Fig. 9b shows
that the RE of total Cd increased significantly from 18.4% to 84% with
the KCl addition amount. This was because the desorption of Cd** from
soil particles via ion exchange, as illustrated above, improved soil con-
ductivity to facilitate the galvanic reactions and migration of Cd%* to
the C rod. Therefore, the addition of K* resulted in the generation of
a higher current (Fig. S6a) and more precipitates (Fig. S6b, c¢). Impor-
tantly, the added KCI could enhance soil fertility, favoring the growth
of crops [33].

Additionally, the influence of C rod diameter and soil moisture on
total Cd removal was investigated. As illustrated in Fig. 9c, with increas-
ing C rod diameter, the RE increased because C rods with larger sizes
possessed better conductivity to promote Cd** migration to the C rod
and galvanic reactions. Similarly, the RE increased with increasing soil
moisture (Fig. 9d) because higher moisture could favor the dissolution
of ions in soil and soil conductivity. Fig. 9e shows that RE decreased
gradually with increasing pH because lower pH could inhibit the forma-
tion of Cd(OH), in soil and promote Cd?* migration toward the cathode.
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Meanwhile, temperature displayed a positive effect on total Cd removal,
as shown in Fig. of.

The RE of total Cd in Cd%*-contaminated soil treated with CSBPB
over time was investigated. As shown in Fig. 9g, RE increased rapidly
from 0 to 82.6% during the initial 72 h and slowly from 82.6% to 84%
during the next 48 h, which we attribute to the decrease in cathode
conductivity with increasing precipitate amount on the C rod surface.
Notably, Cd** RE even reached 99.2% (Fig. 9h), implying that most
Cd?* in the middle of the soil electrolyte migrated to the C rod and
that the residual Cd%* was transformed to Cd(OH),. For the sake of
convenience and efficiency, a Zn sheet with a size of 60 x 35 x 2 mm?
and a C rod with a diameter of 14 mm and length of 60 mm were chosen
as the optimum conditions for the preparation of CWBPB and CSBPB.
The corresponding estimated cost can be as low as approximately 0.11
USD/L and 0.79 USD/m?. Details are provided in the supplementary
materials (Table S3).

To obtain the components of the precipitates on the C rod surface
after Cd removal by treatment, XRD measurements were performed.
Fig. 9i shows that characteristic peaks of Cd(OH), (18.9° (001), 29.5°
(100), and 49.0° (102)) and ZnO (36.3° (101), 47.5° (102), and 56.6°
(110)) were found in the XRD spectrum of the precipitates. This result
indicated that the precipitates consisted of mainly Cd(OH), and ZnO,
which was consistent with that in water.

To further study the chemical states of the precipitates, XPS analyses
were performed. As shown in Fig. 9j, the asymmetric O 1s peak could
be deconvoluted into two peaks (531.6 and 532.5 eV), attributed to
ZnO and Cd(OH), respectively. In addition, Fig. 9k shows that the Zn
2p3,, peak at 1022.3 eV attributed to ZnO also proved the existence
of ZnO in the precipitates. Additionally, the Cd 3d;,, and 3ds,» peaks
at 405.3 and 412.2 eV in Fig. 91 confirmed the existence of Cd(OH),
in the precipitates. The spectra of O 1s, Zn 2p, and Cd 3d agreed well
with those of ZnO and Cd(OH), in the NIST XPS database. Notably, the
peaks of O 1s herein were slightly different from those in water, which
can probably be attributed to the different environments in soil and
water. These results demonstrated that the precipitates on the C rod in
soil comprised the same compounds (Cd(OH), and ZnO) as in water,
which might be the reason for Cd removal by CSBPB.

3.6. Effect of the primary battery on Nicotiana benthamiana and
Arabidopsis in soil

Nicotiana benthamiana (N. benthamiana) and Arabidopsis, two widely
used model plants [47,48], were chosen to further evaluate the removal
performance of CSBPB on Cd in soil. As shown in Fig. 10a and d, the
N. benthamiana in Cd?*-contaminated soil possessed significantly lower
plant height and biomass compared with normal soil. After CSBPB treat-
ment for 5 d, the two parameters increased substantially. Fig. 10c shows
that the Cd amount of N. benthamiana in Cd?**-contaminated soil was
higher than that in normal soil, while it decreased dramatically after
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rod surface after CSBPB treatment.

5 d of CSBPB treatment. These results indicated that CSBPB could ef-
ficiently promote the growth of N. benthamiana and reduce Cd uptake.
Similar results were found in the pot experiment of Arabidopsis, as shown
in Figs. 10b, 10e, and 10f. Notably, Arabidopsis blossomed earlier (white
arrow in Fig. 10b) under Cd2* stress in Cd2*-contaminated soil than in
normal and CSBPB-treated Cd?*-contaminated soil. These results sug-
gested that CSBPB treatment had significantly positive effects on the
growth of N. benthamiana and Arabidopsis and their Cd uptake because
CSBPB could effectively remove Cd from Cd?*-contaminated soil.

3.7. Bacterial community structure analysis of soil

The influence of CSBPB treatment on the bacterial community struc-
ture in soil was investigated through 16S rRNA gene fragment pyrose-
quencing. The species richness of the bacteria was assessed with the
operational taxonomic unit (OTU) number and Chao and ACE indices.
As shown in Table S4, Cd**-contaminated soil exhibited a greater OTU
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number and Chao and ACE indices than normal soil, indicating that Cd**
stress could improve species richness. After CSBPB treatment, Cd%*-
contaminated soil possessed almost the same species richness as normal
soil, implying that CSBPB could effectively decrease the amount of Cd.
Furthermore, Cd%*-contaminated soil possessed a higher Shannon index
and lower Simpson index than normal soil, suggesting that Cd>* stress
could cause higher bacterial diversity. When the Cd?*-contaminated soil
was treated with CSBPB, the bacterial diversity decreased, suggesting
the good remediation performance of CSBPB on Cd?*-contaminated soil.

In addition, differences in bacterial community structure between
normal soil and Cd?*-contaminated soil were found in the taxonomic
analysis. As shown in Fig. 11a, the highest richness of the bacterial phy-
lum in normal soil was Firmicutes (70.42%), followed by Proteobac-
teria (14.26%), Actinobacteria (10.09%), Acidobacteria (1.57%), Gem-
matimonadetes (1.07%), and Bacteroidetes (0.74%). Therein, the to-
tal relative abundance of gram-positive bacteria (Firmicutes and Acti-
nobacteria) was 80.51%, and that of gram-negative bacteria (Pro-
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teobacteria, Acidobacteria, Gemmatimonadetes, Bacteroidetes) reached
only 17.63%. Nevertheless, gram-positive bacteria, including Firmicutes
(38.17%) and Actinobacteria (7.41%), were less abundant in soil con-
taining Cd (Fig. 11b), in contrast to the relative abundance of gram-
negative bacteria, which all displayed significant increases, and their
total abundance increased to 47.12%. This result indicated that the
species of Proteobacteria, Acidobacteria, Gemmatimonadetes, and Bac-
teroidetes may resist Cd toxicity. After CSBPB treatment, their relative
abundances returned to normal soil levels (84.06% for gram-positive
bacteria and 13.2% for gram-negative bacteria).

In addition, the cluster diagram of bacteria was calculated through
Bray-Curtis dissimilarity (97% OTU cluster). The cluster analysis results
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in Fig. 11c show that the bacterial community in Cd?*-contaminated soil
was different from that in normal soil. After CSBPB treatment, Cd2+-
contaminated soil had a similar bacterial community to normal soil.
These results proved that CSBPB could efficiently remove Cd from soil
and inhibit its negative effect on soil bacterial community structure.

3.8. Electricity generation of the primary battery

The influence of CSBPB on the distributions of Cd, Cd RE, Zn, and
pH between the anode and cathode in Cd%*-contaminated soil was in-
vestigated through the system in Fig. 12a. As shown in Fig. 12b, Cd was
distributed evenly at first. After CSBPB treatment for a given time, the
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Fig. 12. (a) Digital image of a CSBPB (Cd** amount of 350 mg, moisture of 25%, pH = 5.2, 20 °C, KCl amount of 18.64 g, five C rods with diameter of 20 mm
each, electrode spacing of 28 cm) with 9.33 kg of Cd?*-contaminated soil in a tank (300 mm x 180 mm x 200 mm); (b) Cd content, (c) RE of Cd after 120 h, (d) Zn
content, and (e) pH of Cd**-contaminated soil after 120 h with different distances from anode; (f-h) output current, voltage, and power of this CSBPB.

Cd content increased with the distance from the anode, implying Cd>*
-migration from the anode to the cathode and accumulation around the
C rod under an electric field. At any distance, the Cd content decreased
with time, suggesting that Cd** migrated gradually to the cathode and
that some of it was then adsorbed by the C rod. After 120 h, such Cd**
migration resulted in the Cd RE decreasing from 52.9% to 36.9% with
distances from 4 to 24 cm to the anode (Fig. 12c).

As displayed in Fig. 12d, little Zn was found in the soil between the
two electrodes at first. After CSBPB treatment, the Zn content increased
with time at a certain distance, while at a certain time, it decreased with
distance, exhibiting a contrasting trend to that of Cd. This result proved
the occurrence of reaction (1) around the anode to generate a certain
amount of Zn?*, which partially migrated toward the cathode under an
electrical field. Additionally, the electrons of Zn could migrate to the C
rod via copper wire, resulting in the occurrence of reaction (3) around
the cathode to produce OH~, which partially migrated toward the anode
under an electrical field. As shown in Fig. 12e, the pH of the soil slowly
increased from 5.5 to 5.9 with distance from the anode after 120 h,
implying that the pH was relatively stable. This was likely because most
OH~ had reacted with Cd?* or Zn?*. The relatively stable pH was good
for the environment.

Attributed to the spontaneous redox reactions (1-3) within Cd2+-
contaminated soil, chemical energy was transformed to electrical en-
ergy, generating electricity in the circuit. As shown in Figs. 12f, 12g
and 12h, the output current, voltage, and power of CSBPB reached 23
pA, 1.13 V, and 26.0 uW initially, decreased to 16 pA, 0.78 V, and 12
uUW after 44 h, and then these values decreased rather slowly from 44 to
120 h. This result indicated that CSBPB efficiently generated electricity
that could last for more than 120 h.

To obtain relatively high electricity, four primary batteries based on
Cd?*-contaminated water and soil were connected in series (Fig. 13a and
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13b). They could generate output powers of 726 and 908 pW, respec-
tively, and power LED lights (as shown in Fig. 13a-f and supplementary
video). After 10 d, their powers decreased to 197 and 837 uW, respec-
tively, and the intensities of LEDs decreased correspondingly, implying
that their powers could last for at least 10 d. Therein, the soil-based LED
possessed a higher stability than the water-based LED because Cd** and
Zn?* had relatively low migration performance in soil compared with
water. These results demonstrated that the primary batteries based on
both Cd?*-contaminated water and soil could generate relatively high
electricity. Importantly, the electricity could be conveniently adjusted
through the number of connected primary batteries in series, which was
beneficial for the application.

3.9. Empirical models of output current and Re

To predict the output current and Cd?* RE of CWBPB in water under
different conditions, two empirical models (Egs. 6 and 7) were estab-
lished through nonlinear fitting according to the experimental results in
Table S5,

InT=0.4251nCy — 0.0417 Ind — 0.124t5% 4 4.696 ©6)

O]

where C, is the Cd?* initial concentration, I is electricity, d is the elec-
trode spacing, and t is time. Fig. 14 shows that the theoretical data
of these two models fit well with the experimental data. According to
model (1), the electricity showed a positive correlation with Cd?* ini-
tial concentration and negative correlations with electrode spacing and
time. According to model (2), Cd%>* RE had a positive correlation with
time and a negative correlation with Cd?* initial concentration and elec-
trode spacing, which was consistent with the preceding results in Fig. 2.

RE = [t].I13 exp( _ 0.845t0'297)]/(d0'425C8‘3]3)
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Fig. 14. Experimental data and predictive curves of (a) current (model 1) and (b) Cd?>* RE (model 2) of a CWBPB (Cy =100 mg/L, d = 4 cm, 20 °C, pH = 6.5, tank

size of 80 x 50 x 80 mm? and C rod diameter of 14 mm).

4. Conclusion

Herein, to remove Cd2* in water and soil, CWBPB and CSBPB consist-
ing of a Zn anode, carbon (C) cathode, electrolyte (Cd2+-contaminated
water or soil), and copper wire were constructed. Therein, redox reac-
tions occurred spontaneously, making electrons migrate efficiently from
the anode to cathode, resulting in Zn?* around the anode, OH~ around
the cathode, and an electric field between these two electrodes. Sub-
sequently, Cd** ions between these two electrodes, driven by electric
field force, move toward the cathode and react with OH™ to obtain
Cd(OH), precipitate, exhibiting excellent removal of Cd%>*. According
to the electrochemical investigation, the removal of Cd** proved to be
sustainable for a long time even if the two electrodes were passivated.
This technology could effectively promote the growth of plants and ze-
brafish, reduce their Cd uptake, and facilitate the soil bacterial com-
munity. Notably, this system could transform chemical energy to elec-
trical energy and generate output powers of 725 and 908 uW in Cd%**
(800 mg/kg)-contaminated water and soil, respectively, being able to
power LED lights for days. Additionally, two empirical models were
built to predict the Cd?* removal efficiency and output current under
different conditions. This work provides a low-cost and environmen-
tally friendly approach to remediate Cd>* contamination and generate
electricity simultaneously.
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