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Abstract:

Capacitive deionization (CDI) is a potential cost-efficient desalination technology. Its performance is intrinsically lim-

ited by the structure and properties of the electrode materials. Biomass materials have become a research hotspot for CDI electrode

materials because of their abundance, low cost, and unique structure. The preparation, desalination performance, and regeneration

status of biochar electrodes are summarized and clarified. Their preparation and use in CDI in recent years are presented and com-

pared, and the effects of biochar electrode materials and CDI operating parameters on the desalination performance are emphasized.

It is found that the salt adsorption capacity is positively correlated with the percent mesoporous material they contain. The selective

adsorption of ions mainly depends on ion properties like ionic radius and charge as well as voltage, charging time and feed water

characteristics. The current status and methods of electrode regeneration are discussed and future developments are suggested.
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1 Introduction

Water pollution and water resource availability
have become major challenges for global sustainable
development. The development of methods to obtain
clean water is an urgent requirement owing to popula-
tion growth, industrialization, and climate change.
Therefore, research and development on water treat-
ment and seawater desalination technologies are key
to solving the problem of water resources, which can
effectively advance socioeconomic and green devel-
opment!"’,

To date, many desalination techniques, including
reverse osmosis” ", electrodialysis'*”, multistage
flash!®” and multi-effect distillation™ ), have been
developed. However, their application are limited by
factors such as high energy consumption and produc-
tion of secondary chemicals or waste. Because of the
relatively high applied voltage, electrodialysis is
prone to redox reactions during operation, which ac-
celerates electrode corrosion. In addition, multistage
flash and multi-effect distillation are costly, require
more energy, and experience equipment consumption

abrasion"'""?. Therefore, it is crucial to develop a rel-
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atively low-energy consumption and high-efficiency
technology'"”!. Capacitive deionization (CDI) is an al-
ternative desalination and purification technology
based on the electrical double layers (EDLs) capacit-
or theory, which mainly includes 2 stages: adsorption
and desorption. During the adsorption process, ions in
the solution accumulate on the surface and inside of
the electrode form EDLs, achieving ion removal.
When the electrode is saturated, ions are released
from the EDLs through a short or reverse circuit to
complete electrode regeneration!'".

In recent years, several novel CDI techniques
have been developed (Fig. 1). To prevent the intrinsic
“co-ion effect” inside electrodes, a novel and highly
efficient membrane CDI (MCDI) system with an ion-
exchange membrane (IEM) is gaining interest"”. On
one hand, co-ions can be trapped in intraparticle
pores, increasing the accumulation of counter-ions in
macropores and leading to a higher salt adsorption ca-
pacity (SAC). On the other hand, IEMs can prevent
the desorbed ions from being re-adsorbed to the
counter electrode and can effectively alleviate Farada-

ic reactions, enhancing electrode regeneration effi-
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(a) CDI

(b) MCDI

(c) FCDI

(d) HCDI

Fig. 1 Architecture diagrams and removal mechanisms of (a) capacitive deionization (CDI), (b) membrane capacitive deionization (MCDI), (c) flow electrode

capacitive deionization (FCDI), and (d) hybrid capacitive deionization (HCDI)?". (Reprinted with permission)

ciency and lifetime!'®'”. Despite the abovementioned
benefits of IEMs, the presence of membranes in-
creases the internal resistance of the system to elec-
trosorption, and contamination issues also need to be
addressed"”.

Flow electrode CDI (FCDI), a new technique
based on ion-exchange membranes and flowing elec-
trodes, is developed to address the limitations of
MCDI. Unlike conventional fixed electrodes, FCDI
uses slurry-type electrodes, which typically contain
small particles of activated carbon with a high specif-
ic surface area, leading to a higher electrosorption ca-
pacity. In addition, flowable carbon electrodes adsorb
charged species from the feed stream and continu-
ously circulate and regenerate by desorption outside
the electrode chamber, leading to continuous and en-

ergy-efficient operation'”*". Nevertheless, the activ-

ated carbon particles show poor electronic conductiv-
ity in the suspended state, and the high carbon con-
tent restricts the further development of activated car-

[22]

bon-based flow electrodes™. Hence, metal-organic

frameworks (MOFs)™! and intercalation materials™"!
such as CuHCF have been developed as flow elec-
trodes with high electronic conductivity and salt re-
moval efficiency.

Furthermore, some unavoidable problems, in-
cluding carbon oxidation and incomplete desorption,
resulting a low SAC and degradation of the cycling
properties during long-term desalination. Thus, a sys-
tem with 2 Faradaic electrodes and a hybrid CDI
(HCDI) system have been developed. HCDI com-
bines 2 different electrode materials, one traditional
CDI electrode like carbon electrode works based on

EDL mechanism, and another electrode such as metal
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or metal oxide is fabricated by battery material which
works through the faradaic reactions including the ion
intercalation or electrochemical redox reactions™ >,
Li et al.”” developed HCDI using a redox-active poly-
imide as the electrode material. It exhibited a high so-
dium uptake capacity of 54.2 mg g ' and superior
electrochemical stability with a 31.9% retention after
100 charge/discharge cycles. Moreover, Chen et al."**
found excellent cycling stability with only 4% desal-
ination capacity degradation for over 100 cycles by
combining MoS, nanoflakes with MXene as electrode
material. Although HCDI shows excellent perform-
ance, the imbalanced ion storage capacity and instabil-
ity of the Faraday material structure require more in-
depth investigation*”.

Notably, electrode materials play a critical role in
CDI. Carbon materials, including biochar, carbon nan-
otubes, carbon nanofibers, carbon aerogels, graphene,
and their modified materials, are common electrode
materials””. Although carbon nanotubes, carbon nan-
ofibers, carbon aerogels, and graphene have excellent
electrosorption performance, their synthesis proced-
ures are more complex, expensive, and limited by
non-uniform particle sizes and external porous struc-

tures[m

. Biochar is an economical, environmentally
friendly carbon material obtained through the pyrolys-
is of biomass in an oxygen-limited environment,
which can stretch back to 2 000 years ago of its ap-
plication in agriculture™ ", The “dark earth of the In-
dians’ (Amazonian Dark Earths) are composed of
variable quantities of highly stable organic black car-
bon waste, providing evidence of the extensive of

biochar™

. The high agronomic fertility of these
sites has attracted interest and led to in-depth research
on biochar whose chemical structure contains highly
distorted aromatic rings irregularly stacked with
branched functional groups on the surface and rich
pore structure™> **!,

Commonly, the main components of biochar in-
clude carbon, hydrogen, sulfur, oxygen, nitrogen and
the trace elements such as potassium, calcium, and

magnesium”®. Due to biochar’s physical and chemic-

al properties, it has been widely used in many fields.
Previous researches have proven that biochar can im-
prove soil quality and crop yield, reduce greenhouse
gas emissions from soil, and has a strong affinity to
inorganic ions such as heavy metal ions, phosphate,
and nitrate®" ", Notably, with the large specific sur-
face area and well-regulated structure, biochar can
also be prepared as an electrode. This strategy not
only solves the environmental problem due to random
biomass accumulation but also improves the econom-
ic value and application potential of biomass re-
sources*"*". The unique advantages of biochar make
it a promising resource for CDI, which has applica-

tions in the removal
[35, 42-43]

of heavy metals from

, water softening!*", brackish water
[46-48]

wastewater
treatment!™”, and seawater desalination

However, the effects of biochar electrodes on
CDI performance and stability remain to be summar-
ized and elucidated. In this review, the preparation
methods and properties of biochar have been summar-
ied. The specific objectives of this review were (1) to
expound on the influence of the biochar electrodes
and CDI operating parameters, (2) to evaluate the se-
lective adsorption of ions and illustrate the selection
mechanism and influencing factors, (3) to discuss the
current state of electrode regeneration, (4) to show the
current direction of research on biochar electrodes and
provide a reference for their practical application in
CDI.

2 Preparation of biochar

With the increasing demand for carbon, biomass-
derived carbon materials have attracted wide atten-
tion owing to their low cost, broad raw material re-
sources, and environmental friendliness. Biomass ma-

. . 41 44
terials, such as rice husks'!, sugarcane bagasse!*",

B9 and date seeds""

coconut shells™”, peanut shells
have been used to prepare biochar electrodes with ex-
cellent performance. The performance depends heav-
ily on the preparation method. Common preparation
methods include pyrolysis, hydrothermal carboniza-

tion, and template method.
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2.1 Pyrolysis

Pyrolysis is the process of thermal decomposi-
tion of biomass below 1000 °Cin an inert atmo-
sphere, during this process, biomolecules such as cel-
lulose and lignin are gradually broken down into
smaller molecules with the temperature rises, and bio-
mass converts into biochar””. Pyrolysis temperature
and time play crucial roles in the performance of

biochar. Wang et al.”’!

prepared the cattle bone
biochar with a 2-step carbonization method, which
was pre-carbonized at 450 °C for 3 h under N, atmo-
sphere, then the pre-carbonized product and KHCO,
were mixed and heated to a target temperature kept
for 2 h (Fig. 2a). It’s found that the degree of the
graphitic structure was constantly enhanced when the
pyrolysis temperature increased from 600 to 900 °C,
which could improve the electrical conductivity of

biochar. Similarly, Du et al.”"

reported that the graph-
itic structure of red oak-derived biochar was more or-
derly, which favored the mass transfer process at a
pyrolysis temperature of 1 000 °C and a time of 3 h.
Furthermore, biochar can be pre-oxidized by ox-
idants to improve its performance. Yan et al.”* oxid-
ized basswood in O, atmosphere and then transferred
it to N, atmosphere at a temperature and time of 1 000
°C for 2 h. The results showed that the pseudocapacit-

ance and hydrophilicity improved after pre-oxidation
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(Fig. 2b). Jin et al.” increased the biochar yield and
N content by pre-oxidation, enhancing the pore
volume of biochar and its adsorption capacity by up to
437.8 mg g ' for toluene. Moreover, Li et al.”” pre
treated the biochar with 25% HNO; and doped its sur-
face with more N/O active sites, in which the adsorp-
tion capacity for Hg (II) reached 153 mg g .
Typically, activation is an effective strategy for
improving the properties of biochar. Common activa-
tion methods include thermal, physical and chemical
activation, and their combinations”™. Compared with
physical activation using N, or CO, atmosphere,
chemical activation usually requires an activating
agent such as KOH, KHCO,, HNO,, H,PO, or ZnCl,.
Commonly, the added activator reacts with biochar by
removing atoms from the carbon framework which
can increase the defects as the active and adsorption
sites, enrich the pore structure, and introduce oxygen-
containing groups to increase the wettability of the
materials, leading an excellent desalination perform-
ance”. For example, Hai et al.’"! found that KOH-ac-
tivated biochar performed better than ZnCl, and
H,PO,. The specific surface area and specific capacit-
ance of KOH-activated biochar were 1 020.85 m* g'
and 400 F g', respectively. Lado et al."** used sugar-
cane bagasse as a carbon source. They observed that

physicochemical activation significantly increased the
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Fig. 2 Illustration of the synthetic procedure using pyrolysis method of (a) cattle bone porous carbon”, (b) wood-derived biochar*.

(Reprinted with permission)
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porosity of sugarcane bagasse biochar; its specific sur-
face area ranged from 240 to 1 633 m* g ', and its hy-
drophilicity improved after KOH activation.

The weight ratio of biochar to the activator is
also an essential factor that determines the perform-

ance of the biochar. Shi et al.l*”

prepared micro/meso-
porous carbon spheres using sucrose as a precursor
and NaOH/KOH as an activating agent. When the Na-
OH/KOH ratio was 2 : 1 and the mixed activating
agent/carbon sphere ratio was 3 : 1, the specific capa-
citance of the biochar electrode reached 235 F g .
During the activation process, NaOH increased the
volume of the mesopores, while KOH increased the
volume of the micropores. Micropores were benefi-
cial in increasing the specific surface area. However,
they negatively affected mass transfer. Therefore, the
optimization of biochar performance is closely re-
lated to the pore structure of the materials and the
pyrolysis method.
2.2 Hydrothermal carbonization

The hydrothermal carbonization method con-
verts biomass in an aqueous solution into biochar at a
pressure (2—10 MPa) which comes from self-gener-
ated pressures in aqueous media of the reactor and a
low reaction temperature (180—280 °C). The biomass
raw materials are hydrolyzed into monomers through
dehydration and polymerization, and then through
aromatization reaction obtain the product'® . Ador-
na et al."™” dispersed coconut shells in an HNO; solu-
tion to produce coconut shell biochar (AB). Com-
pared with AB, AB-MnO, composite prepared by dir-
ect precipitation was more mesoporous, with a
Vieso Vi UP to 606.1% and better hydrophilicity,
which was conducive to electric adsorption desalting.
Chen et al.'”” prepared porous carbon via mixing the
citric acid and bamboo powder in a stainless-steel
autoclave and heated to 180 °C for 6 h. They found
that the addition of citric acid improved the degree of
carbonization, oxygen content, and the specific sur-
face area through physical characterization. When the
concentration of citric acid was 0.69 mol L', the

biochar had a specific surface area of 3 132 m* g ' and

a specific capacitance of 435.5 F g' (Fig. 3a). With a
higher temperature of 200 °C, a hydrothermal time of
24 h, compared with 12 h, resulted in a larger specific
surface area of 1 138 m’ g ' and a total volume of 0.70
cm’ g ', Therefore, hydrothermal temperature, time,
and solvent significantly affect the biochar properties.

Notably, in addition to temperature and time, the
activator also influences the structure and perform-
ance of biochar. Hu et al.'” obtained N self-doped
porous carbon obtained by hydrothermal carboniza-
tion with the 30 g of penicillin fermentation residue
and 150 mL of deionized water added into the reactor.
Argon was blown into the reactor for 10 min to drive
off the residual air inside the vessel. Then it was
heated to the reaction temperature and maintained for
2 h (Fig. 3b). Furthermore, the hydrothermal carbon
was activated with ZnCl, or KOH as an activator.
Compared with KOH, the porous carbon prepared
with ZnCl, as an activator had a higher N content of
4.75%. Benefiting from the high N groups, the elec-
trode showed a specific capacitance of 209.2 F g at
1.0 A g in the 3-electrode system, which displayed
excellent electrochemical performance.
2.3 Template method

The basic principle of template method is firstly
to fill the pores of the template material with biomass
as the carbon source, while the template can build
cross-linked porous structures in the carbonization
process and the template was removed finally"*.
Template method includes the hard template method,
which uses mesoporous silicon, zeolite, and MOFs as
a template, and the soft template method, which uses
surfactant, polymer and biopolymer as a common
template®. The template method (Fig. 4a) not only
provides some active sites and can enrich the pore
structure but also improves the hydrophilicity, con-
ductivity, and cyclic stability of the biochar®”. Wang
et al. designed an N-doped porous carbon (NPC) by
combining polyacrylonitrile with nanometer-sized
SiO, and ZnCL". The adsorption isotherm was a
combination of type IV and type I isotherms, indicat-

ing numerous micropore and mesopore structures.
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Moreover, Shi et al.*

proposed an innovative polyvinyl chloride with CaCO, as a template (Fig. 4b).
strategy to prepare hierarchical porous biochar via The mixture was ball milled for 1 h in cylindrical tab-

one-step co-pyrolysis of waste rice straw and lets with 20 MPa to eliminate gaps between mixtures.
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Afterwards, the mixture was pre-carbonized at 400 °C
for 1 h in N, atmosphere, and then carbonized at 800
°C for 4 h. During the pore formation process, the
construction of abundant mesoporous spaces was pro-
moted with the assistance of template-casting role of
CaCO,. Moreover, the CO, released by CaCO, de-
composition can further create a large number of pin-
holes inside the material, leading to the total pore
volume reaching 0.639 7m’ g

In addition to external N-source doping, N-rich
biomass can also be used as a carbon and N source to
prepare porous carbon. For example, Zhao et al.””!
created an NPC derived from soybean shells with an
N content of 1.66%. NPC was further functionalized
with sulfonic acid groups to obtain S-NPCs. The de-
salination rate of S-NPC was 0.89 mg g ' min
which was larger than that of NPC (0.56 mg g~' min ).
This was attributed to the functionalization of the sulf-
onic acid group, which improved the adsorption effi-
ciency of salt ions.
2.4 Other methods

Novel preparation methods have been developed
to improve the performance of biochar electrodes.
Tang et al.”" synthesized hierarchical porous biochar
by coupling microwave and hydrothermal carboniza-
tion with sugarcane bagasse as a precursor. In the car-
bonization process, 6 g of sugarcane bagasse and 60
mL of deionized water were added into a Teflon-
sealed reactor with the assistance of a microwave sys-
tem under 2.45 GHz irradiation at 180 °C for 0.5-1.5
h. Microwave-assisted hydrothermal carbonization for
1.5 h increased the carbon content of samples to
49.8%, which was close to the carbon content ob-
tained after conventional hydrothermal carbonization
for 3 h, thus microwave-assisted carbonization re-
duced the reaction time. Huang et al.”” used mi-
crowave pyrolysis to prepare a N/P double-doped
graded porous biochar with an excellent specific sur-
face area and specific capacitance of 1367.6 m* g’
and 531 F g', respectively. The precise inside-out
heating characteristics of microwaves prompted suit-

able mesopore—micropore distribution ratios in car-

bon, providing abundant active sites for charge accu-
mulation and ion diffusion while improving the elec-
trical conductivity, wettability, and stability with the

1.7 prepared lignocellu-

doping of N/P atoms. Wu et a
lose biochar using ultrasound-fungi pretreatment com-
bined with a carbonization route (Fig. 4c). Their syn-
ergistic effect improved the rigid structure and in-
creased the porosity of the material, providing a bet-
ter place for ion transport. The ultrasound-fungi assist-
ance resulted in a high specific surface area and ad-
sorption capacity of 1 234 m* g "' and 29.39 mg g, re-
spectively. Genovese et al.’ prepared a low-cost
biochar using a novel synthesis strategy involving bio-
mass pre-treatment, N pyrolysis, and high-temperat-
ure thermal-chemical flash exfoliation. The biochar
electrodes showed a high specific capacitance of 221
F g ' while maintaining a 97% capacitance after 5 000
successive potential cycles, demonstrating their long-
term stability. Therefore, the preparation of biochar
coupled with other technologies has a promising out-
look.

In conclusion, pyrolysis is a simple process with
a high biochar yield. However, it requires high tem-
peratures and energy consumption, and the porous
structure of biochar mainly depends on the activation
process. Hydrothermal carbonization is attractive be-
cause it uses low temperatures and is rich in function-
al groups but has low porosity and conductivity!””.
Template method can effectively regulate the pore
size structure of the prepared biochar and its distribu-
tion, leading a uniform structure. The wettability and
mass transfer ability of biochar can also be enhanced
by heteroatomic doping. This method is much more
complicated and requires physical or chemical meth-
ods to remove the template, which causes environ-
mental pollution. Therefore, an appropriate method
can be chosen to obtain the best performance of the
biochar material, according to the actual situation and
application requirements. In addition, novel, low-pol-
lution, and energy-consuming methods for preparing
biochar need to be further studied.
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Effect of biomass used in biochar electrodes

Biochar, as the electrode material for CDI, plays
a decisive role in the CDI system. Its structure and
properties directly determine the removal of ions
through electrosorption. Table 1 summarizes the prop-
erties of the pore volume, specific surface area, specif-
ic capacitance, and SAC of the biochar electrodes ob-
tained from different biomass. Cattle bone carbon
showed a good mesoporous proportion of 72.83% ow-
ing to the presence of hydroxyapatite. Its abundant
pore structure promoted the diffusion and transfer of
ions™’!. Owing to the different biomass used for pre-
paring biochar, the specific surface area of biochar
ranges from 303.59 to 3 557 m*> g, but the specific
capacitance of individual biochar could reach 474
F g”', resulting in different desalination effects. For

example, pomelo peel biochar has a large specific sur-

face area of 2 726 m* g ' and a specific capacitance of
207 F g', respectively. Its SAC is 20.78 mg g ',
which can be maintained after 10 cycles. In contrast,
the specific surface area of sugarcane bagasse biochar
is 1019 m® g”', but SAC can reach up to 28.9 mg g .
Thus, the mechanisms affecting desalination perform-
ance are diverse and complex. Fig. 5a shows a strong
positive correlation between desalination and meso-
pore ratio. The existence of mesopore can reduce the
overlapping effect of the electric bilayer, providing a
channel into the smaller pores for ions and increasing
the mass transfer rate, whereas the existence of micro-
pore provides a larger specific surface for bio-

charl-53 761

. The specific surface area and total pore
volume of the biochar also have a strong correlation
(Fig. 5b). A higher total pore volume indicates a more
porous structure and larger specific surface area, thus
providing more adsorption sites for ions. Fig. 5¢ and
5d show plots of SAC and regeneration performance
versus the specific surface area or specific capacit-

ance, respectively. The specific surface area of two-

Table 1 Properties of biochar electrodes prepared from different biomass

Carbon source Activation m:lsl:)?;g: 2;3:11 V‘“"'f“/ Vo su?gfc‘z E:ea ca?azi(i:ti:rfce Saltczgz(c)irtpyﬁon Regeneration Ref.
method E) of pores  ratio (%) 2 A =, performance
Cme)  (cmg!) (m'g") Fg) (mgg)
Rice husk KOH 0.70 121 57.85 1839 121 8.11 10 [41]
Cattle bone KHCO, 1.26 1.73 72.83 2147 - 19.35 - [53]
KOH—CO, 0.44 1.03 42.72 1814 50 21.00 70 (87%)  [44]
Sugarcane biowaste
KOH—CO, 0.36 0.64 56.25 1019 208 28.90 3 [71]
Kelp KOH - 1.4 - 2614 190 27.20 4(100%) [79]
Auricularia KOH 0.19 0.90 20.62 1401 73 7.74 - [80]
Loofa sponge KOH 0.11 0.95 11.58 1819 93 22.50 4(97%) [81]
Enteromorpha prolifera KOH 2.33 3.86 60.00 3283 361 - - [82]
Soybean root KOH 0.13 0.94 13.83 2143 276 - - [83]
Soybean shells KHCO, - 0.37 - 844 215 43.30 5 [70]
Watermelon peels KHCO, - 1.31 - 2360 224 17.38 10 [84]
Citruses ZnCl, 0.06 0.20 31.47 323 120 10.79 35(80%)  [85]
Pomelo peels NH,H,P,—KHCO, - 1.73 - 2726 207 20.78 10 [86]
Date seeds KOH - - - 981 400 22.50 6 (<5%) [51]
Cotton NH, 0.71 1.54 46.10 2680 110 16.10 10 [87]
Shrimp shells KOH 0.96 1.93 49.38 3171 - - - [88]
Coconut shells KOH—KMnO, 0.10 0.18 53.07 304 410 33.90 5 [49]
Peanut shells ZnCl,—CO, 0.85 121 70.25 2015 301 - - [89]
Litchi shells KOH—KMnO, - - - 1486 206 - - [90]
Crab shells +Rice husks KOH 0.98 2.02 48.51 3557 474 - - [91]
Red oak Fe,0,—KOH - - - 304 20 11.13 25(98%)  [54]
Bamboo KOH —Citric acid 0.31 1.38 3132 436 - - [64]
Barley Copper citrate 0.65 1.16 56.03 2140 402 - - [92]
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thirds of the biochar ranged from 1000 to 2 800
m’ g and the specific capacitance, SAC, and regener-
ation time were maintained at 100250 F g, 15-30
mgg

Moreover, the functional groups on the surface

and 5-10 cycles, respectively.

will also influence the desalination performance. Ad-
orna et al."” found that the specific surface area of the
AB-MnO, electrodes was only 304 m”> g, but their
SAC reached 33.9 mg g ', which was approximately 4
times that of the original biochar electrodes. This was

attributed to the presence of a-MnQO,. On one hand, it

increased the hydrophilicity of the biochar, accelerat-
ing the ion mass transfer rate, and on the other hand, it
enhanced the specific capacitance of the biochar, im-
proving the CDI performance. Moreover, heteroatom-
doped porous carbons exhibited a higher specific sur-
face area, good electrical conductivity, suitable pore
size distribution, and excellent electrosorption per-
formance. O-doping can produce porous carbon with a
graded structure and improve its wettability, which is

[77-78]

conducive to rapid migration . Typically, the in-

corporation of N and S into pristine biochar consider-
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ably improves the hydrophilic energy owing to the in-

creasing in hydrophilic groups. Zhao et al.”””!

reported
that pyridine N could improve the electrical activity of
the material, graphite N could increase the graphitiza-
tion of the biochar and improve its electrical conduct-
ivity, and pyrrole N could participate in the reversible
Faraday reaction and provide additional pseudocapa-
citors according to the electron properties. Moreover,
the sulfonic acid groups effectively inhibited the co-
ion effect and provided additional absorptivity for the
Na'. The specific capacitance of the modified elec-
trode was 215.3 F g', and the SAC was as high as
43.3 mg g '. Thus, the SAC of the biochar electrode is
positively correlated with the mesoporous ratio of car-
bon but presents irregularity with the specific capacit-
ance.

In conclusion, many factors influence the CDI
performance of biochar electrode. Fig. Se shows the
relationship between biochar-based electrode and CDI
performance. In order to efficiently improve desalina-
tion performance, it is important to regulate the com-
position and structure to increase the active sites, mass
transfer rate, and hydrophilicity of the electrode ma-
terials via raw material selection and preparation pro-
cess. Moreover, electrochemical properties such as
electrical conductivity and charge storage capacity
also need to be improved.

3.2

CDI performance

Effect of biochar electrode preparation on

Electrode preparation is a complex process. In
addition to basic biochar materials, binders and con-
ductive agents are usually added to enhance the con-
ductivity and bulkiness of electrodes, which are then
mixed and coated onto a substrate. It is very import-
ant to select a suitable substrate with good conductiv-
ity and corrosion resistance, such as graphite paper, ti-
tanilum mesh, stainless-steel mesh, and carbon
cloth®™!. The coated electrode was then dried in an
oven to obtain the biochar electrode.

Furthermore, the preparation method, electrode
thickness, binder, conductive agent, and mixing ratio
had a significant impact on the electrochemical per-

formance. For example, Wang et al.”* utilized rice

straw to prepare electrodes via the thermosetting and
roller pressing methods. The results showed that the
removal efficiencies of 2 different electrodes within
240 min were 46.21% and 45.08%, respectively, at a
current density of 3.12 mA c¢cm' (Fig. 6a). On the oth-
er hand, the biochar electrode prepared by the ther-
mosetting method could be formed independently at a
low cost, while electrodes with good conductivity and
mechanical strength could be produced using the
roller-pressing method. Furthermore, the raw material
ratio also affected the electrode. When the ratio was
10 : 5 : 2, the electrode molding was good and the
electrode had good hardness and strength. Further-
more, when the mass was relatively small, electrode
stability decreased, while too high mass ratio resulted
in increased internal resistance and decreased conducti-
vity™™). Chang et al.” observed that the absolute cur-
rent increased with the thickness of the biochar elec-
trode owing to the larger activated area in thicker
biochar. When the thickness was increased to 3.5 mm,
the biochar electrode exhibited the highest power
density of 72 mW m > (Fig. 6b). In general, the thin
electrode could facilitate the electrolyte penetration in
the electrode, resulting a faster ion diffusion and bet-
ter desalination capacity while the ions could not rap-
idly penetrate the entire electrode structure and the
electronic resistance was increased in an overly thick
CDI electrode, thus affecting the desalination per-

formancel’ "

. Lang et al.® investigated a biochar
electrode using graphene as the conductive agent. The
electrode possessed many excellent properties, espe-
cially a high desalination capacity of 16.88 mg g .
The conductive agent prepared with biochar also
showed great potential. Hao et al.l'””’ and Kane et
al.""! prepared biomass-based carbon as conductive
electrodes. Compared with conventional conductive
agents, biochar showed the same electrochemical
pseudocapacitance behavior and high electrical con-
ductivity, which indicated fast electron and ion trans-
port. The cell efficiency and rate capability were also
slightly improved. However, further research is re-

quired for this novel design scheme.
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Different binders affect electrode performance
differently. Notably, conventional binders are harm-
ful to the environment. Therefore, natural, environ-
ment-friendly, and novel binders are of high interest.
Kiminaité et al."* used flaxseed mucilage as a bind-
er. With the assistance of flaxseed mucilage, the fab-
exhibited higher

strength, conductivity, and thermal stability. Mian et
a'1.[103]

ricated electrodes mechanical
prepared a cellulose nanofiber (CNF) binder.
Compared with the polyvinylidene fluoride polymer
binders, the CNF binders retained biochar

porosity and improved wettability, leading to a signi-

micro-

ficant reduction in the internal resistance of the elec-
trode from 1.5 to 0.76 Q. The effect of different ratios
of biochar, binder, and conductive agent on the per-
formance of the electrode was also explored. The res-
ults showed that the lowest internal resistance of 0.76
Q was obtained for an 85 : 5 : 10 ratio. Furthermore,
compared with the other ratios, this ratio exhibited a

higher capacitance of 268.4 F g '. Although some

¥4 (b) the curves of power density and electrode potentials polarization”",

1%, (Reprinted with permission)

novel binders have drawn considerable attention, the
existence of binders can also lead to the blockage of
pore structures, which causes a reduction in cycle per-
formance. Therefore, many researchers have reported
binder-free electrodes with excellent properties. Chen

et al.l'™

prepared a porous carbon electrode from
fungal hyphae in the absence of a binder. The results
showed that the binder-free electrode had a lower
charge transfer resistance of 1.6 €, which would en-
able accelerated ion transport. More importantly,
Fig. 6¢c showed that current and voltage remain stable

1.1 also found a binder-free

after 40 cycles. Yang et a
electrode with no performance attenuation after 10 000
cycles in supercapacitors, demonstrating the potential
of the electrodes for practical applications in enhan-
cing sustainability.

Moreover, cyclic voltammetry (CV), electro-
chemical impedance spectroscopy (EIS), and galvano-
static charge—discharge (GCD) cycles are often used

to characterize the electrochemical properties of
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biochar. The CV curve shows the relationship
between the current and voltage on the electrode sur-
face, which can be used to evaluate the microscopic
reaction process, stability, and reversibility of the
electrode surface!'” '), This curve is usually a regu-
lar shape-like rectangle, indicating ideal electric
double-layer behavior. The EIS curve can be used to
assess the storage of the electrical energy and proper-
ties of the electrode materials, and its equivalent cir-
cuit can be inferred from the Nyquist plots®' > "%,
The GCD curve shows the current or voltage changes
with time under a constant voltage or current, through
which the energy consumption and electrode capacity
can be obtained. This curve is also a symmetric tri-
angle, indicating low internal resistance and revers-
ible properties of the electrodes”"’.

Notably, the electrochemical performance is usu-
ally dependent on the electrodes, which strongly rely
on many factors, such as the preparation methods,

electrode thickness, binders, conductive agents, and

mixing ratio. Therefore, when preparing the elec-
trodes, all of these factors must be considered in de-
tail, for which play a critical role in CDI performance.
3.3 Influence of operation parameters on CDI
performance

Apart from the impact of carbon electrodes on
CDI performance, various parameters of the CDI sys-
tem, such as voltage, electrode spacing, electrode pair
number, flow rate, and initial feed concentration, also
have a particular impact on CDI performance.

The voltage is an essential parameter for elec-
trosorption. Tang et al.”’"! found that when the voltage
increased to 1.2 V, the SAC increased approximately
4 times owing to the stronger electrostatic interaction
at a higher voltage'” (Fig. 7a). Wang et al.*®! ob-
served that the current density increased as the voltage
increased. However, the formation of a differential
concentration polarization layer on the working elec-
trode reduced the charging efficiency of the CDI sys-

tem. Furthermore, the electrode wear ratio increased
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due to the redox reaction and the properties of the
solution changed, leading the energy consumption of
the CDI system'''”. Moreover, excessive voltage
caused the electrolytic reaction, which affected ad-
sorption capacity!''"l,

Electrode spacing and electrode pairs also influ-
ence the CDI performance by affecting the ion diffu-
sion distance and adsorption sites. Du et al.”* ob-
served that the adsorption capacity increased from
9.53 mg g ' to 13.44 mg g ' as the electrode spacing
decreased from 5 to 2 mm, and the adsorption capa-
city was much lower when the spacing was 1 mm
(Fig. 7b). This was because a small spacing reduced
the distance between the ions and the double layer on
the electrode surface. Thus, the ions could quickly
enter the double electric layer and be adsorbed.
However, when the spacing was too small, a large res-
istance would be produced, which was not conducive

to electrosorption''” L0

. Zhang et a also explored
the changes in conductivity when the number of elec-
trode pairs was changed. They found that the conduct-
ivity decreased substantially as the number of elec-
trode pairs increased from 2 to 4, but the desorbed
ions increased too. However, with the electrode pairs
increased from 4 to 8, which had little influence on
the ion removal efficiency.

The flow rate and initial feed concentration are
other important factors that determine CDI perform-
ance. Huang et al."'¥ and Pastushok et al.!'"”! found
that the ion removal effect decreased with increasing
flow rate (Fig. 7c). This was because as the flow rate
increased, the contact time between the solution and
the electrode surface decreased. Kim et al.”"! and Mi

et al.l''®

concluded that increasing the initial concen-
tration could enhance the electrosorption capacity
(Fig. 7d). This was because a higher concentration fa-
cilitating the establishment of EDL, resulting in a re-
duction in the overlap effect and the mass transfer rate
was higher!”" """,

In summary, the operation parameters have dif-
ferent influences on CDI performance. Hence, it is ne-

cessary to comprehensively consider various paramet-

ers to achieve optimal experimental conditions.
3.4 Selective adsorption of the ions

Carbon electrodes have applications in diverse
areas such as desalination, water softening, and heavy
metal removal from wastewater. Generally, the actual
influent composition is complex and contains various
ions. These ions can interact with each other and lead
to competitive adsorption.

The physicochemical properties of the ions can
affect their adsorption. Zhang et al."'? illustrated the
adsorption effects of different cations using bamboo
carbon electrodes. This study showed that the priority
of ion electrosorption was as follows: Cu*” > Pb*" >
Cr'" > Cd* > Mg* > Ca*" and Na" > K'. When the
ionic radius was small, it was usually easy to enter the
electrode structure and then be adsorbed and removed.
Meanwhile, as the charge number of the ions in-
creased, the electrostatic attraction also increased.
Furthermore, Ca>" showed slower adsorption and de-
sorption rates than Na" and K owing to its larger size
and slower diffusion rate!"™. Hao et al."'”! investig-
ated the adsorption effect of various ions in binary and
ternary systems (Fig. 8a). The results showed that the
removal of Cu”" was excellent in both systems. This
was primarily because Na“ was a hard acid, whereas
Cu’* was a soft acid that could preferentially bind to
the electrode surface. Although Fe’, with high
valence, had a higher electrostatic force towards the
electrode, inhibiting the adsorption of Cu®’, the ad-
sorption capacity of electrodes could reach up to
1048.2 mg g ' towards Cu”". For the ternary system,
the adsorption efficiency of Cu®" reduced in the pres-
ence of Fe’* and Na'. Based on the soft-soft interac-
tion, the electrode could still adsorb Cu*" efficiently
and selectively. In addition, the properties of the elec-
trode materials also affect ion adsorption and desorp-
tion. For example, Sun et al."*”! found that oxidizing
anions, such as ReO, could form hydrogen bonds
with functional groups on the carbon surface, and ad-
sorbed anion basically fail to desorb at the equal con-
ditions with ClI' (Fig. 8b). According to the Louis
acid-base theory, pyridine N, as a hard base, has high-
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er electronegativity and lower polarizability and can
preferentially adsorb the hard acid (Na"). In contrast,
pyrrole N, as a soft base, interacts more strongly with
the soft acid (Pb>")!"*!1.

What’s more, compared with CDI, MCDI
showed excellent salt removal and current efficien-
cies because of the selective transport of ions by the
IEMs and no accumulation of ions in the EDL"*”). The
selective removal of monovalent/divalent ions can be

1.0 mod-

achieved by MCDI. For example, Sahin et a
ified IEMs by adding polyelectrolyte multilayers,
leading to the selective adsorption of monovalent ions.
It is also necessary to select appropriate conditions
based on the actual situation!** ">,
Reible!"*" found that Ca** selectivity decreased by

20% as the applied voltage increased from 0.1 to 0.3

Zhang and

V, highlighting that electrical force affected the com-
petitive electrosorption of ions kinetically. Similarly,
Choi et al.!"”” reported that the removal efficiency of
monovalent cations increased under higher voltage
conditions due to the increased mobility and the exist-

ence of monovalent cation selective exchange mem-

branes. However, the flow rate had little influence on
the selective electrosorption performance because the
removal rates of monovalent and divalent cations re-
mained similar with increasing flow rates in the case
of both low and high total dissolved solids. Further-
more, Tsai et al.'* observed that the NO, selectivity
coefficient increased as a function of charging time.
Compared with Cl, the selectivity coefficient of NO;~
in CDI increased to 3.88 due to ion substitution as the
charging time increased. Pang et al.l'"” reported that
dissolved inorganic carbon (DIC) hindered the remov-
al of F because DIC had lower hydration energy and
higher ionic charges. In the NaF + NaHCO, solution,
as the molar ratio of F /DIC increased from 1 : 2 to
1 : 0.5, the SAC; increased by 2 times, indicating the
importance of water characteristics in the selective re-
moval of ions.

In summary, the selective adsorption of ions de-
pends on the properties of the ions, electrode materi-
als, and operational parameters. The selective adsorp-
tion mechanism is complicated, and the removal of a

specific ion from a complex solution remains an ur-
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gent problem.

4 Regeneration of biochar electrodes

As the core part of the CDI system, the optimum
electrode not only has the advantages of high-effi-
ciency desalination but also maintains its long-term
stability. Currently, most electrodes can maintain high
stability after 5-20 cycles, and some can reach ap-
proximately 30-100 cycles after modification treat-
ment. The primary problems include the electrode ma-
terial itself and the regeneration method, which res-
ults in a reduction in the desalination effect”" "%,

In terms of materials, two main aspects affect
electrode regeneration (Fig. 9a). First, some ions are
adsorbed on the electrode surface cannot be desorbed
after regeneration, causing the occupation of some ad-
sorption sites. Second, biochar electrodes are oxid-
ized during long-term tests, leading an increase in res-
istance and a shift in the zero-charge potential, which
damages the electrode itself and decreases the ion
storage capacity'™ ', Modification or combina-
tion with other materials and the use of asymmetric
electrodes have been proposed to overcome the co-ion
effect and carbon oxidation, enhance electrode per-
formance, and maintain long-term stability in CDI"*?,
Liu et al.l” decorated graphene-coated NPC elec-
trodes using soybean and graphene. Soybean carbon
containing 7.25% N enhanced the hydrophilicity of
the electrode, whereas the graphene effectively im-
proved the electrical conductivity, lowered the poten-
tial diffusion barrier of ions, and accelerated the ion
transport rate. Moreover, the electrode exhibited ex-
cellent cycle stability, the desalination performance
could remain at 93.5% after 50 cycles. Hsu et al.'"*"
observed the cycling stability of both symmetric and
asymmetric electrodes. After 100 cycles, the asym-
metric electrode still maintained 40% of its maximum
salt adsorption (Fig. 9b). In contrast, the symmetric
electrode only had 10% of the maximum salt adsorp-
tion in the 47" cycle. Furthermore, Algurainy and
Call™* improved anode stability by changing the
mass ratio of the electrodes in continuous-flow CDI.

Multiple anodes significantly lowered the charge

transfer resistance and oxygen-to-carbon ratio com-
pared with single anodes. After 48 cycles, SAC de-
creased by 68% for symmetric CDI, whereas the capa-
city remained stable for asymmetric CDI, with a 47%
reduction for the double anode and only a 17% reduc-
tion for the triple anode (Fig. 9c). Ren et al.'** pre-
pared composite electrodes using biochar and silicon
nanoparticles as a long-life energy storage electrode
material with excellent cyclic stability and a capacity
retention of 105.7% after 1 000 cycles. Yu et al.!"*"!
fabricated an ionic liquid-coupled biochar/TiO, elec-
trode to obtain chemically bonded interfaces between
TiO, and sawdust biochar, generating an electrode
with a long-term cyclic stability of 2 500 cycles.

The electrolyte concentration, current strength,
time, and pH also affect electrode regeneration. The
reverse electrode regeneration method is more condu-
cive to ion desorption and reduces the rinsing water
volume but may produce a resorption effect, which
can be reduced by increasing the flow rate!"**. Zhang

et al.l"*”!

studied the effects of electrolyte concentra-
tion, regeneration current intensity, and time on regen-
eration efficiency. The results showed that the regen-
eration efficiency increased as the electrolyte concen-
tration and regeneration current strength increased.
Similarly, a regeneration time of no more than 5 h
could enhance the regeneration efficiency. Chen et
al."* observed that the regeneration efficiency was
approximately 86% in constant current mode and 64%
in constant voltage mode at the same discharge cur-
rent owing to more energy loss occurring in constant
voltage mode. The pH value is also a key factor af-
fecting the regeneration of electrodes. This was be-
cause the positive and negative charges on the elec-
trode surface could be adjusted. When the pH value
was 7.5, regenerative desalination significantly in-
creased from 23.5 to 103 mg g ' because of the more
negative charges on the electrodes'").

Furthermore, it is a feasible method for electrode
regeneration via coupling with other techniques. Zou
et al.l"*!l regenerated an electrode using ultrasound
washing, which increased the conductivity of the elec-

trode by approximately 3 times compared with simple
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deionized water washing. Jiang et al.'*”

proposed a
magnetic-assisted strategy to enhance CDI perform-
ance. With the synergetic manipulation effect of the
electric field force and Lorentz force, the maximum

conductivity of the 4™ cycle was largely consistent

with that of the 1* cycle, indicating good stability of
the CDI device.

With the rapid development of CDI technology,
research on the mechanisms and methods of electrode

regeneration has gradually increased. Electrode regen-
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eration is not only dependent on experimental para-
meters but can also be coupled with other materials
and techniques. However, there are still some limita-
tions that restrict long-cycle operations. Therefore, it
is essential to develop more comprehensive, simple,
and low-cost regeneration strategies based on the cur-

rent research.

5 Difficulties and challenges

Carbon electrodes have made great progress in
recent years. Biochar has played an important role in
CDI owing to its advantages of low price, broad raw
material resources, and simple preparation. Fig. 10
shows the bibliographic data of research articles re-
lated to carbon materials as electrodes for the applica-
tion in CDI published in the last decade. Publications
display a common trend of gradually increasing, espe-
cially in the case of biochar which has become a hot-
spot in the field of CDI. Nevertheless, some critical is-
sues still restrict its practical application in CDI. Cur-
rently, the electrochemical properties of the obtained
biochar are maintained within a particular range, met-
al oxide modification and heteroatom doping can im-
prove these but there still exist problems. Carbon-met-
al composites can maximize the synergistic effect of
Faraday and non-Faraday adsorption mechanisms to
provide the driving force for the reaction, but the ex-

istence of metal oxides can lead to partial blockage of
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the pore structure!'*’. Heteroatom doping can en-
hance the electrical conductivity and wettability of
biochar to improve its ion mass transfer rate and elec-
trosorption capacity. The interaction mechanism has
not yet been systematically elaborated, and there are
increasing costs and environmental issues. In terms of
long-term economic benefits, the future application
prospects of CDI systems are related to ion-selective
adsorption and long-term stability. However, the se-
lective adsorption mechanism for ions remains un-
clear and requires further research. Meanwhile, the
poor stability of the electrode limits its long-term op-
eration in CDI. Many methods have been proposed to
reduce the oxidation of the electrodes and improve
their long-term stability. Consequently, the electrodes
with high electrochemical properties and long-term
economic benefits remains a significant challenge.
Addressing the challenges listed above, future re-
search on biochar materials should focus on the fol-
lowing aspects: (1) Construction of new carbon elec-
trodes by developing effective modified or composite
technology''*. (2) Efficient removal of specific ions
from complex systems by deeply exploring the select-
ive adsorption mechanism of ions. (3) Synthesis of
biochar with an excellent structure, rich functional
groups, and desired pore size distribution for more ef-
fective adsorption and long-term stability. (4) Realiza-
tion of highly efficient regeneration of electrodes and
improvement of their long-term stability by combin-
ing CDI with other technologies. (5) Its economic and

environmental feasibility assessments in CDI.

6 Conclusion

Compared with conventional desalination tech-
niques, CDI technology has excellent application pro-
spects. This review presented the preparation of
biochar electrodes and their applications in CDI in re-
cent years. It was concluded that the factors inferring
the excellent performance of biochar electrodes were
mainly related to their richer pore structure, higher
electrical conductivity and wettability, and faster ion

mass transfer rate. Moreover, the introduction of met-
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al and heteroatomic groups facilitated the preparation powered multistage flash desalination[J]. Solar Energy, 2017,

. . 153: 348-359.
of biochar electrodes with a graded pore structure and
. . [7] Thabit M S, Hawari A H, Ammar M H, et al. Evaluation of forward
high electrochemical performance. Noteworthy, the
osmosis as a pretreatment process for multi stage flash seawater
lination i itivel rrel ith

desalinatio capacity was positively corre ated wit desalination[J]. Desalination, 2019, 461: 22-29.

the mesopore content of biochar. Also, the CDI para- [8] Aly S, Manzoor H, Simson S, et al. Pilot testing of a novel multi

meters influenced the desalination capacity of the sys- effect distillation (MED) technology for seawater desalination[J].

tem, whose performance could be improved compre- Desalination, 2021, 519: 115221.

hensively by optimizing the experimental parameters. [9] Prajapati M, Shah M, Soni B. A comprehensive review of the

" . . . eothermal integrated multi-effect distillation (MED) desalination

Additionally, we summarized the mechanism and in- & ¢ (MED)

. . . . and its advancements[J]. Groundwater for Sustainable
fluencing factors of ion-selective adsorption as well as
Development, 2022, 19: 100808.

the reasons affectmg the regeneratlon of electrodes [10] Shalaby S M, Sharshir S W, Kabeel A E, et al. Reverse osmosis

and correspondmg methods to prov1de ideas for the desalination systems powered by solar energy: Preheating

preparation of highly stable biochar electrodes in the techniques and brine disposal challenges-A detailed review[J].

future. Finally, the difficulties and challenges of Energy Conversion and Management, 2022, 251: 114971.

biochar electrode materials were proposed. Overall [11]  Aydin M I, Selcuk H. Development of a UV-based photocatalytic

. bl
. . . . . electrodialysis reactor for ion separation and humic acid
this comprehensive review established a foundation Y P
L. . . removal[J]. International Journal of Environmental Science and
for the promising field of CDI in terms of preparation,
Technology, 2023, 20: 5913-5924.
performance, long-term stability of biochar electrodes. [12] LinS, Zhao H, Zhu L, et al. Seawater desalination technology and
engineering in China: A review[J]. Desalination, 2021, 498:
Acknowledgements 114728,
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