Open Access Article. Published on 10 sierpnia 2023. Downloaded on 31.01.2026 18:39:56.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Environmental Science

Advances

CRITICAL REVIEW

i '.) Check for updates ‘

Cite this: Environ. Sci.: Adv., 2023, 2,
1167

Received 8th May 2023
Accepted 16th July 2023

DOI: 10.1039/d3va00125¢c

rsc.li/esadvances

Environmental significance

¥® ROYAL SOCIETY
PPN OF CHEMISTRY

View Article Online
View Journal | View Issue

Integrated 3D pore architecture design of bio-
based engineered catalysts and adsorbents:
preparation, chemical doping, and environmental
applicationsT
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An integrated strategy combining 3D architecture design and chemical doping holds great promise for enhancing
the performance of bio-based engineered carbon materials in environmental applications. This review paper
critically examines the use of integrated hierarchical porous carbon derived from biomass (bio-based IHPC) as
an engineered catalyst and adsorbent for environmental purposes. The hierarchically interconnected pore
architectures can reduce the electrical resistance and shorten the diffusion pathway, which is beneficial for the
transport of ions/molecules. Additionally, the high pore volume, large specific surface area, and abundant
active sites contribute to the high capacity for ion and molecule capture. The bio-based IHPC with 3D
interconnected hierarchical porous structures can be obtained through non-templating, hard-templating and
self-templating strategies. Chemical doping can further create functional groups and active sites on the bio-
based IHPC surface, resulting in an abundance of reaction and interaction with pollutants. In particular, the
surface properties of bio-based IHPCs can be further modified by heteroatom doping or metal (hydr)oxide
coating. The review demonstrates the efficiency of bio-based IHPC as an engineered catalyst and adsorbent in
various environmental applications. These applications include the removal of toxic trace elements and organic
pollutants, carbon capture, enhancement of anaerobic digestion processes, antimicrobial treatment, and oil—
water separation. The paper thoroughly discusses the influence mechanisms of pore architectures and
chemical doping on the performance of bio-based IHPC in these applications. Finally, the paper concludes by
presenting promising research directions for the preparation and application of bio-based IHPC.

The rapid urbanization and industrialization of cities around the world have resulted in severe environmental pollution caused by a range of pollutants including
heavy metals, organic matter, and greenhouse gases. This study aims to address these environmental challenges by critically reviewing the potential of integrated 3D
pore architecture design in bio-based engineered catalysts and adsorbents. By combining chemical doping with 3D architectural design, the performance of
biomaterials can be significantly enhanced for addressing environmental pollution. This approach holds great potential for environmental remediation, particularly
in developing countries where biomass is abundant yet underutilized and environmental treatment facilities are often inadequate. Our proposed methods and
findings have important implications for promoting sustainable development globally, and we hope that they will inspire future research in this field.

1. Introduction

hierarchical porous carbon (IHPC), has been recently recog-
nized as a high potential material for efficient water and

A porous carbon material, developed by integrating 3D archi-
tecture design and chemical doping, referred to as integrated
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wastewater treatment and carbon capture.'” Notably, many
attempts have been made with a focus on integration strategies
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of pore architecture and surface chemistry to achieve superior
performance for pollutant removal. Unlike traditional porous
carbon materials, the designed pore architecture in IHPC is
a unique 3D interconnected hierarchical porous structure in
terms of micropores (<2 nm), mesopores (2-50 nm), and mac-
ropores (>50 nm) (Fig. S1}).° The size, distribution and
component ratio of macropores, mesopores and micropores in
IHPCs can be well controlled through the preparation process
(e.g., carbonization, leaching, and activation) by changing
various factors (e.g., activation agent, temperature and time).
This 3D interconnected hierarchical porous structure has the
potential to significantly improve pollutant removal efficiency.
Specifically, macropores play the role of buffering reservoirs to
minimize the transport distance into the pore channels during
diffusion. The presence of mesopore channels inside the IHPC
structure can reduce the mass transfer resistance of ions and
molecules, leading to faster transport to micropores and
providing a large accessible surface area for adsorption.”
Micropores generate an abundant number of active sites that
are helpful for enhancing ion and molecule adsorption.*®

On the other hand, the involvement of surface chemistry
and chemical doping, such as surface functional groups and
coated metal compounds (Fig. S1t), can offer a variety of
interactions/reactions for surface-related processes, e.g.,
adsorption and redox transformation.’**> Therefore, chem-
ical doping is considered to be an encouraging step to
diversify the surface chemistry ingredients of IHPC for
pollutant treatment efficiency. O doping is one of the most
common chemical surface modifications of carbon materials.
O functional groups can be produced from natural and
synthetic precursors or O-containing activation agents (CO,,
NaOH, KOH, K,CO3;, or H,0). O functional groups on IHPC
include acidic groups (e.g., carboxyl, phenol, lactol and
lactone) and basic groups (e.g., chromene, pyrone, and
diketone/quinone structures).”” N-doped carbon materials
have also been widely used to enhance performance in envi-
ronmental applications.”®* N functionalities, including
pyrrolic/pyridone, pyridinic, quaternary N, and pyridine-N-
oxide, may be observed on IHPC.*»** Unlike O
functionalities, N functionalities are not prevalent on the
carbon matrix of IHPC. Doping N on IHPC is usually per-
formed by using N-enriched biomass or inserting N atoms
into the carbon surface, e.g., post-treatment with ammonia
gas or employing a N-containing precursor.

Among a variety of precursors (e.g., organic matter and fossil
fuels) for preparing IHPC, biomass is a promising precursor for
the production of carbon materials for managing waste streams.
The unique characteristics of biomass include being environ-
mentally sustainable, naturally renewable, affordable, abundant
and easily accessible.””™® The development of bio-based mate-
rials provides great opportunities for sustainable environmental
applications. This is because IHPC not only has the potential to
replace conventional carbon materials (e.g:, activated carbon) but
also contributes to effective solid waste management by reducing
the emissions to the environment. In the circular economy
concept, the utilization of biomass as feedstock can maximize
creative value and minimize environmental impact.>**
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Recent studies have demonstrated the feasibility of using
bio-based IHPCs for the removal of heavy metals* and organic
pollutants,® carbon capture,* and enhancing anaerobic diges-
tion (AD) processes, antimicrobial treatment,” and oil-water
separation.”® Bio-based IHPCs have also been used for desali-
nation or water softening based on the electrosorption mecha-
nism,””*® supercapacitors and the hydrogen evolution
reaction.”**' However, the majority of previous review papers
focused solely on the role of hierarchical porous structures in
traditional HPC without chemical doping. This paper provides
a comprehensive review on the fabrication (i.e., pore structure
design and chemical doping methods), environmental appli-
cations and pollutant removal mechanisms of bio-based IHPCs.
The simultaneous influence of pore architecture design and
chemical doping on pollutant removal efficiency has not been
adequately investigated. The focus of this review is on the
preparation and applications of bio-based IHPC materials in
environmental remediation. Two distinctly applicable
approaches are discussed for utilizing bio-based IHPCs in
environmental remediation: (1) employing them as catalysts
(Section 3) and (2) utilizing their adsorption capabilities
(Sections 4 and 5). Additionally, the environmental applications
of bio-based IHPC are discussed for enhancing anaerobic
digestion processes, antimicrobial treatment, and oil-water
separation (Section 6). Notably, insights into the mechanisms of
inorganic (or metal(loid)s or potentially toxic elements), organic
pollutant removal and carbon capture by the contributions of
both the hierarchical pore architecture and chemical doping in
bio-based IHPCs are critically discussed. Finally, future
research perspectives are also offered.

2. Integration strategies for bio-based
IHPC

2.1. Pore architecture design of IHPC

Non-templating strategy. Bio-based IHPCs can be typically
fabricated by a non-templating method (Fig. 1a and b). In the
non-templating method, the preparation of bio-based IHPCs
can be performed by one-step carbonization,”?** two-step
carbonization,® one step of carbonization and activation,*
one-step activation*” and two steps of carbonization and
activation®**° (Table S1t). One-step and two-step carbonization
are known as the eco-friendliest approaches to synthesize IHPC
from biomass. In addition, the physical activation process using
CO,, steam, and air is cost-effective. However, these procedures
may have difficulty in tailoring the formation of the hierarchical
pore architecture with desired pore characteristics, morphology
and pore size distribution. On the other hand, the two-step
strategy of chemical activation and carbonization is more
complex and less environmentally friendly, but the porosity can
be easier to manipulate leading to a high specific surface area
(SSA) and larger pore volume (PV).

Hard-templating strategy. To control the development of
a 3D pore structure, a templating method can be used. Two
common strategies are soft templating (using amphiphilic
block copolymers as structure-directing agents) and hard

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Preparation of IHPC through different strategies of (a) non-templating with one step,?” (b) non-templating with multiple steps,*?*42 (c)
hard templating,**#* (d) self-templating,?“® and (e) chemical surface modification.®>””

templating (using solid-state inorganic matter as a frame
structure).** In the preparation of bio-based IHPC, commercial
hard templates, e.g., Ni particles,** CaCOj3,**** ZnCl, and Mgs(-
OH),(CO3)4,* have been employed (Table S1t). As seen in
Fig. 1c, the preparation of bio-based IHPC using the hard-
templating method may include the following steps: (1)
biomass carbonization to produce biochar; (2) addition of
a commercial template and (3) activation to construct the
hierarchical porous structure; (4) acid washing to remove the
templates. the disadvantage of bio-based IHPC
synthesis by the hard-templating method is the requirement of
synthesized or attached inorganic matter as a hard template,
which is complex and expensive.® Additionally, template
removal by using acid or base solutions is usually highly
corrosive and environmentally unfriendly.

Self-templating strategy. Naturally available templates can
be obtained from biomass such as CaCOj in soft pitch,*® metal-
organic frameworks (MOFs) in Enteromorpha prolifera®” and
SiO, in rice husk.*®**° The self-templating method refers to the
process of producing bio-based IHPCs using these natural
templates (Fig. 1d). Some major steps can be included, that is,
carbonization, template leaching and activation.' The leaching

However,

© 2023 The Author(s). Published by the Royal Society of Chemistry

steps can be performed by using an acid (e.g., HCl, HF, or
NH,HF,) or a base (e.g,, NaOH) to remove these natural
templates. Notably, the high mesoporosity is beneficial for ion
and pollutant transport inside bio-based IHPCs.*"**> As shown in
Table S1, bio-based IHPC, which was prepared by the self-
templating method, exhibited a high mesoporosity fraction
from 55.5 to 81.1%. A major reason for the high mesoporosity
achieved is the extraction of the natural template by acid or base
leaching steps.

2.2. Chemical doping on bio-based IHPC

Another promising solution for manufacturing bio-based IHPC
is to pre-fabricate hierarchical porous carbon (HPC) from bio-
based precursors with a hierarchical porous structure but
lacking robust surface functional groups. To improve the
surface activity of HPC, bio-based IHPC can be further treated
by a chemical doping process (Fig. 1e). The improved chemical
properties can provide more reaction sites for surface-related
processes between target compounds and bio-based IHPC
surfaces. Bio-based IHPCs can be modified to attain desirable

chemical properties by loading metals, metal oxides and

Environ. Sci.: Adv, 2023, 2, 167-1188 | 1169
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hydroxides. Heteroatom (O, N, P, B, etc.) doping can be con-
ducted to improve surface chemistry. N-doped bio-based IHPC
was developed by incorporating N into carbon frameworks via
N-enriched biomass.® N-doped IHPC derived from algae was
prepared for gas-mixture separation.> Poplar catkins contain
many amino acids as natural N sources to prepare N-doped
IHPCs for CO, capture.> N,P-co-doped IHPC derived from oil-
tea shells was synthesized by a combination of H;PO, activa-
tion and amino (polyethyleneimine, PEI) modification.”®
Soybean cakes can be used to develop heteroatom-doped IHPC
because their endosperm is rich in O, N, and P.>> Shrimp shells,
as an eco-friendly, renewable and abundant source, were
successfully converted into N-doped IHPCs.*” Silkworm
cocoons, as natural biomass with high N and O contents, are
beneficial for preparing O- and N-doped IHPC.*®

N-doped IHPC can be produced by employing an N-containing
precursor (such as melamine, urea, and hexamethylenetetramine)
or post-treatment with ammonia gas.* The 3D interconnected
structure of the IHPC was examined through several techniques,
including N, adsorption-desorption isotherm analysis (Fig. S2at),
scanning electron microscopy (SEM), and transmission electron
microscopy (TEM) analysis (Fig. S2bt). Additionally, the X-ray
photoelectron spectroscopy (XPS) results of the N/O-doped palm
sheath-based IHPC are presented in Fig. S2c.1*® Different ratios
of N contents with tailored porosity properties of the IHPC
materials were controlled by the change in palm sheath biochar/
activation agent (NaNH,) masses (i.e., 1/1, 1/2, and 1/3). Pyrrole,
pyridone and pyridine functional groups were introduced on the
surface of the IHPC (Fig. S2d+).

Biobased ITHPCs can be modified with desirable chemical
properties by loading metals, metal oxides and hydroxides. The
existence of the 3D interconnected structure (Fig. S3at) can be
confirmed using SEM and TEM analyses. Furthermore, the
successful coating of FEOOH on bamboo-based IHPC to remove
As(m) is supported by changes observed in X-ray diffraction anal-
ysis (XRD) (Fig. S3bt), Raman spectroscopy (Fig. S3ct), and XPS
analysis (Fig. S3df).” Notably, ultrathin FeOOH nanosheets
provided a large SSA and abundant active sites, while the hierar-
chically porous structure facilitated fast mass transport during the
adsorption process.®* Introducing Fe;O, nanoparticles on bio-
based IHPCs was conducted by Zhou et al.** These particles can
be conveniently separated from the liquid phase with the assis-
tance of an applied magnetic field. Zhou et al. synthesized IHPC/
MgO composites for acetone adsorption.®® The combination of
highly active MgO nanoparticles and 3D pore architecture was
discovered to be an important factor in acetone adsorption.

3. Bio-based IHPC as a promising
catalyst for water and wastewater
treatment

Catalysis is of great importance and has been widely applied in
many fields of science. For water and wastewater treatment,
several catalytic-related processes have been used, such as

photocatalysis, sulfate radical-based advanced oxidation
processes (SR-AOPs) and electrochemical advanced oxidation

M70 | Environ. Sci.: Adv, 2023, 2, 1167-1188
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processes (EAOPs). The basis of these processes depends on the
reactions at the interface of catalysts and reactants (e.g,
pollutants, persulfate (PS) and peroxymonosulfate (PMS)), and/
or the formation of reactive active species (e.g., hydroxyl radicals
(‘OH), sulfate radicals (SO," ") and superoxide anion radicals
(0,"7)) in the bulk liquid. Therefore, for the design of catalysts,
it is critical to boost catalytic performance and facilitate
chemical transformations.

Noble metals or metal oxides, such as Pt, IrO, and RuO,,
have been demonstrated to be effective catalysts; however, the
high cost, scarcity and poor durability of metallic catalysts limit
their field-scale applications.®*** Additionally, in the field of
photocatalysis, metal oxides or metal sulfide catalysts, such as
TiO,, ZnO, CdS and MnO,, also suffer from relatively low
stability toward photocorrosion, a wide bandgap and a lack of
light absorption in the visible light region.®® From a practical
point of view, developing alternative efficient, low-cost and
stable catalysts has been eagerly anticipated in recent years.

Bio-based carbon materials with a specially designed inte-
gration architecture have gained much attention as metal-free
catalysts because of their outstanding properties, e.g., special
surface functional groups, tunable specific surface area, low
cost, natural abundance, high catalytic activity and environ-
mentally friendly characteristics. These desirable properties can
significantly enhance the performance and ensure the sustain-
ability of catalytic processes. Several strategies for surface
functionalization of bio-based IHPC catalysts can be applied,
such as (1) heteroatom (e.g., N, P, F, S, and O) doping, (2)
introduction of metal carbides or metal sulfides (such as Ni,C,
Fe,C, Co,C or MoS,), (3) incorporation of transition metal
oxides (e.g., CoO, Co3;0,4, MnO,, Fe;0,, MnFe,0, and CoFe,0,),
(4) semiconductor (e.g., TiO,) heterojunctions, and (5) other
chemical doping. This section will focus on the potential of bio-
based IHPCs applied in catalytic-related processes for water and
wastewater treatment.

3.1. IHPC-supported photocatalysis process

Photocatalysis has been widely investigated as a promising water
treatment process by generating active species (i.e., photoelec-
trons (e”), photoholes (h*), superoxide anion radicals (0, "),
hydroxyl radicals ("OH), etc.) to degrade pollutants in water and
wastewater.®” Recently, substantial efforts have been devoted to
preparing heterojunction photocatalysts, especially modifying
semiconductors with carbon-based materials, as depicted in
Fig. 2a. Among various carbon-based materials, bio-based IHPCs
with a 3D porous structure have been viewed as profitable
support candidates for the development of sustainable processes
in water and wastewater treatment®° (Table 1). For example, Shi
et al. utilized a winter melon-derived carbonaceous aerogel (CA)
as a support to synthesize a novel binary TiO,/CA composite.
Benefiting from the unique 3D interconnected network porous
structure of CA, the TiO,/CA composites provided efficient
separation of electron-hole pairs and further reduced TiO, pho-
tocorrosion. The TiO,/CA system photocatalyst demonstrated
good efficacy in the photocatalytic degradation of organic
pollutants, achieving an efficiency of 82% for methylene blue and

© 2023 The Author(s). Published by the Royal Society of Chemistry
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65% for ciprofloxacin, indicating the effective reliability of this
approach for water decontamination.”

Notably, according to previous reports, the combination of
bio-based IHPC with semiconductors might cause the narrow-
ing of band gaps and enhance the adsorption capacity of pho-
tocatalysts.”»”® Additionally, a bio-based support, acting as an
electron reservoir, can further promote electron transfer from
TiO, to carbons, avoiding the recombination of e /h" pairs.”
The mechanism is depicted schematically in Fig. 3a. Hetero-
atoms from natural biowaste doping in TiO, lattices can also
strengthen the photodegradation activity by narrowing the
bandgap of photocatalysts and effectively retarding recombi-
nation of electron-hole pairs. As reported, Zhou et al. reported
that N-doped magnetic three-dimensional carbon
microspheres@TiO, (N-doped MCMs@TiO,) presents greatly
enhanced photocatalytic activity under visible light illumina-
tion compared with pure photocatalysts due to the N-doped
carbon structure. As shown in Fig. 3b, the prepared N-doped
MCMs@TiO, obtains good degradation performance (83.80%

© 2023 The Author(s). Published by the Royal Society of Chemistry

for methyl orange and 74.37% for tetracycline) and exhibits
remarkable stability (evidenced by 85.86% after five consecutive
runs) for sustainable removal of organic pollutants (i.e., methyl
orange) from water.”

3.2. IHPC-assisted sulfate radical-based advanced oxidation
processes (SR-AOPs)

Sulfate radicals (SO,"”) produced from persulfate (PS) and
peroxymonosulfate (PMS) activation processes are recognized
as highly reactive oxidants for degrading pollutants in water and
wastewater. Most commonly, carbon-based materials have been
reported to be efficient catalysts for activating PS and PMS.
Moreover, the incorporation of transition ions and heteroatom
doping can further enhance the catalytic activity of carbon-
based materials.”*”® The mechanism is depicted in Fig. 2b,
including radical and nonradical processes. Among all
candidates, N doping is the most commonly used method to
tailor the catalytic properties of carbon via (1) creating an
effective defect site by replacing a carbon atom, (2) activating

Environ. Sci.. Adv,, 2023, 2, 167-1188 | 1171


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3va00125c

Open Access Article. Published on 10 sierpnia 2023. Downloaded on 31.01.2026 18:39:56.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Environmental Science: Advances

View Article Online

Critical Review

Table 1 Application of bio-based IHPC catalysts for water and wastewater treatment

Degradation Reaction
SgeT Catalyst dose (mg efficiency time
Catalyst (m*>g™) L") (gap band (eV))  Concentration of pollutant (%) (min) Ref.
Photocatalysis process
TiO,/winter melon-based ITHPC 113 250/(—) 40 mg L™ methylene blue 82 210 71
MOF/corncob-based IHPC 2944 50/(2.7) 20 mg L' rhodamine B 100 75 69
100/(2.7) 50 mg L™ tetracycline 98 120
LaMnOj3/N-doped soybean dreg- 129 400/(2.2) 20 mg L " direct green BE 96 180 70
based IHPC
Pomelo peel and melamine-based 190 250/(2.4) 20 mg L' rhodamine B 97 120 66
IHPC
TiO,/plane tree fluff-based IHPC 386 187.5/(2.7) ~16 mg L' methylene 100 15 13
blue
Sulfate radical-based advanced oxidation processes
Nickel embedded in N-doped 558 50 20 mg L~ orange II 98 120 81
waste-based IHPC
N-doped wheat flour-based IHPC 1791 26 0.04 mM losartan 100 240 76
potassium
MnFe,0,/corn straw-based IHPC 389 50 20 mg L™ orange II 100 6 77
CoO/N-doped biomass Schiff- 454 300 50 mg L™ " 4-chlorophenol 100 30 78
based THPC
N, S-doped human hair-based 2430 80 25 mg L~ " bisphenol A 98 60 82
IHPC
Electrochemical advanced oxidation processes
Tea leaf-based IHPC cathode 1620 — 100 mg L ™" phenol 95 120 89
MoS,/0 and N-doped cornstalk- 114 — 100 mg L' phenol 97 120 90
based IHPC cathode
F-doped Scindapsus aureus-based 531 — Secondary effluent of 56 60 93
IHPC cathode refinery wastewater
(TOC 22.9 mg L)
N- and O-doped black soybean- 664 — 50 mg L~ * 100 80 73
based IHPC cathode chloramphenicol
Pyrrolic N-doped biomass-derived 2166 — 50 mM bromocresol green 96 105 87
IHPC cathode
Taraxacum mongolicum-based 799 — Methylene blue 96 94 88

IHPC cathode

the  electrons of sp carbon by N bonding configuration and
(3) modifying the electron density of carbon atoms adjacent to N
atoms.”*® For example, Ni embedded in N-doped CNTs sup-
ported on bio-based IHPC exhibited superior catalytic activities
toward both organic pollutant degradation and metal reduc-
tion. The results showed that nearly 100% degradation of dye-
based chemicals was achieved.

Rationally designed architectures, such as embedded Ni°
nanoparticles, additional doping of N, hierarchical porous
structures and interconnected CNTs, can provide abundant
active sites and promote electron transfer, offering exciting
opportunities for practical applications (Fig. 3c).** Similarly, an
excellent degradation of 98.4% was achieved by human hair-
based N,S-doped IHPC pyrolyzed at 800 °C. The results indi-
cated that N doping (e.g., graphitic N) and thiophene sulfur (e.g.,
-C-S-C bonds) can adjust the electron density of adjacent
carbon atoms and then activate PMS via peroxide O-O bond
cleavage resulting in the production of SO,”~ and "OH respon-
sible for the degradation of organic pollutants. On the other
hand, PMS can also be activated by sp>-hybridized carbon

172 | Environ. Sci.. Adv, 2023, 2, 1167-1188

structures, in which HSO5;~ will decompose and then produce
0, to degrade bisphenol A (BPA) (Fig. 3d).*> Furthermore, the
incorporation of transition metal oxides, such as Fe;O, and
CoFe,0y, in the catalysts can also efficiently activate PMS or PS
for the degradation of pollutants (i.e., 4-chlorophenol and
bisphenol A) because of their high catalytic activity.***

3.3. IHPC-assisted electrochemical advanced oxidation
processes

Electrocatalysis. Electrocatalysis has been advanced as an
environmentally friendly process via simple charge-transfer
reactions for the remediation of water pollutants.*® The elec-
trocatalytic performance is primarily governed by the electro-
catalyst, which can accelerate the involved half-cell reactions,
generating powerful oxidants (such as "OH on the anode surface
and hydrogen peroxide (H,O,) on the cathode surface) to
degrade or completely mineralize the pollutants, as depicted in
Fig. 2¢.%® Recently, advanced bio-based IHPCs have shown
remarkable electrocatalytic performance for water and waste-
water treatment (Table 1). For example, Zhou et al. used tea

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.3 (a) Schematic diagram of a IHPC catalyst for photocatalysis (information regarding the mechanisms was adopted from ref. 72-74); (b) C/N
heteroatom-doped TiO,/biomass-derived carbon with remarkable stability for organic pollutant degradation under both UV and visible light
irradiation (reproduced with permission from ref. 75); (c) nickel embedded in N-doped CNTs supported on biomass-derived porous carbon and
(d) human hair-derived N, S-doped porous carbon for sulfate radical-based advanced oxidation processes. Reproduced with permission from
ref. 81 and 82, respectively.
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leaves to prepare IHPC as a cathode for electrocatalytic degra-
dation of organic pollutants. The hierarchical porous and
interconnected microporous structure of tea leaf porous carbon
formed a large SSA (1620 m”® g~ ') and increased accessible active
sites, thereby promoting electrocatalytic performance. More
than 95% of phenol was electrocatalytically degraded by tea leaf-
based IHPC.* The results indicated that the unique surface
properties of bio-based carbon make it a potential candidate in
the fields of electrocatalytic degradation.

The introduction of metal oxides, carbides and sulfides on
bio-based carbons can further enhance the catalytic activity.
Gong et al. synthesized a dual-functional material by loading
MoS, nanospheres and doping O and N on cornstalk-based
IHPC (MoS,/O, N-doped IHPC) as a promising electrode for
both cathodic electrocatalytic degradation and supercapacitors.
Enhanced catalytic degradation behaviors were proposed, and
the degradation performance of phenol (100 mg L™ ') reached
97%. The cornstalk-based IHPC served as an efficient electron
transfer carrier, and H,0, was generated on its surface via the
reduction of O,. O, N and MoS, can further accelerate the
formation of ‘OH, 'HO, and O, ~ (from H,0,) to degrade
organic pollutants.®

Electro-Fenton. The electro-Fenton (EF) process, a typical
EAOP, has also been widely researched for organic pollutant
degradation. In principle, ‘OH was generated via the catalytic
reaction of ferrous iron (Fe>*) with H,0,, as shown in Fig. 2d.
The electron-Fenton performance is highly dependent on the
H,0, production rate and the Fe®" regeneration of the cata-
lysts.”* Among various catalysts, bio-based IHPC catalysts with
surface modification show remarkable H,O0, selectivity®® (Table
1). For example, the H,0, selectivity of an F-doped Scindapsus
aureus-based ITHPC cathode (83%) was much higher than that of
a nonmodified IHPC (60%). Additionally, the superior Fe>*
regeneration of F-doped IHPC was also evidenced by the
reduction peak of Fe** on F-doped IHPC compared to that on
IHPC. The better selectivity of H,O, production and the accel-
erated recovery of Fe*" of the F-doped IHPC catalyst could
facilitate the electro-Fenton degradation of pollutants.”® N and
O self-doped black soybean-based IHPC also showed a high
H,0, production rate in the electro-Fenton system, and the
degradation efficiency of chloramphenicol reached 100% in
80 min.” This superb efficiency indicated that heteroatom-
doped bio-based THPCs show the greatest potential for the
electro-Fenton treatment of water pollutants.

4. Bio-based IHPC as a promising
adsorbent for water and wastewater
treatment

4.1. IHPC for improving water and wastewater treatment
efficiency

Removal of toxic trace elements. Heavy metal removal from
water/wastewater is of particular interest because most heavy
metals are extremely toxic and nonbiodegradable and have the
potential to accumulate in human body parts.*** Bio-based
IHPC has been systematically explored as a high-potential

NM74 | Environ. Sci.: Adv, 2023, 2, 1167-1188
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material for the removal of heavy metals and other toxic trace
elements, given its properties of controllable hierarchical
porosity and the presence of various surface functional
groups.™?

Table 2 introduces the application of IHPC for removal of
toxic trace elements. As seen, IHPC can be effectively used to
remove various trace elements, such as As, Cr, Pb, Co, Cu, and
Cd. Fig. 4a demonstrates the outstanding capabilities of these
IHPC adsorbents compared to other commercial materials from
previous studies for the removal of As®* (e.g., H3AsO;) and As®*
(e.g., HyAsO,  and HAsO4>),** Cr*" (e.g;, HCro, ),»
Pb?* 1027104 Cyy2* 103,105 G2 106,107 702 and Cd?*.22 The removal
capacities of these ions were comparable or significantly higher
than those of other materials from previous studies. For
instance, at pH = 2, N-doped IHPC derived from silkworm
cocoons showed a high HCrO,  removal capacity of 366 mg
¢ ' which was much better than that of a CoFe,O4/
commercial activated carbon composite (83.33 mg g~ ')."* The
outstanding capabilities of IHPCs in the removal of trace
elements are due to the large SSA and high PV, providing
abundant surface sites for interacting with pollutants.

Moreover, bio-based IHPCs possess rapid removal rates for
trace elements (Table 2). This is because of the 3D pore archi-
tecture, which can facilitate pollutant transport from macro-
pores to meso- and micro-pores. For example, Sun et al
synthesized an N-doped IHPC adsorbent from a silkworm
cocoon by carbonization and activation steps to remove HCrO,
from wastewater (Fig. S3at).'*® The IHPC achieved a high SSA
(3134 m> g™') and possessed a unique 3D pore architecture,
leading to a high adsorption capacity (366 mg g™ ') and a fast
adsorption rate of Cr(vi) ions (reached equilibrium within
60 min, and 87% of HCrO, ions were removed within only 5
min). Yin et al. developed O-, N-, and P-doped IHPCs derived
from soybean cake and achieved a rapid equilibrium time after
30 min for Pb*" adsorption.?? Rice husk-based O-rich THPC
obtained equilibrium Cu*" adsorption within 60 min (Cuong
et al., 2019)." The removal of As by IHPC also exhibited fast
speeds, reaching equilibria within 120-180 min.****

Organic pollutant removal. Recently, bio-based IHPCs have
been extensively used for the adsorption of organic compounds
such as pesticides, pigments, and pharmaceuticals due to their
well-defined 3D pore architecture, high SSA, large PV, and
excellent surface chemistry.'’® Studies have shown excellent
abilities of bio-based IHPC to adsorb organic contaminants
(Table 3). As presented in Fig. 4b, the adsorption capacities of
these bio-based IHPC materials are mostly higher than those of
other reported materials for methylene blue,"***> rhodamine
B, sulfamethazine,"*>*' chloramphenicol,"”**® direct black
38,2 and toluene."**>*

Cheng et al. produced N-doped fungal slag-based IHPC that
possessed an ultrahigh SSA (3342 m”> g ') and abundant
micropores and mesopores (Fig. S3bt). The obtained IHPC
exhibited a high bisphenol A removal capacity of 1249 mg g~
and a rapid removal efficiency of 90% of the equilibrium uptake
after 30 min. The IHPC also presented significantly higher
removal performance for 2,4-dichlorophenol and methylene
blue than commercial activated carbons.'” Chen et al

© 2023 The Author(s). Published by the Royal Society of Chemistry
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employed four kinds of biomass (spruce-pine-fir, maple,
bamboo, and cotton) to prepare bio-based IHPC materials and
investigated their methylene blue adsorption capacity.'*
Spruce-pine-fir bio-based THPC achieved a SSA of 729 m* g *
and high adsorption capacity of 269 mg g ', partly due to its
highest mesoporous surface area compared to the others.
Additionally, the THPC made from banana peels possessed
a high SSA (1397 m® g™ ), a typical porous structure (0.75 cm®
¢~ ") and excellent adsorption capacities for methylene blue and
rhodamine B at 744 and 520 mg g, respectively.? THPC could
be applied for the adsorption of antibiotics.>»*”'** The THPC
derived from yeast showed promising results with an excellent
adsorption removal capacity of sulfamethazine (1244 mg g~ *).>*
A high adsorption capacity of sulfamethazine was reported by
IHPCs derived from shrimp shells (699 mg L™")*” and bovine
bone (1194 mg L™).»

IHPC is also an excellent material for the removal of volatile
organic compounds (VOCs). Tang et al. developed a cellulose-
derived non-N-doped IHPC and N-doped IHPC for investigating
the effect of the 3D pore architecture and N functional groups on
toluene and benzene adsorption.”” The N-doped IHPC presented
adsorption capacities for toluene (272 mg g~ ') and benzene
(151 mg g~ "), which were significantly higher than those of non-N-
doped IHPC and commercial activated carbon. These researchers
confirmed that the 3D pore architecture provided a rapid pathway
that was beneficial for adsorbate transport from the surface into
inner pores, improving the adsorption rate. Additionally, the N
functional groups of N-doped IHPC contributed to the increase in
adsorption capacity for toluene.

4.2. Mechanisms for enhanced removal of trace elements

Fig. 5a illustrates the working mechanisms of trace element
removal by bio-based IHPC. The mechanisms governing trace
element adsorption include physisorption and chemisorption
(i.e., electrostatic attraction, ion exchange, surface complexa-
tion, and/or precipitation). Surface functional groups on bio-
based IHPC surfaces, such as carboxyl (COOH) and hydroxyl
(OH) can participate in these mechanisms to remove the trace
elements. It should be mentioned that the unique 3D inter-
connected pore architecture of IHPC consisting of macropores,
mesopores, and micropores is important for improving the
trace element adsorption capacity and rate. Manufactured IHPC
materials usually have micropores in the range from 0.5 to
2 nm, while most trace elements are smaller than 0.5 nm; e.g.,
the diameters of Cr®", Cu®', and Zn®" are 0.116, 0.174, and
0.176 nm, respectively. Therefore, these ions can deeply
approach narrow micropores and can be retained on active
sites.

Coating the IHPC surface by heteroatom doping or metal
(hydr)oxides/hydroxides is a scheme for enhancing the trace
element removal efficiency.””*"*” Ge et al. synthesized -FeOOH
nanorod/melamine foam-based IHPC for highly effective
arsenic removal. The bio-based IHPC achieved remarkably high
adsorption capacities of 103.4 mg g~ ' and 172.9 mg g~ for As>*
(e.g., H3AsO3) and As®* (e.g., H,AsO,  and HAsO,>"), respec-
tively. These high adsorption capacities were attributed to

Environ. Sci.: Adv,, 2023, 2, 167-1188 | 1175


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3va00125c

Open Access Article. Published on 10 sierpnia 2023. Downloaded on 31.01.2026 18:39:56.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Environmental Science: Advances

400
(a) Trace element removal
‘T; I HPCs
o 3001 O Other materials
E
2
o
s 200+
3 S
c
o [
£ 00| m=om 7]
] G
% o o 5 o & S
< o
0 T L) T T T Ll T L}
RO N NN
N A SRS A < <
Trace element
(b) Organic pollutant removal
__ 2000+ aans
T, IHPC:
s Il HPCs
(o)) — & Other materials
E 15001
=y ——
3]
© A
s 1000
@©
o
5 —a— <o
2 500+
5 v 8
&
% o]l < S o
<
T T T T T T
3 O\ ) e
oWe e ° 708 O X et
e W\ e e \aC! o
N\e\“\’\e R‘(\oda Su\ﬁamec,‘(\\o‘amp 0'\(80“0

Organic compound

Fig.4 Comparison of the adsorption capacities of IHCPs (see Tables 2
and 3) to other materials for the removal of (a) trace elements and (b)
organic compounds. Symbols (O) represent the trace element
adsorption capacities of As>t 998 AgSt 9697 6+ 99-101 ppy2+ 102-104
Cu?* 103105 Co(1),106197 7n2* and Cd?*.°2 Symbols (<) represent the
organic adsorption capacities of methylene blue,*****? rhodamine
B,*314 sulfamethazine,**>*'¢ chloramphenicol,*”*® direct black 38,*°
and toluene 2012

efficient mass transfer associated with 3D interconnected
hierarchical pore networks, as well as the presence of large
numbers of active sites and hydroxyl functional groups from (-
FeOOH modification. Importantly, As species can be adsorbed
on the bio-based IHPC surface via surface complexation and ion
exchange with hydroxyl groups.**

N,P-codoped IHPC derived from the oil-tea shell exhibited
a high HCrO,~ adsorption capacity of 355 mg g~ ".>® The excel-
lent adsorption performance of IHPC was attributed to the
accommodation of HCrO,  ions inside the hierarchical porous
structure of the IHPC. On the other hand, the chemisorption of
HCrO, " is governed by electrostatic attraction, reduction, and
precipitation mechanisms.”®'** The outstanding performance
of N-doped silkworm cocoon-based IHPC was because the O-
containing functional groups and the high content of

M76 | Environ. Sci.: Adv, 2023, 2, 1167-1188
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pyrrolic N on the IHPC further contributed to the promotion of
chemisorption of Cr,0,”~ ions.'® Moreover, the electrostatic
attraction between the negative charge of Cr(vi) (such as
HCrO, , Cr,0,°7, and CrO,*") and the positively charged
surface of the IHPC played an important role in favoring the
adsorption of Cr®". Furthermore, burcucumber-based IHPC has
the potential to be a promising redox-active material for con-
verting Cr,0,°~ into Cr** with various O-containing surface
functional groups, e.g., phenolic, carbonyl, and carboxyl.”*® A
soybean cake-based IHPC was fabricated with a variety of
functional groups formed from heteroatom elements (O, N, and
P) and silanol groups, and it achieved a high Pb®>" removal
capacity of 134 mg g~ '.?® These functional groups may provide
an abundance of active sites as well as improved wetting
properties to achieve a larger ion-accessible surface area. In
addition, the silicon and silanol O groups reacted with Pb*" via
surface complexation.

4.3. Mechanisms for the enhanced removal of organic
compounds

Fig. 5b depicts the working mechanisms of organic compound
removal by bio-based IHPC. Note that the molecular sizes of
most organic compounds are significantly larger than those of
trace elements. The adsorption of organic compounds by the
pore-filling mechanism is strongly correlated with the pore size.
The adsorption capacity of an adsorbent for an organic
compound (Cep) can be estimated by using the following

equation:'*

Cexp = CinE x InE-SSA + CE x B-SSA

where InE-SSA and E-SSA are defined as the ineffective and
effective SSA of pores, which are smaller and larger than the size
of the organic compound, respectively. Ci,g and Cg are the
adsorption capacities contributed by the unit InE-SSA (mg g™ )
and E-SSA (mg g~ ), respectively. Similarly, it was reported that
the low utility of pores was considered in the adsorption of
larger diameter pollutants. The adsorption capacity of phenol or
tannic acid on activated carbon increases with increasing
mesoporosity.”® Most micropores in activated carbon are
inaccessible for organic compound removal.***

The chemical adsorption of organic pollutants by bio-based
THPC can be governed by electrostatic interactions, -7 stack-
ing, and hydrogen bonding, as shown in Fig. 5b.>*”'3*33 Bjo-
based IHPCs usually have negatively charged surfaces because
of the existence of O-containing functional groups. Cationic
organic compounds can be adsorbed easily by electrostatic forces
on negatively charged surfaces of IHPC.” The N or/and S
contents inside IHPC may function as the hydrogen-bonding
acceptor, allowing the formation of hydrogen bonds between
the
compounds.” The addition of OH groups can greatly enhance the
affinity of carbon materials and organic molecules due to two
hydrogen-bonding interactions. Inserting metals/metal oxides/
metal hydroxides can improve organic separation. For example,
MgO modification enhanced the binding energy between the
IHPC surface and the acetone molecule more than five times that

hydroxyl group on the IHPC surface and organic

© 2023 The Author(s). Published by the Royal Society of Chemistry
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of the one without modification. This is ascribed to the Lewis
acid-base interaction of MgO with acetone molecules.®®

5. Bio-based IHPC as a promising
adsorbent for carbon capture
5.1. IHPC for improving carbon capture performance

Climate change is one of the most pressing challenges in the
world. Carbon dioxide (CO,), accounting for 81% of greenhouse
gases, is a major contributor to global warming, causing enor-
mous impacts on the global ecosystem."***** Additionally,
methane (CH,) is not only a major greenhouse gas (accounting
for 10%) but also a potential energy source.®® CH, is a byproduct
of mining and transporting coal, natural gas, and oil. CH,
emissions can also be generated by livestock and agricultural
activities and the decomposition of organic waste in municipal
solid waste landfills. Incomplete combustion of fossil fuels in
the operation of vehicles, power plants and other human
activities results in the emission of CO, and other pollutants
(e.g., CO, SO, NO,, N,O and VOC;).

Carbon adsorbents are known as some of the most
commonly used materials for carbon capture.**** Note that
the desired geometry, PV, and SSA of carbon materials are
crucial for achieving high carbon capture efficiency."**'*
Notably, Table 4 presents various applications of bio-based
IHPCs for carbon capture, i.e., CO, and CH,. For instance,
Tian et al. synthesized an algae-based IHPC with an SSA of only
416 m”> g~ ' and a mesoporosity of 70%.** The IHPC showed
a higher CO, uptake of 6.48 mmol g™ .

The utilization of water chestnuts to prepare IHPC for CO,
capture was demonstrated by Wei et al.***> An ultrahigh SSA
(3401 m* g7 ') and rich N content (4.89 at%) significantly
contributed to the CO, capture capacity, which can achieve
6.0 mmol g~" and 4.7 mmol g~" at 0 °C and 25 °C under
0.1 MPa, respectively. Poplar catkin-based N-doped IHPC
microtubes were fabricated by Chang et al.*® (Fig. S4a and bt).
Most notably, the presence of numerous micropores and N
species was responsible for a significant performance in CO,
adsorption. The IHPC exhibited a CO, capture capacity of
6.22 mg g~ " at 0 °C under 0.1 MPa, respectively. Moreover, the
IHPC had high selectivity and recyclability for CO, capture
compared to N,. The applications of bio-based IHPCs for effi-
cient gas-mixture separation have been of interest to many
researchers. Liu et al. fabricated controllable heteroatom-doped
IHPC for investigating the selectivity of CO, in mixture gases
(Fig. S4c and dt). The IHPC indicated excellent CH4/N,, CO,/
CH,, and CO,/N, selectivities of 7.6, 10.7, and 107 at 25 °C and
1.0 bar, respectively.®® A higher selective ratio of CO, over other
gases resulted in a higher carbon capture capacity, contributing
to the reduction of climate change.

The 3D pore architecture of IHPC is most important and has
a direct relationship with the CH, adsorption capacity. Note
that ultramicropores with narrow pore size distributions benefit
CH, capture.® Corncob-derived IHPC has a high SSA (3227 m?>
¢~ ") and large PV (1.83 cm® g™ ). In the presence of water, the
CH, capture was 43.7 wt% CH,/unit mass of the dry HPC at 2 °C
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and 78 bar. Corncob-derived HPC is considered a potential CH,
storage material."** Doping N and O atoms on IHPC is also
beneficial for CH, capture because it can improve the surface
polarity of the material. N,O-doped palm sheath-derived THPC
showed a high CH, adsorption capacity of 2.27 mmol g~ * at 0 °C
and 1.0 bar.®® Under the same conditions, N-doped algae-based

—1 54

IHPC achieved a CH, capture capacity of 2.0 mmol g .

5.2. Mechanisms for enhancing carbon capture

Given that CO, accounts for the majority of greenhouse gases
(81%), increasing CO, storage is regarded as the most effective
solution in efforts to mitigate climate change. As a result, the
review attempts to delve deeper into the potential for efficiency
improvements as well as the critical mechanisms of CO, capture.
Fig. 6a compares the CO, uptake capacity of bio-based IHPC with
other materials. The CO, uptake capacities of bio-based IHPCs
are significantly higher than those of IHPC derived from
commercial precursors**™® and CNTs, granular activated
carbons and zeolites.” This finding may be due to the

Table 4 Application of bio-based IHPC adsorbents for carbon capture

integration of the 3D pore architecture design and chemical
doping on bio-based IHPC, providing facilitated pathways and
abundant active sites for the transport and capture of CO,
molecules.

The CO, capture mechanisms by bio-based IHPC comprise
physisorption and chemisorption (Fig. 6b). In the physisorption
mechanism, micropores play an imperative role by providing
active sites, which generate interactions with CO, molecules by
relatively weak van der Waals forces. Chang et al. observed that
the CO, uptake capacity had a linear relationship with the
micropore volume of poplar catkin-based IHPC (Fig. S4b+). This
observation indicates that CO, adsorption mainly occurred in
the micropores, while macropores and mesopores facilitate
rapid diffusion of CO, molecules into the carbon matrix.*

CO, chemisorption can be accomplished by the involvement
of functional groups on the outer surface of the IHPC.**> Note
that acidic molecules, such as CO,, favor surface basicity
strictly. Therefore, basic O-functional groups, including
hydroxyl, pyrone, chromene, and diketone/quinone groups, can

Precursor Ads. temp. (°C) Pressure (bar) Adsorbate Capacity (mmol g™ ) Ref.
Chestnut (N-doped IHPC) 0/25 1 CO, 6.0/4.7 142
Algae 25 20 CO, 6.48 33
Poplar catkin (N-doped IHPC) 0/25 1 CO, 6.22/4.05 55
Algae (N-doped IHPC) 0/25 1 CO, 5.7/3.9 54
Algae (N-doped IHPC) 0/25 1 CH, 2.0/1.3 54
Agro-waste — CO, 6.8/4.5 140
Sunflowers 0/25 — CO, 4.52/3.08 141
Palm sheath (N, O-doped IHPC) 0/25 — CO, 5.78/4 60
Palm sheath (N, O-doped IHPC) 0 — CH, 2.27 60
Pigskin collagen 0/25 1 CO, 5.3/4.4 139
Date sheets 0/25 — CO, 6.4/4.36 24
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enhance the uptake of CO,." As reported, CO, capture is largely
dependent on the hydroxyl group, and the capacity increases
with increasing content. This behavior occurs because the
hydroxyl groups interact with the CO, molecule via hydrogen-
bonding interactions and electrostatic potentials.'> However,
the O-functional groups on IHPC often generate hydrogen
bonds with water molecules in humid environments, thereby
enhancing hydrophilicity. The enhanced hydrophilicity of IHPC
causes competition between moisture and CO, adsorption,
resulting in a reduction in the CO, adsorption capacity.

Basic N-containing functional groups on bio-based IHPCs,
e.g., pyridine, amines, anilines, and pyrrole, are important in the
adsorption of CO, due to the affinity between these functional
groups and CO, via acid-base interactions.'* Note that the CO,
adsorption capacity of IHPC is proportional to the micropore
surface area at a lower temperature. However, the CO, adsorption
capacity depends on the N content of IHPC at a higher temper-
ature." The IHPC offers superior thermal stability, tunable pore
structure, and high chemical resistance, while the IHPC with
interconnected micro/mesopores exhibited promising results for
CO, capture. Zhang et al. reported a simple and cost-effective
method for synthesizing IHPC materials with significant micro-
pores for CO, capture applications. The results revealed high CO,
uptake attributed to the developed abundant interconnected
micro/mesopores.’* The optimization of porosity formation with
other physicochemical properties of bio-based IHPCs can offer
a promising direction for excellent selective CO, capture on
a commercial scale in the future.

6. Expanding the environmental
applications of bio-based IHPC

Bio-based IHPC accelerants, with their unique 3D architecture
design and chemical doping, have shown significant potential

© 2023 The Author(s). Published by the Royal Society of Chemistry

in enhancing AD processes. The 3D architecture design of
IHPC accelerants provides a highly porous structure with
a large surface area, allowing for improved mass transfer and
microbial colonization. This enhanced contact between the
substrate and microorganisms increases the efficiency of
organic matter degradation and biogas production. Further-
more, chemical doping of IHPC accelerants with specific
elements or compounds can enhance their catalytic activity
and promote the decomposition of complex organic
compounds found in the feedstock. The synergistic effects of
the 3D architecture design and chemical doping contribute to
increased biogas yields and improved overall performance of
anaerobic digestion systems. These advancements in bio-
based IHPC accelerants offer promising opportunities for
optimizing anaerobic digestion processes and increasing the
utilization of organic waste as a renewable energy
source.?>**7*5” For instance, Chen et al. introduced Co;0,/aloe
peel-derived ITHPC as an accelerant, leading to a remarkable
increase in the cumulative biogas yield (577 mL g~ VS) and an
enhanced total chemical oxygen demand degradation rate
(70.45%) compared to a control group without accelerants
(435.8 mL g~ ' VS, 50.74%).* The improved AD performance, as
reported by Li et al., can be attributed to the application of N, P
co-doped aloe peel-derived IHPC accelerants. This resulted in
favorable methane production (350.21 mL g~ " VS), cumulative
biogas production (526.77 mL g~ * VS), and a significant total
chemical oxygen demand degradation rate of 80.19%. The
formation of functional groups on the surface of the material
played a crucial role in facilitating electron exchange capacity
and adsorption capability, thus contributing to enhanced AD
performance.®

Bio-based IHPC with 3D architecture design and chemical
doping also represents a promising avenue for advanced anti-
microbial treatment.” The porous structure offers a large
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surface area for increased adsorption of harmful microbes,
while the 3D architecture allows for efficient mass transfer and
improved mechanical stability. Moreover, chemical doping of
the carbon matrix with antimicrobial agents further enhances
its efficacy by introducing additional antibacterial properties.
For example, Wang et al. successfully produced garlic-derived
CDs with self-doped nitrogen and sulfur. When tested against
various strains, CDs exhibited minimum inhibitory concentra-
tions of 25, 75, and 50 pg mL ™' against methicillin-resistant
Staphylococcus aureus, multidrug-resistant Salmonella typhimu-
rium, and generic Escherichia coli, respectively. Remarkably, CDs
at a concentration of 200 pg mL ™" completely eradicated all
three bacteria strains within a span of 180 minutes.'® The
antimicrobial properties of CDs derived from an extract of
Syzygium cumini L., a medicinal seed, were investigated. At
a concentration of 500 pg mL ™}, the CDs exhibited significant
antimicrobial activity against four prevalent pathogens of S.
aureus, S. epidermidis, E. coli and Klebsiella pneumonia. It is
hypothesized that the release of various reactive oxygen species
contributes to the mechanism of bacterial eradication.'® The
remarkable antimicrobial properties of the IHPC nano-
composite derived from Coccinia grandis peel, which includes
silver, were demonstrated against both Gram-negative and
Gram-positive bacteria. It effectively targeted E. coli, Pseudo-
monas aeruginosa, Bacillus subtilis, and S. aureus. The incorpo-
ration of silver nanoparticles in IHPC seemed to enhance its
antibacterial effectiveness.'*

By combining bio-based porous carbon with 3D architec-
ture design and chemical doping, it is possible to develop
highly efficient and selective materials for oil-water separa-
tion. These materials can be used in diverse settings, such as
wastewater treatment, oil spill cleanup, or industrial separa-
tion processes, to separate and recover oil from water effec-
tively. These materials can be processed and engineered to
have a hierarchical 3D architecture, which enhances their
performance in oil-water separation. The 3D architecture
provides interconnected pathways for fluids to flow through,
maximizing contact between the porous carbon and the oil-
water mixture."***** Chemical doping involves introducing
dopant materials into the carbon structure to modify its
properties. Doping can enhance the hydrophobicity or oleo-
philicity of the porous carbon, making it more effective in
selectively adsorbing oil from oil-water mixtures. According to
Varshney et al.,, a material derived from guava leaves was
synthesized for the purpose of separating crude oil from oil-
water mixtures through absorption. At room temperature, the
material demonstrated an impressive separation efficiency of
approximately 98%, along with an oil absorption capacity of
approximately 1291 wt%.** A new composite material con-
sisting of 3D polydimethylsiloxane modified MoS,@biomass-
derived carbon was developed by Xu et al. This innovative
composite demonstrated outstanding hydrophobic and oleo-
philic characteristics, along with a remarkable adsorption
capacity for oil, reaching up to 98.5%. Furthermore, even after
undergoing 10 cycles, the material retained a high oil-
absorption capacity, indicating its excellent recoverability
and reusability.'®
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7. Future prospects of bio-based
IHPC

Bio-based IHPC has demonstrated significant potential as an
adsorbent and catalyst for water and wastewater treatment, as
well as carbon capture. However, there are several challenges
associated with its application. A primary obstacle lies in
achieving scalability and reproducibility in the synthesis of bio-
based IHPC. Large-scale production of IHPC with consistent
properties and performance is hindered by variations in biomass
feedstock, pyrolysis conditions, and activation processes. More-
over, the choice of biomass feedstock for IHPC production
introduces significant variability in terms of composition,
quality, and properties. Different types of biomass, such as
agricultural waste, lignocellulosic materials, or algae, can result
in IHPC with varying pore structures and surface chemistries.
This variability poses a challenge in establishing consistent
performance across different feedstocks, as it can directly impact
the catalytic activity and adsorption performance of IHPC. While
bio-based IHPC has exhibited promising performance in
laboratory-scale studies, its effectiveness under real-world
conditions requires further exploration. Factors such as the
presence of impurities, competing ions, and complex matrices in
water and wastewater can influence the adsorption capacity and
catalytic activity of IHPC. Understanding the performance of
IHPC in practical scenarios, including long-term stability and
regeneration potential, is crucial for its successful application in
large-scale water treatment and carbon capture processes.

To overcome these challenges, novel approaches and
research directions are needed. Firstly, selecting exceptional
biomass precursors can enhance the quality and performance
of IHPC. Secondly, exploring the use of natural materials to
produce low-cost IHPC from biomass can contribute to cost
reduction. Thirdly, controlling IHPC qualities, such as pore
structure, chemical doping, and stability, can lead to highly
efficient performance in environmental remediation applica-
tions. Lastly, considering factors relevant to applying bio-based
IHPC in practical conditions will help bridge the gap between
laboratory-scale success and real-world implementation. By
pursuing these research directions, it is expected that the
fabrication cost of IHPCs can be reduced, and their efficiency
for real applications can be improved.

First, selecting exceptional biomass precursors is a crucial
step. The discovery of new biomass materials with outstanding
properties (e.g., low cost, large storage and rich surface func-
tional groups) is still needed to fabricate technically and
economically efficient IHPCs. Multiple-criteria decision anal-
ysis (MCDA) should be used to select outstanding biomass for
preparing IHPC. Criteria such as the C content, functional
groups (e.g., O and N), cost, storage, structure, and other special
properties (e.g., available template) can be used in evaluating
options to select the best biomass for each target application.
For example, biomass with high C components, such as
chestnut, oak wood, walnut shell and coconut shell, provides
IHPC with a highly porous structure (e.g., SSA, PV and meso-/
micropore ratio) and higher yield. More specifically, biomass

© 2023 The Author(s). Published by the Royal Society of Chemistry
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with a high available N content (e.g., soybean, silkworm cocoon,
and algae) often provides rich N functional groups for doping
IHPC. Other functional groups (e.g., sulfur) containing in
biomass should be discovered and evaluated for the effect on
the efficiency of IHPC applications.

Second, exploring the use of natural materials to produce low-
cost IHPC from biomass is an alternative to commercial chem-
icals. The search for alternative natural materials to use as cata-
lysts, templates, activators, and doping precursors and the use of
a green process are both encouraged in the fabrication of IHPCs.
Controlling the porosity development by using the template
method is necessary for producing highly porous IHPC. The self-
template method with a natural template (e.g., SiO, in rice husk)
should be considered to fabricate low-cost IHPCs. Chemical
agents such as NaOH, KOH, and H;PO, are most commonly used
for the activation process. Although these activation agents are
effective for the development of porosity, they are usually
expensive and nonenvironmentally friendly choices. Using self-
activated biomass (e.g., CaCO; in oyster shells) or natural mate-
rials (e.g., orange peel) and green chemicals (e.g,, CaCl,) as
feedstock can provide a green activation process. Notably, using
biomass or a natural precursor containing rich functional groups
(e.g., O, N...) as the doping precursor to prepare IHPC is sug-
gested for further studies. Highly porous O/N-doped IHPC can be
fabricated by combining multiple biomass materials with
different properties, which either contain a high C content to
develop porosity or rich O/N functional groups for doping
processes. An appropriate ratio of chemical doping (e.g., O and N
functional groups, metal oxides and hydroxides) also needs to be
evaluated to optimize the doping process.

Third, to achieve the best performance for environmental
remediation, the uniform quality of the bio-based IHPC catalyst
and adsorbent, such as the size, morphology, and distribution
of additive compounds in the modification step, must be well
controlled. The longevity of bio-based IHPCs is critical for
developing new applicable materials and should be investi-
gated. A new research strategy in catalysis for environmental
remediation, such as the integration of electrocatalysts and
electrosorption, is also an attractive direction. Note that the
removal efficiency of pollutants by adsorption depends on the
transportation of ions or molecules in the macro- and meso-
porous channels of bio-based IHPCs. It has a strong relation-
ship with the pore size distribution of bio-based IHPCs and
pollutant size, particularly organic compounds. It is critical to
understand the relationships among the pollutant removal
efficiency, the pore size distribution of bio-based IHPCs, and
pollutant size. Furthermore, specific modifications (for
example, coating MnO, for As(m) oxidation) should be exten-
sively carried out to improve the adsorption capacity of bio-
based IHPCs. Studies involving the assessment of the indi-
vidual contributions of the hierarchical pore structure and
surface functional groups of IHPC should be performed.

Fourth, emerging applications of bio-based IHPCs should be
performed with a field-pilot study to determine the economic,
technical, and environmental feasibility. The adoption of
companies and production facilities is the main barrier to
scaling up the use of biochar for IHPC production. National

© 2023 The Author(s). Published by the Royal Society of Chemistry
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policies (i.e., tax deductions) can be a powerful tool for
encouraging the use of biomass as a precursor. Furthermore,
future research should focus on the use of bio-based IHPC
catalysts and adsorbents for the treatment of multicomponent
mixtures, real industrial effluents, or natural water and regen-
eration, as well as fixed-bed column studies. It is necessary to
assess the selectivity/competitiveness of ions in real water/
wastewater. It should also consider the possible complexation
formation of trace elements and the effect on their treatment
efficiencies in real aqueous environments.

8. Conclusion

This review offers a deep understanding of engineered catalysts
and adsorbents derived from biomass, which are designed with
unique 3D pore architecture and chemical doping surfaces
(denoted as bio-based IHPCs) for environmental applications.
Bio-based IHPC is a renewable, environmentally friendly and
cost-effective material. The 3D interconnected pore architecture
including micro, meso-, and macro-pores of IHPC is advanta-
geous for matter transport. The pore architecture of bio-based
IHPCs can be designed using non-templating, hard-templating,
and self-templating strategies. Chemical doping on the surface
of bio-based IHPCs can be performed by loading metals/metal
oxides/hydroxides or heteroatoms (O, N, P, etc.). The chemical
doping steps can provide more active sites for surface or
interface-related processes between IHPC and pollutants. As
a result, bio-based IHPCs are promising engineered catalysts and
adsorbents for removing heavy metals and organic compounds
in water and wastewater, and carbon capture (e.g., CO, and CH,).
Additionally, the discussion encompassed the exploration of bio-
based IHPC's extended environmental applications in optimizing
anaerobic digestion processes, improving antimicrobial treat-
ment and enhancing oil-water separation. This review offers
insights into the mechanisms of bio-based IHPCs for the catal-
ysis and adsorption of pollutants. From a future perspective,
biomass utilization for preparing IHPC with desirable physico-
chemical properties by environmentally friendly processes were
encouraged to prepare a high-performance catalyst/adsorbent.
Further research on the regeneration, scaling up, and
selectivity/competitiveness of ions in real water/wastewater
should be conducted before IHPC can be used in practice.
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