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(including organic and inorganic compounds) from industrial
wastewater. This review summarizes recent advances in the disposal of
organic dyed wastewater using advanced nitride composite particles,
including graphitic carbon nitride-based nanocomposites, boron nitride composites, and two-dimensional transition metal nitrides. The
selection of appropriate materials remains largely a trial-and-error approach at present. This review highlights multiple dye-removal
mechanisms, such as photocatalytic degradation, dye-sorption behavior, and computational analysis, to aid the material selection and shed
light on the interactions between organic dye contaminants and nitride composites.
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1. Introduction

Water is an essential resource for life on Earth, and its
quality is vital for the health and well-being of both humans
and the environment. According to a United Nations report,
an estimated 47 % of the world’s population will face a
clean-water shortage by 2030 (Connor, 2015). Population
growth, urbanization, and anthropogenic activities contrib-
ute to the increasing global water demand by 50 % by the
year 2050 (Connor, 2015). Wastewater, the water dis-
charged after use in households, industries, and agriculture,
has already become a significant source of pollution that
might have severe consequences for the environment and
human health. Failure to treat the wastewater properly may
harm public health since the untreated wastewater might
contain harmful microorganisms, viruses, and chemicals
that can cause diseases (Dickin et al., 2016; Adegoke et al.,
2018; Choudri and Charabi, 2019). Removal of these harm-
ful contaminants reduces the risk of waterborne illnesses.
In addition, eutrophic wastewater may contain nutrients
like nitrogen and phosphorus that can cause excessive al-
gae growth in water bodies, leading to oxygen depletion
and fish kills (Lapointe et al., 2015; Preisner et al., 2020,
2021). Toxic chemicals in untreated wastewater may also
harm aquatic life, damage ecosystems, and enter the food
chain (Al-Tohamy et al., 2022; Hamidian et al., 2021;
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Islam et al., 2021; Saravanan et al., 2021). Treating waste-
water protects the environment and helps conserve water
resources by reducing the demand for freshwater resources,
ensuring sufficient water to meet the needs of people and
industries.

Textile and pigment industries significantly contribute to
the global economy and environmental pollution. The
global market of dyes and pigments was valued at USD
38.2 billion in 2022 and may grow at a compound annual
growth rate of 5.3 % from 2023 to 2030 (Market Analysis
Report, 2023). The market forecast indicates a growing
demand for colorants worldwide, which consume over a
million tons of dyes annually (Singh and Arora, 2011;
Al-Tohamy et al., 2022). Using organic dyes in textile and
pigment industries can thus have negative environmental
and health impacts if not properly managed (Lellis et al.,
2019). Industries must adopt sustainable and responsible
practices, such as eco-friendly dyes and proper wastewater
treatment, to minimize environmental and health impacts.

More than 100,000 commercial dyes have been reported
on the market (Yagub et al., 2014). Some of the most com-
mon organic dyes used in textile industries include: i) reac-
tive dyes for their color fastness and ability to bond with a
wide range of fabric fibers, ii) acid dyes for their bright and
vibrant colors to wool, silk, and nylon fibers in fabrics, iii)
disperse dyes for their ability to bond with the synthetic fi-
bers with color fastness, iv) direct dyes for dyeing cellu-
losic fibers with their ease of use and affordability, v) vat
dyes for their excellent color fastness to stain cotton, rayon,
and other cellulosic fibers, and vi) sulfur dyes for dyeing
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cellulosic fibers such as cotton and rayon with affordable
price and good color fastness (Bechtold et al., 2007,
Degano et al., 2009; Zollinger, 2003). Similarly, the pig-
ment industry uses a wide range of organic dyes to produce
colorants, including: i) azo dyes consisting of the azo group
(-N=N-) as the chromophore for their bright and vibrant
colors, ii) phthalocyanine dyes for their blue and green
hues, iii) anthraquinone dyes for their lightfastness and
color fastness, iv) quinacridone dyes for their bright and
vivid colors, v) indigo dyes for their blue color in the pro-
duction of denim, and vi) perylene dyes for their lightfast-
ness and good color fastness (Zollinger, 2003).

The vast compositional diversity and structural com-
plexity of the organic colorants used in the textile and pig-
ment industries inevitably make complete dye removal an
insurmountable task in wastewater treatment. Various
methods are available for treating synthetic dyes, e.g.,
physical, chemical, and biological approaches (Al-Tohamy
et al., 2022; Forgacs et al., 2004; Martinez-Huitle and
Brillas, 2009; Singh and Arora, 2011; Yaseen and Sholz,
2019). Table 1 highlights the advantages and disadvan-
tages of the most frequently used dye removal techniques.
Having a method that can effectively remove various types
of dyes is challenging. Still, the method’s effectiveness de-
pends primarily on specific dyes present in the wastewater

and the characteristics of the method used. Some processes
may be more effective for removing specific dyes, depend-
ing mainly on their chemical properties, such as their mo-
lecular structure, solubility, and reactivity. In practice, a
combination of methods may become necessary to achieve
the desired level of dye removal.

For the materials used in organic dye removal, there
have been some excellent reviews covering a wealth of
natural and synthetic materials for wastewater remediation
(Forgacs et al., 2004; Islam et al., 2021; Martinez-Huitle
and Brillas, 2009; Singh and Arora, 2011; Yagub et al.,
2014). Some commonly used natural materials include ac-
tivated carbon, clay minerals, zeolite, agricultural by-
products (e.g., husk, leaf, sawdust, and peel from the plant,
chitosan made from the shell of crustaceans), and industrial
by-products (e.g., mud, fly ash). Many of these materials
purify the dyed wastewater by adsorption (Yagub et al.,
2014). Materials possessing high porosity and large surface
area are highly desirable as effective sorbents and photocat-
alysts for selective dye removal. With the rapid develop-
ment of nanostructured synthetic materials in recent
decades, nitride composite particles have emerged as
promising materials for efficiently removing organic dye
pollutants from industrial wastewater. Fig. 1a shows a
chronological evolution of reported scientific papers on

Table 1 Pros and cons of methods used for organic dye removal.
Methods Pros Cons
Physical Approach
(i) Adsorption Applicable for treating a wide variety of Needs regular adsorbent replenishment and

dyes

(i1) Ion exchange

(iii) Membrane filtration

Able to handle a large volume of wastewa-
ter; requires no chemicals

Applicable for treating a wide variety of
dyes efficiently in large volumes

sludge cleaning

Impractical to remove some dyes and
contaminants that are not ionizable

Needs periodic replacement of fouled
membrane; often requires energy supply to
maintain the pressure needed for filtration

Chemical Treatment

(i) Coagulation and flocculation
volumes

(ii) Advanced chemical oxidation

Effective in removing various dyes in large

Often pH sensitive; requires the use of
chemicals, and generates sludges

(ii1) Electrochemical method

Removes target dyes selectively in large
volumes by the formation of OH®

Fast and effective at removing a wide range
of both synthetic and natural dyes; able to
use renewable energy sources

Requires the use of chemicals and may
generate harmful by-products; may require
longer reaction time

High electricity consumption; requires
specialized knowledge in system design and
operation

Biological Approach

(i) Enzyme-based method

(ii) Microbial method

Selective dye removal with energy-saving
and environmentally friendly features; less
sludge formation

Natural and low cost; may have a high
removal efficiency for certain types of dyes

Limited effectiveness and slow processing
for large volumes

Limited effectiveness and slow processing
for large volumes; may be sensitive to
environmental conditions
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Fig. 1 (a) Publication numbers on nitrides in chronological order for dye removal (Data from Web of Science search using keywords of “nitride”,
“dye”, and “rem*”). (b) Publications sorted by materials illustrating the weighted fractions.

nitrides for dye removal. Intensive research has been di-
rected toward wastewater treatment using nitride nanoma-
terials since about a decade ago. This result is attributable
to the emergence of two-dimensional (2D) semiconducting
graphitic carbon nitride (g-C;N,) nanosheets and their
three-dimensional (3D) porous counterparts. The g-C;N,
nanostructures show promise of harnessing visible light for
the photocatalytic degradation of organic dyes together
with adsorption capability toward selective organic pollut-
ants (Acharya and Parida, 2020; Hu et al., 2019; Lam et al.,
2016; Santoso et al., 2020). The fact that g-C,N, gained
significant attention is demonstrated by the publication of
the first highly cited article in 2012 (Cui et al., 2012) from
the Web of Science search. Fig. 1b further illustrates the
prevalent dominance of the g-C,N, in published nitride-
related water-remediation papers with a substantial 85.8 %.
Boron nitride (BN) and transition metal carbide/nitride
(MXene) with 2D layered structures follow in the distant
second and third positions of 12.1 % and 1.7 %, respec-
tively.

While literature reviews have extensively focused on
carbon nitride-based nanomaterials, we envision that a
more comprehensive understanding of nitride-based nano-
composites will significantly contribute to developing
next-generation multi-purpose dye-removal solutions.
Considering their potential use in wastewater treatment,
this review aims to cover the recent progress in material
design, fabrication method, and dye-removal performance
of various nitride nanocomposites. Selecting appropriate
dye-removal materials largely remains a trial-and-error
approach at present. The review highlights multiple dye-
removal mechanisms, such as the photocatalytic degrada-
tion and dye-sorption behavior of the composite nitride
nanoparticles, together with computational analyses that
show promises of shedding light on the nature of interac-
tions between organic dye contaminants and nitrides. Fi-
nally, some future perspectives will be addressed.

2. g-C,N,-based nanocomposites

Carbon nitride is a class of compound materials com-
posed of carbon and nitrogen atoms with various structures
and properties. Different allotropes exist for the carbon ni-
tride, including alpha, beta, cubic, pseudo-cubic, amor-
phous, and g-C,N, (Aspera et al., 2010; Wang et al., 2017).
Among them, g-C,N, possesses a repeating unit of stacked
carbon atoms and nitrogen-rich functional groups arranged
in a honeycomb-like structure resembling graphite. The
unique combination of features includes an n-type semi-
conductor with a tunable optical bandgap around 2.7 eV
suitable for harnessing visible light, excellent chemical and
thermal stability because of the covalent nature of the car-
bon-nitrogen bonding for use in harsh environments, facile
preparation with environmental friendliness, a metal-free
chemical attribute with earth abundance, and low cytotox-
icity (Ahmadi et al., 2023; Dong et al., 2014; Jiang et al.,
2017; Teter and Hemley, 1996; Thomas et al., 2008; Xu et
al., 2018; Zhao et al., 2015). Fig. 2 shows the primary tec-
tonic units of g-C,N,, which include two major substruc-
tures, i.e., triazine and tri-s-triazine (heptazine). The
tri-s-triazine-based structure is the most stable allotrope in
the ambient environment (Dong et al., 2014; Thomas et al.,
2008).

The stacking layer structure in the g-C;N, allotrope
consists of the sp? hybridization of carbon and nitrogen
heteroatoms with features of tunable interlayer spacing
through changing the localization of electrons and the
binding energy between neighboring layers. The structure
generates the m-conjugated graphitic planes with tunable
positions of the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital
(LUMO) as a semiconducting photocatalyst for the purifi-
cation of dye-contaminated wastewater (Zhao et al., 2021).

Intrinsic drawbacks, such as insufficient absorption of
light energy, low surface area, and fast recombination of
photogenerated electrons and holes, suppress the
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photocatalytic efficiency of bulk g-C,N, photocatalyst. The
photoelectronic conversion of g-C,;N, would enhance sub-
stantially by increasing the nitrogen content, as the pres-
ence of nitrogen atoms impacts the spin density and charge
distribution of the carbon atoms. This creates active sites
on the surface to remove organic dyes and pigments effi-
ciently under light illuminations (Ahmadi et al., 2023).
Various strategies have been explored to overcome the
shortcomings of g-C;N, photocatalysts, including doping
of metal or non-metal elements, creation of semiconduct-
ing junctions with suitable band structures at the interface,
morphological control, and defect-modulating engineering
(Acharya and Parida, 2020; Kumar et al., 2022; Luo et al.,
2023; Xu et al., 2018). The construction of heterojunction
involving g-C;N, nanosheet composite with a semiconduc-
tor having a matched band-edge potential is promising for
enhancing the separation efficiency of photoinduced charge
carriers together with synergistically enriching light-
harvest ability. For example, Fig. 3a shows a hypothetical
charge-transfer route when two coupled semiconductor
photocatalysts display the staggered band structure at the
interface. The photogenerated electrons are thought to flow
from photocatalyst 2 to photocatalyst 1 under light irradia-
tion, while the opposite is true for the photogenerated

(b)

: \N)L,/J\«% IPOwe
A

holes, facilitating the separation of charge carriers. The
idealized recombination suppression occurs at the expense
of reduced redox activity for photocatalysis. In addition,
the electrostatic repulsion between the like charges may
inhibit the continuous accumulation of charge carriers from
transferring (Xu et al., 2020). In this regard, the Z-scheme
photocatalyst with a suitable intermediate couple between
two contacting semiconductors provides a promising alter-
native to facilitate the charge separation while retaining a
strong redox ability in Fig. 3b (Kudo and Miseki, 2009; Li
etal., 2016). In a typical all-solid-state Z-scheme photocat-
alyst, a solid conductor is used to replace the shuttle-redox
ion pairs in traditional Z-scheme for imparting the transfer
of charge carriers at the semiconductor junction. The
evolvement toward direct Z-scheme later occurs, as
demonstrated in a g-C,N,/TiO, composite photocatalyst by
Yu et al. in 2013, which does not require an intermediate
electron mediator to attain a robust photocatalytic capabil-
ity. They have shown that the disparity in the work func-
tions of g-C;N, and TiO, renders the formation of an
internal electric field at the junction so that an inherent ac-
tuating force takes place to replace the intermediate elec-
tron mediator. This development leads to a step-scheme
(known as the S-scheme) heterojunction involving a
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Fig.2 Primary tectonic units of (a) triazine and (b) tri-s-triazine for g-C;N, allotropes.
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semiconducting couple containing an oxidation photocata-
lyst (i.e., photocatalyst 1 in Fig. 3b) and a reduction coun-
terpart (i.e., photocatalyst 2 in Fig.3b) to form the
staggered band structure with a charge-transfer route re-
sembling that of the Z-scheme while remaining a strong
redox capability (Xu et al., 2020; Zhang et al., 2022).

Table 2 lists selected examples of dye-removal perfor-
mance using g-C;N, nanocomposite photocatalysts in dyed
water treatment. Various g-C,N, nanocomposites have
been examined for the photocatalytic removal of organic
dye pollutants. In view of the literature in Table 2, we may
conclude that heterojunction with a suitable band align-
ment allows simultaneously the creation of active sites and
efficient separation of photoinduced charge carriers for fa-
cilitating dye decomposition under light illuminations.

The pursuit of highly efficient g-C,N,-based composite
photocatalyst depends critically on the synthesis process
since the attainment of mesoporous 2D g-C,N,-based
nanocomposites with high surface area, tailored pore size
and pore shape is advantageous in providing active chemi-
cal sites on the surface for the selective photodegradation
of organic dyes. Appropriate defects residing at the surface
are potentially beneficial for enhanced photocatalysis
(Acharya and Parida, 2020; Darkwah and Ao, 2018; Ismael
et al., 2019; Zhao et al., 2018; Zhu et al., 2014). Various
nitrogen-rich organic precursors containing C—N bonding
structure without direct C—C bonding have been used as the
precursor compound for the g-C;N, synthesis, e.g., cyana-
mide, dicyandiamide, melamine, thiourea, urea, or their
mixtures, via the polycondensation route. A low surface
area often results due mainly to the formation of a layered
graphitic structure. Two main process strategies have been
proposed to resolve this shortcoming, i.e., the hard- and
soft-templating routes for the g-C,N, synthesis. The pre-
pared g-C;N, nanosheets often favor depositing on a tem-
plate with a high surface area. Table 3 lists the differences
between the hard- and soft-templating methods. The
hard-templating approach involves using a sacrificial hard
template, such as mesoporous silica, for the impregnation
with a precursor compound (Groenewolt and Antonietti,
2005; Wang et al., 2009). The removal of the template by
calcination or chemical etching forms g-C;N, with a po-
rous structure that replicates the shape of the template. On
the other hand, the soft-templating approach involves using
a soft template, such as surfactants or block copolymers,
which self-assemble to form a template for the organic
precursor (Lu et al., 2014; Yan, 2012). After deposition of
the precursor onto the template, the template can be re-
moved by washing or mild calcination, leaving behind
g-C,N, with a mesoporous structure that replicates the
shape of the template.

A large surface area with a suitable pore structure for
allowing organic dye molecules more access to the surface
moiety of g-C,N, nanocomposite is one important parame-

ter affecting dye removal in wastewater treatment. Surface
characteristics of the mesoporous g-C;N,-based nanocom-
posite are also essential for imparting high activity as an
efficient adsorbent. Aspera et al. (2010) have shown that
bonding occurs favorably between the hydrogen atom of
the water molecule and the two-coordinated nitrogen atom
of the tri-s-triazine-based g-C;N, with a chemisorption en-
ergy of —0.82 eV by ab initio density functional theory
(DFT) computations. Modwi et al. (2022) verified recently
that hydrogen-bonding interactions occur favorably be-
tween OH groups of mesoporous MgO/g-C,N, nanocom-
posite and lone-pair electrons of amine groups of basic
fuchsin (BF) dyes, resulting in a pronounced adsorptive
uptake selectively.

In addition to the hydrogen bonding, mechanisms in-
volved in the dye adsorption of g-C,N, nanocomposites
include electrostatic interaction, m—7 interaction, surface
complexation, and cation bridge (Chen et al., 2020;
Fronczak, 2020). Table 4 lists selected examples of adsorp-
tive dye removal using g-C;N, nanocomposites in dyed
water treatment. The electrostatic interaction occurs prefer-
entially when g-C,N, and dye molecules bear surface
charges of different signs in water. Zhu et al. (2015) mea-
sured the isoelectric point (IEP) around 4 to 5 for g-C;N,
prepared using melamine, thiourea, and urea as the precur-
sor compounds, respectively. The experimentally deter-
mined IEP reflects the chemical equilibrium between
hydrogen ions, hydroxyl ions, and amine groups on the
g-C,N, surface in an aqueous medium. The adsorption ac-
tivity increases when the negatively charged g-C;N, sur-
face encounters cationic methylene blue (MB) dye
molecules at a solution pH more positive than the pH . At
the same time, the opposite is true for the anionic methyl
orange (MO) dye molecules. The n—r interaction occurs
when both g-C;N, and organic dye structures contain aro-
matic pendant groups, so adsorption occurs via non-cova-
lent bonding. Meng and Nan recently reported the rapid
and selective adsorption of organic MB dyes in water using
Na and Fe co-doped g-C;N, (Meng and Nan, 2022). The
infrared spectra verified the n—m conjugation between MB
dyes and g-C;N, adsorbents for selective removal. The
conjugation, electrostatic interactions, and hydrogen bond-
ing contribute to the synergistic adsorptive MB removal.
The complexation mechanism arises primarily from the
metal doping to the g-C;N, structure, which creates bind-
ing sites and functional groups that can firmly adhere to the
dye molecules by forming surface complexes.

Similarly, the cation-bridge mechanism involves the ion
exchange of charged metal compounds in the g-C,N, struc-
ture with the ionized cations of the dye molecules.
Nnadiekwe et al. (2023) have recently employed DFT
computations to examine the adsorption behavior of alkali
ions (including Li*, Na', K*) doped heptazine-based
g-C,N, nanocomposites to the cationic MB dyes in water.
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Table 2 Selected examples of photocatalytic dye-removal performance using g-C,N, nanocomposites in dyed water treatment.
Catalyst Dye Light source Catalyst dosage Dye-removal Reference
(mg) performance
g-C,N,/ WO, MB (100 mL, 300 W Xe lamp 100 97 %, 120 min Huang et al., 2013
10 mg-L1) with 400 nm cutoff
filter
g-C,N,/BiOI Rhodamine B (RhB), 300 W Xe lamp 10-20 ca. 99 %, 50 min Dietal., 2014
MB, MO (all 100 mL, with 400 nm cutoff for RhB, >95 % for
10 mg-L1) filter MB and MO
g-C;N,/SnO, RhB (100 mL, 350 W Xe lamp 40 ca. 99 %, 60 min He et al., 2015
10 mg-L1) with UV and IR
cutoff filters
g-C,N,/reduced MB (100 mL with 500 W Xe lamp 2.5 (membrane)  >95 %, 150 min Lietal., 2017
graphene oxide 1 mL H,0,, 5 mg-L) for flow-through
(RGO) dye degradation
g-C,N,/TiO, (black) MO (30 mL, 300 W Xe lamp 30 95 %, 150 min Shen et al., 2017
10 mg-L1) with 420 nm cutoff
filter
g-C,N,/BiOCl 4-chlorophenol (an 300 W Xe lamp 50 ca. 95 %, 150 min ~ Wang et al., 2018
intermediate for dye  with 420 nm cutoff
synthesis, 100 mL, filter
10 mg-L)
CoAl-LDH/g-C;N,/  Congo red (CR) ca. 95 %, 30 min Jo and Tonda, 2019
RGO (LDH: Layered
double hydroxide)
g-C,N, /RGO RhB (40 mL, 300 W Xe lamp 40 >98 %, 30 min Wei et al., 2019
5mg-L1) with 420 nm cutoff
filter
g-C,N,/ZnO/ MO, Malachite green 10 W LED lamp 50 ca. 95 %, 70 min Chandel et al., 2020
ZnFe,0, and (MG) (150 mL, (400—700 nm) (MG), 140 min
g-C;N,/ZnO/ 10 mg-L 1) (MO)
CoFe,0,
g-C,N,/MoS, MB (20 mL, 5 ppm) UV, visible, and sun 1 98.7 % Monga et al., 2020
light
Phosphorus sulfur Phenol 35 W LED lamp 98 %, 60 min Raizada et al., 2020
co-doped g-C;N,/
BiOBr/Ag/AgCl
g-C;N,/red mud MB, MG (10 mg-L"") 300 W Xe lamp 50 ca. 95 %, 80 min Shi et al., 2020
with 420 nm cutoff (MB), 120 min
filter MG)
g-C,N,/Cul RhB, MO (150 mL, 400 W UV, 150 W 150 Up to 98.5 % under Ghanbari and
10 ppm) visible light UV, and 78.6 % Salavati-Niasari,
under visible 2021
irradiations
Sulfur-doped MB (100 mL, Sunlight (57— 10 >90 %, 60 min Igbal et al., 2021
g-C;N,/Ag/ZnO 10 mg-L™) 63 Klux)
g-C,N,/Ni/ZnO MB (200 mL, Sunlight (68— 200 ca. 99 %, 70 min Qamar et al., 2021
10 mg-L 1) 73 Klux)
g-C;N,/Cd/ZnO MB (100 mL, Sunlight 10 >90 %, 90 min Sher et al., 2021
10 mg-L)
Fe-doped g-C;N, RhB (50 mL, Visible light 25 ca. 98.2 %, 60 min  Ding et al., 2022
10 mg-L1)
g-C,N,/BiOBr RhB (25 mL, 300 W Xe lamp 20 87 %, 30 min Tian et al., 2022
20 mg-L 1) with 420 nm cutoff
filter
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Table 3 Pros and cons of hard- and soft-templating methods used to synthesize mesoporous 2D g-C,N,-based nanocomposite.

Methods Pros

Cons

Hard-templating approach

production

Soft-templating approach

the soft-template material

Reasonable control over pore size and distribu-
tion; high stability; easily scaled up for industrial

High flexibility for a wide range of pore shapes
and structures to be produced; relatively fast for
the template removal; cost-effective in terms of

The range of pore size is typically limited by the
available template materials; time-consuming
process; limited flexibility in terms of the variety
of pore shapes and structures that can be pro-
duced.

Poor control over pore size and distribution; less
stable due to the weaker interaction between the
carbon nitride and the soft template material;
limited scalability

Table 4 Selected examples of g-C,N, nanocomposites for the adsorptive organic dye removal in water treatment.

Adsorbent Dye Adsorbent dosage ~ Adsorption removal Reference
(mg)
Fe-doped g-C;N,/ Acid red 73, RhB 200* >99 %, 40 min (pH = 6.9) Ma et al., 2017

graphitized mesoporous
carbon

(50 mg'L"!, H,0,
40 mM)

g-C,N,/red mud MB, MG (10 mg-L1) 50

g-C,N,/TiO, MO (50 mg-L", 10
10 mg-L1)

g-C;N,/Ti0,/GO MO, MB, CR, RhB Foam
(10 mg-L")

g-C,N,/MgO CR, Basic Fuchsin (BF) 10

(25 mL, 50 mg-L1)

Na and Fe co-doped MB (50 mL, 50 mg-L'") 5

g-GN,

ca. 35 %, 30 min (MB), ca.
70 %, 30 min (MG)

ca. 80 %, 15 min (pH ca. 7)

Shi et al., 2020
Wang et al., 2020
>97 %

Zhan et al., 2021

96 %, 24 h (CR); 99 %, 24 h
(BF)

Modwi et al., 2022

ca. 90 %, 5 min (MB,
pH=6.5)

Meng and Nan, 2022

*: Estimated using 250 mL for the dyed solution.

Their calculation shows that the Li*-doped g-C;N, exhibits
the smallest HOMO-LUMO gap and the highest charge
potential compared to the K™ and Na" counterparts. The
predicted adsorption performance is in an ascending order
of K*-doped g-C,N,<Na*-doped g-C,N, <Li"-doped
g-C,N,, depending mainly on the protonation of the g-C,N,
nanosheets.

Although the selected examples of adsorptive dye re-
moval in Table 4 appear fewer than those of photocatalytic
degradation in Table 2, it may be interesting to note that
organic dye removal often involves photocatalysis and ad-
sorption mechanisms being both operative simultaneously
for many g-C;N, nanocomposites in wastewater treatment
(Shi et al., 2020). The observation is reasonably justifiable
since redox interactions between charge carriers and dye
molecules likely favorably occur upon exposure to light
irradiation when the organic dye pollutants adsorb on the
surface of g-C;N, photocatalysts. Accordingly, organic ad-
sorption and photodegradation may be regarded as an inte-
gral interaction route for overall pollutant removal. In this
regard, attempts at real-time monitoring of the in-situ ad-
sorption and photodegradation of dye molecules are chal-

lenging. Recently, Qin et al. (2021) reported their finding
using attenuated total reflectance induced evanescent
spectroscopy (ATR-ES). The ATR-ES involves the forma-
tion of'a g-C,N, coating layer on a silica optical fiber (SOF)
surface coupled to a light-emitting diode (LED). The
ATR-ES then interacts with MB adsorbed on the g-C;N,
interface to produce ATR-ES signal change. They have
shown that, in the context of adsorption investigation using
a red LED, the observed alteration in the “red” ATR-ES
signified the spontaneous nature of the adsorption process.
During the initial phase, rapid adsorption predominantly
occurred due to electronic attraction. Subsequently, the
slower adsorption was primarily driven by n—r interactions
during the second phase. For the photodegradation, the
change in the “violet” ATR-ES indicated that the adsorp-
tion—desorption equilibrium of MB was disrupted through
oxidation by hydroxyl radicals (*OH) and superoxide radi-
cals (¢O%). Notably, the surface’s apparent adsorption rate
was 16 times higher than the apparent photodegradation
rate constant. This discrepancy reveals that the photodegra-
dation process is the primary rate-controlling step in the
photocatalytic degradation reaction.
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Finally, the feasibility of using the g-C,N, composites in
large-scale operations depends mainly on the material cost,
disposal, and regeneration. The practical use of g-C;N,
composites for treating organic dyed wastewater needs to
be improved by resolving the difficulties in separating and
recovering the recycled sludge. Practices used most fre-
quently, including filtration or centrifugation methods, are
tedious, time-consuming, low-efficiency, and costly. Mag-
netically recoverable g-C,N, composites by hybridizing
with magnetic Fe,O, or spinel ferrite (such as NiFe,O,)
offer a promising means for easy recyclability and multiple
reusable capabilities (Kumar et al., 2013; Guo et al., 2018;
Sudhaik et al., 2018). Fixation of the g-C,;N, nanocompos-
ite on mechanically robust and flexible filtration mem-
branes, such as polyacrylonitrile porous substrates or
carbon-fiber clothes, is another attractive alternative for
resolving the regeneration issue in wastewater treatment
(Lei et al., 2021; Li R. et al., 2019; Li X. et al., 2021). In
addition, most of the studies are based on small-scale labo-
ratory tests under reasonably well-controlled conditions.
Scale-up research with testing conditions close to the actual
situation is highly desirable to fill the knowledge gap for
practical applications.

3. BN-based nanocomposites

BN is analogous to carbon in structure and consists of
various crystalline polymorphs, including hexagonal form
(h-BN) with honeycomb-like 2D layer structure together
with rhombohedral (r-BN), cubic (c-BN), and wurtzite (w-
BN) types with hybridized B-N bonds of either sp? or sp?
types (Pakdel et al., 2014; Yu et al., 2018). The discovery of
carbon nanostructures, including fullerenes,
nanowires, nanotubes, nanosheets, etc., has triggered the
exploration of other nanostructured counterparts based on
the similar honeycomb-like structure. The nanostructures
include the layered graphene-like h-BN, with a wide range
of nanostructures from 0D to 2D through synthesis meth-
ods such as exfoliation (mechanical or chemical), chemical
vapor deposition, epitaxial growth, solid-state reaction,
nanotube unzipping, or high-energy irradiation (Pakdel et
al., 2014). Tuning the morphology of BN nanostructures
gives rise to a unique combination of many advantageous
properties, including high surface area, high-temperature
oxidation resistance, high chemical inertness, possible low
friction coefficient, high dielectric constant, tunable struc-
tural defect, and surface functionality. The morphological
tunability renders BN nanostructures in wide-ranging po-
tential applications, including electronic, optical, thermal,
mechanical, wetting, and tribological uses. Depending on
the atomic stacking configuration, the layered h-BN gener-
ally exhibits a considerable bandgap value of around 6 eV
(Wickramaratne et al., 2018), prohibiting BN from being
an efficient photocatalyst. However, BN-containing nano-
composites show a dual adsorptive and photocatalytic role.

various
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For example, Agl nanocomposites consisting of a minor
addition of BN nanosheets have been shown to exhibit
substantially enhanced photocatalytic activity and photo-
corrosion resistance, together with dye adsorption capabil-
ity against aqueous RhB solutions under simulated sunlight
irradiations when compared to pure Agl (Choi et al., 2015).
BN-Agl heterojunction increases the charge transportation
and separation efficiency for facilitating the photocatalytic
degradation of RhB dyes. Similar synergistic findings have
also been reported in the literature. As shown in Table 5,
Wang et al. (2016) prepared porous h-BN fibers with their
surface decorated by Ta,N, nanoparticles of various frac-
tions. The composite fibers showed preferential adsorption
for selected dye molecules while facilitating the separation
of photogenerated charge carriers.

In addition to the photocatalytic dye removal, porous BN
nanosheets with high specific surface area, selective sorp-
tion capability, super-hydrophobicity, and facile regenera-
tion have also received increasing attention as effective
adsorbents in wastewater treatment (Lei et al., 2013; Park
et al., 2022). For example, Liu et al. (2018) combined the
adsorption advantage of BN and carbon by forming a
highly porous, cheese-like 3D structure with pore sizes
ranging from 2nm to 100 nm. The BN/C composites
showed a fast adsorption rate by removing cationic MB
(>80 %) and anionic CR (>70 %) dyes in water (200 mL,
50 mg-L~") within merely ca. 5 min and over 95 % in 2 h
duration. More importantly, the BN/C composites were re-
usable after heating in the air at 500 °C. After ten cycles of
recycling, the reused composites maintained more than
70 % of their original adsorption capability. Recent ad-
vances in theoretical computations have revealed details
about the adsorption process and molecular interactions
between the adsorbent and adsorbate. Bangari et al. (2021)
have used DFT calculations to examine the adsorption of
MO dyes using BN nanosheets. Their results show that
negative charge transfer occurred from MO to the
nanosheets with high chemical potential. The finding sug-
gests high chemical activity and a substantial decrease in
the bandgap (up to 2.9 eV) after the adsorption. More im-
portantly, theoretical computations have advanced to pre-
dict the simultaneous removal of multiple organic
pollutants, including the adsorption affinity and adsorptive
capacity, from the change of bandgap, geometrical bond
distance, the molecular orientation of the adsorbate, ad-
sorption energy, etc. (Bangari et al., 2022b; Yadav et al.,
2022).

4. MXene-based nanocomposites

MXene belongs to the 2D materials family and finds
enormous interest due to its proficient structural character-
istics (e.g., large surface area, hydrophilic character, abun-
dant active surface sites, etc.) and unique properties (e.g.,
high chemical stability, high electrical conductivity, quick
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Table 5 Selected recent examples of BN nanocomposites for the adsorptive and/or photocatalytic dye removal in water treatment.

Composite Dye Light source Dosage Dye removal Reference
(mg)
BN/Agl RhB (100 mL, Simulated sun light 100 ca. 60 %, 30 min by Choi et al., 2015
10 mg-L 1) (150 W Xe lamp adsorption; >35 %, 70 min
with AM 1.5G by photocatalysis
filter)
BN/Ta,;N, RhB, MB (100 mL, 300 W Xe lamp 50 ca. 20 %, 30 min by Wang et al., 2016
50 mg-L1) with 400 nm cutoff adsorption; >98 %,
filter 120 min by photocatalysis
BN/C MB, CR (200 mL, Not used 100 >95 %, 120 min by Liu etal., 2018
50 mg-L1) adsorption
BN/Carbon nitride ~ Neutral red (NR), MG Not used 5 1350.1 mg-g! (NR), Guo et al., 2019
(30 mL, 200 mg-L1) 1040.6 mg-g! (MG) by
adsorption
BN/polyvinyl MB, CR, MO (6 mL, Not used N.A. ca. 11.5,5.1,5.2 mg-g"! for Gao et al., 2020
alcohol foam 25 mg-L1) adsorption of MB, CR,
MO, respectively
BN/TiO, RhB (20 mL, 300 W Xe lamp 15 95 %, 120 min by photoca- Li et al., 2020
10 mg-L) with 400 nm cutoff talysis
filter
BN/SnO, MO (50 mL, Visible light 1.25 92 %, ca. 7 min by photo-  Singh et al., 2020
10 mg-L1) catalysis
BN/chitosan/ MB, Acid orange II Simulated sun light Upto 0.05 87 % (MB), 57 % (Acid Khose et al., 2021
graphene orange II), 20 min by
photocatalysis
BN/o-Fe,0, MB (100 mL, 250 W tungsten- 10 or 20 ca. 91 %, 180 min by Shenoy et al., 2021
2.5 mg-L1) halogen lamp photocatalysis
BN/polyvinylidene ~ MB (150 ppm) Not used 133* 100 % by membrane Bangari et al.,
fluoride adsorption 2022a

N.A.: Not available. *: Estimated using 100 mL for the dyed solution.

ion-exchange capability, enriched surface functionality,
environmentally benignity, etc.) (Naguib et al., 2014). The
structure of MXene with a formula of M, X T (where n
generally equals 1 to 3) consists of n+1 layers of transi-
tional metal elements M, 7 layers of X (i.e., carbon and/or
nitrogen), and a surface-terminal group of T  (such as oxy-
gen, fluorine, and hydroxyl) in periodic stacking configura-
tion. The tunable surface termination renders MXene
nanosheets potentially effective adsorbents for dyed waste-
water treatment (Khandelwal and Darbha, 2021; Kumar et
al., 2022; Rasool et al., 2019; Zhang et al., 2018). Mashtalir
et al. first demonstrated preferential adsorption of Ti,C,T,
for cationic MB dyes over anionic acid blue 80 in water
primarily due to electrostatic interactions (Mashtalir et al.,
2014). Interestingly, the photodegradation of both dyes
occurred under UV light irradiation, revealing the instabil-
ity of Ti;C, T, in water to form TiO, favorably for photoca-
talysis.

Table 6 lists examples of MXene composites using ni-
tride for organic dye removal in wastewater remediation.

All are g-C;N, hybridized with MXene carbide of Ti,C,,
showing enhanced photocatalytic dye degradation com-
pared to the pure g-C;N, counterpart. Although successful
synthesis of MXene nitrides such as Ti,N, (Urbankowski et
al., 2016) and Ti,N (Soundiraraju and George, 2017) has
been reported, there has been no report on their use in the
wastewater remediation to the author’s best knowledge.
Preparation of nitride MXene by selective acid etching
from the MAX phase remains challenging and becomes
one of the limiting factors for exploring its use in environ-
mental water remediation.

5. Other nitride nanocomposites

Some other nitride-based nanocomposites are promising
to become next-generation multi-purpose dye-removal
solutions. For example, Tsai and Tseng recently prepared
TiN-TiO, composite nanoparticles by a facile urea-glass
route (Tsai and Tseng, 2020). The presence of TiN in the
composites imparts a pronouncedly enhanced preferential
adsorption against MB dyes in water in addition to their
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Table 6 Selected recent examples of MXene nanocomposites using nitride for the adsorptive and/or photocatalytic dye removal in water treatment.

Composite Dye Light source Dosage (mg) Dye removal Reference
Ti,C,/Ag/g-C;N, RhB (200 mL, 300 W Xe lamp 100 ca. 20 %, 30 min by adsorp- Huang et al., 2021
10 mg-L1) with 420 nm cutoff tion; 69.2 %, 70 min by
filter photocatalysis
Ti,C,/g-C;N, RhB (80 mL, 500 W metal halide 40 ca. 99 %, 25 min by photo-  Liu et al., 2022
20 mg-L 1) lamp with 420 nm catalysis
cutoff filter;
300 mW-cm2
Ti,C,/g-C,N, MB (100 mL, 500 W halogen 500 ca. 60 %, 180 min by Nasri et al., 2022
10 mg-L1) lamp photocatalysis
Ti,C,-derived RhB (100 mL, Visible light 20 ca. 55 %, 30 min by adsorp- Tu et al., 2022
Ti-peroxo/g-C;N, 20 mg-L1) tion; 45 %, 110 min by

photocatalysis

photocatalytic property under visible-light illuminations.
The adsorption enhancement is directly proportional to the
TiN fraction. Up to 95 % of the initial 10> M MB concen-
tration can be removed by the adsorptive composites in less
than 90 min. The composite particles show synergistic
photocatalysis; in addition, niobium doping in the compos-
ite particles also facilitates dye removal, indicating that the
creation of ionized defective sites may critically tune sur-
face characteristics for adsorption and energy band offset at
the interface for photocatalytic dye degradation.

A following report by Chen and Tseng revealed that
TiN-WN composite nanoparticles also exhibit selective
adsorption against cationic MB dyes in water. The adsorp-
tion under dark conditions reached as much as 90 % within
90 minutes when using an initial MB concentration of
10~ M by tuning the TiN-WN composition. In compari-
son, virtually minimal adsorption (less than 10 %) resulted
in the anionic MO dye solution under identical situations
(Chen and Tseng, 2022). Similarly, the composite particles
rendered a moderate photocatalytic degradation to the MB
molecules under visible-light illuminations. Their results
also suggest that the composite particles may be suitable
for long-term wastewater treatment.

A recent finding further reveals that forming a TiO, N_
layer around Fe,O,@Ag core—shell nanoparticles is suffi-
cient to impart preferential adsorption toward MB dyes in
water (Lin and Tseng, 2022). By tuning the x value
(x=0.056 to 0.15) in the Fe,0,@Ag@TiO, N_core—shell
composite via the nitridation temperature, the composites
with an x value of about 0.12 show dark adsorption of
54.8 % and an additional visible-light photodegradation of
25.1 % when using dyed wastewater with an initial MB
concentration of 5x10-% M. The composites with x about
0.15 can even exhibit dark adsorption of 99.1 % against the
MB solution within 30 min, depending on the nitridation
level. The nitrogen-dependent MB adsorption may involve
multiple concurrent mechanisms, including the electro-
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static interaction, formation of hydrogen bridges, electron
donor—acceptor relationship, and the m—r electron disper-
sion force. In addition, the composite particles are magnet-
ically responsive. The recycled particles retain over 72 %
of their initial MB removal capability after five use cycles.

6. Summary and challenges

Nitride composites as a material group remain vastly
unexplored for environmental remediation, despite inten-
sive research endeavors devoted to wastewater treatment in
the last decades. We have witnessed enormous ground-
breaking advances in 2D nitrides (including g-C;N,, BN,
and MXene) as an efficient photocatalyst through innova-
tive synthesis, tailored morphological structure, bandgap
engineering, optimal band alignment, defect tuning, etc.
Many nitrides exhibit a strong affinity to adsorb specific
dye attributes preferentially in a relatively short time. This
dual role with synergistic dye-removal capability is perva-
sive among nitrides and is less common for other material
counterparts. With the help of theoretical computations, we
anticipate that the domain knowledge toward understand-
ing the synergistic removal mechanism at the interface be-
tween nitride and dye molecules will advance at a faster
speed in the coming future.

The effort to assess nitride composites’ dye-removal
performance in pilot-scale or field-scale experiments using
actual wastewater samples is critically important to ad-
vance their practical use. So far, the practical use of nitride
nanocomposites in large-scale wastewater treatment re-
mains an unsurpassable hurdle to overcome. One must ad-
dress pollutant-removal efficiency, scalability, long-term
stability, cost-effectiveness, and regulatory consideration.
To resolve this challenge, nitride composites with advanta-
geous features such as reduced sludge formation, anti-
fouling capability, facile recycle operation, and multiple
regeneration usability are highly desirable. Developing ef-
fective dye-removal systems that integrate the nitride


https://doi.org/10.14356/kona.2025005

WY Venjea J. Tseng / KONA Powder and Particle Journal No. 42 (2025) 213-226
«s

composites into existing wastewater-treatment processes
may provide a viable route for practical application. The
transition from laboratory research to practical implemen-
tation in large-scale industrial or municipal wastewater
treatment can be complex. The challenges may foster inno-
vative new ideas and become opportunities in the near fu-
ture.
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