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Graphene quantum dots (GQDs) are nanoscale particles of graphene, typically having a diameter of less
than 20 nm. The unique attributes of GQDs include low toxicity, good solubility, tunable
photoluminescence (PL), biocompatibility, and photo-induced electron transfer. GQDs can be produced
using hydrothermal reactions, laser ablation, microwave radiation, and electrochemical oxidation. These
procedures for producing GQDs involve various chemical reactions, including carbonization, oxidation,
pyrolysis, and polymerization. Due to their small particle sizes, GQDs possess strong tunable fluorescent
properties and exhibit high photo-luminescence emissions. GQDs have been acknowledged as
appropriate for various applications, such as eliminating pollutants and organic dyes through catalysis,
absorbing heavy metals, and purifying microbial contamination through filtration. However, challenges
encountered during the development of GQDs for environmental applications include generating high-
quality QDs and devising large-scale synthetic procedures that ensure reproducible size distribution.

Received 6th July 2023, A need exists for theoretical and practical research on the development of novel methods that allow
Accepted 7th August 2023 high yields and easy purification of GQDs to be achieved. In this article, the characteristics of GQDs in
DOI: 10.1039/d3ma00372h terms of their chemical and physical attributes are analyzed. The raw materials and techniques

employed in the manufacturing process of GQDs are also discussed, along with their stability.
rsc.li/materials-advances Additionally, the potential applications of GQDs in treating wastewater are explored.
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Introduction

During the last two decades, a great deal of attention has been
focused on the optoelectronic properties of nanostructured
semiconductors or quantum dots (QDs) as many fundamental
properties are size dependent in the nanometer range." Since
the discovery of graphene in 2004, metal-free carbon-based
QDs, ie., carbon QDs (CQDs), GQDs, and graphitic-carbon
nitride QDs (g-CNQDs), have drawn considerable attention as
promising candidates as they have the potential to replace the
conventional metallic QDs. Carbon-based QDs not only possess
good physicochemical properties of metallic QDs like excellent
stability and tunable fluorescence, but also exhibit unique merits
such as easy synthesis, excellent biocompatibility, and nontoxicity.>
GQDs, one of the recently discovered carbon-based nanomaterials,
are derived from two-dimensional graphene, which limits electronic
transport in all three spatial dimensions.>* GQDs are small enough
to confine excitons. They have a diameter of less than 20 nan-
ometers and have a non-zero band gap that becomes bright when
stimulated.” Compared with carbon nanodots, GQDs have good
chemical and physical attributes, namely, a greater length-to-
diameter ratio, higher surface area, and better surface bonding
through the double m-m network due to their graphene layer
structure.” Additionally, GQDs exhibit an attractive property called
photoluminescence (PL), which was reported by Pan et al and
attributed to quantum confinement.’

When ideal graphene is transformed into a GQD with a
semi-dimension size, the band gap becomes adjustable. The
precise structure of GQDs depends on the synthesis and doping
performed to adjust the band gap. Mahasin et al. have con-
ducted a comprehensive theoretical analysis to determine the
influence of zigzag edges on the photoluminescent (PL) proper-
ties of graphene quantum dots (GQDs) with different sizes. This
investigation aimed to understand how their behavior changes
in terms of wavelength dispersion as their diameters range
from approximately 0.46 to 2.31 nm, spanning from ultraviolet
(UV) to infrared PL dispersion. The relationship between the
band gap distance and GQD size is such that they are inversely
proportional. This means that as the size of the GQD decreases,
the band gap distance increases.” By manipulating the size and
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surface chemical groups of GQDs, it is possible to regulate their
band gap energy within the range of 0 to 6 electron volts.®
GQDs have zero dimensions and possess two fundamental
characteristics of edge effects and quantum confinement.'°
The quantum confinement mechanism present in GQDs has
opened up avenues for utilizing their unique electrical, optical,
and structural characteristics that are not readily available
in other nanomaterials."”® GQDs with functionalized edges
comprising epoxy, carboxyl, hydroxyl, and carbonyl groups
can interact with biological molecules like enzymes, proteins,
or antibodies. GQDs have been successfully conjugated to anti-
body and DNA molecules through amide coupling, which is useful
for the fabrication of high-sensitivity nanomaterials and diagnostic
tools.”> GQDs have a crystal lattice structure that resembles a
honeycomb, with carbon atoms forming six-membered rings. This
arrangement gives rise to the sp>hybridized characteristics of
GQDs and allows for electron delocalization in the m-orbitals.
These properties endow GQDs with their distinct optical and
electrical features, which determine the shape of their edges
(zigzag or armchair) and influence their PL behavior."" Further-
more, GQDs have important properties such as low toxicity, good
solubility, stable fluorescence, chemical inertness, and surface
grafting (Fig. 1). GQDs have remarkable quantum properties,
which is why they have been studied in biological imaging, light-
emitting diodes, photoelectrocatalysis, drug carrier sensors, and
pollutant absorption.”*™” One of the most attractive features of
GQDs is their abundance as carbon materials, which can be
equipped with functional groups at their edges. This feature makes
them more desirable than mineral QDs.* GQDs exhibit significant
behavior that can be used as antimicrobial agents. For example, the
modification of GQD properties through doping was first studied in
2012 by Zhao et al., which included nitrogen as a dopant in GQDs."?
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Fig. 1 Properties and applications of GQDs.
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The color of GQDs would turn into a light blue fluorescence
upon exposure to UV-light irradiation. GQDs with a size of less
than 15 nm are obtained through low-carbonization, resulting
in blue luminescence. GQDs contain abundant sp* structures
and oxygen functional groups. The wavelength of GQD disper-
sion is independent of stimulation, and the sp” surface state in
GQDs should be uniform.®

Numerous carbon sources have been utilized in the production
of GQDs, and it is widely recognized that the fluorescence properties
of GQDs are influenced by the choice of the precursor. Precursors
that contain a significant amount of sp” carbon domains are ideal
for creating GQDs." Citric acid precursors have been used to
prepare GQDs with PL features forming large graphene sheets.*

Therefore, GQDs can potentially be used for heavy metal detec-
tion in water,”*** organic and mineral pollutant removal,*>® and
photocatalytic degradation®” due to their high electron mobility,
easy transfer, and adjustable light absorption.”” GQDs are semi-
conductor nanoparticles that are entirely made up of carbonac-
eous materials;® therefore, GQDs can be applied in analytical
nanosciences,”® sensor fabrication due to their biocompatibility
and chemical inertness,® as well as in nanotechnology®® applica-
tions. They can also be used for heavy metal detection,*® photo-
voltaic device sensitizers,”* biological molecule detection,*”
photocatalytic processes,** energy storage, and production.®*

A study has been carried out on converting biomass waste
into GQDs through easy, scalable, and low-cost routes, focusing
on discovering their applications in energy conversion and
storage for achieving goals and solving problems of biological
waste recycling.*® In another study, GQDs were synthesized to
construct an electrochemical safety sensor for detecting food
toxins, aflatoxin B, (AFB;).*® GQDs are utilized as fluorescence
sensors to find ethion in food samples, and their potential is
further enhanced by their extensive surface area, ability to
integrate with other materials, promote charge transfer and
transport, and diverse range of applications in energy storage.
GQDs are also effective as light-sensitive sensors in optical
detectors due to their strong light absorption properties. By
forming an unsynchronized structure, large-bandgap GQDs can
be used for highly selective UV detection. In lithium or sodium
ion batteries, GQDs can aid in reducing volume expansion,
promoting electron transfer and lithium/sodium diffusion,
enhancing electrochemical properties, and strengthening the
double-layer surface.?”

GQDs, due to their quantum confinement feature, have a size-
dependent band structure. Additionally, their two-dimensional
surface exhibits strong non-covalent interactions with biological
molecules through n-n interactions and hydrogen bonding, pro-
viding a chemically tunable platform for bio-conjugation. There-
fore, they have found extensive applications in fluorescent sensors
as tunable fluorophores and fluorescence quenchers, laying the
foundation for expanding fluorescent sensors and biological ima-
ging systems.*® Using fluorescent GQDs presents a chance to
enhance the efficiency of fuel cells, biological imaging, and light-
emitting gadgets. These are employed as fluorescent agents to
detect mineral ions, large biomolecules, and small molecules with
high sensitivity.” Due to their small PL size, GQDs are highly
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sensitive to environmental disturbances and can interact with
small molecules.””” Optical sensors based on GQDs have been
used for detecting food poisoning, insecticides, and heavy metal
ions. With their good light absorption properties, excellent light
stability, fully accessible surface, and tunable band gaps, GQDs
have been used as photocatalysts for pollutant degradation, H,
evolution, and CO, reduction.*”

GQDs have an infinite Bohr radius, demonstrating the
effects of quantum confinement with random sizes. They
exhibit PL with a non-zero bandgap on excitation, leading to
the alignment of HUMO and LUMO bands in the spectrum
from UV to infrared (IR). Therefore, these properties can be
adjusted by changing their shape, edge configuration, surface
chemistry, size, and chemical doping. The band gap can be
modified to cover a wide range of solar radiation.*®

On a larger scale, GQDs and GQD-based nanocomposites
can be implemented in wastewater treatment plants (WWTPs).
As it stands, most currently available WWTPs were primarily
designed to target the removal of only biodegradable com-
pounds and not emerging complex compounds.™*

Mining wastewater is rich in heavy metals that are known to
be toxic to aquatic life and humankind, while hospitals and
pharmaceuticals could release wastewater loaded with drugs
such as antibiotics, resulting in the development of drug-
resistant bacteria.’**> Antibiotics belong to a class of pollu-
tants known as ‘pollutants of everyday concern’, which have
captured global interest because their fate in the environment
is not yet fully understood. Despite the diversity and complexity
of wastewater matrices, the treatment regimes are standard and
have stayed the same over the years. Consequently, some of the
emerging pollutants are able to sneak past the treatment train
and end up in our tap water, where they could cause various
adverse health effects.*>™*® Therefore, a need exists to modify,
improve, or even couple current wastewater treatment pro-
cesses with advanced techniques that will enable the removal
of emerging pollutants from wastewater before being dis-
charged into receiving dams."”

Research on advanced carbonaceous nanomaterials such as
GQDs has been on an exponential trajectory as potential
materials for environmental applications because of their unu-
sual and exotic properties. The objective of this research is to
examine the characteristics of GQDs, which render them appro-
priate for the purification of wastewater,*’ especially for organic
pollutants.*®* The raw materials used in the fabrication of
GQDs, the methods to fabricate GQDs, and their characteriza-
tion will be discussed in this review paper.

Primary materials used for the production of GQDs

Recently, several primary materials have been used to derive
GQDs, including carbon sources such as animal manure,*’
humic acid,*® dried pine needles,”® rice husk,** cow milk,>?
honey,>* corn powder,>® bean leaves,”® bamboo wood,*” ammo-
nium citrate,”® Bougainvillea spectabilis flower petals,” grape-
fruit extract,®® graphite micro-particles,®" maltose® and citric
acid.®* % Natural sources such as graphite have also been used
as a precursor for preparing GQDs recently, as graphite does

© 2023 The Author(s). Published by the Royal Society of Chemistry
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not have enough functional groups, and the yield of GQDs from
graphite is not high. Methods to increase the yield of GQDs
from graphite have been investigated.®® Recent studies have
focused on developing simple and low-complexity approaches
to convert waste into graphene nanomaterials.®” Studies have
documented the synthesis of GQDs from biomass, viewing
biomass as a discarded resource that can be utilized to generate
a nanoscale product.®®®® In most GQD syntheses, citric acid
has been used as a precursor because it is a common organic
acid that contains active groups, including -OH and C—=0O
groups. Citric acid is undoubtedly the most popular carbon
precursor because it is inexpensive, biocompatible, and easy to
supply. The materials obtained from it also have high PL and
quantum yield (QY).*” Instead of using raw citric acid, other
sustainable carbon sources can be used, same as grass
clippings,®® coffee grounds,”® and tea waste.”" However, renew-
able raw materials such as biomass comprise products with
different weights, such as amino acids, sugars, biopolymers,
hydroxy, or other raw materials found in natural resources.
Biomass and its components, such as organic acids and carbo-
hydrates, are the only renewable carbon sources and vital
precursors to carbon materials. It is well known that carbon-
based materials possess the most effective properties among all
resources on the Earth, such as easy conductivity, high porosity,
resistance to acid and alkali, and lightweight.*®

GQDs have been reported for the synthesis of PL on a large
scale and at a low cost based on the carbonization of multi-ring
aromatic hydrocarbon precursors.”” Glucose has been utilized
as a raw substance for obtaining GQDs in many studies.”*’* In
addition, lignin has been used as a primary material for making
GQDs because it has significant advantages that are environ-
mentally friendly. Lignin is rich in carbon-containing p-
hydroxyphenyl units, guaiacyl units, and syringyl units, which
are of great importance. Nair et al. investigated lignosulfonates
as a carbon source for preparing of GQDs to detect toxic metal
ions in water.”” Lignin is the second most abundant organic
element in the world of vegetation; however, removing and
converting lignin into products is a critical point and an issue
for valuing dedicated or residual biomass as renewable fuels
and chemicals.”® Agricultural wastes, such as oil palm fibers,
coconut husks, date stones, etc. are considered active carbon
sources.”” The empty fruit bunches of oil palm (OPEFB) are one
of the main wastes in the oil industry and are used as a
renewable energy source. In Malaysia and Indonesia, more
than 15 and 7 million tons of OPEFB are produced annually,
respectively.”® Due to the expansion of palm oil production in
Malaysia, a large number of empty fruit bunches (EFBs) are
produced, which is harmful to the environment. EFB contains
abundant carbon and lignin, making it a good precursor for
producing activated carbon, which is a suitable adsorbent for
various industries such as wastewater treatment and organic
pollutant removal.””

Methods used in previous studies to fabricate GQDs

The electrochemical oxidation process involves the electroche-
mical cleavage of carbon precursors into GQDs, typically under

© 2023 The Author(s). Published by the Royal Society of Chemistry
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high redox voltage. Electrochemical oxidation can occur in one
of two ways; the first is where C-C bonds of the carbon material
are cleaved via chemical oxidation, and the second occurs when
either the oxygen free radical (O°®) or the hydroxyl free radical
(*OH) from water attacks and cleaves the C-C bonds to form
GQDs. The advantages of using this method include the for-
mation of stable GQDs and production of high-quality GQDs.""
Dong et al. oxidized SWCNTs with 8 M HNO; and then heated
the oxidized SWCNTs in water at a temperature of 200 °C, which
led to the disintegration of SWCNTs and the accumulation of
graphene nanosheets. Two types of GQDs with various optical
attributes were obtained.> GQDs with sizes ranging from 5-3 nm
and a thickness of 0.93 nm have been synthesized by electro-
chemical oxidation of graphene for single-layer graphene as
reported by Luo et al.”® Li et al. offered an electrochemical route
for preparing water-soluble GQDs using a graphene film as the
working electrode.®® Shin et al. used mild oxidation for layering
from several sources of MWCNTs, CF, and charcoal, resulting in
blue fluorescent GQDs.*!

MCNTSs or graphite containing sp>-hybridized carbon is used
in electrochemical exfoliation, which is a two-step process.
Initially, an oxidation potential is applied to the layered bulk
material immersed in an electrolyte. As a result, sp> bonds are
cleaved, and solvent molecules or electrolytes intercalate
between the layers of the bulk material. The resulting product
is then electrochemically reduced by applying an appropriate
cathodic potential. The precise control of the applied potential
enables highly selective oxidation in layered bulk materials,
unlike solvo-/hydro-thermal techniques, where oxidation remains
uncontrolled.®? Based on a prior study, the preparation of GQDs
has been reported by electrochemical exfoliation using a graphite
electrode through the reaction between the oxidation of the
anode and the intercalation of anions in an ionic liquid. Electro-
chemical fabrication of GQDs with smooth edges and fewer
defects in uniform sizes of 3, 5, and 8.2 (+0.3) nm from MWCNTs
has been reported, where the PL attributes of GQDs can be tuned
by changing the diameter of CNTs, supporting electrolyte concen-
tration, electric field, and temperature.®* Bahadori et al. prepared
GQDs by thermal treatment of two graphite rods before chemical
oxidation in an electrolyte containing NaOH and citric acid
instead of graphite rods and electrolysis. The thermal treatment
at a temperature of 1050 °C created surface defects on graphite
rods that created more active sites to facilitate electrochemical
reactions.®'

In addition, ultrasound technology is a common method for
synthesizing materials.®* For example, GQDs produced by ultra-
sound waves can create high-pressure and alternating low waves
in the liquid, and the resulting mechanical force can break
carbon-carbon bonds to cut GQDs.*> The synthesis of GQDs
necessitates using glucose precursors, carbon sources and poly-
merization in the same manner as mentioned above, which can
help in controlling GQD size by increasing the reaction rate and
reducing-edge defects in graphite layers.”® In another strategy,
the synthesis of bright GQDs with high quantum yields and
short reaction times using only GO and KMnO, has been
reported using ultrasound in a one-step synthesis.>
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In a study, Nike et al. presented a one-step synthesis of GQD
using thermal citric acid decomposition.’” The procedure of
preparing GQDs using thermal acid citric acid decomposition
involves heating and melting of 5 grams of citric acid, resulting in
transformation to a dark orange color in 25-30 minutes. Then, a
1.5 M solution of NaOH was added dropwise in a concentrated
solution of melted citric acid at room temperature. After adding
sodium hydroxide, GQDs with pH values ranging from 8 to 12
will be obtained. Therefore, pH plays an important role in
forming GQDs from citric acid (Fig. 2).2® Wang and colleagues
prepared highly fluorescent nitrogen-doped graphene quantum
dots (N-GQD) using ammonium citrate as a carbon starting
material through direct carbonization.>**

Additionally, the synthesis of GQDs using trisodium citrate
through a pyrolytic carbonization pathway and two-step purifica-
tion by ultrafiltration has been reported.®** Furthermore, dual-
precursor approaches were employed in the pyrolysis method for
GQD preparation. Liu and colleagues prepared GQDs with multi-
color PL and uniform size using hexaphenylhexa-peri-hexabenzo-
coronene as a substitute for carbon, which exhibited a high PL
efficiency of over 3.8%.°° Tang and colleagues proposed a
combination of hydrothermal and microwave methods for
faster pyrolysis of glucose.’® Recently, Li and colleagues used
a p-glucose precursor to prepare single-crystalline GQDs, which
had a hexagonal crystal structure with dimensions of 5 nano-
meters and exhibited blue fluorescence.®'

Another method for preparing GQDs is the pulsed laser
ablation (PLA) technique. PLA can be used for carbon-based
raw materials precipitating in organic or aqueous solvents,
producing particles with modified surfaces.®* PLA is a simple
and clean process.”® The PLA method offers advantages such as
one step synthesis, shorter synthesis time, good reproducibility,
and minimal experimental setup.’> However, several articles have
reported the preparation of GQDs through the PLA method. The
Kolmogorov explosion model was used to describe the carbon
material erosion mechanism by PLAL.'* Thongpool and collea-
gues synthesized GQDs from graphite targets using the PLA
method®". Shen’s group synthesized several PL-adjustable GQDs
by controlling the PLA time, which showed a change in color
dispersion from green to blue using MWCNTs as carboxylic acid
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agents.”” In a study focused on preparing GQDs from graphite
pieces using high-power ultrasound-assisted PLA, 500 mg of
graphite pieces were scattered in 200 mL of ethanol using high-
power ultrasound waves during the laser ablation process. When
this high-power ultrasound was not applied, the accumulation of
graphite pieces led to plasma column formation.”*

GQDs have been synthesized using microwave-assisted tech-
niques, which have evolved to overcome time-consuming reac-
tion limitations associated with methods such as hydrothermal
methods."" The microwave method enables a faster synthesis of
GQDs.”® Microwave heating can compensate for deficiencies.”?
This approach has several benefits, such as production of large
quantities of products, high consistency, ease of handling, and
energy conservation.”® Additionally, this method does not
require an activating agent as the size of the GQDs increases
with longer heating times.”®

Zhang et al. synthesized water-soluble GQDs, as shown in
Fig. 3, by reacting water with aspartic acid and NH,;HCO; and
heating (10 minutes) using a 560 watt microwave reactor. The
successfully synthesized GQDs have lower cellular toxicity and
high optical stability.”* Researchers examined the effect of the
citric acid additive under microwave heating. Mono-hydrated citric
acid (0.80 g) was weighed and ground into a fine powder in a deep
mortar, and then irradiated for 4 minutes in a 700 watt household

UV Blue FL

* NH;HCO; © Aps © GQDs

Fig. 3 Schematic representation of the water-soluble GQD fabrication
process. Reproduced with permission from ref. 94. Copyright (2016)
Elsevier.
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Fig. 2 Preparation of GQDs, using citric acid as a precursor. Reproduced with permission from ref. 88. Copyright (2017) Springer Nature.
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Fig. 4 Microwave-assisted, solid-phase fabrication of GQDs. Reproduced with permission from ref. 93. Copyright (2016) Wiley.

microwave. After cooling, the dark coffee-colored compound was
dissolved in a 1 mol L' NaOH solution and dialyzed for three
days. The prepared GQDs showed excellent light stability, PL
properties, ion power, low cellular toxicity, and good solubility.
GQDs prepared from dry food additive citric acid using the action
of microwave irradiation are probably harmless to the human
body. The mechanism of GQD formation is exhibited in Fig. 4.

The research was conducted on a microwave-based eco-
friendly method for producing bright red GQDs by utilizing
ethanol extracts derived from the leaves of Mangifera indica
(mango).>*”® Mango leaves were found to be a good precursor
for preparing GQDs. The mixture was heated in a microwave
oven at 900 watts for 5 minutes, and the remaining solution was
dispersed in absolute ethanol for suitable m-GQD dispersion.>®
Additionally, GQDs synthesized from cow milk using one-step
microwave heating were reported.>?

In previous studies, simple hydrothermal and solvothermal
approaches have been used for synthesizing GQDs, which are
almost similar except that water is used as a solvent in hydro-
thermal synthesis while dimethylformamide is used as a solvent
for the solvothermal method.” The thermal and hydrothermal
methods involve various techniques of crystallizing materials from
high-temperature aqueous solutions to high vapor pressures. The
fabrication of single-crystalline GQDs through the hydrothermal
method has been demonstrated by many researchers.”

During the preparation process, carbon-based materials
undergo exposure to powerful oxidants and are subsequently
transformed into GQDs through high temperature and pres-
sure cutting. This process involves oxidizing carbon materials
with potent oxidants, which introduces oxygenated functional-
ities into the carbon network. Subsequent oxidation then takes
place at ambient temperatures. Under hydrothermal condi-
tions, oxygen from epoxy bonds and unstable carbonyl pairs
form GQDs. In hydrothermal and solvothermal synthesis
approaches, temperature plays a vital role in the structure of
GQDs. At higher temperatures, small and highly crystalline
GQDs are produced. In contrast, unsuitable GQDs are synthe-
sized at lower temperatures.""

Zho et al®® investigated the synthesis of GQDs using a
solvent, thermal method using GO sheets, and DMF solvent.”®
Pan et al. synthesized bright blue GQDs. The GO sheets were
oxidized before thermal treatment. The oxidation stages include
carbonyl groups, carboxylic acid functional groups, and epoxy
groups, which act as a breaking point under hydrothermal
conditions, resulting in the production of fully broken GQDs.*!

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

GQDs have been synthesized using a one-step hydrothermal
procedure with high efficiency. The materials used as primary
sources were maltose, citric acid, and deionized water.®”

GQDs were produced from bamboo timber waste (Bf) using a
one-step hydrothermal technique. Initially, Bf<CNCs (200 mg)
were dispersed in deionized water (200 mL) and sonicated for
20 minutes. The resulting mixture was then placed in an
autoclave and kept at 180 °C for 8 hours. Upon completion,
the materials were cooled and subjected to ultrasound for
10 minutes. The dark brown product was then filtered using
a membrane to remove insoluble carbonaceous materials and
kept for 24 to 36 hours before being washed through a dialysis
bag.””

In another study, highly fluorescent GQDs were successfully
synthesized using a humic acid precursor derived from lignite.
The process involved hydrothermal treatment of humic acid in
a basic solution using an autoclave at 200 °C for 12 hours.
Finally, to remove large particles, the solution was centrifuged
for 20 minutes. The resulting liquid was dialyzed for 48 hours
against water to obtain pure GQDs. This precursor significantly
reduced production costs.>’

Furthermore, another report discusses the preparation of
fluorescent GQDs from coffee grounds as a raw material, with-
out the need of strong acids or extended catalysts. In summary,
coffee grounds were separated from ground beans and cleaned
with deionized water before being dried and subjected to
hydrothermal treatment at a temperature of 200 °C. The
resulting GQDs were treated with PEI under hydrothermal
conditions at a lower temperature (120 °C) to prevent PEI from
undergoing molecular changes.”® Table 1 introduces a list of
raw materials, fabrication methods, and application of GQD,
reported in previous studies.

Methods and analysis used to describe GQDs

Various methods are utilized to comprehend the structures,
morphology, and composition of particles based on their size
and shape, regardless of their intended use. Despite having
unique optical and physical characteristics, the properties of
GQDs must be identified and linked to different measurement
techniques. These techniques include Raman, UV-vis, X-ray
diffraction (XRD), atomic force microscopy (AFM), PL transmis-
sion microscopy, X-ray photoelectron spectroscopy (XPS), and
infrared (FTIR) for analyzing fluorescence properties, electronic
states, crystal structures, surface morphology and vibrational
patterns and functional group composition. The choice of
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Table 1 Raw materials and methods used for the synthesis of GQDs and the application of the products

Raw materials Methods Size (nm) Yield (%)  Applications Ref.
Corn straw Hydrothermal — — Detection of PO,*~ 97
Leaves of curry tree Hydrothermal 2.49 + 0.03 14.4 Detection of AFB, 98
Cellulose Hydrothermal 1-5(>5) 19.4 Bioimaging and biolabeling 99
Coffee grounds Hydrothermal 1.88 £0.72and — Imaging and measurement of heavy 70

2.67 + 0.81 metals
GO Hydrothermal 5-19 7.4 Bioimaging 100
Tea waste Hydrothermal 5-20 84 Detection Fe** 71
Rice husk Hydrothermal 0.2503 =+ 0.006 — Extraction of La(m) from water 101
Orange peel waste Hydrothermal — — Detection of Fe** 102
1,3,6-Trinitropyrene Hydrothermal 2.5 — Detection of Ag" 103
GO Hydrothermal 4.3+0.8 — Photovoltaic, biological and light 104
emitting devices

Maltose, hydrochloric acid Hydrothermal 1-3 — Photodegradation of imipramine 62
Dhruva grass Solvothermal 3-5 49.1 PL property 105
Citric acid Solvothermal — — H,S gas detection 106
Aspartic acid and NH,HCO;  Microwave 1-5 12 Cellular imaging 84
Mango leaf Microwave 2-8 — In vivo biological imaging 56
Citric acid Microwave 7.5+ 2.3 3.2 Cellular imaging 93
Citric acid Microwave 5-10 — The detection of iron ions and paraquat 107
Cow milk Microwave ~5 — Bioimaging and drug delivery 53
Grape seed Microwave 1-8 53.6 Application of measurement 60
MWCNTSs PLA 1-5 12 Photoelectric 84
MWCNTs Electrochemical exfoliation 3, 5, 8.2(+ 0.3) 5.1-6.3 Cellular and molecular imaging 83
Graphite rods Electrochemical exfoliation =~ ~3.5-7.3 — Biological imaging 108
Citric acid Pyrolysis 1-4 62.8 Cellular imaging 109
Trisodium citrate Pyrolysis 1.3+ 0.5 3.6 Biological imaging 89
Honey Pyrolysis 2.4 3.6 White-light emitting 54
Citric acid Pyrolysis 2-3 3.8 In vitro/in vivo imaging 90

specific characterization technique depends on the type of
GQDs being studied.’

Fourier transform infrared spectroscopy (FTIR)

FTIR is a crucial method for identifying surface components
and functional groups on materials qualitatively. As IR radiation
passes through a sample, some of it is absorbed by molecular
vibrations while the rest is transmitted. The molecular vibration
state produces a distinctive signal for each molecule in the
fingerprint region, which researchers use to examine functional
groups on the surface of GQDs.” As shown in Fig. 5, FTIR results
were obtained to confirm the interaction between functional
groups and materials in GQDs. The GQD result is indicated by
some vibrational peaks that are related to others. The notable
band is located at 1585 cm™ " corresponding to the stretching

Intensity(a.u)

2000 3000 4000

Fig. 5 FTIR pattern of GQDs. Reprinted with permission from ref. 62.
Copyright (2020) Springer Nature.
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mode of C=C. Next, the peaks are related to O-H (3400 cm ™),
C-H peaks (2976 and 1376 cm™ '), and C-O (1206 cm ™ *).°

High-resolution transmission electron microscopy (HRTEM):

HRTEM provides the possibility of visualizing GQDs and infor-
mation about the distribution, shape of particles, crystallinity,
and edge types. The result obtained from HRTEM can be
confirmed with XRD data.'" Fig. 6a shows the TEM images of
dispersed GQDs in water. In the TEM image, the diameter of
GQDs mainly lies in the range of 1.8-2.4 nm with an average
size of 2.1 nm. As shown in Fig. 6b, HRTEM images show high
crystallinity of GQDs with lattice parameters of 0.25 and
0.33 nm, respectively, considering that the interplanar distance
of graphite is 0.335 nm.>*

UV-vis spectroscopy

UV-vis is a type of absorption spectroscopy that examines the
electronic transitions of materials in UV and visible regions and
occasionally in the near-infrared range. The electromagnetic
spectrum is generated when the atoms or molecules undergo
electronic transitions from ground to an excited state after
absorbing in the UV region. The relationship between the
energy absorbed and an electronic transition in terms of
wavelength (1) or frequency (v) for a transition is given below:

AE = hv = hce/A

where 7 = Planck’s constant and AE = energy absorbed during
electronic transition in a molecule from the ground state to the
excited state. The Lambert-Beer law is an important and more

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Typical TEM image (a) and HRTEM image of GQD (b). Reprinted with permission from ref. 94. Copyright (2016) Elsevier.
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Fig. 7 UV-vis absorption spectra of GQDs. Reprinted with permission
from ref. 62. Copyright (2020) Springer Nature.

convenient expression for UV absorption, which relates absorp-
tion (4) directly to the concentration (c) of the absorbing species.

A= €cl

where € is the molar extinction co-efficient, and [ is the cell-
path length.”

In an aqueous solution, GQDs exhibit absorption peaks at
263 and 216 nm in their UV-vis absorption spectrum. These
peaks are associated with n-m* electronic transitions from
C=O0 and n-n* transitions from C=—C. The peak observed at
263 nm is attributed to electron transfer from m-n* due to
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; 200+

Intensity(a
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electronic transitions involving sp® carbon structures from
C=0O0. On the other hand, the peak at 216 nm corresponds to
n-m* transitions involving C—C bonds since these transitions
occur within the wavelength range of 200-270 nm in GQDs.
Fig. 7 provides a visual representation of this phenomenon.®*

Fluorescence spectroscopy analyses

Fluorescence spectroscopy analyzes fluorescence or PL from a
specimen. It is a complementary phenomenon to UV-vis
spectroscopy, where a beam of UV light excites the electrons
in molecules of certain compounds, leading to emission of
light. It is primarily associated with the electronic, and vibra-
tional states and the sample preparation involves the use of a
solution using the desired solvent. PL spectrum measurement
for GQDs is essential due to their strong fluorescence proper-
ties. For a typical measurement, the GQDs sample is excited
with specific excitation wavelength, and the GQDs emit corres-
ponding emission peaks. The literature reveals that GQDs show
either excitation-dependent or -independent emission in dif-
ferent color regions or emission light such as blue, green,
yellow, cyan, and red luminescence.” In investigating the
optical characteristics of manufactured GQDs, PL experiments
were conducted using diverse excitation wavelengths. As
demonstrated in Fig. 8a, when the excitation wavelengths
enhanced (300 to 420 nm), the intensity of the emission peak
at 320 nm rose to a peak and then decreased. The PL spectrum

b
b s §
=
&
z
N
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2
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Fig. 8 PL spectra of aqueous solution of GQDs at diverse excitation wavelengths ((a) and (b)). Reprinted with permission from ref. 110. Copyright (2016)

Elsevier.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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exhibits the strongest emission peak centered at 430 nm with
no evident shift under excitation wavelengths from 300 to
340 nm. However, when the excitation wavelength is altered
(340-420 nm), the PL peaks move toward longer wavelengths
with wider bands, and the most intense peaks are observed around
500 nm. The observed photoluminescence red-shift of GQDs was
accompanied by a significant reduction in photoluminescence
intensity, which is a signature of the gradual evolution of the
confinement in quantum dots."'® The PL behavior depends on
the particle sizes that can be excited by a particular wavelength.
Smaller particles will exhibit the PL effect at shorter wavelengths,
while larger particles will exhibit the PL effect longer wavelengths.™!

As shown in Fig. 8b, the intensity of GQD emission peaks
increased without any shift when excited from 600 to 650 nm and
then decreased with a change in color from red when excited
from 650-800 nm. The spectra exhibit the most intense emission
peaks at approximately 420 nm when excited with a wavelength
of 650 nm and a shift towards the red end of the spectrum when
excited with longer wavelengths. These results demonstrate that
PL is dependent on excitation and shows how PL characteristics
are transformed at an excitation wavelength of 600-800 nm. The
excitation-dependent emission properties of GQDs may be
related to their highly defective structures with a great number
of sp* and vacancy defect states in the basal plane.'*°

Raman spectroscopy

Raman spectroscopy is a crucial technique that provides insights
into molecular vibrations and is extensively employed for examining
materials, particularly nanomaterials based on graphene. It can
uncover details about the electronic structure, crystal structure, and
lattice vibrations of materials. Raman bands arise due to alterations
in polarizability and are helpful for investigating the electronic
structure and surface defects of carbon-based substances such as
GQDs and nanotubes, where the defect (D band) and tangential (G
band) modes exhibit systematic variations.” The Raman spectrum
of GQDs in Fig. 9 shows the D and G bands observable in the
sample. The G peak at 1574 cm ™" determines good crystallinity of
GQDs and relates to sp> vibration on the carbon plane. The D peak
at 1381 cm ' is associated with defect states in GQDs due to
multiple edge effects, corresponding well with hydrothermal meth-
ods that create highly functional surface defect groups.®*
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Fig. 9 Raman spectra of GQDs. Reprinted with permission from ref. 62.
Copyright (2020) Springer Nature.
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Atomic force microscopy (AFM)

AFM is a versatile and powerful microscopic technique which
gives insights into the surface topography of the sample. It uses
a cantilever with a very sharp tip to scan across a sample surface
and operates either in a contact or non-contact mode. The
cantilever is brought significantly closer to the surface; increas-
ingly, repulsive force takes over and causes the cantilever to
deflect away from the surface, helping us to learn about the
topography of the solid surface through the tip scanning the
surface. It is usually used to investigate the thickness of GQDs
and further estimate the number of graphene layers.''

X-ray diffraction

XRD is a crucial technique for determining the amorphous phase
or crystalline phase and assessing the level of crystallinity, and the
particle size distribution of various nanomaterials. It is particularly
significant in obtaining valuable information about the dimen-
sions of the unit cells by accurately identifying the atoms’
arrangement.” The XRD pattern of the synthesized GQD reveals
a broad peak located at 20 = 25° (Fig. 10), which suggests that the
material is composed of an irregular arrangement and disorgani-
zation due to oxygen molecules with functional groups.™*’

X-ray photoelectron spectroscopy (XPS)

XPS is a quantitative technique that is useful for analyzing the
surface (0-10 nm surface depth) elemental chemistry of a sample
and is based on the well-known photoelectric effect first. The
elemental composition, and oxidation state of the element present
at the surface of the sample could be extracted from XPS analysis. It
is always used along with FT-IR to study the material surface
components, the functional groups. A low-energy X-ray is irradiated
on the sample surface to excite the electrons of the sample atoms,
and a photoelectron is generated if their binding energy is lower
than the X-ray energy. By measuring kinetic energy, the binding
energy could be derived, and the corresponding characteristic peaks
could be obtained. The overall process is given below:'"

A+hw=A"+e

Intensity(a.u)
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Fig. 10 XRD pattern of GQDs. Reprinted with permission from ref. 113.
Copyright (2020) Elsevier.
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where A = surface of the species, A" is the oxidation state of the
surface species, and Av is the energy of photon; then, according
to the conservation of energy

E(A) + v = E(A") + E(e)

where E(A) and E(4") are the respective energy of the species 4
and A" and E(e) represents energy of the electron; since, the
electronic energy is kinetic, we get

KE = v — (E(A") — E(4))

KE = /v — BE;

where KE = kinetic energy and BE = binding energy

The BE of solids is conventionally measured with respect to
the Fermi level of the solid instead of the vacuum. It involves a
small correction term called the work function (¢) of the solid,

KE=hv — BE - ¢

There are several studies investigating the elemental composi-
tion and doping of GQDs by XPS spectroscopy.®*'*11>

Performance and application of GQDs

Use of GQDs as photocatalysts. GQDs are more desirable as
photocatalysts compared to other types of carbon materials
because they have basal planes that allow for enhanced con-
taminant adsorption. Furthermore, GQDs can function as elec-
tron donors or acceptors, which helps regulate the charge
produced by light and enhance the photocatalytic activity of
GQD nanocomposites. This improved efficiency is relevant to
the capacity of GQDs to assist in absorbing organic pollutants.**
Table 2 summarizes the usage of GQDs in environmental
remediation.

Liu et al. created a combination of GQDs and modified
mesoporous graphitic carbon nitride (mpg-C;N,) through electro-
static interaction, which was used to degrade RhB through photo-
degradation. The effectiveness of the photocatalytic process was
determined by measuring the removal of RhB. The composite with
0.5 wt% GQDs/mpg-C;N, showed the highest efficiency, with a
97% removal rate under visible light. The improved photocatalytic
activity was due to the incorporation of GQDs as electron
acceptors.”®® In another study, ZnS nanowires decorated with
GQDs were investigated by a simple hydrothermal method. ZnS
nanowires were decorated with GQDs through a self-contact
process via electrostatic adsorption onto the surface of ZnS
nanowires and a subsequent intense bonding process through
thermal reduction of GQDs onto ZnS nanowires. The bandgap
energy of the GQD/ZnS nanocomposite was lower than that of
pristine ZnS nanowires. The as-prepared photocatalysts, due to
their effective separation of photo-induced electron-hole pairs,
showed an enhanced photodegradation efficiency towards RhB
compared to individual components (Fig. 11).%* It was found that
decorated GQDs introduced additional visible light response and
acted as influential electron collectors and transfer agents to
efficiently suppress electron-hole recombination, thus signifi-
cantly enhancing the photocatalytic properties of ZnS nanowires.
The photocatalytic rate constant for GQD/ZnS nanocomposites in

© 2023 The Author(s). Published by the Royal Society of Chemistry
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RhB photodegradation reaction was 14 times higher than that of
commercial ZnS.>*"!

In recent research, the use of GQDs in environmental
photocatalysis has been investigated. The study revealed that
the efficiency of TiO, photocatalysis was enhanced by incorpor-
ating GQDs, resulting in better degradation of MB.'" A low-cost
wet chemical method was used to create GQDs of varying sizes,
using birds’ nest charcoal as a starting material. These GQDs
have PL and visible light absorption properties and are typically
combined with TiO, to form TiO,-GQD nanocomposites. The
bandgap of GQD nanostructures can be adjusted, potentially
increasing light absorption in TiO,. The combination of these
materials reduces carrier recombination, increases carrier mobi-
lity, and improves overall conversion efficiency. Compared to
pure TiO,, the composites showed higher photocatalytic proper-
ties and rate constants. The photocatalytic activity was evaluated
using the MB photodegradation experiment, with results
(Fig. 12) indicating that coupling GQDs with TiO, enhances
visible light absorption and limits non-recombination reactions
of carriers. The 1 wt% GQD-TiO, composite exhibits the highest
rate constant compared to other TiO,-GQD composites.'**

The study employed a one-step hydrothermal technique to
obtain a concentrated yellow solution of GQDs and TiO, NTs.
The TiO, NTs/GQDs composite was produced by immersing TiO,
NTs in the GQD solution through hydrothermal immersion.
Fig. 13 depicts the potential mechanism for enhancing photo-
catalytic activity in the composites, which can be explained by
three characteristics. Initially, coupling TiO, NTs with GQDs
increases the visible light absorption of TiO, due to electronic
coupling between the n states of essential graphite GQDs and the
conduction band states of TiO,. Afterward, GQDs act as an
electronic reservoir to capture photo-generated electrons from
TiO,NTs and enhance the electron-hole pair separation, as
authenticated by PL measurements. Additionally, up-conversion
GQDs effectively transfer long-wavelength radiation to short-
wavelength radiation used by TiO, NTs/GQDs composites. Oxygen
absorbed on the surface of GQDs accepts electrons to form 0>~
and directly oxidizes MO on the oxide surface. Simultaneously,
holes on the H,O/OH surface oxidize TiO, more, producing
OHe radicals that help degrade MO into H,O and CO,. Further-
more, a 2.5% weight ratio of TiO,NTs/GQDs exhibited the best
degradation.'*’

GQD nanocomposites as adsorbents for heavy metal removal

A study was carried out to develop new hydrogel beads that
possess magnetic and bioabsorbent properties. These beads
were created using chitosan gum, polyvinyl alcohol, and GO
through the gelation method in a boron acetone solution. The
beads were thoroughly analyzed and found effective in remov-
ing heavy metal ions such as Pb(n) and Cu(u) from water
solutions. The efficiency of ion removal is dependent on the
charges of the magnetic beads. The rate of adsorption was
explained using a pseudo-second-order kinetic model, and the
experimental data were well-suited to the Langmuir isotherm
with maximum adsorption capacities of 69.97 and 81.78 mg g~ *
for Cu(u) and Pb(u), respectively.'**
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ZnS nanobelt

Fig. 11 A possible breakdown process of an organic dye on G/ZnS
nanocomposites when exposed to light. Reproduced with permission
from ref. 33. Copyright (2016) Royal Society of Chemistry.
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In a study, NiFe,O,/HAP/GQDs were synthesized as a
nanoadsorbent to remove cadmium (Cd**) from aqueous
solution. The optimum conditions for the efficient removal of
Cd(un) were as follows: a maximum absorption capacity of
344.83 mg g~ at 25 °C and pH = 6.0.">> A novel, efficient and
inexpensive adsorbent based on GQDs coated on quartz sand
(GQDs|QS) for the removal of Hg(un) and Pb(u) from aqueous
solutions was reported. The maximum adsorption capacity of
GQDs|QS for Hg(n) and Pb(u) was calculated to be 24.65 and
24.92 mg g~ !, respectively, revealing more improved adsorption
capacitance of the GQDs|QS in comparison with nontreated QS.
The results show that the particle size of GQDs could influence
the removal efficiency of the heavy metals and GQDs with a

0 10 20 30 40 50

Fig. 12 Photocatalytic degradation of MB via TiO,~GQD composite samples (a) and fitting curve of the first-order kinetic model for 1% TiO,~GQD
composites (b). Reprinted with permission from ref. 133. Copyright (2022) Springer Nature.
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Fig. 13 The schematic of the improved light-driven photocatalysis of GQD/TiO,-NT composites. Reproduced with permission from ref. 110. Copyright

(2016) Elsevier.
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carbonization time of 30 min represented the highest removal
percentage.'*®

In another study, GQDs were covalently immobilized onto
the NiFe,0,4-halloysite nanotube (NiFe,O,-HNTS) surface to fab-
ricate a nanocomposite material utilized as an active adsorbent to
eliminate Pb(u) ions from water. The amount of every indepen-
dent parameter was determined such that a maximum lead
removal of 97.14% could be achieved. The Langmuir isotherm
was picked as the best isotherm model for the explanation of
lead(u) adsorption. The utmost adsorptive capability was com-
puted as 42.02 mg g~ ' at 298 K based on the Langmuir mode.
The calculated thermodynamic variables exhibited that the
uptake operation is heat-absorbing and spontaneous. Therefore,
the NiFe,O,/HNTs/GQDs nano-adsorbent provides an econom-
ical and efficient way for eliminating Pb(u) ions."*’

In a study, GQDs were synthesized via pyrolysis and embedded
into bacterial cellulose nanopaper (BCN) to develop a well-ordered
multi-layered GQD embedded BCN-based filtration membrane
assembly for the removal of heavy metal and industrial dye
wastewater. The multi-layered GQD embedded BCN-based filtra-
tion membrane assembly purified the dye industrial wastewater
and selectively eliminated Hg(u) and Pb(u) with efficiencies as high
as 99.6% and 97%, respectively."*®

In another study, Vatanpour et al. focused on the use of
graphene quantum dots (GQDs) for creating a nanofiltration
membrane for removing Reactive Blue 19 dye from wastewater.
By adding 1 wt% GQDs to the PVC matrix, the water flux of the
membrane increased by 56% compared to the unfilled
membrane, reaching 19.1 L m ™2 h™". The anti-fouling perfor-
mance of the membrane was also improved, with a flux
recovery ratio increasing from 68.8% to 80.0%. Additionally,
all of the PVC membranes fabricated in this study exhibited
BSA rejection of more than 98% and Reactive Blue 19 dye
rejection of more than 96%. This research demonstrates that
the incorporation of GQDs not only enhances permeability but
also improves anti-fouling properties without compromising
the membrane’s rejection performance.>

In this study, rice husk was used as a sustainable source to
synthesize GQDOs with 2D morphology. Chemical modification
of GQDOs with Ba(OH), was performed to form a novel GQDOs-
Ba nanobiosorbent with an increased number of surface hydroxyl
groups. The adsorption parameters of Pb(i) and La(m) onto
GQDOs-Ba were optimized using a microwave sorption approach.
The maximum capacity reached 3400 pmol g~ " (pH = 7), and
1500 umol g~ (pH = 5) at 15 s for Pb(u) and La(m), respectively.
The GQDOs-Ba nanobiosorbent accomplished excellent removal
percentages from different water samples containing lead
(98.5%-99.8%) and lanthanum (94.6%-96.2%)."*!

Maia et al. synthesized a selective and low-cost adsorbent for
Hg(u) by functionalizing o-FeOOH nanoparticles with r-cysteine
(cys-0-FeOOH). cys-6-FeOOH was highly selective for Hg(u)
adsorption because Hg could be complexed with sulfur. Accord-
ingly, the Hg(u) adsorption was determined using the Langmuir
isotherm. The Hg(u) adsorption provided by the Langmuir iso-
therm for cys-c-FeOOH (217 mg g ') was significantly higher
than that of c-FeOOH (135 mg g~ *)."*°
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In another study, ionic liquids (ILs) with liquid ion coatings
were used as a new absorbent for removing heavy metal ions,
specifically chromium(vi). ILs are considered highly effective
solvents for liquid-liquid extraction and heavy metal ion
absorption due to their strong electrostatic attraction resulting
from polar functions, high adjustability and solubility, ease of
operation, and compatibility with the environment. The IL-GQD
absorbent demonstrated rapid removal of Cr®* from an aqueous
solution. The maximum absorption reached 934.62 mg g ' in
40 minutes under neutral conditions. The effects of external ions
on the absorption of Cr®* are illustrated in Fig. 14a, which shows
that competing cations had no significant effect on chromium
absorption by the prepared absorbents. This may be because the
absorption operation was accomplished at a neutral pH, causing
the surface of the absorbent to become protonated, leading to
repulsion between competing cations and positive surfaces under
acidic conditions. Anions, for example, NO*~, SO,°~, and CI ",
had a slight effect on chromium absorption. The IL-GQD absor-
bent has a good absorption capacity compared to other absor-
bents, such as GO, GQD, and IL-GO."” Regeneration
investigations were conducted using a base medium as a washing
solution. Fig. 14b shows that each GQD, IL-GQD, GO, and IL-GO
absorbent can be successfully utilized while maintaining an
efficiency removal rate of over 80% for up to five cycles."* The
mechanism of chromium adsorption due to charge in the
IL-GQD adsorbent is shown in Fig. 14c. IL GQD induces imidazole
ionic liquid, -NHCO- bonds, and -OH functions. The protonated
amine arranges itself with its long chain towards the molecule’s
periphery, causing the NH" portions to interact electrostatically
with the hexavalent chromium oxonium. Due to the protonation
of the ionic liquid portions, carboxylic acid groups, and amide
bonds, the IL-GQD adsorbent does not react and acquires positive
charges at neutral to low pH. Due to strong electrostatic interac-
tions between IL-GQD and chromate oxonium groups, the absorp-
tion rate increases."”’”

GQDs, as a newcomer in the carbon family of nanofluores-
cents, are used for several metal ions due to their optical
probing.®* Abbas and colleagues synthesized GQDs which were
in the range of 5-20 nm and showed independent PL emission
from stimulation. This phenomenon is attributed to the unique
fluorescence center of these GQDs. These GQDs are utilized for
sensitive measurements and highly selective for Fe**. A sensi-
tive sensor was obtained for the selective detection of Fe** with
a detection limit of less than 2.5 x 10~® M."*° The fluorescence
intensity of N-GQDs at various pH values is depicted in Fig. 16.
The initial pH value of N-GQDs is 8, as illustrated in Fig. 15. The
fluorescence intensity reduces as the pH value decreases, and it
reaches its minimum at pH = 5. Conversely, the fluorescence
intensity gradually decreases as the pH value increases. There-
fore, it can be inferred that N-GQDs can withstand strong
alkaline conditions but not strong acidic conditions.*?

Recently, fluorescent probe explorers have studied metal ions
using fluorescent probes, or GQDs, doped with other elements
such as nitrogen, sulfur, and phosphorus.'*"**> Elemental doping
changes the PL properties of GQDs, and all N/S/P-doped GQDs
have better quantum performance than undoped GQDs.'** A study

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 15 Fluorescence intensity of N-GQDs at different pH values. Adapted
with permission from ref. 133. Copyright (2022) MDPI.

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

introduced a fluorescent probe highly selective for Hg>* and
utilized N-GQDs. These dots are nearly spherical, have an
average diameter of 2.7 nm, and emit independently of stimuli.
The probes’ ability to measure Hg>" was evaluated through a
PL-dependent emission spectrum. Hg”" was found to quench
the fluorescence of N-GQDs both dynamically and statically.
This probe has a broad detection range (2.5-800 mM) and a
detection limit of 2.5 mM, making it effective in determining
the amount of Hg”" in water samples."** To assess the ability of
N-GQDs for detecting Cu®* in water, PL properties of N-GQD
solutions with varying concentrations of Cu** were measured
using an excitation wavelength of 365 nm. Fig. 16 shows that as
the concentration of Cu®' increases, there is a noticeable
decrease in PL intensity."*> A new method has been developed
for detecting Cr®" in environmental water samples using
N-GQDs, which are selective towards Cr®*. This makes them a
valuable and environmentally friendly sensor platform for detect-
ing Cr®" ions in aqueous solutions and natural water samples
without labeling. Compared to N-GQDs, GQDs have significantly
improved selectivity for detecting Cr®". The fluorescent probe
N-GQDs can detect Cr®" in concentrations ranging from 0-140 mM
with a detection limit of 40 nM."*®
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Fig. 16 Fluorescence spectra of N-GQDs, including Cu®* with different
concentrations from 0 to 500 uM. Reprinted with permission from ref. 145.
Copyright (2020) Elsevier.
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Fig. 17 Quenching N-GQD fluorescence with iron ions. Reproduced with
permission from ref. 147. Copyright (2019) Hindawi.

A study was conducted where N-GQDs were synthesized via a
hydrothermal treatment using ethylenediamine and citric acid
as sources of nitrogen and carbon, respectively. These N-GQDs
exhibited blue solid fluorescence and a high QY of over 88.9%.
The blue fluorescence emission was not affected by excitation
wavelengths. As shown in Fig. 17, N-GQDs were employed as
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fluorescent probes for detecting iron ions, and they showed
good sensitivity with a detection limit of 2.37 pmol L™" and a
linear range of 1600-6000 umol L™ " for Fe**.'*’

Another study examined N,S-GQDs that are selective and
sensitive for detecting Hg”" in H,O and wastewater at the
nanomolar level. The results displayed in Fig. 18a indicate that
the fluorescence intensity remains unchanged when other metal
ions are added. However, a significant decrease is observed
when Hg>" is introduced to the measurement solutions.'*®
Furthermore, the concentration can be obtained from the
Stern-Volmer equation:

1

where I, and I are the fluorescence intensities of GQDs before
the presence of metal ions, Q is the quencher concentration
(mMol L"), and k,, is the Stern Volmer constant after the
presence of metal ions."*® Therefore, the I/I, ratio obtained for
Hg>" was lower than those for other metals. Fig. 18b shows
changes in fluorescence intensity of N,S-GQDs after adding
different concentrations of Hg”* from 1 nM-15 mM. The fluores-
cence intensity of N,S-GQDs reduces on enhancing the Hg>*
concentration, and 90% of initial fluorescence intensity is
quenched at 15 mM Hg>"."*®

The application of GQDs in wastewater treatment

Several studies have offered the use of GQDs in wastewater
treatment or monitoring. For example, GQDs are used for

150

monitoring hazardous substances in industrial effluents, " as

well as for uranium removal'®" and 4-nitrophenol removal in
water samples.*>?

Wastewater treatment is crucial in water treatment as it
guarantees that water is not contaminated with harmful micro-
organisms. If wastewater is not treated, microorganisms like
bacteria, fungi, algae, and viruses can infiltrate the water
distribution system. Furthermore, the excessive use of antibio-
tics has resulted in the emergence of drug-resistant bacteria in

B0 S0 550
Wavelength (nm)

400 600

Fig. 18 Emission fluorescence spectra of N,5-GQDs using diverse concentrations Hg?* (0-15 M) (a) and selectivity of N,5S-GQDs using diverse metal

ions (b). Reprinted with permission from ref. 148. Copyright (2017) Elsevier.
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Fig. 19 Bacterial growth inhibition using TiO,/GQDs (a), TiO,/Sb,S3/GQDs (b), and TiO,/Sb,S3/GQD over one day under visible light (c). (a) and (b)
Reproduced with permission from ref. 125. Copyright (2019) Elsevier. (c) Reprinted with permission from ref. 26. Copyright (2020) Elsevier.

the environment. Photocatalytic H,O disinfection proposes a
viable alternative or supplement to chlorination for treating
wastewater. As a supplementary procedure, photocatalytic treat-
ment can remove microorganisms and disinfection by-products
produced during chlorination.*?

To examine its ability to destroy bacteria, a GQDs/Sb,S3/TiO,
nanocomposite was created using a solvothermal method. The
effectiveness of this composite against two bacterial strains,
E. coli, and S. aureus, was tested. The findings revealed that
adding GQDs increased electron-hole pair production (Fig. 19a).
As a result, TiO,/GQD demonstrated superior antibacterial prop-
erties compared to pure TiO,. Empty GQDs had an MIC of 0.5
and 0.1 for S. aureus and E. coli, respectively.'*

Adding GQDs to Sb,S; improves its performance through
the exact MIC mechanism. Sb,S; exhibits MICs of 0.3 and
0.09 for Staphylococcus aureus and E. coli, respectively, while
Sb,S;/GQD shows MICs of 0.2 and 0.07 for Staphylococcus
aureus and E. coli, respectively. Lastly, MICs of 0.03 and 0.1
were obtained for E. coli and Staphylococcus aureus, respectively.
These highest antibacterial properties are due to the ability of
Sb,S; and GQD to act as a sensitizer and help TiO, produce
holes and more electrons (Fig. 19b). The initial stage involves
generating pairs of electrons and holes. The electron found in
the conduction band can reduce TiO,, GQDs, and Sb,S; to form
superoxide radicals (*O>7). Additionally, the holes in the
valence band of TiO,, GQDs, and Sb,S; can interact with H,O
or OH  adsorbed on the composite surface, creating °OH,
H,0,, and *HO,. Ultimately, the electron-hole pairs produced
and active oxygen species formed from their reaction with OH-,
H,O0, and O, result in bacterial decomposition.'*® As shown in
Fig. 19¢, there is a decline in bacterial growth as the irradiation
period increases until there is almost no growth observed after
24 hours.*®

In another study, the effect of the shape of oxide nano-
particles on their antimicrobial and photocatalytic virtues was

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

investigated. Zinc oxide (ZnO) nanorods and ZnO nanoflakes
were connected to GQDs through coalescence to form ZnO-
NRs@GQDs or ZnO-NFs@GQDs nanohybrids, which were
tested against S. aureus, P. aeruginosa, E. coli, and B. cereus.
The results of the zone of inhibition (ZOI) areas are depicted in
Fig. 20, where ZnO-NR nanohybrids exhibited better antimicro-
bial properties and provided better internalization possibilities.
The maximum ZOI area for ZnO-NRs@GQDs against S. aureus
(40 + 2 mm®) was observed compared to E. coli (37 + 2 mm?) for
ZnO-NRs@GQDs. On the other hand, the minimum inhibitory
area for pristine ZnO-NRs against E. coli (11 + 2 mm?) was
tested."*?

CDs have plenty of hydrophilic carbonyl and carboxyl groups
on their surface, which benefits their uniform dispersion in
water. In addition, these surface functional groups have an
immense tendency to get attached to the pendant polar groups
that are present in polymers. Furthermore, these functional
groups help in easing the membrane fabrication process while
incorporating CDs into polymers and provide better membrane
performances."® Mixed matrix nanocomposite membranes
(MMNMs) are produced by incorporating engineered nano-
particles (ENPs) into the polymer matrix using one of the
following techniques: electrospinning, interfacial polymeriza-
tion (IP), physical coating, phase inversion, self-assembly or via
layer-by-layer assembly.*>>7*%7

The exceptional dispersion in water, small size, and high
removal efficiency make GQDs a potential nanofiller for thin
film composite membranes (TFNs). The hydrophilic GQDs in
the nano-ionic phase can significantly enhance the proton
conductivity of the membrane. As a result, GQDs are ideal for
absorbing water molecules and creating shorter diffusion paths
or reducing entanglement in membranes. This is due to their
small pore size, which is suitable for producing nanocomposite
membranes with desirable water permeability.”®"*° The removal
efficiency of the composite membrane depends on (a) membrane

Mater. Adv., 2023, 4, 4272-4293 | 4287
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Fig. 20

Inhibitory effect of ZNO-NFs, ZNO-NRs, ZnO-NRs@GQD, and ZnO-NFs@GQD on Mueller Hinton agar plates tested against S. aureus, E. coli, B.

cereus, and P. aeruginosa. Reprinted with permission from ref. 153. Copyright (2020) Elsevier.

functioning properties such as transmembrane pressure and
water flux; (b) membrane characteristics including the size of
the pores size, surface charge, and hydrophobicity; and (c) the
emerging physicochemical features of the pollutant (e.g., polarity,
charge, size, and solvency)."®

In a study, TFN membranes were produced with GQDs to
increase water permeability and anti-fouling properties.'®* TFN
membranes were made with 2 nm GQDs through piperazine IP
and trimesoyl chloride. GQDs were added to the membranes as
aqueous additives. For the supporting membrane, poly(ether
sulfone) was added. The addition of small GQDs effectively
regulated the structure of the membrane, the roughness of the
surface, and the water resistance of the formed TFN
membranes.”” In this study, the anti-fouling properties of
the produced membranes were evaluated using humic acid
(HA), bovine serum albumin (BSA), and oil emulsion as model
fouling agents in a dead-end filtration test. Time-dependent
water fluxes are plotted in Fig. 21. During the filtration of
fouling solutions, due to the adsorption and deposition of
foulants on membrane surfaces, water flux had a rapid
decline.’®* The flux of the GQDs/PIP-TMC TFN membrane
(3#) declined more sharply than that of the PIP-TMC NF
membrane (0#) due to the concentration polarization caused
by high flux. After a certain period of operation time, the flux
tended to stabilize. This could be interpreted from the dynamic
equilibrium of the foulant adsorption.'®" The results showed

4288 | Mater. Adv., 2023, 4, 4272-4293
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Fig. 21 The time-dependent flux of the PIP-TMC NF membrane (#0) and
the GQD/PIP-TMC TFN membrane (#3) during the filtration of HA, BSA,
and emulsified oil solutions.*®* Reprinted with permission from ref. 161
Copyright (2018) Elsevier.

that polyamide GQD-TFN membranes can achieve constant
water flux under severe fouling conditions."*

Polymerization of GQDs and TMC was used for engineering
nanofiltration membranes through ultrafiltration (UF) membrane
pores and thermal treatment. After engineering the GQD pores,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 22 Water flux and dyes removal percentage for PVC/GQD mem-
branes. Reprinted with permission from ref. 162. Copyright (2019) Elsevier.

many GQD nanoclusters in UF membrane pores can control the
UF membrane contraction during thermal treatment so that water
flux increases significantly with increasing pore diameter (Fig. 22).
Integration of GQD nanoparticles into the membrane structure
with a loose surface structure provides additional pathways for
increasing permeate flux. The cavities between GQD nanoclusters
with smooth and frictionless surfaces transform water transfer
channels through PES/GQDs-TMC NF membranes, and the size of
nano-channels increases with the increasing amounts of GQDs."**
The results showed that the NF membrane improved water flux
and rejection attributes for alcian blue (AB), orange II (OGII), and
congo red (CR), while Na,SO, enhanced it. The rejection rates for
AB and CR were more than 90%, which could be due to the
physical separation via membrane nano-channels and potential
repulsive forces between the dye molecules and the membrane
surface. The study found that increasing GQDs from 0.6 to 0.1 wt%
led to a reduction in OGII and MB rejection rates from 91.2 to
72.6% and 92.2 to 79.4%, respectively.*®

Vatanpour and colleagues have investigated the potential
use of GQDs as a water-friendly nanofiller to enhance PVC-
based nanofiltration membranes. The water-friendliness of the
membrane improved with increasing amounts of GQDs due to
the presence of functional groups on the surface of GQDs,
which also helped improve permeability. Additionally, adding
GQDs can help increase color absorption in the membrane
matrix. However, the results showed that color fading in PVC
membranes mixed with prepared GQDs did not improve. Never-
theless, properties such as anti-fouling and permeability
improved color removal ability, resulting in high membrane
efficiency."™®

Conclusion and outlook

GQDs provide a possible solution for combating pollutants that
contaminate drinking water resources. Water treatment plants
must utilize cost-effective, sustainable, and environmentally
friendly technologies. All of these features are compatible with

© 2023 The Author(s). Published by the Royal Society of Chemistry
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GQDs. To make GQDs, raw materials such as graphite, ascorbic
acid, citric acid, carbohydrates, plant sources, glucose, lignin
waste, fruits, and ammonium citrate are used. However, the
production of GQDs from sustainable materials should be
encouraged due to their cost-effectiveness, widespread avail-
ability, low toxicity, and environmental compatibility. GQDs
can be obtained using various artificial methods, with the
hydrothermal method being the most popular choice due to
its low energy consumption, low cost, and one-step prepara-
tion. Despite requiring a long heating time of 8 to 12 hours, this
method does not necessitate any purification procedure as the
resulting product is highly pure and water-soluble. This review
article assesses the potential of GQDs for wastewater treatment
owing to their excellent biocompatibility, strong fluorescent
effect, high photochemical stability, and low toxicity. Incorpor-
ating GQDs into nanocomposites has led to improved efficiency
in removing various pollutants. GQDs have also been used in
membrane technology either by embedding into membranes or
by covalently linking to polymers. Incorporation of GQDs into
the membrane matrix improves the efficiency of the treatment
of dyes, the membrane characteristics, and their antimicrobial
properties. The antimicrobial properties of GQDs could be
exploited further in the disinfection of wastewater as an alter-
native step to chlorination. GQDs have also been evaluated in
the adsorption of heavy metals in wastewater. Companies must
have accurate management and enhancement of GQD quanti-
ties to guarantee their effectiveness in eliminating pollutants in
various nanocomposites. Although there have been encoura-
ging developments in GQD-based nanostructures, further
efforts are necessary to ensure the creation and employment
of these substances in extensive usage. Industrial methods have
not yet been able to produce GQDs with uniform size and
surface performance, and creating synthetic pathways that
ensure appropriate distribution in the nanocomposite matrix
remains a challenge. Once these restrictions are addressed, the
full potential of GQD utilization for wastewater treatment can
be fully realized.

Abbreviations

GQD Graphene quantum dot

ILs Ionic liquids

QD Quantum dot

CA Citric acid

AB Alcian blue

QY Quantum yield

TC Tetracycline

BPA Bisphenol A

MO Methyl orange

MWCNTSs Multiwall carbon nanotubes
HA Humic acid

uv Ultraviolet

BCN Bacterial cellulose nanopaper
CF Carbon fiber

CNTs Carbon nanotubes
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T™MC Trimesoyl chloride

Bf Bamboo timber waste

NTs Nanotubes

mpg-C;N, Mesoporous graphitic carbon nitride
EFB Empty fruit bunches

GO Graphene oxide

DMF N,N-Dimethylformamide

PL Photoluminescence

CR Congo red

OGII Orange II

PLA Pulsed laser ablation

UF Ultrafiltration

MIC Minimum inhibition concentration
RhB Rhodamine B

PEI Polyethylenimine

BSA Bovine serum albumin

AFB, Aflatoxin B,

Qs Quartz sand

NF Nanofiltration

TFN Thin film nanocomposite

Z01 Zone of inhibition

PLAL Pulsed laser ablation liquid

NPs Natural waste precursors

N-GQDs Nitrogen-doped graphene quantum dots
OPEFB Oil palm empty fruit bunches
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