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Environmental significance

Green synthesis of a magnetite/graphitic carbon
nitride 2D nanocomposite for efficient Hg?*
remediationt

Raghuraj Singh Chouhan, @*2 Jan Gacnik,® Igor Zivkovi¢, @42°
Sreekanth Vijayakumaran Nair,?® Nigel Van de Velde,© Alenka Vesel,® Primoz Sket,®
Sonu Gandhi,*" lvan Jerman @ * and Milena Horvat*®

Novel nanoadsorbents demonstrate the potential to efficiently eliminate harmful substances, such as Hg?*,
from the environment while preserving ecological balance. However, the search for environmentally-
friendly nanomaterials as ideal adsorbents, as well as the development of suitable synthesis protocols,
remains a challenge. This study presents an effective thermal-sonication technique for producing unique
de novo tris-s-triazine carbon nitride nanosheets decorated with magnetite nanoparticles (M-g-CN). The
structural integrity and chemical properties of the M-g-CN nanocomposite were extensively characterized
using a battery of analytical instruments, including FTIR, SEM, TEM, XRD, XPS, AFM, Raman, and NMR. The
obtained data, along with the analysis results, are discussed in detail. The novel synthesis method yields a
high percentage (97.7%) of stable, highly selective, and reusable M-g-CN (40 mg mL™). The resulting M-g-
CN effectively binds Hg?*, with binding efficiencies of 96.0%, 97.5%, 98.2%, and 99.4% for Hg*>"
concentrations of 50 pg mL™ in marine, stream, precipitation, and ultra-pure matrices, respectively. Also,
the magnetite-decorated particles can be easily retrieved using an applied magnetic field. This greener and
scalable synthesis method does not require harsh chemicals, making it cost-effective, eco-friendly, and
non-toxic compared to other technologies such as carbon filters, ion exchange resins, chemical
precipitation, membrane filtration, electrochemical methods, and biological remediation. Overall, the
synthesized M-g-CN exhibits wide-ranging potential applications, particularly as a green adsorbent in
passive samplers or materials for remediation purposes.

Mercury is considered one of the top ten most hazardous chemicals, posing a significant threat to public health. Fortunately, several international
directives regulate mercury emissions, with the Minamata Convention (2013) being the most well-known. However, a need remains to develop new
technologies that can safely capture mercury until the impact of such regulations on anthropogenic Hg emissions can be observed. This need has

stimulated our research into the green synthesis of magnetite-decorated graphitic carbon nitride (M-g-CN) nanocomposites, which are highly effective at
capturing and removing inorganic mercury from various aqueous matrices. The material's unique magnetic properties enable easy separation from the
water matrix using strong magnets, thereby facilitating mercury removal. Additionally, the material can be reused multiple times.

“ Department of Environmental Sciences, JoZef Stefan Institute, Jamova Cesta 39, 1 I ntI‘Od UCtIOn

1000 Ljubljana, Slovenia. E-mail: raghuraj.singh@ijs.si, milena. horvat@ijs. st

? Jozef Stefan International Postgraduate School, Jamova Cesta 39, 1000 Ljubljana, The industrialization of society has many negative ecological
Slovenia

¢ National Institute of Chemistry, Hajdrihova 19, 1000 Ljubljana, Slovenia.

E-mail: Ivan.Jerman@ki. si

consequences, including releasing toxic elements into the
environment."” One such element is mercury (Hg), a highly
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geological activities.*” Human activity also releases significant
amounts of mercury into the environment. For example, 2200
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atmosphere in 2015 alone.® Anthropogenic sources include
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cement production plants, artisanal gold mining, coal burning,
metal production, and during the chlor-alkali process.”™

In the environment, mercury is present in several
chemical forms, the most common being inorganic mercury
(iHg/Hg”"), gaseous elemental mercury (GEM or Hg(0)), and
monomethyl mercury (CH;Hg', denoted here as MeHg). The
primary route of human exposure to Hg(0) is inhalation,
while iHg and MeHg are mainly ingested through food
consumption. The organic Hg species can also bioaccumulate
and become biomagnified up the food chain to levels that
potentially risk the well-being of humans® and wildlife."

At present, mercury emissions are regulated by different
directives such as the EU's industrial emission, air quality,
waste incineration regulations (2010/75/EU, 2004/107/EC,
2000/76/EC), and globally through the Minamata Convention
(2013), which 128 countries have now signed."" Nevertheless,
given the inability to observe the effects of reduced
anthropogenic Hg emissions/releases, it is crucial to develop
new technologies for capturing mercury from the aquatic
environment for remediation and monitoring. As a result,
this requirement has stimulated researchers to design and
synthesize novel adsorbent materials.">™"°

Several technological approaches have been developed
and implemented to capture toxic metals, including ion
exchange, membrane filtration, extraction, reverse osmosis,
adsorption, and irradiation.’>'” Among these, adsorption is
considered the best option because of its cost-effectiveness,
efficiency, ease of preparation, and eco-friendly properties."®
Such materials include clay minerals, polymers, nanowires,
composites, metal-organic framework and zeolites.'*>*
Despite this, eliminating harmful ions remains challenging,
and much research has gone into improving the material
properties of adsorbents. One approach in this direction
involves capitalizing on the interaction between thiol groups
(-SH) and mercury to develop various adsorbent materials."®
Several groups reported -SH-based adsorbent materials,
including clays,> activated charcoals,”® mesoporous silica,””
cross-linked materials, and poly-ethyleneimine.”® These
materials show excellent binding properties but lack a
relatively high surface area, functional groups, and small
pore sizes. Hybrid nanomaterials have gained the attention
of researchers in recent years for removing toxic metals form
aqueous matrices, due to their unique properties and
enhanced performance.” > However, cost, scalability,
stability, selectivity, regeneration, disposal and performance
in complex aqueous matrices limits their widespread
applications. Similarly, other materials investigated include
porous organic polymers (POPs),**** carbon-based magnetic
nanocomposites,®  silver,®® and different polymers.*’
Although promising, these materials also have limitations,
notably toxicity, precise control of surface properties and
polymer size, the viability of commercial-scale production,
trace-level detection, and coating concerns. Research has also
focused on using 2D nanomaterials, such as MoSe,, MXene,
graphene, carbon nanotube, and C60 fullerenes.***>
However, their preparation is far from green, requiring
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chemical solvents and energy, substantial
environmental impacts.

Tris-s-triazine nanosheets are among the preferred 2D
nanomaterials that have found a niche in environmental
applications, particularly for detecting various substances in
aqueous matrices.”® Graphitic carbon nitride belongs to the
graphene family and has a relatively high surface area,
porosity, high density of active surface sites, earth-abundance,
and few surface defects and, as such, is considered a greener
alternative (non-toxic and metal-free).***> However, layered
nanosheets prepared from the bulk counterpart have superior
properties. Due to their structural and physical properties,
mechanical strength, electronic and thermal characteristics,
and optical nature, they have emerged as a novel class of
materials, enabling them to serve as excellent adsorbents."®
Also, the makeup ligands in pristine g-CN (NH,/-NH/-N)
readily interact with metal ions via complexation by the lone
pair of electrons on the nitrogen.*’

Pioneering work on synthesizing g-CN has created a stable
material for adsorbing mercury,*® although any practical
applications will require an efficient way of removing the
adsorbed mercury from large sample volumes (>500 mL). A
practical solution could be incorporating iron oxide into g-
CN, making it magnetically retrievable. However, such an
approach would necessitate a straightforward and cost-
effective technique for synthesizing a magnetite/g-CN (M-g-
CN) material nanocomposite with a high density of binding
sites.

In this paper, we describe the development of a de novo
strategy for preparing M-g-CN based on a thermal-assisted
sonication process. The method produces an exceptionally
high-affinity adsorbent material capable of efficiently
capturing Hg*" in various aqueous matrices with a minimum
sample load of 40 mg of M-g-CN per mL. The novel synthesis
method provides a high yield (97.7%) of adsorbent highly
selective towards mercury ions. This study presents a proof-of-
concept for utilizing M-g-CN as a highly effective adsorbent for

leading to

Synthesis procedure

B 1 ,JS}:»&D)))SE:JSI

=~ Nanosheet

¢

Thermal assist
sonication

Scheme 1 Steps involved in preparing M-g-CN. Synthesis procedure:
starting with a melamine monomer includes creating a bulk structure,
exfoliating nanosheets with defined layers, and finally decorating the
nanosheets with magnetite nanoparticles. Remediation: adsorption of
Hg?* with M-g-CN in aqueous media. The JSI logo indicates a change
in the product's colour (yellow to black) during the synthesis process.
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capturing mercury from aqueous matrices. The process for
preparing and capturing mercury is illustrated in Scheme 1.

2. Material and methods
2.1. Synthesis of g-CN nanosheets from monomer

All reagents were analytical grade and obtained from Sigma-
Aldrich. The synthesis protocol to prepare g-CN starts with
heating melamine at 550 °C, with 6 g of melamine placed in
the ceramic container and covered with another ceramic unit.
The sample was then placed in a carbonite hot tube furnace
with an optimized heating program: room temperature (RT)
— 100 °C, at 2 °C min?, 30/, (ii) 100 °C — 350 °C, at 2 °C
min~", 2 h, (iii) 350 °C — RT at 5 °C min"". The product was
then placed in a mortar and ground to a powder. The
powdered sample was then placed back in the oven with
further heating: (i) RT — 100 °C, at 2 °C min ™", 30/, (ii) 100 °C
— 590 °C, at 2 °C min™", held 4 h, (iii) 590 °C — RT, at 5 °C
min~'. To prepare the g-CN nanosheets, 1 g of the above-
prepared powder was dissolved in 25 mL of 10 M HCI solution
and mixed for 4 h at RT. The solution was then filtered (0.45
pm) and dried overnight at 105 °C. Next, 100 mg of the dried
sample was dispersed in 200 mL of ultra-pure water by
sonicating the solution for 2 h at RT. The sample was
centrifuged at 3000 rpm for 15 min. The supernatant was
carefully removed, and the suspension was transferred to a
clean flask. After removing the water by distillation or using a
rota evaporator, the product was dried overnight at 105 °C.

2.2. Fabrication of tris-s-triazine carbon nitride nanosheet
decorated magnetite nanoparticles

Magnetite-decorated nanosheets were prepared according to
the methods reported in the literature and incorporated a
modified sonication step to create a uniform distribution of
magnetite on the surface of the nanosheets.**>! This method
produces a high yield of M-g-CN (97.7%) with minimum loss
compared with other synthetic methods. The method
involved mixing the FeCl;-6H,O in a polymer blend using
ultrasound nebulization for 10 min at 50 °C. Sodium acetate
powder was added, and the mixture was sonicated for 10 min
at 50 °C in 70% hexamethylenediamine (HMDA). The
solution was then further sonicated for 30 min at 60 °C. The
as-synthesized g-CN was added, and the mixture was further
sonicated for 3 h at 60 °C. The solution was transferred to a
Teflon vial and autoclaved (hydrothermal process) at 175 °C
for 7 h. The solution was then allowed to cool at RT,
centrifuged at 10000 rpm for 10 min with rinsing using
deionized water (3x) and absolute ethanol (3x) and collected
by external magnetism. The solution was then dried
overnight at 80 °C. The final black-coloured product was
stored in an air-tight container.

2.3. Characterization of materials

The as-prepared samples (g-CN and M-g-CN) were analyzed
using Fourier transform infrared spectroscopy (FTIR), Bruker

2660 | Environ. Sci.. Nano, 2023, 10, 2658-2671

View Article Online

Environmental Science: Nano

IFS 66/S. X-ray diffraction (XRD) spectra of powdered samples
were obtained according to standard procedure and recorded
using a high-resolution XRD diffractometer (Malvern
Panalyticalal X'Pert3) at a wavelength of CuKo,; = 1.5407 A.
Morphological features of the materials were examined using
scanning electron microscopy (SEM), tunnlelling electron
microscopy (TEM - Joel), and atomic resolution scanning
transmission electron microscopy (STEM, ARM 200 CF).
Atomic force microscopy (AFM, Witec alpha 300) was used to
calculate the thickness profile and height of the nanosheets.
In addition, the WITec alpha 300 microscope, which enables
single spectra and Raman image measurements, was used to
determine the nanosheets chemical structure.

X-ray  photoelectron  spectroscopy (XPS, Physical
Electronics Inc., model TFA) was used to study the material's
chemical configuration and elemental makeup. During
experiments, the XPS chamber pressure was maintained at 6
x 107 Pa. The target (200 to 300 mm?) was excited using a
monochromatic source (AlKa, ,) at 1487.6 eV. Photoelectrons
released during the process were determined at 45° normal
to the surface. The energy used for resolution was set to 0.5
eV with 187.84 eV pass energy to acquire the survey scan of
the samples. The C1 spectra were recorded with 29.34 eV
pass energy and 0.124 eV pulse energy step, and the XPS
spectra were recorded and analyzed with MultiPak v 8.1
software, Physical Electronics, Japan.

Standard symmetrical Shirley background subtraction was
used for spectra fitting using the Gauss-Lorentz-based
function. The surface area, pore size, and nitrogen
adsorption were recorded using Brunauer-Emmett-Teller
analysis, (BET), Micromeritics Instrument Corp.

All solid-state NMR experiments were conducted using an
Agilent Technologies NMR System 600 MHz NMR spectrometer
with a 3.2 mm NB Double Resonance HX MAS Solids Probe.
Cross-polarization (CP) and magic-angle spinning (MAS)
techniques were employed for "*C and "N experiments, with
high-power proton decoupling during acquisition. Spectra were
recorded at a spinning rate of 16 kHz for **C measurements
and 10 kHz for "N measurements. Chemical shifts for *C and
>N were referenced to tetramethylsilane and nitromethane,
respectively.

2.4. Production of the ’Hg radiotracer

Mercury, enriched with 51% '°°Hg, was procured from Isoflex
(San Francisco, USA). The use of '*’Hg radiotracer eliminates
the risk of sample contamination. Acidified enriched "°Hg
was placed in a quartz ampoule, sealed, and irradiated for 20
h in the reactor core central channel (250 kW) of a TRIGA
Mark II research reactor (Fig. S1, ESIT). The *“Hg radiotracer
was produced in the reactor core using a high flux of
neutrons (10" n cm™ s7'). Before irradiation, the
concentration of Hg in the solution was calculated using Hg-
201 (Sanso Seisakusho Co., LTD). A concentration of 100 ug
mL™" was used as a reference. The Hg solution was
appropriately diluted to the required concentrations to study

This journal is © The Royal Society of Chemistry 2023
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nanomaterial binding. The detailed Experimental procedures
and determination of '’Hg using a gamma detector for the
testing and binding efficiencies of M-g-CN are provided in
the ESL}

2.5. Procedure for testing the binding efficiency of M-g-CN

2.5.1. Experimental procedure. A magnetic nanomaterial
(40 mg) sample was weighed into a clean and dry 10 mL
Teflon centrifuge vial. Then 3 mL of 75 pg mL™" "7Hg**
solution (neutral pH, MQ water) was added. The centrifuge
vial was then shaken for 1 h. After shaking, the precipitate
was separated from the supernatant using a neodymium
magnet (N35/Ni; magnetic induction 0.5 T). Two mL of
supernatant were transferred into a vial and diluted to 8 mL
with MQ water. The remaining supernatant (1 mL) was mixed
with concentrated HCl (3 mL) to leach '*7Hg*". After 20
minutes, the supernatant was centrifuged at 3200 RPM for 5
min. The leftover supernatant (1 mL) was removed, and
concentrated HCI acid (3 mL) was added again following the
previous procedure. Three measurement vials were obtained:
(1) supernatant, (2) first acid precipitate, and (3) second acid
precipitate. The samples and the remaining '*’Hg>" were
then measured using a gamma well detector (section 2.5.2).

Scheme 2 demonstrates the purpose of acid leaching
instead of directly measuring the precipitate. Acid leaching
resulted in a lower apparent activity than measuring the
precipitate since more gamma and X-rays can escape from
the detector due to the different sample geometries. Also,
standards for gamma well measurements can be obtained
only in solution, not precipitation.

Since the activity of the leftover '>’Hg?" in the precipitate
after double leaching was minimal (<1% of the activity
obtained before leaching), the measurement error originating
from the above-described geometry discrepancy is small and
can therefore be neglected.

2.5.2. Determination of '’Hg using gamma detector.
Standards preparation for gamma detector experiments were
in triplicate with a total volume of 8 mL containing 2%
HNO; and later shifted to the vials for measurements. In
order to be consistent within the measured activity of the
samples, standard solutions should dilute every time prior to
the analysis. The X-rays and y-rays activities in the standard
solutions were in vials analyzed using an HPGe detector with
high germanium purity.

197ngin acid leach solution 197Hg“in precipitation

y - rays
= | = y - rays
= ==

WELL DETECTOR WELL DETECTOR

Scheme 2 Schematic illustrations of °’Hg?* in acid leach and
precipitation measurement, the effect of different geometries on the
activity measurement.

This journal is © The Royal Society of Chemistry 2023

View Article Online

Paper

Peak areas were used to determine the concentration of
Hg in the samples by comparing X and y-ray emissions in
the form of two doublet peaks at 67.0 and 77.3 (68.8 keV and
77.9 keV). The activities obtained during the analysis were
recalculated based on the reference time using eqn (1),
derived from the law for radioactive decay (exponential) of
the substrate. Eqn (1) was used to calculate both the activity
(4o) of the reference time of the sample and the standard.
The mercury recovery from the M-g-CN nanocomposite was
calculated according to eqn (2).

197

In2
Asample x 4
2

AO,sample =
_ <tpassed X In 2) _ (tmeasurement X In 2)
t1 [5%
e 2 x|1l-e 2

A m
R— 0,sample % Hg,std.
Ao std.

X f dittution X 100 (2)

MHg sample

where:

A, = activity of sample ¢ = 0 [Bq]

A, = activity at reference time ¢ = 0 [Bq]

Agample = activity of sample during analysis [Bq]
t = half-life (**’Hg) [s],

tpassed interval between ¢ =
measurement [s]

tmeasurement = time passed during the measurement [s]

R = recovery [%]

Myg,sta. = Mass of He in standard solutions [pg]

Myg, sample = Mass of Hg in the sample, assuming 100%

recovery [pg]
Saillution = dilution factor.

0 and the start of the

3. Results and discussion
3.1. Material synthesis and chemical properties

A densely packed distribution of magnetite on g-CN
nanosheets was obtained using a series of thermal and
sonication steps to produce M-g-CN in a high yield (97.7%).
FTIR and XRD were used to study the signature details of
¢-CN and an impregnated M-g-CN nanocomposite decorated
with Fe ions. The FTIR spectrum shows broad peaks between
3240-3500 cm™' with N-H/O-H bonds characteristic of its
stretching vibration (Fig. 1a).”> The peak at 806 cm™' was
assigned to the tris-s-triazine heptazine ring and showed a
characteristic bending out-of-plane vibration,*® whereas
peaks between 1147 and 1632 cm = have signatures
characteristics of s-triazine by-products.”® The spectrum of
M-g-CN has similarities with g-CN except for a peak at 564.7
em™, which relates to Fe-O stretching (Fig. 1a).>* XRD
analysis of the M-g-CN crystalline structure revealed peaks at
26 = 12.8° and 27.26° resembling the structural features of
tris-triazine interplanar units (001) and aromatic system
(002), respectively (Fig. 1b).

Environ. Sci.. Nano, 2023, 10, 2658-2671 | 2661


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3en00367a

Open Access Article. Published on 01 de juliol 2023. Downloaded on 18/2/2026 21:27:32.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

View Article Online

Environmental Science: Nano

(a) g-CN (b) =
\ /-’Y N ——g-CN
o / - —— M-g-CN
2 Wl / 3
8 Wy s
8 A 2
-*g M-g-CN A 2 . | @ & i
© =0 :
= NH/OH
C-N-C \ A A
Fe-O :
3600 3000 2400 1800 1200 600 10 20 30 40 50 60 70
Wavenumber (cm™) 2Theta [°]
(c) N=C-N g-CN (d) »
z g-CN
= _ K4
s 5 P Y
> cc < °
‘@ - 2§ 3
g cCaym  MoCN 2 & & M-g-CN
£ k5 :e\ 2
c
N=c.n  C-OH = AN o
oo Pl N
L]0
290 288 286 284 282 800 600 400 200 0
Binding energy (eV) Binding energy (eV)

Fig. 1 Crystalline and phase studies of as-synthesized g-CN and M-g-CN (a) FT-IR spectra showing different functionalities of the samples with
distinct characteristics. (b) XRD pattern of samples. (c) High-resolution C1 spectra. (d) Survey profile with an arrangement of elements.

The XRD pattern of the M-g-CN reveals peaks with
different indices (220), (311), (400), (422), (511), and (440),
which are best aligned with the magnetized particles
(Fig. 1b).>>® The M-g-CN spectra exhibit a distinctive peak
corresponding to the graphitic backbone of g-CN, indicating
the successful loading of magnetite on the nanosheets. This
observation is consistent with the findings of Kim et al,’®
who demonstrated that the sonochemical method results in
a spinel magnetite crystal structure.

To further assess the structural integrity and chemical
species associated with their structures, Raman and XPS
profiles were obtained to confirm the preservation of the
transformed M-g-CN. As depicted (Fig. S2a, ESIT), the D and
G bands of g-CN are at 1358 cm™ and 1594 cm™, which
represents A;, of the sp’ carbon atom of disordering
graphitic nature with in-plane vibration of sp* carbon atom,
and E,, vibration with k, showing that the sample is
amorphous.®” However, the graphitic carbon nitride structure
is more complex than graphene, and obtaining signals from
the triazine-based structure is challenging. Therefore, Raman
mapping was performed at different regions of the g-CN
nanosheets with defined thicknesses to integrate D and G
peaks. Contrary to g-CN, M-g-CN shows characteristic bands
at 214, 279, 379, 483, and 583 cm ! corresponding to
magnetite,”® while a flattened peak at 1267 cm™' resulted
from the unique characteristics of C-N, ie., the successful
arrangement of magnetite on the g-CN nanosheets. The
intensities of D and G bands are very low and barely visible
in the M-g-CN spectra because of magnetite's anchoring and
masking effect over the surface of the g-CN (Fig. S2a, ESIT).

2662 | Environ. Sci.. Nano, 2023, 10, 2658-2671

The surface chemical compositions of g-CN and M-g-CN
were further investigated using XPS (Fig. 1c and d and S2b,
ESIt). The deconvoluted C1s, N1s, and survey XPS spectra of
¢-CN and M-g-CN are shown in Fig. 1c and d and S2b, ESLf
They reveal almost identical surface chemistries, except for
some functional groups present on M-g-CN due to the
involvement of cross-linking agents during synthesis. The
C1s spectrum peaks in the samples were deconvoluted at
284.91 and 288.32 eV, resulting from graphitic surface
adventitious carbon (C-C) and sp® carbon in tri-s-triazine
(N=C-N), respectively.”® The N1s spectra are deconvoluted to
peaks at 398.4 eV, 399.8 eV, and 400 eV (Fig. S2a, ESIf). The
peak at 398.6 eV relates to the sp>-N in triazine (N=C-N);
however, a second peak at 400.1 eV can be ascribed to a
tertiary N in N-(C);/N bonded to H. The presence of
functional moieties (C-NH) is confirmed by the peak at 401.1
eV, which generates from the aromatic melon structure of
triazine as imperfect condensation. It was also shown that
the tri-s-triazine units are interconnected with amino groups
between the sheets.*® Survey spectra of the samples pertain
to the availability of carbon (C), nitrogen (N), oxygen (O), and
iron (Fe) peaks (Fig. 1d), with two peaks for M-g-CN that
correspond to Fe 2py,, (723.5 eV) and Fe 2pg, (710.0 eV).>®

3.2. Spatial distribution topographies and molecular
structure analysis

The nanosheet height profile and thickness associated with
the as-synthesized g-CN (Fig. 2a and b) were performed using
atomic force microscopy (AFM). The nanosheets are highly

This journal is © The Royal Society of Chemistry 2023
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Fig. 2

(@) AFM image of g-CN nanosheet with sectional profile measurement showing height and thickness profiles (nm). (b) AFM images of

nanosheets with respective height profiles at different locations. (c) Solid-state **C NMR spectra of as-prepared g-CN and its idealized structure

showing heptazine tectonic units.

concentrated and dispersed in the sample with an average
thickness obtained from three AFM image cross-sections of
about 1.0, 1.1 and 1.2nm (Fig. 2b), corresponding to
approximately 2-4layers. The g-CN nanosheets have an
average thickness of about 1.1 nm.*

Statistical studies on the thickness of g-CN nanosheets by
measuring  different places confirm this observation
(Fig. 2a and b). Further, the structure of tris-s-triazine was
studied using *C cross-polarization magic-angle spinning (CP-
MAS) NMR to identify the integrity of the chemical structure.®"*>
It can be seen that the sample, two peaks at 155.52 and 164.96
ppm correspond to the C; of N—C-N, and C, of N—C-N(NH,)
in heptazine structure in the corrugated g-CN melon networks,
respectively, and the black asterisks denote spinning sidebands
(Fig. 2¢).%*®* These assignments agree with g-CN "*C NMR,*
further indicating that the g-CN nanosheets comprise heptazine
tectonic units of the solid-state NMR spectra.

3.3. Morphological studies

High-resolution transmission electron microscopy (HRTEM)
was used to examine the morphological and microstructural
integrity of g-CN and M-g-CN. Comparative images of bare
magnetite, g-CN nanosheets, and M-g-CN, along with their
corresponding selected area electron diffraction (SAED)
patterns, were analyzed in detail (Fig. 3). The resultant
images show how the magnetite nanoparticles arranged on
the TEM grids are visible as clusters, irregularly faceted and
floccules. (Fig. 3a-d). The particles are distributed evenly with
maintained spherical morphology. The TEM images of g-CN
indicate well-distributed slices arranged in a pile of blanket

This journal is © The Royal Society of Chemistry 2023

sheath stacking on the surface like randomly oriented
graphene-like layers, which are relatively smooth in
appearance (Fig. 3e-g). Few layered g-CN nanosheets with flat
surfaces visible with peculiar transparent sheet-like
appearance and layered bundles on the TEM grids
(Fig. 3f and g). The selected area in the HR-TEM image
(Fig. 3h) displays a complete diffraction ring corresponding
to the representative (001) plane of g-CN. It was observed as
six dots from the fast Fourier transform (FFT) image
(Fig. 3h, inset image), which resembles g-CN triazine layers.
As indicated in the TEM image of M-g-CN (Fig. 3i and j), the
well-defined magnetite is randomly anchored on the surface
of g-CN, and no hard aggregation was observed without free
nanoparticles outside the g-CN nanosheet, which prevents
the possible agglomeration of magnetite nanoparticles.®®
This fact allows the nanosheets to serve as a substrate for the
attachment/growth of magnetite particles.

Moreover, an average diameter of 15.5 nm with an
interplanar distance of d = 0.27 nm and 0.50 nm (Fig. 3k)
indicates the presence of (311) and (111) planes of magnetite
crystals.®®"®® The SAED pattern confirms that M-g-CN has
better stability and crystallinity than bare g-CN, mainly
because of the anchoring of the magnetite particles on the
¢-CN nanosheet surfaces, indicating the presence of
magnetite (Fig. 31). The ring patterns observed in SAED are
indexed to the (220), (311), (400), (422), (511), (440), and (553)
planes of magnetite, which is in agreement with the XRD
spectra.®” The SAED patterns exhibit diffraction spots and
rings simultaneously, implying long-range ordering of
nanocrystals on the surface of g-CN. The appearance of an
additional plane indexed of 002, equivalent to a d-spacing of

Environ. Sci.. Nano, 2023, 10, 2658-2671 | 2663
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Fig. 3 TEM and HRTEM images of FezO, were obtained at different magnifications (a-d), g-CN images showing nanosheets morphologies (e-h)
and M-g-CN (i-l). (e) Intercalated g-CN structure (f and g) layered g-CN nanosheet. (h) HRTEM image of g-CN with inset image showing a typical
FFT pattern of triazine layers of g-CN. (i and j) TEM images of M-g-CN nanocomposite. (k) The interplanar lattice spacing for Fe,O3 in M-g-CN

nanocomposite. (I) SAED pattern of M-g-CN with concentric line patterns.

0.234 nm of g-CN, in the HR-TEM image (Fig. 31) is attributed
to the distance between the layers of the graphitic
nanosheets.”® This proves the heterostructure of the M-g-CN,
where the g-CN nanosheet serves as a template to
accommodate magnetite nanoparticles in the resulting
nanocomposite.

3.4. Elemental analysis studies of M-g-CN

Elemental mapping was further utilized to examine the
formation of M-g-CN with desired and available element
compositions (Fig. 4a and b) using scanning electron
microscopy (SEM) combined with energy-dispersive
spectroscopy (EDS). The oxygen that appeared in the sample
(marked blue in the EDS mapping images) likely arises from
oxygen functionalization or moisture on the surface of the
g-CN due to using an open muffle furnace.”" Besides oxygen,
an even distribution of C (purple), N (green), and Fe (red) is
evident in the EDS colour map (Fig. 4a). Fig. 4b shows a
typical EDS spectrum of the M-g-CN nanostructure material.
The significant peaks observed around 0.61, 6.30, and 7.1
keV represent iron (Fe) and oxygen (O) energies, confirming
the strong anchoring of the magnetite particles on the g-CN
surfaces.”” The percentage composition of the four elements
of C, N, O, and Fe is 19.62 wt%, 9.96 wt%, 22.27 wt% and

2664 | Environ. Sci.: Nano, 2023, 10, 2658-2671

48.15 wt%, respectively. In brief, the images of EDS and
mapping are consistent with the XRD, FTIR, and XPS results
that support the evidence of assembly.

3.5. Investigation of g-CN and M-g-CN surface area and
binding properties

Before performing Hg”" adsorption studies, the adsorption
and surface area properties were defined. Pore size
distributions of as-prepared materials were investigated using
Barrett-Joyner-Halenda (BJH) analysis (Fig. 5a). The BJH
shows a broad peak near the 0-35 nm range as a result of
irregular pores generated from the confined voids in the
¢-CN nanosheets. The BET surface area was calculated over a
range of relative pressures (P/Py). The BET plots
(Fig. 5b and c) of g-CN and M-g-CN, with the resulting
surface area of g-CN and M-g-CN being ~19.5 and ~96.8
m> ¢, respectively. This difference is due to the
accumulation of Fe nanoparticles on the surface of g-CN.
Adsorption-desorption examination of g-CN and M-g-CN
display type-IV isotherms with hysteresis-III (Fig. 5b). The
microporous properties and large surface area favour more
binding/active sites accessible to M-g-CN.

Experiments were also performed to analyze the constraint
of M-g-CN towards trace levels of Hg** from different

This journal is © The Royal Society of Chemistry 2023
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matrices. These experiments allowed M-g-CN to adsorb Hg”*
at its near-natural environmental concentrations. For this
purpose, a '°’Hg radioactive isotope was used, and analysis
was performed using well-type high-purity germanium
(HPGe) detector. The binding mechanism of Hg>' (natural
abundance standard solution) on g-CN and M-g-CN was
investigated using the XPS (Fig. 5d and S3, ESIt). Using '*"Hg
radiotracer in the present study has benefits over
conventional Hg analysis regarding uncertainties due to Hg
carryover and blank measurements. This is not the case with
7Hg radiotracer, as the Hg isotope is absent naturally.
Hence, the analytical problems and uncertainties at natural
Hg levels are minimized using **’Hg.”?

The main Hg4f peak, a doublet representing spin-orbit
splitting of about 4 eV for the Hg4f,,, and Hg4f;/, states, was
observed at a binding energy of about 100.2 and 104.2 eV,
respectively, and found in the oxidizing state of mercury
(Hg**).”* Besides the peaks originating from Hg>" binding,
two more peaks appear with binding energies of 710.1 and
723.6 eV, corresponding to Fe-2p;/, and Fe-2p,,, respectively,
characteristic of magnetite (Fig. 5d).”°> These results
confirmed the successful adsorption of Hg>".

After the adsorption of Hg>" (Fig. S3, ESIT), the shift in
binding energies of C 1s, N 1s, O 1s, and Fe 2p XPS spectra
of g-CN and M-g-CN is not statistically significant, likely arise
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Fe nanoparticles.
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as a result of charging effects. Another explanation is that the
change in the local bonding environment does not cause
significant shift. It should also be noted that the amount of
adsorbed Hg is only about 0.5 at%, insufficient to cause a
noticeable shifts in the binding energy. According to the
literature, reported shifts are in the order of 0.1 eV.”®
However, in our case, this could not be confirmed.

Prior to Hg adsorption (Table S1t), the M-g-CN sample
contained significant amounts of elemental Fe, O, C and N
elements. After Hg** adsorption, the amount of Fe and O is
reduced, while the amount of C and N doubles. The reason
for this is likely rearrangement during the adsorption of
Hg”*. Since XPS is a surface sensitive technique, it can be
concluded that more g-CN components should be present at
the surface, so also Hg”" should interact with N-H and C=N
groups and not with Fe,Oj3. This observation agrees with data
from other studies investigating the interaction of Hg*" with
Fe;0, that reported no or negligible binding.*®”” 5!

3.6. Binding coordination studies with >C and >N NMR

A detailed study of the binding constraints of Hg*" with the
material was analyzed with "*C and "°N. The results revealed
that Hg®" binds to the heptazine structure of g-CN and not
the magnetite particles (Fig. $4-S6, ESIt). The Hg”" receives
electrons to form coordination centers not restricted to the
specific atomic environments but distributed about the
triazine structure. With this, Hg>" ions are organized in the
spaces with reciprocal points to lines, significantly recovering
the space consumed and increasing the adsorption volume
for M-g-CN (Table S1, ESIT). The acquisition time to carry out
3C was 0.03 s with repetition delays of 7 s. The number of
scans was 1592 for g-CN and 8656 for g-CN + Hg?". For "°N
experiments, acquisition time was 0.021 s with repetition
delays of 7 s. The number of scans was 13 008 for g-CN and
12136 for g-CN + Hg>".

3.7. Binding efficiency studies of M-g-CN

To check the binding efficiencies of as-produced M-g-CN to
adsorbed Hg>", different pH values (2-10) of the solution were
selected (Fig. 6a). The results revealed that pH significantly
influences the binding properties of M-g-CN with Hg*". The
adsorption capacity of Hg®" by M-g-CN increases from pH 2-7
and reaches a steady state rate, and it decreases over the pH
range of 7-10. The maximum binding capacity of M-g-CN for
Hg2+ was observed at pH 7; hence, this value was considered
optimal and ideal for further investigations.

A possible effect of pH on Hg>" adsorption can be
postulated by the adsorbent's zero-point charge (ZPC)
behaviour. The pH-ZPC relation of the adsorbent material
reflects the total charge on the surface of the adsorbent
material.®> When the pH of the solution is below the ZPC,
the net surface charge of M-g-CN becomes positive. Due to
the repulsive electrostatic forces, this makes it difficult for
the Hg>" to bind with the nanomaterial. However, once the
pH of the solution exceeds the ZPC, the surface charge of M-
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g-CN becomes negative, causing Hg”" ions to be attracted
towards the magnetic-bound nanosheets. This attraction is
due to the combined effects of the hydrating radii, functional
makeup, and attractive electrostatic forces. Since the ZPC of
¢-CN and M-g-CN was between ~3.8 and =4.7, electrostatic
repulsion is observed at pH values below 4.1. In contrast, at
higher pH (4.1 or more), the electrostatic repulsion changed
to the electrostatic attraction (Fig. 6a). This phenomenon is
due to the increase in pH, which results in an increased
adsorption efficiency of Hg**, as noticed through a
dramatically increased adsorption capacity (10 folds) when
pH > 4.

In addition, a competition occurred between Hg>" ion and
H" ions towards the required sites,* due to increment in pH
values, the competition state of binding sites reduced.
Henceforth, additional adsorption sites are available to the
Hg>" with increased solution pH. Consequently, as the pH of
the solution increases, adsorption efficiency is enhanced.
The compliance effects of pH on Hg?* adsorption were
studied previously.®*

The maximum binding capacity of M-g-CN (40 mg mL™")
was also investigated with different concentrations of Hg>" (1
to 10000 pg mL™") and found that M-g-CN can retain 75%
binding with higher concentrations (Fig. S7 and Table S2,
ESIt). The adsorption of Hg>" by M-g-CN with time (20, 40,
60, 80, and 100 min) was also investigated. The findings
indicate that 40 min is the ideal time for maximum
adsorption of Hg>" (Fig. S8, ESI{).

This journal is © The Royal Society of Chemistry 2023
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Fig. 7 Possible mechanism of interaction of Hg?* with g-CN with six
coordinated nitrogen atoms.

3.8. Performance evaluation of M-g-CN

In order to evaluate the efficacy of M-g-CN and assess
possible interferences from other matrices, *“Hg** was
spiked into marine, stream, precipitation, and ultra-pure
water at environmentally relevant concentrations (Fig. 6b,
Table S3, ESIt). These results demonstrate the applicability
of M-g-CN for binding mercury in various settings, from
industrial effluent to natural water bodies, where M-g-CN
could prevent the entry of mercury into the biosphere.

As an ideal adsorbent nanocomposite material, M-g-CN
should selectively capture and remove Hg>* in aqueous
matrices when other potential interfering ions are present in
their natural concentrations. Consequently, the affinity of M-
g-CN for Hg>" ions was examined based on the percent
recovery when other possible interfering ions were present in
the solution: Na*, K*, Ca**, Ag*>*, Co**, Zn**, Fe*", Mn*", Ni*",
Bi**, CI°, Br” and I" (Fig. 6¢c, Table S4, ESI{). It was worth
noting that M-g-CN can capture Hg>" efficiently with
maximum recovery with all the interfering ions in the
solution.

Furthermore, by only heating the sample, M-g-CN could
be fully regenerated due to the stability of the tris-s-triazine
framework and nanostructure chemical stability, which
remains essential for extended wusage. Under elevated
temperature, the adsorbed Hg*" is thermally reduced to Hg®,
desorbed from the M-g-CN surface, and swept away. The
adsorption efficiency of M-g-CN drops to 8.3% after nine
repeated trials. After ten rounds, Hg>* absorbance decreased
by <20% (Fig. S9, Table S5, ESI}).

Fig. 7 shows a possible mechanism of interaction of Hg>"
on the surface of g-CN. The Hg*" interacts with six nitrogen
lone pair electrons to form complex and potential binding
sites. This observation is well supported by the *C and N
CP-MAS NMR spectra (S4-S6, ESIf).

This journal is © The Royal Society of Chemistry 2023
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4. Conclusions

The work demonstrated a new “green” innovative concept for
preparing M-g-CN nanocomposite based on thermally triggered
intermittent sonication for capturing Hg”* in environmental
remediation and industrial applications. The developed
synthesis method provides a high yield (97.7%) and relatively
large surface area (96.8 m> g™') of M-g-CN. The M-g-CN has high
Hg®" binding capacities for Hg>" at trace levels in natural
aqueous matrices compared with other nano adsorbents such
as activated charcoal, metal oxides, nanocomposites and
nanostructure materials. M-g-CN was stable under different pH
conditions and selective towards Hg>* under the influence of
other potential interfering ions. In addition, a combination of
highly adsorbing nanosheets and the magnetic properties of the
magnetite serve the purpose of concentrating and efficiently
recovering Hg>". Notably, a simple heating procedure allows the
M-g-CN to be fully regenerated (10 repeated cycles) due to the
thermal and chemical stability of the tris-s-triazine and
nanostructured framework, adding to its potential cost-
effectiveness and sustainable use. The as-synthesised magnetic
has many potential applications besides those discussed, such
as passive sampling for use onboard ships for monitoring
global ocean mercury (and other potentially toxic elements)
levels. Significantly, it can outpace conventional adsorbents and
traps, which are expensive, require skilled personnel, and have
much lower binding efficiency. The results obtained from this
study affirm the efficacy of M-g-CN as an exceptional adsorbent
material for capturing transition metals
applications, ranging from wastewater treatment to passive
sampling materials.
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