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and selective extraction of trace
Hg(II) by polymeric g-C3N4 nanosheet-packed SPE
column

Uzma Haseen,a Syed Ghazanfar Ali,b Rais Ahmad Khan, c Ali Alsalme, c

Bon Heun Kood and Hilal Ahmad *e

In this study, we successfully synthesized polymeric graphitic carbon nitride (g-C3N4) nanosheets through

thermal means and proposed their application in solid-phase extraction (SPE) for the enrichment of trace

Hg(II). The nanosheets underwent characterization using scanning electron microscopy, tunnelling

electron microscopy, and energy-dispersive X-ray spectroscopy. The column packed with polymeric

carbon nitride nanosheets demonstrated effective extraction of trace Hg(II) ions from complex samples.

The g-C3N4 nanosheets possess a zeta potential value of −20 mV, enabling strong interaction with

positively charged divalent Hg(II) ions. This interaction leads to the formation of stable chelates with the

nitrogen atoms present in the polytriazine and heptazine units of the material. The proposed method

exhibited a high preconcentration limit of 0.33 mg L−1, making it suitable for analysing trace amounts of

Hg(II) ions. Moreover, the method's applicability was confirmed through successful analysis of real

samples, achieving an impressive preconcentration factor of 200. The detection limit for trace Hg(II) ions

was determined to be 0.6 mg L−1. To assess the accuracy of the method, we evaluated its performance

by recovering spiked amounts of Hg(II) and by analysing certified reference materials. The results

indicated excellent precision, with RSD consistently below 5% for all the analyses conducted. In

conclusion, the thermally synthesized polymeric carbon nitride nanosheets present a promising

approach for solid-phase extraction and preconcentration of trace Hg(II) from real samples. The method

showcases high efficiency, sensitivity, and accuracy, making it a valuable tool for environmental and

analytical applications.
1. Introduction

The environmental contamination of mercury ions (Hg(II)) is
tagged as severe class 1 pollution.1,2 This hazardous element
poses a signicant global environmental issue,2–4 as even low
levels of Hg(II) can have detrimental effects on human health.5

Long-term exposure to Hg(II) can permanently damage the
developing foetus, kidneys, and brain.6–8 To address this
concern, the US Environmental Protection Agency has set
a maximum limit of 2.0 ppb for Hg(II) in consumable water, and
the World Health Organisation (WHO) emphasizes the impor-
tance of monitoring and evaluating such harmful metals.9,10
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However, directly detecting trace levels of Hg(II) in natural
samples is challenging using common techniques like atomic
uorescence spectrometry, X-ray uorescence, cold vapour
atomic absorption, graphite furnace atomic absorption spec-
troscopy, inductively coupled plasma optical emission spec-
troscopy, and inductively coupled plasma mass spectrometry
due to elemental interferences and sampling limitations.11,12

Real-world samples contain numerous anions and cations that
are muchmore abundant, leading to interference in the spectral
analysis.11,13 Consequently, sample pre-treatment methods are
oen required to remove matrix components and enhance the
sensitivity of trace metal measurement.14–17 Among these
methods, solid phase extraction (SPE) is widely employed due to
its simplicity, affordability, high concentration factors, and
complete recovery of analyte.17–20 Various SPE sorbents,
including nano-sorbents like cellulose nanobers, graphene,
carbon nanotubes, silica, and magnetite materials, have been
effectively used for the extraction and preconcentration of heavy
metal ions.21–27 Nevertheless, with increasing sample complexity
and the demand for faster analysis, the development of new
sorbents remains necessary. In this study, we report for the rst
time on the utilization of polymeric carbon nitride (CN)
RSC Adv., 2024, 14, 1593–1601 | 1593
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nanosheets in extraction and enrichment of analytes. The
graphitic-conjugated structure of CN is composed of tri-s-
triazine repeating units.28 Its features such as low cost, easy
production, excellent physicochemical stability, metal-free
composition, minimal cytotoxicity, and environmental friend-
liness have made CN a popular research subject.29 The poly-
meric 2D sheet-like structure, superior chemical stability, and
abundance in nature make CN a promising candidate for
effective SPE applications. Furthermore, the graphitic,
graphene-like structure with sp2 bonds connecting carbon and
nitrogen provides excellent binding sites for metal adsorption,
granting CN nanosheets remarkable selectivity for Hg(II)
adsorption.

In this study, we demonstrate the straightforward thermal
synthesis of porous CN nanosheets using urea as the
precursor, and we investigate their potential in preconcen-
trating trace Hg(II) ions. Heating the N-rich urea precursor
initiates a combination of polyaddition and fasciculation
reactions, resulting in a defect-rich, N-bridged polytriazine
structure in CN.30 The obtained CN exhibits a unique in-plane
repetition of the heptazine (C6N7) unit, forming a stacking
motif of identical heptazines on top of each other. The planar
structure consists of a one-dimensional chain of N–H bridging
C6N7 units with an amino group at the end, giving rise to
a stable zigzag shape due to hydrogen bonding when the
polymer chains are in proximity to one another.31 This
conjugated polymeric network ensures the high physical and
chemical stability of CN.

2. Experimental
2.1. Materials and samples

Urea (purity 99.9%), was obtained from Sigma-Aldrich and used
as received. All metal salts either in nitrate or chloride salts were
obtained from Sigma-Aldrich and a stock solution of 1000 ppm
was prepared and diluted as per experimental requirement. A
2% nitric acid was used to rinse the glass wares before use. The
standard Reference Material (SRM 1641d) was obtained from
National Institute of Environmental Studies (Ibaraki, Japan)
and used for method validation. The tap water samples were
collected from laboratory, the ground water was collected from
the local area near battery manufacturing industries and sea
water was collected from south part of India. The water samples
were ltered through cellulose nitrate lters to removed any
particulate matter and stored in a polyethylene bottle. The
collected water samples have been analyzed within a week of
collection.

2.1.1 Synthesis. To synthesize polymeric carbon nitride
(CN), a process involving annealing urea was employed.
Specically, 5.0 grams of urea were subjected to annealing at
550 °C under an air atmosphere for a duration of 4 hours. The
annealing rate was set at 5 °C per minute. Subsequently, a light-
yellow g-C3N4 powder was obtained, which was further nely
ground using a mortar and pestle. This nely ground powder
was then subjected to additional calcination at 550 °C for 2
hours under an air atmosphere to achieve thermally exfoliated
porous thin sheets of CN.
1594 | RSC Adv., 2024, 14, 1593–1601
2.1.2 Column procedure for Hg(II) preconcentration. A
glass column with dimensions of length (L) 10 cm and diameter
(Dia.) 1 cm was packed with 200 mg of polymeric carbon nitride
(CN). Prior to the experiment, the column was preconditioned
with a buffer solution of pH 6.0 ± 0.2. To carry out the solid
phase extraction (SPE) process, a peristaltic pump was utilized
to push a 100 mL solution containing Hg(II) at the required
concentration and pH 6.0 ± 0.2 through the column. The
sample solution was passed across the CN-packed column at
a ow rate of 8 mL per minute. Aer the extraction process, the
sorbed amount of Hg(II) onto the CN nanosheets packed
column was eluted using the 5 mL of 0.5 M hydrochloric acid as
an stripping agent and subsequently analyzed using an induc-
tively coupled plasma optical emission spectrometer (ICP-OES,
PerkinElmer Avio 200). This analytical instrument allowed for
the measurement and quantication of the Hg(II) ions that were
extracted and preconcentrated from diluted samples by using
the CN packed column during the solid phase extraction to
analyse the Hg(II) ions.

2.2. ICP-OES operating conditions

The Inductively Coupled Plasma Optical Emission Spectrometer
(ICP-OES) was operated under specic conditions to determine
Hg(II) concentrations in the samples. The instrument utilized
the following parameters:
Parameters
© 2024 The Author(s). Published b
Conditions
Nebulizer
 Ultrasonic

Detector
 Charge-coupled detector (CCD)

Injector
 Alumina injector

Plasma gas
 Argon gas; ow rate: 8.0 L min−1
Auxiliary gas ow rate
 0.2 L min−1
Nebulizer gas ow rate
 0.7 L min−1
Pressure
 3.2 bar

Replicates
 3

Integration time
 10 s

Wavelength
 194.168 nm

Mode of viewing plasma
 Axial mode
2.3. Materials characterization

The surface morphology of g-C3N4 was analyzed using a Field
Emission Scanning Electron Microscope (FESEM), specically
the JSM-7800F model manufactured by JEOL, Japan. For high-
resolution examination of the g-C3N4, a TECNAI F30 S-Twin
model was utilized as a Transmission Electron Microscope
(TEM). Before TEM characterization, the CN sample was well
dispersed in methanol and probe-sonicated to ensure a well-
distributed sample. To investigate the surface elements, X-ray
Photoelectron Spectroscopy (XPS) was employed. The Thermo
Fisher Scientic ESCALAB 250Xi model was used for XPS anal-
ysis. A binding energy range of 0–1400 eV was employed, and
a MgKa X-ray source with an energy of 1253.6 eV was used for
excitation. The XPS analysis allowed for the examination of the
surface elements within a detection depth of approximately 10
nanometers. By utilizing these advanced analytical techniques,
y the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra05512d


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
Ja

nu
ar

y 
20

24
. D

ow
nl

oa
de

d 
on

 7
/1

9/
20

25
 7

:1
6:

40
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
we gain valuable insights into the surface morphology, high-
resolution structure, and surface elements of g-C3N4, contrib-
uting to a comprehensive understanding of the material's
properties and potential applications.

3. Results and discussion
3.1. Characterization

The prepared polymeric carbon nitride (CN) was examined for
its surface morphology by using Scanning Electron Microscopy
(SEM). Fig. 1a shows a SEM image of the prepared CN, which
clearly shows a layered structure of bulk CN. In Fig. 1b, a high-
resolution Transmission Electron Microscopy (TEM) image of
CN nanosheets is presented. The nanosheets are well exfoliated
and exhibit a wrinkled surface with single to few layered
arrangements. To assess the surface properties further, the
Brunauer–Emmett–Teller (BET) method was employed to
determine the surface area and porosity. The BET surface area
was measured to be 158 m2 g, and the porosity was found to be
Fig. 1 (a) FESEM image and (b) HRTEM image of polymeric CN nanoshe

Fig. 2 EDX spectra and elemental mapping of CN after Hg(II) adsorption

© 2024 The Author(s). Published by the Royal Society of Chemistry
0.864 cm3. For investigating the successful adsorption of Hg(II)
onto the CN surface, Energy Dispersive X-ray Spectroscopy
(EDX) spectra and elemental mapping of CN aer Hg(II)
adsorption were conducted (Fig. 2). These analyses conrm the
effective adsorption of Hg(II) onto the CN surface. Fig. 3, illus-
trates the FTIR and XRD spectra of prepared CN. In FTIR spectra
(Fig. 3a), the characteristics broad peaks observed at 3080–
3260 cm−1 corresponds to amine groups resides onto the edges
of CN.32 The peaks in region of 1200–1650 cm−1 are associated
with C–N and C]N stretching vibrations of the CN aromatic
units, the characteristic out of plane vibrations of triazine/s-
triazine aromatic repeating units was observed at 885 and
807 cm−1. In the X-ray diffraction (XRD) shown in Fig. 3b, the
observed peak at approximately 26.69° can be attributed to g-
C3N4 and is in close proximity to the peak at around 27.7°, as
reported by Chang et al.33 Chang et al. indexed the latter peak as
the (002) plane, representing the long-range arrangement of
stacked aromatic repeating units within polymeric CN. The zeta
potential measurements were performed to understand the
ets.

.

RSC Adv., 2024, 14, 1593–1601 | 1595
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Fig. 3 (a) FTIR spectra and (b) and XRD spectra of polymeric CN.
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surface charge properties of CN at different sample pH levels.
Further discussion regarding these results is provided in later
sections of the study. Overall, the surface characterization of the
prepared CN through SEM, TEM, BET surface area, porosity,
EDX, elemental mapping, and zeta potential measurements has
provided valuable insights into the material's structure,
adsorption capabilities, and surface charge properties,
contributing to a comprehensive understanding of its potential
applications.

3.2. Effect of sample pH

The pH of the solution plays a crucial role in the adsorption of
metal ions onto an adsorbent, as it affects both the surface
charge of the adsorbent and the chemical form of metal ions in
the solution. To investigate the impact of sample pH on the
adsorption of Hg(II) and other metal ions onto CN, experiments
were conducted within the pH range of 1 to 7. The results are
presented in Fig. 4a. It was noted that the adsorption of Hg(II)
increased as the sample pH was raised from 1.0 to 7.0 (Fig. 4a).
The potential binding sites for Hg(II) adsorption are the
intrinsic nitrogen atoms of CN. At low sample pH, these binding
sites get protonated, resulting in poor adsorption of Hg(II) in
Fig. 4 (a) pH envelop of CN for Hg(II) and other heavy metal adsorption

1596 | RSC Adv., 2024, 14, 1593–1601
acidic media and limited sorption at low pH levels. However, as
the sample pH increases, the interaction between the –N atoms
and H+ weakens, leading to enhanced adsorption of Hg(II) at
higher pH levels. This behaviour is consistent with the zeta
potential measurements of polymeric CN (Fig. 4b). The
isoelectric point of CN was observed at pH 4.5, suggesting that
the CN surface becomes negatively charged at sample pH levels
beyond this value. This negative surface charge facilitates
strong interactions with the positively charged Hg(II) ions,
contributing to increased adsorption. The adsorption of Hg(II)
onto CN is attributed to its inherent nitrogen-rich characteris-
tics, small sheet size, and multi-layered structure with a defect-
rich surface. These properties provide CN with a signicant
adsorption propensity towards Hg(II). Two primary hypothe-
sized mechanisms for Hg(II) adsorption on CN include
complexation with the nitrogen atoms of the polymeric CN
adsorbent and electrostatic interactions.

Moreover, the presence of common cations and anions, such
as Na+, K+, Ca2+, Mg2+, Cl−, Br−, NO3−, SO4

2−, and PO4
3−, at

concentrations signicantly higher than the Hg(II) concentra-
tion did not signicantly reduce the adsorption of Hg(II) onto
CN (Table 1). This suggests that CN exhibits robust adsorption
and, (b) zeta potential of polymeric CN.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Tolerance limit of co-existing ions on the extraction of Hg(II)
ions in binary mixture (experimental conditions: pH 6, total volume 50
mL; flow rate 8 mL min−1, metal ions 100 mg L−1)

Added
ions (salt used)

Tolerance ratio
[added ions/metal ion] Recovery (%) RSD (N = 3)

Na+ (NaCl) 5.92 × 104 98.6 4.85
K+ (KCl) 3.45 × 104 98.8 3.66
NH4

+ (NH4Cl) 2.5 × 104 99.2 3.07
Ca2+ (CaCl2) 4.75 × 104 97.4 4.00
Mg2+ (MgCl2) 3.82 × 104 98.7 4.02
CH3COO

−

(CH3COONa)
6.85 × 104 100.6 2.53

Cl− (NaCl) 3.82 × 106 100.8 3.98
Br− (NaBr) 4.65 × 106 100.5 4.46
SO4

2− (Na2SO4) 4.50 × 105 98.9 3.64
CO3

2− (Na2CO3) 5.30 × 105 100.2 3.86
NO3

2− (Na2NO3) 4.80 × 105 99.4 4.05
Humic acid 250 97.0 3.54
Fulvic acid 250 99.2 3.83

Fig. 5 Breakthrough curve for Hg(II) adsorption in continuous column
operation (sample concentration 10.0 mg L−1, pH 6.0, flow rate 8
mL min−1).
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capability for Hg(II) even in the presence of interfering ions
commonly found in real samples. In conclusion, the study
demonstrates that the adsorption of Hg(II) onto CN is inu-
enced by the sample pH and is enhanced at higher pH levels
due to the interaction between nitrogen atoms of CN and Hg(II)
ions. CN's unique properties, including its nitrogen-rich
composition, small particle size, and multi-layered structure,
contribute to its excellent adsorption propensity for Hg(II) ions,
making it a promising adsorbent for water treatment and
environmental remediation applications. Additionally, CN's
resistance to interference from other common ions enhances its
potential as an effective and selective adsorbent for trace metal
removal from complex real-world samples.

3.3. Preconcentration studies and breakthrough volume

The direct determination of Hg(II) in environmental samples
with ultra-trace concentrations remains challenging due to the
presence of co-existing anions and cations at much higher
concentrations, leading to spectral interferences. Preconcen-
tration is a valuable technique that involves transferring a small
quantity of Hg(II) from a larger sample volume to a smaller
volume. This process increases the analyte concentration while
removing interfering ions from the pre-treated sample. In the
study, model solutions containing 1.0 mg of Hg(II) were prepared
at various concentrations (0.83 ppb, 0.58 ppb, 0.45 ppb, 0.37
ppb, 0.33 ppb, and 0.31 ppb) by diluting and adjusting the pH to
6.0. A peristaltic pump was used to percolate the solutions down
the CN-packed column at a ow rate of 8 mL per minute. To
elute the retained Hg(II), a 5 mL stripping agent was used, and
the eluted Hg(II) was subsequently determined by ICP-OES. The
results showed that Hg(II) was quantitatively preconcentrated
up to a sample volume of 3000 mL, with a recovery of 99.5%.
However, beyond a sample volume of 3000 mL, a signicant
decrease in adsorption was observed, resulting in a recovery of
91.7% for a sample volume of 3200mL. The preconcentration of
1 mg of Hg(II) from a sample volume of 3000 mL was repeated
© 2024 The Author(s). Published by the Royal Society of Chemistry
three times, and the mean recovery value for all three observa-
tions was found to be 99.7%. The computed preconcentration
factor and preconcentration limit for Hg(II) were determined to
be 600 and 0.33 mg L−1, respectively. Additionally, breakthrough
studies were conducted to assess the continuous utility of the
CN-packed column. The CN column was passed with sample
volumes ranging from 2000 mL to 5000 mL, containing
1.0 mg L−1 of Hg(II). The concentration of Hg(II) in the effluent
fractions was measured, and the breakthrough curve was
plotted (Fig. 5). The maximum saturation capacity of CN,
equivalent to the maximum sorption capacity, was calculated
and found to be 176.0 mg g−1. The high preconcentration factor
and dynamic capacity (180.0 mg g−1), which are close to the
breakthrough capacity, indicate that the CN adsorbent is suit-
able for the column method. In summary, the preconcentration
technique using the CN-packed column demonstrated effective
preconcentration of ultra-trace levels of Hg(II) from large sample
volumes, making it a promising approach for the sensitive
determination of Hg(II) in environmental samples. The break-
through studies further conrmed the adsorbent's suitability
and high sorption capacity for this application.
3.4. Optimization of sample ow rate

The column ow rate during the sorption of Hg(II) plays
a crucial role in the interaction of metal ions with binding sites
and the duration of the analysis. The efficiency of the extraction
process relies on the sample ow rate, as it determines the
contact time between the metal ions and the chelating sites of
the adsorbent bed. To investigate the effect of sorption ow rate
on the adsorption of Hg(II), a 50 mL model solution containing
1.0 mg L−1 of Hg(II) at pH 6.0 ± 0.2 was passed through the
column at different ow rates ranging from 2 to 10 mL per
minute. The objective was to determine the optimal sorption
ow rate for the complete adsorption of Hg(II).

The results revealed that a sample ow rate of upto 8 mL per
minute shows complete adsorption of Hg(II). At these ow rates,
RSC Adv., 2024, 14, 1593–1601 | 1597
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Fig. 6 Effect of sample flow rate on Hg(II) adsorption (sample volume
50 mL; sample concentration 1.0 mg L−1, pH 6.0).
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the metal ions effectively interacted with the chelating sites of
the adsorbent bed, resulting in maximum adsorption. However,
it was observed that further increasing the sample ow rate led
to a gradual reduction in adsorption efficiency (Fig. 6). Based on
these ndings, a sorption ow rate of 8 mL per minute was
selected for subsequent trials, as it provided the most efficient
and complete adsorption of Hg(II) onto the CN adsorbent.

In summary, the study demonstrated that the sorption ow
rate signicantly inuences the adsorption of Hg(II) onto the CN
adsorbent. An optimal ow rate of 8 mL min−1 was identied to
ensure effective interaction between the metal ions and the
chelating sites, leading to maximum adsorption efficiency. This
information is crucial for designing and optimizing the pre-
concentration process for the sensitive determination of Hg(II)
in real environmental samples.
3.5. Choice of eluent type and concentration

A proper eluent has been needed to completely remove out the
pre-sorbed metal ions, in order to reuse the column. To achieve
this, different type of acids, including hydrochloric acid, nitric
acid, and sulfuric acid, were tested at different concentrations
ranging from 0.25 M to 1.0 M, and different volumes of 2 mL, 3
mL, and 5 mL. The results, as depicted in Fig. 7, showed that all
the tested acids at higher concentrations and varying volumes
achieved quantitative recovery of Hg(II). However, at lower
concentrations (0.25 M), except for 5 mL of hydrochloric acid
Fig. 7 Effect of eluent type, concentration and volume on the recovery

1598 | RSC Adv., 2024, 14, 1593–1601
which achieved a recovery of >99.9%, the recovery of Hg(II) was
less than 90% for other acid concentrations. Based on these
ndings, it was determined that 5 mL of 0.5 M hydrochloric acid
was the most effective eluent for regenerating the column for
the subsequent sorption cycle. It provided quantitative recovery
of Hg(II) and ensured complete desorption of the sorbed metal
ions. In brief, the study identied 5 mL of 0.5 M hydrochloric
acid as the optimal eluent to efficiently desorb and recover the
sorbed Hg(II) from the CN-packed column. This eluent type and
concentration allow for successful column regeneration and
subsequent sorption cycles, making the method robust and
suitable for continuous use in environmental sample analysis.
3.6. Analytical method validation

The validation of an analytical technique is crucial to ensure the
appropriateness and reliability of the methodology in
producing usable analytical results. In this study, the analytical
technique for preconcentrating and determining Hg(II) using
the CN-packed column was validated. The calibration plot,
generated under optimal experimental conditions, exhibited
excellent linearity with an R2 correlation coefficient of 0.9998.
This indicates a strong relationship between the analyte
concentration and the instrumental response, conrming the
accuracy of the method. The limits of detection (LOD) and
quantication (LOQ) were determined by analysing 11 replicate
measurements of the blank solution aer passing through the
CN column. The LOD and LOQ were found to be 0.06 mg L−1 and
0.20 mg L−1, respectively. These values indicate the method's
sensitivity and its ability to detect and quantify Hg(II) at low
concentrations, making it suitable for real sample analysis. To
assess the accuracy of the procedure, ten consecutive
measurements of 1 ppb Hg(II) were performed, and the relative
standard deviation (RSD) was calculated to be 2.8%. This low
RSD value indicates the method's acceptable precision and the
proximity of repeated observations. The accuracy of the
proposed technique was further evaluated by analysing a Stan-
dard Reference Material (SRM 1641d) and real samples spiked
with known concentrations of Hg(II). The results, presented in
Tables 2 and 3, demonstrate a high degree of agreement
between the obtained values and the certied values for the
SRM, conrming the accuracy of the method. Additionally, the
mean percentage recoveries for the spiked Hg(II) in real samples
ranged from 98.3% to 100.8%, with an RSD of less than 5%,
further validating the method's accuracy and precision. In
of adsorbed Hg(II) ions.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Method validation: determination of Hg(II) ions in standard reference materials (sample volume 50 mL, pH 6, sample flow rate 8
mL min−1, eluent volume 5 mL (0.5 M HCl) and eluent flow rate 1 mL min−1)

Samples Certied valuesa (mg g−1) Values found by proposed methoda (mg g−1) Value of t-testb

SRM 1641d 1.56 � 0.02 1.45 � 0.15 1.35

a Mean value ± standard deviation, N = 3. b At 95% condence level.

Table 3 Determination of Hg(II) ions in real samples using polymeric CN packed column. (Column parameters: pH 6.0, sample flow rate 8
mL min−1, sample volume 1 L; eluent volume 5 mL (0.5 M HCl) and eluent flow rate 1 mL min−1)

Samples Amount added (mg) Amount found (mg L−1) � standard deviationa Recovery percent of spiked amountc (RSD) Value of t-testd

Tap water 0 NDb — —
3 2.99 � 0.06 99.3 (0.65) 0.26
5 5.04 � 0.16 100.8 (1.34) 1.43

Sea water 0 2.3 � 0.46 — 1.12
3 5.4 � 0.59 100.2 (2.07) 1.55
5 7.3 � 0.52 100 (2.23) 2.68

Ground water 0 NDb — —
3 2.88 � 0.30 98.3 (0.45) 1.88
5 5.01 � 0.56 100.4 (1.26) 2.08

a N = 3. b Not detected. c Relative standard deviation. d At 95% condence level, tcritical = 4.303.

Table 4 Analytical figures of merits of prepared sorbent and other reported sorbentsa

Sorbent Adsorption Capacity (mg g−1) PF DL (mg L−1) Technique Ref.

g-C3N4 180 200 0.6 ICP-OES This work
PAN-C3N4 @COFs 25.48 — 1.76 — 34
Polypyrole@g-C3N4 197 — — ICP-OES 35
ZnSe/g-C3N4 16.59 — — ICP-AES 36
CN@ZrO2 180 640 0.05 ICP-OES 37
AAO-PAP 360 933 0.02 ICP-OES 38

a PF – preconcentration factor; DL – detection limit.

Fig. 8 Effect of divalent co-ions on the adsorption and recovery of
Hg(II) (sample volume 50 mL, Hg(II) concentration 10 mg L−1, pH 6.0,
flow rate 8 mL min−1).
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summary, the validation results indicate that the proposed
preconcentration and analytical technique using the CN-packed
column is accurate, sensitive, and precise for the determination
of Hg(II) in real environmental samples. Further, a comparative
data of analytical characteristics of the prepared sorbent with
other reported sorbents has been given in Table 4. It was
observed that the prepared sorbent shows comparable statistics
and can be utilized in the preconcentration and determination
of trace Hg(II) ions.

3.7. Selectivity studies

The hinderance by other heavy metal ions, such as Co(II), Zn(II),
Pb(II), Cd(II), Cu(II), and Ni(II), on the adsorption of Hg(II) were
studied. To do this a sample solution contain Hg(II) ions and
other heavy metals were pass through the adsorbent packed
column. The sample volume was 50 mL, with Hg(II) concen-
tration set at 10 mg L−1, and the concentrations of other metal
ions were varied between 50 mg L−1 and 100 mg L−1. The
concentration of Hg(II) was assessed using ICP-OES aer elution
of the sorbed Hg(II). Fig. 8 presents the ndings, and it was
observed that the CN sorbent exhibits low sorption for other
© 2024 The Author(s). Published by the Royal Society of Chemistry
competing divalent metal ions, except for Cu(II). The tolerance
limit was established as the highest concentration of co-ions
that caused a variation of less than 5% in the recovery of
Hg(II). For all the added ions, the analyte recovery of Hg(II)
ranged from 96% to 99%, indicating no appreciable
RSC Adv., 2024, 14, 1593–1601 | 1599
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interferences in the sorption and measurement of Hg(II). The
results suggest that the CN sorbent has a preference for the
selective sorption of Hg(II) over other divalent metal ions. The
selective adsorption of Hg(II) is might be due the strong chelate
forming capability of –N atom of CN with the Hg(II). Since both
are classied as so acid and so base, in the classical parsons
HSAB theory. In conclusion, under optimized experimental
conditions, effective recovery of Hg(II) in the presence of other
heavy metal ions in the concentration range of up to 100 mg L−1,
except for Cu(II), is possible, allowing for quantitative
measurement. Cu(II) concentrations above 50 mg L−1 was found
to interfere in the adsorption of Hg(II) under competitive
conditions (Fig. 8). Overall, the study demonstrates the selec-
tivity of the CN sorbent for the sorption of Hg(II) over other
divalent metal ions, making it a promising approach for the
preconcentration and determination of Hg(II) in the presence of
common heavy metal co-ions in environmental samples.

4. Conclusion

The study focused on optimizing the use of polymeric carbon
nitride sheets in the column technique for the preconcentration
and detection of trace Hg(II) in actual samples. The approach
aimed to selectively extract Hg(II) in the presence of other co-
existing ions commonly found in environmental samples. The
high selectivity and excellent affinity of the polymeric carbon
nitride sheets for Hg(II) were attributed to the so–so inter-
action between the N atom and Hg(II). The suggested solid-
phase extraction (SPE) approach proved to be effective enough
for quantitatively assessing trace levels of Hg(II) in real water
samples at ppb (mg L−1) scale, even in the presence of other
common co-existing ions. The so–so interaction with Hg(II)
ensured that the polymeric carbon nitride selectively adsorbed
Hg(II) without interference from other ions, enabling accurate
and reliable measurements. The application of the optimized
SPE technique was further validated by examining Standard
Reference Material and using the standard addition procedure.
This verication process conrmed the accuracy and reliability
of the proposed approach for the determination of trace Hg(II)
in environmental samples. The study's ndings demonstrate
the potential of using polymeric carbon nitride sheets in SPE as
a promising sorbent for monitoring and evaluating environ-
mental samples. This approach opens up possibilities for the
adoption of additional nanomaterials as potential sorbents in
environmental monitoring and analysis. In conclusion, the
optimized column technique using polymeric carbon nitride
sheets showed high selectivity and efficiency for extracting trace
Hg(II) from real water samples. The method's accuracy and
reliability were conrmed through validation with Standard
Reference Material and standard addition procedures. The
application of CN in SPE could pave the way for exploring other
nanomaterials as potential sorbents in environmental moni-
toring and analysis.
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