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Heavy metal ions are highly toxic and widely spread as environmental pollutants. This work reports the

development of two novel chelating adsorbents, based on the chemical modifications of graphene oxide and

zirconium phosphate by functionalization with melamine-based chelating ligands for the effective and

selective extraction of Hg(II) and Pb(II) from contaminated water sources. The first adsorbent melamine,

thiourea-partially reduced graphene oxide (MT-PRGO) combines the heavier donor atom sulfur with the

amine and triazine nitrogen's functional groups attached to the partially reduced GO nanosheets to effectively

capture Hg(II) ions from water. The MT-PRGO adsorbent shows high efficiency for the extraction of Hg(II) with

a capacity of 651 mg g�1 and very fast kinetics resulting in a 100% removal of Hg(II) from 500 ppb and

50 ppm concentrations in 15 second and 30 min, respectively. The second adsorbent, melamine zirconium

phosphate (M-ZrP), is designed to combine the amine and triazine nitrogen's functional groups of melamine

with the hydroxyl active sites of zirconium phosphate to effectively capture Pb(II) ions from water. The M-ZrP

adsorbent shows exceptionally high adsorption affinity for Pb(II) with a capacity of 681 mg g�1 and 1000 mg

g�1 using an adsorbent dose of 1 g L�1 and 2 g L�1, respectively. The high adsorption capacity is also coupled

with fast kinetics where the equilibrium time required for the 100% removal of Pb(II) from 1 ppm, 100 ppm

and 1000 ppm concentrations is 40 seconds, 5 min and 30 min, respectively using an adsorbent dose of 1 g

L�1. In a mixture of six heavy metal ions at a concentration of 10 ppm, the removal efficiency is 100% for

Pb(II), 99% for Hg(II), Cd(II) and Zn(II), 94% for Cu(II), and 90% for Ni(II) while at a higher concentration of

250 ppm the removal efficiency for Pb(II) is 95% compared to 23% for Hg(II) and less than 10% for the other

ions. Because of the fast adsorption kinetics, high removal capacity, excellent regeneration, stability and

reusability, the MT-PRGO and M-ZrP are proposed as top performing remediation adsorbents for the solid

phase extraction of Hg(II) and Pb(II), respectively from contaminated water.
1. Introduction

Water contamination by heavy metal ions such as Pb(II) and
Hg(II) creates serious public health and environmental concerns
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d P 2p XPS spectra of MP (Fig. S10),
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due to their high toxicity, refractory degradation, and ease of
entering the food chain.1,2 The efficient removal of these toxic
metal ions from polluted and wastewater sources is a critical
requirement for any water treatment process.3,4
O 1s, P 2p and Zr 3d XPS spectra of ZrP (Fig. S11), BET surface area and pore
size distribution of MP, ZrP and M-ZrP (Fig. S12), effect of pH on the removal
of Pb(II), Hg(II) and Cd(II) ions by M-ZrP (Fig. S13), Langmuir adsorption
isotherms of Pb(II) on ZrP and M-ZrP (Fig. S14), effect of contact time on the
removal of Hg(II) and Cd(II) ions by M-ZrP (Fig. S15), recycling of M-ZrP
adsorbent for the removal of Pb(II) ions (Fig. S16), and XPS spectra of M-ZrP
aer the adsorption of Pb(II) ions (Fig. S17). Langmuir isotherm parameters
for the adsorption of Hg(II), Co(II) and Cu(II) ions on MT-PRGO (Table S1),
kinetic parameters for the adsorption of Hg(II), Co(II) and Cu(II) ions on
MT-PRGO (Table S2), adsorption capacities of MT-PRGO in mixed metal ions
system (Table S3), desorption of Hg(II) ions from MT-PRGO using HNO3

(Table S4), XPS surface composition of MP and M-ZrP (Table S5), surface area
and estimated pore size distribution of MP, ZrP and M-ZrP (Table S6), and
desorption of Pb(II), Hg(II) and Cd(II) ions from M-ZrP using HNO3 (Table S7).
See DOI: 10.1039/d0ra07546a
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Adsorption by chelating ligands is one of the best techniques
for the removal of heavy metal ions from contaminated water
due to its high efficiency, ease of application, low cost, and
reusability.5–7 In adsorption techniques, the adsorbent can
extract metal ions from solution by chemical or physical inter-
actions with different active sites on the surface of the adsor-
bent. The adsorbed toxic metal ions can be regenerated from
the surface of the adsorbent which allows for using the adsor-
bent several times due to the reversible characteristics of
adsorption.5–7However, traditional absorbents such as activated
carbon, activated alumina, clay, and zeolite show limited
adsorption abilities and poor selectivity for highly toxic metal
ions such as Hg(II) and Pb(II).8–11 Thus, it is crucial to develop
new adsorbents with specic active sites as well as high surface
areas to ensure high selectivity and high adsorption capacity of
Hg(II) and Pb(II) from contaminated water.7,11

Melamine is an organic compound that has three basic
nitrogen atoms in a triazine ring in addition to three free amine
groups which are known to be among the most effective
chelating functional groups with high nucleophilicity towards
heavy metal ions especially Pb(II) and Hg(II).12–15 Therefore,
modications of organic and inorganic adsorbents by mela-
mine have been successfully applied for the development of
efficient adsorbents for water purication. Examples of
melamine-based adsorbents include melamine modied
MOFs,12 poly-melamine formaldehyde resins,13 melamine
modied graphene hydrogels,14 and alginate–melamine hybrid
materials.15 Herein, we develop two novel adsorbents based on
the melamine functionalization of graphene oxide (GO) and
zirconium phosphate (ZrP) for the efficient and selective
removal of Hg(II) and Pb(II) ions, respectively from contami-
nated water with exceptional performance that surpasses the
performance of most of the currently used adsorbents.

The rst novel adsorbent, Melamine Thiourea Partially
Reduced Graphene Oxide (MT-PRGO), is prepared by the ami-
dation reaction between chemically modied graphene oxide
through carboxylic acid functional groups and melamine thio-
urea chelating ligand via amine functional groups. The intro-
duction of the heavier donor atom sulfur can increase the
melamine selectivity toward Hg(II) due to the increased polari-
zation of the sulfur d-electrons.16 The developed MT-PRGO
adsorbent exhibits very high adsorption capacity for Hg(II)
from concentrated solutions and complete removal of Hg(II),
Co(II), Cu(II), Cd(II), Zn(II) and Ni(II) from a mixture containing
500 ppb of each of these ions. The results of regeneration show
that the adsorbent can be regenerated several times by using
different concentrations of nitric acid with removal efficiencies
of 100% toward Hg(II) and the adsorbent can be used several
times to purify water from toxic metals which is important in
industrial applications.

The second novel adsorbent developed in the present work is
Melamine Zirconium Phosphate (M-ZrP). Zirconium phosphate
(ZrP) has attracted increased attention as an adsorbent due to
its high thermal and chemical stability, fast adsorption–
desorption kinetics, good surface area, high adsorption
capacity, and insolubility in water.17 Moreover, it possesses
hydroxyl functional groups that can allow for further
37884 | RSC Adv., 2020, 10, 37883–37897
modication by chelation ligands to increase the adsorption
capacity.18–21 In recent years, only a few studies have reported
the use of ZrP alone or as a composite with other materials to
clean contaminated water of heavy metals. These studies
include polyamine-intercalated zirconium phosphate,18

polymer-based zirconium phosphate,19 amorphous zirconium
phosphate,20 and graphene oxide zirconium phosphate nano-
composite.21 In the present study, we report on the development
of the Melamine Zirconium Phosphate (M-ZrP) adsorbent for
the extraction of heavy metals from polluted water with
a remarkable adsorption capacity for Pb(II) that makes it one of
the top inorganic adsorbents for the efficient removal of lead
ions from water. The developed M-ZrP adsorbent also shows
simultaneous removal of Pb(II), Hg(II), and Cd(II) from both low
and high concentrated solutions.
2. Experimental section
2.1. Materials

All reagents used in this work were analytical grade, used
without further purication, and purchased from Sigma
Aldrich: graphite powder (99.999%), sulfuric acid (99%),
potassium permanganate (99%), hydrogen peroxide (30%),
melamine (99%), phosphoric acid (99%), zirconyl chloride
(99.5), sodium hydroxide (97%), nitric acid (99%), hydrochloric
acid (99%), ethanol (99%), potassium thiocyanate (98%),
chloro-acetic acid (99%), N,N0-dicyclohexylcarbodiimide (DCC)
(99%), dimethylformamide (DMF) (99.99%) and hydrox-
ybenzotriazole (Bt-OH) (99%). Stock solutions of several
concentration of each metal ion prepared from Pb(NO3)2,
HgCl2, CuCl2$2H2O, Ni(NO3)2$6H2O, Co(NO3)2$6H2O, CdCl2,
and Zn(NO3)2$6H2O were used as sources for the Pb(II), Hg(II),
Cu(II), Ni(II), Co(II), Cd(II), and Zn(II) ions, respectively.
2.2. Synthesis of graphene oxide (GO)

GO was prepared by a modied Hummer's method.22 115 mL of
H2SO4 was added into a 1000 mL conical ask placed in an ice
bath and stirred until the temperature reached 0 �C. Then, 2.5 g
of grind NaNO3 was added and the solution stirred for 15 min.
4.5 g of graphite powder was added to the mixture and allowed
to react for 20 min. 15 g of KMnO4 was added slowly to the
reaction mixture, aer 15 min the temperature was increased to
35 �C for 3 h followed by adding 230 mL hot DI-water. Aer
20 min, 700 mL of hot DI water was added to the mixture fol-
lowed by the addition of 20 mL H2O2. The product was rinsed
with 10 mL HNO3 to remove metals followed by 5000 mL hot DI-
water (1000 mL each time) and oven dried at 60 �C overnight.
2.3. Synthesis of GO-COOH

500 mg of GO was dispersed in 100 mL DI-water and sonicated
for 1 h. Then, 12 g of Cl–CH2COOH and 10 g of NaOH was added
to GO suspension and allowed to react for 2 h. The nal product
was neutralized using HNO3 and washed several times with DI-
water, ethanol, and dried in the oven at 60 �C for 12 h.23
This journal is © The Royal Society of Chemistry 2020
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2.4. Synthesis of MT active ligand

TheMT ligand was prepared according to the method described
in ref. 24. In brief, 5 g of melamine was dissolved in 100 mL
distilled DI-water. 12 g of KSCN was dissolved in 90 mL DI-water
and 10 mL 0.1 M HCl. The KSCN solution was added dropwise
to the melamine solution followed by heating to 90 �C in
a 500 mL round bottom ask under reux. Aer 1 h the ask
was cooled in an ice bath, the product was centrifuged and
recrystallized from (1 : 1) ethanol–water mixture.

2.5. Synthesis of MT-PRGO

MT-PRGO was synthesized by dispersing 500 mg of GO-COOH
in 100 mL DMF by ultra-sonication at room temperature for
60 min 500 mg of MT was added to the mixture followed by
adding 1000 mg of DCC and 1000 mg Bt-OH. The mixture was
allowed to react for 24 h at room temperature. The product MT-
PRGO was centrifuged, washed ve times with DMF followed by
ve times with DI water and nally, three times with ethanol
and oven dried at 80 �C overnight to give MT-PRGO.

2.6. Synthesis of ZrP

ZrP was synthesized by adding 100mL of 0.1 M zirconyl chloride
in 1 M HCl dropwise to the 0.1 M solution of phosphoric acid
while stirring vigorously for 1 h. The solution was centrifuged,
and the precipitate was washed several times with DI water and
ethanol, then it was dried at 80 �C overnight.

2.7. Synthesis of M-ZrP

MP was prepared by dissolving 1 g of melamine in 100 mL DI
water. The mixture was transferred into a 250 mL two-necked
round bottom ask tted with a heater, magnetic stirrer, and
condenser. Aer that, 1 g of phosphoric acid was added drop-
wise to the reaction ask and then the reactants were allowed to
react at 95 �C for 1 h followed by cooling to room temperature.
The nal product was centrifuged and washed several times
with DI water, ethanol, and then dried at 100 �C overnight to
give the white solid MP.25 M-ZrP was synthesized by dissolving
1 g of MP in 100 mL DI water. Then, 100 mL of 0.1 M zirconyl
chloride in 1 M HCl was added dropwise to this solution while
stirring vigorously. The solution was stirred for 1 h then it was
centrifuged and washed three times with DI-water and ethanol.
Finally, it was dried at 100 �C overnight in the oven to give the
white powder M-ZrP.

2.8. Characterization

The adsorbents were characterized by FT-IR spectroscopy using
the Nicolet-Nexus 670 FT-IR spectrometer (4 cm�1 resolution
and 32 scans) diamond attenuated total reectance (DATR).
Powder X-ray diffraction (XRD) patterns of the adsorbents were
measured at room temperature using the PANanalytical MPD
X'Pert PRO diffractometer with voltage 45 kV and current 40 mA
via a Ni-ltered Cu Ka1 radiation. The X-ray photoelectron
spectroscopy (XPS) spectra of the materials were obtained using
a ThermoFisher Scientic ESCALAB 250 spectrometer with
a microfocused monochromated Al Ka X-ray source (15 kV) and
This journal is © The Royal Society of Chemistry 2020
a double-focusing full 180� spherical sector electron analyzer.
Proton NMR spectra in DMSO-D6 solvent were obtained using
the Bruker AV-III 400 MHz instrument. The nitrogen adsorp-
tion–desorption isotherms were obtained at 77 K using
a Micromeritics 3 Flex instrument. The samples were degassed
at 120 �C for 6 h prior to adsorption–desorption measurements.
Transmission electron microscopy (TEM) images were obtained
at 100 kV by a JEOL JEM-1400 transmission electron micro-
scope. Scanning electron microscopy (SEM) images were taken
using the Hitachi SU-70 eld-emission scanning electron
microscope with an energy of 5.0 kV. The concentrations of
heavy metals in the solutions before and aer removal experi-
ments were quantied by either Varian Vista-MPX Inductively
Coupled Plasma Optical Emission Spectroscopy (ICP-OES) with
Ar+ ion plasma gas equipped with a Charged Coupled Detector
(CCD) for simultaneous detection at ppm concentration levels
or Agilent 8900 Triple Quadrupole Inductively Coupled Plasma
Mass Spectrometry (ICP-MS) with Ar+ ion plasma gas and an
electron multiple detector for detection at ppb concentration
levels.
2.9. Adsorption and desorption experiments

Adsorption and desorption of heavy metals from contaminated
water were measured in the experiments by using 5 mL of metal
solution and 5 mg of the adsorbent in 20 mL glass vials at
different pH, initial concentrations, and contact time. The
samples were acidied with 2% HNO3 prior to analysis and
either ICP-OES or ICP-MS was used to measure the concentra-
tion of heavy metal ions in the solutions aer removal or
desorption experiments at ppm or ppb levels, respectively. The
adsorption or desorption capacity qe and qd in (mg g�1) can be
calculated from eqn (1) and (3), respectively, while removal
efficiency % Re and desorption efficiency % De can be calculated
from eqn (2) and (4), respectively.23,26

qe ¼ ðC0 � CeÞV
m

(1)

% Re ¼ ðC0 � CeÞ
C0

� 100 (2)

qd ¼ Cd V

m
(3)

% De ¼ qd

qe
� 100 (4)

where: C0 is the initial concentration of heavy metal ions in the
solution (mg L�1), Ce is the equilibrium concentration (mg L�1)
aer adsorption, Cd is the concentration of heavy metal aer
desorption (mg L�1), m is the mass of the adsorbent (g), V is the
volume of the solution of metal ions (L). The effect of pH was
investigated by changing the pH of the solutions in the range of
2 to 6 by using 0.1 M NaOH and 0.1 M HCl. The effect of
concentration was determined by adjusting the concentrations
of the solutions between 10 to 1500 mg L�1 at ppm level or 100
to 1000 mg L�1 at ppb level. The effect of contact time was
studied by measuring uptake of the metal ions as a function of
RSC Adv., 2020, 10, 37883–37897 | 37885
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time depending on the initial concentrations. The effect of
adsorbent dosage was studied by changing the amount of
adsorbent from 5 to 30 mg in 5 mL. The selectivity of the MT-
PRGO and M-ZrP adsorbents toward specic metal ion was
investigated at different concentrations of a mixture containing
six metal ions at pH ¼ 5.5. Desorption of toxic metal ions from
the surface of the adsorbent was achieved by using different
concentrations of nitric acid (0.1–2.0 M) to regenerate the
adsorbent.
3. Results and discussion
3.1. Design and characterization of melamine thiourea-
partially reduced graphene oxide (MT-PRGO)

The design strategy of the MT-PRGO is motivated by the intro-
duction of the melamine functional groups (triazine ring and
three free amine groups) within the GO surface in order to form
strong complexes with high-binding interactions with the Hg(II)
ions.16 The general procedure for the preparation of MT-PRGO
is shown in Scheme 1, and it involves three main steps. The
rst step is the preparation of the MT active ligand through an
acid-catalyzed reaction between potassium thiocyanate and
melamine to form MT.24 The second step is the preparation of
GO by the modied Hummer's method,22 followed by a reaction
with chloroacetic acid in order to increase the number of
carboxylic acid groups by converting alcohol and ether groups
to carboxylic acid groups.27 The third step is the peptide bond
formation between the amine groups of MT and the carboxylic
acid groups on the surface of GO using N,N0-dicyclohex-
ylcarbodiimide (DCC) as a coupling agent.

Fig. 1(a) displays the XRD patterns of melamine, KSCN and
MT. It is clear that the XRD pattern of MT is completely different
from those of melamine and KSCN which can be used as
evidence for the formation of crystalline MT by the acid-
Scheme 1 General procedure for the preparation of MT-PRGO adsorbe

37886 | RSC Adv., 2020, 10, 37883–37897
catalyzed reaction between melamine and KSCN.28,29 The FTIR
spectra, displayed in Fig. 1(b), show the N–H stretching and
bending vibrations of melamine in the region of 3000–3500 and
1640 cm�1, respectively. The peaks between 1433–1533 and
810 cm�1 are assigned to the C–N stretching and bending
vibrations, respectively, and the triazine ring vibrations appear
at 1021 and 578 cm�1.28,29 The KSCN spectrum shows the two
characteristic peaks at 2046 and 1641 cm�1 due to C]S
stretching and bending vibrations, respectively.28 However, the
MT spectrum shows all the peaks assigned to the C]S, N–H, C–
N, and triazine vibrations in addition to two new peaks at 1173
and 655 cm�1 that can be assigned to the C–S stretching and
bending vibrations, respectively.24 These peaks are not present
in the melamine nor in the KSCN spectrum thus conrming the
formation of the MT chelating ligand.

Fig. S1 (ESI†) displays the XRD patterns of graphite, GO and
MT-PRGO. The sharp peak of GO at 2q ¼ 10.4� indicating an
interlayer distance of 0.78 nm is due to the presence of the
oxygen functional groups on the surface of the GO sheets which
lead to larger separation between the layers as compared to
graphite.30 This peak is further shied to 2q ¼ 9.9� in MT-PRGO
suggesting an increased interlayer spacing of 0.90 nm due to the
chemical graing of MT onto the GO sheets which could result
in larger spacing between the exfoliated layers due to the bulky
size of the MT ligands.26,30

To conrm the functionalization of the amine groups of
melamine with thiourea, 1H NMR spectra of puremelamine and
MT were obtained in the DMSO-D6 solvent and the results are
displayed in Fig. S2 (ESI†). The melamine spectrum displays the
characteristic singlet peak with a chemical shi 6.09 ppm (s,
6H) due to the NH2 protons consistent with the reported spec-
trum.31 However, the spectrum of the MT ligand displays two
characteristic peaks at 9.58 ppm (s, 3H) and 13.25 ppm (s, 6H)
which can be assigned to the NH and NH2 protons, respectively
nt from GO-COOH and MT.

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 (a) XRD and (b) FTIR spectra of melamine, KSCN and MT.
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in MT.24 Therefore, the NMR spectrum of MT provides conclu-
sive evidence for the functionalization of all the amine groups of
melamine.

The chemical functionalization of GO by the MT chelating
ligand is characterized by FTIR spectroscopy as shown in
Fig. 2(a) and (b) which compare the FTIR spectra of GO and MT-
PRGO. The GO spectrum shows the peaks related to OH, C]O,
C]C, C–O epoxy, and C–O hydroxyl groups at 2500–3500, 1738,
1622, 1362, and 1226–1050 cm�1, respectively.32 The MT-PRGO
spectrum shows the presence of different functional groups
related to the MT chelating ligand such as C]S, C–S, C–N, N–H,
and triazine. Also, the carbonyl functional group in GO has
Fig. 2 FTIR spectra of (a) GO and MT-PRGO, (b) expaned region 500–1

This journal is © The Royal Society of Chemistry 2020
a stretching vibration at 1735 cm�1 but aer chemical modi-
cation, this peak shows a redshi to 1695 cm�1 due to the
formation of peptide bonds between GO carboxylic acid func-
tional groups and MT chelating ligand functional groups.23,26

The UV-Vis spectra of GO and MT-PRGO, displayed in
Fig. S3(a) (ESI†) show two characteristic peaks: a shoulder at
309.0 nm in GO and at 288.1 nm in MT-PRGO and a second
peak at 228.5 nm in GO and at 232.1 nm inMT-PRGO which can
be assigned to p–p* transitions of C]C bonds.33 The disap-
pearance of the 309 nm peak and the red shi of the p–p*

transition of the aromatic C]C bond to 288 nm in the spectrum
800 cm�1.

RSC Adv., 2020, 10, 37883–37897 | 37887
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of MT-PRGO indicate the partial reduction of GO and the
restoration of some of the C]C bonds in the PRGO sheets.33

The Raman spectra of GO and MT-PRGO are displayed in
Fig. S3(b) (ESI†), and they show the two characteristic peaks (G
and D bands at 1587.6 and 1347.6 cm�1, respectively) of
graphene-basedmaterials.30,33 The G band is associated with the
stretching vibration of the conjugated C]C groups and it
appears at almost the same frequency of 1592 cm�1 in GO and
MT-PRGO.30,33 The D band is related to the disorder in the
graphitic structure, and the degree of disorder and extent of
defects in the graphitic structures are typically determined by
the intensity ratio of the D-band to the G-band (ID/IG). The ID/IG
ratio of GO (0.93) increases aer the chemical modication with
MT to 1.07, suggesting an increase in the degree of disorder and
number of defects in the partially reduced GO sheets of the MT-
PRGO. In addition, a new Raman peak at 503 cm�1 is observed
in the spectrum of MT-PRGO and is assigned to the C–S
stretching thus providing evidence for the covalent functional-
ization of GO by MT.34

The chemical attachment of the MT ligand onto the surface
of the GO nanosheets is also evident by the XPS data shown in
Fig. S4 (ESI†). The survey scans of GO and MT-PRGO, displayed
in Fig. S4(a) and (b),† respectively, show two peaks corre-
sponding to C 1s and O 1s photoelectrons in both the GO and
MT-PRGO scans in addition to three new peaks corresponding
to the N 1s and S 2s and S 2p photoelectrons only observed in
the MT-PRGO scan. These observations are consistent with the
covalent attachment of MT ligands to the GO nanosheets.23,26

Deconvolution of the C 1s spectrum of GO shown in Fig. S4(c),†
identies four peaks at binding energies of 284.8, 285.9, 286.7,
and 288.1 eV corresponding to photoelectrons in C–C/C]C, C–
OH, C–O–C, and C]O, respectively. However, the MT-PRGO C
1s spectrum, shown in Fig. S4(d),† shows ve peaks at binding
energies of 284.8, 285.2, 286.8, 288.4, and 287.9 eV
Fig. 3 SEM and TEM images of (a and b) MT, (c and d) GO, and (e and f

37888 | RSC Adv., 2020, 10, 37883–37897
corresponding to C]C/C–C, C–N, C–O/C–S, C]N/N–C]O, and
C]O photoelectrons, respectively. These results indicate that
aer the amidation reaction, the peak at 285.9 eV (C–OH) in GO
disappears and the peak at 288.1 eV (C]O) is shied to 287.9 eV
due to the formation of the peptide bonds. Moreover, the
appearance of C–N, C–S, and C]N peaks in the MT-PRGO C 1s
spectrum (Fig. S4(d)†) conrms the presence of the MT
chelating ligand on the surface of GO.14,25,26,32 The XPS spectra of
the O 1s electrons in GO and MT-PRGO shown in Fig. S5(a) and
(b), respectively (ESI†) also conrm the amide covalent bond
formation in MT-PRGO. The O 1s peak (531.2 eV) due to the
O]C–O group in GO disappears in the spectrum of MT-PRGO
(Fig. S5(b)†) due to the formation of the amide covalent
bond.26 Finally, the S 2p and N 1s spectra of MT-PRGO shown in
Fig. S5(c) and (d), respectively (ESI†) provide evidence for the
presence of the S]C (164.5 eV), N–C]O (399.0 eV) and N–C
(400.0 eV) groups on the surface of MT-PRGO nanosheets.

Themorphologies of MT, GO, andMT-PRGO are investigated
by SEM and TEM as shown in Fig. 3. The images indicate that
MT has an irregular shape with a rough surface (Fig. 3(a) and
(b)) while GO has a layered structure with a smooth surface
(Fig. 3(c) and (d)). However, the morphology of the MT-PRGO
adsorbent exhibits a wrinkled-like morphology (Fig. 3(e)) and
the TEM image in Fig. 3(f) shows the very thick sheets due to the
graing of the MT ligands on the surface of the PRGO
nanosheets.
3.2. Adsorption capacity of MT-PRGO for Hg(II), Co(II) and
Cu(II)

The effect of pH on the removal efficiency of Hg(II), Co(II) and
Cu(II) by MT-PRGO (Fig. S6, ESI†) shows that the maximum
sorption capacity occurs at pH 5.5. The adsorption capacity of
the MT-PRGO increases with increasing the pH of the solution
since at acidic conditions the transformation of NH2 into NH3

+

) MT-PRGO.

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Effect of initial concentration on the removal of (a) Hg(II),C0¼ 10–100 mg L�1, (b) Hg(II),C0¼ 5–1300mg L�1, (c) Co(II),C0¼ 5–800mg L�1

and Cu(II), C0 ¼ 5–400 mg L�1 [conditions: pH 5.5, T ¼ 298 K, adsorbent dose ¼ 0.005 g/5 mL].
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results in a few –NH2 sites on the MT-PRGO surface available to
coordinate with the metal ions. Since the Hg(II), Co(II) and Cu(II)
ions start to precipitate as hydroxides at pH > 6, pH 5.5 is
selected for further investigation of the removal of the metal
ions. The effect of initial concentrations of the metal ions on the
adsorption capacity of Hg(II), Co(II) and Cu(II) onto the MT-
PRGO adsorbent is shown in Fig. 4. It is clear that the amount
of metal ions adsorbed on theMT-PRGO increases by increasing
the initial concentrations of the heavy metals owing to the
higher driving force of the concentration gradient at the solid–
liquid interface until it reaches the state of equilibrium satu-
ration. The results show that the efficiency of the Hg(II) removal
(at pH 5.5) is 100% for initial concentrations up to 100 ppm and
a maximum adsorption capacity of 651 mg g�1 could be ach-
ieved from an initial concentration as high as 1300 ppm.
Similarly, the maximum adsorption capacities of Co(II) and
Cu(II) are found to be 98.0 mg g�1 and 50.0 mg g�1 from initial
concentrations of 800 and 400 mg L�1, respectively as shown in
Fig. 4(c).

Fig. 5(a) and 6(b) illustrate the effect of contact time on the
extraction of Hg(II) with initial concentrations of 500 ppb and
650 ppm, respectively at pH 5.5 by the MT-PRGO adsorbent. The
adsorbent shows very fast kinetics at a 500 ppb concentration of
Hg(II) and requires only 15 seconds to reach 100% removal
efficiency. At 650 ppm and 50 ppm concentrations of Hg(II), the
adsorbent reaches removal efficiencies of 83% (Fig. 5(b)) and
100% (Fig. 5(c)), respectively aer 30 min which is still very fast
compared to other Hg(II) adsorbents in the literature.11,16,21,23,24,26
Fig. 5 Effect of contact time on the removal of (a) Hg(II), C0 ¼ 500 mg L�

[conditions: pH 5.5, T ¼ 298 K, adsorbent dose ¼ 0.005 g/5 mL].

This journal is © The Royal Society of Chemistry 2020
For Co(II) and Cu(II) at 50 ppm, removal efficiencies of 90% and
80% are reached aer 60 min as shown in Fig. 5(c).

The experimental isotherms shown in Fig. 4 and 5 are
interpreted using the Langmuir isotherm model as shown in
Fig. S7(a)† and the calculated parameters are summarized in
Table S1 (ESI†). The calculated maximum adsorption capacities
of 661.6, 98.8, and 50.1 mg g�1 for Hg(II), Co(II) and Cu(II),
respectively based on the Langmuir model are in excellent
agreement with the experimental values of 651, 98 and 50 mg
g�1, respectively. This indicates that the adsorption of these
metal ions involves the formation of a monolayer coverage on
the surface of the MT-PRGO adsorbent. The pseudo-second
order kinetic model shows a good t for the experimental
data as shown in Fig. S7(b)† and the calculated parameters are
summarized in Table S2 (ESI†).

The effect of interfering ions is studied using a mixture
containing Hg(II), Cd(II), Co(II), Cu(II), Zn(II), and Ni(II) ions with
initial concentrations of C0 ¼ 500 mg L�1 and C0 ¼ 200 mg L�1.
The results, shown in Fig. S8 and Table S3 (ESI†) indicate that at
500 mg L�1 initial concentration the removal efficiencies for all
studied heavy metals in the solution are 100%. However, at the
higher initial concentration of 200 mg L�1, the MT-PRGO
adsorbent shows higher selectivity toward Hg(II) and Cd(II)
with removal efficiencies of 70.5% and 40%, respectively. The
high selectivity towards Hg(II) and Cd(II) can be explained based
on the so acid character of these ions which interact strongly
with the S and N active chelating sites (classied as so bases)
on the surface of MT-PRGO. Therefore, the MT-PRGO adsorbent
forms strong complexes with Hg(II) and Cd(II) in comparison
1, (b) Hg(II), C0 ¼ 650 mg L�1, (c) Hg(II), Co(II), and Cu(II), C0 ¼ 50 mg L�1

RSC Adv., 2020, 10, 37883–37897 | 37889
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Fig. 6 FTIR spectra of (a) melamine and MP, and (b) ZrP and M-ZrP.
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with metal ions such as Cu(II), Zn(II) and Ni(II) which are clas-
sied as borderline acids.24

The regeneration of the MT-PRGO adsorbent is demon-
strated using different concentrations of nitric acid as eluents to
desorb Hg(II) ions from the surface of the adsorbent. The
results, shown in Table S4 and Fig. S9 (ESI†), indicate that the
active sites on the surface of MT-PRGO could be 100% reac-
tivated by using a 2.0 M HNO3 solution. Fig. S9† demonstrates
that the MT-PRGO adsorbent can be reused for six cycles with
Scheme 2 General procedure for the preparation of melamine zirconiu

37890 | RSC Adv., 2020, 10, 37883–37897
a removal efficiency of Hg(II) above 95%. Therefore, the MT-
PRGO has the potential for high efficiency and economic
feasibility for commercial applications for the removal of Hg(II)
from contaminated water.

It is clear from the above results that the incorporation of the
chelating ligand melamine thiourea (MT) containing S and N
hetero-atoms within the partially reduced graphene oxide con-
taining O functional groups leads to a novel MT-PRGO adsor-
bent that displays one of the highest maximum adsorption
m phosphate (M-ZrP) from melamine and ZrP.

This journal is © The Royal Society of Chemistry 2020
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capacity for Hg(II) ions in water. Compared to the other adsor-
bents, the MT-PRGO has higher overall performance compared
to functionalized MOFs, GO, and mesoporous silica.16,23,24,26,35–41
3.3. Design and characterization of melamine zirconium
phosphate (M-ZrP)

The design strategy for the synthesis of melamine zirconium
phosphate (M-ZrP) involves two steps as summarized in Scheme
2. The rst step is the preparation of melamine phosphate (MP)
by the acid–base reaction between phosphoric acid as a proton
donor and melamine as a proton acceptor to form MP.25 The
second step is the formation of amorphous M-ZrP by a gel
method based on a precipitation reaction between MP and
Fig. 7 XPS spectra of M-ZrP. (a) Survey spectrum and high-resolution sp
ZrP.

This journal is © The Royal Society of Chemistry 2020
ZrCl4 similar to the reaction between phosphoric acid and
ZrCl4.18

Fig. 6 shows comparisons between the FTIR spectra of
melamine, MP, ZrP, and M-ZrP. It is clear that the four spectra
have common peaks in the region between 3000–3500 cm�1

which can be attributed to –N–H and –O–H stretching vibra-
tions. In addition, the spectra of melamine, MP andM-ZrP show
peaks at 1650, 1400–1550, 810, and 1020–570 cm�1 assigned to
the –N–H bending, –C–N stretching, –C–N bending, and triazine
ring vibrations, respectively.18,25 The spectra of MP, ZrP and M-
ZrP show a prominent peak in the range of 920 to 1200 cm�1

which can be assigned to the (P–O) stretching vibration which is
blue shied in the case of ZrP and M-ZrP due to the interaction
with zirconium. Moreover, the MP and M-ZrP spectra show
ectra of (b) C 1s, (c) N 1s, (d) O 1s, (e) P 2p, and (f) Zr 3d electrons in M-

RSC Adv., 2020, 10, 37883–37897 | 37891
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a broad and weak peak between 2676–2680 cm�1 due to the
interaction between the –NH2 and O]P–OH groups.25,42,43

The formation of M-ZrP is also conrmed by the XPS spectra
shown in Fig. 7. For comparison, the XPS spectra of MP and ZrP
are displayed in Fig S10 and S11, respectively (ESI†). The survey
spectra of MP (Fig. S10(a)†), ZrP (Fig. S11(a)†) and M-ZrP
(Fig. 7(a)) show peaks at electron binding energies of 532.7,
189.5 and 153.0 eV corresponding to the O 1s, P 2s and P 2p
electrons, respectively. In addition, the MP (Fig. S10(a)†) and M-
ZrP (Fig. S11(a)†) spectra have common peaks at binding
energies of 399.4 and 286.2 eV assigned to the N 1s and C 1s
electrons, respectively. Moreover, the ZrP (Fig. S11(a)†) and M-
ZrP (Fig. 7(a)) spectra show peaks at binding energies of 347.1
and 187.8 eV corresponding to Zr 3p and Zr 3 d electrons,
respectively, and these peaks do not appear in the MP spectrum
(Fig. S10(a)†). The XPS surface elemental compositions of the
MP, ZrP and M-ZrP adsorbents are summarized in Table S5
(ESI†).

The high-resolution XPS spectra of the C 1s, N 1s, O 1s, P 2p,
and Zr 3d photoelectrons in M-ZrP are displayed in Fig. 7(b)–(f),
respectively. The C 1s spectra of M-ZrP (Fig. 7(b)) and MP
(Fig. S10(b)†) are similar consisting of two peaks at binding
energies of 288.2 and 284.3 eV assigned to C]N and C–N
electrons, respectively. Also, the N 1s spectra in both M-ZrP
(Fig. 7(c)) and MP (Fig. S10(c)†) are similar and show contri-
butions from the N 1s electrons in the N]C, +NH3, and NH2

groups.44 The similarity of the C 1s and N 1s spectra in both M-
ZrP and MP indicates that the attachment of Zr to MP does not
take place through the C]N, C–N, N]C, or the NH2 functional
groups. On the other hand, the spectrum of the P 2p electron
shis from 134.0 eV in MP (Fig. S10(d)†) to 133.5–133.6 eV in
both ZrP (Fig. S11(c)†) and M-ZrP (Fig. 7(e)) indicating
a stronger interaction between P and Zr in both ZrP and M-ZrP.
Moreover, the observed shi of the Zr 3d3/2 and Zr 3d5/2 binding
energies of 183.5 and 181.3 eV, respectively to higher energies in
both ZrP (Fig. S11(d)†) andM-ZrP (Fig. 7(f)) (184.6 eV for Zr 3d3/2
Fig. 8 SEM (top) and TEM (bottom) images of (a and b) MP, (c and d) Zr

37892 | RSC Adv., 2020, 10, 37883–37897
and 182.1 eV for Zr 3d5/2) indicating again stronger interaction
between Zr and P in ZrP and M-Zr-P.47 Finally, the signicant
shi and split of the O 1s binding energy of P]O in MP
(531.7 eV in Fig. S10(e)†) to 531.0 and 532.3 eV in ZrP
(Fig. S11(b)†) andM-ZrP (Fig. 7(d)) indicate the formation of P]
O–Zr and P–O–Zr bonds in ZrP and M-ZrP.45,46

The morphologies of ZrP, MP and M-ZrP adsorbents are
examined using the SEM and TEM images shown in Fig. 8.
From the SEM images, it is clear that MP has rod-like shape
while ZrP and M-ZrP have irregular shape morphologies. The
TEM images show that ZrP and M-ZrP consist of small particles
connected together in mesoporous structures, while MP has
a less porous structure. The Brunauer–Emmett–Teller (BET)
surface areas of the MP, ZrP and M-ZrP adsorbents, measured
by N2 adsorption–desorption isotherms (Fig. S12 and Table S6,
ESI†) show that the M-ZrP and ZrP adsorbents have higher
surface areas (320 and 300 m2 g�1, respectively) than
MP (9 m2 g�1).
3.4. Adsorption capacity M-ZrP for Pb(II), Hg(II) and Cd(II)

Similar to the effect of pH on the removal efficiency of Hg(II) by
MT-PRGO, the maximum sorption capacity of Pb(II) on M-ZrP
occurs at pH 5.5 (Fig. S13, ESI†). The effect of initial concen-
tration of Pb(II) on the adsorption capacity on the M-ZrP
adsorbent is shown in Fig. 9. Using an adsorbent dose of 1 g
L�1 at pH 5.5, the removal efficiency of Pb(II) is 100% for initial
concentrations of 50 ppb up to 200 ppm as shown in Fig. 9(a)
and (b). As shown in Fig. 9(b), an adsorption capacity of 680 mg
g�1 is achieved from an initial concentration of 1000 ppm.
However, by increasing the adsorbent dose to 2 g L�1,
a maximum adsorption capacity of 1000 mg g�1 can be achieved
as shown in Fig. 9(c). Similarly, maximum adsorption capacities
of Hg(II) and Cd(II) of 250.0 mg g�1 and 180.0 mg g�1 could be
achieved at initial concentrations of 250 and 200 mg L�1,
respectively using an adsorbent dose of 3 g L�1 as shown in
P, and (e and f) M-ZrP.

This journal is © The Royal Society of Chemistry 2020
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Fig. 9 Effect of initial concentration on the removal of Pb(II) at (a) [C0 ¼ 50–1000 mg L�1] and (b) [C0 ¼ 10–1500 mg L�1]. (c) Effect of adsorbent
dose on the removal of Pb(II), Hg(II) and Cd(II) ions by M-ZrP [conditions: C0 ¼ 1000 mg L�1 for Pb(II), 250 mg L�1 for Hg(II) and 200 mg L�1 for
Cd(II), pH 5.5, T ¼ 298 K and adsorbent dose ¼ 0.005–0.030 g/5 mL].
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Fig. 9(c). This is attributed to the availability of more active sites
at a higher dosage of the M-ZrP adsorbent which can be used to
extract higher concentrations of toxic metal ions from solu-
tions. These results demonstrate the high performance of the
M-ZrP adsorbent to extract toxic metal ions especially Pb(II)
from polluted water. The high adsorption capacity of the M-ZrP
could be attributed to the presence of different nitrogen and
oxygen hetero-atoms. For example, the presence of melamine
with three basic nitrogen atoms in the triazine ring and three
free amine groups adds tremendous ability to chelate heavy
metal ions from solutions by forming strong coordination
complexes.47 The effect of incorporation of melamine into ZrP is
clearly demonstrated by comparing the adsorption capacity of
Pb(II) ions on the ZrP andM-ZrP adsorbents as shown in Fig. S13
(ESI†). In spite of the similar BET surface areas of ZrP andM-ZrP
(300 and 320 m2 g�1, respectively), the adsorption capacity for
Pb(II) is signicantly higher on M-ZrP (680 mg g�1) than on ZrP
(344 mg g�1). This is clearly due the strong chelating ability of
the nitrogen functional groups of melamine.

The effect of contact time on the adsorption of Pb(II) on M-
ZrP is illustrated in Fig. 10. At very low initial concentrations
of Pb(II) below 1000 ppb, the equilibrium time required for the
100% removal is only 40 seconds (Fig. 10(a)), and for higher
concentrations such as 100 ppm and 1000 ppm, the equilibrium
times are 5 min and 30 min, respectively (Fig. 10(b) and (c)). The
fast and efficient adsorption of Pb(II) ions on M-ZrP is remark-
able especially by comparing the 5 min equilibrium time
required for the 100% removal of the 100 ppm Pb(II) ions
(Fig. 10(b)) with the 45 min required for the removal of 72% and
Fig. 10 Effect of contact time on the removal of Pb(II) ions on M-ZrP a
[conditions: pH 5.5; T ¼ 298 K, adsorbent dose ¼ 0.005 g/5 mL].

This journal is © The Royal Society of Chemistry 2020
44% of the 100 ppm Hg(II) and Cd(II) ions, respectively as shown
in Fig. S15 (ESI†).

The excellent selectivity of M-ZrP towards the adsorption of
Pb(II) ions is also demonstrated in Fig. 11 which displays the
removal efficiency from a mixture containing Pb(II), Hg(II),
Cd(II), Zn(II), Ni(II), and Cu(II) ions at three different concentra-
tions. At the lowest concentration of 500 ppb, 100% removal
efficiency of all the ions is achieved and no selectivity is
observed at this low concentration. Even at a concentration of
10 ppm, the removal efficiency is still 100% for most of the ions
in the mixture. However, at the high concentration of 250 ppm,
the M-ZrP adsorbent exhibits more than 95% removal efficiency
of Pb(II) as compared to 25%, 16%, 14%, 13%, and 13% for
Hg(II), Cd(II), Zn(II), Ni(II), and Cu(II) ions, respectively. There-
fore, the M-ZrP adsorbent has tremendous selectivity for Pb(II)
ions at high concentrations and can be used to remediate
polluted water with high Pb(II) concentrations.

Similar to the MT-PRGO adsorbent, 100% of the active sites
on the M-ZrP adsorbent can regenerated by using 1.5 M HNO3

solution as shown in Table S7 (ESI†). Fig. S15 (ESI†) demon-
strates that the M-ZrP adsorbent can be reused for ve cycles
with a removal efficiency of Pb(II) above 95%. Therefore, the M-
ZrP adsorbent is an efficient and cost-effective adsorbent for
Pb(II) removal from contaminated water.

To gain insight into the adsorption mechanism of Pb(II) on
the M-ZrP surface, XPS analyses of M-ZrP are performed aer
the adsorption of Pb(II) and the results are shown in Fig. S17
(ESI†). The Pb 4f spectrum (Fig. S17(b)†) shows two peaks at
binding energies at 138.5 and 143.4 eV corresponding to the Pb
t (a) C0 ¼ 1000 mg L�1, (b) C0 ¼ 100 mg L�1 and (c) C0 ¼ 1000 mg L

RSC Adv., 2020, 10, 37883–37897 | 37893
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Fig. 11 Removal efficiency of metal ions from a mixture containing six
metal ions. [Conditions: C0 ¼ 250, 10 mg L�1, and 500 mg L�1 adsor-
bent dose ¼ 0.005 g/5 mL, pH 5.5, T ¼ 298 K].
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4f7/2 and Pb 4f5/2 photoelectrons, respectively.48 These two peaks
appear at high binding energies compared to free lead atoms
indicating strong interactions between the lead ions and the
functional groups of the M-ZrP adsorbent to form Pb(II) coor-
dination complexes.48,49 Both the C 1s and the Zr 3d spectra in
M-ZrP before (Fig. 7(b) and (f), respectively) and aer the Pb(II)
adsorption (Fig. S17(c) and (d),† respectively) are similar thus
indicating that the adsorption of Pb(II) ions does not take place
on the C or on the Zr sites. However, for the N 1s spectrum in M-
ZrP, the peaks at 399.6 eV and 400.8 eV assigned to (N]C) and
(NH2) groups, respectively (Fig. 7(c)) shi to higher binding
energies aer the Pb(II) adsorption (Fig. S17(e)†) suggesting
complex formation with Pb(II).12 Interestingly, the N 1s peak at
400.4 eV assigned to (+NH3) (Fig. 7(c)) does not change position
aer the Pb(II) adsorption since +NH3 groups cannot coordinate
Pb(II) ions. Finally, the O 1s peak at 533.1 eV assigned to the (P–
O–H) group (Fig. 7(d)) undergoes signicant shi to a higher
binding energy aer the Pb(II) adsorption (Fig. S17(f)†) indi-
cating the formation of (P–O–Pb+) bond.49 On the other hand,
the O 1s peaks at 531.0 eV and 532.3 eV assigned to the (P]O–
Zr) and (P–O–Zr) groups, respectively do not show any shi aer
the Pb(II) adsorption (Fig. S17(f)†) indicating that the Pb ions do
not coordinate with the (P]O–Zr) and (P–O–Zr) groups. Based
on these results, the uptake of Pb(II) on the M-ZrP adsorbent is
likely to take place by chemisorption through coordination
bonds with the six basic nitrogen atoms and four free amine
Scheme 3 Proposed mechanism for the adsorption of the Pb(II) ions on

37894 | RSC Adv., 2020, 10, 37883–37897
groups of the two triazine rings of melamine in addition to the
two hydroxyl groups of ZrP according to the proposed mecha-
nism shown in Scheme 3. In this mechanism, the Lewis base
groups of melamine and the hydroxyl groups donate their lone
pair of electrons to the Lewis-acid empty d-orbitals of the Pb(II)
ions to form stable chelating complexes. The desorption of
Pb(II) ions from the M-ZrP adsorbent by nitric acid occurs
favorably because protons have higher coordination ability to
adsorbent sites than the lead ions.12

Finally, it should be noted that the developed M-ZrP adsor-
bent exhibits one of the highest maximum adsorption capacity
(qmax) of Pb(II) ions reported in literature for a variety of organic,
inorganic, hybrid, and MOF adsorbents.48–64 The removal
capacity for lead ions by M-ZrP is 680.4 mg g�1 and 1000 mg g�1

using an adsorbent dose of 1 g L�1 and 2 g L�1, respectively.
This removal capacity is higher thanmost of the reported values
for Pb(II) removal by other ZrP-modied adsorbents such as ZrP-
chloromethylated polystyrene (556.0 mg g�1),51 polymer based-
ZrP (398.0 mg g�1),19 Go-ZrP (363.4 mg g�1),21 ZrP-polysulfone
(302.1 mg g�1),52 and ZrP-polyvinyl alcohol (121.1 mg g�1).53

Additionally, the qmax of M-ZrP is also higher than Zr-MOF and
other functionalized MOF adsorbents such as MOF-
polydopamine composite (349.0 mg g�1),54 NH2-functionalized
Zr-MOF (177.3 mg g�1),55 MIL-68 (254.9 mg g�1),56 UiO-66-
NHC(S)NHMe (232.0 mg g�1),57 UiO-66-EDTA (357.9 mg g�1),58

and UiO-66-aminothiouracil (386.9 mg g�1).59 The qmax of M-ZrP
is also higher than or comparable to the best graphene-based
adsorbents for Pb(II) removal such as chitosan-functionalized
GO (556.2 mg g�1),60 GO-wrapped melamine sponge (349.7 mg
g�1),61 and 3D-graphene/d-MnO2 aerogels (643.6 mg g�1).62

Although the sulfur-functionalized porous lignin adsorbent
exhibits higher qmax (952.0 mg g�1)63 than M-ZrP (680.4 mg g�1)
at the 1 g L�1 adsorbent dose, this adsorbent requires 300 min
to reach this high capacity while the M-ZrP requires only 30 min
to achieve the maximum capacity. Moreover, the synthesis of
the sulfur-functionalized lignin adsorbent involves complicated
modications with long processing time unlike the synthesis of
M-ZrP which requires only 2 h under mild reaction conditions.
Therefore, the M-ZrP adsorbent is clearly among the very top
the active sited of the M-ZrP adsorbent.

This journal is © The Royal Society of Chemistry 2020
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performing adsorbents reported in literature for the lead
removal from contaminated industrial and wastewater.19–21,48–64

4. Conclusions and outlook

Two novel chelating adsorbents, based on the chemical modi-
cations of graphene oxide and zirconium phosphate by
melamine thiourea and melamine, respectively are developed
for the effective extraction of the toxic metal ions Pb(II), Hg(II),
Cd(II), Cu(II), Co(VI), and Zn(II) with high selectivity for Hg(II) and
Pb(II) from metal-contaminated water. The rst adsorbent
melamine, thiourea-partially reduced graphene oxide (MT-
PRGO) combines the heavier donor atom sulfur with the
amine and triazine nitrogen's functional groups attached to the
partially reduced GO nanosheets to effectively capture Hg(II)
ions from water. The MT-PRGO adsorbent exhibits performance
in both capacity and selectivity for Hg(II) superior to most of the
reported materials used for the extraction of toxic metal ions
from water. It displays a 100% removal of Hg(II) at concentra-
tions up to 100 ppm and the adsorption is exceptionally rapid
resulting in a 100% removal from 500 ppb and 50 ppm
concentrations in 15 second and 30 min, respectively. The
maximum adsorption capacity of 651 mg g�1 is achieved from
a starting concentration as high as 1000 ppm Hg(II) ions. In
a mixture containing Hg(II), Cd(II), Co(II), Cu(II), Zn(II), and Ni(II)
ions with a high concentration of 200 mg L�1, the MT-PRGO
adsorbent shows higher selectivity toward Hg(II) and Cd(II)
with removal efficiencies of 70.5% and 40%, respectively. The
results clearly demonstrate that the MT-PRGO is among the top
of the carbon-based materials known for the high capacity of
Hg(II) removal from aqueous solutions.

The second adsorbent, melamine zirconium phosphate (M-
ZrP), is designed to combine the amine and triazine nitro-
gen's functional groups of melamine with the hydroxyl active
sites of zirconium phosphate to effectively capture Pb(II) ions
from water. The M-ZrP adsorbent shows exceptionally high
adsorption affinity for Pb(II) with a capacity of 681 mg g�1 and
1000 mg g�1 using an adsorbent dose of 1 g L�1 and 2 g L�1,
respectively. The high adsorption capacity is also coupled with
fast kinetics where the equilibrium time required for the 100%
removal of Pb(II) from 1000 ppb, 100 ppm and 1000 ppm
concentrations is 40 second, 5 min and 30 min, respectively
using an adsorbent dose of 1 g L�1. In a mixture of six heavy
metal ions at a concentration of 10 ppm, the removal efficiency
is 100% for Pb(II), 99% for Hg(II), Cd(II) and Zn(II), 94% for Cu(II),
and 90% for Ni(II) while at a higher concentration of 250 ppm
the removal efficiency for Pb(II) is 95% compared to 23% for
Hg(II) and less than 10% for the other ions. The remarkable
efficiency and selectivity of the Pb(II) removal are attributed to
the high chelating ability created by the presence of melamine,
which has three basic nitrogen atoms in the triazine ring and
two free basic amine groups, in close proximity to the hydroxyl
groups on the surface of zirconium phosphate.

Because of the fast adsorption kinetics, high removal
capacity and excellent regeneration, stability and reusability,
the developed newmaterials MT-PRGO andM-ZrP are proposed
as top performing remediation adsorbents for the solid phase
This journal is © The Royal Society of Chemistry 2020
extraction of Hg(II) and Pb(II), respectively from contaminated
water.
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