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ABSTRACT: A novel chelating adsorbent, based on the functionalization of activated carbon (AC) derived from water hyacinth
(WH) with melamine thiourea (MT) to form melamine thiourea-modified activated carbon (MT-MAC), is used for the effective
removal of Hg2+, Pb2+, and Cd2+ from aqueous solution. Fourier transform infrared spectroscopy (FTIR), X-ray photoelectron
spectroscopy (XPS), scanning electron microscopy (SEM), and Brunauer−Emmett−Teller (BET) theory confirm the successful
functionalization of AC with the melamine thiourea chelating ligand through the amidation reaction between the carboxyl groups of
oxidized activated carbon (OAC) and the amino groups of melamine thiourea (MT) in the presence of dicyclohexylcarbodiimide
(DCC) as a coupling agent. The prepared MT-MAC exhibited extensive potential for the adsorption of the toxic metal ions Hg2+,
Pb2+, and Cd2+ from wastewater. The MT-MAC showed high capacities for the adsorption of Hg2+ (292.6 mg·g−1), Pb2+ (237.4 mg·
g−1), and Cd2+ (97.9 mg·g−1) from aqueous solution. Additionally, 100% removal efficiency of Hg2+ at pH 5.5 was observed at very
low initial concentrations (25−1000 ppb).The experimental sorption data could be fitted well with the Langmuir isotherm model,
suggesting a monolayer adsorption behavior. The kinetic data of the chemisorption mechanism realized by the melamine thiourea
groups grafted onto the activated carbon surface have a perfect match with the pseudo-second-order (PSO) kinetic model. In a
mixed solution of metal ions containing 50 ppm of each ion, MT-MAC showed a removal of 97.0% Hg2+, 68% Pb2+, 45.0% Cd2+,
17.0% Cu2+, 7.0% Ni2+, and 5.0% Zn2+. Consequently, MT-MAC has exceptional selectivity for Hg2+ ions from the mixed metal ion
solutions. The MT-MAC adsorbent showed high stability even after three adsorption−desorption cycles. According to the results
obtained, the use of the MT-MAC adsorbent for the adsorption of Pb2+, Hg2+, and Cd2+ metal ions from polluted water is promising.

1. INTRODUCTION

After the industrial revolution, the industrial wastes from
sewage sludge, textile printing, mining, fertilizers, pigments,
electroplating, alkaline batteries, mining, textile printing,
sewage sludge, and metallurgy are considered the primary
sources of heavy metals (such as Hg2+, Pb2+, and Cd2+ ions) in
water bodies. Heavy metals are highly toxic at very low
concentrations.1−4 Heavy metals accumulating in the human
body can cause different chronic and severe diseases as anemia,
hemoptysis, skeletal malformation, renal damage, impairment
of pulmonary functions, emphysema, cancer, lung damage,
nervous system damage, and hypertension.5,6 As a result,
various methods have been used for the removal of heavy
metals from wastewaters such as electrodeposition,7 bioreme-

diation,8−10 membrane separation,11 flotation,12 coagulation,13

electrocoagulation,14 ozonation,15 and adsorption.10,16,17

Among these methods, adsorption using chelating resins is
considered one of the most efficient methods for water
treatment owing to its low cost, flexibility in operation, and
design compared to those of other methods.18−23 Many
different materials have been used as adsorbents for the uptake
of toxic substances from polluted water such as metal
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oxides,24,25 activated carbon (AC),26 covalent organic frame-
works (COFs),4,27 metal organic frameworks (MOFs),28,29

minerals (clay),30 inorganic nanomaterials,31 agriculture
wastes,8,32 graphene oxide (GO),33,34 and polymers.35,36

Most of these adsorbents have low selectivity and capacity.
Therefore, it is important to remove toxic metals from
contaminated water using cheap and efficient adsorbents.
The most widely used adsorbent in lead removal is activated

carbon due to its porous structure, high adsorption capacity,
and high surface area. To improve the selectivity and capacity
of activated carbon, several surface treatments with organic
chelating agents have been applied to increase the number of
functional groups. Various adsorbents have been developed
such as sulfhydryl-functionalized activated carbon, 2-amino-
thiazole-functionalized activated carbon derived from water
hyacinth,16 and tris(hydroxymethyl)aminomethane-modified
activated carbon.5,6 The key challenge here is to functionalize
activated carbon with active chelating ligands that can be used
to extract cadmium ions from wastewater such as melamine
derivatives.37 Melamine is considered a strong chelating ligand
because it has three free amine groups and three basic nitrogen
atoms in the triazine ring with high binding ability toward
heavy metals. Moreover, the amine groups on melamine can be
used as an intermediate to introduce different functional
groups to chelate heavy metals. Therefore, introducing ligands

containing donor atoms such as sulfur will increase melamine’s
capacity toward heavy metals since its electron cloud can be
easily polarized because it has a large size and nearly full d-
electrons. For example, melamine was functionalized with
thiourea, and then, it was used to extract Cd2+ from
wastewaters.37

Herein, we introduce the novel adsorbent melamine
thiourea for the effective removal of Hg2+, Pb2+, and Cd+2

ions from water with a remarkably high selectivity for Hg2+.
This particular modification for AC has never been reported
before. The design strategy of MT-MAC was motivated by the
introduction of amine and thiol groups onto the AC surface
owing to their high binding ability to coordinate with mecury
ions and form stable complexes. The general steps for the
synthesis of MT-MAC are shown in Scheme 2. The method
includes the oxidation of activated carbon derived from water
hyacinth using nitric acid to increase the number of carboxylic
acid groups on the AC surface followed by the amidation
reaction between the carboxyl groups of oxidized activated
carbon (OAC) and NH2 groups of melamine thiourea (MT).
The prepared MT-MAC adsorbent was characterized using
Fourier transform infrared spectroscopy (FT-IR), Brunauer−
Emmett−Teller (BET) theory, X-ray photoelectron spectros-
copy (XPS), and scanning electron microscopy (SEM). The
adsorption behavior of the prepared MT-MAC adsorbent

Scheme 1. General Process for the Synthesis of the Melamine Thiourea Ligand

Scheme 2. General Process for the Synthesis of Melamine Thiourea-Chemically Modified Activated Carbon (MT-AMC)
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toward Hg2+, Pb2+, and Cd2+ was investigated using a batch
process. The impacts of metal ion concentration, solution pH,
temperature, and agitation time were evaluated. The kinetic,
thermodynamic, and isotherm data were also studied.

2. EXPERIMENTAL SECTION
2.1. Synthesis of the Melamine Thiourea (MT) Active

Ligand. The melamine thiourea active ligand preparation
procedure is described below. In brief, 12 g of potassium
thiocyanate (KSCN, Sigma-Aldrich, 99.0%) was dissolved in
100 mL of HCl (0.01 M) and 5 g of melamine (Sigma-Aldrich,
99.0%) was dissolved in 100 mL of pure water. After that, the
KSCN solution was added to the melamine solution drop by
drop with continuous stirring and then refluxed at 90°C. After
1 h, the bottle containing the solution was placed in an ice bath
to cool; then, the sample was first centrifuged and then
recrystallized with an ethanol−water mixture (1:1).37 Scheme
1 shows the preparation procedure of the melamine thiourea
(MT) active ligand.
2.2. Preparation of Melamine Thiourea-Chemically

Modified Activated Carbon (MT-MAC). In this study, the
water hyacinth (WH) plant, which is widely found and
collected around the Nile River in Mansoura, Egypt, was used.
After washing the dried water hyacinth (WH) first with faucet
water and then with pure water, it was soaked in 0.25 M
ethylenediaminetetraacetic acid (Sigma-Aldrich, 99.0%) (at pH
10) for 24 h to degrade the Hg2+, Pb2+, and Cd2+ ions present
on the plant tissues. Then, it was washed a few times with pure
water and left to dry in a furnace at 80 °C for 3 days. The first
step in the preparation of AC was carried out by soaking dried
water hyacinth in (50.0% v/v) H3PO4 solution (the solid mass
to the acid solution volume was (1:3)) at room temperature
(25 °C) for 48 h. Activation of the mixture, which was
dehumidified for 2 days in an oven at 110 °C, was continued
for 3 h at 550−600 K increasingly in an airless environment
using a stainless-steel reactor. After the sample cooled down to
room temperature, it was washed several times with distilled
water until the acid in the filtrate was removed and left to dry
in an oven at 120 °C. Increasing the number of functional
groups such as aldehydes, hydroxyl, ketones, and carboxyl on
the activated carbon surface by treating 3.0 g of activated
carbon with 30 mL of HNO3 (1:1) and refluxing for 3 h at 110
°C was aimed. The filtered adsorbent (OAC) was washed with
pure water until the filtrate pH was stable at 6.0 and placed in a
120 °C oven to dry. MT-MAC was produced as follows: To a
suspension of 500 mg of OAC adsorbent in anhydrous N,N-
dimethyl formamide (DMF) (Sigma-Aldrich, 99.0%) (100
mL), 0.5 g of melamine thiourea (MT) and 1.0 g of N,N′-
dicyclohexylcarbodiimide (DCC) (Sigma-Aldrich, 99.0%)
were added, and the mixture was mixed at 25 °C for 1 day.
The sample collected using filter paper in the last step was
washed first with DMF and then with pure water and left to
dry in a furnace at 80 °C for 1 day. Scheme 2 shows the
preparation procedure of melamine thiourea-chemically
modified activated carbon (MT-MAC).
2.3. Characterization. AC, OAC, and MT-MAC were

characterized using Fourier transform infrared spectroscopy
performed using a Jasco instrument (Model 6100, Japan) at a
scanning range of 4000−400 cm−1. XPS was carried out on a
PHI Versa Probe III scanning XPS microprobe using ∼1.4 keV
monochromatic Al Kα X-ray. BET surface areas of MT-MAC
and OA were evaluated at 77 K using N2 adsorption−
desorption isotherms. Inductively coupled plasma optical

emission spectroscopy (ICP-OES) with Ar+ ion plasma gas
equipped with a charged coupled detector (CCD) was used to
determine the metal ion concentration.

2.4. Adsorption Equilibrium Studies. Using a shaking
thermostat unit, we conducted batch adsorption experiments
on Hg(II), Pb(II), and Cd(II) by shaking 10 mg of adsorbent
in a 10 mL glass vial at different pH values (between 2.0 and
6.0), initial concentrations (between 10 and 800 ppm),
temperatures (between 25 and 50 °C), and adsorbent doses
(between 5 and 30 mg) at a constant shaking rate of 250 rpm.
After each adsorption experiment, the adsorbents were
removed from the solution, and the residual concentration of
the metal ion was acidified with 2.0% HNO3, and
concentration measurements were carried out using inductively
coupled plasma optical emission spectroscopy (ICP-OES) with
Ar+ ion plasma gas equipped with a charge-coupled detector
(CCD). The amount of metal ions (qe) adsorbed and the
percentage % E can be calculated by eqs 1 and 2, respectively.

=
−
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0 e
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C
%

( )
1000 e

0 (2)

where C0 and Ce are the initial and equilibrium heavy metal ion
concentrations (mg·L−1), respectively, V (L) is the heavy metal
ion solution volume, and m (g) is the weight of the samples.

2.4.1. Determination of pHPZC. Solutions with pH between
2 and 12 were obtained by adding NaOH (0.1 M) or HCl (0.1
M) to Erlenmeyer flasks containing 50 mL of 0.01 M NaCl
solution. Then, 0.15 g of the adsorbent was added to each
flask; final pH measurements of the bottles were made after
shaking for 48 h. The pHPZC of the sample is calculated from
the point where pHfinal = pHinitial crosses the curve between
pHfinal and pHinitial.

2.4.2. Adsorption Kinetic Studies. The adsorption kinetics
of Pb2+, Hg2+, and Cd2+ onto MT-MAC were measured at
equilibrium concentration and optimum pH. The solution was
stirred continuously at 250 rpm at room temperatures, and
samples were taken at different time intervals by rapid filtration
from the solution. ICP-OES was used to determine the
concentration of the Pb2+, Hg2+, and Cd2+ ions in the residual
solution. Equilibrium adsorption capacities of adsorbents at
time t, qt (mg/g), are calculated using eq 1.

2.4.3. Desorption and Regeneration Studies. Desorption
experiments were performed to evaluate the recovery of metal
ions from the MT-MAC using HNO3. For this purpose, 0.04 g
of metal ion-loaded MT-MAC and 40 mL of of different
eluents (0.1−0.5 M HNO3, 0.5−3.0% thiourea) were mixed in
a conical flask for 3 h. After this step, the adsorbents were
separated by filtration, washed with pure water, and then
neutralized with 0.1 M NaOH. The adsorbents regenerated by
this method were used again for subsequent adsorption
experiments.

3. RESULTS AND DISCUSSION
3.1. Characterization of AC, OAC, and MT-MAC.

Scheme 2 shows the process of obtaining AC from water
hyacinth (WH) with melamine thiourea (MT). The
modification steps are listed below. In the first step, the
melamine thiourea active ligand was prepared by the acid-
catalyzed reaction between triazine triamine and potassium

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c06441
ACS Omega 2022, 7, 6058−6069

6060

http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c06441?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


thiocyanate. In the second step, activated carbon was prepared
from WH and then processed by chemical oxidation with nitric
acid (HNO3) to increase the number of carboxylic acid
functional groups on the AC surface. In the third step, peptide
bonds were formed due to the amidation reaction between the
free NH2 groups of melamine thiourea and the carboxylic acid
groups of AC in the presence of N,N-dicyclohexylcarbodiimide
(DCC) as a coupling agent.
To confirm the formation of the melamine thiourea active

ligand from KSCN and melamine, Fourier transform infrared
spectra were collected and are displayed in Figure S1. The
FTIR spectrum of melamine exhibits peaks corresponding to
the N−H stretching and bending oscillations in the region
3000−3500 and 1640 cm−1, respectively. The peaks at 1021
and 578 cm−1 are ascribed to the triazine ring oscillations.38,39

Additionally, the peaks between 1433−1533 and 810 cm−1 can
be attributed to the stretching and bending oscillations of C−
N. The FTIR spectrum of KSCN displays two distinguished
peaks at 1641 and 2046 cm−1 corresponding to the bending
and stretching oscillations of CS, respectively.40 Comparing

the spectrum of melamine thiourea with that of melamine and
KSCN, two new peaks at 655 and 1173 cm−1 corresponding to
C−S bending and stretching oscillations are observed in the
melamine thiourea spectrum, respectively.37 These new peaks
confirmed the formation of the melamine thiourea chelating
ligand.37

The FTIR spectrum of AC is illustrated in Figure 1. The
peaks at wavenumbers 3440, 2849−2932, and 1583 cm−1 are
associated with aliphatic (CH), hydroxyl (OH), CC (in the
aromatic ring), and aromatic (CC) stretching oscillations.41

In addition, broad peaks, which are thought to belong to the
C−O stretching oscillations in ethers, esters, and phenols, are
observed in the wavenumber range of 1000−1300 cm−1.6,42

The changes observed as a result of the oxidation of activated
carbon with nitric acid are illustrated in Figure 1 in the
spectrum of AC. The two new peaks at 1612 and 1710 cm−1

correspond to the CO stretching oscillations of ketones,
lactones, aldehydes, and carboxylic groups.6 As a result, the
number of carboxyl functional groups on the activated carbon

Figure 1. FTIR spectra of melamine thiourea-modified activated carbon.

Figure 2. XPS survey spectra of OAC (A) and MT-MAC (B).
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surface increased as a result of the oxidation process with
HNO3.
Comparing the FTIR spectrum of OAC with that of MT-

MAC, the CO stretching oscillation of the COOH group in
OAC disappeared, and new peaks are observed at 1620 and
1570 cm−1 that can be assigned to the CO stretching
oscillation of the NHCO (amide) and the bending oscillations
of N−H in the NH2 group, respectively.

2,43,44 Furthermore, the
band at 3330 cm−1 in the MT-MAC spectrum can be assigned
to the N−H stretching vibration of the secondary amine.2,43,44

Also, new peaks are observed in the MT-MAC spectrum at
1240−1320, 1090, and 642 cm−1 assigned to C−N stretching
oscillations (triazine), −CS oscillations, and C−S oscil-
lations, respectively.2,6,43 The results obtained provide
evidence of the successful functionalization of activated carbon
with the melamine thiourea chelating ligand through amide
linkage (peptide linkage).
The XPS plot shown in Figure 2 confirms the successful

chemical modification of activated carbon from water hyacinth
(WH) with the melamine thiourea (MT) chelating ligand. XPS
was carried out on a PHI Versa Probe III scanning XPS
microprobe using a ∼1.4 keV monochromatic Al Kα X-ray.
When the XPS survey scans of OAC and MT-MAC were
examined (Figure 2A,B respectively), the increase in the
intensity of the C 1s peak also increased the intensity of the O
1s peak of MT-MAC. Additionally, two new peaks due to an S
2p and N 1s are observed in the MT-MAC survey scan.2 These
results indicate the successful covalent attachment of the
melamine thiourea chelating ligand to the OAC surface
through amide linkage (peptide linkage) where DCC is used
as a binding agent.
The high-resolution C 1s spectrum (Figure S2A) attributed

to the OAC was deconvoluted to four peaks with binding
energies at 289.3 eV (C in COOH), 287.5 eV (C in CO),
285.9 eV (C in C−O), and 284.9 eV (C in C−C, CC).2,45

Deconvolution of the C 1s spectrum of MT-MAC showed in
Figure S2B identifies four peaks with binding energies at 288.6,
287.1, 286.3, and 284.6 eV corresponding to C−NH2, CN/
N−CO, C−O/C−S, and C−C/CC, respectively.2,44,46,47

Consequently, the chemical modification of OAC with MT
was also evident from the peaks at 286.3, 287.2, and 288.6 eV
for (C−S, C−N), (N−CO, CN), and C-NH2, respec-
tively. The high-resolution O 1s of OAC (Figure S2C) was
deconvoluted to three peaks with binding energies at 531.5 eV
(O in O−H), 532.5 eV (O in CO), and 533.9 eV (O in
COOH), while the O 1s spectrum of MT-MAC is
deconvoluted to two peaks with binding energies at 531.2 eV
(O in H−N−CO) and 533.1 eV (O in CO).2,44,46,47 The
successful incorporation of melamine thiourea onto the surface
of OAC is also approved by the S 2p and N 1s spectra
represented in Figure S2F,E, respectively. The high-resolution
N 1s peak (Figure S2E) attributed to MT-MAC can be
deconvoluted into two peaks with binding energies at 399.3 eV
(N in C−N−C or CN bonds) and 400.2 eV (N in N−C
O).44 The high-resolution MT-MAC-related S 2p (Figure
2SF) dissociated into two peaks due to CS and C-SOX
bonds, with binding energies at 164.6 and 168.5 eV,
respectively.2,46 From FTIR and XPS analyses, the presence
of CN, OC−N, CS, C−S, and C−N peaks proves the
successful functionalization of AC derived from WH with the
melamine thiourea (MT) chelating ligand.
Surface areas of MT-MAC and OA were evaluated at 77 K

using N2 adsorption−desorption isotherms. The results are

plotted in Figure 3, and they showed a typical type (I)
isotherm for OAC, which is a characteristic for microporous

materials, and a typical type (V) isotherm for MT-MAC with a
hysteresis loop, which is a characteristic for mesoporous
materials according to the IUPAC classification of porous
materials. The surface area of OAC (864.52 m2 g−1) was much
higher than that of MT-MAC (452.62 m2 g−1). Table S1
illustrates the BET surface areas of OAC and MT-MAC
adsorbents.
The results showed that the pore volume of OAC (0.5216

cm3/g) is much higher than the pore volume of MT-MAC
(0.2916 cm3/g). The high pore volume and surface area of
OAC could be attributed to nitric acid treatment after the
carbonization step, which can play an important role in
cleaning the surface’s impurities that block the pores on the
surface and also generating new pores.48 Additionally, the
treatment with nitric acid leads to the formation of nitric
dioxide and carbon dioxide gases that increase the porosity of
OAC.48 Therefore, these results prove the role of nitric acid
treatment in generating a porous surface.
Comparing the surface area of OAC with that of MT-MAC,

a sharp decrease in the pore volume, pore size, and specific
surface area is observed. The pore volume and the specific
surface area of MT-MAC were reduced to 0.2916 cm3/g and
493.78 m2/g, respectively. This may be attributed to the
chemical modification with MT chelating ligands that would
occupy a certain space in the AC pore, and binding to the
surface of AC would block part of the pores. These results,
consistent with FTIR, XPS, and SEM, confirm the successful
functionalization of oxidized activated carbon by melamine
thiourea chelating ligands.
OAC and MT-MAC morphologies were specified using a

scanning electron microscopy (SEM) instrument (JSE-T20
(JEOL, Japan) model) and are displayed in Figure 4. Evenly
distributed honeycomb or circular holes visible on the surface
of OAC in Figure 4 indicate that the surface is smooth and
porous. After chemical modification with melamine thiourea,
OAC became coarser and crumpled with a more irregular pore
structure.

3.2. pH Effect on Hg2+, Pb2+, and Cd2+ Adsorption.
The dependence of Pb2+, Hg2+, and Cd2+ adsorption onto MT-
MAC at the initial solution pH is shown in Figure 5A. It can be
understood that when the solution pH increases from 2 to 6,
the sorption capacity increases. It is observed that Pb2+, Hg2+,

and Cd2+ removals are low at low pH values due to the
competition between heavy metal ions and H+ ions in the
adsorption free sites of MT-MAC. The small size of the H+ ion

Figure 3. N2 adsorption−desorption isotherms for OAC and MT-
MAC.
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makes it a strong competitor for adsorption. Additionally, MT-
MAC comprised surface functional groups such as amine,
hydroxyl, amide, thiol, and carboxyl, which are influenced by
the pH of the solution.2,21−23 At low pH values, the surface
functional groups of MT-MAC are protonated. However, with
the increase of solution pH values from 2 to 5.5, the
degradation efficiency of Pb2+, Hg2+, and Cd2+ increased
from 24.45 to 100.0% (for Hg2+), from 36.6 to 100.0% (for
Pb2+), and from 78.3 to 98.3% (for Cd2+) because the
−COOH, −NH2, OC−NH2, and -OH are deprotonated
and easy to bind with the Pb2+, Hg2+, and Cd2+ ions. If the
effect of pH is to be examined in terms of pHpzc of the
adsorbent, the total surface charge is zero because the numbers
of negative and positive groups in pHpzc are equal. The pHpzc
values of the adsorbents AC, OAC, and MT-MAC were 4.05,
3.38, and 3.98, respectively. At lower pH, the activated carbon
is positively charged (pH < pHPZC), resulting in electrostatic
repulsion between the heavy metal ions and the positively
charged surface. Since the surface charge density decreases,

with an increase in the solution pH (pH > pHPZC), the
adsorbent surface becomes negatively charged, leading to
enhancement of electrostatic attraction between the carbon
surface and the Pb2+, Hg2+, and Cd2+ ions. All adsorption
experiments were conducted at pH 5.5 to avoid the
precipitation of heavy metal ions as metal hydroxide M(OH)2.

3.3. Adsorption Isotherms. The impact of Hg2+, Pb2+,
and Cd2+ concentration on the extraction of Hg2+, Pb2+, and
Cd2+ by melamine thiourea-modified activated carbon was
studied at optimum pH = 5.5, and the results are graphed in
Figure 5B. The results showed that the number of heavy metal
ions removed onto MT-MAC increased with an increase in the
concentration of heavy metal ions till equilibrium was reached.
Due to the higher driving force of the concentration gradient,
the adsorption capacity, mass transfer, and the availability of
vacant binding sites (COOH, NH2, OC−NH2, and SH) for
metal ions are increased.2,18,49,50 When the initial concen-
trations of Pb2+, Hg2+, and Cd2+ ions (10 ppm for all three) are
increased to 800, 800, and 500 ppm, respectively. The amount

Figure 4. SEM images of (A) AC, (B) OAC, and (C) MT-MAC.

Figure 5. (A) Effect of solution pH on MT-MAC’s adsorption of Pb2+, Hg2+, and Cd2+ ions (Pb2+ = 100 mg·L−1, Hg2+ and Cd2+ = 50 mg·L−1,
adsorbent = 1.0 g·L−1, and Temp. = 25 ± 2 °C). (B) Effect of the initial concentration on MT-MAC’s adsorption of Pb2+, Hg2+, and Cd2+ ions
(Pb2+ and Hg2+ = 10−700 mg·L−1, Cd2+ = 10−500 mg·L−1, adsorbent = 1.0 g·L−1, pH = 5.5, and Temp. = 25 ± 2 °C). (C) Effect of contact time
on MT-MAC’s adsorption of Pb2+, Hg2+, and Cd2+ ions (Pb2+ and Hg2+ = 500 mg·L−1, Cd2+ = 200 mg·L−1, adsorbent = 1.0 g·L−1, pH = 5.5, and
Temp. = 25 ± 2 °C).
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of metal ions adsorbed at equilibrium (qe) changes from 10 to
292.6 mg/g for Hg2+, It increased from 10 to 237.0 mg/g for
Pb2+ and from 9.8 to 97.9 mg/g for Cd2+. A 100.0% removal of
Hg(II) at pH 5.5 was observed at low concentrations (25−
1000 ppb), as shown in Figure S3.
Figures S5A and S4A show the Langmuir and Freundlich

adsorption isotherm models obtained from the experimental
data, respectively. Equation 3 shows the mathematical
expression of the Langmuir isotherm model.51,52

= +
C
q bQ

C
Q

1e

e

e

(3)

where Ce, qe, b, and Q are the equilibrium concentration of the
heavy metal ions, the equilibrium adsorption capacity, the
Langmuir constant, and the Langmuir monolayer adsorption
capacity, respectively.
The constant b is used in the calculation of the RL value as

shown in eq 4. Equation 4 can be used to predict whether the
shape of the isotherm will be irreversible (RL = 0), linear (RL =
1), negative (RL > 1), or positive (0 < RL < 1).51,52

=
+

R
bC

1
1L

0 (4)

The linear form of the Freundlich isotherm model, which is
based on the assumption multilayer adsorption occurring on
heterogeneous surfaces, is as follows44,45

= +q
n

c kln
1

ln lne e F (5)

where kF and 1/n represent the Freundlich constant and
adsorption density, respectively, and can be calculated from the
intercept and slope of the linear graph shown in Figure S4A.
The parameters of both models were calculated and are
summarized in Table 1. It can be understood from the results
that the experimental data are compatible with the Langmuir
adsorption isotherm model with high (R2) values. In addition,
the values calculated from the theoretical model equation
showed excellent agreement with the experimental data. RL
values between 0 and 1 also indicate positive adsorption, as
shown in Table 1.
3.4. Adsorption Kinetics. The effect of contact time on

the removal of Hg2+, Pb2+, and Cd2+ ions on MT-MAC was
evaluated between 10 and 240 min, keeping other parameters
constant. The results are presented in Figures 5C and S4B.
The contact time required to reach the maximum adsorption
capacities was determined as 60 min for Cd2+ and Hg2+ and 90
min for Pb2+. It is understood from the adsorption kinetics that
87.0, 93.0, and more than 85.0% of MT-MAC adsorption
capacities occur in the first 15 min for Hg2+ and Cd2+ and in
the first 30 min for Pb2+, respectively. The fact that the
adsorption is very fast at first is related to the abundance of
void adsorption sites on the surface of the MT-MAC

adsorbent, and the adsorption rate decreases over time as
these gaps are filled.18,19,44,45

The pseudo-first-order (PFO) kinetic model and pseudo-
second-order (PSO) kinetic model equations were used to
explain the adsorption mechanism of Hg2+, Pb2+, and Cd2+ ions
on the MT-MAC adsorbent. The PFO kinetic model and PSO
kinetic model equations are given in eqs 6 and 7,
respectively34−45

− = −q q q
K t

log( ) log
2.303e t e

1
(6)

= +t
q K q

t
q

1

t 2 e
2

e (7)

where qe and qt represent Hg
2+, Pb2+, and Cd2+ ions adsorbed

at equilibrium and at time t (min), respectively, and k1 (min−1)
and k2 (g·mol−1·min−1) are rate constants. The t/qt vs t plot
should be linear; when k1 values were calculated from the
graphs between log(qe − qt) and t (Figure S4B), R2

(correlation coefficient) and k2 (rate constant) were calculated
from the data (Figure S5B). Table S2 summarizes the
calculated kinetic parameters.
Table S2 shows that the correlation coefficients (R2) of the

PSO kinetic model (R2 ≪ 0.999) are greater than those of the
PFO kinetic model. In addition, the experimental values (qeexp)
show compatibility with the calculated maximum adsorption
capacity (qecal). This showed that the adsorption of Hg2+, Pb2+,
and Cd2+ ions on MT-MAC can be well-described using the
PSO model, in which electron sharing or exchange occurs
between MT-MAC adsorbents and metal ions.21,47

3.5. Effect of Temperature and Adsorbent Dosage.
The effect of temperature on the adsorption capacities of Hg2+,
Pb2+, and Cd2+ ions onto MT-MAC was studied at
temperatures of 25 and 50 °C. The experimental data are
depicted in Figure S6A. The maximum adsorption capacities of
Hg2+, Pb2+, and Cd2+ ions increased from 290 to 332.7 mg/g,
from 237.4 to 245.45 mg/g, and from 97.5 to 112.5 mg/g,
respectively, with increasing temperature from 25 to 50 °C.
The increase in the maximum adsorption capacity of heavy
metal ions is probably related to the increase in the kinetic
energy and mobility of the ions in a solution with a high
temperature.44

The effect of adsorbent doses (5, 10, 15, 20, and 30 mg/10
mL) is shown in Figure S6B. It could be seen that when the
amount of adsorbent dose increases from 5.0 to 30.0 mg, the
percentage of removal of 500 ppm Hg2+, 500 ppm Pb2+, and
100 pm Cd2+ increases from 37.07 to 83.84%, from 30.80 to
88.72%, and from 50.90 to 99.60%, respectively. This situation
allows the increase of the adsorbent dose to increase the total
surface area, which allows the presence of more sorption sites.

3.6. Mechanism of Removal. To further analyze the
mechanism of Cd2+ adsorption onto MT-MAC, the FTIR and
XPS spectra of MT-MAC after Cd2+ adsorption were
measured. It can be seen from Figure 6 that some bands

Table 1. Estimated Constants of Langmuir and Freundlich Isotherms for the Adsorption of Pb2+, Hg2+, and Cd2+ ions over
MT-MAC

Langmuir parameters Freundlich parameters

metal ion R2 b (L/mg) Qmax, calc (mg/g) Qexp (mg/g) RL R2 Kf 1/n

Hg2+ 0.997 14.782 310.559 292.60 0.0001 0.794 92.158 0.205
Pb2+ 0.964 5.109 259.740 237.44 0.0004 0.959 29.247 0.347
Cd2+ 0.999 22.09 98.520 97.90 0.0001 0.938 45.370 0.136
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shift to lower or higher wavenumbers, confirming that amine,
amide, thiol, and hydroxyl groups play a role in Cd2+

adsorption. When the FTIR spectra of Cd2+ adsorption were
examined, the change observed before and after adsorption was
that the stretch vibration peak of secondary amines at 3330
cm−1 shifted to 3430 cm−1; this peak became wider and less
dense, and this situation showed adsorption of Cd2+ ions on
amine groups. Additionally, the stretching vibration band at
1630 cm−1 (CO in OC−NH) and N−H stretching
vibration at 1580 cm−1 are shifted to 1595 and 1524 cm−1,
respectively.53−55 Also, the peaks of the MT-MAC spectrum at
790 and 648 cm−1 owing to −CS vibrations and C−S
vibrations, respectively, are shifted to 752 and 598 cm−1.
Moreover, a new peak at 531 cm−1 (Figure 6) was attributed to
the stretching vibration of the S−Cd. This suggestion is also

confirmed by the analysis of the XPS N 1s and S 2p spectra of
MT-MAC after Cd2+ adsorption as shown in Figure 7A−D.
After cadmium adsorption, the N 1s spectra showed fitted
peaks centered around 402.1, 401.5, and 398.58 eV
corresponding to Cd−N−CO, Cd−NC, and Cd−N−C,
respectively. Additionally, the S 2p spectra after Cd adsorption
exhibited peaks at 164.6, 164.1, and 163.8 and 162.8 eV due to
Cd−SC, C−S−Cd, and S−Cd, respectively. These obser-
vations confirm that the mechanism of removal of Cd2+ on the
surface of MT-MAC involves surface complexation between
the Cd2+ ions and amine, amide, thiol, and hydroxyl groups, as
shown in Figure S7.

3.7. Desorption and Reusability Studies. An important
parameter sought after in an effective adsorbent is the
reusability of the adsorbent. The results of desorption studies
of Pb2+, Hg2+, and Cd2+ heavy metal ions from the surface of
MT-MAC revealed that 96.0, 99.0, and 100.0% desorption of
Hg2+, Pb2+, and Cd2+ MT-MAC was accomplished using 0.5 M
HNO3, whereas 100% desorption of Hg2+, Pb2+, and Cd2+ was
accomplished using (0.1 M HNO3 + 4% thiourea). According
to these results, it is possible to use MT-MAC a few times to
adsorb and desorb Hg2+, Pb2+, and Cd2+ since the desorption
reaches about 100.0% from the adsorbent surface. The
reusability of the MT-MAC adsorbent was investigated by
repeating the adsorption−desorption process three times by
preparing solutions with a concentration of 100 ppm for Hg2+

and Pb2+ and 50 ppm for Cd2+ and using the same adsorbent
each time. Figure 8 shows the recycling of the MT-MAC
adsorbent for Hg2+, Pb2+, and Cd2+ ions. The results revealed
that after three adsorption−desorption cycles, the adsorbent
still has a removal efficiency higher than 92.0% (Hg2+), 85.0%

Figure 6. FTIR spectra of MT-MAC before and after Cd2+

adsorption.

Figure 7. XPS high-resolution spectra of N 1s in MT-MAC before adsorption (A), N 1s in MT-MAC after Cd2+ adsorption (C), S 2p in MT-MAC
before Cd2+ adsorption, (B) and S 2p in MT-MAC after Cd2+ adsorption (D).
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(Pb2+), and 88.0% (Cd2+). Consequently, MT-MAC is an
effective and cheap adsorbent for the adsorption of Pb2+, Hg2+,
and Cd2+ ions from wastewater.
3.8. Selectivity of MT-MAC for the Removal of

Mercury Ions. The selectivity of MT-MAC for the removal
of mercury ions was evaluated by adding 0.05 g of MT-MAC
to a vial containing 5 mL of multiple-metal ion system (Hg2+,
Pb2+, Cu2+, Ni2+, Cd2+, and Zn2+). The results revealed that the
percentage of removal of Hg(II) is higher than that of other
metal ions (Figure 9). Consequently, MT-MAC has excep-
tional selectivity for Hg(II) ions from the mixed metal ion
solutions.

3.9. Comparison with Results Reported in the
Literature. Table 2 compared the adsorption capability of
the proposed MT-MAC sorbents in the adsorption of Pb2+,
Hg2+, and Cd2+ heavy metal ions from water with that of some
other work. These data clarify the strength of chemically
modified activated carbon in the adsorption of Pb2+, Hg2+, and
Cd2+ from aqueous solutions. The high adsorption capacity for
MT-MAC could be attributed to the amine and thiol groups
on the surface of AC with tremendous ability to chelate
cadmium ions directly from the solution compared with other
carbon-based materials.

4. CONCLUSIONS
We have developed a novel chelating adsorbent, MT-MAC, for
Hg2+, Pb2+, and Cd2+ removal. The MT-MAC adsorbents
exhibited a fast adsorption rate and high adsorption capacity
for Hg2+, Pb2+, and Cd2+ at room temperature. Based on
equilibrium isotherms and adsorption kinetics of Pb2+, Hg2+,
and Cd2+ onto MT-MAC, the maximum adsorption capacities
for Hg2+, Pb2+, and Cd2+ onto MT-MAC were 292.9, 237.4,
and 97.9 mg/g, respectively, which were much higher than
those reported previously. The rate of adsorption is rapid, with
about 90% removal within 15 min, and the maximum
adsorption capacities for Hg2+, Pb2+, and Cd2+ onto MT-
MAC were 292.9, 237.4, and 97.9 mg/g, respectively. The
Langmuir isotherm model and pseudo-second-order kinetic
model were used successfully to discuss the isotherms of metal
ion removal and adsorption kinetics, respectively. Based on
FTIR, the chemisorption mechanism was proposed. Metal ions
could be regenerated from the MT-MAC adsorbent using 0.5
M HNO3 or (0.1 M HNO3 + 4% thiourea). Additionally, MT-
MAC showed high stability over three adsorption−desorption
cycles. On the basis of the data of the present study, MT-MAC
is an efficient and eco-friendly adsorbent for heavy metal
removal from wastewater.
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https://pubs.acs.org/doi/10.1021/acsomega.1c06441.

Figure 8. Reusability of MT-MAC adsorbents for Hg2+, Pb2+, and
Cd2+ (Hg2+and Pb2+ = 100 mg·L−1, Cd2+ = 50 mg·L−1, adsorbent =
1.0 g·L−1, pH 5.5, and desorbing agent: 0.5 M HNO3).

Figure 9. Metal ion removal on MT-MAC from a mixed solution of
metal ions (C0 = 50 mg/L, pH = 5.5, T = 298 K, and m/V = 1 g/L).

Table 2. Comparison of Adsorption Capacity of the
Proposed Adsorbents with Some Sorbents Reported for the
Adsorption of Hg2+, Pb2+, and Cd2+

heavy
metals adsorbents

qe max
(mg·g−1) ref

Hg2+ MT-MAC 292.6 this
work

activated carbon functionalized with thiol
groups

235.7 1

graphene oxide functionalized with
thiosemicarbazide

231.0 46

nitrogen-doped carboxylated porous carbon 257.0 56
polyacrylonitrile-modified partially reduced
graphene oxide composites

324.0 45

thiol- and amine-incorporated UIO-66-NH2 580.0 17
Pb2+ MT-MAC 237.4 this

work
activated carbon obtained from pistachio
wood

190.2 57

mangosteen peel activated carbon 130.0 58
graphene oxide modified with
2,2′-dipyridylamine

369.75 33

nitrogen-doped carboxylated porous carbon 721.0 56
sulfhydryl-functionalized activated carbon 116.3 6

Cd2+ MT-MAC 97.9 this
work

jackfruit leaf 20.3 10
amine-functionalized activated carbon 79.2 21
AC prepared from Leucaena leucocephala
biomass

70.4 23

silicon/aluminum nanomaterial 61.8 59
magnetic carbon aerogel 143.8 60
graphene oxide modified with
2,2′-dipyridylamine

257.2 33
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FTIR spectra of melamine, KSCN, and melamine
thiourea ligands, XPS high-resolution spectra of C 1s,
N 1s, and S 2p in OAC and MT-MAC, dependence of
the removal efficiency of Hg(II) on the initial
concentration, linear form of the Freundlich isotherm
and PFO of Hg2+, Pb2+, and Cd2+ adsorption over MT-
MAC, linear form of yjr Langmuir isotherm and pseudo-
second-order kinetic model for Hg(II), Pb(II), and
Cd(II) adsorption onto MT-MAC, dependence of the
adsorption of Hg2+, Pb2+, and Cd2+ ions onto MT-MAC
on the adsorbent dosage and temperature, proposed
mechanism for the removal of Cd2+ by strong
interactions with nitrogen and sulfur atoms on the
surface of MT-MAC, surface area and pore volume of
OAC and MT-MAC, and kinetic parameters for the
adsorption of Hg2+, Pb2+, and Cd2+ ions onto MT-MAC
(PDF)
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