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A B S T R A C T

Mercury (Hg) ions can lead to a serious impact on the environment; therefore, it was necessary to find an effective
method for absorbing these toxic Hg ions. Here, the adsorbent (Zn-AHMT) was synthesized from zinc nitrate and
4-amino-3-hydrazine-5-mercapto-1,2, 4-triazole (AHMT) by one-step method and, characterized the microstruc-
ture and absorption performance by fourier transform infrared spectroscopy (FTIR), field emission scanning
electron microscopy (FESEM), X-ray diffraction (XRD), Brunauer-Emmett-Teller (BET), Thermal Gravimetric
Analyzer (TGA) and X-ray photoelectron spectroscopy (XPS). Through a plethora of measurements, we found that
the maximum adsorption capacity was 802.8 mg/g when the optimal pH of Zn-AHMT was 3.0. The isothermal
and kinetic experiments confirm that the reaction process of Zn-AHMT was chemisorption, while the adsorption
process conforms to the Hill model and pseudo second order kinetic model. Thermodynamic experiments showed
that the adsorption process was spontaneous and exothermic. Selective experiments were performed in the
simulated wastewater containing Mn, Mg, Cr, Al, Co, Ni, Hg ions. Our results showed that the Zn-AHMT has a
stronger affinity for Hg ions. The removal rate of Zn-AHMT remained above 98%, indicating that the Zn-AHMT
had a good stability validated by three adsorption-desorption repeatable tests. According to the XPS results, the
adsorption reaction of Zn-AHMT was mainly attributed to the chelation and ion exchange. This was further
explained by both density functional theory (DFT) calculation and frontier molecular orbital theory. We therefore
propose the adsorption mechanism of Zn-AHMT. The adsorption reaction facilitates via the synergistic action of S
and N atoms. Moreover, the bonding between the adsorbent and the N atom has been proved to be more stable.
Our study demonstrated that Zn-AHMT had a promising application prospect in mercury removal.
1. Introduction

Environmental issues have posed a threat to the human society and
attracted research attentions in recent years. With the worsening of
environmental pollution, it is urgently need to strengthen environmental
treatment by novel technologies. The heavy metal pollution is one of the
most challenging issues in environmental governance because of its high
toxicity and easy accumulation [1]. Among the numerous heavy metals
(such as Ni, Cr, Hg, As, Pb, etc), mercury has received extensive attention.
According to Huang et al., the forms of mercury mainly include inorganic
mercury and organic mercury [2]. Inorganic mercury is mainly produced
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in the process of agriculture, electronic production, metallurgy, etc.,
which can cause deafness, blindness, mental disorder, paralysis and other
hazards to human beings. Furthermore, inorganic mercury can be
transformed into more toxic organic mercury through the action of
methanogens and other bacteria, which mainly causes serious damage to
human nerves and brain [2–4]. Hence, it is crucial to reduce the mercury
pollution by effective treatment of inorganic mercury. Mercury ions are
the main form of inorganic mercury, which is one of the most toxic heavy
metals and can cause harm to humans at very low concentrations [5].
Therefore, many organizations have made regulations regardingmercury
ion concentration. For example, the World Health Organization (WHO)
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Scheme 1. The synthesis process of the Zn-AHMT.
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states that the concentration of mercury ions in drinking water should be
less than 1μg=L [6]. And the standard of the U.S. EPA is a mercury level of
2 mg/L [7].

There are some traditional techniques for removing mercury ions
from wastewater, such as precipitation, adsorption, membrane separa-
tion and ion exchange and so on [1,8–10]. Among these technologies,
adsorption method is widely used because of its low cost, simple oper-
ation and no secondary pollution [11]. Recently, numerous adsorbents
have been developed to remove mercury ions from water. The typical
adsorbents include activated carbon, zeolite, chitosan and clay materials
[12–14]. Mokhtari et al. used modified activated carbon to adsorb mer-
cury ions in aqueous solution, and the maximum adsorption capacity
reached 377.68 mg/g under the optimal conditions. However, the
disadvantage of the adsorbent is poor selectivity [15]. Donia et al. re-
ported the magnetic chitosan resin can selectively adsorb mercury ions,
but the adsorption amount is low, only 2.8 mmol/g [16]. Hence, to
improve the absorption capabilities, it is necessary to develop a new
adsorbent to make up for these deficiencies.

Recently, metal-organic frameworks (MOFs) have attracted the
considerable attentions. MOFs are crystal structures composed of metal
clusters and organic ligands [17]. It is widely used in catalysis, gas
storage, separation and other fields [18–23] because of its advantages of
uniform pore structure, stable chemical properties, functionalization and
simple preparation process [22,24–26]. Also, it has been found that
MOFs have great potential in the field of wastewater treatment. Luo et al.
used functionalized MIL-101(Cr) to selectively remove lead in the solu-
tion with multiple ions coexisting, but the adsorption capacity was only
81.09 mg/g [27]. Jiang et al. reported that ZIF-8 could efficiently adsorb
trivalent rare earth element La from aqueous solution, with an adsorption
capacity of 385 mg/g. However, the stability of ZIF-8 was not very great
since the adsorption capacity reduced from 385 mg/g to 150 mg/g after
three adsorption-desorption processes [28]. MOFs materials still need to
be improved in open literatures. Therefore, many scholars have tried to
either modify and functionalize MOFs or improve these deficiencies
through other technologies. Chang et al. used an amino-modified zirco-
nium-based MOF (UIO-66-NH2) to adsorb Au (III) from solution, and the
adsorption capacity could reach 650 mg/g [29]. The stability and
selectivity of this adsorbent showed promising results. Besides, the
adsorption capacities of functionalized Zn-MOF prepared by Huang et al.
reached 1097 mg/g and 718 mg/g for Pb and As at pH was 4 and 6,
respectively [30]. Nevertheless, this study is based upon the experience
of predecessors, and we prepared an efficient MOFs adsorbent for the
removal of mercury ions in wastewater.

In this study, the one-step method was used to directly synthesize the
adsorbents (Zn-AHMT) using the zinc nitrate and 4-amino-3-hydrazino-
5-mercapto-1, 2, 4-triazole (AHMT). The optimum pH of Zn-AHMT was
determined by setting mercury solution with different pH. The selectivity
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and reproducibility experiments of Zn-AHMT were performed. Also, the
adsorption capacity of Zn-AHMT at different time and initial ion con-
centration was investigated. In addition, the state of Zn-AHMT before
and after adsorption was characterized by BET, XRD, XPS, SEM-EDS, and
FTIR. To strengthen the credibility of high absorption, we further
analyzed the adsorption of Zn-AHMT by performing a series of mea-
surements, including the adsorption kinetics, isotherm, thermodynamics,
density functional theory (DFT) calculation and frontier analytical orbital
theory. Our results demonstrated that the synthesized Zn-AHMT can
effectively remove Hg ions from wastewater.

2. Experiments and methods

2.1. Materials

Zinc nitrate hexahydrate was purchased from Tianjin Beilian Fine
Chemicals Development Co., Ltd., 4-amino-3-hydrazino-5-mercapto-
1,2,4-triazole was purchased from Aladdin Co., Ltd. N, N-Dime-
thylformamide (DMF) and ethanol absolute were purchased from Sino-
pharm Group Chemical Reagent Co. Ltd. Mercury standard solution
(1000 μg=mL) was purchased from National Nonferrous Metals and
Electronic Materials Analysis and Testing Center. Deionized water was
purchased from Red Wilderness. Thiourea was produced in Sinopharm
Group Chemical Reagent Co. Ltd. Throughout the experiment, sodium
hydroxide and nitric acid (analytical grade) were used to adjust the pH of
the solution. Wastewater (Hg2þ, Ni2þ, Co2þ, Mg2þ, Mn2þ, Al3þ, Cr3þ)
was simulated wastewater in the laboratory.

2.2. Preparation of adsorbent

Firstly, 3 g of zinc nitrate and 1.3 g of 4-amino-3-hydrazino-5-mer-
capto-1, 2, 4-triazole were added to a 250 mL three-necked flask. Then,
80 mL of DMF and 1 mL of hydrochloric acid were added to the three-
necked flask. After the solids were dissolved, condensation reflux was
carried out at 373 K for 24 h. Finally, the products obtained after the
reaction were washed three times with DMF, deionized water and
ethanol solution respectively, and then dried in a vacuum drying oven at
363 K for 24 h to obtain the experimental sample, termed as Zn-AHMT.
The synthesis process of Zn-AHMT was shown in Scheme 1.

2.3. Adsorption experiments

In order to determine the optimal pH of Zn-AHMT in the adsorption
experiment, the pH of mercury solution was set to 1.0–7.0 in this
experiment.10 mg of Zn-AHMT and 15 mL of 100 mg/L were placed in a
15 mL centrifuge tube and oscillated (200 rpm) for 24 h at room tem-
perature. Then, the solution was filtered to obtain the supernatant, and



Fig. 1. FTIR spectra (a), XRD patterns (b), FESEM image (c), EDS (d), N2 absorption-desorption isotherm (e), the thermogravimetric analyze (f) of Zn-AHMT.
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the inductively coupled plasma mass spectrometry (ICP-MS) was used to
determine the concentration of residual mercury ions in supernatant.

To investigate the effect of time on adsorption capacity, 10 mg of Zn-
AHMT and 10 mL of 10 mg/L mercury solution were added to a 15 mL
centrifuge tube and oscillated (200 rpm) for 10, 20, 30, 60, 120, 240,
420 min at room temperature, respectively.

To explore the influence of initial concentration of mercury ions on
adsorption capacity, mercury solution was set at 100, 200, 300, 400, 500,
600 mg/L, respectively. Then 10 mg of Zn-AHMT and 30 mL of mercury
solution were placed in a 50 mL centrifuge tube and oscillated (200 rpm)
for 24 h at room temperature.

In order to investigate whether the adsorption process of Zn-AHMT
was endothermic or exothermic, 10 mg of Zn-AHMT and 15 mL of
3

mercury solution (100 mg/L) reacted for 24 h at 298 K, 308 K and 318 K,
respectively.

In the selectivity experiment, 10 mg of Zn-AHMT and 10 mL of lab-
oratory wastewater were added into a 15 mL centrifuge tube and oscil-
lated (200 rpm) at room temperature for 24 h to observe the changes in
the concentration of ions before and after adsorption.

In the repeatability experiment, 40 mg of Zn-AHMT and 40 mL of
mercury solution were added to a 50 mL centrifuge tube and oscillated
(200 rpm) at room temperature for 24 h. Then took the supernatant to
measure the concentration of mercury ions, and then added the same
amount of thiourea solution (10 %) to the reaction solid, oscillating (200
rpm) at room temperature for 24 h. Followed the above steps and
repeated the operation for 5 times to complete the repeatability



Fig. 2. Effect of pH on removal rate of mercury ions.
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experiment.
The relevant calculation formula was as follows (1)–(2):
Fig. 3. Effect of time on adsorption capacity (a), linear fit with the PFO model (b), PS
rate of Hg (II) on Zn-AHMT.
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R¼ðC0 � CeÞ
C0

� 100% (1)
Qe ¼ðC0 � CeÞ � V
W

(2)

Where R is the adsorption rate (%), Qe is the adsorption amount at
equilibrium (mg/g), C0 is the initial concentration of the solution (mg/L),
and Ce is the equilibrium concentration of the solution (mg/L), V rep-
resents the volume of the solution (mL) and W represents the mass of Zn-
AHMT (mg).

3. Results and discussion

3.1. Characterization

To determine whether Zn-AHMT was successfully synthesized, and to
analyze the morphology and structure of Zn-AHMT, the synthesized
products were characterized by FTIR, XRD, SEM-EDS and BET. The FTIR
spectra of Zn-AHMT and Zn-AHMT-Hg were shown in Fig. 1(a). The 1st

peak at 615 cm-1 was due to the stretching vibration of C-S [31]. A weak
peak appeared at 812 cm-1, which might be caused by Zn-N [32], sug-
gesting that the zinc base and organic ligand were bound together. The
peak at 1383 cm-1 was attributed to the stretching vibration of C-N [33].
According to the reported of Peng and Qiu et al., the peaks at 1484 cm-1

and 1566 cm-1 belong to C––N [1,34]. Next, the peaks at 1619 cm-1 and
O model (c), and ID model (d) for Hg (II) adsorption onto Zn-AHMT, adsorption



Table 1
Kinetic model parameters.

Kinetic models Parameters Value

Pseudo-first order Qe (mg/g) 9.112
K1 (1/min) -0.0087
R2

adj 0.963
Pseudo-second order Qe (mg/g) 9.082

K2 (g/mgδmin) 0.111
R2

adj 0.994
Intraparticle diffusion-total K3 (g/mgδmin1/2) 0.213

R2
adj 0.737

Intraparticle diffusion-I K3-I (g/mgδmin1/2) 0.947
R2

adj 0.889
Intraparticle diffusion-II K3-II (g/mgδmin1/2) 0.140

R2
adj 0.966
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3417 cm-1 were correspond to -NH2 [35] and N-H [1], respectively. After
adsorbing Hg (II), it was obvious to observe that the stretching vibration
peak of Zn-N was shifted from 812 cm to 1 to 836 cm-1 and, the C-N peak
was shifted from 1383 cm to 1 to 1379 cm-1. Above results confirm that
Zn-AHMT specimen was successfully synthesized with a stable chemical
structure before and after adsorption.

As shown in Fig. 1(b), the XRD patterns of after adsorbing Hg (II),
multiple sharp characteristic peaks appeared at (012), (104), (006),
(100), (113), (202), (024), (018), (116), (211), (122), (214), (125) and
(300), indicating that the Zn-AHMT combined with mercury ions had a
good crystal structure compared with before mercury absorption. Ac-
cording to the SEM pattern (Fig. 1(c)) of Zn-AHMT, it could be seen that
the adsorbent was uniformly distributed in granular form. The EDS
pattern showed (Fig. 1(d)) the chemical composition (C, N, O, S, Zn) of
Zn-AHMT and listed the atomic and mass ratios of each element. And the
presence of Zn, S, N elements in pattern also indicated that Zn-AHMTwas
successfully synthesized. To study the specific surface area and pore
volume of Zn-AHMT, BET and N2 adsorption-desorption isotherms were
used in this experiment. The specific surface area, pore volume and
average pore diameter of Zn-AHMT were 15.37 m2/g, 0.032 cm3/g and
10.59 nm respectively as shown in Fig. 1(e).

The thermogravimetric analysis of Zn-AHMT was shown in Fig. 1(f),
from which it could be seen that in the first stage, the mass loss of 7.8%
when the temperature rose from room temperature to 115 �C was due to
the loss of residual water and other solvents in the adsorbent channel as
the temperature rose during the heating process. The temperature of the
second stage was between 115 �C and 213 �C, and the mass loss in this
process was only 2%. It could be considered that Zn-AHMT could exist
stably in this temperature range. The weightlessness of the third stage
was mainly after 213 �C. The total weightlessness of this stage is 51%,
including 29.2% of stage-I and 20.9% of stage-II respectively. From this
stage, the skeleton structure of the adsorbent was gradually destroyed.

3.2. Effect of pH on Hg2þ removal

pH was a vital and essential factor affecting the removal efficiency of
Zn-AHMT. In Fig. 2, when the pH was 1.0–3.0, the removal rate of Zn-
AHMT significantly increased, while the removal rate gradually
decreased when the pH was 3.0–7.0, indicating that pH¼3.0 was the
optimal pH for removing mercury ions, and the removal rate reached at
99.91%. When the pH was 1.0, the removal rate was only 2.7%, this is
because at low pH the amino and sulfhydryl functional groups on Zn-
AHMT were protonated, resulting in a large repulsive force of Zn-
AHMT to Hg2þ, thus reducing the removal rate of Zn-AHMT. There
were a large number of active sites on the surface of Zn-AHMT to adsorb
Hg2þ, and the amino, sulfhydryl and other nitrogen-containing groups to
Hg2þ strong binding force, so when the pH was 1.0–3.0, Zn-AHMT was
deprotonated, the removal rate increased as the active sites were occu-
pied. As pH continued to increase, Hg2þ would undergo hydrolysis re-
action, and Hg (OH)þ, Hg (OH)2, Hg (OH)3- , and Hg (OH)42- would be
generated in the solution. Since these hydrolyzed products would not be
adsorbed by Zn-AHMT, the removal rate thus gradually decreases.
Through the above analysis, it could be seen that Zn-AHMT could achieve
a better removal effect of mercury ions under acidic conditions.

3.3. Effect of time on adsorption capacity

The influence of time on adsorption capacity was also one of the
important factors to be considered in the experimental process. The
experimental results were shown in Fig. 3(a) and the adsorption rate of
Hg (II) on Zn-AHMT was displayed in Fig. 3(e). It could be seen that the
adsorption rate and the adsorption amount increased sharply with time
during the period of 10–30 min, because there were a large number of
adsorption sites on the surface of the adsorbent at the initial stage of
adsorption, which could effectively adsorbed mercury ions. As time gone
on, the adsorption sites were gradually occupied, so after 240 min, the
5

adsorption rate decreased and the adsorption capacity changed signifi-
cantly slowly with time, and the adsorption equilibrium could be ach-
ieved after 420 min. In order to further explore the adsorption
mechanism of the adsorbent, the pseudo-first order, pseudo-second order
and intra particle diffusion models were used to study the adsorption
process. The pseudo-first order (PFO) assumed adsorption process to be
controlled by penetration and introduced the penetration as the deter-
mining step, and the pseudo-second order (PSO) assumed the adsorption
process was chemical reactions [36,37]. Intraparticle diffusion (ID) was a
multi-process adsorption process, which could be divided into three
stages: film diffusion, intraparticle diffusion and mass action [38]. Since
the full diffusion occurred in a short period of time, two-stage fitting was
carried out for the data in this work. The linear fitting results based on the
experimental data were shown in Fig. 3(b–d), and the corresponding
experimental parameters were listed in Table 1. The linear fitting formula
was shown in Formula S1.

Through the comparative analysis of the results, it was known that
R2(PSO)¼0.994> R2(PFO)¼0.963, and the calculated theoretical value
(Qe¼9.082 mg/g) was very close to the actual value (Qe¼9.025 mg/g)
obtained from the experiment. Therefore, it could be considered that the
adsorption process of Zn-AHMT conform to the pseudo-second order
model, which was a chemical adsorption process. Intraparticle diffusion
further explained the adsorption mechanism, and the fitting results
showed that K3-II¼0.966> K3-I¼0.889, indicating that the process was
mass action, which was the result of the interaction between the active
site on the surface of Zn-AHMT and mercury ions.

3.4. Effect of initial concentration of mercury ions on adsorption capacity

The adsorption isotherm described the adsorption capacity of the
adsorbent at different initial concentrations of Hg (II). As could be seen
from Fig. 4(a), the adsorption capacity of the adsorbent gradually
increased with the increase of Hg (II) concentration, and then reached
equilibrium, with the maximum adsorption capacity of 802.8 mg/g.
There were a large number of adsorption sites on the surface of the
adsorbent. When the concentration was low, a large number of active
sites that could bind to Hg (II). However, as the concentration increased,
the active sites were occupied and no longer bind to Hg (II), so the
adsorption equilibrium was reached. Zn-AHMT and previously reported
adsorbents for adsorbing Hg (II) were listed in Table 2. Through the
comparison of the maximum adsorption capacity, it was found that the
adsorption capacity of Zn-AHMT to Hg (II) was considerable. In addition,
in order to understand the adsorption process, four adsorption isotherm
models (Langmuir, Freundlich, Temkin, Hill) were used to fit the
experimental data, and according to the fitting results, it could be
concluded which adsorption method was more favorable for the adsor-
bent to bind to Hg (II). The corresponding calculation formula was
expressed as Formula S2 [39–41].

According to the calculation formula, the corresponding fitting results
and experimental parameters were shown in Fig. 4(b) and Table 3, respec-
tively. Due to R2

Hill¼0.997>R2
Temkin¼0.967>R2

Langmuir¼0.953>R2



Fig. 4. Effect of the initial concentration of Hg (II) (a), Langmuir, Freundlich, Temkin and Hill model (b).

Table 2
Comparison of adsorption capacity for Hg (II) with adsorbents in literature.

adsorbent Equilibrium adsorption
capacity (mg/g)

References

PAF-1-SH 1000 [43]
SMP 595.2 [44]
Bi-I-functionalized
Fe3O4@SiO2@HKUST

264 [22]

MIL-101-Thymine 51.27 [45]
SiO2-CNT 163.9 [46]
CCHLs-DMTD 707 [33]
CCD 116.2 [47]
GO/L-cystine 79.36 [48]
Zn-AHMT 802.8 This work
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Freundlich¼0.887, the adsorption process of Zn-AHMT conformed to the Hill
model, indicating that the adsorption process was a multi-molecule chemi-
sorption [31]. Themvalue of theHillmodelwas 1.855, indicating that each
adsorption site on the adsorbent could adsorb 1.855Hg (II). In addition, the
theoretical adsorption capacity of Hill model was 846.1 mg/g, which was
close to the actual adsorption capacity of 802.8 mg/g, indicating that Hill
model was suitable to describe the adsorption process.

The dimensionless factor RA derived from the Langmuir isotherm
model was used to study the viability of Zn-AHMT. The formula for RA
was as follows (3) [42]:

RA ¼ 1
1þ KAC0

(3)
Table 3
Isothermal model parameters.

Isotherm model Parameter Value

Langmuir qm (mg/g) 1071
KA (L/mg) 0.00699
R2

adj 0.953
Freundlich KB (mg/g).(L/mg)1/n 46.07

n 1.96
R2

adj 0.877
Temkin B(J/mol) 8.233

KC (L/g) 0.053
R (J/mol∙k) 8.314
T (K) 298
R2

adj 0.967
Hill qm (mg/g) 846.1

C 77.6
n 1.86
R2

adj 0.997
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Where KA (L/mg) is the adsorption constants of Langmuir, C (mg/L) is the
remaining concentration of mercury ions. RA can be used to determine
the feasibility of the adsorbent, and when RA >1, it means that adsorp-
tion is unfavorable, when 0<RA<1, indicating that adsorption is favor-
able. The calculated value of RA was in the range of 0.3–0.79, indicating
that adsorption was favorable.
3.5. Thermodynamic experiment

Chemical reaction was usually accompanied by energy change,
therefore, in order to investigate whether the adsorption process of Zn-
AHMT was endothermic or exothermic, this study was verified at 298
K, 308 K and 318 K, respectively. The variation of adsorption capacity
with temperature is shown in Fig. 5. The relevant parameters were
calculated and shown in Table 4. The thermodynamic calculation for-
mulas were as follow Formula S3.

According to the experimental data, the adsorption capacity gradually
decreased with the increase of temperature, and the fitting degree of lnK-
1/T was 0.969, indicating that Zn-AHMT had better adsorption effect at
low temperature. In addition, the values of δG and δH in the adsorption
process were all negative by calculation. Based on the above analysis, it
could be concluded that the adsorption process of adsorbent was a
spontaneous and exothermic process.
3.6. Selective and renewability experiments

In fact, wastewater was composed of multiple ions, so it was necessary
to study whether Zn-AHMT still had a strong affinity for Hg (II) under
such conditions. This study was performed using laboratory simulated
wastewater, and the corresponding experimental results were shown in
Fig. 6(a). It could be seen that the concentration of Hg (II) in the solution
changed the most before and after adsorption, decreasing from 99.97
mg/L to 0.23 mg/L, while the concentration of other metal ions did not
change significantly, indicating that Zn-AHMT had a good affinity for Hg
(II) even in the water where a variety of ions coexist. Based on the theory
of hard and soft acid base, Hg (II) belonged to soft metal ions and Zn-
AHMT contained a large number of soft bases such as N, S atoms,
which had a strong affinity for Hg (II) [33]. Therefore, in the wastewater
with the coexistence of Cr, Al, Mg, Mn, Co and Ni, Zn-AHMT could be
highly selective for Hg (II). In addition, the distribution coefficient (K)
could also be used to determine the affinity of Zn-AHMT to Hg (II). The
value of the distribution coefficient reflected the degree of difficulty for
adsorbent to adsorb metal ions. The higher the value was, the easier the
adsorbent was to adsorb metal ions; otherwise, it was not easy to adsorb.



Fig. 5. Effect of temperature on adsorption capacity(a), lnK-1/T(b).

Table 4
Thermodynamic parameter.

T
(K)

Qe (mg/
g)

Ke (mL/
g)

δG (kJδmol-
1)

δS (kJδmol-1δK-

1)
δH (kJδmol-
1)

298 112.73 4536.22 -20.8 0.039 -10.49
308 108.44 3913.21 -21.2
318 105.71 3579.58 -21.6

Table 5
The relative parameters of ions.

Metal ions Qe (mg/g) Ce (mg/L) K (mL/g)

Hg 99.74 0.23 433.6
Ni 6.01 14.7 0.4088
Co 3.93 34.94 0.1124
Mn 0.85 30.3 0.028
Mg 0.11 25.87 0.0042
Al 0.34 25.41 0.0133
Cr 6.34 34.49 0.1838
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The calculation formula was as follows:

K¼Qe

Ce
(4)

Where Qe represents the adsorption capacity at equilibrium (mg/g), Ce
represents the residual ion concentration (mg/L).

The results of the calculation were displayed in Table 5. The distri-
bution coefficient of mercury ions was 433.6, which was much larger
than other ions, suggesting that Zn-AHMT was easier to adsorb mercury
ions. The results of two analyses showed that the affinity of Zn-AHMT to
Hg (II) was greater than that of coexisting ions, which was sufficient to
indicate that Zn-AHMT was selective.

Besides, reproducibility was also an attractive bright spot for adsor-
bents, which could greatly reduce the investment cost, so repeatable
Fig. 6. Selectivity (a) and rene
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adsorbents had a wide range of application prospects in practical engi-
neering. The reproducibility of Zn-AHMT was studied in this experiment,
and the obtained experimental results were shown in Fig. 6(b). It could
be seen that after five times of adsorption-desorption, the removal rate of
Zn-AHMT could be maintained above 98%, indicating that Zn-AHMT had
good stability.
3.7. Adsorption mechanism

Adsorption kinetics and isothermal experiments showed that the
adsorption process of Zn-AHMT was chemisorption. To further explore
wability (b) of Zn-AHMT.



Fig. 7. The FESEM (a) and EDS (b) spectra of Zn-AHMT-Hg, survey peak spectrum (c),S2p (d), N1s (e) and Hg4f (f).
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the adsorption mechanism, the adsorbents were analyzed in detail. The
corresponding results were shown in Fig. 7. It could be clearly seen from
the SEM (Fig. 7(a)) and EDS (Fig. 7(b)) spectra that Hg (II) were suc-
cessfully adsorbed by Zn-AHMT, and the morphological characteristics of
Zn-AHMT did not change significantly after adsorbing Hg (II), indicating
Zn-AHMT had good stability in the adsorption process. By comparing the
FTIR patterns of Zn-AHMT and Zn-AHMT-Hg, it was found that some
peaks were shifted and new peaks appeared at 2437 cm-1, 2759 cm-1 and
2850 cm-1, which might be due to the reaction of functional groups on
Zn-AHMT with mercury ions to form new complexes. Therefore, XPS
analysis were applied to understand specifically which active sites of Zn-
8

AHMT bound to Hg (II) to form complexes. Fig. 7(c) was the survey peak
spectrum of Zn-AHMT before and after adsorption. The presence of Hg4f
peak also indicated that mercury ions were adsorbed. The S2p and N1s
patterns of Zn-AHMT and Zn-AHMT-Hg were shown in Fig. 7(d)–(e). It
could be seen that the binding energies of S2p1/2 and S2p3/2 changed
from 163.70 eV, 162.59 eV to 164.13 eV and 162.70 eV respectively
before and after adsorption, and two new peaks appeared after adsorbing
Hg (II), with the binding energies of 163.47 eV and 164.85 eV respec-
tively [49]. 399.24 eV was the binding energy of C-N, 399.97 eV was the
binding energy of -NH2, and the binding energies of N-H and C––N were
400.86 eV and 401.61 eV, respectively [50,51]. After the adsorbent had



Fig. 8. Adsorption mechanism of Zn-AHMT.

Fig. 9. The binding energies and bond distances of mercury ions with Zn-AHMT at different locations. (a) Hg(S1), (b) Hg(S2) (Sphere: White is H, Blue is N, Grey is C,
Yellow is S).

Table 6
Calculation results of related parameters.

mercury ion site δE (eV) η (eV) μ (eV)) ω (eV))

Hg(S1) 3.65 1.83 -3.56 3.47
Hg(S2) 3.80 1.90 -3.39 3.02
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completed the adsorption reaction, these binding energies had changed,
indicating that some functional groups participate in the reaction during
the adsorption process. In addition, the peak of Hg4f was also analyzed,
and the results showed in Fig. 7(f) that the binding energies of Hg4f7/2
and Hg4f5/2 were 102.02 eV and 106.02 eV respectively [49]. Based on
the above analysis and the theory of hard-soft-acid-base (HSAB) [52], it
could be speculated that the change of most bond binding energies before
and after adsorption was caused by the binding of -SH, -NH2 and other
active sites to Hg (II). And this interaction might be due to the ion ex-
change between Hg (II) and -SH, and chelation between Hg (II) and -NH2.
The adsorption mechanism was illustrated in Fig. 8.
3.8. DFT calculation and frontier molecular orbitals

To further explain the adsorption mechanism, the DFT calculation, a
practical theoretical calculation tool, was used to provide accurate in-
formation about the energy of adsorption [53]. In this work, the Vienna
ab Initio simulation package of DFT was used to evaluate possible stable
geometry calculations. The geometric structure calculations were per-
formed by Materials Studio 7.0. Simultaneously, both the Generalized
Gradient Approximation (GGA) and Perdew-Burke-Ernzerhof (PBE)
functions were used to estimate the exchange-correlation potential [54].
Based on the datasets, the mercury nitrate was used as Hg (II) model [14].
In addition, the HOMO-LUMO theory was also applied and the relevant
calculation formulas were shown in Formula S4 [55].

In this work, two mercury ion sites (S1, S2) were selected to study the
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affinity of Zn-AHMT to Hg ions. As shown in Fig. 9, it could be found that
when the mercury ion was at the S1 position (Fig. 9(a)), the bond dis-
tances of Hg-S and Hg-N were 4.269, 4.320 and 4.162 Å, and the asso-
ciated binding energy (Eb) was -24.72 eV. While the Hg ion was at the S2
position in Fig. 9(b), the bond distances of Hg-Nwere 4.494, 4.123, 5.155
and 4.506 Å, and the corresponding binding energy (Eb) was -24.74 eV.
There is small difference between the Eb(S1) and Eb(S2), indicating that
Zn-AHMT had similar affinity for Hg ions in the two cases. However, the
bonding (S2) is the preferred as Eb(S2)< Eb(S1). Furthermore, the results
of related parameters and the HOMO-LUMO diagrams were also dis-
played in Table 6 and Fig. 10, respectively. These parameters reflected
the chemical properties of the complexes produced by the combination of
Zn-AHMT and mercury ions under different conditions. As could be seen
from Fig. 10(c-d), when Zn-AHMT and mercury ions bound at the S1 site,
the EH of the complex was -5.39 eV, EL was -1.73 eV, and the HOMO-
LUMO energy gap δE(S1) was 3.65 eV. When Zn-AHMT and mercury
ions bound at the S2 site, the EH of the complex was -5.29 eV, EL was
-1.49 eV, and the HOMO-LUMO energy gap δE(S2) was 3.80 eV. Because
δE(S2) was larger than δE(S1) (Fig. 10(h)), the complex formed by the



Fig. 10. The HOMO (a) and LUMO (b) diagram of monomer, the HOMO (c) and
LUMO (d) diagram of Hg(S1), the HOMO (e) and LUMO (f) diagram of Hg(S2),
monomer (g), energy gap diagram (h). (Sphere: White is H, Blue is N, Grey is C,
Yellow is S).
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second binding was more stable, which was consistent with the results of
previous analysis. Besides, for the complex formed at the S1 site, HOMOs
were mainly distributed on S and N atoms, while LUMOs were mainly
distributed on mercury ions. On the contrary, HOMOs and LUMOs were
mainly distributed onmercury ions and the S and N atoms of the complex
formed at S2, respectively. Based on the above analysis, it could be
concluded that Zn-AHMT was more likely to combine with mercury ions
at the S2 position, and the complex formed was more stable, moreover,
the S atom also had a better adsorption effect. That is to say, N and S
atoms cooperate to complete the adsorption reaction.

4. Conclusion

The adsorbents were prepared by one-step method and characterized
by FTIR, SEM and XRD. Batch experiment results showed that the
adsorption capacity of Zn-AHMT could reach 802.8 mg/g under the
10
optimal pH¼3.0. Isothermal and kinetic experiments have confirmed
that the reaction process of Zn-AHMT was chemisorption in accordance
with Hill model and pseudo-second order model. Thermodynamic ex-
periments showed that the adsorption process was spontaneous and
exothermic. Selectivity and repeated experiment indicated that the
adsorbent had a stronger affinity for mercury ions than other ions, and
the removal rate was above 98% each time. The adsorption mechanism
had been studied by XPS, DFT calculations, frontier molecular orbital
theory and showed that the adsorption process was mainly caused by the
chelation and ion exchange between Zn-AHMT and mercury ions. The
adsorption reaction was the result of the synergistic action of S and N
atoms, and the product with Hg-N bondwas more stable than that of Hg-S
during adsorption. In summary, it could be seen that Zn-AHMT had great
potential to remove mercury ions.
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