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� A novel chelating resin of PAN-ATD was synthesized via one-step reaction.
� PAN-ATD exhibited good overall adsorption properties and could be easily eluted to Hg(II).
� High adsorption capacity and selectivity are attributed to the nitrogen groups.
� PAN-ATD can be potentially used in waste treatment and detection area.
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A novel chelating resin, polyacrylonitrile-2-amino-1,3,4-thiadiazole (PAN-ATD), was prepared via one-
step reaction and its structure was characterized by elemental analysis and FT-IR. The adsorption prop-
erties of the resin for Hg(II) were investigated by batch and column experiments. Batch adsorption results
showed that PAN-ATD had high affinity towards Hg(II) and the maximum adsorption capacity estimated
from the Langmuir model was 526.9 mg/g at 308 K. The adsorption kinetic and equilibrium data were
well fitted to the pseudo-second-order model and the Langmuir isotherm model, respectively. Further-
more, the resin can be easily regenerated and reused with less than 10% loss of adsorption capacity. Also,
the resin and its metal complexes were studied by SEM, TGA, and energy dispersive X-ray spectroscopy
(EDS). With good overall properties (a high selectivity adsorption capacity, easy to be regenerated and
stable application capacity) PAN-ATD resin can not only be used in selective removal of Hg(II) from waste
solution, but also be used for preparation of the separation and enrichment column applied in the anal-
ysis and detection area.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

Heavy metal contamination is becoming one of the main con-
cerns of environmentalists due to their non-biodegradability and
high toxicity even at trace concentrations [1]. Mercury, as one of
the important heavy metals, is released to the environment from
wastewater such as paper, oil refinery, pulp, chlor-alkali manufac-
turing, pharmaceutical, and battery manufacturing industries [2].
Exposure to mercury can damage the nervous system in humans,
especially for the developing nervous system of young children
[3]. Hence, removing heavy metals from wastewater to reduce its
hazards is a critical task in the perspective of environment and
health.

Various technologies have been applied in removing mercury
from industrial effluents, among which some are expensive,
inefficient or polluting, such as solvent extraction, reduction, coag-
ulation, reverse osmosis, chemical precipitation, membrane sepa-
ration, and ion exchange [4,5]. In contrast, adsorption is regarded
as a guaranteed and practical treatment method by utilizing its
low cost, high adsorption capacity, easy metal recovery and good
reusability. And a wide range of materials can be used to remove
mercury from solutions such as chitosan [5], activated carbon [6],
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carbon nanotubes [7,8], Pumice-supported nanoscale [9], guar gum
[10], silica nanocomposite [11,12], aluminosilicates [13], poly-
thioamides [14,15], MCM-41 [16], zinc oxide nanoparticles [17],
barley husk silica [18], magnetite (Fe3O4) particles [19], and poly-
acrylonitrile [20–22]. Polyacrylonitrile (PAN) is an ideal polymeric
matrix with a series of merits such as solvent resistance, thermal
and mechanical stability, abrasion resistance, and high tensile
strength [22]. Active nitrile groups (C„N) in PAN can easily be con-
verted into a number of new functional groups via special reac-
tions. Deng et al. [20,21] used the aminated polyacrylonitrile
fibers to remove copper, lead, and chromium ions from aqueous
solutions, but the metal adsorption capacity was not very ideal.
Our initial report suggested that the 2-aminothiazole functional-
ized polyacrylonitrile resin containing nitrogen and sulfur atoms
can be used for selective adsorption of Hg(II) from solutions with
a good adsorption capacity [22].

In this work, as a continuation of our initial work, we design
another novel chelating resin (PAN-ATD) by grafting 2-amino-
1,3,4-thiadiazole (ATD for short) on the surface of polyacrylonitrile
beads. The synthetic resin was characterized by FT-IR, elemental
analysis, TGA and DSC. The adsorption capability for Hg(II) in the
aqueous solution had been investigated by a series of batch and
column experiments. To further understand the adsorption pro-
cess, the adsorption kinetics, isotherms and the thermodynamic
properties of the adsorption of Hg(II) on the synthetic resin were
also clarified. The recovery of Hg(II) and reusability of the adsor-
bents were also studied in detail.

2. Materials and methods

2.1. Materials and chemicals

Mesoporous-type cross-linked polyacrylonitrile beads (PAN),
cross-linked with 7% divinylbenzene (DVB), nitrogen content
22.18%, functional groups content 15.83 CN mmol/g, specific sur-
face area 27.8 m2/g, pore size 25.1 nm, were purchased from Chen
Guang Chemical Industrial Institute of China. Aqueous solutions of
ions at various concentrations were prepared from NiSO4�6H2O,
HgCl2, CuCl2�2H2O, Zn(NO3)2�6H2O, Cd(NO3)2�4H2O, and Pb(NO3)2

and were used as sources for Ni(II), Hg(II), Cu(II), Zn(II), Cd(II),
and Pb(II), respectively. All other reagents and solvents were of
analytical grade and used as received without further purification.

2.2. Measurements

FT-IR spectra were scanned in the region of 400–4000 cm�1 in
KBr pellets on NICOLET 380 FT-IR spectrophotometer. C, N, and S
elements were analyzed by a Vario EL III Elemental Analyzer. The
specific surface area and the mean pore size of the resins were
determined on an Autosorb-1 automatic surface area and pore size
analyzer. Thermogravimetric analysis in a range of temperature
50–1000 �C by 20 �C min�1 under the protection of nitrogen on a
TGA instrument; Differential scanning calorimeter (DSC) was
recorded on a HCR-1 DSC under N2 atmosphere (20 cm3 min�1)
at 20 �C min�1. The shapes and surface morphology of the resins
were observed by means of a HITACHI S-3000N scanning electron
microscope (SEM), in conjunction with SEM imaging. The elemen-
tal compositions of the resins were analyzed by energy-dispersive
spectrometer (EDS). The concentrations of Hg(II) and the coexis-
tent metal ions were determined by Perkin Elemer Optima
2100DV inductively coupled plasma optical emission spectrometer
(ICP-OES). The respective zeta potentials of PAN-ATD resins were
determined by a zeta potential analyzer (Malvern Zetasizer Nano
ZS90). The sample was shaken in the DSHZ-300A temperature con-
stant shaking machine. Mettler Toledo delta 320 pH meter was
used for pH measurement.
2.3. Preparation of PAN–ATD

The preparation procedure is simple and described as follows:
0.5 g of PAN beads and 300 mL of N,N-dimethylformamide (DMF)
were added into a 500 mL three-neck round-bottom flask, swelling
over night. Then, 3.20 g of ATD (molar ratio of reagent (ATD/
PAN) = 4) and a small amount of metallic sodium used as catalyst
were added to the flask. The mixture reacted for 14 h at 140 �C
with 100 rpm stirring speed under a nitrogen atmosphere. The
solid product was carefully washed thoroughly with DMF and
deionized and then with acetone and ether. After that the obtained
resin was dried in vacuum at 50 �C. The conversion of the func-
tional group of the synthetic resin can be calculated from sulfur
content by the following equations:

Fc ¼
Sc

32:07� ns
� 1000 ð1Þ

x ¼ Fc � 1000
F0 � 1000� Fc �ML � F0

ð2Þ

where F0 (15.83 mmol of CN/g) and Fc are the contents of the func-
tional group of polyacrylonitrile and the resin synthesized, respec-
tively, x is the functional group conversion (%), ML is molar mass
of the ligands (mol/g), ns is the number of sulfur atoms of ligand
molecules, and Sc is the sulfur content of the synthetic resin (%).

2.4. Batch adsorption experiments

Batch experiments were carried out to investigate the Hg(II)
adsorption property on the prepared PAN-ATD resin by placing
15.0 mg resin in a series of flasks containing 30 mL of the studied
metal ions at the desired initial concentration and pH. Then the
contents of the flasks were shaken in a flask-shaker at specific tem-
perature for a given time with a speed of 100 rpm. The residual
concentration of the studied metal ions in the solution was deter-
mined by ICP. The adsorption capacity (Q, mg/g) and distribution
coefficient (D, mL/g) were calculated with the following
expression:

Q ¼ C0 � Ce

W
V ð3Þ

D ¼ C0 � Ce

WCe
V ð4Þ

where C0 is the initial concentration of Hg(II) (mg/mL), Ce is the
residual concentration of Hg(II) in solution (mg/mL), V is the solu-
tion volume (mL), and W is the resin dry weight (g). The above
batch adsorption experiments for the adsorption of Hg(II) by PAN-
ATD in aqueous solutions were performed at different pH values,
contact times, initial concentrations of Hg(II) and temperatures.
The operating variables studied for the extent of adsorption were
pH, contact time, initial concentration and temperature.

2.5. Column adsorption experiments

Column experiments were carried out in a fixed-bed mini glass
column (U3 mm � 30 cm) under the optimum pH 6.5 obtained
from the batch experiments at a constant temperature of 298 K,
which is close to the environmentally relevant conditions. Then,
100.0 mg PAN-ATD was presoaked in the column for 24 h before
the experiment began. In order to avoid the channeling of the efflu-
ent, a certain concentration of Hg(II) solution in a constant flow
rate was passed continuously through the stationary bed of sor-
bent in up-flow mode. The outgoing Hg(II) concentration was
determined at different time intervals as described above.
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2.6. Desorption and regeneration

After adsorption, resins were collected, and gently washed with
distilled water to remove any unabsorbed metal ions. Then, the
resin was agitated with 30 mL of HCl solution and HNO3 solution
(0.5–4.0 mol/L), at 100 rpm for 24 h at 298 K. The final concentra-
tion of Hg(II) in the aqueous phase was measured. After each
adsorption–desorption cycle, the resin beads were washed and
regenerated and then used for the next cycle adsorption. The
desorption ratio (E) was calculated as follows:

Eð%Þ ¼ CdVd

ðC0 � CeÞV
� 100% ð5Þ

where Cd is the concentration of Hg(II) in the eluent solutions, Vd is
the volume of the desorption solution, C0, Ce, and V are the same as
defined above.

3. Results and discussion

3.1. Characterization of PAN–ATD

The structures of PAN, ATD, and PAN-ATD were confirmed by
FT-IR spectroscopy. Fig. 1 shows the FT-IR spectra of PAN with
characteristic peaks at 2243 cm�1 related to C„N groups, 2933,
2873, 1452 cm�1 related to the antisymmetric stretching vibration
band, symmetric stretching vibration band, and bending vibration
band of –CH2 groups, respectively. The adsorption bands at 3288
and 3316 cm�1 are assigned to the –NH2 group in ATD. Comparing
the PAN and ATD spectra, the remarkable decrease in peak inten-
sity and a slight shift from 2243 to 2239 cm�1 of C„N band, the
disappearance of the stretching vibrations of –NH2 group at 3288
and 3316 cm�1, along with the appearance of a new band at
Fig. 1. FT-IR spectra of PAN, ATD,

Table 1
Characteristics and elemental analysis data of the resin.

N content (%) S content (%) Functional group co

PAN 22.18 15.83 CN mmol/g
PAN–ATD 14.37 11.38 3.55 ATD mmol/g
3392 cm�1 related to secondary amino group (–N–H) in the spectra
of PAN and ATD, indicated that the reaction between C„N and –
NH2 occurred and the ATD ligands have been grafted onto the
PAN polymer surface successfully. The characteristics and elemen-
tal analysis of the resin are shown in Table 1. The specific surface
area and mean pore size are slightly changed after grafting of
ATD with PAN. The increase of N content and the new appearance
of S content confirmed the grafting of ATD ligands on the surface of
the PAN polymer. The functional group capacity of the newly syn-
thetic resin (PAN-ATD) was 3.55 mmol obtained from the elemen-
tary analysis of sulfur, and the functional group conversion was
34.92%. The potential synthesis routes of PAN-ATD resin is pre-
sented in Scheme 1 on the basis of the FT-IR analysis. The thermal
behavior of the prepared PAN-ATD was evaluated by TGA and DSC.
As seen in Fig. 2, The slight weight loss before 200 �C may be attrib-
uted to the emitted water and volatile materials, a further weight
loss from 200 to 400 �C, resulting from the decomposition of ATD
grafted to PAN, after that a sharp weight loss occurred at 400–
520 �C along with exothermic peak corresponding to degradation
of the remaining polyacrylonitrile chains, which is in close to the
report by Kiani et al. [23].

The FT-IR spectra of the Hg(II) adsorbed resin (PAN-ATD-Hg)
was also revealed to find out the adsorption mechanism. In the
spectra of PAN-ATD-Hg (Fig. 1), the stretching vibration of –N–H
peak was shifted from 3392 to 3435 cm�1, the bending vibration
of N–H peak at 1582 cm�1 disappeared. In addition, the stretching
vibration of C–N shifted from 1251 to 1239 cm�1, the peak at
1619 cm�1 related to C@N in the heterocyclic and 1667 cm�1

related to AC@NH disappeared, while a new broad peak at
1605 cm�1 appeared, indicating that the nitrogens in –N–H, C–N,
C@N and AC@NH are involved in chelation adsorption of Hg(II).
The peak of C–S at 711 cm�1 remain, however, unchanged after
PAN-ATD and PAN-ATD-Hg.

ntent Functional group
conversion (%)

Specific surf. area
(m2/g)

Mean pore
size (nm)

27.80 25.1
34.92 27.83 25.4



Fig. 2. TGA-DSC curves of PAN-ATD.
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Scheme 1. Synthesis routes for PAN-ATD.

260 C. Xiong et al. / Chemical Engineering Journal 259 (2015) 257–265
adsorption of Hg(II), suggesting that the endocyclic sulfur is not
involved in coordination [24].
3.2. Effect of pH

Initial solution pH can seriously influence the adsorption pro-
cess by affecting the formation of the metal ions and the surface
properties of the adsorbents, then impact the adsorption amount.
To avoid the hydrolysis of metal ions, the effect of pH on adsorp-
tion of Hg(II) was studied at a pH range of 2.5–6.5 at 298 K. The
results obtained were presented in Fig. 3, and it can be seen that
the adsorption capacity of Hg(II) on PAN-ATD increased with the
pH rising from 2.5 to 6.5 and reached to the maximum value of
Fig. 3. Effect of pH on the adsorption capability of PAN-ATD for Hg(II) (resin
15.0 mg, initial metal ion concentration = 10.0 mg/30.0 mL, pH 2.5–6.5, T = 298 K,
100 rpm).
456.1 mg/g at the pH value of 6.5. According to Dong et al. [25],
the dominant Hg(II) species is HgCl2 at pH < 3 and Hg(OH)2 at
pH > 4. At pH of 2.5–3.5, PAN-ATD was positively charged as their
pHzpc (3.4 ± 0.1, Fig. S1) was higher than solution pH, less uptake
of Hg(II) occurred at this pH values, was attributed to the subgroup
of PAN-ATD that played the major role in binding Hg(II),–N–H, was
protonated and the competition of H+ with Hg(II) for the active
sites decreased the adsorption capacity [26]. At pH P 4 Hg(OH)2

was the dominant species, and –N–H and –C@N–H on PAN-ATD
became deprotonated (–N� and AC@N�), which may complex with
Hg(OH)2, forming –NHg+ and C@NHg+ [27]. According to the Pear-
son theory, the Hg(OH)2 is more softer than Hg(II) and the C@N
group with a very soft basic has a superior affinity with Hg(OH)2

at pH range 3.5–6.5, which also attributed to the higher adsorption
capacity at this pH range.
3.3. Selective adsorption behaviors

The selective adsorption property for Hg(II) was also investi-
gated in a mixed metal solution containing Hg(II) and the Ni(II),
Cu(II), Cd(II), Pb(II), and Zn(II) metal ions in the same pH range,
the results was shown in Fig. 4. It can clearly be found that PAN-
ATD adsorbed much more Hg(II) than the other metal ions in the
entire pH range of study, indicating that PAN-ATD exhibits a higher
selectivity adsorption for Hg(II). The high selective coefficients of
PAN-ATD for Hg(II) in different pH were obtained by using the fol-
lowing equation: selective coefficient = Q/Q0, where Q (mg/g) is the
adsorption capacity of Hg(II) in the mixed metal solution system,
and the Q0 (mg/g) is the total adsorption capacity of the other metal
ions in the mixed metal solution. The results were shown in
Table 2. Since the process of removing toxic metals is usually car-
ried out in a mixed metal ions system, the high selectivity of PAN-
ATD for Hg(II) at pH 2.5–6.5 is a matter of practical importance and
Hg(II) can be easily removed from these meta matrix. The high
Fig. 4. Adsorption capacities of the PAN-ATD for Hg(II), Pb(II), Cd(II), Ni(II), Cu(II),
and Zn(II) (resin 15.0 mg, initial metal ion concentration = 10.0 mg/30.0 mL, pH
2.5–6.5, T = 298 K, 100 rpm).

Table 2
Adsorption selectivity of PAN-ATD for Hg(II).

pH 2.5 3.5 4.5 5.5 6.5
Selective coefficient 3.75 5.14 7.01 8.96 12.48
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adsorption capacity and selectivity for Hg(II) result from the differ-
ent nitrogen groups in the PAN-ATD that show different affinities
to Hg(II) and the Ni(II), Cu(II), Cd(II), Pb(II), and Zn(II) metal ions.
The –N–H group contributes to the high adsorption capacity
toward Hg(II), and the C@N group contributes to the high selectiv-
ity toward Hg(II), because it is a very soft basic and has a superior
affinity with Hg(II) ions [28–30].

3.4. Effect of contact time and temperature

The effect of contact time and temperature on the Hg(II) adsorp-
tion process were investigated in the time range of 1–50 h under
pH 6.5 at 288, 298, and 308 K. As seen in Fig. 5, Hg(II) adsorption
capacity increased rapidly in the first 10 h and then slowed down
until the equilibrium state was reached. The less time needed to
reach the equilibrium state and the higher adsorption capacity at
higher temperature are due to the greater swelling of the resin
and increased diffusion of metal ions into the resin at a higher tem-
perature, which indicated the adsorption of Hg(II) onto PAN-ATD
was more effective at higher temperatures.

3.5. Kinetics of adsorption

The results described in the ‘‘Effect of contact time and temper-
ature’’ section were used to further investigate the kinetic mecha-
nism that controls the adsorption process. Pseudo-first-order,
pseudo-second-order, and Elovich kinetic models shown as Eqs.
(6)–(8) [31–33] were tested to interpret the experimental data:

log ðQ e � Q tÞ ¼ log Q 1 �
k1

2:303
t ð6Þ

t
Q t
¼ 1

k2Q 2
2

þ t
Q 2

ð7Þ

Q t ¼
1
b

ln ðabÞ þ 1
b

ln t ð8Þ

where Qe and Qt are adsorption capacities at equilibrium and at any
time t (mg/g), Q1 and Q2 are the calculated adsorption capacities of
the pseudo-first-order model and the pseudo-second-order model
(mg/g), respectively, k1 and k2 are the rate constants of the
pseudo-first-order model (h�1), and the pseudo-second-order
model (g/(mg h)), a (mg/g min) is the initial adsorption rate and b
(g/mg) is an indication of the number of sites available for the
0
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Fig. 5. Adsorption kinetics and capacity Q at different times and different
temperatures (resin 15.0 mg, [Hg2+]0 = 10.0 mg/30.0 mL, pH 6.5, 100 rpm).
adsorption and relevant with the extent of surface coverage and
activation energy for chemisorption. The kinetic parameters
obtained from Eqs. (6)–(8) are represented in Table 3. The extreme
high value of correlation coefficients (>0.999), along with well fit to
the calculated Q with experimental data, indicates that the adsorp-
tion process can be best explained by pseudo-second-order mecha-
nism. This suggests that the rate-limiting step of Hg(II) ion onto
PAN-ATD is chemisorption, where valency forces are involved via
electrons sharing or exchange between the resin and the Hg(II) ions
[34].

3.6. Isotherm of adsorption

The adsorption isotherms describe the relationship between the
concentration of metal ion in solution and the amount of metal ion
adsorbed on the adsorbent at a constant temperature. Collected
adsorption data at three constant temperatures in the preferred
pH of 6.5 were fitted with three common adsorption models: Lang-
muir [35], Freundlich [36], and Dubinin-Radushkevich (D-R) [37]
isotherm models. The Langmuir isotherm model was developed
to describe the adsorption process occurred on the adsorbents with
homogeneous and flat surface. The model assumes that each
adsorptive site can only be occupied once in a one-on-one manner.
The linear form of the Langmuir equation is formulated as follows:

Ce

Qe
¼ Ce

Q m
þ 1

KLQ m
ð9Þ

where Qe (mg/g) is the equilibrium adsorption capacity, Ce (mg/mL)
is the equilibrium concentration, Qm (mg/g) is the maximum
adsorption capacity of Langmuir, KL (mL/mg) is Langmuir constant
related to the energy of adsorption and increases with the increas-
ing strength of the adsorption bond, which is used to evaluate the
dimensionless parameter known as separation factor (RL) using
the equation [38]:

RL ¼
1

1þ KLC0
ð10Þ

where C0 is the initial concentration of Hg(II), RL depicts whether
the monolayer adsorption predicted by the Langmuir model is irre-
versible (RL = 0), favorable (0 < RL < 1), linear(RL = 1), or unfavorable
(RL > 1). The calculated values of RL were between 0 and 1 (Table 4),
indicating that the adsorption of Hg(II) on PAN-ATD is favorable.
The Freundlich isotherm model, on the other hand, is used to
describe the adsorption process occurred on the adsorbents with
heterogeneous surfaces. The linear form of the Freundlich model
equation is expressed as follows:
Table 3
Kinetic parameters for Hg(II) adsorption by PAN-ATD.

Qe (mg/g) k1 (min�1)�103 Q1 (mg/g) R2

Pseudo-first-order
288 K 412.8 ± 6.2 1.72 ± 0.03 337.4 ± 5.8 0.9851 ± 0.002
298 K 451.4 ± 7.6 1.87 ± 0.05 343.9 ± 6.9 0.9779 ± 0.001
308 K 466.6 ± 8.0 2.55 ± 0.06 371.0 ± 8.2 0.9910 ± 0.0003

Qe (mg/g) k2 (g/(mg min))�103 Q2 (mg/g) R2

Pseudo-second-order
288 K 412.8 ± 6.2 2.13 ± 0.02 470.0 ± 6.3 0.9990 ± 0.0003
298 K 451.4 ± 7.6 2.01 ± 0.04 496.5 ± 6.8 0.9995 ± 0.0004
308 K 466.6 ± 8.0 1.97 ± 0.03 508.6 ± 8.7 0.9994 ± 0.0004

Qe (mg/g) a (mg/g min) b (g/mg) � 102 R2

Elovich
288 K 412.8 ± 6.2 3.38 ± 0.05 1.05 ± 0.05 0.9802 ± 0.004
298 K 451.4 ± 7.6 5.63 ± 0.07 1.07 ± 0.06 0.9774 ± 0.006
308 K 466.6 ± 8.0 7.75 ± 0.13 1.07 ± 0.07 0.9436 ± 0.006



Table 4
Isotherm parameters for Hg(II) adsorption by PAN-ATD.

Qm (mg/g) KL (mL/mg) RL R2

Langmuir
288 K 484.5 ± 9.1 63.3 ± 2.0 0.0327–0.0559 0.9984 ± 0.0005
298 K 511.2 ± 8.4 81.8 ± 1.9 0.0255–0.0438 0.9965 ± 0.0005
308 K 526.9 ± 7.5 69.9 ± 1.7 0.0297–0.0509 0.9972 ± 0.0004

1/n Kf ((mg/g)/(mg/mL)1/n) R2

Freundlich
288 K 0.13 ± 0.02 558.3 ± 8.6 0.9305 ± 0.0008
298 K 0.12 ± 0.03 590.2 ± 9.3 0.8627 ± 0.0009
308 K 0.11 ± 0.01 601.2 ± 8.4 0.9522 ± 0.0008

b (mol2/J2) � 109 Qm (mg/g) R2

D–R
288 K 5.1 ± 0.23 492.7 ± 4.6 0.9515 ± 0.003
298 K 4.2 ± 0.53 507.8 ± 6.7 0.8799 ± 0.001
308 K 3.7 ± 0.25 528.5 ± 5.1 0.9084 ± 0.004

Table 5
Reusing the PAN-ATD for the adsorption of Hg(II).

Hg(II) Adsorption capacity(mg/g)

First time Second time Third time Fourth time Fifth time

447.8 ± 6.1 430.7 ± 5.7 423.7 ± 5.3 400.9 ± 4.9 381.6 ± 7.1

Table 6
Adsorption capacities of different adsorbents.

Adsorbents Adsorption
capacities
(mg/g)

Desorption
ratio

Refs.

2-(Chloromethyl) benz-imidazole
modified chitosan

257.8 100 [5]

2-Aminothiazol modified
polyacrylonitrile

454.9 100 [22]

Chitosan-poly(vinyl alcohol) 585.9 47 [44]
Multi-cyanoguanidine modified

magnetic chitosan
285.7 – [45]

Sulfamine modified chloromethylated
polystyrene

222.2 – [46]

Brazilian pepper biochars 15.1–24.2 – [47]
LPSSF modified Na-montmorillonite

clays(LPSSF means lipopeptides
produced from solid-state
fermentation)

38.2–49.1 80 [48]

Mercapto-functionalized core–shell
structured nano-magnetic Fe3O4

polymers

129.9–256.4 – [49]

Triethylenetetramine bis (methylene
phosphonic acid) modified silica gel

303.0 – [50]

PAN–ATD 526.9 100 This
work
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Fig. 6. Experimental and predicted breakthrough curves using Thomas model for
Hg(II) adsorption by PAN-ATD (resin 100.0 mg, pH 6.5, C0 = 0.20 mg/mL, flow
rate = 0.25 mL/min).
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log Q e ¼ log K f þ
1
n

log Ce ð11Þ

where Qe, Ce is defined as above, 1/n is an empirical parameter
involves the adsorption intensity, which varies with the heteroge-
neity of material, and Kf is roughly an indicator of the adsorption
capacity. Unlike the Langmuir and Freundlich isotherms models,
the D-R isotherm is commonly employed to specify the nature of
adsorption process through physisorption or chemisorptions. It
can be used to describe the adsorption process occurred on both
homogeneous and heterogeneous surfaces. The linear form of this
model can be represented as:

ln Q e ¼ ln Q m � be2 ð12Þ

where Qe is the amount of adsorbed Hg(II) per unit adsorbent (mg/
g), Qm is the calculated adsorption capacity, b is activity coefficient
pertinent to mean adsorption energy, and e is Polanyi potential,
which can be calculated through:

e ¼ RT ln ð1þ 1=CeÞ ð13Þ

Mean adsorption energy, E (kJ/mol), is very useful to determine
the mechanisms of adsorption process, which can be expressed as
the following equation:

E ¼ 1=
ffiffiffi
2
p

b ð14Þ

The E value between 8 and 16 kJ/mol means the type of adsorp-
tion process is chemical, however, if E < 8 kJ/mol, the process is
physical. The values of E (kJ/mol) (288 K, 9.9; 298 K, 10.91;
308 K, 11.62) were founded to be above 8 kJ/mol, indicating that
the Hg(II) adsorption on PAN-ATD is a chemical process. The iso-
therm constants as well as the correlation coefficients (R2) were
computed and listed in Table 4. After comparing the three theoret-
ical models to the experimental data, it can easily be found that the
Langmuir model was best fitted to the experiment results over the
other isotherms, demonstrating that the adsorption of Hg(II) on
PAN-ATD is of a monolayer type where interactions between
adsorbed molecules are negligible [39].

3.7. Adsorption thermodynamic

The thermodynamic feasibility and the nature of the adsorption
process were further investigated by allowing 15 mg PAN-ATD to
equilibrate with 30 mL of Hg(II) solutions (10 mg/30 mL) under
288, 298, and 308 K with an initial solution pH of 6.5. The
thermodynamic parameters: Gibbs free energy (DG), enthalpy
(DH), and entropy (DS) can be calculated using the following equa-
tions [40]:
log D ¼ � DH
2:303RT

þ DS
2:303R

ð15Þ
DG ¼ DH � TDS ð16Þ

where D is the distribution coefficient, R is the gas constant (8.314 J/
(mol K)), and T is the absolute temperature (K). The DG is a funda-
mental criterion to determine if a process occurs spontaneously.
The negative value of DG (kJ/mol) (288 K, -21.6; 298 K, -23.1;
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308 K, -24.7) indicates that the Hg(II) adsorption process on the
PAN-ATD is feasible and spontaneous. The decrease in magnitude
of DG as temperature rises from 288 K to 318 K confirms that the
adsorption is more favored at higher temperatures. Enhancement
of adsorption capacity of PAN-ATD at higher temperatures may be
attributed to the greater swelling of the resin and increased diffu-
sion of metal ions into the resin [41]. The positive value of
DH = 22.2 kJ/mol suggests that the Hg(II) adsorption is an endother-
mic process, and since the adsorption capacity increases with tem-
perature, one can say that chemisorption process is significant and
rate controlling [42], which is agree with the result of kinetics
Fig. 8. SEM images of PAN-ATD (a, b)
study. In addition, the positive value of DS = 152.4 J/(K mol) con-
firms that the randomness increased at the solid-solution interface
during the fixation of Hg(II) ion PAN-ATD surface, which suggests
that the adsorption is an entropy-driven process [43].
3.8. Desorption and regeneration studies

To reduce the cost of removal process, the desorption and
regeneration of Hg(II) from the resin is necessary. Hg(II) saturated
PAN-ATD were eluted with 30 mL HCl and HNO3 in various concen-
trations (0.5–4.0 mol/L) under 100 rpm at 298 K for 24 h, respec-
tively. The desorption data shows that the adsorbed Hg(II) can be
completely desorbed by 4 mol/L HCl or HNO3 solution with a
desorption ratio of 100%. To determine the reusability of the
PAN-ATD, consecutive adsorption–desorption cycles were
repeated five times using the same beads. The results of the five
adsorption–desorption cycles are shown in Table 5, indicating that
the adsorption capacity was barely affected during the repeated
adsorption–desorption operations and the adsorption capacity
was maintained at 90.8% after five cycles. These results suggests
that PAN-ATD could be repeatedly used in the enhanced removal
of Hg(II) from waste solution.

Data on the adsorption capacity and desorption ratio of Hg(II)
by the recent reported adsorbents [5,22,44–50] were listed in
Table 6. Though some materials exhibit a higher adsorption capac-
ity of Hg(II), the PAN-ATD with a good overall property (a high
adsorption capacity and a 100% desorption ratio) used for Hg(II)
removal is still very attractive.
3.9. Column studies

3.9.1. Dynamic adsorption curve
Compared with the batch experiments, column adsorption tests

for the absorbents is more meaningful in practical application. The
and Hg(II)-loaded PAN-ATD (c, d).
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breakthrough analysis was usually applied to investigate the effi-
ciency of the column adsorption process [51]. The adsorption
capacity of Hg(II) (Q, mg/g) in the column for a given feed concen-
tration and flow rate can be calculated from

Q ¼
Z v

0

ðC0 � CeÞ
m

dV ð17Þ

where C0 and Ce are metal ion concentrations in the influent and
effluent (mg/mL), respectively, m is the total weight of the sorbent
loaded in the column, and V is the volume of metal solution passed
through the column (mL). The capacity value Q was obtained by
graphical integration as 459.5 mg/g. Successful design of a column
sorption process requires prediction of the concentration–time pro-
file or breakthrough curve for the effluent. Traditionally, the Tho-
mas model is used to fulfill the purpose. The model has the
following form:

Ce

C0
¼ 1

1þ exp½KTðQm� C0Þ=h�
ð18Þ

where KT is the Thomas rate constant (mL/(min mg)), h is the volu-
metric flow rate (mL/min), and m is the mass of the resin (g). The
linearized form of the Thomas model is as follows:

ln
C0

Ce
� 1

� �
¼ KTQm

h
� KTC0

h
V ð19Þ

The kinetics coefficient KT and the adsorption capacity Q of the
column can be determined from a plot of ln[(C0/Ce) � 1] versus t at
a certain flow rate. The Thomas equation coefficient for Hg(II)
adsorption was KT = 1.63 � 10�2 mL/(mg min) and Q = 485.8 mg/g.
The theoretical predictions based on the model parameters were
compared with the observed data as shown in Fig. 6. Considering
the high R2 value (0.9983) and the good agreement of the calcu-
lated Q with the experimental data, the Thomas model can be
applied to design and simulate column adsorption process.

3.9.2. Dynamic desorption curve
With respect to the dynamic desorption of Hg(II) from PAN-

ATD, the 4.0 mol/L HNO3 eluent was employed. The desorption
curve was plotted with the effluent concentration (Ce) versus elu-
tion volume (V) from the column at a flow rate of 0.1 mL/min. As
shown in Fig. 7, a sharp increase of Hg(II) concentration at the
beginning of acid elution was observed and 50 mL 4.0 mol/L
HNO3 eluent solution provided effectiveness of the desorption of
Hg(II) from PAN-ATD, after which further desorption is negligible.
Fig. 9. EDS spectrum of Hg(II)-loaded PAN-ATD.
3.10. SEM and EDS analysis

The morphologies and surface compositions of PAN-ATD before
and after Hg(II) adsorption were characterized by SEM and shown
in Fig. 8. Apparently, the smooth surface of PAN-ATD turned
thicker and coarser with granular flake material after adsorption
of Hg(II), which suggested that the mercury was loaded on the sur-
face of the resin. In addition, the presence of the peak of mercury in
the EDS spectra in Fig. 9 further confirmed this fact.
4. Conclusions

A novel chelating resin, PAN-ATD, was successfully synthesized
by grafting 2-amino-1,3,4-thiadiazole on the surface of polyacrylo-
nitrile beads via one-step reaction. Batch adsorption results
showed that the resin possess an excellent selective adsorption
ability of Hg(II) in the mixed metal solutions containing Hg(II),
Ni(II), Cu(II), Cd(II), Pb(II), and Zn(II) metal ions. FT-IR analysis
revealed that the nitrogens in –N–H, C–N, C@N and AC@NH con-
tributed to the adsorption of Hg(II). The adsorption process follows
pseudo-second-order model, suggesting that chemisorption is the
rate-controlling step. The well fits to the Langmuir isotherm indi-
cates that the monolayer adsorption is dominant. Thermodynamic
parameters obtained suggest that Hg(II) adsorbed on PAN-ATD is
spontaneous and endothermic in nature. Complete desorption of
Hg(II) was achieved by using 4 mol/L HCl or HNO3 solution, and
the regenerated adsorbents could be reused with little loss of
adsorption capacity. Therefore, the resin can not only be used in
selective removal of Hg(II) from waste solution, but also can be
applied in the area of analysis and detection.
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