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ene fiber grafted acrylic acid (PP-g-AA), PP-g-AA-TU fibers, was characterized by Fourier transform infrared spec-
troscopy and X-ray photoelectron spectroscopy. The adsorption behavior of the functionalized chelating fibers
for Hg(II) was investigated by static adsorption experiments, and the effects of some essential factors on adsorp-
tion of Hg(II) were examined, such as pH, initial concentration, adsorption time, coexisting cations, and temper-
ature. The results showed that the adsorptive equilibrium could be achieved in 10 min, and the equilibrium
adsorption quantity of PP-g-AA-TU fibers was 20 times that of PP-g-AA fibers. The PP-g-AA-TU fibers showed a
very high adsorption rate and a good selectivity for Hg(II) over a wide range of pH. The adsorption isotherm
can be well described with Langmuir model, with the maximum adsorption capacity for Hg(II) up to
52.04 mg·g−1 and the removal of Hg(II) more than 97%. The kinetic data indicate that the adsorption process
is best-fitted into the pseudo-second-order model.
© 2016 The Chemical Industry and Engineering Society of China, and Chemical Industry Press. All rights reserved.
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1. Introduction

With rapid industrial development, discharge of wastewater contain-
ing heavy-metal ions at high concentrations from metal plating, mining,
batteries, petroleum refining, paint manufacture, photographic indus-
tries, and steel pigments increases continuously [1], which tend to accu-
mulate in organisms and enter food chains through various pathways.
Heavymetal pollutants cause serious harm tohumanhealth and are a sig-
nificant threat to the environment due to their immediate toxicity and
their non-biocompatibility.Mercury is one of themost toxic heavymetals
commonly found in the biosphere due to its long-time, wide-range harm
to humanhealth and natural environment [2]. In the EuropeanUnion, the
standard for drinking water quality for mercury is 1 μg·L−1, and the per-
mitted discharge limit of wastewater for total mercury is 10 μg·L−1 [3].

Therefore, it is crucial to remove Hg(II) fromwastewater before dis-
charge. Current technologies, such as ion exchange, chemical precipita-
tion, adsorption, and membrane filtration, have been applied to
eliminating toxic Hg(II) pollutants [4–6]. However, some methods are
limited for high operational cost and inefficiency in the removal of
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heavy metal ions [7,8]. In comparison, adsorption using low cost adsor-
bents is regarded as one of the most economical and effective
approaches for removal of Hg(II) from aqueous solutions [9,10]. A num-
ber of adsorbents have been explored for the remediation of mercury
ions pollution, including activated carbon [11], carbon nanotubes [12],
and naturalfibers [13]. Activated carbon is themost commonly used ad-
sorbent material, but high cost usually limits its wide applications.
Moreover, among the recyclable adsorptionmaterials, those with selec-
tive adsorption for certain metal ions are scarce [14,15].

Increasing interest has been focused on the chelating fibers recently
because they are effective adsorbents to remove metal ions [16–21].
Chelating fibers is considered to be the most suitable adsorption mate-
rial for extraction of Hg(II) from water, owing to its low mass transfer
resistance, high adsorption kinetics, suitable functional groups, low
cost, and relatively large external specific surface areas [22,23]. Adsorp-
tion properties of chelating fibers, to a certain extent, depend on appro-
priate chelating groups that possess high chelating affinity toward
Hg(II) ions. Thus, the adsorption efficiency, selectivity and mechanism
of heavy-metal ions by chelating fibers are usually affected by the func-
tional groups on the adsorbent surface.

It has been found that chelating functionalities such as amino and
amide groups are the most effective groups for the removal of Hg(II)
from water, because of their strong affinity toward mercury ions
[24–26]. Furthermore, Hg(II) ions have distinct affinity to bind strongly
with sulfur-containing functional groups, chelating fibers have been
modified with mercapto groups (−SH) to enhance the adsorption
ustry Press. All rights reserved.



Fig. 1. FT-IR spectra of PP-g-AA and PP-g-AA-TU fibers.
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capacity toward mercury ions [27]. Different adsorbents were success-
fully prepared [28]. Wang et al. have prepared polysulfone hollow fiber
affinity membrane modified with mercapto group and achieved an
ideal result for removal of Hg(II) [29,30]. Jainae et al. prepared a selective
adsorbent with thiol-functionalized polymer for removing Hg(II) from
aqueous solutions [31], which do not alter the saturation uptake value
of the adsorbent while improve fiber acid resistance and adsorption
efficiency. Sulfur-containing as well as amino-containing chelating
agents have been attracting significant attention for selective removal
of Hg(II) from water.

Thiourea (TU) is a chelating ligand, well known for its affinity to-
ward mercury ions owing to the presence of both amino and mercapto
groups. Chelating ligands can formstrong complexeswithHg(II) ions by
chelation or complexation [32].Molecular structure of thiourea contains
one S atom and two amino groups. S is used as ligating atom, forming
coordination or complexation with Hg(II). N atoms of the amino
group have lone pair electrons, which are an electron-donating group
and fabricate ligandwith Hg(II) easily. Moreover, amino group can pro-
duce amidation reaction with carboxyl on the surface of chelating fiber
to form amide linkage [33]. A standard method for immobilization of
amino-containing compound into carboxyl-containing substrates via
covalent amide bond is using N-ethyl-N′-(3-dimethylaminopropyl)
carbodiimide hydrochloride (EDC·HCl) and N-hydroxysuccinimide
(NHS) [34]. The adsorption of TU at the mercury-aqueous solution
interface has been studied, indicated by the strong directional effect of
the S–Hg bond, reinforced by partial charge transfer [35].

The objective of the presentwork is to prepare and investigate a novel
adsorption material, amide group-containing chelating fiber with high
adsorption capacity and high selectivity for removal of Hg(II) from aque-
ous solutions. The chelating fiber is prepared by using thiourea tomodify
the polypropylene fiber grafted acrylic acid. Its structure, selectivity
and adsorption behaviors for removal of Hg(II) are studied. The kinetics
and, isothermmodels are introduced to studymercury adsorptionmech-
anism. Moreover, the effects of initial concentration, adsorption time,
temperature, pH on the adsorption capacity of Hg(II) are studied.

2. Experimental

2.1. Materials and methods

All reagentswere of analytical grade, and all solutionswere prepared
with super-pure water (treated by ion exchange and then purified by
reverse osmosis). Glass wares used were repeatedly washed with
HNO3 and rinsed with super-pure water, according to a published pro-
cedure [36]. Polypropylene fibers grafted with acrylic acid (PP-g-AA)
were prepared in our laboratory. EDC·HCl (98%) and NHS (98%) were
purchased from Aladdin. 4-Morpholineethanesulfonic acid and phos-
phate buffer solution were purchased from Aladdin. Hg(II) solutions
were prepared by diluting 1000 mg·L−1 of stock solutions of mercury
standard solution (GBS 04-1729-2004). Thiourea (TU) was purchased
from Yingdaxigui Chemical Reagent Factory (Tianjin). Nitric acid
(HNO3) and hydrochloric acid (HCl) were used as received.

Functional groups on the adsorbent surface were recorded with a
Fourier transform infrared spectroscopy (FT-IR) (Nicolet 6700, Thermo
Scientific, USA). The experiment was conducted over a spectral range
of 4000–500 cm−1.

An X-ray photoelectron spectrometer (XPS) (Thermo Scientific
K-Alpha equipment)was used to analyze thebinding energy of sorbents
for analysis of elements.

2.2. Amidation reaction of PP-g-AA

The procedures of amidation reaction of PP-g-AA fibers are as fol-
lows. The dosages of thiourea, EDC·HCl and NHS were determined by
the method of titration carboxyl group content in PP-g-AA fibers. In
the activation reaction, certain amounts of PP-g-AA fibers, EDC·HCl
and NHS were added in 0.1 mol·L−1 4-morpholineethanesulfonic acid
buffer solution (pH 6.0) and the reaction was conducted for 15 min
with stirring at room temperature. In the coupling reaction, the activa-
tion products were removed and put in 0.1 mol·L−1 phosphate buffer
solution (pH 7.2), and then thiourea was added into the solution for
2 h with stirring at room temperature. The amidation fibers PP-g-AA-
TU were washed with deionized water then with ethyl alcohol, and fi-
nally dried at 40 °C under vacuum overnight.

2.3. Batch sorption experiments

Hg(II) batch adsorption experiments were performed in glass coni-
cal flasks. 0.05 g of PP-g-AA-TU fibers were added to 50 ml of Hg(II)
aqueous solution. The flasks were kept for shaking at 150 r·min−1 in
an orbital shaker for 2 h. The concentration of Hg(II) was determined
by atomic fluorescence spectrometry. The removal rate and adsorption
capability are calculated by the following equation:

Removal rate ¼ C0−Ce

C0
� 100% ð1Þ

Qe ¼
V C0−Ceð Þ

W
ð2Þ

where C0 and Ce are the initial and equilibrium mercury ion concentra-
tions (mg·L−1),Qe is the equilibrium adsorption capacity (mg·g−1),W
is themass of PP-g-AA-TU fibers (g), and V is the volume of solution (L).
The Hg(II) uptake is considered as a function of pH, varying around 3–8,
at an initial Hg(II) concentration of 10mg·L−1. Equilibrium is as a func-
tion of temperature (15, 25, 35 and 45 °C). The initial Hg(II) concentra-
tion is between 0.1 and 250 mg·L−1.

2.4. Adsorption isotherm

The common models, Langmuir and Freundlich equations, were
used to investigate the adsorption isotherm. Isotherm studywas carried
out in 50 ml of solution with initial concentrations of Hg(II) from 0.1 to
250mg·L−1 and pH of 5.0. The adsorption process was conducted with
stirring for 2 h at different temperatures (15, 25, 35 and 45 °C).

3. Results and Discussion

3.1. Characterizations

Fig. 1 shows the IR spectra of PP-g-AA and PP-g-AA-TU fibers. A
broad band appears in the range of 3150–3500 cm−1 in PP-g-AA-TU



Fig. 2. XPS patterns of PP-g-AA and PP-g-AA-TU fibers.

Table 1
The peak positions of C1s, O1s, N1s and S2p of PP-g-AA and PP-g-AA-TU fibers

Fiber type Peak position/eV

C1s O1s N1s S2p

PP-g-AA 287.36 534.91 – –
PP-g-AA-TU 285.84 533.48 400.50 165.13
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fibers, which should be related to stretching vibrations of –SH bonds
and N–H in –NH2 groups of thiourea. Compared to PP-g-AA fibers, the
new peaks at 1690, 1567, and 1301 cm−1 might be attributed to –
CONH– (C=O stretching of amide I, N–H stretching of amide II, and
C–N stretching of amide III, respectively) [37]. The new band at about
785 cm−1 is attributed to the C–S bond. The appearance of these char-
acteristic bands confirms that the PP-g-AA fibers are modified with
thiourea successfully [38–41].

The PP-g-AA and modified chelating fibers were also examined
using X-ray photoelectron spectrometry (XPS), which gives a valuable
indication about the chemical changes in the modifications. The XPS
survey scan of PP-g-AA and PP-g-AA-TU fibers is presented in Fig. 2,
and peak positions of elements are presented in Table 1. In comparison
Fig. 3. C1s XPS spectra of PP-g-AA fib
with PP-g-AA fibers, the N1s emission of PP-g-AA-TU fibers appears at
400.5 eV, indicating successful functionalization of PP-g-AA fibers with
amino groups. Another peak at 165.13 eV is deduced to be S2p in the
PP-g-AA-TU fibers, probably due to the insertion of sulfur-containing
functional groups onto the PP-g-AA fibers. These phenomena prove
that chelating fibers are successfully modified by thiourea.

Fig. 3 shows the C1s XPS spectra of PP-g-AA and PP-g-AA-TU fibers.
In Fig. 3(a), the peaks centering at 284.6 and 285.0 eV could be assigned
to C1s spectra of –C=C and CH2, respectively, while, the peaks center-
ing at 287.9 and 289.1 eV are assigned to the C1s spectra of –C=O
and –C=O–O bonding, respectively. The result suggests that, PP fiber
is successfully modified by carboxylic acid. For the modified fiber
(Fig. 3(b)), a new peak, centering at 287.3 eV, is observed, correspond-
ing to the C1s spectra of –C=O and –CONH. These phenomena indicate
that chelating fibers are successfully modified by thiourea.

Fig. 4 shows the O1s XPS spectra of PP-g-AA and PP-g-AA-TU fibers.
In Fig. 4(a), the peaks centering at 532.3 and 533.4 eV are assigned to
O1s spectra of carbonyl and non-carbonyl of –C=O–O, respectively.
The result suggests that, PP fiber is successfully modified by carboxylic
acid. For the modified fiber (Fig. 4(b)), a new peak, centering at
531.5 eV, is observed, corresponding to the O1s spectra of –CONH.
These phenomena prove that the amidation reaction occurs between
amino of thiourea and carboxyl in PP-g-AA-TUfiber, and thefiber is suc-
cessfully modified by thiourea.

Fig. 5 shows N1s XPS spectra of PP-g-AA-TU fiber. The peaks center-
ing at 399.0 and 401.3 eV are assigned to the N1s core-level spectrum of
N-atoms associated with NH2 or NH group bonding and the protonated
imines. The appearance of these characteristic peaks confirms that the
PP-g-AA fibers are modified with thiourea successfully according to
the reaction equation shown in Fig. 6.

3.2. Batch adsorption

3.2.1. Effect of pH on adsorption behavior
The pH value of solution was an important parameter influencing

the adsorption process ofmetal ions. According to the calculation of sta-
bility constant, it is found that Hg(OH)2 is dominant species in theHg(II)
solution at pH N 4.0, while HgCl2 species dominates at pH b 4.0 [42].
Considering the forms of Hg(II) ions at different pH values, the solution
pH of 3.0–8.0 was adjusted with buffer solution.

Fig. 7 depicts the effect of pH value on the adsorption of Hg(II) using
PP-g-AA-TUfibers. pH of the aqueous solution has little influence on the
adsorption,whichmay be due to the existence ofmercapto group in ad-
sorbents, enhancing chelating fiber acid resistance and adsorption
er (a) and PP-g-AA-TU fiber (b).



Fig. 5. N1s XPS spectra of PP-g-AA-TU fiber.

Fig. 4. O1s XPS spectra of PP-g-AA fiber (a) and PP-g-AA-TU fiber (b).

Fig. 7. Effect of pH on removal rate and the adsorption capacity of PP-g-AA-TU fibers for
Hg(II) (C0 = 10 mg·L−1; t = 2 h; T = 25 °C).
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efficiency. It is different from the result of Monier and Abdel-Latif [43],
which shows that the adsorption quantity of Hg(II) increases with pH
value. They considered that protons could compete with mercury ions,
occupying the active sites of adsorbent below pH 3.0. Our results in
this study are in good agreement with that of Balarama et al. [44]. The
adsorption mechanism of PP-g-AA-TU fibers may be attributed to the
complex formation between mercury ions and chelating ligands,
which was previously reported by Pelosi [45].

Zhang et al. has found that no significant change of dissolvedmer-
cury at pH range of 1–12 with an initial concentration 120 mg·L−1
Fig. 6. The preparation o
[46], declaring that Hg(OH)2 still dissolves into the solution when
mercury concentration is not too high. It is evident that PP-g-AA-
TU fibers can be effectively used as a mercury adsorbent to remove
Hg(II) from aqueous solution over a wide range of pH and the most
suitable value is 5, which was selected as the pH value for further
experiments.

3.2.2. Effect of temperature on Hg(II) removal
The adsorption of Hg(II) as the temperature increasing from 288 to

318 K is analyzed based on thermodynamic parameters such as changes
f PP-g-AA-TU fiber.



Fig. 9. Effect of initial concentration on the adsorption capacity of PP-g-AA-TU fibers for
Hg(II) (pH= 5.0; t = 2 h; T = 25 °C).
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in free energy (ΔG0), enthalpy (ΔH0) and entropy (ΔS0), according to
the following equations:

Kc ¼ Cad

Ce
ð3Þ

where Cad is the concentration of solute adsorbed on the fiber at equilib-
rium (mg·L−1).

ΔG0 ¼ −RT lnKc ð4Þ

lnKc ¼ ΔS0

R
−

ΔH0

RT
ð5Þ

where R (8.314 J·mol−1·K−1) is the gas constant.
With a straight line of lnKc against 1/T, as shown in Fig. 8, the slope

and intercept of the line are equal to −ΔH0 and ΔS0, respectively. The
values of thermodynamic parameters are given in Table 2. The negative
value of ΔG0 indicates spontaneous nature of the adsorption of Hg(II)
onto the adsorbent. The negative value of ΔH0 is attributed to exother-
mic nature of adsorption process. The negative ΔH0 and ΔS0 values
mean a chemical exothermic process accompanied by a lowering of en-
tropy due to the adsorption of metal ions on the fiber surface, which is a
commonobservation inmost of themetal ion uptake processes [47–55].
Fig. 8. Plot of lnKc as a function of reciprocal of temperature (1/T) for the adsorption of
Hg(II) by PP-g-AA-TU fibers.
3.2.3. Adsorption isotherms
Fig. 9 shows the equilibrium adsorption of PP-g-AA-TU fibers in the

initial Hg(II) concentration range of 0.1–250 mg·L−1. The adsorption
amount of Hg(II) on the chelating fibers increases with the initial con-
centration until the maximum adsorption at some concentration,
whichmay be due to a saturated state of active sites on chelating fibers.
The removal rates at different concentrations remain above 97%, so the
chelating fibers in this study have a significant removal efficiency for
Hg(II). The residual concentration is less than 10 μg·L−1 with feed
Table 2
Thermodynamic parameters for the adsorption of Hg(II) on PP-g-AA-TU fibers.

Kc −ΔG0/kJ·mol−1

288 K 298 K 308 K 318 K 288 K 298 K

55.06 67.96 95.96 116.7 9.60 10.45
concentration ofmercury below0.1mg·L−1, whichmeets the discharge
limit of wastewater.

Two theoretical isotherm models, the Langmuir and Freundlich
models, are often used to describe and analyze adsorption isotherms.

Equilibrium data are fitted with the Langmuir adsorption equation

Ce

Qe
¼ 1

Qmb
þ Ce

Qm
ð6Þ

where Qe is the adsorbed value of mercury ions at equilibrium concen-
tration (mg·g−1), Qm is the maximum adsorption amount (mg·g−1),
Ce is the mercury concentration (mg·L−1) in the solution at equilib-
rium, and b is the Langmuir binding constant related to the energy of
adsorption (L·mg−1).

The experimental data are also fitted with the Freundlich isotherm

lg Qe ¼ lg kF þ 1
nF

lg Ce ð7Þ

where kF and 1/nF are Freundlich constants, indicating the sorption ca-
pacity and sorption intensity, respectively.

The linear plot of Ce/Qe vs. Ce for mercury adsorption is shown in
Fig. 10(a) and the plot of lgQe against lgCe is shown in Fig. 10(b). The pa-
rameters fitted with the two models for Hg(II) with P-g-AA-TU fibers
are summarized in Table 3. The Langmuir model (R2 = 0.9999) is
much better than the Freundlich model (R2 = 0.9340), suggesting a
monolayer adsorption. The maximum adsorption capacity obtained by
Langmuir isotherm for Hg(II) is 52.08 mg·g−1, and the adsorption re-
moval of Hg(II) is more than 97% over the initial concentration range
of 0.1–250 mg·L−1. High value of the Langmuir constant indicates
strong affinity of the adsorbent toward Hg(II), which may involve the
sulfur containing amino acids in the chelating fiber. Mercury is charac-
terized as a “soft” Lewis acid owing to its high polarizability. It forms
strong covalent bonds with “soft” Lewis bases [56,57].

Results of Hg(II) adsorption on various adsorbents under the same
experimental conditions are shown in Table 4. The maximum
ΔH0/kJ·mol−1 ΔS0/J·mol−1·K−1

308 K 318 K

11.69 12.58 −19.48 −27.87



Fig. 10. Linear fitting using Langmuir (a) and Freundlich (b) equations for the adsorption of Hg(II) on PP-g-AA-TU fibers.

Table 3
Fitting parameters with Langmuir and Freundlich isotherms

Langmuir model Freundlich model

Qm/mg·g−1 b/L·mg−1 R2 lgkF nF R2

52.08 0.01554 0.9999 2.1618 2.9545 0.9340

Table 4
Maximum adsorption capacities for the adsorption of Hg(II) onto similar adsorbents

Adsorbent Qm/mg·g−1

Activated carbon 55.6
Modified wool chelating fibers 49.3
Rice straw 22.06
5-Aminosalicylic acid modified PP-g-AA fiber 46.26
PMPS fibers (chelating fiber) 32
Present study 52.08
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adsorption capacity of PP-g-AA-TUfiber for Hg(II) is higher compared to
several other chelating adsorbents. The differences of Hg(II) uptake on
various adsorbents are due to their properties (function groups, surface
area, etc.).
Fig. 11. Effect of contact time on the uptake of Hg(II) ions by PP-g-AA-TU fibers (C0 =
10 mg·L−1; T = 25 °C; pH= 5.0).
3.2.4. Adsorption kinetics
Fig. 11 shows the adsorption kinetic curves, adsorption amount of

Hg(II) on the PP-g-AA-TU fibers vs. adsorption time at the optimal pH.
The adsorption of Hg(II) onto PP-g-AA-TUfibers is very rapid in the con-
tact time from 0 to 10 min, and equilibrium adsorption quantity can be
as high as 11.37 mg·L−1 with 0.6 mg·g−1 of the PP-g-AA fibers at the
initial Hg(II) concentration of 10 mg·L−1. The phenomenon may be
due to the plentiful sites and a strong ability to chelate with transition
metal ions compared to carboxylic groups. These results may account
for the following reasons: (1) chemical reactive sorption with a facilely
instantaneous interaction between Hg(II) and reactive groups (−NH2,
−CO=NH and –SH); (2) quick electrostatic interaction between
Hg(II) and chelating groups; (3) chelating behavior between Hg(II)
and chelating groups on the surface of chelatingfibers. Themetal–sulfur
interaction is fundamental in the selectivity of Hg(II) by thiourea
[58,59].

The uptake kinetic mechanism is explained using two common ki-
netic models, the pseudo-first-order and the pseudo-second-order
equations, which are expressed as

lg Qe−Qtð Þ ¼ lg Qe−
k1t

2:303
ð8Þ

t
Qt

¼ 1

k2Q
2
e

þ t
Qe

ð9Þ

where k1 (min−1) is the pseudo-first-order rate constant of adsorption
and k2 (g·mg−1·min−1) is the pseudo-second-order rate constant, Qe

andQt (mg·g−1) are the amounts ofmetal ions adsorbed at equilibrium
and time t (min), respectively.

The fitting curves of lg(Q e − Qt) vs. t and t / Q e vs. t based on the
experimental data are shown in Fig. 12. The corresponding kinetic
parameters are summarized in Table 5. It is found that the pseudo-
second-order model gives higher correlation coefficient value
(R2 N 0.9999), indicating that the pseudo-second-order equation
fits the experimental data better. Therefore, this model is devel-
oped based on the assumption that the rate-determining step is
chemisorption promoted by covalent forces through electron
sharing between adsorbent and adsorbate. This suggests that the
pseudo-second-order model is more applicable to the present
adsorption kinetics and the behavior of Hg(II) sorption on PP-g-
AA-TU fibers is in agreement with chemical adsorption [60,61].



Fig. 12. Fitting curve of Hg(II) adsorption kinetic model, linear fitting of pseudo-first-order (a) and linear fitting of pseudo-second-order (b).

Table 5
Kinetic parameters for the adsorption of Hg(II)

Kinetic model Q e,exp/mg·g−1 k1/min−1

k2/g·mg−1·min−1
Q e,cal/mg·g−1 R2

First-order kinetic
model

11.37 0.0308 0.67 0.3269

Second-order kinetic
model

11.37 7.61 9.95 1.0000
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3.3. Selectivity and recyclability

Fig. 13 shows the selective separation ofHg2+ on adsorption of PP-g-
AA-TU fibers for Cd2+, Cu2+, Ca2+ and Pb2+ at pH 5.0 (the optimum
pH for Hg(II) removal) and initial concentration of 10 mg·L−1. The ad-
sorption amount of Hg(II) by PP-g-AA-TU fibers is 9.63 mg·g−1 in the
presence of interference ions, so it can be used for selective adsorption
of Hg(II) in aqueous solutions.
Fig. 13. The adsorption capacity of interference ions by PP-g-AA-TU fibers (C0 =
10 mg·L−1; T = 25 °C; pH 5.0).
Fig. 14 shows the desorption of Hg(II) with different solutions. The
desorption ratios for Hg(II) metal ions using 1 mol·L−1 HCl,
1 mol·L−1 HNO3 and 1 mol·L−1 EDTA solution are 88.53%, 87.32% and
81.96%, respectively. The desorption in these, solutions is mainly due
to ion exchange. Adsorption capacity of PP-g-AA-TU fiber for Hg(II)
can be maintained at about 80% at the 5th cycle.
3.4. Adsorption mechanism

Fig. 15 shows the N1s and S2p XPS spectra of PP-g-AA-TU fiber
before and after Hg(II) adsorption. As shown in Fig. 15(a), 399.0
and 401.3 eV could be assigned to the N1s core-level spectrum
of N-atoms associated with NH2 or NH groups bonding and pro-
tonated imines [62]. After the adsorption of Hg(II) (Fig. 15(b)), a
new peak at the BE of 400.1 eV is observed and the XPS results
confirm that mercury ions are adsorbed to amine groups on the
surface of PP-g-AA-TU fiber [63]. The peaks suggest that the
adsorbed Hg(II) ions alter the electronic properties of the bound
N-atoms associated with the amine conjugated sequences, causing
the electrons to locate closer to the ions and, hence, increasing the
N1s binding energy. As shown in Fig. 15(c), the binding energy of
Fig. 14. Desorption rate of Hg(II) with different eluents.



Fig. 15. N1s narrow XPS scan for PP-g-AA-TU fiber before (a) and after (b) adsorption of Hg(II); S2p narrow XPS scan for PP-g-AA-TU fiber before (c) and after (d) adsorption of Hg(II)
(t = 2 h; pH = 5.0; T = 25 °C; C0 = 10 mg·L−1).
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the narrow XPS spectrum for S2p is 164.9 eV, corresponding to –
C=S bonds. After adsorption of mercury (Fig. 15(b)), the binding
energy of S2p shifts to a little higher value of 166.1 eV, which may
be due to the donation of the electrons from S atoms of –C=S
bonds to Hg(II) [64].

Fig. 16 shows schematically the proposed chelation of Hg(II) with
PP-g-AA-TU fiber. Stable chelating structure forms between Hg(II),
−CONH and –C=S in chelating fiber. The adsorption of Hg(II) ions
onto PP-g-AA-TU fiber may be considered to consist of two processes:
the first is an instantaneous adsorption stage or external surface
adsorption; the second is a gradual adsorption stage with intra-particle
diffusion controlling the adsorption rate until the metal uptake reaches
equilibrium.
Fig. 16. Proposed mode for complexation of Hg(II) with PP-g-AA-TU fiber.
4. Conclusions

A functional chelating adsorbent for Hg(II) removal from aqueous
solutions is designed andprepared byusing chelatingmolecule thiourea
to modify polypropylene fiber grafted acrylic acid. The novel chelating
fiber containing amide group and mercapto group can effectively re-
movemercury ions. PP-g-AA-TUfibers show excellent adsorption prop-
erties over a wide range of pH, and their good selectivity toward Hg(II)
among some common heavymetal ions in water is due to the higher af-
finity of the functional groups on the adsorbent surface for Hg(II). PP-g-
AA-TU fibers are superior to PP-g-AA fibers both in the equilibrium ad-
sorption capacity and adsorption rate. The adsorption behavior suggests
that the adsorption is improved by the chelation interaction between
metal ions and chelating ligand. The adsorption kinetics follows the
pseudo-second-order equation, and the adsorption thermodynamics
indicates the exothermic and spontaneous nature of the adsorption pro-
cess. The equilibrium data fit the Langmuir isotherm very well, with a
monolayer adsorption capacity of 52.04 mg·g−1, and the adsorption
removal rate achievesmore than 97%. The results indicate great applica-
tion potential of PP-g-AA-PTU fibers in water and wastewater
treatment.
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